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Abstract
G-Protein Coupled Receptors (GPCRs) have enormous physiological and biomedical importance, being the

primary target of a large number of modern drugs. The availability of structural information of the binding site of the 
targeted GPCR plays a key role in rationalization, efficiency and cost-effectiveness of the drug discovery process. 
However, obtaining structural information on GPCRs using X-ray crystallography or NMR requires a large investment 
of time and is technically very challenging. This situation significantly limits the ability of these methods to have an 
impact in drug discovery for GPCR targets in the short term and hence there is an urgent need for other effective and 
cost-efficient alternatives. We present here a practical approach that integrates GPCR modelling with fragment based 
screening to provide structural insights on the H3 and H4 histamine receptor binding sites. This approach creates a 
cost-efficient new avenue for structure-based drug design (SBDD) against GPCR targets. We report here a success 
of using this protocol for the discovery of selective and dual H3 and H4 antagonists. Our fragment screen yielded 44 
H3, 21 H4 selective and 20 dual fragment hits. These fragments were used to construct high-quality H3 and H4 
models followed by binding site exploration and structure based virtual screening (VS). Overall, 172 compounds 
were purchased for testing based on the virtual screening results. Of the 74 compounds predicted to have dual 
activity, 33 had activity against one or other of the two receptors (44%), of which 17 had activity against both. Of the 
19 compounds predicted to be H3 selective, 13 were active against H3 (68%) and 10 of these also had selectivity 
over H4. Of the 79 compounds predicted to be H4 selective, 36 were active against H4 (45%) and 2 of these also had 
selectivity over H3.
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Introduction
G-Protein Coupled Receptors (GPCRs) have enormous

physiological and biomedical importance, being the primary target 
of a large number of modern drugs. The availability of structural 
information on the binding site of the targeted GPCR plays a key role in 
rationalization, efficiency and cost-effectiveness of the drug discovery 
process. X-ray crystallography and NMR, the major experimental 
sources of structural information, are very slow processes for 
membrane proteins, and are not currently feasible for every GPCR or 
GPCR-ligand complex. This situation significantly limits the ability of 
these methods to impact the drug discovery process for GPCR targets 
in “real-time” and hence there is an urgent need for other practical and 
cost-efficient alternatives [1]. We present here a practical approach that 
integrates GPCR modeling with fragment based screening, to provide 
structural insights on the GPCR binding sites followed by structure 
based virtual screen (VS).

Fragment-assisted drug discovery (FADD) has emerged as a new 
tool for drug discovery in recent years [2,3] and is typically aimed 
at a target for which a crystal structure can be determined in order 
to rationally guide fragment hit expansion. While the majority of 
historical fragment screens have been focused towards biochemical 
targets, only few examples, to date, have been published in which this 
method has been used to identify ligands for GPCRs [4]. This is due to 
the current infeasibility of regularly crystallizing the GPCR-fragment 
complexes that are required for further fragment expansion. Recently, 

there has been several lines of evidence suggesting that FADD might be 
useful for GPCR hit identification [5]. These publications encouraged 
us to try this approach in the discovery of GPCR antagonists.

The H3 and the H4 receptor belong to the Class A histamine 
GPCRs subfamily. The histamine GPCRs signal through Gi/o proteins 
leading to inhibition of cAMP formation, mobilisation of calcium 
from intracellular stores and stimulation of MAP kinase in both 
heterologous expression systems and native immune cells [5,6]. H3 
and H4 receptors remain highly attractive targets for drug discovery 
and medicinal chemistry development programs [7-10]. While the H3 
receptor seems to be an interesting target for treatment of certain CNS 
disorders like cognitive disorders, narcolepsy, ADHD and pain [11,12], 
the H4 receptor plays an important role inflammation and allergy 
[13]. Experimental evidence has demonstrated the high therapeutic 
potential of modulating both the H3 and H4 receptors in cancer 
treatment [14,15].

