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Abstract 
The Mitochondrion is a ubiquitous organelle known to be involved in a variety of vital cellular 

functions besides its central role in ATP synthesis such as, cellular metabolism, signalling and 

apoptosis. Dynamic in both structure and function, mitochondria have two membranes wherein 

the outer membrane (OM) is flat essentially forming a border and separating them from the rest 

of the cell, while the inner membrane (IM) is highly folded. The IM is further subdivided into the 

inner boundary membrane (IBM) that is rather flat, cristae membranes (CM) which can be flat 

(lamellar cristae) or curved (tubular cristae) as well as the cristae junctions (CJ) and cristae rims 

(CR), both exhibiting a high degree of membrane curvature. The CJ are narrow tubular membrane 

segments in the IM joining the IBM and CM. Recent studies have shown that the conserved multi-

subunit MICOS complex (mitochondrial contact site and cristae organizing system) is localized at 

the CJ and differences in the expression levels of its sub-units lead to drastic alterations in the IM 

morphology. MICOS mainly consists of integral membrane proteins where Mic10 is one of the core 

subunits and is required for bending the membrane at CJ. Mic60 is the second MICOS core 

component and carries out both, maintenance of CJ as well as protein-protein interactions. 

Previous studies have shown that deletion of Mic10 or Mic60 results in the accumulation of 

membrane stacks in the mitochondrial matrix. Furthermore, it has been previously proven that 

Mic10 consists of highly conserved glycine rich motifs in both of its transmembrane domains which 

enables its homo-oligomerization essential for maintaining cristae morphology at CJ. 

In this study, we investigated the role of Mic10 in maintaining proper morphology at CJ via homo-

oligomerization. An in vitro approach was used wherein, short peptides mimicking either of the 

two transmembrane domains of Mic10, including the GxGxG motifs were added to the purified 

wild type protein. We observed that the peptides greatly influence the oligomerization pattern of 

Mic10. Additionally, in vivo cell culture methods were employed to generate Mic10 and Mic60 

KD/KO cells to analyze its effect on the mitochondrial cristae morphology and physiological 

processes. We showed that both MIC10 and MIC60 depletion can cause aberrant cristae 

morphology, reduced mitochondrial respiration capacity, lowered mitochondrial ROS levels as 

well as decreased cellular proliferation in all cell types investigated. Interestingly, these effects 

were stronger in MIC60 KD/KO cells as compared to MIC10 KD/KO or WT cells. Therefore, the 

present study provides evidences to suggest that MIC60 is a more crucial core sub-unit of the 

MICOS complex required to maintain mitochondrial homeostasis and regulate proper signalling 

function.
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1 Introduction 
1.1 Mitochondria: Origin and Role in Cellular Processes 
Mitochondria are ubiquitous organelles, known to have originated endosymbiotically. The word 

“mitochondria” is formed from two Greek words “mitos” and “kondrion” translating to thread and 

granule. Scientists over several years have described the mitochondria using these words during 

examination of the mitochondrial ultra-structure (Figure 1.1). Early observations by researchers 

suggested the resemblance of mitochondrial membrane structure to bacterial membranes which 

gave rise to the endosymbiotic theory of its origin (Margulis, 1967; Taylor, 1974). According to the 

endosymbiotic theory of origin, mitochondria in Eukaryotes resemble alphaproteobacteria (Gray 

& Doolittle, 1982; Martijn & Ettema, 2013) with some similarities in structure and function and 

can thus perform cellular processes as a result of the mutual relationship with its predator that 

was an anaerobic heterotrophic archeon (Martijn & Ettema, 2013). Together they were able to 

not only perform oxidative phosphorylation but also carry out glycolysis and substrate 

phosphorylation.  

Similar to the prokaryotic system, a mitochondrion contains its genetic material in the form of 

mtDNA, replication, and translational machinery. The mitochondria also contain their own protein 

transport machineries that facilitate the import of all-important nuclear-encoded proteins 

(Neupert & Herrmann, 2007) into the mitochondria (Gray & Doolittle, 1982; Harsman et al., 2012; 

Hewitt et al, 2011). All these abilities make them tightly integrated with the metabolic system of 

the cell. Studies suggest that these functions of the mitochondria resulted from a parallel process 

of co-evolution and development during the transfer of some of its biochemical pathways from 

the prokaryote to its symbiotic host while adapting to new eukaryotic functions. Therefore, the 

modern-day eukaryotic mitochondria meet all the requirements and provide an ambient 

environment to carry out processes such as the Kreb’s cycle, urea cycle, β-oxidation of fatty acids, 

and biosynthesis of heme as well as iron-sulfur clusters (Bartlett & Eaton, 2004; Lill et al., 2012). 

Besides these, mitochondria play a very important role in lipid metabolism, especially in 

cardiolipin (CL) synthesis and phosphatidylethanolamine (PE) metabolism. One of the most 

important roles of mitochondria is its ability to initiate the intrinsic apoptotic pathway via 

cytochrome c release into the cytosol (Hardwick & Cheng, 2004). This is highly important in the 

study of tumor biology. Mitochondria are also responsible for maintenance of proper calcium 

homeostasis in the cell (Rizzuto et al., 2012). The other important function of the mitochondria is 

ATP production via oxidative phosphorylation using the OXPHOS machinery. 
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For the mitochondria to be successful and efficient in performing all their functions and processes 

simultaneously, proper compartmentalization and maintenance of the mitochondrial morphology 

and ultra-structure are essential (Figure 1.1). These functions can be, bioenergetic tasks such as 

ATP production, maintenance of ROS levels, Ca2+ homeostasis and regulation of intrinsic apoptotic 

pathway (Eramo et al., 2020; Giacomello et al., 2020; Mukherjee et al., 2021). 

 

Figure 1.1: Mitochondrial ultra-structure. Transmission electron microphotograph of the cross-section of a 
mitochondrion (right) and schematic representation of its ultrastructure (left). A mitochondrion is 
surrounded by two functionally and morphologically distinct membranes: outer and inner membrane. These 
membranes define such mitochondrial compartments as intermembrane space and mitochondrial matrix. 
OM stands for mitochondrial outer membrane, IM stands for mitochondrial inner membrane, and IMS 
stands for intermembrane space. Transmission electron photograph was adapted from (Alberts et al., 2002). 

1.2 Mitochondrial dynamics, morphology and ultra-structure 
Mitochondria are highly dynamic organelles localized in various regions of the cell. They are 

enriched at sites where the cell has a higher energy demand (Labbé et al., 2014; Westermann, 

2010). This has been made possible due to the presence of molecular motors which act as vehicles 

to move the organelle along the cytoskeletal filaments. The movement of mitochondria is 

regulated to be synchronous with the morphological alterations of the mitochondrial membrane 

(Varilly & Chandler, 2013). 

Therefore, it is not surprising that mitochondrial appearance in the cell changes and undergoes 

continuous reorganization. Mitochondria can adopt different morphologies ranging from spheres 

to short rods to long tubular interconnected networks (Figure 1.2). These structural changes are 

controlled by a tight balance of an antagonistic interplay of membrane fusion and fission processes 

(Galloway et al., 2012; Liesa & Shirihai, 2013; Mishra & Chan, 2016; Okamoto & Shaw, 2005; 

Westermann, 2008; Westermann, 2012). These processes are collectively referred to as 

mitochondrial dynamics and are essential to meet the physiological demands of the cell (Labbé et 

al., 2014; Westermann, 2010). In cases where the cells have increased rates of fusion activity, they 
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have a higher number of mitochondria with a tubular interconnected morphology (Wang et al., 

2015; Westermann, 2012). Thus, allowing efficient energy distribution during energy-demanding 

processes by mixing and unifying the mitochondrial compartments. Cells with increased rates of 

fission have an enhanced number of mitochondria with a fragmented sphere or rod-like 

mitochondrial morphologies (Figure 1.2). Fission processes are rather important for several 

different functions, such as the intrinsic apoptosis pathway (Cipolat et al., 2006; Frezza et al., 2006; 

Galluzzi et al., 2012; Pellegrini & Scorrano, 2007; Perkins et al., 2012; Scorrano et al., 2002) or 

removing damaged mitochondria via mitophagy (Hoppins & Nunnari, 2009; Westermann, 2008). 

Besides overall morphological differences, mitochondria can also undergo internal structural 

changes that are also dynamic and complex. These internal compartmental morphologies are 

intimately linked to the bioenergetics of the cell and are therefore controlled by different proteins. 

 

Figure 1.2: Morphology of cristae membranes and cristae junctions. Cristae membrane's ultrastructural 
morphology can vary to a great extent. A-C represents transmission electron microphotographs of 
mitochondria from different tissues of various organisms. A) A cross-section of a mitochondrion of astrocyte 
from hamster brain. B) A cross-section of a mitochondrion from the rat adrenal cortex. C) A cross-section of 
a mitochondrion from mature Sertoli cells of frog testes. Cristae junctions, in contrast, exhibit remarkably 
stable ultrastructural morphology. D) Represents an EM tomogram of a cristae junction, and E) Represents 
EM tomogram of the side view of the mitochondrial inner membrane with tubular cristae junctions’ 
openings (numbered 1-6) of uniform diameter. A-C is taken from (Fawcett, 1981), D is taken from (Zick et 
al., 2009), and E is taken from (Perkins et al., 2012). 

1.2.1 Mitochondrial inner membrane ultra-structure 
Mitochondria are double membrane organelles consisting of a flat outer membrane (OM) and a 

highly convoluted inner membrane (IM) that are structurally and functionally distinct and show 

vastly different lipid and protein compositions (Figure 1.3) (Zinser et al., 1991). The IM is further 

sub-compartmentalized into four or five different regions, namely the inner boundary membrane 
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(IBM) which is also flat and lies opposite to the OM, the cristae membranes (CM), and the highly 

curved cristae junctions (CJ) and cristae tips (CT) or cristae rims (CR) (Barbot & Meinecke, 2016). 

In between the OM and the IM lies the first aqueous compartment known as the intermembrane 

space (IMS), while the IM encompasses the second aqueous compartment known as the 

mitochondrial matrix (Figure 1.1 and Figure 1.3). Since the OM separates the mitochondria from 

the cytosol, the protein complexes localized here (TOM, SAM, VDAC) are involved mainly in the 

transport of small molecules, ions, and other metabolites from and into the mitochondria via 

diffusion. These transport processes are mainly facilitated by Voltage Dependent Anion Channel 

(VDAC, also called porin), a β-barrel protein sitting in the OM and resembling porins present in the 

bacterial plasma membrane (Figure 1.4) (Blachly-Dyson & Forte, 2001). Other OM proteins include 

members of the Translocase of the Outer Mitochondrial Membrane (TOM) complex facilitating 

the import of protein synthesized on cytosolic ribosomes. Proteins destined to be integrated into 

the OM having β-barrel or other α-helices with more than one transmembrane domain are 

facilitated by the Sorting and Assembly complex (SAM) also localized on the OM (Figure 1.4) (Endo 

& Yamano, 2010; Künkele et al., 1998; Wiedemann et al., 2003). Key proteins involved in 

mitochondrial dynamics also reside in the OM.  

The IM is one of the most protein-rich membrane in the cell (Figure 1.4) and as a result exhibits a 

high protein to lipid ratio as compared to the OM (Vogel et al., 2006). This is particularly important 

due to a plethora of functions taking place at the IM (Wurm & Jakobs, 2006).  The IM is extensively 

folded to be accommodated within the OM as well as provide the surface area to accommodate 

all the different proteins. The IM is tightly clinched by proteins like the F1FO ATP Synthase localized 

at CT to maintain the transmembrane proton gradient.  

The IBM is the site for protein transport, since it harbours the translocase of the inner 

mitochondrial membrane complex (TIM). Tim23 is the main channel-forming subunit of the Tim23 

complex (Denkert et al., 2017) and one of its important function is to facilitate the transport of 

proteins from the TOM complex to the IM so that they can either be inserted into the IM or be 

transported to the mitochondrial matrix. Besides this, proteins can be transferred to other IM 

complexes such as MIA40, TIM22, or OXA based on their secondary or tertiary structures and 

ultimate fate by several different pathways (Neupert & Herrmann, 2007; Backes & Herrmann, 

2017; Chacinska et al., 2004; Hennon et al., 2015; Callegari et al., 2019).  

CJ are narrow tubular openings known to connect the IBM to the CM. CJ are extremely 

homogeneous, having a diameter of 24-30 nm and characterized by a high degree of negative 

curvature (Mannella et al., 2001; Mannella et al., 2013; Barbot & Meinecke, 2016). Studies have 
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suggested that CJ serve as a diffusion barrier between the IMS and Intra cristae space (ICS) for 

solutes and signalling molecules such as cytochrome c (Mannella, 2006). CJ were also shown to be 

involved in forming stable contact sites between the OM and the IM via interactions between 

components of the MICOS complex and proteins localized in the OM like SAM50.  Even though CJ 

are important for several mitochondrial functions, the nature of their formation, maintenance, 

and stability under high degrees of membrane curvature was until recently not known. 

CM can invaginate from the IBM to the matrix and can result in different numbers, sizes, and 

shapes of CM based on the energy status of the cell, type of tissue or organism ranging from 

tubular, lamellar or even triangular structures (Figure 1.2 and Figure 1.3) (Mannella, 2006; Zick, 

Rabl et al., 2009). The functional relevance of CM lies in its ability to provide the site for oxidative 

phosphorylation. It is densely packed with the components of the electron transport chain (ETC), 

and F1Fo-ATP Synthase (Figure 1.4) (Davies et al., 2011; Strauss et al., 2008). CM are 

inhomogeneous due to differences in the localization of proteins within the membrane.  

CT or CR are the second highly curved region of the IM (Barbot & Meinecke, 2016) providing 

positive curvature to the CM. Although their physiological role is less well understood, it can be 

speculated that their geometry facilitates the effective generation of electrochemical membrane 

potential and play a role in ATP production (Barbot & Meinecke, 2016). 

Owing to unique IM morphology, high degree of membrane curvature at CJ and CT, and their 

respective physiological relevance, it can be assumed that tight protein scaffolds stabilize these 

structures. Indeed a large number of proteins and protein complexes have been found to play a 

role in cristae biogenesis (Reichert & Neupert, 2002; Kondadiet al., 2019). In the next section, only 

those playing a direct role in cristae formation and maintaining CJ or CT stability will be covered. 
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Figure 1.3: Schematic representation of mitochondrial inner membrane ultra-structure. Mitochondrial 
inner membrane (IM) exhibits complex ultra-structure. In comparison to the mitochondrial outer membrane 
(OM), it possesses a much larger surface and is highly folded. IM can be subdivided into two topologically, 
structurally, and functionally distinct subdomains. Relatively flat inner boundary membrane (IBM) opposes 
mitochondrial outer membrane and cristae membranes (CM), which protrude towards mitochondrial 
matrix. IBM and CM are interconnected by narrow, slot-like structures known as cristae junctions (CJ). Figure 
adapted from (Barbot & Meinecke, 2016). 

1.3 Mitochondrial proteins involved in intra-mitochondrial contact sites and cristae 

junction formation 
Several studies have shown that intra-mitochondrial contact sites are small patches of extremely 

close apposition of the OM and the IM (3-8 nm) (Perkins et al., 2012; Perkins et al., 1997; Nicastro 

et al., 2010). These patches contribute significantly to the efficiency of certain mitochondrial 

processes. For example, drawing the TOM and TIM complexes within close proximity with each 

other, that enhances the spatial and temporal fidelity of protein translocation across both 

membranes (Donzeau et al., 2000; Schülke et al., 1997). These membrane contact sites exist only 

temporarily and are highly dynamic (Anand et al., 2021). Additionally, there are highly stable 

contact sites that are unaltered even under harsh physical conditions such as changes in 

osmolarity, whereas the rest of the IM disintegrates and separates from the OM (Reichert & 

Neupert, 2002; Hackenbrock, 1966). This suggests, the presence of a stable and steady protein 

scaffold that facilitates the overall integrity of the membrane at these sites. It is therefore likely 

that such support is provided by a protein molecule bound to both the IM and the OM.  

Although it was challenging to identify the actual proteins involved in this process for a long time, 

the research that helped to shed light on this was the identification of Mic60 or Mitofilin as a major 

constituent of these contact sites (Gieffers et al., 1997; Odgren et al., 1996; John el al., 2005). 

Initial studies using mammalian cell culture and baker’s yeast showed that this protein 

preferentially localized at the CJ, interacted with various OM proteins and maintained normal IM 

morphology (Figure 1.4) (Harner et al., 2011; Rabl et al., 2009; Xie et al., 2007). It was later 

discovered that this protein was a constituent of a much larger protein complex called the 
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Mitochondrial Contact Site and Cristae Organizing System (MICOS) (Figure 1.4 and Figure 1.5) 

(Harner et al., 2011; Alkhaja et al., 2012; von der Malsburg et al., 2011). To follow a universal 

terminology, the subunits of this protein complex were named “Mic” followed by their respective 

molecular weights in KDa (Pfanner et al., 2014). The MICOS complex is conserved from yeast to 

humans. In human mitochondria, there are at least 7 different MICOS sub-units: MIC60, MIC10, 

MIC19, MIC25, MIC13, MIC26, and MIC27 (Figure 1.5) (Kozjak-Pavlovic, 2017). Most MICOS 

proteins have at least one transmembrane domain except MIC19 and MIC25, which are peripheral 

membrane proteins facing the IM at the IMS side. Deletion of MICOS components indicate 

strikingly altered cristae ultra-structure and concomitantly compromised mitochondrial function 

(Colina-Tenorio et al., 2020; Eramo et al., 2020; Mukherjee et al., 2021) thereby leading to growth 

impairments in mammalian cells (Cai et al., 1998; Mukherjee et al., 2021; Stephan et al., 2020). 

The mitochondria lose all CJ because CM detach from the IBM and accumulate as stacks of 

enclosed membranes, onion-like concentric rings, arched or branched shaped membranes 

(Mukherjee et al., 2021; Stephan et al., 2020).  

Based on these observations, it was proposed that the MICOS complex plays a dual role in 

mitochondrial membrane morphology organization. First, it can define the contact sites formation 

by bringing the OM and IM together. Second, it can contribute to the maintenance of normal IM 

architecture by stabilizing high membrane curvature at CJ (Barbot & Meinecke, 2016; Horvath et 

al., 2015; Kondadi et al., 2020). 

MIC60 and MIC10 are the core components of the MICOS complex. The MIC10 sub-complex 

consists of MIC10, MIC26, MIC13, and MIC27, while the MIC60 sub-complex consists of MIC60, 

MIC19, and MIC25 in mammals. Recent studies have shown that these two sub-complexes might 

play independent roles regulating different mitochondrial processes (Alkhaja et al., 2012; Colina-

Tenorio et al., 2020; Harner et al., 2011b; Hoppins et al., 2011; Mukherjee et al., 2021; Pfanner et 

al., 2014; Rampelt, Zerbes et al., 2017; van der Laan et al., 2016; von der Malsburg et al., 2011; 

Zerbes et al., 2012).   

1.3.1 Mic60 
Mic60 is the first MICOS core component having a molecular weight of 60 KDa. It is also known as 

Mitofilin in humans because of its mitochondrial localization and filamentous appearance in 

fibroblasts (Gieffers et al., 1997; Odgren et al., 1996). As mentioned above, it was reported to play 

an important role in maintaining IM morphology via its homotypic interactions (Rabl et al., 2009). 

Mic60 contains an N-terminal mitochondrial targeting signal followed by a single TM allowing it to 

be anchored in the IM. A large portion of the C-terminus is exposed to the IMS (Figure 1.5) (Rabl 
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et al., 2009). Depletion of Mic60 leads to a loss of CJ and aberrant cristae structures across 

different organisms (Figure 1.7) (von der Malsburg et al., 2011). This suggests a conserved function 

of Mic60 in maintaining the IM morphology by stabilizing CJ. Overexpression of Mic60 in yeast 

leads to increased branching of CM (Bohnert et al., 2015; Rabl et al., 2009). Mic60 is the only 

protein of the MICOS complex that has a homolog in α-proteobacteria, that are known to be the 

ancestor of mitochondria (Muñoz-Gómez et al., 2015). Hence, Mic60 is evolutionarily oldest. Loss 

of Mic60 also affects the protein levels of the other MICOS sub-units (Mukherjee et al., 2021; 

Stephan et al., 2020). Mic60 is known to directly interact with other MICOS sub-units, especially 

with Mic19 (H. Li et al., 2016). Mic60 is known to interact with various OM proteins and protein 

complexes such as TOM, SAM, VDAC, and SLC25A40/Ugo1 (Figure 1.4) (Mukherjee et al., 2021). 

The interaction of Mic60 with the TOM complex promotes the import of IMS and β-barrel 

precursor proteins into mitochondria. This function of Mic60 is independent of its role in the 

MICOS holo-complex (Ding et al., 2015; Harner et al., 2011; Hoppins et al., 2011; Körner et al., 

2012; Ott et al., 2012; van der Laan et al., 2012; von der Malsburg et al., 2011; Xie et al., 2007; 

Zerbes et al., 2012). The interaction between Mic60 and Ugo1 (in yeast) or SLC25A40 (in humans) 

suggests the possible involvement of Mic60 in mitochondrial fission (Harner et al., 2011). Thus, 

Mic60 can have both MICOS-dependent and MICOS-independent roles in the form of cristae 

maintenance or protein biogenesis respectively (Horvath et al., 2015). Previous studies have also 

shown that the MICOS-independent function of Mic60  is facilitated via the Mic60/Mic19 sub-

complex (Friedman et al., 2015). Deletion of Ugo1 or Sam50 resulted in an altered IM morphology, 

suggesting its importance in interacting with Mic60 to maintain proper IM morphology (Harner et 

al., 2011; Ott et al., 2012). These OM proteins might play a role in the proper positioning of Mic60 

and/or the MICOS complex by interacting with them (Friedman et al., 2015; Horvath et al., 2015). 

Mic60 is also known to interact with some mitochondrial IM proteins such as Mgm1 

(mitochondrial genome maintenance) in yeast or OPA1 (Optic Atrophy 1) in humans (Figure 1.4). 

Together they are involved in maintaining and in regulating the intrinsic apoptotic pathway via 

cristae remodelling (Frezza et al., 2006; Patten et al., 2014; Westermann, 2010). 
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Figure 1.4: Determinants of the mitochondrial cristae architecture and dynamics. The MICOS complex is 
known to stabilize crista junctions by providing membrane curvature as well as establishing contact sites 
with other membrane protein complexes. For ease of readability, the MICOS subunits are indicated with 
their universal nomenclature rather than the mammalian homologs such as MIC10/MINOS1, 
MIC60/Mitofilin, MIC19/CHCHD3, MIC25/CHCHD6, MIc13/QIL1, MIC26/ApoO, and MIC27/ApoO-L. The 
mitochondrial F1-FO ATP synthase generates a strong positive curvature at the cristae rims by forming V-
shaped dimers having membrane bending ability by further forming oligomers depending on subunits e, g, 
and k. Homotypic interactions between OPA1 mediate fusion of the inner membrane and are also involved 
in cristae biogenesis as well as maintenance. CI, CII, CIII, and CIV are complexes of the electron transport 
chain and belong to OXPHOS; MIB is the mitochondrial intermembrane space bridging complex consisting 
of the interaction between the SAM and MICOS complexes. TOM and VDAC are also known to interact with 
the MICOS complexes. Solid interactions between protein complexes are indicated by solid arrows. Figure 
from (Mukherjee et al., 2021). 

1.3.2 Mic10  
Mic10 is the second core component of the MICOS complex. It is a small integral membrane 

protein of about 10 KDa, targeted to the mitochondria via conserved positively charged amino 

acids between the two predicted TMs (Figure 1.5) (Bohnert et al., 2015). The deletion of Mic10 
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has already been shown to cause deleterious effects on the stability of CJ and lead to alterations 

in cristae architecture due to a reduction in the number of CJ (Figure 1.7) (Alkhaja et al., 2012; 

Barbot et al., 2015; Bohnert et al., 2015; Harner et al., 2011a; Hoppins et al., 2011; von der 

Malsburg et al., 2011). The absence of Mic10 in the yeast cells results in impaired cell growth 

(Alkhaja et al., 2012). Overexpression of Mic10 in yeast triggers morphological alterations of the 

IM, such as elongated CM, suggesting its ability to affect membrane morphology (Bohnert et al., 

2015). It should be noted that although Mic10 loss results in altered CM structure, it doesn’t 

majorly cause an impact on the protein levels of most of the other MICOS sub-units unlike Mic60 

loss (Mukherjee et al., 2021; Stephan et al., 2020). 

