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Abstract

Mitochondria are essential organelles in eukaryotic cells that feature a unique double-
membrane architecture. The mitochondrial inner membrane forms numerous invaginations,
named cristae, which can adopt different shapes and sizes. The cristae membrane harbors the
protein machinery that facilitates the function of mitochondria as powerhouses of the cell. Small
openings, referred to as crista junctions, connect the cristae membrane to the inner boundary
membrane, which runs in parallel to the outer membrane. The intricate shape of the inner
membrane is determined by a set of membrane-shaping proteins including the dimeric
F1FO-ATP synthase, the dynamin-like GTPase optic atrophy 1 (OPA1) and the mitochondrial
contact site and cristae organizing system (MICOS), a heterooligomeric protein complex that
is crucial for the formation of crista junctions. In mammals, MICOS consists of seven different
subunits that are organized within two distinct MICOS subcomplexes. Although several studies
demonstrated physical or genetic interactions between the MICOS subcomplexes, OPA1 and
the dimeric F1FO-ATP synthase, their precise interplay in cristae formation and maintenance is
largely unknown. Consequently, the mechanism of cristae formation is still under debate and a
variety of conflicting models describing the formation of cristae have been suggested.
Examination of such models requires the analysis of morphological changes of the inner
membrane architecture and the determination of the intramitochondrial localization of the
involved membrane-shaping factors. As the diameter of mitochondria is close to the diffraction
limit of optical microscopy, visualization of both aspects requires the application of diffraction-
unlimited fluorescence nanoscopy techniques. However, the lack of adequate labeling strategies
for the mitochondrial inner membrane has prohibited the visualization of its dynamics by
fluorescence nanoscopy.
The first part of this thesis introduces a reliable labeling approach that enables time-lapse
recordings of individual cristae with a resolution of about 50 nm using stimulated emission
depletion (STED) nanoscopy. Live-cell recordings of mitochondria demonstrated that cristae
constantly change their appearance on the timescale of seconds and form well-organized groups
inside the mitochondrial tubules.
The second part of this thesis investigates the role of the MICOS complex in the organization
of cristae and the positioning of crista junctions in mitochondria from Saccharomyces
cerevisiae and from different human cell types. STED nanoscopy of Mic60, a core subunit of
the MICOS complex, revealed that Mic60 forms spatially coordinated protein clusters, which
reflect the distribution of the crista junctions. Frequently, distinct Mic60 clusters are organized
in two opposite distribution bands, which run along the mitochondrial tubules. These opposite
bands can adopt a helically twisted arrangement, supporting the idea that individual crista
junctions are physically coupled along and across the mitochondrial tubules. 3D electron
microscopy and STED nanoscopy data indicated that this junction coupling is largely
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independent from the cristae, but is instead an intrinsic feature of the mitochondrial inner
membrane.
The central part of this thesis further investigates the mechanisms that control cristae formation
in humans. The findings demonstrate that an intricate interplay between the two MICOS
subcomplexes, OPA1, and the dimeric F1FO-ATP synthase controls inner membrane
remodeling, the formation of cristae, and the coordinated positioning of the crista junctions.
HeLa cells were individually depleted of all known MICOS subunits and were analyzed using
protein-biochemistry, super-resolution imaging, and electron microscopy. The presented data
revealed that the Mic60-subcomplex enables the formation of crista junctions, whereas the
Mic10-subcomplex modulates the formation of lamellar cristae. The generation of inducible
stable cell lines allowed for the restoration of lamellar cristae upon re-expression of the MICOS
complex in MICOS-depleted cells. Reconstitution of the MICOS complex triggered fission of
disordered cristae as well as the de novo formation of crista junctions on preexisting cristae.
STED recordings further demonstrated that association of the two MICOS subcomplexes, along
with the dimeric F1FO-ATP synthase, controls the width of the opposite Mic60 distribution
bands and thereby the positioning of crista junctions around the mitochondria. Contradicting
previous reports from yeast, the formation of lamellar cristae in humans was found to be largely
independent of fusion and fission of mitochondrial tubules as demonstrated by transient
depletion of several important fusion and fission factors. Nevertheless, knockdown experiments
illustrated that the fusion protein OPA1 stabilizes tubular crista junctions and controls the
formation of Mic60 assemblies together with Mic10. Therefore, OPA1, together with the
dimeric F1FO-ATP synthase, influences the positioning of the MICOS complex in the inner
membrane.
Finally, the findings described in this work allowed for the development of a new model of
cristae formation in which the interplay of the MICOS-subcomplexes with OPA1 and with the
dimeric F1FO-ATP synthase controls the remodeling of the inner membrane and facilitates the
segmentation of unstructured cristae membranes into multiple highly organized lamellar
cristae.
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- Introduction

Mitochondria were first observed by Albert von Kölliker, who described “granules” that were
arranged in the sarcoplasm of striated muscle tissue (Kölliker, 1856). Later, Richard Altmann
visualized similar structures also inside other cell types and considered them to be organisms
with genetic and metabolic autonomy living inside larger cells (Altmann, 1890). In 1898, Carl
Benda finally termed these structures, with regard to their heterogeneous appearance, as mitos
(Greek, threads) and chondros (Greek, granules) (Benda, 1898).

Figure 1: Mitochondria form networks. Human dermal fibroblasts (HDFa) labeled for
mitochondria (green), nuclear DNA (blue), tubulin filaments (red) and actin filaments (gray). The
mitochondria form extended networks of tubules and granules that pervade the cell. Scale bar:
20 µm.

Today, we know that mitochondria are essential eukaryotic organelles. The endosymbiotic
theory proposes that they evolved from a prokaryote which was engulfed by the progenitor of
today’s eukaryotic cells (Mereschkowsky, 1910; Sagan, 1967). Mitochondria fulfil a plethora
of different functions in eukaryotic cells. Most importantly, they are often referred to as the
“powerhouses of the cell”, as they generate the majority of adenosine triphosphate (ATP) by
oxidative phosphorylation (OXPHOS). They are also pivotal for other pathways and signaling
cascades within the cell, including fatty acid oxidation, the citric acid cycle, heme biosynthesis,
amino acid biosynthesis, the synthesis of iron-sulfur clusters, and the induction of apoptosis



Chapter 1 - Introduction

2

(Giacomello et al., 2020; Scheffler, 2007; Wallace, 2005). The functional versatility of
mitochondria requires a complex interconnection with many other cellular components.
Therefore, mitochondria usually form extended dynamic networks of tubular structures that
pervade the cell (Figure 1) and that form contact sites with other organelles. Due to their
endosymbiotic origin, mitochondria feature a unique double-membrane architecture (Palade,
1952; Sjöstrand, 1953). The smooth outer membrane separates the mitochondria from the
cytosol. The inner membrane exhibits a much larger surface area than the outer membrane and
features numerous invaginations called cristae, which point inwards towards the matrix of the
organelle (Figure 2). These cristae divide the inner membrane into different functional domains:
the inner boundary membrane, which runs parallel to the outer membrane, the cristae
membrane, and crista junctions, which are small confined openings that connect the cristae
membrane with the inner boundary membrane.

Figure 2: The double-membrane architecture of mitochondria. Most eukaryotic cells contain
an extended network of mitochondrial tubules. Mitochondria feature a smooth outer membrane and
a highly convoluted inner membrane with numerous invaginations, termed cristae. The cristae point
into the interior of the organelle (matrix). The inner membrane can be subdivided into the inner
boundary membrane (IBM) and the cristae membrane (CM). Crista junctions (CJs) connect both
domains of the inner membrane. The mitochondrial outer and inner membrane are separated by
an intermembrane space (IMS).

As another remnant of their proteobacterial origin, mitochondria feature a small separate
genome of mitochondrial deoxyribonucleic acid (mtDNA) (Gray et al., 1999; Nass and Nass,
1963). The human mtDNA is a circular molecule with a size of about 16.6 kilo base pairs that
contains 37 genes encoding 13 proteins, two ribosomal ribonucleic acids (rRNAs) and 22
different transfer RNAs (Anderson et al., 1981). Packed into nucleoproteins, the mtDNA forms
mitochondrial nucleoids. Up to thousands of these nucleoids can be distributed along the
mitochondrial tubules in a single cell (Alam et al., 2003).
Due to the organelle´s dynamics and sub-compartmentalization, mitochondrial processes take
place across very different spatial scales. They can affect the entire mitochondrial network,
single mitochondria, or even individual cristae. The following section will highlight the
dynamics of the mitochondrial network.
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The Mitochondrial Network

In most cell types mitochondria form extended networks of tubules which constantly undergo
fusion and fission (Bereiter-Hahn and Vöth, 1994). Motor proteins facilitate an active transport
of mitochondria along the tubulin and actin cytoskeleton throughout the cell (Fehrenbacher et
al., 2004; Morris and Hollenbeck, 1995), which allows the mitochondrial network to adapt
dynamically to different physiological conditions (Detmer and Chan, 2007; Giacomello et al.,
2020). Since mitochondrial fusion and fission are essential for a constant mixture of
mitochondrial proteins, lipids and the exchange of the nucleoids, dysfunction of the
mitochondrial fusion and fission machinery disturbs lipid homeostasis and can lead to a loss of
the mtDNA (Jones and Fangman, 1992; Kojima et al., 2019; Westermann, 2010). As a
consequence, several severe human diseases like Charcot-Marie-Tooth disease, optic atrophy,
and Behr syndrome are associated with disturbed mitochondrial fusion-fission dynamics
(Alexander et al., 2000; Baxter et al., 2001; Giacomello et al., 2020). Under healthy conditions,
the mitochondrial network morphology is tightly controlled by several mitochondrial fusion
and fission factors, which are found on mitochondria but also the endoplasmic reticulum (ER).

Figure 3: Mitochondria and endoplasmic reticulum. Live-cell recording of mitochondria (green)
and endoplasmic reticulum (ER, magenta) in COS7 (CV-1 in origin, carrying SV40) cells. The
arrows mark contact sites of mitochondria and the ER. Scale bar: 3 µm. Adapted with permission
from: Guo et al., 2018.

Mitochondria undergo frequent interactions with the ER to facilitate lipid exchange or
transmission of calcium signals (Friedman and Nunnari, 2014; Friedman et al., 2018;
Giacomello et al., 2020; Rusiñol et al., 1994). Live-cell fluorescence microscopy has
demonstrated that both fusion and fission of mitochondrial tubules occur preferentially at ER-
mitochondria contact sites (Figure 3), as the protein machineries involved in both processes are
enriched at such sites (Abrisch et al., 2020; Friedman et al., 2011; Guo et al., 2018; Korobova
et al., 2013).
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The role of the ER is well understood in mitochondrial fission. Prior to fission, actin
polymerization pre-constricts the mitochondrial tubules at the ER-mitochondria interface and
the dynamin-related protein 1 (DPR1; Dnm1 in yeast), a GTPase essential for fission, is
recruited from the cytosol to mitochondria (Figure 4). DRP1 oligomerizes, forming large helical
assemblies that further constrict the mitochondrial tubules and complete fission (Chakrabarti et
al., 2017; Korobova et al., 2013; Manor et al., 2015).

Figure 4: Fusion and fission of mitochondria. Fission of mitochondrial tubules occurs at ER-
mitochondria contact sites. Following pre-constriction by actin filaments, DRP1 assembles into a
helical filament that facilitates the fission of the mitochondrial tubule. Fusion of the mitochondrial
outer membrane is mediated by the mitofusins MFN1 and MFN2. OPA1 is required for fusion of the
mitochondrial inner membrane.

Outer membrane fusion depends on the GTPases mitofusin 1 (MFN1; in yeast fuzzy onions
homolog 1, Fzo1) and mitofusin 2 (MFN2) (Eura et al., 2003; Hermann et al., 1998; Legros et
al., 2002; Rapaport et al., 1998; Santel and Fuller, 2001). MFN1 dimerizes in a GTP-dependent
manner and thereby controls the membrane contact of two mitochondria (Qi et al., 2016).
Despite its high homology to MFN1, different functions were suggested for MFN2 (Ishihara et
al., 2004; Rojo et al., 2002). Several studies have suggested that MFN2 functions as a tether
between mitochondria and the ER (Brito and Scorrano, 2008; Sugiura et al., 2013). However,
also conflicting results have been reported (Filadi et al., 2015) and thus, the precise function of
MFN2 is still a highly debated issue (Filadi et al., 2015; Naon et al., 2017).

Following outer membrane fusion, the inner membranes of previously separated mitochondria
must also be fused together. The dynamin-like protein optic atrophy 1 (OPA1; in yeast
mitochondrial genome maintenance 1, Mgm1) works in concert with MFN1 and is the main
factor involved in inner membrane fusion (Lee et al., 2004; Legros et al., 2002; Meeusen et al.,
2006; Sesaki et al., 2003). Additionally, OPA1 influences the fold of the inner membrane and
controls the diameter of crista junctions in apoptosis (Frezza et al., 2006; Griparic et al., 2004;
Meeusen et al., 2006). Therefore, it is considered to be one of the key players that facilitate the
formation of cristae in mitochondria (Giacomello et al., 2020). Chapter 1.3.2 further discusses
the role of OPA1/Mgm1 in inner membrane shaping.
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The Mitochondrial Subcompartments

The double-membrane architecture of mitochondria allows for a subcompartmentalization of
the organelle (Figure 5). Each of the mitochondrial subcompartments serves different purposes.
The following section provides a short overview over the different functions of both the
mitochondrial inner and outer membrane and also of the matrix of the organelle.

Figure 5: Mitochondrial subcompartmentalization. (A) Transmission electron microscopy
(TEM) recording of a HeLa cell shows mitochondria next to the nucleus and ER tubules. (B)
Reconstruction of an electron tomography recording of a mitochondrion from a HeLa cell. The outer
membrane (OM) is shown in transparent grey and the inner membrane (IM) in blue. The side of the
inner membrane that faces the matrix is shown in dark blue and the side that faces the
intermembrane space is shown in light blue. A side view (lower panel) provides a view onto the
crista junctions (CJs) through the transparent outer membrane. Scale bars: 500 nm.

1.2.1. The mitochondrial outer membrane

1.2.1.1. The outer membrane is an interaction and signaling platform

The mitochondrial outer membrane separates the mitochondria from the cytosol and represents
the interface for interactions of mitochondria with other cellular organelles and structures like
the cytoskeleton. The active transport of mitochondria along microtubules, for example, is
realized by the binding of kinesin-1 to the outer membrane protein mitochondrial Rho 1
(MIRO1) via the adapters trafficking kinesin-binding protein 1 and 2 (TRAK1 and TRAK2)
(Brickley and Stephenson, 2011; Glater et al., 2006). Similarly, myosin XIX can interact with
MIRO1 and MIRO2 and thus links the outer membrane to actin filaments (Oeding et al., 2018;
Quintero et al., 2009). As mentioned before, interactions of mitochondria with the actin
cytoskeleton support mitochondrial fission at ER-mitochondria contact sites. To this end, the
outer membrane harbors the actin-nucleating protein Spire1C, which activates the ER-bound
actin polymerase inverted formin 2 (INF2) to promote the actin-based constriction of
mitochondrial tubules prior to fission (Chakrabarti et al., 2017; Ji et al., 2015; Korobova et al.,
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2013; Yang and Svitkina, 2019). Besides interactions with the cytoskeleton, interactions of
mitochondria were observed with other cellular organelles. Whereas MFN2 presumably
mediates contacts between the ER and mitochondria in mammals (Brito and Scorrano, 2008),
the yeast mitofusin Fzo1 serves, for example, as a tether between mitochondria and
peroxisomes (Shai et al., 2018).
The outer membrane is also a part of extended signaling cascades, such as in apoptosis. Upon
induction of apoptosis, the pro-apoptotic Bcl-2-associated X protein (BAX) can translocate
from the cytosol to the mitochondrial outer membrane. There it oligomerizes and facilitates the
formation of outer membrane pores (Große et al., 2016; Kalkavan and Green, 2017; Salvador-
Gallego et al., 2016). Rupture of the outer membrane allows for the release of pro-apoptotic
factors like cytochrome c from the intermembrane space into the cytosol, leading to the
activation of caspases and finally cell death. Recent studies further suggest that the Bax-induced
pores in the mitochondrial outer membrane also allow the herniation of the mitochondrial inner
membrane into the cytosol. Rupture of the inner membrane ultimately releases mtDNA,
triggering an inflammatory response by the cGAS-STING (cyclic GMP-AMP synthase-
stimulator of interferon genes) pathway (McArthur et al., 2018; Riley et al., 2018).

1.2.1.2. The outer membrane controls import of proteins and metabolites

As the nuclear DNA encodes nearly all mitochondrial proteins, mitochondria must import the
majority of their proteins from the cytosol and must target them to different sub-mitochondrial
compartments to fulfill their functions. The mitochondrial outer membrane harbors the
machinery that facilitates the efficient trafficking of precursor proteins into the organelle. The
translocase of the outer membrane (TOM complex) is the major entry gate for precursor
proteins (Bolliger et al., 1995; Moczko et al., 1997; Wiedemann and Pfanner, 2017). The core
of the TOM complex is formed by TOM40, a beta-barrel protein that forms a pore (Hill et al.,
1998; Mokranjac and Neupert, 2015; Shiota et al., 2015). Proteins that are destined for the
matrix space, the intermembrane space or the inner membrane are passed from the TOM
complex to different import machineries. The majority of matrix proteins and many inner
membrane proteins are imported by the pre-sequence translocase of the inner membrane
(TIM23), whereas multispanning hydrophobic carrier proteins of the inner membrane are
usually handed over to the carrier translocase of the inner membrane (TIM22). Many proteins
that are destined for the intermembrane space, however, are imported using the mitochondrial
import and assembly machinery (MIA) (Callegari et al., 2020; Chacinska et al., 2004; Kiebler
et al., 1990; Sirrenberg et al., 1996; Wiedemann and Pfanner, 2017). The TOM complex also
imports precursors of β-barrel proteins that are destined for the outer membrane. These
precursors are inserted into the outer membrane by the sorting and assembly machinery (SAM)
(Klein et al., 2012; Paschen et al., 2003; Wiedemann et al., 2003). In addition to its role in
protein import, the SAM complex fulfils other important functions in mitochondria, as well. It
is connected to the endoplasmic reticulum-mitochondria encounter structure (ERMES) that
stably connects the ER and mitochondria in yeast (Horvath et al., 2015; Kornmann et al., 2009;
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Yamano et al., 2010). Moreover, the SAM complex is involved in the formation of contact sites
between the mitochondrial inner and outer membranes, which are further discussed in chapter
1.3.3.1.
The metabolic processes occurring in mitochondria require a constant exchange of molecules,
including ions and metabolites. The best-characterized gate for these molecules is the voltage-
dependent anion channel (VDAC, often called mitochondrial porin) which is the most abundant
outer membrane protein in mitochondria. In mammals, it exists in 3 different isoforms and
facilitates, amongst other things, the import of ADP and the export of ATP (Benz, 1994;
Mannella, 1992).

1.2.2. The matrix

The matrix is the innermost compartment of mitochondria which contains about two thirds of
all mitochondrial proteins (Alberts et al., 2017). It fulfills a variety of functions, as it contains
the enzymes for many critical metabolic pathways. These include the β-oxidation of fatty acids,
the citric acid cycle, transamination, and parts of the urea cycle (Berg et al., 2017; Eaton et al.,
1996; Scheffler, 2007). The citric acid cycle, or tricarboxylic acid (TCA) cycle, facilitates the
oxidation of acetyl coenzyme A (Acetyl-CoA) to generate the reducing agents nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) which are used by the
OXPHOS machinery to regenerate ATP from ADP and inorganic phosphate. At the same time,
the TCA cycle also produces important precursors for many nonessential amino acids
(Scheffler, 2007).
The matrix also contains the mtDNA and complex machinery that is necessary for its
replication, transcription, and for the translation of mtDNA-encoded proteins. This includes,
amongst others, a mitochondrial DNA polymerase, a mitochondrial RNA polymerase and
mitochondrial ribosomes (Fox, 2012; Holt and Reyes, 2012).

1.2.3. The mitochondrial inner membrane

Compared with the mitochondrial outer membrane, the mitochondrial inner membrane features
a unique lipid composition, as it is strongly enriched with negatively charged lipids. It exhibits
2.5 times more cardiolipin and 1.5 times more phosphatidylinositol but has reduced levels of
phosphatidylcholine and phosphatidylethanolamine (Ardail et al., 1990; Simbeni et al., 1991).
Cardiolipin is a vital component of the inner membrane that supports its unique architecture
(see also chapter 1.3) and the metabolic function of mitochondria (Fry and Green, 1981). The
inner membrane is also highly enriched with proteins, including the OXPHOS complexes and
a high number of carrier proteins that control the transport of metabolites across the membrane
(Arco and Satrústegui, 2005; Giacomello et al., 2020; Moualij et al., 1997).
It is widely accepted that cristae, the invaginations of the inner membrane, can adopt different
shapes for several reasons, such as transitions in the metabolic state of the cell (Cogliati et al.,
2016; Hackenbrock, 1966). Moreover, the size and shape of the cristae (Figure 6) can differ
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substantially between different organisms and even between different cell types within the same
organism (Munn, 1974; Zick et al., 2008). Cristae shapes range from small tubules in
mitochondria from the ciliate Paramecium tetraurelia (Mühleip et al., 2016) to large lamellae
in mitochondria from chick cerebellum (Frey et al., 2002).

Figure 6: Sizes and shapes of cristae are cell type dependent. Transmission electron
microscopy recordings of different cell types. (A) Mitochondria from human dermal fibroblasts. (B)
Mitochondria from human HeLa cells. (C) Mitochondria from the axon of a rat neuron. (D)
Mitochondria from testis from Drosophila melanogaster. Scale bars: 250 nm. Recordings provided
by Felix Lange, Max Planck Institute for Biophysical Chemistry, Göttingen.

In the 1960s, it was common to see cristae as large infolds that exhibit wide openings to the
intermembrane space. Daems and Wisse questioned this idea in 1966 and proposed that lamellar
cristae are connected to the inner boundary membrane by small tubular structures and named
them “pediculi cristae” (Daems and Wisse, 1966). Later, several studies focusing on the fold
of the inner membrane using electron tomography confirmed this idea of small openings in the
inner boundary membrane, and the “pediculi cristae” were re-named crista junctions (Frey et
al., 2002; Lea and Hollenberg, 1989; Mannella et al., 1994; Perkins et al., 1997). Crista
junctions usually adopt circular or slightly elongated shapes with a diameter of about 25 nm
(Frey et al., 2002). Data recorded by fluorescence microscopy and immunogold electron
microscopy demonstrated that the confined openings function as diffusion barriers and
established today´s view of cristae as submitochondrial compartments (Vogel et al., 2006; Wolf
et al., 2019; Wurm and Jakobs, 2006).
Cristae are key for the metabolic function of mitochondria since the cristae membrane harbors
the protein complexes that perform OXPHOS. In mammals, the OXPHOS system consists of
the respiratory complexes I-V (complex I does not exist in yeast). Core proteins of each
respiratory complex facilitate their catalytic activity, whereas many additional subunits control,
for example, the assembly or stability of the complexes (Kadenbach, 2012; Signes and
Fernandez-Vizarra, 2018). The assembly of the OXPHOS complexes is an intricate process
because most of the subunits are imported from the cytosol, whereas few subunits are mtDNA-
encoded. The latter are usually hydrophobic proteins whose translation takes place in close
proximity to the inner membrane (Mai et al., 2016). The respiratory chain complexes release
the energy from NADH and FADH2 in three steps and transfer protons across the inner
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membrane into the intermembrane space. These three steps are performed by the NADH
dehydrogenase (complex I), the cytochrome bc1 complex (complex III) and the cytochrome
oxidase (COX, complex IV), which also converts oxygen into water (Kadenbach, 2012). The
chemiosmotic hypothesis (Mitchell, 1961) proposes that the translocation of protons generates
an electrochemical gradient that can be dissipated by the F1FO-ATP synthase (complex V) for
ATP regeneration (Kühlbrandt, 2019; Senior et al., 2002). However, recent studies question the
significance of this proton gradient and instead suggest that kinetic coupling of the respiratory
chain with the F1FO-ATP synthase drives ATP synthesis (Toth et al., 2020). Nevertheless, the
function of the cristae as OXPHOS complex-enriched mitochondrial subcompartments strongly
supports the function of the respiratory machinery.

Determinants of the Fold of the Inner Membrane

In 2001, a study observed that in isolated yeast mitochondria, crista junctions would reappear
after being ruptured by large-amplitude swelling and recontraction of the matrix (Mannella et
al., 2001). The authors suggested that crista junctions could form spontaneously between the
inner boundary membrane and the cristae membrane. Subsequently, several theoretical studies
asked whether cristae and crista junctions are actively formed, for example by proteins, or if
their formation can simply be explained by thermodynamics. One of these studies concluded
that the outer membrane, by providing a confined space, supports the invagination of the inner
membrane and thereby the formation of cristae and crista junctions (Renken et al., 2002).
Nevertheless, calculations suggested that the formation of cristae must be additionally
controlled by proteins because the preferred invagination for a protein-free lipid membrane
would be a large balloon-like infold that is usually not observable in mitochondria (Ghochani
et al., 2010). The same study also predicted that the formation of crista junctions requires
membrane bending proteins. Detailed calculations suggested that the formation of the tubular
extensions that connect the sheet-like cristae to the inner boundary membranes requires protein-
mediated tensile forces of about 20 pN to bend the membranes into their tubular shape
(Ghochani et al., 2010).

