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Abstract: Lately, the cancers related with abnormal hedgehog (Hh) signalling 
pathway are targeted by smoothened (SMO) receptor inhibitors that are rapidly 
developing. Still, the problems of known inhibitors such as severe side effects, 
weak potency against solid tumors or even the acquired resistance need to be 
overcome by developing new suitable inhibitors. To explore the structural 
requirements of antagonists needed for SMO receptor inhibition, pharmaco-
phore mapping, 3D-QSAR models, database screening and docking studies 
were performed. The best selected pharmacophore hypothesis based on which 
statistically significant atom-based 3D-QSAR model was developed (R2 = 
= 0.856, Q2 = 0.611 and Pearson-R = 0.817), was further subjected to dataset 
screening in order to evaluate its ability to prioritize active compounds over 
decoys. The efficiency of one four-points pharmacophore hypothesis 
(AAHR.524) was observed based on good evaluation metrics such as the area 
under the curve (0.795), and weighted average precision (0.835), suggesting 
that the model is trustworthy in predicting novel inhibitors against SMO 
receptor. 
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INTRODUCTION 
The smoothened (SMO) receptor is a G-protein-coupled receptor (GPCR)- 

-like protein and it is one of the relevant components of the hedgehog (Hh) sig-
nalling pathway1. GPCR are seven transmembrane receptors which constitute the 
largest family of human proteins2 that regulate a various multitude of intracel-
lular signalling cascades.3 Late breakthroughs in GPCRs biochemistry4,5 have 
enhanced our knowledge of drug action on these significant targets, which will 
lead to the design of better therapeutics in the future. 
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It is known that ~25 % of cancers present aberrant Hh pathway activation.6  
Regarding the implication of Hh pathway in cancer, three models of action have 
been proposed.7 The first type is ligand independent and refers to mutations in 
Hh pathway components, that have been associated with medulloblastoma and 
basal cell carcinomas.8,9 The II (autocrine) and III (paracrine) types of mech-
anisms are ligand dependent and include: lung,10 pancreatic,11 colorectal,12 
breast,13 gastrointestinal tract,14 prostate,15 glioma tumours9 and hematological 
malignancies.16 The growth of these types of tumours can be suppressed by dif-
ferent pathway inhibitors, such as SMO receptor antagonists.17 Indeed, a number 
of SMO antagonists (such as: CUR61414, IPI-926, BMS-833923, PF-04449913, 
LEQ-506 and TAK-441) have demonstrated anticancer activity and have entered 
the clinical trials. Hitherto, FDA approved two SMO antagonists (LDE225/  
/Sonidegib and GDC-0449/Vismodegib) for the treatment of basal cell carci-
noma.18 Unfortunately, these two inhibitors have shown severe side effects, 
along with weak potency against solid tumours, and, moreover, an issue related 
to acquired resistance has been identified.1,19 To overcome these downsides, 
many studies have focused on designing new and diverse SMO inhibitors, with 
desirable selectivity against the target of interest.20 In this regard, a recently syn-
thetized and biologically evaluated series of 26 compounds21 as SMO anta-
gonists (Table I) was used for computational investigation.  

Ligand- and structure-based approaches were involved in order to under-
stand which are the essential features responsible for the inhibition of SMO rec-
eptor. Phase software (Schrödinger)22 was used for the generation of ligand-
based pharmacophore models and 3D-QSAR module was employed to validate 
the models. An external validation of the best pharmacophore hypothesis was 
achieved based on virtual screening (VS) and statistical evaluation of the results. 
The importance of stereochemical aspects involved in ligand-receptor interact-
ions were highlighted based on the rigid and flexible docking studies performed 
with Glide23 and Induced Fit24 programs. 

COMPUTATIONAL METHODS 
Pharmacophore generation protocol 

In the current study, a dataset of 26 compounds newly synthesized and biologically 
tested against SMO receptor, by Lu and collaborators21 (Table S-I of the Supplementary 
material to this paper) was the subject of computational analysis for pharmacophore gener-
ation and docking studies. The preparation of the ligands for in silico studies along with the 
steps followed for the generation of pharmacophore hypotheses are presented in detailed man-
ner in the Supplementary material.  

