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SUMMARY
The human /33-adrenergic receptor (�33AR) lacks most of the
structural determinants that, in the �32AR, contribute to agonist-
induced receptor desensitization. To evaluate the effect of these
structural differences on the f.�3AR desensitization profile, the
human /32 and f33AR were stably expressed in Chinese hamster
fibroblasts (CHW) and murine Ltk cells (L cells). Incubation of
CHW-�92 or L-�32 cells with 1 0 �M isoproterenol for 30 mm induced
a decrease in the maximal agonist-stimulated adenylyl cyclase
activity and a cAMP-dependent reduction in the potency of
isoproterenol to stimulate the receptor. In addition, this pretreat-
ment impaired the formation of the high affinity heterotrimeric
agonist-receptor-guanine nucleotide-binding protein complex
and induced the sequestration of -�-30% of the fl2AR away from
the cell surface. In contrast, similar treatment of CHW-fl3 and L-
fl3 cells did not affect the maximal receptor-stimulated adenylyl

cyclase activity, nor did it induce any significant sequestration of
the fl3AR. In fact, only a modest cAMP-independent decrease in
the potency of isoproterenol to stimulate the receptor could be
observed after isoproterenol treatment. The rapid desensitization
pattern of a chimeric fl3AR, in which the third cytoplasmic loop
and the carboxyl-terminal tail were exchanged with those of the
f.�2AR (which include potential phosphorylation sites and other
possible molecular determinants of desensitization), was found
to be intermediate between those of the two original receptor
subtypes. These results demonstrate that (i) the f�3AR is less
prone than the fl2AR to undergo rapid agonist-promoted desen-
sitization and, (ii) in addition to the phosphorylation sites located
in the third cytoplasmic loop and the carboxyl-terminal tail of the
fl2AR, other molecular determinants contribute to short term
desensitization.

Sustained stimulation of many hormone receptors leads to a

rapid decrease of their responsiveness. This very general regu-
latory process, known as desensitization, tends to limit the time

of activation of the cellular signal and thus prevents oversti-

mulation. The desensitization of the fl2AR has been particularly

well studied (1-3). Both a functional uncoupling ofthe receptor
from G5 and a rapid sequestration of the receptor away from

the cell surface are believed to contribute to this regulatory
process. The functional uncoupling of the f.�2AR has been shown

to result from its phosphorylation by PKA and I3ARK (4-8). It

was therefore suggested that phosphorylation may represent a
general mechanism involved in the desensitization ofG protein-
coupled receptors (9).
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It has been shown that, in the $2AR, the targets of phos-

phorylation by PKA and /3ARK are located in the third cyto-

plasmic loop and the carboxyl terminus of the receptor (4, 5).

Interestingly, most of those phosphorylation sites are absent

from the primary sequence of another flAR subtype, the f33AR

(10). This suggests that the (33AR, which has been implicated

in the control of metabolic processes in adipocytes (10-13),

may be less prone to agonist-induced desensitization.

To test this hypothesis, the effects of sustained agonist
stimulation on fl3AR responsiveness were investigated in CHW

and L cells stably expressing the human f33AR gene. Character-

ization of the rapid desensitization of this receptor is of consid-

erable interest, because it is considered a potential target for

antiobesity drugs that would be selective fl3AR agonists (11,

13).

Here we report that a 30-mm exposure to isoproterenol,

which leads to a significant desensitization of the 132AR-stim-

ulated adenylyl cyclase activity, had only a marginal effect on

ABBREVIATIONS: flAR, fl-adrenergic receptor(s); Chfl3#{237}32AR,chimeric fl3/fl2-adrenergic receptor; PKA, cAMP-dependent protein kinase; �3ARK, /3-
adrenergic receptor kinase; CHW, Chinese hamster fibroblasts; L cells, murine Ltk cells; 125l-CYP, 125l-cyanopindolol; DMEM, Dulbecco’s modified
Eagle’s medium; PBS, phosphate-buffered saline; Gpp(NH)p, guanyl-5’-yl-imidodiphosphate; Bt2cAMP, N�,O2’-dibutyryladenosine 3’ ,5’-cyclic
monophosphate; G�, stimulatory guanine nucleotide-binding regulatory protein; FBS, fetal bovine serum; G protein, guanine nucleotide-binding
protein.
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f33AR responsiveness. The addition of the f32AR phosphoryla-

tion sites to the sequence of the j3�AR, by substitution of the

third cytoplasmic loop and the carboxyl-terminal tail of the
/33AR with the corresponding regions of the f32AR, partially

restored desensitization. These results, although consistent

with the role of phosphorylation sites, suggest that other mo-

lecular determinants are also implicated in the development of
agonist-promoted desensitization.

Experimental Procedures

Materials. [a-32P]ATP was obtained from New England Nuclear
or ICN Biochemicals; [3H]cAMP and ‘25I-CYP were purchased from
New England Nuclear. Isoproterenol, norepinephrine, epinephrine, DL-

propranolol, (-)-alprenolol, ATP, GTP, cAMP, phosphoenolpyruvate,
myokinase, isobutylmethylxanthine, Bt2cAMP, leupeptin, soybean
trypsin inhibitor, and benzamidine were obtained from Sigma. Pyruvate

kinase was from Calbiochem. DMEM, PBS, trypsin, FBS, horse serum,
geneticin (G418), penicillin, streptomycin, and fungizone were pur-
chased from GIBCO/BRL. CGP-12177 was a generous gift from Ciba
Geigy. ICI-118551 and BRL-37344 were kindly provided by Imperial
Chemical Industries and SmithKline Beecham, respectively.

