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Abstract

The outbreak of SARS-CoV-2 infections around the world has prompted scientists to explore 

different approaches to develop therapeutics against COVID-19. This study focused on 

investigating the mechanism of inhibition of clioquinol (CLQ) and its derivatives (7-bromo-5-

chloro-8-hydroxyquinoline (CLBQ), 5, 7-Dichloro-8-hydroxyquinoline (CLCQ)) against the viral 

glycoprotein, and human angiotensin-converting enzyme-2 (hACE-2) involved in SARS-CoV-2 

entry. The drugs were docked at the exopeptidase site of hACE-2 and receptor binding domain 

(RBD) sites of SARS-CoV-2 Sgp to calculate the binding affinity of the drugs. To understand 

and establish the inhibitory characteristics of the drugs, molecular dynamic (MD) simulation 

of the best fit docking complex performed. Evaluation of the binding energies of the drugs to 

hACE-2 after 100 ns MD simulations revealed CLQ to have the highest binding energy value of 

−40.4 kcal/mol close to MLN-7640 (−45.4 kcal/mol), and higher than the exhibited values for 

its derivatives: CLBQ (−34.5 kcal/mol) and CLCQ (−24.8 kcal/mol). This suggests that CLQ and 

CLBQ bind more strongly at the exopeptidase site than CLCQ. Nevertheless, the evaluation of 

binding affinity of the drugs to SARS-CoV-2 Sgp showed the drugs are weakly bound at the RBD 

site, with CLBQ, CLCQ, CLQ exhibiting relatively low energy values of −16.8 kcal/mol, −16.34 

kcal/mol, −12.5 kcal/mol, respectively compared to the reference drug, Bisoxatin (BSX), with a 

value of −25.8 kcal/mol. The structural analysis further suggests decrease in systems stability and 

explain the mechanism of inhibition of clioquinol against SARS-CoV-2 as reported in previous in 
vitro study.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent 

of the coronavirus disease 2019 (COVID-19), which is the current pandemic facing the 

world. The SARS-CoV-2 virus is a single stranded-RNA virus, belonging to Coronaviridae 
family and order Nidovirales (Zhou et al., 2020). The Coronavirinae subfamily of the 

Coronaviridae family is subdivided into four genera (alpha (α), beta (β), gamma (γ), and 

delta (δ)) (Chan et al., 2020). Coronaviruses are non-segmented and enveloped viruses with 

diameter ranging between 50 to 200 nm. They have large (about ~30 kb) and single stranded 

(ss-(+))-RNA genome (Fehr & Perlman, 2015). Aside from SARS-CoV-2, several other 

coronaviruses have been reported which include HCoV-HKU1, MERS-CoV, HCoVNL63, 

HCoV-OC43, HCoV-229E (Chan et al., 2020). Unlike most of the coronaviruses known 

to cause minor symptoms and common cold, SARS-CoV-1, SARS-CoV-2 and MERS-CoV 

have been associated with causing serious and severe complications to the lower respiratory 

tracts, spreading to other vital organs. According to Gorbalenya et al, SARS-CoV-1 shares 

approximately 80% genetic similarity with SARS-CoV-2 (Gorbalenya et al., 2020), while 

bat coronavirus, RaTG13, share a higher genetic similarity of 98% with SARS-CoV-2 (Zhou 

et al., 2020). Like other coronaviruses, the SARS-CoV-2 is spherically shaped, with Spike 

(S) glycoproteins that originate from viral surface (Fehr & Perlman, 2015).

Two structural proteins (envelope (E) and membrane (M)) together with the Spike 

glycoprotein (SARS-CoV-2Sgp) comprises the viral envelope, while the nucleocapsid (N) 

protein binds and protects the RNA genome. The SARS-CoV-2Sgp controls essential 

biological processes such as the attachment to the host cell. The viral attachment occurs 

via the interaction between the receptor binding domain (RBD) of SARS-CoV-2Sgp with 

the human angiotensin-converting enzyme 2 (hACE-2) receptor (Hoffmann et al., 2020). 

hACE-2 is a zinc-containing enzyme found on the membrane surface of different cells such 

as the intestinal enterocytes, kidney cells, and more cells (Donoghue et al., 2000; Hikmet et 

al., 2020).

