
 International Journal of 

Molecular Sciences

Article

Differential Regulation of Bilastine Affinity for Human
Histamine H1 Receptors by Lys 179 and Lys 191 via Its Binding
Enthalpy and Entropy

Hayato Akimoto 1, Minoru Sugihara 2 and Shigeru Hishinuma 1,*

����������
�������

Citation: Akimoto, H.; Sugihara, M.;

Hishinuma, S. Differential Regulation

of Bilastine Affinity for Human

Histamine H1 Receptors by Lys 179

and Lys 191 via Its Binding Enthalpy

and Entropy. Int. J. Mol. Sci. 2021, 22,

1655. https://doi.org/10.3390/ijms

22041655

Academic Editors: Paul Chazot and

Ilona Obara

Received: 22 December 2020

Accepted: 5 February 2021

Published: 6 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmacodynamics, Meiji Pharmaceutical University, 2-522-1 Noshio, Kiyose,
Tokyo 204-8588, Japan; d206901@std.my-pharm.ac.jp

2 Pharmaceutical Education and Research Center, Meiji Pharmaceutical University, 2-522-1 Noshio, Kiyose,
Tokyo 204-8588, Japan; sugihara@my-pharm.ac.jp

* Correspondence: hishi@my-pharm.ac.jp

Abstract: Bilastine, a zwitterionic second-generation antihistamine containing a carboxyl group, has
higher selectivity for H1 receptors than first-generation antihistamines. Ligand-receptor docking
simulations have suggested that the electrostatic interaction between the carboxyl group of second-
generation antihistamines and the amino group of Lys179ECL2 and Lys1915.39 of human H1 receptors
might contribute to increased affinity of these antihistamines to H1 receptors. In this study, we
evaluated the roles of Lys179ECL2 and Lys1915.39 in regulating the electrostatic and hydrophobic
binding of bilastine to H1 receptors by thermodynamic analyses. The binding enthalpy and entropy
of bilastine were estimated from the van ’t Hoff equation using the dissociation constants. These
constants were obtained from the displacement curves against the binding of [3H] mepyramine to
membrane preparations of Chinese hamster ovary cells expressing wild-type human H1 receptors and
their Lys179ECL2 or Lys1915.39 mutants to alanine at various temperatures. We found that the binding
of bilastine to wild-type H1 receptors occurred by enthalpy-dependent binding forces and, more
dominantly, entropy-dependent binding forces. The mutation of Lys179ECL2 and Lys1915.39 to alanine
reduced the affinity of bilastine to H1 receptors by reducing enthalpy- and entropy-dependent binding
forces, respectively. These results suggest that Lys179ECL2 and Lys1915.39 differentially contribute to
the increased binding affinity to bilastine via electrostatic and hydrophobic binding forces.
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1. Introduction

It is known that Gq/11-protein-coupled H1 receptors are involved in mediating allergic
and inflammatory responses in peripheral tissues and the state of arousal in the central
nervous system [1–8]. Various first- and second-generation antihistamines have been
developed for the treatment of type I hypersensitivity, such as allergic rhinitis [9–13].
Some second-generation antihistamines have zwitterionic properties owing to the presence
of carboxyl groups, which help reduce their side effects such as sedation and impaired
performance resulting from the blockade of H1 receptors in the central nervous system
via their penetration into the brain through the blood–brain barrier. Bilastine (Figure 1), a
zwitterionic second-generation antihistamine, has non-sedative properties as well as an
increased selectivity for H1 receptors than first-generation antihistamines [13–19].

The human H1 receptor possesses Asp1073.32 (superscripts indicate Ballesteros-Weinstein
numbering [20]), a highly conserved amino acid in aminergic G protein-coupled receptors,
deep in the ligand-binding pocket, whereas Lys179ECL2 and Lys1915.39, located at the
entrance of the ligand-binding pocket, are anion-binding sites unique to the H1 receptor
(Figure 2a) [21]. Ligand-receptor docking simulations based on the crystal structure of
human H1 receptor indicated that the carboxyl group of second-generation antihistamines,
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such as olopatadine, levocetirizine, fexofenadine, and acrivastine, appeared to form a
salt bridge with Lys179ECL2 and/or Lys1915.39. This bridge might have contributed to the
increased selectivity of carboxylated second-generation antihistamines for H1 receptors [21].
Accordingly, the electrostatic interaction of bilastine with Lys179ECL2 and/or Lys1915.39

may be important in the determination of its binding affinity for H1 receptors.
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Figure 1. Chemical structure of bilastine. Bilastine is a zwitterionic second-generation antihista-
mine containing a carboxyl group that contributes to its non-sedative properties as well as an in-
creased selectivity for H1 receptors. 

