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This booklet gives an overview on key publications in the area of computer aided molecular 
design, in which LigandScout was used for identifying and optimizing new bio-active 
compounds.


In more than 1000 scientific publications, researchers have reported their excellent results 
obtained using the LigandScout software. These outstanding scientists represent different 
fields of life science research, including pharmaceuticals, cosmetics, agrochemicals, and 
nutraceuticals areas, using LigandScout’s advanced molecular design technology for 
efficiently discovering new bioactive molecules. 


This selection only covers a small fraction of all the articles published in peer reviewed 
journals citing LigandScout. It covers topics ranging from performance assessment studies 
to hit identification in different target areas, as well as fragment-based design for lead 
structure generation and optimization.
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Structure-based discovery of 
potentially active semiochemicals 
for Cydia pomonella (L.)
Jiyuan Liu1,2,*, Zhen Tian1,* & Yalin Zhang1

The development of physiologically active semiochemicals is largely limited by the labor-consuming 
searching process. How to screen active semiochemicals efficiently is of significance to the extension 
of behavior regulation in pest control. Here pharmacophore modeling and shape-based virtual 
screening were combined to predict candidate ligands for Cydia pomonella pheromone binding protein 
1 (CpomPBP1). Out of the predicted compounds, ETrME displayed the highest affinity to CpomPBP1. 
Further studies on the interaction between CpomPBP1 and ETrME, not only depicted the binding 
mode, but also revealed residues providing negative and positive contributions to the ETrME binding. 
Moreover, key residues involved in interacting with ETrME of CpomPBP1 were determined as well. 
These findings were significant to providing insights for the future searching and optimization of active 
semiochemicals.

Chemical communication in insects takes place by perceiving a myriad of semiochemicals in the olfaction sys-
tem1–4. Actually, chemical sensing is involved in dominant physiological behaviors of insects, including mating, 
feeding, laying eggs as well as avoiding threats4–6. Semiochemicals active to insects are suggested to be detected 
and translated into nerve impulses in antennal sensilla1,7,8. Odorant binding proteins (OBPs), highly concentrated 
in antennal sensilla lymph, are regarded to be the first proteins to interact with pheromones before ferrying these 
molecules to corresponding odorant receptors (ORs) expressed on the membrane of olfactory sensory neurons9. 
Other elements like sensory neuron membrane proteins (SNMPs) and odorant-degrading enzymes (ODEs) 
were also required for odorant-evoked response and might contribute to the rapid activation and termination of 
odorant-mediated behaviors8,10–12.

Leal in 2005 advanced the notion of “reverse chemical ecology”, a new concept for semiochemicals discovery 
based on the binding ability of olfaction related proteins rather than the bioassays of insect behaviors11. Prior 
studies revealed that the specificity of insect olfaction system heavily depends on ORs, therefore ORs are consid-
ered as the best target for semiochemicals searching10,13. For the development of novel drugs, drug-receptor inter-
actions are typically applied to construct protein-based approaches in pharmaceutical industries14,15. However, 
what should be confessed is that searching for potentially active semiochemicals based on in vitro binding studies 
with ORs is technically infeasible, especially when considering that functional expression of ORs is far from 
easy11,16. Due to the special role of OBPs in insect olfaction system, small molecules which cannot bind to OBPs 
are incapable of reaching the membrane, let alone evoking certain behaviors of insects. So the best studied OBPs 
are advisable to be chosen as alternative targets for the discovery of semiochemicals17–19.

Recently, more and more researches begin to realize the significances of incorporating virtual screening into 
semiochemicals searching18,19. Nevertheless, this study pioneers the application of pharmacophore modeling in 
searching physiologically active semiochemicals at the best of our knowledge. Along with its advances, pharma-
cophore model has evolved to represent the spatial arrangements necessary for a small molecule to interact with 
the target protein20. By incorporating the geometric and chemical features of known active ligands (including 
inhibitors or activators), pharmacophore modeling has been widely used in the high performance screening 
and rational design of novel lead compounds21–23. Moreover, pharmacophore modeling and other methods like 
shape-based virtual screening are usually combined to increase the accuracy of prediction21,22.