Around the world, scientists are using several approaches to target key viral and host cell 

factors vital for viral replication, therefore, producing many scientific findings enhancing 

the development of therapeutic agents against COVID-19. Two of the major approaches 

used are, targeting the intracellular step of viral replication and viral entry into host cells. 

This study and several others have focused on the inhibition of both the viral and host 

cells factors involved in SARS-CoV-2 entry. The SARS-CoV-2 Sgp is the viral factor used 

for viral attachment, while hACE-2, transmembrane protease, serine 2 (TMPRSS2) and 

cathepsin B and L (CatB/L) are host cells factors enhancing viral entry. These factors have 

become significant target for drug discovery against the disease.
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Studies have reported drugs such as zafirlukast, cefopera-zone and phytochemical 

compounds such as geraniin, Curcumin, cyabnidin-3glucoside, Hesperidin and 

andrographolide as potential inhibitors of SARS-CoV-2 Sgp (Basu et al., 2020; Maurya 

et al., 2020; Senathilake et al., 2020; Shode et al., 2021). Similarly, many studies have also 

reported nafamostat, camostat, and 4-(4-guanidinobenzoyloxy) phenylacetic acid (GBPA) 

to inhibit TMPRSS2 and, being approved to treat SARS-CoV-2 in Japan (Montopoli et 

al., 2020; Hoffmann et al., 2020a; Yamamoto et al., 2020). Clinical studies have further 

demonstrated that some of these molecules are effective against SARS-CoV-2. Markus et al. 
reported Bromhexine Hydrochlorides, without severe adverse effects, and clinically effective 

against COVID-19 (Markus et al., 2020).

Phytochemicals such as Barrigenol, Kaempferol, Myricetin and Theaflavin have been 

identified as promising inhibitors of nonstructural protein 16 (NSP16) of SARS-CoV-2 

(Singh et al., 2021, Sharma et al., 2021). More In silico study have identified more 

potent and promising inhibitor of SAR-CoV-2 main protease enzyme. Compounds such 

as DSPD-2, DSPD-6, DSPD-5, Oolonghomobisflavan-A, 6-Hydroxylcyanidin-3-rutinoside, 

epigallocatechin gallate and kaempferol-7-glucoside were reported to be potent inhibitors of 

SARS-CoV-2 main protease enzyme (Bhardwaj et al., 2021; Bhardwaj et al., 2021; Shode et 

al., 2021).

In a previous study from our laboratory, Clioquinol (CLQ) and its derivatives; 7-bromo-5-

chloro-8-hydroxyquinoline (CLBQ); and 5, 7-Dichloro-8-hydroxyquinoline (CLCQ) were 

discovered as potent inhibitors of SARS-CoV-2 infection-induced cytopathic effect. The 

study reported CLQ, CLBQ and CLCQ as potent inhibitors of SARS-CoV-2, and further 

reported that the three compounds showed potent anti-exopeptidase activity against 

recombinant hACE-2 (Olaleye et al., 2021). To further evaluate and establish the molecular 

mechanisms underlying the CLQ pharmacophore inhibition of SARS-CoV-2 infection, 

this present study investigated the inhibitory mechanism of Clioquinol and its analogues 

as potent inhibitors of the viral spike protein and hACE-2 employing a computational 

approach.

Clioquinol and its derivatives are hydroxyquinoline drugs, used for treatment of fungal drug 

and protozoal infections. They have been reported to inhibit several enzymes associated with 

DNA replication, and also reported to inhibit both viral and protozoal infections (Rohde et 

al., 1976).

