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Introduction
Coated vesicle formation generally requires GTPases and coat 
protein complexes. In the secretory pathway, small GTPases are 
used to initiate coat recruitment: Sar1p for COPII-coated vesi-
cles and Arf1 for COPI- and clathrin-coated vesicles. Next, the 
membrane is sculpted to form a bud, and finally, membrane 
separation takes place to complete vesicle formation. In endo-
cytosis, the scission of clathrin-coated vesicles containing AP2 
is performed by the GTPase dynamin (Pucadyil and Schmid, 
2009). The mechanism of the final stage leading to membrane 
separation in the COPI and COPII systems, however, is less 
clear. In contrast to the action of dynamin, which requires the 
consumption of GTP, scission of COPII and COPI vesicles can 
take place when GTP hydrolysis is blocked, as indicated from 
various reconstitution systems using biological membranes as 
well as liposomes (Malhotra et al., 1989; Serafini and Rothman, 
1992; Barlowe et al., 1994; Matsuoka et al., 1998; Spang et al., 
1998; Bremser et al., 1999). Studies in the COPII system have 
suggested that the small GTPase Sar1 directly initiates mem-
brane curvature during COPII vesicle biogenesis and takes part 
in vesicle scission from the ER (Barlowe et al., 1994; Lee et al., 
2005). A further study indicated that Sar1p-mediated membrane 

scission depends on formation of a scaffold of the small GTPase on 
the membrane, independent of the other COPII coat compo-
nents (Long et al., 2010).

In the COPI system, free vesicles can be generated in vitro 
from isolated Golgi membrane fractions (Spang et al., 1998; 
Bremser et al., 1999) or in chemically defined liposomal sys-
tems, with Arf1 and coatomer as the minimal components re-
quired (Malhotra et al., 1989; Sönnichsen et al., 1996; Malsam 
et al., 2005; Weimer et al., 2008; Beck et al., 2009a; Rutz et al., 
2009). Although a role for additional protein factors in COPI 
vesicle scission has been suggested (Yang et al., 2005), such 
factors are not required in chemically defined reconstitution 
systems. Thus, in the most basic mechanism for COPI vesicle 
generation, Arf1-GTP and coatomer should act in concert to 
sculpt the membrane to form a bud and, subsequently, bring 
about membrane separation.

Here, we investigate the molecular mechanisms that  
underlie the formation of curvature and subsequent scission of a 
coated vesicle. Previously, we and others have reported that 
Arf1 has the ability to modulate the shape of liposomal bilayers 
(henceforth called membrane surface activity; Beck et al., 2008; 
Krauss et al., 2008; Lundmark et al., 2008). We now show that 
it is coatomer that sculpts the curvature of a membrane bud and 

Formation of coated vesicles requires two striking 
manipulations of the lipid bilayer. First, membrane 
curvature is induced to drive bud formation. Sec-

ond, a scission reaction at the bud neck releases the vesicle. 
Using a reconstituted system for COPI vesicle formation from 
purified components, we find that a dimerization-deficient 
Arf1 mutant, which does not display the ability to modu-
late membrane curvature in vitro or to drive formation of 

coated vesicles, is able to recruit coatomer to allow for-
mation of COPI-coated buds but does not support scis-
sion. Chemical cross-linking of this Arf1 mutant restores 
vesicle release. These experiments show that initial curva-
ture of the bud is defined primarily by coatomer, whereas 
the membrane curvature modulating activity of dimeric 
Arf1 is required for membrane scission.

Coatomer and dimeric ADP ribosylation factor 1 
promote distinct steps in membrane scission
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Figure 1. Membrane surface activity of Arf1 and coatomer. (A) Membrane surface activity of Arf1 analyzed in GUVs. GUVs containing 0.5 mol%  
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl were incubated with 3.5 µM Arf1-wt and 0.4 µM ARNO in the presence 
or absence of 1 mM GTP as indicated and recorded in a confocal laser-scanning microscope (LSM 510; Carl Zeiss) with a 63× objective lens and a pinhole 
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767Role of Arf1 dimerization in membrane scission • Beck et al.

that the membrane surface activity of Arf1 is not involved in 
bud formation but rather is required for scission. We further 
present a novel mechanistic model in which dimerization of a 
small GTPase plays a key role in vesicle scission.

Results
Arf1 is required for scission  
of COPI vesicles
Recently, Arf1 was shown to induce positive curvature on 
membranes (Beck et al., 2008; Krauss et al., 2008; Lundmark  
et al., 2008) by either monitoring tubulation of membrane sheets 
in light microscopy or EM of tubulated liposomes. Although we 
showed that this tubulation activity of Arf1 is ultimately re-
quired for vesicle biogenesis (Beck et al., 2008), it is unknown 
whether this activity is actually bending the membrane physi-
cally during COPI vesicle formation. Thus, we henceforth use 
the term “membrane surface activity” when we refer to Arf1-
induced changes on liposomal bilayer morphology. This allows 
discriminating membrane surface activity of Arf1 and mem-
brane curvature, which is ultimately induced on the Golgi mem-
brane to form a vesicle bud during vesicle biogenesis.

As an alternative approach to the published data men-
tioned in the first paragraph, we monitored Arf1-GTP–induced 
membrane surface activity on giant unilamellar vesicles (GUVs) 
by confocal microscopy using either C-terminally fluorescently 
labeled Arf1, fluorescently labeled GTP (not depicted), or fluores-
cently labeled phospholipids (Fig. 1 A). GTP-dependent tu-
bulation of GUVs occurred at Arf1 concentrations of 2–5 µM. 
When Arf1 concentrations of 0.5 µM and below were used, 
membrane deformation was not observed, in agreement with 
previous observations (Manneville et al., 2008).

As a next step, we asked whether the presence of a coat-
omer would have a contribution to Arf1-mediated membrane 
surface activity by analyzing membrane sheets in a phase-contrast 
light microscopy assay (Roux et al., 2006; Beck et al., 2008; 
Krauss et al., 2008). After addition of Arf1, the guanine nu-
cleotide exchange factor ADP ribosylation factor (Arf) nu-
cleotide binding site opener (ARNO; Chardin et al., 1996), and 
GTP to a hydrated lipid surface in the absence of coatomer, planar 
lipid sheets (Fig. 1 B, left) were converted into tubules (Fig. 1 B,  
top right; in line with Beck et al., 2008). This effect presumably 
results from the insertion of Arf1’s amphipathic helix into the 
membrane (Antonny et al., 1997), possibly with its myristoyl 
residue perpendicular to the membrane lipid acyl chains (Liu  
et al., 2010). In experiments to control for a contribution to this 
membrane surface activity of Arf’s N-terminal myristoylated 
amphipathic helix, we used a His-tagged truncated protein lacking 

the amphipathic helix, N17-Arf1, on membrane sheets con-
taining 5 mol percent (mol%) Ni++ lipids. This allows the trun-
cated protein to be recruited via His6–Ni++ interaction (Fig. S1). 
Arf1 lacking its N-terminal amphipathic helix exerted no mem-
brane surface activity (Video 1). This is in line with a study on 
a similar function for Sar1p (Lee et al., 2005), demonstrating 
that for membrane surface activity of the small GTPase, the 
amphipathic helix is required. Next, we investigated the contri-
bution of coatomer to membrane surface activity in this setup. 
Strikingly, simultaneous addition of coatomer and Arf1 leads to 
formation of morphologically distinct tubular membrane struc-
tures that are shorter than those generated by Arf1 in the ab-
sence of coatomer (Fig. 1 B, bottom right).

