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Markedly reduced effects of (—)-isoprenaline but not of
(—)-CGP12177 and unchanged affinity of f-blockers at

Gly389-f,-adrenoceptors compared to Arg389-pf,-adrenoceptors
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1 Substitution of arginine by glycine at position 389, a frequent f3;-adrenoceptor polymorphism,
reduces adenylyl cyclase stimulation by (—)-isoprenaline. f;-Adrenoceptors mediate the effects of
catecholamines and nonconventional partial agonists ((—)-CGP12177) through different sites. We
investigated the influence of the 389 polymorphism on f§ blocker affinity, as well as on the responses to
(—)-isoprenaline and the nonconventional partial agonist (—)-CGP12177 on cyclic AMP levels in
CHO cells expressing recombinant Arg389-f;-adrenoceptors (101 fmolmg~" protein) or Gly389-p,-
adrenoceptors (94 fmolmg™").

2 The affinity of B-blockers and partial agonists, estimated from competition binding with (—)-['*’I]-
cyanopindolol, was not different for Arg389-f,-adrenoceptors and Gly389-f;-adrenoceptors.

3 The maximum cAMP increases by (—)-isoprenaline and (—)-CGP12177 at Gly389-f,-adrenocep-
tors were reduced by 97 and 46%, but the potencies enhanced 2 and 0.5 log units, respectively,
compared to Arg389-f;-adrenoceptors. The intrinsic activity of (—)-CGP12177 with respect to the
(—)-isoprenaline was 0.057 at Arg389-f,-adrenoceptors and 1.05 at Gly389-f;-adrenoceptors.

4 We confirm in intact CHO cells that responses to (—)-isoprenaline are markedly reduced at
Gly389-f,-adrenoceptors compared to Arg389-f;-adrenoceptors. However, the 389 polymorphism
reduces considerably less the agonist responses to (—)-CGP12177, indicating that coupling to G,
protein is different for §;-adrenoceptors activated by catecholamines than for receptors activated by
nonconventional partial agonists. The affinity of p-blockers is conserved across the Arg389Gly
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polymorphism.
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Introduction

Human f;-adrenoceptors present the common polymorphism
Arg389Gly (Magbool et al., 1999; Mason et al., 1999; reviewed
by Small ez al., 2003). Arg389-f5,-adrenoceptors and Gly389-f;-
adrenoceptors, expressed into Chinese hamster fibroblasts
(CHF cells), mediate isoprenaline-evoked stimulation of ade-
nylyl cyclase, but the maximum response in the Gly389 variant
is only 1/3 of that of the Arg389 variant (Mason et al., 1999).
Residue 389 is in the G,-coupling domain of the f;-adreno-
ceptor and Gly is believed to disrupt the predicted a-helix in this
region, thereby reducing coupling to G, protein (Small ez al.,
2003). Evidence obtained from agonist binding and [**S]-GTPy-
S is consistent with reduced G,-coupling of Gly389 receptors
compared to Arg389 receptors (Mason et al., 1999).

There is controversy about the clinical significance of the
Arg389Gly polymorphism. Exercise-induced increase in heart
rate appeared to be unaffected by the Arg389Gly polymorph-
ism (Buscher er al., 2001; Xie et al., 2001) in healthy
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volunteers. In contrast, heart failure patients homozygous
for the Gly389 polymorphism had depressed exercise perfor-
mance compared to those with Arg389-f,-adrenoceptors
(Wagoner et al., 2002). The positive inotropic effects of
noradrenaline on robust trabeculae from human atria, usually
from nonfailing hearts of patients with coronary heart disease,
were not affected by the Arg389Gly polymorphism (Molenaar
et al., 2002), but were enhanced in weak trabeculac from
Arg389 patients compared to weak atrial trabeculae from
Gly389 patients (Sandilands et al., 2003). There appears to be
no association with the 389 polymorphism on the blood
pressure or heart rate responses to f-blockers in the treatment
of hypertension (O’Shaughnessy et al., 2000). In contrast,
studying the effects of atenolol and metoprolol on healthy
volunteers, Liu et al. (2003) and Sofowora et al. (2003),
respectively, found that Arg389 homozygous subjects showed
larger decreases in systolic blood pressure and mean blood
pressure than Gly389 homozygous subjects. In addition, Liu
et al. (2003) also reported greater metoprolol-evoked brady-
cardia in homozygous Arg389 than homozygous Gly389.
Furthermore, homozygous Arg389 patients with end-stage
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heart failure, but not homozygous Gly389 patients, showed
significant improvement of the left ventricular ejection fraction
when treated with the S-blocker carvedilol (Perez et al., 2003).
The more marked effect of atenolol and metoprolol, as well as
the selective effect of carvedilol, could be due to higher affinity
of these f-blockers for Arg389-f,-adrenoceptors than Gly389-
pi-adrenoceptors. We therefore examined the affinity of
atenolol and carvedilol, as well as the affinity of other f-
blockers, for the two recombinant variants.

