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ABSTRACT. Prolonged agonist exposure often induces downregulation of G protein-coupled receptors
(GPCRs). Although downregulation of the prototypiBaladrenergic receptoff$AR) has been extensively
studied, the underlying mechanisms have yet to be resolved. As even less is known afSesitbiype,

we investigated the downregulation of hum@#AR stably expressed in Chinese hamster fibroblasts in
response to the agonist isoproterenol or the cell-permeable, chlorophenylthio-cAMP (CPT-cAMP). While
either effector mediated decreases in b®tAR binding activity and steady-stafgAR mRNA levels,

there were significant differences in their actions. Whereas agonist-mediated downregulati@Rof
followed first-order kinetics, that induced by CPT-cAMP was delayed for several hourss0fb of the

former. Furthermore, agonist but not CPT-cAMP induBe8iR internalization, and inhibiting internalization

also suppressed agonist-mediated downregulation. The latter, however, was more sensitive than the former
to agonist concentration (Egof 0.3 vs 48 nM). Thus, at1 nM agonist, downregulation occurred without
internalization and with a pattern similar to that mediated by CPT-cAMP. The amounfsAst
downregulated or internalized were proportional to initial receptor levels but reached saturati@n at

and 3 pmol/mg of protein, respectively. The fatef@fAR protein during downregulation was determined

by immunoblotting with anti-C-terminal antibodies. In agonist-treated cglIl&R protein disappeared

with time and without any immunoreactive degradation products. Agonist-mediated downregulation of
the humanB;AR appears to be a complex process that consists of both agonist- and cAMP-specific
components. The former involves both receptor internalization and degradation whereas the latter involves
a reduction in receptor mRNA.

The humans,-adrenergic recepto3¢AR)! has been the  exposure and operationally has been defined as a loss of total
prototype for elucidating mechanisms of regulation of GPCRs cellular binding activity as most studies do not distinguish
(1). Following agonist stimulation3,AR undergoes desen- between receptor inactivation and degradation. The fate of
sitization, internalization, and downregulation. Although the the receptor protein, however, remains uncléaé) as does
three regulatory processes are temporally and mechanisticallythe relationship between endocytosis and downregulation of
distinct, they all serve to attenuate receptor signaling. 8,AR (7). Using confocal fluorescence microscopy, both
Desensitization is initiated by phosphorylationBAR by green fluorescent protein- and epitope-taggedR have
protein kinase A (PKA) and GPCR kinases (GRKs). Phos- heen observed to slowly accumulate in lysosongesi().
phorylation by the latter facilitate8-arrestin binding to the Blocking 82AR endocytosis in COS-1, Hela, and HEK 293
receptor which impairs its coupling to;@). S-Arrestin also  cells inhibits its downregulation9f whereas in murine L
mediate$3,AR internalization by functioning as an adaptor and human A431 cell$3AR downregulation still occurs
protein between the receptor and clathrin and directing the (11). More recently, a kinetic approach was used to develop
receptor to t_he clathrin-coated endocytosis pathvBay). ~ atwo-component model for downregulationBAR: a low-
Downregulation of;AR occurs after more prolonged agonist  4¢finity, high-capacity component associated with internal-
ization and a high-affinity, low-capacity component inde-
* To whom correspondence should be addressed: Building 49, Room pendent of internalizatiori). Finally, a reduction in steady-
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301-496-1325. Fax: 301-496-8244. E-mail: fishmanp@ninds.nih.gov. SIA1€/2AR MRNA levels occurs in some cells either by
1 Abbreviations: SAR, f-adrenergic receptofhAR, B1-subtype;Bo- destabilization of3,AR mMRNA (13—15) or by repression

AE, ﬂzhsubtyge; CF;:THQAMPh(chloropfhbenséllthio)%denosiné’anono-l_ of A,AR gene transcriptionl@). Both are mediated by cAMP

phosphate; CHW, inese hamster fibroblast; ConA, concanavalin A; : ;

DMEM, Dulbecco’s modified Eagle’s medium; DPBS, Dulbecco’s and contribute to the downregulation BiAR.

phosphate-buffered saline; GPCR, G protein-coupled receptor; GRK, Less is known about the regulation of the humBAR

G protein-coupled receptor kinase; HBAR, hemagglutinin-tagged it i i i ;

BAR; PCYP, (—)-[**]iodocyanopindolol; ISO, isoproterenol; PAGE, even thou.gh I I.S the r_najor subtype in hea.“' adipose tissue,

polyacrylamide gel electrophoresis; PKA, protein kinase A; TBSE, Tris- and certain brain regiond 7). Several studies have found

buffered saline/EDTA. that the humarf,AR is more resistant than the humpagp
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AR to agonist-mediated regulation including downregulation benzamidine, and 1 mM EGTA and Pefabloc SC). Portions
(18—22). In the present study, we investigated the down- were assayed for protein by a microtiter plate assay using
regulation of the humafi;AR stably expressed in Chinese BCA reagent and for binding activity as described previously
hamster fibroblast (CHW) cells in response to both agonist (20, 24). Briefly, samples containing-510 fmol of ;AR

and a cell-permeable cAMP derivative. We not only deter- were incubated in 250L of 50 mM Hepes, pH 7.5, 4 mM
mined the changes in binding activity in cells expressing a MgCl,, 0.04% bovine serum albumin, and 26260 pM
wide range of receptor levels but also analyzed changes in*?3CYP for 1 h at 30°C. Nonspecific binding was measured
£1AR mRNA andS,AR protein, the latter by immunoblotting by including 10uM (—)-propranolol. The samples were
with antibodies to the C-terminal region of the wild-type filtered under vacuum onto glass fiber filters (Schleicher &
receptor. Our results indicate that agonist-mediated down-Schuell no. 32) that were counted inyecounter. Receptor
regulation of humarg:AR is complex, involves different  internalization was assayed as described previo28ly24).
mechanisms than cAMP-mediated downregulation, and yetBriefly, cells grown in 24-well plates were exposed to ISO
consists of both agonist- and cAMP-specific elements. We or CPT-cAMP in DMEM/25 mM Hepes at 37C for the
show that the agonist-specific component of downregulation times indicated, washed with ice-cold DPBS, and incubated
requires1AR internalization and correlates more closely with 5 nM (—)-[3H]CGP-12177 in Eagle’s minimal essential
with receptor degradation while the cAMP-specific compo- medium/25 mM Hepes/30g/mL bovine serum albumin for
nent does not require internalization and is more closely 1 h at 4°C with and without 1QuM (—)-propranolol. The

associated with downregulation B{AR mRNA levels. cells were washed with ice-cold DPBS and dissolved in 250
uL of 1 M NaOH; 25uL portions were assayed for protein,
EXPERIMENTAL PROCEDURES and the remaining portions were neutralized with glacial

. acetic acid and assayed fist by liquid scintillation counting.
Materials. (—)-Isoproterenol (ISO),«)-propranolol, con- 14 pjock internalization, cells were incubated in medium

canavalin A (ConA), isobutylmethylxanthine, and bovine cqnaining 0.45 M sucrose or serum-free medium containing
serum albumin were from Sigma; (chlorophenylthio)adeno- g 55 g/mL ConA for 30 min. The latter was replaced with
sine 3,5-monophosphate (CPT-CAMP), leupeptin, E-64, medium and ConA, and the cells were exposed to agonist

soybean trypsin inhibitor, and Pefabloc SC were from Roche; ¢, giitferent times. To measure cAMP responses, control and
benzamidine and calpain inhibitor I were from Calbiochem. ;.aated cells in 24-well plates were incubated at°7in

Horsgradish peroxidase-conjugated goat anti—rapbit IgG a_”dDMEM/ZS mM Hepes/1 mM isobutylmethylxanthine for 10
protein A—agarose were from Zymed Laboratories; rabbit min, stimulated with M 1SO for 10 min, and assayed for
antibodies to humapiAR (A-20) were from Santa Cruz . app by radioimmune assap¥).

