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ABSTRACT  
 
The human histamine H1 G-protein coupled receptor (GPCR) is an important drug target for inflammatory, sleep, 
and other neuropsychiatric disorders. To delineate molecular determinants for ligand binding for drug discovery 
purposes, human H1 receptor models were built by homology to the crystal structure of the human β2 adrenoceptor 
(β2AR) and from the recently reported crystal structure of the human H1 receptor complex with doxepin at 3.1 Å 
(PDB code 3RZE). Ligand affinity of histamine and the H1 antagonists mepyramine and (2S, 4R)-(–)-trans-4-phenyl-
2-N, N-dimethylaminotetralin (PAT) at wild type and point-mutated (D3.32A, Y3.33A, W4.56A, F5.47A, W6.48A, 
Y6.51A, F6.52A, F6.55A, Y7.43A) human H1 receptors were determined experimentally and results analyzed by 
ligand docking and molecular dynamic studies at WT and point-mutated H1 receptor models. Differences in ligand 
binding affinities correlated to differences in ligand binding modes at models built according to homology or crystal 
structure, indicating, both models are accurate templates for predicting ligand affinity for H1 drug design.  
 
Keywords: Human histamine H1 G protein-coupled receptor (GPCR), homology modeling, docking, molecular 
dynamics, site-directed mutagenesis 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 
Histamine mediates its numerous physiological functions via activation of H1, H2, H3, and H4 G-protein coupled 
receptors (GPCRs) [1]. The human histamine H1 GPCR is expressed in various tissues, including, bronchial, 
intestinal, and vascular smooth muscle, as well as, brain [2]. Thus, in addition to the well-known success of targeting 
the H1 receptor for allergy and other inflammatory diseases [2], the H1 receptor also is a drug target for sleep 
disorders and other neurodegenerative and neuropsychiatric diseases [1, 3]. 
 
GPCRs are membrane proteins that share a 3-dimensional structure consisting of a bundle of seven transmembrane 
(TM) alpha helices, connected by alternating intracellular and extracellular loops, with the N-terminus in the 
extracellular domain and C-terminus in the intracellular domain. Several GPCR crystal structures have been 
reported, including, bovine rhodopsin (bRho) [4-8], opsin, [9,10], human A2A adenosine receptor (AA2AR) [11], 
turkey β1 adrenoceptor (β1AR) [12], human β2  adrenoceptor (β2AR) in an inactive state [13-16], β2AR in a 
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nanobody-stabilized active-state [17], and β2AR in complex with an irreversible agonist [18, 19], human dopamine 
D3 receptor in complex with an agonist [20]. Recently, the crystal structure of the human H1 receptor in a complex 
with the H1 inverse agonist/antagonist doxepin at 3.1 Å (PDB code 3RZE) was reported [21]. 
 
Essentially all ligands for monoaminergic neurotransmitter (dopamine, histamine, norepinephrine/noradrenalin, 
serotonin) GPCRs contain a basic amine moiety. The endogenous neurotransmitters have a primary amine moiety, 
but, ligands with secondary or tertiary amine groups also are common [22, 23]. Mutagenesis studies indicate that the 
fully-conserved aspartate residue D3.32 of monoaminergic neurotransmitter GPCRs interacts with the positively 
charged amine moiety of endogenous agonists and other ligands at physiological pH, and this ionic interaction is 
critical for ligand binding [24-26]. For example, we recently reported that mutation of D3.32 to alanine (D3.32A) in 
the serotonin (5-hydroxytryptamine, 5-HT) 5-HT2C GPCR abolishes detectable binding of the standard 5-HT2C 
radioligand [3H]-mesulergine [27]. Often, such experimental data from mutagenesis studies is used to validate 
GPCR receptor models and ligand docking studies. Thus, in the absence of a 5-HT2C, crystal structure, we recently 
reported ligand docking and molecular dynamics results using a 5-HT2C receptor model built by homology to the 
human β2AR [27, 28] and validated by experimental affinity data using the wild type (WT) and point-mutated 5-
HT2C receptors [28].  
 
In this work, we report affinity for ligand binding at the WT and point-mutated (D3.32A, Y3.33A, W4.56A, F5.47A, 
W6.48A, Y6.51A, F6.52A, F6.55A, Y7.43A) human H1 receptors. Ligands studied include the endogenous agonist 
histamine, as well as, mepyramine and (2S, 4R)-(–)-trans-4-phenyl-2-N, N-dimethylaminotetralin -(2S, 4R)-PAT, 
both, antagonists regarding H1-mediated activation of phospholipase C signaling [29]. Experimental binding affinity 
results are interpreted in light of results of ligand docking and molecular dynamics (MD) studies carried out at 
models of the WT and point-mutated H1 receptors built by homology to the structure of the β2AR/T4-lysozyme 
chimera (Protein Data bank entry 2RH1) [15] and from the recently reported crystal structure of the human H1 
receptor in a complex with the H1 antagonist ligand doxepin at 3.1 Å (PDB code 3RZE) [21]. In addition, we 
compare the β2AR-based H1 homology and 3RZE crystal structure models reported here to a previously reported 
bRho-based H1 homology model [26] and discuss the implications for GPCR homology modeling in drug discovery 
and development.  

