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Background: COVID-19 is an infectious disease caused by severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2). Efforts to fight the virus include the development and investigation of vaccines, 

monoclonal antibodies, and specific antiviral drugs targeting key stages in the viral life cycle. 

Objectives: The aim of this study is to investigate the potential sites of furin protease binding to the S 

protein in different conformations and to evaluate the binding affinity of non-specific antiviral drugs and 

the macrocyclic peptidomimetic inhibitor 8 (PI8) to the S protein–furin protease complex using a molecular 

docking approach. 

Material and Methods: The three-dimensional structures of the S protein (PDB IDs: 6VYB, 6VXX, 

7VHJ) from the Protein Data Bank (www.rcsb.org ) were docked with furin protease (PDB ID: 5JXG) 

using the ClusPro 2.0 server. Non-specific antiviral drugs, such as remdesivir, chloroquine, favipiravir, 

nelfinavir, and PI8, were docked onto 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG complexes using the 

AutoDock Vina program. The ligands were energy-minimized using the Universal Force Field (UFF) and 

converted to PDBQT format with OpenBabel. Protein optimization was performed using AutoDock Tools. 

Docking results were visualized using the Discovery Studio 2024 Visualizer. 

Results: The binding affinity of the studied ligands with the S protein-furin protease complexes was 

verified by molecular docking studies. PI8, nelfinavir, and remdesivir showed high binding affinity with 

the 7VHJ-5JXG structure due to the fully modeled structure of the furin cleavage site. The best docking 

scores of PI8 with 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG complexes were -9.7 kcal/mol, -9.5 

kcal/mol, and -9.9 kcal/mol, respectively. The interaction between the S protein-furin complexes and PI8 

involves specific amino acid residues, primarily within the catalytic site of furin and the reactive site loop 

of PI8. Docking studies showed that remdesivir acts directly on the furin cleavage site of the S protein (in 

the 7VHJ-5JXG complex), forming energetically favorable interactions through hydrogen bonds and 

hydrophobic contacts, with a high binding affinity (binding energy score is -9.1 kcal/mol). The energetically 

favorable interactions of the 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG complexes with nelfinavir are 

also confirmed by low binding energy scores of -8.2 kcal/mol, -8.9 kcal/mol, and -9.3 kcal/mol, 

respectively.  

Conclusion: According to the results of molecular docking, PI8, nelfinavir, and remdesivir demonstrate 

energetically favorable interactions with the studied complexes and can be considered promising inhibitors 

targeting the SARS-CoV-2 S protein–furin protease complexes. 

KEY WORDS: SARS-CoV-2 spike protein; furin protease; antiviral drugs; molecular docking; human 

health. 
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COVID-19 is an infectious disease caused by the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), which has affected more than 7.0 million people worldwide [1]. 

Over the past five years, the virus has spread rapidly across countries due to its ability to 

transmit through respiratory pathways. Additionally, the virus has the capacity for 

asymptomatic and pre-symptomatic transmission. Therefore, individuals infected with SARS-

CoV-2 can transmit the virus before showing symptoms — such as respiratory distress, 

headache, fatigue, sore throat, and high fever — or even without developing symptoms, making 

detection and containment particularly challenging. The combination of immune evasion and 

high infectivity may also contribute to the widespread transmission of SARS-CoV-2 [2]. 

Efforts to fight the virus include the development of vaccines, monoclonal antibodies, and 

specific antiviral drugs targeting key stages in the viral life cycle, with research on these 

treatments currently ongoing [3, 4]. Most studies focus on the numerous structural and 

nonstructural viral proteins encoded by SARS-CoV-2, including the SARS-CoV-2 spike 

glycoprotein (S protein), papain-like protease (PLpro), and the main protease (Mpro) [5, 6]. 

Additionally, studying human cell proteases, such as furin and type II transmembrane serine 

protease (TMPRSS2), is crucial for understanding the mechanisms involved in the activation 

of the SARS-CoV-2 S protein. 

The attachment of SARS-CoV-2 to the host cell is a critical step in the infection process, 

mediated by interactions between the S protein and the host cell’s angiotensin-converting 

enzyme 2 (ACE2) receptor. The viral S protein is a structural trimeric protein, approximately 

1,273 amino acids long, that belongs to the class I viral fusion proteins [7]. The S protein 

consists of the S1 subunit, which contains a signal peptide and a receptor-binding domain 

(RBD), and the S2 subunit, which includes the fusion peptide (FP), heptapeptide repeat 

sequences 1 and 2 (HR1, HR2), the transmembrane domain (TM), and the cytoplasmic domain 

[8]. The S1 and S2 subunits of the S protein are separated by a cleavage site recognized by 

furin-like proteases during its biogenesis in infected cells. Additionally, the S2 subunit contains 

an S2' cleavage site located immediately upstream of the first FP, exposing the FP, facilitating 

membrane fusion. The TM domain anchors the S protein to the viral envelope, while the HR1 

and HR2 regions help form the post-fusion structure [9]. The dynamic transitions among the 

prefusion "open," postfusion "closed," and intermediate "semi-open" conformations are 

essential for the S protein's role in facilitating viral entry [10, 11]. The proteolytic activation of 

the S protein by host proteases is necessary to convert its precursor form into a biologically 

active form, enabling the subsequent fusion of viral and cellular membranes. 