We next sequentially added first Arf1 and then coatomer 
to a hydrated lipid surface (Video 2 and Fig. 1 C). The fine tu-
bules formed after Arf1 addition (Fig. 1 C, b, arrows) became 
shortened a few seconds after addition of coatomer (Fig. 1 C,  
c and d, arrows). At the same time, novel shorter tubular struc-
tures arose (Fig. 1 C, c–e, arrowheads) that became predomi-
nant 8 s after coatomer addition (Fig. 1 C, f). The observations 
shown so far indicate that there are two distinct activities on the 
membrane surface, one by Arf1 alone and a second one after the 
addition of coatomer: coatomer is able to remodel Arf1-induced 
membrane tubules.

As published previously, Arf1-GTP can form a dimer on 
the membrane (Beck et al., 2008), and its membrane surface ac-
tivity in vitro depends on dimerization. A dimerization-deficient 
mutant, Arf1-Y35A, cannot induce tubules under these condi-
tions either in the absence or the presence of coatomer and does 
not support COPI vesicle formation. Expression of the mutant 
Arf1-Y35A cannot rescue Arf1/2 deletion in yeast. However, 
Arf1-Y35A is capable of recruiting coatomer to membranes in 
a GTP-dependent manner (Beck et al., 2008).

The structures, which result from the addition of Arf1 
and coatomer to lipid surfaces (as observed in Video 2 and 
Fig. 1 C), cannot be resolved at the level of light micros-
copy, and therefore, to dissect the contributions of Arf1 and 
of coatomer to membrane deformation, we used cryo-EM. 
Liposomes were incubated either with Arf1–wild type (wt) or 
Arf1-Y35A in the presence of ARNO, coatomer, and guanine 
nucleotides (Fig. 2 A). With Arf1-wt, we observed coated 
liposomal structures of quite homogeneous size, reflecting re-
constituted COPI vesicles as expected (Fig. 2 A, left). The 
diameter of the free vesicles was 59 ± 3 nm, consistent with 
previous observations (Spang et al., 1998; Bremser et al., 1999). 
We also saw vesicles in the process of budding, in which  
the bud membrane had remained continuous with the donor 
liposome. The diameter of the buds was 61 ± 4 nm. No free 

size equivalent to one Airy disk diameter. (B) Membrane surface activity of Arf1 and coatomer. Lipids containing the p23 lipopeptide were spotted on a 
glass surface and hydrated with buffer containing GTP and 50 nM of the exchange factor ARNO. The lipid surface was observed before (left) and after 
addition of 1 µM myristoylated Arf1-GDP (top right) or by coinjection of 1 µM Arf1 and 0.25 µM coatomer (cm; bottom right). (C) Dissecting membrane 
surface activities of Arf1 and coatomer. (a) Lipids containing the p23 lipopeptide were spotted on a glass surface and hydrated with buffer containing GTP 
and the exchange factor ARNO as described in this legend. The image was taken, and thereafter, Arf1 was added, and tubule formation was observed 
(Video 1). (b) 0.25 µM coatomer was added to the chamber, leading to an immediate and nonspecific loss of most tubular structures caused by capillary 
flow forces. One frame afterward (t = 0), remaining Arf1-generated tubules are depicted (arrows). (c–f) Images were taken at 2, 4, 6, and 8 s after the 
addition of coatomer. The rapid degradation of Arf1-generated tubules (arrows) was followed over time, whereas new tubular structures with a distinct 
morphology were generated in the presence of coatomer (arrowheads). Bars, 5 µm.
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activity of Arf1-Y35A, formation of coated buds can still take 
place, implying a predominant role for coatomer in governing 
the shape of the vesicle. The shape could be governed directly 
by the geometry of polymerized coatomer and/or by coatomer 
positioning Arf1’s myristoylated N-terminal helix to provide 
bud curvature. In summary, the Arf1-mediated membrane sur-
face activity observed in Fig. 1 is not required to sculpt the 
shape of a nascent vesicle bud.

Evaluation of 148 coated vesicles or buds counted in the 
Arf1-wt liposome samples revealed that 22% of the structures 
unequivocally represent free vesicles, whereas with Arf1-Y35A, 

vesicles or budding structures were observed in the absence 
of GTP. Strikingly, with dimerization-deficient mutant Arf1-
Y35A, few distinct vesicles were found. Nevertheless, flower-
like bud structures could be seen (Fig. 2 A, right), in which 
multiple budding events are taking place from individual li-
posomes. The bud membranes are still continuous with the  
liposomal membrane: scission has not taken place. The di-
ameter of the buds is 63 ± 3 nm, the same as that for Arf1-wt.  
A similar result was obtained when Golgi-enriched mem-
branes rather than liposomes were used (Fig. 2 B). These 
analyses show that despite the absence of membrane surface 

Figure 2. COPI budding from synthetic liposomes 
and Golgi membranes analyzed by cryo-EM.  
(A and B) Cryo-EM of membranes incubated 
with Arf1-wt or Arf1-Y35A in the presence of 
the guanine nucleotide exchange factor ARNO, 
coatomer, and GTPS. Images show liposomes 
(A) and Golgi membranes (B). Bars, 200 nm.  
(C) Purification of reconstituted of COPI vesicles. 
Recombinant Arf1-wt or Arf1-Y35A was incubated 
with Golgi membranes in the presence of GDP 
or GTP as in Fig. 2 B. Vesicles were purified by 
sucrose density centrifugation. Samples in the 
vesicle fraction were analyzed by SDS-PAGE 
and Western blotting using antibodies against 
the membrane marker transferrin receptor (TfR) 
and against coatomer subunit -COP and Arf1.
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Arf1-wt and Cys-wt were found to bind to membranes in a 
GTP-dependent manner and to a comparable extent (Fig. 3 A, 
compare lane 2 with 4 and lane 6 with 8). Note that the faster 
migrating band in the input lanes reflects myristoylated Arf1, 
and the top band reflects the nonmyristoylated form of Arf1, 
which fails to bind membranes and, therefore, does not  
show up in the liposomal fraction. Thus, exchange of Cys 
159 to Ser and Lys 181 to Cys does not compromise Arf1’s 
specific binding to membranes. In the case of the mutant  
Cys-Y35A, no binding was observed (Fig. 3 A, lanes 10 and 
12). This was expected, as it was shown previously that bind-
ing to liposomal membranes of the dimerization-deficient 
Arf1-Y35A variant required the presence of coatomer (Beck 
et al., 2008).

Next, the Cys variants were dimerized by reaction with a 
homobifunctional SH-reactive reagent, bismaleimidohexane 
(BMH), and the extent of cross-linking was analyzed by SDS gel 
electrophoresis. Both proteins were dimerized efficiently and to 
a similar extent, as shown by Coomassie staining in Fig. 3 B, in 
which the Arf1 dimers migrate with an apparent molecular mass 
of 37 kD.

A well-established static light scattering assay (Bigay and 
Antonny, 2005) was used to monitor membrane dynamics of 
Arf1-wt, Arf1-Cys, cross-linked Arf1-Cys (cl-Arf1-Cys), and 
coatomer. As depicted in Fig. S2, nucleotide exchange of Arf1-
wt and Cys-wt is comparable. Cl Cys-wt shows a faster rate of 
GTP loading, probably because of the increased membrane 
avidity of the dimer. Arf GTPase-activating protein (ArfGAP)–
mediated GTP hydrolysis is comparable for all three proteins; 
however, the dimeric construct leaves the membrane with 
slightly slower kinetics, likely caused by the need of hydrolyz-
ing two nucleotides in one molecule (Fig. S2).

