THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 50, pp. 43361-43369, December 16, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Regulation of a,;-Adrenergic Receptor-mediated
Extracellular Signal-regulated Kinase 1/2 (ERK1/2) Activation

by ADP-ribosylation Factor 1"

Received for publication, June 1,2011, and in revised form, October 14,2011 Published, JBC Papers in Press, October 24, 2011, DOI 10.1074/jbc.M111.267286

Chunmin Dong*, Chunman Li°, and Guangyu Wu*®'

From the *Department of Pharmacology and Experimental Therapeutics, Louisiana State University Health Sciences Center, New
Orleans, Louisiana 70112 and the *Department of Pharmacology and Toxicology, Georgia Health Sciences University,

Augusta, Georgia 30912

Background: ERK1/2 activation by G protein-coupled receptors can be mediated through multiple pathways.

Results: a,5-Adrenergic receptor interacts with ADP-ribosylation factor 1 (ARF1) to modulate ERK1/2 activation.
Conclusion: ERK1/2 activation by a,g-adrenergic receptor is mediated through a novel pathway involving ARF1.
Significance: The small GTPase ARF1 may function as an important regulator in receptor-mediated ERK1/2 activation.

A number of signaling molecules are involved in the activa-
tion of the mitogen-activated protein kinase (MAPK) pathway
by G protein-coupled receptors. In this study, we have demon-
strated that a,p-adrenergic receptor (a,5-AR) interacts with
ADP-ribosylation factor 1 (ARF1), a small GTPase involved in
vesicle-mediated trafficking, in an agonist activation-depend-
ent manner and that the interaction is mediated through a
unique double Trp motif in the third intracellular loop of the
receptor. Interestingly, mutation of the double Trp motif and
siRNA-mediated depletion of ARF1 attenuate a,z-AR-medi-
ated activation of extracellular signal-regulated kinases 1/2
(ERK1/2) without altering receptor intracellular trafficking,
whereas expression of the constitutively active mutant
ARF1Q71L and ARNO, a GDP-GTP exchange factor of ARF1,
markedly enhances the activation of Rafl, MEK1, and ERK1/2.
These data strongly demonstrate that the small GTPase ARF1
modulates ERK1/2 activation by a,5-AR and provide the first
evidence indicating a novel function for ARF1 in regulating the
MAPK signaling pathway.

As the largest superfamily of cell surface receptors, G pro-
tein-coupled receptors (GPCRs)? regulate a variety of cellular
functions largely through coupling to heterotrimeric G proteins,
which in turn modulate the activity of downstream molecules,
including adenylyl cyclases, phospholipases, protein kinases, and
ion channels (1, 2). As the activation of the mitogen-activated pro-
tein kinase (MAPK) pathway is critically involved in the regulation
of cell growth, survival, motility, and secretion, the mechanisms by
which GPCRs activate MAPK have been intensively studied. The
best characterized MAPK signaling cascade regulated by GPCRs
involves sequential phosphorylation/activation of three protein
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kinases, Rafl, MEK1, and extracellular signal-regulated kinases
1/2 (ERK1/2). It has also been well recognized that the MAPK
activation by GPCRs can be achieved through a number of distinct
biochemical pathways, involving heterotrimeric G proteins, small
GTPases, arrestins, and many protein kinases, and the predomi-
nant mechanism used depends upon receptor and cell types
(3-10).

ADP-ribosylation factors (ARFs) belong to the superfamily
of Ras-related small GTPases and modulate multiple intracel-
lular trafficking processes (11). Like other Ras-related GTPases,
ARF GTPases undergo recycling between their active GTP-
bound and inactive GDP-bound conformations (12). Six ARF
members have been identified in mammals, but ARF2 is not
expressed in humans. Based on their sequences, ARF GTPases
can be divided into Class I (ARF1-3), Class II (ARF4-5), and
Class III (ARF6). Among these ARFs, ARF1, and ARF6 are the
best characterized and most well understood members.
Although ARF6 is involved in the regulation of actin cytoskel-
eton remodeling and endocytic and export trafficking (11,
13-15), ARF1 plays a crucial role in the formation of transport
vesicles in the early and late secretory pathway. Activation of
ARF1 GTPase controls the early secretory pathway through
recruiting a complex of cytosolic proteins collectively known as
coatomers, resulting in the formation of COPI-coated vesicles
(16 -18). ARF1 also regulates the targeting of clathrin to late
Golgi and endosome compartments through recruiting the
clathrin adaptor protein complex and Golgi-localized +y-ear-
containing ARF1-binding proteins (GGAs) (19-21). In addi-
tion, ARF GTPases are able to activate phospholipase D, which
may create lipid-enriched microdomains facilitating the
recruitment of regulatory protein to the Golgi and promoting
post-Golgi protein transport (22-26).

In this study, we have demonstrated that ARF1 interacts with
a unique ditryptophan (diW) motif located in the third intra-
cellular loop (ICL3) of a,5-AR and modulates ERK1/2 activa-
tion by a,5-AR. These data suggest a novel pathway in which
a,5-AR activates ERK1/2 via the small GTPase ARF1. These
data also provide the first evidence implying an important role
for ARF1 in the activation of the MAPK signaling pathway.
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EXPERIMENTAL PROCEDURES

Materials—Antibodies were purchased from the following
companies: ARF1 from StressGen (Ann Arbor, MI); ARF3 from
BD Transduction Laboratories; phospho-Rafl (Ser-338) from
Upstate Biotech Millipore (Lake Placid, NY); GFP, phospho-
ERK1/2, and Rafl from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA); HA-fluorescein (3F10) from Roche Diagnostics;
ERK1/2, MEK1, and phospho-MEK1 (Thr-286) from Cell Sig-
naling Technology, Inc. (Beverly, MA). The radioligand
[PH]JRX821002 (specific activity = 41 Ci/mmol) was purchased
from PerkinElmer Life Sciences. All other materials were
obtained as described elsewhere (27-29).

