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It is well recognized that the C terminus (CT) plays a crucial
role in modulating G protein-coupled receptor (GPCR) trans-
port from the endoplasmic reticulum (ER) to the cell surface.
However themolecularmechanisms that govern CT-dependent
ER export remain elusive. To address this issue, we used �2B-
adrenergic receptor (�2B-AR) as a model GPCR to search for
proteins interacting with the CT. By using peptide-conjugated
affinity matrix combined with proteomics and glutathione
S-transferase fusion protein pull-down assays, we identified
tubulin directly interactingwith the�2B-ARCT. The interaction
domainsweremappedto theacidicCTof tubulinandthebasicArg
residues in the �2B-AR CT, particularly Arg-437, Arg-441, and
Arg-446.More importantly,mutation of theseArg residues to dis-
rupt tubulin interaction markedly inhibited �2B-AR transport to
the cell surface and strongly arrested the receptor in the ER. These
dataprovide the first evidence indicating that the�2B-ARC-termi-
nal Arg cluster mediates its association with tubulin to coordinate
its ER-to-cell surface traffic and suggest a novel mechanism of
GPCR export through physical contact withmicrotubules.

The precise function of G protein-coupled receptors
(GPCRs)2 relies on highly regulated intracellular trafficking
processes, including export of nascent receptors from the endo-
plasmic reticulum (ER) to the cell surface, agonist-evoked inter-
nalization of the receptors from the cell surface to endosomes,
recycling of the internalized receptors from the endosomes
back to the cell surface, and targeting to the lysosome for deg-
radation, which dictate proper expression and correct targeting
to the functional destination of the receptors. Over the past
decades, substantial studies have been focused on the events of
endocytosis, recycling, and degradation of GPCRs (1–5). In
contrast, themolecularmechanisms underlying the export traf-

ficking of newly synthesized GPCRs from the ER to the cell
surface remain largely unknown.
It has been well documented that GPCR export to the cell

surface involve direct interactions with multiple regulatory
proteins such as ER chaperones, accessory proteins, and recep-
tor activity modifying proteins, which may stabilize receptor
conformation, facilitate receptor maturation, and promote
receptor delivery to the plasma membrane (6–11). In addition,
GPCR dimerization may regulate proper receptor folding and
assembly, which will influence the receptors ability to pass
through the ERquality controlmechanism (12, 13). As an initial
approach to study GPCR cell surface transport, we have deter-
mined the role of the Ras-like small GTPases in the ER-to-cell
surface movement of nascent GPCRs. Our studies have shown
that the Rab and Sar1/ARF subfamilies play an important role
in regulation of GPCR transport from the ER to the cell surface
along the secretory pathway. More importantly, the small
GTPases Rab1, Rab6, Rab8, and Sar1 are able to selectively or
differentially modulate the cell surface transport of GPCRs,
suggesting that distinct GPCRs with similar structural features
may use different pathways to move to the cell surface en route
from the ER and the Golgi (14–21). More recently, we have
demonstrated that Rab8 and ARF1 directly interact with the
receptors to modulate receptor cell surface transport (18, 19).
An essential role for the C terminus (CT) in the ER-to-cell

surface transport has been described for a number of GPCRs
and indeed, several highly conserved motifs, which control
receptor export trafficking, have been identified in the CT (22–
29). However the molecular mechanisms remain poorly
defined. To address this issue, we sought to identify proteins
interacting with the �2B-AR CT. We report here that the
�2B-AR CT directly interacts with �- and �-tubulin. More
importantly, the basic Arg residues in the CT not only mediate
�2B-AR interactionwith tubulin but also are required for recep-
tor export from the ER to the cell surface. These data provide
the first evidence implicating that the cargo GPCRs may
directly contact with microtubules to coordinate their cell sur-
face transport.

EXPERIMENTAL PROCEDURES

Materials—Rat �2B-AR in vector pcDNA3 was kindly pro-
vided by Dr. Stephen M. Lanier (Medical University of South
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Carolina). The dominant negative arrestin-3 mutant Arr3-
(201–409) and the dominant negative dynamin mutant
DynK44A were provided by Dr. Jeffrey L. Benovic (Thomas
Jefferson University). Antibodies against phospho-ERK1/2
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). The anti-ERK1/2 antibody detecting total ERK1/2
expression was from Cell Signaling Technology, Inc. (Beverly,
MA). The �-tubulin antibody was purchased from Abcam
(Cambridge, MA). The �-tubulin antibody (DM1A), UK14304,
and rauwolscine were obtained from Sigma-Aldrich. 4% cross-
linked agarose beads were purchased fromAgarose Bead Tech-
nologies (Tampa, FL). The ER marker pDsRed2-ER was from
BD Biosciences (Palo Alto, CA). The �2B-AR C-termi-
nal peptide NH2-NQDFRRAFRRILCRPWTQTGW-COOH,
C-terminal peptide mutant (in which three Arg at positions
437, 441, and 446 were mutated to Glu) NH2-NQDFERAFER-
ILCEPWTQTGW-COOH, and third intracellular loop (ICL3)
peptide NH2-GKNVGVASGQWWRRRTQLSRE-OH were
synthesized, purified byHPLC to�75%anddirectly conjugated
to agarose beads by Biosynthesis Inc. (Lewisville, TX). Purified
bovine tubulin was purchased from Cytoskeleton Inc. (Denver,
CO). [3H]RX821002 (specific activity � 41 Ci/mmol) was pur-
chased from PerkinElmer (Waltham, MA). Penicillin-strepto-
mycin, L-glutamine, and trypsin-EDTA were from Invitrogen
(Rockville,MD). All othermaterials were obtained as described
elsewhere (30–32).
Plasmid Constructions—�2B-AR tagged with green fluores-