Methods

Molecular docking and simulation

Proteins (SARS-CoV-2sgp and hACE2) acquisition and preparation

The X-ray crystal structures of the SARS-CoV-2 Sgp (PDB code: 6LZG) and hACE2 (PDB 

code: 1R4L) were obtained from the RSCB Protein Data Bank (Wang et al., 2020; Towler et 

al., 2004). The two proteins’ structures were then prepared on the UCSF Chimera software 

package (Yang et al., 2012). The structures of the proteins were prepared by removing 

water molecules, nonstandard naming, protein residue connectivity. The missing atoms of 
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sidechains and protein backbone were added to the protein structure before the molecular 

docking. MLN-4760, a known and experimentally proved inhibitor of hACE-2 was used 

a reference drug for hACE-2 (Nami et al., 2020; Obakachi et al., 2021), while Bisoxatin 

(BSX), a laxative drug that has been reported to bind strongly and inhibit SARS-CoV-2 

spike protein was used as reference inhibitor for the spike protein (Unni et al., 2020). The 

3-D structures of the drugs were prepared on the Avogadro software package (Hanwell et al., 

2012).

Molecular docking

Autodock vina available on Chimera version 1.14 was used for molecular docking (Trott 

& Olson, 2010), with default docking parameters. Before docking, Gasteiger charges were 

added to the molecules, and the non-polar hydrogen atoms were merged to carbon atoms. 

The molecules were then docked into the proteins’ binding pocket, S1 subunit of the SARS-

CoV-2 spike protein (Receptor binding domain (RBD)) and hACE2, by defining the grid box 

with a spacing of 1 Å each and size and (22 × 41 ×18) and (26 × 24 ×25) pointing in x, y and 

z directions, respectively. The protonation state of the target was performed before docking 

calculations. Exhaustiveness number eight was used. The best docking poses for the two 

drugs were then subjected to molecular dynamics simulations (Figure 1) (Al-Karmalawy et 

al., 2021).

Molecular dynamic (MD) simulations

The MD simulation was performed as described by Kehinde et al. (2019). The simulations 

were performed using the GPU version provided with the AMBER package (AMBER 18) 

(Case et al., 2021), in which the FF18SB variant of the AMBER force field (Nair & Miners, 

2014) was used to describe the systems.

ANTECHAMBER was used to generate atomic partial charges for the ligand by utilizing 

the Restrained Electrostatic Potential (RESP) and the General Amber Force Field (GAFF) 

procedures. The Leap module of AMBER 18 allowed for the addition of hydrogen atoms 

and Cl- and Na + counter ions to COVID-19Sgp and hACE2, respectively, to neutralize all 

systems. The systems were then suspended implicitly within an orthorhombic box of TIP3P 

water molecules such that all atoms were within 10 Å of any box edge (Jorgensen et al., 

1983).

An initial minimization of 2000 steps were carried out with an applied restraint potential 

of 500 kcal/mol for both solutes. They were performed for 1000 steps using the 

steepest descent method followed by 1000 steps of conjugate gradients. An additional full 

minimization of 1000 steps were further carried out using the conjugate gradient algorithm 

without restraint. A gradual heating MD simulation from 0 K to 300 K was executed 

for 50 ps, such that the systems maintained a fixed number of atoms and fixed volume. 

The systems’ solutes were imposed with a potential harmonic restraint of 10 kcal/mol and 

collision frequency of 1.0 ps. Following heating, an equilibration estimating 500 ps of each 

system was conducted; the operating temperature was kept constant at 300 K. Additional 

features such as several atoms and pressure were also held constant, mimicking an isobaric-
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isothermal ensemble. The system’s pressure was maintained at 1 bar using the Berendsen 

barostat (Gonnet, 2007; Basconi & Shirts, 2013).

The total time for the MD simulations conducted was 100 ns. In each simulation, the 

SHAKE algorithm was employed to constrict hydrogen atoms’ bonds (Ryckaert et al., 

1977). The step size of each simulation was 2fs, and an SPFP precision model was used. 

The simulations coincided with the isobaric-isothermal ensemble (NPT), with randomized 

seeding, the constant pressure of 1 bar maintained by the Berendsen barostat (Basconi & 

Shirts, 2013), a pressure-coupling constant of 2 ps, a temperature of 300 K and Langevin 

thermostat (Izaguirre et al., 2001) with a collision frequency of 1.0 ps.

Post-dynamic analysis and binding free energy calculations

Analysis of root mean square deviation (RMSD), root means square fluctuation (RMSF), 

and radius of gyration (RoG) was done using the CPPTRAJ module employed in the 

AMBER 18 suit. All raw data plots were generated using the Origin data analysis software 

(Seifert, 2014).