Plasmid Constructions—o,-AR tagged with GFP atits C ter-
minus or three HAs at its N terminus was generated as
described previously (27). A similar strategy was utilized to gen-
erate GFP-conjugated ARF1 using the BamHI and EcoRI
restriction sites of the pEGFP-N1 vector. GST fusion proteins
encoding the ICL3 of a,5-AR were generated into the pGEX-
4T-1 vector using a strategy as described previously (30, 31).
The different regions of the a,;-AR ICL3 were amplified by
PCR and subcloned into the BamHI and Xhol restriction sites.
The mutations were carried out using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The
sequence of each construct used in this study was verified by
restriction mapping and nucleotide sequence analysis.

Cell Culture and Transient Transfection—HEK293 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. The human breast cancer MCF-7 cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 2 mMm glutamine, 1 mm sodium pyruvate, 100
units/ml penicillin, and 100 ug/ml streptomycin. Transient
transfection of cells was carried out using Lipofectamine 2000
reagent (Invitrogen) as described previously (27). The transfec-
tion efficiency was estimated to be greater than 70% based on
the GFP fluorescence.

Co-immunoprecipitation—For co-immunoprecipitation of
a,5-AR and ARF1, HEK293 cells cultured on 100-mm dishes
were co-transfected with 2 ug of HA-tagged a,5-AR and ARF1
for 36 h. After starvation for at least 3 h, the cells were stimu-
lated with UK14,304 at a concentration of 1 um for different
time periods. The cells were then washed twice with PBS and
harvested and lysed with 500 ul of lysis buffer containing 50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, and Complete Mini protease inhibitor
mixture. After gentle rotation for 1 h, samples were centrifuged
for 15 min at 14,000 X g, and the supernatant was incubated
with 50 ul of protein G-Sepharose for 1 h at 4 °C to remove
nonspecific bound proteins. Samples were then incubated with
1 ug of anti-HA or anti-GFP antibodies overnight at 4 °C with
gentle rotation followed by incubation with 50 ul of protein
G-Sepharose 4B beads for 5 h. Resin was collected by centrifu-
gation and washed three times with 500 ul of lysis buffer with-
out SDS. Immunoprecipitated receptors were eluted with SDS
gel loading buffer, separated by 10% SDS-PAGE, and visualized
by immunoblotting using anti-HA antibodies (28). ARF1 in the
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immunoprecipitates detected by using anti-ARF1
antibodies.

GST Fusion Protein Pulldown Assay—GST fusion proteins
were expressed in bacteria and purified using a glutathione
affinity matrix as described previously (30-32). GST fusion
proteins immobilized on the glutathione resin were either used
immediately or stored at 4 °C for no longer than 3 days. Each
batch of fusion protein used in experiments was first analyzed
by Coomassie Blue staining following SDS-PAGE. GST fusion
proteins tethered to the glutathione resin were incubated with
cell lysate prepared from HEK293 cells in 500 ul of binding
buffer (20 mm Tris-HCI, pH 7.5, 2% Nonidet P-40, 70 mm NaCl)
at 4 °C overnight. The resin was washed four times with 1 ml of
binding buffer, and the retained proteins were solubilized in 1 X
SDS gel loading buffer and separated by SDS-PAGE. Bound
proteins were detected by immunoblotting.

Radioligand Binding—Cell surface expression of a,5-AR in
HEK?293 cells was measured by ligand binding of intact live cells
using [*H]RX821002 as described previously (28). Briefly,
HEK293 cells were cultured on 6-well dishes and transfected
with 200 ng of the a,5-AR plasmid. After 6 h, the cells were split
into 12-well plates at a density of 4 X 10° cells/well and cultured
for an additional 24 h. The cells were incubated with DMEM
plus [’H]RX821002 at a concentration of 20 nm for 90 min at
room temperature. The nonspecific binding was determined in
the presence of rauwolscine (10 um). The cells were washed
twice with 1 ml of PBS, and the cell surface-bound ligands were
extracted by 1 M NaOH treatment for 2 h. The radioactivity was
counted by liquid scintillation spectrometry in 3.5 ml of Ecos-
cint A scintillation solution (National Diagnostics, Inc.,
Atlanta, GA).

For measurement of a,-AR internalization, HEK293 cells
were cultured on 6-well dishes and transfected with 0.5 ug of
a,5-AR with or without co-transfection with 1 pg of arrestin-3
for 24 h. After starvation for 3 h, the cells were stimulated with
epinephrine at a concentration of 100 uMm for different time
periods (9). The cells were washed three times with cold PBS,
and a,;-AR expression at the cell surface was measured by
intact cell ligand binding as described above.

Flow Cytometric Analysis of Receptor Expression—o,;-AR
expression at the cell surface was also measured by flow cyto-
metry as described previously (29, 33). HEK293 cells trans-
fected with HA-a,5-AR were suspended in PBS containing 1%
FBS at a density of 4 X 10° cells/ml and incubated with high
affinity anti-HA-fluorescein (3F10) at a final concentration of 2
pg/ml for 30 min at 4 °C. After washing twice with 0.5 ml of
PBS, 1% FBS, the cells were resuspended, and the fluorescence
was analyzed on a flow cytometer (BD Biosciences FACSCali-
bur). Because the staining with the anti-HA antibodies was car-
ried out in the nonpermeabilized cells and only those receptors
expressed at the cell surface were accessible to the anti-HA
antibodies, the measured fluorescence reflected the amount of
receptor expressed at the cell surface.

For measurement of overall a,;-AR expression, HEK293
cells transfected with a,5-AR-GFP were collected and resus-
pended in PBS containing 1% FBS at a density of 8 X 10° cells/
ml. Total receptor expression was determined by measuring
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GFP fluorescence on a flow cytometer as described previously
(27).

