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Despite extensive work on ADP-ribosylation factor (Arf) 1 at the Golgi complex, the functions of Arf2-5 in the secretory
pathway, or for that of any Arf at the ER-Golgi intermediate compartment (ERGIC) remain uncharacterized. Here, we
examined the recruitment of fluorescently tagged Arfl, -3, -4, and -5 onto peripheral ERGIC. Live cell imaging detected
Arfs on peripheral puncta that also contained Golgi-specific brefeldin A (BFA) resistance factor (GBF) 1 and the ERGIC
marker p58. Unexpectedly, BFA did not promote corecruitment of Arfs with GBF1 either at the Golgi complex or the
ERGIC, but it uncovered striking differences between Arfl,3 and Arf4,5. Although Arf1,3 quickly dissociated from all
endomembranes after BFA addition, Arf4,5 persisted on ERGIC structures, even after redistribution of GBF1 to separate
compartments. The GDP-arrested Arf4(T31N) mutant localized to the ERGIC, even with BFA and Exol present. In
addtion, loss of Arf- GTP after treatment with Exol caused rapid release of all Arfs from the Golgi complex and led to
GBF1 accumulation on both Golgi and ERGIC membranes. Our results demonstrate that GDP-bound Arf4,5 associate
with ERGIC membranes through binding sites distinct from those responsible for GBF1 recruitment. Furthermore, they
provide the first evidence that GBF1 accumulation on membranes may be caused by loss of Arf- GTP, rather than the

formation of an Arf- GDP - BFA - GBF1 complex.

INTRODUCTION

ADP-ribosylation factors (Arfs) play critical roles in mem-
brane traffic within eukaryotic cells by initiating the recruit-
ment of various coat proteins and by modulating the activity
of several lipid-modifying enzymes (Donaldson and Jack-
son, 2000). Mammals express six Arf isoforms, Arfl-6 (Arf2
has been lost in humans), which are grouped into three
classes based on primary sequence and gene organization
(Kahn et al., 2006). Class I consists of Arfl-3, which share
96% sequence identity and are the most abundantly ex-
pressed in cells and tissues examined (Cavenagh et al., 1996).
The class II Arfs, Arf4 and Arf5, are 90% identical to each
other, occur at much lower abundance and remain poorly
characterized. Arf6, the only class IIl Arf, shares the least
degree of sequence identity to the other Arfs.
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The best characterized Arfs, Arfl and Arf6, localize to
distinct compartments where they likely perform different
functions (Peters et al., 1995). Although Arfl localizes pri-
marily on the Golgi complex to regulate the assembly of
several types of coat complexes, Arf6 has been shown to
regulate endosomal membrane traffic and structural organi-
zation at the plasma membrane (D’Souza-Schorey and
Chavrier, 2006). Although little is known about Arf4, it has
been implicated in the sorting of rhodopsin into post-Golgi
carriers (Deretic et al., 2005). Despite apparent unique roles
for each Arf, recent reports suggest that they may not func-
tion independently from each other. Arf knockdown (KD)
studies by Kahn and colleagues revealed that distinct pairs
of Arfs may be required at each step of protein traffic (Vol-
picelli-Daley et al., 2005). For example, disruption of ER-to-
Golgi traffic resulted only from double KD of Arfl and Arf4.
Requirement for specific Arf pairs suggests that even though
there may be some functional redundancy between individ-
ual Arfs, each Arf must play some distinct and critical roles.
Consistent with this notion, a recent study by Donaldson
and colleagues revealed a mechanism in which activated
Arf6 promotes recruitment of ARNO for subsequent activa-
tion of Arfl on endosomes (Cohen et al., 2007).

Recruitment of Arf-GDP from cytosol to a membrane
allows activation by a guanine nucleotide exchange factor
(GEF). Subsequent inactivation of Arf-GTP by a GTPase-
activating protein (GAP) completes the cycle and releases
Arf-GDP to cytosol (Donaldson and Jackson, 2000). The
relative abundance of any given Arf on a particular or-
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ganelle should depend on the abundance of receptors to
recruit Arf - GDP, the specificity of the GEFs present, and the
relative rate of inactivation by GAPs. Inactive, GDP-bound
Arfs can associate weakly with membranes via a myristoy-
lated amphipathic N-terminal helix (Antonny et al., 1997).
However, several studies suggest that membrane proteins,
including the p23/24 proteins (Gommel et al., 2001; Majoul
et al., 2001) and several ER-Golgi soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) pro-
teins, such as membrin (Rein et al., 2002; Honda et al., 2005),
can function as receptors for Arfl-GDP and potentially
increase Arfl - GDP levels at the membrane. Receptors for
class II and III Arfs have not yet been reported. After re-
cruitment onto membranes of the Golgi complex or the
ER-Golgi intermediate compartment (ERGIC), Arf-GDP
may be activated by members of either of two Arf-GEF
families, the Golgi-specific brefeldin A (BFA) resistance fac-
tor 1 (GBF1) and the BFA-inhibited GEFs (BIGs). Even
though these two GEF families localize to different subcom-
partments (Zhao et al., 2002), their ability to activate both
class I and II Arfs (Claude et al., 1999; Kawamoto et al., 2002)
renders them unlikely to enrich any given Arf on a specific
compartment. The specificity of Arf-GAPs localized to early
secretory compartments remains uncharacterized (Inoue
and Randazzo, 2007).

Several experimental approaches have been developed to
characterize Arf-GEFs both in vitro and in vivo. These in-
clude drugs, viral proteins, as well as mutations in Arfs and
GEFs that interfere with the exchange of GDP for GTP and
can stabilize an abortive Arf - GEF complex (Beraud-Dufour
et al., 1998; Goldberg, 1998; Mossessova et al., 1998, 2003;
Peyroche et al., 1999; Niu et al., 2005; Szul et al., 2005; Wessels
et al., 2006). The best-characterized tool, the fungal metabolite
BFA, targets the catalytic domain, known as the Sec7 domain
(Sec7d) (Mansour ef al., 1999; Peyroche et al., 1999; Robineau et
al., 2000; Mossessova et al., 2003). BFA inserts at the interface
between Arf and the Sec7d, prevents GDP displacement and
causes formation of an abortive Arf-GDP - BFA - Sec7d com-
plex. A charge reversal mutation of the catalytic “glutamate
finger” in the Sec7d similarly interferes with GDP exchange
and causes accumulation of the abortive complex at very
low magnesium concentrations (Beraud-Dufour et al., 1998;
Renault et al., 2003). Arf1(T31N), a dominant-negative mu-
tant of Arfl that has a low affinity for GTP, has been pro-
posed to also form such complex and prevent activation of
endogenous Arfs. Interestingly, treatment with BFA, as well
as expression of GBF1(E794K) or Arf1(T31N), greatly reduce
the dynamic exchange between free and membrane-bound
GBF1 (Niu et al., 2005; Szul et al., 2005; Zhao et al., 2006).
These observations suggest that trapping an Arf - GBF1 com-
plex prevents GBF1 release from membranes and led to the
conclusion that nucleotide exchange is linked to release of
GBF1 from its membrane receptor (Cherfils and Melangon,
2005; Niu ef al., 2005; Szul et al., 2005; Zhao et al., 2006). This
conclusion seems consistent with the demonstration that the
enterovirus 3A protein blocks protein traffic to the Golgi
complex and can form a complex with the GDP bound form
of Arfl [Arf1(T31N)] and GBF1 (Wessels et al., 2006).

