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Highlights

¢ Binding of 3 ESCRT-III proteins to homogeneous and phase-separated GUVs is studied
e EhVps20t binds uniformly to homogeneous charged ternary-mixture membranes

e Subsequent EhVps32 binding induces fluid-fluid (Lo/Ld) phase-separation

e ESCRT-III proteins appear to cause Lo buds originating at the Lo/Ld phase boundary

Abstract

Membrane fission triggered by the endosomal sorting complex required for transport (ESCRT) is
an important process observed in several pathogenic and non-pathogenic cellular events. From
synthetic-biology viewpoint, ESCRT proteins represent an interesting machinery for the
construction of cell mimetic sub-compartments produced by fission. Since their discovery, the
studies on ESCRT-III-mediated action, have mainly focused on protein dynamics, ignoring the role
of lipid organization and membrane phase state. Recently, it has been suggested that membrane
buds formed by the action of ESCRT-III are generated from transient microdomains in endosomal
membranes. However, the interplay between membrane domain formation and ESCRT remodeling
pathways has not been investigated. Here, giant unilamellar vesicles made of ternary lipid mixtures,
either homogeneous in phase or exhibiting liquid-ordered/liquid-disordered phase coexistence,
were employed as a model membrane system. These vesicles were incubated with purified
recombinant ESCRT-III proteins from the parasite Entamoeba histolytica. In homogeneous
membranes, we observe that EhVps32 can trigger domain formation whilst EhVps20 preferentially
co-localizes in the liquid disordered phase. The addition of EhVps24 appears to induce the
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formation of intraluminal vesicles produced from the liquid-ordered phase. In phase separated
membranes, the intraluminal vesicles are also generated from the liquid-ordered phase and
presumably emerge from the phase boundary region. Our findings reinforce the hypothesis that
ESCRT-mediated remodeling depends on the membrane phase state. Furthermore, the obtained
results point to a potential synthetic biology approach for establishing eukaryotic mimics of
artificial cells with microcompartments of specific membrane composition, which can also differ
from that of the mother vesicle.

Keywords: ESCRT-III, phase separation, lipid domains, GUVs, ternary mixtures, membrane
fission, microcompartments

1. Introduction

Because of their fluid nature, cellular membranes are highly dynamic and able to adopt different
shapes [1]. Processes in cells that involve a number of morphological and topological transitions
in the membrane, including tubulation, budding and fission, require the generation of membrane
curvature [2]. Among these processes, membrane fission represents an important step for many
essential cellular functions including cytokinesis, endocytosis and membrane trafficking. Fission
can be controlled by one or several active mechanisms (i.e. associated with energy consumption
like in processes driven by dynamin or actin) or passive mechanisms (i.e. resulting from mechanical
perturbation, membrane insertions, lipid domain formation and protein crowding) [3].

Passive mechanisms are of special interest as they merely rely on the reorganization of lipids and
proteins that lead to membrane neck constriction and scission without the use of energy [3]. In
addition, they represent an attractive route of establishing minimalistic approaches in synthetic
biology aiming to reconstitute cell division (with a minimal divisome), see e.g. [4, 5], or achieve
microcompartment architectures either mimicking cells or for building artificial membrane-bound
microsystems for achieving multistep reactions or drug release, see e.g. [6].

Giant unilamellar vesicles (GUVs) [7-11] have served as a convenient model membrane system in
the study of passive mechanisms as they are easily accessible under a conventional microscope due
to their large sizes. Passive membrane fission in this model is triggered by different mechanisms.
For instance, one approach relies on mechanical perturbation applied using microfluidic strategy
[12]. Another example is based on protein adsorption at low coverage via the modulation of the
membrane spontaneous curvature and vesicle volume [13]. Highly crowded protein coverage, can
also modulate membrane transformations and trigger fission [14]. An alternative approach involves
the insertion of long-chain amphiphiles such as lysophosphatidylcholine [15] whereby fission of
phase-separated vesicles, triggered by these compounds occurs in the liquid-ordered phase [16].

Phase separation in lipid membranes is governed by chemical and architectural features of the
constituting molecules [17]. Microscopic domain formation in model membrane systems is easy to
establish, while in living cells such phase separation has been observed only rarely [18] and a few
studies have shown presence of domains at the nanometer scale [19-23]; for a review on recent
advances see [24]. Different in vitro studies have demonstrated that membrane domains can
promote segregation and crowding by either incorporating or excluding proteins, which limits the
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lateral diffusion in the membrane and controls protein-protein and protein-lipid interactions [25,
26]. Moreover, these specialized regions possess different physical properties characterized by the
presence of line tension in their boundaries, which can trigger budding as theoretically predicted
[27-29] and experimentally observed [30]. In this scenario, when the line tension changes and a
membrane neck is present, the length of the domain boundary tends to shrink and can lead to
membrane fission [31].

The endosomal sorting complex required for transport (ESCRT) machinery participates in different
important cellular fission events including the formation of multivesicular bodies [32], cytokinesis
[33, 34], virus budding [35], exosome biogenesis [36] and neuron pruning [37] among others; see
review in [38]. In all of these processes, the nascent vesicle buds away from the cytoplasm, a
budding direction opposite to that observed in clathrin and COPI/II coated vesicles, as reviewed in
[39]. In general, the ESCRT machinery is well conserved across the eukaryotic lineage and consists
of ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III complexes [40]. Among these complexes,
ESCRT-III (formed by Vps2, Vps20, Vps24 and Vps32) has shown to be responsible for vesicle
scission in the majority of the ESCRT-related events [38]. In yeast, Snf7/Vps32, Vps24 and Vps2
(CHMP4, CHMP3 and CHMP?2 in humans, respectively) seem to represent the minimal core for
ESCRTH-III function [41]. However, non-Opisthokonta organisms may exhibit alterations in this
“minimal” set of proteins probably due to evolutionary reasons [40]. This is the case of the
protozoan parasite Entamoeba histolytica in which the minimal core for ESCRT-III action is
formed by EhVps20, EnVps32 and EhVps24 [42]. In this system, the main difference consists in
the inability of EhVps32 to bind directly to the membrane in the absence of EhVps20 or other
upstream activating factors [42]. However, the two other proteins appear to retain the same function
as in higher eukaryotes. The recruitment of ESCRT-III to the site where scission occurs is carried
out by the early acting factors: ESCRT-I/-II for vesicle biogenesis [32] or Alix (Alg2-interacting
protein X) for cytokinesis [33]. It is generally accepted that the ESCRT-III sub-complex forms an
oligomeric array that interacts with the deformed membrane. This protein array suffers continuous
rearrangements triggered by other ESCRT-III proteins like Vps2 and Vps24 [43] or by other
ESCRT-III associated-proteins such as the AAA-ATPase Vps4 [44]. Finally, ESCRT-III-filaments
are conferred with the elasticity necessary to close the neck of the nascent vesicle and produce
membrane scission. In the majority of the work on model membranes, ATP has been employed to
achieve ESCRT-III-mediated fission [44], even though it appears that both active and passive
mechanisms are able to drive the process [45].

