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SUMMARY
The f33-adrenergic receptor (�3AR) is a member of the super-
family of G protein-coupled receptors that are characterized by
seven putative transmembrane helices connected by hydro-
philic loops. The mechanism by which the activated �ARs
transmit the signals across the plasma membrane involves the
stimulation of G5, which in turn activates adenylyl cyclase,
yielding the second messenger cAMP. In the present study, we
created a series of mutant �33ARs to explore the structural basis
for the subtype-specific binding of BRL 37344, a p3-selective
agonist, and for the coupling of the receptor to G5. To study the
mechanism of subtype-specific binding of BRL 37344, chimeric
�3�/j33ARs were constructed and expressed in Raji cells. Bind-
ing studies suggest that the transmembrane segment 5 region
of the I3SAR contains critical determinants for observed high
affinity for BRL 37344. Previous studies of �32ARs have dem-
onstrated a role for the third intracellular loop in activating G5.
To investigate the role of this region in the f33AR, we con-

structed mutant f33ARs lacking a small segment of the amino-
or carboxyl-terminal domain of the third intracellular loop. Ex-
pression of these mutant receptors in mouse L cells and Raji
cells reveals that although both mutants are capable of binding
the antagonist [‘25l]iodocyanopindolol, the agonist-stimulated
cAMP production mediated by these mutant receptors is mark-
edly attenuated or abolished. In addition, both mutant p3ARs
exhibit an approximately 1 0-fold increase in affinity for agonist
binding, whereas the affinity for antagonists is not affected.
This increased agonist affinity is not altered by treatment with
1 00 p.M S’quanylyl-imidodiphosphate, suggesting that these
mutant receptors are uncoupled from G proteins. The results of
the present study demonstrate that these regions of the third
intracellular loop of �33AR are critical for coupling to G proteins
and suggest a role for these regions in maintaining the resting
state of the unliganded receptor.

The J3-adrenergic receptors (13AR5) belong to the superfam-

ily of G protein-coupled receptors that are characterized by

seven putative hydrophobic transmembrane helices con-

nected by hydrophilic loops. Three subtypes of (3ARs (f3�, 132,

and 133) have been characterized by pharmacological as well

as molecular cloning approaches (for a recent review, see Ref.

1). These receptors share the same endogenous catecholamine

ligands (norepinephrine and epinephrine) and activate a com-

mon signal transduction pathway. On stimulation by agonists,

the receptors undergo conformational changes, which in turn

activate the stimulatory G5, thereby leading to the activation of

adenylyl cyclase and the production ofintracellular cAMP. The

second messenger cAMP interacts with various effectors within

the cell, eliciting the ultimate biological activities. The three

receptor subtypes can be characterized by their relative affim-

ties for epinephrine and norepinephrine, with the 13� subtype

having equal affinities for the two agonists, the 132 subtype

having higher affinity for epinephrine, and the f3� subtype hay-
ing higher affinity for norepinephrine. The three receptor sub-

types also have different tissue distributions, with the 131AR

expressed predominantly in the heart, where it is the target for

the 13 blocker class ofdrugs, and the j3�AR expressed in skeletal

muscle and in the lungs, where it mediates the bronchorelaxor

properties of the f3 agonists. The f3�AR is a more recently de-

fined class of pARs expressed primarily in adipose tissue (2, 3).

At present, the physiological function of j3�AR is only partially
appreciated and is believed to be related to energy metabolism

and thermogenesis (4, 5). Pharmacologically, these receptors

have a number of distinct features and were originally called

“atypical” f3ARs. For example, 133ARs display high affinity for

atypical 13AR-selective agonists such as BRL 37344 but a re-

duced affinity for several classic 13 antagonists such as pro-

pranolol, and they show only a limited degree of stereoselectiv-

ity for ligand binding (4, 6). Moreover, the /3�AR appears to be

more weakly coupled to G8 than are the (31AR or 13�AR, and in

contrast to other members of the /3AR family, (33AR does not

appear to be desensitized on receptor activation (7, 8).

