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Summary

The Bo-adrenergic receptor B2AR) undergoes agonist-
mediated endocytosis via clathrin-coated pits by a process
dependent on both arrestins and dynamin. Internalization
of some G protein-coupled receptors, however, is
independent of arrestins and/or dynamin and through
other membrane microdomains such as caveolae or lipid
rafts. The human B:1AR is less susceptible to agonist-
mediated internalization than the Bz-subtype, and its
endocytic route, which is unknown, may be different. We
have found that (i) co-expression of arrestin-2 or -3

plasma membrane whereas those containin§,AR were
larger and more perinuclear. (iv) When subcellular
fractions from agonist-treated cells were separated by
sucrose density gradient centrifugation, all of the
internalized PB2AR appeared in the lighter endosomal-
containing fractions whereas some of the internalizefiAR
remained in the denser plasma membrane-containing
fractions. (v) Both subtypes recycled with similar kinetics
back to the cell surface upon removal of agonist; however,
recycling of B2AR but not B1AR was inhibited by monensin.

Based on these results, we propose that the internalization
of B1AR is both arrestin- and dynamin-dependent and
follows the same clathrin-mediated endocytic pathway as
B2AR. But during or after endocytosis,Bi1AR and B2AR are
sorted into different endosomal compartments.

enhanced the internalization of both subtypes whereas co-
expression of dominant-negative mutants of arrestin-2 or
dynamin impaired their internalization, as did inhibitors
of clathrin-mediated endocytosis. (i) Agonist stimulation
increased the phosphorylation of32AR but not B1AR. (iii)

In response to agonist, each subtype redistributed from the
cell surface to a distinct population of cytoplasmic vesicles;
those containing B1AR were smaller and closer to the

Key words:p-Adrenergic receptor, Endocytosis, Recycling, Clathrin,
Arrestin

Introduction receptors. As the latter receptors are internalized via the

In response to agonist stimulation, most G protein-coupleglathrin-coated pit endocytic pathwa2AR appeared to
receptors (GPCRs) undergo internalization, a process thtilize the same pathway. This was further established by
serves multiple physiological functions and occurs by severghowing that a dominant-negative mutant of dynamin, a
distinct mechanisms (Koenig and Edwardson, 1997; Fergusof,TPase involved in the pinching off of clathrin-coated
2001; Tsao et al., 2001). THR2AR has been the prototype Vesicles, blocks endocytosis aghR internalization (Zhang
GPCR as our understanding of this process has evolvegt al., 1996).

Initially, agonist-mediated internalization of,AR was In addition, B2AR endocytosis is dependent on arrestins
inferred from subcellular fractionation studies in which somegFerguson et al., 1996; Goodman et al., 1996) that were first
of the receptors redistributed from the plasma membrane toidentified as mediators of agonist-initiated desensitization
lighter density membrane fraction (Perkins et al., 1991). Thérupnick and Benovic, 1998; Lefkowitz et al., 1998).
latter receptors remained accessible to hydrophobic but nBesensitization involves phosphorylationAR by protein
hydrophilic ligands such as CGP-12177, which paralleledinase A and GPCR kinases (GRKs). GRK-mediated
receptor behavior in whole cell binding assays. Becausghosphorylation targets the receptors for binding of arrestins
the subcellular localization of the receptors could notnd uncoupling from &(Lohse et al., 1990; Gurevich et al.,
be visualized, internalization was often referred to as995). Arrestins also bind both clathrin and the AP-2 adaptor
sequestration. More recently, the internalization of humawcomplex and thereby recruit the receptors into clathrin-coated
B2AR has been observed by confocal fluorescence microscopjts (Goodman et al., 1996; Laporte et al., 2000). Following
using immunodetection of epitope-tagd@@R (von Zastrow endocytosis, the receptors traffic through divergent endosomal
and Kobilka, 1992; Moore et al., 1995) or direct visualizatiorpathways that lead to different fates. Some are resensitized by
of B2AR-green fluorescent protein (GFP) chimeras (Barak edlephosphorylation, and recycled back to the cell surface (Yu
al., 1997; Kallal et al., 1998). The internalized receptoret al., 1993; Pippig et al., 1995). Others undergo down-
appeared in intracellular vesicles containing transferrimegulation by being targeted to lysosomes where they are
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degraded (Kallal et al., 1998; Moore et al., 1999). Sorting oEngland Nuclear (Boston, MA}23-protein A (9uCi/ug) from ICN
B2AR between the two pathways involves a specific sequend€osta Mesa, CA), and (JHICGP-12177 (45 Ci/mmol) from
at the C terminus of the receptor (Cao et al., 1999). Mutatingmersham (Arlington Heights, IL).

this sequence reduces the recycling and increases the down-

regulation off32AR. Plasmid construction

In.contras.t to_our knowledge BAR, less is k”OW.“ about The expression vectors Zem228c and Zem229 from E. Mulvihill
the lntgrnallzatlon OfﬁlAR' ,AS th? humqnﬁ;AR is less (Zymogenetics, Seattle, WA) have an inducible metallothionein
susceptible to agonist-mediated internalization tf2AR  promoter, and neomycin or dihydrofolate reductase selectable
(Suzuki et al., 1992; Green and Liggett, 1994; Zhou et almarkers, respectively. The vector pEGFP-N1, encoding an enhanced,
1995; Shiina et al., 2000), it may use a different endocytiged-shifted GFP variant, was from Clontech (Palo Alto, CA). The
pathway. In this regard, not all GPCRs are internalized througfllowing constructs have been described previously: Zemp28B-
the clathrin-mediated, dynamin- and arrestin-dependerind $2AR (Zhou et al., 1995), pcDNA3-arrestin-2 and -3, -dynamin-
pathway including subtypes of the same receptor familjc44A, -arrestin-2-(319-418) (Krupnick et al., 1997; Gagnon et al.,
(Vickery and von Zastrow, 1999; Claing et al., 2000). Severa}998) and -FlagAR and 2AR-GFP (Kallal et al., 1998), the latter
GPCRs are internalized through caveolae (de Weerd and Le%%nerously provided by J. Benovic (Thomas Jefferson University,

Lundberg, 1997; Feron et al., 1997). BRIAR and B2AR iladelphia). Zem229-Arr2 was generated by excising the coding

h b ted to be | ted i | Sch K tr gion of the arrestin-2 cDNA witNotl andApd and inserting it into
ave been reported to be located in caveolae (Schwencke e @e corresponding sites created in BaarHI cloning site of Zem?229.