 
EXPERIMENTAL SECTION 

 
Human H1 receptor model building and molecular dynamics simulations 
The homology model of the human H1 GPCR was built based on the crystal structure of the β2AR/T4-lysozyme 
chimera (Protein Data bank entry 2RH1) [15]. The human H1 native sequence was aligned to the β2AR sequence 
using ClustalW multiple sequence alignment [30, 31]. Point mutations were performed as needed and the gaps were 
analyzed, followed by the appropriate sequence additions and deletions to match the human H1 receptor amino acid 
sequence. The TM domains were built using the Biopolymer module of Sybyl 8.1 [32]. The inverse agonist 
carazolol, present in the crystal structure of the human hβ2AR (2RH1), was deleted and the resulting 7-TM bundle 
was optimized using Tripos force field [33]. Regions outside the 7-TM bundle such as the human H1 N-terminus, C-
terminus, extracellular and intracellular loop residues were built using loop database PRODAT in Sybyl 8.1. The 
crude model was minimized using the Powell method implemented in Sybyl with Tripos force field [33] and 
AMBER charges [34]. The resulting model was inserted into a rectangular box containing a pre-equilibrated 1-
palmitoyl-2-oleyl-sn-glycero phosphatidyl choline (POPC) bilayer [35] that consisted of 200 lipid molecules, 
forming a rectangular patch, and 5,483 water molecules covering the head groups on each side of the bilayer. The 
system containing the WT human H1 receptor model within the simulated membrane contained 47,495 atoms. The 
system was relaxed using the Tripos force field to a gradient 0.05 kcal/mol Å, prior to molecular dynamics (MD) 
simulation in the POPC membrane.  
 
MD simulation conditions were time run 10 ns, time step 1 fs, with snapshots collected every 5 fs. Simulations were 
carried out using the canonical ensemble NVT (constant number of particles, volume and temperature) at 300K 
temperature, Boltzmann initial velocities, and non-bonded cutoff set at 8 Å. Constraints for alpha carbons in the TM 
domains were employed. Subsequently, the constraints were removed for a 2 ns MD simulation run. The final H1 
homology model was obtained from the median structure after clustering analyses of the frames from the last 10 ns 
of the MD simulation, and optimized using the Tripos force field to a convergence of 0.05 Kcal/mol Å.  
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A WT H1 receptor model also was built based on the crystal structure of the human H1 receptor in a complex with 
the H1 antagonist doxepin (PDB code 3RZE, [21]. After removing doxepin, the structure was equilibrated using MD 
simulations, as described above.  
 
The homology models of the D3.32A, Y3.33A, W4.56A, F5.47A, W6.48A, Y6.51A, F6.52A, F6.55A, and Y7.43A 
point-mutated human H1 receptors were built by point mutations of the β2AR-bassed WT H1 homology model; 
relaxation and MD procedures were as described above.  
 
Ligand docking.  
In addition to the endogenous agonist histamine, the H1 ligands used in this study were mepyramine and (2S, 4R)-
PAT (Figure 1), both, antagonist ligands regarding H1-mediated activation of PLC signaling, and both available as 
tritiated radioligands that allow for direct measurement of their binding affinity [23,29,36]. The ligand structures 
were built as monocations (protonated amines) using HyperChem 8.0 [37] and structures were optimized using PM3 
model Hamiltonian to a gradient of 0.01 Kcal/mol Å. 

 

Figure 1. Ligands used in H1 docking studies; circled is the amine function that is protonated at physiological pH. 
 
Docking studies were carried out at the β2AR-based H1 homology model and the 3RZE crystal structure model. 
Ligands were pre-positioned in the binding pocket by performing rigid docking with the PatchDock server [38]. The 
low-energy, high-score solutions were analyzed to select the initial configuration, ensuring the essential interaction 
between the a carboxylate oxygen of H1 residue D3.32 and the ligand protonated amine moiety (see Figure 1) [24, 
25], followed by flexible ligand docking performed with Flexidock in Sybyl 8.1. Flexidock uses an algorithm to 
probe the conformational space defining possible interactions between the ligand and its putative binding site. The 
binding site was defined by assigning residue D3.32 as a definitive interaction point, and including residues within a 
7 Å radius. Structure preparation was carried out prior to docking studies assigning AMBER [34] charges for the 
protein and Gasteiger-Marsili [39] charges for the ligand. Rotatable bonds in the ligand and the side chains of 
residues defining the receptor putative active site were screened for optimal positioning of the ligand and side chains 
in the conformational space; remaining residues were frozen during docking. Default FlexiDock parameters were set 
at 80,000-generation. The best docking solution, according to the highest FlexiDock score, was minimized using the 
Tripos force field to a gradient 0.05 Kcal/mol Å, prior to molecular dynamics simulation. The selected high-score 
pose of the docked ligand was subjected to a MD simulation run for 5 ns with other parameters the same as above. 
The final structure of the ligand docked into the receptor was obtained from the average of last 10 ps of the MD 
simulation. 
 
