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ABSTRACT
The internalization properties of the �1a- and �1b-adrenergic
receptors (ARs) subtypes transiently expressed in human em-
bryonic kidney (HEK) 293 cells were compared using bio-
tinylation experiments and confocal microscopy. Whereas the
�1b-AR displayed robust agonist-induced endocytosis, the
�1a-AR did not. Constitutive internalization of the �1a-AR was
negligible, whereas the �1b-AR displayed significant constitu-
tive internalization and recycling. We investigated the interac-
tion of the �1-AR subtypes with �-arrestins 1 and 2 as well
as with the AP50 subunit of the clathrin adaptor complex AP2.
The results from both coimmunoprecipitation experiments and
�-arrestin translocation assays indicated that the agonist-
induced interaction of the �1a-AR with �-arrestins was much
weaker than that of the �1b-AR. In addition, the �1a-AR did
not bind AP50. The �1b-AR mutant M8, lacking the main

phosphorylation sites in the receptor C tail, was unable to undergo
endocytosis and was profoundly impaired in binding �-arrestins
despite its binding to AP50. In contrast, the �1b-AR mutant
�R8, lacking AP50 binding, bound �-arrestins efficiently, and
displayed delayed endocytosis. RNA interference showed that
�-arrestin 2 plays a prominent role in �1b-AR endocytosis. The
findings of this study demonstrate differences in internalization
between the �1a- and �1b-AR and provide evidence that the
lack of significant endocytosis of the �1a-AR is linked to its
poor interaction with �-arrestins as well as with AP50. We also
provide evidence that the integrity of the phosphorylation sites
in the C tail of the �1b-AR is important for receptor/�-arrestin
interaction and that this interaction is the main event triggering
receptor internalization.

The adrenergic receptors (AR) mediate the functional ef-
fects of epinephrine and norepinephrine in various tissues.
The AR family includes nine different gene products: three �
(�1, �2, �3), three �2 (�2A, �2B, �2C), and three �1 (�1a,
�1b, �1d) receptor subtypes. The �1-ARs are important reg-
ulators of cardiovascular physiology, glucose metabolism,
genitourinary functions, and various behavioral responses,
as demonstrated by recent studies on knockout mice lacking
each of the three subtypes (Philipp and Hein, 2004). The
�1-ARs have been extensively investigated with respect to
their pharmacology and structure-function relationship
(Cotecchia et al., 2004). In contrast, less is known about their

regulatory properties, trafficking, and protein interactions
involved in these processes.

We have previously reported that the �1b-AR in recombinant
systems undergoes rapid desensitization and endocytosis upon
exposure to the agonist and that the agonist-dependent receptor
regulation involves G protein-coupled receptor kinases (GRKs)
(Diviani et al., 1996). The structural determinants involved in
agonist-induced regulation of the �1b-AR reside within the C
tail of the receptor as demonstrated by the fact that truncation
of this region almost completely abolished receptor desensitiza-
tion, internalization and phosphorylation (Lattion et al., 1994).
The endocytosis of the �1b-AR occurs via clathrin-coated vesi-
cles and seems to involve �-arrestins as suggested by the fact
that coexpression of a dominant-negative �-arrestin mutant
could inhibit receptor internalization (Mhaouty-Kodja et al.,
1999). We also demonstrated that the �1b-AR internalization
involves, at least in part, direct binding to the receptor C tail of
the AP50 subunit of the AP2 clathrin-adaptor complex (Diviani
et al., 2003).
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Fewer studies have investigated the regulatory properties
of the �1a-AR subtype. It has been clearly demonstrated that
the bovine �1a-AR expressed in Rat-1 fibroblasts was poorly
phosphorylated and desensitized compared with the �1b-AR
(Vázquez-Prado et al., 2000). Replacement of the �1a-AR C tail
with that of the �1b-AR significantly increased the ability of the
receptor to undergo agonist-induced phosphorylation.

In one study (Chalothorn et al., 2002), the human �1a-AR
fused to GFP and expressed in HEK-293 cells was found to
internalize upon exposure to the agonist at slower rate com-
pared with the GFP-tagged human �1b-AR. In another study
(Morris et al., 2004), the human GFP-tagged human �1a-AR
expressed in Rat-1 fibroblasts was also shown to undergo
very modest agonist-induced endocytosis (20% maximal de-
crease of surface receptors). However, the �1a-AR, but not
the �1b-AR, seemed to undergo constitutive internalization
and recycling.

To better understand the mechanisms involved in �1-AR
subtype trafficking, we performed a comparison between the
�1a- and �1b-AR with respect to their ability to undergo
either constitutive or agonist-induced internalization as well
as to bind �-arrestins and the AP50 subunit of the AP2
clathrin adaptor complex. Furthermore, we investigated the
relative role of �-arrestins and AP50 in �1b-AR internaliza-
tion. Finally, using RNA interference, we assessed the impli-
cation of �-arrestins 1 and 2 in �1b-AR endocytosis. Our
findings indicate that the internalization properties of the
�1a- and �1b-AR are very different and suggest potential
molecular mechanisms underlying these differences.

Materials and Methods
Materials. FLAG-tagged rat �-arrestins 1 and 2 were the kind

gift of Dr. R. J. Lefkowitz (Duke University, Durham, NC); rabbit
polyclonal antibodies against �-arrestin 1 were kindly provided by
Dr. J. L. Benovic (Thomas Jefferson University, USA).

Cell Culture and Transfections. HEK-293 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
5% fetal calf serum (FCS) and gentamicin (100 �g/ml) and trans-
fected at 40 to 60% confluence in 100-mm dishes using the calcium
phosphate method. After transfection, cells were grown for 48 h
before harvesting. The total amount of transfected DNA was 10 to 20
�g/10-cm diameter dish.

DNA Constructs. HA tags (YPYDVPDYA) were introduced into
the human �1a and hamster �1b-AR sequence at the N or C termi-
nus by PCR amplification and the tagged receptor cDNA were sub-
cloned in pRK5 expression vector. The �1b-AR mutants �R8 and M8
(Ser394–415Ala) were described elsewhere (Diviani et al., 1997; Di-
viani et al., 2003). The chimeric receptor �1aCtbHA was constructed
by PCR amplification of a fragment encompassing amino acids 369 to
515 and the C-terminal HA tag from the �1bHA-pRK5-pRK5 and
subcloning it into the �1aHA-PRK5. The �1bCtaHA was similarly
constructed by PCR, amplifying the fragment encompassing amino
acids 343 to 466 and the HA tag from the �1aHA and subcloning it
into the �1bHA-pRK5.

Ligand Binding and Inositol Phosphate Accumulation. [125I]-
iodo-2-[�-(4-hydroxyphenyl)-ethylaminomethyl]tetralone (PerkinElmer
Life and Analytical Sciences, Waltham, MA) was used at a saturation
concentration of 250 pM to measure receptor expression in cell mem-
branes, as described previously (Lattion et al., 1994). Total inositol
phosphates were measured in cells labeled for 15 h with [3H]inositol, as
previously reported (Lattion et al., 1994). All receptors were expressed
at comparable levels (ranging from 3 to 10 pmol/mg of protein), and
their stimulation with epinephrine resulted in a 3- to 5-fold increase of
inositol phosphate accumulation above basal levels.

