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G-protein coupled receptors (GPCRs) family represent essential targets for drug discovery, but 
until recently they have not been explored as targets of interest for agrochemical industry. From 
this family, the smoothened (SMO) receptor has been highlighted as a potential target for the 
development of novel pesticides. Hitherto, there is not an available X-ray structure of the 
Tribolium castaneum species for SMO. Thus, in order to highlight common and distinctive 
features of the human versus Tribolium castaneum SMO receptors, a good homology model for 
the aforementioned receptor was built using as templates the X-ray structures of human SMO 
receptors (PDB ID: 4jkv and 4qin). The SiteMap software of Schrodinger suite has been used to 
identify possible binding sites in the homology model. Five potential binding sites have been 
discovered. The best scored binding site overlaps perfectly with the binding site of the 
experimental human SMO proteins.  

 
 

INTRODUCTION* 

A series of proteins from the GPCR family, such 
as: smoothened, dopamine-2 like, frizzled-like, 
methuselah-like, starry night, latriphilin-like, eclosion 
hormone, ecdysis triggering hormone and crustacean 
cardioacceleratory peptide receptors, have been 
highlighted as appropriate pesticide targets.1 This  
assumption was made based on functional analysis 
studies on Tribolium castaneum (T. castaneum). 

Although the agrochemical industry advanced 
in the last decades, the interest in the development 
of new and safe pesticides, able to overcome the 
problem of resistance, and having a good 
selectivity against their targeted species and an 
environmentally friendly profile, is growing 
steadily. Hitherto, a limited number of targets for 
pesticides is known. Although the GPCR family 
includes very well-known targets for drug 
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discovery, until recently they have not been 
explored as targets of interest for the agrochemical 
industry. The GPCRs belonging to insects are 
involved in many physiological processes, like: 
reproduction, growth, development and osmoregula-
tion. Therefore, it is considered that GPCRs can 
provide valuable targets for the development of the 
next generation of pesticides.1 

The vast majority of these receptors are specific 
for insects and do not have a human correspondent. 
Among the receptors that have been, also,  found 
in human, we have chosen to computationally 
investigate the potential dual profile (pharmaco 
/agro) of the smoothened receptor (SMO), member 
of the GPCR frizzled class. Human SMO receptor 
antagonists have shown antitumor effects with 
GDC-04492 antagonist, being evaluated in clinical 
trials against various types of cancers. Also, 
according to Bai et al., knock-down studies using 
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dRNA of SMO from T. castaneum led to 92% 
mortality of the beetle in the larval – pupal 
transition.1-3 Based on these findings, the SMO 
receptor may be suitable as target for the 
development of novel pesticides. Since SMO 
receptor from T. castaneum has no experimental 
structure determined yet, a homology model was 
constructed using SMO human receptors as 
templates. In the absence of information about the 
binding site for the target receptor, SiteMap4 

software was engaged for identifying and 
analysing the potential binding sites. The top 
ranked site with the best SiteScore (see Results and 
Discussion section) obtained and the perfect 
overlapping of this site identified with the known 
binding site of the SMO human receptor lead to the 
conclusion that it might be suitable for further  in 
silico studies. A close look over the two proteins 
(target and template) sites revealed the amino acid 
residues similarities and differences.  

Currently, a thorny problem is represented by 
the decline of pollinators, such as honeybee (Apis 
mellifera) most likely due to non-discriminatory 
use of pesticides.5 In these circumstances, it is 
desirable to develop a new generation of selective 
pesticides against their specific targets, which do 
not affect other important species. For the purpose 
of selectivity studies, an alignment between the 
amino acid sequences of SMO T. castaneum and A. 
meliffera was made with the aid of Blast program6 
and added to the Supplementary Material along 
with a brief discussion (see Figure 1S-
Supplementary Material). The insight acquired 
from this preliminary study suggests open 
directions for further promising studies of pesticide 
selectivity against the SMO T. castaneum receptor. 

