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Abstract

Several experimental techniques to analyse histamine receptors are available,

e.g. pharmacological characterisation of known or new compounds by different

types of assays or mutagenesis studies. To obtain insights into the histamine

receptors on a molecular and structural level, crystal structures have to be

determined and molecular modelling studies have to be performed. It is widely
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accepted to generate homology models of the receptor of interest based on an

appropriate crystal structure as a template and to refine the resulting models by

molecular dynamic simulations. A lot of modelling techniques, e.g. docking,

QSAR or interaction fingerprint methods, are used to predict binding modes of

ligands and pharmacological data, e.g. affinity or even efficacy. However, within

the last years, molecular dynamic simulations got more and more important:

First of all, molecular dynamic simulations are very helpful to refine the binding

mode of a ligand to a histamine receptor, obtained by docking studies. Further-

more, with increasing computational performance it got possible to simulate

complete binding pathways of ions or ligands from the aqueous extracellular

phase into the allosteric or orthosteric binding pocket of histamine receptors.

Keywords

Histamine receptors • Homology modelling • Molecular dynamics • Molecular

modelling

Abbreviations

E2-loop Extracellular loop E2

GPCR G protein-coupled receptor

gpH1R Guinea-pig histamine H1 receptor

h5-HT1BR Human serotonine 5-HT1B receptor

h5-HT2BR Human serotonine 5-HT2B receptor

hD3R Human dopamine D3 receptor

hH1R Human histamine H1 receptor

hH2R Human histamine H2 receptor

hH3R Human histamine H3 receptor

hH4R Human histamine H4 receptor

hM2R Human muscarinic M2 receptor

hβ2R Human adrenergic β2 receptor
MD Molecular dynamics

MM Molecular mechanics

QM Quantum mechanics

QSAR Quantitative structure activity relationship

tβ1R Turkey adrenergic β1 receptor
xHxR Different species of the four histamine receptor subtypes
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1 Introduction

A large number of different experimental techniques to study histamine receptors,

or in general GPCRs, are available: Ligands for example represent an important

tool to characterise the receptors on a macroscopic level by different assays,

e.g. radioligand competition binding assay, GTPase assay, luciferase assay or

GTPγS binding assay (Seifert et al. 2013; Strasser et al. 2013; Panula et al. 2015).

Furthermore, the resulting experimental data allow to analyse the histamine

receptors also with regard to selectivity, e.g. species or subtype selectivity (Seifert

et al. 2013; Strasser et al. 2013; Panula et al. 2015). However, these methods

do not provide information about distinct ligand-receptor interactions or conforma-

tional changes of the receptor during the ligand binding or receptor activation

process on a molecular level. Therefore, mutagenesis studies in combination with

pharmacological characterisation are one important lab experimental method of

choice (Kooistra et al. 2013; Seifert et al. 2013; Strasser et al. 2013; Schneider and

Seifert 2016), because those studies give information about the influence of one or

more amino acids onto the pharmacological properties of the analysed receptor,

which have to be interpreted on a molecular level. In contrast, the determination

of crystal structures of ligand-receptor complexes gives a detailed insight into

the receptor conformation and the interactions between ligand and receptor

(Venkatakrishnan et al. 2013). Although more and more crystal structures of

aminergic GPCRs in the inactive and in the active state are available

(Venkatakrishnan et al. 2013), (http://www.rcsb.org/, access date: 16.11.2016),

this method is still limited to a small number of ligand-receptor complexes because

of the high experimental expense. This gap between the pharmacological data on

the one hand and the structural interpretation on a molecular level on the other hand

can be closed with several molecular modelling approaches, as discussed later on in

more detail. However, to improve the understanding of the histamine receptors for

example with regard to species, subtype or functional selectivity, all these lab

experimental and in silico techniques have to be used in a combined manner, as

illustrated (Fig. 1) (Strasser 2009; Munk et al. 2016). Besides molecular modelling

techniques, inclusive virtual screening methods are used for lead optimisation and

identifying new affine histamine receptor ligands (Heifetz et al. 2016b; Levoin et al.

2016). Meanwhile, databases represent an important tool to improve the research in

the GPCR field, because they provide a large amount of data, e.g. mutagenesis data,

binding data or homology models (Southan 2016).

2 Molecular Modelling Approaches for Histamine Receptors

As illustrated in Fig. 1, a large number of different molecular modelling approaches

to study GPCRs are available (Rodriguez et al. 2012; Costanzi 2013; Strasser and

Wittmann 2013; Filizola 2014; Heifetz et al. 2016a). For most of these approaches,

the structure of the GPCR is required. In the absence of X-ray structures, there were

some attempts to model GPCRs de novo or ab initio, based on the amino acid
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sequence (Filizola et al. 1999; de Graaf and Rognan 2009; Xu and Zhang 2012;

Zhang et al. 2015). Although there are promising results with regard to those

methods, they are not established so far. Nowadays it is state of the art to generate

homology models of the GPCR of interest based on an appropriate crystal structure

for the in silico analysis (de Graaf and Rognan 2009; Mobarec et al. 2009;

Yarnitzky et al. 2010; Costanzi 2012; Koehler Leman et al. 2015).

2.1 Crystal Structure of the Histamine H1 Receptor

Within the histamine receptors, only the crystal structure of the inactive human

histamine H1 receptor co-crystallised with the H1R antagonist doxepin (pdb code:

3RZE, RCSB Protein Data Bank, http://www.rcsb.org/, access date: 16.11.2016) is

available (Shiroishi and Kobayashi 2016; Shimamura et al. 2011). Thus, this crystal

structure can be used, with some refinements, for in silico studies of the interactions

between the human H1R and antagonists.

Synthesis of
ligands

Pharma-
cological

experiments

Molecular modelling approaches

Molecular
biological
methods

Ligand 
docking

Molecular
dynamics

QSAR QM/MM-
methods

Homology
modelling
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Biophysical
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Fig. 1 Combination of experimental and molecular modelling techniques to obtain more detailed

insight into the histamine receptors on a molecular level [modified according to Strasser (Strasser

2009)]
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2.2 Homology Models of Histamine Receptors

In the very beginning, homology models of histamine receptors based on the crystal

structure of bacteriorhodopsin (Henderson et al. 1990) and later on crystal

structures of bovine rhodopsin (Palczewski et al. 2000) were constructed (ter

Laak et al. 1995; Bakker et al. 2004; Strasser and Wittmann 2007). Although the

X-ray template used for homology modelling was not an aminergic GPCR, it was

possible to explain pharmacological results quite well with those models (ter Laak

et al. 1995; Bakker et al. 2004; Strasser and Wittmann 2007). However, the

determination of crystal structures of aminergic GPCRs in its inactive state, avail-

able at the RCSB Protein Data Bank (http://www.rcsb.org/, access date:

16.11.2016) (Table 1), enables more appropriate templates for homology modelling

of histamine receptors.