Biotechnology; casein in Tris-buffered saline blocking solu- Separation of Plasma and Endosomal Membrahiesavy

tion was from Bio-Fx Laporatories, O\_/ving Mills, MD. BCA and light membrane fractions were prepared by differential
protein reagent, SuperSignal West Pico, and Dura Extendedq i gation using a modification of the procedure de-
chemiluminescent substrates, horseradish peroxidase-conju
gated streptavidin, sulfo-NHS-LC-biotin, and biotin-LC-

hydrazide were from Pierce—}-[3H]CGP-12177 (45 Ci/

scribed by Jockers et alll). After the cells were washed
and lysed as described above, the lysate was centrifuged at

) \ 450g for 5 min. The resulting postnuclear supernatant was
mmol) was from Amersham and-j-[**]iodocyanopindolol layered on top ba 1 mL cushion of 35% sucrose and

(2200 Ci/mmol) from NEN. Ambion was the source of centrifuged at 1500@pfor 90 min at 4°C in a Beckman

reagents for the preparation of RNA and the ribonuclease gy s5Tj rotor. The layer of light membranes at the interface
protection assay. and the heavy membrane pellet at the bottom of the cushion
Cells and Cell CultureClonal lines of CHW cells stably were Co||ected' diluted up to 5 mL in |y5is buffer, and
expressing the humafi:AR under control of the metal-  centrifuged at 2000@pfor 60 min at 4°C. The membrane
lothionein promoterZ0) were grown in Dulbecco’s modified  pellets were diluted in 0.5 mL of lysis buffer, and portions
Eagle’s medium (DMEM) supplemented with 10% fetal were assayed for binding and subjected to Western blotting
bovine serum and 2Q@g/mL G418. To induce higher levels  analysis.
of S1AR expression, the cells were exposed to medium  \yestern BlottingAntibodies were raised against a peptide,
containing 20uM EDTA and increasing concentrations of AADSDSSLDEPCRPGFASES, corresponding to the C-
ZnSQ. To induce downregulation, cells were exposed t0 terminus (Ald56-Sef™) of the humans:AR (26). Some of
either 10uM ISO or 200uM CPT-cAMP for the times  the peptide was amidated on the C-terminal carboxyl group.
indicated. HEK 293 Ce||S Obtained from the American Type Both peptides were Coup|ed to keyho'e ||mpet hemocyanin
Culture Collection were transiently transfected with the by the glutaraldehyde method, and rabbits were immunized
plasmids zem228c/hAR or -h51AR (20) using Lipo-  with the resulting antigens using standard procedu2@ (
fectamine Plus (Life Technologies). HEK 293 cells stably sera were assayed for antipeptide antibodies by ELISA, and
expressing an epitope-tagged hunfiaAR (23) were gener-  antisera exhibiting high titers to the amidated peptide (PF11,
ously provided by Dr. Richard Clark, University of Texas 1:10000) and the nonamidated peptide (PF13, 1:3000) were
Medical School, Houston, TX. used for immunoblotting. A commercial antibody (A-20)
Receptor Binding Assay€ontrol and treated cells were raised against the nonamidated peptide also was used. Cell
washed in situ at £C twice with C&"™- and Mg'-free lysates were mixed with ¥ SDS sample buffer (3:1 v/v),
Dulbecco’s phosphate-buffered saline (DPBS) and once with dissolved at 42C for 45 min, and separated by 10% SBS
1 mM Tris-HCI/2 mM EDTA, pH 7.4, and allowed to detach PAGE. The proteins were transferred to poly(vinylidene
and lyse in the latter solution containing protease inhibitors difluoride) membranes (Millipore Immobilon-P), which were
(10 ug/mL of leupeptin, soybean trypsin inhibitor, and blocked with 1% blocking reagent, and blotted in 0.5%
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blocking reagent with an{$AR antiserum (usually PF11
at 1:10000) overnight at 4C and then with the secondary
antibody (1:10000) for 30 min at Z%. Between incubations,

they were washed with Tris-buffered saline/0.1% Tween 20.
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was used for the internal standard. Biotin-labeled and
unlabeled cyclophilin riboprobes were transcribed from
pTRI-cyclophilin-rat (Ambion) and were diluted 1:9 to

compensate for the higher mRNA abundance. In some of

After the blots were incubated in chemiluminescent substratethe initial experiments, 18S rRNA g¢f-actin mRNA was

and exposed to Kodak Bio-Max MR or Light film, the

used as the internal standard.

images were quantified using a LaCie Silverscanner lll and Ribonuclease Protection AssaySells in 25 cm flasks

NIH Image software, version 1.61. To ensure that the
exposure levels were within the dynamic range of the film,

(~5 x 10 cells) were washed twice with ice-cold DPBS,
detached in DPBS/2 mM EGTA/2 mM EDTA, collected by

we usually loaded additional amounts of the control lysate centrifuging at 456 for 5 min, and suspended at1€ells/

(120% and 50% of the normal amount) on the gel. In

mL in Lysis/Denaturation solution (Ambion Direct Protect

addition, we used a step tablet (Kodak T-27) to check the kit). Portions equal to (2:54.8) x 10 cells were hybridized
linearity of the scanner and software analysis and observedto 500 pg each of the biotinylatg@yAR and cyclophilin
that the measured values increased almost linearly betweeniboprobes, and increasing amounts@AR sense strand

0 and 2.00 OD.

Surface Biotinylation and Immunoprecipitation AR
Cell monolayers were rinsed with ice-cold DPBS and with
40 mM sodium bicarbonate buffer, pH 8.6/100 mM NacCl
and incubated in the same buffer containing 1 mM sulfo-
NHS-LC-biotin for 30 min at 4°C to label amino groups,
or incubated in DPBS/20 mM Nal@or 30 min at 4°C in
the dark, rinsed twice with DPBS and once with 100 mM
sodium acetate buffer, pH 5.5/1 mM Cal5 mM MgCh,
and incubated in the same buffer containing 2 mM biotin-
LC-hydrazide for 30 min at £C to label carbohydrate

were hybridized to the8,AR riboprobe for quantification.
After overnight hybridization at 45C, single-stranded RNA
was digested at 37C for 30 min each with a mixture of
RNase A (5 units) and T1 (200 units) and then with 100

of proteinase K in 0.4% sodium sarcosyl. The protected RNA
was ethanol-precipitated, suspended inuL®f gel loading
buffer, denatured at 98C for 4 min, and separated on a 6%
polyacrylamide/8 M urea gel for 30 min at 250 V. The
samples were transferred onto positively charged nylon
membranes by electroblotting at 300 mA foh and cross-
linked to the membranes at 1200 using the UV Stratalinker

groups. The cells were washed and lysed as described abovel 800. Samples were detected by the Ambion BrightStar

and the lysates were mixed 4:1 (v/v) witk RIPA buffer
(1x = 1% NP-40/0.5% sodium deoxycholate/0.1% SDS/20
mM Hepes, pH 7.5/100 mM NaCl/5 mM EDTA/2 mM
EGTA and protease inhibitors) and extracted for 45 min at
4 °C with gently rotation. After centrifugation at 140§€or