cent protein (GFP) at its CT (�2B-AR-GFP) was generated as
described previously (14). Glutathione S-transferase (GST)
fusion protein constructs coding the �2B-AR CT were gener-
ated in the pGEX-4T-1 vector as described previously (19). All
mutants were made with the QuickChange site-directed
mutagenesis kit. The sequence of each constructwas confirmed
by restriction mapping and nucleotide sequence analysis.
Cell Culture andTransient Transfection—HEK293 cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)with
10% fetal bovine serum, 100 units/ml penicillin, and 100
units/ml streptomycin. Transient transfection of the cells was
carried out using Lipofectamine 2000 reagent (Invitrogen) as
described previously (14, 30). For intact cell ligand binding and
ERK1/2 activation, HEK293 cells were cultured in 6-well dishes
and transfected with 1.0 �g of plasmid. For fluorescence
microscopy, HEK293 cells were cultured in 6-well dishes trans-
fected with 0.5 �g of plasmid. Transfection efficiency was esti-
mated to be greater than 80% based on the GFP fluorescence.
Identification of Proteins Interacting with the �2B-AR CT by

Peptide-conjugated Affinity Matrix—Rat brains were homoge-
nized in buffer containing 50 mM Tris-HCl, pH 7.4, 5 mM

EDTA, 5 mM EGTA, 9 mM KCl, 2.5 mM MgCl2, 1% Triton at a
ratio of 3 ml of buffer to 1 g of rat brain tissue. After homoge-
nization, lysates were centrifuged at 100,000 � g for 1 h at 4 °C,
and the supernatant was then collected. The total cytosolic
extracts were pre-cleared three timeswith 2ml of blank agarose
beads for 2 h at 4 °C. 4 ml of pre-cleared rat brain cytosolic
extract (�20 mg) were then incubated with l ml of the �2B-AR
CT-conjugated agarose beads with gentle rotation overnight at
4 °C. The resin was washed three times with 4 ml of homogeni-
zation buffer at 4 °C, and bound proteins were then eluted with

1 ml of denaturing buffer (7 M urea, 2 M thiourea, 4% Chaps, 30
mM Tris-HCl pH 8.5, 20% glycerol). The eluted proteins were
separated by 2-dimensional gels and stained with Sypro Ruby.
Images were then captured using a Typhoon 9400 Variable
Mode Imager. Proteins of interest were picked using the Ettan
Spot Handling Work station (GE Healthcare), digested with
trypsin and identified by LTQ electrospray mass spectrometry.
The identity of the sequences was then revealed by matching
the spectrum against a database of previously generated spectra
with MASCOT as described (33).
GSTFusion Protein Pull-downAssays—TheGST-fusion pro-

teins were expressed in bacteria and purified using a glutathio-
ne-affinitymatrix as described previously (18, 19). Immobilized
fusion proteins 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 fol-
lowing SDS-PAGE.
Tubulin purified frombovine brainwas reconstituted in gen-

eral tubulin buffer (G-PEM: 80mMPIPES, pH 6.9, 2mMMgCl2,
0.5 mM EGTA, 50 mM GTP). Tubulin lacking the acidic CT
(tubulin S) was prepared by limited proteolysis of rat tubulin
with subtilisin as described (34, 35). 2�l of GST fusion proteins
bound to glutathione-Sepharose beads were incubated with 1
�g of purified tubulin (unless otherwise stated) or tubulin S in
G-PEM plus 2% Nonidet P-40 and 100 mM NaCl. 10 �l of GST
fusion proteins bound to glutathione-Sepharose beads were
incubated with 100 �g of rat brain cytosolic extracts in homog-
enization buffer plus 100 mM NaCl. To determine the effect of
salt on the interaction with tubulin, the interaction was carried
out in buffer containing increasing concentrations of NaCl
from 0 to 400 mM. Incubations were carried out at room tem-
perature for 1 h. The resin was then washed three times with
binding buffer. The bound proteins were solubilized in 20 �l of
2� SDS-gel buffer and separated by 10% SDS-PAGE. The
bound tubulin was detected by Western blotting with either
�-tubulin or �-tubulin specific antibodies. The membranes
were stainedwith Amido Black to confirm equal input of fusion
proteins into each reaction. As the concentrations of tubulin
and tubulin S in GST pull-down assays was lower than that
required for polymerization, both tubulin and tubulin S are
likely dimeric, but not polymerized.
Co-immunoprecipitation of �2B-AR and Tubulin—HEK293

cells cultured on 100-mm dishes were transfected with 2 �g of
HA-tagged�2B-ARor itsmutant 3R-3A inwhichArg-437, Arg-
441, and Arg-446 were mutated to Ala for 36 h. The cells were
washed twice with PBS, harvested and lysed with 500 �l of lysis
buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and Com-
plete Mini protease inhibitor mixture. After gentle rotation for
1 h, samples were centrifuged for 15 min at 14,000 � g and the
supernatant was incubated with 50 �l of protein G-Sepharose
for 1 h at 4 °C to remove nonspecific bound proteins. Samples
were then incubated with 3 �g of anti-HA antibodies overnight
at 4 °Cwith gentle rotation followed by an incubationwith 50�l
of protein G-Sepharose 4B beads for 5 h. Resin was collected by
centrifugation and washed three times each with 500 �l of lysis
buffer without SDS. Immunoprecipitated proteins were eluted
with 100 �l of 1� SDS gel loading buffer and separated by
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SDS-PAGE. �2B-AR and tubulin in the immunoprecipitates
were detected by Western blotting using anti-HA and anti-tu-
bulin antibodies, respectively.
Radioligand Binding—Cell-surface expression of �2B-AR in

