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Protein expression and purification (1, 2). LacY wild type and LacY S401C single cysteine 
mutant (LacY mutant) of E. coli were overexpressed from the pET28a vector in BL21-AI. Cultures 
were grown in Luria Broth (LB) media at 37 °C to the mid exponential growth phase (OD600=0.8). 
The cells were induced for 2 hours with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) or 
until reaching the growth arrest. Then the cells were harvested by centrifugation, resuspended in 
PBS supplemented with 10 mM β-mercaptoethanol and protease inhibitor, and storage in the 
freezer. The cells were cracked by a single passage through a cell disrupter (Constant Systems Ltd) 
at 25,000 psi. The membranes were collected by centrifugation at 100,000 x g for 30 minutes at 4 
°C, resuspended and solubilized for 2 hours at 4 °C in solubilisation buffer containing 50 mM 
sodium phosphate (NaPhos, pH 7.4), 200 mM sodium chloride (NaCl), 10 mM β-mercaptoethanol, 
0.1 mM phenylmethylsulfonyl fluoride (pmsf), 10% glycerol, 2% dodecylmaltoside (DDM), 
EDTA free protease inhibitor and 20 mM imidazole. The supernatant was cleared by centrifugation 
for 30 min at100,000 x g, after which the solubilized protein was purified on a Histrap column at 
4 °C with the elution buffer containing 50 mM NaPhos, 10 mM β –mercaptoethanol, 0.1mM pmsf, 
10% glycerol, 0.05% DDM, 500 mM imidazole. The monomeric LacY was obtained by size 
exclusion chromatography with the desalting buffer containing 50 mM NaPhos (pH 7.4), 2mM β 
–mercaptoethanol, 10% glycerol, 0.05% DDM and 0.1 mM pmsf. The purified monomeric LacY 
was flash frozen and stored at -80 °C until further use in protein labelling or protein reconstitution 
into LacY LUVs.  

 

Protein labelling. The native serine in the position 401 was replaced for a cysteine (LacY S401C) 
to allow the conjugation with a fluorescent label through thiol – maleimide chemistry. The 
previously purified LacY S401C mutant was labelled with Atto488-maleimide reactive dye. 
Briefly, the monomeric LacY mutant was injected into a Histrap column and incubated for 60 
minutes with 1 mM tris (2-carboxyethyl) phosphine (TCEP) in the desalting buffer containing 50 
mM NaPhos (pH 7.4), 10% glycerol, 0.05% DDM and 0.1 mM pmsf. The maleimide reactive dye, 
previously dissolved in the TCEP desalting buffer, was injected into the Histrap column containing 
the bounded LacY S401C mutant in a molar ratio 1 LacY S401C : 30 Atto488-maleimide and 
incubated for at least 3 hours at 4 °C. Then the excess of free dye was removed by extensive 
washing with the desalting buffer but this time replacing TCEP for 1 mM β-mercaptoethanol while 
the LacY mutant is bounded to Histrap column. The resin was drained and washed with elution 
buffer 50 mM NaPhos (pH 7.4), 500 mM imidazole, 1 mM β-mercaptoethanol, 10% glycerol, 
0.05% DDM and 0.1 mM pmsf. Finally, the fluorescent LacY protein was pass through a size 
exclusion column for desalting and removal of any aggregates formed during the labelling 
procedure. Protein concentration was measured by absorbance spectroscopy. The purified 
monomeric fluorescent LacY was flash frozen and storage at -80 °C until further use in protein 
reconstitution experiments.  
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Fig. S1. Absorption spectra of Atto488-LacY. 

 

 

DexPEG Hydrogel films (3, 4). Maleimide-modified Dextran (1.5 % weight solution) was cross-
linked by PEG dithiol at room temperature. Typically for the preparation of 5 glass substrates with 
DexPEG hydrogel films, Maleimide-modified Dextran (75 mg) (Degree of substitution = 3) was 
dissolved in water (4.5 g) and 23.6 mg of PEG dithiol (3400 Da) in water (0.5 g) were mixed to 
provide a hydrogel solution. The mixture was shaken in a vortex for 1 minute and 1 mL of hydrogel 
solution was immediately drop-casted on thiol functionalised microscope glass slides. The 
DexPEG substrates were storage at room temperature for their further use. 

