S
European Biophysics Journal (2021) 50:295-306 ¢ N

https://doi.org/10.1007/500249-021-01501-z 1,\.:5
REVIEW q
Check for
updates

Protein-dependent membrane remodeling in mitochondrial
morphology and clathrin-mediated endocytosis

Daryna Tarasenko' - Michael Meinecke'?

Received: 30 July 2020 / Revised: 4 January 2021 / Accepted: 13 January 2021 / Published online: 2 February 2021
© The Author(s) 2021

Abstract

Cellular membranes can adopt a plethora of complex and beautiful shapes, most of which are believed to have evolved for a
particular physiological reason. The closely entangled relationship between membrane morphology and cellular physiology
is strikingly seen in membrane trafficking pathways. During clathrin-mediated endocytosis, for example, over the course of
a minute, a patch of the more or less flat plasma membrane is remodeled into a highly curved clathrin-coated vesicle. Such
vesicles are internalized by the cell to degrade or recycle plasma membrane receptors or to take up extracellular ligands.
Other, steadier, membrane morphologies can be observed in organellar membranes like the endoplasmic reticulum or
mitochondria. In the case of mitochondria, which are double membrane-bound, ubiquitous organelles of eukaryotic cells,
especially the mitochondrial inner membrane displays an intricated ultrastructure. It is highly folded and consequently has
a much larger surface than the mitochondrial outer membrane. It can adopt different shapes in response to cellular demands
and changes of the inner membrane morphology often accompany severe diseases, including neurodegenerative- and meta-
bolic diseases and cancer. In recent years, progress was made in the identification of molecules that are important for the
aforementioned membrane remodeling events. In this review, we will sum up recent results and discuss the main players
of membrane remodeling processes that lead to the mitochondrial inner membrane ultrastructure and in clathrin-mediated
endocytosis. We will compare differences and similarities between the molecular mechanisms that peripheral and integral
membrane proteins use to deform membranes.

Keywords Membrane dynamics - Mitochondria - Clathrin-mediated endocytosis - Mitochondrial morphology -
Mitochondrial ultrastructure - Membrane curvature

Clathrin-mediated endocytosis

Cells of many higher eukaryotic organisms have developed
mechanisms to take up nutrients, cell surface receptors, and
other molecules. The arguably best studied uptake process is
called clathrin-mediated endocytosis (CME) (Doherty and
McMahon 2009; Saheki and De Camilli 2012; Kirchhausen
et al. 2014). It is an essential process of eukaryotic cells,
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fundamental to signal transduction, neurotransmission, and
the regulation of many other activities at the plasma mem-
brane. Here, 40 different proteins come together on the cyto-
solic side of the plasma membrane in highly orchestrated
manner, to sort and cluster cargo molecules and to recruit
adaptor and scaffold proteins to form a clathrin-coated
pit. During pit maturation, more and more molecules are
recruited and the pit grows into a clathrin-coated vesicle
that is, in a final step, pinched off the plasma membrane
(Slepnev and De Camilli 2000). After internalization, the
vesicle gets stripped off clathrin and is either recycled to
fuse with the plasma membrane or becomes part of the
endosomal pathway. CME became a treasure trove for
molecules with the ability to shape biological membranes
(McMahon and Gallop 2005; Haucke and Kozlov 2018). A
number of proteins involved in CME were found to be tran-
siently attached, peripheral membrane proteins that sense
and induce membrane curvature. Taking the highly dynamic
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membrane remodeling process into account that happens
during clathrin-coated vesicle formation, it is conceivable
that membrane shaping proteins act on each stage of CME
from nucleation over cargo selection and coat assembly to
the scission reaction (Taylor et al. 2011).

Molecular mechanisms of membrane deformation
in clathrin-mediated endocytosis

Over the last 20 years, different molecular mechanisms
how proteins and lipids can shape biological membranes
were described. To study the biochemical and biophysi-
cal details of protein-dependent membrane deforma-
tion, several model membrane systems were developed
(Baumgart et al. 2011). One of the best studied membrane
remodeling protein modules is the Bin/Amphiphysin/Rvs
(BAR)-domains (Frost et al. 2009; Daumke et al. 2014).
BAR domain superfamily containing proteins are found in
various membrane trafficking pathways including CME.
They transiently interact with membranes and are, in many
cases, able to deform membranes. It was early on observed
that the addition of purified BAR domains to large uni-
lamellar vesicles (LUVs) leads to broad morphology
changes converting round liposomes into elongated tubular
structures (Takei et al. 1999; Farsad et al. 2001; Peter et al.
2004) as observed by electron microscopy (EM) on nega-
tive stained samples. In vitro membrane binding assays
can employ co-sedimentation of protein and LUVs (Ford
et al. 2002), co-floatation gradient centrifugations of pro-
teins mixed with LUVs (Barbot et al. 2015) or fluorescent
microscopy of giant unilamellar vesicles (GUVs) using
labeled proteins (Wollert and Hurley 2010; Meinecke
et al. 2013). Several BAR domain-containing proteins act
as rigid protein scaffolds that impose their curvature on
the underlying membrane while recruiting other proteins
involved in CME (Takei et al. 1999; Meinecke et al. 2013).
Helical patterns of this protein scaffolds could be visu-
alized using cryo-EM (Frost et al. 2008). BAR domains
consist of crescent shape a-helical coiled coil dimers.
They bind, in the case of CME, with their concave surface
to the negatively charged inner monolayer of the plasma
membrane (Peter et al. 2004; Gallop et al. 2006). Here,
they stabilize existing membrane curvatures and/or induce
curvature that geometrically corresponds to their mem-
brane binding interface. Hence, BAR domains generate
defined curvatures and form, in many cases, rigid scaffolds
on these membrane regions. The BAR domain superfamily
of proteins contains different classes that are characterized
by specific geometry and additional domains (McMahon
and Gallop 2005; Frost et al. 2009; Daumke et al. 2014),
both of which have an influence on membrane binding and
curvature induction. N-BAR domains, found, for example,
in endophilin and amphiphysin, display an amphipathic
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helix at their N-terminus. As outlined below, such amphi-
pathic domains have the ability to induce and sense mem-
brane curvature on their own. F-BAR domains of FBP17
or FCHo constitute a shallower arch and thus induce less
pronounced curvatures (Shimada et al. 2007; Henne et al.
2007, 2010). I-BAR domains display an inverted geom-
etry where the membrane binding side is convex. While
other BAR domains induce positive curvature of different
degrees, [-BAR proteins were found to induce negative
membrane curvature (Saarikangas et al. 2009). Interest-
ingly, it was shown that CME relies on high-fidelity of the
spatiotemporal recruitment and dissociation of different
BAR domain proteins (Taylor et al. 2011) (Fig. 1).

