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c Vichem Kft, Herman Ottó u. 15., H-1022, Budapest, Hungary
d Department of General and Analytical Chemistry, Budapest University of Technology and Economics, Szt. Gellért tér 4., H-1111, Budapest, Hungary
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Abstract
Ligand-supported homology models of the human histamine H4 receptor (hH4R) were developed based on the crystal structure of bovine
rhodopsin and different known H4 ligands (histamine, OUP-16, JNJ7777120). Enrichment tests were performed to analyze whether our
hH4R models can select known actives from random decoys. The impact of receptor conformation and the effect of different sets of random
decoys, docking methods (FlexX, FlexX-Pharm) and scoring functions (FlexX-Score, D-Score, PMF-Score, G-Score, ChemScore) were inves-
tigated. We found that two agonists (histamine and OUP-16) form complementary interactions with Asp94 (3.32), Glu182 (5.46) and Thr323
(6.55), whereas JNJ7777120 interacts with Asp94 (3.32) and Glu182 (5.46) only. These results suggest a role of Thr323 (6.55) in ligand binding
and presumably also in receptor activation. The models optimized in the presence of an agonist (histamine) and an antagonist (JNJ7777120)
were compared in more detail. We conclude that the ligand used in the model building process can significantly influence the efficacy of virtual
screening.
� 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Histamine; H4 receptor; Binding site; Enrichment; Docking; Scoring
1. Introduction

Histamine, the multifunctional messenger molecule, plays
a crucial role in a number of biochemical processes. It serves
as a mediator e.g. in hypersensitivity (allergic) responses, gas-
tric acid secretion, neurotransmission, immuno-modulation,
cell differentiation and embryonic development [1]. To date,
four histamine receptor subtypes (H1R, H2R, H3R, H4R)
have been identified [2]. All of these are members of the
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G-protein-coupled receptor (GPCR) superfamily. H1 and H2
antagonists have long been used in the treatment of inflamma-
torial and gastric hyperacidity diseases, respectively. H3R can
stimulate the release of histamine and other neurotransmitters
from neurons as a presynaptic autoreceptor [3,4], and H3 an-
tagonists can be useful in cognitive and memory disorders
[5] and obesity [6].

H4R is the novel member of the histamine receptor family.
It was cloned by several groups independently in 2000 and
2001 [7e11]. H4R is closely related to H3R, but it shows as
low homology for H1R and H2R as for other GPCRs [9].
Although H3R and H4R share high homology (with the se-
quence identity of 35%), their expression patterns are highly
different. H3R is mainly expressed in the brain, while H4R
has virtually no expression in the CNS [9,10]. H4R occurs
in the bone marrow, spleen, eosinophils, mast cells, basophils,
CD8þ T cells and dendritic cells [9,10,12e14]. It mediates
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histamine-induced chemotaxis in mast cells and eosinophils,
and this effect can be blocked by selective H4 antagonists
[12,15,16]. H4R in common with H2R, has a role in the secre-
tion of interleukin 16 (IL-16) from CD8þ T cells [17]. The
expression pattern and the biological functions suggest
a role of H4R in allergy and inflammation, being thus a poten-
tial target for drug design [18]. In spite of this, only a limited
number of selective H4 ligands have been discovered so far.

H4R belongs to the class ‘‘A’’ of the GPCR superfamily. All
of these receptors are transmembrane proteins and share sim-
ilar structural features. They contain seven transmembrane
helices and a helix which runs parallel to the cytosolic surface.
Ligands as well as ligand binding sites of GPCRs are very het-
erogeneous [19]. The available mutational data indicate, how-
ever, that the binding site of most biogenic amines is located in
the transmembrane region [19]. In fact, mutational data for
H4R suggest that histamine has two major anchoring points:
Asp94 (3.32 e BallesteroseWeinstein numbering) and
Glu182 (5.46) [20]. Mutating these residues to Ala caused
a complete loss of affinity of histamine. These two residues
are thought to interact with the protonated ethylamine side
chain and the imidazole N(3)eH group of histamine. Accord-
ing to the proposed ligandereceptor model of Shin et al. [20]
several residues (Thr178 (5.42), Ser179 (5.43), Ser320 (6.52),
Asn147 (4.57)) have been mutated to identify the amino acid
that interacts with N(1) in the imidazole ring of histamine.
Nevertheless, the mutated residues have been found to have
no significant effect on histamine binding. On the other
hand, in this study Asn147 (4.57) and Ser320 (6.52) have
been recognized to have a role in receptor activation.