In contrast to the detailed information available on the
Arf-GEFs that regulate the secretory pathway, much less is
known about the function of class II Arfs. The lack of anti-
bodies to detect class II Arfs and the extensive biochemical
overlap of different Arf isoforms hindered progress on char-
acterization of Arfs. In this study, we exploit live cell imag-
ing methods in combination with a variety of pharmacolog-
ical agents that provide evidence for distinct localization and
behaviors of class II Arfs at the ERGIC.
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MATERIALS AND METHODS

Reagents and Antibodies

BFA and nocodazole (NOZ) were purchased from Sigma-Aldrich (St. Louis,
MO) and stored in dimethyl sulfoxide (DMSO) as 10- and 5-mg/ml stock
solutions, respectively. Exol was purchased from Calbiochem (Gibbstown,
NJ) and stored in DMSO at 25 mg/ml (91.5 mM). A serum (9D6) was raised
in rabbits against recombinant Arf5 purified as described previously (Berger
et al., 1988). Arf5-specific antibodies were affinity purified by passage of 9D6
over an Arf5-conjugated Affigel-10 column (Bio-Rad, Mississauga, ON, Can-
ada) as described previously (Harlow, 1988). Affinity-purified 9D6 was used
at 1:25 dilution for immunofluorescence (IF). Additional polyclonal antibod-
ies used for IF were anti-Arfl (2048; B. Helms, University of Utrecht, Utrecht,
The Netherlands) at 1:400 and anti-p58 (Molly6; Saraste et al., 1987; ]. Saraste,
University of Bergen, Bergen, Norway) at 1:400. Polyclonal antibodies used
for immunoblotting were anti-GBF1 (9D4 final bleed; Manolea et al., 2008) at
1:2500 and anti-green fluorescent protein (GFP) (G. Eitzen, University of
Alberta, Edmonton, AB, Canada) at 1:1000. The monoclonal antibodies used
for IF were anti-GBF1 (clone 25; BD Biosciences, Mississauga, ON, Canada),
anti-B-coatomer protein I (COPI) (clone M3AS5; Allan and Kreis, 1986; Sigma-
Aldrich) at 1:400, and anti-mannosidase II (Man II) (clone 53FC3; Burke et al.,
1982) at 1:100. Secondary antibodies used were Alexa 488/594-conjugated
goat anti-rabbit and Alexa 488/594-conjugated goat anti-mouse antibodies
(Invitrogen, Carlsbad, CA) at 1:600.

Construction of Plasmids for Tagged GBF1 and Arfs

A plasmid encoding GBF1 tagged at the N terminus with monomeric Cherry
(mCherry) was constructed in the backbone of pcDNA5/TO (Invitrogen).
pcDNA5/TO was first modified to include an Nhel site by insertion of a
synthetic duplex between the HindIII and Kpnl1 sites. An inducible plasmid
encoding the GFP-GBF1 chimera was then constructed by transferring the
Nhel-Notl fragment from pIND-GFP-GBF1 (Zhao et al., 2006) into pcDNA5/
TO-Nhel. Construction of pcDNA5/TO-mCherry-GBF1 entailed two sequen-
tial steps. A fragment encoding mCherry amplified by polymerase chain
reaction (PCR) from pRSETB-mCherry (Dr. R. Tsien, University of California-
San Diego, San Diego, CA) was first inserted between the Nhel and Xhol sites
of pcDNA5/TO-Nhel; an Xhol fragment encoding GBF1 was then trans-
ferred from pcDNA5/TO-GFP-GBF1 into the Xhol sites of pcDNA5/TO-
Nhel-mCherry. This approach yielded an mCherry-GBF1 with linker identi-
cal in length and sequence to that of the previously characterized GFP-GBF1
(Zhao et al., 2006).

The plasmids used for Arf-GFP expression in this study were constructed
by inserting fragments encoding human Arfl, Arf3, Arf4, and Arf5 between
the Xhol and Kpnl sites of pEGFP-N1 (Clontech, Mountain View, CA).
Fragments were obtained by PCR amplification from vectors harboring hu-
man Arf sequences (Berger et al., 1988) by using forward primers that intro-
duced an Xhol site upstream of the ATG and reverse primers that changed
the TGA stop codon to CGC and introduced a Kpn1 site immediately down-
stream that allowed in frame translation of GFP after a 12-residue linker
(AVPRARDPPVAT). The Arf4(T31N) mutant was created by site-directed
mutagenesis by using the QuikChange kit (Stratagene, La Jolla, CA), as per
manufacturer’s instructions. The Arf1(T31N) fragment was amplified using a
plasmid encoding hemagglutinin (HA)-tagged bovine Arfl(T31N) (Peters et
al., 1995) obtained from V. Hsu (Harvard Medical School, Boston, MA).

The plasmid for Arfl-mCherry was derived from one encoding Arfl-red
fluorescent protein (RFP) constructed by Dr. J. Donaldson (National Institutes
of Health, Bethesda, MD) by inserting the complete bovine Arfl cDNA
between the BglII and EcoR1 sites of RFP-N1 (Cohen et al., 2007). To generate
Arfl-mCherry, we exchanged the BamH1-Not1 fragment encoding RFP with
a similar one encoding mCherry. This procedure introduced a 13-residue
linker (GILQSTVPRARDP) between the terminal Lys of Arfl and the initiat-
ing Met of mCherry.

To generate mCherry-tagged forms of Arf3, Arf4, and Arf5, we substituted
a BamH1-Notl fragment encoding mCherry into pEGFP-N1 into which Arf
cDNAs amplified by PCR from vectors encoding Arf3-HA, Arf4-HA, and
Arf5-HA (Peters et al., 1995) had been inserted between the Xhol and Kpnl
sites. This procedure yielded chimeras containing an eight-residue linker
(AVPRARDP) between the terminal Arf residue and the initiating Met of
mCherry.

Cell Culture and Normal Rat Kidney (NRK) Cell Line
Expressing GFP-tagged GBF1

The cell lines used for this study include HeLa (ECACC, 93021013; Sigma-
Aldrich), NRK-52E cells (ATCC CRL-1571, American Type Culture Collec-
tion, Manassas, VA), COS1 cells (ATCC CRL-1650; American Type Culture
Collection), and T-REx-293 (Invitrogen). The isolation of the stable NRK cell
line expressing the N-terminal GFP-tagged GBF1 (NRK-GFP-GBF1) has been
described previously (Zhao et al., 2006). Cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 100 ug/ml
penicillin, 100 pg/ml streptomycin, and 2 mM rL-glutamine at 37°C in a 5%
CO, incubator. FuGENE 6 (Roche Diagnostics, Indianapolis, IN) or TransIT-
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LTI transfection reagent (Mirus, Madison, WI) was used for transient trans-
fections.

