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Protein Amphipathic Helix Insertion:
A Mechanism to Induce Membrane
Fission

Mikhail A. Zhukovsky*, Angela Filograna, Alberto Luini, Daniela Corda* and
Carmen Valente*

Institute of Biochemistry and Cell Biology, National Research Council, Naples, Italy

One of the fundamental features of biomembranes is the ability to fuse or to separate.
These processes called respectively membrane fusion and fission are central in the
homeostasis of events such as those related to intracellular membrane traffic. Proteins
that contain amphipathic helices (AHs) were suggested to mediate membrane fission via
shallow insertion of these helices into the lipid bilayer. Here we analyze the AH-containing
proteins that have been identified as essential for membrane fission and categorize them
in few subfamilies, including small GTPases, Atg proteins, and proteins containing either
the ENTH/ANTH- or the BAR-domain. AH-containing fission-inducing proteins may
require cofactors such as additional proteins (e.g., lipid-modifying enzymes), or lipids
(e.g., phosphatidylinositol 4,5-bisphosphate [Ptdins(4,5)P»], phosphatidic acid [PA], or
cardiolipin). Both PA and cardiolipin possess a cone shape and a negative charge (—2)
that favor the recruitment of the AHs of fission-inducing proteins. Instead, Ptdins(4,5)P»
is characterized by an high negative charge able to recruit basic residues of the AHs
of fission-inducing proteins. Here we propose that the AHs of fission-inducing proteins
contain sequence motifs that bind lipid cofactors; accordingly (K/R/H)(K/R/H)xx(K/R/H)
is a Ptdins(4,5)P»-binding motif, (K/R)xg(F/Y) is a cardiolipin-binding motif, whereas
KxK is a PA-binding motif. Following our analysis, we show that the AHs of many
fission-inducing proteins possess five properties: (a) at least three basic residues on the
hydrophilic side, (b) ability to oligomerize, (c) optimal (shallow) depth of insertion into the
membrane, (d) positive cooperativity in membrane curvature generation, and (e) specific
interaction with one of the lipids mentioned above. These lipid cofactors favor correct
conformation, oligomeric state and optimal insertion depth. The most abundant lipid in
a given organelle possessing high negative charge (more negative than —1) is usually
the lipid cofactor in the fission event. Interestingly, naturally occurring mutations have
been reported in AH-containing fission-inducing proteins and related to diseases such
as centronuclear myopathy (amphiphysin 2), Charcot-Marie-Tooth disease (GDAP1),
Parkinson’s disease (a-synuclein). These findings add to the interest of the membrane
fission process whose complete understanding will be instrumental for the elucidation
of the pathogenesis of diseases involving mutations in the protein AHs.

Keywords: membrane fission, membrane scission, fission-inducing protein, amphipathic helix, shallow insertion,
lipid cofactor, lipid-binding site, neck-hemifission model
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INTRODUCTION

Membrane fission (or scission), the process opposite to
membrane fusion, consists in the splitting of one membrane
into two separate membranes; instead, membrane fusion is a
process by which two biological membranes converge into one
membrane (Falanga et al., 2009; Kozlov et al., 2010; Scott and
Youle, 2010; Knorr et al., 2017). Several examples of membrane
fission processes can be found in the literature: cell division
(Bohuszewicz et al., 2016; Caspi and Dekker, 2018; Stoten and
Carlton, 2018), endocytosis (Renard et al., 2015; Ferreira and
Boucrot, 2018; Kaksonen and Roux, 2018; Mettlen et al., 2018;
Sandvig et al, 2018; Genet et al,, 2019), caveolae biogenesis
(Parton et al., 2006; Kirkham et al., 2008; Ariotti et al., 2015),
budding of vesicles from endomembranes (Lee et al., 2005;
Krauss et al., 2008; Hagen et al., 2015; Park et al., 2019), nuclear
envelope repair (Isermann and Lammerding, 2017), neuron
pruning (Loncle et al.,, 2015), mitochondrial division (Adachi
etal., 2016; Huber et al., 2016; Pagliuso et al., 2018; Tandler et al,,
2018; Tilokani et al., 2018; Agrawal and Ramachandran, 2019;

Abbreviations: AH, amphipathic helix; ANKHDI, ankyrin repeat and KH
domain-containing protein 1; Arf, ADP ribosylation factor; ArfGAP1, ADP-
ribosylation factor GTPase-activating protein 1; Atg, autophagy-related protein;
ATP, adenosine triphosphate; AtPmtA, Agrobacterium tumefaciens phospholipid
N-methyltransferase; BAR, Bin/Amphiphysin/Rvs; BDLP1, bacterial dynamin-
like protein 1; Bif-1, Bax-interacting factor 1; BINI, bridging integrator-1;
CALM, Clathrin Assembly Lymphoid-Myeloid leukemia protein; CCT, cytidine
triphosphate:phosphocholine cytidylyltransferase; CCVs, clathrin-coated vesicles;
CdvC, Cell division protein C; CL, cardiolipin, CME, clathrin-mediated
endocytosis; CNM, centronuclear myopathy; COP, coat protein; CtBP1-S/BARS,
C-terminal binding protein 1 shorter isoform/brefeldin A ADP-ribosylated
substrate; DGS, diglucosyldiacylglycerol synthase; DHN1, dehydrin 1; Dnm?2,
dynamin2; DRP, dynamin-related protein; EcMurG, Escherichia coli MurG; EHD1,
Eps15-homology domain-containing protein 1; ENTH/ANTH, Epsin N-Terminal
Homology/AP180 N-Terminal Homology; EPR, electron paramagnetic resonance;
ER, endoplasmic reticulum; ESCRT, endosomal sorting complexes required for
transport; F-BAR, FCH-BAR; FEME, fast endophilin-mediated endocytosis;
FisB, fission protein B; GDAPI1, Ganglioside-induced Differentiation Associated
Protein 1; GDP, guanosine diphosphate; GMAP-210, Golgi Microtubule-
Associated Protein 210; GTP, guanosine triphosphate; GUVs, giant unilamellar
vesicles; I-BAR, Inverse BAR; IMM, inner mitochondrial membrane; INF2,
inverted formin-2; LPAAT, lysophosphatidic acid acyltransferase; MFE
mitochondrial fission factor; MGS, monoglucosyldiacylglycerol synthase;
MiD49 and MiD51, mitochondrial dynamics proteins 49 and 51; MinD, septum
site-determining protein MinD; MMPE, monomethyl-phosphatidylethanolamine;
MurG, N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol
N-acetylglucosamine transferase; N-BAR, N-terminal amphipathic helix-
containing BAR; OMM, outer mitochondrial membrane; Opil, overproduction
of inositol 1; PA, phosphatidic acid; PBP, phosphatidylinositol bisphosphate;
PC, phosphatidylcholine; Pcytla, cytidine triphosphate:phosphocholine
cytidylyltransferase alpha; Pexl1, peroxisomal membrane protein 11; PG,
phosphatidylglycerol; PICK1, protein interacting with C kinase 1; PM, plasma
membrane; PmtA, phospholipid N-methyltransferase; POPG, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol; PROPPIN, B-propellers that bind
polyphosphoinositides; PS, phosphatidylserine; PtdIns, phosphatidylinositol;
PtdIns3P, phosphatidylinositol 3-phosphate; PtdIns4P, phosphatidylinositol
4-phosphate; PtdIns5P,  phosphatidylinositol =~ 5-phosphate;  PtdIns(3,4)P,,
phosphatidylinositol ~ 3,4-bisphosphate;  PtdIns(3,5)P2, phosphatidylinositol
3,5-bisphosphate; PtdIns(3,4,5)P,, phosphatidylinositol 3,4,5-trisphosphate;
PtdIns(4,5)P,, phosphatidylinositol 4,5-bisphosphate; Sar, secretion-associated
Ras-related protein; SH3YL1, SRC homology 3 domain containing Ysc84-like 1;
SNCA, a-synuclein; Snf7, sucrose non-fermenting protein 7; Spo20, sporulation-
specific protein 20; STIM2, stromal interaction molecule 2; Tam41, translocator
assembly and maintenance protein 41; VHS, Vps27, Hrs, and STAM; VP40, viral
protein 40; Vps4, Vacuolar protein sorting-associated protein 4A; wt, wild type.

Irajizad et al., 2019; Yoshida and Mogi, 2019), plastid division
(Osteryoung and Pyke, 2014; Yoshida, 2018; Yoshida and Mogi,
2019), peroxisome fission (Huber et al.,, 2016; Schrader et al,
2016; Su et al, 2018), endosome fission (Daly and Cullen,
2018; Hoyer et al., 2018; Kitamata et al., 2019), vacuole fission
(Gopaldass et al., 2017), Golgi membrane fission (Weigert et al.,
1999; Hidalgo Carcedo et al., 2004; Bonazzi et al., 2005; Yang
et al.,, 2005, 2008, 2011; Corda et al., 2006; Colanzi et al., 2007;
Valente et al., 2013), macropinocytosis (Liberali et al., 2008),
macroautophagy (Knorr et al., 2015; Yu and Melia, 2017; Osawa
et al, 2019), microautophagy (Uttenweiler and Mayer, 2008;
Li et al., 2012), thylakoid membrane remodeling (Chuartzman
et al, 2008), formation of multivesicular bodies (Piper and
Katzmann, 2007), sporulation in bacteria (Doan et al., 2013;
Gifford and Meyer, 2015); formation of bacterial membrane
vesicles (Eriksson et al., 2009; Schwechheimer and Kuehn, 2015;
Bitto and Kaparakis-Liaskos, 2017), bacterial chromatophores
(Bohuszewicz etal., 2016) and bacterial magnetosomes (Uebe and
Schiiler, 2016); formation of membrane vesicles in archaea (Ellen
et al., 2010), virus budding from the cell (Rossman and Lamb,
2013; Adu-Gyamfi et al, 2015; Bigalke and Heldwein, 2015;
Herneisen et al., 2017). Most of these membrane fission reactions
are mediated by specialized proteins (Campelo and Malhotra,
2012; Frolov et al., 2015; Renard et al., 2015) that include the AH-
containing proteins (see, e.g., Antonny et al., 1997; Farsad et al,,
2001; Boucrot et al,, 2012; Martyna et al., 2017).

Based on the many examples of membrane fission driven by
AH insertion into the membrane bilayer, we have summarized
in this review the known AH-containing proteins and related
mechanisms linked to the fission event. Following a brief
outline on the hemifission intermediate, we here propose to
divide the membrane fission processes in four classes based
on direct/indirect energy consumption and on the budding
toward the cytosol or away from the cytosol. We then discuss
the fission events mediated by the AH-containing proteins
and underline the role of specific lipid cofactors and of
the oligomeric state. We also report the naturally occurring
mutations of these proteins.

PROTEIN-MEDIATED MEMBRANE
FISSION

Stages of Fission Process:
“Neck-Hemifission” Model

Membrane fission proceeds through the following steps:
membrane neck intermediate, hemifission intermediate, and two
separate membrane formation (Corda et al., 2002; Kozlovsky and
Kozlov, 2003; Bashkirov et al., 2008; Campelo and Malhotra,
2012; Frolov et al, 2015; Antonny et al, 2016; McDargh
and Deserno, 2018; Pannuzzo et al., 2018). Hemifission is an
intermediate state where the proximal monolayer (also called
contacting monolayer) of the bilayer forming the neck coalesces,
thus breaking the inner volume into two parts, while the distal
monolayer remains continuous. Separation of distal monolayers
completes the fission process. The existence of hemifission
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intermediate is confirmed by experimental observation that
membrane fission is non-leaky (Bashkirov et al., 2008).

Neck and hemifission intermediates of the membrane fission
process resemble pore and hemifusion intermediates of the
opposite membrane fusion process. Membrane fusion proceeds
via an intermediate named stalk, a lipidic hourglass-shaped
connection between the contacting membrane leaflets. As a
result of the radial expansion of the stalk, a hemifusion
diaphragm forms. This intermediate is a bilayer formed by
two distal leaflets of the fusing membranes. Finally, a fusion
pore forms and establishes continuity between aqueous spaces
of fusing membrane-enclosed compartments. The difference
between membrane neck (sometimes referred to as “fission pore”)
and fusion pore is that neck narrows, while fusion pore expands.
By analogy with the “stalk-pore model” of membrane fusion
(Chernomordik and Kozlov, 2008; Martens and McMahon, 2008;
Kielian, 2014; Podbilewicz, 2014; Zhukovsky et al., 2019a; and
references therein), we will call this membrane fission pathway
as “neck-hemifission model.”

Classes of Membrane Fission Reactions
Renard et al. (2018) suggested to classify membrane fission
mechanisms into two main categories: active fission (with the
direct consumption of cellular energy by nucleoside triphosphate
hydrolysis) and passive fission (without the direct use of
energy). Many membrane fission processes are dependent on
the interaction of fission-inducing proteins with specific lipid
molecules (see below). In some cases, passive fission might be
energized indirectly, via the energy used in the synthesis of these
lipid cofactors (Gopaldass et al., 2017).

Moreover, membrane fission processes can be classified
into two types: “normal topology fission” (membrane-enclosed
compartments bud toward the cytosol) and “reverse topology
fission” (membrane-enclosed compartments bud away from
the cytosol) (Votteler and Sundquist, 2013; Frolov et al,
2015; Schoneberg et al.,, 2017; Caspi and Dekker, 2018; Snead
and Stachowiak, 2018). During normal topology fission, distal
monolayer of a membrane-enclosed compartment is cytoplasmic,
whereas proximal monolayer is exoplasmic (Figure 1). During
reverse topology fission, distal monolayer is exoplasmic, and
proximal monolayer is cytoplasmic (Figure 1). We would like
to point out that after “normal topology fission,” disjoint union
of two membrane-enclosed compartments (as in the case of
formation of post-Golgi carriers) or joint union (as in the case of
endocytosis) can form. Similarly, after “reverse topology fission,”
disjoint union (as in the case of cell division) or joint union [as
in the case of herpesvirus primary envelopment (Bailer, 2017;
Klupp et al., 2018) or formation of multivesicular bodies (Piper
and Katzmann, 2007)] can form (Figure 1). Based on these
considerations, we propose to divide membrane fission processes
into four classes (Figure 2):

Class I: Active mechanism, normal topology. Examples: fission
mediated by the large GTPase dynamin and other members
of the dynamin superfamily (Daumke and Praefcke, 2016;
Ramachandran and Schmid, 2018; Ford and Chappie, 2019;
Jimah and Hinshaw, 2019) and by the small AH-containing

GTPases Arfl (Krauss et al., 2008; Beck et al., 2011;
Bottanelli et al., 2017; Dodonova et al., 2017) and Sarl (Bielli
et al.,, 2005; Lee et al., 2005; Bacia et al., 2011; Hariri et al., 2014;
Hanna et al., 2016; Melero et al., 2018).

