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Cytoplasmic coat proteins are required for cargo selection and
budding of tubulovesicular transport intermediates that shuttle
between intracellular compartments. To better understand the
physical parameters governing coat assembly and coat-induced
membrane deformation, we have reconstituted the Arf1-depen-
dent assembly of the COPI coat on giant unilamellar vesicles by
using fluorescently labeled Arf1 and coatomer. Membrane recruit-
ment of Arf1-GTP occurs exclusively on disordered lipid domains
and does not induce optically visible membrane deformation. In
the presence of Arf1-GTP, coatomer self-assembles into weakly
curved coats on membranes under high tension, while it induces
extensive membrane deformation at low membrane tension.
These deformations appear to have a composition different from
the parental membrane because they are protected from phase
transition. These findings suggest that the COPI coat is adapted to
liquid disordered membrane domains where it could promote lipid
sorting and that its mechanical effects can be tuned by membrane
tension.
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he COPI coat is involved in retrograde transport from the Golgi

apparatus to the endoplasmic reticulum and in intraGolgi
transport (1, 2). Assembly of the COPI coat occurs in two steps: i)
binding of the small G protein Arfl to membranes via a myristoyl
lipid anchor and a short N-terminal amphipathic helix exposed on
GTP binding (3) and ii) subsequent recruitment of coatomer, a
complex of seven proteins that interacts directly with Arfl1-GTP,
cargo proteins, and proteins of the p23/p24 family (2, 4-6). How
membrane deformation is achieved to form a COPI-coated vesicle
remains unclear. In the case of clathrin-coated vesicles, accessory
proteins contribute to membrane deformation through the binding
of curved domains (BAR) and/or the insertion of amphipathic
helices (7). Similarly, COPII vesicle formation is initiated by the
membrane deformation activity of Sarl through its N-terminal
amphipathic helix, although all COPII components are required to
form a 60-nm spherical coated-profile (8, 9). Because Arf1 is closely
related to Sarl, Arfl could display a similar activity. Bidimensional
self-assembly of coatomer could also contribute to the budding of
small 60-nm diameter COPI-coated vesicles (10), yet coatomer-
coated membranes do not always bend in reconstituted systems (see
for instance ref. 5). Interaction of proteins of the p23/p24 family
with coatomer has been shown to facilitate coatomer assembly and
induce a conformational change in coatomer that could lead to
COPI-coated vesicle budding (2). However, even in the presence of
p23/p24 proteins, a significant fraction of coated membranes are
not deformed (5, 6, 11).
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Most data supporting the current model for COPI vesicle for-
mation come from reconstituted systems by using either purified
Golgi membranes (10), or liposomes of <1 um in diameter, which
are well adapted to electron microscopy and biochemical analysis
(5, 6, 11). Here, we have reconstituted the Arfl-dependant assem-
bly of the COPI coat on giant unilamellar vesicles (GUVs). This
system is more suitable to study highly dynamic processes such as
budding and fission (12). By using optical microscopy, we could
assess the effects of membrane tension and of lipid partitioning on
the assembly of the COPI coat and on its ability to deform lipid
membranes. Our results suggest that the COPI coat is adapted to
membranes in the liquid disordered state, that COPI induces lipid
sorting, and that COPI-induced membrane deformation occurs
below a given threshold in membrane tension.