The human H1 receptor possesses Asp1073.32 (superscripts indicate Ballesteros-Wein-
stein numbering [20]), a highly conserved amino acid in aminergic G protein-coupled re-
ceptors, deep in the ligand-binding pocket, whereas Lys179ECL2 and Lys1915.39, located at 
the entrance of the ligand-binding pocket, are anion-binding sites unique to the H1 recep-
tor (Figure 2a) [21]. Ligand-receptor docking simulations based on the crystal structure of 
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form a salt bridge with Lys179ECL2 and/or Lys1915.39. This bridge might have contributed 
to the increased selectivity of carboxylated second-generation antihistamines for H1 re-
ceptors [21]. Accordingly, the electrostatic interaction of bilastine with Lys179ECL2 and/or 
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Figure 2. A schematic structure of human H1 receptor (a) and docking simulation on the binding 
of bilastine to human H1 receptor (b). (a) A schematic structure of human H1 receptor is shown 
and indicates that Asp1073.32 is a highly conserved amino acid in the aminergic G-protein-coupled 
receptors, and Lys179ECL2 and Lys1915.39 are anion-binding sites unique to the H1 receptor. Ligand-
receptor interaction is also shown to demonstrate that the binding affinity for ligands (Kd) is deter-
mined by their thermodynamic binding forces (∆G° = ∆H° − T∆S° = RTlnKd). (b) Docking simula-
tion was performed to reveal the final position of bilastine binding to human H1 receptor as de-
scribed in the materials and methods section. The amino group of bilastine appeared to interact 
with Asp1073.32, and the carboxyl group of bilastine appeared to interact with Lys179ECL2 and 
Lys1915.39. Atoms of nitrogen, oxygen, carbon, and hydrogen are shown in blue, red, gray, and 
white, respectively. The distances between key atoms of bilastine and amino acid residues are also 
shown. 
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Figure 1. Chemical structure of bilastine. Bilastine is a zwitterionic second-generation antihistamine
containing a carboxyl group that contributes to its non-sedative properties as well as an increased
selectivity for H1 receptors.
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Figure 2. A schematic structure of human H1 receptor (a) and docking simulation on the binding of
bilastine to human H1 receptor (b). (a) A schematic structure of human H1 receptor is shown and indi-
cates that Asp1073.32 is a highly conserved amino acid in the aminergic G-protein-coupled receptors,
and Lys179ECL2 and Lys1915.39 are anion-binding sites unique to the H1 receptor. Ligand-receptor
interaction is also shown to demonstrate that the binding affinity for ligands (Kd) is determined by
their thermodynamic binding forces (∆G◦ = ∆H◦ − T∆S◦ = RTlnKd). (b) Docking simulation was
performed to reveal the final position of bilastine binding to human H1 receptor as described in the
materials and methods section. The amino group of bilastine appeared to interact with Asp1073.32,
and the carboxyl group of bilastine appeared to interact with Lys179ECL2 and Lys1915.39. Atoms of
nitrogen, oxygen, carbon, and hydrogen are shown in blue, red, gray, and white, respectively. The
distances between key atoms of bilastine and amino acid residues are also shown.

The binding affinity (Kd) of ligands is determined by the thermodynamic binding forces
of ligands, and these are the binding enthalpy (∆H◦) and entropy (∆S◦) (Figure 2a) [22–27].
∆H◦ is usually associated with binding forces via the formation of new bonds between
receptors and ligands, such as electrostatic interaction via salt bridges, hydrogen bonds and
van der Waals interactions, whereas ∆S◦ is usually characterized by binding forces via the
displacement of ordered water molecules coupled with the formation of new hydrophobic
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interactions [22–30]. Thus, thermodynamic analyses provide important information for
evaluating the electrostatic and hydrophobic binding of bilastine with H1 receptors. In this
study, we examined how Lys179ECL2 and Lys1915.39 might increase the electrostatic and
hydrophobic binding of bilastine with H1 receptors through the mutation of Lys179ECL2

and/or Lys1915.39 to alanine.

2. Results and Discussion
2.1. Docking Simulation on the Binding of Bilastine to H1 Receptor

Docking simulation was performed to simply estimate the configuration of bilastine at
the ligand-binding pocket of human H1 receptors (Figure 2b). We found that the carboxyl
group of bilastine was located between Lys179ECL2 and Lys1915.39 and that the amino
group of bilastine was close to Asp1073.32. The oxygen atom of the carboxyl group of
bilastine appeared to be closer to the nitrogen atom of Lys179 (3.6 Å) than that of Lys191
(4.3 Å). Since the docking simulation could not exactly predict roles of Lys179ECL2 and
Lys1915.39 in regulating the binding affinity of bilastine, we then performed receptor
binding experiments using [3H] mepyramine, a radioligand for H1 receptors, to evaluate
actual roles of Lys179ECL2 and Lys1915.39 in regulating the binding affinity of bilastine via
its thermodynamic binding forces.