In the light of this wide clinical evidence of the importance of H3 and 
H4 receptors as potential drug targets [7-10], the need for exploration 
of the key structural features and key residues involved in antagonist 
binding and selectivity cannot be overestimated. Such structural data 
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entry 2RH1), human A2A adenosine receptor (A2A, PDB entry 3EML) 
and bovine rhodopsin (PDB entry 1F88) - the more recently published 
crystal structure of the histamine 1 (H1) receptor [56] was not available 
at the time of this work, using a multiple-sequence alignment tool 
implemented in MOE version 2010.10 (Chemical Computing Group). 
In this approach, originally introduced by Needleman in 1970, [57] 
alignments were computed by optimizing a function based on residue 
similarity scores obtained from applying an amino acid substitution 
matrix (blosum62) [58] to pairs of aligned residues and gap penalties. 
Penalties were imposed for introducing and extending gaps in one 
sequence with respect to another. The gap start penalty was set at 7 
and the penalty for gap extension was set at 1. The conserved residues 
and conserved GPCR motifs were constrained to ensure their proper 
alignment. The position of each amino acid was identified by its 
sequence number and by the generic number proposed by Ballesteros 
and Weinstein.

Template selection of the best template for modeling of any 
GPCR is usually very challenging [37]. Class A GPCRs share the 
same arrangement of the seven helices [59] and their 7TMD sequence 
similarities are relatively high [60-63]. However, even small sequence 
differences can lead to significant differences in overall structure and 
particularly in the topology of the ligand binding site [64]. This renders 
each GPCR unique to its exclusive biological function. The most 
critical sequence difference in GPCRs is the difference in the positions 
of proline residues [65-67]. Prolines force kinks in TM secondary 
structure and, as a result, even the smallest difference in the positions 
of prolines in the sequence alignment of the modeled GPCR and the 
template can result in a significant decrease in the accuracy of the 
model [66]. We ranked the quality of crystal structures as potential 
templates for homology of H3 and H4 based on the maximum number 
of correctly aligned prolines in the 7TMD. The crystal structure that 
had the highest number of aligned prolines was chosen as a template 
for further homology modeling.

Homology Modeling of H3 and H4 were performed using the 
homology modeling tool as implemented in the MOE software package 
(Chemical Computing Group, version 2010.10), based on the template 
selected in the previous stage. Due to insertions of the H3 and H4 
sequences with respect to the template, some residues, particularly in 
the loop regions, did not have assigned backbone geometries based on 
the template. These insertions were modeled from segments of high-
resolution chains from the protein data bank (PDB) which superposed 
well onto anchor residues on each side of the insertion area, after the 
method described by Fechteler et al. [68]. Following the selection of 
appropriate loop templates, multiple model candidates for each loop 
were constructed and scored using the OPLS-AA energy function 
[69,70]. The coordinates of the top ranked loop model were added to 
the global model. After all of the loops had been added, the side chains 
were modeled. Sidechain data is assembled from an extensive rotamer 
library generated by systematic clustering of high- resolution PDB data. 
After all of the backbone segment and sidechain conformations were 
chosen, the model was minimized using the MMFF94x force-field [71].

Docking procedure and generation of receptor-fragments 
complex: In this stage we docked our fragment hits into the binding 
sites of H3 and H4 using a flexible docking procedure. In all docking 
experiments described in this manuscript we used the GOLD docking 
package (Cambridge Crystallographic Data Centre, version 5.0), 
followed by re-scoring and re-ranking procedures. When docking 
fragments a flexible GOLD docking procedure was used, as fragments 
were being docked into an unrefined binding site. The rotamer library 
of GOLD [72] (Cambridge Crystallographic Data Centre) was used to 

is vital for driving the development of the next generation of new H3 
or H4 antagonists. Recently several studies were conducted to address 
this problem, involving in-silico guided site directed mutagenesis data 
(SDM) [16,17]. This data shows that key residues, responsible for 
antagonist binding to H3 receptors are D1143.32, Y1153.33, E2065.45 and 
for H4 receptors are D943.32, D1825.45. Mutations of V3.40A, N4.57Y, T5.42A, 
T6.55M and Q7.42L showed an average of a ~10 fold decrease in potency 
for a series of clobenpropit derivatives (selective H4 antagonists) to H4 
[18].