To estimate and compare the systems’ binding affinity, the free binding energy was 

calculated using the Molecular Mechanics/GB Surface Area method (MM/GBSA) (Ylilauri 

& Pentikäinen, 2013). Binding free energy was averaged over 100000 snapshots extracted 

from the 100 ns trajectory. The free binding energy (ΔG) computed by this method for each 

molecular species (complex, ligand, and receptor) can be represented as:

ΔGbind = Gcomplex − Greceptor − Gligand

(1)

ΔGbind = Egas + Gsol − TS

(2)

Egas = Eint + Evdw + Eele

(3)

Gsol = GGB + GSA

(4)

GSA = γSASA

(5)

Egas denotes the gas-phase energy, which consists of the internal energy Eint, Coulomb energy 

Eele and the van der Waals energies Evdw. The Egas was directly estimated from the FF14SB 
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force field terms. Solvation free energy, Gsol, was estimated from the energy contribution 

from the polar states, GGB, and non-polar states, G. The non-polar solvation energy, SA. 

GSA was determined from the solvent-accessible surface area (SASA), using a water probe 

radius of 1.4 Å. In contrast, the polar solvation, GGB, the contribution was estimated by 

solving the GB equation. S and T denote the total entropy of the solute and temperature, 

respectively.

Results and discussion

Thermodynamic binding free energy of clioquinol and its analogues to hACE-2 and spike 
protein

Our laboratory, in efforts to proffer therapeutic solutions for COVID-19, conducted the 

first in vitro study to repurpose Clioquinol and its analogues as potent inhibitors of SARS-

CoV-2 infection, and reported CLQ, CLBQ and CLCQ as potent inhibitors of SARS-CoV-2 

infection (Olaleye et al., 2021). To further evaluate and establish the molecular mechanisms 

underlying of Clioquinol inhibition of SARS-CoV-2 infection, this study investigated the 

inhibitory mechanism of Clioquinol and its analogues as potent inhibitors of the viral spike 

protein and hACE-2. The drugs were docked at the exopeptidase site of hACE-2 and the 

RBD site of SARS-CoV2 Sgp to calculate the binding affinity of the drugs to the two 

proteins (Table 1). Figure 2 showed the plot of binding energy versus the time over the 

simulation time to establish the stability of the bindings.

Molecular Docking measures the fitness of each drug at the binding sites of each protein. 

An evaluation of the binding energies of the drugs and the reference drug, MLN-4760 at the 

exopeptidase site of hACE-2 revealed that MLN showed the highest binding energy of −45.4 

kcal/mol, while CLQ showed a relatively close binding energy value of −40.4 kcal/mol. 

CLBQ and CLCQ exhibited binding energy values of −34.4 kcal/mol and −24.8 kcal/mol). 

This finding suggests CLQ, and CLBQ bind better at the exopeptidase site than CLCQ when 

compared with the reference drug, and they might be inhibitors. This in silico study’s result, 

therefore, correlate with the in vitro study that reported anti-exopeptidase activity of the 

three drugs against hACE-2, with CLQ being the most potent amongst all three analogues 

tested at IC50 of 5.36 μM, follow by CLBQ (5.55 μM, IC50) and CLCQ (<10 μM, IC50) 

(Olaleye et al., 2021). In a separate study by Obakachi et al. to identify potent inhibitors of 

hACE-2, potent and promising inhibitors of hACE-2 (7 h, 7 b, 7k and 8d) with relatively 

low binding energy than the reference drugs were identified (Obakachi et al., 2021). It is 

however uncommon to find promising compounds with relatively lower binding energy than 

the reference drug(s).

However, the evaluation of binding affinity of the drugs to SARS-CoV-2 Sgp showed the 

drugs are weakly bind at the RBD site, with CLBQ, CLCQ, CLQ exhibiting binding energy 

values of −16.8 kcal/mol, −16.3 kcal/mol, and −12.4 kcal/mol, respectively (Table 2), when 

compared with the reference drug (BSX) with binding energy values of −25.8 kcal/mol. This 

suggests the drugs possess week affinity to the spike protein, which corroborate the result of 

the previous in vitro study by Olaleye et al. (Olaleye et al., 2021).
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Subsequent, from these findings, it might be inferred that the drugs possess strong affinity to 

hACE-2, which might be the basis step of their inhibitory activities against hACE-2 as seen 

from the in vitro study by Olaleye et al. (Olaleye et al., 2021).

