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Mark K. Doeven,* Joost H. A. Folgering,* Victor Krasnikov,! Eric R. Geertsma,* Geert van den Bogaart,* and
Bert Poolman*

*Department of Biochemistry, Groningen Biomolecular Sciences and Biotechnology Institute and Materials Science Centre, and
tUltrafast Laser and Spectroscopy Laboratory, Optical Sciences, Materials Science Centre, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

ABSTRACT GUVs have been widely used for studies on lipid mobility, membrane dynamics and lipid domain (raft) formation,
using single molecule techniques like fluorescence correlation spectroscopy. Reports on membrane protein dynamics in these
types of model membranes are by far less advanced due to the difficulty of incorporating proteins into GUVs in a functional
state. We have used sucrose to prevent four distinct membrane protein(s) (complexes) from inactivating during the dehydration
step of the GUV-formation process. The amount of sucrose was optimized such that the proteins retained 100% biological
activity, and many proteo-GUVs were obtained. Although GUVs could be formed by hydration of lipid mixtures composed of
neutral and anionic lipids, an alternate current electric field was required for GUV formation from neutral lipids. Distribution,
lateral mobility, and function of an ATP-binding cassette transport system, an ion-linked transporter, and a mechanosensitive
channel in GUVs were determined by confocal imaging, fluorescence correlation spectroscopy, patch-clamp measurements,
and biochemical techniques. In addition, we show that sucrose slows down the lateral mobility of fluorescent lipid analogs,

possibly due to hydrogen-bonding with the lipid headgroups, leading to larger complexes with reduced mobility.

INTRODUCTION

Biological membranes are complex matrices mainly com-
posed of lipids and proteins that separate the contents of cells
or specialized compartments from the external surroundings.
GUVs (diameter ~5-100 um) have proved to be useful
model systems and have been widely used to study lipid
dynamics (Korlach et al., 1999), lipid domain (raft) formation
(Bagatolli and Gratton, 2000; Kahya et al., 2003), elastic
properties of membranes (Angelovaetal., 1992; Akashietal.,
1996), lipid-DNA interactions (Angelova and Tsoneva,
1999), vesicle shape changes (Tanaka et al., 2002), membrane
tube formation (Roux et al., 2002), and membrane fusion
(Tanaka and Yamazaki, 2004). In contrast, reports on
membrane protein dynamics in GUVs are rare, since for
a long time methods suitable for incorporating these proteins
in a functional state into GUVs were not available (Kahya
et al., 2001; Girard et al., 2004).

The mechanism of formation and properties of GUVs has
been studied since the 1980s (Dimitrov and Angelova, 1986;
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Mueller and Chien, 1983). GUVs can be prepared by drying
lipids dissolved in organic solvent (chloroform or chloro-
form/methanol mixtures) followed by addition of distilled
water. Water penetrates the dried lamellar structures, and
GUVs are formed spontaneously due to membrane fusion
processes. Formation appears to be optimal if a fraction
of anionic lipids is incorporated (phosphatidylglycerol or
phosphatidylserine) or can be promoted by the addition of
divalent cations (Ca>* or Mg”>") when using only neutral
lipids (Akashi et al., 1998). In addition, AC electric fields
have been reported to facilitate or impede the formation
process (Dimitrov and Angelova, 1986, 1987).