Cell culture and transfection  
Human embryonic kidney 293 cells (HEK 293; from ATCC, number CRL-1573) were maintained in Eagle 
minimum essential medium (MEM) with 10% fetal bovine serum and 2 mM L-glutamine, 0.1 mM non-essential 
amino acids, 1.5 g/L sodium bicarbonate, 1.0 mM sodium pyruvate. The cDNA encoding the WT human H1 
receptor was purchased from UMR (Rolla, MO). The D3.32A, Y4.33A, W4.56A, F5.47A, W6.48A, Y6.51A, 
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F6.52A F6.55A, and Y7.43A point-mutated human H1 receptors were prepared using the WT cDNA subcloned in 
the pAlter plasmid, according to the manufacturer's protocol (Altered Sites II, Promega). Mutations in the cDNA 
were verified by DNA sequencing using the dideoxy chain termination method. WT and point-mutated cDNAs were 
subcloned into the expression plasmid pcDEF3 [40] using the Wizard Plus Minipreps DNA purification system 
(Promega A7640), as previously described [27, 41, 42]. 
 
HEK cells were seeded (1-3 X 106 cells) in a 100 mm tissue culture dish and grown to 85-95% confluence. Cells 
were transfected with 24 µg of plasmid DNA using 50 µl of Lipofectamine 2000 (Invitrogen; Carlsbad, CA). 
Transfection continued for 24 hours, then medium was replaced with fresh growth medium without antibiotics and 
cells were allowed to express H1 receptors for 24 hours. Expression of the WT and point-mutated human H1 receptor 
proteins was confirmed by Western blots using an anti-histamine receptor 1 (HR1) polyclonal antibody from 
Chemicon (AB5654P), which was raised by an immunogen of 19 amino acid peptide sequence within the 
cytoplasmic loop #3 of the human H1 receptor. For radioreceptor assays, membranes containing H1 receptors were 
prepared using ice-cold 50 mM Na2/K phosphate (Na2HPO4/KH2PO4) buffer, pH 7.4, as previously described [27, 
41, 42]. 
 
Saturation and competition binding studies  
Affinity (K D) of the radioligands [3H]-mepyramine (specific activity 30.0 Ci/mmol; Amersham Biosciences) and 
[3H]-(2S, 4R)-PAT (90 Ci/mmol [28, 35]) were directly assessed in saturation binding assays using membrane 
preparations expressing WT or point-mutated H1 receptors [21, 27, 41, 43]. Affinity (Ki) of histamine (Sigma-
Aldrich) was assessed in competitive binding assays that measured displacement of [3H]-mepyramine [26, 29, 41, 
44]. Ki values were calculated by conversion of the IC50 data using the equation Ki = IC50/1 + L/KD, where L is the 
concentration of radioligand having affinity KD [45]. Comparisons of affinity values between WT, D3.32A, Y3.33A, 
W4.56A, F5.47A, W6.48A, Y6.51A, F6.52A, F6.55A, and Y7.43A human H1 receptors were performed using one-
way analysis of variance (ANOVA) with Tukey’s multiple comparison post-hoc tests. 
 

RESULTS AND DISCUSSION 
 
H1 receptor homology modeling 
Alignment of the native sequences of the human H1 receptor and the template human β2AR was carried out with 
ClustalW [30, 31]; the sequence alignment for the TM domains is shown in Table 1. Conserved residues are 
indicated in bold, and reference residues are labeled according to the standard Ballesteros nomenclature for GPCRs 
[46]. The H1 receptor shares 34.6 % overall sequence homology with the β2AR receptor, however, higher homology 
is found in TM helices (TMHs) VI and VII; 55% and 44 %, respectively. Despite the low overall sequence identity 
between the receptors, the TM domains contain a majority of highly conserved residues, allowing for accurate 
alignment.  
 
Conserved TM domain amino acid sequences between the H1 and β2AR receptors were used to verify the alignment, 
and included the following motifs: NXLVXXA  in TM I, with the reference residue N1.50; SLXXADL  in TM II, 
with the reference residue D2.50; WXSXD in TM III, with the critical reference residue D3.32; TASI  and DRY, 
with the reference residues R3.50 in TM III and W4.50 in TM IV; FYXPXXXM in TM V, with the reference 
residue P5.50; CWXPXFI  in TM VI, with the reference residues W6.48 and P6.50; WXGYXNS  and NPLXY in 
TM VII, with the reference residue P7.50. 
 
The alignment in Table 1 was used to generate the β2AR-based homology model of the WT human H1 receptor. The 
initial model generated was optimized in vacuum and subsequently equilibrated using MD simulation in the 1-
palmitoyl-2-oleyl-sn-glycero phosphatidyl choline (POPC) membrane, as described in the experimental section. The 
resulting TM bundle structure is shown in Figure 2. The overall structures of the point-mutated human H1 receptor 
models (not shown) were similar to the WT human H1 receptor (Average RMSD superposing C alphas, 0.3 Å).  
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Table 1 Alignment of human H1 and ββββ2AR receptor sequences using ClustalW 
Conserved residues are indicated in bold. Reference residues are labeled according to Ballesteros nomenclature [46] 

 

 
 
 
 

 
Figure 2. β2AR-based human H1 homology model. TM helices are spectrum-color-coded, from blue (TM I) to red (TM VII). Figure was 

generated with Pymol [47]. Left panel: TM bundle oriented with extracellular domains at top and intracellular domains at bottom. Right 
panel: TM bundle viewed from the extracellular domains down into the receptor cavity 