Upon binding with the ACE2 receptor, the S protein is processed by host cell proteases at 

two distinct sites. The furin protease cleaves the S1/S2 site, which contains multiple arginine 

residues [12]. Additionally, TMPRSS2 targets the S2′ site, priming the S protein and facilitating 

membrane fusion [13]. As a result of this priming, the N-terminal S1 domain binds to the host 

ACE2 receptor via the receptor-binding domain, while the C-terminal S2 domain undergoes 

significant structural transformations. These transitions from prefusion conformations to 

transient intermediates enable its insertion into the target host membrane [14]. 

The SARS-CoV-2 S protein has a cleavage site (682Arg-683Arg-684Ala-685Arg) at the 

S1/S2 boundary, which is cleaved by furin to prime the S protein for TMPRSS2 protease 

processing [15]. The furin cleavage site is unique to the SARS-CoV-2 S protein and is lacking 

in other coronaviruses, such as SARS-CoV, making it particularly efficient at utilizing host 

proteases for entry [16, 17]. This fusion event enables the viral genome to be released into the 

host cell cytoplasm, where it begins the replication process. Furin inhibition can block this 

important activation step, preventing the virus from effectively infecting host cells. Therefore, 

host molecules essential for the completion of viral replication and infection are emerging as 

potential targets for drug development [18]. 
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Numerous well-known drugs with different pharmacological properties have been tested 

and used to treat various diseases, including COVID-19 [19–21]. The ligands selected for our 

study, such as remdesivir, nelfinavir, and favipiravir, have been investigated as potential 

candidates for inhibiting the spread of the coronavirus using in silico, in vitro, and in vivo 

methods within the framework of anti-COVID therapy protocols. Evidence suggests that these 

drugs can inhibit specific proteins, such as proteases and the S protein binding site on ACE2, 

which are critical for coronavirus infection, by forming stable complexes with them [22–24]. 

However, for some drugs, such as chloroquine and PI8, no reliable data confirms the presence 

of target molecules in SARS-CoV-2 [25].  

Given that the virus is constantly evolving, it is crucial to continue searching for drugs 

capable of forming stable complexes with various critical protein systems of SARS-CoV-2. 

Due to the absence of a resolved structure for the region containing the furin cleavage site, it 

remains unclear whether furin can bind to additional sites on viral S glycoproteins to cleave 

them. Furthermore, understanding the effect of antiviral drugs on these complexes is essential. 

Therefore, elucidating the mode of interaction between furin and the spike glycoprotein will be 

critical for the effective design of antiviral drugs and antibodies. 

The aim of this study is to investigate the potential sites of furin protease binding to the S 

protein in different conformations and to evaluate the binding affinity of non-specific antiviral 

drugs and the macrocyclic peptidomimetic inhibitor 8 (PI8) to the S protein–furin protease 

complex using a molecular docking approach. 

 

MATERIALS AND METHODS 

The three-dimensional structures of the S protein in its "open" (PDB ID: 6VYB), "closed" 

(PDB ID: 6VXX), and modified furin site (PDB ID: 7VHJ) conformations were obtained from 

the Protein Data Bank (www.rcsb.org). The 6VYB, 6VXX, and 7VHJ structures represent the 

best available experimental models of the S protein trimer in distinct conformational states, 

each of which is biologically relevant for spike activation and processing. In the study, these 

proteins were docked with furin protease (PDB ID: 5JXG) using the ClusPro 2.0 server. As the 

PDB files lacked hydrogen atoms, Kollman charges were assigned to match the electrostatic 

potentials, and hydrogen atoms were added using AutoDock Tools to optimize the proteins 

appropriately. The protonation states of amino acid residues at pH 7 were verified using 

PROPKA 3.1 [26]. In the next stage, non-specific antiviral drugs, including remdesivir, 

chloroquine, favipiravir, nelfinavir, and PI8, were docked onto the three constructed targets via 

the ClusPro 2.0 server — 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG. 

Ligands were downloaded in Structural Data File (SDF) format from the PubChem 

database (www.pubchem.ncbi.nlm.nih.gov). Log P values for all ligands were obtained from 

the PubChem database (https://pubchem.ncbi.nlm.nih.gov), where they were reported 

following calculation using the XLogP3 3.0 algorithm. XLogP3 employs an atom-additive 

(AA) method that estimates log P by summing the contributions of individual atoms based on 

their chemical environments. The structural formulas and some physicochemical properties of 

the studied ligands are shown in Figure 1. 