G-protein-coupled receptors are the targets for 60e70% of
drugs in development today [21], despite the fact that limited in-
formation is available on the 3D-structure of GPCRs. Until now,
the only GPCR with an experimentally determined 3D-structure
is bovine rhodopsin [22]. The high resolution crystal structure of
bovine rhodopsin was a milestone in GPCR drug design; it al-
lows building homology models of other GPCRs [23]. These
models have been successfully used for the analysis of muta-
tional data [24e38], mapping ligand binding sites and docking
known ligands to these [24e33,38e41]. Some authors have re-
cently reported GPCR homology models that had been suitable
even for virtual screening [42e44]. Enrichment studies are usu-
ally used for testing whether a model can select known active
compounds from a dataset containing actives and inactives.
These tests show that homology models are usually less predic-
tive than crystal structures [45]. They can be used, however, as
cost effective alternatives of high throughput screening [46].
With this approach several novel active compounds have been
already identified [29,43,44,47], showing the utility of these
models for structure-based drug design.

It is generally accepted that the backbone conformations of
GPCRs are very similar, especially in the transmembrane
region, and can be modeled by using the bovine rhodopsin
crystal structure. A much more difficult task is to determine
the conformation of the amino acid side chains. Mutational
data are useful to analyze the side chain conformations in
the binding site of homology models. The orientation of the
side chains can be either modified manually or by a more
sophisticated approach using ligand information during the
model building process [48]. Since several proteins have
been cocrystallized with various ligands, it is well-known
that the ligand has a great influence on the protein side chain
conformations. The choice of the ligand can therefore have
a large effect on screening efficacy, if the evident goal is to
create a ligand-supported high quality homology model suit-
able for virtual high throughput screening (vHTS) [49].

We have developed homology models of the human hista-
mine H4 receptor (hH4R) based on the crystal structure of bo-
vine rhodopsin. The models with the available mutational data
were used to understand the binding mode of several known
H4 agonists and antagonists by means of docking calculations
and subsequent optimizations of the complex. In this study we
analyzed how model refinement and ligand information affect
the quality and the predictivity of the homology models. An
extensive enrichment study was carried out to determine
whether any of the developed hH4R models is suitable for
virtual screening.

2. Results and discussion
2.1. Sequence alignment
We have performed three automated sequence alignments by
ClustalW [50] to make sure that the conserved GPCR elements
are getting to the right positions. The amino acid sequence of bo-
vine rhodopsin was aligned with (i) hH4R, (ii) all the available
H4R sequences, and (iii) all the available H4R and H3R se-
quences. H3R was chosen because it shares the highest homol-
ogy to H4R among GPCRs. In agreement with the proposed
topology by Swiss-Prot (ID: Q9H3N8), the first and the third
alignments indicated a large IC3 loop in hH4R having no equiv-
alent in bovine rhodopsin. However, this loop region caused an
error in the second alignment. We used the third alignment with
the fewest gaps in the TM region as a starting point for the final
sequence alignment. This alignment was manually modified to
maintain the conserved (Cys-Cys) disulfide bridge, and the
consistency of the transmembrane regions, that is believed to
be more conserved than the EC or IC parts. The final alignment
is depicted in Fig. 1.
2.2. Model building and validation
Six initial hH4R models were built by MODELLER 6v2
[51]. In accordance with the sequence alignment, Cys87
(EC2) and Cys164 (EC3) have formed a disulfide bridge in
the model. Hydrogens were added and multichannel surfaces
were displayed for every model in Sybyl 7.0 [52]. According
to the mutational data, we looked for a binding cavity near the
crucial histamine binding residues Asp94 (3.32) and Glu182
(5.46). In four models, the position of Tyr95 (3.33) precluded
the interactions with Asp94 (3.32) and Glu182 (5.46) simulta-
neously, which is in contrast with site-directed mutagenesis
data [20]. One of the two other models possessed a much
more favourable binding cavity, with reliable orientation of



Fig. 1. Sequence alignment between the human histamine H4 receptor (HRH4_HUMAN) and bovine rhodopsin (OPSD_BOVIN).
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Asp94 (3.32) and Glu182 (5.46) and sufficient space for ligand
binding.

Several tests have been performed to check the quality of
this hH4R model (Model A). The Ramachandran plots of
the model and the template were generated by PROCHECK
[53]. The Phi/Psi distribution shows that 97.5% of the residues
in the model are in the most favoured or allowed regions, and
only 5 and 2 residues are found in the generously allowed and
disallowed regions, respectively. Similarly to the bovine rho-
dopsin crystal structure, most of the residues in the generously
allowed and disallowed regions are located in the IC or the EC
loops. Phe183 (5.47) in TM5 is the only exception, which
faces the outer space, suggesting that this residue creates lipo-
philic interactions with the membrane, and therefore it stabi-
lizes the protein. The unusual Phi/Psi values of Phe183
(5.47) are probable due to the lack of membrane environment
in our model. Summarizing the results of the PROCHECK
analysis, the stereochemical quality of the model is compara-
ble to that of the template. After the docking and subsequent
optimization the final models were analyzed again with PRO-
CHECK. All the residues contributing directly to ligand bind-
ing were found in the most favoured or allowed regions of the
Ramachandran plot.

