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Abstract 
 

The Epstein-Barr nuclear antigen 1 (EBNA1) is a crucial protein expressed by the Epstein-Barr virus (EBV). The 

EBNA1 is necessary for the replication and transcriptional regulation of latent gene expression of the EBV. Therefore, it is 

connected with some diseases, especially malignancies. Previous studies have shown that chalcone potentially inhibited the EBV 

virus; therefore, in this study a series of chalcones were screened in silico toward EBNA1 by the use molecular docking and 

molecular dynamics simulation. The results suggested that chalcone 3a displayed significantly greater binding affinity than the 

reported anti-EBV agents. The EBNA1 residues K477, I481, N519, K586, and T590 contributed mainly for the chalcone 3a 

binding at the recognition helix site. Altogether, this chalcone might serve as a lead compound acting against EBNA1. 
 

Keywords: chalcone, Epstein-Barr virus nuclear antigen 1 protein, natural products, molecular docking, molecular dynamics 

simulation 
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1. Introduction 
 

The Epstein-Barr virus (EBV) is a member of the 

herpesvirus family that was discovered by Epstein, Achong, 

and Barr from Burkitt's lymphoma tissue (Cohen, 2000). EBV 

infects around 90% of humans and persists for the entire 

lifetime. Viral spread commonly occurs through saliva, by 

sexual contact, and by blood and organ transplantations. EBV 

is spread widely around the world and is connected with an 

increasing number of autoimmune diseases, including 

Burkitt’s lymphoma, Hodgkin’s lymphoma (Vrzalikova, 

Sunmonu, Reynolds, & Murray, 2018), and gastric (Boud-

reault, Armero, Scott, Perreault, & Bisaillon, 2019) and 

nasopharyngeal carcinomas (Middeldorp, 2015). During latent 

infection, EBV expresses some viral gene products for 

proliferation and promotes host cell survival (Li et al., 2010).  

The Epstein-Barr nuclear antigen 1 (EBNA1) 

protein is encoded by the EBV and it is the key molecular 

target due to its essential role in the preservation of EBV 

episomes in the dividing host cells. EBNA1 is a protein dimer 

that binds in a sequence-specific way to DNA, in particular to 

the 18 base-pair (bp) palindromic recognition site present at 

the origin plasmid replication (oriP) of the EBV (Leight & 

Sugden, 2000). The oriP of the EBV carries the family of 

repeats (FR) element and the dyad symmetry (DS) element. 

The FR element is comprised of an array of 30 bp units, in 

which each unit has one EBNA1 binding site. EBNA1 bound 

with FR conducts tethering of the oriP containing plasmid to 

the chromosome and causes non-random segregation of EBV 

episomes in proliferating cells (Yasuda et al., 2011). The DS 

element consists of four EBNA1 binding sites and appears to 

function as a replicator (Schepers et al., 2001). The two 

crystal structures of EBNA1 have been solved by high 

resolution X-ray crystallography. 1VHI is the structure of 

EBNA1 without DNA binding, while 1B3T is EBNA1 protein 

co-crystallized with the palindromic DNA recognition 

sequence (Bochkarev, Mincione, Coratti, Fabrizi, & Battis-

tuzzi, 1998) (Figure 1).   

Chalcones are plant-derived polyphenolic com-

pounds that are interesting because of their remarkable 

pharmacological activities (Evranos & Ertan, 2011)  and  their 

 

 
 

Figure 1. Crystal structure of EBNA1 (PDB entry code: 1B3T), in 
which the chains A, B, and DNA are shaded by red, blue, 

and orange, respectively. The recognition helix (RH) site is 

represented by the grey sphere. 

anti-inflammatory, antibacterial, antifungal, antiviral, and 

antineoplastic properties (Bernini, Mincione, Coratti, Fabrizi, 

& Battistuzzi, 2004; Choudhary & Juyal, 2011). Structurally, 

chalcones have two aromatic rings that are connected by a 

carbon-carbon double bond and a carbonyl carbon atom which 

is typical for open chain flavonoids. Results of in vitro EBV 

early antigen induction and neuron-derived orphan receptor-1 

inhibition tests concluded that 4-hydroxyderricin, which is the 

chalcone compound extracted from the exudate of Ashitaba 

stems, could potentially inhibit EBV (Akihisa et al., 2003). In 

silico screening (Li et al., 2010) using a publically available 

molecular database containing 90,000 compounds toward 

EBNA1 leads to a series of substances with half maximal 

inhibitory concentration (IC50) values in the 20 micromolar 

range against EBNA1. Gianti, Messick, Lieberman, and 

Zauhar (2016) performed a computational identification and a 

structural characterization of EBNA1 binding pockets and 

validated docking predictions of a set of substances tested in 

vitro for EBNA1 inhibition (PubChem AID-2381). They 

reported the drug’s ability to bind pockets by applying 

induced fit docking as well as molecular dynamics (MD) 

simulations together with binding affinity predictions based 

on the molecular mechanics/generalized Born surface area 

(MM/GBSA) technique.   

