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a b s t r a c t 

Vast amount of research has been recently conducted to discover drugs for efficacious treatment of 

corona virus disease 2019 (COVID-19). The ambiguity about using Chloroquine/ Hydroxychloroquine to 

treat this illness was a springboard towards new methods for improving the adequacy of these drugs. 

The effective treatment of COVID-19 using Zinc complexes as add-on to Chloroquine/ Hydroxychloroquine 

has received major attention in this context. The current studies have shed a light on molecular dock- 

ing and molecular dynamics methodologies as powerful techniques in establishing therapeutic strategies 

to combat COVID-19 pandemic. We are proposing some zinc compounds coordination to Chloroquine/ 

Hydroxychloroquine in order to enhance their activity. The molecular docking calculations showed that 

Zn(QC)Cl2(H2O) has the least binding energy -7.70 Kcal /mol then Zn(HQC)Cl2(H2O) -7.54 Kcal /mol. The 

recorded hydrogen bonds were recognized in the strongest range of H Bond category distances. Iden- 

tification of binding site interactions revealed that the interaction of Zn(QC)Cl2(H2O)with the protease 

of COVID-19 results in three hydrogen bonds, while Zn(HQC)Cl2(H2O) exhibited a strong binding to the 

main protease receptor by forming eight hydrogen bonds. The dynamic behavior of the proposed com- 

plexes was revealed by molecular dynamics simulations. The outcomes obtained from Molecular dynam- 

ics calculations approved the stability of Mpro-Zn(CQ/HCQ)Cl2H2O systems. These findings recommend 

Zn (CQ) Cl2H2O and Zn (HCQ) Cl2H2O as potential inhibitors for COVID-19 Mpro. 

© 2021 Elsevier B.V. All rights reserved. 

1

f

p

m

c

W

s

a

r

m

m

t

i

d

a

b

p

e

a

m

c

c

l

a

s

C

s

h

0

. Introduction 

The novel coronavirus COVID-19 was informed as pandemic in- 

ection in Wuhan city of China at the end of December 2019.The 

andemic rapidly spread in the world due to human-human trans- 

ission. The reported cases of infected and suspected in different 

ountries exceeded two millions, until April 2020 according to the 

orld Health Organization (WHO) [1] . The crisis has motivated re- 

earchers from different fields of sciences towards vaccine finding 

gainst this novel disease. For many years, Chloroquine (CQ) was 

eported as a potential remedy to alleviate exacerbation of pneu- 

onia. Also CQ has a capability of inhibition of autophagy and 

otivating the apoptosis in malignant cells in broad experimen- 

al models [2–5] . These positive effects nominated CQ to be tested 

n the treatment of COVID-19 infection [6–8] . 
∗ Corresponding author. 
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Hydroxychloroquine (HCQ) was first prescribed as anti-malaria 

rug and it was prove of being useful to treat other diseases such 

s lupus erythematosus, rheumatoid arthritis. Recently HCQ has 

een proposed for COVID-19 treatment according to the protocols 

ublished during 2020 [9–12] . The proven acknowledge for the 

fficiency of CQ/HCQ treatment for COVID- 19 is still questioned 

nd lacking for experimental evidence. Various attempts have been 

ade to improve the therapeutic use for CQ/HCQ including metal 

omplexes addition [ 13 , 14 ]. Zinc element has antiviral effect and 

ould be used to reduce the viral activities of COVID-19. Philip Car- 

ucci et al. suggested using zinc sulfate as add-on therapy to HCQ 

gainst COVID-19 [15] . Clinical trials have been made to demon- 

trate that the improvement of the efficacy of CQ/HCQ against 

OVID-19 may require Zinc additives [16] . Derwand et al. hypothe- 

ized that CQ/HCQ plus zinc supplementation may be more effec- 

ive in reducing COVID-19 morbidity and mortality than CQ or HCQ 

n monotherapy [17] . There was a shortage in most of those studies 

n identifying the synthesis and characterization of CQ/HCQ- zinc 

omplexes. The availability of the chemical and molecular structure 

https://doi.org/10.1016/j.molstruc.2021.129979
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.129979&domain=pdf
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Fig. 1. The optimum structures of the CQ/HCQ complexes mentioned in the text. 
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f zinc combined to CQ/HCQ may enrich the drug design field in 

he framework of increasing the potency of CQ/HCQ against COVID- 

9. 

