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An image-based phenotypic screen was developed to identify
small molecule regulators of intracellular traffic. Using this
screen we found that AG1478, a previously known inhibitor of
epidermal growth factor receptor, had epidermal growth factor
receptor-independent activity in inducing the disassembly of
the Golgi in human cells. Similar to brefeldin A (BFA), a known
disrupter of the Golgi, AG1478 inhibits the activity of small
GTPase ADP-ribosylation factor. Unlike BFA, AG1478 exhibits
low cytotoxicity and selectively targets the cis-Golgi without
affecting endosomal compartment. We show that AG1478
inhibits GBF1, a large nucleotide exchange factor for the ADP-
ribosylation factor, in a Sec7 domain-dependent manner and
mimics the phenotype of a GBF1 mutant that has an inactive
mutation. The treatment with AG1478 leads to the recruitment
of GBF1 to the vesicular-tubular clusters adjacent to the endo-
plasmic reticulum exit sites, a step only transiently observed
previously in the presence of BFA. We propose that the treat-
ment with AG1478 delineates a membrane trafficking interme-
diate step that depends upon the Sec7 domain.

The Golgi apparatus, an intracellular membrane-bound
structure organized as a series of stacked cisternae and tubules,
plays an important role in packaging and transporting macro-
molecules. The cisternae stack can be divided into five func-
tional regions: the cis-Golgi network, cis-Golgi, medial Golgi,
trans-Golgi, and trans-Golgi network. Newly synthesized pro-
teins and lipids are delivered by the coat protein complex II
(COPII)* vesicles from the endoplasmic reticulum (ER) via the
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vesicular-tubular clusters (VTCs) to the cis-Golgi network and
subsequently progress through the stack to the trans-Golgi net-
work, where they are packaged and sent to the cell surface,
secretory vesicles, or late endosomal compartments (1, 2). p58
(also called ERGIC53), a cargo receptor involved in transport-
ing proteins from the ER to the Golgi complex, has been used as
a marker for the VTC structure and the cis-Golgi (3, 4).

The integrity and functions of the Golgi depend critically on
the small membrane-bound vesicles that shuttle macromole-
cules in and out of the Golgi stacks (5). The ADP-ribosylation
factor (ARF), a small GTPase of the Ras superfamily, plays a
major role in driving Golgi membrane trafficking by recruiting
coatomer (COPI) to Golgi membranes in the exocytotic path-
way. The cellular activity of ARFs is stimulated by the Sec?
family of guanine nucleotide exchange factors (GEFs), which
promote the exchange of inactive GDP-bound forms to active
GTP-bound forms (6, 7). GBF1, the only known GEF localized
to the cis-Golgi, plays an important role in mediating protein
trafficking between the ER and the cis-Golgi (8, 9).

Brefeldin A (BFA), a lactone isolated from fungi, interferes
with anterograde transport from the endoplasmic reticulum to
the Golgi apparatus by binding to the ARF1-GDP-Sec7 com-
plex to inhibit the Sec7 guanine nucleotide exchange activity,
which in turn prevents the activation of ARF (10, 11). The treat-
ment with BFA causes rapid but reversible dispersal of the Golgi
apparatus leading to the mixing of the cis-Golgi with the ER and
vesicularization of the trans-Golgi network (12, 13). BFA has
pleiotropic effects on intracellular organelles other than the
Golgi. For example, BFA induces extensive formation of mem-
brane tubules from endosome compartment (14—16). BFA is
highly cytotoxic and causes rapid cell death. It is not clear
whether its toxicity is related to its effects on Golgi dispersal
(13,17, 18).

In an effort to discover novel small molecules as tools to
study membrane trafficking, we developed an image-based
assay for compounds that can induce disassembly of the Golgi.
In this manuscript, we show that tyrphostin AG1478 inhibits
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green fluorescent protein; VTCs, vesicular tubular clusters structure; ERK, extra-
cellular signal-regulated kinase; siRNA, small interfering RNA; GST, glutathione
S-transferase; z, benzyloxycarbonyl; fmk, fluoromethyl ketone; GalT, galacto-
syltransferase; DCB, dimerization/cyclophilin binding region; HUS, homology
upstream of Sec7; HDS, homology downstream of Sec7.
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the nucleotide exchange of ARF1 in a manner dependent upon
the Sec7 domain of GBF1.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Cell Reagents—AG1478, BFA,
nocodazole, bafilomycin A1, EGF, H89, and 2-deoxy-D-glucose
were from Sigma-Aldrich. The EGFR inhibitors were from
ICCB Known Bioactives Library. Aluminum fluoride was pre-
pared by (50 um AlCl; + 30 mm NaF) before use (19). Polyclonal
rabbit anti-sec13 antibody was a kind gift from Wanjin Hong
(Institute of Molecular Biology, Singapore). Monoclonal anti-
GM130, anti-GBF1, anti-p230, anti-adaptin vy, and anti-adaptin
d antibodies were purchased from BD Biosciences. Monoclonal
anti-a tubulin, anti-Myc, and polyclonal rabbit anti-calnexin
antibodies were from Sigma-Aldrich. Monoclonal anti-phos-
pho-EGFR, monoclonal anti-phospho-ERK, and polyclonal
rabbit anti-EGFR antibodies were from Cell Signaling Technol-
ogy. Alexa Fluor 546-conjugated transferrin and LysoTracker
red DND-99 were purchased from Molecular Probes. Poly-
clonal rabbit anti-GFP antibody and monoclonal anti-LAMP3
was from Santa Cruz Biotechnology. Polyclonal rabbit anti-3-
COP antibody was from Affinity Bioreagents. Secondary anti-
bodies conjugated with Texas Red or fluorescein isothiocyanate
were from Rockland Immunochemicals.

p58-YFP, GalT-CFP, and ARF1-GFP were kind gifts from
Jennifer Lippincott-Schwartz (National Institutes of Health).
GBF1-GFP and E794K-GFP were kindly provided by Elizabeth
Sztul (University of Alabama, Birmingham). Secl3-GFP,
ERGIC53-Myc, and GST-VHS-GAT-GGA; were kinds gifts
from Benjamin S. Glick (University of Chicago), Hans-Peter
Hauri (University of Basel), and Paul A. Randazzo (National
Institutes of Health). The different deleted constructs of
GBF1-1 or GBF1-2 were digested from GBF1-GFP. The con-
structs were verified by sequencing.

