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1 Summary 
The Mitochondrial Contact Site and Cristae Organizing System (MICOS) is a key regulator of 
mitochondrial ultrastructure, consisting of seven core proteins which are divided into two 
subcomplexes: MIC60-subcomplex including MIC60/MIC19/MIC25 and MIC10-subcomplex 
including MIC10/MIC26/MIC27, with MIC13 previously known to bridge the two subcomplexes. 
Mutation in MIC13 induces loss of the MIC10 subcomplex and a mitochondrial ultrastructure 
abnormality with a dominant pronounced onion-like crista arrangement. Patient mutations in 
Qil1/MIC13 cause mitochondrial hepato-encephalopathy, a condition with severe hepatic and 
neurodegenerative implications, leading to early onset lethality. Crucialness of MIC13 for 
mitochondrial function as well as patient survival underscores the relevance of a detailed study 
to unravel the underlying molecular mechanism of MIC13 in formation of crista junctions (CJs). 
It is reported while deficiency in MIC13 triggers a destabilization of the MIC10-subcomplex, 
leading to pronounced abnormalities in cristae formation, the MIC60-subcomplex remains 
relatively unaltered in protein levels, yet MIC13 modulates its assembly as indicated by 
variations in molecular weight migration patterns. Consistent with the conclusion as MIC60 
being the master regulator of MICOS complex assembly. Central to MIC13's functionality are 
the conserved WN and GxxxG motifs- key structural motifs necessary for maintaining the 
stability of MIC13 and its interaction within the MICOS complex. 
In this thesis, I aimed to significantly advance the understanding of MIC13 beyond its presumed 
structural role. A significant discovery from this thesis describes a regulatory role of MIC13 on 
the mitochondrial protease YME1L. This rewires the hypothesis of MIC13 being a bridging 
protein, by revealing its critical function in maintaining the stability of the MIC10-subcomplex 
by regulating YME1L activity. We demonstrate that depleting YME1L in MIC13 deficient cells 
effectively restores the MIC10 subcomplex assembly, its interaction with MIC60 and 
significantly rescues CJs. This marks a fundamental shift in the current understanding of 
MICOS assembly. Furthermore, elucidating the interactome of MIC13, we identified stomatin-
like protein 2 (SLP2) as a novel player in cristae morphogenesis, which extends its functional 
spectrum beyond the previously identified role of regulating mitochondrial hyperfusion in 
cellular stress condition. SLP2 emerged as a stabilizer for the MICOS subunit MIC26 via 
regulating YME1L activity, and depletion resulting in crista swelling and significant loss in CJs. 
The synergistic interplay between MIC13 and SLP2 is critical for the assembly of the MIC60-
subcomplex and subsequently the integration of mitochondrial membrane bridging (MIB) 
proteins such as SAM50 and MTX1, adding a new layer of understanding of MICOS assembly. 
The assembly kinetics of MIC60 into the MICOS complex was found to be dependent on SLP2 
upon partially assembled MIC10-subcomplex. While MIC13 is essential for MIC10 stability, the 
presence of SLP2 is instrumental in the assembly kinetics of the MIC60-subcomplex in 
conjugation with a pre-assembled MIC10-subcomplex, leading to a hypothesis that MIC10-
subcomplex and SLP2 provides a ‘seeding’ ground for efficient assembly of MIC60-
subcomplex and MIB complex. In conclusion our 'seeder model' posits that the MIC10-
subcomplex, together with SLP2, promotes the efficient assembly of the MIC60 subcomplex 
and MIB complex. Validation of this model is achieved through YME1L knockdown in cells 
deficient in both MIC13 and SLP2, which leads to the restoration of the MIC10-subcomplex 
and consequently facilitates a more effective assembly of the MIC60-subcomplex without any 
conclusive alterations in their steady-state levels, as well as the MIB proteins SAM50 and 
MTX1. This 'seeder complex' of MIC10 and SLP2 underscores a novel paradigm within the 
MICOS assembly process, vital for the formation of crista junctions. These insights not only 
propel our understanding of mitochondrial dynamics but also to the molecular mechanism 
involved in the development mitochondrial hepato-encephalopathy. 
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2 Abbreviations 
ATP - Adenosine Triphosphate 

mtDNA - Mitochondrial DNA 

OXPHOS - Oxidative Phosphorylation 

IMM - Inner Mitochondrial Membrane 

ETC - Electron Transport Chain 

ADP - Adenosine Diphosphate 

Pi - Inorganic Phosphate 

NADH - Nicotinamide Adenine Dinucleotide (reduced form) 

FADH2 - Flavin Adenine Dinucleotide (reduced form) 

ROS - Reactive Oxygen Species 

SOD - Superoxide Dismutase 

Ca2+ - Calcium Ion 

PD - Parkinson’s Disease 

OM - Outer Membrane (contextually, Mitochondrial Outer Membrane) 

VDACs - Voltage-Dependent Anion Channels 

TOM - Translocase of the Outer Membrane 

Bcl-2 - B-cell lymphoma 2 

MAMs - Mitochondria-Associated ER Membranes 

ER - Endoplasmic Reticulum 

PC - Phosphatidylcholine 

PE - Phosphatidylethanolamine 

TIM - Translocase of the Inner Membrane 

AAC (or ANT) - ADP/ATP Carrier (Adenine Nucleotide Translocase) 

PiC - Phosphate Carrier 

MCU - Mitochondrial Calcium Uniporter 

MPC - Mitochondrial Pyruvate Carrier 

PHB - Prohibitins 

SLC25 - Solute Carrier Family 25 

LS - Leigh Syndrome 

TAZ - Tafazzin 

CL - Cardiolipin 

SLP2 - Stomatin-Like Protein 2 

OMA1 - a mitochondrial metallopeptidase 

PARL - Presenilin-Associated Rhomboid-Like Protein 

PINK1 - PTEN Induced Putative Kinase 1 
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PGAM5 - Phosphoglycerate Mutase Family Member 5 

HIF1α - Hypoxia-Inducible Factor 1-alpha 

mTORC1 - Mechanistic Target of Rapamycin Complex 1 

SPY complex - (contextual, not explicitly defined but related to mitochondrial proteases) 

YME1L - an AAA protease in the IMM 

WN - (contextual, refers to a motif in MIC13, not a standard abbreviation) 

MIB - Mitochondrial Intermembrane space Bridge
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3 Introduction 

3.1. Mitochondria: A semi-autonomous organelle 
 
Mitochondria are remarkable and essential organelles found within the cells of eukaryotic 

organisms. These double-membraned structures play a central role in energy conversion, 

metabolism, and a variety of other cellular processes. One of the intriguing aspects of 

mitochondria is their semi-autonomous nature, which is characterized by their unique 

evolutionary origin, distinct genetic material, and the ability to divide and replicate 

independently within the cell. The semi-autonomous nature of mitochondria is rooted in their 

unique evolutionary history. It is widely believed that mitochondria originated from a symbiotic 

relationship between an α-proteobacterium engulfed by ancestral cell, possibly resembling a 

modern-day species like Rickettsia (Anderson et al., 1981; Andersson et al., 1998). This 

ancient endosymbiotic event led to the establishment of a mutually beneficial partnership 

where the host cell provided protection and nutrients to the engulfed bacterium, and in return, 

the bacterium contributed its metabolic prowess (Lynn Margulis, 1970). Over time, this 

symbiotic relationship evolved, with the engulfed bacterium becoming more specialized to 

perform essential cellular functions such as adenosine triphosphate (ATP) production. 

Evidence for this endosymbiotic theory includes the presence of a double membrane 

surrounding mitochondria, like the structure of modern free-living bacteria, as well as the fact 

that mitochondria possess their own genetic material, known as mitochondrial DNA (mtDNA) 

(Sagan, 1967). Unlike the nuclear DNA found in the nucleus, mtDNA is a small, circular, and 

self-replicating molecule. It encodes a limited number of genes, typically involved in the 

OXPHOS pathway, which is crucial for ATP production (Anderson et al., 1981). The retention 

of mtDNA within mitochondria is a relic of their bacterial ancestry. This genetic autonomy 

allows mitochondria to produce some of the proteins necessary for their function 

independently, without relying solely on the nuclear DNA. It also enables mitochondria to 

respond quickly to changing cellular energy demands (Wallace, 2005). Another key aspect of 

semi-autonomous nature of mitochondria is their ability to replicate and divide independently 

within the cell. Mitochondria can increase in number to meet the cell's energy needs or adapt 

to environmental conditions. This process, known as mitochondrial fission, involves the division 

of an existing mitochondrion into two or more daughter mitochondria (Youle & van der Bliek, 

2012). Mitochondrial fission is regulated by a variety of proteins, including Drp1 (Dynamin-

related protein 1), Fis1 (Fission 1), and Mfn2 (Mitofusin 2), which help control the balance 

between mitochondrial fusion and fission. Mitochondrial fusion, on the other hand, involves the 

merging of two or more mitochondria to create a single, larger mitochondrion. This process is 

important for the exchange of genetic material and components between mitochondria (Chan, 

2012). 
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3.2. Mitochondria: A functional perspective 
One of the most well-known functions of mitochondria is the generation of ATP, the cell's 

primary energy currency. ATP is converted from ADP through a process called oxidative 

phosphorylation (OXPHOS), which takes place within the inner mitochondrial membrane 

(IMM). During this process, electrons are transported through a series of protein complexes, 

collectively known as the electron transport chain (ETC), embedded in the IMM. The flow of 

electrons creates a proton gradient across the membrane, and the enzyme F1FO ATP synthase 

utilizes the energy of this gradient to synthesize ATP from adenosine diphosphate (ADP) and 

inorganic phosphate (Pi) (Neupane et al., 2019). This ATP generation is crucial for fueling 

various cellular processes, including muscle contraction, active transport, and biosynthesis. 

The number of mitochondria in a cell can vary depending on its energy requirements. Highly 

energy-demanding cells, such as muscle cells, contain numerous mitochondria to meet their 

needs. Mitochondria are at the crossroads of cellular metabolism, playing a pivotal role in the 

breakdown of carbohydrates, fats, and amino acids to generate energy and metabolic 

intermediates. This role is demonstrated by the citric acid cycle, also known as the Krebs cycle, 

which takes place in the mitochondrial matrix. During this cycle, acetyl-CoA derived from 

various fuel sources is oxidized to produce ATP and metabolic precursors, including NADH 

and FADH2, which feed electrons into the ETC (Martínez-Reyes & Chandel, 2020). 

Mitochondria also participate in β-oxidation, the process by which fatty acids are broken down 

into acetyl-CoA. This allows cells to use stored fat as an energy source during times of 

increased energy demand or nutrient deprivation. Furthermore, amino acids can be 

metabolized in mitochondria through a series of reactions that lead to the production of ATP, 

intermediates for biosynthesis, and waste products like ammonia (Adeva-Andany et al., 2019). 

Mitochondria are a major source of reactive oxygen species (ROS), which are chemically 

reactive molecules containing oxygen. While ROS are typically produced as natural byproducts 

of mitochondrial respiration, they can be harmful when overproduced. Excessive ROS can 

cause oxidative stress, leading to damage to cellular components such as lipids, proteins, and 

DNA. This damage is associated with a wide range of diseases, including neurodegenerative 

disorders and cancer. Mitochondria have their own antioxidant defense systems to regulate 

ROS production and prevent oxidative damage. Enzymes like superoxide dismutase (SOD) 

and glutathione peroxidase help detoxify ROS. However, imbalances in ROS regulation can 

lead to pathological conditions (Murphy, 2009). 

Mitochondria also play a crucial role in calcium ion (Ca2+) homeostasis and signaling. They act 

as Ca2+ sinks, temporarily sequestering Ca2+ ions released from the endoplasmic reticulum 

(ER) or entering the cell through voltage-gated Ca2+ channels. This uptake of Ca2+ into the 

mitochondrial matrix can stimulate various metabolic pathways and influence cell fate. 

Mitochondrial Ca2+ signaling is involved in processes such as muscle contraction, cell 
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proliferation, and apoptosis. Dysregulation of mitochondrial Ca2+ handling can have profound 

effects on cell physiology and is implicated in diseases like neurodegenerative disorders and 

heart disease (Rizzuto et al., 2012). Mitochondria are intimately involved in programmed cell 

death, known as apoptosis. When triggered by various cellular signals, mitochondria release 

proteins such as Cytochrome c from the mitochondrial intermembrane space into the 

cytoplasm. Cytochrome c, along with other factors, activates a cascade of events that 

ultimately lead to cell dismantling and death. This mitochondrial pathway of apoptosis is tightly 

regulated and serves critical roles in normal development, tissue homeostasis, and defense 

against damaged or infected cells. Dysregulation of apoptosis can lead to cancer, autoimmune 

diseases, and neurodegenerative disorders (Green & Kroemer, 2004). 

 

 
Figure 1: Overview of mitochondrial functions. This diagram highlights some of the key roles of 

mitochondria in cellular processes. It illustrates ATP production through oxidative phosphorylation and 

the TCA cycle, emphasizing its role in energy metabolism. Additionally, it displays mitochondria's 

involvement in Ca2+ buffering, iron-sulfur cluster biosynthesis, fatty acid beta-oxidation, and the 

apoptosis pathway, demonstrating its multifaceted contributions beyond energy production. 

3.3. The dynamic nature of mitochondria 
Mitochondrial morphology and distribution are regulated by a delicate balance between two 

opposing processes: mitochondrial fission and fusion. These processes play crucial roles in 

maintaining mitochondrial function, cellular homeostasis, and adapting to the ever-changing 

energy demands of the cell. Mitochondrial fission is the process by which a single 
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mitochondrion divides into two or more daughter mitochondria. This dynamic process is 

mediated by a family of proteins, with Drp1 (Dynamin-related protein 1) being a central player. 

Drp1 is recruited to the mitochondrial outer membrane (OM), where it assembles into a ring-

like structure and constricts the membrane, leading to mitochondrial fragmentation (Youle & 

van der Bliek, 2012). A delicate balance between mitochondrial fusion and fission plays a 

critical role in removing damaged or dysfunctional mitochondria. When a mitochondrion is 

impaired, it undergoes fission, segregating the damaged portion from the healthy network. 

Fission facilitates the segregation of damaged mitochondria, enabling their removal via 

mitophagy. However, it's the impaired fusion, often due to altered OPA1 processing, that is 

critical for isolating damaged mitochondria from the network. Proper OPA1 processing is thus 

vital for the selective degradation of dysfunctional mitochondrial components. This enables the 

damaged mitochondrion to be targeted for degradation via mitophagy, a selective form of 

autophagy (Westermann, 2010). Fission is essential for distributing mitochondria evenly 

throughout the cell. This ensures that mitochondria are strategically positioned near areas of 

high energy demand, such as the cell periphery or along microtubules in neurons (Chan, 2012). 

Conversely, mitochondrial fusion is the process by which two or more mitochondria merge, 

forming a single, interconnected mitochondrion. Key fusion proteins include Mitofusin 1 (Mfn1), 

Mitofusin 2 (Mfn2), and Opa1 (Optic Atrophy 1) (Liesa & Shirihai, 2013). Fusion allows for the 

exchange of contents, including lipids, proteins, and DNA, between mitochondria. This 

intermixing can help rescue partially damaged mitochondria by providing essential 

components, enabling the recovery of function. Fusion can rescue mtDNA mutations by 

allowing mitochondria with different mtDNA variants to complement each other. This process, 

known as mtDNA complementation, can mitigate the effects of harmful mutations. Fusion 

maintains a functional mitochondrial network, preventing excessive fragmentation. This 

network facilitates efficient energy production and communication between mitochondria 

(Mishra & Chan, 2016). Mitochondrial fission and fusion are not isolated processes but are 

intricately linked and finely regulated. The balance between these processes is crucial for 

cellular health, and disruptions can have profound consequences. For example, an imbalance 

that favors excessive fission can lead to fragmented mitochondria, impairing their function and 

increasing susceptibility to mitophagy. On the other hand, an imbalance that promotes 

excessive fusion can result in elongated, interconnected mitochondria that may hinder efficient 

transport within cells (Chan, 2012). Mitochondrial fission and fusion are essential processes 

that play diverse and interconnected roles in cellular physiology. Fission serves as a part of 

the quality control mechanism and distribution function of mitochondria, while fusion enables 

repair, complementation, and network maintenance. Together, these processes ensure that 

mitochondria adapt to changing cellular demands, respond to damage, and maintain optimal 

function. Dysregulation of mitochondrial dynamics can contribute to various diseases, including 
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neurodegenerative disorders and metabolic syndromes, underscoring the importance of 

understanding these fundamental processes. 

 
Figure 2: Mitochondrial fission and fusion Processes. This figure illustrates the dynamic processes of 

mitochondrial fission and fusion. Fission, the division of a single mitochondrion into two, is crucial for 

mitochondrial quality control and distribution in cells. Fusion, the merging of two mitochondria, promotes 

genetic and biochemical homogeneity and enhances mitochondrial function. These processes are 

fundamental for maintaining mitochondrial health and adapting to changing cellular energy demands. 

3.4. Mitochondrial ultrastructure 
Mitochondria orchestrate a multitude of vital processes, including ATP conversion and cellular 

homeostasis. Central to their multifaceted functionality is their organized structure, 

encompassing the outer membrane, inner membrane, cristae, CJs and matrix. 

3.4.1. Mitochondrial outer membrane 
The mitochondrial OM defines the mitochondrion from the cytoplasm while coordinating a wide 

array of vital cellular processes. Its unique structural and functional attributes make it a focal 

point of research, elucidating its roles in protein import, mitochondrial dynamics, and beyond. 

The OM is a phospholipid bilayer, fundamentally similar to the cell's plasma membrane, but 

distinct in several key features. A salient aspect is its permeability. Contrary to the selectively 

permeable inner membrane (IM), the OM freely permits the passage of small molecules, a 

feature attributed to voltage-dependent anion channels (VDACs) (Colombini, 1989). VDACs 

govern the flux of ions and metabolites, including ATP and ADP, bridging the energy demands 

of the cell with mitochondrial output (Rostovtseva & Bezrukov, 2008; Shoshan-Barmatz et al., 

2010). Proteomic analyses of the OM paint an array of multifunctionality. Beyond VDACs, the 

OM embeds the translocase of the outer membrane (TOM) complex, a primary protein complex 

for mitochondrial protein import (Neupert & Herrmann, 2007). The majority of mitochondrial 
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proteins are cytosolically synthesized and the TOM complex recognizes the mitochondrial 

targeting sequences and translocate them inside the mitochondria (Chacinska et al., 2009). A 

seminal role of the OM is in apoptosis. Members of the Bcl-2 family, particularly Bax and Bak, 

orchestrate oligomerization on the OM. This triggers the release of cytochrome c and other 

pro-apoptotic factors into the cytosol, thereby initiating a cascade culminating in programmed 

cell death (Czabotar et al., 2014; Wei et al., 2001; Westphal et al., 2011). Beyond the confines 

of protein transport and apoptosis, the OM has been established as an important player in lipid 

trafficking (Flis & Daum, 2013; Leterme & Michaud, 2023). This nexus of lipid metabolism 

underscores the OM's significance in balancing the lipid equilibrium of mitochondrial 

membranes. Inter-organelle communication is yet another arena where the OM plays a vital 

role. At contact sites with the ER, the OM mediates lipid exchange, Ca2+ signaling, and 

influences mitochondrial dynamics (Friedman et al., 2011; Kornmann et al., 2009; Raturi & 

Simmen, 2013). These organelles are in close physical contact at regions termed 

mitochondria-associated ER membranes (MAMs). The MAMs serve as platforms for numerous 

physiological processes, encompassing lipid synthesis and transport, Ca2+ signaling, and the 

modulation of mitochondrial morphology (Rowland & Voeltz, 2012). Lipid transfer between the 

ER and mitochondria, specifically involving phospholipids such as phosphatidylserine and its 

derivative phosphatidylethanolamine, is indispensable for maintaining mitochondrial 

membrane integrity and functionality (Vance, 1991). The ER serves as the primary site for 

phospholipid synthesis, with lipids subsequently being transferred to mitochondria to support 

their biogenesis (Tatsuta et al., 2014). Another vital function of the MAMs is in Ca2+ signaling. 

Ca2+ ions are transferred from the ER to mitochondria, which is essential for various 

mitochondrial functions including ATP production. This transfer is crucial for the modulation of 

mitochondrial membrane potential and can even steer the cell towards apoptosis under certain 

conditions (Csordás et al., 2006). Moreover, the ER has a decisive role in mitochondrial 

dynamics, particularly in mitochondrial fission. ER tubules encircle and mark sites on 

mitochondria where division will later occur, thereby influencing mitochondrial distribution and 

morphology (Friedman et al., 2011). 

In summary, the mitochondrial OM, far from being a mere boundary, emerges as an active site 

underpinning a plethora of cellular activities. The continuous discovery of novel functions of 

the OM centers its position in cellular physiology. 

3.4.2. Mitochondrial inner membrane 
The inner mitochondrial membrane (IM), being densely packed and complex in its morphology, 

encapsulates the mitochondrial matrix from the intermembrane space. The lipid composition 

of the IM is integral to its architecture and functions. Unlike other biological membranes, the 

IM is unique for its high content of cardiolipin (Paradies et al., 2014). Cardiolipin, a distinct 

dimeric phospholipid, is pivotal not just for the structural integrity of the IM but also for 
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facilitating the operation of numerous protein complexes embedded within it (Zhang et al., 

2002). This phospholipid is essential for maintaining the curvature of the membrane and is 

crucial for the formation of the cristae (Daum & Vance, 1997). IM has low content of 

phosphatidylcholine (PC) and relatively high content of phosphatidylethanolamine (PE) 

(Horvath & Daum, 2013). PE has been proposed to play a role in maintaining the unique 

architecture of the IMM, maintains IM potential (Δψ) and facilitates import of preproteins across 

IM (Birner & Daum, 2003; Böttinger et al., 2012). IM houses a cascade of large multimeric 

protein complex, vital to cellular functions. The translocase of the inner membrane (TIM) 

complex is a facilitator of protein import into the mitochondrial matrix (Chacinska et al., 2009). 

