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Abstract: Improving the efficacy of hydroxychloroquine (HCQ) by several additives was one of the
different strategies used to combat SARS-CoV-2. The most contentious issue in this regard was the
transport of zinc ions by HCQ molecule. In this work, a design for HCQ binding to zinc ion (HCQZn)
was screened to explore the role of zinc on the inhibitory activity of HCQ. Chemical descriptions and
characterization of the designed molecule were obtained using DFT calculations. The detailed analysis
of Drug-likeness and ADMET data yielded efficient pharmacological properties for HCQZn. Molecular
docking investigation showed that HCQZn had a higher binding affinity (B.E. =-8.10 kcal/mol, Ki
=1.15 uM) than HCQ, causing stronger binding within the cavity of SARS-CoV-2 main protease.
Unexpectedly, zinc in the HCQ molecule formed three covalent bonds with the GLN189 amino acid
residue. This is an extraordinary result because none of any conventional protocols for covalent
molecular docking were used besides forming three covalent bonds by a single amino acid. This study
identified HCQZn as an efficient covalent drug that could be a potential hit against SARS-CoV-2, and
more clinical validation is essential to explore the potential risks of covalent drugs.
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1. Introduction

As the COVID-19 pandemic continues and new variants emerge, there is still an urgent
need for a well-defined COVID-19 treatment or therapeutics. Hydroxychloroquine (HCQ) and
several other drugs are being trialed to treat serious infections caused by this disease. Numerous
works described these efforts that evaluated clinical trials of azithromycin, remdesivir,
chloroquine, and natural products as symptomatic adjuvant therapy. [1-4]. Zinc is a valuable
metal in medicinal chemistry, and it serves a variety of activities in the human body, including
improving growth and catalytic functions. Since it has been discovered in hundreds of known
enzymes called zinc metalloenzymes, zinc has been demonstrated to be essential for many
enzymatic actions [5, 6]. Zn ion binding to catalytic or structural domains of various proteins
is critical in defining their conformational changes, not only in humans but also in many
viruses. Zinc ions or zinc complexes have received considerable attention as a potential
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treatment for viral infections. The biological characteristics of zinc oxide have led to its
widespread use in biomedical applications, particularly in anticancer and antibacterial
treatment [7-9]. Growing respiratory viruses were treated with nanomaterial containing zinc
[10]. Furthermore, various investigations have been conducted on using zinc alone or in
combination with other drugs in the treatment of COVID-19. For example, Zn-ejector drugs
were mixed with disulfiram and ebselen to inhibit mutational hotspots required for SARS-CoV-
2 replication [11]. Chloroquine (CQ)/HCQ has been discussed frequently as a zinc ionophore,
and the treatment of COVID-19 with zinc ions supplied by CQ/HCQ was found to be an
effective strategy for minimizing morbidity and mortality [12-14]. The issue is that there is still
no conception (to the best of our knowledge) about how zinc ions interact with CQ/HCQ
molecules or for the configured structure of the Zn-CQ/HCQ combination. This was tackled as
an objective to be demonstrated during this work.

Molecular docking simulations are becoming increasingly prominent in the scientific
study due to their improved approaches and efficient methodologies in the field of drug
discovery. Several previously published studies used molecular docking techniques to explore
a wide spectrum of biological aspects in potential novel drugs, which aid in screening and
selecting compounds so that they can be evaluated in clinical trials [15-18]. In the fight against
COVID-19, computer-aided molecular docking modeling has proven to be exceptionally
capable of recognizing and prescribing various treatment modalities [19-22].

