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ABSTRACT: Human parainfluenza viruses (HPIVs) are responsible for a wide range of respiratory infections in 
humans, particularly in children, the elderly, and immunocompromised individuals. This paper presents a study 
regarding the antiviral activity of a series of 3-phenyl-5-sulfamoyl-N-(7/8/9-(non)substituted-3-oxo-1-thia-4-
azaspiro[4.4]non/[4.5]dec-4-yl)-1H-indole-2-carboxamide derivatives against HPIV-2. Our findings suggest the 
compounds displayed low potency against HPIV-2. Compounds 4 and 8 exhibited the most potent antiviral effects with 
inhibition of 95.46 and 90.90 % at 10 mg/mL, respectively. Molecular modeling studies were conducted on 
hemagglutinin-neuraminidase, a crucial druggable target for HPIV, to predict the binding modes of the compounds. 

KEYWORDS: parainfluenza virus; HPIV-2; indole; thiazolidinone; hemagglutinin-neuraminidase; molecular docking. 

 1.  INTRODUCTION 

HPIVs are a group of respiratory pathogens that cause various acute respiratory diseases, such as 
pneumonia, bronchitis, and bronchiolitis. These diseases stand as the primary cause of death among children 
aged below five years, contributing to approximately two to three million childhood deaths annually and 
approximately 20% of all childhood fatalities globally[1–4]. HPIVs are part of the Paramyxoviridae family and 
are classified into 4 types. Types 1 and 3 belong to the Respirovirus family, whereas types 2 and 4 belong to the 
Rubulavirus family [5].  HPIV type 2 (HPIV-2) is responsible for 60% of the HPIV-caused infections [6]. In 
conjunction with other viral agents such as the influenza virus, rhinovirus, and respiratory syncytial virus, 
HPIVs constitute a substantial proportion of respiratory viral infections that require medical intervention. 
These viruses are highly contagious, spread rapidly in crowded environments and primarily affect newborns, 
children, and those with weakened immune systems. Although vaccines and various antivirals are actively 
being studied in children and immunocompromised individuals, so far there are no specific antiviral therapies 
available for the treatment of HPIV infections except for symptomatic treatment with corticosteroids [7–9]. 
Although ribavirin has been considered a potential antiviral for HPIV based on laboratory studies, its efficacy 
has not been established. However, several cases of both positive and negative outcomes in nonrandomized 
studies have been reported. The use of ribavirin medication for the treatment of HPIV infection is not 
recommended due to the lack of evidence supporting its efficacy in improving clinical outcomes [10,11]. 
Therefore, there is a need for the development of new antiviral agents that can effectively treat these infections.  

The mechanism by which HPIV penetrates the host cells starts by fusing its membrane with the cellular 
surface. The fusion process comprises the interaction between two vital proteins, hemagglutinin-
neuraminidase (HN) and the fusion protein (F). HN facilitates the attachment of the HPIV to the host cell and 
activates the F protein that was initially hidden and inactive to undergo conformational changes and hence 
initiate the membrane fusion process. The activated F protein allows the union of the HPIV and the cellular 
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membrane of the host, allowing the virus to penetrate the host cell [12,13]. Nevertheless, the premature 
activation of the F protein causes HPIV to lose its infectivity. Multiple studies have reported that certain 
antiviral agents exert their mechanism of action by promoting premature activation of the F protein, thus 
preventing the virulence of HPIV[14,15]. On the other hand, certain antiviral agents function by inhibiting the 
HN protein, hindering the fusion process of the HPIV virus to the host cells[7,12,13,15,16]. In addition, the HN 
protein has other activities including binding to sialic acid receptors, causing hemagglutination, and cleaving 
them through its neuraminidase activity. The HN protein is a complex structure with many components such 
as a cytoplasmic domain, a membrane-spanning region, a stalk region, and a globular head. The globular head 
region houses the major binding site for sialic acid and the enzymatic activity site for neuraminidase. The 
major binding site plays a crucial role in the initiation of fusion by HN [14,17]. 

Multiple heterocyclic compounds, including but not limited to indole and thiazolidinone, have been 
explored as promising candidates for the development of antiviral agents[18–23]. The indole is one of the 
“privileged scaffolds” found in many biologically active compounds used in the treatment of multiple 
diseases[24–27]. In addition, the indole skeleton is present in many agents that are commercially available or 
undergoing clinical trials (Figure 1)[28,29]. 