In our work, a fragment screen yielded 44 H3, 21 H4 selective and 
20 dual fragment hits. These fragments were used to construct high 
quality H3 and H4 models followed by binding site exploration and 
structure based VS. Overall, 172 compounds were purchased for testing 
based on the VS results. Of the 74 compounds predicted to have dual 
activity, 33 had activity against one or other of the two receptors (44%), 
of which 17 had activity against both. Of the 19 compounds predicted 
to be H3 selective, 13 were active against H3 (68%) and 10 of these 
also had selectivity over H4. Of the 79 compounds predicted to be 
H4 selective, 36 were active against H4 (45%) and 2 of these also had 
selectivity over H3.

The results reported here are comparable to those from other 
similar works [19-22] which showed that GPCR modeling [23-31] in 
the absence of a crystal structure can be a valid replacement [32-39] 
for structural and functional exploration of GPCR receptors, and for 
the discovery [21,40-43], VS [44-52] and optimisation [23,53] of their 
ligands.

Materials and Methods
Computational methods

Residue numbering: The position of each amino acid residue of 
H3 and H4 receptors was identified both by its sequence number and 
by its generic number proposed by Ballesteros and Weinstein for class 
A GPCRs [54]. Briefly, in this numbering scheme, amino acid residues 
in the 7 trans-membrane domain (7TMD) are given two numbers; 
the first corresponds to the trans-membrane helix (TM) number (1 to 
7), while the second indicates the residue position relative to a highly 
conserved residue in class A GPCRs in that TM, which is arbitrarily 
assigned to 50. The numbering of the loops is done in a similar manner, 
for example extracellular loop 2 (ECL2) is labeled 45 to indicate its 
location between helices 4 and 5, and the conserved cysteine (thought 
to be part of a disulfide-bond) is given the index number 45.50. The 
residues within the ECL2 loop are then numbered relative to this 
position.

H3 and H4 modeling procedure

We performed our hierarchical GPCR modeling protocol [55] 
in 5 sequential steps: (1) Multiple-Sequence Alignment (2) Template 
selection (3) Homology Modeling of the receptors (4) Docking 
procedure and generation of receptor-fragments complex (5) Receptor 
binding site optimization with "low-mode" molecular dynamics 
(LowModeMD) simulation.

Multiple-Sequence Alignment is required for selection of the 
optimum template from the available GPCR crystal structures for 
further homology modeling of H3 and H4. The amino acid sequences 
of human H3 (UniProtKB/Swiss-Prot ID Q9Y5N1) and human H4 
(UniProtKB/Swiss-Prot ID Q9H3N8) were retrieved from the Swiss-
Prot database. The sequences of the H3 and H4 receptors were aligned 
with four published GPCR crystal structures [human dopamine D3 
receptor (D3, PDB entry 3PBL), β2-adrenergic receptor (β2AR, PDB 
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add flexibility to the key residues found by SDM. The docking itself 
was performed once for each molecule, with the 10 top ranked docking 
poses scored by the GOLD default scoring function [73] retained. We 
then re-scored and re-ranked these 10 docked poses using AMBER 
interaction energy. We used the MM-PBSA/GBSA approach [74] to 
calculate the AMBER interaction energy between protein and ligand. 
As was recently published [75,76] the AMBER interaction energy, while 
subject to the same limitations as all force field based methods, was 
able to accurately predict relative binding affinities between ligand and 
protein and was therefore selected as a reliable method to re-score and 
to rank docking poses. The 10 top-ranked docking poses, according to 
the AMBER interaction energy, was taken for further analysis. The top-
ranked pose of fragments, according to the AMBER interaction energy 
and SDM, was selected for further binding site refinement.