To study the membrane-binding properties of the dimer-
ized proteins, chemically cross-linked Cys-wt was tested for 
membrane binding as before analyzed by floatation, as shown 
for the non–cross-linked Arf1 variants earlier in this paper. As 
depicted in Fig. 3 C, chemical cross-linking of Cys-wt results in 
efficient membrane binding comparable with that of Arf1-wt 
(Fig. 3 C, compare the ratio of lanes 3 and 4 with the ratio of 
lanes 7 and 8). The larger fraction of bound cl-Cys-wt likely re-
flects increased avidity resulting from dimerization. Membrane 
avidity was increased by dimerization to an extent that led to 
some binding even in the absence of GTP (Fig. 3 C, lane 6). 
Most remarkably, the dimerization-deficient Arf1 variant  
Cys-Y35A, upon dimerization by chemical cross-linking, gains 
capability to bind to membranes even in the absence of a coat-
omer, as shown in Fig. 3 C (lane 12). Again, some binding of 
chemically cross-linked Cys-Y35A is observed in the absence 
of GTP (Fig. 3 C, lane 10).

The experiments in Fig. 2 show a scission arrest for  
monomeric Arf1-Y35A when compared with Arf1-wt. We 
next analyzed whether chemically cross-linked Cys-Y35A 
dimers can support the scission reaction, i.e., form free COPI 
vesicles. Cys-wt and Cys-Y35A were chemically cross-linked 
and incubated with Golgi membranes and the coatomer in the 
presence or absence of GTP followed by isolation of COPI 
vesicles based on their buoyant density and analysis by Western 

only 2% were found separated from the liposomes (n = 120; 
Fig. 2 A). When Golgi membranes were used, increased back-
ground in the images caused by the membrane preparation 
makes it difficult to unambiguously quantify the number of 
vesicles that are released and that remain attached to donor 
membranes. We therefore quantitatively assessed vesicle re-
lease after isolation of COPI vesicles based on their buoyant 
density using Western blotting (Fig. 2 C). Free COPI vesicles 
were recovered in the presence of Arf1-wt in a GTP-dependent 
manner, as indicated by the presence of signals for transfer-
rin receptor -COP and Arf1. In contrast, the monomeric  
mutant Arf1-Y35A did not support the reconstitution of free 
vesicles. These findings are consistent with our previous ob-
servations from in vitro Golgi budding assays, in which we 
could not reconstitute free COPI vesicles with the dimerization- 
deficient mutant Arf1-Y35A; only background amounts (<2%) 
of vesicles were recovered with Arf1-Y35A as compared 
with Arf1-wt (Beck et al., 2008). For further quantitative 
analysis of COPI reconstitutions and EM of isolated vesicles, 
see also Fig. 4 in this paper. Thus, although COPI buds are 
formed on Golgi membranes using either Arf1-wt or Arf1-
Y35A (Fig. 2 B), only Arf1-wt releases those buds to yield 
free vesicles (Fig. 2 C).

The dimerization-deficient Arf1-Y35A can exchange 
GDP with GTP and recruit coatomer to membranes, yet the  
mutant cannot exert membrane surface activity and, therefore, 
cannot drive formation of free vesicles. Now, we find that coat-
omer recruited by Arf1-Y35A forms coated buds, as shown  
by cryo-EM (Fig. 2, A and B), but that vesicle scission does  
not take place, as shown by biochemical experiments (Fig. 2 C). 
Together, these observations indicate that vesicle production  
requires a combination of curvature-forming activity by coat-
omer, which defines the shape of the bud, and membrane sur-
face activity contributed by Arf1. Furthermore, they assign a 
clear function for the membrane surface activity of Arf1 during  
scission. What are the molecular mechanisms that underlie  
this function?

Scission of a vesicle depends on 
dimerization of Arf1
As Arf1-Y35A fails to dimerize, we hypothesized that the for-
mation of an Arf1-GTP dimer may be required to destabilize 
the membrane at the bud neck and allow fission. To challenge 
this hypothesis, we tested whether a forced dimerization of the 
Arf1-Y35A mutant by chemical cross-linking would restore 
scission activity, as might be expected if dimerization was the 
only defect of this mutant. To this end, the single cysteine resi-
due of both Arf1 and Arf1-Y35A was replaced with serine, and 
the C-terminal lysine was substituted with cysteine, yielding 
Arf1-C159S-K181C and Arf1-Y35A-C159S-K181C (from here 
on referred to as Cys-wt and Cys-Y35A, respectively). Pub-
lished work has demonstrated that adding a Cys residue to the  
C terminus of the small GTPase is permissive for Arf1 function 
(Manneville et al., 2008).

These variants were then analyzed in a liposomal bind-
ing assay. Liposomes were isolated by centrifugation and ana-
lyzed for their content of Arf1 variants by Western blotting. 
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To control for possible effects of the Cys mutation and chem-
ical cross-linking on Arf1 function, reconstituted COPI vesicles 
were probed by Western blotting for cargo and noncargo (excluded) 
markers (Fig. S4). We find uptake of -mannosidase II in all COPI 
vesicle fractions independent of the Arf1 used, indicating that this 
Golgi resident enzyme is taken up into the vesicles as expected. As 
an excluded protein, we analyzed Gs, which was shown previ-
ously to localize to the Golgi but is excluded from COPI vesicles 

blotting (Fig. 4 A) and EM (Fig. 4 B; Weimer et al., 2008; 
Beck et al., 2009a). Arf1-wt served as a positive control (Fig. 4 A, 
lane 4). Like Arf1-Y35A (Fig. 2 C), the non–cross-linked 
variant Cys-Y35A failed to produce free vesicles (Fig. 4 B 
and Fig. S3). Strikingly, upon dimerization by chemical cross-
linking, this mutant gives rise to efficient vesicle formation 
to an extent comparable with that of chemically cross-linked 
Cys-wt, as shown in Fig. 4 A (lanes 12 and 8).

Figure 3. Binding of Arf1 and Arf1 variants to synthetic liposomes. (A) Comparison of the binding ability of Arf1-wt, Cys-wt, and Cys-Y35A to synthetic 
liposomes in the absence and presence of GTP. Arf1 variants were mixed with liposomes to a final concentration of 1.5 µM protein and 0.5 mM lipid in 
the presence of ARNO in a total volume of 100 µl. After 15 min of incubation at 37°C with or without 1 mM GTP, the samples were floated to an interface 
between 25 and 0% (wt/vol) sucrose. 10% of the collected liposomal fractions was compared with 5% of the input and analyzed for the presence of Arf1 
and the Arf1 variants by SDS-PAGE and Western blotting, respectively. non-myrArf1, nonmyristoylated Arf1; myrArf1, myristoylated Arf1. (B) Cross-linking 
of the Cys variants using BMH. Purified Arf1 protein was mixed with BMH in a molar ratio of 2:1 and incubated for 1 h at RT. Thereafter, the cross-linking 
reaction was quenched by the addition of DTT and analyzed by SDS-PAGE and Coomassie staining. (C) Analysis of the binding ability of cross-linked Cys-wt  
(cl-Cys-wt) and Cys-Y35A (cl-Cys-Y35A) to synthetic liposomes in the absence and presence of GTP. The assay was performed as outlined in A. I, input;  
L, liposome-bound fraction.
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How is this dimerization of the small GTPase linked to 
the scission reaction? To address this mechanism at a molecular 
level, we studied the interactions of Arf1 with a coatomer that 
shapes the membrane to form a bud.

