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Abstract The affinity of the classical β2 adrenoceptor-
selective inverse agonist ICI118,551 is notoriously lower
for porcine β2 adrenoceptors (p2βAR) than for human β2

adrenoceptors (hβ2AR) but molecular mechanisms for this
difference are still unclear. Homology 3-D models of pβ2AR
can be useful in predicting similarities and differences,
which might in turn increase the comparative understanding
of ligand interactions with the hβ2AR. In this work, the
pβ2AR amino acid sequence was used to carry out
homology modeling. The selected pβ2AR 3-D structure
was structurally and energetically optimized and used as a
model for further theoretical study. The homology model
of pβ2AR has a 3-D structure very similar to the crystal
structures of recently studied hβ2AR. This was also

corroborated by sequence identity, RMSD, Ramachandran
map, TM-score and docking results. Upon performing
molecular docking simulations with the AutoDock4.0.1
program on pβ2AR, it was found that a set of well-known
β2AR ligands reach two distinct binding sites on pβ2AR.
Whereas one of these sites is similar to that reported on the
hβ2AR crystal structure, the other can explain some
important experimental observations. Additionally, the theo-
retical affinity estimated for ICI118,551 closely agrees with
affinities estimated from experimental in vitro data. The
experimental differences between the human/porcine β2ARs
in relation to ligand affinity can in part be elucidated by
observations in this molecular modeling study.
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Introduction

The β2 adrenoceptor (β2AR) is a major target receptor for
drug development. Several drugs targeted for β2AR, are
used for the treatment of some respiratory and other
diseases in humans [1]. β2AR agonists have also been
applied to promote muscle growth and to limit lipid
deposition in livestock [1, 2].

The understanding of the human β2AR (hβ2AR), which
was the second seven-transmembrane domain receptor
(7TM) characterized by X-ray methods [3–5], has helped
to develop the knowledge of 7TM ligand recognition and
receptor activation [6, 7]. Based on the crystallography
structures, molecular modeling studies have yielded robust
3-D models for the analysis of ligand interaction with the
β2AR [8–11].
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β2AR ligands are commonly tested on animal models
and recombinant receptors. In some species such as guinea
pigs, the potencies and efficacies of agonists and antago-
nists on the β2AR are similar to those on hβ2AR, which
has been observed both in vitro [12] and in silico
experiments [13]. This similarity in affinity appears to be
due to 3-D structural characteristics shared by the β2ARs
of these two species [13]. Additionally, it is known that the
amino acids of β2AR (and other 7TMs) are conserved at
the binding site in the majority of species investigated so
far [13–16]. However, different affinity values for some
ligands, including β2AR-selective ICI118,551, have been
reported for hβ2AR compared to some other species, such
as frog and pig [17, 18]. Since the molecular mechanisms
for these differences are still unclear, homology 3-D
models of pβ2AR can be useful for predicting key-
punctual residues, conformational states and different
binding sites, which might in turn increase the compara-
tive understanding of ligand interactions with the hβ2AR
[19]. The comparison of the porcine and human structural
β2-adrenoceptor components that determine the affinity
for ICI118,551 could provide rational starting points for
the synthesis of chemical leads towards new receptor-
selective ligands.

In the present study, homology modeling was used to
build the pβ2AR and well-known ligands were docked on it
in order to clarify the specific interactions involved and to
infer affinity for the complex formed. The results were
compared with previously reported experimental data about
structural differences between ligand interactions with
pβ2AR and hβ2AR.

Methods

pβ2AR 3-D model building

The NCBI protein sequence data base [http://www.ncbi.
nlm.nih.gov/sites/entrez] was used to search the sequence
of amino acids for pβ2AR. The employed sequence was
reported by Liang [20] et al. (ID: NP_001121908; 418
amino acids). The BLAST server [http://blast.ncbi.nlm.nih.
gov] was used to align the pβ2AR sequence with the
hβ2AR template amino acids sequences (Identity=84.0 %,
Suppl. Fig. 1). Homology modeling of pβ2AR was then
carried out using the automated form of I-Tasser [21–23],
Swiss-model [24–26] and PS2 [27]. All servers used as
template the crystal structure of hβ2AR reported by
Rasmussen [3, 28] et al. (PDB code: 2r4r) or the structure
reported by Cherezov [4] et al. (PDB code: 2rh1). The
obtained models were evaluated by means their RMSD,
TM-score [29], 3-D visualization by comparison with the
crystal structure (model 2rh1 without T4-lysozyme) and

their Ramachandran plots obtained by Rampage server
(Table S1) [30].

Receptor refinement

The selected pβ2AR model was refined in vacuo during
10000 steps at 0 K using the steepest descendent protocol
employing the CHARMM27 parameters implemented in
the NAnoscale Molecular Dynamics (NAMD 2.6) program
[31]. This straightforward procedure has improved the
β2AR 3-D structure without disrupting the ligand binding
site [13, 19]. The refined pβ2AR model was analyzed by 3-
D superimposition on its template, the TM-align program
[32] and Ramachandran plot.

