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ABSTRACT 

Dengue virus (DENV) remains a significant global health threat, with its transmission spanning across a minimum of 128 countries. This viral disease puts nearly 

4 billion  people at risk worldwide, so the exploration of innovative therapeutic strategies is necessary [1–5]. Dengue fever is a Flaviviral infection transmitted by 

mosquitoes, predominantly by Aedes aegypti, and to a lesser extent by Aedes albopictus and other Aedes species [4,6]. The dengue virus is an enveloped spherical 

virus, possessing a single stranded RNA genome. It also has three structural proteins, including, the capsid (C), membrane (M) and envelope (E), and seven non-

structural proteins, including NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. These nonestructural proteins play various roles in viral replication [7–9] (Figure 1). 

The dengue virus is categorized into five distinct serotypes—DENV-1, DENV-2, DENV-3, DENV-4, and DENV-5 based on antigenic variability. All serogroups 

cause severe and critical health issues [8,10,11]. The incubation period for dengue fever spans 4–7 days. The spectrum of the disease encompasses asymptomatic 

infection and mild febrile illness (referred to as dengue fever) to more severe manifestations, including dengue hemorrhagic fever (DHF) and dengue shock syndrome 

(DSS) [12]. The most critical syndrome may present as dengue shock syndrome (DSS), characterized by coagulation abnormalities, plasma leakage, and heightened 

vascular fragility. The loss of fluids due to increased capillary permeability results in hypovolemic shock and multi-organ failure [13]. Annually, around 20,000 deaths 

occur due to dengue virus infection, particularly in cases associated with secondary dengue and DHF/DSS. 
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INTRODUCTION 

Dengue virus (DENV) remains a significant global health threat, with its 

transmission spanning across a minimum of 128 countries. This viral disease puts 

nearly 4 billion  people at risk worldwide, so the exploration of innovative 

therapeutic strategies is necessary [1–5]. Dengue fever is a Flaviviral infection 

transmitted by mosquitoes, predominantly by Aedes aegypti, and to a lesser 

extent by Aedes albopictus and other Aedes species [4,6]. The dengue virus is an 

enveloped spherical virus, possessing a single stranded RNA genome. It also has 

three structural proteins, including, the capsid (C), membrane (M) and envelope 

(E), and seven non-structural proteins, including NS1, NS2A, NS2B, NS3, 

NS4A, NS4B and NS5. These nonestructural proteins play various roles in viral 

replication [7–9] (Figure 1). The dengue virus is categorized into five distinct 

serotypes—DENV-1, DENV-2, DENV-3, DENV-4, and DENV-5 based on 

antigenic variability. All serogroups cause severe and critical health issues 

[8,10,11]. The incubation period for dengue fever spans 4–7 days. The spectrum 

of the disease encompasses asymptomatic infection and mild febrile illness 

(referred to as dengue fever) to more severe manifestations, including dengue 

hemorrhagic fever (DHF) and dengue shock syndrome (DSS) [12]. The most 

critical syndrome may present as dengue shock syndrome (DSS), characterized 

by coagulation abnormalities, plasma leakage, and heightened vascular fragility. 

The loss of fluids due to increased capillary permeability results in hypovolemic 

shock and multi-organ failure [13]. Annually, around 20,000 deaths occur due to 

dengue virus infection, particularly in cases associated with secondary dengue 

and DHF/DSS.  

 

Figure 1: The structure of Dengue virus (A) and its proteins expressed loci on the virus genomic RNA (B)  
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Coumarin is a naturally produced secondary metabolite and has been identified 

as a therapeutic substance. Coumarin is isolated from various sources, such as 

plants, fungi, bacteria, and essential oils, and can also be artificially created [14]. 

Coumarins have been discovered in diverse plant families, including Rutaceae, 

Umbelliferae, and Clusiaceae [15]. The isolation of coumarin from Tonka beans 

occurred independently in 1820, with A. Vogel from Munich, Germany, and 

Nicholas Guibourt from France both contributing to its discovery [16]. The first 

synthesis of coumarin was accomplished in 1868 by the English chemist, 

William Henry Perkin [17]. Benzene and benzopyrene (an alpha-pyrene ring) are 

fused to form the basic building blocks of coumarin [14]. Numerous synthetic 

pathways, such as the Pechmann reaction, Knoevenagel condensation, metal-

catalyzed cyclization, and Perkin condensation, can be used to create derivatives 

of coumarin [3,18]. Coumarins are characterized by stability, solubility, and a 

low molecular weight, devoid of any detrimental side effects or toxicity. These 

features, along with several others, position coumarins as potential candidates for 

drug development against numerous viral and bacterial diseases. Various lead 

compounds with a coumarin scaffold, derived from natural, synthetic, 

conjugated, and hybrid sources, have undergone study and are advancing through 

different phases of drug development [19]. The biological activity of these 

compounds can be modulated based on the combination of different substituents 

and conjugates. Furthermore, coumarin motifs can be anticipated as a favored 

framework and foundational structure for creating and synthesizing various 

pharmacological compounds with notable binding affinity for diverse biological 

targets. Their adaptability allows for easy modifications to meet Lipinski's "rule 

of 5," transforming them into drug-like molecules through a privileged structure 

approach in drug discovery by employing combinatorial chemistry [20]. The 

thorough investigations into coumarin's efficacy as an antiviral compound, 

specifically against Influenza, HIV, coxsackievirus A16, and Enterovirus 71 

[3,21–25],  along with its therapeutic applications, have sparked the curiosity of 

scientists to further explore its potential in combatting and managing various 

viral illnesses [26]. 

