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Wet scissors: How biomolecular condensates cut
cellular membranes
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Lukas Hauer®* and Roland L. Knorr®*:>:

Membrane shape is a fundamental determinant of cellular
organisation. Reshaping of membranes is crucial for dynamic
processes including organelle and cell division, endocytosis
and membrane trafficking. Membrane fission (or scission) is a
discontinuous, topological shape change that is central in
many such processes. Specialised remodelling proteins, such
as dynamins and ESCRT proteins, are capable of forming
oligomeric spirals that drive membrane fission in cells. In this
review, we summarise evidence demonstrating that capillary
forces generated by liquid-like biomolecular condensates can
facilitate cellular membrane reshaping and drive fission events.
We draw on our recent findings that condensates are impli-
cated in multivesicular body formation to describe the molec-
ular and physical principles that allow biomolecular
condensates to cut membranes. We further discuss possible
interactions between novel condensate-mediated fission pro-
cesses and established reshaping processes. We propose that
condensates make an important contribution to membrane
remodelling events involved in the biogenesis of diverse
cellular structures. The characterisation of condensate-
mediated membrane reshaping promises to transform our
understanding of intracellular organisation and dynamics.
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Cellular membranes exist in diverse conformations that
have important implications for their function, as
observed in intricate organelle morphologies or the in-
vaginations and protrusions of plasma membranes [1].
Membrane bending, which is the continuous morpho-
logical deformation of a membrane, can result in the
formation of narrow membrane necks that are important
for membrane fission (also called ‘scission’) [2]. This
discontinuous topological change is critical for endocy-
tosis, trafficking, the biogenesis and movement of or-
ganelles as well as cellular motility [3].

The mechanisms driving membrane fission have been
the subject of intense investigation for many years.
Current models contend that the combined action of
proteins that exert mechanical forces (mecha-
noenzymes) and various physicochemical factors is
responsible for deformation and eventual cutting of
membranes [3—5]. However, preliminary evidence has
suggested that biomolecular condensates can drive
membrane fission without dedicated fission machineries
[6]. Condensates, which form through liquid—liquid
phase separation (LLPS), are dynamic intracellular
compartments that form as proteins and other molecules
demix from the cytosol while retaining liquid-like ma-
terial properties [7,8]. Condensate component proteins
often contain an intrinsically disordered region (IDR)
that is responsible for both extensive low-affinity intra-
condensate interactions and structural plasticity that
together cause the dynamic molecular network charac-
teristic of these transient structures. The molecular
bases underlying biomolecular condensation and their
functional complexity, which is comparable to conven-
tional membrane-bound organelles, are extensively
reviewed elsewhere [9—11].

While often defined as membrane-less compartments,
condensates are able to associate with membranes in a
process known as ‘wetting’. Wetting can result in defor-
mation of both the membrane and the condensate
[12—14] with important functional implications. In this
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review, we discuss the role of condensate-membrane in-
teractions in membrane fission. It is known that
membrane-bound liquid condensates are involved in
membrane trafficking processes including intraluminal
vesicle formation within multivesicular bodies (MVBs)
[15], plasma membrane-localised endocytic condensates
[16,17], internalisation and degradation of cytosolic
condensates via the lysosome [18,19], and the biogenesis
of condensate-containing secretory granules and protein
storage vacuoles [20,21]. All these processes require a
fission event to complete, suggesting that condensate
wetting may contribute to membrane neck formation,
neck cutting and, thereby, cellular trafficking processes.

Remodelling and fission of membranes by a
membrane-binding condensate, FREE1

MVBs are endosomal compartments that function in
cellular quality control through the capture and degra-
dation of membrane-bound cargo proteins within intra-
luminal vesicles (ILVs) [22]. ILVs form through
invagination and fission of the MVB membrane, which
requires the endosomal sorting complexes required for
transport (ESCRT), an evolutionarily conserved protein
machinery that governs diverse membrane remodelling
events in eukaryotic cells. ESCRT plays a central role in
membrane fission through four successive subcomplexes
that are numbered 0-111 [22,23]. During ILV biogenesis,
the subcomplexes form ILVs in sequential steps:

Figure 1

recognition of ubiquitinated membrane proteins, cargo
sorting, invagination/neck formation and, finally, fission
[24]. The fission step involves the ATP-dependent
constriction of ESCRT-III filaments that localise to
the luminal side of the neck, releasing discrete ILVs that
are degraded once the MVB ultimately fuses with a
lysosome or vacuole [5,25].

