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Site-directed mutagenesis and photoaffinity labeling experiments suggest the existence of at least two distinct
binding orientations for aryloxypropanolamine competitive antagonists in theâ-adrenergic receptor (â-
AR), one where the aryloxy moiety is located near transmembraneR-helix 7 (tm 7) and another where it is
near tm 5. To explore a hydrophobic pocket involving tms 1, 2, 3, and 7 for potential aryloxy interaction
sites, we selected Tyr356(7.43)and Trp134(3.28)in the ratâ1-AR for site-directed mutagenesis studies. Ser190(4.57)

was also investigated, as the equivalent residues are known antagonist interaction sites in the muscarinic M1

and the dopamine D2 receptors. Binding affinities (pKi) of a series of structurally diverse aryloxypropanolamine
competitive antagonists were determined for wild type and Y356A, Y356F, W134A, and S190A mutant rat
â1-ARs stably expressed in Chinese hamster ovary cells. To visualize possible antagonist/receptor interactions,
the compounds were docked into a three-dimensional model of the wild-type ratâ1-AR. The results indicate
that Tyr356(7.43)is an important aromatic interaction site for five of the eight competitive antagonists studied,
whereas none of the compounds appeared to interact directly with Trp134(3.28). Only two of the competitive
antagonists interacted with Ser190(4.57)on tm 4. Overall, the results extend our understanding of howâ1-AR
competitive antagonists bind to the hydrophobic pocket involving tms 1, 2, 3, and 7; highlight the importance
of Tyr356(7.43) in this binding pocket; and demonstrate the involvement of tm 4 in competitive antagonist
binding.

Introduction

Agonists must make specific interactions with a receptor to
induce precise conformational changes that result in receptor
activation, whereas competitive antagonists need only bind to
the receptor in a way that interferes with agonist binding.1-4 In
contrast to agonists,2,5-15 few â-adrenergic receptor (â-ARa) resi-
dues involved in competitive antagonist binding have been iden-
tified. In theâ-AR it is generally accepted6 that the interaction
site for the competitive antagonist amine nitrogen is Asp(3.32),
and for the ratâ1-AR this residue is Asp138(3.32)(using the amino
acid residue numbering system devised by Ballesteros and Wein-
stein15). Many aryloxypropanolamine competitiveâ-AR antag-
onists also bind with high affinity to 5-hydroxytryptamine1A

receptors (5-HT1ARs) and 5-HT1BRs,16-22 and site-directed
mutagenesis studies ofâ2-ARs, 5-HT1ARs, and 5-HT1BRs have
identified Asn(7.39) as an interaction site for the aryloxy oxygen
and/or theâ-hydroxyl group of propranolol (1), alprenolol (2),
and pindolol (3) (Figure 1).12,16-20,22-24 In the ratâ1-AR this
residue is Asn352(7.39). However, the para-substituted phenoxy-
propanolamines practolol (4) and atenolol (5) and the aryletha-

nolamine sotalol (6) (Figure 1) do not appear to interact with
Asn(7.39), as their binding affinities are unaffected by mutation
of this residue.19,21,22

When a competitive antagonist interacts with the ratâ1-AR,
while maintaining the interactions described above for Asp138(3.32)

and Asn352(7.39), the aryloxy ring is located in a hydrophobic
pocket defined by residues in transmembraneR-helices (tms)
1, 2, 3, and 7 (refer to Figure 2). Two aromatic residues in this
pocket, Tyr356(7.43)and Trp134(3.28), are ideally located to interact
with the antagonist aryloxy ring. In a preliminary communication
we reported the binding affinities of cyanopindolol (7) and [125I]-
iodocyanopindolol (125I-CYP, 8) for the Y356A and Y356F
mutant ratâ1-ARs.25 We observed a>5000-fold decrease in
the binding affinity (pKi) of compound7 for the Y356A mutant
receptor, when compared to the wild-type (WT) ratâ1-AR. In
contrast, the Y356F mutation maintained compound7 binding
at WT levels. The data suggested that compound7 interacted
directly with Tyr356(7.43), via predominantly aromatic interac-
tions.25 Like compound7, the Y356F mutant receptor main-
tained the binding affinity of the structural analogue8 at WT
levels. However, unlike compound7, only a 3-fold decrease in
the binding affinity of compound8 was observed for the Y356A
mutant ratâ1-AR. Our initial interpretation of the data for
compound8 was that Tyr356(7.43)was not an interaction site for
this competitive antagonist and that compound8 bound to the
WT â1-AR in a different orientation to that adopted by
compound7.25

The purpose of the present work was to further explore com-
petitive antagonist binding orientations of a range of structurally
diverse aryloxypropanolamines by (i) examining their interac-
tions with the hydrophobic pocket defined by residues in tms
1, 2, 3, and 7, specifically interactions with Tyr356(7.43) and
Trp134(3.28), and (ii) determine whether Ser190(4.57)is involved in
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competitive antagonist binding in the ratâ1-AR. It has been
previously reported that Ser(4.57) in the humanâ2-AR is not
important for compound8 binding.11 However, in the rat

muscarinic M1 receptor and the human dopamine D2 receptor
the equivalent residue to Ser190(4.57)has been shown to play a
role in antagonist binding,26,27 and we now confirm that this
residue also plays a role in the binding of competitive
antagonists to the ratâ1-AR.

Ser(4.57) and Tyr(7.43) are conserved across the adrenergic
receptor family, while at position 3.28 the residue is either Trp
or Tyr (GPCRDB28 sequence alignment, March 2005 release
9.0, available at www.gpcr.org/7tm/). We have specifically
chosen to study competitiveâ1-AR antagonists because of their
clinical importance and the availability of a diverse range of
potent and selective compounds.29-31 The previously described
Tyr356(7.43) mutants,25 Y356A and Y356F, were used in this
study; Trp134(3.28)was mutated to Ala (W134A), removing the
potential for this residue to participate in both aromatic and
hydrogen-bond interactions, and Ser190(4.57)was mutated to Ala
(S190A), removing the potential for hydrogen bonding. The
binding affinities (pKi) of seven structurally diverse competitive
antagonists for the Y356A, Y356F, W134A, and S190A mutant
receptors are reported and compared to their pKi values for the
WT rat â1-AR. A three-dimensional model of the WT rat
â1-AR,14,25 based on the bovine rhodopsin crystal structure,32

was used to aid in the interpretation of the experimental results
and visualize possible antagonist interactions with the three
mutated residues. The results expand our understanding of the
antagonist aryloxy ring interactions with Tyr356(7.43)and confirm
that Ser190(4.57) also plays a role in the binding of some
competitive antagonists. However, the results have also required
us to revise our initial hypothesis for the binding orientation of
compound8.25 For this reason we have also included the pKi

and pKd data for compounds7 and 8, respectively, for the
Y356A and Y356F mutant receptors previously published in a
preliminary communication (ref 25 and Table 1).

