Acid wash experiments

Synapses were stimulated at the segmental nerve for 55 at 50 Hz in 2.0 mM Ca”>* and
imaged for 3 min before the HL3 saline (pH 7.0) in the bath was replaced with low pH acid
wash (pH 5.5).

FM4-64 experiments

A total of 10 uM FM4-64 (Molecular Probes) was made in HL3 plus 0.5 mM Ca** saline
and added to the bath. The nerve was stimulated for 1 min at 30 Hz. The synapse was then
illuminated for 2 min. The preparation was washed repeatedly in Ca**-free HL3 for 5 min,
and an image of the synapse was captured. To analyse FM4-64 uptake the n-Syb-pH
fluorescence in the green channel was used to define the region of interest, and the mean
intensity of the fluorescence in the red channel defined by this region was calculated. We
selected a small region of interest over the muscle background and the mean intensity of
this region was subtracted from the synapse intensity to correct for variability in
background FM4-64 levels.

shibire® experiments

Temperature was controlled by a heating/cooling stage with a Peltier module (Brook
Industries) and monitored with a temperature probe in the imaging chamber. In Fig. 1d
the nerve was stimulated identically (2's, 50 Hz) at the permissive (22 °C) and restrictive
temperatures (30 °C). In the FIAsH experiments (Fig. 2) we stimulated at the restrictive
temperature (25, 50 Hz, in HL3) every 10s for 200 s to deplete synaptic vesicles. After
stimulation, the synapse was illuminated for 2 min. The chamber was then brought down
to the permissive temperature. Images of the synapse were taken at about 2 min intervals
after return to the permissive temperature, and the mean intensity of the synapse was
measured at each time point.
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Lipid packing sensed by ArfGAP1
couples COPI coat disassembly
to membrane hilayer curvature
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Protein coats deform flat lipid membranes into buds and capture
membrane proteins to form transport vesicles'. The assembly/
disassembly cycle of the COPI coat on Golgi membranes is
coupled to the GTP/GDP cycle of the small G protein Arfl. At
the heart of this coupling is the specific interaction of membrane-
bound Arf1-GTP with coatomer, a complex of seven proteins that
forms the building unit of the COPI coat*”. Although COPI coat
disassembly requires the catalysis of GTP hydrolysis in Arfl by a
specific GTPase-activating protein (ArfGAP1)>"°, the precise
timing of this reaction during COPI vesicle formation is not
known. Using time-resolved assays for COPI dynamics on lipo-
somes of controlled size, we show that the rate of ArfGAP1-
catalysed GTP hydrolysis in Arfl and the rate of COPI disas-
sembly increase over two orders of magnitude as the curvature of
the lipid bilayer increases and approaches that of a typical
transport vesicle. This leads to a model for COPI dynamics in
which GTP hydrolysis in Arfl is organized temporally and
spatially according to the changes in lipid packing induced by
the coat.

We reported previously that a fragment of ArfGAP1 (amino
acids 1-257), which includes the catalytic zinc-finger domain, and
Geslp, a yeast ArfGAP1 homologue, bind preferentially to lipo-
somes containing conical lipids versus cylindrical lipids'’. The
binding increased gradually as the size of lipid polar heads
decreased and as the cross-section of the acyl chains increased.
Because the marked preference of [1-257]ArfGAPI1 for conical
lipids correlated with its activity on liposome-bound Arfl-GTP",
we suggested that a loose lipid packing favours the positioning of
ArfGAPI1 towards membrane-bound Arfl-GTP. Similar effects of
the balance between conical and cylindrical lipids were observed
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on the binding and the activity of full-length ArfGAP1 (data not
shown).