Class II: Passive mechanism, normal topology. Examples:
fission mediated, in the absence of nucleoside triphosphate
hydrolysis, by Bacillus subtilis FisB (Doan et al., 2013),
C-terminal Binding Protein 1 Short form/Brefeldin A ADP-
Ribosylation substrate (CtBP1-S/BARS) (Spano et al.,, 1999;
Weigert et al.,, 1999; Hidalgo Carcedo et al.,, 2004; Valente
et al.,, 2005, 2012; Liberali et al., 2008; Pagliuso et al., 2016;
Zhukovsky et al., 2019b), and by numerous AH-containing
proteins, such as endophilins (Rostovtseva et al, 2009;
Ambroso et al.,, 2014; Genet et al., 2019), amphiphysins (Wu
and Baumgart, 2014; Snead et al., 2019), epsins (Ford et al.,
2002; Boucrot et al., 2012; Brooks et al., 2015), a-synuclein
(Nakamura et al., 2011; Braun et al., 2017; Pozo Devoto and
Falzone, 2017; Fakhree et al., 2019), GDAP1 (Huber et al,,
2016), ankyrin repeats and KH domain-containing protein 1
(ANKHD1) (Kitamata et al., 2019), Saccharomyces cerevisiae
Atgl8 (Gopaldass et al., 2017), Agrobacterium tumefaciens
PmtA (Danne et al., 2017b), EcMurG (van den Brink-van der
Laan et al., 2003), Acholeplasma laidlawii MGS (Eriksson et al.,
2009; Arioz et al., 2014; Ge et al.,, 2014) and DGS (Eriksson
et al., 2009).

Class III: Active mechanism, reverse topology. Examples:
fission mediated by the ESCRT machinery (Chiaruttini and
Roux, 2017; Schoneberg et al., 2017; Stoten and Carlton, 2018;
Ahmed et al., 2019; Gatta and Carlton, 2019), bacterial cell
division (Bohuszewicz et al., 2016; Vedyaykin et al., 2019)
and archaeal cell division (Caspi and Dekker, 2018). Of note,
Vps4 ATPase (Monroe et al., 2014; Caspi and Dekker, 2018),
BDLP1 containing N-terminal GTPase domain (Bohuszewicz
et al,, 2016), and CdvC containing ATPase subunit (Caspi and
Dekker, 2018) proteins provide energy for the ESCRT pathway,
bacterial cell division, and archaeal cell division, respectively.
Interestingly, archaeal CdvC is the homolog of eukaryotic Vps4
(Caspi and Dekker, 2018).

Class IV: Passive mechanism, reverse topology. Examples:
fission mediated by the herpesvirus fission machine (Bigalke
and Heldwein, 2015), influenza A virus AH-containing protein
M2 (Herneisen et al, 2017; Martyna et al., 2017; Madsen
et al., 2018), Ebola virus VP40 (Soni and Stahelin, 2014;
Adu-Gyamfi et al., 2015).

Although in Renard et al. (2018) CtBP1-S/BARS-mediated fission
is classified as an active fission mechanism, we propose that
this process should be considered as passive, because no direct
consumption of energy by nucleoside triphosphate hydrolysis
takes place during this process.

Any membrane fission reaction belongs to the category of
active or passive fission and almost all fission processes can
be classified as normal topology or reverse topology fission.
Moreover, only very few fission processes (such as division of
IMMs) are mediated by proteins not residing in the cytosol.
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FIGURE 1 | Nomenclature of leaflets (monolayers) during different kinds of membrane fission reaction. Only membranes decorated with fission-inducing proteins
(yellow circles) are considered. When membrane fission takes place, separation of proximal leaflets is followed by separation of distal leaflets. During normal topology
fission (membrane-enclosed compartment buds toward the cytoplasm), distal leaflet is cytoplasmic, whereas proximal leaflet is exoplasmic. During reverse topology
fission (membrane-enclosed compartment buds away from the cytoplasm), distal leaflet is exoplasmic, and proximal leaflet is cytoplasmic. During both normal and
reverse topology fission reactions, disjoint or joint union of membrane-enclosed compartments can form. If disjoint union forms, outer leaflet is distal, and inner leaflet
is proximal. When joint union forms, outer leaflet is proximal, whereas inner leaflet is distal. Fission-inducing proteins are usually present on the cytoplasmic side of
the membrane.

Therefore, with very few exceptions, all fission reactions belong
to one of the four classes described above. Moreover, many fission
reactions mediated by AH-containing proteins are very diverse.
However, assigning of these reactions to one of four classes I-IV
will allow to find similarities in fission processes which seem to
be completely different.

FISSION DRIVEN BY AMPHIPATHIC
HELIX-CONTAINING PROTEINS

Amphipathicity is the segregation of hydrophobic and
hydrophilic amino acid residues between the two opposite
faces of the protein a-helix, a distribution well suited for
membrane binding (Drin and Antonny, 2010; Giménez-Andrés
et al,, 2018). A hydrophobic moment was introduced (Eisenberg
et al., 1982, 1984) to estimate whether a protein sequence, when

considered as helical, exhibits one polar and one hydrophobic
face (Drin and Antonny, 2010). A large value of hydrophobic
moment suggests that the protein sequence can be folded as AH
perpendicularly to its axis (Eisenberg et al., 1982).

Various fission reactions are known to be driven by the
large GTPase dynamin and other mechanoenzymes belonging
to the dynamin superfamily (Daumke and Praefcke, 2016;
Ramachandran and Schmid, 2018; Ford and Chappie, 2019;
Jimah and Hinshaw, 2019; and references therein). In other
fission processes that are not dependent on mechanoenzymes,
proteins that contain AHs often play an important role (see, e.g.,
Antonny et al., 1997; Farsad et al.,, 2001; Boucrot et al.,, 2012;
Martyna et al., 2017; and references therein).

Amphipathic helices are involved in many biological
processes such as protein-protein interactions or interaction
with biomembranes (Segrest et al., 1990, 1992). When an AH
binds to membrane, it orients itself parallel to the membrane
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FIGURE 2 | Mechanisms of membrane fission. Membrane fission mechanisms can be classified as active, that require consumption of cellular energy by nucleoside
triphosphate (ATP or GTP) hydrolysis (upper panel; blue line) or passive that do not require the direct use of energy (lower panel; green line). Each of these
above-mentioned categories can be further divided into two types: normal topology, when the vesicle buds toward the cytoplasm (left panel; purple dashed line) and
reverse topology, when the vesicle buds away from the cytoplasm (right panel; dark green dashed line). Consequently, membrane fission mechanisms are divided
into four classes: Class I, active mechanism with normal topology; Class I, passive mechanism with normal topology; Class lll, active mechanism with reverse
topology; Class IV, passive mechanism with reverse topology. The details are in the text.

plane. The hydrophobic side of this helix inserts into the interior
of the bilayer, while residues of the hydrophilic side interact with
the lipid headgroups (Drin and Antonny, 2010; Roberts et al.,
2013). The insertion of AHs into the bilayer promotes membrane
curvature thus supporting the fission reaction (Campelo et al.,
2008; Martyna et al., 2017).

Moreover, some protein segments (named “AH motifs”)
of membrane-binding proteins are not completely helical in
solution, but become AHs upon interaction with the membrane
(Cornell and Taneva, 2006; Drin and Antonny, 2010; Ambroso
et al,, 2014; Chong et al., 2014; Horchani et al., 2014; Barneda
et al.,, 2015; Frolov et al., 2015; and references therein). The
presence of anionic lipids in the membrane often promotes the
AH folding (see, for example, Davidson et al., 1998; Kweon et al.,
2006; Fernandes et al., 2008; Horchani et al., 2014; Brady et al,,
2015; Mizuno et al., 2017; Ryan et al., 2018).

The ability to sense membrane curvature by some proteins
favors their interaction with curved membranes. This process
not always leads to curvature generation. However, other AHs
are able to induce curvature (Drin and Antonny, 2010; Wilz
etal., 2011), an event required for proteins mediating membrane
fission. The basic principles governing membrane curvature
generation remain to be clarified (Khattree et al., 2013).

Amphipathic helices characterized by the presence of basic
residues at the polar-non-polar interface are well suited for
interaction with membranes (Mishra and Palgunachari, 1996;

Davidson et al., 1998; Polozov et al,, 1998; Mozsolits et al,
2004), especially with those containing negatively charged
phospholipids by electrostatic attraction (Polozov et al., 1998).
It has been hypothesized that interfacial positively charged
residues help to anchor the AH in the lipid bilayer (Mishra
and Palgunachari, 1996). We would like to emphasize that the
AHs of many fission-inducing proteins contain at least two basic
residues (Arg and/or Lys) each, at the polar-non-polar interface.
Examples are: HO helix of endophilin A1 contains Lys7 and Lys16
(Ambroso et al., 2014); AH of PmtA contains Lys6, Arg8, Lys12
(Danne et al., 2017b); AH of Atg18 contains Arg372 and Arg377
(Gopaldass et al., 2017). In PmtA, Arg8 and Lys12 are involved
in protein attachment to anionic lipids (Danne et al., 2017b).
Opverall, the AHs of many fission proteins contain at least three
positively charged residues. On the contrary, the AHs of proteins
that sense but do not generate membrane curvature, such as
ArfGAP1, GMAP-210, Keslp, often contain not more than one
basic residue (Drin and Antonny, 2010).

Campelo et al. (2008), similarly to Zemel et al. (2008),
predicted that shallow (penetrating ca. 40% of the monolayer
thickness) insertion of AH is particularly effective in the
generation of membrane curvature. Since AHs and AH-
containing protein segments are particularly suitable as
membrane curvature-generating inclusions, their shallow
insertions were suggested to be sufficient to mediate membrane
fission (Boucrot et al., 2012).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2019 | Volume 7 | Article 291


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhukovsky et al.

Amphipathic Helix-Containing Fission Proteins

The insertion depth of the AHs of fission-inducing proteins
was studied experimentally. Using two hydrophobic quenchers of
tryptophan fluorescence (shallow quencher and deep quencher),
Hanna et al. (2016) detected shallow penetration of the
Sar1B AH into the membrane, just below the hydrophilic
headgroups. EPR measurements demonstrated shallow
insertion of the AHs of endophilin Al (Gallop et al., 2006),
epsin (Lai et al, 2012), and a-synuclein (Jao et al, 2008)
that embed at the level of lipid phosphate groups (Gallop
et al, 2006; Lai et al, 2012) or just below this level (Jao
et al., 2008). According to molecular dynamics simulations,
the insertion depth of AHs from epsin and Sarlp is lower
than that of Arfl, and these helices from epsin and Sarlp
generate higher membrane curvature than the AH from
Arfl (Li, 2018). Interaction of the AHs of fission-inducing
proteins with specific lipids might ensure the optimal
insertion depth for the generation of membrane curvature
and for the interaction with other fission-inducing proteins, as
discussed below.

An additional mechanism foresees a cooperativity among
proteins where the first insertion of an AH from a given protein
able to sense membrane curvature (ie., to bind selectively
to curved membranes) favors the insertion of additional AHs
(Gallop et al., 2006; Lundmark et al, 2008; Miller et al,
2015; Hanna et al, 2016; Martyna et al, 2017). In turn,
these AHs induce more membrane curvature facilitating the
insertion of additional AHs. Due to this positive cooperativity
in membrane curvature generation, the runaway process
leading to membrane fission might take place once a critical
concentration of AH-containing fission-inducing proteins is
reached (Miller et al., 2015).

Amphipathic helix-containing fission-inducing proteins are
recognized as a separate superfamily of scission factors (Gallop
et al., 2006; Boucrot et al., 2012; Martyna et al., 2017). Among
these proteins there are: Arfl (Krauss et al., 2008; Beck et al.,
2011; Bottanelli et al, 2017; Dodonova et al., 2017), Sarl
(Bielli et al., 2005; Lee et al., 2005; Bacia et al., 2011; Hariri
et al., 2014; Hanna et al., 2016; Melero et al,, 2018), epsins
(Ford et al., 2002; Boucrot et al., 2012; Brooks et al., 2015),
CALM (Miller et al, 2015), endophilin Al (Gallop et al,
2006; Ambroso et al., 2014), endophilin A2 (Boucrot et al,
2015; Renard et al., 2015; Simunovic et al., 2017; Genet et al.,
2019), endophilin A3 (Boucrot et al., 2012), endophilin Bl
(Rostovtseva et al., 2009; Takahashi et al., 2016), mammalian
amphiphysin 1 (Snead et al., 2019) and amphiphysin 2 (Wu
and Baumgart, 2014), Drosophila amphiphysin (Isas et al., 2015),
PICK1 (Karlsen et al, 2015), a-synuclein (Nakamura et al,
2011; Braun et al., 2017; Pozo Devoto and Falzone, 2017;
Fakhree et al., 2019), GDAP1 (Huber et al., 2016), caveolin-
1 (Parton et al, 2006; Kirkham et al., 2008; Ariotti et al.,
2015), ANKHDI1 (Kitamata et al, 2019), peroxins Pex11B
(Yoshida et al., 2015) and Pex1lp (Opalinski et al, 2011; Su
et al,, 2018), yeast PROPPIN Atgl8 (Gopaldass et al., 2017),
Snf7 belonging to the ESCRT complex (Buchkovich et al,
2013), influenza A virus M2 (Rossman et al., 2010; Roberts
et al., 2013; Herneisen et al, 2017; Madsen et al., 2018),
and bacterial enzymes PmtA (Danne et al, 2017b), MurG

(van den Brink-van der Laan et al., 2003; Lind et al., 2007;
Albesa-Jové et al., 2014), MGS (Lind et al., 2007; Eriksson
et al.,, 2009; Ge et al., 2014), and DGS (Eriksson et al., 2009).
Unlike wt proteins, mutants of Arfl (Beck et al, 2011), Sarl
(Lee et al., 2005), endophilin Al (Farsad et al, 2001; Masuda
et al., 2006; Mim et al., 2012), Drosophila amphiphysin (Yoon
et al., 2012), mammalian amphiphysin 1 (Farsad et al., 2001),
Atgl8 (Gopaldass et al., 2017) lacking AHs were unable to
generate membrane curvature.