Receptor binding site optimization: In the final modeling stage, 
we aimed to optimize the H3 and H4 binding sites by applying a 
“low-mode” molecular dynamics simulation (LowModeMD [77]) to 
docked fragments pose. The LowModeMD protocol is a stochastic 
conformation generation protocol implemented in MOE. For the 
LowModeMD refinement the H3 and H4 binding sites were defined by 
residues within a radius of 7.0Å of the docked fragments. Flexibility was 
permitted for all atoms within this radius when the rest of the atoms of 
H3 and H4 and of fragments were restrained. The radius of 7.0 Å was 
selected to ensure that all the atoms of helical fraction that include close 
to fragment residues will be also included in refinement. The dielectric 
constant was set to 3. A LowModeMD constant temperature MD 
simulation was performed at 300K, using the Berendsen thermostat 
[78] and the velocity Verlet algorithm. The default value of the 
energy minimisation gradient (0.001 kcal.mol-1.Å-2) was used. The 
LowModeMD and stochastic searches were terminated after 200 failed 
attempts to generate a new conformation, with a maximum of 10,000 
iterations. To ensure that the TM helices did not “unwind” during the 
optimization, simple harmonic distance constraints were applied to 
mimic the α-helical i, i + 4 carbonyl−amine hydrogen bonds.

Structure-based virtual screen

We performed structure-based VS in 2 sequential steps: (1) 
Similarity search followed by (2) Filtering by docking. Figure 1 gives a 
schematic overview of the strategy that was used starting from GPCR 
modelling.

Similarity search: We used a shape-pharmacophore superposition 
method, as it is implemented in OMEGA and ROCS tools of the 
OpenEye software package (version 3.0.0) [79] to rank the similarity 
between fragment hits and in-house vendor screening library of 4.8 M 
compounds. We used OMEGA [80] to generate potential bioactive and 
energetically accessible conformations for each molecule in the vendor 
screening library and ROCS for shape-based superposition. A Gaussian 
description of molecular shape is used to compare the shapes of any two 
molecules by maximization of their volume intersection [79]. We used 
docking poses of our fragment hits as templates for superposing with 
our vendor screening library. Molecules were superposed by a solid-
body optimization process that maximizes the overlap volume between 
them. We used the ROCS default scoring function Combo Score to 
rank the quantity of the overlap between the fragments and screening 
library. The Combo Score evaluates the shape and pharmacophore 
properties (like donor, acceptor, hydrophobe, cation, anion, and ring) 
overlap between a pair of molecules. It was observed by Hawkins et al. 
[81] that adding to the shape the score for the appropriate overlap of 
pharmacophore properties, and then ranking on this summed score, 
improved VS performance considerably. The top compounds from the 

screening library, which showed overlap with Combo Score > 1 to our 
fragment hits, were selected for further docking and filtering.

Filtering by docking: These top ranked molecules from screening 
library were docked into the H3 and H4 receptors using rigid docking 
procedure. We used the same docking and scoring protocol as for 
docking fragments, however no flexibility was allowed for the backbone 
and sidechains of the receptors. The top ranked compounds according 
to AMBER interaction energy were manually inspected and selected 
for binding-functional assays.

Binding and functional assays

Reagents: Histamine dihydrochloride (53300) was purchased 
from Fluka, IBMX (410957) was from Calbiochem, HTRF-cAMP 
dynamic 2 assay kit (62AM4PEB) was from CisBio Bioassays, and 
FLIPR Calcium 3 Assay Kit, Express (R8108) was from MDS Analytical 
Technologies. The reference antagonists Thioperamide maleate (0444) 
and Clobenpropit dihydrobromide (0752) were both purchased from 
Tocris. HEPES (1 M, 15630-056) and Hanks' Balanced Salt Solution 
(HBBS 10x, 14065-049) were obtained from Invitrogen while PBS 
(D8537), Probenecid (P-8761) and Forskolin (F6886) were purchased 
from Sigma.

Cell lines: The recombinant CHO–K1 cell line expressing, 
Galpha16 with the human H4 (cat no. ES-393-A) and the recombinant 
CHO-K1 cell line expressing Galpha16 with the human H3 (cat no. 
ES-393-F) were purchased from Euroscreen (Brussels, Belgium). All 
cell lines were cultured in Nutrient Mixture F-12 Ham (Sigma, N4888) 
supplemented with 10% (vol/vol) heat-inactivated fetal calf serum 
(Sigma, F9665), 100 U/ml penicillin (PAA, P11- 010), 100 µg/mL 
streptomycin (PAA, P11-010), 250 µg/ml Zeocin (Invitrogen, R250-
01), and 500 µg/mL G418 (PAA, P31-011).