The receptor-mediated cascade of signal transduction be-

gins with the binding ofthe ligand to its receptor. During the

past decade, the molecular mechanisms underlying such ii-

gand/receptor interactions have been studied most exten-

sively for the 132AR system. Several amino acid residues in

ABBREVIATIONS: AR, adrenergic receptor; [1251]CYP, [1251]iodocyanopindolol; PCR, polymerase chain reaction; PKA, protein kinase A, TM,
transmembrane segment.
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the 132AR, including Asp-ii3, Ser-204, Ser-207, Phe-290, and
Asn-312, have been identified as forming the putative bind-

ing pocket for nonselective 13 agonists and antagonists (9). All
of these amino acid residues are completely conserved in

f33AR and are likely to play a similar role in binding to the

common ligands. More recently, the successful development

of 133-selective ligands, represented by BRL 37344, suggests

that these new compounds interact with 133ARs differently

than with j31A.Rs and I32ARs and that additional structural

determinants (amino acid residues) must exist within 133ARs

to account for the enhanced binding affinity for BRL 37344
compared with f31ARs and I32ARs. At present, however, the
molecular mechanisms for such subtype specificity remain
undetermined.

Another important step in the signal transduction path-

way for all G protein-coupled receptors is the direct interac-
tion between the receptor and the G protein. Several studies

with mutagenesis and synthetic peptide mapping have dem-

onstrated that in ARs as well as other G protein-coupled
receptors, the structural determinants for G protein coupling

usually reside within the intracellular loops, especially the

third intracellular loop and carboxyl-terminal regions (10-
16). In the 132AR, for example, it has been shown that the

specificity of receptor/G protein interaction is dictated by the

third intracellular loop (13) and that a critical region for G

protein coupling can be further localized to a small segment

of amino acid residues at the amino- and carboxyl-terminal
portions of this loop (10, 11). The structural domain(s) in-
volved in G protein coupling of the j3�AR have not been

explored. Because of the apparently weaker coupling of the
133AR to G5 compared with the /3�AR, the present study was

undertaken to examine whether the amino- and carboxyl-

terminal regions ofthe third cytoplasmic loop are also critical

for G protein coupling to f33ARs. In addition, the molecular
basis for receptor subtype-selective binding of BRL 37344

was investigated.

Materials and Methods

Construction and expression of mutant I3�,ARs. Three dele-
tion mutants of human �3,A.R were constructed with the use of PCR

and synthetic oligonucleotide linker adapter methods (Fig. 1).

D(227-234) was made by digesting the wild-type human 3,AR cDNA
(provided by J. G. Granneman, Wayne State University, MI) with
AccI and PvuII, followed by re-ligation with a linker adaptor,

5’CTACGCGCGG3’/3’TGCGCGCC5’. The mutant encodes a j3�AR
lacking eight amino acid residues (VFVVATRQ) at the amino-termi-
nal portion of the third intracellular loop. D(277-289) was con-
structed by ligating two PCR products, which were obtained by using

the following primer pairs: (a) 5’ CTAGAGTFGGCGCCCTGTGCAC-
CTFGGGT3’/5’ CTTCTGAAGCTFCAGG CCTAAGAAACTCCCCAA
GAAGCCCCGTGCAGCCG11�GGCAAAGCCTGGGC TGCGCTGGG
CTGCTCCGGG 3’) and (b) 5’AGTGCACAGGGCGCCGCAGGC GG-

GCACCCC3’/5’ GTCATCGTGGCCATCGCCTGGA 3’. After the di-
gestion of product a with NarJJBseAI and of product b with NarIJ

AccI, the two PCR fragments were then ligated with the f3, DNA
fragment (AccJiBseAI). This mutant receptor lacks 13 amino acid

residues (RRPARLLPLREHR) at the carboxyl-torminal portion of
the third intracellular loop. D(244-291) was created by ligating the

partially digested PvuII/ApaLI fragment of �33AR with a linker
adapter, 5’ CTGCGCTFGCTGCGCGGGGAGCTGGGC3’/5’TGCAG-
CCCAGCTCCCCGCGCAGCAAGCGCAG3’, thereby generating a

receptor lacking a major portion ofthe middle and carboxyl-terminal
regions of the third intracellular loop (RFPPEESPPAPSRSLAPA-

Fig. 1 . Schematic illustration of deletion mutants of 133AR. Shaded
circles, amino acid residues, illustrating the seven transmembrane helix
topology of the receptor with its amino terminus on the extracellular
side and carboxyl terminus on the cytoplasmic side of the membrane.
Dotted circles, relative positions of the deleted amino acid residues.

