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Abstract 

The COVID-19 pandemic is spreading at an alarming rate, posing an unprecedented threat to 

the global economy and human health. Broad-spectrum antivirals are currently being 

administered for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) treatment. 

China's prevention and treatment guidelines suggest the use of an anti-influenza drug, 

Arbidol, for the clinical treatment of COVID-19. Reports indicate that Arbidol could 

neutralize the SARS-CoV-2. Monotherapy with Arbidol is found superior to Lopinavir-

Ritonavir or Favipiravir in the treatment of COVID-19. In the SARS-CoV-2, Arbidol acts 

upon interfering in virus binding to host cells. However, the detailed understanding of 

Arbidol induced inhibition of SARS-CoV-2 is not known. Here, we present atomistic insights 

into the Arbidol-induced SARS-CoV-2 membrane fusion inhibition and propose a model of 

inhibition. Molecular dynamics (MD) simulation-based analyses demonstrate that Arbidol 

binds and stabilizes at the receptor-binding domain (RBD)/ACE2 interface with a high 

affinity. It forms stronger intermolecular interactions with RBD than ACE2. Analyses of the 

detailed decomposition of energy components and binding affinities revealed a substantial 

increase in the affinity between RBD and ACE2 in the Arbidol-bound RBD/ACE2 complex, 

suggesting that Arbidol could generate favorable interactions between them. Based on our 

MD simulation results, we propose that the binding of Arbidol induced structural rigidity in 

the virus glycoprotein resulting in restriction of the conformational rearrangements associated 

with membrane attachment and virus entry. Further, key residues of RBD and ACE2 that 

interacted with Arbidol were identified, opening the doors for the development of therapeutic 

strategies and higher efficacy Arbidol derivatives or lead drug candidates. 
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1. Introduction 

We are living through an unprecedented existential crisis. The rapid spread of the new 

coronavirus disease (COVID-19) across all the continents over a short span of a few months 

has posed a severe global threat. In March 2020, the World Health Organization declared 

COVID-19 a pandemic, and by early June 2020, COVID-19 had spread to >212 countries, 

with over 6.5 million confirmed cases and over 380,000 deaths. The causative pathogen of 

COVID-19, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), represents 

a great threat to human health and the global economy. Shortly after the outbreak, the 

genome sequence and organization of the SARS-CoV-2 were determined [1]. SARS-CoV-2 

is a large, enveloped, single-positive–strand RNA coronavirus (CoV). The envelope-

anchored Spike glycoprotein (S-protein), through binding to the human angiotensin-

converting enzyme 2 (ACE2) receptor, facilitates membrane fusion. Upon interaction, the S-

protein/ACE2 complex undergoes structural rearrangements that allow the fusion of viral and 

cellular membranes and entry into host cells. 

The receptor-binding domain (RBD) of the S-protein is the central region that is 

involved in direct interaction with the ACE2 receptor. Several complex structures of 

RBD/ACE2 have been elucidated, and the interfacial residues have been identified [2, 3]. A 

cryo-EM structure reveals different conformational states of RBD, namely the active open 

conformation, the semi-active, and the closed state [3]. Structurally, the SARS-CoV-2 spikes 

consist of three receptor-binding S1 heads (responsible for receptor recognition), and a 

trimeric membrane-fusion S2 stalk (responsible for membrane fusion). The S1 is further 

divided into an N-terminal domain (NTD) and a C-terminal domain (CTD). An extended 

insertion contains the receptor-binding motif of RBD that contains most interfacial residues. 

The binding affinity of RBD to ACE2 is the key determinant of SARS-CoV-2 

transmissibility. Interestingly, the SARS-CoV-2 RBD displays a stronger affinity for ACE2 

compared with the RBD of other CoVs[4], which is attributed to the higher number of 

residue interaction networks of SARS-CoV-2 with hACE2. Thus, SARS-CoV-2 encodes 

distinct epitope features in the RBD from other CoVs. The blocking of S-protein to ACE2 

receptor interaction and cell fusion is among the key targets for antiviral development [5]. 