BioDetect kit and quantified by densitometry as described
above. The amount g83;AR mRNA was corrected for the
amount of cyclophilin mRNA in the sample and then
expressed as percent of conti®JAR mRNA stability was
determined by actinomycin D treatment (&/mL) as

20 min, the soluble extracts were immunoprecipitated as described previouslylE).

follows: 50 ulL portions of a 50% slurry of protein
A—agarose were washed with TBSE buffer (20 mM Tris-
HCI, pH 7.4/100 mM NaCl/5 mM EDTA) and then rotated
with 20 4L of antiserum PF-11 diluted with 18@_ of TBSE
buffer for 1 h at 4°C. After the beads were washed twice
with TBSE buffer and once with RIPA buffer, the soluble

Data Analysis Unless otherwise indicated, each experi-
ment was done at least three times, and the results are given
as the means: SE. Means were compared for statistical
significance using a two-tailedest. Within each experiment,
each data point was assayed in triplicate and is presented as
the meant SD. The downregulation data were fitted to a

cell extracts were added. The samples were rotated for 2 hone-phase exponential decay equation by least-squares,
at 4°C, and then the beads were washed three times withnonlinear regression analysis using Prism Version 3.0

RIPA buffer and eluted with SDS sample buffer. The eluted
material was subjected to SB®AGE, transferred to
membranes, blotted with horseradish peroxidaseptavidin
(1:10000), and detected by chemiluminescence.
Riboprobe PreparationA 545 bp fragment of the human
B1AR cDNA (+351 to +896) was isolated byPst/Not
digestion, cloned into pBluescript KS(Stratagene), and
linearized byAsd digestion at a unique site within thegh
AR insert (+701). The Ambion BrightStar BIOTINscript in
vitro transcription kit was used to synthesize a 216 bp biotin-
labeled I,AR antisense riboprobe. One microgram of the
above linearized plasmid was incubated irng20containing
2 uL of 10x buffer, 12.5 units of placental RNase inhibitor,
10 units of T7 polymerase, and 1Q of 2x biotin-14-CTP/
NTP mix for 2 h at 37°C and then for 15 min with 2 units
of DNase | to remove template DNA. The transcript was

gel-purified, eluted, and ethanol-precipitated, and its con-
centration was determined by absorbance at 260 nm and

purity by the 260/280 ratio~10ug of biotinylated riboprobe
was obtained. To make the sense strand,f{#eR cDNA
fragment was linearized b8ad digestion 3 to the insert
and transcribed using T3 polymerase. Cyclophilin mRNA

(GraphPad Software, San Diego, CA):

R=(Ry— R)e“' + R (1)

whereR is the receptor level at time Ry andR; the initial
and final levels, andy the first-order rate constant for
downregulation. The following equations were used to
determines;AR basal metabolism2@):

Ks

R=—(1— e—kbslt) 4 Roe—kbslt
sl

(2a)

whereks is the zero-order rate of receptor synthesis lpd

is the first-order rate constant for receptor turnover. At steady
state, the receptor lev& is a balance between synthesis
and turnover:

Ks

Rs=1> (2b)

and one can directly measure either constant and derive the
other. We directly measurddby inducing cells with ZnS©



8022 Biochemistry, Vol. 41, No. 25, 2002

or inactivating 5;AR with 200 uM N-ethoxycarbonyl-2- = =
ethoxy-1,2-dihydroquinoline20) and determining the in- g 160 T
crease or recovery in binding activity with time. To determine ° 120’ ______ :210Q
ks, Wwe removed the ZnS@rom induced cells and followed 2 ] i e ] 3
the decrease in binding activity with time. We also used g, 80 \E-14o 3
Prism 3 to calculat& andk,g from the downregulation data E | ‘g
following the method and equations described by Wiliams 2 40| ——so ~1s0 1o o
et al. (L2). Values forks can be obtained from the following £ | --=--CPT-cAMP TR CPTAMP T g
equationS: E‘_ (0] = S WU SR MEPR S RO SRR SR NP NP [0 g
" a 0 6 12 18 240 6 12 18 24 =
_ _ HOURS HOURS

R=—(1— e ") + R " (3a) A : -

r g1600 1S0 D_1.0A %

When downregulation is complete and a new steady stateis &, ~+—CPT-cAMP/ | o & 5

reached, eq 3a reduces to o L s w

£ 800 P 2

— B ] ° %‘

_k s {0423

R=+ (3b) £ | ——1s0 = 2

kdr = 400 H40.2 =

g | --=-- CPT-cAMP N

i ~ (0] S T I | | P I I |‘0-0I_' =

Onc?)ks gas begn caalculgted,_tgedcolrjrespondlng valuéfor S 0 6 1218 24 0005101520 =

can be determined as described above. HOURS B ,AR DENSITY
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RESULTS (pmol/mg of protein)
Downregulation of Humap:AR Binding Actiity. When
clonal lines of CHW-|#; cells expressing over a 10-fold

range of$3;AR levels were exposed to ISO or CPT-cAMP,
; - - 24 h (D). The cells then were washed, lysed, and assayed for
a time-dependent loss of binding activity was observed specifict29CYP binding as described in Experimental Procedures.