The formation of one or more covalent chemical bonds between the inhibitor drug and
the therapeutic target protein distinguishes covalent drugs from non-covalent ones. Many well-
known drugs are now described using the covalent mechanism, such as Clopidogrel,
Telaprevir, Afatinib, and others. Covalent medicines have long been considered a risk issue in
pharmaceutical research due to the possibility of causing acute cellular damage, toxic effects,
or inducing an immune response, even though they have proven to be effective therapies for a
variety of medical conditions owing to increased drug efficiency and longer duration of the
activity, as well as the ability to target deep binding sites [23- 25]. Discovering or designing
safe covalent drugs that do not cause toxicity, drug resistance, or mutations is currently a major
challenge [26, 27]. Regarding molecular covalent docking as a sophisticated process with
protocols and certain criteria, the formation of a covalent bond is still a complicated task to
describe accurately.

The scope of this study is to expand the level of knowledge on the mechanism of HCQ
as a zinc ionophore by applying Density Functional Theory (DFT) calculations to optimize a
molecular structure that illustrates how the zinc ion binds with HCQ. The proposed HCQZn
ligand was then compared to HCQ in an in silico study to assess its effectiveness against
COVID-19. To this end, a set of Drug-likeness and ADMET (absorption, distribution,
metabolism, excretion, and toxicity) calculations were employed to identify the bioavailability,
pharmacokinetic characteristics, and safety validation in the context of potential drug
candidates. Then, a molecular docking technique identified the efficacy of inhibiting the main
protease (M pro) of SARS-CoV-2.

2. Materials and Methods
2.1. Chemistry and DFT calculations.

HCQ could be a zinc transporter due to its high propensity for forming stable complexes
with zinc ions via coordination bonds. This is done by sharing the lone pair electrons of the
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hydroxyl and amine groups in HCQ with the zinc ion. The designed HCQZn ligand was
subjected to density functional theory (DFT) calculations and HCQ to determine the
geometrical structure and some of their chemical parameters. In DFT, geometry optimization
calculation was used to locate the ground state using the Becke3-Lee-Yang-Parr (B3LYP)
exchange-correlation functional and the 6-311** basis set [28, 29]. DFT computations were
carried out with the Gaussian 09 package program [30].

2.2. Drug likeness and ADMET profile.

The pkCSM web server was used to predict drug-likeness, and ADMET features in
order to describe the biopharmaceutical aspects of the ligands under study [31]. The
Molinspiration program was also used to validate further the calculated Lipinski rules
(Molinspiration Cheminformatics free web services, https://www.molinspiration.com)

2.3. Molecular docking.

The SARS-CoV-2 M pro crystal structure (PDB ID: 6LU7) was obtained from the
Protein Data Bank site. Auto dock Tools 1.5.6 software was used for molecular docking
calculations [32]. Several steps were taken to prepare 6L U7 protein, including removing water
molecules, assigning gasteiger partial charges, and adding polar hydrogen. The optimized
HCQZn ligand from DFT calculations was inserted into AutoDockTools and combined with
the 6LU7 protein. The ligand's torsion tree was set up by detecting the roots, then PDBQT files
were created for both the ligand and the M pro protease. The M pro was centered within a grid
box with dimensions of 40 x 40 x40 points in X, y, z directions and grid spacing of 0.375 A.
Finally, the Lamarckian genetic algorithm (LGA) was used to perform the molecular docking
procedure. The ligand binding interaction within the cavity Mpro protein was visualized using
Discovery Studio 4.5 [33]

3. Results and Discussion

3.1. DFT calculations.

Figure 1 illustrates the molecular structures of HCQ and HCQZn, as well as their
optimized structures. The optimized structure of HCQZn reveals that the Zn ion is located
behind the hydroxyl and amine groups, and the HCQ chain structure was modified to a nearly
circular configuration due to the interaction between the Zn ion and N, O atoms. This
modification profits HCQZn's good oral bioavailability by reducing the polar surface area, as
discussed in section 3.1.

