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Abstract: Although the vaccine against the COVID-19 pandemic has been achieved, therapeutics still 

have to design to treat the infected patients. Several studies by the scientific communities are involved 

all over the world to develop a novel therapeutic agent against the COVID-19 virus. This study screened 

four β-diketone-based Cu(II) complexes against COVID-19 main protease to study their potential as an 

antiviral drug molecule. A molecular docking study revealed the excellent inhibitory activity of Cu(II) 

complexes with good binding energy values. Molecular dynamics simulation studies were carried out 

for 50ns to explore the selectivity profiles, conformational stability, and fluctuations of protein-ligand 

complexes during the simulation. Using DFT calculation, the highest occupied and lowest unoccupied 

molecular orbitals, electronic properties, and molecular electrostatic potential were investigated and 

compared with the docking results.  
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1. Introduction 

On March 12, 2020, the World Health Organization (WHO) declared Covid-19 an 

emerging disease [1-3]. COVID-19 is a positive-stranded RNA virus with a crown-like 

appearance under an electron microscope [4]. Two replicate polyproteins, pp1a and pp1ab are 

synthesized in the cell when the COVID-19 virus infects it [4,5]. A replication/transcription 

complex has several structural proteins, and two proteases constitute these polyproteins. One 

of these proteases is the main protease of coronavirus, which cuts the polyproteins into 

individual functional pieces, leading to the replication of new viruses [6-8]. Since it mediates 

viral transcription and replication, the main protease is the best-characterized target for SARS-

CoV-2. Various groups have reported the crystal structure main protease with and without the 

inhibitor [9-12]. Finding suitable inhibitors of the main protease can prevent the COVID-19 

virus from multiplying in the host cell. Hence, blocking this enzyme's activity would inhibit 

viral transcription and replication, which will help design newer drugs [13-14]. 

In continuation of our previous research work, we have selected beta-diketone Cu(II) 

complexes such as, 1-phenyl-1,3-butanedione copper(II) complex (M1), 4,4,4-trifluoro-1-

phenylbutane-1,3-dione copper(II) complex (M2), 4,4,4-trifluoro-1-(thiophen-2-yl)butane-1,3-
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dione copper(II) complex (M3) and  4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione copper(II) 

complex (M4) to investigate their inhibition property against COVID-19 main protease using 

in-silico molecular docking and then molecular dynamics simulation studies. Copper (II) is 

used in various biological processes, including electron transport and catalysis, and is typically 

found in enzyme and protein active sites; however, it has been related to the treatment of a 

variety of diseases, including cancer. The selected Cu(II) complexes showed good antibacterial 

properties against Methicillin-resistant Staphylococcus aureus (MRSA) bacteria [15-17]. In 

this study, our attempt is to check their antiviral property against the main protease of the 

COVID-19 virus. The molecular docking (MD) approach includes several approaches for 

evaluating drug candidates' bioactivity, physicochemical properties, and pharmacokinetic 

properties. MD is a powerful approach for structure-based drug discovery (SBDD) [18-22].  

This can be used to model the interaction between a small molecule and a protein at the 

atomic level, which allows to characterization of the behavior of small molecules in the binding 

site of target proteins and elucidate fundamental biochemical processes [23-31]. We choose the 

crystal structure of 6LU7 [32] for our study from the PDB, which consists of 312 amino acids. 

The X-ray crystal structure of 6LU7 is the first deposited main protease structure of the novel 

COVID-19 which serves as a potential target for the inhibition of COVID-19 [33]. Protease 

inhibitors are compounds that block the action of proteases and can be used as antiviral drugs.  

