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A structure-based virtual screening (SBVS) was conducted on a ligand-supported homology model of the
human histamine H4 receptor (hH4R). More than 8.7 million 3D structures derived from different vendor
databases were investigated by docking to the hH4R binding site using FlexX. A total of 255 selected
compounds were tested by radioligand binding assay and 16 of them possessed significant [3H]histamine
displacement. Several novel scaffolds were identified that can be used to develop selective H4 ligands in
the future. As far as we know, this is the first SBVS reported on H4R, representing one of the largest virtual
screens validated by the biological evaluation of the virtual hits.

1. Introduction

Histamine plays a crucial role as a major regulator of many
cellular events. It serves as a mediator, for example, in hyper-
sensitivity (allergic) responses, gastric acid secretion, neu-
rotransmission, immunomodulation, cell differentiation, and
embryonic development.1 All these processes take place with
the involvement of histamine receptors, of which four major
types (H1R, H2R, H3R, and H4Ra) have so far been identified.2

H1 antagonists (antihistamines) are widely used in the treatment
of allergy. Their therapeutic effect on allergic rhinitis and
urticaria is well-known. On the other hand, in several allergic
diseases, for example, bronchial asthma, H1 antagonists are not
effective.3 H2 antagonists are used in treating peptic ulcers,
gastresophageal reflux disease, and gastrointestinal bleeding.4,5

H3R was first cloned in 1999 by Lovenberg et al.6 On the basis
of its tissue distribution and the demonstrated pharmacological
effects, H3 antagonists can have a therapeutic importance in
cognitive disorders, dementia, and obesity.7–9 H4R is the novel
member of the histamine receptor family. It was cloned by
several groups independently in 2000 and 2001.10–14 In spite
of the high sequence homology with H3R, the highly different
expression pattern indicates different functions. H4R occurs in
bone marrow, spleen, eosinophils, mast cells, basophils, CD8+
T cells, and dendritic cells12,13,15–17 and, in contrast with H3R,
it has virtually no expression in the CNS.12,13 H4R mediates
histamine-induced chemotaxis in mast cells and eosinophils, and
this effect can be blocked by selective H4 antagonists.15,18,19

H4R in common with H2R is involved in the secretion of

interleukin 16 (IL-16) from CD8+ T cells.20 It was also
demonstrated that H4R antagonists cause a significant inhibition
of polymorphonuclear cell influx into the peritoneum or pleural
cavity in zymosan-induced neutrophilic inflammation models.21,22

These biological functions and the expression pattern indicate
a crucial role of H4R in allergy and inflammation, therefore,
H4 antagonists can become the new antihistamines,23 and H4
antagonists alone or in combination with H1 antagonists may
be used against some allergic diseases effectively in the near
future. H4R is therefore a promising target for drug design,24

especially because a limited number of selective H4 ligands
have only been discovered so far.

