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ABSTRACT: We demonstrate rapid membrane mixing between GUVs of pure 't , MVs yen
lipid compositions and membrane vesicles (MVs) isolated from the plasma ;'vz: ) B A
membrane of Vero cells, resulting in the transfer of native lipids and proteins to the .+ ‘" 0, A= >
GUVs. The steps involved in the membrane mixing are docking followed by m .) e Lok 2 e
membrane fusion. We show that positively charged lipids of the GUVs are essential v 5— E F(‘;‘Z“’Id 5 nvaginations—»- :
for the docking, and the native membrane components of MVs drive the fusion. = « Mf,']?x?,']z"e’ W i“h{,;’-;ﬁz“,:g:%\‘ R
The interleaflet and lateral asymmetry and a change in the membrane tension r vy
upon the membrane mixing trigger membrane invagination. We detected outward W'V M
g g o g g o 9rlg g Native Native Chol SM DOTAP/ ~
and inward invagination sites at the rim of the GUVs within 10—40 min of the proteins liids DOPC <

membrane mixing. The extent of the invaginations depends on the cholesterol and
sphingomyelin (SM) contents in the GUVs. Cholesterol content above a critical concentration disfavors membrane invaginations,
and the SM lipid is an essential molecular factor for membrane invagination.

B INTRODUCTION

GUVs were first formulated by Reeves and Dowben in 1969
from pure phospholipids using the swelling method." Their
controllable lipid composition, rapid formulation, and micro-
meter size, which are ideal for imaging with optical microscopy
techniques, make them an attractive model system for studying
dynamic membrane processes. Over the years, two major
topics of GUV research have been membrane fusion and
invagination (curvature formation). These two processes are
interconnected and are reported to be critical in protein
uptake,” infection propagation,” inter- and intracellular trans-
port,4’5 etc.

Membrane fusion is associated with the attachment of
fusogenic peptides, proteins, viruses, or functionalized nano-
particles to the outer membrane of GUVs.”™® Membrane
invagination events, reported as membrane curvature, bending,
budding, and tubulation, can be induced by osmotic stress,
adhesion of ions, molecules, or particles on either side of the
bilayer.”'” Early on Baumgart et al. and Bacia et al. have shown
that GUVs with macroscopic phase separation (having both
liquid-ordered and disordered phases) can spontaneously
curve the membrane at the phase boundary.'""

Other than phase separation, attachment or fusion of
proteins and peptides on GUVs is also reported to trigger
membrane deformation/curvature formation. For example,
Nomura et al. reported that fusogenic peptides cause certain
membrane deformations in GUVs, which catalyze fusion
between adjacent GUVs."? Charged peptides are reported to
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form pores in GUV bilayers, inducing membrane buds.'* Here,
the coexistence of liquid-ordered and liquid-disordered phases
and the presence of cholesterol influence the number and type
of surface budding. Adhesion or specific binding of
bolapeptides, nanoparticles, non-enveloped viruses, or proteins
to GUVs causes inward invagination, forming inward buds and
tubules.'>'® Even GUVs with a relatively complex composition
experience membrane invagination upon external stimuli, such
as osmotic stress. Nair et al. reported that lipopolysaccharides
and bacterial lipids in GUVs favor the formation of membrane
buds, nanotubes, and other morphologies.17 These lipids alter
the membrane bending rigidity and line tension, making them
softer and more easily deformed. The group of Karin Riske has
reported lipid-mediated membrane fusion and deformation for
a combination of oppositely charged GUVs and LUVs.'® These
GUV studies indicate that lipid composition and added
components upon membrane fusion alter membrane morphol-
ogy and tension, which in turn can induce membrane
invagination.

Beyond these fundamental studies, an emerging research
area is the reconstitution of native proteins in GUVs to
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Figure 1. Membrane mixing of GUVs and Vero cell MVs. (A) (i) Confocal image of DiO-labeled GUVs in FITC channel. (ii) Chemical structure
of the lipids (DOPC, DOTAP, SM, and cholesterol) used to form positively charged GUVs. (B) Size distribution of GUVs (N = 90) formed by the
PVA-gel-assisted method in 10 mM Ca** buffer. The average size of DiO-labeled GUVs is 14.3 + 7.4 um. (C) (i) TIRF micrograph of Dil-labeled
MVs on a borosilicate glass surface. (ii) Cartoon representation of single MV carrying native membrane receptors, proteins, and lipids. (D)
Distribution of hydrodynamic diameter of MVs, POPS LUVs, and DOPC LUVs. The inset is shown for the clarity of peaks. (E) Bar graphs
represent the { potential of MVs, LUVs, and GUVs used in experiments. The average and standard deviation (error) of 3 days of measurements are
plotted. (F) Confocal images of DiO-labeled GUVs after 10 min incubation with Dil-labeled (i) DOPC LUVs, (ii) POPS LUVs, and (iii) MVs in
both green and red channels (yellow arrow indicating docked LUVs and blue arrow indicating membrane mixing by MVs). More micrographs of
these systems are shown in Figure S3E in the SL (G) Confocal images of Dil-labeled GUVs shown in red channel (below) fused with unlabeled
MVs, followed by anti-ACE2 antibody binding. Signal of GUVs in the green channel (top) indicates the antibody binding to ACE2. Scale bar: 10
um, and S pm for C(i).

19,20

generate artificial cells in bottom-up synthetic biology.
Different methods, such as osmotic shock and hydrogel
methods, are established to form proteo—GUVs.ZI’22 However,
the detergent-solubilization step used for protein isolation may

have an impact on the structure and function of the
reconstituted protein. Recently, Schmid et al. have demon-
strated a detergent-free method of protein reconstitution in
GUVs using cell-derived vesicles, which can fuse with GUVs in
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a calcium-dependent manner.”’ This study exploits the
membrane fusion phenomenon to generate artificial cells
with a functional membrane composition. Such compositional
transfer can influence the membrane morphology and tension,
triggering membrane invagination.