Calcium flux assay: The functionality of each histamine receptor 
was assessed using a standard calcium flux assay and the corresponding 
stable expressing cell line. Histamine H3 or H4 receptor expressing 
CHO-K1 cells (adherent cultures) were seeded into, tissue culture–
treated, 384-well, black clear-bottom plates (CellBind Corning 7086); 
at either 15,000 (H4) or 20,000 (H3) cells/well in culture medium 
and maintained in an incubator (5% CO2 at 37°C) overnight prior to 
performing the calcium mobilization assays. Cells were washed once 
with assay buffer (HBSS 1x, 20 mM HEPES pH 7.4) using an automated 
cell washer leaving the cells in 25 µl/well assay buffer. 25 µl of the 
calcium assay kit solution (containing 5 mM probenecid) was added 
into each well. The final liquid volume before antagonist treatment was 

Figure 1: In-silico GPCR workflow used in VS.
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50 µl for all assays. The cell plates were then incubated at 37 °C for 
30 min prior to addition of 5 µl/well of compound solution (freshly 
diluted in assay buffer from stock solution in DMSO). After 30 min 
incubation at 37°C 5% CO2, the fluorescence intensity was measured 
on a fluorometric imaging plate reader (FLIPR3; Molecular Devices). 
The fluorescence intensity before and after the addition of histamine 
(as agonist) at an EC80 value was measured over 3 minutes.

cAMp HTRF assay protocol: Histamine H3 or H4 receptors 
expressing CHO-K1 cells (adherent cultures) were seeded into, tissue 
culture–treated, 384-well, white flat bottom plates (Corning 8882) at 
10,000 cells/well in culture medium and maintained in an incubator 
(5% CO2 at 37°C) overnight prior to the cAMP assay. For the assay, 
the medium in the cell plate was manually removed by inverting the 
plate. 5 µL per well of compound solution (freshly diluted in PBS from 
stock solution in DMSO) was added to cells followed by 5 µL per well 
of histamine at an EC80 in PBS containing IBMX (final concentration: 
1 mM) and forskolin (final concentration: 3 µM). After 30 minutes of 
incubation at 37°C, 5 µL per well of cAMP-d2 lysis buffer was added, 
followed by 5 µL per well of anti-cAMP-cryptate and after an incubation 
time of 1 h at RT, the plate was read on EnVision (Excitation: 320 nm; 
Emission: 615 nm and 665 nm).

Results and Discussion
Fragments screening

A collection of five compound plates representing 1,708 fragments 
from Evotec’s fragment library (consisting of 30,000 highly diverse 
fragments), were screened at 2 and 20 µM in the functional calcium 
flux assays on the H3 and H4 receptors to identify antagonists. The 
compounds were tested at n=4, at each concentration, on each 
receptor, to provide a rate of confirmed hits. The simultaneous testing 
on the different receptors allowed an initial assessment of specificity 
and selectivity of the identified hit compounds. Table 1 summarizes the 
results of the fragment screening.

The obtained mean Z’ values of 0.83 (H3) and 0.59 (H4) indicate 
a good assay performance. Based on negative sample control wells, 
thresholds for hit selection between 15% and 32% inhibition were 
calculated. As expected the hit rates were higher at the higher 
compound concentration whereby the majority of the hits identified 
at 2 µM were also identified at 20 µM (see hit overlap). The highest hit 
rate (64 hits or 3.7% at 20 µM) was obtained for the H3 whereas H4 
showed a significantly lower hit rate (21 hits or 1.2% at 20 µM). Out 
of 64 H3 fragment hits 20 were dual active and 44 were H3 selective, 
whilst all 21 of the H4 fragment hits were selective. The potency and 
selectivity of the fragment hits were tested at various concentrations on 
the three cell lines expressing the histamine receptors H3 and H4 in the 
corresponding calcium flux assays. Finally, our fragment screen yielded 
44 H3 selective, 21 H4 selective and 20 dual active hits. Finally our 
fragment screen yielded 44 H3 selective, 21 H4 selective and 20 dual 
fragment hits. In Figure 2 we show three examples of these fragment 
hits that we used to demonstrate our method.