Furthermore, active-state homology models of HxR-G-protein complexes, as

recently described, for the hH4R-Gαβγ-complex (Geyer et al. 2016) may also be

generated, using the crystal structure of the hβ2R-Gαβγ-complex (pdb code: 3SN6)

as a template (Rasmussen et al. 2011b).

The percentage of identical amino acids for the TM domains of the human

histamine receptors and the aminergic GPCRs with a published crystal structure

is given in Table 2. The percentage of identity of the single-TM domains ranges

from ~12% up to 62%, whereas the overall identity of the TM domains ranges from

~27% up to ~42%. In general, the receptor with the highest homology to the

receptor of interest should be used as a template (Fiser 2010). However, a threshold

of at least 30% for accurate modelling of GPCRs is recommended (Fiser 2010).

Within another approach, suggested to lead to improved results, different templates

for different TM domains in homology modelling are used (Fiser 2010), even

considering conserved inter-residue interactions (Chaudhari et al. 2015).

Table 1 Crystal structures of aminergic GPCRs in its inactive state, available at the PDB Protein

Data Bank

GPCR PDB code Reference

hβ2R 2RH1, 2R4R, 2R4S, 3D4S, 3NYA,

3NY8, 3NY9, 3KJ6, 3P0G, 3PDS,

4GBR, 4LDE, 4LDL, 4LDO, 4QKX,

5D5A, 5D5B

(Cherezov et al. 2007; Rasmussen et al.

2007; Hanson et al. 2008; Bokoch et al.

2010; Wacker et al. 2010; Rasmussen

et al. 2011a; Rosenbaum et al. 2011;

Zou et al. 2012; Ring et al. 2013;

Weichert et al. 2014; Huang et al. 2016)

tβ1R 2VT4, 2YCW, 2YCX, 2YCY, 2YCZ,

2Y00, 2Y01, 2Y02, 2Y03, 2Y04,

3ZPQ, 3ZPR, 4AMI, 4AMJ, 4BVN,

4GPO, 5F8U

(Warne et al. 2008; Moukhametzianov

et al. 2011; Warne et al. 2011, 2012;

Christopher et al. 2013; Huang et al.

2013; Miller-Gallacher et al. 2014;

Leslie et al. 2015)

hD3R 3PBL (Chien et al. 2010)

h5-HT1BR 4IAQ, 4IAR (Wang et al. 2013)

h5-HT2BR 4IB4 (Wacker et al. 2013)

hM2R 3UON (Haga et al. 2012)
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However, in 2011, the crystal structure of the hH1R in the inactive state in

complex with the H1R antagonist doxepin was published (Shimamura et al. 2011).

A comparison of the homology model of hH1R, based on the crystal structure of

hβ2R with the hH1R crystal structure, showed that the homology model was in very

good accordance to the X-ray structure of the hH1R (unpublished results). Thus,

carefully generated homology models represent the possibility to obtain detailed

Table 2 Percentage of identity between the amino acids of the human histamine receptors and

aminergic GPCRs with a crystal structure published

TM tβ1R hβ2R hD3R 5-HT1BR 5-HT2BR hM2R hH1R

hH1R 1 20.0 30.0 23.3 30.0 26.7 26.7 100.0

2 36.7 33.3 40.0 40.0 43.3 40.0 100.0

3 39.4 36.4 33.3 39.4 39.4 42.4 100.0

4 25.0 29.2 25.0 25.0 25.0 33.3 100.0

5 26.5 17.6 29.4 32.4 17.6 32.4 100.0

6 51.6 48.4 32.3 54.8 32.3 32.3 100.0

7 57.1 47.6 61.9 52.4 33.3 47.6 100.0

Σ1�7 36.0 34.0 34.0 38.9 31.0 36.0 100.0

hH2R 1 33.3 26.7 33.3 26.7 26.7 26.7 33.3

2 56.7 46.7 40.0 46.7 43.3 30.0 33.3

3 48.5 42.4 60.6 48.5 48.5 42.4 36.4

4 33.3 25.0 25.0 37.5 20.8 20.8 12.5

5 32.4 38.2 29.4 29.4 26.5 26.5 29.4

6 41.9 38.7 48.4 45.2 29.0 38.7 45.2

7 61.9 38.1 57.1 47.6 42.9 42.9 52.4

Σ1�7 43.3 36.9 41.9 39.9 34.0 32.5 34.5

hH3R 1 40.0 33.3 36.7 33.3 33.3 23.3 20.0

2 30.0 23.3 33.3 33.3 36.7 40.0 26.7

3 33.3 27.3 33.3 30.3 39.4 39.4 36.4

4 25.0 25.0 33.3 29.2 20.8 45.8 33.3

5 26.5 20.6 26.5 14.7 17.6 14.7 17.6

6 35.5 32.3 22.6 25.8 22.6 29.0 35.5

7 42.9 33.3 47.6 33.3 33.3 33.3 33.3

Σ1�7 33.0 27.6 32.5 28.1 29.1 31.5 28.6

hH4R 1 33.3 40.0 26.7 30.0 30.0 20.0 16.7

2 20.0 26.7 16.7 23.3 30.0 36.7 23.3

3 36.4 36.4 39.4 39.4 39.4 45.5 39.4

4 20.8 20.8 33.3 16.7 12.5 33.3 16.7

5 14.7 8.8 20.6 17.6 17.6 20.6 20.6

6 41.9 29.0 32.3 38.7 25.8 25.8 38.7

7 33.3 38.1 38.1 33.3 38.1 38.1 38.1

Σ1–7 28.6 28.1 29.1 28.6 27.1 31.0 27.6

The percentage of identity is given for the TM domains 1 (1.30–1.59), 2 (2.38–2.67),

3 (3.22–3.54), 4 (4.39–4.62), 5 (5.35–5.68), 6 (6.30–6.60) and 7 (7.33–7.53). The overall percent-

age of identity for all seven TM domains 1–7 is summarised as Σ1–7
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insight into histamine receptors on a molecular level, if crystal structures are not yet

solved, as for H2R, H3R and H4R.