Ligands retrieval

A set of 46 structures of β2AR-ligands (full, partial and
inverse agonists and antagonists) was used to determine the
binding energy and binding modes on the refined pβ2AR
model (Fig. 1), including a compound reported as an
hβ2AR agonist by our group [33]. For each ligand, except
for catechol and dopamine, the R and S-enantiomeric
structures were built from their 3-D (or 2-D) structures
which were downloaded from the Drug Bank database
[http://www.drugbank.ca/drugs]. Only the β (to amine)
carbon was considered as chiral center, except for
ICI118,551 (Fig. 1), which was analyzed in its four
stereoisomer forms (see below). The 3-D structures of the
ligands were geometrically optimized at the B3LYP/6-31G
(d,p) level using Gaussian 98 [34].

Methodology for ligand-receptor recognition study

To identify the pβ2AR recognition site and determine the
ligands" affinities for this receptor, docking simulations
were performed using 3-D ligand/receptor structures. To
corroborate availability of the putative binding site in the
selected and refined models, a binding site prediction was
carried out by using Q-site Finder program [35].

Docking methodology

All rigid/flexible bonds, partial atomic charges (Gasteiger-
Marsili formalism), and non-merge hydrogen of the ligands
were assigned. The Kollman partial charges for all atoms in
the hβ2AR/pβ2AR, its solvatation parameters, and the
non-merged hydrogens were added using AutoDock Tools
1.5.0 while maintaining the other program’s default
parameters [36]. Docking simulation were performed using
a commonly-used search algorithm (hybrid Lamarckian
Genetic) implemented in AutoDock 4.0.1 [36]. The initial
population was 100 randomly placed individuals, and the
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maximum number of energy evaluations was 10 million. To
avoid interaction on inaccessible surfaces (lipid bilayer
membrane and intracellular), the input initializations of the
ligand structures and hβ2AR/pβ2AR-binding-site were
defined by using a GRID-based procedure [36] making a
80×80×80 Å point grid with 0.375-Å spacing was used,
centered at Cα of Asp113 [37]. Docked orientations within
a root mean square deviation (RMSD) of 0.5 Å were
clustered together. The lowest free-energy cluster returned
for each compound was used for further analysis using
Autodock Tools 1.5.0. Docking results (pβ2AR-ligand
complexes) were visualized and analyzed by using VMD
1.8.6 [38]. Additionally, theoretical docking assays with
flexible lateral chains of some amino acids in TM5 (Tyr

199, Ser203, Ser204 and Ser207) were carried out because
this procedure has been reported to improve the affinity
estimation and also could contribute to fit agonist or
antagonist into the binding site [39].

Comparison between in silico simulations and in vitro
assays on pβ2AR

The AutoDock tools 1.5.0 was used to obtain the
intermolecular affinity values (free energy, ΔG and pKd)
for the ligand-pβ2AR complexes with lowest free-energy
(highest affinity) [36]. These results were compared with
the affinity values of well-known ligands on the pβ2AR
reported from in vitro assays on recombinant pβ2AR [18].

Fig. 1 Ligands tested on the
porcine β2AR model, asterisk is
in ligands with antagonist or
inverse agonist activity. Chiral
centers depicted in this scheme
were considered for building
3-D ligand representations.
Hence, at least two isomeric
forms for the majority of
ligands were used
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Results and discussion

Homology modeling

Eight 3-D models for pβ2AR (Table S1) were obtained by
homology modeling with three different servers. Model 1
from the I-Tasser server was selected due to its great 3-D
similarity to crystal structures according to its RMSD,
TM-score and the C-score. This model contains all 418
amino acids of the pβ2AR sequence and no omissions or
mistakes were observed in visualization of the superim-
position with the hβ2AR crystal structure (Fig. 2). The
extra five amino acids found in the cloned pβ2AR [20] that
do not exist in hβ2AR were included in the carboxyl
intracellular fragment.

The refined pβ2AR model has a RMSD slightly higher
than that for the unrefined form due to deviation in the
backbone of intracellular and second extracellular loops
(Fig. 2, Table S1). However, the structure of the pβ2AR and
hβ2AR are very similar in both cases, and the TM domains
and obviously the main binding site were conserved. The
Ramachandran plot for refined pβ2AR shows amino acids
in the disallowed region (Suppl. Fig. 2) are in loops, except
for Asn322, which is included in TM6.