Fluorescence Microscopy—HEK293 cells were grown on cov-
erslips precoated with poly-L-lysine in 6-well plates and trans-
fected with GFP-tagged a,-AR. The cells were fixed with 4%
paraformaldehyde, 4% sucrose mixture in PBS for 15 min and
stained with 4',6-diamidino-2-phenylindole for 5 min. The
coverslips were mounted, and fluorescence was detected with a
Leica DMRA2 epifluorescence microscope. Images were
deconvolved using SlideBook software and the nearest neigh-
bor deconvolution algorithm (Intelligent Imaging Innovations,
Denver, CO) as described previously (27, 28).

Measurement of Rafl, MEKI, and ERK1/2 Activation—
HEK293 cells were cultured on 10-cm dishes and transfected
with 2 pg of a,5-AR plasmids with or without co-transfection
with ARF1 siRNA. At 6—8 h after transfection, the cells were
split into 6-well dishes and cultured for 24 —30 h. The cells were
starved for at least 2 h and then stimulated with UK14,304 as
indicated in the legends for Figs. 1 and 3—6. Stimulation was
terminated by the addition of 1X SDS gel loading buffer as
described previously (27, 28). After solubilizing the cells, 20 ul
of total cell lysates was separated by 12% SDS-PAGE. To deter-
mine the effect of transient expression of small GTPases on the
MAPK activation, HEK293 cells cultured on 6-well dishes were
transfected with 1.0 ug of individual GTPase for 24 -36 h. Acti-
vation of Rafl, MEK1, and ERK1/2 was determined by immu-
noblotting measuring their phosphorylation with phospho-
specific antibodies.

Measurement of cAMP Production— cAMP concentrations
were measured by using cyclic AMP XP™ assay kit (Cell Sig-
naling Technology). Briefly, HEK293 cells were cultured in
6-well dishes and transfected with 0.5 pg of a,5-AR with or
without co-transfection with control or ARF1 siRNA. The cells
were then split into 96-well plates at a density of 1 X 10* cells/
well. After starvation for 1 h, the cells were stimulated with
forskolin at a concentration of 1 um plus or minus different
concentrations of UK14,304 (from 10 to 1000 nm) in the pres-
ence of 0.1 mMm isobutylmethylxanthine for 5 min at 37 °C. The
reactions were stopped by aspirating the medium, and then the
cells were lysed with 100 ul of lysis buffer. Fifty ul of cell lysate
was transferred into microtiter plates, and cAMP concentra-
tions were measured according to the protocol provided by the
kit. In each experiment, a standard curve was generated in par-
allel and used to calculate cAMP concentrations.

siRNA-mediated Knockdown of ARFI—Two Stealth™ RNAi
duplexes targeting ARF1 (siRNA 15'-GGGAACAUCUUCGC-
CAACCUCUUCA-3" and siRNA 2 5'-ACAGCAAUGACA-
GAGAGCGUGUGAA-3") and a nonspecific duplex oligo-
nucleotide (5'-GGGUACUUCCGCAACUCCUCAAUCA-3')
were obtained from Invitrogen. HEK293 cells were plated on
6-well dishes at a density of 4 X 10 cells/well for 12—16 h before
transfection. a,5-AR and siRNA were simultaneously trans-
fected by using Lipofectamine 2000 reagent (27, 34). Briefly, 7.5
wl of Lipofectamine 2000 and 6 ul of 20 um RNAi plus 0.5 ug of
a,5-AR were added separately into 100 ul of Opti-MEM
medium. After a 5-min incubation, both solutions were mixed
and incubated for 20 min. The transfection mixture was added
to culture dishes containing 0.8 ml of fresh DMEM without
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FIGURE 1. Agonist activation-dependent association of a,z-AR with
ARF1. A, HEK293 cells were transfected with HA-a,5-AR and ARF1 and then
stimulated with 1 um UK14,304 for different time periods (0-40 min).
HA-a,5-AR was immunoprecipitated with anti-HA antibodies. ARF1 in the
immunoprecipitates (IP) was detected by Western blotting (/B) using anti-
ARF1 antibodies and HA-a,5-AR by using anti-HA antibodies. B, quantitative
data shown in A. Data shown are the ratio of a,g-AR-associated ARF1 to the
total a,5-AR in the immunoprecipitates. Similar results were obtained in at
least three individual experiments.

antibiotics. After incubation at 37°C for 6-8 h, culture
medium was changed to full DMEM. Similarly, MCF7 cells
were transfected with control and ARF1 siRNA. All the exper-
iments were performed at 48 h after RNAi transfection.

Immunoblotting—Western blot analysis of protein expres-
sion was carried out as described previously (27). HEK293 cell
lysates were separated by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes. The signal was detected
using ECL Plus (PerkinElmer Life Sciences) and a Fuji Film
luminescent image analyzer (LAS-1000 Plus) and quantitated
using the Image Gauge program (version 3.4).

Statistical Analysis—Differences were evaluated using Stu-
dent’s ¢ test, and p < 0.05 was considered as statistically signif-
icant. Data are expressed as the mean * S.E.

RESULTS

a,5-AR Interacts with ARFI in Response to Agonist
Stimulation—HEK293 cells were transfected with HA-tagged
a,5-AR and ARF1 and stimulated with UK14,304 for different
time periods (0 —40 min). The interaction between a,5-AR and
ARF1 was measured by co-immunoprecipitation with anti-HA
antibodies. A significant amount of ARF1 was found in the
anti-HA immunoprecipitates, and stimulation with the agonist
UK14,304 promoted a,;-AR association with ARF1 in a time-
dependent fashion. The maximal binding was observed after a
10-min stimulation (Fig. 1, A and B). These data indicate that
activation of a,z-AR enhances its interaction with ARF1
GTPase.