Cell Culture and Transfection—The cells used for the exper-
iments were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin/streptomycin, and 2 mwm L-glutamine
(Invitrogen) at 37 °C, 5% CO,. Transfection of H4 cells was
done using Lipofectamine 2000 reagent (Invitrogen). A stable
cell line expressing p58-YFP was established in the presence of
1 mg/ml G418 (Invitrogen).

Phenotypic Screen—H4-p58 cells were plated in 96-well
plates at 3,000 cells/100 wl/well and cultured in a 5% CO, incu-
bator overnight. The compounds were diluted by sampling 100
wl of 5 mg/ml or 0.5 mg/ml of stocks dissolved in DMSO from
the ICCB Known Bioactives Library of 480 compounds and
transferred into wells in duplication. The images were visually
examined using fluorescence microscopy (IX81; Olympus)
after incubating with the compounds for 4, 8, and 24 h. DMSO
(0.1%) and BFA (5 M) were used as negative or positive control,
respectively.

Immunofluorescence Microscopy and Image Analysis—Cells
grown on coverslips were prepared and washed with phos-
phate-buffered saline for three times and fixed in 3.8%
paraformaldehyde (Sigma) for 20 min at room temperature.
After being blocked with 1% bovine serum albumin in TBST for
30 min, the cells were incubated with primary antibody diluted
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in 1% bovine serum albumin/TBST for 2 h or overnight at 4 °C.
Coverslips were washed with TBST for three times and incu-
bated with secondary antibody diluted in 1% bovine serum
albumin/TBST for 1 h at room temperature. The coverslips
were again washed with TBST three times, stained with 4,6-
diamidino-2-phenylindole (1 ug/ml; Sigma), and mounted on
slides with fluorescent mounting medium (DAKO). The cells
were imaged using a fluorescent microscopy (IX81; Olympus)
with a 100X oil 1.35 NA objective and Image-Pro Express soft-
ware (Media Cybernetics). Confocal images (see Fig. 8) were
acquired using an LSM 510 (Carl Zeiss) with a 100X 0il 1.35 NA
objective, and a single focal plane (0.9 um) was analyzed. For
Fig. 1, the analysis for Golgi dispersal course was performed
using CellProfiler software. The analysis pipeline used to quan-
tify images by CellProfiler was, briefly, as follows: after correct-
ing the illumination pattern across the field of view for each
channel, the nuclei were identified based on the DNA-stained
images. Then a ring 36 pixels around each nucleus was defined
as a proxy for the cytoplasm. Within each cell, the Golgi were
identified based on the GM130-stained image. Over 300 fea-
tures were measured for each cell in each image; the most reli-
able measure of the change in Golgi localization was found to be
a texture measure of the GM130 staining within each cell (sum
average, at a scale of 5, nucleus + cytoplasm together). Example
processed images are shown in supplemental Fig. S3.

EGER siRNA—For transient inhibition of EGFR mRNA pro-
duction, the small interfering RNA (siRNA) targeting the EGFR
was synthesized (20): 5'-CTCTGGAGGAAAAGAAAGT-3’
and 5'-ACTTTCTTTTCCTCCAGAG-3'. H4 cells were
co-transfected EGFR siRNA or negative control siRNA with
pEGFP-N1 plasmid at 10:1 ratio by Lipofectamine 2000 reagent
(Invitrogen). After 24 h, the cells were treated with compounds
and analyzed by Western blotting for EGER siRNA effect. The
experiments were repeated twice with consistent results.

ARFI1-GTP Pulldown Assay—The pulldown assay to assess
the activity of ARF1 by a GST-VHS-GAT-GGA,; protein were
performed as described previously (21, 22). The stable
H4-ARF1-GFP cells were transiently transfected with GBF1-
GEFP for 24 h or pEGFP-C1 or vector alone and then treated
with compounds. The cells were lysed with pulldown buffer (50
mM Tris-HCI, pH 7.5, 100 mm NaCl, 2 mm MgCl,, 1% Triton
X-100, and protease inhibitors). The cell lysates were cleared by
glutathione-Sepharose beads and incubated with beads con-
taining 50 ug of GST-VHS-GAT-GGA, protein for 2 h at 4 °C.
The bound proteins were removed and analyzed by Western
blotting using anti-GFP antibody.