Molecular docking was performed using the AutoDock Vina program [27]. Before 

docking, the ligands were minimized in energy using the Universal Force Field (UFF) and 

converted to PDBQT format with OpenBabel [28]. All docking studies were conducted as target 

docking, with the grid box encompassing the interacting chains of the S protein and furin 

protease. The grid box dimensions were set to 70 Å×70 Å×70 Å with a grid spacing of 0.508 Å. 

To increase the likelihood of identifying the global minimum of the scoring function, the 

exhaustiveness parameter in AutoDock Vina was set to 50. High-affinity binding complexes 

were subsequently analyzed using Discovery Studio 2024 Client software. 

http://www.rcsb.org/
http://www.pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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            Remdesivir 

 

 

 

C27H35N6O8P 

Weight 602.6 Da 

 Polar surface area 

204.0 Å2  

*logP 1.9  

               Nelfinavir

 

 

C32H45N3O4S 

Weight 567.8 Da  

Polar surface area 

127.0 Å2 

logP 5.7  

**logS -5.5 

Favipiravir 

 

 

C5H4FN3O2 

Weight 157.1 Da 

Polar surface area 

84.6 Å2 

logP -0.6 

logS -1.3 

Chloroquine  

 

 

C18H26ClN3 

Weight 319.9 Da 

Polar surface area 

28.2 Å2  

logP 4.6 

logS -4.3 

Macrocyclic 

peptidomimetic 

inhibitor 8 (PI8) 

 

 

 

C41H54N4O6 

Weight 698.4 Da 

Polar surface area  

149.0 Å² 

logP 4.9 

 

Fig. 1. Structures and physicochemical properties of ligands (www.pubchem.ncbi.nlm.nih.gov).  

*logP — refers to the logarithm of the octanol/water partition coefficient as a measure of hydrophobicity of a 

compound;  

**logS — directly related to the water solubility of a drug. 

 

RESULTS AND DISCUSSION  

The activation of the S glycoprotein by the host protease furin is an essential step in the 

replication of SARS-CoV-2. Furin protease represents a highly selective serine protease that 

binds with the S protein and activates it via proteolytic cleavage [29]. The inhibition of the S 

protein-furin protease complex is a promising approach for the treatment of COVID-19. 

Therefore, protein-protein complexes are important targets for the development of antiviral 

drugs, as the specificity of these interactions determines ligand binding affinity and the 

effectiveness of therapy. 

The docking of the S protein in its "open," "closed," and modified furin site conformations 

with the furin protease was performed using the ClusPro 2.0 web-based server. This server 

utilizes a docking program based on the Fast Fourier Transform (FFT) correlation approach, 

employing pairwise potentials [30]. It selects the centers of highly populated clusters of low-

energy structures rather than relying solely on the lowest-energy conformations.  

The interaction energy between the two proteins is expressed as: 

E = w1Erep + w2Eattr + w3Eelec + w4EDARS, 

where Erep and Eattr — the repulsive and attractive forces described by the van der Waals 

interaction energy; Eelec is an electrostatic energy; EDARS is a pairwise structure-based potential; 

w1, w2, w3, and w4 are the weight coefficients.  

To analyze molecular interactions between the amino acid residues of protein structures, 

we used the generated models with a balanced parameter set. The weight coefficients used were: 

http://www.pubchem.ncbi.nlm.nih.gov/
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w1 = 0.4, w2 = -0.4, w3 = 600, and w4 = 1.0. The protein-protein molecular docking studies 

revealed that the SARS-CoV-2 S protein in its different conformations binds to the furin 

protease, with binding energy scores presented in Table 1. 

 
Table 1. Binding energy score of the SARS-CoV-2 S protein in different conformations with furin protease using 

Cluspro web server 

 

Complex Cluster Representative Binding energy 

score, kcal/mol 

 

6VYB-5JXG 

 

1 

Center -222.2 

Lowest energy -254.7  

 

6VXX-5JXG 

 

1 

Center -220.9 

Lowest energy -236.8 

 

7VHJ-5JXG 

 

1 

Center -213.7 

Lowest energy -235.8 

 

In Table 1, the center energy is the average interaction energy of the similar docking poses 

within a first cluster. The center energy is calculated for the pose that represents the center of 

the cluster (i.e., the most representative pose of that cluster). The lowest energy refers to the 

interaction energy of the pose with the lowest energy value within a first cluster. This represents 

the most energetically favorable pose among all poses in the cluster. The protein-protein 

docking of furin and the S protein in "open" conformation showed the binding affinity of furin 

with the lowest energy of -254.7 kcal/mol, which can be considered a potential candidate for 

further analysis, like the other two structures. 

