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a b s t r a c t 

Although COVID-19 emerged as a major concern to public health around the world, no licensed medica- 

tion has been found as of yet to efficiently stop the virus spread and treat the infection. The SARS-CoV-2 

entry into the host cell is driven by the direct interaction of the S1 domain with the ACE-2 receptor 

followed by conformational changes in the S2 domain, as a result of which fusion peptide is inserted 

into the target cell membrane, and the fusion process is mediated by the specific interactions between 

the heptad repeats 1 and 2 (HR1 and HR2) that form the six-helical bundle. Since blocking this interac- 

tion between HRs stops virus fusion and prevents its subsequent replication, the HRs inhibitors can be 

used as anti-COVID drugs. The initial drug selection is based on existing molecular databases to screen 

for molecules that may have a therapeutic effect on coronavirus. Based on these premises, we chose two 

approved drugs to investigate their interactions with the HRs (based on docking methods). To this end, 

molecular dynamics simulations and molecular docking were carried out to investigate the changes in 

the structure of the SARS-CoV-2 spike protein. Our results revealed, cefpiramide has the highest affinity 

to S protein, thereby revealing its potential to become an anti-COVID-19 clinical medicine. Therefore, this 

study offers new ways to re-use existing drugs to combat SARS-CoV-2 infection. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Coronaviruses (CoVs) are important zoonotic pathogens, which 

re well-known for their capability to infect many mammalian 

pecies [ 1 , 2 ]. CoVs often have effective strategies for transmis- 

ion and immune evasion, particularly if epidemic and pandemic 

ccur within dense populations of humans [ 3 , 4 ]. CoVs are en-
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eloped viruses with RNA genomes [ 5 , 6 ]. They are classified into

our genera, α-, β-, γ -, and δ-coronaviruses [7] . Among them, β- 

oVs are responsible for previous Severe Acute Respiratory Syn- 

rome (SARS) and Middle Eastern Respiratory Syndrome (MERS) 

pidemics [8] that were localized and have similar characteristics. 

he newly discovered 2019-nCoV (also known as SARS-CoV-2) is a 

-CoV [9] is responsible for the newest CoV pandemic, which is 

ysterious, widespread, and dangerous. It has started in Decem- 

er 2019 in Wuhan, China and spread rapidly in more than two 

undred countries, infecting almost 35 million people and causing 

ore than a million deaths. 

The entry of all CoVs into the human host cells is mediated by 

he homotrimeric spike proteins (S proteins or SPs) that protrude 

https://doi.org/10.1016/j.molstruc.2022.132488
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rom the viral envelope forming a crown-like halo that surrounds 

he viral particle and that defines the name of these viruses. Se- 

uence of the SARS-CoV-2 S protein contains 1273 residues and 

ncludes a signal peptide (residues 1–13), the S1 subunit (residues 

4–685 residues), and the SP2 subunit (residues 686–1273). The 

1 and S2 subunits, which are responsible for receptor binding 

nd membrane fusion, respectively [10] , are further subdivided into 

everal functional domains and regions. In the S1 subunit, one 

an find an N-terminal domain (residues 14–305) and a receptor- 

inding domain (RBD, residues 319–541); whereas the SP2 subunit 

ncludes the fusion peptide (FP) (residues 788–806), heptapeptide 

epeat sequence 1 (HR1, residues 912–984), HR2 (residues 1163–

213), single-pass transmembrane (TM) domain (residues 1213–

237), and a short cytoplasm domain (residues 1237–1273). An 

mportant feature of the S2 subunit is the presence of two re- 

eat domains, HR1 and HR2 that include a repetitive heptapeptide: 

PPHCPC, where H, P, and C correspond to a hydrophobic, polar 

nd charge residue, respectively [11] , and which interact with each 

ther, forming a six-helical bundle (6-HB), causing virus fusion to 

ost cell [12] . 