The binding sites on the pβ2AR

Binding site prediction from servers

The I-Tasser server provided an initial binding site
prediction on the selected model derived from a
consensus of the top five functional homologues taken
from crystal structures found in the Protein Data Bank.
Additionally, the Q-site finder server identified ten sites
in each structure, of which only three sites in the selected
model (Suppl. Fig. 3) and two sites in the refined pβ2AR
structure were in dimensional and viable position for
ligand recognition based on the known data for β2AR
activation. The predicted sites in the refined structure are
depicted in Fig. 3. The volume reported by the Q-site
finder (in cubic Å units) was 744 for site 1 and 464 for site
2 of pβ2AR. Two similar sites were found in the hβ2AR
crystal structure (PDB code: 2rh1), with a volume of 877
for site 1 and 367 for site 2. The smaller volume in the
hβ2AR model for site 2 could cause restricted access to
ligands, probably explaining why site 2 was not found in
previously reported docking simulations on the β2AR at
the lowest ligand-receptor energy values (see Fig. 3) [6, 8,
9, 40, 41].

Fig. 2 Comparison between
human and porcine β2AR. (a)
3-D alignment of common
residues between β2ARs from
TM-Align program. (b) A
pβ2AR model showing
(in orange beads) the different
amino acids between species.
The amino acids Ile110 and
Ile164 are located near the main
binding site (some amino acids
in this site -Asp113, Asn312,
Ser204 and Ser207- are in the
green surface representation)
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Ligand binding sites found by docking simulations
on the pβ2AR model

Experimental and theoretical studies with β2AR have
revealed that some residues play an essential role in ligand
binding (Table 1). These residues or their homologues were
considered as the ‘main binding pocket’ (as named by
Nygaard et al. [42]) in the hβ2AR and pβ2AR 3-D models.
Whereas this site showed similar dimensions and spatial
distribution (Site 1, Fig. 3) in both models, two amino acids
are different near this site in the two species, and they are
considered essential for ligand binding: in the positions
where Ile110 and Ile164 are found in pβ2AR (Fig. 3b),
threonines exist in wild type hβ2AR. Thr110 has already
been suggested as a key residue in hβ2AR activation
according to previous theoretical simulations [15] and for
Thr164, cell expression assays for hβ2AR-Ile164 showed

disruption in ligand binding and functional properties.
Moreover, Thr164Ile coincides with an uncommon hβ2AR
polymorphism, which has been related to changes of
affinity of certain ligands [43, 44].

Tyr174 in the pβ2AR model is located at the top of the
binding pocket together with Phe193 (Fig. 3) in accordance
with the suggestion that Tyr174 is an essential part of the
binding pocket for the hβ2AR in relation to the interaction
of partial agonists, according to molecular dynamic
simulations [45]. In the hβ2AR crystal structure this residue
is located toward the extracellular face of the receptor,
meaning that it may be implicated in ligand-specific
regulation at the receptor surface [46].

Unexpectedly, a second binding site (not previously
reported) was determined for the majority of ligands
included in the docking simulations on the rigid-pβ2AR.
At this site, which coincides with what I-Tasser and Q-

Fig. 3 Binding sites predicted on the pβ2AR. (a) By servers: Q-site
predicted sites are in surface representation, volume for site 1 is
744 Å3 and 464 Å3 for site 2. I-Tasser server-predicted residues are in
beads representation. (b) Predicted sites viewed in docking simu-
lations for S,S-ICI118551; the amino acids which interactions were

found in these complexes are in diminished surface. Additionally,
amino acids that differ from amino acids in the hβ2AR are in red and
Tyr174 which is not in the binding site of the hβ2AR is in yellow. (c)
The binding site for S,S-ICI118551 on the hβ2AR (estimated by same
methodology as for pβ2AR)

J Mol Model (2011) 17:2525–2538 2529



site finder servers predicted as a potential interaction
surface, there are amino acids which belong to TM2,
TM3, TM4, TM7, and some that are included in the
second extracellular loop. Some amino acids located in
TM3 and TM7 are shared in site 2 and site 1 of the β2AR
(Table 1).

The two binding sites on the rigid pβ2AR model
and their relation with experimental observations
of β2AR ligand recognition

As observed with human β1AR, two different agonist
affinity values have been measured in binding assays on

Table 1 Amino acids implicated in the ligand binding site for hβ2AR and comparison with the pβ2AR model

