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Newly synthesized proteins and lipids are transported in
vesicular carriers along the secretory pathway. Arfs (ADP-ribo-
sylation factors), a family of highly conserved GTPases within
the Ras superfamily, control recruitment of molecular coats to
membranes, the initial step of coated vesicle biogenesis. Arf1
and coatomer constitute the minimal cytosolic machinery lead-
ing toCOPI vesicle formation fromGolgimembranes.Although
some functional redundancies have been suggested, other Arf
isoformshave beenpoorly analyzed in this context. In this study,
we found that Arf1, Arf4, and Arf5, but not Arf3 and Arf6, asso-
ciate with COPI vesicles generated in vitro from Golgi mem-
branes and purified cytosol. Using recombinant myristoylated
proteins, we show that Arf1, Arf4, and Arf5 each support COPI
vesicle formation individually. Unexpectedly, we found that
Arf3 could also mediate vesicle biogenesis. However, Arf3 was
excluded from the vesicle fraction in the presence of the other
isoforms, highlighting a functional competitionbetween thedif-
ferent Arf members.

In eukaryotic cells, newly synthesized secretory and mem-
brane proteins as well as lipids are transported along the secre-
tory pathway from the endoplasmic reticulum (ER)2 through
the Golgi apparatus to their final destination. Most of the traf-
ficking events are served by spherical carriers that bud from a
donor compartment, travel through the cytoplasm and fuse
with an acceptor compartment. Vesicle formation is mainly
controlled by GTPase-regulated recruitment of molecular
coats, protein complexes able to select cargo to be included in
the transport carrier and to deform membranes. The COPII
coat contributes to export from the ER (1), whereas coatomer
forms COPI-coated vesicles, involved in retrograde transport

back to the ER as well as different trafficking steps within the
Golgi (2). At the trans-Golgi network (TGN), clathrin coats
mediate sorting of cargos toward the plasma membrane and
different internal compartments (3).
Small GTPases regulate the recruitment of molecular coats

to membranes. Sar1 controls the association of COPII with ER
membranes (4), whereas Arf1 recruits Mints (5), coatomer and
the clathrin adaptor proteins (APs)-1 and -3 and Golgi-local-
ized �-ear-containingArf-binding proteins (GGAs) (6) toGolgi
membranes as well as AP-4 to membranes of the late secretory
pathway (6). Arfs constitute a family of highly conserved pro-
teins, with multiple family members found in all eukaryotes.
The Arf family is functionally divided into Arfs and Arf-like
(Arl) proteins, with the latter demonstrating more divergent
sequences and functions. Mammals express six isoforms of
Arfs, namely Arf1–6 (with Arf2 being absent in human),
divided into three classes (7). Class I ismade up of Arf1–3, Arf4,
and Arf5 comprise class II, and Arf6, the most divergent mem-
ber of the family, is the sole member of class III. Arfs cycle
between an inactive, soluble GDP-loaded form, and an active,
membrane associatedGTP-loaded form. Upon activation by an
Arf guanine exchange factor (ArfGEF), Arfs undergo a confor-
mational change, exposing their myristoylated N-terminal
amphipathic helix, which inserts into the membrane (8). With
the exception of Arf6 that functions at the plasma membrane
(9–11), Arfs localize primarily to the Golgi complex (12),
though also act at endosomes (13, 14).
In COPI vesicle biogenesis, Arf1-GDP is first recruited to

Golgi membranes by a transmembrane receptor: p23 (and
probably p24) (15, 16) and/or membrin (17). Nucleotide
exchange by the ArfGEF GBF1 (Golgi-specific Brefeldin A
resistance factor) induces the activation of Arf1 and the recruit-
ment of coatomer (18, 19). After vesicle formation, hydrolysis
of GTP by Arf1 upon stimulation by an Arf-GTPase-activating
protein (ArfGAP) precedes the release of the coat from the
membranes (20–22).
Liang and Kornfeld (23) showed that in addition to Arf1,

Arf5, andArf6 could also recruit coatomer toGolgimembranes
in an in vitro assay. In the living cell, knockdown of only oneArf
isoform did not lead to any phenotype, whereas simultaneous
knockdown of two isoforms resulted in specific trafficking
defects, highlighting redundancies between Arf isoforms (14).
Altogether, these data suggest that Arfs other than Arf1 could
support COPI vesicle formation. In this study we found that
Arf1, Arf4 and Arf5 but not Arf3 and Arf6 associate with COPI
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vesicles generated in vitro with cytosol. Using recombinant
proteins, we show thatArf1, Arf4, Arf5, but notArf6 can induce
COPI vesicle formation individually. Unexpectedly, we found
that Arf3 can also mediate vesicle biogenesis. However, Arf3 is
excluded from the vesicle fraction in the presence of the other
isoforms, highlighting a potential functional competition
between the different Arf proteins.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: the rabbit
polyclonal anti-�COP (877) (24), anti-p27 (25), anti-Arf1 (C1)
(20), anti-Arf3 (R-1023), anti-Arf4 (R-891), anti-Arf5 (R-1525)
(11), anti-Arf6 (26), andmousemonoclonal anti-clathrin heavy
chain (BD Transduction Laboratories).
Purification of Recombinant Arfs—N-myristoylated human

