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Abstract

B ,-adrenoceptors (B,AR) are polymorphic at amino acid 164 (Thr or Ile) of the fourth transmembrane domain. In transfected
fibroblasts, six agonists commonly used in the treatment of bronchospasm were studied. Isoproterenol, abuterol, metaproterenol,
terbutaline, formoterol, and salmeterol displayed decreased binding affinities (K;s were 1.2—3.0-fold higher) and a significant degree of
impaired maximal stimulation of adenylyl cyclase (~ 40%), was observed with all agonists for the 11€164 receptor. The ratios of signal
transduction efficiencies (Tau function, 11€164/Thr164) varied from a low of 0.17 for terbutaline to 0.49 for salmeterol. In addition,
Ile164 bound salmeterol at the exosite, as delineated in perfusion washout studies, at a decreased level (31 + 4.8% vs. 49 + 4.4% retained
salmeterol, respectively, P = 0.02). In cAMP production studies under perfusion conditions, this decreased exosite binding caused a
~ 50% decrease in the duration of action of salmeterol at 11€164 (t;,, =21.0 + 3.6 vs. 46.8 + 4.1 min for Thr164, P =0.001). The
durations of action for isoproterenol and formoterol under similar perfusion conditions were not different between the two receptors.
These in vitro results indicate the 1€164 polymorphic receptor represents a pharmacogenetic locus for the most commonly utilized

agonists in the treatment of asthma with a unique phenotype for salmeterol. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The B,-adrenoceptor (B,AR) is expressed in many
cell-types in the body subserving a wide range of physio-
logic functions in the sympathetic nervous system (Green
and Liggett, 1996a; Liggett, 1997). B,AR expressed on
bronchial smooth muscle act to relax the muscle (Liggett,
1997), affording bronchodilation and increased airflow.
B,AR agonists, directed at these airway receptors, are the
most commonly utilized therapeutic agents for the treat-
ment of bronchospasm in asthma and chronic obstructive
lung disease (COPD) (Tattersfield, 1997). Of particular
concern within these populations are those who overuse
B-adrenoceptor agonists or have significantly depressed
responsiveness, since these individuals may be at risk of
increased morbidity and mortality (Spitzer et a., 1992;
Suissa et al., 1994; Sears et al., 1990; Beasley et al., 1999).
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In the human population, the B,AR displays genetic
heterogeneity (Reihsaus et al., 1993), with nonsynonymous
single nucleotide polymorphisms occurring at four loci
within the coding region. The common polymorphisms
occur at amino acid positions 16 (Arg or Gly) and 27 (GIn
or Glu). At amino acid position 164, either Thr or Ile can
be found, with the latter occurring with a heterozygous
frequency of ~ 5%. This polymorphism is localized within
the fourth transmembrane spanning domain (TMD) of the
receptor, and influences the binding “pocket” for conven-
tional agonists which is formed by the TMDs (Green et al.,
1993). Using site-directed mutagenesis and recombinant
expression in Chinese hamster fibroblasts, we have shown
that the affinity of the Ile€164 receptor for epinephrine,
norepinephrine and isoproterenol is decreased. Further-
more, the coupling of 11e164 to G, as assessed in adenylyl
cyclase assays, in response to the agonist epinephrine, is
depressed compared to that of the wild-type Thr164 recep-
tor (Green et al., 1993). This functional phenotype appears
to be due to atered physical coupling of the receptor to
Ga and thus decreased formation of the high-affinity
agonist-receptor-Ga., complex (Green et a., 1993). The
consequences of the 11el64 receptor have also been ex-
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plored in transgenic mice (Turki et al., 1996). In these
studies, the Thr164 and the 11164 receptors were overex-
pressed in the heart (where 8,AR exert positive inotropic
and chronotropic effects) and in vitro adenylyl cyclase
signaling and in vivo cardiac function assessed. In re-
sponse to the B-adrenoceptor agonist isoproterenol, adeny-
lyl cyclase activities were reduced as were the inotropic
and chronotropic responses.