2.2. Roles of Lys179ECL2 and Lys1915.39 in the Binding Affinity for Bilastine

To evaluate changes in the binding affinity of bilastine for H1 receptors by mutations
of Lys179ECL2 and/or Lys1915.39, the IC50 for bilastine was first obtained from the displace-
ment curves for the binding of 3 nM [3H] mepyramine to membrane preparations of CHO
cells expressing wild-type human H1 receptors (WT), Lys179ECL2 or Lys1915.39 mutants of
WT to alanine (K179A and K191A), and both Lys179ECL2 and Lys1915.39 mutants of WT to
alanine (K179A + K191A) at 4 ◦C–37 ◦C (Figure 3). The Ki values for bilastine were then
calculated from the IC50, as described in the materials and methods section.

Figure 4 shows the lnKi values of bilastine and their corresponding ∆G◦ values
(∆G◦ = RTlnKi) for WT, K179A, K191A, and K179A + K191A at a standard tempera-
ture of 25 ◦C (298.15 K). The Ki values of bilastine were 1.92 ± 0.08 nM for WT (n = 4),
5.20 ± 1.18 nM for K179A (n = 7), 2.57 ± 0.16 nM for K191A (n = 4), and 7.96 ± 0.76 nM for
K179A + K191A (n = 4). Thus, the affinity of bilastine for H1 receptors was significantly
reduced by approximately 1.3 to 4.1 times following the mutation of Lys179ECL2 and/or
Lys1915.39. These results suggest that Lys179ECL2 and Lys1915.39 contribute to the increased
affinity for bilastine.
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of 4–7 independent experiments determined in quadruplicates. The lines are the best-fit curves to 
a one-site model. 

Figure 4 shows the lnKi values of bilastine and their corresponding ∆G° values (∆G° 
= RTlnKi) for WT, K179A, K191A, and K179A + K191A at a standard temperature of 25 °C 
(298.15 K). The Ki values of bilastine were 1.92 ± 0.08 nM for WT (n = 4), 5.20 ± 1.18 nM for 
K179A (n = 7), 2.57 ± 0.16 nM for K191A (n = 4), and 7.96 ± 0.76 nM for K179A + K191A (n 
= 4). Thus, the affinity of bilastine for H1 receptors was significantly reduced by approxi-
mately 1.3 to 4.1 times following the mutation of Lys179ECL2 and/or Lys1915.39. These results 
suggest that Lys179ECL2 and Lys1915.39 contribute to the increased affinity for bilastine. 

 
Figure 4. Changes in the values of ∆G° and lnKi of bilastine by mutations in Lys179ECL2 and/or 
Lys1915.39. Scatter plots of values of ∆G° versus lnKi of bilastine for WT, K179A, K191A, and K179A 
+ K191A are shown, in which ∆G° values were calculated according to the equation, ∆G° = RTlnKi, 
at a standard temperature of 25 °C (298.15 K). Increases in values of ∆G° and lnKi represent reduc-
tions in the affinities for bilastine by mutations of Lys179ECL2 and/or Lys1915.39. * p < 0.05, ** p < 0.01; 
compared to the values for WT. 

Figure 3. Displacement curves for bilastine against the binding of [3H] mepyramine to WT (a),
K179A (b), K191A (c), and K179A + K191A (d). The binding of 3 nM [3H]mepyramine to membranes
containing WT (a), K179A (b), K191A (c), and K179A + K191A (d) in the presence or absence of
various concentrations of bilastine was measured at 4 ◦C (open circles), 14 ◦C (closed circles), 25 ◦C
(open triangles), and 37 ◦C (closed triangles), as described in materials and methods section. The data
points are the percentages of bound [3H] mepyramine, with 100% as 3 nM [3H] mepyramine binding
in the absence of bilastine. Data represent mean ± standard errors of means of 4–7 independent
experiments determined in quadruplicates. The lines are the best-fit curves to a one-site model.
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Figure 4. Changes in the values of ∆G◦ and lnKi of bilastine by mutations in Lys179ECL2 and/or
Lys1915.39. Scatter plots of values of ∆G◦ versus lnKi of bilastine for WT, K179A, K191A, and K179A
+ K191A are shown, in which ∆G◦ values were calculated according to the equation, ∆G◦ = RTlnKi, at
a standard temperature of 25 ◦C (298.15 K). Increases in values of ∆G◦ and lnKi represent reductions
in the affinities for bilastine by mutations of Lys179ECL2 and/or Lys1915.39. * p < 0.05, ** p < 0.01;
compared to the values for WT.