Cell Fractionation—The cell fractionation assay was per-
formed as described previously (23). H4 cells were grown on
100-cm dishes for 24 h and treated with compounds. The cells
were washed with phosphate-buffered saline and lysed with ice-
cold homogenization buffer (50 mm HEPES, pH 7.5, 100 mm
KCl, 1 mm MgCl,, 1 mm dithiothreitol, and protease inhibitors)
by passaging 10 times through a 22-gauge needle and centri-
fuged at 1,000 X g for 15 min at 4 °C to remove the unbroken
cells. The postnuclear supernatant was centrifuged at
100,000 X g for 60 min at 4 °C to obtain cytosol and membrane
fraction. The supernatant was used as a cytosol fraction. The
pellet was rinsed with homogenization buffer, dissolved in
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was confirmed by indirect immuno-
fluorescence using an antibody
against GM130, a Golgi matrix pro-
tein (24). GM130 was redistrib-
uted to peripheral punctate struc-
tures throughout the cytoplasm
after the treatment of AG1478 (Fig.
1C). We quantified the Golgi dis-
persing effect of AG1478 using the
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FIGURE 1. AG1478 treatment causes Golgi fragmentation in H4 cells. H4-p58 cells (A) or H4 cells (C) were
treated with DMSO or 14 um AG1478 as indicated for 1 h. H4 cells were fixed and stained with anti-GM130
antibody. B, chemical structures of AG1478 and BFA. D-f, H4 cells were treated with DMSO or AG1478 for
different concentrations, different time, and then stained with an antibody against GM130. The images were

analyzed by CellProfiler software. Bar, 10 um.

radioimmune precipitation assay buffer and used as membrane
fraction. Fractions containing same volume were analyzed by 6%
SDS-PAGE and transferred to nitrocellulose membrane. The
membrane was detected by anti-GBF1, anti-calnexin, and anti-
tubulin antibodies, respectively. Calnexin and tubulin were con-
sidered as standards for membrane and cytosol fraction.

RESULTS

An Image-based Phenotypic Screen for Small Molecules That
Disrupt the Golgi—We established a H4 human glioblastoma
cell line stably expressing a p58-YFP fusion protein (H4-p58-
YEP). p58-YFP normally appears in peripheral punctate struc-
tures close to the cis-Golgi (Fig. 14). Using H4-p58-YEP cells,
we developed an image-based assay using fluorescent micros-
copy and screened the ICCB Known Bioactive Library for com-
pounds that may have effects on Golgi morphology (Biomol
catalogue number 2840). H4-p58-YFP cells were plated in
96-well plates for 24 h and treated with different compounds
individually at concentration of 3~12 um. 0.1% DMSO was
used as a negative control. After incubating with the com-
pounds for 4, 8, and 24 h, the images were visually examined
using fluorescence microscopy. The screen was carried out in
duplicates. Most of the compounds were found to have no
effect on Golgi morphology. Twenty compounds were isolated
as Golgi-disrupting agents. These include some well known
Golgi disrupting reagents such as brefeldin A, bafilomycin A1,
and monensin (data not shown). Here we focus on tyrphostin
AG1478, the most potent novel Golgi dispersing compound
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image analysis software, CellProfiler
(25, 26). We found that AG1478 can
rapidly disperse the cis-Golgi pro-
tein GM 130 with a half-time of ~10
min and an EC,,, of 3.35 um (Fig. 1,
D and E). The effect of AG1478 on
the Golgi was fully reversible,
because the normal Golgi structure reappeared in the perinu-
clear area after the cells were cultured in medium without
AG1478 for 3 h (Fig. 1F).

Unlike nocodazole or bafilomycin Al, which disperse the
Golgi through their effects on the microtubules and intracellu-
lar pH, AG1478 had no apparent effect on the cytoskeleton or
intracellular pH. The treatment of AG1478 for 1 h also did not
have any obvious effect on the intracellular ATP levels (supple-
mental Fig. S1). Furthermore, the ability of AG1478 to disrupt
the Golgi was not associated with significant cytotoxicity; incu-
bation of H4 cells in the presence of 14 um AG1478 for 24 h had
no detectable effect on cell survival. After 48 h, a loss of 25% of
viability was observed that could be rescued by a caspase inhib-
itor z-VAD-fmk. In contrast, the treatment of H4 cells with 5
uM BFA for 24 or 48 h led to a significant loss of cell viability
that could not be blocked by z-VAD-fmk (supplemental Fig.
S2). From these results, we conclude that dispersing Golgi per se
is not affecting the viability of H4 cells. Therefore, the cytotox-
icity of BFA may not be directly linked to its ability to disrupt
the Golgi.

The Effect of AG1478 on the Golgi Is Independent of EGFR—
AG1478 was shown to be a highly potent inhibitor of the EGF
receptor tyrosine kinase (27, 28). Indeed, the treatment of H4
cells with 250 nm AG1478 was sufficient to block EGFR phos-
phorylation, which is much lower than that of the EC, required
to disperse the Golgi (Fig. 2A). To further determine whether
the Golgi dispersing effect of AG1478 was associated with its
inhibitory activity for EGFR, we treated H4 cells with multiple

a0 140 140 240
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FIGURE 2. The effect of AG1478 on Golgi is independent of EGFR. A, H4
cells were pretreated with AG1478 for 30 min, then treated with 50 ng/ml EGF
for 5 min and analyzed for anti-phospho-EGFR (tyr1068) or tubulin by immu-
noblot. B, control Western blot for the effect of EGFR siRNA. Anti-tubulin was
used as a loading control. C-F, H4 cells were co-transfected pEGFP-N1 plas-
mid with EGFR siRNA at 1:10 ratio for 24 h and then treated with DMSO or 14
umAG1478 asindicated for 1 h.H4 cells expressing EGFP siRNA (D and F) were
stained with anti-GM130 antibody (Cand E). GFP-positive transfected cells are
indicated by white asterisks. Bar, 10 um.

different EGFR inhibitors individually (AG213, Lavendustin A,
and RG-14620), inhibitors for other RTPKs (AG-370, AG-879,
and AG-825), as well as genistein, which is a general inhibitor of
tyrosine protein kinase. None of these inhibitors demonstrated
a similar Golgi dispersing effect even at very high concentra-
tions (50 -100 wMm) and after prolonged treatment time (2—4 h)
(data not show). Thus, the Golgi dispersing ability of AG1478 is
not shared by the other known tyrosine kinase inhibitors tested.

