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Abstract
Computer-aided drug design has been an effective strategy and approach to discover, develop, analyze,
accelerate and economize design and development of drugs and biologically active molecules. A total of
twelve analogues of chloroquine (CQ) and hydroxychloroquine (HCQ) were designed and virtually
analyzed using PyRx software, Molinspiration, Swiss ADME, Swiss-Target Prediction software and
ProTox-II-Prediction of toxicity platform. Based on the docking studies carried out using Autodock vina,
�ve analogues; H-368 (-6.0 Kcal/mol), H-372 (--6.0 Kcal/mol), H-156 (-5.9 Kcal/mol), H-139 (-5.7
Kcal/mol), C-136 (-5.7 Kcal/mol) exhibited higher binding a�nity compared to HCQ(-5.5 Kcal/mol), while
all twelve analogues exhibited higher binding a�nity compared to CQ (-4.5Kcal/mol). In silico analysis of
toxicity pro�le of this analogues shows a lower potential to toxicity and a comparable activity on some
major isoforms of cytochrome P450. But unlike the parent molecules, both H-139 and H-156 are
substrates of P-glycoproteins (P-gp) which implies that these analogues possess high clearance and less
pharmacokinetic-related drug-drug interactions compared to the parent molecules. Herein we propose
these analogues as potential inhibitors or lead compounds against the coronavirus with a view of
conducting more molecular dynamic simulations, synthesizing and conducting in vitro studies on them.

Introduction
The world is faced with skyrocketing costs for drug design and development of new biologically active
molecules hence researchers are currently looking for ways to repurpose older drugs-and possibly, even
some that failed in initial trials. With the aid of computer-aided drug-design and development, researchers
can �nd countless new tricks for old drugs [1]. According to Atul Butte (2012), a bioinformatician at the
University of California, San Francisco, drug repositioning is a complement to the discovery of new
molecules, rather than an alternative. More so, modern medicine is becoming better at �guring out that
each disease is actually �ve or ten different ones and there are simply not enough companies out there to
develop new drugs to treat them all [2]. For researchers in the academia and industries, taking drugs that
have been developed for one disorder and repositioning them-with little or no modi�cation to tackle
another disorder/disease, is an increasingly important strategy for researchers. These efforts are been
inspired from numerous classic success stories as documented in many literatures [3]. In the same light,
drugs like chloroquine and hydroxychloroquine (Fig. 1) is the focus of our research here.

The serendipity responsible for the earlier discovery of drugs like chloroquine (Fig.1a) for the prevention
and treatment of malaria and hydroxychloroquine (Fig. 1b) for the treatment of malaria, rheumatoid
arthritis, lupus and porphyria cutanea cannot be overemphasized as they are currently being studied in
order to be repositioned for the treatment of COVID–19 [4]. However, according to Mittra and Mieler 2013,
these drugs/molecules are not without some serious side effects (seizures, muscle damage, problems
with vision, low blood count, etc.) that can possibly limit their potential application in other disease
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conditions. Consequently, computational chemistry is being applied to design twelve (12) analogues of
(a) and (b) in order to potentiate their safety, e�cacy and overall potency against the dreaded COVID–19.

The rapid spread of SARS-CoV–2 Virus (Fig. 2) and the growing number of deaths have catalyzed an
unprecedent response by both the medical and scienti�c communities to tackle the COVID–19 disease-
from understanding its epidemiology to resolving its molecular structures, understanding the
mechanisms of its druggable protein targets, identifying effective therapeutic agents and developing
vaccines to prevent further spread of the virus.

Identifying key protein targets for drug development is one of the �rst tasks to be addressed. Once a
druggable protein model or structure is available, numerous molecular modelling methods allow us to
identify drugs with high speci�city and e�cacy. While these methods involve de novo design strategies,
the urgency of the current of situation makes drugs repurposing one of the most economic and e�cient
therapeutic strategies to pursue. We can also leverage on the vast reservoir of knowledge about agents
currently known to be effective against SARS-CoV. Virtual screening methods including docking and
pharmacophore modelling are ideal to identify and rank-prioritize lead candidates for further investigation
and possible optimization. Worthy of note is the fact that relying on physical experimentation alone is not
economically sustainable in today’s rapidly evolving COVID–19 environment.

Materials And Methods

Hardware
All the computational analysis/screening were done using x64-based PC, windows 10 Pro, 4 compute
cores 2C+2G, 2 CORES, 4 GB memory and 32-Bit operating system.

Protein and Ligand Library
12 analogues of CQ and HCQ were designed in PubChem Sketcher V2.4 [5] and downloaded as an MDL
�le. The structures were optimized and converted to.sdf in discovery studio 4.5 visualizer [6].

The crystal structure of the SARS- CoV–2 target (6W63.pdb) was downloaded from the protein data bank
[7], its original ligands and water were eliminated using discovery studio 4.5 visualizer [6].