1Key Laboratory of Plant Protection Resources & Pest Management of the Ministry of Education, College of Plant 
�rotectionǡ �ort�west �Ƭ	 �ni�ersit�ǡ �an��in� ͽ1͸100ǡ ��aan�iǡ ��ina. ͸Department of Medicinal Chemistry, 
�c�oo� of ��armac�ǡ 	ourt� �i�itar� �e�ica� �ni�ersit�ǡ �iǯan ͽ1003͸ǡ ��aan�iǡ ��ina. *These authors contributed 
e�ua��� to t�is wor�. �orrespon�ence an� re�uests for materia�s s�ou�� �e a��resse� to �.�. ȋemai�: �a�in��̻nwsuaf.
e�u.cnȌ

Recei�e�: 06 
u�� ͸016

accepte�: 1ͻ �eptem�er ͸016

Pu��is�e�: 06 Octo�er ͸016

OPEN

www.nature.com/scientificreports/

2Scientific RepoRts | 6:34600 | DOI: 10.1038/srep34600

As a quarantine pest, Cydia pomonella causes severe damage to fruit production throughout the world every 
year. The great advantages of disrupting insect behaviors make it a promising way in controlling fruit pests. 
However, for Cydia pomonella, the widely used attractant, Codlemone (sex pheromone of Cydia pomonella), is 
only active to male moths, searching for broad-spectrum attractants or repellents is necessary to control Cydia 
pomonella more efficiently and nuisanceless. The aim of this study is to discover potentially active semiochemicals 
for Cydia pomonella through pharmacophore-based virtual screening. As a subfamily of OBPs, pheromone bind-
ing proteins (PBPs) are indispensable in regulating insect behaviors related to reproduction. According to our 
previous researches19,24, CpomPBP1 (pheromone binding protein 1 from Cydia pomonella) may act as the trans-
porter of Codlemone, the major sex pheromone of Cydia pomonella which presents high affinity to CpomPBP1 
but poor affinity to other Cydia pomonella PBPs like CpomPBP2. With respect to this, it is advisable to develop 
pharmacophore model using structural data on the key interactions between CpomPBP1 and Codlemone. In the 
present study, pharmacophore-based virtual screening is used in combination with other three methods includ-
ing Gaussians molecule shape similarity, binding affinity calculation and in vitro binding assay to discover poten-
tially active semiochemicals for Cydia pomonella. Thereafter, to study the binding mode between CpomPBP1 and 
the molecule owning the highest affinity, molecular simulations (molecular dynamics, per residue free energy 
decomposition and alanine scanning mutagenesis) and experimental methods (site-directed mutagenesis and 
in vitro binding assay) are used jointly. Pharmacophore-based virtual screening provides a convenient way to 
search large chemical database and increases the chance of target hitting. What’s more, the revelation of binding 
mode (driving forces of binding, key residues, etc.) is of guiding importance to the rational design of novel active 
semiochemicals.

Results and Discussion
Structure-based pharmacophore modeling. In the current study, CpomPBP1-Codlemone com-
plex was constructed based on the homology 3D model of CpomPBP1 (Figure S1a), key interactions between 
Codlemone and CpomPBP1 derived from the constructed complex were then transformed into a hypothesis 
of pharmacophore by LigandScout4.09. As shown in Fig. 1a, the pharmacophore model was characterized by 4 
features: one hydrogen bond acceptor (HBA) and three hydrophobic groups. Several excluded volumes localized 
in the space regions where the backbones or sidechains of residues lie were automatically generated in the model, 
reflecting that these regions were inaccessible to any potential ligand due to possible steric restrictions. The HBA 
feature represented carbonyl group of Codlemone which accounted for the hydrogen bond interaction with NH 
atom of residue Trp37 sidechain. The three hydrophobic groups were occupied by olefin groups and aliphatic 
chain of Codlemone.

Figure 1. Structure-based pharmacophore modeling. (a) Pharmacophore model based on the binding mode 
of CpomPBP1-Codlemone complex. The model consists of three hydrophobic features (yellow) as well as one 
hydrogen bond (red arrow). (b) Pharmacophore model based on the binding mode of CpomPBP1-ETrME 
complex. The model consists of four hydrophobic features (yellow) as well as one hydrogen bond (red arrow).
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Discriminating agonist and antagonist 
ligands of the nuclear receptors using 
3D-pharmacophores
Nathalie Lagarde, Solenne Delahaye, Jean-François Zagury and Matthieu Montes* 