To formally exclude the involvement of EGFR, we used
siRNA to decrease the expression of EGFR. Expression of EGFR
siRNAs for 24 h significantly decreased the cellular levels of
EGER (Fig. 2B), but reducing the expression of EGFR had no
effect on the Golgi structure per se nor on the Golgi dispersing
effect of AG1478 (Fig. 2, C—F). From these results, we conclude
that AG1478 has a distinct activity in inducing Golgi dispersing
that is independent from its activity toward EGFR.

Rodent Cells Are Resistant to the Golgi Dispersal by AG1478
but Not BFA—To characterize the Golgi dispersing effect of
AG1478, we examined whether the Golgi structures in multiple
cell lines are sensitive to AG1478. AG1478 showed a similar
Golgi dispersing effect in different human cell lines tested,
including HeLa, HepG2, A549, and Hs-578Bst fibroblast cells
(supplemental Table S1). Surprisingly, AG1478 could not dis-
rupt the Golgi structures in multiple rodent cell lines tested,
including two rat cell lines, Rat2 and NRK, and a mouse cell line,
NIH3T3. The Golgi complex marked by anti-GM130 antibody
in Rat2 cells remained intact even after the treatment with
AG1478 at concentrations as high as 140 um (50 ug/ml) pro-
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with anti-GM130 antibody. B, H4 cells or Rat2 cells were pretreated with 14 um
AG1478 for 30 min or not, then stimulated by 50 ng/ml EGF for 5 min, and
analyzed by Western blotting using anti-phospho-EGFR (tyr1068), anti-phos-
pho-ERK, and anti-tubulin antibody. Bar, 10 wm.
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longed incubation (Fig. 34). In contrast, Rat2 cells were fully
sensitive to the Golgi dispersing effect of BFA (Fig. 3A4).

To further ascertain the resistance of rodent cell lines to
A@G1478, we evaluated other markers of Golgi such as GalT,
ERGIC53/p58, ARF1, B-COP, and GBF1 in AG1478-treated
Rat2 cells. None of these proteins was redistributed from its
normal perinuclear compact localization (data not shown). We
also examined the effect of AG1478 in PtK1 and Madin-Darby
canine kidney cells, which were kangaroo rat and dog epithelial
cell lines, respectively, and reported to be resistant to BFA (29,
30). The Madin-Darby canine kidney and PtK1 cells were also
resistant to the effect of AG1478 in dispersing the Golgi. On the
other hand, AG1478 inhibited the EGFR signaling pathway in
both human and rodent cells (Fig. 3B), supporting the conclu-
sion that the effect of AG1478 for dispersing the Golgi is inde-
pendent of its activity on EGFR. Taken together, these results
suggest that AG1478 targets a molecular entity that exhibits
species specificity for its Golgi dispersing effect.

Differential Effects of AG1478 on the Proteins Associated the
cis-Golgi and trans-Golgi—To understand the mechanism by
which AG1478 disperses the Golgi, we compared the activity of
AG1478 with that of BFA for their effects on the distribution of
Golgi-associated proteins. COPI has been shown to be the most
important coat protein in facilitating retrograde intracellular
transport from the Golgi complex to the ER. Recruitment of
COPI to the membrane requires the activation of ARF1 (31, 32).
In control cells, most of COPI and ARF1 are localized on the
cis-Golgi membrane. The addition of AG1478 caused a rapid
release of COPI and ARF1 into the cytoplasm (Fig. 4, A and B).
The treatment with AG1478 also resulted in the redistribution
of GBF1 from the Golgi region to a dispersed localization
throughout the cytoplasm (Fig. 4C), an effect similar to that of
BFA (33).

Sec13 is a component of the COPII coat that mediates vesicle
budding from ER exit site (ERES) (34, 35). The treatment with
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AG1478 had no effect on the distribution of Sec13-GFP, which
is localized to the punctate ERES, suggesting that the treatment
of AG1478 does not perturb the COPII-dependent ER export
machinery (Fig. 4D). The treatment with AG1478, however,
caused the redistribution of p58/ERGIC53, a marker for the
VTCs, from its normal compact localization to a dispersed
cytoplasmic localization (Fig. 4E). GM130, a Golgi matrix pro-
tein, was also redistributed to the peripheral punctate struc-
tures after treatment by AG1478, similar to that of BFA (Fig.
4F). The peripheral punctate structures of p58/ERGIC53 and
GM130 were similar to the “Golgi remnants” after BFA treat-
ment (36, 37). GalT, a Golgi-resident enzyme, was found in
both the ER and some punctate structures after the treatment
with AG1478 (Fig. 4G). Taken together, the effects of AG1478
on the proteins localized in the cis-Golgi are very similar to that
of BFA.