Results
125I-CYP (Compound 8) Radioligand Binding. Binding

results for the competitiveâ-AR antagonists are presented in
Table 1. In saturation-binding studies, the radioligand125I-CYP

Figure 1. Chemical structures of propranolol (1), alprenolol (2), pindolol (3), practolol (4), atenolol (5), sotalol (6), cyanopindolol (7), 125I-CYP
(8), LK204-545 (9), CGP20712A (10), timolol (11), D140 (12), 125I-AmF (13), and metoprolol (14).

Figure 2. Putative (S)-8 (red) interactions with the WT ratâ1-AR
model. In this binding orientation both the amine nitrogen and
â-hydroxyl group can interact with Asp138(3.32), while Asn352(7.39)

hydrogen bonds with both the aryloxy oxygen and theâ-hydroxyl group
of (S)-8. The aryloxy moiety is located in the hydrophobic pocket
defined by Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61),
Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43) and forms edge-to-
faceπ-π interactions with Trp353(7.40)and Tyr356(7.43). The cyano group
can interact with both Met107(2.53)and Ser359(7.46). The iodine is located
in a pocket formed by Met107(2.53), Val111(2.57), Asp138(3.32), Cys141(3.35),
Trp326(6.48), Gly355(7.42), and Ser359(7.46). Thetert-butyl group is surrounded
by Trp134(3.28), Thr135(3.29), Asp138(3.32), Trp326(6.48), Phe329(6.51), and Phe348(7.35).
The tm regions are shown as gray ribbons. The three residues mutated
in this study are shown in green. Putative hydrogen bonds are displayed
as dashed lines. Hydrogen atoms are not displayed. The view is an
extracellular one, looking down through the ligand binding site. For
simplicity, the residues are labeled using only the one letter amino acid
code, with the universal residue number as a superscript.
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(compound8) bound to the Y356A, Y356F, W134A, and S190A
mutant receptors with similar affinity and density (Bmax) to the
WT rat â1-AR, except that the pKd value for the Y356A mutant
was slightly lower than for WT (9.5( 0.1 vs 10.2( 0.02,p <
0.01).

Competition Analysis.The binding curves for all competitive
antagonists and receptors were consistent with a single binding
site (nH ) 0.89-1). However, the very low affinity of (()-1-
(2-(3-cyano-4-(2-cyclopropylmethoxyethoxy)phenoxy)-2-hy-
droxypropylamino)-ethyl-3-(4-hydroxyphenyl)urea (LK204-545,
9) for the Y356A mutant prevented a preferred binding site from
being statistically determined.

The para-substitutedâ1-selective antagonists (()-2-hydroxy-
5-[2-[[2-hydroxy-3-[4-[1-methyl-4-(trifluoromethyl)-1H-imida-
zol-2-yl]phenoxy]propyl]amino]ethoxy]benzamide (CGP20712A,
10) and compound9, like the nonselective antagonist7, showed
dramatic and significant reductions in binding affinity (>10 000-
fold, p < 0.01) for the Y356A mutant when compared to the
WT â1-AR (Table 1). In contrast to compound7, the radio-
iodinated analogue8 had only a small reduction (5-fold) in
pKd for this mutant (Table 1). As with compound7, the
Y356F mutation fully restored the affinity of compound10 to
that of WT receptor levels, and the reduction in binding affin-
ity for compound9 was now only 10-fold. Compound1 and
timolol (11) also displayed significantly reduced affinities (55-
and 190-fold respectively,p < 0.01) for the Y356A mutant
receptor, while the more conservative Y356F substitution
maintained binding affinities for these two antagonists close to
WT levels (9 and 5-fold reduction in binding affinity respec-
tively).

An involvement of tm 4 in binding two of the competitive
antagonists was also demonstrated. S190A mutant receptors
displayed reduced affinity (275- and 690-fold, respectively) for
(S)-(-)-1-(4-ethoxyethoxyphenyl)-2-hydroxy-3-(3,4-dimeth-
oxyphenyl)ethylaminopropane [(S)-D140, (S)-12] and compound
10 when compared to the WT ratâ1-AR. In comparison, the
reduction in affinity wase14-fold for the other antagonists
examined. The W134A mutation produced only small reductions
in binding affinity (e7-fold) for all the competitive antagonists
studied (Table 1).

Visualization of Putative Antagonist Interactions with
Tyr 356(7.43) and Ser190(4.57) in the WT Rat â1-AR Model.
Interaction with Asp138(3.32)was deemed to be essential when
docking competitive antagonists into the ratâ1-AR model. The
antagonists are very flexible and can readily adopt a variety of
feasible conformations. A fully extended low-energy conforma-
tion was used as the starting point in the manual docking studies,
and the antagonist torsion angles were then varied in order to
maximize the interactions between the antagonist andâ1-AR
ligand binding site. The examples below describe antagonist
conformations that maximize the interactions with the ligand

binding site and are consistent with the binding affinity data
presented in Table 1.

(S)-125I-CYP [( S)-8] and (S)-Timolol [( S)-11]. Mutation of
Tyr356(7.43)had only a small effect on the binding of compound
8 (5-fold reduction compared to WT receptor, Table 1 and ref
25), indicating that this residue is not an important interaction
site for the aryloxy moiety. Initial docking studies showed that
the (S)-8 aryloxy moiety can be accommodated in the hydro-
phobic pocket defined by residues in tms 1, 2, 3, and 7; however,
the (S)-8 conformations previously examined were energetically
unstable (i.e., not stationary points).25 On the basis of these initial
docking studies, we proposed that the aryloxy moiety of (S)-8
did not bind in the hydrophobic pocket located near tms 1, 2,
3, and 7.25 One of the proposed alternative binding pockets for
the (S)-8 aryloxy moiety is located near tms 6 and 7, with the
aryloxy interacting with Phe329(6.51), Asn333(6.55), and Phe348(7.35);
both the (S)-8 â-hydroxyl and amine nitrogen interacting with
Asp138(3.32)and Asn352(7.39); and thetert-butyl group surrounded
by Val111(2.57), Trp134(3.28), Thr135(3.29), Asp138(3.32), Asn352(7.39)and
Trp353(7.40).25 However, the binding affinity (pKi) data for
compound11 (Table 1) indicated that our original hypothesis
for (S)-8 binding had to be revised.

Compound11 exhibited a 190-fold loss in binding affinity
for the Y356A mutant receptor, compared to WT, whereas only
a 5-fold decrease in affinity was observed for the Y356F
mutation (Table 1). These results suggest that compound11
interacts with Tyr356(7.43)via predominantly aromatic interactions.
The small reductions in pKi for both the W134A and S190A
mutant receptors, compared to WT, suggests that compound11
does not form any significant interactions with either of these
residues. (S)-11was docked into the WT ratâ1-AR model with
the aryloxy moiety interacting with Tyr356(7.43) and both the
â-hydroxyl and amine nitrogen interacting with Asp138(3.32).
When binding in this orientation, the morpholino ring is located
in a pocket defined by Met107(2.53), Val111(2.57), Asp138(3.32),
Cys141(3.35), Trp326(6.48), Tyr356(7.43), and Ser359(7.46). The mor-
pholino ring oxygen is able to hydrogen bond to both Met107(2.53)

and Cys141(3.35), while the aryloxy oxygen interacts with
Asn352(7.39). The aryloxy ring is located in a hydrophobic pocket
defined by Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61),
Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43) and makes
edge-to-faceπ-π interactions with Trp353(7.40)and Tyr356(7.43).
The (S)-11 tert-butyl group is surrounded by Trp134(3.28),
Thr135(3.29), Asp138(3.32), Phe329(6.51), and Phe348(7.35). When docked
in this orientation, (S)-11makes no significant interactions with
either Trp134(3.28)or Ser190(4.57). Flexible superimposition indi-
cated that (S)-8 could bind in a similar orientation to the WT
rat â1-AR, where the iodine is located in the same pocket as
that occupied by the (S)-11 morpholino ring. However, this
requires an explanation for the small effect of the Y356A
mutation on the pKd of (S)-8.