Increasing of the hydrophobic moment favors folding of AH
motif into an o-helix and binding to membrane (Drin and
Antonny, 2010). Thus, it is not surprizing that mutations of
hydrophobic residues, within AHs, to Ala or to hydrophilic
residues (substitutions that decrease hydrophobic moment)
inhibit the ability of fission proteins such as Arfl (Krauss et al.,
2008), Sarlp (Lee et al., 2005), endophilin A1 (Farsad et al., 2001;
Gallop et al., 2006; Masuda et al., 2006; Suresh and Edwardson,
2010), epsin (Ford et al., 2002; Boucrot et al., 2012), Pex11p
(Opalinski et al., 2011), Pex11B (Yoshida et al., 2015), yeast Atg2
(Kotani et al., 2018), mammalian Atg2A (Tamura et al., 2017),
caveolin-1 (Parton et al., 2006; Kirkham et al.,, 2008; Ariotti
et al.,, 2015), M2 (Rossman et al., 2010; Roberts et al., 2013),
PmtA (Danne et al, 2017b), to generate membrane curvature.
On the contrary, mutations of hydrophobic residues to more
bulky hydrophobic Trp (substitutions that increase hydrophobic
moment) promoted the ability of Arfl (Krauss et al., 2008), epsin
(Ford et al., 2002; Boucrot et al., 2012), and Pex11p (Opaliniski
etal., 2011) to induce membrane curvature, see Table 1.

Substitution of positively charged residues of the AH
hydrophilic face for negatively charged residues leads to repulsion
from similarly charged membrane and, thus, to the reduced
ability of AH to induce membrane curvature. This conclusion
was confirmed experimentally. Mutations of basic Lys and Arg
to negatively charged Glu within AH of endophilin A1 (Gallop
et al., 2006) inhibited the ability of this fission-inducing protein
to generate membrane curvature.

The influence of the mutations of AH residues on the ability
of AH-containing proteins to generate membrane curvature is
summarized in Table 1.

Some of AH-containing fission-inducing proteins, such as the
small GTPases Arfl and Sarl, mediate class I fission reactions.
Other proteins, such as yeast Atg18 and bacterial enzymes PmtA,
MurG, MGS, DGS, drive class II fission processes. Snf7 protein
is involved in class III membrane fission reactions of the ESCRT
pathway. Influenza virus M2 mediates class IV fission reaction.
However, some AH-containing proteins, such as endophilin
Bl and amphiphysin 1, could be involved, in complex with
mechanoenzymes belonging to the dynamin superfamily, in class
I fission reactions (Takahashi et al., 2016; Takeda et al., 2018), or,
in the absence of mechanoenzymes, in class II fission reactions
(Rostovtseva et al., 2009; Snead et al., 2019). Hence, belonging to
a certain class is a property of the process, not a property of the
protein molecule.

We should keep in mind that some membrane fission-
inducing protein complexes, such as herpesvirus fission machine
(Bigalke and Heldwein, 2015; Lorenz et al., 2015; Klupp et al,,
2018), Ebola virus fission protein VP40 (Soni and Stahelin, 2014;
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TABLE 1 | Mutations in amphipathic helices of fission-inducing proteins that inhibit or promote the ability of these proteins to generate membrane curvature.

Protein

Amino acid mutations and effects

Amphipathic helix

Arf1

Sar1 (mammalian)
Sarip (yeast)
Endophilin A1

Epsin

Caveolin-1

Atg2A (mammalian)
Atg? (yeast)

Pex11B (mammalian)
Pex11p (fungal)

AtPmtA (bacterial)
M2 from influenza A virus

14Q, 14Q/F5E: reduced tubulation (Krauss et al., 2008). F5W, numerous membrane tubules
at a frequency approx. three times higher than wt (Krauss et al., 2008)

YOF/G11P/S14F: deficiency in vesicle release (Bielli et al., 2005)

WA4A, IBA/F7A, WOA, F10A: deficient in tubulation (Lee et al., 2005)

F10E: reduced tubulation (Farsad et al., 2001; Gallop et al., 2006). K76E/R78E: tubulation
decreased (Gallop et al., 2006). AB6D: lost ability to form tubes (Masuda et al., 2006).
AB3S/ABES, AB3S/ABBS/M70Q: reduced number of tubes (Masuda et al., 2006). ABBW:
switched the bilayer deformation to vesiculation (Masuda et al., 2006;

Suresh and Edwardson, 2010)

LBE: less efficient vesiculation (Boucrot et al., 2012), L6Q: failed to tubulate, L6H: less
markedly tubulation (Ford et al., 2002). L6W: increase in vesiculation (Ford et al., 2002;
Boucrot et al., 2012)

S80E, F81E, W85E: reduction in the potential to perform fission (Ariotti et al., 2015)

P1750E/V1754E/F1758E/F1761E/L1765E: defects in autophagy (Tamura et al., 2017)
F1352D/11355D: defects in autophagy (Kotani et al., 2018)

L58E/L61E/ABSE, L59P/DE6P: lack fission activity (Yoshida et al., 2015)

I69W/A83W: increase in tubulation (Opalinski et al., 2011). I69E/I72E/F75E, M70P/E77P:
tubulation was completely impaired (Opalinski et al., 2011). F75R/H78R/L79R: lower ability
to deform liposomes (Su et al., 2018)

F13A/N24A: abolished membrane-remodeling activity (Danne et al., 2017b)
F47A/FABA/I51A/YE52A/FE5A (Rossman et al., 2010), in five residues (F47, F48, 151, Y52,
F55) two were mutated to alanine at a time (Roberts et al., 2013): loss of scission

G2-R19 (Krauss et al., 2008)

M1-F18 (Bielli et al., 2005)
M1-G18 (Lee et al., 2005)

HO helix: S2-K16; insert helix: A63-G79
(Ambroso et al., 2014)

S4-V14 (Lai et al.,, 2012)

S80-T95 (Parton et al., 2006; Kirkham
et al., 2008)

P1750-L1767 (Tamura et al., 2017)
A1347-E1373 (Kotani et al., 2018)
S$53-S70 (Yoshida et al., 2015)
T66-A83 (Opalinski et al., 2011)

K6-V24 (Danne et al., 2017b)
R45-G62 (Rossman et al., 2010)

Adu-Gyamfi et al, 2015), and FisB that mediates fission
during sporulation in B. subtilis (Doan et al., 2013), contain
neither proteins belonging to the dynamin superfamily nor
AH-containing proteins.

SUBFAMILIES OF AMPHIPATHIC
HELIX-CONTAINING FISSION-INDUCING
PROTEINS

At least four subfamilies of proteins containing AHs able
to drive membrane fission can be identified so far: small
GTPases, ENTH/ANTH domain-containing proteins, BAR
domain-containing proteins, and Atg proteins. Moreover, we
suppose that synuclein family of proteins can be also considered
as a subfamily of AH-containing fission-inducing proteins.

Small GTPases

The small GTPases Sarl (Bielli et al., 2005; Lee et al., 2005;
Bacia et al,, 2011; Hariri et al., 2014; Hanna et al., 2016; Melero
et al., 2018) and Arfl (Krauss et al., 2008; Beck et al., 2011;
Bottanelli et al., 2017; Dodonova et al., 2017) are involved in
the intracellular trafficking of proteins and lipids in COP-coated
vesicles (Graham and Kozlov, 2010; Adolf et al., 2013; Cevher-
Keskin, 2013; Yorimitsu et al., 2014; and references therein).
Sarl plays a role in the COPII-mediated anterograde trafficking
from the ER to the Golgi apparatus, whereas Arfl is involved
in COPI-mediated retrograde trafficking from the Golgi to the
ER, as well as in the intra-Golgi transport. Sarl and Arfl, as
well as other small GTPase family proteins, share structural
similarities. These two proteins are highly conserved in evolution.

Yeast S. cerevisiae has one Sarl, whereas mammals have two Sar1l
paralogs, denoted SarlA and SarlB in humans (Loftus et al,
2012). Sarl and Arfl function as molecular switches. They are
cytosolic and inactive when bound to GDP. Upon exchange of
GDP to GTP, these small GTPases undergo a conformational
change into their active form. In this way, the N-terminal AH
becomes exposed. This helix has one hydrophobic face, which
requires engagement in a hydrophobic environment and thus
it inserts into the cytoplasmic-membrane leaflet (Graham and
Kozlov, 2010; Adolf et al., 2013). The AH of Arfl is myristoylated,
unlike the AH of Sarl. Membrane-bound Sarl/Arfl recruit
coat proteins and initiate the formation of COP-coated vesicles.
Insertion of the AHs of Sarl and Arfl into the membrane
drives fission and, in turn, the release of these COP-coated
vesicles (Bielli et al., 2005; Lee et al., 2005; Krauss et al., 2008;
Hanna et al., 2016).

ENTH/ANTH Domain-Containing
Proteins

Epsins are highly conserved fission-inducing proteins that
contain the N-terminal ENTH domain (Sen et al.,, 2012). Epsins
play a role in the fission of CCVs during CME (Ford et al,,
2002; Boucrot et al,, 2012; Brooks et al., 2015). Four epsin
paralogs are known in mammals: epsin 1 to 3 and epsin-related
(EpsinR) (Takatori and Tomita, 2018). The role of epsin 1 in
membrane curvature generation is well known (Ford et al., 2002;
Kweon et al., 2006), although epsin 2 and epsin 3 are also
involved in CME (Boucrot et al., 2012). The ENTH domain is
approximately 140 residues long and has a compact globular
structure of seven o-helices followed by an eighth helix that
is not aligned with the other seven (Sen et al, 2012). Upon
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interaction with PtdIns(4,5)P;-containing membrane, ENTH
domain of epsin 1 undergoes a conformational change that
leads to the formation of an additional N-terminal a-helix
denoted helix 0 (HO) (Ford et al., 2002) consisting of residues
Metl-Tyrl7 (Martyna et al., 2017), or residues Ser4-Vall4, as
reported by Lai et al. (2012). This is the helix inserting into
the membrane. Primary sequences of the N-termini (residues
1-17) of human epsins 1, 2, 3 are very similar. It has been
proposed that insertion of HO helix into the bilayer induces
membrane curvature required for fission (Ford et al., 2002;
Boucrot et al, 2012), although recent study raised doubts
on this mechanism and suggested that, instead, crowding of
intrinsically disordered protein domains is able to drive fission
(Snead et al., 2017).

Dynamin plays an important role in the fission of CCVs.
Nevertheless, epsin is able to mediate CCV fission in dynamin-
depleted cells. Boucrot et al. (2012) suggested that epsin
molecules present at the neck of a budding vesicle might provide
the force that destabilizes the neck of budding vesicle, thus
leading to fission.

It should be emphasized that the role of epsins in the
formation and fission of CCVs is somewhat similar to the role
of Sarl and Arfl in the formation and fission of COP vesicles
(Boucrot et al., 2012; Adolf et al., 2013). In both cases, an external
trigger leads to the exposure of an AH that inserts into the
cytosolic leaflet of the membrane and is assumed to drive the
fission of vesicles. In case of small GTPases, exchange of GDP
for GTP plays a role of such a trigger, whereas in case of epsin,
AH exposure is triggered by the interaction with PtdIns(4,5)P,-
containing membrane. Epsin, as well as small GTPases, might
create a high-energy state at the neck of budding vesicle, and this
state is relaxed by fission of this vesicle from the donor membrane
(Boucrot et al., 2012; Adolf et al., 2013). Moreover, small GTPases
are responsible for recruitment of COP proteins, whereas epsin is
involved in clathrin coat assembly.

The CALM protein, also known as PICALM, is also involved
in fission of CCVs during CME (Miller et al, 2015). CALM
contains a N-terminal ANTH domain that is approximately
twice as big as the ENTH domain, but has the same core
of a-helices (Duncan and Payne, 2003; Legendre-Guillemin
et al, 2004; Takatori and Tomita, 2018; Kaneda et al.,
2019). ENTH and ANTH domains are so similar that several
ANTH domains were originally designated ENTH domains,
although later these two domains were subclassified as two
distinct domains, ENTH and ANTH (Ford et al., 2002).
Structurally, ENTH and ANTH domains are similar to the
VHS domain (De Craene et al., 2012). Most ENTH and ANTH
domains are lipid-binding domains, they interact specifically
with phosphoinositides present in the membrane. However, the
mechanisms of the interaction of ENTH and ANTH domains
with PtdIns(4,5)P, are quite different (Kaneda et al., 2019; and
references therein).

ANTH domain-containing protein CALM, like ENTH
domain-containing protein epsin 1, are characterized by an
N-terminal AH that is supposed to insert into the membrane and
to play a role in membrane fission (Miller et al., 2015). Proteins
containing ENTH/ANTH domains (epsins 1, 2, 3 and CALM)

are somewhat similar and can be classified as separate subfamily
of AH-containing fission-inducing proteins. Possibly, the plant
ANTH domain-containing protein AP180 also belongs to this
subfamily (Kaneda et al., 2019). Similarly, new fission proteins
belonging to this subfamily might be discovered in the future,
based on the identification of AHs in their structure.

