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Abstract 
A series of biochemical, electrophysiological and psychophysical studies suggest that proteinaceous receptors 
coupled to the G-protein/adenylate cyclase second messenger cascade mediate sweet taste for some compounds. 
To further predict the role of G proteins and to understand the mechanisms of interaction between sweetener, 
modulator and inhibitor binding, a three-dimensional model of the G protein coupled receptor (Accession 
Number: AAB94130) is generated based on the crystal structure of bovine rhodopsin (PDB: 1F88) by using the 
software MODELLER7v7. The structure having a least modeller objective function was used as a starting point 
for picoseconds-duration molecular dynamics simulations. The final refined model contained seven 
transmembrane α-helices in common within this family of sequences. Superimposition of the structure with the 
template showed Cα-trace RMSD deviation of 0.7Å. The refined model was further assessed by ERRAT, 
WHATCHECK and PROCHECK, which indicated that the refined model is reliable with 83.9% of the residues 
in the core regions of the Ramachandran’s plot. Active site analysis showed that site1 is highly conserved with 
the catalytic site of the template, which is present on the extra cellular side of the membrane. Docking studies 
with sweeteners, modulators and newly designed molecules with the site1 of the refined model indicate that urea 
(4-cyanophenyl) is the preferred inhibitor with a binding score of -546.29. The docking studies revealed that 
Asp345, Asn319 and Ser155 of extra membrane region are important determinant residues as they have strong 
hydrogen bonding contacts with the ligand. 
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INTRODUCTION INTRODUCTION 
 The largest class of cell surface receptors in 
mammalian genomes is the super family of G- 
protein-coupled receptors further referred as 
GPCRs. Of the approximately 1000 genes 
thought to encode GPCRs in humans, about 300 
to 400 mediate the effects of endogenous ligands, 
with the remainder being sensory receptors. 
GPCRs mediate numerous physiological 
processes and also the sense of taste utilizing the 
adenylate cyclase system as a second messenger 
and are the targets of many clinically important 

drugs (Drews et al., 1996). An amino terminal 
extracellular domain, a carboxyl-terminal 
intracellular domain and seven hydrophobic 
transmembrane domains characterize GPCRs 
structurally. The interaction of an agonist with a 
GPCR binding pocket elicits or stabilizes a 
conformational change in the receptor’s 
transmembrane domains. This conformational 
change allows the receptor to associate with 
heterotrimeric G proteins and initiate a signaling 
cascade inside the cell leading to a physiological 
response (Lefkowitz et al., 1993). Historically, 
the activation and inhibition of GPCR function 
has been a very successful avenue for drug 
discovery and development. Marketed drugs for 
both GPCR agonists (e.g. Sumatriptan; 5-HT1 
receptor) and antagonists (e.g. Loratidine; H2 
receptor) exist and there are a number of 
compounds in clinical trials exploiting allosteric-
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binding sites present on GPCRs. However, it is 
clear that receptors do not function in isolation 
but are impacted by a myriad of other proteins. 
These proteins may alter not only ligand binding 
or functional responses but also such parameters 
as receptor localization and processing. The 
identification and study of these interactions and 
interacting proteins have grown rapidly in recent 
years and continue to do so, resulting in a large 
number of potential receptor-ligand connections. 
Whereas GPCRs constitute 15% of the druggable 
genome and 25% of molecular targets of 
experimental and marketed drugs, GPCR 
accessory proteins is an unexplored area that 
may offer the opportunity to expand the 
druggable genome (Hopkins et al., 2002). In the 
present study, to predict the role of human G-
coupled receptor responsible for sense of taste, 
homology modeling and docking studies were 
carried out with sweeteners and modulators.  

MATERIALS AND METHODS 

Sequence alignment 
Prediction of the location of the transmembrane 
(TM) helices in GPCR employed a number of 
methods, namely, Top-Pred2 (topology 
prediction of membrane proteins) (Heijne et al., 
1992), TMAP (transmembrane detection based 
on multiple sequence alignment) (Persson et al., 
1994; Persson et al., 1997), DAS (Cserzo et al., 
1997), PHDhtm (prediction of transmembrane 
helices and their topology) (Rost et al., 1995; 
Rost et al., 1996), TMHMM (transmembrane 
Hidden Markov Model) (Sonnhammer et al., 
1998), and TMPred (transmembrane prediction) 
(Hofmann et al., 1993).  

Homology modeling 
The sequence of G-coupled receptor further 
referred as GPCR (Human RDC1 gene) 
(Accession Number: AAB94130) was obtained 
from NCBI (National Center for Biotechnology 
Information) (Bi et al., unpublished). The initial 
model of GPCR from human  with 362 amino 
acids was built by using homology-modeling 
methods and the software MODELLER7v7 on 
windows operating environment (Sali et al., 
1993); a program for comparative protein 
structure modeling optimally satisfying spatial 
restraints derived from the alignment and 
expressed as Probability Density Functions 
(PDFs) for the features restrained which includes 

