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ADP-ribosylation factor (ARF)-facilitated recruitment of
COP I to membranes is required for secretory traffic. The
guanine nucleotide exchange factor GBF1 activates ARF
and regulates ARF/COP I dynamics at the endoplasmic reticulum (ER)–Golgi interface. Like ARF and coatomer, GBF1
peripherally associates with membranes. ADP-ribosylation
factor and coatomer have been shown to rapidly cycle
between membranes and cytosol, but the membrane
dynamics of GBF1 are unknown. Here, we used fluorescence recovery after photobleaching to characterize the
behavior of GFP-tagged GBF1. We report that GBF1
rapidly cycles between membranes and the cytosol
(t1/2 is approximately 17  1 seconds). GBF1 cycles faster
than GFP-tagged ARF, suggesting that in each round of
association/dissociation, GBF1 catalyzes a single event of
ARF activation, and that the activated ARF remains on
membrane after GBF1 dissociation. Using three different
approaches [expression of an inactive (E794K) GBF1
mutant, expression of the ARF1 (T31N) mutant with
decreased affinity for GTP and Brefeldin A treatment],
we show that GBF1 is stabilized on membranes when in
a complex with ARF–GDP. GBF1 dissociation from ARF
and membranes is triggered by its catalytic activity, i.e.
the displacement of GDP and the subsequent binding of
GTP to ARF. Our findings imply that continuous cycles of
recruitment and dissociation of GBF1 to membranes are
required for sustained ARF activation and COP I recruitment that underlies ER-Golgi traffic.
Key words: ARF GTPase, Brefeldin A, COP I, fluorescence
recovery after photobleaching, GBF1, guanine nucleotide
exchange factor
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Membrane traffic requires the sorting of proteins into
transport intermediates. This process is mediated by the
selective recruitment of specific coats that form twodimensional scaffolds for clustering proteins destined for
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transport (1). The COP I coat functions within the Golgi and
at transport intermediates (often called vesicular-tubular clusters or VTCs) positioned between the endoplasmic reticulum
(ER) and the Golgi. COP I coat is recruited to membranes by
a small GTPase of the Ras superfamily, the ADP-ribosylation
factor (ARF). ADP-ribosylation factors are ubiquitous among
eukaryotes and are essential for cell survival (2–6).
ADP-ribosylation factors, like other GTPases, cycle
between an inactive GDP-bound and an active GTPbound state (3). Exchange of GTP for GDP induces a conformational change that allows the GTPase to interact with
high affinity with several downstream effectors, most
notably COP I, and help regulate protein sorting and the
formation of transport intermediates. The cellular activity
of ARFs is determined by the ratio of their GTP/GDP-bound
forms. This ratio is tightly regulated by two distinct families
of proteins: guanine nucleotide exchange factors (GEFs)
and the GTPase-activating proteins or GAPs. Guanine
nucleotide exchange factors activate ARF proteins by catalyzing the exchange of GDP for GTP, therefore increasing
the levels of the GTP-bound ARF forms in the cell. Conversely, ARF-GAPs negatively regulate GTPase function by
stimulating GTP hydrolysis, therefore increasing the levels
of the GDP-bound state.
ADP-ribosylation factor-GEFs comprise a family of GEFs
that share a highly conserved 200-amino acid catalytic
domain (initially identified in the yeast protein Sec7p)
termed the Sec7 domain (7,8). Sec7 domain proteins are
subdivided into two major classes based on size and
sequence similarities. The small Sec7 domain GEFs
(<100 kDa) have been found only in higher eukaryotes
and have no orthologs in Saccharomyces cerevisiae, suggesting a function specific to metazoans. The large Sec7
domain GEFs (>100 kDa) have orthologs in all eukaryotes
examined, indicating an earlier origin and an evolutionary
conserved role.
Several lines of evidence suggest that one of the large
ARF-GEFs, GBF1, is responsible for the regulation of ARF
activity and COP I recruitment at the ER–Golgi interface.
GBF1 localizes to the Golgi, VTCs, and to a lesser extent,
the ER (9–13). GBF1 has been implicated in COP I recruitment at the ER–Golgi interface, based on the findings that
the overexpression of GBF1 prevents Brefeldin A (BFA)induced COP I dissociation in vivo (10). In addition, the
expression of a dominant negative inactive mutant of
GBF1 inhibits COP I recruitment and inhibits ER to Golgi
traffic in vivo (9).

GBF1 Cycling On and Off Membranes is Inhibited by BFA

The recruitment of COP I to membranes appears to be a
stochastic process, and COP I undergoes rapid cycles of
binding to and dissociation from the membranes (14–16).
The dissociation of COP I is linked to the rapid cycling of
ARF and appears to be triggered by GTP hydrolysis by the
ARF (14–16). The recruitment of COP I and ARF to membranes despite their constant dissociation implies that the
machinery that initiates the coating cascade, i.e. GBF1, must
also associate with membranes. However, the mechanisms
that regulate GBF1 residency on membranes are unknown.
Herein, we report that GBF1 rapidly cycles between cytosol
and membranes and that GBF1 cycling is influenced by its
catalytic activity. Our data indicate that GBF1–ARF–GDP
complexes are stably associated with membranes. GBF1
dissociates from the ARF and from the membrane after the
exchange of GTP for GDP has been completed. GBF1 dissociation is independent from the fate of the activated ARF–
GTP, which remains on membranes where it interacts with
its effectors. GBF1 is therefore critical for the spatially and
temporally restricted activation of ARFs, but does not
appear to participate in downstream events mediated by
ARF–GTP. Our description of GBF1 behavior provides a
model for investigating the behavior or other cellular GEFs.