Table 1. Competitive Antagonist Affinities for the WT and Mutant Ratâ1-ARs

WT Y356F Y356A W134A S190A

1 propranolol 8.5( 0.03 7.5( 0.1 (9)a 6.7( 0.05 (55)a 8.0( 0.1 (3)a 7.4( 0.1 (10)a

7 cyanopindolol 10.3( 0.01 10.4( 0.04 6.5( 0.04 (6310)a 9.9( 0.1 (3)b 9.5( 0.2 (6)a

8 125I-CYPc 10.2( 0.02 10.1( 0.1 9.5( 0.1 (5)a 10.2( 0.03 10.2( 0.03
9 LK204-545 8.1( 0.1 7.1( 0.1(10)a 4.1( 0.1 (10471)a 7.2( 0.01 (7)a 7.0( 0.1 (14)a

10 CGP20712A 8.9( 0.2 8.7( 0.1 (2) 5.0( 0.04 (10000)a 8.1( 0.1(7)a 6.1( 0.04 (690)a

11 timolol 8.5( 0.1 7.8( 0.1 (5)b 6.2( 0.2 (190)a 8.1( 0.02 (3) 7.5( 0.1 (9)a

(S)-12 (S)-D140 7.3( 0.1 7.0( 0.1 (3)b 6.1( 0.1 (15)a 7.1( 0.1 (2) 4.9( 0.1 (275)a

14 metoprolol 6.4( 0.01 5.6( 0.1 (6)a 5.3( 0.2 (12)a 6.2( 0.1 (2) 5.6( 0.1 (6)a

Bmax
d 417( 132 256( 30 689( 91 570( 70 379( 5

a p < 0.01.b p < 0.05 vs WT.c pKd from saturation studies as described in the Experimental Section.d Receptor binding density (in fmol/mg) of compound
8. Antagonist pKi values were determined in competition binding as described in the Experimental Section. Values in parentheses represent the fold change
in affinity relative to the WT receptor. Data are reported as the mean( SEM of three to five independent experiments performed in triplicate.
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Reexamination of the (S)-8 conformations used previously
in docking studies indicated that the conformational space of
this compound had not been sufficiently sampled. We have now
repeated the (S)-8 docking studies and found that stable, low-
energy conformations of (S)-8 can adopt an orientation analo-
gous to that described above for (S)-11. When binding in this
orientation (Figure 2) the aryloxy moiety of (S)-8 is located in
the tms 1, 2, 3, and 7 hydrophobic pocket (defined by residues
Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61), Trp134(3.28),
Asn352(7.39), Trp353(7.40), and Tyr356(7.43)) and makes edge-to-face
π-π interactions with Trp353(7.40) and Tyr356(7.43). The cyano
group can interact with both Met107(2.53) and Ser359(7.46). The
iodine is located in a pocket defined by Met107(2.53), Val111(2.57),
Asp138(3.32), Cys141(3.35), Trp326(6.48), Gly355(7.42), and Ser359(7.46)

and may interact with these residues via steric and/or nonco-
valent interactions. The aryloxy oxygen interacts with Asn352(7.39)

and theâ-hydroxyl can hydrogen bond to both Asp138(3.32)and
Asn352(7.39). The (S)-8 amine nitrogen interacts with Asp138(3.32),
and thetert-butyl group is surrounded by Trp134(3.28), Thr135(3.29),
Asp138(3.32), Trp326(6.48), Phe329(6.51), and Phe348(7.35). The binding
affinities for the WT and mutant ratâ1-ARs (Table 1) indicate
that interactions with Trp134(3.28), Ser190(4.57), or Tyr356(7.43)are
not essential for (S)-8 binding. One interpretation of the data
presented in Table 1 is that the aryloxy moiety of (S)-8 does
not bind in the manner depicted in Figure 2 (i.e., does not bind
in the hydrophobic pocket formed by residues in tms 1, 2, 3,
and 7), and this was our original hypothesis for (S)-8 binding.25

However, an alternative hypothesis became apparent when we
examined the Connolly surface of the ligand binding pockets
of both the WT and Y356Aâ1-AR models (Figure 3). When
(S)-8 adopts the orientation depicted in Figure 2, the bulky iodine
fits snugly into the binding pocket defined by Met107(2.53),
Val111(2.57), Asp138(3.32), Cys141(3.35), Trp326(6.48), Gly355(7.42), and

Ser359(7.46) in the WT receptor (Figure 3a). A similar scenario
also exists in the Y356A mutant (Figure 3b). It is plausible that
the iodine acts as an anchor, allowing the compound to
maximize the interactions it makes with the receptor and that
replacement of Tyr356(7.43)has little effect on this process.

(S)-Cyanopindolol [(S)-7] and (S)-Propranolol [(S)-1]. The
data reported here for the W134A and S190A mutant receptors,
together with the data for the Y356F and Y356A mutants
reported in the preliminary communication (Table 1 and ref 25),
suggest that (S)-7 forms significant aromatic interactions with
Tyr356(7.43) but does not interact with either Trp134(3.28) or
Ser190(4.57). The importance of the interaction with Tyr356(7.43)

contrasts with the results for compound8. This suggests that
the iodine atom of (S)-8 may play an important role in
orientating the antagonist within the ligand binding pocket.
When docking (S)-7 into the WT rat â1-AR, in a manner
analogous to that shown in Figure 2 for (S)-8, the aryloxy moiety
of (S)-7 is located in a hydrophobic pocket defined by Leu65(1.39),
Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61), Trp134(3.28),
Asn352(7.39), Trp353(7.40), and Tyr356(7.43)and makes edge-to-face
π-π interactions with Trp353(7.40)and Tyr356(7.43). When binding
in this aryloxy moiety orientation, Asn352(7.39) and Asp138(3.32)

can interact with both the (S)-7 amine nitrogen and the
â-hydroxyl. Asn352(7.39) is also able to hydrogen bond to the
(S)-7 aryloxy oxygen. The (S)-7 tert-butyl group is surrounded
by Trp134(3.28), Thr135(3.29), Val139(3.33), Phe329(6.51), and Phe348(7.35)

and the cyano group can hydrogen bond to Ser359(7.46). When
docked in this orientation, (S)-7 is unable to interact with either
Trp134(3.28)or Ser190(4.57).