Molecular docking is one of the best techniques in the scien- 

ific community for rational design of drugs. Docking addresses 

he binding between drugs and protein via active sites determina- 

ion. Molecular dynamics simulations are used in virtual screening 

he dynamic behavior of protein or protein-molecules complexes. 

olecular docking and molecular dynamics aided in understanding 

he molecular function and biological process of drugs, both have 

een used extensively in recent time to find an effective vaccine 

or COVID-19. [18–21] 

In this article, the development of the therapeutic activities of 

Q/HCQ against COVID-19 has been based on the incorporation of 

Q/HCQ with some zinc structures. The stability of the proposed 

tructures was assessed by molecular dynamic simulations. Molec- 

lar docking calculations were carried out to calculate the binding 

nergies and site interactions for inhibition capability evaluation of 

OVID-19 main protease. 

. Materials and methods 

.1. Ligands and target protein 

The optimum structures of all compounds are illustrated in 

ig. 1 . CQ and HCQ serve a wide variety of in-vitro activity against

iruses and used extensively as antimalarial drugs [ 22 , 23 ]. In 1937,

ndersag, Breitner and Jung had synthesized CQ for the first time 

24] . HCQ is prepared by substitution the N-diethyl group side 

hain of CQ by N-hydroxy-ethyl side chain [ 25 , 26 ]. The zinc com-

lexes bind to the similar structure of CQ and HCQ through un- 

ubstituted N atom of pyridine. The complex Zn(CQ/HCQ)Cl could 

ynthesis by adding a solution of ZnCl2 in methanol to CQ/HCQ, 

he mixture stirred and heated at 60 °C for 1 h then cooled to 

oom temperature [27] . Zn(QC)Cl2(H2O) was synthesized in char- 

cterization of new copper/zinc-Chloroquine complexes by Maribel 

avarro et al. The compound obtained in high yield from the reac- 

ion of ZnCl2 with CQ as an air-stable solid and the work suggested 

hat zinc bound to CQ has a five-coordinated structure [28] 

Many studies showed that Mpro (PDB ID 6LU7) the main pro- 

ease of COVID-19 is the key for its viral replication. This makes 

t a potent target for potential inhibitor drugs [ 29 , 30 ]. The crystal

tructure of 6lu7 Mpro was downloaded from Protein Data Bank 
2 
PDB: https://www.rcsb.org ). The chemical structure of CQ (CID: 

719), HCQ (CID: 3652) were taken from PUBCHEM database. 

.2. Molecular docking 

The studied ligands were drawn in the Avogadro molecule ed- 

tor, and then their stable structure obtained by energy minimiza- 

ion with the MMFF94 Force Field. The 6lu7 protein structure was 

repared by removing all water molecules, assignment of Gasteiger 

artial charges and adding polar hydrogen. Ligand position in Mpro 

rotein was set at grid coordinates x = −11.824, y = 14.735 and 

 = 74.152. Genetic algorithm (GA) parameters were assigned at 

00 GA run and population size of 150. Molecular docking calcula- 

ions were performed by using Autodock 4.2 with the aid of Auto 

ock Tools 1.5.6 [31] . Docked structures and the active sites inter- 

ction were visualized by Discovery Studio Visualizer v20.1.0.19295. 

32] . 

.3. Molecular dynamics simulation 

NAnoscale Molecular Dynamics (NAMD) software was used to 

erform Molecular dynamics simulations [33] . Simulation param- 

terization specified in topologies and parameter files of ligands 

nd proteins were prepared using the CHARMM-GUI [34] . The 

HARMM36 force field was used to parameterize the system which 

as solvated in TIP3P water solvation box and neutralized by 

dding sodium chloride ions. Energy-minimization was applied to 

ystem and then equilibrated for 200 ps. Subsequently, systems 

ere simulated at constant temperature 310 K with 2 fs time step 

sing NVT ensemble under constant periodic boundary conditions 

or 100 ns. The simulation analysis and trajectories interpretation 

ere assessed with the aid of Visual Molecular Dynamics program 

VMD 1.9.3) [35] . 

. Results and discussion 

The molecular docking results are recorded in Table 1 . Illus- 

rative figures of different orientations for the ligands interac- 

ion with protein target are included, the ligand is marked as 

lue stick model while the protein is displayed as a surface. The 

ore negative binding energy (EB) and smaller value of inhibi- 

ion constant (Ki) implies best docking score [36] . Hydrogen bonds 

https://www.rcsb.org
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Fig. 2. Representation of the interacting sites of SARS-CoV-2 Mpro with CQ (a) and HCQ (b). 
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re a primary contributor factor in supporting the binding affin- 

ty of drugs with the receptor. Strong hydrogen bonding interac- 

ion represents a high binding capability between ligand and pro- 

ein [37] . The values of binding energy and inhibition constant 

or CQ and HCQ are consistent with previous concerned work 

38] . There were no commendable findings for Zn(CQ/HCQ)Cl com- 

lexes, only insignificant improvement in the binding capabilities 

han in CQ and HCQ. A strong inhibitory activity achieved by 

n(QC)Cl2(H2O) and Zn(HQC)Cl2(H2O) with binding energies −7.7 

nd −7.54 Kcal/mol respectively. The considerable decrease in Ki 

alues, classified Zn(QC)Cl2(H2O) and Zn(HQC)Cl2(H2O) as strong 

otential inhibitors against Mpro activity. 