PVGTCAPPEGCPACGRRP AAR LLPLREHRAL). The nucleotide

sequences of the mutant receptors were confirmed by DNA sequenc-
ing.

The f3�/�33 chimeric receptors were generated by combining differ-

ent portions of human 13�ARs and j3�ARs with PCR and cassette
mutagenesis approaches (Table 2). Cl and C2 were constructed by

exchanging, between �3,ARs and f33ARs, the AccL1BamHI fragment

composing the third intracellular loop to the carboxyl terminus. To

make C8, a PCR fragment constituting the amino terminus to TM 4

of /33AR was generated by using a T7 primer (present in the vector

sequence upstream from the � coding region) and a f3, reverse
primer containing a KpnI site at the 5’ end (5’AGTACGGTACCACT-

GGCTCATGATGG3’). The PCR product was then digested with
HindIIIJKpnI, and the resulting � fragment was subcloned into the

corresponding HindIII/KpnI sites of �3�AR construct. For Cli, a f32
PCR fragment covering the amino terminus to TM 2 was amplified

by using a T7 primer and a 132 reverse primer containing an Nan site
(5’TGCCATGGCGGCAAAAGTCCACAITI’TC3’). After digestion

with HindIILINarI, the f32 sequence was subcloned into the equiva-

lent HindIIIJNarI sites of the f3� construct. Finally, C14 was con-

structed by replacing the AccL/BamHI 132 fragment of C8 with the

corresponding j33 sequences.

The wild-type and mutant receptors were either subcloned into the

expression vector pRC/CMV (Invitrogen, San Diego, CA) for tran-
sient expression in mouse L cells using a standard DEAE-Dextran
transfection method or subcloned into expression vector p636 (a
generous gift from Bill Sugden, University of Wisconsin, Madison,
WI) for expression in Raji cells by electroporation, as previously

described (17).

Receptor binding. The membranes were prepared 3 days (in L
cells) or 7-10 days (in Raji cells) after the transfection by harvesting

the cells in ice-cold lysis buffer (5 mi�i Tris, pH 7.4, 2 mM EDTA),

followed by a 15-mm centrifugation at 38,000 x g. The membrane

pellet was then resuspended in TME buffer (75 ruM Ti-is, pH 7.4, 12.5
mM MgCl2, and 1.5 mr�i EDTA). Equilibrium binding to the f3�AR was

performed in a final volume of 0.25 ml TME buffer, including mem-

branes, 240 �M [‘25I]CYP (Du Pont-NEN, Boston, MA), and serial

dilutions of the competing ligands. Nonspecific binding was deter-
mined in the presence of iO� M propranolol. Binding reactions were

incubated for 90 mm at 23#{176}and terminated by rapid filtration over
GF/C filters presoaked in 0.1% polyethylenimine. The radioactivity
was quantified with a Packard gamma counter. The binding data

were analyzed with nonlinear curve-fitting programs of GraphPad

software (San Diego, CA).
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cAMP production. L cells were harvested in phosphate-buffered
saline with 5 mr� EDTA, pelleted, and then resuspended in ACC

buffer (75 mM Tris, pH 7.4, 250 mM sucrose, 12.5 mM MgC12, 1.5 mi.�
EDTA, 1 �M ascorbic acid, and 0.6 mM 3-isobutyl-1-methylxanthine).

The cells were incubated with various concentrations of isoprotere-
nol for 45 mm at room temperature, and the reaction was terminated

by boiling for 3 mm. The concentration of cAMP in the lysate was
determined with a modified PKA binding assay (18) or an automated

cAMP radioimmunoassay (Atto Instruments, Rockville, MD). For the
PKA binding assay, the lysate was incubated with 3.6 riM 3H-cAMP
(DuPont-NEN, Boston, MA) and 5 p.g PKA (Sigma Chemical Co., St.

