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Binding to Golgi membranes of ADP ribosylation
factor 1 (ARF1) is the ®rst event in the initiation of
COPI coat assembly. Based on binding studies, a pro-
teinaceous receptor has been proposed to be critical
for this process. We now report that p23, a member of
the p24 family of Golgi-resident transmembrane
proteins, is involved in ARF1 binding to membranes.
Using a cross-link approach based on a photolabile
peptide corresponding to the cytoplasmic domain of
p23, the GDP form of ARF1 (ARF1-GDP) is shown to
interact with p23 whereas ARF1-GTP has no detect-
able af®nity to p23. The p23 binding is shown to
localize speci®cally to a 22 amino acid C-terminal
fragment of ARF1. While a monomeric form of a non-
photolabile p23 peptide does not signi®cantly inhibit
formation of the cross-link product, the corresponding
dimeric form does compete ef®ciently for this inter-
action. Consistently, the dimeric p23 peptide strongly
inhibits ARF1 binding to native Golgi membranes
suggesting that an oligomeric form of p23 acts as a
receptor for ARF1 before nucleotide exchange takes
place.
Keywords: ARF1/COPI-coat assembly/membrane
binding/oligomeric membrane proteins/p24 proteins

Introduction

The small GTPase ARF1 is a structural coat component of
Golgi-derived COPI vesicles (Sera®ni et al., 1991; Spang
et al., 1998; Bremser et al., 1999) and mediates both coat
assembly (Sera®ni et al., 1991; Donaldson et al., 1992a;
Orci et al., 1993; Ostermann et al., 1993; Palmer et al.,
1993) and disassembly (Tanigawa et al., 1993). Upon
activation by a nucleotide exchange factor (Donaldson
et al., 1992b; Helms and Rothman, 1992; Chardin et al.,

1996; Peyroche et al., 1996; Franco et al., 1998; Togawa
et al., 1999; Yamaji et al., 2000), cytosolic ARF1-GDP is
converted into membrane-bound ARF1-GTP (Regazzi
et al., 1991; Sera®ni et al., 1991; Haun et al., 1993;
Helms et al., 1993; Randazzo et al., 1995; Goldberg,
1998), which, in turn, triggers membrane recruitment of
coatomer (Donaldson et al., 1992a; Palmer et al., 1993;
Teal et al., 1994). Direct interactions between ARF1 and
coatomer have been demonstrated and shown to be GTP-
dependent (Zhao et al., 1997, 1999). Additionally,
coatomer was shown to bind to the cytoplasmic domains
of some but not all members of the p24 family of type I
transmembrane proteins (Sohn et al., 1996; Dominguez
et al., 1998), suggesting that coatomer is recruited to Golgi
membranes via a bivalent interaction. p24 proteins are
localized to the early secretory pathway i.e. the inter-
mediate compartment and the Golgi complex (Sohn et al.,
1996; Rojo et al., 1997; Dominguez et al., 1998; FuÈllekrug
et al., 1999) and are known to form oligomers (Belden and
Barlowe, 1996; FuÈllekrug et al., 1999; Gommel et al.,
1999; Marzioch et al., 1999; Wen and Greenwald, 1999).
According to a liposome-based system utilizing chemi-
cally de®ned components, the soluble and membrane-
associated factors described above are suf®cient to drive
COPI vesicle formation (Bremser et al., 1999). Con-
sistently, an oligomeric form of the cytoplasmic domain of
p23 (Fligge et al., 2000; Weidler et al., 2000) causes a
conformational change and, in the absence of membranes,
subsequent aggregation of coatomer (Reinhard et al.,
1999), suggesting that COPI coat polymerization is
triggered through this interaction (Wieland and Harter,
1999).

Based on binding studies employing native Golgi-
enriched membrane fractions, a proteinaceous ARF1
receptor was postulated to reside in Golgi membranes
(Helms et al., 1993). While only ARF1-GTP is stably
associated with the membrane (Regazzi et al., 1991;
Sera®ni et al., 1991; Haun et al., 1993; Helms et al., 1993;
Randazzo et al., 1995; Goldberg, 1998), two independent
lines of evidence suggest that ARF1-GDP can associate
with membranes as well. First, biochemical studies
established that membrane recruitment of ARF1 must
take place as a prerequisite for nucleotide exchange to
proceed (Beraud-Dufour et al., 1999). Secondly, ARF1-
mediated GTP hydrolysis has been shown to be required
for ef®cient uptake by COPI vesicles of biosynthetic cargo
(Nickel et al., 1998; Malsam et al., 1999; Pepperkok et al.,
2000) and therefore multiple cycles of GDP to GTP
exchange and GTP hydrolysis are likely to occur during
early stages of coat assembly. Thus, a mechanism that
prevents release of ARF1-GDP from the membrane would
ensure ef®cient assembly of a pre-budding complex yet
allow biosynthetic cargo to be taken up during formation
of transport vesicles. Taken together, these ®ndings raise
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the possibility that the relatively weak binding to Golgi
membranes of ARF1-GDP observed (Sera®ni et al., 1991;
Helms et al., 1993) might be both speci®c and physio-
logically relevant.

We now demonstrate that the cytoplasmic domain of
p23 is in direct contact with ARF1-GDP during early
stages of COPI coat assembly. A photo-cross-linking
approach is used to show that p23 interacts with ARF1-
GDP in a direct fashion. Domain mapping experiments
revealed a 22 amino acid C-terminal fragment of ARF1 as
the speci®c interaction site. Moreover, binding to native
Golgi membranes of ARF1 in the presence of both GTP
and GDP is inhibited by a dimeric form of the p23 C-tail
peptide indicating that a p23 oligomer is involved in the
recruitment step. These results establish speci®c binding to
the Golgi of ARF1-GDP as the ®rst step of ARF1
recruitment and identify the cytoplasmic domain of p23
as a receptor for ARF1-GDP.