Packing quality of the model was analyzed by the WHATIF
Coarse Packing Quality Control test [54]. The overall quality
of the model and the template is quite similar (�1.022 and
�1.020, respectively). A residue with a score below �5.0 is
probably problematic and needs further inspection. In the
hH4R model and the bovine rhodospin template, 8 and 9 res-
idues bear a score below �5.0, respectively. All of these
poorly packed residues were found at the IC or EC loops.
These results suggest a favourable packing environment in
the hH4R model.

As a final test we used HARMONY [55] to evaluate
whether the residues of the model adopt a structural environ-
ment that frequently occurs in protein structures. HARMONY
indicates that the model and the template possess quite the
same overall quality; however, some problematic sequences
occur in both structures and most of these sequences overlap.
A possible reason for this result is that high resolution exper-
imental structures are available for only a few membrane
proteins, hence these proteins are not well represented in the
training set of HARMONY [56].

In summary, we can conclude that our hH4R model is in
agreement with all the available mutational data and it pos-
sesses the common GPCR structural features. The results of
the validation tests show that the model meets the criteria es-
tablished for a reliable structure.
2.3. Binding site analysis and docking calculations
First, we docked histamine to the binding site by FlexX
[57]. None of the resulting docking solutions were in accor-
dance with the mutational data, as histamine formed only
one interaction with Asp94 (3.32) or Glu182 (5.46). After in-
spection of the docking results we concluded that the carbox-
ylate groups of Asp94 (3.32) and Glu182 (5.46) are too far to
create interactions with donor groups of histamine, i.e. the pro-
tonated ethylamine side chain and the N(3)eH group. Moving
the side chain of Glu182 (5.46) closer to Asp94 (3.32) was not
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possible, on the other hand Asp94 (3.32) seemed to have more
conformational freedom. Therefore we decided to rotate the
carboxylate group of Asp94 (3.32) around the CaeCb axis
to accommodate histamine more favourably. Docking into
this model (Model C) resulted in improved binding modes
of histamine having simultaneous interactions with Asp94
(3.32) and Glu182 (5.46). Scores for these docking solutions
were also improved. In 97% of the generated solutions the pro-
tonated ethylamine of histamine created an ionic interaction
with Glu182 (5.46), and the N(3)eH formed an H-bond with
Asp94 (3.32).

The H-bonding surfaces of the binding site and histamine
show that Asp94 (3.32) and Glu182 (5.46) are hydrogen-
accepting sites, and the protonated ethylamine and the
N(3)eH moieties of histamine are two potential hydrogen do-
nor groups (Fig. 2). One can therefore also hypothesize that
two possible binding modes of histamine are possible at the
binding site. Histamine protonated ethylamine side chain can
Fig. 2. The H-bonding surfaces of the hH4R binding site (A) and histamine (B). Po

respectively. The lipophilic surfaces of the hH4R binding site (C) and histamine (D)

green and blue, respectively. The surfaces were generated by the multichannel and

color in these figure legends, the reader is referred to the web version of this artic
interact with Glu182 (5.46) (binding mode I) or Asp94
(3.32) (binding mode II). The Glu182 (5.46) area of the bind-
ing site is more lipophobic than the surroundings of Asp94
(3.32). Thus, we proposed that binding mode I is favoured.
Docking results revealed that in binding mode I the more lipo-
philic imidazole end of histamine prefers the more lipophilic
environment of Asp94 (3.32). Our result, implicating a new
binding mode of histamine in hH4R, underlines the impor-
tance of further experimental investigations of the hH4Re
histamine complex.

We optimized the best scored histamineehH4R complexes
of both binding modes. Optimizations were carried out with
rigid backbone atoms as well as without any constraints. How-
ever, in the former case clear planarity problems, caused by
the close van der Waals contacts between aromatic amino
acids (Tyr95 (3.33), Tyr319 (6.51), Trp348 (7.43)) and hista-
mine occurred. Therefore, further studies were carried out
only with structures optimized without backbone tethering.
tential H-bond acceptor and H-bond donor sites are coloured in blue and red,

. Lipophilic, moderately lipophilic and lipophobic sites are coloured by brown,

molecular surfaces modules in Sybyl7.0 (For interpretation of the references to
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The most important evaluating criterion of the resulting struc-
tures was whether they are in accordance with the site-directed
mutagenesis data, i.e. histamine interacts with Asp94 (3.32)
and Glu182 (5.46). Both resulting models preserved the spe-
cific features of GPCRs, such as the disulfide bond, and all
the helices remained intact.

