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ABSTRACT: Giant unilamellar vesicles (GUVs), composed of a
phospholipid bilayer, are often used as a model system for cell
membranes. However, the study of proteo-membrane interactions in
this system is limited as the incorporation of integral and lipid-anchored
proteins into GUVs remains challenging. Here, we present a simple
generic method to incorporate proteins into GUVs. The basic principle is
to break proteo-liposomes with an osmotic shock. They subsequently
reseal into larger vesicles which, if necessary, can endure the same to
obtain even larger proteo-GUVs. This process does not require specific
lipids or reagents, works under physiological conditions with high
concentrations of protein, the proteins remains functional after
incorporation. The resulting proteo-GUVs can be micromanipulated.
Moreover, our protocol is valid for a wide range of protein substrates. We
have successfully reconstituted three structurally different proteins, two
trans-membrane proteins (TolC and the neuronal t-SNARE), and one lipid-anchored peripheral protein (GABARAP-Like 1
(GL1)). In each case, we verified that the protein remains active after incorporation and in its correctly folded state. We also
measured their mobility by performing diffusion measurements via fluorescence recovery after photobleaching (FRAP)
experiments on micromanipulated single GUVs. The diffusion coefficients are in agreement with previous data.

■ INTRODUCTION

The backbone of cellular membranes is made of a lipid bilayer
that hosts and regulates protein machineries transiently or
permanently. Protein activities are affected by the membrane
properties, and the embedded proteins in turn can influence the
characteristics of the membrane. These cross-interactions play a
huge part in many different biological processes. To study these
cross-interactions in vitro, various membrane models were
developed to mimic in vivo systems. Common examples are
supported bilayers, unilamellar vesicles (50 nm−100 μm), and
nanodiscs (reviewed in ref 1). Giant unilamellar vesicles
(GUVs) (3−100 μm), in particular, have a prominent role
because of their large size, resembling the dimensions of a cell,
making them an appealing tool for micromanipulation and
microscopy studies.
Several protocols have been developed to form GUVs. The

most common method is to grow them from a dry lipid film by
electroformation in sucrose or buffer solutions on platinum
wires and indium tin oxide-coated glass (ITO glass),2−5 but
other protocols have been published which grow GUVs, for
example, by swelling in solution6,7 or from gel films,8,9 by
infrared heating,10 solvent exchange,11 evaporation,12 or the
water-in-oil emulsion technique.13,14

In the past decade, it appeared that making proteo-GUVS,
i.e., GUV containing proteins, was a very challenging task.
Several protocols have been proposed,15−26 mostly based on
the ones established for protein-free GUVs. All of these
approaches have been successfully used with specific proteins.
Here we describe a new protocol for forming proteo-GUVs

that is applicable to three different types of proteins: a lipid-
anchored protein named γ-aminobutyric acid receptor-
associated protein (GL1), a single transmembrane protein
called t-SNARE (a target-membrane-located soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor com-
posed of Syntaxin 1 and SNAP25), and a channel protein
named TolC required to form a homotrimer to be able to insert
into membranes (Figure 1).
The general idea of this new method that we call the osmotic

shock method is based on the hydration of dried small proteo-
liposomes with pure water supposedly resulting in an osmotic
shock that triggers the formation of proteo-GUVs. The
unilamellarity of these proteo-GUVs has been checked by
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fluorescence. The main advantages of the osmotic shock
method are that the density of the proteins is well controlled
(up to a few tenths of a percent), the functionality of the
protein is conserved, the production costs are low, and the final
proteo-GUVs can be prepared in any saline buffer at
physiological osmolarity. The resulting GUVs can easily be
separated and micromanipulated. The diffusion coefficients of
the reconstituted proteins obtained by fluorescence recovery
after photobleaching experiments gave consistent results with
previous data.

■ EXPERIMENTAL SECTION
Materials. Phospholipids dioleoyl-phosphatidylcholine (DOPC),

dioleoyl-phosphatidylserine (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol, dioleoyl-phosphoethanolamine-nitro-benzoxa-
diazolyl (NBD-PE), and dioleoyl-glycero-phosphoethanolamine-liss-
amine rhodamine B sulfonyl (LR-PE) were purchased from Avanti
Polar Lipids. ATTO647-dioleoyl-phosphoethanolamine (DOPE-
ATTO647), ATTO488-dioleoyl-phosphoethanolamine (DOPE-
ATTO488), and dye ATTO488 maleimide (ATTO488) were
purchased from ATTO-Tec. Alexa Fluor488 C5-maleimide
(Alexa488) and Alexa Fluor 647 C2-maleimide were purchased from
Life Technologies. Trizma hydrochloride (TrisHCl), sodium chloride,
glycerol, octyl β-D-glucopyranoside, and TCEP were purchased from
Sigma-Aldrich. 1,4-Dithiothreitol (DTT) was purchased from Roche.
Dialysis cassettes were purchased from Thermo Fisher. Petri dishes
with a glass bottom (Mattek) were used for the experiments.
PreScission protease, a HiLoad Superdex 75 column, and PD
MidiTrap G-25 columns were purchased from GE Healthcare.
Protein Expression and Purification. GL1-like-1 (hereafter

referred to simply as GL1) is a lipid-anchored protein. In order to
facilitate our GUV experiments, we have mutated GL1 to include an
amino-terminal cysteine (for dye-labeling described below), and we
have truncated GL1 at the COOH terminus such that the reactive
glycine (G116) is fully exposed and ready for interaction with Atg7
and Atg3. Atg3 and Atg7 are two autophagic enzymes involved in the
ubiquitin-like reaction that covalently bind GL1 to the membrane.
GL1, Atg3, and Atg7 were then expressed and purified as previously
described.27