Results
Cycling kinetics of GBF1
GBF1 is recovered as a soluble cytoplasmic protein after cell
fractionation (10,12). Other traffic factors, such as eCOP,
ARF1, or Sar1p, that fractionate as soluble proteins have
been shown previously to rapidly cycle on and off membranes, presumably to continuously generate new, potential
transport sites (15–17). Their rate of binding and dissociation
from membranes has been determined using fluorescence
recovery after photobleaching (FRAP) of GFP-tagged proteins.
We used FRAP to monitor the dynamic exchange of GBF1
on membranes. GBF1 was tagged at the N-terminus with
GFP and expressed in HeLa cells. Like the endogenous
protein, GBF1-GFP localizes predominantly to the Golgi
and to peripheral sites (Figure 1A and data not shown). In
addition, GBF1-GFP fractionates in a manner analogous to
endogenous GBF1 after cell homogenization and differential centrifugation (Figure 5H).
For FRAP studies, a section of the Golgi was photobleached, and the recovery of GBF1-GFP fluorescence
within the bleached region was quantitated and fit to a
first-order equation to determine the rate of recovery of
GBF1-GFP in the bleached area. If we assume that the
dissociation of GBF1-GFP from membranes is the ratelimiting step in the on/off cycle, then the rate of recovery
of fluorescence is directly related to a rate of the dissociation of the protein from the membranes [previous studies
have shown that the rate of diffusion of soluble proteins
(t1/2 is approximately 3 seconds) is not rate-limiting under
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those conditions]. As shown in Figure 1C, the fluorescence
level was approximately 38% of the starting fluorescence
intensity at 6 seconds after bleaching (the image acquisition in our studies takes approximately 6 seconds). GBF1
fluorescence recovered rapidly over the next 30 seconds,
with >80% recovery reached in <40 seconds after bleaching (Figure 1E). Approximately 38% value obtained at the
first time-point may be due to incomplete bleaching of the
sample or to rapid recovery within the 6-second interval
required for image acquisition. Fluorescence recovery after
photobleaching on fixed cells was performed to differentiate these scenarios. The first postbleached image in
paraformaldehyde-fixed cells shows 12% fluorescence
intensity, suggesting that the bleaching conditions bleach
>88% of molecules at time 0 (Figure 1E). This suggests
that approximately 38% value observed in live cells represents a combination of some unbleached GBF1-GFP
(approximately 12%) and recovery that occurs during the
first 6 seconds (approximately 24%). The approximate t1/2
of fluorescence recovery for GBF1 from this and analogous
experiments is approximately 17  1 seconds.
The fluorescence recovery may be due to the delivery of
GBF1 to the bleached area on anterograde transport intermediates coming from the ER. We therefore explored
GBF1-GFP recovery in cells treated with nocodazole (to
inhibit the movement of transport intermediates). GBF1GFP was imaged in cells incubated on ice to depolymerize
microtubules and then supplemented with nocodazole to
prevent microtubule polymerization during the subsequent
imaging. Disruption of microtubules leads to the disappearance of the perinuclear Golgi, and the relocation of Golgi
proteins to peripheral Golgi mini-stacks (18–20). Like other
Golgi proteins, GBF1-GFP is detected in peripheral structures in nocodazole-treated cells (Figure 1B). The FRAP
time of GBF1-GFP within the disrupted structures is very
similar to that observed in untreated cells with t1/2 of
recovery of 18  0.5 seconds (Figure 1D,E). This suggests
that the rapid exchange of GBF1 on Golgi membranes is
independent of microtubule-mediated anterograde traffic
and intact Golgi morphology.
The t1/2 of approximately 17 seconds for GBF1 recovery is
similar to the reported t1/2 (approximately 15 seconds) for
ARF1 recovery determined by FRAP (15,16). We measured the dynamics of ARF-GFP in our system to directly
compare GBF1 and ARF cycling. ARF1-GFP FRAP shows
slower recovery than that of GBF1-GFP, with t1/2 of
24  2.7 seconds (Figure 1E). We expect that the slower
cycling of ARF-GFP in our experiments may be due to
slightly lower temperature of the imaging stage of our
microscope setup.