Identification of the ARFI-binding Motif in o,z-AR—We
next sought to identify the ARF1-binding site in a,5-AR by
focusing on the ICL3. The ICL3 is relatively larger (165 resi-
dues) (Fig. 2A) than other intracellular domains, and the ICL3
of M;-muscarinic receptor has been implicated in the interac-
tion with ARF1 (35). The ICL3 was generated as a GST fusion
protein, and its interaction with ARF1 was determined in the
GST fusion protein pulldown assay. The GST fusion protein
encoding the ICL3, but not GST, was able to interact with ARF1
(Fig. 2, Band C).
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FIGURE 2. Identification of an ARF1-binding subdomain in the third intra-
cellular loop of «@,z-AR by GST fusion protein pulldown assay.
A, sequence of the ICL3 of a,5-AR generated as the GST fusion proteins.
B, summary of progressive truncation of the ICL3 to identify the ARF1-binding
subdomain in a GST fusion protein pulldown assay. C, the purified GST fusion
proteins encoding different regions of the ICL3 of a,5-AR (upper panel) and
their interaction with ARF1 (lower panel). GFP-tagged ARF1 was expressed in
HEK293 cells and total cell homogenates were incubated with GST fusion
proteins as described under "Experimental Procedures.” ARF1 interaction
with the fusion proteins was revealed by immunoblotting using anti-GFP
antibodies. Upper panel, Coomassie Brilliant Blue staining (CBB) of purified
GST fusion proteins; Lower panel, GFP-ARF1 bound to the GST fusion proteins.
These experiments were repeated at least six times with similar results.
Molecular mass is indicated at the left.

We then utilized the progressive deletion strategy (Fig. 2B) to
search for a subdomain in the ICL3 binding to ARF1. The GST
fusion proteins encoding Arg-285-Glu-369, Asn-327-Glu-
369, and Gly-349 —Glu-369 interacted with ARF1, whereas GST
fusion proteins encoding Lys-205—Pro-284, Arg-285-Cys-326,
Asn-327-Leu-348, and Leu-339-Gln-358 were not able to
bind ARF1 (Fig. 2, B and C). These data suggest that the ARF1-
binding motif is localized in the C-terminal fragment
WWRRRTQLSRE.

To precisely identify specific residues mediating the ICL3
interaction with ARF1, each of the residues in the ARF1-bind-
ing domain WWRRRTQLSRE (Fig. 3A) was mutated to Ala by
site-directed mutagenesis using GST fusion protein encoding
Gly-349 -Glu-369 (construct VIII) as a template (Fig. 3B).
Mutation of Trp-359 or Trp-360 significantly attenuated the
ICL3 interaction with ARF1, and simultaneous mutation of
Trp-359 and Trp-360 residues abolished the ICL3 interaction
with ARF1, whereas mutation of Thr-364, GIln-365, Leu-366,
Ser-367, Arg-368, Glu-369, and Arg-362/363/364 did not sig-
nificantly reduce ARF1 interaction (Fig. 3B). These data dem-
onstrate that the diW motif (Trp-359 and Trp-360) specifically
mediates the interaction of the ICL3 with ARF1 GTPase in
vitro.

We next determined whether the diW motif mediates the
interaction of the full-length o, ;-AR with ARF1 in the absence
and presence of agonist stimulation. HEK293 cells were trans-
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FIGURE 3. The diW motif in the third intracellular loop mediates a,g-AR
interaction with ARF1. A, sequence of an ARF1-binding domain in the ICL3
of a,5-AR. B, effect of mutating individual residues in the ARF1-binding
domain on the ICL3 interaction with ARF1. Each of the residues in the ARF1-
binding domain was mutated to Ala and generated as GST fusion proteins
(upper panel). Their interaction with ARF1 was determined by GST fusion pro-
tein pulldown assays as described in the legend for Fig. 2 (middle panel). Lower
panel, quantitative data shown as the percentages of the ARF1 bound to the
construct VIII Gly-349-Glu-369 and presented as the mean = S.E. of three
experiments. ¥, p < 0.05 versus the construct VIll. CBB, Coomassie Brilliant Blue
staining. C, the diW motif specifically mediates a,5-AR interaction with ARF1
in response to agonist stimulation. HEK293 cells were transfected with
HA-a,5-AR or its diW motif mutant and then stimulated with 1 um UK14,304
for 5 min. a,5-AR interaction with ARF1 was determined by co-immunopre-
cipitation using anti-HA antibodies as described in the legend for Fig. 1.
D, quantitative data shown in C. Data shown are the ratio of a,g-AR-associ-
ated ARF1 to the total a,5-ARin the immunoprecipitates and presented as the
mean £ S.E.(n = 3);* p <0.05 versus cells without agonist stimulation; **, p <
0.05 versus cells expressing wild-type a,g-AR and stimulated with UK14,304.

fected with HA-tagged a,5-AR or its diW motif mutant and
stimulated with UK14,304. Consistently, the full-length
a,5-AR physically associated with ARF1 in the presence and
absence of agonist, but the agonist stimulation profoundly
enhanced the interaction (Fig. 3, C and D). Interestingly, the
association of a,z-AR with ARF1 was almost the same as its
diW motif mutant at the basal level, whereas the interaction of
the a,;-AR mutant with ARF1 in response to the agonist
UK14,304 stimulation was markedly reduced as compared with
its wild-type counterpart (Fig. 3, C and D). These data demon-
strate that the diW motif in the ICL3 specifically mediates the
interaction of the agonist-activated a,;-AR with ARF1 GTPase.

Role of the diW Motif-mediated o,z,-AR Interaction with
ARF1 in ERK1/2 Activation—ARF1 has been well documented
to play a crucial role in vesicle-mediated transport (11), and our
previous studies have shown that expression of dominant-neg-
ative ARF1 mutants inhibits «,-AR transport to the cell sur-
face (36). Therefore, as an initial approach to define the role of

VOLUME 286+NUMBER 50-DECEMBER 16, 2011



A % 120
= 100
52 80
2% o
=2 40
w
= 20
S o
8 o o &
o] B B o]
Ligand binding FACS
B o,;AR W359A W360A diw
120
C ~
< 100
72 %0
3 £ " 0,AR
E2 60 A diw
2
£ 740
[0
© 20
0
0 10 20 30 40 50 60
Time (min)
D a AR diW E
S — g
UKI3040M) oS3 - o33~ af
o<
pERKl/ZI"--. - -.| E\I/
O-
ERK1/2 | | 0 001 01 I
UK 14304 [uM]
F @, AR diw G )
Time(min)onmggogmgg §§3 = oAR
=73 A (i
PERKI2 | « e e mam e | 2§ 2|/ diw
1
m
ERK1/2 |‘- | 0
0 10 20 30
Time (min)
H 120
100
Eg 80 —a—0,; AR
S § 60 —a— diw
=~ 40
20
0
0 8 7 6