 

Figure 1. Antiviral compounds containing indole scaffold 

On the other hand, spirothiazolidinones have various biological activities ranging from antibacterial, 
antimycobacterial [26,30], antiviral [31] and anticancer. Multiple studies have presented spirothiazolidinones 
as promising antiviral candidates, particularly against influenza A virus [31–36]. The incorporation of two or 
more promising bioactive scaffolds into a single molecule, resulting in the formation of hybrids, is a popular 
explored strategy within the field of drug discovery because hybrid molecules can often result in synergistic 
effects derived from each bioactive scaffold. 

Previously, our team successfully synthesized and characterized a series of 3-phenyl-5-sulfamoyl-N-
(7/8/9-(non)substituted-3-oxo-1-thia-4-azaspiro[4.4]non/[4.5]dec-4-yl)-1H-indole-2-carboxamide derivatives 
(compounds 1 – 18), exhibiting potent antibacterial activity[26]. Encouraged by these findings and the above-
mentioned antiviral properties of indole and spirothiazolidinone derivatives, we were inspired to explore the 
potential antiviral activity of compounds 1 – 18 against HPIV-2. Hence, this study presents the antiviral 
activity of these derivatives, and proposes the probable underlying mechanisms by which they exert their 
effects. 

2. RESULTS AND DISCUSSION 

2.1. Chemistry 

The synthesis of 3-phenyl-5-sulfamoyl-N-(7/8/9-(non)substituted-3-oxo-1-thia-4-
azaspiro[4.4]non/[4.5]dec-4-yl)-1H-indole-2-carboxamide derivatives (1 – 18) is a one-pot facile synthesis as 
illustrated in Scheme 1 using 2-(hydrazinecarbonyl)-3-phenyl-1H-indole-5-sulfonamide as a starting material. 
The structures were confirmed with spectral analyses as reported by Güzel-Akdemir et al. [26]. 
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Scheme 1. Synthesis route of compounds 1 - 18 

2.2. Antiviral Activity 

The antiviral activity of compounds 1 – 18 against HPIV was evaluated using MTT cell viability assay 
(Table 1). At 10mg/ml, the compounds showed inhibition of HPIV with compound 4 displaying the highest 
inhibition of 95.46%. Analysis of the antiviral activity reveals that there is no direct structure-activity 
relationship (SAR). However, the increase in the size of the spiro ring in compound 1 to have compound 3, 
improved the activity. Comparing compounds 1 and 2 containing the spiro-fused cyclopentane, the 
introduction of a methyl group to the thiazolidinone ring (compound 2) enhanced the antiviral activity. On 
the contrary, in spiro-fused cyclohexanes, the introduction of a methyl group to the thiazolidinone (compound 
11) ring reduced the antiviral activity as observed in compounds 3 and 11. However, the same trend is not 
observed in the rest of the non-methyl and methyl-substituted analogues. Nevertheless, in the non-methyl 
analogues of spiro-fused cyclohexanes (compounds 3 – 10), the addition of a methyl group to the 7th position 
of the spirothiazolidinone yielded the most active compound, 4, against HPIV. However, two methyl groups 
decreased the activity. When compared to compound 3 (78.42%), the addition of aliphatic/aromatic groups to 
the 8th position decreased the activity except for compound 8 (90.9%) and 10 (86.01%) with a tert-butyl and 
phenyl groups, respectively, having an improved antiviral activity.  

On the other hand, the addition of aliphatic/aromatic groups to the spirothiazolidinone ring of the 
methyl-substituted analogues of spiro-fused cyclohexanes (compounds 11 – 18) improved the antiviral 
activity. However, increasing the size of the aliphatic chain on position 8 decreased the activity, while the 
presence of a phenyl ring (compound 18) increased the activity. Furthermore, it is observed that the addition 
of a methyl group at position 7 favoured the activity better than the substitution at other positions (compound 
13). 
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Table 1. Antiviral activity of 3-phenyl-5-sulfamoyl-N-(7/8/9-(non) substituted-3-oxo-1-thia-4-azaspiro[4.4]non/[4.5]dec-
4-yl)-1H-indole-2-carboxamide derivatives (1 – 18)  