2.3. Roles of Lys179ECL2 and Lys1915.39 in Thermodynamic Binding Forces of Bilastine

Figure 5a shows the van ’t Hoff plots used to determine the thermodynamic binding
forces of bilastine according to the equation, lnKi = ∆H◦/RT − ∆S◦/R. Figure 5b shows
scatter plots of values of −T∆S◦ versus ∆H◦ for bilastine obtained from the van ’t Hoff plots.
In the binding of bilastine to WT (Figure 5b; WT), negative values of ∆G◦ (= ∆H◦ − T∆S◦)
for bilastine were obtained by the binding enthalpy (∆H◦) and more dominantly the
binding entropy (−T∆S◦). These results are consistent with our previous findings that
entropy-dependent binding forces of second-generation antihistamines were significantly
higher than those of first-generation antihistamines [25].



Int. J. Mol. Sci. 2021, 22, 1655 5 of 8

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 8 
 

 

2.3. Roles of Lys179ECL2 and Lys1915.39 in Thermodynamic Binding Forces of Bilastine 
Figure 5a shows the van ’t Hoff plots used to determine the thermodynamic binding 

forces of bilastine according to the equation, lnKi = ∆H°/RT − ∆S°/R. Figure 5b shows scat-
ter plots of values of -T∆S° versus ∆H° for bilastine obtained from the van ’t Hoff plots. In 
the binding of bilastine to WT (Figure 5b; WT), negative values of ∆G° (= ∆H° − T∆S°) for 
bilastine were obtained by the binding enthalpy (∆H°) and more dominantly the binding 
entropy (-T∆S°). These results are consistent with our previous findings that entropy-de-
pendent binding forces of second-generation antihistamines were significantly higher 
than those of first-generation antihistamines [25]. 

(a) (b) 

Figure 5. Changes in the thermodynamic binding forces of bilastine by mutations of Lys179ECL2 
and/or Lys1915.39. (a) van ‘t Hoff plots for bilastine: according to the van ‘t Hoff equation, lnKi = 
∆H°/RT − ∆S°/R, the slope and intercept of the vertical axis represent ∆H°/R and −∆S°/R, respec-
tively. (b) Scatter plots of values of −T∆S° versus ∆H°: compounds with a negative value of ∆H° 
and positive value of −T∆S° are classified as enthalpy driven (H driven); conversely, compounds 
with a positive value of ∆H° and negative value of −T∆S° are classified as entropy driven (S 
driven). Compounds with negative values of ∆H° and −T∆S° are classified as enthalpy and en-
tropy driven (H&S driven). Reductions in values of ∆H° and −T∆S° reveal increases in the binding 
forces of ligands mediated by enthalpy and entropy, respectively. The arrow indicates changes 
induced by the mutation of Lys191 to alanine. 

The mutation of Lys179ECL2 to alanine (Figure 5b; K179A) led to a reduction in the 
enthalpy-dependent binding forces (∆H°) of bilastine by 1.9 kJ/mol although not signifi-
cantly. This might explain the reduction in the affinity of bilastine by the mutation of 
Lys179ECL2 to alanine. Thus, Lys179ECL2 may have played a role in maintaining the electro-
static binding forces of bilastine. 

The mutation of Lys1915.39 to alanine (Figure 5b; K191A) led to a marked change in 
the binding enthalpy and entropy of bilastine compared with the expected. The entropy-
dependent binding forces (-T∆S°) of bilastine were significantly reduced by 8.2 kJ/mol, 
which may explain the reduced affinity of bilastine following mutation. Thus, Lys1915.39 
may play a crucial role in maintaining the hydrophobic binding forces of bilastine. Con-
versely, enthalpy-dependent binding forces (∆H°) of bilastine were significantly increased 
by 8.1 kJ/mol due to the mutation of Lys1915.39. Thus, Lys1915.39 may play an inhibitory 
role in the electrostatic binding of bilastine. These results are in agreement with our find-
ings that Lys1915.39 might not necessarily contribute to electrostatic binding forces of car-
boxylated antihistamines such as levocetirizine [26]. It should be noted that Lys179ECL2 
and Lys1915.39 differentially regulated the enthalpy- and entropy-dependent binding 
forces of bilastine. 

Figure 5. Changes in the thermodynamic binding forces of bilastine by mutations of Lys179ECL2

and/or Lys1915.39. (a) van ‘t Hoff plots for bilastine: according to the van ‘t Hoff equation, lnKi

= ∆H◦/RT − ∆S◦/R, the slope and intercept of the vertical axis represent ∆H◦/R and −∆S◦/R,
respectively. (b) Scatter plots of values of −T∆S◦ versus ∆H◦: compounds with a negative value of
∆H◦ and positive value of −T∆S◦ are classified as enthalpy driven (H driven); conversely, compounds
with a positive value of ∆H◦ and negative value of −T∆S◦ are classified as entropy driven (S driven).
Compounds with negative values of ∆H◦ and −T∆S◦ are classified as enthalpy and entropy driven
(H&S driven). Reductions in values of ∆H◦ and −T∆S◦ reveal increases in the binding forces of
ligands mediated by enthalpy and entropy, respectively. The arrow indicates changes induced by the
mutation of Lys191 to alanine.