Molecular Docking
Ligands and Protein target for molecular docking were prepared in Autodock Tools using PyRx 0.8
package [8](27), a grid box (x: –2. 3200, y: 19. 1496, z: –26. 3281, dimensions (Angstrom); x:y:z: =
25.0000) was employed, and docking simulations of bioactive conformations was done using Autodock
Vina [8]. The results obtained were analyzed using PyMol [9] and discovery studio visualizer [6].
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In Silico Pharmacokinetic Studies
All the structures were drawn using Swiss ADME platform, the SMILES were generated and loaded onto
the molinspiration platform where pharmacokinetic properties, bioactivity scores and other parameters
were being obtained.

All the molecules were also loaded into the ProTox-II virtual lab in the form of a ‘MOL�le’ with the aid of
Advanced Chemistry Development, Inc.-ACD/Labs, ACD/ChemSketch software [10]. The organ toxicity
(hepatotoxicity), toxicity end point (carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity), LD50 and
the toxicity class of all the compounds were determined.

Results And Discussion
Understanding binding a�nity is key to appreciation of the intermolecular interactions driving biological
processes, structural biology and structure-function relationships. It is also measured as part of the drug
discovery process to help design drugs that bind their targets selectively and speci�cally. Binding a�nity
is the strength of the binding interaction between a single biomolecule (e.g. protein or DNA) to its
ligand/binding partner-drug or inhibitor. Binding a�nity is typically measured and reported by the
dissociation constant-KD, the smaller the KD value, the greater the binding a�nity of the ligand for its
target. [11]. Binding energy is released when a drug molecule associates with a target leading to a
lowering of the overall energy of the complex. The release in binding energy also compensates for any
transformation of the ligand from its energy minimum to its bound conformation with the protein [12,13].

With respect to the structure-activity relationship (SAR) of these molecules, as summarized in Table 1, the
removal of one ethyl group from the terminal nitrogen atom of CQ increased the binding a�nity of the
molecule with a characteristic binding energy of - 4.5 Kcal/mol (CQ) to - 4.7 Kcal/mol (C–383). Further
hydroxylation of the ethyl group led to a further increase in binding a�nity with a corresponding binding
energy of - 5.7 Kcal/mol (H–139). This can also be seen in the binding interaction of C–136 (Fig. 3d),
where the hydrogens of the terminal amino group participated in hydrogen-bonding. The 3D view of
binding conformation of H–372, H–156, and C–136 to the active site residues of SARS-CoV–2–
6W63.pdb showing hydrogen-bond interactions is shown in Fig. 4. The complete conversion of the two
alkyl groups attached to the terminal nitrogen of HCQ to alcoholic groups also led to an increase in
binding a�nity with a binding energy of –5.9 Kcal/mol (H–156). Also, the removal of C–11 along with
the amino group attached to C–9 and C–10 led to an increase in binding a�nity of the molecule H–372
(–6.0 Kcal/mol). All the designed molecules have a synthetic accessibility-SA of less than 3. A
compound’s SA is a very important aspect of computer-aided drug design since in some cases computer-
designed compounds/molecules cannot be synthesized [14]. It is often reported within the range of 1
(very easy to synthesize) and 10 (di�cult to synthesize).

Due to technical limitations, Table 1 is provided in the Supplementary Files section.
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The LogP values (Table 2) of all the molecules are within the range of 2 and less than 5 which indicate
compounds of intermediate polarity, good balance between aqueous and lipid solubility, good absorption
and distribution. The logP value of a compound, which is the logarithm of its partition coe�cient between
n-octanol and water i.e. log (Coctanol/Cwater), is a well-established measure of the compound’s
hydrophilicity. Low hydrophilicity, and therefore high logP values poor absorption or permeation. It has
been shown for compounds to have reasonable probability of been well absorbed their logP values must
not be greater than 5.0 [15].

The designed molecules possess up to 60% activity on the G-protein-coupled receptors (GPCRs) (Table 2)
speci�cally on the family A (rhodopsin-like receptors) as obtained on the Swiss-Target platform.
Presently, there are over four hundred (400) drug molecules i.e. approximately 34% of all FDA approved
drugs, that act on more than 100 unique targets of GPCRs. Generally, GPCRs are among the most
numerous groups of transmembrane proteins of the mammalian genome. Till date, about 800 of these
proteins have been identi�ed in humans [16]. The relevance of their manifold functions has made them
therapeutically attractive as shown by the fact that they are the targets of over 30% of united states Food
and Drug Administration-approved drugs [17]. Two analogues of HCQ (H–139 and H–156) are substrates
of the permeability-glycoprotein (P-gp) which implies that these molecules will undergo less
pharmacokinetic-related drug-drug interactions and will also be easily cleared from the human system.
The knowledge about compounds being substrate or non-substrate of P-gp is key to appraise active
e�ux through biological membranes, for instance from the git wall to the lumen or from the brain [18].
One important role of the P-gp is to protect the CNS from xenobiotics [19].