Historically, also the anionic lipid cardiolipin was considered to shape the inner membrane due
to its cone-shaped geometry. In fact, the lipid packing in artificial cardiolipin-containing
membranes can be manipulated by pH modulation, thereby inducing cristae-like invaginations
of the membrane (Khalifat et al., 2008, 2011). Vice versa, a study demonstrated that cardiolipin
molecules accumulate in curved membrane segments, suggesting that cardiolipin promotes and
stabilizes membrane curvature (Beltrán-Heredia et al., 2019). The formation of cristae indeed
requires the establishment and maintenance of strong positive and negative membrane
curvature (Cogliati et al., 2016). Positively curved membranes (that bulge towards the matrix
space, Figure 7), are necessary at the rims of cristae where the cristae membrane performs a
180° turn. On standard transmission electron micrographs, which show only a thin section of



Chapter 1 - Introduction

10

mitochondria, the corresponding areas would be the “tips” of cristae (Rabl et al., 2009). The
situation is more complicated for the crista junctions as the inner membrane performs a 90°
turn towards the matrix where the inner boundary membrane passes into the cristae membrane.
This leads to a strong negative curvature (membrane bulges away from the matrix) of the inner
membrane in this area. At the same time, the tubular extensions that connect the membrane
pores with the larger, often more sheet-like cristae, exhibit a positive membrane curvature like
the rims of the cristae.

Figure 7: Membrane curvature in mitochondria. The mitochondrial inner membrane exhibits
areas with strong membrane curvature. For the definition of membrane curvature in mitochondria,
the matrix space is used as a reference. Positive membrane curvature describes the bulging of the
bilayer towards the matrix (the monolayer facing the matrix bends in the direction from the head
groups towards the tails). Negative curvature describes the opposite situation when the membrane
bulges away from the matrix. IMS: Intermembrane space.

Corroborating the predictions of several theoretical studies, experimental studies have
discovered several different membrane-shaping proteins that influence cristae formation
(Cogliati et al., 2016; Kondadi et al., 2019; Rabl et al., 2009; Rampelt et al., 2017a). The
following section will introduce the most relevant proteins of this class: the dimeric F1FO-ATP
synthase, the dynamin-like GTPase OPA1 and the mitochondrial contact site and cristae
organizing system (MICOS).

1.3.1. Dimeric F1FO-ATP synthase

In recent years, the mitochondrial F1FO-ATP synthase has been identified as one of the protein
complexes that strongly influence the shape of the inner membrane. Cryo-electron microscopy
(cryo-EM) has confirmed that all known mitochondrial F1FO-ATP synthases form dimers
(Kühlbrandt, 2019) which were first observed using blue native polyacrylamide gel
electrophoresis (BN-PAGE). Their formation depends on specific subunits that are associated
with the membrane-spanning FO-subunit. In yeast, these subunits are the proteins Su e, Su g,
and Su k (Arnold et al., 1998). Recent advances in cryo-EM have allowed for the analysis of
the precise structures of dimeric mitochondrial F1FO-ATP synthases from different species (Gu
et al., 2019; Hahn et al., 2016; Mühleip et al., 2016; Murphy et al., 2019). One class of dimeric
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F1FO-ATP synthases includes those of fungi like yeast and animals like cows and pigs (Davies
et al., 2014; Gu et al., 2019; Kühlbrandt, 2019). The human F1FO-ATP synthase likely also
belongs to this class. However, a high-resolution structure of the human protein has not been
solved (Davies et al., 2011). The F1FO-ATP synthase dimers of this class generally feature a V-
shape and a highly curved membrane-binding domain since the monomers are arranged at an
angle of about 90° (Figure 8).

Figure 8: Structure of the dimeric F1FO-ATP synthase from Saccharomyces cerevisiae.
(A) Subtomogram average of the ATP synthase dimer from yeast. The F1FO-ATP synthase
monomers interact within the membrane and form a V-shaped dimer. (B) Localization of dimers of
the F1FO-ATP synthase in isolated mitochondrial membranes. The dimers form elongated rows that
stabilize the cristae ridges. Adapted with permission from: Davies et al., 2014.

A second class of F1FO-ATP synthase dimers was found in mitochondria of unicellular green
algae like Polytomella sp. (Figure 9). Despite some structural differences, these dimers also
exhibit a similar V-shape (Kühlbrandt, 2019). Accordingly, cryo-EM data of both dimer classes
demonstrated very similar distributions of the F1FO-ATP synthase dimers on cristae and on
membrane vesicles. The dimers form rows or ribbons (Figure 8) that introduce strong positive
membrane curvature and thereby stabilize the rims of cristae or vesicles (Blum et al., 2019;
Daum et al., 2013; Davies et al., 2012; Dudkina et al., 2005; Strauss et al., 2008).
Mitochondria from the ciliate Paramecium tetraurelia exhibit a third, structurally different type
of F1FO-ATP synthase dimers, which instead feature a U-shape. In these dimers, the monomers
are positioned nearly in parallel, leading to a less curved membrane-binding domain.
Accordingly, the cristae in these ciliate mitochondria form thin tubules that are decorated with
helical arrays of the F1FO-ATP synthase dimers (Mühleip et al., 2016).

The formation of dimer rows of the F1FO-ATP synthase is critical for the maintenance of
properly shaped cristae. Disassembly of the dimers has been observed during aging and has
been associated with the formation of unstructured, balloon-shaped cristae (Daum et al., 2013).
In addition, a depletion of the dimerization subunits has strong negative effects on the shape of
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the inner membrane in yeast. Ablation of Su e or Su g induces the loss of cristae “tips” and
leads to the formation of septate mitochondria or mitochondria that contain multiple concentric
inner membrane layers (“onion-shaped” mitochondria) (Davies et al., 2012; Harner et al., 2016;
Paumard et al., 2002; Rabl et al., 2009). The structural changes were found to be accompanied
by a drop of the membrane potential and reduced growth (Bornhövd et al., 2006), suggesting
that a proper inner membrane architecture is essential for the metabolic function of
mitochondria (Davies et al., 2018; Toth et al., 2020).

Figure 9: Rows of F1FO-ATP synthase dimers stabilize cristae. (A) Cryo-electron tomography
(Cryo-ET) recording of an isolated mitochondrion from Polytomella sp.. (B) 3D reconstruction of the
mitochondrion shown in (A). F1FO-ATP synthase dimers (yellow) are shown on 3 individual cristae.
The inner membrane is displayed in light blue, the outer membrane is displayed in grey. (C)
Individual club-shaped crista from the mitochondrion in (A). The dimers of the F1FO-ATP synthase
(shown in rainbow color) are located at the cristae edges with positive membrane curvature. Scale
bar: 100 nm. Adapted with permission from: Blum et al., 2019.

1.3.2. OPA1 and Mgm1

Mitochondrial inner membrane fusion depends on Mgm1 in yeast (Meeusen et al., 2006; Sesaki
et al., 2003; Wong et al., 2000) and OPA1 in mammals (Lee et al., 2004; Pernas and Scorrano,
2016; Youle and Bliek, 2012). Both proteins are dynamin-like GTPases that are considered
homologs, although their actual homology is only about 33% (Votruba, 2004). Cooperation of
these GTPases with the outer membrane fusion machinery allows for efficient fusion of
mitochondrial tubules, although outer membrane fusion is also possible in the absence of Mgm1
(Cipolat et al., 2004; Hales and Fuller, 1997; Hermann et al., 1998; Meeusen et al., 2004, 2006).
Depletion of Mgm1 is characterized by severe fragmentation of the mitochondrial network,
decreased respiration rates, a loss of mtDNA and disturbed lipid homeostasis (Guan et al., 1993;
Jones and Fangman, 1992; Kojima et al., 2019; Meeusen et al., 2006; Shepard and Yaffe, 1999).
Mutations in OPA1 are associated with optic atrophy, a condition caused by the degeneration
of the optic nerve (Alexander et al., 2000; Delettre et al., 2000). Depletion of OPA1 causes,
similar to Mgm1 depletion, massive fragmentation of mitochondrial networks (Cipolat et al.,
2004; Ishihara et al., 2006).
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In addition, numerous studies observed a disturbed inner membrane architecture upon ablation
of Mgm1/OPA1, supporting a critical role of these proteins in inner membrane shaping
(Cogliati et al., 2016; Giacomello et al., 2020; Harner et al., 2016). For both proteins, the ability
to shape the inner membrane generally depends on their oligomerization (Frezza et al., 2006;
Meglei and McQuibban, 2009). Both Mgm1 and OPA1 exist as membrane-bound, long
isoforms (l-isoforms) and soluble, short isoforms (s-isoforms), which are generated by
proteolytic cleavage of l-Mgm1 (Herlan et al., 2004; McQuibban et al., 2003; Sesaki et al.,
2003) and l-OPA1, respectively (Griparic et al., 2007; Ishihara et al., 2006; Song et al., 2007).
It is widely accepted that the proteolytic cleavage of l-Mgm1/l-OPA1 regulates the fusion
process in yeast (Esser et al., 2002; Herlan et al., 2003) and mammals (Dotto et al., 2018;
Duvezin-Caubet et al., 2006; MacVicar and Langer, 2016). Nevertheless, diverging results were
published regarding the precise function of the short and long isoforms of Mgm1/OPA1. Both
isoforms of Mgm1 are required for fusion, but the GTPase activity is only essential for the
function of s-Mgm1, suggesting that l-Mgm1 can act as a membrane anchor that links the
soluble s-Mgm1 to the inner membrane (DeVay et al., 2009; Herlan et al., 2004; Sesaki et al.,
2003; Zick et al., 2009).
Different assumptions exist regarding the function of the short and long isoforms of OPA1. It
has been reported that s-OPA1 is necessary for maintenance of the cristae morphology but
dispensable for fusion (Anand et al., 2014; Lee et al., 2017), suggesting different physiological
roles of short and long OPA1 isoforms. However, recent in vitro data suggest that, similar to
the findings in yeast, both OPA1 isoforms cooperate to achieve membrane fusion. Whereas l-
OPA1 generally enables membrane docking and hemifusion of liposomes, stoichiometric levels
of s-OPA1 are required to enhance efficient membrane fusion and pore opening in vitro (Ge et
al., 2020).

Recently, crystal structures of s-Mgm1 from Saccharomyces cerevisiae (Yan et al., 2020) and
from Chaetomium thermophilum (Faelber et al., 2019) have provided new insights into the
function of the proteins. In both organisms, the monomers of s-Mgm1 have a very similar
structure to the GTPase dynamin, yet, different oligomeric states of s-Mgm1 were reported in
both studies. In yeast, Yan and colleagues discovered a nucleotide-independent trimeric
s-Mmg1 complex that was also detectable in aqueous solution during analytical
ultracentrifugation. The authors suggested a model in which assemblies of s-Mgm1 trimers
induce small inner membrane tips that could finally allow inner membrane fusion (Yan et al.,
2020).
In contrast, purified s-Mgm1 from Chaetomium thermophilum crystalized as a dimer and, when
incubated with liposomes, assembled into regular filamentous structures that induced the
tubulation of the liposomes (Faelber et al., 2019). Cryo-EM revealed that, on the outer leaflet
of these membrane tubes, s-Mgm1 tetramers assembled into a 4-start left-handed helix with a
radius of about 20 nm and a pitch of about 50 nm (Faelber et al., 2019).
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Surprisingly, tubulation could also be caused by s-Mgm1 tetramers assembling into extended
patches on the inner surface of such lipid vesicles (Figure 10). Although these assemblies
formed nucleotide-independently, Faelber and colleagues reported evidence for a GTP-
dependent rearrangement of Mgm1 on the surfaces of lipid tubes (Faelber et al., 2019). The
authors proposed that Mgm1 forms left-handed helical arrangements inside crista junctions that
constrict the junctions in a GTP-dependent manner.

Figure 10: s-Mgm1 decorating the inner surface of lipid tubes. Cryo-electron tomography of
Mgm1. Left: The subtomogram average shows regular Mgm1-assemblies on the inner surface of
a membrane tube. Middle: Magnification shows the structure of Mgm1 fitted into the cryo-ET
volume. Right: Rotated view shows the Mgm1 tetramer decorating the inner leaflet of the membrane
tube. Abbreviations: G-domain: GTPase domain, BSE: Bundle signaling element. Adapted with
permission from: Faelber et al., 2019.

Purified s-Mgm1 from both yeast and from Chaetomium thermophilum interacts with
negatively charged lipids like cardiolipin or phosphatidylserine (Faelber et al., 2019; Yan et al.,
2020). Lipid binding of Mgm1 strongly increases the GTPase activity, which is in line with
various findings that cardiolipin promotes activity and assembly of Mgm1 and OPA1 (Ban et
al., 2010; DeVay et al., 2009; Faelber et al., 2019; Yan et al., 2020). Combined with recent
structural data, these findings demonstrate the ability of Mgm1/OPA1 oligomers to modulate
the shape of the inner membrane.

1.3.3. MICOS

The mitochondrial contact site and cristae organizing system (MICOS; previously also named
as mitochondrial inner membrane organizing system (MINOS) or mitochondrial organizing
structure (MitOS)) is a large heterooligomeric protein complex that is embedded in the
mitochondrial inner membrane at crista junctions (Alkhaja et al., 2011; Harner et al., 2011;
Hoppins et al., 2011; Malsburg et al., 2011). MICOS consists of at least 6 different subunits in
yeast and 7 different subunits in mammals (Laan et al., 2016; Rampelt et al., 2017a). For
simplification, all MICOS proteins have been (re)named according to a uniform nomenclature
(Pfanner et al., 2014). In yeast, the MICOS complex comprises Mic10, Mic12, Mic19, Mic26,
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Mic27 and Mic60, whereas in mammals it is formed by Mic10, Mic13, Mic19, Mic25, Mic26,
Mic27 and Mic60 (Friedman et al., 2015; Guarani et al., 2015; Laan et al., 2016).
The depletion of several MICOS subunits causes the disruption of crista junctions and an
accumulation of detached cristae in the matrix (Alkhaja et al., 2011; Harner et al., 2011;
Hoppins et al., 2011; Malsburg et al., 2011; Rabl et al., 2009) (Figure 11). In yeast, this
phenotype is particularly strong upon loss of Mic60 or Mic10, which are the core subunits of
the MICOS complex (Laan et al., 2016). Both proteins are highly conserved across species and
recent studies have shown that Mic60 is an ancient protein with orthologues in 𝛼-proteobacteria
(Huynen et al., 2015; Muñoz-Gómez et al., 2017). Remarkably, these 𝛼-proteobacterial Mic60
orthologues could be associated with inner membrane invaginations, suggesting an
endosymbiotic origin of the mitochondrial cristae (Huynen et al., 2015; Muñoz-Gómez et al.,
2015).

Figure 11: MICOS determines the fold of the inner membrane. Cartoon illustrating the
morphological changes of the mitochondrial membrane architecture upon loss of MICOS. MICOS-
deficient mitochondria show a strong reduction in the number of crista junctions and an aberrant
inner membrane architecture.

Several studies confirmed that MICOS contains two subcomplexes, which were named after
Mic60 and Mic10. The constituents of the two subcomplexes vary between lower and higher
eukaryotes. In mammals, the Mic60-subcomplex is formed by Mic60, Mic19 and Mic25,
whereas the Mic10-subcomplex consists of Mic10, Mic13, Mic26 and Mic27 (Anand et al.,
2016; Guarani et al., 2015; Li et al., 2015; Ott et al., 2012; Xie et al., 2007). In yeast, the Mic60-
subcomplex consists of Mic60 and Mic19 and the Mic10-subcomplex is formed by Mic10,
Mic12, Mic26 and Mic27 (Bohnert et al., 2015; Friedman et al., 2015). The precise function of
the two subcomplexes is not yet understood, but it became clear that a complicated regulatory
interplay between the different subunits in each subcomplex exists (Guarani et al., 2015; Harner
et al., 2011; Hoppins et al., 2011; Malsburg et al., 2011).
Since its discovery in 2011, several distinct functions of MICOS have been identified. These
functions include the formation of crista junctions, the formation of contact sites between the
inner and outer membrane, and the shaping of the inner membrane.

1.3.3.1. MICOS regulates contact site formation

MICOS undergoes numerous interactions with a variety of proteins which are crucial for the
maintenance of the mitochondrial architecture and function (Giacomello et al., 2020; Hoppins
et al., 2011; Laan et al., 2016). The paralogs Mic19 and Mic25 are peripheral inner membrane
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proteins that are part of the Mic60-subcomplex (Harner et al., 2011; Hoppins et al., 2011;
Malsburg et al., 2011; Ott et al., 2012; Xie et al., 2007). In yeast and human mitochondria,
Mic19 regulates the assembly of the MICOS complex (Friedman et al., 2015; Sakowska et al.,
2015). Moreover, it mediates stable contact sites between Mic60 and the SAM complex in the
outer membrane, leading to the formation of a mitochondrial intermembrane space bridging
(MIB) complex (Huynen et al., 2015; Ott et al., 2012, 2015; Tang et al., 2018; Xie et al., 2007;
Zerbes et al., 2012). The importance of the MIB complex is underscored by the fact that a
disruption of the Mic60-Mic19-SAM50 axis, either by SAM50 or Mic19 depletion, causes a
loss of crista junctions and a disturbed cristae architecture (Körner et al., 2012; Ott et al., 2012,
2015). These observations suggest that contact site formation and crista junction formation are
closely related processes.

In yeast, different experimental approaches verified further interactions of Mic60 with outer
membrane proteins like Porin or the TOM complex (Hoppins et al., 2011; Körner et al., 2012;
Malsburg et al., 2011; Zerbes et al., 2012). The interaction of Mic60 with the protein import
machinery promote efficient protein biogenesis but do not require other MICOS subunits
(Bohnert et al., 2012; Höhr et al., 2014), suggesting that Mic60, next to contact site formation,
fulfils a diverse set of functions in mitochondria.

1.3.3.2. MICOS shapes the inner membrane

The important role of Mic60 in inner membrane shaping was recognized several years before
the discovery of MICOS. Knockdown experiments first demonstrated that Mic60 is essential
to maintain both crista junctions and the fold of the inner membrane in mammals (John et al.,
2005). Similar results were later also reported in other species (Mun et al., 2010; Rabl et al.,
2009; Xie et al., 2007). Rabl and colleagues further described that overexpression of Mic60
induced branching of cristae in yeast, supporting the hypothesis that Mic60 could stabilize
negative membrane curvature to support crista junction formation (Rabl et al., 2009). Indeed,
recent studies have confirmed that Mic60 proteins from both Saccharomyces cerevisiae and
from Chaetomium thermophilum exhibit membrane-shaping abilities. For instance, purified
Mic60 from yeast causes the tubulation of lipid vesicles when it is incorporated into artificial
membranes (Figure 12). Furthermore, fusion constructs of Mic60 with the maltose binding
protein induce the formation of membrane invaginations when expressed in E. coli
(Hessenberger et al., 2017; Tarasenko et al., 2017).

Mic10, the core subunit of the Mic10-subcomplex, exhibits very similar membrane-shaping
abilities to Mic60 as it causes membrane bending when it is integrated into artificial membranes
(Barbot et al., 2015). Likewise, overexpression of Mic10 induces the formation of aberrant
cristae and crista junctions in yeast (Bohnert et al., 2015). Membrane bending caused by Mic10
is driven by the oligomerization of the protein (Barbot et al., 2015; Bohnert et al., 2015) which
features a hairpin-like structure and encompasses two transmembrane helices that are connected
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by a short loop. Conserved glycine-rich GxGxGxG motifs within the two transmembrane
domains of the V-shaped Mic10 monomers can mediate the formation of exceptionally stable
membrane-bending oligomers (Barbot et al., 2015; Bohnert et al., 2015).

Figure 12: Mic60 shows membrane-bending activity. Mic60 from Saccharomyces cerevisiae
was purified from E. coli and incorporated into large unilamellar vesicles (LUVs). Images show
electron micrographs of LUVs and LUVs after incorporation of Mic60. Scale bar: 100 nm. Adapted
with permission from: Tarasenko et al., 2017.

Mic10 is functionally related to the remaining subunits of the Mic10-subcomplex, namely
Mic12/13, Mic26 and Mic27 (Table 1). A complex regulatory interplay exists between these
proteins, as they exhibit a coordinated expression that differs between yeast and mammals. In
mammals, Mic13 controls the expression levels of Mic10 and has been suggested to be the
linker between the two MICOS subcomplexes (Guarani et al., 2015). Similarly, Mic12 links
the MICOS subcomplexes in yeast but does not influence the expression levels of Mic10
(Zerbes et al., 2016). Mic10, however, controls the protein levels of Mic12 and Mic27 in yeast
(Harner et al., 2011; Hoppins et al., 2011; Malsburg et al., 2011) while Mic27, in turn, stabilizes
Mic10 oligomers (Bohnert et al., 2015; Zerbes et al., 2016).
Both, Mic27 and Mic26, belong to the group of Apolipoprotein O like proteins (ApoO) and
also exhibit coordinated expression (Koob et al., 2015). Mic27 has the ability to directly bind
cardiolipin (Weber et al., 2013), suggesting a functional connection between lipids and the
Mic10-subcomplex. Indeed, a study in yeast demonstrated that the Mic10-subcomplex
assembles in a cardiolipin- and OXPHOS-dependent manner, whereas the Mic60-subcomplex
assembles independently from these factors (Friedman et al., 2015). As cardiolipin can induce
or support membrane curvature, it might facilitate the recruitment and assembly of the Mic10-
subcomplex to intensify and stabilize membrane curvature at crista junctions (Rampelt et al.,
2017a).
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Table 1: Overview of MICOS subunits. This table shows the known MICOS subunits, their
predicted membrane topology, and their reported functions. The table also provides alternatively
used names of the proteins. Adapted from: Rampelt et al., 2017a.

Interplay of Membrane-shaping Proteins

In 2009, Rabl and colleagues proposed that cristae formation depends on an antagonism
between Mic60 and the dimeric F1FO-ATP synthase. Their model of cristae biogenesis
predicted that Mic60, by stabilizing negative membrane curvature, forms the crista junctions
whereas dimers of the F1FO-ATP synthase shape the positively curved cristae rims. This idea
was supported by the inner membrane architecture upon depletion of Mic60 or of the ATP
synthase subunit Su e and by the observation that Mic60 could negatively influence the
oligomeric state of the F1FO-ATP synthase (Rabl et al., 2009). Later, crosslinking experiments
in yeast refined the idea of a functional interplay between the F1FO-ATP synthase and MICOS
as they showed a direct physical interaction between the dimeric F1FO-ATP synthase and Mic10
(Eydt et al., 2017; Rampelt et al., 2017b) (Figure 13). In addition, Eydt and colleagues
demonstrated that Mic27 can promote the oligomerization of the dimeric F1FO-ATP synthase,
suggesting an intricate interplay between the Mic10-subcomplex and the F1FO-ATP synthase
in cristae formation (Eydt et al., 2017).
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Figure 13: MICOS has a multitude of interaction partners. The illustration summarizes
differences between fungi (left) and mammals (right) in terms of protein composition and protein-
protein interactions in the mitochondrial membranes. In fungi, as well as in mammals, MICOS
interacts with a multitude of proteins in both mitochondrial membranes. Central key players in
cristae formation are highlighted. Blue: F1FO-ATP synthase, green: Mgm1/ OPA1, red: MICOS.
Adapted from: Van der Laan et al., 2016.

MICOS also interacts physically with OPA1, as demonstrated by cross-linking and complex
immunoprecipitation experiments (Barrera et al., 2016; Glytsou et al., 2016). However,
immunogold EM has suggested that OPA1, unlike Mic60, is more enriched in the cristae
membrane (Barrera et al., 2016). Inconsistent conclusions have been drawn regarding the role
of Mic60 and OPA1 in crista junction formation. Barrera and colleagues observed that OPA1
depletion disturbed the cristae architecture but did not significantly influence the number of
crista junctions (Barrera et al., 2016). Accordingly, the authors concluded that OPA1 controls
crista morphology but is dispensable for crista junction formation. Another study came to
contradicting conclusions as the authors reported that depletion of both Mic60 and OPA1
reduced the number of crista junctions to a similar extent in mouse cells (Glytsou et al., 2016).
Moreover, upon simultaneous depletion of both proteins, the number of crista junctions did not
further decrease, suggesting that OPA1 and Mic60 could be part of the same pathway regulating
crista junctions (Glytsou et al., 2016). The overexpression of both Mic60 and OPA1 increased
the number of crista junctions. However, OPA1 overexpression could not rescue the loss of
crista junctions induced by Mic60 ablation, supporting the idea of different functions for the
proteins. Mic60 overexpression in OPA1 depleted cells increased the number of crista junctions
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only moderately, compared to the overexpression of Mic60 in wild type cells. In cells
overexpressing OPA1, concurrent Mic60 overexpression did not further enhance the number
of crista junctions (Glytsou et al., 2016). Therefore, the authors concluded that Mic60 and
OPA1 are both involved in crista junction formation with OPA1 being upstream of Mic60 in
this function (Giacomello et al., 2020; Glytsou et al., 2016). However, for unknown reasons,
the reported reduction in the number of crista junctions upon Mic60 depletion in mouse cells
was surprisingly low as compared to previous studies using other species (Rabl et al., 2009).
This might indicate limited transferability of these findings to other organisms. Generally, the
role of OPA1 in crista junction regulation has been a highly debated issue for years (Yamaguchi
and Perkins, 2009). Immunogold EM analysis repeatedly confirmed that OPA1 does not
localize specifically at crista junctions as demonstrated for MICOS (Barrera et al., 2016;
Griparic et al., 2004; Harner et al., 2011; Olichon et al., 2002). Moreover, despite the fact that
overexpression of OPA1 delays cytochrome c release during apoptosis, it has modest influence
on the diameter of crista junctions (Frezza et al., 2006; Yamaguchi and Perkins, 2009), raising
doubts about the importance of OPA1 for crista junction stability.