To further understand and establish the mechanistic inhibitory characteristics of the drugs 

through their interaction with the amino residues at the exopeptidase site of hACE-2 and 

RBD site of SARS-CoV-2 Sgp, 2 D plots of ligand-protein interactions were plotted for 

each drug and reference drug. Several studies have examined and reported ligand-protein 

interaction plots at the exopeptidase site of hACE-2 and RBD sites of SARS-CoV-2 Sgp 

(Unni et al., 2020; Nami et al., 2020; Shode et al., 2021; Obakachi et al., 2021). As 

shown in Figures 2 and 4, the plots showed different types of interactions (Van der Waals 

(vdW) overlaps, hydrogen bond (Hbond), alkyl, π-alkyl, π - π stacked interaction, and 

π - π T-shaped interactions) that exist between the drugs and the two proteins. From the 

hACE-2 protein-ligand interaction analysis (Figure 3a), the plot revealed that MLN-4760 

binds strongly with hACE-2 with more interaction bonds than the other drugs, which 

might be responsible for its higher binding energy. A total of 20 interaction bonds with 

total 11 conventional Hbond and carbon hydrogen bonds, 5pi-alkyl and pi-cation bonds 

each. CLQ on the other hand, strongly bonded to hACE2 through 12 hydrogen bonds 

with residues Thr427, Gln424, Leu392, Ser391, Glu388, His356, Arg500, Arg255, Tyr497, 

Tyr353, Asp349 and Thr258, 2pi-Alkyl bonds with

Phe256 and Ala395 and 1 pi-pi T-shaped bond. CLBQ binds to hACE-2 with a total of 

10 bonds: 5 hydrogen bonds with residues Thr258, bonds with residues Thr258, Thr427, 

Thr353 and Arg255, 3 strong pi-pi T-shaped bonds with His356, Leu353 and Phe256, and 

2 pi-Alkyl bonds with Pro328 and Tyr497. Nine (9) bonds; 6 Hbond, 1 pi-pi stacked and 

2 pi-Alkyl bonds were observed with CLCQ binding at the exopeptidase site of hACE-2. 

The high numbers of total interactions and Hbonds observed in MLN-4760 and CLQ 

bindings correlate with their high binding free binding energy values recorded in Table 1. 

An evaluation of the bond length of all the main hydrogen bonds showed CLQ had three 

close hydrogen bond interactions with active site residues (Ser391, (3.98 Å), Glu388, (4.11 

Å) and Thr353, (6.15 Å)), while MLN and CLCQ had one closed hydrogen of with the 

residues at Tyr497 (5.57 Å) and Pro328 (3.96 Å), respectively. These hydrogen interactions 

might suggest the possibility of the compounds inhibiting ACE-2, as hydrogen interaction is 

essential forACE-2 inhibition (Al-Karmalawy et al., 2021). Another similar in silico study 

by Nami et al. reported a high number of Hbonds (10) was observed after the binding of 

MLN-4670 of hACE-2 at the exopeptidase site (Nami et al., 2020). Although 5 Hbonds 

was observed in CLBQ, but the presence of 3 strong pi-pi stacked interactions makes it to 

exhibited higher binding energy than CLCQ with higher Hbond and total interactions.

Figure 4 showed the protein-ligand interactions analysis plot of the drugs with SARS-CoV-2 

Sgp. The reference drug, BSX binds more strongly with a total of 9 conventional Hbonds 

and carbon hydrogen bonds with Ag71, Tyr163, Asn169, Gly164, Gln166, Gly115, Tyr117, 

Phe165, and Tyr173. CLBQ binds with the spike protein with 6 Hbonds at residues Gln493, 

Lys417, Gln409, Glu406, Val350 and Ser494, 3 Alkyl bonds, and 1 pi-pi stacked and 

pi-cation each. CLQ and CLCQ bind with SARS-CoV-2 Sgp with a total of 9 bonds each: 

4 and 6 Hbonds, respectively. No close contact hydrogen bond interaction was recorded 
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in all the tested drugs, however, three hydrogen bond interactions with residues Tyr505 

(5.03 Å), Gln498 (4.87 Å) and Asn501 (4.86 Å) were observed in the reference drug, BSX. 