(Figure 1). Agonist-mediated downregulation was the more The results (A-C) represent the means SE of three to eight
effective, and its kinetics best fit a first-order decay curve separate experiments for each cell line. The data points from
(Figure 1A—C). In contrast, that mediated by CPT-cAMP  agonist-treated cells were fit to eq 1 by Prism 3. (D) Downregulation
was not first order and exhibited a delay of several hours in Pmol (24 hy* (mg of protein)* is plotted as a function of the
before any substantial loss was observed. Although cellsmmal-ﬂ AR density, and each data point is from a separate
any . 9 experiment. The linear regression lines are shown, and tredues
expressing lows1AR levels lost their receptors as a percent- are 0.9953 for ISO(= 15) and 0.9739 for CPT-cCAMPh(= 10).
age more rapidly and extensively than those expressing high
levels, downregulation [in pmol (24 h) (mg of protein)?] mediated downregulation decreased and the cells behaved
was proportional to receptor density up+@ pmol/mg of more like the high-expressing cells (Figure 3). The degree
protein, the highest expression level obtained (Figure 1D). of downregulation became similar (50.4% vs 47.2%) as did
Over this same range, cells exposed to CPT-cAMP lost only the time courset(,; of 9.4 vs 11.2 h compared to 4.2 h in
half as many receptors in 24 h compared to agonist-treatedthe noninduced cells). When the high-expressing cells were
cells. zinc-induced,5;AR levels increased to~7 pmol/mg of
Downregulation of3;AR was also dependent on agonist protein and the proportion susceptible to downregulation
concentration as is shown in Figure 2 for cells expressing decreased. In agreement with the results in Figure 1D, the
low receptor levels. Both the extent and rate of receptor loss number of receptors downregulated was directly proportional
increased with increasing concentrations of ISO (Figure to the initial ;AR density until saturation was reached as
2A,B), and the half-maximal loss occurred at 0:£10.1 receptor expression exceeded 2 pmol/mg of protein (Figure
nM (Figure 2C). This value is substantially lower than the 3, bottom). Saturation of CPT-cAMP-induced downregula-
Kq of 31+ 4.5 nM (n = 4) for agonist competition binding  tion also was observed at these very higAR levels (data
to cell membranes in the presence of GBRor the EG of not shown).
5.44 0.8 nM (h = 3) for agonist-stimulated cAMP formation Turnover of Humang:AR. Downregulation may be due
in the same cells but is sufficient to raise cAMP levels 3.8 to increased receptor turnover or reduced synth@§js To
+ 0.2-fold (h = 3; data not shown). Thus, agonist occupancy have a reference, we determined the basal rates of human
alone did not determine the kinetics/AR downregulation, B1AR synthesis i) and turnover K,s) in CHW cells using
especially at low agonist concentrations. In this regard, the several different approaches. To directly measure receptor
time courses best fit one-phase exponential decay curves foisynthesis, we induced the cells with ZnS@fter a lag of
all agonist concentrations except for those of 1 nM or less ~2 h, receptor levels in both low and highAR-expressing
which displayed a lag of several hours and appeared similarcells increased over the next 24 h with rates of net synthesis
to that mediated by CPT-cAMP (Figure 2B). of 21 and 233 fmol h! (mg of protein)! (Figure 4A). In
As 3:AR expression is under control of the metallothionein addition, cells were exposed to an alkylating reagent that
promoter R0), we induced the cells with increasing concen- irreversibly inactivatesf;AR, and the rate of receptor
trations of ZnSQto determine the effects of higher receptor recovery was measured [627 fmol h™* (mg of protein)?].
levels on downregulation. As levels in Ig8vAR-expressing To directly determine the basal rate AR turnover, cells
cells increased, the percentage that underwent agonistexpressing low receptor levels were induced with increasing

Ficure 1: Effect of receptor density on agonist- and cAMP-
mediated downregulation of hum@gAR in CHW-h3; cells. Cells
expressing increasing levels BfAR were exposed to 10M ISO
(®) or 200uM CPT-cAMP @) for the indicated times (AC) or
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Ficure 2: Effect of agonist concentration on downregulatiorBeAR in CHW-hg; cells. Cells expressing lo@;AR levels were exposed

for the indicated times (A, B) or 24 h (C) to increasing concentrations of ISO and assayed for total remaining binding sites. The curves
through the time points were generated by Prism 3 using eq 1 (solid lines and symbols) except for 1 and 0.3 nM, which are point to point
(dotted lines and open symbols; see text). For comparison, a time course of downregulation in cells exposed/t@CPIBcAMP ()

is shown. The data represent the meanSE of three to five experiments.

= 1600F C—cON| .. = Role of Humarg;AR Internalization in Downregulation.
g Lo mmiso | Moh 5000 As differences as to the role of endocytosis AR
& 1200 Ei downregulation have been report€i-(2), we investigated
k3] 2000 i whether internalization g8,AR was required for its down-
€ a0l 1000 8 regulation. Cells were exposed to agonist for short times and
E _gw assayed for surface binding using the hydrophilic liga#-[
= s00L 50 g CGP-12177. The percentage of surface receptors internalized
5.. z was greater in low than in highhAR-expressing cells (Figure
= 200 5B). The loss of H]CGP-12177 binding sites was due to
0 100 150 200 0 100 125 150 175 internalization as'P1]CYP binding was not reduced over

- ZnSO, (uM) the same period (Figure 5A). In contrast, no internalization
> %800_ occurred in cells exposed to CPT-cAMP for aplth (Figure
25 | Y . 5D). Even when high3;AR-expressing cells were treated
3 geoo- MR N with CPT-cAMP for 24 h, surface binding and total binding
§ g were reduced the same to 65:31.4% and 65.5: 3.8% of
@~ 400| control ( = 3). In comparison, surface binding decreased
% E 17.0+ 2.7% more than total binding for agonist-treated cells,
0 = 200 and this difference, representing internaliz8gAR, was

E E) —t VR similar to values after 20 min of agonist stimulation. As was

found for downregulation3;AR internalization followed
first-order kinetics (Table 1), and the amount internalized
was directly proportional to the density of surface receptors
up to ~ 3 pmol/mg of protein whereupon saturation was
reached (Figure 6A)3;AR internalization also was depend-
ent on agonist concentration with an &©f 48 + 12 nM
(Figure 6B).

As both agonist-mediated internalization and downregu-
lation of $;AR followed first-order kinetics and were
concentrations of ZnS{or 28 h, then cultured in medium  proportional to receptor density (Figures 1D and 6A), we
without added ZnS©for different times, and assayed for compared the rates of the two processes by using Prism to
B1AR (Figure 4B). The cells lost their complement of induced extrapolate their initial rates. The respective rates [in fmol/
receptors with first-order kinetics (eq 2a), and we used eq mg of protein] were 14.0 per minute and 20.7 per hour for
2b to calculate values fde. Finally, we used eqs 3a and 3b  low 3;AR-expressing cells and 36.5 per minute and 56.75
to calculate values for botks andk,s from the downregu-  per hour for cells with high8;AR levels. Thus,3:AR
lation data (Table 1). Values fdt; obtained by the four internalization occurred at an40-fold faster rate thaf;-
methods were fitted to the same linear relationship betweenAR downregulation. To further explore the role of internal-
rate of synthesis anghAR expression level (Figure 4C). The ization in downregulation, we used two well-established
values fork,g and the correspondirtg, values obtained from  inhibitors of endocytosis of receptors includifgR. One
the downregulation data were similar to those obtained from was hypertonic sucrose which we had previously shown
the turnover of zinc-inducefhAR (Table 1). The differences  blocksf:AR internalization in CHW cells20), and the other
between the two sets of data were not significant, and usingwas ConA 80—32). For these experiments, we used the low
both sets of values, the mean half-life of the receptor was ;AR-expressing cells (clone 1 in Table 1) because a
18.9+ 1.1 h. Thus, during agonist-mediated downregulation, substantial level{50%) of agonist-mediated downregulation
B1AR turnover kq) increased betweer2- and 4-fold. occurred ly 6 h with only a small effect by CPT-cAMP (see

B 1AR (pmol/img of protein)

Ficure 3: Effect of 8;AR induction by zinc on agonist-mediated
downregulation in CHW-B; cells. (Top panel) Cells expressing
low and high$;AR levels were exposed to Zng@s indicated for

48 h, without (open bars) and with (solid bars) ISO for the last 24
h, and assayed for total binding. (Bottom panel) Downregulation
plotted as a function gf;AR density; the solid line represents the
linear regressionrf = 0.9981). The results are from one of three
similar experiments.
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B,AR LEVELS

(pmol/mg of protein)

Ficure 4: Synthesis and basal turnover@AR in CHW-h3; cells. (A) Cells expressing lov®) and high @) 5,AR levels were exposed

for the indicated times to 176M ZnSO, and assayed for specifiZiCYP binding as described in Experimental Procedures. (B) Cells
expressing lows1AR levels were exposed for 28 h to O), 100 (v), 125 (a), 150 @), and 175 @) uM ZnSQ, and then for the indicated
times to regular medium and assayed for binding. Data are the rie&m from one of two similar experiments and were fit to eq 2 by
Prism 3. (C) The rate of;AR synthesis K) was determined by different methods (see text) and plotted as a function of the relative
receptor density from zinc inductio®f, recovery after inactivationA(), turnover of zinc-induced receptors), and downregulation®).