“log[UK 14,304], (M)

FIGURE 4. Effect of mutating the diW motif on the intracellular trafficking
of a,5-AR and ERK1/2 activation by a,5-AR. A, cell surface expression of
a,g-AR and its diW motif mutants. Left side, a,g-AR and its diW motif mutants
were transiently expressed in HEK293 cells, and their expression at the cell
surface was measured by intact cell ligand binding using [*HIRX821002. The
mean values of specific ligand binding were 17,642 = 1203 cpm (n = 6, each
in triplicate) from cells transfected with a,5-AR. Right side, a,g-AR and its diW
motif mutant were tagged with HA at their N termini and expressed in
HEK293 cells. The cell surface expression of the receptors was determined by
flow cytometry following staining with anti-HA antibodies in nonpermeabi-
lized cells. Data shown are the mean = S.E. (n = 4) and presented as relative to
wild-type a,g-AR. B, subcellular localization of a,g-AR and its diW motif
mutant revealed by fluorescence microscopy detecting the GFP signal. The
data are representative images of at least five independent experiments.
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the diW motif-mediated «,5-AR interaction with ARF1, we
determined whether this interaction is required for export traf-
ficking of newly synthesized receptor from the endoplasmic
reticulum to the cell surface. Similar to wild-type a,5-AR, the
diW mutant normally transported to the cell surface as mea-
sured by intact cell ligand binding (Fig. 44). To exclude the
possible influence of the mutation on the ligand binding prop-
erties of the receptor, we also used flow cytometry to measure
the cell surface expression of HA-tagged a,5-AR and its diW
mutant. Consistently, no significant difference was observed in
the cell surface expression of a,;-AR and its diW motif mutant
(Fig. 4A). Consistent with the intact cell ligand binding and flow
cytometry data, a,5-AR and its mutants W359A, W360A, and
W359A/W360A were similarly and robustly expressed at the
cell surface (Fig. 4B).

A recent study has demonstrated that ARF1 also modulates
protein transport from the plasma membrane to endosomes
(37). Therefore, we next determined whether the diW motif-
mediated o,5-AR interaction with ARF1 modulates the endo-
cytic trafficking of agonist-occupied a,z-AR. The a,;-AR diW
motif mutant underwent internalization in response to the ago-
nist UK14,304 stimulation at the level identical to its wild-type
counterpart (Fig. 4C). Co-expression of arrestin-3, which has
been demonstrated to facilitate a,5-AR internalization (9), sim-
ilarly potentiated the internalization of both a,5-AR and its
diW motif mutant (Fig. 4C). These data suggest that ARF1
interaction with a,5-AR does not play a major role in intracel-
lular trafficking, including cell surface transport and internal-
ization, of the receptor.

We then determined whether the diW motif-mediated
a,5-AR interaction with ARF1 modulates a,5-AR signaling by
measuring ERK1/2 activation and cAMP inhibition following
stimulation with UK14,304. Time- and agonist dose-dependent
stimulation of ERK1/2 was significantly attenuated in cells
expressing the diW mutant as compared with cells expressing
wild-type a,-AR (Fig. 4, D-G). The EC,, values were 0.04 and
0.3 um UK14,304 for a,5-AR and its diW motif mutant, respec-

Scale bar, 10 um. C, internalization of a,5-AR and its diW motif mutant in the
presence or absence of overexpressed arrestin-3. a,g-AR or its diW motif
mutant were expressed with (+Arr) or without (—Arr) arrestin-3 and then
stimulated with epinephrine at a concentration of 100 um for the indicated
times. a,g-AR expression at the cell surface was measured by intact cell ligand
binding. Data shown are the mean = S.E. (n = 3). D and F, effect of mutating
the diW motif on ERK1/2 activation by «,5-AR. HEK293 cells were transfected
with a,5-AR or its diW motif mutant and stimulated with increasing concen-
trations of UK14,304 for 5 min (D) or with 0.1 um UK14,304 for different time
periods (F). ERK1/2 activation was measured by Western blotting measuring
their phosphorylation using phospho-specific anti-ERK1/2 antibodies. Upper
panel, a representative blot of ERK1/2 activation; Lower panel, total ERK1/2
expression. pERK1/2, phosphorylated ERK1/2. E and G, quantitation of data
shown in D and F, respectively. The data are expressed as -fold increase over
the basal level and presented as the mean = S.E. of three separate experi-
ments. ¥, p < 0.05 versus cells transfected with a,g-AR. ERK1/2 act., ERK1/2
activation. H, effect of mutating the diW motif on cAMP inhibition by a,g-AR.
HEK293 cells were transfected with a,5-AR or its diW motif mutant and stim-
ulated with 1 umforskolin plus different concentrations of UK14,304 for 5 min
at 37 °C. Total cellular cAMP was measured by using the cyclic AMP XP™ assay
kit as described under "Experimental Procedures.” Basal CAMP concentra-
tions were as follows: a,g-AR, 16.5 = 2.3 pmol/well; diW mutant, 17.0 = 1.6
pmol/well. Forskolin-induced cAMP concentrations were as follows: a,g-AR,
131.1 = 15 pmol/well; diW mutant, 138.6 == 14 pmol/well. The data shown are
percentages of the mean value obtained from cells stimulated with forskolin
alone and are presented as the mean = S.E. of three experiments.
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FIGURE 5. Effect of siRNA-mediated knockdown of ARF1 on the cell sur-
face expression of a,z-AR and ERK1/2 activation by «,5-AR. A, HEK293
cells cultured on 6-well dishes were transiently transfected with control sSiRNA
(Ctrl) orindividual ARF1 siRNAs (ARF#1 and ARF#2) as described under "Exper-
imental Procedures.” At 48 h after transfection, total homogenate protein was
separated by 12% SDS-PAGE, and expression of ARF1 (upper panel) and ARF3
(lower panel) was detected by Western blotting using isoform-specific anti-
bodies. B, quantitation of data shown in A. The data are expressed as percent-
ages of ARF1 and ARF3 expression in cells transfected with control siRNA and
presented as the mean = S.E. of three individual experiments. *, p < 0.05
versus control. C, effect of siRNA-mediated depletion of ARF1 on the cell sur-
face expression of a,g-AR. HEK293 cells were transfected with a,g-AR
together with the control or ARF1 siRNA, and the cell surface expression of
a,5-AR was determined by intact cell ligand binding as described in the leg-
end for Fig. 4. The data shown are percentages of the mean value obtained
from cells transfected with a,g-AR and control siRNA and are presented as the
mean * S.E. of three experiments. D and F, effect of expression of ARF1 siRNA
on ERK1/2 activation by a,g-AR. HEK293 cells were transfected with a,g-AR
and control siRNA or individual ARF1 siRNA and stimulated with increasing
concentrations of UK14,304 for 5 min (D) or with 0.1 um UK14,304 for different
time periods (F). ERK1/2 activation was measured by Western blotting mea-
suring their phosphorylation using phospho-specific anti-ERK1/2 antibodies.
Upper panel, a representative blot of ERK1/2 activation. Middle panel, total
ERK1/2 expression. Lower panel, ARF1 expression. pERK1/2, phosphorylated
ERK1/2. E and G, quantitative data showed in D and F, respectively. The data
are expressed as -fold increase over the basal level and are presented as the
mean = S.E. of three separate experiments. *, p < 0.05 versus cells transfected
with control siRNA. H, effect of ARF1 siRNA on cAMP inhibition by a,g-AR.
HEK293 cells were transfected with a5-AR and control siRNA or ARF1 siRNA
and stimulated with different concentrations of UK14,304 for 5 min as
described in the legend for Fig. 4.
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tively (Fig. 4E). In contrast, inhibition of forskolin-induced
cAMP production in response to UK14,304 stimulation was
very similar in cells expressing wild-type a,5-AR and its diW
motif mutant (Fig. 4H).