Ballesteros- Weinstein position Suggested important by theoretical/
experimental data in hβ2AR

a
Amino acids in pβ2AR

b With ligand contacts on pβ2AR modelc

Site1 Site 2

2.57 Val86 Val86 XD

2.67 Met 96 Met 96

3.28 Trp109 Trp109 d Xd

3.29 Thr110 Ile110 D X

3.32 Asp113 Asp113 XD XD

3.33 Val 114 Val 114 Xd Xd

3.36 Val 117 Val 117 X XD

3.37 Thr118 Thr118 XD

4.56 Ile164 Xd Xd*

4.57 Ser165 Xd*

4.60 Pro168 Pro168 X*

ECL2.33 Tyr174 Tyr174 XD

ECL2.49 Cys190 Cys190

ECL2.50 Cys191 Cys191 X*

ECL2.51 Asp192 Asp192 XD*

ECL2.52 Phe193 Phe193 D XD*

ECL2.54 Thr195 Thr195 D X

5.35 Asn196 Asn196

5.38 Tyr199 Tyr199 D

5.39 Ala200 Ala200 D

5.42 Ser203 Ser203 XD

5.43 Ser204 Ser204 D

5.46 Ser207 Ser207 XD

5.47 Phe208 Phe208 XD

6.44 Phe282 Phe282 X

6.48 Trp286 Trp286 XD

6.51 Phe289 Phe289 XD D

6.52 Phe290 Phe290 XD

6.55 Asn293 Asn293 D

7.35 Tyr308 Tyr308 XD*

7.39 Ans312 Ans312 XD XD

7.42 Gly315 Gly315 X

7.43 Tyr316 Tyr316 X XD

a From Fatakia et al. [15], except the crossed out which were included due to experimental studies by Green [43] et al. and Chelikani [57] et al. suggesting a
key role. In bold the amino acids for which there is ligand contact in crystal structure; the amino acids considered key in the theoretical study of reference
are underlined
b The amino acids different to hβ2AR are in bold
c Amino acids which form binding sites; from the Q-site finder server (X) and from docking simulations (D if the amino acid is consistent between ligands
and d if not). In bold amino acids which have ligand contact in crystal structure. Asterisks are in amino acids in site 2 for which exists experimental
evidence of ligand affinity disruption [42, 57, 58]
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recombinant pβ2AR, or functionally with hβ2AR (see
Fig. 3), leading to the hypothesis that there are two binding
sites, and/or two or more conformational states in the
ligand-β2AR interaction. Evidence exists that supports each
of these possibilities. For instance, experimental studies
using fluorescent or bioluminescent resonance energy
transfer support the latter idea, and that the particular
conformation of the receptor is influenced by ligand-
binding [47]. Also experimentally, ligand saturation analy-
sis supports the existence of two distinct binding sites for
several ligands with agonist properties on pβ2AR [18]. The
possible co-existence of two binding sites and two or more
conformations was also proposed for β1AR [48].

Some computational studies support the existence of
different 7TM conformational states, which is consistent
with the different signaling found experimentally [42, 49–
54]. Furthermore, it is accepted that 7TMs can support a
wide variety of ligand-binding modes that have differing
degrees of interaction with regions involved in known
conformational switches. Thus, the capacity to generate
conformationally adequate models from crystal structures
taking ligand-induced states into account is an important
topic [8, 9].

On the other hand, theoretical studies with rigid 7TMs-
crystal or refined structures have been carried out to
reproduce experimental data [8, 15, 33, 40]. One of the
first docking simulations on the β2AR crystal was reported
by Audet and Bouvier [41], in which specific subsets of
amino acids were found in the shared recognition site for
different ligands. They suggested an association between
the recognition subsets and the ligand activity on the Gs or/
and mitogen-activated protein kinase (MAPK) [55].

In the present study, we found not only a subset of amino
acids for specific ligands, but also provide the first
theoretical evidence of two distinct binding sites on
β2ARs, which was suggested by the Q-site finder server
and corresponds to ligand conformations with the highest
ligand-β2AR affinity values by docking simulations (see
Fig. 3).

In the hβ2AR and turkey-β1AR crystal structures,
homologous binding sites have been observed and share
some residues in conserved positions with the A2A

adenosine receptor [15, 56]. In our simulations two binding
sites for ligands in hβ2AR crystal structures were also
found, but only one was homologous with those previously
reported, and the majority of agonists (R and S forms)
showed the highest affinity for this homologous site.
Peculiarly, R/S-terbutaline and S-carmoterol did not interact
with Asp113 in the highest affinity conformation (as
reported with inverse agonists for adenylyl cyclase and
MAPK by Audet and Bouvier) [41], but instead with Val86
in TM2 or Trp109 in TM3, and with Tyr306 and Asn312 in
TM7.

Whereas most amino acids in TM3 and TM7 are shared
by both sites found in our pβ2AR model, there are some
amino acids found in site 2 that are not in site 1 (Table 1):
Val86 in TM2, Trp109 in TM3, Ser165 in TM4 (suggested
by the Q-site finder server only), as well as Cys191 and
Asp192 in ECL2. Additionally, none of the amino acids
included in TM5 in site 1 are in site 2.