The transmembrane t-SNARE complex, which includes full-length,
wild-type mouse His6-SNAP25 and rat Syntaxin1A, was produced by
the expression of polycistronic plasmid pTW34 in the BL-21 gold

(DE3) Escherichia coli bacterial strain and purified as described
before.28,29

Transmembrane t-SNARE S193C with a single cysteine residue was
mutated using plasmid pTW34 as the template. All of the native
cysteine residues on Syntaxin1A and SNAP25 were mutated to serine,
and the serine of residue 193 on Syntaxin1A was mutated to cysteine
using the QuickChange site-directed mutagenesis kit from Stratagene.
The resultant plasmid was expressed in the BL-21 gold (DE3)
Escherichia coli bacterial strain and purified as described before.29,30

The plasmid for the cytosolic domain of VAMP2 (CDV S28C) was
produced by cloning residues 1 to 96 of VAMP2 into a pCDFDuet-1
vector containing GST-PreScission-CDV,29,31 followed by a single site-
specific point mutation at residue 28 (S28C) using the QuickChange
site-directed mutagenesis kit from Stratagene. Similar to a previous
report,30,32 this plasmid was expressed in the BL21 gold (DE3)
Escherichia coli bacterial strain and purified with a buffer containing 25
mM Tris (pH 7.4), 400 mM KCl, 10% glycerol (w/v), and 1 mM
TCEP. The GST tag was cleaved by incubating the protein (attached
to glutathione beads) with PreScission protease overnight at 4 °C. The
protein was eluted and then purified by size exclusion chromatography
on a HiLoad Superdex 75 (16/60, GE Healthcare) column.

The TolC protein was expressed in E. coli strain C43 (DE3) and
purified in β-OG following a protocol previously described and valid
for most outer-membrane factors of tripartite bacterial efflux pumps.33

Protein Labeling. GL1 was labeled with Alexa Fluor488 C5-
maleimide through the amino-terminal cysteine. GL1 protein (100
μM) was mixed with 600 μM TCEP. After 5 min of incubation at
room temperature, the fluorescent dye (800 μM) dissolved in DMSO
was added. The mixture was protected from light and slowly checked
at room temperature for 2 h or overnight at 4 °C. The labeled GL1
was then dialyzed (100 mM NaCl, 50 mM trizma hydrochloride, 1
mM DTT) overnight at 4 °C to remove the excess free dye in order to
reduce the background fluorescence. .

The transmembrane t-SNARE S193C and soluble CDV S28C were
labeled with Alexa Fluor 488 C5-maleimide or Alexa Fluor 647 C2-
maleimide (Life Technologies), similarly to a previous report.29 The
protein was first reduced by incubating with 4 mM TCEP for 30 min
at 4 °C with gentle rotation and centrifugation at 14 000 rpm for 20
min at 4 °C to remove any precipitation. Fluorescent dye was added to
the protein solution at a dye/protein = 3:1 molar ratio, and the
mixture was incubated for 1 to 2 h at room temperature with gentle
rotation. Unreacted dye was removed by passing through the PD
MidiTrap G-25 column (GE Healthcare) three times to reduce
background fluorescence.

TolC was labeled with Alexa488 through its primary amine sites.
The protein was diluted at a 2 mg/mL concentration in a sodium
phosphate buffer (20 mM NaPi pH 8, 150 mM NaCl, 0.9% (w/v) β-
OG). We added sodium bicarbonate at a concentration of 1 M in a
1:10 (v/v) ratio in order to raise the pH and improve the labeling
reaction. We added the dye (stocked at −20 °C dissolved in DMSO at
1 mg/mL) in a ratio of 30:1 (mol/mol) dye per protein. The solution
was mixed at room temperature for 2.5 h. The resulting labeled protein
was eluted in a gel-filtration column (Econo-Pac 10DG columns, Bio-
Rad) to remove excess nonbound fluorophores in order to reduce the
background fluorescence. The labeling ratio was verified by
spectrometry and was between 0.7 and 1 dye per protein. Labeled
proteins were then dialyzed (150 mM Tris pH 8 300 mM NaCl, 0.9%
(w/v) β-OG).