Results

Direct interaction of ARF1-GDP with the
cytoplasmic domain of p23
In order to probe a possible interaction between ARF1 and
the cytoplasmic domain of p23, recombinant N-myristoyl-
ated human ARF1 (mARF1) was incubated with a peptide
analogous to the cytoplasmic domain of p23 that contained
a photolabile derivative of phenylalanine (tri¯uoro-
methyl-diazirino-phenylalanine, F*) in position 8 (p23-
CT*; Table I). Following irradiation, samples were
separated on 16.5% tricine SDS gels (SchaÈgger and von
Jagow, 1987), transferred to PVDF membranes and
analyzed with antibodies directed against ARF1 or
p23-CT (Figure 1). A cross-link product containing both
ARF1 and the p23-CT was observed with a mobility
consistent with the expected molecular mass of ~22 kDa
(Figure 1, lane 3). Cross-link product formation was found

to depend on irradiation and the presence of p23-CT*
(Figure 1, lanes 1 and 2). A truncated version of ARF1
lacking amino acids 1±17 (ND17ARF1; Kahn et al., 1992)
was also capable of interacting with p23-CT (Figure 1,
lane 3), demonstrating that the extreme N-terminus as well
as the myristic acid moiety of full-length ARF1 are not
directly involved in the interaction with p23.

Table I. Synthetic peptides used in this study

Peptide Monomer Dimer

p23-CT* YLRRFF*KAKKLIE
p23-CT YLRRFFKAKKLIE CYLRRFFKAKKLIE

|
CYLRRFFKAKKLIE

p24-CT YLKRFFEVRRVV CYLKRFFEVRRVV
|
CYLKRFFEVRRVV

p25-CT HLKSFFEAKKLV CHLKSFFEAKKLV
|
CHLKSFFEAKKLV

p26-CT LLKSFFTEKRPISRAVHS CLLKSFFTEKRPISRAVHS
|
CLLKSFFTEKRPISRAVHS

p27-CT LLKSFFSDKRTTTTRVGS CLLKSFFSDKRTTTTRVGS
|
CLLKSFFSDKRTTTTRVGS

Wbp1-CT CSSVGKKLETFKKTN CSSVGKKLETFKKTN
|
CSSVGKKLETFKKTN

KDEL-R-CT CITKVLKGKKLSLPA CITKVLKGKKLSLP
|
CITKVLKGKKLSLPA

An asterisk indicates a photolabile residue.

Fig. 1. Direct interaction of ARF1-GDP with the cytoplasmic domain
of p23. (A) Nucleotide-dependent photo-cross-linking between a
photolabile peptide corresponding to the cytoplasmic domain of p23
(50 mM p23-CT*; see Table I) with 2.5 mM of either recombinant
myristoylated ARF1 (mARF1) or recombinant ND17ARF1 was
conducted in the presence of 3 mM l-a-dimyristoyl-phosphatidyl-
choline liposomes. Components were mixed as indicated in a total
volume of 20 ml. Control conditions included omission of UV-
irradiation (lane 1), omission of p23-CT* (lane 2) or omission of
recombinant ARF1 (lane 6). In lanes 4 and 5, mARF1 or ND17ARF1
were pre-incubated with the nucleotide exchange factor ARNO
(0.8 mM) in the presence of 50 mM GDPbS or GTPgS for 30 min at
37°C. Incorporation of GTP was monitored by the addition of trace
amounts of [a-32P]GTP and found to be complete at 70 and 95% for
mARF1 and ND17ARF1, respectively (data not shown). Proteins in
lane 3 were pre-incubated with GDPbS in the absence of ARNO.
Photo-cross-link reactions were conducted as described under Materials
and methods and analyzed on 16.5 % tricine SDS gels (SchaÈgger and
von Jagow, 1987) followed by western blotting and immunodetection
with antibodies against ARF1 (aARF1) and p23-CT (ap23-CT).
(B) ND17ARF1 was incubated with p23-CT* as described in (A) in a
®nal volume of 60 ml. The sample was split into three aliquots. One
aliquot was irradiated (lane 1) and the two other aliquots were
incubated with ARNO (0.8 mM), either in the presence of 50 mM
GTPgS (lane 2) or GDPbS (lane 3). Following irradiation, the samples
were analyzed as described above.
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To investigate a potential nucleotide dependence of this
interaction, mARF1 and ND17ARF1 were pre-incubated
with either GDPbS or GTPgS in the presence or absence of
the ARF-speci®c nucleotide exchange factor ARNO
(Chardin et al., 1996; Goldberg, 1998) and liposomes for
30 min at 37°C followed by the addition of p23-CT*. The
mixture was incubated for a further 60 min at 25°C
followed by irradiation. Nucleotide exchange ef®ciency
was monitored by analyzing incorporation of [a-32P]GTP
into ARF1 employing a nitrocellulose ®lter trapping assay
(Northup et al., 1982). Nucleotide exchange was 70% for
mARF1 and 95% for ND17ARF1 (data not shown).
Strikingly, for both mARF1 and ND17ARF1, cross-link
product formation was found to depend on their GDP state
(Figure 1, lane 3) rather than on their GTP state (Figure 1,
lane 4). Cross-link product formation detected in the
presence of GTPgS and ARNO is likely to be due to
residual ARF1-GDP in the incubation mixture because it
was directly correlated to the differing degrees of
nucleotide exchange ef®ciency observed with mARF1
and ND17ARF1 (70 and 95%, respectively). The high
ef®ciency of nucleotide exchange on ND17ARF1
prompted us to use this form of ARF1 for most of the
subsequent studies.