HEK293 cells was measured by ligand binding on intact cells
using [3H]RX821002 as described previously (30, 31). HEK293
cells cultured on 6-well dishes were transfected with �2B-AR or
its mutants as described above. After transfection for 6 h the
cellswere split into 12-well dishes pre-coatedwith poly-L-lysine
at a density of 5 � 105 cells/well. After transfection 48 h, the
cells were incubated with [3H]RX821002 at a concentration of
20 nM in a total of 400 �l for 90 min at room temperature. The
cells were washed twice with ice-cold DMEM, and the retained
radioligandwas then extracted by digesting the cells in 300�l of
1 M NaOH for 2 h. The amount of radioactivity retained was
measured by liquid scintillation spectrometry.
For measurement of �2B-AR internalization, HEK293 cells

were cultured 6-well dishes and transfected with 0.5 �g of
�2B-AR and 1 �g of arrestin-3 plus 1 �g of empty pcDNA3.1(-)
vector, Arr3-(201–409), DynK44A, or Rab5S34N for 24 h.
After starvation for 3 h, the cells were stimulated with epineph-
rine at a concentration of 100�M for 1 h. The cells were washed
three times with cold PBS and �2B-AR expression at the cell
surface was measured by intact cell ligand binding as described
above. To determine the effect of drug treatment on the cell
surface expression of �2B-AR, HEK293 cell transfected with
�2B-AR were incubated with GM132 (20 �M), NH4Cl (20 mM),
or chloroquine (100 �M) for 6 h at 37C°.
Flow Cytometry—For measurement of �2B-AR expression at

the cell surface, HEK293 cells were transfected withHA-tagged
receptor for 36–48 h. The cells were collected, suspended in
PBS containing 1% FBS at a density of 4 � 106 cells/ml and
incubated with high affinity anti-HA-fluorescein (3F10) at a
final concentration of 2�g/ml for 30min 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 (Dick-
inson FACSCalibur) as described (30).
Immunofluorescence Microscopy—For fluorescence micro-

scopic analysis of �2B-AR subcellular distribution, HEK293
cells were grown on coverslips pre-coated with poly-L-lysine in
6-well plates and transfected with 500 ng of �2B-AR-GFP for 36
to 48 h. For co-localization of�2B-ARwith Sec24, HEK293 cells
were transfected with 100 ng of �2B-AR-GFP and 400 ng of
Sar1H79G. For co-localization of �2B-AR with the ER marker
DsRed2-ER, HEK293 cells were transfected with 100 ng of �2B-
AR-GFP and 100 ng of pDsRed2-ER. The cells were fixed with
4% paraformaldehyde-4% sucrose mixture in PBS for 15 min.
The coverslips were mounted, and fluorescence was detected
with a Leica DMRA2 epifluorescent microscope. Images were
deconvolved using SlideBook software and the nearest neigh-
bor deconvolution algorithm (Intelligent Imaging Innovations,
Denver, CO) as described previously (30).
Measurement of ERK1/2Activation—HEK293 cells were cul-

tured in 6-well dishes and transfected with 0.5 �g of �2B-AR or
its mutant. At 6–8 h after transfection, the cells were split into
6-well dishes and cultured for additional 36 h. The cells were
starved for at least 3 h and then stimulated with 1 �MUK14304
for 5 min. Stimulation was terminated by addition of 1� SDS

gel loading buffer. After solubilizing the cells, 20 �l of total cell
lysates were separated by 12% SDS-PAGE. ERK1/2 activation
was determined by measuring the levels of phosphorylation of
ERK1/2 with phosphospecific ERK1/2 antibodies by immuno-
blotting (14).
Statistical Analysis—Differences were evaluated using Stu-

dent’s t test, and p � 0.05 was considered as statistically signif-
icant. Data are expressed as the mean � S.E.

RESULTS

The �2B-AR CT Directly Interacts with Tubulin—To search
for proteins interacting with the �2B-AR CT (Fig. 1A), the CT
peptide was synthesized, directly conjugated to agarose beads
and incubatedwith the brain cytosolic extracts. The boundpro-
teins were eluted, separated by two-dimensional gels, and iden-
tified by LTQ electrospray mass spectrometry. The most pre-
dominant proteins pulled out from the rat brain lysates were
tubulin isoforms (Fig. 1B). Western blot analysis using mono-
clonal �-tubulin-specific antibodies further revealed that tubu-
lin was pulled out by the CT-conjugated agarose matrix. In
contrast, a control peptide derived from the ICL3 of�2B-ARdid
not pull down detectable tubulin from brain lysates (Fig. 1C).
We next used GST pull-down assays to confirm the interac-

tion between the �2B-AR CT and tubulin. The GST fusion pro-
tein encoding the �2B-AR CT, but not GST, strongly interacted
with tubulin from total brain extracts (Fig. 2, A and B). To
determine if the �2B-AR CT could directly interact with tubu-
lin, the GST fusion proteins were incubated with increasing
concentrations of purified bovine brain tubulin. The GST-
�2B-AR CT was able to bind to purified �- and �-tubulin (Fig.
2C). These data indicate that the �2B-AR CT directly interacts
with tubulin.
Arg Residues Mediate the �2B-AR CT Interaction with

Tubulin—Next, we identified specific residues in the �2B-AR
CT responsible for interacting with tubulin. In the first series of
experiments, each non-basic residue in the CT was mutated to
Ala, whereas 5 Arg residues were mutated to Glu together (5R-
5E), which will presumably preserve the amphipathic character
of the �-helix 8, but reverse the charge on the face of the helix.
The abilities of mutated CT to interact with purified tubulin
and brain extracts were determined in the GST fusion protein
pull-down assay. Mutation of the non-basic residues had vari-
able effects on the affinity of the�2B-ARCT for tubulin, but was
insufficient to abolish the interaction. Simultaneous mutation
of the 5 Arg residues to Glu, on the other hand, abolished the
interaction of the �2B-AR CT with purified tubulin (Fig. 3A).
Furthermore, mutation of the 5 Arg residues also markedly
inhibited the �2B-AR CT interaction with tubulin from the
brain extracts (Fig. 3B). These data indicate that Arg residues
are the main determinant of the interaction between the
�2B-AR CT and tubulin.