(i) homology-derived restraints on the distances 
and dihedral angles in the target sequence, 
extracted from its alignment with the template 
structures  (ii) stereo chemical restraints such as 
bond length and bond angle preferences, 
obtained from the CHARMM-22 molecular 
mechanics force field (MacKerell et al 1998) (iii) 
statistical preferences for dihedral angles and 
non-bonded interatomic distances, obtained from 
a representative set of known protein structures 
(Sali et al 1994) and (iv) optional manually 
curated restraints, such as those from NMR 
spectroscopy, rules of secondary structure 
packing, cross-linking experiments, fluorescence 
spectroscopy, image reconstruction from electron 
microscopy, site-directed mutagenesis and 
intuition. The pdfs restrain Cα-Cα distances, main 
chain N-O distances and main chain - side chain 
dihedral angles. The 3D model of a protein is 
obtained by optimization of the molecular pdf 
such that the model violates the input restraints 
as little as possible. The molecular pdf is derived 
as a combination of pdfs restraining individual 
spatial features of the whole molecule. The 
optimization procedure is a variable target 
function method that applies the conjugate 
gradients algorithm to positions of all non-
hydrogen atoms. The query sequence from 
human was searched to find out the related 
protein structure to be used as a template by the 
BLAST program (Basic Local Alignment Search 
Tool) (Altschul et al., 1990; Altschul et al., 1997) 
against PDB (Protein Databank). Sequence that 
showed maximum identity with high score and 
less e-value with the related family was aligned 
and was used as a reference structure to build a 
3D model for GPCR. The co-ordinates for the 
SCRs (Structurally Conserved Region) for 
GPCR were assigned from the template using 
pair-wise sequence alignment, based on the 
Needleman-Wunsch algorithm (Needleman et al., 
1970; Thompson et al., 1994).  

Molecular dynamics simulations 
The structure having the least modeller objective 
function, obtained from the modeller was 
improved by molecular dynamics and 
equilibration methods using NAMD2.5 
(Nanoscale Molecular Dynamics) software (Kale 
et al., 1999) using CHARMM27 (Schlick et al., 
1999) (Chemistry at Harvard Macromolecular 
Mechanics) force field for lipids and proteins 
(MacKerell et al., 1998a; MacKerel et al., 1998b; 
MacKerell et al., 1992) along with the TIP3P 

model for water (Schlenkrich et al., 1996). The 
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energy of the structure was minimized with 1, 00, 
000 steps in 2, 50,000 runs and 500 ps of 
molecular dynamics. A cut off of 12Å (switching 
function starting at 10Å) for Van der Waals 
interactions was assumed. Spherical periodic 
boundary conditions were included in this study. 
An integration time step of 2 fs was used, 
permitting a multiple time-stepping algorithm 
(Jorgensen et al., 1983; Grubmuller et al., 1991) 
was employed in which interactions involving 

covalent bonds were computed for every time 
step. Short-range non-bonded interactions were 
computed for every two-time step and long-
range electrostatic forces were computed for 
every four-time steps. The pair list of the 
nonbonded interaction was recalculated for every 
ten-time steps with a pair list distance of 13.5Å. 
The short-range non-bonded interactions were 
defined as Van der Waals and electrostatics 
interactions between particles within 12Å. A 
smoothing function was employed for the Van 
der Waals interactions at a distance of 10Å. The 
equilibrated system was simulated for 1 ps with a 
500 kcal/mol/Å2 restraint on the protein 
backbone under 1 atm constant pressure and 310 
K constant temperature, constant pressure and 
Number of Particles (NPT). The Langevin 
damping coefficient was set to 5 ps unless 
otherwise stated (MacKerell et al., 1992). Finally, 
the structure having the least RMSD of Cα trace 
generated during the molecular dynamics was 
used for further studies. In this step, the quality 
of the initial model was improved.  

Structure validation 
The final refined model obtained was analyzed 
by Ramachandran’s map using PROCHECK 
(programs to check the stereo chemical quality of 
protein structures) (Laskoswki et al., 1993), 
WHATCHECK (Hooft et al 1996), Whatif 
(Vriend, 1990) and environment profile using 
ERRAT graph (Colovos et al., 1993) (structure 
evaluation server). This model was used to 
identify the active site and for docking of the 
sweeteners, modulators and inhibitors with the 
receptor.  

Active site identification 
The binding pockets of GPCR from human were 
identified using CASTP (Computed Atlas of 
Surface Topography of proteins) (Dundas et al 
2006); a program for identifying and 
characterizing protein active sites, binding sites, 
and functional residues located on protein 

surfaces and voids buried in the interior of 
proteins by measuring concave surface regions 
on three-dimensional structures of proteins. It 
also measures the area and volume of pocket or 
void by solvent accessible surface model 
(Richards' surface) and by molecular surface 
model (Connolly's surface). It can also be used to 
study surface features and functional regions of 

proteins.  

