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Molecular Characterization of the Human

B3-Adrenergic Receptor

LAURENT J. EMORINE, STEFANO MARULLO,
MARIE-M. BRIEND-SUTREN, GILLES PATEY, KERI TATE,
COLETTE DELAVIER-KLUTCHKO, A. DONNY STROSBERG

Since the classification of B-adrenergic receptors ($-ARs) into B, and B, subtypes,
additional $-ARs have been implicated in the control of various metabolic processes by
catecholamines. A human gene has been isolated that encodes a third B-AR, here
referred to as the “Bs-adrenergic receptor.” Exposure of eukaryotic cells transfected
with this gene to adrenaline or noradrenaline promotes the accumulation of adenosine
3’,5’-monophosphate; only 2 of 11 classical B-AR blockers efficiently inhibited this
effect, whereas two others behaved as B3;-AR agonists. The potency order of B-AR
agonists for the B3;-AR correlates with their rank order for stimulating various
metabolic processes in tissues where atypical adrenergic sites are thought to exist. In
particular, novel B-AR agonists having high thermogenic, antiobesity, and antidiabetic
activities in animal models are among the most potent stimulators of the ;-AR.

DRENERGIC RECEPTORS MEDIATE
the physiological actions of the hor-
mones adrenaline and noradrena-
line. Four subtypes of these catecholamine
receptors, the -, ap-, B1-, and B,-adrener-
gic receptors (-, &z, Bi-, and B,-AR) have
been identified on the basis of their pharma-
cological properties and physiological ef-
fects. Chemical agents that selectively block
or stimulate these receptors are used exten-
sively in clinical medicine. Despite the effica-
¢y of these compounds, they may produce
side effects, in part because of interaction
with other homologous receptors. Improve-
ment of drug selectivity thus necessitates a
complete characterization of each receptor
that mediates the physiological actions of
catecholamines.
The genes encoding the a;-, az-, Bi-, and
B2-AR have been isolated (1-4). They be-
long to a family of homologous genes that
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encode integral membrane receptors (5, 6),
which presumably have seven membrane-
spanning domains and which are coupled to
regulatory G proteins. Several of the genes
in this family have been characterized, and
probes derived from these genes have been
used to identify additional receptor subtypes
(7, 8).

Additional subtypes of B-AR have been
suggested to mediate the sympathetic con-
trol of various metabolic processes in the
digestive tract (9, 10), adipose tissue (11—
13), and skeletal muscle (14, 15). Evidence
for the existence of such atypical -AR sites
includes their low affinity for standard B-AR
blockers. Recently, B-AR agonists have
been synthesized (16) that are potent stimu-
lators of metabolic rate, adipose tissue ther-
mogenesis, ileum relaxation, and soleus
muscle glycogen synthesis (10, 11, 14-16),
but these agonists have minimal effects at B,
and B, sites. However, the existence of a 8-
AR different from the currently defined B;-
and B,-AR is controversial (17).

We screened a human genomic library

with the entire coding regions of the genes
for the turkey B;- and the human B,-AR
(18). Among 43 positive clones, two carried
the gene coding for the human B;-AR and
another two the gene for the B-AR. A
family of 14 homologous clones (19) dis-
played sequences homologous to both
probes in a 2.1-kb Bam HI-Bgl II fragment.
From one clone, this fragment was entirely
sequenced and shown to contain a gene
coding for a polypeptide of 402 amino acids
with a predicted size of 42,881 daltons.

The amino acid sequence of this protein
(Fig. 1) is 50.7 and 45.5% identical to that
of the human B;- and B,-AR, respectively
(the B;-AR and B,-AR are 48.9% identical).
The protein shares the structural characteris-
tics of receptors of the G protein—linked
family. It has seven clusters of 21 to 27
mostly hydrophobic amino acids, presumed
to constitute a-helical membrane-spanning
domains. These hydrophobic segments form
the catecholamine binding site of the B-AR
(20) and are highly conserved between the
predicted protein and the two B-ARs. In
particular, Asp’® and Asp''® of the B,-AR,
which possibly act as counterions for the
positively charged amine of adrenergic li-
gands, are present at analogous positions in
the three proteins. Similarly, other function-
ally important residues (20), such as Cys'%,
Cys'®, Asn®® and Pro®? of the B,-AR
sequence, are conserved. As with other G
protein-linked receptors, the predicted pro-
tein has potential Asn-linked glycosylation
sites in the NH-terminal region and has Ser
and Thr residues in its third cytoplasmic
loop and COOH-terminal region that could
be substrates for protein kinases, which may
mediate receptor desensitization.