Abstract  
Nuclear receptors (NRs) constitute an important class of therapeutic targets. We evaluated the performance of 3D 
structure-based and ligand-based pharmacophore models in predicting the pharmacological profile of NRs ligands 
using the NRLiSt BDB database. We could generate selective pharmacophores for agonist and antagonist ligands 
and we found that the best performances were obtained by combining the structure-based and the ligand-based 
approaches. The combination of pharmacophores that were generated allowed to cover most of the chemical space 
of the NRLiSt BDB datasets. By screening the whole NRLiSt BDB on our 3D pharmacophores, we demonstrated their 
selectivity towards their dedicated NRs ligands. The 3D pharmacophores herein presented can thus be used as a 
predictor of the pharmacological activity of NRs ligands.

Keywords: Nuclear receptors, Agonist ligands, Antagonist ligands, Pharmacophores, Structure-based, Ligand-based, 
Virtual screening
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Background
Nuclear receptors (NRs) are involved in a wide range of 
physiological key functions. They are potential targets 
for numerous diseases and constitute an important class 
of therapeutic targets [1, 2]. NRs are transcription fac-
tors naturally switched on and off by small-molecule 
hormones, and artificially by synthetic ligands. Taking 
advantage of the biological potency of the NRs, a large 
amount of compounds has been proposed to modulate 
their activity and some of them are still marketed [3, 4]. 
The NRs ligands can be classified according to their phar-
macological profiles, the two main classes being agonist 
and antagonist ligands. These two classes of compounds 
act through the binding to a NR and the activation (agonist 
ligands) or the inhibition (antagonist ligands) of its activ-
ity. The drug discovery process is thus not limited to the 
search of the best ligand of a given target, but consists in 
the search of a ligand with a pharmacological profile that 

his compatible to the required activity. In this context, the 
ability to predict the agonist or antagonist behaviour of a 
NR ligand is of major importance. In recent years, virtual 
screening methods have proven their ability to predict the 
activity of small compounds [5–7] and can be used to pre-
dict the pharmacological profile of NRs ligands. Numerous 
ligand-based (LB) and structure-based (SB) virtual screen-
ing studies dedicated to NRs were conducted but only few 
focused on the agonism/antagonism issues [8–17]. Despite 
these several prediction attempts and the elucidation of 
the molecular bases of agonism and antagonism [18–21], 
discriminating agonist from antagonist ligands based on 
their sole structure remains a challenge. In this study, we 
describe a 3D pharmacophore modeling study performed 
on 27 NRs, with the aim to provide separate and selective 
agonist and antagonist pharmacophores for each NR. To 
our knowledge, this is the first large-scale study conducted 
to predict the agonist and antagonist behaviour of NRs 
ligands using a 3D pharmacophore modeling method. 3D 
pharmacophores are nowadays widely used as filters in 
virtual screening protocols and several studies success-
fully identified new NRs ligands using pharmacophore 
models [22–30]. Pharmacophore models display two main 
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Fig. 10 Representation of the structure-based pharmacophores generated with the 11 RXR_alpha PDB structures co-crystallized with 9-cis-retinoic 
acid with their corresponding number of hits identified in virtual screening
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a b s t r a c t

Nowadays, AT1 receptor (AT1R) antagonists (ARBs) constitute the one of the most prevalent classes of
antihypertensive drugs that modulate the renin-angiotensin system (RAS). Their main uses include also
treatment of diabetic nephropathy (kidney damage due to diabetes) and congestive heart failure.
Towards this direction, our study has been focused on the discovery of novel agents bearing different
scaffolds which may evolve as a new class of AT1 receptor antagonists. To fulfill this aim, a combination
of computational approaches and biological assays were implemented. Particularly, a pharmacophore
model was established and served as a 3D search query to screen the ChEMBL15 database. The reliability
and accuracy of virtual screening results were improved by using molecular docking studies. In total, 4
compounds with completely diverse chemical scaffolds from potential ARBs, were picked and tested
for their binding affinity to AT1 receptor. Results revealed high nanomolar to micromolar affinity (IC50)
for all the compounds. Especially, compound 4 exhibited a binding affinity of 199 nM. Molecular dynam-
ics simulations were utilized in an effort to provide a molecular basis of their binding to AT1R in accor-
dance to their biological activities.