To date, no clinically proven effective antiviral strategy exists for the treatment of 

COVID-19. Consequently, the management for SARS-CoV-2 is mostly supportive, with only 

aim to reduce mortality. Clinicians are administering patients with Ritonavir-Lopinavir, 

hydroxychloroquine, azithromycin, and interleukin-6 inhibitors outside their approved uses 

and without study protocols, with limited scientific evidence. However, an array of drugs 
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approved for other viral infections are being studied for the treatment of COVID-19 in 

hundreds of clinical trials around the globe [6, 7]. For instance, in a preliminary study, an 

experimental antiviral drug Remdesivir showed a positive effect in diminishing the time to 

recovery [8]. However, another human trial showed that the drug did not help patients in 

China with severe COVID-19 [9]. Several clinical trials are also underway to evaluate the 

suitability and efficacy of other antiviral drugs like Favipiravir, Darunavir, Ribavirin, 

Galidesivir, Oseltamivir, and Arbidol in the treatment of COVID-19 [10, 11]. 

Arbidol, also known as Umifenovir, or ethyl-6-bromo-4-[(dimethylamino)methyl]-5-

hydroxy-1-methyl-2[(phenylthio)methyl]-indole-3-carboxylate hydrochloride monohydrate, 

is a small indole derivative. It is a potent broad-spectrum antiviral with proven activity 

against several enveloped and non-enveloped viruses, including influenza, parainfluenza, 

corona, polio, Lassa, respiratory syncytial, adenovirus, Coxsackie B5, and hepatitis B and C 

[12-15]. Arbidol has been used for decades in China and Russia for influenza and other 

respiratory viral infections and has shown no major adverse effects [12, 13]. It suppresses 

influenza virus propagation and modulates the expression of inflammatory cytokines in 

vitro and in vivo [16]. Currently, Arbidol is recommended by China's prevention and 

treatment guidelines and used in the clinical treatment of COVID-19. Arbidol interferes with 

multiple stages of the virus life cycle; by directly targeting viral proteins or virus-associated 

host factors [12]. In the influenza virus, Arbidol binds to hemagglutinin (HA), the major cell-

surface glycoprotein, and prevents the fusion of the viral membrane [17]. A recent study 

reveals that Arbidol efficiently inhibits SARS-CoV-2 infection. Arbidol blocks both viral 

entry (by interfering virus binding to host cells) and post-entry stages (by blocking 

intracellular vesicle trafficking) [18]. However, how the Arbidol modulates RBD/ACE2 

interaction is not completely elucidated, thereby obscuring its development as a specific 

therapeutic for COVID-19. Thus, we aimed to investigate the molecular basis underlying the 

RBD/ACE2 interaction inhibition using all-atom molecular dynamics (MD) simulations. Our 

data provide details on why Arbidol is effective against SARS-CoV-2. The understanding 

gained from this study would be useful for the design and development of more specific 

SARS-CoV-2 inhibitors. 

 

2. Methods 

2.1. System preparation and molecular docking simulations 

The co-crystal structure of the SARS-CoV-2 RBD/ACE2 complex was retrieved from the 

RCSB Protein Data Bank (PDB ID: 6LZG) and used for docking (Fig 1A) [19]. The 
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molecular docking was carried out with Arbidol (Umifenovir) [PubChem ID: 131411] (Fig 

1B). The CB-Dock protein-ligand docking method was used for the docking of Arbidol with 

ACE2 and RBD separately, and into the RBD/ACE2 complex. This method automatically 

identifies the binding sites, calculates the center and size, customizes the docking box size 

according to the query ligands, and then performs the molecular docking with AutoDock 

Vina [20]. To start with, the Arbidol was docked to ACE2 and RBD separately, and into the 

RBD/ACE2 complex. Arbidol was found to bind to several positions in all three conditions. 

However, Since Arbidol inhibits the SARS-CoV-2 membrane attachment to host cells, 

Arbidol was docked into the RBD/ACE2 complex structure. During this process, twenty 

cavities were generated and used, and molecular docking was performed at each of the 

cavities. The binding modes were analyzed in cerebro, and the docked pose with the highest 

AutoDock Vina score and cavity size was selected for subsequent experiments. 

 

2.2. Molecular dynamics (MD) simulations 

The selected docked complex of RBD/ACE2-Arbidol was prepared using Schrödinger 

Maestro (Schrödinger Release 2016–4: Maestro, Schrödinger, New York) and subsequently 

used for MD simulations. As a first step, the topology of Arbidol was generated using 

Automated Topology Builder and Repository, and the resulting complex was subjected to the 

addition of hydrogen atoms[21, 22]. Next, the complex was solvated in a dodecahedron box 

of a simple point charge (SPC) water in the center at least 1.0 nm from the box edge [23]. 

