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Reconstitution of Membrane Proteins into Giant Unilamellar Vesicles via
Peptide-Induced Fusion

Nicoletta Kahya,* Eve-Isabelle Pécheur,’ Wim P. de Boeij,* Douwe A. Wiersma,* and Dick Hoekstra®

*Ultrafast Laser and Spectroscopy Laboratory, Optical Sciences, Materials Science Centre, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands and TDepartment of Membrane Cell Biology, University of Groningen, Antonius Deusinglaan 1,
9713 AV Groningen, The Netherlands

ABSTRACT In this work, we present a protocol to reconstitute membrane proteins into giant unilamellar vesicles (GUV) via
peptide-induced fusion. In principle, GUV provide a well-defined lipid matrix, resembling a close-to-native state for biophys-
ical studies, including optical microspectroscopy, of transmembrane proteins at the molecular level. Furthermore, reconsti-
tution in this manner would also eliminate potential artifacts arising from secondary interactions of proteins, when reconsti-
tuted in planar membranes supported on solid surfaces. However, assembly procedures of GUV preclude direct
reconstitution. Here, for the first time, a method is described that allows the controlled incorporation of membrane proteins
into GUV. We demonstrate that large unilamellar vesicles (LUV, diameter 0.1 um), to which the small fusogenic peptide WAE
has been covalently attached, readily fuse with GUV, as revealed by monitoring lipid and contents mixing by fluorescence
microscopy. To monitor contents mixing, a new fluorescence-based enzymatic assay was devised. Fusion does not introduce
changes in the membrane morphology, as shown by fluorescence correlation spectroscopy. Analysis of fluorescence
confocal imaging intensity revealed that ~6 to 10 LUV fused per um? of GUV surface. As a model protein, bacteriorhodopsin
(BR) was reconstituted into GUV, using LUV into which BR was incorporated via detergent dyalisis. BR did not affect
GUV-LUV fusion and the protein was stably inserted into the GUV and functionally active. Fluorescence correlation
spectroscopy experiments show that BR inserted into GUV undergoes unrestricted Brownian motion with a diffusion
coefficient of 1.2 um?/s. The current procedure offers new opportunities to address issues related to membrane-protein
structure and dynamics in a close-to-native state.

INTRODUCTION

Many processes and reactions occurring in cellular memmolecule diffusion, chemical kinetics, conformational equi-
branes are regulated by the lateral organization and dynamlibrium, and aggregation-dissociation behavior. Single par-
behavior of both lipids and proteins. An important question ticle tracking (SPT) (Ghosh and Webb, 1994; Schmidt et al.,
still debated in biology, is whether or not lipid segregation1996) has been applied extensively to studies of lateral
takes place in the plane of the membrane to form microdomotion of single lipid molecules in artificial membranes
mains or “rafts” (Simons and Ikonen, 1997; Harder and(Schmidt et al., 1995; Sonnleitner et al., 1999) and, only
Simons, 1997). An appealing hypothesis for the biologicalrecently, SPT has been successfully used for studies of lipid
role of rafts is that lipid aggregation in a submicron scalerafts in vivo (Schutz et al., 2000). An important develop-
may concentrate interacting species in particular regionsnent for further investigations in this direction would be the
and/or regulate protein dynamics. Moreover, the lateral moinsertion of membrane proteins into artificial membranes,
bility and oligomeric organization of many membrane pro-which allows observations of diffusion, oligomeric state,
teins are crucial to their activity. The interplay of the dy- and conformation of membrane proteins as a function of the
namic properties of both lipidic and proteic membranelipid composition of the membrane.
components is thought to be important for the regulation of Given the molecular complexity of biological systems,
several complex machineries such as those responsible faiembrane reconstitution is an increasingly important ap-
signal transduction, membrane transport and traffickingoroach to delineate the properties of a protein in a lipid
(Van Voorst and Kruijff, 2000; Simons and Toomre, 2000). bilayer (Camilli and Warren, 1999). To apply single-mole-
Recent developments in optical microscopy can providecule spectroscopy to membrane proteins embedded in an
valuable additional insight into the structure/function rela-artificial membrane, vesicles with a radius of at least 2 to 3
tionship of membrane proteins. In particular, fluorescenceum are required. However, correct and controlled insertion
correlation spectroscopy (FCS; Eigen and Rigler, 1994pf functional transmembrane proteins into such artificial
may serve this purpose as it allows determination of singlebilayers still constitutes a problem. In recent years, sup-
ported planar membranes (Tamm and Kalb, 1993; Sack-
mann, 1996) have been used extensively to study properties
of lipids and membrane-bound proteins. These membrane
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Membrane Protein Reconstitution in GUV 1465

Giant unilamellar vesicles (GUV) provide free-standing were then submitted to 10 cycles of freezing into liquid nitrogen and
bilayers, without any substrate effect, and, therefore, suchrawing in a waterbath at 50°C, which was followed by extrusion through
membranes are potentially very attractive model systemg'l' or 0.4um polycarbonate membranes. Unless indicated otherwise,

.. T UV were composed of DOPC/chol/PE-PDP (3.5:1.5:0.25); in some ex-
(Angelova and Dimitrov, 1986; Dimitrov and Angelova, periments 19%\-Rh-PE was included. The peptide WAE was then coupled

1988). However, the fragility and protein-hostile prepara-via the C-terminal cysteine to the LUV by an overnight conjugation at 4°C.
tion procedures of these large vesicles have so far precludédie molar ratio PE-PDP:peptide of 1:5 produced a coupling efficiency of
their use in membrane reconstitution. 10 to 20%, as evaluated by measuring spectrophotometrically at 343 nm

- - the amount of the reaction product, 2-mercaptopyridineciieer et al.,
In this work, we present a novel procedure o eff|C|entIy 1997). The peptide-coupled liposomes were purified by gel filtration

reconSti_tUte transme_mbrane prOtein_S into GUV, V_Vhi_le f_u”ythrough a Sephadex G25 column, thereby removing unbound peptide.
preserving the activity of the protein. The protein is first

incorporated in submicron vesicles, large unilamellar vesi-

cles (LUV), which then fuse with GUV via a peptide- Preparation of GUV

induced fusion mechanism preV|ously developed for I‘UV'GUV were prepared by the electroformation technique (Angelova and