Formation of Small Liposomes. In the case of the protein-free
small liposomes, the phospholipid mixtures (POPC/POPS/DOPE-
Rhodamine 89:10:1 mol %) and the composition of the GUVs with
two liquid phases (bottom center in panel 5, Figure 2) consisting of
DOPC 40 mol %, DPPC 40 mol %, and cholesterol 20 mol % were
initially mixed in glass tubes and dried with nitrogen gas and
subsequently under vacuum. The dried lipid film was resuspended in
buffer (100 mM NaCl) to a final concentration of 3 mM lipid by
vortex mixing for 15 min to form small liposomes.

The strategy for the formation of small proteo-liposomes depends
upon the type of interaction of the protein with the membrane.

Figure 1. Schematics of GL1, t-SNARE, and TolC. GL1 is a protein
anchored to a DOPE lipid, t-SNARE has a single trans-membrane α-
helix, and TolC is a trimeric barrel establishing a 14-nm-long pore
including a transmembrane region made of a 4-nm-wide β-barrel
complex. The plain ellipsoids represent a structured part of the protein
outer membrane regions (including both Syntaxin1A and SNAP25
helices in the case of t-SNARE).
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Membrane-associated protein GL1 is anchored to liposomes via the
lipidation reaction described before.27 Briefly, the phospholipid
mixture (30% DOPE, 69.5% DOPC, and 0.5% DOPE-ATTO647 in
mol %) was mixed in a glass tube, dried with nitrogen gas, and
subsequently dried under vacuum. Here, DOPE is necessary for the
lipidation process of the protein. The dried lipid film was then
resuspended in buffer (100 mM NaCl, 50 mM TrisHCl, pH 7.6) to a
final concentration of 10 mM lipid and vortex mixed for 15 min. To
anchor the GL1 protein on the lipid, we mixed liposomes (3 mM
lipid), 10 μM GL1, 1 mM DTT, 10 μM Atg3, 10 μM Atg7, and 1 mM
ATP and incubated the mixture for 90 min at 37 °C. Residual glycerol
was removed from the proteo-liposomes mixture by dialysis through a
7 kDa pore membrane overnight at 4 °C.
The reconstitution of t-SNAREs and TolC, which are both

embedded in the membrane via their helical transmembrane domain,
into liposomes was basically done as described in ref 34 with slight
modifications. Briefly, lipids (DOPC/DOPS/Atto647-DOPE,
91.2:8:0.8 mol %) were dried under nitrogen/vacuum and then
rehydrated with purification buffer containing 0.9 to 1% octylglucoside
and the respective protein. The inclusion of DOPS is a common
addition when reconstituting t-SNAREs. After 20 min of shaking, rapid
dilution was done by the addition of reconstitution buffer (t-SNARE:

20 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.4; TolC: 150 mM Tris,
300 mM NaCl, pH 8.0) to dilute the detergent concentration below
the critical micellar concentration and mixed for another 20 min. The
resulting proteo-liposomes (final lipid concentration: 3 mM) were
dialyzed overnight in reconstitution buffer to remove the detergent.

Sucrose of lipid (0.2 mM) was added to the proteo-liposomes to
protect the protein during the GUV-formation process.17

GUV Formation. Osmotic Shock Hydration. The coverslip glass
was cleaned with isopropanol and a dust-free tissue and dried with
pressurized nitrogen. A 2 μL drop of small liposomes solution was
placed on the coverslip and dried at room temperature under
atmospheric pressure. Then, it was rehydrated with 6 μL deionized
water and then dried again under the same conditions. In the next step
the lipid film is rehydrated once more with a larger deionized water
volume of 10−20 μL and observed under the microscope. GUVs grew
instantly from the rehydrated lipid films mainly in the areas with a high
concentration of lipids (Figure 2). The two sequential drying−
rehydration cycles favor the formation of larger and more uniform
GUVs.

The temperature during the hydration steps should be above the
highest transition temperature of the dried lipids.

Electroformation. GUVs were grown following the protocol of
Angelova et al.35 Briefly, 20 μL of a 1 mM lipid stock solution in
chloroform was dried on an ITO plate under vacuum and rehydrated
with 2 mL of 200 mM sucrose. GUV formation was performed at 8 Hz
and 1.1 V for 2 h.

Unilamellarity. To prove that the giant liposomes produced using
our proposed protocol are unilamellar we applied an already-published
method by Akashi et al.7 based upon the quantification of the intensity
of the incorporated fluorescently labeled lipids in the membrane. In
detail, NBD-PE or Atto647-PE is included in the membrane of the
protein-free and proteo-GUV at 0.8 to 1 mol % lipids. The averaged
fluorescence intensity of the membrane of the GUV is measured by
confocal microscopy and subtracted by the averaged background
signal. The resulting intensities are plotted as a function of the
liposome size and also their occurrence.

Fluorescence Microscopy. GUVs were detected using bright field
and confocal microscopy at room temperature. The experiments were
carried out on an SP5 confocal microscope from Leica equipped with
10× and 20× air objectives, argon (488/543 nm) and HeNe (633 nm)
lasers, and a 488/543/633 beam splitter. Image analysis was done with
the LAS AF software from Leica.

