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| Abstract

of these findings for drug design are discussed.

In the last few years, evidence has been mounting of the possible allosteric modulation of second messenger
formation on B,-adrenoceptors (8,ARs) induced by non-arylethylamine compounds. We herein addressed this issue by
carrying out functional and molecular modeling studies to explore the possibility that imidazole-containing compounds
(ICCs) affect the formation and accumulation of cAMP by mediating B,AR activation. Results show that histamine (an
ICC) had no effect on basal cAMP accumulation in COS-7 cells transfected with the human B,AR (10.4 = 1.1 pmol/mg
protein), but significantly augmented the receptor response to the agonist isoproterenol (137 + 7% of controls, EC_; 6.2
uM, pEC,, 5.21 £ 0.24). Moreover, histamine (10 uM) did not affect the isoproterenol inhibition of *H]-dihydroalprenolol
binding to hB,ARs in membranes of transfected COS-7 cells. Q-site Finder program and molecular docking studies
identified possible sites of interaction for ICCs on the B,AR, but the estimated affinities were lower than those reported
for well-known B,AR ligands on the orthosteric site. On the basis of the present experimental and theoretical data, we
postulate that direct ICC-hB,AR interactions can allosterically modulate agonist-induced receptor activation. Implications

Keywords: ﬁz—adrenoceptor; Allosteric modulation; Histamine;
Molecular modeling; Imidazole

Introduction

The superfamily of G-protein coupled receptors (GPCRs) includes
a- and B-adrenoceptors [1]. These two adrenoceptor subtypes are
activated by many types of ligands, including two neurotransmitters/
hormones— noradrenaline and adrenaline. Human B,AR (hB,AR) is a
major target of pharmaceutical research [2,3] and enormous efforts have
been made to gain insight into the mechanisms of ligand recognition
and receptor activation [3,4].

The recognition site for some ligands on the hp,AR is known
[3-5], and recent discoveries from X-ray crystallography about the
tridimensional structure of this receptor have led to important insights
into its conformational changes and activation [6-15]. It is now known
that the function of GPCRs can be influenced by allosteric modulators,
which are compounds that bind to the receptor at sites other than the
orthosteric site, and in so doing modulate conformational changes of
the receptor that influence agonist binding [15]. Within the context of
hp,AR activation, theoretical studies have explored the orthosteric site
and possible allosteric sites. Studies have suggested that the G-protein
dependent pathway is triggered at the orthosteric site and the G-protein
independent (kinase) pathway triggered at the allosteric site. However,
few reports have sought to gain insight into the interconnection
between G-protein dependent and independent pathways, or between
orthosteric and allosteric modulation in the activation of the hf,AR
[2,15].

One known allosteric modulator, the divalent cation Zn?**, has
been shown to increase receptor affinity for agonists in membranal
preparations and enhance agonist-induced cAMP accumulation in
intact cells [16,17]. The activation of Adenylyl Cyclase (AC) and cyclic
AMP (cAMP) formation is induced when adrenoceptors (BARs)
couple to Ga proteins [1,2]. In this respect, some imidazole-containing
compounds (ICCs), such as CGP20712A and oxymetazoline, can act as

ligands for h,ARs [18]. It was demonstrated in a previous study that
histamine had no effect of its own on basal [*H]-cAMP accumulation in
DU-145 cells, derived from a human prostate cancer and endogenously
expressing B,ARs. However, histamine augmented the f,AR-mediated
response [19], an effect that was insensitive to antagonists/agonists
at H, H, or H /H, receptors, and that was mimicked by a set of ICCs
(clobenpropit, R-a-methyl-histamine and immepip) as well as by
imidazole itself. This suggests that f,AR function can be allosterically
modulated by the imidazole moiety of histamine.

Several studies have attempted to use computational tools to
elucidate the key factors involved in the structure-dynamic phenomena
on the hBZAR, and some of these theoretical simulations have
contributed to the clarification of hitherto unresolved experimental
phenomena [6-8]. In this regard, we and others have reported data that
strongly suggest a functional relation between hf3, AR-ligands that act at
the orthosteric site and allosteric regions of the h,AR [15].