H4R is a member of class “A” in the G-protein-coupled
receptor (GPCR) superfamily. Despite the fact that GPCRs are
the targets for 60–70% of drugs in development today,25 until
quite recently, the only GPCR with an experimentally deter-
mined 3D structure was bovine rhodopsin.26 However, during
the preparation of this manuscript, the first crystal structures of
a human GPCR were reported.27,28 The bovine rhodopsin
structure has been widely used as a template to generate relevant
GPCR homology models for structure-based drug design. At
the beginning, these GPCR models were exclusively used for
binding site and ligand binding mode analyses.29–32 The
improvement of homology modeling, docking methods, scoring
functions, and computational resources allowed successful
structure-based virtual screenings (SBVS) on GPCRs.33–36 In
these studies, several novel GPCR ligands were reported
indicating the general relevance of this technique in structure-
based drug design. The protocol of SBVS can be built up in
many ways. Two conditions, however, are essential for SBVS:
a target structure and a ligand database. In our case, the target
structure was a ligand-supported homology model of the human
histamine H4 receptor (hH4R), which the model was previously
demonstrated to be suitable for virtual screening by enrichment
studies.37 Virtual screenings typically start up with a database
ranging from several hundred thousand to a million compounds.
As a first step, this database is usually prefiltered by “drug-
like” (or “lead-like”) properties. These filters can be useful in
eliminating compounds with undesirable physicochemical prop-
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erties. However, a reasonable number of drugs on the market
do not fulfill the criteria of “rule-of-five”, the most popular
“drug-like” filter,38 and therefore, a drug design project with
such a prefiltering step would have never discovered them. As
a next step, databases can be further reduced by using phar-
macophore models, and docking is only applied for some
thousand compounds in the last step of the workflow. One
advantage of using pharmacophore models instead of docking
is the reduction of the computational time. Generation of
pharmacophore hypotheses, however, requires a reasonable set
of ligands with measured biological activity. In the case of
hH4R, the lack of such information prevents the application of
ligand-based methods in virtual screening. It also has to be
mentioned that these methods obviously miss ligands exploiting
new parts of the binding site or a totally new cavity. Such limited
number of chemotypes applied for pharmacophore generation
increases the risk of missing actives. Docking requires reason-
ably more computational capacity, than pharmacophore search-
ing. Then again, docking ligands into the same binding site is
typically a parallelizable computational calculation, and there-
fore, it is possible to execute it on a cluster of PCs instead of
a supercomputer. Screening for potential anticancer agents using
distributed computing in the Screensaver project is a good
example for this approach.39 Clusters are effectively used in
virtual high throughput screening (vHTS) and make it possible
to dock even millions of compounds with high accuracy in a
reasonable time frame.

In this study, we report a successful large-scale virtual
screening on the homology model of hH4R. We compiled a
compound database comprising more than 8.7 million entries
that was screened against the hH4R homology model without
any prefiltering using the docking program FlexX.40 This
protocol saved some valuable compounds from prefiltering,
hereby minimizing the number of false negatives. Successful
docking of all compounds yielded 255 compounds that were
evaluated by radioligand binding assay, and 16 showed signifi-
cant hH4R affinity. To the best of our knowledge, this is one
of the largest validated SBVSs published so far.

2. Materials and Methods

Materials. Histamine dihydrochloride and thioperamide maleate
were purchased from Sigma (St. Louis, MO). Imetit dihydrobro-
mide, iodophenpropit dihydrobromide, dimaprit dihydrochloride,
clobenpropit dihydrobromide, and (R)-(-)-R-methylhistamine di-
hydrobromide were purchased from Tocris Bioscience (Ellisville,
MO). SK-N-MC cell line stably transfected with hH4R was
previously decribed.12 [3H]histamine dihydrochloride (52.0 Ci/
mmol) was purchased from Amersham (U.K.). Compound 1 (JNJ
7777120)22 was provided by Johnson&Johnson Pharmaceutical
Research and Development, LLC (San Diego, CA).

Homology Modeling. The development of hH4R homology
models suitable for vHTS was reported elsewhere.37 Here we only
summarize the most important steps of homology modeling and
evaluation. Homology models of hH4R were developed based on
the crystal structure of bovine rhodopsin. Histamine has two major
anchoring points at the hH4R binding site. The crucial role of Asp94
(3.32) and Glu182 (5.46) was demonstrated by site-directed
mutagenesis.41 After docking histamine to the binding site, we
rotated the carboxylate group of Asp94 (3.32) around the CR-C�
axis to accommodate histamine more favorably. Docking into this
model (indicated as “Model C” in ref 37) resulted in improved
binding modes of histamine having simultaneous interactions with
Asp94 (3.32) and Glu182 (5.46). Enrichment tests revealed that
this model is able to select known H4 ligands from random decoys.
Highest enrichment factors were around 40–50, as calculated at
the top 0.5% of the database. Other models with better performance

reported in that study were not available when our vHTS project
was initiated.