Immunofluorescence and Live Cell, Time-Lapse Imaging

For IF experiments, cells were grown and treated with drugs at 37°C on glass
coverslips, washed in phosphate-buffered saline (PBS), and fixed with 3%
paraformaldehyde in PBS at 37°C for 20 min. Cells double labeled with mouse
and rabbit antibodies were processed as described previously (Zhao et al.,
2002). Epifluorescence images shown in Figures 1, 6A, 7B, and 8B and in
Supplemental Figures 3 and 5 were obtained using an Axioskop II microscope
(Carl Zeiss, Thornwood, NY) equipped with a 63X objective (plan-Apocro-
mat, numerical aperture [NA]= 1.4).

For live cell imaging, cells were grown in glass-bottomed microwell dishes
(Plastek Cultureware; MatTek, Ashland, MA). The medium was switched to
CO,-independent DMEM (Invitrogen) supplemented with 10% FBS immedi-
ately before imaging on a temperature-controlled (37°C) stage of an Axiovert
200M confocal microscope (Carl Zeiss) equipped with an UltraVIEW ERS 3E
spinning disk (PerkinElmer Life and Analytical Sciences, Waltham, MA) and
100X objective lens (plan-Apocromat, NA = 1.4). Live cell imaging was
performed in a room maintained either at 23°C (Figures 2, 3, and 5) or 35°C
(Figures 4 and 6-8); a thermocouple placed in the glass coverslip registered
a few degrees above room temperature even when the heated stage was set at
37°C. Images were captured with a 9100-50 electron multiplier charge-cou-
pled device digital camera (Hamamatsu Photonics, Bridgewater, NJ) and
processed with Ultraview Image Suite. Movies with dual labeling were im-
aged in the same cells by exciting each fluorophore and detecting sequentially
(multitrack mode) to avoid channel bleedthrough. Laser intensity and filters
were adjusted to give maximum signal but avoid saturation. Experiments
involving drug addition were performed by adding 500 ul of medium con-
taining 4 times drug concentration to a dish containing 1.5 ml of medium. For
BFA washout experiments (Figure 4), medium was twice aspirated and
replaced with medium lacking drug at the indicated time. Focus was adjusted
immediately after manipulation as required.

Cell Fractionation, Preparation of Cell Extracts, and
Immunoblots

BFA-mediated membrane recruitment of GBF1 was assayed using highly
transfectable T-REx-293 cells. Cells grown on 100-mm plates was transfected
with plasmids encoding Arfl-GFP or Arf4-GFP for 17-22 h as indicated. Cells
were scraped into 500 ul of buffer (10 mM Tris, pH 8, 150 mM NaCl, protease
inhibitor cocktail [Roche Diagnostics], pepstatin A, and O-phenanthroline),
and then they were recovered by centrifugation at 1500 X g for 3 min at 4°C.
Buffer was removed, and 250 ul of fresh buffer was added to each plate’s
worth of cells. Cells were treated in suspension with 10 ug/ml BFA or vehicle
control (DMSO). After 2-min incubation at 37°C, cells were homogenized by
15 passages through a 23-gauge needle. Low-speed supernatants acquired
after centrifugation at 8000 X g for 3 min at 4°C were subsequently centri-
fuged at 55,000 rpm for 25 min at 4°C. Resultant supernatants (cytosol) were
retained and Igepal added to 1%. High-speed pellets (microsomes) were
resuspended with equivalent volume of wash buffer containing 1% Igepal.
Equivalent amounts of cytosolic and microsomal fractions were separated by
Tris-glycine SDS-polyacrylamide gel electrophoresis [PAGE] on 5/15% step
gradient gels calibrated with prestained molecular weight standards (Bio-
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Rad, Hercules, CA). After electrophoresis, proteins were transferred to nitro-
cellulose membranes, immunoblotted with primary antibodies raised against
GBF1 or GFP, and detected using the ECL-Plus system (GE Healthcare,
Chalfont St. Giles, United Kingdom).

Image Quantification and Analysis

Quantification of the extent of signal overlap between Arf-mCherry and either
GFP-GBF1 or p58-GFP (Figure 2) was performed essentially as described
previously (Zhao et al., 2002). Briefly, NIH Image, version 1.62 (http://
rsb.info.nih.gov/nih-image) was used to generate separate masks for the
green and red signal by using a range of threshold values that retained all
discernible peripheral structures. At least five cells were analyzed. Results are
expressed as percentage of total spots chosen for analysis in the green mask
that were concentric with spots in the red mask.

Signal intensities for GFP-GBF1 and Arf-mCherry were quantified using
MetaMorph software, version 6.1 (Molecular Devices, Sunnyvale, CA). The
signal intensities exclusively at the Golgi and ERGIC membranes were ana-
lyzed by using an inclusive threshold set between 80 and 100 to include total
membrane signal without saturation. A median filter of 2 pixels was chosen
to eliminate background signal. The integrated intensities exported to Excel
(Microsoft, Redmond, WA) were plotted as a function of time.

RESULTS

Arf1 and Class II Arfs Localize to Peripheral ERGIC

GBF1 has been detected at peripheral punctate structures
and implicated in the maturation of cargo carriers necessary
for assembly and maintenance of the Golgi complex (Garcia-
Mata et al., 2003; Szul et al., 2005; Zhao et al., 2006; Manolea
et al., 2008). GBF1 likely activates one or more Arf isoforms
on these punctate structures to initiate recruitment of COPI,
but no Arfs have yet been reported to localize at the ERGIC.
The limited availability of selective antibodies to detect en-
dogenous Arfs in fixed cells likely accounts for the lack of
information. Antibodies that detect specifically endogenous
Arfl and Arf5 at the Golgi complex in fixed cells are avail-
able, but they did not permit further characterization of
weak peripheral structures (data not shown). To address this
issue, NRK cells were transfected with plasmids encoding
Arfl and Arf5. As shown in Figure 1, overexpressed Arfl
and Arf5 are readily detected at the Golgi complex as well as
peripheral puncta.

To examine in more detail the potential function of both
class I and class II Arfs at peripheral ERGIC structures, we
tagged Arfl, -3, -4, and -5 with both green (GFP) and red
(mCherry) fluorescent proteins. We chose not to examine the

Figure 1. Arfl and Arf5 localize to both the Golgi
complex and peripheral puncta positive for GBF1.
NRK cells were transfected with plasmids encoding
untagged Arfl or Arf5, fixed, and then processed for
indirect immunofluorescence with antibodies di-
rected against GBF1 (green channel) and either Arfl
or Arf5 (red channel) as described in Materials and
Methods. Bar, 20 pm.
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Figure 2. Class II Arf-positive puncta corre-
spond to peripheral ERGIC that also contain
GFP-GBF1. (A) NRK cells cotransfected with
plasmids encoding p58-GFP and mCherry- 2
tagged forms of either Arfl, Arf3, Arf4, or =
Arf5 as described in Materials and Methods.
Images were acquired from live cells using a
spinning disk confocal microscope as de-
scribed in Materials and Methods. The upper
row displays representative merged stills cor-
responding to a single confocal slice. Bottom
rows show enlargement of the boxed area for
single and merged images acquired from the
mCherry and GFP channels. The majority of
cells expressing Arfl (91%), Arf3 (76%), Arf4
(100%), and Arf5 (100%) contain mCherry-
positive puncta. Bar, 10 um for full images
and 2 um for magnified images. (B) NRK cells
stably expressing low levels of GFP-GBF1