Some drug design studies have added bulky moieties to the amine
extreme of classic arylethylamine pharmacophore, and have suggested
that these moieties interact with residues outside of the orthosteric
site, at a binding region reached by endogenous ligands [15]. Several
reports have recently been published regarding the inclusion of new
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chemical moieties in the classic arylethylamine pharmacophore of
hB,AR-ligands, including piperazine-, arylpiperazine-, indol- and
boron-containing moieties [20-24]. Some of these drug design studies
also included imidazole-related moieties, yielding ICC with activity on
adrenoceptors [18,25-28], and suggesting that interactions at allosteric
regions can be involved.

We herein report an apparent allosteric modulation of the hf,AR
in COS-7 cells transfected with these receptors. Histamine increased
agonist-induced cAMP formation without affecting agonist binding. By
using molecular modeling studies, we explored the possibility, suggested
by the current in vitro experimental results with histamine and other
ICCs, that these ligands bind to the hB,AR at allosteric regions, and
tried to identify specific residues involved in ICC recognition.

Materials and methods

Materials

The following compounds were purchased from Sigma (St. Louis,
MO): (+)-isoproterenol hydrochloride, histamine dihydrochloride,
3-isobutyl-1-methylxantine (IBMX), protein kinase A (PKA)
regulatory subunit, ICI-118,551 ((+)-1-[2,3-(dihydro-7-methyl-1H-
inden-4-yl)oxy]3-[(1-methylethyl)amino]2-butanol ~ hydrochloride)
and CGP-20712A ((%)-2-hydroxy-5-[2-[[2-hydroxy-3-[4-[1-methyl-
4-(trifluoromethyl)-1H-imidazole-2-il]phenoxy]propyl]amin] ethoxy]
benzamide = methanosulfonate).  [Methyl-*H]-dihydroalprenolol
(specific activity 111.8 Ci/mmol) was acquired from New England
Nuclear (Boston, MA), and the plasmid pcDNA3.1-hf,AR from
Missouri S&T cDNA Resource Center (www.cdna.org).

Functional assays

Cell culture and transfection: COS-7 African green monkey
kidney cells were grown in Dulbeccos modified Eagle’s medium
(DMEM) supplemented with 10% bovine fetal serum, penicillin (50
Ul/ml) and streptomycin (0.1 mg/ml) under a humidified atmosphere
(5% CO,) at 37°C. Cells were transiently transfected with the plasmid
pcDNA3.1-hB,AR (0.25 pg cDNA/10° cells) and DEAE-dextran. All
assays were performed 48 h after transfection.

[*H]-Dihydroalprenolol ([*H]-DHA) binding to cell membranes:
Transfected COS-7 cells, grown in Petri dishes, were lysed by incubation
(20 min, 4°C) in hypo-osmotic buffer (10 mM Tris-HCI, 1 mM EGTA,
pH 7.4). After centrifugation at 42,000xg for 20 min, pellets were re-
suspended (~1 mg protein/ml) in incubation buffer (50 mM Tris-HCI,
pH 8). [’'H]-DHA binding assays were carried out by a previously
reported method [19].

Measurement of cAMP accumulation: Transfected cells, grown
in 24-well plates, were washed twice with phosphate-buffered saline
solution (PBS) before incubation (37°C) in 250 pl PBS containing 1 mM
IBMX (3-isobutyl-1-methylxantine). After 15 min drugs were added in
a 10yl volume and incubations continued for 30 min. The composition
of the PBS solution was (mM): NaCl 137, KCl 2.7, Na,HPO, 10, KH,PO,
1.76, MgCl2 1, CaCl2 1, pH 7.4. Incubations were terminated with 25
pl ice-cold 1N HCI, samples were neutralized with 25 pl ice-cold 1IN
NaOH and 100 pl 1M Tris-HCl (pH 7.4). Endogenous cAMP was
determined in 50 pl-samples by assaying the inhibition of [*H]-cAMP
binding to the regulatory subunit of PKA, as described in a previously
reported method [29].

Molecular modeling

The hB,AR model: For in silico assays we selected a refined ,AR
model based on the structure reported by Cherezov et al. (PDB ID:
2rh1) [10]. This model, which we reported previously, was selected
on the basis of the good correlation between experimental results and
theoretical affinity prediction [30]. Before docking analysis, the protein
was treated as reported previously [30,31].