LUV fusion (Peheur et al., 1997, 1999). As a model pimitrov, 1986; Dimitrov and Angelova, 1988). With this approach, GUV
system, we use bacteriorhodopsin (BR), but the techniquere produced varying in size from 10 to 1@0n, as demonstrated by

has been applied to other proteins as well (unpub|i5he§eeze-fracture electron microscopy and statistical analysis of thermal

results). We show that the proton-pumping activity of BR is undulations (Menger and Angelova, 1998). The homogeneity of the size
) P pumping Y . distribution depends on the lipid composition and buffer conditions

retained after the tran_sfer to the GUV_' and that the prOte“’EMathivet et al., 1996). The chamber for vesicle preparation was composed
undergoes an unrestricted lateral motion in the plane of thef two microscope slides, each coated with a thin layer of indium tin oxide,
membrane. This procedure provides a valuable tool in strucwhich made them optically transparent and electrically conductive. Lipids
ture/function studies of transmembrane proteinsl as andPOPC/DOPE/SAINT-2, 10:3:0.65 or 10:3:1.3 molar ratio) in chloroform/

Iyzed by single-molecule optical microscopic techniques methanol (9:1) were deposited on the indium tin oxide glass plates and the
" solvent was evaporated under vacuum. The sealant paste Sigillum wax

(Vitrex, Copenhagen, Denmark), of 1-mm thickness, was used as a spacer
between the two plates. After adding water into the chamb@&00 nl), a
MATERIALS AND METHODS voltage of 1.1 V at 10 Hz frequency was applied foro23th through thin

Chemicals metal electrodes, sealed on the glass plates.

L-a-Dioleoyl-phosphatidylcholine (DOPC)«-dioleoyl-phosphatidyleth-
anolamine (DOPE), cholesterol (chol), anea-dipalmitoyl-phosphati- Assays for monitoring lipid and protein mixing
dylethanolamine (DPPE) were purchased from Avanti Polar Lipids (AIa-during vesicle fusion
baster, AL). N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP)-
derivatized DPPE (PE-PDP) was synthesized as previously describefifter the addition of the peptide-coupled LUV to the chamber of GUV,
(Martin et al., 1999). Purity and stability of PE-PDP were checked by lipid mixing was assayed by monitoring the fluorescence distribution of
thin-layer chromatography. SAINT-2 (1-methyl-4, &8; cis-heptatritia- ~ N-Rh-PE ¢, = 560 nm,A.,, = 590 nm), initially inserted into the LUV
conta-9, 28-dienylpyridinium chloride), a cationic amphiphile, was synthe-(1 mol%). Note that the GUV contained the positively charged SAINT-2 as
sized as described elsewhere (Woude et al., 1997). WAE (N-Trp-Ala-Glua target lipid for the negatively charged peptide. Protein-lipid mixing of the
Ser-Leu-Gly-Glu-Ala-Leu-Glu-Cys) was synthesized and purified to reconstituted proteoliposomes (LUV, see below) was assayed similarly. In
>950 purity by Syntem (Nnes, France). The pepnde was dissolved in 20 this case, LUV contained Alexa Fluor 488-labeled BR (See Labeling of BR
mM ammonium bicarbonate at pH 8 and stored-&0°C. N-(Lissamine in Materials and Methods), allowing the transfer of the protein to be
rhodamine B sulfonyl) dihexadecanasirglycero-3-phosphoethanolamine monitored al,, = 488 nm and\.,, = 519 nm. In both cases, fluorescence
(N-Rh-PE); N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecansyglyc- images were taken with a microscope (Axiovert S100 TV, Carl Zeiss Inc.,
ero-3-phosphoethanolamine, triethylammonium salt (fluorescein DHPE);Thornwood, NY), equipped with a Zeiss NeoFluor>40NA = 0.75
rhodamine green-labeled dextran (MW 3000); Alexa Fluor 488 carboxylicobjective or a Zeiss CP-Achromat 180 NA = 1.25 oil immersion
acid; succinimidyl ester (Alexa Fluor 488 reactive dye); fluoresceip-di- objective and a CCD camera (Hamamatsu C5985; Bridgeport, NJ).
p-galactopyranoside (FDG); Texas Red 1,2-dihexadecasmglycero-3-
phosphoethanolamine, triethylammonium salt (Texas Red DHPE); and
8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt (pyranine) were pur-Assays for monitoring contents mixing during
chased from Molecular Probes (Leiden, the Netherlargis}Galactoside  yesicle fusion
galactohydrolasef-galactosidase)n-octyl-B-b-glucopyranosiden-octyl
glucoside, OG); poly-lysine (0.1% w/v in water); and valinomycin were Internal contents mixing during GUV-LUV fusion were assayed in two
from Sigma (St. Louis, MO). Sephadex G25 columns (PD-10) were ob-ways. In one procedure, we prepared LUV (5-10of 5 mM vesicle
tained from Amersham Pharmacia Biotech (Uppsala, Sweden) and SMsuspension) containing water-soluble rhodamine green-labeled dextran (5
Bio-Beads from Bio-Rad (Hercules, CA). All other reagents were of MM, final concentration) and monitored its transfer into the lumen of the
analytical grade. GUV (300 wl of 0.1 mM vesicle suspension) upon fusion. Fluorescence

images were recorded with the microscope (Zeiss NeoFluat, 40A =

0.75 objective) equipped with a charge coupled device (CCD) camera
Preparation of LUV (Hamamatsu C5985).