We also compared the effects of AG1478 and BFA on pro-
teins associated with the trans-Golgi. After incubation of H4
cells with either compound for 1 h, 5 um BFA completely dis-
persed the trans-Golgi network marker p230 from the perinu-
clear region into the cytosol, whereas after AG1478 treatment
p230 remained as small punctate structures with partial redis-
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FIGURE 4. Effects of AG1478 on the distribution of intracellular Golgi-associated proteins. H4 cells
expressing ARF1-GFP (A), Sec13-GFP (D), p58-YFP (E), and GalT-CFP (G) were incubated with DMSO, 14 um
AG1478, 5 um BFA for 1 h, or H4 cells were incubated with DMSO, 14 um AG1478, 5 um BFA for 1 h and then
stained with antibodies against 3-COP (B), GBF1 (C), GM130 (F), p230 (H), adaptin -y (/), adaptin & (J), and LAMP3
(L). K, H4 cells incubated with Alexa 568-labeled transferrin for 5 min and then treated with DMSO, 14 um

AG1478 BFA tribution to the cytoplasm (Fig. 4H)
(38). Longer treatment with
AG1478 (2-3 h) still did not com-
pletely disperse the punctate struc-
tures (data not shown). The effects
of AG1478 on adaptin y and §,
which are markers for AP-1 and
AP-2, were similar to that of p230
(Fig. 4, I and J). Taken together,
these results suggest that the cis-
Golgi is more sensitive to AG1478
than the trans-Golgi.

The treatment of BFA is known to
cause extensive formation of mem-
brane tubules from endosomes (15,
39). Using Alexa 568-labeled trans-
ferrin, we analyzed the effect of
AG1478 on the formation of tubular
endosomes. BFA induced enlarge-
ment and tubulation of transferrin-
positive endosomes, but AG1478
had no effect (Fig. 4K), suggesting
that AG1478 has no effect on early/
recycling endosomes as BFA. In
addition, the treatment with
AG1478 had no effect on the distri-
bution of lysosomes systems, as
marked by LAMP3, similar to that
of BFA (Fig. 4L). Because of these
similarities and differences, we con-
clude that AG1478 might target a
similar target as BFA in dispersing
the Golgi, but AG1478 might be
more selective because it does not
affect the endosomal compartment.

AGI1478 Blocks ARF1 Activity in
Human Cells—Our data described above suggest that in
AG1478-treated cells, ARF1 might reside in an inactive state
in the cytosol, similar to that of BFA-treated cells. To measure
the ARF1 activity in AG1478-treated cells, we used an ARF1-
GTP pull-down assay that monitors the amount of ARF1-GTP
using a GST-GGA,-GAT domain fusion protein (21, 22). The
GAT domain of GGA,, an effector of ARF1, preferentially binds
the active ARF1-GTP over the inactive ARF1-GDP. Treatment
with AG1478 and BFA for 1 h dramatically reduced the amount
of ARF1-GTP compared with that of control cells (Fig. 54). On
the other hand, although the treatment of BFA reduced the
amount of active ARF1 in Rat2 cells as predicted, incubation of
Rat2 cells with AG1478 had no effect on the levels of active
ARF1 even if in the presence of high concentration of AG1478
(140 um). The species specificity of AG1478 on the human and
rodent cells in reducing the amount of active ARF1 is consistent
with its Golgi dispersing activity as described above and sup-
ports our hypothesis that AG1478 causes Golgi disassembly by
blocking ARF1 activation in human cells.

Aluminum fluoride has been shown to activate the GDP-
bound «a subunit of heterotrimeric G-protein and trigger the
conversion to the GTP-bound state. By stabilizing a subset of
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FIGURE 5. ARF1 inactivity causes Golgi disassembly induced by AG1478
on H4 cells. A, ARF1-GTP pulldown assay. H4 cells or Rat2 cells were trans-
fected transiently with ARF1-GFP for 24 h, treated with DMSO (/anes 7 and 5),
14 um AG1478 (lanes 2 and 6), 140 um AG1478 (lanes 3 and 7), and 5 um BFA
(lanes 4 and 8) for 1 h before lysis. The upper panels show the amount of GTP
bound ARF1-GTP, and the lower panels show the total amount of ARF1-GTP in
cells. B, H4 cells were pretreated with control or 50 um AICl; and 30 mm NaF for
10 min as indicated and then treated with 14 um AG1478 or 1T um BFA as
indicated together for 30 min. The cells were stained with an antibody against
B-COP. Bar, 10 um.

ARF1 on the Golgi membrane, aluminum fluoride was shown
to slow the dissociation of ARF1 from the Golgi membrane
in the presence of BFA (40—42). Consistent with our hypothe-
sis that AG1478 inhibits the activation of ARF1, we found that
the treatment with aluminum fluoride significantly inhibited
the Golgi dispersing effect of AG1478 (Fig. 5B).

The Effects of AG1478 on GBFI—Because GBF1 has been
shown to be stabilized on the VI Cs and Golgi membrane in
BFA-treated cells, we performed subcellular fractionation
experiment in H4 cells treated with AG1478 and BFA. In con-
trol cells, most of the endogenous GBF1 was in the cytoplasmic
fractions. As previously observed (23, 33), the treatment of BFA
caused a dramatic redistribution of GBF1 from cytoplasmic to
membrane fraction (Fig. 6A). The treatment of AG1478 also led
to a similar increase of GBF1 in the membrane fractions and a
corresponding reduction in the cytoplasmic fractions, indicat-
ing that AG1478 may also lead to stabilization of GBF1 on
membranes (Fig. 6A).

We further determined the effect of overexpressing GBF1 on
the Golgi dispersing effect of AG1478. Overexpression of GBF1
has been shown to reduce the sensitivity of cells to BFA (43).
GBF1-GEFP was localized to both cytoplasm and the Golgiin H4
cells that were transiently transfected with an expression con-
struct of GBF1-GFP (Fig. 6C) (33, 44). Expression of GBF1 at
low levels had no effect on the localization of COPI to the cis-
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Golgi. The treatment with AG1478 (14 um) for 30 min led to the
rapid release of COPI into cytosol in control H4 cells but was
ineffective in GBF1-GFP expressing H4 cells. Thus, overexpres-
sion of GBF1 prevents the release of COPI induced by AG1478,
similar to the effect seen with BFA. Consistent with a protective
effect by GBF1, increased amounts of ARF1-GTP were found in
cells overexpressing GBF1 compared with control cells in the
presence of AG1478 (Fig. 6B). These observations indicate that
overexpression of GBF1 also confers resistance to AG1478-in-
duced Golgi disassembly.