In this work, we demonstrate membrane mixing between
GUVs formulated from ternary/quaternary lipid mixtures and
native membrane vesicles isolated from Vero cells. We
explored the interactions or molecular factors involved in the
mixing with dual-color fluorescence imaging of the GUVs by
employing the confocal microscopy technique. The imaging
data reveal that the membrane mixing leads to spontaneous
curvature formation in the parent GUVs, appearing as inward
and outward invagination sites. To the best of our knowledge,
membrane invagination upon reconstitution of native mem-
brane lipids and proteins in GUVs has not been previously
reported. We examined and discussed the role of cholesterol
and sphingomyelin lipids in driving the membrane mixing and
affecting the extent of membrane invagination.

B RESULTS

We examined the mixing of the membrane between GUVs and
membrane vesicles (MVs) isolated from live Vero cells. For
this, positively charged GUVs of a quaternary composition
were formulated by mixing DOPC, DOTAP, SM (brain
sphingomyelin), and cholesterol in a molar ratio of 2:1:2:1
(32:16:32:16 mol %), see Figure 1A. The GUVs were formed
with PVA-gel-assisted hydration method which was established
earlier by Carlos Marques group”* and applied by multiple
groups.'””*** GUV formation with gels is rapid. Unlike
electroformation and hydration methods, it works for a wide
range of lipids and at different buffer conditions.

GUVs were formed through the hydration of a lipid film on
a PVA-coated surface (see the Methods section and Figure
S1A for details). To produce large-sized GUVs, with diameters
ranging from S to 40 ym (Figure 1B), we utilized a buffer with
a relatively high calcium concentration (10 mM). This
approach also helped to reduce their aggregation. This is
confirmed by capturing bright-field and differential interference
contrast (DIC) images of the GUVs without any labels/
markers (Figure S1B in the SI). For fluorescence imaging of
the GUVs, we used membrane anchoring fluorophores such as
DiO (green channel) or Dil (red channel). Majority of the
presented images are of GUVs with 4 mol % DiO (details in
the Methodssection). We detected a smooth signal along the
surface of GUVs representing a homogeneous distribution of
the membrane anchoring dye, which in turn is an indicator of
liquid-disorder phase of the lipids.”””** A similar smooth signal
is detected when the GUVs were labeled using Rh-DHPE
(Figure S2A-i) and an irregular/uneven distribution of the
fluorescent signal can be seen only if SM is replaced by DSPC
lipid (details in Figure S2A-ii). This Supporting Information
Data confirms that our GUV composition does not exhibit any
macroscopic phase separation. The surface charge of the GUVs
is characterized by { potential measurements (Figure 1E). We
found that the { potential and thereby the effective surface
charge of the GUVs is proportional to DOTAP content in the
vesicles (Table S1 in SI). Interestingly, the surface density of
DOTAP on the vesicles calculated from the measured {
potential corresponds to 16 mol % (total) DOTAP (details in
the description of Tables S1 and S2). This means that our lipid
mixture used is well translated into the lipid bilayer of the

formed GUVs. Hence, the PVA-gel-assisted GUV method
provides good control of the GUV compositions.

For the generation of MVs, we chemically isolated giant
plasma membrane vesicles (GPMVs)*”*° by introducing N-
ethylmaleimide (NEM) to Vero cells (Figure S1C and S1D in
the SI). The GPMVs are 2—20 ym in diameter (Figure S1E)
and downscaled upon extrusion to form MVs (details in the
Methods section). This downsizing is confirmed by the
fluorescence images of the vesicles (Figure 1C) and from
their measured size distributions before and after extrusion
(Figures 1D and S1F). The functionality of the MVs was
confirmed by the presence of endogenous ACE2 as detected
by Western blotting and antibody binding (Figures S1G and
S1H). For control experiments, we formulated large uni-
lamellar vesicles (LUVs) of simple lipid compositions (DOPC
with and without POPS, details in the Methods section).
These LUVs and MV are of similar size (~150 and 120 nm in
diameter) as evident from their DLS data, see Figure 1D. The
surface charge of MVs and the control LUV, i.e,, DOPC with
POPS is comparable (about —8 to —10 mV) and the GUV are
positively charged with a ¢ potential of about +3.5 mV (Figure
1E). The { potential of MVs is similar to the reported surface
charge of membrane blebs which are proteo-liposomes (100—
250 nm) protruding from the cell surface upon starvation or
chemical induction.”"**

We examined the effect of added MVs on the positively
charged GUVs by recording dual-color fluorescence images by
using confocal microscopy. In control experiments, confocal
images were captured upon the addition of LUVs to the GUVs.
Representative confocal images of DiO-labeled GUVs (in
green channel) and Dil-labeled LUVs or MVs (in red channel)
are shown in Figure 1F(i—iii). The red channel signal shows
that DOPC LUVs dock on the membranes of GUVs. The
docking events are many for POPS LUVs (negatively charged).
About 1-7 DOPC LUVs dock per imaging plane of a single
GUV (of diameter >10 ym), whereas the POPS LUVs are
densely docked on the GUVs making it difficult to count their
number per GUV. These data are analyzed from z-stack
confocal images of the GUVs and signal overlap from the
adjacent z-stacks is avoided by choosing the appropriate step
size while imaging (details in Methods section). We confirm
that Dil labeling does not influence these data because Rh-
DHPE labeled LUVs also show a similar docking pattern
(Figure S2B).