Alternatively, a more sensitive procedure was developed, based upon

Liposomes were prepared by freeze-thawing, followed by extrusionthe selective cleavage of a fluorogenic carbohydrate substrate by a glyco-
Briefly, lipids in chloroform/methanol (9:1 v:v) solutions were mixed, sidase. Thus, 2 to 3 units @gFgalactosidase were entrapped in LUV (400
dried under nitrogen and suspended in water, unless otherwise stated. Thayn-sized, 5-1Qul of a 5 mM lipid suspension), which were added to the

Biophysical Journal 81(3) 1464-1474
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GUV (300 wl of 0.1 mM of lipid suspension), containing 10 mM FDG, min, after which the detergent was removed by dialysis (Philippot et al.,
prepared in 20 mM Tris-HCI, pH 7.6. After the mixing of contents, 1983). Bio-Beads were placed outside the dialysis bag (9 mg of Bio-Beads
hydrolysis of the substrate FDG in the lumen of the GUV causes the releasr 1 umol of detergent) to remove the detergent from the medium. The
of the fluorescein dye. The mixing of the contents was followed by proteoliposomes were separated from nonincorporated material by gel
monitoring the increase of the fluorescence, attributable to enzymatidiltration. The degree of reconstitution was determined by absorbance
turnover, with the microscope (Zeiss NeoFluordONA = 0.75 objec- measurements at 560 nne§, = 54000 Mt cm™?), giving a final
tive), equipped with a CCD camera. reconstituted protein concentration of 50 to 45@/ml.

Confocal imaging for quantification of GUV-LUV Labeling of BR

fusion eﬁICIency BR was labeled with Alexa Fluor 488 either before reconstitution in the

The fusion events between LUV and GUV were quantified by confocalMmonomeric detergent-state or after reconstitution. Conjugation was per-
imaging. Confocal images were obtained by focusing the excitation light offormed by reacting the succinimidyl ester moiety of the dye with the
an Ar ion laser (Coherent Inc., Santa Clara, CA) at 488 nm into am5- primary amines present in the protein in bicarbonate buffer at pH 8. The
pinhole spatial filter. The spatially filtered light was deflected by a dichroic Protein conjugate was then separated from unreacted dye by gel filtration;
mirror (500 dichroic longpass (DCLP)) and focused by the objective (Zeissthe degree of labeling amounted 0.8 to 1.0 of bound dye molecules per BR.
C-Apochromat 6%, NA = 1.2 water immersion) in an inverted micro- Labeling efficiency and fusion yields were found to be comparable using
scope (Axiovert S100 TV, Zeiss) into the sample. The fluorescence signagither labeling procedure.

was sent to the detector, an avalanche photodiode (EG&G Optoelectronics,

Vaudreuil, Quebec, Canada). A 18n pinhole in front of the detector

eliminated the out-of-focus contributions, allowing a confocal sectioning ofAssay for the activity of BR in GUV

the sample. An OG515 filter in the detection arm filtered out the scattered ) )
excitation light. Changes in the pH of the GUV’s lumen, because of the proton pumping of

Fluorescence intensity analysis was obtained by calibrating the detedl® reconstituted BR, were measured as changes in the fluorescence inten-
tion setup with a sample of 100-nm liposomes containing 2% of fluoresceirty Of the membrane-lmperm_eable,_ pH-sensitive probe pyranine (nga_ud
DHPE. The liposomes were fixed on glass coverslips coated withipoly- ©t @l 1988). BR was reconstituted into WAE-coupled LUV suspended in
lysine. The excitation power was kept low to prevent photobleaching (120 MM 1.4-piperazinediethanesulfonic acid (PIPES), 110 mj8@®, pH

uW). First, calibration was done by determining the fluorescence intensity7'2' and cqntaining 1% of Texas Red DHPE. The LU_V were fused to GUV
of a single LUV. As the size of the LUV is beyond the optical resolution, Prepared in 20 mM PIPES, pH 7.2, 2QaM pyranine, and 100 nM
only the total intensity of each LUV can be measured (average intensitie¥@linomycin. Fusion was checked by monitoring lipid mixing under the

of 320,000 counts/s). After fusion (10 min incubation at room tempera-M!cr0SCOpe as the Texas Red DHPE(= 582_ nm ar_ld)\e_m B 601 nm)
ture), and following elimination of those LUV that had not fused by diffused in the GUV’s membrane. After 30 min illumination with a xenon

flushing the flow chamber (Warner Instruments RC-21; Hamden, CT), inl@mP, @ decrease in pH inside the GUV, caused by the proton pumping
which the experiments were carried out, confocal images of the GUV Wer@Ct'V'tY of BR, wa_s observed W't_h the microscope as the flgorescence
taken under the same experimental conditions as for the LUV imaging. Thétensity of pyranine entrapped in the GUV decreased. This decrease
equatorial slice of the imaged GUV was dm thick (the point spread allqws to dlscnr_mnate GU\_/-entrapped pyranine from nonentrapped probe,
function in this confocal geometry was measured with PS-speck 175 nnivhich was left in the medium.

yellow-green beads [Molecular Probes] in water). Intensities of 2,000,000

up to 2,800,000 counts/s were measured per point fronumhick slice. .

At the laser power used, no photobleaching occurred during the imagin§ luorescence correlation

and the fluorescence signal was assumed proportional to the number of dygpectroscopy measurements

molecules present (no self-quencing). Due to the flexibility of the dye

molecule with respect to the lipids, orientational effects on the detection! & experimental setup consisted of a CW Ar ion laser operating at 488

yield average out. By dividing the intensities measured for GUV and LUV, "M- The laser beam was directed via a dichroic mirror and>a B& =
the number of LUV fused can thus be calculated. 1.2 water immersion objective (Zeiss C-Apochromat) to the sample (2-5

rW laser power in the back aperture of the objective), and the fluorescence
was collected by the same objective and imaged onto ar8Qpinhole
located in front of an avalanche photodiode (EG&G Optoelectrics). An
OGb515 filter placed in the detection arm filtered out the excitation light,
BR from Halobacterium halobiumwvas membrane-reconstituted into LUV backscattered from the sample. The signal was sent to a PCI-6602, 80 MHz
using octylg-p-glucoside dyalisis, as described earlier (Rigaud et al.,counter card (National Intruments, austin, TX) and then to a computer
1988) Brieﬂy’ purp'e membrane was isolated and BR purified by aWhere the algorithm for the autocorrelation curve was applled To measure
modification of the procedure of Oesterhelt and Stoeckenius (1974the lateral mobility of the lipid and the protein in the membrane, a
Dencher and Heyn, 1982); BR was solubilized in a 200 mM octyl glucosidetwo-dimensional diffusional model was used (Magde et al., 1972). The
solution in 25 mM phosphate buffer, pH 6.9, at a detergent-to-protein raticsetup was calibrated by imaging PS-speck 175 nm yellow-green beads
of 20 (w/w). After sonication for 20 s, the sample was incubated in the dark(Molecular Probes) in water.