wild typeArf1 (27) andArf5 (28) were expressed and purified as
described. For N-myristoylated human wild-type Arf3 and
Arf4, bacterial pellets were resuspended in lysis buffer (50 mM

Tris/HCl, pH 8.0, 1 mM MgCl2, 1 mM GDP, 1 mM DTT, 1.5
�g/ml leupeptin, 2.5 �g/ml antipain, 25 �g/ml trypsin inhibi-
tor, 12.5 �g/ml benzamidin, 6.25 �g/ml pefabloc, 1.25 �g/ml
aprotinin, 5 �g/ml chymostatin, 2.5 �g/ml pepstatin A) and
passed through a microfluidizer. Cellular debris was removed
by centrifugation (100,000� g, 1 h, 4 °C). Arfswere precipitated
by gradual addition of ammonium sulfate up to 40% saturation
over 45 min, and then stirred for 1 h. After centrifugation
(10,000 � g, 20 min, 4 °C), the pellets were resuspended in
resuspension buffer (same as lysis buffer with only 20 mM Tris/
HCl). After ultracentrifugation (100,000 � g, 15 min, 4 °C) to
remove residual aggregates, sampleswere loaded on a Superdex
75 (26/60) column and eluted with gel filtration buffer (10 mM

Tris/HCl, pH 8.0, 50 mM KCl, 1 mMMgCl2, 10% glycerol, 1 mM

DTT).N-myristoylated human wild type Arf6 was purified as a
partially GTP-loaded form according to a modification of the
protocol fromMichel Franco (29). Bacterial pellets were resus-
pended in lysis buffer (50 mM Tris/HCl, pH 8.0, 1 mM EDTA,
200 �M GTP, 1 mM DTT, 1.5 �g/ml leupeptin, 2.5 �g/ml anti-
pain, 25 �g/ml trypsin inhibitor, 12.5 �g/ml benzamidin, 6.25
�g/ml pefabloc, 1.25�g/ml aprotinin, 5�g/ml chymostatin, 2.5
�g/ml pepstatinA). The bacterial suspensionwas incubated for
1 h in the presence of lysozyme (0.5 mg/ml). Then 0.05%
sodium deoxycholate, 3 mM MgCl2, and 0.1 mg/ml DNase I
were added and incubated for 30min on ice. Cellular debris was
removed by centrifugation (10,000 � g, 20 min, 4 °C). Arf6 was
precipitated by gradual addition of ammonium sulfate up to
37.5% saturation over 45 min, and then stirred for 1 h. After
centrifugation (10,000 � g, 20 min, 4 °C), the pellet was resus-
pended in resuspension buffer (50 mM Tris/HCl, pH 8.0, 1 mM

MgCl2, 2 �M GTP, 1 mM DTT). After ultracentrifugation
(100,000 � g, 15 min, 4 °C) to remove residual aggregates, sam-
ples were loaded on a Superdex 200 (26/60) column and eluted
with gel filtration buffer (50mMTris/HCl, pH 8.0, 1mMMgCl2,
1mMDTT). Loading of Arf6 with GDPwas performed by incu-
bating the protein for 4 h on ice with 2 mM EDTA and 5 mM

GDP followed by addition of 2 mM MgCl2. GDP-loaded Arf6
was separated from free nucleotide by gel filtration on a PD-10
column.

Rat Liver Golgi, Cytosol, and Rabbit Liver Coatomer—Golgi
membranes were purified from rat liver homogenates as
described (30), and cytosol was dialyzed against 25mMHEPES/
KOHpH7.2, 50mMKCl, 1mMDTT. Rabbit liver coatomerwas
purified as described (31).
Golgi Binding Assay—Prior to each experiment, proteins