Protein-ligand docking 
The sweeteners, modulators and inhibitors 
including all hydrogen atoms, were built and 
optimized with Chemsketch software suite 
(Advanced Chemistry Development, Inc). 
Extremely Fast Rigid Exhaustive Docking 
(FRED) version 2.1 was used for docking studies 
(OpenEye Scientific Software, Santa Fe, NM). 
This program generates an ensemble of different 
rigid body orientations (poses) for each 
compound conformer within the binding pocket 
and then passes each molecule against a negative 
image of the binding site. Poses clashing with 
this ‘bump map’ are eliminated. Poses surviving 
the bump test are then scored and ranked with a 
Gaussian shape function. The binding pocket 
was defined using the ligand-free protein 
structure and a box enclosing the binding site of 
4Å. One unique pose for each of the best-scored 
compounds was saved for the subsequent steps. 
The compounds used to dock were converted in 
3-dimension with Omega software (Open Eye 
Scientific Software, Santa Fe, NM). To this set, 
the substrate (generation of multiconformer with 
Omega) corresponding to the modelled protein 
was added. It is an implementation of 
multiconformer docking, meaning that a 
conformational search of the ligand is first 
carried out and all relevant low-energy 
conformations are then rigidly placed in the 
binding site. This two-step process allows only 
the remaining six rotational and translational 
degrees of freedom for the rigid conformer to be 
considered. The FRED (Fast Rigid Exhaustive 
Docking) process uses a series of shape-based 
filters and the default scoring function is based 
on Gaussian shape fitting (Schulz-Gasch et al 
2003).  

Other computational details 
Structural diagrams were prepared using Open 
Eye  (Open Eye Scientific Software, Santa Fe, 
NM) and SPDBV software (Guex et al., 1997).  
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RESULTS AND DISCUSSION 
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Figure 1:  Calculated RMSD graphs of molecular dynamics 
simulations using NAMD software. Time (ps) is taken on X-
axis and RMSD on Y-axis. 

Homology modeling of GPCR from 
human 
The target sequence was compared with the 
related family for more identity and similarity 
using BLAST search. In the results of BLAST 
search against PDB, only three-reference 
proteins, including crystal structure of bovine 
rhodopsins (PDB: 1F88) (Palczewski et al., 
2000), crystal structure of bovine rhodopsins 
(PDB: 1HZX) (Teller et al., 2001), structure of 
bovine rhodopsins (Dark Adapted) (PDB: 1JFP) 
(Yeagle et al., 2001) have a high level of 
sequence identity and the identity of these three 
reference proteins with the GPCR protein are 
19%, 19% and 19% respectively. Sequence of 
the GPCR from human with the templates was 
analyzed using GENEDOC software suite 
(Nicholas et al 1997). Percentage of identity and 
similarity of the query with the templates was 
analyzed and found that GPCR showed high 
percentage identity and similarity of 16 and 38%, 
16 and 38% and 15% and 35% with 1F88, 1HZX 
and 1JFP. Phylogenetic analysis of these 
templates showed that GPCR from human is 
closely related to 1JFP than the other templates 
1F88 and 1HZX. Phylogenetic analysis also 
showed that 1F88 and 1HZX are closely related 
to one another. Since GPCR showed less 
percentage of identity with 1JFP, the next closely 
related protein 1F88 was chosen for modeling 
GPCR from human in the subsequent studies. 
Coordinates from the reference protein (1F88) to 
the SCRs, structurally variable regions (SVRs), 
N and C-termini were assigned to the target 
sequence based on the satisfaction of spatial 
restraints. All side chains of the model protein 
were set by rotamers. The model obtained was 
refined by molecular dynamics method and the 
graph was drawn between the time (ps) and 

RMSD of Cα trace which showed that model is 
stable above 50 ps of molecular dynamics 
simulations as shown in Figure 1. The refined 
model was used for further analysis.  
 

 
 

Figure 2  Ramachandran’s plot calculations of GPCR were 
carried out using PROCHECK server. The figure shows that 
all the residues are in core regions of the Ramachandran’s 
plot. 

Validation of GPCR 
The geometry of the final refined models was 
then evaluated with Ramachandran’s plot 
calculations computed with the PROCHECK 

program. This revealed that the backbone φ and 
ϕ dihedral angles of GPCR are 83.9%, 13.1%, 
2.1% and 0.9% of the residues are located 
within the most favorable, additionally allowed, 
and generously allowed regions, respectively of 
the Ramachandran’s plot (Fig. 2) and 
comparative results are summarized in Table 1. 
Ramachandran’s plot analysis revealed that only 
Ser243 is out of energetically favorable region 
present in the loop region between α6-α7. The 
remaining residues are found to be in the core 
regions of the Ramachandran’s plot predicting 
the final structure to be highly reliable for further 
studies. This good stereo chemical quality is not 
surprising for the high sequence identity (51%) 
between the template and the target, which are 
shown in Figure 1. The RMSD for covalent 
bonds relative to the standard dictionary was –
3.04Å and for the covalent angles was –0.27. 
Totally, 99.1% of the residues were in favored 
and allowed regions. The overall PROCHECK 
G-factor – 1.79 and overall quality factor of 
49.854 in the ERRAT graphs indicate acceptable 
protein environment (Fig. 3C). Further  
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Figure 3: The final 3D structure of GPCR is obtained by 
energy minimization and equilibration over the last 25000 
runs with 50 pico seconds of molecular dynamics 
simulation. Both external and internal surfaces are indicated 
by yellow color. 