The unmodeled structure of the region containing the furin cleavage site of the S protein 

structures from the PDB in both the "open" (6VYB) and "closed" (6VXX) conformations has 

significantly influenced the outcomes of our modeling. Most researchers have reported some 

success in reconstructing the structure of the furin cleavage site of 6VYB structure after 

successfully modeling the entire SARS-CoV-2 S protein using the Protein Homology/Analogy 

Recognition Engine [31]. It was found that an antiparallel β-sheet connects the S1 and S2 

regions of the S protein, comprising a few amino acid residues Arg-Arg-Ala-Arg in a short 

loop. Some acid residues protrude out of the main body of the SARS-CoV-2 S protein, which 

forms an antiparallel β-sheet along with a short loop comprising a furin cleavage site.  

Our study demonstrates that furin can interact with the S protein outside the furin cleavage 

site, exhibiting high binding affinity (Table 1). This finding suggests alternative mechanisms 

for the S protein-furin interactions. In the 6VYB-5JXG and 6VXX-5JXG complexes, furin 

predominantly interacts with the receptor-binding domain of the S1 subunit, specifically with 

regions not designed for direct cleavage. Such interactions could arise from electrostatic or 

hydrophobic contacts between the proteins. In the 7VHJ-5JXG complex, the interacting amino 

acids are located near the fusion peptide (FP) and heptapeptide repeat sequence 1 (HR1), owing 

to the presence of the cleavage site. The results of N. Vankadari using molecular dynamics and 

computational model-based selective docking and simulation show that SARS-CoV-2 spike 

glycoprotein amino acid residues from Asp657 up to Gln690 are the prime residues interacting 

with the furin protease; this is mediated via van der Waals bonds and hydrogen bonding [32]. 

Alternative pathways for the S protein activation and hydrolysis are being investigated 

using molecular docking analysis and immunoblotting to identify precisely possible cleavage 
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sites to prevent viral entry into the target cell [33]. The identification of cathepsin cleavage sites 

in the S1/S2 fusion peptide region – not at the canonical site – suggests their assistance in 

activating cleavage of the S protein to promote membrane fusion [34]. Therefore, our results 

provide valuable insights into how furin interacts with additional regions of the S protein and 

affects its function. 

AutoDock Vina program performs molecular docking and virtual screening of ligands with 

proteins, predicting noncovalent interactions and the binding affinity using a scoring function 

that is considered as the sum of intermolecular and intramolecular contributions. In this study, 

the binding energy scores of remdesivir, chloroquine, favipiravir, nelfinavir, and PI8 towards 

the S protein-furin protease complex were calculated by Autodock Vina 1.1.2 software. 

Autodock results demonstrated that these ligands can successfully dock with the SARS-CoV-2 

S protein-furin complexes, as indicated by the AutoDock Vina scores presented in Table 2. The 

docked models with the lowest binding energy scores indicated the most energetically favorable 

interactions between the ligands and the target proteins.  

 
Table 2. Binding energy score of studied ligands with target the SARS-CoV-2 S protein-furin protease complex  

  

Ligand Binding energy score, kcal/mol 

6VYB-5JXG 6VXX-5JXG 7VHJ-5JXG 

PI8 -9.7 -9.5 -9.9 

Nelfinavir -8.2 -8.9 -9.3 

Remdesivir -7.8 -8.2 -9.1 

Chloroquine -5.9 -6.3 -7.4 

Favipiravir -5.8 -5.9 -6.9 

 

To verify the correctness of the above-described docking procedure, we have carried out 

re-docking calculations. The predictive power of docking in identifying binding sites of the 

studied ligands was assessed in PyMol by testing the SARS-CoV-2 spike protein (S protein) in 

different conformations from the PDB database with the studied ligands (PDB IDs: 7QG7, 

3EL0, 7AAP, 4V2O, 1D4K). The RMSD between the ligand's original pose and the docking 

pose was less than 2 Å. So comparative analysis showed that AutoDock Vina demonstrated 

good agreement in re-docking these protein-ligand complexes. 

According to Table 2, the highest binding affinity was observed for 7VHJ-5JXG docked 

by PI8, with an AutoDock Vina score of -9.9 kcal/mol. The amino acids involved were Arg214 

from the C chain of the S protein and Asp258 from furin, interacting through electrostatic 

forces, such as π–cation and π–anion contacts. Additionally, Trp64 from the C chain of the S 

protein, along with Leu227 and His364 from furin, interacted via hydrophobic forces (π-sigma, 

π-alkyl). Furthermore, Asp191 of furin formed a hydrogen bond (Fig. 2). 