Ligand retrieval: A group of well-known hf,AR ligands and a set
of ICCs that could potentially bind to the hp,AR were tested (Scheme
1). For each ligand the 3-D structure was built and geometrically
optimized at the B3LYP/6-31G" level with Gaussian 03 software [32].

Docking methodology: In order to identify the h3,AR recognition
sites and determine ligand affinities, docking simulations were
performed using 3-D ligand/receptor structures. To corroborate the
availability of the putative binding site in the refined model, a binding
site prediction was previously carried out with the Q-site Finder
program [33].

All rigid/flexible bonds, partial atomic charges, and non-merge
hydrogens of the ligands were assigned. The Kollman partial charges
were assigned for all atoms in the hB,AR, and the non-merge
hydrogens were added using AutoDock Tools 1.5.0, maintaining the
rest of the parameters at the default setting [34]. Docking simulations
were performed using a commonly used search algorithm (hybrid
Lamarckian Genetic) implemented on AutoDock 4.0.1 [35]. The initial
population was 100 randomly-placed individuals, and the maximum
number of energy evaluations was 10 million. To search for all potential
binding sites on the hf}, AR, input initializations of the ligand structures
and hB,AR binding site definitions were carried out using a GRID-
based procedure [36]. In order to explore the interaction on the whole
hp,AR, a blind docking procedure using a box of 126x126x126 A point
grid with 0.375-A spacing was used, centered automatically on the
protein by AutoDock Tools 1.5.0 program. Docked orientations within
a root-mean square deviation of 0.5 A were clustered together and the
lowest free-energy cluster returned for each compound was used for
further analysis using AutoDock Tools 1.5.0. Docking results (hf3,AR-
ligand complexes) were visualized with VMD 1.9 [37].

Results and discussion

Binding and functional characteristics of hp,ARs expressed
in COS-7 cells

Specific [’'H]-DHA binding to membranes from transfected COS-
7 cells yielded a maximum binding (B__ ) of 10.4 + 1.1 pmol/mg of
protein and an equilibrium dissociation constant (K,) of 0.70 + 0.17
nM (based on four experiments). [*H]-DHA binding was inhibited
by the PBAR antagonists ICI-118,551 and CGP-20712A. Estimates
for pK, (-log , Ki) were consistent with values reported for the h,AR
(Supplementary Table 1).

The AR agonist isoproterenol stimulated cAMP accumulation in
a concentration-dependent manner (Supplementary Figure 1A) with
an EC, of 143 nM (pEC,; 6.73 + 0.19; based on three experiments)
and a maximum response of 14.1 + 3.5 times the basal value. The
accumulation of cAMP induced by 300 nM isoproterenol was inhibited
by the selective ,AR antagonist ICI-118,551 (1 uM; Supplementary
Figure 1B), and the extent of inhibition (94%, n=4) was close to the
theoretical value (99% inhibition) for an action mediated by the h3,AR,
assuming the EC_ value for isoproterenol-induced cAMP accumulation
as the agonist K.
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Effect of histamine on isoproterenol stimulation of cAMP
accumulation and inhibition of [*H]-DHA binding

Histamine had no significant effect on basal cAMP accumulation
(Figure 1A) at 30 uM (93 + 16% of basal, n=4, P>0.05, ANOVA and
post-hoc Student-Newman-Keuls test), but significantly enhanced the
stimulatory action of 300 nM isoproterenol (153 + 15% of the response
to the agonist alone, P<0.01). For these series of determinations (n=4),
the effect of histamine was concentration-dependent (Figure 2), with
an EC, of 6.2 uM (pEC,, 5.21 + 0.24) and a maximum stimulation
of 137 + 7% of that induced by isoproterenol alone. Figure 1B shows
that histamine (10 uM) had no effect on the isoproterenol inhibition of
[’H]-DHA binding to membranes from transfected COS-7 cells, with
pK values of 5.99 + 0.21 and 5.95 + 0.14 in the absence and presence of
histamine, respectively (n=4, P>0.05, Student t test).