 
The H1 homology model in Figure 2 was analyzed using PDBsum in PROCHECK 3.6.2 [48] and resulting statistics 
are reported in Table 2, while Figure 3 shows the Ramachandran plot. About 87 % of TM residues are in the most 
favored regions (Psi angle values -180 to 0 degrees) and 13 % are in additional allowed regions (Phi angle values 0 
to 180 degrees). No residues were found in generously allowed or in disallowed regions, confirming the structure is 
acceptable model. 
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Table 2: Procheck statistics of TM residues in the human H1 homology model 
 

 Number of residues %  
Most favored regions 221 86.7 
Additional allowed regions 33 12.9 
Generously allowed regions 0 0 

 

 
Figure 3. Ramachandran Plot of the human H1 homology model generated with PROCHECK 

 
A description of the residues contained in each TMH is given in Table 3. The seven TMHs are of variable length (25 
- 34 residues), with the longest being TMH III that orients diagonally with respect to the entire TM bundle (Figure 
2) and the shortest being TMHs IV and VII (25 residues). TMH VII continues to TMH VIII (12 residues) that 
orients nearly perpendicular to the TM-spanning bundle (Figure 2). 

 
Table 3: Human H1 Transmembrane helix (TMH) residues 

 
TMH Residues in TMH Reference residue 
I P25-S54, 30 residues N45 (N1.50) 
II V61-M90, 30 residues D73 (D2.50) 
III R97-Q130, 34 residues R124 (R3.50) 
IV K141-W165,  25 residues W152 (W4.50) 
V T188-H220,  33 residues P202 (P5.50) 
VI E410-F440, 31 residues P430 (P6.50) 
VII E447-C471, 25 residues P465 (P7.50) 
VIII E473-H484,  12 residues Not applicable 

 
The β2AR-based human H1 homology model developed here was compared to our previously reported bRho-based 
human H1 homology model [26] (Figure 4). The two structures were superimposed by aligning the alpha carbons in 
the TM domains and the average distance between superimposed atoms was calculated. The weighted root mean 
square distance (RMSD) was calculated as 4.49 Å, indicating close similarity of the models [49], however, some 
differences are apparent due to the two different template receptor structures used. Noteworthy is a slight kink of 
TMH 1 in the bRho-based model that is not apparent in the β2AR-based model. Also, TMH V is shorter in the bRho-
based model. Overall, however, the TMHs of both models orient in a very similar manner.  
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Figure 4. Comparison of the ββββ2AR-based (orange ribbons) and bRho-based human H1 homology models. Left panel: TM bundle oriented 
with extracellular domains at top and intracellular domains at bottom. Right panel: TM bundle viewed from the extracellular domains 

down into the receptor cavity. Overall RMSD = 4.49 Å 
 

 
 

Figure 5. Comparison of 3RZE (green ribbons; for clarity doxepin is not shown) and the ββββ2AR-based H1 homology (pink ribbons) 
models. Left panel: 3RZE oriented with extracellular domains at top and intracellular domains at bottom. Right panel: Superimposition 
of the ββββ2AR-based H1 homology model with 3RZE structure. Conserved residues in the binding pocket are shown. Overall RMSD = 2.91 

Å 

The β2AR-based human H1 homology model developed here also was compared to the recently reported crystal 
structure of human H1 receptor in complex with the antagonist doxepin at 3.1 Å resolution, (PDB code 3RZE) [21] 
(Figure 5). When all alpha carbons of the two structures were aligned, the overall RMSD result was 2.91 Å, 
indicating the β2AR-based homology model has very close similarity to the 3RZE structure model. A noteworthy 
difference between the two structures is that the homology model has a small helix in the extracellular domain 
(TMH VIII, not shown in Figure 5) that is characteristic of the β2AR structure template, but which is not present in 
the 3RZE structure.  
 
Additional comparison of the β2AR-based H1 homology and crystal structure (3RZE) models was undertaken by 
aligning the alpha carbons of binding pocket residues conserved in each of the structures, i.e., D3.32, S3.36, F5.47, 
W6.48, Y6.51, F6.52, W7.40, and Y7.43 (Figure 6). The RMSD result was 0.597 Å, indicating a very close 
alignment.   
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Figure 6. Alpha carbons of conserved residues in the binding pockets of the unbound ββββ2AR-based H1 homology (pink) and 3RZE (green) 

models were aligned and superimposed; RMSD 0.597 Å. 
 
 
Ligand docking at the β2AR-based human H1 homology model  
Residues observed in the putative pocket of the β2AR-based H1 homology model included, V2.57, N2.61, W3.28, 
M3.31, D3.32, Y3.33, V3.34, S3.36, T3.37, W4.56, V4.57, F5.38, K5.39, T5.42, A5.43, N5.46, F5.47, W6.48, 
Y6.51, F6.52, F6.55, H7.35, M7.36, I7.39, W7.40, and Y7.43. With no ligand bound, the H1 model showed that the 
carboxylate group of D3.32 interacted with the para-hydroxy group of the Y7.43 residue at 3.5 Å distance This 
D3.32–Y7.43 interaction also was observed recently for the unbound serotonin 5-HT2C GPCR model built by 
homology to the β2AR structure [28]. Likewise, in the template β2AR structure (bound to the inverse agonist 
carazolol), the same interaction between D3.32 and Y7.43 (3.4 Å) was found [13-15]. It has been proposed that 
Y7.43 plays a role in stabilizing the negative charge of the D3.32 carboxylate residue in the human H1, 5-HT2C, and 
β2AR GPCRs [27, 28]. In the human H1 crystal structure with doxepin bound (3RZE), the distance of the D3.32 
carboxylate side chain and the Y7.43 para-hydroxy group is 1.5 Å, suggesting a very strong interaction.  
 