Database Preparation. A significant part of the docking
molecules was collected from the ZINC database.42 These com-
pounds are commercially available, except the NCI compounds,
which are accessible for academic researchers only. Compounds
from the ZINC database are available in multiple tautomeric forms
and protonation states. All of these were added to our database.
We have updated the compound collections by the vendors where
it was possible. If a vendor’s compound collection has changed
significantly since the last ZINC update, we used the new database
from the vendor’s Web site directly instead of the ZINC version.
ZINC compounds are in a “ready-to-dock” format. Others were
prepared for docking in two steps. First, the “washing” module of
MOE (version 2005.06; Chemical Computing Group Inc., Montreal,
Canada) was applied to generate the physiologically relevant
protonation state of the compounds. Second, 3D coordinates were
generated by Concord 4.0 in Sybyl7.0 (Tripos Associates, St. Louis,
MO). These compounds were only considered in one tautomeric
or protonation state during docking. In summary, our database
comprises 8743666 3D structures of small molecules (5066235
unique compounds) stored in mol2 format by vendors.

Virtual Screening. Docking calculations were performed by
FlexX version 2.0.1. FlexX was running with formal charges
assignment, other parameters were set as default. The active site
was defined as 5 Å radius around residues Asp94 (3.32), Glu182
(5.46), and Asn350 (7.45). High throughput docking was exclusively
done using the “ClusterGrid” production grid system developed
by the National Information Infrastructure Institute (NIIF) at
Hungary. “ClusterGrid” is basically built up of semidedicated
worker nodes of PC laboratories located at Hungarian Universities.
Semidedication basically means that the laboratories are used in
normal operation during the day and are reloaded to grid mode in
the evening. The PC laboratories are interconnected with a high
speed national backbone network. Hundreds of CPUs were used
simultaneously for the calculations. The FlexX license for 1000
CPUs was kindly provided by BioSolveIT GmbH. FlexX was
deployed on-demand to worker nodes. A total of 300 compounds
were submitted for FlexX as a single job. The executables, input
data, and results were stored on a distributed grid storage during
the calculations. This script always checked whether the job was
completely and successfully finished. If not, the remaining com-
pounds were resubmitted. Scoring of the successfully docked ligand
poses was performed by the CScore module in Sybyl7.0 on a mini-
cluster with 4 CPUs.

Radioligand Binding Assay. SK-N-MC cells transfected with
human H4 receptor were collected in PBS centrifuged at 3000 g
for 10 min, at 4 °C. Pellets were collected and homogenized in 50
mM Tris pH 7.5 containing 5 mM EDTA. After centrifugation at
40000 g (25 min, at 4 °C) pellets were rehomogenized in 50 mM
Tris pH 7.5 containing 5 mM EDTA, aliquoted, and stored at -70
°C until use. For the H4 competition binding studies, cell
membranes were incubated in plastic tubes with 10 nM [3H]his-
tamine in 50 mM Tris pH 7.5 containing 5 mM EDTA, with or
without test compounds, for 60 min at 25 °C. Nonspecific binding
was defined using 100 µM unlabeled histamine. After incubation,
the membranes were filtered through GF/C filters pretreated with
0.5% polyethylenimine using an M48 Brandel cell harvester. Filters
were placed into scintillation cocktail (OPTIPHASE “HISAFE” 3)
and quantified by a Tri-Carb 2900TR liquid scintillation analyzer.
Data were analyzed using GraphPad Prism (Graph-Pad Software,
San Diego, CA). Ki values were calculated according to Cheng and
Prusoff (1973). Inhibition, Ki, and Kd values (average ( S.D.) were
determined from three independent experiments unless otherwise
indicated.

Clustering of the In Vitro Hits. Compounds with significant
H4 affinity were clustered by different methods (ring systems,
branch fragments, and pharmacophores) with ChemTK Lite version
4.0.2.43 Final clustering was based on the combination of the results
of ChemTK with manual adjustments.
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3. Results

Virtual Screening. In summary, 8743666 structures, repre-
senting 5066235 unique compounds, were docked by FlexX
successfully into the hH4R binding site (Table 1).