 

Figure 1.5: Schematic representation of mammalian MICOS sub-units domain organization and their 
predicted topology in the mitochondria. Figure adapted and modified from (Mukherjee et al., 2021). 

1.3.3 F1Fo-ATP Synthase 
The other IM protein complex playing an important role in forming and regulating membrane 

curvature at CT or CR is F1Fo-ATP Synthase (Figure 1.4). It is a multisub-unit protein complex, 

consisting of the water-soluble, catalytic F1 head and the membranous Fo domain. The complex is 

formed by homo-dimerization followed by oligomerization of these dimers in a row at CT. These 

structures are ubiquitous features of all mitochondria (Davies et al., 2011; Mukherjee et al., 2021; 

Strauss et al., 2008). The sub-units e and g possess one conserved TM also consisting of a GxxxG 

glycine-rich motif that facilitates the assembly of a dimer (Voeltz et al., 2006; Russ & Engelman, 

2000; Urbach et al., 2021). The direct link between ATP-Synthase dimerization and cristae 

biogenesis was first studied in yeast (Habersetzer et al., 2013; Paumard, 2002).  
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These studies suggested that deletion of oligomerization sub-units e or g inhibit dimer formation 

leading to onion-ring like IM architecture (Arselin et al., 2004; Paumard, 2002; Zicket al., 2009). 

Alterations in the GxxxG motifs lead to loss of both sub-units as well as ATP dimer disruption 

ultimately resulting in aberrant IM morphology. Current studies have shown that CT formation by 

ATP Synthase is due to a strong local positive curvature generated in the IM (Barbot & Meinecke, 

2016; Davies et al., 2012). The effective angle between two monomers of the dimer enables the 

dimer to form a rigid arc and bend the membranes (Barbot & Meinecke, 2016; Davies et al., 2012). 

An interplay between MICOS and ATP-Synthase was observed to influence cristae architecture in 

yeast (Figure 1.7) (Eydt et al., 2017). Mic60 and ATP synthase were shown to interact 

antagonistically with each other to control ATP-Synthase dimerization, thereby impacting 

membrane curvature (Tarasenko & Meinecke, 2021; Cadena et al., 2021: Eydt et al., 2017). 

1.3.4  OPA1 
Mgm1 in yeast or OPA1 in mammals is a large GTPase, belonging to the dynamin superfamily. It is 

localized at the IM, more specifically CM. OPA1 is one of the central elements known to play a role 

in IM remodelling (Ferguson & De Camilli, 2012). It is involved in IM fusion as well as regulation of 

cristae morphology and dynamics (Hoppins & Nunnari, 2009; Pellegrini & Scorrano, 2007; Hu et 

al., 2020). Studies have shown that the depletion of OPA1 results in the fragmentation of 

mitochondrial network, disorganization of the IM as well as loss of mtDNA (Olichon et al., 2003). 

Investigation of mitochondrial ultra-structure in OPA1 depleted cells revealed vesicular cristae 

stalks having abnormally large distances between the membranes (Figure 1.7) (Frezza et al., 2006; 

Olichon et al., 2003; Tarasenko & Meinecke, 2021). OPA1 is anchored to the IM by its single TM at 

the N-terminal, while exposing a large soluble domain into the IMS. The IMS domain consists of 

four different parts: GTPase or G-domain, bundle signalling element (BSE), stalk, and the 

membrane interacting paddle (Faelber et al., 2019).  Proteolytic processing of OPA1 occurs at the 

region between the TM and G-domain giving rise to two isomeric forms. The soluble short S-OPA1 

and the membrane anchored long L-OPA1 (Amutha et al., 2004; Ishihara et al., 2006). A 

combination of both isoforms is required for proper IM fusion, although only S-OPA1 is needed 

for remodelling of CM (Ishihara et al., 2006; Tadato et al., 2010). 

Studies showed that OPA1 has a strong binding affinity for negatively charged bilayers consisting 

of phosphatidylserine (PS) or cardiolipin (CL) (Tadato et al., 2010; Tarasenko & Meinecke, 2021). 

Membrane binding is needed to promote the GTPase activity above basal levels by 100 folds as 

well as to help in the assembly of OPA1 oligomers (Tadato et al., 2010; Tarasenko & Meinecke, 

2021). Several different microscopic studies reported the assembly of higher order oligomers into 
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regular pattern that induced protrusion of lipid tubules in CL rich liposomes (Frezza et al., 2006; 

Tadato et al., 2010; Tarasenko & Meinecke, 2021). X-ray crystallographic studies revealed that the 

arrangement of OPA1 dimers in a V-shaped organization occurs via the conserved hydrophobic 

interface of the stalk domains (Faelber et al., 2019). In mammalian cells, OPA 1 is known to interact 

directly with the MICOS core component MIC60 to stabilize membrane curvature at CJ. OPA1 is 

epistatic to MICOS in regulation of CJ and curvature at CM. These functions are essential for 

induction of apoptosis and respiration (Glytsou et al., 2016; Mukherjee et al., 2021; Stephan et al., 

2020). OPA1 expression also has an influence on ATP Synthase activity and stabilizes ATP synthase 

dimerization, which can further regulate mitochondrial ROS levels (Quintana-Cabrera et al., 2021, 

2018). Direct interactions between OPA1 and the MICOS complex have been shown 

1.3.5 Lipids 
Glycerophospholipids (PL) are the major structural lipids forming the eukaryotic membranes. 

These can have several different head groups, giving rise to different lipid species such as 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), PS, phosphatidylinositol (PI) and 

phosphatidic acid (PA) (Van Meer et al., 2008). Depending on the size and shape of their head 

groups as well as their fatty acid chains, these PLs can have different geometry. PC, PS and PI 

consist of an overall cylindrical shape, forming planar lipid bilayers. PE adopts a conical geometry 

due to its small hydrophilic head group. This is responsible for promotion of curvature stress on 

membranes leading to membrane fission, fusion and budding activities (Cullis et al., 1986; Epand 

et al., 1996; Siegel & Epand, 1997; Van Den Brink et al., 2004; Tarasenko & Meinecke, 2021). 

Besides the MICOS complex and other IM proteins, PLs also play a role in maintaining proper 

cristae architecture. CL and PE are the two important PLs, together making up to 60% of the IM 

composition (Tarasenko & Meinecke, 2021; Van Meer et al., 2008). These are known to interact 

with ATP-Synthase and/or MICOS components to facilitate these functions (Mukherjee et al., 

2021). These interactions with PE also help in maintaining proper ER-mitochondria contact sites 

(MERCs) (Aaltonen et al., 2016; Mukherjee et al., 2021).  

1.4 MICOS dependent mechanism of cristae junction maintenance and its physiological 

relevance 
For a long time, the mechanism of CJ biogenesis and regulation was unknown. Although the 

discovery of the MICOS complex made a substantial contribution to this field of research, 

functional characterization of individual MICOS components, especially Mic60 and Mic10 was not 

easy to conduct. One of the major drawbacks was the similar phenotypic effects of single sub-unit 

deletions in both yeast and mammalian cells. As already mentioned above, Mic10 and Mic60 

deletion leads to accumulation of CM as membrane stacks in the mitochondrial matrix (Alkhaja et 
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al., 2012; Harner et al., 2011; Hoppins et al., 2011; Zerbes et al., 2012) or onion-ring structure 

(Stephan et al., 2020) within the matrix. Deletion of each sub-unit also resulted in partial or 

complete loss of other sub-units from the complex. This made it very difficult to differentiate 

between the primary effects of an individual sub-unit deletion and the indirect effects induced by 

overall MICOS disturbance. However, the degree to which these effects are seen varies between 

different sub-units (von der Malsburg et al., 2011; Alkhaja et al., 2012; Harner et al., 2011). 

Two different studies showed that the TMs of Mic10 in yeast are not identical in length. The first 

TM is several amino acids longer than the other in yeast. It is to avoid a hydrophobic mismatch, 

such that the difference in the thickness of the hydrophobic regions of the two TM in Mic10 is not 

different, that they adopt a tilted wedge-shaped orientation in the membrane thereby facilitating 

membrane bending in yeast (Barbot et al., 2015; Barbot & Meinecke, 2016; Bohnert et al., 2015). 

However, the two TMs in human MIC10 are predicted to lie in a parallel orientation due to their 

similar lengths. Mic10’s homo-oligomerization ability via its GxxxG motif in both TMs multiplies its 

membrane remodelling effects (Figure 1.6, A) (Barbot et al., 2015; Barbot & Meinecke, 2016; 

Tarasenko & Meinecke, 2021). It was found that glycine residues at positions 50 and 52 in the 

GxGxG motif of TM1 of yeast Mic10 is essential for its homo-oligomerization activity. These GxxxG 

motifs, also present in other proteins such as F1FO-ATP Synthase at CT or reticulons in the 

endoplasmic reticulum (ER) are responsible for helix-helix packing and oligomerization (Russ & 

Engelman, 2000; Urbach et al., 2021; Voeltz et al., 2006). 

Studies revealed that Mic60’s ability to remodel membranes is facilitated by the insertion of one 

of its conserved amphipathic helices (AHs) located in the regions between the coiled-coiled and 

mitofilin domains (Figure 1.6, B) (Hessenberger et al., 2017). This process is independent of its TM 

(Hessenberger et al., 2017; Tarasenko et al., 2017). Two conserved polar amino acid residues 

Arg572 and Phe573 in the AH were crucial for Mic60’s membrane remodelling function by sensing 

membrane curvature. It should be noted, while arginine acts as the potential binding partner for 

negatively charged lipid head groups, phenylalanine is important for the insertion of the 

hydrophobic core into the bilayer (Hessenberger et al., 2017). Thus, one can say that Mic60 

remodels membranes using a different mechanism than Mic10. It uses a membrane moulding 

mechanism, as found in membrane trafficking events like Clathrin mediated endocytosis 

(Tarasenko & Meinecke, 2021). 

Therefore, it can be said that the functions of the MICOS complex such as contact site formation 

and organization of CJ are performed by two specialized core sub-units Mic10 and Mic60 using 

different mechanisms to bind and remodel membranes. Mic60 can also play the role of a MICOS 
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interaction hub. By interacting with OM proteins, it contributes to MICOS’ function of contact site 

formation and accurate positioning of CJ to optimize traffic of metabolites between the different 

mitochondrial compartments as well as along the IM. Mic10 is responsible for introducing 

membrane curvature and therefore contributes to the ultra-structure at CJ and CM. 

 

 

Figure 1.6: Schematic representation of cristae junction formation by Mic10 and Mic60. A) Both 
transmembrane domains of Mic10 form a hairpin topology that might adopt an asymmetric wedge shape 
leading to membrane bending. Mic10 forms homo-oligomers via its conserved transmembrane GxxxG 
motifs. This could scaffold around the membrane tubule. B) Mic60 is anchored at the IM via its single 
transmembrane domain and induces membrane curvature by insertion of its amphipathic helix into the 
membrane. Figure adapted from (Tarasenko & Meinecke, 2021). Figure created with BioRender.com.  

Due to the drastic effects of deletion of one or more MICOS components on the overall 

mitochondrial ultra-structure (Figure 1.7), it is a very important determinant for proper regulation 

and functioning of mitochondrial processes such as cellular signalling, metabolism, and energetics 

(Kondadi & Anand, 2019; Kondadi et al.et al., 2020; Kondadi et al., 2020). This is further essential 

for proper and efficient respiration, apoptosis, and maintenance of mitochondrial quality control 

(Anand et al., 2021). Several pathophysiological conditions have been discovered in direct or 

indirect relation to MICOS sub-units (Colina-Tenorio et al., 2020; Eramo et al., 2020; Mukherjee et 

al., 2021). These could essentially be neurodegenerative diseases, cardiomyopathies, or diabetes 

(Baloyannis, 2006; Borghetti et al., 2018; Galloway & Yoon, 2015; Liesa & Shirihai, 2013; Milone & 

Wong, 2013). The dynamic behaviours of mitochondria in different tissues already suggest the 

different range of effects produced by these proteins. Research also suggests that impaired 

mitochondrial function due to aberrant cristae morphology could result in changed levels of 

reactive oxygen species (ROS) or calcium signalling (L. Li et al., 2021; Rubén Quintana-Cabrera et 

al., 2021). Other factors that influence mitochondrial ultra-structure and thereby affect the overall 

metabolism in the cell include cellular and metabolic factors such as glucose, starvation, apoptosis, 

ADP, hypoxia, or cell specificity (Kondadi et al., 2020). The amount of glucose in the cells affects 

A 

B 
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cristae width (Kondadi, Anand, & Reichert, 2020). Cells grown in high glucose concentration 

exhibit reduced cristae width along with changes in MIC60 distribution pattern (Plecitá-Hlavatá et 

al., 2016). 

Figure 1.7: Effect of mitochondrial inner membrane protein deletion on cristae architecture. As compared 
to normal healthy mitochondria with tubular or lamellar CJ. MICOS core components deletion causes 
aberrant cristae morphology. ΔMic10 leads to the accumulation of branched or arced-shaped cristae while 
ΔMic60 causes the accumulation of CM in the form of stacks along with the loss of CJ. ΔSu g (ATP Synthase) 
leads to the accumulation of CM in the form of onion rings. While deletion of OPA1 results in the loss of CJ. 
Figure from (Mukherjee et al., 2021). 

Induction of hypoxia results in increased volume of the intra cristae space (ICS) as well as cristae 

width. Cristae number decreases in these cells as compared to the ones growing under normal 

oxygen conditions (Dlasková et al., 2019; Plecitá-Hlavatá et al., 2016). Studies have shown that the 

respiration rate increased by adding dimethyl-2-oxoglutarate leads to decreased cristae width in 

these cells (Dlasková et al., 2019). Cristae remodelling due to lack or absence of Mic60 can result 

in differences in cytochrome c release and therefore apoptosis in these cells (Tam et al., 2010; 

Yang et al., 2012). 

Thus, it is essential to study the molecular mechanisms behind the role of different MICOS sub-

units in not only regulating the cristae ultra-structure but also its role in contributing to the 

pathophysiological effects on different cell types and how these can be utilized to generate 

therapeutics in the future. 

1.5 Mitochondria- ER contact sites (MERCs) and their importance in cells 
The contact sites formed as a result of the interaction between mitochondria and the smooth ER 

are known as the MERCs. These are one of the best studied intracellular contact sites, especially 

because of the wide variety of functions associated with them such as autophagy, Ca2+ 
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homeostasis, apoptosis, lipid biogenesis and mitochondrial morphology (Figure 1.8) (Giacomello 

& Pellegrini, 2016; Giacomello et al., 2020). The discovery of MERCs happened due to the isolation 

of Mitochondria associated ER membranes (MAMs) as well as observation of electron-dense rod-

shaped structures connecting the two organelles (Giacomello et al., 2020, Csordás et al., 2010; 

Giacomello et al., 2010). 

Previous studies have shown that MERCs are the sites for Ca2+ transfer between ER and 

mitochondria (Csordás et al., 2010; Giacomello et al., 2010, 2020). The driving force for Ca2+ uptake 

by the mitochondrial calcium uniporter (MCU) is substrate oxidation. This sustains the activities 

of 3 matrix dehydrogenases, therefore connecting mitochondrial Ca2+ uptake with cellular Ca2+ 

handling and physiology (Giacomello et al., 2020; Rizzuto et al., 2012). Rapid entry can occur at 

the MERCs and is mediated by interactions between inositol triphosphate receptor (IP3R)-GRP75-

VDAC complex. In addition other proteins such as disrupted in schizophenia1 protein (DISC1) or 

FUN14 domain containing protein 1 (FUNDC1) can also regulate Ca2+ movement between the two 

organelles (Wu et al., 2017). Some studies have also shown that mitofusin 2 (MFN2) deletion 

enhances mitochondria and ER tethering (Filadi et al., 2015; Cosson et al., 2012). This couldn’t be 

a response mechanism by the mitochondria, in order to compensate for effects mediated by ER 

stress or increased expression of other tethers (Bravo et al., 2011; Giacomello et al., 2020). 
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Figure 1.8: Schematic representation of the juxtaposition of mitochondria with the ER forming 
Mitochondria-ER contact sites (MERCs). Figure adapted and modified from (Giacomello et al., 2020). Figure 
created with BioRender.com. 

MERCs can also be tethered by the interaction between vesicle-associated membrane protein-

associated protein B (VAPB) on the ER membrane and protein tyrosine phosphatase-interacting 

protein 51 (PTPIP51) on the OM. The presence of these tethering complexes indicates that these 

contact sites are important for the cell. However, they can undergo quick remodelling following 

tissue-specific metabolic needs or stress (Figure 1.8) (Giacomello et al., 2020). Hence, studying the 

MERCs with regard to changes as a result of MICOS deletion would be important to understand 

the molecular mechanisms behind interactions between these organelles and their physiological 

value. 
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2 Aims of this study 
Accurate IM organization in mitochondria is essential to maintain and regulate normal 

mitochondrial function. This function relies on the tight orchestration of multiple metabolic 

pathways, facilitated by the highly regulated compartmentalization of the mitochondrial 

membranes. It is known that the IM morphology is under strict regulation by protein sub-units of 

the MICOS complex, which is localized and enriched at CJ. Absence of the MICOS core components 

Mic10 and/or Mic60 results in drastic alteration in cristae ultra-structure and reduction in the 

number of CJ, thereby, having a strong impact on the overall IM morphology. 

While previous studies have already found that the two MICOS core components use different 

mechanisms to regulate the maintenance and integrity of CJ in yeast, very little is known about its 

molecular and physiological implications in human cells. It was shown that deficiency in one or 

more sub-units of the human MICOS complex can lead to severe disease conditions such as 

neurodegeneration, cardiomyopathies or diabetes. Therefore, it is important to understand the 

mechanism of each of the human MICOS sub-units. Bioinformatics/phylogenetic approaches have 

shown that although the MICOS complex and its sub-units are conserved among organisms, they 

are not direct homologues, but paralogues. Thus, the structure and function of these sub-units 

cannot be directly compared between far related species such as yeast and humans. 

The aim of this study was to understand and analyze the implication of the MICOS complex on the 

mitochondrial IM ultra-structure, in yeast and more specifically, in human cells as well as 

investigate its implications on the physiology and metabolism of these cells. First, we analyzed the 

effect of small synthetic peptides resembling the two yeast Mic10 transmembrane alpha-helices, 

on Mic10’s homo-oligomerization pattern. Next, to study the human MICOS core components 

MIC10 and MIC60, we used cell-culture based in vivo methods. We examined the effects of 

transient MIC10 siRNA mediated knockdown and stable CRISPR knockout on the overall 

mitochondrial cristae morphology via transmission electron microscopy as well as confocal 

microscopy. Effects on respiration rates were studied via OCR measurements in live cells and ROS 

was measured in the form of basal mitochondrial H2O2 using biosensor-based fluorescence 

microscopy. Further, effects on proliferation were analyzed using metabolism-based 

spectrophotometric cellular assays. These studies were also done for MIC60 knockdown and 

knockout cells in order to compare the effects with MIC10 depletion. We performed depletion of 

MIC10 or MIC60 in three different model cell lines (HEK293 Flp-in, HeLa and HSFs) to visualize the 

cell type dependent differences in the analyzed parameters. 
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3 Material and Methods 
3.1 Materials 

3.1.1 Chemicals and reagents 
Chemicals as well as laboratory and cell culture consumables, were ordered from Roth (Karlsruhe, 

Germany), Sigma Aldrich (Taufkirchen, Germany) and Sarstedt (Nürmbrecht, Germany). The more 

specific chemicals used in this study are listed in the table below: 

Table 3. 1: Chemicals used in this study 

Item Supplier 

Aclar sheets Plano (AG Riedel) 

Antimycin A Sigma Aldrich 

Ampicillin Roth 

Cacodylate AG Riedel 

Chloroform Merck 

Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) 

Sigma Aldrich 

Deoxynucleotide triphosphate mix 5 PRIME 

DMEM Gibco 

DMEM GlutaMAXTM Gibco 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich 

Deoxyribonuclease I (DNase I) Sigma Aldrich 

Dithiothreitol (DTT) Thermo Scientific 

n-Dodecyl-β-D-maltoside (DDM) Glycon 

Enhanced chemiluminescence (ECL) 

(Western Blotting Substrate) 

Thermo Scientific 

Ethidiumbromide 0.07% AppliChem 

Fetal Bovine Serum (FBS) Gibco 

GeneRuler DNA Ladder 1kb Thermo Scientific 

Glutaraldehyde (EM grade) AG Riedel 

Guanidine Hydrochloride (GuHCl) Roth 

H2O2 Roth 

Imidazole Roth 

Isopropyl-β-D-1thiogalactopyranoside 

(IPTG) 

Roth 
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Kanamycin Roth 

Lysozyme Sigma Aldrich 

Nuclease free H2O VWR 

Oligomycin Sigma Aldrich 

Opti-MEM Reduced Serum Medium Gibco 

Penicillin/Streptomycin (P/S) Gibco 

Glass cover slips (25 mm) VWR 

Glass cover slips (13 mm) Labsolute 
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Polyvinylidene difluoride (PVDF) transfer 

Membrane (Amersham) 

Cytiva Lifesciences 

Proteinase inhibitor cocktail (EDTA-free) Roche 

PageRuler Prestained Protein Ladder Thermo Scientific 

Ribolock RNAse Inhibitor Thermo Scientific 

Paraformaldehyde (PFA) Roth 

Phusion DNA Polymerase Thermo Scientific 

Poly-L-Lysine Sigma Aldrich 

Phosphate buffered saline (PBS) sterile Gibco 

Restriction endonucleases Thermo Scientific 

RNAiMAX (Lipofectamine) Invitrogen 

Rotenone Sigma Aldrich 

Seahorse DMEM Agilent  

Seahorse Calibrant Agilent  

Triton X-100 Sigma Aldrich 

TRI Reagent Sigma Aldrich 

Trypsin Gibco 

Tween-20 Roth 

T4 DNA Ligase Thermo Scientific 

Vectashield Vectashield 

WST-1 reagent Roche 

X-ray films GE Healthcare 

XtremeGENE DNA9 Roche 

 

3.1.2 Commercial kits used in this study 
The commercial kits used in this study are listed in the table below: 

Table 3. 2: Commercial kits used in this study 

Item Supplier 

cDNA synthesis kit (SuperScript III 

Reverse Transciptase) 

Thermo Scientific 

Q5 DNA polymerase NEB 

P2 Primary cell 4D nucleofactorTM X  Lonza 
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Wizard SV Gel and PCR Clean-UP Promega 

Wizard SV Mini-Prep Promega 

XF 96 extracellular flux assay 

kit/plates Seahorse 

Agilent 

 

3.1.3 Antibodies and Peptides 
The primary and secondary antibodies used in this study are listed below: 

Table 3. 3: Primary antibodies used in this study 

Antigen Antibody type Recommended 

dilution 

Supplier 

MIC10 Mouse monoclonal 1:1000 Novus 

Biologicals 

MIC60 Rabbit polyclonal 0.4 µg/mL Novus 

Biologicals 

MIC13 Rabbit polyclonal 1: 5000 AG Rehling 

MIC26 Rabbit polyclonal 1: 5000 AG Rehling 

MIC27 Rabbit polyclonal 1: 5000 AG Rehling 

MIC19 Rabbit polyclonal 1: 5000 AG Rehling 

MIC25 Rabbit polyclonal 1: 5000 AG Rehling 

OPA1 Rabbit monoclonal 1.1000 Abcam 

SAM50 Rabbit monoclonal 1:1000 Abcam 

ATP5B Rabbit polyclonal 1: 5000 AG Rehling 

SLC25A20 Mouse monoclonal 0.4 µg/mL Thermo Fischer 

Calnexin Rabbit 

monoclonal/Mouse 

monoclonal 

1:500 (IF)/1:1000 (WB) Abcam/Novus 

Biologicals 
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Calreticulin Rabbit monoclonal 1:10000 Abcam 