In the second series of experiments, each Arg residue in the
�2B-AR CT was individually mutated to Glu and the effect on
the CT interaction with tubulin was measured. Surprisingly,
individual mutation of Arg-437, Arg-441, and Arg-446 or
simultaneous mutation of all three Arg residues together
almost completely blocked the CT interaction with tubulin,
whereas mutation of Arg-438 and Arg-442 only partially inhib-
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ited the interaction (Fig. 3C). These data demonstrate that the
five Arg residues in the CT unequally contribute to �2B-AR
interaction with tubulin, and Arg residues at positions of 437,
441, and 446 play a crucial role inmediating�2B-AR interaction
with tubulin.
In the third series of experiments, we determined if theseArg

residues mediate �2B-AR interaction with tubulin in cells.
HEK293 cells were transiently transfected with the empty vec-
tor (control), HA-tagged �2B-AR or its mutant in which Arg-
437, Arg-441, and Arg-446 were mutated to Glu (3R-3E) and
their interaction with tubulin was determined by co-immuno-
precipitation using anti-HA antibodies. The amount of tubulin
was much more in the immunoprecipitates from cells express-

ing wild-type �2B-AR than from cells expressing �2B-AR
mutant 3R-3E and control cells (Fig. 3D). These data suggest
that �2B-ARmay physically associate with tubulin via C-termi-
nal Arg residues in a cellular context.
Acidic CT Mediates Tubulin Interaction with �2B-AR—Our

preceding data have identified Arg residues as tubulin binding
sites in the �2B-AR CT. To define the �2B-AR binding domain
in tubulin, we focused on the CT of tubulin as it is negatively
charged containing multiple acidic residues. To determine if
theCTof tubulin interactswith�2B-AR,we generated tubulin S
in which the CT of tubulin was removed and determined its
ability to interact with the�2B-ARCT.GST fusion protein pull-
down assay shown that tubulin S did not interact with the

FIGURE 1. Identification of tubulin isoforms as interacting proteins of the �2B-AR CT. A, sequence of the �2B-AR CT that was directly fused to agarose beads
to generate affinity matrix. B, identification of tubulin interacting with the �2B-AR CT-conjugated agarose. CT-conjugated agarose beads were incubated with
rat brain lysates and bound proteins were eluted and separated by two-dimensional gel electrophoresis. Spots of interest were picked, digested, and identified
by LTQ electrospray mass spectroscopy as described under “Experimental Procedures.” n, number of times the sequence showed up in the spot of interest; z,
charge of the peptide sequence; x, correlation score (representation of how well the mass spectrum matches a pre-generated standard for that particular
sequence). Peptides are generally considered significant with a correlation score of over 2.5 at a charge of 2, or with a correlation score of over 3 at a charge of
3. Red indicates the positions of the peptides identified by mass spectroscopy in the full length of tubulin isoforms. C, detection of �-tubulin in the eluate from
CT- and ICL3-agarose beads. A small portion of the eluate was analyzed by Western blotting using �-tubulin antibodies. Similar results were obtained in at least
three separate experiments.
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�2B-ARCT (Fig. 4A). These data indicate that the CT of tubulin
is the �2B-AR binding site.
We then determined the effect of increasing concentrations

of NaCl on �2B-AR CT interaction with tubulin. The maximal
levels of tubulin were pulled down in the incubation buffer con-
taining 0, 5, and 10 mM NaCl. When NaCl concentration was
increased beyond 10 mM, the amount of tubulin pulled down
dropped sharply until there was almost no tubulin detectable at
400mMNaCl (Fig. 4B). These data further demonstrate that the
interaction between �2B-AR and tubulin is ionic in nature.
The Arg Residues Interacting with Tubulin Are Required for

Cell Surface Expression of �2B-AR—To determine the role of
the interaction between �2B-AR and tubulin, we compared the
cell surface expression of �2B-AR with its mutants in which the
five Arg residues were mutated to Glu individually or in com-
bination. Mutation of Arg-437, Arg-441, and Arg-446 signifi-
cantly attenuated the numbers of �2B-AR at the cell surface,
whereasmutations of Arg-438 andArg-442 did not have a clear
inhibitory effect. Furthermore, simultaneous mutation of all
five Arg residues (5R-5E) (not shown) or three Arg residues at
positions 437, 441, and 446 (3R-3E) abolished�2B-AR transport
to the cell surface (Fig. 5A). In contrast the cell surface expres-
sion, the total �2B-AR expression was very much the same
between wild type and mutants (Fig. 5A). These data demon-
strate that the positively charged Arg cluster in the CT not only
mediates �2B-AR interaction with tubulin but also is required
for �2B-AR transport to the cell surface.