at 35°C fo 1 h and then at room temperature for 20 h. Solubilization was

confirmed by the inability of BR to sediment after centrifugation at

200,000 X g for 1 h. The quality of the preparation was checked by RESULTS

spectrophotometry; the solubilizate did not contain aggregates and onl[_ . L. i . )

trace amounts of free retinal were present. ipid mixing occurs during GUV-LUV interaction

Octyl glucoside was added to the liposome suspension in a 1O-to-JF r nirolled insertion of a transmembran rotein int
detergent-to-lipid molar ratio (50 mM OG/5 mM lipid), and after 5 to 10 or a controlle Sertion or a transme ane prote 0

min of incubation, BR (50 to 50@.g/ml) was added. The detergent-lipid- GUV, it is essential to prove that LUV and GUV fully fuse.
protein mixture was kept at room temperature, while gently stirring for 15As it has been shown that the undecameric peptide WAE,

Membrane reconstitution of BR into LUV

Biophysical Journal 81(3) 1464-1474
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40
Size (um)

FIGURE 1 () Phase-contrast image of GUV (DOPC/DOPE/SAINT-2 10:3:1.3) in water. A Zeiss CP-Achromafiase Contrast 2 objective was
used. B) Size distribution of a population of GUV (DOPC/DOPE/SAINT-2 10:3:1.3) in water. Liposomes with a diambBtgm were not counted.

even at low concentrations, is an efficient fusogen for LUV-applying a voltage of 1.1 V at 10 Hz for 2-3 h, mainly
LUV fusion (Pecheur et al., 1997), we used WAE-coupled spherical GUV were obtained with diameter varying from
vesicles for GUV-LUV fusion. Given its small size (e.g., 10 to 100um (Fig. 1,A andB). Presumably because of its
compared with that of a viral fusion protein), it is not likely charge, the presence of the cationic SAINT-2 promoted the
that the peptide will interfere with the reconstituted proteinprocess of vesicle growth. When freshly prepared, no ther-
or perturb its optical or spectroscopic properties. Further, iimal undulations were apparent, implying a good tensile
order to promote the association between GUV and WAEstrength. However, after a few hours at room temperature,
coupled vesicles, the cationic lipid SAINT-2 was includedthe GUV began to undulate with a bending elasticity mod-
in the GUV, as it will provide a positively-charged interac- ulus typical of unilamellar bilayers.
tion site for the negatively charged peptide. DOPE was also Lipid mixing, as indicated by the transfer of nonex-
included as a lipid because it favors negative bilayer curchangeableN-Rh-PE between WAE-coupled LUV and
vature, a parameter that strongly promotes protein-induce@UV, was readily observed with the microscope. Immedi-
membrane fusion (Zimmerberg et al., 1993cReur et al., ately after mixing (Fig. 2A), a patchy appearance of fluo-
1997). rescence along the rims of the GUV was observed, reflect-
GUV composed of DOPC/DOPE/SAINT-2 were pre- ing the attachment of numeroud-Rh-PE-labeled LUV.
pared by the electroformation technique with a DOPC:This patchy appearance transformed, f880% of the
DOPE ratio of 10:3, while the amount of SAINT-2 was GUV, into a smoother and more continuous ring-like ap-
varied between 5 and 30%. With this composition, and bypearance over a time course 6fl5 to 20 min (Fig. 2B),

FIGURE 2 Lipid mixing occurs during interaction of WAE-coupled vesicles with GUV. WAE-coupled LUV (DOPC/chol/PE-PDP 3.5:1.5:0.25), labeled
with 1% N-Rh-PE, were mixed with GUV (DOPC/DOPE/SAINT-2 10:3:1.3) in triple-distilled water and incubated at 3¥)°Ctq 2 min after addition

of theN-Rh-PE labeled LUV (size 100 nm), numerous fluorescent spots can been seen on the surface of the GUV, reflecting docking of the WAE-coupled
vesicles. B) After 10 to 15 min, most GUV show a continuous ring of fluorescence, which seems to be smooth and homogeneous overall, suggesting that
LUV and GUV lipids have mixed. A Zeiss NeoFluor A0 NA = 0.75 objective was used.