Modelling of human H3 and H4 receptors
The structure of the human H3 and H4 receptors were modelled 

based on a 2.8 Å resolution crystal structure of the β2-adrenergic receptor 
(β2AR, PDB entry 2RH1 [82]). Multiple sequence alignment, shown 
in Figure 3, indicated that the β2AR had a higher sequence similarity 
with the H3 and H4 receptors compared with other publically-available 
experimental GPCR structures, with >52% sequence similarity within 
the 7TMD region and 4 aligned prolines for both histamine receptors.

The homology models of H3 and H3 are shown in Figure 4A. In 

spite of the fact that both models shared the same β2AR template, their 
final structures were quite different with an RMSD of > 5.7 Å for the 
7TMD heavy atoms. This observation can be rationalized by the fact 
that the overall sequence similarity between these histamine receptors 
is just 67%. As show in Figure 4B the major differences in 7TMD 
orientation are observed in TM2, 3 and 4. In H3, there appeared to be a 
tilting of these TMs away from their original positions in H4. 

Join to paragraph 6 site of H3 being longer than in H4, having two 
extra subpockets S1 and S2 located between TM2, 3 and 7 & TM3, 4 and 
5 respectively. These differences in the binding site topology between 
H3 and H4 are highly important for the design and optimization of 
selective or dual H3 and H4 ligands. For the design of H3 selective 
compounds we hypothesize that occupation of the S1 and S2 subpockets 
is required, and compounds with dual potency would not occupy these 
subpockets. We also noticed that the conserved F1835.47 is positioned 
further inside the H4 binding site, compared to its position in the H3 
binding site, making it more accessible for interactions with ligands. 
This observation can help the design of H4 selective antagonists, as 
shown previously [2,83-85].  With the models of H3 and H4, SDM data 
and fragment hits in hand, we next turned to the docking, optimization 
and exploration of receptors binding sites followed by VS.

As outlined above, we used the β2AR rather than H1 [56] as a 
template because a crystal structure of H1 was not publically available 
at the time that this work was performed. The use of β2AR as a 
template for modelling of the H3 and H4 receptors is widely reported 
in the literature [86]. A post factum analysis suggest that the β2AR 
is similarly as good as H1 as a template for the modelling of H3 and 
H4. The sequence identity and similarity between β2AR and H3 (27% 
identity, 52% similarity) or H4 (28% identity, 52% similarity) receptors 
are almost identical to those between H1 and these receptors (H1:H3 
32% identity, 58% similarity & H1:H4 29% identity, 54% similarity). As 
described before [55,87], our modeling method is less dependent on the 
initial template due to the fact that we apply post homology modeling 
optimisation procedures. The LowModeMD used by us allowed 
refinement of the GPCR models to a degree that is not possible with 
static homology modelling alone [1]. The structural insights gained 
from this process are critical for the discovery of a new generation of 
H3 and H4 antagonists.

Binding pocket of H3

The binding site of H3 (Figure 5A) is located between TM3, 5, 6 and 

Figure 2: Examples of fragment hits used for H3 and H4 structure modeling.

Table 1: Statistics of fragment screening results.

Number of fragments H3 H4
Concentration 2µM 20µM 2µM 20µM
Compounds 1708 1708 1708 1708
Mean Z’ value 0.83 0.59
Hit Threshold 19.1% 16.7% 32% 31.4%
Confirmed Hits 19 44 9 21
Selective fragments 12 40 3 10
Hit Overlap 17 5
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Figure 3: Multiple sequence alignment of H3 and H4 receptors aligned with the template (β2AR, PDB entry 2RH1), the colour coding for TM 1 to 7 is dark orange, 
pink, red, purple, dark red, orange and light yellow, respectively.