1999; Ostrom et al., 2001) but other studies have found only.pNA3.1-HABIAR with an N-terminal hemagglutinin (HA)
B2AR to be targeted to caveolae (Rybin et al., 2000). If thepitope, ~Met-Jr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-Gly-Ala-Gly-,
two subtypes do reside in different plasma membran@as generated by PCR. To generate PpER-GFP, P1AR was
microdomains, they may not use the same endocytic pathwaymplified by PCR using an N-terminal primer, CCCGGAATTCCGC-
Moreover, even if both subtypes are endocytosed via clathridGCTCGGCATGGGCGCGG, and a C-terminal primer, CGCCGG-
coated pits, they may be sorted into divergent endosomAlCCTCCACCTTGGATTCCGAGGCGAA. This replaced the stop

pathways (Tsao et al., 2001). Whether divergence occuf®don with aBanHlI site encoding an extra glutamate and aspartate.
before or after endocytosis, it may result in differences in thé"® PCR product and pEGFP-N1 were cut vitttRI/BanHl, the

recycing and down-regulation of the two subtypes, It also mafl!0,PUTed ragmets gt and e Lo prodct ionea. T
regulate subtype Interaction with alterrjatwe signalin egion was replaced with &ctoRI/Xhd region of the o}igina&AR.
pathways through scaffolding complexes (Pierce et al., 200§¢ Byl andEcoRI ends were blunted with Klenow before ligation,
Ferguson, 2001). Thu$2AR couples to both Gand G eliminating both restriction sites in the final product, which was
whereasB1AR only activates @ which allows the two sequenced through the PCR-generated regions.
subtypes to mediate different physiological responses in the
heart, both normal and pathological (Xiao, 2000; Zhu et al. )
2001). Cell culture and transfections

The present study was undertaken to identify the endocytfgaPy hamster kidney (BHK), clone k13, and human embryo

o ; idney (HEK 293) cells were from the American Type Culture
route of B1AR and compare it with that dBAR using a Collection and grown in Dulbecco’s modified Eagle’s medium

::orphblnatlon of ?lgchemlctal tgnd t:}nc;r%hc;:]oglcg’lt approac(:jhe DMEM) with 10% fetal bovine serum. HEK 293 cells stably
n the course of demonstraling that both subtypes under pressing HAB,AR were a generous gift from R. Clark (University

arrestin- ~ and  dynamin-dependent,  clathrin-mediategy Texas Medical School, Houston). HEK 293 cells were grown in
endocytosis, we observed that each is sorted to a differepéiylysine-coated culture ware. Cells were transfected wiBhR
endosomal compartment. We believe our findings will haveonstruct or cotransfected with Zem229-Arr2 using calcium
important implications for the function and regulation of bothphosphate precipitation (Zhou et al., 1995) or LipofectAMINE Plus
B-subtypes. and selected for resistance to G418, or to both G418 and methotraxate.
Clonal lines stably expressinfAR or co-expressingBAR and

. arrestin-2 were obtained by limiting dilution of the resistant cultures.
Materials and Methods For transient transfections, cells 80-90% confluent were transfected
Materials with equal amounts of plasmid DNA (usually Qud. of each construct
Concanavalin A (ConA), (-)-isoproterenol (ISO), (-)-propranolol,per cn? of culture area) using LipofectAMINE Plus according to the
isobutylmethylxanthine, poly-L-lysine, methotraxate and Cy3-manufacturer’s instructions. After 4 hours, the medium was replaced
conjugated mouse anti-Flag M2 antibody were from Sigma (St Louigind the cells were assayed 48 hours post-transfection. For some
MO), G418 and LipofectAMINE Plus from Life Technologies experiments, cells were subcultured after 24 hours into 48-well plates
(Gaithersburg, MD), forskolin and monensin from CalBiochem (Laor on glass coverslips or dishes (see below).

Jolle, CA), cholera toxin B-subunit (CT-B) and anti-CT-B from List

Biological Laboratories (Campbell, CA), Texas Redonjugated o )

transferrin and ProLorig from Molecular Probes (Eugene, OR), and [nternalization and recycling assays

sulfo-biotin-LC-NHS, BCA protein reagent and SuperSignal fromBAR internalization was assayed as described previously (Dunigan et
Pierce (Rockford, IL). Horseradish peroxidase (HRP)-conjugated go&l., 2000; Dunigan et al., 2002). Briefly, cells grown in 24-well plates
anti-rabbit 1gG and streptavidin were from Zymed (South Sarwere incubated at 37°C in 1 ml of DMEM/25 mM Hepes and exposed
Francisco, CA), unlabeled and Alexa Fluor 488-conjugated mous® 1 UM ISO for increasing times up to 30 minutes. The plates were
anti-HA.11 from Covance (Princeton, NJ), rabbit anti-Flag and antiplaced on a bed of ice, rapidly washed twice with ice-cold Dulbecco’s
clathrin heavy chain from Affinity Bioreagents (Golden, CO), andphosphate-buffered saline (DPBS), and incubated inik6DEagle’s
fluorescein-, Cy3- and Cy5-conjugated donkey anti-mouse and antirinimal essential medium (EMEM)/Hepes containing |@ml of
rabbit from Jackson ImmunoResearch (West Grove, PA). (-)BSA and 5 nM fH]CGP-12177 with or without 1AM propranolol
[129]iodocyanopindolol ¥29CYP; 2200 Ci/mmol) was from New at 4°C for 1 hour. The cells were washed as above, dissolved in 1 M
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NaOH and assayed féH and protein. For cells in 48-well plates, all Subcellular fractionation
volumes were reduced by half. We confirmed that binding reachegybcellular fractionation by sucrose density gradient centrifugation
equilibrium for both BHK-{81 and -tB2 cells by varying the time from  was done as described previously (Kassis and Sullivan, 1986) with
5 minutes to 4 hours. Maximum binding occurred in <1 hour and halfmodifications. Cells grown in 75 @flasks were treated as described
maximum binding in 9.6 and 6.6 minutes, respectively. For recyclingihove for internalization, washed and incubated at 4°C in
of internalizedBAR back to the cell surface, cells exposed @M. EMEM/Hepes containing 0.25 mg/ml of ConA for 30 minutes to
ISO for 15-30 minutes were washed twice with warm DMEM/Hepesincrease the resolution of the plasma membranes on the gradients
incubated in the same medium at 37°C for increasing times up to (waldo et al., 1983). The cells were washed, allowed to swell for 10
hour, and assayed for surface receptors as described above. minutes in 1 mM Tris-HCI/2 mM EDTA, pH 7.4, then scraped and

Internalization of CT-B was determined as described preViOUS'WSed in 1 ml of the same solution. Portions (Were layered on
(Fishman, 1982; Orlandi and Fishman, 1998) Briefly, cells in 24-We|{op of discontinuous sucrose gradients formed inxDiBch
plateS were incubated with or without inhibitors for 30 minutes at”tracentrifuge tubes from 1.1,25 and 1.5 ml portions of 15, 30 and
37°C and then with 10 nM CT-B for 30 minutes at 4°C. After the Cell&15% sucrose in 10 mM Tris_HC|Y pH 7.4. The gradients were
were washed with DPBS, some were warmed to 37°C with or withoUWentrifuged in a Beckman SW55Ti rotor at 35,000 rpm for 1 hour at
fresh inhibitors for 1 hour. The cells were incubated with anti-CT-B4°C, and fractions were collected from the top of the gradient and
and then witH29-protein A, each for 1 hour at 4°C followed by three assayed for binding.
washes with DPBS. Finally, the cells were dissolved in 1 M NaOH
and assayed fdy and protein.

Other methods
) Protein was measured using BCA reagent and a microtiter plate assay.