COS-7 cells have been reported to express low levels of histamine
H, receptors [38]. However, the effect of histamine on hp,AR-
mediated cAMP accumulation was insensitive to mepyramine, a
selective antagonist for H, receptors (data not shown). This supports
our previous findings with endogenous receptors, in which histamine
enhanced B,AR-mediated cAMP accumulation independently of the

activation of known metabotropic histamine. Partial and full agonists
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Figure 1: Effect of histamine on isoproterenol-mediated stimulation of cAMP
accumulation and inhibition of [°*H]-DHA binding. A) Agonist-induced cAMP
accumulation. Transfected COS-7 cells were preincubated (15 min) with 1 mM
IBMX and then exposed for 30 min to isoproterenol (Iso, 300 nM), histamine
(Hist, 30 uM) or isoproterenol plus histamine. Values represent the mean + SEM
from six replicates of each experiment. Experiments were repeated another three
times with similar results. The statistical analysis was carried out with ANOVA
and the post-hoc Student-Newman-Keuls test. B) Inhibition of [*H]-DHA binding.
Membranes from transfected COS-7 cells were incubated with 1 nM [°*H]-DHA
and the indicated concentrations of isoproterenol in the presence and absence of
histamine (10 uM). Values are expressed as a percentage of the specific binding
of the control, and represent the average of triplicate determinations of each
experiment. Experiments were repeated another three times with similar results.
The line on the graph is the best fit for a logistic equation and a one-site model.
pK; values were calculated from the best-fit IC,, estimates (see text).
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Figure 2: Dose-response curve for histamine enhancement of agonist-induced
CcAMP accumulation in COS-7 cells transfected with the hB,AR. Cells were
exposed for 30 min to isoproterenol alone (Iso, 300 nM), or to isoproterenol
and the indicated concentrations of histamine. To allow for variations between
experiments, values are expressed as a percentage of the response to
isoproterenol and represent the mean + SEM of four experiments. Best-fit
parameters show a maximum stimulation of 137 + 7% by isoproterenol alone and
an EC,, of 6.2 uM (pEC,, 5.21 £ 0.24).

for hp,AR stabilize several possible receptor conformations, which
are linked to differential activation of the signaling cascades [5,15,39].
Therefore, allosteric modulation could influence receptor activation by
stabilizing new intramolecular interactions [8,15,40].

Isoproterenol, known to act as a full agonist on the hp,AR [41], is
often used as the compound with the maximum intrinsic activity on this
receptor [41,42]. However, the increased activity in COS-7 cells induced
by histamine in the present study suggests that isoproterenol behaves as
a superagonist. That is, the agonist induced a supra-physiological effect,
judging from its action on cAMP accumulation [43]. The mechanism
for this effect has been related with the interaction of ligands (a peptide
or small molecules) with extracellular domains of the corresponding
GPCR [15,44-46].

The hp,AR binding sites for ICCs and relationship between in
silico and in vitro data

Analysis with the Q-site Finder program identified ten putative
binding sites on the hB,AR model, although only three sites are
accessible from the extracellular side of the receptor. These sites were
found in similar dimensions at all the available crystals of ,AR [9-14]
(not shown) Site 1 (747 A3 in volume) is located near the extracellular
region of the core-crevice formed by TM3 to TM?7. This site was similar
to that described by previous theoretical and crystallography assays,
and coincides with the reported orthosteric site (or binding pocket) for
B,AR ligands [9-14,47]. The two other sites suggested by the present
analysis are located below the extracellular loops (with 367 A® and 240
A% in volume) of the hp AR.

From docking simulations using well-known or ICC ligands
(Figure 3) on the refined h AR structure, a binding site was found that
is common to all tested ligands. Specific interactions for each ligand
were identified at this binding pocket, which is similar to site 1 and
was predicted by Q-site Finder. Additionally, three alternative sites were
identified as being common to most ICCs, but not to the well-known
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hp,AR ligands. The latter fit only in two regions —at site 1 and near the
region previously described by ourselves and others [9-15,30,47].