DNA construction and cell transfection and culture. The hu-
man fl2AR cDNA was cloned into the pBC12BI expression vector (4).

A -2.6-kilobase SmaI-SacI fragment of the human /33AR gene (10),

containing the totality of the coding region and part of the 3’ untrans-

lated region, was cloned into the HindIII-SmaI sites of the pBC12BI

plasmid.

A chimeric receptor consisting of the /33AR with the third cytoplasmic
loop and the carboxyl-terminal tail of the fl2AR was constructed as
follows. Silent mutations were created in the /32- and $3AR genes by

site-directed mutagenesis, following the method of Kunkel et al. (14),
to generate unique restriction sites. These sites were AvrII (ccTAGG

at position 2085), PstI (CTGCaG at position 2241), and ScaI (AGTacT
at position 2509) in the $2AR sequence (15) and AvrII (CctaGG at
position 1516) and PstI (CTGaGg at position 1674) in the coding region

of the fl3AR (10). The AccI-AvrII fragment (encoding the third cyto-

plasmic loop, Va1218-Leu275) and the PstI-ScaI fragment (encoding the
carboxyl-terminal tail, Arg�28-Leu413) from the /32AR were substituted

for those of the /33AR. The Chj33fl2AR gene fragment was subcloned in

the pBC12BI vector as described above. Identity of the chimeric recep-
tor was confirmed by dideoxynucleotide sequencing.

Each of the constructs described above was cotransfected with the
pSVneoplasmid (Pharmacia) into CHW-1102 and/or L cells by calcium
phosphate precipitation (16). Neomycin-resistant cells were selected in

DMEM supplemented with 10% (v/v) FBS, 100 units/ml penicillin,

100 �g/ml streptomycin, 0.25 �g/ml fungizone, 1 mM glutamine, and

geneticin at a concentration of 150 �g/ml (for CHW) or 450 �g/ml (for

L cells). Individual clones were screened for /3AR expression by radi-
oligand binding assays, using ‘251-CYP as ligand.

Membrane preparation and radioligand binding assays.

Nearly confluent cells, preincubated (when required) for 30 mm at 3T

with 10 MM isoproterenol in DMEM supplemented as described above,
were washed twice with ice-cold PBS. Washed cells were mechanically

detached and resuspended in 10 ml of an ice-cold buffer containing 5

mM Tris, 2 mM EDTA, pH 7.4, 5 mg/liter soybean trypsin inhibitor, 5
mg/liter leupeptin, and 10 mg/liter benzamidine (buffer A). The sus-
pensions were homogenized for 5 sec with a Polytron homogenizer
(Janke & Undel Ultra-Turrax T25) at maximum setting. The lysates
were then centrifuged at 500 X g for 5 mm at 4� and the supernatants

were centrifuged again at 43,000 X g for 20 mm at 4*� The pellets were

washed in 10 ml of buffer A and recentrifuged at 43,000 x g for 20 mm
at 4@� The pelleted membranes were resuspended in buffer B (75 mM
Tris, 12.5 mM MgC12, 2 mM EDTA, pH 7.4, 5 mg/liter soybean trypsin

inhibitor, 5 mg/liter leupeptin, 10 mg/liter benzamidine). Protein con-

centrations were determined by the method of Bradford (17), using the

Bio-Rad protein assay system with bovine serum albumin as standard.
Radioligand binding assays were performed as described previously

(18), in a total volume of 0.5 ml containing 5-10 �sg of protein. Full

saturation binding isotherms were conducted using 0-400 pM ‘251-CYP

for the /32AR and 0-1400 �M ‘25I-CYP for the /33AR and the Chfl3/32AR.

Specific binding was defined as the binding selectively inhibited by 10

�sM (-)-alprenolol. The binding assays were conducted for 90 mm at
22’ and were terminated by rapid filtration over Whatman GF/C glass

fiber filters. To reduce nonspecific binding, filter papers were presoaked

in 25 mM Tris, pH 7.4, 0.3% polyethyleneimine, 0.1% bovine serum

albumin. Kd values obtained from binding isotherms were not affected

by either isoproterenol or Bt2cAMP pretreatments. Therefore, receptor

numbers were routinely evaluated using 250 pM ‘25I-CYP for the fl2AR

and 450 �M ‘25I-CYP for the /33AR and the Ch/33/32AR. It is important

to note that 450 pM ‘25I-CYP does not saturate all /33AR binding sites.

Higher concentrations were not used for economic reasons and because
of high nonspecific binding. Estimations obtained using 450 pM

‘25ICYP were in good agreement with the numbers obtained in full

saturation binding isotherms.