Both the TIM23 complex, responsible for the import of matrix-targeted proteins, and the TIM22 

complex, essential for the insertion of multi-pass membrane proteins, are primarily found in the 

IM (Sim et al., 2023). IM, being a semi-permeable membrane, accommodates several 

transporter proteins necessary for cellular homeostasis. A prominent group of transporter 

proteins in the IM are the mitochondrial carriers. The ADP/ATP carrier (AAC), also known as 

the adenine nucleotide translocase (ANT), is one of the most abundant and well-studied in this 

category. It plays a pivotal role in shuttling ADP into the mitochondria and ATP out into the 

cytoplasm, supporting the cell's energetic demands (Klingenberg, 2008; Kunji et al., 2016). 

Another significant transporter is the phosphate carrier (PiC), responsible for importing 

inorganic phosphate into the matrix, a necessary substrate for ATP synthesis (Palmieri & 

Monné, 2016). Moreover, Ca2+ transport across the IM is vital for regulating mitochondrial 

metabolism and cell death. The mitochondrial Ca2+ uniporter (MCU) is central in this regard, 

allowing Ca2+ ions to enter the matrix and regulate metabolic pathways(Baughman et al., 

2011). The mitochondrial pyruvate carrier (MPC), facilitating the entry of pyruvate into the 

matrix for oxidative decarboxylation, is another transporter with ramifications on cellular 

metabolism, the bridge between glycolysis and the citric acid cycle (Herzig et al., 2012). IMM's 

transporters play an indispensable role in various physiological processes, from energy 

production and metabolic regulation to ion homeostasis and signaling pathways. In addition to 

transporter proteins, IM houses several protein complexes that are indispensable for 

mitochondrial functions. Prohibitins (PHB1 and PHB2) are evolutionarily conserved proteins 

that form ring-like structures in the IM (Artal-Sanz & Tavernarakis, 2009). These proteins are 

essential for mitochondrial morphology and integrity. Additionally, prohibitins play roles in 

mitochondrial protein stability, and there is evidence that they may have a chaperone-like 

function, assisting in the folding and assembly of IM proteins (Osman et al., 2009). The OXA1L 

(Oxidase Assembly 1-like) protein is vital for the biogenesis of respiratory chain complexes. 

Positioned in the IMM, OXA1L is involved in the insertion and assembly of protein subunits, 

ensuring they're correctly integrated into the membrane (Hell et al., 2001). Its role is not limited 

to the respiratory chain; OXA1L also facilitates the integration of other IM proteins, 
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underscoring its importance in maintaining a functional mitochondrial membrane. IM 

accommodates a vast repertoire of transporters, the SLC25 family of proteins, each with 

specific substrates ranging from nucleotides to amino acids (Palmieri, 2013). Finally, IM 

contains infoldings termed as cristae, which increases the surface area of the IM to house 

large multimeric protein complexes, mainly the ETC complex. 

3.4.3. Cristae: An architectural marvel of mitochondria 
Cristae are the infoldings of the inner mitochondrial membrane (IM), protruding into the matrix. 

These structures significantly increase the surface area of the IM, offering more space for the 

protein complexes of the ETC and ATP synthase, thus enhancing ATP production capacity 

(Cogliati et al., 2016). The ETC complexes and ATP synthase predominantly localize in the 

cristae membranes. This arrangement enhances the efficiency of OXPHOS. By increasing the 

surface area of the IM, cristae provide more space for these complexes, thereby maximizing 

the potential for ATP generation (Mannella, 2006). Cristae are not isolated structures; they are 

connected to the IM via narrow openings called CJs. These junctions are more than mere 

architectural features; they serve as barriers, restricting the diffusion of lipids and proteins 

between the cristae and the rest of the IM (Frey & Mannella, 2000). The presence of these 

junctions indicates a high level of compartmentalization within the mitochondria, which may 

have profound functional implications, particularly in the regulation of apoptosis (Scorrano et 

al., 2002). CJs are the narrow openings, typically measuring 12-40 nm, that connect the cristae 

membrane to the main body of the IM (Mannella et al., 1994). 

The biogenesis and dynamics of cristae and CJs are driven by a coordinated play of several 

protein complexes and individual proteins. One of the most vital proteins being OPA1, a 

dynamin-related GTPase. Positioned in the IM, OPA1 is involved in controlling the shape and 

size of cristae. It has been shown that OPA1 promotes the fusion of the IM and assisted by 

MFN1 triggers mitochondrial fusion (Cipolat et al., 2004). Additionally, OPA1 has a direct hand 

in maintaining the integrity of CJs. Under conditions of cellular stress, a loss of OPA1 function 

can lead to the widening of CJs and cristae remodeling, impacting mitochondrial function 

(Frezza et al., 2006). Together with OPA1, the 'Mitochondrial contact site and crista organizing 

system' (MICOS) plays a pivotal role as part of the essential protein complexes that ensure 

the stability and maintenance of CJs, thus preserving the structural integrity of cristae (Khosravi 

& Harner, 2020; Kondadi et al., 2020; Kozjak-Pavlovic, 2017; Mukherjee et al., 2021; Stephan 

et al., 2020). Beyond OPA1 and MICOS, several other proteins also contribute to the dynamic 

nature of cristae and their junctions. For instance, the ATP synthase, when oligomerized, 

induces a curvature in the IM that favors cristae formation (R. S. Strauss, 2000). The 

combination of lipid dynamics, notably the role of cardiolipin, and protein-induced membrane 

curvature drives the morphogenesis and maintenance of the distinctive cristae morphology 

(Eydt et al., 2017; Khosravi & Harner, 2020; Stephan et al., 2020). 
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Figure 3: Illustration of mitochondrial ultrastructure depicting mitochondrial sub-compartments and 

mitochondrial DNA 

3.5. Proteins shaping IM 
The inner mitochondrial membrane (IMM) is a site of critical cellular processes, including ATP 

synthesis, regulation of metabolic pathways, and apoptosis. The IM is distinguished by its high 

protein-to-lipid ratio and unique cristae structures, which increase the surface area for 

metabolic processes. Proteins within the IM are involved in various functions, including 

OXPHOS, ion transport, and protein import. 

3.5.1. MICOS complex: the sentinel of crista junctions 
The MICOS complex in mammals are composed of seven core subunits: MIC10, MIC13, 

MIC19, MIC25, MIC26, MIC27, and MIC60, with their naming reflective of their molecular 

weight (Pfanner et al., 2014). These subunits function collaboratively, alongside other 

interacting proteins, to maintain and modulate the structure and dynamic nature of of cristae 

junction (Hu et al., 2020). Essential to IM structure, the MICOS complex, particularly through 

its critical subunits MIC60 and MIC10, is vital for cristae junction integrity, with their absence 

leading to loss of CJs (Alkhaja et al., 2012; John et al., 2005). The MIC10 subcomplex primarily 

includes MIC13, MIC26, and MIC27. MIC10 is an 8.8 kDa protein within the IM, featuring two 
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transmembrane α-helices. In yeast, the Glycine-rich motif within Mic10 aids in its 

oligomerization at CJs, albeit not essential for interaction with other MICOS proteins, thereby 

contributing to IM folding and cristae junction formation (Bohnert et al., 2015; Milenkovic & 

Larsson, 2015). Recent discoveries have shed light on MIC13's role as a crucial link in 

maintaining CJs by connecting MICOS subcomplexes (MIC60 and MIC10 subcomplex), where 

its depletion leads to the disappearance of CJs and induces atypical crista structures (Anand 

et al., 2016; Guarani et al., 2015). In Drosophila, MIC13 is further recognized for its extensive 

involvement in mitochondrial dynamics, such as fission/fusion equilibrium, mitophagy, and 

membrane potential regulation, underscoring its importance in mitochondrial structure and 

overall cellular balance (Wang et al., 2020). 

The apolipoprotein MIC26 (APOO) was previously thought to be present in two forms: a 22 

kDa non-glycosylated mitochondrial form, a 55 kDa glycosylated secretory form associated 

with the ER/Golgi network (Koob et al., 2015; Lamant et al., 2006). Recent study with extensive 

biochemical assays and mass-spectrometry confirmed MIC26 to exist as a bona fide subunit 

of MICOS complex existing only as one form which resides only in the mitochondria (Lubeck, 

Derkum, et al., 2023). Similarly, Mic27 (APOOL) is located in the IM and forms a subcomplex 

with Mic10, crucial for mitochondrial architecture (Weber et al., 2013). While Mic10 is capable 

of oligomerization independent of Mic27 in yeast, Mic27 is necessary for stabilizing these 

structures (Zerbes et al., 2016). Additionally, Mic27 has been implicated in the assembly of 

higher oligomers of the F1FO ATP synthase complex in yeast, an interaction that awaits 

clarification in mammalian systems (Eydt et al., 2017). Both MIC26 and MIC27 are pivotal for 

the oligomeric state and assembly of MIC10's subcomplex (Rampelt et al., 2018). Double 

knockout cell studies indicate that MIC26 and MIC27 have redundant functions, and their 

expression is interdependently regulated, with both being crucial for maintaining respiratory 

chain complexes and CJs. Cardiolipins, dimeric anionic phospholipids in the IM, are essential 

for structural membrane integrity. Disruption of MIC26/27 levels affects cardiolipin content but 

can be remedied by overexpression of the Cardiolipin Synthase gene, implicating these 

apolipoproteins in cardiolipin biosynthesis (Anand et al., 2020). 

The MIC60 subcomplex is constituted by proteins with two homologous coiled-coil helix-coiled 

domains, MIC19 (CHCHD3) and MIC25 (CHCHD6) with high sequence similarities but distinct 

functions (Tang et al., 2020). MIC60 is found abundantly in mitochondria and exists in 88 kDa 

and 90 kDa isoforms (Gieffers et al., 1997). MIC60 loss disrupts cristae junction formation, 

leading to concentric ring-like cristae (John et al., 2005), and impacts the stability of various 

mitochondrial proteins (Ding et al., 2015; Li et al., 2016; Ott et al., 2015). MIC19 is integral to 

cristae junction maintenance, connecting directly with MIC60 and other structural proteins such 

as OPA1 and SAM50, thus linking to the OM (Darshi et al., 2011). MIC19 is unique among 

MICOS proteins, existing in different redox states, which influences its regulatory role on the 
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complex's functionality, as evidenced in both yeast and mammalian systems (Sakowska et al., 

2015). Mic25, akin to Mic19, is a core MICOS component, engaging with Mic60 and forming a 

subcomplex with Mic19. Though its depletion does not prevent crista formation, it results in a 

decreased number of CJs and elongated mitochondrial morphology (Ott et al., 2015). 

Moreover, the MICOS complex subunits, MIC19 together with MIC60 is associated with the 

Sorting and Assembly Machinery 50 (SAM50) along with Metaxins (MTX1, MTX2, MTX3) 

complex that integrates β-barrel proteins into the OM and forms the mitochondrial 

intermembrane space bridge (MIB) complex. Disruption of the MIB complex affects the 

assembly of the OXPHOS system (Ott et al., 2012). The assembly of both MIB and MICOS 

complexes is coordinated during mitochondrial biogenesis, which means that defects in one 

complex can lead to secondary defects in the other, highlighting the importance of their 

interdependence (Zerbes et al., 2012).  

 
Figure 4: Classical model of MICOS assembly. MICOS, divided into MIC60 and MIC10 subcomplex, is 

the primary protein complex responsible for formation and maintenance of cristae and CJs. Together 

with SAM50, it forms the contact between IM and OM termed as the MIB complex 

3.5.2. Regulation of IM by OPA1 and F1FO ATP Synthase 
The IM is a site of critical biochemical processes, including oxidative phosphorylation, and its 

intricate architecture, characterized by numerous invaginations called cristae, is essential for 

mitochondrial function. Two key proteins, OPA1 and ATP synthase dimers, play pivotal roles 
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in the formation and maintenance of these cristae structures, highlighting their significance in 

the overall mitochondrial architecture and function. 

OPA1 is a pivotal GTPase protein that resides in the IM, playing a critical role in the regulation 

of mitochondrial dynamics, specifically in the maintenance of cristae structures and 

mitochondrial fusion. The intricate architecture of the IM, characterized by the presence of 

cristae, is essential for mitochondrial function, as it houses the ETC involved in oxidative 

phosphorylation. OPA1 is integral to maintaining this architecture, ensuring optimal 

mitochondrial efficiency and health. OPA1's involvement in cristae remodeling is crucial for 

maintaining the structural integrity of mitochondria. It orchestrates the shaping of cristae, which 

are vital for the proper organization and function of the ETC complexes. The regulation of 

cristae structure by OPA1 is essential for mitochondrial respiratory efficiency, as it influences 

the assembly of respiratory chain supercomplexes and the optimal functioning of ATP 

synthase (Cogliati et al., 2013; Frezza et al., 2006). Moreover, OPA1 mediates mitochondrial 

fusion, a process that is fundamental for mitochondrial quality control, enabling the mixing of 

mitochondrial contents and the dilution of damaged components. OPA1 also plays a significant 

role in regulating the release of cytochrome c from the intermembrane space into the cytosol, 

a critical step in the intrinsic apoptotic pathway. The tight control over cristae morphology by 

OPA1 ensures that cytochrome c release is precisely regulated, preventing unintended 

apoptosis under physiological conditions (Frezza et al., 2006; Olichon et al., 2003). This 

function highlights the importance of OPA1 not only in mitochondrial dynamics and 

bioenergetics but also in cell survival and death decisions. Dysfunction in OPA1 has been 

directly linked to a spectrum of mitochondrial disorders, most notably autosomal dominant optic 

atrophy, illustrating the critical role of OPA1 in neuronal health and mitochondrial integrity. The 

connection between OPA1 mutations and mitochondrial dysfunctions underscores the 

protein's importance in cellular energy metabolism and the potential for targeted therapeutic 

interventions (Alexander et al., 2000; Del Dotto et al., 2018). 

ATP synthase is a fundamental enzyme complex in the IM that plays a crucial role in cellular 

energy production through the synthesis of ATP from ADP and inorganic phosphate. Beyond 

its bioenergetic function, ATP synthase has a structural role in shaping the mitochondrial 

cristae, where its organization into dimers and higher-order oligomers is essential for the 

maintenance of mitochondrial architecture and function. The dimerization of ATP synthase is 

key to the formation of the highly curved edges of cristae. This process is crucial for defining 

the characteristic invaginations of the inner mitochondrial membrane, which are vital for 

optimal mitochondrial function. The curvature induced by ATP synthase dimers facilitates the 

segregation of proteins involved in oxidative phosphorylation and optimizes the efficiency of 

ATP production. Studies have shown that the dimerization and subsequent oligomerization of 

ATP synthase are mediated by specific subunits within the complex, highlighting the intricate 
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regulation of its structural functions (Davies et al., 2011; M. Strauss et al., 2008). The 

organization of ATP synthase into dimers and oligomers on the cristae membranes is not just 

a structural feature; it also plays a pivotal role in enhancing the efficiency of mitochondrial 

respiration. By optimizing the arrangement of respiratory chain complexes and ATP synthase 

within the cristae, mitochondria can maximize ATP production in response to cellular energy 

demands. This efficient organization is crucial for the proper functioning of the electron 

transport chain and for minimizing reactive oxygen species (ROS) production, thereby 

protecting cells from oxidative stress (Cogliati et al., 2013; Frezza et al., 2006). Alterations in 

ATP synthase dimerization and oligomerization can lead to significant changes in cristae 

morphology, affecting mitochondrial respiration and energy production. Such dysregulation is 

implicated in a range of mitochondrial disorders and has been linked to neurodegenerative 

diseases, highlighting the importance of ATP synthase in mitochondrial health and disease 

(Cogliati et al., 2016; Davies et al., 2011). 

3.6. SLP2: A Mitochondrial Scaffold 
Mitochondrial scaffolding proteins are essential for maintaining the structure and function of 

mitochondria. They participate in organizing the mitochondrial IM, regulating mitochondrial 

dynamics, and influencing bioenergetics and signaling pathways. The SPFH superfamily, 

encompassing stomatin, prohibitin, flotillin, and HflC/K proteins, consists of scaffold proteins 

known for forming ring-like configurations. These structures play a crucial role in determining 

the specific composition of proteins and lipids in various cellular membranes. Stomatin-Like 

Protein 2 (SLP2) is a member of this family characterized by the presence of a stomatin 

domain. It is predominantly localized in the mitochondrial IM and plays a significant role in 

various mitochondrial functions. SLP2 lacks a transmembrane domain and resides in the IM 

though an unknown mechanism (Lapatsina et al., 2012). SLP2 is implicated in mitochondrial 

quality control by promoting stress induced mitochondrial hyperfusion (SIMH) via interaction 

with MFN1 and regulation of OMA1 mediated OPA1 processing (Tondera et al., 2009; Wai et 

al., 2016). SLP2 is involved in stabilizing specific mitochondrial proteins, particularly the 

subunits of complexes I and IV in the respiratory chain (Da Cruz et al., 2008). Its deficiency in 

T cells has been linked to increased uncoupled mitochondrial respiration, diminished formation 

of supercomplexes, reduced mitochondrial membrane potential, and a mild defect in 

mitochondrial translation (Mitsopoulos et al., 2017). Within the IM, SLP2 forms a large complex 

of approximately 2 megadaltons, known as the ‘SPY complex’, in conjunction with the i-AAA 

protease YME1L and the presenilin-associated rhomboid-like protease PARL. SLP2, as part 

of the SPY complex, has been shown to aid in the PARL-mediated cleavage of PTEN-induced 

putative kinase protein 1 (PINK1) and to play a role in inhibiting the processing of 

phosphoglycerate mutase family member 5 (PGAM5) by PARL under stress conditions (Wai 

et al., 2016). SLP2 is a multifaceted protein that plays a vital role in maintaining mitochondrial 
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integrity and function. Its interactions with various mitochondrial proteins and involvement in 

key mitochondrial processes like dynamics, bioenergetics, and apoptosis make it a significant 

factor in cellular health, although the specific role of SLP2 in shaping cristae architecture is yet 

to be elucidated. 

3.7. Mitochondrial Proteases: Guardians of Quality Control in Association 
with SLP2 

Mitochondrial proteases play vital roles in the maintenance of mitochondrial function and 

integrity. These specialized enzymes are involved in various aspects of mitochondrial 

homeostasis, including protein quality control, mitochondrial dynamics, and apoptosis. OMA1, 

a zinc metallopeptidase located in the inner mitochondrial membrane, is integral to 

mitochondrial homeostasis and dynamics through its role in processing OPA1. The activity of 

OMA1 is tightly regulated and particularly upregulated upon mitochondrial stress, leading to 

the cleavage of the GTPase, OPA1. The proteolytic processing of OPA1 by OMA1 serves as 

a critical regulatory switch in mitochondrial dynamics, particularly in response to changes in 

mitochondrial membrane potential and stress signals. When mitochondria are depolarized, 

OMA1 becomes activated and cleaves the long isoforms of OPA1, leading to a shift in the 

balance of OPA1 isoforms towards the shorter forms, which are associated with mitochondrial 

fission or impaired fusion and the release of cytochrome c, a pro-apoptotic factor (Duvezin-

Caubet et al., 2006; Ehses et al., 2009; Head et al., 2009). This mechanism underscores the 

role of OPA1 and OMA1 in mitochondrial quality control, as it can trigger the removal of 

dysfunctional mitochondria through mitophagy, thereby preventing the accumulation of 

damaged components that could otherwise contribute to cellular aging and disease 

pathogenesis (Baker et al., 2014; Griparic et al., 2007). The precise regulation of OPA1 by 

OMA1 highlights the intricate control of mitochondrial architecture and its importance in cellular 

resilience and metabolic adaptation. Beyond its interaction with OPA1, OMA1 is functionally 

linked to the MICOS complex, contributing to the maintenance of connectivity between 

mitochondrial membranes. Utilizing a synthetic construct, comprising the N-terminal region of 

the IM protein SCO1 fused to the transmembrane domain of the OM protein TOMM20, a mitoT 

chimera was engineered to emulate MICOS-MIB function. Depletion of OMA1 disrupted the 

assembly of MIC60 and MIC19 within the MICOS complex, yet reintroduction of the mitoT 

chimera into OMA1-null cells reinstated normal MICOS protein levels and assembly. This 

suggests a proteolytic degradation of MICOS subunits in absence of OMA1, which can be 

rescued upon restoring the link between IM and OM with mitoT. This observation underscores 

the need for a comprehensive mechanistic exploration to delineate the exact role of OMA1 in 

facilitating the intermembrane linkage mediated by the MICOS complex (Viana et al., 2021). 

Central to the maintenance of mitochondrial dynamics is YME1L, a protease embedded in the 

IM and a member of the AAA (ATPases Associated with diverse cellular Activities) protease 

family. YME1L is involved in the regulation of mitochondrial dynamics, balancing the processes 
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of mitochondrial fusion and fission. It processes the dynamin-like GTPase OPA1, which exists 

in long and short forms. The long forms promote mitochondrial fusion, while the short forms 

are associated with mitochondrial fission. The proteolytic activity of YME1L on OPA1, 

therefore, has direct consequences on mitochondrial shape and function (Anand et al., 2014). 

Misfolded proteins within respiratory chain complexes can disrupt the ETC, leading to a 

decrease in energy production and an increase in the production of harmful reactive oxygen 

species. The absence of YME1L protease activity results in the buildup of unprocessed 

proteins in the mitochondrial respiratory chain, underlining the enzyme's critical function in 

maintaining mitochondrial protein homeostasis. Restoring active YME1L can reverse these 

effects, emphasizing its importance for cellular health and mitochondrial structure (Stiburek et 

al., 2012). YME1L is essential for the metabolic flexibility of mitochondria, a feature crucial for 

cell survival and adaptation under changing environmental conditions. Under hypoxic 

conditions, YME1L plays a critical role in adapting mitochondrial function to the altered 

metabolic demands. Its proteolytic activity increases, reshaping the mitochondrial proteome to 

support cell survival and proliferation. This increase in proteolysis is regulated by hypoxia-

inducible factor 1α (HIF1α), which, although not directly altering YME1L transcription, 

influences its activity through the inhibition of the mTORC1 kinase complex. The inhibition of 

mTORC1 affects lipid signaling pathways within the mitochondria, particularly impacting 

phosphatidylethanolamine (PE) levels in the IM, which in turn modulates YME1L's proteolytic 

function. This regulation allows YME1L to adapt mitochondrial protein and lipid homeostasis 

in response to hypoxic stress, ensuring efficient mitochondrial and cellular function under low 

oxygen conditions (MacVicar et al., 2019). YME1L's proteolytic activity targets a wide array of 

proteins within the IM and intermembrane space. This includes over 40 different proteins, many 

of which are involved in vital mitochondrial functions. Key among these are lipid transfer 

proteins like STARD7, PRELID1, and PRELID3B, as well as components of the protein import 

machinery, such as subunits of the TIM23 and TIM22 complexes. By degrading these proteins, 

YME1L regulates crucial aspects of mitochondrial function, including phospholipid biogenesis 

and the import of newly synthesized mitochondrial proteins (Potting et al., 2013; Rainbolt et 

al., 2013; Richter et al., 2019; Saita et al., 2018). YME1L is part of the SPY complex, a 

proteolytic hub within the IM that includes PARL and SLP2 (Wai et al., 2016). Although the 

substrates specific to SLP2 mediated YME1L regulation are yet to be identified. 