The PI8 interacts with the 6VYB-5JXG with a binding energy score of -9.7 kcal/mol. In 

this case, the molecular binding is stabilized through hydrogen bonds with Ser253, His364 and 

Ser368 of furin, as well as hydrophobic interactions through five amino acid residues, including 

Arg193, His194, Leu227, Asn295, and Thr365 of furin. Additionally, a π–anion interaction 

with Asp258 is observed (Fig. 3).  
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Fig. 2. The 3D and 2D representations of the complex 7VHJ-5JXG and its molecular 

interactions with PI8. Figures obtained with Discovery Studio software. The interacting 

residues of corresponding chains of the S protein and furin protease with PI8 (coloring 

by element, all C atoms of ligand are in dark gray, red — O, gray — H, blue — N) are 

labeled and shown as stick models. The ligand interaction diagram of PI8 with the 7VHJ-

5JXG complex is shown, and the types of intermolecular interactions are labeled. 
 

The PI8 also interacts with high binding affinity to 6VXX-5JXG, which is -9.5 kcal/mol. 

The molecular interaction is facilitated by hydrogen bonds with Tyr28 and Gly366 of furin, and 

hydrophobic interactions through residues Phe32, His194, Leu227, and Ser253 of furin. 

Additionally, a π–anion interaction occurs with Asp154 (Fig. 4). 

It is also necessary to note that PI8 has a lipophilicity of logP = 4.9, which allows it to bind 

specifically and with high affinity to all the studied complexes, interacting with residues such 

as Leu227, Trp64, Ala292, Ser253, and Ser368, as illustrated in Figs. 2–4. 

Our docking study suggests that PI8 could potentially act by inhibiting furin’s interaction 

with the SARS-CoV-2 S glycoprotein at the binding sites, regardless of the conformation state 

of the S protein. The interaction between the S protein-furin complexes and PI8 involves 

specific amino acid residues, primarily within the active (catalytic) site of furin and the reactive 

site loop of PI8. As shown in the figures above, these interactions include hydrogen bonds, van 
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der Waals forces, and hydrophobic interactions. Our results are consistent with Van Lam's 

findings that the peptide-based drugs bind furin protease with higher affinity than other drugs 

[35].  

 

 
Fig. 3. The 3D and 2D representations of the complex 6VYB-5JXG and its molecular 

interactions with PI8. Figures obtained with Discovery Studio software. The 

interacting residues of furin protease with PI8 (coloring by element, all C atoms of 

ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick 

models. The ligand interaction diagram of PI8 with the 6VYB-5JXG complex is 

shown, and the types of intermolecular interactions are labeled. 
 

It is known that remdesivir inhibits the polymerase activity of the viral RNA-dependent 

RNA polymerase (RdRp) via RNA chain termination, thereby inhibiting SARS-CoV-2 

replication and transcription [36]. Remdesivir also binds to Mpro, but with slightly weaker 

affinity than to RdRp [37]. As shown by Nguyen et al., the binding mechanisms of remdesivir 

to these two targets differ in that electrostatic interactions are the main force stabilizing the 

RdRp–remdesivir complex, while van der Waals interactions dominate in the Mpro–remdesivir 

case. Remdesivir demonstrated considerable binding affinity with the S protein in its "closed" 

conformation (6XXV) by forming hydrogen bonds with amino acid residues in the RBD and 
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HR1 sequence [38]. However, the binding affinity for the S protein in its "open" conformation 

was slightly lower, which is associated with the involvement of the transmembrane domain of 

the S protein. These results are consistent with our study, which found that the binding affinity 

of remdesivir to the 6VXX-5JXG complex was higher than that to the 6VYB-5JXG complex: 

-8.2 kcal/mol vs. -7.8 kcal/mol. 

In the complex 6VYB-5JXG, remdesivir forms hydrophobic interactions only with the 

furin protease (Fig. 5).  

 

 

 
 

 
Fig. 4. The 3D and 2D representations of the complex 6VXX-5JXG and its molecular 

interactions with PI8. Figures obtained with Discovery Studio software. The 

interacting residues of furin protease with PI8 (coloring by element, all C atoms of 

ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick 

models. The ligand interaction diagram of PI8 with the 6VXX-5JXG complex is 

shown, and the types of intermolecular interactions are labeled.  
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Fig. 5. The interacting residues of corresponding chains of the S protein and furin 

protease (gray) with remdesivir (coloring by element, all C atoms of ligand are in dark 

gray, red — O, gray — H, blue — N) are labeled and shown as stick models. The 

ligand interaction diagram of remdesivir with the 6VYB-5JXG complex is shown, and 

the types of intermolecular interactions are labeled. 

 

 

However, hydrogen bonds are formed with the S protein's C chain (Lys113, Ser112, and 

Glu132) and the furin protease (Asn133, Asp430, and Ala433). In the complex 6VXX-5JXG, 

remdesivir forms hydrogen bonds (Thr29, His194, Asp215, and Thr365) and hydrophobic 

interaction (Asp191, and His364) only with furin (Fig. 6). 