 

 
Figure 4 The figure shows superimposition of Cα trace 
of GPCR (represented in orange color) and 1F88 
(represented in green color). 
 

 
evaluation of the final model of GPCR with 
Whatif program predicted the RMS Z score of 
backbone-backbone contacts (–1.48), backbone-
side chain contacts (–1.98), side chain-backbone 
contacts (–3.68) and side chain-side chain 
contacts (–2.57). Moreover, the evaluation of the 
structural integrity of the final model of GPCR 
showed a Z score of –2.75. These values show 
that structural average for the second generation 
quality control values are within normal range of 
2.0, and hence, it is believed that the final refined 
model is reliable for further analysis. If the 
Whatif is above –2, it is recommended as a good 
structure. This trend continued even in the data 
obtained with the validation program 
WHATCHECK in which the Z-scores of bond 
lengths, bond angles, omega angle restraints, 
side-chain planarity, improper dihedral 
distribution and inside/outside distribution are 
8.6, 1.7, 1.2, 4.3, 3.2 and 1.3 for GPCR are 
positive (positive is better than average). In all 
likelihood, the BBC and IOD parameters appear 
excessive only because the databases are not 
optimised for membrane proteins. Still, the 
GPCR model scores are similar to those of the 
crystallographic structures shown in Table 2. In 
several instances, in both the data, the scores are 
better than those for the crystal structures. This is 
only due to the fact that the crystal structures 
have not had extensive refinement. Still, the 
scores also mean that no shortcomings are 
apparent for the GPCR structure as shown in 
Table 2. The structural superimposition of Cα 
trace of template and GPCR receptor is shown in 
the Figure 4. The weighted RMSD of Cα trace 
between 1F88 and GPCR with respect to Cα was 
0.7Å which further indicated that the homology 

model is reliable. The RMS deviation of the 
structure before and after molecular dynamics 
was also calculated and found as 0.3Å which 
indicates that the structure is highly reliable for 
further studies. The final stable structure contains 
seven transmembrane helices as shown in Figure 
5.  
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Secondary structure prediction Secondary structure prediction 
Our current theoretical model of human GPCR is 
compared with bovine rhodopsin for percentage 
of identity and similarity using GENEDOC 
software suite including the secondary structural 
elements and location of highly conserved amino 
acids using Swiss Protein Databank Viewer 
software suite (http://www.expasy.org/spdbv) 
(Guex et al., 1997). Structurally conserved 
regions (SCRs) for the model and the template 
were determined by superimposition of the two 
structures and pair-wise sequence alignment (Fig. 
5). Percentage of identity and similarity 
calculated for each individual α-helices, N 
terminal regions, extra cellular membranes and 
cytoplasmic regions with the template using 
GENEDOC software showed that helices H1, H2, 
H3, H4, H5, H6, H7, NH2 terminal, extra 
cellular regions E1, E2, E3, cytoplasmic regions 
C1, C2, C3 and C terminal end showed 20% and 
60%, 25% and 54%, 12% and 51%, 16% and 
44%, 19% and 46%, 27% and 47%, 19% and 
42%, 13% and 26%, 16% and 33%, 10% and 
28%, 10% and 30%, 16% and 16%, 16% and 
41%, 17% and 58% and 13% and 39% 
respectively . These results show that the seven 
transmembrane helices have above 40% of 
identity predicting that secondary structures of 
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template (1F88) and final GPCR are highly 
conserved as shown in Figure 5.  The maximum 
percentage of identity for α-helices was 25%, for 
extracellular regions 16% and for cytoplasmic 
regions 17%.   
 

    
A                                       B   

 
Figure 6: Molecular surfaces of GPCR. Figure 6A 
represents the hydrophobic residues in orange color and the 
polar residues in grey. Figure 6B represents the hydrophobic 
residues in grey color expect for Trp and Tyr, which are in 
orange and green colours. Both polar and Trp/Tyr side chains 
can be seen to form bands on the surface of the molecules 
that correspond to the presumed location of the lipid head 
groups in a bilayer. 

Comparison of outer surfaces 
As both 1F88 and GPCR are integral membrane 
proteins, then, at least in vitro, the outer surfaces 
of both structures are exposed to a lipid bilayer 
environment. As this is an anisotropic 
environment, one would expect a corresponding 
anisotropy in the outer surfaces of the two 
membrane proteins, as is the case in other 
integral membrane proteins. Such considerations 
were not included in the alignment and 
homology modeling procedure. So, visualization 
of the outer surface of the GPCR model and 
comparison with that of 1F88 provides a simple, 
if somewhat crude, evaluation of the plausibility 
of the homology model. Examination of the 
distribution of polar versus apolar side chains on 
the surfaces of the two structures revealed that 
both GPCR and 1F88 exhibit a segregation of 
side chains common to most integral membrane 
proteins as shown in Figure 5. Thus, the polar 
residues are clustered at either end of the 
molecule (corresponding to the lipid head 
group/water interfacial region of the bilayer) and 
in each case there is a broad central band of 
predominantly hydrophobic side chains (Fig. 6A). 
The distribution of amphipathic, aromatic 
residues (i.e., Trp and Tyr) was also examined in 