The capability of virus binding to host cell receptors is deter- 

ined by the spike protein. It is well documented that SARS-CoV-2 

inds to the angiotensin-converting enzyme-2 (ACE-2) receptor lo- 

ated on the surface of some human cells [13] . Blocking the spike 

rotein binding to human cell receptors and inhibiting the subse- 

uent virus fusion are among the effective therapeutic strategies 

or fighting this deadly virus. These are also the antiviral effects 

f the drugs proposed in this study. Since there are no specific 

rugs or strategies for the SARS-CoV-2 infection treatment, finding 

eans to efficiently control COVID-19 represents an important sci- 

ntific task that drives effort s of many scientists around the globe. 

or example, Wu et al. examined the effects of multiple drugs on 

he intracellular phase of the virus and on the interactions of SARS- 

oV-2 proteins with the intracellular proteins and constructed a 

atabase of anti-viral drugs for SARS-CoV-2 [14] . In the same line, 

e investigated the effects of drugs on the extracellular phase of 

he viral life and on the SARS-CoV-2 S2. Functions of many pro- 

eins encoded by the CoV genome and associated with SARS-CoV-2 

athology remain a mystery. We are presenting here a computa- 

ional analysis of one of these mysterious proteins, spike protein, 

hich in addition to playing a role in the host cell entry might 

unction as a potential modulator of host immunity to delay or at- 

enuate the immune response against the viruses. 

In this study, we investigated the structure of the spike protein 

f SARS-CoV-2 after binding to various drugs (Table S1) and iden- 

ified drugs that potentially interact with spike protein with high- 

ffinity. We further discussed potential candidates for the treat- 

ent of SARS-CoV-2 infection and COVID-19, the changes they in- 

uce in the spike structure, and strategies to inhibit virus entry. In 

his study, we investigated the structural changes induced in the 

usion core of the S protein by all the drugs listed in Table S1, and

he best drug is suggested for the potential utilization in the treat- 

ent of COVID-19. 

. Materials and methods 

.1. Virtual selection of ligand for binding to SARS-CoV-2 spike 

rotein 

With comprehensive studies, the most efficient compounds 

ere selected as virtual ligands. The approved drugs were se- 

ected. Various software was used to investigate the changes in 

2 conformation. The chemical structure of selected drugs were 

ownloaded from the chem-spider ( http://www.chemspider.com ) 

ite. The three-dimensional structure of the 6-HB post-fusion core 

ontaining HR1 and HR2 domains in the SARS-CoV-2 S protein 
2 
2 subunit (PDB ID 6LXT) was obtained from Protein Data Bank 

PDB) [15] . 

.2. Methods 

.2.1. Molecular docking 

The molecular docking assays for the Spike protein in the pres- 

nce of all drugs was carried out using Auto dock 4.2.6 software. 

he structure of the S2 and all drugs were obtained from PDB 

RCSB), chem-spider, and drug bank site, respectively. They were 

aved in PDB format after optimizing by chimera 1.13.1 software 

16] . For determining the best drugs that bind to Spike protein, 

or molecular dynamic simulation study, the initial docking was 

erformed. All receptor and ligand files were prepared in PDBQT 

ormat using Auto-Dock Tools. All possible binding sites were ex- 

lored through blind docking as there was no assumption regard- 

ng the relative affinity of the receptors various binding sites. Blind 

ocking was done with a grid box that covering all dimensions 

f the receptor. A standard docking protocol with the addition of 

asteiger atomic charges and assignment of default atom-types 

as implemented. In the molecular docking assays, the best con- 

ormation for all drugs were selected. After computing the bind- 

ng free energy and binding mode between all drugs and spike 

rotein-2 using Auto-Dock 4.2.1 suites, the two lowest docking en- 

rgy of all drugs were analyzed in MD simulation. The grid box 

ize for the both Conivaptan and Cefpiramide-spike protein-2 com- 

lex were set 80 Å × 80 Å × 80 Å. The required hydrogen atoms 

ere attached to the spike protein-2. The grid spacing was 1 Å. For 

etermining the type of interaction, R-studio discovery (version V 

6.1) and chimera software were applied. The choice of the best 

inding mode in each binding site was based on the higher affinity 

f the obtained structures, and then the molecular dynamic simu- 

ation was performed. 