Because the link between COPI vesicle biogenesis and lipid
metabolism remains elusive'>", we reasoned that if lipid packing
was at the root cause of the effects observed, changes in GAP activity
should be observed by varying the liposome radius while keeping
the lipid composition constant. This seemed promising in the
context of COPI vesicle formation, because of the membrane
distortions imposed by the coat during budding and notably the
increase in lipid spacing in the coat-facing leaflet. Liposomes with a
composition approaching that of Golgi membranes were prepared
by sequential extrusions through 0.4, 0.2, 0.1 and 0.03 pm (pore
size) polycarbonate filters'*. We checked, using thin-layer chroma-
tography and a phosphorus assay (Fig. 1a and data not shown), that
the extrusion steps did not affect the lipid concentration and the
composition of the liposomes. We assessed the size distribution of
the liposomes by dynamic light scattering (Fig. 1b). To monitor the
activity of full-length ArfGAP1 on liposome-bound Arfl-GTP, we
took advantage of the large tryptophan fluorescence change that
correlates with the transition of Arfl between GTP- and GDP-
bound forms''. Strikingly, whereas liposome radius had no influ-
ence on Arfl activation, a dramatic effect on the kinetics of
Arfl inactivation was observed (Fig. 1c; see also Supplementary
Information). With large liposomes (hydrodynamic radius,
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Figure 1 Membrane curvature increases ArfGAP1 activity. a, Thin-layer
chromatography of Golgi-like liposomes prepared by sequential extrusion through
polycarbonate filters of decreasing pore size. b, Radius distribution of the extruded
liposomes as determined by dynamic light scattering. Pore size in um: 0.4 (black), 0.2
(green), 0.1 (blue) and 0.03 (red). ¢, Tryptophan fluorescence measurements of the
GDP/GTP cycle of Arf1 (0.5pM) on the liposomes characterized in a and b. Arf1 was
activated by the addition of GTP (100 p.M) and by lowering the concentration of Mg>+
with EDTA. Inactivation was initiated by the addition of ArfGAP1 (25nM). Dashed
trace: control with GTP~S. d, Rate (1/£4,,) of ArfGAP1-catalysed GTP hydrolysis as a
function of the mean hydrodynamic radius (R). e, f, Control experiments with PZA
(25nM). Time courses and black circles represent standard liposomes; white circles
represent standard liposomes supplemented with 2% phosphatidylinositol
bisphosphate.
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Ry, = 148 = 50 nm), the half-time of Arfl inactivation initiated
by the addition of 25nM full-length ArfGAP1 was 3065s. As the
liposome radius decreased, the half-time decreased to reach a value
of 8s with small liposomes (Ry, = 38 = 15nm; Fig. 1d). Interest-
ingly, the sensitivity to membrane curvature became very steep at
radii approaching that of typical coated vesicles (<50 nm). Because
the ratio between ArfGAP1 and Arf in these experiments was 1:20,
the rate constant for GTP hydrolysis on small (R}, = 35-40 nm)
liposomes was in the subsecond range (k, > 1 s7h.

The function of Arf proteins is not restricted to coated-vesicle
formation and it was important to determine whether other
Arf-GAP proteins, which are not involved in membrane trafficking,
are sensitive to membrane curvature. We used a construct named
PZA, derived from ASAPI, a protein involved in actin rearrange-
ments'>'’. PZA consists of a PH domain, which binds phospha-
tidylinositol bisphosphate, a zinc-finger ‘GAP’ domain homologous
to the catalytic domain of ArfGAP1, and ankyrin repeats. Although
PZA-catalysed GTP hydrolysis in Arfl clearly occurred on the
liposome surface, as demonstrated by the effect of phosphatidyl-
inositol bisphosphate, the activity of PZA was insensitive to lipo-
some radius (Fig. le, f).

Next, we wished to determine whether membrane curvature
directly influences the rate of COPI coat disassembly. Previous
biochemical and electron microscopy studies have demonstrated
that stable COPI-like coated vesicles can form when large liposomes
are incubated with Arfl, coatomer and a non-hydrolysable GTP
analogue'”'®. To monitor the assembly/disassembly cycle of the
COPI coat in this minimal system, we used a light-scattering assay
developed to study the dynamics of the COPII coat'. Briefly, the
intensity of the light scattered by liposomes increased as the small G
protein and the COP complexes are recruited to the lipid surface.
Conversely, when the proteins dissociate, the intensity diminishes.
In a first set of experiments, we used relatively large liposomes
(R, = 150nm) containing 2mol% of a lipopeptide that imitates
the cytosolic tail of the membrane protein p23 and favours coat-
omer recruitment'®. In Fig. 2a, the order of additions follows the
established order of events in COPI assembly and disassembly.
Arfl-GDP was first activated by the addition of GTP and by
lowering temporarily the free Mg?t concentration from 1 mM to
1 pM with EDTA. During this stage, a small light-scattering increase
was observed, which correlated with the GDP/GTP exchange reac-
tion as monitored by tryptophan fluorescence (data not shown).
The subsequent addition of coatomer induced a large and instan-
taneous light-scattering increase. Last, upon the addition of a
catalytic amount of ArfGAPI the signal returned to the initial
level within a few minutes. Inverting the order of protein additions
(Fig. 2b) or replacing GTP by GTPS, a non-hydrolysable analogue
(Fig. 2c), demonstrated that these three signals correspond respect-
ively to Arf recruitment, coatomer recruitment and ArfGAP1-
induced COPI disassembly.