Anchoring of Arf1 in its overlaying scaffold 
of coatomer
wt Arf1-GTP is stably anchored in the shell of the budding vesi-
cle by specific interactions with various subunits of coatomer, as 
indicated by site-directed photolabeling experiments (Zhao  
et al., 1997, 1999; Sun et al., 2007). Therefore, we assessed 
whether Arf1-wt and Arf1-Y35A adopt the same conformation 
and interactions within the coat. To this end, Arf1 variants were 
generated containing a photoreactive benzophenone derivative 
of phenylalanine (p-benzoyl-l-phenylalanine [Bp]) at position I49 
or Y167, previously shown to contact coatomer at different sites. 
Upon UV irradiation, covalent bonds will be formed between the 

(Helms et al., 1998). As a result, with all Arf1 variants, we find effi-
cient exclusion of Gs. Thus, neither the Cys mutation nor its cross-
linking had detectable influence on cargo uptake or exclusion.

Reconstituted vesicles were further analyzed by negative 
stain EM (Fig. 4 B), and the data were quantified (Fig. 4 C). Al-
though in the non–cross-linked Cys-Y35A sample, there was a 
background amount of 90 vesicles per 42 meshes (a number 
similar to that obtained in negative controls, in which no Arf1 
was added and in which a few vesicles are formed because of 
residual Arf1 present in the Golgi preparations as shown in 
Fig. 4 C), after cross-linking, 700 vesicles were counted in 
the same field size. This reflects an efficiency of vesicle forma-
tion of 70% when compared with dimerized Cys-wt. These 
results show that the arrest in vesicle scission caused by the 
Y35A mutation can be rescued by chemical cross-linking–
induced dimerization. Dimerization of Arf1 is therefore re-
quired for membrane scission during vesicle formation.

Figure 4. Dimerization of Cys-Y35A restores its ability to generate COPI-coated vesicles from Golgi membranes. (A) COPI-coated vesicles were reconsti-
tuted from Golgi membranes using Arf1-wt, cross-linked Cys-wt (cl-Cys-wt), or cross-linked Cys-Y35A (cl-Cys-Y35A) in the presence of GTPS and purified 
coatomer. Vesicles were purified via sucrose density centrifugation. 1% of input (I) and 50% of vesicle (V) fractions were analyzed by SDS-PAGE and 
Western blotting against -COP and Arf1. Non-myrArf1, nonmyristoylated Arf1; myr-Arf1, myristoylated Arf1. (B) Purified vesicles were analyzed by nega-
tive staining EM. Bars, 250 nm. (C) Quantification of vesicle formation: 14 image sections of 3-µm2 size were randomly chosen, and the number of vesicles 
was counted. Error bars represent the standard deviation of the mean of three independent experiments. Molecular masses are given in kilodaltons.
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Arf1-Y35A (Dascher and Balch, 1994). As expected, microinjec-
tion of Arf1-wt or Arf1-Y35A was not lethal and did not show al-
terations in subcellular localization of Golgi markers (unpublished 
data). As a striking result, we observed cell lethality 4 h after  
injection of Arf1-Y35A-Q71L, however, not of Arf1-Q71L. We 
analyzed cells 2 h after microinjection. In immunofluorescence 
analyses with antibodies directed against attached and integral 
Golgi membrane markers, as well as against coatomer, we ob-
served that Arf1-Y35A-Q71L (and not Arf1-Q71L) causes loss of 
cis-peripheral Golgi proteins (GM130; Fig. S5 A) and, to a lesser 
extent, GMAP-210 (not depicted). The integral Golgi protein gi-
antin remains unaffected, whereas a reduced Golgi localization  
of 1,4 galactosyltransferase (GalT) is observed for both Arf1-
Y35A-Q71L and Arf1-Q71L. With antibodies directed against 
coatomer 2 h after injection of Arf1-Y35A-Q71L, a more con-
densed Golgi-like pattern is seen compared with Arf1-Q71L.

Analysis by EM of thin sections 2 h after injection is 
shown in Fig. S5 B. Injection of Arf1-Q71L gave rise to an  
accumulation of vesicular structures (Fig. S5 B, A–D) as ex-
pected (Tanigawa et al., 1993) and left the morphology of the 
stacked Golgi cisternae intact. In the case of Arf1-Y35A-Q71L, 
we were unable to observe any Golgi stacks within the injected 
cells (Fig. S5 B, E–H). Thus, the condensation observed with 
coatomer as a Golgi marker in immunofluorescence is reflected 
by a disappearance of stacked cisternae.

photoactive amino acid residue and nearby residues across inter-
action interfaces. These photolabile Arf1 variants were incubated 
with Golgi membranes and coatomer. Membranes were isolated 
and UV irradiated to generate cross-links of the photolabile Arf1 
variants with coatomer subunits within the recruited coat. The 
samples were analyzed by Western blotting with antibodies di-
rected against Arf1 and against the respective COPI subunits.

A photo–cross-link is observed between position 49  
of both Arf1-wt-I49Bp and Arf1-Y35A-I49Bp and 1- and  
2-COPs (Fig. 5 A) and between position 167 of both Arf1-
wt-Y167Bp and Arf1-Y35A-Y167Bp and -COP (Fig. 5 B). 
The corresponding bands in both cases are of similar intensity. 
A cross-link, e.g., between -COP with photolabile Arf1 variants, 
was not observed, in accordance with Zhao et al. (1999) and 
Sun et al. (2007). These results establish that the point mutation 
in Arf1-Y35A leaves intact the known interactions of coatomer 
with the small GTPase and indicate that it is missing the inter-
face of Arf1-Y35A with its kin rather than its interfaces with 
coatomer, which impairs membrane fission.

Effects of dimerization-deficient Arf1 in vivo
To analyze the effect of dimerization deficiency of Arf1 in a living 
cell, cells were microinjected with cDNAs encoding Arf1 vari-
ants. Because the effects of Arf1-Y35A can be rescued by endog-
enous Arf1-wt, we also used GTP-locked forms of Arf1-wt and 

Figure 5. Interactions of Arf1 with coatomer probed by site-directed photo–cross-linking. Arf1 variants with a photolabile amino acid residue in either 
position 49 or 167 were prepared as described in Materials and methods and used for coatomer recruitment to Golgi membranes. Membranes were 
separated by centrifugation and UV irradiated followed by SDS-PAGE and Western blotting. (A) Analysis of photo–cross-link products with the photolabile 
amino acid derivative in position 49. Lanes 1 and 2 show Cys-wt and Cys-Y35A, respectively, decorated with anti-Arf1 antibodies. Lanes 3 and 4 show 
samples as in lanes 1 and 2 decorated with anti–-COP and, as a control, with anti–-COP antibodies. (B) Analysis of photo–cross-link products with the 
photolabile amino acid derivative in position 167. Lanes 1 and 2 are decorated with anti-Arf1 antibodies, and lanes 3 and 4 are decorated with anti– 
-COP and anti–-COP antibodies. For details of preparation of site-directed photolabile Arf1 derivatives see Materials and methods. Molecular masses are 
given in kilodaltons.
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surface activity (McMahon and Gallop, 2005; Pucadyil and 
Schmid, 2009). To build the initial vesicular shell, Arf1 binds 
coatomer via several COPI subunits (Zhao et al., 1997, 1999; 
Sun et al., 2007), the membrane via its myristoylated  helix 
(Antonny et al., 1997), and another Arf1 monomer via the  
dimerization interface (Beck et al., 2008). Arf1 will therefore 
be linked tightly to both the coat above and the phospholipid 
bilayer below. In the region of a bud’s neck, membrane  
areas exist with positive and negative curvature (Drin and  
Antonny, 2005). Activated Arf1 will most stably be bound to 
regions where the membrane is positively curved (with less 
tightly packed outer leaflet lipids) perpendicular to the in-
serted amphipathic helix. Insertion of the helix in an orienta-
tion perpendicular to negative curvature (where lipids are 
more tightly packed) would create an energetically unfavor-
able state.