Table 1: Kinetic Parameters for Basal Turnover and Agonist-Mediated Internalization and DownregulglisRadf

process parameter units clone 1 clone 2 clone 3
downregulation Ro fmol/mg of protein 152+ 1.9 267+ 25 1658+ 17
R fmol/mg of protein 40.Gt 2.0 77.5+5.5 719+ 125
Kar fraction/h 0.1687= 0.010 0.115% 0.008 0.062H 0.014
ti h 4.11 5.99 11.2
Ks fmol h™ (mg of proteiny?* 6.74+ 0.68 8.97+ 1.2 44,6+ 17.8
Kbs| fraction/n 0.0444 0.0336 0.0269
t h 15.6 20.6 25.8
internalization Ren % of surfaceR 28.3+£0.91 321+ 1.8 20.6+ 1.0
Ken fraction/min 0.3613+ 0.045 0.2054+ 0.033 0.1262+ 0.014
t1/2 min 1.92 3.38 5.49
ZnSQ; (uM)
process parameter units 100 125 150 175
turnover of Zn-induce@,AR Ring fmol/mg of protein 332t 23 436+ 16 812+ 20 13364+ 22
Kosi fraction/h 0.0390 0.0398 0.0381 0.0417
t2 h 17.8 17.4 18.2 16.6
ks fmol h= (mg of protein)* 12.9 17.4 30.9 55.6

aThe kinetic parameters are derived from experiments shown in Figures 1, 4, and 5 by Prism 3 software as described in Experimental Procedures.
The parameters for downregulation are as follovi®:and R;, initial and final receptor levelss, rate of receptor synthesiky, first-order rate
constant for downregulatiori,s, rate constant for basal receptor turnover and their half-times whgegjuals 0.69%. Those for internalization
are as follows: R, percent of surface receptors internaliz&g; first-order rate constant for internalization with tts. Those for turnover of
zinc-induced receptors are as followBig, initial level of induced receptors, rate constant and half-time for basal turnover, and rate of receptor
synthesis.

Figure 1A). Furthermore, we observed that cells exposed tototally digested by RNases in the presence of extracts of
either 0.45 M sucrose or ConA began to round up after 8 h, CHW-h3, cells (lane 2) or tRNA (not shown), but when
indicating some toxicity. In this regard, we also tried treating hybridized to sense strand (lanesI0), a protected fragment
the cells with monodansylcadaverin83f and medium was detected in proportion to the amount of sense strand
containing acetic acid at pH 5.a.1), but both were very  (Figure 8B). When the probe and a cyclophilin riboprobe
toxic. As shown in Figure 7A, both,AR internalization and  (as the internal standard) were hybridized to CH{-bell
downregulation were inhibited by ConA or hypertonic extracts (lanes-36), protected fragments from both probes
sucrose treatment. The latter was the more effective andwere recovered. Whereas the amount of the cyclophilin
completely blocked downregulation at all times tested (Figure fragment was relatively constant, that of iR fragment
7B). Even after prolonged exposure to the inhibitors, the cells varied, reflecting differences in receptor mRNA levels in the
maintained the ability to produce cAMP upon agonist various cell samples. Cells expressing IByAR levels (lane
stimulation (Figure 7C). Taken together, the data indicate 4) had 15-20% of the amount obtained from the high-
that internalization is required but not rate-limiting for expressing cells (lane 5) whereas zinc induction of the former
agonist-mediated downregulation SfAR. increased the amount severalfold (lane 3) and agonist
Downregulation of ;AR mRNA Leels. To determine treatment of the latter cells decreased it (lane 6). In cells
whether a reduction ifi;AR mRNA levels might contribute ~ exposed to CPT-cAMA;:AR mRNA levels decreased with
to S1AR downregulation especially in response to CPT- time, reached a new steady state of 43% of control by 6 h,
cAMP, we used ribonuclease protection assays and aand remained reduced for up to 24 h (Figure 8C). Similar
biotinylated riboprobe to quantify the levels in control and results were observed in cells exposed to agonist, but the
treated cells (Figure 8A). The 216 bp probe (lane 1) was decreases were more variable and only reached 60% of
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corresponding to a 20 amino acid C-terminal sequence of
the humang;AR (Ala**%-Serf™) as well as a commercial
antibody to the same unmodified peptide. The specificity of
the antibodies can be seen in Figure 9A. No immunoreactive
products were detected in high-expressing CHgY-tells
blotted with preimmune serum (lane 1) whereas two proteins

4120
-110
100

30 7o with apparent molecular masses of 64 and 54 %are
] detected with antiserum from the same rabbit immunized
20 0 with the amidated peptide (lane 3). As additional negative

controls, we blotted lysates from CHW cells either untrans-
fected (lane 4) or expressing highAR levels (lane 2).

Staining of the two proteins was less intense in lysates from
low receptor-expressing cells (lane 6) and more intense from

o

SURFACE B 1AR
(% internalized)

o

0 4 8 121620 0 15 30 45 60 zinc-induced cells (lanes 5 and 7). There was some indication
AGONIST (min)  CPT-cAMP (min) of receptor dimerization in the induced, highAR-express-
Ficure 5: Effect of agonist and CPT-cCAMP ghAR internaliza- ing cells (lane 5). The commercial antibody as well as

tion in CHW-hp; cells. Cells expressing lonw®) and high @) antiserum PF-13 (data not shown), both to the unmodified
B1AR levels were exposed to ISO (A, B) or CPT-cAMP (C, D) for  peptide, detected the same two proteins in CHBy-tell

the indicated times, and either intact cells were assayed for surfacel ; e ;

. ysates but with less sensitivity (compare lane 9 with lane
receptors using®H]CGP-12177 (B, D) or lysates were assayed for . - .
total receptors usingCYP (A, C) as described in Experimental 3) and did not react with CHW cell proteins (lane 3)_ To
Procedures. The results represent the meaSE of three to five  further characterize the two immunoreactive proteins, we

separate experiments. subjected CHW-B; cells to surface biotinylation with sulfo-
NHS-LC-biotin or biotin-LC-hydrazide after Nal@xidation

5 = 600F = to label amino or oligosaccharide groups/AAR followed
E s B 7% 5 by detergent solubilization and immunoprecipitation with the
8 ‘g4so _‘203 anti3;AR antiserum. With either labeling technique, both
Ne m proteins were detected on blots by horseradish peroxidase-
3 51300 E conjugated streptavidin (Figure 9B), indicating that both
= 150 'mﬁ forms of 51AR are expressed on the cell surface, glycosy-
Z < g lated, and available for ligand binding. We next tested the
Z E 0 ST ot I e antiserum raised against the amidated peptide for sensitivity
=8 0 1 2 3 40 98765 and proportionality (Figure 9C). As little as 2.5 fmol of
SURFACE B AR LOG [1S0], (M) B1AR binding activity could be detected, and the chemilu-