BAR Domain-Containing Proteins
The BAR domain is found in many proteins implicated in
various cellular processes, most of which are related to membrane
remodeling (Stanishneva-Konovalova et al., 2016; Carman and
Dominguez, 2018; Nishimura et al., 2018; Simunovic et al,
2019). BAR domains typically form banana-shaped homodimers,
where each protomer consists of three-helix antiparallel coiled-
coil structure. Because of its curved shape, the BAR domain is
able to sense membrane curvature, i.e., to bind preferentially to
curved membranes. Thus, the concave shape of the BAR-domain
dimer is positively charged and interacts with the negatively
charged cytoplasmic monolayer of biomembranes. Most BAR
domain proteins also contain auxiliary domains involved in
the interactions with other proteins or with membranes (Mim
et al,, 2012; Carman and Dominguez, 2018). Based on their
structural properties, BAR domain proteins can be classified into
three main groups: a classical BAR (including N-BAR), F-BAR,
and I-BAR (Ahmed et al., 2010; Stanishneva-Konovalova et al.,
2016; Nishimura et al., 2018). Proteins belonging to the N-BAR
subgroup contain an N-terminal sequence HO that folds into an
AH upon membrane binding. Endophilins (Kjaerulff et al., 2011)
and amphiphysins (Wu et al., 2009; Prokic et al., 2014) belong
to the N-BAR subgroup and thus contain these HO-AH motifs.
Moreover, endophilins contain an additional AH, known as H1I
(helix 1 insert). In mammals endophilins are encoded by five
genes: endophilins A1, A2, A3, B1, B2, whereas amphiphysins are
encoded by two genes: amphiphysin 1 and amphiphysin 2 (also
known as BIN1) (Kjaerulff et al., 2011; Prokic et al., 2014).
Bin/Amphiphysin/Rvs domain protein PICK1 contains an
internal AH (Karlsen et al., 2015; Herlo et al., 2018). Mammalian
endophilins Al (Gallop et al., 2006; Ambroso et al., 2014), A2
(Boucrot et al., 2015; Renard et al., 2015; Simunovic et al., 2017;
Genet et al., 2019), A3 (Boucrot et al., 2012) and B1 (Rostovtseva
et al., 2009; Takahashi et al., 2016), mammalian amphiphysin 1
(Snead etal., 2019) and amphiphysin 2 (Wu and Baumgart, 2014),
Drosophila amphiphysin (Isas et al., 2015), as well as mammalian
PICKI1 (Karlsen et al., 2015) are all involved in membrane fission.
The AHs were suggested to generate membrane curvature and to
play a role in membrane fission mediated by endophilins (Gallop
et al., 2006; Masuda et al., 2006; Boucrot et al., 2012; Yoon et al,,
2012) and amphiphysins (Peter et al., 2004; Boucrot et al., 2012;
Yoon et al., 2012; Wu and Baumgart, 2014). Moreover, a higher
number of AHs in endophilins compared with amphiphysins
was suggested to correlate with increased ability to penetrate
the membrane and to drive membrane fission (Boucrot et al,,
2012; Yoon et al, 2012). However, other studies question the
role of these AHs in membrane curvature generation (e.g., see
Chen et al,, 2016). The BAR domains were suggested to restrict
(Boucrot et al., 2012) or to promote membrane fission (Snead
et al., 2019). Finally, Snead et al. (2019) reported that the steric
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pressure among disordered domains of amphiphysin 1 plays a
role in fission. Based on these reports, the molecular mechanism
taking place in endophilin- and amphiphysin-induced fission
remains to be fully elucidated.

Like AH motif of epsin (Ford et al., 2002), AH motifs of
BAR domain-containing fission-inducing proteins endophilins
and amphiphysins are also disordered in solution, but become
a-helical upon interaction with the membrane (Low et al., 2008;
Jao et al.,, 2010). In this they differ from the fission-inducing
small GTPases Arfl and Sarl, whose AHs are already formed but
are buried in the GDP-bound conformation, and only become
exposed upon exchange of GDP to GTP (see above).

Often, endophilins mediate or inhibit fission cooperatively
with the proteins belonging to the dynamin superfamily.
Endophilin A2 and dynamin contribute to the fission of Shiga-
toxin-induced tubules (Renard et al, 2015). In a dynamin-
dependent manner, endophilins A2 and Al mediate clathrin-
independent internalization route named FEME (Boucrot et al.,
2015). Endophilin Al inhibits dynamin-mediated membrane
fission via intercalation between turns of the dynamin helix
(Hohendahl et al, 2017). Endophilin Bl and dynamin 2
cooperatively induce the fission of Golgi membranes during
autophagy (Takahashi et al., 2016), while the dynamic clustering
of dynamin-amphiphysin 1 rings was suggested to regulate fission
of large unilamellar vesicles (Takeda et al., 2018).

Interestingly, predicted curved structure of the ten C-terminal
ankyrin repeats of AH-containing fission-inducing protein
ANKHD1 is similar to the lipid-binding surface of BAR domain-
containing proteins (Kitamata et al., 2019).

Atg Proteins

Two Atg proteins, Atg2 and Atgl8, contain AHs and mediate
membrane fission (Gopaldass et al, 2017; Tamura et al,
2017; Kotani et al., 2018). Macroautophagy (hereinafter called
autophagy) is a degradation process highly conserved from
yeast to mammals (Feng et al., 2014; Knorr et al, 2015; Yu
and Melia, 2017; Osawa et al., 2019; and references therein).
During autophagy, a bowl-shaped membrane vesicle called
phagophore appears, engulfs a part of the cytoplasm (including
cytotoxins, damaged organelles, and invasive microbes), and
expands. Finally, the open end of phagophore closes, and
thus, the inner and outer bilayers become separate entities,
and a double-membrane vesicle called autophagosome forms.
Closure of the phagophore, leading to the autophagosome
formation, is a membrane fission event (Knorr et al.,, 2015; Yu
and Melia, 2017); and, moreover, is a reverse-topology fission
event (Schoneberg et al., 2017). Finally, the outer membrane
of the autophagosome fuses with a lysosome or vacuole,
and captured cytoplasmic contents, together with the inner
membrane of the autophagosome, is degraded by hydrolases.
The resulting materials, such as amino acids, are released to the
cytosol and recycled.

Many Atg proteins are required for the formation of
autophagosome. Atg2 is one of these proteins. Two mammalian
homologs of yeast Atg2 were identified: Atg2A and Atg2B
(Velikkakath et al., 2012). Yeast Atg2 (Kotani et al., 2018) as well
as mammalian Atg2 proteins (Velikkakath et al., 2012; Tamura

et al., 2017; Tang et al., 2017) play a role in autophagosome
formation. Two mammalian Atg2 homologs, Atg2A and Atg2B,
have redundant functions in autophagy (Tamura et al., 2017).
In the absence of mammalian Atg2A and Atg2B, the closure
of autophagosomes is impaired (Velikkakath et al., 2012; Tang
et al, 2017), indicating that these proteins are involved in
membrane fission event, although other molecules might also
be required for this process. Both yeast Atg2 (Kotani et al,
2018) and mammalian Atg2A (Tamura et al., 2017; Chowdhury
et al.,, 2018) contain AHs, and the AH of yeast Atg2 corresponds
to the AH of mammalian Atg2A (Kotani et al, 2018). These
AHs are required for autophagosome formation (Tamura et al.,
2017; Kotani et al., 2018). Mutations of hydrophobic residues of
AH from human Atg2A to negatively charged residues abolish
membrane-binding capability (Chowdhury et al, 2018) and
causes defects in autophagy (Tamura et al., 2017). Similarly,
mutations of hydrophobic residues of yeast Atg2 to negatively
charged Asp inhibit autophagy (Kotani et al., 2018). From these
observations, it derives that yeast and mammalian homologs of
Atg2 belong to the family of AH-containing membrane fission-
inducing proteins.

Autophagy-related proteins are classified into six functional
groups (Velikkakath et al, 2012; Osawa et al, 2019). Atg2
and Atgl8 belong to the same group. Atgl8 forms a complex
with Atg2 and also plays a role in autophagosome formation
(Kotani et al., 2018). On top of its role in autophagy, Atgl8 also
mediates vacuole fission (Gopaldass et al., 2017). Amphipathic
a-helical character of the Atgl8 segment (residues ~Pro366-
Ser383) is required for Atgl8-driven vacuole fission (Gopaldass
et al, 2017). Vacuole fission is a normal topology fission
event, and, hence, Atgl8 is an interesting kind of protein that
is involved in fission processes of two opposite topologies:
formation of autophagosome (reverse topology) and vacuole
fission (normal topology). It is noteworthy that Atgl8 displays
different requirements in these two fission processes. In vacuole
fission, AH is crucial, whereas its binding partner Atg2 is
dispensable. In autophagy, interaction of Atgl8 with Atg2 is
necessary, whereas the Atgl8 AH is of moderate importance
(Gopaldass et al., 2017). However, the ability of Atgl8 to bind
phosphatidylinositol 3-phosphate (PtdIns3P) is required for both
processes: autophagy (Kotani et al., 2018) and vacuole fission
(Gopaldass et al., 2017).

Interestingly, the AH motif of Atg18, similar to the AH motifs
of epsins, endophilins and amphiphysins, is unstructured in
solution, but transforms into an AH upon membrane binding
(Gopaldass et al., 2017). Whereas small GTPases Arfl and Sarl,
ENTH/ANTH domain fission-inducing proteins, endophilins
and amphiphysins contain N-terminal AH (see above), AHs of
Atg proteins, Atg2 and Atgl8, similar to the AH of PICK1, are
internal and far, in primary sequence, from the N-terminus.

Synucleins

Mitochondria are double-membrane-bound organelles that
constantly undergo fusion and fission events, referred to as
mitochondrial dynamics (Tilokani et al., 2018). Fission of OMM
occurs at the ER contact sites. Protein adaptors, such as MFF
and MiD49 and MiD51, recruit Drp1, a soluble protein belonging

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2019 | Volume 7 | Article 291


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhukovsky et al.

Amphipathic Helix-Containing Fission Proteins

to the dynamin superfamily. Drpl mediates OMM constriction,
whereas final step, namely scission, is mediated by another
mechanoenzyme, dynamin2 (Dnm2). Other proteins, such as
INF2, SpirelC, actin, and Myosin IIA play a role in this fission
process (Pagliuso et al., 2018; Tilokani et al., 2018; and references
therein). Simplified model for OMM fission is shown in Figure 4
of Tilokani et al. (2018). Fission of IMM occurs independently of
OMM fission (Agrawal and Ramachandran, 2019). Mechanisms
regulating constriction of IMM are poorly understood.

Proteins belonging to the synuclein family (Lavedan, 1998),
namely a-synuclein (Kamp et al., 2010; Nakamura et al., 2011;
O’Donnell et al., 2014; Martinez et al., 2018) and B-synuclein
(Nakamura et al, 2011; Taschenberger et al, 2013), are
involved in mitochondrial fragmentation. a-Synuclein contains
a uniquely long «-11/3 AH that forms upon binding to a
lipid bilayer (George et al,, 1995; Davidson et al., 1998; Drin
and Antonny, 2010; Braun et al, 2017). Similar AHs are
present also in B-synuclein and y-synuclein (Ducas and Rhoades,
2012). B-Synuclein mediates less fragmentation than a-synuclein,
whereas y-synuclein causes very little if any fragmentation
(Nakamura et al., 2011). Therefore, in this section we mostly
discuss a-synuclein.

a-Synuclein is closely associated with the development
of Parkinson’s disease. The function of this protein is not
well understood. As already mentioned, «-synuclein drives
fragmentation of mitochondria (Kamp et al., 2010; Nakamura
et al., 2011; O’Donnell et al., 2014; Martinez et al., 2018).
Uncontrolled mitochondrial fragmentation might contribute to
the development of Parkinson’s disease (Varkey et al., 2010;
Panchal and Tiwari, 2019) and, importantly, duplication and
triplication of SNCA (a-synuclein) gene cause a severe form of
this disease (Olgiati et al., 2015; Konno et al.,, 2016). The authors
of Kamp et al. (2010) and Nakamura et al. (2011) hypothesized
that fragmentation of mitochondria might be independent of
Drpl, whereas Martinez et al. (2018) reported that Drpl is
required for a-synuclein-mediated mitochondrial fragmentation.
a-Synuclein might drive fragmentation of mitochondria by
decreasing the rate of fusion or, alternatively, by promoting
fission (Nakamura, 2013). Kamp et al. (2010) hypothesized that
the influence of this protein on mitochondrial dynamics is
based on inhibition of fusion, whereas Nakamura et al. (2011)
suppose that, quite opposite, a-synuclein acts by promoting
membrane fission. The latter hypothesis is supported by the
fact that a-synuclein is able to convert large vesicles (liposomes)
into smaller vesicles, i.e., mediate membrane fission (Varkey
et al., 2010; Nakamura et al.,, 2011; Fakhree et al.,, 2019). AH of
a-synuclein contributes to the generation of membrane curvature
(Braun et al., 2014, 2017; Fakhree et al, 2019). Thus, it is
reasonable to hypothesize that a-synuclein and, possibly, also
B-synuclein belong to the large family of AH-containing fission-
inducing proteins.

In summary, in most AH-containing ﬁssion-inducing
proteins AHs were shown or suggested to play an important
role in various fission events. As indicated, the AH penetration
in the lipid bilayer can be the starting point of the fission
process, followed by the recruitment of other proteins that
mediate the final fission event (Sundborger et al, 2011;
Meinecke et al, 2013). Shallow insertion of AHs into

the membrane was suggested to drive membrane fission
(Boucrot et al, 2012). However, few recent publications
of Jeanne Stachowiak’s group consider also an alternative
mechanism foreseeing that the steric pressure generated
by bulky disordered domains can drive membrane fission
(Snead et al, 2017, 2019; Snead and Stachowiak, 2018),
whereas the role of insertions, such as AHs, is to anchor
proteins to the membrane (Snead et al., 2017). Whether the
different mechanisms coexist or one prevails over the others
remains to be defined.