Competition binding assays were performed in duplicate using -45

pM or -300 �M ‘25I-CYP for /32AR and /33AR, respectively, and 0-2000

MM concentrations of competitors [isoproterenol, norepinephrine, epi-
nephrine, BRL-37344, ICI-118551, DL-propranolol, and (-)-alpren-
ololj. Competition assays with agonists were conducted in the presence

and absence of 100 �iM Gpp(NH)p. Binding data were analyzed by
nonlinear least-squares regression using the computer program LI-

GAND (19).

Adenylyl cyclase assays. The activity of adenylyl cyclase was

measured using the method described by Salomon et al. (20). Cell

membranes were prepared as described above for radioligand binding

and were resuspended in buffer B containing 5 mM instead of 12.5 mM
MgCl2. The assay mixture contained 0.02 ml of membrane suspension
(2-6 �sg of protein), 45 mM Tris, pH 7.4, 3 mM MgC12, 1.2 mM EDTA,

0.12 mM ATP, 0.053 mM GTP, 0.1 m�,i cAMP, 0.1 mM isobutylme-

thylxanthine, 1 MCi of [a-32P]ATP, 2.8 mM phosphoenolpyruvate, 0.2

unit of pyruvate kinase, and 1 unit of myokinase, in a final volume of

50 �l. Enzyme activity was determined in the presence of 0-100 �M

isoproterenol for 15 mm at 3T . Reactions were terminated by the

addition of 1 ml of ice-cold stop solution containing 0.4 mM ATP, 0.3

mM cAMP, and [3H]cAMP (-25,000 cpm). The cAMP was then

isolated by sequential chromatography on Dowex cation exchange resin

and aluminium oxide. The determinations were performed in duplicate
and the data were analyzed using nonlinear least-squares regression.

Sequestration assays. Nearly confluent cells grown in 25-cm2
flasks were washed twice with 5 ml of PBS and were treated for 5 mm
with 1 ml of trypsin/EDTA. The cells were resuspended in a 15-ml

tube in 10 ml of DMEM/10% FBS supplemented with 1 MM ascorbic

acid and were equilibrated at 3T for 30 mm. They were then incubated

in the presence or absence of 10 �sM isoproterenol at 37* for the

indicated periods of time, with gentle shaking. The cells were then

centrifuged at 450 x g for 5 mm at 4, washed twice with ice-cold PBS,

and resuspended in 3 ml of ice-cold PBS. Aliquots of 150 ,�l were used
for radioligand binding assays. Whole-cell binding assays were per-

formed at 13 for 3.5 hr in a final volume of 0.5 ml of DMEM

supplemented with 10% (v/v) horse serum, 2 �sM desipramine (to reduce

nonspecific binding), and either -250 �M or -450 �M ‘25I-CYP (for

CHW-/32 and CHW-fl3 cells, respectively). The reactions were termi-

nated by rapid filtration through Whatman GF/C glass fiber filters

treated as described above. The total receptor number was defined as
the number of ‘25I-CYP binding sites inhibited by 10 �M DL-propran-

olol, whereas the number of cell surface receptors was defined as the

number of radioligand binding sites inhibited by 3 �sM concentrations

ofthe hydrophillic ligand CGP-12177. The cell suspension was homog-

enized with a Polytron homogenizer for one 5-sec burst before deter-
mination of protein concentration.

Agonist-induced sequestration of I3AR in L cells was evaluated by
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subcellular distribution experiments. Attached cells were incubated or

not with 10 �sM isoproterenol for the indicated times. After the incu-

bation period, the cells were mechanically detached, collected on ice,
and homogenized using a Polytron homogenizer (one 5-sec burst at

maximum setting). The lysate was centrifuged at 200 x g for 10 mm at
4* and the supernatant was layered on top of a 35% sucrose cushion
and centrifuged at 150,000 x g for 90 mm. As reported previously (6),
the light membrane vesicular fraction was found at the 0-35% interface,
whereas the plasma membrane fraction sedimented at the bottom of
the sucrose cushion. Each fraction was collected, diluted in buffer A,
and centrifuged at 200,000 x g for 60 mm. The pelleted membranes

were resuspended in 50 mM Tris, pH 7.4, 5 mM EDTA, and used

immediately for radioligand binding assays.
Statistical analysis. Differences between data were evaluated using

the Bonferroni t test with the program PRIMER. Differences were

considered statistically significant with p < 0.05.

Results

CHW cells, devoid of endogenous I3AR binding activity, were

transfected with the pBC12BI expression vector containing the

f32AR (CHW-/32) or the f33AR (CHW-/3:s) coding sequences. Cell

lines expressing similar numbers of receptors (-500-1000 fmol/
mg of membrane protein, as determined by membrane binding

assays) were used throughout this study.