The binding of activated Arf1 to the membrane could 
contribute to scission in two conceptually different ways. In 
the first, Arf1 could be arranged to form a ring around the bud 
neck, with the helices oriented perpendicular to the neck. This 
model has been proposed for Sar1 (Drin and Antonny, 2005) 
and requires a specific arrangement of the small GTPase at the 
bud neck, different to that within the spherical bud coat. In a 
second model, depicted in Fig. 6, Arf1 is incorporated in an 
arrangement stable only in the spherical surface of the bud 
(Fig. 6, Arf1-wt in blue and Arf1-Y35A in red). During bud-
ding, Arf1 and coatomer are recruited at the edge of the grow-
ing coat, a region that has increasing negative curvature as the 
bud becomes more complete. Enforcement by multiple coat-
omer interactions of Arf1 dimers in these negatively curved 
regions (where, in addition, the Arf1 GTPase-activating en-
zyme ArfGAP1 is excluded [Bigay et al., 2003] and, there-
fore, less Arf1 will be removed from the membrane [Ambroggio 
et al., 2010]), with an unfavorable orientation of the amphipa-
thic helix (Fig. 6, regions highlighted in red), would induce 

Together, these data are compatible with a requirement  
in vivo for dimeric Arf1. The dramatic phenotype in vivo is likely 
because Arf1 not only is involved in the formation of COPI 
vesicles but also of AP1, AP3, AP4, and GGA (Golgi localized, 
-adaptin ear containing, Arf binding) carriers.

Discussion
The results presented in this paper establish that the point muta-
tion in Arf1-Y35A leaves Arf1’s known coatomer interactions 
intact and permits recruitment of coatomer to membranes and 
formation of a bud but leads to a block in scission. At the mo-
lecular level, we show that this fission arrest results from a loss 
of the propensity of the small GTPase to dimerize upon activa-
tion. By forcing dimerization through chemical cross-linking of 
Arf1-Y35A, the scission arrest of the mutant can be overcome. 
Dimerization of Arf1 is therefore required for separation of a 
COPI vesicle from its donor membrane.

We note that direct cryo-EM of the reconstituted re-
action shows that coated buds are formed by both Arf1-wt  
and Arf1-Y35A (Fig. 2), suggesting that only the Arf1-wt 
can yield released vesicles. Biochemical separation by su-
crose gradient purification confirms that only Arf1-wt and 
not Arf1-Y35A yields released vesicles. Because both Arf1-
wt and the mutant are treated in the same manner, these  
observations argue strongly against mechanical manipula-
tion or physical perturbation as the cause of vesicle release 
in our observations.

A model for membrane scission
The production of COPI-coated vesicles likely results from an 
interplay between a scaffold mechanism, in which coatomer 
drives bending of the membrane to form a COPI bud, and an 
independent mechanism, in which shallow insertion of the am-
phipathic helix of Arf1 into the membrane exerts a membrane 

Figure 6. A model for Arf1-mediated mem-
brane separation. The process of COPI bud-
ding and fission is depicted. Arf1 is recruited 
to the neck of a growing bud and stabilized in 
this location by coatomer (Arf1-Y35A in red; 
Arf1-wt in blue). As the growing bud becomes 
completed, the local membrane curvature cre-
ates an unfavorable situation for the insertion 
of the myristoylated amphipathic helix of Arf1. 
If Arf1 is enforced in this area by its multiple 
interactions with the covering network of poly-
merized coatomer, this will lead to local strain 
in the membrane (in red). The resulting meta-
stable intermediate can then be relaxed in an 
irreversible manner by membrane separation. 
The resulting shell of polymerized coatomer is 
drawn with a gap because any possible contri-
bution to membrane fission by closing this gap 
is not addressed here.
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(Cys-wt-I49Bp), Arf1-Y35A-I49Amber-C159S-K181C (Cys-Y35A-I49Bp),  
Arf1-Y167Amber-C159S-K181C (Cys-wt-Y167Bp), and Arf1-Y35A-
Y167Amber-C159S-K181C (Cys-Y35A-Y167Bp). Full-length myristoylated 
human Arf1-wt and the Cys variants were recombinantly expressed and 
purified as described previously (for photolabile proteins see Photo–cross-
linking experiments; Franco et al., 1996). In short, human Arf1 and yeast 
N-myristoyltransferase were coexpressed in E. coli supplied with BSA-
loaded myristate. Cell lysates were subjected to 35% ammonium sul-
fate, and the precipitate was enriched in myristoylated Arf1 was further 
purified by DEAE ion exchange. After cell lysis and ultracentrifugation, 
Arf1-Y35A was subjected to a 35% ammonium sulfate precipitation and 
centrifuged, and the supernatant was bound to a phenyl-Sepharose high 
performance column (Pharmacia Biotech) and developed with a descend-
ing gradient from 35 to 0% ammonium sulfate in 20 mM Tris-HCl buffer, 
pH 8.0, and 1 mM MgCl2 at RT. Eluted fractions were analyzed by 
immunoblotting with the anti-Arf1 antibody, pooled, concentrated in spin-
column filters with a 10-kD cutoff (Millipore), and subsequently, purified 
by gel filtration on a Superdex 75 (GE Healthcare). Fractions of interest 
were pooled and concentrated.

Coatomer was purified from rabbit liver (Nickel and Wieland, 
2001). His-tagged ARNO was expressed in E. coli and purified by Ni-
nitrilotriacetic acid chromatography (Chardin et al., 1996).

Chemical cross-linking of Arf1 proteins
A protein concentration of 100 µM or higher was used for chemically 
cross-linking GDP-loaded Cys-wt or Cys-Y35A in a molar ratio of 2:1 with 
the homobifunctional bismaleimide cross-linker BMH (Thermo Fisher Scien-
tific) in 20 mM Hepes buffer at pH 7.0 according to the manufacturer’s 
protocol. GDP-loaded Arf1-wt is not cross-linked under these conditions. 
Subsequently, the cross-linking reaction was quenched with DTT at a final 
concentration of 100 mM.

Preparation of Golgi membranes and liposomes
Golgi membranes were purified from rat liver homogenates (Tabas and 
Kornfeld, 1979). Lipids were purchased from Avanti Polar Lipids, Inc. ex-
cept for phosphatidic acid, which was obtained from Sigma-Aldrich. Lipids 
were derived from natural sources. Golgi-like liposomes were prepared con-
taining 1 mol% phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) and  
2 mol% p23 lipopeptide, which was synthesized according to Nickel and 
Wieland (2001). Size selection was performed by extrusion through 400-nm 
polycarbonate filter membranes (Avestin).