The major bottleneck for direct incorporation of membrane
proteins into GUVs is the dehydration step that precedes the
formation process. Kahyaetal. (2001) have circumvented this
problem by using peptide-induced fusion of LUVs (diameter
~200 pm), containing the membrane protein of interest, with
preformed GUVs. Although this method has been success-
fully applied to study the dynamics and aggregation state of
bacteriorhodopsin in GUVs (Kahya et al., 2002), the method
is laborious and required the presence of some highly unusual
lipids and a fusogenic peptide in the model membranes.
Recently, we (Folgering et al., 2004) and others (Girard et al.,
2004) developed alternative methods for incorporating
polytopic membrane proteins into GUVs by (partial) de-
hydration of LU Vs, containing (purified) membrane proteins,
followed by rehydration in the presence of an AC electrical
field (Angelovaet al., 1992). This method was applied for the
Ca”*-ATPase from sarcoplasmic reticulum and two highly
stable membrane proteins, the light-driven proton pump
bacteriorhodopsin, and the mechanosensitive channel of
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large-conductance MscL. A drawback was that electro-
formation tolerates low ( <10 mM) ion concentrations during
the GUV-formation process. Bacteriorhodopsin and MscL
retained their activity during drying of the proteoliposomes,
however, activity of the Ca®> " -ATPase was reduced by ~30%
(Girard et al., 2004). Bacia et al. (2004) studied two single-
span soluble N-ethylmaleimide-sensitive factor attachment
protein receptors incorporated into GUVs by the same
method, but the fraction of proteins that survived the GUV-
formation process was not determined. For single-molecule
techniques like FCS, fluorescence resonance energy transfer,
and atomic force microscopy, it is essential that hetero-
geneities due to nonproductive protein conformations can be
ruled out and that 100% protein activity can be recovered.
We have made use of the stabilizing properties of
disaccharides on membranes and proteins to develop a direct
and simple method by which 100% protein activity was
retained during incorporation of four distinct membrane
protein(s) (complexes) into GUVs. The proteins studied were
the lipid-anchored oligopeptide-binding protein OppA and
the translocator complex OppBCDF of the oligopeptide ABC
transporter from Lactococcus lactis, the mechanosensitive
channel of large conductance MscL from Escherichia coli,
and the secondary lactose transport protein LacS from
Streptococcus thermophilus. The distribution, mobility, and
function of these membrane proteins from distinct protein
families were studied in proteo-GUVs by confocal imaging,
FCS, patch-clamp, and other biochemical techniques. In
addition, the effect of sucrose on the lateral mobility of
hydrated lipids was analyzed by FCS measurements on GUVs
prepared in the presence of high concentrations of sugar.

MATERIALS AND METHODS
GUV formation

GUVs were prepared according to standard procedures (Mueller and Chien,
1983; Akashi et al., 1996) with some modifications. In short, 10 wl of 4 mg/ml
lipids (w/w), dissolved in chloroform, was deposited on a glass cover slide.
For detection of GUVs by fluorescence microscopy, a fluorescent lipid probe,
DiO (excitation and emission wavelength maxima of DiO are 484 and 501 nm,
respectively), or NBD C¢-HPC (excitation and emission wavelength maxima
of NBD C¢-HPC are 460 and 534 nm, respectively), was added (1 ul of
0.5 mM probe dissolved in MeOH/mg lipid). A thin lipid film was formed by
evaporating the chloroform under vacuum at 4°C. The lipids were rehydrated
atroom temperature by the addition of 0.5 ml distilled water or 10 mM KPi, pH
7.0, in a custom-built sample chamber. Optionally 10 mM MgCl, was added
after prehydration with distilled water (Akashi et al., 1998) or electro-
formation was performed (Angelovaetal., 1992). For electroformation, lipids
were dried onto ITO-coated cover slips (custom-coated by GeSim, Dresden,
Germany). A platinum wire was assembled 1 mm above the ITO-coated slide
in the sample chamber, after which an AC electric field was applied (10 Hz,
1.2 V). Formation of GUVs was followed by fluorescence microscopy.

Cysteine mutagenesis

Cysteine mutants of the lipid-anchored oligopeptide-binding protein from L.
lactis, OppA 1602C, the mechanosensitive channel protein from E. coli, MscL.
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K55C, and the secondary lactose transporter from S. thermophilus, LacS
C320A/A635C, were prepared by standard molecular biology techniques.
Each protein contains a C-terminal His®-tag that was used for purification by
Ni*-affinity chromatography. OppA 1602C was made by replacing the 368
basepair BamHI-Xbal fragment of plasmid pAMP42 (Doeven et al., 2004)
with a synthetic double-stranded oligonucleotide linker (5'-GATCCTGTA-
TTGAGGGTCGTCATCATCACCACCATCACTGACGCGTCTGCAGT-
3’ annealed to 5'-CTAGACTGCAGACGCGTCAGTGATGGTGGTGAT-
GATGACGACCCTCAATACAG-3') containing three extra basepairs
coding for cysteine (letters in bold). The linker also contained a PstI site
(underlined) outside the coding region to facilitate restriction analysis after
ligation. Next, the insert of pAMP42 (oppDFBC) was replaced with a 1802
basepair Ncol-BamHI fragment of pAMP31 (Picon et al., 2000) containing
the oppA gene. The resulting plasmid was named pNZOppA (1602C). LacS
C320A/A635C was made by changing the codon specifying alanine 635 in
pSKES8his(C320A) (Veenhoff et al., 2000) into a cysteine codon, using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA). The plasmid coding
for MscL K55C was a gift from L. Dijkink from the BioMaDe Technology
Foundation, Groningen, The Netherlands.