Prolonged treatment of cells with 5 um BFA led to the redis-
tribution of GBF1 into the ER (Fig. 6D) (33, 43). Interestingly,
the treatment with 14 um AG1478 for 1 h led to the appearance
of GBF1-GFP in smaller punctate structures throughout the
cell and larger bright clusters around the nucleus, which per-
sisted even after longer treatment (4 h) at high concentration
(42 um) (Fig. 6D). Thus, AG1478, in contrast to BFA, is unable
to localize GBF1-GFP into the reticular network. The small
punctate structures labeled by GBF1-GFP in the presence of
AG1478 resemble the structures formed by the catalytically
inactive GBF1 mutant E794K (Fig. 6E) (44).

E794K mutation, which caused a change reversal at the edge
of a hydrophobic catalytic guanine nucleotide exchange center,
has been shown to completely abolish the nucleotide exchange
activity and stabilize the interaction between the mutant GEF
and ARF1-GDP (45, 46). The expression of E794K GBF1 causes
the complete disassembly of the Golgi, similar to that of BFA-
treated cells, whereas E794K GBF1 itself is known to be local-
ized to the VT Cs adjacent to the ERES (44). The treatment of
BFA caused redistribution of E794K GBF1 from the VTCs adja-
cent to ERES into the ER (23, 44). In striking contrast, the punc-
tate dots of E794K GBF1-GFP were resistant to the effect of
AG1478 (Fig. 6E), suggesting that different from that of BFA,
AG1478 is unable to redistribute E794K GBF1 from the VTCs
adjacent to the ERES into the ER. Taken together, we conclude
that the treatment of AG1478 induces wild type GBF1-GEP to
phenocopy the E794K GBF1 mutant. Furthermore, the interac-
tion of AG1478 with GBF1 most likely requires the catalytic
activation of the Sec7 domain in GBF1. On the other hand, the
catalytic activity of the Sec7 domain in GBF1 is not required for
BFA to induce the redistribution of E794K mutant from the
VTCs adjacent to the ERES into the ER.

The Requirement of the Sec7 Domains of GBF1 for the Activity
of AG1478—In addition to the Sec7 domain, GBF1 contains
two noncatalytic domains (DCB and HUS) at its N terminus
and three additional noncatalytic domains of its C terminus
(HDS1, HDS2, and HDS3) (Fig. 7A) (47, 48). To gain more
insight into the domains of GBF1 that are responsible for the
effect of AG1478, we made two deletion constructs from GBF1-
GFP plasmid without the C-terminal domain. The GBF1-1-
GFP construct contains the DCB, HUS, and parts of the Sec7
domain, whereas the GBF1-2-GFP comprises the DCB, HUS,
and the entire Sec7 domain. Both GBF1-1-GFP and GBF1-2-
GEFP were localized to the cytosol in a homogeneous manner
and did not induce Golgi disassembly (data not shown). The
treatment with BFA or AG1478 did not cause any significant
change in GBF1-1-GFP distribution (Fig. 7B). Interestingly, the
treatment with AG1478 induced GBF1-2-GFP to form periph-
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FIGURE 6. The effect of AG1478 on GBF1. A, H4 cells were treated with DMSO (lanes 1 and 4), 14 um AG1478
(lanes 2 and 5), 5 um BFA (lanes 3 and 6) for 1 h, homogenized, and subjected to differential centrifugation.
Equivalentamounts of the cytosolic and membrane fractions were resolved by SDS-PAGE and Western blotted
with anti-GBF1, anti-calnexin, and anti-tubulin. B, H4 cells were transfected with ARF1-GFP together with
GBF1-GFP or pEGFP-C1 for 24 h and then treated with DMSO, 14 um AG1478 for 30 min. The cell lysates were
analyzed by ARF1 pulldown assay. C, H4 cells were transfected transiently with GBF1-GFP plasmid for 24 h and
treated with DMSO, 14 um AG1478, or 1 um BFA for 30 min. Cells expressing GBF1-GFP are indicated by white
asterisks. The cells were stained with an antibody against 8-COP. D, H4 cells were transfected transiently with
GBF1-GFP plasmid for 24 h and treated with DMSO, 14 um AG1478, or 5 um BFA for 1 h. E, H4 cells were
transfected transiently with E794K-GFP plasmid for 24 h and treated with DMSO, 14 um AG1478, or 5 um BFA for
1 h.Bar, 10 um.

eral punctate structures, similar to
those seen with the E794K mutant
(Fig. 6E). On the other hand, the
addition of BFA redistributed
GBF1-2 into a reticular network,
most likely the ER, without any
obvious punctate structure (Fig.
7C). Because GBF1-2-GFP but not
GBF1-1-GFP contains an intact
Sec7 domain, this result is consist-
ent with the requirement of the Sec7
domain in interaction with AG1478.
The requirement of an intact Sec7
domain suggests that AG1478 tar-
gets the Sec7 domain directly or
indirectly; alternatively, the deletion
could indirectly affect the targeting
of AG1478 by affecting the overall
structure of GBF1. These possibili-
ties need to be examined in the
future.