TOM20 Rabbit monoclonal 1:10000 Abcam 

Alpha tubulin Mouse monoclonal 1:5000 Novus 

Biologicals 

His Mouse monoclonal 1:6000 Sigma Aldrich 

FLAG Mouse monoclonal 1:1000 AG Bohnsack 

GFP Mouse monoclonal 1:2000 AG Bohnsack 

 

Table 3. 4: Secondary antibodies used in this study 

Antigen Antibody type Recommended 

dilution 

Supplier 

Mouse Goat 1:10000 Dianova 

Rabbit Goat 1:10000 Dianova 

Alexa488-Rabbit 

(IF) 

Goat 1:750 Abcam 

 

Table 3. 5: Peptides used in this study 

Name Sequence Molecular Weight 

(KDa) 

Supplier 

H1WT DIVLSNMLVKTAMGFGVGVFTSVLFFKRR 3.1 jpt 

Innovative 

Peptide 

Solutions 

H2WT RRAFPVWLGIGFGVGRGYAEGDAIF 2.8 

H1mut DIVLSNMLVKTAMGFAVAVFTSVLFFKRR 3.1 

H2mut RRAFPVWLGIAFAVGRGYAEGDAIF 2.8 
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3.1.4 Primers and siRNAs 
All primers and siRNAs were synthesised by Microsynth Seqlab (Göttingen, Germany). The 

primers used in this study are listed in the table below: 

Table 3. 6: Primers used in this study 

Name Sequence 

Cloning Primers 

MMP373F GAGCTCGGATCCATGTCTGAGTC 

MMP373R TCGAGCGGCCGCTCACTGCTCCT 

MMP374F AGCTCGGATCCATGCTGCGGGC 

MMP374R CTCGAGCGGCCGCTCACTCTGGC 

MMP375F CGGTACCAGTCGACATGTCTGAGTCG 

MMP375R AGCCCGGGATCCCTGCTCCTGCT 

MMP376F TACCAGTCGACATGCTGCGGGCCTGTCAG 

MMP376R GCCCGGGATCCCTCTGGCTGCACC 

MMP379F ATATATAAGCTTGCCACCATGTCTGAGTCGGAGCTCGGCAGGAAGTGG 

MMP379R ATATATGGATCCCTGCTCCTGCTCTTTGACATATTTTCCATGTAGAAGATATGG 

MMP387F GCATGATTTCCAGGCTCCATACCTGCTGCACGGCAAATATGTCAAAGAGCAGG

AGC 

MMP387R GCTCCTGCTCTTTGACATATTTGCCGTGCAGCAGGTATGGAGCCTGGAAATCAT

GCTGAC 

MMP404F GCGGTCGTGAAGATAGCCACTGGTTTTGCCTTAGGAATTGTTTTC 

MMP404R GAAAACAATTCCTAAGGCAAAACCAGTGGCTATCTTCACGACCGC 

MMP405F GCGGTCGTGAAGATACTGACTGGTTTTCTGTTAGGAATTGTTTTC 

MMP405R GAAAACAATTCCTAACAGAAAACCAGTCAGTATCTTCACGACCGC 

MMP406F TGGCCATTAGCCTTCGCCTCTGGCATGGCCTTAGGAATGGCTTAT 
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MMP406R ATAAGCCATTCCTAAGGCCATGCCAGAGGCGAAGGCTAATGGCCA 

MMP407F TGGCCATTAGCCTTCCTGTCTGGCATGCTGTTAGGAATGGCTTAT 

MMP407R ATAAGCCATTCCTAACAGCATGCCAGACAGGAAGGCTAATGGCCA 

MMP408F TTAGCCTTCGGTTCTGCCATGGGATTAGCCATGGCTTATTCCAAC 

MMP408R GTTGGAATAAGCCATGGCTAATCCCATGGCAGAACCGAAGGCTAA 

MMP409F TTAGCCTTCGGTTCTCTGATGGGATTACTGATGGCTTATTCCAAC 

MMP409R GTTGGAATAAGCCATCAGTAATCCCATCAGAGAACCGAAGGCTAA 

MMP411F ATATATAAGCTTGCCACCATGCTGCGGGCCTGTCAG 

MMP411R ATATATGGATCCCTCTGGCTGCACCTGAGTGGTTCC 

MMP412F ATATATCTTAAGCTTGCCACCATGCTGCGGGCCTGTCAG 

MMP412R ATATATGGATCCCTCTGGCTGCACCTGAGTGGTTCC 

MMP413F GAATGTGGCCATTAGCCTTCCTGTCTGGCATGCTGTTAGGAATGGCTTATTCCA

AC 

MMP413R GTTGGAATAAGCCATTCCTAACAGCATGCCAGACAGGAAGGCTAATGGCCACA

TTC 

MMP420F ATATATGGTACCGCCACCATGCTGCGGGCCTGTCAGTTATCG 

MMP420R ATATATGGATCCCTCTGGCTGCACCTGAGTGGTTCCTATTCC 

MMP427F TATAACTGCTGCAGAGGGCAAGCTCCAtAAtATGATAGTTGATCTGGATAA 

MMP427R TTATCCAGATCAACTATCATATTATGGAGCTTGCCCTCTGCAGCAGTTATA 

MMP428F TACTGCCTATGCCAGACTGAGGGGCATTGAGCAGGCTGTTCAGAGCCATGCA

G 

MMP428R CTGCATGGCTCTGAACAGCCTGCTCAATGCCGCTGAGTCTGGCATAGGCAGTA 

qPCR Primers 

MMP433F 

(Mic60) 

AGGAACGCAGAAAGGCAGTA 
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MMP433R 

(Mic60)             

GAGCTGCTTGGACCTTTTTG 

MMP454F 

(Mic10) 

GGGGCTGGACAGACTTTCTAA 

MMP454R 

(Mic10) 

TTGACTGCTCCATTTCCCGT 

MMP455F 

(ECM7) 

TGTCAAAGAGCAGGAGCAGT 

MMP455R 

(ECM7) 

AATGGCAGCTTACTCCAGGG 

 

The siRNAs used in this study are listed in the table below: 

Table 3. 7: siRNAs used in this study 

Name Target Sequence 

MINOS1 siRNA Mic10 CCAUAUCUUCUACAUGGAA 

Mitofilin siRNA Mic60 GUAAACUUCACAACAUGAU 

 

3.1.5 Microorganisms 
The E. coli strains used in this study are listed in the table below: 

Table 3. 8: E. coli strains used in this study 

Strain name Genetic background Supplier 

 

BL21(DE3) 

 

recA1 endA1 gyrA96 thi-1 

hsdR17 supE44 relA1 lac [F’ 

proAB lacIqΔM15 Tn10 (Tetr)] 

 

Stratagene 

XL1 Blue F-dcm ompT hsdS (rB-mB)gal Stratagene 
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3.1.6 Mammalian cell lines 
The mammalian cell lines used in this study are listed in the table below: 

Table 3. 9: Mammalian cell lines used in this study 

Cell line Protein Selection marker Source 

HEK293 Flp-in T-Rex - Blasticidin AG Bohnsack 

HEK293 Flp-in T-Rex MIC10WT-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10WT-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC60WT-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC60WT-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G22/26A-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G22/26L-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G46/50A-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G46/50L-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC1048/52A-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G48/52L-FLAG Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G22/26A-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G22/26L-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G46/50A-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G46/50L-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC1048/52A-GFP Hygromycin/Blasticidin This study 

HEK293 Flp-in T-Rex MIC10G48/52L-GFP Hygromycin/Blasticidin This study 

HeLa - - AG Jakobs 

HeLa MIC10 KO - AG Jakobs 

HeLa MIC60 KO - AG Jakobs 
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HSF - - AG Bogeski 

 

3.1.7 Plasmids 
All plasmids used and generated in this study are written below: 

Table 3. 10: Plasmids used in this study 

Name 

of the 

plasmid 

Vector backbone Insert Selection 

Marker 

Source 

MM115 pPROxHTc Mic10S.c Amp (Barbot et al., 

2015) 

MM342 pcDNA5-6xHis_TEV-2xFLAG Empty Amp AG Bohnsack 

MM343 pcDNA5-GFP Empty Amp AG Bohnsack 

MM344 pOG44 Empty Amp AG Bohnsack 

MM347 pcDNA5_6xHis_TEV_2xFLAG MIC10WT  Amp This study 

MM348 pcDNA5-GFP MIC10WT  Amp This study 

MM349  pcDNA5_6xHis_TEV_2xFLAG MIC10G22/26A Amp This study 

MM350 pcDNA5_6xHis_TEV_2xFLAG MIC10G22/26L Amp This study 

MM351 pcDNA5_6xHis_TEV_2xFLAG MIC10G46/50A Amp This study 

MM352 pcDNA5_6xHis_TEV_2xFLAG MIC10G48/52A Amp This study 

MM353 pcDNA5_6xHis_TEV_2xFLAG MIC10G48/52L Amp This study 

MM359 pcDNA5_6xHis_TEV_2xFLAG MIC10G46/50L Amp This study 

MM360 pcDNA5-GFP MIC10G22/26A Amp This study 

MM361 pcDNA5-GFP MIC10G22/26L Amp This study 

MM361 pcDNA5-GFP MIC10G48/52A Amp This study 

MM363 pcDNA5-GFP MIC10G46/50A Amp This study 
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MM364 pcDNA5-GFP MIC1046/50L Amp This study 

MM365 pcDNA5-GFP MIC10G48/52L Amp This study 

MM398 pcDNA5_6xHis_TEV_2xFLAG MIC60WT Amp This study 

MM399 pcDNA5-GFP MIC60WT Amp This study 

MM400 pHyPer-2-dMito Hyper Kan AG Bogeski 

MM401 pSypHer-dMito SypHer Kan AG Bogeski 

 

3.1.8 Instruments and software 
All specific devices and equipment, as well as software, used in this study are listed in the tables 

below: 

Table 3. 11: Instruments and devices used in this study 

Instrument/device Manufacturer 

ÄKTA prime plus GE Healthcare 

(Centrifuge) 5415 R Eppendorf 

(Centrifuge) 5424 Eppendorf 

(Centrifuge) 5810 R Eppendorf 

(Centrifuge) F45-24-11 Eppendorf 

(Centrifuge) Optima MAX-XP Beckman Coulter 

(Centrifuge) Sorvall RC 6 Plus Thermo Scientific 

(Centrifuge) Sorvall RC 12 BP Thermo Scientific 

(Centrifuge) TL-100 Beckman Coulter 

Confocal microscope LSM800 Carl Zeiss Microscopy GmbH 

Zeiss Observer D1 Microscope Carl Zeiss Microscopy GmbH 

Seahorse XF analyzer Agilent 

EmulsiFlex C5 homogeniser Avestin 

Synergy H1 Microplate reader BioTek 

(Rotor) JA-10 Beckman Coulter 

(Rotor) JA-20 Beckman Coulter 

(Rotor) Sorvall F10S-6x500Y Thermo Scientific 

(Rotor) Sorvall F10S-6x250Y Thermo Scientific 
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(Rotor) Sorvall H-1200 Thermo Scientific 

(Rotor) Sorvall SS-34 Thermo Scientific 

(Rotor) Sorvall F10S-6x250Y Thermo Scientific 

Cell disruptor sonicator W-220F Heatsystems Ultrasonics Inc 

AmexaTM 4D- Nucleofactor Lonza 

SpeedVac concentrator Savant 

Superdex 200 16/600 gel-filtration 

Column 

GE Healthcare 

Thermomixer comfort Eppendorf 

Biometra Geldokumentation UV Solo Biometra 

TPersonal 48 thermocycler Biometra 

CM 120 BioTwin transmission electron microscope Philips Inc. 

NanoDrop One/Onec Thermo Scientific 

FastGene Ultra Cycler Gradient Nippon Genetics 

 

Table 3. 12: Software used in this study 

Software Provider 

Adobe Illustrator CS6 Adobe Systems 

Adobe Photoshop CS6 Adobe Systems 

ImageJ Wayne Rasband 

Microsoft Office 2016 Microsoft 

Graphpad Prism Graphpad Software Inc 

Snapgene Viewer GSL Biotech 

UNICORN GE Healthcare 

Seahorse Wave Desktop Software Agilent 

Zen 2.6 Carl Zeiss Microscopy GmbH 
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3.2 Methods 

3.2.1 Bacterial culture and transformation  

3.2.1.1 Cultivation of E. coli  
Broth cultures of XL1-blue and BL21DE3 strains of E. coli cells were propagated in LB (lysogeny 

broth) (1% NaCl, 1% tryptone, 0.5% yeast extract) supplemented with 100 mg/L of ampicillin. 

Growing cultures were contained in upright glass flasks and incubated in an orbital shaker 

incubator at 37°C, and 220 rpm. For propagation of bacterial cultures in petri dishes, liquid media 

was supplemented with 15 g/L of agar-agar. For recombinant expression of E. coli expressing 

Mic10S.c exact protocol from (Barbot et al., 2015) was followed.  

3.2.1.2  Transformation of chemically competent E. coli cells  
Chemically competent XL1-blue and BL21DE3 strains of E. coli were handled on ice. For a single 

transformation 50 µL of cell suspension and up to 100 ng of purified plasmid DNA were used. 

Bacterial cell suspension and plasmid DNA were gently mixed, incubated on ice for 25 mins and 

consequently subjected to a heat-shock for 45 sec at 42°C. Following the heat-shock, bacterial 

suspension was first placed on ice for 2 mins and then incubated for 1 h in 300 µL of LB media at 

37°C, and 220 rpm. Bacterial culture was seeded onto ampicillin or kanamycin supplemented LB 

petri dish and incubated at 37°C overnight. 

3.2.2 Molecular cloning  

3.2.2.1 Plasmid DNA isolation  
Plasmid DNA isolation from E. coli cells was performed using “Wizzard Plus SV Mini-prep DNA 

Purification System” (Promega), according to the manufacturer’s instructions. 

3.2.2.2 PCR  
The desired DNA fragments were amplified by polymerase chain reaction (PCR) from plasmid DNA 

or mammalian cDNA used as templates. Each reaction mixture of 50 µL was performed in 5× Q5 

reaction buffer and contained 100 ng of a DNA template, 0.5 µM of each, forward and reverse 

primer, 1 U of Q5 DNA Polymerase (NEB) and 0.2 µM dNTPs mix. The PCR cycle steps, temperature 

and length were set according to the recommendations of the Q5 DNA Polymerase manufacturer 

(NEB) based on the primer and template properties.  

3.2.2.3 Agarose gel electrophoresis  
The success of PCR amplification was monitored by agarose gel electrophoresis. The agarose gels 

were prepared by dissolving of 1% Agarose (Roth) in 1 × TAE buffer (40 mM Tris, 20 mM acetic 

acid, 1 mM EDTA), and electrophoresis was conducted at 105 V for 30 mins. Separated DNA 

fragments were visualized under UV light with EtBr staining of DNA.  
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3.2.2.4  Purification of PCR fragments  
Amplified PCR fragments were excised from the agarose gel and further cleaned up using “Wizzard 

SV Gel and PCR CleanUP System” (Promega) following the manufacturer’s instructions.  

3.2.2.5 Restriction Digestion 
PCR amplified protein-coding DNA inserts, as well as vector DNA, were digested using desired 

restriction endonucleases (Thermo Scientific). Each digestion reaction of 20 µL was carried out in 

appropriate restriction buffer and contained 1 µg of DNA substrate as well as 2-4 U of each 

endonuclease. The choice of restriction buffer, as well as the restriction enzymes, was made based 

on the availability of restriction sites within the vector and protein-coding inserts according to the 

manufacturer’s double digest guide. After digestion, the DNA products were subjected to agarose 

electrophoresis, excised from the gel and purified using “Wizzard SV Gel and PCR CleanUP System” 

(Promega) following the manufacturer’s instructions.  

3.2.2.6 Ligation  
Protein-coding DNA insert was ligated into appropriate vectors using T4 DNA Ligase (Thermo 

Scientific). Each ligation reaction of 20 µL was performed in 1 × T4 DNA Ligase buffer and contained 

1.5 U of T4 DNA Ligase, 50 ng of linear vector, linear insert in different molar ratios (1:1, 1:3 and 

1:5). Ligation reaction was carried out at 16°C for 18h. After this the ligation mix was transformed 

into XL1-blue E. coli cells as explained 3.2.1.2. 

3.2.2.7 Site Directed Mutagenesis 
In order to generate single- or double-point mutations, primers were designed and the desired 

plasmid was used as the template for PCR. For each mixture of 50 µL, required amounts of 5× 

Phusion HF buffer and 2 µL plasmid (100 ng/mL), 0.5 µM of each, forward and reverse primer, 1 

U of Phusion DNA Polymerase (Thermofisher), 0.2 µM dNTPs mix were used. The PCR cycle steps, 

temperature and length were set according to the recommendations of the Phusion DNA 

Polymerase manufacturer (Thermofisher) based on the primer and templates properties. The 

amplified product was treated with 1 µL Dpn1 (Thermofisher) for 2 h at 37°C and then transformed 

into XL1-blue cells as explained in 3.2.1.2. The clones were used for plasmid isolation as explained 

in 3.2.2.1 and confirmed via 3.2.2.8. 

3.2.2.8 DNA sequencing  
All generated plasmids were sequenced at the Microsynth Seqlab facility (Göttingen, Germany). 
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3.2.3 Cell Culture 

3.2.3.1 Culturing of cells and generation of stable cell lines 
HEK293 Flp-in T-Rex (AG Bohnsack) and HSF (AG Bogeski) cells were grown at 37°C and 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM) medium (Thermo Fisher Scientific) supplemented 

with 10% Fetal Bovine Serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin (Merck 

Millipore) and 2 mM glutamine (Invitrogen). To generate Tetracycline inducible stable HEK293 Flp-

in cell lines the MIC10 or MIC60 cloning sequences were first cloned into the pcDNA5 vector with 

an N-terminal 2xFlag-PreScission protease cleavage site-His6 tag or N-terminal GFP tag. For 

expression of siRNA-insensitive MIC10 or MIC60, silent mutations were introduced into the siRNA 

target site by site-directed mutagenesis explained in 3.2.2.7. To enable expression of MIC10 

containing the GxGxG mutants, double mutations was introduced to encode alanine residues or 

leucine residues in place of glycine residues at specific regions in the GxGxG motif of MIC10 via an 

additional round of site directed mutagenesis as explained in 3.2.2.7. 100 µl transfection mix 

containing 91 µl Opti-MEM (Thermo Fisher), 9 µl transfection reagent, 0.6 µg pcDNA5 plasmid and 

1.8 µg pOG44 plasmid were added to each well. The selection was started 48 h after transfection 

with 5 µg/ml Hygromycin B (Applichem) and 10 µg/ml Blasticidin S Hydrochloride (Applichem), 

and was maintained for 2 weeks. Afterwards, cells were generally cultured in medium without 

Hygromycin and Blasticidin, and tested regularly for expression of the transgene. Plasmid 

transfections were carried out according to the manufacturer’s instructions using XtremeGENE 

DNA9 reagent (Roche). Expression of the transgene was induced using up to 1 µg/ml (final 

concentration) Tetracycline for 24 h at 37°C and 5% CO2.  

HeLa cells  were grown at 37°C and 5% CO2 were grown in DMEM with glutaMAX and 4.5 g/l 

glucose (Thermo Fisher Scientific) supplemented with 100 U/ml penicillin and 100 µg/ml 

streptomycin (Merck Millipore), 1 mM sodium pyruvate (Sigma-Aldrich), and 10% (v/v) FBS as 

previously described in (Stephan et al., 2020). The MIC10 and MIC60 CRISPR cell lines were 

generated by AG Jakobs, MPI-bpc, Göttingen, Germany.  

The cells were passaged 2-3 times per week depending on the growth rate of the different cell 

lines. 

All cell lines were cryo-preserved in DMEM containing 10% FBS (20% for HeLa cells) and 10% DMS0 

medium and stored in liquid nitrogen. 



 
 
 
 
Material and Methods 

36 
 

3.2.3.2 RNA interference (RNAi) 
Cells were transfected with specific siRNA oligonucleotides (Seqlab) according to the 

manufacturer’s instructions using the RNAiMAX transfection reagent (Invitrogen). The cells were 

incubated for 48 h with siRNA against MIC10 and 72 h with siRNA against MIC60 for every 

experiment. For HSF MIC60 KD was performed via electroporation using the Nucleofaction P2 kit 

(Lonza) specially optimized for HSFs by AG Bogeski. 

3.2.3.3 RNA extraction, cDNA preparation and qPCR analysis 
Total RNA from the cells was extracted using TRI Reagent (Sigma-Aldrich) according to 

manufacturer’s instructions. Briefly, the media was removed, cells were washed once with PBS 

and the appropriate amount of TRI Reagent was added directly to the cells. The lysate was 

pipetted up and down several times to disrupt RNA-protein complexes and the samples were 

incubated for 5 mins at RT. Next, chloroform (1/5 volume) was added and the samples were 

thoroughly mixed and incubated for 2-3 mins at RT before centrifuging for 20 mins at 20,000 xg 

and 4°C. The upper aqueous phase containing the RNA was transferred to a fresh tube and 1 

volume isopropanol was added. Samples were incubated for 5 mins and then centrifuged for 15 

mins at 20,000 xg and 4°C to precipitate the RNA. The RNA pellet was washed with 75% ethanol, 

air-dried briefly and resuspended in H2O at a concentration of 0.5-2 µg/µL. First-strand cDNA 

synthesis was performed using the SuperScript III Reverse Transcriptase kit (Thermo Fisher) 

according to manufacturer’s instructions. 2 µg of template RNA were denatured for 5 mins at 65°C 

in a volume of 13 µL with 10 nmol dNTP mix (Roche) and 50 pmol anchored oligo(dT)24VN primer 

or 75 pmol random hexamer primer. The samples were briefly placed on ice and 7 µL of reverse 

transcription mix containing 4 µL 5X first-strand buffer, 1 µL 100 mM DTT, 1 µL RiboLock RNase 

Inhibitor (Thermo Fisher) and 1 µL SuperScript III Reverse Transcriptase were added. The reactions 

were incubated for 1 h at 50°C and subsequently the reverse transcriptase was inactivated at 70°C 

for 15 mins. The obtained cDNA was used for quantitative RT-PCR (qRT-PCR). Quantitative RT-PCR 

was done using the LightCycler 480 SYBR Green I Master kit (Roche). 10 µL reactions containing 

0.65X SYBR Green mix, 0.33 pmol forward and reverse primer and 3 µL cDNA diluted as necessary 

(generally 1:10 dilution) were pipetted in each well in triplicates. Samples were amplified in a 

LightCycler 480 machine (Roche) using the following program: 5 mins pre-incubation at 95°C and 

50 cycles of 10 secs denaturation at 95°C, 20 secs annealing at 58°C and 15 secs amplification at 

72°C. Melting curve analysis was subsequently performed and involved incubation for 10 secs at 

95°C and for 1 min at 55°C followed by continuous acquisition of fluorescence until 97°C. The 

presence of a single melting peak indicated specific amplification of one product. Crossing point 
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(Cp) values were determined with the second derivative maximum method and relative 

quantification was done based on the DDCt method. To account for differences in the input 

material, the results were normalized to the expression level of housekeeping genes (EMC7). All 

analysis steps were performed using the LightCycler 480 software. 

3.2.3.4 Real-time Respirometry  

Oxygen consumption rate (OCR) experiments were performed in an XF Extracellular Flux Analyzer 

(Seahorse Bioscience, Agilent) as previously described (Stephan et al., 2020). Briefly, HEK293 Flp-

in, HSFs or HeLa cells were seeded at 30,000 cells/well and grown on the Seahorse plate overnight 

at 37°C and 5% CO2. Basal respiration was measured in XF DMEM supplemented with 1 mM 

pyruvate, 10 mM glucose, and 2 mM glutamine after incubation at 37°C without CO2 for 1 h. 