Pharmacology of CHW-i93 cells. Partial pharmacological

characterization of the ‘25I-CYP binding sites of cells trans-

fected with the $3AR gene was conducted. A single class of

binding sites, with a Kd of 337 ± 109 pM (two experiments),

were detected. In competition experiments, the order of potency

for the /3 agonists to displace ‘25I-CYP binding was BRL-37344
> isoproterenol > norepinephrine > epinephrine (Table 1). The

affinity values were in good agreement with those reported

previously for the /.33AR (12). Three classical /3 antagonists
inhibited the binding of 1251-CYP to CHW-fl3 membrane prep-
arations with the following order of potency: aiprenolol >

propranolol > ICI-118551 (Table 1). The K, calculated for ICI-
118551 was close to that determined previously (12). However,
the results obtained with (-)-alprenolol and DL-propranolol

were in apparent contradiction with a previous report describ-

ing the pharmacology of the human fl3AR (10). In that study,
(-)-alprenolol and DL-propranolol were shown to be ineffective

in blocking isoproterenol-induced cAMP accumulation in

TABLE 1
Competition with 125l-CYP binding in CHW membrane preparatons
Experiments were carried out with membrane preparations derived from CHW-�i3
of -/32 cells. Competitions with agonists were performed in the presence of 100 MM

Gpp(NH),,. The curves were fitted using least-squares regression analysis. Data are
expressed as mean ± standard error of three or four experiments performed in
duplicate.

K,

CHW-#{216}2

pM

Agonists
Isoproterenol 3.9 ± 0.7 0.14�
Epinephnne 40 ± 14 0.3P
Norepinephrlne 13 ± 1 .5 0.74
BRL-37344 1.4 ±0.6 ND”

Antagonists
lCl-118551 1.7 ± 0.3 0.002c
DL-Propranolol 0.2 ± 0.04 ND
(-)-Alprenolol 0.03 ± 0.006 0.0003

Chinese hamster ovary cells expressing the $3AR. This appar-

ent discrepancy is explained by the partial agonistic properties

of these compounds for the human (33AR.’

Isoproterenol- and Bt2cAMP-promoted desensitiza-

tion. To assess the effects of short term agonist treatment on

receptor responsiveness, CHW-fl2 and CHW-j33 cells were

treated with 10 �tM isoproterenol for a period of 30 mm at 37’.

This concentration of isoproterenol was required to ensure

>85% saturation of the fl:tAR. The isoproterenol-stimulated

adenylyl cyclase activities were then determined in membrane

preparations derived from these cells. This treatment did not

significantly alter the total number of receptors in either cell

line. However, in CHW-fl2 cells the agonist exposure caused a

21 ± 4% (p < 0.05) decrease in the maximal isoproterenol-

stimulated adenylyl cyclase activity (Fig. 1). In contrast, in

CHW-fl3 cells the same treatment with isoproterenol caused no

change in the maximal agonist stimulation of the enzyme.

However, the agonist pretreatment induced a similar decrease

(-3-fold, p < 0.05) in the potency of isoproterenol to stimulate

adenylyl cyclase in the two cell lines. Identical results were

Fig. I . Isoproterenol-stimulated adenylyl cyclase in membranes from
CHW-#{216}2(upper) and CHW-/33 (lower) cells. CHW-#{216}2or CHW-/33 cells
were incubated with 10 pM isoproterenol or with the incubation buffer
alone for 30 mm at 37#{176}.The adenylyl cyclase activity is expressed as
pmol of cAMP produced/mm/mg of protein. Data points represent the
mean ± standard error of four experiments performed in duplicate.

Calculated K�, values (in nM) were as follows: CHW-f32: control, 56.3 ±
6.9; isoproterenol, 178 ± 34; CHW-/33: control, 126 ± 44; isoproterenol,
435 ± 126.
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obtained after pretreatment with 100 �sM isoproterenol (data

not shown).

Our results also show that the isoproterenol-induced activa-

tion of adenylyl cyclase in CHW-/33 cells is lower than in CHW-

/32 cells, which suggests a lower coupling efficiency for the /.33AR.
Whole-cell levels of cAMP, upon agonist stimulation, were also

found to be lower in fl3AR-expressing cells (data not shown).

To evaluate whether these differences could be responsible for

these distinct desensitization patterns, the effect of the perme-

able cAMP analog Bt2cAMP on receptor responsiveness was

assessed. Treatment of CHW-fl2 cells with 1 mM Bt2cAMP for

30 mm was found to cause a 2.4-fold decrease in the potency of

isoproterenol to stimulate the enzyme (Table 2). This decrease

was similar to that observed when the cells were pretreated

with either isoproterenol alone or isoproterenol plus Bt2cAMP.

This suggests, as reported previously (21-23), that a cAMP-

dependent process contributes to the rapid desensitization of

the �32AR. As shown in Fig. 1, pretreatment of CHW-/33 cells

with isoproterenol alone also caused a significant decrease in

the potency of isoproterenol to stimulate the enzyme. However,

treatment of these cells with Bt2cAMP had no effect on the

potency of the agonist (Table 2). This strongly suggests that
the agonist-induced decrease in the potency of isoproterenol to

stimulate the fl3AR is independent of intracellular cAMP levels.

Agonist-binding properties. As shown in Fig. 2, isopro-

terenol competition with ‘251-CYP binding in both CHW-fl2
and CHW-f33 membrane preparations was biphasic. Curves

were best fitted by a two-affinity site model, using an iterative

least-squares regression analysis of the nontransformed data.