Merge

p58-GFP  mCherry

Distinct Functions of Class II Arfs at ERGIC

B Arf1 Arf3 Arf4 Arf5

Merge

GFP-GBF1 mCherry

Merge

(NRK-GFP-GBF1) were transfected with plasmids encoding mCherry-tagged forms of either Arfl, Arf3, Arf4, or Arf5 as described in Materials
and Methods, and they were imaged as described for A. Bar, 10 um for full image and 2 um for magnified image.

class III Arf6 because it has been well documented to func-
tion in the endo-lysosomal system. A GFP-tagged form of
Arfl has been characterized in detail, and it was shown to
exhibit properties identical to those of the untagged protein
(Presley et al., 2002). A well-characterized NRK cell line
stably expressing low levels of GFP-GBF1 (NRK-GFP-GBF1;
Zhao et al., 2006) was transfected with plasmids encoding
either Arfl-mCherry, Arf3-mCherry, Arf4-mCherry, or Arf5-
mCherry. As shown in Figure 2 (top row), all four Arfs
localized to the Golgi complex. The higher magnification
images shown in the second row demonstrate that all four
Arfs were also readily detected at peripheral punctate struc-
tures (arrowheads). Similar results were obtained with Arfs
tagged with GFP in live HeLa cells (Supplemental Figure 1),
or Arfs tagged with the smaller HA epitope in several other
cell types (data not shown). Further examination confirmed
that Arf-positive puncta were observed in the majority of
live transfected cells; all cells (n > 31) expressing Arf4 or
Arf5 displayed Arf-positive puncta, whereas 91% of Arfl
transfectants (n = 34) and 76% of Arf3 transfectants (n = 29)
displayed puncta.

To examine in more detail the nature of Arf-positive
puncta, NRK cells were cotransfected with plasmids encod-
ing mCherry-tagged Arfs and the ERGIC marker p58 tagged
with GFP. As shown in Figure 2A, most Arf4- and Arf5-
positive puncta, as well as a significant fraction of Arfl
puncta, also contained p58-GFP. Similar experiments per-
formed in HeLa cells expressing a GFP-tagged form of
Secl6L (Connerly et al., 2005) confirmed that, as expected of
ERGIC structures, Arf-positive puncta often occurred next to
but separate from endoplasmic reticulum exit sites (ERES)
(data not shown). Comparison with the distribution of GFP-
GBF1 revealed that a significant fraction of the Arfl, -4, and
-5—positive structures also contained GBF1 (Figure 2B).

Quantitative analysis of images acquired from live cells
(similar to those shown in Figure 2) revealed that although
the majority of the Arf4- (84 + 4%; n = 169) and Arf5 (78 =
2%; n = 195)-positive structures contained the ERGIC
marker p58-GFP, this fraction was reproducibly smaller for
Arfl (44 = 4%; n = 255) and Arf3 (27 £ 6%; n = 123) puncta.
Similar analysis of cells coexpressing Arfs-mCherry and
GFP-GBF1 confirmed that most (>80%) class II Arf-positive
puncta also contained GBF1. We conclude that class II Arfs-
positive peripheral structures correspond to the ERGIC.
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Arfs Do Not Accumulate on Membranes with GBF1 after
BFA Treatment

The dissociation of GBF1 from membranes has been pro-
posed to be tightly linked to nucleotide exchange and to
only occur after the release of GDP and binding of GTP on
the Arf substrate. This model is derived from the observa-
tion that BFA treatment or overexpression of exchange-
deficient mutants of Arfl or GBF1 greatly reduces the kinet-
ics of GBFl release from membranes and causes its
accumulation on a limited subset of intracellular membranes
(Niu et al., 2005; Szul et al., 2005; Zhao et al., 2006). We set out
to exploit these observations to identify the preferred Arf
substrate of GBF1 at the ERGIC. The model predicted that
immediately after BFA addition, GBF1 would accumulate at
the membrane with concomitant retention of a correspond-
ing Arf signal. We reasoned that formation of the 1:1
Arf - GBF1 complex would be best detected using proteins
modified with similar fluorescent tags to avoid differences in
signal strength resulting from the use of antibodies with
varying affinities.

Analysis of mCherry-tagged Arfs revealed that the major-
ity of all four Arfs quickly redistributed from the Golgi
complex upon treatment with BFA (Figure 3 and accompa-
nying Supplemental Movies). Contrary to expectation, little
class I Arf signal remained on either the Golgi complex or
the ERGIC, even as GBF1 signal dramatically increased on
these structures (Figure 3A). Furthermore, the response of
class II Arfs on the ERGIC matched neither our expectation,
nor the behavior of class I Arfs. The level of Arf4-mCherry
and Arf5-mCherry at puncta remained relatively constant
and did not increase to match the signal observed with
GFP-GBF1 (Figure 3B and Supplemental Movies). Further
testing to validate the outcome by exchange of fluorescent
tags (i.e., Arf-GFP and mCherry-GBF1) and expression in
other cell lines such as HeLa or COSI cells yielded identical
results (data not shown). Furthermore, even high GBF1
overexpression did not lead to Arf accumulation on mem-
branes upon treatment with inhibitory levels (5 ug/ml) of
BFA (data not shown). Interestingly, several class II Arf-
positive puncta displayed limited motion and seemed stable
(Figure 3A and Supplemental Movies), as reported by Hauri
and colleagues (Ben-Tekaya et al., 2005; Appenzeller-Herzog
and Hauri, 2006).

Quantification of membrane-associated GBF1 and Arf
signal from each experiment shown in Figure 3A con-
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firmed that whereas GBF1 accumulated on membranes
and reached a maximum around 1 min, none of the Arfs
increased in signal after BFA treatment (Figure 3B). Inter-
estingly, although all Arfs released rapidly from mem-
branes upon drug addition, a significant fraction of class
IT Arfs dissociated more slowly from membranes, consis-
tent with retention of Arf4 and Arf5 signal at puncta
reported in Figure 3A. Quantitative analysis of mem-
brane-bound Arf and GBF1 fluorescence signal after
1-min treatment in several similar experiments confirmed
these observations (Figure 3C). Complementary analysis
of subcellular fractions further confirmed that BFA does
not lead to Arf accumulation in the membrane fraction
(Figure 3D). Both GBF1 and Arfs were released to the
cytosol (C) fraction upon homogenization, as reported
previously (Boman and Kahn, 1995; Claude et al., 1999).
However, whereas GBF1 dramatically accumulated on
membranes (M) when cells were treated briefly with BFA,
Arfs remained largely in the cytosol fraction, with no
increase in the membrane fraction. Finally, despite multi-
ple efforts to isolate the putative Arf-GBF1 complex,
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separated into cytosolic (C) and membrane
(M) fractions as described in Materials and
Methods. Panels show analysis of fractions fol-
lowing SDS-PAGE and immunoblotting with
GBF1 (top) and GFP (bottom) antibodies.

analysis of GBF1 immunoprecipitates failed to detect en-
richment of any of the Arfs (data not shown). These
results suggest that contrary to expectation, BFA does not
trap Arfs with GBF1 in an abortive complex on mem-
branes in vivo.