Binding to p23-CT of ARF1-GDP dissociates upon
nucleotide exchange
In order to analyze whether GDP-speci®c binding to
p23-CT of ND17ARF1 can be dissociated by exchange of
GDP to GTP on ARF1, a two-step experiment was
performed. ND17ARF1 was incubated with p23-CT*
under the conditions described above and the sample
was split into three aliquots. One aliquot was irradiated
and the two other aliquots were incubated with ARNO,
either in the presence of GTPgS or GDPbS. These samples
were irradiated as well and analyzed as described above.
As depicted in Figure 1B, exchange of GDPbS by GTPgS
results in an ef®cient release of p23-CT (lane 2), whereas
p23-CT remains associated with ARF1 in the presence of
ARNO and GDPbS (lane 3).

Analysis of speci®city of the interaction between
ARF1 and p23-CT
Speci®city of the observed interaction was probed using a
variety of unrelated proteins (Figure 2). In addition to
myristoylated ARF1 (mARF1), non-myristoylated ARF1
(ARF1), trypsin inhibitor (TI), ovalbumin and bovine
serum albumin (BSA) as well as the small GTP-binding
protein rab11 were incubated together with p23-CT* and
irradiated. Samples were subjected to gel electrophoresis
and probed for cross-link product formation (Figure 2,
top). Similar amounts of protein were con®rmed by
Coomassie Blue staining (Figure 2, bottom). Ef®cient
cross-linking of p23-CT* to target proteins could only be
observed with mARF1 (Figure 2, lane 1) and ND17ARF1
(Figure 2, lane 6). Using comparable amounts of protein,
weak cross-linking could also be observed between
p23-CT* and ovalbumin (Figure 2, lane 4). However,
this was faint and regarded as unspeci®c since these
proteins could not compete for the interaction between
ARF1 and p23-CT (data not shown). Cross-link product
formation between p23-CT* and either TI, BSA or the
small GTPase rab11 were weak or not detectable at

all (Figure 2, lanes 2, 3, 5 and 7). Surprisingly, non-
myristoylated ARF1 did not show pronounced cross-link
product formation.

To further characterize the interaction between
p23-CT* and ARF1-GDP, we conducted peptide compe-
tition experiments utilizing a pre-illuminated p23-CT*,
p23-CT wild-type peptide as well as two control peptides
corresponding to the cytoplasmic domains of two un-
related proteins, the Golgi-localized mammalian KDEL
receptor and the ER-localized yeast oligosaccharyl
transferase (Wbp1), respectively (see Table I). As
expected, addition of excess amounts of pre-illuminated
p23-CT* abolished cross-link formation (data not shown).
Surprisingly, monomeric wild-type p23-CT did not inter-
fere with cross-link formation. However, when p23-CT
was included as a preformed dimer, cross-link product
formation was almost completely abolished. By contrast,
dimeric control peptides did not inhibit cross-link product
formation to a signi®cant extent (Figure 3A). Independent
of this observation, an oligomeric nature of binding of
p23-CT is indicated by the fact that, after prolonged gel
electrophoresis, two species of ARF1 were detected with a
migration consistent with one and two p23-CT molecules
covalently bound, respectively (Figure 3B).

In summary, the interaction between p23-CT and ARF1
is highly speci®c and it appears that an oligomeric form of
p23, possibly a tetramer (Fligge et al., 2000; Weidler et al.,
2000), interacts with ARF1-GDP.

Interface between p23-CT and ARF1
The binding site within ARF1 for p23-CT was analyzed by
peptide mapping. To this end, ND17ARF1 was either
incubated with p23-CT* followed by irradiation or left

Fig. 2. p23-CT* interacts speci®cally with mARF1. Comparable
amounts (~1 mg) of mARF1, ARF1, TI, ovalbumin (OVA), BSA,
ND17ARF1 and rab11 were incubated in the absence of liposomes with
the photolabile peptide p23-CT* (50 mM; see Table I) and irradiated as
described in Materials and methods. Samples were analyzed on 16.5%
tricine SDS gels (SchaÈgger and von Jagow, 1987) and were further
processed for either western blotting and immunodetection against
p23-CT (WBap23-CT, top) or Coomassie Blue staining (bottom).
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untreated as a control. Both samples were subjected to
SDS±PAGE and analyzed by Coomassie Blue staining.
Cross-linked and starting material (Figure 4A, band + and
band #) were reisolated from the gel and treated with
CNBr, a reagent that cleaves peptide bonds speci®cally on
the C-terminal side of methionine residues. Since p23-CT*
lacks methionine, CNBr-mediated cleavage should only
occur within ARF1, leaving the cross-linked p23-CT*
intact. Comparable amounts of the cleavage products were
subsequently subjected to SDS±PAGE and analyzed by
Coomassie Blue staining. Based on sequence analysis,
three larger polypeptides were predicted to result from
CNBr cleavage: a fragment consisting of residues 23±108
(9812 Da), a fragment consisting of residues 111±134
(2637 Da) and a C-terminal fragment of ND17ARF1
consisting of residues 135±181 (5356 Da; numbers
according to full-length ARF1). The two larger fragments
were observed by SDS±PAGE and Coomassie Blue
staining (Figure 4A). While the largest fragment (residues
23±108) was observed in both samples, the C-terminal
fragment was not observed in the irradiated sample.
Instead, a new fragment with an apparent molecular mass
of ~6.5 kDa was detected by SDS±PAGE and Coomassie