Another set of proteins recruited at specific timepoints
of CME contain amphipathic domains, mostly amphip-
athic a-helices. Such amphipathic helices (AH) are found
in various proteins and peptides involved in a wide range
of membrane-based processes (Giménez-Andrés et al.
2018). They are membrane binding and often membrane
remodeling modules, with hydrophobic and polar residues
segregated on two opposing sides of the a-helix. Generally,
the hydrophobic side is able to insert into a phospholipid
monolayer, with its central axis positioned at the level of
the lipid glycerol group, though varying insertion depth and
angles have been observed (Ford et al. 2002; Kweon et al.
2006; Campelo et al. 2008; Yoon et al. 2010). Often, this
membrane binding peptide is unstructured in solution. Mem-
brane insertion and folding is a multi-step process (Drin and
Antonny 2010). Insertion of the AH into one monolayer of
a lipid membrane ultimately results in an increased surface
through a wedging effect, which leads to non-zero spontane-
ous curvature (Zimmerberg and Kozlov 2006; Kozlov et al.
2014). In the case of CME, molecules with AH bind to the
plasma membrane from the cytoplasmic side and contribute
to vesicle maturation (Ford et al. 2002). For various proteins
containing AH, it was not only detected that they can mold
membranes but also that they are able to sense membrane
curvature through lipid packing defects (Antonny 2011). The
analysis of membrane curvature sensing made use of differ-
ent model membrane systems. As such, curvature sensing
abilities of peripheral membrane proteins were studied in
detail using, for example, solid supported wavy membranes
and lipid nano-tubes that are pulled out of GUVs (Roux et al.
2010; Hsieh et al. 2012).

While for some time, it was accepted by the field that
peripheral membrane proteins can act on membrane mor-
phology by either of these two mechanisms, scaffolding or
wedging, more recently molecular crowding was identified
as a driving force for membrane curvature induction (Sta-
chowiak et al. 2012). The model is based on the observation
that a high density of molecules, coupled to a membrane but
not necessarily inserted, leads to positive membrane curva-
ture (Stachowiak et al. 2013). In the crowding model, the
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Fig. 1 Mechanisms of
membrane remodeling. Lipid
bilayers can be deformed by
inducing positive or negative
membrane curvature. Exem-
plified are four molecular
mechanisms by which proteins
can remodel membranes
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energy to mold lipid membranes is generated by collisions
between membrane-bound proteins. In line with this model,
intrinsically disordered protein domains that are found in
many proteins involved in membrane trafficking events,
enhance curvature sensing and induction (Zeno et al. 2018).

It should be noted that the abovementioned molecular
mechanisms for membrane molding are not mutually exclu-
sive. N-BAR domains, for example, display an AH within
on their membrane binding surface. Thus, they have the pos-
sibility to sense curvature by two different mechanisms and
induce curvature by scaffolding and wedging. Consequently,
N-BAR domains are popular proteins to study the biochemi-
cal and physical details of protein—-membrane interaction.
Similarly, it seems likely that molecular crowding works
in addition to scaffolding or wedging. The below discussed
CME protein epsinl, for example, was shown to use AH
insertion for curvature induction but also displays a long
unstructured part that could very well increase curvature by
crowding (Steinem and Meinecke 2020).

Epsin1

Epsinl belongs to the conserved epsin family proteins that
are found in many membrane trafficking pathways (Leg-
endre-Guillemin et al. 2004). Epsinl is involved in CME
where it serves as an adaptor that bridges membrane bind-
ing and protein recruitment. Epsinl has a modular domain
structure with a tightly folded n-terminal membrane binding

Molecular
crowding

module (epsin n-terminal homology (ENTH) domain) and
a long, mainly disordered C-terminus that comprises sev-
eral protein—protein interaction motifs (Kalthoff et al. 2002;
Zeno et al. 2018). Through these short peptide motifs, epsinl
is able to bind to the a-ear of the adaptor complex AP2,
to intersectin, Eps15 and to clathrin heavy chains, all pro-
teins involved in CME (Chen et al. 1998; Rosenthal et al.
1999; Overstreet et al. 2003). Additionally, epsinl comes
with ubiquitin binding motifs, most probably to recruit
ubiquitinated cargo molecules destined for degradation, into
clathrin-coated vesicles (Hawryluk et al. 2006; Kazazic et al.
2009).