.2.2. Molecular dynamic simulation 

The GROMACS 2018.1 package conducted 30-ns MD simula- 

ion on the elected complex of protein-drugs obtained from dock- 

ng studies [17] . Molecular dynamics simulations analysis of spike 

rotein-2 and both conivaptan and cefpiramide were performed. 

he G43a1 force-field parameters were utilized for spike protein, 

ounter ions, and water. The G43a1force field, with the intermolec- 

lar potential denoted as a sum of Lennard-Jones (LJ) force and 

airwise Coulomb interaction, was applied to provide the topology 

nd interaction parameters. The prodrug server was employed as 

n automated interface to allocate the parameters [18] . The two 

omplexes were immersed in a defined triclinic box of the SPC 

ater model with 10 Å padding from the walls [19] . The box of

omplex (2.4 × 2.4 × 6.82 Å 

3 ) was filled with the appropriate 

mount of water molecules and five Na + for neutralization. The 

054 and 5765 water molecules with the SPC model were added to 

he protein-conivaptan and protein-cefpiramide boxes, respectively. 

he system was minimized energy with a maximum of 10 0,0 0 0 

teps by the steepest descent method to remove inappropriate con- 

acts. Succeeding, the position restrained simulation with confin- 

ng the position of heavy atoms of the system, at 300 K has been 

erformed for 50 0 ps (NVT condition). Then, another 10 0 0 0-ps 

imulation has been performed to equilibrate the system at 1 bar 

ressure while keeping the temperature of the system constant at 

00 K (NPT condition). Also, the leap-frog algorithm with a time 

tep of 1 fs was utilized to support the periodic boundary condi- 

ion and integration of motion equations. The Berendsen thermo- 

tat and the Parrinello–Rahman barostat were applied under NVT 

nd NPT conditions, respectively. Then were used to analyze the 

ROMACS simulation results [20] . 

http://www.chemspider.com
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Fig. 1. Two-dimensional diagram of interaction of conivaptan with SARS-CoV-2 spike protein-2. 
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. Results and discussion 

.1. SARS-CoV-2 molecular docking studies 

In this study, we utilzied in silico methods, such as molecu- 

ar docking and Molecular Dynamic (MD) simulation to work with 

ARS-CoV-2 spike protein, which is located on the surface of the 

irus and is responsible for the two processes (receptor binding 

usion to the host cell) assocate with the viral cell entry. It is likely 

o be cleaved into S1 and S2 subuits after interaction with the host 

eceptor. Molecular docking represents a broadly used approah to 

etermine the binding site of the selected drugs and was success- 

ully used to characterize the interaction between drug candidates 

nd the spike protein of the coronavirus [21] . In this study, we se-

ected two drugs, conivaptan and cefpiramide, from the list of the 

0 approved drugs in Table S1, based on their lowest binding en- 

rgy to the SARS-CoV-2 S2 protein as evaluated by the Auto Dock 

.2.6 software. In docking experiments, conivaptan and cefpiramide 

ere efficiently bound to the heptapeptide repeat domain of the 

2 protein leading to the potential inhibition of the SARS-CoV-2 

ctivation. The conivaptan hydroxyl and amine groups form two 

ydrogen bonds to the Gln A:920 and Asp A:1192 of S2 ( Fig. 1 ).

lso, there are six Van der Waals interactions between the coni- 

aptan rings and Glu A:1202, Gln A:913, Gln A:1201, Leu A:1197, 

er A:1196, and Phe A:927 of the S2 protein. conivaptan is an in- 

ibitor that bind to the top of the S2 at the position of the HR2 do-
3 
ain ( Fig. 2 ). For the conivaptan-spike protein complex, the value 

f binding Gibbs Free Energy ( �G ̊) has been measured about - 

.64 kJ/mol ( Table 1 ). The negative free energy values showed that 

he formation of the conivaptan-spike protein complex was spon- 

aneous. The docking results indicated that conivaptan could bind 

o S2 with high affinity. This binding caused conformational alter- 

tions in the S2 protein which potentially can lead the inhibition 

f the fusion of SARS-CoV-2 with human cell. 