OPA1 also physically interacts with the F1FO-ATP synthase and influences its oligomeric state
(Banerjee and Chinthapalli, 2014; Patten et al., 2014; Quintana-Cabrera et al., 2018).
Overexpression of OPA1 supports the formation of F1FO-ATP synthase oligomers and protects
mitochondria from losing the electrochemical gradient upon inhibition of respiratory complex
III (Quintana-Cabrera et al., 2018). However, when both the F1FO-ATP synthase and OPA1
were incorporated into proteoliposomes, OPA1 did not promote oligomerization of the F1FO-
ATP synthase (Quintana-Cabrera et al., 2018),  suggesting that oligomerization of the F1FO-
ATP synthase could be a secondary effect of OPA1 overexpression. Therefore, future studies
will be important to understand the functional connection of the two proteins.

Models of Cristae Formation

Dissecting the interplay of the aforementioned membrane-shaping proteins is essential for
understanding the mechanism of mitochondrial cristae formation. Targeting this issue is
challenging since biochemistry and electron microscopy only provide snapshots of cells, and
thus cannot directly target the dynamic processes of cristae formation. Although several
different models of cristae biogenesis have been proposed, the mechanism of cristae formation
is still highly debated. The different models suggested so far can generally be differentiated
into two major groups. The first group (Figure 14) comprises four different models, which
propose different types of inner membrane remodeling to generate cristae. These models are
the invagination model, the balloon model, the de-novo vesicle germination model, and the
cristae fission-fusion model (Davies et al., 2012; Jiang et al., 2019; Mühleip et al., 2016; Rabl
et al., 2009; Zick et al., 2008).
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Figure 14: Models of cristae formation. (A-D) Four different models of cristae formation are
shown, which predict inner membrane remodeling. (A) In the invagination model, the membrane
bends towards the matrix, which is followed by crista junction formation. (B) In the balloon model,
crista junction formation precedes the invagination of the membrane. (C) The de-novo vesicle
germination model suggests de novo formation of inner membrane vesicles that fuse with the inner
boundary membrane. (D) The cristae fission-fusion model predicts fission and fusion of cristae to
maintain their structure. The IM is shown in dark gray. The matrix is shown in light grey.
Abbreviations: IMS: inner membrane space, IM: inner membrane. Adapted from: Zick et al., 2008.

The invagination model shares high similarity with the balloon model (Figure 14 A and B) as
in both models cristae are formed as invaginations of the inner membrane. The models differ
in the process of crista junction formation. In the invagination model, crista junction formation
follows the membrane invagination and fixes newly formed cristae into position, while in the
balloon model the formation of the crista junction precedes the invagination of the inner
membrane (Rabl et al., 2009; Zick et al., 2008). The de-novo vesicle germination model (Figure
14 C) proposes the de novo formation of cristae membrane vesicles in the matrix space that
later attach to the inner boundary membrane (Zick et al., 2008). Similarly, the cristae fission-
fusion model (Figure 14 D) predicts fission and fusion of the inner membrane to facilitate the
formation of the cristae (Kondadi et al., 2020; Zick et al., 2008). A second group of cristae
formation models includes the hemifusion and the fusion-remnant models, which suggest that
cristae are formed upon mitochondrial tubule fusion (Figure 15). In both models, outer
membrane fusion of mitochondrial tubules creates an inner membrane septum that is
transformed into a crista by inner membrane remodeling. The membrane remodeling is
achieved either by hemifusion or by a zipper-like mechanism which detaches the septum from
the inner boundary membrane (Harner et al., 2016; Kojima et al., 2019; Zick et al., 2008).
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Figure 15: Models of cristae formation following outer membrane fusion. (A-B) Two
suggested models of cristae formation are shown, which depend on fusion of mitochondrial tubules.
Following outer membrane fusion, a septum is formed by the two juxtapositioned IMs (second
panel). (A) In the hemifusion model this septum is transformed into a crista by hemifusion. (B) In
the fusion-remnant model, the septum is detached from the IBM and fused to form a lamellar crista.
Abbreviations: IM: inner membrane, IMS: inner membrane space, OM: outer membrane. Adapted
from: Zick et al., 2008.

To date, none of the aforementioned models of cristae formation is widely accepted as the
“general mechanism” of cristae formation. However, different studies have provided data
supporting several of the introduced models. Cryo-EM data of dimeric F1FO-ATP synthases
that bend membranes by spontaneous row formation greatly support the idea of protein-driven
inner membrane invaginations (Blum et al., 2019; Davies et al., 2012; Mühleip et al., 2016).
Analysis of mitochondrial maturation in Drosophila melanogaster, in turn, suggested a
combination of the balloon model and the de-novo vesicle germination model based on
observations of inner membrane structures that are devoid of crista junctions (Jiang et al., 2019).
Recently, a study supported the cristae fission-fusion model using 2D super-resolution
microscopy (Kondadi et al., 2020). Nevertheless, due to limitations in optical resolution, 2D
nanoscopy recordings could not clearly prove fusion or fission of cristae.



Chapter 1 - Introduction

23

The fact that different experimental data have supported different models of cristae formation
might indicate that several of the aforementioned mechanisms have relevance for cristae
formation. Remarkably, two studies in yeast provided evidence that at least two independent
pathways of cristae formation could exist in parallel (Harner et al., 2016; Kojima et al., 2019).
The accordingly developed model of cristae formation (Figure 16) attributes the formation of
tubular cristae to an invagination of the mitochondrial inner membrane which is controlled by
MICOS and by the assembly of the dimeric F1FO-ATP synthase. Formation of larger lamellar
cristae, however, is attributed to the remodeling of an inner membrane septum as described by
the fusion-remnant model (Zick et al., 2008). Harner and colleagues suggested that the
remodeling of such septa into lamellar cristae is also controlled by MICOS and the dimeric
F1FO-ATP synthase, but requires additional interplay with Mgm1 for inner membrane fusion
(Harner et al., 2016). Although two independent studies underscored the idea of distinct
mechanisms for tubular and lamellar cristae formation in Saccharomyces cerevisiae, this model
has not yet been tested in other organisms. Hence, it is unclear if it is also meaningful in higher
eukaryotes or if it is specific to Saccharomyces cerevisiae.

Taken together, further experimental data are needed to understand how the mitochondrial inner
membrane is shaped. It remains unclear if a general mechanism of cristae formation exists, or
if several of the proposed mechanisms exist side-by-side. Furthermore, it remains an open
question whether cristae formation is a conserved process across species or if different species
exhibit different mechanisms of cristae biogenesis. Therefore, the recently proposed role of
outer membrane fusion in cristae formation (Figure 16) must also be validated in mammals. In
addition, the precise function and interplay of important inner membrane-shaping proteins
remains superficial. It is well known that MICOS is essential for the maintenance of crista
junctions and the cristae architecture. However, the function of the two subcomplexes and their
interplay in cristae formation is largely unknown. Data from yeast indicated that the Mic10
subcomplex directly interacts with the dimeric F1FO-ATP synthase, but the significance of this
interaction for cristae formation remains unclear. As mentioned before, several conflicting
conclusions on the function of OPA1 have been published. It is widely accepted that OPA1 is
important to maintain the inner membrane architecture but disagreement prevails about the
importance of OPA1 for the formation of crista junctions. Thus, it is necessary that the roles of
OPA1, especially in its interplay with the MICOS complex, are better characterized. Several
studies indicate direct interactions between OPA1, the dimeric F1FO-ATP synthase, and
MICOS, suggesting that they cooperate to maintain the inner membrane architecture.
Therefore, it is important to dissect the hierarchy of these proteins in cristae formation.
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Figure 16: Model of cristae formation in the yeast Saccharomyces cerevisiae. (A-C) The
model proposes two distinct pathways of cristae formation. (A) Lamellar cristae are formed by
reshaping a fusion-derived septum into a lamellar crista. Membrane remodeling requires MICOS,
dimeric F1FO-ATP synthase and Mgm1. Loss of MICOS leads to detachment of lamellae. (B)
Tubular cristae are formed in a MICOS-dependent manner and do not require Mgm1. (C) Inhibition
of mitochondrial tubule fusion and fission by Dnm1 knockout (∆dnm1) enhances the formation of
tubular cristae that detach from the IBM in the absence of the MICOS core subunits Mic10 (∆mic10)
or Mic60 (∆mic60). Adapted with permission from: Harner et al., 2016.
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Fluorescence Nanoscopy in Mitochondrial Biology

With the first electron micrographs of mitochondria in the 1950s, electron microscopy has
become an essential tool in mitochondrial biology. Due to the development of modern cryo-
electron tomography, the method can even provide high-resolution protein structures (Figure
8). However, its restriction to fixed samples prevents the recording of mitochondrial dynamics.
In contrast, fluorescence microscopy allows the visualization of mitochondrial dynamics within
live cells for prolonged periods. Furthermore, fluorescence microscopy has the advantage of
high specificity, as it localizes only specifically labeled targets. Nevertheless, the resolution of
conventional fluorescence microscopy is restricted to ~200 nm due to the diffraction of light.
Diffraction-limited fluorescence microscopy therefore does not provide the spatial resolution
needed to discern mitochondrial substructures or protein distributions (Jakobs et al., 2020). The
development of diffraction-unlimited fluorescence nanoscopy enabled greatly improved
resolution down to the nanometer regime even in optical microscopy (Hell and Wichmann,
1994; Klar et al., 2000). In fluorescence nanoscopy, fluorophores are distinguished based on
their molecular states to overcome the diffraction barrier. These states are typically a
fluorescent “on” state and a non-fluorescent “off” state. Switching between these molecular
states allows the majority of fluorophores in a diffraction-limited volume to be rendered dark
and for only a subset of molecules to be fluorescent. In coordinate-targeted nanoscopy, a light
pattern is used to drive the fluorophores between the two states at defined coordinates in the
sample (Sahl et al., 2017). In stimulated emission depletion (STED) nanoscopy, a diffraction-
limited excitation beam is coaligned with a second doughnut-shaped laser beam of a longer
wavelength and scanned across the specimen. The doughnut-shaped, red-shifted laser beam
keeps molecules in the periphery in a non-fluorescent state as it forces their inactivation by
stimulated emission. It thereby effectively shrinks the area of fluorescing molecules and
improves the spatial resolution (Hell and Wichmann, 1994; Klar et al., 2000). Coordinate-
stochastic nanoscopy techniques like photo-activated localization microscopy (PALM) or
stochastic optical reconstruction microscopy (STORM) (Betzig et al., 2006; Rust et al., 2006),
turn on subsets of molecules randomly over time, so that only an individual fluorophore within
a distance larger than the diffraction limit fluoresces. By the recording of multiple frames,
coordinate-stochastic nanoscopy techniques separate the molecules over extended periods and
data reconstruction is necessary to calculate a super-resolved image. STED nanoscopy,
however, does not require data reconstruction, which allows relatively fast acquisition of high-
resolution data and supports its use in live-cell fluorescence nanoscopy (Bottanelli et al., 2016;
Sahl et al., 2017).

Aims and Scope of the Study

Mitochondria are dynamic structures that constantly change their morphology (Bereiter-Hahn
and Vöth, 1994). It is likely that their inner membrane architecture exhibits similar dynamic
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behavior. However, conventional fluorescence microscopy does not allow for the visualization
of cristae. To overcome this hindrance, the first study in this thesis aims to establish STED
nanoscopy imaging of cristae in living cells. A major challenge in nanoscopy is the labeling of
the target structure as all fluorescence nanoscopy techniques require special labels (Jakobs et
al., 2020; Sahl et al., 2017). The combination of self-labeling tags like the SNAP-tag or Halo-
tag (Juillerat et al., 2003) and organic dyes (Lukinavičius et al., 2013) is a promising approach
for labeling in live-cell STED nanoscopy. This study aims to adapt this strategy for the analysis
of the mitochondrial inner membrane and its dynamics by STED nanoscopy.
The second part of this thesis aims to elucidate the process of cristae formation in human
mitochondria. As MICOS is essential for crista junction formation (Laan et al., 2016), the thesis
focuses on answering whether the arrangement of MICOS in the inner membrane determines
the cristae structure or vice versa. Previous studies in yeast have reported a punctuate
distribution of MICOS along mitochondria and have proposed that the MICOS complex
determines sites in the inner membrane that facilitate the formation of cristae. However, the
respective studies relied on conventional fluorescence microscopy with a resolution close to the
diameter of the organelle (Friedman et al., 2015; Hoppins et al., 2011). Therefore, this thesis
aims to analyze the submitochondrial localization of the MICOS core subunit Mic60, with
respect to the cristae architecture, using diffraction-unlimited STED nanoscopy and 3D electron
microscopy.
Various studies have demonstrated that next to MICOS, OPA1 and the dimeric F1FO-ATP
synthase contribute to the formation of proper cristae (Cogliati et al., 2016; Giacomello et al.,
2020; Laan et al., 2016). However, many open questions still exist regarding the function of the
MICOS subcomplexes and their interplay with OPA1 and the dimeric F1FO-ATP synthase.
Moreover, the hierarchy of these proteins in cristae formation is still under debate and thus
needs further analysis. As the shape of the cristae differs between organisms and cell lines, data
from different cell types are generally difficult to compare, which eventually complicates the
analysis of cristae formation (Cogliati et al., 2016; Giacomello et al., 2020; Laan et al., 2016;
Rampelt et al., 2017a). To solve this problem, the study aims at a detailed analysis of the
function of the aforementioned key players in cristae formation within the same human cell
line. To dissect the roles of the individual MICOS subcomplexes, OPA1 and the dimeric F1FO-
ATP synthase, human HeLa cells are depleted of these factors and are analyzed using electron
microscopy, super-resolution microscopy, and protein biochemistry. Furthermore, this thesis
intends to test the importance of outer membrane fusion and fission for cristae formation in
humans. Finally, using the acquired data, the thesis aims to develop a comprehensive model of
cristae formation in human mitochondria.
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The supplementary movies included in this manuscript can be accessed on the following
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Supplementary Movie S4
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Summary

Mitochondrial function is critically dependent on the folding of the mitochondrial inner
membrane into cristae; indeed numerous human diseases are associated with aberrant cristae
morphologies. With the MICOS complex, OPA1 and the F1Fo-ATP synthase, key players of
cristae biogenesis have been identified, yet their interplay is poorly understood. Harnessing
super-resolution light and 3D electron microscopy, we dissect the roles of these proteins in the
formation of cristae in human mitochondria. We individually disrupted the genes of all seven
MICOS subunits in human cells and re-expressed Mic10 or Mic60 in the respective knockout
cell line. We demonstrate that assembly of the MICOS complex triggers remodeling of pre-
existing unstructured cristae and de novo formation of crista junctions (CJs) on existing cristae.
We show that the Mic60-subcomplex is sufficient for CJ formation, whereas the Mic10-
subcomplex controls lamellar cristae biogenesis. OPA1 stabilizes tubular CJs, and, along with
the F1Fo-ATP synthase, fine-tunes the positioning of the MICOS complex and of the CJs. We
propose a new model of cristae formation, involving the coordinated remodeling of an
unstructured crista precursor into multiple lamellar cristae.
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Introduction

Mitochondria are essential organelles of eukaryotic cells that perform a multitude of functions.
Most notably, they are the powerhouses of the cell that generate ATP through oxidative
phosphorylation. Mitochondria feature two membranes, the smooth outer membrane (OM) and
the highly convoluted inner membrane (IM). The latter is functionally and structurally divided
into two domains, namely the inner boundary membrane (IBM) that parallels the OM and crista
membranes (CMs), infoldings of the IM pointing toward the interior of the organelle. The CMs
are connected to the IBM by small circular to slit-like openings which are called crista junctions
(CJs). The proper folding of the IM is closely related to the function of the organelle and
numerous devastating diseases, including cardiomyopathies, neurodegenerative disorders,
metabolic diseases, and cancers are associated with aberrant CM folding (Chan, 2012, Friedman
& Nunnari, 2014, Nunnari & Suomalainen, 2012, Pernas & Scorrano, 2016, Wai & Langer,
2016).
In mammalian cells, regularly spaced lamellar cristae appear to be the dominant IM
morphology, while also other cristae shapes exist (Cogliati, Enriquez et al., 2016, Hackenbrock,
1966, Scheffler, 2008). Although the basic membrane architecture of mitochondria was
discovered almost seven decades ago (Palade, 1952, Sjöstrand, 1953), the molecular
mechanisms underlying the formation of cristae are still poorly understood and several models
of cristae biogenesis and maintenance have been suggested (Harner, Unger et al., 2016,
Muhleip, Joos et al., 2016, Rabl, Soubannier et al., 2009, Zick, Rabl et al., 2009). Recent
experimental evidence supports the hypothesis that in budding yeast, lamellar cristae are
generated by the conversion of two IBM sheets following a mitochondrial fusion event (Harner
et al., 2016). In this study, we show that in human cells, lamellar cristae generation does not
require mitochondrial fusion, suggesting fundamental difference in the cristae biogenesis
pathways of budding yeast and higher eukaryotes.
Three membrane-shaping factors, namely the dimeric F1Fo-ATP synthase, the MItochondrial
contact site and Cristae Organizing System (MICOS), and the large GTPase optic atrophy 1
(OPA1, Mgm1 in yeast), exhibit crucial, yet different roles in cristae biogenesis and
maintenance. The F1Fo-ATP synthase associates into elongated rows of dimers that introduce
positive curvature into membranes and stabilize the rims of cristae. Thereby, these dimer rows
are important determinants of cristae morphology (Blum, Hahn et al., 2019, Davies, Anselmi
et al., 2012, Muhleip et al., 2016, Strauss, Hofhaus et al., 2008). In addition, remodeling of the
IM is critically influenced by OPA1 (Alexander, Votruba et al., 2000, Delettre, Lenaers et al.,
2000, MacVicar & Langer, 2016, Varanita, Soriano et al., 2015, Zanna, Ghelli et al., 2008).
OPA1 regulates IM fusion (Cipolat, Martins de Brito et al., 2004, Ishihara, Fujita et al., 2006)
and presumably fission (Anand, Wai et al., 2014). It also influences the overall cristae
architecture and controls the CJ diameter in apoptosis (Frezza, Cipolat et al., 2006, Meeusen,
DeVay et al., 2006). Recently, it was shown that Mgm1 from Chaetomium thermophilum can
assemble into a helical filament on positively and negatively curved membranes, leading to the
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proposal that Mgm1 might form a helical filament inside of CJs (Faelber, Dietrich et al., 2019).
MICOS is a large, hetero-oligomeric protein complex that is primarily located at CJs (Alkhaja,
Jans et al., 2012, Harner, Korner et al., 2011, Hoppins, Collins et al., 2011, Rampelt, Zerbes et
al., 2017b, von der Malsburg, Muller et al., 2011). In humans, seven MICOS subunits have
been identified so far, namely Mic60 (Mitofilin), Mic27 (APOOL), Mic26 (APOO), Mic25
(CHCHD6), Mic19 (CHCHD3), Mic13 (QIL1) and Mic10 (MINOS1) (Pfanner, van der Laan
et al., 2014, van der Laan, Horvath et al., 2016). The holo-MICOS complex consists of two
distinct subcomplexes (Mic10/13/26/27 and Mic60/19/25) that are named according to the core
components Mic10 and Mic60, respectively (Anand, Strecker et al., 2016, Friedman, Mourier
et al., 2015, Guarani, McNeill et al., 2015). Both, Mic10 and Mic60 show membrane-shaping
activity (Barbot, Jans et al., 2015, Bohnert, Zerbes et al., 2015, Hessenberger, Zerbes et al.,
2017, Tarasenko, Barbot et al., 2017). Nevertheless, the exact functions of the two MICOS
subcomplexes are unknown. The depletion of several MICOS subunits causes a depletion of
CJs and the formation of detached CMs in mitochondria (Harner et al., 2011, Hoppins et al.,
2011, von der Malsburg et al., 2011).
Genetic and physical interactions between the F1Fo-ATP synthase, OPA1 and MICOS have
been demonstrated (Darshi, Mendiola et al., 2011, Eydt, Davies et al., 2017, Janer, Prudent et
al., 2016, Quintana-Cabrera, Quirin et al., 2018, Rabl et al., 2009, Rampelt, Bohnert et al.,
2017a), but the functional interplay of these three major players involved in cristae development
remained largely elusive.
In this study, we used CRISPR/Cas9 genome editing to disrupt individually the genes of all
seven MICOS subunits. We demonstrate that the Mic60-subcomplex controls the formation of
CJs whereas the Mic10-subcomplex is crucial for the formation of lamellar cristae. Inducible
stable cell lines allowed us to follow the restoration of lamellar cristae upon re-expression of
MICOS proteins. We found that re-formation of the holo-MICOS complex caused extensive
remodeling of preexisting aberrant cristae, including also the formation of secondary CJs. We
further demonstrate that OPA1, next to stabilizing tubular CJs, influences along with the F1Fo-
ATP synthase the positioning of the MICOS complex. Our findings suggest a new model of
cristae formation, based on coordinated membrane remodeling of unstructured CMs into highly
ordered cristae.
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Results

HeLa cells feature primarily lamellar cristae

Live-cell 2D STED nanoscopy of HeLa cells stably expressing cytochrome c oxidase subunit
8A (COX8A) C-terminally fused with a SNAP-tag revealed that these cells predominantly
exhibit groups of lamellar cristae spaced by voids that are occupied by mitochondrial nucleoids
(Fig 1A) (Stephan, Roesch et al., 2019). To further investigate the folding of the IM in three
dimensions we performed focused ion beam milling combined with scanning electron
microscopy (FIB-SEM) (Fig 1B; Appendix Fig S1, Movie EV1). Reconstructions of the FIB-SEM
data revealed a substantial level of structural heterogeneity of the architecture of the IM. Groups
of stacked cristae were often rotated with respect to each other. Occasionally, we observed
single cristae oriented perpendicular to the longitudinal axis of the mitochondrion and also a
twisted arrangement of the cristae as previously described in mitochondria from yeast (Stoldt,
Stephan et al., 2019) and flies (Jiang, Lin et al., 2017) (Movie EV1).
Mic60 has been demonstrated to form clusters that are enriched at CJs (Alkhaja et al., 2012,

Harner et al., 2011, Jans, Wurm et al., 2013). In HeLa cells, these clusters often resembled a

stripe pattern perpendicular to the longitudinal axis of the mitochondria (Fig EV1A).

Fig 1. Inner membrane architecture and MICOS distribution in HeLa cells. (A) Live-cell nanoscopy of HeLa
cells. COX8A-SNAP was labeled with SNAP-cell SiR and imaged with STED nanoscopy. (B) 3D architecture of
cristae in HeLa cells visualized by FIB-SEM. The OM and the IBM are together shown as a transparent surface.
Cristae of two mitochondria are depicted in light and dark blue. A twisted crista is shown in grey. (C) Live-cell
recording as in (A). In addition, mitochondrial DNA was stained with PicoGreen and imaged by confocal laser-
scanning microscopy. Arrows mark sites where nucleoids but no lamellar cristae are present. (D) STED nanoscopy
of mitochondria immunolabeled for Mic60 and dsDNA. Arrows mark sites where nucleoids are present. (E) Dual-
color STED nanoscopy of cells labeled for COX8A-SNAP and immunolabeled for Mic60. Arrows mark Mic60
clusters in the absence of fully developed lamellar cristae. Scale bars: 1 µm.
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Fig EV1. MICOS distribution in HeLa cells and characterization of MICOS knockout cell lines. (A) Left: STED
nanoscopy of mitochondria immunolabeled for Mic60 and dsDNA. A part of the image is also shown in Fig 1D.
Right: Line profiles of the fluorescence intensities were measured at six sites exhibiting mtDNA (blue arrows) and
at six sites devoid of mtDNA (white arrows), as indicated. The six line profiles of each condition were normalized
and averaged, respectively. (B) Dual-color STED nanoscopy of cells labeled for COX8A-SNAP and immunolabeled
for Mic60. A part of the image is also shown in Fig 1E. (C) Protein levels of mitochondrial proteins in cell lysates
from WT cells and MICOS mutants. Cell lysates from the indicated cell lines were analyzed by Western blotting. (D)
BN-PAGE of isolated mitochondria. Indicated cell lines were analyzed by BN-PAGE and Western blotting. Scale
bars: 1 µm.
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Live-cell STED nanoscopy recordings of HeLa cells expressing Mic10-SNAP further verified
an arrangement of MICOS clusters in a perpendicular stripe pattern, suggesting that single
lamellar cristae can exhibit multiple CJs around a mitochondrion (Movie EV2). Unexpectedly,
Mic60 clusters also appeared at sites marked by the mitochondrial nucleoids that are usually
free of cristae lamellae (Fig 1C and D, Fig EV1A) (Stephan et al., 2019). In order to verify the
occurrence of Mic60 clusters in the absence of proper lamellar cristae, we first labeled cells for
COX8A-SNAP and subsequently chemically fixed and immunolabeled them for Mic60. Dual-
color STED recordings confirmed, that while the majority of Mic60 is present at the cristae
lamellae, Mic60 clusters also appear in areas devoid of lamellar cristae (Fig 1E, Fig EV1B).