The 2D binding sites diagram of CQ and HCQ with 6lu7 tar- 

et is illustrated in Fig. 2 (a and b). CQ demonstrates an average 

ocking by a conventional hydrogen bond with HIS164 residue 

t 2.31 Å, while HCQ has two hydrogen bonds interactions with 
3 
ET49 and GLN189 at 1.99 and 2.17 Å respectively. In Fig. 3 (a and

), Zn(CQ)Cl and Zn(HCQ)Cl showed no noteworthy improvement 

n binding modes than in CQ nor HCQ; Zn(CQ)Cl has one hydro- 

en bond with HIS 164 amino acid at 2.14 Å while the residues 

IS164 and GLU166 are involved in the formation of two hydro- 

en bonds with Zn(HCQ)Cl at distances 3.06and 2.02 Å. This re- 

ult is realistic with the very close blind docking results (men- 

ioned in Table 1 ) between CQ and Zn(CQ)Cl or between HCQ 

nd Zn(HCQ)Cl. Three hydrogen bonds were formed in the inter- 

ction between Zn(QC)Cl2(H2O) and Mpro as shown in Fig. 4 a 

two hydrogen bonds with GLU166 → 1.76, 1.95 Å and one hydro- 

en bond with ARG188 → 2.06 Å). The docking representation of 

he last complex has shown strong binding activity. As revealed in 

ig. 4 b, Zn(HQC)Cl2(H2O) was able to form eight hydrogen bonds 

ith GLN189 (2.32, 2.35 Å), CYS145(2.70 Å), HIS164(2.19, 2.27 Å), 

ET165(2.92 Å), ARG188(2.26 Å) and GLU 166 (1.77 Å) residues. 
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Fig. 3. Representation of the interacting sites of SARS-CoV-2 Mpro with Zn(CQ)Cl (a) and Zn(HCQ)Cl (b). 
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he qualitative aspect of this interaction is that hydrogen bonds are 

istributed over the sides and center of Zn(HQC)Cl2(H2O), which 

epresents high inhibition efficiency to bind the receptor binding 

omain. The formed hydrogen bonds were in the categories of 

trong hydrogen bonds range (1.76–2.35 Å) except two moderate 
4 
onds 2.92, 3.06 Å according to hydrogen bonding classification 

39] . 

Fig. 5 showed the RMSD trajectories of Mpro-CQ/HCQ, Mpro- 

n(CQ/HCQ)Cl2 and Mpro-Zn(CQ/HCQ)Cl2(H2O) along with molec- 

lar dynamic simulation time. In the monitored RMSD analysis, 
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Fig. 4. Representation of the interacting sites of SARS-CoV-2 Mpro with Zn(QC)Cl2(H2O) (a) and Zn(HQC)Cl2(H2O) (b). 
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ll trajectories have minor fluctuations after 20 ns and there is 

o sudden deviation or sliding drift, which suggests no structural 

hanges. Mpro-CQ attained equilibrium after 60 ns with consid- 

rable fluctuation compared to the other trajectories, the average 

MSD values within of the range of 0.91 ±0.1 Å. Remarkable change 

n the stability behavior of Mpro-HCQ docked structure than in 
5 
pro-CQ. The stable trajectory of Mpro-HCQ started at 30 ns with 

nsignificant fluctuations around 0.91 ± 0.05 Å and last till the end 

f the simulation time. A similar behavior in RMSD trajectories are 

bserved between Mpro-Zn(CQ)Cl and Mpro-Zn(HCQ)Cl, significant 

uctuations around 1.05 ± 0.07 Å were detected during simulation. 

he notable deviations in both trajectories have been decayed after 
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Table 1 

The binding affinity and docked structures of the selected drugs with main protease (6LU7) of COVID-19. 