Appropriate counterions were then added to neutralize the system electrostatically. MD 

simulations for the resulting system were carried out using the GROMACS 5.1.2 software 

package with gromos96 54A7 forcefield [24-26]. The system was subjected to 50,000 steps 

of energy minimization until the energy was stabilized, followed by a heating step from 0 to 

300K in 200 picoseconds (ps) and a constant temperature equilibration for 1000 ps at 300K. 

In the equilibration stage, the impact of velocity was prevented by employing the Parrinello-

Rahman barostat pressure coupling [27]. After monitoring the convergence of the complex, a 

300 nanosecond (ns) production run was performed with periodic boundary conditions in the 

NPT ensemble, where a modified Berendsen temperature coupling and a constant pressure of 

1 atm was employed [28]. In this process, the LINCS algorithm, along with the Particle-mesh 

Ewald method, was used for the calculation of long-range electrostatic forces [29, 30]. 

During the simulation, the Fourier grid spacing and Coulomb radius were set at 0.16 and 1.4 

nm, respectively, and the van der Waals interactions were limited to 1.4 nm. The MD 

trajectories were saved at every 10 ps for energy stabilization, and the root mean square 
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deviation (RMSD) calculations. As a control experiment, to understand the dynamics 

between RBD/ACE2 in the absence of Arbidol, the simulation for the apo system was carried 

out under similar conditions for 300 ns. From here onwards, the RBD/ACE2 complex 

without Arbidol will be termed as apo-RBD/ACE2 complex, and the RBD/ACE2 complex 

bound to Arbidol will be termed as RBD/ACE2-Arbidol complex.  

 

2.3. Analysis from MD simulations 

The MD simulated trajectory was analyzed using gmx rms, gmx rmsf, and gmx gyrate 

GROMACS utilities to obtain the RMSD, root mean square fluctuation (RMSF), and radius 

of gyration (Rg) of each system respectively. Hydrogen bonds were computed using the 

hydrogen bonds plug-in of visual molecular dynamics (VMD) [31].  

 

2.4. Essential dynamics of the Apo and RBD/ACE2-Arbidol complex 

To understand the dominant and collective modes from the overall dynamics of the MD 

trajectory for the apo-RBD/ACE2 complex and the RBD/ACE2-Arbidol complex, principal 

component analysis (PCA) and essential dynamics was performed, where a 

variance/covariance matrix was constructed by calculating the eigenvectors and eigenvalues 

and their projection along with the first two principal components (PCs) by essential 

dynamics [32]. The movements of the complexes in the essential subspace were identified by 

projecting the Cartesian trajectory coordinates along the important eigenvectors. The 

eigenvalues associated with each eigenvector of the complexes were used to calculate the 

percentage of variability. The GROMACS built-in gmx covar and gmx anaeig modules were 

used to obtain the eigenvalues and eigenvectors by calculating and diagonalizing the 

covariance matrix. To study the conformational changes in the apo-RBD/ACE2 complex and 

the RBD/ACE2-Arbidol complex, the free energy landscape was computed by the gmx sham 

package [33, 34]. 

 

2.5. Binding free energy calculations 

For calculating the binding free energies between the complexes- RBD-Arbidol, ACE2-

Arbidol, and RBD-ACE2-Arbidol, molecular mechanics/Poisson Boltzmann surface area 

(MM-PBSA) methodology employed in the g_mmpbsa tool of GROMACS was used [35, 

36]. In MM-PBSA, the binding free energy of the protein and ligand is typically defined as 

𝛥𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔	 = 	𝛥𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥	– (𝛥𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛	 + 	𝛥𝐺𝑙𝑖𝑔𝑎𝑛𝑑) 
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where ΔGcomplex, ΔGprotein, and ΔGligand represent the total free energies of the protein, the 

ligand, and the protein-ligand complex, separately in the solvent, respectively [37, 38]. In 

general, the free energy of the individual entity is represented as  

𝐺	 = 	𝐸𝑀𝑀	 + 	𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛	– 𝑇𝑆 

where EMM represents the average molecular mechanics potential energy in the vacuum, 

Gsolvation denotes the free energy of solvation, and TS represents the entropic contribution to 

the free energy in a vacuum, where T and S denote the temperature and entropy, respectively. 

Further, the EMM comprises bonded and nonbonded terms, including bond angle, torsion, and 

electrostatic (Eelec) and the van der Walls (Evdw) interactions, respectively. Lastly, the 

solvation free energy, Gsolvation considers both electrostatic and non-electrostatic (Gpolar and 

Gnonpolar) components. The binding free energy of RBD-Arbidol, ACE2-Arbidol, and RBD-

ACE2 complexes were calculated for 200 snapshots obtained from the last 30 ns of the 

trajectories. 