fi-Adrenoceptors mediate the cardiac effects of catechola-
mines that are antagonized with high affinity by f-blockers. ;-
Adrenoceptors also mediate the cardiac effects of nonconven-
tional partial agonists (NCPA) (e.g. (—)-CGP12177) that are
partially resistant to f-blockers in mammalian heart (Kau-
mann, 1989; Lowe et al., 2002), including man (Kaumann,
1996; Joseph et al., 2003; Sarsero et al., 2003). Two binding
sites for (—)-(CH)-CGP12177) have been detected in rat left
atrium (Sarsero et al., 1999) and human right atrium (Sarsero
et al., 2003). Through the high-affinity site f-blockers,
including (—)-CGP12177, antagonize the effects of catechola-
mine. The low-affinity site usually appears to mediate the
effects of NCPA (but see Baker et al., 2003), including those of
(—)-CGP12177, and has low affinity for -blockers (Kaumann,
2000; Konkar et al., 2000; Granneman, 2001; Lowe et al.,
2002; Joseph et al., 2003). The two binding sites for (—)-[*H]-
CGPI12177 (affinity ratio ~500) were recently verified on
recombinant Arg389-f,-adrenoceptors transfected at physio-
logical density into CHO cells (Joseph et al., 2004).

(=)-CGP12177 enhances cAMP levels and stimulates
cAMP-dependent protein kinase activity in the atria of rat
(Kaumann and Lynham, 1997; Kaumann ef al., 1997) and
man (Sarsero et al., 2003) through f;-adrenoceptors. Although
this is consistent with stimulation of each of the two f;-
adrenoceptor sites leading to G, protein, it does not necessarily
imply that coupling is through the same receptor constituents
for (—)-isoprenaline and (—)-CGP12177. The decreased f;-
adrenoceptor coupling to G, of the Gly389 variant, compared
to the Arg389 variant (Mason et al., 1999), was described for
recombinant receptors activated by isoprenaline. To investi-
gate whether or not the Arg389Gly polymorphism affects the
responses to a catecholamine and an NCPA differently, we
compared the cAMP-enhancing effects of (—)-isoprenaline and
(—)-CGP12177 in CHO cells, expressing ecither the Gly389
variant or Arg389 variant. To examine whether the binding of
p-blockers to ff;-adrenoceptors depends on the Arg389Gly
polymorphism, we compared the affinities of f-blockers for
the Gly389 variant and Arg389 variant, labelled with (—)-['**I]-
cyanopindolol. The catecholamine responses, but not the (—)-
CGP12177 responses, were markedly reduced in the Gly389
variant compared to the Arg389 variant. The affinity of f-
blockers did not differ between the variants.