Fig. 3. An oligomeric form of p23-CT* interacts with ARF1-GDP.
(A) Competition experiments were performed by incubating 12.5 mM
p23-CT* (see Table I) and 2.5 mM mARF1 in the presence of excess
amounts of wild-type p23-CT, the cytoplasmic domain of Wbp1
(Wbp1-CT) or the cytoplasmic domain of the KDEL receptor
(KDEL-R-CT) in the absence of liposomes. See Table I for sequence
information. Both monomeric and preformed dimers were used at the
concentrations indicated. mARF1 was pre-incubated with candidate
competitor peptides for 30 min at 25°C. Photo-cross-link reactions
were conducted as described in Materials and methods. Cross-link
products were analyzed on 16.5% tricine SDS gels (SchaÈgger and von
Jagow, 1987) followed by western blotting and immunodetection with
an antibody directed against p23-CT. (B) Photo-cross-linking between
p23-CT* and mARF1 was analyzed after prolonged gel electrophoresis
as described above.

Fig. 4. Interface between ND17ARF1 and p23-CT*. (A) 25 nmol ND17ARF1 was incubated with 50 nmol of p23-CT* in the presence of GDPbS and
irradiated as described in Materials and methods. Samples of starting material and cross-linked ND17ARF1 were separated by SDS±PAGE with
subsequent Coomassie Blue staining (lanes 1 and 2). Bands # and + were dissected from various lanes of an SDS gel and cleaved with CNBr as
described in Materials and methods. Cleavage products were analyzed by SDS±PAGE and the band positive for a cross-link product (band °) was
analyzed by Edman microsequencing. (B) ND17ARF1 was cleaved with CNBr, puri®ed and analyzed by MALDI-TOF as described in Materials and
methods. The peak at 5355.5 Da corresponds to the molecular mass of residues 135±181 of ND17ARF1. (C) ND17ARF1 was cross-linked to p23-CT*,
cleaved with CNBr, puri®ed and analyzed by MALDI-TOF as decribed in Materials and methods. The molecular mass indicated by ° corresponds to
the cross-linked C-terminal fragment (residues 135±181) of ND17ARF1.
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Blue staining (Figure 4, band °). This fragment was
isolated from an SDS gel and analyzed by microsequenc-
ing. Parallel peptide sequences of the ®rst 12 amino acid
residues of the predicted C-terminal fragment and of
p23-CT* (residue 1±5) were detected. Aliquots of CNBr-
treated cross-linked and mock-treated ND17ARF1 were
analyzed by MALDI-TOF. Both a molecular mass
corresponding to residues 135±181 of ARF1 (Figure 4B
and C) and the corresponding fragment cross-linked to
p23-CT* (Figure 4C) were detected. Additionally, a
molecular mass corresponding to residues 111±134 was
detected; consistently, a cross-link product of this frag-
ment to p23-CT* was absent from the mass spectra (data
not shown).

In order to analyze the speci®city of the interaction of
p23-CT with the C-terminal part of ARF1 by an inde-
pendent method and to further narrow the site of inter-
action, ND17ARF1 was cross-linked to p23-CT* and
subsequently fragmented using 2-nitro-5-thiocyanobenzoic
acid (NTCB), a reagent that cleaves peptide bonds
speci®cally at the N-terminal side of cysteine residues.
Based on sequence analysis, two fragments of the protein
corresponding to the molecular masses of 18 413 Da
(N-terminal fragment) and 2594 Da (C-terminal fragment,
residues 159±181) were expected. Although quantitative
fragmentation could not be obtained, both a fragment
corresponding to residues 159±181 of ARF1 and a fragment
corresponding to these residues cross-linked to p23-CT*

were observed by MALDI-TOF (Figure 5B and C).
Additionally a fragment of 5185 6 2 Da corresponding
to a dimer of residues 159±191 was detected (Figure 5B and
C). Due to limitations of the mass resolution of MALDI-
TOF in the high molecular range, the N-terminal cleavage
product of ARF1 was analyzed by SDS±PAGE with
subsequent western blotting using antibodies directed
against ARF1 and p23-CT (Figure 5A). As a result, a
fragment with an apparent molecular weight of 18 kDa as
well as residual full-length ND17ARF1 was detected using
an antibody directed against ARF1 (Figure 5A, lanes 3 and
4). Strikingly, a cross-link product between p23-CT* and
the 18 kDa N-terminal fragment was not detectable with
an antibody directed against p23-CT (Figure 5A,
lane 8). By contrast, a cross-link product between full-
length ND17ARF1 and p23-CT* was clearly observed
(Figure 5A, lanes 6 and 8). Taken together, fragmentation
of ND17ARF1 cross-linked to p23-CT* by both CNBr and
NTCB demonstrates that the cytoplasmic domain of p23
interacts speci®cally with the 22 amino acid C-terminal
fragment of ARF1.