Biophysical Journal 81(3) 1464-1474
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very similar to that previously observed for the kinetics of
LUV-LUV fusion (Pecheur et al., 1997). 0.0154
For LUV-LUV fusion, WAE displayed membrane fusion __
properties only when covalently coupled to a membranesz
whereas free WAE resulted neither in lipid nor contentsc
mixing (Pecheur et al., 1997). The same behavior is ob-%
served for GUV-LUV fusion; upon incubation of the pep- Tt>
tide-devoid,N-Rh-PE-labeled LUV with GUV, no transfer 3
of the fluorescent lipid analogue to the nonlabeled GUV 0.005+
was observed, nor was transfer observed when free peptide
was subsequently added (not shown). Rather, transfer of the
lipid was only apparent when the GUV were incubated with 0.000+
the peptide-coupled LUV, whereas the presence of free
WAE hindered this process, and strongly reduced the GUV-
associated yield of fluorescence. Consequently, to accom-
plish optimal efficiency of interaction, the LUV were puri- gGURE 3 Unrestricted diffusion of membrane lipids after LUV-GUV
fied from the free peptide by gel filtration. interaction. The lateral diffusion rate of lipids was determined after incu-
As a result of the fusion, membrane components, initiallybating WAE-coupled vesicles, containing 0.1% fluorescein-DHPE, with
in the LUV, will finally laterally diffuse in the GUV target GUvV, compos_ed as described. The FCS autocorrelation curve was calcu-
membrane. whereas such a diffusion will not be Observe(lgted @dashed I|_n§a_fr0m_ fluorescence bursts detected on the surface qf the
. } UV. The excitation light (488 nm) was focused onto the sample with a
upon simple attachment of LUV to GUV. In order to eX- g3x, NA = 1.2 water immersion Zeiss C-Apochromat objective and the
clude potential defects in the membrane as a consequencefibrescence was detected by an avalanche photodiode with ;am30-
fusion, the morphok)gy of the GUV membrane before andpinhole. The fitting curvedolid line) was obtained with a one-component
after fusion was investigated by determining the translaiwo-dimensional diffusive model.
tional mobility of the lipids. Therefore, the lateral diffusion
properties of the head group-labeled lipid analogue fluores-
cein DHPE were examined by FCS (Rigler, 1995; Schwillediffusion coefficient of 20um?s was calculated. The laser
et al., 1999). From the autocorrelation functi@(r) of the  was also focused on GUV surface spots where LUV clus-
fluorescence fluctuations in time, one can deduce two proptered, as readily discerned by the occasional patchy appear-
erties of the observed molecules: 1) the equilibrium averagance of fluorescing clusters (FigAj. In this case, longtime
number of diffusing fluorescent molecules in the laser focalscale components were observed in the autocorrelation
volume, and 2) their diffusion coefficient. To fis(7), we  curves (data not shown), which could not be fitted with the
used a two-dimensional Brownian diffusive model (Magdeabove equation; this is consistent with the immobile nature
et al., 1972): of the LUV that had docked on but not fused with the GUV.
Although lipid mixing is consistent with membrane fu-
4D7] 71t sion, it is particularly important to ensure that it represents
G(r) = (N}[l + rz] ' a genuine fusion process. The next experiments were carried
out to support the occurrence of genuine WAE-mediated
where(N) is the average number of fluorescent moleculesnembrane fusion between LUV and GUV.
residing in the focal volume elemenB, their diffusion
coefficient; andr, the radius of the probg area on the focal Contents mixing between LUV and GUV
plane. All measurements were done in a flow Chamberrepresents a genuine fusion process
(Warner Instrument RC-21) to flush the LUV that did not
attach or fuse with GUV, so that freely diffusing LUV in the Next to membrane mixing, membrane fusion includes the
medium could not interfere with the measurements. Fluomixing of aqueous contents of the initially separated mem-
rescence fluctuations, measured in several spatial regions bfane-bound compartments. To demonstrate contents mix-
individual GUV and for several different GUV, yielded ing for the GUV-LUV system, one needs to take into
autocorrelation functions that did not vary significantly. In account that the assay could be severely affected by the
Fig. 3, the autocorrelation curve is shown for lipid diffusion dilution of the LUV contents when transferred into the
in the GUV membrane after fusion. Similar curves weremuch larger GUV volume. Indeed, a diameter ratio of 1:100
obtained for lipid lateral mobility in GUV before fusion (0.1 um for LUV and 10um for GUV) leads to a volume
(data not shown). The data could be well fitted by theratio of 1:1¢. Consequently, the dilution factor for the
formula given above, showing that after fusion, the lateralcontents of each LUV is fi.e., 100 times larger than for
dynamics of the lipid molecules in the GUV membrane arelipid mixing. To determine the transfer of aqueous contents,
identical to those in an unperturbed lipid bilayer, and aa highly concentrated fluorescently-labeled dextran solution

0.0104

Log ()
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FIGURE 4 WAE-mediated interaction between LUV and GUV represents a genuine fusion event as reflected by contentsAinBamgeiits mixing

was assayed by adding WAE-coupled LUV (DOPC/chol/PE-PDP 3.5:1.5:0.25) that contained rhodamine-green labeled dextran (50 mg/ml) to GUV
(DOPC/DOPE/SAINT-2 10:3:1.3) in water. The appearance of fluorescence, largely into the smaller GUV, became detectable by fluorescencg microscop
after 10 to 15 min at room temperaturd®) (An alternative procedure was also used which relied on enzymatic cleavage of a fluorogenic substrate.
WAE-coupled LUV (DOPC/chol/PE-PDP 3.5:1.5:0.25) containfhig-galactosidase (2 to 3 units) in Tris-HCI 20 mM, pH 7.6, buffer were added to GUV
(DOPC/DOPE/SAINT-2 10:3:1.3) which contained FDG (10 mM final concentration). Fluorescence in the interior compartment of the GUV appears after
~20 to 30 min, resulting from the enzymatic turnover of FDG hydrolysis and consequent release of free fluorescein.

was entrapped within LUV and the appearance of fluoresQuantitative evaluation of the fusion yield

cence in the GUV was followed under the microscope (se . . - Y

Materials and Methods) at conditions identical to those fo:.:T ct) detf rmine t?g fu:rllon effltc):len(?/f of thEVGUV;LLfN
the lipid mixing assay. After 10 to 15 min, only small GUV gL(Ja\r/ac '?‘n event, |.e.1: c ndum ?r 0 | used fpéEBVO ft
with diameters of 5 to 1Qum were found to contain the surtace, we performed contocalimaging o aner

fluorescent aqueous-soluble dye (Figh} Apparently, the the addition of 100 nm-sized LUV. For calibration, the

dilution is a severe drawback to sensitively monitor Iumenalﬂuorescence intensity of single LUV was measured (Fig. 5

contents mixing, using the dextran “dilution” assay. Yet, theA' B), as described in Materials and Methods. These data