The successfully docked and scored ligands were ranked by
the best scoring function combination found previously by
enrichment tests,37 that is, the docked poses for a compound
were ranked by ChemScore, and the best poses for all the
compounds were ranked by the own score of FlexX. After that,
we applied a two-step selection procedure to find the most
promising compounds for in vitro testing.

First, the docking solutions for the best 2000 structures were
inspected visually considering the following criteria: (i) the
ligand has to be positioned entirely into the binding site, and
(ii) protonation state and the tautomeric form of the ligand has
to be acceptable. A compound was only considered for in vitro
testing if both of these criteria have been met. In addition,
interaction(s) with Asp94 (3.32) or Glu182 (5.46) was taking
into account as a positive feature. Consequently, 128 compounds

were selected for in vitro screening. From among these, 66
(referred to “top_2000” below) were on stock at the vendors
and arrived at our laboratory.

Second, we inspected the top 45000 ligands. Because it
was not possible to analyze the binding mode one by one,
we were searching for compounds with at least one protonated
amine function and another potential H-bond donor group.
We have found 461 molecules meeting the above criteria.
For these compounds bit packed MACCS Structural Keys
fingerprint was generated by MOE, and a diverse subset of
229 compounds were selected with maximum Tanimoto index
of 0.7. A total of 166 (“top_45000”) of these were available
at the vendors. In the case of 23 additional compounds, it
was not possible to order them from the vendor anymore,
however, close analogs possessing a very similar core stru-
cture were available. Therefore, 23 analog compounds
(“top_45000_analog”) were also ordered for in vitro testing.

In Vitro Screening. First we examined the binding of
[3H]histamine to membranes from SK-N-MC cells expressing

Table 1. 3D Structures Docked Successfully to the hH4R Binding Site by FlexX

source vendor URL

No of successfully
docked

3D structures

No of 3D
structures in
the top 2000

No of 3D
structures in

the top 45000
No of compounds

ordered
No of
actives

ZINC ACB-Eurochema 107705 1 47 0 0
ZINC Ambinter www.ambinter.com 641100 125 2856 1 0
ZINC Asinex www.asinex.com 341431 146 1745 38 0
ZINC ChemBridge www.chembridge.com 476345 147 2800 29 2
ZINC Comgenex www.comgenex.com 35066 1 95 3 0
ZINC Enamine www.enamine.net 557158 160 2590 17 0
ZINC updated InterBioScreen www.ibscreen.com 589900 115 2088 23 1
ZINC Life Chemicals www.lifechemicals.com 57505 6 183 0 0
ZINC InterChim www.interchim.com 380502 57 1417 0 0
ZINC Maybridge www.maybridge.com 63481 33 499 5 0
ZINC Nanosyn www.nanosyn.com 81914 46 805 1 0
ZINC National Cancer

Institute (NCI)
http://dtp.nci.nih.gov 249747 204 2079 58 5

ZINC updated Otava www.otavachemicals.com 450768 42 1402 0 0
ZINC Peakdale Molecular www.peakdale.com 11584 13 110 0 0
ZINC Ryan Scientific www.ryansci.com 75555 30 510 2 1
ZINC Sigma Aldrich www.sigmaaldrich.com 51380 15 276 0 0
ZINC Specs www.specs.net 361408 84 1625 12 0
ZINC TimTec www.timtec.net 157451 43 992 0 0
Vendor AnalytiCon Discovery www.ac-discovery.com 8460 0 4 0 0
Vendor Apollo www.apolloscientific.co.uk 6983 0 5 0 0
Vendor Aurora Fine Chemicals www.auroratinechemicals.com 30854 3 98 0 0
Vendor Biotech www.biotech-us.com 119823 76 1257 8 1
Vendor ChemDiv www.chemdiv.com 540450 82 1932 20 3
Vendor ChemTI www.chemti.com 1176915 196 10058 0 0
Vendor CiVentiChem www.cvchem.com 256455 16 524 0 0
Vendor EMC Microcollections www.microcollections.de 23805 1 11 0 0
Vendor Florida http://ufark12.chem.ufl.edu/ 28614 5 100 0 0
Vendor Key Organics www.keyorganics.ltd.uk 46799 0 93 0 0
Vendor LaboTest www.labotest.com 156288 45 1222 0 0
Vendor MDPI www.mdpi.org 9660 2 27 1 0
Vendor Meta Database