Methods

Generation of Arg389 and Gly389 B;-adrenoceptors
expressed in CHO cells

A 2.4kb full-length cDNA of the human f;-adrenoceptor,
cloned into the EcoRI/Kpnl site of the vector pcDNA3, was
obtained as a gift from Dr Graeme Milligan (University of
Glasgow, U.K.). When sequenced, the insert was found to

consist of the arginine389 polymorphic variant (Mason et al.,
1999). The Arg389-f,-adrenoceptor cDNA was cloned into the
pBI-L plasmid (Clontech), which also contains a luciferase
reporter gene regulated from a tetracycline response element to
allow surrogate monitoring of f;-adrenoceptor gene expres-
sion. The pBI-L Arg389 f;-adrenoceptor plasmid was co-
transfected with a pTK-Hyg vector into the CHO-AAS cell
line (Gossen & Bujard, 1992) and stable hygromycin-resistant
cell lines were selected. Nine out of 35 hygromycin-resistant
clones showed high levels of luciferase activity and these nine
clones were analysed for f;-adrenoceptor density using a
binding assay with (—)-['**I]-cyanopindolol (Lowe et al., 2002).
A clone with a 8;-adrenoceptor density of 101+ 8.6 fmolmg™'
protein (Kp=13.4+1.1pM, n=13 assays in duplicate) was
used for cAMP assays.

A Gly389-f;-adrenoceptor cDNA clone was generated as
follows: PCR primers were used to amplify the region of the
pi-adrenoceptor gene surrounding the 389 amino-acid codon
(forward primer 5 TCGCCATCACCTCGCCCTTCCGC-
TACCAGA 3, reverse primer 5 CGCCGGGCCCTA-
CACCTTGGA 3') in genomic DNA from six human right
atrial heart tissue samples. The PCR products were digested
with BsmF]I to determine which variant they corresponded to,
and one product showed that it contained the Gly389-f;-
adrenoceptor variant (Bsm FI digestion only occurs at residue
389 if glycine is present). This product was then digested with
Xhol and Ascl, and subcloned into a recombinant f-
adrenoceptor pBI-L vector, from which the corresponding
Arg389 variant fragment of the cDNA had been removed. The
resulting Gly389-f;-adrenoceptor pBI-L plasmid was then
sequence-verified before co-transfection with pTK-Hyg as
described above, to obtain a stable cell line. After selection in
hygromycin for 3 weeks, a stably expressing Gly389 f;-
adrenoceptor clone was obtained, by confirming expression of
the luciferase gene and by determination of f;-adrenoceptor
density using (—)-["**I]-<cyanopindolol. A clone with a
Bi-adrenoceptor density of 93.5+19.6fmolmg™' protein
(Kp=11.7+1.3pM, n=28 assays in duplicate) was used for
cAMP assays.

Receptor-binding assays

CHO-AAS8 cells with stably transfected pf;-adrenoceptors,
stored at —80°C in 1mM EDTA, 25mM Tris—HCI, pH 7.4
(20°C) were thawed and pelleted for 30 min at 17,000 x g, 4°C,
and then homogenized by Polytron (7mm probe, 3 x 10s,
speed setting 8) in a binding buffer containing (mM): EGTA 5,
EDTA 1, MgCl, 4, ascorbic acid 1, phenylmethyl-sulfonyl
fluoride 0.5, Tris-HCl 50, pH 7.5 (37°C). For receptor
saturation assays, homogenates were incubated for 2h at
37°C in a final volume of 0.5ml (10 ug protein) with 1-200 pM
(=)-["*I]cyanopindolol. Nonspecific binding was defined as
binding not removed by 200uM (—)-isoprenaline. Specifc
binding was not detected for (—)-['**I]-cyanopindolol in cells
that did not express f;-adrenoceptors. The bound radioligand
was isolated by filtration through Whatman GF/B paper and
radioactivity counted in a gamma scintillation spectrometer.
To estimate the affinity of f-blockers for the ff;-adrenoceptor,
cell membranes were labelled with ~30pM (—)-['*I]-cyano-
pindolol in the absence and presence of concentrations
(0.03nM-100 uM, spaced by 0.5 log units) of the competing
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ligand. Binding assays were carried out in duplicate and
replicated thrice.