Effect of siRNA-mediated Knockdown of ARFI on a,z-AR-
mediated ERK1/2 Activation—To further explore the role of
ARF1 in a,5-AR-mediated ERK1/2 activation, we determined the
effect of siRNA-mediated depletion of endogenous ARF1 on the
a,z-AR-mediated ERK1/2 activation. Transient expression of
ARF1 siRNA resulted in a marked reduction of endogenous ARF1
expression, but did not influence expression of the closely related
small GTPase ARF3, demonstrating that ARF1 siRNA selectively
knocks down ARF1 expression (Fig. 5, A and B). Transient expres-
sion of ARF1 siRNA did not significantly affect the cell surface and
total expression of a,5-AR (Fig. 5C).

Similar to the inhibitory effect of mutating the diW motif on
a,5-AR-mediated ERK1/2 activation, agonist dose- and time-
dependent activation of ERK1/2 was consistently inhibited in
cells expressing ARF1 siRNA (Fig. 5, D-G). The EC,, values
were ~0.016, 0.14, and 0.20 uM UK14,304 in cells transfected
with control, ARF1 siRNA 1, and ARF1 siRNA 2, respectively
(Fig. 5E). In contrast, siRNA-mediated knockdown of ARF1 did
not clearly alter a,;-AR-mediated inhibition of cAMP produc-
tion induced by forskolin (Fig. 5H). These data demonstrate
that ARF1 is required for maximal activation of ERK1/2, but not
for inhibition of cAMP production, by a,5-AR.

We then determined the effect of siRNA-mediated knock-
down of ARF1 on the activation of ERK1/2 by endogenous
a,5-AR in MCF-7 cells. Expression of ARF1 siRNA did not
influence the cell surface expression of endogenous a,;-AR
(Fig. 6A), but significantly reduced the activation of ERK1/2 in
response to UK14,304 stimulation (Fig. 6, B and C) in MCEF-7
cells. These data suggest that ARF1 participates in the modula-
tion of ERK1/2 activation by endogenous a,;-AR.

Activation of Raf1, MEKI, and ERK1/2 by the Activated Form
of ARFI—W e next asked whether or not enhancing ARF1 func-
tion could directly activate the Rafl-MEK1-ERK1/2 pathway.
In the first series of experiments, we determined the effect of
transient expression of ARF1 and its GTP-bound ARF1Q71L
and GDP-bound ARFIT31N mutants on ERK1/2 activation.
Expression of ARF1 moderately but significantly enhanced
ERK1/2 activation, whereas ARF1Q71L markedly increased
ERK1/2 activation (Fig. 7A).

ERK1/2 can be activated by a number of small GTPases,
including Ras and ARF6 (39 —42). In the second series of exper-
iments, we compared the specificity and potency of these small
GTPases in activating ERK1/2 in cells transfected with the same
amount of plasmids. ERK1/2 activation was significantly ele-
vated by the GTP-bound mutants of several small GTPases
with the order Ras > ARF1 > ARF6 > ARF3 > ARF4. In con-
trast, transfection of the GTP-bound mutants of ARF5, Sarl,
Rabl, Rab2, Rab4, Rab5, and Rab8 did not produce any clear
effect on ERK1/2 activation (Fig. 7B). These data indicate that
the active form of ARF1 is a potent activator of ERK1/2.