Confocal fluorescence microscopy Cells were assayed for cCAMP accumulation by radioimmune assay
A Zeiss LSM 410 or 510 laser scanning confocal microscope with éFishman, 1982). Membranes were prepared and assayed for adenylyl
63x1.40 NA oil immersion objective was used to examine the cellscyclase activity (Zhou et al., 1995). Cell lysates were assayed for
Viable cells were grown in 35 mm glass-bottomed dishes (MatTek)saturation and competition binding witBACYP (Dunigan et al.,
and on the microscope stage, were maintained at 37°C in Phenol R&D00).ARs were detected by western blotting with rabbit antibodies
free medium and exposed to ISO for increasing times. Otherwis@gainst synthetic peptides corresponding to the C-tail§18R
HEK 293 cells were grown on polylysine-coated coverslips, expose(Ala®>6-Sef75) and B2AR (ValR%4Leutld (Dunigan et al., 2002).
to Texas Red-conjugated transferrin and ISO as indicated in theCells were biotinylated and biotin-labele@ARs detected by
figure legends, washed with ice-cold DPBS, fixed with 4%immunoprecipitation and blotting with HRP-streptavidin as described
paraformaldehyde in DPBS without calcium and magnesium at roomreviously (Dunigan et al., 2002). Unless otherwise indicated, all
temperature for 10 minutes, and washed three times with DPBS. Fekperiments were done with at least two clonal lines, each experiment
antibody staining, the cells were permeabilized with 0.2% Triton Xwas repeated at least three times and within an experiment, each data
100 in DPBS for 10 minutes, blocked with Blotto (3% dry milk and point was done in triplicate. Data were fitted to curves by nonlinear
0.05% Triton X-100 in DPBS) for 20 minutes and incubated withregression analysis and analyzed for statistical significance by a two-
primary and then secondary antibodies in Blotto each for 60 minutdsiledt-test using Prism 3 (GraphPad Software, San Diego, CA).
with 3x5-minute washes with DPBS after each antibody and a
20 minute block in Blotto between antibodies. Concentrations of
antibodies |g/ml) were: anti-HA, 4; anti-Flag, 1; anti-clathrin, 1; Results

anti31AR C-tail, 7, and secondary, 3. The coverslips were mounte ; ; P
on slides with ProLong. In some experiments, HEK 293 cells ¢ %ffect of arrestins on internalization of BAR subtypes

o: ) L

expressing HABIAR and FlagB:AR were stained at 4°C with Cy3- When BHK-; and -1 cells stably expressing similar levels
conjugated anti-Flag (468y/ml) and Alexa Fluor 488-conjugated anti- Of €achPAR subtype were exposed to the agonist ISO, the
HA (2 pg/ml), washed, warmed up to 37°C for 5 minutes andtime-dependent internalization of cell surf&#\R was 2.3-
incubated for 15 minutes in the absence and presence of ISO and tield greater than that @:AR (Fig. 1A). This difference was
fixed. The images were processed using Adobe Photoshop 5.5 or 6dbserved over a wide range of receptor densities (Fig. 1B). The
amount of receptor that was internalized was directly
proportional to the initial receptor density up to ~1.5 pmol/mg
protein of both subtypes, after which saturation appeared to be

using a modification of published methods (Seibold et al., ZOOO[eaChed' Similar differences were observeo_l in HEK A3-h
Dunigan et al., 2002). Briefly, cells were incubated for 3 hours iﬁﬁnd -_TBZ cells although both subtypes were internalized more
phosphate-free medium containing 1a0/ml of [22P]orthophosphate, than in BHK cells (Fig. 1C). It has been reported R
stimulated with 1M ISO for up to 15 minutes, washed and lysed in €xpressed in HEK 293 cells does not internalize upon agonist
1 mM Tris-HCI/2 mM EDTA, pH 7.4, containing 1 mM EGTA, 100 Stimulation (Shiina et al., 2000) whereas others workers found
nM okadaic acid and protease inhibitors. The lysates were centrifugdbat 40% is internalized (McLean and Milligan, 2000). The
at 5009 for 5 minutes and the postnuclear supernatants containingiffering observations may reflect variations in cell strains.
90% of the receptors were mixed wittvolume of 5RIPA buffer To determine the effects of arrestins on agonist-mediated
containing phosphatase inhibitors. The samples were rotated for ﬁernalization, we used cells stably cotransfected with
minutes, centrifuged at 14,000or 20 minutes, and the.superngitants arrestin-2 and eithed1AR or B2AR. Arr2-BHK-hB1 and -1t
containing the soluble receptors were immunoprecipitated with antl'(:ells exhibited 3.2- and 1.6-fold more internalization (Fig. 1D)

BAR antibodies preabsorbed to protein A-agarose (Dunigan et al; N .
2002). The immunoprecipitates were washed four times with RIP, nd expressed ~50-fold more arrestins (data not shown) than

buffer and eluted with SDS sample buffer. The elutes were resolvegHK-hB1 and -tB2 cells, respectively. To compare arrestin-2
by SDS-PAGE and the gels were dried and exposed to a Bio-Rad -3, we used transiently cotransfected BHK and HEK 293
storage phosphor screen-Bl. The screen was scanned and the lab#ledls. In both cell line31AR was internalized less th@2AR,
bands were detected and quantified using a Bio-Rad GS525 Moleculand again internalization was greater in HEK 293 than in BHK
Imager System and Multi-Analysis/PC software. cells (Fig. 2). Co-expression of either arrestin-2 or -3 in BHK

Phosphorylation experiments
Phosphorylation of receptors in BHK3hand -I32 cells was done
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Fig. 2. Effect of arrestins and dominant-negative mutants of arrestin-2
0 L L 1o and dynamin on agonist-mediated internalizatiof-stibtypes. Cells
0 5 10 15 20 25 30 0 5 10 15 20 25 30 were transiently cotransfected with equal amounts of total plasmid
MINUTES MINUTES DNA containing Zem228841AR or $32AR, and either pcDNA3

) ] ) ] ] o (con), pcDNAS-arrestin-2 (arr-2), -arrestin-3 (arr-3), -arrestin-2-(319-
Fig. 1. Comparison of agonist-mediated internalization of receptor 418) (DN-arr), or -dynamin-K44A (DN-dyn). After 48 hours, the

subtypes. Cells stably expresspBihR (@) or B2AR (M) were cells were incubated for 30 minutes with or withowiM 1SO and
exposed to UM ISO for the indicated times or 30 minutes, washed assayed for surface receptors. Results represent the means+s.e.m. of
and assayed foPf]CGP-12177 binding to surface receptors as 3-6 experiments for each condition. Althoyg/aR expression levels
described in Materials and Methods. (A) Time course of varied, they were similar for both subtypes at each condition.

internalization in BHK-IB;, and -2 cells expressing 978+41%6)
and 101&84 (=5) fmol of BAR/mg protein. (B) Effect oBAR
density on internalization. Different clonal lines of BHRsand for B2AR. To determine whether it was also dependent on
-hB2 cells were assayed for the amount of internalization after 30  clathrin-coated pits, we treated stably transfected cells with
minutes of agonist treatment. Some were induced with zinc sulfate two known blockers of clathrin-mediated endocytosis, ConA
for 24 hours. Internalization is plotted as a function of initial surface and hypertonic sucrose (Yu et al., 1993; Pippig et al., 1995).
receptor density. The slopes of the linear regression lines are 196 apd  conA may inhibit clathrin-independent endocytosis
454 fmol/30 minutes/pmol, a difference of 2.3-fold. (C) Same as A (45060 et al., 1993), we also measured the internalization of
:ﬁgef;;%rsqinijffmﬁél%?g;gﬁgglIpsrgze?;?s(g?%;rﬁgeo;‘rgi:@cept cholera toxin B-subunit, which enters cells through caveolae
for Arr2-BHK-hB; and -2 expressing 1680+204¢6) and _(Orland! and Fishman, 1998). Both treatments inhibited the
1310:169 (=5) fmol of BAR/mg protein. internalization of botfBAR subtypes, but did not block that of
cholera toxin B-subunit (Table 1).

cells increased internalization BfAR ~6- to 8-fold an@32AR ) ] )