METHODS 

The homology model for SMO (T. castaneum) 
was built by following the next protocol. The 
sequence of amino acids for T. castaneum SMO 
receptor was taken from UniProt database (ID: 
D6WXL7)7 and I-TASSER server8 was employed 
for the generation of the models.  I-TASSER 
simulation uses multiple templates for the building 
of the homology models. The top 10 ranked 
templates taken by I-TASSER are identified by the 
threading program LOMETS9 (see Table 1- Supple-
mentary Material). The two templates used by  
I-TASSER in multiple sequence alignments were 
4jkv and 4qin (Protein Data Bank IDs).10,11 In 
order to select the best models, I-TASSER uses the 
SPICKER software,12 and returns up to five 

models which represent the five largest structure 
clusters. The confidence of each model is assessed 
by C-score, which is usually in the range of [-5, 2], 
where a higher value for C-score means a model 
with a higher confidence.13,14 Further, SiteMap4 
was used to discover the possible sites within the 
protein by identification of one or more regions 
that might be suitable for ligand binding. With the 
aid of Protein Preparation Wizard,15,16 Swiss-
PdbViewer 4.1.017 and MOLPROBITY software,18 
the model obtained was evaluated and refined until 
the required stereochemical criteria were fulfilled. 
Protein Preparation Wizard application19 was 
engaged in energy minimization of the homology 
model generated, until a RMSD (root-mean-square 
deviation) of 0.3 Å was reached. The validation 
step checked the normality of bond lengths, bond 
angles, distances between some atoms, and in 
particular the most important torsion angles: phi 
and psi, represented by the Ramachandran plot.20 
The significant outlier residues highlighted by the 
Ramachandran map18,21 were corrected using the 
Scan Loop Database option17 inside the Swiss-
PdbViewer software. BIOVIA Discovery Studio 
software22 was used for the representation of ligand 
structure–receptor diagram of interactions. 

RESULTS AND DISCUSSION 

The best obtained model received a C-score of -
3.01 and was engaged in the refinement process 
with the aid of Protein Preparation Wizard module 
from Schrodinger.15 Subsequently, SiteMap 
software4 was used for highlighting the possible 
sites on or near the protein surface. The first stage 
of SiteMap calculation represents the searching of 
those regions within the protein suitable for ligands 
to bind on. In the next stage, sitemaps are 
generated in agreement with their properties: 
hydrophobic or hydrophilic (acceptor, donor or 
metal-binding features).22 Five possible sitemaps 
were identified, and the main site found has a 
SiteScore of 1.196, and it is located within the 
transmembrane bundle towards the extracellular 
side of the receptor (Fig.1). This sitemap overlaps 
perfectly with the ligands from the binding pocket 
of the experimental human SMO proteins. The rest 
of four sites identified may be potentially allosteric 
binding sites. 

The evaluation stage assesses each site by 
calculating various properties. The results are 
presented in Table 1. 

In conclusion, we consider the first site identified 
to be most likely the binding site of the SMO T. 
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castaneum receptor and all the discussion will be 
made accordingly. Taking into account these 

observations, the next step was to return to the 
evaluation stage of this discussed homology model. 

  
 

 
Fig. 1 – 3D structure of SMO T. castaneum homology model, the five sitemaps identified by SiteMap software are represented by 
gray surfaces (A); The first sitemap highlights the perfect superposition over ligands (light gray- antagonists; dark gray- agonists) 
from SMO human receptor binding site (B); the contour maps are depicted as transparent surfaces; hydrophobic, hydrogen-bond 

donor and hydrogen-bond acceptor maps are represented from light to dark gray. 
   
 

Table 1  

The parameters obtained by SiteMap simulation 

No. Title SiteScore* Size Dscore# Volume 
1 Sitemap 1 1.196 256 1.245 357 
2 Sitemap 2 1.084 145 1.157 626.661 
3 Sitemap 3 1.072 270 1.138 898.660 
4 Sitemap 4 1.037 139 1.094 346.430 
5 Sitemap 5 0.971 75 1.011 300.125 

 

* For the identification and comparison of the sites, the SiteScore 
is mainly used, which is based on the following function: 
SiteScore = 0.0733n1/2 + 0.6688e – 0.20p 
where: 
n – the number of site points (up to 100); 
e – the enclosure score; 
p – the hydrophilic score (capped at 1.0) 
# Druggability Score (DScore) is calculated by the same 
equation, but with different coefficients22 
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Fig. 2 – Sequences alignment of SMO T. castaneum receptor along with the best scored template of human SMO receptor (4jkvA). 
Sequence Identity: 30.7%; Sequence Similarity: 51.3%. With italic and bold the residues from binding site are highlighted, and  
with underline, overline and bold the best conserved amino acid from each transmembrane (Fx.50) in agreement with the  
    Ballesteros-Weinstein nomenclature index.25,26 The similarity between residues increases with the darkness of the gray shadows. 

 

 
Fig. 3 – The Ramachandran plot for the refined homology model of T. castaneum SMO receptor  

with 91.89 % of all residues in favored regions. 
 