The dramatically different behavior of class I and class
IT Arfs prompted us to examine their response to BFA in
more detail. COS1 and NRK cells were cotransfected with
plasmids encoding either Arfl-GFP or Arf4-mCherry to
directly compare the response of Arfl and Arf4 to BFA
treatment. Both Arfs could be readily detected on periph-
eral puncta in both COS1 (Figure 4) and NRK cells (data
not shown) before drug addition. However, as observed
before, Arfl rapidly dissociated from all membranes un-
der conditions where Arf4-mCherry clearly remained as-
sociated on peripheral puncta (Figure 4A). Similar results
were observed in cells expressing Arfl-mCherry and
Arf4-GFP. Interestingly, unlike what was observed in
NRK-GFP-GBF1 cells (Figure 3), Arf4 gradually accumu-
lated on peripheral puncta in both COS1 (Figure 4A) and
NRK (data not shown) cells. Recovery of Arfl and Arf4
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BFA washout

Figure 4. Arf4, but not Arfl, remains associ-
ated with the ERGIC after BFA treatment. (A)
COSI cells cotransfected with plasmids encod-
ing Arfl-GFP and Arf4-mCherry were imaged
continuously for 11 min after BFA addition.
Panels show single channel images at the in-
dicated time points. Representative of at least
three experiments. Bar, 10 um. (B) COSI cells
cotransfected with plasmids encoding Arfl-
GFP and Arf4-mCherry were imaged continu-
ously for 2 min after BFA addition and an
additional 9 min after BFA washout as de-
scribed in Materials and Methods. Panels show
single channel images at the indicated times.
Representative of at least three experiments.
Bar, 10 pum.

Arf1-GFP

membrane association after BFA washout revealed fur-
ther differences between these Arfs (Figure 4B and Sup-
plemental Movies). Shortly after BFA removal, Arfl-GFP
signal recovered onto peripheral structures, several of
which were positive for Arf4-mCherry. However, at
longer times post-BFA washout, the majority of the Arfl
signal accumulated in the juxtanuclear Golgi, whereas
Arf4 remained primarily on peripheral structures. These
results confirm that Arfl and Arf4 behave differently in
response to treatment with BFA.

Class II Arfs Can Associate with the ERGIC
Independently of GBF1

The retention of class II Arfs at peripheral puncta after BFA
treatment seem consistent with the predicted formation of
membrane-bound Arf - GBF1 complex. However, two addi-
tional observations established that retention of class I Arfs
on membranes does not involve GBF1. First, many puncta
retained Arf4-mCherry and Arf5-mCherry signal even after
GFP-GBF1 had redistributed to the ER at longer times (Fig-
ure 5A). Our second test took advantage of the fact that
nocodazole (NOZ), a microtubule-depolymerizing agent,
prevents redistribution of GBF1 to the ER (Zhao et al., 2006).
We reasoned that retention of GBF1 at punctate structures in
absence of microtubules would better test whether Arfs
form a membrane-bound complex with GBF1 after BFA
treatment. NRK-GFP-GBF1 cells were treated with NOZ and
then imaged after BFA addition (NOZ/BFA; Figure 5B).
Although NOZ treatment prolonged the presence of GFP-
GBF1 on the Golgi complex and peripheral ERGIC (Figure
5B), class I Arfs quickly dissociated from puncta (data not
shown), as observed previously in absence of NOZ (Figure
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3). In contrast, the class II Arfs remained associated with
peripheral puncta (Figure 5, B and C, and Supplemental
Figure 2). However, whereas Arf4/5-positive puncta colo-
calized with GBF1 shortly after BFA addition, most of the
GBF1 redistributed to slightly larger structures that gradu-
ally separated from the puncta containing class II Arfs (Fig-
ure 5B). We suspect that class II Arfs remained on ERGIC
structures, whereas membrane-bound GBF1 redistributed to
a distinct membrane structure because BFA treatment
causes GBF1 to relocalize to the ER when microtubules are
present (Zhao et al., 2006).

To confirm that the class II Arf-positive structures ob-
served after extended treatment with NOZ/BFA correspond
to the ERGIC, we repeated this experiment with cells co-
transfected with a plasmid encoding p58-GFP. As shown in
Figure 5C, most of the structures onto which class II Arfs
persisted after 10-min treatment with NOZ/BFA were pos-
itive for p58-GFP. Quantitative analysis established that the
majority of the Arf4- (91 £ 5%) and Arf5 (89 = 6%)-positive
puncta also contained p58-GFP, confirming that they corre-
spond to the ERGIC. These results demonstrate that class II
Arfs can localize to specific membranes independently of
GBF1 and suggest the presence of separate receptors for
class II Arfs and GBF1.

Stimulation of Arf- GTP Hydrolysis by Exol Causes GBF1
to Transiently Concentrate on Golgi and ERGIC
Membranes

Our inability to detect BFA-dependent accumulation of sta-
ble 1:1 stoichiometric Arf - GBF1 complexes prompted us to
consider an alternate explanation for the membrane recruit-
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Figure 5. Stable association of class II Arfs with the ERGIC in the presence of BFA does not require GBF1. (A) Images correspond to the
10-min time points from the Arf4 and Arf5 movies shown in Figure 3A. Bottom panels show single and merged images acquired in the boxed
area from the mCherry and GFP channels. Representative of at least three experiments in NRK-GFP-GBF1 cells. Bar, 10 um for the full images
and 2 pum for insets. (B) NRK-GFP-GBF1 cells transfected with either Arf4-mCherry (top row) or Arf5-mCherry (bottom row) were incubated
on ice for 2 min followed by treatment with 20 pug/ml NOZ for 15 min on ice. Several minutes (5-10 min) after transfer to a heated stage,
cells were treated with BFA and imaged every 5 s for 10 min. Images correspond to frames captured at the indicated times. Bottom panels
show single and merged images acquired in the boxed area from the mCherry and GFP channels. Images representative of at least four
experiments in NRK-GFP-GBF1 cells. Bar, 10 um. (C) NRK cells were cotransfected with plasmids encoding p58-GFP, and either
Arfd-mCherry (top) or Arf5-mCherry (bottom) and then treated and imaged as described in B. Arf4/5-mCherry—positive structures after
treatment with NOZ and BFA contain p58-GFP and correspond to the ERGIC. Images representative of at least two experiments in NRK

cells. Bar, 10 pm.

ment of GBF1 caused by BFA treatment and expression of
the Arfl(T31N) and GBF1(E794K) mutants. We hypothe-
sized that loss of Arf:GTP, rather than formation of an
abortive complex, traps GBF1 on membranes. To test this
alternate mechanism, we turned to Exol, a cell-permeable
methylanthranilate analog that rapidly releases Arfl from
Golgi membranes. Exol does not affect Arf-GEFs and has
been suggested to modify Golgi Arfl activity by increasing
the rate of GTP hydrolysis through an Arf-GAP-dependent
step (Feng et al., 2003). We reasoned that if GBF1 accumu-
lation on Golgi and ERGIC membranes were linked to loss
of Arf - GTP, Exol should cause membrane accumulation of
GBF1 similar to that observed with BFA.