The fluorescence signal appears to be quite different when
MVs are added to the GUVs. The Dil-labeled MV particles are
diffused immediately after their addition to surface-adhered
GUVs. At the later time points, neither docked MVs nor
diffusive MVs were detected (Figure 1F-iii). We observed a
smooth signal along the rim of GUVs in the red channel (Dil
signal from MVs). About 80% of the imaged GUVs (180
vesicles) show a smooth signal along the membrane rim. This
homogeneous signal is not because of the photoleaking or
bleed-through of the DiO fluorescence in the red channel
because (i) not all DiO-labeled GUVs have signal in the red
channel (see the confocal micrograph in Figure 1F-iii) and (ii)
DiO-labeled GUVs (without MVs) show a relatively weak
photoleaking or bleed-through in the red channel (Figure
S3A—C). Also, we recorded bright-field and fluorescence
images (red channel) by adding Dil-labeled MVs to the
nonlabeled GUVs. Here, a homogeneous signal of Dil along
the rim of GUVs was observed (Figure S3D). The lateral
mobility of the transferred Dil in the GUVs was examined with
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Figure 2. GUV membrane invagination. Time-lapse confocal images of (A) GUV showing single outward invagination and (B) GUV showing
multiple invaginations. The GUVs are incubated with MVs for 10 min in the PDMS before recording the image on both channels. Blue and red
arrows point outward and inward invaginations, respectively. And yellow line indicates the size of invaginations. (C) Time-dependent scatter plot of
GUVs (N = 5) showing an increase in the diameter of GUVs with time. (D) DiO signal (green channel) of GUVs and (E) Dil signal (red channel)
of GUVs (N = 20) at different time points of the imaging. Scale bar:10 ym.

fluorescence recovery after photobleaching (FRAP), as shown
in the micrographs in Figure S3G. The half-time of recovery
(t1/,) determined from the FRAP measurements is 15—25 s
(Figure S3H and S3I). It is similar to the reported ¢, , of NBD-
lipid and other lipids used for labeling of GUVs and
corresponds to a 2D diffusion coefficient of ~1—1.5 um?/s
(discussed in SI).'®**** The FRAP data exhibit that the
smooth Dil signal detected in our GUV membrane is from
laterally mobile molecules of the dye.

With these imaging and FRAP data, we confirm that the Dil
fluorophore is transferred from MVs to GUVs upon merging of
their lipid membranes. This is possible if the MVs fuse upon
docking to the outer membrane of GUVs and the native
membrane components are transferred to the bilayer of the
GUVs. However, we did not detect docking of MVs on GUVs
under our measured conditions presumably due to the fast
membrane mixing. Other than the lipid transfer as probed
using the lipid anchoring fluorophore (Dil), we examined the
transfer of membrane proteins with an immunofluorescence
assay. Figure 1G shows a representative immunofluorescence
image marking endogenous ACE2 on GUVs after the
membrane merges with MVs. About 80% of the imaged
GUVs (60 GUVs) show the anti-ACE2 signal, confirming a
transfer of the native membrane protein from MVs to GUVs.

Interestingly, we detected the formation of inward and
outward membrane invaginations (indicated with red and blue
arrows respectively) upon membrane merging (Figure 2A,B).
About 50% of the imaged GUVs show membrane invagina-
tions, which are mostly spherical and 1—5 pm (Figure S3F in
the SI) in diameter indicated by the yellow line in Figure 2A. A
single GUV either contains inward, outward, or both types of
invaginations (single or multiple). These invagination sites are
specific to the GUVs+MVs systems and not observed in cases
of GUVs+POPS LUVs system. The number of docked LUVs

particles on a single GUV increases with time, but no
membrane invagination was detected even after 40 min of
the LUVs addition (Figure S4A—C in the SI). Similarly, we
examined the effect of added MVs on POPS-rich GUVs
(negative { potential), Figure S4D—F. The MVs do not appear
at the periphery of the GUVs and are preferably diffused in the
solution phase. The data in Figures 1 and 2 confirm that LUVs
and MVs dock onto oppositely charged GUVs via electrostatic
interactions. Notably, only MVs can merge with the oppositely
charged GUVs and induce membrane invagination.

Figure 2A,B shows micrographs of two representative GUVs
with either single or multiple membrane invagination sites. The
timestamp confocal images in Figure 2A show that the
invaginated sites remain intact with the GUV (up to imaging
time, i.e., 40 min). These images of single GUVs were recorded
by scanning the same z-stack with minor adjustments in the
focus. While the number of invagination sites increases for a
few GUVs, membrane fission or tubulation events are not
detected. The invaginated GUVs enlarge in diameter with
time. We plotted the diameter of S representative DiO-labeled
GUVs upon MVs addition in Figure 2C, and it shows a steady
increase in the GUVs size (analysis details in the Method-
ssection and Figure SSA in the SI). The size of the invaginated
sites does not always increase with time. Also, the spherical
shape of GUVs distorts with time and the membrane rim
appears less stiff; see images Figure 2A at 40 min and Figure
2B at 30 min, indicating an increased membrane fluidity.