Among the 80 drugs anayzed in our study, cefpiramide was 

anked second (after conivaptan) based on the significant binding 

ffinity (- 6.04 kcal/mol) to S2 and the presece of several binding 

odes. Many S2 residues can be involved in cefpiramide-S2 inter- 

ctions and several pockets capable of interaction with the cefpi- 

amide were found in the HR1 domain. Based on the consensus 

inding affinity and meaningful interactions with the significant S2 

esidues, cefpiramide is being recommended as another possible 

inding partner of the S2 protein. The chosen bound conforma- 

ion of cefpiramide with S2 is represented in Figs. 3 and 4 , and

n Tables 1 and 2 . Many notable interactions, such as hydrogen 

onds (dark green), Van der Waals interactions (light green), and 

lkyl interactions (purple) can be found between the surrounding 

2 residues and cefpiramide (see details in Fig. 3 ). This analysis re- 

ealed that the cefpiramide occupies the internal binding pockets 

HR1 domain) of S2, shows significant binding affinity and forms 

everal close interactions with the residues Ser A:937, Lys A:933, 

la A:930, Ser A:929, Gln A:926, and Phe A:927. Based on these 
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Fig. 2. conivaptan docked in the binding pocket of S2 protein of SARS-CoV-2 using AutoDock software. The image was made using a chimera. 

Table 1 

Results of the conivaptan docking to the SARS-CoV-2 S2 protein. 

Lowest Binding energy 

(kcal/mol) 

Inhibition Constant 

(298.15K), μM 

Final intermolecular 

energy (kcal/mol) 

VdW + H-bond + dissolve 

energy (kcal/mol) 

Electrostatic Energy 

(kcal/mol) 

Final total internal 

energy (kcal/mol) 

-6.64 13.57 -7.83 -7.77 -0.07 -0.6 

Table 2 

Results of the cefpiramide docking to the SARS-CoV-2 spike protein-2. 

Lowest Binding energy 

(kcal/mol) 

Inhibition Constant 

(298.15K), μM 

Final Intermolecular 

energy (kcal/mol) 

vdW + H-bond + dissolve 

energy (kcal/mol) 

Electrostatic Energy 

(kcal/mol) 

Final Total Internal 

Energy (kcal/mol) 

-6.04 37.35 -8.13 -6.34 -1.79 -1.05 

4 
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Fig. 3. Two-dimensional diagram of cefpiramide interactions with SARS-CoV-2 spike protein-2. 
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ata it seems that both conivaptan and cefpiramide are capable of 

nhibiting the coronavirus binding to the host cell. 

.2. Molecular dynamic (MD) simulations of SARS-CoV-2 

The study of the structural properties, flexibility, compaction, 

nd conformational changes of the SARS-CoV-2 S2 subunit in the 

bsence and presence of the approved drugs, conivaptan and cef- 

iramide, were surveyed using Molecular Dynamic (MD) simula- 

ions. These target drugs were selected from the set of 80 approved 

rugs based on the results of their molecular docking to the SARS- 

oV-2 protein S2, and the best-docked complexes were taken for 

he MD simulations. 

.2.1. Analysis of the SARS-CoV-2 spike protein-2 conformation 

In the MD simulations, evaluation of the Root Mean Square De- 

iations (RMSDs) is the most accurate method for investigation 

f the average distances between the backbone atoms of proteins 

nd a ligand or other proteins [22] . Also, the RMSD can be used

or monitoring the equilibrium processes of the system and the 

tability of protein structure upon the binding of a small ligand 

23] . In general, RMSD in MD simulation represents a means to 

ssess conformational deviation from the initial protein structure 

24] . Furthermore, the RMSD could be used to compare the sta- 

ility of protein structure considering the absence and presence 
5 
f a ligand. As illustrated by Fig. 5 , the RMSD values of protein

nd its complexes experienced increase during 1-29 ns of simu- 

ation and subsequently reached the plateau, indicating that the 

ystems achieved the steady state. The SARS-CoV-2 S2 alone and, 

2-conivaptan and S2-cefpiramide complexes reached their equi- 

ibrium confirmations after 29, 80, and 80 ns, respectively. Accord- 

ng to the estimated RMSD values, binding of conivaptan and cef- 

iramide led to the higher fluctuations in the SARS-CoV-2 S2 pro- 

ein. It is well documented that the decreased values of the protein 

MSD upon complex formation represent stabilization to the tar- 

et structure [25] . Since the S2 RMSD values were increased in the 

resence of the conivaptan and cefpiramide, we can suggest that 

he resulting protein-drug complexes had higher structural flexibil- 

ty and lower conformational stability than the protein alone. This 

ndicated binding-induced destabilization of the protein structure 

eflected in the noticeable deviations in the residues positions from 

heir states in the unbound protein. 