this study. Several studies (Schiffer et al., 1992; 
Yau et al., 1998) indicated that these two 
residues are preferentially located in two rings on 
the surface of membrane proteins, corresponding 
to the position of the lipid head group/water 
interface when the protein is embedded in a 
bilayer (Fig. 6B). This location may reflect the 
ability of such residues to form favorable H-
bonding interactions with lipid head groups as 
suggested by simulation studies (Forrest et al., 
1999), or may be a more general consequence of 
the shape and aromaticity of such side chains 
(Yau et al., 1998). Comparison of the 
distribution of Trp and Tyr residues on the outer 
surfaces of GPCR and 1F88 reveals rings of such 
side chains at either end of the molecule (Figs. 
6C and 6D). The approximate distance of the 
subunit for GPCR between the two amino acids 
Phe231 and Asn69 was 2.7 nm which is 
consistent with a bilayer thickness of 3 nm. Thus, 
the outer surface of the GPCR molecule looks 
like that of an integral membrane protein. Of 
course, this is not a strong proof to say that the 
homology model is correct, but it suggests that 
the global distributions of side-chain types are 
compatible with what we expect for a membrane 
protein.  

Active site identification of GPCR 
Once the final model was built, the possible 
binding sites of GPCR were searched using the 
CASTP server (Dundas et al., 2006). Fifty six 
possible binding sites were obtained and are 
shown in Figure 7. These pockets were 
compared with the active site of the template and 
were found that site 1 (green region) is highly 
conserved with the catalytic site of template. 
Since GPCR from human and 1F88 are well 
conserved in both sequence and structure; it is 
predicted that their biological function may be 
identical. From the structure-structure 
comparison of template and final refined models 
of GPCR receptor using SPDBV program (Guex 
et al., 1997), it was found that the residues in the 
site 1, Asn69, Lys73, Thr74, Thr75, Gly76, 
Tyr77, Asp78, Thr79, Cys81, Ile83, Asp141, 
Leu144, Ser145, Ile146, Tyr148, Phe149, 
Thr150, Asn151, Thr152, Pro153, Ser154, 
Ser155, Arg156, Lys157, Val160, Leu234, 
Leu235, Ala241, Ser243, Asp244, Gln245, 
Glu246, Lys247, Ser249, Ser250, Arg251, Ile253, 
Tyr315, Ile318, Asn319, Arg320, Asn321, 
Tyr322, Lys337, Gly339, Thr41, Lys342, 
Leu343, Ile344, Asp345, Ala346, Ser347, 
Val349, Ser360, Thr361 and Lys362, are highly  
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Table  1: % of residues falling in the core region of the Ramachandran’s plot for the template and model built 
Ramachandran plot (%) 

Structure Core Allowed Generous Disallowed Overall  
G-factor 

GPCR 83.9 13.1 2.1 0.9 -1.39 
1F88 77.7 20.3 1.7 0.3 0.7 

 
Table  2: WHATCHECK Z-scores for quality assessment and statistical analysis of GPCR and 1F8 
 Structure Z-score  RMS Z-scores  

Structure PQ RPA χNR BBC BL BA ΩR SCP IDD IOD 

GPCR −2.7 −2.6 −3.0 −7.5 8.6 1.7 1.2 4.3 3.2 1.3 

1F88 −0.7 −5.3 −3.0 −6.3 0.4 0.6 0.2 0.4 0.6 1.2 
 
PQ, second-generation packing quality; RPA, Ramachandran plot appearance; χNR, χ−1/χ−2 rotamer normality; BBC, 
backbone conformation; BL, bond lengths; BA, bond angles; Ω, omega angle restraints; SCP, side-chain planarity; IDD, 
improper dihedral distribution; and IOD, inside/outside distribution. 
 
 

Table  3: Prediction of Transmembrane helices for the model built using different programs 
TM helices TMHMM 

Start          End 
DAS 

Start          End 
Tmpred 

Start          End 
HMMTOP 

Start          End 
Helix 1 47-----------69 47-----------71 46-----------71 48-----------72 
Helix 2 82-----------104 88-----------108 88-----------109 85-----------109 
Helix 3 119----------140 125----------142 126----------144 126----------144 
Helix 4 162----------180 166----------181 167----------187 167----------187 
Helix 5 214----------236 216----------241 221----------239 218----------240 
Helix 6 255----------277 258---------285 257----------278 257----------281 
Helix 7 297----------319 301---------317 296----------322 298----------322 

conserved with the active site of template (Fig. 
4). The active site of 1F88 includes all the 
residues mentioned above and also the fifty-six 
possible binding sites in the shape of site 1 
(green region) in GPCR which are similar to that 
of the catalytic site in bovine rhodposin receptor 
(Palczewski et al., 2000). In this study, site 1 is 
chosen as more favorable binding site to dock 
the sweeteners, modulators and inhibitors. The 
final stable structure of GPCR receptor obtained 
is shown in Figure 3.  