Membrane binding and remodeling carried out by the
ENTH domain is generally better understood than the exact
physiological role epsins play in specific membrane traf-
ficking pathways. Several high-resolution structures for the
ENTH domain are available (Itoh et al. 2001; Ford et al.
2002). At its very N-terminus of the a-helical, globular
domain an amphipathic helix is found. In solution, this part
of the primary structure is disordered. The ENTH domain
binds to phosphatidylinositide-containing with a preference
for phosphatidylinositol-4,5-bisphosphate (PIP,). Bind-
ing to PIP, leads to folding of the N-terminus into an AH
referred to as a0. Basic residues on the polar side of the AH
stabilize PIP2 binding and position the hydrophobic side
that consequently inserts into the inner leaflet of the plasma
membrane. Membrane binding of ENTH was shown to lead
to membrane deformation (Ford et al. 2002). Additionally,
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using nano-tubes pulled out of GUVs by optical tweezers, a
curvature sensing activity of the ENTH domain was shown
(Capraro et al. 2010). Due to the protein binding-dependent
membrane deformation and the amphipathic nature of a0,
it was postulated that shallow insertion of a0 at one side of
the bilayer leads to membrane curvature through wedging.
EPR studies showing that a0 penetrated into the hydropho-
bic region of the lipid bilayer later confirmed this model
(Kweon et al. 2006; Yoon et al. 2010).

Although, several theoretical, structural, and biochemical
studies have underlined that AH insertion drives membrane
remodeling by ENTH domains, the model is not without
contradiction. Calculations based on a numerical solution of
an analytical continuum mechanics model presented realis-
tic conditions under which a0 of ENTH domains can drive
membrane curvature (Campelo et al. 2008). Other studies
found that unlikely, high non-physiological concentrations
of the AH on the membrane would have to be required for
a0 shallow insertion to be responsible for membrane remod-
eling (Stachowiak et al. 2013). Results from studies using
the AH from N-BAR domains without the BAR domain did
not generate significant membrane curvature (Chen et al.
2016). Recently, macromolecular crowding was suggested
to be the main driving force for membrane deformation by
epsinl. An ENTH domain lacking a0 was shown to induce
membrane curvature at a protein coverage of a membrane
above 20% (Stachowiak et al. 2012). The energy to mold
membranes was supposed to be generated by collisions
between membrane-bound protein.

Results from our group showed that ENTH domain
membrane binding leads to decreased lateral membrane
tension (Gleisner et al. 2014, 2016). This, in turn, lowers
the energy barrier to induce membrane curvature (Steinem
and Meinecke 2020). The mechanism of decreasing lateral
membrane tension and generation of curvature depends on
AH insertion and the lipid-specific oligomerization of the
ENTH domain (Kroppen et al. 2020). It therefore seems
reasonable to assume that ENTH-dependent membrane
remodeling relies on different molecular mechanisms that
combine cooperativity of protein—lipid and protein—protein
interactions.

Mitochondrial inner membrane morphology

Mitochondria execute multiple physiological functions
within the cell among which are amino acids and iron clus-
ters synthesis, lipids biogenesis and apoptosis regulation.
Most importantly, mitochondria perform oxidative phos-
phorylation to produce the vast majority of cellular ATP.
These functions, as well as the needed dynamic plastic-
ity of mitochondria, while following the cellular needs,
strongly influence mitochondrial ultrastructure and overall
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morphology (Mannella 2008; Zick et al. 2009; Friedman and
Nunnari 2014; Barbot and Meinecke 2016). Mitochondria
comprise two membranes and four sub-organellar compart-
ments. The mitochondrial outer membrane (MOM) separates
the organelle from the rest of the cytosol and is relatively
even. The mitochondrial inner membrane (MIM) encloses
the innermost aqueous compartment called mitochondrial
matrix. As the MIM is highly folded, it has a several times
larger surface area in comparison to the MOM. Together,
MOM and MIM enclose another aqueous compartment
called intermembrane space (IMS). The MIM can be further
divided into two topologically and, importantly, function-
ally distinct domains of specific protein content (Mannella
et al. 1994; Williams 2000; Wurm and Jakobs 2006; Strauss
et al. 2008; Rabl et al. 2009; Stoldt et al. 2012). The inner
boundary membrane (IBM), which runs in close proximity
to the MOM and the cristae membranes (CM), which pro-
trude toward the mitochondrial matrix. The IBM and the
CM are separated by narrow, slot-like membranous struc-
tures with an inner diameter of about 15-35 nm, known as
the cristae junctions (CJs) (Mannella 2006, 2008). Several
remarkable morphological features of the mitochondrial
inner membrane were described. These include an almost
90° angle of membrane curvature observed at the cristae
junctions, long tubular/lamellar cristae stalks, and the highly
bent cristae tips.