Although the transmembrane domains of GPCRs can be modelled in a good

quality, it is a challenge to model loops or termini, e.g. the E2-loop or the

N-terminus (Goldfeld et al. 2011; Arora et al. 2016). In a large number of the

crystal structures, the E2-loop and the N-terminus are not or not completely solved.

Thus, several tools have to be used to model those domains, offering a large number

of different conformations. It was shown by several mutagenesis studies in combi-

nation with pharmacological analysis that amino acids of the E2-loop have influ-

ence onto affinity, potency and efficacy of ligands at the histamine receptors (Lim

et al. 2008; Strasser et al. 2008b; Brunskole et al. 2011; Peeters et al. 2011; Wifling

et al. 2015a). Thus, the correct modelling of the E2-loop is essential for a highly

predictive homology model. However, the modelling of the loop regions, especially

the E2-loop, remains quite challenging (Goldfeld et al. 2011; Arora et al. 2016).

This is also reflected by comparison of the E2-loops of crystal structures of

aminergic GPCRs (Fig. 2). Compared to the TM domains, the parts of the

E2-loop, not being fixed by a disulphide bond, show a very high flexibility

(Fig. 2a). While there are only small differences between the transmembrane

Disulfide bridge
between

the -loop 
and

Disulfide bridge
within the -loop 

Disulfide bridge
within the -loop 

Differences
between the
positions of

the TM
domains

C

* *
tβ1R WAISALVSFLPILMHWWRAESDEARRCYNDPKCCDF--VTNRAYAIASSVVSFYVP
hβ2R WIVSGLTSFLPIQMHWYRATHQEAINCYANETCCDFF--TNQAYAIASSIVSFYVP
hD3R WVLAFAVSCPLLFGFNTTGD----------PTVCSI---SNPDFVIYSSVVSFYLP
hHT1BR WVFSISISLPPFFWRQAKAE--------EEVSECVV-NTDHILYTVYSTVGAFYFP
hHT2BR WLISIGIAIPVPIKGIETDV------DNPNNITCVLTKERFGDFMLFGSLAAFFTP
hH1R WFLSFLWVIPILGWNHFMQQ-----TSVRREDKCETDFYDVTWFKVMTAIINFYLP
hH2R WVISITLSFLSIHLGWNSRN--ETSKGNHTTSKCKV--QVNEVYGLVDGLVTFYLP
hH3R WVLAFLLYGPAILSWEYLSG-----GSSIPEGHCYAEFFYNWYFLITASTLEFFTP
hH4R WVLAFLVNGPMILVSESWKD---------EGSECEPGFFSEWYILAITSFLEFVIP

(TM3)

residue

a) b)

c)        

Fig. 2 E2-loop: (a) Flexibility, (b) differences in conformation (orange: tβ1R, red: hβ2R, blue: hD3R,

violet: h5-HT1BR, cyan: h5-HT2BR, green: hH1R) and (c) differences in the amino acid sequences
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domains, for the E2-loop very different conformations were found for the different

receptors (Fig. 2b).

Another problem in modelling of E2-loops arises from the differences in length of

the loops (Fig. 2c). However, the tβ1R and the hβ2R represent no appropriate template

for modelling of the E2-loop of the histamine receptors, because within the E2-loop of

the tβ1R and hβ2R, an additional disulphide bridge, forcing a part of the E2-loop into a
helical conformation, is present (Fig. 2b, c). Due to the lack of two additional

cysteines, this second disulphide bridge is missing in the E2-loops of the histamine

receptors (Fig. 2c). The number of amino acids between TM4 and the highly

conserved cysteine ranges from 11 to 18 in the hHxRs, but in the X-ray templates

only 10 to 12 amino acids are present. Furthermore, the number of amino acids

between the highly conserved cysteine of the E2-loop to TM5 ranges from 4 to 6 for

the hHxRs, while it ranges from 3 to 6 for the X-ray templates (Fig. 2c). The different

lengths of the E2-loops may lead to differences in the extracellular positions of TM4

and TM5, as illustrated (Fig. 2b), and have also to be considered in homology

modelling. Due to these differences not only in the chemical nature of the amino

acids itself, but also in the length of the parts of the loops, it is highly challenging to

model an appropriate conformation of the E2-loop. Furthermore, it has to be consid-

ered thatmore than one conformation of the E2-loop of the receptormay exist. Instead,

it has to be speculated that an E2-loop can exhibit different conformations, e.g. in

dependence of the ligand bound. However, the conformation of loops can be refined

Table 3 A small selection of useful databases and webservers for GPCR modelling (access date:

16.11.2016)

Name URL Comment

GPCR

network

http://gpcr.usc.edu/ News in GPCR research, especially regarding the

progress in crystallisation of a GPCR

GPCRdb http://www.gpcrdb.org Contains data (e.g. structures and mutation data)

and Web tools for GPCRs

PDB http://www.rcsb.org/ Contains data regarding experimentally

determined structures of proteins

gpDB http://biophysics.biol.uoa.

gr/gpDB/

A database of GPCRs, G proteins, effectors and

their interactions

GPCR-

OKB

http://www.gpcr-okb.org/ A database regarding GPCR oligomerisation

Clustal http://www.clustal.org A software/Web server for multiple sequence

alignment

I-

TASSER

http://zhanglab.ccmb.med.

umich.edu/I-TASSER/

Prediction of protein structures

PSIPRED http://bioinf.cs.ucl.ac.uk/

psipred

A server for prediction of protein structures

GPCR-

ModSim

http://open.gpcr-modsim.

org/

Modelling and simulation of GPCRs

GOMoDo http://molsim.sci.univr.it/

cgi-bin/cona/begin.php

A server for GPCR modelling and docking
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by molecular dynamic simulations, taking into account the surrounding water

molecules and ions, e.g. Na+ and Cl� (Arora et al. 2016).

Homology models of GPCRs can be generated manually, but meanwhile an

increased number of servers and databases (Table 3) (Rodriguez et al. 2012;

Koehler Leman et al. 2015) offer already prepared homology models or generate

homology models. But due to the problems regarding the conformations of the

loops and termini, in most cases only the TM domains are offered by servers or

databases (Rodriguez et al. 2012).

