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Abstract

Cellular membranes must undergo remodeling to facilitate critical functions including membrane
trafficking, organelle biogenesis, and cell division. An essential step in membrane remodeling is
membrane fission, in which an initially continuous membrane surface is divided into multiple,
separate compartments. The established view has been that membrane fission requires proteins
with conserved structural features such as helical scaffolds, hydrophobic insertions, and
polymerized assemblies. In this review we discuss these structure-based fission mechanisms and
highlight recent findings from several groups that support an alternative, structure-independent
mechanism of membrane fission. This mechanism relies on lateral collisions among crowded,
membrane-bound proteins to generate sufficient steric pressure to drive membrane vesiculation.
As a stochastic process, this mechanism contrasts with the paradigm that deterministic protein
structures are required to drive fission, raising the prospect that many more proteins may
participate in fission than previously thought. Paradoxically, our recent work suggests that
intrinsically disordered domains may be among the most potent drivers of membrane fission,
owing to their large hydrodynamic radii and substantial chain entropy. This stochastic view of
fission also suggests new roles for the structure-based fission proteins. Specifically, we
hypothesize that in addition to driving fission directly, the canonical fission machines may
facilitate the enrichment and organization of bulky disordered protein domains in order to promote
membrane fission by locally amplifying protein crowding.
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Introduction

Establishe

Membrane fission, the process of separating an initially continuous membrane into two or
more distinct compartments, is essential for cellular life. Basic cellular functions that require
membrane fission include endocytosis [1], assembly of intracellular trafficking vesicles [2],
division of mitochondria and other organelles [3], viral budding [4], cytokinesis [5], and
biogenesis of multivesicular bodies [6], among others (Fig. 1).

Although membrane fission is required for many essential cellular activities, the lipid bilayer
is resistant to the deformations and remodeling events required for fission [7]. The elastic
theory of membranes predicts that the energetic barrier to membrane fission is in the range
of 400-800 kgT [8]. Therefore, the proteins that orchestrate membrane fission must provide
significant energetic contributions in order to overcome this barrier. While a variety of
proteins participate in fission, the established view has been that specific, conserved
structural features are required to drive the process efficiently [9]. These structural features
can be grouped into three major categories: hydrophobic insertions, cylindrical scaffolds,
and cytoskeletal assemblies [10].

In this review, we discuss these structure-based mechanisms of membrane fission and
explore an emerging, stochastic mechanism of membrane fission that is independent of
protein structure. Specifically, this stochastic perspective on fission suggests that when
proteins densely cover a membrane surface, lateral collisions among the proteins generate
significant steric pressure that can bend membranes [11] and ultimately overcome the
energetic barriers to fission [12]. This inherently non-specific mechanism can utilize both
folded and intrinsically disordered protein domains. We conclude by exploring the potential
interplay between structure-based and stochastic fission mechanisms and suggest ways in
which the two mechanisms may work together to drive fission robustly in cells.

d fission-driving proteins share conserved structural features

Hydrophobic insertions and membrane fission

Hydrophobic insertions are portions of proteins which insert directly into the hydrophobic
lipid tail region of the membrane. Insertions have been proposed to drive membrane
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curvature by expanding the area of one lipid monolayer leaflet relative to the opposite
leaflet, forcing the bilayer to take on curvature [17]. An important class of hydrophobic
insertions is the amphipathic helix, which consists of both hydrophobic and hydrophilic
residues separated onto distinct faces of the helix [18]. Amphipathic helices insert shallowly
into the membrane, parallel to the plane of the bilayer [19]. One of the first amphipathic
helices implicated in membrane bending and fission is at the N-terminus of the epsin N-
terminal homology (ENTH) domain, a 20 kDa domain of the clathrin accessory protein
epsin [20, 21]. In vitro work from the McMahon group demonstrated that residues 3-15 of
the ENTH domain fold into an amphipathic helix, called helix 0, upon binding to the lipid
phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P,] [20]. The authors suggested that once
folded, membrane insertion of helix 0 drives membrane curvature directly [20]. Evidence for
this conclusion came from mutating a single, hydrophobic leucine of helix 0 to a series of
more hydrophilic residues (L6H, L6Q, and L6E ENTH). While wild-type ENTH was able to
transform initially spherical vesicles into highly curved cylindrical tubules, the more
hydrophilic mutants showed a progressive loss of this capacity. More recent work from the
McMahon group found that wild-type ENTH also drove membrane fission in vitro and in
cells, while hydrophilic mutants displayed a defect in fission [21]. These findings
demonstrate that the hydrophobicity of the amphipathic helix is essential to membrane
remodeling by ENTH.

Amphipathic helix insertion has been implicated in other contexts of membrane bending and
fission as well. For example, Sarl, a core component of the COPII pathway with similar
molecular weight to the ENTH domain, exposes a 23-amino acid amphipathic helix upon
binding to GTP. Insertion of this amphipathic helix into the membrane is thought to facilitate
fission of COPII-coated vesicles, based on studies in cells and in vitro from the Schekman
group [22]. The GTPase Arfl is thought to drive fission of COPI-coated vesicles by a similar
mechanism, based on in vitro and cell-based studies [23]. Arfl is involved in recruitment of
the coatomer complex to the membrane, and inserts a 17-amino acid amphipathic helix into
the membrane after binding GTP [23]. Arfl1’s amphipathic helix is also modified at its N-
terminus with a myristoyl group, which further strengthens association of the helix with the
membrane [24]. Amphipathic helices are also implicated in viral budding. The M2 protein of
influenza, a homotetrameric, transmembrane ion channel, contains a 17-amino acid N-
terminal amphipathic helix on its cytoplasmic domain [25]. Work from the Lamb group
found that influenza M2 localizes preferentially to the necks of budding virions [26],
suggesting that the amphipathic helices of the M2 channel promote the curvature of the neck
and facilitate fission [26, 27]. Amphipathic helices have been implicated in a variety of
additional contexts, including shaping of photoreceptor organelles [28], fission of caveolae
[29], and Golgi membrane fission [30].