THE ROLE OF LIPID COFACTORS IN
MEMBRANE FISSION DRIVEN BY
AMPHIPATHIC HELIX-CONTAINING
PROTEINS

Lipid Cofactors: An Overview

Many AH-containing fission-inducing proteins require one
or two specific lipids to generate membrane curvature and
to complete the fission process (Figure 3). Most of these
lipids are anionic. Such lipids could be named lipid cofactors
(Ramachandran, 2018), or lipid factors (Danne et al., 2017b),
or lipid ligands (Gopaldass et al., 2017). Examples of lipid
cofactors of AH-containing fission proteins are: (1) PtdIns(4,5)P,
for epsin (Kweon et al, 2006; Boucrot et al, 2012; Lai
et al., 2012), mammalian amphiphysin 2 (Lee et al., 2002; Wu
and Baumgart, 2014), Drosophila amphiphysin (Yoon et al.,
2012), and mammalian endophilin Al (Yoon et al, 2012);
(2) cardiolipin and MMPE for PmtA (Danne et al., 2017b);
(3) PtdIns3P and PtdIns(3,5)P, for Atgl8 (Gopaldass et al.,
2017; Scacioc et al., 2017); (4) cholesterol for M2 protein from
influenza A virus (Ekanayake et al., 2016; Elkins et al., 2017, 2018;
Herneisen et al., 2017; Pan et al., 2019; and references therein),
see Table 2.

The lipid cofactor-binding sites were found in the AHs
of few fission-inducing proteins: PtdIns(4,5)P,-binding site in
epsin (Kweon et al., 2006; Lai et al., 2012), site that binds
PtdIns(3,5)P, and PtdIns3P in Atgl8 (Gopaldass et al., 2017),
and cholesterol-binding site in M2 (Elkins et al., 2017, 2018). It
is not surprizing that anionic lipid-binding sites contain basic
residues: Arg7, Arg8, Lys11 of epsin belong to the PtdIns(4,5)P;-
binding site, whereas Arg285 and Arg286 of Atgl8 are involved
in the interaction with PtdIns(3,5)P, and PtdIns3P. Accordingly,
other fission-inducing proteins may contain few basic residues as
anionic lipid cofactor-binding sites that are located close to each
other in primary sequence.

In some membrane fission reactions involving AH-containing
proteins, the role of specific lipids is not yet fully established.
Possibly, cardiolipin is a cofactor for membrane fission mediated
by Pex11 [peroxisome fission (Opalinski et al., 2011; Su et al,,
2018)]; bacterial MGS (Eriksson et al., 2009; Arioz et al., 2013),
DGS (Edman et al., 2003; Eriksson et al., 2009), and MurG
(van den Brink-van der Laan et al., 2003; Lind et al., 2007)
proteins; and by MinD [bacterial division (Zhou and Lutkenhaus,
2003; Renner and Weibel, 2012)]. PA might be a lipid cofactor
for endophilin Bl (also known as Bif-1) (Zhang et al.,, 2011)
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FIGURE 3 | Lipid cofactors are required for fission-inducing proteins. Many AH-containing and AH-free fission-inducing proteins need specific lipids, named lipid
cofactors, to promote and complete membrane fission. Thus, the ability of the fission-inducing proteins to support this process is strictly dependent on membrane
lipid composition. Of note, proteins are not able to induce membrane fission in the absence of these lipids (left panel; purple dashed line). Conversely, in the presence
of such lipid cofactors, fission occurs through the following steps: membrane neck, hemifission and formation of two separate membranes (right panel; green
dashed line). Lipid cofactors include: PtdIns(4,5)P», PA, cardiolipin, MMPE, PtdIins3P, PtdIns(3,5)P» and cholesterol. See text for details.

TABLE 2 | Examples of lipid cofactors of fission-inducing proteins containing amphipathic helices.

Protein Lipid Membrane Generation of Topology of
cofactors interaction membrane curvature fission
Epsin Ptdins(4,5)P>  HO of epsin interacts with Ptdins(4,5)P»- containing, but ~ Vesiculation occurs on Normal
not with PS-containing liposomes (Kweon et al., 2006) PtdIns(4,5)P»-containing membranes but
not on PS-containing membranes
(Boucrot et al., 2012)
Mammalian Ptdins(4,5)P>  Binds specifically to liposomes containing PtdIns(4,5)P» Tubulation and vesiculation were observed Normal
amphiphysin 2 and to lesser extent PtdIns4P, but not PS, Ptdins, on PtdIns(4,5)P»-containing liposomes, but
PtdIns(3,4)P», Ptdins(3,5)P» (Lee et al., 2002) to a much lesser extent on
Ptdins(4,5)P,-free liposomes
(Wu and Baumgart, 2014)
Drosophila Ptdins(4,5)P>  Binds specifically to vesicles containing Ptdins(4,5)P» Tubulation requires PtdIns(4,5)P», but not Normal
amphiphysin and PtdIns(3,4,5)P3 but not other PtdinsPs PS (Yoon et al., 2012)
(Yoon et al., 2012)
Endophilin A1 Ptdins(4,5)P>  Binds specifically to vesicles containing Ptdins(4,5)P» Tubulation requires PtdIns(4,5)P», but not Normal
and PtdIns(3,4,5)P3, but not other PtdinsPs PS (Yoon et al., 2012)
(Yoon et al., 2012)
AtPmtA (bacterial) CL and Binds to cardiolipin-containing liposomes, but poorly to Tubulation was observed on CL-containing Normal
MMPE PA-containing liposomes (Danne et al., 2017b) liposomes, but with less efficacy on PG-,
PtdIns4P-, and PA-containing liposomes.
The addition of MMPE to CL-containing
liposomes bound to PmtA promotes
vesiculation (Danne et al., 2017b)
Atg18 from yeast Ptdins3P Binds to Ptdins3P-containing and Vesiculation occurs on GUVs containing Normal
and PtdIns(3,5)P2-containing liposomes. Does not bind to PtdIns3P and PtdIns(3,5)P2. Scission was
PtdIns(3,5)P,  PtdIns(4,5)P2-containing or PS-containing liposomes not observed on GUVs containing
(Gopaldass et al., 2017) Ptdins(4,5)P, (Gopaldass et al., 2017)
M2 from influenza Cholesterol M2 binds cholesterol specifically (Ekanayake et al., Cholesterol significantly augmented the Reverse

virus

2016; Elkins et al., 2017, 2018)

capability of the M2 amphipathic helix
(M2AH) in inducing bilayer pits. POPG does
not have the ability of significantly impacting
M2AH-induced membrane modulation

(Pan et al., 2019)

The indicated lipids are specifically required for membrane fission reactions mediated by these proteins. Other lipids cannot replace these lipid cofactors to generate
membrane curvature (i.e., tubulation and vesiculation). The topology of fission reaction for each protein is also shown.
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that contains two AHs (Kjaerulff et al, 2011) and plays a
role in membrane fission (Rostovtseva et al., 2009; Takahashi
et al., 2011, 2016). Possibly, PtdIns(4,5)P, is a lipid cofactor in
membrane vesiculation mediated by PICK1 (Pan et al., 2007;
Karlsen et al., 2015). PS might be a lipid cofactor in the fission
reaction mediated by ANKHD1 (Kitamata et al., 2019). Arfl
binds to PtdIns(4,5)P, and PA (Randazzo, 1997; Manifava et al.,
2001; Krauss et al., 2008), but the role of these interactions in
Arfl-mediated membrane fission is not completely clear.

As we already mentioned, an AH-containing protein
a-synuclein induces fragmentation of mitochondria (Kamp
et al, 2010; Nakamura et al., 2011; O’Donnell et al., 2014;
Martinez et al., 2018) and converts large vesicles (liposomes)
into smaller vesicles (Varkey et al, 2010; Nakamura et al,
2011; Fakhree et al.,, 2019). Moreover, AH plays a role in the
a-synuclein-driven generation of membrane curvature (Braun
et al.,, 2014, 2017; Fakhree et al., 2019). Hence, we can consider
a-synuclein as an AH-containing fission-inducing protein.
Interestingly, a-synuclein binds to cardiolipin (Nakamura
et al,, 2008; Robotta et al, 2014; Ryan et al, 2018) and PA
(Perrin et al., 2000; Nakamura et al., 2011; Mizuno et al., 2017)
with high affinity. Moreover, this protein prefers negatively
charged lipids cardiolipin (Nakamura et al., 2008) and PA
(Nakamura et al., 2008; Mizuno et al., 2017) to another negatively
charged lipid PS. The cone shape of cardiolipin, whose tail
is wider than its headgroup (see below), might contribute to
the affinity of a-synuclein to cardiolipin-containing bilayers
(Ghio et al., 2019; and references therein). PA (Mizuno et al.,
2017) and cardiolipin (Ryan et al., 2018) promote the formation
of the AH of a-synuclein. Importantly, a-synuclein mediates
fission of liposomes that contain both PC and cardiolipin,
but not liposomes that contain only PC (Nakamura et al,
2011). We propose that cardiolipin and, possibly, also PA are
cofactors in membrane fission mediated by AH-containing
protein a-synuclein.

To the best of our knowledge, membrane fission mediated
by small GTPase Sarl does not need any lipid cofactors. It
has been stressed that Arfl and Sarl use the energy of GTP
hydrolysis, whereas no enzymatic activity has been found or
predicted for Atgl8 (Gopaldass et al.,, 2017). However, Atgl8
membrane recruitment and oligomerization needs PtdIns3P and
PtdIns(3,5)P, as lipid cofactors (see Table 2), and synthesis of
these lipids is energy-consuming. Hence, this fission process can
be energized indirectly, via the energy invested into the synthesis
of lipid cofactors (Gopaldass et al., 2017). Possibly, such indirect
driving force of the reaction can also be considered for other
AH-containing fission proteins.

Anionic lipid cofactors cannot be replaced with other anionic
lipids: see Table 2. Tubulation mediated by endophilin Al
requires PtdIns(4,5)P, but not PS (Yoon et al, 2012). PmtA
tubulates liposomes containing cardiolipin, but is less efficient
in tubulating liposomes containing PG, PtdIns4P or PA (Danne
etal., 2017b). The AH-containing fission proteins epsin (Boucrot
et al,, 2012), PmtA (Danne et al., 2017b), Atgl8 (Gopaldass
et al., 2017) mediate fission of membranes containing their lipid
cofactors, but they are inefficient with membranes containing
other acidic lipids.

Electrostatic interaction between positively charged residues
belonging to AH and negatively charged phospholipids was
proposed to overcome the energetic cost of spreading lipids apart
and thus to play an important role in the generation of membrane
curvature needed for the fission event (Khattree et al., 2013;
Roberts et al, 2013; Brady et al, 2015). Most probably,
anionic lipid cofactors are required for the recruitment of AH-
containing fission proteins. Furthermore, as pointed out above,
the shallow penetration of some AHs leads to the generation
of local membrane curvature through the pushing of the lipid
headgroups apart (the “wedge” mechanism) (McMahon and
Gallop, 2005; Campelo et al., 2008; Drin and Antonny, 2010;
Baumgart et al.,, 2011; Lai et al., 2012; McMahon and Boucrot,
2015; and references therein). At least in some cases, the depth of
the AH insertion into the membrane depends on the presence
of negatively charged lipids in the membrane (Sani et al,
2012; Palomares-Jerez et al.,, 2013). Indeed, the interaction of
curvature-inducing AHs with anionic lipids might contribute to
the optimal depth of AH insertion.

As pointed out above, the presence of anionic lipids in the
membrane often promotes the folding of AH (Davidson et al.,
1998; Kweon et al.,, 2006; Fernandes et al., 2008; Horchani
et al., 2014; Brady et al,, 2015; Mizuno et al., 2017; Ryan et al,,
2018). Thus, another mode for the anionic lipid to mediate
membrane curvature generation and promote membrane fission
is facilitating the folding of AH motif, once the protein segment
comes to close contact with the membrane.

Simple electrostatic attraction between acidic lipids and basic
residues of AHs does not explain the specificity of the action
of lipid cofactors on fission proteins. AH-containing fission
proteins epsin (Kweon et al., 2006), endophilin A1 (Yoon et al,,
2012), amphiphysin 2 (Lee et al., 2002), PmtA (Danne et al.,
2017b), Atgl8 (Gopaldass et al., 2017) interact specifically with
the membranes containing their lipid cofactors, but poorly with
the membranes containing other anionic lipids. For example,
PmtA binds cardiolipin-containing liposomes, but poorly binds
PA-containing liposomes (Danne et al., 2017b). Most probably, a
specific interaction of fission proteins with their lipid cofactors is
necessary for the correct conformation and oligomeric structure
of these proteins.

Reverse-topology membrane fission-inducing protein M2
from influenza A virus contains an AH, but uses neutral
cholesterol as a cofactor in the membrane fission process (Elkins
etal., 2017; Herneisen et al., 2017; Pan et al., 2019; and references
therein), see Table 2. However, we should keep in mind that in
the case of reverse topology fission, AHs insert into the proximal
leaflet of the budding membrane-enclosed compartment, and not
into the distal leaflet, as in the case of the normal-topology fission.
Hence, the process of membrane remodeling is fundamentally
different, and the requirements for the lipid cofactor might
also be different.

Cholesterol may control the insertion depth of the M2 AH
in the bilayer (Kim et al.,, 2015; Herneisen et al., 2017), thus,
contributing to the optimal depth of the AH insertion, as
we have discussed above for the interaction of the AHs of
other fission-inducing proteins with their anionic lipid cofactors.
Moreover, cholesterol was suggested to promote a more compact
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conformation of the M2 AH (Herneisen et al., 2017). This protein
was shown also to cluster at the phase boundary of cholesterol-
rich liquid-ordered phase and cholesterol-poor liquid-disordered
phase (Roberts et al,, 2013). Such a localization of a fission-
inducing protein at the neck of the budding virus can generate
the membrane curvature required for membrane fission (Elkins
etal., 2017; Martyna et al., 2017). A similar mechanism might be
applicable for few other membrane fission processes mediated by
AH-containing proteins interacting with specific lipid cofactors.