(KEGG, Akos sets)
http://ligand.info 470782 106 2603 0 0

Vendor Micro Source www.msdiscovery.com 1688 0 4 0 0
Vendor Moscow MedChemLabs www.mosmedchemlabs.com 176606 20 683 0 0
Vendor Oakwood Products www.oakwoodchemical.com 11383 0 10 0 0
Vendor Pharmeks www.pharmeks.com 123940 21 382 18 1
Vendor Princeton BioMolecular

Research
www.princetonbio.com 575780 111 2497 2 0

Vendor Spectrum Info www.spectrum.kiev.ua 8132 0 4 0 0
Vendor Toslab www.toslab.com 14694 1 73 0 0
Vendor Tripos (Leadquest) www.leadquest.com 44452 1 35 1 0
Vendor Vitas-M Laboratory www.vitasmlab.com 221103 46 1259 6 0
Vendor Chemical Blockb www.chemblock.com 0 0 0 10 2

Σ 8743666 255 16
a We could not contact “ACB-Eurochem”, and their compounds were deleted from ZINC early after we finished the virtual screening. b The compound

library of “Chemical Block” was not screened against the hH4R, although some compounds among the virtual hits of other companies were purchasable
from this vendor.
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hH4R. Scatchard analysis revealed that [3H]histamine binds with
high affinity to hH4R with a Kd of 12.8 ( 3.5 nM (Figure 1).

Subsequent competition binding experiments were performed
with 10 nM [3H]histamine. Eight known H4R ligands were
evaluated for binding to the hH4R, to compare their Ki values
with the ones reported in the literature (Figure 2).

Consistent with the saturation experiment using [3H]hista-
mine, the Ki value for unlabeled histamine was 13.4 ( 8.4 nM.
All the Ki values for other known H4 ligands were in good
agreement with the data reported in the literature.11–14 Then,
we have tested the most promising compounds derived from
the vHTS in a concentration of 5 µM by radioligand binding
assay. Altogether, 255 compounds (66, “top_2000”; 166,
“top_45000”; and 23, “top_45000_analog”) were evaluated in
vitro. A total of 16 out of the 255 compounds showed a
significant (>20%) displacement of [3H]histamine, which means
an overall hit rate of 6.3% (Figure 3).

Three compounds were derived from “top_2000”, 12 from
“top_45000”, and 1 from “top_45000_analog”. Compounds 2,
3, 4, 9, and 10 showed a displacement above 60%, therefore,
we have determined their Ki values (Figure 4).

4. Discussion

To the best of our knowledge, no SBVS study has been
published in the field of H4R so far. A structure-based approach
can be utilized in the presence of a high quality model of the
hH4R. In our case, the previously developed and published
hH4R homology model was shown to be suitable for virtual
screening by enrichment studies.37 Therefore, we set up a large-
scale SBVS, where we aimed to screen the database with more
than 8.7 million entries by docking to the hH4R binding site.

Database Preparation. As a practical aspect in the prepara-
tion of the database, we preferred compounds that were
commercially or academically available.

Figure 1. [3H]Histamine binding to SK-N-MC cells stably transfected
with hH4R. Cells were incubated with increasing concentrations of
[3H]histamine. Nonspecific binding (NSB) was determined in the
presence of 100 µM histamine. Kd value was determined from three
independent experiments. Data from one representative measurement
are shown.