Over all fold and molecular contacts 
The current molecule of human GPCR (Fig. 3) 
includes all 196 residues that makeup eleven 
transmembrane helices; these are 43-71 for H1, 
78-107 for H-II, 114-146 for H-III, 158-178 for 
H-IV, 205-230 for H-V, 247-269 for H-VI and 
280-327 for H-VII, (Fig. 4), 76-362 residues 
from the extracellular region; 1-42 form NH2-
terminal tail, 108-113 for E-I, 181-204 for E-II 
and 287-294 for E-III; 75 residues in the 
cytoplasmic region; and 72-77 for C-I, 147-157 
for C-II and 231-246 for C-III and 316 to 337 
and 338 to 360 form the COOH- terminal region.  

Extracellular regions 

The extra cellular domain regions of GPCR 
(NH2-terminal and interhelical loops E-I, E-II 
and EIII) can associate to form a compact 
structure (Fig. 8 [Supplementary data]). The NH2-
terminal tail of GPCR contains two sheets. The 
NH2-terminus is located just below loop E-III, 
with the side chain of His297 close to that of 
Asp7 and forms a hydrogen bonding interaction. 
The first two antiparallel strands Tyr181 to 
Ser204, form a typical β-sheet fold (β1 and β2) 
running almost parallel to the expected plane of 
the membrane. Residues Tyr181 and Tyr182 in 
E-II have extended side chains. The former 
points to a hydrophobic pocket while latter 
points to hydrophilic region. Residues Asp141 to 
Leu170 form a loop region at the periphery of 
the molecule, like E-I and E-III. The peptide 
carbonyl of Ser198 in E-II and the side chain 
amide of Arg288, which is at the beginning of  

E-III, are close to each other, while Tyr181 is 
nearer to Pro178, which is one of the initial 
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residues of E-II, thus in proximity to the 
extracellular regions. 

 
Figure 7: The possible binding-site of GPCR present on the 
extra membrane region is predicted using CASTP server 
involved in binding of sweeteners, modulators and inhibitors. 
Active site is labeled in green color. 

Transmembrane helices 
Homology model of the GPCR contains seven 
transmembrane helices. Prediction of 
transmembrane helices using various web servers 
showed that helix H1 is present between 46 to 72, 
H2 between 82 to 109, H3 between 119 to 144, 
H4 between 162 to 187, H5 between 216 to 240, 
H6 between 255 to 285 and H7 between 297 to 
322 as shown in Table 3. In all there are 13 
proline residues of which Pro11, 20, 35 and 38 
are present at the N terminal region, Pro98 at the 
middle of the α-helix 1, Pro111 between the H1 
and HII, Pro153 between H2 and HIII, Pro178 at 
the end of the HIV, Pro205 between HIV and 
HV, Pro224 in the middle of the HV, Pro267 at 
the end of HVI and Pro284 and 312 at the 
beginning and middle of HVII. Thus, most of the 
proline residues fell in the middle and loop 
regions. Only Pro267 is present at the end, 
breaking the helix4 as shown in Figure 4. H-II, 
H-III, H-IV and H-VII are bent at residues 
Pro111, Pro153, Pro178 and Pro267. H-VI, H-
VIII and H-IX contain proline residues (Pro224, 
Pro267 and Pro284) that are almost straight. 
Further, it is predicted that the proline residues in 
H-II, H-III, H-IV, H-VI, H-VIII and H-IX have 
distortions at the extracellular end but Pro153 in 
H-III has at the cytoplasmic surface. 

Cytoplasmic regions 
The cytoplasmic ends of H-II and H-IV are near 
to each other, but they diverge in the region of 
Val168. This residue is near the point where H-
III penetrates towards H-V between H-II and H-

IV. The region with Asp141, Arg142 and Tyr143 
exhibited a slight deviation from regular helical 
structure. The binding site of a G protein is 
formed by the cytoplasmic terminal region, 
surrounded mostly, by hydrophobic residues of 
H-II (Ala72, Gly76), C-II (Leu144, Ile146), H-
VI (Phe231, Phe233, Leu234, Leu235, Ala236, 
Ala238, Ile239 and Ala241), H-X (Phe317) and 
H-XI (Leu326, Met327). H-III, H-X and H-XI 
exhibited irregular helicity in the cytoplasmic 
region and at Ser216, respectively. Ile228 
partially covered the interhelical region between 
H-V and H-VI near the lipid interface. The 
cytoplasmic end of H-VI extended past the 
putative membrane surface to Ser243. Three 
basic residues Lys247, Arg251 and Lys251 
located near the cytoplasmic end of H-VI 
extended from the helical bundle, making this 
region of C-III highly basic. In H-VII, two 
phenyl rings of His248 and Tyr268 interact with 
Trp265 of H-VI and His281 of H-VIII, 
respectively. This interaction with H-VI is 
particularly important because it is facilitated by 
distortion of H-VI in the region of Val263. H-
VII is considerably elongated in the region from 
Ser304 to Val310 (H-VIII). This region included 
His298, whose peptide carbonyl bound to the 
side chain of Asn192 in Sheet 1 with a hydrogen 
bond. Further, His121 of H-III is hydrogen 
bonded with Thr194 of sheet 2.  