data prove that genuine fusion seems to occur in this sys:tenWere thgn usgd to mterp.ret the confocal images of GUV
To reveal that contents mixing also occurred for theafterfuslon (Fig. 5C andD; see Materials and Methods for

details). Thus, from the average fluorescence intensity mea-

larger-sized GUV, we designed a new contents mixing :
assay. This assay relies on the hydrolytic cleavage of gured in the GUV, we deduced that 6 to 10 LUV were fused

carbohydrate substrate by a glycosidageGalactosidase per um” of GUV surface.
was initially entrapped in the LUV, while a fluorescein-
conjugated ga_lactopyran_o&de, which will on_ly quoresceBR can be reconstituted into GUV by
after enzymatic processing, was enclosed in the GUV'membrane fusion
When WAE-coupled LUV and GUV were mixed at fuso-
genic conditions, the fluorescence emitted by fluorescein, a¥he ultimate goal of this work was to reconstitute a mem-
released upon hydrolysis, could be readily detected insidbrane protein into GUV by means of membrane fusion and
the GUV. More than 70% of the total amount of GUV to study its dynamics. It is then relevant to evaluate the
became fluorescent after 20 to 30 min (FigB{ indicating  extent to which the reconstituted protein may interfere with
that coalescence of lumenal contents had taken place. the peptide-coupling to the LUV and with the WAE-mem-
Several control experiments were carried out to excludérane fusion event. To avoid potential misfolding of WAE
transfer of enzyme into the GUV by a nonfusion mecha-during the detergent-based reconstitution procedure, the
nism. Neither upon exogenous addition of the enzyme nocoupling reaction of the peptide to the liposomes was per-
with peptide-devoid but enzyme-containing LUV was anyformed after protein incorporation. In the absence and pres-
fluorescence detectable within the membrane-bound GU\énce of the reconstituted protein, the kinetics of peptide
compartment, even afte3 h of incubation (not shown). coupling and the reaction yields (13% and 12.4%, respec-
These data thus imply that WAE-mediated fusion of LUV tively) were very similar (Fig. 6). We conclude, therefore,
with GUV occurs, and that the contents are largely, if notthat the presence of BR does not interfere with the peptide
entirely, retained. This shows that WAE-mediated fusion iscoupling reaction. Subsequently, the fusion assay was car-
a nonleaky fusion event. The contents and lipid mixing dataied out for several LUV/protein concentrations with Alexa
are thus in excellent agreement with each other and denfluor 488-labeled BR. As shown in Fig. A and B, the
onstrate the genuine occurrence of WAE-induced fusion ofmages obtained were very similar to those obtained after
LUV with GUV. fusion of N-Rh-PE-labeled LUV with GUV (Fig. 2). An
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FIGURE 5 The fusion yield per GUV has been quantified. Fluorescence confocal images of WAE-coupled LUV containing 2% fluoresceiA;DHPE (
B) were used to calibrate the fluorescence intensity of single LUV. Subsequently, WAE-mediated fusion was triggered between LUV and GUV. After 10
min at room temperature, a confocal image of the equatorial plane was @kend the fluorescence density analyzed ¢etail). The excitation beam

(Aex 488 nm) was focused onto the sample with &K6B3A = 1.2 water immersion Zeiss C-Apochromat objective and the fluorescence was detected by
an avalanche photodiode with a 1 pinhole. The recorded intensity was correlated with that per LUV, and the number of LUV that contributed to this
intensity was thus calculated.

overall diffuse and homogeneous fluorescence signal wa&00 ng/ml) could some lysis of the GUV be observed 1-2
visible in the GUV bilayer 10 to 15 min after their mixing h after the injection of the proteoliposomes (not shown).
with the proteoliposomes. This is a strong indication for an To further characterize the interaction of the BR-recon-
efficient transfer of a significant amount of BR into the stituted LUV with the GUV, the following experiments
GUV membrane. Only at very high protein concentrationswere carried out: 1) free Alexa 488, added to peptide-devoid
LUV and to GUV, showed that the fluorophore did not
interfere with vesicle-vesicle interaction; 2) WAE-devoid
but BR-containing LUV did associate with the GUV, re-

oz sulting in a patchy fluorescence (Fig. €,andD, arrows);
021 A however, at these conditions, fusion did not occur, given the
| domain-restricted localization of the labeled BR at the GUV
O surface (compare 7A and B vs. 7, C and D). Although
0.20 r_ﬁﬁﬁmﬂ nonspecific electrostatic interaction between the hydrophilic
=) o charged residues of BR and the target membrane can trigger
go.w EP GUV-LUV interaction, these data indicate that membrane
merging between both vesicle populations solely relies on
g 0.18 4 the action of the fusogenic peptide coupled to LUV. Non-
I specific translocation of BR between LUV and GUV can
047 also be excluded.
n
018 0 s 100 150 200 250 300 BR retains its proton pumping activity in GUV
Time (min.) Next, it was of interest to demonstrate functional mem-

brane reconstitution of BR into GUV. The fluorescent
FIGURE 6 The WAE-coupling _efficiency is not affected by the presence pH-sensitive probe pyranine was encapsulated into GUV
of r_econstltuted membrane protein. WAE is c_O\{aIently coupled to PE'PDPWithout removing the nonentrapped probe. At these con-
which causes the release of 2-mercaptopyridine, measured spectrophotg:t. h d diff fl . .
metrically at 343 nm. The coupling efficiency to LUV (DOPC/chol/PE- ! Ions_' a nhomogenous an _I use fiuorescence |mage'|s
PDP 3.5:1.5:0.25) is show], as well as the coupling efficiency obtained S€€n in the fluorescence microscope that does not dis-

for LUV in which BR had been reconstituted (50-506/ml) (). criminate between fluorescence derived from either en-
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FIGURE 7 WAE-induced fusion mediates the BR transfer into GUV target membranes. The translocation is monitored by protein-lipid mixing, as
assayed by fluorescence microscopy. Alexa Fluor 488-labeled BRu@bl) was reconstituted into LUV. WAE was then coupled to the vesicles and
incubated with GUV. Note the presence of the continuous ring of fluorescence, associated with GUV afterAuBjorBy contrast, BR-reconstituted,
WAE-devoid LUV associated with GUV, showing a typical clustered appearance of bound, but nonfusedbivo(vs, andD, detail).