Results

Sequential Recruitment of Arf1 and Coatomer on Giant Unilamellar
Vesicles. Myristoylated Arfl and coatomer were labeled with green
(Arf1-OG) and red (coatomer-TMR) fluorophores, respectively
(see supporting information (SI) Materials and Methods and Figs.
S1A4 and S2A). The labeled proteins were shown to be functional
by several biochemical means (Fig. S1 B and C and Fig. S2 B).
Fluorescence quantification by confocal microscopy showed that
Arfl weakly bound to GUV membranes close to the Golgi com-
position (13) (‘Golgi mix’, see Materials and Methods) in the
presence of GDP. However, the binding was increased approxi-
mately 10 times in the presence of GTP (Fig. 14), in agreement with
previous results (14). Arfl binding, which saturates at a concen-
tration of approximately 0.5 uM, reached a maximal level in ~5 min
(data not shown), consistent with the binding kinetics of non-
fluorescent Arfl (11). The mobility of Arfl in GUV membranes
was measured by fluorescence recovery (FRAP) experiments
(Movie S1, Fig. S3 and Table S1). Arf1-OG recovery curves yielded
a diffusion coefficient D = 4.7 + 0.6 um?/s, very similar to the value
obtained for a fluorescent lipid in the same conditions (D = 6.4 *
1.4 um?s). It should be pointed out that Arfl binding at this
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Sequential recruitment of Arf1 and coatomer on giant unilamellar vesicles (GUVs). (A) GUVs were incubated with 0.5 uM Arf1-OG in HKM buffer

supplemented with GTP or GDP (0.1 mM). The ‘no nucleotide’ and ‘GDP’ images are shown at higher illumination intensity (‘laser 25X’, lower row). (Scale bar,
20 pm). (B) GUVs grown from Golgi mix supplemented with 1.5% (mol/mol) lipopeptide Lp23 were injected in a chamber containing 0.5 uM Arf1 and 0.15 uM
coatomer-TMR in HKM buffer and either 0.1 mM GTP or 0.1 mM GDP. In A and B, quantification of membrane binding of Arf1-OG and of coatomer-TMR was
determined from 30 to 35 vesicles in three independent experiments (mean = SEM). (Scale bar, 20 um). (C-F) Gallery of coatomer-coated GUVs. The experimental
conditions were as in B. Depending on the GUV, coatomer (red) covers the whole surface (see B), forms static domains up to 5 um in diameter (C) or concentrates
insmall (<1 pmin diameter) dynamic patches (D, arrows). Coatomer is also found associated with membrane deformations such as small dynamic budded profiles
(arrows in E) or tubular profiles (arrows in F). The GUV membrane was labeled with 0.5% C5-HPC-BodipyFL (green). All images are confocal sections except the
right panelin C, which is a 3D projection of a confocal stack. (Scale bars, 5 um). (G) The mobility of coatomer assembled on tensed membranesis reduced compared
with free Arf1-GTP and lipids. Averaged FRAP curves showing recovery of coatomer-TMR (red circles, n = 31), free Arf1-OG fluorescence (green squares, n = 31)
and fluorescent lipids (black diamonds, n = 27). The photobleached region (see Inset) represents ~20-30% of the total GUV area. The maximal recovery is thus

~75% (dotted line). Error bars, SEM.

concentration (0.5 uM) did not induce any membrane deformation
on GU Vs detectable by confocal microscopy.

Next we added fluorescently labeled coatomer. GUVs were
grown from Golgi mix supplemented with 1.5% (mol/mol) lipopep-
tide Lp23 that mimics the cytosolic tail of the Golgi transmembrane
protein p23. The presence of Lp23 facilitated coatomer recruitment
(Fig. S4) in agreement with previous work (6). In the presence of
Arfl and GTP, coatomer strongly associated with GUV mem-
branes, whereas only weak binding was observed in the presence of
GDP (Fig. 1B). In =50% of the vesicles showing coatomer recruit-
ment, coatomer formed extended (several um in diameter) do-
mains (Fig. 1C and Movie S2) that could cover the entire surface
of the vesicle (Fig. 1B, ‘GTP’), or small (<1 um in diameter)
dynamic patches diffusing on the membrane (Fig. 1D and Movie
S3). FRAP experiments show that in these structures, coatomer
exhibits strongly reduced mobility compared with free Arfl-GTP
and lipids (half recovery time 7, = 14.7 = 2.2 s and mobile fraction
R =30.6 £ 1.3% compared with 7;, = 2.7 = 0.3s5,R = 65.0 = 1.4%
for free Arfl-GTP and 77, = 2.3 = 0.3, R = 67.7 £ 2.0% for lipids)
(Fig. 1G, Movie S4, and Table S2). These results suggest that the
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fluorescent patches represent self-assembled flat COPI lattices.
Dual visualization of coatomer-TMR and Arfl1-OG revealed that
Arfl was concentrated in coatomer patches (Fig. S5).