Protein production and purification

OppA was produced in L. lactis NZ9000, using the nisin expression system
(Kuipers et al., 1993; Kunji et al., 2003). Production of MscL K55C was
done in E. coli PB104 (Blount et al., 1996), using the pB10b expression
vector (Sukharev et al., 1994). LacS C320A/A635C was produced by E. coli
HB101, using the pSKES8his expression vector (Veenhoff et al., 2000).
Membrane vesicles were prepared by rupturing the cells with a high-pressure
homogenizer (Kindler Maschinen AG, Zurich, Switzerland) and solubilized
by 0.5% DDM (OppA and LacS) or 3% octyl-B-glucoside (MscL), and the
proteins were purified by nickel affinity chromatography essentially as
described previously (Knol et al., 1996; Detmers et al., 2000; Folgering et al.,
2004). Solubilization buffers were 50 mM KPi, pH 8.0, 200 mM KCl, 10%
(w/v) glycerol, 10 mM imidazole (OppA), 50 mM KPi, pH 8.0, 100 mM
NaCl, 10% (w/v) glycerol, 15 mM imidazole (LacS), and 50 mM KPi,
pH 7.0, 300 mM NacCl, 35 mM imidazole (MscL). OppBCDF was produced
and purified as described previously (Doeven et al., 2004).

Protein labeling

After 12’ centrifugation at 280,000 X g, the solubilized material was
incubated with Ni?*- nitrilotriacetic acid resin for 1.5 h at 4°C while
rotating. Subsequently, the resin was drained and washed with 10 column
volumes of solubilization buffer containing 0.05% DDM (OppA and LacS)
or 0.2% Triton X-100 (MscL). The columns with OppA and LacS were
washed with another 10 column volumes of the same buffer with 25 mM
imidazole. For FCS experiments, the proteins were labeled with Alexa Fluor
488 C5 maleimide (Molecular Probes, Eugene, OR) by incubating the
proteins after the initial washing steps, while bound to the Ni**-
nitrilotriacetic acid resin, with a ~30 times excess of label for 2 h up to
overnight at 4°C. Labeling was done in solubilization buffer without
imidazole supplemented with 0.05% DDM (OppA and LacS) or 0.2% Triton
X-100 (MscL). After labeling, the column was washed with 20 column
volumes of the same buffer, and the proteins were eluted in the same buffer,
pH 7.0, supplemented with 300, 400, or 200 mM imidazole for OppA,
MscL, and LacS, respectively. The degree of labeling was estimated by
measuring the absorbance of Alexa Fluor 488 (extinction coefficient is
71,000 M lem ! at495 nm) and protein concentration and was found to be
80-100% for each protein preparation.

Functional reconstitution of membrane proteins
into LUVs

Purified proteins were inserted into Triton X-100 destabilized lipsomes as
described (Knol et al., 1996). Activity of the proteins was determined by

Biophysical Journal 88(2) 1134-1142



1136

measuring peptide-binding (OppA; Detmers et al., 2000), peptide transport
(OppBCDF plus OppA; Doeven et al., 2004), lactose transport (LacS; Knol
etal., 1996), and channel activity (MscL; Folgering et al., 2004) as described
previously.

Formation of proteo-GUVs

LUVs (10 ul of 20 mg/ml lipids), containing Alexa Fluor 488-labeled
membrane protein at given protein/lipid ratio in 50 mM NH,4HCO;, pH 8.0,
were dried overnight under vacuum at 4°C on ultraviolet-ozone cleaned
glass or ITO-coated cover slips. Ultraviolet-ozone cleaning was not essential
for GUV formation but increased the wetting properties of the cover slip
surface, making it easier to dry liposomes from aqueous solution. Sucrose
was added at given amounts to stabilize the proteins during dehydration.
Rehydration was done by adding 0.5 ml 10 mM KPi, pH 7.0, at room
temperature. Optionally, 10 mM MgCl, was added or electroformation was
performed (as described above) when using neutral lipids only. GUV
formation was monitored by fluorescence microscopy.