To characterize the product of the cloned
gene, we introduced it into Chinese hamster
ovary (CHO) cells (27). The transfected
cells expressed specific and saturable binding
sites for ['*I}iodocyanopindolol (['*I]-
ICYD), a B-AR ligand (Fig. 2A); the calcu-
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Fig. 1. Amino acid se- ' ! ' r ol M1 i '
quences (26) of the human B, MAPWPHENSSLAPWPDLPTLAPNTANTSGLPGVPWERALAGALLALAVLATVGGNLLY TVATAWTPRLOTMTNVEVTST,
B1- (3) and B-AR (4) have B, MGAGVLVLGASEPGNLSSAAPLPDGAATAAR-LVPASP-ASLLPP-SESPE-LSQOWT-GM-L-M--I--LI-A-~V-===---K------L--L-IM--
been aligned with that of the g, MGQPGNGSAFLLA-NGSHAPDHDVTQORDEVWVV-M-IVMS~I~~~I-F--V---T---KFE----V--Y-I-—-
human B;-AR. In the B;- .

and B,-AR sequences, hy- M2. L 02 M3 . i ! M4 !
phens indicate identity with B, ARADLVMGLLVVEPAATLALTGHWPLGATGCELWISVDVLCVIASIETLCALAVDRYLAVTNP LRYGALVTKRCARTAVVIVAVVSAAVSFAD TMSOWAR
Bs-AR. To maximize ho- B = -§---------—-FG--IVVW-R-EY-SFF VI-L I-S-F--0S-L-RAR-~GL~CT--AI--L---L--IMH-——
mologies, deletions repre- g -c-------A---FG-AHI-MKM-TF-NFW--F---I VI F-I-S-FK-QS~L--NK--VIILM--I--GLT--L--QMH-Y-
sented by empty spaces have 2

been introduced in the three o 3 , 1 ' M 5 1 | ' 1 |3 1 ! |
sequences. The seven pre- By VGADAEAQRCHSNPRCCAFASNMPYVILSSSVSFYLPLLVMLEVYARVFVVATROLRLLRGELGRF ‘PPEESPPAPSRSTAPAPVGTCAPPE

sumed a-helical membrane- B, AES- --R-—-YND-K--D-VT-RA-AIA--V----V--CI-A---L---RE-QK-VKKIDSCER--LGGPAR--S--P-PV---APPPG--RPAAAAATA
spanning domains (M1 to B, ATHO --IN-YA-ET--DFFT-QA-AIA--I--—-V--VI-V---S-—-QE-K---QKIDKSE---HVONL-QVEQ

M?7) are highlighted by solid "2

bars and are separated by , . : M6 04 M7 | \ '
extracellular (ol to o#) and 5 ypa copppARLLPTREHRALCTTT MO TLCHLEFF LANVE RALGGR SLVP P AP L AT WLGY ANSAF NP L TTCRSPDF RSAFRRLLCRCGRRL
intracellular (il to i4) loops.  p* b aven o oA ok e f Y VK-FHRE —-—-DRL-VFF. K

In the NHo-terminal region, 1 = @ e oK Ke L TV~ TVHVIODN ! Neanm
consensus sequences for as- P, T — I-~QE-—-1RRSS-
paragine-linked  glycosyla- i4 | , . | , |

tion sites (NXS/T) are un- B

derlined (where X repre- Bs PPEPCAAARPALFPSGVPAARSSPAQPRLCORLDG

sents any amino acid). (I) b1 RRRHATHGDRPRASGCLARPGPP-SPGAASDDD-DDVVGATPPARLLEPWAGCNGGARADSDSSLDEPCREGFASESKY

marks every tenth amino B, KAYGNGYSSNGNTGEQSGYHVEQEKENK-LCEDLPGTEDFVGHOGTVPSDNIDSQGRNCSTNDSLL