Membrane Tension Limits Coatomer-Induced Membrane Deformation.
In the presence of Arfl-GTP and coatomer, ~50% of the vesicles
displayed optically visible membrane deformations (Fig. 1E and
Movie S5; Fig. 1F and Movie S6). Deformations were enriched in
coatomer and in Arfl (Fig. S5) and were protruding outwards. They
remained connected to the vesicle throughout the 2-5-min obser-
vation period and no membrane fission was observed. Similar
results were obtained by using non-fluorescent coatomer revealed
by an antibody against B-COP (Fig. S6). Interestingly, deformations
were more frequently observed on fluctuating vesicles, a signature
of a low membrane tension, whereas GUVs completely covered
with coatomer or exhibiting weakly curved coatomer domains were
spherical and appeared under high membrane tension. Membrane
tension of GU'Vs is distributed in the range o ~ 107°-10> N/m
(15). This heterogeneity could explain why approximately half of
the vesicles exhibit deformations whereas the other half is not
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Fig. 2.

Low membrane tension facilitates coatomer-induced membrane deformation. (4) Streptolysin-O (SLO) was used to decrease membrane tension. Typical

images of Arf1-OG (left side) and coatomer-TMR (rightimage) fluorescence on nontreated control GUVs and on GUVs in the presence of 10 ug/ml SLO are shown.
Measurements pooled from 28-38 GUVs in three independent experiments (mean + SEM) show that Arf1 binds to SLO-permeabilized GUVs to similar levels as
in control experiments. High contrast images are provided to show the presence or absence of fluorescent proteins inside GUVs. Arf1-OG but not coatomer-TMR
entered SLO-treated GUVs. (Scale bars, 10 um). (B) Golgi mix GUVs with 1.5% (mol/mol) Lp23 were incubated in the presence of Arf1, coatomer-TMR, GTP as in
Fig. 1B and with 10 pg/ml SLO. The upper images show a GUV with numerous small (0.5-1 um) and large (> 1 um) deformation profiles. The lower images show
a GUV with a zone of extensive membrane deformation. (Scale bar, 5 um). (C) GUVs at high tension (control, upper graph) or at low tension (SLO, lower graph)
were classified into four categories according to the size of the coatomer-coated regions and the extent of membrane deformations (see S/ Materials and
Methods). In the case of deformation profiles, the number of small (0.5-1 um, Ns) or large (> 1 um, N)) profiles on the GUV was counted from a 3D confocal scan.
GUVs were scored as displaying a low number of deformations if Ny = 5 or Ny =< 5 (light green or light red, average numbers of deformations Ny = 2.0 = 0.5, N =
1.6 = 0.5 for control GUVs and Ns = 3.6 = 0.5, N; = 3.0 = 0.5 for SLO-treated GUVs) or a high number of deformations if Ns > 5 or N; >5 (dark green or dark red).
Seventy-five vesicles from three independent experiments were scored in each condition. (D) Circularity (left image) and the deformation index (right image)
were used to quantify membrane deformation (see S/ Materials and Methods and inset in the right panel). Vesicles (13 to 63) from three independent experiments

were scored in each condition (mean = SEM.). Statistical difference between datasets is indicated (*, P < 0.001).