Chapter 4 - Role of MICOS in Cristae Formation

84

Characterization of MICOS-KO cell lines

Depletion of Mic60, but not of Mic10, results in the absence of all MICOS subunits

To dissect the role of the individual MICOS subunits, we disrupted the genes of the seven
MICOS proteins (MIC10, MIC13, MIC19, MIC25, MIC26, MIC27 and MIC60) individually in
HeLa cells utilizing CRISPR/Cas9 genome editing (for details on the experimental strategy see
Appendix Table S1). We analyzed the protein levels of all MICOS subunits in cell lysates and
isolated mitochondria from the MICOS-knockout (-KO) cell lines (Fig 2A; Fig EV1C). Deletion
of Mic60 was associated with an almost complete loss of Mic10, Mic13, Mic19 and Mic26 and
a strong reduction of the Mic25 and Mic27 protein levels (Fig 2A). In Mic19-KO cells, we
observed a similar reduction of all MICOS subunits. In contrast, the deletion of Mic10 was
associated with a strong reduction of Mic13 and Mic26, whereas the levels of Mic19, Mic25,
Mic27 and Mic60 were unaltered. Similarly, the depletion of Mic13 was associated with a
decrease in Mic10 and Mic26 levels (Fig 2A). In cell lysates, the levels of other mitochondrial
proteins including TOM20 suggested a slightly reduced amount of mitochondria in Mic60-KO
and Mic19-KO cells (Fig EV1C), whereas the other KO cell lines were unaffected.

Fig 2. Characterization of MICOS knockout cell lines. (A) Composition of MICOS in WT cells and MICOS
mutants. Mic60-specific antibodies were used to pull-down Mic60 and interacting proteins from insolated
mitochondria. ** Unspecific band, due to the cross reaction of the anti-Mic25 antibody with Mic19. (B) Oxygen
consumption rate (OCR) of WT cells and MICOS mutants as analyzed by Seahorse Analyzer. Basal and maximal
OCR are shown relative to the WT. Error bars: SEM, n=6. (C, D) Mitochondrial networks of WT and MICOS mutant
cells. Cells were immunolabeled for TOM20 and visualized by confocal microscopy. The inset shows a magnification
of the respective overview image. Quantification of the mitochondrial networks as shown in (D). Average and SD of
3 independent biological replicates are shown (>170 cells per sample and replicate). Scale bar: 10 µm.
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As Mic60 controlled the abundance of all other MICOS proteins (Fig 2A, Fig EV1C), we next
performed complex-immunoprecipitation (Co-IP) experiments from isolated mitochondria
using Mic60 antibodies to investigate whether Mic60 interacts with the remaining MICOS
subunits when specific subunits are deleted. In wild-type (WT) cells we isolated Mic10, Mic13,
Mic19, Mic25, Mic26 and Mic27, demonstrating a fully assembled holo-MICOS complex (Fig

2A). For the different KO cell lines, the amounts of isolated proteins largely coincided with the
steady state levels, suggesting that none of the subunits is essential for the binding of the
remaining subunits to Mic60 (Fig 2A). As an exception, we found that in the absence of Mic10
little Mic27 was co-isolated with Mic60, although Mic27 was still present at relatively high
levels in these cells.
In line with sequencing data, immunoblotting did not reveal any Mic60 either in whole cell
extracts or in isolated mitochondria from Mic60-KO cells (Fig 2A, Fig EV1C, Appendix Table S1).
Unexpectedly, after immunoprecipitation with Mic60 antiserum, we detected on Western blots
a faint signal for Mic60 and Mic19 in the Mic60-KO cells (Fig 2A). Possibly, an unknown
isoform or alternative splicing might account for the residual amount of Mic60 in these cells.
As we could not identify any cell line without this residual expression of Mic60, it is currently
unclear, if these trace amounts of Mic60 are functionally relevant.
Altogether, we conclude that the depletion of Mic60 leads to an almost entire loss of MICOS.
In contrast, the lack of Mic10 causes specifically a depletion of only the Mic10-subcomplex in
human cells.

Assembly of OXPHOS is largely unaffected in MICOS-KO cells

In order to analyze the influence of the loss of MICOS subunits on the assembly of the
supercomplexes of the oxidative phosphorylation (OXPHOS) system, we performed blue
native polyacrylamide gel electrophoresis (BN-PAGE) of mitochondria isolated from the
MICOS-KOs (Fig EV1D). BN-PAGE showed only slight differences between the individual
MICOS-KOs and the WT. Even in the absence of Mic60, virtually resulting in the absence of
MICOS, the assembly of complexes I, II, and V was only somewhat and the assembly of
complexes III and IV was only slightly decreased (Fig EV1D). In Mic60-KO cells, the oxygen
consumption rate was reduced, but not abolished; all other MICOS-KO cell lines exhibited
oxygen consumption rates close to the WT (Fig 2B). We conclude that the deletion of MICOS
subunits has only modest influence on OXPHOS assembly.

Morphology of the mitochondrial network primarily depends on the Mic60-subcomplex

Next, we analyzed the effects of the depletion of the MICOS subunits on the overall
morphology of the mitochondrial network (Fig 2C and D). Mic19-KO and Mic60-KO cells
showed the most severe phenotype with highly fragmented mitochondrial networks and large
spherical mitochondria. Cells lacking Mic10, Mic13, Mic25 and Mic26 displayed on average
only moderately fragmented mitochondrial networks, whereas the Mic27-KO cells exhibited
slightly hyperfused mitochondrial networks (Fig 2C and D). These findings demonstrate that the
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Mic60-subcomplex, but not the Mic10-subcomplex, is crucial to maintain the mitochondrial
network structure.

Loss of Mic10, Mic13, Mic19 and Mic60 disturbs cristae architecture

To analyze the cristae morphology of the seven MICOS-KO cell lines, we first performed
transmission electron microscopy (TEM) (Fig 3A, Appendix Fig S2A). For an initial evaluation,
we classified the structures of the cristae as ‘wild type’ (ordered, lamellar cristae) or ‘aberrant’
(disordered cristae) (Fig 3A and B). In Mic60-KO cells, virtually all mitochondria had an aberrant
cristae morphology. Similarly, the Mic10-, 13- and Mic19-KO cells showed a severe
phenotype, as more than 75 % of the mitochondria had aberrant cristae. The mitochondria of
the Mic25-, Mic26- and Mic27-KO cells exhibited only a mild phenotype with more than 75 %
of the mitochondria showing ordered lamellar cristae (Fig 3A and B). Additionally, RNA
interference (RNAi) experiments independently confirmed these phenotypes (Appendix Fig S2B

and C). To further characterize the cristae shapes in the Mic10-, Mic13-, Mic19-, and Mic60-
KO cells, we assigned the cristae phenotypes to more detailed categories (Fig 3C). In Mic10 and
Mic13-KO cells, we mostly observed a large single CM that paralleled the IBM (Fig 3 A and C).
This phenotype was less frequent in mitochondria from Mic60- or Mic19-KO cells, which
instead regularly showed multiple layers of CMs arranged in stacks or onion-like arrangements
(Fig 3A and C, Appendix Fig S2A).

Tubular CJs exist in Mic10-KO cells but not in Mic60-KO cells

We estimated the number of CJs in each of the seven KO strains on several hundred TEM cross
sections through mitochondrial tubules. For a comparison of the different cell lines, the number
of CJs was normalized to the length of the OM (Fig 3D). Compared to WT cells, the occurrence
of CJs was reduced by about 25 % in Mic26-KO cells und by more than 70 % in Mic10-, Mic13-
and Mic19-KO cells. In Mic60-KO cells, the number of CJs was close to zero. We note,
however, that in Mic60-KO cells, we occasionally observed connections of the IBM with the
CM (Fig 3D). WT cells, as well as Mic13-, Mic19-, Mic25-, Mic26- and Mic27-KO cells had
CJs with an average diameter of about 20 nm (Fig 3E). In Mic10-KO cells the average diameter
was enlarged to about 28 nm (n=96) and for the few unusually shaped connections found in
Mic60-KO cells (n=26) the average diameter was about 32 nm (Fig 3E).

Compared to previous findings in yeast (Barbot et al., 2015, Bohnert et al., 2015, Harner et
al., 2011), the presence of a substantial number of CJs (about 20 % of the WT) in Mic10-KO
cells was unexpected. To further analyze this finding, we performed electron tomography
(ET) of WT, Mic10-KO and Mic60-KO cells (Fig 3F). Recordings of tilt series thereby
allowed us to analyze and reconstruct the CMs and CJs within mitochondrial sections of
approximately 200 nm thickness.
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Fig 3. Depletion of MICOS subunits affects the formation of lamellar cristae. (A) Representative TEM
recordings of WT cells and MICOS-KO mutants, as indicated. (B) Quantification of the overall cristae morphology
on TEM recordings. (C) Quantification of detailed morphology of CMs in MICOS mutants (left). TEM recordings
were assigned to 8 classes (right). (D) CJ frequency on TEM recordings. The number of CJs was manually
determined and normalized to the length of the OM. Samples were compared to WT by a One-way ANOVA test.
Error bars: SEM. (E) Diameter of CJs. CJs were manually measured on TEM recordings. Red line: Average. Error
bars: SD. Samples were compared to WT by a One-way ANOVA test. (F) Representative ET reconstructions of
mitochondria from a WT cell (left), a Mic10-KO cell (center) and a Mic60-KO cell (right). The OM is displayed in
clear grey, the side of the IM that faces the matrix is shown in dark blue. The IM side that faces the IMS is shown
in light blue. n: number of mitochondrial sections (B,C,E) or number of CJs (D). ***: p≤0.001. Scale bars: 500 nm
(A), 250 nm (F).
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Tomograms of Mic60-KO mitochondria confirmed that the CMs frequently formed
multilayered, very long sheets, resulting in an onion-like architecture. As expected from the
TEM recordings of ultrathin sections, we found only very few CJs in the tomograms (Fig 3F,

Movie EV3 and EV4). Vesicular structures in the Mic60-KO mitochondria usually proved to be
tubular extensions of large sheet-like cristae (Fig 3F, Movie EV3). The tomograms also confirmed
that the lamellar cristae of WT cells exhibited numerous circular or slit-like CJs (Fig 3F; Movie

EV5). CJs connected to the same single crista were often close to each other and thereby they
formed a line pattern perpendicular to the longitudinal axis of the mitochondrial tubule (Fig 3F;

Movie EV5). As Mic60 is enriched at CJs (Jans et al., 2013), the distribution of the CJs explains
the perpendicular stripe pattern seen in STED images of Mi60 and Mic10 in these cells (Fig 1D,

Fig EV1A). The tomograms showed that in mitochondria of Mic10-KO cells, the cristae usually
formed single-layered large sheets with circular, stalk-like tubular CJs (Fig 3F, Movie EV6). In the
rare Mic10-KO mitochondria with onion-shaped IM morphology (Movie EV7), these CJs
connected the outermost crista membrane with the IBM (Fig 3F, Movie EV7). The stalk-like CJs
found in Mic10-KO cells were structurally different from those observed in WT cells, which
were circular or slit-like and immediately continuous with the lamellar cristae. Furthermore, in
Mic10-KO cells, the CJs appeared to be irregularly distributed and, compared to the WT, often
confined to small areas.
Taken together, Mic10-, Mic13-, Mic19- and Mic60-KO cells show a strongly altered cristae
architecture. Remarkably, human mitochondria depleted of Mic10 still exhibit numerous
tubular, stalk-like, slightly enlarged CJs, whereas CJs are nearly absent in Mic60-KO cells. As
Mic10-KO cells contain the Mic60-subcomplex, we conclude that the Mic60-subcomplex, but
not the Mic10-subcomplex, is necessary for the formation of CJs.
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Mic10 controls the distribution of Mic60 and the formation of Mic60 assemblies

The irregular distribution of CJs in Mic10-KO cells suggested that in Mic10-KO cells also the
Mic60-subcomplexes have an aberrant distribution. To test this, we performed 2D STED
nanoscopy. In HeLa WT cells the Mic60 clusters were seemingly distributed across the
mitochondria, often resembling a stripe pattern perpendicular to the longitudinal axis of the
mitochondria (Fig 4A, Fig EV1A). In mitochondria of Mic10-KO cells we found that Mic60 and
Mic19 clusters localized in clearly discernibly opposite distribution bands, i.e. they exhibited a
two-sided distribution on the mitochondrial tubules (Fig 4A, Fig EV2A). This opposite distribution
of Mic60 clusters was also observed in Mic13-KO cells (Fig EV2B), showing that the Mic10-
subcomplex influences the distribution of the Mic60-subcomplexes. Unexpectedly, also the
F1Fo-ATP synthase subunit b (ATPB) exhibited a similar two-sided distribution in Mic10-KO
cells as visualized by 2D and 3D STED nanoscopy (Fig 4A and B). To further analyze the detailed
localization of Mic60 in Mic10-KO cells, we visualized Mic60 with 3D MINFLUX nanoscopy
(Gwosch, Pape et al., 2020). Thereby, we were able to localize immunolabeled Mic60 with an
isotropic localization precision of about 5 nm in a 300 nm thick volume. MINFLUX
recordings confirmed the distribution of Mic60 clusters in two narrow opposite distribution
bands along the mitochondrion of a Mic10-KO cell (Fig 4C), which is different to their stripe-
like distribution in WT cells (Fig EV2C).
This raises the question, if the highly ordered distribution of the Mic60-subcomplex and of the
F1Fo-ATP is just a consequence of the aberrant cristae morphology. Our ET data strongly
suggested that in the absence of Mic10, the CMs form a hollow tube. However, our ET data do
not provide an ultimate proof for such a hollow tube, as the tomograms do not encompass a full
mitochondrial tubule (Fig 3F). We therefore aimed to visualize the fold of the IM in the entire
mitochondrial volume using live-cell fluorescence microscopy as well as FIB-SEM. We labeled
the cells with Mitotracker Green and imaged the IM using 3D structured illumination
microscopy (3D SIM). 3D SIM of Mic10-KO cells fully supported the view that mitochondria
devoid of Mic10 contained tube-like cristae that line the interior of the mitochondrion (Fig 4D,

Fig EV2D). Live-cell STED recordings of Mic10-KO cells expressing COX8A-SNAP further
confirmed that the mitochondria in Mic10-KO cells contain mobile, large tube-like cristae
(Movie EV8 and 9). Finally, FIB-SEM of Mic10-KO cells unequivocally demonstrated the
presence of tube-like cristae which were partly perforated (Fig 4E). Because the edges of the
perforations have a positive membrane curvature, we speculate that the F1FO-ATP synthases
might decorate the perforations and therefore are located at the rims of the mitochondria.
The ET, FIB-SEM and super-resolution data conclusively demonstrated that in Mic10-KO cells
the CMs form generally single-layered hollow tubes. It is difficult to reconcile the formation of
the opposite Mic60 distribution bands with a large tube-like CM that evenly lines the
mitochondrial tubule. We concluded that the distribution of the F1Fo-ATP synthase and of the
Mic60 clusters in opposite bands is not primarily determined by the shape of the tube-like CM.
Instead, we assumed that that the abundance of Mic10 controls the distribution of Mic60.
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Fig 4. Depletion of Mic10 causes formation of large tube-like cristae and opposite distribution bands of
Mic60 and ATPB. (A,B) Nanoscopy of mitochondria of WT and Mic10-KO cells, as indicated. (A) Mitochondria were
immunolabeled for Mic60 and ATPB and visualized by 2D STED nanoscopy. (B) Mitochondria were immunolabeled
for TOM20 and ATPB and recorded with 3D STED nanoscopy. Image data were deconvolved. Depicted are cross-
sections of a mitochondrion (side view). (C) 3D MINFLUX nanoscopy. Mic10-KO cells were immunolabeled for
Mic60 using a directly labeled antibody. Colors encode depth information. (D) 3D SIM of living WT and Mic10-KO
cells. Cells were labeled with Mitotracker Green. Images show maximum intensity projections. (E) FIB-SEM of
Mic10-KO cells. Shown is a representative reconstructed mitochondrion. Dashed box: Orthoslice view on the
smaller mitochondrion. The OM and IBM are displayed together in clear grey, the CM in is shown in blue. (F) 2D
STED nanoscopy of mitochondria. Mic19-KO cells were transfected with a plasmid for Mic10-FLAG expression
under the control of a tetracycline promoter. Left panel: Mitochondria from noninduced cell. Right: Mitochondria from
induced cell expressing Mic10-FLAG. Scale bars: 1 µm (A,C,D,F), 500 nm (B, E).
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Fig EV2. Depletion of Mic10 causes the formation of large tube-like cristae and opposite distribution bands
of Mic60, Mic19 and ATPB. (A-C) Nanoscopy of mitochondria. (A) WT and Mic10-KO cells were immunolabeled
for Mic19 and ATPB and visualized by 2D STED nanoscopy. (B) WT and Mic13-KO cells were immunolabeled for
Mic60 and ATPB and recorded with 2D STED nanoscopy. (C) 3D MINFLUX nanoscopy of mitochondria. WT cells
were immunolabeled for Mic60. Colors encode depth information. (D) 3D SIM of live cells. Mic10-KO cells were
labeled with Mitotracker Green. Images show a cross section (side view) through several mitochondria in a 3D SIM
stack. (E) STED nanoscopy of mitochondria. WT and Mic19-KO cells were immunolabeled for Mic60 and ATPB
and analyzed by STED nanoscopy. (F) Nanoscopy of mitochondria. Mic19-KO cells were transfected with a plasmid
for Mic10-FLAG expression under the control of a tetracycline promoter and induced with doxycycline for 24 h.
Inset 1: Mitochondria from a cell strongly expressing Mic10-FLAG. Inset 2: Mitochondria from a cell expressing
virtually no Mic10-FLAG. Scale bars: 1 μm (A-E, and F, lower panel), 10 µm (F, upper panel).
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To test this idea, we analyzed the Mic60 distribution in Mic19-KO cells which exhibit reduced
Mic60 levels and a strongly aberrant cristae architecture (Fig 3A and B), but remain residual
levels of the Mic10-subcomplex (Fig 2A). In these cells, Mic60 was often found in randomly
scattered clusters instead of opposite bands (Fig EV2E). In addition, we occasionally observed
mitochondria that exhibited continuous ring- or arc-like Mic60 structures (Fig EV2E). The
formation of such continuous Mic60 assemblies was strongly increased when we overexpressed
Mic10-FLAG in Mic19-KO cells (Fig 4F, Fig EV2F). In addition, Mic10-FLAG overexpression
also raised the expression level of Mic60 in Mic19-KOs (Fig EV2F).
Altogether, these data demonstrate that the expression level of Mic10 influences the distribution
of Mic60 and also of the F1Fo-ATP synthase. In the absence of Mic10, Mic60 is found in
clusters localized in opposite distribution bands, whereas at elevated Mic10 levels, Mic60 forms
extended assemblies.
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Re-expression of Mic60 in Mic60-KO cells stabilizes MICOS and induces the
formation of secondary CJs

To better understand the role of MICOS in cristae formation, we next analyzed how Mic60-
deficient mitochondria respond to a rescue of the cellular Mic60 levels. To this end, we inserted
the coding sequence of Mic60 under the transcriptional control of a tetracycline-/doxycycline-
inducible (TetOn) promoter into the genome of Mic60-KO cells, thereby generating a Mic60-
TO cell line. After initiation of the re-expression of Mic60 by adding doxycycline, we
investigated the effects of increasing Mic60 levels over time (Fig 5). We titrated the
concentration of doxycycline to reach approximately endogenous Mic60 levels after 48 h.

Fig 5. Mic60 controls MICOS protein levels, CJ frequency and inner membrane morphology. Rescue of
Mic60 expression in Mic60-TO cells upon induction with doxycycline. (A) Cells were immunolabeled for Mic60 and
DNA and visualized by confocal fluorescence microscopy before and after expression of Mic60 for 48 h. (B) Protein
levels of MICOS proteins after Mic60 induction. Cell lysates were analyzed by Western blotting at the indicated time
points. (C) Recovery of mitochondrial networks upon Mic60 re-expression. Cells were induced with doxycycline for
72 h, immunolabeled for TOM20 and visualized by confocal microscopy. (D-G) TEM of Mic60-TO cells before and
after induction. (D) TEM recordings of Mic60-TO cells at the indicated time points. (E) Quantification of the cristae
morphology. (F) CJ frequency. The number of CJs on TEM recordings was normalized to the length of the OM. At
least 90 mitochondrial sections were analyzed for each sample. (G) Quantification of the cristae morphology of
Mic60-TO cells. Only mitochondria exhibiting at least one CJ were analyzed. n: Number of mitochondrial sections.
Scale bars: 20 µm (A), 10 µm (B), 500 nm (C).
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After this time, virtually all cells expressed Mic60 (Fig 5A and B, Appendix Fig S3). Mic60 re-
expression rescued the cellular protein levels of all MICOS subunits (Fig 5B) and caused the re-
formation of tubular mitochondrial networks (Fig 5C, Appendix Fig S3B).
Next, we asked whether the aberrant cristae in the Mic60-KO cells are converted to the WT
morphology, or whether they are replaced by newly formed cristae. To address this question,
we analyzed the morphology changes upon MICOS re-expression over time by analysis of
numerous TEM recordings and classified the CM morphologies (Fig 5D and E). We observed a
considerable number of mitochondria with intermediately shaped cristae, i.e. IM segments that
partly showed a lamellar morphology and partly had an aberrant appearance (Fig 5D and E,

Appendix Fig S4). These contiguous IM segments strongly point to a conversion of aberrant
cristae. Furthermore, we did not observe an increased number of small cristae that would hint
to a strong increase of cristae biogenesis. With rising Mic60 levels, the number of CJs increased
steadily over time and reached WT levels after about 48 h (Fig 5F). Importantly, we found that
after 16 h of induction of Mic60 expression, only a fraction of the new CJs were connected to
cristae with WT morphology (Fig 5G, Appendix Fig S4). Instead, a substantial part of the CJs
induced by Mic60 expression was found on aberrant or intermediately shaped cristae. We
conclude that they formed on already existing cristae and denote these CJs as secondary CJs.
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Formation of the holo-MICOS complex results in crista membrane remodeling
and a redistribution of the CJs

The conversion of the cristae in the Mic60-TO cells is difficult to analyze because multiple
layers of CM are involved. In comparison, the Mic10-KO has a less complex IM architecture,
as the mitochondria usually exhibit only a single-layered tube-like CM, which is already
connected to the IBM by CJs (Fig 3A and F). Therefore, we next aimed to analyze the cristae
conversion process upon re-expression of Mic10 in a Mic10-deficient cell line. To this end, we
integrated a TetOn version of Mic10 C-terminally fused with a FLAG-T2A-EGFP tag into the
genome of Mic10-KO cells. The self-cleaving T2A-peptide (Ryan, King et al., 1991) causes
the release of cytosolic EGFP as an expression reporter, whereas the FLAG-tagged Mic10 is
transported into the mitochondria (Fig 6A, Fig EV3A). To test whether the re-expression of Mic10-
FLAG induces the formation of the holo-MICOS complex, we performed Co-IPs from cell
lysates using anti-FLAG and anti-Mic60 antibodies (Fig EV3B, Appendix Fig S5A). Using Mic10-
FLAG as a bait, we pulled down Mic60, Mic26, Mic19 and Mic13 at levels mirroring the
increasing Mic10 levels. When we used Mic60 as a bait, we isolated Mic10, Mic13 and Mic26
at levels corresponding to the expression levels of Mic10, whereas Mic19 was isolated
irrespective from the Mic10 expression levels (Fig EV3B). These findings demonstrate that re-
expression of Mic10-Flag rescues the expression levels of Mic13 and Mic26 and that newly
synthesized subunits of the Mic10-subcomplex bind to the pre-existing Mic60-subcomplex to
build the fully assembled MICOS complex.
After 48 h of induction, the large majority of cells expressed Mic10-FLAG and showed WT-
like mitochondrial networks (Appendix Fig S5B and C). Moreover, the cristae morphology was
rescued in the majority of these cells as demonstrated by live-cell STED nanoscopy (Fig 6A and

B). As the expression levels of Mic10 did not rise simultaneously in all cells, few cells still
exhibited a low Mic10-expression level after 24 h of induction, whereas most cells already had
an elevated Mic10 expression level. In cells with low Mic10 expression levels, the faint Mic10-
FLAG signals largely co-localized with Mic60 in narrow opposite distribution bands,
comparable to the Mic60 distributions bands observed in Mic10-KO cells (Fig 6C). In
accordance with the co-immunoprecipitation experiments (Fig EV3B), this suggests that Mic10-
FLAG is recruited to the existing Mic60-subcomplexes. In cells showing higher Mic10-FLAG
expression levels, Mic10 and Mic60 also largely co-localized, but their distribution in opposite
bands was no longer obvious, as the protein clusters spread over the mitochondria (Fig 6C).
Together, these data suggest that Mic10, after being recruited to the Mic60-subcomplex,
changes the distribution of the holo-MICOS complex in the IM.
Next, we recorded TEM images of mitochondria at different time points after re-expression of
Mic10-FLAG in Mic10-TO cells and analyzed the process of the structural rescue of the cristae
(Fig 6D and E). After 24 h of induction, the cristae morphology, the number of CJs (Fig 6F), as
well as the average CJ diameter (Fig 6G) resembled the situation in WT cells. The TEM
recordings also revealed that the rescue of the cristae structure seemed to involve an
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‘intermediate’ phenotype, i.e. contiguous cristae that were partly lamellar and partly tube-like
(Fig 6D, inset, Appendix Fig S5D).