Louis, MO) in a final volume of 185 �l for 2-24 hr at 4#{176},followed by
rapid filtration over GF/C filters with cold washing buffer solution

(20 mi�c potassium phosphate, pH 6.0); the radioactivity on the filter
was then quantified with a beta counter. For the automated radio-

immunoassay, the cell lysate was diluted 5-fold in 0.1 N HC1 and
then acetylated by the mixture of 150 �.il of acid-diluted sample with
6 �il of acetylation mixture (acetic anhydride/triethylamine, 1:2.5).
The acetylated samples were assayed with an Attoflow instrument
(Rockville, MD) according to the manufacturer’s protocol, and the

final concentration of cAMP was determined by comparison with a
cAMP standard curve.

Results

In a study of the interactions between a receptor and G

proteins in a heterologous expression system, the choice of an

appropriate host cell line is important. Mouse L cells were

used for functional analysis in the present study because (a)

the parental L cell line does not have detectable I3AR binding

or receptor-mediated adenylyl cyclase activity and (b) this

cell line had previously been shown to be capable of express-

ing functionally active /3�AR (10). When wild-type 13�AR was
expressed in L cells, a basal level of cAMP production of 300
± 170 fmollmg protein/mm (four experiments) was mea-

sured, and this level is essentially identical to the basal
cAMP level in nontransfected L cells (data not shown). As
shown in Fig. 2, the 13AR agonist isoproterenol caused a

dose-dependent 3.5-fold stimulation ofcAMP production with

an EC50 value of 26 nrs. The expression of D(227-234) and
D(277-289) in L cells did not significantly alter the basal

cAMP level (310 ± 100 pmol/mg protein/mm, four experi-
ments) compared with cells expressing the wild-type recep-

tors. However, the isoproterenol-mediated production of

cAMP was markedly attenuated or abolished in cells express-

ing these mutant receptors, with a maximal stimulation of
1.3-fold and 1.8-fold, respectively (Fig. 2 and Table 1). The

overall level of expression of the wild-type j3�AR in L cells
was similar to or slightly higher than that of the deletion
mutants. However, it was observed that the isoproterenol-
stimulated cAMP responses (-fold stimulation over basal) by
the wild-type 133AR did not vary over this range of receptor
expression, indicating that the decreased ability of the mu-
tants to stimulate cAMP accumulation was not due to the

slightly decreased expression of the mutant receptors.

Competition binding with [‘251]CYP indicated that wild-
type /3�A.R displayed two affinity sites for agonist isoproter-
enol: a high affinity site (Kd = 5.0 X 108 M), accounting for
28% of the receptor population, and a low affinity site (Kd =

2.6 x 10_6 M), accounting for 72% of the receptors. Deletion
of either the amino- or carboxyl-terminal portion of the third
intracellular loop of 13�AR resulted in a predominantly

monophasic binding isotherm. The affinity of this single site
was intermediate between the affinities of the two compo-

Log [isoproterenol], M

Fig. 2. Isoproterenol-stimulatod production of cAMP in L cells ex-
pressing wild-type ARs and mutant J33ARs. Receptors were expressed
transiently in L cells. Receptor levels for both the wild-type and mutants
usually ranged from 50 to 150 fmoVmg protein as estimated by single
point binding assays with [1251]CYP, and within any given experiment,
the level of expression for the wild-type receptor was no more than 170
± 47% (mean ± standard error, four experiments) higher than that of
the mutants. Deletion mutations did not alter the receptor affinity to
[125l]CYP (Kd 0.85, 1 , and 1 nM for the wild-type p3ARs, D(227-234)
/33ARs, and D(277-289) 133ARs, respectively). At 72 hr after transfection,
the cells were harvested and stimulated with various concentrations of
isoproterenol, and the amount of cAMP in cell lysate was measured as
described in Materials and Methods. Results are presented as -fold
stimulation over the basal values of cAMP. Basal cAMP values varied
among experiments, but in each experiment the basal value for the
mutants was within 0.9-1 .4-fold that for the wild-type receptor. Data
are mean ± standard error of two to four independent determinations.

nents of the wild-type receptor (Table 1). Neither detectable

[1251}CYP binding nor isoproterenol-stimulated cAMP pro-
duction was observed for cells transfected with D(244-291).