Figure 7 shows that when histamine was docked at the WT H1 homology model, the distance between the D3.32 
carboxylate moiety and the Y7.43 para-hydroxy group decreased from 3.5 Å to 1.5 Å. Thus, it appears that 
stabilization of the D3.32 carboxylate moiety by the Y7.43 tyrosine moiety is more important in the histamine-
bound H1 receptor compared to the unbound receptor. It would be predicted from the current computational and 
modeling results that Y7.43 is important for histamine binding and this hypothesis was directly tested 
experimentally via measurement of histamine binding at the Y7.43A point-mutated human H1 receptor (see 
below)—experimental results confirmed in silico results.  
 
The protonated ethylamine group of histamine formed a hydrogen bond to the D3.32 carboxylate group (1.9 Å) and 
also to the S3.36 hydroxyl moiety (2.9 Å). The imidazole ring of histamine docked close to the aromatic ring of 
Y3.33 (4 Å) and above the aromatic cluster formed by F5.47, W6.48, Y6.51, and F6.52. The histamine imidazole 
protonated (tele) nitrogen (NH) interacted with the para-hydroxy of Y3.33 (4.0 Å). No direct interactions were 
observed between histamine and W4.56 and F5.47, however, interactions with F6.52 (3.5 Å) were possible. It is also 
noted that F5.47 apparently formed π-π stacking interactions with F6.52. The F6.55 residue, about one helical turn 
from F6.52, was relatively far away from histamine (6.1 Å). Overall, histamine docked close to TMH V and likely 
formed electrostatic interactions with residues K5.39, T5.42 and N5.46. For example, the histamine imidazole 
unprotonated (pros) nitrogen docks relatively close (3.1 Å) to K5.39, favorable for hydrogen bonding. Also, the 
imidazole protonated (tele) NH moiety docks close to the OH moiety of T5.42 (4.1 Å) and very close to the carbonyl 
oxygen of N5.46 (2.6 Å), forming hydrogen bonds.  
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The results obtained here for histamine interactions with the β2AR-based human H1 homology model are consistent 
with most previous studies that used a bRho-based H1 homology model [50, 26]. It is noted, however, that one 
bRho-based human H1 homology modeling study suggested that histamine docked too far from K5.39 for important 
hydrogen bonding interactions [51]. However, MD simulations here using the H1 homology model derived from the 
β2AR template indicated that the side chain of K5.39 is able to move closer to histamine upon ligand binding. 
Moreover, results of experimental studies indicate that affinity of histamine is reduced about 10-times when the 
human H1 K5.39 residue is mutated to alanine [26]. In contrast, antagonist H1 ligands such as mepyramine and (2S, 
4R)-PAT do not bind close to TMH V residues (see Figures 8 and 9, below). Histamine docked to the 3RZE 
structure model with interactions similar to those described above for docking to the β2AR-based H1 homology 
model (Figure 7). In the histamine-bound 3RZE structure, the distance between the D3.32 carboxylate and Y7.43 
para-hydroxy groups was 1.5 Å, similar to the β2AR-based homology model. Specifically, the histamine protonated 
ethylamine group formed a hydrogen bond to the human H1 D3.32 carboxylate group (1.8 Å) and the histamine tele 
NH moiety formed a hydrogen bond to the carbonyl oxygen of N5.46 (2.8 Å), as for the homology model. The 
orientation of the Y3.33 side chain in the 3RZE structure was close to the histamine imidazole moiety and the pros 
(unprotonated) nitrogen could interact with the para-hydroxy group of Y3.33 (4.0 Å), essentially the same as for the 
homology model. Also, as observed in the homology model, residue F6.55 in the 3RZE structure is about one helical 
turn from F6.52, and consequently far away from the histamine binding pocket. Likewise, residues W4.56 and F5.47 
in the 3RZE structure had no direct interactions with histamine (as in the homology model), but, W6.48 was close 
enough to histamine (3.4 Å) for hydrophobic interactions. Taken together, there were no noteworthy differences 
regarding histamine–H1 receptor binding interactions calculated from the H1 models built by homology to β2AR and 
from the human H1 crystal structure.  
 

 
Figure 7. A panel: Histamine docked at ββββ2AR-based human H1 receptor homology model. B panel: Histamine docked at the human H1 

crystal structure (3RZE) model 
 
Figure 8 shows mepyramine interactions in the binding pocket of the β2AR-based H1 homology model in 
comparison to the H1 crystal structure (3RZE) model. The distance between H1 residues D3.32 and Y7.43 was 2.3 Å 
in the homology model, similar to the 1.8 Å distance observed in the 3RZE-derived model. Similar to the docking of 
histamine, the protonated dimethylamine moiety of mepyramine apparently formed a hydrogen bond with the 
carboxylate side chain of D3.32 at a distance of 1.7 Å in the homology model and 1.5 Å in the 3RZE-derived model. 
In both the homology and crystal structure H1 models, mepyramine docked above the aromatic cluster formed by 
W6.48, Y6.51 and F6.52, with F6.52 also forming π-π stacking interactions with F5.47. No direct interactions were 
observed between mepyramine and the W4.56 and F6.55 residues, similar to the results for histamine. Upon binding 
of mepyramine, MD simulations showed the side chain of Y3.33 moves inward toward the binding pocket to form 
hydrophobic interactions with mepyramine, and the indole ring of W4.56 orients in the contact region between 
TMHs IV and V. 
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Figure 8. A panel: Mepyramine docked at the β2AR-based human H1 receptor homology model. B panel: Mepyramine docket at the 