 

2.6. Interaction network of RBD/ACE2-Arbidol and Binding affinity calculations using 

PRODIGY- and PPCheck-protocols 

Representative structures of the RBD/ACE2-Arbidol complex were extracted from the last 30 

ns of the stabilized MD simulated trajectory, and all the intermolecular interactions between 

Arbidol with RBD/ACE2 were computed using Schrödinger Maestro. The binding affinity 

between RBD/ACE2 and RBD/ACE2-Arbidol complex structures were first computed using 

PROtein binDIng enerGY prediction (PRODIGY), a predictor of binding affinity in a 

protein-protein and protein-ligand complex[39-42]. In this method, after the 3D model is 

supplied with a suitable temperature (default of 25°C), the binding affinity is computed. 

PPCheck was used to quantify the strength of a protein-protein interface, where the structures 

of apo-RBD/ACE2 complex and RBD/ACE2-Arbidol complex structures extracted from MD 

simulations were used to calculate the interaction energies and total stabilizing energy [43]. 

The total stabilizing energy (Et) is a summation of energy values for all the nonbonded 

interactions that include van der Waals interactions, electrostatic interactions, and hydrogen 

bond interactions. Besides, it also computes the number of short contacts, hydrophobic 

interactions, van der Waals pairs, salt bridges, potential favorable electrostatic interactions, 

and potential unfavorable electrostatic interactions in the interface, thus providing 

comprehensive knowledge on qualitative and quantitative features between the RBD/ACE2 

with or without Arbidol binding. 
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2.7. Figures and rendering 

Figures were rendered and generated using PyMOL and VMD. Ligand interaction diagrams 

were generated using Schrödinger Maestro (Schrödinger Release 2016–4: Maestro, 

Schrödinger, New York). 

 

3. Results 

3.1. Molecular docking of Arbidol into ACE2-RBD complex 

Arbidol inhibits the SARS-CoV-2 membrane fusion to host cells, suggesting that it targets 

the S-protein/ACE2 interactions. Since the RBD of S-protein is involved in ACE2 

recognition, Arbidol was docked into the RBD/ACE2 complex structure. First, when Arbidol 

was docked into ACE2 and RBD separately, it was not docked at the ACE2 and RBD binding 

interface (S1 Fig). Moreover, the largest cavities where the Arbidol was docked were not at 

the interface of the RBD side (facing ACE2) or ACE2 side (facing RBD) (S1 Fig). Following 

this, when Arbidol was docked into the RBD/ACE2 complex, it quickly docked into one of 

the largest cavities in the RBD/ACE2 interface with a high score [cavity size: 940, center: 

176*114*247 (x*y*z) and size: 22*22*22 (x*y*z)]. It was found that Arbidol binds and 

stabilizes at the RBD/ACE2 interface with a high binding affinity (AutoDock Vina score of -

5.7) (Fig 2). The docked complex was subsequently used for studying detailed structural, 

dynamics, and binding mechanisms to understand how it targets the RBD/ACE2 interface. 

 

3.2. Stability of RBD/ACE2-Arbidol complex during MD simulations 

The MD simulation trajectories comprising 300 ns of independent simulations for the apo-

RBD/ACE2 complex and the RBD/ACE2-Arbidol complex were examined for their 

structural and dynamic behavior. The root-mean square deviation (RMSD) of the backbone 

atoms computed over 300 ns revealed that the apo-RBD/ACE2 complex reached the stability 

after about 75 ns, whereas the RBD/ACE2-Arbidol complex took nearly 125 ns to converge 

(Fig 3A). Beyond 125 ns, both the systems were stabilized till the end of the production run 

and converged overall; however, the RMSD profiles suggested that the last 30 ns were most 

preferable for further structural and dynamics analyses. The analysis of hydrogen bonds 

formed for the apo-RBD/ACE2 complex and the RBD/ACE2-Arbidol complex revealed that 

upon binding of Arbidol, the RBD/ACE2 complex was able to form a higher number of 

hydrogen bond interactions as compared to the apo-RBD/ACE2 complex (Fig 3B). While the 

apo-RBD/ACE2 complex formed an average of 188 hydrogen bond interactions, the 

RBD/ACE2-Arbidol complex formed 247 hydrogen bond interactions on average during the 
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300 ns simulations (Fig 3B). This indicated that the hydrogen bonds probably play an 

essential role in stabilizing the RBD/ACE2-Arbidol complex during the simulation and 

confer stability to the RBD/ACE2-Arbidol complex. 