When interacting with Asp138(3.32), Asn352(7.39), and Tyr356(7.43)

(S)-1 can only adopt a binding orientation similar to that of
(S)-7, (S)-8, and (S)-11 and does not interact with either
Trp134(3.28)or Ser190(4.57) (the location of (S)-1 is analogous to
that of (S)-8 in Figure 2).

The competitive antagonists9, 10, and12 are examples of
para-substituted phenoxypropanolamines containing large amine
substituents, and they are of particular interest because of their
high degree ofâ1-AR specificity.29-31

(S)-CGP20712A [(S)-10]. Compound10 displayed large
reductions in affinity, compared to WT, for the Y356A (10 000-
fold) and S190A (690-fold) mutations, highlighting the impor-
tance of these two residues in maintaining the antagonist in an
optimum binding orientation (i.e., maximizing the interactions
with the receptor). Binding was maintained at WT levels by
the Y356F mutant (Table 1). Figure 4 illustrates how (S)-10
can simultaneously interact with Tyr356(7.43)(aromatic interac-
tion), Ser190(4.57) (hydrogen bond), and Asp138(3.32) (hydrogen
bond/salt bridge) in the ratâ1-AR when the aryloxy moiety is
located in the hydrophobic pocket formed by tms 1, 2, 3, and
7 (defined by residues Leu65(1.39), Met107(2.53), Val111(2.57),
Val112(2.58), Gly115(2.61), Trp134(3.28), Asn352(7.39), Trp353(7.40), and
Tyr356(7.43)). In this binding orientation Tyr356(7.43)and Trp353(7.40),
but not Trp134(3.28), form edge-to-faceπ-π interactions with the
bi-ring aryloxy moiety of (S)-10. The amine substituent phenyl
ring is located in a pocket defined by residues in tms 3, 4, and
5 (i.e., Thr135(3.29), Ser136(3.30), Val139(3.33), Val189(4.56), Ser190(4.57),
Pro193(4.60), Ser228(5.42), and Tyr224(5.38)). The distance between
the centroids of the amine substituent phenyl ring and the phenyl
ring of Tyr224(5.38) is approximately 7.8 Å, making direct
aromatic interactions between these two ring systems possible
but unlikely. Them-amide functional group of the (S)-10amine
substituent is able to interact with Ser190(4.57) via a hydrogen
bond, while thep-hydroxyl group interacts with Ser228(5.42).
Asp138(3.32) interacts with both the amine nitrogen and the

Figure 3. Connolly surface of the ligand binding pockets for the (a)
WT and (b) Y356A ratâ1-AR. (S)-8 (CPK representation) is shown
interacting with the aryloxy moiety located in the tms 1, 2, 3, and 7
hydrophobic pocket (i.e., the same orientation as that depicted in Figure
2). The binding of both the cyano group (blue) and the iodine (red) in
the pockets shown in parts a and b may serve to anchor the antagonist
in the receptor and contribute significantly to the binding affinity.
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â-hydroxyl group of the antagonist. In this orientation Asn352(7.39)

interacts with the aryloxy oxygen. When viewed as in Figure
4, (S)-10 occupies the entire width of the receptor channel and
may physically prevent agonist molecules from accessing the
agonist binding site (the agonist binding site is described in ref
15). The physical size of (S)-10also restricts the depth at which
the antagonist can bind in the receptor channel and it is located
closer to theâ1-AR extracellular surface than the agonist binding
site (which includes Phe233(5.47), Phe329(6.51), and Phe330(6.52)). The
more extracellular location of (S)-10 is consistent with the view
that competitive antagonists generally bind higher in the receptor
channel, preventing the agonist from gaining access to the
binding site.33-35

When (S)-10 is docked into the ligand binding site with the
aryloxy moiety interacting with Tyr224(5.38)in tm 5, in a manner
consistent with [125I]iodoaminoflisoprolol (125I-AmF, 13) binding
in theâ2-AR as described by Wu et al.,33 the interactions with
Tyr356(7.43), Asn352(7.39), and Asp138(3.32)are maintained; however,
the interaction with Ser190(4.57)is lost. Such a binding orientation
is not consistent with the data presented in Table 1.

(S)-D140 [(S)-12]. The reduction in binding affinity for the
S190A mutation, 275-fold compared to WT, suggests a signifi-
cant interaction between Ser190(4.57)and compound (S)-12. One
feasible way (S)-12 could interact with Ser190(4.57)and maintain
interactions with Asp138(3.32)is shown in Figure 5. Although this
binding orientation is similar to the one depicted for (S)-10 in
Figure 4, the aryloxy ring of (S)-12cannot directly interact with
Tyr356(7.43)while (S)-12 maintains interactions with Ser190(4.57)

and Asp138(3.32) [the distance between the two phenyl rings of
(S)-12 is too short to accomplish this]. In addition, if (S)-12 is
moved to the left of the position shown in Figure 5 to form
aromatic interactions with Tyr356(7.43), then not only is the
hydrogen bond interaction with Ser190(4.57)lost but it is also quite
difficult to position the long para-substituent of (S)-12 into a
pocket located between tms 1 and 2 (defined by residues
Leu65(1.39), Ala66(1.40), Val69(1.43), Val111(2.57), Val112(2.58), Pro113(2.59),

and Ala116(2.62)). Thus, a direct aromatic interaction between (S)-
12and Tyr356(7.43)appears to be unlikely. This is consistent with
the relatively small reduction (15-fold, Table 1) in the (S)-12
binding affinity for Y356A mutant receptors compared to the
larger reduction in affinity experienced by compound10
(10 000-fold). When docked into the ratâ1-AR as depicted in
Figure 5, the amine substituent dimethoxyphenyl ring of (S)-
12sits in a pocket defined by Thr135(3.29), Ser136(3.30), Val137(3.31),
Asp138(3.32), Val139(3.33), Leu140(3.34), Ser190(4.57), Pro193(4.60), and
Ile194(4.61). Them-methoxy oxygen is ideally situated to hydrogen
bond to Ser190(4.57) and thep-methoxy oxygen to Ser136(3.30).
Asp138(3.32) interacts with the amine nitrogen of (S)-12, and
Asn352(7.39) can hydrogen bond with both theâ-hydroxyl and
aryloxy oxygen. The (S)-12 aryloxy ring is located within the
hydrophobic binding pocket defined by residues in tms 1, 2, 3,
and 7 (Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61),
Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43)) and is able
to form edge-to-faceπ-π interactions with Trp353(7.40)but not
Trp134(3.28)or Tyr356(7.43). The ether oxygen of the aryloxy para-
substituent is able to interact with the backbone carbonyl group
of both Val112(2.58) and Gly115(2.61). When binding in this
orientation, (S)-12, like (S)-10, is situated higher in the receptor
channel than the agonist catechol binding region.