Our docking studies showed that remdesivir directly targets the furin cleavage site of the 

S protein (in the 7VHJ-5JXG complex), forming an energetically favorable complex through 

hydrogen bonds and hydrophobic interactions with high binding affinity. Remdesivir interacts 

with 7VHJ-5JXG with the high binding energy score of -9.1 kcal/mol. The molecular binding is 

stabilized through hydrogen bonds with Asp174, Asp179, and Gln183 of furin, as well as Ser679, 
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and Ala681 of the S protein. Hydrophobic interactions are mediated by Arg357 of furin and 

Ser682 of the S protein, while π-stacking interactions involve Tyr186 of furin (Fig. 7). 

 

 

 
 

Fig. 6. The interacting residues of furin protease (gray) with remdesivir (coloring by 

element, all C atoms of ligand are in dark gray, red — O, gray — H, blue — N) are 

labeled and shown as stick models. The ligand interaction diagram of remdesivir with 

the 6VXX-5JXG complex is shown, and the types of intermolecular interactions are 

labeled. 

 

Remdesivir, which has moderate lipophilicity (logP = 1.9), showed corresponding binding 

affinity to the complexes – particularly to complex 7VGH-5JXG – through interactions with 

Ser682, Ala681, and Ser679 (Fig. 7). In general, remdesivir exhibits specificity for RNA-

dependent RNA polymerase. Upon conversion to its active hydrophilic metabolite (GS-441524) 

within the cell, remdesivir mimics a nucleoside and incorporates into viral RNA during 

replication [39]. 

Our binding affinity calculations using AutoDock Vina for nelfinavir showed that the 

binding affinities with the S protein-furin protease complexes ranged from -8.2 kcal/mol to -

9.3 kcal/mol. We showed that the SARS-CoV-2 S protein-furin complex (7VHJ-5JXG), which 

includes amino acid residues of the furin cleavage site, interacts with nelfinavir with the highest 

binding affinity of -9.3 kcal/mol (Fig.8). At the same time, the binding affinities decreased with 
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a reduction in the total number of contacts (hydrogen bonds and hydrophobic interactions) 

between nelfinavir and furin protease of this complex.  

 

 
Fig. 7. The interacting residues of corresponding chains of the S protein 

(brown) and furin protease (gray) with remdesivir (coloring by element, all C 

atoms of ligand are in dark gray, red — O, gray — H, blue — N) are labeled 

and shown as stick models. The ligand interaction diagram of remdesivir with 

the 7VHJ-5JXG complex is shown, and the types of intermolecular 

interactions are labeled. 

 

Furthermore, our protein-ligand docking results align with those of Bashir and co-authors, 

who identified Ser368, Thr365, and His364 as key residues in the binding active site of furin 

[31]. Our findings demonstrated that the high affinity of nelfinavir for 7VHJ-5JXG is primarily 

due to the formation of hydrogen bonds with His364, and Thr365 of the furin protease. 
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Additionally, hydrophobic interactions involving His194, and Leu227 of furin and Arg214 of 

the S protein contributed to the conformational stability of the 7VHJ-5JXG-nelfinavir complex. 

Trp64 of the S protein forms an electrostatic interaction with the ligand. 

 

 
Fig.8. The key intermolecular interactions between nelfinavir and the 7VHJ-5JXG 

complex are shown. The interacting residues of corresponding chains of the S protein 

(brown) and furin protease (gray) with nelfinavir (coloring by element, all C atoms of 

ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick 

models. 2D ligand interaction diagrams between nelfinavir and the 7VHJ-5JXG 

complex are shown. Various types of intermolecular interactions are labeled in the 

legend.  
 

The catalytic domain of furin has a cavity with an active site surrounded by negatively 

charged residues. This configuration allows inhibitors to bind to the enzyme and interact with 

the catalytic triad — Asp153, His194, and Ser368 — essential for its catalytic activity by 

hydrolyzing the virus' peptide bonds [40]. Our studies showed that nelfinavir and PI8 bind 

favorably to the catalytic domain of furin, especially of the 7VHJ-5JXG complex.  
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We demonstrated that the lipophilicity of nelfinavir influences the binding affinity of the 

studied complexes. Nelfinavir contains benzene rings and aliphatic chains, which enable it to 

specifically interact with the hydrophobic pockets of these complexes. These pockets are 

formed by hydrophobic amino acid residues, particularly in complex 7VGH-5JXG, where 

Trp64 and Leu227 play a key role (Fig. 8). 