Fig 6. The Mic10-subcomplex is essential for coordination of lamellar cristae formation. (A,B) Live-cell
nanoscopy of Mic10-TO cells. Cells expressing COX8A-SNAP were labeled with SNAP-cell SiR and recorded with
STED nanoscopy. (A) Cristae architecture in noninduced cells. (B) Cristae architecture after Mic10 re-expression
(24 h induction with doxycycline). STED image data were deconvolved. (C) STED nanoscopy of fixed Mic10-TO
cells. Cells were induced for 24 h and immunolabeled for Mic60 and Mic10-FLAG. Upper row: Cell with weak Mic10
expression. Lower row: Cell with strong Mic10 expression. (D-G) TEM of Mic10-TO cells. (D) Cells induced for the
indicated period of time were recorded with TEM. Arrow indicates an intermediately shaped crista. (E) Quantification
of the cristae morphology. n: Number of mitochondrial sections. (F) CJ frequency in Mic10-TO cells. Number of CJs
was normalized to the length of the OM. The same sections were analyzed as in (E). (G) Diameter of CJs estimated
on TEM recordings. n: Number of CJs. Error bars: SD. Scale bars: 10 µm (A, B, confocal/conf), 1µm (A, B, C), 0.5
µm (D).



Chapter 4 - Role of MICOS in Cristae Formation

97

Fig EV3. The Mic10-subcomplex is essential for coordination of lamellar cristae formation. (A-D) Expression
of Mic10-FLAG upon induction of Mic10- TO cells. (A) Cells were induced with doxycycline, immunolabeled for
Mic10-FLAG, stained with DAPI and subsequently recorded by confocal fluorescence microscopy. (B) Composition
of MICOS in induced Mic10-TO cells. FLAG antibodies were used to pull-down Mic10-FLAG and interacting proteins
from cell lysates. Mic60-antibodies were used to pull-down Mic60 and interacting proteins from cell lysates. Samples
were analyzed by Western blotting. (C) Nanoscopy of Mic10-TO cells. Cells were immunolabeled for Mic60. Images
show 2D STED recordings of cells induced for the indicated time period. A dual-color cut-out of the same image (24
h) is shown in Fig 6C. (D, E) Dual-color STED nanoscopy of Mic10-TO cells. Cells were induced for the indicated
time points and immunolabeled for Mic60 and Mic10-FLAG or ATPB and Mic10-FLAG, respectively. A larger single-
color overview including the same image for 0 h induction is shown in (C). Scale bars: 20 μm (A), 2 μm (C), 1 μm
(D, E).
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These observations suggest a continuous remodeling of the aberrant tube-like cristae into
lamellar cristae controlled by the assembly of the holo-MICOS complex. To test the idea of a
continuous remodeling of the mitochondrial architecture, we next analyzed the distribution of
Mic10, Mic60 and ATPB in Mic10-TO cells induced for 16 h using nanoscopy (Fig EV3C-E). In
line with the EM data, we observed intermediate phenotypes for the distribution of Mic10,
Mic60 and ATPB, further supporting extensive IM remodeling. To investigate the reshaping of
the cristae upon expression of Mic10-FLAG in 3D, we performed FIB-SEM that allowed us to
visualize whole mitochondria in 3D, but without the resolution to discern individual CJs (Fig

7A, Appendix Fig S6).

Fig 7. holo-MICOS complex assembly induces remodeling of the mitochondrial inner membrane. (A) FIB-
SEM of Mic10-TO cells. Cells were induced for 0, 16 and 24 h. The representative reconstructions show
mitochondria from noninduced, rescued and intermediate cells, as indicated. The OM is shown together with the
IBM in clear grey, the CM in blue. (B) ET of Mic10-TO cells. Mic10 expression was induced for 0 h and 16 h. Shown
are reconstructions of representative noninduced and almost completely rescued mitochondria. The OM is
displayed in clear grey, the side of the IM that faces the matrix is shown in dark blue. The IM side that faces the
IMS is shown in light blue. Scale bars: 500 nm.
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The FIB-SEM data verified the existence of intermediate cristae which are presumably
developing from a tube-like structure into a lamellar shape (Fig 7A; Movies EV10-12).
Representative reconstructions based on FIB-SEM data display cristae morphologies of a
noninduced (0 h), an intermediate (16 h) and a largely rescued mitochondrion (24 h) from
Mic10-TO cells (Fig 7A, Movies EV10-12). The 3D structure of the intermediate mitochondrion is
suggestive of an arching of the large unfolded CMs (Fig 7A, lower panel, Movie EV12). We propose
that these wavy CMs are subsequently converted into individual lamellar cristae.
Next, we analyzed Mic10-TO cells re-expressing Mic10 using ET. In contrast to FIB-SEM, ET
recordings allowed us to analyze CJs, although the analyzed volume does nor encompass an
entire mitochondrial tubule. The representative reconstructions based on ET data demonstrate
that the cristae in mitochondria from noninduced Mic10-TO cells and from rescued Mic10-TO
cells are similar to the ones from Mic10-KO and the WT cells, respectively (Fig 7B, Movie EV13

and 14). Like Mic10-KO cells, noninduced cells showed irregularly distributed CJs that
connected the tube-like cristae with the IBM (Fig 7B, Movie EV13). In induced cells, we observed
mitochondria exhibiting separated lamellar cristae, representing the final stage of recovery,
contiguous with interconnected, ragged cristae structures, corresponding to an intermediate
stage (Fig 7B, Movie EV14). At lamellar cristae, the CJs were again arranged in line patterns
perpendicular to the length axis of the mitochondrion.
Taken together, we conclude that upon re-expression of Mic10-FLAG in Mic10-TO cells, the
Mic10-subcomplex is stabilized and interacts with the Mic60-subcomplex. The formation of
the holo-MICOS complex is accompanied by a redistribution of MICOS around the
mitochondria and a recovery of the lamellar cristae. Our data suggest that during this process
the large tube-like cristae of the noninduced Mic10-TO mitochondria furrow, fragment and are
thereby converted into separated lamellar cristae.
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Outer membrane fission or fusion is not essential for lamellar cristae formation

In yeast, the generation of lamellar cristae depends on the mitochondrial fusion machinery
(Harner et al., 2016, Kojima, Kakimoto et al., 2019). Because mitochondrial fission and fusion
are balanced processes, fission defective mitochondria also exhibit less fusion events. Indeed,
mitochondria of Δdnm1 yeast cells, which have strongly reduced mitochondrial fission rates,
exhibit a substantially reduced number of lamellar cristae, but a high number of branched,
tubular cristae (Harner et al., 2016). In order to test if also in higher eukaryotes the formation
of lamellar cristae is dependent on mitochondrial fission, we depleted WT cells of DRP1 (also
known as DNM1L, dynamin-1-like protein), which is essential for the fission of mitochondrial
tubules in higher eukaryotes (Bleazard, McCaffery et al., 1999, Cereghetti, Stangherlin et al.,
2008, Lee, Jeong et al., 2004).
Corroborating previous reports (Ban-Ishihara, Ishihara et al., 2013), WT cells depleted of DRP1
by RNAi for 7 days exhibited hyperfused mitochondrial networks and numerous lamellar
cristae (Fig EV4A and B). This finding suggests that in HeLa cells fission of mitochondrial tubules
is not essential for the generation of lamellar cristae.
In mammalian cells, the fusion of the mitochondrial OM is regulated by the two mitofusins
MFN1 and MFN2, two highly conserved dynamin-related GTPases, which exhibit
distinguishable functions (Giacomello, Pyakurel et al., 2020, Ishihara, Eura et al., 2004). To
investigate whether OM fusion is essential for lamellar crista formation, we depleted HeLa cells
of MFN1 or MFN 2 or MFN1 together with MFN2. Depletion of these proteins resulted in a
mild cristae phenotype, but lamellar cristae were still observed (Fig EV4C-D).
We conclude that in mammalian cells OM fission or fusion are not essential for the development
of lamellar cristae.
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Fig EV4. Formation of lamellar cristae does not require mitochondrial tubule fusion or fission; Mic10
influences the distribution of Mic60. (A-B) Knockdown (KD) of DRP1 in HeLa cells. WT cells were transfected
with a scrambled control (Ctrl.) or a siRNA plasmid against DRP1 for 7 days. (A) Cells were analyzed by Western
blotting. (B) Ctrl. and DRP1-KD cells were immunolabeled for TOM20 and analyzed by confocal fluorescence
microscopy (left) or analyzed by TEM (right). (C, D) KD of MFN1 and MFN2 in HeLa cells. WT cells were transfected
with Ctrl. or siRNA pools against MFN1, MFN2 or both proteins together for 4 days. (C) Cells were analyzed by
Western blotting. (D) Cells were analyzed by TEM. (E) Mic60-cluster analysis of OPA1-deficient HeLa cells. WT
cells and Mic10-KO cells were either transfected with a scrambled control (Ctrl.) or a siRNA pool against OPA1
(OPA1-KD). Cells were immunolabeled against Mic60 and recorded by 2D STED nanoscopy. Images were
automatically segmented and the ratio of Mic60 signals in small distinct clusters (Mic60 assemblies ≤ 0.0225 µm2)
to the total Mic60 signals was determined. Higher values indicate smaller Mic60 assemblies, lower values the
formation of larger Mic60 assemblies. Bars indicate mean. Error bars indicate SD. For statistics a One-way Anova
Assay was performed. *: p ≤ 0.05, ***: p ≤ 0.001. n: Number of cells that were analyzed. (F-G) Mic10 re-expression
after OPA1 depletion. Mic10-TO cells were transfected with a scrambled control (Ctrl.) or a siRNA pool against
OPA1 (OPA1-KD) for 48 h. Afterwards, Mic10-FLAG expression was induced for 24 h. (F) Cells were
immunolabeled for Mic60 and ATPB and recorded by STED nanoscopy. Left panel: Confocal overview images
taken from induced cells (cytosolic reporter EGFP, upper panel) and noninduced cells (lower panel). Right: STED
images from mitochondria from the areas indicated by rectangles. (G) TEM of Ctrl. and OPA1-deficient Mic10-TO
cells after re-expression of Mic10-FLAG. Right: Quantification of the cristae morphology. n: Number of mitochondrial
sections analyzed. (H-I) Knockdown of OPA1 in Mic10-KO cells. (H) Left: Cells were transfected with a Ctrl. or a
siRNA pool against OPA1 and analyzed by TEM. Right: Recordings were assigned to the indicated crista
phenotypes. n: Number or mitochondrial sections analyzed. (I) Recording of a mitochondrion of a Mic10-KO cell
depleted for OPA1 exhibiting septa and septa junctions. Scale bars: 20 µm (B, light microscopy), 10 µm (F,
overview), 500 nm (B, TEM; D; F, inset; G; H), 250 nm (I).
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Deletion of OPA1 induces a moderate cristae phenotype in WT cells

A substantial body of evidence demonstrates that the dynamin-like GTPase OPA1 (Mgm1 in
yeast) influences cristae architecture (Cogliati et al., 2016, Glytsou, Calvo et al., 2016, Kondadi,
Anand et al., 2019, MacVicar & Langer, 2016, Patten, Wong et al., 2014, Ramonet, Perier et
al., 2013). To further investigate the role of OPA1 in cristae development, we first efficiently
depleted OPA1 by RNAi in WT and Mic60-KO cells (Fig 8). Compared to Mic10-KO and
Mic60-KO cells, OPA1 depleted WT cells had a moderate cristae phenotype, as the portion of
mitochondrial TEM sections showing cristae lamellae was reduced by only about 10 %; still
the cristae often appeared shorter, disordered or partly swollen (Fig 8B and C), fully in line with
previous studies (Barrera, Koob et al., 2016, Glytsou et al., 2016, Olichon, Baricault et al.,
2003).
Yeast Δmgm1 cells have been reported to contain septa, i.e. IM structures that divide the
mitochondrial matrix in two physically separated compartments (Harner et al., 2016, Kojima et
al., 2019, Sesaki, Southard et al., 2003).

Fig 8. OPA1 influences the inner membrane morphology. (A-F) Knockdown (KD) of OPA1 in HeLa cells. WT
and Mic60-KO cells were transfected with a scrambled control (Ctrl.) or siRNA pools against OPA1 (OPA1-KD) for
5 days. (A) Cell lysates were analyzed by Western blotting. (B) TEM recordings of OPA1 depleted WT and Mic60-
KO cells. Arrows point to a septum. (C,D) Quantification of the cristae morphology of OPA1-deficient WT (C) and
Mic60-KO (D) cells. The number of CJs was normalized to the length of the OM (C). The number of septate
mitochondria in Mic60-KO cells was estimated (D). (E,F) ET of mitochondria from OPA1-KD cells. WT cells were
transfected with a scrambled control (E) or siRNA pools against OPA1 (F) for 48 h. Reconstructions of
representative mitochondria are displayed. The OM is displayed in clear grey, the side of the IM that faces the
matrix is shown in dark blue. The IM side that faces the IMS is shown in light blue. Scale bars: 500 nm (B), 250 nm
(E,F).
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Such septa are the result of incomplete IM fusion after tubule fusion (Harner et al., 2016). In
WT HeLa cells a single crista is often connected by CJs to both sides of the mitochondrion.
Thus, septa could easily be mistaken by cristae on TEM recordings. However, in Mic60-KO
cells, septa junctions should be unequivocally recognized as almost no CJs are formed in the
absence of Mic60. Indeed, we observed in ~15 % of the mitochondria from OPA1-deficient
Mic60-KO cells such septa (Fig 8B and D). Otherwise, the mitochondria were phenotypically
similar to the scrambled RNAi Mic60-KO control (Fig 8B and D). The observation of septa in
OPA1 depleted Mic60-KO cells suggested that such septa also exist in OPA1 depleted WT
cells. Therefore, a fraction of CJs in these cells (Fig 8C) might actually represent septa junctions.
To determine if in WT cells depleted for OPA1 the majority of IM structures are septa or cristae,
we performed ET (Fig 8E and F, Movies EV15 and 16). Reconstructions revealed that most IM
structures did not continuously cross the entire mitochondrion within the ~200 nm thick
sections and therefore represent disordered lamellar cristae, not septa (Fig 8F, Movie EV16).
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OPA1 influences the formation of MICOS assemblies and stabilizes tubular CJs

OPA1 and Mic10 influence the size and the distribution of Mic60 assemblies

We next investigated the influence of OPA1 on the distribution of Mic60. To this end, we
immunolabeled cells for Mic60 and the ATPB subunit of the F1Fo-ATP synthase and performed
STED nanoscopy (Fig 9A). In OPA1-deficient mitochondria we found conspicuous ring- and
rib-like Mic60 assemblies that were significantly larger than the rod shaped Mic60 clusters in
the WT control (Fig 9A). Because in Mic19-deficient cells the occurrence of elongated Mic60
assemblies was Mic10-dependent (Fig 4F, Fig EV2F), we next asked if Mic10 also controls the
formation of the Mic60 assemblies in OPA1 depleted cells. We found that in Mic10-KO cells
devoid of OPA1, Mic60 did not form extended assemblies but localized in small clusters (Fig

9B, Fig EV4E). In these cells, also the distribution of Mic60 in opposite distribution bands
observed in Mic10-KO cells had disappeared, as the clusters were scattered across the
mitochondria (Fig 9B). To test if in cells depleted of Mic10 and OPA1 the distribution of Mic60
into large assemblies can be induced by re-expression of Mic10, we depleted Mic10-TO cells
for OPA1 for 48h and subsequently induced Mic10 expression for 24 h (Fig EV4F). STED images
showed that Mic10-FLAG expression resulted in the redistribution of Mic60 clusters into larger
Mic60 assemblies (Fig EV4F). In addition, TEM demonstrated that OPA1 depleted Mic10-TO
cells, expressing Mic10-FLAG for 24 hours, had developed disordered cristae lamellae,
comparable to OPA1 depleted WT cells (Fig EV4G). This demonstrates that Mic10 induces
cristae remodeling also in OPA1-deficient cells. We conclude that OPA1 is not essential for
formation of cristae lamellae but controls, together with Mic10, the formation and distribution
of Mic60 assemblies.

OPA1 stabilizes tubular CJs in Mic10-KO cells

Since the simultaneous depletion of both Mic10 and OPA1 led to randomly scattered Mic60
clusters, we next investigated if the mitochondria in these cells still featured CJs. TEM of OPA1
depleted Mic10-KO cells revealed, except for a strong fragmentation of the mitochondrial
tubules, as similar cristae phenotype as seen in Mic10-KO cells (Fig EV4H). However, we
observed a reduction of CJs in Mic10-KO cells devoid of OPA1 (Fig 9C). In Mic10-KO cells
transfected with scrambled siRNAs about 60 % of the TEM sections of mitochondria showed
at least one CJ, whereas after depletion of OPA1 only 36 % of the mitochondria showed at least
one CJ (Fig 9C). About 50 % (about 15 % in controls) of these junctions were associated with
septa and thus are likely to represent septa junctions (Fig 9C and Fig EV4I). Hence, in non-septate
mitochondria devoid of Mic10 and OPA1 the number of CJs was strongly decreased by about
66 %. This suggests an important role of OPA1 for the stability of tubular CJs in the absence
of Mic10.
Taken together, OPA1 is required for proper cristae architecture, although its depletion results
only in a mild phenotype compared to Mic10 or Mic60 knockouts. A simultaneous depletion
of both OPA1 and Mic10 further reduced the number of CJs suggesting that OPA1 works in
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concert with the Mic10-subcomplex to stabilize tubular CJs. Additionally, OPA1 and Mic10
antagonistically determine the distribution and size of Mic60 assemblies.

Fig 9. OPA1 affects the Mic60 distribution and stabilizes tubular CJs. (A-C) WT and Mic10-KO cells were
transfected with a scrambled control (Ctrl.) or siRNA pools against OPA1 (OPA1-KD) for 72 h. (A,B) STED
nanoscopy of OPA1 depleted WT (A) and Mic10-KO (B) cells. Cells were immunolabeled for Mic60 and ATPB. (C)
TEM of OPA1 depleted Mic10-KO cells. Left: Representative TEM recordings showing CJs marked by arrows in a
control cell and a similar view for an OPA1-KD cell. The CMs are colored in green and the OM and IBM together in
magenta. Right: Quantification of mitochondria containing CJs or septa junctions. Sections that contained CJ-like
structures were analyzed. Of these, the number of sections exhibiting septa or cristae structures (other) was
quantified. (D, E) Depletion of ATP5ME in HeLa cells. Cells were transfected with a scrambled control or siRNA
pools against ATP5ME for 4 days. (D) TEM recording (left) and quantification of the number of cristae per
mitochondrial section (right). (E) Cells depleted for ATP5ME were immunolabeled for Mic60 and recorded with
STED. The arrows point to crossing points of the opposite Mic60 distribution bands. n: Number of mitochondrial
sections analyzed. Boxes indicate 25th and 75th percentile. Lines indicate median. Bars indicate mean ± SD. Mann-
Whitney test was used to compare samples. ***: p≤0.001. Scale bars: 500 nm (A,B,D), 100 nm (C), 1 µm (E).
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The dimeric F1Fo-ATP synthase affects the cristae architecture and the Mic60
distribution

Next to MICOS and OPA1, the mitochondrial F1Fo-ATP synthases is a key player for shaping
the IM (Kuhlbrandt, 2019). Mitochondrial F1Fo-ATP synthases generally form dimers, which
can assemble into long ribbons that contribute to the shape of the cristae (Blum et al., 2019,
Dudkina, Sunderhaus et al., 2006, Strauss et al., 2008). The F1Fo-ATP synthase subunit
ATP5ME (also known as ATP synthase subunit e, ATP5K or ATP5I) is involved in F1Fo-ATP
synthase dimerization (Arnold, Pfeiffer et al., 1998, Habersetzer, Larrieu et al., 2013, Quintana-
Cabrera et al., 2018). To disturb dimer formation we used RNAi to deplete ATP5ME in HeLa
cells (Fig EV5A). Cells devoid of ATP5ME contained mostly large spherical mitochondria, but
also some elongated tubular mitochondria (Fig 9D, Fig EV5A and B). Compared to the depletion
of MICOS or of the Mic10-subcomplex, the IM generally exhibited a mild phenotype. As
reported previously, the mitochondria of cells depleted for ATP5ME contained fewer, often
slightly disordered lamellar cristae (Fig 9D, Fig EV5B) (Arnold et al., 1998, Habersetzer et al.,
2013, Paumard, Vaillier et al., 2002, Quintana-Cabrera et al., 2018, Rabl et al., 2009). As the
F1Fo-ATP synthase has been shown to interact with the MICOS complex in yeast (Eydt et al.,
2017, Rampelt et al., 2017a, Rampelt & van der Laan, 2017), we next investigated the
distribution of Mic60 in cells depleted for ATP5ME.

Fig EV5. Dimers of the F1Fo-ATP-Synthase influence the MICOS distribution. (A-C) Knockdown of ATP5ME
in HeLa cells. Cells were transfected with a Ctrl. or a siRNA pool against ATP5ME (ATP5ME-KD) and analyzed
after 4 days. (A) Protein levels of ATP5ME, ATP5A and MICOS proteins in cell lysates as analyzed by Western
blotting. (B) TEM recordings of ATP5ME depleted cells. (C) STED nanoscopy of ATP5ME depleted cells. Cells were
immunolabeled for Mic60 and ATPB. Scale bars: 500 nm.
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In the spherical, more aberrant mitochondria, Mic60 seemed to be arranged in long stripes
encircling the organelles (Fig EV5B). In the tubular mitochondria, Mic60 primarily formed
clusters that were localized on opposite sides of the mitochondrial tubules (Fig 9E). Between
these bands, we occasionally observed a stripe-like arrangement of the Mic60 clusters
perpendicular to longitudinal axis of the mitochondria (Fig 9E). This overall distribution of
Mic60 in ATP5ME depleted cells (Fig 9E) was reminiscent of the Mic60 distribution in Mic10-
KO cells (Fig 4A), or in cell types that exhibit fewer or smaller cristae (Stoldt et al., 2019).
Similar to the situation in these cell types, the narrow Mic60 bands were also often twisted,
resulting in a helical arrangement of the Mic60 clusters (Fig 9E). The ATP5ME-dependent re-
localization of MICOS suggests that the dimeric F1Fo-ATP synthases support an even
distribution of MICOS, and consequently of the CJs, around the mitochondrial tubules. Indeed,
when using Mic10-FLAG as a bait in co-IP experiments, we co-isolated also ATP5B suggesting
a physical interaction of the F1Fo-ATP synthase with the Mic10-subcomplex in human cells
(Appendix Fig S5A).

Taken all together, we conclude that in human cells, the two MICOS-subcomplexes have
different functions. The Mic60-subcomplex, which is stable in the absence of the Mic10-
subcomplex, is essential for the maintenance of CJs and the stability of the holo-MICOS
complex. The Mic10-subcomplex is essential for lamellar cristae formation. Formation of the
holo-MICOS complex mediates extensive remodeling of pre-existing unstructured cristae into
individual lamellae and also the formation of secondary CJs. We found that both OPA1 and
Mic10 differently influence the distribution and size of MICOS assemblies. Finally, our data
show that dimers of the F1Fo-ATP synthase influence the cristae shape as well as the distribution
of the MICOS complex, together demonstrating multiple functional interactions of the
membrane shaping proteins involved in cristae formation. Thereby, as detailed below, our
findings support a new model for the formation of cristae in higher eukaryotes.
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Discussion

In this work, we investigated the interplay of the major determinants of cristae formation in
higher eukaryotes, namely the Mic10- and the Mic60-subcomplexes of MICOS, OPA1 and the
F1Fo-ATP synthase. Our data suggest significant differences in cristae formation of higher and
lower eukaryotes. We demonstrate that cristae development in human mitochondria is largely
independent from mitochondrial fusion-fission dynamics whereas fusion of mitochondria is
essential for lamellar cristae formation in the yeast S. cerevisiae (Harner et al., 2016).
Another significant difference exists in the stability of the Mic10-subcomplex that depends on
the Mic60-subcomplex in human cells, whereas it assembles in a Mic60-independent manner
in yeast (Anand et al., 2016, Bohnert et al., 2015, Friedman et al., 2015, Guarani et al., 2015,
von der Malsburg et al., 2011).
This study shows that upon re-formation of MICOS, the aberrant IM structures of Mic10-KO
and Mic60-KO cells are converted into WT cristae, rather than being replaced by new normally
shaped CMs. The observed repair mechanisms allow to draw conclusions on the mechanisms
that are involved in de novo cristae biogenesis (Fig 10A). Furthermore, the fact that human
Mic10-KO cells still form CJs, but exhibit an aberrant cristae architecture, allowed us to
disentangle CJ formation from lamellar cristae formation and to investigate the distinct
functions of the two MICOS subcomplexes.