Molecular docking studies have become indispensable tools in drug discovery, 

allowing researchers to predict and analyze the binding interactions between 

ligands and target proteins at the molecular level. In this context, the present 

research endeavors to unravel the intricate molecular interactions between 

coumarin derivatives and the key Dengue virus protein targets through advanced 

computational techniques. The convergence of molecular docking studies, 

molecular dynamics (MD) simulations, binding free energy calculations using 

Molecular Mechanics-Generalized Born Surface Area (MM-GBSA), and 

predictive analyses such as Lipinski's Rule and absorption, distribution, 

metabolism, and excretion–toxicity (ADMET) prediction hopefully offer a 

comprehensive understanding of the potential therapeutic efficacy of coumarin 

derivatives against Dengue virus [27,28]. 

MATERIALS AND METHODS 

Molecular Docking Studies 

Protein-ligand docking studies were carried out using Molegro Virtual Docker 

(Version 6.0.1, Molegro ApS, Aarhus, Denmark) [29] of the coumarin ligands 

with structures of dengue virus potential protein targets: C-terminal NS3; 

helicase (PDB ID: 2BHR, 2BMF, 2JLQ, 2JLR, 2JLS, 2JLU, 2JLV, 

2JLX, 2WHX, and 5XC6) [30–33], N-terminal NS5; RNA methyl transferase 

(PDB ID: 3P8Z, 4CTJ, 4CTK, 4R05, 4R8S, 5CUQ, 5EIW, 8BCR, 5JJR, and 

5JJS) [34–41], C-terminal NS5; RNA polymerase (PDB ID:  5F3T, 5F3Z, 5F41, 

5I3P, 5I3Q, 6IZX, 6IZZ, 6XD0, and 6XD1) [41–44] , NS2B-NS3, protease (PDB 

ID: 6M9P, 3U1J active site, 3U1J allosteric binding site, 4M9K, 4M9M, and 

4M9T) [45,46], and E envelope glycoprotein (PDB  1OAN and 1OKE) [47] as 

previously described in [48]. Before incorporating the coumarin ligands, the 

removal of solvent molecules and co-crystallized ligands was undertaken in each 

protein structure. A sphere, adequately sized to encompass the binding cavity, 

was centered on the binding site of each protein structure. Utilizing standard 

protonation states for neutral pH and charges derived from templates employed 

by the Molegro Virtual Docker program, each protein's configuration was 

established. Spartan ’18 for Windows (version 1.4.4, Wavefunction Inc., Irvine, 

California, USA) was employed for constructing each structure. Conformational 

analysis of the coumarin ligands was conducted using the MMFF (Merck 

Molecular Force Field) [49]. The docking process utilized flexible ligand models, 

while rigid model protein structures were employed. Each docking run was set 

with 1500 iterations, a maximum population size of 50, and 300 runs per ligand. 

The RMSD threshold for multiple poses was defined at 1.00 Å. Ligand poses 

were sorted based on the calculated "re-rank" score. To address potential bias 

towards high molecular weight compounds [50–55], a normalization scheme was 

incorporated: 

DSnorm = 6.6 × Edock/MW⅓ 

In this context, DSnorm represents the normalized docking score, Edock 

corresponds to the MolDock "re-rank" score, MW denotes molecular weight, and 

6.6 serves as a scaling constant intended to align the average DSnorm values with 

those of Edock[56].  

Molecular Dynamics (MD) Simulation 

The examination of temporal dynamics in molecular systems can be conducted 

using molecular dynamics (MD) simulation, a computational method that 

employs Newton's equations of motion. In this investigation, four docked 

complexes (ligands 6, 10, 15, and 20, which represented as SH, RH, MG and 

WL) underwent MD simulations lasting 100 nanoseconds using the Schrodinger 

program and the Desmond 2019-4 package [57]. The purpose was to evaluate the 

stability of receptors and their interactions with ligands. Each system underwent 

three identical parameterized simulations within a cubic space filled with water, 

modeled using the TIP3P equation during a 100 ns MD simulation. The ligands 

SH, RH, MG and WL contributed 21231, 21222, 21228, and 21207 water 

molecules, respectively, to the complex system. A 10 Å buffer distance separated 

complex atoms from the box's edge for orthorhombic simulation. After 

introducing the appropriate counter-ion, a 0.15 M NaCl solution maintained the 

isosmotic state of the simulation box. Following a reduction in energy 

consumption, the complex underwent a developmental run in the NPT ensemble 

class, with the trajectory recorded at 300 K and 1,013 Bar, capturing 1000 frames. 

Additionally, the Desmond Package toolkit, inclusive of a Simulation Interaction 

Diagram (SID), was employed to explore precise interactions between the 

protein and ligands. Analysis of Root Mean Square Deviation (RMSD) and Root 

Mean Square Fluctuation (RMSF) plots, along with protein-ligand interaction 

profiles, demonstrated the stability of the ligand for both the protein and the 

ligand-bound protein. 

Binding Free Energy Calculation Using MM‑GBSA 

The evaluation of binding free energies in reference complexes and Dengue 

Virus Envelope Glycoprotein-ligand combinations was carried out using the 

molecular mechanics method to assess complex stability. The calculation utilized 

the molecular mechanics generalized Born surface area (MM/GBSA) approach 

to determine the binding free energy within protein-ligand complexes. This 

specific quantum mechanics calculation aims to reduce the occurrence of false-

positive results in molecular docking experiments. The Prime MM/GBSA 

module in the Schrödinger suite was employed to examine the impact of 

interactions on the stability of ligand-protein associations. For the MM-GBSA 

calculations, the Desmond trajectory file was divided into discrete snapshots, and 

Schrödinger's thermal mmgbsa.py Python script was then used to compute the 

mean and standard deviation of the projected binding energy over the entire 100 

ns duration. The entire process can be represented by the following equation: 

∆Gbind =  ΔΕMM +  ΔGsolv +  ΔGSA 

ΔΕMM =  Ε(complex) − Ε(ligand) − Ε(protein) 

In this context, ΔΕMM represents the disparity in minimal energies between the 

relevant entities, while ΔGsolv indicates the variation in total solvation energies 

encompassing both ligands and proteins and the GBSA solvation energy of the 

complex. The discrepancy in surface energies between the complex and the 

aggregate surface energies of the protein and ligand is referred to as ΔGSA. 