Figure 5 depicts (S)-12 maintaining an interaction with
Asn352(7.39). For other para-substituted phenoxypropanolamines,
such as compounds4 and 5, an interaction with Asn352(7.39)

appears to be unlikely, since mutation of the equivalent residue
in theâ2-AR, 5-HT1AR, and 5-HT1BR has no effect on binding
affinity.19,21,22If an interaction with Asn352(7.39)is not necessary
for (S)-12binding, the aryloxypropanol portion of the antagonist
could easily adopt a different conformation from the one
illustrated in Figure 5, resulting in the aryloxy moiety being
located elsewhere in the ligand binding site (the antagonist is

Figure 4. (S)-10 (red) interactions with the WT ratâ1-AR model. In
this binding orientation them-amide of the amine substituent interacts
with Ser190(4.57) and thep-hydroxyl binds to Ser228(5.42). The amine
substituent phenyl ring is surrounded by Thr135(3.29), Val189(4.56), Pro193(4.60),
Val139(3.33), Ser136(3.30), Ser190(4.57), and Tyr224(5.38). Both the (S)-10
â-hydroxyl group and amine nitrogen are able to interact with
Asp138(3.32). Asn352(7.39) hydrogen bonds to the aryloxy oxygen of (S)-
10. The bi-ring aryloxy moiety of (S)-10sits in the hydrophobic pocket
defined by Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61),
Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43) and forms edge-to-
faceπ-π interactions with Trp353(7.40)and Tyr356(7.43). The color scheme
and representations are the same as for Figure 2.

Figure 5. Putative (S)-12 (red) interactions with the WT ratâ1-AR
model. The amine substituentm-methoxy oxygen interacts with
Ser190(4.57) and thep-methoxy oxygen interacts with Ser136(3.30) via
hydrogen bonds. The amine substituent phenyl ring is surrounded by
Val139(3.31), Pro193(4.60), Ser136(3.30), Leu140(3.34), Val137(3.31), Asp138(3.32),
Thr135(3.29), and Ile194(4.61). Asn352(7.39) interacts with both the aryloxy
oxygen and theâ-hydroxyl group of (S)-12. The amine nitrogen
interacts with Asp138(3.32). The aryloxy ring sits at the entrance to the
hydrophobic binding pocket defined by Leu65(1.39), Met107(2.53), Val111(2.57),
Val112(2.58), Gly115(2.61), Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43)

and makes edge-to-faceπ-π interactions with Trp353(7.40). The aryloxy
para-substituent extends into this hydrophobic pocket and the ether
oxygen is able to interact with the backbone carbonyl group of both
Val112(2.58) and Gly115(2.61). The color scheme and representations are
the same as for Figure 2.
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still able to maintain interactions with Asp138(3.32)and Ser190(4.57)).
In contrast, a tm 5 location of the (S)-12aryloxy moiety, similar
to that reported for compound13 in the â2-AR,33 is unlikely,
since the interaction with Ser190(4.57) is lost when the (S)-12
aryloxy moiety interacts with Tyr224(5.38). Such a binding
orientation for (S)-12 is not consistent with the binding affinity
data (Table 1).

(S)-LK204-545 [(S)-9]. The binding affinity of compound9
for the Y356A and Y356F mutant receptors (Table 1) indicates
that, like compounds7 and 10, a direct aromatic interaction
exists between this antagonist and Tyr356(7.43) and that the
interaction is essential for maintaining an optimum binding mode
(10 471-fold reduction in binding affinity for the Y356A mutant,
compared to WT, and the restoration of the affinity by the
Y356F mutant). (S)-9 can be accommodated in theâ1-AR ligand
binding site in a variety of orientations while maintaining
interactions with Tyr356(7.43)and Asp138(3.32). In all orientations
examined to date, (S)-9 formed interactions with Asn352(7.39),
whereas no interactions were observed with either Trp134(3.28)

or Ser190(4.57). When docking (S)-9 into the ligand binding site
with the aryloxy moiety interacting with Tyr356(7.43), it was
difficult to position the long para-substituent of (S)-9 into the
pocket located between tms 1 and 2 (defined by residues
Leu65(1.39), Ala66(1.40), Val69(1.43), Val111(2.57), Val112(2.58), Pro113(2.59),
and Ala116(2.62)). However, the long para-substituent of (S)-9 can
be easily accommodated in the pocket located between tms 4
and 5 (defined by residues Leu192(4.59), Pro193(4.60), Ile194(4.61),
Leu195(4.62), Asn221(5.35), and Tyr224(5.38)) when the antagonist
aryloxy moiety interacts with Tyr224(5.38), consistent with the
orientation proposed by Wu et al. for compound13 binding in
the â2-AR.33 Yet another plausible binding orientation is
depicted in Figure 6. In this orientation, the aryloxy para-
substituent is located in a pocket between tms 5 and 6. When
binding in this manner, interactions with Asp138(3.32) and

Asn352(7.39) are formed and the amine substituentp-hydroxy-
phenyl ring of (S)-9 is able to directly interact with Tyr356(7.43)

via π-π interactions and a hydrogen bond. The amino acid
residues defining the binding pocket for the aryloxy para-
substituent are listed in the caption for Figure 6; (S)-9 adopts
an extended conformation with the urea moiety interacting with
Asn352(7.39), while both the amine nitrogen and theâ-hydroxyl
group can interact with Asp138(3.32). When binding in the
extended conformation depicted in Figure 6, (S)-9 occupies the
full width of the receptor channel.

(S)-Metoprolol [( S)-14]. The way (S)-metoprolol [(S)-14]
binds to the ratâ1-AR is not clear at this time. The data in
Table 1 indicates that compound14 makes no significant
interactions with any of the three residues investigated in this
study. Like (S)-9, (S)-14 can be accommodated in theâ1-AR
ligand binding site in a variety of orientations while maintaining
interactions with Asp138(3.32). When (S)-14 is docked into the
WT rat â1-AR with the para-substituted phenoxy ring located
in the hydrophobic pocket near tms 1, 2, 3, and 7 (Figure 7),
the para-substituent ether oxygen can hydrogen bond via the
backbone carbonyl group of Leu65(1.39), Val112(2.58), and Gly115(2.61).
The phenoxy ring interacts with both Trp353(7.40)and Tyr356(7.43)

via edge-to-faceπ-π interactions. As for the other compounds,
Trp134(3.28) is not located in a position that allows a direct
interaction with the (S)-14 phenoxy ring, and Ser190(4.57) is
physically too far away to interact with the antagonist in this
orientation. The data in Table 1 suggests that if (S)-14 adopts
an orientation similar to that depicted in Figure 7, then the
interaction with Tyr356(7.43)is not important for this antagonist.
The absence of alternate interaction sites for the phenoxy ring
make this orientation of (S)-14 possible but unlikely. One
plausible binding orientation for (S)-14 is analogous to that
depicted for the aryloxypropranolamine portion of (S)-9 in
Figure 6. In this orientation, the amine nitrogen is able to interact

Figure 6. (S)-9 (red) interactions with the WT ratâ1-AR model. In
this binding mode Asn352(7.39) interacts with the urea functional group
and the amine substituent phenyl ring sits in a hydrophobic pocket
defined by Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61),
Trp134(3.28), Asn352(7.39), Trp353(7.40), and Tyr356(7.43). Thep-hydroxyl group
of the amine substituent is able to interact with the hydroxyl group of
Tyr356(7.43), and the amine substituent phenyl ring interacts with
Trp353(7.40)and Tyr356(7.43)via edge-to-faceπ-π interactions. Asp138(3.32)

interacts with theâ-hydroxyl and amine nitrogen of (S)-9. The (S)-9
aryloxy para-substituent is located in a pocket between tms 5 and 6,
enabling Ser229(5.43)to interact with both ether oxygens, and Ala337(6.59),
Val334(6.56), Phe338(6.60), Ala225(5.39), and Ile226(5.40)surround the cyclopropyl
group. The aryloxy ring interacts with Phe329(6.51) and Phe330(6.52) via
edge-to-faceπ-π interactions. Theo-cyano group is pointing toward
tm 6 and is located between Phe329(6.51)and Phe330(6.52). The color scheme
and representations are the same as for Figure 2.