Docking of sweeteners, modulators 
and inhibitors with the active site of 
GPCR 
Docking of the sweeteners and modulators with 
the GPCR was performed using FRED v 2.1, 
which is based on Rigid Body Shape-Fitting 
(Open Eye Scientific software, Santa Fe, NM). 
To understand the interaction between GPCR, 
sweeteners and modulators, the sweetener, 
modulator and inhibitor-GPCR complexes were 
generated using the OPENEYE software suite 

(Figs. 8, 9 and 10). Docking studies with 
sweeteners (Fig. 8 [Supplementary data] ) showed 
that glucose  (Fig. 8A), fructose (Fig. 8B), 
sucrose (Fig. 8C), sucralose (Fig. 8D), aspartame 
(Fig. 8E), saccharin (Fig. 8F), D-tryptophan (Fig. 
8G), neohesperidin-dihydrochalcone, (a 
sweetener, Fig. 8H), steveoside (Fig. 8I) are 
binding with a total score of -327.71, -328.01, -
593.2, -555.12, -563.79, -439.51, -467.38, -
753.73, and -654.62 (more negative, better the fit; 
Table 4 [Supplementary data]). Docking with 
modulators (fig. 9 [Supplementary data]) showed 
that dioctanoyl glycerol (Fig. 9A), 1-oleoyl-2-
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acetyl glycerol (Fig. 9B), inositol triphosphate 
(Fig. 9C), diacylglycerol (Fig. 9D), 
phosphatidylcholine (a sweetener modulator, Fig. 
9E) are binding with total scores of -572.31, -
365.99, -505.66, -345.98 and -594.4. Also, 
docking with inhibitors (Fig. 10  [Supplementary 
data]) showed that amiloride (Fig. 10A), 2-(4-
methoxy-phenoxy) propanoic acid (Fig. 10B), 
urea (4-cyanophenyl) (Fig. 10C), 
chloramphenicol (Fig. 10D), urea (methane 
sulfonic acid) (Fig. 10E) and thapsigargin (Fig. 
10F) are binding with -468.7, -480.19, -441.13, -
546.29, -392.17, -407.07 and -374.98 scores. 
These studies show that neohesperidin-
dihydrochalcone, phosphatidylcholine and urea 
(4-cyanophenyl) (inhibitor) are binding with 
high affinity as shown in Table 4 [Supplementary 
data]. Experimental studies also showed that 
sweetener molecule (agonist) binds to a receptor, 
which transmits a signal via the guanine 
nucleotide-binding protein (G-protein) resulting 
in activation of adenylate cyclase. This in turn 
induces hydrolysis of ATP to cAMP which leads 
to activation of the phosphorylating enzyme, 
protein kinase A. The activated kinase then 
phosphorylates an ion channel in the taste cell 
membrane leading to depolarization of the taste 
cell. Certain sweeteners including sucrose and 
saccharin cause stimulation in adenylate cyclase 
activity leading to elevated levels of cAMP 
(Striem et al., 1991). The diuretic amiloride, a 
potent inhibitor of sodium transporter, blocks the 
tastes of both sweet and salty (sodium salts) 
stimuli (Schiffman et al., 1983, DeSimone et al., 
1984) depending on the species. Pretreatment of 
the human tongue with 500 mM amiloride 
reduced the intensity of all ten sweeteners tested 
but to varying degrees (Schiffman et al., 1983). 
The greatest suppression was for stevioside, 
which was blocked by 81%; fructose was the 
least affected and was reduced by 44%. These 
data showing differences in degree of 
suppression are consistent with multiple sweet 
receptors. Mixtures of amiloride and sucrose also 
reduced sweet responses (Simon et al., 1989). 
High binding affinity of amiloride with 
chemscore of 5.21, chemguass score of -50. 48, 
PLP score of -40.24, screen score of -80.58 and 
shapeguass score of -292.19 than other 
sweeteners showed that amiloride acts as an 
inhibitor against sweet taste. The sodium salt of 
+2-(4-methoxyphenoxy) propanoic acid (Na-
PMP) has been found to selectively block the 
sweetness intensity for 12 of 15 sweeteners that 
include 3 sugars (fructose, glucose, sucrose), 
terpenoid glycosides (stevioside), dipeptide 