Cycling kinetics of GBF1 are modulated by its
nucleotide exchange activity
We have previously generated an inactive mutant of GBF1,
E794K (9). The glutamic acid to lysine substitution within
375
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Figure 1: Cycling kinetics of GBF1-GFP. HeLa cells were transfected with GBF1-GFP and 16 h later, either imaged directly or treated
with nocodazole before imaging. A) GBF1-GFP localizes to the Golgi in an untreated cell. The arrow points to a region subjected to
fluorescence recovery after photobleaching (FRAP) in C. B) GBF1-GFP localizes to peripheral structures in a cell incubated with
nocodazole. The arrow points to a region subjected to FRAP in D. C) A gallery of images showing prebleach, bleach and recovery of GBF1GFP fluorescence in the Golgi. D) A gallery of images showing prebleach, bleach and recovery of GBF1-GFP fluorescence in the peripheral
structures. E) Recovery graphs calculated from images analogous to those in C and D; n ¼ 5 (bars represent SD). Half-life of GBF1-GFP in
control cells and in cells treated with nocodazole is approximately 17  1 and 18  0.5 seconds, respectively. An analogous experiment
was performed on ARF1-GFP in control cells and on GBF1-GFP in fixed cells. Their fluorescence recovery graphs are included in E. Bars
represent 16 mm.

the catalytic Sec7 domain abolishes the nucleotide
exchange activity of all tested ARF-GEFs. The mutant GEFs
bind ARF–GDP, but do not catalyze GDP displacement (21).
The phenotype of cells expressing E794K is analogous to
cells treated with BFA: COP I dissociates from membranes,
and Golgi proteins relocate to the ER or to peripheral sites
adjacent to ER exit sites (9). The E794K mutant localizes to
such peripheral sites (Figure 2A). Previous time-lapse imaging
showed that the E794K-GFP-labeled structures are relatively
immobile and that they are relatively short-lived and disappear
with a t1/2 of <10 min (9). Often, new E794K-GFP-labeled
structures form at the same site where a structure was
seen disappearing.
Fluorescence recovery after photobleaching analysis of
E794K-GFP on peripheral structures was performed. The
fluorescence recovers with a t1/2 of 53  12.2 seconds
(Figure 2B,C), significantly slower than t1/2 of approximately 17  1 seconds seen for wild-type GBF1-GFP. It
takes almost 3 min to recover approximately 80% of
E794K fluorescence, in contrast to <40 seconds for wildtype GBF1. Furthermore, there is a marked difference in
the mobile fractions of GBF1 and E794K: approximately
376

90% of GBF1 appears mobile while only approximately
60% of E794K is mobile (compare percentage recovery
of GBF1 and E794K 1 min after photobleaching). These
findings indicate that the exchange activity modulates
GBF1 cycling kinetics and that the E794K-GFP (predicted
to be in a complex with ARF–GDP) is stabilized in its
mobility relative to a wild-type GBF1-GFP. In agreement
with this prediction, ARF colocalizes with E794K in the
peripheral structures (Figure 2D). The E794K stabilization
suggests that the rate-limiting step in GBF1 cycling on/off
membranes is linked to its catalytic activity. This conclusion supports a model in which a single cycle of GBF1
binding to and release from membranes may result in the
activation of a single ARF molecule.

Cycling kinetics of GBF1 in cells expressing ARF
mutants
GBF1 dissociation appears to be regulated by its exchange
activity. The dissociation may occur when GBF1 displaces
GDP, or later, when GTP binds to the ARF. This was
explored by examining GBF1-GFP behavior in cells overexpressing the dominant negative T31N or the constitutively
Traffic 2005; 6: 374–385
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Figure 2: Cycling kinetics of inactive E794K mutant of GBF1. A–C) HeLa cells were transfected with E794K-GFP and 16 h later
subjected to fluorescence recovery after photobleaching (FRAP) analysis. A) E794K-GFP localizes to peripheral structures. The arrow
points to a region subjected to FRAP in B. B) A gallery of images showing prebleach, bleach and recovery of E794K-GFP fluorescence in
the peripheral structures. C) Recovery graph calculated from images analogous to those in B; n ¼ 5 (bars represent SD). Half-life of E794KGFP is approximately 53  12.2 seconds. D) HeLa cells were cotransfected with E794K-myc and ARF1-GFP and processed for doublelabel immunofluorescence with anti-GFP and anti-myc antibodies. Arf1-GFP and E794K-myc colocalize in peripheral structures. Bars
represent 16 mm.

active Q71I mutants of ARF1 (22). ARF1 has been shown
to support the GTP-dependent association of COP I with
membranes in vitro (5), and in vivo observations suggest
that GBF1 can act on ARF1 (12).
The ARF1-T31N mutant has reduced affinity for GTP, and
following GDP displacement, it remains ‘nucleotide-free’
for longer than wild-type ARF. Like BFA treatment or
expression of the dominant-negative E794K mutant of
GBF1, expression of ARF1-T31N causes the release of
COP I into the cytosol (23) and Golgi disassembly (9). In
cells expressing T31N, some Golgi proteins relocate to the
ER, while others, exemplified by GBF1, relocate to peripheral compartments adjacent to ER exit sites (Figures 3B
and 4A). GBF1 colocalizes with T31N in the peripheral sites
(Figure 3B, insert), but the majority of T31N appear to
be more diffusely distributed. This is consistent with
previous findings suggesting that ARF–GDP can
associate with membranes prior to being activated by a
GEF (24).
Fluorescence recovery after photobleaching of GBF1-GFP
in cells expressing the ARF1-T31N mutant shows slower
recovery time, with t1/2 of approximately 45  5.7 seconds
(Figure 4C,E,F). It takes more than 2 min to recover
approximately 80% of GBF1 fluorescence in cells expressing T31N, in contrast to <40 seconds in control cells. In
addition, there is a marked difference in the mobile fractions of GBF1 in control and ARF1-T31N-expressing cells:
approximately 90% of GBF1 appears mobile in control
cells, while only approximately 60% of GBF1 is mobile in
cells expressing the ARF mutant (compare percentage
recovery in control and ARF1-T31N cells 1 min after photoTraffic 2005; 6: 374–385