Protein scaffolds and membrane fission

Cylindrical protein scaffolds are another important category of protein structures involved in
membrane bending and fission [9]. Protein scaffolds drive membrane curvature by forcing
membranes to adopt the curved geometry of the scaffold. One of the most studied scaffold-
forming proteins is the canonical fission machine dynamin. Dynamin is best known for
driving fission of the necks of clathrin-coated membrane buds, though it is also involved in a
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variety of other membrane shaping processes, including mitochondrial division and
endosome fission [31] (Fig. 1). Dynamin is a 100 kDa protein composed of a GTPase
domain, a bundle signaling element, a stalk domain, and a pleckstrin homology (PH)
domain. Dynamin self-assembles into a helical collar around curved membrane tubes [32],
and inserts the variable loop 1 of the PH domain into the membrane after binding
PtdIns(4,5)P, [33]. Binding and hydrolyzing GTP causes the dynamin helical assembly to
undergo conformational changes that constrict its diameter, forcing the underlying
membrane tube into a highly curved state [34]. In order for the tube to undergo spontaneous
fission, the inner diameter of the tube must constrict to approximately 4 nm, as suggested in
theoretical studies [8]. Because this inner diameter is similar to the thickness of the
membrane bilayer, the lipids of the inner membrane leaflet become closely apposed and are
thought to proceed spontaneously through the hemi-fission step, where the inner leaflets fuse
resulting in a single-layer, micellar tubule. This hemi-fission intermediate is unstable, and
progresses spontaneously to full fission, yielding two separate membrane bilayers [8].
Recent work from the Hinshaw group revealed the structure of a super-constricted, pre-
fission dynamin helix with a 3.7 nm lumenal diameter [14] (Fig. 1), demonstrating that
dynamin assemblies constrict membrane tubes to a fission-competent diameter.

Another essential scaffold-forming protein involved in membrane bending is the bin-
amphiphysin-rvs (BAR) domain, a conserved crescent-shaped structure found in many
endocytic adaptor proteins [35, 36]. Domains of the BAR family display a range of intrinsic
curvatures [37]. The N-terminal, amphipathic helix-containing BAR (N-BAR) domains are
the most highly curved, and are found in several late-stage endocytic adaptors including
amphiphysin and endophilin [38] (Fig. 1). Membrane insertion of the amphipathic helices is
thought to strengthen binding of N-BAR domains to membrane surfaces, as well as to assist
in generation of membrane curvature in collaboration with scaffolding [36]. However, this
contribution has been challenged by biophysical data from the Baumgart group [39].
Specifically, this work found that mutations or truncations of the helices of an N-BAR
domain did not significantly alter the density of protein required to induce membrane
remodeling [39]. Extended-FCH-BAR (F-BAR) domains are more gently curved in
comparison to N-BAR domains, and therefore generate shallower membrane curvature [40,
41]. For example, the F-BAR domain-containing proteins FCHo01/2, early-arriving accessory
proteins of clathrin-mediated endocytosis, help initiate clathrin-coated pits [42, 43]. Inverse
BAR (I-BAR) domains are curved in the opposite direction compared to N-BAR and F-
BAR, and are therefore implicated in generating membrane protrusions such as filopodia
[44]. Finally, Pinkbar is an approximately flat BAR domain, which promotes the formation
of planar, plasma membrane sheets at cell-cell junctions in intestinal cells [45].

BAR domain-containing proteins assist in driving membrane fission primarily by recruiting
dynamin [46]. However, emerging evidence suggests that N-BAR domain-containing
proteins such as endophilin can drive membrane fission directly. Specifically, in vitro work
from the Johannes and Bassereau groups found that endophilin-coated membrane tubes
undergo fission when a rapid pulling force is applied [47]. The authors hypothesized that the
endophilin scaffold limits the flow of lipids during pulling, leading to spontaneous reduction
in the diameter of the tube until fission occurs. More recent in vitro and cell-based studies
from the Bassereau and Callan-Jones groups provided further experimental and theoretical
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evidence for this tube pulling-based fission mechanism by BAR scaffolds, which they call
friction-driven scission (FDS) [48].

A final group of essential scaffolding proteins involved in membrane bending and fission is
the endosomal sorting complex required for transport (ESCRT) machinery [49]. ESCRTSs are
best known for sorting and encapsulating protein cargos into intralumenal vesicles of
multivesicular bodies (MVBSs), but ESCRTSs are also involved in other membrane shaping
processes including cytokinetic abscission and viral budding [50] (Fig. 1). ESCRTSs are
unique from dynamin and BAR domains as they drive “reverse-topology” membrane
budding and fission, in which the membrane bends away from the cytoplasm. The ESCRT
machinery consists of complexes 0, I, I, and I1l. ESCRT-0, I, and Il are involved in binding
and sorting cargo and driving the initial curvature of the bud, while the ESCRT-III
complexes drive membrane fission [51, 52].