Lipinski’s Rule and ADMET Prediction 

The Lipinski's rule parameters were computed for the four molecules 

exhibiting the highest docking affinity through the utilization of the Swissadmet 

server [58]. The violation of multiple parameters among these molecules may 

signify potential challenges pertaining to bioavailability, thereby elevating the 

risk of their failure to manifest drug-like characteristics  [59]. In addition to this, 

we employed the pkCSM web server [60] to prognosticate the ADMET 

properties—comprising Absorption, Distribution, Metabolism, and Excretion—
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of the aforementioned quartet of molecules [61]. This multifaceted approach aids 

in a comprehensive evaluation of the molecular characteristics, thereby 

enhancing our understanding of their potential pharmacological utility. 

Global and Local Reactivity Descriptors by DFT and Electrostatic 

Potential Maps 

To ascertain the optimal molecular geometry of the coumarins investigated in 

the present study, a systematic conformational search was executed using the 

Hyperchem software [62]. Subsequently, the most stable structure, characterized 

by minimal energy, underwent a comprehensive geometry optimization within 

an aqueous environment. This optimization procedure was conducted utilizing 

the B3LYP/6-31+G(d,p) level of theory, incorporating the Polarizable 

Continuum Model (PCM) solvation model to mimic the aqueous phase 

conditions. To verify the stability of the optimized structure, vibrational 

frequencies were meticulously assessed, ensuring that the structure corresponds 

to a minimum on the energy potential surface. All computational analyses were 

executed employing the Gaussian 09 software [63], and the outcomes were 

visualized using the GaussView version 3.09 packages [64]. This rigorous 

computational protocol was employed to elucidate and refine the molecular 

architecture of the coumarin compounds under investigation, providing a robust 

foundation for subsequent analyses and interpretations in the context of their 

chemical and physical properties. 

RESULTS AND DISCUSSION 

Docking Studies 

Molecular docking of 20 coumarin ligands with relevant dengue virus protein 

targets (NS3 helicase, NS5 RNA methyl transferase, NS5 RNA polymerase, 

NS2B-NS3 protease, and E envelope glycoprotein) was carried out using the 

Molegro Virtual Docker program. The lowest-energy docking scores are 

summarized in Table 1. Docking scores for each of the coumarin ligands with 

each PDB protein structure are compiled in Supplementary Table S1. 

 

Table 1: Normalized docking scores (DSnorm, kJ/mol) for coumarin ligands with dengue virus protein targets. 

No. Coumarin Ligand 
NS3 

Helicase 

NS5 RNA  

Methyl 

transferase 

NS5RNA 
Polymerase 

NS2B-NS3 
Protease 

Envelope 
glycoprotein 

1 6,8-di-t-butylcoumarin –94.6 –92.6 –103.7 –79.7 –106.2 

2 6-t-octylcoumarin –98.8 –97.8 –90.0 –89.8 –106.8 

3 
(R)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-
octadienyloxy)coumarin 

–115.8 –108.6 –101.0 –104.7 –126.8 

4 (R)-acenocoumarol –107.7 –100.8 –96.6 –92.2 –108.5 

5 (R)-warfarin –97.8 –93.7 –93.4 –89.7 –106.1 

6 
(S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy)coumarin {SH} 
–106.0 –103.8 –97.6 –103.6 –129.8 

7 (S)-acenocoumarol –108.1 –94.7 –96.0 –91.3 –104.4 

8 (S)-warfarin –97.8 –90.2 –88.7 –88.1 –113.1 

9 6,7-diacetylesculetin –93.0 –95.5 –95.6 –80.5 –102.6 

10 
6-hydroxy-7-(7-hydroxy-3,7-dimethyl-2,5-
octadienyloxy)coumarin {RH} 

–106.9 –110.5 –100.5 –104.1 –122.3 

11 7-prenyloxycoumarin –96.2 –95.9 –90.4 –94.1 –107.0 

12 coumestrol –93.7 –91.5 –96.3 –93.9 –104.7 

13 esculetin –84.3 –87.7 –86.6 –80.8 –95.8 

14 esculin –99.8 –91.9 –95.4 –98.2 –99.7 

15 medicagol {MG} –95.4 –90.7 –94.2 –88.7 –108.7 

16 neo-tanshinlactone –90.5 –90.0 –99.9 –77.8 –104.6 

17 plicadin –95.5 –94.0 –89.7 –89.1 –92.3 

18 prenyletin –96.4 –93.1 –92.4 –89.6 –102.5 

19 umbelliferone –84.6 –83.2 –81.1 –77.1 –89.7 

20 wedelolactone {WL} –94.4 –96.5 –98.3 –93.4 –111.2 
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Dengue virus NS3 helicase shows ATP hydrolysis and RNA duplex unwinding 

activities and is essential for viral replication [48]. (R)-6-Hydroxy-7-(5-hydroxy-

3,7-dimethyl-2,6-octadienyloxy)coumarin showed the best docking properties 

with NS3 helicase (DSnorm = –115.8 kJ/mol). The lowest-energy docking pose of 

the ligand was within the RNA binding site of the enzyme. Key intermolecular 

contacts between the ligand and the protein residues were HIS 287 (van der 

Waals), THR 289 (van der Waals), SER 453 (van der Waals), GLU 412 (van der 

Waals), THR 450 (hydrogen bonding), PRO 319 (van der Waals), Ser452 

(hydrogen bonding), and THR 317 (hydrogen bonding) (Figure 2). 