The complex organization of the MIM and, at the same
time, the very dynamic nature of this organelle, both of
which intimately connected to physiological functions,
suggest the existence of multiple membrane curvature
maintenance, as well as regulation mechanisms. Due to the
apparent necessity to regulate MIM morphology to adopt
to varying physiological demands, the MIM ultrastructure
gained much attention over the last decade. As a result, sev-
eral players were identified to be involved in the MIM mor-
phology maintenance and remodeling.

Players in MIM remodeling
F,Fo ATP synthase—cristae tips

For a long time, it was thought that mitochondrial cristae
are mere membrane folds devoted to increase the capacity of
ATP production by providing the surface for large amounts
of oxidative phosphorylation (OXPHOS) complexes. The
understanding that the inner mitochondrial membrane is
not just randomly folded but is structurally highly regu-
lated started with the investigation of the OXPHOS com-
plex V, also known as F|F, ATP synthase, and its organi-
zation within the MIM. Early electron microscopy studies
of negatively stained cristac membranes in bovine cardiac
muscle cells revealed very characteristic 9 nm lollipop-like
globular protrusions of ATP synthase localized to the cristae
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membrane and facing the mitochondrial matrix (Fernandez-
Moran 1962). For some time, it remained a matter of debates
whether these structures are corresponding to the native
orientation in the membrane or whether they are artifacts
introduced by the application of negative stain. This was out
of the question when these structures were re-investigated
using fast-freeze/deep-etch electron microscopy followed
by rotatory shadowing using whole cells, as well as iso-
lated mitochondria of Paramecium (Allen et al. 1989). This
method of sample preparation allows to acquire detailed
three-dimensional images of macromolecular moieties in
almost native state avoiding common artifacts of conven-
tional electron microscopy. Similar topological arrangement
of ATP synthase molecules, as well as their highly ordered
distribution within the cristae membranes were observed
(Allen et al. 1989). The characteristic lollipop-shaped ATP
synthase molecules were organized in double rows along the
cristae stalk. It was then, when the first models of tubular
cristae formation via ATP synthase dimerization were sug-
gested (Allen et al. 1989; Paumard et al. 2002). Meanwhile,
it is known that the enzymatically active mitochondrial
ATP synthase, in contrast to its bacterial counterpart, forms
dimers (Arnold et al. 1998). It was shown using native BN-
PAGE followed by high-resolution second dimension SDS-
PAGE that dimerization of ATP synthase relies on auxiliary
transmembrane subunits (Su) of the Fy-domain Su e, Su g,
and Su k (Arnold et al. 1998). Later it was also shown that
dimerization and further oligomerization of ATP synthase
dimers into higher order oligomers through Su e and Su g
is the crucial point in the formation curved cristae tips/rims
(Paumard et al. 2002; Strauss et al. 2008). Null mutant yeast
cells missing either Su e or Su g possess only monomers of
ATP synthase. Although, the monomeric ATP synthases still
localizes to the MIM, changed mitochondrial ultrastructure
was found using electron microscopy. Unregulated folding
of the MIM resulted in formation of onion-like structures
instead of tubular cristae (Paumard et al. 2002). According
to current views, ATP synthase dimers resemble truncated
cones, which serve as a rigid arc-shaped scaffold and pro-
mote strong local membrane curvature, hence inward protru-
sion of the MIM (Paumard et al. 2002; Davies et al. 2012;
Kiihlbrandt 2019). Moreover, this process is further sup-
ported by the association of additional ATP synthase dimers
into long ribbon-like super-complexes (Strauss et al. 2008).
Cross-linking studies showed that ATP synthase dimers are
formed via membrane-embedded interface between subu-
nit e and g mediated through GXXXG motifs (Habersetzer
et al. 2013). Su e or su g knock out in yeast, as well us
amino acid substitutions in the GXXXG motif, distorts the
normal process of MIM biogenesis and leads to random
folding which results in multi-lamellar, onion-like struc-
tures instead of tubular cristae (Arselin et al. 2003; Bustos
and Velours 2005). Single-particle electron microscopy, as

well as cryo-electron tomography measurements in whole
mitochondria suggested a 70° angle between long axes of
ATPase single molecules in the dimers (Davies et al. 2011).
The fact that membrane patches produced after disruption
of mitochondria still maintain the curved morphology rather
confirms the idea that the dimer rows shape the cristae rims
rather than the other way around.

Mgm1/OPA1—cristae membranes

The fungal mitochondrial genome maintenance protein
(Mgml), in animals known as optical atrophy 1 protein
(OPA1), is a large GTPase of the dynamin superfamily that
is localized to the MIM. Members of this protein family
are involved in various membrane trafficking and membrane
remodeling processes, and Mgm1/OPAL1 is one of the cen-
tral elements in remodeling of the MIM (Ferguson and De
Camilli 2012). More precisely, it is involved in the MIM
fusion, as well as in regulation of the cristae membrane mor-
phology (Pellegrini and Scorrano 2007; Hoppins and Nun-
nari 2009). According to results from immunofluorescence
and confocal microscopy 3D-reconstitution of mitochondria,
downregulation of Mgm1/OPA1 leads to fragmentation of
the mitochondrial network, disorganization of the inner
mitochondrial membrane and loss of mitochondrial genomic
DNA (Jones and Fangman 1992; Olichon et al. 2003). More
detailed investigation of the MIM ultrastructure of such cells
by transmission EM revealed unstructured vesicular cristae
stalks with abnormally large distances between the mem-
branes (Olichon et al. 2003; Frezza et al. 2006).