Micromanipulation and FRAP. Micromanipulation was used to
maneuver independent GUVs and keep them static in solution. The
internal diameter of the micropipettes was about ∼5 μm, and to
prevent the adhesion of the GUV to the glass, the pipet was incubated
in a solution of 10% BSA in pure water prior to use for 15 min. The
aspiration to maintain the GUVs was controlled by hydrostatic
pressure and kept at 20 Pa.

Fluorescence recovery after photobleaching (FRAP) was performed
on GUVs to monitor the diffusion coefficient of fluorescent lipid and
fluorescent protein on the membrane. The fluorescence recovery
curves were then analyzed with Mathematica 10 or Scilab 5.4 to get the
tau coefficient, with tau being the recovery time.

■ RESULTS

Principles of the Osmotic Shock Method for GUV
Formation. The osmotic shock method is based upon the
assumption that the membranes of the dried small liposomes
have to be disrupted in order to form GUVs. This disruption is
induced by the generation of an osmotic shock leading to a
surface tension larger than the lysis tension (discussed below),
thereby destroying the integrity of the membrane: instead of
rehydrating with buffer as is done in other previously published
protocols,3,4,15,23 pure water is used to rehydrate. We assume
that the osmotic shock spontaneously and synchronously
breaks the liposomes, thereby generating floating membranes
that merge and reseal as soon as they can, thus forming larger

Figure 2. Protein-free GUV preparation from small liposomes. A 2 μL
drop of the 3 mM lipid small liposomes solution in buffer is deposited
on a clean coverslip (1) and left to dry at room temperature on a
laboratory bench. After drying, the small liposomes tend to form
aggregates (2). A 6 μL water drop is placed on top of the dry sample,
triggering the formation of small aggregated GUVs by osmotic shock
(3). The sample is left to dry a second time (4) before being
rehydrated with 10−20 μL of water (5). Larger and more GUVs are
formed. If required, the drying/rehydration cycle can be repeated to
improve the number and size of the GUVs. The composition of the
GUVs with one liquid phase (top and bottom left in 5) was POPC 89
mol %, POPS 10 mol %, DOPE-Rohamine 1 mol %, and the
composition of the GUVs with two liquid phases (bottom center in 5)
was DOPC 40 mol %, DPPC 40 mol %, cholesterol 20 mol %. The
images on top in 2, 3, and 4 and on the top left in 5 were recorded
using transmission microscopy, the images on the bottom in 2, 3, and
4 and the entire image in 5 except for the top left were recorded using
confocal microscopy (ATTO647 fluorescence). Scale bars: 10 μm.
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membrane surfaces. Together with the lipids the salt of the
small liposome buffer is also rehydrated, creating a physio-
logical environment for the GUVs.
The basic protocol is as follows: A 2 μL drop of a 3 mM

small liposomes solution is placed on the coverslip and dried at
room temperature under atmospheric pressure. It is rehydrated
with 6 μL of deionized water and dried again under the same
conditions. In the next step, the lipid film is rehydrated once
more with a larger deionized water volume of 10−20 μL and
observed under the microscope. GUVs grow instantly from the
rehydrated lipid films mainly in the areas with a high
concentration of lipids (Figure 2). Several drying hydration
cycles usually improve the quality and yield of the GUVs. This
might be explained by the new reorganization of the lipids
during each drying/hydration cycle resulting in more and larger
GUVs.
Conditions for the Osmotic Shock Method. Our

proposed GUV formation protocol is based on an osmotic
shock which seems to partially break the membrane of the dried
liposomes, resulting in the formation of GUVs. This new
method is applicable under a broad range of conditions. We
characterized the properties and yield of protein-free GUVs
with regard to the lipid concentration, the volume of liposomes
to be dried, the liposome-buffer composition and concen-
tration, the water volume for hydration, and the drying
procedure (Figure S1).
The lipid concentration modulates the thickness and density

of the dried liposome film. A lipid concentration that is too
high forms a thick layer of liposome aggregates and GUVs form
only at the edge of these aggregates, whereas a lipid
concentration that is too small would be washed away during
the hydration step. Lipid concentrations in the range of 3−10
mM result in the formation of GUVs at the edge and also in the
center of the liposome film. Aimon et al.15 also used a 3 mM
lipid concentration when drying liposomes prior to electro-
formation. Therefore, all of our experiments were performed at
a lipid concentration of 3−10 mM, and the volume of the
deposited drop is 2 μL.
We also tested several liposome-buffer compositions. Tris-

HCl (50 mM) with up to 300 mM NaCl or KCl in the
liposome buffer leads to reasonable number of GUVs, whereas
all of the buffers made with a concentration of sucrose, glucose,
Nycodenz, or glycerol above a few tens of mM did not work.
We successfully obtained GUVs with up to 4 mM sucrose.
Looking at the drying film it seems that these sugar
components prevent sufficient drying of the liposome drop
and form a thin layer above the lipid film that protects the
liposomes, leading to an inhibition/reduction of the osmotic
shock during the osmotic shock step (Figure S2). For salt
concentrations higher than 500 mM liposome buffer, no
formation of GUVs can be detected. To retain the physiological
conditions, we worked with ionic concentrations of between
100 and 300 mM. The volume of water applied for the
rehydration must cover the area of dried liposomes.
Additionally, we found that several consecutive sessions of

drying and hydration of the dried liposome film increase the
number and quality of grown GUVs. After the first hydration
the GUVs are small (around 5 μm), and only a few can be
observed. But after a second drying and sequential hydration
step the number of GUVs increases drastically, and their
diameter is around 40 μm. Depending on the conditions, one
to three consecutive drying and rehydration steps are
recommended.