The mutation of Lys179ECL2 to alanine (Figure 5b; K179A) led to a reduction in
the enthalpy-dependent binding forces (∆H◦) of bilastine by 1.9 kJ/mol although not
significantly. This might explain the reduction in the affinity of bilastine by the mutation
of Lys179ECL2 to alanine. Thus, Lys179ECL2 may have played a role in maintaining the
electrostatic binding forces of bilastine.

The mutation of Lys1915.39 to alanine (Figure 5b; K191A) led to a marked change in
the binding enthalpy and entropy of bilastine compared with the expected. The entropy-
dependent binding forces (−T∆S◦) of bilastine were significantly reduced by 8.2 kJ/mol,
which may explain the reduced affinity of bilastine following mutation. Thus, Lys1915.39

may play a crucial role in maintaining the hydrophobic binding forces of bilastine. Con-
versely, enthalpy-dependent binding forces (∆H◦) of bilastine were significantly increased
by 8.1 kJ/mol due to the mutation of Lys1915.39. Thus, Lys1915.39 may play an inhibitory
role in the electrostatic binding of bilastine. These results are in agreement with our
findings that Lys1915.39 might not necessarily contribute to electrostatic binding forces of
carboxylated antihistamines such as levocetirizine [26]. It should be noted that Lys179ECL2

and Lys1915.39 differentially regulated the enthalpy- and entropy-dependent binding forces
of bilastine.

The mutation of both Lys179ECL2 and Lys1915.39 to alanine led to a reduction in the
entropy-dependent binding forces (−T∆S◦) of bilastine by 2.2 kJ/mol although not signifi-
cantly, which might explain the reduction in the affinity of bilastine. It is most likely that
Lys179ECL2 and Lys1915.39 interacted with bilastine at the entrance of the ligand-binding
pocket of H1 receptors to increase the binding affinity of bilastine via electrostatic and
hydrophobic interactions, as it is assumed that ligands may interact with both positively
and negatively charged regions as well as hydrophobic transmembrane domains of the
receptor before reaching the final position in the ligand-binding pocket [27].

In conclusion, the study revealed that the binding of bilastine to H1 receptors occurred
by the binding enthalpy (∆H◦) and the binding entropy (−T∆S◦) and that Lys179ECL2
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and Lys1915.39 play a differential role in regulating the thermodynamic binding forces
of bilastine. These findings provide further insight into the mechanisms by which the
affinities of ligands for their receptors are individually regulated by electrostatic and
hydrophobic interactions.

3. Materials and Methods
3.1. Materials

[Pyridinyl-5-3H]-mepyramine was purchased from PerkinElmer (Waltham, MA, USA).
Bilastine was purchased from Tokyo Chemical Industry (Tokyo, Japan). Chinese hamster
ovary cells (CHO-K1: RCB0285, RRID: CVCL_0214) were purchased from the RIKEN Biore-
source Center (Tsukuba, Ibaraki, Japan). The expression vectors (3×HA hH1R/pcDNA3.1(+))
for human H1 receptors tagged with three molecules of hemagglutinin (YPYDVPDYA) at
the N terminus were purchased from the Missouri S&T cDNA Resource Center (Rolla, MO,
USA). Other materials were purchased from Sigma-Aldrich (Tokyo, Japan).

3.2. Docking Simulation on the Binding of Bilastine to Human H1 Receptor

A docking engine, Sievgene, implemented in MyPresto5.0 (N2PC, Tokyo, Japan) [31]
was used in for the present study under the following settings: Flexible ligand, rigid protein,
and no water molecule. The docking score was a modified version of the multiple active
site correction score [32]. The ligand binding site was indicated by a set of reference points,
which were the atom coordinates of the ligand in the target protein-ligand complex. The
ligand atoms were superposed to the binding site using the geometric hashing method [33]
and the optimal complex structure was obtained by using the steepest decent algorithm
with the AMBER-type molecular force field. The interactions that accounted for this method
were van der Waals, Coulomb, hydrogen bond, and hydrophobic interactions. In this study,
the target protein model was generated from the crystal structure of the human H1 receptor
(PDB:3RZE) [21]. Docking calculations were performed by placing bilastine in a random
position within 6.5Å from the binding site and optimizing the steepest descent algorithm.