Opposite distribution bands

Our STED and 3D MINFLUX data show that in mitochondria of Mic10-KO cells, the Mic60
clusters are distributed along two narrow opposite distribution bands. As our FIB-SEM, ET,
and 3D SIM data consistently show that in the absence of the Mic10-subcomplex the cristae
are large rotationally symmetric tube-like structures that are oriented parallel to the OM, the
distribution of Mic60 in opposite distribution bands is presumably not a consequence of the
cristae morphology. In fact, such Mic60-distribution bands, which can adopt different width,
have been previously reported in several WT cell types (Jans et al., 2013, Stoldt et al., 2019).
However, this enrichment of Mic60 clusters on opposite sides of the mitochondrial tubules was
almost invisible in the wild type cells we used in this study. Different to the situation in e.g.
yeast cells or primary fibroblasts, these wild type HeLa cells exhibit large well-developed
lamellar cristae, each featuring several adjacent CJs, which almost encircle a mitochondrion.
Therefore, in these cells the visibility of the Mic60 distribution bands, which reflect the CJ
distribution, might be concealed because they are much wider or highly twisted. We show in
this study that the re-distribution of Mic60 in such opposite distribution bands can be induced
by several means, including the depletion of ATP5ME, of Mic13, or of Mic10. The prevalence
of this phenomenon suggests that these opposite distribution bands are an important structure
providing element of mitochondria (Jans et al., 2013, Stoldt et al., 2019).
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Distribution of CJs

This study also demonstrates that the Mic60-subcomplex is necessary for the generation of CJs,
whereas the Mic10-subcomplex is required for lamellar cristae formation. The remodeling of
the IM and the generation of secondary CJs during re-expression of Mic10 in Mic10-TO cells
are accompanied by a redistribution of MICOS and of the CJs (Fig 10B, Fig 6C, Fig EV3C-E). Next
to the Mic10-subcomplex, the dimeric F1Fo-ATP synthase, as well as OPA1 influence the
distribution of the Mic60-complex. Specifically, in the absence of OPA1, Mic10 induces the
formation of extended Mic60 structures, suggesting that OPA1 restricts the size of holo-MICOS
assemblies. These findings point to antagonistic functions of OPA1 and Mic10 in the regulation
of the distribution and size of the Mic60-subcomplexes (Fig 10C and D).

Recovery of the Mic10 phenotype provides hints for cristae biogenesis

Remarkably, in yeast the detached IM structures of MICOS-deficient cells feature a similar
protein composition as CMs in WT cells (Harner et al., 2016, Harner, Unger et al., 2014),
suggesting that not CM formation, but the shaping of the IM is defective in MICOS-deficient
cells. Upon re-expression of Mic10 in Mic10-TO cells, unstructured large CMs forms an
undulating pattern and develop into multiple lamellar cristae (Fig 10A, Fig 7A, lower panel).
Concurrently, MICOS assembly triggers a redistribution of the CJs and the formation of new,
secondary CJs, as also observed in Mic10-TO and Mic60-TO cells (Fig 10A and B, Fig 6C, Fig 5F

and G). Therefore, the assembly of the holo-MICOS complex can be regarded as a switch
controlling the efficient conversion of unstructured cristae into lamellar cristae (Fig 10A). We
postulate that the unstructured cristae found in Mic10-KO cells represent a trapped intermediate
structure that also occurs during normal cristae formation. We propose that in wild type
mitochondria these intermediates are smaller and short lived and are rapidly re-shaped into
lamellar cristae following the same principle as observed in rescued Mic10-TO cells (Fig 10A

and B, Fig 7A, Fig 6D).

A new model of cristae biogenesis

Our findings suggest that lamellar cristae biogenesis in higher eukaryotes starts in a MICOS
independent way by an unstructured infolding of the IM, followed by MICOS-controlled
restructuring of this infolding, including secondary CJ formation (Fig 10A). The positioning and
shape of the CJs is fine-tuned by an interplay between the Mic10-subcomplex, OPA1 and the
F1Fo-ATP synthase. As lamellar cristae usually occur in densely stacked groups (Stephan et al.,
2019) it is tempting to assume that the cristae of one group originate from a single precursor
CM (Fig 10A). In mitochondria with a different cristae architecture, this cristae biogenesis
pathway might also prove to be prevalent, as the reshaping of a larger cristae precursor into
several individual cristae could principally lead to any cristae shape.
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Fig 10. Summary of findings and model of MICOS-controlled lamellar crista formation. (A) Model for the
formation of crista membranes (CMs) in WT, Mic10-KO and Mic60-KO cells. Shown are cartoons of longitudinal
cross sections of mitochondria. For details see main text. Right lower corner: Model for the localizations of the key
membrane shaping proteins involved in lamellar cristae formation at a lamellar crista in WT cells. Shown is a
transversal cross section through a mitochondrial tubule (view on a single crista). The CM is displayed in blue. (B)
Illustration of the Mic60 redistribution upon re-expression of Mic10 in Mic10 depleted mitochondria. (C) Model of
the Mic10- and OPA1-dependent formation of MICOS assemblies at CJs. (D) Table summarizing the phenotypes
that were observed in this study upon the depletion of key players in cristae formation.
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Material and Methods

Materials availability. Further information and requests for resources and reagents should be
directed to the corresponding author, Stefan Jakobs (sjakobs@gwdg.de).

Cell culture and transfection. HeLa cells (Gruber, Lampe et al., 2005) were grown in
Dulbecco´s Modified Eagle Medium (DMEM) with glutaMAX and 4.5 g/L glucose (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 100 U/mL penicillin and 100 µg/mL
streptomycin (Merck Millipore, Burlington, MA, USA), 1 mM sodium pyruvate (Sigma
Aldrich, Munich, Germany) and 10 % (v/v) fetal bovine serum (Merck Millipore) at 37 °C and
5 % CO2. For gene silencing by RNA interference (RNAi), cells were transfected with siRNA
pools (siTOOLs Biotech, Planegg, Germany) according to the manufacturer´s instruction using
the Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific). Plasmid
transfections were carried out using jetPRIME (Polyplus-transfection SA, Illkirch-
Graffenstaden, France) or FuGENE HD (Promega, Fitchburg, WI, USA).

Generation of knockout (KO) cell lines by CRISPR/Cas9. Sequence information about each
target gene was collected from the gene database of the National Center for Biotechnology
Information (NCBI). Each gRNA was designed using the CRISPR design tool from Benchling
based on the scoring models from (Doench, Fusi et al., 2016, Hsu, Scott et al., 2013). For the
cloning of the nuclease plasmids, the expression vector PX458 was digested with the BbSI
restriction endonuclease (New England Biolabs, Ipswich, MA, USA) and purified.
Oligonucleotides were hybridized and ligated into PX458. pSpCas9(BB)-2A-GFP (PX458) was
a gift from Feng Zhang (Addgene plasmid # 48138; http://n2t.net/addgene:48138;
RRID:Addgene_48138). HeLa cells were transfected with the respective nuclease plasmid and
cells expressing Cas9-EGFP were sorted using a BD Influx cell sorter (BD Biosciences,
Flanklin Lakes, NJ , USA) 4 days after transfection. After clonal expansion, the single cell
clones were analyzed by SDS-PAGE and Western blotting. Gene disruption was verified by
PCR of the target gene, sub-cloning and sequencing.

Oligonucleotides for knockout generation and analysis.

Oligonucleotide Sequence (5‘-3‘)
gRNA for Mic10-KO FW CACCGTGTCTGAGTCGGAGCTCGGC
gRNA for Mic10-KO REV AAACGCCGAGCTCCGACTCAGACAC

gRNA for Mic13-KO FW CACCGGCTGGGGGCGCCGTCTACC

gRNA for Mic13-KO REV AAACGGTAGACGGCGCCCCCAGCC
gRNA for Mic19-KO FW CACCGCGAGAATGAGAACATCACCG

gRNA for Mic19-KO REV AAACCGGTGATGTTCTCATTCTCGC

gRNA for Mic25-KO FW CACCGTCTACCTTTGGCCTTCAAGA
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gRNA for Mic25-KO REV AAACTCTTGAAGGCCAAAGGTAGAC

gRNA for Mic26-KO FW CACCGTCACTCTACTCAGTTCCTGA
gRNA for Mic26-KO REV AAACTCAGGAACTGAGTAGAGTGAC

gRNA for Mic27-KO FW CACCGACTGCAACTGGTTGTTACAT

gRNA for Mic27-KO REV AAACATGTAACAACCAGTTGCAGTC
gRNA for Mic60-KO FW CACCGCTGCGGGCCTGTCAGTTAT

gRNA for Mic60-KO REV AAACATAACTGACAGGCCCGCAGC

Analysis Primer Mic10-KO FW GGTGAGGAGGAAAGGCCTGGTCACG
Analysis Primer Mic10-KO REV TTCCACTCAAGAGCTCTGCGACTC

Analysis Primer Mic13-KO FW CAGTTCATCAGTTCAAGTGGCGTCCAGCC

Analysis Primer Mic13-KO REV TTACCTGCATTCCAGGAGTCACGGATGG
Analysis Primer Mic19-KO FW GAAAAGAATCCAGGCCCTTCCACGCGC

Analysis Primer Mic19-KO REV CAGTGCCTAGCACTTGGCACAACCAGGAA

Analysis Primer Mic25-KO FW CTCAGCATGGACCTGGTAGGCACTGGGC
Analysis Primer Mic25-KO REV GCCTCAATTCCCACATGGAGAAAGTGGC

Analysis Primer Mic26-KO FW TAAAGTTCAGGTTGCTTGTAACCCTTAGAGTCA

Analysis Primer Mic26-KO REV TATCAAATAGGTTTTATTCATTCTTGCTACTTGC
Analysis Primer Mic27-KO FW CCCCAAAGGATCCATTTTACTGTGGATGGAC

Analysis Primer Mic27-KO REV TCCCAGCTGAACCCAGTCATCCAGCCATCC

Analysis Primer Mic60-KO FW CCTCCGGCAGTGTTCACCTAGTAACCCCTT
Analysis Primer Mic60 KO REV TCGCCCGTCGACCTTCAGCACTGAAAACCTAT

Generation of stable Mic10 and Mic60 TetOn (TO) cell lines by CRISPR/Cas9

pTRE-Tight-Mic60. The plasmid pTRE-Tight-EGFP-donor fw copy was linearized by PCR.
Mic60 was amplified by PCR and both fragments were ligated by Gibson Assembly (New
England Biolabs). pTRE-Tight-EGFP-donor fw copy was a gift from Rudolf Jaenisch
(Addgene plasmid # 22074; http://n2t.net/addgene:22074; RRID:Addgene_22074).

AAVS1-TRE3G-Mic10-FLAG-T2A-EGFP. The plasmid AAVS1-TRE3G-EGFP was linearized
by the restriction endonuclease SalI. Mic10-FLAG was amplified by PCR, thereby also
introducing a C-terminal T2A self-cleavage site. Fragments were ligated by Gibson Assembly
(New England Biolabs). AAVS1-TRE3G-EGFP was a gift from Su-Chun Zhang (Addgen
plasmid #52343; http://n2t.net/addgene:52343; RRID:Addgene_52343).

PX-330-AAVS1. The nuclease plasmid PX330-AAVS1 was derived from PX330. In brief,
oligonucleotides were annealed by primer annealing and integrated into PX330 after
linearization with the BbSI restriction endonuclease. pX330-U6-Chimeric_BB-CBh-hSpCas9
was a gift from Feng Zhang (Addgene plasmid # 42230; http://n2t.net/addgene:42230;
RRID:Addgene_42230).
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Oligonucleotides for plasmids.

Integration into the AAVS1 safe harbor locus. For generation of Mic60-TO cells, the donor
plasmids pTRE-Tight-Mic60 and AAVS1-SA-2A-NEO-CAG-RTTA3 were co-transfected
with the plasmid PX330-AAVS1 into Mic60-KO HeLa cells. Starting 2 days after transfection,
cells were selected with 1.25-1.5 µg/mL puromycin (InvivoGen, San Diego, CA, USA) for 3
days. Cells were cultivated without antibiotics for 1day and afterwards selected with DMEM
containing 800 µg/mL G418 (Carl Roth, Karlsruhe, Germany) for 8 days. After a recovery
period of 10 days, single cell clones were obtained using a BD Influx cell sorter (BD
Biosciences). After clonal expansion, positive clones were detected by PCR and analyzed for
Mic60 expression by Western blotting and immunofluorescence staining using a specific
antiserum against Mic60 (Proteintech, Rosemont, IL, USA). The plasmid AAVS1-SA-2A-
NEO-CAG-RTTA3 was a gift from Paul Gadue (Addgene plasmid # 6043;
http://n2t.net/addgene:60431; RRID:Addgene_60431).

Oligonucleotides for integration analysis.

To generate Mic10-TO cells, AAVS1-TRE3G-Mic10-FLAG-T2A-EGFP and PX330-AAVS1
were co-transfected into Mic10-KO HeLa cells. 2 days after transfection, cells were selected
with 1.25-1.5 µg/mL puromycin (Invivogen) for 3 days. After 10 days, cells were induced with
1 µg/mL doxycycline hyclate (Sigma Aldrich) for 24 h and cells expressing EGFP were sorted
using a BD Influx cell sorter (BD Biosciences). After clonal expansion, Mic10-FLAG

Oligonucleotide Sequence (5‘-3‘)
pTRE-Tight FW CCAGAGTGAGATATCTCTAGAGGATCATAATCAGC
pTRE-Tight REV CCGCAGCATGGTGGCGGCGGAATTCTCCAGGCGATCTG
Mic60 FW GCCGCCACCATGCTGCGGGCCTGTCAGTT
Mic60 REV AGAGATATCTCACTCTGGCTGCACCTGAG
Mic10-FLAG FW TCCTACCCTCGTAAAGATATCGCCGCCACCATGTCTGAGTCGGA

GCTC
Mic10-FLAG REV CCCTTGCTCACCATGTCGACTGGGCCGGGATTCTCCTCCACGTC

ACCGCATGTTAGAAGACTTCCTCTGCCCTCACCGGTCTTGTCAT
CGTCATCCTTG

AAVS1-gRNA FW CACCGTGTCCCTAGTGGCCCCACTG
AAVS1-gRNA REV AAACCAGTGGGGCCACTAGGGACAC

Oligonucleotide Sequence (5‘-3‘)
Analyze AAVS1 WT FW CCCCTATGTCCACTTCAGGA
Analyze AAVS1 WT REV CAGCTCAGGTTCTGGGAGAG
Analyze TRE FW CATTTTTTTCACTGCCTCGACAGTACTAAGC
Analyze TRE REV GAAGGATGCAGGACGAGAAA
Analyze CAG FW TGAATTCACTCCTCAGGTGCAGGCTGCCTAT
Analyze CAG REV GAAGGATGCAGGACGAGAAA
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expression was verified by Western blotting and immunofluorescence staining using specific
antisera against the FLAG-tag (Sigma Aldrich) and Mic10 (abcam, Cambridge, UK).

Induction of Mic10-FLAG or Mic60 expression in Mic10-TO and Mic60-TO cells. To avoid
unintended induction, Mic10-TO and Mic60-TO cells were generally cultivated in DMEM
containing tetracycline-free FBS (TAKARA BIO INC., Kusatsu, Japan). To induce expression
of Mic10-FLAG or Mic60, the medium was supplemented with doxycycline hyclate (Sigma
Aldrich) at a concentration of 0.025 µg/mL (Mic10-TO cells) or 0.25 µg/mL (Mic60-TO cells)
for up to 72 h.

Transient knockdowns. Knockdowns of Mic10, Mic13, Mic19, Mic25, Mic26, Mic27,
Mic60, OPA1 or ATP5ME were achieved by transfection with the respective siRNA pool
(siTOOLs Biotech). Cells were cultivated for 2-5 days after transfection.
Knockdown of DRP1 was achieved by transfection with the shRNA expression plasmid pREP4
(Lee et al., 2004). After transfection, cells were selected with DMEM supplemented with 250
µM hygromycin B (Life Technologies, Carlsbad, USA) for 2 days. Afterwards, cells were
selected for 5 days with 50 µM hygromycin B (Life technologies). All knockdowns were
verified by Western blotting and immunofluorescence microscopy.

Transient expression of Mic10-SNAP. The Mic10-SNAP expression plasmid pH-MINOS1-
SNAP was produced by Gateway reaction of pSEMS-GATEWAY-26m (Covalys Biosciences,
Witterswil, Switzerland) and pCR8-MINOS1 (Human ORFeome cDNA clone collection V5.1,
Open BioSystems Inc, Huntsville, AL, USA)

Transient expression of COX8A-SNAP. Transient expression of COX8-SNAP was achieved
by transfection with AAVS1-Blasticidin-CAG-COX8A-SNAP, as detailed elsewhere (Stephan
et al., 2019).

Real-time respirometry. Oxygen consumption rate (OCR) experiments were performed in an
XF Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) as previously
described (Pacheu-Grau, Wasilewski et al., 2020). Briefly, HeLa cells were seeded at 25,000
cells/well and grown on the Seahorse plate overnight. Baseline respiration was measured in XF
DMEM supplemented with 1mM pyruvate and 10 mM glucose and 2 mM Glutamine after
incubation at 37°C in an incubator without CO2 for 1 h. Periodic oxygen consumption
measurements were performed, and OCR was calculated from the slope of change in oxygen
concentration over time. Metabolic states were measured after subsequent addition of 3 μM
oligomycin, 1 μM carbonyl cyanide 4 (trifluoromethoxy)phenylhydrazone (FCCP), 1 μM
antimycin A, and 2 μM rotenone. For normalization, cell density was calculated using
CyQUANT® after OCR measurements, according to manufacturer’s instructions by measuring
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fluorescence intensity (Ex 480 nm, Em 520 nm). OCR values (N=6) were normalized to cell
density (ratio of WT) and presented as % of WT.

Isolation of mitochondria from cultured human cells. Mitochondria were isolated after cell
homogenization by differential centrifugation, essentially as previously described (Callegari,
Richter et al., 2016).

BN-PAGE. Mitochondria were solubilized in 1 % digitonin, 20 mM Tris-HCl, pH 7.4, 0.1 mM
EDTA, 50 mM NaCl, 10 % (w/v) glycerol, 1 mM phenylmethylsulfonyl fluoride for 30 min at
4 °C. Unsoluble material was removed by centrifugation at 20,000 xg and 4 °C for 15 min.
After addition of 10x loading dye (5 % Coomassie brilliant blue G-250, 500 mM -amino n-
capronic acid, 100 mM Bis-Tris, pH 7.0), the supernatant was loaded on 4-13 % polyacrylamide
gradient gels and separated as described before (Wittig, Braun et al., 2006).

Affinity purification of protein complexes. For immunoprecipitation of Mic60, the
corresponding antibody was coupled to protein A sepharose (GE Healtcare, Chicago, IL, USA)
using dimethyl pimelilidate according to the manufactory protocol. WT and MICOS mutant
mitochondria were solubilized in a buffer containing 1 % digitonin, 20 mM Tris-HCl, pH 7.4,
1 mM EDTA, 100 mM NaCl, 10 % (w/v) glycerol, 1mM phenylmethylsulfonyl fluoride for 1 h
at 4 °C. Non-solubilized material was removed by centrifugation at 20.000 xg and 4 °C for
15 min and the supernatant was mixed with beads. After 1 h binding at 4 °C, the beads were
washed with 0.3 % digitonin buffer containing 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100
mM NaCl, 10 % (w/v) glycerol, 1 mM phenylmethylsulfonyl fluoride. Bound material was
eluted with 100 mM glycine pH 2.8 at room temperature (RT) for 5 min.
For analysis of Mic10-TO cells, whole cells induced with doxycycline hyclate for 8, 16 or 24 h
as well as non-induced cells were solubilized in a buffer containing 1 % digitonin, 20 mM Tris-
HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 10 % (w/v) glycerol, 1 mM phenylmethylsulfonyl
fluoride for 1h at 4 °C. Non-solubilized material was removed by centrifugation at 20.000 xg
and 4°C for 15 min. The supernatant was either incubated with FLAG-beads (Sigma Aldrich)
or Mic60-Beads for 1 h at 4 °C. The beads were washed with 0.3 % digitonin buffer containing
20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 10 % (w/v) glycerol, 1 mM
phenylmethylsulfonyl fluoride. Bound material was eluted with 100 mM glycine pH 2.8 at RT
for 5 min.

Antibodies for Western blot analysis.

Epitope Source
Mic10 abcam (Cambridge, UK) and Callegari et al., 2019
Mic13 Sigma Aldrich and Callegari et al., 2019
Mic19 Atlas Antibodies (Bromma, Sweden) and Callegari et al., 2019
Mic25 Proteintech (Rosemont, IL, USA) and Callegari et al., 2019
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Mic26 Thermo Fisher Scientific and Callegari et al., 2019
Mic27 Atlas Antibodies and Callegari et al., 2019
Mic60 Proteintech and Callegari et al., 2019
ATPB Molecular Probes (Eugene, OR, USA)
ATP5B Callegari et al., 2019
ATP5A abcam
ATP5ME Proteintech
OPA1 (D7C1A) Cell Signaling Technology (Danvers, MA, USA)
DRP1 BD Biosciences (San Jose, CA, USA)
MFN1 (D6E2S) Cell Signaling Technology
MFN2 (D2D10) Cell Signaling Technology
RIESKE Callegari et al., 2019
COX1 Callegari et al., 2019
LETM1 Callegari et al., 2019
SDHA Callegari et al., 2019
NDUFA10 Callegari et al., 2019

Sample preparation for fluorescence microscopy. For immunolabelling, cells were
cultured on coverslips for 1-2 days at 37 °C with 5 % CO2 and fixed with prewarmed (37 °C)
4 % or 8 % formaldehyde in PBS (137 mM NaCl, 2.68 mM KCl and 10 mM Na2HPO4 , pH
7.4) for 5-10 min at RT. Fixed cells were extracted with 0.5 % (v/v) Triton-X-100 in PBS,
blocked with 5 % (w/v) BSA in PBS and incubated with diluted primary antibodies against
Mic60 (Proteintech), Mic19 (Atlas Antibodies), TOM20 (Santa Cruz Biotechnology, Dallas,
TX, USA), ATPB (abcam, Cambridge, UK), FLAG (Sigma Aldrich), or dsDNA (abcam) in 5
% (w/v) BSA in PBS for 1 h at RT. After washing in PBS, the primary antibodies were detected
with secondary goat anti-rabbit or sheep anti-mouse antibodies labeled with Alexa Fluor 594
(Thermo Fisher Scientific) or custom-labeled with Abberior STAR RED (Dye: Abberior,
Göttingen, Germany; antibody: Jackson Immuno Research Laboratories, West Grove, PA,
USA) in 5 % (w/v) BSA in PBS for 1 h at RT. After washing with PBS, the cells were mounted
in Mowiol with 0.1 % 1,4-Diazabicyclo[2.2.2]octan (DABCO) and 2.5 µg/mL 4′,6-Diamidin-
2-phenylindol (DAPI) (Sigma Aldrich).
For live-cell imaging of COX8A-SNAP or Mic10-SNAP fusion proteins, cells were seeded in
glass bottom dishes (ibidi GmbH, Martinsried, Germany) before the measurements. Cells were
stained with DMEM containing 1 µM SNAP-Cell SiR (New England Biolabs) and 0.1 % (v/v)
Quant-IT PicoGreen dsDNA reagent (Thermo Fisher Scientific) for 15-20 min. The staining
solution was removed and the cells were washed with DMEM twice. Cells were left in the
incubator for about 20 min to remove unbound dye. For imaging, the DMEM was replaced with
live-cell imaging solution (Thermo Fisher Scientific). Cells were recorded by stimulated
emission depletion (STED) microscopy. For live cell imaging of mitochondrial membranes,
cells were seeded in glass bottom dishes (ibidi GmbH, Martinsried, Germany) and stained with
DMEM containing 125 nM Mitotracker Green (Thermo Fisher Scientific) for 15-20 min. Cells
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were washed twice with DMEM and incubated for about 15 min to remove unbound dye.
Medium was replaced by live-cell imaging solution (Thermo Fisher Scientific) and cells were
recorded with 3D linear structured illumination microscopy (3D SIM). For STED nanoscopy
of Mic60 together with COX8A-SNAP, cells expressing COX8A-SNAP were stained with
SNAP-cell SiR as described above and subsequently fixed by adding 2x PHEM buffer
supplemented with 4.8% formaldehyde and 0.2% glutaraldehyde in equal amount to the culture
medium for 25 minutes at RT. Samples were permeabilized with 0.05% (v/v) Triton X-100 in
PHEM buffer for 5 min. To remove free glutaraldehyde, the samples were incubated in 0.1 M
ammonium chloride in PHEM for 1 minute and afterwards were blocked with PHEM
containing 1% BSA and 0.2 % saponin for 10 minutes. For immunolabeling, the primary
antibody was diluted in blocking solution and incubated over night at 4°C. Washing was
performed 5 times with blocking solution. Secondary antibodies were diluted in blocking
solution and applied for 2 h at room temperature. The sample was washed with blocking
solution 5 times and imaged in PHEM buffer.