We analyzed the smooth fluorescence signal of DiO and Dil
along the GUVs rim (one plane of GUVs). These fluorophores
are a FRET pair, but the FRET signal of the mixed membrane
was not detected in our experiments. The rapid membrane
mixing, lateral mobility of the fluorophores, and enlargement of
the GUV are reasons for weak or nondetectable FRET signal.
Hence, we measured the signal of both fluorophores using the
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Figure 3. Membrane fusion and invaginations for GUVs with different cholesterol content. (A—C) Confocal images of 8, 16, and 32 mol % chol
GUVs incubated with MVs for 10 min. Red and blue arrows indicate inward and outward invagination, respectively. Scatter plot of the mean (D)
DiO intensity and (E) Dil intensity on GUV membrane (N = 33) for all three systems. Scatter plot of all three systems for (F) outward (positive
curvature), (G) inward invagination (negative curvature), and (H) GUVs having both positive and negative curvature simultaneously in the same
GUV. Significance of the difference from 16 mol % as reference was assessed by nonparametric Kruskal-Wallis ANOVA with Dunn’s test; ns = not

significant; *p < 0.01; ns = nonsignificant. Scale bar: 10 ym.

standard excitation—emission setup of the microscope. Signal
statistics of 20 single GUVs are presented in Figure 2D,E
(details in the Methods section and Figure SSB in the SI). The
signal of the GUV membrane (DiO, green channel) fluctuates
between 100 and 400 au upon MVs addition and remains
similar within 10—40 min. This means that the GUVs
membrane remains intact, and DiO molecules stay anchored
in the membrane without much perturbation. The Dil signal
on GUVs is introduced by the merged MVs, and it increases
with time (Figure 2E). There are two possible explanations for
this: (i) more MVs are fusing with time and (ii) dequenching
of the transferred Dil in GUVs. The former is not likely to be
the case, as the added MVs particles fuse with GUVs
instantaneously. The signal dequenching is plausible because
of the improved distribution of Dil and enlargement of the
membrane of GUVs.

Next, we explored membrane merging and invagination by
altering the lipid composition of GUVs. The DOTAP is
essential for docking of MVs. Thereby, we focused on the
effect of cholesterol and SM on membrane invagination.
Cholesterol is known to influence membrane fusion of
different systems such as SNARE-mediate membrane fusion
in neurons, fusion of enveloped viruses on cell membranes,*>*°
etc. It prefers to partition in the liquid order (L,) phase and
influences the lipid packing, phase separation, etc. which in
turn affects the membrane rigidity and line tension."** Also,
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the extent of cholesterol partition and resulting lipid packing
depend on the type (molecular structure) and amount (mol
%) of associated lipids such as SM, saturated lipids.*’
Therefore, the lateral and interleaflet distribution of cholesterol
and associated lipids can introduce membrane asymmetry
which is often connected with membrane deformation and
invagination.”*™*® Therefore, experiments were conducted
using the positively charged GUVs at different mol % of
cholestero], ie., 8, 16, and 32 mol % and also, by omitting
either cholesterol or SM in the composition (Table 1 in the
Methods section). We observed that the lipid composition
affects the number of produced GUVs (details in the
Methodssection). Keeping this in mind, we have analyzed
the same number of vesicles for all compositions.
Representative confocal images of 8, 16, and 32 mol % chol
GUVs upon membrane fusion with MVs are shown in Figure
3A—C. The green channel signal is relatively lower in 32 mol %
chol GUVs (Figure 3D). This is the case with or without MVs
addition, indicating that DiO insertion is less efficient in 32
mol % GUVs. This high cholesterol in a lipid bilayer can
increase the membrane rigidity by forming a liquid order or
solid phase of the lipids. On the contrary, the Dil signal from
the fused MVs is slightly greater for the 32 mol % chol GUVs
(Figure 3E). Two possible explanations for this are that (i)
MVs fusion is more effective for these GUVs and (ii) the
number of fused MVs per single GUV is higher because of the
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Figure 4. Membrane fusion and invaginations for GUVs without either cholesterol or SM. (A—C) Confocal Images of GUVs (composition as
described in Figure 1), -chol GUVs, and -SM GUVs incubated with MVs for 10 min. Blue and red arrows indicate outward and inward
invagination, respectively. Scatter plot of mean (D) DiO intensity and (E) Dil intensity on GUV membrane (N = 50) for all of the three
compositions. Scatter plot of all three systems for (F) outward (positive curvature), (G) inward invagination (negative curvature), and (H) GUVs
having both positive and negative curvature simultaneously in the same GUV. N = 200 GUVs of each type were analyzed in these plots (details in
the Methods section). Significance of the difference from GUV+MV data as reference was assessed by nonparametric Kruskal—Wallis ANOVA with

Dunn’s test; *p < 0.05; ns = not significant; Scale bar: 10 pm.

low production of the GUVs (fewer vesicles within the sample
chamber). The latter is likely to be the reason, and this will be
clear as we discuss the data of Figure 4. We compared the
number of invaginated vesicles per imaged area (224.92 X
224.92 um?) for these GUV types, see Figure 3F—H. Statistical
analysis of the corresponding data reveals that the number of
vesicles with outward invagination(s) is comparable for 8 and
16 mol % chol GUVs and it is significantly low for 32 mol %
chol GUVs (Figure 3F). In general, the number of vesicles with
inward and both types of invaginations are low for all three
GUVs types (Figure 3G,H, respectively). About 65% of the 16
mol % chol GUVs show outward invagination. This average
value is about 15% for the 32 mol % chol GUVs. Inward
invagination is detected for 5—15% of these GUVs and only
1—2% of vesicles show both types of invaginations. These data
reveal that our GUV compositions experience a budding-like
phenomenon, as the outward invaginations are mostly seen on
the membrane rim. A high cholesterol content (such as at 32
mol %) in these positively charged GUVs causes weaker
membrane deformation resulting in fewer invagination sites.
Next, we examined the membrane fusion and invagination in
cholesterol and SM-free vesicles, i.e., -chol GUVs and -SM
GUVs, respectively (Table 1). The representative confocal
micrographs in Figure 4A—C show the fluorescence signals in
both channels and inward/outward invaginations of the GUVs
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Table 1. Names and Chemical Compositions of the
Formulated GUVs