 

DOPC GUVs preparation by DexPEG hydrogel swelling. DOPC lipid solution (10 µL, 1 
mg/mL in chloroform) was drop-casted on a DexPEG hydrogel coated glass slide. The solvent was 
evaporated by using a gentle stream of nitrogen gas and keep under vacuum overnight. A swelling 
chamber was made by placing a polydimethylsiloxane (PDMS) spacer between the hybrid lipid-
DexPEG hydrogel coated slide and a microscope glass slide and clamped with crocodile clips. 
GUV growth was initiated by hydrating the lipid-DexPEG hydrogel film with 400 μL of filtered 
sucrose solution or sucrose buffer (450 mM). The hydrated hybrid films were left to stand 
overnight at room temperature. Dense suspensions of GUVs were collected from the growth 
chamber the following day and used immediately. 
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DOPC GUVs preparation by electroformation. DOPC GUVs were prepared by the 
electroformation method (5). DOPC lipids (10 µL, 1 mg/mL in chloroform) were drop casted on 
an indium tin oxide (ITO) microscope slide. The ITO microscope slide with lipids was place under 
a gentle stream of nitrogen gas for the evaporation of the solvent and keep under vacuum overnight. 
An electroformation chamber was made by placing a PDMS spacer between the ITO and a 
microscope glass slide and clamped with crocodile clips. A filtered sucrose solution (400 µL, 450 
mM) was injected to the electroformation chamber. GUV growth was initiated by applying an 
alternating voltage (2.6 V, 10 Hz) for 2 hours followed by a detachment step of 45 minutes (4.4 
V, 4 Hz). GUVs were collected from the chamber and used immediately.  
 

 

Fig. S2. Schematic representation for the production of LacY GUVs by DexPEG hydrogel films. 
(a) DexPEG hydrogel substrate. (b) Deposition of LacY LUVs on the surface of DexPEG hydrogel 
films. (c) Schematic representation of the growth chamber, rehydration and LacY GUVs growth. 
(d) Illustration of one LacY GUV for microscopy imaging.  
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Fig. S3. Radial intensity profiles and confocal imaging of GUVs dispersed in solutions of the label 
Atto488 as a function of the concentration. A) 0 mM Atto488, B) 4 mM Atto488, C) 6 mM 
Atto488, D) 8 mM Atto488, E) 10 mM Atto488, F) 20 mM Atto488, G) 40 mM Atto488, H) 60 
mM Atto488, I) 80 mM Atto488 and J) Typical confocal imaging of Atto488-LacY GUVs and 
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radial intensity profile for the calculation of the number of LacY per unit membrane surface (Γ) 
extracted from Equation 1. The green area below the peak is proportional to Γ. Scale bars are 10 
μm. 

Γ =  𝐶𝐶
𝑅𝑅

 ∫ 𝐼𝐼(𝑟𝑟) −  𝐼𝐼0(𝑟𝑟) 𝑟𝑟𝑟𝑟𝑟𝑟∞
0      Equation 1 

where I(r) is the radial profile intensity of Atto488-LacY in the GUV membrane, I0(r) the intensity 
profile in the absence of fluorescent label, R the radius of the GUV and C the concentration 
determined from Fig. S4. The protein : lipid ratio was determined with the number of Atto488-
LacY per 1x107, 5x106 and 2.5x106 lipids (NL) by using Equation 2. 

𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴488−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  𝑁𝑁𝐿𝐿 Γ 𝐴𝐴𝐿𝐿     Equation 2 

where AL is the area for one DOPC of 0.7 nm2.  

 

Fig. S4. Microscopy calibration curve of fluorescent intensities versus concentration of Atto488. 
The fluorescence intensity of Atto488 tag alone (Fig. S3 A-I) was found to be linear with increase 
in concentration. This linear dependence was used to calibrate the fluorescence of Atto488-LacY 
GUVs by correlating the fluorescence intensity in the lipid bilayer of Atto488-LacY to the 
fluorescence intensity of the label Atto488 as a function of the concentration to determine C.  
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Fig. S5. Comparison between Atto488-LacY GUVs prepared by DexPEG hydrogel films and 
electroformation. A mutant LacY with a single cysteine in a cytoplasmic loop, S401C, was 
fluorescently labelled with the dye Atto488 via thiol-maleimide chemistry to yield Atto488-LacY 
(see details in the protein labelling section), so that protein inserted into the bilayer could be 
visualised by fluorescence. Atto488-LacY was reconstituted into the GUV lipid bilayer using the 
DexPEG hydrogel and the electroformation methods. GUV imaging was performed using bright 
field and epifluorescence modes. Micrographs on the left correspond to phase contrast microscopy 
and micrographs on the right to epifluorescence microscopy across the surface of the GUV, with 
Atto488-LacY incorporated in the lipid bilayer. The intensity profile in grey levels (a.u.) across 
the GUV is indicated with a yellow line in the epifluorescence micrographs. GUVs with defects 
can be seen under phase contrast and often show brighter and/or uneven fluorescence due to 
internal structures and possible protein aggregation   
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