79
100
75

179
200
175

270
299
250

367
398
347

402
477
413

acid residue.

lated dissociation constant (Kg = 500 pM)
was almost ten times as large as that for the
Bi- or B-AR. The expressed protein was
detected on an SDS-polyacrylamide gel by
prior affinity-labeling with ['*I]iodocyano-
pindololdiazirine (['*I]ICYPD) and had an
apparent molecular mass of 65 kD (Fig.
2B). The difference in size from that predict-
ed from the amino acid sequence could
reflect glycosylation at one or both of the
sites found in the NH,-terminal region of
the molecule (Fig. 1). This protein will be
referred to as the B3-adrenergic receptor (B3-
AR).

The human B,- and B,-AR were separate-
ly introduced into CHO cells so as to com-
pare the pharmacological properties of the
three receptors in an identical environment.
The three cell lines expressing each of the
three B-ARs were designated CHO-By,
CHO-B,, and CHO-B3, respectively. B-Ad-
renergic agonists increased the intracellular
concentration of adenosine 3’,5'-mono-
phosphate (cAMP) in CHO-B3 cells (Fig. 3
and Table 1) but had no effect on nontrans-
fected CHO cells. This effect was stereospe-
cific as (—)-isoproterenol was almost 30
times as potent as (+)-isoproterenol. -
Adrenergic agents (such as phentolamine
and clonidine), serotonin, and histamine
had no effects on cAMP accumulation nor
on ICYP binding (22). Large concentrations
of dopamine resulted in partial stimulation
of adenylate cyclase activity (Table 1). The
rank order of potency of six B-AR agonists
in CHO-B;3 cells (Fig. 3B) was different
from that obtained for B;- and B-AR—
mediated responses but similar to that deter-
mined for adrenergic stimulation of both
lipolysis in rat fat cells (11, 16) and relax-
ation of guinea pig ileum (10). In particular,
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Table 1. Stimulation and inhibition of cAMP accumulation and inhibition of ['**IJICYP binding on
intact CHO-; cells. In two separate experiments performed in duplicate, CHO-; cells from a single
harvest were exposed (24) to 107°M of each agonist, and basal (less than 2 pmol per 10° cells) and
agonist-induced (40 to 80 pmol per 10° cells) concentrations of cCAMP were determined. Results
represent the percentage (mean + SD) stimulation achieved by each agonist relative to the effect of (—)-
noradrenaline. For agonists, activation constants (Kae; = SEM) for cAMP accumulation were calculat-
ed from the curves shown in Fig. 3; for antagonists, inhibition constants (K; + SEM) were derived
from dose-response curves (not shown) obtained with various concentrations of competitors (24).
Inhibition constants (K; = SEM) of ICYP binding were obtained from receptor binding assays
performed (25) in the presence of 200 pM of ['**I]JICYP and various doses of competitors.

Accumulation of cAMP

Inhibition of
ICYP binding

Percentage of

noradrenaline Kt or K; (nM) K; (nM)
value

Agonists
(—)-Isoproterenol 902+ 2.1 39+ 0.4 620 = 220
BRL 37344 872+ 154 59+ 1.3 183 + 10
(—)-Noradrenaline 100 6.3 = 0.7 475 + 75
Fenoterol 103.7 = 8.5 25.6 = 1.5 235 = 35
(—)-Adrenaline 1004 = 3.8 49.2 5.3 20,650 = 2,810
(+)-Isoproterenol 97.3 £ 10.9 111 = 1 18,950 = 3,060

Partial agonists
Oxprenolol 533+ 6.8 76.7 = 12.6 70 = 10
Pindolol 550+ 5.2 153 = 12 11+ 2
Salbutamol 769 = 0.8 266 = 23 53,000 = 10,000
Prenalterol 649+ 04 481 = 22 810 = 120
BRL 28410 52.6= 0.1 2,480 = 320 14,800 = 4,200
Dopamine 689+ 8.6 10,700 =+ 1,100

Antagonists
ICI 118551 770 = 80 257 34
CGP 20712A 6,700 =+ 870 2,300 = 450

the product BRL 37344, which is a potent
agonist at the postulated atypical adrenergic
sites of guinea pig ileum (10) and rat fat cells
and soleus muscle (11, 14-16), is among the
most effective B-AR agonists in CHO-;
cells (Fig. 3B), whereas it is less efficient in
CHO-B, cells and almost ineffective in
CHO-B; cells (22).