GUVs

name

16 mol %
chol
GUVs

32 mol %
chol
GUVs

8 mol %
chol
GUVs

DSPC
GUVs
POPS
GUVs
-SM
GUVs
-Chol
GUVs

mol % molar ratio

32:16:32:16

lipid composition

DOPC:DOTAP:SM:Chol 2:1:2:1

DOPC:DOTAP:SM:Chol 16:16:32:32 1:1:2:2

DOPC:DOTAP:SM:Chol 40:16:32:8 2.5:1:2:0.5

DOPC:DOTAP:DSPC:Chol 32:16:32:16 2:1:2:1

DOPC:POPS:SM:Chol 32:16:32:16 2:1:2:1

DOPC:DOTAP:Chol 46.5:23.2:23.2 2:1:1

DOPC:DOTAP:SM 37.7:18.8:37.7 2:1:2

upon interaction with MVs. Here we chose 16 mol % chol
GUVs for data comparison. The DiO intensities of these GUV
compositions remain similar even after membrane mixing
(Figure 4D). In contrast, the Dil signal per vesicle varies
significantly across different GUV compositions (Figure 4E). It
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Figure S. Plausible mechanism of membrane invagination. Scheme of membrane mixing between a GUV and MVs. The molecular changes or
rearrangement generate the interleaflet (trans-bilayer) and lateral asymmetry, which in turn can affect membrane tension. The scheme depicts the
resulting membrane curvature on the GUV membrane, and this appears as an outward invagination site.

is notably low for the -chol and -SM GUVs. This can be
attributed to the high production rate of the -chol GUVs, as
indicated by the number of vesicles detected within the
imaging area (224.92 X 224.92 ym?). Thus, the number of MV
particles per vesicle (-chol GUV) is lower resulting in fewer
fusion events per single GUV. Meanwhile, the production rate
of -SM GUVs is comparable to that of GUVs containing 16
mol % cholesterol, as evidenced by imaging data. Therefore,
the reduced Dil signal suggests that fusion between MVs and
-SM GUVs is less efficient.

Membrane invagination sites are detected for -chol GUVs,
whereas the sites are rare for -SM GUVs. On average, ~50,
~30, and ~15% of the imaged vesicles show outward
invagination for the 16 mol % chol, -chol, and -SM
compositions, respectively. Inward invagination is detected
for a small percentage (2—8%) of these GUVs. The
invaginated sites appear only upon membrane mixing with
MVs (Figure S6A in the SI). Figure 4F—H represents these
data in terms of the number distribution of the GUVs with
inward, outward, and both types of invaginations upon fusion
with MVs. Together, Figures 3 and 4 data mean that the
cholesterol is not essential for the membrane invagination of
the GUVs and a high concentration of cholesterol in GUVs
reduces the extent of membrane invagination of the parent
GUVs. Our imaging data reveal that SM is an essential
molecular factor for the membrane invagination of the
formulated GUVs. The -SM GUVs have a ternary lipid
composition resulting in 23 mol % cholesterol in the GUV
membrane (Table 1). This increased cholesterol content in
-SM GUVs may affect the data comparison in Figure 4.
Therefore, we formulated GUVs by replacing SM with the
DSPC lipid (both have saturated lipid tails). The DSPC GUVs
with quaternary lipid composition contain 16 mol %
cholesterol (Table 1). The membrane invagination data of
DSPC GUVs are comparable to those of -SM GUVs (Figure
S6B—H in the SI). This means that SM is an essential factor
for the membrane invagination of the positively charged GUVs
having cholesterol content within 0 to 32 mol % (Figures 3 and
4).

B DISCUSSION

Our fluorescence imaging (single- and dual-color) and FRAP
data (Figure 1) confirm that MVs isolated from mammalian
cells can effectively fuse to DOTAP-rich GUVs. The
membrane fusion is rapid or instantaneous, resulting in a
transfer of native membrane lipids and protein to the GUVs
without the requirement of any external stimuli such as pH or
ions. Schmid et al. have reported a similar system to transfer
native membrane components to GUVs using calcium ions as a
trigger for effective membrane mixing.23 Here, we utilize
electrostatic interaction for membrane docking of negatively
charged MVs on positively charged GUVs. Earlier reports by
Solon et al,*” Lira et al,'® Dolder et al,*>® and others exhibit
that oppositely charged LUVs or SUVs or proteo-SUVs can
fuse with the membrane of GUVs. As per these literature
reports, the fusion is rapid and reported to occur within
milliseconds. A major difference of our finding from these
reported data is that the membrane mixing is specific to MVs
and does not occur while using oppositely charged LUVs.
Although the latter can dock on the DOTAP GUVs, they do
not fuse. Thus, we concluded that membrane docking is
triggered by the electrostatic interactions, and the fusion is
activated by native membrane components. This also means
that the GUV composition is critical for membrane fusion. We
used a quaternary lipid mixture as GUV composition, and the
reference literature used binary or tertiary lipid compositions in
their experiments. This explains the observed differences in our
results.

The membrane fusion between MVs and GUVs leads to an
influx of native lipids and proteins in the membrane of the
GUVs. The increase in the GUV diameter is in agreement with
the influx. We confirm that native ACE2 is transferred to the
majority of GUVs (~80%) upon membrane mixing and
extrapolate that other membrane proteins can also be
transferred. We can support this argument from the kinetics
of membrane mixing. The kinetics of membrane fusion
mediated by proteo-liposomes containing a single type of
protein (SNARE proteins) is in the minute scale’” and the
fusion gets rapid (within 10 s) only in the presence of calcium
ion.* However, we detect an instantaneous membrane mixing
of MVs to a single GUV without any calcium ion. The isolated
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MVs are rich in proteins with fusion peptide sequences and
fusogenic lipids with smaller head groups. We hypothesize that
these native proteins and lipids collectively drive the fusion
process.