 

Figure 2: Lowest-energy docked pose of (R)-6-hydroxy-7-(5-hydroxy-3,7-

dimethyl-2,6-octadienyloxy) coumarin with dengue virus NS3 helicase (PDB 

2BMF). B: Key intermolecular interactions between the coumarin ligand and the 

protein residues; Hydrogen-bonding interactions are shown with dashed lines. 

Dengue virus methyl transferase, located on the N-terminus of NS5, catalyzes 

the N-7 and 2′-O methylations of the viral RNA cap, which are necessary for the 

formation of the mature RNA cap structure [48]. The lowest-energy docking 

coumarin ligand was 6-hydroxy-7-(7-hydroxy-3,7-dimethyl-2,5-octadienyloxy) 

coumarin with a normalized docking score of –110.5 kJ/mol. The methyl 

transferase uses S-adenosylmethionine (SAM) as the methylating cofactor, and 

the coumarin ligand binds to the SAM binding site. Key interactions between the 

ligand and the protein include the residues ASP 146 (hydrogen bonding), GLY 

83 (hydrogen bonding), LYS 105 (van der Waals), GLY 81 (van der Waals), 

CYS 82 (van der Waals), ARG 84 (hydrogen bonding), GLU 111 (van der 

Waals), ASP 131 (hydrogen bonding), VAL 132 (hydrogen bonding), GLY 86 

(hydrogen bonding), GLY 85 (hydrogen bonding), and SER 56 (hydrogen 

bonding) (Figure 3). 

 

Figure 3: Lowest-energy docked pose of 6-hydroxy-7-(7-hydroxy-3,7-

dimethyl-2,5-octadienyloxy)coumarin with NS5 RNA methyl transferase (PDB 

8BCR). A: Ribbon structure of the protein; the coumarin ligand is shown as a 

thick stick figure and the S-adenosylmethionine co-crystallized ligand is shown 

as a thin stick figure. B: Key intermolecular interactions between the coumarin 

ligand and the protein residues; hydrogen bonds are shown as dashed lines. 

Dengue virus NS5 RNA polymerase is an essential enzyme for viral 

replication. Furthermore, there are no similar enzymes found in host organisms 

[48]. The coumarin with the best docking score was 6,8-di-t-butylcoumarin 

(DSnorm = –103.7 kJ/mol), followed by (R)-6-hydroxy-7-(5-hydroxy-3,7-

dimethyl-2,6-octadienyloxy)coumarin (DSnorm = –101.0 kJ/mol) and 6-hydroxy-

7-(7-hydroxy-3,7-dimethyl-2,5-octadienyloxy)coumarin (DSnorm = –100.5 

kJ/mol) (Table X). The coumarin ligands bind to the enzyme at the RNA template 

tunnel (Figure 4). Important interactions of 6,8-di-t-butylcoumarin in the 

binding site were PHE 464 (van der Waals), SER 470 (van der Waals), TRP 474 

(face-to-face π-π), ARG 471 (van der Waals), GLY 465 (van der Waals), and 

SER 420 (van der Waals) (Figure 4B). 

 

Figure 4: Lowest-energy docked pose of 6,8-di-t-butylcoumarin with dengue 

virus NS5 RNA polymerase (PDB 6XD1). A: Ribbon structure, the 6,8-di-t-

butylcoumarin ligand is shown as a stick figure, the co-crystallized inhibitor 

[(2R)-4-(butyl{[2′-(1H-tetrazol-5-yl)[1,1′-biphenyl]-4-yl]methyl}carbamoyl)-1-

(2,2-diphenylpropanoyl)piperazine-2-carboxylic acid)] is shown as a green wire 

figure. B: Key intermolecular contacts between 6,8-di-t-butylcoumarin and NS5 

RNA polymerase. 

The dengue virus NS2B-NS3 protease is a trypsin-like serine protease. The 

enzyme cleaves the dengue polyprotein into individual proteins that are 

necessary for the replication of the virus [48]. Both (R)- and (S)-6-hydroxy-7-(5-

hydroxy-3,7-dimethyl-2,6-octadienyloxy) coumarin as well as 6-hydroxy-7-(7-

hydroxy-3,7-dimethyl-2,5-octadienyloxy) coumarin showed good docking 

scores (DSnorm = –104.7, –103.6, and –104.1 kJ/mol, respectively) compared to 

the other coumarin ligands (DSnorm > –100 kJ/mol). These coumarin ligands 

docked preferentially to the allosteric binding site of the enzyme, surrounded by 

the amino acid residues LYS1074, ASN 1167, TRP 1089, ILE 1165, THR 1120, 

and ILE 1123 (Figure 5). 