GUVs preparation and imaging
GUVs were generated by the electroswelling method with a Golgi-like lipid 
mix supplemented with 3 mol% p23 lipopeptide, 1 mol% (PI(4,5)P2),  
0.1 mol% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-biotinyl, and 
0.5 mol% 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-lissamine 
rhodamine B sulfonyl in 300 mM sucrose. Lab-Tek chambered cover slides 
were preincubated with 1 mg/ml BSA/BSA-biotin (100:1; mol/mol) for  
30 min, rinsed three times with HKM buffer (50 mM Hepes-KOH, pH 7.4, 
150 mM KCl, and 1 mM MgCl2) and subsequently with 0.1 mg/ml avidin, 
and rinsed again three times with HKM buffer.

For visualizing of Arf1-induced tubules, 20 µl of the GUV prepara-
tion was transferred into a coated Lab-Tek chambered cover slide and in-
cubated after sequentially adding 3.5 µM Arf1-wt, 0.4 µM ARNO, and  
1 mM GTP in a total volume of 200 µl for 10 min at RT. Confocal images 
were acquired with a laser-scanning microscope (510 Meta; Carl Zeiss) 
equipped with a 543-nm HeNe laser and a 560 low pass filter.

Arf1-induced tubulation of membrane sheets
A system similar to that previously described in Roux et al. (2006) was 
used. A chamber of approximately 30 µl was built between two micro-
scope slides with two layers of parafilm as a spacer. Golgi-like lipids con-
taining 1 mol% PI(4,5)P2 and 2 mol% p23 lipopeptide (Bremser et al., 
1999) were spotted on the glass surface, and the solvent (CHCl3) was 
evaporated. The lipids were hydrated in the presence of nucleotide with  
20 µl assay buffer (25 mM Hepes-KOH, pH 7.4, 150 mM KCl, 1 mM DTT, 
and 1 mM GTP or GDP). Then, protein samples were sequentially added 
to give final concentrations of 1 µM Arf1, 50 nM ARNO, and 250 nM 
coatomer, and membrane morphology was observed at RT in a phase-
contrast light microscope (Axiomat 200M; Carl Zeiss) using a Plan Apo-
chromat 100× objective (NA = 1.4). Images were captured with a camera 
(AxioCam MRm; Carl Zeiss). The imaging software used was Axiovision 
(Carl Zeiss) and ImageJ (National Institutes of Health). Real-time recordings 
are appended to supporting information.

increasing strain in the membrane. This could be released by 
scission, providing a basic mechanism for membrane separa-
tion. Destabilization of the Arf1 dimerization interface through 
the Y35A mutation would reduce the stability with which 
Arf1 is anchored within the membrane. Although the inter-
action of monomeric Arf1-Y35A molecules with the covering 
scaffold of polymerized coatomer is intact, the binding energy 
between two Arf1 molecules is missing, and therefore, the 
force is correspondingly lower by which Arf1 is kept in ener-
getically unfavorable zones of negative curvature. The result-
ing lack of membrane strain would lead to a block in scission. 
At this point, we cannot exclude the possibility that dimeriza-
tion occurs selectively during the final constriction step at the 
vesicle neck.

The conclusions presented here are based on in vitro ob-
servations in a defined liposomal system and on Golgi mem-
branes. Combined with the known inability of Arf1-Y35A to 
rescue Arf-deficient yeast (Beck et al., 2008), these results pro-
vide compelling evidence that dimerization of Arf1 represents  
a key mechanism for scission in the COPI system. Likewise, 
in the mammalian living cell, dimerization deficiency of Arf1 
locked in its activated state is lethal and causes severe disrup-
tion of Golgi architecture (Fig. S5). Arf1 might have a similar 
role in scission during the formation of related adaptor-dependent 
vesicles. Indeed, direct interactions of Arf1 with corresponding 
subunits of clathrin adaptor complexes 1 (Stamnes and Rothman, 
1993; Austin et al., 2000, 2002), 3 (Austin et al., 2002), and 4 
(Boehm et al., 2001) and the GGA coat (Puertollano et al., 
2001) have been previously described. In this context, it is of 
note that the dimerization-deficient mutant Arf1-Y35A was also 
able to recruit to membranes the adaptor protein complex I 
(Beck et al., 2008). Furthermore, the finding that Sar1p, like 
Arf1, exerts membrane surface activity, which is required for 
the release of COPII buds (Lee et al., 2005), suggests a general 
role of small GTPases in vesicle formation and release. It will 
be of interest in the future to analyze whether, in the COPII sys-
tem, oligomerization of Sar1p (Long et al., 2010) provides the 
molecular mechanism that underlies the process of membrane 
separation. In vivo, additional factors, lipids, and proteins, such 
as ArfGAPs, brefeldin A ADP-ribosylated substrate, and others, 
were suggested to contribute to vesicle release (Beck et al., 2009b; 
Hsu et al., 2009).

In summary, we were able to dissect cooperating contribu-
tions to vesicle budding and fission of Arf1 and coatomer. On 
the one hand, coatomer recruited by Arf1 is needed to form the 
curvature of a COPI bud, and on the other hand, dimeric Arf1’s 
membrane surface activity in cooperation with coatomer drives 
membrane separation.

Materials and methods
Proteins
Reagents for expression of site-directed photolabile proteins in Esche-
richia coli were provided by P.G. Schultz (The Scripps Research In-
stitute, La Jolla, CA). Antibodies directed against Gs were provided 
by B. Nürnberg (Universitätsklinikum Tübingen, Tübingen, Germany). 
The cDNAs for the following Arf1 variants were generated by site directed  
mutagenesis: Arf1Y35A (Beck et al., 2008), Arf1-C159S-K181C (Cys-wt),  
Arf1-Y35A-C159S-K181C (Cys-Y35A), Arf1-I49Amber-C159S-K181C 
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cells were transferred in glycerol minimal medium and leucine medium 
containing the appropriate antibiotics, 1 mM myristic acid, and 1 mM 
Bp. Protein expression was induced by the addition of 0.5% arabinose. 
Cells were grown for 22 h at 27°C, harvested by centrifugation, and 
lysed in 25 mM Tris-HCl, pH 7.2, 50 mM KCl, 1 mM DTT, and protease  
inhibitor cocktail (Roche). Lysates were cleared by centrifugation for  
30 min at 10,000 g, and the supernatants were centrifuged for 60 min at 
100,000 g. The cell lysates so obtained were stored at 80°C. 5 µg 
photolabile Arf1 variants and 25 µg Golgi membranes were incubated in 
assay buffer (25 mM Hepes-KOH, pH 7.2, 25 mM Mg-acetate, 100 mM 
DTT, and 200 mM sucrose) in the presence or absence of 100 µM GTPS 
for 5 min at 37°C. Coatomer was added, and the sample was incubated 
for additional 15 min at 37°C. Golgi membranes were recovered by 
loading the sample onto a 15% sucrose cushion followed by a 30 min 
centrifugation at 16,000 g (4°C). The pellet was resuspended in assay 
buffer and irradiated at 366 nm for 40 min. Samples were analyzed by 
SDS-PAGE and Western blotting.