The highly curved MVs (~100 nm in diameter; curvature is
inversely proportional to the diameter of vesicles)*' contain
~50% more lipids in the outer leaflet than in the inner leaflet.*”
The fusion of multiple MVs to a single GUV introduces an
excess lipid in the outer leaflet of the GUV (scheme in Figure
5). Also, GUVs become rich in the transmembrane, peripheral,
and lipid-anchored proteins at the fusion sites (Figure S).
Because of their relatively weak lateral mobility, these proteins
introduce a lateral asymmetry in the parent GUV membrane.
In these ways, the distribution of membrane components and
lamellarity of the GUVs are perturbed. Membrane remodeling
of the GUVs can compensate for these asymmetries.

Interestingly, there is a relatively long lag phase (>10 min)
between the membrane mixing and the appearance of the
invaginated sites (Figure 2). This could be because of the slow
kinetics of the required membrane remodeling. Other studies
exhibit a rapid (within 10—400 s) membrane invagination
upon LUVs fusion to oppositely charged GUVs.'®*” The use
of pure lipid systems can explain the fast membrane
remodeling in these cases. Here, the authors discuss that the
influx of lipids drives the membrane invagination either by
reducing the membrane tension (effective membrane tension
becomes negative)’” or redistributing the gained lipids area in
the form of buds/protrusions.'® Recently Nair et al. showed an
introduction of native lipopolysaccharides reduces the bending
rigidity of GUVs and the membrane can form protrusions
upon osmotic stress.'” Hence, it is likely that the influx of
native membrane components into GUVs (after mixing with
MVs) lowers the membrane tension. We argue that this
lowered membrane tension and the generated membrane
asymmetries are the causes of membrane remodeling and
thereby the formation of membrane invagination sites on
GUVs.

Our invagination analysis reveals that the outward
invagination sites are higher for all compositions of GUVs
examined in this work (Figures 3 and 4). About 15—65% of the
GUVs (of different compositions) have outward invaginations.
Upon membrane fusion, the chemical structure of the inserted
native lipids such as acyl chain type/length, the headgroup, and
the size ratio of head to tail group influences the extent and
type of spontaneous curvature. The results of Nair et al. show
that the native lipopolysaccharides (LPS) favor spontaneous
budding (outward protrusion) from the membrane of GUVs."”
Also, the inner leaflet of the plasma membrane,*® and thus the
isolated MV, are rich in PE lipids, which prefer nonlamellar
structures.** The endogenous PE lipids and LPS transferred to
GUVs may favor outward membrane invaginations (scheme of
Figure S). The shallow insertion of peripheral proteins and the
complexation/association of lipids with the transmembrane
sites of proteins perturb the local lamellar structure of lipids
and can be compensated by outward membrane bending45’46
(Figure S).

Among the different lipid compositions studied in this work,
GUVs with 16 mol % cholesterol and 32 mol % of
sphingomyelin (SM) show the highest number of outward
invaginations. Explaining the role of cholesterol and SM in
membrane fusion and invagination is not straightforward
because we used complex (ternary/quaternary) lipid mixtures
for GUVs formation. Although the GUV compositions can be

controlled accurately (as confirmed from ¢ potential measure-
ments) and the GUVs are in the liquid-disorder phase, we
cannot distinguish the extent of their lateral (microscopic) and
trans-bilayer lipid asymmetry. The inherent membrane
asymmetry of the GUVs can catalyze or accelerate the
formation of invaginated sites upon fusion. We found that
SM lipid is essential for the membrane fusion and invagination
(Figure 4). Contrary to some reports on membrane fusion for
viruses,****® LUVs,**® we observed that cholesterol that
affects membrane rigidity/line tension’"*” is not critical for
MVs fusion to GUVs and thereby, for the membrane
invaginations (Figure 3). A high cholesterol content (such as
32 mol %) in the GUVs disfavors membrane invaginations,
likely because of increased rigidity of the GUV bilayer.

Beyond the GUVs-MVs system studied in this work,
membrane fusion and invagination have a broader aspect or
roles in cellular processes. Both processes are essential in intra-
and intercellular transport. Fusion is well known for chemical
transport for neuronal signaling,>® in delivery of viral
genome,54 endosomal delivery,55 etc. On the other hand,
membrane invagination is the process for generating vesicular
vehicles such as endosomes, exosomes, buds, etc. which
mediate cellular transport. Typically, molecular triggers such as
protein binding or insertion induce membrane bending
(change in curvature) which matures into a spherical bud
(inward or outward).”"*® The energy required for the
formation of a single spherical vesicle from a flat lipid bilayer
is 250—650 kyT. This high energy cost necessitates the
engagement of multiple proteins, lipid machinery, cooperative
interactions, and synergistic processes for membrane invagi-
nation. These arguments are valid and well reflected in our
data.*'***” For example, the specificity of fusion by MVs (not
by LUVs) and the rapid membrane mixing confirm that
multiple proteins and lipids are engaged in the process; thus,
cooperative or synergistic interactions are in action. The lag
phase of the membrane invagination is the sign of membrane
remodeling initiated upon the generated membrane asymmetry
(later and trans-bilayer) and altered membrane tension. The
role of lipid machinery is validated as we confirm that the SM
lipid in GUVs is essential for membrane invagination.

In conclusion, we have established an effective method for
transferring native lipids and proteins to positively charged
GUVs without external stimuli, such as pH or calcium ions.
The GUVs reconstituted with native membrane components
behave as model cells exhibiting membrane invaginations that
are essential for cellular transport.