Phase22 with the option: “Develop Common Pharmacophore Hypotheses” was used for 
the generation and validation of the pharmacophore hypotheses by the involvement of the 
atom-based QSAR module. The following features: hydrogen bond donor/acceptor, hydro-
phobic, negative, positive and aromatic rings were taken in account for the generation of the 
pharmacophore hypotheses. In order to select the best hypothesis, an atom-based 3D-QSAR 
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analysis was carried out using three partial least-squares (PLS) factors. The test set com-
pounds that represent roughly 23 % of the dataset were selected to cover the same range of 
activity as the compounds from the training set.25 The multidimensional descriptor space 
between the training and test set was checked26 using 2D fingerprints. The well-known 2D 
Tanimoto and Euclidean distance coefficients, and the median values for important 2D pro-
perties of molecules were calculated (Supplementary material).  

The best selected pharmacophore hypothesis was employed in VS experiments using the 
“Advanced Pharmacophore Screening” option of Phase software (the inter-site distance 
matching tolerance was of 2Å for minimum four site points) to test its ability to distinguish 
active compounds or positives from inactive ones or negatives (assumed to be the decoys). 
For this purpose, an external validation dataset was assembled, and it was realized following 
the protocol described in the Supplementary material. 

The VS results were evaluated using an in-house developed program, “Evaluation” tool 
In ChemInformatics (ETICI 1.6).27 The following statistical metrics (Eqs. (1)–(5)) were used 
for the evaluation: receiver operating characteristics (ROC) curve and its corresponding area 
under the curve (AUC)28 Boltzmann enhanced discrimination of ROC (BEDROC)29, precision 
(PPV)30, accuracy (Acc), sensitivity (Se), specificity (Sp)31 and the true positive (TP) at 1, 2, 5, 
10 % of false positives (FPs):32 
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where: TP indicates the correctly predicted actives; FN designates the incorrectly identified 
inactives; FPR is false positive rate; TN represents the correctly predicted inactives or nega-
tives and FP denotes the incorrectly predicted actives or positives. 

AUC parameter is used to evaluate the models performance in classification, to dis-
criminate actives from inactives and it takes values in the range 0 to 1. The closer AUC value 
is to 1 the better a model discerns true positive from false positive results.28 BEDROC can be 
considered as a “virtual screening usefulness scale” while ROC assesses “improvement over 
random scale”. The difference between the two aforementioned evaluation parameters is that 
ROC relates to a uniform distribution and BEDROC refers to an exponential distribution.29 
For imbalance class when the number of actives is lower than a number of inactives, the pre-
cision parameter was replaced with weighted average precision.33 
Docking simulations protocol 

The best resolution X-ray structure of SMO receptor was extracted from PDB (PDB ID: 
4jkv) and prepared for docking studies with the “Protein Preparation Wizard” module from 
Schrödinger suite. Briefly, the following steps were employed: the bond orders were assigned; 
the Chemical Components Dictionary (CCD) database was used; hydrogens were added; 
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create zero-order bonds to metals parameter was selected; disulfide bonds were created; 
waters beyond 5 Å were deleted and missing side-chains were added to the protein. The pro-
per ionization state of the co-crystallized ligand (LY2940680), at physiological pH of 7.0–7.4 
was generated and the H-bond assignment was performed using PROPKA module, setting pH 
to 7.0. Finally, the protein was energetically minimized with OPLS_2005 force field until an 
RMSD of 0.3 Å for heavy atoms was reached.   

A molecular docking study was carried out with “Glide”23 and “Induced Fit”24 protocol 
included in Schrödinger suite. “Glide” module23 was used in standard precision (SP) mode 
with default settings, i.e., scaling factor of 0.8, partial charge cut-off of 0.15 and only the flex-
ibility of ligands was considered. “Induced Fit” docking protocol24 accounts also for protein 
flexibility and it was carried out with the following settings: SP option, receptor and ligand 
van der Waals scaling of 0.50. 

RESULTS AND DISCUSSION 

Analysing the results generated by Phase,22 22 categories of four features 
common pharmacophore hypotheses (CPH) were identified. CPH include the 
same features placed together in similar spatial arrangements. All hypotheses 
received a good survival score (values > 3) and were subjected to QSAR model 
development. A QSAR model is reliable if a number of statistical parameters 
meet certain condition as follows: R2 (squared correlation coefficients for the 
training set) > 0.6; Q2 (squared correlation coefficients for the test set) > 0.5;26 
Pearson-R (correlation between the predicted and observed activity for the test 
set) > 0.5; p (the significance level of variance ratio) < 0.05; SD (standard devi-
ation) and RMSE (root mean square error) should have low values, while F (vari-
ance ratio) should have high value.22,34 The best hypothesis named AAHR.524 
with a survival score of 5.263 has statistical significant results (Table I). 