Confocal imaging and FCS measurements

FCS measurements were carried out on a laser scanning confocal
microscope. The laser scanning confocal microscope is based on an inverted
microscope Axiovert S 100 TV (Zeiss, Jena, Germany) in combination with
a galvanometer optical scanner (model 6860, Cambridge Technology,
Watertown, MA). The laser beam (488 nm, argon ion laser, Innova 99,
Coherent, Louisville, CO) was focused by a Zeiss C-Apochromat infinity-
corrected 1.2 NA 63X water immersion objective for excitation of the Alexa
Fluor 488 fluorophore. The fluorescence was collected through the same
objective, separated by a dichroic beam splitter (61003bs, Chroma
Technology, Rockingham, VT) and directed through an emission filter
(HQ 535/50, Chroma Technology) and a pinhole (diameter of 30 wm) onto
an avalanche photodiode (SPCM-AQR-14, EG&G). The fluorescence signal
was digitized, and autocorrelation curves were calculated on a PC using
a multiple 7 algorithm. The setup was calibrated by measuring the known
diffusion coefficient of Alexa Fluor 488 in water (Molecular Probes;
D = 300 wm?/s). Autocorrelation curves were fitted with a one-component
two-dimensional diffusion model (Schwille, 2001) using Origin software
(OriginLab, Northampton, MA).

Miscellaneous

Mutations were confirmed by restriction analysis and DNA sequencing.
Protein concentrations were determined according to the method of Lowry
et al. (1951) using bovine serum albumin as a standard. The concentrations
of purified OppA, OppBCDF, and LacS were determined spectrophotomet-
rically by measuring the absorption at 280 nm and using extinction
coefficients of 1.605, 0.990, and 0.926 (mg/ml)~'cm ™", respectively.

RESULTS

Investigation of GUV formation from different
lipid mixtures

The formation of GUVs from lipid mixtures commonly used
for reconstitution of membrane proteins in LUVs was
evaluated. GUVs could be formed from all lipid compositions
tested, although with different efficiency. When using neutral
lipids (DOPC), formation was slow >1h) and GUV yield was
relatively low (Fig. 1 A). With DOPC/DOPE 1:1 (w/w),
mixture threadlike structures were observed and GUVs were
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FIGURE 1 Formation of GUVs from lipid mixtures used for proteo-LUV
preparation. Membranes were visualized with a fluorescence microscope
equipped with a Zeiss C-Apochromat infinity-corrected 1.2 NA 63X water
immersion objective and a charge-coupled device camera. The fluorescent
probe DiO was present at a mole ratio of 0.35 wmol DiO/mol total lipid. Scale
bar (A) is 20 um and is the same for all pictures shown. Formation of GUVs
from neutral lipids: DOPC (A) and DOPC/DOPE 1:1 (w/w) (B). High yields
of GUV formation were obtained when anionic lipids were incorporated:
DOPC/DOPG 3:1 (w/w) (C), DOPC/DOPS 3:1 (w/w) (D), and DOPC/
DOPE/DOPS 2:1:1 (w/w) (E). Addition of 10 mM MgCl, after 30 min of
prehydration in distilled water increased the yield of DOPC (F) and DOPC/
DOPE (G) GUVs. Application of an electric field (10 Hz, 1.2 V, distance
between electrodes was 1 mm) also dramatically improved the formation of
GUVs from neutral lipids: DOPC (H) and DOPC/DOPE 1:1 (w/w) (I).

rarely formed (Fig. 1 B). However, when 25% (w/w) anionic
lipids (DOPG or DOPS) was included, formation of GUVs
was fast (within 15 min) and the yield was high (Fig. 1, C-E).
Formation of GUVs from neutral lipids (DOPC and DOPC/
DOPE) could be enhanced by adding 10 mM MgCl,, in
accordance with observations made previously (Akashi et al.,
1998). Addition of Mg”" collapsed existing structures, after
which many GUVs started to grow (Fig. 1, F and G).
Electroformation (Angelova et al., 1992) also dramatically
increased the yield of GUVs formed from neutral lipids (Fig.
1, H and I). For formation of proteo-GUVs (see below), a lipid
mixture of DOPC/DOPS 3:1 (w/w) was used, because most
membrane proteins studied to date require anionic lipids for
(optimal) activity.

Production, purification, and fluorescent labeling
of membrane proteins

The four model membrane protein(s) (complexes) used in this
study are the oligopeptide-binding protein OppA, and the
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translocator complex OppBCDF of the oligopeptide ABC
transporter from L. lactis, the mechanosensitive channel of
large conductance MscL from E. coli, and the secondary
lactose transport protein LacS from S. thermophilus. To
selectively label the proteins with fluorescent probes for
detection by confocal imaging and FCS measurements,
single-cysteine mutants were constructed. The position of
the cysteine was located either near the C-terminus of the
protein (OppA and LacS), or in an extracellular loop (MscL).
Wild-type OppA contains an N-terminal cysteine residue that
is lipid-modified, and this residue could not be used for
labeling; OppA is anchored to the membrane via this lipid
modification. The native cysteine of LacS at position 320 is
located in the middle of a transmembrane helix and is not
accessible or unreactive for labeling. Therefore, this cysteine
was replaced by an alanine, and a cysteine for labeling was
introduced near the C-terminus of the protein. The cysteines
in the different proteins were labeled with Alexa Fluor 488 C5
maleimide, after which excess label was removed by nickel
affinity chromatography. Fig. 2 shows SDS-PAGE analysis
of membrane vesicles containing the overexpressed cysteine
mutants, the purified proteins, and the proteins labeled with
Alexa Fluor 488.