Static light scattering
Nucleotide exchange and hydrolysis on chemically cross-linked Arf1 was 
measured as previously described (Bigay and Antonny, 2005). Golgi-like 
liposomes containing 1 mol% PI(4,5)P2 and 2 mol% p23 lipopeptide were 
monitored over time in 25 mM Hepes-KOH, pH 7.4, 150 mM KCl, and  
1 mM MgCl2 by using a spectral photometer (FP-6500; Jasco). 1 µM Arf1-wt, 
1 µM Arf1 Cys-wt, or 0.5 µM chemically cross-linked cl-Cys-wt was added 
followed by 1 mM GTP and 0.2 µM coatomer. Nucleotide exchange was 
started by the addition of 2 mM EDTA (after 60 s) to chelate Mg++. After 
nucleotide exchange, the Mg++ concentration was raised to 5 mM, and  
25 nM ArfGAP2 was injected (after 640 s).

Immunofluorescence imaging of Arf1 variants in HeLa cells
The bicistronic plasmid for the expression of EGFP (used as a marker to 
identify the injected cells) and coding for the different Arf1 variants were 
microinjected at the concentration of 500 ng/µl into the nucleus of HeLa 
Kyoto cells using a microinjector (Transjector 5246 and Micromanipulator 
5171; Eppendorf). The cells were fixed with 3% PFA 2 h thereafter. For 
immunostainings, we used standard procedures, diluting the antibodies in 
PBS containing 10% FCS and 0.1% saponin. Primary antibodies used 
were rabbit polyclonal giantin (Abcam), mouse monoclonal GM130 (BD), 
mouse monoclonal GalT (Cellmab), and rabbit polyclonal ’ Cop (raised 
in our laboratory with standard procedures). Secondary antibodies used 
were Alexa Fluor 568–conjugated anti–mouse and Alexa Fluor 568–
conjugated anti–rabbit (Invitrogen). Confocal sections were acquired every 
300 nm across the entire volume of the cells using a 53× Plan Apochromat 
oil immersion objective (NA = 1.4) on a laser-scanning confocal micro-
scope (SP5; Leica). Maximum projections of the image stacks were gener-
ated with the SP5 analysis software.

Online supplemental material
Fig. S1 shows membrane binding of His-tagged proteins to Ni-liposomes. 
Fig. S2 shows nucleotide exchange and hydrolysis by chemically cross-
linked Arf1 variants. Fig. S3 shows COPI reconstitutions from Golgi mem-
branes using non–cross-linked Arf1-Cys variants. Fig. S4 shows COPI 
reconstitutions from Golgi membranes with Arf1-Cys variants to analyze 
cargo markers included in or excluded from the vesicles. Fig. S5 shows 
in vivo analysis of dominant-negative Arf1-Q71L or Arf1-Y35A-Q71L in 
HeLa cells by single-cell thin-section EM and immunofluorescence micros-
copy. Video 1 shows analysis of membrane surface activity of N17-Arf1. 
Video 2 shows analysis of membrane surface activity upon addition of 
Arf-wt and membrane remodeling by subsequent addition of coatomer. 
Online supplemental material is available at http://www.jcb.org/cgi/ 
content/full/jcb.201011027/DC1.
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Cryo-EM
COPI reconstitution assays were performed with 20 µg liposomes in the 
presence of 10 µg Arf1-wt (or Arf1-Y35A), 3 µg ARNO, 250 µM GTPS, 
1 mM MgCl2, 20 µg coatomer, and 100 mM NaCl in 50 mM Hepes,  
pH 7.5. Alternatively, 20 µg Golgi-enriched membrane was used instead 
of synthetic liposomes. Reactions were incubated for 30 min at 37°C and 
transferred to 4°C during preparation for EM. Samples were vitrified by 
plunge freezing on holey carbon grids. Grids were imaged using an elec-
tron microscope (Tecnai F30; FEI) equipped with a 4,000 × 4,000–pixel 
charge-coupled device camera (Eagle; FEI) and operated at 300 kV. Data 
were collected at between 4 and 6–µm underfocus 39,000 magnifica-
tion, resulting in a pixel size of 0.3 nm at the specimen level. Dose per  
image was 15–25 eÅ2.

Negative staining EM
A carbon-coated grid was put on top of a 5-µl droplet of purified COPI ves-
icles. After 10 min of adsorption at RT, proteins were fixed by putting the 
grid onto a 20-µl droplet of 1% glutaraldehyde in assay buffer (25 mM 
Hepes-KOH, pH 7, and 2.5 mM Mg-acetate), washed three times with  
20 µl assay buffer each, and incubated for 5 min in 0.05% tannic acid. All 
these steps were performed at RT. Afterward, the sample was washed four 
times with 20 µl of water. Then, staining was performed with 0.4% uranyl 
acetate in 1.8% methylcellulose for 10 min on ice.

EM of thin sections of cells
HeLa cells were grown on gridded coverslips (CELLocate; Eppendorf) to 
30% confluency and microinjected with plasmids encoding either GFP-
tagged Arf1-Q71L-Y35A double mutant or the Arf1-Q71L single mutant as 
a control (see Immunofluorescence imaging of Arf1 variants in HeLa cells 
for details on microinjection). 2 h after injection, transfected cells were 
identified by fluorescent light microscopy, and their position on the gridded 
coverslip was recorded and mapped. Cells were chemically fixed for  
30 min at RT with 2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer, 
postfixed on ice with 2% OsO4 in the same buffer, washed, dehydrated in 
a graded series of ethanol, and embedded in their in situ orientation in  
epoxy resin (Glycidether 100; Carl Roth).

70-nm-thin sections of mapped areas of interest were cut (from the 
bottom to the top of the cells) with a microtome (Ultracut UCT; Leica) and a 
diamond knife, placed on copper grids (2 × 1–mm slot), and poststained 
with Reynold’s lead citrate. Profiles of injected cells were identified and 
examined with a transmission electron microscope (operated at 100 kV; 
Morgagni; FEI) equipped with a 1,000 × 1,000–pixel charge-coupled 
device camera.

Membrane-binding assay
Flotation experiments were performed in HKM buffer (Hepes-KOH,  
pH 7.4, 120 K-acetate, and 1 mM MgCl2) containing 100 mM DTT in 
a total volume of 100 µl using 1.5 µM Arf1, 0.05 µM guanine nucleo-
tide exchange protein ARNO, and 0.5 mM liposomes in the presence 
or absence of 1 mM GTP. After incubation for 15 min at 37°C, sucrose 
was added to a final concentration of 30%. The samples were overlaid 
with 300 µl of 25% sucrose and 50 µl HKM buffer and centrifuged  
for 1 h at 250,000 g in a rotor (SW60Ti; Beckman Coulter). 10% of  
the top fraction was analyzed for bound proteins by SDS-PAGE and 
Western blotting.

Vesicle budding assay
To generate COPI-coated vesicles, 125 µg of salt-washed Golgi mem-
branes (Beck et al., 2009a) were mixed with 5 µg myristoylated Arf1,  
40 µg coatomer, and 0.1 mM GTPS (or 1 mM GTP) in assay buffer (25 mM 
Hepes-KOH, pH 7, 2.5 mM Mg-acetate, and 100 mM DTT) in a total vol-
ume of 250 µl. After incubation for 10 min at 37°C, the salt concentration 
was raised to 250 mM KCl, and the sample was centrifuged at 12,000 g 
for 10 min. The supernatant containing COPI vesicles was loaded on top 
of two sucrose cushions (5 µl of 50% and 50 µl of 37% sucrose) and centri-
fuged for 50 min at 100,000 g in a rotor (SW60Ti). COPI-coated vesicles 
were concentrated at the interphase between 50 and 37% sucrose. 2% of 
the input and 50% of the isolated vesicle fraction were analyzed by SDS-
PAGE and Western blotting.