 
Compounds R R1 R2 R3 R4 R5 10mg/ml 

1 H - - - - - 57.48 

2 CH3 - - - - - 76.82 

3      H H H H H H 78.42 

4 H H CH3 H H H 95.46 

5 H H H H CH3 H 66.56 

6 H H H H C2H5 H 74.46 

7 H H H H C3H7 H 51.16 

8 H H H H tert-C4H9 H 90.90 

9 H H CH3 CH3 H CH3 69.11 

10 H H H H C6H5 H 86.01 

11 CH3 H H H H H 55.44 

12 CH3 CH3 H H H H 87.48 

13 CH3 H CH3 H H H 85.07 

14 CH3 H H H CH3 H 82.87 

15 CH3 H H H C2H5 H 79.35 

16 CH3 H H H C3H7 H 76.63 

17 CH3 H H H tert-C4H9 H 76.50 

18 CH3 H H H C6H5 H 84.50 

 
 

2.3. In Silico Studies 

2.3.1. ADME Prediction 

15 parameters important for assessing the ADME and drug-likeness of the compounds were evaluated 
(Table 2). Among the compounds, only compounds 1 – 4 and 11 did not violate RO5 due to the lower (<500 
g/mol) molecular weight of the compounds. Also, the compounds generally violated the aqueous solubility 
(QPlogS) except compounds 1 – 5 and 11. All the compounds were shown to be CNS inactive due to their 
polarity hindering them from crossing the BBB. Besides, the QPlogBB which predicts the brain/blood partition 
coefficient is between -2.187 – -1.671, demonstrating a general BBB permeability. In addition, the compounds 
demonstrated medium cell permeability (QPPCaco). All the compounds are within the recommended values 
for binding to human serum albümin (logKhsa) and have a percentage human oral absorption of more than 
65% with compound 4-RS and SR displaying the highest absorption of 81.773 and 81.852%, respectively. 
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Table 2 ADME and drug-likeness properties of compounds 1 – 18 

Title 
donor

HB 
Accpt 

HB 

CNS 
–2 (inactive), 

+2 (active) 

mol MW 
(130.0 – 
725.0) 

QPlogPo/w 
(–2.0 – 6.5) 

QPlogS 
(–6.5 – 0.5) 

QPPCaco 
(<25 poor, 
>500 great) 

QPlogBB 
(–3.0 – 1.2) 

QPlogKhsa 
(–1.5 – 1.5) 

HOA 
(1=low, 

2=medium, 
3=high) 

PHOA 
(>80% is 

high 
<25% is 

poor) 

#metab 
(1 – 8) 

PSA 
(7.0 – 
200.0) 

RO5 RO3 

1 3.250 9.250 -2 470.560 2.427 -5.765 84.856 -1.892 0.212 3 75.676 1 142.138 0 1 

2-S 3.250 9.250 -2 484.587 2.805 -6.211 105.570 -1.860 0.344 1 79.586 1 138.769 0 1 

2-R 3.250 9.250 -2 484.587 2.801 -6.203 105.911 -1.856 0.341 1 79.591 1 140.182 0 1 

3 3.250 9.250 -2 484.587 2.701 -6.049 87.570 -1.902 0.326 3 77.527 1 140.834 0 1 

4-SS 3.250 9.250 -2 498.614 3.036 -6.456 91.695 -1.911 0.450 1 79.843 1 140.654 0 1 

4-RS 3.250 9.250 -2 498.614 3.087 -6.094 113.058 -1.671 0.448 3 81.773 1 136.621 0 1 

4-SR 3.250 9.250 -2 498.614 3.067 -6.121 115.946 -1.678 0.435 3 81.852 1 137.032 0 1 

4-RR 3.250 9.250 -2 498.614 3.025 -6.533 87.376 -1.960 0.449 1 79.405 1 140.724 0 1 

5 3.250 9.250 -2 498.614 3.024 -6.488 89.182 -1.937 0.447 1 79.557 1 140.672 0 1 

6 3.250 9.250 -2 512.641 3.353 -6.811 87.726 -2.060 0.535 1 68.396 1 140.628 1 1 

7 3.250 9.250 -2 526.667 3.711 -7.194 87.420 -2.187 0.634 1 70.464 1 140.831 1 1 

8 3.250 9.250 -2 540.694 3.884 -7.351 87.886 -2.069 0.754 1 71.521 1 140.691 1 1 

9-SR 3.250 9.250 -2 526.667 3.561 -7.066 88.414 -1.972 0.673 1 69.675 1 140.359 1 1 

9-RR 3.250 9.250 -2 526.667 3.295 -6.313 65.078 -1.866 0.637 1 65.737 1 138.409 1 1 

9-SS 3.250 9.250 -2 526.667 3.111 -5.734 76.910 -1.668 0.553 2 65.955 1 135.950 1 1 

9-RS 3.250 9.250 -2 526.667 3.577 -7.014 90.969 -1.941 0.679 1 69.992 1 140.261 1 1 

10 3.250 9.250 -2 560.685 4.279 -7.876 91.151 -2.057 0.862 1 74.117 3 141.353 1 1 

