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      SARS-CoV-2 has endangered the health of notable population of the world and hence, it attracted the attention of many researchers. In 

this study, we introduce two potential antiviral compounds for the treatment COVID-19 and compare it with the current reference drug. 

Molecular dynamics simulation and quantum theory of atoms in molecules (QTAIM) were used to study the host-guest interaction and 

dynamics between the nCov protein and inhibitors. Results obtained after a triplicate run of 100 ns for each compound revealed that compound 

B2 showed better inhibitory potential with MM-GBSA binding energy of -40.05 kcal mol-1, compared to the referenced drug. It is worth 

noting that B1 had a comparable binding potential with B2, suggesting some similarity in their inhibitory features. The QTAIM results 

showed that Laplacian 𝛻2ρ(r) and ellipticity (ε) were positive, indicating a stable protein-ligand interaction. The order of stability was in 

agreement with the MM-GBSA energy trends. The results showed that B1 and B2 can be used as a hopeful therapeutic for the cure of                    

Covid-19. Though, a crucial trial should be done to authenticate this conclusion. 
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INTRODUCTION 
 

      The coronavirus (COVID-19) infection is known as the 

world’s pandemic infectious disease caused by a strain called 

SARs-CoV-2 [1]. This was revealed in 2019 in Wuhan city 

of China, spread all around the world, and infected more than 

500 million people till July 31, 2022; it is currently a subject 

of concern to public health [2-4]. Developing new active 

drugs, in addition to available drugs under testing, is an 

important task for the pharmacotherapy of this disease [5-7]. 

Researchers are trying to find antivirals precise to the virus. 

Many drugs such as remdesivir (RV), chloroquine (CQ),                   

and favipiravir are presently under clinical trials to test                       

their efficacy and safety in  the treatment of  COVID-19 [8].  
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Targeting the spike protein has been reported as a probable 

strategy for treating the disease [9,10]. Therefore, an 

effective therapy against SARS-COV-2 needs to be 

discovered. 

      An experimental study showed that the family                                

of 4,5-dihydro-1H-pyrrolo[3,4-c]pyrazol-6 one 

(pyrrolopyrazolone) binds with CANTD site 2 and            

prevents uncoating of viral capsids in vitro [11]. Two            

class of 4,5-dihydro-1H-pyrrolo[3,4-c]pyrazol-6 one 

(pyrrolopyrazolone) HIV-1 inhibitors, B1 and B2, were 

shown to prevent early postentry stages of viral replication. 

We previously studied these two inhibitors; they replicated 

the experimental finding and N-methylation of the inhibitors 

increased the chemical reactivity [12]. The coronavirus main 

protease has been reported to inhibit enzyme activity by 

blocking viral replication. This main protease has attracted 

much attention in drug design, including in the development  
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of effective antiviral drugs [13]. To the best of our 

knowledge, no work has reported the properties of these 

compounds for treatment of the coronavirus main protease. 

Since these compounds, B1 and B2, are effective against viral 

replication and they stop the uncoating of viral capsids                   

in vitro, this work focuses on investigating the potential 

ability of these compounds as an antiviral therapy against the 

coronavirus main protease. We used computational 

approaches such as docking, molecular dynamics, and 

density functional theory to ascertain the potential of these 

compounds for the treatment of COVID-19 patients. We 

believe that our conclusions will be beneficial for the clinical 

management of SARS-CoV-2 patients.  

 
COMPUTATIONAL DETAILS 
 
Docking 
      The energies for the binding of B1, B2 (Fig. 1) and 

Chloroquine (CQ) were studied through molecular docking. 

3D crystallography of  SARS -CoV2 were retrieved from the 

protein data bank (PDB) (ID: 6M0J) [14]. AutoDock tool 

1.5.4 [15] was applied to determine the appropriate grid box. 

The optimization of B1 and B2 was done with Gaussian 09 

[16]. The dimensions were X = 26, Y = 26, and Z = 26. Grid 

spacing of 1.00 Å was selected. The binding site for the 

ligand [17,18] was determined using the Lamarckian genetic 

algorithm method. Gasteiger charges were added using the 

AutoDock tools graphical user interface implemented by 

MGL Tools [19]. The docking protocol was validated by re-

docking the internal ligand into the binding pocket of the 

protein. 

 

Molecular Dynamic Simulation 
      To further validate the docking protocol B1, B2 and 

Chloroquine were subjected to Molecular dynamics 

simulation. Modified molecular dynamics protocol was used 

as described by Ogidigo et al. [3] and Ibeji et al. [12]. The 

AMBER 18 software package was applied with 

ANTECHAMBER [20] and LEap module. FF14SB [21] 

force field was used for assigning protein parameters. The 

counter ions were added to neutralize the complex systems 

and the missing hydrogen atoms were added using LEap 

module. The TIP3P [22] was applied for suspending the 

systems in a water box and the particle-mesh  Ewald  method 

 

 

   
 

                
 Fig. 1. 3D structural representation of B1 and B2. 