The main assembly subunit of ESCRT-III, Snf7 in yeast, forms spiral assemblies on
membranes with a preferred radius of curvature of 25-30 nm, as shown in in vitro work
from the Roux and Scheuring groups [53]. This study found that as Snf7 spirals grow, the
inner rings become over-bent relative to this preferred radius of curvature, while the outer
rings are under-bent. Snf7 spirals thereby act as mechanical “springs,” storing energy that
can be released when the spiral buckles out of the plane of the membrane, driving membrane
curvature [53]. The direction of buckling by ESCRT-I1I polymers depends on the specific
ESCRT-111 subunit. While Snf7 scaffolds coat the inner surface of the membrane tube, other
ESCRT-I1I subunits prefer to coat the external surface of the tube, as shown in studies
performed in vitro and in cells by the Frost and Hanson groups [54]. The ability of ESCRT-
I11 polymers to adapt to a variety of membrane curvatures suggests how ESCRT proteins are
capable of driving diverse membrane shaping processes throughout the cell. Finally, Snf7
also contains an N-terminal, 11-amino acid amphipathic helix which inserts into the
membrane. Live cell studies from the Emr group showed that this amphipathic helix is
essential for Snf7 membrane binding, but likely does not contribute to membrane curvature
generation, as helix insertion would oppose the reverse-topology curvature created by the
Snf7 scaffold [55]. While membrane curvature generation by ESCRT-I11 is becoming well-
understood, the exact mechanisms of membrane fission by ESCRT-11I remain debated [50].

Cytoskeletal assemblies and membrane fission

Polymerization of the actin cytoskeleton at membrane surfaces is another important,
structure-based driver of membrane fission [56-58]. During endocytosis, actin
polymerization imparts a force along the membrane necks of clathrin-coated pits, driving
neck constriction and promoting membrane fission [59, 60]. While actin polymerization is
required for endocytosis in yeast, it is less clearly essential in mammalian cells [61].
Nonetheless, actin is known to play a role in endocytosis in mammalian cells, for example in
counteracting high membrane tension to ensure robust fission, as shown in work from the
Kirchhausen group [62].

It is unlikely that any one of the mechanisms outlined above is alone responsible for fission.
In particular, clathrin-mediated endocytosis is carried out by a complex network of
interacting proteins [63], suggesting that several mechanisms likely work together to ensure
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robust fission. For example, work from the de Camilli group showed that BAR proteins and
actin polymerization work upstream of dynamin to drive membrane curvature prior to
dynamin-mediated fission, and even drive fission when dynamin is knocked out [64].
Another study from the same group showed that epsin helps drive curvature of clathrin-
coated endocytic structures by recruiting the actin cytoskeleton [65]. Clathrin-independent
endocytic pathways also likely rely on multiple fission mechanisms. A report from the
Johannes group demonstrated that several fission proteins, including endophilin, actin, and
dynamin, work in an additive manner to drive fission in cells [47]. All of these proteins
likely facilitate fission in a recently characterized, clathrin-independent pathway, fast
endophilin-mediated endocytosis (FEME) [66].

The fission proteins discussed above all rely on specific structural or assembly features to
drive fission. However, another unifying property of these protein structures is that they are
inherently localized on one side of the membrane, ensuring that they act asymmetrically to
induce curvature from an initially flat membrane surface. Whether these proteins insert
hydrophobic regions, assemble into scaffolds, or physically push on membranes, each
protein acts preferentially on one side of the membrane, and not on the other, in order to
drive bending and fission. From this perspective, we next examine how nonspecific physical
effects, which can also act asymmetrically on membranes, can contribute to membrane
bending and fission by increasing membrane spontaneous curvature [67].

Nonspecific physical mechanisms can raise membrane spontaneous

curvature

Osmotic gradients can increase membrane spontaneous curvature

Membrane-a

Osmotic imbalance across the membrane is an important example of a nonspecific physical
stimulus that can raise membrane spontaneous curvature. Early in vitro work from the
Helfrich group reported tubular protrusions from vesicles exposed to a hypertonic external
solution. The authors hypothesized that osmotically-driven water efflux from these vesicles
induced a flow of lipids from the inner to outer membrane leaflets, leading to an asymmetry
in leaflet area which raised membrane spontaneous curvature [68]. Later in vitro work from
the Parikh group showed that osmatically-induced spontaneous curvature is sufficient to
induce a pearling instability, in which the membrane is transformed into a set of curved
vesicles, or “pearls,” connected by narrow membrane tethers. When the diameter of these
tethers became sufficiently narrow, the tethers underwent spontaneous fission leading to the
separation of the pearled vesicles [69]. Similarly, in vitro work from the Frolov group
showed that osmotically-induced water efflux was capable of driving membrane fission. In
these experiments, exposure of membrane nanotubes to a hypertonic external solution drove
squeezing of the tube diameter until spontaneous fission occurred [70].

nchored polymers generate steric pressure that increases membrane

spontaneous curvature

The addition of high concentrations of membrane-anchored polymers has also been
demonstrated to raise membrane spontaneous curvature. Specifically, when polymers
densely cover a membrane surface, the lateral confinement of the polymers creates steric
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pressure. This pressure acts to reduce polymer entropy and extend the polymer from an
initially mushroom-like configuration into a more straightened, brush-like configuration
[71]. Theoretical work from Lipowsky suggested that when polymers asymmetrically crowd
one membrane leaflet, the polymers will raise membrane spontaneous curvature in order to
expand the available surface area, thereby reducing the loss in polymer entropy due to lateral
steric pressure [72]. Polymer crowding at membrane surfaces has also been demonstrated to
promote micelle formation, in experimental work from the Sportelli group [73]. This work
showed that inclusion of high surface densities of polyethylene glycol (PEG) conjugated to
membrane lipids promoted lateral expansion, or stretching, of the bilayer. When steric
pressure among crowded PEG chains became comparable to the tensile strength of the
bilayer, the bilayer was destabilized and transformed into lipid micelles, the high curvature
of which provides a larger volume per PEG chain [73]. Interestingly, lipid micelles resemble
the hemi-fission intermediate, in which the membrane consists of a single lipid monolayer
prior to complete membrane fission, suggesting that lateral pressure exerted by polymer
crowding can overcome one of the key energetic barriers to fission.