Most of the classical B-AR antagonists
were ineffective in blocking isoproterenol-
induced cAMP accumulation in CHO-B;

cells (Fig. 4). Indeed, these compounds
were also unable to block ICYP binding,
and no specific binding was obtained with
[*H]dihydroalprenolol or *H-labeled CGP
12177. An effective blockade, either of
cAMP accumulation or of ICYP binding,
was obtained only with CGP 20712A and
ICI 118551 (Fig. 4 and Table 1), two
antagonists previously classified as ;- and
Bo-sclective, respectively. A low affinity for
standard B-blockers has been previously de-
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Fig. 2. (A) Isotherm and
Scatchard analyses (inset) of
ICYP binding to intact
CHO-B; cells. Results rep-
resent the mean of two ex-
periments done in duplicate
(SEM = 0 to 9.4%). Under
the conditions used (25),
there were 46 = 5 fmol of
ICYP binding sites per 2 X
10° cells (K4 = SEM = 490
+ 90 pM). (B) Photoaffin-
ity labeling (25) of the Bi-
AR with ['ZIJICYPD
alone (lane 1) or in the pres-

Ligand bound (fmol per 2x1 o° cells)

ence of 10 *M ICI 118551 (lane 2). Sizes (in kilodaltons) of molecular mass

B
A
40 . = 200
30 1 10 93
ge 69
20 B i
3 46 =
a2 :
10 1 0
0 10 20 30 40 50
Bound ligand (fmol) 30 ..
0 T T T
0.0 1.0 2.0 3.0
ICYP] (nM
[ICYP] (nM) i
M 1 2

markers (lane M) are indicated on the left.

100

80

60 -

Percent maximal stimuiation

Fig. 4. Effect of B-AR antagonists
on isoproterenol-induced cAMP
accumulation in CHO-8, (hatched
bars), CHO-B, (open bars), and
CHO-B; (solid bars) cells. Cells
were incubated (24) with 10™*M of
indicated inhibitors before the ad-
dition of isoproterenol. Results are
expressed as the percentage [mean
+ SD (n = 4 to 6)] of the reference
cAMP concentration (dotted line)
induced by isoproterenol alone
(star). In CHO-B, and CHO-B,
cells, cAMP concentrations were
blocked at basal values (horizontal
axis) in the presence of any of the
inhibitors. In CHO-B5 cells, only
ICI 118551 and CGP 20712A
were effective inhibitors (Table 1);
metoprolol had no effect at concen-
trations less than 10~>M. The stim-

-5

Percent of Isoproterenol stimulation

300 -

200

*x

L

Fig. 3. The cAMP accumulation in CHO-B;
cells exposed (24) to (A) (—)-noradrenaline
(0), (—)-adrenaline (®), oxprenolol (), and
pindolol (M) and (B) (—)-isoproterenol (@),
BRL 37344 (O), fenoterol (V), (+)-isoprotere-
nol (A), salbutamol (M), prenalterol (O), and
BRL 28410 (). The basal concentration of
cAMP varied from one preparation of cells to
another (less than 2 to 40 pmol per 10° cells), as
did the concentration at maximal stimulation
(40 to 260 pmol per 10° cells). Some of the
agonists, even at optimal doses, only partially
stimulated adenylate cyclase (Table 1). To stan-
dardize the data with respect to these variations,
results are expressed as the mean percentage
(n = 4 to 6) of the maximal response induced
by each ligand. The x-axis represents the loga-
rithm of the concentration (in moles per liter) of
ligands.
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ulatory effects of oxprenolol and pindolol were additive to that of isoproterenol; when isoproterenol
was used at saturating doses (10~°M and above) no such additivity was observed.

scribed as suggesting the existence of atypi-

cal B-ARs (9-16).