were centrifuged for 20 min at 100,000 � g to remove aggre-
gates. Rat liver Golgi membranes (10 �g) were incubated for 10
min at 37 °C with rat liver cytosol (330 �g), supplemented with
protein inhibitor mixture (Roche), or 0.8 �g (for Fig. 7, 350 ng
Arf1, 120 ngArf3, 63 ngArf4, and 63 ngArf5were used; see text
formore details) of recombinantmyr-Arf in the presence of 100
�MGTP�S. Reactionswere performed in a total volumeof 42�l
in assay buffer (25 mM HEPES/KOH pH 7.2, 2.5 mM MgAc, 20
mM KCl, 200 mM sucrose, 0.25 mM DTT), and 6% of the input
was taken for Western blotting. Samples were laid on top of
sucrose cushions of 17% (150 �l) and 50% (15 �l) sucrose (% by
weight) in a Beckman SW60-mini tube. After centrifugation for
20 min at 17,000 � g, Golgi membranes were collected at the
17/50% sucrose interphase, and 25% was used for Western
blotting.
Vesicle Formation Assays—Prior to each experiment, protein

preparations were centrifuged (10 min, 16,000 � g) to remove
aggregates. Rat liver Golgi membranes (60 �g) were incubated
for 10 min at 37 °C with rat liver cytosol (2 mg), supplemented
with protein inhibitor mixture (Roche), or 25 �g of rabbit liver
coatomer and 5 �g recombinant myr-Arf (for Fig. 8, 2.1 �g
Arf1, 0.72 �g Arf3, 0.38 �g Arf4, and 0.38 �g Arf5 were used;
see text for more details) in the presence of 100 �M GTP�S.
Reactions were performed in a total volume of 250 �l in assay
buffer (25 mMHEPES/KOH pH 7.2, 2.5 mMMgAc, 20 mM KCl,
200 mM sucrose, 0.25 mM DTT), and 1% of the input was taken
for Western blotting. Samples were then subjected to 250 mM

KCl to dissociate tethered COPI vesicles from the donor Golgi
membranes, and were then pelleted by centrifugation twice for
5min each, at 16,000� g and 4 °C. The supernatant, containing
COPI vesicles, was laid on top of sucrose cushions of 37.5% (50
�l) and 50% (5 �l) sucrose (% by weight) in a Beckman SW60-
mini tube. After centrifugation for 50 min at 100,000 � g, the
vesicles were collected at the 37.5/50% sucrose interphase and
the collected material was analyzed by Western blotting and
negative staining electron microscopy.
Mass Spectrometry—Six COPI vesicles preparations were

pooled, diluted with 2 volumes of assay buffer and centrifuged
for 1 h at 100,000� g at 4 °C. The pellet was resuspended in 8�l
of 20 mM ammonium bicarbonate buffer (pH 7.0) and submit-
ted to peptide mass fingerprinting analysis. The samples were
reduced, alkylated, and digested by either trypsin, chymotryp-
sin, or both proteases. After in gel digestion, peptideswere puri-
fied and enriched using C18-ZipTips (Millipore Corp., Bil-
lerica, MA), resuspended in an aqueous solution containing 5%
acetonitrile and 0.1% formic acid, and loaded on reversed phase
columns (trapping column: particle size 5�m,C18, L� 20mm;
analytical column: particle size 3 or 5 �m, C18, L � 15 cm;
NanoSeparations, Nieuwkoop, The Netherlands) on a nano-
high pressure liquid chromatography (HPLC) (Proxeon easy-
nLC). Peptides were eluted in gradients of water (0.1% formic
acid, buffer A) and acetonitrile (0.1% formic acid, buffer B).
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Typically, gradients were ramped from 5% to 70% B in 95 min at
flow rates of 300 nl/min (extended gradients: 5% to 65% B in 160
min). Peptides eluting from the columnwere ionized online using
a Bruker Apollo ESI-source with a nanoSprayer emitter and ana-
lyzed in a quadrupole time-of-flightmass spectrometer (Bruker
maXis, Bruker Daltonics, Bremen, Germany). Mass spectra
were acquired over themass range 50–2200m/z, and sequence
information was acquired by computer-controlled, data-de-
pendent automated switching to MS/MS using collision ener-
gies based on mass and charge state of the candidate ions.
The data sets were processed using a standard proteomics

scriptwith the softwareBrukerDataAnalysis 4.0 (Service Pack 1
Build 253) and exported as Mascot generic files. Spectra were
internally recalibrated on autoproteolytic trypsin fragments
when applicable.
Proteins were identified by matching the derived mass lists

against the NCBI nr protein data base on a local Mascot server
(Version 2.2.2, Matrix Science, UK). In general, a mass toler-
ance � 0.05 Da for parent ion and fragment spectra, three
missed cleavages, oxidation of Met and fixed modification of
carbamidomethyl cysteine were selected as matching parame-
ters in the search program. The proteomics data associated
with this report were uploaded to the PRIDE online repository
(62).
Quantification of Arfs inCytosol—Concentrations of purified

recombinantArf preparationswere determinedusing theBrad-
ford protein assay (32). To compensate for differences in purity
of differentArf preparations, concentrationswere compared by
SDS-PAGE and Coomassie staining using BSA as standard and
adjusted accordingly. The amount of each Arf isoform in cyto-
sol preparations was quantified by Western blot analysis using
recombinant purified Arfs as standards.
Analysis of Nucleotides—Purified Arfs (33 �g of Arf4 and 43

�g of Arf6) were incubated 1 min at 95 °C. Denatured proteins
were pelleted by centrifuging 5 min, 16,000 � g, room temper-
ature. Supernatant was analyzed by reversed-phase HPLC as
already described (33).