~2-fold. Significant but smaller increases occurred in HEK 29®ifferences in phosphorylation of BAR subtypes

cells, as internalization of both subtypes was high withouAs arrestin binding t@2AR is facilitated by GRK-catalyzed

arrestin co-expression. These cell-specific differences may lpdosphorylation of the receptor C-tail (Gurevich et al., 1995),

due to BHK cells having no endogenous arrestin-2 and onlywe investigated whetheB;AR was less susceptible than

one-third of the arrestin-3 found in HEK 293 cells, the lattef32AR to phosphorylation. BHK{y and -2 cells, as well

having both in a 2:3 ratio (Santini et al., 2000). as untransfected BHK cells, were labeled with

[32P]orthophosphate, stimulated with agonist for 15 minutes,

) o ) ) and the receptors were solubilized, immunoprecipitated and

B1AR internalization is dependent on arrestins, dynamin analyzed for incorporation of label. No labeled proteins were

and clathrin detected in the immunoprecipitates from untransfected cells

To further establish a role for arrestingifAR internalization, (Fig. 3A). Labeled proteins were detected in the transfected

we transiently cotransfected the cells with each subtype aratlls (Fig. 3A) and identified as receptors by western blotting

arrestin-2-(319-418), a dominant-negative mutant containingnot shown). Whereas agonist stimulation increased the

the C-terminal clathrin-binding domain. Expression of thephosphorylation offf2AR 3-fold, it had no effect on the

mutant totally blocked agonist-mediated internalization ofphosphorylation o3:AR (Fig. 3B). The phosphorylation of

B1AR in BHK cells and significantly reduced it in HEK 293 B2AR was rapid, reaching a maximum level in 5 minutes

cells as well as blocking internalization @fAR in both cell whereas that of1AR showed little change (Fig. 3C).

lines (Fig. 2). Similar results were obtained when dynamin-

K44R, a dominant-negative mutant defective in GTP binding, o

was co-expressed. Thus, the internalizatiof18R appeared ~Characterization of B1AR-GFP

to be dependent on arrestins and dynamin as has been folfal visualizing the endocytic route used IByAR, we
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Table 1. Effect of ConA and hypertonic sucrose on A
internalization of B1AR and B2AR and cholera toxin B-

subunit in BHK cells kDa

% Internalized #hm= - . Ly .
Treatment Bi1AR B2AR CT-B 2 <4
None 24.9+35  60.6:2.1 34.646.2 =
0.25 mg/ml Con A 4.85+1.9 14.8+4.75 39.145.4*
0.6 M Sucrose 1.92+3.6 31.1+1.6 35.8+5.1*
IS0 - + - + - B

Cells expressing1AR or 32AR were treated with the indicated inhibitor
for 30 minutes, incubated in the absence and presengeMfi$O for an Cells BHK BHK-hp, BHK-hj,
additional 30 minutes and assayed for surface receptors as described in
Materials and Methods. In addition, some of the cells were incubated with
10 nM CT-B for 30 minutes at 4°C, washed and either kept at 4°C or warmed
in medium containing fresh inhibitor for 1 hour, and assayed for surface
CT-B. Results shown represent the meanzs.e.m. of three to five independent
experiments. *Not significant compared with no inhibitor.

—e— f4AR

w

[X]

constructed #1AR-GFP chimera in which GFP was fused to
the C terminus of the receptor, transfected BHK cells with th:
construct and isolated clonal cell lines stably expre§siA&R-
GFP. We analyzed several different clonal lines and found tF 0 T a e
pharmacological and functional propertieBohR-GFP were Lo BAR MINUTES

very SImII.ar. to those of .Wl.ld-typzﬁlAR (Fig. 4). Both ha_d a Fig. 3. Differences in agonist-stimulated phosphorylatiof @R
similar affinity for the radioligané?3CYP and the1-selective -

! . andp2AR in BHK cells. Untransfected cells and cells stably
antagonist CGP-20712A, where@sAR-GFP had a slightly  gypressing; AR or B2AR were incubated for 3 hours with
lower affinity for the agonist ISO (Fig. 4CB1AR-GFP was  [32pjorthophosphate, incubated with or withoytN 1SO for 15
functional as it mediated agonist-stimulated cAMP formatiorminutes or the times indicated, washed and lysed. After
in intact cells (Fig. 4D) with a similar Bgvalue but a one- solubilization, receptors were immunoprecipitated with antibodies to
third lowerVmax value compared with wild-typiAR. When  B1AR (BHK and BHK-IB; cells) orB2AR (BHK-hp2 cells) and
cell membranes were assayed for adenylyl cyclase activitpeparated by SDS-PAGE. Receptor phosphorylation was detected on
the respective E€3 and Vmax values were not significantly the dr!ed gels and quantified by phosphor_lmaglng as dgscrlbed in
different (data not shown). FurthermoreBiAR-GFP Mgtelrlgls and Metfhods. (A) Alrep(rjelssegtatlve gdrays”cale imagPof
underwent agonist-mediated internalization but not ad@Peled receptors from control an treated cells.

. mmunoprecipitates of equal amounts of protein (0.5 BiAR (0.6
effectively asB2AR-GFP (30% versus 78%). Thus both GFP- mol) or32AR (0.45 pmol) were loaded on the gel. (B) Summary of

tagged subtypes were internalized ~2-fold more than thejfe quantification of receptor phosphorylation. Results are expressed
wild-type counterparts (compare with Fig. 1A) without anyas fold stimulation by agonist and are the meansts.e.m. of three
change in the rates{t3 minutes for all). Possibly, the increased separate experiments. (C) Time course of agonist-stimulated
size of the C terminus makes the receptors more susceptilpeosphorylation op1AR (@) andB2AR (M) in BHK cells. Results
to agonist-mediated internalization. Our results differ fromshown are from a single experiment.
another study using stably transfected HEK 293 cells in which
eachBAR-GFP internalizes more slowly than its wild-type
counterpart but to the same extent (McLean and Milliganpredominantly appeared on the cell surface with some
2000). intracellular fluorescence localized mostly in small vesicles
Western blotting was used to determine whether all tharound the perinuclear region (Fig. 5, top row). When the cells
receptors in cells expressifgAR-GFP contained the GFP tag were exposed to ISO, there was a modest decrease in surface
and retained it during agonist-mediated internalization. Wildfluorescence and small punctate structures appeared in the
type B1AR appeared as a doublet of 57 and 74 kDa proteinsytoplasm. Even after 20 minutes, howev@iAR-GFP
that increased to 86 and 97 kDa faAR-GFP (not shown). mostly remained at the cell surface. In unstimulated cells
The increases are consistent with the 28 kDa mass of GFP. Teepressing (2AR-GFP, there was more intracellular
receptors from control and agonist-treated cells appeared tflaorescence than in cells expressiBgAR-GFP (Fig. 5,
same and there was no evidence of wild-type receptors beisgcond row). Upon agonist stimulation, there was a rapid and
expressed or generated in cells transfected with GFP-taggestensive redistribution of cell surfag@AR-GFP to large
receptors. perinuclear structures, and by 20 minutes, only a faint surface
fluorescence remained. When we co-expressed arrestin-2 (Fig.
5, third row) or arrestin-3 (Fig. 5, bottom row) in the cells, the
Visualization of B1AR and B2AR internalization agonist-mediated redistribution ¢ AR-GFP was greatly
Having confirmed thaBiAR-GFP was similar to wild-type enhanced and by 20 minutes very little surface fluorescence
B1AR, we used confocal fluorescence microscopy to visuallyvas visible. The internalize@AR-GFP, however, appeared
follow the internalization of the receptor upon agonistin smaller, more peripheral structures tHaA\R-GFP. Co-
stimulation. In unstimulated BHK cells,f1AR-GFP  expression of arrestins had little effect @»AR-GFP