deformed. To further investigate the role of membrane tension, we
used the bacterial toxin Streptolysin-O (SLO) that forms approx-
imately 25-nm diameter pores in cholesterol containing membranes
(16). Permeabilization of GUVs by SLO leads to a dramatic
decrease in membrane tension because of the loss of the constant
surface/volume ratio constraint (17). We also tried to decrease
membrane tension by increasing the osmotic pressure of the
external buffer (18) but the interpretation of the results was
ambiguous as this induced severe membrane deformations in the
absence of the COPI components. In the presence of 10 ug/ml SLO,
GU Vs exhibited very strong shape fluctuations, without significant
membrane deformation (bottom left side in Fig. 24 and Movie S7
and S8). From the maximum amplitude of membrane thermal
fluctuations (u(L)), we can estimate the membrane tension using
o « kT/u(L))? In L/a, where L is the size of the membrane, a is a
molecular cut-off length and kT is the thermal energy (19). For a
GUYV under strong tension, the amplitude of thermal fluctuations
is below the optical resolution. Taking (u(L))<<0.05 um for a tense
GUV, we find 0yense > 107> N/m, with L = 10 pum as the typical

16948 | www.pnas.org/cgi/doi/10.1073/pnas.0807102105

GUYV diameter, a = 0.5 nm the lateral size of a lipid as a molecular
cut-off and kT = 4.3 X 1072 J at 37 °C. For a SLO-permeabilized
GUYV, the amplitude of fluctuations is typically (u(L))~1 um. At
such large amplitudes (10% of the GUV radius) the above formula
is not strictly valid, but provides a good estimate of membrane
tension in the presence of SLO, yielding a very low value of o5, 0 ~
4 X 108 N/m. Binding of Arfl to SLO treated GUVs was found
to be similar to control (Fig. 24). However, because we could detect
some fluorescence background inside the SLO treated GU Vs (see
high contrast images in Fig. 24), it is likely that under these
conditions Arf1 enters through the SLO pores and binds both to the
inner and outer leaflets of the GUV.

After incubation with Arfl-GTP and coatomer, SLO-treated
GUVs exhibited extensive membrane deformation. Coatomer,
which did not enter through the SLO pores (right side in Fig. 24),
concentrated in dynamic profiles, similar to that seen on weakly
fluctuating control GU Vs (Fig. 1F), but the number and/or size of
these deformations was greatly enhanced. In some cases, >20-30
profiles per GUV could be observed (Fig. 2B, upper image and

Manneville et al.
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Movies S9-S12). Coatomer also induced large extensive membrane
deformation (Fig. 2B, lower image, arrow). Concomitantly, spher-
ical GU'Vs fully or partially covered by coatomer (as in Fig. 1B or
Fig. 1 C and D) were less frequent than in the absence of SLO. Fig.
2C shows a quantification of GUV morphology in the absence and
in the presence of SLO (see SI Materials and Methods). As in the
absence of SLO, no membrane fission was observed.

We quantified the extent of membrane deformation by measur-
ing GU Vs circularity and deformation index. Circularity measures
the deviation of the vesicle shape form a circular contour, whereas
the deformation index measures the excess area incorporated in
membrane deformation profiles (see SI Materials and Methods).
Both parameters indicate strong membrane deformation induced
by coatomer at low membrane tension (Fig. 2D). Because no fission
occurs in the assay, deformations can grow to micrometer sizes. In
the presence of pores, we expected the vesicle to shrink completely
as the excess area stored in membrane fluctuations was gradually
absorbed into coated profiles. We indeed observed such collapsed
vesicles (Fig. S7) although they were not typical (Fig. 2B). After
coatomer binding, the internal contour of the vesicles was in most
cases approximately spherical and exhibited weaker shape fluc-
tuations than before incubation with coatomer (compare bottom
left images in Fig. 2 4 with Fig. 2B). This suggests a kinetic
competition between permeation and coat binding. If coat binding
occurs faster than permeation, membrane tension builds up during
coat formation and limits membrane deformation. Alternatively,
saturation of coatomer binding sites could prevent further mem-
brane deformation.