2.3 Different Modelling Techniques

2.3.1 QSAR
Quantitative structure-activity relationships (QSAR) are a method to describe the

relation between the ligand structure and the pharmacological property, e.g. affinity,

potency or even efficacy quantitatively (Verma et al. 2010; Cherkasov et al. 2014;

Damale et al. 2014). A QSAR study requires a library of ligands with high structural

similarity and which bind to the same binding site of the target. Furthermore, the

compounds of the library have to be separated into a training set and a test set. The

training set, necessary to calculate the quantitative structure-activity relationships,

should contain at least 20 or 30 compounds, with known pharmacological parameters,

e.g. affinity in the range of at least two orders of magnitude. The test set, necessary to

analyse the quality of the QSAR model, should contain at least ten compounds, with

the same pharmacological parameter, determined experimentally under the same

conditions. Of course, these requirements limit the use of QSAR methods, which

can be classified as retrospective methods. However, QSAR-based methods may

represent a fast tool to understand the biological effect of drugs or to predict pharma-

cological parameters of compounds, also in the field of histamine receptors (Strasser

2009; Istyastono et al. 2011; Sirci et al. 2012; Kooistra et al. 2014).

2.3.2 Docking
Automated docking of ligands into the binding pocket of a GPCR is a very fast

method to obtain one or more suggestions for the binding mode of a ligand

(Beuming and Sherman 2012; Sandal et al. 2013; Beuming et al. 2015; Yuriev

et al. 2015; Irwin and Shoichet 2016). Within modern docking routines rotatable

bonds of the ligand and additionally of the amino side chains of the receptor are

considered, leading to improved docking results, but also to increased computa-

tional costs. Although those methods were often successfully used to describe

ligand-receptor interactions or to obtain starting structures for MD simulations

(Strasser 2009; Schultes et al. 2013; Darras et al. 2014; Naporra et al. 2016), one

has to be aware that such methods do not consider translational or rotational

movements of the backbone. Consequently, differences in receptor conformation

in dependence of the bound ligand cannot be investigated. Furthermore, these

methods do not provide any information about the stability of the resulting

ligand-receptor complex on the time course. A large number of studies suggest
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that water molecules are present in the binding pocket, and even stabilise the

interaction between ligand and receptor (Wagner et al. 2011; Kuhne et al. 2016).

But within most docking studies, water molecules are in general not taken into

account. Thus, docking results may give a first idea about a binding mode of a

ligand, but should be refined by subsequent molecular dynamic studies, including

approximately the physiological surrounding.

2.3.3 Molecular Interaction Fingerprint Methods
Within the computer-aided development of drugs, the data processing of a large

amount of, e.g., docking results is a great challenge (Mordalski et al. 2011). To

manage those data, e.g. H-bond or aromatic interactions within reasonable time, the
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Fig. 3 Fingerprint for the binding mode of the H1R antagonist doxepin in the hH1R [modified

according to Kooistra et al. (2016)]
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structural or molecular interaction fingerprint approach was established (Deng et al.

2004; Mordalski et al. 2011; Vass et al. 2016), as shown exemplary for the binding

mode of doxepin to the hH1R (Fig. 3) (Kooistra et al. 2016). Those fingerprint

methods were shown to be helpful, e.g. in prediction of binding modes or even

functional activity (Vass et al. 2016).

2.3.4 Molecular Dynamic Simulations
A typical simulation box for a GPCR embedded in its lipid bilayer, being surrounded

by water molecules and ions in approximately physiological concentrations, contains

in general more than 50,000 sites (Fig. 4). If the Gαβγ complex is included in the

simulation, the simulation box contains more than 200,000 sites.

Although MD simulations (Dror et al. 2012; Ciancetta et al. 2015; Tautermann

et al. 2015; McRobb et al. 2016) are a very powerful and important tool to study

conformational changes of the receptor or ligand-receptor complexes, the compu-

tational time, which increases exponentially with the number of sites in the simula-

tion box, is a crucial point. The rotation around bonds takes place in the ps scale,

whereas ion transport or ligand binding is ranged in general in the ns or μs scale
(Selent et al. 2010; Dror et al. 2011; Yuan et al. 2011; Wittmann and Strasser 2015;

Thomas et al. 2016). Furthermore, protein folding or large conformational changes

within proteins are estimated to be in the ms scale.

Na+ Cl-extra-
cellular

part

extra-
cellular

part

intra-
cellular

part

intra-
cellular

part

inactive
GPCR

active
GPCR

Gα

Gβ Gγ

lipid
bilayer

lipid
bilayer

increasing size of the
simulation box and

computational costs

Fig. 4 Simulation boxes for a histamine receptor in its inactive state (left) and in its active state in
complex with the Gαβγ-subunit (right)
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Nowadays it is possible to perform MD simulations of a typical GPCR simula-

tion box (Fig. 4) up to some μs (Selent et al. 2010; Dror et al. 2011; Yuan et al.

2011; Thomas et al. 2016). Thus, it should be possible to observe conformational

changes of the ligand in the binding pocket, and furthermore the binding of water or

ions into the binding pocket or some conformational changes of the receptor.

However, due to the limitation in computational time, it is not possible up to now

to observe the whole binding process of an agonist and the subsequent activation of

the receptor.

Table 4 Comparison of the most important modelling techniques

Molecular

modelling

technique Advantages Disadvantages

QSAR – Fast

– High throughput

– A training set of at least 30 (similar)

compounds with known pharmacological

data, determined under the same

experimental conditions required, in an

affinity range of at least two orders of

magnitude

– Good predictive quality, if the

compounds are similar to the compounds of

the training set

– Considering of flexibility (receptor,

ligand) not possible

– Considering of water molecules rather

not possible

Rigid

docking

– Fast

– High throughput

– No training set required

– Flexibility of receptor and ligand in the

binding pocket not considered

– Effects of specific solvation cannot be

monitored

– Conformational changes of the receptor

cannot be considered

Flexible

docking

– No training set required

– Different minima can be

detected

– High computational costs

– Effects of specific solvation cannot be

monitored

– Conformational changes of the receptor

cannot be considered

Molecular

dynamics

– No training set required

– Conformational changes of

the ligand and receptor can be

monitored

– Water can enter into the

binding pocket

– Different minima can be

deduced

– Monitoring the time-

dependent evolution of the

system

– High up to very high computational costs

in dependence of the simulation time

– Small throughput

– Breaking/forming of bonds is not possible

QM or QM/

MM methods

– Breaking/forming of bonds is

possible

– Very high computational costs

– Small throughput
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2.3.5 Semi-empirical Calculations, Ab Initio Methods, QM/MM
Methods

Although molecular dynamics simulations are an important tool to study histamine

receptors in dependence of time, it is not possible to monitor breaking or forming of

bonds. Due to the high computational costs, linked with quantum mechanical

methods, e.g. semi-empirical calculations or ab initio calculations, such calculations

are rarely performed in the field of histamine receptors (Kovalainen et al. 2000;

Jongejan et al. 2008). An accepted alternative are combined quantum mechanical

andmolecularmechanical (QM/MM)methods: Here, only a small part of the receptor,

e.g. the binding pocket with bound ligand, is investigated on a quantum mechanical

basis, whereas the remaining larger part of the system (receptor, surrounding) is

investigated on a molecular mechanical basis.