In binding mode II the H-bond between histamine and
Asp94 (3.32) was still intact, however, the imidazole N(3)eH
of histamine was far away from Glu182 (5.46). In binding
mode I both interactions with Asp94 (3.32) and Glu182
(5.46) were intact, moreover, histamine N(1) formed an
H-bond with Thr323 (6.55) (Fig. 3). Histamine created lipo-
philic interactions with Trp316 (6.48) and Tyr319 (6.51) after
optimization of binding mode I (Model D).

Since no mutational data were reported on Thr323 (6.55),
its role in histamine binding needs to be investigated in future.
It has been previously proved that photoactivation of bovine
rhodopsin can induce movements of TM3 and TM6, relative
to the rest of the 7-helix bundle, a significant rigid body move-
ment of TM6 in a counterclockwise direction when viewed
from the extracellular side, and a movement of the cytoplas-
mic end of TM6 away from TM3 [19]. In their recent publica-
tion Salom et al. reported the crystal structure of the
photoactivated bovine rhodopsin [58]. They stated that despite
the low resolution of the obtained crystals, some conclusions
can be drawn from the comparison of the ground-state and
the photoactivated forms. In particular, in the photoactivated
form the middle of TM3 is quite mobile, and the IC3 region
(continuation of TM5 and TM6) is disordered having a signif-
icantly different architecture from that of the ground-state. The
analog of Thr323 (6.55) in bovine rhodopsin is Ala272 (6.55).
The backbone nitrogen of Ala272 (6.55) in bovine rhodopsin
creates an H-bond with the backbone oxygen of Tyr268
(6.51), that is supposed to change its conformation signifi-
cantly during activation [59]. These findings together with
Fig. 3. Histamine at the hH4R binding site. Interactions with Asp94 (3.32),

Glu182 (5.46) and Thr323 (6.55) are marked with dashed yellow lines.
our results suggest a role of Thr323 (6.55) in ligand binding
and also in receptor activation.

In the light of these results, binding mode I of histamine,
where the ethylamine part interacts with Glu182 (5.46), the
imidazole N(3)eH interacts with Asp94 (3.32) and the imidaz-
ole N(1) interacts with Thr323 (6.55) seems to be more realis-
tic. Shin et al. modeled histamine at the hH4R binding site in
binding mode II, and proposed that the imidazole N(1) inter-
acts with Thr178 (5.42) or Ser179 (5.43) in TM5 [20]. Exper-
imental studies, however, did not validate the role of these
residues in histamine binding [20]. This binding mode (bind-
ing mode II) in fact is similar to that in H1R and H2R.
Site-directed mutagenesis studies revealed that the protonated
ethylamine function of histamine forms H-bond to the con-
served Asp (3.32) in both cases. In the case of H1R, the imid-
azole N(3)eH and N(1) interact with Asn198 (5.46) [60] and
Lys191 (5.39) [61], respectively, while in H2R, the imidazole
N(3)eH and N(1) form interactions with Asp186 (5.42) and
Thr190 (5.46), respectively [62]. H4R has a similarly low level
of homology for H1R and H2R as for any other GPCR [9].
This would suggest a convergent phylogenetic evolution of
H4R, H1R and H2R, and therefore the proposed orientation
of histamine at the binding site of H1R or H2R cannot be sim-
ply applied in the case of the H4R, which is further supported
by the mutagenesis data [20].

We docked altogether fourteen known H4 agonists and an-
tagonists (Fig. 4) into the hH4R model by FlexX. Docking to
the receptor model, where the side chain conformation of
Asp94 (3.32) was modified, resulted in significantly better so-
lutions with every ligand, i.e. the scores were much lower, and
most of the ligands have created interactions with both Asp94
(3.32) and Glu182 (5.46).

OUP-16 was the first reported H4 agonist with a consider-
able selectivity over H3R [63]. Here we analyzed whether it
occupies a similar position at the binding site as histamine
does. The best scored OUP-16ereceptor complex was there-
fore optimized (Model E). Optimization left the interactions
with Asp94 (3.32) and Glu182 (5.46) intact, and formed an ad-
ditional interaction with Thr323 (6.55) (Fig. 5). Interestingly,
it was not the N(1) of the imidazole ring but the CN-group
of OUP-16 that created the interaction with Thr323 (6.55). Li-
pophilic interactions with Tyr95 (3.33), Trp157 (4.67), Trp316
(6.48), Tyr319 (6.51) and Phe344 (7.39) have also been
formed.