To characterize the peripheral
punctate structures to which
GBF1-2 localizes in the presence of
AG1478, we used small molecules
that are known to have effects on
the Golgi. H89, a cAMP-dependent
protein kinase inhibitor, was shown
to block COPII recruitment to ER
membrane. The “Golgi remnants”
localized to VT Cs adjacent to ERES
induced by BFA could be redistrib-
uted to ER after combined treat-
ment with BFA and H89 (49, 50).
Treatment with H89 and AG1478
together in H4 cells redistributed
the peripheral punctate structures
of GBF1-2-GEFP to the ER, suggest-
ing that GBF1-2 punctates formed
upon AG1478 treatment may also
be localized to VTCs adjacent to
ERES (Fig. 7D).

Because the treatment of BFA
led to the redistribution of GBF1-
2-GFP into a reticular network, we
tested whether BFA can further
redistribute the punctate struc-
tures formed by GBF1-2-GFP
upon AG1478 treatment. As
shown in Fig. 7D, the addition of
BFA after AG1478 treatment led
to the redistribution of the punc-
tate structures of GBF1-2-GFP
into a reticular network, likely cor-
responding to the ER. On the other
hand, the addition of AG1478 after
the treatment of BFA was not able
to induce GBF1-2-GFP to form

NOVEMBER 7, 2008-VOLUME 283-NUMBER 45  YASEMB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 31093



Regulator of GEF Activity and Golgi Membrane Trafficking

216 3062 566 682 BB8 893 1066 1088 1277 1532 1644

A 54

GBF1-1-GFP
GBF1-2-GFP

DMSO

BFA—(AG1478+BFA)

AG1478—{AGIMTE+BEA)

FIGURE 7. The effect of AG1478 on the GBF1-1 protein. A, schematic rep-
resentation of different deletion constructs from GBF1-GFP. B and C, H4 cells
were transfected with GBF1-1-GFP or GBF1-2-GFP for 24 h and then treated
with DMSO, 14 um AG1478, or 5 um BFA as indicated for 1 h. D, H4 cells were
transfected with GBF1-2-GFP for 24 h and treated with DMSO; treated with 14
um AG1478 for 1 h; pretreated with 14 um AG1478 for 1 h and then treated
with 100 um H89 together with AG1478 for 10 min; treated with 5 um BFA
together with AG1478 for 1 h; or pretreated with 5 um BFA for 1 h and then
treated with 14 um AG1478 together with BFA for 1 h. Bar, 10 um.

punctate structures. Thus, the effect of BFA is dominant
over that of AG1478.

The VTCs adjacent to the ERES can be differentiated by the
presence of ERGIC53 and COPII blank marker (44, 51). To
further characterize the peripheral punctate structures of
GBF1-2-GFP and GBF1-GFP induced by AG1478, we exam-
ined their distribution relative to that of ERGIC53 and Sec13,
which are markers for the VICs and the ERES, respectively.
The punctate spots of GBF1-2-GFP and GBF1-GFP induced by
AG1478 overlapped almost completely with ERGIC53 but only
partially with that of Sec13 (Fig. 8). Together, these results con-
firm that AG1478 treatment causes the accumulation of GBF1
and GBF1-2 on the VTCs adjacent to the ERES, whereas the
treatment of BFA is known to cause the complete redistribution
of GBF1 into the ER network.

DISCUSSION

We screened a small molecule library to identify new mole-
cules that affect the Golgi for reagents as tools to study intra-
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cellular membrane trafficking. We identified a novel activity of
known compound, AG1478, in down-regulation of the ARF1
activity, which in turn leads to the dispersal of the Golgi struc-
ture. The effect of AG1478 on the cis-Golgi is more selective
than that of BFA, and AG1478 does not affect the endosomal
systems as BFA does. We show that the Golgi dispersing effect
of AG1478 can be partially suppressed by the overexpression of
GBF1, a large GEF that promotes the GDP to GTP exchange of
ARF1. This effect is similar to that of BFA. Interestingly, how-
ever, in contrast to BFA, AG1478 was unable to disperse over-
expressed GBF1 from the peripheral VICs adjacent to the
ERES into the ER. Instead, in the presence of AG1478, wild type
GBF1-GEFP forms punctate structures on the VI'Cs adjacent to
the ERES, a phenotype similar to that with the E794K GBF1-
GFP mutant. We conclude that AG1478 is likely to target a
molecular entity that regulates the Sec7 nucleotide exchange
activity of GBF1 in human cells but not rodent, canine, or kan-
garoo rat cells.

The ARF family of GTPases plays a central role in maintain-
ing Golgi structure and function. Six ARF isoforms (ARF1-6)
in mammals can be classified into three classes based on their
primary sequences; however, ARF2 is lost in the human
genome. ARF isoforms exhibit similar biochemical activities in
regulating membrane traffic (52, 53). ARF1, the best character-
ized AREF, localizes primarily to the Golgi complex and regu-
lates several types of coat proteins. Our results demonstrate
that Golgi disassembly induced by AG1478 is caused by inhibi-
tion of ARF1 activation. We show that ARF1 exists in an inac-
tive state localized in the cytosol of AG1478 treated cells, indi-
cating a failure in the recruitment of ARF1 to membranes to
facilitate COPI transport. The amount of active ARF1-GTP
production in H4 human cells was dramatically decreased after
AG1478 treatment.