bleaching). This suggests that GBF1 binds to ARF1-T31N
in cells and as a result is stabilized on membranes when
GTP binding to ARF is impaired. GTP binding to ARF would
thus appear to be the release trigger, both for the dissociation of GBF1 from the GTPase and for the release of GBF1
from the membrane. A prediction would be that events
downstream of GTP binding would not influence GBF1
dissociation. This was explored by using the ARF-Q71I
mutant.
ARF1-Q71I undergoes normal GDP/GTP exchange, but is
defective in GTP hydrolysis and persists in the GTP-bound
state longer than wild-type ARF. Expression of ARF1-Q71I
results in a prolonged ARF1 activation and promotes binding of coatomer to the Golgi (25, 51). Expression of ARF1-Q71I
leads to increase in Golgi size in some cells and to the
appearance of punctate peripheral structures (Figure 3C).
GBF1-GFP colocalizes with ARF-Q71I in the enlarged
Golgi and in the peripheral structures (Figure 3C). The
changes in morphology are not due to cotransfection, as
cotransfection of GBF1-GFP and wild-type ARF does not
alter Golgi morphology (Figure 3A).
Fluorescence recovery after photobleaching of GBF1-GFP
in cells expressing the ARF1-Q71I mutant is analogous to
control cells, with t1/2 of approximately 18  0.8 seconds
(Figure 4B,D,E). The percentage mobile fraction (approximately 90%) is also analogous to that seen in control cells.
This indicates that the addition to cells of ARF1-Q71I that is
predominantly in the GTP-bound form does not alter the
normal cycling time of GBF1-GFP. This is consistent with
in vitro findings that GEFs have low affinity for activated
GTPases (21,26–28). Our findings suggest a model in
377
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Figure 3: Localization of GBF1-GFP in cells expressing ADP-ribosylation factor (ARF) mutants. HeLa cells were cotransfected with
GBF1-GFP and either wild-type ARF1, the T31N, or the Q71I mutant of ARF1. All ARF constructs are HA tagged. Twenty-four hours later,
cells were processed for double-label immunofluorescence with anti-GFP and anti-HA antibodies. A) GBF1-GFP and wild-type ARF1
colocalize in a morphologically normal Golgi. B) GBF1-GFP localizes to disperse structures in a cell expressing the T31N ARF mutant. Insert
shows partial colocalization of ARF1-T31N and GBF1 in punctate peripheral structures. C) GBF1-GFP and ARF1-Q71I colocalize in an
enlarged Golgi and in dispersed punctate structures. Bars represent 16 mm.

which GBF1 cycling kinetics are independent of ARF–GTPmediated coat recruitment.

analogous to that of giantin. GBF1 does not appear to
colocalize with GM130, which relocates to peripheral
structures adjacent to ER exit sites.

Cycling kinetics of GBF1 in BFA-treated cells
The findings that GBF1 appears stabilized on membranes
when complexed with ARF–GDP led us to test GBF1
behavior in cells treated with BFA. Brefeldin A is known
to stabilize a ternary complex of ARF–GDP and a GEF and
prevent GDP displacement.

Fluorescence recovery after photobleaching of GBF1-GFP
in BFA-treated cells shows delayed recovery that reaches
a maximum of approximately 70% after more than two
and a half minutes, in contrast to >80% recovery in 40
seconds in control cells (Figure 5C,E,G). Two alternative
models may explain this behavior. First, GBF1-GFP continues to exchange between the cytosol and the ER membrane, albeit at a reduced rate. Alternatively, GBF1-GFP
remains associated with the ER membrane, and the
observed recovery reflects its mobility within the plane of

Endogenous GBF1 relocates to the ER in BFA-treated cells
(29). In agreement, GBF1-GFP shows a diffuse reticular
pattern after BFA treatment (Figure 5A). GBF1 behavior is
378
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Figure 4: Fluorescence recovery after photobleaching (FRAP) of GBF1-GFP in cells expressing ARF1-T31N or ARF1-Q71I. HeLa
cells were cotransfected with GBF1-GFP and either ARF1-T31N or ARF1-Q71I. Sixteen hours later, cells showing altered Golgi morphology (altered
GBF1-GFP localization) were subjected to FRAP analysis. A) GBF1-GFP localizes to peripheral structures in a cell expressing the ARF1-T31N mutant.
The arrow points to a region subjected to FRAP in C. B) GBF1-GFP localizes to a punctate structure in a cell expressing the ARF1-Q71I mutant. The
arrow points to a region subjected to FRAP in D. C) A gallery of images showing prebleach, bleach and recovery of GBF1-GFP fluorescence in
peripheral sites in a cell expressing the ARF1-T31N mutant. D) A gallery of images showing prebleach, bleach and recovery of GBF1-GFP
fluorescence in punctate structures in a cell expressing the ARF1-Q71I mutant. E) Recovery graphs calculated from images analogous to those in C
and D; n ¼ 5 in each case (bars represent SD). Half-life of GBF1-GFP in cells expressing the ARF1-T31N mutant is 45  5.7 seconds when compared
with half-life of 18  0.8 seconds in cells expressing the ARF1-Q71I mutant. Bars represent 16 mm.