In the third series of experiments, we determined whether
ARF1-mediated ERK1/2 activation could be modulated by
transient expression of ARNO and ARFGAP1, which facilitate
GDP-GTP exchange and GTP hydrolysis of ARF1, respectively
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FIGURE 6. Effect of siRNA-mediated ARF1 knockdown on ERK1/2 activa-
tion by endogenous a,-AR in MCF-7 cells. A, effect of ARF1 siRNA on the cell
surface expression of a,-AR. MCF-7 cells cultured on 6-well dishes were tran-
siently transfected with control siRNA (Ctrl) or individual ARF1 siRNA, and the
cell surface expression of a,-AR was determined by intact cell ligand binding
as described in the legend for Fig. 4. The data shown are percentages of the
mean value obtained from cells transfected with control siRNA and are pre-
sented as the mean = S.E. of three experiments. B, effect of ARF1 siRNA on
ERK1/2 activation by endogenous a,-AR. MCF-7 cells were transfected with
control siRNA or individual ARF1 siRNAs (ARF1#1 and ARF1#2) and stimulated
with 0.1 um UK14,304 for 5 min. Upper panel, a representative blot of ERK1/2
activation. Middle panel, total ERK1/2 expression. Lower panel, ARF1 expres-
sion. C, quantitation of data shown in B. The data shown are percentages of
the mean value obtained from cells transfected with control siRNA and are
presented as the mean = S.E. of three different experiments. ¥, p < 0.05 versus
cells transfected with control siRNA. ERK1/2 act., ERK1/2 activation.

(43—-45). Expression of ARNO further augmented ERK1/2 acti-
vation by ARF1 (Fig. 7C). The stimulatory effect of ARNO on
ERK1/2 was partially inhibited by expression of ARFGAP1
(Fig. 7C).

In the fourth series of experiments, we defined whether the
active form of ARF1 could activate the ERK1/2 upstream
kinases MEK1 and Rafl. Expression of ARF1Q71L markedly
activated both MEK1 (Fig. 84) and Rafl (Fig. 8B). Furthermore,
ARF1Q71L-mediated ERK1/2 activation was dramatically
inhibited by the dominant-negative Rafl mutant K375M, but
not the B-Rafl mutant K482M (Fig. 8C). These data demon-
strate that activation of ARF1 could activate the Rafl-MEK1-
ERK1/2 pathway.

DISCUSSION

It has been well described that the functions of GPCRs are
crucially regulated by their physical association with many reg-
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FIGURE 7. Activation of ERK1/2 by the active form of ARF1. A, ERK1/2 acti-
vation (ERK1/2 act.) by ARF1 and its GDP-bound ARF1T31N and GTP-bound
ARF1Q71L mutants. HEK293 cells were transfected with the pcDNA3 vector,
ARF1 or its mutants. ERK1/2 activation was measured by Western blotting
measuring their phosphorylation using phospho-specific anti-ERK1/2 anti-
bodies. pERK1/2, phosphorylated ERK1/2; Ctrl, control. B, comparison of
ERK1/2 activation in HEK293 cells transfected with different GTP-bound small
GTPase mutants. C, expression of ARNO augments ARF1-mediated ERK1/2
activation, and ARFGAP1 attenuates the ARNO effect on ERK1/2 activation.
ARF1, ARNO, and ARFGAP1 were transiently expressed in HEK293 cells indi-
vidually or in combination. ERK1/2 activation by tumor necrosis factor (TNF)
is used as a control.In A, B, and C, quantitation of data shown in bottom panels
is expressed as -fold increase over the basal level (control) and is presented as
the mean = S.E. of at least three separate experiments. *, p < 0.05 versus
control. In C, ** and *** p < 0.05 versus ARF1 and ARF1 + ARNO, respectively.

ERK1/2 act.

ulatory proteins. In this study, we have first demonstrated that
a,5-AR and the small GTPase ARF1 can form a complex by
co-immunoprecipitation and that the interaction between
a,5-AR and ARF1 was markedly potentiated by agonist stimu-
lation. These data are consistent with other studies showing
that GPCRs are able to associate with ARF GTPases (15, 35, 46,
47). Utilizing a GST fusion protein pulldown assay combined
with progressive deletion and site-directed mutagenesis, we
have further identified the diW motif in the membrane-proxi-
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FIGURE 8. Activation of MEK1 and Raf1 by the active form of ARF1.
A, activation of MEK1 by ARF1Q71L. pMEK1, phosphorylated MEK1; Ctrl, con-
trol. B, activation of Rafl by ARF1Q71L. pRafl, phosphorylated Raf1.
C, expression of the dominant-negative mutant Raf1K375M, but not the
B-RafkK482M mutant, inhibits ERK1/2 activation by ARF1Q71L. HEK293 cells
were transfected with ARF1Q71L alone or together with Raf1K375M or
B-RafK482M. Activation of MEK1, Raf1, and ERK1/2 was measured by Western
blotting measuring their phosphorylation using phospho-specific antibod-
ies. pERK1/2, phosphorylated ERK1/2. Quantitation data shown in bottom
panels are expressed as -fold increase over the basal level (control) and are
presented as the mean = S.E. of atleast three individual experiments.In Aand
B, *, p < 0.05 versus control; in C, *, p < 0.05 versus pcDNA.

mal C-terminal region of the ICL3 as an ARF1-binding site, and
mutation of the diW motif specifically and greatly attenuated
agonist-promoted o,5-AR interaction with ARF1. Analysis of
the GPCR database reveals that the diW motif exists only in
a,5-AR. Therefore, the diW motif-mediated agonist-depen-
dent a,5-AR interaction with ARF1 is unique and very specific.
Because other GPCRs have also been demonstrated to interact
with ARF1 in response to agonist stimulation (46), it is possible
that different GPCRs, when activated at the plasma membrane,
may use distinct motifs to interact with ARF1. This agonist-de-
pendent receptor-ARF1 interaction may be essential for the
activation of a specific signal transduction pathway mediated by
the receptor (e.g ERK1/2 by a,5-AR). In support of this possi-
bility, the membrane-proximal C-terminal region of the ICL3
has been demonstrated to be responsible for the interaction of
GPCRs with heterotrimeric G proteins and arrestins (30, 48,
49), which selectively associate with agonist-activated GPCRs.