Steric pressure from protein crowding provides a structure-independent mechanism of

membrane b

ending

The ability of steric pressure from crowding among membrane-anchored polymers to raise
spontaneous curvature suggests that any membrane-bound molecule, including proteins,
should be able to drive membrane curvature and fission through a crowding mechanism.
Indeed, a growing body of work is revealing that asymmetric crowding among proteins at
membrane surfaces generates significant steric pressure that can drive membrane bending
and even membrane fission. In 2010 our group reported that when green fluorescent protein
(GFP) bound to giant unilamellar vesicles at high density, the proteins drove the formation
of long, tubular protrusions from the vesicles [74]. The length of these tubules increased
with the concentration of GFP, suggesting that the driving force for tubulation was
dependent on the surface density of membrane-bound protein. The ability of GFP to drive
membrane bending in vitro, confirmed in recent work from the Baumgart group [75], was
surprising because GFP plays no physiological role in membrane curvature in the cell and
contains none of the structural features thought to be required for membrane bending. How
can a simple globular protein such as GFP drive membrane curvature when bound to
membranes at high surface coverage?

We proposed that crowded membrane-bound proteins generate steric pressure, analogous to
a compressed gas. Specifically, the translational entropy of the proteins on the membrane
surface results in lateral protein-protein collisions, which raise steric pressure nonlinearly
with increasing coverage of the membrane surface by proteins. When the difference in steric
pressure between the two membrane leaflet surfaces becomes sufficiently high, membrane
curvature should increase to relieve the pressure and expand the area per protein molecule at
the mid-plane of the attached protein layer (Fig. 2A). Notably, this view of steric pressure
from protein crowding only accounts for lateral, repulsive collisions. Other physical effects
may also influence steric pressure, including electrostatic repulsions and changes in
rotational entropy. Future studies are needed to examine these diverse contributions in
greater detail.
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A 2012 in vitro study from our group demonstrated that endocytic adaptor proteins can also
drive membrane curvature using a crowding mechanism [76]. Specifically, this work
examined membrane curvature by the ENTH domain of epsin, which, as discussed above,
had been thought to drive curvature through insertion of an amphipathic helix [20, 21]. This
work revealed that ENTH generated highly curved tubules from vesicles in a manner that
was dependent on the surface coverage of membrane-bound protein (Fig. 2B). In particular,
when the amphipathic helix of ENTH was mutated to reduce its hydrophobicity, or
completely replaced with a non-inserting, synthetic membrane binding motif, the protein
drove membrane curvature with equal efficiency in comparison to wild-type ENTH,
provided all proteins covered equivalent fractions of the membrane surface. Specifically,
when protein covered 20-30% of the membrane surface, ENTH consistently drove potent
membrane tubulation, in agreement with the protein crowding mechanism described above.
This study demonstrated that protein crowding is the underlying mechanism of membrane
curvature generation by the ENTH domain, and that hydrophobic insertions promote
crowding by attaching proteins tightly to the membrane surface, rather than directly bending
membranes [76].

Protein crowding and membrane fission

In principle, any of the non-specific drivers of membrane bending described above also has
the potential to fully vesiculate membranes, provided the associated change in membrane
spontaneous curvature is sufficient to overcome the energetic barriers to membrane fission
[67]. Indeed, a recent in vitro study from our group has demonstrated that protein crowding
can also drive membrane fission [12] (Fig. 2C). In particular, previous work from the
McMahon group showed that a series of ENTH mutants with decreasing hydrophobicity of
the membrane-inserting helix drove substantially reduced membrane fission compared to
wild-type ENTH [21]. In contrast, our study showed that the membrane binding affinity of
L6E ENTH, the most hydrophilic of the mutant family, was significantly weaker in
comparison to wild-type ENTH. Consequently, comparing wild-type ENTH and L6E ENTH
at equal membrane coverage by proteins revealed that the two proteins drove equivalent
membrane fission. Moreover, ENTH consistently formed fission products of similar
curvature at a given membrane coverage by proteins, regardless of the helix hydrophobicity,
and even for ENTH domains recruited to membranes by a histidine-NTA interaction rather
than a helix insertion (Fig. 2D). Similarly, histidine-tagged GFP drove the formation of
highly curved fission vesicles when bound to membranes at high coverage (Fig. 2E) [12].
Collectively, these findings revealed that protein crowding provides a potent, entropically-
driven mechanism of membrane fission. Notably, protein crowding in the cell is likely
facilitated by the collective contributions of many integral and membrane-bound proteins,
rather than the individual protein constituents examined during in vitro experiments.

Protein crowding and membrane shaping throughout the cell

A significant body of work from several groups has implicated protein crowding in shaping
membranes in a variety of cellular contexts. In vitro studies from the Baumgart group
showed that membrane bending by the N-BAR domain of endophilin depends on the
coverage of the membrane surface by proteins [77], and is independent of amphipathic helix
insertion [39]. Additionally, a recent study performed in cells and in vitro from the Walther

J Mol Biol. Author manuscript; available in PMC 2019 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snead and Stachowiak

Page 9

group revealed that protein crowding plays an important role in dictating the protein content
of lipid droplets [78]. Specifically, proteins must compete for limited space on the surfaces
of densely crowded lipid droplets, and certain proteins become displaced when lipid droplets
shrink during lipolysis.