the membrane. To distinguish between these possibilities,
we explored the behavior of GBF1-GFP in cells first treated
with nocodazole and then with BFA. The disruption of
microtubules prevents the collapse of the Golgi to the ER
during the subsequent BFA treatment. In nocodazole/BFAtreated cells, COP I dissociates from the membranes, but
Golgi proteins do not redistribute to the ER (20,30).
Instead, Golgi proteins localize to peripheral punctate
structures. In cells treated with nocodazole and BFA,
GM130, giantin and GBF1-GFP colocalize in the peripheral
structures (Figure 5B).
Fluorescence recovery after photobleaching of GBF1-GFP
in cells treated with nocodazole/BFA shows decreased
recovery that reaches a maximum of only approximately
55% after approximately 4 min (Figure 5D,F,G). The t1/2 of
31 seconds is similar to that seen in the control cells.
However, the incomplete recovery of GBF1 indicates a
significant (approximately 60%) immobile fraction and
reveals that GBF1 is stabilized on membranes in BFAtreated cells.
This result was further validated by fractionation. In control
cells transfected with GBF1-GFP, the majority (approxiTraffic 2005; 6: 374–385

mately 80%) of GBF1-GFP and of endogenous GBF1 is
recovered in the cytoplasmic fraction (Figure 5H, lane 3).
Similarly, in cells treated only with nocodazole, GBF1 and
GBF1-GFP are predominantly cytosolic (Figure 5H, lane 9).
In contrast, in cells treated with BFA, GBF1-GFP and endogenous GBF1 are preferentially (approximately 90%)
recovered with membranes (Figure 5H, lane 5). The recovery of calnexin exclusively in the membrane fractions
(lanes 2, 5 and 8) and the recovery of b-tubulin exclusively
in the cytosolic fractions (lanes 3, 6 and 9) confirm the
efficacy of fractionation. These data indicate that GBF1GFP is stabilized on membranes in BFA-treated cells.