B MATERIALS AND METHODS

Materials. N-Ethylmaleimide (NEM) and 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) buffer were
brought from SRL (Sisco research laboratory), India. Liss
Rhod PE {1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl)}, DiO (3,3'-dioctadecylox-
acarbocyanine Perchlorate), and Dil (1,1’-Dioctadecyl-
3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) were ob-
tained from Sigma-Aldrich. ACE2 recombinant rabbit
monoclonal antibody, Goat antirabbit IgG (H+L) cross-
adsorbed secondary antibody (Alexa Fluor 488), Dulbecco’s
modified Eagle’s medium (DMEM, L-glutamine, sodium
pyruvate, high bp-glucose; Gibco), Trypsin-EDTA (0.05—
0.02% (w/v), Gibco), 1% penicillin-streptomycin (PenStrep,
100 units/mL; Gibco), fetal bovine serum (FBS; Gibco), T2S
cm? cell culture flask, and polyvinyl alcohol (M.W.146—186

https://doi.org/10.1021/acsomega.4c08971
ACS Omega 2024, 9, 46615—-46626


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

kDa, 99.3—100% hydrolyzed) were from Thermo Fisher
Scientific, India. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, cat. n0.850457), DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine, cat. no. 850375), cholesterol (cat.
no. 700000), Brain Sphingomyelin (cat. no. 860062), DOTAP
(1,2-dioleoyl-3-trimethylammonium-propane, cat. no.
890890), and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine, cat. no. 840034) were purchased from Avanti
Polar Lipids in white lyophilized powder form. Potassium
dihydrogen orthophosphate disodium hydrogen phosphate,
sodium chloride (NaCl), calcium chloride (CaCl,), and
potassium chloride were purchased from Finar, India.
Borosilicate cover glass (22 mm X 50 mm; 22 mm X 22
mm) was from VWR (Avantor). Sodium dodecyl sulfate
(SDS) was obtained from SD Fine Chem Limited (India).
Sylgard 184 silicone polydimethylsiloxane (PDMS) elastomer
base and Sylgard 184 silicone elastomer curing agent or cross-
linker (dimethyl methyl hydrogen siloxane copolymer) were
brought from Robert McKeown Company; Branchburg, NJ.

GUV Formation. GUVs were formed by a PVA-gel-assisted
hydration method. Briefly, 5% (w/v) PVA was dissolved in 280
mM sucrose solution by heating on a hot plate at 90 °C with
constant stirring using a magnetic bead until the solution
becomes clear. Using a pipette, 100—200 uL of this PVA
solution was evenly spread on an SDS cleaned 22 mm square
cover glass and kept in an oven at 80 °C for 30 min. After that,
positively charged GUVs were formed by making 10—20 yL of
lipid mixture containing DOPC, SM, cholesterol, and DOTAP
in a 2:2:1:1 molar ratio in chloroform from 1 mg/mL stock
solutions. Negatively charged GUVs were formed by adding
POPS to the above mixture, instead of DOTAP.

For fluorescence imaging, 4 mol % DiO was added to the
lipid mixture. This high concentration of DiO was required for
the fluorescence imaging of the vesicles, attaining an adequate
signal. The incorporation of DiO in membranes depends on
acyl chain unsaturation of lipids, acyl chain length, charge on
the headgroup, and cholesterol content.>® These factors
determine the faint or bright signal on the GUV membranes.
High mol % of DiO is likely to cause artifacts in the
membranes like perturbations in phospholipid packing of
GUVs membrane due to headgroup-headgroup repulsions
between GUVs lipids and DiO headgroup. But for GUV-
Antibody binding experiments, GUVs were formed by adding
0.1 mol % Dil and the rest of the lipid composition was the
same. This lipid mix was spread on the dried PVA film and
kept in a vacuum for 2 h. GUVs were grown by adding 300 xL
of a growing buffer of high salt concentrations (10 mM CaCl,,
10 mM HEPES,150 mM NaCl) as it was found that with high-
calcium-concentration GUVs were more stable and bigger in
size. It is to be noted that POPS GUVs were grown by adding
PBS instead of calcium buffer to avoid aggregation. Later,
GUVs were incubated for 1 h at 37 °C in the dark. Before
isolation, GUVs were sonicated for 1 s for the maximum
detachment from the gel to the solution. Finally, GUVs were
harvested by gentle pipetting and kept at 4 °C prior to the
experiments. Different types of GUVs with their lipid
composition are listed in Table 1.

Formation of MVs. Dil-labeled MVs were prepared by
extruding isolated GPMVs supernatant 21 times through a 100
nm pore size polycarbonate membrane filter using a
miniextruder (Avanti Polar Lipids). Details of cell culture
and GPMYV isolation in the SL

LUVs Preparation. Negatively charged POPS LUVs with
the composition POPC/POPS/Dil in 1:0.98:0.02 molar ratio
(50:49:1 mol %) were formed by the thin film hydration
method followed by extrusion. Details are given in the
experimental section of the SL

GUV-MVs Mixing Assay. For dual-color GUVs-MVs
fusion experiments, 5 uL of Dil-labeled MVs were diluted 4
times to the buffer containing 10 mM CaCl,, 10 mM HEPES,
and 150 mM NaCl. The same buffer is used for GUVs
formation/growth, avoiding any osmotic shock upon mixing.
Later, 20 uL of DiO-labeled GUVs were added to the wells,
followed by 10 min incubation with MVs. Confocal images
were recorded in TRITC and FITC at an interval of 10 min.
For single-color experiments, the same assay was followed with
unlabeled GUVs and Dil-labeled GPMVs. Images were
recorded in bright-field and TRITC channels in a sequential
manner.