11-R 3.250 9.250 -2 498.614 3.061 -6.406 113.365 -1.827 0.447 1 81.637 1 139.755 0 1 

11-S 3.250 9.250 -2 498.614 3.063 -6.485 110.920 -1.861 0.448 1 81.482 1 139.657 0 1 

12-RR 3.250 9.250 -2 512.641 3.359 -6.698 129.486 -1.783 0.553 1 71.460 1 135.793 1 1 

12-SR 3.250 9.250 -2 512.641 3.319 -6.647 125.555 -1.788 0.540 1 70.987 1 135.817 1 1 

12-RS 3.250 9.250 -2 512.641 3.386 -6.659 124.253 -1.774 0.570 1 71.298 1 136.881 1 1 

12-SS 3.250 9.250 -2 512.641 3.349 -6.524 118.053 -1.760 0.564 1 70.681 1 137.784 1 1 

13-RS 3.250 9.250 -2 512.641 3.355 -6.801 108.376 -1.872 0.564 1 70.055 1 138.556 1 1 
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13-SS 3.250 9.250 -2 512.641 3.400 -6.970 109.330 -1.917 0.581 1 70.383 1 138.611 1 1 

13-RR 3.250 9.250 -2 512.641 3.363 -6.823 109.321 -1.874 0.565 1 70.166 1 138.736 1 1 

13-SR 3.250 9.250 -2 512.641 3.400 -6.966 109.720 -1.914 0.581 1 70.415 1 138.805 1 1 

14-R 3.250 9.250 -2 512.641 3.401 -6.970 108.562 -1.919 0.582 1 70.335 1 138.619 1 1 

14-S 3.250 9.250 -2 512.641 3.359 -6.797 109.838 -1.864 0.564 1 70.182 1 138.607 1 1 

15-R 3.250 9.250 -2 526.667 3.726 -7.270 108.514 -2.025 0.668 1 72.235 1 138.535 1 1 

15-S 3.250 9.250 -2 526.667 3.687 -7.106 109.726 -1.973 0.651 1 72.095 1 138.593 1 1 

16-R 3.250 9.250 -2 540.694 4.052 -7.498 109.973 -2.095 0.752 1 74.246 1 141.090 1 1 

16-S 3.250 9.250 -2 540.694 4.083 -7.657 107.869 -2.151 0.768 1 74.276 1 138.824 1 1 

17-R 3.250 9.250 -2 554.721 4.261 -7.817 109.160 -2.033 0.889 1 75.412 1 138.630 1 1 

17-S 3.250 9.250 -2 554.721 4.218 -7.657 109.155 -1.989 0.871 1 75.161 1 138.616 1 1 

18-R 3.250 9.250 -2 574.711 4.635 -8.378 108.085 -2.053 0.995 1 77.525 3 139.307 1 1 

18-S 3.250 9.250 -2 574.711 4.596 -8.223 107.911 -2.011 0.977 1 77.285 3 138.667 1 1 
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2.3.2. Molecular Docking 

The crystal structure of hPIV-2 HN protein is not available and thus, hPIV-3 HN protein co-crystallized 
with zanamivir is utilized for the docking studies. Using the Basic Local Alignment Search Tool (BLAST), 
hPIV-2 HN and hPIV-3 HN showed 28% similarity with conserved amino acid residues like Arg192, Arg424, 
Arg502, Tyr530 that are crucial for the activity of sialidase. BLAST is a widely used bioinformatics program 
for quickly searching sequence databases and sequence similarity. It can conduct a sequence similarity search 
for a sequence of interest against a curated sequence database. BLAST can find query sequence homologs and 
detect statistically significant pairwise sequence alignments even at low sequence identity[37].  