Periodic oxygen consumption measurements were performed, and OCR was calculated from the 

slope of change in oxygen concentration over time. Metabolic states were measured after 

subsequent addition of 3 µM oligomycin, 1 µM carbonyl cyanide 4 

(trifluoromethoxy)phenylhydrazone (FCCP), 1 µM antimycin A, and 2 µM rotenone. The readings 

were normalized by equal cell numbers seeded at the beginning of the assay. 

3.2.3.5 Sample preparation for Transmission Electron Microscopy 
 Aclar sheets were cut into 1 cm squares using 0.198 mm thick aclar film (Plano) and sterilized with 

100% isopropanol and 70% ethanol before usage. Cells were grown on aclar squares to a 

confluency of approximately 70% and fixed by immersion using 2% glutaraldehyde in 0.1 M 

cacodylate buffer at pH 7.4 for 1 h at RT or overnight at 4°C. Afterwards, fixation in 1% osmium 

tetroxide and pre-embedding staining with 1% uranyl acetate were performed. Samples were 

dehydrated and embedded in Agar 100 resin (Plano). Ultrathin sections of approximately 70 nm 

thickness were recorded on a Philips CM 120 BioTwin transmission electron microscope (Philips 

Inc.) without counterstaining. Sections were taken in parallel to the growth surface of the cells. 

Usually, 2D images of at least 100 mitochondria from at least 10 different cells were randomly 

taken for each sample, using a TemCam 224A slow scan CCD camera (TVIPS). The TEM embedding 

and measurements were performed by Gudrun Heim and Leonie Kopecny from AG Riedel, MPI-

bpc, Göttingen, Germany. 

3.2.3.6 Immunofluorescence  
Glass coverslips (13 mm) were coated with 0.01% poly-L-lysine (Sigma-Aldrich) for 15 mins at RT, 

washed with H2O and sterilized with UV light. HEK293 Flp-in or HeLa cells were grown on the 

coated coverslips and incubated with Mitotracker Orange (1:1500) (Invitrogen) for 15 mins at 37°C 
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and 5% CO2 before fixing using 4% PFA in PBS for 10 mins at RT. Cells were first permeabilised 

using 0.1% Triton-X-100 in PBS for 20 mins then blocked with 10% FBS and 0.1% Triton-X-100 in 

PBS for 1 h at RT. Cells were incubated with anti-Calnexin primary antibody diluted in 10% FBS in 

PBS overnight at 4°C. Coverslips were washed with PBS and cells were incubated with Alexa Fluor 

488-conjugated anti-mouse secondary antibodies for 1 h at RT. Coverslips were washed again with 

PBS and then mounted using 3.5 µL Vectashield (Vector Laboratories) containing DAPI. Cells were 

analyzed by confocal microscopy using a LSM 800 confocal microscope (Zeiss) with LCI Plan-

Neofluar 63x glycerine (N.A 1.3) objective with laser excitation Diodenlaser 405 nm, 5mW (DAPI), 

Diodenlaser 488 nm, 10mW (Calnexin) and Diodenser (SHG) 561 nm, 10 mW (Mitotracker 

Orange). 

3.2.3.7 ROS measurements 
Mitochondrial H2O2 was measured using the ratiometric protein sensor mito-HyPer in Ringer’s 

buffer (145 mM NaCl, 4 mM KCl, 10 mM Glucose, 10 mM HEPES, 2 mM MgCl2, pH 7.4) containing 

0.5 mM (HSFs) or 0.25 mM (HEK293 Flp-in) CaCl2. Mito-HyPer (pHyPer-2-dMito; V. V. Belousov 

(#FP942, Evrogen) and mito-SypHer (pSypHer-dMito; V. V. Belousov (#48251, Addgene) sensor 

plasmids were used top transfect cells using XtremeGENE DNA9 transfection reagent (Roche) 

using the manufacturer’s instructions with 1 µg plasmid/transfection 24 h before imaging. The 

cells were previously subjected to siRNA treatment as explained above in 3.2.3.2 for MIC10 or 

MIC60 KD and 100,000 cells were seeded on 25 mm round glass coverslips N.o. 1.5 (#6310172, 

VWR). Experiments were performed with a Zeiss Observer D1 equipped with a 40x oil EC-Plan 

Neofluar (N.A. 1.3) objective, Axiocam 702 mono and LED system (Colibri, Zeiss) at 37°C. Images 

were acquired upon excitation at 420 nm (excitation filter: 420/40; 50% intensity, 10 ms exposure 

time) and 505 nm (excitation filter: 500/15; 50% intensity, 10 ms exposure time) together with a 

515 nm dichroic mirror and 539/25 emission filter. Data were analyzed using Zen 2.6 software 

(Carl Zeiss Microscopy GmbH). The quantification of basal H2O2 levels was made by selecting 

individual cells/regions of mitochondria for 20 cycles, each at an interval of 2 seconds (HEK293 

Flp-in) or 3 seconds (HSFs). After this, the maximal sensor-oxidation was measured by stimulating 

the cells with 100 µM H2O2 until cycle 80. Data are presented as average fluorescence ratio 505 

nm / 420 nm and are presented as Mean +/- SEM.  Mito-SypHer (mito-HyPer-C199S) was used as 

a pH control using the same experimental settings. 

3.2.3.8 WST-1 mediated Proliferation assay 
HEK293 Flp-in, HeLa or HSFs previously subjected to siRNA mediated MIC10 or MIC60 KD for 48 

or 72 hrespectively or Tetracycline induced overexpression of MIC10-FLAG or MIC60-FLAG were 
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seeded in wells of a 96 well plate (4X103cells/100 µL). 4 µL WST-1 reagent (Roche) was added to 

each well. The assay was measured at 24, 48, and 72 h time points as per manufacturer’s 

instructions using a 96 well plate reader.  

3.2.3.9 Preparation of whole cell lysates for Immunoblotting 
Cells were counted and pelleted down at 500 xg for 5 mins. The supernatant was removed and 

the pellet was resuspended in 100 µL 4X loading dye. The pellets were lysed for 30 secs using an 

Ultrasonicator followed by boiling at 95°C for 10 mins. The samples were then analyzed by SDS-

PAGE and immunoblotting as explained in 3.2.4.1 and 3.2.4.3. 

3.2.4 Protein Biochemistry 

3.2.4.1 SDS-PAGE  
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), was employed for protein 

separation. Separation gels had a composition of 12.5 or 15%/ 0.8% acrylamide / bisacrylamide, 

386 mM Tris/HCl pH 8.8, 0.1% SDS, 0.1% APS, 0.08% TEMED. The stacking gel consisted of 5 % / 

0.8% acrylamide/ bisacrylamide, 126 mM Tris/HCl pH 6.8, 0.1% SDS, 0.1% APS, 0.2% TEMED. The 

running (Laemmli) buffer contained 25 mM Tris, 191 mM glycine, 0.1% SDS. The vertical gel 

electrophoresis was carried out in the MINI-Protein II (Bio-Rad) system at constant 180-200 V run 

conditions. The sample loading dye (4X) contained 2% SDS, 10% glycerol, 60 mM Tris/HCl pH 6.8, 

1% β-mercaptoethanol, 0.01% bromphenol blue. The PageRuler prestained (Thermo Scientific) 

protein marker was used as a molecular weight marker.  

3.2.4.2 Coomassie Brilliant Blue staining 
Following the gel electrophoresis, the gels from SDS-PAGE were stained with Coomassie Brilliant 

Blue staining. The stain contained 25% ethanol, 10% acetic acid and 0.1% Coomassie Brilliant Blue 

R 250. The destainer had a same composition as the stainer but without Coomassie Brilliant Blue 

R 250. For visualization of more sensitive protein bands after gel electrophoresis, staining with 

Colloidal Coomassie Blue was performed. The gels were fixed in fixing solution containing 10% 

acetic acid and 40% methanol for 45 mins at RT. The gels were then stained in Colloidal Coomassie 

stain containing 80% Colloidal Coomassie (G 250) stock solution and 20% methanol overnight and 

destained with water.  

3.2.4.3 Immunoblotting  
For immunoblotting semi-dry (Peqlab) system was employed. The blotting buffer for semi-dry 

transfer contained 20 mM Tris, 150 mM glycine, 0.02% SDS, 20% methanol. PVDF membrane was 
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briefly activated in methanol. For semi-dry transfer system blotting was performed at 13 V, 125 

mA for 1 h for 1 mini gel and 25 V, 250 mA and 2 h for 2 mini gels. 

3.2.4.4 Immunodetection  
Following blotting the PVDF membrane was blocked in TBS-T buffer (20 mM Tris, 125 mM NaCl, 

0.1% Tween 20, pH 7.5) containing 5% milk powder for 1 h at RT. Afterwards, the membrane was 

briefly rinsed with TBS-T and incubated in an appropriate primary antibody containing solution (all 

the primary antibodies were dissolved in TBS-T containing 5% milk) overnight at 4°C. The 

membrane was washed three times for 10 mins with TBS-T buffer and incubated in an appropriate 

secondary antibody (HRP coupled, dilutions 1:10000) containing solution for 1 h at RT. The 

membrane was washed with TBS-T buffer three times for 10 mins. The ECL (Thermo Scientific) 

solutions were added to the membrane and signals were detected on X-ray films by developing in 

the CAWOMAT developing machine. 

3.2.4.5 Recombinant protein expression E. coli  
Recombinantly expressed proteins in E.coli were purified according to the previously described 

methods (Barbot et al., 2015). E.  coli growth conditions and protein overexpression are described 

in 3.2.1.1.  

3.2.4.6 Isolation of inclusion bodies from E. coli and affinity tag purification 
After harvesting the induced E. coli cells for 20 mins at 7000 xg at 4°C, the bacterial pellet was 

resuspended in 10 mL lysis buffer (100 mM NaCl, 50 mM Tris, pH 8.0) containing 0.1 mg/mL 

lysozyme, 0.5 mM PMSF, 10 µg/mL Dnase I, 1 pill/50 mL protease inhibitor cocktail (EDTA-free) 

per g wet cell weight. The cells were lysed by passing the cell suspension three times through an 

EmulsiFlex-C5 homogenizer (Avestin) at 15000-17000psi/103-117 MPa. Afterwards, 4 mg/g 

deoxycholic acid and 10 µg/mL Dnase I was added to the cell lysate and incubated for 30 mins at 

RT with mild stirring. The cell lysate was centrifuged for 1 h at 4200 xg at 4°C. The pellet was 

resuspended in 100 mL triton buffer (100 mM NaCl, 50 mM Tris, 1 mM EDTA, 10 mM DTT, 2 % 

Triton X-100, pH 8.0) and stirred for 30 mins at 4°C. The suspension was centrifuged for 30 mins 

at 4200 xg at 4°C, the pellet was resuspended in 100 mL buffer (100 mM NaCl, 50 mM Tris, 1 mM 

EDTA, 10 mM DTT, pH 8.0) and stirred for 30 mins at 4°C. Following centrifugation, the pellet was 

resuspended in 100 mL lysis buffer and the inclusion bodies were collected by centrifugation for 

30 mins at 4200 xg at 4°C. The purified inclusion bodies were either stored at -20°C or immediately 

subjected to affinity tag purification.  



 
 
 
 

Material and Methods 

41 
 

For isolation of recombinantly expressed His-tagged protein, the inclusion bodies were dissolved 

in 3 mL/g GuHCl buffer (6 M GuHCl, 150 mM NaCl, 10 mM Tris, 40 mM imidazole, 2 mM DTT, pH 

8.0) and stirred for 60 mins at RT. After centrifugation for 20 mins at 17400 xg at RT, the soluble 

supernatant was filtered through a PVDF filter (Roth) with a pore size 0.45 µm. The filtered 

suspension was applied with 0.5-1.0 mL/min flow rate to the pre-equilibrated 5 mL HisTrap pre-

packed column (GE Healthcare) in the GuHCl buffer using ÄKTA prime plus (GE Healthcare). The 

column was washed twenty times column volume GuHCl buffer and the protein was eluted by 

applying the GuHCl buffer containing 500 mM imidazole. The eluted protein was further purified 

by employing size-exclusion chromatography described in 3.2.4.7. 

3.2.4.7 Size-exclusion chromatography  
The isolated proteins from 3.2.4.6 were further purified using size-exclusion chromatography. The 

sample with 2 mL volume was applied to the gel-filtration column pre-equilibrated in at least 1 

column volume desired buffer using ÄKTA prime plus. For Mic10 separation the Superdex 200 

(16/600) (GE Healthcare) column was employed. The separation was carried out in appropriate 

buffer (6 M GuHCl, 150 mM NaCl, 10 mM Tris, 2 mM DTT, pH 8.0) with 1 mL/min flow rate. The 

purification success was analyzed by SDS-PAGE and subsequent Coomassie staining. Since, GuHCl 

forms a precipitate with SDS when dissolved together, Mic10 samples in 6 M GuHCl containing 

buffer was TCA precipitated (3.2.4.8), then resuspended in SDS sample loading buffer and 

subjected to SDS-PAGE analysis. 

3.2.4.8 Protein precipitation by TCA  
In order to avoid the Mic10 sample precipitation in the presence of SDS and GuHCl (see 3.2.4.6 

and 3.2.4.7) protein precipitation by trichloroacetic acid (TCA) was used. For this, samples were 

incubated with ice-cold 10% TCA for 30 mins on ice, followed by centrifugation for 30 mins at 

16000 xg at 4°C. The residual TCA was removed by washing the pellets in 500 µL ice-cold acetone 

followed by centrifugation for 30 mins at 16000 xg at 4°C. The pellets were dried for 30 mins in 

SpeedVac concentrator, resuspended in SDS sample loading buffer and subjected to SDS-PAGE 

analysis.  

3.2.4.9 Protein refolding  
Unfolded Mic10 purified in GuCl was refolded using 0.1% DDM. The denatured protein solution 

was transferred to the dialysis tubing membrane of 3.5 KDa size cut off (Spectrum Laboratories, 

Inc.) and dialysed against refolding buffer (20 mM HEPES, 150 mM NaCl, pH7.4) supplemented 

with detergent in the concentration of 4 × CMC for 2 h at RT. Afterwards, the dialysis tubing was 
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transferred to the fresh portion of detergent-supplemented refolding buffer and further dialysed 

at 4°C overnight. The next day, the refolded protein solution was transferred into ultracentrifuge 

tubes and spun down for 30 mins at 125,000 xg, 4°C. The supernatant contained soluble, properly 

refolded protein fraction while the pellet contained aggregated non-refolded protein fraction. The 

supernatant containing the refolded Mic10 protein was transferred to a fresh tube and directly 

used for other assays with the peptides or stored at -20°C. 

3.2.4.10 Peptide solubilization  
Synthetic peptides (H1WT, H2WT, H1mut, H2mut) were solubilized in 100% DMSO at a concentration 

of 10 mg/mL. The peptides were then diluted to different concentrations (0.25-1.0 mg/mL) with 

buffer of interest (20 mM HEPES, 150 mM NaCl, pH7.4) and used for the different assays. 

3.2.4.11 Peptide assay 

The refolded Mic10 (0.15 mg/mL, 0.05 mg/mL) in 20 mM HEPES, 150 mM NaCl, pH7.4 and 0.1% 

DDM was incubated with different concentrations and combinations of the solubilized peptides 

from Peptide solubilization in equal volumes and incubated for 3 h at RT. The samples were then 

dissolved in 4X loading dye and analyzed via SDS-PAGE and Coomassie staining as mentioned in 

3.2.4.1 and 3.2.4.2.  
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4 Results 
4.1 Part-I: Homo-oligomerization in Mic10 can be influenced by short synthetic 

peptides mimicking the transmembrane domains 

4.1.1 Effects of peptides on oligomerization of Saccharomyces cerevisiae Mic10 
Previously, the ability of Mic10 from the Baker’s yeast S. cerevisiae to homo-oligomerize (M. 

Harner et al., 2011a) via its highly conserved GxGxG motif present in both the transmembrane 

domains (TM) was shown in several studies (Barbot et al., 2015; Bohnert et al., 2015). It was seen 

that a double mutation (G50/52A) in transmembrane domain 1 (TM1) (Barbot et al., 2015) was 

sufficient to affect the homo-oligomerization ability of the protein via its GxGxG motif to a large 

extent such that higher molecular weight bands couldn’t be visualized on SDS-PAGE or Blue Native 

PAGE. Other single mutations in TM2 such as G74A, G76A and G78A also showed a decrease in 

Mic10 homo-oligomerization pattern (Bohnert et al., 2015; Barbot et al., 2015). However, these 

mutations only slightly decreased the dimeric and higher molecular weight oligomeric bands as 

compared to WT protein on the SDS-PAGE gels. It was also shown that these GxGxG motif 

mutations don’t affect the levels of other MICOS sub-units in the mitochondria. The homo-

oligomerization ability via interactions between the glycine residues of the GxGxG motifs in each 

TM of Mic10 in yeast was shown to be the basis of maintaining proper cristae morphology and 

thereby suggests a very important role in maintaining overall mitochondrial architecture. This 

serves as the basis for designing short synthetic peptides mimicking TM 1 (H1) (GFGVG) and TM 2 

(H2) (GIGFG) of WT Mic10 in yeast as well as mutant peptides generated by replacing the glycine 

residues in the GxGxG motifs to alanine residues in each of the transmembrane domains H1mut 

(GFAVA) and H2mut (GIAFA).  

These peptides were designed to analyze if the GxGxG motifs within these peptides could interact 

with the GxGxG motifs in the purified and refolded Mic10 and influence the homo-oligomerization 

ability of the protein. The commercially synthesized peptides were solublized in 100% DMSO. In 

order to study the effects of the WT and mutant peptides on Mic10s ability to homo-oligomerize 

on SDS-PAGE gels, the solubilized peptides were diluted to different concentrations (0.25 mg/mL, 

0.5 mg/mL, 0.75 mg/mL, and 1.0 mg/mL) in 0.1% DDM containing buffer. The same buffer was 

also used for refolding of yeast WT Mic10 recombinantly expressed and purified from E.coli using 

well-established protocols in the lab (Barbot, 2016; Barbot et al., 2015). These peptides were then 

run on 10-20% tricine gels and visualized via Coomassie staining (Figure 4.1, A and B). One can see 

the increasing concentration of each peptide in the subsequent lanes on the Coomassie stained 

gels. It should also be noted that increasing the concentration of H2mut peptide displays some 



 
 
 
 
Results 

44 
 

bands at a higher molecular weight. These are perhaps, oligomers of H2mut peptide due to its 

homo-oligomerization. 

Recombinantly expressed and purified yeast WT Mic10 in E.coli was refolded in detergent 

containing 0.1% DDM buffer and analyzed via Coomassie staining and immunoblotting to see the 

high molecular weight stable oligomers (Figure 4.1, C) confirming previous published data (Barbot 

et al., 2015).  

 

Figure 4.1: Synthetic peptides mimicking the TM domains of yeast WT Mic10 on Tris-Tricine gels and 
refolded Mic10 on SDS-PAGE gels. A) SDS-PAGE showing increasing concentrations (mg/mL) of WT peptides 
dissolved in DMSO mimicking TM1 (H1WT) and TM2 (H2WT) of yeast Mic10. B) SDS-PAGE showing increasing 
concentrations of mutant peptides dissolved in DMSO mimicking the TM1 (H1mut) and TM2 (H2mut) and 
Glycine residues replaced by Alanine residues in the GxGxG motifs. C) SDS-PAGE and immunoblot showing 
homo-oligomerization of purified and refolded yeast Mic10 in 0.1% DDM. Immunoblot analysis against anti-
His antibody. The Blck arrow represents Mic10 monomer on the gel/blot. M is the molecular weight marker 
in these gels. 

The experiments were performed by incubating purified and refolded yeast WT Mic10 in 0.1% 

DDM containing buffer with different concentrations of WT or mutant peptides for 3 hours at RT 

(Figure 4.2). After the incubation, the samples were then analyzed via SDS-PAGE and Coomassie 

staining.  



 
 
 
 

Results 

45 
 

 

Figure 4.2: Experimental setup to study the interaction of synthetic peptides with purified yeast WT 
Mic10. A) Schematic representation of potential effects of the interaction of WT peptides mimicking the 
TMs of yeast WT Mic10 dissolved in DMSO with purified and refolded WT Mic10 in 0.1% DDM to its 
functional form. B) Schematic representation of potential effects of the interaction of mutant peptides 
mimicking the TMs of yeast WT Mic10 with glycine exchanged for alanine in the GxGxG motifs. 

At first, WT Mic10 was incubated at a concentration of 0.15 mg/mL or 0.05 mg/mL separately with 

different concentrations of both H1WT and H1mut peptides (0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL 

and 1.0 mg/mL) in equal volumes for 3 hours at RT. The samples were then prepared for SDS-

PAGE. Coomassie staining revealed that increasing concentration of H1WT peptide decreased 

Mic10 monomer level as seen in the SDS-PAGE results (Figure 4.3, A). There is also a smear at high 

molecular weight in samples containing the peptide, which could be due to oligomeric interactions 

within peptide molecules as well as peptide-Mic10 molecules. However, mutant peptide (H1mut) 

didn’t show any decrease in the monomer or oligomeric Mic10 levels even with the increase in 

peptide concentration (Figure 4.3, A). Next, we wanted to find the effects of decreased WT Mic10 

protein concentration on its interaction with the peptides and show differences in its 

oligomerization pattern on SDS-PAGE. Interestingly we saw that a decreased concentration of the 

refolded protein had a stronger effect on both, the monomer and oligomer visualization on SDS-

PAGE gels (Figure 4.3, B). Here as well, the decrease was observed at a H1WT peptide concentration 

of 0.5 mg/mL and upwards. Once again, the higher molecular weight smears were seen and could 

be indicative of either peptide-peptide interactions or peptide-protein interactions on the SDS-

PAGE gel. Further, when the lower concentration of Mic10 was incubated with H1mut there was a 
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major loss in both monomeric and oligomeric Mic10 on the gels. This suggests the probable role 

of overall protein concentration and therefore, the number of available GxGxG motifs for the 

peptides to interact with (Figure 4.3, B). We could also see that without any peptide WT Mic10 

protein showed additional higher molecular faint bands on the SDS-PAGE at both concentrations. 

This confirms the homo-oligomerization ability of Mic10 independent of the presence of peptides 

as confirmed in previous studies (Figure 4.3, A and B) (Barbot et al., 2015). 

 

Figure 4.3: Effects of WT and mutant peptides mimicking TM1 of yeast WT Mic10. A) SDS- PAGE analysis 
of the interaction of purified and refolded WT Mic10 at 0.15 mg/mL concentration with increasing 
concentration of H1WT and H1mut peptides as indicated and stained with Coomassie Brilliant Blue. B) SDS-
PAGE analysis of the interaction of purified and refolded WT Mic10 at 0.05 mg/mL concentration with 
increasing concentration of H1WT and H1mut peptides as indicated and stained with Coomassie Brilliant Blue. 
The black arrows indicate the Mic10 monomer and oligomer bands. The orange arrow indicates the peptide 
mixtures on the gel. M is the molecular weight marker in these gels. 

Next, similar experiments were conducted to analyse the effects of the peptide containing 

sequence from TM2 of yeast WT Mic10. We observed that both H2WT and H2mut peptides when 

incubated in different peptide concentrations did not affect the oligomerization pattern of yeast 

WT Mic10 (Figure 4.4, A). On decreasing Mic10 protein concentration it still didn’t impact the 

oligomerization pattern of Mic10 when H2WT was used (Figure 4.4, B). On incubating lower 

concentration of Mic10 protein with the H2mut peptide one could see a slight decrease in the 

oligomeric bands at the 50 KDa mark (Figure 4.4, B). One can speculate that the ladder like pattern 

seen on the SDS-PAGE for both H2WT and H2mut interaction with WT Mic10 protein could be due 

to peptide-peptide interactions. This was also previously seen in SDS-PAGE analysis of H2WT and 

H2mut peptides individually (Figure 4.1, B). 
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Next, we went to find if both peptides mimicking both TM1 and TM2 of yeast WT Mic10 together 

could have a different effect on its oligomerization pattern. 