Mature Mgml is anchored into the lipid bilayer of the
MIM via a single transmembrane domain and exposes a
large soluble part into the IMS. The IMS domain of Mgm1/
OPA1 comprises four domains: GTPase (G-domain), bundle
signaling element (BSE), stalk, and membrane-interacting
paddle (Faelber et al. 2019). Further, proteolytic processing
by an IMS-localized rhomboid-like protease in the region
between the transmembrane domain and the G-domain ren-
ders two Mgm1-isoforms: soluble short Mgm1 (S-Mgml),
as well as membrane-bound long Mgm1 (L-Mgml) (Amu-
tha et al. 2004; Ishihara et al. 2006). A combination of both,
S- and L-Mgml isoforms is required for mitochondrial
fusion, while only S-Mgml1 is required for cristac membrane
remodeling (Ishihara et al. 2006; Ban et al. 2010).

Liposome co-sedimentation assays with recombinantly
purified short isoform of OPA1 revealed a strong binding
preference to the negatively charged liposomes contain-
ing, for example, phosphatidylserine (PS) or cardiolipin
(CL) (Ban et al. 2010). Membrane binding promoted the
rather low basal GTPase activity of OPA1 up to 100 folds,
as well as assembly of OPA1 into higher order oligomers,
as detected by homo-bifunctional cross-linking experi-
ments (Ban et al. 2010; Zhang et al. 2020). Fluorescence
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microscopy, negative stain transmission EM, as well as
electron cryo-microscopy showed that these higher order
oligomers assemble into a regular pattern and induce pro-
trusion of lipid tubules from the cardiolipin-containing
liposomes (Frezza et al. 2006; Ban et al. 2010; Zhang et al.
2020).

Recent functional and structural studies performed on the
fungal S-Mgm1 revealed similar behavior of the protein,
as well as shed the light onto the molecular principles of
Mgm1 oligomerization and assembly into regular patterns
on the membrane (Faelber et al. 2019). Using X-ray crys-
tallography, it was observed that Mgm1 forms V-shaped
dimers assembled via conserved hydrophobic interface of
the stalk domains. Mgm1’s ability to dimerize was shown
to be important for its membrane binding ability, assembly
into a regular pattern on the membrane surface, as well as
for membrane deformation. When expressed in Saccharo-
myces cerevisiae cells lacking endogenous Mgm1, dimeri-
zation mutants were not able to rescue Mgm1 protein func-
tion, which was assessed by growing on non-fermentable
medium, fluorescence microscopy of the mitochondria of
corresponding strains, as well as blotting against proteins
encoded in mitochondrial DNA (Faelber et al. 2019).

In the same study, the structure of Mgm1 bound to posi-
tively, as well as negatively curved membranes was solved
using cryo-ET sub-tomogram averaging (Faelber et al.
2019). It provided more details to the earlier observations
of Mgm1 decorating membrane tubules in a regular pattern
(Ban et al. 2010). According to the cryo-ET results, Mgm1
can assemble on the inside of the liposomal membrane (neg-
ative membrane curvature, topologically and geometrically
resembling the inside of the narrow tubular parts of mito-
chondrial cristae junctions) to form helical structures, where
the paddle domain interacts with the membrane, stalks are
positioned in the middle while BSE and G-domains are
exposed to the lumen of the membrane tubule. The back-
bone of the helical filament is formed by the stalk domains,
and the contacts between adjacent helix turns is mediated
through the G-domains (Faelber et al. 2019). Cryo-EM
structures of S-Mgm1 assemblies at positively curved mem-
branes revealed similar membrane organization of S-Mgm1
dimers: Paddle-Stalk-BSE-G-domain, while the interaction
between dimers of adjacent filament turns was mediated
via paddle domains and G-domains staying far apart from
each other. Interestingly, results of live fluorescence micros-
copy of GUVs manipulated with optical tweezer showed
that Mgm1 was concentrating at the connection point of
the GUV surface and the tubular invagination while slowly
growing along the tubule during the course of incubation
(Faelber et al. 2019).

Based on the sequence and structure similarities between
the G-domains and BSE domains of Mgm1 and dynamin,
similar mechanisms of GTPase activity stimulation were
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proposed. In this model Mgm1, like dynamin, undergoes a
power stroke upon GTP hydrolysis to remodel membranes.
This power stroke would result in different remodeling pro-
cesses depending on the assembly geometry of Mgml. A
power stroke in left-handed helix on negatively curved mem-
branes would result in constriction of its diameter—as, for
instance, in cristac membranes upon OPA1 overexpression,
whereas a power stroke of right-handed helix would lead
to the tubule expansion (Faelber et al. 2019). Taking these
models into account, one could assume that on the inside of
mitochondrial CJs, Mgm1 can assemble into a left-handed
helical filament and upon GTP hydrolysis constrict the diam-
eter of the CM or the CJs. This would, in turn, seclude the
mitochondrial pool of cytochrome ¢ and / or maintaining the
respiratory active conformation of the cristae membrane.
When assembled into a right-handed filament, Mgm1 could
compensate for the tubulation force of ATP synthase dimers
at the cristae tips and MICOS proteins at the cristae junc-
tions preventing the cristae membranes from collapsing onto
each other (Faelber et al. 2019).