We also asked whether buds or tubular profiles could form from
an initially weakly curved coatomer lattice. We incubated Arfl-
GTP and coatomer on GUVs under tension to obtain weakly
curved coatomer domains (as in Fig. 1 C and D) and then injected
SLO to decrease membrane tension. Membrane fluctuations ap-
peared only in the regions of the GU Vs that were not covered with
coatomer, whereas coatomer domains and the underlying mem-
brane did not change shape (Fig. S8 and Movie S13). Quantification
shows that the amplitude of membrane fluctuations is twice larger
in coatomer-free regions. This suggests that, once assembled,
coatomer provides a rigid scaffold that imposes its geometry on the
membrane.

The COPI-induced membrane deformations observed in our
light microscopy assay are much larger than the 60-nm COPI-
coated buds observed by electron microscopy (EM) on Golgi
membranes or on small liposomes (5, 6, 10). Because GUVs are
brittle objects notoriously difficult to visualize by EM, we developed
a protocol based on gentle centrifugation, resin embedding, and
thin section EM, allowing ultrastructural characterization of the
deformations induced by the COPI coat on GUV membranes at
low tension (see SI Materials and Methods). The samples were
heterogeneous as observed in light microscopy. GU Vs showing no
or weak coat binding (Fig. S94 i) or displaying a few classical
50-60-nm COPI-coated buds (Fig. S94 ii) coexisted with exten-
sively deformed coated membranes (Fig. S94 iii). These data
strongly suggest that the micrometer-sized COPI-induced defor-
mations observed with light microscopy consist of highly convo-
luted membranes sheets folded into smaller budded and tubular
coated profiles. To further investigate by EM the role of membrane
tension in COPI-induced deformation, we returned to submicrome-
ter liposomes made by extrusion (5, 6, 11). After incubation with
Arfl, GTP, and coatomer, the liposomes were clearly covered by a
dense coat but showed variable deformations (Fig. S9B). This is
illustrated in Fig. 3 where the liposomes were ranked according to
the morphology of the budding profiles, from weakly moulded buds
to almost circular buds simply connected to the parent liposome by
a thin neck. Interestingly, we noticed that when several budding
profiles emerged from the same liposome, they exhibited similar
shape in terms of curvature and neck size (Fig. 3). These images
support a key role for membrane tension in limiting the membrane
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Fig. 3. COPI-coated profiles on submicrometer liposomes. Golgi-mix lipo-
somes with 2 mol% Lp23 were extruded through 0.4 um polycarbonate filters.
After incubation with Arf1, GTP, and coatomer, the sample was fixed with
glutaraldehyde and the liposomes were collected by centrifugation and an-
alyzed by thin section EM. The COPI-coated liposomes shown here were
selected from the same liposome pellet (see Fig. S9B) and were ranked from
left to right according to the extent of membrane deformation. (Scale bar,
200 nm)

deformation induced by the COPI coat. Indeed, because the same
tension applies all over the liposome surface, each COPI-coated
bud must experience the same resistance to deformation as its
neighbors.