FIGURE 2. The �2B-AR CT directly interacts with �- and �-tubulin. A, Coo-
massie Blue staining of GST and GST-�2B-AR CT fusion proteins. B, interaction
of the �2B-AR CT with tubulin from rat brain lysates. GST and GST-CT fusion
proteins were incubated with rat brain lysates (100 �g) as described under
“Experimental Procedures.” Bound �-tubulin was analyzed by Western blot-
ting. C, interaction of the �2B-AR CT with purified tubulin. GST-CT fusion pro-
teins were incubated with increasing amount of purified tubulin (0.5 to 3 �g).
Incubation of GST with 3 �g of tubulin was used as a control. Both �- and
�-tubulin were analyzed by Western blotting. Bottom panel: quantitative data
expressed as the mean � S.E. of five experiments.

FIGURE 3. Identification of essential residues in the �2B-AR CT required
for tubulin interaction. A, effect of mutating residues in the CT of �2B-AR
individually or in combination on the interaction with purified tubulin. The
Phe-361, Ile-443, and Leu-444 residues were mutated to Ala together and 5
Arg residues at positions of 437, 438, 441, 442, and 446 mutated to Glu (5R-5E)
together, and all other residues mutated to Ala individually. The effect of
mutation on the �2B-AR CT interaction with purified tubulin was determined
by GST fusion protein assays. Each fusion protein was incubated with 1 �g of
purified tubulin and bound tubulin was analyzed by Western blotting with
�-tubulin antibodies as described under “Experimental Procedures.” Bottom
panel: quantitative data expressed as percentages of tubulin interacting with
wild-type C terminus and presented as the mean value of two separate exper-
iments with similar results. B, effect of mutating the 5 Arg residues to Glu on
the ability of �2B-AR CT to interact with tubulin from the rat brain cytosolic
extract. GST and GST fusion proteins encoding the �2B-AR CT or its mutant
5R-5E were incubated with 100 �g of rat brain cytosolic extracts. C, effect of
mutating individual Arg residue or 3 Arg residues at positions of 437, 441, and
446 together (3R-3E) to Glu on the �2B-AR CT interaction with purified tubulin
as determined in A. Similar results were obtained in 3–5 different experi-
ments. Bottom panels in B and C: quantitative data expressed as percentages
of tubulin interacting with wild-type C terminus and presented as the mean �
S.E. of three experiments. D, co-immunoprecipitation of �2B-AR and its
mutant 3R-3E with tubulin. HEK293 cells were transiently transfected with
empty pcDNA3.1 vector (control), HA-�2B-AR, or 3R-3E. The cells were solubi-
lized, and the receptors were immunoprecipitated with anti-HA antibodies as
described under the “Experimental Procedures.” The immunoprecipitate was
separated by SDS-PAGE and the level of tubulin in the HA-immunoprecipitate
was determined by Western blotting using �-tubulin antibodies (upper panel)
and the immunoprecipitated receptor revealed using with anti-HA antibod-
ies (middle panel). Bottom panel: quantitative data expressed as percentages
of tubulin interacting with wild-type �2B-AR and presented as the mean � S.E.
of three experiments.
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As the cell surface expression of �2B-AR was measured by
intact cell ligand binding, to exclude the possibility that muta-
tion of the C-terminal Arg residues alters the ability of �2B-AR
to bind to its ligand, �2B-AR and its mutant 3R-3E were tagged
with HA at their N termini and their expression at the cell
surface was then measured by flow cytometry following stain-
ing with anti-HA antibodies in non-permeabilized cells. Con-
sistent with the data obtained in ligand binding, cell surface
expression of the mutant 3R-3E was reduced by 96% as com-
pared with wild-type receptor (Fig. 5B).
To eliminate the possibility that attenuated cell surface

expression of the �2B-ARmutant 3R-3E is caused by its consti-
tutive internalization induced by the mutation, we determined
the effect of transient expression of the dominant negative
mutants Arr3-(201–409), DynK44A, and Rab5S34N on the
cell-surface expression of themutant. Arrestin-3, dynamin, and
Rab5 have been well demonstrated to modulate endocytic traf-
ficking ofGPCRs including�2B-AR (4, 36, 37). Stimulationwith
100 �M epinephrine for 1 h reduced the cell surface expression
of �2B-AR by 42 � 2% (n � 5). Co-expression of Arr3-(201–
409), DynK44A, and Rab5S34N significantly attenuated epi-
nephrine-induced �2B-AR internalization by 76 � 5, 63 � 8,
and 54 � 7%, respectively. In contrast, expression of Arr3-
(201–409), DynK44A, and Rab5S34N did not influence the cell
surface expression of �2B-AR and its mutant 3R-3E in the
absence of agonists (Fig. 5C). Furthermore, treatment with
GM132 (a proteasome inhibitor), NH4Cl, and chloroquine (two

lysosome inhibitors) also did not clearly enhance the cell sur-
face expression of the �2B-AR mutant 3R-3E (Fig. 5C). These
data suggest that the reduction in the cell surface expression of
the mutant 3R-3E is likely caused by defective export of newly
synthesized receptor, but not increased internalization and
degradation.
To further confirm the inhibitory effect of mutating the Arg

residues on the cell surface expression of�2B-AR, we compared
the abilities of �2B-AR and its mutant 3R-3E to activate down-
stream signaling molecules by measuring ERK1/2 activation in
response to stimulation with UK14304. ERK1/2 in cells trans-
fected with �2B-AR were markedly activated by UK14304 and
this activation was almost abolished in cells expressing the
mutant 3R-3E (Fig. 5D). These data further indicate an impor-

FIGURE 4. Effect of the CT of tubulin and ion strength on the interaction
between the �2B-AR CT and tubulin. A, effect of removing the CT of tubulin
on its interaction with the �2B-AR CT. GST and GST-�2B-AR CT were incubated
with 1 �g of purified tubulin or tubulin S. B, effect of increasing concentration
of NaCl on the interaction between the �2B-AR CT and tubulin. GST and
GST-CT were incubated with 1 �g of purified tubulin with increasing concen-
trations of NaCl (0 – 400 mM) in the reaction buffer. Upper panel, bound tubulin
was analyzed by Western blotting using �-tubulin antibodies; lower panel,
graphical representation of the inhibition of GST-�2B-AR CT interaction with
tubulin caused by increasing concentrations of NaCl. The data shown are
percentages of the bound tubulin in the absence of NaCl in the reaction
buffer and presented as the mean � S.E. of three experiments. *, p � 0.05
versus bound tubulin in the absence of NaCl.