While ESCRT subcomplexes I-I11 are found in plants,
they lack a canonical ESCRT-0 homologue that performs
cargo sorting functions in other eukaryotes [26].
Instead, the plant-specific ESCRT-associated protein
FREE1 (FYVE domain protein required for endosomal
sorting 1) [27] binds the lipid phosphatidylinositol 3-
phosphate (PI3P) via its FYVE domain (Figure 1a) to
mediate endosomal cargo sorting. The loss of FREE1
prevents ILV formation and results in seedling lethality,
underscoring its critical role in cargo sorting [27].
Recently, we showed [15] that FREE1 forms conden-
sates (Figure 1b) in a manner that depends on its
extended IDR (Fig. 1A). We also found that FREE1
condensates localise to MVBs (Figure 1¢), mediate ILV
formation (Figure 1d) and drive fission of membrane
necks via a membrane-wetting mechanism (Figure 1e)
[15]. The ability of FREE1 to form a condensate is
critical for this function: mutant FREE1 lacking the
IDR was unable to complement the lethal phenotype,
but swapping of FREE1’s IDR with heterologous IDRs
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FREE1 condensates remodel and fission membranes. (a) Domain structure of the condensate-forming, plant-specific protein FREE1. (b) FREE1
condensate formation in vitro. Scale bar, 5 um. (c) FREE1 condensates (arrowheads) localise to MVB membranes that contain PI3P. Arabidopsis thaliana
root tip cells. Scale bar, 1 pm. Green dashed line indicates the MVB membrane. (d) FREE1 rescues ILV formation (arrows) in a knock-out of the essential
ESCRT-IIl machinery component Vps2. Electron microscopy images of MVBs in early-stage A. thaliana embryos. Scale bars, 100 nm. (e) Model of
condensate-mediated formation of intraluminal vesicles (ILV). (i) Condensates (magenta) bind and shape membranes (green), driving membrane neck
formation. (ii) Line tension force contributes to neck fission. Blue Y, ubiquitinated cargo. (f) The ability to form condensates is necessary and sufficient for
FREE1 function in plant development. Scale bar, 1 cm. (b, ¢), confocal imaging of GFP-FREE1. Figures modified from Wang et al., 2024 [15]. IDR,

intrinsically disordered domain. FYVE, domain that binds PI3P.
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from unrelated condensate-forming proteins both
restored condensate formation and rescued seedling
lethality (Figure 1f). Importantly, FREE1 chimeras with
heterologous IDRs were unable to prevent lethality
under osmotic stress conditions. However, seedling
survivability under stress was restored by provision of an
additional domain that binds downstream ESCRTs,
suggesting that interplay between FREE1 condensation
and the ESCRT machinery is important for FREE1
function. In line with this, FREE1 overexpression
partially restored ILV formation and rescued seedling
lethality observed upon deletion of the essential
ESCRT-II machinery component Vps2 (Figure 1d).
Together, these data demonstrate that FREE1 conden-
sate interactions with the ESCRT machinery are
essential for MVB function in plants and further suggest
that ILV biogenesis can be mediated by condensate-
dependent pathways alone.

Conservation of membrane shaping
condensates

Originally, FREE1 was identified in ecudicots [27].
However, a recent phylogenetic analysis [15] identified
homologues in a broad range of land plants, all of which
contain a lipid-binding domain (typically a FYVE or PH
domain), coiled-coil regions, an extended IDR
(Figure 2a) and a central yet uncharacterised conserved
domain. Notably, the sequence variability within IDRs is
significant (Figure 2b), which is consistent with our
finding that FREE1 function is complemented by het-
erologous IDRs (Figure 1f).

Intriguingly, although mammals and yeast lack a direct
FREE1 homologue, ectopic expression of FREEL in
mammalian cells induces ILV formation in MVBs. In
yeast, it has been shown that the ESCRT-0 components
Hsel and Vps27 condense with polyubiquitin on
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vacuolar membranes to facilitate cargo sorting [19].
Vps27 contains a FYVE domain and Hsel harbours an
IDR, further hinting at the critical combination of IDRs
and lipid-binding domains. The conservation of this
combination across eukaryotes and the functional
interchangeability of IDRs in FREE1 suggest that the
membrane reshaping and fission functions of
membrane-binding condensates may represent a uni-
versal strategy for cellular organisation and trafficking
across different kingdoms of life.