 

 

[23] was used for long-ranged electrostatics. The production 

step was completed as described previously [12]. The post-

analysis was carried out using CPPTRAJ and PTRAJ 

modules [24]. The Radius of Gyration (RG), root mean 

square deviation (RMSD), root mean square deviation 

fluctuation (RMSF), and a triplicate run was performed on 

each ligand to validate the 100 ns simulation  

 
Thermodynamic Calculations 
     The MM/GBSA parameter used for estimating stability 

and binding strength [25-27] was also determined the 

following protocol by Ibeji et al. [12]. The last 1000 frames 

of the 50 ns trajectory described by the following set of 

equations were used for averaging the binding energies.  

 

      Egas = Eint + Evdw + Eele                                       (1)                    

                    

      ∆Gbind = Gcomplex – Greceptor – Gligand                                     (2)  

 

B1 

B2 
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      Gsol = GGB + GSA               (3)                                          

         

      ∆ Gbind = Egas + Gsol – TS                       (4)                     

            

      GSA = γSASA           (5)                                                   

         

Here, Egas depicts the gas-phase energy; Eint  is the internal 

energy, Eele and Evdw are the Coulomb and van der Waals 

energies, respectively. Gsol is the solvation free energy. Here, 

the polar solvation, GGB contribution, is calculated by solving 

the GB equation and GSA is the solvent-accessible surface 

area (SASA) calculated with the water probe radius of 1.4 Å. 

T and S are the temperatures and the solute entropy, 

respectively.  

 

Quantum Theory of Atoms in Molecules (QTAIM) 
      The quantum theory of atoms in molecules is an approach 

employed in the investigation of bond energy and estimating 

its stability, which helps to analyse the bond path that occurs 

between an enzyme and its interacting inhibitors [28]. To 

describe and categorize the intramolecular hydrogen bond 

(HB) interactions, the last snapshots 5 ns MD were used as 

starting structures and were fully optimized with the DFT 

(B3LYP/6-31++g(d,p)) calculations. The absence or 

presence of an intramolecular bond critical point (BCP) 

defines the absence or existence of a hydrogen bond 

interaction. The AIM theory of Bader and Poplier [29] 

evaluates the significance of a chemical interaction involving 

hydrogen bonding. Ellipticity (ε), Laplacian of the electron 

density (𝛻2ρ(r)) and electron density (ρ(r)) are calculated at 

the BCP [30]. Generally, the intramolecular hydrogen bond 

ranges from 0.002-0.040 a.u and 0.024-0.139 a.u for electron 

density and its Laplacian, respectively [31].A positive value 

of 𝛻2ρ(r) at BCP indicates  the electrostatic interaction and 

locally reduced ρ(r), while a negative value of 𝛻2ρ(r) 

indicates the covalent interaction and locally concentrated 

ρ(r) [32]. 

To illustrate the intramolecular interactions formed in the 

complex produced from the MD simulation, an analysis of 

the electronic density was achieved via the AIM theory using 

the AIM2000 software [33]. The topology energetics of 

bonded atoms at BCP can be expressed as [32]: 

      
1

 4
𝛻ଶ𝜌(𝑟஻஼௉) = 2𝐺(𝑟஻஼௉) + 𝑉(𝑟஻஼௉)         

 

 

and 

 

      𝐻஻஼௉  =  𝐺(𝑟஻஼௉) + 𝑉(𝑟஻஼௉)      

 

The G, V and H represent the kinetic, potential, and total 

electronic energies, respectively. Electrostatic interaction 

denotes a positive total electronic charge (H) at BCP, while a 

negative value reveals covalent interaction. Bond ellipticity 

(ε) is an indicator of the stability of bonded atoms at BCP, 

and low ε indicates a more stable bond, which is expressed as 

[34]; 

 

      𝜀 = ቀഊభ
ഊమ

− 1ቁ    

 

Here, λ1 and λ2 denote the two negative curvatures of the 

density at the BCP for the X and Y principal axes. All DFT 

calculations were performed using Gaussian 09 [16].  

 
RESULTS AND DISCUSSION 
 

      The spike protein for coronaviruses has attracted much 

attention due to the crucial role of the translated polyproteins 

of the viral RNA [35]. The results of the molecular docking 

studies revealed that the proposed antiviral compounds 

interacted with SARS-CoV-2 in the active site having good 

binding energy (Table 1). Docking protocol was further 

validated by re-docking with the internal ligand, resulting in 

RMSD less than 2 Å compared to the inhibitors.  