In conclusion, we chose the following parameters to form
protein-free and proteo-GUVs: 3−10 mM lipids, 150 mM NaCl
salt in tris buffer (pH 7.4), 2 μL drop, two drying−hydration
cycles, and 6 μL of water during the first hydration and then 10
μL.

Formation of Proteo-GUVs by Osmotic Shock. In this
section, we present how the osmotic shock method is used to
incorporate proteins into the GUVs. First, small liposomes
containing the incorporated protein were produced. Our
protocol does not give a generic method to make small
proteo-liposomes but a generic method to form proteo-GUVs
starting from small proteo-liposomes. Depending on the
protein, the method used to form small proteo-liposomes is
different. In the next few paragraphs, we present briefly the
proteins we usedGL1, TolC, and t-SNARE (Figure 1)and
how they were incorporated into liposomes.
GL1 is a member of the Atg8/LC3 protein family and is

active during the autophagy process, an intracellular degrada-
tion mechanism. In the autophagic organelles, the autophago-
some, GL1 is responsible for the regulation of membrane
dynamics. This peripheral protein is anchored to the membrane
of the autophagosome through the covalent attachment of its
C-terminal end to the phosphatidylethanolamine (PE) lipid
headgroup via an ubiquitin-like reaction involving autophagic
enzymes Atg7 and Atg3.27 This lipidation can be efficiently
recapitulated in vitro on very small liposomes but is an
inherently curvature-sensitive process and thus does not occur
on larger flat membrane structures such as GUVs. Atg3 proteins
need first to bind to the membrane through packing defects
before transferring GL1 to a PE lipid. However, the low
curvature of the GUV membrane and the low concentration of
PE lipids (30 mol %) limit the presence of lipid packing defects
and thus the binding of Atg3.
Neuronal t-SNARE is a protein complex with a single α-helix

transmembrane domain that is involved in membrane fusion. It
is composed of Syntaxin 1 and SNAP-25 and is located on the
target plasma membrane. Calcium-dependent synaptic vesicle
fusion in neurons is mediated by the formation of SNARE
complexes. During the docking and subsequent fusion process,
the vesicle and target membrane are brought into close
proximity by pairing vesicle-associated v-SNAREs with cognate
t-SNAREs on target membranes.36

TolC is an integral membrane protein and part of a
heterotrimer that together comprise a major multidrug efflux
pump in Escherichia coli, AcrA-AcrB-TolC. AcrA and AcrB are
embedded in the inner membrane of the bacteria whereas TolC
is an outer-membrane protein (OMP). TolC itself is composed
of 3 monomers of 428 amino acids. The formation of this
homotrimer is required for TolC to insert into the membrane,
as its transmembrane domain is a β-barrel constituted of three
protomers contributing four β-strands each. Once the substrate
has been recruited by the inner-membrane proteins, it is
exported through TolC which plays the role of a channel
leading to the extracellular space. Its global geometry is a
cylinder with a diameter of approximately 40 Å and a height of
140 Å.37

In general, it is quite challenging to incorporate membrane
proteins which contain one or several transmembrane domains
as they span the whole bilayer. Concerning our biological
systems, our studied proteins (t-SNARE and TolC) are
complex structures consisting of two or more subunits.
Therefore, it is quite challenging to keep these units assembled
and in their naturally folded state during the drying processes.
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Using small proteo-liposomes containing one of the three
proteins, we produced proteo-GUVs in the same way as
described for the protein-free GUVs (Figure 2). We observed
their presence by labeling the proteins with an Alexa488
fluorophore. In all three cases the proteins were detected to be
colocalized with the lipid-fluorophore label of the membrane
(Figure 3).