Work in yeast cells from the Miller group showed that the packaging of bulkier cargo
molecules requires a more rigid COPII coat to accommodate the more highly crowded
lumen [79]. Similarly, earlier work in mammalian cells from the Silvius group demonstrated
that the targeting of lipid-anchored protein cargo to clathrin-independent endocytic pathways
is determined by the physical bulk of the protein, regardless of the biochemical properties of
the protein or its lipid anchor [80]. Moreover, recent mammalian cell experiments from our
group showed that bulky, intrinsically disordered cargoes are excluded from clathrin-coated
pits, owing to the greater steric pressure exerted in comparison to an equal number of
smaller cargo proteins [81]. Collectively, these results imply that steric pressure among
endocytic cargo proteins, which must be overcome during membrane bending and
vesiculation, displaces bulky receptors that lack sufficient biochemical affinity for endocytic
coats [82].

In contrast, steric pressure among transmembrane cargo proteins may actually assist in
driving vesicle formation in the case of reverse-topology membrane bending and fission by
the ESCRT machinery. Recent papers from the Roux and Scheuring groups and Kirchhausen
and Teis groups hypothesized that asymmetric crowding among cargo proteins on the
opposite membrane leaflet of ESCRT assemblies may help form intralumenal vesicles
during MVB biogenesis [53, 83]. Similarly, budding of enveloped viruses, another context of
reverse-topology membrane bending, may also be assisted by protein crowding. Specifically,
early work from Vennema et al. showed that lateral interactions among viral envelope
proteins alone, in the absence of the nucleocapsid, drive membrane budding and fission,
suggesting that asymmetric crowding among viral surface proteins on the extracellular
leaflet may provide a potent force for viral budding [84]. Interestingly, the influenza surface
proteins hemagglutinin and neuraminidase have large ectodomains [85], consistent with this
hypothesis. The potential collaborations between protein crowding and the mechanisms of
reverse-topology membrane fission are fascinating but remain to be explored in depth.

Membrane curvature by protein crowding has also been implicated in human diseases. An in
vitro and cell-based study from the Baumgart group found that previously-identified disease
mutations affecting T-tubule formation by the protein BIN1 caused decreased membrane
binding, thereby inhibiting BIN1 from driving membrane curvature partially via a crowding
mechanism [86]. In another example, an in vitro study from the Lee group found that a-
synuclein, an intrinsically disordered, amyloid-forming protein involved in Parkinson’s
disease [87], is capable of driving curvature of membranes with no net charge, despite
interacting with such membranes very weakly [88]. The lack of a requirement for specific
binding lipids or protein structural features led the authors to hypothesize that a-synuclein
may drive curvature through a crowding mechanism. Collectively, results from several
groups in diverse systems have revealed that protein crowding plays an essential role in
driving membrane curvature in multiple cellular contexts.
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Intrinsically disordered domains as drivers of membrane bending and
fission
Disordered domains of endocytic proteins drive membrane bending and fission

An important prediction of the protein crowding mechanism for membrane bending and
fission is that larger proteins should drive fission more efficiently than smaller proteins, as
fewer copies of larger proteins are required to reach a crowded membrane coverage. In line
with this reasoning, intrinsically-disordered protein (IDP) domains lack a defined structure
and occupy significantly larger volumes than folded proteins of equal molecular weight [89]
(Fig. 3). IDPs have previously been demonstrated to generate entropic pressure that
facilitates several cellular processes. For example, cytoskeletal components of neuronal
axons called neurofilaments contain large IDP domains of 300-600 amino acids [90].
Analogous to a bottlebrush or pipe cleaner, neurofilament IDP domains radiate outward
along the length of the filaments, creating a volume that excludes neighboring IDPs.
Neurofilament IDP domains thereby control the spacing between filaments and the overall
diameter of the axon [90, 91] (Fig. 3A). Similarly, the titin protein in muscle contains very
large IDP domains of up to a few thousand amino acids, which act as entropic springs that
stretch and compress under applied forces in order to provide the elasticity of skeletal
muscle [92, 93].

Inspired by the potential of IDP domains to generate steric pressure, an in vitro study from
our group demonstrated that membrane-bound IDP domains are potent drivers of membrane
curvature [81]. This study utilized the clathrin adaptor proteins epsin and AP180, which both
contain C-terminal IDP domains of greater than 400 amino acids [94, 95]. Our experiments
demonstrated that the large hydrodynamic radii of these domains facilitate efficient
crowding of the membrane surface, with fewer membrane-bound protein copies required to
reach a crowded coverage in comparison to smaller, well-folded proteins like the ENTH
domain of epsin (Fig. 3B). As expected, the IDP domains drove membrane curvature more
efficiently than the ENTH domain, demonstrating that steric pressure among IDP domains
provides a potent force for membrane shaping despite a lack of well-defined protein
structure [81].

More recent work from our group also demonstrated that IDPs are potent drivers of
membrane fission [12]. Specifically, we found that full-length epsin, which contains both the
ENTH domain and the large, C-terminal IDP domain, drove fission at a substantially lower
number density of membrane-bound proteins than the ENTH domain alone. This concept of
increasing the steric bulk of a protein to enhance its fission activity applied to other fission
proteins as well. In particular, we created a version of Sarl, a small, globular protein
involved in fission of COPII-coated vesicles [22], fused to the large, C-terminal IDP domain
of AP180. Experiments revealed that this bulky Sar1-AP180 fusion protein drove fission at a
lower number density of membrane-bound proteins in comparison to Sarl alone.
Collectively these findings demonstrated that the physical bulk of IDP domains can
substantially enhance the efficiency of fission-driving proteins.
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is of membrane shaping by disordered domains

As described previously, the lateral collisions among crowded membrane-bound proteins
generate steric pressure, analogous to a compressed gas. This steric pressure can be
estimated using a non-ideal equation of state, for example the Carnahan-Starling equation,
which approximates the proteins as non-interacting, membrane-bound discs [97]. This
model predicts that steric pressure will increase nonlinearly with increasing coverage of the
membrane surface by proteins [76].