Dimers of p23-CT inhibit ARF1-GDP recruitment
to Golgi membranes
In order to determine whether the interaction between
p23-CT and ARF1-GDP plays a role in recruitment to
Golgi membranes of ARF1, we conducted ARF1-binding
studies in the presence of various peptides, included as

Fig. 5. Interface between ND17ARF1 and p23-CT*. (A) Samples of 8.3 nmol of ND17ARF1, either mock-treated (lanes 1, 3, 5 and 7) or cross-linked
to p23-CT* (lanes 2, 4, 6 and 8), were cleaved with NTCB as described in Materials and methods. Samples of starting material (lanes 1, 2, 5 and 6)
and NTCB-cleaved material (lanes 3, 4, 7 and 8) were separated by SDS±PAGE with subsequent western blotting using antibodies directed against
ARF1 (lanes 1±4) or p23-CT (lanes 5±8). (B) ND17ARF1 was cleaved with NTCB, puri®ed and analyzed by MALDI-TOF as decribed in Materials
and methods. The peak at 2593.4 Da corresponds to the molecular mass of residues 159±181 of ND17ARF1, while 5185.5 Da represents a dimer of
this fragment. (C) ND17ARF1 was cross-linked to p23-CT*, cleaved with NTCB, puri®ed and analyzed by MALDI-TOF as decribed in Materials and
methods. The molecular mass indicated by an asterisk corresponds to the cross-linked C-terminal fragment (residues 159±181) of ND17ARF1. The
peak at 1809.6 Da corresponds to the molecular mass of p23-CT* cross-linked to H2O, while 5187.0 Da represents a dimer of the C-terminal
fragment.
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monomers and dimers (see Table I). GTPgS-dependent
recruitment to membranes of ARF1 was almost com-
pletely abolished in the presence of preformed dimers of
p23-CT (Figure 6A, top). Titration experiments revealed
that half-maximal inhibition of ARF1 recruitment to
membranes occurs at a p23-CT dimer concentration of
~25 mM (Figure 6B). Consistent with the cross-linking
experiments, p23-CT monomers did not inhibit ARF1
binding, suggesting that the p23±ARF1 interaction is
indeed based on an oligomeric form of p23. While the
addition of dimeric p24-CT peptide also caused a slight
reduction of ARF1 binding to membranes, this was less
effective. All other dimeric p24 family CT peptides as well
as the control peptides (see above) did not interfere with
ARF1 binding to Golgi membranes to an appreciable
extent, regardless of whether they were added as
monomers or dimers (Figure 6A).

Strikingly, p23-CT dimer was capable of almost fully
inhibiting ARF1 binding to membranes measured in the
presence of both GTPgS and GDPbS (Figure 6), suggest-
ing that p23-CT dimers inhibit the earliest possible step of
ARF1 recruitment to membranes.

In order to test the formal possibility that p23-CT
dimers may compromise membrane integrity, protease
protection experiments were performed. As expected for
an undamaged membrane, the lumenal domain of p23 was
found to be protected against proteinase K, irrespective of
the presence or absence of p23-CT dimers (data not
shown). As a control, complete digestion was observed in
the presence of detergent. Consistent with the observation
that membrane recovery in the presence of p23-CT dimers
was normal compared with control conditions, as shown
by analyzing the western blot with antibodies against the
Golgi protein p23 (Figure 6A), protease protection
experiments con®rm that p23-CT dimers do not interfere
with membrane integrity. Therefore, it can be excluded
that inhibition by p23-CT dimers of ARF1 binding to the
Golgi is due to a general damaging of the membrane.

Taken together, these ®ndings directly establish that
GDP-dependent binding to membranes of ARF1 is not an
unspeci®c process but rather is likely to represent the ®rst
step of the overall process of ARF1 recruitment to
membranes.

Discussion

Previous studies suggested the existence of a protein-
aceous ARF1 receptor based on saturable binding to Golgi
membranes of ARF1-GTP (Helms et al., 1993). However,
such a receptor has not since been characterized at the
molecular level, which, in the light of the current study,
appears to be due to the fact that the putative receptor was
assumed to be speci®c for ARF1-GTP.

In this study we present evidence that p23 is involved in
early stages of ARF1 recruitment to Golgi membranes.
Employing a photo-cross-linking approach, a direct and
speci®c interaction of the cytoplasmic domain of p23 with
myristoylated ARF1 is demonstrated. This interaction is
speci®c for ARF1-GDP and dissociated when GDP was
replaced by GTP. The binding interface between ARF1
and the cytoplasmic domain of p23 lies within the 22
amino acid C-terminal of ARF1 as analyzed by peptide
mapping. Interestingly, this region of the protein is

believed to be in close proximity to the membrane surface
upon ARF1 binding (Goldberg, 1998). Structural data on
the conformation of ARF1-GDP and ARF1-GTP show that
the N-terminal helix that lies in parallel to the C-terminal
helix of ARF1 is displaced upon GDP to GTP exchange.
The displacement is mediated by the l3-loop that occupies
a position in ARF1-GTP, in which the N-terminus of
ARF1-GDP is otherwise accommodated. This conform-
ational change might affect the C-terminal helix of ARF1
in a way to allow ef®cient interaction with the cytoplasmic
domain of p23 only if the protein is in its GDP-bound state.