This finding further confirm that the tested drug are not inhibitors of the spike protein as 

hydrogen bond interactions between spike protein and potential inhibitor is essential for 

inhibition (Xu et al., 2020; Teli et al., 2020).

Dynamic stability and flexibility of hACE-2 and SARS-CoV-2sgp bound and unbound 
complexes

To confirm the dynamic of the systems, 100 ns MD simulations was performed. From 

the RMSD plot (Figure 5), after maintaining convergence at approximately 15 ns all the 

complexes exhibited favorable stability throughout the MD simulations. For the hACE-2 

complexes, the average RMSD of the complexes (Table 3) showed that MLN-4760 and 

CLBQ complexes have the lowest RMSD values of 1.62 Å and 1.57 Å, respectively when 

compared with the unbound hACE-2 system, with average value of 1.81. The bindings 

of CLQ and CLCQ slightly raised the average RMSD values to 1.91 Å and 1.85 Å, 

respectively. The plot Of the RMSD revealed that both the bound and unbound complexes 

exhibited stable conformation as evidenced by the relatively low RMSD values recorded. A 

similar observation was earlier reported in a separate study by Obakachi et al. that binding 

of ligands raised the RMSD values for hACE-2, and stable protein structure was maintained, 

as demonstrated by lower RMSD plots (Obakachi et al., 2021). Figure 6 showed the RMSD 

plots for the SARS-CoV-2 Sgp complexes. As shown in table 4, the unbound SARS-CoV-2 

Sgp and CLQ complexes exhibited the lowest RMSD average values of 2.06 Å and 2.09 Å, 

respectively. However, the binding of the BSX (reference drug), CLBQ and CLCQ raised 

the average RMSD values to 2.25 Å, 2.86 Å and 2.37 Å, respectively, when compared 

to the RMSD value of the unbound SARS-CoV2 Sgp (2.06 Å). The plots further showed 

conformational change occurred at the binding of CLBQ, BSX and CLCQ complexes. This 

observed conformational change of CLQ might be due to orientational modification to 

accurately fit into the spike RBD site. However, the relatively low RMSD values exhibited 

by the complexes revealed the structural stability of the protein (SARS-CoV-2 Sgp) was not 

altered, even though the binding affinity and interaction plot’s results do not suggest they 

might be potent inhibitor of SARS-CoV-2 Sgp.

To understand the compactness of the alpha carbon backbones of the protein, RoG values 

for the complexes were investigated. RoG measures the degree of compactness of the alpha 

carbon backbones of the protein. Figures 4 and 5 showed the RoG plots for all the systems, 

and table 3, showed the average RoG values for the hACE-2 systems. The result revealed the 

unbound hACE-2 the highest average RoG values of 24.03 Å, with the drugs, MLN-4760, 

CLQ, CLBQ and CLCQ exhibiting average RoG values of 23.79 Å, 23.69 Å, 23.91 Å 

and 23.90 Å, respectively. Low RoG values exhibited by the drugs indicates an increase 

structural compactness suggesting less mobility. This further validate the structural stability 

recorded under the RMSD plot. As shown in Figure 6, for the spike protein, the unbound 

protein exhibited the lowest RoG value of 18.32 Å. However, the binding of the BSX, 

CLQ and CLCQ insignificantly raised the average RoG values, but the binding of CLBQ 

raised the average RMSD compared to the unbound complex (Table 3). This increased 
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average RoG values implies a decrease in protein structure compactness, thereby suggesting 

increased flexibility (Emmanuel et al., 2019).