2. Materials and Methods 

2.1. DFT calculations. 

DFT calculations were carried out for selected β-diketone copper complexes to 

optimize the coordinates of the structures. DFT calculations provide identical results to the 

realistic models of target molecules and also help study the interactions between the receptors 

and the ligands [34, 35]. The optimization of coordinates of copper complexes was carried out 

using Gaussian 16 program package [36], using the B3LYP density function with the LanL2DZ 

basis set for metal atoms and the 6-311+G(d,p) basis set for C, O, F, N, and H atoms. All DFT 

calculations were visualized using GaussView 5.0.8 [37]. The calculated parameters utilized 

in this study comprise the Highest Occupied Molecular Orbital (HOMO) and the Lowest 

Unoccupied Molecular Orbital (LUMO) energies, orbital energy gap, absolute hardness, 

electronegativity, chemical potential, global softness, and electrophile index. These parameters 

play a prominent role in explaining the ligands interaction in the binding pocket of COVID-19 

main protease. The Molecular Electrostatic Potential surfaces (MEPs) were accomplished from 

the calculations and visualized using Gauss View. 

2.2. Molecular docking studies. 

To investigate the effect of selected β-diketone copper complexes with the COVID-19 

main protease protein, molecular docking analysis was carried out. MGL tools 1.5.6 [38] with 

AutoDock Vina [39,40] were used for the molecular docking analysis to detect the preferred 

binding sites. Crystallographic information files of selected β-diketone copper complexes were 

used for the ligand preparation by MGL tools 1.5.6. The selected copper complex structures 

were prepared, optimized and energy minimized. 

From the Protein Data Bank, a 3-D structure of the main protease (PDB ID:6LU7) was 

downloaded in PDB format. The initial preparation of the protein structure was performed by 

removing water and N3 inhibitor using Biovia Discovery Studio 2019 visualizer [41]. Then 
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using AutoDock Tools, nonpolar hydrogen atoms were added, and energy was minimized to 

the main protease. The atomic potential binding site was defined using grid size of x = -11.575, 

y = 14.611 and z = 65.164. The binding affinity of copper complexes was evaluated in 

kcal/mole and was found to be negative. Biovia Discovery Studio 2019 visualizer was used to 

visualize and analyze ligand interactions. 

2.3. Molecular dynamics simulation. 

Molecular dynamics simulation for 6LU7-M1, M2, M3, and M4 complexes was 

performed using the Desmond program 30 in Schrödinger suite 2017-2. Protein-ligand 

complexes were solvated individually in an explicit water box of size 10 using the TIP3P water 

model with periodic boundary conditions and a simple point charge (SPC) water model [42]. 

Na+ or Cl- ions were added to neutralize the system's total charge, and the NPT ensemble was 

used to minimize and relax the system with a recording period of 200 ps; each simulation was 

run for a total of 50 ns. The system was gradually annealed throughout the simulations to 

maintain a temperature (300 K) and pressure using the Nose-Hoover thermostatic algorithm 

and the Martina-Tobias-Klein method [43,44]. The simulation interaction diagram tool 

included in the Desmond package was used to analyze the complete communications between 

the ligands and protein. The simulation interaction diagram (SID) program in Schrodinger was 

used to analyze the results in terms of protein and ligand root mean square deviations (RMSD), 

root mean square fluctuation (RMSF), and protein-ligand interaction fingerprints.  

3. Results and Discussion 

3.1. Density functional theory calculation. 

DFT calculations for selected β-diketone copper complexes M1, M2, M3, and M4 were 

carried out to compute the LUMO and HOMO orbital energy gap (ᐃEgap), electronegativity 

(χ), chemical potential (μ), global softness (σ), absolute hardness (η) and electrophile index (ω) 

values (Table 1) which often play governing roles in molecular systems. Figure 1 shows the 

optimized molecular structures of M1, M2, M3, and M4, as well as the HOMO and LUMO 

electron density distributions of the Cu(II) complexes. A higher HOMO value shows that a 

molecule is more likely to transfer its freely bound electron to the suitable orbitals of an 

acceptor molecule. The decreasing order of HOMO of the Cu(II) metal complexes is 

M3>M4>M1>M2 it indicates that the M3 complex has a strong preference for donating its 

most energetic electron to an acceptor molecule's appropriate orbital. The LUMO is a measure 

of a molecule's tendency to accept electrons from a donor species' proper orbital. The lower the 

LUMO value, the more likely the molecule is to accept an electron. The values of the LUMO 

for the studied complexes are in the order M1>M3>M2>M1; the M1 has the highest tendency 

for accepting electrons from an electron-donating species' appropriately occupied orbitals. The 

molecular orbital energy gap at the frontier is frequently used as a reactivity or stability indices. 