During the last years, several studies have attempted to reveal the nature of the underlying action
of the ESCRT machinery and different mechanisms have been elucidated [46-51]. However, a
consensus has not been established yet and most of the proposed models are incomplete because
they ignore the biophysical properties of the deformed membranes. Many studies suggest that there
is more than one mechanistic scenario occurring in the ESCRT-driven processes and possibly
involving intramembranous rearrangements [52-54]. For instance, it has been hypothesized that
ESCRTs induce lipid cluster formation, which gives rise to a line tension at the domain boundaries
thus providing the energetic driving force for ESCRT-mediated budding [55]. In accordance, other
studies have shown that ESCRT-II can induce lateral lipid phase separation in supported lipid
bilayers [56], although the line tensions generated by this process were not sufficient to drive
budding [56]. Moreover, studies performed in worms [57] and in plants [58] showed that individual
buds formed under the ESCRT influence are concatenated (i.e. interconnected like in a pearl-chain
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necklace), suggesting that they form continuously from stable microdomains. Supporting these
studies, transient waves of ESCRT-III recruitment in endosomes of HeLa cells coupled with bud
formation at the same microdomain have been observed [59]. Nevertheless, how lipid domain
formation can influence the budding and scission triggered by ESCRT proteins has not been
elucidated.

Model lipid membranes of ternary lipid mixtures have been widely used as a minimal system to
investigate equilibrium dynamics of micromimetic sized lipid domains, as they exhibit spontaneous
demixing into two defined liquid phases following thermodynamic principles as reviewed in [60,
61]. The biomimetic model of giant vesicles [7-11] have served as a convenient model system to
study passive fission mechanisms and the nature of the ESCRT-triggered reactions [42, 62, 63].
Moreover, it is possible to recreate liquid-liquid phase separation within GUV membranes that
leads to the formation of large-scale lateral domains [64-67] thus possibly mimicking the formation
of lipid domains in cells [68, 69], even though the order and packing in the model and cell
membranes might differ [70]. These domains exhibit different chemical characteristics, one of them
is a relatively packed, ordered phase, enriched in saturated lipid species and cholesterol (called the
liquid ordered, Lo phase), and the other one is a fluid, disordered phase comprising mainly
unsaturated lipids (termed liquid disordered, Ld phase), see e.g. [71, 72]. In general, Lo domains
are employed as a mimetic model of lipid rafts [ 72, 73] which are thought to be functional platforms
that regulate important cellular mechanisms as they can incorporate or exclude proteins [25, 26, 74-
76].

Here, we employed giant vesicles of ternary composition and investigated the action of ESCRT-III
proteins on the membrane phase state. For this, purified ESCRT-III recombinant proteins from the
phagocytic parasite E. histolytica were used as a model system. The protein behavior was tested on
GUVs composed of ternary lipid mixtures prone to phase separation and containing negatively
charged lipids, which are necessary for the recruitment and activation of ESCRT-III components at
the membrane [63, 77]. We investigated how protein binding influences the phase state of the
membrane, the preferential partitioning of the proteins to specific membrane domains and the
composition of the ESCRT-III-generated intraluminal vesicles. Passive mechanisms of fission, i.e.
not requiring energy input, are advantageous for establishing minimalistic systems of
multicompartment eukaryotic-like artificial cells or division mimetic, because of (i) the reduced
number of components needed to reproduce the whole process of binding, invagination and fission,
and (i1) overcoming the otherwise imposed constraints from exhausting the energy supply. Thus we
questioned whether, based on a minimal ESCRT-III system, one can establish vesicle
microcompartmentation, where even the composition and mechanical properties of the
subcompartment membrane can selectively differ from that of the mother vesicle.

2. Materials and Methods

2.1 Expression and purification of recombinant proteins

Recombinant proteins from E. histolytica were purified as described previously [42, 78]. Briefly,
protein expression was induced by the addition of 1 mM of isopropyl B-D-1-thiogalactopyranoside
(IPTG) in previously transformed Escherichia coli BL21 cells, to produce the glutathione S-
transferase (GST)-tagged proteins EhVps20t, EhVps32 and EhVps24. Purified proteins were
dialyzed against the buffer for the PreScission protease enzyme (GE-healthcare, Freiburg,

4
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Germany) (50 mM Tris-HCI, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol) and the
GST-tags were removed for 4 h at 4 °C, according to the manufacturer instructions. GST-free
monomers were applied to a Superdex 200 16/600 column (GE-healthcare, Freiburg, Germany)
connected to an Akta-Purifier FPLC (GE-healthcare, Freiburg, Germany) and separated in working
buffer. The working buffer for all proteins was 25 mM Tris, 150 mM NacCl, pH = 7.4. The pooled
Superdex 200 fractions were confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) stained with Coomassie Blue, aliquoted in small volumes and stored
snap frozen in liquid nitrogen until use.

2.2 Labelling of EhVps20t

The purified EhVps20t was labelled using either Oregon green 488 (OG) (Molecular Probes-
Thermo Fisher) or Alexa Fluor™ 647 (Alexa 647) (Molecular Probes-Thermo Fisher) following
the manufacturer protocol to obtain OG488-EhVps20t or Alexa 647-EhVps20t, respectively. The
labelling reaction was performed with the corresponding dyes functionalized with succinimidyl
ester groups that covalently label the protein on primary amines to form a stable amide linkage.
Briefly, purified proteins were dialyzed against 0.1 M sodium bicarbonate buffer, pH 8.3 and
incubated with 50 pl of reactive dye solution (prepared at a 10 mg/ml stock solution) for 6 h at 4 °C.
The labelled and unlabelled proteins were separated by size exclusion chromatography with a
Superdex 200 16/600 column (GE-healthcare, Freiburg, Germany) connected to an Akta-Purifier
FPLC (GE-healthcare, Freiburg, Germany). Based on our experience, labelling ESCRT-III proteins
can reduce protein functionality, presumably due to conformational changes in the binding sites as
previously observed with other proteins [79-81], making it necessary to increase protein
concentration to achieve a similar effect. Therefore, in all cases, a 1:4 ratio of labelled: unlabelled
proteins was used to maintain protein activity.