In the present study, the 47 designed chalcone 

derivatives (Figure 2) were screened in silico toward the 

recognition helix (RH) site (Figure 1) in order to find a new 

attractive candidate against the EBNA1 protein. Subsequently, 

the all-atom molecular dynamics simulations were applied on 

the focused chalcones in complex with EBNA1 in order to 

investigate structural and dynamical properties and the ligand-

target interactions. Moreover, the binding affinities of the 

complexes were estimated using MM/GBSA calculations. 

 

2. Materials and Methods 
 

2.1 System setup and molecular docking 
 

The crystal structure of EBNA1 nuclear protein 

(PDB entry code: 1B3T) is given in the Protein Data Bank 

(Bochkarev, Bochkareva, Frappier, & Edwards, 1998). The 

protonation state of all charged side chains of the EBNA1 

protein was assigned at pH 7.0 by the PROPKA 3.0 server 

(Olsson, Sondergaard, Rostkowski, & Jensen, 2011). All 

structural parameters of the 47 chalcone derivatives were 

created by the Gaussian09 program (Frisch et al., 2009) using 

the HF/6-31(d) level of theory. Subsequently, each complex 

with EBNA1 was built by molecular docking into the RH site 

with 100 docking runs applying the CDOCKER module (Wu, 

Robertson, Brooks, & Vieth, 2003) of the Accelrys Discovery 

Studio 3 (Accelrys Inc., San Diego, CA, USA) and 

iGEMDOCK program using the standard docking procedures 

(Jinn-Moon, & Chun-Chen, 2004). Subsequently, the best 

docked complexes were further studied by the MD 

simulations in aqueous solutions using the AMBER16 

software package. 

 

2.2 Molecular dynamics simulation 
 

According to standard procedures (Nutho et al., 

2014; Sangpheak, Khuntawee, Wolschann, Pongsawasdi, & 

Rungrotmongkol, 2014) the  missing  hydrogen  atoms  of  the  
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        Figure 2.     Chemical structures of the three known compounds 1335528, 2122620, and 4-hydroxyderricin  
                            as well as the 47 designed chalcones in six groups. 
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EBNA1 protein were added with help of the LEaP module. 

The antechamber and parmchk modules were used to generate 

restrained electrostatic potential charges of chalcones. The 

AMBER ff14SB and GAFF force field parameters were taken 

for both the protein and the ligands, respectively (Mahalapbutr 

et al., 2017). The complex geometries with the added 

hydrogen atoms were then minimized with 1000 steps of the 

steepest descents (SD) approaches and subsequently by 3000 

steps of conjugated gradient (CG) approaches. Afterwards, 

solvation of each system was performed by TIP3P (Wang, 

Wolf, Caldwell, Kollman, & Case, 2004) water molecules of 

approximately 14,810 atoms in a periodic box at a distance of 

12 Å apart from the protein surface. The dimensions of the 

box used for all simulations were 84×84×85 Å. A periodic 

boundary condition with NPT ensemble and a step-size of 2 fs 

for the simulation time were used. The water molecules were 

then only minimized with 1000 steps of SD and continued by 

3000 steps of CG. Positive charges of complexes were 

randomly neutralized by Cl  counter ions. In the last step, all 

systems were fully minimized by the same minimization 

process. All bonds with hydrogen atoms were constrained 

using the SHAKE algorithm (Jorgensen, Chandrasekhar, 

Madura, Impey, & Klein, 1983). The MD simulations were 

performed until 100 ns. The solvent accessible surface area 

(SASA) and the root mean square displacement (RMSD) as 

well as the hydrogen bond occupation were calculated using 

the cpptraj module. MM/GBSA binding free energies and the 

per-residue decomposition energies were estimated by the 

MMGBSA.py module of AMBER16. 