Hence, docking simulations led to the identification of four binding
sites on the hp,AR for ICC ligands (Figure 4), one of them being the
orthosteric site (site 1). Two other sites are located on the extracellular
domains: site 2 (constituted by side chains of residues Asn103, Glu107,
Cys108, Tyr174, Argl75, Tyr185 and Cys190), which is located just
below the disulfide bonds present in the second extracellular loop, and
site 3 (constituted by side chains of residues His296, Asp300, Asn301
and Ile303), which is below the third extracellular loop. Finally, site 4 is
constituted by transmembrane domains 3 to 7 (side chains of residues
Aspl19, Ser120, Trp286, Gly315, Asn318 and Ser 319), and is deeper
than site 1. No other sites were visualized with the analysis of the one
hundred complexes of greatest affinity shown by AutoDock Tools 1.5.0
software [35].

Not all ICCs interact with each of the four sites identified. For
instance, immepip, methimepip and oxymetazoline bind only to site 1
(orthosteric) and site 3. It is noteworthy that several ICCs show greater
affinity for site 3 than for the orthosteric site (Figure 5).

On the basis of data presented herein and from a previous study that
included known hf,AR agonists [30], the calculated ligand affinities
(Figure 5) are in line with the affinities calculated from experimental
data. For example, the theoretical pK, value for ICI-118,551 indicates
nanomolar affinity, as was observed in vitro [10,48], while other
hB,AR ligands showed micromolar affinity, also in accordance with
experimental data. Furthermore, the calculated affinities for ICI-118,551
and CGP-20712A match those obtained experimentally in the present
study in assays on the inhibition of [*H]-DHA binding to membranes
from COS-7 cells transfected with the h, AR (Supplementary Table 1),
as well as in assays on cAMP formation in DU-145 cells [19].

Overall, these results indicate that the theoretical methods used in
this study allow for reliable approximation to the affinity of the h,AR
for ICCs, with values from ~1000 uM for histidine to ~0.1 uM for
oxymetazoline. The estimated affinities are also in accordance with the
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Figure 4: Molecular docking identified four possible binding sites on the hg,AR
for imidazole-containing compounds. In the left panel, histamine is depicted
interacting with three possible binding sites (yellow bonds), including the
orthosteric site represented as a white surface. The fourth site is occupied by
imidazole (orange bonds). The amino acids in what was previously suggested as
the Zn?* allosteric site are depicted as red beads, and residues of ionic lock as
green beads. Positions for putative sites are labeled with blue numbers. In the
four right panels, detailed contacts are depicted.

ICC concentrations shown to modulate isoproterenol-induced cAMP
formation in DU-145 cells (immepip 1 pM, clobenpropit 1 uM, imidazole
10 uM, R-a-methyl-histamine 10 uM and histamine 30 uM) [19]. The
relationship appears stronger if the ICC affinity for site 3 (below the
third extracellular loop) is considered, with the rank order: immepip =
clobenpropit>R-a-methyl-histamine ~ histamine>imidazole.

Histamine binding on the hp AR: Feasibility of allosteric
modulation by ICCs

The current results raise the possibility that histamine and other
ICCs bind to an extracellular site of the hp,AR (Figure 4), and in this
way increase the receptor signaling efficacy. In this sense, it
has already been shown that Zn?* acts as an allosteric modulator of the
hp,AR, increasing the affinity for agonists in membranal preparations
and enhancing agonist-induced cAMP accumulation in intact cells
[16,17]. While the effect of Zn** on agonist affinity involves amino
acids located on the third intracellular loop (Glu225, Cys265 and
His269), the enhancement of cAMP accumulation seems to result from
an interaction at the extracellular domains of the receptor [16,17].
Increasing evidence suggests that in the ligand-receptor interaction,
extracellular loops of several GPCRs are involved in allosteric
modulation of signaling pathways [15,45,49-52].

Regarding imidazole, the effects in biological systems (including
on smooth muscle tissue) are well-known [25-28,53], although the
mechanism of action for this and other structurally related compounds
is unclear. Some possible receptors for imidazoline have been proposed
[53]. Also, ligands containing imidazole moieties have been developed
and some of these have shown a selective effect on adrenoceptor
subtypes. Hence, some ICCs act on a-adrenoceptors [26,27] and a few
on B adrenoceptors, such as the aforementioned CGP-20712A and
oxymetazoline [18,25,28].