(fmol/mg of protein) . : . .
minescent signal increased linearly over a 10-fold range of

Ficure 6: Effect of receptor density and agonist concentration on B1AR. In addition, we found that the different cells produced

internalization of3;AR in CHW cells. (A) Cells expressing different imilar immunor iver n r femtomole of bindin
B1AR levels were incubated in the absence and presence of ISOS a unoreactive responses per femtomole of binding

for 20 min and assayed fofH]CGP-12177 binding as described _activity; the relative responses_ We_re 100, low; 103, low
in Experimental Procedures. Internalization in fmol (20 miring induced; 110, high; and 95.5, high induced.

of protein)* is plotted as a function of the initial receptor density. When we did Western blotting on lysates from CHW-
The linear regression line has af value of 0.9892. (B) Cells 3 cq|is exposed to either agonist or CPT-cAMP for 24 h,
expressing a low density ¢l AR were exposed to the indicated we observed a decrease/ipAR immunoreactivity (Figure
concentrations of ISO for 20 min and assayed for surface receptors. 4 ) y ( 9 e
Data are the means SD from one of two similar experiments. 10A). With the latter treatment, loss of immunoreactivity in
either the low or high;AR-expressing cells was very modest

) ) ~ (~20%) and less than the loss of binding activity. With
control (Figure 8D). This may be a consequence of agonist- agonist treatment, the low receptor-expressing cells exhibited
mediated desensitization, internalization, and even down-pe largest decrease AR immunoreactivity that was
regulation of /1AR that reduces agonist stimulation of somewhat less than the downregulation in binding. In the
adenylyl cyclase and generation of cAMP. Thus, CPT-CAMP pjgh 8,AR-expressing cells, the decrease in both parameters
was more effective than agonist in reducifighR mRNA  \yas very similar. Despite the extensive losggkR protein,
levels which is the reverse of their effects on downregulation 5 immunoreactive degradation products were detected.
of receptor binding activity. The most likely mechanism for \yhen we determined the time course of agonist-mediated
downregulation of3;AR mRNA in cells expressing thg:- downregulation of8;AR protein (Figure 10B-D), it was
AR cDNA under the control of a nonendogenous promoter gpparent that loss of receptor binding activity preceded that
is mMRNA destabilization ¥3-15, 34). We tested this  of receptor protein. The differences were more pronounced
p053|b|_l|ty by_ blocklng transcription in control and treated gy the cells expressing low:AR levels, which may be a
cells with actinomycin D and measurdAR mRNA levels  regyit of the more rapid kinetics of downregulation in the

at increasing times (Figure 8E). Agonist treatment signifi- o\ receptor-expressing cells compared to those expressing
cantly reduced they, of the 81AR transcripts from 7.83: high levels of3:AR.

0.4 t0 4.544 0.2 h p < 0.0001,n = 6).

Downregulation of8,AR by Western Blottingro follow 2 Two proteins of similar molecular masses were observed in Chinese

the fate of the receptor protein, we used immunoblotting with amster ovary and HEK 293 cells stably and transiently expressing
antibodies to either unmodified or carboxyamidated peptidesthe human3:AR, respectively 5, 36).
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Ficure 7: Effect of inhibitors of internalization on downregulation and functional activitg@fR in CHW cells. (A) Cells were exposed

to no inhibitor, ConA, or hypertonic sucrose for 30 min, then incubated with and withouMLIBO, and assayed for internalization after

30 min or for downregulation afteé6 h asdescribed in Experimental Procedures. Data are the meaBi of three separate experiments.

(B) Control ©) and sucrose-treate®) cells were exposed to 16M ISO for the indicated times and assayed for total binding. Data are

the meanst SD from one of two similar experiments. (C) Same as in panel A except after 6.5 h the cells were assayed for basal and
agonist-stimulated cAMP. Data are the meansSSE of two separate experiments. In a third using clone 2 (Table 1), neither inhibitor
reduced the cAMP response.
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Ficure 8: Agonist- and cAMP-induced reduction /AR mRNA levels and stability in CHWy cells. (A) A representative ribonuclease
protection assay using biotinylat¢gdAR (all lanes) and cyclophilin (lanes-3) riboprobes as described in Experimental Procedures is
shown. The probes were hybridized as indicated, digested with RNases (except lane 1), resolved by gel electrophoresis, transferred to
nylon, and detected by alkaline phosphatasteeptavidin chemiluminescence. The mRNA-protected fragments are 195 and 103 bp. Lanes:

1, free3;AR riboprobe; 2-6, extracts of cells expressiffgAR; low 5;AR levels, zinc-induced and control; highAR levels, control and

treated with 1SO for 24 h; 710, 25-200 pg sense strand. (B) The densitometric quantification of the sense strand-protected fragment.
Cells expressing low®) and high ®) 5;AR levels were exposed to CPT-cAMP (C) or ISO (D) for the indicated times and assayed for
B1AR mRNA levels. (E) Cells expressing highAR levels were incubated for 24 h in the absen©? &nd presence®) of 1ISO, then

exposed to actinomycin D for the indicated times, and assayeth#R mMRNA levels. The results represent the meanSE of three to

six separate experiments.

In a study on downregulation of hum#hAR, a similar supernatant and the light membrane fractions were similar
delay is observed and attributed to a pool of immunoreactive to that of the cell lysate.
but nonbinding receptors found in the light membrane Effect of Protease Inhibitors onfhAR Downregulation.
fraction (L1). To determine whether a similar pool AR Finally, we explored whether protease inhibitors could
existed, we separated the light endosomal membranes fronimpede agonist-mediated downregulatiorp@AR, as there
the heavy plasma membranes by centrifugation. When wehave been conflicting reports about their effects/BAR
compared3;:AR binding activity with immunoreactivity for downregulation. In HEK 293 cells expressing human
the two fractions along with the cell lysate and postnuclear HA-,AR, leupeptin but not pepstatin was found to inhibit
supernatant, we found that the heavy membranes had moregonist-mediated downregulation of binding activiyO)
immunoreactivity than the cell lysate for equal amounts of In contrast, leupeptin was found to have no effect on
binding activity (Table 2). The values for the postnuclear downregulation of the same receptor expressed in L cells
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FiGURe 9: Western analysis of humghAR with anti-C-terminal
peptide antibodies. (A) Portions (26 of protein except 8.9
for lane 5) of lysates from CHW cells that were untransfected (lanes
4 and 8) or expressing loAR (lane 6) and zinc-induced (lane
7), high ;AR (lanes 1, 3, and 9) and zinc-induced (lane 5), and
high 5,AR (lane 2) were subjected to SB®AGE and immunoblot
analysis with preimmune serum (lane 1), antiserum PF-11 to the
carboxyamidated peptide (lanes-2), and antibody A20 to the
native peptide (lanes-89) and visualized by chemiluminescence

as described in Experimental Procedures. (B) Soluble extracts (4

ug of protein, 2+27 fmol) from zinc-induced, high3:AR-
expressing cells that were untreated (lane 1) and surface biotinylate
with sulfo-NHS-LC-biotin (lane 2) or biotin-LC-hydrazide (lane
3) were immunoprecipitated with antiserum PF-11, and the