GST Pull-Down and Immunoprecipitation. GST pull-down
experiments of endogenous AP50 were performed as described pre-
viously (Diviani et al., 2003). For immunoprecipitation, HEK-293
cells expressing the various constructs were grown in 100-mm dishes
and harvested 48 h after transfection. Cells were incubated for 1 h in
serum-free DMEM, treated for various times with 10�4 M epineph-
rine (Sigma, St. Louis, MO), and then washed twice with phosphate-
buffered saline (PBS) and lysed in 1 ml of lysis buffer [20 mM Tris,
pH 7.4, 100 mM NaCl, 1 mM EDTA, 5 �g/ml aprotinin, 10 �g/ml
leupeptin, 2 �g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride,
and 0.5% digitonin (Sigma)] for 2 h at 4°C. For cross-linking exper-
iments, 3.5 ml of HEPES buffer (20 mM HEPES, pH 7.4, and 150
mM NaCl) containing 1 mM DSP (3,3�-dithio-bis(propionic acid N-
hydroxysuccinimide ester)) were added to each plate. Crosslinking
was allowed to proceed for 30 min at room temperature with gentle
rocking. Cells were then washed twice with ice-cold DMEM supple-
mented with 10% fetal calf serum, twice with PBS, and then lysed in
1 ml of lysis buffer for 2 h at 4°C. Cell lysates were centrifuged at
100,000g for 20 min and the protein content in the supernatants was
measured using the Bradford assay. Equal amounts of total protein
were then incubated with anti-HA polyclonal antibody (Sigma) and
20 �l of protein A-Sepharose beads (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) in a final volume of 1 ml of lysis buffer.
The beads were incubated at 4°C for 2 h, washed three times with 1
ml of wash buffer (20 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA,
and 0.2% digitonin), and resuspended in SDS-PAGE sample buffer.
Eluted proteins were analyzed by SDS-PAGE and Western blotting.
The amount of extract loaded on the gel was approximately 5% of
that used for the immunoprecipitation.

Receptor Biotinylation. To measure internalized biotinylated
receptors, HEK-293 cells were transfected with the cDNAs encoding
the HA-tagged receptors. After transfection, cells were incubated for
1 h in serum-free DMEM containing 10 �M cycloheximide, then
washed twice with ice-cold PBS and biotinylated using 4 ml of PBS
containing 300 �g/ml sulfo-N-hydroxysuccinimide-SS-biotin, for 30
min at 4°C. The dishes were washed three times with ice-cold TBS to
quench unreacted biotin, and fresh medium was added. After bioti-
nylation, cells were treated with 10�4 M epinephrine (Sigma) at 37°C
for various times. To measure receptor recycling, after incubation
with 10�4 M epinephrine, the medium was removed, the cells were
washed, fresh medium containing 10�7 M prazosin was added, and
cells were incubated again at 37°C for various times. After incuba-
tions, cells were washed twice with ice-cold PBS, and biotin mole-
cules covalently bound to cell surface proteins were cleaved off by
incubation with 5 ml of stripping solution (50 mM glutathione, 300
mM NaCl, 75 mM NaOH, and 1% fetal calf serum) for 30 min at 4°C.
The remaining glutathione was then quenched using 5 ml of quench-
ing solution (50 mM iodoacetamide and 1% bovine serum albumin)
for 20 min at 4°C. Cells were then washed twice with PBS, lysed in
lysis buffer for 3 h at 4°C, and the cellular homogenate was centri-
fuged at 100,000g for 20 min. The supernatants were incubated
overnight with 30 �l of streptavidin-Sepharose beads (Amersham),
pelleted by brief centrifugation, and washed four times with 1 ml of
wash buffer supplemented with 0.5% Triton X-100. Biotinylated
proteins were eluted from the beads by incubation with 40 �l of 100
mM dithiotreitol (Sigma) for 1 h at 37°C; the samples were briefly
centrifuged, and SDS-PAGE sample buffer was added to the super-
natants. Samples were analyzed by SDS-PAGE and Western
blotting.

SDS-PAGE and Western Blotting. Samples were denatured in
SDS-PAGE sample buffer (65 mM Tris, pH 6.8, 2% SDS, 5% glycerol,
and 5% �-mercaptoethanol) for 1 h at 37°C, separated on 10% acryl-
amide gels and electroblotted onto nitrocellulose membranes. The
blots were incubated for 1 h in TBS-Tween (100 mM Tris, pH 7.4, 140
mM NaCl, and 0.05% Tween 20) containing 5% (w/v) nonfat dry milk
and then incubated with the specific primary antibody diluted in
TBS-Tween for 2 h at room temperature. After washing, the mem-
branes were probed with horseradish peroxidase-conjugated second-
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ary antibody (Amersham), diluted 1:5000 in TBS-Tween for 1 h,
washed three times with TBS-Tween, and developed using the En-
hanced Chemiluminescence detection system (Amersham). The in-
tensity of bands was quantified by densitometry of films exposed in
the linear range and analyzed using ImageJ software (http://rsb.in-
fo.nih.gov/ij/). Different times of exposure were used to avoid satu-
ration of the signal.

Confocal Microscopy. For the experiments shown in Fig. 4 and
7, cells grown on glass coverslips, after the incubation with or with-
out 10�4 M epinephrine in presence of 10 �M cycloheximide, were
fixed in PBS containing 3.7% formaldehyde for 10 min and perme-
abilized for 5 min with PBS plus 0.2% (w/v) Triton X-100. After
incubation in PBS plus 1% bovine serum albumin for 1 h, the pri-
mary antibodies in PBS plus 0.1% bovine serum albumin were added
for 1 h. The coverslips were washed in PBS and incubated with the
Texas Red- or fluorescein isothiocyanate-conjugated secondary anti-
body (Jackson ImmunoResearch Laboratories Inc., West Grove, PA)
diluted 1:100 in PBS plus 0.1% bovine serum albumin for 1 h. For the
experiments shown in Supplemental Fig. 2S, cells expressing HA-
�1a or HA-�1b grown on glass coverslips were prelabeled with mono-
clonal anti-HA antibody (Sigma) at 1:400 dilution for 30 min at 4°C.
The coverslips were then washed briefly three times in PBS and
incubated with fresh medium at 37°C for different times. Cells were
then fixed, permeabilized, and incubated with the secondary fluores-
cence-labeled antibody as described above. After three washes in
PBS and one wash in water, coverslips were mounted on glass slides
using ProLong (Invitrogen). The fluorescent staining was visualized
on a laser-scanning confocal microscope (LSM 510 Meta; Carl Zeiss
Inc., Thornwood, NY).

Antibodies. The following primary antibodies were used for im-
munoprecipitation, immunoblotting, or confocal microscopy: rabbit
polyclonal anti-HA (1:2000; Sigma), mouse monoclonal anti-HA
(1:10,000; Sigma), mouse monoclonal anti-HA (1:1000; Covance Re-
search Products, Princeton, NJ), and mouse monoclonal anti-Flag
(1:2000; Roche Applied Science, Indianapolis, IN). The N-terminally
HA-tagged receptors were recognized only by monoclonal anti-HA
antibodies from Covance Research Products, whereas the C-termi-
nally HA-tagged receptors were recognized both by polyclonal and
monoclonal antibodies. Thus, Western blots of biotinylated HA�1a
and HA�1b were revealed using monoclonal anti-HA antibodies from
Covance Research Products. Immunoprecipitation and Western blot-
ting of C-terminally HA-tagged receptors were done using polyclonal
and monoclonal anti-HA from Sigma, respectively. Important arti-
facts linked to the anti-HA antibodies were observed in confocal
microscopy. Prelabeling of cells with the Alexa Fluor 595-coupled
monoclonal anti-HA antibodies (Invitrogen) induced a pronounced
endocytosis of both the �1a- and �1b-ARs. Detection of N-terminally
HA-tagged receptors in confocal microscopy was performed with the
monoclonal anti-HA antibodies (Sigma). Monoclonal anti-FLAG an-
tibodies were used to detect �-arrestins by Western blotting.