Interplay Between Lipid Partitioning and COPI Assembly. The com-
position of the liposomes used in the above experiments approxi-
mately mimics a “standard” Golgi composition (13). However, the
Golgi apparatus undergoes large changes in lipid composition from
the cis to the frans face. Notably sphingolipids, which were omitted
in our standard composition, as well as cholesterol, concentrate at
the frans-Golgi region where the lipid bilayer becomes also asym-
metric. Because COPI vesicles, which arise mostly from the cis-
Golgi side, have been shown to be partially depleted in sphingo-
myelin and cholesterol (20), they could contribute to these
differences in composition. We thus replaced our standard lipid
mixture by GUVs containing more extreme lipid compositions.
When GU Vs were grown from ternary sphingomyelin/cholesterol/
DOPC mixtures exhibiting phase separation between liquid disor-
dered (Lg) and liquid ordered (L,) domains (21), Arfl-GTP and
coatomer partitioned into Ly domains and were strictly excluded
from L, domains (Fig. 44 and B). Moreover, membrane deforma-
tion by coatomer at low membrane tension was observed exclusively
in Ly domains (Fig. 4B). We concluded that the COPI coat is
adapted to membrane domains in the liquid disordered state.
The existence of liquid ordered domains at the Golgi apparatus
is a matter of debate. Moreover lipid sorting does not necessary
involve preexisting lipid membrane domains; through the extreme
curvature imposed on the membrane and by interacting preferen-
tially with some lipid species, protein coats may lead to lipid sorting
from an initially homogeneous lipid membrane (21, 22). As a first
attempt to test this hypothesis, we used vesicles in the liquid
disordered state, but whose membrane composition is close to
phase separation, which can be triggered by photoactivation (21).
On phase separation, Arfl segregated into Ly domains and was
excluded from L, domains (Fig. 4C) with similar kinetics as L lipid
markers (data not shown). Strikingly, in the presence of Arfl-GTP
and coatomer, phase separation was detected only in noncoated
membrane areas (Fig. 4D). This result suggests that the COPI coat
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Fig.4. Arf1and coatomer partition into liquid disordered (Lg) domains and protect Ly membranes from phase separation. (A) GUVs grown from sphingomyelin
(BSM)/cholesterol/DOPC (3:1:3) mixtures exhibited phase separation, with um-sized liquid ordered (L,) domains surrounded with liquid-disordered (Lg) phase.
Arf1-OG (Left) localized in the Lq phase (visualized with DHPE-TexasRed) and was excluded from L, domains (lower image, visualized with cholera toxin-Cy3 and
indicated by an arrow). (Scale bar, 5 um). (B) On phase separated 3:2:1 GUVs and in the presence of Arf1-GTP and SLO, coatomer (red, left panel) specifically binds
to and deforms Ly domains (visualized with C5-HPC-BodipyFL, green, middle panel). (C) Arf1 segregates in Ly domains and is excluded from L, domains during
phase separation. Phase separation was induced from initially homogeneous membranes (upper lane) by photobleaching 1:1:1 (left image) or 3:4:1 (Right) GUVs
leading to the formation of L, or Ly domains respectively (lower lane). (D) Phase separation occurs only in noncoated regions. Phase separation was induced by
photobleaching a 1:1:1 GUV incubated with coatomer-TMR, Arf1, GTP, and SLO. L, domains (arrows) were detected in the coatomer-free region of the GUV but

not in the coatomer-coated area.

locally modifies lipid composition, probably through an enrichment
in Ly lipids into coatomer-coated areas, which in turn prevents
phase separation.

Discussion

In pioneer studies, it was observed that both Arfl and coatomer are
required for COPI budding from isolated Golgi membranes (1, 10).
Our reconstitution of COPI-induced membrane deformation on
model giant liposomes is in good agreement with these observa-
tions. Membrane deformations are observed only when both Arfl-
GTP and coatomer are present. In the absence of coatomer,
Arfl-GTP distributes evenly on the GUV surface with no indica-
tion of clustering into optically visible membrane deformations.
This suggests that the minimal machinery for membrane deforma-
tion consists of polymerized Arfl-coatomer complexes.

It has been recently reported that Arf1-GTP deforms membrane
sheets or small liposomes into tubules and that this effect depends
on key amino acids in the amphipathic N-terminal helix as well as
in the switch I region (23-25). Because these experiments were
performed at a higher protein/lipid ratio than our assay, we suggest
that Arfl contributes to membrane deformation only when it
reaches a high surface concentration, that is, upon coat polymer-
ization. In this respect, it should be noted that the N-terminal
amphipathic helix of Arf1 is shorter and less hydrophobic than the
cognate region of Sar1. This reduction in hydrophobicity is probably
compensated by the adjacent C14 myristoyl group that inserts in the
outer monolayer and should be less perturbing for the membrane
than bulky amino acid side chains. This permissive behavior of Arfl
regarding membrane curvature may be key for its multiple func-
tions. Immuno electron microscopy revealed that Arf1 is found on
both flat and curved Golgi membranes (10) and, apart from the
COPI coat, other Arfl-effector complexes do not necessary require
the membrane to be bent (26).