2.3 Preparation of giant unilamellar vesicles

The lipids 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), egg sphingomyelin
(eSM), cholesterol (Chol), 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPS) and 2-dioleoyl-sn-glycero-3-phospho-
(1’-myo-inositol-3’-phosphate) (PI(3)P) were purchased from Avanti Polar Lipids (Alabaster, IL).
Lipid stock solutions at 4 mM of different lipid compositions and including 0.3 mol% Dilcis (1,1'-
dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate, Molecular Probes) were prepared.
The lipid ratios used to measure ESCRT-III activity were 10:3:87 (POPS:PI(3)P:POPC), 20:80
(POPS:POPC) and 20:80 (DOPG:POPC). The ternary mixtures in which we explored the effect of
membrane phase state, were set to the following DOPG:eSM:Chol:Dilcis mole ratios:
10:64.7:25:0.3 (denoted as 10:65:25 in the main text for simplicity) for homogeneous vesicles, and
20:49.7:30:0.3 (referred to as 20:50:30) for phase separated GUVs. For double labelled phase-
separated GUVs, the mole ratio used was 20:48.95:30:0.3:0:75 DOPG:eSM:Chol:Dilcis:DSPE-
PEG2000-CF where the second dye was 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[poly(ethylene glycol) 2000-N'-carboxyfluorescein] (Molecular Probes). No difference in the area
fraction of the domains was detected compared to the vesicles labeled only with Dilcig (note that
relatively low laser intensity and sensitive hybrid detectors were used for imaging to avoid photo-
oxidation [82, 83]). GUVs were grown using the electroformation method [84]. Briefly, 10 ul of
the different lipid stock solutions prepared in chloroform were spread on indium tin oxide (ITO)
coated glasses. The excess of chloroform was eliminated under vacuum at room temperature (RT)

5
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for 1h. Then, the glasses were assembled with a 2 mm-thick Teflon spacer between them to form
the electroformation chamber, which was filled with a 600 mM sucrose solution that matched the
osmolarity of the buffer containing the proteins (~650 mOsm). Finally, an electric AC-field (1.6V,
10 Hz) was applied for 1 h at 60°C, i.e. above the melting temperature of eSM to ensure miscibility.
GUVs were collected and cooled to room temperature before use. In the case of the ternary
mixtures, experiments were performed on more than 10 different preparations and in all cases more
than 95% of the vesicles were homogeneous for the 10:65:25 mixture and phase separated for the
20:60:20 mixture.

2.4 ESCRT-III reconstitution on GUVs and imaging

For reconstitution experiments, GUVs were diluted 1:1 to the 2-fold protein buffer (50 mM Tris,
300 mM NaCl, pH = 7.4) and subsequently incubated at RT with final concentrations of 125 nM of
either OG488-EhVps20t or Alexa 647-EhVps20t (labelled:unlabelled 1:4 ratio), 600 nM of
EhVps32 and 200 nM of EhVps24 as indicated in the figures captions. In some cases, we included
200 nM of the soluble marker GFP (28 kDa, Thermo Fisher) after EnVps20t addition.

All images were acquired by confocal microscopy on a Leica TCS SP8 confocal microscope
(Mannheim, Germany) equipped with a 63x objective of 1.2 NA. Dilcig was excited with a diode-
pumped solid-state laser at 561 nm (10% intensity), Alexa 647 with a helium-neon laser at 633 nm
(13% intensity), and OG with the 488 nM line of an Argon laser (8% intensity). To avoid crosstalk
between the different fluorescence signals, sequential line scanning was performed. For the Dilcisg
dye, the fluorescence signal was collected in the ranges of 580-650 nm, for Alexa 647 signal was
collected in the ranges of 670-740 nm and the fluorescence signal of OG and DSPE-PEG2000-CF
was collected between 495 nm and 530 nm. For acquisition, we performed bidirectional scanning,
the speed was maintained at 700 Hz and the pinhole size was set to 1 Airy unit. The gain and laser
intensity was maintained fixed for all experiments. In all conditions, the GUVs were examined
under phase contrast microscopy. During the time of acquisition (10 min average), no changes in
the domain area size were observed suggesting no photo-oxidation [82, 83]. Because of the
difference in the refractive indexes of the GUV-enclosed and the surrounding media, the vesicles
appear dark with a brighter hallo. Contrary to surface domains on the GUV, intraluminal buds and
vesicles, which have formed under the action of the ESCRT proteins, appear as brighter spots inside
the GUV as they encapsulate external media. In this way, they could be distinguished from
membrane domains of internal defects (defects are occasionally present inside GUVs and result
from the reparation protocol). In all cases, conclusions about the presence of intraluminal buds and
vesicles and/or membrane domains were based on both fluorescence and phase contrast imaging.
For this purpose, 3D scans of the vesicles were acquired and scanning was performed at lower
resolution to allow fast imaging of the whole or half vesicle (to avoid smearing resulting from
displacement of intraluminal structures or the whole vesicle due to convection or flow in the
microfluidic channels). Note that for scanning of a whole vesicle of typical diameter of 30 pm in
our conditions takes 2 minutes approximately.