 

2.3 Calculation of the binding free energy  
 

The MM/GBSA-based binding free energy 

calculations (Ryckaert, Ciccotti, & Berendsen, 1977) were 

conducted using the 100 MD snapshots from the last 20 ns of 

the simulation. In this method, binding free energies (ΔGbind) 

between EBNA1 and the respective ligand were calculated by 

computing the free energy difference between the ligand-

EBNA1 complex (ΔGcomplex) and the distinctive forms 

(ΔGEBNA1 and ΔGligand) as depicted in Equation 1: 

 

ΔGbind = ΔGcomplex − (ΔGEBNA1 + ΔGligand)             (1) 

 

where ΔGcomplex, ΔGEBNA1, and ΔGligand are the free energies of 

the complex, EBNA1, and the ligand, respectively. The total 

free energy of a given conformation (state i) contains the 

enthalpy and entropy contributions expressed by Equation 2: 

 

ΔGi = ΔHi   TΔSi                                                 (2) 

 

where ΔH is the sum of the enthalpy changes in the gas phase 

upon complex formation (ΔEMM), and the solvation free 

energy contribution (ΔGsolv).  TΔS is the entropy contribution 

to the binding process. Therefore, Equation 2 can be modified 

giving Equation 3: 

 

 ΔGbind = ΔE(MM)i + ΔG(solv)i − TΔS                (3) 

 

where the free energy (ΔGbind) is the sum of the molecular 

mechanical energy in the gas phase (ΔEMM), the solvation free 

energy (ΔGsolv), and the entropy term (ΔS). The free energy 

(ΔGbind = complex, protein, and ligand) can be computed 

using the MM/GBSA method. The ΔEMM is obtained by 

combining electrostatic (ΔEele) and van der Waals (ΔEvdW) 

energies between ligand and its receptor using Equation 4. 

 

 ΔEMM = ΔEele + ΔEvdW                 (4) 

 
The ΔGsolv can be separated into the electrostatic 

( ) and the non-electrostatic solvation energy 

( ) as given in Equation 5. 

 

 ΔGsolv = +                 (5) 

 

The electrostatic solvation energy (polar compo-

nent) is calculated with the help of the generalized Born 

model (Hou, Wang, Li, & Wang, 2011). The dielectric 

constants for the solute as well as for the surrounding solvent 

were set to 1 and 80, respectively (Mongan, Simmerling, 

McCammon, Case, & Onufriev, 2007). The non-polar 

contribution (the non-electrostatic solvation energy) is 

approximated by the scheme given in Equation 6: 

 

 = γ * SASA + b                (6) 

 
where γ is equal to 0.00542 kcal/mol·A˚2, and b is equal to 

0.92 kcal/mol (Izadi, Aguilar, & Onufriev, 2015). The SASA 

is defined by a radius of 1.4 Å for the probe molecule. The 

entropy of the solute is approximated by a normal mode 

analysis (Sitkoff, Sharp, & Honig, 1994). Moreover, the 

contribution of each amino acid for ligand binding was 

determined using the per-residue decomposition free energy 

( ) based on the MM/GBSA method. 

 

3. Results and Discussion 
 

3.1 Molecular docking study 
 

To screen the 47 designed chalcones, each 

compound was docked into the RH site using both 

CDOCKER and iGEMDOCK (Figure 3). The docking results 

from the two different methods showed the same trend. 

Chalcones 3a, 3b, and 3d contained a hydroxyl group at the 

ortho position and two methoxyl groups at the ortho and para 

positions on ring A, while chalcones 4g and 4h had a hydroxyl 

group at the ortho position. All chalcones exhibited lower 

interaction energies than the others as well as lower or equal 

interaction energies to those of the three known compounds 

used as reference compounds (1335528, 2122620, and 4-

hydroxyderricin) (Akihisa et al., 2003; Gianti, Messick, 

Lieberman, & Zauhar, 2016). This finding suggested that 

these chalcones could be potent candidates acting against the 

EBNA1 target. Thus, the five chalcones were then selected to 

investigate the dynamic behaviors and ligand-target binding 

interactions in an aqueous solution as well as to predict the 

inhibitory activity using MD simulations and MM/GBSA 

binding free energy calculations in comparison with three 

known inhibitors. 
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                            Figure 3.     Interaction energies (kcal/mol) from CDOCKER (top) and iGEMDOCK (bottom) of 47 chalcones  
                                                and 3 known inhibitors (1335528, 2122620, and 4-hydroxyderricin) in complex with EBNA1. 

 

3.2 Stability of the simulated models 
 

The stability of all simulated ligand-EBNA1 

complexes was visualized by RMSD and compared with the 

starting structure as depicted in Figure 4. The RMSD values 

of all complexes (black) were maintained at a fluctuation of 

~6.0 6.3 Å until the end of simulation time (except for the 4h 

system). Note that the 3d and 4h compounds moved out of the 

RH site even though the other two simulations with different 

velocities were performed. This suggests that these two 

compounds are likely unstable and may not bind with EBNA1 

in solution. The RMSD pattern of protein EBNA1 (light grey) 

and backbone of protein EBNA1 (dark grey) was similar for 

all systems (except for the 4h system), while the RMSDs of 

ligand (grey) showed a low fluctuation compared to its initial 

structure. In this study, the last 20 ns of MD trajectories of 

chalcones systems were extracted for further analysis for 

comparison with the 1335528, 2122620, and 4-hydroxyderri-

cin systems. 