3.3. Measurement of [3H]Mepyramine Binding to Membrane Preparations

CHO cells stably expressing WT, K179A, K191A, and K179A + K191A were cultured,
and membrane preparations were obtained as described previously [25–27]. The receptor
binding assay with [3H] mepyramine, a radioligand for H1 receptors, was performed in
accordance with the methods described previously [25–27]. Briefly, aliquots (0.1 mL) of
membrane preparations (approximately 50 µg of membrane proteins) were incubated with
3 nM [3H] mepyramine in the presence or absence of various concentrations of bilastine for
3 h at 37 ◦C, 24 h at 25 ◦C and 14 ◦C, and 7 days at 4 ◦C in normal HEPES buffer (NaCl,
120 mM; KCl, 5.4 mM; MgCl2, 1.6 mM; CaCl2, 1.8 mM, D-glucose, 11 mM; and HEPES,
25 mM; pH 7.4 at 37 ◦C; final volume 1 mL). The reaction mixture was filtered through glass
fiber filters, and the radioactivity trapped on the filters was determined by scintillation
counting. All determinations were made in quadruplicate. The protein content in the
membrane preparations was determined using a BCA protein assay kit (Pierce, Rockford,
IL, USA).

3.4. Data Analyses

All data were presented as means ± standard errors of means of at least three measure-
ments performed in quadruplicate. Statistical significance was evaluated using Student’s
t-test or analysis of variance with Bonferroni correction. Results with a value of p < 0.05
were considered significant.

The IC50 for bilastine was determined by fitting the displacement curves to the one-site
model (KaleidaGraph; Synergy Software, Reading, PA, USA):

B = 100 − P × C/(C + IC50)
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where B is the amount of [3H] mepyramine bound, C is the free concentration of bilastine,
and P is the percentage of the binding sites of bilastine.

The Ki values for bilastine were estimated from the Cheng and Prusoff equation, as
follows [25–27,34]:

Ki = IC50/(C/Kd + 1)

where Ki is the dissociation constant for bilastine, C is the free concentration of [3H]
mepyramine, and Kd is the dissociation constant for [3H] mepyramine.

Author Contributions: Conceptualization, S.H.; investigation, H.A. and M.S.; writing—original
draft preparation, H.A. and M.S.; writing—review and editing, S.H.; supervision, S.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by KAKENHI (No. 23590119) from the Japan Society
for the Promotion of Science (JSPS).

Institutional Review Board Statement: The experimental protocols of this research were approved
by the Institutional Safety Committee for Recombinant DNA Experiments, Meiji Pharmaceutical
University (No. 1209).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We greatly appreciate the technical assistance provided by Chizuru Akatsu,
Chihiro Kobayashi, Airi Tanaka, and Tomomi Yasuda.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CHO Chinese hamster ovary
K179A Lys179 mutant of H1 receptor to alanine
K191A Lys191 mutant of H1 receptor to alanine
K179A + K191A Both Lys179 and Lys191 mutant of H1 receptor to alanine
WT Wild-type H1 receptor

References
1. Hill, S.J. Distribution, properties, and functional characteristics of three classes of histamine receptor. Pharmacol. Rev. 1990,

42, 45–83. [PubMed]
2. Hill, S.J.; Ganellin, C.R.; Timmerman, H.; Schwartz, J.C.; Shankley, N.P.; Young, J.M.; Schunack, W.; Levi, R.; Haas, H.L.

International Union of Pharmacology. XIII. Classification of histamine receptors. Pharmacol. Rev. 1997, 49, 253–278. [PubMed]
3. Smit, M.J.; Hoffmann, M.; Timmerman, H.; Leurs, R. Molecular properties and signalling pathways of the histamine H1 receptor.

Clin. Exp. Allergy 1999, 29 (Suppl. 3), 19–28. [CrossRef] [PubMed]
4. Bakker, R.A.; Timmerman, H.; Leurs, R. Histamine receptors: Specific ligands, receptor biochemistry, and signal transduction.

Clin. Allergy Immunol. 2002, 17, 27–64.
5. Yanai, K.; Tashiro, M. The physiological and pathophysiological roles of neuronal histamine: An insight from human positron

emission tomography studies. Pharmacol. Ther. 2007, 113, 1–15. [CrossRef]
6. Haas, H.L.; Sergeeva, O.A.; Selbach, O. Histamine in the nervous system. Physiol. Rev. 2008, 88, 1183–1241. [CrossRef]
7. Sadek, B.; Stark, H. Cherry-picked ligands at histamine receptor subtypes. Neuropharmacology 2016, 106, 56–73. [CrossRef]
8. Tiligada, E.; Ennis, M. Histamine pharmacology: From Sir Henry Dale to the 21st century. Br. J. Pharmacol. 2020, 177, 469–489.