 

Figure 4.4: Effects of WT and mutant peptides mimicking TM2 of yeast WT Mic10. A) SDS- PAGE analysis 
of the interaction of purified and refolded WT Mic10 at 0.15 mg/mL concentration with increasing 
concentration of H2WT and H2mut peptides as indicated and stained with Coomassie Brilliant Blue. B) SDS-
PAGE analysis of the interaction of purified and refolded WT Mic10 at 0.05 mg/mL concentration with 
increasing concentration of H2WT and H2mut peptides as indicated and stained with Coomassie Brilliant Blue. 
The black arrows indicate the Mic10 monomer and oligomer bands. The orange arrow indicates the peptide 
mixtures on the gel. M is the molecular weight marker in these gels. 

We used the same increasing concentration of both WT peptides (H1WT+H2WT) as a mixture and 

incubated it with 0.15 mg/mL purified and refolded yeast WT Mic10 for 3 hours at RT. The 

Coomassie staining of the samples showed that the presence of both H1WT and H2WT peptides lead 

to a slight increase in the oligomeric bands at 50 KDa with increasing peptide concentration 

already at 0.5 mg/mL (Figure 4.5). 



 
 
 
 
Results 

48 
 

 

Figure 4.5: Additive effects of both WT peptides mimicking the TMs of yeast WT Mic10. SDS-PAGE analysis 
showing the interaction of purified and refolded yeast WT Mic10 at 0.15 mg/mL concentration with 
increasing concentration of H1WT and H2WT as well as the peptide mixtures in increasing concentration. The 
peptides were added such that the final peptide concentration in the mix were 0.25 mg/mL, 0.5 mg/mL, 
0.75 mg/mL and 1.0 mg/mL respectively. The black arrows indicate the Mic10 monomer and oligomer 
bands. The orange arrow indicates the peptide mixtures on the gel. M is the molecular weight marker in 
these gels. 

When a similar experiment was performed using H1mut + H2mut peptides and incubated together 

with yeast WT Mic10 at 0.15 mg/mL concentration, we observed a similarity in the oligomeric 

bands at the 50 KDa mark compared to Mic10 without any peptide (Figure 4.6).  

 

Figure 4.6: Additive effects of both mutant peptides mimicking the TMs of yeast WT Mic10. SDS-PAGE 
analysis showing the interaction of purified and refolded yeast WT Mic10 at 0.15 mg/mL concentration with 
increasing concentration of H1mut and H2mut as well as the peptide mixtures in increasing concentration. The 
peptides were added such that the final peptide concentration in the mix were 0.25 mg/mL, 0.5 mg/mL, 
0.75 mg/mL and 1.0 mg/mL respectively. The black arrows indicate the Mic10 monomer and oligomer 
bands. The orange arrow indicates the peptide mixtures on the gel. M is the molecular weight marker in 
these gels. 
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Thus, we saw that both protein concentration and peptide sequence might influence the 

interaction pattern between yeast WT Mic10 and synthetic peptides mimicking both the TMs of 

Mic10. Higher ration of peptide to protein enhances the effects on the oligomerization pattern of 

yeast WT Mic10. 

4.2 Part-II: Functional role of MICOS core components MIC10 and MIC60 in Mammalian 

cells 

4.2.1 Generation of MIC10 stable overexpression cell lines 
Previous studies have shown that Mic10 has GxGxG motifs in both its TM domains that are highly 

conserved between organisms. Since the yeast Mic10 was shown to homo-oligomerize via its 

GxGxG motif present in TM1 (Barbot et al., 2015), we wanted to see if a similar function occurred 

in its human homolog due to its sequence homology. The human homolog of MIC10 is rather small 

and contains only 78 amino acids. Being a membrane protein with a high degree of hydrophobicity 

due to 2 TMs with 2 alpha helices arranged parallel to each other (Figure 4.7, A), it is difficult to 

recombinantly express and purify in E. coli. Hence, we decided to follow an in vivo approach using 

mammalian cell lines. 

We used HEK293 Flp-in cells to generate stable cell lines with Tetracycline inducible 

overexpression of human WT MIC10 with a C-terminal FLAG or GFP tag. We also generated mutant 

cell lines expressing mutations in the TM1 (G22/26A, G22/26L) and TM2 (G46/50A, G46/50L, 

G48/52A, G48/52L) each containing either a C-terminal FLAG or GFP tag (Figure 4.7, B). However, 

due to time constraints these mutant cell lines were not used in further experiments in this study. 

 

Figure 4.7: Generation of MIC10 overexpression cell lines. A) Predicted 3D structure of mammalian MIC10 
containing 2 alpha helices, inserted in a parallel orientation in the membrane. (Structure obtained from 
https://alphafold.ebi.ac.uk/entry/Q5TGZ0). B) Schematic representation of MIC10 overexpression 
constructs. 

https://alphafold.ebi.ac.uk/entry/Q5TGZ0
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The expression of the WT and mutant Mic10 constructs was analysed via immunoblot analysis 

using anti-MIC10, FLAG, and GFP antibodies. The protein overexpression was induced by 

Tetracycline at a final concentration of 1 µg/mL and was carried out for 24 hours at 37°C and 5% 

CO2.The cell lysates were probed against alpha tubulin as a loading control (Figure 4.8, A, and B). 

It is interesting to note that the overexpression of the FLAG tagged variants of MIC10 leads to a 

reduced expression of the endogenous MIC10 protein level, while the FLAG tagged protein 

appears as a double band on the gel (Figure 4.8, A). In GFP tagged variants as well, the tagged 

protein appears as a double band. This could be either free GFP expressed in these cells or a 

smaller degradation product of MIC10-GFP (Figure 4.8, B). 
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Figure 4.8: Stable overexpression of mammalian WT and mutant MIC10 in HEK293 Flp-in cells. A) 
Overexpression of WT and GxGxG motif mutants with a C-terminal FLAG tag. B) Overexpression of WT and 
GxGxG motif mutants with a C-terminal GFP tag. The cells were induced with Tetracycline (1 µg/mL) for 24 
hours at 37°C and 5% CO2. – indicates uninduced cells and + indicates Tetracycline induced cells. 



 
 
 
 
Results 

52 
 

4.2.2 Generation of MIC60 stable overexpression cell lines 
Mic60 is the second core component of the MICOS complex and was previously studied in yeast 

(Tarasenko et al., 2016) which showed its role in CJ formation similar to Mic10. It consists of an 

alpha helical TM domain at its N-terminal and a more soluble domain at the C-terminal facing the 

mitochondrial IMS (Figure 4.9, A). Therefore, we decide to generate MIC60 overexpression to 

study the functional significance of this MICOS subunit in the mammalian system. We generated 

HEK293 Flp-in cell lines with stable overexpression of Tetracycline inducible mammalian WT 

MIC60 with a C-terminal FLAG or GFP tag (Figure 4.9, B). 

 

Figure 4.9: Generation of MIC60 overexpression cell lines. A) Predicted 3D structure of mammalian MIC60 
containing a single alpha helical TM domain inserted into the membrane and a C-terminal soluble domain. 
(Structure obtained from https://alphafold.ebi.ac.uk/entry/Q16891). B) Schematic representation of MIC60 
overexpression constructs. 

The expression of the WT MIC60 constructs was analysed via immunoblot analysis using anti- 

MIC60, FLAG, and GFP antibodies. The overexpression of the protein was induced by Tetracycline 

at a final concentration of 1 µg/mL and was carried on for 24 hours or 48 hours at 37°C and 5% 

CO2. The cell lysates were probed against alpha tubulin as a loading control (Figure 4.10, A, and 

B). It can be seen that MIC60 antibody detects both endogenous and tagged protein expression 

while GFP or FLAG antibody only detects the overexpressed protein upon induction via 

tetracycline. While 48 hours of induction doesn’t change the protein expression of MIC60-GFP 

(Figure 4.10, A), 48 hours induction of MIC60-FLAG results in a slight decrease in the protein 

expression of MIC60-FLAG although the endogenous levels detected by MIC60 antibody is still 

equal in both cases (Figure 4.10, B). Therefore, we decided to use 24 hours’ time point for 

induction of overexpression of MIC60-FLAG for all other experiments here on. 

https://alphafold.ebi.ac.uk/entry/Q16891
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Figure 4.10: Stable overexpression of mammalian WT MIC60 in HEK293 Flp-in cells. A) Overexpression of 
WT and with a C-terminal GFP tag. B) Overexpression of WT with a C-terminal FLAG tag. The cells were 
induced with Tetracycline (1 µg/mL) for 24 or 48 hours at 37°C and 5% CO2. – indicates uninduced cells, + 
indicates Tetracycline induced cells (24 hours) and ++ indicates Tetracycline induced cells (48 hours). 

The overexpression of Mic10wt-FLAG and Mic60wt-FLAG was also confirmed via 

immunofluorescence analysis using confocal microscopy. We saw that both in HEK293 Mic10wt-

FLAG and HEK293 Mic60wt-FLAG cells there was some leaky expression of the FLAG tagged 

proteins. This was enhanced upon the induction of overexpression with 1 µg/mL Tetracycline for 

24 hours as observed by the staining of cells in the green panel. Mitotracker Orange was used as 

a mitochondrial marker as observed by the staining of the cells in the red panel. We observed the 

co-localization of the FLAG tagged protein with mitochondria as observed in the merged panel 

(Figure 4.11, A). DAPI staining was used to stain the nucleus in these cells. 
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Figure 4.11: Immunofluorescence analysis to analyse overexpression of Mic10wt-FLAG and Mic60wt-
FLAG in HEK293 Mic10wt-FLAG and HEK293 Mic60wt-FLAG cell lines. The overexpression of the FLAG 
tagged proteins was induced for 24 h with 1µg/mL Tetracycline for 24 h at 37°C and 5% CO2. The cells were 
stained with Mitotracker Orange to visualize the mitochondria and FLAG antibody to visualize the 
overexpressed proteins. DAPI staining was used to visualize the nucleus. Scale bar: 10 µm. 

4.2.3 Transient knockdown of endogenous MICOS core components in HEK293 Flp-in WT 

and HEK293 Mic10wt-FLAG and HEK293 Mic60wt-FLAG cell lines 

To study the functional significance of MICOS core components in maintaining proper physiology 

in the form of Reactive Oxygen Species (ROS), Calcium signalling, ATP production or apoptosis as 

well as mitochondrial morphology, we created transient Mic10 and Mic60 siRNA mediated 

knockdown (KD) in their respective WT protein overexpression cell lines. We performed all the 

experiments in the cell lines expressing C-terminal FLAG tag proteins in the inducible HEK293 Flp-

in cell lines here onwards. The KD efficiency was confirmed via qPCR to analyse the gene 

expression levels and immunoblot analysis using anti- MIC10, MIC60, and FLAG antibodies 
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respectively to analyse the protein expression levels (Figure 4.12). Alpha tubulin levels were used 

as a loading control. At the gene expression level, more than 60% KD of endogenous Mic10 level 

was obtained in the HEK293 Mic10wt-FLAG cells after 48 hours of siRNA treatment (Figure 4.12, 

A). For Mic60, 72 hours of siRNA treatment was needed to achieve a KD efficiency of 60% (Figure 

4.12, B).  

At the protein level, we saw that MIC10 KD doesn’t affect the MIC60 protein levels in these cells. 

Further, although siRNA treatment in the uninduced cells could decrease endogenous MIC10 

levels as compared to uninduced cells without siRNA treatment although some amount of protein 

was still left in the cells. The overexpression of MIC10-FLAG did not completely rescue the loss in 

the endogenous MIC10 levels (Figure 4.12, C). MIC60 KD also reduced the MIC10 protein levels in 

the HEK293 Mic60wt-FLAG cells. Here, siRNA treatment in the uninduced cells completely deleted 

endogenous MIC60 protein. This could not be completely rescued by the overexpression of 

MIC60-FLAG protein. However, the overexpression of MIC60-FLAG could rescue the loss in 

endogenous MIC10 levels in these cells (Figure 4.12, D). 
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Figure 4.12: Efficiency of siRNA mediated knockdown (KD) of Mic10 and Mic60 in the inducible HEK293 
Mic10wt-FLAG and HEK293 Mic60wt-FLAG cells. A) qPCR analysis of the efficiency of siRNA mediated Mic10 
KD for 48 hours in HEK293 Mic10wt-FLAG cells. B) qPCR analysis of the efficiency of siRNA mediated Mic60 
KD for 72 hours in HEK293 Mic60wt-FLAG cells. C) Immunoblot analysis of siRNA mediated KD of MIC10 at 
the protein level in the presence and absence of 24h Tetracycline (1 µg/mL) induced overexpression of 
Mic10-FLAG and its effect on endogenous MIC60 levels in these cells. D) Immunoblot analysis of siRNA 
mediated KD of MIC60 at the protein level in the presence and absence of 24 hours Tetracycline (1µg/mL) 
induced overexpression of Mic60-FLAG and its effect on endogenous MIC10 levels in these cells. N=3, 
statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

We also checked siRNA mediated KD of Mic10 and Mic60 gene expression in WT HEK293 Flp-in 

cells. As observed with the overexpression cell lines WT HEK293 Flp-in cells also showed efficient 

siRNA mediated Mic10 and Mic60 KD after 48 hours and 72 hours of siRNA treatment respectively 

(Figure 4.13, A). Immunoblot analysis also confirmed the KD at the protein level for MIC10 (Figure 

4.13, B) and MIC60 (Figure 4.13, C). 

*** *** 
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Figure 4.13: Efficiency of siRNA mediated KD of Mic10 and Mic60 in the WT HEK293 Flp-in cells. A) qPCR 
analysis of the efficiency of siRNA mediated KD of Mic10 and Mic60 gene expression for 48 hours and 72 
hours respectively. B) Immunoblot analysis showing reduced endogenous MIC10 levels in HEK293 WT Flp-
in cells after 48 hours of siRNA treatment. C) Immunoblot analysis showing reduced endogenous MIC60 
levels in HEK293 WT Flp-in cells after 72 hours of siRNA treatment. N=3, statistical analysis was performed 
by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

Next, we analysed the steady-state protein levels of the other MICOS subunits as well as other 

mitochondrial and ER proteins. Knowledge about the steady-state levels of these proteins is 

important to understand the overall effects of MIC10 or MIC60 KD in mitochondria, their 

interactions with other proteins within mitochondria or effects on the cross-talk with proteins 

localized in other organelles such as the ER. Especially, due to the presence of several contact sites 

between these membranes. This would further give us the knowledge if the effect of MICOS core 

component depletion was localized just at the mitochondrial level or if it was a pleiotropic effect 

in the entire cell. We used whole cell lysates to analyse for the different protein levels via 

immunoblot analysis. In HEK293 Mic10wt-FLAG cells subjected to siRNA mediated Mic10 KD for 

48 hours and/or MIC10-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours. We 

saw, upon MIC10 KD, no significant differences in the protein levels of the other MICOS subunits 

*** 

** 



 
 
 
 
Results 

58 
 

except MIC27. Our MIC13 antibody was insensitive to the whole cell lysates and couldn’t be 

detected via immunoblotting. It shows that the reduction in MIC10 levels potentially only affects 

the Mic10 sub-complex integrity. It was also seen that Mic10 KD did not affect the other 

mitochondrial protein levels such as OPA1, SAM50, or ATP5B. Interestingly, MIC10 KD resulted in 

an increased Calnexin level in the cells as compared to the uninduced cells. Upon MIC10-FLAG 

overexpression via Tetracycline induction, we saw no differences in the protein levels of the other 

MICOS subunits or mitochondrial and ER markers. All proteins had comparable levels as the 

uninduced cells. Overexpression of MIC10-FLAG in siRNA mediated Mic10 KD cells can rescue the 

loss in MIC27 levels. Calnexin levels were also reduced near to uninduced cell levels (Figure 4.14, 

A). In HEK293 Mic60wt-FLAG cells were treated with siRNA mediated Mic60 KD for 72 hours 

and/or MIC60-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours. We saw that 

upon MIC60 KD there was a decrease in the protein levels of other MICOS subunits like MIC13, 

MIC19, MIC25, MIC27, and MIC26. Decreased levels of other mitochondrial proteins such as OPA1 

and SAM50 was also observed, although no changes in the levels of ATP5B were seen. Contrary 

to MIC10 KD, Calnexin protein levels upon MIC60 KD were significantly reduced when compared 

to the uninduced cells. MIC60-FLAG overexpression via Tetracycline induction for 24 hours can 

rescue the loss in the protein levels due to MIC60 KD of all the other MICOS subunits as well as 

OPA1, SAM50, and Calnexin levels in comparable amounts to the uninduced cells (Figure 4.14, B). 

 



 
 
 
 

Results 

59 
 

 

Figure 4.14: Steady-state levels of Mitochondrial and ER proteins. A) Immunoblot analysis showing steady-
state levels of other MICOS subunits and other Mitochondrial and ER marker proteins in HEK293 Mic10wt-
FLAG cells in the presence or absence of siRNA mediated Mic10 KD for 48 hours and/or MIC10-FLAG 
overexpression. B) Immunoblot analysis showing steady-state levels of other MICOS subunits and other 
Mitochondrial and ER marker proteins in HEK293 Mic60wt-FLAg cells in the presence or absence of siRNA 
mediated Mic60 KD for 72 hours and/or MIC60-FLAG overexpression. The overexpression of FLAG tagged 
proteins was induced by 1 µg/mL Tetracycline for 24 hours at 37 °C and 5% CO2. 

4.2.4 Effects on Mitochondrial inner membrane morphology upon transient loss or 

overexpression of MIC10 or MIC60 in HEK293 Flp-in WT or HEK293 Mic10wt-FLAG and 

HEK293 Mic60wt-FLAG cell lines 
Previous studies have shown that loss in MICOS core components Mic10 or Mic60 leads to changes 

in the mitochondrial membrane morphology, resulting in aberrant cristae membranes in both 

yeast and mammalian systems (Barbot et al., 2015; Bohnert et al., 2015; Stephan et al., 2020; 

Tarasenko et al., 2016). 

TEM images of siRNA mediated Mic10 KD cells for 48 hours in HEK293 Flp-in cells showed that 

transient loss of MIC10 resulted in aberrant cristae morphology as compared to the normal 

lamellar cristae morphology seen in the WT HEK293 Flp-in cells. Onion ring shaped cristae were 
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the most evident mitochondrial morphology. Upon quantification, around 60% of mitochondria in 

Mic10 KD cells showed aberrant cristae morphology as compared to the WT cells (Figure 4.15, A 

and B). siRNA mediated Mic60 KD for 72 hours in HEK293 Flp-in cells showed that transient loss in 

MIC60 resulted in a drastic effect on the mitochondrial membrane morphology with highly 

aberrant cristae morphology showing different phenotypes such as onion ring, stacks, arched or 

branched cristae as well as complete loss of cristae membranes resulting in empty mitochondria 

as compared to lamellar cristae in WT HEK293 Flp-in cells (Figure 4.15, A and B). 

TEM images of siRNA mediated Mic10 KD in HEK293 Mic10wt-FLAG cells showed slightly altered 

mitochondrial membrane morphology with aberrant cristae. As seen previously, loss of MIC10 

results most prominently in onion ring shaped cristae as compared to uninduced cells. 

Quantification analysis revealed 40% aberrant cristae in Mic10 KD cells as compared to the 

uninduced control cells. Overexpression of MIC10-FLAG via Tetracycline induction at a final 

concentration of 1 µg/mL for 24 hours didn’t affect the morphology of the mitochondrial inner 

membrane in these cells. TEM images of siRNA mediated Mic60 KD in HEK293 Mic60wt-FLAG cells 

showed drastically altered mitochondrial membrane morphology with aberrant cristae. In Mic60 

KD cells around 90% of mitochondria had altered cristae morphology which could be 

differentiated as onion ring shaped, stacks, arched or branched, and empty cristae as compared 

to the uninduced cells. Overexpression of MIC60-FLAG via Tetracycline at a final concentration of 

1 µg/mL induction for 24 hours also resulted in 50% mitochondria with aberrant cristae as 

compared to the uninduced cells (Figure 4.16, A and B). This suggests that overexpression of 

MIC60 might also be highly detrimental to the cells. It was also seen previously that 

overexpression of MIC60 in yeast cells resulted in loss of CJ and changed the mitochondrial 

morphology (Hessenberger et al., 2017). 
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Figure 4.15: Morphological effects of Mic10 and Mic60 KD in WT HEK293 Flp-in cells. A) Electron 
micrographs showing aberrant mitochondrial cristae morphology upon siRNA mediated transient KD of 
Mic10 or Mic60 in WT HEK293 Flp-in cells for 48 hours or 72 hours respectively. B) Quantification of different 
aberrant morphological cristae phenotypes in Mic10 and Mic60 KD cells. Scale bar as indicated on the 
images (1 µm). These images were taken by Gudrun Heim, AG Riedel, MPI-bpc, Göttingen. 
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Figure 4.16: Morphological effects of Mic10 or Mic60 KD or overexpression in HEK293 Mic10wt-FLAG or 
HEK293 Mic60wt-FLAG cell lines respectively. A) Electron micrographs showing aberrant mitochondrial 
cristae morphology upon siRNA mediated transient KD of Mic10 or Mic60 in HEK293 Mic10wt-FLAG or 
HEK293 Mic60wt-FLAg cells for 48 hours or 72 hours respectively as well as Tetracycline induced (1 µg/mL) 
overexpression of MIC10-FLAG and MIC60-FLAG for 24 hours at 37°C and 5%CO2. B) Quantification of 
different aberrant morphological cristae phenotypes in Mic10 and Mic60 KD or overexpressed cells. Scale 
bar as indicated on the images. 1µm for the upper panel, 200 nm/500 nm for the lower panel. These images 
were taken by Gudrun Heim, AG Riedel, MPI-bpc, Göttingen. 
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4.2.5 Effects on Mitochondrial Oxygen Consumption Rate (OCR) upon transient loss or 

overexpression of MIC10 or MIC60 in HEK293 Flp-in WT and HEK293 Mic10wt-FLAG or 

HEK293 Mic60wt-FLAG cell lines 
One of the most important functions of the mitochondria is the generation of energy in the form 

of ATP via the Electron Transport Chain (ETC). Previous studies have shown that deletion of MICOS 

subunits results in decreased basal and maximal OCR in mammalian cells via the Mito Stress test 

(Stephan et al., 2020).  

Transient siRNA mediated Mic10 KD for 48 hours showed a slight decrease in the basal and 

maximal respiration rates in WT HEK293 Flp-in cells as compared to the control cells (Figure 4.17, 

A and B) via the Mito stress test. Transient siRNA mediated Mic60 KD for 72 hours showed a 

statistically significant decrease in the basal and maximal respiration rates in WT HEK293 Flp-in 

cells as compared to the untreated cells (Figure 4.17, C and D) via the Mito Stress test. Basal 

respiration is the Oxygen consumption required to meet the cellular ATP demands due to 

mitochondrial proton leak. It corresponds to the baseline demands of the cell in the absence of 

any external modulators. Maximal respiration is the maximum Oxygen consumption due to the 

addition of the proton uncoupler FCCP. FCCP can mimic the physiological energy demand in the 

cell by stimulating the ETC to operate at its maximum capacity in order to meet the metabolic 

demands of the cell. 