JNJ7777120 was the first reported selective H4 antagonist
[64]. SAR studies on JNJ7777120 and structural analogs
have proven that both the piperazine nitrogen and the indole
NH group are crucial for H4 affinity [64,65]. Since
JNJ7777120 has two H-bond donors similar to histamine, we
proposed that it creates two H-bonds or ionic interactions
with Asp94 (3.32) and Glu182 (5.46). Docking JNJ7777120
only resulted in a single interaction between the piperazine
part of the molecule and Glu182 (5.46) independently on the
orientation of Asp94 (3.32). The indole part did not form
any H-bond with the receptor. After optimization of the com-
plex even the interaction with Glu182 (5.46) disappeared.
Since the docking of JNJ7777120 by FlexX failed, we



Fig. 4. H4 ligands used for the enrichment studies.
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assumed that insufficient conformational flexibility of the pro-
tein side chains was allowed during the docking process.
Therefore we docked JNJ7777120 to the binding site by Flexi-
Dock, allowing all side chains within the binding site to rotate
freely. As a result, the indole and the piperazine part of
JNJ7777120 formed interactions with Asp94 (3.32) and
Glu182 (5.46), respectively. After minimizing the FlexiDock
output (Model F), both interactions remained intact, that fi-
nally yielded a JNJ7777120ereceptor complex in agreement
with the SAR data (Fig. 6). It is also remarkable that no inter-
action appeared between JNJ7777120 and Thr323 (6.55) in
TM6; a distinctive aspect from the two agonists (histamine,
OUP-16). JNJ7777120 has formed lipophilic interactions
with Val64 (2.53), Phe312 (6.44), Trp316 (6.48), Tyr319
(6.51) and Trp348 (7.43).
2.4. Enrichment studies
To investigate the utility of the developed models for virtual
screening, and the impact of ligand information on screening
efficacy, we carried out several enrichment tests. In all of these
studies we used FlexX that demonstrated an impressive track



Fig. 5. OUP-16 at the hH4R binding site. Interactions with Asp94 (3.32),

Glu182 (5.46) and Thr323 (6.55) are marked with dashed yellow lines.

Table 1

Designation of the hH4R models used in the enrichment studies

Model A MODELLER output

Model B MODELLER output optimized

Model C MODELLER output with a modified Asp94 side chain

conformation

Model D Histamine docked by FlexX and optimized

Model E OUP-16 docked by FlexX and optimized

Model F JNJ7777120 docked by FlexiDock and optimized
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record in structure-based virtual screening studies [66e71].
The high speed of FlexX enables testing large databases,
even millions of compounds in a reasonable time frame. As
one of our long-term objectives was to carry out a large scale
virtual screening on the hH4R model, speed was also a very
important aspect to consider. In summary, six different protein
structures were evaluated for virtual screening by means of en-
richment studies (Table 1). During the enrichment studies we
also analyzed the influence of using different sets of inactive
compounds. Furthermore, we investigated the effect of phar-
macophore constraints (FlexX-Pharm) on the enrichment fac-
tors. As the pose extraction and ranking are separate steps of
the ligandereceptor complex evaluation [72], a scoring func-
tion can handle these two steps with different efficiency. For
that reason, all of the five scoring functions were applied for
both extraction and ranking, consequently enrichment factors
for 25 different scoring function combinations were
calculated.

The results show, that the effect of different sets of inactives
was limited on either the highest enrichment factor achieved
Fig. 6. JNJ7777120 at the hH4R binding site. Interactions with Asp94 (3.32)

and Glu182 (5.46) are marked with dashed yellow lines.
or the minimal % of compounds that had to be tested to re-
cover all the actives (Fig. 7). This means that e at least in
our study e very similar conclusions could be drawn from
the tests with an active ratio of 1.38%, 0.94% or 0.46%. These
results also strengthen that the calculated enrichment factors
are determined by the quality of the given hH4R model, and
are not products of serendipity. The MODELLER output
(Model A) and its optimized version (Model B) performed
quite well in terms of the enrichment factors, however, with
these models 60e65% of the compounds needed to be tested
to recover all the actives. Modification of the side chain con-
formation of Asp94 (3.32) (Model C) had a significant effect
on the highest enrichment factors achievable. Furthermore,
all actives could be recovered by testing only 25e30% of
the whole compound set. The OUP-16-supported model
(Model E) did not show any improvement compared to the
original MODELLER output structure (Model A). The
JNJ7777120-supported model (Model F) performed moder-
ately relative to the other ones. On the other hand, the optimi-
zation of the protein in the presence of histamine (Model D)
achieved the highest enrichment factors.
Fig. 7. Highest enrichment factors could be achieved by the six different

models (A). The minimum % of the compound database to be tested to recover

all actives (B). Enrichment tests were performed with three different sets of

inactives (Otava1, Enamine, Otava2). The highest enrichment factors could

be achieved when the top 0.5% of the database was analyzed.