  

 

Table 1. Binding Energies of Compounds and Standards 

Drug in kcal mol-1 

 

Compounds Binding energy 

(kcal mol-1)  

B1 -6.6  

B2 -6.9  

CQ -5.9  

CQ = Chloroquine. 

 

 

      To further validate the simulations, a triplicate MD 

simulation for each system with  different starting  structures  
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(varying initial atomic coordinates and velocities) [36] was 

performed (reported in supplementary information). Figure 2 

showed that CQ and B1 were relatively stable during the 

100ns of the MD simulation compared to B2. 

       From Table 2, compared to other systems, B1 displayed 

approximately the lowest average RMSD. The somewhat 

lower average RMSD of the referenced drugs is in aggrement 

with the reported actions of proteases [37].  The observed 

structural deviation may indicate the distinguishing 

inhibitory action of Mpro. The earlier report proposed that 

proteases showed a characteristic open/close mechanism of 

dynamic movement with enhanced binding of ligands [37]. 

The observed lowest structural deviation of B2, compared to 

B1 and chloroquine, indicates its activity to bind to the viral 

Mpro. Although low RMSD of B2 is a consequence of less 

atomic deviation, it implies the stability, based on the 

experimentally stated conformational/structural actions of 

the ligand in binding and inhibiting viral replication.  

      The stability of the ligand bound to the protein was 

measured by the ligand. From Table 2, B2 exhibited lower 

orientational deviation compared to the other studied ligands.  

 

Root Mean Square Fluctuation 
      Root mean square fluctuations (RMSF) were analyzed to 

understand the feature and nature of fluctuations exhibited by 

the backbone atoms of the protein. During MD simulation, 

RMSF tells the specific conformational evolution inside the 

residues, which comprises secondary structure of the protein. 

It also displays the nature of motion and residual fluctuation. 

High RMSF shows higher flexibility and visce versa. The 

residues for studied systems as shown in Fig. 3 had a 

relatively similar form with a mixed levels of fluctuations. 

      The residual fluctuation of systems is shown in Table 2. 

The degree or nature of the residual drift from the mean 

positions by the key residues in the active sites plays an 

important role in the stabilization of the systems [12,38]. 

Residues 145-152 

exhibited uncommon fluctuations and broader compared to 

other residues. ASN149 and GLY150 exhibited higher 

fluctuation when the ligand B2 binds at that site. Table S1 

showed the RMSF values of each ligand bound at the active 

site residues, indicating the degree and particularity the 

fluctuations in these regions. 

 

 

Table 2. The Calculated Average Parameters for Describing  

Structural Stability  

 

     

Compounds 

RMSD      

(Å) 

RMSF 

(Å) 

RoG 

(Å) 

Ligand RMSD 

(Å) 

B1-nCov-19 1.45 2.22 18.36 1.04 

B2-nCov-19 1.39 4.22 18.30 0.46 

CQ-nCov-19 1.15 2.29 18.21 1.17 

  

 

 
Fig. 2. RMSD plot against the time in ns during Molecular 

Dynamics simulation. A triplicate MD simulation for each 

system with different starting structures (varying initial 

atomic coordinates and velocities). (See supplementary) 

 

 

 
Fig. 3. Per residue fluctuation plot with the regions of 

interest.  
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Radius of Gyration 
      Conformation compactness. Radius of gyration (Rg) is 

a measure of the degree of compactness of the carbon atoms 

backbone of the protein. A high Rg value indicates less 

tightly structural packing and more mobility [12,39], and 

corresponds to a favourable state of the ligand binding. 

Figure 4 shows the structural compactness and stable 

conformation of studied systems and as shown in Table 2, B2 

has an average Rg value of 18.3 Å that is higher compared to 

that of B1 and Chloroquine, suggesting a more favourable 

binding. 

 

MM/GBSA Calculation  
      The understanding of the inhibitory activity of proteases 

as it relates to transcription and viral replication may be 

channelled to design new potent anti-viral [12,38]. To 

examine the inhibitory potential of the compounds, compared 

to the reference drugs, MM/GBSA calculations were used, 

which is a widespread computational parameter for 

evaluation of the binding tendency of compounds. Table 3 

shows the thermodynamic interaction of compounds with 

protein, suggesting the abilities of the B1 and B2 to block 

transcription and replication of the viral protein. The table 

also summarises other energy contributions such as ΔEele and 

ΔEvdw, which characterises the electrostatic and van der 

Waals intermolecular components. In Table 3, the studied 

systems including the reference drugs show favourable 

binding. The MM/GBA energy presented in Table 3 for all 

systems revealed compound B2 as a better inhibitor with              

the energy value of -40.05 kcal mol-1 compared to that                   

of the referenced dugs. It is interesting to note that  B1 had a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. The Radius of Gyration after 100 ns of the MD 

simulation.  