Quantification of the Protein Concentration in the
Proteo-GUVs. The amount of protein incorporated into the
membrane was quantified on the basis of the protocol described
by Galush et al.38 using the fluorescence signal of Alexa488-
labeled proteins. To the best of our knowledge, no fluorescent
lipid with Alexa488 exists to make a fluorescence scale, so we
used soluble ATTO488 dye and the DOPE-ATTO488 lipid to
set a fluorescence scale. First we established a ratio of
fluorescence intensity between the Alexa488 and ATTO488
in the bulk. The measurement settings were kept identical, and
several dye concentrations were measured (Figure S3.A.). We
found the ratio of the fluorescence intensities of ATTO488/
Alexa488 to be 2. Then, GUVs were made with different molar
ratios of DOPE-ATTO488 (Figure S3.B.) to get a scale of
fluorescence intensity with the DOPE-ATTO488 percentage in
the membrane. Finally, considering the ratio ATTO488/
Alexa488, we calculated the amount of incorporated GL1.
Knowing that 5% of the GL1 proteins are labeled and using the
standard we established, we found a GL1 ratio on the
membrane of 1 per 500 lipids and the ratio between the
loaded proteins and the lipids is 1 protein per 300 lipids, so
60% of the initially added GL1 protein gets incorporated onto
the GUV membrane. In the case of the t-SNAREs, we found
that about 90% of the loaded protein gets incorporated when
starting with an initial concentration of 1 protein per 500 lipids
(Figure S3C), of which about 86% were labeled. We are aware
that the fluorescence intensities of Alexa488 and Atto647 in
their soluble forms might be slightly different from those in
their bound forms. However, this method provides a good
approximation of the protein concentration, which is what we
are looking for.
Activity of Proteins Incorporated into GUVs. In the

next step, we determined if the membrane proteins remain
active after their incorporation into GUVs.
GL1-PE, incorporated into small liposomes or present on

natural biological membranes, is a substrate for protease RavZ,

an antiautophagy factor produced by the bacterium Legionella
pneumophila.39 Importantly, neither GL1 alone nor GL1-PE
solubilized in detergent is recognized by RavZ, thus the RavZ
proteolytic activity on GL1-PE can be used as a proxy for
assessing whether GL1-PE retains its normal lipidation and
membrane incorporation-dependent fold.39 Here, we tested
whether our reconstitution approach maintained the folding of
membrane-embedded GL1-PE by incubating the proteo-GUVs
with 10 nM recombinant RavZ at room temperature for 40
min. The fluorescence signal of the protein on the proteo-GUV
membrane was reduced by half, as expected when proteins from
the outer leaflet were cleaved while proteins bound to the inner
leaflet remained protected (Figure 4 A)
To test the functionality of t-SNARE, proteo-GUVs and

protein-free GUVs were incubated with the soluble domain of
Alexa647-labeled v-SNAREs (CDV), its cognate binding
partner (Figures 4B and S4).36 CDV binds specifically to the
proteo-GUVs, which proves that t-SNAREs are properly folded.
It has been reported before that t-SNAREs usually tend to
aggregate when reconstituted into GUV, losing their activity40

and therefore usually requiring more extensive protocols to be
reconstituted.41 This proof of functionality does not give
information about the site fraction of the t-SNAREs bound to
the CDV. However, it gives a good estimation of whether the t-
SNAREs remain active after reconstitution using a simple and
fast protocol.
The transmembrane part TolC is a 12-stranded right-twisted

β-barrel in which each of the monomers takes part.37 Incorrect
folding of TolC would prevent the correct insertion of the
protein as a homotrimer into the membrane. Because we
observe that TolC enters and stays within the membrane of the
proteo-GUV, its transmembrane part probably remains
correctly folded. TolC is a channel protein, so we assume
that, when correctly folded, it remains functional. This is the
best functionality test we can easily propose because TolC is
part of a three-protein complex (AcrA−AcrB−TolC) forming
an efflux pump embedded in two adjacent bilayers. Outer-
membrane protein TolC alone is in a closed state and opens
with the help of its inner-membrane partner AcrA. Showing
that it can function as a channel is therefore very complicated
experimentally without reconstituting the whole efflux pump
within a two-bilayer system.

Unilamellarity. To prove that our proposed protocol
produces unilamellar giant liposomes, we applied an already-
published method by Akashi et al.7 quantifying the intensity of
the incorporated fluorescently labeled lipids in the membrane.
The measurement results in a distribution of separate groups of
fluorescence intensities each belonging to a distinct number of
lipid layers in the liposome, with unilamellar liposomes
exhibiting the lowest intensity. In our case 82% of the analyzed
protein-free giant liposomes turned out to be unilamellar. In the
case of the protein-reconstituted GUVs, 70% of the vesicles
containing GL1 were unilamellar, whereas when t-SNAREs are
reconstituted the unilamellarity of the liposomes is about 85%
(Figure S5).

Micromanipulation of Proteo-GUVs and Diffusion of
the Protein in the Membrane. Proteo-GUVs obtained with
the osmotic shock method can easily be separated and
micromanipulated: they can be either caught directly from
the hydrated lipid/protein film or can first be gently detached
from the lipid film by generating a flow in the buffer drop and
then caught with a pipet (Figure 5A). To compare the mobility
of the lipids (DOPE-NBD) in the GUVs grown by osmotic

Figure 3. Protein-GUVs formed with the osmotic shock method using
GL1, t-SNARE, and TolC labeled with Alexa488 (green). The
fluorescent lipid is DOPE-Atto 647 (red). Scale bars are 10 μm.
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shock with that in GUVs made by another method such as
electroformation, we measured their diffusion coefficient in the
membrane by FRAP. We found a similar diffusion coefficient of
6.9 ± 1.3 μm2/s for the osmotic shock method and 7.2 ± 0.4
μm2/s for electroformed GUVs. Therefore, the mobilities of the
lipids in the GUVs formed by our proposed method and
electroformation are the same, indicating that both membranes
have similar fluidities.