 

Figure 5: Lowest-energy docked poses of (R)-6-hydroxy-7-(5-hydroxy-3,7-

dimethyl-2,6-octadienyloxy)coumarin (magenta), (S)-6-hydroxy-7-(5-hydroxy-

3,7-dimethyl-2,6-octadienyloxy)coumarin (green), and 6-hydroxy-7-(7-

hydroxy-3,7-dimethyl-2,5-octadienyloxy)coumarin (blue) in the allosteric 

binding site of dengue virus NS2B-NS3 protease (PDB 4M9T). A: Ribbon 

structure of the protein with the three coumarin ligands. B: Key residues in the 

allosteric binding site 

The dengue virus E envelope glycoprotein mediates the binding of the virus to 

the host cell surface receptors. There is a small hydrophobic channel in the 

envelope protein that has been identified as a target for small-molecule virus 

inhibitors (Figure 6A) [48]. This protein target is clearly the best target for the 

coumarin compounds, which show docking energies near or greater than 200 

kJ/mol. The coumarin ligands with the best docking scores with dengue virus 

envelope protein were (R)- and (S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy) coumarin (DSnorm = –126.8 and –129.8 kJ/mol, respectively). The 

important interactions of the (S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy) coumarin ligand with the protein were GLN 271B (hydrogen 

bonding), LYS 241A (hydrogen bonding), LYS 247A (van der Waals), HIS 

244A (hydrogen bonding), LYS 204B (van der Waals), PRO 243A (van der 

Waals), ASP 249A (hydrogen bonding), and ASP 203B (hydrogen bonding) 

(Figure 6B). 
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Figure 6: Dengue virus envelope glycoprotein (PDB 1OAN). A: Surface 

structure of the envelope protein; the cavities are shown in magenta. B: Lowest-

energy docked pose of (S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy)coumarin in cavity 2; hydrogen bonds are shown as blue dashed 

lines. 

MD Simulations 

To explore the stability of complexes and binding interactions within the active 

pocket, molecular dynamics (MD) simulations were conducted over a duration 

of 100 nanoseconds. The Desmond program (version 2019-4, Schrödinger) was 

utilized to assess the stability of four distinct ligand-protein docking complexes, 

each featuring SH, RH, MG and WL ligands. The conformational landscapes of 

these complexes were investigated under specific conditions such as temperature 

and pressure. The MD simulation trajectory, corresponding to the simulation 

time, revealed the dynamic behavior of the docked complexes involving the 

Dengue Virus Envelope Glycoprotein and ligands. Various intermolecular 

interactions, including hydrogen bonds, were observed between ligands and 

amino acid residues within the active site of the Envelope Glycoprotein. Diverse 

noncovalent contact interactions, such as salt bridges, hydrophobic interactions, 

and both positive and negative polar contacts, were identified. 

The stability of the docked Envelope Glycoprotein complexes was further 

examined by analysing hydrophobic, ionic, hydrogen bonding, and water-

bridging interactions between ligands and proteins, as illustrated in Figures 7 

and 8. A specific amino acid residue within one of the Glycoprotein's selective 

pockets exhibited favourable interactions with all docking ligands. Notably, the 

docked 1OAN ligands contributed to various hydrophobic, ionic, hydrogen 

bonding, and water-bridging interactions. Selected coumarin ligands were 

specifically evaluated for their ability to form strong hydrogen bond interactions 

with key residues in the Envelope Glycoprotein's selective pocket [65]. Analysis 

of intermolecular interaction maps derived from the simulation revealed that 

coumarin ligands-maintained interactions with specific residues throughout the 

simulation duration. This observation highlights the significance of the ligands' 

capability to sustain interactions over time. In conclusion, the results indicated 

that coumarin ligands consistently exhibited a binding orientation within the 

selective pocket of the Envelope Glycoprotein. 

 

Figure 7: Protein-ligand contact plot (Selected ligands with 1OAN) 
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Figure 8: A timeline depiction of the interactions and connections (Selected ligands with 1OAN): The upper panel illustrates the total count of distinct contacts 

established by the protein with the ligand throughout the trajectory. In the lower panel, the interacting residues with the ligand are delineated for each frame. Certain 

residues engage in multiple specific interactions with the ligand, denoted by a deeper shade of orange as per the scale provided on the right side of the graph. 
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The quantification of the MD response involves assessing the Root Mean 

Square Deviation (RMSD) values of the protein's Cα backbone and the ligand 

data trajectories. Consequently, the stability of both the protein and the ligand-

protein complex was analysed employing the RMSD methodology. The RMSD 

approach allows for the identification of ligands with a higher likelihood of 

binding to specific protein binding pockets. In assessing the impact of chemicals 

on the conformational stability of 1OAN throughout simulations, a comparison 

was made between the RMSD values of Cα atoms for the four complexes and 

their initial structures. 

The outcomes are graphically presented in Figure 9, showcasing the variation 

over simulation time. Over the 100 ns simulation period, the coumarin ligands 

displayed a structural alteration of less than 3.5 Å. Specifically, the selected 

ligands exhibited remarkable stability between 58 and 100 ns, with deviations 

remaining below 4.8 Å. Notably, compound wedelolactone {WL} exhibited a 

higher RMSD value at the 35 ns mark, followed by a consistent deviation from 

58 ns onwards. This suggests that, during the simulation, the ligands underwent 

significant dispersion away from the binding site of the Envelope Glycoprotein. 

The coumarin compounds (SH = 3.2 Å, RH = 3.4 Å, MG = 0.4 Å, and WL = 

1.1 Å) demonstrated maximum permissible deviation and equilibrium 

throughout the simulation model. Consequently, it was observed that the 

selective pocket of the Envelope Glycoprotein exhibited notably greater stability 

with the coumarin bioactive chemicals medicagol {MG} and wedelolactone 

{WL}. Figure 10 illustrates that, within the active site, components 6-hydroxy-

7-(7-hydroxy-3,7-dimethyl-2,5-octadienyloxy)coumarin {RH} and (S)-6-

hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-octadienyloxy)coumarin {SH} 

underwent an approximate 3.5 Å movement relative to their reference 

confirmation before reaching equilibrium before 70 ns. In contrast, the RMSD of 

ligands 15 and 20 remained constant throughout the simulation period. 