All the above functional studies have been carried out
only with the aforementioned prototypic B-adrenoceptor
agonists. However, the B-adrenoceptor agonists currently
available for the treatment of bronchospasm have a wide
range of structures and pharmacologic properties. Struc-
turally, these vary from minimal substitutions at the cate-
chol ring and the amine head groups (albuterol) to com-
plex substitutions such as the aralkyloxalkyl substitution at
the amine group found with salmeterol (Derom and
Pauwels, 1997). These drugs differ in their subtype speci-
ficities, potencies and efficacies for activation of B,AR,
which has led to the notion that these synthetic agents can
interact with the receptor in agonist-specific ways (Derom
and Pauwels, 1997). Indeed, the long duration of action of
salmeterol (~ 12 h) has been shown to be due to binding
of the aforementioned side chain to TMDs (including
TMD4), which anchors the agonist to the receptor provid-
ing for repetitive binding events (Green et al., 1996b;
Rong et al., 1999). Such binding has been termed exosite
binding (Liggett and Green, 1996), since it lies outside the
critical contact points for conventional agonists (Strader et
al., 1989, 1995; Wieland et a., 1996), which are in TMDs
3, 5 and 6. In contrast, a similar long duration of action
found with formoterol is thought to be due to alipid depot
effect in the cell membrane (Nials et al., 1993). Given this
agonist pleiotropy, we have considered that the phenotype
of the 1€164 receptor may be dependent on agonist struc-
ture. We have thus pursued the pharmacogenomic proper-
ties of this receptor using the common B-adrenoceptor
agonists used for the treatment of asthma and COPD.

2. Materials and methods
2.1. Mutagenesis and cell transfections

Site-directed mutagenesis was carried out as described
previously (Green et a., 1993) such that a cytosine or a
thymine is present at nucleotide 491 of the human 3,AR
open reading frame encoding Thr or lle, respectively, at
amino acid 164. The constructs consisted of these coding
blocks cloned into the mammalian expression vector
pcDNA /Neol. Both receptors had Arg at position 16 and
GlIn at position 27. Chinese hamster fibroblasts (CHW
1102 cells) were permanently transfected using a calcium
phosphate technique as described (Green and Liggett,
1994a). Cells were grown in Dulbecco’'s modified Eagles
medium supplemented with 10% fetal calf serum, and 100

units/ml penicillin, and 100 wg/ml streptomycin in a
95% air, 5% CO, atmosphere at 37°.

2.2. Radioligand binding and adenylyl cyclase activity
studies

Cdlls were washed twice with phosphate buffered saline
(PBS) and then detached by scraping in 5 mM Tris (pH
7.40) 2 mM EDTA buffer at 4°C. Particulates were cen-
trifuged at 40,000 X g for 15 min and resuspended in
various buffers as indicated. Expression levels of B,AR
were determined by [**°1]cyanopindolol (**°I-CY P) radioli-
gand binding on membranes as described (Green and
Liggett, 1994a) for 2 h at 25°C. Competition assays were
performed using 12 concentrations of drug, and 40 pM
231.CYPin 75 mM Tris (pH 7.40), 2 mM EDTA, 12 mM
MgCl, buffer containing 100 .M GTP. Agonists studied
were: (—) isoproterenol, (+) albuterol, (+) metapro-
terenol, (4) terbutaline, (+) formoterol and (+) same-
terol. Radioligand binding assays were stopped by dilution
with cold 20 mM Tris pH 7.5 buffer and rapid vacuum
filtration over glass fiber filters. For adenylyl cyclase
assays, membranes were incubated with 30 mM Tris, pH
7.4, 2.0 mM MgCl,, 0.8 mM EDTA, 120 M ATP, 60
pM GTP, 28 mM phosphoenolpyruvate, 2.2 wg/ml
myokinase, 100 uM cAMP, and 1 p.Ci [a-*PJATP for 30
min at 37°C as described (Green et a., 1993). [*PlcAMP
was separated from [a-* PIATP by chromatography over
alumina columns. A [*H]cAMP standard included in the
stop buffer accounted for individua column recovery.
Activities were determined in the presence of vehicle
(basal), the indicated concentrations of agonists, or 100
wM forskolin. Protein determinations were by the copper
bicinchoninic method (Smith et al., 1985).