2.3.6 Comparison of Different Modelling Techniques in the Histamine
Receptor Research

As described above, a lot of different molecular modelling techniques to analyse

histamine receptors on a molecular level are available (Table 4). QSAR or docking

methods are quite fast with low computational costs, compared to quantum

mechanical calculations or simulations. On the other hand, MD simulations allow

to analyse a wide area of the conformational space of histamine receptors. To solve

a distinct modelling problem, a skilful combination of stationary (QSAR, docking)

and dynamic (MD) methods is essential.

3 Comparison of the Orthosteric and the Allosteric Binding
Site of the Four Human Histamine Receptor Subtypes
Based on the Amino Acid Sequence

The analysis of the amino acid sequence alignment of the four human histamine

receptor subtypes (Seifert et al. 2013; Strasser et al. 2013) shows a homology within

the TM helices between ~27 and ~54%. The largest homology is found between the

hH3R and hH4R, while the smallest homology is found between hH1R and hH4R as

well as between hH2R and hH4R.

However, the differences in pharmacological profiles of several ligands between

the four histamine receptor subtypes are in general not a consequence of the overall

differences in the amino acid sequence, but rather of the differences in amino acids

of the binding pocket. Based on several crystal structures of aminergic GPCRs with

a bound ligand (see Sect. 2.2), the orthosteric binding pocket is known quite well.

However, to obtain information if a distinct amino acid is directly or indirectly

involved in ligand binding, experimental mutagenesis studies with subsequent

pharmacological investigation are performed. These experimental data provide

an important input for molecular modelling studies, e.g. for refinement of pre-

sent models. Hundreds of mutations were analysed within the subfamily of

aminergic GPCRs (http://www.gpcrdb.org, access date: 16.11.2016). However,

also at histamine receptors, a large number of mutagenesis studies were performed

Molecular Modelling Approaches for the Analysis of Histamine Receptors and. . .

http://www.gpcrdb.org


(http://www.gpcrdb.org, access date: 16.11.2016) (Kooistra et al. 2013; Strasser

et al. 2013). But not all amino acids are involved in the ligand binding. Only those

amino acids close to the orthosteric (Fig. 5) binding site may have an influence on

ligand binding.

The most important amino acids of the transmembrane domains, shown to be

involved in ligand binding at the histamine receptors, are summarised in Fig. 6.

A comparison of the percentage of identical amino acids of the orthosteric binding

site, suggested being involved in ligand binding, shows the highest homology of 69.2%

for the hH3R–hH4R. All other pairs have a clearly smaller homology in the range from

30.8 to 38.5%. This explains that a large number of ligands, e.g. thioperamide or

UR-PI294 (N1-[3-(1H-imidazol-4-yl)propyl]-N2-propionylguanidine), have affinity to

hH3R and hH4R (Seifert et al. 2013). Additionally, the extracellular domains have

influence on affinity, potency and efficacy for selected ligands, as shown, e.g., for the

H4R (Brunskole et al. 2011; Wifling et al. 2015b). As already mentioned, the extracel-

lular domains, especially the E2-loop, show a very high flexibility. Thus, the prediction

of amino acids of the extracellular domains being involved in ligand binding is quite a

challenge (Goldfeld et al. 2011; Arora et al. 2016). Even if the influence is known by a

combination of experimental mutagenesis and pharmacological studies, it is often not

possible to explain the pharmacological data in a satisfactory manner, especially if

extracellular domains are involved (Brunskole et al. 2011).

Asp3.32

Trp6.48

2.61

5.46

TM 5

TM 7

TM 6

I
II

Fig. 5 Schematics of the orthosteric binding site with the main pocket I and the side pocket

II. Asp3.32 and Trp6.48 are conserved within the histamine receptors; the amino acids at 2.61 and

5.46 differ between the histamine receptors and may be involved in species or subtype differences
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Besides the orthosteric ligand-binding site, the allosteric binding site near to

Asp2.50 plays an important role for the binding of Na+ or other monovalent cations,

as described in more detail in Sect. 4.6. It was shown by mutagenesis studies or

X-ray structures for several different GPCRs that the highly conserved Asp2.50 acts

as a binding site for Na+ (Katritch et al. 2014; Strasser et al. 2015). Furthermore,

within the allosteric ion-binding site, the amino acids Asp2.50, Ser3.39, Asn7.45,

Ser7.46 and Asn7.49, which are involved in binding of the Na+, are highly conserved

within class A of the GPCRs (Katritch et al. 2014; Strasser et al. 2015). These

amino acids are also present within the four human histamine receptor subtypes

(Fig. 6). However, a comparison of the most important amino acids, forming the

allosteric binding site and the channel, connecting the orthosteric and allosteric

site, shows that about 30% of the amino acids are different within the four human

histamine receptor subtypes (Fig. 6), which may explain the differences in sodium

sensitivity, e.g. between the hH3R and hH4R (Schneider et al. 2009; Schnell and

Seifert 2010).

allosteric (Na+) binding site (and channel between the orthosteric and allosteric site)