The ability of coatomer to deform membranes strongly depends
on membrane tension. The tension of the Golgi apparatus mem-
brane has been estimated to be in the range of ~ 5 X 1076 N/m (27).
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This value falls between our estimates for SLO-treated GU Vs and
for GU Vs under tension (see above). Interestingly, the endoplasmic
reticulum is thought to have a higher membrane tension than the
Golgi apparatus, 1.3 X 1075 N/m = 0y (27). Therefore, the Golgi
apparatus membrane should be more prone to deformation than
the endoplasmic reticulum membrane. Mechanisms regulating
membrane tension of intracellular compartments in vivo, such as
interactions with the cytoskeleton, could thus play a key role during
membrane trafficking. The effects of other physical parameters
such as line tension or bending modulus remain to be tested.

An unexpected finding is that the COPI coat appears to self-
assemble on tensed membranes into weakly curved coats, with radii
of curvature up to several micrometers. This finding is supported by
the observation at the EM level that the COPI coat can cover the
entire surface of liposomes of ~0.3 wm in diameter and is con-
firmed by FRAP experiments, showing that coatomer has strongly
reduced mobility compared with lipids and free Arfl-GTP. This
suggests that COPI, like clathrin, can form lattices of different
curvature. Once assembled into weakly curved coats, the switch to
a highly curved coat does not appear to be energetically favored,
because reducing membrane tension in our assay did not induce
high curvature in initially weakly curved coated membranes. A
weakly curved coat may thus have to disassemble completely before
self-assembling again in a highly curved conformation (28).

A strong interplay between membrane transport and lipid me-
tabolism occurs at the Golgi apparatus (13, 22, 29). Lipid compo-
sition may influence coat machineries, which in turn may contribute
to lipid sorting. In our assay we observed that Arfl and coatomer
are completely excluded from model liquid-ordered domains. The
extrapolation of this observation to the in vivo situation should be
done with caution as the liquid ordered state may exist in vivo only
on the luminal side of the frans-Golgi network (TGN), thereby
remaining inaccessible to Arfl. More intriguing is our observation
that COPI coating protects classical liquid disordered membranes
from phase transition. This suggests that, through its polymerization
and induction of membrane curvature, the COPI coat may con-
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tribute to lipid sorting. Our assay should be instrumental to further
test this hypothesis because it allows detecting simultaneously
membrane deformation and distinct fluorescently labeled lipid
species.

Membrane fission is not observed in our assay. A first explana-
tion is that there may be a tradeoff between membrane tension,
membrane deformation, and fission (30). Low membrane tension
facilitates membrane deformation (our study), whereas high mem-
brane tension may be favorable for fission as suggested by recent
works on dynamin (31). Experiments at controlled tension using
pipette aspiration should help to resolve this issue. A second
explanation is that additional factors may be needed for the fission
of COPI coated vesicles. Among the factors that have been invoked
are acylCoAs (4), ArfGAP1 and BARS-50 (32) [see however ref.
33] and diacylglycerol (34) but their precise role during fission is
unclear. ArfGAP1 hydrolyses GTP in Arfl and makes the COPI
coat quite unstable during membrane deformation (11). With a
complete reconstitution including both exchange factors and Arf-
GAP1 one may recapitulate rounds of GTP binding and hydrolysis
and test whether the spatiotemporal control of GTP hydrolysis in
COPI coated areas contributes to fission.

Materials and Methods

Details for the preparation and characterization of Arf1-OG and coatomer-TMR
can be found in S/ Materials and Methods.