Figure 7. One possible orientation for (S)-14 (red) in the WT rat
â1-AR model. Asp138(3.32)interacts with both theâ-hydroxyl and amine
nitrogen, whereas Asn352(7.39) can interact with the phenoxy oxygen,
theâ-hydroxyl, and the amine nitrogen of (S)-14. The phenoxy moiety
is located in the tms 1, 2, 3, and 7 hydrophobic pocket (defined by
Leu65(1.39), Met107(2.53), Val111(2.57), Val112(2.58), Gly115(2.61), Trp134(3.28),
Asn352(7.39), Trp353(7.40), and Tyr356(7.43)) and forms edge-to-faceπ-π
interactions with both Trp353(7.40) and Tyr356(7.43). The (S)-14 para-
substituent ether oxygen can hydrogen bond to the backbone carbonyl
of Leu65(1.39), Val112(2.58), and Gly115(2.61). The isopropyl group is
surrounded by Trp134(3.28), Thr135(3.29), Asp138(3.32), Trp326(6.48), Phe329(6.51),
and Phe348(7.35). The color scheme and representations are the same as
for Figure 2.
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with both Asp138(3.32)and Asn352(7.39), the â-hydroxyl interacts
with Asp138(3.32), and the phenoxy oxygen can hydrogen bond
to Asn333(6.55). Both Phe329(6.51) and Phe330(6.52) form edge-to-
faceπ-π aromatic interactions with the (S)-14 phenoxy ring,
and the para-substituent is located in a pocket near tms 5 and
6 defined by Ala225(5.39), Ser229(5.43), Asn333(6.55), Val334(6.56), and
Ala337(6.59). The para-substituent ether oxygen is able to interact
with Ser229(5.43)and the backbone carbonyl of Ala225(5.39). Like
(S)-9, yet another possible binding orientation for (S)-14 involves
an edge-to-faceπ-π aromatic interaction with Tyr224(5.38). When
binding in this manner, the amine nitrogen andâ-hydroxyl both
interact with Asp138(3.32), and the para-substituent is located in
a pocket near tms 4 and 5 (defined by Leu192(4.59), Pro193(4.60),
Leu195(4.62), Asn221(5.34), and Tyr224(5.38)). Such an (S)-14 orienta-
tion is consistent with the proposed binding orientation of
compound13 in the â2-AR.33

Discussion

The ligand binding pocket of theâ-ARs is thought to be
formed by the juxtaposition of the seven tm regions.36 The
smaller shifts in antagonist binding affinities for the mutant
receptors (decreases ofe15-fold compared to WT, Table 1)
could indicate the loss of weak interactions between the mutated
residues and the antagonist, or alternatively, they may reflect
the effect of the mutations on the overall alignment and
stabilization of the receptor conformation.14

The large binding affinity decreases observed for the mutant
receptors are more likely to be due to the loss of significant
interactions between the mutated residues and the antagonist.
Mutation of Tyr356(7.43)to Ala produced 55-10 471-fold reduc-
tions in the binding affinity for compounds1, 7, 9, 10, and11
compared to the WT receptor (Table 1), suggesting that
significant interaction points between the receptor and the
antagonists have been removed.22,37-39 The binding affinities
of these antagonists were restored almost to WT levels in the
Y356F mutant, indicating that the interaction with Tyr356(7.43)

is predominately aromatic (Table 1). The dramatic reductions
in binding affinities observed for compounds7, 9, and10 for
the Y356A mutant receptor (6310-10 471-fold compared to the
WT receptor) may also reflect the importance of Tyr356(7.43)in
maintaining the antagonist in an optimum binding orientation
and/or the inability of an antagonist to adopt an effective
alternative binding orientation once Tyr356(7.43) is removed. It
seems likely that the aromatic interaction with Tyr356(7.43) (or
Phe356(7.43)) orientates the antagonist to maximize the interactions
it makes with Asp138(3.32), Asn352(7.39), and other binding site
residues.

The competitive antagonists1, 7, and11 contain only one
aryl moiety, and if they are to form aromatic interactions with
Tyr356(7.43), they must be orientated with the aryloxy moiety
located in the tms 1, 2, 3, and 7 hydrophobic pocket [a binding
orientation analogous to that depicted for (S)-8 in Figure 2].
Such a binding orientation is also consistent with the previous
site-directed mutagenesis and structure-activity studies carried
out for Asn(7.39).16-20,22 When an antagonist interacts with
Asp138(3.32)and is located with the aryloxy moiety in the tms 1,
2, 3, and 7 hydrophobic pocket, then Asn352(7.39) is ideally
positioned to interact with the aryloxy oxygen and/or the
â-hydroxyl group.

The two other competitive antagonists in this study to
demonstrate significant interactions with Tyr356(7.43) are com-
pounds9 and 10. Both of these compounds contain two aryl
moieties and thus have two alternative ways to aromatically
interact with Tyr356(7.43). For (S)-10 there is an additional

significant interaction with Ser190(4.57), which helps to orientate
the antagonist within the ratâ1-AR. The (S)-10 orientation
depicted in Figure 4 is consistent with the data presented in
Table 1. In contrast, the situation with compound9 is unclear.
(S)-9 can be accommodated within theâ1-AR ligand binding
site with either aryl moiety interacting with Tyr356(7.43). One
possible binding orientation for (S)-9 is illustrated in Figure 6.

Our data support the observations, but only partially support
the conclusions, of an earlier report11 that Ser190(4.57) is not
required for competitive antagonist binding in the ratâ1-AR.
The earlier report was based solely on saturation studies of
compound8 in the humanâ2-AR. We confirmed that there was
no difference in the binding affinity of compound8 between
the S190A mutant and the WT ratâ1-AR (Table 1). Regardless
of the binding orientation adopted, it is physically impossible
for (S)-8 to interact with Ser190(4.57)while maintaining interac-
tions with Asp138(3.32)(for example refer to Figure 2). Similarly,
the binding affinities and docking studies for compounds1, 7,
9, 11, and 14 indicate that Ser190(4.57) is unlikely to be an
interaction point for these antagonists (Table 1 and Figures 6
and 7). In contrast, however, Ser190(4.57) was an important
interaction site for two antagonists in this study. The binding
affinities of (S)-12and compound10were reduced by 275- and
690-fold, respectively, for the S190A mutant (Table 1), sug-
gesting that these two antagonists interact directly with Ser190(4.57).
The modeling studies confirmed that, while the antagonists
maintained interactions with Asp138(3.32), them-methoxy group
of (S)-12and them-amide group of (S)-10are able to hydrogen
bond with the side chain of Ser190(4.57) (Figures 5 and 4,
respectively).