RNA Interference. Sequences used to design shRNA oligonucle-
otides directed against �-arrestin 1 and �-arrestin 2 were as de-
scribed previously (Ahn et al., 2003). The sequence targeted in �-ar-
restin 1 was AGCCTTCTGCGCGGAGAAT, and that in �-arrestin 2
was AAGGACCGCAAAGTGTTTGTG. The 19-nt oligonucleotides
were cloned into the pSuper vector (Brummelkamp et al., 2002)
using the BglII-HindIII sites, and the resulting plasmid was either
transfected alone (17 �g/10-cm diameter dish) or cotransfected with
�1aHA-pRK5 or �1bHA-pRK5 (17:3 �g/10-cm diameter dish. Bioti-
nylation experiments were carried out as described below.

Statistical analysis. Statistical significance of the data were
assessed as indicated in the figure legends using Instat 3 (GraphPad
Software, San Diego, CA).

Results
Endocytosis and Recycling of the �1a- and �1b-AR

Subtypes. To quantify receptor endocytosis, we used a bioti-

nylation assay to selectively label internalized receptors, as
described previously (Stanasila et al., 2006). The �1a- and
�1b-AR subtypes, carrying the HA tag at their N termini
(HA�1a and HA�1b), were transiently expressed in HEK-293
cells. Cells were pretreated with cycloheximide to block pro-
tein synthesis and accumulation of newly synthesized recep-
tor in the intracellular compartments and were incubated
with biotin before treatment with epinephrine. After treat-
ment, the biotin molecules covalently bound at the cell sur-
face were cleaved off so that only internalized receptors were
carrying the biotin moieties. Biotinylated internalized recep-
tors were precipitated using streptavidin-Sepharose beads
and detected by Western blotting using anti-HA monoclonal
antibodies. The internalized receptors were normalized to
the total amount of biotinylated receptors in cells in which
biotin molecules were not cleaved off.

As shown in Fig. 1 (A, C), epinephrine induced a robust

Fig. 1. Agonist-induced internalization and recycling of the �1a- and
�1b-ARs monitored by receptor biotinylation. The internalized biotinyl-
ated HA-tagged receptors were measured in the absence of agonist for 90
min (B � basal), 30 (�30�) and 90 (�90�) min after stimulation with 10�4

M epinephrine, or 60 (60�Ø) and 90 (90�Ø) min after removing epineph-
rine. Ø � without epinephrine. A, representative Western blots of biotin-
ylated �1a- and �1b-ARs tagged with HA at their N termini. Western
blots of biotinylated receptors in the cell extract (Ext.) and precipitate
(Prec.) were revealed using monoclonal anti-HA antibodies (Covance Re-
search Products). B and C, the internalized biotinylated HA-tagged recep-
tors are expressed as percentage of the total biotinylated receptors (Tot).
Results are the mean � S.E. of eight independent experiments. �, p � 0.05;
��, p � 0.01 one-way analysis of variance compared with basal (B).
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internalization of the �1b-AR. In agreement with our previ-
ous findings (Stanasila et al., 2006), approximately 60% of
the �1b-ARs were internalized after stimulation with epi-
nephrine for 90 min and approximately 60% of the internal-
ized receptors returned to the surface 90 min after removal of
the agonist. In contrast, the �1a-AR failed to display any
significant agonist-induced endocytosis (Fig. 1, A, B). In pre-
liminary experiments, we ruled out that receptor degrada-
tion was occurring in this interval of time, because total
receptor levels, as detected by Western blotting, remained
stable for several hours in the presence of cycloheximide
(results not shown).

Biotinylation experiments performed on cells expressing
the �1a- and �1b-ARs carrying the HA tag at their C termini
(�1aHA and �1bHA) gave similar results, indicating that the
HA sequence placed either before or after the receptor se-
quence did not change the regulatory properties of the recep-
tors (results not shown).

To validate our results on the �1-AR subtypes, we deter-
mined the kinetics of endocytosis and recycling of a well
studied receptor, the �2 AR (Supplemental Fig. 1S). As re-
ported previously (Kallal et al., 1998) the agonist-induced
internalization of the �2 AR was rapid, reaching a maximum
at 10 min, and its recycling was also fast, displaying complete
recovery of the receptors at the plasma membrane within 30
min after removal of the agonist.

The results from biotinylation experiments were confirmed
using confocal microscopy on HEK293 cells expressing the
HA-tagged �1-AR subtypes. As we reported previously (Sta-
nasila et al., 2006), a punctate intracellular signal was ob-
served in cells expressing the HA�1b-AR already after 15
min of treatment with epinephrine. In contrast, the intracel-
lular signal corresponding to internalized HA�1a-ARs was

faint and detectable only after 90 min of epinephrine stimu-
lation (results not shown).

To further explore the differences in endocytosis between
the �1a- and �1b-AR subtypes, we compared the rate of
constitutive internalization of the two receptors in the ab-
sence of the agonist (Fig. 2, A and B). The �1b-AR showed a
small constitutive internalization of approximately 22% at 30
min, remaining stable until 90 min (Fig. 2, A and B). This
plateau might reflect equilibrium between constitutive inter-
nalization and recycling of the receptor. The agonist-indepen-
dent internalization of the �1b-AR was sensitive to sucrose,
indicating that it involves a clathrin-dependent pathway
(data not shown). The constitutive endocytosis of the �1a-AR
was even smaller and slower than that of the �1b-AR, reach-
ing 12% only at 90 min (Fig. 2, A and B).

One hypothesis that could explain the low extent of �1a-AR
endocytosis was that receptor recycling to the plasma mem-
brane is fast enough to compensate for its internalization. To
test this hypothesis, biotinylation experiments of the HA�1a
and HA�1b-AR were performed in the absence or presence
of a Golgi-disrupting agent, monensin, which was shown to
perturb recycling by interfering with the acidification of en-
dosomes (Stein et al., 1984). As shown in Fig. 2C, treatment
of cells with monensin increased by 2-fold the amount of the
�1b-ARs constitutively internalized at 90 min, thus indicat-
ing that it impaired receptor recycling to the plasma mem-
brane. However, monensin did not increase the amount of
internalized �1a-AR, ruling out the possibility that the lack
of �1a-AR endocytosis could be due to fast recyling of the
receptor.

We devised a protocol for pulse labeling of the cells with an
anti-HA antibody (see Materials and Methods) to follow the
constitutive endocytosis of the receptors using confocal mi-

Fig. 2. Constitutive receptor internalization
the �1a- and �1b-ARs monitored by receptor
biotinylation. In A and B, the internalized
biotinylated receptors tagged with HA at
their N termini were measured after incubat-
ing the cells in the absence of epinephrine at
the indicated times. A, representative West-
ern blots of biotinylated receptors, revealed
as in Fig. 1, are shown. B, the internalized
biotinylated HA-tagged receptors are ex-
pressed as percentage of the total biotinyl-
ated receptors. Results are the mean � S.E.
of three independent experiments. �, p �
0.05 Kruskal-Wallis test compared with 0
min. C, constitutive internalization was mea-
sured after 90-min incubation in the absence
or presence of monensin (�Mon). Results are
the mean � S.E. of three independent exper-
iments. �, p � 0.05 Student’s t test compared
with 90 min (in the absence of monensin).
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croscopy. In agreement with the results of the biotinylation
experiments, we observed that the HA�1b-AR underwent
constitutive internalization (Supplemental Fig. 2S). The in-
tracellular signal corresponding to the receptor became de-
tectable after 15 min and reached a steady state after �30
min. In contrast, cells expressing the HA�1a-AR displayed
little detectable intracellular signal within this time frame.
In conclusion, these findings indicate that in HEK-293 cells,
the �1a-AR, in contrast to the �1b-AR, lacks the ability to
undergo endocytosis, and this is not due to fast recycling of
the receptor.