Chloroquine is known to have a broad spectrum of antiviral activity and is primarily used 

for the prevention and treatment of malaria and rheumatic diseases [41]. However, it has been 

found to interact with ACE2 and the coronavirus spike protein by inhibiting ACE2, thereby 

suppressing the replication of SARS-CoV-2. 

We have shown that chloroquine binds to amino acid residues of the receptor-binding 

domain (RBD) of the spike protein in its "closed" conformation through interactions with 

Phe515 (via hydrogen bonding); Phe464, Pro426, and Leu518 (via hydrophobic interactions); 

and Glu516 (via electrostatic π-anion interaction). The binding energy score was -6.3 kcal/mol, 

which is consistent with the findings reported in Badrauli's work [42].  

As noted by Khatabi, chloroquine can also bind to nonstructural proteins. The binding 

affinity of chloroquine to the SARS-CoV-2 main protease was -3.07 kcal/mol, which is lower 

than its affinity for ACE2. The stability of the SARS-CoV-2 main protease–chloroquine 

complex was provided by the same nonpolar hydrophobic amino acid residues as in our study, 

such as phenylalanine, valine, proline, and leucine [43]. The presence of benzene rings 

contributes to chloroquine's high lipophilicity (logP = 4.6) and facilitates its hydrophobic 

interactions with nonpolar amino acid residues in chain C of the S protein, including Val126, 

Ile119, Phe194, Trp104, and Ile203 (figure not shown). 

In the 6VYB-5JXG and 6XXV-5JXG structures, favipiravir demonstrated the lowest 

binding affinity of -5.9 kcal/mol and -5.8 kcal/mol, respectively, which are consistent with the 

results of Eweas A.F. et al. [38].  

It is known that favipiravir is a target-specific drug that acts as a substrate for the RNA-

dependent RNA polymerase, thereby preventing viral transcription and replication [44]. 

Favipiravir has also been reported as an antiviral option against the main viral protease of 

SARS-CoV-2, although it was originally developed to treat influenza. Molecular docking 

results showed a strong binding affinity (-4.4 kcal/mol) and numerous interactions, including 

both hydrogen bonds and hydrophobic contacts [45].  

Our study demonstrated that, unlike other studied ligands, favipiravir forms an energetically 

favorable complex with the B chain of the S protein in the "open" conformation of 6VYB-5JXG 

through a hydrogen bond (with Asn354), a hydrophobic interaction (with Ala344), and a halogen 

bond (with Val341). In the 6XXV-5JXG and 7VHJ-5JXG structures, favipiravir binds only to 

furin amino acid residues through hydrogen bonds (Glu157, Pro256, Asp306, Ala292), 

hydrophobic interaction (Tyr186), and halogen bonds (Glu654, Gln183, Asp301, Glu331) 

(figures not shown). Favipiravir contains polar functional groups that result in low lipophilicity 

(logP = -0.6), and thus it tends to interact with hydrophilic or polar amino acids such as tyrosine 

and glutamic acid. 

Summarizing the docking results of five ligands investigated as potential inhibitors of the 

S protein–furin complex, it is notable that PI8 and remdesivir form interactions with all three 

complexes analyzed. These contacts occur directly within the active site of furin. Nelfinavir 

and favipiravir also interact with the furin active site, although only in two of the three 

investigated complexes. In contrast, chloroquine does not interact with the furin active site; 

instead, it binds solely to the C chain of the S protein, i.e., outside the furin cleavage site. To 

date, despite numerous studies on the therapeutic potential of chloroquine for the treatment of 

COVID-19 and its demonstrated antiviral and anti-inflammatory properties, the precise 

mechanism of its action remains insufficiently understood. In particular, it is still unclear 
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whether there are specific molecular targets in the SARS-CoV-2 life cycle that can be inhibited 

by chloroquine [25].  

These concluding remarks support the promising antiviral properties of PI8, remdesivir, 

nelfinavir, and favipiravir against a broad range of RNA viruses [35–38, 45], including their 

potential as inhibitors of SARS-CoV-2 protein complexes at the molecular level. At the same 

time, the unexplored potential of chloroquine as a possible inhibitor of certain viral molecular 

targets warrants further investigation. 

 

CONCLUSIONS 
Our results demonstrate that furin can interact with the S protein in both "open" and 

"closed" conformations, even outside the canonical furin cleavage site. These interactions 

indicate alternative mechanisms for the S protein–furin binding, potentially compensating for 

the unmodeled structure of the region containing the furin cleavage site. Moreover, the fully 

modeled structure of the furin cleavage site in the 7VHJ structure facilitated an energetically 

favorable, near-canonical interaction involving the fusion peptide and the heptapeptide repeat 

sequence 1.  