Membrane reconstitution and activity of the
labeled mutants

The Alexa Fluor 488 labeled proteins were inserted into
Triton X-100 destabilized LUVs (Knol et al., 1996), and
protein activity was assayed as described previously (Knol
et al., 1996; Detmers et al., 2000; Folgering et al., 2004).
Peptide binding by OppA, channel activity by MscL, and
lactose transport by LacS were not affected by the mutations
and the labeling of the proteins, as is shown in Fig. 3. In
addition, bradykinin uptake via Opp (= OppA + OppBCDF)
was also not influenced by labeling of OppA (not shown).
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FIGURE 2 SDS-PAGE analysis of overexpressed, purified, and labeled
cysteine mutants. Membrane vesicles containing overexpressed cysteine
mutants are shown in lanes 1, 4, and 7. Purified proteins labeled with Alexa
Fluor 488 C5 maleimide (Molecular Probes) stained with Coomassie
brilliant blue (lanes 2, 5, and §) and visualized with an ultraviolet lamp
(lanes 3, 6, and 9) are also shown. Mutants used were OppA 1602C (lanes
1-3), LacS C320A/A635C (lanes 4-6), and MscL K55C (lanes 7-9).
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FIGURE 3 Activity of labeled cysteine mutants. (A) Peptide binding by
wild-type OppA and Alexa Fluor 488-labeled cysteine mutant OppA 1602C
AF488. The concentration of [BH]—bradykinin was 3 uM. (B) Lactose
counterflow via LacS C320A and LacS C320A/A635C labeled with Alexa
Fluor 488. The internal lactose and external ['*C]-lactose concentrations
were 10 mM and 100 uM, respectively. (C) Channel activity of wild-type
MscL (upper trace) and MscL K55C labeled with Alexa Fluor 488 (lower
trace). Patch-clamp measurements were done in SmM Hepes, pH 7.2, 200
mM KCIl, 40 mM MgCl,, and at +20 mV pipette voltage. The unit
conductance of a single MscL channel is ~2.5 nS as indicated by the 50 pA
scale bar. Protein/lipid ratios were 1:50 (w/w). Proteins were inserted into
DOPC/DOPS 3:1 (w/w) lipid mixtures.

Stabilization of membrane proteins by sucrose
during dehydration

The major difficulty with incorporating membrane proteins
in a functional state into GUVs is the dehydration step of the
GUV-formation process. During drying, labile (membrane)
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proteins are prone to lose their biological activity (Crowe
etal., 1984, 1988, 1996b). In our case, only the highly stable
channel protein MscL. was able to survive completely when
water was removed from proteo-LUVs containing this
protein (Folgering et al., 2004). OppA and LacS, on the
other hand, were severely affected by the removal of water,
resulting in loss of protein activity after de- and rehydration.
Protein activity could be preserved by adding sucrose during
drying of OppA- and LacS-containing LUVs (Fig. 4, A and
B), and as little as 20 mg sucrose/g of lipid was sufficient for
the recovery of full activity. Notice that during drying, the
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FIGURE 4 Sucrose stabilizes membrane proteins during dehydration.
Peptide binding by OppA (A), lactose counterflow via LacS C320A (B), and
peptide uptake by OppABCDE (C; [*H]-bradykinin concentration was 0.7
uM) were measured after dehydration of the membranes in the presence of
0-0.86 g sucrose/g lipids and rehydration in 10 mM KPi, pH 7.0. “‘Control”’
samples were not dried and rehydrated. For further details, see Fig. 2 legend.
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sucrose concentration increases from 1 to an estimated
several hundreds of mM. The multi-subunit oligopeptide
ABC transporter OppABCDF could be stabilized during
dehydration by the addition of 100 mg sucrose/g of lipid
(Fig. 4 O).