 

Figure 9: RMSD plot for Cα atoms (Å) with the selected compounds 

 

Figure 10: RMSD plot for ligand atoms (Å) in the presence of the chosen ligands 

Figure 11 displays the results of the RMSF analysis carried out on the 100-

nanosecond simulation trajectories of the Envelope Glycoprotein and the 

evaluated ligands within their respective complexes. RMSF is utilized as a 

method to quantify the degree to which an element or a set of elements has 

deviated from its reference structure, enabling the examination of time-

dependent motions within a structure. While RMSD is conventionally used to 

assess whether a structure remains stable or deviates from its initial coordinate 

system during a simulation, proteins typically undergo more rapid evolution near 

their N- and C-terminal tails. In contrast, certain secondary structures, such as 

alpha helices and beta strands, tend to be more rigid and exhibit less variability 

than unstructured segments and loop sections [66]. 

The analysis disclosed a comparable range of variations (RMSF: 1.0 - 4.6 Å) 

for the C-terminal amino acid residues and the loop region of the Envelope 

Glycoprotein throughout the 100-nanosecond simulation of the docked 

complexes with the selected ligands. Consequently, the computed results suggest 

that the selected ligands exhibit enhanced stability within the designated active 

site of 1OAN compared to the reference ligand during the 100-nanosecond MD 

simulation. The highest RMSF value for complex {SH} was observed at GLY 

330, measuring 4.267 Å. In contrast, the RMSF of the 1OAN-wedelolactone 

{WL} complex displayed greater stability, experiencing a smaller decline. 

Residues ASP 329 and LYS 344 exhibited the highest RMSFs, measuring 4.307 

and 4.483 angstroms, respectively. While the complex 1OAN-6-hydroxy-7-(7-

hydroxy-3,7-dimethyl-2,5-octadienyloxy)coumarin {RH} demonstrated 

effective stability during the MD simulation, no significant variations were 

noted. The highest RMSF value for the medicagol complex {MG} occurred at 

THR 155, measuring 4.605 Å. 

The analysis disclosed a comparable range of variations (RMSF: 1.0 - 4.6 Å) 

for the C-terminal amino acid residues and the loop region of the Envelope 

Glycoprotein throughout the 100-nanosecond simulation of the docked 

complexes with the selected ligands. Consequently, the computed results suggest 
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that the selected ligands exhibit enhanced stability within the designated active 

site of 1OAN compared to the reference ligand during the 100-nanosecond MD 

simulation. The highest RMSF value for complex {SH} was observed at GLY 

330, measuring 4.267 Å. In contrast, the RMSF of the 1OAN-wedelolactone 

{WL} complex displayed greater stability, experiencing a smaller decline. 

Residues ASP 329 and LYS 344 exhibited the highest RMSFs, measuring 4.307 

and 4.483 angstroms, respectively. While the complex 1OAN-6-hydroxy-7-(7-

hydroxy-3,7-dimethyl-2,5-octadienyloxy)coumarin {RH} demonstrated 

effective stability during the MD simulation, no significant variations were 

noted. The highest RMSF value for the medicagol complex {MG} occurred at 

THR 155, measuring 4.605 Å. 

 

 

Figure 11: RMSF plot for or the Envelope Glycoprotein in conjunction with the chosen ligands 

Prime MM-GBSA Calculation 

The mean binding energy of a stabilized molecular dynamics trajectory was 

determined by analyzing two hundred frames at 50-picosecond intervals. The 

binding energy for each MD trajectory was computed using established formulas 

[67]. The Schrödinger's thermal mmgbsa.py Python script facilitated the 

calculation of the mean MM-GBSA binding energy. Furthermore, various energy 

components, including Coulombic (Coulomb), covalent binding energy 

(Covalent), hydrogen-bonding energy (H-bond), lipophilic energy (Lipo), 

generalized Born electrostatic solvation energy (Solv_GB), and van der Waals 

energy (vdW), were calculated using this application. The summarized data is 

presented in Table 2. Compounds ((S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-

2,6-octadienyloxy)coumarin) {SH} and (6-hydroxy-7-(7-hydroxy-3,7-dimethyl-

2,5-octadienyloxy)coumarin) {RH} exhibited strong van der Waals interactions, 

high binding, and lipophilic energy. Compound wedelolactone {WL} displayed 

a higher Coulombic binding energy than ligand MG, despite having similar 

Solv_GB energy. In contrast, medicagol compound {MG} exhibited lower 

Coulombic energy. Notably, the Coulombic energy of compound RH was found 

to be favorable compared to other ligands. 

 

Table 2. Calculation outcomes of MM-GBSA for the chosen ligands binding within the active site of 1OAN 

Compound ΔG Binding Coulomb Covalent H-bond Lipo Solv_GB vdW 

SH -66.704 -70.273 4.709 -0.639 -37.550 22.478 -48.674 

RH -81.799 -25.088 1.012 -0.567 -40.091 25.534 -43.599 

MG -54.911 -8.398 1.040 -0.363 -29.464 15.694 -33.422 

WL -47.485 -11.712 1.561 -0.524 -27.166 15.942 -25.586 

 

Lipinski’s Rule and ADME Prediction 

In this study the four first compounds with the best affinity in the studied 

receptor have been selected. Table 3 provides details of Lipinski's rule 

parameters, encompassing molecular weight, the count of rotatable bonds, the 

count of hydrogen bond acceptors, the count of hydrogen bond donors, and logP. 