M2 complex showed the lowest ᐃEgap (Figure 1 and Table 2) among the other Cu(II) 

complexes. The lower energy gap value makes the flow of electrons easier, so the molecule 

becomes soft and more reactive. The negative values of chemical potential (μ) for all the Cu(II) 

complexes indicate good stability, leading to the formation of a stable complex with the 

receptor. M2 exhibits the lowest hardness values (η) among the selected Cu(II) complexes 

associated with molecular docking.  
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Figure 1. (a) Optimised molecular structures; (b) Frontier Kohn-Sham molecular orbitals of selected β-diketone 

copper complexes M1, M2, M3, and M4. 

Table 1. Global and local reactive descriptors of selected β-diketone copper complexes M1, M2, M3, and M4. 

β-diketone copper 

complexes 

EHOMO (eV) ELUMO (eV) ᐃEgap (eV) χ  (eV) η (eV) σ (eV) μ (eV-1) ω (eV) 

M1 Alpha -6.231 -1.986 4.241 4.108 2.125 0.470 -4.108 3.969 

Beta -4.406 -5.904 2.838 4.371 1.533 0.652 -4.371 6.237 

M2 Alpha -6.262 -3.136 3.127 4.698 1.563 0.639 -4.698 7.058 

Beta -4.259 -2.135 2.123 3.197 1.061 0.941 -3.197 4.814 

M3 Alpha -7.017 -3.105  3.912 5.061 1.956 0.512 -5.061 6.547 

Beta -6.974 -3.837 3.137 5.406 1.568 0.637 -5.406 9.316 

M4 Alpha -6.187 -2.198 3.989 4.192 1.194 0.501 -4.192 3.390 

Beta -6.170 -2.851 3.319 4.510 1.659 0.600 -4.510 2.821 
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3.2. Molecular docking results.  

Since no therapeutic agents are available for treating infection caused by the covid-19, 

only several FDA-approved drugs [45], anti-HIV, and anti Malarial drugs are offered as 

supportive actions to treat the infection [46-53]. In this work, we study the efficiency of β-

diketone Cu(II) complexes as inhibitors against the main protease of SARS-CoV-2 proteins. 

Molecular docking analysis is a preliminary way to screen the potential drug candidates for a 

specific disease in less time. The results obtained from the docking studies have shown that the 

Cu(II) complexes bind in the active site of the main protease of a covid-19 virus. A summary 

of the results obtained from docking of studied β-diketone Cu(II) complexes with main protease 

(PDB:6LU7) is summarized in Table 2.  

 
Figure 2. Glide Docking. Predicted binding mode of M1, M2, M3, and M4 in a main protease of Covid-19. 

Close-up view of the main protease active site (PDB ID: 6LU7). The protein is rendered with ribbons, and key 

residues are shown as sticks. The docked poses of (A) M1, (B) M2, (C) M3; (D) M4. 

3.2.1. Interaction of M1 with the main protease. 

The interaction of M1 with the main protease showed good affinity and the ligand fitted 

inside the binding pocket region of the protease (Figure 2A) with the binding energy -8.1 

kcal/mol. The most important interaction between M1 and the protein is described by two 

hydrogen bonding between NH and bridging carbon group of residue ASN142 and 

coordinating oxygen atoms of M1 at a distance of 2.32, 2.47, and 3.60 Å, respectively (Table 

2 and Figure 3a). Figure 3a represents the H-bond profile between M1 and main protease, 

clearly showing that ASN142, GLY143, and HIS141 act as hydrogen donor residues, whereas 

MET49 is a hydrogen acceptor residue. The benzene ring of the M1 complex is active by 

making π-carbon interaction with the imidazole ring of HIS41 residue with a distance of 
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4.30 Å. Apart from these interactions, π-alkyl, and amide-π stacked interaction bonds are 

formed by the residue MET49 and GLY143 with the benzene ring of M1 (Figure 3a and Table 

2).  