As shown in Figure 6, treatment with Exol led to rapid
but transient recruitment of both endogenous and GFP-
GBF1 at the Golgi complex and the ERGIC. Examination
of NRK cells by standard IF using anti-GBF1 antibodies
first established that Exol causes membrane accumulation
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of endogenous untagged GBF1, most conspicuously at
peripheral puncta (Figure 6A). This effect was specific to
GBF1, because as reported previously for BFA (Zhao et al.,
2006), Exol did not cause accumulation of BIG1 on pe-
ripheral puncta; similar effects were observed in HelLa
and COS1 cells (Supplemental Figure 3). As observed
with BFA, GFP-GBF1 accumulated rapidly on mem-
branes, reaching a maximum ~1 min after Exol addition
and decreasing thereafter (Figure 6B). Quantification of
several experiments similar to that shown in Figure 6B
revealed an approximately eightfold increase in mem-
brane-associated GFP-GBF1 signal 1 min after Exol treat-
ment (Figure 6C). These striking results demonstrate that
GBF1 accumulation on Golgi and ERGIC membranes can
result from loss of Arf+ GTP and does not require forma-
tion of a stable, abortive complex. More importantly, they
suggest a potentially novel regulatory mechanism for
GBF1 recruitment.

Molecular Biology of the Cell
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Figure 6. Exol causes GBF1 to concentrate on the Golgi complex
and the ERGIC. (A) NRK cells were treated with carrier DMSO or
100 uM Exol for 90 s, fixed, and processed for IF by using anti-GBF1
monoclonal antibody as described in Materials and Methods. Images
were acquired and processed identically. Bar, 10 um. (B) NRK-GFP-
GBF1 cells were treated with carrier DMSO or 100 uM Exol and
imaged for 10 min. Images correspond to single frames at the
indicated time points. Images representative of at least four exper-
iments in NRK cells. Bar, 10 um. (C) Quantification of GFP-GBF1
relative signal intensities (percentage of initial value) at the Golgi
and peripheral puncta membranes after 1 min of treatment with
Exol. Values correspond to averages with SE obtained from a
minimum of 25 cells from at least four different sets of experiments.

Class II Arfs and GBF1 Accumulate at the ERGIC after
Extended Treatment with Exol

The dramatic effects of Exol on GBF1 recruitment led us to
investigate its impact on the class I and class II Arfs. As
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reported previously for Arfl (Feng et al., 2003), Exol caused
rapid release of all tested Arfs from the Golgi complex,
suggesting that Exol promotes GTP hydrolysis on all Golgi-
localized Arfs (Figure 7A and accompanying Supplemental
Movies, and Supplemental Figure 4). Interestingly, as ob-
served with BFA (Figure 2), class II Arfs but not class I Arfs
remained on puncta shortly after Exol addition. Consistent
with results presented in Figure 6, GBF1 accumulated on
structures positive for class II Arfs. However, unlike what
was observed with BFA (Figure 3), class II Arfs did not
persist but rather redistributed with GBF1 2-3 min after
Exol addition (Figure 7A, and Supplemental Figure 4 and
accompanying Supplemental Movies). The most striking dif-
ference between the two drugs was observed at later times
when class II Arfs and GBF1-positive punctate structures
reappeared (Figure 7A, arrowheads). Puncta containing
both Arf4 and GBF1 signal started to occur at ~7 min and
grew progressively brighter for up to 20 min. Similar results
were obtained in fixed NRK cells expressing Arf4-mCherry
with an antibody to detect endogenous GBF1 (data not
shown). These observations confirm that class I and class II
Arfs behave differently, and they reveal that BFA and Exol
impact ERGIC dynamics differently.

To determine whether the reappearing punctate struc-
tures correspond to the ERGIC or fragmented Golgi mini-
stacks, we repeated our analysis with a wider range of
markers in fixed cells. We chose to examine marker distri-
bution 20 min after Exol addition, because this treatment
yielded maximum signal in live cells. Images shown in
Figure 7B, e and f, demonstrates that Arf4 accumulated in
puncta positive for an ERGIC marker. Further labeling of
Arf4-GFP transfectants for COPI or the Golgi marker Man
II-confirmed complete dispersal of both markers after treat-
ment with Exol (Figure 7B, g and h). These observations
demonstrate that Arf4-positive puncta (insets) do not corre-
spond to Golgi fragments or mini-stacks that reformed near
peripheral ERES and the ERGIC. The absence of COPI from
Exol-induced puncta further demonstrated effective loss of
activated Arfs. The association of class II Arfs with the
ERGIC in presence of either BFA or Exol suggests the pres-
ence of an organelle specific receptor with affinity for the
inactive GDP-bound form of these Arfs.

Class II Arfs Concentrate on Peripheral Puncta in Their
Inactive, GDP-bound Form

To confirm that the inactive GDP-bound form of Arf4 can
associate specifically with ERGIC membranes, we examined
the localization of an inactive variant of Arf4-GFP contain-
ing the T31N mutation, shown previously in Arfl to prevent
stable GTP binding (Dascher and Balch, 1994) and reported
to inactivate Arf4 (Kim ef al., 2003). Overexpression of
Arf1(T31N) interferes with the recruitment of COPI to Golgi
membranes and causes disassembly of the Golgi complex
(Zhang et al., 1994) (Dascher and Balch, 1994; Garcia-Mata et
al., 2003). Live NRK cells expressing similar levels of both
wild type Arf4&-mCherry and Arf4(T31N)-GFP were imaged
in absence and presence of Exol. Interestingly, and for rea-
sons we cannot explain, expression of high levels of the Arf4
dominant-negative mutant did not prevent assembly of the
Golgi complex when low levels of Arf1(T31N) readily dis-
persed Golgi markers (Supplemental Figure 5; Dascher and
Balch, 1994). Instead, Arf4(T31N)-GFP localized primarily to
peripheral puncta and only weakly to the Golgi complex
that remained decorated with wild-type Arf4 (Figure 8A).
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Treatment with Exol caused loss of wild-type Arf4 from the
Golgi region and further accumulation of Arf4(T31N) on
peripheral puncta positive for wild-type Arf4.

To confirm that the Arf4(T31N)-GFP puncta correspond to
the ERGIC, we repeated this analysis in fixed cells labeled
with an antibody to the ERGIC. As shown in Figure 8B,
Arf4(T31N)-GFP associated weakly with puncta in mock-
treated cells, and these structures were labeled with the
ERGIC antibody. Treatment with either BFA or Exol caused
further accumulation of Arf4(T31N)-GFP at the ERGIC (Fig-
ure 8B). These results clearly demonstrate that Arf4-GFP is
bound to the ERGIC membranes in the GDP-bound form
and indicates the presence of a binding site for Arf4 that
localizes to the ERGIC.