Exposure of unrelated proteins (such as ovalbumin, TI
and rab11) to the photolabile p23-CT peptide did not result
in the formation of appreciable amounts of cross-link
products, demonstrating speci®city at the level of the
target protein. To assess speci®city at the level of the

Fig. 6. Dimeric p23-CT inhibits recruitment to Golgi membranes of
ARF1-GDP. Binding studies were performed in a ®nal volume of
50 ml using mARF1 (0.4 mM) and rat liver Golgi membranes (9.0 mg)
in the presence of excess amounts of peptides corresponding to the
cytoplasmic domains of mammalian p24 proteins as well as control
proteins (p23-CT, p24-CT, p25-CT, p26-CT, p27-CT, Wbp1-CT and
KDEL-R-CT; for sequence information see Table I). Incubations
contained either GTPgS or GDPbS as indicated. Total ARF1 binding to
membranes was typically enhanced 3- to 5-fold in the presence of
GTPgS (data not shown). In the presence of GDPbS, the amount of
mARF1 was increased (0.8 mM) and exposition times were elongated
in order to obtain signal intensities comparable to ARF1 binding
experiments in the presence of GTPgS. For additional details see
Materials and methods. (A) GTPgS- and GDPbS-dependent mARF1
binding was analyzed in the presence of monomeric (120 mM) and
dimeric (60 mM) peptides, respectively. After incubation the
membranes were collected by centrifugation through a 15% (w/v)
sucrose cushion followed by analysis of the membrane pellet
employing SDS±PAGE and western blotting for immunodetection of
ARF1 (aARF1; Palmer et al., 1993). In order to normalize for recovery
of Golgi membranes, each experimental condition was analyzed for the
amount of endogenous p23 as a Golgi marker utilizing an antibody
directed against the lumenal part of p23 (ap23-lum; Sohn et al., 1996).
(B) Concentration dependence of competition in the presence of either
GDPbS or GTPgS. Peptides were added at the concentrations indicated.
Determination of membrane-bound ARF1 was performed as described
in (A).
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photolabile peptide, competition studies were performed.
Excess amounts of non-photolabile peptides that corres-
pond to the cytoplasmic domain of p23 as well as two
control peptides analogous to the cytoplasmic domains of
the KDEL receptor and Wbp1 were not able to compete for
the interaction when added as monomers. However,
preformed p23-CT dimers and pre-illuminated p23-CT*
ef®ciently inhibited cross-link product formation. By
contrast, the control peptides did not compete for cross-
link product formation, irrespective of whether they were
added as monomers or preformed dimers. These results
suggest that it may be an oligomeric form of the
photolabile peptide that interacts with ARF1-GDP,
although it was not included in the incubation mixture as
a preformed dimer. Indeed, peptides analogous to the
cytoplasmic domains of p24 proteins have been shown to
spontaneously associate in solution, forming dimers and
tetramers with various degrees of stability (Fligge et al.,
2000). Thus, it appears possible that the photolabile
derivative of the p23-CT peptide forms an oligomer even
more readily than the p23-CT wild-type peptide and,
therefore, cross-link product formation is competed poorly
by p23-CT monomers. In any case, the ef®cient compe-
tition of dimeric p23-CT peptide demonstrates that an
oligomerized form of these protein domains is the
principle of binding to ARF1-GDP. Future studies need
to focus on the analysis of native Golgi membranes with
respect to the exact determination of the oligomeric status
of p23 bound to ARF1-GDP.

To investigate the physiological signi®cance of the
interaction observed between ARF1-GDP and the p23
cytoplasmic tail peptide, we conducted ARF1 binding
studies utilizing native Golgi membranes (Helms et al.,
1993). Both p24 family cytoplasmic tail peptides and
control peptides (see above) were analyzed in competition
experiments as monomers and preformed dimers.
Consistent with the cross-linking studies, none of the
monomeric peptides ef®ciently inhibited binding to Golgi
membranes of either ARF1-GDP or ARF1-GTP. How-
ever, the dimeric p23-CT peptide signi®cantly affected
binding of both ARF1-GDP and ARF1-GTP, reaching
half-maximal inhibition at a concentration of ~25 mM.
While the addition of dimeric p24-CT peptide also caused
a slight reduction of ARF1 binding to membranes, this was
less effective. All other dimeric p24 family CT peptides as

well as the control peptides did not have any appreciable
impact on ARF1 binding to Golgi membranes. Therefore,
we conclude that an oligomeric form of p23 is directly
involved in the recruitment to Golgi membranes of
ARF1-GDP.

Our data are in good agreement with in vivo results of
Majoul and co-workers (2001). Studying protein inter-
actions in living cells, they observed ¯uorescence reson-
ance energy transfer (FRET) between spectrally shifted
mutants of green ¯uorescent protein, namely p23-CFP and
ARF1-YFP, by multifocal multiphoton microscopy and
bulk-cell spectro¯uorimetry. To address whether this
interaction was nucleotide speci®c, they analyzed the
interaction between p23 and ARF1-Q71L, an ARF1
mutant that exists mainly in the GTP-bound form. While
FRET between p23-CFP and ARF1-YFP was detected,
FRET between p23-CFP and ARF1-Q71L-YFP was neg-
ligible and thus indicates, in line with our ®ndings, that p23
binds preferentially to ARF1 in its GDP-bound form.

In addition, the data presented here are consistent with
earlier ®ndings of Antonny and co-workers who demon-
strated that ARF1-GDP must be recruited to the membrane
as a pre-requisite for nucleotide exchange (Beraud-Dufour
et al., 1999). In fact, binding of myristoylated ARF1-GDP
to membrane phospholipids has been described (Franco
et al., 1995). However, as shown in this study, binding of
ARF1-GDP to puri®ed Golgi membranes is virtually
abolished in the presence of a peptide resembling a
dimeric form of p23, indicating that an interaction between
ARF1 and p23 at the membrane is necessary for ef®cient
recruitment of the GTPase. This process is likely to
promote contact between ARF1 and lipids that facilitates
activation by a nucleotide exchange factor (Franco et al.,
1996; Antonny et al., 1997; Paris et al., 1997). Finally,
GDP to GTP exchange results in a conformational switch
in ARF1 (Amor et al., 1994; Greasley et al., 1995;
Randazzo et al., 1995; Goldberg, 1998) that leads to
dissociation from p23.