To quantifies the enzymes exposure to solvent molecules, the SASA plots for all the systems 

were investigated. High SASA values is an indication of decrease in the exposure of buried 

hydrophobic residues which suggest decrease in systems stability (Emmanuel et al., 2019; 

Ogidigo et al., 2020). The result of average SASA values for the hACE-2 system (Table 

3) derived from Figure 5, showed that all the drugs (including the reference drug) slightly 

lower average SASA values compared to the unbound hACE-2 system. Therefore, this 

observed, slightly lowered SAS values amongst the drugs complexes is an indication of 

an increase in the exposure of buried hydrophobic residues which suggest increase in 

the complexes’ stability. This finding might explain the molecular dynamic mechanism 

of inhibition of clioquinol and its derivatives against SARS-CoV-2. Unlike the hACE-2 

complexes, the average SASA values for BSX, CLQ, and CLBQ drugs are higher than the 

unbound SARS-CoV-2 Sgp and CLCQ complexes, suggesting an increase in the stability 

BSX, CLBQ and CLQ complexes than the unbound protein and CLCQ complexes.

Figures 5 to 6 and Tables 3 to 4 showed the RMSF plots and the average RMSF values 

for the hACE-2 and SARS-CoV-2 Sgp complexes, respectively. This is a measure of the 

impacts of binding of molecules on the behavior of the active residue (Kumar et al., 2014). 

High RMSF values indicated increase flexibility movements, and in contrast, lower values 

conveyed restricted fluctuations. From Table 3, the unbound hACE-2 and CLCQ complexes 

showed the lowest average RMSF values of 1.14 Å and 1.37 Å, respectively. On the 

other hand, the binding of MLN-4760, CLQ and CLBQ lowers the RMSF compared to 

the unbound hACE-2 complexes. This finding together with the SASA, RMSD and RoG 

results further explains that clioquinol and its derivatives alters the structural conformation 

of hACE-2 to exert their inhibitory potentials.

For the SARS-CoV-2 Sgp systems, higher residues movement was observed as evidenced 

by high average RMSF values recorded. The unbound protein and CLBQ complex had the 

highest RMSF values of 12.49 Å and 12.93 Å, respectively. The binding of the reference 

drug, BSX, CLQ, and CLBQ lowers the RMSF values to 8.19 Å, 10.22 Å, 11.46Å, 

respectively. This high flexibility movement observed for the drugs might be another 

indication of orientational modification to accurately fit into the spike RBD site, as also 

observed in the RMSD plots.

Conclusion

SARS-CoV-2Sgp is an essential protein vital for the viral attachment to the host cell 

through the molecular interaction of the SARS-CoV-2Sgp RBD and hACE-2. Therefore, 

inhibition of these two proteins is a significant step in controlling the viral infectivity. 

Previous studies from our lab reported CLQ, CLBQ and CLCQ possess anti-exopeptidase 

activity against hACE-2 and were found to be potent inhibitors of SARS-CoV-2 infection-

induced cytopathic effect. In this study, we evaluated and established the molecular 

mechanism of inhibition of these drugs against hACE-2 and SARS-CoV-2Sgp utilizing 

computational techniques. This study showed Clioquinol and it two derivatives exhibited 
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anti-exopeptidase activity against hACE-2 by strongly binding to the enzyme and altering 

the enzyme’s structural conformation, which possibly lowered the enzyme’s interaction 

with SARS-CoV2Sgp. The study further revealed that Clioquinol and its derivatives 

weakly bind to SARS-CoV-2Sgp at the RBD site, and conformational analysis suggests 

that the compounds cause high flexibility of SARS-CoV-2Sgp amino structure leading to 

orientational modification to accurately fit into the spike RBD site. This study provides 

further information on the possibility of repurposing clioquinol and its derivative as 

alternative treatment for COVID-19 as promising inhibitors of hACE-2.
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Figure 1. 
Superimpositions of the crystalized structures of ligand-complexes of a). hCAE2 and b). 