human H1 crystal structure (3RZE) model 
 

 
Figure 9. A panel: (2S, 4R)-PAT docked at β2AR-based human H1 receptor homology model. B panel:. (2S, 4R)-PAT docked at the 

human H1 crystal structure (3RZE) model. 
 
Figure 9 shows (2S, 4R)-PAT interactions in the binding pocket of the β2AR-based H1 homology model in 
comparison to the 3RZE structure model. The interaction between the D3.32 and Y7.43 side chains occurred at 1.9 
Å in the homology model and 1.6 Å in the 3RZE model, similar to the interactions observed for histamine and 
mepyramine. Likewise, the protonated dimethylamine group of (2S, 4R)-PAT hydrogen bonded to the carboxylate 
side chain of D3.32 at 1.7 Å distance in both the homology model and 3RZE model, as was the case for histamine 
and mepyramine. The (2S, 4R)-PAT tetrahydronaphthalene aromatic ring docked close (3.4 Å) to the indole side 
chain of W6.48 in the homology model, but, in the 3RZE model, the tetrahydronaphthalene system was closer (4.0 
Å) to Y6.51. The 4’-phenyl moiety of (2S, 4R)-PAT oriented close to W6.48 (4.4 Å) in both the homology and 
3RZE models (3.2 and 3.0 Å, respectively). The 4’-phenyl moiety was parallel and relatively close (4.2 Å) to the 
Y6.51 side chain in the homology model, but far from Y6.51 in the 3RZE model. The para-hydroxy group of Y3.33 
formed an interaction with the indole –NH of W4.56 and also with the –OH moiety of T5.42. The side chains of 
F6.52 and F5.47 are near parallel and likely formed π-π stacking interactions (3.8 Å). As was the case for both 
agonist (histamine) and antagonist (mepyramine) H1 ligands studied here, the antagonist (2S, 4R)-PAT did not 
directly interact with W4.56 and F6.55, but, did interact with the side chain of Y3.33, which moved closer to the 
binding pocket during MD simulations, as was the case for mepyramine. Also, as is the case for mepyramine, the 
indole side chain of W4.56 moved during MD simulation to a position between TMHs IV and V. Overall, the H1 
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antagonist (2S, 4R)-PAT oriented similar to the antagonist mepyramine, close to TMH VI and VII, whereas, the 
agonist histamine docked closer to TMH V. 
 
Ligand binding at WT and point-mutated human H1 receptors  
No specific binding of [3H]-mepyramine or [3H]-( 2S, 4R)-PAT was detected at the D3.32A, Y3.33A, W4.56A, 
F5.47A, W6.48A, Y6.51A, and F6.52A point-mutated human H1 receptors—accordingly, histamine affinity also 
could not be measured at these receptors. Affinity of the H1 test ligands at WT, F6.55A, and Y7.43A H1 receptors, 
however, could be measured and results are summarized in Table 4.  
 

Table 4: Ligand affinity at WT, F6.55A and Y7.43A human H1 receptors. 
 

Receptor 
[3H]-Mepyramine 

(KD, nM) 
[3H]-( 2S, 4R)- PAT 

(KD, nM) 
Histamine 

(K i) 
WT 0.84 ± 0.10 1.47 ± 0.34 3.0 ± 0.3 µM 

F6.55A (F435) 
4.77 ± 0.88 

(P<0.01 vs. WT) 
0.39 ± 0.88 

(P<0.001 vs. WT) 
>1 mM 

Y7.43A (Y458) 0.87 ± 0.02 1.02 ± 0.14 
51 ± 2.1 µM 

(P<0.001 vs. WT) 

 
The lack of binding for [3H]-mepyramine and [3H]-(2S, 4R)-PAT binding at D3.32A and F6.52A receptors confirms 
previous results for the human H1 GPCR [41]. Furthermore, the current results are consistent with mutagenesis 
studies of other aminergic GPCRs regarding the D3.32 residue, which has been determined to be essential for ionic 
bond interaction with the ligand protonated amine moiety [24-26]. Thus, although histamine binding could not be 
measured here by radioligand displacement, it is expected that histamine does not bind to the D3.32A H1 receptor. In 
fact, histamine is not able to activate the D3.32A H1 receptor regarding PLC-linked intracellular signaling [52]. The 
lack of binding for the radioligands at the human F6.52A point-mutated H1 receptor observed here and elsewhere 
[41] is consistent with results of mutagenesis studies for other aminergic GPCRs phylogenetically related to H1 (e.g., 
serotonin 5-HT2A). It appears that the F6.52 residue contributes important and in some cases essential hydrophobic 
interactions with ligands containing aromatic moieties [53].    
 