TABLE I. The statistical parameters for the AAHR.524 hypothesis obtained 
PLS factor SD R2 p F RMSE Q2 Pearson-R 
1 0.255 0.601 6.00E-05 27.100 0.308 0.470 0.760 
2 0.195 0.779 2.72E-06 29.900 0.303 0.486 0.769 
3 0.161 0.859 4.90E-07 32.500 0.263 0.611 0.817 

For AAHR.524 hypothesis the distances between pharmacophore sites are 
shown in Fig. 1 and scatter plots of experimental versus predicted bioactivity 
values for training and test set are presented in Fig. 2. 

In order to highlight favorable and unfavorable regions for ligand–protein 
interactions, the atom-based 3D-QSAR model regarding hydrogen bond donor, 
hydrophobic and electron withdrawing properties was mapped against the phar-
macophore model (Fig. 3). Additionally, the AAHR.524 hypothesis was vali-
dated in virtual screening (VS) experiments using Phase Advanced Pharmaco-
phore Screening (Fig. 4). In Fig. 3 the combined effects for all the features retri-
eved in the workspace ligands along with the overlapping of the best fitted and 
the less active ligands are depicted. The favorable regions for biological activity 
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are represented by blue cubes, while the red cubes indicate detrimental regions. 
For the AAHR.524 hypothesis, the presence of blue cubes in the region of the 
–NH– group of compound 17 (Fig. 3b) indicates that hydrogen bond donor pro-
perty of this group is favorable for activity. This finding is also supported by 
Glide docking results which highlight the contribution of this amino group in the 
formation of a hydrogen bond with residue Tyr 394 of the SMO binding site. 

 
Fig. 1. AAHR.524 pharmacophore hypothesis depicted with the best fitted compound 17. The 

distances between the following features are presented: hydrogen bond acceptor (A1), 
hydrogen bond acceptor (A3), aromatic ring (R12) and one hydrophobic region (H8). 

 
Fig. 2. Correlation plots of the experimental versus Phase predicted activity of training set 

(circles) and test set (triangles) for AAHR.524 hypothesis. 

The pyridine ring of compound 17 is engaged in hydrophobic interactions 
with the binding site, while in the less active ligand (compound 22) this feature is 
missing (Fig. 3c). This finding was also confirmed by docking studies. Regarding 
the electron withdrawing property (Fig. 3a), the Glide docking study revealed 
that the oxygen atom of the carbonyl group of compound 17 can act as hydrogen 
bond acceptor for Arg400 residue. 

In order to assess the efficiency of VS experiments, it is necessary to test 
their ability to distinguish active compounds or positives from inactive ones or 
negatives (assumed to be the decoys). In this regard, different evaluation oper-
ators were employed. Namely, the receiver operation characteristics (ROC) 
curve28 (Fig. 4) was used for the visualization of the true positive rate (TPR) 
versus the false positive rate (FPR) and the area under the curve (AUC) was cal-
culated. In our experiment, a good scores for: AUC of 0.795 (±0.027), Se (the 
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fraction of actives correctly predicted) of 0.587, Sp (the fraction of inactives 
correctly predicted) of 0.647, Acc (the fraction of correct predictions) of 0.640, 
WPPV (weighted average precision) of 0.835 and BEDROC (α = 20) of 0.766, 
were obtained, suggesting that the AAHR.524 pharmacophore hypothesis pro-
vides a good class separation. Additionally, good enrichment factors, TP at x of 
FPs were obtained: 19.047 % at x = 1 %; 30.476 % at x = 2 %; 42.857 % at 
x = 5 %; 56.190% at x = 10 %.  

 
Fig. 3. Superposition of compound 17 (best fitted over AAHR.524 hypothesis) represented by 
grey carbon atoms with compound 22 (least active ligand) depicted by green carbon atoms: a) 

electron withdrawing property; b) hydrogen bond donor property; c) hydrophobic property. 

 
Fig. 4. The receiver operation characteristics (ROC) curve, involving the AAHR.524 

hypothesis against the validation data set. 

In Fig. 4 is depicted the ROC curve, the diagonal represents the random 
sampling of compounds (actives and decoys) and it separates two classification 
areas: the correctly predicted compounds are shown above, while the incorrectly 

________________________________________________________________________________________________________________________

(CC) 2020 SCS.