Figure 2. [3H]Histamine binding to SK-N-MC cells stably transfected
with hH4R. Membranes were incubated with 10 nM [3H]histamine. Ki

(nM) values were determined from three independent experiments.

Figure 3. Distribution of the activities of the in vitro hits.

Figure 4. [3H]Histamine binding to SK-N-MC cells stably transfected
with hH4R. Membranes were incubated with 10 nM [3H]histamine. Ki

values were determined from two (compounds 2, 3, and 4) or three
(compounds 9 and 10) independent experiments: compound 2, 1.48
µM ( 0.11; compound 3, 1.24 µM ( 0.33; compound 4, 897 nM (
77; compound 9, 85 nM ( 34; compound 10, 219 nM ( 44. Data
from one representative measurement are shown.
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It is difficult to draw the line between “drug-like” and
“nondrug-like” compounds, which is further supported by the
numerous definitions of “drug-likeness” in the literature.38,44,45

Also, several well-known, existing drugs are of “nondrug-like”
properties. Moreover, Fialkowski et al. showed that molecular
weight distribution of drugs is virtually identical to that of all
chemicals stored in the Beilstein database.46 This would argue
with the concept suggesting molecular weight distributions of
drug-like and random compounds differ significantly.44 Another
important aspect to consider is that “drug-likeness” can be
improved during the “hit-to-lead” process to meet the required
standards. Therefore, we did not apply any “drug-like” prefil-
tering of our database.

Virtual Screening. During docking, scoring, and evaluation
of the results of our large-scale virtual screening, we have made
some valuable observations. One of these is that a significant
degree of redundancy can be established between the molecular
databases of different vendors. Our database comprises 8743666
3D structures of small molecules. Considering one protonation
and tautomeric state, the number of unique compounds in our
database is 5066235. The observed redundancy is in line with
the finding reported by Baurin et al.47 These authors analyzed
a chemical library of 2.7 million commercially available
compounds and found that only 1.6 million of these were unique
structures.

In analyzing the binding mode of the best molecules, we
found that some of the ligands were positioned partially outside
the protein. This was because our model lacks the membrane
environment and also due to the fact that the hH4R binding
site is relatively small. It also has to be mentioned that the hH4R
homology model is based on the inactive crystal structure of
bovine rhodopsin, where the second extracellular loop is
considerably folded down to the transmembrane part. This could
result in the shrinkage of the binding site of homology models.

Therefore, one of the criteria used to select molecules for in
vitro testing was that the ligand has to be positioned entirely in
the binding site.

We also found compounds that were not protonated correctly
during the MOE “washing” process. A typical error was the
protonation of both nitrogens on a piperazine ring. Although
this method is less than accurate, in the case of a database with
millions of compounds, it was the only reliable alternative. It
should be noted that, without “washing” the compounds with
MOE, all tertiary amines would have been represented in their
neutral form, showing thus no interaction with Asp94 (3.32) or
Glu182 (5.46), resulting in several false negatives. ZINC
compounds were considered in several different protonation
states and tautomeric forms during the virtual screening. We
found several compounds represented in a very unlikely
protonation form, for example, with protonated pyridines, that
are dominant only under pH ) 5. Accordingly, as a second
criterion by selecting molecules for in vitro screening, we have
checked whether the protonation state of the ligand is reasonable.
In our firm opinion, proper handling of protonation and
tautomerism remains a cardinal question of virtual screening,
and mistreatment of this aspect causes numerous false (mainly
negative) results.

Table 2. Group I of the In Vitro Hitsa

a Displacement values were determined from three independent experi-
ments at an inhibitor concentration of 5 µM in the presence of 10 nM
[3H]histamine.

Table 3. Group II of the In Vitro Hitsa

a Displacement values were determined from three independent experi-
ments at an inhibitor concentration of 5 µM in the presence of 10 nM
[3H]histamine.