The rate of ArfGAP1-induced COPI disassembly as monitored
by light-scattering (Fig. 2a, continuous trace) was faster than the
rate of ArfGAPI-catalysed GTP hydrolysis on isolated Arfl, as
monitored by fluorescence (Fig. 2a, dashed trace). Several factors
could account for this difference. First, coatomer and p23 proteins
could modulate ArfGAP1 activity’®. In addition, COPI-induced
membrane bending could increase ArfGAP1 activity. We visualized,
using electron microscopy, the membrane deformations induced
by the COPI coat before the addition of ArfGAPI (Fig. 2d). In
agreement with ref. 18, COPI-coated vesicles clearly bud off from
some liposomes. Yet, COPI-coated membranes with a clear bud-
ding profile and small (<100nm) COPI-like coated vesicles con-
stituted no more than 15% of the total surface of COPI-coated
membranes. Therefore the rate of COPI coat disassembly measured
in Fig. 2a essentially reflects the dynamics of weakly curved coated
profiles.

To determine unambiguously the effect of membrane curvature
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Figure 2 Membrane curvature increases the rate of COPI disassembly. a—¢, Assembly-
disassembly cycle of the COPI coat on large liposomes (R, = 150 nm; p23 lipopeptide:
2%). Arf1-GDP (0.5 p.M), nucleotide (100 wM), coatomer (0.15 wM) and ArfGAP1 (25 nM)
were added to the liposome suspension as indicated. The scattering of light was
measured continuously. The dashed trace reports the time course of Arf1 inactivation as
measured by tryptophan fluorescence in the absence of coatomer and lipopeptide.

on COPI dynamics, the light-scattering assay shown in Fig. 2a was
repeated with liposomes of decreasing radius. Figure 2e shows an
example of small (R, =31nm) liposomes covered with the
COPI coat. Figure 2f and g shows that the rate of COPI coat
disassembly increased over two orders of magnitude as the
liposome radius decreased. Thus, whereas the COPI coat associated
with large liposomes (R}, = 140 nm) was quite resistant to ArfGAP1
(t12 = 700s), it dissociated from small liposomes (R}, = 35nm)
within a few seconds (t,,, = 11s) once a catalytic amount of
ArfGAP1 was added. Again, the sensitivity to membrane curva-
ture was very high at low radii (Fig. 2g). These findings were
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Figure 3 Membrane curvature facilitates the co-assembly of Arf1—GDP with AfGAP1 and
coatomer in the presence of AlF,. a, Light-scattering measurements on large liposomes
(Ry = 150 nm) with (black trace) or without (grey trace) 8 mM KF and 400 uM AICl5.
ArfGAP1 (0.5 uM), coatomer (0.3 wM) and Arf1-GDP (1 nM) were sequentially added.
b, Same as in a with small liposomes (R, = 35nm). ¢, Sedimentation analysis.
Experiments similar to that shown in a and b were performed except that no GTPS was
added. At time = 1,100, the samples were centrifuged and the pellets were analysed
by SDS-PAGE.
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d, e, Coated profiles observed by electron microscopy on large (d, R, = 145 nm) or small
(e, R = 31 nm) liposomes after incubation with Arf1, GTP and coatomer before the
addition of ArfGAP1. Scale bar, 100 nm. f, Same as in a with liposomes of decreasing
radius (same colour code as in Fig. 1). g, Rate (1/1+,,) of COPI disassembly as a function of
liposome hydrodynamic radius. h, Sedimentation analysis of liposome-bound proteins
before (—) and 1 min after (+) the addition of 10 nM ArfGAP1.

confirmed by sedimentation experiments in which liposome-
bound proteins were analysed before and after the addition of
ArfGAP1 (Fig. 2h).

Ionic complexes between fluoride and aluminium (AlF,) can
imitate a y-phosphate group en route for hydrolysis®'. For small G
proteins, the binding of AlF, requires the catalytic machinery
provided by a GAP protein®. AlF, promotes the formation of
COPI-coated-vesicles, but the molecular basis for this effect is not
known**. We reasoned that if the effect of AIF, on COPI relies
on the stabilization of an interaction of Arfl-GDP with AlF, and
ArfGAPI, and if this interaction depends on membrane curvature,
one may observe an effect of AlF, on reconstituted COPI reactions
performed with small liposomes. Coatomer, ArfGAP1 and Arfl—
GDP were added to liposomes of decreasing radius in the presence
or in the absence of AlF,. At the end of the experiments, GTPS and