The reason for the absence of activity of D(244-291) is not

known. It is conceivable that the deletion of a large portion of
the third intracellular loop and/or the removal of two addi-
tional amino acid residues (290 and 291) close to TM 6 may
disrupt the stability of the membrane spanning topology

and/or cause aberrant folding of the receptor.
As shown, when the wild-type (3�AR is expressed in L cells,

a considerable number of the receptors are in the high affin-
ity state for isoproterenol binding, whereas the introduction

of the deletion mutations resulted in receptors with a single

affinity state that was only slightly lower than this high

affinity state (Table 1). To further investigate the effects of

the deletions on agonist binding affinity, we expressed the

wild-type and D(277-289) pEARs in Raji cells, where the vast
majority of receptors would be expected to exist in the low
affinity state due to a high level of overexpression of the

receptors relative to G5 proteins. The wild-type 13�ARs ex-
pressed in Raji cells displayed an affinity of 2.2 ± 0.3 X 10_6

M (four experiments) for isoproterenol. The affinity of the
receptor for the agonist was not altered in the presence of 100
�iM S’quanylyl-imidodiphosphate (data not shown), an agent

that binds to the guanine nucleotide binding site on G pro-
teins and disrupts the coupling between receptors and G
proteins. When D(277-289) was expressed in Raji cells, the

competition binding curve for isoproterenol was shifted to the
left by an order of magnitude, yielding an IC50 value of 3.8 ±
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TABLE 1
Agonist binding and stimulation of cAMP production by wild-type and mutant � ARs
The ARs were expressed transiently in L cells. KH and KL represent the affinity values of high and low affinity binding sites, respectively. %KH and %KL indicate the
percentage of receptors in high and low affinity states, respectively. The maximal stimulation of CAMP production was measured in the presence of 1 O� N

isoproterenol. Data are given as mean ± standard error of two to five independent determinations.

Binding affinity cAMP production

KH %KH KL %KL Maximum stimulation
(-fold over basal) ‘cci

M M M

Wild-type 133AR
D(227-234)AR

5.0 ± 2.1 x 108
1.8±1.0x107

28 ± 4
100

2.6 ± 0.7 x
ND

106 72 ± 4 3.5 ± 0.7
1.3±0.4

2.6 ± 0.3 x
ND

iO�

D(277-289)AR 2.2 ± 0.4 x iO� 87 ± 13 4.4 x 1O� 13 ± 13 1.8 ± 0.7 ND

Log [isoproterenol], M
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Fig. 3. Competition binding of [125I]CYP to wild-type ARs and mutant

I33ARs expressed in Raji cells. In general, the expression levels of the
receptors were in the range of 300-1 000 fmoVmg protein. A, Isoproter-
enol binding; B, propranolol binding. Data are mean ± standard error of
four independent experiments.

Log [propranotol], M
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ND = not detectable.
a The low affinity binding site was detected in only one experiment.

0.6 x i0� M (Fig. 3A, four experiments). This affinity is very

similar to that observed for the mutant receptor expressed in

L cells and was also determined to be insensitive to treat-
ment with guanine nucleotide (IC50 = 2.5 ± 0.6 X i0� M in

the presence of 100 �.t?4� S’quanylyl-imidodiphosphate). In con-

trast to the increase in affinity observed for the agonist
isoproterenol, the binding to the antagonist propranolol was

not affected by the deletion (Fig. 3B).