Reagents. Egg phosphatidylcholine (EPC), liver phosphatidylinositol (LPI), liver
phosphatidylethanolamine (LPE), brain phosphatidylserine (BPS), cholesterol,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), brain sphingomyelin (BSM)
and GM1 (asialo-GM1-ganglioside) were from Avanti Polar Lipids. Fluorescent
lipids (DHPE-TexasRed and C5-HPC-BodipyFL) were from Invitrogen. The B sub-
unit of cholera toxin coupled to Cy3 was a gift from F. Perez (Insitut Curie, Paris,
France). Streptolysin-O (SLO) was obtained from S. Bhakdi (Institute of Medical
Microbiology and Hygiene, Mainz, Germany). The lipopeptide Lp23 was synthe-
sized as described in ref. 6.

Preparation of Giant Unilamellar Vesicles. GUVs were electroformed in sucrose
following a published protocol (35). To avoid any osmotic shock, the osmotic
pressure of the sucrose solution was adjusted to match that of the solution
containing the proteins. Typically, GUVs were grown in 280 mOsm sucrose for
experiments with Arf1 alone, and in 480 mOsm sucrose for experiments with Arf1
and coatomer. ‘Golgi mix’ is composed of 50% (mol/mol) EPC, 19% LPE, 5% BPS,
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10% LPI, and 16% cholesterol. Lipopeptide Lp23 [1.5% (mol/mol)] was added to
Golgi mix in coatomer binding experiments. GUVs containing Ly or Lo membrane
domains were grown from ternary mixtures of BSM/cholesterol/DOPC as in (21).
GM1 (1%) was added in some ternary compositions to visualize L, domains by
binding the B subunit of cholera toxin coupled to the Cy3 fluorophore. GUV
membranes were made fluorescent by the addition of 0.5-1% (vol/vol) DHPE-
TexasRed or C5-HPC-BodipyFL.

Optical Microscopy. A 5-7-ul observation chamber was made by assembling a
coverslip and a glass slide with two parafilm spacers ~1-2 mm apart. To prevent
GUV adhesion to the glass, the chamber was incubated with 5 mg/ml casein for
10 min and rinsed twice with HKM buffer (50 mM Hepes, pH 7.2, 120 mM
potassium acetate, and 1 mM MgCl,). Proteins in HKM buffer were then injected
in the chamber followed by 1-2 pl of GUVs at the same osmotic pressure. GDP to
GTP exchange in Arf1-OG was promoted by the addition an excess of GTP (0.1
mM) and by lowering the concentration of free Mg2* to 1 uM by adding 2 mM
EDTA. After a 10-15-min incubation the concentration of free Mg2* was raised
back to 1 mM by adding 2 mM MgCl,. Because Arf1-OG binding to GUVs saturates
at concentrations >0.5 uM (data not shown), we used 0.5 uM Arf1 in all fluores-
cence microscopy experiments. Coatomer was used at 0.15 uM as in (11). Images
were taken on a Zeiss LSM510 Meta confocal microscope. Laser powers and
detector gains were adjusted in the green and red channels to obtain negligible
bleedthrough. Movies shown as S| Materials and Methods were taken typically at
1 frame/sec.

Electron Microscopy of COPI-coated Extruded Liposomes. Golgi-mix liposomes
(0.1 mM) supplemented with 2 mol% Lp23 obtained by extrusion through 0.4 um
polycarbonate filters were incubated at 37 °Cfor 10 min with Arf1 (1 M) and GTP
in HKM buffer supplemented with 2 mM EDTA to promote Arf1 activation. Then,
2 mM MgCl; and 0.3 uM coatomer were added and the sample was further
incubated for 6 min. The recruitment of Arf1 and of coatomer was followed by
measuring light-scattering at 350 nm of the suspension. The sample was fixed
with 2% glutaraldehyde and centrifuged at 100,000 X g for 20 min. The pellet
was washed with 0.1M cacodylate buffer and postfixed with 1% osmium tetrox-
ide in the same buffer. The sample was then embedded in epoxy resin and
processed for EM observation.
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