FIGURE 5. Effect of mutating tubulin binding sites on the cell surface
expression of �2B-AR. A, cell surface and total expression of wild-type �2B-AR
and its mutants in which five Arg residues were mutated individually or in
combination. HEK293 cells were transfected with GFP-tagged �2B-AR or its
mutants. The expression of the receptors at the cell surface was determined
by intact cell ligand binding using [3H]RX821002 and the total receptor
expression was determined by flow cytometry detecting the GFP signal as
described under “Experimental Procedures.” The data shown are percent-
ages of the mean value obtained from cells transfected with �2B-AR and are
presented as the mean � S.E. of three experiments. *, p � 0.05 versus �2B-AR.
B, cell surface expression of �2B-AR and its mutant 3R-3E. HEK293 cells were
transfected with HA-tagged �2B-AR or its mutant 3R-3E and their expression
at the cell surface was determined by flow cytometry following staining by
anti-HA antibodies as described in “Experimental Procedures.” The data
shown are percentages of the mean value obtained from cells transfected
with �2B-AR and are presented as the mean � S.E. of four experiments. *, p �
0.05 versus �2B-AR. C, effect of blocking endocytotic transport and degrada-
tion on the cell surface expression of �2B-AR and its mutant 3R-3E. HEK293
cells were co-transfected with �2B-AR or the mutant 3R-3E together with
pcDNA3 vector (control) or the dominant negative mutants Arr3(201– 409),
DynK44A, or Rab5S34N. For drug treatment, HEK293 cells transfected with
the mutant 3R-3E were treated with DMSO (control), GM132 (20 �M), NH4Cl
(20 mM), or chloroquine (100 �M) for 6 h at 37C°. The data shown are pre-
sented as the mean � S.E. of three separate experiments. D, activation of
ERK1/2 by �2B-AR and its mutant 3R-3E. HEK293 cells were transfected with
�2B-AR or the mutant 3R-3E and stimulated with UK14304 at a concentration
of 1 �M for 5 min at 37 °C. ERK1/2 activation was determined by Western blot
analysis using phospho-specific ERK1/2 antibodies. Upper panel: a represent-
ative blot showing ERK1/2 activation; middle panel: total ERK1/2 expression;
lower panel: quantitative data expressed as percentages of ERK1/2 activation
obtained from cells transfected with �2B-AR and presented as the mean � S.E.
of three experiments. *, p � 0.05 versus �2B-AR.
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tant role of three Arg residues at positions 437, 441, and 446 in
�2B-AR transport to the plasma membrane.
TheArg Residues Cluster Interactingwith TubulinModulates

�2B-AR Exit from the ER—We then sought to define the intra-
cellular compartment where the Arg cluster modulates �2B-AR
transport. �2B-AR and its mutant 3R-3E were tagged with GFP
at their C termini or HA at their N termini. The cell surface
expression and subcellular distribution at steady state of GFP-
tagged receptors was revealed by direct fluorescent micros-
copy, whereas HA-tagged receptors expressed at the cell sur-
face were detected following staining by anti-HA antibodies in
non-permeabilized cells. Wild-type �2B-AR tagged either with
GFP or HA was robustly expressed at the cell surface (Fig. 6A),
whereas GFP-tagged 3R-3E mutant displayed an entirely intra-
cellular distribution pattern and HA-tagged 3R-3E was not
detectable (Fig. 6A). These data are consistent with the remark-
able reduction in the cell surface expression of the mutated
receptor.
The �2B-ARmutant 3R-3E was then co-localized with differ-

ent intracellular markers. The mutant 3R-3E was extensively
co-localized with the ER marker DsER-Red, but not the Golgi
marker GM130, the TGN marker p230 (Fig. 6B). These data
suggest that theArg cluster in theCTmodulates�2B-AR export
at the level of the ER.
We then determined if mutation of the Arg cluster could

influence the transport of �2B-AR to ER exit sites. Wild-type
�2B-AR was strongly co-localized with the ER exit marker
Sec24 (Fig. 6C) in the presence of Sar1H79G, which has been
well demonstrated to block the formation of COPII transport
vesicles without influencing the recruitment of cargo to ER exit
sites (32). In contrast, the mutant 3R-3E was not co-localized
with Sec24 (Fig. 6C). These data suggest that mutation of the
tubulin-binding site blocks �2B-AR recruitment onto ER exit
sites.