Another crucial component of SPY complex, PARL is involved exclusively in mitochondrial 

quality control.  The primary substrate of PARL is PINK1 (PTEN-induced putative kinase 1), a 

sensor of mitochondrial health. PARL cleaves PINK1 in healthy mitochondria, and this process 

is vital for sensing mitochondrial integrity (Deas et al., 2011). In damaged mitochondria, PINK1 

accumulation in OM triggers Parkin recruitment and subsequent mitophagy (Pickles et al., 

2018). PGAM5 (Phosphoglycerate mutase family member 5), another substrate of PARL, is 



 
 

18 

implicated in apoptosis and necroptosis pathways, with PARL-mediated cleavage of PGAM5 

triggers a pro-apoptotic signal (Lu et al., 2014; Siebert et al., 2022). SLP2, within the SPY 

complex, influences the activity of PARL, affecting its processing of substrates like PGAM5 

and PINK1 differentially. Association of SLP2 with PARL promotes cleavage of PINK1 while 

the knockout of SLP2 leads to accelerated processing of PGAM5 by PARL, suggesting that 

SLP2 may modulate PARL-mediated proteolysis in a substrate-specific manner (Wai et al., 

2016).  The functions of mitochondrial proteases OMA1, YME1L, and PARL, especially within 

the context of the SPY complex, underscore their significance in mitochondrial quality control. 

Their interactions, particularly with SLP2, demonstrate a complex regulation essential for 

maintaining mitochondrial integrity and responding to environmental changes. These 

proteases, through their intricate roles and regulation within the SPY complex, are fundamental 

to cellular resilience, health, and longevity. 

3.8. Mitochondrial ultrastructure: Decoding links to human diseases 
Mitochondrial dysfunction is a hallmark of a group of conditions known as mitochondrial 

diseases, which arise from mutations either in mtDNA or nuclear genes that encode 

mitochondrial components (Schon & Przedborski, 2011). These mutations often lead to 

structural abnormalities in mitochondria, manifesting in diseases due to aberration in 

mitochondrial functions. Mitochondrial dysfunction has been well correlated with several 

metabolic, neurological, and inherited disorders, malignant transformations, and obstetric 

complications (Chakrabarty et al., 2018; Naha et al., 2020; Russell et al., 2020). Mitochondrial 

ultrastructural defects, characterized by alterations in cristae morphology and mitochondrial 

membrane integrity, are implicated in a wide range of diseases, from neurodegenerative 

disorders to metabolic and aging-related conditions. These defects often result from mutations 

or dysfunctions in critical mitochondrial proteins, leading to a cascade of cellular malfunctions. 

In the realm of neurodegenerative diseases, Parkinson’s Disease (PD) serves as a prime 

example where mitochondrial dysfunction is central to its pathogenesis. The protein MIC60, 

integral to MICOS complex, is crucial in shaping cristae and maintaining mitochondrial 

integrity. In PD, mutations in MIC60, such as the c.G50T, disrupt its function, leading to a loss 

of CJs and the formation of onion-like cristae. This structural disarray in mitochondria 

contributes significantly to neuronal cell death and the overall progression of PD. Further 

complicating this scenario is the phosphorylation of MIC60 mediated by PINK1, which is 

essential for the assembly of the MICOS complex. Dysfunctions in this process, often arising 

from mutations in PINK1, culminate in impaired mitochondrial dynamics, a hallmark of PD. 

However, an overexpression of Mic60 had a protective effect on PD fly model with PINK1 

knockout by improving crista architecture among other beneficial effect such as improving 

complex-I activity, behavioral defects and increasing ATP levels and, which are commonly 

compromised in PD (Tsai et al., 2018). Recent studies have linked mutations at positions 
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R145Q and Q126X in the CHCHD2 protein, which contains a coiled-coil helix domain, with PD. 

Advanced super-resolution microscopy (STED) revealed the presence of CHCHD2 in physical 

proximity with the MICOS complex. The proteins with these specific mutations exhibited 

diminished MICOS levels, leading to reduced crista formation and the development of hollow 

mitochondria. Moreover, the interaction between CHCHD2 and another protein with a similar 

structure, CHCHD10, was notably decreased at the CJs. This decrease contributed to an 

overall reduction in the interaction of both CHCHD proteins with the MICOS complex (Zhou et 

al., 2019). Optic Atrophy demonstrates the critical balance between mitochondrial dynamics 

and cellular health. Mutations in the OPA1 gene, responsible for inner mitochondrial 

membrane fusion and cristae remodeling, lead to dysregulated mitochondrial dynamics, 

contributing to neurodegenerative diseases (Kazamel et al., 2014; Votruba et al., 1998). 

Beyond optic atrophy, mutations in OPA1 are also associated with various neurological and 

neurodegenerative conditions, including spastic paraparesis, cerebellar ataxia, and Tourette 

syndrome, among others (Kazamel et al., 2014; Kitao et al., 2019; Nasca et al., 2017; Spiegel 

et al., 2016; van de Warrenburg et al., 2016; Willsey et al., 2017). Furthermore, the Solute 

Carrier Family 25 Member 46 (SLC25A46) protein, which interacts with MIC60, plays a vital 

role in maintaining the structural integrity of the IM (Janer et al., 2016). Mutations in SLC25A46 

are linked to optic atrophy and related disorders, exhibiting symptoms like cerebellar atrophy 

and muscle wasting. Research on zebrafish mutants has shown that loss of function in 

SLC25A46 leads to increased mitochondrial connectivity and significant impacts on neuronal 

development and maintenance (Abrams et al., 2015). SLC25A46's engagement with 

mitochondrial dynamics is underscored by its proximity to pivotal fusion and fission proteins 

such as MFN1, MFN2, and OPA1, along with the MICOS complex member MIC19, 

emphasizing its crucial role in modulating mitochondrial morphology. Positioned at 

mitochondrial branch points, SLC25A46 is integral to the orchestration of mitochondrial 

architecture changes. Its impact on the oligomerization states of OPA1 and MFN2 further 

highlights its significant influence on the structural integrity of mitochondria (Schuettpelz et al., 

2023). Leigh syndrome (LS) is an early-onset neurodegenerative disorder characterized by 

lesions in the central nervous system. It's linked to mutations in SLC25A46, leading to reduced 

expression of Mic19 and Mic60 in fibroblasts, causing changes in mitochondrial crista 

morphology and function (Janer et al., 2016). Additionally, LS is associated with mutations in 

USMG5, affecting ATP synthase dimerization and resulting in cristae structure alterations, 

which can disrupt the MICOS complex and CJs, potentially leading to neurodegeneration 

(Rampelt & van der Laan, 2017; Siegmund et al., 2018). 

Cardiolipins, located near the ETC, are prone to peroxidation, disrupting their function and 

leading to the accumulation of oxidized cardiolipins in the OM. This accumulation can trigger 

apoptotic pathways and release cytochrome c into the cytosol (Paradies et al., 2009; Schug & 
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Gottlieb, 2009). Oxidation and alteration of cardiolipins adversely affect mitochondrial 

functions, including OXPHOS and crista dynamics (Pfeiffer et al., 2003; Xu et al., 2005), with 

the binding of the pro-apoptotic protein Bid to cardiolipin inducing crista remodeling and 

mitochondrial dysfunction (Kim et al., 2004). Tafazzin (TAZ), a phospholipid–lysophospholipid 

transacylase, is crucial for cardiolipin remodeling. TAZ deficiency leads to altered cardiolipin 

content and species composition, impacting neuronal functions and brain mitochondrial 

respiration (Cole et al., 2018). Mutations in the TAZ gene, associated with cardiolipin 

alterations, are implicated in Barth Syndrome and affect the assembly of the MICOS complex 

and respiratory chain supercomplexes (Desmurs et al., 2015; Garlid et al., 2020; Van Strien et 

al., 2019). In a Parkinson's Disease (PD) mouse model, a reduction in cardiolipin levels was 

observed, suggesting a selective impairment in cardiolipin biosynthesis pathway (Ellis et al., 

2005). The role of cardiolipins in maintaining crista dynamics and mitochondrial functions, 

therefore, is crucial in neuronal health, with alterations potentially leading to mitochondrial 

dysfunction and apoptosis. Further research is needed to understand the impact of cardiolipins 

on crista dynamics in neurodegenerative disorders. 

MIC26, an apolipoprotein and part of the MICOS complex, plays a critical role in the formation 

and maintenance of CJs. Its mutation, specifically an X-linked recessive substitution from 

isoleucine to threonine at amino acid position 117, has been linked to mitochondrial myopathy, 

lactic acidosis, and cognitive impairments including autistic features. This mutation disrupts 

MIC26 function, impairing its integration into the IM and consequently altering MICOS complex 

assembly, leading to cristae junction disruption and the associated phenotype. Additionally, 

MIC26, along with MIC27, regulates the levels of cardiolipins, crucial for the integrity of 

respiratory chain supercomplexes. Depletion of MIC26 is associated with increased 

mitochondrial fragmentation, highlighting its role in mitochondrial structure and function 

maintenance (Anand et al., 2020; Benincá et al., 2020; Ott et al., 2015; Peifer-Weiß et al., 

2023). Apart from MIC26, mutations in CHCHD10, specifically double substitutions at G58R 

and R15S, are implicated in mitochondrial myopathy and lead to mitochondrial fragmentation 

(Ajroud-Driss et al., 2015). Research using a double knockout mouse model reveals a close 

relationship between CHCHD2 and CHCHD10, with knockout leading to increased cleavage 

of L-OPA1, which disrupts crista structure (Liu et al., 2020). CHCHD10 mutations are also 

associated with defects in mtDNA repair after oxidative damage, potentially causing deleted 

mtDNA, loss of CJs, and nucleoid defects. These mutations contribute to the development of 

various neurological disorders, including Charcot–Marie–Tooth disease type 2 and 

frontotemporal dementia-amyotrophic lateral sclerosis (Bannwarth et al., 2014; Genin et al., 

2016).  

MIC13 being an integral component of MICOS complex plays pivotal role in maintaining cristae 

ultrastructure. Mic13 has been extensively implicated in facilitating interconnections between 
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two MICOS subcomplexes. Experimental evidence demonstrates that loss of Mic13 

predominantly compromises the stability of the MIC10 subcomplex, while exerting a 

comparatively minimal effect on the MIC60 subcomplex (Anand et al., 2016; Guarani et al., 

2015; Urbach et al., 2021). Pathogenic mutations in the Mic13 gene have been correlated with 

the onset of hepato-encephalopathy in clinical cases (Gödiker et al., 2018; Guarani et al., 2015; 

Zeharia et al., 2016). The phenotypic manifestations postnatally encompass a spectrum of 

metabolic and neurological disorders including hypoglycemia, lactic acidosis, hypothermia, 

and hepatic dysfunction. Progression of the pathology is marked by the emergence of 

microcephaly by four months of age, followed by a gradual neurological decline and mild 

hepatic anomalies, culminating in profound neurodegenerative outcomes and mortality prior to 

the age of three years (Guarani et al., 2015). Additional clinical observations in a patient with 

MIC13 mutations included intrauterine growth retardation, microcephaly manifesting at ten 

months, bilateral optic atrophy, and cerebellar and vermis hypoplasia, accompanied by 

compromised hepatic function (Zeharia et al., 2016). Molecular characterization of these 

mutations revealed substantial impairments in the assembly of the MICOS complex, 

characterized by a reduced expression of certain subunits such as Mic10 and associated 

depletion of mtDNA (Kishita et al., 2020). Functional assays conducted on Mic13 in Drosophila 

models have delineated its pivotal role in maintaining mitochondrial architecture and function. 

The absence of Mic13 in flies resulted in the loss of CJs, alterations in mitochondrial 

morphology, diminished mitochondrial membrane potential, an imbalance in mitochondrial 

dynamics, and an upregulation of mitophagy, ultimately leading to mitochondrial-dependent 

muscular dysfunction as evidenced by impaired climbing capabilities, indicative of 

mitochondrial myopathy (Wang et al., 2020). Loss of MIC13 exerts a detrimental effect 

because of substantial reduction in cristae and CJs, although the detailed mechanistic 

functions remain to be elucidated. 

 
 

Figure 5: Mutations in MIC13 results in reduction of MIC10 subcomplex with associated loss in CJs and 

substantial reduction in cristae number. 
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4 Aim of the project 
MIC13, as a pivotal component of the MICOS complex, plays a central role in maintaining 

mitochondrial integrity and function. Mutations in MIC13 has been previously associated with 

severe metabolic disorders and neurodegeneration, mitochondrial hepato-encephalopathy.  

By dissecting MIC13's interactions within the mitochondria and elucidating its role in 

maintaining mitochondrial integrity, this project aims to advance our understanding of 

fundamental cellular processes. The ultimate goal is to uncover primary molecular mechanism 

behind MIC13-dependent loss in CJs furthering our understanding towards MICOS assembly 

and extrapolate the mechanisms towards potential therapeutic targets and strategies for 

intervention of mitochondrial hepato-encephalopathy. Therefore, this study would address the 

key objectives towards deciphering the code to cristae morphogenesis: 

1. Characterize role of MIC13 in MICOS complex: This aims to elucidate the functional 

significance of MIC13 within the MICOS complex. We hope to understand how MIC13 

contributes to the stability and organization of key MICOS subunits and how its absence 

affects mitochondrial cristae morphology. We will explore how MIC13 may stabilize the 

MIC10 subcomplex, therefore addressing the primary function of MIC13. 

2. Explore the MIC13-SLP2 interaction: Building on our preliminary MIC13 interactome 

analysis, which identified SLP2 as a top interactor, we aim to investigate the functional 

implications of the MIC13-SLP2 interaction. This study aims to determine how SLP2 

influences CJs and whether it plays a role in modulating MIC13's functions within the 

MICOS complex. 

3. Define the impact on MICOS assembly and mitochondrial ultrastructure: The 

project aims to investigate the consequences of MIC13 deficiency on mitochondrial 

ultrastructure, with a focus on cristae morphology. This includes assessing how the 

MIC13-SLP2 interaction influences the organization and stability of the MIC10 

subcomplex and the MIC60 subcomplex. 

4. Develop a comprehensive model of MICOS assembly and cristae 
morphogenesis: The final aim is to integrate the findings into a comprehensive model 

that explains the intricate interactions and functions of MIC13 and SLP2 within the 

MICOS complex. This model will provide insights into the regulatory mechanisms 

governing mitochondrial architecture and contribute to our understanding of 

mitochondrial diseases and potential therapeutic interventions.
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5 Results 
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5.1. Conserved GxxxG and WN motifs of MIC13 are essential for bridging 
two MICOS subcomplexes 
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5.2. Mitochondrial Apolipoprotein MIC26 is a metabolic rheostat regulating 
central cellular fuel pathways  
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5.3. MIC13 and SLP2 seed the assembly of MIC60-subcomplex to facilitate 

crista junction formation 
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Abstract 
The MICOS complex, comprising two subcomplexes, is essential for mitochondrial cristae 

organization, with MIC13 as a crucial subunit. MIC13 mutations cause severe mitochondrial 

hepato-encephalopathy with cristae defects and MIC10-subcomplex loss. Our study identifies 

stomatin-like protein 2 (SLP2) as a MIC13 interaction partner, crucial for modulating MICOS 

assembly and cristae morphology. SLP2 provides a large interaction hub for MICOS subunits, 

and its loss significantly alters cristae morphology. Deleting both SLP2 and MIC13 reduces 

MIC60 assembly, a core subunit, disrupting MIC60-specific punctae pattern and highlighting 

the importance of SLP2-MIC13 interplay in MICOS assembly and cristae formation. 

Importantly, we elucidated the specific role of MIC13 in stabilizing the MIC10-subcomplex. 

Additionally, mitochondrial i-AAA protease YME1L in coordination either with MIC13 or SLP2 

differentially regulates MICOS assembly pathways thereby interlinking MIC13-specific or 

scaffolding-specific role of SLP2 with quality control and MICOS complex assembly. Taken 

together, we propose a ‘‘seeder’’ model for MICOS assembly, where SLP2-MIC10-subcomplex 

the assembly of MIC60 into MICOS complex and promote the formation of CJs by regulating 

the quality and stability of MIC10-subcomplex.   
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Introduction  
Mitochondria, known for their multifaceted roles beyond energy conversion, perform vital 

functions such as calcium signaling, lipid metabolism, ROS production, amino acid 

metabolism, iron-sulfur cluster synthesis, and apoptosis regulation(Monzel et al., 2023). The 

inner membrane (IM) of mitochondria is highly adaptable, shaping itself according to the 

bioenergetic demands of the cell. Cristae are infoldings of the IM that provide the characteristic 

wrinkled shape of IM and offer large surface area for housing electron transport chain (ETC) 

complexes.  In the 1990s, electron tomography techniques illustrated the intricate three-

dimensional (3D) arrangement of the IM and proposed the crista junction model(Perkins et al., 

1997), designating crista junctions (CJs) as small, highly curved openings at the neck of 

individual cristae with a high inward-directed curvature. Due to their minute diameter, CJs were 

proposed to function as diffusion barriers(Mannella et al., 2013; Perkins et al., 1997), 

subdividing mitochondria into distinct subcompartments and thus modulating several 

mitochondrial functions, including lipid transfer and metabolite exchange. Markedly, during 

apoptosis, CJs remodelling facilitates cytochrome c release, initiating the apoptotic 

cascade(Scorrano et al., 2002). Yet, how these intricate structures of cristae and CJs with 

steep membrane curvatures are formed and remodelled remained elusive for decades. 

Several recent findings shed light on this significant yet technically challenging question. The 

‘mitochondrial contact site and cristae organising system’ (MICOS) complex has emerged as 

a crucial orchestrator in cristae and CJs formation(Anand et al., 2021; Kondadi & Reichert, 

2024; Mukherjee et al., 2021; Stephan et al., 2020). Live-cell super-resolution (SR) nanoscopy 

showed that cristae and CJs are highly dynamic and undergo cycles of fusion and fission at a 

timescale of seconds in a MICOS-dependent manner(Kondadi, Anand, et al., 2020).  

The mammalian MICOS complex comprises seven subunits namely MIC10, MIC13, MIC19, 

MIC25, MIC26, MIC27 and MIC60, that form two distinct subcomplexes, each contributing 

uniquely to mitochondrial integrity. The MICOS proteins are distributed into two subcomplexes, 

MIC60-subcomplex (MIC60-MIC19-MIC25) and MIC10-subcomplex (MIC10-MIC13-MIC26-

MIC27). Deletion of individual MICOS subunits results in varying degrees of aberrant cristae 

morphology, often leading to the accumulation of cristae stacks or concentric rings(Kondadi, 

Anand, et al., 2020; Stephan et al., 2020). While MIC60 and MIC10 are core subunits 

harbouring membrane remodelling abilities(Barbot et al., 2015; Bock-Bierbaum et al., 2022; 

Bohnert et al., 2015; Hessenberger et al., 2017; Tarasenko et al., 2017), MIC13 acts as a 

critical bridge, modulating interactions within the complex and impacting cristae 

morphology(Anand et al., 2016; Guarani et al., 2015; Urbach et al., 2021; Zerbes et al., 2012). 

MIC19 and MIC25, belonging to coiled-coil helix coiled-coil helix (CHCH) family proteins, assist 

MIC60 in CJs and contact site formation(An et al., 2012; Sakowska et al., 2015), whereas 

MIC26 and MIC27, belonging to the apolipoprotein family, are essential for maintaining cristae 
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structure and integrity of ETC complexes(Anand et al., 2020). The interaction of the MICOS 

subunits with the outer membrane (OM) localized proteins SAMM50, metaxin1 (MTX1), 

metaxin2 (MTX2) and DNAJC11 leads to formation of the ‘mitochondrial intermembrane space 

bridging’ (MIB) complex  (Huynen et al., 2016; Tang et al., 2020; Xie et al., 2007). MIB 

facilitates the contacts between IM and OM, essential for overall mitochondrial function and 

structural integrity.  

MIC13, a key subunit of the MICOS complex, lacks comprehensive characterization and shows 

no resemblance to other protein families or domains(Urbach et al., 2021). Depletion of MIC13 

affects cristae morphology and causes concomitant total loss of MIC10, MIC26 and partial loss 

of MIC27, making it difficult to delineate the specific roles of these proteins(Anand et al., 2016; 

Guarani et al., 2015). Previously, we have identified two critical motifs within the MIC13, 

namely the ‘GxxxG’ and the ‘WN’ motif, essential for its stability and functionality(Urbach et al., 

2021). Nevertheless, it is an important component of the MICOS complex and mutations in 

MIC13 are associated with a severe form of mitochondrial hepato-encephalopathy in paediatric 

patients, leading to the untimely demise, often within few months to five years(Guarani et al., 

2016; Russell et al., 2019; Zeharia et al., 2016). The patients show a multi-system failure 

affecting the brain, liver, kidney and heart(Godiker et al., 2018; Guarani et al., 2016; Russell 

et al., 2019; Zeharia et al., 2016). Neurological defects include cerebellar and optic atrophy, 

acquired microcephaly and hypotonia, while liver complication frequently leads to acute liver 

failure. Increased plasma levels of lactic acid, methionine, tyrosine and Krebs cycle 

intermediates as well as increased excretion of 3-methylglutaconic acid were reported. In all 

the documented cases, MIC13 levels were not detectable, indicating the complete loss of 

MIC13 in these pathologies.  

While mutations in MICOS subunits, including MIC60, MIC26, and notably MIC13, have been 

associated with severe mitochondrial diseases(Beninca et al., 2021; Guarani et al., 2016; 

Marco-Hernández et al., 2021; Peifer-Weiß et al., 2023; Russell et al., 2019; Tsai et al., 2018; 

Zeharia et al., 2016), a comprehensive understanding of the underlying pathobiology, 

particularly for non-ETC genes, remains limited. These mitochondrial diseases, a subset of 

rare metabolic errors affecting 1.6 in 5000 individuals, lack effective treatments (Stenton & 

Prokisch, 2020). In this study, we aim to unravel the molecular role of MIC13 in cristae and 

CJs formation within the MICOS complex, which offer fresh insights into severe mitochondrial 

disorders for potential therapeutic methods. 