In HEK293 Mic10wt-FLAG cells, siRNA mediated transient Mic10 KD for 48 hours showed slightly 

decreased basal and maximal respiration rates as compared to the control uninduced cells, while 

overexpression of MIC10-FLAG induced via Tetracycline for 24 hours at a final concentration of 1 

µg/mL showed a slight increase in the basal as well as the maximal respiration rates as compared 

to the control uninduced cells (Figure 4.18, A and B). In HEK293 Mic60wt-FLAG cells, siRNA 

mediated transient Mic60 KD for 72 hours showed a rather decreased basal and maximal 

respiration rate as compared to the control uninduced cells, while overexpression of MIC60-FLAG 

induced via Tetracycline for 24 hours at a final concentration of 1 µg/mL showed a slight increase 

in the basal as well as the maximal respiration rates as compared to the control uninduced cells 

(Figure 4.18, C and D). 
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See legend on next page. 
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Figure 4.17: Effects of Mic10 and Mic60 KD on Oxygen Consumption Rate (OCR) in WT HEK293 Flp-in cells. 
A) OCR evaluation in control and siRNA mediated Mic10 KD for 48 hours in WT HEK293 Flp-in cells analyzed 
by Seahorse analyzer. B) Quantification of basal and maximal respiration in control and siRNA mediated 
Mic10 KD for 48 hours in WT HEK293 Flp-in cells analyzed by seahorse analyzer. C) OCR evaluation in control 
and siRNA mediated Mic60 KD for 72 hours in WT HEK293 Flp-in cells analyzed by Seahorse analyzer. D) 
Quantification of basal and maximal respiration in control and siRNA mediated Mic60 KD for 72 hours in WT 
HEK293 Flp-in cells analyzed by Seahorse analyze. Error bars SEM, N=3. Statistical analysis was performed 
by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 
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See legend on next page. 
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Figure 4.18: Effects of Mic10 and Mic60 KD or overexpression on OCR in HEK293 Mic10wt-FLAG and 
HEK293 Mic60wt-FLAG cell lines respectively. A) OCR evaluation in control and siRNA mediated Mic10 KD 
for 48 hours or MIC10-FLAG overexpression induced by Tetracycline at a final concentration of 1 µg/mL for 
24 hours at 37°C and 5% CO2in HEK293 Mic10wt-FLAG cells analyzed by Seahorse analyzer. B) Quantification 
of basal and maximal respiration in control and Mic10 KD for 48 hours or MIC10-FLAG overexpression 
induced by Tetracycline 1µg/mL for 24 hours at 37°C and 5% CO2 in HEK293 Mic10wt-FLAG cells analyzed 
by Seahorse analyzer. C) OCR evaluation in control and Mic60 KD for 72 hours or MIC60-FLAG 
overexpression induced by Tetracycline at a final concentration of 1 µg/mL for 24 hours at 37°C and 5% CO2 
in HEK293 Mic60wt-FLAG cells analyzed by Seahorse analyzer D) Quantification of basal and maximal 
respiration in control and Mic60 KD for 72 hours or MIC60-FLAG overexpression induced by tetracycline for 
24 hours at 37°C and 5% CO2 in HEK293 Mic60wt-FLAG cells analyzed by Seahorse analyzer. Error bars SEM, 
N=3. Statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

4.2.6 Effects on Mitochondrial Reactive Oxygen Species (ROS) upon transient loss or 

overexpression of MIC10 or MIC60 in HEK293 Flp-in cells 

Regulation of cellular processes such as respiration, Ca2+ homeostasis or apoptosis by 

mitochondria is essential for normal functioning and survival of the cell. Since mitochondrial ROS 

levels is one of the driving forces to initiate apoptosis in response to dysfunction in respiration 

and other metabolic processes, it is very important to investigate mitochondrial ROS levels, as 

high ROS could suggest damaged mitochondria. This would then be a crucial factor in regulating 

several metabolic functions of this organelle and the cell in general (Mukherjee et al., 2021). We 

saw that the MICOS core components play an important role in maintaining cristae morphology, 

which in turn is essential for the normal functioning of mitochondria. Since MIC60 loss had 

pronounced effects on mitochondrial cristae morphology and OCR, we used WT HEK293 Flp-in 

cells and subjected them to transient siRNA mediated Mic60 KD for 72 hours.  

These cells were then transfected with Mito-Hyper sensor to study its effects on H2O2 levels in 

mitochondria. The Mito-Hyper biosensor contains a native OxyR regulatory domain obtained from 

E. coli that serves as the indicator for ROS, since it can form a disulfide bond between Cys199 and 

Cys208 residues on being oxidised in the presence of H2O2. In addition, it also contains a cYPF 

sequence at the most conformationaly mobile region of OxyR. The conformational changes in 

OxyR domain upon oxidation are measured as reversible changes in spectral properties of cYFP 

and reported as fluorescence values (Kostyuk et al., 2018). Since Hyper is insensitive to other 

oxidants such as superoxide or free radicals in the cell, only physiological H2O2 levels were 

measured in these experiments.  

ROS measurements are important to understand the downstream implications in the cell, 

especially for Ca2+ homeostasis (Vultur & Bogeski, 2018). ROS levels in these cells were measured 

over time as a ratiometric value between 505 nm and 420 nm (Figure 4.19, A). We saw that in the 
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HEK293 Flp-in cells transient loss of Mic60 showed a statistically significant decrease (50% lower) 

in the basal H2O2 levels in the mitochondria as compared to WT cells (Figure 4.19, B).  

 

 

Figure 4.19: Effects on intra-mitochondrial ROS levels under transient Mic60 KD in WT HEK293 Flp-in cells 
using MitoHyper as a sensor. A) Time dependant on ROS effect of siRNA mediated Mic60 KD for 72 hours 
in WT HEK293 Flp-in cells measured as H2O2 levels using Mito-Hyper sensor and visualized as the ratiometric 
values of 505 nm/420 nm. The cells were treated with 100 µM H2O2 to stimulate maximum ROS release 
from the mitochondria in these cells. B) Basal H2O2 levels in WT HEK293 Flp-in cells subjected to siRNA 
mediated Mic60 KDn for 72 hours. All measurements were done in 0.25 mM Ca2+ containing Ringer Buffer. 
Error bars as SEM, N=12. Statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and 
p<0.001 (***). 

As a control measurement, we used Mito-SypHer sensor (contains a C199S mutation in OxyR 

coding sequence of the Hyper biosensor making it redox insensitive to pH changes in the 

mitochondria) keeping the rest of the conditions same (Kostyuk et al., 2018). Therefore, this 

biosensor can be used as a pH control. We observed a similar effect on the basal H2O2 level in the 

Mic60 KD cells as compared to the WT cells as seen in the Mito-Hyper measurements (Figure 4.20, 

A and B). This suggests a possible difference in the pH rather than actual differences in 

mitochondrial H2O2. 

*** 
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Figure 4.20: Effects on intra-mitochondrial ROS levels under transient Mic60 KD in WT HEK293 Flp-in cells 
using Mito-SypHer as a sensor. A) Time dependant on ROS effect of siRNA mediated Mic60 KD for 72 hours 
in WT HEK293 Flp-in cells measured as H2O2 levels using Mito-SypHer sensor and visualized as the 
ratiometric values of 505 nm/420 nm. The cells were treated with 100 µM H2O2 to stimulate maximum ROS 
release from the mitochondria in these cells. B) Basal H2O2 levels in WT HEK293 Flp-in cells subjected to 
siRNA mediated Mic60 KD for 72 hours. All measurements were done in 0.25 mM Ca2+ containing Ringer 
Buffer. Error bars as SEM, N=12. Statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 
(**), and p<0.001 (***). 

We also wanted to study the effects of MIC10 or MIC60 overexpression in mitochondrial ROS 

levels. We induced overexpression of MIC10-FLAG via Tetracycline induction for 24 hours at a final 

concentration of 1 µg/mL in HEK293 Mic10wt-FLAG cells. In comparison to the uninduced cell, the 

induced cells showed a slight increase (25%) in the basal H2O2 levels as well a higher (2-fold 

increase) ROS release after stimulating the cells with 100 µM H2O2 (Figure 4.21, A and B) as 

compared to the uninduced cells. In HEK293 Mic60wt-FLAG cells upon overexpression of MIC60-

FLAG induced by Tetracycline for 24 hours at a final concentration of 1 µg/mL, the basal H2O2 level 

was slightly more (20%) in the induced cells as compared to uninduced cells. However, in contrast 

to MIC10 overexpression, MIC60 overexpression had a slightly lower peak upon stimulation with 

100 µM H2O2 when compared to the uninduced cells (Figure 4.21, C and D). Although these results 

were not statistically significant. 

*** 
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Figure 4.21: Effects on intra-mitochondrial ROS levels under MIC10-FLAG and MIC60-FLAG overexpression 
in HEK293 Mic10wt-FLAG and HEK293 Mic60wt-FLAG cell lines using Mito-Hyper as a sensor. A) Time 
dependant effect on ROS of MIC10-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours at 
37°C and 5% CO2 measured as H2O2 levels using Mito-Hyper sensor and visualized as the ratiometric values 
of 505 nm/420 nm. The cells were treated with 100 µM H2O2 to stimulate maximum ROS release from the 
mitochondria in these cells. B) Basal H2O2 levels MIC10-FLAG overexpression induced by 1 µg/mL 
Tetracycline for 24 hours at 37°C and 5% CO2. C) Time dependant on ROS effect of MIC60-FLAG 
overexpression induced by 1 µg/mL Tetracycline for 24 hours at 37°C and 5% CO2 measured as H2O2 levels 
using Mito-Hyper sensor and visualized as the ratiometric values of 505 nm/420 nm. The cells were treated 
with 100 µM H2O2 to stimulate maximum ROS release from the mitochondria in these cells. D) Basal H2O2 
levels MIC60-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours at 37°C and 5% CO2. All 
measurements were done in 0.25 mM Ca2+ containing Ringer Buffer. Error bars as SEM, N=12. 
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As a control measurement, we used Mito-SypHer sensor keeping the rest of the conditions same. 

We observed nearly no changes in the basal H2O2 levels (Figure 4.22, B and D) as well as after 

stimulation by H2O2 in both MIC10-FLAG and MIC60-FLAG overexpression in HEK293 Mic10wt-

FLAG or HEK293 Mic60wt-FLAG cells respectively (Figure 4.22, A and C). The data suggests that 

these differences are actually due to differences in ROS and not due to pH changes, although they 

are not statistically significant. 

4.2.7 Physiological effects of MICOS core components overexpression in HEK293 

Mic10wt-FLAG or HEK293 Mic60wt-FLAG cell lines 
Since mitochondria play an important role in regulating several signalling pathways in the cell. We 

studied the effect of MIC10-FLAG and MIC60-FLAG overexpression in HEK293 Mic10wt-FLAG and 

HEK293 Mic60wt-FLAG cells upon induction with 1 µg/mL Tetracycline on proliferation of these 

cells. WST-1 based spectrophotometric assay showed that both MIC10-FLAG and MIC60-FLAG 

overexpression induced by Tetracycline showed a decreased proliferation measured as metabolic 

activity as compared to their respective uninduced cells. 48 hours of overexpression of either 

protein still didn’t reach the proliferation level of their respective uninduced control cells. 

Although as compared to its 24 hours growth there was an increase in the proliferation in both 

cell lines (Figure 4.23). These results suggest, overexpression of MICOS core components not only 

alters the mitochondrial membrane morphology but also decrease proliferation rate of these cells. 
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Figure 4.22: Effects on intra-mitochondrial ROS levels under MIC10-FLAG and MIC60-FLAG overexpression 
in HEK293 Mic10wt-FLAG and HEK293 Mic60wt-FLAG cell lines using Mito-SypHer as a sensor. A) Time 
dependant effect on ROS of MIC10-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours at 
37°C and 5% CO2 measured as H2O2 levels using Mito-SypHer sensor and visualized as the ratiometric values 
of 505 nm/420 nm. The cells were treated with 100 µM H2O2 to stimulate maximum ROS release from the 
mitochondria in these cells. B) Basal H2O2 levels MIC10-FLAG overexpression induced by 1 µg/mL 
Tetracycline for 24 hours at 37°C and 5% CO2. C) Time dependant effect on ROS of MIC60-FLAG 
overexpression induced by 1 µg/mL Tetracycline for 24 hours at 37°C and 5% CO2 measured as H2O2 levels 
using Mito-Hyper sensor and visualized as the ratiometric values of 505 nm/420 nm. The cells were treated 
with 100 µM H2O2 to stimulate maximum ROS release from the mitochondria in these cells. D) Basal H2O2 
levels MIC60-FLAG overexpression induced by 1 µg/mL Tetracycline for 24 hours at 37°C and 5% CO2. All 
measurements were done in 0.25 mM Ca2+ containing Ringer Buffer. Error bars as SEM, N=12. 
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Figure 4.23:  Physiological effects of MIC10 and MIC60 overexpression in HEK293 Mic10wt-FLAG and 
HEK293 Mic60wt-FLAG cell lines. WST-1 based proliferation assay showing differences in proliferation rates 
in control versus overexpression of MIC10-FLAG or MIC60-FLAG after 24 and 48 hours of induction with final 
concentration 1 µg/mL of Tetracycline at 37°C and 5% CO2 in HEK293 Mic10wt-FLAG and HEK293 Mic60wt-
FLAG cell lines respectively. Error bars as SD, N=3. 

4.2.8 Efficiency of transient siRNA mediated KD and stable KO of MICOS core components 

in HeLa cells 
Since the cell type can also affect the overall functioning of the mitochondria under different 

conditions, we decided to use HeLa cells to study the effects upon transient siRNA mediated Mic10 

or Mic60 KD for 48 hours or 72 hours respectively. We could achieve more than 70% KD efficiency 

at gene expression levels as visualized by the qPCR data (Figure 4.24, A). Immunoblot analysis of 

HeLa cell lysates showed that upon MIC10 KD for 48 hours, there was a decrease in the levels of 

other MIC10 sub-complex components MIC26 and MIC27. However, Mic60 KD for 72 hours has a 

more drastic impact on the steady-state levels of all the other MICOS subunits with a decrease in 

MIC10, MIC27, MIC25, and MIC19 levels (Figure 4.24, B). We used stable CRISPR Mic10 and Mic60 

KO HeLa cells (from AG Jakobs, MPI-bpc, Göttingen) to study the effects of chronic MICOS KO on 

the steady-state levels of the other MICOS subunits. While Mic10 KO only decreased the steady-

state levels of MIC26 and MIC27, Mic60 KO had an impact on the entire MICOS complex 

decreasing the levels of MIC10, MIC26, MIC25, and MIC19 in these cells (Figure 4.24, C). Our MIC13 

antibody failed to detect the endogenous protein in whole HeLa cell lysates and is hence not 

included in the results. 
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Figure 4.24: Efficiency of Mic10 and Mic60 KD and steady-state levels of MICOS subunits in Mic10 and 

Mic60 KD and KO in HeLa cells. A) qPCR analysis of the efficiency of siRNA mediated KD of Mic10 and Mic60 

gene expression for 48 hours and 72 hours respectively. B) Immunoblot analysis showing steady-state levels 
of MICOS subunits upon siRNA mediated KD of Mic10 or Mic60 for 48 hours or 72 hours in HeLa cells. C) 
Immunoblot analysis showing the steady-state levels of MICOS subunits upon KO of Mic10 or Mic60 in HeLa 
cells. The WT, Mic10, and Mic60 CRISPR KO cells lines were obtained from AG Jakobs, MPI-bpc, Göttingen. 
N=3, statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

*** 
*** 
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4.2.9 Effects on Mitochondrial inner membrane morphology upon transient or chronic 

loss of MIC10 or MIC60 in HeLa cells 
Previous studies in HeLa cells have already shown the effect of Mic10 or Mic60 deletion on 

mitochondrial morphology (Stephan et al., 2020). We saw that transient siRNA mediated KD of 

Mic10 for 48 hours in HeLa cells revealed more than 90% mitochondria with aberrant cristae 

morphology when compared to control WT HeLa cells (Figure 4.25). Transient siRNA mediated KD 

of Mic60 for 72 hours in HeLa cells revealed around 90% mitochondria with aberrant cristae 

morphology when compared to WT HeLa cells. As shown in a recent study (Stephan et al., 2020), 

HeLa Mic10 and Mic60 stable KOs had a strong effect on the mitochondrial inner membrane 

morphology (Stephan et al., 2020). Mic10 deletion resulted in approximately 70% mitochondria 

with aberrant cristae morphology as compared to WT HeLa cells. Mic60 deletion had a slightly 

more drastic effect and resulted in more than 90% mitochondria with aberrant cristae morphology 

as compared to the WT HeLa cells (Figure 4.25, A, and B).  

4.2.10 Effects on Mitochondrial Oxygen Consumption Rate (OCR) upon transient or 

chronic loss of Mic10 or Mic60 in HeLa cells 
HeLa cells subjected to siRNA mediated transient Mic10 or Mic60 KD for 48 hours or 72 hours 

were used to analyse effects on their OCR. We saw that the transient loss of Mic10 or Mic60 

resulted in a statistically significant decrease in the basal and maximal oxygen consumption rates 

as compared to the WT HeLa cells. The decrease in the basal respiration rate was slightly more 

(10%) in Mic60 KD cells when compared to the Mic10 KD cells (Figure 4.26, A and B).   

Mic10 or Mic60 stable KO HeLa cells also showed a similar trend in the OCR levels as the transient 

KD cells. Loss of both Mic10 and Mic60 resulted in a statistically significant decreased basal and 

maximal respiration rate as compared to the WT HeLa cells. The effect is more drastic in Mic60 KO 

cells as compared to Mic10 KO cells (Figure 4.27, A, and B).  

Since these effects on the OCR levels in both, transient and chronic loss of MICOS core component 

MIC10 and MIC60 are significant as compared to WT HeLa cells one can conclude that MICOS 

deficiency has a modest influence on Oxidative Phosphorylation Machinery (OXPHOS) function. 
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Figure 4.25: Morphological effects of Mic10 and Mic60 KD and KO in HeLa cells. A) Electron micrographs 
showing aberrant mitochondrial cristae morphology upon siRNA mediated transient KD of Mic10 or Mic60 
in WT HeLa cells for 48 hours or 72 hours respectively and CRISPR KO of Mic10 or Mic60 in HeLa cells. B) 
Quantification of different aberrant morphological cristae phenotypes in Mic10 and Mic60 KD and KO cells. 
Scale bar as indicated on the images (500 nm). These images were taken by Leonie Kopecny, AG Riedel, MPI-
BPC, Göttingen. The HeLa WT, Mic10 and Mic60 CRISPR KO cell lines were obtained from AG Jakobs, MPI-
bpc, Göttingen. 
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Figure 4.26: Effects of Mic10 and Mic60 KD on OCR in HeLa cells. A) OCR evaluation in control and siRNA 

mediated Mic10 and Mic60 KD for 48 hours and 72 hours respectively in HeLa cells analyzed by Seahorse 
analyzer. B) Quantification of basal and maximal respiration in control and siRNA mediated Mic10 and Mic60 
KD for 48 hours and 72 hours respectively in HeLa cells analyzed by seahorse analyzer. Error bars SEM, N=3. 
Statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

 

*** 

*** 
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Figure 4.27: Effects of Mic10 and Mic60 KO on OCR in HeLa cells. A) OCR evaluation in WT, Mic10 and 
Mic60 KO in HeLa cells analyzed by Seahorse analyzer. B) Quantification of basal and maximal respiration in 
WT, Mic10 and Mic60 KO in HeLa cells analyzed by seahorse analyzer. Error bars SEM, N=3. Statistical 
analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). The HeLa WT, Mic10 
and Mic60 CRISPR KO cell lines were obtained from AG Jakobs, MPI-bpc, Göttingen. 

4.2.11 Effects of Mic10 and Mic60 KO on steady-state levels of other mitochondrial and 

ER proteins in HeLa cells 
In the previous sections, we showed that Mic10 and Mic60 KO affect the steady-state levels of 

most other MICOS subunits as well as alter the mitochondrial cristae morphology. Next, we 

wanted to see the steady-state levels of other mitochondrial or ER proteins in HeLa cells. We used 

confocal microscopy to stain the mitochondrial membranes of WT, Mic10, and Mic60 KO HeLa 

cells using Mitotracker Orange (Figure 4.28, A). We saw that while WT cells had normal 

mitochondrial membrane structures, both Mic10 and Mic60 loss resulted in aberrant 

mitochondrial membrane structures, possibly due to fragmented mitochondrial network. This was 

*** *** 

*** 
*** 
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also shown in previous publications (Stephan et al., 2020; Ott et al., 2012). 

We also compared endogenous levels of different mitochondrial proteins in MIC10 and MIC60 KO 

HeLa cells. Immunoblot analysis showed that upon Mic10 KO in HeLa cells, protein levels of 

TOM20, SAM50, and OPA1 were comparable to WT HeLa cells although there was a slight 

decrease in ATP5B levels. When looking at the ER marker proteins, while the levels of Calreticulin 

were comparable to WT cells, Mic10 KO increased the Calnexin levels in these cells (Figure 4.28, 

B). This is similar to what was observed previously in the HEK293 Mic10wt-FLAG cells (Figure 4.14). 

However, immunoblot analysis showed that upon Mic60 KO in HeLa cells, there was a decrease in 

the protein levels of SAM50 and OPA1 as compared to WT HeLa cells. Protein levels of TOM20, 

ATP5B, and ER marker Calreticulin were comparable with WT cells. Contrary to MIC10 loss, the 

Calnexin protein levels were decreased in Mic60 KO cells as compared to the WT cells (Figure 4.28, 

B). This was also seen previously in the HEK293 Mic60wt-FLAG cells (Figure 4.28, B). 

To have a closer look at the Calnexin levels in the WT, Mic10, and Mic60 KO HeLa cells, we 

performed immunofluorescence assay and stained the ER with Calnexin antibody. We saw that as 

compared to WT HeLa cells, Calnexin staining was slightly higher in Mic10 KO cells while Mic60 KO 

cells showed an opposite effect with decreased Calnexin staining as compared to WT HeLa cells 

(Figure 4.29, A). 

We then co-immuno stained each of the WT, Mic10, and Mic60 KO HeLa cell lines with Mitotracker 

Orange to visualize the mitochondria and Calnexin to target the ER. We observed similar results 

as seen in the individual staining images (Figure 4.30, A). 
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See legend on the next page. 
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Figure 4.28: Immunofluorescence analysis of Mic10 and Mic60 KO in HeLa cells and steady-state levels of 
other mitochondrial and ER proteins upon Mic10 and Mic60 KO in HeLa cells. A) Immunofluorescence 
images showing Mitotracker Orange based mitochondrial staining in WT, Mic10 and Mic60 KO HeLa cells. 
DAPI was used to stain the nucleus in these cells. Scale bar 10 µm. B) Immunoblot analysis showing steady-
state levels of other mitochondrial and ER proteins upon Mic10 or Mic60 KO in HeLa cells. The HeLa WT, 
Mic10 and Mic60 CRISPR KO cell lines were obtained from AG Jakobs, MPI-bpc, Göttingen. 

 

Figure 4.29: Immunofluorescence images of Calnexin as an ER marker protein in Mic10 and Mic60 KO HeLa 
cells. WT, Mic10, and Mic60 KO HeLa cells were immunostained with Calnexin antibody to visualize Calnexin 
levels in the ER of HeLa cells on Mic10 or Mic60 KO. DAPI was used to visualize the nucleus in these cells. 
The scale bar is 10 µm. The HeLa WT, Mic10 and Mic60 CRISPR KO cell lines were obtained from AG Jakobs, 
MPI-bpc, Göttingen. 
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Figure 4.30: Immunofluorescence images of Calnexin as an ER marker and Mitotracker as a mitochondrial 
marker protein in Mic10 and Mic60 KO HeLa cells. WT, Mic10, and Mic60 KO HeLa cells were stained with 
Mitotracker Orange were used to stain mitochondria, Calnexin to stain the ER membrane, and DAPI to 
visualize the nucleus. The scale bar is 10 µm. The HeLa WT, Mic10 and Mic60 CRISPR KO cell lines were 
obtained from AG Jakobs, MPI-bpc, Göttingen. 