[CrossRef] [PubMed]
9. Holgate, S.T.; Canonica, G.W.; Simons, F.E.; Taglialatela, M.; Tharp, M.; Timmerman, H.; Yanai, K. Consensus group on

new-generation antihistamines (CONGA): Present status and recommendations. Clin. Exp. Allergy 2003, 33, 1305–1324. [CrossRef]
10. Kalpaklioglu, F.; Baccioglu, A. Efficacy and safety of H1-antihistamines: An update. Antiinflamm. Antiallergy Agents Med. Chem.

2012, 11, 230–237. [CrossRef]
11. Yanai, K.; Yoshikawa, T.; Yanai, A.; Nakamura, T.; Iida, T.; Leurs, R.; Tashiro, M. The clinical pharmacology of non-sedating

antihistamines. Pharmacol. Ther. 2017, 178, 148–156. [CrossRef]
12. Church, M.K. Allergy, histamine and antihistamines. Handb. Exp. Pharmacol. 2017, 241, 321–331. [PubMed]
13. Kawauchi, H.; Yanai, K.; Wang, D.Y.; Itahashi, K.; Okubo, K. Antihistamines for Allergic Rhinitis Treatment from the Viewpoint of

Nonsedative Properties. Int. J. Mol. Sci. 2019, 20, 213. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/2164693
http://www.ncbi.nlm.nih.gov/pubmed/9311023
http://doi.org/10.1046/j.1365-2222.1999.00007.x-i1
http://www.ncbi.nlm.nih.gov/pubmed/10444208
http://doi.org/10.1016/j.pharmthera.2006.06.008
http://doi.org/10.1152/physrev.00043.2007
http://doi.org/10.1016/j.neuropharm.2015.11.005
http://doi.org/10.1111/bph.14524
http://www.ncbi.nlm.nih.gov/pubmed/30341770
http://doi.org/10.1046/j.1365-2222.2003.01769.x
http://doi.org/10.2174/1871523011202030230
http://doi.org/10.1016/j.pharmthera.2017.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28101683
http://doi.org/10.3390/ijms20010213


Int. J. Mol. Sci. 2021, 22, 1655 8 of 8

14. Farré, M.; Pérez-Mañá, C.; Papaseit, E.; Menoyo, E.; Pérez, M.; Martin, S.; Bullich, S.; Rojas, S.; Herance, J.R.; Corcóstegui, R.;
et al. Preclinical pharmacology of bilastine, a new selective histamine H1 receptor antagonist: Receptor selectivity and in vitro
antihistaminic activity. Drugs R. D. 2005, 6, 371–384.

15. Church, M.K. Safety and efficacy of bilastine: A new H1-antihistamine for the treatment of allergic rhinoconjunctivitis and
urticaria. Expert Opin. Drug Saf. 2011, 10, 779–793. [CrossRef]

16. Farré, M.; Pérez-Mañá, C.; Papaseit, E.; Menoyo, E.; Pérez, M.; Martin, S.; Bullich, S.; Rojas, S.; Herance, J.R.; Trampal, C.; et al.
Bilastine vs. hydroxyzine: Occupation of brain histamine H1-receptors evaluated by positron emission tomography in healthy
volunteers. Br. J. Clin. Pharmacol. 2014, 78, 970–980.

17. Wang, X.Y.; Lim-Jurado, M.; Prepageran, N.; Tantilipikorn, P.; Wang de, Y. Treatment of allergic rhinitis and urticaria: A review of
the newest antihistamine drug bilastine. Ther. Clin. Risk Manag. 2016, 12, 585–597. [CrossRef]

18. Bosma, R.; van den Bor, J.; Vischer, H.F.; Labeaga, L.; Leurs, R. The long duration of action of the second generation antihistamine
bilastine coincides with its long residence time at the histamine H1 receptor. Eur. J. Pharmacol. 2018, 838, 107–111. [CrossRef]

19. Mizuguchi, H.; Wakugawa, T.; Sadakata, H.; Kamimura, S.; Takemoto, M.; Nakagawa, T.; Yabumoto, M.; Kitamura, Y.; Takeda, N.;
Fukui, H. Elucidation of Inverse Agonist Activity of Bilastine. Pharmaceutics 2020, 12, 525. [CrossRef] [PubMed]

20. Ballesteros, J.A.; Weinstein, H. Integrated methods for the construction of three-dimensional models and computational probing
of structure-function relations in G protein-coupled receptors. Methods Neurosci. 1995, 25, 366–428.