As observed in Figure 2A, Zanamivir formed six hydrogen bonds with Thr193, Glu276, Arg424, Arg502 
and Tyr530, and a salt bridge with Glu409. To validate the applied docking protocol, a redocking of zanamivir 
was conducted and the obtained docked pose was very similar to the binding pose of the co-crystallized ligand 
with an RSMD value of 0.27 A (Figure 2A). Docking studies on the most active compounds among the spiro-
fused cyclopentanes and cyclohexanes, compounds 2 and 4, respectively, were conducted to rationalize the 
activity difference. The docked poses were analyzed based on the ligand low energy conformation, protein 
interactions and complementarity. Compound 2 has two enantiomers (R and S). Compound 2-R showed a 
better-docked pose than SR with a docking score of -3.45 kcal/mol and formed hydrogen bonds with Ile 474 
and Tyr530 and a π-π interaction with Arg424 (Figure 2B).  Compound 4 has diastereomers (RR, SS, RS and 
SR). Compound 4-RR showed the best favourable docked pose with a docking score of -4.42 kcal/mol and 
formed two hydrogen bonds with Ile474 and Tyr530 and a π-π interaction with Arg424. (Figure 2C). 
Comparing the docked poses of compounds 2-R and 4-RR, it is observed that the enlargement of the 
cycloalkane ring from cyclopentane to cyclohexane enhances hydrophobic interactions with Pro272 and 
Tyr319. This might explain the subtle difference between the antiviral activities of the two compounds. The 
binding poses of zanamivir (green), compound 2-R (yellow) and compound 4-RR (turquoise) were 
superposed in Figure 2D, showing that the compounds fit well in the binding pocket.  
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Figure 2. Docked poses of A) Zanamivir B) compound 2-R C) compound 4-RR  Zanamivir (green), compound 2-R (yellow) 
and compound 4-RR (turquoise) in HPIV-2 HN (PDB: 1V3E) 

3. CONCLUSION 

This study evaluated the antiviral activities of spirothiazolidinone linked with 5‑sulfamoyl‑1H‑indole 
derivatives (1 – 18) against HPIV-2. The findings indicate that these hybrid compounds exhibit antiviral 
activity against HPIV-2 at 10mg/mL. Notably, compound 4 demonstrated the highest antiviral efficacy with 
an inhibition of 95.46% at a concentration of 10 mg/mL. The observation of the antiviral activity of these 
compounds at such high concentrations indicates that these hybrids exhibit a low level of effectiveness against 
HPIV-2, and there is still significant potential for enhancement, necessitating further structural modification 
and optimization for better effectiveness. 

4. MATERIALS AND METHODS 

4.1. Chemistry 

All the chemicals used for the synthesis and devices used for the characterization of the compounds were 
reported in our previously published work.  

Synthesis of 3-phenyl-5-sulfamoyl-N-(3-oxo-1-thia-4-azaspiro[4.4]non/[4.5]dec-4-yl)-1H-indole-2-
carboxamide derivatives (1 – 18) 

Thioglycolic acid/thiolactic acid (20 mmol) was introduced into a round bottom flask containing 1.65g 
of compound a (5 mmol) and a suitable cyclic ketone (5 mmol, 1 eq) in 20 ml anhydrous toluene. The reaction 
was refluxed for 5-6 hours with the assistance of a Dean-Stark water separator. To remove surplus toluene, 
the mixture was concentrated. Saturated NaHCO3 was applied to the resulting residue until the emission of 
CO2 ceased. Occasionally, the reaction mixture was refrigerated until it solidified after being allowed to stand 
overnight. Following an H2O wash and air-drying, the impure solid was recrystallized from ethanol[26]. 

A B 

B C 
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4.2. Antiviral Activity  

VERO cells were prepared in a medium containing 10% FBS at a concentration of 1x105 cells per 
millilitre. From this suspension, 100 microliters were added to each well of a 96-well microplate. The 
microplates were incubated for 24 hours in an oven with 5% CO2 at 37°C. After incubation, the medium in the 
wells was discarded and washed with PBS. Parainfluenza virus stock suspensions were taken from a -152 °C 
freezer and dilutions were prepared after thawing. The first column of the 96-well microplate was used as the 
cell control, and the second column as the virus control. From the second column to the last one, 7 columns in 
total, 100 microliters of the prepared virus suspension were added to each well. The prepared compound 
suspensions were added synchronously with the viruses to the columns of the plates, with 100 microliters 
added to each well in one column for each compound. Only a culture medium with 1% FBS was added to the 
cell control well. Following the addition of the virus to the virus control well, 100 microliters of 1% FBS culture 
medium were added. The microplates were incubated at 37°C in a 5% CO2 incubator for 3 days. During the 
incubation period, the virus control wells were checked under a microscope and observed for CPE. At the end 
of the 3 days, when CPE reached 90%, the liquids in the wells were discarded. The steps for MTT were followed 
to observe the antiviral effect. MTT stock solution was prepared at 5mg/ml in PBS. From the stock solution, 
10 microliters were added to each well, followed by 90 microliters of phenol red-free DMEM. The microplates 
were incubated in a 37°C 5% CO2 environment for 3 hours. After incubation, the formed formazan crystals 
were dissolved by removing the liquids from the wells and adding 100 microliters of DMSO, then left on a 
shaker for 15 minutes for the dye to dissolve completely. The microplates were read at 570 nm with an ELISA 
Reader (EON-BioTek Instruments, Winooski, VT, USA). Average absorbance values were calculated, and the 
percentage protection of the individual concentrations of the substances against the virus was calculated [38]. 