A model to illustrate early steps of ARF1 recruitment to
membranes is depicted in Figure 7. Based on binding
studies of myristoylated ARF1-GDP to membrane phos-
pholipids by Franco et al. (1995), an equilibrium between
soluble and membrane-bound ARF1-GDP was suggested.
Data presented in this study suggest that this equilibrium is
shifted towards the membrane-bound state upon binding of

Fig. 7. A model for the recruitment to Golgi membranes of ARF1. Soluble ARF1-GDP binds to membrane phospholipids at low af®nity. Upon
binding to a p23 oligomer this interaction is stabilized. If, subsequently, a nucleotide exchange factor acts on ARF1-GDP, the resulting ARF1-GTP is
released from p23 and two binding sites for coatomer are generated in close proximity: membrane-bound ARF1-GTP and a p23 oligomer. For further
details, see Discussion.
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ARF1 to p23. Based on the observation that myristoylation
of full-length ARF1-GDP is a requirement for the
interaction with p23, myristic acid is either directly
involved in the interaction or may positively modulate
the binding site for p23. The ®rst possibility can be
excluded because an N-terminal truncation mutant of
ARF1 (ND17ARF1; Kahn et al., 1992) is capable of
interacting with p23 in a strictly GDP-dependent fashion
despite lacking a myristic acid residue. The second
possibility is supported by the observation that, following
nucleotide exchange and conformational rearrangements
that cause myristic acid to interact with the lipid bilayer,
ARF1-GTP no longer binds to p23. This suggests that
nucleotide exchange and ARF1 release from p23 are
concerted events. As a consequence, the membrane
becomes primed for coatomer recruitment by both mem-
brane-associated ARF1-GTP (which interacts with b- and
g-COP; Zhao et al., 1997, 1999) and, in close proximity,
by accessibility of p23 cytoplasmic tails (which interact
with g-COP; Harter and Wieland, 1998).

Since coatomer cannot bind to Golgi membranes
without the preceding recruitment of ARF1-GTP, it is
also possible that p23-mediated ARF1-GDP binding and
subsequent nucleotide exchange modulates the oligomeric
status of the complex of p24 proteins in order to generate
coatomer binding sites (Wieland and Harter, 1999).
Although highly speculative at this time, p23 homo-
oligomers might be generated from hetero-oligomers of
p23 with other family members, driven by cycles of
nucleotide exchange and ARF1-dependent GTP-hydro-
lysis. In addition, ARF1-mediated GTP hydrolysis has
been shown to be required for ef®cient uptake by COPI
vesicles of biosynthetic cargo (Malsam et al., 1999;
Pepperkok et al., 2000) and, therefore, ARF1-GDP is
continuously produced during coat assembly. Thus, a
mechanism to prevent release from membranes of
ARF1-GDP during early stages of coat recruitment
would enhance assembly of a pre-budding complex that
eventually leads to the formation of a COPI-coated
transport vesicle.

Materials and methods

Preparation of recombinant proteins and Golgi membranes
Recombinant N-myristoylated human ARF1 (mARF1) was prepared to
near homogeneity based on a protocol by Franco et al. (1995) and
modi®ed as described (Nickel and Wieland, 2001). Typically, ~75% of
the total ARF1 population was found to contain myristic acid. Non-
myristoylated human ARF1 (ARF1) and ND17ARF1, containing an
N-terminal His6-tag (ARF1 lacking amino acids 1±17; Kahn et al., 1992),
were prepared (Helms et al., 1993; Goldberg, 1998). Recombinant ARNO
(Chardin et al., 1996), containing an N-terminal His6-tag was over-
expressed in Escherichia coli and puri®ed to near homogeneity by Ni-
NTA agarose chromatography according to Mossessova et al. (1998).
rab11 was a kind gift of Birte SoÈnnichsen (EMBL, Heidelberg, Germany).
TI, ovalbumin and BSA were purchased from Sigma (Deideshofen,
Germany). Rabbit liver Golgi membranes were prepared as described by
Tabas and Kornfeld (1979).

Peptide synthesis
Synthetic peptides used in this study are listed in Table I. Peptides
referred to as p23-CT, p24-CT, p25-CT, p26-CT, p27-CT, Wbp1-CT and
KDEL-CT, respectively, were designed corresponding to the C-terminal
cytoplasmic sequences (-CT) of the human p24 family members p23
(hp24d), p24 (hp24b), p25 (hp24a), p26 (hp24g4), p27 (hp24g3; Sohn
et al., 1996; Dominguez et al., 1998), yeast Wbp1 (te Heesen et al., 1992)
and the human KDEL receptor (Lewis and Pelham, 1990). A photolabile

analogue of p23-CT, referred to as p23-CT*, was synthesized by
replacing the natural F at position 8 by the photoreactive analogue F*
(Photo probes, Sins, Switzerland) as described by Harter and Wieland
(1998). Peptides were prepared by automated solid-phase synthesis using
the Fmoc strategy and puri®ed by high-performance liquid chromato-
graphy (HPLC). The disul®de-bridged dimeric peptides were prepared by
oxidation of cysteines introduced at the N-terminus, in aqueous 20%
dimethylsulfoxide for 48 h at room temperature (RT). Subsequently, the
dimers were isolated by HPLC and characterized by mass spectrometry.
Stock solutions (2 mM) were prepared in H2O, divided into aliquots and
stored at ±20°C immediately after preparation.