Table 2

Enrichment factor improvement using pharmacophoric constraints

(FlexX-Pharm)

Otava1 inactive set Enamine inactive set

FlexX FlexX-Pharm FlexX FlexX-Pharm

Model A 28.9 31.2 30.6 32.9

Model C 43.4 50.7 45.8 49.9

Model D 72.4 92.1 61.1 77.8

Model E 28.9 50.7 30.6 35.6

Model F 14.5 16.9 15.3 17.8
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Enrichments studies were also performed with pharmaco-
phore constraints introduced by FlexX-Pharm. In the case of
‘‘Model B’’ numerous actives could not be recovered. This is
probably due to the absence of a ligand during the optimiza-
tion process, which resulted in the shrinkage of the binding
crevice. Consequently, only the three smallest active ligands
could form an interaction with either Asp94 (3.32) or Glu182
(5.46). Interestingly, no ligands of the inactive set Enamine
and only four ligands of the inactive set Otava1 could be
docked to ‘‘Model B’’ with pharmacophore constraints. For
that reason, enrichment factors for this model were not cal-
culated. In the case of the other models, some improvement
in the enrichment factors could be obtained with FlexX-
Pharm, especially with ‘‘Model D’’ (Table 2). On the other
hand, it also has to be mentioned that recovering all the ac-
tives was only possible with ‘‘Model C’’, whereas ‘‘Model
A’’, ‘‘Model D’’, ‘‘Model E’’ and ‘‘Model F’’ could only
find 13, 11, 12 and 12 actives, respectively. This means
that virtual screening on these models with FlexX-Pharm
could loose a couple of actives. However, even in the case
of the best model (Model D), without using the Pharm-
Fig. 8. Enrichment factors calculated by 25 different scoring f
module, 25% of the database has to be tested to recover
all the actives. Since usually 1e2% of a virtually screened
database is tested in vitro, it is clear that some of the actives
will not be found in either way. Therefore using the protocol
achieving the highest enrichment factors (Model D by FlexX-
Pharm) at the top 0.5e2% is probably the best choice
(Fig. 8).

In agreement with the results of Schulz-Gasch et al. [72]
the FlexX-FlexX, FlexX-ChemScore and FlexX-G-Score com-
binations were found to provide the best results. These authors
found that an incremental docking method like FlexX, in com-
bination with a ‘‘hard’’ scoring function like the own score of
FlexX or the closely related, robust scoring function Chem-
score can be used with excellent results.

Comparing the enrichment factors achieved by our models
to others reported on GPCR homology models, the perfor-
mance is significant. In a comparative vHTS study, Evers
et al. reported the homology models of four GPCRs [73]. Their
enrichment factors calculated at the top 1%, 5% and 10% vary
from 4 to 12. In another paper, Evers and his coworkers report
a homology model of the Alpha1A receptor [44]. The highest
enrichment factor achieved was 13.1 calculated at the top 1%
of their database. It is difficult to compare enrichment factors
calculated by different groups using different protocols,
however, we can conclude that our models can select known
actives from random decoys effectively.

‘‘Model D’’ and ‘‘Model F’’ were created by the optimiza-
tion of the protein in the presence of two different H4 ligands.
The enrichment results showed the largest differences in these
two models, therefore we compared the scores of the active
and inactive compounds. In the histamine supported model
(Model D) 12 of the 14 active compounds were scored better
unction combinations for ‘‘Model D’’ using FlexX-Pharm.
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by the majority of the scoring function combinations. Only
clozapine and JNJ7777120 were found to fit better into the
JNJ7777120-supported model (Model F). On the other hand,
67.1% (Otava1), 63.3% (Enamine) and 68.0% (Otava2) of
the successfully docked inactive compounds were scored bet-
ter by the majority of the scoring function combinations in
‘‘Model F’’. Comparing the number of inactive compounds
that were impossible to dock into the models, 2.46 (Otava1),
2.14 (Enamine) and 2.39 (Otava2) times more inactives could
not be docked by FlexX into ‘‘Model D’’ than into ‘‘Model F’’.