Discussion
ADP-ribosylation factor-mediated recruitment of COP I to
membranes plays a central role in transport between the
ER and the Golgi. The activation of ARF at the ER–Golgi
interface requires the GEF activity of GBF1. Although the
transient nature of ARF and COP I association with membranes has been documented, the dynamics of GBF1 have
not been reported. Here, we demonstrate that GBF1
379
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Figure 5: Fluorescence recovery after photobleaching (FRAP) of GBF1-GFP in cells treated with Brefeldin A (BFA). A and B HeLa
cells were treated with BFA or with nocodazole followed by BFA. Cells were either processed for double-label immunofluorescence with
anti-GBF1 antibodies and either anti-GM130 or anti-giantin antibodies. A) GBF1-GFP localizes to the endoplasmic reticulum (ER) in cells
treated with BFA. It behaves like giantin, which also relocates to the ER and unlike GM130 which localizes to punctate structures adjacent
to ER exit sites. B) GBF1-GFP colocalizes with giantin and GM130 in dispersed structures in cells treated with nocodazole followed by
BFA. C–H) HeLa cells were transfected with GBF1-GFP for 16 h, and then treated with BFA, or with nocodazole followed by BFA. Cells
were then subjected to FRAP analysis. C) GBF1-GFP relocates to ER after BFA treatment. The arrow points to a region subjected to FRAP
in E. D) GBF1-GFP localizes to disperse structures in a cell incubated with nocodazole and BFA. The arrow points to a region subjected to
FRAP in F. E) A gallery of images showing prebleach, bleach and recovery of GBF1-GFP fluorescence within the ER. F) A gallery of images
showing prebleach, bleach and recovery of GBF1-GFP fluorescence in dispersed structures. G) Recovery graphs calculated from images
analogous to those in C and D; n ¼ 6 in each case (bars represent SD). H) HeLa cells were transfected with GBF1-GFP for 16 h, and then
treated with BFA, nocodazole, or nocodazole followed by BFA. Cells were homogenized and subjected to differential centrifugation.
Following fractionation, equivalent amount of the PNS, cytosolic and membrane fractions were resolved by SDS–PAGE and Western
blotted with anti-GBF1 antibodies. The same nitrocellulose filter was reprobed with anti-calnexin and anti-b-tubulin antibodies to provide
recovery standards for membranes and cytosol, respectively. GBF1-GFP and endogenous GBF1 are predominantly in the cytosolic fraction
in control cells and in nocodazole-treated cells (lanes 3 and 9). In contrast, GBF1-GFP and endogenous GBF1 are recovered with
membranes in BFA-treated cells (lane 5). Bars represent 16 mm.
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cycles rapidly on and off membranes and that the cycling is
linked to the catalytic activity of GBF1. Our data are consistent with a model in which GBF1 activates a single
molecule of ARF and then dissociates from the ARF and
the membrane. The activated ARF remains on the membrane where it facilitates effector functions, including COP
I recruitment.
COP I in traffic
COP I and ARF function is required at multiple stages of
the early secretory pathway. Experimental evidence indicates that COP I is required to remodel membrane intermediates (called VTCs) generated in the vicinity of ER exit
sites into transport competent structures. Specifically,
when COP I binding to membranes is inhibited (by expression of a dominant negative GBF1, expression of dominant
negative ARF mutants, or BFA treatment), cargo proteins
and resident Golgi proteins fail to be transported from the
ER to the Golgi (9,22,31). Continuous COP I function is
required on VTCs for cargo to move toward the Golgi. This
is supported by the finding that microinjection of COP Ispecific antibodies that stabilize the association of COP I
with membranes arrests VTCs at a peri-Golgi stage
(32–34).
Association of COP I with membranes results from rapid
cycles of COP I association and dissociation (15,16). The
transient nature of COP I binding implies that COP I must
be continuously recruited from the cytosol. COP I recruitment is mediated by active ARF. ARF residency on the
membrane is also short (15,16), indicating that the ARFactivating machinery, i.e. the GEFs, must be present on all
membranes that are COP I coated.
GBF1 cycling between membranes and cytosol
The molecular mechanisms that facilitate membrane association of ARF GEF are unknown. Here, we report on the
behavior of GBF1. We used GFP-tagged GBF1, and based
on its correct localization and fractionation properties, we
propose that it reflects the behavior of endogenous GBF1.
Fluorescence recovery after photobleaching imaging
shows that GBF1-GFP rapidly (t1/2 is approximately 17  1
seconds) exchanges between membranes and the cytosol. GBF1 cycling appears faster than that of ARF (FRAP t1/2
is approximately 24  2.7 seconds) under the same conditions used in our studies. This suggests that GBF1 and
ARF dissociate from membranes independently of each
other and that ARF–GTP remains on membrane after
GBF1 dissociates. Our findings are consistent with studies
showing that the exchange of GDP for GTP strengthens
ARF association with the membrane (5,28) and that
GTPase-deficient mutants of ARF persist on membranes
(14,35). Activated GTP-bound ARF directly binds to coatomer (36,37) and recruits it to membranes. The faster
cycling kinetics of GBF1 suggests that GBF1 does not
participate in coatomer recruitment by ARF–GTP. GBF1
behavior is distinct from that of ARF-GAP1, which appears
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to dissociate from membranes concomitantly with ARF1
(15).
Influence of the GDP/GTP status of ARF on GBF1
cycling
We hypothesized that GBF1 cycling might be influenced
by binding to specific proteins. GBF1 interacts with its
substrate, ARF, and we explored whether ARF binding
regulates GBF1 association with membranes. We present
three lines of evidence that GBF1 is stabilized on membranes when complexed with ARF–GDP and is released
from both ARF and membranes after it catalyzes GDP
displacement and ARF binds GTP.
First, a GBF1 mutant (E794K) cycles slower and remains
on membranes longer (FRAP t1/2 is approximately
53  12.2 seconds) than wild-type GBF1 (FRAP t1/2 is
approximately 17  1 seconds). E794K binds ARF–GDP
but does not facilitate GDP displacement. Structural information on soluble ARF–GDP, ARF–GTP and complexes of
ARF–GDP–Sec7d suggests a sequential progression of
molecular rearrangements that leads to GDP expulsion
(21,38–40). The initial interaction between the ARF–GDP
and the Sec7 domain of the GEF occurs through the switch
I region of ARF and a hydrophobic groove formed by the
Sec7 domain. The subsequent repositioning of the interswitch region facilitates the rearrangements of switch II
domain within ARF. This positions the GDP moiety in the
proximity of the ‘glutamic finger’ of the Sec7 domain and
leads to the displacement of the nucleotide. In E794K, the
‘glutamic finger’ is replaced with lysine and E794K does
not catalyze GDP displacement.
Second, GBF1 remains on membranes longer (FRAP t1/2 is
approximately 45  5.7 seconds) in cells expressing the
T31N mutant of ARF1. T31N has decreased affinity for
GTP and is expected to remain in an ‘empty’ state longer
than wild-type ARF. The longer residency time of GBF1 in
T31N-expressing cells suggests that the displacement of
GDP is insufficient for GBF1 dissociation. It implies that
GBF1 dissociation is facilitated by the subsequent binding
of GTP by the ‘empty’ ARF.
Third, GBF1 remains associated with membranes in cells
treated with BFA. Brefeldin A inactivates GEFs by forming
a ternary complex with ARF–GDP and the GEF (41–43).
GBF1 was initially described as BFA resistant, because it
was recovered as a factor that confers BFA resistance to
mammalian cells (10). However, multiple lines of evidence
suggest that GBF1 may be a BFA target. Specifically, overexpression of BFA-sensitive GEFs has been shown to
protect cells against BFA (42,44), presumably by sequestering the drug. In addition, the yeast GBF1 homologs
Gea1/2p are BFA sensitive (42,45,46). Furthermore,
GBF1 mediates COP I recruitment at the ER–Golgi interface (9), and COP I recruitment to ER–Golgi interface
membranes is BFA sensitive. Our FRAP findings are consistent with GBF1 being trapped in a BFA–ARF–GDP
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complex that is immobilized on the membrane. The data
suggest that GBF1 is a BFA-sensitive GEF and a cellular BFA
target. While this article was in preparation, similar results
showing BFA sensitivity of GBF1 were reported (47).
Our findings lead us to propose a model (Figure 6) for
GBF1 cycling. We suggest that GBF1 and ARF–GDP
associate with membranes independently. The identity of
the membrane ‘receptor’ for GBF1 is unknown. GBF1 (or
its yeast Gea1/2 homolog) has been shown to interact
directly with p115 (29), hGmh1 (13,48) and Drs2 (13,48),
but none of these interactions are required for GBF1 association with membranes. The mechanisms that facilitate
association of ARF–GDP with membranes also appear
complex. ADP-ribosylation factor–GDP has been shown
to associate with membranes prior to GDP/GTP exchange
by binding to p23, a member of the p24 family of proteins
(24,49). Recent findings suggest that ARF also binds to
ER–Golgi SNAREs (52). The relative importance of the p24
and the SNARE proteins to membrane recruitment of
ARF–GDP remains to be elucidated.
Once membrane associated, GBF1 and ARF–GDP interact
to form a complex that is stabilized on membranes. Presumably, the complex is stabilized by binding to spatially
restricted membrane proteins or macromolecular complexes. Theoretically, stabilization may involve binding to
all or some of the proteins known to interact with GBF1
and ARF–GDP.
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Materials and Methods
Antibodies, reagents and plasmids
Rabbit polyclonal anti-GBF1 antibodies were described previously (29). The
following commercially available antibodies were used: polyclonal anticalnexin from Stressgen Biotechnologies (Victoria, BC, Canada), monoclonal
anti-b-tubulin from Upstate (Lake Placid, NY, USA), monoclonal anti-HA
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), polyclonal antiGFP from Abcam (Cambridge, MA, USA). Secondary antibodies conjugated
with HRP, Alexa 488 or Alexa 594, were from Molecular Probes (Eugene,
OR, USA). Brefeldin A and Nocodazole were from Sigma-Aldrich (St Louis,
MO, USA).
The GBF1 cDNA used in this study has been described (9). Construct
encoding GFP-tagged wild-type GBF1 was constructed by subcloning
GBF1 into the pEGFP vector using XhoI and XmaI restriction enzymes.
This results in a GFP extension at the N-terminus of GBF1. The E794KGFP construct has been described previously (MBC paper). Constructs