We have herein generated preliminary data about the binding
of ICCs on adrenoceptors. On the basis of our in vitro results, the
orthosteric site of the hB,AR does not appear to play a relevant role in
ICC-hB,AR interactions, evidenced by the fact that histamine increased
hB,AR signaling when the receptor was stimulated by an agonist,
but histamine alone induced no changes in cAMP levels. Hence, we
suggest that ICCs can act as allosteric modulators of the h,AR during
its interaction with some well-known ligands. The two sites identified
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by our docking simulations, sites 2 and 3 (located below the second
and third extracellular loops, respectively), have been previously
reported by our work group and others as potential binding regions
for allosteric modulation, possibly influencing the entrance of ligands
to the orthosteric binding site [15,24,54]. For example, in a previous
work we suggested that the residues forming site 2 could be involved in
the modulation by phenylboronic acid of cAMP production, an effect
induced by salbutamol acting on the h3, AR [24].

Interestingly, histamine and other ICCs showed a greater affinity
for the binding sites in the extracellular domains of the receptor
than for the orthosteric binding site. We therefore propose that the
binding of histamine and other ICCs to an allosteric site located on the
extracellular face of the B,AR modulates agonist-induced responses by
stabilizing a receptor conformational state related to increased efficacy
by agonists. This could explain the enhancement of cAAMP accumulation
that occurred without affecting the agonist binding properties.

In this respect, our simulations showed the feasibility of an
interaction by histamine at site3, involving micromolar affinity of
this compound with residues His296 (a likely component of the Zn**
binding site [17]), Asp300, Asn301 and Ile303. Because these residues
are located on the third extracellular loop, the resulting interactions
could lead to conformational changes in TM6 and TM7, known to
participate (along with essential changes in TM3 and the TM5-ICL3-
TME6 region) in receptor activation [55]. In addition, such interactions
could favor the accessibility of other ligands (e.g., isoproterenol) to the
orthosteric binding site.

A similar effect was found in regard to the binding of ligands to
site 2, which increased the accessibility of agonists to the orthosteric
site. In this case, the second extracellular loop apparently has a filtering
role, affecting the entrance of ligands to the orthosteric binding pocket
[8,30], in accordance with ligand-specific changes on the extracellular
surface suggested recently [56].

Finally, the site 4 appears not to be available for all ICCs, probably
due to the hindrance effect of residues found deeper in the binding
pocket than the orthosteric site. It seems that only the smaller ligands
(imidazole, histamine and a-methyl-histamine) fit into this site, which
reduces its possible usefulness for allosteric modulation.

Some limitations of the present study should be considered: a)
the use of a rigid hp,AR model, which impedes the study of dynamic
receptor behavior in the presence of allosteric and orthosteric ligands

[8]; b) the study of only one of several possible signaling pathways
[2]; ¢) the possibility of ICCs acting as phosphodiesterase inhibitors,
as previously suggested [28]; and d) the lack of in vitro evaluation
of multiple ICCs in order to further clarify the role of this moiety in
allosteric modulation of ligand affinity. Future studies are needed to
expand the scope of the current contribution by taking these points
into consideration.

In spite of these limitations, the current data suggests that ICCs can
modulate hB, AR activity. The study of the effects of histamine on h3,ARs
bears relevance to medicinal chemistry, because the histaminergic
system is often involved in the normal and pathological function of
the hp,AR [2,8]. Thus, it is important to design new compounds that
could affect hB,AR function, taking into account that allosteric regions
probably modify the potency and efficacy of agonists acting on the
orthosteric site of this receptor [45,57,58].

Conclusions

Histamine significantly augmented the response of the hf,AR to
the agonist isoproterenol. At the same time, it showed no effect on the
basal cAMP accumulation in COS-7 cells transfected with the hp AR,
nor did it produce any change in the isoproterenol inhibition of [*H]-
dihydroalprenolol binding to this receptor. We therefore propose
that histamine and probably other ICCs can allosterically modulate
hp,AR, and in this way influence agonist-induced receptor activation,
a possibility supported by in vitro assays as well as by molecular
docking simulations that identified hf,AR regions capable of binding
to imidazole-containing drugs. Further experimental and theoretical
studies are required to deepen insights into the mechanism(s) involved
in ICC modulation of p,AR-mediated signaling, as well as to explore the
possibility that the addition of imidazole moieties to some compounds
targeting B,AR could yield more potent and efficient drugs that act
simultaneously on both the orthosteric and allosteric sites of the
receptor.
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