Confocal imaging of functional membrane
proteins in GUVs

After optimization of the amount of sucrose needed to retain
100% biological activity for each protein (Fig. 4), proteo-
GUVs were prepared for confocal imaging. Proteo-LUVs
were dried in the presence of stabilizing amounts of sucrose
and rehydrated in aqueous buffer. GUV formation was
followed by fluorescence microscopy. The addition of Mg**
or application of an electric field was not required for the
formation of GUVs, since 25% (w/w) DOPS was included in
the LUVs (see above). Confocal imaging confirmed that the
proteins were incorporated homogeneously into the GUVs
(Fig. 5, A-C). Differences in brightness of the GUVs are
a result of different amounts of labels attached to the
proteins. Pentameric MscL (Fig. 5 B), for example, has five
labels attached whereas OppA (Fig. 5 A) has only one. The
presence of sucrose during the drying of the proteo-LUVs
inhibited the GUV-formation process. When sucrose was
used at 0.86 g/g lipid or higher concentration, GUV
formation was no longer observed. Addition of Mg®>" or
application of an electric field also could not induce GUV
formation under these conditions. However, the minimal
amount of sucrose needed for the protection of the proteins
during dehydration was much lower (~0.02 g sucrose/g
lipid; Fig. 4), making it possible to form GUVs containing
fully functional membrane proteins.

Lateral mobility of membrane proteins in GUVs

The mobility of OppA, MscL, and LacS in GUVs was
determined by FCS measurements. Confocal images were
made of proteo-GUVs containing fluorescent labeled pro-
tein, and the focal volume was focused on the pole of the
GUVs. Representative autocorrelation curves for each of
the three proteins studied are shown in Fig. 5 D; the
experimental data could be fitted reasonably well with
a one-component two-dimensional diffusion model. Occa-
sionally the membranes appeared to move or fluctuate during
the autocorrelation measurements, which could be observed
as a decay or systematic deviation in the count rate.
Autocorrelation curves affected by these membrane undu-
lations were not taken into account when analyzing the data.
Undulations seemingly appeared more frequently when
measuring autocorrelation curves with very large GUVs
(30-100 um) and less when the GUVs were somewhat
smaller (<30 um). The measured diffusion coefficients are
summarized in Table 1. Lipid-anchored oligopeptide-
binding protein OppA diffused with the same speed as the
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FIGURE 5 Confocal imaging and diffusion measurements of membrane
proteins in GUVs. Confocal images of proteo-GUVs containing functional
Alexa Fluor 488-labeled OppA 1602C (A), MscL K55C (B), or LacS C320A/
A635C (C). Scale bars are 10 um. GUVs were prepared in the presence of
0.02 (A), 0 (B), or 0.17 (C) g sucrose/g lipids. The protein/lipid ratio was
1:500 (w/w) and the lipid composition was DOPC/DOPS 3:1 (w/w). (D)
Autocorrelation curves for OppA 1602C (), MscL K55C (O), and LacS
C320A/A635C (A) in GUVs. Curves were fit with a one-component two-
dimensional diffusion model (solid lines) using Origin software (Origin-
Lab); the residuals of the fits are shown in the panels below the figure.

fluorescent lipid DiO. The mobility of the integral membrane
proteins MscL and LacS was lower, with LacS being the
slowest. The lateral mobility of the integral membrane
proteins was ~2-3-fold lower than the mobility of DiO.
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TABLE 1 Diffusion coefficients for lipid and membrane
proteins in GUVs
OppA MscL LacS
1602C K55C  C320A/A635C
DiO* AF488 AFA488 AF488

Diffusion coefficient’ 7.7 + 0.8 7.5 + 09 39 + 03 3.0+ 03

(10~% cm?s)

*Diffusion of DiO was measured in GUVs, that is, in the absence of
protein.

Diffusion coefficients represent the average of at least five measurements,
and the SD values are given. FCS setup was calibrated with Alexa Fluor
488.

Interaction of sucrose with hydrated lipids

To investigate the effect of high concentrations of sucrose on
the lateral mobility of lipids, we prepared GUVs in the
absence and presence of high concentrations of sugar.
Although the efficiency of GUV formation was lowered
when sugar was present in the rehydration liquid, GUVs
could still be formed with up to 1.5 M sucrose (or glucose) in
the rehydration medium (Fig. 6, A and B). Representative
autocorrelation curves for the fluorescent lipid probe DiO in
GUVs prepared in water or 1.5 M sugar are shown in Fig. 6
C. It can be seen that at a high sucrose concentration, the
lateral diffusion of DiO was slowed by a factor of ~3. This
suggests that the sugar is binding to the lipids, and cluster
formation may be taking place. When glucose was used
instead of sucrose, the effect on the lateral mobility of DiO
was much smaller, but still a reduction of ~2-fold was
observed. In Table 2, a summary of the measured diffusion
coefficients is given. Control experiments with another
fluorescent lipid analog (NBD Cq-HPC; Molecular Probes)
gave similar results (not shown), indicating that the results
were not probe-specific.