GUVs-LUVs Mixing Assay. For the GUVs-POPS LUVs or
GUVs-Dil DOPC LUVs or GUVs-Rh DOPC LUVs fusion
experiment, LUVs were diluted in 10 mM calcium-containing
buffer to make the final concentration of 0.01 mg/mL. Later,
20 uL of GUVs were incubated with 20 uL of LUVs (0.01 mg/
mL) for 10 min. Further, confocal images were recorded in
FITC and TRITC filters in a sequential and time-dependent
manner.

Immunofluorescence Imaging with ACE2 Antibody.
Immunofluorescence experiments were performed with 20 nM
(2.5 pg/mL) Goat antirabbit IgG (H+L) cross-adsorbed Alexa
Fluor 488 conjugated secondary antibody. For dual-color
confocal imaging, fusion between Dil-labeled GUVs and
unlabeled MVs was performed as described earlier for ACE2
protein transfer. Afterward, GUVs were first incubated with 20
nM primary Rabbit monoclonal ACE2 antibody for 20 min
followed by incubation with fluorescent secondary antibody for
another 20 min. PBS washing was done gently 2 to 3 times to
remove excess fluorophore. Images were recorded in both
TRITC and FITC filter cubes. Same immunofluorescence
assay was followed for experiments with unlabeled GUVs.
Images were recorded in bright-field and FITC cube.

Confocal Imaging of GUVs. GUVs were imaged using
homemade PDMS chambers (volume ~50 uL) on SDS
cleaned borosilicate cover glasses with 22 X 50 mm thickness.
To inhibit the surface rupturing of the vesicles, the cover glass
was passivated with a supported lipid bilayer made of DOPC
lipid (0.1 mg/mL). Surface-settled GUVs become mobile
immediately after the addition of a solution of MVs. This
limited us to image the GUVs only after 10 min from the
addition of MVs within which GUVs again settle on the surface
and time-trace imaging of single GUVs becomes possible.
Therefore, we imaged the GUVs after MVs addition for 10 min
and traced the single GUVs for up to 40 min.

Confocal images of all dual-color GUVs-MVs, GUVs-LUVs
and GUVs-antibody binding experiments were obtained by a
Carl Zeiss GmbH (LSM780NLO) confocal microscope with
63x oil immersion objective (NA = 1.4) over a region of
Interest (ROI) of 1024 X 1024 pixels or 224.92 um X 224.92
pum where each pixel square is of 0.22 ym. GUVs and MVs
were visualized through GFP (green) and Rhodamine (red)
specific filters, respectively. DiO-labeled GUVs and Dil-labeled
MVs samples were excited with 488 nm (Argon ion,70% of 25
mW) and 561 nm (solid state, 75% of 20 mW) laser lines
(LASOS, laser manufacturer). Z-stacks were recorded,
ensuring comprehensive coverage of GUVs by positioning
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the lowest plane marginally above the surface, while the highest
plane was adjusted to encompass the maximum extent of
GUVs until defocusing occurred. Each z-stack (16 Bits per
pixel) comprised seven slices, with a step size of 1.57 um,
culminating in a total depth of 11 gm. Images or videos were
analyzed using Image] software (ImageJ 1.53k, Java 1.8.0_172
(64-bit), NIH Maryland). (Details of epifluorescence imaging
in SI)

Around 180 GUVs were analyzed in GUV-MYV system where
we observed that 80% of GUVs showed the smooth signal
along the membrane rim. For anti-ACE2 signal analysis, we
have analyzed around 60 GUVs. For this case, the number of
analyzed GUVs is limited as we have also done PBS washing
(2—3 times) to remove the excess fluorophore, which results in
loss of GUVs with every wash.

Size Analysis of GUVs and Invagination. For size
analysis of GUVs, a straight line from the diameter of GUVs
was drawn such that it connects both the ends of GUVs, then
by using “measure” feature we recorded the diameter (Figure
S5B). The same line was fixed as ROI and size measurement
was repeated at all of the time points. The size of the
invagination sites protruding out from GUVs was also
measured in a similar way. A total of ~56 buds (both inward
and outward included) were analyzed for size. All of the size
data was collected and plotted using origin.

GUVs Count for Membrane Invagination Analysis.
Invaginated GUVs were counted from each image having an
area of 224.92 X 224.92 um* The number of images that we
analyzed was different for each composition depending on the
population of GUVs in an area. For example, GUVs number
per area for 8, 16, and 32 mol % were 2—25, 3—17, and 1-3,
respectively. Despite of different number of analyzed images
for these three systems, the total number of analyzed vesicles
(N = 78) was kept the same. For -Chol GUVs and -SM GUVs,
imaged vesicles were highest and lowest i.e., 20—30 and 1—4
vesicles per area, respectively. The total number of analyzed
vesicles (N = 200) was the same. Data comparison of these
GUVs systems was done such that we analyzed the membrane
fusion and invagination events for the same number of vesicles
of each type. We have analyzed invagination sites which are in
the size range of 2—4 pm arising from the parent GUVs having
a diameter of 10—20 pum. All of the collected data was plotted
as “scatter interval” and then assessed by nonparametric
Kruskal-Wallis ANOVA with Dunn’s test.

Percentage Calculation of Invaginated GUVs. Percent
number for the GUVs with inward invaginations, outward
invaginations, or both was calculated with the above-collected
data only using the below calculation:

% of invaginated GUVs
_ total no. of (inward/outward/both) invaginated GUVs

total number of analysed GUVs
X 100

Intensity Analysis of GUVs. For intensity analysis, we
selected the square box from the polygon tool of Image] and
then fixed an ROI for covering a single GUV within that square
box as shown in Figure SSC in the SI. The same ROI was used
for red channel and consecutive time-dependent images as
well. From the “measure” feature, we got the mean intensity of
the ROL In this manner, we recorded the intensity of several
GUVs in both green and red channels. All of the mean

intensity data was plotted in “scatter interval plot” using
Origin.
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