Photo-cross-linking experiments
In a typical photo-cross-linking assay, 2.5 mM of either recombinant
mARF1, ND17ARF1 or control proteins (as indicated in the legend to
Figure 2) were incubated with 50 mM of the photolabile peptide p23-CT*
in 25 mM HEPES±KOH pH 7.2, 20 mM KCl, 2.5 mM magnesium acetate
(buffer A) and 50 mM GDPbS in a total volume of 20 ml for 1 h at 25°C.
3 mM l-a-dimyristoyl-phosphatidylcholine liposomes were included if
nucleotide dependence of the cross-link product was analyzed. To prevent
ARF1 binding to the tube walls, incubations were performed in 1.5 ml
silanized tubes. For competition experiments, recombinant mARF1 was
pre-incubated for 30 min at 25°C with monomeric or dimeric peptides at
the concentrations indicated. p23-CT* was then added to a ®nal
concentration of 12.5 mM and incubated for 1 h at 25°C. Photo-activation
was performed on ice by illumination at l = 365 nm for 2 min at a
distance of 12 cm (4.6 W/cm2). Samples were analyzed by SDS±PAGE
on 16.5% tricine gels (SchaÈgger and von Jagow, 1987) followed by
western blotting and immunodetection with antibodies directed against
ARF1 (Palmer et al., 1993) and p23-CT (Sohn et al., 1996).

Analysis of nucleotide dependence of cross-link product
formation
A reaction mixture of 20 ml containing 2.5 mM of either mARF1 or
ND17ARF1, 0.8 mM ARNO, 3 mM l-a-dimyristoyl-phosphatidylcholine
liposomes, ovalbumin (1 mg/ml), 50 mM GTPgS (or GDPbS in controls)
in buffer A was pre-incubated for 30 min at 37°C in order to load GTPgS
onto mARF1 and ND17ARF1, respectively. p23-CT* (®nal concentration
50mM) was added and incubated for 1 h at 25°C followed by irradiation as
described above. Using these conditions, incorporation of GTP (measured
by inclusion of [a32P]GTP; Chardin et al., 1996) into mARF1 and
ND17ARF1 was complete at 70 and 95%, respectively.

Analysis of the interface between ND17ARF1 and p23-CT*
Fragmentation by treatment with cyanogen bromide (CNBr). ND17ARF1
(83 mM) was incubated with p23-CT* (166 mM) in a total volume of
300 ml. The sample was incubated for 1 h at 25°C, divided in 60 ml
aliquots and irradiated for 5 min as mentioned above. Cross-linked
material was separated from non-cross-linked material by 12%
SDS±PAGE, Coomassie Blue stained and dissected from the gel. After
two wash steps (each 20 min at RT) with 50% acetonitrile in 150 mM
NH4HCO3 pH 8.9, the gel pieces were dehydrated in 60% acetonitrile for
20 min at RT. The samples were then lyophilized for 10 min and
subsequently incubated in 10 mg CNBr/ml in 70 % TFA for 16 h in the
dark. Extraction of the cleavage products from gel pieces was
accomplished by three subsequent incubations with 60% acetonitrile,
0.1% TFA alternately with H2O, each for 20 min at RT. The combined
extracts were lyophilized and subsequently analyzed both by MALDI-
TOF (according to standard protocols) and SDS±PAGE on a 10% Bis-
Tris NuPAGE gel with MES running buffer (Novex) followed by
Coomassie Blue staining and microsequencing (Eckerskorn and
Lottspeich, 1989).

Fragmentation by treatment with 2-nitro-5-thiocyanobenzoic acid.
Samples according to 8.3 nmol of ND17ARF1, either mock-treated or
cross-linked to p23-CT* as described above, were incubated with 5 mM
NTCB in 50 mM Tris±HCl pH 8.0 and 8 M urea overnight at RT in a total
volume of 400 ml. Subsequently the pH was shifted to 9.0 and the samples
were further incubated 72 h at RT. Aliquots of the samples were either
analyzed on a 10% NuPAGE gel with MES running buffer followed by
western blotting with antibodies directed against p23-CT and ARF1 or
analyzed by MALDI-TOF. For the latter analysis, the samples were
puri®ed using successive C4- and C18-Zip-Tip (Millipore) puri®cation
according to the manufacturer's protocols.
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ARF1 binding assay
In a typical ARF1 binding assay, mARF1 (0.4 mM in the presence of
GTPgS and 0.8 mM in the presence of GDPbS) was incubated in a total
volume of 50 ml for 20 min at 37°C in silanized tubes with rabbit liver
Golgi membranes (9.0 mg) in buffer A, ovalbumin (1.6 mg/ml), 0.2 M
sucrose and 25 mM GTPgS or 50 mM GDPbS, respectively. The binding
reaction was terminated by transferring the incubation to ice. The reaction
mixture was loaded onto a 165 ml cushion of 15% sucrose (w/v) in buffer
A in a 1.5 ml BSA-coated tube and centrifuged for 1 h in a microfuge at
14 000 r.p.m. (4°C). The supernatant was removed and the membrane
pellet was separated by SDS±PAGE followed by western blotting and
immunodetection with antibodies directed against ARF1 (Palmer et al.,
1993) and p23-CT (Sohn et al., 1996). Recovery of Golgi membranes was
normalized by detection of endogenous p23, employing an antibody
directed against the lumenal part of p23 (Sohn et al., 1996). Binding of
mARF1 was analyzed in the presence of monomeric and dimeric forms of
peptides analogous to the cytoplasmic domains of p24 proteins as well as
control proteins (Wpb1 and KDEL receptor, respectively) at the
concentrations indicated in the legend to Figure 6.
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