Light microscopy. Confocal microscopy was performed with a Leica TCS SP8 (Leica,
Wetzlar, Germany). STED nanoscopy was performed using dual-color Abberior STED 775
QUAD scanning microscopes (Abberior Instruments, Göttingen, Germany) with either a
775nm Katana-08 HP laser (Onefive GmbH, Regensdorf, Switzerland) or a 775nm STED-
Laser from Abberior Instruments. In brief, for immunolabeled samples the fluorophore Alexa
Fluor 594 was exited at 561 nm or 594 nm and Abberior STAR RED was exited at 640 nm.
STED was performed at 775 nm. Images were recorded with a pixel size of 15-20 nm in the 2D
STED mode and with a voxel size of 50 nm in 3D STED. For live-cell STED microscopy,
SNAP-cell SiR was excited at 640 nm and depletion was performed at 775 nm. Images were
recorded with a pixel size of 20-25nm. EGFP or PicoGreen were exited at 488 nm and recorded
in the confocal mode. The used objective was an UPlanSApo 100x/1.40 Oil [infinity]/0,17 /
FN26.5 objective (Olympus, Tokyo, Japan).
3D structured illumination microscopy of living HeLa cells was performed with a commercial
Deltavision OMXv4.0 BLAZE microscope (GE Healthcare, Amersham, UK) using a 60x, 1.42
NA oil immersion PlanApoN objective lens (Olympus) and sCMOS cameras. MitoTracker
Green was excited at 488 nm and the emission recorded at 504–552 nm. The intensities and
exposure times were set to obtain satisfactory signal strength. A sequence of 15 images for each
axial plane, obtained at three different angles with five phases each, was acquired. Multiple
axial planes encompassing the entire cell from top to bottom were recorded at a separation of
the individual axial planes of 125 nm.
3D MINFLUX nanoscopy was performed with a custom-built MINFLUX nanoscope that was
described previously (Gwosch et al., 2020). For active stabilization of the sample, coverslips
were covered with gold nano rods (Nanopartz Inc., Loveland, CO, USA). Nano rods were
diluted 1:3 in single molecule clean phosphate-buffered saline (Sigma Aldrich) and sonicated
for 5-10 min. The samples were incubated with the nano rod solution for 5-10 min at RT. The
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sample was washed 3 times with PBS. For MINFLUX imaging, a standard enzyme-based
(d)STORM blinking buffer containing 50 nM TRIS/HCl pH 8.0, 10 mM NaCl, 10 % (w/v)
glucose, supplemented with 0.4 mg/mL glucose oxidase (Sigma Aldrich) and 90 mM
cysteamine hydrochloride (Sigma Aldrich) was used. Samples were sealed using picodent
twinsil speed 22 (picodent® Dental-Produktions- und Vertriebs-GmbH, Wipperfürth,
Germany). The imaging was performed with parameters and imaging schemes as reported
previously (Gwosch et al., 2020). Briefly, before MINFLUX measurements, the fluorophore
Alexa Fluor 647 was transferred into a long-lived non-fluorescent state by excitation at 642 nm
wavelength. Conditional photo-activation of single molecules in the MINFLUX region was
performed by illumination at 405 nm wavelength. For localization, molecules were excited with
displaced Gaussian or 3D doughnut-shaped excitation beams at 642 nm wavelength.
Fluorescence photons were collected in a confocal detection. Scanning of the activation laser
and the MINFLUX targeted coordinate pattern was performed in steps of 250 nm in a custom-
shaped region selected based on fluorescence widefield images.

Image processing and analysis

Image processing for confocal and STED microscopy. Unless stated in the figure legend,
image raw data were not deconvolved, but smoothed with a low-pass filter using the Imspector
Software (Abberior Instruments). When deconvolution was applied, we relied on the
Richardson-Lucy algorithm and the Imspector software (Abberior Instruments).
In all images the color tables were adapted for optimal contrast. Background subtraction was
usually below 5 % of the maximum signal intensity.

Image processing for 3D SIM. Super-resolved fluorescence images were reconstructed with
the corresponding recorded optical transfer function (OTF) in the softWoRx 7.0.0 software (GE
Healthcare, Amersham, UK) at a Wiener filter setting of 0.006.

Image processing for MINFLUX nanoscopy. Data analysis and evaluation was performed as
described previously (Gwosch et al., 2020). False-positive localizations due to reaction to
background or molecular emission events far outside the MINFLUX region were removed
based on p_0<0.11 and r_relative<32 nm. To ensure taking into account only emission events
from single molecules (i.e. not from groups of simultaneously activated molecules)
localizations with high photon count rates (>100 kHz) were discarded. Localizations with
photon numbers above 1000 and an estimated signal-to-background value larger than 0.6 were
selected to guarantee high localization precisions.

Cluster analysis on STED images of OPA1 depleted cells. Analysis of the clustered
fraction of Mic60 was performed by a custom written Matlab script. Every image was filtered
with a Laplacian of Gaussian (80 nm FWHM) filter and segmented with a threshold of 4 % of
the brightest value. Segments with an area smaller than 0.0225 µm2 were defined as single
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clusters. The clustered fraction is the ratio of the area of all single cluster segments relative to
the total segmented area.

Sample preparation for electron microscopy. Aclar discs were punched with 18 mm
diameter using 0.198 mm thick aclar film (Plano, Wetzlar, Germany) and sterilized with 70 %
ethanol before usage. Cells were grown on aclar discs to a confluency of ∼70 % and fixed by
immersion using 2 % glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 for 1 h at RT. Fixation
was completed overnight at 4 °C. After post-fixation in 1 % osmium tetroxide and pre-
embedding staining with 1 % uranyl acetate, samples were dehydrated and embedded in Agar
100 resin (Plano, Wetzlar, Germany). For FIB-SEM, cells were grown on 6 x 0.16 mm sapphire
discs (Wohlwend GmbH, Sennwald CH) and vitrified using a a Leica EM HPM100 high
pressure freezer (Leica Mikrosysteme Vertriebe GmbH, Wetzlar, Germany). The frozen
samples were transferred to an automatic freeze substitution unit Leica EM AFS2 (Leica
Mikrosysteme Vertrieb GmbH) and substituted at -90 °C for 4 h in a solution containing
anhydrous acetone, 2 % osmium tetroxide (EMS Electron Microscopical Science, Ft.
Washington, USA), 0.1 % uranyl acetate in acetone and 5 % dest. H2O. After gradually warm
up to 0 °C, samples were washed with acetone and embedded using Durcupan resin (Science
Services GmbH, München, Germany).

Transmission electron microscopy (TEM) and electron tomography (ET). Ultrathin
sections of ∼70 nm thickness were recorded on a Philips CM 120 BioTwin transmission
electron microscope (Philips Inc., Eindhoven, The Netherlands) without counterstaining.
Usually, 2D images of at least 100 mitochondria from at least 10 different cells were randomly
taken for each sample, using a TemCam 224A slow scan CCD camera (TVIPS, Gauting,
Germany).
For electron tomography, tilt series from 210 nm thick sections from Agar100 embedded cells
were recorded on a Talos L120C transmission microscope (Thermo Fischer Scientific/ FEI
company, Hilsboro, Oregon, USA) at 17,500x magnification using a Ceta 4kx4k CMOS camera
in unbinning mode. Orthogonal series were recorded from -64.5° to 64.5° using 3° saxton
angular increase. The series were calculated using Etomo (David Mastronade,
http://bio3d.colorado.edu/). Tomograms were processed using the nonlinear anisotropic
diffusion (NAD) filter in imod. Recordings of thin sections were processed in Fiji using the
median filter.

Focused ion beam scanning electron microscopy. Polymerized samples were trimmed
with a razor blade, removing empty resin. The sapphire disks were removed and the tip of the
block containing the cells was sawed off with a jigsaw (Villinger, Gregorius et al., 2012). The
blocks were attached to the SEM stub (Science Services GmbH, Pin 12.7 mm x 3.1 mm) by a
silver filled epoxy (Epoxy Conductive Adhesive, EPO-TEK EE 129-4; EMS) and polymerized
at 60° overnight. The samples were coated with a 10 nm gold, platinum or platinum/palladium

http://bio3d.colorado.edu/
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layer using the sputter coating machine EM ACE600 (Leica Mikrosysteme Vertrieb GmbH) at
35 mA current. The samples were placed into the Crossbeam 540 focused ion beam scanning
electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). The SmartSEM
software (Carl Zeiss Microscopy GmbH) was used to deposit a 400 nm platinum layer on top
of the region of interest using a 3 nA current, to ensure even milling and to protect the surface.
Then a trench was milled to expose a cross-section through the cell of interest using 15 nA
current. The cross-section was polished using a 7 nA current. The Atlas 3D (Atlas 5.1, Fibics,
Canada) software was used to collect the 3D data. The images were acquired at 1.5 kV (analytic
mode) with the ESB detector (450 V ESB grid, pixel size x/y 5 nm) in a continuous mill and
acquire mode. A 700 pA current was applied to remove 5 nm in between every image. Data
post-processing steps were performed in Fiji (Schindelin, Arganda-Carreras et al., 2012). Image
alignments were done using the “Linear Stack Alignment SIFT”. The dataset was cropped,
inverted, a Gaussian blur (1) and a local contrast enhancement (CLAHE; blocksize 127,
histogram bins 100, maximum slope 1.5) were applied.

Segmentation and 3D animation of FIB-SEM and ET data. FIB-SEM and ET data sets were
segmented using the software package IMOD (David Mastronade,
http://bio3d.colorado.edu/imod/). 3D reconstructions of ET data were animated using Amira
for Life Sciences (Thermo Fisher Scientific). Reconstructions of FIB-SEM data were animated
using Blender (Blender Foundation, Amsterdam, The Netherlands).

Visualization of MINFLUX data. Data were visualized using Imaris (Bitplane, Belfast, UK).
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Data Availability

All raw data are available from the corresponding author upon reasonable request.
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Captions for Expanded View Movies

Movie EV1. Cristae architecture of mitochondria from HeLa WT cells. Two mitochondria
were reconstructed from a FIB-SEM stack. The cristae are shown in blue, the OM and IBM are
shown together in clear grey. A twisted crista is highlighted in grey. A still image is shown in
Fig 1B.

Movie EV2. Live-cell STED nanoscopy of Mic10-SNAP. Mic10-SNAP was expressed in
HeLa cells and labeled with SNAP-cell SiR. Mitochondria were recorded with STED
nanoscopy every 15 seconds. Photobleaching was compensated.

Movie EV3. ET of HeLa Mic60-KO cells. A mitochondrion was reconstructed from a tilt series
recorded by TEM. The OM is displayed in clear grey, the side of the IM that faces the matrix
is shown in dark blue. The IM side that faces the intermembrane space is shown in light blue.
A still image in shown in Fig 3F.

Movie EV4. ET of HeLa Mic60-KO cells. Tilt series of mitochondria recorded by TEM.

Movie EV5. ET of HeLa WT cells. A mitochondrion was reconstructed from a tilt series
recorded by TEM. The OM is displayed in clear grey, the side of the IM that faces the matrix
is shown in dark blue. The IM side that faces the intermembrane space is shown in light blue.
A still is shown in Fig 3F.

Movie EV6. ET of HeLa Mic10-KO cells. A mitochondrion was reconstructed from a tilt series
recorded by TEM. The OM is displayed in clear grey, the side of the IM that faces the matrix
is shown in dark blue. The IM side that faces the intermembrane space is shown in light blue.
A still image is shown in Fig 3F.

Movie EV7. ET of HeLa Mic10-KO cells. Tilt series of a mitochondrion with an onion-shaped
cristae architecture by TEM.

Movie EV 8. Live-cell STED nanoscopy of mitochondria from Mic10-KO cells. Cells
expressing COX8A-SNAP were stained with SNAP-cell SiR and visualized by time-lapse
STED nanoscopy every 5 seconds.

Movie EV9. Live-cell STED nanoscopy of mitochondria from Mic10-KO cells. Cells
expressing COX8A-SNAP were stained with SNAP-cell SiR and visualized by time-lapse
STED nanoscopy every 15seconds.
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Movie EV10. FIB-SEM of Mic10-TO cells. Cristae architecture of mitochondria from a
noninduced Mic10-TO cell. A mitochondrion was reconstructed from a FIB-SEM stack. The
CM is shown in blue, the OM and IBM are shown together in clear grey. A still image is shown
in Fig 7A.

Movie EV11. FIB-SEM of Mic10-TO cells. Cristae architecture of mitochondria from a Mic10-
TO cell induced for Mic10 re-expression for 16 h. A mitochondrion was reconstructed from a
FIB-SEM stack. The CM is shown in blue, the OM and IBM are shown together in clear grey.
A still image is shown in Fig 7A.

Movie EV12. FIB-SEM of Mic10-TO cells. Cristae architecture of mitochondria from a Mic10-
TO cell induced for Mic10 re-expression for 24 h. A mitochondrion was reconstructed from a
FIB-SEM stack. The CM is shown in blue, the OM and IBM are shown together in clear grey.
A still image is shown in Fig 7A.

Movie EV13. ET of Mic10-TO cells. A tilt series of a noninduced cell was recorded.
Mitochondria were reconstructed. The OM is displayed in clear grey, the side of the IM that
faces the matrix is shown in dark blue. The IM side that faces the intermembrane space is shown
in light blue. A still image is shown in Fig 7B.

Movie EV14. ET of Mic10-TO cells. A tilt series was recorded of a cell induced for Mic10 re-
expression for 16 h. Mitochondria were reconstructed. The OM is displayed in clear grey, the
side of the IM that faces the matrix is shown in dark blue. The IM side that faces the
intermembrane space is shown in light blue. A still image is shown in Fig 7B.

Movie EV15. ET of HeLa control cells. Cells were transfected with a scrambled control for
48 h. A tilt series was recorded and a mitochondrion was reconstructed. The OM is shown in
grey, the IM in blue. The side facing the intermembrane space is shown in light blue and the
side facing the matrix space is shown in dark blue. A still image is shown in Fig 8E.

Movie EV16. ET of HeLa OPA1-KD cells. Cells were transfected with siRNA pools against
OPA1 for 48 h. A tilt series was recorded and mitochondria were reconstructed. The OM is
shown in grey, the IM in blue. The side facing the intermembrane space is shown in light blue
and the side facing the matrix space is shown in dark blue. A still image is shown in Fig 8F.
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Appendix Fig S1. Inner membrane architecture in HeLa cells. (A) FIB-SEM of HeLa WT cells. Shown is one
section of a FIB-SEM stack. Reconstructed mitochondria (colored lines) are shown in Fig 1B. Scale bar: 1 μm.
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Appendix Fig S2. Depletion of MICOS subunits affects the formation of lamellar cristae. (A-B) Comparison
of MICOS knockouts (KO) with MICOS knockdowns (KD). (A) Representative TEM recordings of the KO-cell lines
indicated. (B,C) Knockdown of MICOS subunits using siRNA. WT cells were transfected with a scrambled control
(Ctrl.) or specific siRNA pools and analyzed after 48 h. (B) Images show representative TEM recordings. (C) Protein
levels of MICOS subunits in cell lysates analyzed by Western blotting. Scale bars: 500 nm (A), 1 μm (B).
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Appendix Fig S3. Re-expression of Mic60 in Mic60-TO cells rescues the morphology of the mitochondrial
network. (A-B) Rescue of Mic60 expression in Mic60-TO cells upon induction with doxycycline. (A) Cells were
immunolabeled for Mic60 and DNA and visualized by confocal fluorescence microscopy at the indicated time points
after expression of Mic60. (B) Quantification of mitochondrial network remodeling upon Mic60 re-expression. For
the analysis, cells were immunolabeled for TOM20, imaged by confocal fluorescence microscopy, and manually
annotated. Average and SD of three independent biological repeats are shown. For each repeat, at least 170 cells
per sample were analyzed. Scale bar: 40 µm.
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Appendix Fig S4. Mic60 controls the formation of secondary CJs. TEM recordings of Mic60-TO cells induced
with doxycycline for 0 h and 16 h to facilitate the expression of Mic60. Arrows mark CJs. Scale bars: 1 µm.
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Appendix Fig S5. Re-expression of Mic10-FLAG in Mic10-TO cells rescues the morphology of the
mitochondrial network. (A) MICOS-subunit expression levels in WT, Mic10-KO and induced or noninduced Mic10-
TO cells. FLAG antibodies were used to pull-down Mic10-FLAG and interacting proteins from cell lysates. Mic60-
antibodies were used to pull-down Mic60 and interacting proteins from cell lysates. Samples were analyzed by
Western blotting. (B) Quantification of induced Mic10-TO cells. Cells were induced with doxycycline for the indicated
time periods and analyzed. Cells that expressed visible amounts of Mic10 were counted as induced. n: Number of
cells analyzed. (C) Quantification of mitochondrial network remodeling upon Mic10-FLAG re-expression in Mic10-
TO cells. For the analysis, cells were immunolabeled for TOM20, imaged by confocal fluorescence microscopy, and
manually annotated. Average and SD of three independent biological repeats are shown. For each repeat, at least
170 cells per sample were analyzed. (D) Remodeling of the CMs. Induced Mic10-TO cells were analyzed by TEM.
The image shows a representative mitochondrion with an intermediate cristae architecture after 16 h of induction.
Scale bar: 1 µm.
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Appendix Fig S6. Holo-MICOS complex assembly induces remodeling of the inner membrane. FIB-SEM of
Mic10-TO cells after induction of re-expression of Mic10-FLAG. Cells were induced for 0, 16 and 24 h and analyzed
by FIB-SEM. Shown are single sections from representative FIB-SEM stacks. The mitochondria that were
reconstructed for Fig 7A are highlighted by colored lines. Scale bars: 1 μm.
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Appendix Table S1. CRISPR/Cas9 mediated disruption of MICOS genes in HeLa cells. For the generation of
KO-cell lines, gRNAs against the shown target sequences were used. Cell lines were verified by sequencing as
well as by Western blotting. For sequencing, PCR products were sub-cloned. Approximately 20 sub-clones were
sequenced for each cell line. The table indicates the frequency of specific indels found by sequencing of the sub-
clones for each cell line. No WT alleles could be identified for any of the MICOS mutant cell lines.

MICOS
Subunit

Target
Exon Allele Mutation Sequence (5’-3’) Frequency

Mic10 Exon1

Wt CGGAGCTCGGCAGGA 0%

Mut1
Nonsense: Insertion leading to a
frameshift and an early stop
codon in the first exon

CGGAGCTCTCGGCAGGA 75%

Mut2
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the first exon

CGGAGCT - GGCAGGA 25%

Mic13 Exon 3

Wt CGCCGTCTACCTGGT 0%

Mut1
Nonsense: Insertion leading to a
frameshift and an early stop
codon in the fourth exon

CGCCGTCTTACCTGGT 72%

Mut2
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the fourth exon

CGCCGTCT - - CTGGT 28%

Mic19 Exon1

Wt GAACATCACCGTGGT 0%

Mut1
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the second exon

GAACATCA - CGTGGT 72%

Mut2
Nonsense: Insertion leading to a
frameshift and an early stop
codon in the second exon

GAACATCAACCGTGGT 28%

Mic25 Exon2

Wt CTTTGGCCTTCAAGA 0%

Mut1
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the second exon

CTTTGGCC - - - - AGA 68%

Mut2
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the fourth exon

CTTTGGCCT - - AAGA 32%

Mic26 Exon4

Wt TCAGTTCCTGAGGGT 0%

Mut1
Nonsense: Insertion leading to a
frameshift and an early stop
codon in the fourth exon

TCAGTTCCCTGAGGGT 79%

Mut2
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the fifth exon

TCAGTTCC - GAGGGT 21%

Mic27 Exon3

Wt GGTTGTTACATTGGC 0%

Mut1
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the fifth exon

GGTTGTTA - - TTGGC 100%

Mic60 Exon1

Wt GGGCCTGTCAGTTAT 0%

Mut1
Nonsense: Deletion leading to a
frameshift and an early stop
codon in the first exon

GGGCCTGT - - - - TAT 55%

Mut2

Nonsense: A Part of the first
Exon is missing, together with a
huge insertion leading to an early
stop codon in the first exon

- - - - - - - - - - - - - - 45%
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- Discussion and Outlook

Short Summary

The first part of this thesis describes the development of a new labeling approach that enables time-lapse
live-cell STED nanoscopy of the mitochondrial inner membrane. Live-cell recordings allowed for the
analysis of dynamic movements of cristae and MICOS clusters on a timescale of seconds, thereby
opening the door for the investigation of cristae architecture and the dynamic movement of inner
membrane proteins in the mitochondria.

Using the developed live-cell fluorescence nanoscopy together with electron microscopy and
biochemical analysis, the second part of this work focuses on the roles of MICOS, the dynamin-like
GTPase OPA1, and the dimeric F1FO-ATP synthase in cristae formation and maintenance. The presented
data suggest an intricate interplay of these factors in the shaping of the inner membrane. The Mic60-
subcomplex exhibits a coordinated distribution in the inner membrane that controls the positioning of
crista junctions in cooperation with the Mic10-subcomplex, OPA1, and the dimeric F1FO-ATP synthase.
Assembly of the holo-MICOS complex triggers extensive remodeling of the inner membrane to
facilitate the formation of lamellar cristae by the segmentation of larger cristae precursors and by the
formation of secondary crista junctions. The formation of the lamellar cristae is largely independent
from mitochondrial tubule fusion and fission in mammals, suggesting surprising differences in cristae
formation between lower and higher eukaryotes. Finally, the data presented in this thesis allowed for
the development of a new model of cristae formation in mammals.

Nanoscopy Reveals Inner Membrane Dynamics

Early studies analyzing mitochondria by electron tomography predicted that cristae are
pleomorphic structures that can dynamically change their appearance (Mannella, 2006). This
idea could not be tested at that time because visualization of the cristae architecture relied
exclusively on electron microscopy of fixed specimens. Live-cell compatible super-resolution
microscopy or nanoscopy techniques were still in early development. Since then, these
techniques have been dramatically improved and have become basic tools in cell biology
(Jakobs et al., 2020; Sahl et al., 2017). Chapter 2 of this work describes the development of a
new labeling strategy for the mitochondrial inner membrane that allowed for analysis of
individual cristae in living cells by STED nanoscopy. Corroborating the predictions from early
studies, live-cell recordings at approximately 50 nm resolution indeed revealed motile cristae
constantly altering their appearance on a timescale of seconds. Interestingly, a dynamic
behavior of the cristae was independently verified by several recent studies that used different
cell lines, labeling approaches and imaging techniques, suggesting that a dynamic behavior of
cristae is a common phenomenon (Huang et al., 2018; Kondadi et al., 2019; Wang et al., 2019).
The use of the SNAP-tag and a silicon rhodamine dye (Juillerat et al., 2003; Lukinavičius et al.,
2013) facilitated robust imaging of lamellar cristae, but also allowed aberrant cristae to be
followed for the first time in MICOS-deficient cells. Moreover, a similar labeling strategy



Chapter 5 - Discussion and Outlook

140

revealed the dynamic behavior of Mic10 protein clusters inside the inner membrane. These
results clearly demonstrate that fast live-cell fluorescence nanoscopy will benefit the
investigation of inner membrane dynamics in the future (Jakobs et al., 2020). The fact that
cristae are densely packed inside the mitochondrial tubules complicates their visualization and
the analysis of their dynamics. Extended-resolution microscopy techniques like structured
illumination microscopy (SIM) (Gustafsson, 2000) or image scanning microscopy (ISM or
Airyscan microscopy) (Müller and Enderlein, 2010) improve the spatial resolution of
conventional fluorescence microscopes approximately by a factor of two, enabling high-speed
imaging of the inner membrane (Huang et al., 2018). Nevertheless, these techniques are
diffraction-limited and thus are restricted to a spatial resolution of about 100-120 nm. In most
cell types, the robust visualization of individual cristae requires spatial resolutions which are
only feasible by diffraction-unlimited techniques like STED nanoscopy (Hell and Wichmann,
1994), reversible saturable optical linear fluorescence transitions (RESOLFT) nanoscopy
(Grotjohann et al., 2011; Hell, 2005) or nonlinlear structured illumination microscopy (NL-
SIM) (Gustafsson, 2005). These techniques generally require specific fluorescent labels and
apply higher light doses onto the sample than diffraction-limited microscopy techniques. This
intensifies the need for labeling strategies that reduce photobleaching and phototoxic effects
(Jakobs et al., 2020; Kilian et al., 2018; Sahl et al., 2017). Labeling of the inner membrane using
the SNAP-tag and a silicone rhodamine dye enabled high labeling densities and minimal
phototoxic effects, but the number of recordable frames was restricted to about 20 images due
to photobleaching. Labeling with the SNAP-tag, however, delivers the flexibility to use
different, possibly more photostable dyes in the future. Reduced photobleaching would allow
the mitochondrial inner membrane to be recorded over extended periods. So far, all studies
reporting on live-cell nanoscopy of the inner membrane, including the one presented in this
thesis, presented single-color recordings (Kondadi et al., 2020; Wang et al., 2019). As several
different proteins control cristae formation, future analysis would clearly benefit from multi-
color live-cell nanoscopy of the inner membrane. The stable cell line developed in this thesis
will be a valuable tool to develop such a multi-color live-cell nanoscopy approach as it allows
co-expression of proteins labeled with the bioorthogonal self-labeling Halo-Tag and a flexible
combination of various nanoscopy-compatible dyes.