�-Arrestin Interaction with the �1a- and �1b-ARs.
We have reported previously that the �1b-AR endocytosis is
mediated by a clathrin and �-arrestin-dependent mechanism
(Mhaouty-Kodja et al., 1999). Thus, to elucidate the molecu-
lar basis underlying the different internalization behavior of
the two �1-AR subtypes, we investigated their ability to
interact with �-arrestins 1 and 2. For this purpose, the �1a-

and �1b-ARs were coexpressed in HEK-293 cells with FLAG-
tagged �-arrestin 1 or 2. We could not use �-arrestins tagged
with GFP because GFP itself coimmunoprecipitates with the
�1a-AR subtype (L.S., unpublished observation).

Coimmunoprecipitation experiments were performed from
HEK-293 cells transiently coexpressing the HA-tagged recep-
tors and FLAG-tagged �-arrestins in the absence or presence
of epinephrine. For quantification, the signals corresponding
to the immunoprecipitated �-arrestins were assessed by den-
sitometry and normalized both to their signals in cell ex-
tracts and to that of the receptors in the immune complex.
The ability of �-arrestin to coimmunoprecipitate with the
receptor was interpreted as the ability of the two proteins to
interact inside the cell.

As shown in a representative SDS-PAGE in Fig. 3A, both
�-arrestins 1 and 2 coimmunoprecipitated with the receptors,
even if to a different extent. To assess the agonist-induced
interaction of each receptor with �-arrestins 1 and 2, the

Fig. 3. Coimmunoprecipitation of �-ar-
restins with the �1a- and �1b-ARs.
FLAG-tagged �-arrestins 1 and 2 were
coexpressed with the C-terminally HA-
tagged receptors in cells and coimmu-
noprecipitated from cells incubated in
the absence (0�) or presence of 10�4 M
epinephrine for the indicated times. (A)
Western blots from a representative ex-
periment are shown. Cell lysates (Ext.)
were immunoprecipitated using poly-
clonal anti-HA antibodies. Western
blots of immunoprecipitates (IP) were
revealed using monoclonal anti-FLAG
for �-arrestins and monoclonal anti-HA
antibodies (Sigma) for the receptors.
The blots shown were overexposed (15
min) to show low �-arrestin signals. B
and C, �-arrestins 1 and 2 coimmopre-
cipitated with each receptor are ex-
pressed as a percentage of the protein
coimmunoprecipitated in the absence of
epinephrine (0�). Results are mean �
S.E. of five independent experiments. �,
p � 0.05; ��, p � 0.01 Kruskal-Wallis
test compared with time 0 min. D and
E, �-arrestins 1 and 2 coimmunopre-
cipitated with each receptor are ex-
pressed as percentage of �-arrestin 1 in
the absence of epinephrine (0�). Results
are the mean � S.E. of five independent
experiments. �, p � 0.05; ��, p � 0.01
Kruskal-Wallis test compared with
�-arrestin 1 at each time.
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amount of �-arrestins coimmunoprecipitated after different
times of epinephrine stimulation was expressed as percent-
age of that in the basal state (time 0 min). As shown in Fig.
3B, epinephrine increased the association of the �1a-AR with
either �-arrestin 1 or 2 by 50% above basal at 15 min, but this
increase was not statistically significant. In contrast, the
epinephrine-induced interaction of the �1b-AR with the two
�-arrestins was much greater and faster compared with that
of the �1a-AR, reaching 180% above basal at 15 min
(Fig. 3C).

To compare the amount of each �-arrestin coimmunopre-
cipitated with one or the other �1-AR subtype, the amount of
bound �-arrestin 2 at each time point was expressed as
percentage of bound �-arrestin 1 at the basal state (time 0
min) after normalizing for both �-arrestin and receptor ex-
pression levels. As shown in Fig. 3, D and E, for both the �1a-
and �1b-ARs the amount of �-arrestin 2 in the immune
complex was 3-fold greater than that of the �-arrestin 1 in
the basal state.

When �-arrestin 1 or 2 coimmunoprecipitated with each
receptor subtype were compared (�-arrestin 1/�1a versus
�-arrestin 1/�1b and �-arrestin 2/�1a versus �-arrestin
2/�1b) after normalizing for both �-arrestin and receptor
expression levels, we observed that in the basal state, the
amount of each immunoprecipitated �-arrestin did not differ
between the two receptor subtypes (results not shown).

Together, these findings indicate that both the �1a- and
�1b-ARs can form a complex with �-arrestins 1 and 2 but to
a different extent. In fact, the amount of �-arrestins associ-
ated the �1b-AR upon agonist stimulation is much greater
than with the �1a-AR. In addition, the amount of �-arrestin
2 bound to either the �1a- or �1b-AR in the basal state is
3-fold greater than that of the �-arrestin 1, suggesting that
�-arrestin 2 has greater affinity for the receptor than �-ar-
restin 1.

To confirm the results of the coimmunoprecipitation exper-
iments, we used confocal microscopy to investigate the ability
of the N-terminally HA-tagged �1-ARs to trigger the trans-
location of FLAG-tagged �-arrestins in HEK-293 cells. As
shown in Fig. 4, in the basal state, both the �1a (A) and
�1b-AR (B) were localized mainly at the plasma membrane.
In cells expressing the �1b-AR (Fig. 4B), epinephrine induced
a pronounced translocation of both �-arrestins 1 and 2, which
was already evident at 5 min. In contrast, in cells expressing
the �1a-AR (Fig. 4A), stimulation with epinephrine for 15
min induced a modest translocation of �-arrestin 2, but not of
�-arrestin 1, to the plasma membrane. Internalization of the
�1a-AR was not observed, whereas after 15 min of exposure
to the agonist, a substantial amount of �1b-AR immunoflu-
orescence was localized in endocytic vesicles, where it colo-
calized, at least in part, with �-arrestin 2 (Fig. 4B). Overlap-
ping of the �1b-AR signal with that of �-arrestin 1 was not
evident, probably because the amount of �-arrestin 1 inter-
acting with the receptor is smaller than that of �-arrestin 2,
as observed in the coimmunoprecipitation experiments.
Some colocalization of the �1b-AR and �-arrestin signals in
endocytic vesicles was also observed at time 0 min in the
absence of epinephrine (Fig. 4B), probably because of consti-
tutive internalization of the receptor.

The results of confocal microscopy are coherent with those
of the coimmunoprecipitation experiments, indicating that,
even if some translocation of �-arrestin 2 induced by the
�1a-AR could be observed, it was weaker than that induced
by the �1b-AR.