The Y3.33A, W4.56A, F5.47A, W6.48A, and Y6.51A point-mutated human H1 receptors have not previously been 
reported. The abolished binding for [3H]-mepyramine and [3H]-( 2S, 4R)-PAT observed at the Y3.3A receptor is 
consistent with the computational results, above. For example, during docking and MD simulations for both ligands 
at both the WT H1 β2AR-based homology and crystal structure (3RZE) models, the Y3.33 side chain rotated toward 
the binding pocket, likely, contributing to hydrophobic interactions with mepyramine and (2S, 4R)-PAT (Figures 8 
and 9). It is expected that histamine also would have little affinity for the Y3.33A receptor, based on the modeling 
results above that indicate histamine has substantial binding interactions with Y3.33. For example, for both the WT 
H1 homology and 3RZE structure models, the histamine imidazole ring docked close to the aromatic ring of Y3.33 
and the imidazole protonated (tele) nitrogen (NH) interacted with the para-hydroxy moiety of Y3.33 (Figure 7). 
 
The lack of test ligand binding at the W4.56A H1 receptor is consistent with docking results at the WT H1 β2AR-
based homology and crystal structure (3RZE) models (Figures 7-9) which indicate no direct interactions between the 
ligands and receptor. Interestingly, MD simulations showed that the indole side chain of W4.56 positions between 
TMHs IV and V. Speculatively, the W4.56 residue may contribute to receptor TM bundle packing, which may be 
compromised by mutation to alanine.  
 
Abolished ligand binding at the F5.47A H1 receptor is consistent with studies of other aminergic GPCRs, such as, 
the serotonin 5-HT2A receptor, where the F5.47A point-mutation has significant effects on ligand binding and 
reduces potency and efficacy of serotonin activation [43, 44]. It is noted that modeling studies showed the F5.47 
phenyl side to be nearly parallel to the F6.52 phenyl moiety, apparently, forming π-π interactions that may be 
critical to stabilization of the binding pocket configuration.  
 
Lack of ligand binding at the W6.48A and Y6.51A H1 receptors is consistent with the molecular modeling results. 
Specifically, W6.48 and Y6.51, along with F6.52, form an aromatic cluster that is highly conserved in GPCRs and 
important for ligand binding [43]. As indicated above (Figures 7 and 8), the aromatic rings of histamine and 
mepyramine docked close above the aromatic cluster formed by F5.47, W6.48, Y6.51, and F6.52, with apparent π-π 
stacking interactions formed between with F5.47 and F6.52. For (2S, 4R)-PAT (Figure 9), the tetrahydronaphtalene 
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system was close to the W6.48 indole side chain and the pendant 1-phenyl moiety of (2S, 4R)-PAT oriented parallel 
to the Y6.51 side chain, presumably engaging in π-π stacking interactions. Taken together, it appears than mutation 
of any residues of the aromatic cluster formed by F5.47, W6.48, Y6.51, and F6.52 results in loss of critical aromatic 
ligand binding interactions.   
 
At the F6.55A point-mutated human H1, histamine had a large (at least 300-times) loss of affinity whereas [3H]-
mepyramine had a modest 6-times decreased affinity compared to the WT receptor (Table 4). These results are 
similar to previously reported results [44]. In contrast to histamine and [3H]-mepyramine, [3H]-( 2S, 4R)-PAT had 
nearly 4-times increased affinity at the F6.55A compared to the WT receptor. 
 
It is noted that both the WT H1 β2AR-based homology and crystal structure (3RZE) models (Figure 5) showed that 
F6.55 is located close to the extracellular domain, one helical turn away from F6.52 and above the aromatic cluster 
formed by residues F5.47, W6.48, Y6.51, and F6.52. Histamine docked close to TMHs III and V and there were no 
significant interactions between F6.55 and histamine (Figure 7), which is surprising based on the experimental 
results indicating a large loss of affinity for histamine at the F6.55A H1 receptor compared to the WT receptor 
(Table 4). Previous studies demonstrated histamine agonist potency was reduced about 400-times at the F6.55A 
compared to WT H1 receptor [44], a finding consistent with its >300-times reduction of affinity determined here 
(Table 4). It is also noted that previous studies [44] showed basal signaling activity of the F6.55A H1 receptor was 
about 60% less than the WT H1 receptor, suggesting, the F6.55A point-mutation may change receptor structure, 
negatively impacting affinity and function of some ligands, but, not others. For example, mepyramine and (2S, 4R)-
PAT docked close to TMHs VI and VII (Figures 8 and 9) and mepyramine likely formed hydrophobic contacts with 
F6.55, consistent with the experimentally determined 6-times loss of affinity for mepyramine at the F6.55A 
compared to the WT H1 receptor (Table 4). In comparison to mepyramine, (2S, 4R)-PAT docked deeper in the H1 
binding pocket (closer to intracellular region), likely, precluding hydrophobic interactions with F6.55, thus, there 
was no loss of (2S, 4R)-PAT affinity when F6.55 was mutated to alanine (in fact, affinity was slightly increased).  
 
At the Y7.43A point-mutated H1 receptor, affinity of [3H]-mepyramine was not different than at the WT receptor, 
consistent with previously reported results [54]. Affinity of [ 3H]-( 2S, 4R)-PAT also was not different at the Y7.43A 
compared to WT receptors.  Affinity of histamine decreased by 17-times at the Y7.43A compared to the WT H1 
receptor (Table 4), which is not in agreement with a previous study [54] where no difference in histamine affinity 
was observed as the two receptors.  
 