Some fission-inducing proteins, in which no definitely
established AHs have yet been identified, also require lipid
cofactors for their activity. For example, PA is a lipid cofactor for
CtBP1-S/BARS (Weigert et al., 1999; Pagliuso et al., 2016); PSis a
lipid cofactor for Ebola virus VP40 (Soni and Stahelin, 2014; Adu-
Gyamfi et al., 2015; Del Vecchio et al., 2018); PtdIns(4,5)P; is a
putative lipid cofactor for dynamin (Jost et al., 1998); cardiolipin
is a probable lipid cofactor for FisB (Doan et al., 2013) and,
moreover, activates mechanoenzyme Drpl that plays a role in
mitochondrial fission (Francy et al., 2017).

Lipid cofactors should not be confused with lipids that
just recruit fission-inducing proteins to the membrane, but
are not required for the fission reaction per se. Unlike lipids
that just recruit proteins, lipid cofactors are indispensable
for fission: membrane curvature generation cannot proceed
efficiently without them, see Table 2. For example, PtdIns4P was
suggested to have a direct role in the anchoring of the protein
complex-bound CtBP1-S/BARS (Valente et al., 2013). However,
only PA, but not PtdIns4P, allowed CtBP1-S/BARS to induce
liposome tubulation (Yang et al., 2008). Hence, PA, but not
PtdIns4P, can be considered a lipid cofactor in CtBP1-S/BARS-
mediated fission. However, often the information concerning
particular lipid is incomplete. In this case, it is difficult to figure
out if this lipid a true cofactor or protein-recruiting lipid.

Interestingly, two fission-inducing proteins, A. tumefaciens
PmtA and mammalian CtBP1-S/BARS, are known to play a
role in the synthesis of their own lipid cofactors. The difference
between PmtA and CtBP1-S/BARS is that PmtA is itself an
enzyme that produces its own lipid cofactor MMPE (Danne
et al., 2017b), whereas CtBP1-S/BARS binds to and activates
an enzyme, LPAATS that catalyzes the synthesis of PA required
for CtBP1-S/BARS-mediated membrane fission (Pagliuso et al.,
2016; Zhukovsky et al., 2019b). Such production of lipid cofactors
promoted by the very fission-inducing proteins and then using
them guarantees availability of these lipids where and when
they are needed.

Cardiolipin, PA, and Ptdins(4,5)P> Act as
Lipid Cofactors in Several Membrane

Fission Reactions

We noted that the three negatively charged lipids PtdIns(4,5)P»,
cardiolipin, and PA might play a role of lipid cofactors in several
fission reactions mediated by different proteins. Cardiolipin is
an unusual phospholipid that consists of two PA molecules
connected with a glycerol backbone and thus contains two
phosphates and four fatty acid tails. Cardiolipin is present in the
membranes of most bacteria, whereas in mammalian and plant

cells it is found mostly in the IMM and, to a lesser extent, in the
OMM and in peroxisomes (Wriessnegger et al., 2007; Musatov
and Sedlak, 2017; Pagliuso et al., 2018). PA containing a unique
phosphomonoester headgroup is a minor phospholipid present
in various organelles (Zhukovsky et al., 2019a). PtdIns(4,5)P; is
enriched in the PM of eukaryotic cells (Olivenca et al., 2018;
Dickson and Hille, 2019).

The role that cardiolipin and PA play in membrane fission
reactions might be determined by their structure, namely
combination of charge and shape (Danne et al., 2017b; Agrawal
and Ramachandran, 2019; Zhukovsky et al., 2019a). Packing
defects are locations on the membrane surface where the
hydrophobic interior of the membrane is exposed to the solvent.
AHs have a tendency to bind such defects induced by cone-
shaped lipids, i.e., lipids whose tails are wider than their
headgroups (Ouberai et al., 2013; Vanni et al., 2013; Lauwers et al.,
2016). At physiological conditions, cardiolipin carries a charge
—2 (Arnarez et al., 2016; Sathappa and Alder, 2016; Boyd et al,,
2018; and references therein) and, moreover, has a cone shape
(Arnarez et al., 2016; Carranza et al., 2017; Basu Ball et al., 2018;
Su et al., 2018; and references therein). PA also has a cone shape
(Kooijman et al., 2005). According to the electrostatic/hydrogen
bond switch mechanism, the PA charge can change from —1 to
—2 upon interaction with Lys or Arg (Kooijman et al., 2007).
Hence, cone-shaped lipid PA, as cone-shaped lipid cardiolipin,
is able to have charge —2. Combination of double negative
charge and cone shape of cardiolipin and PA allows positively
charged protein segments, such as AHs with basic residues on
the hydrophilic face, to interact with the membranes containing
these lipids. The combination of net charge and cone shape
of cardiolipin seems to be responsible for the membrane-
remodeling activity of PmtA (Danne et al., 2017b).

PtdIns(4,5)P,, like cardiolipin and PA, is a lipid cofactor
in membrane fission reactions mediated by various proteins,
such as epsin (Kweon et al., 2006; Boucrot et al., 2012; Lai
et al., 2012), mammalian amphiphysin 2 (Lee et al., 2002; Wu
and Baumgart, 2014), Drosophila amphiphysin (Yoon et al,
2012) and mammalian endophilin Al (Yoon et al., 2012). Like
cardiolipin and PA, PtdIns(4,5)P, possesses a high negative
charge. The charge of PtdIns(4,5)P, depends on various factors,
but at the physiological conditions, the charge of this lipid is
approximately —4 (McLaughlin et al.,, 2002; Heo et al., 2006;
Kooijman et al., 2009; and references therein). However, unlike
cardiolipin and PA that have a cone shape, PtdIns(4,5)P, and
other phosphoinositides have an inverted-cone shape, i.e., their
headgroups are wider than their tails (Martin, 2012; Suetsugu
et al, 2014; McMahon and Boucrot, 2015; and references
therein). Besides PtdIns(4,5)P,, other phosphoinositides also
function as lipid cofactors in membrane fission processes, e.g.,
PtdIns3P and PtdIns(3,5)P, for Atgl8 (Gopaldass et al., 2017).
We hypothesize that, despite of their shape, PtdIns(4,5)P
and PtdIns(3,5)P, are able to be lipid cofactors required for
membrane fission reactions because of extremely high negative
charge that recruits basic residues of the AHs of fission-inducing
proteins to PBP-containing membranes due to the electrostatic
attractions. If a PBP-containing membrane contains also cone-
shaped lipids, membrane packing defects are present in such

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2019 | Volume 7 | Article 291


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhukovsky et al.

Amphipathic Helix-Containing Fission Proteins

membrane, and some of these defects are present in the vicinity
of PBP molecules. If a membrane contains cone-shaped lipids,
membrane packing defects should be evenly distributed on
the membrane surface (Vamparys et al., 2013). Co-localization
of some of these defects with highly charged PBPs creates
suitable condition for the recruitment of AHs belonging to the
fission-inducing proteins.

Alternatively, we hypothesize that, while AH-containing
fission-inducing proteins interacting with cardiolipin and PA
play a major role in fission, AH-containing proteins that bind
PtdIns(4,5)P; often mediate membrane fission cooperatively with
the proteins belonging to the dynamin superfamily (Boucrot
et al,, 2012, 2015; Meinecke et al., 2013). Possibly, interaction
with cone-shaped lipids, such as cardiolipin and PA, is required
for AH-containing proteins that mediate fission in the absence
of proteins belonging to the dynamin superfamily, but is
not required for AH-containing proteins that mediate fission
cooperatively with the proteins belonging to this superfamily.

Of note, PS, phosphatidylinositol (PtdIns) and PG that possess
net charge —1 at neutral pH (Li et al., 2015) are less frequently
used as lipid cofactors in membrane fission processes, compared
with PA, cardiolipin and PtdIns(4,5)P, that possess higher
negative charge.

Putative Sequence Motifs That
Specifically Recognize Cardiolipin, PA,
and PtdIns(4,5)P>

It is reasonable to hypothesize that AHs of proteins
interacting specifically with each of three lipids cardiolipin,

PA, PtdIns(4,5)P,, might contain sequence motifs that recognize
these lipids. Primary sequences of the AHs of fission-inducing
proteins that were shown or suggested to use cardiolipin and
PtdIns(4,5)P, as cofactors are presented in Tables 3, 4. We
found that (K/R)xe(F/Y) motif is present in all but one AHs of
cardiolipin-binding fission-inducing proteins we know, whereas
(K/R/H)(K/R/H)xx(K/R/H) motif is present in most AHs of
PtdIns(4,5)P,-binding fission-inducing proteins we know. Here
K is Lys, R is Arg, F is Phe, Y is Tyr, H is His, and x is any
residue. Although it is quite possible that the (K/R)x¢(F/Y) and
(K/R/H)(K/R/H)xx(K/R/H) motifs in some of AHs of fission-
inducing proteins are not involved in the specific interaction
with lipids, we suppose that in most cases these two motifs are
functionally essential.

Cardiolipin

Among proteins that are involved in membrane fission and are
listed in the Tables 3, 4, the (K/R)x¢(F/Y) motif is present in
AHs of six out of seven cardiolipin-binding proteins, but absent
in AHs of all seven PtdIns(4,5)P,-binding proteins. In general,
(K/R)x¢(F/Y) motifs in the AHs of various proteins are rare.
Among 16 AHs shown in the Table 1 of Drin and Antonny
(2010), this motif is present only in a-synuclein, a protein that
binds cardiolipin (Nakamura et al., 2008; Robotta et al., 2014;
Ryan et al., 2018). However, except proteins listed in the Table 3,
this motif is present in the AHs of at least two proteins that
interact with cardiolipin but, to the best of our knowledge, are
not known to be involved in membrane fission: PmtA from
Bradyrhizobium japonicum (Danne et al., 2017a) and ATG3 (Nath
et al,, 2014; Hervas et al, 2017). Argl4 and Phe2l belong to

TABLE 3 | Amphipathic helices of fission-inducing proteins that use cardiolipin as a lipid cofactor.

Protein Amphipathic helix References
MGS 65-SLKGFRLVLFVKRYVRKMRKLKL-87 Eriksson et al. (2009)
AtPmMtA 6-KQRLEQKFEEEIRFFKGMV-24 Danne et al. (2017b)
a-synuclein 1-MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAG Davidson et al. (1998)
KTKEGVLYVGSKTKEGVVHGVATVAEKTKEQ
VTNVGGAVVTGVTAVAQKTVEGAGSIAAATG-93
MinD 260-KKGFLKRLFGG-270 Zhou and Lutkenhaus (2003)
Pex11p 66-TRKIMRIGKFLEHLKAAA-83 Opalinski et al. (2011)
EcMurG 78-PLRIFNAWRQARAIMKAY-95 Ha et al. (2000)
DGS 81-FAFWRVIAPFFYKHLQNI Ge et al. (2011)

YGIADLIITPTRYSKFLI-116

Sequences are retrieved from indicated references. Residues belonging to the (K/R)xg(F/Y) motif are shown in red. Gly are underlined.

TABLE 4 | Amphipathic helices of fission-inducing proteins that use Ptdins(4,5)P» as a lipid cofactor.

Protein Amphipathic helix References
Epsin 1 1-MSTSSLRRQMKNIVHNY-17 Martyna et al. (2017)
Endophilin A1 2-SVAGLKKQFHKATQKVSE-19 Bhatia et al. (2009)

Mammalian amphiphysin 2
Drosophila amphiphysin
PICK1

CALM

18-VQKKLTRAQEKVLQKLGKA-36
1-MTENKGIMLAKSVQKHAGRA-20
113-SLDIVLKKVKHRLVENMS-130
Arf1 1-MGNIFANLFKGLFGKKEM-18
2-SGQSLTDRITAAQHSVTG-19

Hohendahl et al. (2016)
Isas et al. (2015)

Herlo et al. (2018)
Martyna et al. (2017)
Miller et al. (2015)

Sequences are retrieved from indicated references. Residues belonging to the (K/R/H)(K/R/H)xx(K/R/H) motif are shown in red.
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the (K/R)x¢(F/Y) motif in the AH of PmtA from B. japonicum
(Danne et al., 2017a), whereas Lys11 and Tyr18 belong to the
(K/R)x¢(F/Y) motif in the AH of Atg3 (Hervas etal., 2017). In
the AH of cardiolipin-binding fission-inducing protein PmtA
from A. tumefaciens (Danne et al., 2017b), both Lys12 and Phel9
belonging to the Kx¢F motif are critical for membrane binding
(Danne et al., 2015). Based on these observations, we make a
conclusion that, most probably, many (K/R)xe(F/Y) pairs in the
AHs of cardiolipin-binding proteins are functional cardiolipin-
binding motifs.

In the protein a-helix, each amino acid residue corresponds
to a 100° turn in the helix. (K/R)x¢(F/Y) motif contains one
basic residue (Arg or Lys) and one aromatic residue (Phe or Tyr)
spaced roughly 700° in the circle, very close to 720° (two turns).

Hence, basic residue and aromatic residue of the (K/R)xg(F/Y)
motif are on the same face of the helix, two turns apart, see
Figure 4. Such localization might be suitable for two residues to
interact with the same cardiolipin molecule.

Kx¢F motifs in MGS and MinD contain positively charged
Lys followed by Gly. Interestingly, a positively charged residue
preceding flexibility-conferring Gly may be considered a
footprint for cardiolipin binding (Planas-Iglesias et al., 2015).