RESULTS

Arf1, Arf4, and Arf5, but Not Arf2, Arf3, or Arf6 Are Found in
COPI Vesicles—We first assessed whether other Arf members
besides Arf1 can associate with COPI vesicles. Rat liver Golgi
membranes were incubated with rat liver cytosol, as a source of
coatomer and Arfs, in the presence of GTP�S, a slowly hydro-
lyzing analog of GTP. Upon binding GTP�S, Arfs are retained
in their active formand remain attached tomembranes. Primed
Golgi (Golgi after incubation with cytosol and GTP�S) (Fig. 1)
and COPI-coated vesicles (Fig. 2) were then purified by isopy-
cnic centrifugation through sucrose gradients and analyzed by
Western blot using isoform-specific antibodies (11, 26, 34). It is
of note that vesicle fractions were devoid of clathrin transport
carrier (Fig. 2).
Each of the Arf isoformsmonitored byWestern blot (Arf1, 3,

5, and 6) was able to associate with the Golgi-enriched mem-
brane fraction in a GTP�S-dependent manner (Fig. 1). By con-
trast, only Arf1 and Arf5 were observed in the vesicle fraction
(Fig. 2). As the isoform-specific antibodies were raised against
human proteins, we were not able to detect Arf2, which does

not exist in humans, or Arf4, whose sequence in rat differs from
humans. To circumvent this issue, COPI vesicles were analyzed
by mass spectrometry. Several unique peptides corresponding
toArf1 (data not shown), Arf4 andArf5 (Fig. 3)were detected in
the vesicle fraction in a GTP�S-dependentmanner. No peptide
unique for Arf2, Arf3, or Arf6 could be detected under these
conditions. Failure to find any unique peptides from a protein
by mass spectrometry analysis is typically considered a weak
argument that the protein is absent from the sample. However,
the similarities in protein sequences and predicted behaviors in
gels, trypsin digests, HPLC (high pressure liquid chromatogra-
phy), and ionization and the failure to identify unique peptides

FIGURE 1. Arf1, Arf3, Arf5, and Arf6 bind to Golgi membranes. Rat liver
Golgi-enriched membranes were incubated with rat liver cytosol in the pres-
ence or absence of GTP�S and purified by centrifugation through two sucrose
cushions. 6% of the initial reaction mix (I for Input) and 25% of primed-Golgi
(pG) were subjected to SDS-PAGE and Western blot analysis.

FIGURE 2. Arf1 and Arf5 but not Arf3 nor Arf6 are present in COPI vesicles.
COPI vesicles were generated in vitro by adding rat liver cytosol to rat liver
Golgi-enriched membranes in the presence or absence of GTP�S, and puri-
fied by centrifugation through two sucrose cushions. 1% of the initial reaction
mix (I for Input) and 50% of the vesicle fraction (V) were subjected to SDS-
PAGE and Western blot analysis.
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after a specific search for them, strengthen our conclusion that
they are simply not present. Taken together, these data suggest
that although each of the Arf isoforms could associate with
Golgi-enriched membranes, only Arf1, Arf4, and Arf5, but not
Arf2, Arf3, or Arf6, were efficiently incorporated into COPI
vesicles.
Recombinant Arf1, Arf3, Arf4, and Arf5 Support in Vitro For-

mation of COPI Vesicles—Arf1, in combination with coatomer,
constitutes the minimal cytosolic machinery able to induce in
vitro COPI vesicle formation (20, 35). The presence of class II
Arfs in the vesicles could thus be either a consequence of bud-
ding from Golgi membrane areas initially containing bound
Arf4 and Arf5, or reflect an active participation of these Arf
isoforms in COPI vesicle biogenesis. To discriminate between
these two possibilities, myristoylated human Arfs were
expressed and purified from bacteria and analyzed indepen-
dently. All purified recombinant proteins were functional and
could be recruited to Golgi-enriched membranes (Fig. 4). For
Arf1, Arf3, and Arf5, a clear GTP�S-dependent binding was
observed. Interestingly, Arf4 and Arf6, although initially pres-
ent in their GDP-loaded state (supplemental Fig. S1), could
associate, at least partially, tomembranes in absence of GTP�S.
This is consistent with previous studies showing membrane
binding of GDP-loaded Arf4 (12, 36). Arf6 have been reported