When a biomolecule, such as protein, undergoes changes in 

ompaction, these changes can be estimated. To gain the cor- 

esponding information on the structural compactness of pro- 

ein conformation during MD simulation, the protein gyration ra- 

ius (R G ) was investigated. In general, the radius of gyration of 

 molecule is the root-mean-square distance of all atoms from 

ts center of gravity [26] . Therefore, radius of gyration provides 

 means to estimate the correlations between protein dimension, 



S. Farhadian, E. Heidari-Soureshjani, F. Hashemi-Shahraki et al. Journal of Molecular Structure 1256 (2022) 132488 

Fig. 4. cefpiramide docked in the binding pocket of S2 protein of SARS-CoV-2 using AutoDock software. The image was made using a chimera. 
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rotein compaction, and protein folding [27] . Fig. 6 shows that the 

ime course of changes in the R G value of the SARS-CoV-2 S2 pro- 

ein and its complexes with conivaptan and cefpiramide show a 

ertain downward trend. It is also seen that binding of cefpiramide 

aused larger changes in compaction than binding of conivaptan. 

bviously, the RG changes in S2 complexed with conivaptan and 

efpiramide were easily distinguishable from the RG changes in S2 

lone. The changes in cefpiramide are larger than conivaptan. This 

ight be because of the differences between the conivaptan and 

efpiramide binding to S2, where conivaptan binds to the interior 

f the HR2 helix and fusion core region, whereas cefpiramide in- 

eracts with the HR1 head region. There is a strong interaction be- 

ween HR1 and HR2 domains within the fusion core region. coni- 

aptan binds to the fusion core region disrupting its structure. cef- 

iramide binds to HR1 domain and affects the interaction between 

he two HR domains. 
6 
.2.2. Flexibility analysis of the SARS-CoV-2 spike protein-2 

When a dynamic system fluctuates in some portions, the extent 

f fluctuations can be computed. One of the widely used methods 

o study the protein fluctuations is the roots mean square fluctua- 

ion (RMSF), which is a key measure of the flexibility of the residue 

ver the whole simulation time [28] . The greater the amino acid 

MSF value, the more flexibility it shows in the process of bind- 

ng. Therefore, the regions, where conivaptan and cefpiramide have 

argest impacts on protein residues, were evaluated by RMSF anal- 

sis ( Fig. 7 ). This analysis revealed that binding of both conivaptan 

nd cefpiramide caused the increase in the average RMSF values of 

2 reflecting the increase in the local flexibility of the protein. 

Based on these results, we conclude that the structural dynam- 

cs and flexibility of S2 protein increases in the presence of these 

rugs. Furthermore, in the presence of cefpiramide, S2 protein was 

ore flexible, which could be related to the mode of the drug co- 
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Fig. 5. Time dependence of rmsd. C α rmsd values for unliganded SARS-CoV-2 spike protein-2 and SARS-CoV-2 spike protein-2-complex during 10 0 0 0 ps MD simulation. 

Fig. 6. Time evolution of the radius of gyration (Rg) during 10 0 0 0 ps of MD simulation of unliganded SARS-CoV-2 spike protein-2 and SARS-CoV-2 spike protein-2-complex. 

7 
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Fig. 7. The RMSF values of unliganded SARS-CoV-2 spike protein-2 and SARS-CoV-2 spike protein-2-complex were plotted against residue numbers. 

Table 3 

The average and standard deviations of RMSD and RMSF of SARS-CoV-2 spike protein-2 with conivaptan and cefpi- 

ramide. 

complex RMSF (nm) RMSD (nm) R G (nm) 

SARS-CoV-2 spike protein 0.41 ± 0.17 1.10 ± 0.05 2.43 ± 0.04 

Conivaptan-spike protein complex 0.42 ± 0.21 2.16 ± 0.08 1.72 ± 0.02 

Cefpiramide-spike protein complex 0.57 ± 0.27 2.14 ± 0.08 1.69 ± 0.02 

Table 4 

Secondary structure content of spike protein-2 in various forms. 