2.5 Microfluidic chamber

A microfluidic device was used to trap GUVs in order to assess the effect of ESCRT proteins on
phase separated vesicles and to observe the domain where the budding occurs upon introducing the
protein or washing away the excess. The device also allows for following individual vesicles

6
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throughout the whole process, which represents an advantage over bulk experiments where the
history of the observed vesicles (e.g. a priori presence of intraluminal vesicles) is unknown. The
design and fabrication of the device has been detailed elsewhere [85]. The PDMS chips were
produced using standard soft photolithography and assembled by bonding the PDMS chip to a glass
coverslip, see [85] for detailed procedures. The chips were generously provided to us by T. Robinson.
Before the experiment, the devices were coated with 2% BSA (bovine serum albumin, Sigma Aldrich)
dissolved in the protein buffer (25 mM Tris, 150 mM NaCl, pH = 7.4). Then, 100 ul of phase separated
GUVs were loaded into the device at a flow rate of 10 pl/min using a syringe pump (neMESY'S, cetoni)
to control the flow. To avoid losing of captured vesicles in the following steps, the flow rate was lowered
to 0.1 pl/min. As a control to test whether protein-free buffers induce any morphological changes, the
GUYV buffer was fully exchanged with 100 pl of the isotonic protein buffer. Afterwards, EnVps20t was
added to the chamber to yield a final concentration of 125 nM, then EhVps32 (600 nM) and EhVps24
(200 nM) were added in that order while maintaining the flow rate in the whole experiment. Similarly,
phase separated GUVs were incubated with four rounds of buffer as a negative control.

3. Results

3.1 EhVps32 induces phase separation in raft-like GUVs

Previously, we have shown that the core domain of Vps20 from E. histolytica, EhVps20t, is able to
bind to the membrane of homogeneous negatively charged GUVs and together with EhVps32 and
EhVps24 generate intraluminal vesicles [42]. We have also resolved the individual role of the latter
two proteins. Namely, EhVps32 binds to EhnVps20t and generates inward buds, the fission of which
is then triggered by EhVps24 in the absence of ATP. Moreover, we have observed that the buds
formed after the addition of EhVps20 and EhVps32 were similar in size [42]. We speculated that
the uniform bud size is a result of phase separation of the adsorbed protein layer into a EnVps32-
rich and a EhVps32-poor domains and that the EhVps32-rich domains have a significant
spontaneous curvature that determines the bud size [86].

In order to explore the protein effect on the membrane phase state, we studied the behavior of
recombinant ESCRT-III proteins in multicomponent sphingomyelin-containing GUVs. The
vesicles were composed of a ternary mixture of the neutral high-melting temperature lipid egg
sphingomyelin (eSM), the negatively charged unsaturated lipid dioleoylphosphatidylglycerol
(DOPG) and cholesterol (Chol). The phase diagram of this mixture has been explored previously
and, for certain compositions, phase separation and domain formation has been observed in giant
vesicles [87]. The presence of negatively charged lipids in the membrane is a prerequisite for
ensuring electrostatic binding of the exposed basic surfaces present in ESCRT-III proteins as
demonstrated in studies on ESCRT-III polymerization in synthetic membranes [41, 52]. Some
ESCRTH-III proteins have been demonstrated to exhibit specific affinity to certain anionic lipids,
especially PIP species [88-90]. However, in the case of E. histolytica -ESCRT-III subunits, we do
not observe activity which is specific to a certain anionic lipid specie as long as the total net charge
on the membrane is maintained (Fig S1). Based on previous work investigating asymmetric
sucrose/salt conditions across the bilayer and their effect on the phase state of these membranes
[91, 92] and because of to lack of other phase diagrams with charged lipids, we selected a DOPG-
based composition (DOPG:eSM:Chol 10:65:25, see Materials and Methods) which does not exhibit
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microscopic phase separation and tested that this behavior is preserved in our buffer conditions and
in the absence of the ESCRT proteins (Fig. 1). The lipid mixture included a small fraction of Dilc1s
dye as a marker of Ld domains [93]. Note that the image of the homogeneous vesicle in Fig. 1
appears brighter at the poles not because of phase separation but because of dye polarization effects,
see e.g. [94]. For tests with domains of the liquid ordered phase we occasionally used DSPE-
PEG2000-CF to visualize them (see Materials and Methods and left image in Fig. 1). However,
because of the bulky part of the headgroup of this lipid dye, we avoided as much as possible using
it in the presence of the proteins. Nevertheless, it is important to mention that when phase separated
GUVs incorporating this dye were incubated with different rounds of protein buffer, the domain
area fraction remained unaltered.

Chol ® LoorlLd
0.0 ® L o+Ld

M S+Lo,S+Ld
8 or S+Lo+Ld

DOPG:eSM:Chol
20:50:30 g

0‘4/’/ DOPG:eSM:Chol
[ 10:65:25
o & & e 8™ \02

® " m @@

1.0
! v . v v 0.0
DOPG 00 02 04 06 08 1.0 eSM

Figure 1. Phase diagram and explored lipid mixtures. The regions of homogeneous membrane (solid
circles), liquid-ordered and liquid disordered phase coexistence (half-filled circles) and solid and fluid
coexistence (half-filled black squares) are indicated in the Gibbs triangle of DOPG:eSM:Chol mixtures
consistent with data reported in [91]. The liquid-liquid phase coexistence region is highlighted in yellow. In
this work, we selected two membrane compositions to explore — a homogenous one (indicated with a star),
close to the binodal, and a phase separated one exhibiting coexistence of liquid ordered and liquid disordered
domains. Arrows point to representative images of the mixtures employed in this work. GUVs were labelled
with DSPE-PEG2000-CF (green, 0.75 mol%) which partitions mostly in the Lo phase and Dilc;s (red, 0.3
mol%) labelling the Ld phase.

Upon incubation of the homogeneous GUVs (DOPG:eSM:Chol 10:65:25) with 125 nM of
EhVps20t, the protein bound to the membrane and did not affect the membrane homogeneity (Fig.
2a, first row of images). The binding was monitored via fluorescence signal from Oregon Green
labelled protein (OG-EhVps20t) added at a fraction of 1:4 labelled to unlabelled protein. The
labelled protein showed homogeneous fluorescence over the whole vesicle examined with 3D
confocal scanning. However, after EhVps32 was included in the mixture, an evident phase
separation occurred. Interestingly, EhVps20t (as monitored with OG-EhVps20t) co-localized with
the lipid dye (Dilc1s), thus apparently relocating to round Ld-like membrane domains (see Fig. 2a,
second row of images, and Fig. S2 in the Supporting Information). The domains were fluid as
evidenced from coalescence leading to the formation of larger domains with time (images of other
vesicles immediately after incubation with the proteins exhibiting smaller domains, which have not
yet coalesced are shown in Fig. S3). Their displacement along the vesicle surface is an evidence
that the dye-depleted phase is fluid too, presumably liquid ordered as Dilcig typically marks Ld
domains [93]. The vesicles remain intact upon the addition of the proteins as suggested by the
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preserved phase contrast enhanced by the in/out sugar/salt asymmetry. Note that the inner
membrane leaflet, which was not exposed to the proteins, appears to be phase-separated as well, as
no significant fluorescence in the membrane was observed around the Dilcig-rich domains,
presumably indicating domain registration [95]. Phase separation was observed in an EhVps32
concentration-dependent manner (Fig. 2b). On the average 20 GUVs with diameters in the range
15-30 um were examined with 3D confocal scans or epifluorescence for presence of domains. At
EhVps32 concentrations around 800 nM, approximately half of the vesicles appeared phase
separated. The vesicle area fraction occupied by the Lo phase did not appear to change as a function
of protein concentration (Fig. S3).