Photo–cross-linking experiments
For expression of photolabile Arf1 variants, the plasmids pBad-tRNA-
hArf mutant-TAG and pBK-pAFRS were cotransformed into DH10B E. coli 
strains (Wang et al., 2001). The cells were grown in 2× YT (yeast extract 
and tryptone) medium containing 30 µg/ml kanamycin and 25 µg/ml 
tetracycline until OD600 = 0.6. After a washing step with M9 medium, the 
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Figure S1.  Membrane binding of His-tagged proteins to Ni-liposomes. Flotation experiments were performed using 1 µM myristoylated Arf1-wt or 1 µM 
N17-Arf1, as indicated, 50 nM guanine nucleotide exchange protein ARNO, and 0.5 mM liposomes containing 5 mol% Ni++ lipids in the presence or 
absence of 1 mM GTP. After incubation for 15 min at 37°C, sucrose was added to a final concentration of 30%. The samples were overlaid with 200 µl 
of 25% sucrose and 50 µl HKM buffer and centrifuged for 1 h at 250,000 g in a rotor (SW60Ti). 2% of the input and 10% of the top fraction were ana-
lyzed for membrane-bound proteins by SDS-PAGE and Western blotting. Molecular masses are given in kilodaltons.
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Figure S2.  Nucleotide exchange and hydrolysis by  chemically  cross-linked Arf1 variants. Static light scattering to monitor nucleotide exchange and 
hydrolysis on chemically cross-linked Arf1. Golgi-like liposomes containing 1 mol% PI(4,5)P2 and 2 mol% p23 lipopeptide were monitored over time by 
using a spectral photometer (FP-6500). 1 µM Arf1-wt, 1 µM Arf1 Cys-wt, or 0.5 µM chemically cross-linked cl-Cys-wt was added followed by 1 mM GTP 
and 0.2 µM coatomer. Nucleotide exchange was started by the addition of 2 mM EDTA (after 60 s) to chelate Mg++. After nucleotide exchange, the Mg++ 
concentration was raised to 5 mM, and 25 nM ArfGAP2 was injected (after 640 s). Nucleotide exchange is comparable between Arf1-wt and Cys-wt. 
Cl Cys-wt shows a faster rate of GTP loading, probably because of the increased membrane avidity for the dimer. ArfGAP2-mediated GTP hydrolysis is 
comparable for all three proteins; however, the dimeric construct leaves the membrane with slightly slower kinetics, as two GTPs have to be hydrolyzed 
within one molecule (Fig. 2).

Figure S3.  COPI reconstitutions from Golgi membranes using non–cross-linked Arf1-Cys variants. COPI vesicle reconstitutions from Golgi membranes 
using non–cross-linked Arf1-Cys variants. COPI-coated vesicles were reconstituted from Golgi membranes using Cys-wt, Cys-Y35A, or no Arf1 in the pres-
ence or absence of GTPS and purified coatomer. Vesicles were purified via sucrose density centrifugation. 1% of input (I) and 50% of vesicle (V) fractions 
were analyzed by SDS-PAGE and Western blotting against -COP and Arf1. Although Cys-wt gives rise to GTP-dependent signals for -COP and Arf1 to 
an extent comparable with Arf1-wt, Cys-Y35A only yields a background signal. Please refer to Fig. 4 B in the main text for quantitative evaluation by EM 
of purified vesicles. Non-myrArf1, nonmyristoylated Arf1; myr-Arf1, myristoylated Arf1.
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Figure S4.  COPI reconstitutions from Golgi membranes with Arf1-Cys variants to analyze cargo markers included in or excluded from the vesicles. Uptake 
and exclusion of proteins by COPI vesicles reconstituted from Golgi membranes. COPI vesicles produced with Arf1-wt or the cysteine variants Cys-wt or 
cl-Cys-wt were analyzed for cargo uptake and exclusion of Golgi proteins. Golgi membranes were incubated with coatomer, GTP, and Arf1 variants as 
indicated (as described in Fig. 2 B). I, input; V, vesicle; ManII, mannosidase II.
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Figure S5.  In vivo analysis of dominant-neg-
ative Arf1-Q71L or Arf1-Y35A-Q71L in HeLa 
cells by single-cell thin-section EM and immu-
nofluorescence  microscopy. (A) Immunofluo-
rescence imaging of HeLa cells expressing 
dominant-negative Arf1-Y71L or Arf1-Y35A-
Q71L. Cells were fixed and immunostained 
using antibodies against giantin, GM130, 
GalT, and -COP. Asterisks highlight the nu-
clei of injected cells. Bar, 20 µm. (B) EM of 
thin sections of cells expressing dominant-neg-
ative Arf1-QY71L or Arf1-Y35A-Q71L. HeLa 
cells were microinjected with plasmids encod-
ing either GFP-tagged Arf1-Q71L-Y35A dou-
ble mutant or the Arf1-Q71L single mutant as 
a control. After fixation, cells were processed 
for embedding and thin sections were ana-
lyzed by EM. (B [A and B]) Intact Golgi stacks 
as typically seen in Arf1-Q71L–injected cells. 
(B [C and D]) Accumulation of vesicular struc-
tures in Arf1-Q71L–injected cells in the cell 
periphery. (B [E and F]) Disassembly of the 
Golgi ribbon structure in Arf1-Y35A-Q71L–in-
jected cells. F shows a higher magnification 
view of the boxed area in E, illustrating the 
loss of Golgi stack integrity. (B [G and H]) Ve-
sicular structures as typically seen in the cyto-
plasm of Arf1-Y35A-Q71L–injected cells. 
Bars, 500 nm.
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Video 1.  Analyzing membrane surface activity of N17-Arf1. Lipids of a Golgi-like lipid composition containing 5 mol% Ni++ 
lipids were spotted on a glass surface in a chamber as described in Materials and methods and hydrated with buffer. Thereafter, 
N17-Arf1 was injected to the rehydrated membrane sheets. No tubulation is observed at concentrations ranging from 1 to 5 
µM. Time-lapse images were recorded using a phase-contrast microscope (Axiomat 200M) at one frame per second using a 
Plan Apochromat 100× objective (NA = 1.4). Images were captured with a camera (AxioCam MRm), and the imaging software 
used was Axiovision and ImageJ.

Video 2.  Successive addition of Arf1 and coatomer to membrane sheets. Lipids containing the p23 lipopeptide were spotted 
on a glass surface in a chamber as described in Materials and methods and hydrated with buffer containing 1 mM GTP and 
50 nM of the exchange factor ARNO. Time-lapse videos were recorded as described in the legend of Video 1. 1 µM Arf1 
was injected, resulting in rapid formation of motile membrane tubules. Subsequently, 0.25 µM coatomer was added. There is 
an initial nonspecific loss of many tubular structures because of capillary flow forces after injection. Interestingly, however, the 
added coatomer leads to a stepwise shortening of the remaining Arf1-generated tubules as indicated by arrows (after addition 
of coatomer, the video is slowed down 2× for better clarity). As a second effect, new structures with a distinct morphology arise 
over the entire lipid surface (examples indicated by circles).