Cyclic AMP assay

CHO-AAS cells (Clontech) were grown to 70% confluence in
24-well plates containing Minimum Essential Medium (alpha
modification) and 100 ugml~" each of G418 and hygromycin.
Cells were washed with warm (37°C) phosphate-buffered saline
and pre-incubated for 20min at 37°C with Dulbecco’s
modified Eagle’s medium buffered with 25mMm HEPES,
containing 1mM IBMX and 0.2mM ascorbic acid in the
absence or presence of (—)-propranolol. Cells (~ 10° per well)
were incubated with the indicated concentrations of agonists
or forskolin (100 uM) for 20min at 37°C, followed by
aspiration of the medium and immediate addition of HCIO,
(0.3M). Cell extracts were neutralized with 1.25 volumes of a
50/50(v v—!) mixture of tri-n-octylamine/1,1,2-trichlorotrifluor-
oethane and the aqueous supernatant assayed with Amer-
sham’s Biotrak cAMP double antibody kit. Assays were
carried out in triplicate and replicated three to five times.

Protein was determined by the bicinchoninic acid method
against a bovine serum albumin standard.

Statistics

Data from saturation binding and inhibition of binding by
competing ligands were analysed by nonlinear regression using
GRAFIT3 (Leatherbarrow, 1992). Data are presented as
mean +s.e.m. Student’s 7-tests were used to test the differences
between two groups of data.

Drugs

(—)-CGP12177 and carvedilol were gifts of GlaxoSmithKline
(Harlow, Essex, U.K.). (—)-Bupranolol was a gift of Schwarz
Pharmaka (Monheim, Rheinland, Germany). Oxprenolol was
a gift of Novartis (Basle, Switzerland). Xamoterol was a gift of
Zeneca (Macclesfield, U.K.). (—)-Isoprenaline hydrochloride,
(—)-alprenolol, (—)-atenolol, metropolol, nadolol, (—)-pindo-
lol, (—)-propranolol and (—)-timolol were purchased from
Sigma (Poole, U.K.). Bisoprolol and sotalol were purchased
from Tocris (Bristol, U.K.). (—)-Denopamine was from
Tanabe Seiyaku (Osaka, Japan). (—)-RO363 was from the
Institute of Drug Technology (Boronia, Australia).

Results

Binding of B-blockers to Arg389 and Gly389-B,-
adrenoceptors

The p-blockers competed with (—)-['**I]-cyanopindolol for
binding to f,;-adrenoceptors. The dissociation equilibrium
constants K;, calculated using K values of 13.4 and 11.7pM
for (—)-['*I]-cyanopindolol on Arg389-p,-adrenoceptors and
Gly389-f,-adrenoceptors, respectively, are listed in Table 1.
The affinities of f-blockers, including partial agonists, did not
differ between the Arg389 and Gly389 variants (Table 1,
Figure 1).

Table 1 Comparison of binding constants (K;, nM) of
p-blockers and partial agonists for Arg389-f;-adreno-
ceptors and Gly389-f,-adrenoceptors

Arg389-B-
adrenoceptor

Gly389-B-
adrenoceptor

(—)-[***T]-cyanopindolol ~ 0.01344+0.0011  0.01174+0.0013
(—-)-CGP12177 0.36+0.05 0.58+0.11
(#)-Carvedilol 1.14+0.1 1.740.2
(—)-Pindolol 2.840.1 3.0+04
(%)-Oxprenolol 3.940.3 42404
(#)-Timolol 4.4+0.3 4.340.5
(—)-Bupranolol 5.1+0.41 6.0+0.8
(—)-Propranolol 5.64+0.7 6.5+0.9
(—)-Alprenolol 7.9+0.3 8.9+0.9
(+)-Nadolol 22+5 2242
(—)-RO363 30+8 41+4
(#)-Bisoprolol 97+7 99+20
(+)-Metoprolol 173+11 156+35
(#)-Xamoterol 169+ 14 2274+19
(—)-Atenolol 865485 13724258
(—)-Denopamine 1601 +18 2350+ 318
(+)-Sotalol 4611+374 4577+417
12 4
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Figure 1 Comparison of binding affinities of f-blockers and partial
agonists for Arg389-f;-adrenoceptors and Gly389-f;-adrenoceptors
labelled with (—)-['**I]-cyanopindolol (data from Table 1).