Parallel investigations of the cryo-EM structure of
liposomes coated with human S-OPA1, as well as X-ray
crystallography of the yeast S-Mgm1 support the findings
made about fungal Mgm1 protein regarding the importance
of its oligomerization, GTPase function activation, domain
structure, and its membrane curvature induction activ-
ity (Zhang et al. 2020). Sequence analysis of the human
S-OPAL1 as well as yeast S-Mgm1 suggest that their C-termi-
nal domains (corresponding to the paddle domain of Chaeto-
mium Mgm1) exert membrane binding and deformation via
an AH. Mutagenesis experiments, in which AH formation
was hindered by amino acid substitutions showed that AH
mutants had decreased membrane binding affinity, GTPase
activity, as well as tubulation activity.

Lipids (PE and CL)

The major structural lipids of eukaryotic cell membranes are
glycerophospholipids with various headgroups: phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylserine PS, phosphatidylinositol (PI), and phosphatidic
acid (PA) (van Meer et al. 2008). They all have different
geometry based on the size and shape of their headgroups
and fatty acid tail components. PC, PS, and PI have overall
cylindrical shape and promote formation of flat planar lipid
bilayers. The hydrophilic head of PE is smaller and together
with its poly-acyl tail adopts a conical shape. When enriched
in membranes, such shape would promote curvature stress,
which is utilized in such cellular processes as membrane
fission and fusion and membrane budding (Cullis and de
Kruijff 1979; Verkleijj et al. 1984; Epand et al. 1996; Siegel
and Epand 1997; Brink-van der Laan et al. 2004).
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Lipids are not randomly distributed between cellu-
lar membranes. There is a large degree of lipid asymme-
try between different organelles (van Meer 2005), which
is even true for membranes and/or bilayer leaflets within
the same organelle. A mitochondrion is a good example to
illustrate that, since it is enclosed by two membranes. The
MOM is relatively flat and consists of 44-59% PC, 20-35%
PE, 5-20% PI with rest amount taken over by PS, PA,
and lysophospholipids. The MIM consists of 38—-45% PC,
32-39% PE, 2-7% PI, 14-23% CL (van Meer et al. 2008).
Cardiolipin (CL) is mitochondria-specific lipid that is essen-
tially consisting of two PA molecules. CL is large, conical
non-bilayer lipid similarly to PE (Cullis and de Kruijff 1979;
van Meer 2005; Basu Ball et al. 2018). In this way, the MIM
can consist up to 62% (over 32% of MOM) of non-bilayer
lipids, which is in line with its convoluted, highly curved
morphology.

MICOS—cristae junctions

The mitochondrial contact sites and cristae organizing sys-
tem (MICOS) resides at mitochondrial cristae junctions.
This multi-subunit protein complex is found in all eukaryotic
organisms containing mitochondria (Mufioz-Gémez et al.
2015; Huynen et al. 2016). MICOS consists of six mem-
brane-associated protein subunits named Mic60, Mic27,
Mic26, Micl9, Micl12, and Micl0 (Pfanner et al. 2014).
In mammals, there is an additional subunit, paralogous to
Mic19, called Mic25. All MICOS subunits contain at least
one transmembrane domain apart from the Mic19/Mic25

Fig.2 Protein-dependent
mitochondrial inner membrane
morphology. The schematic
illustration of a part of a mito-
chondrion shows two major
complexes (MICOS and F,F,
ATP synthase) of the inner
membrane (IM) that have been
identified to directly affect cris-
tae membrane (CM) formation.
While the mitochondrial outer
membrane (MOM) is rela-
tively smooth, the MIM shows
two morphological distinct
subdomains: inner boundary
membrane (IBM) and CM that
are connected by cristae junc-
tion (CJ). Intermembrane space
(IMS)

proteins, which interact with the MIM peripherally. Deletion
of single MICOS components leads to drastic changes in
MIM morphology characterized by the loss of CJs, pinch-
ing off the cristae membranes from the IBM and as a result,
their accumulation within the mitochondrial matrix in the
shape of enclosed membrane sacks (John et al. 2005; Hop-
pins et al. 2011; Harner et al. 2011; Malsburg et al. 2011).
Derived from the severity of these protein deletion effects,
Mic10 and Mic60 were defined as the two core subunits of
MICOS. Both proteins are evolutionary conserved within
the kingdom of eukaryotes with Mic60 being the oldest
subunit of the complex (Mufoz-Gémez et al. 2015). Alto-
gether, MICOS is thought to maintain the cristae junctions
balancing membrane curvature at the cristae rims induced
by the ATP synthase oligomers (Barbot and Meinecke 2016;
Rampelt and van der Laan 2017) (Fig. 2).