Investigating the structural background of the different per-
formances, we found three significant conformational differ-
ences between the two protein structures (Fig. 9). One of
these is the side chain orientation of Asp94 (3.32). In the
model optimized with histamine (Model D), Asp94 (3.32)
faces the interior of the binding crevice, and therefore it de-
creases its volume relative to ‘‘Model F’’. Another important
difference is that Trp316 (6.48) in ‘‘Model F’’ occupies a to-
tally different position than that in ‘‘Model D’’. This means
a considerable increase in the volume of the binding crevice.
The third important difference is that in ‘‘Model D’’, Cys98
(3.36) forms an H-bond with one of the carboxylate oxygens
of Glu182 (5.46), therefore ligands are restricted to interact
with the other oxygen of Glu182 (5.46), which also reduces
the number of possible binding modes in ‘‘Model D’’. We
speculate that these three differences contribute to the higher
selectivity of ‘‘Model D’’ over ‘‘Model F’’, since less random
decoys can occupy the significantly smaller binding site of
‘‘Model D’’. The reduced number of accessible interacting
sites of Glu182 (5.46) in ‘‘Model D’’ also makes the binding
of inactives more difficult. On the other hand, we propose
that the better binding of actives in ‘‘Model D’’ is mainly re-
lated to the side chain conformation of Asp94 (3.32) and to
some extent also to Trp316 (6.48), since it creates a lipophilic
interaction with most of the actives in this model.
Fig. 9. Main differences between the binding sites obtained by the optimiza-

tion with histamine (‘‘Model D’’ in yellow) and JNJ7777120 (‘‘Model F’’

in red).
3. Conclusions

In conclusion, we have created homology models of the hu-
man histamine H4 receptor, also in its complexes with known
active ligands. Two H4 agonists, histamine and OUP-16 were
found to form interactions with Asp94 (3.32), Glu182 (5.46)
and Thr323 (6.55). On the other hand JNJ7777120, an H4 an-
tagonist formed interactions with Asp94 (3.32) and Glu182
(5.46) only. These models were in agreement with all literature
data. Our results suggest, that histamine has a different orien-
tation at the hH4R binding site than it was previously pro-
posed. However, the verification of this binding mode and
also the role of Thr323 (6.55) needs further support from
both theoretical (membrane-based MD simulations) and ex-
perimental (site-directed mutagenesis) studies. Membrane-
based MD simulation of the hH4Rehistamine complex is in
progress at our laboratory. Enrichment tests were performed
on six different models, using five different scoring functions,
and three different inactive sets with docking program FlexX.
We found that ligand information can significantly affect the
performance of the homology models in virtual screening. En-
richment factors obtained were reasonably high to conclude
that some of the presented models (especially ‘‘Model D’’)
can be useful for virtual screening to find new H4 ligands.

4. Experimental protocols
4.1. Sequence alignment
The amino acid sequences of bovine rhodopsin and the his-
tamine H4 (human, mouse, rat, cavpo, pig) and H3 receptors
(rat, mouse, cavpo, human) were downloaded from the
Swiss-Prot database. All automated sequence alignments
were carried out by ClustalW1.83 on the freely available auto-
mated web server of EBI (European Bioinformatics Institute;
http://www.ebi.ac.uk). The alignments were analyzed and
modified in BioEdit version 7.0.5.3, considering the position
of conserved GPCR specific amino acids. The long IC3 loop
of hH4R was not modeled, since it has no equivalent in bovine
rhodopsin and it does not contribute to ligand binding.
4.2. Model building
Using the final alignment six initial models were built
by MODELLER 6v2. MODELLER was running with
a slightly modified python file to achieve more thoroughly
refined models, than the default ones
(LIBRARY_SCHEDULE¼ 1; MAX_VAR_ITERATIONS¼
500; MD_LEVEL¼ ’REFINE3’; RSTRS_REFINED¼ 2;
REPEAT_OPTIMIZATION¼ 5). With this protocol, geome-
try optimization and molecular dynamics simulations were
performed at a higher level during the MODELLER model
building process. It is also important to mention that as the
molecular dynamics were performed by MODELLER,
the constraints derived from the template structure prevent
the homology model from unfolding in vacuum. Hydrogens
were added and the models were examined in Sybyl 7.0.

http://www.ebi.ac.uk
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The model, which seemed to possess the most favourable
ligand binding site, was chosen for further investigations.
This model was subjected to several tests to make sure that
it was of reasonable quality for analyzing ligand binding,
and to check its ability for virtual screening.
4.3. Model validation
The hH4R homology model was validated by three inde-
pendent tests. In all three tests the quality of the model was
compared to that of the template crystal structure to make
sure that we did not commit an error during the sequence
alignment or the model building process.

The PROCHECK software was applied to analyze the ste-
reochemical quality of the models. The Phi/Psi Ramachandran
plot indicated the amino acids with an unusual backbone con-
formation, comparing them to the preferred values of proteins
in the Protein Data Bank.