Increases of cAMP by (—)-isoprenaline and
(—)-CGP12177 through Arg389- and Gly389-B,-
adrenoceptors

The maximum effects of (—)-isoprenaline were markedly
reduced at the Gly389 variant to only 3% of the E,., for the
Arg389 variant, but the potency was 98 times greater for the
Gly389 variant than the Arg389 variant (Figures 2 and 3,
Table 2).

(—)-CGP12177 was a weak partial agonist with intrinsic
activity 0.057 with respect to (—)-isoprenaline on Arg389-f;-
adrenoceptors (Figures 2 and 3, Table 2). On the Gly389
variant, (—)-CGP12177 was a full agonist (intrinsic activity
1.05 with respect to (—)-isoprenaline), with a three-fold greater
potency than on the Arg389 variant (Figures 2 and 3, Table 2).
Eax of (=)-CGP12177 from the Gly389 variant was 54% of
the E.x from the Arg389 variant (Table 2).

(—)-Propranolol (200nM) caused a 2log unit shift of the
concentration—effect curves of (—)-isoprenaline, but only
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Figure 2 Comparison of the effects of (—)-isoprenaline and (—)-
CGPI12177 on cAMP levels of CHO cells expressing Arg389-f;-
adrenoceptors and Gly389-f,-adrenoceptors. For further details, see
Table 2.
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Figure 3 Antagonism by (—)-propranolol of the effects of (—)-
isoprenaline and (—)-CGP12177 at Arg389-f;-adrenoceptors and
Gly389-f;-adrenoceptors. For further details, see Table 2.

marginal antagonism of the effects of (—)-CGP12177 in both
Arg389 and Gly389 variants (Figure 3, Table 2). The high- and
low-affinity estimates (pKg values) of (—)-propranolol for the
sites activated by (—)-isoprenaline and (—)-CGP12177, respec-
tively, were similar for both variants (Table 2).

Forskolin (100 uM) increased cAMP by 30124361 (from
26.0+3.6) and 2921 + 585 (from 24.1 +3.7) pmolmg~' in CHO
cells expressing the Arg389 (n=11) and Gly389 (n=12)
variant, respectively, demonstrating that the transfection of
the variants did not change the catalytic activity of the
adenylyl cyclase.

Discussion and conclusions

We found that the affinity of fS-blockers and the partial
agonists (—)-R0O363 (Molenaar et al., 1997), (—)-denopamine
(Yabana et al., 1992), xamoterol (Lemoine et al., 1989) and
(—)-CGP12177 is essentially the same for the site labelled by
(=)-['*I]-cyanopindolol at Arg389-f;-adrenoceptors and
Gly389-f3,-adrenoceptors. We confirm the findings of Mason
et al. (1999) that the agonist effects of (—)-isoprenaline are
markedly reduced in the Gly389 variant compared to the
Arg389 variant. However, the Arg389Gly polymorphism
affects considerably less the agonist effects (—)-CGP12177
than those of (—)-isoprenaline. Gly389 appears to disrupt the
formation of an o-helicoid, which is formed with the Arg389,
thereby reducing coupling to G, protein (Small et al., 2003).
Our results suggest that this mechanism seems to reduce
considerably more the effects of (—)-isoprenaline than the
effects of (—)-CGP12177. Thus, the a-helicoid formation is
essential for catecholamine responses but not for (—)-CGP-
12177, suggesting that the receptor activated by (—)-
CGPI12177 binds to G, regardless of whether the «-helicoid
is intact or not.