 

 

comparable binding affinity to B2, suggesting some 

similarities in their inhibitory features. This high binding 

affinity suggests performing further research to recognize the 

inimitable moieties that are responsible for high energetic 

interaction. CYS100 and PHE6 are displayed as crucial 

amino acid residues that play critical roles in the binding of 

compounds to Mpro, as shown in Fig. 5. According to the 

RMSF values corresponding to the residues, it was observed 

these residues perform a critical role in the conformation and 

binding interactions abilities of ligands with the active 

pockets. 

A triplicate MD simulation for each system with different 

starting structures (varying initial atomic coordinates and 

velocities). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Calculated Energies in kcal mol-1 and its Components Using MM-GBSA Method Obtained from the Last 1000 

Snapshots of 100 ns 

 

Compound ΔEvdw ΔEele ΔGgas ΔGpolar ΔGnonpolar ΔGsolvation ΔGbind 

B1-nCov-19 

-

40.60±2.87 1.79±1.71 

-

38.81±3.39 8.03±1.52 -4.94±0.19 3.09±1.51 

-

35.73±2.83 

B2-nCov-19 

-

43.29±2.46 -2.64±1.64 

-

45.92±2.64 11.07±1.23 -5.19±0.19 5.88±1.28 

-

40.05±2.72 

CQ-nCov-19 

-

25.05±3.54 23.14±15.24 

-

1.91±16.67 

-

14.12±14.72 -2.93±0.50 

-

17.05±14.48 

-

18.96±3.47 

A triplicate MD simulation for each system with different starting structures (varying initial atomic coordinates and 

velocities). 
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QTAIM Analysis 
      Previous studies [40,41] have shown that the Bader and 

Poplier’s QTAIM method is suitable for analyzing host-guest 

interaction [29]. The values of 𝛻2ρ(r) and ρ(r) are important 

quantum chemistry parameters for explaining charge 

distribution. Table 4 presents the calculated values of the 

𝛻2ρ(r), ρ(r) and energetic parameters (G(r), V(r), H(r) and ε) 

at the important critical points. As earlier mentioned, a 

covalent (shared-shell) interaction is consistent with negative 

values for the Laplacian and total energy, while positive 

values indicates an electrostatic (closed-shell) interactions. 

      As can be seen from Table 4, the 𝛻2ρ(r) data indicates that 

all interactions between the host atoms of the enzyme 

residues and central ions of inhibitors are closed shells. Since 

the ellipticity is always positive and it is used to measure the 

stability of the interactions, it is obvious from Table 4 that the 

B1 and B2 complexes not only have more HB interactions, 

the ε values of the most of interactions are less than                      

1 kcal mol-1, which can indicate a more stable bond.  The fact  

 

 

 

 

 

 

 

 

 

 

 

 

 

that CQ-nCov-19 complexes have total energy and Laplacian 

values that are positively charged depicts that the interactions 

are electrostatic with the same number of HB interactions. 

The electrostatic interactions of HB, as shown in Fig. 4, 

involve amino acid residues PHE 6 & 10, and LEU 36. All 

molecular graphs of the studied complexes showing the 

intramolecular interactions at the BCP (red dots) are 

presented in the supporting information (Fig. 6, S1-S2). The 

results obtained in the QTAIM analysis correlate with the 

MM/GBSA calculations.  

 

 

 

 
CONCLUSIONS 
 

      In this study, two new compounds and Chloroquine were 

studied for a possible treatment against SARS-CoV-2. The 

results of the molecular dynamics and QTAIM approaches 

showed that B2 and B1 are potential inhibitors of the 

coronavirus with higher binding free energies compared to 

the reference drugs. B2 also exhibited the lowest average 

RMSD compared to all the studied systems. The MM-GBA 

showed that B2 is a better inhibitor compared to the reference 

dug. It is interesting to note that B1 had a comparable binding 

affinity toward B2, suggesting some similarity in their 

inhibitory features. This high binding affinity indicates the 

need for further research to recognize the inimitable moieties 

that are responsible for the high energetic interaction.                   

From B1 possesses, the comparable binding potential and 

stability properties of B1 to B2 suggests a link between                      

their inhibitory features; the both compounds can surface                

as  a  model  candidates  against SARS-CoV-2. The QTAIM  

 

Fig. 5. 3D diagram and Residual interactions of (A) B2 (inhibitor) in complexation with nCov-19 enzyme. 
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Fig. 6. Molecular graphs of B1-nCov-19 complex, showing 
residues (PHE 6 &10, LEU 36) in-close interaction with the 
B1 inhibitor. Small red dots represent the bond critical point 
(BCP). 

 

analysis showed that B1 and B2 had good bond stability. 

These findings may provide insight into developing new 

treatments for SARS-COV-2. 
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