2.3. Salmeterol studies

As previously described in detail (Green et a., 1996b),
we utilized an assay which assesses the maintenance of
binding of salmeterol to the 3, AR during extensive wash-
ing. Briefly, attached cells expressing wild-type or 11€164
receptors were exposed in 30-mm culture dishesto 10 uM
isoproterenol, salmeterol, formoterol or vehicle for 10 min
at 37°C. Cells were then washed by aspiration of the media
and two exchanges with PBS, and then continuously per-
fused at 25° with PBS at a rate of 20 ml /min for salme-
terol and formoterol. Because the effects of isoproterenol
decayed very rapidly during such washout, the perfusion
rate was decreased to 5 ml/min for studies with this
agonist. At the indicated times, perfusions were stopped,
media added, and the dishes incubated for 10 min at 37°.
The media were then aspirated and stored for cAMP
determination by radioimmunoassay. The dishes were then
returned to the perfusion apparatus for additional washing.
The levels of CAMP at each time point were normalized to
the response observed following the initial exposure to
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Table 1

Results of [“°1]CYP competition radioligand binding studies with wild-
type and 11e164 B, AR

Results are from four independent experiments.

125”

Agonist K; (nM) K; mutant/
Thr164 llel64 K; wild type
Isoproterenol 166.9+9.4 494.6 +43.0° 3.0+0.2
Terbutaline 7216+ 571.5 16636+ 1951.6* 2.3+0.3
Albuterol 1239.3+39.9 1978.0+236.5 16+0.2
Formoterol 28.0+1.2 67.1+1.92 24+02
Metaproterenol  14123.34+502.8 23576.7+2792.7 1.7+0.2
Salmeterol 31+07 33+02 12403

3P < 0.05 vs. Thr164.

salmeterol. Time course data for these functional experi-
ments were fit to an exponential decay function, such that
the maximal change and the time to half-maximal change
(t;,,) could be calculated. In addition, radioligand binding
with *°1-CYP was performed after 20 min of perfusion in
order to determine the number of receptors not occupied
by salmeterol. Results from the binding experiments are
presented as exosite binding, defined as the proportion of
receptors occupied by salmeterol (and thus unavailable for
binding to '#°1-CYP), compared to receptor density deter-
mined in cells pretreated with vehicle.

2.4. Satigtical analysis

Results are presented as means+ S.E. Comparisons
were by paired or unpaired two-way t-tests, as appropriate,
with significance imparted when P < 0.05. Signa trans-
duction efficiencies were calculated from the adenylyl
cyclase dose-response curves using the Tau function as
described (Black et al., 1985; Lohse et al., 1990) and the

o Thri64 B,AR

20

Adenylyl Cyclase
(pmol/min/mg protein)
-
o
N
Adenylyl Cyclase

Tau ratios (11€164/WT) are presented. Curve fitting was
carried out using Prizm software (GraphPad, San Diego,
CA).

3. Results

Initial studies focused on conventional ligand binding
affinities and stimulation of adenylyl cyclase for the six
agonists. The results of competition binding studies are
shown in Table 1. As previously described (Green et al.,
1993), isoproterenol had a lower affinity for the |lel64
receptor, as indicated by a ~ 3-fold higher K; as com-
pared to that for the Thrl64 receptor. The other agonists
had K;s that varied between 1.2- and 2.4-fold greater with
the 11e164 receptor compared to the wild-type B,AR. The
differences were statistically significant for isoproterenol,
terbutaline and formoterol. Adenylyl cyclase studies were
carried out with membranes from permanently transfected
cells expressing the Thr164 or 11€164 receptors at 1051 +
70 and 931 + 47 fmol /mg, respectively. As previously
delineated, membranes from the 11164 receptor expressing
cells had dlightly lower basal adenylyl cyclase activities
compared to wild-type, consistent with a decreased sponta-
neous activation (Green et al., 1993). As shown in Fig. 1
and Table 2, all agonists studied exhibited less maximal
stimulation of adenylyl cyclase with the 11€164 receptor
compared to the wild-type (Thr164) B,AR. The defect is
receptor specific, in that the forskolin-stimulated adenylyl
cyclase responses were identical between membranes from
the two cell lines (362 + 50 vs. 345 + 48 pmol /min/mg,
respectively). The phenotype was present with highly effi-
cacious agonists (isoproterenol, formoterol), partial ago-
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Fig. 1. Agonist activation of adenylyl cyclase of wild type and 11e164 8,AR. All agonist-stimulated activities were statistically less (P < 0.01) with the
11e164 receptor compared to wild type (Thr164) B, AR. Results shown are representative of three to five independent experiments performed in each group

with the indicated agonist. See Table 2 for mean data.
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Table 2