In (K/R)x6(F/Y) motifs within AHs of cardiolipin-binding
proteins, Gly is often present close to basic (Lys or Arg)
and aromatic (Phe or Tyr) residues, see Table 3. Hence, in
most (K/R)xe(F/Y) motifs, three residues are present: positively
charged residue (Lys or Arg), aromatic residue (Phe or
Tyr), and Gly. Such a combination of these three kinds of

¢ R85

<24 Y92
¥y

AtPmtA

FIGURE 4 | Configurations and helical wheel representations of some of the (K/R)xs(F/Y) motif-containing AHs belonging to the fission-inducing proteins that use
cardiolipin as cofactor. Helical wheel projections were generated using Heliquest software (http://heliquest.ipmc.cnrs.fr; Gautier et al., 2008). Residues belonging to
the (K/R)xs(F/Y) motifs are highlighted. Color coding for residues: yellow for hydrophobic, purple for Ser (S) and Thr (T), blue for Lys (K) and Arg (R), red for acidic,
pink for Asn (N) and Gin (Q), gray for small residues (Ala, A and Gly, G), green for Pro (P), and light blue for His (H). The arrow in helical wheels corresponds to the
hydrophobic moment. Species names and UniProt accession numbers: Acholeplasma laidlawii MGS, Q93P60; Escherichia coli MinD, POAEZ3; A. laidlawii DGS,
Q8KQLS6; Penicillium chrysogenum Pex11p, B6GZG8; Agrobacterium tumefaciens AtPmtA, AOA2L2L7Q9.
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residues is somewhat similar to the cardiolipin-binding motif
(Y/W/F)(K/R)G (Ruprecht et al., 2014; Kunji et al., 2016; Duncan
et al., 2018), where W is Trp and G is Gly. We suppose that,
as suggested for the (Y/W/F)(K/R)G motif, aromatic residues
(Phe or Tyr) in (K/R)x¢(F/Y) motif might be involved in the
interaction with acyl chain (Ruprecht et al., 2014), whereas
neighboring Gly might be involved in the interaction with
phosphate groups (Kunji et al., 2016; Duncan et al., 2018).

PtdIns(4,5)P»
Lys, Arg, and His are basic amino acid residues. Hence,
all three residues belonging to the putative PtdIns(4,5)P;-
binding (K/R/H)(K/R/H)xx(K/R/H) motif are positively charged.
This motif is present in five out of seven AHs of fission-
inducing PtdIns(4,5)P,-binding proteins we know, but in AHs
of only two out of seven cardiolipin-binding fission-inducing
proteins we know, see Tables 3, 4. AH of Arfl does not
contain (K/R/H)(K/R/H)xx(K/R/H) motif: see Table 4. However,
if we consider Argl9 adjacent to this AH, we find that
Arfl contains a KPK'®xxR!® sequence that conforms to the
(K/R/H)(K/R/H)xx(K/R/H) motif. Double mutation of two Lys
belonging to this K} K!®xxR!® motif to Leu affected Arfl binding
to PtdIns(4,5)P, but not to PA (Randazzo, 1997). Moreover,
(K/R/H)(K/R/H)xx(K/R/H) motifs are present in the AHs of at
least three PtdIns(4,5)P,-binding proteins that, to the best of
our knowledge, are not known to be involved in membrane
fission: Spo20 (Horchani et al., 2014), STIM2 (Bhardwaj et al,
2013), and SH3YL1 (Hasegawa et al., 2011). His75, Lys76, and
His79 belong to the (K/R/H)(K/R/H)xx(K/R/H) motif in the
AH of Spo20 (Horchani et al., 2014); K”3?K733PSK’*¢ and
K72K73KSK74¢ are two (K/R/H)(K/R/H)xx(K/R/H) motifs in
the AH of STIM2 (Bhardwaj et al., 2013), whereas Lys14, Lys15,
and Lys18 belong to the (K/R/H)(K/R/H)xx(K/R/H) motif in the
AH of SH3YL1 (Hasegawa et al., 2011). Residues belonging to
the (K/R/H)(K/R/H)xx(K/R/H) motif within AHs play a role in
the interaction with PtdIns(4,5)P,: Arg7, Arg8, Lysll in epsin
1 (Ford et al., 2002; Lai et al., 2012) and Lys14, Lysl5, Lys18
in SH3YL1 (Hasegawa et al, 2011). We make a conclusion
that, most probably, many (K/R/H)(K/R/H)xx(K/R/H) motifs are
functional PtdIns(4,5)P,-binding motifs in the AHs of various
proteins that interact with this lipid.

Taking into account that each residue corresponds to
a 100° turn in the protein a-helix, all three basic residues
belonging to the (K/R/H)(K/R/H)xx(K/R/H) motif are
located on the same face of the helix: see Figure 5. Such
localization might be favorable for the interaction of these
residues with the same PtdIns(4,5)P, molecule. Possibly, in
the (K/R/H)(K/R/H)xx(K/R/H) motifs of various proteins,
two adjacent positively charged residues interact with 1- and
4-phosphate groups of PtdIns(4,5)P,, similar to the two Arg
belonging to the R7R8xxK!! motif in epsin 1 (Lai et al., 2012).

According to Nishimura et al. (2018), the BAR
domain-containing proteins do not have any specific
phosphoinositide-binding pockets. However, we hypothesize that
(K/R/H)(K/R/H)xx(K/R/H) motif is a specific PtdIns(4,5)P;-
binding motif in AHs (and, perhaps, other segments) of various
proteins, including BAR domain-containing proteins. We predict

that residues Lys7, Lys8, Hisll in mammalian endophilin Al,
residues Lys20, Lys21, Arg24 in mammalian amphiphysin 2,
residues Lys15, Hisl6, Argl9 in Drosophila amphiphysin are
involved in the interaction with PtdIns(4,5)P,. We expect that
mutations involving these residues will inhibit such interaction
as well as membrane curvature generation and membrane fission
mediated by these proteins.

Phosphatidic Acid

At least eight AHs of PA-binding proteins contain KxK (Lys -
any residue — Lys) motifs, see Table 5. One of these proteins,
a-synuclein, might mediate membrane fission (see above),
whereas other seven proteins, Atg3 (Nath et al., 2014; Hervas
et al,, 2017), CDeT11-24 (Petersen et al., 2012), Opil (Loewen
et al., 2004; Hofbauer et al., 2018), Spo20 (Horchani et al., 2014),
DHN1 (Koag et al., 2003, 2009), CCT also known as Pcytla
(Cornell, 2016), and Tam41 (Jiao et al., 2019), are not known to
be involved in fission (to the best of our knowledge). In Atg3,
residues Lys9 and Lys11, belonging to the KxK motif, are essential
for membrane interaction (Hervas et al., 2017). In Opil, mutation
of five Lys (including Lys119 and Lys121 belonging to the KxK
motif) to Arg leads to the loss of the preference for PA-containing
over PS-containing liposomes (Hofbauer et al., 2018).

Amphipathic helices of few PA-binding proteins, including
fission-inducing proteins endophilin B1 (Rostovtseva et al., 2009;
Kjaerulff et al., 2011; Zhang et al., 2011) and Arfl (Krauss et al.,
2008; Beck et al., 2011; Martyna et al., 2017) do not contain KxK
motifs. Moreover, the authors of Putta et al. (2016), Kassas et al.
(2017), Zegarlinska et al. (2018), and Tanguy et al. (2019) stress
that there is no known well-defined PA-binding motif or domain.
However, here we hypothesize that KxK motif in AHs is involved
in specific interaction with PA. It is possible that other sequence
motifs recognizing PA will be discovered in the future.

If KxK motif is present in the protein a-helix (each amino
acid residue corresponds to a 100° turn in the helix), two Lys
belonging to the KxK motif are on two opposite faces of the
helix, see Figure 6. Hence, in the AH, KxK motif usually places
two Lys at the polar/non-polar interface. Such a position of basic
residues is typical for AHs that interact with membranes (Mishra
and Palgunachari, 1996; Davidson et al., 1998; Polozov et al,
1998; Mozsolits et al., 2004), especially with membranes that
contain acidic phospholipids (Polozov et al,, 1998). Most Lys
residues in the AH of a-synuclein belong to the KxK motifs, and,
interestingly, Perrin et al. (2000) stress that such localization of
Lys along the polar/non-polar interface might be important for
a-synuclein interaction with PA-containing membranes. At first
sight, such localization of two Lys, at the opposite sides of an
a-helix, is not optimal for the interaction with the same lipid
molecule. However, Hofbauer et al. (2018) underline that KRK
motif in Opil interacts specifically with PA. Moreover, this motif
forms a “three-finger grip” that tightly binds the PA phosphate
headgroup but fails to accommodate the larger PS headgroup
(Hofbauer et al., 2018). We suppose that, similarly, KxK motif
in the AH of other proteins might form a “two-finger grip” that
binds specifically the PA phosphate headgroup, although with
somewhat lower affinity compared with KRK motif, if the residue
between two Lys is not positively charged.
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FIGURE 5 | Configurations and helical wheel representations of the (K/R/H)(K/R/H)xx(K/R/H) motif-containing AHs belonging to the fission-inducing proteins that use
Ptdins(4,5)P, as cofactor. Helical wheel projections were generated using Heliquest software (http://heliquest.ipmc.cnrs.fr; Gautier et al., 2008). Residues belonging
to the (K/R/H)(K/R/H)xx(K/R/H) motifs are highlighted. Color coding for residues: yellow for hydrophobic, purple for Ser (S) and Thr (T), blue for Lys (K) and Arg (R),
red for acidic, pink for Asn (N) and Gin (Q), gray for small residues (Ala, A and Gly, G), green for Pro (P), and light blue for His (H). The arrow in helical wheels
corresponds to the hydrophobic moment. Species names and UniProt accession numbers: Homo sapiens epsin 1, Q9Y6I3; Rattus norvegicus amphiphysin 2,
008839; R. norvegicus PICK1, Q9EPS80; R. norvegicus endophilin A1, 035179; Drosophila melanogaster amphiphysin, Q7KLE5.
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As we pointed out, the penetration of AHs into ca. 40%
of monolayer thickness is optimal for generation of membrane
curvature and driving membrane fission (Campelo et al., 2008;
Zemel et al., 2008; Boucrot et al.,, 2012; Hanna et al., 2016).
We hypothesize that the specific interaction of lipid cofactor
with sequence motif ensures optimal depth of the insertion of
AH into lipid bilayer. Insertion of AH approximately at the
level of membrane hydrophilic-hydrophobic interface is optimal
for generating membrane curvature (Li, 2018). The KxK motifs
within PA-associated AH places two Lys close to this interface (see
Figure 6) and, hence, is able to ensure shallow insertion of this
AH into the membrane and generation of the high membrane
curvature, required for driving membrane fission. Moreover, in

few AHs of cardiolipin-binding proteins, such as AHs from MGS
(Eriksson et al., 2009), AtPmtA (Danne et al., 2017b), Pex11p
(Opalinski et al.,, 2011), the orientation of the (K/R)x¢(F/Y)
motif ensures the position of these two residues (basic Lys
or Arg and aromatic Phe or Tyr) close to the hydrophilic-
hydrophobic interface, so that basic residue is somewhat closer
to the hydrophobic face of the helix, and aromatic residue is
somewhat closer to the hydrophilic face of the helix, see Figure 4.
We suggest that such orientation also ensures shallow insertion
of the AH, that is optimal for driving fission.

Interestingly, a-synuclein that might use cardiolipin and,
possibly, also PA as lipid cofactors in fission reaction (see above)
contains, in its AH, putative cardiolipin-binding Kx¢Y motif
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TABLE 5 | Amphipathic helices of PA-binding proteins that contain KxK motifs.

Protein Amphipathic helix References
a-synuclein 1-MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAG Davidson et al. (1998)
KTKEGVLYVGSKTKEGVVHGVATVAEKTKEQ
VTNVGGAVVTGVTAVAQKTVEGAGSIAAATG-93
Atg3 2-QNVINTVKGKALEVAEYLTPVLKESK-27 Hervés et al. (2017)
CDeT11-24 25-KSMLAKVKEKAKKLKGSI-42 Petersen et al. (2012)
Opit 109-KRQKLSRAIAKGKDNLKEYK-128 Hofbauer et al. (2018)
Spo20 62-RLHVKLKSLRNKIHKQLH-79 Horchani et al. (2014)
DHNA1 152-EKKGIMDKIKEKLPG-166 Koag et al. (2003)
CCT 241-HLQERVDKVKKKVKDVEEKSKEFVQKV Cornell (2016)
EEKSIDLIQKWEEKSREFIGSFLEMFG-294
Tam41 372-VIRSFVYVYAKLKKGLLS-389 Jiao et al. (2019)

Only one protein in this Table (a-synuclein) was suggested to mediate membrane fission. Sequences are retrieved from indicated references. Residues belonging to the

KxK motif are shown in red.

as well as five copies of putative PA-binding KxK motifs, see
Tables 3, 5. Moreover, Atg3 that is not known to be involved
in any membrane fission process, interacts with both cardiolipin
and PA (Nath et al., 2014; Hervés et al., 2017), and contains, in
its AH, putative cardiolipin-binding K!'xY'® motif overlapping
with the putative PA-binding K?xK!! motif.

We predict that mutations of residues belonging to the KxK
motifs in AHs of PA-binding proteins as well as (K/R)x¢(F/Y)
motifs in AHs of cardiolipin-binding proteins will inhibit the
binding of these proteins to the membranes containing these
lipids. For proteins that possess an ability to generate membrane
curvature or to mediate membrane fission, these processes will
also be inhibitied in the mutants.

Interestingly, Lys in cardiolipin-binding and PA-binding AHs
are much more frequent than Arg, see Tables 3, 5. Mutation of
five Lys to Arg in Opil leads to the loss of the preference for PA-
containing over PS-containing liposomes (Hofbauer et al., 2018).
Due to its longer aliphatic side chain, Lys penetrate more deeply
into lipid bilayer, and thus interaction of lipids with Lys might be
more stable than interaction of lipids with Arg (Davidson et al.,
1998). Furthermore, the increase in PA charge induced by Lys is
higher than that induced by Arg (Kooijman et al., 2007). For these
reasons, the presence of Lys in sequence motifs that recognize
cardiolipin and PA is preferable to the presence of Arg.