DISCUSSION

A method for direct incorporation of membrane proteins into
GUVs without losing protein activity is described. Protein
activity was retained by drying proteo-LUVs in the presence
of sucrose. The distribution, lateral mobility, and activity of
representative membrane proteins from distinct families in
GUVs was analyzed by confocal imaging, FCS, patch-
clamp, and other biochemical techniques. Furthermore, the
effect of high concentrations of sucrose on lateral mobility of
lipids in GUVs was studied by FCS.

First, we evaluated the formation of GUVs from lipid
mixtures commonly used to reconstitute membrane proteins
into LUVs (Fig. 1). Formation was optimal when a fraction of
anionic lipids (DOPC or DOPS) was incorporated or could
be promoted by the addition of Mg>* or by performing
electroformation when using only neutral lipids. These results
are in accordance with previously made observations (Akashi
etal., 1998; Angelovaet al., 1992). Importantly, to the best of
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FIGURE 6 Effect of sucrose on lipid lateral mobility in GUVs. Confocal
images of GUVs prepared in the absence (A) or presence (B) of 1.5 M
sucrose. Scale bar is 10 um. The fluorescent lipid probe DiO was used to
visualize the membranes. (C) Autocorrelation curves of DiO in GUVs
prepared in the absence of sugar ((J) or in the presence of 1.5 M glucose (O)
or sucrose (A). Curves were fit with a one-component two-dimensional
diffusion model (solid lines) using Origin software (OriginLab); the
residuals of the fits are shown in the panels below the figure. With high
concentrations of sucrose (and glucose), the data points deviated

Biophysical Journal 88(2) 1134—1142

Doeven et al.

TABLE 2 Effect of sugars on lipid lateral mobility in GUVs

Water 1.5 M sucrose 1.5 M glucose

Diffusion coefficient* 7.7 £0.8 2.5 0.6 4.1 = 0.7

(1078 cm?/s)

*Diffusion coefficients represent the average of at least five measurements,
and the SD values are given. FCS setup was calibrated with Alexa Fluor
488. Fluorescent lipid probe was DiO.

our knowledge, a systematic comparison of GUV formation
in the presence or absence of an AC electric field using a wide
range of lipid compositions has not been reported before.
For the formation of proteo-GUVs, we used proteo-LUVs
containing purified membrane proteins as starting material.
However, after drying and rehydration to form GUVs, three
out of the four protein(s) (complexes) had lost biological
activity. The only protein that survived completely was the
mechanosensitive channel of large conductance MscL,
which is not entirely surprising since MscL is a highly
stable membrane protein. The other three proteins stud-
ied—the lipid-anchored oligopeptide binding protein OppA,
the oligopeptide translocator complex OppBCDF, and the
secondary lactose transporter LacS—were found to be less
stable. Rigaud and colleagues attempted to circumvent the
problem of losing protein activity during the drying step by
performing partial dehydration of the proteo-LUVs under
controlled humidity (Girard et al., 2004). However, of the
two proteins studied, the light-driven proton pump bacterio-
rhodopsin and the Ca®*-ATPase, only the former completely
survived the GUV-formation process. The Ca’>*-ATPase
had lost 30% of its biological activity. We prevented OppA,
OppBCDF, and LacS from losing activity during dehydra-
tion by adding stabilizing amounts of sucrose. Only low
amounts were needed to retain 100% activity (the minimal
amount required was 0.02 g sucrose/g lipid) (Fig. 4).
Disaccharides (e.g., sucrose) are known to stabilize the
folded state of proteins in solution via a mechanism termed
preferential exclusion (Lee and Timasheff, 1981; Arakawa
and Timasheff, 1985). At a high solute concentration, the
sugar is excluded from the protein surface and the native
state is thermodynamically favored over the unfolded state of
the protein. The stabilization of soluble proteins during
freezing is thought to occur via a similar mechanism.
However, stabilization of soluble proteins by disaccharides
during air drying is thought to occur via direct interaction
(hydrogen bonding) of the sugar with polar groups of the
protein (Crowe et al., 1988). In addition, disaccharides have
been known for a long time to stabilize membranes during
freezing or drying (Crowe et al., 1984, 1988, 1996a,b). The
transitions from liquid-crystalline to gel phase (during