Phase Membrane
contrast (DilC)45

Figure 2. EhVps32 induces phase separation in initially homogeneous membranes. (a) Homogeneous
GUVs (DOPG:eSM:Chol 10:65:25, and 0.3 mol% Dilcs, false color red) incubated for 10 min at room
temperature with 125 nM of a mixture of 1:4 labelled:unlabelled EnVps20t, false color green (top row) or
in combination with 600 nM EhVps32 (bottom row of images showing a cross section in the upper part of
the vesicle for better visualization of the curved vesicle surface with domains; for other cross sections at
different height through the vesicle, see Fig. S2 in the Supporting information). Scale bars correspond to 10
pum. (b) Fraction of GUVs exhibiting phase separation as a function of EhVps32 concentration. Experiments
were done with the same GUV batch for comparability. Each experiment was repeated at least three times

with different batches of GUVs. On the average, 20 random vesicles of appropriate size (typically above 15
um in diameter) were examined for phase separation in each batch.
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3.2 Intraluminal vesicles are generated from the liquid-ordered (Lo) phase

Under the explored concentration conditions, the binding of EnVps32 is supposed to induce inward
buds in the vesicles [42]. Membranes with Ld composition are, in general, softer than Lo
membranes [96, 97]. Thus, the less rigid Ld membrane is expected to favor invagination as it
imposes lower energy barrier. However, we could not detect the formation of nascent buds from
the Ld phase. In our working conditions, the Lo phase was not labelled (as EhVps20t was) and we
speculated that the detection of Lo buds is hindered because the liquid-ordered phase is not detected
(black) in confocal images. Tests with DSPE-PEG2000-CF did not show strong preference of this
dye to the Lo phase, which hinders distinction of ESCRT-generated intraluminal buds or vesicles
from internal vesicle defects. To overcome this imaging difficulty, and to visualize bud formation,
we incubated the GUVs with unlabelled EhVps20t and EhVps32 at the concentration mentioned
above and introduced soluble GFP protein (28 kDa) in the solution immediately after EhVps20t
addition. Therefore, the newly EhVps32-generated inward buds would contain this marker allowing
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us to follow their formation. In addition, membrane defects as intraluminal vesicles present in the
GUVs before the addition of the proteins could be excluded, as they would not contain GFP. In
accordance with Fig. 2a, phase separation was observed after EnVps32 addition however, no buds
could be detected (Fig 3a). The reason for this behavior could be either that no buds were formed,
or that the fluorescence from GFP in the buds is diffuse and weak (due to the small bud size and
high mobility) and poorly detectable because of the strong adjacent fluorescence signal from GFP
present outside the vesicle. We speculated that if it were the latter, detaching the buds from the
vesicle membrane, thus forming intraluminal vesicles (ILVs) in the GUV interior (thus creating
higher contrast), would help visualizing them by means of the GFP signal. In our previous study
using E. histolytica ESCRT-III proteins, we showed that intraluminal buds are detached from the
mother vesicle after EnVps24 addition. Therefore, this third protein was included to the current
system and we observed that, once unlabelled EhVps24 (200 nM) was added, GFP-containing ILVs
could be detected in the GUV interior (Fig. 3b, arrows, see also Fig. S4 and Movie S1 in the
Supporting information). The experiments were replicated twice on vesicle batches from different
preparations. The ILVs appeared to have homogeneous sizes over the whole vesicle population
with diameters roughly in the range 1 — 2.8 um (precise determination was not possible due to the
very diffuse bulk GFP signal in the ILVs, which decays close to the ILV surface). Nevertheless, the
observed GFP-loaded ILVs excluded the Dilcigs dye confirming that the action of EhVps32 and
EhVps24 is fully restricted to the Lo phase. Note that the weak signal in the DilCis channel (merged
image in Fig. 3b) results from inward tubes occasionally present in the GUVs before the addition
of the proteins. Presumably, these tubes originate from negative membrane spontaneous curvature
imposed by the buffer asymmetry across the membrane as recently demonstrated [98]. The signal
from these tubes does not overlay with that from the ILVs.