Mutational studies of the hβ2AR have shown disruption
in ligand binding for some residues in site 2 (specifically
Thr164, Ser165, Pro168, Cys191, Cys192, Phe193 and
Tyr308, see Table 1). Also, some studies have demonstrated
the role of Ser165, Cys190 and Cys191 which are residues
in a highly conserved group in β2AR- in stabilizing ECL2
[57, 58]. Mutagenesis β2AR studies that could support an
important role for any other of the amino acids identified in
site 2 are still pending. Moreover, the disposition of most
ligands in site 2 seems to be like that of the phenol
ethylamine moiety of ZM241385 in the respective binding
site of the A2A adenosine receptor (Fig. 4) [42]. The
greatest similarity in the binding conformation of
ZM241385 on the A2A adenosine receptor and that of
salmeterol on pβ2AR was in terms of the type of residues
involved in affinity with the respective ligands. In fact, S-
salmeterol showed only one binding site in these docking
studies, but this molecule had interactions with residues
implicated in both binding sites in this conformation
(Fig. 4b).

Theoretical ligand affinity values from the modeled
pβ2AR and their relationship with experimental
observations on pβ2AR

We explored the correlation between some reported
experimental pkd values [18] and the predicted theoretical
values determined for agonist or antagonist.

The high-affinity values for agonists (considering salbu-
tamol and clenbuterol as outliers) on the rigid model of
pβ2AR coincide with site 1. In this sense, it is possible to
observe some correlation with high state experimental
values. However, the predicted affinity values were lower
than the corresponding affinity values experimentally
determined for high-affinity-site, but greater than those
reported for the low-affinity site values.

For the antagonists propranolol and ICI118,551 the
affinity prediction was similar to experimental values,
suggesting a close relationship of our pβ2AR model to
the putatively inactive state, as in the hβ2AR crystallized
forms with inverse agonist and antagonists [6, 7, 41, 59].
However, whether or not the state of 7TMs is active or
inactive remains unclear, though some works have im-
proved the understanding of this question [39, 50]. With
our pβ2AR model there is correlation between a set of
experimental and theoretical values, both for agonists and
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antagonists (R2=0.8853; Fig. 5, Suppl. Fig. 5), as deter-
mined with equation 1:

Experimental pKd � Corrected pKd value

¼ 1:2771 pKd calculatedð Þ � 1:0692Þ ð1Þ

Equation 1 seems therefore to be adequate for estimating
experimental affinity from theoretical data (see hyphens and
filled rhombs in Fig. 5).

The use of flexible lateral chains of residues in TM5 did not
improve the affinity prediction on the pβ2AR model employed
in the current study in relation to most ligands. The affinity

Fig. 4 Similitude of the site 2 on pβ2AR with the site observed in
A2A adenosine receptor. (a) A2A adenosine receptor with ZM241385
in its binding site. Amino acids in the binding site are in bonds. (b)
Binding site of adrenaline and salmeterol on our pβ2AR model.

Homologues amino acids to the A2A adenosine receptor in the pβ2AR
are depicted in bonds, and the amino acids which correspond to site 1
(blue) and site 2 (green) are in surface representation

Fig. 5 Comparison between calculated and experimental (from Liang
and Mills18) affinity values (pKd) for the pβ2AR. Abbreviations: The
first three letters correspond to those assigned each ligand in scheme 1
and the last to the isomeric form. Filled rhombs are high-affinity and
open rhombs low-affinity pKd values; black circles theoretical high-
affinity pKd values from the 3-D pβ2AR refined model and blank

circles are when the lateral chains of residues in TM5 are flexibles.
Finally, hyphens are theoretical values corrected by the equation:
Corrected value=1.2771(pKd calculated)-1.0692, obtained from linear
regression between experimental/theoretical values showed in supple-
mentary Fig. 5. Asterisks are in antagonists or inverse agonists
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values estimated from the flexible TM5-pβ2AR were lower
than those predicted in rigid pβ2AR form (Fig. 5), and the
gap between affinity predicted on site 1 and 2 increased, as
evidenced by that fact that all the values for the second site
were lower than the values observed in the rigid form.

For stereoisomer forms of salbutamol and ICI118,551,
the predicted pKd values are similar to those reported for
racemates in experimental assays. Interestingly, the use of
flexible lateral chains of residues in TM5 did improve the
affinity prediction for ICI118,551on the pβ2AR model, which
could be a simple requirement for improving the described
poor cross-dock of ICI118,551 on the hβ2AR rigid crystal
structures [59].

The affinity estimates for ICI118551 are uncharacteris-
tically low for pβ2AR (Table 2), compared with β2ARs of
other species, including human. We therefore suggest that

the comparison of the pβ2AR and hβ2AR structural
components that determine the affinity for ICI118,551 will
provide rational starting points for the synthesis of chemical
leads towards new receptor-selective β2AR-blockers, which
have potential clinical applications and currently are
unavailable. Unlike for other ligands, affinity estimates for
ICI118,551 in relation to native and recombinant hβ2AR
are approximately 20 times higher as well as being more
reliable than those for pβ2AR (Table 2), regardless of
receptor density (yielding an average pKB/pKi~9.0).