3.2.2. Interaction of M2 with the main protease: 

M2 is bound to the active pocket of the main protease (Figure 2B) with a greater binding 

energy of -9.5 kcal/mol. Fluorine atom and benzene π system of the M2 complex bind to the 

catalytic dyad (CYS-145 and HIS-41) of the main protease with strong conventional hydrogen 

(3.54 Å) and π-anion (4.48 Å) bonds. The significant interactions between M2 and the main 

protease are portrayed by two hydrogen bond interactions between NH groups of GLU166 and 

HIS163 with chelating oxygen and fluorine atoms of M2. Main protease-M2 binding is also 

stabilized by π-sulfur, π-stacked, and fluorine interactions between MET165, MET149, HIS41, 

THR190, GLN189 residues, and π system of the benzene ring and fluorine atoms of the M2 

(Figure 3b and Table 2). Figure signifies the H-bonds between M2 and main protease. Amino 

acid residues CYS145, GLU166, HIS41, and HIS163, are active as hydrogen donors, whereas 

MET165, MET149, and THR190 as hydrogen acceptor residues (Figure 3b and Table2). 

3.2.3. Interaction of M3 with the main protease: 

The binding affinity of M3 with the main protease is explored with the energy value -

9.5 kcal/mol. Fluorine groups of the M3 showed an excellent binding affinity towards the main 

protease with strong H-bond and hydrophobic interactions (Figure 2C and 3c). NH and NH2 

groups of THR190 and GLN192 amide residues formed two strong conventional hydrogen 

bonds with the donor-acceptor distance of 2.71 and 2.83 Å, respectively. C=O moiety of 

THR190 and ASN142 attached to the M3 with three and two fluorine bond interactions, 

respectively. Hydrophobic interaction between MET165 and HIS41 residues and centroid of 

the thiophene ring of M3 is observed with a distance of 4.43 and 4.97 Å, respectively (Figure 

3c and Table 2). Figure 3 clearly demonstrates the hydrogen donor and acceptor amino acid 

residues with pink and green colors.  

3.2.4. Interaction of M4 with the main protease:  

With binding energy of -8.8 kcal/mol, the copper complex M4 fitted inside the active 

site of the main protease, exploring five-strong H-bond and hydrophobic interactions (Figure 

2D). HIS166, ASN142, and HLY143 amino acid residues act as hydrogen donors to form 

strong H-bonds with the fluorine group of M4, whereas THR26, MET49, and LEU141 are 

active as hydrogen acceptor residues. Hydrophobic interactions between sulfur of CYS145 and 

fluorine atoms of M4 played a significant role in protein-ligand complex stability. The peptide 

group of THR126 and LEU141 residues interact with the fluorine and carbon atoms of M4. 

Also, MET49 and MET165 residues form the π-alkyl bonds with the π system of naphthalene 

rings of M4, contributing to the stability of the main protease-M4 complex (Figure 3d and 

Table 2). 

3.3. Molecular dynamic simulation. 

The Molecular dynamic simulation study was carried out for copper complexes for 

further analysis of molecular docking results. To assess the binding stability of the main 

protease, docked complexes with β-diketone Cu(II) complexes (M1, M2, M3, and M4) were 

https://doi.org/10.33263/LIANBS124.131
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS124.131  

https://nanobioletters.com/ 7 of 14 

 

subjected to a simulation study for a 50 ns simulation period in the binding region of the main 

protease. To examine dynamic behavior throughout the simulation period, all the protein-ligand 

complexes were analyzed by the calculation of RMSD, RMSF, and Protein-ligand interactions. 