SARS-CoV-2 Spike gps with their respective RMSD values.
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Figure 2. 
A plot of binding energies vs. time over the 100 ns MD simulations Protein-ligand 

interaction of Clioquinol and its analogues to hACE-2 and SARS-CoV-2 Sgp.
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Figure 3. 
Representation of Protein (hACE-2)-ligand interactions plots with different amino acid 

residues of a) CLBQ, b) CLQ and c) CLCQ.
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Figure 4. 
Representation of Protein (Spike gp)-ligand interactions plot with different amino acid 

residues.
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Figure 5. 
Comparative a). RMSD b). RoG, c). SASA and d). RMSF profile plots of C-a atoms of 

the hACE2 with CLCQ, CLQ and CLBQ ligands-complexes calculated throughout 100 ns 

molecular dynamics simulation.
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Figure 6. 
Comparative a). RMSD b). RoG, c). SASA and d). RMSF profile plots of C-a atoms of 

the Spike gp with CLCQ, CLQ and CLBQ ligands-complexes calculated throughout 100 ns 

molecular dynamics simulation.
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Table 1.

Thermodynamic Binding Free Energy Profiles for the ligands towards hACE2.

Energy components

Binding free energy (kcal/mol)

SARS-CoV-2 Sgp

BSX CLQ CLBQ CLCQ

Δ EvdW −27.3 ± 2.3 −15.3 ± 4.9 −21.9 ± 4.6 −21.4 ± 1.7

ΔEelec −24.4 ± 4.3 −4.2 ± 0.3 −2.4 ± 0.4 −2.9 ± 0.4

ΔGgas −51.6 ± 5.1 −19.6 ± 0.5 −24.3 ± 4.4 −24.4 ± 3.4

ΔGsolv 25.7 ± 2.8 7.1 ± 2.8 7.5 ± 2.6 8.0 ± 2.0

ΔGbind −25.8 ± 2.9 −12.5 ± 4.7 −16.8 ± 4.0 −16.3 ± 1.8
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Table 2.

Thermodynamic Binding Free Energy Profiles for the ligands towards SARS-CoV-2 Sgp.

Energy components

Binding free energy (kcal/mol)

hACE-2

MLN-4760 CLQ CLBQ CLCQ

Δ EvdW −41.7 ± 6.9 −35.7 ± 2.1 35.4 ± 1.7 −29.28 ± 1.8

ΔEelec 54.6 ± 5.4 −16.0 ± 3.4 −6.0 ± 0.3 −3.38 ± 0.1

ΔGgas −77.9 ± 6.9 −46.8 ± 3.2 38.4 ± 2.1 −33.3 ± 3.1

ΔGsolv 85.6 ± 6.9 11.4 ± 2.4 8.0 ± 1.5 8.4 ± 2.3

ΔGbind −45.4 ± 5.8 −40.4 ± 2.8 34.4 ± 2.0 −24.8 ± 2.3
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Table 3.

Calculated average values of parameter used to interpret structural stability for hACE-2 complexes.

Average values

Complex RMSD (Å) RoG (Å) SASA (Å2) RMSF (Å)

hACE 1.81 ± 0.45 24.03 ± 2.34 25159.20 ± 100.02 1.14 ± 0.02

hACE2 + MLN 1.62 ± 0.32 23.79 ± 1.34 23783.34 ± 121.33 1.13 ± 0.73

hACE + CLQ 1.91 ± 0.03 23.69 ± 0.35 23670.52 ± 289.34 1.06 ± 0.01

hACE + CLBQ 1.57 ± 0.71 23.91 ± 3.01 24657.90 ± 202.34 1.05 ± 0.43

hACE+CLCQ 1.85 ± 0.04 23.90 ± 0.08 24657.54 ± 143.44 1.37 ± 0.24
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Table 4.

Calculated average values of parameter used to interpret structural stability for SARS-CoV-2 Sgp. complexes.

Average values

Complex RMSD (Å) RoG (Å) SASA (Å2) RMSF (Å)

Spike gp 2.06 ± 0.30 18.32 ± 2.44 9733.16 ± 78.56 12.49 ± 1.23

Spike gp + BSX 2.25 ± 0.45 18.48 ± 1.39 9908.32 ± 39.56 8.19 ± 0.35

Spike gp + CLQ 2.09 ± 0.54 18.41 ± 1.34 10065.65 ± 93.45 10.22 ± 0.44

Spike gp + CLBQ 2.86 ± 0.32 18.96 ± 0.98 10015.54 ± 103.34 11.46 ± 0.93

Spike gp + CLCQ 2.37 ± 0.11 18.48 ± 3.10 9657.32 ± 57.28 12.93 ± 1.02
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