Table 1 shows how to employ model chemistry, such as Koopmans' theorem [34], to
calculate some chemical reactivity descriptors for the studied compounds based on the
electronic properties determined. Chemical descriptors, including the energy gap AE, chemical
hardness 1 and softness 6, which are derived from ionization potential (I) and electron affinity
(A), are significant tools for identifying the chemical reactivity or stability of compounds. A
high AE value refers to high chemical stability, whereas a small AE value is correlated with
high reactivity. The activity of a molecule in a chemical reaction is determined by its hardness
or softness. In chemical reactions, a hard molecule with a high 1 value resists changes in its
electronic distribution, while a soft molecule with a high ¢ value reacts faster than a hard
molecule. Based on the obtained chemical parameters in Table 1, HCQZn has a smaller energy
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gap, lower hardness value, and higher softness value than HCQ. These results indicate that
HCQZn has a higher chemical reactivity than HCQ.

(B)

Figure 1. Molecular and optimized structures of HCQ (A) and (B), and also HCQZn (C) and (D).

Table 1. Chemical reactivity descriptors for HCQ and HCQZn.

Enomo | ErLumo AE | A n c X N
(eV) (eV) (eV) (eV) (eV) (eV) (ew)?

o I-A |1 _ 1 —(BatE) | ¥
Defination | — — | AE=Eiumo ~Enomo | -Eromo | -Erumo | —— n I-A 2 2n
HCQ -5.96 -1.59 4.37 5.96 1.59 2.185 0.46 3.78 431
HCQZn -4.49 -1.01 3.48 4.49 1.01 1.74 0.57 2.75 2.17

3.2. Drug likeness and ADMET evaluation.

Drug development necessitates the use of appropriate physicochemical and
biopharmaceutical parameters. Drug-likeness is a criterion for the standard properties required
for the selection of potential drug compounds. Lipinski's "rule of five," can be used to achieve
drug-likeness. The rule specifies the following components; molecular weight (MW), hydrogen
bond donors (HBD), hydrogen bond acceptors (HBA), and octanol/water partition coefficient
(log P) [35]. Another set of rules relating the polar surface area (PSA) and the number of
rotatable bonds (ROTB) to good oral bioavailability drugs. Previously, a database of oral
bioavailability for over 1000 compounds was investigated, and it was concluded that drugs
with PSA <140 A2 and ROTB <10 had the properties of successful oral bioavailability drugs
[36].

The drug-likeness and associated properties, such as PSA and ROTB, are shown in
Table 2. The HCQZn satisfies the criteria of drug-likeness based on the rule of five with zero
violations. Lipophilicity, which results in high LogP values, indicates poor permeation and
increase hazard attrition. Paul Leeson and Brian Springthorpe confirmed that a low level of
LogP is a key to successful drug discovery [37]. As shown in Table 2, Zn increased the
lipophilicity of HCQ by lowering the LogP value. TPSA for HCQZn was significantly lower
than for HCQ. The reduction of the TPSA is a noticeable indicator of good oral bioavailability
[38].
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Table 2. Predicted drug-likeness parameters for HCQ and HCQZn.
MW PSA

Parameter (g/mol) LogP HBD HBA (A2 ROTB
rule of five < 500 <5 <5 <10 <140 <10
HCQ 355.88 3.78 2 4 48.38 9
HCQzZn 401.27 2.35 2 4 34.90 2

Absorption, distribution, metabolism, and excretion are the four components (ADME)
of new drug candidates' pharmacokinetic properties. After the toxicological evaluation was
included, the ADMET profile was recently addressed. The ADMET study is an excellent
starting point for understanding the pharmacokinetic aspects associated with drug design. Good
drug candidates must have favorable ADME characteristics as well as be non-toxic [39].
Therefore, predicting ADMET properties is considered a significant step in indicating the
successful pathway of a drug in clinical treatments.