trapped or nonentrapped dye. Hence, fluorescence frorhe difference in fluorescence quantum yield between the
inside and outside the GUV is not distinguishable. Afterbulk medium and the lumen of the GUV is relevant to the

activation of BR (see Materials and Methods), protonsdetection of BR activity. These results imply that BR can

are pumped into the aqueous GUV space and, as a resulie functionally reconstituted into GUV and that the in-

the pyranine fluorescence will decrease (Fig. 8). Quencsertion occurs with a preferential orientation (inside-out).
ing occurred in>70% of the total fraction of vesicles

present and was strictly dependent on the presence of B R undergoes unrestricted lateral diffusion

as no decrease of fluorescence occurred inside the GUIn GUV

in the absence of BR. It should be noted that photo-

bleaching of pyranine during the course of the experi-After having demonstrated that BR is stably and correctly
ment does not interfere with the measurements, as onljnserted into the GUV'’s bilayer, we investigated its trans-

FIGURE 8 BR s functionally reconstituted into GUV. GUV were prepared in a medium containing the pH-sensitive dye pyranine. BR was reconstituted
into GUV as described in the legend to Fig. 7. The protein was then activated as described in Methods, causing the time-dependent translooason of prot
across the GUV membrane into its aqueous space, where a decrease in pH will quench entrapped pyranine. The decrease in “encapsulated” fluorescer
allows to distinguish the circumference of the GUV and assays BR functional reconstitution. Note that GUV are not distinguishable from background
fluorescence when the same experiment is carried out with GUV that do not contain BR.
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functionality in vitro. In these experiments, the well-defined
0.05+ molecular environment can be varied systematically, thus
providing a better and more accurate insight into the protein
= 0.04+ structure/function relationship and the lipid/protein interac-
(g . tion.
2 0.03- GUV are a priori excellent membrane model systems
% ) because they provide free-standing bilayers and a chemi-
S 0.02- cally well defined composition, which, to a certain extent,
© can be varied. The major biologically relevant phospholip-
0.014 ids such as PC, PE, PG and PS, with or without cholesterol
do allow electroformation of GUV (Angelova and Dim-
1 itrov, 1986; Menger and Angelova 1998; Angelova et al.,
0.00 1992).
For many applications, GUV surpass alternative in vitro
Log(r) systems. LUV, for instance, cannot be studied by single-

molecule optical microscopy because it is not possible to
FIGURE 9 FCS autocorrelation curve, CalCUIatdhE(hed I|n¢ from expose Only a Sectlon Of the LUV to the Ilght Of the

fluorescence bursts detected for Alexa Fluor-labeled BR in GUV. The . .
excitation light (488 nm) was focused onto the sample with & 88A = microscope as can be done with GUV. In contrast to mono-