The affinity of B-blockers is conserved across the
Arg389Gly polymorphism

Evidence suggests improvement of heart failure Arg389
patients but hardly of Gly389 patients, during chronic

Table 2 Potencies of (—)-isoprenaline and (—)-CGP12177 and antagonism by (—)-propranolol (200 nM) on recombinant

Arg389-f,-adrenoceptors and Gly389-f;-adrenoceptors

Arg389-B-adrenoceptor

n
(— )-Isoprenaline
—Log ECsoM 13 7.90+0.09
Eax® 2163+274
(—)-Propranolol (200 nM)
—Log ECsoM 6 5.88+0.07
Eonax 1995+ 647
pKs 8.72
(—)-CGPI12177
—Log ECsoM 9 7.64+0.12
Ernax 124418
(—)-Propranolol (200 nm)
—Log ECsoM 7.45+0.10
Emax 109+16
pKs 6.44

Y EmaxGly389/EnaxArg389) x 100.
"Maximum agonist effect in pmolmg™" cyclic AMP.

Gly389-B-adrenoceptor

n % P
7 9.89+0.13 <0.001
60+13 3.0 <0.001
4 7.65+0.15 <0.001
40+ 14 2.0 <0.001
8.94
9 8.18+0.15 <0.001
67+12 54 <0.02
5 8.06+0.16 <0.02
93+24 85 0.62
6.20

pKg = —log M(equilibrium dissociation constant) for the (—)-propranolol-receptor complex.
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p-adrenoceptor blockade with carvedilol (Perez et al., 2003).
Furthermore, f;-adrenoceptor blockade with atenolol (Sofo-
wora et al., 2003) and metoprolol (Liu et al., 2003) appears to
reduce systolic pressure in Arg389 healthy volunteers but not
in Gly389 volunteers. These Arg389-specific effects could be
due to higher affinity of f-blockers for the Arg389 than
Gly389-f,-adrenoceptors. Our data demonstrating equal
affinity of the f-blockers at the two variants are inconsistent
with this hypothesis. Instead, cardiac stimulation by endo-
genous catecholamines may be more pronounced in Arg389
individuals so that the effects of f§;-adrenoceptor blockade are
considerably more pronounced than in Gly389 individuals.

The unaltered affinity of (—)-propranolol, estimated from
antagonism of the (—)-isoprenaline at the two variants, is
consistent with the binding inhibition data.

The Arg389Gly polymorphism reveals marked
coupling differences of B;-adrenoceptors activated
by (—)-isoprenaline, but not by (—)-CGP12177

Based on the evidence obtained from Arg389 and Gly389
variants transfected into fibroblasts (Mason et al., 1999), it has
been proposed that Gly389 disrupts a predicted a-helix within
a G, protein-coupling domain of the f3;-adrenoceptor (Small
et al., 2003). Mason et al. (1999) observed in CHF cells a 66%
E..x reduction of membrane adenylyl cyclase stimulation by
(—)-isoprenaline in Gly389-f,-adrenoceptors compared to
Arg389-f,-adrenoceptors. In intact CHO cells, we found a
97% Epnax reduction for (—)-isoprenaline in the Gly389 variant
compared to the Arg389 variant, in line with the hypothesis of
enhanced G, coupling of Arg389 f,-adrenoceptors (Mason
et al., 1999). Unlike Mason et al. (1999), who did not detect
differences in the apparent affinity of (—)-isoprenaline between
the two variants, we observed an unexpected, nearly 100-fold
increase of apparent affinity (—log ECsoM) of (—)-isoprenaline
at the Gly389 variant compared to the Arg389 variant. The
difference of (—)-isoprenaline’s apparent affinity between the
two laboratories may be related to different host cells
expressing the Arg389 and Gly389 variants, as well as to
different methods. The nature of the marked increase of (—)-
isoprenaline potency at the Gly389 variant, detected in intact
CHO cells, is not yet understood. Conceivably, still unknown
coupling constituents that cause the enhanced (—)-isoprenaline
potency at Gly389-f,-adrenoceptors in intact CHO cells are
lost in disrupted membrane particles of the fibroblasts used by
Mason et al. (1999). Another difference between our findings
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and (—)-CGPI12177. The affinity of f-blockers and partial
agonists is not altered by the Arg389/Gly389 polymorphism.
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