Coatomer LFJ
Arfi

ArfGAP1 r

Figure 4 Model for the temporal and spatial distribution of ArfGAP1-catalysed GTP
hydrolysis in Arf1 during the formation of a COPI bud. For simplicity, the interaction of the
COPI machinery with membrane proteins, which could also influence the rate of GTP
hydrolysis, is not shown. Pi, inorganic phosphate.
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EDTA were added to provide a reference for the maximal binding
signal. On large liposomes supplemented with 2% p23 lipopeptide,
the light-scattering recordings with or without AlF, were almost
indistinguishable and no binding signal was observed before the
addition of GTPyS (Fig. 3a, c). In contrast, an AlF,-dependent
signal was detected on small liposomes (Fig. 3b, c¢). Importantly,
whatever the order of protein additions used, the AlF,-dependent
signal was observed after the third protein addition (for example,
Arfl-GDP in Fig. 3b), suggesting that AIF, stabilizes a ternary
complex between Arfl-GDP, ArfGAP1 and coatomer provided that
the supporting bilayer is sufficiently bent. We note that Arfl
concentrates in buds compared with flat Golgi cisternae in the
presence of AlF, (ref. 4). In conclusion, the effect of AlF, suggests
that the adjustment of the enzymatic machinery that drives GTP
hydrolysis in COPI is governed at a distance by the penetration of
ArfGAPI into the coat-facing leaflet as the membrane becomes
curved.

The remarkable sensitivity of ArfGAP1 to membrane curvature
determines a spatial and temporal programme for GTP hydrolysis
in a COPI bud (Fig. 4). As a polymerized COPI coat increases
membrane curvature, the number of Arfl-GTP molecules that hold
the coat should decrease dramatically. In line with what has been
proposed for other coats***, this decrease is probably compensated
by an increase in the lateral interactions between COP proteins as
the coat lattice becomes spherical. Furthermore, because membrane
curvature at the periphery of the coated area is negative, a ring of
Arfl-GTP molecules should be protected from ArfGAP1 and may
keep the coat in a metastable state, ready to disassemble as soon as
membrane fission occurs (when membrane curvature becomes
entirely positive). Overall, such a mechanism would explain why
the release of Arfl from Golgi membranes is faster than the release of
coatomer and that vesicles with an unstable coat and with a low
Arfl/coatomer ratio form in the presence of ArfGAP1 and
GTP**”, d

Methods

Proteins

Arfl was coexpressed in Escherichia coli with N-myristoylated-transferase and the
myristoylated form was purified as described®. Rabbit-liver coatomer was purified as
described” and further purified by gel-filtration on a Sephacryl S-300 column. Full length
ArfGAP1 with a carboxy-terminal hexahistidine tag was purified from Sf9 cells by nickel
and mono-Q chromatography.

Liposomes

Liposomes were prepared by extrusion through polycarbonate filters'. The composition
was 50 mol% egg phosphatidylcholine, 19% liver phosphatidylethanolamine, 5% brain
phosphatidylserine, 10% liver phosphatidylinositol and 16% cholesterol. When indicated,
2% phosphatidylinositol bisphosphate was added at the expense of phosphatidylinositol.
To check that the lipid composition remained constant throughout the sequential
extrusion protocol, the liposomes were analysed by thin-layer chromatography using a
chloroform/methanol/water/acetic acid (60:50:4:1) solvent system. Lipids were detected
by iodine. The p23 lipopeptide was synthesized and purified as described” and added from
a stock solution in DMSO to the extruded liposomes to give a final surface concentration
of 2 mol lipopeptide/100 mol exposed lipid.

Dynamic light scattering
The hydrodynamic radius of the extruded liposomes was assessed by dynamic light
scattering using a Dynapro MSX instrument at a final lipid concentration of 0.1 mM.

Tryptophan fluorescence and static light-scattering measurements

All experiments were performed at 37 °C. The buffer used was HEPES 50 mM, pH 7.2,
potassium acetate 120 mM, MgCl, 1 mM, DTT 1 mM. The final lipid concentration was
0.2mM (fluorescence) or 0.1 mM (light scattering). Tryptophan fluorescence
(excitation, 297.5 nm; emission, 340 nm) and light scattering (350 nm) were measured
in a small quartz cuvette (volume, 100 pl) at right angles. The kinetics of ArfGAP1-
catalysed GTP hydrolysis on Arfl and the kinetics of COPI disassembly could not be
fitted by a single exponential function (this probably reflects the heterogeneity in size of
the liposomes). We determined graphically the apparent half-time (¢,,,) and used 1/t,,,
as a rate unit.

Sedimentation

Liposomes and proteins were incubated in small polycarbonate tubes under the same
conditions as that used for the light-scattering experiments. The samples were centrifuged
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at 50,000g for 15 min at 25 °C and the pellets were analysed by SDS—polyacrylamide gel
electrophoresis (PAGE) with Sypro orange staining.

Electron microscopy

Samples from light scattering experiments were collected, fixed with 2% glutaraldehyde,
centrifuged at 100,000g for 30 min and the pellet was then processed for electron
microscopy as described™®.

Received 27 June; accepted 7 October 2003; doi:10.1038/nature02108.
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