To study the mechanism ofsubtype-specific binding of BRL
37344, a series of human /32 and � chimeric receptors were

constructed and expressed in Raji cells (Table 2). The wild-
type 13�AR displayed a 10-fold higher affinity for BRL 37344

and a 26-fold lower affinity for the 13 antagonist propranolol
compared with the wild-type f3�AR (Table 2). When the

amino terminus and TM 1-5 of the 13�AR were replaced with

the analogous 132 sequence (Cl), the chimera displayed a
binding profile similar to that of the wild-type /3�AR. How-

ever, when the converse chimera (C2) was tested, no detect-
able binding of [12511CYP was observed. The loss of ligand
binding in C2 may result from aberrant folding or transloca-

tion ofthe chimeric protein. To assess the role ofthe first half
ofthe 133AR (TM 1-4) in high affinity binding to BRL 37344,

C8 was constructed and tested. The binding ofC8 revealed an

approximately 10- and 100-fold decrease in affinity for BRL

37344 compared with 132AR and (33AR, respectively. How-
ever, the binding affinity of C8 for propranolol remained
unaltered, suggesting that the overall structure of the recep-
tor is preserved and that the binding of BRL 37344 is sensi-

tive to relatively subtle conformational changes (Table 2).

When TM 3-7 ofthe �32AR was replaced with the correspond-
ing f3� domains (Cli), the chimera exhibited an increased

binding affinity for BRL 37344, indicating that these f3� do-
mains may carry the determinants for subtype specificity.

Further sequence comparison of Cl, C2, C8, and Cli re-
vealed that the high affinity for BRL 37344 may be attrib-
uted to a much narrower domain comprising the second ex-

tracellular loop and TM 5 of the 133AR. When this small
segment of the ;33AR was replaced by the equivalent 132

sequences (C14), the binding affinity for BRL 37344, but not

propranolol, was reduced markedly to the level of wild-type

!32AR (Table 2). To further examine the role of the TM 5
region, the reciprocal chimera to C14 was constructed and

tested. This chimera, C 16, contains all of the sequences from

132AR except for the second extracellular loop and TM 5,

which are from 13�AR. The expression of C16 in Raji cells,
however, failed to yield any detectable [‘251]CYP binding, a
similar result to that described for C2.

Discussion

The third intracellular loop has been implicated in G pro-

thin coupling for a number of receptors; perhaps the most
thoroughly studied example is �3�AR (10-16). It has been

shown that the specificity of G protein coupling can be al-

tered by substituting the third intracellular loops between
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97 ± 27

3,300 ± 270

26 ± 6

26 ± 7
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TABLE 2

Ligand binding affinity for wild-type and chimeric 13�/13�ARs expressed in Raji cells
The construction, expression, and ligand binding of the receptors are described in Materials and Methods. The schematics illustrate the junctions of chimeric receptors

and their relative positions with respect to TM. The amino acid residues at the junctions are listed under each chimera, and their position numbers are indicated in
parentheses. Data are given as mean ± standard error of three to nine experiments.

ICse

BRL 37344 Propranolol

Wild-type 132

Wild-type 133

Cl

132V(218)/133Y(224)

C8
f33W(l 77)/132Y(l 74)

3,400 ± 1,100

380 ± 43

1,100 ± 260

53,000 ± 4,800

(7M

3±1

80 ± 11

7±4

9±2

Cl 1
132G(l 02)/j33A(l 06)

C14
f33W(l 77)/j32Y(1 74)
132V(2l 8)/133Y(224)
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different receptors (13, 19) and that deletion mutants of
132AR that lack small segments of amino acid residues at the

amino- or carboxyl-terminal regions ofthe third intracellular
loop display impaired coupling to G8 and adenylyl cyclase
activation. These latter mutants also display an increase in
agonist affinity (10, 11), similar to that observed for the 13�A.R
in the present study. The results in the present study dem-

onstrate that deletion of a small segment from either the
amino-terminal (8 amino acid residues) or carboxyl-terminal

(13 amino acid residues) region ofthe third intracellular loop
of the 133A.R is sufficient to uncouple the receptors from ad-

enylyl cyclase activity on agonist stimulation. In addition,
both mutant I33ARs exhibit an increased affinity for isopro-
terenol without affecting the affinity of antagonists. Al-

though the interactions between the mutant j33ARs and G
proteins were not measured directly in the present study, the
inability of the mutants to couple to adenylyl cyclase and the

insensitivity ofagonist binding to guanine nucleotide support

the notion that the deletions prevent effective coupling be-
tween the receptors and G5. Taken together, the data mdi-

cate that the structural domains at the amino- and carboxyl-

terminal regions of the third intracellular loop of 13�ARs are

critical for G protein coupling. Because there is only moder-
ate sequence homology (63% at the amino-terminal and 31%

at the carboxyl-terminal regions of the third intracellular

loop) between 132AR and f3�AR in these regions, the molecular
determinants for G protein binding are most likely not based

on amino acid side-chain specificity but rather may be gov-
erned by the conformational or physicochemical properties of

this region of the receptor.