To hypothetically account for this affinity difference, the
binding partners for each of the four ICI118,551 stereo-
isomers were estimated on this pβ2AR and on two refined
hβ2AR models (with/without flexible TM5 residues), one
obtained by our workgroup and the other (with S-carazolol
bound) kindly provided by V. Katritch [39, 40]. Similar

Table 2 Comparison of affinity estimates of ICI118,551 for porcine and human β2-adrenoceptors. Data obtained from binding inhibition (pKi),
antagonism (pKB) or by docking methodology

System Receptor density
(fmol.mg−1)

pβ2AR Receptor density
(fmol.mg−1)

hβ2AR

pKi pKB pKi pKB

Experimental affinity

Recombinant receptors expressed in
CHO cells

– 7.4[18] 272 9.2[62]

466 9.3[63]

Membranes from skeletal muscle ~50 6.4[64]

Antagonism of uterus relaxation by
isoprenaline and salbutamol

– 8.0

8.5[65]

Antagonism of (-)adrenaline-evoked tachycardia – 7.9[66]

7.7[66]

Receptors expressed in murine heart ~4500 8.5[67]

Ventricular receptors ~10 9.0[68]

– 8.9[69]

Antagonism of ventricular adenylyl cyclase
stimulation by (-)adrenaline

~10 8.9[70]

Antagonism of atrial adenylyl cyclase stimulation
by (-)adrenaline

~15 8.9[70]

9.1[71]

Atrial receptors ~18 8.8[71]

9.2[69]

Lung membranes ~33 8.9[72]

Mast cell membranes ~9 8.9[72]

Antagonism of histamine release from
mast cells

~9 9.5[72]

Experimental AVERAGE 7.6 9.0

Theoretical affinitya

On Rigid model 7.83 6.72

On flexible sidechains of TM5 6.08 8.92

a The pKd values which represent the data of the high affinity S,S-ICI118,551- β2AR complex in the binding site as described in this manuscript
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hypothetical affinity values were found among isomers on
both rigid porcine and rigid human β2ARs. The flexibility
of lateral chains of Tyr199, Ser203, Ser204 and Ser207 in
TM5 yielded an increase in the estimated affinity value on
hβ2AR models and a decrease in the pβ2AR (Suppl.
Fig. 6). Unlike with the rigid hβ2AR, the use of a flexible
TM5 on the hβ2AR resulted in an estimate of ICI118,551
affinity closely matching the affinity estimates reported
from in vitro assays (Table 2).

We identified some different interactions of ICI118,551
on both the pβ2AR and hβ2AR models (Fig. 3) which
could account for the differences in reported affinity values
between these two β2ARs. We therefore describe inter-
actions of S,S-ICI118,551 with pkd estimates and binding
fit similar to those reported in the literature.

When S,S-ICI118,551 adopted a similar binding mode with
the two β2AR models (at the first site on hβ2AR, Fig. 6:,

formed by TM3 to TM7. When the ICI118,551 positions
its aromatic ring toward TM5 and TM6 (with van der
Walls -vdW-, hydrophobic or Π-Π interactions with Tyr199,
Ser203, Ser204 and 207 in TM5, and Phe289, Phe290 and
Asn293 in TM6 were predicted), its secondary amine group
and its hydroxyl is in a crevice formed by Thr110, Ile112,
Asp113 of TM3, Asn312 of TM7, and Phe193 at the top, and
the isopropyl moiety is directed to the backbone segments of
the amino acids Leu311, Asn312 and Tyr316 of TM7. In
accordance with this finding, during the submission of this
work, Wacker et al. published the ICI118,551-hβ2AR
complex with high similitude to our predicted site (Fig. 6)
[59]. The RMSD between the crystallized and docked
conformations of ICI118,551 ranks 0.49-2.28 for the greatest
affinity complexes; being the major difference among these,
the disposition of the ICI118,551 cyclic moieties. Also,
carazolol, timolol and alprenolol showed a similar position
when using this methodology on hβ2AR, with the lowest
RMSD between crystal and docked position being 0.43, 0.67
and 0.87, respectively.

Similarly on pβ2AR, S,S-ICI118,551 (pKd=7.83; vdW +
Hbond + desolv Energy=−7.66 kcal mol−1, Electrostatic
Energy=−0.17 kcal mol−1) was in a pocket formed by TM3
to TM6; ICI118,551 positions its aromatic group toward
TM5 (having vdW and hydrophobic contacts with Tyr199,
Ala200, Ser203 and Ser204 in this domain), at which time
its secondary amine group and its hydroxyl is in a crevice
formed by Ile110 and Asp113 of the TM3 and Phe193 at
the top. Meanwhile, the isopropyl moiety is forward to a
space limited by Val117 of TM3 and Trp286, Phe289 and
Phe290 of TM6.