 

3.3 Binding free energy prediction for ligand- 

      EBNA1 complex 
 

The MM/GBSA based binding free energies for 

EBNA1 with eight ligands were calculated from the last 20 ns 

using 100 snapshots (Table 1). As expected, due to the 

hydrophobicity of all compounds, vdW interaction was the 

main force inducing ligand-EBNA1 binding. Interestingly, the 

averaged binding free energies of chalcones 3a ( 9.3±0.8 

kcal/mol) and 3b ( 7.0±0.8 kcal/mol) are significantly lower 

than those of the known active compounds 1335528 ( 6.8±1.1 

kcal/mol), 2122620 ( 5.2±1.1 kcal/mol), and 4-hydroxyderri-

cin ( 4.1±0.8 kcal/mol) which suggested that these two 

chalcones could potentially inhibit EBNA1. Notably, our 

MM/GBSA approaches were able to predict the binding free 

energy values of the two inhibitors 1335528 and 2122620 

against EBNA1 somewhat close to the experimental data 

(ΔGexp of  7.1 kcal/mol and  6.3 kcal/mol). Note that, the 

ΔGexp was obtained from the IC50 values of 6.659 μM and 

26.951 μM where IC50 was the drug concentration which 

inhibited the enzyme activity by 50%. In addition, the binding 

free energies of chalcones 3d (0.4±0.9 kcal/mol) and 4h 

(2.5±1.3 kcal/mol) confirmed that compounds 3d and 4h did 

not preferably interact with EBNA1 and moved out of the RH 

site. Only the 3a, 3b, and 4g systems were then analyzed 

further.  

 

3.4 Binding pattern of screened chalcones 
 

In order to investigate the key residues which are 

involved in ligand binding within the RH site,  the  per-residue 
 

 
 

Figure 4. Root mean square displacement (RMSD) plot for all atoms 

(black), protein (light grey), backbone atoms (dark grey), 

and ligand atoms (grey) for all studied ligand-EBNA1 

complexes. 
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decomposition free energy ( ) calculations were 

performed by the MM/GBSA method. The same set of 100 

snapshots was used as in the former session. The contribution 

of each amino acid for the ligand binding for all complexes is 

given in Figure 5a. The negative and positive decomposition 

free energy values are a measure of the ligand attraction and 

repulsion, respectively. Additionally, the binding orientations 

of 3a, 3b, 4g, 1335528, 2122620, and 4-hydroxyderricin 

inside the RH site are displayed in Figure 5b. The results 

showed that Pro476, Lys477, Asn480, Ile481, Asn519, 

Leu582, Lys586, and Thr590 were found to be the key 

binding residues for ligand binding. The findings corres-

ponded with a previous study (Gianti, Messick, Lieberman, & 

Zauhar, 2016) in which Lys477, Asn480, Asn519, and Lys586 

were found to be the important residues in establishing 

interactions with compounds 1335528 and 2122620.  

Hydrogen bonding is an important factor in ligand-

target interactions. Consequently, the percentage of inter-

molecular hydrogen bonding was determined according to two 

criteria: (i) distance between the hydrogen donor (HD) and 

hydrogen acceptor (HA) lower than 3.5 Å and (ii) the angle of 

HD H⋯HA more than 120°. Schematic views of hydrogen 

bonding formed between each ligand and its binding residues 

extracted from the last snapshot are given in Figure. 6. The 

important residues contributed to ligand stabilization through 

a firmed hydrogen bond formation are likely from Asn475 for 

4g, Asn480 for 1335528, Asn519 for 3a, 3b, and 1335528, 

and Leu582 for 2122620. These intermolecular hydrogen 

bonds somewhat support the ligand binding to EBNA1, but is 

not the main force for ligand-target complexation as discussed 

above in terms of molecular mechanics energy (Table 1). 