1.2 water immersion Zeiss C-Apochromat objective and the fluorescenci?Y€r's, GUV resemble more closely the natural bilayer
was detected by an avalanche photodiode with a80pinhole. The fitting ~ Membrane structure. They also surpass supported planar
curve olid line) was obtained with one-component, two-dimensional bilayers, which suffer from severe artifacts because of the
diffusion model. presence of a rigid support. It is known that the support,
typically glass or quartz, interacts with the exposed soluble
domains and thereby lowers the mobility of the proteins in
lational diffusion behavior by FCS. The resulting auto-the membrane (Hinterdorfer et al., 1994; Salafsky et al.,
correlation decay could be fitted with a single-component1996). The insertion of soft polymer cushions between the
function such as for the lipid lateral diffusion (Fig. 9). BR lipid bilayer and the support improves the quality and re-
diffuses in GUV with a lateral diffusion coefficient of duces the artifacts in the case of particular classes of pro-
~1.2 um?/s. teins such as membrane-bound and peripheral membrane-
proteins, but the limitations for applications to
transmembrane proteins still remain (Wagner and Tamm,
DISCUSSION 2000). Until now, the inability to reconstitute membrane
In this work, we present a protocol to reconstitute integralproteins in their bilayers has been a major drawback in the
membrane proteins into GUV via peptide-induced fusion.application of GUV for in vitro studies of protein dynamics.
The protein dynamics and functionality in the close-to- The intrinsic fragility of the vesicles precludes the manip-
native environment of the GUV can then be studied byulations required for reconstitution, while the critical elec-
optical microscopy. As shown here for the model systentroformation procedure, necessary for vesicle assembly, is
BR, it is possible to determine the lateral mobility of mem- harmful to the protein.
brane proteins by FCS. Moreover, membrane translocation Here, we present a novel procedure for protein reconsti-
controlled by a protein can be readily studied since thdution in GUV which avoids these major problems by ex-
resulting changes in the lumen of the cell-like GUV can beploiting the possibilities of peptide-induced fusion. First, we
detected by optical microscopy. This feature is demonshow that WAE-induced GUV-LUV fusion, which is re-
strated here by studying the proton pumping activity of BR.ported here for the first time, does not introduce changes in
To use the full potential of this protocol, it is necessary tothe membrane morphology. As it is shown by FCS, the lipid
exclude any artifacts during the reconstitution. Thereforemobility of 20 um?/s, which is consistent with previous data
all essential steps in the reconstitution process were chafer lipid lateral mobility measured by SPT (Sonnleitner et
acterized by confocal microscopy and FCS. The reconstitual., 1999), is unchanged after fusion. It is also demonstrated
tion procedure described is, in general, applicable for sinthat the fusion does not lead to a destabilization of the
gle-molecule optical microscopy studies of lateral andmembrane. No substantial leakage of contents was observed
rotational mobility, folding and association-dissociation in the contents mixing assays, as shown by the retention of
equilibria of individual protein molecules (Xie and Traut- both fluorescent dextran and the much smaller fluorescein
man, 1998; Xie and Lu, 1999; Harms et al., 1999; Deniz edye (Fig. 4,A andB, respectively). The latter feature of the
al., 2000). Although the development of such techniquedusion process is essential for membrane transport studies
has been reported recently for in vivo systems (Schutz et alwhere the lumen of GUV and LUV are filled with probes
2000), it is also desirable to study protein dynamics andised for optical microscopic assays. In general, these stud-
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ies can be quite challenging because of the large GU\Ing LUV are fused with GUV, as before. The experiments
lumen and the resulting low concentrations. In this work,show that the presence of BR in the LUV did not interfere
the dilution problem is solved by an enzyme-based assay, iwith WAE-induced fusion. The enzyme-based assay for
which the high turnover of a single enzyme successivelycontents mixing was repeated with BR-containing LUV and
activates the fluorescence of a large number of dye molegave results very similar to those obtained in the absence of
cules, released by cleavage of the substrate. This mechtie membrane protein (data not shown, cf. Fig. 4). Thus,
nism, which increases the experimental sensitivity by orderslso with the protein, fusion occurs without significant
of magnitude, can be applied to future fluorescence assaykakage and involves both lipid and aqueous contents mix-
Presumably, the well defined GUV-LUV fusion occurs ing. After fusion, BR does not form aggregates visible under
analogously to the LUV-LUV fusion previously studied the microscope, as shown in Fig. & and B, where the
(Pecheur et al., 1997, 1999). For the latter system, fusiorfluorescently labeled BR is smoothly distributed over the
proceeds via a controlled stalk-pore mechanism, involvingentire membrane. From the fusion efficiency discussed
the shallow penetration of (part of) the-helical WAE  above, it can be deduced that 10,000 to 150,000 BR mole-
structure (Martin et al., 1999). Most importantly, during cules are inserted into a GUV, depending on the concentra-
LUV-LUV fusion, WAE's entry into the target membrane tion of BR in LUV. After reconstituting this amount of
does not cause destabilization of the merging membrangwoteins, the functionality was assayed by monitoring the
(Pecheur et al., 1997). This feature, in particular, makeschange of pH in the lumen of the GUV because of the
WAE a very useful fusogen in fusion-mediated reconstitu-proton-pumping activity of BR.
tion, involving relatively fragile GUV. Finally, the mobility of BR, determined by FCS, was
This microscopic model for GUV-LUV fusion is also found slower than that of the lipids, as expected for particles
supported by optical microscopy. The first step in fusion isof higher mass. The unrestricted Brownian motion of BR in
an extensive docking of LUV on the GUV surface, which GUV is characterized by a single diffusion coefficient of 1.2
can be clearly observed by a patchy, irregular fluorescencem?s. This information can be only reliably obtained with
pattern surrounding the GUV periphery (Fig.A). After  free-standing bilayers, such as GUV, whereas, in supported
docking, merging of the two membranes occurred withinbilayers, large fractions of proteins are immobile or partially
minutes, thus proceeding with a kinetics similar to that formobile because of interactions of the protein residues with
LUV-LUV fusion (Pecheur et al., 1997). The fusion resulted the support or the polymeric cushion between the support
in a smooth and homogeneous fluorescence because afd the membrane (Wagner and Tamm, 2000). Interest-
diffusion of the fluorescent lipids in the GUV’s membrane ingly, further FCS experiments, not reported here, indicated
as shown in Fig. B. Previous studies of LUV-LUV fusion that BR changes its lateral mobility upon the activation of
showed that WAE-induced fusion does show a target memthe photocycle in a reversible manner. Upon photoactiva-
brane lipid-preference for fusion in terms of efficiency, buttion, the mobility slowed down and increased again to
the fusogenic activity per se is not critically dependent oncontrol values when photoactivation was abrogated. Possi-
that composition (Reheur et al., 1999). This also holds for bly, this switching between different mobilities is related to
GUV-LUV fusion, since LUV fuse with GUV with different a change in the monomer/oligomer equilibrium when the
amounts of neutral and anionic, bilayer and non-bilayemrotein becomes light-activated.
forming lipids, with or without cholesterol (unpublished In conclusion, the technique described here allows recon-
results). Therefore, this approach allows the application of stitution of membrane proteins other than BR into GUV,
wide variety of GUV lipid compositions. provided that they can be effectively incorporated into
Subsequently, we quantified the GUV-LUV fusion effi- LUV. We recently succeeded in applying the reconstitution
ciency by fluorescence intensity analysis of confocal imagesechnique to protein complexes involved in protein translo-
of GUV. It is shown that 6 to 10 (100-nm-sized) LUV had cation machineries. A different lipid composition than that
fused pemm? of GUV’s surface, implying that, on average, used for BR was required for this. This novel approach to
10,000 LUV merge per GUV with a size of 2m (Fig. 5).  reconstitute proteins into GUV as mediated by a fusion
The large number of fusion events indicates that a substamechanism should prove to be extremely useful in address-
tial amount of membrane proteins can be transferred in thighg fundamental questions regarding protein function and
way. The lipid composition of GUV after fusion then cor- oligomeric structure.
responds for~80% to that of the original GUV and for
~20% to that of LUV.
Having characterized the fusion process, we now discusshe Department of Electron Microscopy (Head Prof. Alain Brisson) is
the reconstitution of BR via GUV-LUV fusion. First, BR is acknowledged for making available their facilities. We are grateful for
reconstituted into LUV (Rigaud et al., 1988). The right Prof. Dr. Bert Poolman for helpful discussions and critical reading of the

. . . . . . manuscript. F. de Haan contributed to this work by providing the software
orientation of BR in the LUV membrane, which is essentlalfor the data acquisition. We acknowledge the financial support obtained

for thim?‘l activity, is Ob_tained by reconstituting mono- fom the European Commission (contract ERBFMBICT972580 and, par-
meric BR into preformed liposomes. Then, the BR-contain-ially, contract BIO4-CT97-2191 (DH)).
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