In both cases the high affinity component was found to be

sensitive to guanyl nucleotides, because the addition of

Gpp(NH)p decreased the proportion of receptors in the high

affinity state. However, the effect of Gpp(NH)p on the agonist-

binding properties was found to be much more dramatic for the
f32AR than for the $3AR. The guanyl nucleotide-sensitive high

affinity state is believed to represent the heterotrimeric hor-
mone-receptor-G protein complex, whereas the low affinity

state would represent the hormone-receptor complex uncoupled

from G, (19). Treatment of CHW-f32 cells with 10 �tM isopro-

terenol caused a 76% decrease (p < 0.05) in the number of

receptors in the high affinity state. The same treatment led to

a smaller reduction of the number of /33AR in the high affinity

TABLE 2

Isoproterenol stimulation of adenylyl cyclase in membrane
preparations from CHW-�92 and CHW-$3 cells
CHW-i12 or � cells were incubated for 30 mm at 37#{176}with either vehicle alone
(control), 1 0 pM isoproterenol, 1 m� Bt�cAMP, or 10 pM isoproterenol plus 1 m�.i
Bt�cAMP. Data are expressed as mean ± standard error; c� represents the intnnsic
activity expressed as a fraction of control cells.

EC� c,�

flM

CHW-/32
Control 70 ± 1 8 1 .0 9
Isoproterenol 154 ± 18” 0.8 6
Bt�cAMP 171 #{247}49” 1.2 3
Isoproterenol + Bt2cAMP 214 ± 66” 1 .1 3

CHW-/33
Control 276 ± 62 1.0 11
Isoproterenol 623 ± 105b 1 .0 5
Bt�cAMP 278 ± 98 1 .1 3
Isoproterenol + Bt2cAMP 695 ± 121 b � � 3

a ri, number of experiments.
a � < 0.05, compared with control.

C
z

z

C)
Li�

U
Li�J

11
LI)

-10 -8 -6 -4

LOG [ISOPROTERENOL]

Fig. 2. Competition with ‘25l-CYP binding in membranes from CHW-f32
(upper) and CHW-/33 (lower) cells. Experiments were carried out with
membrane preparations from cells preincubated () or not (#{149},A) with
10 MM isoproterenol for 30 mm, in the absence (U, #{149})or in the presence
(A) of 100 MM Gpp(NH)p. The three curves were fitted simultaneously
using least-squares regression analysis. K, values (in �M) were as follows:
CHW-fl2: K�, 4.3 ± 1 .0; K,�L), 500 ± 60; CHW-fl3: K�, 380 ± 100; K�L),

49,000 ± 29,000. Results are expressed as the percentage of maximal
125l-CYP binding and represent the mean of three experiments performed
in triplicate. The histograms (insets) represent the percentage of high
affinity sites [% (H)] measured in membrane preparations. C, Membranes
from untreated cells; G, membranes from untreated cells in the presence
of 100 MM Gpp(NH)p; I, membranes from cells preincubated with 1 0 �M

isoproterenol. ‘, p < 0.05.

state that did not reach statistical significance. These results

would be consistent with the notion that the f33AR is less prone

to rapid desensitization than is the fl2AR. However, given the

lack of sensitivity of the /33AR high affinity sites to guanyl

nucleotides, these data could reflect a difference in the strengh

of receptor/G protein coupling rather than a difference in

susceptibility to desensitization.

Agonist-induced sequestration. Agonist-induced seques-

tration of the /32- and /33AR was evaluated in CHW by compar-

ing the abilities of the hydrophillic ligand CGP-12177 and of

the hydrophobic ligand DL-propranolol to inhibit ‘25I-CYP

binding in whole-cell assays (24). Treatment of CHW-fl2 cells

with 10 �M isoproterenol caused a rapid decrease in the number

of ‘25I-CYP binding sites accessible to the hydrophillic ligand

CGP-12177 (Fig. 3). This sequestration reached a maximum of

30% after 15 mm of incubation. However, in CHW-/3:t cells a

similar treatment did not cause any significant decrease in the
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Fig. 3. Isoproterenol-induced sequestration of /3AR in CHW-fl2 and CHW-
/33 cells. Sequestration is defined as the difference between the total
receptor number, determined as the number of 125l-CYP binding sites
accessible to DL-propranolol, and the cell surface receptor number,
determined as the number of sites accessible to CGP-1 21 77. The
sequestered receptor number is expressed as a percentage of total
receptor number. Data represent the mean ± standard error of four

experiments performed in triplicate. ‘, p < 0.05.

number of cell surface ‘251-CYP binding sites even after 60 mm

of continuous stimulation with the agonist.
Desensitization profile of Chfl3fl2AR. To determine

whether the presence of phosphorylation sites, or other molec-

ular determinants in the cytoplasmic domains of the /32AR,

could restore a normal /33AR desensitization profile, a chimeric

receptor was constructed. This chimera consisted of a $3AR

backbone in which the third cytoplasmic loop (Val223-Leu294)

and the carboxyl-terminal tail (Arg348-G1y403) were replaced

with those of the fl2AR (Va1218-Leu275 and Arg�28-Leu413). These

segments include potential phosphorylation sites for both PKA

and I3ARK. The chimera was then stably expressed in murine

L cells (L-Ch/33/32). The effects of sustained agonist stimulation

on the chimeric receptor responsiveness were compared with

effects observed in L cells expressing either the �32AR (L-fl2) or

the /33AR (L-/33). These cell lines expressed between 40,000 and

65,000 receptor molecules/cell, as determined either in radioli-

gand binding assays performed on membrane fractions (300-
500 fmol of receptor/mg of membrane protein) or in whole-cell