 

Compound 

  Property 
Lipinski 

violations 
  Log P 

H-bond 

Acceptor 

H-bond 

Donor 

Rotatable 

bonds 

Molecular 

weight g/mol 

Rule <4.15 ≤10 <5 <10 ≤500 ≤1 

N° Name             

MG Medicagol 1.87 6 1 0 296.23 0 

WL Wedelolactone 0.93 7 3 1 314.25 0 

SH 
(S)-6-hydroxy-7-(5-hydroxy-3,7-

dimethyl-2,6-octadienyloxy)coumarin 
2.10 5 2 6 330.37 0 

RH 
6-hydroxy-7-(7-hydroxy-3,7-dimethyl-

2,5-octadienyloxy)coumarin 
2.10 5 2 6 330.37 0 
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All the chosen compounds adhere to the criteria outlined in Lipinski's rule, 

without any violations. Consequently, all selected compounds demonstrate 

favourable bioavailability parameters. In this study, ADMET prediction was 

employed to assess the pharmacokinetic parameters of the top four compounds 

with the highest affinity, given their compliance with Lipinski's rule conditions 

(refer to Table 4). All chosen molecules exhibit low BBB permeability. The four 

molecules are fully absorbed, and other pharmacokinetic parameters, such as 

human intestinal absorption (HIA) and water solubility (log mol/L), meet 

acceptable standards. 

 

Table 4. In silico ADMET properties of selected compounds. 

   MG WL SH RH 

Property Model Name Unit Predicted Value 

A
b

so
r
p

ti
o

n
 

Water solubility Numeric (log mol/L) -3.495 -3.419 -3.994 -3.923 

Caco2 permeability Numeric (log Papp in 10-6 cm/s) 1.034 0.232 0.98 1.034 

Intestinal absorption (human) Numeric (% Absorbed) 96.501 87.918 92.888 92.292 

Skin Permeability Numeric (log Kp) -2.696 -2.736 -3.139 -2.884 

P-glycoprotein substrate 

Categorical (Yes/No) 

No Yes Yes Yes 

P-glycoprotein I inhibitor No No Yes Yes 

P-glycoprotein II inhibitor No No No No 

D
is

tr
ib

u
ti

o
n

 

VDss (human) Numeric (log L/kg) 0.182 -0.241 0.163 0.197 

Fraction unbound (human) Numeric (Fu) 0.256 0.079 0.218 0.123 

BBB permeability Numeric (log BB) -0.697 -1.167 -0.52 -0.541 

CNS permeability Numeric (log PS) 
-2.016 -2.256 -2.277 -2.291 

M
e
ta

b
o

li
sm

 

CYP2D6 substrate 

Categorical (Yes/No) 

No No No No 

CYP3A4 substrate Yes No No Yes 

CYP1A2 inhibitior Yes Yes Yes Yes 

CYP2C19 inhibitior Yes No Yes Yes 

CYP2C9 inhibitior Yes Yes Yes Yes 

CYP2D6 inhibitior No No No No 

CYP3A4 inhibitior Yes No No No 

Excretion 
Total Clearance Numeric (log ml/min/kg) 0.598 0.712 0.826 0.797 

Renal OCT2 substrate 
Categorical (Yes/No) 

No No No Yes 

T
o
x

ic
it

y
 

AMES toxicity Yes Yes No Yes 

Max. tolerated dose (human) Numeric (log mg/kg/day) -0.159 0.619 0.349 0.502 

hERG I inhibitor 
Categorical (Yes/No) 

No No No No 

hERG II inhibitor No Yes No No 

Oral Rat Acute Toxicity (LD50) Numeric (mol/kg) 2.589 2.337 2.235 2.141 

Oral Rat Chronic Toxicity (LOAEL) Numeric (log mg/kg_bw/day) 0.862 0.872 2.053 1.403 

Hepatotoxicity 
Categorical (Yes/No) 

No No No No 

Skin Sensitisation No No No No 

T.Pyriformis toxicity Numeric (log ug/L) 0.321 0.306 1.354 1.403 

Minnow toxicity Numeric (log mM) -0.162 0.655 -1.23 -0.993 

 

Global and Local Reactivity Descriptors by DFT and Electrostatic 

Potential Maps 

Reactivity analysis provides an understanding of how chemical compounds 

interact with biological receptors in the body, which is vital in the development 

of effective and safe drugs. Thus, in this work, the chemical reactivities of (R)-

6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-octadienyloxy)coumarin {RH}, (S)-

6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-octadienyloxy)coumarin {SH}, 

medicagol {MG}, and wedelolactone {WL}, were analyzed employing global 

and local reactivity descriptors evaluated at the B3LYP/6-31+G(d,p) level of 

theory. The global reactivity parameters evaluated were the electronic chemical 

potential (), the hardness (), and the electrophilicity index () [68,69]. 
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




2

2

=  
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The energy, the number of electrons, and the external potential exerted by the 

nucleus are represented by ,  and v(r), respectively, in these equations. The 

electronic affinity is represented by , and the ionization potential is denoted by 

.  allows measuring the ability to transfer electrons to another molecular 

system, while  indicates the polarizability or stability of the molecular system. 

On the other hand,  measures the ability to accept electrons, a good nucleophile 

is suggested by low ω values, and a good electrophile is indicated by larger 

values. In Table 5 the reactivity parameters that describe the general chemical 

behaviour of the coumarins RH, SH, MG and WL are reported. Note that RH and 

SH exhibit similar reactivity parameter values. However, in comparison, MG and 

WL have a lower ability to transfer electrons because they exhibit a lower value 

of . Also, note that the  values indicate that the nucleophilicity order is given 

by WL > MG > SH=RH. The last results suggest that in this group, WL and MG 

are more nucleophilic than SH and RH. However, RH and SH are more stable 

than WL and MG. 
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Table 5. Global reactivity descriptors for RH, SH, MG and WL at the 

B3LYP/6-31+G(d level of theory in the aqueous phase according to equations 

(1), (2) and (3). 