Mic10

Mic10 is the smallest, but the most abundant component of
the MICOS complex. Studies on Mic10’s involvement in
the maintenance of the MIM morphology began from the
investigation of mitochondrial ultrastructure of the knock-
out cells, as well as from overexpression experiments (Hop-
pins et al. 2011; Harner et al. 2011; Malsburg et al. 2011).
Based on negative stain TEM studies of the mitochondrial
ultrastructure, it was found that Mic10 deletion mutants
lose the CJ structures and accumulate the CM if the form
of piled up membrane stacks, while cells with elevated
Mic10 expression levels exhibit deformed CJ structures and
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elongated cristae membranes. Already, these observations
pointed toward the particular importance of Mic10 for the
maintenance of proper MIM morphology.

According to the secondary structure prediction, the
10 kDa protein consists of two transmembrane helices.
The first helix exhibits typical parameters of standard
transmembrane domain, while the second helix appears to
be several amino acid residues longer. Both helices contain
conserved sequence motifs comprising consecutive gly-
cine residues (Alkhaja et al. 2012). PEGylation of relevant
Mic10 cysteine mutants, as well as protease K treatment
of yeast mitoplast expressing C- and N-terminally tagged
Mic10 variant showed that Mic10 adopts a hairpin-like
topology within the MIM with N-/C-termini exposed to
the IMS (Barbot et al. 2015; Bohnert et al. 2015). A mem-
brane remodeling activity of Mic10 was shown by direct
visualization of the Mic10-containing vesicles (Barbot
et al. 2015). Negative staining TEM of the Mic10-con-
taing liposomes revealed that Mic10 converted spherical
liposomes into elongated tubules. These observations were
supported by dynamic light scattering (DLS) analysis of
liposomes in the absence and presence of Micl10. Addi-
tionally, Mic10-containing GUVs, analyzed by fluores-
cence confocal microscopy, exhibited multiple cristae-like
invaginations of the membrane.

As glycine-rich protein motives are crucial for
helix—helix interaction and transmembrane segments pack-
ing within lipid bilayers (Russ and Engelman 2000), it was
suggested that Mic10 might undergo homo-oligomeriza-
tion. Using helical wheel projections, it was shown that
GxxxG motifs are positioned on the opposite sides of the
alpha-helices, thus enabling stable association of several
protein molecules next to each other. This suggestion was
further confirmed by the results of BN-PAGE, as well as
FRET using the recombinant Mic10 protein reconstituted
into liposomes (Barbot et al. 2015; Bohnert et al. 2015).
Mutagenesis of the relevant amino acid residues, which
disrupt GxxxG motifs of the Mic10 protein inhibited for-
mation of the high-order oligomers in vitro. Such behav-
ior of the mutant protein was also observed in organello
experiments. Negative stain TEM of Amicl0 mitochon-
dria expressing Mic10 oligomerization mutants exhibited
a typical Amicl0 phenotype accompanied by CJs loss and
piling up of enclosed cristae membranes in the matrix
(Barbot et al. 2015; Bohnert et al. 2015). Notably, oli-
gomerization mutants failed to induce tubule formation in
both types of the model membranes (Barbot et al. 2015).
Hence, Mic10 oligomerization is essential for its mem-
brane remodeling activity and is a prerequisite for for-
mation of the cristae junctions. Considering its topology
and transmembrane domain properties, it was suggested
that Mic10 occupies a larger surface on the outer leaflet
of the inner membrane bilayer, causing elastic stress and
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promoting membrane deformation (Barbot et al. 2015).
The GxxxG domains promote oligomerization of Mic10
on the membrane which covers energy costs of mem-
brane bending. In this way, Mic10 is employing wedging
mechanisms for membrane curvature induction, as well
as oligomerization to enhance and stabilize membrane
curvature (Fig. 3).

Mic60

Mic60 is the largest and evolutionary, the oldest component
of the MICOS complex (Mufioz-Gémez et al. 2015, 2017,
Huynen et al. 2016). In fact, it is the only MICOS subunit
with homologs in Prokaryotes (Mufioz-Gémez et al. 2015).
Deletion of Mic60, similarly to deletion of Mic10, leads to
disruption of the CJ structures and disconnection of the cris-
tae from the inner boundary membrane. Mic60’s overexpres-
sion, in contrast to Mic10, leads to an increase of CJ number,
as well as to cristae branching, which rarely occurs in normal
mitochondria (John et al. 2005; Rabl et al. 2009; Hoppins
et al. 2011; Harner et al. 2011; Malsburg et al. 2011).
Secondary structure prediction suggests that the mature
Mic60 protein consists of single N-terminal transmembrane
domain, large central coiled coil domain and C-terminal sig-
nature mitofilin domain. Based on the results of proteinase
K treatment of yeast mitoplasts, the N-terminal transmem-
brane domain of Mic60 is anchored into the MIM, while
the coiled coil and the mitofilin domains are exposed to the
mitochondrial IMS (Rabl et al. 2009). Co-expression of full-
length Mic60 variants with different C-terminal fusion tags

A Mic10

¢

L

Fig.3 MICOS core components Mic10 and Mic60 induce membrane
curvature. Model of Micl0 (a) and Mic60 (b) -dependent membrane
deformation. a Micl0O oligomerizes and might adopt a wedge-like
structure within the inner membrane. b Mic60 is anchored in the
MIM by a single transmembrane domain. It most likely induces cur-
vature by amphipathic helix insertion
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followed by tandem affinity purification, as well as results of
the equilibrium analytical ultracentrifugation and BN-PAGE
of recombinant N-terminally truncated variant suggest that
Mic60 exhibits a tendency to homotypical interactions pre-
dominantly existing in a dimeric form with only small frac-
tion assembled into higher order oligomers (Rabl et al. 2009;
Hessenberger et al. 2017).