binding assays (40-60 fmol of receptor/mg of cell protein). L

cells were chosen because the adenylyl cyclase was more re-

sponsive to I3AR stimulation and the agonist-induced desensi-

tization was more pronounced than in CHW cells (compare

Figs. 1 and 4). Moreover, the two receptor subtypes have
identical abilities to stimulate adenylyl cyclase when expressed

in this cell line.
A single class of binding sites for ‘25I-CYP were observed in

L-Chfl3j32-derived membranes. The Kd of ‘251-CYP for the chi-
meric receptor (315 ± 59 pM; three experiments) was virtually

identical to that found for the wild-type fl3AR expressed in

either L cells (578 ± 159 pM; two experiments) or CHW (see

above). The order of potency of the /3 agonists, as determined

by ‘251-CYP competition binding assays, was identical to that

552 Nantel of al.

for the wild-type (33AR (Table 3). Although the relative affini-

ties for ICI-118551 and DL-propranolol were unchanged, the

affinity for (-)-alprenolol was slightly reduced in the Ch/33f32AR

chimera (Table 3). Overall, the K, values of the agonists and

antagonists suggest that the chimeric receptor maintained a

pharmacological profile characteristic of the /33AR.

Treatment of L-fl2 cells with isoproterenol induced a pro-

nounced (62 ± 2%, p < 0.05) decrease in the maximal isopro-

terenol-stimulated adenylyl cyclase activity (Fig. 4). However,
similar to observations in CHW-/33 cells, isoproterenol treat-

ment of L/3:; cells did not significantly affect the maximal

agonist-induced stimulation of adenylyl cyclase but signifi-

cantly reduced (p < 0.05) the potency of isoproterenol to

stimulate the enzyme. In L-Ch/33(32 cells, agonist pretreatment

induced a 17 ± 10% (p < 0.05) reduction of the maximal

isoproterenol-stimulated adenylyl cyclase activity along with a

5-fold (p < 0.05) decrease in the potency of isoproterenol. The

reason for such a pronounced decrease in potency is not clear
but may be related to the relatively modest decrease in maximal

50 60 response observed.

Isoproterenol competition curves for ‘251-CYP binding in L-

(32, L-fl3, and L-Ch/33/32 membrane preparations are shown in
Fig. 5. The curves were biphasic and were fitted best to a two-

site affinity model. The high affinity component was sensitive

to guanyl nucleotides; the addition of Gpp(NH)p significantly

reduced, by -70%, the proportion of receptors in the high

affinity state for the three receptor subtypes. The effect of

agonist pretreatment on high affinity binding was slightly more

important for the f32AR and the Ch/33f32AR than for the fl3AR.
The effect of agonist exposure on 43AR sequestration was also

evaluated in L cells. The isoproterenol-induced sequestration

was evaluated by assessing the subcellular distribution of the

receptor. The agonist treatment induced a time-dependent

redistribution of the /32AR from the plasma membrane to the
light membrane fraction (Fig. 6). This agonist-induced seques-

tration was identical to that measured in CHW-$2 cells using
the hydrophillic ligand CGP-12177. Also in agreement with

what was observed in CHW, no agonist-induced translocation

of the f.33AR from the plasma membrane to the sequestered

vesicles was observed in L cells (Fig. 6). Similarly, the agonist

treatment did not influence the subcellular distribution of the

Chfl3fl2AR expressed in L cells. The latter observation suggests

that the molecular determinants for sequestration are located

outside of the third cytoplasmic loop and the carboxyl-terminal
tail of the f32AR.

Discussion

In the present study, we have shown that the human fl3AR,

expressed in either CHW or L cells, is much less prone to rapid

agonist-mediated desensitization than is the human fl2AR. Sub-
stituting the third cytoplasmic loop and the carboxyl-terminal

tail of the fl3AR with those of the fl2AR (which include phos-

phorylation sites for PKA and I3ARK along with other possible
molecular determinants of desensitization) enhanced, but did

not completely restore, the occurrence of desensitization.

The rapid agonist-mediated desensitization of the fl2AR is

reflected by decreased maximal stimulation of adenylyl cyclase

and by decreased potency of /3 agonists in dose-response exper-

iments (5, 25). These phenomena are believed to result, at least

in part, from the functional uncoupling of the receptor from

G,. The reduced number of fl2AR in the guanyl nucleotide-
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Fig. 4. Isoproterenol-stimulated adenylyl cyclase activity in membranes from L-$2 (left), L-fl3 (middle), and L-Ch$3$2 (right) cells. L-f32, L-/33, and L-
Chfl3j32 cells were incubated with 10 � isoproterenol (closed symbols) or with the vehicle alone (open symbols) for 30 mm at 37#{176}.The adenylyl
cyclase activity is expressed as pmol of cAMP produced/mm/mg of protein. Data represent the mean ± standard error of three experiments
performed in duplicate. Calculated K�, values (in nM) were as follows: L-fl2: control, 101 ± 7; with isoproterenol, 256 ± 69; L-fl3: control, 85 ± 16;
with isoproterenol, 183 ± 36; L-Chfl3fl2: control, 170 ± 44; with isoproterenol, 864 ± 498.