Available on line at www.shd.org.rs/JSCS/



 COMPUTATIONAL STUDIES ON SMO INHIBITORS 341 

classified compounds occupy the underneath area. TPR represents the fraction of 
correctly classified positives (actives) from the total of positives, while FPR 
expresses the fraction of the incorrectly classified negatives (decoys) from the 
total negatives.28,35 Following ligand-based analysis, the structure-based study, 
represented by molecular docking, bring additional light on ligand-protein inter-
action profile.  

In order to validate the reasonability of choosing the two docking software 
for our study (Glide (Fig. 5a) and Induced Fit (Fig. 5b)), we have undertaken a 
control experiment. The co-crystallized inhibitor LY2940680 was docked to its 
native X-ray structure, 4jkv, and the best docked pose was superimposed with the 
native binding pose from the experimental structure 4jkv. 

 a b 

 
Fig. 5. Superposition of the pose of the crystal structure 4jkv (with the inhibitor LY2940680), 

and the pose of the same ligand obtained by docking with Glide SP (a) superposition of the 
pose of the crystal structure 4jkv (with the inhibitor LY2940680), and the pose of the same 

ligand obtained by docking with Induced Fit SP (b). 

The RMSD values were also calculated. According to Gohlke et al.,35 an 
RMSD value less than 2.0 Å is broadly accepted as “effectively” docked structure. 
The docking protocol with Glide and Induced Fit have provided very good 
RMSD values of 0.192 (Fig. 5a), and 0.700, respectively (Fig. 5b).  

A comparative study made by Wang et al.36 on the binding profile and inter-
actions of the ligands: antagonists and agonists at the human SMO receptor, rev-
eals some specific features. The binding sites of antagonists, e.g., LY2940680, 
cyclopamine and AntaXV and the agonist SAG1.5 consist mostly of residues 
from the extracellular linker domain and loops. In particular, Asp219 (of the 
extracellular linker domain) it involved in the formation of hydrogen bonds with 
ligands: LY2940680, AntaXV and SAG1.5.36 Also, an important residue from 
the helix V is Arg400 (Arg5.39) which forms hydrogen bonds with antagonists: 
LY2940680 and AntaXV.36,37 According to the latest studies, the SMO receptor 
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contains two distinct binding sites. One ligand-binding site is located in hepta-
helical transmembrane domain, and the second, occupied by a cholesterol mole-
cule, is placed in the extracellular cysteine-rich domain.38 Thus, the SMO inhi-
bitors were classified in two categories: 1) antagonists that bind mainly to the 
extracellular loops and 2) antagonists that enter deeper into the cavity formed by 
the transmembrane helices domain.20 

The large binding site of SMO receptor allows flexibility to the ligands lead-
ing to several distinct binding modes.20,36–38 Although, similar disposition of the 
ligand in situ were retrieved by the two docking methods employed (Fig. 6c), the 
orientation of the ligand is reversed in the binding site, hence resulting in differ-
ent interactions with the amino acids of the protein (Fig. 6a and b). Two inter-
action patterns for compound 17 were observed depending on the docking soft-
ware used, Glide (Fig. 6a) or Induced Fit (Fig. 6b). 

 
Fig. 6. Representation of the interactions map of the best docked pose of compound 17 with 
the amino acids of SMO human binding site: glide docking (a); induced fit docking (b); their 

superposition in situs (c). 

Following the most important features characterizing the interaction of com-
pound 17 with the binding site of SMO receptor resulted from docking with 
Glide are presented: i) the oxygen atom of the carbonyl group acts like hydrogen 
bond acceptor for Arg400 and Gln 477; ii) the aliphatic –NH– group is hydrogen 
bond donor to Tyr394; iii) the dimethyl-pyridine ring is involved in π–π stacking 
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interactions with Trp281 and Phe391; iv) the chlorine atom is involved in alkyl 
interactions with Ile234, Leu522 and Trp281 (Fig. 6a). 

The following main interactions were found when the compound was 
docked with Induced Fit protocol: i) the N= atom of dimethylpyridine is acting as 
hydrogen bond acceptor for Asn219; ii) the –NH= group of chloropyridine is 
functioning as hydrogen bond donor to Glu518; and iii) the pyridine ring is 
involved in π–π stacking interactions with Trp281 and His470 residues (Fig. 6b). 

Also, the ligand rings are involved in multiple hydrophobic interactions with 
residues of the binding site, e.g., Pro513, Trp281, Val386, Leu325, Met525, 
His470 and Ser387 (Fig. 6a and b), leading to the stabilization of the ligand into 
the binding pocket.  