This study also showed that, regardless of furin’s binding location on the S protein, 

inhibitors preferentially bind to furin — particularly at its catalytic site — rather than to the S 

protein within the investigated SARS-CoV-2 S protein–furin complexes, thereby preventing S 

protein processing. The potential binding sites of several non-specific antiviral drugs, including 

remdesivir, chloroquine, favipiravir, nelfinavir, and PI8, were evaluated on the 6VYB-5JXG, 

6VXX-5JXG, and 7VHJ-5JXG structures. 

In silico docking study was performed using the target docking mode of AutoDock Vina. 

Screening of all ligands revealed that PI8, nelfinavir, and remdesivir exhibited the highest 

binding affinity for the 7VHJ-5JXG structure, likely due to the fully modeled structure of the 

furin cleavage site. The binding energy scores were -9.9 kcal/mol for PI8, -9.3 kcal/mol for 

nelfinavir, and -9.1 kcal/mol for remdesivir.  

A detailed atomic-level understanding of S protein–furin interactions with antiviral agents, 

enabled by molecular docking technologies, could support the development of new therapeutic 

agents or drug combinations to combat COVID-19. Therefore, this study of inhibitors targeting 

the SARS-CoV-2 S protein–furin protease complex provides valuable insights for assessing 

these compounds as potential antiviral drugs against SARS-CoV-2. 
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Актуальність. COVID-19 — це інфекційне захворювання, спричинене коронавірусом важкого 

гострого респіраторного синдрому (SARS-CoV-2). Зусилля у боротьбі з вірусом включають 

розробку та дослідження вакцин, моноклональних антитіл і специфічних противірусних препаратів, 

спрямованих на важливі мішені у життєвому циклі вірусу. 

Мета роботи. Метою цього дослідження є вивчення потенційних сайтів зв'язування фуринової 

протеази з S-білком у різних конформаціях та оцінка спорідненості зв'язування неспецифічних 

противірусних препаратів та макроциклічного пептидоміметичного інгібітора 8 (PI8) з комплексом 

S-білок-фуринова протеаза методом молекулярного докінгу. 

Матеріали та методи. Тривимірні структури S білка (PDB IDs: 6VYB, 6VXX, 7VHJ) з бази даних PDB 

(www.rcsb.org) були стиковані до фуринової протеази (PDB ID: 5JXG) за допомогою сервера 

ClusPro 2.0. Неспецифічні противірусні препарати, такі як ремдесивір, хлорохін, фавіпіравір, 

нелфінавір, а також PI8, були стиковані до комплексів 6VYB-5JXG, 6VXX-5JXG і 7VHJ-5JXG за 

допомогою AutoDock Vina. Ліганди були енергетично мінімізовані за допомогою універсального 

силового поля (UFF) і конвертовані у формат PDBQT за допомогою OpenBabel. Оптимізація білків 

здійснювалася з використанням інструментів AutoDock. Результати докінгу були візуалізовані у 

програмі Discovery Studio 2024. 

Результати. Спорідненість зв’язування досліджених лігандів із комплексами S-білок–фуринова 

протеаза підтверджена результатами молекулярного докінгу. PI8, нелфінавір і ремдесивір показали 

високу спорідненість зв’язування зі структурою 7VHJ-5JXG через визначеність структури у сайті 

розщеплення фурином. Найкращі результати молекулярного докінгу для PI8 з комплексами 6VYB-

5JXG, 6VXX-5JXG і 7VHJ-5JXG становлять -9.7 ккал/моль, -9.5 ккал/моль і -9.9 ккал/моль 

відповідно. Взаємодія між комплексами S-білок–фуринова протеаза і PI8 відбувається через 

специфічні амінокислотні залишки, розташовані головним чином у каталітичному центрі фурину та 

петлі реактивного сайту PI8. Дослідження показали, що ремдесивір безпосередньо впливає на сайт 

розщеплення фурином S білка (у комплексі 7VHJ-5JXG), утворюючи енергетично сприятливі 

взаємодії завдяки водневим зв’язкам і гідрофобним контактам із високою спорідненістю 

зв’язування (енергетичний показник зв’язування становив -9.1 ккал/моль). Енергетично сприятливі 

взаємодії комплексів 6VYB-5JXG, 6VXX-5JXG і 7VHJ-5JXG з нелфінавіром також 

підтверджуються низькими енергетичними показниками, які становлять -8.2 ккал/моль, -8.9 

ккал/моль і -9.3 ккал/моль відповідно.  

Висновки. Згідно з результатами молекулярного докінгу, PI8, нелфінавір і ремдесивір 

демонструють енергетично сприятливі взаємодії з досліджуваними комплексами та мають 

потенціал для використання як перспективні інгібітори, спрямовані на комплекси SARS-CoV-2 S-

білка з фуриновою протеазою. 
КЛЮЧОВІ СЛОВА: спайк білок SARS-CoV-2; фуринова протеаза; противірусні препарати; молекулярний 

докінг; здоров'я людини. 
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