Although the binding affinity data indicate that (S)-12makes
a significant interaction with Ser190(4.57), there do not appear to
be any interactions with the two other residues mutated in this
study. When the phenoxy moiety of (S)-12 is located near tms
3 and 4, an interaction with Ser190(4.57) is not possible while
maintaining interactions with Asp138(3.32). However, interactions
with both Asp138(3.32) and Ser190(4.57) can be formed when the
dimethoxyphenyl moiety of the (S)-12 amine substituent is
located near tms 3 and 4, as in Figure 5. When adopting the
orientation depicted in Figure 5, the para-substituted phenoxy
ring cannot reach Tyr356(7.43), and the exact location of the
phenoxy moiety is unclear at this time. In Figure 5 we have
orientated the compound so that the phenoxy para-substituent
is located in the tms 1, 2, 3, and 7 hydrophobic pocket; however,
this is only one possibility.

In contrast to (S)-12, compound14does not appear to interact
significantly with any of the three residues mutated in this study
(Table 1). (S)-14 can be orientated with the phenoxy moiety in
the tms 1, 2, 3, and 7 hydrophobic pocket (as in Figure 7);
however, we would expect Tyr356(7.43)to play a more important
role in antagonist binding if this orientation was adopted.
Alternatively, (S)-14 could adopt an orientation similar to that
of the aryloxypropanolamine portion of (S)-9 in Figure 6.
Another possible binding orientation is one where the para-
substituted phenoxy ring is located near tms 4 and 5, with the
phenyl ring interacting with Tyr224(5.38). Such an orientation is
analogous to the proposed binding mode of compound13 in
the â2-AR.33

Like compound14, compound8 does not interact signifi-
cantly with any of the three residues examined in this study
and the data does not clearly distinguish between a number of
possible binding orientations (Table 1). Compound8 may adopt
a binding orientation similar to that of the structural analogue
7; where the aryloxy moiety is located in the tms 1, 2, 3 and 7
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hydrophobic pocket as illustrated in Figure 2. When binding in
this orientation the iodine atom is located in a pocket defined
by Met107(2.53), Val111(2.57), Asp138(3.32), Cys141(3.35), Trp326(6.48),
Gly355(7.42), and Ser359(7.46)(Figures 2 and 3) and may serve to
anchor the antagonist in the receptor via steric and/or nonco-
valent interactions. The iodine atom of compound8 does not
appear to interact directly with Tyr356(7.43)and the small effect
of mutating this residue on the pKd of compound8 suggests at
least two possibilities: (1) the iodine atom weakens the strength
of the aromatic interaction with Tyr356(7.43)or (2) compound8
adopts an alternative orientation in the receptor, as was our
original hypothesis.25

Overall, the data indicate clearly that a number of competitive
antagonists bind with their aryloxy moieties located in a
hydrophobic pocket defined by residues in tms 1, 2, 3, and 7.
Such a binding orientation also enables interaction with
Asn352(7.39), consistent with previous site-directed mutagenesis
and structure-activity studies.16-20,22In contrast, recentâ2-AR
photoaffinity labeling studies with compound13have indicated
that the aryloxy moiety of this antagonist is located near tms 4
and 5 and interacts with Tyr(5.38).33 Together these data support
the conclusion that competitive antagonists can bind in at least
two orientations to theâ1-AR. We have not yet identified the
precise location of the aryloxy moieties of compounds8, 9, and
14 within the ligand binding site. The binding affinity data and
the modeling presented here have identified residues for future
site-directed mutagenesis studies that may help to further
delineate the binding orientations of antagonists, for example
Ser359(7.46)(possible interactions with compounds7-9), Met107(2.53)

(compounds7 and 8), Tyr224(5.38) (compounds8, 9, and 14),
and Phe329(6.51)(compounds8, 9, and14).

Conclusion

The results presented here demonstrate that Tyr356(7.43) and
Ser190(4.57)play distinct and important roles in binding competi-
tive â1-AR antagonists. Ser190(4.57)was a significant interaction
site for two of the antagonists studied, i.e., compounds10 and
(S)-12. Tyr356(7.43), which is part of a hydrophobic pocket
involving tms 1, 2, 3, and 7, appears to be a significant aromatic
interaction site for compounds1, 7, 9, 10, and 11, whereas
interaction with Tyr356(7.43) is not important for8, (S)-12, and
14 binding. Although it is also part of the tm 1, 2, 3, and 7
hydrophobic pocket, Trp134(3.28) does not appear to play a
significant role in competitive antagonist binding. The results
therefore extend our understanding of how competitiveâ1-AR
antagonists bind to the tms 1, 2, 3, and 7 hydrophobic pocket;
highlight the importance of Tyr356(7.43) as an interaction site;
and demonstrate the involvement of tm 4 in competitive
antagonist binding.

Experimental Section

Materials. Glutamine, HEPES, and compounds1 and10 were
purchased from Sigma Chemical Co. Compounds7 and11 were
obtained from Tocris Cooksen Ltd. Compounds9, 12, and14were
synthesized in our laboratory by Dr. Dimitri Iakovidis according
to the published procedures.30,31,40All synthesized compounds were
checked by TLC, HPLC, NMR, elemental analysis, and mass
spectroscopy, and their physical characteristics were consistent with
their chemical structure.30,31,40 Unless otherwise indicated, the
racemates were used. Compound8 was produced using the
chloramine-T/NaI method.41 Oligonucleotides, geneticin (G418),
and the mammalian expression vector pcDNA3.1 were obtained
from Invitrogen. Chinese hamster ovary (CHO) cell line, fetal calf
serum, and bovine serum albumin (BSA) (fraction V) were obtained
from the Commonwealth Serum Laboratories (CSL). Hams F12,

sodium pyruvate, trypsin, penicillin, and streptomycin were obtained
from Edward Keller. Restriction enzymesEcoR1 andXba1 were
purchased from Promega Corp. The plasmid construct pGem3Z-
â1 encoding for the ratâ1-AR was provided by Dr. Curtis A.
Machida. Quik change site-directed mutagenesis kit was purchased
from Stratagene. All other chemicals were of reagent grade from
BDH Chemicals.

Site-Directed Mutagenesis.Forâ1-AR expression in CHO cells,
the entire coding region derived from pGem3Z-â1 (base pairs-82
to +1573) was inserted into theEcoR1 andXba 1 sites of the
mammalian vector pcDNA3.1, which provides G418 selection. Site-
directed mutagenesis for amino acids Trp134(3.28), Ser190(4.57), and
Tyr356(7.43)to W134A, S190A, Y356A, and Y356F was performed
using the Quik change method according to the manufacturer’s
instructions. The identities of the mutations were confirmed by
automated sequencing on an ABI sequencer.