We aimed to decipher the role of MIC13 by mapping its interactome. Employing mass-

spectrometry (MS) coupled with co-immunoprecipitation (co-ip) of MIC13, we identified 

Stomatin-like protein 2 (SLP2) as a highly enriched protein within the MIC13 interactome. 

Particularly, no prior studies had linked SLP2 to MICOS regulation or cristae morphogenesis. 

Our findings firmly establish SLP2 as a novel cristae modulator, revealing its multifaceted 
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involvement in governing MICOS assembly and cristae formation.  SLP2 acts as a scaffold, 

forming a large interaction hub encompassing all known MICOS subunits. Depletion of SLP2 

severely influences the cristae morphology. SLP2 was crucial for preserving the stability of 

MIC26 by regulating YME1L-mediated MIC26 proteolysis. Additionally, SLP2 plays a distinct 

and essential role in modulating the assembly kinetics of MIC60 upon re-introduction of MIC13, 

a core MICOS subunit, independent to its regulatory role in MIC26 via the SLP2-YME1L 

complex. The simultaneous depletion of MIC13 and SLP2 accentuates deficiencies in MIC60 

assembly, emphasizing their collaborative roles in controlling assembly kinetics and formation 

of MIC60 punctae. Next to novel roles of SLP2, our study elucidates MIC13-specific 

contributions to MICOS assembly and cristae morphogenesis, pivotal for understanding the 

MIC13-associated pathophysiology. We propose a '‘seeder’ model' of MICOS assembly, 

where SLP2, along with assembled MIC10-subcomplex (‘‘seeder’’ complex), facilitates the 

efficient incorporation or ‘seeding’ of MIC60 into the MICOS-MIB complex, highlighting the 

interdependence between two MICOS subcomplexes during MICOS assembly. This process 

ensures mitochondrial integrity and the establishment of CJs and contacts between IM and 

OM.   

Results  
Determining the MIC13 interactome 
To unravel the elusive role of MIC13, particularly its influence on MICOS and/or processes 

independent of MICOS, we set out to determine the MIC13 interactome. Our methodology 

involved isolating mitochondria from HEK293 cells, followed by Co-IP using agarose beads 

conjugated with MIC13 antibody. We then analysed the eluate fraction via mass spectrometry 

(MS) to identify the proteins specifically and significantly enriched in WT cells compared to 

MIC13 knockout (KO) cells. The analysis revealed numerous proteins constituting the 

interactome of MIC13 in mammalian cells (Fig 1A, supplementary Table 1). Among these 

proteins were members of MICOS and MIB complex or their known interactors, emphasising 

the specificity of the experiment and highlighting the central role of MIC13 in MICOS-MIB 

regulation. Especially, our results also revealed SLP2 as a novel interaction partner, showing 

the highest fold enrichment in significance upon statistical analysis (Fig 1A). SLP2 belongs to 

the SPFH (stomatin, prohibitin, flotillin, HflC/K) superfamily of scaffolding proteins that can form 

microdomains in the membrane by local lipid-protein interactions. It can bind cardiolipin as well 

(Christie et al., 2011) and has been implicated in various mitochondrial functions including 

biogenesis, proteolysis and stress-induced mitochondrial hyperfusion (SIMH) 

regulation(Tondera et al., 2009). SLP2 interacts with mitochondrial proteases like PARL and 

YME1L, forming a large hub of proteases within the IM known as the SPY complex(Wai et al., 

2016). A direct contribution of SLP2 to MICOS regulation and cristae morphology remains 

unexplored, prompting our focused investigation into this intriguing possibility.  
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SLP2 forms a stable interaction hub with all MICOS subunits  
In order to confirm the direct interaction between MIC13 and SLP2 demonstrated by Co-IP 

experiment (Fig 1A), we performed Western blot (WB) analysis utilising the elution fraction 

obtained from MIC13-FLAG co-ip. Upon probing with an SLP2 antibody, we observed 

considerable increase in the intensity of the SLP2 band in MIC13 KO cells expressing MIC13-

FLAG compared to MIC13 KO expressing an empty vector (EV), confirming the interaction of 

MIC13 and SLP2 (Fig 1B). The specificity of this Co-IP was validated by the absence of matrix 

protein HSP60 and ETC IV protein Mt-CO2 in the elution fraction (Fig 1B). We further 

substantiated the MIC13-SLP2 interaction by using SLP2 as bait in a Co-IP experiment. For 

this, we generated SLP2 KO cells using CRISPR-Cas9 system and stably expressed SLP2 

with a MYC tag at its C-terminus. Co-IP was performed using MYC-trap agarose and the 

elution fraction was probed for antibodies against SLP2, YME1L (known SLP2 interactor), and 

all MICOS subunits, along with HSP60 and Mt-CO2 serving as negative controls. The presence 

of SLP2 and YME1L and the absence of HSP60 and Mt-CO2 in the elution fraction showed 

the specificity of the Co-IP experiment (Fig 1C). All MICOS subunits, and not only MIC13, were 

present in the elution fraction, showing that SLP2 potentially interacts directly or indirectly with 

all the MICOS subunits (Fig 1C). To visually and definitively evaluate the proximity (interaction) 

between SLP2 and individual MICOS subunits, we employed the proximity ligation assay 

(PLA).  Using antibodies specific to SLP2 and individual MICOS subunits, we observed 

numerous punctae in each cell, indicating interaction between SLP2 and individual MICOS 

subunits, unlike in the negative controls of Mt-CO2 & SLP2 or only SLP2 antibody (Fig 1D). 

Overall, several lines of evidence firmly establish the specific and reciprocal interaction of SLP2 

with the MICOS complex. 

Considering the inherent limitations of Co-IP experiments, we cannot specify whether SLP2 

interacts individually with each MICOS subunit or whether there is a hierarchy in the interaction 

of MICOS subunits with SLP2. To determine whether the interaction between SLP2 and 

MICOS subunits relies on any particular MICOS subunit, we conducted Co-IP experiments in 

cells deleted for individual MICOS subunits (supplementary Fig 1). We generated KO cells 

lacking individual MICOS subunits (MIC10, MIC26, MIC27, MIC19, MIC25 and MIC60) in 

HEK293 cell lines and stably expressed SLP2-Myc in these cell lines. As expected, the MIC10 

KO and MIC13 KO cells showed loss (or decrease) of all subunits of the MIC10-subcomplex 

(MIC10/13/26/27) while KO of either MIC26 or MIC27 showed no pronounced alterations in 

other MICOS subunits (supplementary Fig 1A). Concerning the MIC60-subcomplex, MIC60 

KO cells demonstrated a drastic decrease in steady state levels of all other MICOS subunits, 

whereas MIC19 KO cells showed a complete loss of MIC10 and reduced MIC60 and MIC13 

levels (supplementary Fig 1B).  MIC25 KO cells showed minimal effect on the levels of other 

MICOS subunits (supplementary Fig 1B). Despite the loss of MIC10-subcomplex in MIC10 KO 
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and MIC13 KO cells, SLP2 sustained interactions with YME1L, MIC19, MIC25 and MIC60 

(supplementary Fig 1A). Similarly, despite individual deletions of MIC26, MIC27 and MIC25, 

SLP2 maintained its interaction with the remaining MICOS subunits (supplementary Fig 1A, 

1B). Particularly striking was the observation in MIC60 KO cells with substantially reduced 

levels of all MICOS subunits in the input fraction, SLP2 showed interactions with residual 

MIC13, MIC26, MIC27, and MIC19 (supplementary Fig 1B). These findings collectively 

suggest that SLP2 retains stable interaction with any remaining MICOS subunits despite the 

absence of specific individual subunits. These observations highlight the role of SLP2 as a 

scaffold, facilitating the formation of an interaction hub with all MICOS subunits in the IM.  

Our data pointed to the formation of a large SLP2-MICOS interaction hub and therefore we 

employed blue-native gel electrophoresis (BN-PAGE) to analyse the high-molecular weight 

native complexes of both SLP2 and MICOS. MICOS subunits are typically organized into two 

distinct complexes:  a large MICOS complex (~ 2000 kDa) known to include MIB subunits and 

a lower molecular weight MICOS complex (~700 KDa)(Anand et al., 2016). Our analysis 

revealed that SLP2 forms a high molecular weight complex running alongside the larger 

MICOS complex at approximately 2000 kDa (Fig 1E). This finding aligns with the complexome 

profiling data derived from HEK293 cells(Anand et al., 2016), which demonstrate the co-

clustering of SLP2 and MICOS subunits within the 2000 kDa range (Fig 1F). Overall, these 

diverse lines of experimentation collectively support and firmly establish the interaction 

between SLP2 and MICOS, elucidating their functional interplay within mitochondrial 

architecture (Fig 1G).  

SLP2 depletion impairs cristae and crista junction formation  
Subsequently, we sought to determine the significance of the SLP2-MICOS interaction by 

investigating whether loss of SLP2 affects the stability of MICOS subunits and the MICOS 

complex as a whole or cristae structure. Through WB analysis, we evaluated the levels of 

MICOS subunits in SLP2 KO cells and observed a substantial reduction specifically in the 

steady state levels of MIC26, while other MICOS subunits were largely unaltered, consistently 

supported by the quantitative analysis the western blot (Fig 2A, 2B). The MICOS assembly 

using a BN-PAGE showed that MIC26 was sparsely present in the MICOS complex as 

expected from the steady state levels, however the incorporation of most other MICOS 

subunits into the MICOS complex appeared comparable to WT (supplementary Fig 2). We 

analysed whether the loss of MIC26 in SLP2 KO cells results from proteolysis via YME1L. To 

test this, we employed short hairpin RNA (shRNA) to deplete YME1L in SLP2 KO cells and 

indeed observed a significant rescue of the levels of MIC26 in SLP2 KO cells (Fig 2C), 

indicating a specific role of SLP2 in safeguarding MIC26 from YME1L-mediated degradation.  

Next, we conducted transmission electron microscopy (TEM) imaging on SLP2 KO cells. 

Remarkably, the SLP2 KO cells showed swollen cristae and a substantial reduction in the 
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number of cristae and CJs compared to WT cells (Fig 2D, 2E). Number of cristae and CJs 

were quantified in a double-blind fashion to eliminate any potential biases in the data (Fig 2E). 

Cristae appeared as isolated stacks within the mitochondria, devoid of CJs. To the best of our 

knowledge, this is the first study to establish SLP2 as a modulator of cristae structure. The 

observed decrease in CJ numbers and the accumulation of cristae stacks in SLP2 KO 

resembles the defects found in MICOS KO models. This reinforces the importance of the 

interaction between SLP2 and MICOS in the cristae defects observed in SLP2 KO cells. In an 

attempt to elucidate whether the observed cristae defects in SLP2 KO cells were primarily due 

to the decreased levels of MIC26, we tried to restore MIC26 expression in SLP2 KO cells. 

Despite multiple trials, we were unable to generate SLP2 KO with stable MIC26 

overexpression.  Consequently, to assess the similarity in cristae morphology defects, we 

compared SLP2 KO cells with MIC26 KO cells. While MIC26 KO cells displayed cristae 

branching and a slight reduction in the number of cristae compared to WT, they maintained a 

similar number of CJs (Fig 2E). The severity of cristae defects and the reduction in cristae and 

CJ numbers in SLP2 KO cells exceeded those observed in MIC26 KO cells. This indicates that 

the cristae defects in SLP2 KO do not solely arise from the loss of MIC26. Instead, it implies 

an additional role of SLP2 in MICOS assembly and cristae morphology, distinct from its 

function in preserving MIC26 stability via YME1L regulation. 

To further delineate the roles of SLP2 within MICOS assembly, we investigated whether SLP2 

is necessary to facilitate the interaction between MIC13 and other MICOS components. We 

generated a double knockout model lacking both SLP2 and MIC13 (MIC13-SLP2 DKO) and 

overexpressed MIC13-FLAG to examine how MIC13-FLAG interacts with MICOS subunits in 

the presence or absence of SLP2 (supplementary Fig 3). MIC13 was able to interact with all 

MICOS subunits even upon loss of SLP2, although the interaction with MIC26 was reduced 

due to MIC26 degradation in SLP2 KO. This suggests that the interactions between MIC13 

and MICOS subunits are independent of SLP2. Unexpectedly, while YME1L was initially 

employed as a control in our experiment, our findings revealed a specific interaction between 

YME1L and MIC13 that occurred independent of SLP2. This interaction had not been 

previously documented, adding a new dimension to our understanding of MIC13 function 

(supplementary Fig 3).  

Given that SLP2 is involved in stress-induced mitochondrial hyperfusion (SIMH), we 

investigated whether the interaction between SLP2 and MICOS affects SIMH. We assessed 

mitochondrial morphology in single knockout (KO) cell lines as well as in cells lacking both 

MIC13 and SLP2 (MIC13-SLP2 DKO). To induce SIMH, we inhibited protein synthesis with 

cycloheximide and monitored mitochondrial morphology over time. We observed the 

accumulation of hypertubular mitochondria in WT cells within 2 hours of treatment (Fig 2F, 

2G). As expected, SLP2 KO cells showed no response to SIMH induction as evidenced by 
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quantification of mitochondrial morphology (Fig 2H). Interestingly, MIC13 KO cells displayed 

hyperfusion similar to WT cells, while MIC13-SLP2 DKO cells mirrored the response seen in 

the single SLP2 KO (Fig 2F, 2G). This suggests that MIC13 is not implicated in the SLP2-

mediated SIMH. 

SLP2 and MIC13 synergistically contribute to the assembly and organization of the 
MIC60-subcomplex 
During the evaluation of mitochondrial morphology in SIMH experiments, one of the interesting 

observations was that MIC13-SLP2 DKO displayed a remarkably higher mitochondrial 

fragmentation compared to either of the single KOs (Fig 2G, 2H), underscoring the heightened 

impact of DKO of SLP2 and MIC13.  While mitochondrial morphology serves as a broad 

indicator of cellular fitness and stress, there could also be potential association between 

mitochondrial morphology and MICOS defects, for example deficiencies of MIC19 and MIC60 

have been linked to altered mitochondrial morphology(Li et al., 2016; Tang et al., 2020). This 

promoted us to investigate any synergistic roles of MIC13 and SLP2 in MICOS assembly and 

cristae formation. To address this, we analysed the steady state levels and complexes of 

MICOS in MIC13-SLP2 DKO cells. While the steady state levels of MICOS subunits remained 

comparable between single MIC13 KO and MIC13-SLP2 DKO, the MIC26 levels appeared 

even more reduced in MIC13-SLP2 DKO as compared to either single KO cells (Fig 3A). 

Strikingly, the assembly of MIC60 into the MICOS complex was significantly reduced in MIC13-

SLP2 DKO cells compared to MIC13 KO (Fig 3B, 3C). Notably, MICOS complex in a native 

gel set-up runs as a smear with high intensity bands at two distinct sizes. In MIC13 KO, the 

MICOS complex showed incomplete assembly, running at a reduced size due to loss of the 

MIC10-subcomplex as evidenced by BN-PAGE probed with MIC60 antibody (Fig 3B).  We 

consistently found that the overall intensity of MIC60 in these MICOS complexes was 

considerably reduced, while the intensity of the OXPHOS complexes appeared intact in 

MIC13-SLP2 DKO. This is quantitatively validated using densitometry analysis (Fig 3C), 

confirming that the MIC60 incorporation in the MICOS complex is reduced upon the 

simultaneous loss of SLP2 and MIC13.  

Our findings revealed a reduction in incorporation of MIC60 into the MICOS complex in MIC13-

SLP2 DKO cells, despite the steady state levels of MIC60 being comparable to controls (Fig 

3A), suggesting that there might be a pool of floating MIC60 in the IM that is not the part of the 

MICOS complex. This promoted us to investigate the nanoscale distribution of MIC60 in the 

IM, using stimulated emission depletion (STED) SR nanoscopy, with MIC60 antibody. Previous 

studies have shown that MIC60 forms distinct punctate structures in IM, characterized by a 

coordinated distribution pattern and rail-like arrangement along opposing sides of 

mitochondria(Jans et al., 2013; Kondadi, Anand, et al., 2020; Stoldt et al., 2019). In accordance 

with these studies, MIC60 displayed a punctate pattern with the rail-like arrangement in control 
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cells (Fig 3D). This pattern of MIC60 staining resembles the arrangement of CJs in the 

mitochondria. However, MIC60 staining in the MIC13-SLP2 DKO was remarkably different and 

disturbed compared to the WT cells and single KOs, with fewer punctate structures and 

patches where the staining was more evenly spread along the IBM (Fig 3D). The staining of 

MIC60 in single MIC13 KO and SLP2 KO cells was also perturbed with the rail-like pattern 

being less prominent as some MIC60 spots were also seen inside the mitochondria and not 

only on the edges (Fig 3D). It is plausible that MIC60 is present on the inner cristae stacks that 

are accumulated in MIC13 KO and SLP2 KO. Overall, we show that the combined loss of SLP2 

and MIC13 was detrimental to MIC60 puncta organization, demonstrating the critical roles of 

SLP2 and MIC13 in orchestrating MIC60 arrangement and assembly.  

Given the crucial role of MIC60 as an anchor in formation of both MIC60-subcomplex and MIB 

complex. we analysed MIC19, another component of MIC60-subcomplex, along with MIB 

components, SAMM50 and MTX1 using BN-PAGE.  All these components exhibited reduced 

assembly in MIC13-SLP2 DKO compared to either single KOs (supplementary Fig 4). This 

shows that the loss of MIC60 assembly or arrangement further impairs the assembly of the 

MIC60-subcomplex as well as the MIB complex, impacting MICOS-MIB assembly and 

emphasizing the synergistic role of SLP2 and MIC13 in mediating the assembly of the MICOS-

MIB complex. 

To discern whether the loss of MIC60 assembly in MIC13-SLP2 DKO arises from the absence 

of MICOS subunits or if it is a specific function of SLP2 and MIC13, we employed MIC10 KO 

as a comparative element. MIC10 KO cells exhibit a similar loss of MICOS subunits as seen 

in MIC13-SLP2 DKO cells. Interestingly, despite the comparable loss of MICOS subunits, 

MIC10 KO did not impact MIC60 assembly (supplementary Fig 5). This observation suggests 

that the deficiency in MIC60 assembly observed in MIC13-SLP2 DKO cells is not solely 

attributed to the loss of MICOS subunits alone. Instead, it highlights the unique collaborative 

function of SLP2 and MIC13 in regulating MIC60-subcomplex and MIB assembly. 

Based on our finding, we propose that SLP2-MIC13 functions as a ‘‘seeder’’ for the formation 

of MIC60 punctae in IM, thereby promoting the formation of CJs (Fig 3E). Stomatins are 

recognised as scaffolding proteins that create the microdomains within the lipid-bilayer to form 

large protein assemblies. Consequently, we speculate that SLP2 and MIC10-subcomplex 

create a conducive lipid microenvironment, essential for ‘seeding’ the proper organization and 

formation of MIC60 punctae.  

SLP2 selectively regulates the assembly kinetics of MIC60-subcomplex 
One of the questions that intrigued us was the role of SLP2 itself in the MICOS assembly, 

particularly as we were unable to earlier detect any apparent change in MIC60 assembly in the 

single SLP2 KO. This lack of observable changes in SLP2 KO may be attributed to 

compensatory effects that mask the underlying impact due to long-term depletion of a protein. 
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Therefore, to meticulously dissect the mechanistic role of SLP2 in MIC60 assembly, we 

decided to analyse the kinetics of MICOS assembly in a time-dependent manner and employed 

the Tet-On system that allow inducible and controlled gene expression over short timescales. 

We reintroduced MIC13 in MIC13 KO (serving as control) and MIC13-SLP2 DKO in a time-

dependent manner and analysed the re-assembly dynamics of the subunits of the MICOS 

complexes. For this, we generated pLIX403-MIC13-FLAG and stably expressed it in the MIC13 

KO and MIC13-SLP2 DKO using the lentiviral transduction method. The addition of 

doxycycline initiates the expression of MIC13-FLAG in a time-dependent manner. After eight 

hours of doxycycline induction, MIC13-FLAG started to express in both MIC13 KO and MIC13-

SLP2 DKO (Fig 4A). MIC13-FLAG was gradually expressed and incorporated into the MICOS 

complex of both MIC13 KO and MIC13-SLP2 DKO cells as seen by BN-PAGE at different time 

points after induction of protein expression (Fig 4B). Both MIC10 and MIC27 also progressively 

assembled in the MICOS complex over time (Fig 4C). The emergence of the MIC10-

subcomplex, as indicated by MIC10 or MIC27, exhibited a more rapid and efficient kinetics in 

MIC13-SLP2 DKO cells compared to the MIC13 KO cells. This could be attributed to a slightly 

higher expression of MIC13-FLAG in MIC13-SLP2 DKO compared to the MIC13 KO. On the 

contrary, the incorporation of MIC60 into the MICOS complex was slower in MIC13-SLP2 DKO 

cells compared to the MIC13 KO after expression of MIC13-FLAG (Fig 4C). This observation 

was cooroborated quantitatively through densitometry analysis of MIC60 at the 8-hours’ time 

point in different cell lines (Fig 4D). The arrows in the Fig 4C indicate the incorporation of 

MIC60 into MICOS complex required more time to recover (16 hours) in MIC13-SLP2 DKO. 

This delay in MIC60 assembly was further confirmed through extended time points (up to 48 

hours) (Supplementary Fig 6A, B), consistently showing that absence of SLP2 hampers the 

assembly of MIC60. Despite the presence of the already assembled MIC10-subcomplex, the 

assembly of MIC60 into the MICOS complex was notably delayed in the absence of SLP2. 

Thus, it is evident that the assembly kinetics of the MIC60-subcomplex, rather than the MIC10-

subcomplex, is dependent on SLP2 (Fig 4D), highlighting the specific regulatory role of SLP2 

in facilitating the incorporation of MIC60 into the MICOS complex upon gradual restoration of 

MIC13.  