 

A       B

Figure 4: (A) and (B) show the final models of H3 and H4.The ribbon color coding of TMs 1 to 7 is dark orange, pink, red, purple, dark red, orange and light yellow, 
respectively, with ICLs and ECLs in dark green and the surface of the receptor binding site in pink for H3 and green for H4. (B) The ICLs and ECLs are omitted to 
ease the view.
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7. The selective fragment f1 (Figure 2) is predicted to have two distinct 
binding poses with the H3 receptor as illustrated in Figure 5A. In the first 
docking pose the basic centre of f1 forms a salt bridge with D1143.32 and 
in the second docking pose, a salt bridge with E2065.46. In both docking 
poses the saturated ring of f1 occupies a hydrophobic subpocket (Figure 
4B): in pose 1 it is S1 and in pose 2 it is S2. In the first docking pose 
the aromatic moiety of f1 forms a face-to-edgeπ-stacking interaction 
with W3716.48 and in the second docking pose the same moiety forms a 
face-to-face π-stacking interaction with W3716.48. The interaction with 
conserved W3716.48 can have a strong impact on the functionality of 
H3 due to the fact that W6.48 is involved as a“transmission switch”. The 
mechanism and structural changes associated with the functionality 
of GPCRs remain unclear and many experimental and computational 
methods have been applied to investigate this [87,88]. These methods 
provided an explanation of receptor functionality based on the action 
of so-called “molecular switches” buried in the receptor structure. 
The “transmission switch” accounts for the relocation of conserved 
residues W6.48 and F6.44 towards P6.50 and is possibly the most common 
switch among Class A GPCRs. The difference in interaction energies 
between poses 1 and 2 of f1 was negligible at < 1.0 kcal/mol, likely due 
to the fact that in both poses f1 forms two identical types of interaction 
with H3 (one salt bridge and one π-stack). Based on this observation, 
it was inconclusive which pose was the more likely, and therefore both 
were used in further VS.

The binding pose of dual fragment f3 (Figure 2) with H3 is illustrated 
in Figure 5B. The hydrogen donor of the f3 imidazoline moiety forms 
a hydrogen bond with D1143.32 and the hydrogen donor of the f3 amide 
linker can potentially form a second hydrogen bond with E2065.46.

Binding pocket of H4

The binding site of H4 (Figure 5C) is located between TM3, 5, 6 and 
7. The binding pose of the selective fragment f2 (Figure 2) with H4 is 
illustrated in Figure 5C. The basic centre of f2 forms a salt bridge with 
D943.32 and the hydrogen donor of the indole core of f2 forms a hydrogen 
bond with E1825.46. The indole core of f2 occupies a hydrophobic 
subpocket located between TM5 and 6 and forms two face-to-faceπ-
stacking interactions with W3166.48 and F1835.47. As mentioned for H3 
the interaction of f3 with transmission switch residue W3166.48 can have 
a strong impact on the functionality of the H4 receptor.

The docking pose of the dual fragment f3 (Figure 2) with H4 is 
illustrated in Figure 5D. The amide linker hydrogen donor of f3 forms 
a hydrogen bond with E1825.46, whilst the hydrogen donor of the f3 
imidazoline moiety potentially forms a hydrogen bond with D943.32. 
The aromatic moiety of f3 occupies a hydrophobic subpocket located 
between TM5 and 6 of the H4 binding site and forms face-to-faceπ-
stacking interaction with F1835.47.

Virtual screening

An in-house vendor screening library of 4.8M compounds 
was overlapped with the docking poses of 44 (H3 selective), 21 (H4 
selective) and 20 (dual active) fragment hits using the OMEGA and 
ROCS tools. The ComboScore top ranked 7,500 (H3), 2,000 (H4) and 
1,500 (dual) compounds were selected for docking, manual inspection 
and SDM (pharmacophore) filtering. A total of 172 virtual hits (19 
compounds predicted as H3 selective, 79 as H4 selective and 74 as dual 
active) were purchased for further biological testing. While not all of 
the virtual hits contained the core scaffold of their “parent” fragment, 
they preserved the pharmacophore, key interactions and other binding 
features of the original fragment hit. The results and the statistics of the 
VS are summarized in Table 2.