In support of the current results, the Y7.43A point-mutation in the serotonin 5-HT2A receptor, that is 
phylogenetically closely-related to the H1 receptor, demonstrated 10-times reduced affinity, 300-times reduced 
functional potency, and 10-times reduced efficacy of serotonin compared to the WT 5-HT2A receptor [55]. The 
current experimental results for the 7.43A receptor also are consistent with computational results, above. For 
example, interaction between the D3.32 and Y7.32 side chains is much closer for the histamine-bound WT H1 
receptor compared to the unbound receptor, suggesting, histamine binding stabilizes the D3.32−Y7.32 interaction. In 
addition, the protonated ethylamine side chain of histamine apparently formed electrostatic interactions with the 
para-hydroxy-group of Y7.43 (Figure 7). Thus, loss of the D3.32–Y7.43 interaction in the Y7.43A point-mutated 
receptor would be predicted to negatively impact histamine affinity, consistent with current experimental results 
(Table 4). Meanwhile, computational results indicate interaction between D3.32 and Y7.43 does not change upon 
mepyramine binding to the WT receptor and there is only a small change upon (2S, 4R)-PAT binding. Also, no 
direct interactions were observed between Y7.43 and mepyramine or (2S, 4R)-PAT. Thus, loss of the D3.32–Y7.43 
interaction in the Y7.43A point-mutated receptor would be predicted to have little impact on affinity of mepyramine 
and (2S, 4R)-PAT, consistent with experimental results (Table 4).  
 

CONCLUSION 
 
To the best of our knowledge this is the first study to report the Y3.33A, W4.56A, F5.47A, W6.48A, and Y6.51A 
point-mutated human H1 receptors. Experimental results indicated no radioligand binding at these point-mutated 
mutated receptors, validating predictions made from computational and modeling results, and confirming the 
importance of these residues for H1 ligand binding—an instructive new finding with regard to drug design targeting 
histamine H1 receptors.  
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Similar to the β2AR and 5-HT2C GPCRs [27, 28], the H1 receptor D3.32 carboxylate residue was determined to be in 
close proximity to the Y7.43 para-hydroxy group indicating likely hydrogen bond formation between these amino 
acids. Binding of the agonist histamine facilitated an even closer interaction between D3.32 and Y7.43, suggesting, 
these H1 amino acids are in involved in agonist ligand–receptor binding pocket stabilization. Also, direct interactions 
were noted between histamine and both residues, and there was a nearly 20-times loss of affinity for histamine at the 
Y7.43A point-mutated receptor, confirming this residue is important to stabilize binding of the endogenous agonist. 
In contrast, the H1 antagonists mepyramine and (2S, 4R)-PAT do not facilitate interactions between D3.32 and 
Y7.43, nor do they form direct interactions with Y7.43, and experimental results confirmed that affinity of the H1 
antagonists was not greatly affected by the Y7.43A mutation. Other differences in the binding modes of the agonist 
histamine (close to TMH V) compared to the antagonists mepyramine and (2S, 4R)-PAT (closer to TMHs VI and 
VII) support theoretical and experimental studies on GPCRs that conclude ligands can bind differently to stabilize 
different conformational states of the same GPCR, leading to different functional outcomes [29, 56, 57, 58], of 
paramount importance in rational drug design and development.    
 
MD simulations here using the H1 homology model derived from the β2AR template indicated that the side chain of 
K5.39 is able to move closer to histamine upon ligand binding. Moreover, results of experimental studies indicate 
that affinity of histamine is reduced about 10-times when the human H1 K5.39 residue is mutated to alanine [51]. In 
contrast, antagonist H1 ligands such as mepyramine and (2S, 4R)-PAT do not bind close to TMH V residues (see 
Figures 8 and 9, below).  
 
Homology models and docking methods  have been used to help understand drug- receptor interactions, and drug 
design, in the absence of crystal structure of the target receptor [27, 28, 59-62].  In the present work, the human H1 
GPCR homology model built from the human β2AR crystal structure was tested using computational techniques and 
ligand docking results were validated by experimental binding results using WT and point-mutated human H1 
receptors. The overall structure of the β2AR-derived model was similar to the previously reported bRho-based 
human H1 homology model [26]. The β2AR-derived H1 model also was compared to a model built from the crystal 
structure of the human H1 receptor in complex with the antagonist doxepin at 3 Å resolution (PDB code 3RZE); the 
resulting RMSD value was 2.91 Å, close to the resolution of 3RZE. Thus, it is concluded that the human β2AR is a 
suitable template for GPCR homology modeling. A similar conclusion was reached regarding β2AR-based 
homology and crystal structure models for the dopamine D3 aminergic GPCR [63]. Indeed, it recently was suggested 
that carefully built homology-based GPCR models may be more practical for structure-based drug design because 
they can capture subtle but critical chemical and structural features of the binding pocket that are not necessarily 
obvious from X-ray crystal structures [64]. Likewise, results here indicated there were no noteworthy differences 
regarding ligand–H1 receptor binding interactions calculated from the H1 models built by homology to β2AR and 
from the human H1 crystal structure, indicating, the homology-derived model could continue to be a suitable 
template for H1 receptor drug design.   
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