Y
=

3D, Dilcs 2D, GFP

125 nM EhVps20t
600 nM EhVps32

Z

2D, GFP

+200 nM EhVps24

Figure 3. Intraluminal vesicles form from the liquid ordered phase. GUVs (DOPG:eSM:Chol 10:65:25)
labelled with Dilcig (0.3 mol%, red) were subsequently incubated with unlabelled 125 nM EhVps20t, 200
nM of the soluble marker GFP and 600 nM EhVps32 in that order at room temperature. (a) 3D reconstruction
of the total projection of the Dilc;s channel showing the Ld membrane domains (in red) on the surface of a
GUYV after EhVps20t, GFP and EhVps32 addition. On the right, cross section of the same GUV showing the
GFP signal and absence of ILVs. (b) Cross sections of the GUV after the subsequent addition of 200 nM of
EhVps24 to the above mixture. Arrows show GFP-loaded intraluminal vesicles (ILVs) that are not
colocalizing with signal from Dilcis labelling the Ld phase suggesting that they are produced from the Lo
phase. More ILVs are seen on the additional cross sections provided in Fig. S4. Scale bars: 10 um.
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Finally, we also probed the effect of the ESCRT proteins on phase-separated vesicles (see the
vesicle composition indicated in Fig. 1 and 3D GUV images in Fig. 4). In this case, we included
the dye DSPE-PEG2000-CF to visualize the Lo phase. First, we evaluated the binding of EhVps20t
in this membrane composition using the Alexa 647-labelled protein. Figure 4a shows that EhVps20t
retained its localization in the Ld phase as demonstrated by the colocalization of the signal of Alexa
647 and the dye Dilcis. However, our previous experience showed that labelling of proteins
compromises their activity, presumably due to conformational changes in the binding sites as
previously observed with other proteins [79-81]. Thus, the subsequent experiments were carried
out with unlabelled proteins. In this approach, microfluidic technology was used to follow the effect
of ESCRT proteins on a single vesicle while removing the excess of the protein in the surrounding
buffer to avoid unspecific effects due to protein excess. The vesicles were loaded in the microfluidic
chip and immobilized by a gentle flow pressing them against the posts of the device. As a control,
we probed whether addition of protein-free buffer induces morphological changes in the vesicle.
None were observed and the phase separation in the membrane was preserved, see first image in
Fig. 4b. Then, the incubation of phase-separated GUVs with EhVps20t (125 nM), EhVps32 (600
nM) and EhVps24 (200 nM) added sequentially in that order, led to the expected production of
ILVs whose membrane is only labelled with DSPE-PEG2000-CF and had excluded the Dilcis dye,
indicating that the newly formed vesicles were generated from the Lo phase and thus confirming
our previous observations. In these experiments, the incubation time was longer (~1 h) compared
to that employed in the bulk batch experiments (~10 min). As a result, the smaller domains have
coalesced leading to two large domains of Ld and Lo phase. The experiments were replicated twice
on different vesicle preparations (see also Movies S2 and S3 exemplifying vesicles from two
different samples). The number of observed ILVs was in general lower compared to that detected
in free-standing GUVs (as in Fig. 3 and previously in [42]). The main reasons for this observation
is the limiting dimensions in height of the microfluidic channel (~20 pm), which causes the larger
vesicles to be squeezed inducing tension on the membrane and reducing the excess area available
for invagination and formation of ILVs.

We attempted to resolve the vesicle area change as well as the change in the Lo/Ld area ratio
resulting from the generation of ILVs from the Lo phase. However, this proved not feasible, because
of the large error associated with estimating the vesicle area from confocal scans of vesicles trapped
in the microfluidic channels, see [99], and the very small area of the ILVs.

11
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(b) 3D reconstruction Phase contrast

Before introducing

ESCRT-III proteins
After introducing
proteins

After introducing
proteins

Figure 4. ESCRT proteins induce budding and ILV formation from Lo domains. Initially phase
separated GUVs (DOPG:eSM:Chol 20:50:30, 0.3 mol% Dilcs, false color red and 0.75 mol% DSPE-
PEG2000-CF, false color green) were loaded into a microfluidic device and incubated at room temperature
with (a) 125 nM 1:4 (labelled:unlabelled) Alexa 647-EhVps20t to confirm that EnVps20t colocalizes with
the Lo phase or (b) a mixture of 125 nM EhVps20t, 600 nM EhVps32 and 200 nM EhVps24 to resolve the
phase of the generated ILVs. The latter are detected under phase contrast as small bright spots and in the
confocal cross-sections as green specks (lacking Dilcis signal as Ld marker) confirming that they are
generated from the Lo phase. Other cross sections from the same vesicle provided in Fig. S5 show the
presence of other ILVs located at different heights inside the vesicle. Note also the preserved partitioning of
Dilcis as Ld marker in the absence and presence of the proteins. The vesicle is deformed in the upper part
by the microfluidic posts because of the applied flow to prevent it from drifting away. Asterisk shows a
fragment of a small vesicle ruptured at the microfluidic post. Scale bars correspond to 10 pm.

4. Discussion

Over the last decades, the ESCRT machinery has gained a lot of attention due to its participation in
important cellular processes and the unique budding topology it triggers. However, it has been
difficult to generate a model that explains its mechanism of action, probably because of the high
complexity of the protein-membrane interactions. In particular, the ESCRT-III complex involved
in all ESCRT-related fission processes has been extensively studied. It has been shown that
ESCRT-III assemblies are remodelled by Vps4 and that this reorganization is responsible for
membrane scission [100]. Therefore, it is known that ESCRT-III proteins form a membrane-
interacting oligomeric filament that is believed to operate the membrane remodelling event
resulting in scission [44]. These findings have been reinforced by studies showing that budding
and scission in vivo occurs only when sufficient Vps4 is recruited to the endosome [100]. It has
been recently demonstrated that ALIX-mediated ESCRT-III recruitment is enhanced at lower

12
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membrane tension leading to membrane deformation coupled to ESCRT-III polymerization [101].
In addition, purified ESCRT-III components have been shown to produce budding in a passive
manner in biomimetic models such as GUVs [42, 62, 63, 102]. Alternatively, it has been proposed
that ESCRT proteins can modify the local lipid composition [103] and induce lipid cluster
formation where the main shaping force provided by the line tension at the lipid boundaries
facilitates budding [55]. However, the formation of these lipid clusters preceding ESCRT-III
mediated budding has not been observed in living cells.

We used the biomimetic model of GUVs to study lipid domain formation during ESCRT-III action.
Our results show that EhnVps32 can trigger liquid-liquid phase separation in homogeneous GUVs
composed of ternary mixtures (DOPG:eSM:Chol) in accordance with the previously reported effect
of ESCRT-II on supported lipid bilayers [56]. Moreover, we observed that EhVps20t binds
homogenously to the membrane of these GUVs preserving the one-phase state of the membrane.
Therefore, we conclude that liquid-liquid phase separation is triggered exclusively by EhVps32.
Previous work suggests that EhVps32 and its activated version EhVps32(1-165) on their own do
not bind to the membrane of negatively charged GUVs in the absence of EhVps20t [42].
Presumably, EhVps20t and EhVps32 act in tandem and their binding to each other alters the
functionality (or structure) of EhVps32, which starts to assemble on the membrane surface and
adsorbs to the negatively charged membrane. This behavior is similar to that of its human
homologue CHMB4B, which adsorbs on negatively charged supported lipid bilayers [56, 90]. Our
finding that, in addition to adsorption, EhVps32 triggers phase separation could be explained by
the ability of EhVps20t and EhVps32 to bind and potentially condense negatively charged lipids.
This results in a local increase of their concentration and explains the appearance of negatively
charged Ld domains as imaged by the fluorescent dye (note that Dilcig does not exhibit a negative
charge and its distribution should not be affected by interaction with the proteins).