Figure 5. Binding mode of compound 8 from group II of the in vitro
hits at the hH4R. Ionic interaction and H-bonds with Glu182 (5.46)
are marked with dashed yellow lines.
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After completing the screening phase, we used a two-step
selection method to find promising molecules for in vitro
screening. During the first selection, the structure of the best

scoring compounds as well as their binding mode was analyzed
carefully. This selection embraced a relatively small number
of compounds (2000). The number of compounds analyzed in
the second selection step (45000) was solely defined according
to the enrichment results in our previous study,37 where the
highest enrichment factors were achieved by testing the top 0.5%
of the database.

In Vitro Screening. The total of 255 selected compounds
was investigated in a hH4R binding assay. We have found
several novel scaffolds that can be used to develop new H4
ligands. This is in agreement with the extensive comparative
virtual screening study of Evers et al.48 They concluded that
ligand-based approaches outperform structure-based techniques
on amine-binding GPCRs, however, SBVS is a useful tool in
GPCR drug design to identify novel ligands, especially when
only limited ligand information is available. Also, effectiveness
of SBVS on homology models highly depends on the quality
of the protein model.

The NCI database contains almost 250000 compounds, which
represents the 2.9% of our screened database. A significantly
higher rate of NCI molecules were found among the virtual hits:

Table 4. Singletons of the In Vitro Hitsa

a Displacement values were determined from three independent experiments at an inhibitor concentration of 5 µM in the presence of 10 nM [3H]histamine.

Figure 6. Binding mode of compound 11 at the hH4R. Ionic interaction
with Glu182 (5.46) is marked with dashed yellow line.
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10.2% of the best 2000 and 4.6% of the best 45000 were NCI
compounds. Even the in vitro hit rate of NCI compounds (8.6%,
5 in vitro hits/58 tested) was higher than the average (6.3%).
In total, 5 out of the 16 in vitro hits were derived from the NCI
database (31.3%). In our opinion, the NCI database is reasonably
diverse, and it contains several unique structures. Therefore,
we highly recommend the use of the NCI database for virtual
screening.

Out of the 16 in vitro hits, 7 compose 2 groups and the
remaining 9 are singletons. Group I of the in vitro hits has five
members (Table 2).

All of these contain two cationic guanidinium functions linked
by a lipophilic chain or ring system. Even a considerably bulky
lipophilic system is well tolerated between the two positive
centers (compound 2). This part of the compounds has several
substitutional possibilities to exploit. It is worth mentioning that
compounds 4 and 6 only differ in a methyl group, however,
this methyl group has a significant effect on the affinity.
Analyzing the predicted binding mode of these compounds,
however, we have not found any reasonable difference in their
orientation at the binding site (see figure in Supporting Informa-
tion). They both create two ionic interactions with Asp94 (3.32)
and Glu182 (5.46), and the central part is positioned in a
lipophilic cavity composed by residues Tyr95 (3.33), Trp157
(EC2 loop), Leu175 (5.39), Trp316 (6.48), and Tyr319 (6.51).
Therefore, the increase of the lipophilic character at this part
of the molecules can significantly influence their binding affinity.
Members of this group created at least one ionic interaction
with either Asp94 (3.32) or Glu182 (5.46).

The members of group II showed a similar displacement of
histamine (Table 3).

They contain one cationic guanidinium group and a lipophilic
aromatic system. According to the docking results they both
form an ionic interaction with Glu182 (5.46), and their aromatic
rings were found in the lipophilic surroundings of Leu91 (3.29),
Tyr95 (3.33), Trp157 (EC2 loop), Leu175 (5.39), Trp316 (6.48),
Tyr319 (6.51), and Phe344 (7.40). The hydroxyl group of
compound 8 created an additional H-bond with Glu182 (5.46)
(Figure 5).

With regard to the singletons, the two most potent in vitro
hits (compounds 9 and 10) showed a histamine displacement
above 90% (Table 4).

Compound 11 has a protonated piperazine moiety that
interacts with the side chain of Glu182 (5.46). Other parts of
this compound create lipophilic interactions with several amino
acids of hH4R, for example, Tyr95 (3.33), Trp157 (EC2 loop),
Phe183 (5.47), Val184 (5.48), Trp316 (6.48), Tyr319 (6.51),
and Ile324 (6.56) (Figure 6).