to be recruited to membranes in GTP-dependent (23, 37) and
independent (11, 38) manners. In our hands, purified recombi-
nant Arf6 could partially bind toGolgi in the absence of GTP�S
(Fig. 4)whereas cytosolicArf6 could be detected onmembranes
only in presence of GTP�S (Fig. 1). These data suggest that
some cytosolic factors would participate in coupling the GDP/
GTP cycle of Arf6 to its membrane association.
Five micrograms of each individual purified Arf were incu-

bated with 60 �g of Golgi-enriched membranes, purified
coatomer andGTP�S. Consistent with the results shown in Fig.
2, Arf1, Arf4, and Arf5 could efficiently support COPI vesicle
formation, whereas only few vesicles could be detected in the
presence of Arf6 (Fig. 5). Electron microscopic analysis of the
vesicle fractions confirmed the presence of �80 nm spherical
coated structures characteristic of COPI vesicles (Fig. 5B).
Interestingly, Arf3 was also able to induce COPI vesicle forma-
tion (Fig. 5), which was unexpected given its absence from
COPI vesicles generated in the presence of cytosol (Fig. 2). Note
that no vesicle could be detected in the absence of Arfs (supple-
mental Fig. S2). Thus, whereas only Arf1, Arf4, and Arf5 asso-
ciated with COPI vesicles generated with the endogenous pool
of Arf isoforms present in the cytosol, individual recombinant
Arf1, Arf4, Arf5, but also Arf3 supported COPI vesicle forma-
tion independently.

FIGURE 3. Arf4 and Arf5 are present in COPI vesicles. COPI vesicles were generated in vitro by adding rat liver cytosol to rat liver Golgi-enriched membranes
in the presence or absence of GTP�S, and purified by centrifugation through two sucrose cushions. Samples were then submitted to peptide mass finger-
printing analysis. Arf4 and Arf5 were identified by multiple unique peptides (see “Experimental Procedures”): sequence coverage (bold red) obtained in both
tryptic and chymotryptic digests (A and B) and fragmentation spectra of representative unique peptides for Arf4 (C) and Arf5 (D).

FIGURE 4. Recombinant Arf1, Arf3, Arf4, Arf5, and Arf6 bind to Golgi-enriched membranes. Rat liver Golgi-enriched membranes were incubated with each
of the recombinant Arf isoforms and purified rabbit liver coatomer in the presence or absence of GTP�S, and then purified by centrifugation through two
sucrose cushions. 6% of the initial reaction mix (I for Input) and 25% of primed-Golgi (pG) were subjected to SDS-PAGE and Western blot analysis.
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Competition between Arf3 and the Other Arf Isoforms—Arf3
alone supports COPI vesicle formation, however, was not
detected in vesicles generated from cytosol. A possible expla-
nation for this apparent contradiction would be a competition
between Arf3 and the other Arf isoforms, either alone or in
combination. To analyze an interplay between the various iso-
forms,we first determined the concentrations of eachArf in our
rat liver cytosol preparation. This was performed by Western
blot quantifications using purified recombinant Arfs as stan-
dards (Fig. 6). In agreement with the literature, Arf1 is themost
abundant isoform, present at just under 0.1% of total cytosolic
protein, whereas Arf5 is present at the lowest concentration
with 0.02% of total cytosol protein. Arf3 is present at an inter-
mediate level of 0.035% of total cytosol protein, at just over 35%
the level of Arf1 and 190% the level of Arf5. Because of the lack
of an antibody specific to rat Arf4, we were not able to deter-
mine its concentration using this approach. It is however
known that, in different human tissues, Arf4 is, like Arf5, much
less abundant thanArf1 (11).We thus decided, in a first approx-
imation, to consider that Arf4 and Arf5 are present in similar
concentrations.
We then analyzed the behavior of Arf1, Arf3, Arf4, and Arf5

alone, or in the context of amixture of all of them (ArfMix). For
this purpose, we used themaccording to their cytosolic concen-
trations (Fig. 6). Each individualArf bound toGolgimembranes
with similar efficiencies when they were alone or in the pres-
ence of the other isoforms (Fig. 7). The amounts of Arf1, Arf4,
and Arf5 in the vesicle fraction were similar in both conditions
(Fig. 8). However, although Arf3 alone did induce COPI vesicle
formation and was found in purified vesicles, it was excluded
from the vesicle fraction in the presence of the other Arf iso-
forms (Fig. 8), highlighting a competition between Arf3 and
other Arfs for inclusion into COPI vesicles.
To further characterize this competition, we analyzed the