For a proper stereochemical quality of the 
evaluated model, the Ramachandran plot distribution 
of residues should be >90% in the favored regions. 
The visual inspection of the Ramachandran map (Fig. 
3) shows good percentages: 91.89 % residues in 

favored regions and 99.56% in allowed regions, with 
Met181 residue in disallowed region, but which does 
not influence the quality of the model due to its 
location on an extracellular loop, outside of the 
binding site. 
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Fig. 4 A – The superposition of SMO T. castaneum homology model (dark gray) over human SMO (4jkv-PDB ID: light gray)- the best 
template ranked by I-TASSER server. With balls and sticks are represented the key amino acids known to be very important in SMO human – 
    ligands interactions. B. Diagram interactions between human SMO receptor and LY2940680 antagonist from the 4jkv crystal structure [10]. 
 

Given that the amino acids sequence of SMO T. 
castaneum is much longer than those of all the 
templates used for alignment by I-TASSER, it 
explains the not so very good metrics obtained by 
homology model evaluation. The sequence of 
SMO T. castaneum (UniProt ID: D6WXL7) was of 
846 amino acids, while those of templates traced 
by I-TASSER server (4jkvA and 4qinA) do not 
exceed 475 amino acids (468 residues for 4qin and 
475 residues for 4jkv). The sequence alignment of 
SMO T. castaneum with the best ranked template: 
4jkvA is shown in Fig. 2. I-TASSER server uses 
the ab initio module to generate the loops for the 
amino acids sequence that has no correspondence 
with the templates.23 Generally, these unaligned 
regions lead to a low model accuracy compared to 
those which have template fragments to be 
modelled on.24 Consequently, many stereochemical 
errors were identified in these specific regions. For 
the improvement of the homology model quality 
these loops that also have no relevance in the 
hosting of the revealed binding site were deleted. 
Thus, the preserved sequence was that from 80 to 
537 amino acid residues (See Fig. 2). The 
alignment was checked following the preservation 
of conserved amino acids from the GPCR class. 
Specifically, we took into account the conserved 
amino acids revealed by the sequence alignment of 
SMO orthologues25 and the alignment between the 
human SMO and human frizzled receptors.11 

As one can see from the superposition of the two 
SMO receptors: human versus homology model of T. 
castaneum, the primary identified sitemap (Site1) 
overlaps the human SMO well known binding site 
and contains similar and dissimilar amino acids (see 
Fig 4A). In Fig. 4B the interactions between the 
antagonist LY2940680 with amino acid residues 
from the binding site of human SMO receptor (4jkv – 
pdb ID) can be observed. For comparative purposes, 
the residues involved in the interactions highlighted 
in Fig 4B, along with the correspondent residues 
from the homology model obtained, are labeled in 
Fig. 4A. LY2940680, which is an antitumor agent, 
interacts with many residues from I, II, V and VII 
transmembranes (TMs), the most important 
interactions being the hydrogen bond with the 
conserved residue Arg400 from TM V (see Fig. 4B).10 
Other significant interactions are: hydrogen bonds 
with Asn219 and Lys395; carbon hydrogen bonds 
with Tyr394 and Glu518; halogen bonds with Trp480 
and Gln477; pi-anion with Glu518 and Asp384; pi-
cation with Arg400; pi-sigma with Phe391; pi-pi T-
shaped with His470, Trp281, Phe391 and Tyr394; pi-
sulfur with Met301; alkyl with Pro513 and pi-alkyl 
with Tyr394, Met230 and Leu522. 

CONCLUSIONS 

It is well known that structure-based rational 
drug design is widely used in pharmaceutical 
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field,27 by applying the extrapolation of the same 
principles, the development of new pesticides 
against insects, by targeting GPCRs proteins may 
be obtained.1 For this purpose, a qualitative 3D 
homology model for the smoothened receptor: 
SMO - T. castaneum was built with the aid of the 
I-TASSER software. Using SiteMap software five 
sites were identified; the main site found was 
supported, also, by a very good overlapping with 
the experimental human SMO binding site. From 
the amino acid residues, which have a critical role 
in ligand interactions in human SMO receptor, 
Arg400 was conserved in the T. castaneum SMO 
model (Arg389), too. The most important 
differential features between the two binding sites 
are represented by: Asn219 (human) versus 
Asp206 (T. castaneum) and Tyr394 (human) 
versus Ile383 (T. castaneum). Hypothetically, the 
differences observed may be a potential benefit for 
pesticide selectivity against the T. castaneum SMO 
receptor. The homology model obtained can be 
involved in a virtual screening process in order to 
discover potential pesticides targeting this receptor. 
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