 
Figure 3. 2D interactions between main protease and copper complexes (a) M1; (b) M2, (c) M3; (d) M4. 

 
Figure 4. RMSD profiles of the complexes (a) M1; (b) M2; (c) M3; (d) M4 during the MD simulations. 
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3.3.1. Root mean square deviation (RMSD). 

MSD fluctuations of the all protein-ligand complex were examined during the 50ns MD 

simulation to measure the equilibration, protein flexibility, conformational changes, and 

translational and rotational movements inside the protease binding site. Figure 4 depicts the 

RMSD plot for all four ligands and protein backbone RMSD. The selected molecules remain 

stable throughout the simulation within the acceptable range of change in backbone RMSD. 

Molecules M1 and M4 showed good stability, as these molecules are equilibrated at 0ns, 

remain stable till 30ns, then fluctuated by ~0.75 and ~0.25 Å, respectively, after they remained 

stable throughout the molecular simulation. The ligand RMSD for the M3 molecule fluctuates 

from 0.45 Å to 1.9 Å till 30ns then reaches 2.3 Å and stabilizes till 50 ns. The oscillations in 

the RMSD values for the studied complexes indicated the durability of hydrogen and other 

bond interactions and showed these molecules are more active inside the binding pocket of the 

main protease. The detailed insight into the RMSD of all the selected ligands and main 

proteases is depicted in Figure 4. 

3.3.2. Root mean square fluctuation (RMSF. 

RMSF for protein-ligand complexes was measured based on the fluctuations at the 

residue level. To explore more insight into the protein flexibility, the time average of RMSF 

values of the 300 amino acids of covid 19 main protease with the presence of M1, M2, M3, 

and M4 molecules over the simulation period were calculated. RMSF plots of all four 

molecules indicate that binding to the receptor was stable and showed a minor effect on the 

flexibility of the protein throughout the simulation period. The RMSF values for the 6LU7-M4 

complex stabled with fewer fluctuations among the other three complexes. The maximum 

fluctuation in the RMSF graph of the 6LU7-M4 complex was observed in the residue CYS300 

with the RMSF value of 2.75 ± 0.08 Å. The active site residues (LEU141, ASN142, GLY143, 

HIS163, and MET165), which contributed to the protein-ligand binding, showed fewer 

fluctuations. The RMSF values for the 6LU7-M1, M2, and M3 complexes indicated that the 

residues TYR37, CYS38, PRO39, ALA206, VAL204, and LEU205, showed less fluctuation 

during the simulation period with the average RMSF values of the residues ~ 0.36 ± 0.04, 0.30 

± 0.06, and 0.43 ± 0.06 Å respectively. 

3.3.3. Protein-Ligand Contacts. 

Fingerprints of ligands interaction in the active site of the protein are shown in Figure 

5. In 6LU7-M4 and 6LU7-M1 complexes, ASN142 establishes hydrogen bonds with 74 and 

31% of the simulation time, respectively. 6LU7-M1 complex SER144 and GLY143 exhibit the 

hydrogen-bonded interactions mediated by a water molecule with 62 and 42% of the simulation 

period, respectively (Figure 5). In the 6LU7-M3 complex, GLN189 and GLU166 residues 

maintain the hydrogen bonds and water bridges which help to maintain overall ligand stability 

during simulation GLU166, THR26, and ASN142 are the most prevalent ligand interactions in 

the binding sites of all four complexes. While the remaining ligand interacts with the protein 

of amino acids in the complex, as shown in Figure 6. 

https://doi.org/10.33263/LIANBS124.131
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS124.131  

https://nanobioletters.com/ 9 of 14 

 

 
Figure 5. Fingerprints of protein-ligand interactions during the MD simulations where in (a) M1; (b) M2; (c) 

M3; (d) M4. 