Agonist-promoted adenylyl cyclase activities for wild-type and 11€164 3, AR expressed in CHW cells
Results are mean + S.E. from three to five independent experiments. Basal activities are the means derived from all the experiments.

Receptor Basdl 1SO ALB TERB MET SALM FORM
WT Ruax (pmol /min/mg) 472+034 179416 238+11 229409  173+10 187410 195+05
ECy, (NM) M+7 600+ 16  1731+107 3764+489 3014051 9.07+0.35
llel64  Ryay (pmol /min/mg) 268+0.13% 11.9+23* 152+09% 153+05° 1214+07% 1254+05° 145+0.3*
ECy, (NM) 104+31°  627+10 3628+ 8997 3028+459 3.72+047 6.82+ 061
Tau Ratio (Tau WT /Tau lle164) 0.23 0.20 0.17 0.27 0.49 0.39

1S0, isoproterencl; ALB, abuterol; TERB, terbutaline; MET, metaproterenol; SALM, salmeterol; FORM, formoteral.

8P < 0.05 compared to wild type.

nists (albuterol, terbutaline, metaproterenol, salmeterol) and
agonists with long durations of action (formoterol, salme-
terol). From these agonist dose—response studies, the Tau
values were calculated (Black et al., 1985; Lohse et d.,
1990) as measures of signal transduction efficiencies. This
function takes into account both potency and efficacy. The
ratios of Tau for the I1€164 receptor to that of the wild-type
B,AR for each agonist are shown in Table 2. The Ile164
defect was approximately the same (Tau ratio 0.17-0.27)
for isoproterenol, abuterol, terbutaline and metaproterenol.
Salmeterol and formoterol activation were also impaired,
but to a somewhat lesser extent (0.49 and 0.39). So, in
terms of activating adenylyl cyclase, no commonly utilized
B-adrenoceptor agonist used for treating bronchospasm
“escapes” the defect imposed by the Thr to lle substitu-
tion.

We next turned our attention to the interaction of
salmeterol with the two receptors. As introduced earlier,

-
il N

Fig. 2. Retention of salmeterol during washout is reduced with |le164
compared to wild type B,AR. Cells in culture expressing the two recep-
tors were exposed to vehicle or 10 nM salmeterol for 10 min, the media
aspirated, washed twice with PBS, and then the cells were perfused with
PBS at arate of 20 ml /min. At 20 min, cells were detached, membranes
prepared, and [*2°I]CY P saturation binding carried out (see Materials and
methods) to determine the number of unoccupied sites remaining. The
11€164 receptor retained less salmeterol than wild type B, AR. Results are
from five independent experiments. * P < 0.02.

we have shown that the prolonged duration of action of
this agonist is due in part to an interaction between the
long side chain of the amine head group of salmeterol and
the fourth TMD of the B,AR (Green et al., 1996b). Given
that the non-conservative 11€164 substitution occurs within
the mid-portion of TMDA4, we considered that this interac-
tion may be perturbed in the polymorphic receptor. To
address this, cells expressing the Thr164 or 11€164 recep-
tors were exposed to a saturating concentration of salme-
terol to alow for initial binding, washed to remove the
drug from the media, and then perfused with buffer to
determine retention of the agent via radioligand binding
and cAMP measurements. This method has been previ-
oudly utilized in transfected cells (Green et al., 1996b;
Clark et d., 1996), and variations of the approach have
been used with endogenously expressing tissues (Nials et
al., 1993) and intact trachea (Ball et al., 1991). Such
retention does not occur with the B,AR subtype, but can
be conferred to the B, AR via mutagenesis by substituting
the B,AR TMD4 (Green et a., 1996b). Moreover, the
binding and functional studies carried out under these