B AR PHOSPHORYLATION
(fold increase)




728  Journal of Cell Science 117 (5)
% ]
g 2 B 3
s 1.3
o 480 @
§ o]
c
[=] —60 =
= -
—40 X
[11]
3 lo &
2] —20 g
8 u - -
0 1 1 1 1 1 1 1y 30
0 25 S0 75 100 125 150 O -0 9 -8 -7 £ -5

BICYP (pM) LOG [CGP-20712A], (M)
Ja0
-g-100—§ﬂ c D -
S sl 9 z
O., 80 —&0 3
60} o
z H40 =
o o
m 40F ) i
o | o
5 420 F
g 2 | =
o all .
PP EETT EEPTTY R e
ot g o g g s
LOG [I1SO], (M) LOG [1S0], (M)

Fig. 4. Pharmacological and functional properties of wild-tffpa&R
andPB1AR-GFP. BHK cells stably expressifigAR (O) andB1AR-
GFP @) at ~0.7-1 pmol/mg protein were assayed for binding or
cAMP accumulation as described in Materials and Methods.

0 5 10 20
Time with agonist (minutes)

Fig. 5. Visualization of agonist-mediated internalizatiorfeAR-
andB2AR-GFP. BHK cells stably expressifigAR-GFP (top row) or
B2AR-GFP (second row) @1AR-GFP and transiently co-expressing
arrestin-2 (third row) or arrestin-3 (bottom row) were observed by
confocal fluorescence microscopy during stimulation witMLISO

for 0, 5, 10 and 20 minutes at°87as described in Materials and
Methods. Whereas agonist treatment resulted in the redistribution of
most off2AR-GFP from plasma membrane to large perinuclear
vesicles, there was little redistribution®AR-GFP until arrestin-2

(A) Saturation binding of radioligand. Cell lysates were incubated foP" -3 Was co-expressed. Under these conditions, m@shéi-GFP

3 hours at 3%C with increasing concentrations 8ACYP with or
without 10uM propranolol.Kq values for ICYP were 18.2+3.0 and

20.4+1.9 pM P>0.05). (B) Antagonist competition binding. Same as

A except ~30 pM2ZICYP and increasing concentrations of CGP-
20712A were used; values for CGP-2012A were 9.7+3.9 and

14.1+£3.0 nM P>0.05). (C) Agonist competition binding. Same as B

except ISO plus 10AM GTP were usedq values for ISO were

57.0+1.4 and 87.6+3.4 nMPE0.002). (D) Cells were incubated with

increasing concentrations of ISO or 304 forskolin for 10 minutes
and assayed for CAMP. EBgvalues for ISO were 0.80+0.1 and
1.264+0.3 nM P>0.05).VmaxVvalues for ISO as a percentage of
forskolin stimulation were 74.7+1.3 and 50.0+£3.6940.002). A
representative experiment is shown in each panel. Values are the
meansts.e.m. of 3 or 4 experiments.

appeared in small, peripheral vesicles that were distinct from those
containingB2AR-GFP. Bar, 1qum.

with an anti-clathrin antibody (Fig. 6J-R), we were able to
observe considerable colocalization (yellow) RAR-GFP
(green) and clathrin (red) in control cells (Fig. 6J-L) and ISO-
treated cells without (Fig. 6M-O) and with (Fig. 6P-Q)
arrestin-2.

In order to exclude the possibility thBiAR-GFP may
traffic differently than wild-type31AR, HEK 293 cells were
cotransfected with HA1AR, Flagf2AR and arrestin-2 (to
enhancd3;:AR internalization), incubated for 15 minutes with
and without agonist, fixed, permeabilized and stained with
anti-HA and anti-Flag antibodies and fluorescent second

redistribution (data not shown). Thus, the qualitativeantibodies (Fig. 7A-F). We also incubated the cells°& 4
fluorescence results were consistent with the quantitativeith fluorescent anti-HA and anti-Flag antibodies, warmed
binding data shown in Figs 1 and 2. them up for 15 minutes with and without agonist, and then
To further identify thg31AR endocytic pathway, HEK 293 fixed them (Fig. 7G-L). In unstimulated cells, both B£AR
cells were transiently transfected WatAR-GFP alone or with  and FlagB2AR were localized to the plasma membrane with
arrestin-2. The cells were exposed to TexastRkdbeled only modest colocalization (Fig. 7C,l). In agonist-stimulated
transferrin, an established marker for clathrin-mediatedells, HAf31AR was redistributed to small endosomes as
endocytosis, incubated with or without agonist, fixed andad been observed f@1AR-GFP (Fig. 7D,J). In contrast,
processed for immunofluorescence (Fig. 6A-1). In unstimulate&lag{3,AR in the same cells was redistributed to larger
cells, B1AR-GFP (green in Fig. 6) was mainly on the surfacegndosomes (Fig. 7E,H) and had little localization with HA-
transferrin (red) was mostly in endosomes and colocalizatiof:AR (Fig. 7F,L). Similar results were obtained with HEK
of the two (yellow) was minimal (Fig. 6A-C). In agonist- 293 cells stably expressing HB»AR and co-transfected with
treated cells, localization of transferrin wiitAR-GFP in  B1AR and arrestin-2, stained with anti-HA and gBitAR C-
endosomes was enhanced (Fig. 6D-F). Co-expression il antibodies and fluorescent second antibodies (Fig. 7M-
arrestin-2 increased both the internalizatioB#R-GFP (Fig. Q). Even though botlBi1AR (green) and HA32AR (red)
6G-1) and the extent of its localization with transferrin (Fig. 6Fwere cleared from the plasma membrane by agonist
compared with 6l). As was observed in BHK cglsAR-GFP  stimulation, colocalization (yellow) was not extensive (Fig.
appeared in small vesicles and when we stained similar celld-R).
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Fig. 6. Colocalization of3;AR-GFP with transferrin and

with clathrin. (A-1) HEK cells transiently transfected with
B1AR-GFP without (D-F) or with (A-C,G-I) arrestin-2 were
incubated at 4C with Texas Red-labeled transferrin

(20 pg/ml) for 30 minutes and with IM 1SO at 37°C for
another 20 minutes (D-1). The cells were washed and fixed
as described in Materials and Methods. The distribution of
B1AR-GFP (green) and transferrin (red) was examined
using a confocal microscope. Colocalization of transferrin
with B1AR-GFP (yellow) can be observed in the merged
images. (J-R) Same as A-l except transferrin was omitted
and the cells were permeabilized and stained for clathrin
(red) with rabbit anti-clathrin followed by Cy5-conjugated
anti-rabbit (color changed from blue). Colocalization of
clathrin with:AR-GFP (yellow) can be observed in the
merged images. Scale baiH.

cells were similarly assayed, differences were
observed in the distribution hAR and(2AR (Fig.
8C,D). As expected,2AR was about equally
distributed between the plasma membrane and
endosomal fractions; in contrast, m@i&R remained

in the plasma membrane fractions and the distribution
was ~2:1. In addition, most of tfl2AR (88.3+3.3%,
n=3) remaining in the plasma membrane fractions was
detected by 3H]|CGP-12177 binding, whereas only
63.7+4.2% (=4) of the31AR was detected.