3

GBF1

GBF1

The GBF1–ARF–GDP complex persists till the GEF activity
of GBF1 causes GDP/GTP exchange on ARF and allows
GTP binding to ARF. Conformational changes associated
with GTP binding are likely to result in the dissociation
of ARF from GBF1. This is either concurrent with or is
followed by GBF1 dissociation from membranes. Our findings suggest that GBF1 dissociates into the cytosol after
catalyzing GDP/GTP exchange on a single ARF molecule.
ADP-ribosylation factor–GTP persists on the membrane
after GBF1 dissociates and interacts with its effectors.
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Figure 6: Model for GBF1 cycling at the membrane. GBF1 and ADP-ribosylation factor (ARF)–GDP associate with the membrane
independently of each other (step 1). Once on the membrane, the proteins interact and GBF1 initiates GDP displacement from ARF (step
2). A complex of GBF1 and an ‘empty’ ARF remains on the membrane (step 3) till ARF binds GTP (step 4). GTP binding provides the trigger
for complex dissociation, and GBF1 is released from membranes, but ARF–GTP remains on membranes. It then interacts with effectors
(step 5) to facilitate COP I recruitment. GBF1 cycling is inhibited by Brefeldin A (BFA). We propose that BFA forms a trimeric complex with
GBF1 and ARF–GDP (step 6) and inhibits GDP displacement. This prevents GTP binding to the ARF, and thus prevents conformational
changes in ARF that normally lead to its dissociation from GBF1. The complex remains membrane bound presumably associated with the
proteins or the macromolecular complexes that normally facilitate its membrane association. The E794K mutant of GBF1 exhibits
prolonged membrane association. We propose that E794K binds to ARF–GDP, but does not catalyze GDP displacement. Thus, it blocks
GTP binding to ARF (step 4) and prevents conformational changes in ARF that normally lead to its dissociation from GBF1. GBF1 exhibits
prolonged membrane association in cells expressing the T31N mutant of ARF. We propose that GBF1 binds ARF-T31N mutant and
catalyzes GDP expulsion (step 3). However, ARF-T31N has low affinity for GTP, and this reduces GTP binding and prevents conformational
changes in ARF that normally lead to its dissociation from GBF1.
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encoding ARF1-HA, ARF1-T31N-HA and ARF1-Q71I-HA were a gift from Dr
Julie Donaldson, NIH.

Cell culture and transfection
HeLa cells were used in all experiments. Cells were grown in Dulbecco’s
modified Eagle’s medium with glucose and glutamine (Mediatech, Comprehensive Cancer Center of the University of Alabama at Birmingham),
supplemented with 10% fetal bovine serum (Life Technologies, Grand
Island, NY, USA), 100 IU/mL penicillin and 100 mg/mL streptomycin (Invitrogen, Grand Island, NY, USA) and 1 mM sodium pyruvate. Cells were
grown at 37 °C in 5% CO2 atmosphere incubator.
Cells were grown on coverslips in 6-well dishes till approximately 70%
confluence and were transfected using the Mirus TransIT-LT1 Transfection
Reagent (Mirus Bio, Madison, WI, USA), according to the manufacturer’s
instructions. In some experiments, two plasmids were mixed (1 : 1 ratio)
and used for transfection.