In alternative form, S,S-ICI118,551 docked (with similar
affinity, pKd=7.86; vdW + Hbond + desolv Energy=

Fig. 6 The ligand S,S-ICI118,551 as is in the (a) crystal structure
reported by Wacker et al. [59] and docked on the first site of
flexibleTM5-hβ2AR (b) and rigid-pβ2AR (c). The side chains of
amino acids reported as interacting residues from Autodock tools
1.5.0 are depicted accord the type of residue (see also Suppl.
Fig. 4)
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S,S-ICI118,551 (pKd=8.92; vdW+Hbond+desolv Energy=
−8.18 kcal mol−1, Electrostatic Energy=−0.61 kcal mol−1,
-moving ligand-moving receptor=−0.13) occupied a pocket



−7.08 kcal mol−1, Electrostatic Energy=−0.78 kcal mol−1)
in the second binding site described for the majority of ligands
on the pβ2AR (Suppl. Fig. 4). In this case ICI118,551
positions its aromatic group into a crevice formed by TM6,
TM7 and ECL2 (constituted by Asp192, Phe193, Phe289,
His296, Lys305, Tyr308 and Ile309), its hydroxyl group is
linked to the Asn312 and Tyr316 side chains by hydrogen
bonds, and the secondary amine and isopropyl moieties are
directed to the surface formed by Val86 and Gly90 of TM2
and the backbone of Trp109 of the TM3.

At the first site, our simulations suggest a greater number
of contacts of ICI118,551with amino acids in the TM7 on
the hβ2AR than on the pβ2AR (the amino acids are the
same in this site for the β2ARs of these two species). This
greater number of contacts, together with the fact that the
binding pocket in hβ2AR appears be slightly greater than in
pβ2AR, can be implicated in the affinity differences
between these two receptors. But this should be considered
with caution due to the fact that with docking simulations
only a conformational state of the β2AR is analyzed, which
can be improved by combining docking and molecular
dynamics simulations.

The identification of essential amino acids in the
ICI118,551-pβ2AR complexes could be useful for future
mutational studies under experimental methods. In brief,
based on the visualizations described above, we can suggest
that specific mutations in human (and/or porcine) β2AR
can disrupt the ICI118,551 binding. Thus, it can be expected
that mutation of Thr110, Thr164 and Tyr174 (probably all
together) for uncharged non-bulky side chain amino acids
(like glycine) would reduce the volume of the binding pocket
of hβ2AR and consequently the number of possible
interactions as well as the partial energies, thus decreasing
the ICI118,551 affinity. Additionally, the mutation of
Asn312, Tyr313 and Tyr316 (for glycine) could limit the
binding participation of TM7-hβ2AR. Conversely, substi-
tution of Ile110 and/or Ile164 in pβ2AR for an amino acid
with polar uncharged side chain (threonine, serine, aspar-
agine or glutamine) could modify the exposure of amino
acids implicated in the ICI118,551-attachment on pβ2AR,
thus increasing the ICI118,551 affinity. Mutations in the
residues included in the extracellular loops should also be
tested due to their influence on the conformational
disposition on transmembrane domains.

With regard to the stereoisomer forms, although R-
enantiomers showed higher affinity than S-enantiomers in
the majority of cases (at least 14 of 22 in each group of
ligands-receptor simulations), no specific interactions with
amino acids in the binding site were identified that could
explain these differences.

Two affinity values have been found for agonists in pβ2AR
experiments [18]. In pβ2AR expressed in Chinese hamster
ovary cells, some agonists such as isoprenaline, adrenaline,

noradrenaline, salbutamol, terbutaline and dobutamine
exhibited GTP-dependent high- and low-affinity binding
[18]. In our simulations, these ligands preferred binding site
1, judging by the affinity values corresponding to the two
sites. However, two terbutyl-amine ligands, the partial
agonists salbutamol and terbutaline, showed very similar
affinity values for the two sites. For R or S terbutaline the
affinity values were slightly greater on site 2, possibly as a
result of the fact that terbutaline did not interact with Asp113
on the site 1 in this simulation, but maintained interaction
with amino acids in TM5 (Ser203 and Ser204). It appears
that site 1 is the high-affinity binding site for agonists, and
that the affinity difference with site 2 can be important in
biological systems if both sites are available in pβ2AR. This
is assumed to occur in an induced-agonist state due to the
TM3-TM6 separation that is supported by experimental data
[46], which would facilitate ligand entry.