TABLE 3

compe�tion with 1251-CYP binding in L-Ch�fl2 membrane
preparations
Experiments were carried out with membrane preparations from L-Ch�,$2 cells.
Competitions with agonists were performed in the presence of 100 pM Gpp(NH).,.
The curves were fitted using least-squares regression analysis. Data are expressed
as mean ± standard error of three or four experiments performed in duplicate.

K,

pM

Agonists
Isoproterenol 2.6 ± 0.4
Epinephnne 17.9 ±5.5
Norepinephrine 4.1 ± 1.5

Antagonists
ICI 118-551 0.44 ± 0.13
DL-Propranolol 0.08 ± 0.02
(-)-Alprenolol 0.13 ± 0.03

sensitive high affinity state for agonists has often been used as

an index of uncoupling (19). In the present report, agonist

stimulation of the $3AR did not affect the ability of the receptor
to maximally stimulate adenylyl cyclase in two different cellular
systems and only marginally reduced the potency of isoproter-

enol. This low level of desensitization cannot be ascribed to the

reduced ability of the /33AR to stimulate cAMP production

observed in CHW, because in L cells both receptor subtypes

stimulated the enzyme with the same efficacy.
The fact that the fl3AR is less prone to a decrease in its

reactivity upon agonist stimulation may have important phys-

iological consequences. Under sympathetic stimulation, this

receptor might maintain a minimal /3-adrenergic sensitivity,

whereas the two other /3AR subtypes would be desensitized.

Consistent with this hypothesis, Granneman (26) reported that
pretreatment of isolated rat adipocytes with isoproterenol did

not affect fl3AR-mediated adenylyl cyclase activation. The ob-

servation made by us and others (10, 13) that the /33AR binds
the natural catecholamines with much lower affinities than do

the fl1AR and the /32AR is also consistent with this idea. A

report by Thomas et al. (27) suggested that, in murine 3T3-

F442A adipocytes, the /33AR is also less prone to the down-

regulation that occurs after long term exposure to agonist.

However, this might not be the case in all species, because in

rat adipose tissue /33AR mRNA levels are decreased after pro-

longed /3-adrenergic stimulation in vivo (28). The effects of long

term agonist stimulation on the human fl3AR number and

mRNA level remain to be studied.
One possible hypothesis explaining the resistance ofthe $3AR

to rapid desensitization is the absence, in its primary structure,

of most of the phosphorylation sites found in the f32AR. Phos-

phorylation by /3ARK and PKA is indeed believed to be the

major determinant ofthe rapid fl2AR desensitization (4-6). The

reduced potency of /3 agonists to stimulate adenylyl cyclase

during desensitization has been mainly attributed to PKA-

mediated phosphorylation ofthe receptor (21, 25). The involve-

ment of a cAMP-dependent process in the rapid desensitization

of the /32AR is again shown in the present study, because

treatment ofthe CHW-f32 cells with the cAMP analog Bt2cAMP

reduced the potency of isoproterenol to stimulate adenylyl

cyclase. Phosphorylation of the fl3AR by PKA appears very

unlikely, because the motif RRXS, which is the canonical

phosphorylation site for PKA (29), is absent from the primary

sequence of the fl3AR. Moreover, we showed that Bt2cAMP did

not decrease f33AR reactivity. The ability of the f33AR to act as

a substrate for /3ARK has not yet been determined. In the

/32AR, this enzyme has been shown to phosphorylate serine and

threonine residues located in the carboxyl-terminal tail of the

receptor (4, 5). Serine residues are indeed present in the car-

boxyl-terminal tail of the fl3AR. However, none of them are

preceded by acidic amino acids (aspartate or glutamate), a

context that has been proposed to favor flARK-mediated phos-

phorylation (30).

The substitution of the fl2AR third cytoplasmic loop and

carboxyl-terminal tail, which contain the PKA and /3ARK

potential phosphorylation sites, into the fl3AR sequence par-

tially restored the desensitization profile observed in cells ex-

pressing the wild-type /32AR. In fact, the decrease in maximal

receptor-mediated adenylyl cyclase stimulation for the chimeric

receptor was found to be intermediate between that observed

for the f32AR and the fl3AR. These results support the notion

that sequences, such as phosphorylation sites, located in the
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traction. L cells were incubated with 1 0 �M isoproterenol at 37� for the
indicated times. Receptor numbers were measured in the plasma and
light membrane fractions, after differential centrifugation, in a ‘25l-CYP
binding assay as described in Experimental Procedures. The data rep-
resent the isoproterenol-induced increase in the proportion of receptors
located in the light membrane fraction (sequestration) and are expressed
as percentage of total receptor number. The data shown are the mean
± standard error of two or three experiments. ‘, p < 0.05.