Spike Protein-2 A-Helix (%) 5-Helix 3-Helix β-Bridge (%) β-Turn (%) Random Coil (%) Bend (%) 

S2 alone 62.06 12.69 0.61 0.010 10.12 23.44 6.49 

S2-cefpiramid complex 71.58 4.3 0.31 0.080 9.36 23.08 7.26 

S2-conivaptan complex 74.92 2.87 0.51 0.110 8.86 23.01 5.44 
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rdination. The higher backbone RMSF values with higher standard 

eviation ( Fig. 6 and Table 3 ) represent higher thermal instability, a 

onclusion supported by subsequent thermodynamics analysis (see 

elow). 

.2.3. Effects of drug binding on the secondary structure of 

ARS-CoV-2 spike protein-2 

During the simulation process, the conformational changes in 

he SARS-CoV-2 spike protein-2 can be further clarified by calcu- 

ating the secondary structure content in this protein alone and 

n it complexes with conivaptan and cefpiramide. As shown in 

ig. 8 and Table 4 , the structure of the SARS-CoV-2 protein S2 

as characterized by the presence of 62.6%, 23.4%, 10.12%, and 

% of the α-helical, random coil, β-turn, and β-sheet structure, 

espectively. Therefore, the dominant type of secondary structure 

n the SARS-CoV-2 spike protein-2 is α-helix. This analysis also 

howed that the α-helical content of the S2 protein increased to 
8 
4.93% and 71.58% as a result of protein interaction with coni- 

aptan and Cefpiramide, respectively. The random coil content de- 

reased slightly from 23.01% and 23.08 %, respectively, whereas 

he β-turn and β-sheet contents were stable at around 0%, which 

ndicated that conivaptan and cefpiramide binding influenced the 

econdary structure of the SARS-CoV-2 spike protein-2. Hence, the 

rug binding-induced increase in the α-helical structure of S2 was 

ccompanied by some decrease in its random coil and β-turn con- 

ent. However, these changes in the secondary structure of SARS- 

oV-2 spike protein-2 during its binding of conivaptan and cefpi- 

amide were not considerable, which is consistent with the results 

f R G , RMSD, and H-bond analyses. On the other hand, although 

he drug-induced changes in the secondary structure content of 

he protein were rather minor, they do not exclude a possibility 

hat the conformational changes induced by cefpiramide and coni- 

aptan in the S2 protein can cause alterations in the SARS-CoV-2 

inding to the human cells. 



S. Farhadian, E. Heidari-Soureshjani, F. Hashemi-Shahraki et al. Journal of Molecular Structure 1256 (2022) 132488 

Fig. 8. Secondary structure content of the free SARS-CoV-2 spike protein-2 and S2 in the complexes with cefpiramide and conivaptan. 

Table 5 

The average and standard deviations of SASA and H-bonds of SARS-CoV-2 spike protein- 

2 with conivaptan and cefpiramide. 

Complex SASA Internal hydrogen bonds 

CoV-2 spike protein -2 64.71 ± 0.97 91.13 ± 5.05 

Conivaptan-spike protein-2 complex 66.07 ± 1.06 89.32 ± 4.94 

Cefpiramide-spike protein-2 complex 66.37 ± 1.06 90.32 ± 4.9 
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.2.3. Solvent accessible surface area and H-bonding analyses of 

ARS-CoV-2 protein S2 

Next, changes in the Solvent Accessible Surface Area (SASA) 

pon binding of drugs to the SARS-CoV-2 spike protein-2 were an- 

lyzed, and the corresponding results are presented in Fig. 9 . The 

nbound form of the S2 protein was characterized by the SASA of 

6.59 nm 

2 , whereas SASA decreased slightly after the protein com- 

lexation with drugs. Combined with the R G data, these observa- 

ions suggested some drug-induced compaction of S2 protein. We 

peculate that the attraction between the hydrophilic residues of 

he S2 protein and drugs resulted in the observed SASA changes. 