Ligands {Abbriviation} 
 / 

eV 

 / 

eV 

 / 

eV 

6-hydroxy-7-(7-hydroxy-3,7-dimethyl-2,5-
octadienyloxy)coumarin {SH}  

4.11 3.84 2.20 

(S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy)coumarin {RH}    
4.11 3.84 2.20 

Medicagol {MG} 3.88 3.52 2.14 

Wedelolactone {WL} 3.88 3.60 2.09 

 

In addition, to investigate the point distribution of the active sites for different 

types of attacks on the coumarins studied in the present work, the local reactivity 

was evaluated using the Fukui Function, 𝑓(𝑟):[70] 

𝑓(𝑟) = (
𝜌(𝑟)

𝑁
)

𝑣(𝑟)

= (
𝜇(𝑟)

𝑣(𝑟)
) 

(4) 

 

where, 𝜌(𝑟) is the electron density. 𝑓(𝑟) in an atomic position can be evaluated 

by using the atomic charge approximation, as shown in equations (5), (6) and 

(7)[70]. 

𝑓𝑗
−(𝑟) = 𝑞𝑗(𝑁−1) − 𝑞𝑗(𝑁) (5) 

𝑓𝑗
+(𝑟) = 𝑞𝑗(𝑁) − 𝑞𝑗(𝑁+1) (6) 

𝑓𝑗
0(𝑟) = 1

2⁄ (𝑞𝑗(𝑁−1) − 𝑞𝑗(𝑁+1))    (7) 

 

where 𝑞𝑗 is the atomic charge at the site 𝑗é𝑠𝑖𝑚𝑜 neutral (𝑁)anionic (𝑁 + 1) or 

cationic (𝑁 − 1) of the chemical species. In this work, we used the Hirshfeld 

population [71], to evaluate the 𝑓(𝑟), through equations (5)-(7). For RH (Figure 

12), the most reactive sites to nucleophilic and electrophilic attacks were located 

at atoms 9C, 11C, and 15O, while for free radical attacks, the most reactive sites 

are at atoms 6C, 15O, and 17O. In the case of SH, atoms 9C, 11C, and 15O are 

sites susceptible to nucleophilic and free radical attacks. In the case of 

electrophilic attacks, 5C, 11C, and 15O turn out to be the most reactive sites. For 

nucleophilic and free radical attacks on medicagol , the most reactive sites are 

found at 3C, 9C, and 12O, while electrophilic attacks are expected at 16C, 18C, 

and 24O. In wendelolactone, 9C, 11C, and 12O are the most reactive sites for 

nucleophilic attacks, 9C, 10C, and 12O for free radical attacks, while 

electrophilic attacks occur at 12O, 22C, and 30O. 

 

Figure 12. Calculations of the Fukui function RH, SH, MG, and WL are conducted, taking into account Hirshfeld charges for nucleophilic, electrophilic, and free 

radical attacks, as specified in equations (5-7). 
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It is also important to mention here that electrostatic potential maps (MEPs) 

allow us to visualize how positive and negative charges are distributed in a 

molecule. This is important since partially charged regions can influence the 

interaction of the molecule with other substances, facilitating or hindering the 

interaction of the molecule with other substances and favoring or inhibiting 

chemical reactions. Thus, regions of high electron density (negative charges) or 

low electron density (positive charges) on an electrostatic potential map indicate 

sites where electrostatic interactions, such as chemical bonds or intermolecular 

interactions, are more likely to occur. Thus, this kind of maps allows us to 

identify the nucleophilic and electrophilic sites on a compound [72]. In Figure 

13 is depicted the MEPs for RH, SH, MG, and WL. Note that in all cases, the 

zones with high electron density (red color) are on the oxygen atoms, suggesting 

that these sites may be more reactive to electrophilic reactions. The zones with 

low electron density (blue zones) are mainly located on the hydrogen atoms, 

which may interact with sites with high electron density. 

 

 

Figure 13. Maps of molecular electrostatic potential obtained at the B3LYP/6-31+G(d) level of theory onto a density isosurface of 0.002 e/u.a.3, for RH, SH, MG 

and WL 

CONCLUSION 

Dengue virus infections are a major public health issue in many countries, and 

there is no known effective antiviral treatment. One promising approach to fight 

Dengue is to use phytochemicals, specifically coumarins, as larvicide agents. 

Coumarins have a high degree of affinity for various dengue virus derivatives 

and protein targets. In this study, structural-based drug design was applied to 

create potential inhibitors for E envelop glycoprotein receptors to inhibit the 

enzyme’s catalytic activity. ((S)-6-hydroxy-7-(5-hydroxy-3,7-dimethyl-2,6-

octadienyloxy)coumarin, 6-hydroxy-7-(7-hydroxy-3,7-dimethyl-2,5-

octadienyloxy)coumarin, wedelolactone, and medicagol showed increased 

binding energy and intermolecular interaction within the envelop glycoprotein 

pocket. These findings were based on a comprehensive computational analysis 

that included molecular docking and molecular dynamics simulations as well as 

MM/GBSA and quantum chemistry approaches, as well as drug-likeness 

assessment and in silico ADMET predictions. Furthermore, ligand atom 

mapping, the study also identified conformational alterations in conserved 

residues in docked complexes.  In-silico investigations revealed that coumarin-

derived ligands, especially hydroxylated, geranyloxy- substituted coumarins, 

preferentially bind to the dengue viral envelope protein. More in-vitro and in vivo 

studies are needed to understand the pharmacology and biological effects of these 

coumarin derived ligands, which will provide a better understanding of their 

antiviral activity. 
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