To gain further insight into the role played by each �-ar-
restin in �1-AR endocytosis, we measured receptor internal-
ization in cells coexpressing FLAG-tagged �-arrestin 1 or 2
and receptors. Overexpression of �-arrestins had no signifi-
cant effect on the amount of internalized �1a- or �1b-AR
measured in biotinylation experiments after 30 min of epi-

Fig. 4. Cellular localization of the
�-arrestins and the �1-AR subtypes
monitored by confocal microscopy.
Confocal microscopy was performed
on cells coexpressing the C-terminally
HA-tagged �1a (A) and �1b-AR (B)
with FLAG-tagged �-arrestin 1 or 2 in
the absence (0�) or presence of 10�4 M
epinephrine at different times. Cells
were fixed, permeabilized, and stained
using polyclonal anti-HA and second-
ary rhodamine-coupled antibodies to
detect the receptor, and monoclonal
anti-FLAG and secondary FITC-cou-
pled antibodies, to detect �-arrestins.
The images are representative of four
independent experiments.
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nephrine treatment (results not shown). This indicated that
the amount of endogenous �-arrestins 1 and 2 was not lim-
iting in HEK-293 cells. In separate experiments, receptors
were also coexpressed with GRK2, but overexpression of the
kinase did not modify the pattern of agonist-induced inter-
nalization (results not shown).

Lack of Interaction of AP50 with the �1a-AR Sub-
type. We have reported previously that the �1b-AR can
directly bind the AP50 subunit of the clathrin adaptor AP-2
complex and that this interaction contributes to receptor
endocytosis (Diviani et al., 2003). Therefore, we investigated
whether a similar interaction of AP50 existed also with the
�1a-AR subtype.

Pulldown experiments were performed by incubating the
GST-fused C tail of the �1a-AR or �1b-AR immobilized on
Sepharose beads with lysates of HEK-293 cells. The results of
these experiments indicated that, in contrast to the �1b C
tail, that of the �1a-AR did not bind endogenous AP50
(Fig. 5B).

Coimmunoprecipitation experiments were performed us-
ing HEK-293 cells expressing the HA-tagged �1a- or �1b-AR.
As shown in Fig. 5, the endogenous AP50 could coimmuno-
precipitate with the �1b-AR, and epinephrine increased this
interaction, as reported previously (Diviani et al., 2003) (Fig.

6B). In contrast, an association between the �1a-AR and
AP50 was not detected). It is noteworthy that a mutant
�1a-AR, carrying eight additional arginines to reconstitute
the AP50 binding site identified in the �1b-AR C tail, failed
to coimmunoprecipitate AP50 (L.S., unpublished observa-
tion) thus indicating that the eight arginines are not suffi-
cient for receptor/AP50 interaction. These findings make un-
likely a direct association between the �1a-AR and the AP50
subunit of the AP2 complex, raising the possibility that the
lack of this interaction might contribute to the poorly effi-
cient endocytosis of the �1a subtype in HEK-293 cells.

Role of the C Tail in Receptor Endocytosis. We have
demonstrated previously that the C tail is an important
regulatory domain of the �1b-AR. Its integrity is required for
�1b-AR desensitization and endocytosis (Lattion et al., 1994).
In addition, it contains the main phosphorylation sites of the
receptor for GRKs and PKC (Divrani et al., 1996). Therefore,
to investigate the role of the receptor C tail in the regulatory
properties of the �1a- and �1b-ARs, we engineered �1a/�1b
chimeras by replacing the C terminus of one receptor subtype
with that of the other, and we monitored their endocytosis.
As shown in Fig. 6B, the �1a/Ctb receptor chimera was able
to internalize upon epinephrine treatment in a manner in-
distinguishable from the wild-type �1b-AR. In contrast, sub-
stituting the C tail of the �1b-AR with that of the �1a-AR
subtype almost entirely impaired receptor endocytosis
(Fig. 6A).

To investigate whether the internalization of the �1a/Ctb
chimeric receptor was linked to its gain of interaction with
regulatory proteins, we assessed its ability to coimmunopre-
cipitate with �-arrestins and AP50. As shown in Fig. 6C, the
�1a/Ctb chimeric receptor was able to coimmunoprecipitate
both �-arrestin 2 and AP50 similarly to the wild-type �1b-
AR. Coimmunoprecipitation of the �1a/Ctb chimeric receptor
with �-arrestin 1 was also observed (results not shown). It is
noteworthy that the amount of �-arrestin 2 coimmunopre-
cipitating with the chimeric receptor in the absence of the
agonist (time 0 min) was greater than that observed for the
wild-type �1b-AR. This higher basal receptor/�-arrestin 2
interaction might explain the observation that the �1a/Ctb
chimeric receptor displays higher basal internalization com-
pared with the wild-type �1b-AR (Fig. 6, compare A and B).
In contrast to the �1a/Ctb, the �1b/Cta chimeric receptor,
carrying the C tail of the �1a-AR, behaved like the wild-type
�1a-AR in that it was unable to coimmunoprecipitate either
�-arrestin 2 or AP50 (results not shown).

The Relative Role of �-Arrestin and AP50 Interac-
tion in �1b-AR Endocytosis. Given that both �-arrestins
and the AP-2 complex serve as clathrin adaptors promoting
receptor endocytosis (Chang et al., 1993; Goodman et al.,
1996) and that the �1b-AR can directly interact with both
classes of proteins, we wished to explore the relative role
played by each in the internalization of the �1b-AR. To do so,
we used two described previously receptor mutants: the �R8,
lacking the stretch of eight arginines in the C tail that are
responsible for direct binding of AP50, and the M8, lacking
eight serines in the C tail that represent the phosphorylation
sites for protein kinase C and G protein-coupled receptor
kinases (GRK). We have reported previously that the �R8
mutant was delayed in agonist-induced internalization com-
pared with the wild-type �1b-AR (Diviani et al., 2003) and

Fig. 5. Interaction of AP50 with the �1a- and �1b-ARs. A, pulldown of
endogenous AP50 from cell lysates using purified GST or GST-fused to
the C tail of the �1a- or �1b-AR. B, coimmunoprecipitation of endogenous
AP50 from cells expressing the �1a- and �1b-ARs tagged with HA at their
C tail in the absence (0�) or presence of 10�4 M epinephrine for 15 min.
Cell lysates (Ext.) were immunoprecipitated using polyclonal anti-HA
antibodies. Western blots of immunoprecipitates (IP) were revealed using
monoclonal anti-HA antibodies (Sigma) for the receptors and specific
monoclonal antibodies against AP50. The Western blots are representa-
tive of three experiments.
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that the M8 was defective in GRK2-mediated phosphoryla-
tion and desensitization (Diviani et al., 1997).

We used confocal microscopy on HEK-293 cells express-
ing the C-terminally HA-tagged M8 receptor mutant to
test whether the receptor mutant was able to internalize.
As shown in Fig. 7A, the M8 receptor did not undergo
significant agonist-induced endocytosis. Similar findings
were obtained in cell surface biotinylation experiments
(Fig. 7B).

We performed coimmunoprecipitation experiments to as-
sess the ability of the internalization deficient M8 mutant to
interact with either �-arrestins or AP50, and compared its
properties with those of the �R8 mutant, which is only par-
tially impaired in endocytosis. Coimmunoprecipitation ex-
periments were performed from HEK-293 cells transiently
coexpressing the HA-tagged receptors and FLAG-tagged
�-arrestin 2 in the absence or presence of epinephrine. A
representative SDS-PAGE (Fig. 8A) shows that �-arrestin 2
could coimmunoprecipitate with both the wild-type �1b-AR
and its �R8 mutant, whereas the amount of �-arrestin 2
bound to the M8 mutant was very low, both in the basal state
and after stimulation with epinephrine. The results from
several experiments in which the amount of bound �-arrestin
2 was expressed as percentage of that bound to the wild-type
�1b-AR in the basal state (time 0 min) showed that the

amount of �-arrestin 2 interacting with the �R8 was similar
to that of the wild-type receptor and that this interaction was
significantly increased by epinephrine (Fig. 8B). In contrast,
�-arrestin 2 binding to the M8 was only 20% of that to the
wild-type receptor and, even if epinephrine could slightly
increase this interaction, the total amount of bound �-arres-
tin 2 was very low (Fig. 8B). Similar results were obtained
with �-arrestin 1 (data not shown).