Since hydrophobic interactions and hydrogen bonds (H-bonds) 

re important for protein structure, the H-bonding of three struc- 

ures were analyzed, and the corresponding results are reported 

n Table 5 . The binding of cefpiramide and conivaptan resulted in 

ome decrease in the number of the internal H-bonds in S2 protein 

 Table 5 ), indicating that the conformation of SARS-CoV-2 spike 

rotein-2 changed after drugs binding. 

.2.4. Evaluation of the accessible surface areas of all the residues in 

he SARS-CoV-2 protein S2 in the presence of conivaptan and 

efpiramide 

The accessible surface area (ASA) is the surface area of a 

iomolecule that is accessible to a solvent [29] that can be applied 

o forecast the secondary structure of protein [ 30 , 31 ]. According to

he results of the analysis of ASA of all the S2 amino acids (see Ta-

le S2), binding of conivaptan and cefpiramide drugs causes con- 

iderable changes in ASA of several residues due to the hydrogen 

ond with the drugs. Also, computed ASA of some residue indi- 
9 
ated that the ASA of conivaptan and cefpiramide become smaller 

fter interaction S2 with conivaptan and cefpiramide. 

.2.5. Complexation energy analysis of SARS-CoV-2 spike protein-2 

Proteins are stable due to cooperative intramolecular forces that 

aintain the native state. Transitions to non-native states are pre- 

ented by free energy barriers that typically cannot be overcome 

y the natural conformational fluctuations that occur in free pro- 

eins. Interaction of a protein interacts with the ligand can increase 

hese structural fluctuations. In the cases where the magnitude of 

he fluctuations is sufficiently high, the extra kinetic energy im- 

arted on the molecule becomes great enough for free energy bar- 

iers to be overcome, allowing the transitions to non-native con- 

ormations. At this point, the protein experience conformational 

lterations and starts to unfold. Base on the information shown 

n Table 6 , cefpiramide has strong interaction with spike protein-2 

nd therefore can be considered as a potential medicine for COVID- 

9. Approximately 300 K temperature controlled systems. The tem- 

erature of the box was kept constant by the thermostat Nose- 

oover. 

The S2 subunits of SARS-CoV-2 and SARS-CoV are highly con- 

erved according to the sequence alignment, with the 92.6% and 

00% sequence identity in the HR1 and HR2 domains, respectively. 

ased on this reason, HR2 was selected for this investigation. The 

1 section of the spike protein directly interacts with the recep- 

or on the cell surface, whereas the fusion process is mediated 

y heptad repeats (HRs). The Receptor Binding Domain (RBD) of 

1 binds to ACE2 receptor in human cell surface. HR2 and HR1 

nteract with each other in an antiparallel manner. Affecting this 
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Fig. 9. Solvent Accessible Surface Area of the free SARS-CoV-2 spike protein-2 and S2 in the complexes with cefpiramide and conivaptan. 

Table 6 

The average and standard deviations of temperature (K) of kinetic (EKCMT) and potential (EPTOT) and total (ETOT) ener- 

gies (kJ/mol). 

complex Temperature (K) EKCMT (kJ/mol) EPTOT (kJ/mol) ETOT (kJ/mol) 

SARS-CoV-2 spike protein 299.7 ± 2.9 69767 ± 674 -385390 ± 5890 -315623 ± 5812 

Conivaptan-spike protein complex 300.2 ± 2.9 71892 ± 699 -395118 ± 5456 -323225 ± 5547 

Cefpiramide-spike protein complex 300.1 ± 2.4 71874 ± 699 -323242 ± 5546 -323242 ± 5546 
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nteraction is able to stop virus fusion and prevent virus replica- 

ion thereafter. Therefore, it is expected that after cefpiramide and 

onivaptan binding to HR domains, virus fusion would be altered 

hat would prevent virus replication thereafter. The interaction be- 

ween HR1 and HR2 shows that there were several hydrogen bonds 

etween the HR1 amino acids Asn925, Gln935, Gln949, Asn953, 

nd Asn960 and the HR2 amino acids Ala1174, Val1177, Ile1179, 

ln1180, Ala1190, Asn1194, and Ile1198 [32] . After cefpiramide and 

onivaptan binding, some of the hydrogen bonds between HR1 and 

R2 are destroyed. In this way, these drugs may inhibit the virus 

usion to ACE2 receptors. 