The packing quality of the models was inspected by another
validation test, using the WHATIF Coarse Packing Quality
Control value. The packing environment of every single resi-
due is compared to the average distribution observed in the
Protein Data Bank.

The third test assessed the compatibility of a particular
amino acid sequence in the model with a proposed 3D-struc-
ture. In this test (accomplished by HARMONY, http://caps.
ncbs.res.in/harmony) the tendency of an amino acid to adopt
a putative structural environment is quantified by its occur-
rence in a large number of known structures. The reverse se-
quence of the tested protein and its scores are used as
a control to identify local errors in the proposed protein model.
4.4. Docking calculations
Docking calculations were performed by FlexX version
1.13.5 and FlexiDock in Sybyl7.0. FlexX was running with
formal charges assignment and every other parameter was
set as default. Based on the visualization of the multichannel
surfaces in our hH4R model we have defined the active site
as 5 Å radius circles around residues Asp94 (3.32), Glu182
(5.46) and Asn350 (7.45). When pharmacophoric constraints
were applied, docking results with at least one interaction
with the carboxylate group of Asp94 (3.32) or Glu182 (5.46)
were allowed only.

FlexiDock was run with a modified parameter file, to exam-
ine a more thorough sampling of the conformational space
available for the ligand at the binding site; number of islands
was set from 1 to 50, maximum number of members saved per
island was set from 20 to 50, the population size for all islands
was set from 500 to 1500 and the full mutation chance per
gene was increased from 0.1 to 0.3.
4.5. Energy minimization
Since MODELLER uses energy terms, atom and residue
types based on the CHARMM22 force field, all the optimiza-
tion processes were carried out with the CHARMM22 force
field and charges in MOE [74]. Parameters were set as default,
except the convergence gradient was set to 0.01 kcal/mol in-
stead of 0.05 kcal/mol. All the calculations were terminated
when this convergence criterion had been reached. In calcula-
tions when only the side chain atoms were allowed to move
freely, tethering was set to 100 000 on every backbone atom
of the system.
4.6. Enrichment tests
In the enrichment studies three different sets of inactive
compounds were used to test whether the active/inactive ratio
of the compounds influenced the results (14 active compounds
vs. 999, 1483 and 3002 inactive ones). As one of our further
goals was to perform virtual screening of huge compound da-
tabases, the inactive molecules were collected from the drug-
like and diverse sets of two major chemical companies (Otava:
www.otavachemicals.com; Enamine: www.enamine.net). All of
these compounds were ‘‘washed’’ by MOE, to generate the most
probable protonation state of them. 3D coordinates were gener-
ated by Concord 4.0 in Sybyl7.0. The active compounds were
collected from the available literature data [11,18,64]. Since
the H4 receptor was cloned quite recently, there are only a few
H4 agonists and antagonists with diverse structures. Consider-
ing this, and that the hit ratio in high throughput screening
(HTS) is usually 0.5e1%, we have chosen 14 active compounds
for the enrichment studies (Fig. 4). pKa values of all the actives
were calculated by CompuDrug’s Pallas software [75]. Hista-
mine was considered as a monocation (protonated on the ethyl-
amine side chain) and all imidazole derivatives were considered
in the N(t) form (protonated on N(3) and deprotonated on N(1);
see depiction on Fig. 4), supported by the Pallas calculations as
well as other available theoretical [76,77] and experimental
literature data [78,79] on histamine and its derivatives.

Enrichment tests were performed on six different H4
models with all three inactive sets by the docking program
FlexX. Pharmacophoric constraints were also applied in case
of every model with two inactive sets (Otava1, Enamine).

For evaluating the docked poses of the compounds, five
different scoring functions were used. The CScore package
contains four scoring functions (D-score, G-score, PMF-score,
Chemscore), and the own score of FlexX was also used.

The enrichment factors were calculated as follows: EF
(%)¼ (Nactive(%)� Nall)/(N(%)� Nactive) where Nactive(%) is the
number of actives found in the top x%, Nall is the number of
the compounds used in the test, N(%) is the x% of the com-
pounds used in the calculation of EF (%), Nactive is the number
of all actives used in the test. As one scoring function can be
used to rank the docked poses for a specific compound, and
another scoring function can be applied to compare the best
poses of the different compounds, we have calculated the en-
richment factors for every 25 scoring function combinations.
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(Model A) and bovine rhodopsin. Physicochemical properties
such as molecular weight and log P calculated by MOE for all
the actives and inactives. All active and inactive compound
sets are available from the authors upon request. Supplemen-
tary data associated with this article can be found in the online
version, at doi:10.1016/j.ejmech.2007.07.014.
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