In contrast, clenbuterol, zinterol, ractopamine, inverse
agonists and antagonists all bound to a single site in the
experimental assays with recombinant pβ2AR [18]. Also,
the hydrophilic ligand CGP12177, which has been shown
to bind at two sites at hβ1AR [48], apparently only bound
to one site in hβ2AR [60]. In these docking simulations it
can be observed that clenbuterol and CGP12177 behave
like other terbutyl-agonists (with similar affinity values at
both sites), but with R-forms having a slight preference for
site 1. This small difference could explain the experimental
results consistent with the one-site model. Thus, these
agonists could adapt to site 1 without inducing a conforma-
tional state in which the two sites would become available,
possibly due to the lack of a catechol-like moiety in these
ligands. In fact, CGP12177 has a similar moiety as other
inverse agonists (see Fig. 1) and behaves as an antagonist on
β1AR at a high affinity site and as a partial agonist at a low
affinity site [48]. Likewise, although antagonists and inverse
agonists showed greater affinity for site 2 (Fig. 7), it is
possible that most of the antagonists-induced conformational
changes do not induce a state which exposes the two binding
sites observed in our pβ2AR model.

Possible implications of the second site found
on the pβ2AR model

In the current contribution theoretical evidence is provided
by docking methods for the existence of two binding sites at
the pβ2AR, which is likely to exist for other 7TMs.
Although in hβ2AR only one site for CGP12177 has been
identified, molecular dynamic studies have shown a
separation of TM3 and TM6-TM7, which contain amino
acids implicated in the micro-switches after ligand binding
[42]. This fact increases the possibility of ligand accessi-
bility to the binding site which we observed in our pβ2AR
3-D model. Indeed, the conformational state of human
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β2AR-adrenaline after 600 ns MD simulation shows the
same two sites in similar dimensions as those found in our
model (Suppl. Fig. 3).

Based on the aforementioned evidence, our model could
represent a conformational state where the two binding sites
become available for ligand binding. However, the existence
of this state in nature could depend on the presence of a ligand
on the receptor, which has been suggested for adrenaline, but
not for noradrenaline, at hβ2AR overexpressed in mouse
heart [49]. The latter suggests that some moieties bound to
the amine group of ligands could be necessary for the
conformational state which exposes site 2. Additionally, the
apparent ligand dependence to enter the low affinity binding
site in β2AR supports this possibility. The viability of this
site for small ligands can be supported by the interaction of
phenol ethylamine moiety of ZM241385 on a homologous
site on the A2A adenosine receptor [42]. Recently, mutations
of amino acids in this receptor reveal the importance of
homologous residues [61] to those identified in the pβ2AR
in the current contribution.

Finally, it should be mentioned that site 2 could be a
ligand binding site which is exposed in a conformational
state previous to the fit in the main site (site 1). This
assumes that the first step in ligand recognition is the
diffusion into the main site from the extracellular face of
the β2AR. In such a case, linkage to this site could
modulate the conformation of ECL2 suggested as a partial
lid for the funnel-like main binding site [42].

Conclusions

The present study aimed to determine an adequate
molecular model of the 3-D structure for pβ2AR. Homol-
ogy modeling and ab initio located in servers, as well as

theoretical affinity studies by docking methods with well-
known ligands were used to compare the similarities and
differences between this model (pβ2AR) and hβ2AR during
the ligand recognition process. We selected a pβ2AR 3-D
model that was adequate for computational screening. In
the pβ2AR 3-D model, the ligands (agonists or antagonists)
interacted in a similar form as found with hβ2AR. The
experimental affinity data correspond to, or are close to
those determined in this theoretical study. The docking
procedure allowed us to study the similarities and differ-
ences in the recognition site(s) for ligands. In this sense, we
focused at ICI118,551, since its lower affinity for pβ2AR
than hβ2AR is well-known. The greater number of contacts
with amino acids in the TM7 on the hβ2AR than on the
pβ2AR, together with the fact that the main binding pocket
in hβ2AR appears to be slightly more spacious than in
pβ2AR can be implicated in the higher affinity of
ICI118,551 for the human receptor.

Although there is high similarity between hβ2AR and
pβ2AR, the few differences identified are revealing in terms
of the possible differences in affinity to ligands. Thr110Ile,
Thr164Ile, the different disposition on the Tyr174 residue
and the volume of binding pocket formed by TM3 to TM7
appear to be essential differences between the main binding
site 1 of these β2ARs, implicating differences in contact
between each of the ligands and pβ2AR. Additionally, a
second binding site was identified on our pβ2AR model.
Some ligands -including ICI118,551- showed greater
affinity on this site than for the other, consistent with
observations in experimental assays.

In future studies, molecular dynamics simulations using
this pβ2AR model embedded in a lipid bilayer membrane
could yield additional insights into the hypothesized
binding sites and complexes, as well as to define the
active/inactive states of the model and the identification of

Fig. 7 Affinity values of
ligands on the two binding sites
identified on rigid form of
pβ2AR. Antagonist or inverse
agonist (circles) tend to high
pKd value on the second site,
while agonist (rhombs) tend to
high pKd value on the first site.
Values on the binding site 1 are
filled symbols and on the
binding site 2 empty symbols
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key amino acids in specific ligand recognition and/or
activation by specific ligands.
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