120+
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Fig. 3. Functional consequences of decreased salmeterol exosite binding
to the |1e164 receptor. Cells expressing each receptor underwent the same
exposure to salmeterol with washout as described in Fig. 2, except that at
the indicated times the perfusion was stopped, and cAMP accumulation
over 10 min determined (see Materials and methods). Results are ex-
pressed as a percentage of the initiadl CAMP response to salmeterol. The
decay of CAMP stimulation from retained salmeterol was accelerated with
11164 compared to wild type B, AR. Shown are the results from a single
experiment performed in triplicate which are representative of five per-
formed. For five such experiments, the t, ,, was 21.0+£3.6 vs. 46.8+4.1
min, P =0.001. Washout studies with isoproterenol and formoterol
showed no differences (see Table 3).
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Table 3

Kinetics of cAMP production from cells expressing WT and llel64
B,AR under perfusion conditions

For studies with saimeterol and formoterol, the perfusion rate was 20
ml/min; for isoproterenol the rate was 5 ml/min. Results are the t, ,,
values from five independent experiments.

| soproterenol Salmeterol Formoterol

Wild-type 17.3+49 46.8+4.1 36.4+12.7

11e164 153+19 21.0+3.6% 445+10.9
%P < 0.05.

conditions show this interaction exclusively with salme-
terol, as opposed to agents such as albuterol, and the other
long-acting B-adrenoceptor agonist formoterol which ap-
pears to have prolonged activation by another mechanism
(Green et a., 1996b; Ball et d., 1991). The results of
radioligand binding studies under these conditions are
depicted in Fig. 2. As shown, after extensive washing by
perfusion, 49 + 4.4% of Thr164 receptors remain occupied
by salmeterol. In contrast, 31 + 4.8% of the 11164 recep-
tors remained occupied under the same conditions (n= 5,
P = 0.02). This difference was not due to an altered salme-
terol binding affinity at the active site as determined in
2°|_CY P competition studies (Table 1), where the K;s for
the wild-type and the 11€164 receptors were virtually iden-
tical (3.1+0.7 vs. 3.3+ 0.2 nM). The functional conse-
guences of this decreased exosite binding were assessed by
measuring CAMP accumulation due to the initial exposure
and then at various times during perfusion (Fig. 3 and
Table 3). As shown, the cAMP response decayed during
high volume washout with the wild-type receptor, consis-
tent with the loss of salmeterol occupied receptors over
time under these conditions. However, with the 1lel64
receptor, the decay was substantially accelerated with a
mean t; , =21.0 £ 3.6 min compared to 46.8 + 4.1 min
for wild-type receptor (n=6, P = 0.001). In contrast, the
t,,, for isoproterenol (5 ml/min perfusion) did not differ
between the B,AR wild-type and the Ilel64 receptor.
Formoterol also displayed a long duration of action under
these washout conditions, but the t; ,, did not differ be-
tween the two receptors (Table 3). These studies with
isoproterenol and formoterol indicate that the altered dura-
tion of action for sameterol with the I1€164 receptor is
specific to salmeterol rather than a generalized effect.

4, Discussion

Variation in the B,AR gene in the human population
has led to the hypothesis that the known interindividual
variability in the clinical response to therapeutic B-adren-
oceptor agonists may be, in part, due to such genetic
variation. Our approach to studying polymorphisms of the
B,AR (Green et a., 1993, 1994b; Drysdale et al., 2000)

and other adrenoceptors (Mason et a., 1999; Small et al.,
2000) has been to carry out in vitro studies in recombinant
cells or transgenic mice before embarking on clinical
studies. Determining the consequences of the polymor-
phism on cellular signaling thus provides a basis for
hypothesis-driven clinical investigations. To date, such
studies with B, AR polymorphisms at positions 16 and 27,
as well as haplotypes composed of these and 5 UTR
polymorphisms, have shown that certain variants are asso-
ciated with altered responsiveness (Martinez et al., 1997;
Drysdale et d., 2000), and tachyphylaxis (Israel et al.,
2000), to B-adrenoceptor agonists.