To assess the receptor/AP50 interaction, the HA-tagged
receptors were expressed in HEK-293 cells and tested for
their ability to coimmunoprecipitate the endogenous AP50.
The M8 receptor mutant, like the wild-type �1b-AR, was able
to coimmunoprecipitate the endogenous AP50 and this inter-
action was significantly increased by epinephrine (Fig. 9). As
we reported previously (Diviani et al., 2003), stimulation
with epinephrine failed to increase the AP50 interaction with
the �R8 mutant (Fig. 9).

Together, these findings indicate that the phosphorylation-
deficient M8 receptor mutant is almost totally impaired in its
ability to bind �-arrestins and to undergo endocytosis, de-
spite the fact that its direct binding to AP50 is preserved. The
�R8 receptor mutant, which lacks direct binding to AP50,
can efficiently bind �-arrestins and is only partially impaired
in its ability to internalize.

Fig. 6. Regulatory properties of �1a/�1b chimeric ARs.
A and B, the internalized biotinylated receptors tagged
with HA at their C tails were measured in the absence
of agonist for 60 min (B � basal), 30 (�30�) and 60
(�60�) min after stimulation with 10�4 M epinephrine.
The internalized biotinylated HA-tagged receptors
were detected as in Fig. 1 and are expressed as percent-
age of the total biotinylated receptors. Results are the
mean � S.E. of three independent experiments. �, p �
0.05 Student’s t test compared with �1bHA (A) and
�1aHA (B) at each time point. C, coimmunoprecipita-
tion of FLAG-tagged �-arrestin 2 and endogenous AP50
with the �1b-AR and �1a/Ctb chimeric receptor tagged
with HA at their C tails. Cell lysates (Ext.) were immu-
noprecipitated using polyclonal anti-HA antibodies.
Western blots of immunoprecipitates (IP) were revealed
as in Figs. 3 and 5. The Western blots are representa-
tive of two experiments.

�1-Adrenergic Receptors Interaction with �-Arrestins and AP50 569

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


The Relative Roles of �-Arrestins 1 and 2 in the In-
ternalization of the �1b-AR. To elucidate the relative role
played by �-arrestins 1 and 2 in the internalization of the
�1b-AR, we silenced the expression of �-arrestins using RNA
interference, as described previously (Ahn et al., 2003). As
shown in Fig. 10, transfection of cells with plasmids encoding
�-arrestin 1- and 2-specific shRNAs significantly decreased
the expression of the targeted �-arrestin by 45 and 60%,
respectively, compared with mock-transfected cells. Both
shRNAs displayed significant isoform specificity (Fig. 10),
even if specificity was not absolute. Our findings are in agree-
ment with those reported in the study based on which the
shRNA oligonucleotides were designed (Ahn et al., 2003). It is
noteworthy that in cells transfected with �-arrestin 2-specific
shRNA, the epinephrine-induced internalization of the
�1b-AR at 45� was entirely impaired (Fig. 10D), thus dem-
onstrating the important role of �-arrestin 2 in endocytosis of
the �1b-AR. However, because the real stoichiometry of the
two �-arrestins in HEK293 cells is unknown and the gene
silencing effect was partial, the lack of effect of �-arrestin 1
silencing on receptor internalization does not rule out a role
of �-arrestin 1 in �1b-AR endocytosis.

Discussion
In this study, we demonstrated that the human �1a-AR sub-

type, in contrast to the �1b-AR, does not undergo significant
endocytosis and we provided strong evidence that this property

is linked to its poor interaction with �-arrestins as well as with
the AP50 subunit of the AP2 complex. We assess the relative
contribution of �1b-AR interaction with �-arrestins versus
AP50 in receptor endocytosis and demonstrate that �-arrestin
binding is the conditio sine qua non for receptor internalization.
Finally, using RNA interference, we provide evidence that
�1b-AR endocytosis involves �-arrestin 2.

The results of our study show that the �1a- and �1b-AR
subtypes display striking differences in their internalization
properties. Whereas the �1b-AR undergoes robust agonist-
induced endocytosis, the �1a-AR does not. Our findings on
the �1a-AR subtype seem to disagree with the conclusions of
two previous studies in which a modest degree of �1a-AR
internalization was reported. The study of Chalothorn et al.
(2002) reported that the �1a-AR was internalized at 50 min
after exposure to the agonist but to a smaller extent com-
pared with the �1b-AR. Morris et al. (2004) reported that the
�1a-AR could undergo a modest (�20%) internalization after
60 min of exposure to the agonist. Agonist-induced internal-
ization of the �1b-AR was not measured for comparison in

Fig. 7. Internalization of the �1b-AR and its mutant M8 monitored by
confocal microscopy (A) and biotinylation (B). A, confocal microscopy was
performed on cells expressing the C-terminally HA-tagged receptors in
the absence (0�) or presence of 10�4 M epinephrine at different times.
Cells were fixed, permeabilized, and stained using polyclonal anti-HA
and secondary rhodamine-coupled antibodies to detect the receptors. The
images are representative of three independent experiments in which
very little variability was observed among cells. B, the internalized bio-
tinylated HA-tagged receptors were measured in the absence of agonist at
time 0 min (B � basal) or in the presence of 10�4 M epinephrine for 90
min. Western blots of biotinylated receptors in the cell extract (Ext.) and
precipitate (Prec.) were revealed using monoclonal anti-HA antibodies
(Sigma).

Fig. 8. Coimmunoprecipitation of �-arrestin 2 with the �1b-AR and its
mutants �R8 and M8. FLAG-tagged �-arrestin 2 was coexpressed with
the receptors tagged with HA at their C tail in cells and coimmunopre-
cipitated in the absence (0�) or presence of 10�4 M epinephrine for
different times. A, Western blots from a representative experiment are
shown. Cell lysates (Ext.) were immunoprecipitated using polyclonal
anti-HA antibodies. Western blots of immunoprecipitates (IP) were re-
vealed using monoclonal anti-FLAG for �-arrestin and monoclonal
anti-HA antibodies (Sigma) for the receptors. The blots shown were
overexposed (15 min) to show low �-arrestin signals. In B, �-arrestin 2
coimmoprecipitated with the each receptor is expressed as a percentage of
the �-arrestin 2 coimmunoprecipitated with the �1b-AR in the absence of
epinephrine (0�). Results are mean � S.E. of four independent experi-
ments. �, p � 0.05 Kruskal-Wallis test compared with the �1b-AR for
each time.
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the same study. In addition, the �1a-AR, but not the �1b-AR,
displayed some constitutive internalization, and it was shown
to recycle quickly to the plasma membrane.

Three main factors might explain the discrepancies ob-
served for the �1a-AR subtype between our study and the two
others: 1) the receptor constructs, 2) the expression systems,
and 3) the methods used to measure endocytosis.

Whereas in our study the �1a-AR was HA-tagged (at either
the N or C terminus), both Chalothorn et al. (2002) and
Morris et al. (2004) used enhanced GFP-tagged receptor. We
cannot exclude that different tags (HA versus enhanced GFP)
might result in small differences in receptor behavior.

In our study, the receptors were transiently expressed in
HEK-293 cells, whereas both Chalothorn et al. (2002) and
Morris et al. (2004) used cells permanently expressing the
�1-AR subtypes (HEK-293 cells by Chalothorn et al., rat
fibroblasts by Morris et al.). It is possible that the high
level of receptor expression occurring in transient trans-
fection systems might not allow detection of small receptor
movements.