Amphipathic helices of some of the fission-inducing
proteins that wuse cardiolipin, PtdIns(4,5)P, and PA as
cofactors do not contain, correspondingly, (K/R)xe(F/Y)
motif, (K/R/H)(K/R/H)xx(K/R/H) motif, and KxK motif. Other
residues yet to be identified are therefore involved in the
interaction with these lipids.

Characteristics of Lipid Cofactors
Involved in Membrane Fission Processes

in Different Organelles

We noted that in many membrane fission processes mediated by
AH-containing proteins in a particular organelle or bacterium,
the most abundant lipids in this organelle (or bacterium)
possessing high negative charge (more negative than —1) play
a role of lipid cofactors. Moreover, fission-inducing proteins
often contain in their AHs sequence motifs that recognize these

lipids. The following highly charged lipids are over-represented
in specific organelles and hence might play the role of lipid
cofactors with various fission-inducing proteins: cardiolipin in
bacteria, mitochondria (Musatov and Sedlak, 2017; Pagliuso et al.,
2018) and peroxisomes (Wriessnegger et al., 2007); PtdIns3P and
PtdIns(3,4)P; in the endosomes; PtdIns4P in the Golgi apparatus;
PtdIns5P in the nuclear envelope; PtdIns(4,5)P; in the PM;
PtdIns(3,5)P, in endosomes, lysosomes and vacuoles (Takatori
et al., 2016; Olivenca et al., 2018; Dickson and Hille, 2019).

Knowing the primary sequence of the AH of a fission-
inducing proteins allows to anticipate which lipid is used by this
protein as a cofactor in fission reactions, and which organelle
this protein functions in, see Table 6. For example, eukaryotic
fission protein containing (K/R)xs(F/Y) motif in its AH might
be expected to use cardiolipin as cofactor and, hence, to mediate
fission of mitochondria or peroxisomes. On the other hand,
a fission-inducing protein that does not contain (K/R)xe(F/Y)
motif but contains a (K/R/H)(K/R/H)xx(K/R/H) motif in its
AH might use PtdIns(4,5)P, as cofactor and, hence, might be
involved in endocytosis.

As pointed out above, we hypothesize that the most abundant
organelle-specific lipid possessing high negative charge might
play a role of a lipid cofactor in membrane fission processes.

We have already mentioned AH-containing proteins (such as
a-synuclein, Pex11, PmtA, MGS, DGS, epsin, endophilin Al)
that mediate fission in different organelles and follow this rule,
see Table 6. Most probably, a similar pattern also applies to
fission-inducing proteins in general. For example, cardiolipin is
a putative lipid cofactor for FisB that mediates fission during
sporulation in a bacterium B. subtilis (Doan et al., 2013).
FisB is not known to contain any AH. Moreover, cardiolipin
activates the mechanoenzyme Drp] that plays an important role
in mitochondrial fission (Francy et al., 2017). Besides being
cofactor for fission mediated by AH-containing proteins such
as epsin (Kweon et al., 2006; Boucrot et al,, 2012; Lai et al,
2012) and endophilin A1 (Yoon et al., 2012), PtdIns(4,5)P; is a
putative cofactor for the mechanoenzyme dynamin (Jost et al.,
1998) that is responsible for endocytosis, i.e., fission at PM.
PtdIns4P, whose charge is between —2 and —3 at physiological
pH (van Paridon et al., 1986), was suggested to play a direct
role in membrane fission of Golgi membranes mediated by
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FIGURE 6 | Configurations and helical wheel representations of some of the KxK motif-containing AHs belonging to the PA-binding proteins. Helical wheel
projections were generated using Heliquest software (http://heliquest.ipmc.cnrs.fr; Gautier et al., 2008). Residues belonging to the KxK motifs are highlighted. Color
coding for residues: yellow for hydrophobic, purple for Ser (S) and Thr (T), blue for Lys (K) and Arg (R), red for acidic, pink for Asn (N) and GIn (Q), gray for small
residues (Ala, A and Gly, G), green for Pro (P), and light blue for His (H). The arrow in helical wheels corresponds to the hydrophobic moment. Species names and
UniProt accession numbers: Homo sapiens ATG3, QONT62; Saccharomyces cerevisiae Opil, P21957; Zea mays DHN1, P12950; S. cerevisiae Spo20, Q04359;
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TABLE 6 | Typical lipid cofactors that are used by fission-inducing proteins in different organelles and in bacterial cells, and putative sequence motifs within amphipathic

helices of these proteins that specifically bind their lipid cofactors.

Organelles Lipid cofactors Charge Motif Examples

Eukaryotic cell

Mitochondrion Cardiolipin -2 (K/R)xg(F7Y) a-synuclein (Nakamura et al., 2008,
2011)

Peroxisome Cardiolipin -2 (K/R)xs(F7Y) Pex11 (Opalinski et al., 2011; Su et al.,
2018)

Endosome, vacuole, lysosome PtdIns(3,5)P2 —4 - Atg18 (Gopaldass et al., 2017)

Plasma membrane Ptdins(4,5)P» —4 (K/R/H)(K/R/H)xx(K/R/H) Epsin (Boucrot et al., 2012; Lai et al.,
2012) Endophilin A1 (Yoon et al., 2012)

Bacterial cell

Cardiolipin -2 (K/R)xg(F7Y) AtPmMtA (Danne et al., 2017b) MGS

(Eriksson et al., 2009; Aridz et al., 2013)
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CtBP1-S/BARS (Yang et al., 2008; Valente et al., 2013). Moreover,
besides being cofactor for vacuole fission mediated by AH-
containing fission-inducing protein Atgl8 (Gopaldass et al.,
2017), PtdIns(3,5)P, plays an important role in various fission
processes in vacuoles and endo-lysosomes (Dove et al., 2009;
Miner et al., 2019; and references therein). We are not aware
of any role that PtdIns5P plays in any fission process. However,
this phenomenon might be expected in an organelle such as
the nuclear envelope, in which the content of this lipid is
high, compared with other highly charged lipids. This type of
reasoning can be applied to other phosphoinositides enriched in
different organelles.

OLIGOMERIZATION OF AMPHIPATHIC
HELIX-CONTAINING FISSION-INDUCING
PROTEINS

An oligomeric structure is required for membrane fission
and membrane curvature generation mediated by various AH-
containing fission-inducing proteins. For example, Arfl (Beck
et al., 2008, 2011), Sarl (Hariri et al., 2014), epsin 1 (Lai et al,,
2012), endophilin A1 (Gallop et al., 2006; Mim et al., 2012; Yoon
et al., 2012; Capraro et al., 2013), endophilin A2 (Gortat et al.,
2012), Drosophila amphiphysin (Peter et al., 2004; Yoon et al.,
2012), ANKHDI1 (Kitamata et al., 2019), GDAP1 (Huber et al,,
2016) form dimers. Endophilin B1 (Rostovtseva et al., 2009),
PICK1 (Karlsen et al., 2015) and influenza virus M2 (Rossman
et al.,, 2010) form tetramers (dimers of dimers). In some cases,
dimers may direct the formation of higher order oligomers, such
as, for example, in the case of epsin 1 (Yoon et al., 2010; Lai et al.,
2012) and endophilin A1 (Gallop et al., 2006; Yoon et al., 2012).
Moreover, dimers of Sarl (Hariri et al., 2014), epsin 1 (Lai et al.,
2012), and endophilin A1 (Mim et al., 2012; Capraro et al., 2013)
were reported to form ordered lattices. Human Pex11B (Yoshida
et al, 2015), fungal Pexllp (Su et al, 2018), Snf7 (Saksena
et al,, 2009), caveolin-1 (Fernandez et al., 2002), and a-synuclein
(Nakamura et al., 2011) form oligomers. The protein mutations
that disrupt their oligomerization inhibit the ability of Arfl (Beck
etal., 2008, 2011), epsin 1 (Yoon et al., 2010), and endophilin A2
(Gortat et al., 2012) to deform or vesiculate membranes.

Sometimes, lipid cofactors required for membrane fission
events promote oligomerization of AH-containing fission-
inducing proteins. Thus, PtdIns(3,4)P, induces Atgl8
oligomerization (Gopaldass et al., 2017), whereas cholesterol
prevents disruption of influenza virus M2 tetramers (Ekanayake
et al., 2016) and shifts these tetramers toward a more compact
conformation (Herneisen et al., 2017). In general, lipid cofactors
such as PtdIns(4,5)P, for endophilin Al and Drosophila
amphiphysin (Yoon et al, 2012), can promote membrane
penetration of the AHs and thus induce protein oligomerization
upon membrane binding.

Formation of the oligomers of some AH-containing fission-
inducing proteins, such as epsin 1 (Yoon et al, 2010),
endophilin A1 (Mim et al., 2012), peroxins Pex11B (Yoshida
et al., 2015) and Pex1lp (Su et al, 2018), influenza virus M2
(Ekanayake et al.,, 2016), is driven, at least partially, by direct

interaction of their AHs. Membrane curvature generated by the
insertion of AH of fission-inducing protein into the membrane
is amplified upon protein oligomerization due to the concerted
penetration of multiple AHs, ultimately causing membrane
tubulation or fission (Campelo et al., 2008; Yoon et al., 2010; Lai
et al., 2012; Hariri et al., 2014; Pan et al., 2019).

Interestingly, oligomerization of endophilin Bl is induced by
chaperone activity of the apoptosis regulator Bax (Rostovtseva
et al., 2009). Bax does not stably associate with endophilin
B1 oligomers. Despite of this, even when the concentration of
Bax is 10 times lower than the concentration of endophilin
Bl, Bax induces endophilin Bl oligomerization, a structure
required for membrane fission. As result, endophilin B1 with Bax
induces massive vesiculation of liposomes, whereas endophilin
B1 alone and Bax alone do not have such an effect (Rostovtseva
et al.,, 2009). Interestingly, in normal cells, endophilin Bl and
Bax do not interact. However, during apoptosis they bind
transiently and, due to the membrane rearrangements mediated
by oligomeric endophilin B1, they promote release of cytochrome
C from mitochondria (Rostovtseva et al., 2009).

DISEASES ASSOCIATED WITH
MUTATIONS IN THE AMPHIPATHIC
HELICES OF FISSION-INDUCING
PROTEINS

The role that AHs play in the function of fission-inducing
proteins is emphasized by the fact that few naturally occurring
mutations of residues belonging to the AHs are associated
with human diseases. Some of these mutants are defective
in inducing membrane curvature, whereas other mutants
generate membrane curvature more vigorously than wt
proteins. Both kinds of mutations might contribute to the
development of diseases.

Amphiphysin 2 (also known as BIN1) contains an AH (Nicot
etal., 2007; Bohm et al., 2014; Hohendahl et al., 2016) and induces
membrane vesiculation (Wu and Baumgart, 2014). Deletion
mutation ALys21 and substitution mutations Arg24Cys and
Lys35Asn (Nicot et al., 2007; Bohm et al., 2014) within the AH
Val18-Ala36 (Hohendahl et al., 2016) of amphiphysin 2 cause
CNM. Unlike wt amphiphysin 2, none of these three mutants
induce membrane tubulation (Nicot et al., 2007; Bohm et al.,
2014). Nicot et al. (2007) and Hohendahl et al. (2016) underlined
that these mutations change the charge of the hydrophilic face
of the AH, and such change might disrupt the interaction with
negatively charged lipids of the membrane and, in turn, may lead
to a defect in the ability to generate membrane curvature.

Expression of GDAP1 induces fission of peroxisomes and
mitochondria, and this fission is critically dependent on the AH
Val292-Phe309 (Huber et al., 2016). The Asn297Lys mutation
into the AH is associated with Charcot-Marie-Tooth disease
(Moroni et al., 2009).

a-Synuclein induces mitochondrial fragmentation (Kamp
et al, 2010; Nakamura et al., 2011; O’Donnell et al, 2014;
Martinez et al, 2018) possibly explained by its role in
membrane fission (Varkey et al., 2010; Nakamura et al., 2011;
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Fakhree et al., 2019). a-Synuclein contains a long AH that forms
on membrane binding (George et al, 1995; Davidson et al.,
1998; Drin and Antonny, 2010; Braun et al, 2017), and the
insertion of this AH into membranes contributes to membrane
curvature generation (Braun et al, 2014, 2017; Fakhree et al,
2019). The role of a-synuclein in mitochondrial fission was
suggested to be related to the pathogenesis of Parkinson’s disease
(Nakamura et al., 2011; Pozo Devoto and Falzone, 2017). Indeed,
a few naturally occurring mutations of residues belonging to the
a-synuclein AH (Pozo Devoto et al., 2017) are associated with
Parkinson’s disease: Ala30Pro (Kriiger et al., 1998), Glu46Lys
(Zarranz et al., 2004), His50GIn (Appel-Cresswell et al., 2013),
Gly51Asp (Kiely et al, 2013; Lesage et al., 2013), Ala53Thr
(Polymeropoulos et al., 1997), and Ala53Glu (Pasanen et al,
2014). Overexpression of the Ala53Thr a-synuclein mutant led
to more significant reductions of mitochondrial size than the
overexpression of wt a-synuclein (Pozo Devoto et al., 2017).
Uncontrolled mitochondrial fragmentation might contribute to
the development of Parkinson’s disease (Varkey et al., 2010;
Panchal and Tiwari, 2019). Hence, the role of Ala53Thr mutation
in the development of Parkinson’s disease might be, at least
partially, explained by the extensive mitochondrial fragmentation
mediated by this mutant involving residue belonging to the AH.

In the future, the discovery of new naturally occurring
mutations of residues within the AHs of fission-inducing proteins
will facilitate the ultimate definition of the role that the
interaction of AHs with the membranes play in the pathogenesis
of the related diseases.

CONCLUSION

In this review, we have considered fission-inducing proteins
that contain AHs. Other fission-inducing proteins are known
(Campelo and Malhotra, 2012; Frolov et al., 2015; Renard et al.,
2015) indicating that the molecular events finally causing a
bilayer to divide may follow different strategies. This would
parallel the case of membrane fusion, where the structures
of fusion-inducing proteins belonging to different classes are
very different from each other and mechanisms of membrane
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