 

3.3. Structural flexibility and compactness of the RBD/ACE2-Arbidol complex 

The structural flexibility of the apo-RBD/ACE2 complex and Arbidol bound complex was 

evaluated by computing the per-residue root mean square fluctuations (RMSF). It was 

observed that, as expected, the RBD/ACE2-Arbidol complex exhibited an overall lower 

RMSF as compared to the apo-RBD/ACE2 complex (Fig 3C). While the apo-RBD/ACE2 

complex showed an average RMSF of 2.49 Å, the RBD/ACE2-Arbidol complex showed a 

lower 1.67 Å average RMSF during the simulation, corroborating with the RMSD and 

hydrogen bonds interaction profiles (Fig 3C). We were then curious to investigate how the 

two molecular systems displayed their compactness during the simulations. For this, we 

computed the Rg for both complexes over the 300 ns. It was evident from the Rg profiles that 

the RBD/ACE2-Arbidol complex exhibited a more compact behavior as compared to the 

apo-RBD/ACE2 complex (Fig 3D). The average Rg was found to be 5.29 Å, and 3.27 Å for 

the apo-RBD/ACE2 complex and RBD/ACE2-Arbidol complex, respectively. Interestingly, 

the Rg profile of the RBD/ACE2-Arbidol complex was found to be more stable than the apo-

RBD/ACE2 complex. All these data indicate that the formation of more hydrogen bonds, 

reduced per-residue fluctuation, and higher compactness in the RBD/ACE2-Arbidol complex 

drive its overall stability and convergence. 

 

3.4. Principal component and Free energy analysis of RBD/ACE2-Arbidol complex 

Principal component analysis (PCA) is an important technique that can provide insights into 

the correlation of atomic movement of enzyme and substrate interactions, raised from the 

collective motion of atoms that are controlled by the secondary structure of the proteins. 

Typically, the largest associated eigenvalues define the essential subspace in which most of 

the protein dynamics occur. For this, the clusters of stable states of PCA for the apo-

RBD/ACE2 complex and RBD/ACE2-Arbidol complex were visualized and analyzed (S2 

Fig). The trace values calculated from the covariance matrix of the apo-RBD/ACE2 complex 

and RBD/ACE2-Arbidol complex were found to be 80.76 nm2 and 69.51 nm2 respectively, 

suggesting that the RBD/ACE2 complex gained compaction upon binding of Arbidol. On the 

other hand, a higher trace value of the apo-RBD/ACE2 complex suggested a comparatively 

high flexible behavior. It was also observed that the majority of the dynamics that occurred 
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were contributed by a small number of eigenvectors representing the overall collective 

motions. Next, the Gibbs free energy landscape (FEL) plot was generated using the PC1 and 

PC2 coordinates. In the FEL plots, the ∆G value of apo-RBD/ACE2 complex and 

RBD/ACE2-Arbidol complex ranged between 0-15.8 kJ/mol (Fig 4). 

 

3.5. Binding free energy calculations between ACE2-Arbidol and RBD-Arbidol 

To investigate how strongly Arbidol binds with ACE2 and RBD, and the associated binding 

modes, the binding free energies were computed using the MM-PBSA method. For this, the 

last 30 ns of the MD simulation trajectories were investigated to obtain the binding affinities 

and insights into the binding mechanisms of Arbidol. It was observed that the Arbidol 

displayed a binding affinity of -169.66 kJ/mol with ACE2 (Table 1). Detailed decomposition 

of energy components revealed that except the polar solvation energy, the van der Waals 

energy, electrostatic energy, and the SASA energy, all contributed to the tighter binding of 

Arbidol with ACE2. When the binding affinity of Arbidol was computed against RBD, it was 

found that Arbidol exhibited an even higher affinity of -194.16 kJ/mol with RBD than with 

ACE2 (Table 1). An energy decomposition profile further revealed similar energy 

components to that of ACE2; however, the van der Waals energy and electrostatic energy 

were found to be positively contributing towards tighter binding with RBD. An interaction 

diagram from an average structure obtained from the MD simulations supported the binding 

mechanism of the Arbidol to RBD/ACE2 complex (Fig 5A). Additionally, the well-

superposed structures of Arbidol in the RBD/ACE2 interface obtained from the last 30 ns 

simulation further confirmed the stability and preferred mechanism of binding (Fig 5B). 