MIC13 mainly stabilizes MIC10-subcomplex to promote crista junction formation  
MIC13 has been suggested as a bridge connecting the MIC60-subcomplex and MIC10-

subcomplex(Guarani et al., 2015). However, it has been difficult to identify the precise 

molecular role of MIC13 because MIC13 KO was always associated with loss of the MIC10-

subcomplex making it hard to differentiate whether the effects were arising due to MIC10 or 

MIC13 loss. In order to clarify the specific role of MIC13 in MIC13-SLP2 alliance for assembly 

of MIC60-subcomplex, we aimed to distinguish the function of MIC13 from MIC10. Efforts to 

generate stable cell line expressing MIC10 in the absence of MIC13 proved challenging, 
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perhaps because of the tendency of overexpressed MIC10 to undergo rapid degradation in the 

absence of MIC13. To counter this, we aimed to restore MIC10 levels by preventing its 

degradation in MIC13 KO. We took leads from two observations from our study: the 

identification of a novel interaction between YME1L and MIC13 which is independent of SLP2 

(supplementary Fig 3) and an observed increase in MIC10 levels upon the YME1L 

downregulation in all the cell lines (Fig 2E). We hypothesized that YME1L-mediated 

degradation might be responsible for MIC10 degradation in MIC13 KO. To solve this, we 

generated stable cell lines expressing YME1L-targeted shRNA in WT, SLP2 KO, MIC13 KO 

and MIC13-SLP2 DKO cell lines. YME1L knockdown resulted in elevated levels of MIC10 

(along with MIC26 and MIC27) not only in MIC13 KO but also in SLP2 KO and MIC13-SLP2 

DKO cells showing that MIC10 (along with MIC26 and MIC27) are novel YME1L substrates 

independently regulated of SLP2 (Fig 5A). Moreover, the restoration of MIC10 levels through 

YME1L downregulation in MIC13 KO cells provided us an exclusive scenario to determine the 

specific roles of MIC13 that are independent to MIC10. Employing these tools, we checked 

whether the restored MIC10 could interact with MIC60, in line with the proposed role of MIC13 

as a bridge of MICOS complex. Conducting Co-IP using MIC60 antibody, we analysed the 

interaction of MIC60 with the replenished MIC10 in MIC13 KO. Surprisingly, despite the 

absence of MIC13, when YME1L-mediated MIC10 degradation was prevented, MIC60 

exhibited interactions with MIC10, MIC26 and MIC27 (Fig 5B). This finding challenges our 

previous understanding of MICOS assembly, suggesting that MIC13 might not be essential to 

bridge the two subcomplexes for MICOS assembly. Instead, it appears to play a crucial role in 

stabilizing the MIC10-subcomplex and regulating its quality through YME1L-dependent 

proteolysis (Fig 5B). The re-established interaction of MIC60 and replenished MIC10 in the 

absence of MIC13 provides further support to our novel findings regarding the specific roles of 

MIC13 in MICOS assembly.  

While MIC10 levels were restored upon depletion of YME1L, a noteworthy observation 

emerged regarding the MIC27 band pattern specific to MIC13 KO (Fig 5A). MIC27 band 

exhibited a slightly lower molecular weight in MIC13 KO. The identity of this MIC27 variant is 

yet unknown but notably the conversion of MIC27 to this lower size was MIC13-dependent, as 

it remained unaffected upon MIC10 replenishment. Even when the steady-state levels of 

MIC27 were successfully restored upon downregulation of YME1L in MIC13 KO, the status of 

the MIC27 band size did not revert to its original form. This observation highlights that MIC13 

appears to play a unique role in managing the structural status of MIC27 independent of its 

influence on MIC10 levels. Overall, our findings allow us to delineate the function of MIC13 

from MIC10, disproving the previous notion of MIC13 solely acting as a bridge. Instead, we 

reveal that MIC13 is crucial for providing stability to the entire MIC10-subcomplex by 

safeguarding it from the proteolytic activity of YME1L. Furthermore, our study sheds light on 
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additional functions of MIC13, such as its role in regulating MIC27. The new insights in MIC13 

roles, whether dependent or independent of MIC10, holds significant potential for advancing 

our understanding of the pathobiology underlying mitochondrial hepato-encephalopathy 

associated with MIC13 mutations.  

Stabilized MIC10 facilitates seeding of MIC60 and crista junction formation  
Understanding the specific role of MIC13 in stabilizing MIC10, we wanted to use this 

knowledge to validate our ‘‘seeder’’ model for MICOS assembly and ask how stabilizing the 

MIC10-subcomplex might impact the formation of the MIC60-subcomplex in MIC13-SLP2 DKO 

cells. To achieve this, we depleted YME1L in MIC13-SLP2 DKO cells, thereby stabilizing the 

MIC10-subcomplex. Surprisingly, we observed a partial restoration in the assembly of MIC60 

when MIC10 was stabilized through YME1L depletion in MIC13-SLP2 DKO cells (Fig 5C), 

despite similar steady-state levels of MIC60 (Fig 5A). This observation is crucial as it suggests 

that MIC10, even in the absence of SLP2 or MIC13, can serve as a ‘docking platform’ 

facilitating the integration of MIC60 into the MICOS complex. MICOS assembly has been 

assumed to follow a hierarchical step with MIC60 being the first component. However, these 

findings challenge this notion and demonstrate an interdependence between the assembly of 

MIC60 and MIC10-subcomplex. Especially, this highlights that the role of MIC13 in the MIC13-

SLP2 interplay is to ensure the stability and assembly of MIC10-subcomplex. This assembled 

MIC10-subcomplex, along with SLP2, is crucial in seeding the assembly of MIC60 by providing 

an assembly platform. The partial restoration of MIC60 assembly also influences the assembly 

of MIC19 (supplementary Fig 7) and MIB complex protein MTX1 (Fig 5C) in MIC13-SLP2 DKO 

cells depleted for YME1L. In summary, this data highlights the substantial role of the SLP2-

MIC13 cooperation in efficient assembly of the MICOS-MIB complex, particularly in association 

with MIC60.  

We delved into the next significant question regarding the impact of ‘seeder’ complex formation 

and MIC60 assembly on cristae morphology. To address this, we analysed the mitochondrial 

ultrastructure in the single and DKO cell lines of SLP2 and MIC13 with and without the 

depletion of YME1L. MIC13 KO displayed onion-like cristae, while SLP2 KO displayed a stack 

like cristae albeit with more swollen cristae (Fig 2C, 5D, 5E). Extensive quantification of EM 

images corroborated these findings, showing significant reduction in the number of cristae and 

CJs in both single KOs (Fig 5D, E), reminiscent of defects typically associated with MICOS 

KO. MIC13-SLP2 DKO cells exhibited severe phenotype similar to MIC13 KO cells, with a 

substantial decrease in the numbers of cristae and CJs. Remarkably, partial stabilization of 

MIC10-subcomplex in MIC13 KO and MIC13-SLP2 DKO cell lines through YME1L depletion 

had a moderate beneficial effect on mitochondrial ultrastructure, significantly restoring CJs (Fig 

5D, 5E), which is consistent with partial restoration of MICOS assembly. The cristae in this 

scenario appeared to unfurl from the onion-like structures typical of MIC13 KO and re-attach 
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to IM to form nascent CJs, providing a potential model for CJs formation. This phenomenon 

indicates that stabilized MIC10 has the potential to promote the formation of nascent CJs in 

MIC13 KO or MIC13-SLP2 DKO (Fig 5D, E).  This finding has many fold implications. Firstly, 

regarding the specific role of MIC13 in cristae formation, our results indicate that the presence 

of a stabilized MIC10-subcomplex, even in the absence of MIC13, partially restores CJs 

formation, highlighting the significant contribution of MIC10 in the cristae phenotype observed 

in MIC13 KO. This clarifies the specific role of MIC13, showing that the primary cristae defects 

observed in MIC13 KO arise from the loss of MIC10 rather than MIC13 itself. This is particularly 

relevant to MIC13-associated mitochondrial hepato-encephalopathy, as patient cells also 

exhibit onion-like cristae structure. Secondly, depletion of YME1L in SLP2 KO not only restored 

the loss of CJs but also visibly reduced cristae swelling. While swelling of cristae is not typically 

observed in MICOS KOs, it is likely that the swelling in SLP2 KO arises from another unknown 

substrate regulated by SLP2-YME1L. However, based on our data, we firmly establish that 

SLP2 plays a vital role in MIC60 assembly kinetics in presence of MIC10-subcomplex, 

solidifying its functional relevance in facilitating cristae and CJ formation, further evident from 

the TEM images displaying a significant reduction in CJ and additional cristae swelling. Thirdly, 

the observed rescue in MIC60-subcomplex assembly and cristae phenotype upon stabilizing 

MIC10-subcomplex in MIC13-SLP2 DKO cells further validates the ‘seeder’ model, adding a 

new layer towards understanding MICOS assembly, and its direct involvement in cristae and 

CJs formation.  

We have consolidated our findings to present an updated a multi-step model for MICOS 

assembly, revealing novel insights and marking a significant shift in our understanding of 

MICOS assembly and cristae formation. We introduced SLP2 as a crucial regulator of cristae 

morphology, playing multifaceted roles in MICOS assembly and cristae formation. While SLP2 

shields MIC26 from YME1L-mediated proteolysis, its function exceeds MIC26 stabilization, as 

it collaborates with MIC13 to regulate the kinetic assembly of MIC60 into the MICOS-MIB 

complex. In addition to the SLP2-YME1L, we have identified a novel interplay between MIC13 

and YME1L, crucial for maintaining the integrity of the entire MIC10-subcomplex. This finding 

highlights the special role of MIC13 in stabilizing MIC10-subcomplex rather than acting as a 

bridge. Interestingly, the MIC13-YME1L interaction can occur independently of SLP2, 

revealing the intricate regulation of MICOS stabilization by different pathways, partially 

dependent of SLP2. Once stabilized, MIC10-subcomplex along with SLP2 forms what we term 

as the ‘seeder’ complex, facilitating the assembly of MIC60-subcomplex and MIB within the 

MICOS-MIB complex. Combined depletion of MIC13 and SLP2 disrupts MIC60's nanoscale 

distribution and its incorporation into MICOS complex. We propose that the ‘seeder’ complex 

promotes the nanoscale punctate distribution of MIC60 and assembly of MIC60, culminating 

in the formation of MICOS-MIB complex. Subsequently, the ‘seeder’ complex, thereby 
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facilitating MIC60-subcomplex assembly, contributes to the formation of nascent CJs (Fig 6). 

In addition to identifying SLP2 as a novel regulator of cristae morphology, our model highlights 

several key insights. These include the identification of intricate and partially overlapping 

quality control pathways in MICOS regulation, the elucidation of specific functions of MIC13, 

and the recognition of the interdependence between the MIC10- and MIC60-subcomplexes in 

the assembly of the MICOS-MIB complex. The proposed model represents a significant shift 

in our understanding of MICOS assembly and quality control mechanisms controlling the 

intricate process of CJs formation.  

Discussion  
MIC13 is a poorly characterized subunit of MICOS, representing a small protein with no known 

resemblance with any other identified protein so far. In order to elucidate the novel functions 

of MIC13, we set out to map its interactome. Employing a Co-IP coupled MS approach, we 

discovered SLP2 as an interactor of MIC13, revealing a previously unknown multi-layered role 

of SLP2 in maintaining MICOS assembly and cristae formation. To the best of our knowledge, 

no prior studies have identified SLP2 as a cristae modulator or explored the mechanism 

through which SLP2 regulates cristae formation. Our study comprehensively illustrates the role 

of SLP2 in MICOS assembly and cristae formation, substantiated by the following results: 1) 

Using KOs models of individual MICOS subunits and stable overexpression cell lines, we 

determined that SLP2 not only interacts with MIC13 but also with each MICOS subunit, forming 

a large interaction hub of SLP2-MICOS in the mitochondrial IM. 2) Depletion of SLP2 resulted 

in pronounced cristae defects, including swollen cristae and reduced number of cristae and 

CJs, resembling the defects observed in MICOS KO model. 3) SLP2 was essential for 

preserving the stability of MIC26 by regulating YME1L-mediated proteolysis. However, the 

cristae defects in SLP2 KO were substantially more severe compared to MIC26 KO pointing 

towards the broader role of SLP2 in MICOS assembly and cristae formation.  4) The DKO of 

MIC13 and SLP2 exhibited additive defects, particularly in MIC60-subcomplex and MIB 

assembly into the MICOS complex, leading to perturbed nanoscale arrangement of MIC60 

punctae in the inner membrane. This suggests a synergistic role of SLP2 and MIC13 in seeding 

the formation of MIC60 puncta and its incorporation into the MICOS complex. 5) The time-

dependent restoration of MIC13 in MIC13-SLP2 DKO cells showed a considerably slower 

kinetics of the assembly of MIC60 into MICOS complex compared to MIC13 KO, demonstrating 

a critical role of SLP2 in specifically regulating MIC60 seeding into MICOS complex. 6) 

Interestingly, the restoration of MIC10-subcomplex in simultaneous depletion of SLP2 and 

MIC13 could restore MIC60 assembly and lead to formation of nascent CJs. By combining 

these findings, we introduce SLP2 as a novel cristae modulator, specifically contributing to 

MIC60-subcomplex and MIB assembly and facilitating cristae organization.  
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We further clarified the specific roles of MIC13 and found that, fundamentally, MIC13 is not 

essential for bridging MIC10- and MIC60-subcomplexes, instead its crucial function lies in 

shielding the MIC10-subcomplex by protecting it from YME1L-mediated proteolysis. Instead of 

relying on an overexpression strategy, we employed a unique approach of stabilizing MIC10-

subcomplex with YME1L depletion in MIC13 KO as a means to support and validate our model 

(Figure 5). This approach not only serves as a tool for validation but also offers additional 

insights into the pathological mechanisms underlying MIC13-mediated pathology. We 

observed that the restoration of MIC10 not only partially recovered the MIC60 assembly in the 

MIC13-SLP2 DKOs, but also prompted the re-formation of nascent CJs. This emphasizes the 

mutual interdependence of SLP2 and MIC13, particularly in stabilizing MIC10-subcomplex, for 

the MICOS assembly and the formation of cristae and CJs. Combining our data, which shows 

the absence of SLP2 delays the assembly of MIC60 and alterations of MIC60 foci formation in 

MIC13-SLP2 DKOs, we introduced the 'seeder' model for the assembly of the MICOS complex 

(Fig 6).  Here, the combined actions of SLP2 and MIC10-subcomplex act as a seeding 

mechanism for the incorporation of MIC60-subcomplex into the MICOS complex, thereby, 

leading to formation MICOS-MIB complex further promoting cristae and CJs morphogenesis.  

The MIC10-subcomplex serves as a docking platform for further assembly of MIC60-

subcomplex into the MICOS complex, illustrating an interdependence between MIC60- and 

MIC10-subcomplex during the formation of the MICOS complex. The concomitant 

reappearance of CJs upon stabilization of MIC10-subcomplex provides mechanistic insights 

for formation of nascent CJs.  In summary, our study not only refines the model for MICOS 

assembly but also offers valuable insights into the intricate processes underlying the formation 

of cristae and CJs.   

SLP2, a member of the SPFH superfamily, performs diverse roles in mitochondrial functions, 

involving mitochondrial dynamics during stress, quality control and cell survival(Tondera et al., 

2009; Wai et al., 2016). It binds to cardiolipin to regulate mitochondrial biogenesis(Christie et 

al., 2011). Moreover, it serves as an anchor for a proteolytic hub in mitochondria called SPY 

complex regulating proteases such as YME1L and PARL(Wai et al., 2016). In our study, we 

show using several lines of evidences that SLP2 act as a scaffold, forming a large interaction 

hub within the IM with all the subunits of MICOS complex. This direct regulation of MICOS 

assembly and cristae formation prompts the question how SLP2 performs these tasks in the 

mitochondria, specifically in the context of cristae formation. While the regulation of MIC26 by 

SLP2 can be explained by the SLP2-YME1L interaction, introducing MIC26 as a novel player 

that is influenced by the SPY complex, understanding how SLP2 influences the seeding of 

MIC60-subcomplex assembly and its docking with MIC10-subcomplex remains a challenge. 

We speculate that SLP2 may generate a specialized lipid environment facilitating MIC60 

punctae formation, possibly through direct interaction or cardiolipin recruitment. Moreover, 
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SLP2-delineated lipid domains, enriched in cardiolipin, could directly or indirectly impact cristae 

formation and MIC60 assembly. Furthermore, we speculate the presence of an unknown 

substrate of YME1L under regulation of SLP2, whose absence contributes towards cristae 

swelling and identification of this protein could broaden our understanding of its role in cristae 

morphogenesis. Addressing these complexities requires challenging experiments aimed at 

elucidating the lipid microenvironment of SLP2, providing crucial insights into how SLP2 

contributes to the MICOS assembly and cristae formation.  

MIC13, an integral component of the mitochondrial IM, plays a vital role in cristae 

morphogenesis and loss of MIC13 results in severe mitochondrial hepato-encephalopathy. 

Although previous research has extensively detailed the consequences of MIC13 depletion, 

the underlying molecular mechanisms leading to the phenotypes are largely unknown. The 

challenge arises in distinguishing the specific function of MIC13 from other MIC10-subcomplex 

proteins due to the concurrent loss of the MIC10-subcomplex in MIC13 KO. Interestingly, upon 

depleting YME1L in MIC13 KO, the MIC10-subcomplex could be restored, providing a unique 

scenario to study the specific role of MIC13. To our surprise, the restored MIC10-subcomplex 

exhibited the ability to interact with the MIC60-subcomplex even in the absence of MIC13. This 

finding shows that MIC13 is primarily required for MIC10 stability rather than serving as a 

bridging component. The presence of nascent CJs upon restoration of MIC10 in MIC13 KO 

showed that the assembled MIC10-subcomplex could form CJs even in the absence of MIC13. 

MIC10 is known to oligomerize in a wedge-like shape that causes membrane bending and CJs 

formation  (Barbot et al., 2015; Bohnert et al., 2015).   However, it remains to be answered 

whether this CJs restoration is sufficient to address MIC13-specific mitochondrial defects or 

the associated pathology. In addition to maintaining MIC10 stability, we observed that MIC13 

exclusively influences the status of MIC27, resulting in a lower molecular weight variant. 

Although the identity of this MIC27 variant remains unknown, its specificity to MIC13 suggests 

that MIC13 may have additional specialized roles critical for its function and associated 

pathology. In conclusion, we remain optimistic that future studies will further elucidate whether 

restoration of MIC10 serves as a novel tool to determine the mechanisms underlying MIC13-

associated diseases and holds promise for the development of future therapeutics. 

MICOS contains several subunits, each contributing uniquely in maintaining mitochondrial 

structural integrity, subdivided into two subcomplexes, MIC60-subcomplex and MIC10-

subcomplex. Several previous studies have elucidated distinct function of each subcomplex, 

collectively contributing to overall functionality of MICOS. While the MIC60-subcomplex is 

responsible to connect IM and OM and shape CJs, MIC10-subcomplex controls lamellar 

cristae biogenesis and promotes CJs formation(Bohnert et al., 2015; Stephan et al., 2020; van 

der Laan et al., 2016).  It was believed that MICOS assembly followed a hierarchical order, 

with the assembly of the MIC60-subcomplex preceding that of the MIC10-subcomplex. MIC60 
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was considered a master regulator in this assembly process(Ott et al., 2015; Zerbes et al., 

2016). However, our results reveal an intricate interdependence between these two 

subcomplexes, wherein the kinetics of MICOS subcomplexes assembly progress in a mutually 

interdependent manner. This interdependence between the two MICOS subcomplexes 

ensures the quality of MICOS assembly, preventing the formation of futile subcomplexes 

unless the assembly can be completed. Our findings highlight a more integrated and 

coordinated assembly process in which SLP2 emerges as a key player in facilitating this 

process. 

Our data also highlights the delicate balance between the regulation of mitochondrial 

proteases, specifically YME1L, and the integrity of MICOS assembly and mitochondrial cristae. 

While SLP2 protects MIC26 from YME1L-mediated proteolysis, we made a novel observation 

of MIC13 interacting YME1L independently of SLP2. The functional significance of this MIC13-

YME1L interaction remains elusive, prompting future investigations to elucidate whether 

MIC13 directly influences YME1L activity or whether YME1L plays an indirect role during stress 

conditions induced by the deletion of MICOS subunits.  Previous studies have implicated 

mitochondrial proteases in the control of cristae morphology, highlighting the broader impact 

of quality control pathways on the safety and integrity of mitochondrial membrane structures. 

MIC60 and SAMM50 were also shown to be proteolytic substrates of YME1L during MIC19 

downregulation (Li et al., 2016; Tang et al., 2020) showing the complexity of regulation of 

MICOS assembly. Additionally, OMA1, another IM protease also associated with the MICOS 

complex (Viana et al., 2021) and proteolytically regulated MIC19 assembly in the MIB 

complex(Tang et al., 2020). Overall, our study deciphers a novel quality control mechanism 

governing MICOS and MIB assembly, advancing our understanding of the factors 

orchestrating cristae morphogenesis. 

The precise mechanisms underlying the function of CJs and contact sites remain incompletely 

understood. The MICOS subunits have been implicated in several important cellular functions 

including the import of mitochondrial proteins, biogenesis and transfer of phospholipids, 

mtDNA organization, apoptosis, mitophagy, mitochondrial transport, mitochondrial translation, 

mitochondrial morphology and inflammation(Anand et al., 2021; Kondadi, Anand, & Reichert, 

2020). Exploring the role of SLP2 holds promise for providing new insights into many of these 

cellular processes.  Future studies investigating these components and their interactions may 

reveal novel mechanisms into the intricate regulation of mitochondrial ultrastructure and its 

impact on broader cellular pathways. 

Materials and methods 
Cell culture 
Flp-In T-REx HEK293 and HeLa cells were cultured in Dulbecco’s modified Eagle medium 

(DMEM) with 1g/L glucose and sodium pyruvate (PAN-Biotech, P04-01500) supplemented 
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with 1% stable glutamine (P04-82100), 1% penic illin-streptomycin (Sigma-Aldrich, P4333-

100ml), 10% fetal bovine serum (FBS) (Capricorn Scientific, FBS-11A). Plat-E and HEK293FT 

cells were cultured in DMEM high glucose medium (PAN-Biotech, P04-03500) supplemented 

with 10%FBS, 1% stable glutamine, 1% sodium pyruvate (Gibco, 11360070). GIPZ-Control- 

Flp-In T-REx HEK293 and GIPZ-YME1LshRNA- Flp-In T-REx HEK293 cells were cultured in 

DMEM 1g/L glucose medium containing sodium pyruvate supplemented with 1% stable 

glutamine, 10% FBS, 1% penicillin-streptomycin and 1% Non-Essential Amino Acids Solution 

(NEAA) (PAN-Biotech, P08-32100). All cells were cultured in at 37°C with 5% CO2. All cell line 

generated are listed in Supplementary Table 2. 