Physical forces that drive condensate-
mediated membrane fission

Fission can be understood as a consequence of membrane
neck instability. Spontaneous neck fission has been
observed for neck constriction forces above approximately
25 pN [28], which is within the range that capillarity can
generate during membrane wetting by liquid-like con-
densates [15]. Molecules at the condensate surface
experience unevenly distributed force interactions
(Figure 3a). This yields an excess energy known as surface
tension. By driving liquids to reduce their surface area,
surface tension is responsible for the characteristic
spherical shape of membrane-less condensates.

Adhesive forces between condensates and membranes
can overcome surface tension. This causes condensates to
wet membranes, resulting in three-phase contact lines
(Figure 3b and c). Here, surface tension exerts capillary
forces, which drive shape changes of membranes, con-
densates or both. Importantly, membrane deformation
requires tension-free membranes with excess area that is
available for reshaping. Both variables—the balance be-
tween surface tension and adhesion, as well as membrane
availability—determine the degree of condensate-
membrane shaping and, thereby, the morphology that
arises during wetting (Figure 3b—e).

Figure 2
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FREET1 is conserved in land plants. (a) FREE1 homologs are present in land plants. (b) Sequence alignment of FREE1 homologs. Several selected
species from indicated phyla are shown. Line intensity indicates degree of conservation. The central conserved domain is not yet characterised. CC,
coiled-coil domain. The alignment was performed according to Wang et al., 2024 [15].
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Physical mechanisms underlie condensate-mediated membrane neck formation and membrane fission. (a) Force interactions are not equally
distributed around molecules localised at the surface of condensates, leading to an interfacial excess energy termed ‘surface tension’. Condensate
surface tension (blue dotted line) forces liquid condensates to minimise their surface area by forming spherical shapes. (b) The balance between surface
tensions and adhesion of the condensate to membranes is called wetting and can be quantified by measurements of the contact angle 6 at the three-
phase contact line (yellow dots in the cross section). The length scale over which membrane-deforming wetting phenomena are expected in cells and
biomimetic systems is in the order of 0.1—-10 um. (c) Several large FREE1 condensates wet the membrane of a giant unilamellar vesicle under tension
with a contact angle of about 70°. (d) Left, line tension is the 1D analogue of surface tension and is the excess energy of the three-phase contact line
(yellow circle in 3D) per contact line length. Centre, shortening of the contact line facilitates membrane budding and neck formation. Right, contact line
elimination driving fission of nanometre-sized membrane necks. (e) Wetting of small FREE1 condensates drives membrane neck formation of tension-
free membranes in vitro (top). Membrane fission generates ILVs in vitro (bottom). Right, image magnifications of boxes in the left panels. Bottom right,
membrane fluorescence of panel above. Scale bars, 5 um. (c, e), confocal sections of GFP-FREE1 condensates and membranes labelled using a minor
fraction of the membrane dye DilC18. Modified from Wang et al., 2024 [15].

Wetting also causes a contact line to form between the
two coexisting phases and the membrane (Figure 3b—d).
This three-phase contact line has been extensively
studied in a range of macroscopic, non-biological wetting
scenarios, such as film, bubble and foam formation
[29,30]. As observed in the simpler case of condensate
surfaces, contact between three phases gives rise to an
excess energy per unit length called the three-phase line
tension. At the nanometre scale, this line tension drives
minimisation of the contact line length. Our work [15]
shows that capillary forces and three-phase line tension
are responsible for the generation of nanometre-sized
membrane necks when condensates contact mem-
branes during ILV formation (Figure 3d and ¢). Mathe-
matical modelling and computer simulations further
showed that contact line elimination can generate the
constriction forces required for membrane neck fission
during MVB formation [15]. This finding indicates that
intracellular capillarity alone can fission membranes
subsequent to membrane neck formation, even
without mechanoenzymes.

Highway to fission: diverse mechanisms
can interact to cut membranes

Membrane fission is an essential process that is required
for diverse membrane trafficking processes, such as

protein transport, exosome formation and degradation
pathways. Our findings raise the question of how
condensate-driven fission is integrated with established
cellular fission pathways that employ active protein
machineries. Typically, these machineries assemble at
membrane necks and trigger fission by hydrolysing ATP
or GTP. One of the best-known classes of such ma-
chineries, the dynamins, polymerise to form a filament
that constricts, leading to mechanical fission of mem-
brane necks. Dynamins localise to the outside of the
neck, which suggests that forces generated by wetting
condensates within the neck may prime the system for
fission to occur. This hints at independent yet poten-
tially cooperative roles for both fission mechanisms.