Although non-ideal equations of state like Carnahan-Starling provide a useful estimate of
steric pressure from crowding of well-folded proteins [76, 98], such models are less
appropriate for inherently flexible disordered protein domains. Specifically, IDPs are
deformable polymers, capable of compressing under applied pressure and interdigitating
with neighboring IDP chains [99, 100]. Therefore, other IDP models are needed in order to
better account for IDP deformation and chain interdigitating under crowded conditions. A
recent report from the Schuler group explored the ability of several models to predict IDP
behavior under crowding by molecules of varying molecular weight [99]. For example, the
“Gaussian cloud” model estimates the mass distribution of an IDP as a Gaussian function
centered around the center of mass of the protein [101]. This model allows for rigid-sphere
crowding molecules that are much smaller than the size of the IDP chain itself to penetrate
the IDP. However, when the size of the crowder became close to the size of the IDP, the
crowder no longer penetrated the chain, and the model predictions became similar to those
of a non-ideal equation of state. Therefore, more complex polymer theories are needed to
predict IDP compaction under crowding by polymer-like crowders of similar size to the IDP.
Indeed, the authors found that a renormalized form of Flory-Huggins theory provided
reasonable predictions of IDP compaction over a wide range of crowder sizes, in good
agreement with the experimental measurements [99].

In addition to deforming under crowding conditions, IDPs also have complex, sequence-
dependent charge profiles and pH sensitivity [102]. Changes in salt concentration or pH can
therefore strongly influence the mechanical properties and hydrodynamic radii of IDPs. For
example, a study from the Kumar group found that ionic strength and pH dramatically
affected the thickness of a brush layer of IDPs assembled on a rigid substrate [103].
Specifically, when pH was altered, the IDP behavior shifted from that of a polyelectrolyte,
with residues of mostly like charge, to a polyampholyte, with residues of opposite charge.
This transition caused the IDPs to compress from an initially expanded state, caused by
repulsive forces among like charges, to a more compact state, caused by electrostatic
interactions and salt bridges formed between oppositely charged residues [103]. Based on
these findings, it is expected that the size and mechanical properties of the IDP domains
involved in membrane shaping should also be strongly influenced by changes in pH and
ionic strength. Such changes could alter the ability of the IDPs to generate steric pressure via
protein crowding. Future theoretical models should account for the polyelectrolyte or
polyampholyte behavior of IDPs in order to better understand how crowded IDPs generate
steric pressure.
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Cellular contexts in which IDP domains may assist in membrane bending and fission

Intriguingly, structural disorder is found in many proteins involved in vesicle trafficking
[104] (Table 1), suggesting that bulky, disordered proteins may play an important yet poorly
understood role in remodeling cellular membranes. Clathrin-mediated endocytosis employs
many proteins with large regions of structural disorder [104, 105], which could assist in
shaping clathrin-coated structures and facilitating membrane fission. As previously
discussed, the clathrin adaptors epsin and AP180 (Table 1) both contain large IDP domains
[94, 95] that can drive membrane bending and fission [12, 81], suggesting that these proteins
help shape clathrin-coated structures and sever them from the membrane surface.
Additionally, intersectin and FCHo1l (Table 1), involved in the early stages of clathrin-coated
pit initiation, also have large IDP domains of greater than 400 amino acids [104]. Crowding
by these IDP domains could potentially assist in generating the initial curvature of a pit. The
N-BAR domain-containing protein amphiphysin (Table 1), which is recruited to the curved
necks of late stage clathrin-coated pits via cooperative interactions with dynamin [106, 107],
contains a large IDP domain of greater than 300 amino acids [108]. Similar to amphiphysin,
sorting nexin 9 (SNX9, Table 1) is also recruited synergistically with dynamin to membrane
necks [107, 109], and contains both a BAR domain and an IDP domain of greater than 100
amino acids [110]. The ability of amphiphysin and SNX9 to cooperatively assemble with
dynamin at the necks of clathrin-coated pits, thereby locally concentrating large disordered
domains, could provide an intriguing potential fission mechanism that remains to be
investigated (Fig. 4). Finally, the clathrin-uncoating protein, auxilin (Table 1), contains a
large IDP domain of greater than 400 amino acids [111]. Recent in vitro work from the
Lafer and Sousa groups showed that entropic pressure created by auxilin provides a potent
driving force for disassembly of the clathrin coat [112], suggesting that IDP domains play an
important role in vesicle uncoating.

Large IDP domains are present in intracellular trafficking proteins as well. Sec16 (Table 1),
an essential COPII accessory protein involved in cargo capture and coat assembly, contains a
disordered region of greater than 1000 amino acids [104, 113], which is thought to be
important for spanning long distances to capture the COPII coat components [104]. The
potential of this IDP domain to generate steric pressure that could drive budding and fission
of COPII-coated vesicles remains to be explored. The COPII coat component Sec31 (Table
1) also has a disordered region of greater than 400 amino acids, thought to be important for
binding the Sec23/24 complex [114]. Like Sec16, Sec31 may help promote steric pressure
and thereby aid in budding and fission of COPII vesicles.

Notably, attractive interactions among IDPs have the potential to significantly influence
steric pressure in a crowded environment. In particular, lateral interactions among
neighboring IDPs would tend to reduce the conformational entropy of the IDP, lowering
steric pressure. Therefore, many of the IDP domains involved in membrane fission could
behave quite differently in a crowded membrane environment compared to the model IDPs
examined in previous in vitro studies. Future work is needed to better understand how the
physical properties and binding interactions of diverse IDPs influence the steric pressure
generated by crowded IDP domains.
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Mechanisms of organizing and controlling crowding at presumptive fission

sites

The abundance of bulky proteins, especially IDP domains, near sites of membrane fission
suggests that such proteins make important contributions toward meeting the energetic
demands of fission. However, crowding is inherently stochastic, as it relies on random
collisions among proteins attached to membrane surfaces. How might the cell organize
protein crowding to ensure fission occurs at desired locations?