Compound 12 is a close relative of the first reported selective
H4 antagonist, compound 1.49 It lacks the 5-chloro substituent
on the indole-ring and contains a simple ethylamine side chain
instead of the 4-methyl-piperazin moiety. H4R affinity of
compound 1 analogs was previously published in a detailed
study.50 In this study, the pKi value of some analogs with a
flexible side chain instead of a piperazine ring was also
determined. The affinity of these more flexible compounds was
more than 2 orders of magnitude lower than that of compound
1. This is in line with our results, that is, compound 12 showed
a moderate displacement of histamine in our radioligand binding
assay. During the database preparation, we did not realize that
a close relative of compound 1 was part of the database. On
the other hand, our model ranked this molecule correctly into
the top 0.5%, as a potential H4 active compound. Compound
12 formed one ionic interaction and two additional H-bonds
with Glu182 (5.46) at the hH4R binding site. Lipophilic
interactions were also formed with Tyr95 (3.33), Trp157 (EC2
loop), Trp316 (6.48), and Tyr319 (6.51) (Figure 7).

Compound 17, which is an analog of the original virtual hit,
was identified as a moderately active H4 ligand (Table 4). We
decided to order analog compounds, because the original ones
were no longer available from the vendors, but the basic
structure of these hits seemed promising for the development
of novel H4 agonists or antagonists. After hit identification, we
docked compound 17 into the hH4R binding site and compared
its binding mode and score with that of the original compound.
We found significant differences: the COOH- and OH- groups
of the original compound formed interactions with Thr178 (5.42)
and Glu182 (5.46), respectively. On the other hand, these
interactions were missing in the case of the analog. Furthermore,
the scores of the best pose for the original and the analog
compounds were –24.724 and –11.463, respectively. According
to the analysis of binding modes and scores, we suggest that
the original compound may exhibit a higher affinity than
compound 17.

Summarizing the binding mode analysis of the in vitro hit
structures, every hit compound created at least one interaction
with Asp94 (3.32) or Glu182 (5.46). This reinforces the
hypothesis that these residues play crucial roles in ligand binding
to hH4R.

The average hit rate of our hH4R in vitro screening was 6.3%.
The hit rates, concerning “top_2000”, “top_45000”, and
“top_45000_analog” were 4.6, 7.2, and 4.3%, respectively. It
is interesting to note that “top_45000” selection yielded the
highest hit rate. Moreover, the two most potent compounds were
also found by this selection method. The first selection was
based on the visual inspection of binding modes for the 2000
top-scoring hits, while the latter required no human intervention
just filtering the top 0.5% of the ranked database, as suggested
by preceding enrichment studies. These results underline the
impact of hit selection approaches in virtual screening.
“Top_45000_analog” selection resulted in the smallest hit rate
as expected. Although structural cores were identical to those
of the original hits altered substitution patterns are probably
responsible for differential binding characteristics. Consequently,
we have identified only one hit by testing analogs of the
unavailable virtual hits. Docking calculations with this hit

Figure 7. Binding mode of compound 12 at the hH4R. Ionic interaction
and H-bonds with Glu182 (5.46) are marked with dashed yellow lines.
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revealed an altered binding mode relative to the original hit that
might explain its moderate affinity to hH4R.

5. Conclusions

Structure-based virtual screening (SBVS) is becoming a
general tool for computer-aided drug design. In recent years,
several successful SBVS were published even on GPCR
homology models. To the best of our knowledge, in this study,
we report one of the largest validated SBVSs ever published.
Moreover, this is the first structure-based drug design study
reported on the human histamine H4 receptor (hH4R). After
screening more than 8.7 million compounds virtually, we have
identified several novel structures with a significant H4 affinity.
These can serve as starting points in the development of selective
H4 ligands in future.
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