2.46 2.49 2.50 3.35 3.36 3.39 6.44 6.48 7.42 7.43 7.45 7.46 7.49 7.50 7.53

hH1R Leu Ala Asp Ala Ser Ser Phe Trp Gly Tyr Asn Ser Asn Pro Tyr

hH2R Leu Thr Asp Leu Cys Ser Phe Trp Gly Tyr Asn Ser Asn Pro Tyr

hH3R Leu Ser Asp Leu Cys Ser Phe Trp Leu Trp Asn Ser Asn Pro Tyr

hH4R Leu Ser Asp Leu Cys Ser Phe Trp Gln Trp Asn Ser Asn Pro Tyr

orthosteric binding site

2.61 3.32 3.33 3.36 3.37 3.40 5.38 5.39 5.42 5.43 5.46 6.48 6.51 6.52 7.42

hH1R Asn Asp Tyr Ser Thr Ile Phe Lys Thr Ala Asn Trp Tyr Phe Gly

hH2R Ser Asp Val Cys Thr Ile Tyr Gly Asp Gly Thr Trp Tyr Phe Gly

hH3R Tyr Asp Tyr Cys Thr Ala Phe Leu Ala Ser Glu Trp Tyr Thr Leu

hH4R Tyr Asp Tyr Cys Thr Val Ile Leu Thr Ser Glu Trp Tyr Ser Gln

Asp3.32

Asp2.50

Trp6.48

orthosteric
binding site

allosteric
binding site

Tyr7.53

Asn7.45

Asn7.49

Ser3.39

channel,
connec�ng the

orthosteric
and allosteric
binding site;
filled with

water molecules

Na+

Fig. 6 The orthosteric ligand and allosteric Na+-binding site and the most important amino acids

forming both sites of the human histamine receptors (blue: negatively charged, red: positively
charged, orange: polar, yellow: cysteine, green: aromatic and polar, dark grey: aromatic and

lipophilic, grey: lipophilic and bulky, light grey: lipophilic and small)
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4 Molecular Modelling of Histamine Receptors: Impact
for Understanding the Histamine Receptors
on a Molecular Level: Case Studies

4.1 Binding Mode of Histamine at the Four Human Histamine
Receptor Subtypes

The binding pocket of the histamine receptors is well characterised by mutagenesis

studies (Kooistra et al. 2013): It was shown by mutagenesis studies that Asp3.32,

Lys5.39, Thr5.42, Asn5.46, Phe6.52 and Phe6.55 have an influence on affinity and/or

potency of histamine to the H1R. The amino acids Asp3.32, Asp5.42 and Thr5.46

were shown to be involved in binding of histamine to the hH2R. Mutagenesis

studies at the H3R showed that Leu5.39 has only small influence on affinity of

histamine, whereas Ala5.42 and especially Glu5.46 have an influence on affinity of

histamine. Furthermore, it was shown experimentally that the amino acids Asn4.57,

Thr5.42, Ser5.43, Ser6.52 and especially Glu5.46 are involved in binding of histamine

to the H4R.

To obtain a more detailed insight of the binding mode of histamine to the four

histamine receptor subtypes on a molecular level, histamine was docked, consider-

ing experimentally determined mutagenesis and in silico data (Jongejan et al. 2005,

2008; Kooistra et al. 2013), into the orthosteric binding sites of the receptors

(Fig. 7).

4.2 Binding Pathway of the Endogenous Ligand/Agonist
Histamine to the Human Histamine H4 Receptor

As described above, within several studies, the binding mode of histamine at the

hH4R was studied in silico by docking the histamine into the orthosteric binding site

(Jongejan et al. 2008; Kiss et al. 2008). Although these studies are important, to

interpret the results of mutagenesis studies on a molecular level, they give no

information about the binding pathway of a ligand into its binding pocket of the

receptor. However, in a recent study, the binding pathway of histamine into the

orthosteric binding pocket of the hH4R was observed by unconstrained molecular

dynamic simulations and could be divided into four phases (Fig. 8) (Wittmann and

Strasser 2015).

After a diffusion phase of the ligand in the aqueous phase (phase I, Fig. 9), a

subsequent binding onto the extracellular surface of the hH4R was observed (phase II,

Fig. 9). Afterwards, the histamine bound rapidly (<1 ns) into the orthosteric binding

pocket (phase IIIa, Fig. 9), followed by an orientation phase of the histamine in the

orthosteric binding pocket (phase IIIb, Fig. 9) (Wittmann and Strasser 2015). During the

binding process, negatively charged amino acids at the surface or within the binding

channel between the extracellular surface and the orthosteric binding pocket were
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observed to interact with the histamine. In the orthosteric binding pocket, the positively

charged amine moiety of the histamine established a stable interaction with Gln7.42 and

the highly conserved Asp3.32. Furthermore, the NH of the imidazole moiety formed a

stable hydrogen bond with Glu5.46. This observation is in good accordance to mutagen-

esis studies, because for the Glu5.46Gln mutant, the affinity of the histamine to the hH4R

decreased significantly (Jongejan et al. 2008).

Lys5.39
Gly5.39

Leu5.39 Leu5.39

Asn2.61 Ser2.61

Tyr2.61 Tyr2.61

Thr5.42

Asn5.46

Thr5.46

Glu5.46

Gly7.42 Gly7.42

Leu7.42Gln7.42

hH1R                                                    hH2R

hH4R                                                    hH3R

TM2

TM2
TM2

TM3
TM4TM4

TM4TM4

TM5
TM5

TM5 TM5

TM6 TM6

TM6 TM6TM7

TM7 TM7

TM7

TM2
Asp5.42

Ala5.42

Glu5.46

TM3

TM3 TM3

Thr5.42

Fig. 7 Comparison of the binding mode of histamine, docked into the four human histamine

receptor subtypes (yellow circles: most important interactions between the respective receptor and

histamine)

phase I
diffusion to
the receptor

surface

phase II
adsorption

at the
receptor
surface

phase IV
activation of
the receptor

(in case of
agonist binding)

phase IIIa
penetration

into the
orthosteric
binding site

phase IIIb
orientation

in the
orthosteric
binding site

Fig. 8 Different phases of the whole binding process of a ligand into its binding site of a receptor
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Asp3.32
Glu5.46

Glu163

Glu160

I      II  IIIa IIIb

I

IIIb

II
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Fig. 9 Binding pathway of histamine from the extracellular side into the orthosteric binding site

of the hH4R by unconstrained MD simulations [modified according to Wittmann and Strasser

(2015)]
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One first advantage of such MD simulations is that the ligand “finds” its binding

mode without any constraints. In contrast, if the ligand is docked into the binding

pocket and a subsequent MD simulation is performed, the binding mode of the

ligand is possibly biased by the investigator. Of course, it has to be mentioned that

such calculations are in general very time consuming and are only described for the

β2R (Dror et al. 2011), hH4R (Wittmann and Strasser 2015), D2R and D3R (Thomas

et al. 2016) until now. A second advantage of such MD simulations is that the

amino acids, being involved in the ligand binding, can be identified, which is not

possible by crystal structures, because here, the ligand is already bound into the

binding pocket. Although the binding pathway has to be supported by mutagenesis

and pharmacological studies, MD simulation so far is the only technique, which

allows to observe the dynamic behaviour of ligand and receptor on a molecular

level. And thus, MD simulation is an important and powerful technique to increase

the understanding of histamine receptors on a molecular level. However, MD

simulations are very time consuming, and only some hundred μs can be simulated

until now, which may not be enough to observe the whole agonist binding and the

related receptor-activation process.