From the detailed binding free energy calculations and visual assessment, it can be concluded 

that Arbidol has a higher binding affinity towards RBD, probably due to the establishment of 

a higher number of favorable interactions with surrounding key residues. 

 

3.6. Key residues governing the binding of Arbidol to ACE2 and RBD 

Following the estimation of binding affinities of Arbidol towards ACE2 and RBD, we 

identified the critical residues of ACE2 and RBD that positively and negatively impacted the 

binding of Arbidol. First, the contribution energy of individual interacting residues of ACE2 

revealed that residues Leu320, Pro321, Met383, Ala384, and Phe555 contributed the most 

towards the affinity of ACE2 towards Arbidol (Fig 6A). On the other hand, Arbidol 

established an even higher binding affinity towards the RBD, where many residues positively 

contributed towards its tighter binding. It was found that an array of residues such as Thr376, 
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Tyr380, Ile402, Val407, Val433, Ala435, Ala475, Val503, and Val510 contributed towards 

the higher binding of RBD towards Arbidol (Fig 6B). Interestingly, they were also found to 

be a part of ACE2-RBD interface interacting residues, which further confirms that Arbidol 

binds and inhibits the interfacial residues of ACE2/RBD complex, where it established more 

contacts and interactions with the RBD as compared to the ACE2 receptor. Further, to 

understand the intermolecular interactions between Arbidol and ACE2/RBD complex, 

representative structures were extracted from the MD simulation trajectory and analyzed 

using Schrödinger Maestro. It was found that while Arbidol established few intermolecular 

interactions with residues of ACE2, it formed a relatively higher number of crucial 

interactions with RBD (S3 Fig). Overall, the analysis of the RBD/ACE2-Arbidol complex 

interactions provided information on the vital residue interactions and gave the insights to 

explore the differences between ACE2-Arbidol and RBD-Arbidol binding and its inhibitory 

mechanism. 

 

3.7. Intermolecular interactions and energy components between ACE2 and RBD upon 

Arbidol binding 

Next, we computed the binding affinity using PRODIGY for the apo-RBD/ACE2 complex 

and the RBD/ACE2-Arbidol complex extracted from MD simulations. We found that the 

RBD/ACE2-Arbidol complex exhibited a higher binding affinity (ΔG) of -11.5 kcal/mol, 

whereas the apo-RBD/ACE2 complex exhibited a relatively lower binding affinity (ΔG) of -

10.8 kcal/mol. We observed that the higher binding affinity in the RBD/ACE2-Arbidok 

complex was due to an increase in the number of intermolecular, charged-polar, charged-

apolar, and apolar-apolar contacts. The detailed decomposition of intermolecular contacts 

governing the difference in binding energies is shown in Table 2. PPCheck was also used to 

compute the total stabilizing energy and the types of interactions in the apo-RBD/ACE2 

complex and RBD/ACE2-Arbidol complex, extracted from MD simulations. It was observed 

that the total stabilizing energy for the apo-RBD/ACE2 complex was -113.46 kJ/mol, 

whereas, for the RBD/ACE2-Arbidol complex, it was -171.57 kJ/mol (Table 3). A closer 

inspection of interactions and energy components revealed that the hydrogen bonds and van 

der Waals pairs contributing to hydrogen bond energy and van der Waals energy largely 

governed the difference in total stabilizing energy and between the affinity of the RBD/ACE2 

complex in its apo-RBD/ACE2 complex and RBD/ACE2-Arbidol complex (Table 3). 
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4. Discussion 

The COVID-19 pandemic heightens the need for preparedness to respond to emerging virus 

threats rapidly. No therapies have been shown clinically effective to date. To assist the efforts 

to control the rapidly evolving pandemic, drug repurposing is being employed as an effective 

and fast method. Given the urgency of the situation, it is vital that scientists could understand 

and characterize the molecular mechanisms of action of repurposed drugs being tested for 

COVID-19 treatment. Computational understanding of molecular mechanisms of unproven 

anti-COVID-19 drugs may guide scientists towards developing a specific therapeutic against 

SARS-CoV-2.  