4.2.12 Physiological effects of MICOS core components Mic10 and Mic60 transient KD and 

stable chronic KO in HeLa cells 

The loss of MICOS core components MIC10 and MIC60 resulted in aberrant cristae morphology, 

decreased OCR as well ROS levels. Hence, we wanted to find further downstream effects of MICOS 

deletion in HeLa cells and how that might affect cell survival. We studied the effect of MICOS core 

components Mic10 and Mic60 transient siRNA mediated KD for 48 hours or 72 hours respectively 

on the proliferation of HeLa cells. WST-1 based spectrophotometric metabolic assay revealed that 

both Mic10 and Mic60 KD already showed a decreased proliferation 24 hours post siRNA 

treatment as compared to the WT cells. At 48 hours or 72-hour time points, there was no further 

increase in the proliferation in cells with the Mic10 or Mic60 siRNA. However, the cells 

proliferation signals were still significantly lower than the WT cells in both MIC10 and MIC60 KD 

cells (Figure 4.31, A). Next, we also wanted to study the effects of Mic10 or Mic60 KO on the 
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proliferation of HeLa cells. As seen for the transient KD of these proteins, in the complete loss of 

these proteins, proliferation measured as WST-1 spectrophotometric readout was lower in Mic10 

and Mic60 KO cells already after 24 hours in culture as compared to the WT HeLa cells. After 48 

hours or 72 hours of growth proliferation in these cells was still lower than their corresponding 

WT cells, although not significantly (Figure 4.31, B). The proliferation assay results suggest that 

MICOS core components not only affect the mitochondrial morphology but also impact the overall 

physiological functioning of the cells and confirms the results from previous studies (Yang et al., 

2012). 
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Figure 4.31: Physiological effects of siRNA mediated Mic10 or Mic60 KD or CRISPR KO in HeLa cells. A) 
WST-1 based proliferation assay showing differences in proliferation rates in control verses siRNA mediated 
KD of Mic10 or Mic60 for 48 hours or 72 hours respectively in HeLa cells. B) WST-1 based proliferation assay 
showing differences in proliferation rates in control verses Mic10 or Mic60 KO cells for 24, 48, and 72 hours. 
Error bars as SD, N=3. Statistical analysis was performed by Student’s T-test, p<0.05 (*), p<0.01 (**), and 
p<0.001 (***). The HeLa WT, Mic10 and Mic60 CRISPR KO cell lines were obtained from AG Jakobs, MPI-, 
Göttingen. 

4.2.13 Efficiency of transient KD of MICOS core components Mic10 and Mic60 along with 

its effect on OCR in Human Skin Fibroblasts (HSFs) 
Several studies have already shown the impact of one or more mutations in the MICOS subunits 

on human health (Eramo et al., 2020). We, therefore, wanted to use primary cell lines such as the 

Human Skin Fibroblasts (HSFs) and check the effects of siRNA mediated Mic10 or Mic60 KD in 

these cells. 

* 
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We could achieve an efficiency of 65% KD in Mic10 gene expression and 87% KD in Mic60 gene 

expression after 48 hours and 72 hours of siRNA treatments in HSFs respectively (Figure 4.32, A). 

Immunoblot analysis showed a decrease in MIC10 and MIC60 levels upon the respective KD 

(Figure 4.32, B). We analysed the OCR upon transient siRNA mediated Mic10 and Mic60 KDs in 

HSFs. As seen previously for HeLa and HEK293 cells, both Mic10 and Mic60 KD for 48 hours or 72 

hours respectively lead to a slight decrease in the OCR profile of these cells (Figure 4.32, C). When 

looking at the basal respiration rates, we showed while Mic10 KD nearly had WT levels of OCR. 

Mic60 KD had a slightly lower basal OCR as compared to the WT cells. For maximal respiration 

rates, both Mic10 and Mic60 KD resulted in a decrease in maximal OCR as compared to the WT 

HSFs (Figure 4.32, D). 
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Figure 4.32: Efficiency of siRNA mediated Mic10 and Mic60 KD and its effects on OCR in HSFs. A) qPCR 
analysis showing the efficiency of siRNA mediated Mic10 or Mic60 KD for 48 hours or 72 hours respectively 
in HSFs. B) Immunoblot analysis showing the efficiency of siRNA mediated Mic10 and Mic60 KD for 48 hours 
and 72 hours respectively in HSFs. C) OCR evaluation in control and siRNA mediated Mic10 and Mic60 KD 
for 48 hours or 72 hours respectively in HSFs analyzed by Seahorse analyzer. B) Quantification of basal and 
maximal respiration in control siRNA mediated Mic10 and Mic60 KD for 48 hours and 72 hours respectively 
in HSFs analyzed by seahorse analyzer. Error bars SEM, N=3. Statistical analysis was performed by Student’s 
T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 
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4.2.14 Effects on Mitochondrial inner membrane morphology upon transient loss of 

MIC60 in HSFs 

Mic60 KD showed more drastic effects on the OCR of HSFs as compared to both Mic10 KD as well 

as WT HSFs. Therefore, we decided to look at changes in the cristae morphology upon transient 

siRNA mediated Mic60 KD for 72 hours. EM images revealed drastically altered cristae membrane 

in Mic60 knockdown cells as compared to the WT HSFs (Figure 4.33, A). Quantification of the 

aberrant cristae morphology revealed about 65% mitochondria with altered cristae. The different 

types of cristae morphology observed were onion ring shaped cristae, stacks, arched or branched 

cristae as well as empty mitochondria (Figure 4.33, B).   
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Figure 4.33: Morphological effects of Mic60 KD in HSFs. A) Electron micrographs showing aberrant 
mitochondrial cristae morphology upon siRNA mediated transient KD of Mic60 in HSFs for 72 hours 
respectively. B) Quantification of different aberrant morphological cristae phenotypes Mic60 KD cells. Scale 
bar as indicated on the images (500 nm). These images were taken by Leonie Kopecny, AG Riedel, MPI-bpc, 
Göttingen. 

4.2.15 Effects on Mitochondrial ROS upon transient loss of MIC60 in HSFs 
We next wanted to analyse the effect of Mic60 KD on the H2O2 levels in the mitochondria. The 

cells were under transient siRNA mediated Mic60 KD for 72 hours. They were then transfected 

with Mito-Hyper sensors to measure H2O2 levels as a ratiometric reading at 505 nm and 420 nm 

the next day. The time-based evaluation suggested a decrease (35%) in the basal ROS in Mic60 KD 

cells as compared to the WT HSFs in the form of H2O2. This can further be visualized in the 

quantification of the basal reading (Figure 4.34, B). After stimulating the cells with 100 μM H2O2, 
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we saw equal maximal release of H2O2 in both Mic60 knockdown and WT cells (Figure 4.34, A).  

As a control, we also transfected the WT and Mic60 KD HSFs with Mito-SypHer sensor plasmid and 

carried out measurements using the same conditions as mentioned above for Mito-Hyper. We 

saw that there was no change in the ratiometric value between the WT as well as the Mic60 KD 

HSFs even after stimulation with 100 μM H2O2. (Figure 4.35, A and B). Hence, it can be said that 

the effects of Mic60 KD in HSFs are a real change in the ROS levels in the form of basal H2O2 and 

not just a mere influence of mitochondrial pH changes. 

 

Figure 4.34: Effects on intra-mitochondrial ROS levels under siRNA mediated Mic60 KD in HSFs using Mito-
Hyper as a sensor. A) Time dependant effect of siRNA mediated Mic60 KD for 72 hours in HSFs measured 
as H2O2 levels using Mito-Hyper sensor and visualized as the ratiometric values of 505 nm/420 nm. The cells 
were treated with 100 µM H2O2 to stimulate maximum ROS release from the mitochondria in these cells. B) 
Basal H2O2 levels in HSFs subjected to siRNA mediated Mic60 KD for 72 hours. All measurements were done 
in 0.50 mM Ca2+ containing Ringer Buffer. Error bars as SEM, N=9. Statistical analysis was performed by 
Student’s T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 
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Figure 4.35: Effects on intra-mitochondrial ROS levels under siRNA mediated Mic60 KD in HSFs using Mito-
SypHer as a sensor. A) Time dependant effect of siRNA mediated Mic60 KD for 72 hours in HSFs measured 
as H2O2 levels using Mito-SypHer sensor and visualized as the ratiometric values of 505 nm/420 nm. The 
cells were treated with 100 µM H2O2 to stimulate maximum ROS release from the mitochondria in these 
cells. B) Basal H2O2 levels in HSFs subjected to siRNA mediated Mic60 KD for 72 hours. All measurements 
were done in 0.50 mM Ca2+ containing Ringer Buffer. Error bars as SEM, N=9. 

4.2.16 Physiological effects of transient Mic10 and Mic60 KD and steady-state levels of 

other mitochondrial and ER proteins in HSFs 
We also wanted to check the effect of transient siRNA mediated Mic10 or Mic60 KD for 48 hours 

or 72 hours in HSFs. We saw that Mic10 KD didn’t have a strong effect on the other MICOS subunit 

protein levels while Mic60 knockdown reduced MIC19 levels. Since whole cell lysates instead of 

isolated mitochondria were used to analyse the different protein levels by immunoblotting we 

couldn’t analyse the levels of MIC13, MIC27 in these cells due to the insensitivity of the available 

antibodies for this particular cell type (Figure 4.36, A). We then analysed the steady-state protein 

levels of other mitochondrial and ER proteins and saw that upon Mic10 KD, mitochondrial proteins 

such as OPA1, SAM50, SLC25A20, and ATP5B maintain levels comparable to WT HSFs while a slight 

increase is seen in the levels of the ER marker protein Calnexin. For Mic60 KD cells, proteins levels 
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of OPA1, SAM50, ATP5B and SLC25A20 levels were comparable to WT HSFs. It is possible that HSFs 

required a longer siRNA treatment in order to completely KD MIC60 and thereby significantly 

affect protein levels of other mitochondrial proteins as was seen for the HEK293 FLp-in and HeLa 

cells. There was a strong decrease in the protein levels of Calnexin (Figure 4.36, A). These 

differences in the Calnexin level upon Mic10 and Mic60 KD are consistent with the other cell types. 

 

Figure 4.36: Steady-state levels of other MICOS subunits, other mitochondrial and ER proteins, and 
physiological effects of siRNA mediated Mic10 and Mic60 KD in HSFs. A) Immunoblot analysis showing 
steady-state levels of other MICOS subunits as well as other mitochondrial and ER proteins in siRNA 
mediated Mic10 or Mic60 KD for 48 hours or 72 hours respectively in HSFs. B) WST-1 based proliferation 
assay showing differences in proliferation rates in control verses siRNA mediated Mic10 or Mic60 KD for 48 
hours or 72 hours respectively in HSFs. Error bars as SD, N=3. Statistical analysis was performed by Student’s 
T-test, p<0.05 (*), p<0.01 (**), and p<0.001 (***). 

We also wanted to find the physiological relevance of Mic10 or Mic60 KD in HSFs. For this, we 

carried out a metabolic activity-based proliferation assay known as WST-1 based 
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spectrophotometric assay. Results revealed that upon both Mic10 and Mic60 KD the cells 

proliferated at a slower rate already 24 hours post siRNA treatment as compared to the control 

WT HSFs. Further after 48 hours and 72 hours after siRNA treatment, there was very slight growth 

seen in the cells with Mic10 or Mic60 KD and it could never reach the proliferation rate of the WT 

cells even after 72 hours (Figure 4.36, B). This suggested that the MICOS core components play a 

very important role in the overall mitochondrial fitness and are therefore important for proper 

metabolic functioning and growth of the cell. 

Table 4. 1: Summary of results 

Cell line Overexpr-

ession 

conditions 

siRNA 

KD/CRISP

R KO 

Parameters analyzed Effects (MIC10 

depletion 

compared to WT) 

Effects (MIC60 

depletion compared 

to WT) 

HEK293 

Flp-in 

WT 

- 48h 

Mic10 

and 72h 

Mic60 KD 

1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

Morphology 

4. OCR basal 

5. OCR 

maximal 

6. ROS (H2O2 

basal) 

7. Proliferation 

1. Decreased  

2. Decreased 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. - 

7. decreased 

1. Decreased 

2. Decreased 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. No change 

(only pH 

effects) 

7. Decreased 

 

HEK293 

MIC10wt

-FLAG 

24h 

overexpres

sion of 

MIC10-

FLAG via 

Tetracyclin

e (1µg/mL) 

induction 

48h 

Mic10 KD 

1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. ROS (H2O2 

Mic10 KD 

1. Decreased 

2. Decreased 

(decrease 

MIC27 

also, 

increase 

Calnexin) 

3. Aberrant 

4. Decreased 

- 
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basal) 

7. Proliferation 

5. Decreased 

6. - 

7. - 

Overexpression 

1. - 

2. No change 

3. Aberrant 

cristae 

4. Increased 

5. Increased 

6. No 

significant 

change 

7. Decreased 

HEK293 

MIC60wt

-FLAG 

24h 

overexpres

sion of 

MIC60-

FLAG via 

Tetracyclin

e (1µg/mL) 

induction 

72h 

Mic60 KD 

1. Gene 

expression 

2. Protein 

expression  

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. ROS (H2O2 

basal) 

7. Proliferation 

- 

 

Mic60 KD 

1. Decreased 

2. Decreased 

(all other 

MICOs sub-

units, OPA1, 

SAM50 and 

Calnexin 

decreased) 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. - 

7. - 
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Overexpression 

1. - 

2. No change 

3. Aberrant 

cristae 

4. Increased 

5. Increased 

6. No 

significant 

change 

7. Decreased 

HeLa WT - 48h 

Mic10 

and 72h 

Mic60 KD 

1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. Proliferation  

1. Decreased 

2. Decreased 

(MIC10, 

MIC26 and 

MIC27 

levels) 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. Decreased 

1. Decreased 

2. Decreased 

(All MICOS 

sub-units) 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. decreased 

HeLa 

Mic10 

KO 

- Mic10 KO 1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. Proliferation 

1. – 

2. Decreased 

(MIC10, 

MIC26 and 

MIC27)/ 

Increased 

(Calnexin) 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. Decreased  

- 
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HeLa 

Mic60 

KO 

- Mic60 KO 1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. Proliferation 

- 1. - 

2. Decreased 

(All MICOS 

sub-units, 

OPA1, 

SAM50, 

Calnexin) 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. Decreased 

 

HSF - 48h 

Mic10 

and 72h 

Mic60 KD 

1. Gene 

expression 

2. Protein 

expression 

3. Cristae 

morphology 

4. OCR basal 

5. OCR 

maximal 

6. ROS (H2O2 

basal) 

7. Proliferation 

1. Decreased 

2. Decreased 

3. – 

4. Decreased 

5. Decreased 

6. – 

7. decreased 

1. Decreased 

2. Decreased 

3. Aberrant 

cristae 

4. Decreased 

5. Decreased 

6. Decreased 

7. Decreased 

 

-: not analysed 

  



 
 
 
 
Discussion 

96 
 

5 Discussion 
Sub-compartmentalization of mitochondrial membranes into different yet specific morphological 

regions is essential for meeting accurate physiological and metabolic functioning of the eukaryotic 

cell. Although several proteins have already been identified in the last decade, that are now known 

to play a significant role in IM morphology, regulation and maintenance, very little is known about 

their exact mechanisms of membrane shaping and how their actions affect metabolic pathways 

in different organisms. The molecular details as to how these different molecular players interact 

with each other within mitochondria as well as with other proteins localized in different organelles 

of the cell is still largely unknown. 

Most of the proteins involved in shaping CM are single or multi-spanning integral membrane 

proteins. This makes it very difficult to recombinantly express and purify these using in vitro 

approaches. In this study, we used a combination of in vitro recombinant protein and in vivo cell 

culture-based methods. We investigated the effects by targeting specific molecular mechanisms 

of membrane shaping in the previously identified MICOS core component Mic10 in yeast.  We also 

studied the effects of both core components MIC10 and MIC60 depletion on physiological 

pathways in the human cell. 

5.1 Mic10’s homo-oligomerization pattern can be influenced by artificial peptides 
Membrane deformations via proteins often rely on oligomerization or clustering of proteins 

(Barbot & Meinecke, 2016). Previous studies showed that Mic10 has highly conserved glycine-rich 

GxGxG motifs present in each of its TM (Alkhaja et al., 2012; Barbot et al., 2015; Bohnert et al., 

2015; Zerbes et al., 2012). This motif is derived from the GxxxG motif generally seen in other 

proteins and is a special as well as conserved feature of Mic10 amongst organisms. While TM1 of 

Mic10 has a single GxGxG motif, TM2 contains two intertwined GxGxG motifs. These glycine-rich 

motifs are especially important for transmembrane helix packing and thus oligomerization (Russ 

& Engelman, 2000). A large number of proteins have already been discovered to use their GxxxG 

motifs for oligomerization (Arnold et.al, 1998; Wagner et al., 2009; Demishtein-Zohary et al., 2017; 

Urbach et al., 2021). It was shown via SDS-PAGE as well as BN-PAGE (Bohnert et al., 2015) that 

detergent solubilized yeast Mic10 could indeed form stable homo-oligomers mediated by its 

GxGxG motifs (Barbot et al., 2015). The same study reported that the GxGxG mutant Mic10G50/52A 

in TM1 not only failed to oligomerize but also affected the membrane bending activity of Mic10  

by inhibiting the conversion of spherical liposomes into membrane tubes (Barbot et al., 2015; 
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Bohnert et al., 2015) as well as failed to maintain normal cristae morphology in yeast cells (Bohnert 

et al., 2015).  

We used synthetically generated peptides mimicking the GxGxG motifs in TM1 and TM2 of yeast 

Mic10 and observed that increasing the concentration of peptides (H1WT or H2WT) mimicking WT 

TMs of Mic10 was enough to decrease the homo-oligomerization of detergent solubilized Mic10. 

These effects were enhanced on a lower protein to peptide ratio. We also generated peptides 

with mutant GxGxG motifs by replacing 2 glycine residues (GFGVG or GIGFG) with 2 alanine 

residues (GFAVA or GIAFA) mimicking each TM of Mic10. We saw that while mutant peptide H1mut, 

mimicking TM1 slightly enhanced the oligomerization pattern, mutant peptide H2mut, mimicking 

TM2 didn’t affect Mic10 oligomerization. The WT peptides additively marginally increased Mic10’s 

oligomerization ability while the mutant peptides together didn’t change the oligomerization 

ability of Mic10 compared to protein without peptide interaction. Thus, we can conclude that 

oligomerization of Mic10 via its GxGxG motifs can be interfered by individual peptides to different 

extents. The effects are more prominent under the influence of peptides mimicking TM1 of Mic10 

as compared to peptides mimicking TM2 of Mic10 in yeast. 

Interestingly,  the AxA motifs can also enhance oligomeric interaction within protein molecules as 

shown previously by other studies (Alderson et al., 2019; Studer et al., 2002). Therefore, it would 

be important to further mutate these GxGxG motifs by replacing glycine residues with leucine 

residues to observe their exact effects on the overall oligomerization pattern of Mic10 as was 

shown to be successful in other MICOS sub-units like MIC13 (Urbach et al., 2021). This would 

enable us to determine the TM that might be more important for the protein's homo-

oligomerization function. Replacing glycine residues by corresponding leucine residues in each 

GxGxG motif will be essential to block the helix packing ability of these peptides and could perhaps 

lead to decreased effects of the peptides on oligomerization of Mic10.  

In conclusion, our data suggests that the homo-oligomerization ability of yeast Mic10 can be 

influenced and manipulated via interactions with synthetic short peptides mimicking its TMs to 

increase or decrease the effects on overall Mic10 oligomerization. However, further experiments 

would be needed to study the exact mechanism of oligomeraization via FRET or analytical 

ultracentrifugation methods as well as identify the exact regions of peptide sequences which 

could be then used for specific processes to manipulate cristae morphology and its associated 

downstream signalling as well as metabolic functions. It would be exciting to study these effects 

on the human homologs of these proteins in human cells, to design potential therapeutic peptides 
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targeting the mitochondrial morphology in several pathophysiological conditions involving 

alterations in the mitochondrial architecture. 

5.2 Morphological and physiological effects of MICOS core components MIC10 and 

MIC60 depletion in human cells 

5.2.1 Possible roles of MICOS sub-units in cristae sculpting  
The MICOS complex contains at least 6-7 different sub-units, with most of them being crucial for 

maintaining IM morphology in yeast and mammalian cells (Alkhaja et al., 2012; Barbot et al., 2015; 

Bohnert et al., 2015; Harner et al., 2011; Hoppins et al., 2011; Stephan et al., 2020; von der 

Malsburg et al., 2011). One can divide the views on cristae biogenesis into two theories, one 

relying on the formation of lamellar cristae during the process of mitochondrial fusion mediated 

by Mgm1 in yeast or OPA1 in mammals. The second is based on the formation of tubular cristae 

that is initiated by the assembly of the MICOS complex in mammals (Khosravi & Harner, 2020). It 

was shown that both Mic10 and Mic60 deletion in yeast could lead to drastic alterations in the 

mitochondrial membrane morphology (Barbot et al., 2015; Bohnert et al., 2015; Tarasenko et al., 

2017; Hessenberger et al., 2017). Recent studies with HeLa cells also showed that deletion of 

either MIC10 or MIC60 via CRISPR mediated gene editing leads to aberrant cristae morphology in 

the majority of mitochondria analyzed (Stephan et al., 2020). In this study, several different kinds 

of cristae morphologies such as onion-ring shaped, stacks, arched, empty, vesicular, and 1-2 

branched cristae were observed upon deletion of MIC10 or MIC60. More pronounced effects were 

seen in MIC60 KO cells compared to MIC10 KO cells (Stephan et al., 2020). Upon overexpression 

of the MICOS core components Mic10 or Mic60 at least in yeast, also affected the cristae 

morphology by forming extensively branched cristae (Bohnert et al., 2015; Bohnert et al., 2015; 

Tarasenko et al., 2016). Hence, it is very important to maintain proper balance in the protein levels 

of these cristae sculpting proteins. Since normal cristae morphology is important to perform a 

variety of functions such as specialized lipid metabolism like CL biosynthesis or transport of PA 

across the IMS (Kojima et al., 2019). One can also note that specialized cristae structure such as 

lamellar or tubular cristae are important for specific functions of the mitochondria such as ATP 

generation or specialized compartmentalization for lipid synthesis respectively (Khosravi & 

Harner, 2020; Fawcett, 1981). 

We decided to use 3 different cell lines (HEK293 Flp-in, HeLa, and HSFs) to analyze the cell type-

dependent effects of MIC10 or MIC60 loss due to the differences in the mitochondrial ultra-

structure and energy demands as well as their growth characteristics. Previous reports have 

already emphasized that cell type specificity is one of the major regulators of mitochondrial 
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morphology and cristae dynamics (Kondadi et al., 2020). While HeLa and HEK293 are both fast 

growing, easily manipulatable immortalized cell lines, having a high overall energy demand to 

carry out cellular processes, HSFs are primary cell lines directly isolated from human tissues and 

have a lower period of growth and self-renewal. They require lower energy compared to the 

immortalized cell lines to meet cellular demands and carry out cellular processes. We further 

subjected the cells to siRNA mediated acute loss of MIC10 for 48 hours or MIC60 for 72 hours. We 

also used HeLa cells containing CRISPR mediated chronic loss of MIC10 or MIC60. These cell lines 

were obtained from AG Jakobs, MPI-bpc, Göttingen. 

In HEK293 Flp-in cells we observed that either MIC10 or MIC60 acute loss for 48 or 72 hours 

respectively, lead to aberrant cristae morphology. Similar results were seen in HeLa cells upon 

acute loss of MIC10 or MIC60 for 48 or 72 hours respectively. We saw a higher percentage of 

aberrant cristae in MIC60 depleted cells as compared to MIC10 depleted cells, suggesting that 

MIC60 is perhaps a more crucial core sub-unit of the MICOS complex as compared to MIC10. This 

could also be attributed to previously reported MIC60’s effect on the reduction of protein levels 

of all other MICOS sub-units (Stephan et al., 2020) as well as its contact site forming function with 

proteins localized in the OM, such as SAM50 (Hu et al., 2020) which could further destabilize the 

MIB complex. Thus, an unstable MICOS holo-complex as well as MIB complex results in disruption 

of IM ultra-structure. We also wanted to compare transient loss of MIC10 or MIC60 with chronic 

loss of MIC10 or MIC60 in HeLa cells. The results indicated similarity in the formation of aberrant 

cristae structures as compared to control WT cells. However, when comparing acute or chronic 

deletion of MIC10 or MIC60 in these cells, we observed stronger effects in cells with the acute loss 

of the proteins on cristae morphology. This could be due to sudden stress of protein loss on the 

cells due to siRNA treatment, such that the cells respond more drastically to deal and cope with 

carrying out normal cellular functions. Both HeLa and HEK293 cells confirmed that MIC60 loss led 

to a higher percentage of aberrant mitochondria compared to cells with the loss of MIC10.  