With respect to the methods used to measure receptor
endocytosis, in both Chalothorn et al. (2002) and Morris et al.
(2004), receptor internalization was mainly assessed using
different fluorescence imaging techniques, whereas we have
quantified it using biotinylation experiments. We consider
that receptor biotinylation is an accurate method to quantify
receptors. However, it might be less sensitive than fluores-
cence imaging techniques and may not detect small receptor
movements that have been observed for the �1a-AR in pre-
vious studies.

Nevertheless, these small discrepancies do not hamper the
main message of our study, which is that large differences do
exist between the regulatory properties of the �1a- and
�1b-AR subtypes in recombinant systems.

The results from both coimmunoprecipitation experiments
(Fig. 3) and �-arrestin translocation assays (Fig. 4) indicated
that the agonist-induced interaction of the �1a-AR with �-ar-
restins 1 and 2 was much weaker that that of the �1b-AR. In
addition, the �1a-AR displayed almost no interaction with
the AP50 subunit of the AP2 complex, which was previously
shown to directly bind �1b-AR (6) (Fig. 5). Our hypothesis is
that the lack of internalization of the �1a-AR is linked
mainly to its poor interaction with �-arrestins as well as with
AP50. In support of this hypothesis was the fact that replace-
ment of �1a-AR C tail with that of the �1b-AR, which con-
tains the structural determinants for binding �-arrestins and
AP50, conferred to the �1a-AR the ability to internalize and
to interact with both regulatory proteins (Fig. 6). This also
agrees with findings from a previous study (Vazquez-Prado
et al., 2000) showing that, when the two receptor subtypes
were compared in the same study, the �1a-AR was poorly
phosphorylated and desensitized compared with the �1b-AR.
Replacement of the �1a-AR C tail with that of the �1b-AR
markedly increased the ability of the receptor to undergo
agonist-induced phosphorylation, but the internalization
properties of the chimeric receptor were not investigated.

A recent study (Morris et al., 2008) has provided some
evidence that the �1a-AR is localized in membrane rafts, but
exits from rafts after stimulation with agonists. One hypoth-
esis could be that biotinylation of receptors interferes with
the exit of the �1a-AR from rafts thus impairing endocytosis.
However, this hypothesis can be excluded based on findings
obtained from experiments in which �1-AR internalization
was measured using a different biotinylation protocol in
which surface (and not internalized) receptors were detected,
as described previously (Stanasila et al., 2006). In this pro-
tocol, cells were treated for different times with the agonist to
induce receptor internalization and receptors remaining at
the cell surface were biotinylated after that endocytosis had
occurred. Using this protocol, we failed to observe any signif-
icant �1a-AR endocytosis (results not shown); therefore, it is
unlikely that the lack of significant �1a-AR internalization
found in our study is an artifact of biotinylation.

The differences in internalization observed between the
�1a- and �1b-AR subtypes are very similar to those be-
tween the �1- and �2-AR reported in a study in which
receptor/�-arrestin interaction was investigated using dif-
ferent approaches (Shiina et al., 2000). The �1-AR ex-
pressed in HEK-293 cells showed resistance to agonist-
induced internalization as well as weak interaction with
�-arrestins compared with the �2-AR subtype. These find-
ings strongly support the hypothesis that the interaction of

Fig. 9. Coimmunoprecipitation of endogenous AP50 with the �1b-AR and
its mutants �R8 and M8. Endogenous AP50 was coimmunoprecipitated
from cells expressing the receptors tagged with HA at their C tail in the
absence (0�) or presence of 10�4 M epinephrine for different times. A,
Western blots from a representative experiment are shown. Cell lysates
(Ext.) were immunoprecipitated using polyclonal anti-HA antibodies.
Western blots of immunoprecipitates (IP) were revealed using specific
monoclonal antibodies (Sigma) against AP50 or monoclonal anti-HA an-
tibodies (Sigma) for the receptors. The blots shown were overexposed (15
min) to show low AP50 signals. B, AP50 coimmunoprecipitated with each
receptor is expressed as percentage of the protein coimmunoprecipitated
in the absence of epinephrine (0�). Results are the mean � S.E. of four
independent experiments. �, p � 0.05 Kruskal-Wallis test compared with
time 0 min.
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GPCRs with �-arrestins, as well as with a number of other
regulatory proteins, determine the regulatory properties of
the receptors.

The findings of our study provide further insight into the
molecular mechanisms underlying the endocytosis of the �1b-
AR. This study indicates that the interaction of the �1b-AR with
�-arrestins requires the integrity of the phosphorylation sites in
the receptor C tail, and it is crucial for receptor endocytosis.
This was mainly demonstrated by the results obtained with the
�1b-AR mutant, M8, lacking eight serines in the C tail, which
include the main phosphorylation sites for GRKs. The M8 re-
ceptor, previously shown to be profoundly impaired in agonist-
induced phosphorylation and desensitization (Diviani et al.,
1997), was shown in this study to be unable to undergo epineph-
rine-induced endocytosis (Fig. 7) and to bind �-arrestins (Fig. 8).
However, the M8 receptor was still able to interact with the
AP50 subunit of the AP2 clathrin-adaptor complex upon expo-
sure to epinephrine (Fig. 9). Together, these findings strongly
suggest that �1b-AR endocytosis cannot occur in the absence of
�-arrestin binding and that the direct interaction with the AP50
is not sufficient for receptor internalization. This conclusion is
in agreement with the results previously obtained with the
�1b-AR mutant, �R8, lacking the binding site for AP50 (Diviani
et al., 2003), which could undergo agonist-induced internaliza-
tion, albeit delayed compared with wild-type �1b-AR.

Our findings identify �-arrestin 2 as an important player
in the internalization process of �1b-AR. This is supported by
several lines of evidence: 1) the decrease by 60% of endoge-
nous levels of �-arrestin 2 using RNA interference almost
entirely impaired �1b-AR internalization (Fig. 10); 2) the
amount of �-arrestin 2 forming a complex with the �1b-AR

was greater compared with �-arrestin 1, suggesting a greater
affinity of the receptor for �-arrestin 2 than �-arrestin 1 (Fig.
3E); 3) the �1b-AR was found to colocalize, at least in part,
with �-arrestin 2, but much less with �-arrestin 1, in endo-
cytic vesicles after exposure to the agonist (Fig. 4B). Further
studies using cells devoid of either one of the two �-arrestins
(Conner et al., 1997; Bohn et al., 1999) should help to un-
equivocally determine the role played by each �-arrestin in
�1b-AR internalization.