DISCUSSION

Themolecularmechanisms underlying the export trafficking
of newly synthesized GPCRs from the ER to the cell surface
have just begun to be revealed. In this article, we used�2B-AR as
a model GPCR to search for proteins interacting with its CT.
We found that �2B-AR, through its C-terminal Arg residues
cluster, interacts with tubulin. Mutation of the Arg residues to
disrupt �2B-AR interaction with tubulin markedly blocked
receptor export from the ER to the cell surface. These data
provide the first evidence implicating that the nascent cargo
GPCRs may be able to physically contact with microtubules to

FIGURE 6. Effect of mutating tubulin binding Arg residues on the subcel-
lular distribution of �2B-AR. A, HEK293 cells cultured on coverslips were
transfected with GFP- or HA-tagged �2B-AR or its mutant 3R-3E. The subcel-
lular distribution of the receptors was revealed by detecting GFP fluorescence
(upper panel) and detecting HA signal following staining with anti-HA anti-
bodies (lower panel) in non-permeabilized cells as described under “Experi-
mental Procedures.” B, colocalization of the �2B-AR mutant 3R-3E with the ER

marker DsRed2-ER, the cis-Golgi marker GM130, and the TGN marker p230.
HEK293 cells were transfected with GFP-tagged 3R-3E mutant together with
pDsRed2-ER and their co-localization were revealed by fluorescence micros-
copy, whereas co-localization of the mutant 3R-3E with GM130 and p230 was
detected after staining with specific antibody against each marker (1:50 dilu-
tion). C, colocalization of �2B-AR and its mutant 3R-3E with the ER exit sites
marker Sec24. HEK293 cells were transfected with GFP-tagged �2B-AR plus
Sar1H79G (upper panel) or the 3R-3E mutant alone (lower panel). �2B-AR co-
localization with Sec24 was revealed after staining with anti-Sec24 antibodies
(1:50 dilution). Green, GFP-tagged �2B-AR; red, markers; yellow, co-localization
of �2B-AR with the markers; blue, DNA staining by 4,6-diamidino-2-phenylin-
dole (nuclei). The data shown in A, B, and C are representative images of at
least three independent experiments. Scale bars, 10 �m.
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promote their export trafficking, a novel mechanism responsi-
ble for GPCR export along the microtubule network.
Microtubules are an integral and highly dynamic component

of the cytoskeletal network characterized by hollow tubes of
�/�-tubulin dimers and modulate many intracellular traffick-
ing processes, including ER export and ER-to-Golgi transport
of newly synthesized cargo along the secretory pathway (38–
42). The ER export is mediated through COPII-coated trans-
port vesicles, which are formed on the ERmembrane andmove
toward the Golgi along microtubule tracks. Interestingly, a
recent study has demonstrated that the microtubule motor
protein dynactin is able to directly interact with the COPII
component Sec23 (38). A number of studies have shown that
the microtubule network modulates endocytic transport and
signal propagation of GPCRs (43–47). Microtubules may be
also involved in the polarized targeting ofGPCRs (48, 49).How-
ever, the molecular mechanisms underlying the function of the
microtubule network in the cell surface transport of newly syn-
thesized GPCRs remain largely unknown. We demonstrate
here that�2B-ARmay directly interact with tubulin. These data
provide the first evidence indicating a direct link between nas-
cent �2B-AR and the microtubule network. However, we are
not able to determine the specificity of �2B-AR interaction with
�-tubulin over �-tubulin, because tubulin exists as a het-
erodimer of �/�-tubulin in soluble form.

The interaction between �2B-AR and tubulin appears to be
ionic in nature as reversing the charge by mutation of Arg to
Glu in the �2B-AR CT and deletion of acidic C terminus of
tubulin effectively abolished the interaction. Furthermore,
increasing ionic strength impairs the interaction between
�2B-AR and tubulin. Ionic interaction of tubulin with�2B-AR is
similar to its interactions with microtubule plus-end tracking
proteins (�TIPs), including themicrotubule associated protein
XMAP215, the cytoplasmic linker protein CLIP-170, and the
end binding protein-1 (EB-1) (50, 51). The targeting and stabi-
lization of microtubules at a specific contact point and the
recruitment of microtubule motor proteins relies on an inte-
grated network of �TIPs, which can interact with one another
or directly interact with tubulin to form dynamic complexes at
the polymerizing (�) end of amicrotubule. The tubulin binding
domains of XMAP215, CLIP-170, and EB-1 are structurally dis-
tinct, but all display a conserved tubulin binding face with sim-
ilar properties (50, 51).Within each family are highly conserved
basic residues creating a positively charged surface on the pro-
tein, which target the negatively charged EEXEEY/F motif in
the CT of tubulin (50, 51). Based on homology modeling using
newly published high resolution crystal structure of hu-
man �2-AR as a model (52, 53), the �2B-AR CT forms an
amphipathic �-helix (also known as helix 8), parallel to the
membrane, which is terminated with a Cys residue (31). The
side chains of the five Arg residues, which were identified as
the main determinant of tubulin interaction, project from the
same face of the�-helix and are exposed to the cytosol. The side
chains of Arg-437, Arg-441, and Arg-446, mutations of which
caused dramatic reduction in �2B-AR interaction with tubulin,
likely project from the same side on the cytosolic face.
Consistent with the involvement of the basic residues for

proper cell surface expression of�2B-AR, basicmotifs in theCT

of GPCRs, such as angiotensin II type 1 receptor (AT1R) (28),
melanin-concentrating hormone receptor (22), and chemokine
receptor 5 (29) are required for proper receptor cell surface
expression. For example, the membrane proximal C-terminal
domain of chemokine receptor 5 CT harbors a KXXXKRXXXK
motif, which mutation reduced the cell surface expression by
over 75% (29). Furthermore, metabotropic glutamate receptors
have been demonstrated to interact with tubulin (54, 55). In
addition to induce defective export trafficking from the ER to
the cell surface, mutation of the C-terminal tubulin binding site
also attenuated �2B-AR signaling, specifically ERK1/2 activa-
tion. It is likely that attenuation of �2B-AR-mediated signal-
ing is caused by the inability of the transfected cells to trans-
port the mutated receptors to the cell surface. However, we
cannot exclude that mutation may alter �2B-AR coupling to
other signaling molecules involved in receptor signaling sys-
tems, which may also contribute to the disruption of normal
signaling of the receptors. More importantly, basic residues
are well conserved in the membrane-proximal C-terminal
regions of many family A GPCRs, including several adrener-
gic receptors. For examples, �2A-AR, �2C-AR, �lB-AR, and
�1-AR have the sequences RRXXKKXXXR, RRXXKHXXXR,
KXXKRXXXR, and RKXXXR, respectively, in the C termini.
Therefore, the C-terminal basic residue cluster-mediated
GPCR interaction with tubulin may provide a common
mechanism for export trafficking of these receptors along
the microtubule network.
Although the detailedmechanismof how�2B-AR interaction