The results of Table 3 show the various ADMET properties that were obtained, and the
most important aspects of these outcomes will be discussed. The solubility parameter (log S)
is an important factor in determining the efficacy of drug bioavailability; high log S values are
associated with good drug absorption. The following are the water solubility criteria: strong
soluble 0 > soluble >-4 > moderate>-6 > poorly > -10 > insoluble [40]. The solubility of
HCQZn was improved as the log S value increased from -3.323 to -2.636. The high solubility
of HCQZn was evidenced by enhancing the human intestinal absorbance value to = 94%.
HCQZn has no inhibitory activity against P-glycoprotein I/1l, which is important in drug
formulations. HCQZn, with the same high value of VDss (the steady-state volume of
distribution demonstrates the amount of drug required for uniformly distributed in blood and
plasma) as HCQ , represents a drug with great distribution in plasma (VDss > 0.45) [42]. The
ability of a drug to pass the blood-brain barrier (BBB) and thus impose its impact on the brain
is an essential attribute of medicinal chemistry. BBB value <-1 for a given molecule indicates
that it is poorly distributed to the brain [36]. The BBB permeability results show that HCQZn,
like HCQ, is penetrating for BBB.

Table 3. The ADMET description for HCQ and HCQZn.

Property Parameter/Model Name Unit HCQ HCQZn
Water solubility Numeric (log mol/L) —3.323 —2.636
Skin permeability Numeric (log kp) —2971 —2.849
Human Intestinal absorption Numeric (% Absorbed) 88.445 93.849
Absorption CaCo2 permeability (log Papp in 10-6 cm/s) 1.47 1.061
P-glycoprotein substrate Categorical (Yes/No) Yes Yes
P-glycoprotein I inhibitor Categorical (Yes/No) No No
P-glycoprotein Il inhibitor Categorical (Yes/No) No No
VDss (human) Numeric (log L/kg) 1.283 1.281
S BBB permeability Numeric (log BB) 0.122 0.468
Distribution Fraction unbounded (Fu) 0.303 0.682
CNS permeability (log PS) -2.736 —-3.058
CYP2D6 substrate Categorical (Yes/No) Yes No
CYP3A4 substrate Categorical (Yes/No) Yes Yes
CYP1AZ2 inhibitor Categorical (Yes/No) No No
Metabolism CYP2C19 inhibitor Categorical (Yes/No) No No
CYP2C9 inhibitor Categorical (Yes/No) No No
CYP2D6 inhibitor Categorical (Yes/No) No No
CYP3A4 inhibitor Categorical (Yes/No) No No
Excretion Total Clearance Numeric (log ml/min/kg) 1.132 1.598
Renal OCT2 substrate Categorical (Yes/No) No No
AMES toxicity Categorical (Yes/No) Yes No
Max. tolerated dose (human) Numeric (log mg/kg/day) 0.191 —-0.457
Toxicity hERG | inhibitor Categorical (Yes/No) No No
hERG Il inhibitor Categorical (Yes/No) Yes Yes
Skin Sensitisation Categorical (Yes/No) No No
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Inhibiting cytochrome P450 enzymes may result in interactions between drugs, where
co-administered drugs are not metabolized and build up to be toxic. None of these enzymes
were inhibited by HCQZn, which is considered a safe agent when used in conjunction with
other drugs. The constant of proportionality CLtot is an abbreviation for the total clearance of
the drug (drug removal from blood or plasma) in terms of hepatic clearance and renal clearance;
a high CLtot value indicates a faster drug excretion process [43]. According to the total
clearance values predicted in Table 3, HCQZn has a higher CLtot value than HCQ, implying a
faster excretion rate. HCQZn, unlike HCQ, is not mutagenic and has no AMES toxicity. The
maximum tolerated dose (MRDT) of a chemical in humans is a measurement of its hazardous
dosage threshold. A low MRTD value is defined as < 0.477 log (mg/kg/day), whereas toxic
chemicals have an MRTD vastly larger than 0.477 log (mg/kg/day) [44]. HCQZn has a lower
MRTD limit that is safer than HCQ.

2.3. Molecular docking.

The binding energy (B.E.) and inhibition constant (Ki) are both measures of a drug's
affinity for its target protein, a high level of binding affinity is indicated by lower values of the
B. E. and Ki values [45]. Table 4 provides the docking results of HCQ and HCQZn with the
target protein. Molecular docking of HCQ with 6lu7 M pro was reported in several studies with
widely accepted results; the findings of the current study, which have a binding energy of-6.87
kcal/Mol and inhibition constant of 9.15 uM are consistent with previous studies [46, 47]. The
docking score of HCQ Zn reveals a stronger affinity and more stable complex of HCQ Zn-M
pro indicated by a lower stable energy of -8.10 kcal/mol, and a smaller value of K; 1.15 uM.