third cytoplasmic loop and the carboxyl-terminal tail of the

/32AR contribute to the rapid desensitization. However, the fact

that only a partial desensitization is restored in the chimera

suggests that other molecular determinants, outside of the third

cytoplasmic loop and the carboxyl-terminal tail of the fl2AR,

are involved in desensitization and that these determinants are

lacking in the primary structure of the (3:3AR. It was suggested

that /3ARK//32AR interaction involves intracellular regions

other than the carboxyl-terminal tail. Although no phosphor-

ylation sites are present in the first cytoplasmic loop of the

f32AR, its interaction with /3ARK might be required for phos-

554 Nantel Ct a!.
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Fig. 5. Competition with 125l-CYP binding in membranes from L-/32 (left), L-/33 (middle), and L-Ch/33/32 (right) cells. Experiments were carried out with
membrane preparations from cells preincubated () or not (S, A) with 10 �M isoproterenol for 30 mm, in the absence (R, S) or in the presence (A)
of 100 �zM Gpp(NH)p. The three curves were fitted simultaneously using least-squares regression analysis. K, values (in nM) were as follows: L-f32:
K,(,�, 9.5 ± 3.0; K4L), 170 ± 40; L-/33: K4�, 38 ± 24; K,(L), 1600 ± 300; L-Chfl3$2: K,(�, 63 ± 19; K,(L), 4300 ± 700. Results are expressed as the
percentage of maximal ‘25l-CYP binding and represent the mean of three experiments performed in triplicate. The histograms (insets) represent the
percentage of high affinity sites [% (H)] measured in membrane preparations. C, Membranes from untreated cells; G, membranes from untreated
cells in the presence of 100 MM Gpp(NH)p; I, membranes from cells preincubated with 10 pM isoproterenol. ‘, p < 0.05.

phorylation of the receptor at distant sites (31). In the

Ch/3:t/32AR, the first cytoplasmic loop is still of /33AR origin and

displays only 56% identity with that of the (32AR. Improper

interaction between the Chfl3f32AR and /3ARK could explain

the lack of phosphorylation even though the potential phos-

phorylation sites are present in the carboxyl-terminal tail of

the chimera. To confirm the involvement of phosphorylation,

or lack thereof, in the desensitization of the chimera and the

�33AR, purification procedures that allow direct assessement of

the phosphorylation level of the receptor will be necessary.

It should be noted that, in our system, the f33AR is not

completely refractory to rapid agonist-promoted desensitiza-

tion. Indeed, agonist treatment in both CHW and L cells

expressing the /3:tAR induced a decrease in the potency of

isoproterenol to stimulate adenylyl cyclase. Only phosphoryla-

tion-dependent mechanisms have been shown to contribute to

the rapid uncoupling of the /32AR. However, Hausdorff et al.

L-Ch�3 f� (5) observed that mutation of both PKA and I3ARK phosphor-
3 2 ylation sites on the (32AR did not completely abolish desensiti-

zation. It should be noted that this mutant receptor had a

normal sequestration pattern, which could contribute to the

residual desensitization observed in that case. A sequestration

of the receptor away from the cell surface cannot account for

the small desensitization observed here for the f33AR because

we showed that, in contrast to the fl2AR, this receptor does not

undergo agonist-promoted sequestration. The mechanisms

leading to the modest f3:3AR desensitization therefore remain

unknown.

The absence of agonist-mediated sequestration of the fl3AR

is also an important finding ofthe present study. The molecular

determinants implicated in the sequestration process are still

unknown. Even though phosphorylation of the 432AR per se

does not lead to sequestration (5), this process has been pro-

posed as a recycling pathway in which the phosphorylated

receptor could be dephosphorylated and recycled back to the

plasma membrane (32). Interestingly, the /32AR, which has the

highest number of potential phosphorylation sites, is also the

most prone to agonist-promoted sequestration. The /33AR,
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which may not be phosphorylated, does not undergo agonist-

induced sequestration, whereas the /31AR, which has fewer

potential phosphorylation sites than does the �32AR (33), shows

a sequestration pattern intermediate between those of the /32AR

and /3AR subtypes (34). The absence of agonist-promoted

sequestration of the Ch/3:�/32AR supports the notion that the

molecular determinants of sequestration are not the major

phosphorylation sites of the /32AR. In contrast, Hausdorff et al.

(35) reported that mutation of a subset of the potential �1ARK

phosphorylation sites in the /32AR prevented agonist-promoted

sequestration. However, the authors concluded that conforma-

tionnal changes imposed by the mutation, rather than the

removal of the phosphorylation sites per se, were responsible

for the phenotype. This conclusion is in line with the present

data and the previous observations that mutation of all the

phosphorylation sites in the �32AR did not block sequestration

(4,5).

In summary, the human /33AR displays significant resistance
to short term agonist-promoted desensitization. This resistance

may not be entirely accounted for by the lack of potential

phosphorylation sites in the primary sequence of this receptor.

Note Added in Proof

It has recently been shown that the human �,AR gene is composed of two
exons (36, 37), yielding a protein six amino acids longer than initially thought

(10). The /�AR expression plasmid used here contained both exons. Proper
splicing of the fl,AR gene was confirmed by direct sequencing of PCR products
and the corresponding mRNA indeed encoded for a full length receptor containing
these six supplementary amino acids.
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