Arbidol, a broad-spectrum antiviral drug, is currently being used as a standard 

treatment option for COVID-19 [44-47]. It shows significant antiviral and anti-inflammatory 

efficacy both in vitro and in vivo against the influenza virus [16]. Since SARS-CoV-2 and 

influenza viruses exhibit similar disease pathology, it is expected that Arbidol could present 

an anti-SARS-CoV-2 activity. Arbidol is patented for its medicinal use as an antiviral agent 

against atypical pneumonia induced by the SARS-CoV (http://www.arbidol.org/arbidol-

patent-2004-sars-russian.pdf). It has been found to effectively inhibit SARS-CoV-2 at a 

concentration of 4.11 µM in vitro, suggesting its potential in the treatment of COVID-19 

patients [18]. Presently, at least four clinical trials are being conducted with Arbidol as a 

single agent for COVID-19 treatment [48-51]. A few case reports showed that patients with 

COVID-19 successfully recovered after receiving Arbidol and Lopinavir/Ritonavir therapy 

[48, 52, 53]. Arbidol has been shown to be superior to the antiviral Favipiravir, which did not 

improve the clinical recovery rate of Day 7 compared to the Arbidol group [54]. A recent 

result of a clinical trial in China indicated that Arbidol monotherapy is also superior to 

Lopinavir/Ritonavir in treating COVID-19 [55]. A study with a small sample size report that 

Arbidol could not improve the prognosis of COVID-19 in non-ICU patients; however, their 

study was preliminary and limited by several factors as the research was, i) a single-center 

and retrospective study, ii) pharyngeal swabs were not collected every day, and iii) only 

included patients with moderate and severe COVID-19, so the efficacy of Arbidol in mild 

and critical patients could not be confirmed[56]. Arbidol binds to the interface of viral 

glycoprotein and human cell surface receptors, thereby blocking membrane fusion and viral 

entry [13, 57-59]. The binding of Arbidol is topologically away from the active site of the 

ACE2 receptor. In SARS-CoV-2, Arbidol acts upon interfering in virus binding to host cells 

[18]. A few molecular docking studies of Arbidol against the SARS-CoV2 RBD and human 

ACE2 complex have revealed specific residues involved in the interaction; however, the 
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detailed mechanism underlying the process and the associated dynamics are not known [60, 

61]. 

Our analyses of the 300 ns MD simulation trajectories revealed that when Arbidol 

was docked into the RBD-ACE2 complex interface, it stabilized and formed favorable 

interactions with both RBD and ACE2 proteins. However, Arbidol displayed a higher 

binding affinity to RBD than ACE2. The analysis of hydrogen bonds revealed that upon 

binding of Arbidol, the RBD/ACE2 complex could form a higher number of hydrogen bond 

interactions as compared to the apo-RBD/ACE2 complex. The binding also induced 

structural rigidity and compaction in the RBD/ACE2-Arbidol complex. The compaction was 

also confirmed by the PCA analyses, where the RBD/ACE2-Arbidol complex formed a more 

stable cluster. Detailed decomposition of energy components revealed that the binding of 

Arbidol to ACE2 is due to positive contributions from the van der Waals energy, electrostatic 

energy, and the SASA energy, while the tighter binding of Arbidol to RBD is mainly due to 

positive contributions from the van der Waals energy and electrostatic energy. Further, 

Arbidol binding leads to a substantial increase in the binding affinity between RBD and 

ACE2, indicating that Arbidol induces favorable interactions between them. During the 

simulations, RBD remained bound to ACE2; however, substantial conformational 

rearrangements occurred to both partner proteins, the ACE2, and the RBD (the loop between 

β6 and β7; residues S477 to G485). Overall, the data indicated that Arbidol binding drives the 

increase in structural stability, compactness, and convergence of the RBD/ACE2 complex. In 

the absence of any Arbidol-bound complex structure of RBD/ACE2 complex, the data offer 

to hypothesize that Arbidol binding to the interface of viral glycoprotein and human receptors 

induces structural rigidity leading to inhibition of the conformational changes in the S-protein 

that is associated during the virus entry. The understanding gained from this study would be 

useful for the design and development of more specific SARS-CoV-2 inhibitors. 
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Table 1. Comparison of the binding free energy and various energy components between 

Arbidol-ACE2 and Arbidol-RBD from MD simulation trajectory. 

 

Energy components Arbidol-ACE2 (kJ/mol) Arbidol-RBD (kJ/mol) 

Van der Waal energy  -188.07 ± 7.67 -190.87 ± 1.78 

Electrostatic energy  -7.03 ± 3.09 -35.82 ± 2.91 

Polar solvation energy  41.48 ± 15.69 49.67 ± 14.32 

SASA energy  -16.04 ± 1.44 -17.13 ± 0.68 

Binding energy -169.66 ± 15.88 -194.16 ± 11.88 

 

 

  



19 
 

Table 2. PRODIGY-derived decomposition of intermolecular contacts for the apo-

RBD/ACE2 complex and RBD/ACE2-Arbidol complex from the last 30 ns MD simulation 

trajectories. 