21. Shimamura, T.; Shiroishi, M.; Weyand, S.; Tsujimoto, H.; Winter, G.; Katritch, V.; Abagyan, R.; Cherezov, V.; Liu, W.; Han, G.W.;
et al. Structure of the human histamine H1 receptor complex with doxepin. Nature 2011, 475, 65–70. [CrossRef]

22. Hitzemann, R. Thermodynamics aspects of drug–receptor interactions. Trends Pharm. Sci. 1988, 9, 408–411. [CrossRef]
23. Borea, P.A.; Dalpiaz, A.; Varani, K.; Gilli, P.; Gilli, G. Can thermodynamic measurements of receptor binding yield information on

drug affinity and efficacy? Biochem. Pharmacol. 2000, 60, 1549–1556. [CrossRef]
24. Wittmann, H.J.; Seifert, R.; Strasser, A. Contribution of binding enthalpy and entropy to affinity of antagonist and agonist binding

at human and guinea pig histamine H1-receptor. Mol. Pharmacol. 2009, 76, 25–37. [CrossRef]
25. Hishinuma, S.; Sugawara, K.; Uesawa, Y.; Fukui, H.; Shoji, M. Differential thermodynamic driving force of first- and second-

generation antihistamines to determine their binding affinity for human H1 receptors. Biochem. Pharmacol. 2014, 91, 231–241.
[CrossRef] [PubMed]

26. Hishinuma, S.; Tamura, Y.; Kobayashi, C.; Akatsu, C.; Shoji, M. Differential regulation of thermodynamic binding forces of
levocetirizine and (S)-cetirizine by Lys191 in human histamine H1 receptors. Int. J. Mol. Sci. 2018, 19, 4067. [CrossRef]

27. Kobayashi, C.; Tanaka, A.; Yasuda, T.; Hishinuma, S. Roles of Lys191 and Lys179 in regulating thermodynamic binding forces
of ligands to determine their binding affinity for human histamine H1 receptors. Biochem. Pharmacol. 2020, 180, 114185.
[CrossRef] [PubMed]

28. Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 2005, 437, 640–647. [CrossRef]
29. Gilman-Politi, R.; Harries, D. Unraveling the Molecular Mechanism of Enthalpy Driven Peptide Folding by Polyol Osmolytes.

J. Chem. Theory Comput. 2011, 7, 3816–3828. [CrossRef] [PubMed]
30. Schauperl, M.; Podewitz, M.; Waldner, B.J.; Liedl, K.R. Enthalpic and Entropic Contributions to Hydrophobicity. J. Chem. Theory Comput.

2016, 12, 4600–4610. [CrossRef]
31. Fukunishi, Y.; Mikami, Y.; Nakamura„ H. Similarities among receptor pockets and among compounds: Analysis and application

to in silico ligand screening. J. Mol. Graph. Model. 2005, 24, 34–45. [CrossRef] [PubMed]
32. Vigers, G.P.; Rizzi, J.P. Multiple active site corrections for docking and virtual screening. J. Med. Chem. 2004, 47, 80–89.

[CrossRef] [PubMed]
33. Lamdan, Y.; Schwartz, J.; Wolfson, H. Affine invariant model-based object recognition. IEEE Trans. Robot. Automat. 1990,

6, 578–589. [CrossRef]
34. Chen, Y.; Prusoff, W.H. Relationship between the inhibition constant (K1) and the concentration of inhibitor which causes 50 per

cent inhibition (I50) of an enzymatic reaction. Biochem. Pharmacol. 1973, 22, 3099–3108.

http://doi.org/10.1517/14740338.2011.604029
http://doi.org/10.2147/TCRM.S105189
http://doi.org/10.1016/j.ejphar.2018.09.011
http://doi.org/10.3390/pharmaceutics12060525
http://www.ncbi.nlm.nih.gov/pubmed/32521742
http://doi.org/10.1038/nature10236
http://doi.org/10.1016/0165-6147(88)90068-5
http://doi.org/10.1016/S0006-2952(00)00368-3
http://doi.org/10.1124/mol.109.055384
http://doi.org/10.1016/j.bcp.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25065879
http://doi.org/10.3390/ijms19124067
http://doi.org/10.1016/j.bcp.2020.114185
http://www.ncbi.nlm.nih.gov/pubmed/32738199
http://doi.org/10.1038/nature04162
http://doi.org/10.1021/ct200455n
http://www.ncbi.nlm.nih.gov/pubmed/26598272
http://doi.org/10.1021/acs.jctc.6b00422
http://doi.org/10.1016/j.jmgm.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15950507
http://doi.org/10.1021/jm030161o
http://www.ncbi.nlm.nih.gov/pubmed/14695822
http://doi.org/10.1109/70.62047

	Introduction 
	Results and Discussion 
	Docking Simulation on the Binding of Bilastine to H1 Receptor 
	Roles of Lys179ECL2 and Lys1915.39 in the Binding Affinity for Bilastine 
	Roles of Lys179ECL2 and Lys1915.39 in Thermodynamic Binding Forces of Bilastine 

	Materials and Methods 
	Materials 
	Docking Simulation on the Binding of Bilastine to Human H1 Receptor 
	Measurement of [3H]Mepyramine Binding to Membrane Preparations 
	Data Analyses 

	References