derivative (aspartame), 2 N-sulfonylamides 
(sodium saccharin), 2 polyhydric alcohols 
(mannitol, sorbitol), and 1 sulfamate (sodium 
cyclamate) at both 250 ppm and 500 ppm levels 
(Schiffman et al., 1995).  However, when the 
same concentrations of Na-PMP were mixed 
with 3 of the 15 sweeteners (monoammonium 
glycyrrhizinate, neohesperidin dihydrochalcone, 
and thaumatin), there was little reduction in 
sweetness intensity. These data suggest that Na-
PMP is a selective competitive inhibitor of sweet 
taste and provide evidence for multiple sweet 
receptor types. Interestingly, Na-PMP is almost 
tasteless (faint bitter or metallic taste), but it is 
structurally similar to the sweetener dulcin 
(Johnson et al., 1994). Several sweetener 
derivatives were found to block the taste of 
sucrose when the inhibitor was combined with 
the sweetener. These include: chloramphenicol 
(Vlahopoulos et al., 1986), and N-(4-
cyanophenyl)-N’-[(sodiosulfo) methyl] urea 
(Muller et al., 1992). Aqueous solutions of N-(4-
cyanophenyl)-N’-[(sodiosulfo) methyl] urea and 
sweeteners suppress different sweeteners like 
monoammonium glycyrrhizzate by 24%; 
thaumatin by 30%; Na cyclamate by 40%; 
neohesperidin dihydrochalcone by 58%; 
rebaudioside A by 59%; aspartame by 61 %; 
sucrose by 66%; acesulfame-)< by 82%; and 
sucralose by 83%. Our docking studies also 
show that N-(4-cyanophenyl)-N’-[(sodiosulfo) 
methyl] urea show very good inhibition activity 
and acts as an inhibitor. It is also evident from 
the figures that sweeteners and modulators are 
stabilized by hydrogen bonding interactions. The 
hydrogen bonds present between receptor-
sweetener and receptor-modulator complex 
along with their distances and angles are listed in 
Table 5 [Supplementary data]. Hydrogen bonding 
interactions show that sweeteners like glucose is 
binding with Arg251 and Lys252; fructose with 
Asp78, Ser155 and Asp345; sucrose with Gly76, 
Asp345 and Thr361; sucralose with Asp345, 
Ser360 and Lys362; aspartame with Thr74 and 
Asp345; saccharin with Arg251; D-tryptophan 
with Ser155; neohesperidin-dihydrochalcone 
with Ser154, Ser155, and Lys157;  stevioside 
with Ala72, Lys73; hydrogen bonding 
interactions of sweeteness transducers show that 
inositol triphosphate is binding with Lys362; 
phosphotidy choline with Asp345; and 
diacylglycerol with Gly76 and Tyr77. Also, 
hydrogen bonding interactions with inhibitors 
show amiloride is binding with Gly76 and Thr74; 
urea (4-cyanophenyl) with Ser155; 
chloramphenicol with Asp78, Ser155 and 
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Asp345; urea (methane-sulfonic acid) with 
Asn319 and thapsigargin with Lys342. These 
studies show that Ala72, Lys73, Thr74, Gly76, 
Tyr77, Asp78, Ser154, Ser155, Lys157, Arg251, 
Lys252, Asn319, Lys342, Asp345, Ser360, 
Thr361, Lys362 are significant binding key 
residues determined based on the docking studies 
of  sweetener modulators and inhibitors with 
residues in the active site of the receptor. This 
identification, compared with a definition based 
on the distance from the sweeteners, modulators 
and inhibitors clearly show the relative 
significance for every residue. Table 5 
[Supplementary data] shows individual atoms, bond 
angles and bond lengths for all the residues in 
the active site of receptor-sweeteners, 
modulators and inhibitor complex. While the 
residues involved in hydrogen bonding 
interactions Lys73, Thr74, Gly76 and Tyr77 are 
present in the loop region between α1 and α2; 
Asp78, Tyr82, Leu84 and Asn85 are present in 
α2, Asp141 is present in α3, Thr152, Ser154, 
Ser155 and Arg156 are present in a loop between 
α3-α4, Lys157 is present in α4, Glu267 is binding 
with α6-α7, Ser249, Ser250, Arg251, Asn319 and 
Asn321 are present in α7 and Asp345, Ser347, 
Leu357, Ser360, Thr361, and Lys362 are present 
in C-terminal region of the receptor. This tells 
that all the seven transmembrane helices are 
involved in binding of sweeteners, modulators 
and inhibitors as shown in Table 6 [Supplementary 
data]. Asp345 was found to be the important 
residue involved in hydrogen bonding with 
sweeteners and modulators. It is noticeable that, 
stevioside, is the most preferred sweetener. It 
appears that Asp345, Asn319 and Ser155 of 
extramembrane region was conserved in GPCR 
receptors and may be important for sweetener, 
modulator and inhibitor binding and maintaining 
the hydrophobicity of the inhibitor-binding 
pocket.  

CONCLUSION 
One of the promising approaches in antidiabetic 
drug discovery is the development of new 
inhibitors for GPCRs involved in taste 
perception. A homology model of GPCR from 
human was built and validated using 
Ramachandran’s plot, ERRAT and 
WHATCHECK and Whatif programs to arrive at 
a reliable model for structure based drug design. 
Validation programs showed that the homology 
model scores are similar to crystal structure of 
the template. Secondary structure analysis of 

transmembrane helices showed 25% identity. 
Active site analysis predicted that extracellular 
region of GPCR showed similarity with the 
catalytic site of the template. Docking the 
modeled protein with various substrates, 
modulators and inhibitors provided an insight 
into the nature of binding and interaction of 
ligands with the enzyme. Docking studies also 
revealed that neohesperidin- dihydrochalcone, 
phosphatidylcholine and urea (4-cyanophenyl) 
(inhibitor) are binding with high affinity against 
the GPCR. Some differences in the residues 
lining the extracellular region of these receptors 
were observed leading new ligand interactions. 
Although, this difference may affect the ligand 
interaction to some extent, overall similarity of 
the binding pockets of these enzymes does not 
rule out the possibility of development of new 
inhibitors for taste perception. In any event, the 
proposed GPCR model offers a promising 
opportunity to design and develop novel 
inhibitors that could block GPCR for signaling 
the sense of taste.  
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