However, mutation of the diW motif did not clearly influence
a,z-ARinteraction with ARF1 in the absence of agonists. These
data suggest that multiple ARF1-binding sites exist in a,;-AR
(36). Consistently, several GPCRs have been shown to use the
ICL3 and/or the C termini to interact with ARF1 (35, 36, 50). It
is possible that this agonist activation-independent ARF1-
binding site is common to different GPCRs. As ARF1 has been
well studied to function as an important transport regulator
and to control the formation of COPI- and clathrin-coated ves-
icles that mediate cargo trafficking between multiple intracel-
lular compartments, including the endoplasmic reticulum, the
endoplasmic reticulum-Golgi intermediate compartment, the
Golgi, the endosomes, and the plasma membrane (16 -21), one
possible function of the constitutive interaction between
GPCRs and ARF1 is to modulate intracellular traffic of the
receptors. Indeed, expression of dominant-negative mutants of
ARF1 markedly inhibited the cell surface transport of all the
GPCRs tested (36). Nevertheless, these studies strongly suggest
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that the interaction between GPCRs and ARF1 may play mul-
tiple roles in the regulation of receptor biology.

The most important finding presented in this study is that
the small GTPase ARF1 is involved in the regulation of the
MAPK signaling pathway, specifically the activation of ERK1/2
by a,5-AR. We have demonstrated that mutation of the diW
motif to disrupt a,5-AR interaction with ARF1 clearly attenu-
ated the ability of the receptor to activate ERK1/2, but not to
inhibit cAMP production, suggesting that the diW motif-me-
diated o, 53-AR-ARF1 interaction is specifically required for the
maximal activation of ERK1/2 by the receptor. The fact that the
mutation of the diW motif did not significantly alter a,z-AR
cell surface transport and endocytosis in response to agonist
stimulation implies that the diW motif-mediated a,5-AR inter-
action with ARF1 is unlikely to be involved in the regulation of
intracellular trafficking of a,;-AR. Indeed, ARF6, but not
ARF1, has been demonstrated to be involved in regulation of
GPCR internalization (51, 52). Therefore, the signaling defect
in activating MAPK observed in the diW mutant is not due to
altered receptor expression at the cell surface per se.

Consistent with the role of ARF1 in a,5-AR-mediated
activation of ERK1/2, siRNA-mediated depletion of ARF1
attenuated partially but significantly time- and agonist dose-
dependent activation of ERK1/2. siRNA-mediated knock-
down of ARF1 also reduced the activation of ERK1/2 by
endogenous a,5-AR in MCF-7 cells. The partial inhibition of
a,5-AR-mediated activation of ERK1/2 induced by mutating
the ARF1-binding diW motif and ARF1 siRNA is in agree-
ment with previous studies demonstrating that multiple
players such as heterotrimeric G proteins and Ras are
involved in a,z-AR-mediated ERK1/2 activation (9, 10). It is
interesting to note that siRNA-mediated knockdown of
ARF1 did not influence the cell surface expression of exoge-
nously expressed a,5-AR in HEK293 cells and endogenous
a,5-AR in MCE-7 cells. Our previous studies have demon-
strated that inhibition of ARF1 functions via expression of
the dominant-negative, GDP-bound mutant ARF1T31N,
which markedly inhibited both a,5-AR transport to the cell
surface and a,5-AR-mediated ERK1/2 activation (36). These
data suggest that ARF1 and other ARF GTPases, particularly
ARF3, which is in the same class may have overlapping and
redundant functions in the cell surface export of a,5-AR.
Consistent with this possibility, siRNA-mediated knock-
down of any individual ARF GTPase did not produce signif-
icant influence on membrane traffic (38).

The data presented here suggest a novel function for ARF1
in regulating the activation of the MAPK signaling pathway.
It has been well characterized that the small GTPase Ras is a
very strong activator for the Raf1-MEK1-ERK1/2 pathway. It
has also been shown that ARF6 can activate ERK1/2, which
plays a vital role in tumor cell invasion (40). We have dem-
onstrated here that expression of constitutively active, GTP-
bound ARF1Q71L mutant markedly activated Rafl, MEK1,
and ERK1/2. Among the five ARFs, ARF1 is the strongest
activator of ERK1/2. Expression of GTP-bound mutants of
ARF3 and ARF4 also activated ERK1/2, but at much lower
magnitudes. Furthermore, facilitation of GDP exchange for
GTP through ARNO expression enhanced ERK1/2 activa-
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tion, which can be reversed by promoting GTP hydrolysis of
ARF1 via expressing ARFGAP1. These data indicate that the
active from of ARF1 is a potent activator of the Rafl-MEKI-
ERK1/2 pathway. It is interesting to note that ARNO is required
for the sustained activation of ERK1/2 by the A2A adenosine
receptor (43). Whether or not ARNO is also involved in the regu-
lation of a,,-AR/ARF1-mediated ERK1/2 activation is under
investigation. Nevertheless, the data presented in this study,
together with other studies demonstrating that ARF1 directly acti-
vates signaling molecules such as phospholipase D (22, 23),
strongly indicate that, in addition to its well established function as
atraffic coordinator, ARF1 GTPase also functions as a signal trans-
ducer regulating the MAPK signaling pathway.

In the conventional GPCR signaling pathways, GPCRs directly
relay the signals by activating a and <y subunits of heterotrimeric
G proteins. It is now well known that GPCRs can also activate
small GTPases, such as Ras, to regulate the MAPK signaling path-
way. Here we demonstrate that o, ;-AR-mediated ERK1/2 activa-
tion depends at least partially on the small GTPase ARF1. These
data also suggest a novel MAPK activation pathway involving
ARF1 in which a,5-AR activates ERK1/2. The function of ARF1 in
regulating a,;-AR-mediated ERK1/2 activation is likely dictated
by its unique interaction with the receptor. Because the activation
of the MAPK pathway regulates a number of cellular functions
under physiological and pathological conditions, the molecular
mechanism underlying ERK1/2 activation by a,;-AR and ARF1
merits further investigation.
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