Co-immunoprecipitation coupled mass spectrometry 
Co-IP was performed with Protein A Sepharose CL-4B beads (Invitrogen, 101041) and affinity 

purified MIC13 antibody was linked to the beads. Isolated mitochondria from Flp-In T-REx 

HEK293 WT or MIC13 KO were solubilized with isotonic buffer (150 mM NaCl, 10 mM Tris/HCl 

(pH 7.5), 5 mM EDTA, 1x protease inhibitor cocktail) supplemented with 5 µl of 10% Digitonin 

(2g/g of protein) and added to the beads with subsequent incubation in 4°C under rotation 

conditions. Beads were washed several times, transferred into a new tube in 10mM Tris, pH 

7.4. Beads were resuspended in 50 µl 6M GdmCl, 50 mM Tris/HCl, pH 8.5 and incubated at 

95°C for 5 min. Sample were diluted with 25 mM Tris/HCl, pH 8.5, 10% acetonitrile to obtain a 

final GdmCl concentration of 0.6 M. Proteins were digested with 1 µg Trypsin (sequencing 

grade, Promega) overnight at 37°C under gentle agitation.  Digestion was stopped by adding 

trifluoroacetic acid to a final concentration of 0.5%. Peptides were loaded on multi-stop-and-

go tip (StageTip) containing six C18 discs. Purification and elution of peptides was performed 

as described in Kulak, et al(Kulak et al., 2014). Peptides were eluted in wells of microtiter plates 

and peptides were dried and resolved in 1% acetonitrile, 0.1 % formic acid. Liquid 

chromatography/ mass spectrometry (LC/MS) was performed on Thermo Scientific™ Q 

Exactive Plus equipped with an ultra-high performance liquid chromatography unit (Thermo 

Scientific Dionex Ultimate 3000) and a Nanospray Flex Ion-Source (Thermo Scientific). 

Peptides were loaded on a C18 reversed-phase precolumn (Thermo Scientific) followed by 

separation on a with 2.4 µm Reprosil C18 resin (Dr. Maisch GmbH) in-house packed picotip 

emitter tip (diameter 100 µm, 30 cm long from New Objectives) using an gradient from mobile 

phase A (4% acetonitrile, 0.1% formic acid) to 60 % mobile phase B (99% acetonitrile, 0.1% 

formic acid) for 90 min with a flow rate 350 nl/min. MS data were recorded by data dependent 

acquisition Top10 method selecting the most abundant precursor ions in positive mode for 

HCD fragmentation.  Lock mass option (Olsen et al., 2005) was enabled to ensure high mass 

accuracy between multiple runs. The Full MS scan range was 300 to 2000 m/z with resolution 

of 70000, and an automatic gain control (AGC) value of 3*106 total ion counts with a maxim al 

ion injection time of 160 ms. Only higher charged ions (2+) were selected for MS/MS scans 
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with a resolution of 17500, an isolation window of 2 m/z and an automatic gain control value 

set to 105 ions with a maximal ion injection time of 150 ms. Selected ions were excluded in a 

time frame of 30s following fragmentation event. Fullscan data were acquired in profile and 

fragments in centroid mode by Xcalibur software. For data analysis MaxQuant 1.6.1.0 (Cox 

and Mann, 2008, Nat. Biotechnology), Perseus 1.5.6.0 (Tyranova et al 2016) and Excel 

(Microsoft Office 2013) were used. N-terminal acetylation (+42.01) and oxidation of methionine 

(+15.99) were selected as variable modifications and carbamidomethylation (+57.02) on 

cysteines as a fixed modification. The human reference proteome set (Uniprot, July 2017, 

701567 entries) was used to identify peptides and proteins with a false discovery rate (FDR) 

less than 1%. Minimal ratio count for label-free quantification (LFQ) was 1. Reverse 

identifications and common contaminants were removed and the data-set was reduced to 

proteins that were identified in at least 5 of 7 samples in one experimental group.  Missing LFQ 

or IBAQ values were replaced by random background values. Significant interacting proteins 

were determined by permutation-based false discovery rate (FDR) calculation and students T-

Test. The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE [1] partner repository with the dataset identifier PXD044968. 

Proximity ligation assay 
PLA was carried out with Duolink® In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich, 

DUO92101-1KT) following manufacturer’s protocol with minor modifications. Briefly, HeLa 

cells were fixed using 4% paraformaldehyde (Sigma-Aldrich, P6148) for 20 mins in room 

temperature and washed with PBS 3x with subsequent permeabilization with 0.15% Triton X-

100 (Sigma-Aldrich, T8787-100ML) in room temperature for 15 mins followed by PBS wash. 

Permeabilized cells were blocked with blocking solution (provided in kit) for 1 hour in 37°C. 

Blocking solution was removed and primary antibodies with 1:100 dilution ratio was added to 

the samples and incubation was carried out at 37°C for 2 hours. Following primary antibodies 

were used: MIC10 (Abcam, 84969), MIC13 (custom made by Pineda (Berlin) against human 

MIC13 peptide CKAREYSKEGWEYVKARTK), MIC19 (Proteintech, 25625-1-AP), MIC25 

(Proteintech, 20639-1-AP), MIC26 (Thermofisher Scientific, MA5-15493), MIC27 (Sigma-

Aldrich, HPA000612-100UL), MIC60 (Abcam, ab110329), SLP2 (Abcam, ab102051), SLP2 

(OriGene, TA808240), Mt-CO2 (Abcam, ab110258). Subsequent ligation of PLA probes and 

amplification of circular DNA probes was carried out following manufacturer’s protocol. PLA 

signals were visualized in PerkinElmer spinning disc confocal microscope equipped with a 60× 

oil objective. 

CRISPR-Cas9 knockout generation 
CRISPR-Cas9 double nickase plasmid (Santa Cruz Biotechnology, SLP2: sc-403638-NIC, 

MIC26: sc-413137-NIC, MIC60: sc-403617-NIC, MIC25: sc-413621-NIC, MIC19: sc-408682-

NIC, MIC10: sc-417564-NIC, MIC27: sc-414464-NIC) was transfected with GeneJuice (Sigma-
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Aldrich, 70967-3) in Flp-In T-REx HEK293 WT, MIC13 KO parental lines to generate KO and 

double KO cell lines. Briefly, cell lines were transfected at 60-70% confluency with 1 µg of 

double nickase plasmid and incubated for 48 hours followed by 2.5 µg/ml puromycin selection 

for 24 hours with subsequent single cell sorting based on green florescent protein (GFP) 

expression using flow cytometry in 96 well plate. Cells were incubated and upon visible 

colonies, cells were sub-cultured and KO screen was performed with western blotting. Cell 

lines showing no immune reactivity to respective antibodies were termed as KOs or double 

KOs. 

Molecular cloning 
Human SLP2-HA ORF (Sino Biologicals, HG16147-CY) was cloned into pMSCVpuro vector 

using Gibson assembly cloning kit (NEB, E2611L), following manufacturer’s protocol. HA tag 

was replaced with MYC tag with Site Directed and Ligation Independent Mutagenesis (SLIM) 

(Chiu et al., 2008)to generate pMSCV-SLP2-MYC. Human MIC13-Flag from pMSCV puro 

MIC13-FLAG (Urbach et al., 2021) was cloned into pLIX403 (Addgene, 41395) with Gibson 

assembly following manufacturers protocol. Primer sequences for Gibson assembly and SLIM 

are provided in Supplementary Table 3. 

Generation of stable cell lines 
For retroviral transduction, Plat-E cells were transfected with 1 µg of pMSCV-MIC13Flag or 

pMSCV-SLP2MYC and 1 µg of pVSV-G with 3.5 µL of GeneJuice per wells of 6-well plate. 

After 72 hours incubation, viral supernatant was added to the target cells. Media was replaced 

with puromycin containing media (2.5 µg/ml) 48 hours of transduction. Puromycin selection 

was carried out for 2 weeks and successful expression of exogenous protein was validated 

with western blot. For lentiviral transduction, HEK293FT cells were transfected with 1ug of 

pLIX403 EV or pLIX403-MIC13-Flag or pGIPZ-non-silencing-Control-shRNA (Horizon 

Discovery, RHS4346) or pGIPZ-YME1L-shRNA (Horizon Discovery, RHS4430-200157017, 

RHS4430-200215861, RHS4430-200221198, RHS4430-200268420, RHS4430-200273633, 

RHS4430-200280144) along with 1µg of psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 

12259) was transfected using GeneJuice. 72 hours post transfection, viral supernatant was 

collected and added on target cell lines. Media was replaced with puromycin (2.5 µg/ml) 

containing media and selection was carried out for about 2 weeks. Successful exogenous 

protein expression or knockdown was confirmed with western blotting. 

SDS PAGE and Western blot 
Cells were grown in 6-well dishes and harvested with cold PBS upon 70-90% confluency 

followed by protein extraction by RIPA lysis. Protein concentration was determined by Lowry 

method (Bio-Rad, 5000113, 5000114, 5000115) and samples were prepared using Laemmli 

loading buffer. Proteins were separated using 10% or 15% SDS-PAGE with subsequent 

transfer on nitrocellulose membrane (Amersham, 10600004) followed by 1 hour of blocking 
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using 5% skimmed milk (Carlroth, 68514-61-4). Membranes were incubated overnight in 4°C 

under shaking conditions in primary antibodies: MIC10 (Abcam, 84969), MIC13 (custom made 

by Pineda (Berlin) against human MIC13 peptide CKAREYSKEGWEYVKARTK), MIC19 

(Proteintech, 25625-1-AP), MIC25 (Proteintech, 20639-1-AP), MIC26 (Thermofisher Scientific, 

MA5-15493), MIC27 (Sigma-Aldrich, HPA000612-100UL), MIC60 (Abcam, ab110329), SLP2 

(Abcam, ab102051), beta-tubulin (Cell Signalling Technology, 2128S), HSP60 (sigma, 

SAB4501464), Mt-CO2 (Abcam, ab110258), YME1L (Proteintech, 11510-1-AP), MTX1 

(Abcam, ab233205). Following primary antibody incubation, membranes were washed in 

TBST and probed with Goat anti-mouse IgG HRP-conjugated antibody (Abcam, ab97023) or 

goat anti-rabbit IgG HRP-conjugated antibody (Dianova, 111-035-144). Chemiluminescent 

signal was recorded with VILBER LOURMAT Fusion SL (Peqlab) and quantification was 

performed with ImageJ. 

Mitochondria Isolation 
Cells were grown in 15 cm dishes and scrapped in cold PBS and pelleted at 500g for 5 mins. 

Cell pellets were resuspended in isotonic buffer (220 mM mannitol, 70 mM sucrose, 1 mM 

EDTA, 20 mM HEPES (pH 7.5) and 1 × protease inhibitor cocktail (Sigma-Aldrich, 

05056489001) with 0.1% bovine serum albumin (BSA) (Pan-Biotech, P06-1394100). Cells 

were mechanically homogenized using syringe with 26G cannula for 15 strokes. Cell 

homogenate was centrifuged at 1000g for 10 mins, supernatant was collected in fresh tube 

and further centrifuged at 10,000g for 10 mins at 4°C to obtain crude mitochondrial fractions. 

Crude mitochondrial pellets were resuspended in isotonic buffer and Lowry assay was 

performed to determine the concentration. Crude mitochondrial fractions were aliquoted, 

centrifuged at 10,000g for 5 mins and pellets were resuspended in freezing buffer (300 M 

trehalose, 10 mM KCl, 1 mM EDTA, 10 mM HEPES and 0.1% BSA) and stored in -80°C until 

further processing. 

Co-immunoprecipitation 
Mitochondrial aliquots of 500 µg were pelleted by centrifugation and re-suspended in isotonic 

buffer (150 mM NaCl, 10 mM Tris/HCl (pH 7.5), 5 mM EDTA, 1x protease inhibitor cocktail) 

with 10 µl of 10% Digitonin (2g/g of protein) and solubilized for 10 mins on ice. Solubilized 

proteins were centrifuged at 21,000g for 20 mins and 10% of the supernatant was separated 

as input fraction. Remaining supernatant were incubated with anti-Flag M2 affinity beads 

(Sigma) or MYC-Trap agarose beads (ChromTech) overnight in 4°C under rotation. For 

pulldown of MIC60, 1ug of MIC60 antibody (Abcam, ab110329) was conjugated with protein A 

Sepharose beads (Invitrogen, 101041). Excess antibodies from beads were washed out with 

PBS containing 1x protease inhibitor cocktail.  Beads were centrifuged at 3700g for 1 min at 

4°C. Beads were further washed (4x) with isotonic buffer with 0.01% digitonin. Proteins were 

eluted with Laemmli buffer without beta-mercaptoethanol at 65°C for 10 min with subsequent 
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addition of 1 µl beta-mercaptoethanol and subjected to SDS-PAGE with subsequent western 

blotting. 

Visualization of native protein complexes with blue native PAGE 
Mitochondrial aliquots of 150ug were centrifuged and pellets were resuspended in 15 µl of 

solubilization buffer (50 mM NaCl, 2 mM aminohexanoic acid, 50 mM imidazole/HCl pH 7, 1 

mM EDTA, protease inhibitor cocktail) with 3 µl of 10% digitonin (2g/g of protein) and incubated 

on ice for 10 mins. Samples were centrifuged at 21,000g for 10 mins at 4°C and supernatant 

was collected in fresh tube followed by addition of 50% glycerol and 1.5 μL of 1% Coomassie 

brilliant blue G-250. Samples were loaded in 3-13% gradient gel and subsequently transferred 

on methanol activated PVDF membrane. Membranes were blocked in 5% skimmed milk for 1 

hour and incubation was carried out overnight in 4°C under shaking conditions with primary 

antibodies: MIC10 (Abcam, 84969), MIC13 (custom made by Pineda (Berlin) against human 

MIC13 peptide CKAREYSKEGWEYVKARTK), MIC19 (Proteintech, 25625-1-AP), MIC25 

(Proteintech, 20639-1-AP), MIC26 (Thermofisher Scientific, MIC27 (Sigma-Aldrich, 

HPA000612-100UL), MIC60 (Abcam, ab110329), SLP2 (Abcam, ab102051), MTX1 (Abcam, 

ab233205). Primary antibodies were washed 3x with TBST and incubated with Goat anti-

mouse IgG HRP-conjugated antibody (Abcam, ab97023) or goat anti-rabbit IgG HRP-

conjugated antibody (Dianova, 111-035-144) diluted to 1:10000 in 5% skimmed milk in TBST. 

Chemiluminescent signal was recorded with VILBER LOURMAT Fusion SL (Peqlab) and 

quantification was performed with ImageJ. 

Mitochondria morphology analysis  
Flp-In T-REx HEK293 cells were transfected with 1ug of mitochondrially targeted GFP (Mito-

GFP) with along with 3.5 µL of GeneJuice. 24 hours post transfection, cells were treated with 

10 µM cycloheximide and incubated for 2 hours at 37°C in CO2 incubator. Media was removed 

following PBS washing three times. Cells were fixed using 4% paraformaldehyde (Sigma-

Aldrich, P6148) for 20 mins in room temperature and washed with PBS 3 times. GFP signals 

were visualized in PerkinElmer spinning disc confocal microscope equipped with a 60× oil 

objective. Cells were classified as hypertubular, tubular, intermediate or fragmented based on 

the majority of mitochondrial population present in the particular cell. Cells classified as 

hypertubular contained large interconnected tubular mitochondrial networks. Cells classified 

as intermediate contained a comparable ratio of short tubes or fragmented mitochondria, while 

cells classified as tubular and fragmented contained mostly long tubular and very short 

mitochondria fragments, respectively.   

Stimulated emission depletion (STED) super-resolution nanoscopy 
Cells were fixed and permeabilized as described earlier (PLA assay). Permeabilized cells were 

blocked with 5% goat serum and primary antibody incubation was carried out with 1:100 rabbit 

anti-MIC60 antibody (custom-made, Pineda (Berlin)), which was generated using the peptide 
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CTDHPEIGEGKPTPALSEEAS against human MIC60, overnight at 4°C and 1:100 Aberrior 

STAR 635P goat-anti-rabbit (2-0012-007-2) secondary antibody incubated at room 

temperature for 1 h. STED imaging was performed with the Leica SP8 laser scanning confocal 

microscope coupled with a STED module. Initially, imaging of 80-nm gold particles (BBI 

Solutions) was carried out in reflection mode for correct alignment of excitation and depletion 

laser. A 93x glycerol (N.A = 1.3) objective was used with the pinhole set to 0.6 Airy units and 

a white light laser excitation wavelength of 633 nm was used for sample excitation. STED 

depletion was carried out with a pulsed STED depletion laser beam of 775 nm wavelength. A 

hybrid detector (HyD) was used for signal detection in the range from 643 to 699 nm. 13x 

magnification was used to acquire images covering a field of view of 9.62 x 9.62 µm.  No image 

processing was performed except smoothing carried out with Fiji software. 

Electron microscopy 
Cells were cultured in petri dishes until about 80% confluency was reached and chemical 

fixation was carried out using 3% glutaraldehyde buffered with 0.1 M sodium cacodylate, pH 

7.2, followed by cell scrapping and centrifugation. Cell pellets were washed with 0.1 M sodium 

cacodylate and embedded in 2% agarose. Cell staining was performed with 1% osmium 

tetroxide for 50 mins with subsequent incubation in 1% uranyl acetate/1% phosphotungstic 

acid for 1 hour. Samples were further dehydrated with graded acetone series and embedded 

in spur epoxy resin for polymerization at 65°C for 24 hours. Ultrathin sections of samples were 

prepared with microtome and images were captured with transmission electron microscope 

(Hitachi, H7100) at 75V equipped with Bioscan model 792 camera (Gatan) and analyzed with 

ImageJ software. The images were randomized and the data was analyzed in a double-blind 

manner by two scientists. Data analysis was carried out by GraphPad prism. Statistical 

analysis includes one-way Annova test, outlier test was performed with Grubb’s test where 

indicated using GraphPad Prism. 
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Figures: 
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Figure 1. SLP2 is identified as a novel MIC13 interacting partner. A, Interactome of MIC13 

with Co-IP (co-immunoprecipitation) coupled mass spectrometry revealed SLP2 as a novel 

interactor of MIC13. B, The interaction between SLP2 and MIC13 was validated by Co-IP using 

FLAG antibody in isolated mitochondria from MIC13 KO cells stably expressing MIC13-FLAG 

or empty vector (EV) pMSCVpuro as background control. I: input lanes represent loading of 

10% of total lysates, E: eluate represent proteins eluted from anti-Flag M2 beads, * non-specific 

IgG bands. C, Co-IP probed for SLP2-MICOS interaction with isolated mitochondria from SLP2 

KO stably expressing pMSCVpuro EV (background control) or SLP2-MYC. Co-IP was 

performed using MYC-Trap agarose beads. I: Input fraction (10% of total lysate), E: Eluate 

fraction. YME1L was used as a positive interactor of SLP2 whereas Mt-CO2 and HSP60 

served as non-interactors. All the MICOS subunits were present in the elution fraction from 

SLP2-MYC co-ip. D, Proximity ligation assay (PLA) in HeLa cells with antibodies against 

MICOS subunits and SLP2. PLA signals are shown as red spots indicating respective protein 

interactions. SLP2 alone and Mt-CO2 & SLP2 antibodies were probed as negative controls. E. 

BN-PAGE with isolated mitochondria from WT cells revealed a co-migration pattern of SLP2 

with higher molecular weight MICOS complex. F. A heatmap and graph represent the 

normalized occurrence of SLP2 and MICOS subunits in complexome profiling data obtained 

from Flp-In T-REx HEK293 cells studied previously(Anand et al., 2016). SLP2 co-clustered 

with high molecular weight MICOS complex around 2000 kDa. G. Scaffolding model depicting 

interaction of SLP2 as an auxiliary MICOS subunits shows that SLP2 provides a scaffold for 

interaction of MICOS subunits. 