In vitro reconstitution studies using recombinantly puri-
fied full-length Mic60 revealed its membrane bending activ-
ity (Tarasenko et al. 2017). This activity was observed in
artificial model membranes of different dimensions. Incor-
porated into LUVs, Mic60 was able to convert spherical
200-nm-sized vesicles into long tubules which were visual-
ized by negative stain TEM. In larger, up to several microm-
eter-sized GUVs visualized by light confocal fluorescence
microscopy Mic60 induced formation of internal vesicles, as
well as interconnected membrane sheets. Moreover, Mic60
was able to form cristae-like structures de novo in living
cells when targeted to the inner membrane of Gram-negative
bacteria (Tarasenko et al. 2017).

According to liposome co-sedimentation, as well as lipo-
some flotation assays, Mic60’s ability to bind and remodel
lipid membranes seems to be independent of its transmem-
brane domain (Tarasenko et al. 2017; Hessenberger et al.
2017). LUVs incubated with N-terminally truncated variant
of Mic60 were converted into long tubules as revealed by
negative stain TEM. This observation in line with an in vivo
experiment where IMS part of Mic60 was targeted to the
periplasm of Gram-negative bacteria and induced forma-
tion of long tubular cristae-like protrusions into the bacterial
cytoplasm (Tarasenko et al. 2017).

Using secondary structure prediction tools, it was iden-
tified that the Mic60 protein contains two predicted AH,
designated LBS1 and LBS2, in the region between its coiled
coil and mitofilin domains (Hessenberger et al. 2017).
Helical wheel projections showed conserved amphipathic
properties of LBS1, which is a signature feature of mem-
brane-inserting AH, as discussed above. A Mic60 variant
lacking the LBS1 sequence was not able to bind and tubulate
liposomes (Hessenberger et al. 2017). Two conserved polar
residues Arg572 and Phe573 appeared to be crucial for these
functions of Mic60, where arginine is potential binding part-
ner for negatively charged lipid heads, while Phenylalanine
might be important for the insertion into the hydrophobic
core of the lipid bilayer. Substitution of these residues by
Aspartate led to the considerable reduction of lipid binding,
as well as weakened liposome binding. Simultaneous sub-
stitution of both residues to Aspartate completely abolished
membrane binding and tubulation. These residues appear
to play a crucial role for MICOS stability. When relevant
mutants were expressed in yeast and the whole MICOS was
isolated, it was observed that the subunits were strongly
reduced (Hessenberger et al. 2017).

Taking all together, Mic60 uses a different mechanism
to bind and remodel the mitochondrial inner membrane in
comparison to Mic10. In fact, this protein, while residing
permanently in the MIM, used a similar membrane mold-
ing mechanism as proteins found in membrane traffick-
ing events like CME. AH are known to sense and induce
positive membrane curvature. They insert into the lipid
bilayer via intercalation into one membrane leaflet com-
peting for the space with the lipid head groups and even-
tually such asymmetrical insertion leads to curvature of
the membrane. Usually, such curved membrane is addi-
tionally stabilized by rigid protein scaffold that supports
the form of the underlying membrane e.g., BAR proteins
or endophilins. Long, rod-shaped coiled coil domain of
Mic60 together with amphipathic nature of its LBSImight
employ similar mechanisms to shape the mitochondrial
inner membrane at the CJ sites.

As expected for a dynamic process like CME, where
membrane remodeling takes place on a timescale of a few
seconds, membrane curvature inducing molecules are only
transiently attached and are recruited, and most probably
released in a spatiotemporal regulated fashion. For a process
of this importance, it is also not surprising that many mem-
brane shaping proteins with partially overlapping function
are found. In addition to scaffolding and shallow insertion of
proteins on membranes, molecular crowding is likely con-
tributing to the morphological maturation of clathrin-coated
vesicles. In the future, it will be important to study coopera-
tivity of protein—protein and protein—membrane interactions
in CME. As for studying the physiological role of specific
lipids, these experiments are much more complex and rely
on continuous exciting progresses in model membrane sys-
tems and structural investigation of biological samples.

The morphology of organellar membranes like mito-
chondria or the endoplasmic reticulum is, although able
to dynamically respond to different cellular needs, stead-
ier than what is observed in membrane trafficking events.
Consequently, the few organelle shaping proteins that have
been identified so far are, in most cases, integral membrane
proteins, that reside constantly within the membrane. Due
to their physical-chemical properties, in vitro investiga-
tions of these hydrophobic molecules are more demanding
than for soluble proteins. A common mechanism by which
membrane proteins induce curvature seems to be sterically
driven. Here, the molecules cover different surface areas on
each side of the membrane and, as such, adopt a wedge-
like topology. Interestingly, integral membrane proteins that
carry AH at their soluble domains, with which they mold
membranes, have also been identified. Shallow insertion of
protein moieties seems to be a general theme in the remode-
ling of biological membranes. Prospective studies will surely
identify more membrane bending proteins and molecular
mechanisms. It will be exciting to see more similarities and
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differences between soluble and integral membrane proteins
and their effect on membrane morphology uncovered.
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