DISCUSSION

GBF1, the only known Arf-GEF localized to the ERGIC and
cis-Golgi complex (Claude et al., 1999; Kawamoto et al., 2002;
Zhao et al., 2002; Garcia-Mata et al., 2003) plays a critical role
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Figure 7. Exol causes rapid loss of Arfs from
Golgi membranes but leads to eventual con-
centration of GFP-GBF1 and class II Arfs at the
ERGIC. (A) NRK-GFP-GBF1 cells transfected
with plasmids encoding Arfs tagged with
mCherry were treated with carrier DMSO or
100 uM Exol and imaged for 20 min as de-
scribed in Materials and Methods. Images cor-
respond to single frames captured at the indi-
cated times. Data obtained with Arf3 and Arf5
are provided as Supplemental Material. Bar,
10 um. (B) NRK cells were treated with DMSO
(a—d) or 100 uM Exol (e-h) for 20 min and
then processed for double-label IF by using
antibodies to the indicated markers. Paired
panels a, b and e, f display green, red chan-
nels from the same area of cells transfected
with plasmids encoding Arf4-GFP. Insets in
c and g display images obtained with anti-
body to the ERGIC marker Molly 6. GBF1
and Arf4-GFP concentrate on ERGIC struc-
tures devoid of COPI and the Golgi marker
Man II. Images representative of four exper-
iments. Bar, 20 um.

COPI

in cargo transport from the ER to the Golgi complex (Zhao et
al., 2006; Szul et al., 2007, Manolea et al., 2008). However,
until now, the preferred Arf substrates for GBF1 at the
ERGIC remained unknown. In this study, we discovered
that both class I and class II Arfs localize to peripheral
structures. Surprisingly, whereas only ~50% of Arfl-posi-
tive puncta colocalize with the ERGIC marker p58, the ma-
jority of Arf4- and Arf5-positive punctate structures corre-
spond to the ERGIC. Attempts to use BFA to trap GBF1 in
abortive complexes with its preferred Arf substrates failed to
detect corecruitment of any Arf with GBF1. However, these
experiments revealed that class II Arfs remain on peripheral
ERGIC membranes, even after BFA treatment and subse-
quent redistribution of GBF1 to other compartments. Fur-
ther experiments confirmed that Arf4 associates selectively
with ERGIC membranes in its GDP-bound form. Our obser-
vations demonstrate the presence of receptors specific for
class II Arfs on the ERGIC and suggest potential regulatory
function for these Arfs in ER-to-Golgi traffic.

Molecular Biology of the Cell
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Figure 8. Inactive Arf4 - GDP localizes to the ERGIC.
(A) NRK cells were cotransfected with plasmids encod-
ing wild-type Arf4-mCherry and the GDP-arrested mu-
tant (T3IN) of Arf4-GFP. Transfectants were imaged
both before and after addition of 100 uM Exol. Images
correspond to single frames obtained immediately prior
(t = 0) or 10 min after Exol addition. Wild type (WT),
but not the T31IN mutant of Arf4-GFP, localizes to the
Golgi complex; staining patterns for mutant and WT
Arf4 become identical after Exol treatment. Bar, 10 pwm.
(B) NRK cells were transfected with plasmids encoding
Arf4(T31N)-GFP. After treatment with carrier DMSO, 5
png/ml BFA or 100 uM Exol, cells were fixed and pro-
cessed for IF as described in text. Insets show enlarge-
ment of boxed area. Right panels show merge signal
from the enlarged area. Bar, 20 um.
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Class II Arfs Localize to the Golgi Complex and the
ERGIC

We present the first direct evidence for the localization of
both class I and class II Arfs at the ERGIC. Despite clear
expectation that Arfs participate in COPI recruitment at the
ERGIC, no studies had yet reported the presence of either
Arf class on these structures. Imaging of fixed cells overex-
pressing untagged or HA-tagged forms of Arfl and Arf5
readily detected Arfs at the Golgi complex, but only a frac-
tion of the transfectants displayed clear Arf-positive periph-
eral puncta. Two serendipitous observations enabled the
study reported here. First, we observed more GBF1 and Arfs
localization to the ERGIC in cells kept at temperatures below
37°C. In addition, although only a fraction of transfectants
showed Arf-positive puncta after fixation, Arfs were ob-
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Arf4-mCherry
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served at puncta in nearly all transfected live cells. Almost
all live cells expressing class I and II Arfs tagged with
fluorescent proteins displayed Arf-positive peripheral
puncta over a wide range of Arf expression. Nearly all of
those containing Arf4 and Arf5 corresponded to the ERGIC
because they were also positive for the ERGIC marker p58-
GFP. Interestingly, a consistently smaller fraction of class I
Arf-positive puncta contained p58-GFP. These observations
suggest a potentially unique function for class II Arfs at the
ERGIC.

GBF1 Concentrates on Golgi and ERGIC Membranes
without Forming an Abortive Complex with Arfs

To examine whether class II Arfs were activated preferen-
tially by GBF1 at peripheral ERGIC, we subjected live cells to
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specific treatments intended to promote the formation of a
complex between GBF1 and its Arf substrates. As described
in more detail in Results, previous work predicted that treat-
ment with BFA would trap one or more Arfs on membranes
commensurate with GBF1 recruitment and formation of a
putative abortive Arf - GDP - BFA - GBF1 complex (Cherfils
and Melangon, 2005; Niu et al., 2005; Szul et al., 2005; Zhao et
al., 2006). Contrary to expectation, our data strongly suggest
that BFA treatment does not promote association of class I or
class II Arfs with GBF1. Analysis of live imaging experi-
ments in Figure 3 revealed no concomitant increase of Arf-
mCherry signal as GFP-GBF1 accumulated on Golgi and
ERGIC membranes shortly after BFA treatment. Class II Arfs
remained on punctate structures, but several experiments
established that class II Arfs associated with membranes
independently of GBF1.

Our results remain consistent with the well-characterized
mechanism of action of BFA. The demonstration that BFA is
an uncompetitive inhibitor that can form ternary complexes
with Arf and isolated Sec7 domains is incontrovertible
(Mansour et al., 1999; Peyroche et al., 1999; Robineau et al.,
2000; Mossessova et al., 2003; Renault et al., 2003). However,
our results suggest that such complexes must be transient
and do not accumulate in vivo. Rapid inhibition of GBF1
activity may lead instead to modification of either GBF1 or
its receptor that traps GBF1 on its receptor and decreases
GBF1 activity toward Arfs (Figure 9). Formation of a tran-
sient abortive Arf - GDP - BFA - GBF1 complex is likely what
allowed Jackson and colleagues to detect BFA-dependent
interaction between GBF1 and Arfl in their bimolecular
fluorescence complementation assay (Niu ef al., 2005). It may

be important to note that reconstitution of the split yellow
fluorescent protein is largely irreversible (Kerppola, 2006)
and likely traps a transient intermediate rather than reveals
a stable Arf- GEF complex. Finally, we cannot exclude the
possibility that GBF1 forms undetectable but stable com-
plexes with endogenous Arfs that could exclude tagged-
Arfs. This possibility could explain association of Arfl and
Arf4 with GBF1 reported by Szul ef al. (2007), but this could
not be unambiguously tested because methods to efficiently
detect complexes containing endogenous Arfs have not been
established. Instead, we demonstrated that accumulation of
GBF1 on membranes in response to BFA treatment can result
from loss of Arf:GTP from membranes and need not de-
pend on formation of stable abortive complex with BFA
(Figure 9). Our “Arf - GTP loss” model was tested directly
using Exol, a drug that causes rapid release of Arfl from
membranes by promoting GTP hydrolysis on Arf and
clearly does not block the guanine nucleotide exchange by
Arf-GEFs (Feng et al., 2003). As predicted by our model,
Exol promoted release of Arfs and caused dramatic recruit-
ment of both endogenous and GFP-GBF1 on Golgi and
ERGIC membranes (Figures 6 and 7). These results estab-
lished that GBF1 can accumulate on ERGIC and Golgi mem-
branes independently of a physical interaction with an Arf.
This Arf - GTP loss model is consistent with previous studies
with GBF1(E794K) and Arf1(T31N) that cause similar loss of
Arf-GTP and lead to accumulation of GBF1 at the mem-
brane (Garcia-Mata et al., 2003; Szul et al., 2005).