 
 
 



 

 129 

 
 
 
 
 
 



 
 

130 

Figure 2. Loss of SLP2 leads to aberrant cristae structure and reduced MIC26 levels. A, 
Steady state levels of MICOS proteins with western blot analysis from WT, SLP2 KO and SLP2 

KO cells stably expressing pMSCVpuro EV or SLP2-MYC.  B, Western blot quantification 

depicting relative protein levels. SLP2 KO was normalized to WT and SLP2 KO+SLP2 MYC 

was normalized to SLP2 KO+EV samples. Data is represented as mean and standard error of 

mean. Statistical analysis was performed with one-way ANOVA. *P-value ≤ 0.05, **P-value ≤ 

0.01, ***P-value ≤ 0.001. C, Western blot analysis of steady state levels of MICOS proteins 

from WT and SLP2 KO cells stably expressing pGIPZ-control shRNA or YME1L shRNA 

(knockdown represented as KD), depicted by a model illustrating the role of SLP2 in stabilizing 

MIC26 by regulating YME1L-mediated proteolysis. D, TEM images from WT, SLP2 KO and 

MIC26 KO cells. SLP2 KO shows accumulation of swollen cristae, while MIC26 KO shows 

interconnected cristae arranged in a honeycomb manner. E, Cristae number and CJs per 

mitochondrial section quantified from TEM images. Statistical analysis was performed with 

one-way ANOVA. *P-value ≤ 0.05, **P-value ≤ 0.01, ***P-value ≤ 0.001. F, Assessment of 

mitochondrial morphologies from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells 

untreated or post treatment with 10 μM cycloheximide for 2 hours. G, Percentage of cells 

displaying tubular, intermediate, fragmented or hyperfused mitochondria (n= 3). *P-value ≤ 

0.05, **P-value ≤ 0.01, ***P-value ≤ 0.001. Data represented as mean with standard error of 

mean. Scale bar represented as 15 μm. 
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Figure 3. SLP2 and MIC13 synergistically contribute to the assembly and organization 
of the MIC60-subcomplex. A, Assessment of steady state levels of MICOS proteins with 

western blot from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells. B, BN-PAGE of 

isolated mitochondria from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells to assess 

MICOS assembly. MIC13-SLP2 DKO showed reduced MIC60 assembly in MICOS complex 

compared to any single KO.  C, BN-PAGE quantification depicting relative protein assembly 

levels normalized to Coomassie (MIC60 n=5, MIC10 n=4, OXPHOS n=3). Protein levels are 

normalized to WT and data is represented as mean and standard error of mean. Statistical 

analysis was performed with one-way ANOVA. *P-value ≤ 0.05, **P-value ≤ 0.01, ***P-value ≤ 

0.001. D, STED nanoscopy images from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO 

cells displaying MIC60 punctae. White arrows indicate individual MIC60 punctae in a rail-like 

arrangement in WT cells. Arrow heads depict perturbed MIC60 puncta in MIC13 KO and SLP2 

KO. Yellow arrow with curve depicts dispersed MIC60 puncta in MIC13-SLP2 DKO cells. E, A 

model depicting that MIC60-subcomplex and MIB assembly is dependent on SLP2-MIC13. 
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Figure 4. SLP2 specifically regulates assembly kinetics of MIC60. A, WT cells stably 

expressing pLIX403 EV and MIC13 KO, MIC13-SLP2 DKO cells stably expressing pLIX403-

MIC13-FLAG were treated with 1 μg/ml of doxycycline (Dox) for indicated time points and 

western blot analysis depicting steady state levels of MICOS proteins upon induction of MIC13-

FLAG are shown. B, BN-PAGE with isolated mitochondria from WT cells stably expressing 

pLIX403 EV, and MIC13 KO and MIC13-SLP2 DKO cells stably expressing pLIX403-MIC13-

FLAG treated with 1 μg/ml of doxycycline (Dox) for indicated time points showing stable 

incorporation of MIC13-FLAG in MICOS complex. C, Blue native PAGE with isolated 

mitochondria from WT cells stably expressing pLIX403 EV, and MIC13 KO and MIC13-SLP2 

DKO cells stably expressing pLIX403-MIC13-FLAG treated with 1 μg/ml of Dox for indicated 

time points was probed for MIC10, MIC27 and MIC60 antibody. It shows that kinetics of MIC60 

assembly was dependent on SLP2. D. BN-PAGE quantification depicting relative protein 

assembly levels normalized to Coomassie for the 8 h time point (n= 4). Protein levels are 

normalized to WT and data is represented as mean and standard error of mean. Statistical 

analysis was performed with one-way ANOVA. *P-value ≤ 0.05, **P-value ≤ 0.01, ***P-value ≤ 

0.001. E, A model depicting the assembly kinetics of MIC60 in MICOS complex depends on 

SLP2. 
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Figure 5. MIC13-YME1L and SLP2-YME1L stabilize MIC10- and MIC60-subcomplex 
assembly in a co-dependent manner. A, WT, MIC13 KO, SLP2 KO, MIC13-SLP2 DKO 

stably expressing pGIPZ-Control shRNA or pGIPZ-YME1L shRNA (knockdown represented 

as KD) subjected to western blot to assess steady state levels of MICOS proteins. The levels 

of MIC10, MIC26 and MIC27 were dependent on YME1L-mediated proteolysis. B, The 

interaction between MIC60 and MIC10 was validated by Co-IP using MIC60 antibody 

conjugated Protein A sepharose beads in isolated mitochondria from WT, MIC13 KO cells 

stably expressing pGIPZ YME1L shRNA or empty vector (EV) pGIPZ as background control. 

I: input lanes represent loading of 10% of total lysates, E: eluate represent proteins eluted from 

beads, * non-specific IgG bands. BN-PAGE with isolated mitochondria from WT, MIC13 KO, 

SLP2 KO, MIC13-SLP2 DKO stably expressing pGIPZ-Control shRNA or pGIPZ- YME1L 

shRNA. Red arrow indicates downshift of MIC60 and green arrow indicates upshift of MIC60 

in BN-PAGE. C, Mitochondrial cristae morphology accessed using TEM from WT, MIC13 KO, 

SLP2 KO, MIC13-SLP2 DKO stably expressing pGIPZ-Control shRNA or pGIPZ-YME1L 

shRNA. Scale bar represents 0.5 µm. Red arrows depict CJs in the mitochondrial section 

showing a partial beneficial effect on cristae morphology upon YME1L depletion. D, 
Quantification of crista and CJs per mitochondrial section. Outliers were removed with Grubbs’ 

method and statistical significance was analysed by one-way ANOVA. *P-value ≤ 0.05, **P-

value ≤ 0.01, ***P-value ≤ 0.001. 
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Figure 6. Model for MICOS assembly via ‘seeder’ complex. A comprehensive schematic 

model of CJ formation illustrating the novel quality control process orchestrated by the MIC13-

YME1L and SLP2-YME1L axis, which facilitates the formation of the SLP2-MIC10-

subcomplex, known as the ‘seeder’ complex. The ‘seeder’ complex promotes the ‘seeding’ or 

assembly of the MIC60-subcomplex and the essential MIB proteins SAMM50 and MTX1, 

consequently playing a crucial role in defining the formation of MIC60 puncta and the MICOS-

MIB complex. This mechanistically promote the formation of CJ and contact between IM and 

OM. 
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Supplementary Figures: 
 

 
Supplementary Figure 1. SLP2 interacts with all MICOS subunits. A, Co-ip-western blot 

analysis from SLP2 KO or MIC10-subcomplex KO (left) and B, SLP2 KO or MIC60-subcomplex 

KO (right) stably expressing pMSCVpuro EV or SLP2-MYC showed that SLP2 can stably 

interact with any remaining MICOS subunits even upon the loss of individual MICOS subunits. 

Due to low abundance of MICOS proteins in MIC60 KO cells, overexposed blots were 

represented showing independent interaction of MIC13, MIC26, MIC27 and MIC19 with SLP2 

in absence of MIC60. I: Input fraction (10% of total lysate), E: Eluate fraction.  
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Supplementary Figure 2. SLP2 stabilizes MIC26 and facilitates its assembly in MICOS 
complex. BN-PAGE of isolated mitochondria from WT and SLP2 KO cells stained for MICOS 

subunits. 
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Supplementary Figure 3. Co-IP of MIC13-Flag using anti-Flag M2 beads with isolated 

mitochondria from MIC13 KO stably expressing pMSCVpuro EV (negative control) and MIC13-

Flag expressing in MIC13 KO and MIC13-SLP2 DKO cells. The interaction of MIC13 with other 

MICOS subunits was unaffected upon loss of SLP2. YME1L was found as a novel interactor 

of MIC13. MIC13 -YME1L interaction is independent of SLP2. 
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Supplementary Figure 4. MIC13-SLP2 cooperatively mediates assembly of MICOS and 
MIB proteins. A, BN-PAGE of isolated mitochondria from WT, MIC13 KO, SLP2 KO and 

MIC13-SLP2 DKO cells probed for MIC60-subcomplex protein MIC19. B, BN-PAGE of isolated 

mitochondria from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells probed for MIC60-

subcomplex protein MIC19. C, BN-PAGE of isolated mitochondria from WT, MIC13 KO, SLP2 

KO and MIC13-SLP2 DKO cells probed for MIB proteins SAMM50 and MTX1. C, BN-PAGE of 

isolated mitochondria from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells probed for 

MIC10-subcomplex protein MIC27.  
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Supplementary Figure 5. MIC60 assembly is reduced in MIC13-SLP2 DKO and not in 
MIC10 KO. BN-PAGE of isolated mitochondria from WT, MIC10 KO, MIC13 KO, SLP2 KO and 

MIC13-SLP2 DKO cells probed for MIC60. 
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Supplementary Figure 6. SLP2 specifically regulates assembly kinetics of MIC60. A, 
WT cells stably expressing pLIX403 EV and MIC13 KO, MIC13-SLP2 DKO cells stably 

expressing pLIX403-MIC13-FLAG were treated with 1 μg/ml of doxycycline (Dox) for indicated 

time points. B, Blue native PAGE with isolated mitochondria from WT cells stably expressing 

pLIX403 EV, and MIC13 KO and MIC13-SLP2 DKO cells stably expressing pLIX403-MIC13-

FLAG treated with 1 μg/ml of Dox for indicated time points was probed for MIC60 antibody. It 

shows that kinetics of MIC60 assembly was dependent on SLP2. 
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Supplementary Figure 7. MIC13-YME1L and SLP2-YME1L stabilize MIC10- and MIC60-
subcomplex assembly in a co-dependent manner. A, BN-PAGE of isolated mitochondria 

from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells expressing pGIPZ YME1L shRNA 

or EV pGIPZ probed for MIC10-subcomplex protein MIC27. B, BN-PAGE of isolated 

mitochondria from WT, MIC13 KO, SLP2 KO and MIC13-SLP2 DKO cells expressing pGIPZ 

YME1L shRNA or EV pGIPZ probed for MIC60-subcomplex protein MIC19. 
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6 Discussion 
MIC13 is an integral component of MICOS assembly, first identified in 2015 linking its 

mutations to fatal pathophysiological condition called mitochondrial hepato-encephalopathy. 

Patients with MIC13 deficiencies exhibit a range of metabolic and neurodevelopmental 

disorders (Guarani et al., 2015). Loss of MIC13 results in loss of MIC10 subcomplex consisting 

of two other proteins, MIC26 and MIC27, displaying aberrant cristae morphology lacking CJs. 

Assembly of MIC60 subcomplex, consisting of MIC19 and MIC25, remains conclusively 

unaffected at the protein levels, however, a shift in molecular weight in their migration pattern 

is observed upon analysis of the native protein complex (Anand et al., 2016; Guarani et al., 

2015; Urbach et al., 2021). Our study provides a mechanistic overview of how MIC13 stabilizes 

the MIC10 subcomplex, and through an extensive exploration of the MIC13 interactome, we 

unveil SLP2 as a novel interaction partner of MIC13, offering crucial insights into the intricate 

processes governing MICOS assembly and cristae morphogenesis at distinct steps. 

The cumulative findings of these studies present an elaborate depiction of mitochondrial IM 

organization, centered around the role of MIC13 in stabilizing the MIC10 subcomplex, with its 

WN and GxxxG motifs essential for the maintenance of mitochondrial cristae. MIC13 acts as 

a crucial modulator, protecting the MIC10 subcomplex from YME1L-mediated proteolytic 

degradation, thereby preserving the structural and functional integrity of mitochondria.  

Progressing further, SLP2 is introduced as a novel player in cristae morphogenesis, exerting 

a regulatory effect on the stability of MIC26, another MICOS component integral to 

mitochondrial morphology and the orchestration of metabolic responses to nutrient 

fluctuations. 

Within the cellular metabolic context, MIC26 emerges as a pivotal regulator that adjusts 

mitochondrial function to meet cellular energy demands, especially under varying glucose 

conditions. It plays a crucial role in metabolic adaptation, influencing lipid metabolism, and 

affecting the oxidative phosphorylation system in response to the nutritional status of the cell. 

Integrating these insights, the 'seeder model' proposes that MIC10-subcomplex, stabilized by 

MIC13, and SLP2 are indispensable for the correct assembly of the MIC60 subcomplex and 

MIB complex, a key contributor to mitochondrial cristae structure. This model emphasizes their 

synergistic function in orchestrating the assembly of the MICOS complex, essential for 

mitochondrial morphology and the establishment of CJs, providing a sophisticated 

understanding of the molecular basis of mitochondrial architecture and its implications for 

mitochondrial-related pathologies. 
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6.1. MIC13 stabilizes MIC10 subcomplex with its conserved WN and GxxxG 
motif 

In our study (Urbach et al., 2021), we elucidate the critical role of MIC13, a pivotal subunit of 

the MICOS complex implicated in infantile lethal mitochondrial hepato-encephalopathy, by 

systematically analyzing deletion variants across its sequence. We identify those specific 

regions, including the N-terminus and an area between amino acids 84 and 103, are crucial 

for MIC13's interaction with other MICOS subunits and the maintenance of normal cristae 

structure, crucial for mitochondrial function. Furthermore, through mutational analysis, we 

highlight the significance of two motifs in MIC13- the GxxxG motif in the N-terminus and the 

WN motif in the middle region. These motifs are vital for MIC13 stability, MIC10-subcomplex 

association, interactions with other MICOS components, and cristae morphology. The 

conserved WN motif, likely contributing to an amphipathic helix, and the GxxxG motif, a known 

dimerization element involved in protein-protein interactions within transmembrane domains, 

play crucial roles in the correct assembly of MICOS (Senes et al., 2000; Unterreitmeier et al., 

2007). This GxxxG motif, recognized for its capacity to facilitate dimerization, may facilitate 

interactions not only within MIC13 itself but also potentially with other transmembrane proteins. 

Additionally, our study underscores that MIC13's crucial role, mediated by the conserved 

GxxxG and WN motifs, is highly conserved across species (Huynen et al., 2016), emphasizing 

their importance in facilitating interactions with other MICOS components and ensuring proper 

MICOS assembly. In summary, our findings shed light on the vital roles of these conserved 

motifs within MIC13, unveiling a model where MIC13 plays a pivotal role stabilizing MIC10-

subcomplex, furthering our understanding of MICOS assembly and its implications for 

individuals with MIC13 deficiency. 

6.2. MIC13 is stabilizes MIC10 subcomplex from YME1L mediated 
proteolysis 

MIC13, being an integral component of MICOS complex, significantly influences cristae 

morphology by stabilizing the MIC10 subcomplex (Anand et al., 2016; Guarani et al., 2015; 

Urbach et al., 2021). This stabilization is crucial as cristae are the sites of ATP synthesis, the 

energy currency of the cell. The absence of MIC13 leads to a cascade of structural 

mitochondrial defects, primarily due to the destabilization of the MIC10 subcomplex, which is 

otherwise protected from degradation by the protease YME1L, as evident from this study 

(Naha et al., 2023). 

In MIC13 KO cells, the MIC10 becomes vulnerable to the protease YME1L, resulting in its 

complete degradation and in the loss of cristae and CJs. MIC13's role is thus highlighted here 

as a regulator of YME1L, ensuring that the protease does not target the MIC10 subcomplex 

for degradation under normal conditions. When YME1L activity is suppressed in MIC13 KO 
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cells, there is a notable increase in MIC10 levels, suggesting that YME1L directly mediates 

MIC10 degradation and that MIC13 acts as a checkpoint inhibitor of this process. 

The restoration of MIC10 levels upon YME1L downregulation in MIC13KO cells leads not only 

to the assembly of MIC10 subcomplex but extended to the reformation of cristae and CJs. 

Consistent with previous findings where overexpression of MIC10 in MIC13 depleted cells 

could partially rescue CJs (Guarani et al., 2015). This demonstrates that MIC13's primary role 

is not “bridging” of the MIC10 and MIC60 subcomplexes per se, but in maintaining the stability 

of these structures by modulating the proteolytic activity of YME1L, as evident from the 

assembly of MIC10 subcomplex and interaction of MIC10 with MIC60 in MIC13 KO cells upon 

YME1L depletion. The restoration also provides a mechanistic insight into how MIC13 affects 

mitochondrial ultrastructure and establishes a direct link between MIC13, YME1L-mediated 

proteolysis, and mitochondrial morphology. 

The functional interplay between MIC13 and YME1L extends beyond mere stabilization; it 

points to a quality control mechanism within the mitochondria that is central to maintaining the 

integrity of mitochondrial architecture. This has therapeutic implications, as modulating YME1L 

activity could potentially counteract the mitochondrial defects caused by the absence of MIC13, 

offering a potential intervention strategy for mitochondrial pathologies linked to MIC13 

deficiencies, mitochondrial hepato-encephalopathy. 

In conclusion, MIC13 is more than a structural component; it is a key regulator of mitochondrial 

proteostasis, safeguarding the MIC10 subcomplex from proteolytic degradation, which is 

essential for the proper formation and maintenance of mitochondrial cristae. The 

understanding of MIC13's role in mitochondrial quality control is a vital step towards elucidating 

the complex regulation of mitochondrial architecture and could pave the way for novel 

therapeutic strategies in mitochondrial diseases. 

6.3. SLP2 is a novel interactor of MIC13 regulating MIC26 stability and 
cristae architecture 

The investigation of MIC13's interactome was a strategic approach to decipher its broader 

roles within the mitochondrial IM beyond its established function in stabilizing the MIC10 

subcomplex and regulating YME1L-mediated proteolysis. By exploring the proteins that 

interact with MIC13, we aimed to uncover additional mechanisms by which MIC13 might 

influence mitochondrial architecture and function. 

Detailed interactome analysis revealed a cascade of proteins residing in the mitochondrial 

membranes, of which most striking candidate being SLP2. This interaction has expanded our 

knowledge of mitochondrial dynamics, revealing that MIC13's role extends beyond stabilization 

of MIC10 subcomplex. 

SLP2, traditionally recognized for its role in modulating mitochondrial morphology during 

cellular stress conditions by promoting stress induced hyperfusion (Tondera et al., 2009; Wai 
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et al., 2016), is now also considered a regulator within the MICOS complex, particularly in 

relation to MIC26. Depletion of SLP2 resulted in significant loss in MIC26 protein level. MIC26 

level was rescued upon depletion of the protease YME1L from the SLP2 KO cells, suggesting 

a modulation of proteolytic activity mediated by SLP2. This finding is in par with previous 

findings where SLP2 was suggested to form a large regulatory proteolytic hub together with 

YME1L and PARL in the IM, regulating the activity of these proteases (Wai et al., 2016). 

However, our findings provide the first proteolytic substrate of YME1L (i.e., MIC26) which is 

regulated by SLP2. 

In single knockout models where either MIC13 or SLP2 was absent, the impact on 

mitochondrial structure was distinct and profound, underscoring the unique contributions of 

each protein. MIC13 KO cells displayed onion-like cristae and loss of MIC10 subcomplex 

integrity, highlighting MIC13's crucial role in stabilizing MIC10 against YME1L-mediated 

degradation. This loss is detrimental to the structural integrity of the mitochondria, leading to 

the collapse of CJs. 

In contrast, SLP2 KO cells did not exhibit the same defects in the MIC10 subcomplex as seen 

in MIC13 KOs, instead showing a direct impact on the stability of MIC26. The cells lacking 

SLP2 displayed a significantly reduced number of CJs with a characteristic cristae-swelling 

feature. To confirm if swollen cristae and reduced CJs were specifically contributed by loss of 

SLP2, we checked for the cristae architecture in MIC26 KO cells. Loss of MIC26 displayed 

mostly normal cristae structures with a few interconnected cristae but no substantial swelling, 

concreating the finding that SLP2 has an alternate mode of contributing towards cristae 

morphology apart from MICOS proteins. 

The interplay between SLP2 and YME1L regulating MIC26 is a new and important discovery, 

indicating that SLP2’s role is not only structural but also regulatory, conserved among cell 

types (data not shown). By influencing the proteolytic landscape and interacting with several 

structural proteins, SLP2 indirectly affects the stability of mitochondrial structure (Da Cruz et 

al., 2008; Tondera et al., 2009; Wai et al., 2016). The findings from single KO studies 

emphasize that both MIC13 and SLP2 are crucial for the preservation of the MICOS complex 

and mitochondrial architecture. They do so by regulating YME1L's activity, which in turn 

stabilizes key structural proteins like MIC10 and MIC26. 

6.4. SLP2 mediated MIC26 stabilization is crucial for maintaining cellular 
metabolic demands 

Stabilization of MIC26 by SLP2 is a critical process towards integration of MIC26 in MICOS 

complex, whose function extends much beyond structural integrity of mitochondria and 

towards metabolic regulations in cells. MIC26 depletion has been implicated to alter 

mitochondrial morphology and functions consequently resulting in neurodegenerative and 

metabolic disorders (Benincá et al., 2020; Lamant et al., 2006; Peifer-Weiß et al., 2023). 
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MIC26, previously identified as a secreted protein, has been shown to be exclusively localized 

in mitochondria and contribute towards structural integrity (Lubeck et al., 2023). MIC26 

functions as a key regulator in the mitochondria, orchestrating a complex interplay of metabolic 

processes that adapt to the cellular nutritional status (Lubeck et al., 2023). Under standard 

glucose conditions (normoglycemia), MIC26's absence is met with a cellular counter-response- 

an upregulation of glucose uptake, which is directed towards increased lipid anabolism via 

upregulation of G3P generation. At the same time fatty acid synthesis is also heightened by 

increased mitochondrial citrate export via an upregulation in citrate exporter SLC25A1 protein 

levels and an upregulation of lipid synthesis key enzymes, contributing to the expanding lipid 

storage. Interestingly, while the biosynthesis pathway for cholesterol is activated, the overall 

cholesterol level within the cell is maintained on WT level, suggesting a compensatory 

upregulation to meet celluar cholesterol demands. Furthermore, changes are observed in the 

OXPHOS energy generation and complex formation, possibly reflecting a change in the cell's 

energy allocation strategy. The glutamine metabolism too is altered, marked by an increase in 

glutamine accumulation, indicating an altered amino acid handling and usage.  

In a hyperglycemic condition, loss of MIC26 imparts different metabolic outcomes. Here, 

without MIC26 to oversee the metabolic adjustments, the cell does not elevate glucose uptake 

despite an environment rich in glucose, however accumulates glucose. Consequently, the 

downstream pathways of lipid metabolism are affected, as evidenced by reduced G3P and a 

corresponding decrease in lipid droplet accumulation and decreased pyruvate level. 

Cholesterol biosynthesis follows this trend, with reduced activity leading to lower cellular 

cholesterol levels. In this glucose-rich condition, the TCA cycle also reflects the impact of 

MIC26's absence, with a reduction in citrate pointing towards a potential inefficiency in free 

fatty acids de novo synthesis. Furthermore, the downregulation of key transporters like 

SLC25A12 and SLC1A5 suggests a disruption in the shuttling of critical metabolites into the 

mitochondria, likely affecting the balance of fuel usage and energy output. This metabolic shift 

is an evidence to MIC26's integral role, which in normal physiological condition, stabilized by 

SLP2 mediated regulation of YME1L, in adapting mitochondrial function to the cellular energy 

state, with its absence leading to a significant reorganization of the cell's metabolic priorities.  