Biochemistry, Vol. 41, No. 25, 2008027

Table 3: Effect of Leupeptin on Downregulation R Binding
Activity in Different Cell Lines

PAR binding activity (fmol/mg of protein)

cell line —Leu/~ISO —LeuHISO +Leu/~ISO +LeuHISO
CHW-hg; (low) 225+5 98+ 5 223+ 6 109+ 2
CHW-hg; (low) 217+5 454+ 1 203+ 16 40+ 1
CHW-hg; (high) 1654+ 40 906+ 24 1646+ 15 962+ 18
CHW-h3; (high) 1489+ 16 840+ 11 1367+ 42 859+ 20
HEK 293-h3,HA 1287+ 36 655+ 17 1295+ 4 1004+ 9
HEK 293-h5, 485+ 19 182+ 28 524+ 26 400+ 41

aCells were exposed to 1Q0@M leupeptin fo 1 h and to 1QuM
ISO for 24 h as indicated. Then lysates were prepared and assayed for
129CYP binding as described in Experimental Procedures. The results
are from one of two to three similar experiments. Cell lines used were
CHW cells stably expressing low and high levels of eitfighR or
B2AR and HEK 293 cells either stably expressing BAAR or
transiently expressing wild-typ&AR.

no inhibition by leupeptin (data not shown). Furthermore,
when we exposed CHWh or HEK 293-18; cells to calpain
inhibitor | for up to 24 h, we did not observe any increase
in receptor binding activity or any prevention of agonist-
mediated downregulation. This is in contrast to the 15-fold
increase iN5,AR observed in L cells by Jockers et allj.
Thus, the effects of protease inhibitors may be cell-specific.

Comparison of Humay;:AR andf,AR Downregulation.

4t also is evident from Table 3 that when bgghsubtypes

are expressed in the same cell line at similar low lev&ls,
AR undergoes more downregulation thag®R as reported

precipitates were subjected to blotting with HRP-conjugated strepta- previously (L8, 20). Downregulation of8,AR also was more

vidin and visualizing by chemiluminescence. (C) Increasing
amounts of lysate from higb;AR-expressing cells were subjected
to immunoblotting with antiserum PF11 and visualized by chemi-

rapid at both low and high expression levels withvalues
of 2.57 and 7.25 h. Despite this difference, downregulation

luminescence. The images were quantified by densitometric analysisOf the two subtypes in CHW cells appears to involve similar

and the values plotted as a function of fmol AR binding
activity.

Table 2: Subcellular Distribution g8;AR Binding Activity and
Immunoreactivity in CHW-3; Cells®

binding activity ~ immunoreactivity
fraction (%) (x-fold)
lysate 100.0 1.00
postnuclear supernatant 9A25.7 0.96+ 0.18
heavy membranes 4847 2.7 2.74+ 0.27
light membranes 13.22.9 1.28+0.15

aLysates of highB:AR-expressing cells were centrifuged at 450
for 10 min, and the resulting postnuclear supernatants were separate
into light and heavy membrane fractions as described in Experimental
Procedures. Portions (20 fmol of binding activity) were analyzed by
immunoblotting and quantified by densitometry. The results represent
the meanst SE of four separate experimentBased on binding of
[®H]CGP-12177 to intact cells and binding BACYP to lysates of the
same cells; 85% gf:AR was on the cell surface.

(11). When we exposed CHWph cells to leupeptin as well

mechanisms. Both downregulate in response to cAMP after
a delay of several hours, without internalization, and with a
corresponding reduction in receptor mRNA levels (present
study and ref37). We also found that hypertonic sucrose,
which blocks agonist-mediated internalizationgfAR (20),
inhibited its downregulation. Afte4 h with agonist5,AR
binding was 105+ 10% of control compared to 55 4.3%

in cells not exposed to sucroge<£ 3). Finally, we observed

a decrease ifi.,AR immunoreactivity during downregulation
(with an antibody raised against the C-terminus3eAR).

For cells expressing high levels 8fAR, there was a 51

$H% decrease after 24 h of agonist treatmert=(3).

DISCUSSION

Even though the phenomenon of downregulatiopAR
has been investigated for several decades, little is known
about the underlying mechanism(s) and the site(s) involved

as E-64 (data not shown), another cysteine protease inhibitor,or the fate of the receptor protein. Regarding the latter, two

we did not observe any inhibition of downregulation (Table

earlier studies gave conflicting results. One found that agonist

3). The effect was not subtype-specific as similar results weretreatment of hamster DQQTMF-2 cells causes a loss of

obtained with CHW-, cells. We were able to reproduce
the observations of Moore et all@ when we used HEK
293 cells expressing either human wild-type or HAAR.

endogenoug,AR based on immunofluorescence with anti-
P2AR antibodies §). The other reported that, in agonist-
treated human A431 cells, endogenge&R binding activity

For reasons yet to be elucidated, when we expressed humanecreases with no change in immunoreactivity by Western

B1AR in HEK 293 cells, it failed to undergo agonist-mediated
downregulation. We did find that endogenofis\R and
B2AR in human SK-N-MC and A431 cells, respectively,

blotting (6). More recently, several studies have identified
some aspects of the intracellular trafficking B§AR in
agonist-stimulated cells7¢10). The receptors undergo

underwent agonist-mediated downregulation, and there wasendocytosis through the clathrin-mediated pathway and
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Ficure 10: Comparison of downregulation 8iAR binding activity and immunoreactivity in CHW§a cells. (A) Cells expressing low
and highp3;AR levels were exposed to no addition, ISO, or CPT-cAMP for 24 h and assayed for binding and for immunoreactive proteins
as described in Experimental Procedures. Densitometric quantification and binding activity are presented ds $teah$our to seven

separate experiments. () Same as in panel A except cells were exposed to ISO for the indicated times. Representative blots are shown

in panel B, and densitometric quantification and binding activity as m&a8E of four to five separate experiments are presented in panels

C and D.

eventually end up in lysosomes. None of these studiesdownregulation is due mainly to the decreasfiiR mRNA
addressed the fate of the receptor protein. Furthermore, thdevels followed by a reduction in receptor synthesis. Loss
requirement for endocytosis may not be universal as down- of ;AR then becomes dependent on basal turnover that is

regulation of,AR in murine L and A431 cells occurs even
when endocytosis is blockedly). In this latter study,
degradation of HAB,AR expressed in L cells was detected
by immunoblotting crude membrane fractions with anti-HA
antibody.

relatively slow with aty, of 20 h. To test this, we modified
eq 2a to include both a delay 4 h and a reduction iks to
approximate the changesMAR mRNA levels (Figure 8).
For k,s, we used the values from Table 1. The curves
generated by Prism 3 fit the data points for downregulation