Two classes of GPCRs, designated class A and B, have been
identified based on their pattern of interaction with �-ar-
restins (Oakley et al., 2000). Class A receptors, such as the
�2-AR, bind �-arrestin 2 with greater affinity than �-arrestin
1, forming a short-lived receptor/�-arrestin complex. In con-
trast, class B receptors, such as the angiotensin II type 1A
receptor, display similar affinity for both �-arrestin isoforms
establishing a stable receptor/�-arrestin complex. Our find-
ings indicate that the �1b-AR, previously reported to belong
to class A (Oakley et al., 2000), displays indeed some clear
features of class A receptors, such as its greater affinity for
�-arrestin 2 than for �-arrestin 1. However, the pattern of
�1b-AR internalization is quite different from that observed
for the �2-AR, a prototypic class A receptor. In fact, the
kinetics of both internalization and recycling of the �1b-AR is
much slower than that of the �2-AR (compare Fig. 1 and
Supplemental Fig. 1S). In addition, colocalization of the
�1b-AR with �-arrestin 2 was observed in endocytic vesicles,
suggesting that the receptor can form a stable complex with
�-arrestin within the cells, a feature considered to be a hall-
mark of class B GPCRs. This suggests that the classification
of GPCRs properties into major classes might be sometimes

Fig. 10. Effect of silencing �-arrestin expression on �1b-AR internalization. Cells were cotransfected with the plasmid encoding the C-terminally
HA-tagged �1b-AR and pSuper encoding shRNA for �-arrestin 1 or 2. A and B, endogenous �-arrestin 1 (upper band) or 2 (lower band) were detected
by Western blot using polyclonal antibodies against rat �-arrestin 1. A, representative Western blots of extracts from cells transfected with the
wild-type �1b-AR cDNA together with empty pSuper (wt) or with the shRNA for �-arrestin 1 or 2. In (B) the levels of �-arrestins in cells transfected
with the shRNA for �-arrestin 1 or 2 are expressed as percentage of those in cells expressing the wild-type �1b-AR alone. Results are the mean � S.E.
of six independent experiments. ��, p � 0.01; �, p � 0.05 Student’s t test compared with wild-type �1b-AR in the absence of shRNA. C and D,
internalization of the �1b-AR was monitored by receptor biotinylation, as described in Fig. 1, in cells expressing the wild-type �1b-AR alone (wt) or
coexpressing the shRNA for �-arrestin 1 or 2. Results are the mean � S.E. of six independent experiments. �, p � 0.05 one-way analysis of variance
compared with �1b-AR at 45 min.
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reductive if it concerns complex regulatory phenomena that
should be investigated using different approaches.

The implication of different �-arrestin isoforms in GPCR
endocytosis has been investigated in a large number of stud-
ies. However, in most cases, GPCR/�-arrestin interaction has
been followed in intact cells by monitoring �-arrestin trans-
location and receptor/�-arrestin colocalization using confocal
microscopy. Few studies have measured GPCR/�-arrestin
coimmunoprecipitation (Chen et al., 2002; Kishi et al., 2002)
and even fewer have performed in vitro biochemical mea-
surements of �-arrestin binding to receptors (reviewed in
Gurevich and Gurevich, 2006). Therefore, despite the large
number of studies on the subject, there is probably still more
to learn about the specificity of GPCR/�-arrestin interaction.

Together, the findings of this study demonstrate important
regulatory differences between the �1a- and �1b-ARs in a
recombinant system, based on the fact that the properties of
the two receptor subtypes were directly compared using dif-
ferent experimental approaches. We believe that, at least in
part, these differences are linked to the different interaction
pattern of the receptors with �-arrestins and AP50. However,
a number of important questions can be raised: are these
differences occurring in native tissues where the �1a- and
�1b-ARs are expressed? What might be the functional impli-
cations of these differences in native tissues? Because GPCR
regulation depends on a variety of protein interactions and
these differ among tissues, its pattern might be highly de-
pendent on the cell system in which the receptors are ex-
pressed. It is possible, therefore, that HEK-293 cells do not
contain all the components necessary for �1a-AR endocytosis.
For this reason, future studies will aim at expressing the
�1-AR subtypes and investigating their properties in cell
systems more closely related to their native environment
(vascular smooth muscle cells, cardiomyocytes). At present, it
is difficult to speculate on how the different regulatory prop-
erties of the �1a- and �1b-AR subytpes might be linked to
their physiological functions. Studies on cells devoid of either
receptor subtype might provide a useful contribution in this
respect.
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Structural determinants involved in the activation and regulation of G protein-
coupled receptors: lessons from the alpha1-adrenergic receptor subtypes. Biol Cell
96:327–333.

Diviani D, Lattion AL, Larbi N, Kunapuli P, Pronin A, Benovic JL, and Cotecchia S
(1996) Effect of different G protein-coupled receptor kinases on phosphorylation
and desensitization of the �1B-adrenergic receptor. J Biol Chem 271:5049–5058.

Diviani D, Lattion AL, and Cotecchia S (1997) Characterization of the phosphoryla-
tion sites involved in G protein-coupled kinase- and protein kinase C-mediated
desensitization of the �1B-adrenergic receptor. J Biol Chem 272:28712–28719.

Diviani D, Lattion AL, Abuin L, Staub O, and Cotecchia S (2003) The adaptor
complex 2 directly interacts with the �1B-adrenergic receptor and plays a role in
receptor endocytosis. J Biol Chem 278:19331–19340.

Goodman OB Jr, Krupnick JG, Santini F, Gurevich VV, Penn RB, Gagnon AW, Keen
JH, and Benovic JL (1996) Beta-arrestin acts as a clathrin adaptor in endocytosis
of the beta2-adrenergic receptor. Nature 383:447–450.

Gurevich VV and Gurevich EV (2006) The structural basis of arrestin-mediated
regulation of G protein-coupled receptors. Pharmacol Ther 110:465–502.

Kallal L, Gagnon AW, Penn RB, and Benovic JL (1998) Visualization of agonist-
induced sequestration and down-regulation of a green fluorescent protein-tagged
�2-adrenergic receptor. J Biol Chem 273:322–328.

Kishi H, Krishnamurthy H, Galet C, Bhaskaran RS, and Ascoli M (2002) Identifi-
cation of a short linear sequence present in the C-terminal tail of the rat follitropin
receptor that modulates arrestin-3 binding in a phosphorylation-independent
fashion. J Biol Chem 277:21939–21946.

Lattion AL, Diviani D, and Cotecchia S (1994) Truncation of the receptor carboxyl-
terminus impairs agonist-dependent phosphorylation and desensitization of the
�1B-adrenergic receptor. J Biol Chem 269:22887–22893.

Mhaouty-Kodja S, Barak LS, Scheer A, Abuin L, Diviani D, Caron MG, and Cotec-
chia S (1999) Constitutively active Alpha-1b adrenergic receptor mutants display
different phosphorylation and internalization features. Mol Pharmacol 55:339–
347.

Morris DP, Price RR, Smith MP, Lei B, and Schwinn DA (2004) Cellular trafficking
of human �1a-adrenergic receptors is continuous and primarily agonist-
independent. Mol Pharmacol 66:843–854.

Morris DP, Lei B, Wu YX, Michelotti GA, and Schwinn DA (2008) The �1a-adrenergic
receptor occupies membrane rafts with its G protein-effectors but internalizes via
clathrin-coated pits. J Biol Chem 283:2973–2985.

Oakley RH, Laporte SA, Holt JA, Caron MG, and Barak LS (2000) Differential
affinities of visual arrestin, � arrestin1, and � arrestin2 for G protein-coupled
receptors delineate two major classes of receptors. J Biol Chem 275:17201–17210.

Philipp M and Hein L (2004) Adrenergic receptor knockout mice: distinct functions
of 9 receptor subtypes. Pharmacol Ther 101:65–74.

Shiina T, Kawasaki A, Nagao T, and Kurose H (2000) Interaction with �-arrestin
determines the difference in internalization between �1- and �2-adrenergic recep-
tors. J Biol Chem 275:29082–29090.

Stanasila L, Abuin L, Diviani D, and Cotecchia S (2006) Ezrin directly interacts with
the �1b-adrenergic receptor and plays a role in receptor recycling. J Biol Chem
281:4354–4363.

Stein BS, Bensch KG, and Sussman HH (1984) Complete inhibition of transferrin
recycling by monensin in K562 cells. J Biol Chem 259:14762–14772.

Vázquez-Prado J, Medina LC, Romero-Avila MT, González-Espinosa C, and Garcı́a-
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