Cell Culture and Transfection. Permanent lines of stably
expressing cells were maintained in a monolayer culture in Hams
F12 media supplemented with 10% fetal calf serum, 2 mM
glutamine, 1 mM sodium pyruvate, 100 units/mL penicillin, 100
µg/mL streptomycin, and 800µg/mL G418 in a 10% CO2 incubator
at 37°C. WT and mutant receptor plasmids were stably transfected
into CHO cells by electroporation. Transfected clones were selected
in the presence of 800µg/mL G418. Colonies originating from
single cells were subcloned and evaluated for receptor expression
using125I-CYP (compound8) binding.

Preparation of Crude Cell Membranes. Membranes were
prepared from preconfluent, stably transfected CHO cells. The cells
were washed twice with ice-cold phosphate buffer solution and
harvested with 25 mM Tris-HCl, pH 7.5, 1 mM EDTA buffer,
homogenized with 20 strokes of a Dounce pestle and then
centrifuged at 10 000g for 15 min. The final membrane pellets were
resuspended in Hank’s balanced salt solution and stored at-80
°C until needed.42 Cells were thawed as required and resuspended
in Hank’s balanced salt solution supplemented with 20 mM HEPES
and 0.1% (mass/vol) BSA at 100-200 µg protein/mL. Protein
content was determined by the Bradford method43 using BSA as
the standard.

Radioligand Binding Studies.In saturation-binding studies, 0.1
mL of membranes was incubated in duplicate with nine different
concentrations of125I-CYP (compound8, 2 pM-1 nM). Competi-
tion binding experiments were conducted as previously described.42

Cell membranes were incubated with 100 pM compound8 and
various concentrations of displacing ligand, in a final volume of
0.2 mL. All determinations in the binding assays were done in
triplicate. Membranes were incubated for 1 h at 37°C in the dark
and the assay terminated by rapid filtration over glass fiber filters
presoaked with (0.1%) polyethyleneimine. Nonspecific binding was
determined in the presence of 10µM compound1.

Data Analysis.Data are expressed as the mean( standard error
of the mean (SEM) of three to five independent experiments.
Dissociation constant (Kd) (saturation studies), inhibition constant
(Ki) (drug inhibition), and receptor binding density (Bmax) values
were determined using the computerized iterative curve-fitting
program EBDA version 4.0, which incorporates LIGAND version
4.0.44,45 Pseudo-Hill coefficients (nH) were obtained from analysis
of binding data using the sigmoidal fit function of the EBDA
program.

Statistical Analysis.The pKd, pKi, andBmax values in the mutant
versus WT receptors were compared by one-way ANOVA followed
by pairwise Tukey’s test using the Analyse-it software for Microsoft
Excel.46 Critical values ofp < 0.05 defined statistical significance.

Homology Modeling of the WT Rat â1-AR. Model construction
and antagonist docking were carried out on a Silicon Graphics O2

Unix workstation. The construction and validation of the WT rat
â1-AR model have been described in detail elsewhere,14 so only a
brief outline will be given here. The seven tm sequences of the rat
and humanâ1-AR, humanâ2-AR, and bovine rhodopsin were
aligned14 in a manner consistent with Palczewski et al.32 The amino
acid sequence of the A chain of the bovine rhodopsin crystal
structure (PDB file 1F88, resolution 2.8 Å) was mutated to that of
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the rat â1-AR using the mutate functionality in the Biopolymer
module of the modeling program SYBYL (version 6.8/6.9).47 The
crude ratâ1-AR model was then subjected to molecular mechanics
minimization using the following parameters: Kollman all atom
force field and atomic charges, conjugate gradient minimization,
distance dielectric function, 8-Å nonbonded cutoff, and 2000
maximum iterations. After minimization the ratâ1-AR model was
superimposed onto the 1F88 bovine rhodopsin crystal structure via
the A chain backbone atoms and the resulting root mean square
was 0.8 Å.48

To construct the model of the Y356A mutant ratâ1-AR,
Tyr356(7.43) in the crude WT model was mutated to Ala and the
resulting crude Y356A model was minimized using the same
protocol as that described above for the WT ratâ1-AR model. The
size and shape of the ligand binding pockets in both the WT and
Y356A ratâ1-AR models were examined using Connolly surfaces
generated within SYBYL using the default parameters.

Docking Competitive Antagonists into theâ1-AR Model. The
competitive antagonists were constructed within the sketch func-
tionality of SYBYL in a fully extended conformation. The (S)-
isomers of the aryloxypropanolamines were used as they are known
to have the highest affinity for theâ1-AR. All structures were fully
optimized using the following protocol: (1) the Tripos molecular
mechanics force field and Gasteiger-Huckel atomic charges within
SYBYL (all other parameters were left at the default values) were
used; (2) the AM1 Hamiltonian within the MOPAC (version 6.00)49

program as supplied with SYBYL (the parameters used for the
MOPAC semiempirical molecular orbital calculations were AM1
Hamiltonian, precise convergence, no molecular mechanics cor-
rection for amide linkages, and full geometry optimization) was
utilized; (3) calculations were done at the B3LYP level50 with the
6-31G* basis set for C, N, O, S, F, and H atoms and 3-21G* for
I atoms (hereafter referred to as 6-31G* for simplicity) within the
Gaussian 9851 or 03 program packages;52 and finally (4) the resulting
B3LYP geometries were then subjected to single point calculations
at the MP2 level53 (MP2/6-31G*//B3LYP/6-31G*).

The individual antagonists were then manually docked into the
WT rat â1-AR model with the assumption that interactions with
Asp138(3.32) were essential for competitive antagonist binding.6

Wherever possible, antagonist interactions with Asn352(7.39) were
maintained throughout the docking process. The antagonist torsion
angles were allowed to vary in order to maximize the putative
antagonist/receptor interactions. For hydrogen-bond interactions,
donor-acceptor distances of 3.0-4.0 Å were considered to be
feasible. Distances of 4.0-7.0 Å between ring centroids were
deemed acceptable for aromatic-aromatic interactions.

Once the antagonist was docked into theâ1-AR model, the entire
antagonist/receptor complex was subjected to molecular mechanics
minimization, following the same protocol as for the model
construction, with the exceptions that the MMFF94 force field,
MMFF94 atomic charges, and 1000 maximum iterations were used.
For each antagonist different binding modes were examined.

The antagonist molecules were extracted out of the minimized
antagonist/receptor complex, and the energy was calculated for the
bound antagonist conformation after partial geometry optimization
(all torsion angles were kept fixed, and only the bond lengths and
bond angles were optimized) at the B3LYP theory level, followed
by single point calculations at the MP2 theory level as described
above for the extended antagonist conformations. For each antago-
nist, the energy of the various bound conformations were compared
to the energy of the fully extended conformation to ensure that the
bound conformation was energetically feasible (i.e., within 15
kcal/mol of the fully extended conformation; bound conformations
higher in energy than this were considered to be unrealistic and
were discarded). The energy differences between the extended and
bound antagonist conformations are reported in the Supporting
Information.
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