In the present study, we investigated the downregulation mediated by CPT-cAMP as well as 0.3 and 1 nM iso-

of the humarg;AR, about which even less is known. We
found downregulation 0f3;AR to be very complex with
reductions in receptor binding activity, mRNA levels, and

proterenol fairly well. Although we cannot eliminate the
possibility that phosphorylation ¢h AR by PKA contributes
to its downregulation, we believe that it is unlikely. Phos-

immunoreactive protein. In addition, downregulation oc- phorylation is a very early event as evidenced by the PKA-
curred in response to both agonist and a permeable cAMPmediated desensitization B{AR (20) whereas downregu-
analogue. In cells exposed to the latter, there was lesslation is not observed for several hours. In addition, cAMP
downregulation as well as a delay of several hours before adid not inducef;AR internalization over the 24 h period

reduction inS:AR levels was observed. A similar pattern
has been observed for humgsAR expressed in CHW cells
(37). These authors also found thaAR mRNA is down-

that cAMP-mediated downregulation was observed.
When we examined the kinetics of agonist-mediated
downregulation off;AR, we found effects not only of agonist

regulated, presumably due to increased destabilization by anconcentration but also of receptor density. As expected, the

mMRNA binding protein(s) induced by cAMPL3—15, 34).
In CHW-hg; cells, we showed that the decreaseSi\R

rate of downregulation increased between 10 nM andM.0
isoproterenoltgy,, of 9 vs 4.1 h) whereas the opposite effect

MRNA levels was due to reduced stability as indicated by was observed when downregulation was compared between
the more rapid turnover. Taken together, our results indicatecells expressing low and high receptor leveils of 4.1 vs

that agonist-mediated downregulationf@AR in CHW cells

10.2 h). When the extent of downregulation was expressed

includes both agonist- and cAMP-specific components. This as amount of receptor per 24 h, however, the loss of binding
is very apparent from the effect of agonist concentration on was proportional to the initial levels ghAR up to~2 pmol/

the time course of downregulation. Whereas at concentrationsmg of protein after which downregulation reached a plateau.
above 1 nM loss of binding followed a first-order decay Thus, downregulation gf;AR in CHW cells appears to be
curve, at or below 1 nM downregulation occurred after a a saturable process, but only at a high level of expression.
lag of several hours and appeared similar to that mediated Although we found that low and high receptor-expressing

by cAMP. Most likely, the cAMP-specific component of

cells exhibited corresponding differences in agonist-mediated
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internalization of their surfac@;AR, the receptors were ized by immunofluorescence. We confirmed that leupeptin
internalized at rates~40-fold faster than the rates of (and E-64 but not calpain inhibitor I) inhibited downregu-
downregulation. As we found for the latter process, the lation in HEK 293 cells expressing HA-tagged as well as
number of receptors internalized per 20 min was proportional wild-type 5,AR. The ability of leupeptin to block the loss
to the initial surface$;AR density and reached saturation of binding activity may be cell-specific as we found no effect
but a higher level £3 pmol/mg of protein). Thus$:AR in either CHW-I8; and CHW-If, cells or human SK-N-
internalization was not rate-limiting for downregulation. MC and A431 cells expressing endogengydR and f3,-
When we blocked agonist-mediated internalization, however, AR, respectively.
we prevented the downregulation, indicating that the former  Given the complexity of agonist-mediated downregulation
is required for the latter. Our results are in contrast to those of the humarB;AR expressed in CHW cells, there does not
of Jockers et al.[(1), who found that blocking internalization  appear to be a simple model that encompasses all of the
does not inhibit the downregulation of humagAR in either various aspects. At a minimum, the model includes both
L or A431 cells. As we also found that internalization was agonist- and cAMP-specific components. Upon further
necessary for humaf,AR downregulation in CHW cells,  scrutiny of the data, it is apparent that the agonist-specific
the differing results may be due to use of different cell lines. component of ;AR downregulation not only requires
In addition, we observed that internalization did not occur internalization of the receptor but also predominates at high
in cells exposed to CPT-cAMP and thus appears to be agonist concentrations, low receptor levels, and the earlier
agonist-specific. In this regard, the g&alue for agonist- times of exposure. In contrast, the cAMP-specific component
mediated internalization was more than 100-fold higher than does not require internalization and is more effective at low
for downregulation and more closely related to agonist agonist concentrations, high receptor levels, and the later
occupancy of3;AR. Thus, low agonist concentrations times of exposure. In this regard, our model for downregu-
sufficient to raise cAMP levels were able to induce down- lation of the humarns;AR expressed in CHW cells shares
regulation but not internalization. Finally, ;AR is being several similarities with the kinetic model for agonist-
internalized faster than it is being downregulated yet at any mediated downregulation of endogeng8#\R in human
given time only 26-30% of the total receptors are not on BEAS-2B epithelial cells developed by Williams et &l 2.
the cell surface, then most of the internalizedR probably Their scheme also has two components: a high-affinitys¢EC
is being recycled back to the plasma membrane even in the= 0.5 nM), low-capacity one that is independent of inter-
continual presence of agonist. This is consistent with studiesnalization and a low-affinity, high-capacity one that is closely
on the humarg,AR (38). linked to internalization. They further suggest that the high-
Using antibodies specific for humghAR and immuno- affinity component involves cAMP and PKA, which agrees
blotting of cell lysates, we observed a time-dependent losswith our model. One apparent difference is that, in our model,
of receptor protein in agonist-treated cells. In this regard, both components appear to have similar capacities (see
our goal was to determine the fate of wild-type receptor Figure 1D).
protein and to analyze all of the receptors in the cell. Itisimportant to point out that this two-component model
Although we cannot distinguish between total receptor for downregulation ofARs may be highly cell-specific and
degradation and partial proteolytic cleavage of the C-terminal only occur in cells that undergo cAMP-mediated downregu-
antigenic determinant, we did not find any smaller immu- lation of receptors (and receptor mRNA) such as CHW
noreactive fragments on the blots. We did observe that the (present study and r&f7), rat C6 glioma {6, 39), hamster
disappearance ¢f;AR immunoreactivity was delayed rela- DDT; MF-2 (13), and possibly human BEAS-2B72) cells.
tive to the loss of binding activity. One explanation could It does not appear to operate in murine 11y, HEK 293
be the pool of inactive receptors that we detected when we (unpublished observations and ), A431 (unpublished
compared light and heavy membrane fractions by immuno- observations and refl), and SK-N-MC @5, 40) cells. In
blotting. These may represent newly synthesized receptorssome of these cells, only the agonist-specific pathway for
that have not yet assumed an active conformation or maturedownregulation may be functioning. In others, downregu-
receptors that are in the process of being turned over.lation may be through a total distinct pathwabl). Thus,
Regardless of its source, this pool initially may be masking one of the major challenges will be to resolve the cell-specific
the decrease in actiy@tAR protein detected by immunob- aspects ofSAR downregulation. In this regard, we are
lotting. A similar phenomenon was described in L cells exploring the basis for the downregulation®AR but not
expressing HA3,AR except the pool of inactive receptors (AR in HEK 293 cells in comparison to CHW cells in
was detected in the light membrane fracti@d)( Again, this which both subtypes undergo downregulation. While GPCRs
may be due to the use of different cells. have specific cytoplasmic sequences (sorting signals) that
While protease inhibitors potentially may be useful in mediate their targeting to either recycling or degradative
delineating the site(s) of downregulation, differing results pathways T), regulation of intracellular trafficking also
have been reported on their effectsfAR downregulation. involves specific sorting proteins that recognize these signals.
Leupeptin and E-64, two inhibitors of cysteine proteases, asVariations in their levels of expression may contribute to
well as calpain inhibitor I, which is also a proteasome cell-specific effects on downregulation.
inhibitor, were found to be ineffective in preventing down-
regulation of HAB,AR expressed in L cellsl@). In contrast, REFERENCES
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