Protein coats may provide an efficient means of concentrating and confining proteins within
a defined space. As discussed above, the clathrin coat interacts with a complex network of
accessory proteins [63], many of which contain large IDP domains [104]. The ability of the
clathrin coat to locally confine bulky molecules, increasing steric pressure, may facilitate
bending and fission of clathrin-coated pits (Fig. 4). Similarly, assembly of the COPII coat
could also enable the concentration of bulky IDP domains on membrane surfaces, including
those of Sec16 and Sec31, to drive membrane budding and fission. However, it is important
to note that even though the IDPs involved in membrane traffic often do not fold upon
encountering their binding partners [43, 120], the clathrin and COPII coats may still limit
the mobility and conformational entropy of the proteins they confine, lowering steric
pressure. Therefore, continuous and dynamic remodeling of the coat proteins may be
necessary to provide the confined IDPs and other accessory proteins with flexibility and
mobility in order to build steric pressure. In support of this hypothesis, studies in cells from
the Briggs and Kaksonen groups have shown that the clathrin coat is highly dynamic and
continuously remodeled throughout maturation [121]. Understanding how crowded adaptor
proteins interact with coat scaffolds is a complex biophysical problem that will require
detailed measurements and modeling studies.

In addition to constricting membrane tubes, helical protein scaffolds such as dynamin may
also help to generate steric pressure by recruiting bulky proteins, such as amphiphysin and
SNXO9, at curved membrane necks. High local density of the bulky IDP domains of
amphiphysin and SNX9 may help to constrict the membrane tube down to a fission-
competent diameter. This crowding-mediated tube constriction may then collaborate with
the structure-mediated fission activity of dynamin by reducing the energetic barrier to fission
that dynamin must overcome (Fig. 4).

Cells may also utilize cytoskeletal assemblies to organize steric factors. For example, the
septin family of cytoskeletal proteins acts as a barrier to diffusion of proteins over membrane
surfaces, partitioning and confining proteins within defined membrane regions [122]. One
such region is the primary cilium, where septins were shown to help maintain the
enrichment of signaling proteins, such as the Sonic hedgehog pathway proteins, by
preventing diffusion out of the cilium into the surrounding membrane [123]. Sustaining a
crowded protein environment for the purpose of driving membrane bending and fission
could be an important function of cytoskeletal diffusion barriers.

The separation of membrane lipids into distinct phases could provide another means of
concentrating proteins and acutely raising steric pressure. Work from our group [74, 98, 124]
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and others [125] has shown that distinct lipid phases on synthetic membranes provide a
platform for concentrating proteins and bulky molecules in vitro, suggesting that cells may
utilize lipid phase separation to locally increase protein concentration. One such cellular
context is the assembly of influenza viral buds, during which lipid rafts coalesce into a solid-
like lipid phase enriched in cholesterol and sphingolipids [85] (Fig. 4). Raft coalescence is
thought to occur as the viral surface proteins hemagglutinin and neuraminidase, both of
which are raft-localized proteins, assemble at the bud region. Crowding among these
concentrated viral surface proteins may then favor budding and fission of the virus particle
(Fig. 4). Further, line tension at the lipid phase boundary, which tends to minimize the length
of the boundary interface, has also been shown to promote membrane constriction and
fission [126-128]. In particular, line tension is thought to serve as a driving force for fission
of endocytic vesicles in yeast [57, 129]. These findings suggest that line tension may work
cooperatively with protein crowding to drive fission of phase-separated membrane regions.
However, molecular crowding has been shown to drive the dissolution of lipid membrane
domains [98, 124], suggesting that steric pressure can actually disrupt the very domain
which confines the proteins. Therefore, other cellular structures and mechanisms may be
needed to help maintain the enrichment of proteins at sites of lipid phase separation.

Perspectives

The mechanisms described above for organizing protein crowding suggest new roles for the
canonical, structure-based fission machinery. By enriching and confining bulky proteins
within defined membrane spaces, these fission machines may facilitate a sharp increase in
steric pressure, driving fission via a crowding mechanism. While this possibility is
intriguing, future work remains to improve understanding of how protein coats and scaffolds
concentrate steric factors, and how protein crowding can collaborate with structure-based
fission mechanisms. Specifically, while it is increasingly clear that protein crowding
provides a potent force for driving membrane bending and fission, much work remains in
order to understand how protein crowding might help to drive membrane fission in diverse
contexts throughout the cell. In particular, much of our understanding of the protein
crowding mechanism has come from studies on endocytic proteins, but crowding likely
contributes to a broader class of cellular processes. Further, it is becoming clear that
intrinsically disordered domains are important drivers of membrane remodeling, in contrast
with the long-standing view that the capacity to shape membranes arises from specific,
structured domains. However, the role of structural disorder in membrane shaping and
fission is only beginning to be understood. Future work should take a closer look at
disordered regions near sites of membrane fission, and examine the collective contributions
from both structured and unstructured domains.

As discussed above, the development of appropriate theoretical and computational models
will be essential toward improving our understanding of the biophysics of membrane fission.
Simple analytical models based on non-ideal equations of state provide useful estimates of
the contribution of protein crowding to membrane curvature, but the interplay between
crowding and structure-based mechanisms requires more sophisticated modeling approaches
[60]. Further, development of appropriate theories is needed to identify and predict regions
of protein structural disorder near sites of membrane fission. For example, the Pappu group
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has developed computational tools which predict the physical and chemical properties of

IDPs based on amino acid sequence [130]. Such tools will aid in understanding how IDPs
generate steric pressure and ultimately participate in membrane fission in diverse cellular
contexts.