interplay betweenArf3 and each of the other isoforms at endog-
enous concentrations. Arf1 alonewas able to excludeArf3 from
the vesicle fraction as efficiently as Arf1, Arf4, and Arf5
together, whereas neither Arf4 nor Arf5 competed with Arf3

under these conditions (Fig. 9A). Additionally, we performed
competition assays using different ratios between Arf3 and the
other isoforms (Fig. 9,B–D). Ratios are expressed as normalized
values with regard to cytosol, i.e. a ratio of 1 corresponds to the
endogenous ratio. As we are lacking knowledge of the exact
amount of Arf4 in rat-liver cytosol, normalized ratios for Arf4
have been calculated assuming thatArf4 andArf5 are expressed
at similar levels. Arf1 efficiently competed with Arf3 at a cyto-
solic ratio (Fig. 9B). Arf4, and to a lesser extent Arf5, were also
able to compete with Arf3 at high ratios (Fig. 9,C andD).With-

FIGURE 5. Arf1, Arf3, Arf4, Arf5, but not Arf6 can generate COPI vesicle in vitro. COPI vesicles were generated in vitro from purified rabbit liver coatomer and
recombinant myristoylated Arf1, Arf4, or Arf5 and rat liver Golgi-enriched membranes in the presence of GTP�S, and purified by centrifugation through two
sucrose cushions. A, 1% of the initial reaction mix (I for Input) and 50% of the vesicle fraction (V) were subjected to SDS-PAGE and Western blot analysis.
B, sample of the vesicle fractions were analyzed by negative stain electron microscopy. Scale bar: 250 nm.

FIGURE 6. Quantification of Arf isoforms in rat liver cytosol. Defined ali-
quots of rat liver cytosol were subjected to SDS-gel electrophoresis and West-
ern blotting. Blots were developed with antibodies directed against Arf iso-
forms as indicated, and quantified with reference to recombinant Arf
isoforms. For details, see “Experimental Procedures.”

FIGURE 7. Individual versus collective binding of Arf isoforms to Golgi
membranes. Individual Arfs or a mixture of Arf1, Arf3, Arf4, and Arf5 were
subjected according to their endogenous ratios (350 ng Arf1, 120 ng Arf3, 63
ng Arf4, 63 ng Arf5) to Golgi-enriched membranes and incubated for 10 min
at 37 °C in the presence of GTP�S. Primed-Golgi was purified by centrifuga-
tion through two sucrose cushions. 6% of the initial reaction mix (I for Input)
and 25% of primed-Golgi (pG) were subjected to SDS-PAGE and Western blot
analysis.
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out knowing the cytosolic concentration of Arf4, we cannot
rule out partial interplay between this isoform and Arf3 under
endogenous conditions. We nevertheless considerer unlikely
that Arf4 could be expressed at high enough levels for compet-
ing with Arf3. Altogether, these data offer a simple explanation
for why Arf3 was not detectable on COPI vesicles generated
from cytosol. In conclusion, it seems that at the concentrations
prevailing in the living cell, a competition exists between Arf3
and the other Arf isoforms with regard to stable incorporation
into COPI vesicles. This interplay seems mainly driven by Arf1
and suggests a more complicated functional interplay between
Arf isoforms in the cell than previously thought.

DISCUSSION

Arf1, together with coatomer, represents the minimal cyto-
solicmachinery required for in vitroCOPI vesicle biogenesis. In
this study, we show that additional Arf isoforms can regulate
this process.While all isoforms bound toGolgi-enrichedmem-
branes, only Arf1, Arf4, andArf5, but not Arf3 or Arf6, could be
detected in COPI vesicles generated in the presence of cytosol
andGTP�S. Using recombinant proteins, we showed that Arf1,
Arf4, and Arf5 could support COPI vesicle formation as indi-
vidual proteins. Unexpectedly, we found that Arf3 could also
induce vesicle formation and incorporate into mature vesicles
when the sole source of Arf, but was specifically excluded from
vesicles when other Arfs, especially Arf1, were present. These
results highlight a competition between Arfs resulting in the
exclusion of Arf3 from COPI vesicles when the isoforms are
present at ratios found in cytosol.
Involvement of Several Arfs in COPI Vesicle Formation—Sev-

eral lines of evidence suggested that Arf isoforms other than
Arf1 could be involved in COPI vesicle formation. In the living
cell, knockdown of a single Arf isoform did not induce any
phenotype, whereas the simultaneous depletion of two iso-
forms induced specific intracellular trafficking defects, high-
lighting functional redundancies between the different Arfs
(14). Class I (Arf1–3) and class II (Arf4–5) Arfs localize to the
Golgi and the ERGIC (ER-Golgi Intermediate Compartment),
respectively (12, 36). Depletion of different pairs of these Arf
isoforms inhibit transport at the ER-Golgi interface (14), where
COPI vesicles operate. In vitro, Arf1 and Arf5, and to a lesser
extent Arf6, can recruit coatomer to Golgi-enriched mem-
branes (23). All these data are in agreement with our finding
that Arf4 and Arf5, in addition to Arf1, can serve COPI vesicle
formation.