Cristae Formation in Mitochondria

5.3.1. MICOS controls inner membrane remodeling

By depleting all known MICOS subunits individually in the same human cell line, this work
allowed for the dissection of the functions of the two MICOS subcomplexes in mammals. As
in yeast, depletion of Mic10 destabilizes the human Mic10-subcomplex whereas the Mic60-
subcomplex remains intact (Guarani et al., 2015; Malsburg et al., 2011). Loss of the Mic10-
subcomplex leads to the formation of aberrant, tube-like cristae that line the interior of the
mitochondrial tubules. However, unlike in yeast, these Mic10-deficient mitochondria still
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exhibit a substantial number of tubular, slightly enlarged crista junctions connecting the tube-
like cristae with the inner boundary membrane (Chapter 4, Fig 3). These crista junctions, which
became obvious in electron tomography recordings of thicker mitochondrial sections, exhibit
an irregular distribution that complicates their detection on ultrathin sections by transmission
electron microscopy. This observation might explain the fact that previous studies, relying on
standard transmission EM, reported a virtual lack of crista junctions in Mic10- and Mic13-
depleted mammalian cells (Anand et al., 2016; Kondadi et al., 2020).

Depletion of Mic60 in human cells causes the loss of both MICOS subcomplexes, suggesting
that the Mic60-subcomplex controls cristae formation upstream of the Mic10-subcomplex in
mammals. This observation demonstrates a striking difference in the regulation of the MICOS
complexes from higher and lower eukaryotes, since Mic60 depletion in yeast causes only
destabilization of the Mic60-subcomplex (Malsburg et al., 2011). As crista junctions are
virtually absent in human Mic60 knockout cells, but not in human Mic10 knockout cells, the
data allow, for the first time, the disentanglement of cristae formation and crista junction
formation. Electron microscopy recordings substantiate that, in humans, the Mic60-subcomplex
is crucial for crista junction formation, whereas the Mic10-subcomplex modulates shaping of
the cristae (Chapter 4, Fig 3). Tetracycline-inducible Mic10-TO and Mic60-TO cell lines
produced in this work allowed for analysis of the restoration of the cristae and crista junctions
upon re-expression of either the Mic10-subcomplex (Mic10-TO cells) or the entire MICOS
complex (Mic60-TO cells). Mic10-TO cells thereby allowed for analysis of the consequences
of a re-constitution of the holo-MICOS complex from its Mic60- and Mic10-subcomplexes.
Rescue of Mic10 levels induced folding and fission of larger, unstructured cristae into multiple
highly ordered lamellar cristae and a redistribution of the crista junctions (Chapter 4, Fig 7).
The development of intermediately shaped cristae suggests that MICOS assembly induces
remodeling of preexisting cristae membrane rather than the formation of new cristae. These
observations establish the idea that assembly of the holo-MICOS complex acts as a switch,
which controls inner membrane remodeling and cristae shaping. Analysis of Mic60-TO cells
further illustrated that Mic60-subcomplexes enable the formation of secondary crista junctions
by fusion of pre-existing cristae with the inner boundary membrane (Chapter 4, Fig 5).

5.3.2. OPA1 stabilizes tubular crista junctions

This study demonstrated that OPA1 depletion leads to a severe reduction in the number of crista
junctions in Mic10 knockout cells. This finding suggests that OPA1 is necessary for the
stabilization of crista junctions in the absence of a fully assembled MICOS complex and it
indicates that OPA1 might support the MICOS-dependent attachment of cristae to the inner
boundary membrane. Indeed, crosslinking and complex-immunoprecipitation experiments
have suggested a direct interaction of OPA1 with the Mic60-subcomplex via Mic19, and
thereby coordinated functioning of MICOS and OPA1 (Darshi et al., 2010; Glytsou et al.,
2016). Moreover, a recent study proposed that assemblies of Mgm1, the OPA1 homolog from
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yeast, mediate inner membrane fusion by the formation of small tips in the inner membrane,
which might also be essential to support MICOS-dependent reattachment of cristae (Yan et al.,
2020).

OPA1-dependent stabilization of tubular crista junctions, as observed in Mic10 knockout cells,
is in line with previous data demonstrating that OPA1 controls the crista junction diameter in
apoptosis (Frezza et al., 2006). Recent cryo-EM data of Mgm1 from Chaetomium
thermophilum could provide a conclusive explanation for this stabilization effect. Purified
Mgm1 bent artificial membranes into tubular structures by forming a helical filament on the
outer leaflet or extended patches on the inner leaflet of lipid vesicles. Faelber and colleagues
proposed that Mgm1 forms such helical arrangements inside of crista junctions to shape the
membrane and to constrict the crista junctions in a GTP-dependent manner (Faelber et al.,
2019). Future studies will need to investigate whether OPA1 can also form these coordinated
assemblies since the sequence homology of the two proteins is quite low. However, biochemical
data support the idea, as the function of OPA1 strongly depends on its ability to oligomerize
(Cipolat et al., 2004; Frezza et al., 2006; Patten et al., 2014).

5.3.3. MICOS exhibits a coordinated distribution

The results presented in this thesis demonstrate that Mic60´s role in crista junction formation
and its function in contact site formation are strongly connected to each other. In yeast cells,
human dermal fibroblasts, and in Mic10 knockout HeLa cells, distinct Mic60 clusters,
reflecting the crista junctions, were found to form opposite Mic60 distribution bands that run
along the mitochondrial tubules (Chapter 3, Figure 1 and 2). Several findings argue against the
notion that this two-sided Mic60 arrangement is just a consequence of the cristae architecture,
instead indicating that it is an intrinsic feature of mitochondria. In human dermal fibroblasts,
Mic60 clusters in one distribution band correlate with the ones on the other side of the
mitochondrial tubule, although the shape of the cristae is quite irregular. In yeast mitochondria,
the small cristae are rather short and thus cannot connect the opposite Mic60 clusters.
Moreover, although Mic10 depletion disturbs the cristae architecture in yeast mitochondria, it
barely influences Mic60´s positioning. Together, these findings strongly suggest that the
opposite arrangement of Mic60 clusters is largely independent from the cristae. In fibroblasts
and yeast cells, the opposite Mic60 distribution bands frequently adopt a twisted arrangement
that coincides with a propeller-like arrangement of the cristae in yeast mitochondria, as
visualized by FIB-SEM. The opposite positioning of Mic60 clusters and the helical
arrangement of the Mic60 distribution bands indicate that the crista junctions can be physically
coupled along and across the mitochondrial tubules. As this coupling cannot be attributed to
the cristae, these findings suggest that proteins within the mitochondrial membranes control
this intriguing arrangement. Most likely, the arrangement of Mic60 is supported by the
mitochondrial intermembrane space bridging (MIB) complex that links Mic60 to the outer
membrane (Ding et al., 2015; Körner et al., 2012; Ott et al., 2012; Tang et al., 2019; Zerbes et
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al., 2012). The MIB complex is regulated by Mic19, which connects Mic60 with the SAM50
subunit of the SAM complex. Disruption of the Mic60-Mic19-SAM50 axis disturbs the cristae
architecture and disrupts crista junctions, suggesting that the MIB complex is involved in crista
junction positioning (Ding et al., 2015; Ott et al., 2012; Tang et al., 2019). The aberrant
distribution of Mic60 in Mic19 knockout cells and the observation that overexpression of Mic10
in Mic19 knockout cells induced a restoration of Mic60 levels, but failed to induce a proper
Mic60 distribution, further validate the importance of Mic19 for MICOS positioning in the
inner membrane.

5.3.4. Mic10 regulates the width of the Mic60 distribution bands

Mitochondria from HeLa cells exhibit a rather large diameter (400-800 nm) and feature well-
developed lamellar cristae. Unlike the small cristae in yeast mitochondria, each of the large
lamellar cristae in HeLa cells features multiple adjacent crista junctions, as visualized by
electron tomography. Therefore, the crista junctions virtually encircle the mitochondrial
tubules, leading to a stripe-like distribution of Mic60 and Mic10 on STED recordings of wild
type HeLa cells. Remarkably, opposite Mic60 distribution bands were observed in this cell line
upon the depletion of the Mic10-subcomplex, although the aberrant cristae in Mic10-deficient
cells formed symmetrical tube-like structures that lined the interior of the organelle. This
demonstrates that also in HeLa cells opposite Mic60 distribution bands exist at low expression
levels of the Mic10-subcomplex. Along the distribution bands, Mic60-subcomplexes facilitate
the formation of crista junctions, although the overall number is reduced in the absence of
Mic10. Consequently, electron tomography of Mic10 knockout cells revealed an altered
distribution of the crista junctions compared to the stripe-like arrangements of crista junctions
in wild type cells. Expression of Mic10 in Mic10-deficient cells stabilized the components of
the Mic10-subcomplex and recruited them to the Mic60-subcomplexes. The formation of the
holo-MICOS complex induced the spreading of MICOS clusters over the mitochondrial tubules
and the opposite distribution bands were no longer visible on STED recordings (Chapter 4, Fig
6). This redistribution of MICOS clusters promotes the idea that the Mic10-subcomplex
controls the width of the Mic60-distributions bands and facilitates efficient movement of
MICOS clusters and crista junctions around the mitochondrial tubules. Knockdown
experiments illustrate that the dimeric F1FO-ATP synthase, which interacts directly with the
Mic10-subcomplex (Eydt et al., 2017; Rampelt et al., 2017b), supports this even distribution of
MICOS clusters and crista junctions around the mitochondrial tubules. Thereby, fhe findings
described in this study strongly suggest that mitochondria exhibit an intricate mechanism that
allows them to adapt the number and the distribution of crista junctions to the size of the cristae.
As MICOS supports attachment of cristae to the inner membrane, widening of the Mic60-
distribution bands possibly increases the number of potential attachment sites and thus supports
the formation and stability of the large lamellar cristae.
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5.3.5. Interplay of MICOS and OPA1 controls MICOS assemblies

In addition to the interplay between the two MICOS-subcomplexes, proper distribution of
MICOS clusters around the mitochondria requires interplay of MICOS with the dynamin-like
GTPase OPA1. This study revealed that depletion of OPA1 causes the formation of large,
continuous, rib-like Mic60 assemblies that seem to encircle the mitochondria. Intriguingly,
these assemblies form in a Mic10-dependent manner as Mic10 knockout cells depleted of OPA1
exhibited only randomly distributed Mic60 clusters (Figure 17).

Although conflicting conclusions about the precise function of OPA1 have been made, virtually
all studies reported on a disturbed cristae architecture in OPA1-deficient cells (Barrera et al.,
2016; Frezza et al., 2006; Glytsou et al., 2016; MacVicar and Langer, 2016). In some studies,
knockout of OPA1 strongly reduced the overall number of cristae (Glytsou et al., 2016; Patten
et al., 2014; Zhang et al., 2011) whereas in other studies a reduced number of crista junctions
in OPA1 knockout cells was observed (Glytsou et al., 2016; Lee et al., 2017).
The knockdown experiments presented in this work lead to the conclusion, that efficient but
transient depletion of OPA1 causes a rather mild cristae phenotype compared to knockdowns
of Mic60 or Mic10. Different cristae phenotypes reported for knockout or knockdown cells
might be a consequence of long-term OPA1 depletion in knockout cells. Stable loss of Mgm1
in yeast disturbs, for example, lipid homeostasis and it impairs genome maintenance (Kojima
et al., 2019). It is likely that similar effects also afflict OPA1 knockout cells (Elachouri et al.,
2010). Such secondary effects might promote more severe inner membrane phenotypes upon
long-term depletion of OPA1. Short-term depletion of OPA1, however, does not inhibit the
formation of lamellar cristae or of crista junctions in general. In fact, rescue of the Mic10 levels
in OPA1-deficient Mic10 knockout cells still induced remodeling of the inner membrane into
(disordered) lamellar cristae and the formation of elongated Mic60 assemblies as observed in
OPA1-deficient wild type cells. The data presented in this study thereby contradict previous
assumptions that OPA1 controls cristae formation upstream of Mic60 (Glytsou et al., 2016).
On the contrary, the presented findings indicate that holo-MICOS assembly triggers lamellar
cristae formation upstream of OPA1. Nevertheless, OPA1 is crucial to control the distribution
and size of Mic60 assemblies during this process. The results therefore support that OPA1 is
generally dispensable for lamellar cristae formation but cooperates with Mic10 to stabilize
crista junctions and to facilitate the formation of highly ordered cristae.

Electron tomography and STED nanoscopy data presented in Chapter 4 suggest that the
interplay between the Mic10-subcomplex and OPA1 can influence the size and shape of crista
junctions. The rib-like Mic60 assemblies in wild type cells devoid of OPA1 coincided with the
appearance of extended slit-like crista junctions on electron tomography recordings (Chapter 4,
Fig 8 and Fig 9). In contrast to this situation, Mic10 knockout cells exhibited only circular crista
junctions (Chapter 4, Fig 3) that were stabilized by OPA1. In wild type cells, where both
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proteins are present, crista junctions had a circular or slightly elongated shape and were aligned
in stripes perpendicular to the longitudinal axis of the mitochondrion.
Based on these observations, I suggest that the Mic10-subcomplexes promote not only
transversal spreading of MICOS clusters around the mitochondrial tubules, but could also
support transversal elongation of crista junctions. OPA1, in turn, by stabilizing tubular
membrane structures could restricts the size of MICOS assemblies. Therefore, the interplay of
MICOS and OPA1 could be part of an efficient mechanism to control the size and shape of
crista junctions (Figure 17). However, verification of this idea will require further investigation
by electron tomography of entire mitochondria to measure the dimensions of the crista
junctions. The electron tomograms shown in this thesis cover only sections of about 200 nm
along the z-axis. Still, the dimension and the distribution of the crista junctions generally
matched the size and the distribution of Mic60 assemblies on STED recordings. The idea of
Mic10-driven crista junction elongation is indeed supported by the formation of slit-like crista
junctions upon Mic10 overexpression in yeast (Bohnert et al., 2015). In addition, another study
in yeast demonstrated that inactivation of Mgm1-5, a heat-sensitive version of Mgm1, leads to
the formation of septa junctions, slit-like crista junctions that encircle the entire mitochondrial
tubule and divide the matrix into physically separated compartments (Harner et al., 2016).
Although the authors of the respective study accounted the formation of these inner membrane
septa for improper inner membrane fusion (Harner et al., 2016), the formation of these
structures could also denote uncontrolled widening or fusion of crista junctions caused by
Mgm1 inactivation in the presence of the Mic10.

Figure 17: Model for the regulation of Mic60 assemblies. Schematic representation of the
formation of Mic60 assemblies at crista junctions. In wild type cells (WT), Mic60 forms distinct
clusters that are oriented in stripes perpendicular to the length axis of the mitochondrion. Loss of
Mic10 leads to a redistribution of Mic60 clusters and crista junctions into two opposite distribution
bands. In the absence of OPA1, Mic10 induces the formation of extended Mic60 assemblies.

5.3.6. A new model of cristae formation

Systematic depletion of the individual MICOS subunits, OPA1 and ATP5ME in HeLa cells
demonstrated that mitochondria of cells lacking Mic60 exhibit the most severe phenotype
among all analyzed inner membrane-shaping proteins. Although these cells lose virtually all
crista junctions, they can still assemble OXPHOS complexes and form cristae membrane. This
underlines that MICOS generally coordinates cristae formation but does not drive the
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biogenesis of the cristae membrane (Harner et al., 2014, 2016). In the absence of Mic10, the
Mic60-subcomplex remains intact and enables the formation of crista junctions. Upon re-
expression of Mic10 in Mic10-depleted cells, assembly of the holo-MICOS complex triggers
the folding and fission of the aberrant tube-like cristae into highly ordered lamellar cristae.
The inner membrane remodeling mechanisms observed during this repair process provide
insights into the mechanisms, which most likely also control de novo cristae formation.
Recruitment of the Mic10-subcomplex subunits by the Mic60-subcomplex demonstrates that
the Mic60-subcomplex acts upstream of the Mic10-subcomplex in cristae formation. Most
likely, the tube-like cristae structures in Mic10-deficient cells therefore represent a trapped and
massively enlarged intermediate of cristae formation that originates from impaired shaping of
the cristae membrane. Based on this assumption, I propose a new model of cristae formation
that considers the coordinated distribution of MICOS in the inner membrane, MICOS-
dependent membrane remodeling, and the interplay of MICOS with OPA1 and with the dimeric
F1FO-ATP synthase (Figure 18).
This membrane-coordination model suggests that cristae biogenesis starts in a MICOS-
independent way by proliferation of the inner membrane. The process is spatially coordinated
both by the Mic60-subcomplexes and by OPA1, which collectively enable the formation of
stable crista junctions. Fusion of the cristae membrane with the inner boundary membrane
allows for the formation of additional, secondary crista junctions attaching the cristae
membrane to the inner boundary membrane (Figure 18).

Figure 18: Model for lamellar cristae formation. Left: Model for the formation of the inner
membrane structures in mitochondria of wild type (WT), Mic10 depleted and Mic60 depleted cells.
Assembly of the holo-MICOS complex controls inner membrane remodeling. Lower right: Side view
on a single lamellar crista of a WT cell. Supposed localization of membrane shaping proteins is
shown.

Recruitment of the Mic10-subcomplex to the curved membranes at crista junctions, presumably
supported by cardiolipin-binding of Mic27, leads to the formation of the holo-MICOS complex
(Friedman et al., 2015; Rampelt et al., 2017a; Weber et al., 2013). Assembly of the holo-
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MICOS complex intensifies membrane curvature at crista junctions and controls the
coordinated shaping of the cristae membrane. During this process, larger unstructured
membranes can be separated into multiple lamellae that are stabilized by the formation of
additional crista junctions and by rows of the dimeric F1FO-ATP synthase. The direct interaction
of the Mic10-subcomplex with the dimeric F1FO-ATP synthase (Eydt et al., 2017; Rampelt et
al., 2017b) might facilitate a structural connection between the crista junctions and the cristae
membrane to promote establishment and organization of the cristae. Finally, intricate interplay
between MICOS, the dimeric F1FO-ATP synthase, and OPA1 fine-tunes the optimal distribution
of the crista junctions around the mitochondrial tubules as described above in more detail.

The membrane coordination model combines elements of the membrane invagination or
balloon model with coordinated fusion and fission of the inner membrane (Figure 14) (Zick et
al., 2008). In this model, fusion of the inner membrane supports the formation of secondary
crista junctions whereas fission allows for the segmentation of membranes into individual
cristae. Regarding the key players involved in cristae formation, the described model takes into
consideration the central aspects that have been demonstrated by earlier studies and by the data
presented in this thesis. The Mic60-dependent formation of crista junctions and the Mic10-
induced remodeling of the inner membrane are generally in line with the presented electron
microscopy data and reports about the membrane-bending abilities of Mic10 and Mic60 (Barbot
et al., 2015; Bohnert et al., 2015; Hessenberger et al., 2017; Tarasenko et al., 2017). The OPA1-
dependent formation of crista junctions in Mic10 knockout cells (Chapter 4) and the recent
findings about the formation of Mgm1 assemblies inside lipid tubes (Faelber et al., 2019) are
also covered by the membrane-coordination model. Moreover, the model considers the
influence of the dimeric F1FO-ATP synthase on the Mic60 distribution and its influence on the
inner membrane shape (Kühlbrandt, 2019). The two-step assembly of the holo-MICOS
complex described by the membrane-coordination model is underscored by the data from
Mic10-TO cells and was recently independently supported by the finding that dynamic
remodeling of the inner membrane requires Mic13 which regulates Mic10 stability (Kondadi et
al., 2020).
Finally, the proposed membrane-coordination model is in line with the reported direct
interactions of all involved membrane-shaping proteins (Darshi et al., 2010; Eydt et al., 2017;
Glytsou et al., 2016; Quintana-Cabrera et al., 2018; Rampelt et al., 2017b).
In contrast, several data presented in this work, question the relevance of some of the previously
suggested models of cristae formation in human cells (Chapter 1.5). STED and TEM data
presented in this work support the idea that the dimeric F1FO-ATP synthase is required to
coordinate lamellar cristae (Blum et al., 2019; Davies et al., 2012; Kühlbrandt, 2019). However,
these dimers are not sufficient to promote lamellar cristae formation in Mic10-deficient cells.
Therefore, the findings do not support the idea, that oligomerization of the F1FO-ATP synthase
is the primary factor determining the cristae shaping in HeLa cells (Davies et al., 2012).
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In yeast, experimental data provided evidence for the existence of two distinct pathways of
cristae formation that regulate the biogenesis of tubular and lamellar cristae, respectively
(Figure 16). According to this model of cristae formation, tubular cristae are formed by a
MICOS-coordinated invagination of the inner membrane, whereas the formation of larger crista
lamellae requires the remodeling of inner membrane septa by MICOS and Mgm1 (Harner et
al., 2016). Reduction of the fusion-fission dynamics of mitochondrial tubules impairs the
formation of such septa, which result from incomplete fusion of mitochondrial tubules. Fission
incompetent ∆dnm1 yeast cells therefore develop only tubular cristae. In human HeLa cells,
however, transient depletion of crucial fusion or fission factors like MFN1, MFN2, and DRP1
did not abolish the formation of lamellar cristae. These findings demonstrate that lamellar
cristae formation does not require fusion and fission of the mitochondrial tubules in humans. It
is therefore inconceivable that the hemifusion or the fusion remnant model (Zick et al., 2008)
describe the primary mechanisms of cristae formation in humans (Figure 15). Electron
microscopy recordings generally did not support the existence of two distinct cristae shapes in
HeLa cells, suggesting substantial differences in cristae formation between higher and lower
eukaryotes. As mentioned above, the regulation of the MICOS-subcomplexes also exhibits
surprising differences between yeast and humans. However, the described findings do not
exclude the possibility that the conversion of a fusion-derived septum can also lead to the
formation of lamellar cristae in humans (Harner et al., 2016; Kojima et al., 2019; Zick et al.,
2008). The remodeling of a septum into a lamellar crista would require the segmentation of a
septa junction into circular or slightly elongated crista junctions. This process would most likely
depend on the same functioning of Mic60, OPA1 and Mic10 that is necessary to form and
maintain crista junctions as suggested by the membrane-coordination model.

Different assumptions about the mechanism of crista formation might be a result of unexpected
differences between mitochondria from yeast, flies and humans (Harner et al., 2016; Jiang et
al., 2019; Kojima et al., 2019; Rabl et al., 2009). The membrane-coordination model developed
in this work is based on data from human HeLa cells that exhibit exclusively lamellar cristae.
It is conceivable that cells with a different cristae architecture use other mechanisms to shape
and maintain their cristae. However, since a coordinated segmentation of unstructured cristae
membrane into distinct cristae and dynamic inner membrane remodeling could lead to various
cristae shapes, the proposed model might describe a general mechanism prevalent in all
mitochondria.

Synopsis and Outlook

Since its discovery in 2011, MICOS has turned out to be one of the most important determinants
of the mitochondrial membrane architecture. Remarkably, one of the studies that discovered
MICOS suggested that it may form a filamentous skeleton inside the inner membrane (Hoppins
et al., 2011). Despite significant effort, such a continuous structure has not been observed using
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super-resolution or electron microcopy (Jans et al., 2013; Modi et al., 2019). Nevertheless,
MICOS certainly fulfils functions expected from a “mitoskeleton”. It anchors, distributes and
stabilizes the crista junctions and it controls the fold of the inner membrane. MICOS mediates
the formation of contact sites between the inner and outer membrane and is physically
connected to the machinery in the outer membrane that facilitates transport of the organelle
(Malsburg et al., 2011; Xie et al., 2007). Moreover, MICOS is essential to maintain the tubular
shape of mitochondria. On super-resolution microscopy images, MICOS features a coordinated
clustered distribution, suggesting that other interacting membrane proteins physically couple
the MICOS clusters. Based on the data shown in this thesis, it is therefore tempting to assume
that there is typically not a rigid filamentous structure, but rather a more flexible and dynamic
elaborate network of membrane proteins, which includes MICOS, that functions as a
“mitoskeleton”.

The findings described in this thesis provide detailed insight into the interplay of the most
important known inner membrane-shaping proteins and allowed for the development of a new
model of lamellar cristae formation in humans. It is likely that future advances in cryo-electron
tomography and super-resolution microscopy will enable deeper understanding of the processes
that drive cristae biogenesis and will lead to further optimizations of this model. Indeed, several
open questions still exist. Due to the lack of a crystal structure or cryo-EM structure of MICOS,
the geometry and precise composition of the complex is unknown. It is also unclear if the two
MICOS subcomplexes are stably associated or if the formation of the holo-MICOS complex
occurs in a transient manner. The recently developed MINFLUX nanoscopy, which localizes
proteins with nanometer precision, will help to investigate such questions regarding the
dynamics of proteins on the single crista junction level. Moreover, establishment of long-term
muti-color live-cell nanoscopy could clarify how the interplay between OPA1 and the Mic10-
subcomplex controls the size of MICOS assemblies and their distribution within the inner
membrane. As cristae formation involves proteins as well as membranes, it is also likely that
correlative approaches, combining electron and super-resolution microscopy, will be a valuable
tool to enhance our knowledge about cristae biogenesis.
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