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Abstract Proteo-giant liposomes were electroformed
from a mixture of lecithin vesicles and inside-out vesicles
from erythrocytes. After addition of Mg-ATP in the vicin-
ity of the proteo-giant liposomes, small buds appeared on
the liposome surfaces, which—via an increase in lipids in
the outer monolayer—demonstrated the active transport of
lipids from the inner to the outer monolayer, indicating flip-
pase activity.

Keywords Phospholipid flippase - Giant vesicles -
Membrane bending - Surface tension

Introduction

In 1999, Farge and colleagues demonstrated that the forma-
tion of plasma membrane invaginations towards the cytosol
is a stimulating factor for endocytosis (Farge et al. 1999;
Rauch and Farge 2000). Lipid flipping affects lateral ten-
sion in opposing manners in the two monolayers, causing a
change in the preferred state of bending. Consequently, it
was suggested that the aminophospholipid translocase
could be the primary molecular motor of endocytosis in
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confirmation of a model proposed earlier (Devaux 1991). In
confirmation also was the fact that if the proteins that are
likely to be responsible for the ATP-dependent phospho-
lipid flippase activity were deleted by a knock out process,
endocytosis was cancelled (Pomorski et al. 2003).

An asymmetrical lateral tension inducing membrane cur-
vature and membrane invaginations or budding can be gen-
erated in giant liposomes if the distribution of lipids is
made asymmetrical, for example by an increase in lipid
population in one leaflet only (Farge and Devaux 1992,
Traikia etal. 2002). The mismatch can be achieved by
addition in one monolayer of a partially soluble lipid such
as lyso-PC that stays in the same leaflet or by an ATP-
driven stimulated flip-flop of phospholipids that are trans-
ported from one leaflet to the other by an ATP-dependent
flippase.

In previous articles, we have shown that with a giant uni-
lamellar vesicle (GUV) with a prolate shape, i.e. a liposome
with a nonspherical symmetry, a single bud of large dimen-
sion is generated by in situ addition in the external leaflet of
a small amount, about 1%, of lyso-lecithin per phospholipid
molecule (Farge and Devaux 1992; Mathivet et al. 1996;
Lopez-Montero et al. 2005). Here the lipid translocation
was achieved by activation of the erythrocyte phospholipid
flippase triggered by Mg**ATP injection. In order to moni-
tor a shape change by optical microscopy, the use of giant
vesicles was necessary (Fig. 1d—f). For this purpose, non-
purified flippase contained in the erythrocyte membrane
fragments, but freed from the cytoskeleton, i.e. inside-out
vesicles (IOV), was used to swell the proteo-giant lipo-
somes (PGL) via a limited dehydration step followed by a
controlled rehydration step. The swelling techniques were
inspired by protocols previously used and succintly
described by other laboratories (Girard et al. 2004; Doeven
et al. 2005). Typically IOV in suspension in the buffer
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Fig. 1 Labelling samples with fluorescent lipids. a Erythrocyte ghosts
labelled with rhodamine-PE (excitation at 555 nm; detection at
570 nm). b IOVs labelled with 2% rhodamine-PE. ¢ Suspension of lec-
ithin sonicated in the presence of C5_;, NBD-PC, excitation at 450 nm;

Fig. 2 a Shape change of a
spherical vesicle, labelled with
rhodamine-PE observed by fluo-
rescence microscopy. b Shape
change after Mg-ATP addition
near a prolate shape vesicle
showing a single large bud
formation. ¢, is the time when
Mg-ATP was added

(5§ mM NaH,PO,, 10 uM EDTA) and liposomes made from
azolectine or egg lecithin—1 mg of lipids total—were
briefly sonicated (a few minutes with a bath sonifier),
mixed with 10-15 fluxes using a pipetman in an Eppendorf
tube and deposited upon an ITO or teflon support. A dehy-
dration step (i.e. 5 min vacuum pumping) followed and
then a controlled rehydration step, leading to PGL.

An injection with a micropipette, in approximately 15 s,
of Mg-ATP (2 mM final) near the membrane containing the
flippase molecules, PGL, at a distance of about 2 mm (Dev-
aux et al. 2006; Papadopulos et al. 2007) gave rise to small

@ Springer

detection at 520 nm (5 min sonication with a bath). d—f GUVs obtained
with the previous lipid mixtures by electroformation (Mathivet et al.
1996)

v

local buds (Fig. 2a), whereas MgSO, (Fig. 3) or Na,-ATP
(not shown) at the same concentration, which were used in
control experiments, had no effect on the vesicle surface.
The bud formation with Mg-ATP showed the influence on
the membrane of Mg-ATP injected near the surface and, at
the same time, proved that the nonpurified flippases were
still active after the transfer to the PGL, i.e. after the partial
dehydration step.