significantly from the one-component two-dimensional diffusion model,
which may reflect the clustering of the lipids. Excellent fits were obtained
when anomalous or two-component diffusion models were used to analyze
the data (not shown). The lipid composition was DOPC/DOPS 3:1 (w/w).
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dehydration) and gel to liquid crystalline phase (during sub-
sequent rehydration) in the absence of sucrose may cause
aggregation of integral membrane proteins and loss of
activity. Upon drying, the sugar molecules replace water by
hydrogen bonding to the lipid headgroups, thereby main-
taining the spacing between the headgroups and preventing
the membrane from going from the liquid-crystalline to the
gel phase. The interactions of sucrose with the proteins and
the maintenance of the liquid-crystalline phase of the
membrane are most probably the determining factors for
the stabilization of the OppA, OppBCDF, and LacS proteins.
A side effect of high concentrations of sugars during drying
is that they inhibit membrane fusion (Hincha et al., 2003).
This may explain why at high amounts of sucrose during
drying (=0.86 g/g lipid), no GUVs were formed. Addition of
Mg or application of an electric field also could not induce
GUV formation under these conditions. However, there
appears to be an optimum in sucrose concentration at which
membrane protein activity is retained (minimal amount
required is 0.02 g sucrose/g lipid) and membrane fusion is
still possible (<0.86 g sucrose/g lipid), which enables
proteo-GUV formation.

The distribution of the proteins in the GUVs was assessed
by confocal imaging and found to be homogeneous. FCS
experiments showed that the diffusion of lipid-anchored
OppA was as fast as that of the lipid analog DiO. This
suggests that OppA does not have interactions with the
membrane other than through its lipid anchor. The integral
membrane proteins MscL and LacS diffused ~2-3 times
slower compared to DiO. The values found for diffusion of
DiO and that of integral membrane proteins in GUVs are in
the same range as determined previously (Kahya et al., 2001,
2003). The difference in mobility of DiO and the integral
membrane proteins is in accordance with the Saffman and
Delbriick model for diffusion in biological membranes
(Saffman and Delbrtick, 1975, Eq. 1):

T h
Dr= L M | (1)
4mnh| mwA

where k is the Boltzmann constant, 7 and myw are the
viscosity of the membrane and of the surrounding aqueous
medium, respectively, A is the membrane thickness, A the
CSSA of the particle, and vy is Euler’s constant. The
difference in mobility of LacS (dimer with a molecular mass
of ~140 kDa and CSSA of ~32 nmz; Friesen et al., 2000;
Veenhoff et al., 2001) and that of MscL (pentamer with
a molecular mass of ~70 kDa and CSSA of ~20 nm? for the
““closed’” state; Chang et al., 1998) was ~1.3 times. This
difference is expected to be this small due to the logarithmic
dependence of the lateral mobility of membrane proteins on
the cross-sectional area of the aggregate (Saffman and
Delbriick, 1975; Kucik et al., 1999; Lee and Petersen, 2003).

Surprisingly, GUVs could still be formed when high
amounts of sugar (up to 1.5 M) were present during
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rehydration only. It has been suggested by molecular
dynamics simulations that the lateral diffusion of lipids in
membranes is reduced in the presence of high concentrations
of disaccharides (Sum et al., 2003; Pereira et al., 2004).
Clusters of a single sucrose or trehalose molecule bound to
2-3 (Sum et al., 2003) or even more than 5 lipids (Pereira
et al., 2004) were observed, with the phosphate group of the
lipids as the principal interaction site with the sugars. Con-
sistent with this prediction, we observed a reduction of the
lateral mobility of lipids in the presence of 1.5 M sucrose, and
the data could no longer be fitted with a one-component two-
dimensional diffusion model. However, formation of clusters
of 2-3 or even 5 lipids cannot explain a ~3-fold reduction
in diffusion coefficient on the basis of the increased cross-
sectional surface area only (see Eq. 1). Based on our results,
and in accordance with the molecular dynamics simula-
tions, we conclude that high concentrations of sucrose (or
trehalose) may indeed cluster lipids, and hydrogen bonding
of sugars to the lipids increases the overall viscosity of the
membrane, thereby slowing down the lipid mobility even
further.

In conclusion, we developed a generic method to insert
membrane proteins into GUVs without losing protein activ-
ity. Sucrose inhibited GUV formation when present during
drying, but the amount needed for protein stabilization was
lower than the amount that completely blocked GUV for-
mation.
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