In conclusion, the study of MIC13's interactome has uncovered a complex network of protein 

interactions that are critical for maintaining mitochondrial integrity. The novel interaction 

between MIC13 and SLP2, and the subsequent regulation of YME1L, unveils a multi-layered 

regulatory mechanism that controls the stability of both MIC10 and MIC26. These findings not 

only enhance our understanding of the intricate processes governing mitochondrial 

architecture but also suggest new potential targets for therapeutic interventions in diseases 

associated with mitochondrial dysfunction. 
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6.5. MIC13-SLP2 synergistically regulate MIC60-subcomplex assembly 
Building on the understanding of SLP2's role in stabilizing MIC26, we further investigated the 

scenario where both MIC13 and SLP2 are absent, exploring the implications of their synergistic 

functions. The DKO experiments reveal that MIC13 and SLP2 work in concert to facilitate the 

proper assembly of the MIC60 subcomplex, an essential component of the MICOS complex 

that is crucial for maintaining mitochondrial cristae structure (John et al., 2005). While the 

absence of SLP2 alone impairs the stability of MIC26 and thus affects the architecture of 

cristae, the simultaneous absence of MIC13 compounds this effect, disrupting the assembly 

of the MIC60 subcomplex. This disruption occurs despite the presence of normal protein levels 

of MIC60 subcomplex components, suggesting that MIC13 and SLP2 are not directly involved 

in the synthesis or stability of these proteins but are critical for their proper assembly into a 

functional complex. This failure is critical because the MIC60 subcomplex is central to the 

formation and maintenance of mitochondrial cristae and the inner-outer membrane contact 

sites by formation of the MIB complex (Darshi et al., 2011; Sastri et al., 2017; Tang et al., 

2020). In addition to MIC60 subcomplex, the MIB proteins MTX1 and SAM50 also showed 

gross assembly defects in absence of MIC13 and SLP2. Extending the synergistic role of these 

proteins towards not only stabilizing the MICOS complex but also conferring stabilization effect 

on the inner-outer membrane contact sites via stable integration of MIB complex. Under normal 

conditions, MIC13 and SLP2 work synergistically to ensure the proper assembly and 

localization of the MIC60 subcomplex, which in turn dictates the structure of cristae. 

The STED microscopy data from the MIC13-SLP2 DKO cells provide a visual affirmation of 

this disruption. While wild type cells exhibit a punctate arrangement of MIC60, indicative of a 

properly organized MICOS complex (Stoldt et al., 2019), the MIC13-SLP2 DKO cells show a 

dispersed arrangement of MIC60. This dispersal suggests that the absence of MIC13 and 

SLP2 leads to a failure in the spatial organization of the MIC60 subcomplex, disrupting the 

usual punctate distribution crucial for cristae integrity. 

Although deletion of SLP2 from MIC13 KO background imparted a detrimental effect on 

MIC60-subcomplex and MIB complex proteins, a beneficial effect on the levels of MIC27 

assembly was observed. An interesting phenomenon which further opens up an avenue to 

explore the independent assembly pattern of MIC27 despite the absence of MIC10 and MIC13. 

Independent assembly of MIC27 was previously reported (Tirrell et al., 2020), and together 

with the findings from this research, a novel assembly pathway for MICOS subunits could be 

deciphered in the future research. Additionally, a mild increase in CJs was also observed in 

the MIC13-SLP2 DKO cell lines as compared to MIC13 KO cells, indicating a beneficial effect 

towards deletion of SLP2, although detrimental to MIC60-subcomplex, but can still somehow 

promote assembly of MIC27 and mildly effect CJ formation. Exploring the detailed proteolytic 
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and quality control regulation mediated by SLP2 could further deepen our understanding 

towards assembly of MICOS subunits, such as MIC27, and formation of CJs. 

The alteration in the MIC60 arrangement in the DKO cells underscores the roles of MIC13 and 

SLP2 in the higher-order assembly of MICOS complex. Without the stabilizing functions 

provided by these two proteins, the individual components of the MIC60 subcomplex cannot 

integrate into a functional MICOS complex. The STED data thus reinforce the idea that the 

assembly of the MICOS complex, particularly the integration of the MIC60 into this structure, 

is a highly coordinated process that depends on synergistic functions of MIC13 and SLP2. 

4.4. SLP2 regulates assembly kinetics of MIC60 in presence of MIC10 
subcomplex 
Having established the synergistic relationship between MIC13 and SLP2 in the assembly of 

the MIC60 subcomplex, the focus now shifts to a more detailed exploration of this interplay. 

Utilizing the tetracycline inducible (Tet-On) system to control MIC13 expression, we delve into 

the specifics of how its time-dependent restoration impacts the assembly dynamics of the 

MIC60 and MIC10 subcomplexes, in presence and absence of SLP2. This approach allows 

for a precise dissection of the individual roles of MIC13 and SLP2, further illuminating their 

distinct yet interconnected contributions to the MICOS complex formation and mitochondrial 

cristae organization. 

The observed kinetics of MIC60 subcomplex assembly upon MIC13 restoration in MIC13-SLP2 

DKO cells offer novel insights into the assembly of the MICOS complex. The reintroduction of 

MIC13, in absence of SLP2, led to a substantial slower assembly of the MIC60 subcomplex, 

underscoring the indispensable role of SLP2 in this process. This delay in assembly delineates 

the functional synergy between MIC13 and SLP2 in the MICOS complex. While MIC13 is 

crucial for the stability and presence of the MIC10 subcomplex, the efficient assembly kinetics 

of the MIC60 subcomplex is markedly dependent on SLP2 upon slow restoration of MIC13 

(MIC10 subcomplex). This differential dependency indicates a specialized division of labor 

within the MICOS complex, where SLP2 appears to be integral to the assembly kinetics of the 

MIC60. 

In contrast to the assembly dynamics of the MIC60 subcomplex, the assembly of the MIC10 

subcomplex exhibits a distinct dependency solely on the presence of MIC13, irrespective of 

SLP2. This revelation is significant in the context of MICOS complex assembly, as it highlights 

the unique and indispensable role of MIC13 for the MIC10 subcomplex formation. Despite the 

slower kinetics observed in the MIC60 subcomplex assembly in MIC13-SLP2 DKO cells, the 

restoration of MIC13 is sufficient to reestablish the MIC10 subcomplex, indicating that the 

presence of SLP2 does not influence this specific assembly pathway. This selective 

dependency underscores the critical and non-redundant role of MIC13 in maintaining the 

integrity of the MIC10 subcomplex, which is essential for the proper structural organization of 
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mitochondrial cristae. The distinct roles of MIC13 and SLP2 within the MICOS complex, as 

delineated by these observations, provide a novel understanding of how individual components 

contribute to the complex's overall assembly pattern. 

Building upon the insights from the synergistic functions of MIC13 and SLP2 in the MIC60 

subcomplex assembly, a compelling hypothesis emerges when examining the Tet-On 

system's results. We termed this the 'seeder hypothesis,' postulating a foundational role for the 

MIC10 subcomplex, in concert with SLP2, to facilitate the assembly of the MIC60 subcomplex. 

The time-dependent restoration of MIC13, particularly in the context of MIC13-SLP2 DKO cells, 

highlights not only the individual contributions of MIC13 and SLP2 but also suggests their 

collaborative role in priming the mitochondrial IM for the assembly of other MICOS 

components. 

The 'seeder hypothesis' puts forward the idea that the MIC10 subcomplex, once stabilized by 

the presence of MIC13, acts in unison with SLP2 to facilitate the integration of the MIC60 

subcomplex into the holo-MICOS complex. This hypothesis aligns well with the observed 

differences in assembly kinetics of the MIC60 subcomplex between MIC13 KO and MIC13-

SLP2 DKO cells. It suggests that the coordinated action of the MIC10 subcomplex and SLP2 

creates an optimal environment or 'seeding ground' for the efficient assembly and proper 

localization of MIC60, which is crucial for the maintenance of mitochondrial cristae structure 

and function. 

6.6. 'Seeder Model' of MICOS assembly and cristae junction formation 
In order to validate the 'seeder hypothesis', a critical step involved restoring the assembly of 

the MIC10 subcomplex in the MIC13-SLP2 DKO cells. This was achieved through the strategic 

knockdown of YME1L, a mitochondrial protease whose regulation is dependent on MIC13. The 

rationale was that by mitigating the proteolytic activity of YME1L, we could facilitate the 

reassembly of the MIC10 subcomplex, even in the absence of MIC13 and SLP2, and 

subsequently facilitate the assembly of the MIC60 subcomplex. 

YME1L effectively degrades MIC10-subcomplex in absence of MIC13, demonstrating a SLP2-

independent role of MIC13 regulating YME1L activity. However, upon depletion of YME1L from 

WT cells, an increase in protein levels for MIC10-subcomplex is observed highlighting a fine-

tuned proteostasis regulation within the MICOS complex. MIC10 was shown to oligomerize 

within the CJs (Bohnert et al., 2015), and constant degradation of excess MIC10 could be 

crucial towards hyper oligomerization leading to a vesicular crista formation, prompting further 

investigation towards quality control mechanism. Additionally, the constant degradation of 

MIC10-subcomplex by YME1L could be crucial for the fission-fusion of cristae membranes 

within mitochondria. 

Following the YME1L knockdown in the MIC13-SLP2 DKO cells, we observed that the protein 

levels of the MIC60 subcomplex did not change significantly. However, the assembly of the 
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MIC60 subcomplex was notably more efficient. This improvement in assembly can be linked 

to the reconstituted MIC10 subcomplex, made possible by the depletion in YME1L levels in 

the DKO cells. Essentially, the reassembled MIC10 subcomplex appears to function as a 

'seeder' platform, enabling the MIC60 subcomplex to integrate into the MICOS complex more 

effectively. The role of MIC13, previously identified to have a bridging function between the 

two MICOS subcomplexes, transcends towards a more intricate function regulating a major 

mitochondrial protease YME1L. Further investigation MIC13 mediated regulation of YME1L, 

specifically identifying potential substrates under this regulation, could provide valuable 

knowledge towards a better understanding of intricate regulations of the structural proteins 

contributing towards mitochondrial functions. 

This outcome strongly supports the seeder hypothesis. It demonstrates that an intact MIC10 

subcomplex, even in the absence of MIC13 and SLP2, not only interacts with MIC60 but is 

crucial for the proper assembly of the MIC60 subcomplex and MIB complex. This finding 

highlights the role of the MIC10 subcomplex, stabilized against YME1L-mediated degradation, 

in guiding the overall assembly of the MICOS-MIB complex. YME1L has been implicated as a 

quality control protease within the mitochondrial IM, degrading unassembled or misfolded 

protein to maintain functional integrity of the organelle (Schreiner et al., 2012). We identify two-

fold regulation of YME1L in this study, (1) its known regulation in SPY complex (Wai et al., 

2016), where in SLP2 regulates its activity to stabilize MIC26 and (2) its regulation by MIC13 

to stabilize the MIC10-subcomplex, thereby promoting its assembly. While YME1L could 

potentially degrade unassembled MIC10 and ‘fine-tune’ the amount of protein to be assembled 

as evident from the YME1L depletion in WT cells where MIC10 levels are drastically increased. 

We delve into the previously unexplored territory of MIC13-dependent regulation of YME1L, 

shedding light on a novel mechanism that influences MICOS assembly dynamics. Additionally, 

our study elucidates the collaborative role of SLP2 alongside MIC13 in modulating the 

assembly of MIC60 and MIB complexes, thereby extending far beyond the scope of the SPY 

complex, although the stabilization of MIC26 proteolysis by YME1L is conducted by SLP2, 

identifying a novel regulatory role of SPY complex on a vital CJ protein. 

Crucially, the efficient assembly of the MIC60 subcomplex in the MIC13-SLP2 DKO cells 

following YME1L depletion extends beyond just subunit assembly. It directly contributes to the 

reformation of nascent CJs, highlighting a functional restoration of mitochondrial architecture. 

This reformation is indicative of the crucial role played by the MIC10 subcomplex, now 

stabilized due to YME1L downregulation, in not only providing the 'seeding' ground for the 

assembly of the MIC60 subcomplex but also in driving the reconstruction of cristae 

morphology. SLP2 plays a substantial role in the assembly kinetics of MIC60 during the initial 

assembly of MIC10-subcomplex, however depletion of SLP2 does not drastically affect this 

process, indicating a rather supportive or accessory role of SLP2 in assembly of MIC60-
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subcomplex. Together with the functional studies and the interaction data, it could be further 

concluded that SLP2 may not directly be a part of the MICOS complex, however it’s role is 

crucial in supporting the MIC60-subcomplex and MIB complex assembly upon a pre-

assembled MIC10-subcomplex

Figure 6: Model of MICOS-MIB assembly and CJ formation. MIC13 mediated stabilization of MIC10-

subcomplex, together with SLP2, provides a ‘seeding’ ground for MIC60-subcomplex and MIB complex 

and facilitates CJ morphogenesis. 

 

The emergence of these nascent CJs upon the restoration of the MIC10 subcomplex 

underscores the importance of the correct assembly and stabilization of MICOS components 

for the structural integrity of the mitochondria, with MIC13 and SLP2 playing a central role. The 

'seeder' model thus encapsulates a vital mechanistic insight: the stabilization of the MIC10 

subcomplex, together with SLP2, acts as a foundation, not only for the efficient assembly of 

the MIC60 subcomplex but also for the reestablishment of CJs, integral to mitochondrial 

function and health. This interplay between the MIC10 subcomplex and MIC60 subcomplex, 

modulated by MIC13 and SLP2 and the protease YME1L, paints a comprehensive picture of 

how mitochondrial ultrastructure is intricately regulated and maintained. 
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7 Outlook 
The study has elucidated pivotal roles of MIC13, SLP2, and YME1L in the regulation of 

mitochondrial cristae architecture, emphasizing the intricate interplay between these proteins 

in maintaining mitochondrial integrity. Specifically, our findings highlight the stabilization of 

MIC10 imparted by MIC13 via regulation of YME1L, further diving deeper into the interactome 

of MIC13 where we identify SLP2 to be an accessory protein. We propose that SLP2, together 

with MIC10-subcomplex, promotes the assembly of MIC60-subcomplex and MIB proteins, 

although deletion of SLP2 from MIC13 KO cells has beneficial effect on MIC27 assembly and 

mildly increases CJ formation.  

From the major findings proposed in the previous section of this thesis, following future 

directions are proposed: 

7.1. Deeper investigation into MIC13's regulatory mechanisms 
Expanding our understanding of MIC13's role in the stabilization of the MIC10 subcomplex and 

its regulation by YME1L will be crucial. Future studies should focus on elucidating the precise 

molecular interactions and signaling pathways that underpin MIC13's protective effects against 

YME1L-mediated degradation, offering insights into mitochondrial quality control and disease 

mechanisms in both cell lines and mouse models. Notably, the rescue of the upper band of 

MIC27 upon depletion of YME1L from MIC13 KO cells could provide vital evidence of potential 

post translational modifications with MICOS complex that could play crucial role in the 

assemblies of the subunits. 

7.2. Therapeutic implications of MIC10 stabilization 
The discovery that MIC13 regulates YME1L to stabilize MIC10, thereby facilitating the 

reformation of CJs, offers an exciting therapeutic opportunity, particularly for conditions like 

mitochondrial hepato-encephalopathy. The initial phase of this therapeutic development 

should prioritize the mapping of YME1L recognition sites on MIC10. A promising approach 

involves constructing a series of MIC10 variants with small, targeted deletions of amino acids. 

These constructs can be introduced into MIC13 KO cells, followed by rigorous biochemical 

assays to identify which MIC10 mutants exhibit resistance to YME1L-mediated degradation. 

Armed with this molecular insight, the next step would be the strategic design and identification 

of small molecules, peptides, or aptamers. These therapeutic agents would be engineered to 

emulate MIC13's protective role, effectively shielding MIC10 from YME1L's proteolytic activity. 

The potential of these agents to selectively inhibit the degradation of MIC10 by YME1L holds 

substantial promise; however, it is imperative to conduct comprehensive validation studies. 

Such studies must ensure that these inhibitors are highly specific, mitigating any unintended 

off-target effects and confirming that the inhibition of YME1L's activity is strictly confined to the 

context of MIC10 proteolysis. The therapeutic implications of this strategy are profound, as it 

not only offers a novel method to counteract mitochondrial dysfunction in hepato-
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encephalopathy but also paves the way for addressing a broader spectrum of mitochondrial 

pathologies with similar molecular mechanism of disease progression. This approach 

exemplifies the translational potential of basic mitochondrial research, turning biochemical 

pathways into targets for clinical intervention.  

7.3. Investigating the role of SLP2 mediated YME1L regulation in crista 
swelling 

SLP2 KO displayed about 50% reduction in CJs however it displayed a distinct crista swelling 

pattern which is discrete from any of the MICOS subunit KOs, indicating an alternate regulatory 

mechanism imparted by SLP2 on shaping cristae architecture. Upon knockdown of YME1L, 

this swelling pattern could be abolished, indicating a new “player” under control of SLP2-

YME1L axis, which could prove to be a critical component in efficient formation of crista 

structure. Mass spectrometry approaches in SLP2 KO cells and SLP2 KO cells with YME1L 

depletion could identify this protein, which is involved in proper crista structure, substantially 

increasing our understanding of crista morphogenesis. To further investigate the role of this 

potential crista morphogenesis protein, depletion studies on this protein could be performed to 

further characterize its mechanistic functions. 

7.4. Mechanistic insights into MIB complex regulation by MICOS 
Components 

Unraveling the intricate molecular communication between the inner and outer mitochondrial 

membranes, especially the influence of the MICOS complex's integrity and assembly on the 

MIB complex, stands at the forefront of mitochondrial biology. Regulation of MICOS complex 

via SAMM50 is well established, however this is the first data which indicates a possibility of 

intricate regulation of MIB assembly mediated via the CJ shaping proteins. Our data reveal 

that the coordinated action of MIC13 and SLP2 significantly enhances the assembly of the 

MIC60 subcomplex, alongside crucial MIB proteins such as SAMM50 and MTX1. While the 

regulation of the MICOS complex by SAMM50 is well-documented, our study pioneers the 

identification of a potential sophisticated mechanism through which CJ shaping proteins might 

regulate MIB complex assembly. 

This revelation opens up uncharted territories in mitochondrial research, suggesting a far-

reaching role of the MICOS complex that transcends its known functions. To delve deeper into 

this novel regulatory axis, I propose a targeted approach: overexpressing SAMM50 and MTX1 

in MIC13-SLP2 DKO cells, a model strategically chosen for its impaired MIC60 assembly. This 

experiment is designed to probe whether the assembly of MIB proteins is still hindered in the 

absence of a functional MIC60 subcomplex. A compromised assembly of MIB proteins under 

these conditions would illuminate a previously unseen mechanism, indicating that OM 

components of the MIB complex are regulated by IM proteins, particularly through the actions 

of the MICOS complex. 
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This exploration not only promises to expand our understanding of mitochondrial dynamics but 

also posits the MICOS complex as a central orchestrator of mitochondrial architecture, 

influencing both OM and IM interactions. By bridging this crucial gap in knowledge, it could be 

aimed to illuminate the complex interdependencies that govern OM and IM regulation. 

7.5. Mechanistic insights into MIB complex regulation by IM quality control 
pathways 

An intriguing finding from this study highlights the decreased assembly in MIB proteins 

SAMM50 and MTX1 upon depletion of YME1L from the WT cells. YME1L, localized in IM, is a 

master protease involved in multiple quality control pathways. Though depletion of YME1L 

from MIC13 KO and MIC13-SLP2 DKO cells imparted a positive effect on MIC60-subcomplex 

and MIB assembly via restoration of MIC10 levels, it imparted a substantial detrimental effect 

on MIB assembly in the WT cells. This finding paves a novel pathway implicating the 

importance of IM quality control pathways which is essential for regulation of proper assembly 

of outer membrane proteins SAMM50 and MTX1. 

Our study sheds light on a fascinating aspect of mitochondrial biology: the intricate regulation 

of the MIB complex by IM quality control pathways, particularly through the action of the 

protease YME1L. A key discovery is the observation that depleting YME1L from WT cells leads 

to a drastic decrease in the assembly of MIB proteins SAMM50 and MTX1. YME1L, a protease 

anchored in the IM, plays a pivotal role in mediating multiple quality control pathways within 

the mitochondria. Interestingly, while the depletion of YME1L from MIC13 KO and MIC13-SLP2 

DKO cells is beneficial to the assembly of the MIC60 subcomplex and MIB components by 

restoring MIC10 levels, it conversely exerts a substantial negative impact on MIB assembly 

within WT cells. 

This counterintuitive outcome uncovers a previously unrecognized pathway, underscoring the 

critical importance of IM quality control mechanisms in the regulation of OM proteins such as 

SAMM50 and MTX1. This revelation not only challenges our current understanding of 

mitochondrial protein regulation but also opens new avenues for exploring how mitochondrial 

quality control impacts the broader architectural integrity of the organelle. 

Such insights have profound implications for our comprehension of mitochondrial dynamics, 

suggesting that the balance of proteolytic activity within the IM is crucial not only for the 

maintenance of IM components but also for the orchestration of complex assembly processes 

involving the OM. This discovery propels us into new research territories, necessitating a 

deeper investigation into how IM quality control pathways intricately govern the assembly and 

function of mitochondrial structures spanning both membranes. 

Embarking on this research to decode the mechanistic underpinnings of MIB complex 

regulation by IM quality control pathways, it is poised to unravel the complex interdependencies 

that define mitochondrial integrity and function.  
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8 Conclusion 
In conclusion, our comprehensive investigation underscores the pivotal role of MIC13 in 

safeguarding the stability and integrity of the MIC10-subcomplex through the suppression of 

YME1L-mediated proteolysis, highlighting a molecular mechanism in pathogenesis of 

mitochondrial hepato-encephalopathy. This finding led to the observation that CJs can be 

significantly rescued upon stabilization of MIC10, implicating that the loss in CJs in patient cells 

is due to the loss of MIC10 upon deleterious mutation in MIC13. Furthermore, we have 

identified SLP2 as a novel contributor to cristae morphogenesis, independent of its previous 

role in SPY complex. Our findings elucidate a distinct multistep process in which the MIC10-

subcomplex and SLP2 serves as an essential 'seeding' platform, thereby enhancing the 

efficient assembly of the MIC60-subcomplex and the MIB complex. Crucially, SLP2 emerges 

as a key facilitator within this assembly mechanism, significantly augmenting the kinetics of 

MIC60-subcomplex formation. Expanding upon this multistep assembly narrative, we present 

initial evidence highlighting the reliance of the MIC60-subcomplex and the OM MIB complex 

on the IM proteins MIC10 and SLP2. This interdependence indicates a compelling avenue for 

further research, emphasizing the necessity to deepen our understanding of these molecular 

interactions and their implications for mitochondrial architecture and function. 
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