Our studies were performed at relatively high protein concentration, which might raise concerns
regarding the effect on the membrane curvature or phase state (as shown previously, different
species in the solution can affect the membrane phase state [ 76, 91, 92] or induce sterically-imposed
curvature as shown e.g. in [14]). Considering only EhVps20t, as this is the only protein directly
interacting with the membrane, we estimate the protein-to-lipid molar ratio to be around 1/90 for
mixing in the bulk (only the lipid in the external membrane leaflet was taken in account). However,
this ratio is substantially overestimated because not all of the protein binds to the membrane as seen
from the green signal of unbound protein around the vesicles in Fig. 2 (note that in the microfluidic
experiments the excess unbound proteins are washed away and thus the protein-to lipid ratio is
much lower). We believe that the relatively high protein concentration explored here does not affect
our conclusions as (i) washing away the excess (unbound) protein in the microfluidic experiments
does not appear to change the membrane phase state (Fig. 4b), and (ii) there is no substantial change
of the area fraction of the phases (Fig. S3). Furthermore, curvature induced effects as a result of
protein crowding [14] act in the opposite direction and should have induced outward buds, which
are not observed here. Occasionally, we do observe inward tubes in the vesicles, but not as a result
of the addition of the proteins. They are presumably stabilized by small asymmetry in the charged
lipid distribution during GUV electroformation or buffer asymmetry as shown previously [91, 104].

Interestingly, contrary to studies on membranes in the absence of the third component (EhVps24)
in the mixture [42], we were not able to detect inward bud formation. To test the speculation that
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buds form from the Lo phase, which was not labelled in our homogeneous vesicles (making the
buds “invisible”), we added the soluble dye GFP to the solution after EnVps20t incubation. Again,
we observed the formation of lipid domains when EhVps32 was included in the mixture, and only
after EnVps24 addition, GFP-loaded intraluminal vesicles appeared (this time made visible by the
GFP). In our system, the addition of EhVps24 can lead to changes in the polymer shape favoring
inward budding as proposed before [56, 105]. This is also supported by recent studies [106]
showing that the assembly and interactions of ESCRT-III filaments can trigger buckling of the
membrane of large unilamellar vesicles. Here, EhVps24 can presumably constrict the EhVps32
polymers, which in turn produces ILVs in a process similar to that mediated by Vps4 in vivo.
EhVps32 polymerization has been already observed in vivo [78] leading to extensive formation of
buds or cellular protrusions upon overexpression of pNeoEhvps32-HA transfected trophozoites.
Experiments on supported lipid bilayers also showed the spiral-like polymerization of Vps32
putting forward the hypothesis for the protrusion of EhVps32 polymers out of the membrane plane
[54]. In our experiments, buds were formed from the Lo phase but EnVps32 polymerization should
have initiated from the Ld phase where EhVps20t resides, which suggests that the bud formation
originates from the Ld/Lo phase boundary. The co-localization of EhVps20t with Ld domains
observed here could be explained by the truncation performed in the protein that leaves only the
positively-charged core exposed. Hence, it is likely that this core binds to negatively charged lipids
(in our case DOPG) which, in this type of ternary mixtures, are enriched in the Ld domain.

A possible mechanism of the action of the proteins corresponding to the observed events is
proposed in Fig. 5. In summary, EhVps20t binds to the homogeneous multicomponent membrane
without altering its homogeneous appearance (Fig. 2a). EhVps32 then binds to EhVps20t and
(1) initiates Lo/Ld phase separation in the membrane presumably via reducing the electrostatic
repulsion, whereby colocalizing with the Ld phase (Fig. 2), and (ii) starts polymerizing into
filamentous structures [43, 52, 54]. We hypothesize that these polymers, even though confined to
and by the Ld domain boundaries, could protrude or stretch out into the surrounding Lo phase
(plausibly also because the Ld one is overly saturated by EhVps20t) and even deform it producing
inward indentation. This deformation must originate at the phase boundary in order to lead to the
generation of ILVs with Lo phase membrane composition (Figs. 3 and 4). Only upon the addition
of the third protein, EhVps24, which is known to induce changes in the polymer shape favoring
inward budding, ILV formation initiates. Further interrogation, for example using Cryo EM, of the
phase separated bilayers incubated with ESCRT-III proteins is necessary to unequivocally probe
this.

Budding in GUVs is possible if excess area is available, i.e. at low membrane tension. Our
observation is that the number of observed ILVs in the tenser GUVs pressed into the microfluidic
device is smaller (around 31 + 9 ILVs) than in the less tense free-standing GUVs (47 £ 4). This is
consistent with recent observations on tension-dependent ILV formation in living cells, where
polymerization of ESCRT-III subunits (specifically CHPM4B, human homologue of EhVps32)
causing membrane deformation was shown to be more pronounced at lower endosomal membrane
tension [101].
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Figure 5. Possible schematics of the action of ESCRT-III proteins in membranes prone to phase
separation. EhVps32 adsorbs on membranes in the presence of EnVps20t and triggers phase separation with
liquid disordered domains enriched in EhVps20t, but does not lead to detectable membrane buckling and
bud formation. EhVps32 polymers (demonstrated previously in [43, 52, 54, 78]) located at the Ld domain
rim plausibly trigger small membrane indentation, i.e. buckling (not visible optically), in the surrounding Lo
phase away from the EnVps20t-crowded Ld domain. Only in the presence of EnVps24, ILVs with membrane
in the Lo phase are produced.

Confining fission of phase-separated vesicles to the liquid-ordered phase as reported here is
reminiscent of similar behavior observed upon the asymmetric insertion of amphiphiles (with a
single long hydrocarbon chain) into vesicle membranes whereby fission was restricted to the liquid-
ordered phase [16]. Fission in that case was not observed in vesicles belonging to the liquid-
disordered phase. The authors explained the observed behavior considering the energetic
contributions using the area difference elasticity model, in which the elastic energy of a GUV
represents the sum of bending and relative monolayer stretching contributions [107]. The latter
changes as the amphiphiles insert into the external leaflet of the vesicle membrane. Here, the
condensing role of the EhVps20t-EhVps32 assembly on the outer charged membrane leaflet could
act in a similar fashion to alter the membrane packing asymmetrically. Inaoka and Yamazaki
speculated that because of the constraint for lipids to adopt all-trans configurations in the liquid-
ordered phase, the packing perturbation in the Lo phase would be higher than in Ld domains, and
cold result in higher probability of the propagation of defects leading to fission [16]. A similar
mechanism could play a role in the Lo-preferential fission triggered by ESCRT proteins as observed
here.