4.3 Different Orientations of Ligands in the Binding Pocket

Phenylhistamines and histaprodifens (Fig. 10), H1R partial agonists, were devel-

oped as tools to study different histamine H1 receptor species in intact cell systems

and in the Sf9 expression system (Leschke et al. 1995; Malinowska et al. 1999; Elz

et al. 2000; Menghin et al. 2003; Seifert et al. 2003; Strasser et al. 2008a, 2009).

Pharmacological studies showed that histaprodifen and suprahistaprodifen show

higher affinity to gpH1R than to hH1R (Strasser et al. 2008a, 2009). It is important to

Fig. 10 Structures of the H1R partial agonists phenylhistamine (Strasser et al. 2009),

histaprodifen (Strasser et al. 2008a), suprahistaprodifen (Strasser et al. 2008a) and phenoprodifen

(Strasser et al. 2008a)

Molecular Modelling Approaches for the Analysis of Histamine Receptors and. . .



analyse species differences on a molecular level by combined mutagenesis and

molecular modelling studies: Those studies increase the understanding of histamine

receptors on a molecular level, e.g. with regard to subtype or species selectivity,

which is important to develop new and more efficient drugs for therapy. By

mutagenesis studies, the amino acid at position 2.61 was identified to act as a

selectivity switch for suprahistaprodifen between gpH1R (Ser) and hH1R (Asn), but

not for histaprodifen (Bruysters et al. 2005). Molecular modelling studies and MD

simulations suggest that the smaller histaprodifen is bound into the main pocket (I,

Fig. 5) near to TM5 and is, in contrast to the more bulky suprahistaprodifen, not in

contact with TM2 of pocket II (Fig. 5) (Bruysters et al. 2005; Strasser et al. 2008a).

Furthermore, the amino acid at position 2.61 may be involved in subtype or species

differences at several histamine receptors for bulky ligands, which also occupy the

second part of the orthosteric binding pocket (II, Fig. 5).

From a modelling point of view, an interesting class of partial agonists at the H1R

are the phenoprodifens, hybrid compounds, comprising a histaprodifen and

phenylhistamine partial structure (Fig. 10) (Strasser et al. 2008a). Since histaprodifens

and phenylhistamines were suggested to bind in a pocket between TM3, TM5 and

TM6, phenoprodifens were assumed to be able to bind in two different orientations

into the orthosteric binding site of H1R (Bruysters et al. 2004; Strasser et al. 2009;

Strasser and Wittmann 2010). The MD simulations showed differences in ligand-

receptor interaction energy for phenoprodifen (Strasser et al. 2009): At hH1R, orien-

tation 1 (diphenylpropylmoiety near to TM5) is preferred compared to orientation

2 (diphenylpropylmoiety near to TM2), while at gpH1R, none of both orientations is

preferred. Furthermore, it is supported by QSAR studies that the orientation of

phenoprodifens and suprahistaprodifens is dependent on the ligand structure and the

H1R species (Strasser and Wittmann 2010). Although it is very hard to verify two

different binding orientations of a ligand by experimental studies, e.g. by X-ray

crystallography, considering two different binding orientations of ligands may be an

important approach in development of new ligands, especially with regard to

heterobivalent ligands.

4.4 Scaffold Hopping Approach to Identify New Ligand Classes

Experimental and virtual high-throughput screening is an established, but more or

less time- and cost-consuming method to identify new ligands for a distinct target

(Kumari et al. 2015). By contrast, based on a scaffold hopping approach starting

from the quinoxalines (Smits et al. 2008b), new quinazolines were identified as

highly potent H4R inverse agonists (Smits et al. 2008a): A side pocket with

hydrophobic properties within the orthosteric binding site of the H4R was proposed

by a fragment-based approach (Fig. 11) (Smits et al. 2008a): Based on these

findings it was suggested that the same pocket could be occupied by substituents

in 2-position of the quinoxaline and 4-position of the quinazoline moiety. Further-

more, based on a structural comparison of the quinazoline and quinoxaline scaffold,

it is suggested that both moieties are similar regarding their binding mode in the
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orthosteric binding site of the hH4R. This study is a nice example that a scaffold

hopping approach may be a useful approach to identify new classes of ligands not

only at the H4R, but also at the other histamine receptor subtypes.

4.5 Impact of Molecular Modelling Studies to Explain
the Pharmacology of Phenylhistamines at the hH4R

Phenylhistamines were identified as partial agonists at the H1 receptor (Strasser

et al. 2009). But recent pharmacological studies showed that N-methylated and/or

CF3- or Br-substituted phenylhistamines show a higher affinity to the hH4R than to

the hH1R (Wittmann et al. 2011). The exchange of R1 ¼ H ! R1 ¼ CH3 and R2

¼ H ! R2 ¼ Br,CF3 leads to an increase in affinity of two orders of magnitude at

the hH4R (Fig. 12) (Wittmann et al. 2011). Subsequent MD simulations of the

phenylhistamines showed that the methyl group (R1) and/or the Br/CF3 (R
2) bind

into two small subpockets 1 (R1) and 2 (R2) of the hH4R, which are not occupied by

the unsubstituted phenylhistamine. Furthermore, the predicted Gibbs energies for

the transfer of the ligand from the aqueous phase into the orthosteric binding pocket

are in very good correlation with the experimentally determined affinities. This is a

good example to demonstrate that molecular modelling studies are able to explain

pharmacological data on a molecular level. However, it has to be taken into account

that the ligands investigated within this study are structurally highly related and the

predictive possibilities of molecular modelling studies might decrease in case of

compounds with large structural differences.