The amino acids Arg400 and Tyr394 which interact with compound 17, are 
also known to be important for the interaction with other SMO antagonists. The 
relevance of these two amino acids in the antagonistic binding is supported by 
crystallographic studies.36–38 

It can be seen from the Fig. 6b that three pharmacophore features of the four 
of AAHR.524 hypothesis are recapitulated in the best docking pose resulted from 
Induced Fit, only the interaction with the acceptor (A3) is missing.  

CONCLUSIONS 

In order to discover the common features of inhibitors of SMO receptor with 
potential anticancer benefits, ligand-based pharmacophore models were first gen-
erated. The best pharmacophore hypothesis turned out to be AAHR.524, with the 
following characteristics: two hydrogen bond acceptors (A), one hydrophobic (H) 
site and one aromatic ring (R). The pharmacophore hypothesis was found to be 
statistically significant with the correlation coefficient, R2 of 0.859 for the train-
ing set and the correlation coefficient, Q2 of 0.611 for the test set. Virtual screen-
ing experiments and molecular docking were involved in the evaluation of the 
models and to gain insights into the ligand-receptor interaction profile. Consider-
ing the large size of the binding site, as well as the different binding patterns of 
inhibitors to the site, our pharmacophore model being built on a congeneric series 
of inhibitors it is assumed to lead to increased specificity and reduced diversity in 
virtual screening experiments. However, we can say that the pharmacophore 
model was validated through a virtual screening experiment with reliable values 
of the evaluation metrics, e.g., AUC of 0.795, and enrichment factors. In addition, 
it can be seen that our docking results reproduce the main interactions with key 
residues (e.g., Asn219, Arg400, Tyr394 and Asp384) found in the X-ray crystal 
structure (PDB ID: 4jkv). Between the two docking approaches used: Glide and 
Induced Fit, the last one which accounts also for protein flexibility has led to 
better results. The validated pharmacophore model obtained suggests that it could 

________________________________________________________________________________________________________________________

(CC) 2020 SCS.

Available on line at www.shd.org.rs/JSCS/



344 BOROTA et al. 

be reliably used in predicting novel, promising inhibitors against SMO receptor 
with potential anticancer activity. 

SUPPLEMENTARY MATERIAL 
Additional data are available electronically from http://www.shd.org.rs/JSCS/, or from 

the corresponding author on request. 
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И З В О Д  
IN SILICO СТУДИЈЕ НА ЗАГЛАЂЕНОМ (SMOOTHENED) ХУМАНОМ РЕЦЕПТОРУ И 
ЊЕГОВИМ АНТАГОНИСТИМА У ПОТРАЗИ ЗА АНТИТУМОРСКИМ ЕФЕКТИМА 

ANA BOROTA, SORIN AVRAM, RAMONA CURPAN, ALINA BORA, DANIELA VARGA, LILIANA HALIP 

и LUMINITA CRISAN� 

“Coriolan Dragulescu” Institute of Chemistry, Romanian Academy, 24 Mihai Viteazul Avenue, RO-300223, 

Timisoara, Romania 

У новије време, канцери повезани са ненормалним хеџхог (Hh) сигналним путем 
(hedgehog (Hh) pathway signalling) се испитују преко инхибиторима заглађених рецептора 
(SMO, Smoothened (SMO) receptor inhibitors) који се брзо развијају. Међутим, проблеми са 
познатим инибиторима попут озбиљних споредних ефеката, слабе моћи против солид-
них тумора или чак стечене отпорности тек треба да се превазиђу развојем нових погод-
них инхибитора. Да би истражили структурне захтеве за антагонисте потребне за инхи-
бицију SMO рецептора урадили смо: мапирање фармакофоре, 3D-QSAR моделе, претра-
живање база података и студије докинга. Најбоља хипотеза за фармакофору је одабрана, 
на основу ње је развијен статистички значајан атомски 3D-QSAR модел (R2 = 0,856, Q2 =  
= 0,611 и Pearson-R = 0,817), који је даље подвргнут скринингу, база података, како бу се 
проценила његова способност да издвоји активна једињења од лажно позитивних. Запа-
жена је ефикасност четверопараметарске (four-points) хипотезе фармакофоре (AAHR.524) 
на бази добре метрике процена попут површине испод криве (0,795) и прецизности 
одмереног просека (0,835) што сугерише да је модел поуздан за предвиђање нових инхи-
битора за SMO рецептор. 

(Примљено 3. априла, ревидирано 5. јула, прихваћено 6. августа 2019) 
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