Our results obtained on a minimalistic fission system consisting of only three proteins and in the
absence of ATP are important for synthetic biology approaches targeting the construction of
synthetic cells with functional compartments. Such systems represent a major step toward
establishing the structural (compartmentalized) mimetic of eukaryotic cells. Previous studies
employed a number of different approaches [108-111], the most efficient of which involves the use
microfluidics on double emulsions for the preparation of ILVs in GUVs, i.e. nested vesicles in
vesicles or vesosomes. However, one drawback of this approach is the difficulty of protein
reconstitution in such membranes as they originate from the assembly of monolayers at the oil-
water interface of emulsion droplets. Presumably, the approach of generating micron-sized
compartments (ILVs) in GUVS ensured by the three ESCRT proteins as introduced here can offer
a path towards creating microcompartmentalized synthetic cells, whereby the membrane
composition of the compartments can be controlled by the composition of the starting vesicle.
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5. Conclusion

Altogether, our results reinforce the idea that the mechanism of action of the ESCRT machinery is
not only controlled by protein-protein interactions but also by lipid-protein and lipid-lipid
interactions. It will be interesting if further studies explore the effect of lipid tail saturation, surface
charge and membrane rigidity on the phase preference of the action of ESCRT proteins. For
example, investigating membrane compositions in which the Lo phase has higher surface charge
than the Ld phase would show whether the surface charge of membrane order has a stronger
influence on the invagination process. Furthermore, to better mimic the direction of ESCRT-
mediated remodelling of the plasma membrane, the proteins could be introduced in the intraluminal
(cytosolic) side of the vesicle. For this, local microinjection of small volumes of protein solutions
could be considered, which represents current direction of our work.
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Figure S1. GUVs prepared with a mixture of different negatively charged lipids,
POPG:POPS:PI(3)P (87:10:3); POPC:POPS (80:20) and POPC:POPG (80:20) (negative charge
molar ratio of ~20%) and labelled with 0.1 mol% of Dilcig were incubated with 125 nM EhVps20t,
600 nM EhVps32 and 200 nM EhVps24 and the number of GUVs with at least 4 ILVs were counted
in a total of 50 vesicles. Bars represent the mean and standard error of three independent
experiments.
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Figure S2. Confocal xy cross-sections (20 in total) at different heights across the upper half of the
vesicle shown in Fig. 2 in the main text. The GUV is with homogeneous lipid composition
(DOPG:eSM:Chol 10:65:25, and 0.3 mol% Dilcis, false color red) and exhibits domains after 10
min incubation at room temperature with 125 nM of a mixture of 1:4 labelled:unlabelled EhVps20t,
false color green, and 600 nM EhVps32. Scale bars correspond to 10 um.

Dilcqg EhVps20t Merge

+800 nM
EhVps32

Dilg4sg EhVps20t Merge

+150 nM
EhVps32

Figure S3. Images of two GUV with homogeneous lipid composition (DOPG:eSM:Chol 10:65:25,
and 0.3 mol% Dilcs, false color red), which exhibit small domains shortly (couple of minutes) after
incubation at room temperature with 125 nM EhVps20t (mixture of 1:4 labelled:unlabelled, false
color green), and either 800 nM or 150 nM of EhVps32 as indicated on the left. Over time the
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domains coarsen. The red circular object in the GUV in the bottom row is a smaller vesicle initially
present before the addition of the proteins. Scale bars corresponds to 10 um.
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Figure S4. Confocal xy cross-sections (membrane dye Dilcis, GFP and merged signal; images
enhanced) at different heights across the lower half of the vesicle shown in Fig. 3 in the main text
and 3D reconstruction of the total projection of the red channel showing the Ld membrane domains

on the surface of the same GUV. Several intraluminal vesicles are seen in the GFP and merged
images at different height as little green spots inside the GUV. The scale bars correspond to 20 um.
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After introducing

Before introducing
ESCRT-III proteins

ESCRT-III proteins

Figure S5. Confocal xy cross-sections (merged signal, upper row) and 3D reconstruction of the
total projection of the red channel (lower row) of the vesicle in Fig. 4 in the main text showing
different ILVs (seen as small green spots, arrows) located in the vesicle interior. The 3D projections
show the Ld membrane domains on the surface of the GUV before and after EnVps20t, EnVps32
and EhVps24 addition. The vesicle appears deformed because it is pressed against the microfluidic
posts. The red signal in the upper right part of the vesicle close to the microfluidic post is from a
smaller vesicle which has ruptured prior to trapping the GUV. The GUV composition is
DOPG:eSM:Chol 20:49:30, 0.3 mol% Dilcis (false color red) and 0.75 mol% DSPE-PEG2000-CF
(false color green). Scale bars correspond to 20 um. See also Movie S2.

Movie Captions

Movie S1. Intraluminal buds are formed from the Lo phase in DOPG:eSM:Chol (10:65:25,
0.3 mol% Dilcis) GUVs. Confocal sections through the vesicle shown in Figure 2.

Movie S2. Intraluminal vesicles form from the Lo phase in DOPG:eSM:Chol (20:50:30, 0.3
mol% Dilcis, false color red and 0.75 mol% DSPE-PEG2000-CF, false color green) GUVs
under the action of ESCRT proteins. Confocal sections through a vesicle (in the same conditions
as the vesicle in Fig. 4) show the merged signal from the red and green channels. The two posts are
located in the upper part of the images leading to slight deformation in the vesicle shape.

Movie S3. Another example of intraluminal vesicles formed from the Lo phase in
DOPG:eSM:Chol (20:50:30, false color red and 0.75 mol% DSPE-PEG2000-CF, false color
green) GUVs under the action of ESCRT proteins. Same conditions as in Movie S2. The two
posts in the microfluidic chamber are located in the lower part of the images leading to slight
deformation in the vesicle shape. The diameter of the vesicle is roughly 20 pm.
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