Interestingly, several Arf isoforms have also been related to
the clathrin system, a vesicular coat with homologies to
coatomer (23, 39, 40). The coat of clathrin-coated vesicles is
composed of an outer layer of clathrin heavy and light chains,
linked to the vesicular membrane by an inner layer of adaptor
proteins. Various isoforms of hetero-tetrameric APs and
monomeric GGAs allow the formation of different types of
clathrin vesicles with different cargo compositions (41). The

FIGURE 8. Vesicle preparation in the presence of individual or a mixture
of Arf isoforms. Individual Arf or a mixture of Arf1, Arf3, Arf4 and Arf5 were
subjected according to their endogenous ratios (2.1 �g Arf1, 0.72 �g Arf3,
0.38 �g Arf4, 0.38 �g Arf5) to Golgi-enriched membranes and incubated for
10 min at 37 °C in the presence of GTP�S. COPI vesicle were purified by cen-
trifugation through two sucrose cushions. 1% of the initial reaction mix (I for
Input) and 50% of the vesicle fraction (V) were subjected to SDS-PAGE and
Western blot analysis.

FIGURE 9. Characterization of the competition between Arf3 and the
other Arf isoforms. A, Arf3 (0.72 �g) was mixed to each other Arf isoforms
separately of all together (ArfMix) according to their endogenous ratios (2.1
�g Arf1, 0.38 �g Arf4, 0.38 �g Arf5) before being subjected to Golgi-enriched
membranes and incubated for 10 min at 37 °C in the presence of GTP�S. COPI
vesicles were purified by centrifugation through two sucrose cushions. 1% of
the initial reaction mix (I for Input) and 50% of the vesicle fraction (V) were
subjected to SDS-PAGE and Western blot analysis. In B–D, Arf3 (0.72 �g) has
been mixed with Arf1 (B), Arf4 (C), and Arf5 (D) according to different ratios.
Ratios are expressed as normalized values with regards to cytosol, i.e. a ratio of
1 corresponds to the endogenous ratio. For Arf4, normalized ratios have been
calculated considering Arf4 and Arf5 to be expressed at similar levels.
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coat protein complex of COPI vesicles is composed of seven
subunits, and can experimentally be resolved into two sub-
complexes: a trimer and a tetramer (31). Structural determina-
tions revealed partial homologies between the trimeric
coatomer sub-complex and clathrin, and the tetrameric
coatomer subcomplex andAPs (42–46). In the clathrin system,
Arf1 and Arf5 have been implicated in the recruitment of AP-1
(23), AP-3 (39, 47) and GGAs (40) to Golgi membranes.
The various APs interact differently with Arf isoforms.

Cross-linking experiments revealed an interaction of AP-1with
Arf1, Arf3 and Arf6, whereas AP-3 interacted only with Arf1
and Arf6 (48). The � subunit of AP-3 exists in two isoforms
(�3A and �3B). Interestingly, whereas Arf5 stimulated, in vitro,
recruitment to membranes of both isoforms, Arf1 showed a
preference for the �3A isoform of AP-3 (47). Such differential
interactions would provide a way to discriminate the recruit-
ment of these different adaptors to the Golgi membranes, pre-
requisite to the formation of distinct clathrin-coated vesicles.
The tetrameric sub-complex of coatomer, a structural homolog
of APs, also exists in different isoforms (49), and COPI vesicles
have been suggested to be involved in different trafficking steps
at the ER-Golgi interface as well as in intra-Golgi transport (2).
It is thus tempting to speculate that different Arf isoforms
would specifically recruit different coatomer isoforms, gener-
ating different subpopulations of COPI vesicles involved in dif-
ferent trafficking steps. Such models will clearly require addi-
tional testing.
Differences between Arf Isoforms—Arf1 has been character-

ized quite extensively in the context of COPI vesicle formation.
Amino acids I46, I49, and Y167 mediate contact between Arf1
and coatomer (50), whereas Y35 is involved in dimerization of
Arf1, which in turn is a prerequisite for the biogenesis of COPI
vesicles (51). These amino acids are well conserved among the
different Arf isoforms. The only exception is I49 that is not
present inArf6.However, althoughArf6was found to be able to
recruit coatomer to Golgi membranes in vitro (albeit with only
low efficiency) (23), its physiological functions are restricted to
the plasma membrane (9–11). In agreement with this, we did
not find Arf6 associated with COPI vesicles generated from
cytosol, and recombinant Arf6 only supported very limited lev-
els of COPI vesicle formation.
Surprisingly, Arf3, the isoform the most related to Arf1