N

N N
N

N

N N
N

quinoxaline 
scaffold

quinazoline 
scaffold

2

4

Fig. 11 Scaffold hopping approach to develop a new class of hH4R ligands [modified according

to Smits et al. (2008a)]
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4.6 Influence of Monovalent Cations and Anions
to the Histamine H3 and H4 Receptor

It was shown by experimental studies that the concentration of sodium ions has

influence on the pharmacological data, e.g. potency or basal activity of the receptor

at the hH3R or hH4R (Schneider et al. 2009; Schnell and Seifert 2010): With

increasing concentration of NaCl, a decreasing basal activity of the hH3R and

hH4R was observed, indicating that the inactive conformation of the receptor is

stabilised. Based on experimental studies at several GPCRs (Selent et al. 2010;

Katritch et al. 2014; Strasser et al. 2015), it was supported by MD simulations that

Na+ is able to bind to the allosteric binding site near Asp2.50 at hH3R and hH4R

(Fig. 13a–c) (Wittmann et al. 2014b). Recently, MD simulations were used to study

the binding pathway of a sodium ion from the extracellular side via the orthosteric

binding site into the allosteric binding site at the hH4R (Wittmann et al. 2014b;

Strasser et al. 2015). The analysis of the ion entry path into the receptor showed that

it is quite the same as for histamine at the hH4R (see Fig. 9) (Wittmann et al. 2014b;

Strasser et al. 2015). Furthermore, the MD simulations suggest that the presence or

TM 5

TM 3

TM 6 Trp6.48

Tyr6.51

Asp3.32

Tyr3.33

TM 3

TM 6

TM 5

Trp6.48

Tyr6.51

Asp3.32

Tyr3.33

R1 R2 pKi (hH4R)
H H 4.79 ± 0.04

H CF3 5.91 ± 0.01

H Br 5.76 ± 0.01

CH3 H 6.13 ± 0.08

CH3 CF3 6.80 ± 0.04

CH3 Br 6.56 ± 0.06

subpocket 1

subpocket 1

subpocket 2

subpocket 2
thermodynamic

integration

Fig. 12 Influence of small substituents in phenylhistamine onto affinity at the hH4R—a structural

and energetical analysis [modified according to Wittmann et al. (2011)]
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absence of a sodium ion in the allosteric binding site may have influence on the

binding mode of ligands, e.g. thioperamide at the hH3R (Wittmann et al. 2014a),

which may explain differences in potencies in dependence of the NaCl concentra-

tion. In the MD simulations of a Na+ in its allosteric binding site near to Asp2.50 at

hH3R and hH4R a water chain, connecting the highly conserved Asp3.32 of the

orthosteric and Asp2.50 of the allosteric binding site, was observed (Wittmann et al.

2014b): While this water chain is continuous at the hH3R, it is disrupted, but

bridged by Gln7.42 at hH4R. So far, it remains unclear if this water chain plays a

role in receptor activation or subtype differences between hH3R and hH4R. A

systematic analysis of the influence of monovalent cations (Li+, Na+, K+) and

anions (Cl�, Br�, I�) on the hH3R showed that not only cations but also anions

have an influence on the hH3R (Schnell and Seifert 2010), which is dependent on

the chemical nature of the analysed monovalent ion. The MD simulations suggest

that the depth of binding of the monovalent cation depends on its size (Fig. 13c),

which may explain the different influence of cations on pharmacology of GPCRs

(Schnell and Seifert 2010; Strasser et al. 2015). Furthermore, it is suggested that

small positively charged ligands may be able to bind into the highly conserved Na+

pocket near to Asp2.50, e.g. the diuretic drug amiloride to the adenosine A2A receptor

(Katritch et al. 2014). A similar observation was made during MD simulations of

thioperamide in the binding pocket of the hH3R: In the presence of a sodium ion in the

allosteric binding site, the thioperamide remains quite stable in the orthosteric binding

pocket, but in the absence of a Na+ in the allosteric binding site, the positively charged

imidazole moiety of the thioperamide moved between the orthosteric Asp3.32 and the

allosteric Asp2.50 (Wittmann et al. 2014a). Thus, it is suggested that small molecules,

able to bind in the allostericNa+-binding site, may exhibit new functional properties or

may open new opportunities in therapy (Katritch et al. 2014).

It was shown by MD simulations with monovalent cations and anions in the

aqueous phase that the monovalent anions preferably bind between the intracellular

part of the receptor, because in this region, some positively charged amino acids are

located (Strasser et al. 2015). Since this is the same region for binding of the

Gα-subunit, it is suggested that monovalent anions are involved in regulation of

the interaction between receptor and Gα-subunit.

5 Conclusions and Future Studies

A large number of studies combining experimental (synthesis, pharmacological

experiments, mutagenesis) and modelling techniques (QSAR, docking, MD simu-

lation) addressing the histamine receptors were performed, reflecting that only a

combination of several experimental and modelling techniques leads to an increased

understanding of the histamine receptors on molecular level (Fig. 1) and provides

synergistic input to each other. Although molecular modelling techniques are a

powerful tool to obtain more detailed insights into histamine receptors (Table 5), it

is necessary to proof or support the modelling results with experimental studies.

However, one great advantage of modelling studies is that they allow to obtain deeper

Molecular Modelling Approaches for the Analysis of Histamine Receptors and. . .



insights into the histamine receptors on a molecular level that will be complementary

and even synergistic to experimental techniques.

Until now, a large number of questions in the histamine research were solved

amongst others by molecular modelling studies (Table 5). However, there is a large
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Fig. 13 The allosteric cation-binding site near Asp2.50. (a) Interaction energy surface of Na+ with
the orthosteric and allosteric binding site of the hH3R (blue: energetically preferred regions for the
Na+). (b) Preferred areas for the Na+ in the allosteric binding site and water in the water channel and
the orthosteric and allosteric binding site. (c) Overlay of the most preferred position of Li+, Na+, K+,

Rb+ or Cs+ in the allosteric binding site of the hH3R according to MD simulations [modified

according to Strasser et al. (2015)]

Table 5 Gain of knowledge in histamine receptor research by molecular modelling

Gain of knowledge

Histamine

receptor

Most important modelling

techniques

– Binding mode of different ligands in the

orthosteric binding site

– Amino acids, involved in ligand binding

– Detection of different ligand binding

orientations

xHxR,

mutated

xHxRs

Docking, molecular dynamics,

ab initio calculations

– Binding pathways of histamine into the

orthosteric binding pocket

– Amino acids, involved in ligand

recognition

hH4R Molecular dynamics

– Binding pathway of Na+ into the

allosteric binding pocket

hH3R, hH4R Molecular dynamics

– Preferred binding sites of monovalent

cations and anions

– Modelling of a GPCR–G protein complex

hH4R Molecular dynamics

– Prediction of affinities xHxR QSAR
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number of remaining questions: For example, there is only little knowledge about

the interactions between histamine receptors and G proteins or β-arrestin or about

heterodimers on a molecular level. In future, modelling studies should focus on

those questions, because they can provide important hints for mutagenesis studies

to decode the interaction between a receptor and a specific G protein or for

development of biased or bivalent ligands.
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