 

Types of contacts Apo-RBD/ACE2 

complex 

Types of contacts RBD/ACE2-Arbidol 

complex 

No. of intermolecular contacts 59 No. of intermolecular contacts 74 

No. of charged-charged contacts 1 No. of charged-charged contacts 1 

No. of charged-polar contacts 9 No. of charged-polar contacts 13 

No. of charged-apolar contacts 18 No. of charged-apolar contacts 23 

No. of polar-polar contacts 4 No. of polar-polar contacts 3 

No. of apolar-polar contacts 18 No. of apolar-polar contacts 18 

No. of apolar-apolar contacts 9 No. of apolar-apolar contacts 16 

% of apolar NIS residues 35.58 % of apolar NIS residues 34.94 

% of charged NIS residues 26.76 % of charged NIS residues 27.71 

Predicted binding affinity (kcal/mol) -10.8 Predicted binding affinity (kcal/mol) -11.5 
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Table 3. PPCheck-derived energy components for the apo-RBD/ACE2 complex and 

RBD/ACE2-Arbidol complex from the last 30 ns MD simulation trajectories. 

 

Energy components Apo-RBD/ACE2 complex RBD/ACE2-Arbidol complex 

Hydrogen bond energy -7.56 kJ/mol -8.43 kJ/mol 

Electrostatic energy -1.92 kJ/mol 10.22 kJ/mol 

van der Waals energy -103.99 kJ/mol -173.35 kJ/mol 

Total stabilizing energy -113.46 kJ/mol -171.57 kJ/mol 

No. of interface residues 75 74 

Normalized energy per residue -1.51 kJ/mol -2.32 kJ/mol 

No. of short contacts 0 2 

No. of hydrophobic interactions 1 3 

No. of van der Waals Pairs 1915 2595 

No. of Salt Bridges 0 0 

No. of Potential Favourable 

Electrostatic Interactions 

1 0 

No. of Potential Unfavourable 

Electrostatic Interactions 

1 2 

 

  



21 
 

 

 
 

Fig 1. Representation of ACE2/RBD complex and Arbidol. (A) Ribbon structure of 

ACE2/RBD complex (ACE2: green and RBD: cyan) showing the interface, (B) 2D structural 

representation of Arbidol. 
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Fig 2. Docked pose of Arbidol into ACE2/RBD interacting interface. (A) Surface 

representation of ACE2/RBD interface showing the docked site of Arbidol, (B) AutoDock 

Vina score showing the docked score and other details of the molecular docking results. 
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Fig 3. MD simulation derived structural and dynamic parameters from apo-RBD/ACE2 

complex and RBD/ACE2-Arbidol complex. (A) Plots showing the backbone RMSD 

profiles of apo-RBD/ACE2 complex and RBD/ACE2-Arbidol complex during the course of 

MD simulations, (B) The total number of hydrogen bonds formed during the 300 ns 

simulations for both complexes. 
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Fig 4. Free energy landscapes of apo-RBD/ACE2 complex and RBD/ACE2-Arbidol 

complex. The free energy landscapes generated by projecting the principal components, PC1, 

and PC2, of (A) apo-RBD/ACE2 complex, and (B) RBD/ACE2-Arbidol complex from MD 

simulations at 300 K. The free energies are represented by -kBT ln P(PC1, PC2) with P(PC1, PC2) 

being the distribution probability calculated using the structures sampled at 300 K. The blue, 

green, and cyan color represent metastable conformations with low-energy states, while red 

color signifies the high-energy protein conformations. 
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Fig 5. Molecular interaction of Arbidol with RBD/ACE2. (A) A 3D interaction diagram 

showing the contacts and interactions of Arbidol with RBD/ACE2 complex residues during 

MD simulations. The bond lengths are shown as dashed lines, and the distances are labeled, 

(B) Superimposed structures of Arbidol in the RBD/ACE2 complex over the last 30 ns MD 

simulation of RBD/ACE2-Arbidol complex. 
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Fig 6. Contribution energy of the ACE2 and RBD residues towards Arbidol. (A) The 

per-residue energy contribution of (A) ACE2, and (B) RBD residues, towards Arbidol 

binding as obtained from the MM-PBSA binding affinity calculations. 

 

 

 

 