.2.6. MM-PBSA calculations 

The Molecular Mechanics Poisson-Boltzmann Surface Area 

MM-PBSA), developed by Koll-man and Case, is a method for 
10 
recisely determining the extent of ligand-protein interaction 

 33 , 34 ].To the calculation of binding free energy of docked system 

drugs-spike protein complex) by MMPBSA, the molecular mechan- 

cs energies (EMM) and continuum solvent Poisson–Boltzmann 

PB) model for polar salvation and solvent-accessible surface area 

SA) for nonpolar salvation were considered. The following equa- 

ion was used to calculate the system’s overall free energy [35] : 

 = E MM 

+ G PB + G SA − T S solute 

The snapshots were drawn from each 10 0 0 0 Ps of MD tracks 

hen the average was taken for the analysis of the binding-free 

nergy. The binding-free energies of Conivaptan and Cefpiramide- 

ith spike protein were computed and depicted in Table 7 . 
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Table 7 

The binding-free energies of Conivaptan and Cefpiramide with spike protein a . 

MMPBSA �E VdW 

(kJ mol –1 ) �E Elec (kJ mol –1 ) �G PB (kJ mol –1 ) 

Water -1306.472626 ± 115.5779565 -13873.70166 ± 616.9440591 -25561.7 ± 335.575 

Conivaptan -1276.04 ± 112.3876 -13099 ± 772.1717 -26461.3 ± 501.8864 

Cefpiramide -1266.04 ± 102.3876 -12089 ± 672.0317 -23481.3 ± 401.7864 

a �E VdW 

:Van der Walls interactions, �E Elec: electrostatic energy, and �G PB : polar binding. 
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. Conclusions 

The fusion process between the SARS-CoV-2 and host cells is 

ediated by the heptad repeats (HRs) located within the S2 sub- 

nit of the SARS-CoV-2 spike protein. Altering HR interaction can 

top virus fusion and prevent virus replication. Since it has been 

eported that the HR inhibitors can be used as anti-COVID drugs, 

e selected two approved drugs to investigate their binding to 

Rs. The results of this study provide a suitable opportunity for 

 clinical assessment of these drugs. If the clinical results are 

onsistent with the results of this article, these two drugs may 

e involved in the treatment of the pandemic severe acute res- 

iratory syndrome coronavirus 2. In this study, molecular dock- 

ng and molecular dynamics (MD) simulations were carried out 

o investigate the changes in the SARS-CoV-2 protein S structure. 

hrough these MD simulations and molecular docking studies, we 

xplain how the structure and conformation of the SARS-CoV-2 

pike protein-2 were affected by conivaptan and cefpiramide. The 

onivaptan binding site was located at the top of S2 crowns at the 

osition of HR2 according to the molecular docking results. This 

rug is anticipated to bind to the Gln920 and Asp1192 amino acids 

f the spike protein, which play a key role in ACE-2 attachment. 

he cefipiramid docking results revealed that the binding site was 

ocated on the Ser937, Lys933, Ala930, Ser929, Gln926, and Phe927 

n the HR1 domain. Drug binding caused a conformational hin- 

rance. Furthermore, the RMSD of the S2 protein in the presence 

f conivaptan and cefpiramide was increased and protein struc- 

ure was destabilized. In addition to the fact that cefpiramide had 

arger number of hydrogen bonds with S2, its binding energy to S2 

ompared to conivaptan was slightly lower. Therefore, cefpiramide 

s expected to have higher binding affinity to the S2 and show 

 stronger inhibitory effect on the virus fusion. Our results sug- 

est that cefpiramide has the potential to become an anti-COVID- 

9 clinical medicine. Our findings could provide new target drugs 

or more comprehensive in vitro and in vivo studies, as well as de- 

ne new strategies for the treatment of SARS-CoV-2 infection. Fur- 

hermore, it offers new ways to re-use existing drugs to fight with 

he SARS-CoV-2 infection. 
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