1120

blockers used in humans therapeutically for
the treatment of cardiovascular diseases, al-
Pindolol and oxprenolol are B-AR though they also display slight sympathomi-

By B, B; Skn lle Sol Liv BATWAT

]

255

-188

TRy

Fig. 5. Analyses of B;-AR mRNA expression.
Samples represent either total RNA (2 pg) from
CHO-B,, CHO-B,, and CHO-B; cells or po-
ly(A)* RNA (5 pg) from rat skin (Skn), ileum
(Ile), soleus muscle (Sol), liver (Liv), brown
adipose tissue (BAT), and mouse white adipose
tissue (WAT). Nonspecific binding of the probe
to ribosomal RNA (18S and 28S) was observed
in spite of highly stringent experimental condi-
tions (27). However, specific signals (arrowheads)
were visible in RNA from adipocytes, liver, skele-
tal muscle, and ileum, which were not detected in
RNA from rat brain, skin, heart, and lung (repre-
sentative result shown for skin).

metic activity in other tissues (23). These
opposite activities correlate with their prop-
erties in transfected CHO cells where the
compounds behaved as partial B3-AR ago-
nists (Fig. 3A and Table 1) but totally
blocked B;- and B;-AR-mediated cAMP
accumulation (Fig. 4).

To investigate the tissue distribution of
the B3-AR, we hybridized RNA from vari-
ous tissues to a B3-AR~—specific probe (Fig.
5). In RNA from adipocytes, liver, soleus
muscle, and ileum, transcripts of 2.8 kb and
4.1 kb were visible; these could either arise
from the utilization of distinct promoters or
polyadenylation sites or could represent the
product of homologous atypical B-AR
genes. In these tissues, a predominant role
for classical B;- and B,-AR is well estab-
lished. The higher sensitivity of the B;-AR
to noradrenaline than to adrenaline suggests
that modulation of B3-AR activity may arise
through sympathetic innervation in re-
sponse to situations such as stress, high
energy intake, or cold acclimatization.
Expression of B3-ARs could thus be restrict-
ed to areas in the close vicinity of norad-
renergic nerves, resulting in the low
amounts of B3-AR mRNA observed.

Our results (19) (Fig. 5) do not show
whether the B3-AR is the only atypical B-
AR. Data indicating distinct atypical B-ARs
in adipocytes, ileum, and soleus muscle (10,
14) are not definitive because they were
obtained in different species and in systems
heterogeneous in terms of receptor popula-
tion. On the basis of the available data, we
suggest, however, that the B;-AR, which
displays low affinity for standard B-AR
blockers but marked responsiveness to the
agonist BRL 37344, is the atypical receptor
(or one of a class of atypical receptors)
postulated to mediate catecholamine action
on metabolic rate.
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by addition of 107M ICI 118551 to the reaction.
Abbreviations for amino acid residues are: A, Ala;
G, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I,
Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y,
Tyr.

RNA blots were incubated for 4 to 6 hours at 60°C
in hybridization buffer [50% formamide, 5x SSC
(standard saline citrate), 50 mM tris-HCI (pH 7.5),
0.1% sodium pyrophosphate, 1% SDS, 5 mM
EDTA, denatured salmon sperm DNA (100 p.g/ml),
yeast transfer RNA (50 pg/ml), and 0.2% each of
polyvinylpyrrolidone, Ficoll, and bovine serum
albumin] before hybridization for 16 hours at 60°C.
The probe was labeled with [*2P]UTP by transcrip-
tion with T7 RNA polymerase from a template
comprising the COOH-terminal region of the re-
ceptor (from Gly**%) and 180 bp of 3’ untranslated
region. Filters were rinsed three times for 5 min each
in 2x SSC, incubated for 15 min at room tempera-
ture with ribonuclease A (1 pg/ml in 2Xx SSC), and
washed for 2 hours at 55°C in 0.1x SSC and 0.1%
SDS.
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""Heard any good anecdotal evidence lately?"
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