As the procedure separates subcellular organelles
mainly by their density, it appeared that some of the
internalized3:AR was in structures that sediment with
the plasma membranes. To rule out the possibility that
some1AR had not undergone endocytosis, but was
still on the plasma membrane and only inaccessible to
the hydrophilic radioligand, we used a biotinylation
procedure that differentiates between cell surface and
internal proteins. Briefly, control and agonist-treated
cells were labeled at'€@ with a non-permeable biotin
o _ ) o derivative that reacts with amino groups, then lysed
B-Subtypes differ in agonist-mediated redistribution to and extracted with detergeARs in the soluble extracts were
subcellular fractions immunoprecipitated with anfAR antibodies, separated by
The redistribution of receptors from plasma membranes t8DS-PAGE and detected by blotting with HRP-streptavidin
endosomes in response to agonist can also be determined(Byg. 9A). The biotinylation of botif31AR and B2AR was
using sucrose density gradient centrifugation to separateduced in the agonist-treated cells and the decreases were
subcellular fractions (Waldo et al., 1983; Kassis and Sullivangssentially the same as the decreases3tjCGP-12177
1986; Marullo et al., 1999). Initially, we used linear 15-40%binding (Fig. 9B). By contrast in cells first labeled with biotin
sucrose gradients but were unable to resolve plasmend then exposed to agonist, the levels of biotin-labeled
membranes from endosomes. We then tried discontinuoweceptors were similar to those of control cells. This is
gradients (Kassis and Sullivan, 1986) and readily observed thebnsistent with the loss of surface receptors by internalization
B2AR from agonist-treated BHK cells appeared in both densand not by down-regulation. As we assayed the cells for
and light gradient fractions, but were unable to detect a simild2jCYP binding in the same experiments, we confirmed there
distribution off1AR (data not shown). This may be because ofwas little if any down-regulation during the initial 15-30
the limited internalization of1AR in BHK cells (Fig. 1A). minutes of agonist treatment (mean + s.e.m. AR,
Therefore, we turned to Arr2-BHKEh and -Iff2 cells, in  96.4+1.8 and fof2AR, 97.1+2.1% of controln=6-8).
which agonist-mediated internalization is >50% for both
subtypes (Fig. 1D). In fractionated control cells assayed for
129CYP binding, the bulk of each subtype appeared in th&ecycling of B1AR and B2AR differ in sensitivity to
dense gradient fractions with small amounts in the lightemonensin
fractions near the top of the gradients (Fig. 8A,B). When thés the two subtypes appeared to be sorted to different
fractions were assayed foPH]JCGP-12177 binding, the endosomal compartments, we determined whether they also
hydrophilic radioligand bound to the receptors in the dense buliffered in their ability to be recycled. We exposed BHk-h
not in the light fractions. When fractions from agonist-treatecand -i32 cells to ISO for 30 minutes to induce maximum
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Fig. 7. Agonist-mediated endocytosis @fAR and
B2AR co-expressed in HEK 293 cells. Three
different approaches were used to show the
distribution of31AR (left panels) an@:AR (middle
panels) and any colocalization (right panels) in
control cells (-ISO) and cells stimulated witfu¥
ISO for 15 minutes (+ISO). (A-F) Cells stably
expressing HAB1AR were transiently transfected
with Flagf32AR and arrestin-2, incubated with and
without agonist, washed and fixed. The cells were
then processed for immunofluorescence as described
in Materials and Methods. HB:AR (red) and Flag-
B2AR (green) are shown separately and as merged
images to show colocalization (yellow). (G-L) The
same as described above except the cells were
incubated at 4C with fluorescent anti-HA and anti-
Flag, washed, warmed up for 5 minutes, incubated
with or without agonist and fixed. HB:AR (green)
and FlagB2AR (red) are shown separately and as
merged images to show colocalization (yellow).
(M-R) Cells stably expressing HB2AR were
transiently transfected wifBrAR and arrestin-2,
incubated with or without agonist, washed, fixed and
processed for immunofluorescenpeAR (green)

and HAB2AR (red) are shown separately and as
merged images to show colocalization (yellow).

the internalization of the humafiAR is
dynamin- and arrestin-dependent and via the
clathrin-mediated endocytic pathway. We
showed that in both BHK and HEK 293 cells

co-expression of arrestin-2 or -3 enhanced
kS B1AR internalization to equal that dB,AR
e whereas co-expression of dominant-negative
2 mutants of arrestin-2 or dynamin inhibited
AR B1AR internalization. Arrestins act as adaptor
proteins betweell,AR and the clathrin AP-2

adaptor complex and thus promote receptor
B1AR BAR Merged endocytosis via clathrin-coated pits (Goodman

et al., 1996; Laporte et al., 2000). Our results

internalization, washed out the agonist and allowed recyclingndicate that arrestins function in the same way [FoAR.
to occur for increasing times (Fig. 10A). While both subtype®ynamin-dependent endocytosis was initially associated with
recycled back to the cell surface, the exterfi8fR recycling  clathrin-coated pits (Zhang et al., 1996) but dynamin also is
was very small because of its limited ability to be internalizedinvolved in caveolae-mediated uptake (Henley et al., 1998; Oh
To increase internalization, recycling was measured in Arr2et al., 1998). We found, however, that two known blockers of
BHK-hp1 and -2 cells and both subtypes were found toclathrin-mediated endocytosis inhibit@dAR internalization.
recycle with similar kinetics (Fig. 10B). The respectiée B2AR, which undergoes clathrin-mediated endocytosis, and
values (means + s.e.mm=3-5) were 13.8+1.4 and 13.7+1.3 CT-B, which is internalized through caveolae, served as
minutes. Similar results were obtained with HEK 2@3-nd  positive and negative controls, further reinforcing our
-hB2 cells (Fig. 10C); thet! values were 10.8+1.2 and conclusion. Caveolae were of particular interest as both
10.7+1.25 minutes. For both subtypes, a greater proportion stibtypes are localized to these membrane microdomains when
the internalized receptors was recycled in HEK 293 than iexpressed in COS cells (Schwencke et al., 1999) and BHK and
Arr2-BHK cells. In the presence of monensin, an inhibitorHEK 293 cells (Shor et al., 2001). Although the latter cells are
of recycling (Pippig et al., 1995)B,AR recycling was reported to lack caveolin, they contain caveolae-like structures
substantially reduced in both cell lines whereas monensin had which heterologously expressgiiAR and [2AR are
little if any effect onf1AR recycling (Fig. 10C,D). Although targeted (Rybin et al., 2000). Others have reported the presence
we initially used 10uM monensin (Pippig et al., 1995), we of caveolins in HEK 293 cells (Roseberry and Hosey, 2001,
found that 1QuM was as effective at inhibitin@pAR recycling.  Shor et al., 2001).