The selective effect of AG1478 on the cis-Golgi associated
proteins led us to first examine the role of GBF1, which is the
only GEF localized at the cis-Golgi. GBF1 is a high molecular
weight GEF that cycles rapidly on and off the Golgi membrane.
The mobility of GBF1 is associated with its exchange activity
because an inactive mutant E794K cycles slower and stabilizes
on membrane longer than wild type GBF1 (23). Sztul ez al. (23)
propose that GBF1 is stabilized on membrane when in a com-
plex with ARF1-GDP, and the catalytic activity of GBF1 is
required for its dissociation from ARF and membrane. Because
the treatment of AG1478 led to an increased association of
GBF1 with the membrane, we propose that AG1478 also inhib-
its the catalytic activity of GBF1, and in the presence of
AG1478, GBF1 is also stabilized on the membrane in complex
with ARF1-GDP.

GBF1 is localized to the peripheral VICs and the jux-
tanuclear early Golgi in normal mammalian cells (33, 44). How-
ever, the anti-GBF1 antibody that we used does not recognize
the endogenous GBF1 in peripheral puncta on the VICs in
control cells (Fig. 4C) as demonstrated elegantly by the affinity
purified anti-GBF1 antibody by the Melang¢on laboratory (33)
and the Sztul laboratory (44). AG1478 cannot disperse the
transfected wild type GBF1 from the VTCs (Fig. 6D), which
mimics the behavior of the E794K GBF1 mutant. On the other
hand, the treatment of BFA can disperse E794K from the VTCs
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FIGURE 8. AG1478 causes accumulation of GBF1-2 and GBF1 spots on VTCs. H4 cells were transfected with
GBF1-2-GFP, GBF1-GFP (green) alone or with ERGIC53-Myc for 24 h and then treated with 14 um AG1478for 1 h.
The fixed cells were stained with an antibody against Myc or sec13 (red) as indicated. The middle row shows
overlapping images. Single-slice confocal images are shown. The insets show a higher magnification of the

boxed areas of the merged images. Bar, 10 um.

into the ER (44). Thus, the treatment of AG1478, but not that of
BFA, provides a phenocopy of the Sec7 mutant GBF1. An time-
lapsed imaging analysis showed that the dispersal of GBF1-GFP
induced by BFA occurs in two steps: a transient accumulation
of GBF1-GFP in both peripheral puncta and juxtanuclear Golgi
area and a subsequent dispersal into the ER (33). Thus, the
treatment of AG1478 might arrest the GBF1-GFP at the first
step. Because GBF1 knockdown also blocks cargo in peripheral
VTCs structures (51), it has been proposed that inactive GBF1
is localized to the VT Cs adjacent to the ERES. We propose that
AG1478 selectively targets the Sec7 activity of GBF1 and traps
GBF1 on VT Cs adjacent to the ERES, whereas BFA inhibits not
only the nucleotide exchange activity of GBF1 but also an addi-
tional step that is independent of Sec7 activity and leads to the
dispersal of GBF1 into the ER. For example, BFA might works
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with multiple GEFs, each affecting a
different compartment including
the compartment to which E794K
targets, thereby changing its distri-
bution. On the other hand, the
effect of AG1478 might be more
selective. Therefore, AG1478 might
provide a useful tool in defining an
intermediate vesicular trafficking
step that can be only transiently
observed using BFA. The low cyto-
toxicity of AG1478 also suggests
that the cytotoxicity of BFA might
not be directly related to its inhibi-
tory effect on the Sec7 nucleotide
exchange activity. Because BFA has
been proposed to inhibit additional
targets to affect the endosomal sys-
tem (14 —16), whereas AG1478 does
not have such side effects, it is pos-
sible that the inhibitory effect of
BFA on its additional target(s)
involved in the endosomal traffick-
ing leads to its cytotoxicity.

The selectivity of AG1478 for
human cells is also interesting. One
might speculate that such selectivity
is caused by species difference in the
target of AG1478. Alternatively, the
presence of ARF2 isoform in rodent
cells but not human cells might
explain the resistance of rodent cells
to AG1478. To test the latter possi-
bility, we have used siRNA to
decrease expression of ARF2 in Rat2
cells. However, the expression of
siRNA for ARF2 did not sensitize
the rodent cells to AG1478 (data not
shown). We have also considered
the possibility that GBF1 is the
direct target of AG1478. Because
the Sec7 domains of human and
mouse GBF1 proteins are highly
similar with 96% identity at the amino acid level, we made an
expression construct expressing a h(m)GBF1-2 fusion protein
that contains the Sec7 domain of mouse GBF1 with other
domains of human GBF1. AG1478 treatment redistributed this
h(m)GBF1-2 to the VTCs adjacent to the ERES in H4 cells,
similar to the effect seen with the wild type (data not shown),
suggesting that differences in the Sec7 domains of GBF1
between mouse and human cannot account for the resistance in
rodent cells.

In conclusion, we have identified a novel Golgi dispersing
molecule AG1478. We show that similar to BFA, AG1478
inhibits the activity of ARF1. AG1478 exhibits a number of
interesting properties distinct from that of BFA. First, AG1478
exhibits low cytotoxicity, whereas BFA is highly toxic. Second,
the Golgi dispersing effect of AG1478 is highly species specific,
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whereas BFA can affect both human and rodent cells. Third,
AG1478 preferentially targets the cis-Golgi compartment,
whereas BFA targets both the cis- and trans-Golgi. Fourth,
AG1478 redistributes GBF1 to the peripheral VT Cs adjacent to
that of ERES but not into the ER, mimicking the phenotype of
the E794K GBF1 mutant, whereas BFA can disperse the E794K
mutant into the ER network. Because the interaction of
AG1478 with GBF1 depends upon a functional Sec7 domain,
we propose that AG1478 provides an interesting new tool to
define the functional role of nucleotide exchange factors.
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