As proposed in our Arf-GTP loss model, reduction in
Arf - GTP levels caused by either BFA or Exol leads to a
conformational change in GBF1 or its receptor that ulti-
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DY\ (T )5
- Arf 'GBF1 Receptor
@ Receptor

Rapid GBF1
exchange

Slow GBF1
A exchange

Arf ]
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Figure 9. Arf- GTP loss model for the effect of BFA on GBF1 association with membranes. GBF1 and Arf - GDP are recruited to specific
membranes through interaction with distinct receptors. BFA absent (top), in the presence of a regulatory Arf - GTP (blue), membrane-bound
GBF1 acquires an active conformation that can interact with membrane-bound substrate Arf - GDP (red) and promote release of GDP. GTP
loading causes the release of a new Arf-GTP (red) and frees up active GBF1 for another cycle of nucleotide exchange. GBF1 dissociates
rapidly from its receptor under these conditions but can activate multiple Arf substrates per binding cycle. BFA present (bottom), BFA forms
an abortive complex Arf - GDP - BFA - GBF1 complex with membrane-bound GBF1 and blocks nucleotide exchange. Arf-GAP activity leads
to rapid loss of regulatory Arf-GTP from the membrane, which induces a conformational change in GBF1. In absence of Arf-:GTP,
membrane-bound GBF1 interacts poorly with Arf-GDP and dissociates slowly from its receptor. Some Arf - GDP remain associated with
their receptors.
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mately slows down dissociation of GBF1 from membranes.
Arf - GTP could regulate this change either directly as illus-
trated in Figure 9 or indirectly through another effector or
lipid remodeling. The absence of Arf+ GDP - BFA - GBF1 com-
plexes suggests that membrane-trapped GBF1 displays low
activity and no longer interacts productively with Arfs. Alter-
natively, we cannot rule out that membrane-bound GBF1 re-
mains fully active but forms only weak Arf - GDP - BFA - GBF1
complexes. The expectation of a tight abortive complex arose
from previous studies performed primarily with the isolated
Sec7 domain of ARNO mutants rendered sensitive to BFA
(Peyroche et al., 1999; Mossessova et al., 2003; Renault et al.,
2003). However, these studies do not allow any prediction as
to the stability of complexes formed with full-length GBF1.
For example, analysis with the isolated Sec7 domain of Gea2
revealed a dissociation rate of BFA from the Arf - Gea2 com-
plex that was 20-fold faster than observed for the ARNO
complex (Robineau et al., 2000). Such variations could ex-
plain why full-length GBF1 may form weak Arf-GDP -
BFA - GEF complexes that cannot accumulate under in vivo
conditions.

BFA Traps GBF1 and Class II Arfs on Separate Receptors

Another unexpected result from our study was the clear
separation of GFP-GBF1 from Arf4-mCherry and Arf5-
mCherry after treatment with BFA. This clear spatial sepa-
ration between class II Arfs and GBF1 was best illustrated in
cells lacking microtubules; in response to BFA, class II Arfs
again remained localized to the ERGIC, but over time GBF1
redistributed to more diffuse, uncharacterized globular
structures. The appearance of Arf4- and 5-positive puncta
containing p58-GFP but devoid of GFP-GBF1 suggests the
presence of specific binding sites for class II Arfs at the
ERGIC. We hypothesized that these binding sites act as
receptors for class II Arfs in their GDP-bound form, because
they are retained on ERGIC membranes after treatment with
either BFA or Exol. This hypothesis was tested by examin-
ing the distribution of Arf4(T31N), a mutant expected to
accumulate in the GDP form. As predicted, Arf4(T31N) lo-
calized to punctate structures that overlapped with p58,
even when cells were treated with BFA or Exol to eliminate
Arf - GTP.

Several lines of evidence support the idea that separate
receptors exist for GBF1 and Arf-GDP. Although a mem-
brane receptor for GBF1 has yet to be identified, hGmh1
(Chantalat et al., 2003), p115 (Garcia-Mata and Sztul, 2003),
and Rablb (Monetta et al., 2007) have been identified as
interacting partners that may contribute to membrane re-
cruitment of GBF1. In contrast, several candidate receptors
for Arfl - GDP have been reported. Arfl - GDP can associate
with membranes by interacting with p23, a member of the
p24 family of transmembrane proteins (Gommel et al., 2001).
Donaldson and colleagues provided similar evidence that
the SNARE membrin functions to recruit Arfl - GDP to early
Golgi compartments (Honda et al., 2005). Although the na-
ture of the putative class II Arf receptors remains unknown,
we expect their properties to be distinct from those reported
for the Arfl - GDP receptors. Indeed, in contrast to the Golgi-
localized p23 and membrin, the putative Arf4 - GDP recep-
tor should localize primarily at the ERGIC. Furthermore, the
affinity, abundance, or both of class II Arf receptors must be
greater at the ERGIC because much of Arf4 remains at the
ERGIC after BFA or Exol treatment, whereas significantly
less Arfl signal is retained on the Golgi complex.

Previous reports suggested that the Arfl - GDP receptors
membrin and p23 function to concentrate Arfl on mem-
branes to facilitate its activation by membrane-associated
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GEFs (Rein et al., 2002; Honda et al., 2005). Distinct Arf - GDP
receptors for different Arfs may similarly facilitate activation
of distinct subsets of Arfs on specific compartments. The
presence of separate receptors for the different classes of
Arfs agrees with the observed corequirement for both Arfl
and Arf4 in ER to Golgi traffic (Volpicelli-Daley ef al., 2005).
For example, one possible role for class II Arf- GDP recep-
tors at the ERGIC might be to concentrate Arf4 at the ERGIC.
Subsequently, Arf4-GTP would regulate GBF1 recruit-
ment/activation to facilitate sequential activation of Arfl.
Unlike what was reported for ARNO recruitment by
Arf6 - GTP for subsequent Arfl activation (Cohen et al.,
2007), Arf4 cannot function as a receptor for GBF1 because
they can be spatially separated. Furthermore, whatever role
Arf4 plays at the ERGIC seems not to be essential because
Arf4(T31N) expression does not prevent Golgi assembly.
Proper testing of the interdependent activities of class I and
IT Arfs and the specific role of Arf4 in ER-to-Golgi traffic will
require future identification of receptors for both GBF1 and
Arfs.
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