To directly visualize endocytosis, we constructeiAR-

) ) GFP that had properties similar to wild-typeAR. We showed

Discussion colocalization of the chimera with clathrin and with transferrin.
We present evidence for two major conclusions. The first is th&lthough we now have established tiffaAR uses the same
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250 i 250 o0

200 40 200 40
Fig. 8. Subcellular fractionation of control and L |
agonist-treated cells by sucrose density gradient 150 30 150 30
centrifugation. Arr2-BHK-81 (A,C) and -If8> (B,D) T I .
cells were induced with zinc sulfate for 24 hours.  § mo_ 20 E 100_ 20
Lysates prepared from control cells (open symbols) § s 1 @ B =0 1 e
and cell treated with 1SO for 15 minutes (closed -E - 10 § E 1 10 ,%u
symbols) were fractionated by sucrose density g0 Js0 O 'g M 50 I%
gradient centrifugation and the fractions assayed fors 2% C oo & 20 m
binding with123CYP (O,0,@ M) and PH]CGP- 2 0l 2 108 % o
12177 (\,V,A,V) along with the sucrose a | Ve ] a ]
concentration{,®) as described in Materials and 1501 e 30 150 30
Methods. Distributions of total receptors between “o0l. ] 100 1
plasma membrane and endosomal fractions were for 20 I 20
B1AR: control, 82.7+0.6 and 17.3+0.6%; 1SO- sof 1 50
treated, 63.1+3.6 and 36.9+3.6%=4); and for RN y, {10 e A el 10
B2AR: control, 87.8+2.4 and 12.2+2.4%; ISO- o e s R BT
treated, 49.0£1.1 and 51+1.1%=Q3). FRACTION FRACTION

endocytic pathway d%AR, this could not be deduced a priori.

In fact, given the well-documented quantitative differences ir A s m
their internalization, it was equally possible that each subtyp

used a different pathway. Also, considering the many studie 90w

comparing the internalization of the subtypes, it is somewhz e W e
unexpected that the endocytic route @AR had not been RAR RAR
previously identified.

Although quantitative differences in agonist-mediated
internalization of31AR and2AR are well documented both
here (Fig.1) and elsewhere (Suzuki et al., 1992; Green ar
Liggett, 1994; Zhou et al., 1995; Shiina et al., 2000), the
underlying basis has not been completely identified. Wi
showed that the endocytosis®fAR was increased to that of
B2AR by co-expressing arrestins. Our results differ from thos
of other workers who found that arrestin-2 or -3 co-expressio
in HEK 293 cells has little effect of1AR internalization
(Shiina et al., 2000). They also found that arrestins have a low
affinity for B1AR than B2AR, that arrestins recognize the i
receptor C-tails and third intracellular loops, and that usin 0
chimeras, these two regions have the most influence ¢ B AR BLAR
internalization. We obtained similar results when we expresseu
the same chimeras in BHK cells (unpublished observations). Fig. 9. Detection of agonist-mediated internalizatiorBesubtypes
had been shown that deletion of a proline-rich region in th&Y cell surface biotinylation. Arr2-BHK{h and -3 cells were
third intracellular loop of31AR increases its internalization induced with zinc sulfate for 24 hours, incubated with or without
(Green and Liggett, 1994), and that GRK-catalyze HM ISO for 15 mlyutes, and subjected to cell surface biotinylation
phosphorylation of theB,AR C-tail promotes binding of or 30 minutes at 4°C, or biotinylated first and then exposed to

- . - - agonist. The cells were lysed, extracted with detergent and clarified
arrestins (Gurevich et al., 1995). Arrestins also bind to nonﬁy centrifugation. The soluble receptors were immunoprecipitated

phosphorylated3,AR with lower affinity (Gurevich et al., yjith antibodies t@1AR or B2AR C-tail preabsorbed to protein A-
1995) and rescue the internalizatiorBeAR mutants in which  agarose. The bound receptors were subjected to SDS-PAGE and
the potential GRK phosphorylation sites are removed bylotting with HRP-streptavidin followed by chemiluminescence
substitution or truncation (Ferguson et al., 1996). Thusletection and densitometry. In addition, portions of the lysates were
differences betweefiAR andB2AR as substrates for GRK- assayed fot?4CYP binding, and separately, intact cells were
mediated phosphorylation may explain their dissimilar@ssayed for’HJCGP-12177 binding, to quantify the amounts of total
capacities for arrestin-dependent endocytosis. In support of t%gé”fé“(?i';i‘)j f:i‘;f%%’;ffo(l@eﬁ;%)s ?;Lﬁfgﬂ;?gi&ﬁﬁs(gﬁﬁnd
o . : , ,
Ic;osnsctehp;,netgg?lgézsAtgwiunla;enggggpchec?g '?é'ﬁiﬁf; ';Lr,ngggl) biotinylated(I/B) and cells biotinylated and treated with IS&).

. ; . S qgual amounts of receptor (10 fmol of tff&R) were loaded on the
and we found that in BHK cells, agonist stimulation increased (B) Summary of the quantification of cell surface receptor

the phosphorylation d82AR by 3-fold, but had little effect on  jytemalization by H]CGP-12177 binding and biotinylation by

the phosphorylation #1AR. densitometry). Values are expressed as percentage of control and
Our other major finding is that although both subtypes usgepresent the meanszts.e.m. of three separate experiments, each

the same pathway of endocytosis, they are sorted to differea¢sayed in triplicate.
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was not proportional. Some of the internalifedR remained

9 olv, ool A Arr2-BHK Cells B—aom in the plasma membrane-containing fractions, but inaccessible
38 'V d E to the hydrophilic }H]CGP-12177. As this pool @1AR was
Eg ool Y\ o = not labeled by surface biotinylation of intact cells, it most
s o \ g probably represents internalized receptors in vesicles that co-
E% 600} 8 sediment with the plasma membranes. In some ways, these
ég T 8 vesicles resemble the peripheral endosomes in wBiAR
& 300F washout v:“hr.?::t o~ accumulates when internalization is done at low temperatures
- Agonist % 1 (Marullo et al., 1999). The latter are smaller and denser than
T T Y T R TR R TR R R the perinuclear endosomes to whiiiAR is targeted at 37°C.
MINUTES MINUTES Finally, when we compared the recycling of the two
[ D_“}D subtypes, we found that recycling BJAR was monensin-
s o HEK 293 Cells  C C—ICON oo sensitive whereas recycling @:AR was not. Although
8 m— MON ':‘;; monensin acts by inhibiting endosomal acidification, it blocks
g . 0= recycling but not dephosphorylation B$AR (Pippig et al.,
£ 3 1995). This is somewhat unexpected as during the recycling
s 0% processB2AR is dephosphorylated by a specific endosomal-
5 { & associated phosphatase and neutralization of the endosomes
= 20 with NH4Cl blocks the dephosphorylation (Krueger et al.,
1997). Thus, monensin must be acting at a later step in the
0 10 20 30 40 50 60 0 recycling pathway. As to the effect of endosomal pH on the
BsAR  BAR  B4AR  BrAR R R . N
MINUTES dephosphorylation of cytoplasmic domains of the receptor, it

HEK 293 Arr2-BHK P . .
" has been proposed that endosomal acidification induces a

Fig. 10.B1AR andB2AR recycle with similar kinetics but differ in conformational change in the receptor that facilitates the

sensitivity to monensin. Cells stably expres$ia§R andf32AR interaction of the phosphatase with the cytoplasmic domains
were treated with iM ISO for 15-30 minutes to induce maximum (Krueger et al., 1997).