Overall, 172 compounds were purchased for testing based on the 
virtual screening results. Of the 74 compounds predicted to have dual 
activity, 33 had activity against one or other of the two receptors (44%), 
of which 17 had activity against both (51%). Of the 19 compounds 
predicted to be H3 selective, 13 were active against H3 (68%) and 
10 of these also had selectivity over H4 (76%). Of the 79 compounds 
predicted to be H4 selective, 36 were active against H4 (45%) and 2 of 
these also had selectivity over H3 (5%).

A few examples of H3 virtual hits are shown in Figure 6A and 6B. 
The docking pose of H3 selective virtual hit 29 (Figure 6A) is illustrated 
in Figure 7A. The basic centre of 29 forms a salt bridge with D1143.32 

and the aromatic moiety and piperazine ring of 29 form face- to-edge 
and face-to-face π-stacking with W3716.48. The cyclopentane ring of 
29 occupies hydrophobic pocket S1 (Figure 4B). The docking pose of 
the H3 virtual hit 166 (Figure 6B) is illustrated in Figure 7B. The basic 
centre of 166 forms a salt bridge with E2065.46, with the benzimidazole 
core forming hydrogen bond and face-to-face π-stacking interactions 
with W3716.48. The hydrogen donor of the 166 benzimidazole core forms 
a hydrogen bond with D1143.32. The linker of 166 forms hydrophobic 
contacts with W3716.48.

Conclusion
We present here a practical approach that integrates GPCRmodelling 

with fragment based screening to provide structural insight into the 
H3 and H4 histamine receptor binding sites, followed by VS. This 
FADD-modelling approach creates a cost-efficient new avenue for 
SBDD against GPCR targets. This method extends the boundaries of 
traditional FBDD where the practicality and cost-efficiency of this 
approach is enhanced by the generation of structural information 
on the binding site of a GPCR, to satisfy the immediate need of the 

A: H3 with f1 (two docking poses) C: H4 with f2 
 
 

 
 
 
B: H3 with f3 D: H4 with f3 

 
 

 

Figure 5: Docked poses of H3 and H4 with key fragment hits (A), two distinct 
docking poses of f1 in H3 (B), f3 in H3 (C), H4 with f2 (D), H4 with f3.The 
ribbon color coding of TMs 1 to 7 is dark orange, pink, red, purple, dark red, 
orange and light yellow respectively, with ICLs and ECLs in dark green. The 
ligand carbon atoms are shown in green for f1 and f2 (A and C) and cyan for 
f3 (B and D) and those of the receptors in yellow. Nitrogen atoms are shown 
in blue, oxygen in red, sulfur in yellow and fluorine in light green. Interactions 
with key residues are indicated by black dotted lines and the surface of the 
binding sites are shown in pink and clipped to allow a better view of the four 
subpockets
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drug discovery process for such information. It obviates the need for 
running an expensive and time consuming HTS. The results presented 
here are comparable to those from other reports, which demonstrate 
that GPCR modelling supported by experimental data in the absence 
of a crystal structure can be a valid replacement for structural and 
functional exploration of GPCRs and for structure-based drug 
discovery [20,22,89-91]. Feeding the data produced by the primary 
fragment screen into the GPCR modelling resulted in a considerably 
higher VS hit rate [2].

Overall, the results show that high quality GPCR modelling 
can rationally progress a fragment hit to a full size hit. This can 
be achieved even in the absence of an X-ray crystal structure, as 
well as then providing a modelling platform for further hit-to-lead 

investigation. Conventional fragment-based lead generation would 
typically envisage iterative rounds of fragment expansion through 
cataloguing combined with medicinal chemistry efforts. In an effort to 
accelerate and streamline this process, we have successfully achieved 
hit expansion via the application of VS against an optimized GPCR 
model, immediately after fragment screening. The identified VS hits 
themselves can now be used as tools for the further refinement of the 
existing GPCR models. The LowModeMD simulation protocol used in 
our work [1,91], followed by flexible docking, has gone beyond the use 
of static models and allowed for a more detailed exploration of the H3 
and H4 receptors. The structural insights gained from this process are 
critical for the discovery of a new generation of H3 and H4 antagonists.
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