! 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Hypertension is still one of the most serious and most frequent
health risk factors for human morbidity and mortality.1 The impor-
tance of this problem is highlighted by the fact that 40% of the
worldwide population suffered from hypertension in 2008.2 It is
estimated that this prevalence will be dramatically increased by
the year 2025.3 Hypertension influences several organs’ function
like heart, brain and kidney and it is defined as the major cause
for myocardial infarction, heart failure, stroke and end-stage renal
diseases.4,5 As a result, the effective control of blood pressure is
essential to avoid fatal consequences.

The renin-angiotensin system (RAS) is a hormonal cascade
which plays a key role in the regulation of blood pressure. The
RAS inhibition induces efficient reduction of blood pressure.
According to clinical studies, the RAS blockage could be achieved

via (a) renin inhibitors (i.e., aliskiren), (b) angiotensin-converting
enzyme (ACE) inhibitors (i.e., captopril), and (c) angiotensin II
(AngII) receptor blockers (ARBs), (i.e., losartan).4–6

The AT1 receptor is a G-protein coupled receptor (GPCR) which
is activated by the angiotensin II (AngII) octapeptide in the final
step of RAS. AT1R is characterized by an amino terminal extracellu-
lar region, a carboxy terminal intracellular tail and seven helical
transmembrane domains (TMDs).7,8

Non-peptide angiotensin II receptor antagonists interfere in the
final blockade site of RAS, thus being an effective therapeutic
approach towards hypertension treatment.8,9 Losartan was the first
non-peptide angiotensin II antagonist available in the market.
Based on similar structures, equally or more potent and selective
antagonists with prolonged biological activity were designed, such
as eprosartan, irbesartan, olmesartan, candesartan, azilsartan,
telmisartan and valsartan.10,11 In 2015, the crystal structures of
human AT1 receptor with the selective antagonist ZD7155 (PDB
code: 4YAY) and olmesartan (PDB code: 4ZUD) were revealed
which opened new avenues in the structure based design of such
novel analogues.12 Nevertheless, ligand based design still remains

http://dx.doi.org/10.1016/j.bmc.2016.07.047
0968-0896/! 2016 Elsevier Ltd. All rights reserved.
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For the above goal, the resulting pharmacophore model was
subjected to Receiver Operating Characteristic (ROC) curve analysis
to evaluate its ability to correctly classify a list of compounds as
actives or inactives. The validity of the model was indicated by
the Area under Curve (AUC) of the examined ROC, as well as Sen-
sitivity (Se), Specificity (Sp) and Enrichment Factor (EF). The
ROC-curve is illustrated in Figure 4 and the quantitative key
parameters are recorded in Table 2.15,16

The validation of the model was completed by calculating sta-
tistical significance variables (Table 3).

The ROC-curve (Fig. 4) of the examined model presented a steep
slope at the beginning of screening indicating a high enrichment of
actives among the top-ranked hit list compounds. This fact was
confirmed by selectivity (Se) and specificity (Sp) values. Further-
more, the EF >1 value proved that the model selects more active
compounds than a random selection (EF = 1) and AUC value was

Figure 3. (Α) Features of the initial pharmacophore model; (Α0) EXP3174 fitted on the initial pharmacophore model; (B) features of the optimum pharmacophore model; (B0)
irbesartan fitted on the optimum pharmacophore model. The features are depicted with the following color coding: hydrogen bond acceptors (HBA) as red spheres,
hydrophobic regions (H) as yellow spheres, aromatic rings (AR) as blue rings and exclusion volumes (Ex. Vol.) as grey spheres. The distances (Å) between the chemical
features are illustrated as black lines. Figure made with LigandScout 4.0 Advanced from InteLigand.28

Table 1
Pharmacophore features coordinates and tolerance radii (Å) of the optimum
pharmacophore model

Feature type Radius (Å) Cartesian coordinates

X Y Z

HBA1 1.5 !4.41 3.05 !2.35
HBA2 1.5 4.41 0.78 !0.39
H 1.5 1.99 !3.05 !0.39
AR 0.9 !0.14 0.67 0.73

Figure 4. The Receiver Operating Characteristic curve (ROC) of pharmacophore
model.

Table 2
ROC performance of the examined pharmacophore model

Area under Curve
(AUC)

Sensitivity
(Se)

Specificity
(Sp)

Enrichment Factor
(EF)

0.73 0.49 0.02 3.7

4446 E. Kritsi et al. / Bioorg. Med. Chem. 24 (2016) 4444–4451
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