In contrast to dynamins, the filamentous ESCRT-III
machinery assembles and cuts membrane necks from
within [5]. Interestingly, FREE1 condensates recruit
ESCRT machinery components sequentially [15] and
likely also accumulate a range of additional client mol-
ecules by partitioning. Even if clients are not directly
involved in active fission mechanisms, these molecules
may modulate fission passively by altering surface ten-
sions and adhesive forces, thereby tuning line tension
and wetting geometries to favour fission. Further,
condensate clients may facilitate membrane fission by
inducing membrane asymmetries through phenomena
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including molecular crowding [31], insertions of mole-
cules into the membrane [32], lipid demixing [33—35]
or actin recruitment [36]. Thus, membrane-bound
condensates likely contribute to fission in indirect
ways beyond the generation of line tension, such as in-
teractions with active protein machineries and modu-
lation of local membrane properties.

Condensates and membrane fission are

Membrane fission by protein phase separation Fang etal. 5

as the mammalian scaffold protein FIP200 [38], the
yeast Atgl complex [39] or mammalian p62 and its
plant homologue NBR1 [40,41]. Based on theoretical
models and experimental evidence [40,42], wetting
interactions have been shown to control the direction
and form of isolation membrane growth. During this
process, condensate surface tension enhances the
shape stability of growing isolation membranes. Further,
condensate-forming proteins (including CalLB1-ALIX,

FREE1) may also facilitate isolation membrane fission
in plants [43]. Further, condensates dictate membrane
reshaping during morphogenic processes originating at
plant vacuoles [21] and the mammalian Golgi-
apparatus [20]. In these examples, wetting luminal
condensates mediate sorting of storage proteins and
proinsulin to form discrete vesicle-like structures that
arise by fission events and are called protein storage
vacuoles and secretory granules, respectively.

involved in diverse physiological processes

Biomolecular condensates play critical roles in various
cellular processes by facilitating membrane reshaping
and contributing to membrane fission (Figure 4).
During endocytosis in plants, condensates forming from
TPLATE complex subunits or pectin-RALF assemblies
drive plasma membrane vesiculation, including fission,
by clustering receptors with endocytic components and
condensate-membrane wetting [16,37]. Similarly,
autophagosome biogenesis leverages condensates such

Figure 4
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Cellular processes that involve membrane-bound liquid condensates, membrane reshaping and a membrane fission step. (i) Ferritin particles
form condensates in an NCOA4-dependent manner in yeast, which are engulfed by endosomes similarly to FREE1 condensates. (ii). Clathrin-mediated
endocytosis in plants requires the TPLATE complex formed by the subunits EH1/2. EH1/2 condensates form on the plasma membrane and facilitate
endocytosis. (iii) In the apoplast of plant cells, pectin/RALF peptide condensates are important for receptor clustering and endocytosis. (iv) Yeast ESCRT-
0/polyubiquitin condensates form on vacuole membranes and facilitate direct cargo uptake into vacuoles. (v) During seed maturation, vacuolar storage
proteins form condensates within the vacuole lumen. Condensate wetting mediates vacuole shaping and biogenesis of individual protein storage vac-
uoles (PSVs). (vi-ix) Condensate surfaces facilitate autophagosome formation either as cargoes or assembly sites. (vi) Autophagy receptor condensates
positive for e.g. p62 and NBR1 function as sites of autophagosome formation or are transported as autophagosomal cargoes. (vii) In yeast, Atg1 complex
condensates are tethered to vacuole membranes and initiate autophagosome formation. (viii) In mammalian cells, elevated Ca* concentrations can
induce condensed FIP200 autophagosome initiation complexes on the endoplasmic reticulum (ER). (ix) A. thaliana CaLB1/ALIX condensates are
required for the maturation of autophagosomes, and FREE1 regulates autophagosome fission. (x) Golgi-luminal chromogranin (CG) protein condensates
facilitate receptor-independent secretory granule formation. PM, plasma membrane. TGN, trans-Golgi network.
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Collectively, these findings suggest that condensates
can serve as versatile tools for membrane shaping and
fission. While canonical GTP- or ATP-dependent ma-
chineries like dynamins or ESCRT-III are well-known to
directly fission membranes, condensates may also act
indirectly by priming membranes for fission via signal-
ling, orchestration of spatio-temporal fission complex
organisation, mechanical coordination with fission com-
plexes, or by changing membrane properties locally. This
complex interplay implies a continuum of passive and
active fission mechanisms, where phase separation could
adaptively regulate membrane dynamics in response to
physicochemical cues, allowing for optimisation of
membrane function in diverse physiological contexts.
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