(sharing �96% identity), did not associate with COPI vesicles
generated from cytosol, whereas the more distantly related
members Arf4 and Arf5 did. A recent study identified differ-
ences in the mode of recruitment of Arf1 and Arf3 to mem-
branes (52). Arf1 is recruited to the cis-Golgi by the ArfGEF
GBF1 (Golgi-specific Brefeldin A-resistance factor 1), whereas
Arf3 associates, upon activation by the ArfGEF BIG (Brefeldin
A-inhibited guanine nucleotide exchange factor), to the trans-
Golgi network (TGN) (52). These findings suggest a correlation
between localization and involvement into a budding process.
Arf1 and class II Arfs localize to the cis-Golgi and ERGIC,
respectively. In this area, transmembrane machinery proteins
of the p24 family that are required for COPI vesicle biogenesis
are available (53). By contrast, Arf3, localized to the TGN,
would be locally separated from these machinery components
and not able to participate in COPI vesicle formation.

The protein cores of the various Arf isoforms are well con-
served, and all Arf proteins crystallized so far present very sim-
ilar structures (54, 55, 56, PDB data base). Most of the differ-
ences between these smallGTPases residewithin the sequences
of their N and C termini. In their GDP-loaded state, both ter-
mini form � helices close to each other, forming an interface
with themembrane prior to Arf anchoring upon activation. It is
thus likely that this interface mediates the interaction between
Arf-GDP and its membrane receptor (and possibly aided by the
phospholipids present in the microenvironment of each mem-
brane). As a result, sequence differences in this region would
allow the different Arf isoforms to bind different receptors, and
thus to localize to different membranes. Transmembrane pro-
teins p23, p24 (16, 57), and membrin (17) bind Arf1-GDP.
Receptors for other Arf-GDP isoforms still remain to be
identified.
By contrast, regulators and effectors bind to sites on Arf fac-

ing the cytosol, at the opposite side of the membrane interface.
This is notably the case for Sec7 domains, the catalytic domain
of ArfGEFs (58). As the amino acids of this area are very well
conserved, it is unlikely that ArfGEFs can differentiate between
substrates based on the sequences of the Arfs, though it is pos-
sible that other regions of (particularly the large) Arf GEFs may
interact with other regions of Arfs and play a role in specificity
determination. This again would argue in favor of a spatial dis-
crimination. Arfs would thus be first recruited to a specific
membrane and then activated by the locally present ArfGEF.
This principle is illustrated by Arf3: a single mutation in the C
terminus ofArf3 simultaneously triggers a re-localization of the
protein and a change in the activating ArfGEF, although the
interface between Arf3 and Sec7 is most likely identical within
the wild-type form and the mutant (52).
In this study, we highlighted competition as an additional

mechanism ensuring functional specificities of Arf isoforms.
Although Arf3 could support COPI vesicle formation, it was
not detected in vesicles when other Arf isoforms were present,
suggesting that Arf3 either got excluded from the budding sites
or was used but dissociated more rapidly than the other Arfs.
Both Arf1 and Arf3 contain a MXXE motif, a signal involved in
the recruitment to the early Golgi by the SNAREmembrin (17).
However, in the living cells, only Arf1 localizes to the cis-Golgi
whereas Arf3 was found to be localized to the trans-Golgi (52).
This differential localization could be the cellular reflection of
the competition mechanism between Arf1 and Arf3 identified
here.
Together, these data suggest that the different roles of the

differentArf isoforms are duemore to differences inmembrane
localization rather than intrinsic functionalities. However,
another way to look at these results is that there is considerable
redundancy built into the actions of Arfs1–5 at the Golgi. This
diversity in Arfs emerged in evolution and therefore confers
some advantage to the organism. Two possibilities to explain
this include it may provide cells with protection against loss or
mutation of anyArf isoforms or it allows forArfs to play roles in
development as the timing and tissue expression of the Arfs
seems independently regulated (59–61).
In summary, we have obtained further insights into the

mechanisms of COPI vesicle formation, and of functional
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specificities of the different Arf isoforms. Until now, COPI
vesicle formation has exclusively been characterized with
Arf1. Identification of Arf4 and Arf5 as additional compo-
nents of the COPI machinery broaden our view of this coat-
ing system. This will be of special interest for our under-
standing of how COPI vesicles can be involved in different
trafficking steps at the ER-Golgi interface. On the other
hand, we have highlighted a competition mechanism
between different Arf isoforms that contributes to a func-
tional discrimination between the different members of Arf
family. Further studies will be needed for our complete
understanding of how different Arfs are targeted to different
membranes and what are their detailed specific roles.
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