The diffusion coefficients of the proteins were also measured
to check that they were well incorporated in the membrane.
The diffusion coefficients were 4.5 ± 0.4 μm2/s for the lipid-
anchored GL1 protein, 4.6 ± 0.6 μm2/s for the single
transmembrane protein t-SNARE, and 2.5 ± 0.5 μm2/s for
the trimeric protein TolC (Figure 5 B). TolC and t-SNARE
diffuse slower than a lipid because of their trans-membrane
domains. The difference between both proteins is expected
because of the larger trans-membrane domain of TolC.
Although GL1 is lipid-anchored, it is less mobile than a lipid
possibly because of additional interactions with the membrane.

■ DISCUSSION
In the upcoming paragraphs, we are going to discuss the role of
the osmotic shock in GUV formation, the conditions for
efficient GUV growth, and how to use the GUVs for
micromanipulation.

Mechanism of GUV Growth: Osmotic Shock and
Drying Steps. Liposomes are first formed in a saline buffer
and then dried on a glass coverslip under atmospheric pressure.
The choice of the drying conditions could be questioned
considering that vacuum is the usual way to dry lipids or
liposomes. We tested it on liposomes and proteo-liposomes to
form GUVs and proteo-GUVs. Vacuum drying of the small
liposome for several hours (or overnight) led to a reasonable
number of GUVs, but no proteo-GUVs were growing in
contrast to drying at atmospheric pressure. We assume that
slow drying under atmospheric pressure avoids the complete
destruction of the membrane and the bilayer remains almost
intact, trapping salt inside the liposomes. Our finding of
partially drying the sample and thereby protecting the protein
has been suggested before.23

Figure 4. Functionality of the protein after the osmotic shock method.
(A) Reconstituted protein GL1-Alexa488 is cleaved from the
membrane by RavZ (10 nM) after 40 min of incubation at room
temperature. The gel shows the cleavage of GL1 from the liposome
membrane (bottom left). In the first line, GL1 alone was loaded. In the
second line, the enzymatic reaction was loaded, so the lipidated GL1
migration is shifted. In the third line, the enzymatic reaction plus RavZ
was loaded. GL1 is evenly distributed between the inner and outer
leaflets of the proteo-GUVs, and only half of the protein is accessible
to RavZ, leading to a 50% reduction in the fluorescence intensity of
GL1. (See micormanipulated GUV on the top left and the evaluation
of the fluorescence intensity on the bottom left, with statistics on seven
GUVs.) In conclusion, GL1 remains properly folded after the drying/
hydration cycles. (B) Resuspended t-SNARE-GUVs labeled with
NBD-PE are incubated in 1 μM Alexa647-CDV for 60 min at 37 °C.
The left panel is shows the lipid fluorescence of the NBD-PE signal
(green) of the GUV and the fluorescence intensity of bound CDV-
Alexa647 (blue) with respect to that to the t-SNAREs. The right panel
shows the average fluorescence intensity of the Alexa647 signal of the
CDV at t- and protein-free GUVs. (See Figure S4 for a picture of
protein-free GUVs.) Scale bars are 10 μm. The data show that CDV is
binding specifically to the GUVs containing t-SNAREs, proving their
functionality after reconstitution (15 GUVs were analyzed for each
species). In general, there were no biochemical differences detected
when working with micromanipulated or resuspended GUVs. The
error bars in the graphs represent the standard deviation from the
mean.

Figure 5. Micromanipulation and FRAP of the proteo-GUVs. (A) A
micromanipulated GUV is aspirated with a micropipette. The
fluorescent lipid is DOPE-ATTO647. The scale bar equals 10 μm.
(B) Photobleaching is performed at the top of the GUV over a 10-μm-
diameter area (left panel). Middle panel: graph and picture of the
fluorescence recovery after bleaching, in which tau is the recovery time.
Right panel: diffusion coefficients (D) of fluorescent lipid DOPE-NBD
(statistics on 5 FRAP measurements on electroformed GUVs and
GUVs prepared with the osmotic shock method), GL1 (statistics on
23 FRAP measurements), t-SNARE (statistics on 5 FRAP measure-
ments), and TolC (statistics on 5 FRAP measurements) calculated
from the tau and the diameter of the bleached area (d). The error bars
in the graphs represent the standard deviation from the mean
measured using multiple GUVs.
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The initial osmolarity of solution to be dried is around 350
mOsm corresponding to an osmotic pressure of ΔP = 106 Pa at
room temperature. Hence adding water to 400 nm liposomes
induces a surface tension of γ = (rΔP)/2 − 0.1 N/m, largely
above the lysis tension of 10−2 N/m.13,42 Therefore, hydration
with water triggers an osmotic shock that breaks the cohesion
of the membrane at a certain point. We assume that this is the
reason that the membrane immediately merges with other
nearby pieces of bilayers and reseals to produce larger
liposomes. When the liposomes are dried a second time, their
large structure is preserved like it is during the first drying step.
Therefore, during the second hydration the liposomes grow
from larger liposomes than in the first cycle and become even
larger. After the first cycle the osmolarity inside the liposomes is
reduced three to five times depending on the rehydration
volume, so the surface tension decreases but stays higher than
the lysis tension. Several drying/hydration cycles can improve
the GUV yield and quality, possibly through reorganization of
the lipids during each cycle
Lipid Concentration, Drop Size, Buffer Concentration,