Immunofluorescence and live cell imaging
For static immunofluorescence, cells 16 h post-transfection were washed
in phosphate-buffered saline (PBS), fixed in 3% paraformaldehyde for
10 min and quenched with 10 mM ammonium chloride. Cells were permeabilized with 0.1% Triton-X-100 in PBS. The coverslips were then washed
with PBS and blocked in PBS, 2.5% goat serum, 0.2% Tween-20 for 5 min
followed by blocking in PBS, 0.4% fish skin gelatin and 0.2% Tween-20.
Cells were incubated with primary antibody for 1 h at room temperature.
Coverslips were washed with PBS, 0.2% Tween-20 and incubated with secondary antibodies for 45 min. Coverslips were washed as described above and
mounted on slides in 9 : 1 glycerol/PBS with 0.1% p-phenylenediamine
(Sigma-Aldrich).
Fluorescence patterns were visualized with a Leitz Orthoplan microscope
with epifluorescence and Hoffman Modulation Contrast optics from
Chroma Technology (Brattleboro, VT, USA). Optical sections were captured
with a CCD high-resolution camera from Roper Scientific (Tucson, AZ, USA)
equipped with a camera/computer interface. Images were analyzed with a
power Mac using IPLab Spectrum software (Scanalytics, Fairfax, VA, USA).
For live cell FRAP imaging, cells were grown in 35-mm glass-bottom culture
dishes (Warner Instruments, Hamden, CT, USA) for 16 h after transfection.
During the imaging, dishes were placed on thermostage with temperatures
ranging between 36 and 37 °C. For imaging experiments, cell culture medium was buffered with 25 mM HEPES, pH 7.4. Imaging acquisition was with
the 100X oil 1.4 NA objective of a Leica DMIRBE-inverted epifluorescence
microscope outfitted with Leica TCS NT Laser confocal optics (Leica Microsystems, Bannockburn, IL, USA). For FRAP, a 488-nm high-intensity argon
laser beam was setup to photobleach a 2-mm diameter spot within a cell for
2–5 seconds at high intensity. Postbleach images were obtained every 7
seconds with a laser set on one directional scan at speed: slow 2. Each
round of scanning took 3 seconds in the 1024  1024 format. Every image
is an average of two frames. Images were analyzed with a power Mac
using IPLab Spectrum software (Scanalytics). The fluorescence recovery at
each time-point was plotted using the following equation: I (%) ¼ (R1/
R2)  100/(R1/R2)p, where I (%) is the intensity of recovery; R1 fluorescence intensity in the bleached region of a cell; R2 fluorescence intensity in
the unbleached region of a cell; R1/R2 ratio of fluorescence intensity in the
bleached and unbleached regions of the same cell at each time-point; and
(R1/R2)p ratio of fluorescence intensity in the bleached and unbleached
regions of the same cell in prebleached cell.
The half-times for fluorescence recovery were calculated using the
following equation: t1/2 (second) ¼ [(F1  F0)/2] þ F0, where F1 is the fluorescence intensity in the bleached region after full recovery and F0 the
fluorescence intensity in the bleached region immediately after the
bleach.
For each quantitation, the number of cells imaged is indicated by n. Imaging
was performed on cells, from at least five to six independent transfections.
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Graphs were obtained by averaging FRAP values, and SDEV were calculated using Excel software. In some experiments, cells were incubated
with 5 mg/mL BFA for 30 min before being processed for static immunofluorescence or live imaging. In some experiments, cells were first incubated with 1 mg/mL of nocodazole for 30 min, and then with 5 mg/mL BFA
for 30 min. Cells were then processed for static immunofluorescence or
live imaging.

Cell fractionation
Cells were washed with PBS and disrupted in 300 mL of homogenization
buffer (50 mM HEPES–KOH, pH 7.5, 100 mM KCl, 1 mM MgCl2, 1 mM DTT)
containing protease inhibitors by repeated passage through a 27G needle. The homogenate was centrifuged at 1000  g for 15 min at 4 °C in a
microcentrifuge to remove unbroken cells and nuclei. The postnuclear
supernatant was centrifuged in an ultracentrifuge at 100,000  g for
60 min at 4 °C in a Beckman TLA 100.2 rotor. The supernatant fraction
was designated cytosol fraction, and the pellet was rinsed once with
homogenization buffer and recentrifuged under the same conditions.
The resulting pellet was solubilized in RIPA buffer with protease inhibitors and designated membrane fraction. Fractions containing the same
volume of original cells were analyzed by 8% SDS–PAGE. Following
SDS–PAGE, proteins were transferred to NitroPure nitrocellulose (NC)
membrane (Micron Separations, Westborough, MA, USA), and the
membrane subjected to immunoblotting as previously described (50).
The same NC was cut into three sections and probed with anti-GBF1,
anticalnexin and anti-b-tubulin antibodies. The blots were scanned and
the density of bands was quantitated using LabWorks software. The
relative intensity of GBF1 bands corrected for intensity of calnexin and
b-tubulin bands was calculated.
In some experiments, cells were incubated with 5 mg/mL BFA for 30 min, or
with 1 mg/mL of nocodazole for 30 min before fractionation.
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