Finally, the majority of our mechanistic understanding of protein crowding and membrane
bending and fission has come from in vitro work using purified membrane-protein systems.
However, these questions must be examined in the context of live cells in order to
understand whether protein crowding can provide physiologically relevant forces for
bending and driving fission of cellular membranes. In such studies, it is essential to quantify
the molecular stoichiometry at fission sites, in order to estimate the magnitudes of crowding
and steric pressure. Fortunately, calibrated single-molecule studies in live cells [131, 132]
and even living tissues [133] provide a powerful means of quantitatively monitoring protein
recruitment to sites of membrane fission. Advanced imaging approaches and single-
molecule techniques like these will be essential for improving our understanding of how
diverse mechanisms contribute to shaping the membranes of living cells.

A significant body of work from multiple laboratories has collectively demonstrated the
importance of protein crowding in shaping and driving fission of cellular membranes. These
findings suggest rich opportunities for future research that will ultimately elucidate the
synergistic contributions from both stochastic and structure-based biophysical mechanisms
to membrane remodeling in the cell.
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Highlights
Membrane fission is essential for basic cellular functions.
Structured proteins are viewed as the traditional drivers of membrane fission.

Steric pressure from protein crowding is a structure-independent fission
mechanism.

IDPs may be among the most potent fission drivers, owing to their large size.

Future work is needed to understand how IDPs shape membranes throughout
the cell.
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Membrane fission throughout the cell. Each fission event requires significant energetic
contributions from diverse protein machines. Conserved structural features and assembly
properties are found in all of the fission proteins highlighted here, including hydrophobic
insertions, scaffolding, and polymerization. Clathrin cage structure from Fotin et al, Nature
2004 [13]. Super-constricted dynamin helix: EMDB 2701 [14]. Endophilin N-BAR scaffold
on a 28 nm-diameter membrane tube: EMDB 2007 [15]. COPII cage structure: EMDB 1232

[16].
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Figure 2.
Protein crowding provides a stochastic driving force for membrane bending and fission. (A)

Collisions among membrane-bound proteins densely covering the membrane surface
generate steric pressure. The membrane takes on curvature to relieve steric pressure until
crowding energy is balanced by the bending energy of the membrane. (B) When wild-type
ENTH domain is bound to giant unilamellar vesicles at sufficient coverage, the resulting
steric pressure drove membrane tubulation. Image from Stachowiak et al, Nature Cell
Biology 2012 [76]. (C) Wild-type ENTH drove membrane fission in addition to membrane
curvature, as evidenced by the presence of highly curved membrane tubules (black arrows)
and fission vesicles (red arrowheads) after exposure of initially low-curvature vesicles to
protein. (D) A version of the ENTH domain lacking the membrane-inserting amphipathic
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helix (his-ENTH) and recruited to membranes by a histidine-NTA interaction formed highly
curved fission vesicles when crowded at membrane surfaces. (E) Histidine-tagged green
fluorescent protein (his-GFP) also drove potent membrane fission by protein crowding,
despite lacking any structural feature traditionally associated with fission. Data in (C — E)
from Snead et al, PNAS 2017 [12].
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Intrinsically disordered proteins generate entropic pressure and are efficient drivers of
membrane bending and fission. (A) Axonal neurofilaments are an important cellular
example of entropic pressure generated by IDP domains. Neurofilament IDPs radiate
outward along filaments, creating zones of exclusion which repel neighboring filaments and
control filament spacing. Neurofilament IDP domains thereby determine the overall
diameter of the axon. Electron micrograph from Hirokawa et al, Journal of Cell Biology
1984 [96]. (B) IDP domains crowd membrane surfaces more efficiently than well-folded
proteins of equal molecular weight. IDP domains therefore require fewer protein copies to
drive membrane bending and fission through a crowding mechanism, in comparison to well-
folded domains of equal molecular weight.
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Figure 4.
Potential mechanisms of organizing and controlling protein crowding to drive membrane

bending and fission.
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Intrinsically-disordered protein domains potentially involved in membrane shaping. Values of predicted %
disorder (human sequences) come from Pietrosemoli et al., PLOS Computational Biology 2013 [104]. CME:
clathrin-mediated endocytosis.

Protein Function Membrane interaction | % Disorder (location) | Major binding partners

Epsinl Cargo adaptor in CME [20, 94] | ENTH domain [20] 78 (C-term.) AP2, clathrin, cargo [63]

AP180 Cargo adaptor in CME [94, 95] | ANTH domain [115] 28 (C-term.) AP2, clathrin, cargo [63]
Intersectinl CME initiation [42] PH, C2 domains [116] 28 (middle) ,16\1%2] clathrin, Eps15, FCHo1/2 [63,
FCHo1l CME initiation [42] F-BAR domain [117] 48 (middle) Eps15, intersectin [42]
Amphiphysin | Dynamin recruitment [106] N-BAR domain [38] 61 (middle) Dynamin, AP2, clathrin [63]

SNX9 Dynamin recruitment [109] PX-BAR domain [110] 27 (middle) Dynamin, AP2, clathrin [63]
Auxilin Clathrin uncoating [118] n/a 45 (middle) HSC70, clathrin, dynamin [63]
Secl6A COPII accessory [113] n/a 71 (N and C-term.) Sec13/31, Sec23/24, Sarl [113, 119]
Sec31A COPII coat component [114] n/a 34 (middle) Secl3, Sec23/24, Sec16 [114, 119]
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