 

Figure 7. H-bond profile of the complexes (a) M1; (b)M2; (c) M3; (d) M4 during the MD simulations. 

Table 2. Glide docking interaction details between main protease and selected ligands. 

M1 GLY143 O1 Conventional 2.32 

GLY143 O2 Conventional 2.47 

ASN142 O1 Carbon 3.60 

MET49 Centroid of the 

benzene 

π  Alkyl 4.77 

HIS41 Centroid of the 

benzene 

π  Cation  4.80 

M2 GLU166 N Conventional 2.54 
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HIS163 F1 Conventional Fluorine 2.71 

THR190 F3 Fluorine 3.16 

GLU166 C Fluorine 3.38 

THR190       C Fluorine 3.41 

GLU166 Centroid of the 

benzene 

π Anion 3.43 

CYS145 F2 Conventional Fluorine 3.54 

HIS41 Centroid of the 

benzene 

π  π Stacked 4.22 

HIS41 Centroid of the 

benzene 

Pi Cation 4.48 

MET49 Centroid of the 

benzene 

Sulfur 5.02 

MET165 Centroid of the 

benzene 

Pi sulfur 5.51 

M3 THR190 N Conventional; Fluorine 2.71 

THR190 0 Fluorine 2.72 

GLN192 F5 Conventional; Fluorine 2.83 

ASN142 F2 Fluorine 3.04 

GLN189 O Fluorine 3.06 

ASN142 F5 Fluorine 3.09 

THR190 O Fluorine 3.18 

GLN189 F2 Fluorine 3.30 

THR190 O Fluorine 3.33 

GLN189 F5 Fluorine 3.62 

HIS41 Centroid of the 

benzene 

Pi Alkyl 4.43 

MET165 Centroid of the 

benzene 

Alkyl 4.97 

M4 HIS163 F4 Conventional; Fluorine 2.45 

ASN142 FOA Conventional; Fluorine 2.57 

GLY143 F2 Conventional; Fluorine 2.75 

LEU141 F6 Fluorine 3.13 

LEU141 F1 Fluorine 3.16 

HIS163 F4 Conventional; Fluorine 3.46 

CYS145 F6 Conventional; Fluorine 3.49 

THR26 C1 Corbon 3.50 

ASN142 FOA Conventional; Fluorine 3.57 

ASN142 F3 Fluorine 3.58 

MET165 Centroid of the 

benzene 

Pi Alkyl 4.90 

MET165 Centroid of the 

benzene 

Pi Alkyl 5.48 

MET48 Centroid of the 

benzene 

Pi Alkyl 5.48 

4. Conclusions 

In the present research work, selected β-diketone Cu(II) complexes were studied against 

covid-19 main protease to test their potential as an antiviral agent. The compounds were 

subjected to theoretical studies, and their optimized molecular structure and FMO images were 

obtained by the DFT-B3LYP method at 6311++G(d,p). Molecular docking analysis showed 

the significant inhibitory activity of Cu(II) complexes with the binding energy values of -8.1, 

-9.5, -9.5, and -8.8 kcal/mol for M1, M2, M3, and M4, respectively. These inhibitors interact 

with the catalytic dyad in the active site of the COVID-19 main protease, which is vital in viral 

replication. All four complexes were subjected to molecular dynamics simulation studies to 

confirm the stability of protein-ligand complexes structure during the simulation period of 
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50ns. The top 1 hit compound (M3) showed excellent binding energy, the highest hydrogen 

bond occupancy, and an excellent range of RMSD and RMSF values for 6LU7 protein. It's 

calculated HOMO-LUMO energy gap is 3.91 and 3.13ev for alpha and beta. The study provides 

the basic foundation for the -diketone-based Cu(II) complexes to be used as potential inhibitors 

in regulating main protease function and controlling viral replication. Further, its potential can 

be proved by its in-vivo, in-vitro, and clinical studies. 
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