Table2: Pharmacokinetic properties and Toxicity Prediction
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S/N Name LogP B.A
Score

G.I
Absorption

BBB GPCRs
(%)

P-
gp

LD50
(mg/Kg)

T.C

1 CQ 4.15 0.55 High Yes 60.0 No 311 4

2 HCQ 3.37 0.55 High Yes 53.3 No 1240 4

3 C-136 2.83 0.55 High Yes 60.0 No 750 4

4 H-139 2.77 0.55 High Yes 53.3 Yes 1240 4

5 H-156 2.88 0.55 High Yes 53.3 Yes 1240 4

6 C-189 3.49 0.55 High Yes 60.0 No 311 4

7 H-140 3.36 0.55 High Yes 60.0 No 750 4

8 C-383 3.57 0.55 High Yes 53.3 No 311 4

9 H-
7715

3.67 0.55 High Yes 60.0 No 750 4

10 H-97 3.36 0.55 High Yes 53.3 No 750 4

11 H-368 3.32 0.55 High Yes 26.7 No 200 3

12 H-372 4.8 0.55 High Yes 40.0 No 416 4

13 H-369 2.95 0.55 High Yes 53.3 No 750 4

14 H-347 3.12 0.55 High Yes 53.3 No 750 4

The interaction of the molecules with CYP450 isoforms and kinase is as presented in Table 3. The HCQ
analogue (H–156) stands out as it inhibits only one isoform of CYP450 i.e. CYP2D6 and as earlier
mentioned, H–156 is also a substrate of P-gp. The knowledge about interaction of molecules with
CYP450 is essential because it plays a major role in drug elimination through metabolic
biotransformation. It’s being documented that both CYP and P-gp can synergistically process small
molecules to improve the protection of tissues and most therapeutic molecules are substrate of �ve
major isoforms (Table 3). Inhibition of these major isoforms is certainly one major cause of
pharmacokinetic-related drug-drug interactions leading to toxic or other unwanted adverse effects due to
lower clearance and accumulation of the drug or its metabolite. It is therefore important for drug
discovery to predict the propensity with which the molecule will cause signi�cant drug interactions
through inhibition of CYPs and to determine which isoforms are affected. [20,21]

Table 3: Enzyme activity
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  CYP450 Isoforms Inhibitors

S/N Name Kinase Inhibitor CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4

1 CQ 0.38 Yes No No Yes Yes

2 HCQ 0.44 Yes No No Yes No

3 C-136 0.46 Yes Yes No Yes Yes

4 H-139 0.46 Yes No No Yes Yes

5 H-156 0.43 No No No Yes No

6 C-189 0.41 Yes No No Yes Yes

7 H-140 0.33 Yes No No Yes No

8 C-383 0.40 Yes Yes No Yes Yes

9 H-7715 0.44 Yes No No Yes Yes

10 H-97 0.52 Yes No No Yes Yes

11 H-368 0.04 Yes No No Yes Yes

12 H-372 -0.01 Yes Yes No Yes Yes

13 H-369 0.55 Yes No No Yes Yes

14 H-347 0.49 Yes No No Yes Yes

Conclusion
In this study, twelve analogues of CQ and HCQ were designed and subjected to virtual screening, �ve lead
molecules showed better binding a�nity and strong interactions with active site residues of SARS-CoV–2
target (6W63.pdb) while all the analogues exhibited superior binding a�nity compared to CQ. They were
seen to have a number of non-covalent interactions which included, hydrogen bonding, van der waal’s
forces and hydrophobic interactions. Based on the predicted synthetic accessibility, the compounds can
easily be synthesized and in vitro testing can be carried out against the SARS-CoV–2 Vero cell lines as
well as comparative toxicity studies using drosophila model prior to subsequent clinical evaluations.
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Figure 1

Structures of Chloroquine (a) and Hydroxychloroquine (b) (source from www.SwissADME.ch)

Figure 2

Crystal Structure of SARS-CoV-2 Protein (6W63.pdb)
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Figure 3

2D binding interactions of HCQ (a), H-372 (b), H-156 (c), C-136 (d) and CQ (e) to the active site residues of
SARS-CoV-2 (6W63.pdb). Ligands are shown in stick forms while amino acid residues are shown in disc
forms. Hydrogen- bond interaction with amino acid main chain are indicated by green discontinuous
lines, green colored discs shows van der waal's interaction while purple discs shows pi-sigma
interactions.
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Figure 4

3D view of binding conformation of H-372 (a), H-156 (b), and C-136 (c) to the active site residues of
SARS-CoV-2 (6W63.pdb) showing Hydrogen bond interactions.
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