The precise mechanisms underlying the observed increase
in agonist affinity for the mutant receptors remain unknown.

G protein-coupled receptors have been observed to exist in
two affinity states with respect to agonist binding. These two

functional states are interconvertable depending on whether
the receptor is coupled to a G protein: the receptor displays
high affinity for agonist when it is coupled to a G protein and
low affinity when it is uncoupled from a G protein. However,

our observations that the deletion mutants show high affin-
ity for agonist while being uncoupled from G proteins mdi-

cate that coupling to G proteins per se is not a prerequisite
for formation of the high affinity state. Recently, several

reports have shown that mutations within the carboxyl-ter-
minal region of the third intracellular loop of a�ARs, Cs�ARS,

and j3�ARs result in constitutively active receptors with in-
creased affinity for agonist (20-23). Based on these findings,

the authors hypothesized that G protein-coupled receptors
can exist in an inactive state or in an active, high affinity
state that is capable of binding to G proteins. The transition

from the inactive to the active state is postulated to involve
conformational changes that release the as-yet-undefined
constraint imposed by structural domains within the recep-
tor. The conformational change may be induced, under nor-
mal circumstances, by agonist binding or promoted by muta-

tions that disrupt the constraining mechanisms and allow
the receptor to “relax” into the high affinity conformation
(24). The result from the present study is consistent with this

hypothesis. However, these data as well as the previous

results with the 132AR (10) suggest that in addition to forming
sites ofinteraction with G8 proteins, the amino- and carboxyl-

terminal regions of the third intracellular loop may play a
role in keeping the receptor in the inactive state. Deletion of

either of these regions would remove such a constraint and
drive the isomerization toward the high affinity conforma-

tion. It has been reported that certain rhodopsin mutants
with deletions in the same cytoplasmic loop region are capa-
ble of binding to G protein (Gb) with high affinity but fail to

activate G� (25). Whether an analogous mechanism is respon-
sible for the observed functional uncoupling in the f3� mu-

tants requires further investigation with purified proteins.

In contrast to the G protein-coupling domains, the ligand

binding sites are believed to be located in the TMs of(3ARs. In
f3�ARs, several amino acid residues in TMs 3 and 5-7 have

been shown to be critical for binding of nonselective (3 ago-
nists and antagonists (9). A similar mechanism may be op-

erative in 13�ARs because all these important amino acid

residues are also present in the f3�AR (2). BRL 37344 repre-

sents a new class of compounds that are relatively selective

for the f3�AR. The structural determinants responsible for the

enhanced affinity of the 13�AR for BRL 37344 have not yet

been determined. In the present study, we demonstrate that
a small stretch of amino acid residues comprising TM 5 and
the second extracellular loop of the f3�AR may be responsible
for the higher affinity ofthis receptor subtype for BRL 37344.

Comparison of amino acid sequences in the TM 5 region
reveals only few nonconservative changes among the three

j3AR subtypes. Point mutations at these positions from 13� to

132 residues (P203A and S2101) resulted in no change in BRL
37344 affinity (data not shown). Thus, it appears that the

high affinity of the 13�AR for BRL 37344 may be determined

by interactions with multiple residues in the transmembrane

domains of the receptor. A similar pattern of multiple inter-

actions has been postulated to explain the differential affin-

ity of epinephrine and norepinephrine for the f31ARs and

I32ARs, where single residue substitutions failed to account
for subtype specificity (26, 27). In addition, the potential
contribution by residues in the second extracellular loop re-

gion cannot be dismissed. In this regard, it is interesting to
note that the acidic functionality on BRL 37344 plays a role
in the subtype specificity of this agonist. The possibility that

this polar substituent projects into the extracellular space

requires further exploration with genetic and biophysical

approaches.
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