Phospholipid flippases, which are ubiquitous proteins of
eukaryotes, normally translocate lipids from the outer
leaflet to the inner one. However, because the proteo-giant
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Fig. 3 Control experiments:
absence of budding after injec-
tion of Na,-ATP instead of
Mg-ATP near a vesicle. Images
were obtained with fluorescence
microscopy except the last
image, which was obtained by
phase contrast microscopy

liposomes (PGL) were swollen from erythrocyte IOVs, and
moreover, because ATP was added to the external leaflet,
only the flippases with an inside-out orientation were
activated, and an excess of lipids appeared in the outer
monolayer of the vesicles (approximately 5 min after incu-
bation). The difference in lipid population generated
between the two leaflets explains the mechanical tension,
which was caused by the mismatch between the two mono-
layers and gave rise to a bud.

Discussion and speculations

In no instances have we seen invaginations formed after
such treatment, i.e. membrane bending towards the cytosol.
This is an indication that the excess of lipids was always on
the liposome’s outer leaflet. Thus at least a large fraction of
the ATPase molecules were oriented with the ATP binding
site exposed towards the external environment of the vesi-
cles. Furthermore the data indicated without ambiguity that
the lipid transport activity of the red cell flippase was pre-
served during the various stages of the membrane manipu-
lation. A priori a purification step of the flippase would
seem necessary but such purification is difficult to repro-
duce systematically (Dolis et al. 1997), furthermore, it does
not seem to be indispensable for investigating the possible
roles played by the lipid transporters, at least in model sys-
tems.

The very fact that the flippase activity led to membrane
curvature was an indication that the ATP-dependent flip-
pase can provoke an increase in lateral tension within at
least one side of a membrane. Hence we speculate that this
increase in lateral tension can be “used” in a cell for other
purposes than endocytosis, for example if the conformation
of membrane protein is modified even slightly by the lateral
pressure associated with the increase in lipids on one side
(Martinac et al. 1990). This physical modification of a
membrane may be a property of the flippase proteins and
could be an important regulatory mechanism in membranes
in general. For example lateral pressure may inhibit specific
enzyme activities, including that of the flippase itself or of
enzymes that synthesize new lipids. In other words, we sug-
gest that the lateral pressure could be used as a regulatory
mechanism to stop the activity of specific proteins and
avoid “overcrowding” of lipids in a membrane.

In a recent publication, we discussed the size of buds as
a function of the lateral tension of the giant vesicle (Devaux
et al. 2008). In the present experiments, the lateral tension
was not measured nor imposed, but the quasi-spherical
shape indicated that the GUVs were initially under tension.
In principle, the ratio /R (which is the ratio of the bud
radius to the giant vesicle radius) should be linked to the
surface tension (see Fig. 4 in Devaux et al. 2008). A precise
value of r is practically impossible to obtain with our
images, which are at the limit of optical resolution, how-
ever, the last two photos in Fig. 2a of the present article
allow one to estimate » ~ 1 pm, which would lead to a ratio
r/R on the order of 0.1, hence to a tension of about
7 ~ 0.06 mN/m according to the scheme drawn in Fig. 4 of
the article by Devaux et al. (2008). This value of the local
tension suffers from a large uncertainty but it is worth not-
ing that (1) this value is possible and (2) (more interesting
perhaps) if the tension is reduced, the size of the buds
increases considerably (Fig. 2b), hence following the pre-
diction of Devaux et al. (2008). We have attempted to mod-
ulate the tension with a micropipette. However, higher
tension led to nonvisible buds, if any (below 1 pm, i.e. near
the limit of the resolution of optical microscopy). Thus, the
experiment was not very convincing because it could not
allow us to measure with any precision the actual size of the
buds (or radius of bending). Nevertheless one can conclude
something that is intuitive because bending forces the sys-
tem in one restrained configuration, hence is counterpro-
ductive in terms of entropy. Indeed entropy would tend to
increase the number of configurations.

Finally these experiments may be considered, from a
more general perspective, as an indication of a putative reg-
ulatory mechanism in membranes carried out by the flip-
pase, similar to that of temperature, pH, or viscosity, caused
again by the lipid environment of a membrane protein. In
conclusion, we suggest that, by increasing the lateral
tension, the flippase can modify the conformation of
membrane proteins and not only that of specialized
mechano-sensitive channels.
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