Protection % = (A - B)/(C - B) x 100  
A = Average absorbance for each concentration of the substance in 8 wells  
B = Virus control absorbance (average absorbance value of 8 wells)  
C = Cell control absorbance (average absorbance value of 8 wells) 

4.3. In Silico Studies 

All molecular modeling studies were performed using the software tools of the Schrödinger package 
(v2023-3; Schrödinger, Inc., New York). 

4.3.1 Preparation of ligands 

The three-dimensional (3D) structures of all the ligands were generated using the Builder and LigPrep 
module was used to prepare the ligands. The possible stereoisomers were considered when constructing the 
compounds. During the preparation of the ligands, no tautomer was generated, and the ligands were energy-
minimized using the OPLS4 force field.  

4.3.2. In Silico ADME Predictions 

Using the prepared ligands, the ADME properties and drug-likeness were subsequently predicted with 
the QikProp module. The number of hydrogen bond donors (donorHB) and acceptors (accptHB), 
octanol/water partition coefficient (QPlogPo/w), solubility (QPlogS), Caco cell permeability (QPPCaco), 
brain/blood partition coefficient (QPlogBB), (percentage of) human oral absorption, binding of human serum 
albumin, Van der Waals surface area (PSA), number of violations of the Lipinski Rule of Five (RO5), and the 
number of violations of Jorgensen’s rule of three (RO3) were studied. The RO5 is commonly used for the 
assessment of the oral bioavailability and drug-like properties of small compounds. For a molecule to exhibit 
drug-like properties and demonstrate oral activity, it is required to have a molecular weight below 500 Da, a 
maximum of 5 hydrogen bond donors (donorHBs), a maximum of 10 hydrogen bond acceptors (accptHBs), a 
logP value lower than 5, and it should not contravene more than one of these rules. The RO3 also evaluates 
the drug-like properties of lead compounds. According to the provided information, it is indicated that the 
minimum required value for QPlogS is -5.7, the minimum acceptable rate for QPPCaco is 22 nm/s, and the 
maximum allowable count for primary metabolites is 7. 

4.3.3. Protein preparation and receptor grid generation structures 

The crystal structure of hPIV-3 HN in complex with Zanamivir (PDB: 1V3E, 1.89 Å) was obtained due 
to sequence similarity. Chain A of the crystal structure and its corresponding co-crystallized ligand were 
retained, whereas chain B and its ligands were deleted. Using the Protein Preparation Wizard, hydrogen atoms 
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were added, N- and C-terminals were capped, missing side chains were added, and the system was energy 
minimized using the OPLS4 forcefield. Using the receptor Grid Generation module, a grid box was generated 
around the center of each co-crystallized ligand within the protein crystal structure to define the binding 
pocket. Ligands with lengths of ≤ 20 Å were allowed to dock. Conformational flexibility was allowed for 
hydroxyl groups of amino acid residues located within 5 Å of co-crystallized ligands and are not involved in 
the protein hydrogen bonding network [39]. 

4.3.4. Molecular docking 

Docking studies were conducted using the Glide module with Extra Precision (XP) employing the 
default settings. The planarity of the conjugated π groups was improved, docking penalties based on the Epik 
state were implemented, and each ligand was docked 25 times to produce the 3 best poses [39].  

4.3.5. MM-GBSA binding free energy calculation. 

Rescoring with MM-GBSA binding energy calculations was performed on the obtained XP docked 
poses using the Prime/MM-GBSA module to predict the binding free energy of the ligands to the receptor. 
The binding energy is calculated using the following formulas: 

ΔGbind= ΔEMM + ΔGsolv + ΔGSA  

ΔGsolv indicates the difference in GBSA solvation energy between the protein-ligand complex and the 
unliganded protein and ligand. ΔEMM represents the difference in minimized energies between the protein-
ligand complex and the sum of energies from the unliganded protein and ligand. ΔGSA represents the energy 
difference between the complex and the sum of the unliganded protein and ligand surface area energies [40]. 
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