The 11€164 polymorphism, which is the least common
of the functional B,AR coding polymorphisms, has not
been studied in a clinical setting. The current work focuses
on the interaction between the 1l€164 and the most com-
monly utilized therapeutic B-adrenoceptor agonists. We
were particularly intrigued with the fact that this polymor-
phism occurs in TMDA4. In a previous study (Green et al.,
1996b), we showed that TMD4 is necessary for the pro-
longed activation of receptor by the unique agonist salme-
terol. This agonist has a prolonged duration of action in
humans (~ 12 h), which is thought to be due to a “tether-
ing” of the molecule, via its aryloxyalkyl side chain, to the
B,AR such that multiple binding/activation events occur.
This site has been considered to lie outside the active sites
for traditional agonist binding, and has been termed the
salmeterol exosite. Given that salmeterol is aso highly
hydrophobic, an interaction with the lipid bilayer of the
cell membrane has also been considered. In a previous
study (Green et al., 1996b), we showed that a chimeric
receptor, consisting of the 8, AR with a substituted 8;AR
TMD4 had unaltered binding affinity for salmeterol in
21 cyp competition studies. However, while the wild-
type B, AR retained salmeterol under aggressive perfusion
washout conditions, this property was substantially lost
with the chimeric receptor. Since both receptors were
recombinantly expressed in the same cell-type, we rea
soned that any cell membrane interaction with salmeterol
would be equivalent between the two receptors. In further
support of the notion that the exosite lies within the B, AR,
substitution of a portion of the B,AR TMD4 into the
B,AR (which normaly has no exosite binding) partially
confers exosite binding properties. Additional studies
(Rong et al., 1999; Isogaya et al., 1998) have shown that
salmeterol likely bindsto TMDs 6 and 7 as well. While the
above studies do not exclude binding of salmeterol to the
lipid bilayer, it is interesting to note that with salmeterol
analogues which have the oxygen of the side chain at
positions 2 or 8 carbons from the nitrogen, the long
duration of action is lost (Johnson, 1995). Yet, the hy-
drophobicity of these analogues is the same as the parent
compound. Taken together, it seems reasonable to con-
clude that at least one component of the molecular mecha-
nism of salmeterol’s long duration of action is an interac-
tion with TMDA4.
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Our results show two important aspects of 11€164 phar-
macogenomics. First, all the B-adrenoceptor agonists com-
monly utilized for the treatment of asthma and COPD
display depressed stimulation of adenylyl cyclase. Thus,
individuals with this polymorphism would be expected to
have a decreased bronchodilatory response to any of these
agents. It is possible that adequate efficacy could be
obtained by an increased dosage, but this will require
explicit clinical testing. Secondly, patients with 11€164
would be expected to have a shorter duration of action for
salmeterol compared to those with the wild type B,AR.
Based on the t; , of the functional washout studies, the
predicted duration of action of salmeterol in these individ-
uals may be ~50% (~ 6 h) of the duration observed in
those with wild-type receptor. Those with 11e164 would
also have a decreased bronchodilatory response based on
the adenylyl cyclase studies. So, the overall clinical effec-
tiveness of salmeterol may well be substantially less in
those with the polymorphic receptor. Again, this needs to
be specifically studied in a clinical trial. It should be noted
that we have recently found that when 11€164 is present,
the polymorphic alele at amino acid position 16 is likely
to be Gly (Drysdale et al., 2000). This may be a particu-
larly unfavorable combination, as tachyphylaxis to another
B-adrenoceptor agonist (formoterol) has been reported to
be associated with the Gly16 genotype (Tan et al., 1997).

In summary, we have delineated the pharmacologic
phenotype of the B,AR 1lel64 polymorphic receptor in
regard to its interaction with the commonly utilized B-
adrenoceptor agonists. All agonists tested displayed de-
creased stimulation of adenylyl cyclase with the 11e164
receptor compared to wild-type B,AR. In addition, the
unique interaction of salmeterol with the receptor is atered
with the 11e164 variant, such that duration of action is
decreased. Patients with this genotype may be candidates
for atypical dosing regiments, different B-adrenoceptor
agonists engineered to bypass the defect, or alternative
agents working via other receptors or mechanisms. These
data suggest that in the future a panel of polymorphic sites
of various genes may be useful in developing individual-
ized therapies based on pharmacogenomic loci.
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