with tubulin modulates its export from the ER needs further
investigation, the results presented here reveal several impor-
tant roles for direct interaction between �2B-AR and tubulin in
the export of ER of newly synthesized receptors. First, the
�2B-AR mutant lacking the tubulin binding site extensively co-
localized with the ER marker, but not, the Golgi and the TGN
marker, indicating that disruption of �2B-AR interaction with
tubulin induced receptor accumulation in the ER. Therefore,
�2B-AR interaction with tubulin plays an important role in
receptor movement along the microtubule network, which is
consistentwith the function of themicrotubule network in pro-
tein transport. Second, direct �2B-AR interaction with tubulin
may position or anchor the newly synthesized cargo receptors
to the microtubule network, facilitating its transport process.
Third, we demonstrated that the �2B-AR mutant lacking the
tubulin binding domain did not co-localize with Sec24, an ER
exit sites marker, indicating that the mutated receptors are not
able to be recruited onto the COPII transport vesicles. There
are at least two possibilities regarding the defective targeting of
the mutated �2B-AR onto the COPII vesicles. �2B-AR interac-
tion with tubulin or microtubule network may directly affect
the recruitment of nascent �2B-AR onto ER exit sites on the ER
membrane through unknown mechanisms. Alternatively,
mutated receptors are normally transiently transported to the
COPII vesicles but with low affinity. The disruption of �2B-AR
interactionwith tubulinwill block receptor export out of the ER
and transport to other intracellular compartments which will
subsequently inhibit the transport of receptors onto the COPII
vesicles by mass effect. Finally, the function of the C-terminal
tubulin-binding motif in modulating �2B-AR export from the
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ER is likely mediated through different mechanisms compared
with several well-characterized ER export motifs, such as the
di-acidic (DXE) and di-hydrophobic (FF) motifs, identified in
non-GPCR membrane proteins. The function of these ER
export motifs may mediate cargo interaction with components
of the COPII vesicles, particularly Sec23 and Sec24, to facilitate
cargo recruitment onto the COPII vesicles. Interestingly, these
motifs are able to confer its transport ability to other ER-re-
tained proteins.We found that the �2B-ARC-terminal tubulin-
binding motifs did not enhance to �-aminobutyric acid recep-
tor B (GABAB) export from the ER to the cell surface (data not
shown), suggesting that it cannot override the effect of ER
retentionmotifs exist inGABAB.Nevertheless, our data suggest
that the function of �2B-AR interaction with tubulin in modu-
lating its export may be mediated through multiple regulatory
mechanisms.
Among the most recent progress achieved in the GPCR

export trafficking is the identification of specific sequences or
motifs that are required for GPCR exit from intracellular com-
partments, such as the ER and the Golgi, and subsequent trans-
port to the plasma membrane (56). These motifs are largely
found in the intracellular domains, particularly the CT (23–27).
For example, we have recently shown that the F(x)6LL motif in
theCTmodulates ER export of several family AGPCRs, includ-
ing AT1R, �2-AR, �1B-AR, and �2B-AR (26, 31). The Phe resi-
due in the F(x)6LL is likely involved in the regulation of proper
folding of the receptors which ismediated through intracellular
molecular interactionwith other hydrophobic residues, such as
Ile58 and Val42 in �2-AR and �2B-AR, respectively (31),
whereas the LL motif mediates �2-AR interaction with Rab8 to
modulate its transport from the Golgi (19). However, the
molecular mechanism underlying the function of the LL motif
in dictating �2B-AR move from the ER to the cell surface
remains elusive. We have also demonstrated that the YS motif
in the N terminus dictates �2-AR exit from the Golgi (21). In
this report, our studies have shown that the basic Arg cluster in
the CT is likely involved in the regulation of movement of nas-
cent �2B-AR along the microtubules. These data indicate that
multiple motifs coordinate �2B-AR export from the ER to the
cell surface and different motifs modulate �2B-AR export at
distinct steps, including correct folding, interacting with trans-
port machinery, and transport along the microtubule network.
These studies also suggest that, similar to the endocytic path-
way, export trafficking of newly synthesized GPCRs is a highly
coordinated process, in which the CT of the receptors plays a
crucial role.
GPCR export trafficking between the ER, the Golgi and the

plasma membrane is directly linked to the pathogenesis of a
number of human diseases, including nephrogenic diabetes
insipidus (vasopressin V2 receptor), retinitis pigmentosa (rho-
dopsin) and male pseudohermaphroditism (luteinizing hor-
mone receptor) (57–59). These diseases are caused by naturally
occurring mutations and truncations in the receptors which
prevent proper folding and lead to ER retention of the recep-
tors.We demonstrate here that normal cell surface transport of
GPCRs is crucially modulated by the microtubule network,
which dysfunction has also been implicated in the pathogenesis
of many human diseases (60–62). To further explore the regu-

latory mechanism of the anterograde transport of nascent
GPCRs may provide an important foundation for developing
new therapeutic means in treating human diseases involving
abnormal trafficking and signaling of GPCRs.
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