No Compound Docked structure EB (Kcal/mol) KI (uM) Hydrogen bond ( ̊A) 

1 CQ −7.08 6.48 HIS A164 (2.31 Å) 

2 HCQ −6.87 9.15 GLN 

A:189 (2.17 Å) 

MET A:49 (1.99 Å) 

3 Zn(CQ)Cl −7.09 6.38 HIS A164 (2.14 Å) 

4 Zn(HCQ)Cl −6.88 9.07 GLU 

A:166 (2.02 Å) 

HIS A164 (3.06 Å) 

( continued on next page ) 
6 
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Table 1 ( continued ) 

5 Zn(QC)Cl2(H2O) −7.7 2.27 GLU 

A:166 (1.76 Å/ 1.95 Å) 

ARG A:188 (2.06 Å) 

6 Zn(HQC)Cl2(H2O) −7.54 2.99 GLN 

A:189 (2.32 Å/ 2.35 Å) 

HIS A164 (2.19 Å/ 2.27 Å) 

CYS A:145 (2.70 Å) 

GLU 

A:166 (1.77 Å) 

MET A:165 (2.92 Å) 

ARG A:188 (2.26 Å) 

Fig. 5. The RMSD plots extracted from molecular dynamics simulations for Mpro- 

complexes. 
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0 ns, however Mpro-Zn(HCQ)Cl showed almost steady RMSD 

alues in the last 10 ns. Mpro-Zn(CQ)Cl2(H2O) made a slight 

mprovement in structural stability by achieving equilibrium after 

0 ns with an average RMSD of 1.05 ± 0.04 Å throughout the 

imulation period. The last complex exhibited the best stabilized 

ode among other complexes. Mpro-Zn(HCQ)Cl2(H2O) remained 

onverged and stable after only 15 ns and the calculated average 

MSD values was found as 1.05 ± 0.03 Å. Smaller deviations 

eflect that the binding of Zn(HCQ)Cl2(H2O) and Mpro main 

rotease is more stable conformation. 

The effect of zinc ion on CQ and HCQ manifested clearly in the 

olecular dynamics results of Zn(CQ/HCQ)Cl2(H2O).Stabilized 
7 
odes were achieved early at 40, 15 ns in Mpro- 

n(CQ/HCQ)Cl2(H2O) than in Mpro-CQ/HCQ at 60, 30 ns. Fluctua- 

ions have diminished from ±0.1, ± 0.05 Å in Mpro-CQ/HCQ to ±
.04, ± 0.03 Å in Mpro-Zn(CQ/HCQ)Cl2(H2O) respectively. 

The fluctuations of the Mpro–ligand complexes were explored 

y calculating the root mean square fluctuation (RMSF). The plot 

f RMSF for all Mpro-ligand complexes was compiled in Fig. 6 . 

arge fluctuations can be seen in the structures of Mpro-CQ, Zn 

HCQ) Cl and Mpro-Zn (HCQ) Cl during simulation time. The 

ighly fluctuated residue can clearly be noticed for these struc- 

ures at significantly different positions. The associated average 

MSF values were calculated as 0.46, 0.45 and 0.43 Å respec- 

ively. There is an overall decline in fluctuations in Mpro-HCQ and 

n(QC/HCQ)Cl2(H2O) complexes in contrast to the previous three 

tructures. The lower RMSF values supplemented by smaller aver- 

ge RMSF values 0.38, 0.42 and 0.37 Å showed that these struc- 

ures are stable. 

. Conclusions 

On the missing of crucial declaration for an effective drug to 

ure COVID-19, a lot of endeavors have been made in discov- 

ring therapeutic medication to remedy this virus. Among this 

xamined the efficacy of Zinc complexes in combination with 

Q/ HCQ against COVID-19. In the present study, some com- 

lexes of zinc- CQ/ HCQ were described to target the Mpro 

ain protease of COVID-19. The molecular docking calculations 

howed that Zn(QC)Cl2(H2O) and Zn(HQC)Cl2(H2O) has the least 

inding energy. Hydrogen bonds were assigned and recorded in 

he identification of binding site interactions. The interaction of 

n(QC)Cl2(H2O)with the protease of COVID-19 results in three hy- 

rogen bonds, while Zn(HQC)Cl2(H2O) exhibited a strong binding 

o the main protease receptor by forming eight hydrogen bonds. 

n molecular dynamics simulations, the observed analysis of RMSD 

nd RMSF trajectories reported the high binding affinity and struc- 

ure stability of Mpro-Zn(CQ/HCQ)Cl2H2O complexes. It can con- 
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Fig. 6. The RMSF plots extracted from molecular dynamics simulations for Mpro-complexes. 
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lude that Zn (CQ/HCQ) Cl2H2O indicates a good potential as in- 

ibitors for Mpro of COVID-19. The current work suggests that, 

ore experimental and clinical studies on CQ/HCQ in combina- 

ion with zinc complexes should be considered in the treatment 

f COVID-19. 
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