Table 4. The calculated binding energies and inhibition constant (Ki) of docked HCQ and HCQZn
ligands within the M pro of SARS-CoV-2.

. Binding energy B. E. | Inhibition Constant K Ligand
No, | Protein | Compound (kcal/mol) (M) efficiency
1 Siu7 HCQ ~6.87 9.15 20.30
2 HCQzn -8.10 115 -0.34
A:LEU:50

A:PRO:52
THR:190 A:GLN:192 SRS
A:ARG:188 [:"_MET:A

g\ ATYR:54
fA:PRO:168 ‘ :
H
STOAER ] E:ASP:187
: " (Amisal
E:LEU:167 A:Hlm
E: MET:165
Interactions
|:| van der Waals D Pi-Sigma
[:] Conventional Hydrogen Bond I: Alkyl
|:| Carbon Hydrogen Bond |:| Pi-Alkyl
(A) B)

Figure 2. (A) 3D solid surface representation of HCQ-6lu7 complex. (B) 2D surface representation for the
interactions of HCQ within the active site of 6lu7 receptor.

The ligand-binding site interactions in the active site of the 6lu7 M pros were depicted
in Figure 2 and Figure 3. In line with many earlier studies, the interactions of HCQ with amino

https://biointerfaceresearch.com/ 6 of 10


https://doi.org/10.33263/BRIAC135.460
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.460

acid residues of the 6lu7 receptor cavity are mainly classical and hydrophobic, with two
hydrogen bonds formed [47]. However, the docked pose of the HCQZn-M pro complex yielded
an interesting result, where the zinc ion added to HCQ was able to form three covalent bonds
with the GLN189 residue (Figure 3B). This docking's findings highlight two important points.
First, the normal molecular docking procedure was employed (as indicated in the material and
methods section) without any covalent molecular docking protocols. Second, the fact that all
three covalent bonds were formed with the same GLN189 residue is a question mark; since
highly selective covalent drugs can target rare residues of a specific targeted protein [48], this
result will draw more attention to the GLN189 residue. Finally, the formed covalent bonds
revealed higher binding affinity HCQZn, suggesting that it is a strong candidate for SARS-
CoV-2 treatment.

E:PROZIGS
E:MET:49
E:GLU:].GG
J T LEU:167
A:CYs:145 ’
o e:THR:lE)O
A:HIS:41
GLN:189 A:MET:165
Interactions
|:| van der Waals E] Alkyl
|:| Carbon Hydrogen Bond ]:] Pi-Alkyl
[ Pication [T] covalentbond
D Pi-Donor Hydrogen Bond
(4) B)

Figure 3. (A) 3D solid surface representation of HCQZn-6lu7 complex. (B) 2D surface representation 197 for
the interactions of HCQZn within the active site of 6lu7 receptor.

4. Conclusions

In the ongoing search for an effective SARS-CoV-2 treatment drug, this study focused
on the impact of zinc ions transported by HCQ molecule as a potential inhibitor of the SARS-
CoV-2 target protein. A series of molecular modeling investigations were performed on a
designed HCQ-Zn ligand. In evaluating Drug-likeness and ADMET, the proposed ligand
revealed various positive pharmacokinetic properties. Then, molecular docking of the HCQZn
ligand was performed within the cavity of the main protease of SARS-CoV-2. The HCQ Zn-
M pro complex's docked pose exhibited impressive covalent interaction; three covalent bonds
were formed between zinc in the HCQ complex and the GLN 189 amino acid. This result
revealed HCQZn to be a potent covalent drug with a considerably higher binding affinity for
M pro than the conventional non-covalent interaction in HCQ.
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