 

3.5 Solvent accessibility at the RH site 
 

The SASA calculation of the protein residues within 

a 5 Å sphere of ligand (residues 464-471, 475-488, 513-520, 

and 579-590) was performed to investigate the effect of 

solvent accessibility on the RH site. The results are 

summarized and compared in Figure 7. The SASA value over 

the last 20 ns of the RH site without ligand binding (apo form)
 

 
 

 
             

      Figure 5.    (a) Per-residue decomposition free energy ( ) of the EBNA1 protein for the binding of 3a, 3b, 4g, 

                         1335528, 2122620, and 4-hydroxyderricin, (b) Binding orientation inside the recognition helix site drawn  

                         from the last MD snapshot. The EBNA1 residues involved in ligand binding are shaded according to their  

                          values in which the lowest and highest energies range from purple (−3 kcal/mol) to red (3 kcal/mol),                                 

respectively. 
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                                      Figure 6.     Percentages of hydrogen bonding for the six ligands with EBNA1 residues  
                                                        evaluated over the last 20 ns. 
 

 

                                       Table 1.     MM/GBSA binding free energy and its energy components (kcal/mol) for 3a, 3b, 3d,  

                                                         4g, 4h, 1335528, 2122620, and 4-hydroxyderricin in complex with EBNA1. 
 

 
3a 3b 3d 4g 

     

∆Evdw −34.62±0.28 −31.21±0.35 −26.63±0.47 −31.33±0.28 
∆Eelec −17.15±0.57 −18.98±0.56 −9.23±0.63 −13.37±0.36 

∆EMM −51.77±0.68 −50.18±0.63 −35.87±0.93 −44.70±0.43 

∆Gpolar 29.52±0.51 30.47±0.50 20.94±0.67 26.80±0.33 

∆Gnon-polar −4.96±0.03 −4.59±0.05 −3.39±0.07 −4.45±0.03 

∆Gsol 24.57±0.50 24.22±0.35 17.55±0.62 22.35±0.32 

-T∆S 17.93±1.19 17.26±1.35 17.99±1.21 0.56±0.87 
∆Gbind −9.27±0.79 −7.04±0.78 0.36±0.92 −3.90±0.54 

∆Gexp N/A N/A N/A N/A 
     

 
4h 1335528 2122620 4-hydroxyderricin 

     

∆Evdw −18.47±0.79 −31.53±0.29 −34.60±0.41 −31.11±0.26 

∆Eelec −7.10±0.74 −20.19±1.01 −5.34±0.97 −0.51±0.56 
∆EMM −25.57±1.13 −55.72±1.06 −39.94±1.02 −31.62±0.59 

∆Gpolar 16.46±0.85 30.52±0.85 25.15±0.89 14.20±0.51 

∆Gnon-polar −2.48±0.10 −4.44±0.04 −5.29±0.04 −4.46±0.03 
∆Gsol 13.98±0.79 26.08±0.83 12.36±0.88 9.74±0.51 

-T∆S 1.71±1.85 22.81±1.34 22.42±1.29 17.81±1.34 

∆Gbind 2.50±1.26 −6.84±1.08 −5.15±1.06 −4.07±0.81 
∆Gexp N/A −7.1 −6.3 N/A 

     

 

           
 

Figure 7.     Solvent accessible surface area (SASA) within a 5 Å sphere of ligand in chain A (red) represented by green color. 
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of 1993±99 Å2 was observed, which was higher than all 

ligand binding in chain A. This suggested that the focused 

chalcones, i.e. 3a, 3b, and 4g, fit well within the RH site as 

also found for the known inhibitors. 

 

4. Conclusions 
 

In the present study, 47 designed derivatives of 

chalcone were used for anti-EBV drug screening using 

computational approaches. Molecular docking based on 

CDOCKER and iGEMDOCK techniques suggested that 

chalcones 3a, 3b, and 3d containing a hydroxyl group at the 

ortho position and two methoxyl groups at the ortho and para 

positions on ring A and the chalcones 4g and 4h containing a 

hydroxyl group at the ortho position on this ring preferentially 

bonded with the EBNA1 more than other compounds. Their 

interaction energies were also lower or equal to the known 

anti-EBV agents, 1335528, 2122620, and 4-hydroxyderricin 

and thus they were selected for the MD study. According to 

per residue decomposition free energy analysis, the amino 

acid residues Pro476, Lys477, Asn480, Ile481, Asn519, 

Leu582, Lys586, and Thr590 were found to be potent binding 

residues for ligands according to the residue decomposition 

free energy analysis. Van der Waals interactions were found 

to be higher than electrostatic interactions and hydrogen 

bonding. The MM/GBSA binding free energies showed that, 

among the focused compounds, 3a exhibited the greatest 

binding affinity. The theoretically obtained results give 

valuable information on the structures and dynamics of the 

complexes with regard to the binding orientation of ligands 

and the amino acid side chain residues of the ligand binding 

pocket. In summary, it is suggested that the screened chalcone 

3a be tested further for the inhibitory activity toward EBNA1 

for further use as a lead compound in anti-EBV drug design 

and development. 
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