Thus, we decided only to transiently KD MIC60 via siRNA for 72 hours in HSFs to see the effects of 

the loss of MIC60 in primary cells. Using primary cell lines such as HSFs would provide a closer 

relevance to more physiological conditions in the human body and the effects occurring in vivo 

upon MIC60 depletion. Since primary cells like HSFs are isolated directly from human tissues, they 

have limited time for self-renewal and reach senescence after a particular time of growth unlike 

immortalized cells like HeLa or HEK293 (Kaur & Dufour, 2012). Fibroblasts were also used as 

models previously to study several mutations in MICOS sub-units, such as MIC13/QIL1 and their 
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pathophysiological implications (Gödiker et al., 2018; Guarani et al., 2016). Interestingly, MIC60 

depletion in HSFs also resulted in a high proportion of aberrant cristae when compared to control 

WT cells.  

Immunofluorescence analysis also revealed that MIC60 KD resulted in highly disrupted 

mitochondrial networks when compared to normal mitochondrial morphology in WT HeLa cells 

as observed by the mitochondrial staining of Mitotracker Orange dye. These effects were much 

weaker in MIC10 KO HeLa cells and only moderately disorganized mitochondrial network could be 

seen as compared to control WT cells via immunofluorescence. Thus, our results support 

previously published data showing that the MIC60 sub-unit and not the MIC10 sub-unit is crucial 

to maintain proper mitochondrial network structure (Stephan et al., 2020). However, super-

resolution STED microscopy experiments should be performed to understand the extent of 

disrupted mitochondrial networks in such MICOS depleted cells. 

Previous studies revealed that overexpression of Mic10 or Mic60 in yeast also resulted in the 

accumulation of aberrant cristae, especially in the form of highly branched cristae (Barbot et al., 

2015; Bohnert et al., 2015; Tarasenko et al., 2017; Hessenberger et al., 2017). Thus, we wanted to 

analyze the effects of overexpression of MIC10 or MIC60 in human cells. Overexpression of MIC10-

FLAG or MIC60-FLAG in HEK293 Flp-in cells for 24 hours also introduced 35% or 50% of aberrant 

cristae respectively, which suggests that maintaining a particular protein level of the MICOS sub-

units is essential for normal cristae morphology. 24 hours of overexpression was not enough to 

rescue the loss of CJ in MIC10 or MIC60 depleted cells, suggesting that recovery or repair of cristae 

morphology perhaps takes place via the de novo pathway of CM biogenesis and thus requires a 

longer time to recover from the disruptions caused by the loss of the proteins (Stephan et al., 

2020). We can speculate that the aberrant cristae morphology as seen previously in yeast 

compared to the aberrant cristae morphology observed in human cells could be due to separate 

reasons. While it is known in yeast that, cristae development is regulated predominantly by the 

fission-fusion dynamics (Harner et al., 2016), same is not true for the human cells. In the 

mammalian or more specifically human mitochondria, cristae development, and remodelling is 

regulated by key protein complexes such as the MICOS complex at the CJ, F1FO-ATP Synthase at 

the CR, and OPA1 at the CM (Quintana et al., 2018). Additional interactions between proteins at 

the IM and OM contact sites also stabilize the cristae ( Quintana-Cabrera et al., 2018). This makes 

cristae formation largely different in lower and higher eukaryotes (Stephan et al., 2020).  
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5.2.2 Importance of MICOS sub-units in maintaining OCR  
One of the main functions of mitochondria is to generate energy in the form of ATP by utilizing 

the complexes of the ETC as well as the F1FO-ATP Synthase. All of these protein complexes are 

localized at the IM. Hence, normal IM, especially CM, structure is essential for this function 

(Kühlbrandt, 2015).  

We measured basal and maximal OCR levels in control WT versus MIC10 or MIC60 KD in HEK293 

Flp-in cells using the Mito stress assay. This assay is an important indicator of normal physiological 

mitochondrial function, especially under the influence of specific mitochondrial respiratory 

modulators such as Oligomycin, FFCP, Rotenone, and Antimycin A. This assay measures real time 

OCR in cells with loss in MICOS sun-units MIC10 or MIC60, indicating the importance of MICOS 

proteins in regulating accurate respiration in mitochondria. We observed that MIC60 depletion 

leads to significantly decreased basal and maximal respiration rates compared to the control WT 

cells. MIC10 depletion also reduced the basal and maximal respiration rates compared to the 

control WT cells but compared to MIC60 depletion, the effects were less pronounced. By 

calculating the spare respiration capacity, that is the difference between the maximal and basal 

OCRs, MIC60 KD showed a 64% decrease in its spare respiration capacity while MIC10 KD displayed 

only 29% reduction in its spare respiration capacity compared to control WT cells. This suggests 

that MIC60 depleted cells have a lower capability to respond to energetic demands than MIC10 

depleted cells, making MIC60 a more crucial core sub-unit of the MICOS complex. Loss in MIC60 

is almost detrimental for the cells as they have reduced ability to respond to an increased ATP 

demand under stress conditions suggesting impaired fitness and flexibility to meet cellular energy 

demands. 

Similar results were also obtained in HeLa cells with MIC10 or MIC60 KD and KO. The spare 

respiration capacity in MIC60 KD or KO cells was significantly lower than in control WT cells. In 

MIC10 KD or KO cells, the spare respiration capacity was lower than in control WT cells, although 

the effect was not statistically significant. Thus, our results revealed, that MIC60 depletion has 

more prominent consequences on the mitochondrial respiration abilities and perhaps the 

downstream effects of respiration in response to cellular stress such as, mitochondrial ROS and 

Ca2+ homeostasis as well as apoptosis. Compared to MIC60, MIC10 depletion has only minor 

effects on mitochondrial respiration as well as response to stress as also shown in previous studies 

(Stephan et al., 2020). 
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We further used primary HSFs to analyze the effect of MIC10 and MIC60 KD on basal and maximal 

respiration rates, since these cells resemble the physiological conditions of cells in the human 

body and display different energy demands as compared to immortalized cell lines HEK293 Flp-in 

or HeLa. Interestingly, changes in the expression levels of MICOS sub-units in HSFs followed the 

same trend as in HEK293 Flp-in and HeLa cells. MIC60 depletion showed a reduced spare 

respiration rate approximately 50% lower than control WT cells, which confirms that indeed 

MIC60 loss not only causes striking alterations in the cristae architecture but also decreases the 

mitochondrial respiration that can affect cellular stress responses such as ROS. 

We also analyzed the effects of MIC10-FLAG or MIC60-FLAG overexpression in HEK293 Flp-in cells. 

There was a statistically significant increase in both basal and maximal respiration rates in MIC10-

FLAG and MIC60-FLAG overexpressed cells compared to the uninduced WT cells. This could 

perhaps be due to an increased ability of mitochondria to respond to the cell's energy demands 

due to excessive branching of CM.  

Overall, our results propose on one hand, MIC60 has a strong impact on the mitochondrial 

respiration ability and possibly its subsequent downstream effects on response to stress or 

metabolic activities as well as signalling pathways. MIC10 on the other hand has minor effects on 

mitochondrial respiration. Thus, MIC60 is a predominant component of the MICOS complex 

required for the regulation of normal respiration rates in the mitochondria. This in turn would be 

necessary for regulating ROS levels and possibly maintaining Ca2+ homeostasis in the 

mitochondria. 

5.2.3 MIC10 or MIC60 depletion affects steady-state levels of various MICOS sub-units 

and other proteins in the cell 
Several studies have shown the dual roles performed by the MICOS core component MIC60 in 

stabilizing and forming CJ via the MICOS complex and its MICOS independent function of 

interacting with other OM proteins forming OM-IM contact sites. The second role helps to 

facilitate efficiency of mitochondrial processes, such as helping in the lateral diffusion of newly 

imported IM proteins to the cristae (Gieffers et al., 1997; Harner et al., 2011; Odgren et al., 1996). 

The other MICOS core component MIC10 also plays a part in maintaining normal cristae 

architecture while interacting with other mitochondrial proteins such as the F1FO-ATP Synthase 

(Eydt et al., 2017). Hence, it is essential to characterize the effects of MIC10 or MIC60 loss on the 

steady-state levels of its known interacting partners as well as other proteins in the cell. This is 

important to confirm if the changes in protein levels of the interacting partners also cause 
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alterations in mitochondrial architecture as a result of MIC10 or MIC60 depletion thereby, also 

affecting the downstream metabolic and signalling processes in the mitochondria as well as the 

entire cell. 

We saw that MIC10 depletion reduced the protein levels of MICOS sub-units MIC13, MIC26, and 

partially MIC27 sub-units, confirming its importance in maintaining the integrity and stability of 

the MIC10 sub-complex at the CJ. MIC60 depletion reduced levels of all MICOS components 

MIC10, MIC19, MIC25, MIC13, MIC26, and MIC27, showing that MIC60 is not only important for 

maintaining the integrity and stability of the MIC60 sub-complex but in general the entire MICOS 

holo-complex, irrespective of the cell type. This is in agreement with the results from previous 

studies (Stephan et al., 2020). 

We also analyzed the steady-state levels of other mitochondrial proteins such as SAM50 and OPA1 

which have been shown to interact with MIC60 either directly or via MIC19 (Mukherjee et al., 

2021; Darshi et al., 2011; Darshi et al., 2012; Hessenberger et al., 2017; Stephan et al., 2020). It 

was seen before and confirmed in this study that the loss of MIC60 in HeLa cells reduced OPA1 

levels in the IM and SAM50 levels in the OM, indicating a direct relationship between these 

proteins with MIC60 (Galloway et al., 2012; Glytsou et al., 2016; Tang et al., 2020). We also saw 

that MIC10 or MIC60 depletion doesn’t affect the protein levels of ATP5B, a sub-unit of the ATP 

Synthase. Along with data from previous studies this suggests that, MICOS deficiency doesn’t 

affect the protein levels of the different OXPHOS complex sub-units to a great extent (Stephan et 

al., 2020). TOM20 protein levels were unchanged in MIC10 KO, and MIC60 KO HeLa cells. TOM20 

was therefore used as a mitochondrial loading control for the visualization of protein levels in the 

whole cell lysates via immunoblotting. 

Interestingly, MIC10 depletion slightly increased the levels of the ER marker protein Calnexin. 

However, MIC60 depletion had an opposite effect and markedly reduced Calnexin protein levels 

confirmed by both immunoblotting and immunofluorescence assays. In HEK293 Flp-in cells 

overexpression of MIC10-FLAG or MIC60-FLAG proteins respectively, led to a recovery of Calnexin 

protein to levels comparable to uninduced WT cells. It is interesting to speculate that MIC60 

depletion could affect the membrane architecture of not just mitochondria but also membranes 

of other organelles like ER. This could be due to the cross-talk between MIC60 at the IM with 

certain proteins at the OM that then further interact with several other proteins at the MERCs. 

This series of protein-protein interactions can have an effect on the overall membrane 

architecture of organelles present at these contact sites such as the ER. This can further affect the 
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metabolism and signalling pathways of ions such as Ca2+ between these two organelles and affect 

the overall cellular proliferation, cytotoxicity, and functioning of the cell (Giacomello & Pellegrini, 

2016; Giacomello et al., 2020). Since Calnexin is a membrane bound protein localized at the ER, it 

is highly possible that its expression levels are affected by changes in ER membrane structure as 

well as protein levels of its interacting partners due to MIC10 or MIC60 depletion. Thus, the 

differences between Calnexin protein levels upon MIC10 or MIC60 depletion could be a result of 

direct or indirect protein-protein interactions between Calnexin and MIC10 or MIC60. We showed 

that protein levels of a second ER marker Calreticulin was comparable in all three WT, MIC10, and 

MIC60 KO HeLa cells. It should be noted that Calreticulin is a soluble protein interacting with the 

ER membrane via specific receptors present on the ER membrane facing the ER lumen. Hence, we 

can hypothesize that, MIC60 depletion in mitochondria affects the interaction with its partners at 

both mitochondrial and ER contact sites potentially affecting the membrane architecture of all 

these membranes. Further experiments would be needed to understand the mechanism behind 

these effects of MIC60 in the cell as well as identify if these proteins truly regulate ER membrane 

architecture in addition to IM morphology. Experiments such as co-immunoprecipitation, 

proximity ligation assay, or mass spectrometry can be carried out to study possible direct or 

indirect, transient or stable protein-protein interactions between these proteins High-resolution 

fluorescence STED microscopy can be performed to study the effects of these proteins on the 

architecture of ER membranes. 

5.2.4 MIC60 depletion can affect mitochondrial ROS levels 
It has been previously  shown that ROS is a common by-product of active mitochondrial respiration 

occurring at the mitochondrial cristae (Rubén Quintana-Cabrera et al., 2021). However, it is still 

not known if the molecular regulators of cristae architecture play a role in maintaining normal 

ROS levels. Recent studies have shown that the expression levels of the IM protein OPA1 can 

reduce ROS levels in the mitochondria by stabilizing ATP-Synthase dimerization in mammalian 

cells grown in galactose containing medium and forced to increase their ATP respiration (Rubén 

Quintana-Cabrera et al., 2021). The other master regulator of cristae shape besides OPA1 and 

F1FO-ATP Synthase is the MICOS complex, which is not well studied in this regard. Since our 

experiments confirmed previous studies showing that the loss of the MICOS core component 

MIC60 tends to have a stronger influence on overall cristae architecture and respiration than 

MIC10 does, we decided to analyze endogenous ROS levels in the form of H2O2 in MIC60 KD 

HEK293 Flp-in and HSF cells. We observed that MIC60 loss not only drastically lowered the oxygen 

consumption and basal respiration rates in these cells but also had an impact on H2O2 and lowered 
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its basal levels in these cells. This is in line with the ETC being the site for ROS production and that 

slight dysfunction in the OXPHOS complex could result in decreased ROS in the mitochondria. It is 

important to note here, that only one ROS species, namely H2O2 was studied, and levels of other 

mitochondrial ROS such as superoxide or free radicals might show different behaviour under 

MICOS depletion conditions. These can be verified via MitoSOX measurements using 

flowcytometric approaches. 

Since no exact mechanism of reduction in ROS levels mediated by MICOS components have been 

discovered, we can only speculate that already known interactions between MIC60 and OPA1 

might be involved in regulating this process. OPA1 expression affects ATP-Synthase dimer 

stabilization (Rubén Quintana-Cabrera et al., 2021) to impact the reduction in basal ROS 

accumulated in the mitochondria. The epistatic interaction between MIC60 and OPA1 (Glytsou et 

al., 2016) could further regulate ROS levels due to MIC60 depletion. Another interesting aspect 

would be to find out how the respiration capacity and thereby ROS levels would be altered if these 

cells were stressed by growing them in a galactose medium in addition to MIC60 KD. This is 

important since previous studies indicated the impact of growth medium containing different 

carbon sources such as glucose, galactose, or pyruvate on overall mitochondrial respiration 

capacities (Varanita et al., 2015; Egeter et al., 2020) It should also be noted that studies on 

mitochondrial membrane potential (ΔѰm) previously suggested, that it is not uniform in the IBM 

and CM. CM have a higher ΔѰm as compared to IBM. It is also reported that CM within that same 

mitochondria can also have heterogeneity in ΔѰm (Anand et al., 2021). It was also shown that 

MIC60 or MIC10 KO could decrease ΔѰm between the IBM and CM. Therefore, one can speculate 

that maintenance of accurate CJ is another important factor towards precise ΔѰm as it can act as 

a diffusion barrier for protons and other metabolites.  

We also saw that overexpressing MIC60-FLAG in HEK293 Flp-in cells marginally increased basal 

H2O2 levels, although this was not significant. This is in line with the small increase in basal and 

maximal respiration rates compared to the uninduced cells. This could be due to cristae 

remodelling in these cells causing heavy branching of cristae and tightening of CJ, that could then 

enhance the functioning of the ETC and therefore respiration and ATP production. This in turn 

could increase ROS levels in the mitochondria (Wolf et al., 2019). Increased branching of cristae 

would enhance the capacity of oxidative phosphorylation via the OXPHOS complex (Joubert & 

Puff, 2021) to favour the generation of a local proton motif force within cristae than outside. 

Studies reported previously that depletion in MICOS sub-units like MIC13, MIC10 or MIC60 could 
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decrease the heterogeneity in the ΔѰm between CM and IBM. This proves the importance of CJ in 

maintaining the heterogeneity of ΔѰm between different regions of the IM, possibly by acting as 

a diffusion barrier for protons or other metabolites (Anand et al., 2021). It was also observed that 

cristae vesicles generated due to the detachment of CJ from the IBM in MIC10 or OPA1 KO cells 

had hyperpolarized mitochondria (Anand et al., 2021; Wolf et al., 2019). This could perhaps be 

extrapolated to MIC60 KD or KO cells although, experiments are needed to measure the changes 

in ΔѰm in cells subjected to MIC60 KD or KO. Thus, MICOS complex is important not only for 

maintaining cristae shape but also for regulating mitochondrial respiration, ROS, and maintaining 

heterogeneity of ΔѰm between CM and IBM. This could further influence mitochondrial Ca2+ 

signalling and homeostasis. Changes in ΔѰm and mitochondrial ROS can modulate the 

electrochemical gradient across the membrane, possibly causing changes in the movement of Ca2+ 

ions across the mitochondrial compartments. This might be essential to maintain intra-

mitochondrial quality control. Further experiments are needed to study the distribution and 

movement of Ca2+ in the mitochondria and its influence on other organelles such as ER in the cell 

as well as voltage dependent uptake of Ca2+ in mitochondria. Experiments measuring ΔѰm at 

different regions of the IM as well as ATP levels would be interesting to explain the effects seen in 

ROS levels in mitochondria as well as the role of ROS in signalling pathways regulated by the 

mitochondria. 

5.2.5 MIC10 and MIC60 depletion affects cellular proliferation  
Mitochondria are central for many vital cellular functions and impact processes such as 

autophagy, cell death, differentiation, migration, proliferation, metabolism, and innate immune 

responses (Giacomello et al., 2020). These processes are regulated by signalling pathways that are 

managed by proteins localized at different regions of mitochondria. It is therefore essential to 

maintain proper membrane compartmentalization and architecture to facilitate these functions 

of the cell.  

In this study, we observed that MICOS core components MIC10 and MIC60 play important roles 

in maintaining CJ and therefore normal mitochondrial cristae morphology. Their absence results 

in the loss of CJ and the accumulation of aberrant cristae. To analyze the effect of MIC10 or MIC60 

KD or KO on cellular growth and viability in different cell types, we performed metabolism 

dependent proliferation assays. We saw that in every case, 24 hours was already enough to 

decrease the proliferation in both MIC10 and MIC60 depleted cells as compared to control WT 

cells independent of the cell type. The effects were slightly stronger in MIC60 depleted cells 
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compared to MIC10 depleted cells. This is in line with previous studies suggesting an increase in 

mitochondrial induced apoptosis in HeLa cells upon MIC60 KD (Yang et al., 2012). Thus, we can 

say that MIC60 has a stronger regulatory role on several mitochondrial processes compared to 

MIC10. This not only is important for maintaining integrity and stability of the MICOS holo-

complex along with CJ and mitochondrial structure but also to facilitate appropriate cellular 

homeostasis to meet the cellular needs for energy or other metabolites as well as its survival. 
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6 Summary and Conclusions 
Mitochondria are ubiquitous organelles with structured membranes and a defined IM 

compartmentalization. This is essential to regulate cellular processes such as respiration, 

apoptosis, ROS and Ca2+ homeostasis. Hence, it is important to maintain proper cristae 

morphology so that proteins localized in the IM compartments can regulate correct functioning of 

the cell.  

In this study, we analyzed the conserved core sub-units Mic10 and Mic60 of the CJ forming and 

stabilizing MICOS complex. Yeast Mic10’s homo-oligomerization ability via its conserved GxGxG 

motifs in its TMs was influenced by interaction with synthetic peptides mimicking the TMs of 

Mic10. These peptides could interact with Mic10 and affect its extent of oligomerization. Our 

results revealed, that these peptides could individually as well as cumulatively decrease the 

number of oligomers in purified and refolded recombinant Mic10 as observed by SDS-PAGE. The 

replacement of different glycine residues with corresponding alanine residues in these motifs in 

each TM can have a specific effect on the oligomerization pattern of Mic10, depending on the 

mutation in the GxGxG motif. We observed that the peptide containing a mutant GxGxG motif 

from TM1 of Mic10 marginally increased the oligomerization ability of Mic10, although the 

peptide containing a mutant GxGxG motif from TM2 didn’t affect oligomerization pattern of yeast 

Mic10. Therefore, these small motifs can act as molecular players in maintaining the 3D structural 

properties of the proteins and further influence protein functionality in mitochondria. 

From previous studies we know that the human MICOS also has two core components: MIC10 and 

MIC60. Upon changes in expression levels, both of these proteins can disrupt the mitochondrial 

morphology leading to the loss of CJ and accumulation of various types of aberrant cristae 

structures. MIC60 loss has a more pronounced impact on the overall mitochondrial morphology 

compared to MIC10 loss, independent of the cell type studied. This is perhaps due to the instability 

and disintegration of the entire MICOS holo-complex, since MIC60 loss reduced the protein levels 

of all other MICOS sub-units, while MIC10 loss only partially reduced MIC13, MIC26 and MIC27. 

MIC13, MIC26 and MIC27 are all parts of the MIC10 sub-complex. Changes in mitochondrial 

morphology and cristae structure influences the basal and maximal OCRs in the cell. MIC60 loss 

caused a stronger decrease in respiratory abilities compared to control WT cells. A lower spare 

respiration capacity compared to WT as well as MIC10 depleted cells, suggest that MIC60 is an 

essential protein in the mitochondria and its loss results in mitochondrial dysfunction as a result 

of any stress, thereby affecting other processes such as cellular metabolism or signalling pathways 
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regulated by the mitochondria. MIC60 is known to form several interactions with other proteins 

localized at the OM or the IM. Since mitochondria form stable contact sites with other organelles 

like ER, it is not surprising to speculate that changes in the mitochondrial membrane morphology 

upon MIC60 depletion could also have an impact on the ER membrane morphology. This could be 

the reason for differences in levels of a bonafide ER membrane marker protein Calnexin upon 

MIC10 or MIC60 loss. However, more experiments are needed to confirm these hypothesises. Loss 

of MIC60 also reduced the levels of the IM protein OPA1 and OM protein SAM50, suggesting 

further effects of MIC60 depletion on both mitochondrial fusion and protein import mechanisms. 

Overall, the alterations in cristae morphology caused by the deletion of MIC60 reduce 

mitochondrial H2O2 levels. However, it would be interesting to further investigate whether other 

types of ROS such as superoxide or free radicals in mitochondria also respond similarly to MIC60 

deletion. 

Mitochondrial ultra-structure is one of the master regulators of cellular processes to meet cellular 

needs and therefore facilitate cell survival. We could show that cristae disruption caused by 

depletion of MICOS core components MIC10 or MIC60 reduced proliferation of cells within 24 

hours independent of the cell type. This could suspect a strong influence on the induction of 

apoptosis in these cells and should be verified by further experiments triggering the mitochondrial 

pathway of apoptosis. 

Based on the results obtained during this study, we can conclude that in spite of both MIC10 and 

MIC60 being MICOS core sub-units, MIC60 is the crucial sub-unit of the two when regulating 

mitochondrial metabolism and signalling pathways in human cells. This could be due to its dual 

role in maintaining cristae morphology as well as its contribution to protein-protein interactions 

with several proteins in the IM and the OM as well as other organelles such as ER. We also saw 

that MIC60 depletion or deletion causes a stronger impact in cellular metabolism, signalling, and 

changes in cristae structure as compared to MIC10 depletion or deletion. 
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