internalization, washed to remove the agonist and allowed to recycle ope possible explanation for the dissimilar effects of

for the indicated times. The cells were then assayed for surface ; ; ; :
Lo ; . monensin on recycling by the subtypes is that they traffic to
receptors as described in Materials and Methods. RecycliBgA& di : . .
: ifferent populations of recycling endosomes that vary in
(@) andB2AR (M) in (A) BHK cells and (B) Arr2-BHK cells. (C) S . - -
Recycling ofB1AR (O,®) andR2AR (C,M) in control and sensitivity to monensin. Although there is evidence for more

monensin-treated HEK 293 cells. Cells were treated withM00 than one recycling pathway, they have different kinetics.
monensin (closed symbols) for 30 minutes before adding agonist, Many GPCRs includingB2AR are recycled with rapid
and monensin was present during the recycling period. (D) Summarkinetics whereas others, typified by the vasopressin V2
of BAR recycling in control and monensin-treated cells. Values are receptor, are recycled very slowly via a distinct ‘long’
expressed as the percentage recycling of internalized receptors, anggathway (Innamorati et al., 2001). Given the almost identical
represent the meanszs.e.m. of 3-5 independent experiments. tL values for recycling o1AR andB2AR in two different cell
Differences between control and monensin-treftédR-expressing lines, it is unlikely thaP1AR is taking the ‘long’ pathway. A
cells were not significantP<0.01; **P<0.001. second possibility that is consistent with our other findings
is that after endocytosis, B1AR, not requiring
dephosphorylation, is targeted by default to recycling
endosomal compartments. The following supports thiendosomes wherea,AR has to traffic through the
conclusion. First, using confocal fluorescence microscopy, weephosphorylation compartment before entering the
observed that in response to agonist stimulatippAR  recycling compartment. It is this latter step that may be
appeared in small cytoplasmic vesicles close to the celhhibited by monesin. As is discussed below, recycling of
membrane whereaB,AR accumulated in large perinuclear B2AR requires binding of a specific sorting protein to its C-
vesicles. It is unlikely that the quantitative differences interminus after the latter has been dephosphorylated. Binding
subtype internalization account for the qualitative difference irmay depend on a pH-induced conformation of the receptor
trafficking as co-expression of arrestin-2 increaggdR  that is blocked by monensin, and results in dissociation of the
endocytosis without affecting its trafficking. When both sorting protein and interruption of receptor recycling.
subtypes were co-expressed in HEK 293 cells, the differencesThere is substantial evidence that the endocytosis and
in subcellular distribution were very obvious as was the limitedubsequent trafficking of GPCRs are determined and
colocalization. The latter indicates that there is some sharingpntrolled by the interactions of cellular ‘sorting’ proteins with
of endosomal compartments by the two subtypes. Probabgpecific cytoplasmic sequences in the receptors (Tsao et al.,
sharing occurs early after endocytosis as colocalization of ea@®01). The C-terminal four residues (DSLL)AR represent
subtype and transferrin is observed. Second, the cells weaebinding motif for PDZ domain-containing proteins of the
subjected to subcellular fractionation by sucrose densitiNa*/H*-exchanger regulatory factor (NHERF) family, and
gradient centrifugation, which separated more dense plasméhen the motif is mutated or phosphorylated by GRK-5,
membranes from less dense endosomes. WheBedR  receptor trafficking is shifted from recycling to degradation
redistributed from the plasma membrane fractions to th€Cao et al., 1999B31AR also terminates in a PDZ-interacting
endosomal fractions in proportion to the amount of agonistsequence (ESKV) that is recognized by PSD-95 and MAGI-2,
mediated internalization that it underweBitAR redistribution ~ which  respectively inhibits and enhances receptor
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internalization (Hu et al.,, 2000; Xu et al., 2001). TheGagnon, A. W, Kallal, L. and Benovic, J. L.(1998). Role of clathrin-
interaction between PSD-95 afidAR is inhibited when the mediated endocytosis in agonist-induced down-regulation of (the

; adrenergic receptod. Biol. Chem273 6976-6981.
sequence is phosphorylated by GRK-5 (Hu et al., 2002). BOtEoodman,go_ B. Jpr, Krupnick, J. G., Saantini, F., Gurevich, V. V,, Penn, R.

P_SD'95_ and MAGI-2 are only expressed in h'_ghly B., Gagnon, A. W,, Keen, J. H. and Benovic, J. I(1996).3-Arrestin acts
differentiated cells such as neurons where they function asas a clathrin adaptor in endocytosis of faeadrenergic receptoNature

post-synaptic scaffolding proteins. Finally, mutation of the 383 447-450.

PDZ motif of mouse BlAR enhances agonist-mediated Green, S. A. and Liggett, S. B(1994). A proline-rich region of the third
intracellular loop imparts phenotypifi-versus 3>-adrenergic receptor

'endocytoslls In mouge Card,lac myocytes, and the mufiaédl coupling and sequestratiod. Biol. Chem269, 26215-26219.
is able to interact with Xiang et al., 2002). Gurevich, V. V,, Dion, S. B., Onorato, J. J., Ptasienski, J., Kim, C. M.,

In summary, we have demonstrated that the agonist- Steme-Marr, R., Hosey, M. M. and Benovic, J. L.(1995). Arrestin
mediated endocytosis of the hum@AR was through interactions with G protein-coupled receptors. Direct binding studies of wild

AL ; L .~ type and mutant arrestins with rhodop$iradrenergic, and m2 muscarinic
clathrin-coated pits and was both arrestin- and dynamin cholinergic receptorsl. Biol. Chem270, 720-731.

dependen'g. Although the same mechanism is used f@fansen,s.H., Sandvig, K. and van Deurs, BL993). Molecules internalized
endocytosis of the humdBpAR, the two subtypes are sorted by clathrin-independent endocytosis are delivered to endosomes containing

to different endosomal compartments. In turn, this transferrin receptorsl. Cell Biol. 123 89-97.

isati have phvsiological conse uencé—genley, .J: R., K(ueger, E. W.,_ Os_wald, B. J. and McNi_ven, M. A(1998).
compartmentalization may pry 9 4 Dynamin-mediated internalization of caveoldeCell Biol. 141, 85-99.

b_y pro_wdmg each subtype_ Wl_th a dlfferen_t milieu for alternatqm’ L. A., Chen, W.. Premont, R. T., Cong, M. and Lefkowitz, R. %2002).
signaling and further trafficking. In cardiac myocytes, each G protein-coupled receptor kinase 5 regulafasadrenergic receptor
subtype has a different physiological rgl@AR only couples association with PSD-95. Biol. Chem277, 1607-1613. _

to Gs, does not activate ERK and is pro-apoptotic, whereadu: L. A., Tang, Y., Miller, W. E., Cong, M., Lau, A. G., Lefkowitz, R. J.

. : : . and Hall, R. A. (2000).1-Adrenergic receptor association with PSD-95.
B2AR couples to both &and G, activates ERK and is anti Inhibition of receptor internalization and facilitation @h-adrenergic

apOp_tOtiC (Xiao, .2000; ZhU. et al, 2(_)01; Shizukuda and receptor interaction with N-methyl-D-aspartate receptarsBiol. Chem.
Buttrick, 2002). Finally1AR is more resistant thglpAR to 275, 38659-38666.
agonist-mediated down-regulation (Suzuki et al., 1992; Zhotnnamorati, G., Le Gouill, C., Balamotis, M. and Birnbaumer, M. (2001).

. ; The long and the short cycle. Alternative intracellular routes for trafficking

etal., 1995; Dunigan et al., 2002). Thus, each subtype may be "5 5 o ied receptors. Biol. Chem276, 13096-13103.

in endosomes that differ in their trafficking to lysosomes. ;3 . Gagnon, A. W., Penn, R. B. and Benovic, J. L(1998).

Visualization of agonist-induced sequestration and down-regulation of a
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adrenergic receptor: analysis of receptor redistribution on nonlinear sucrose
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