and Rehydration Volume. The lipid concentration, drop
size, buffer concentration, and rehydration volume are crucial
parameters that have to be adjusted to the respective
experimental setup to obtain a large number of functional
proteo-GUVs. Here, we discuss how the formation of the
GUVs varies with function for these parameters.
Lipid concentrations in the range of 3−10 mM give a

reasonable number of GUVs. For higher concentrations the
layer of dried liposomes is too thick and the liposomes are
trapped in the layer and form fewer GUVs. The size of the
liposome drop to dry is another way to adjust the lipid
concentration. Indeed, an increase in the volume of the
liposome drop increases the density of liposomes in this area.
The buffer concentration and volume of water during the

rehydration are two bound parameters. The volume of added
water does not affect the growth but only the buffer dilution.
The buffer of the small liposomes should be in the range of
100−300 mM, enough to get an osmotic shock. For 500 mM
NaCl we could not see any GUVs forming in contrast to other
published protocols. Those two parameters should be adjusted
as a function of each other. The buffer concentration should be
close to physiological conditions to support the reconstituted
proteins. If a large final volume is needed but still with a high
ionic concentration, for the micromanipulation experiment, for
instance, we recommend to carry out the last hydration with a
small volume of around 10 μL and afterward carefully add more
buffer with the correct dilution. In this last step caution is
needed because when the diluted buffer is added it triggers a
flow inside the drop that partially detaches the GUVs from the
coverslip. To limit this effect, the additional buffer can be added
in the form of a ring around the initial drop, which are
simultaneously merging together (Figure S6), leading to an
increase in the initial drop with limited impact on the GUVs.
We assume that the buffer composition inside the GUV

closely matches the one outside. The GUVs appear to be
completely spherical, meaning that they are under tension and
their osmolarity is larger than for the outer solution. However, a
change of more than 30 mOsm (i.e., 10% of a physiological
outer medium) would not allow the formation of the largest
GUVs we observe (up to 100 μm).
Protein Addition: GUV Growth and Sucrose. The

addition of proteins in the protocol clearly reduces the amount
and size of GUVs. Those observations could be explained in

different ways. The incorporated protein may increase the lysis
tension of the membrane,43 which would reduce the breaking
of the membrane. It could also affect the viscosity of the
membrane and prevent the reformation of the membrane after
the osmotic shock.
To protect the protein during GUV growth, the addition of

sucrose in the micromolar range has been recommended.17

Sucrose stabilizes proteins via hydrogen bonding during the
drying process.17,44 Additionally, it also stabilizes the membrane
during the drying process by being a substitute for the missing
water molecules. In this way the gap between the lipid
headgroups remains filled, preventing its transition to the rigid
gel phase during the drying process.17 A concentration that is
too high generates a layer of sucrose above the liposomes and
proteo-liposomes, inhibiting GUV formation. The additional
sucrose does not interfere with the process of proteo-GUV
formation. Here, sucrose was used in the case of the t-SNARE
and TolC reconstitution, which are known to denature easily.
Using our method it is not possible to control the orientation

of the incorporated protein. This is a standard issue, and there
has been an elegant way recently proposed to make asymmetric
GUVs using transmembrane proteins in detergent.16 We tried
this method on TolC. It worked but the density of incorporated
proteins was low (at least 10 times less than the osmotic shock
method). This method was not suitable for GL1 because it has
to be lipidated on small liposomes. We did not try it on t-
SNARE.

■ CONCLUSIONS AND SUMMARY
In this article we show a new way to form proteo-GUVs. The
method is based on the generation of an osmotic shock when
hydrating a lipid film made of dried small liposomes. We have
successfully inserted three different kinds of proteins: a
membrane-associated protein (GL1), a membrane protein
with one helical transmembrane domain (t-SNARE), and a
channel protein (TolC). We have explored the most favorable
conditions. In all cases an initial lipid concentration of 3 mM
and a salt concentration of between 100 to 300 mM have given
the highest yield of GUVs. Furthermore, several consecutive
drying and hydration cycles can improve the amount and size of
the GUVs.
We verified the unilamellarity of the GUVs as well as the

amount of protein incorporated. Additionally, we were able to
demonstrate that the reconstituted proteins retain their
physiological functionality and are mobile in the membrane
of the GUVs.
As an application, we show that the GUVs can be

micromanipulated.
To conclude, our results show that by using our newly

developed method different kinds of proteins can be integrated
and retain their natural function and diffusive behavior.
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