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Abstract

In this study, computations were performed on seven drugs used for SARS-CoV-2 (COVID-19) treatments to develop a
reliable model to enable search for new potentially less toxic anti-COVID-19 compounds. Stereo-electronic properties and
“pharmacophores” were determined and interaction capabilities were compared with an inhibitor bound x-ray crystallo-
graphic structure of the main protease 3CL-protease (MPro). Based on similarity of “interaction-pharmacophore profiles’, a
literature search was carried out which led to identify eleven new compounds. They include isoquine and several 4-amino-
quinolines having the potential for activity against COVID-19. The results are discussed to account for activity of both the
used drugs and identified compounds. This rational approach may aid the urgent need for rapid discovery of compounds
having the potential for COVID-19 activity.

Keywords: SARS-CoV-2 (COVID-19) Drugs, Interaction Pharmacophores, Antimalarial Aminoquinolines, 3CL Protease
Crystallographic Structure (MPro).
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Introduction

Novel coronavirus caused by SARS-CoV-2 (COVID-19), first appeared in late 2019 as a mysterious pneumonia like illness in
Wauhan, China [1]. The infection had quickly emerged as a pandemic engulfing the entire world. As of 25 April 2021, the virus has
already infected more than hundred and forty million people and killed approximately 3.1 million people worldwide [2] and the

numbers are rising daily.

Currently, there is no proper drug to treat the infection effectively and stop the spread of COVID-19. With thousands of new cases
developing daily and hundreds of fatalities, finding a drug to prevent or treat the infection effectively is the pressing need for the
research community. Clinical symptoms of the infection were reported to include fever, cough, shortness of breath, and fatigue

while CT scan imaging demonstrated pneumonia in the chest for patients [3].

Developing new therapies and putting them through clinical trials and regulatory processes is a long and expensive process.
However, finding drugs that are already FDA- approved could be an effective alternative for the possible early mitigation of the
infection. The approach could be potentially more expedient as a new application rather than the lengthy process of discovery of a
new drug molecule. This type of drug repurposing strategy (also known as drug repositioning) offers a quick path to a successful
and cost effective development of new treatments for sudden emergence of novel diseases. The process for exploring additional
value for an existing drug by targeting a disease has significant advantages over new drug discovery [4, 5]. Since steps for chem-
ical synthesis, manufacturing processes, safety profiles, and pharmacokinetic properties in pre-clinical including animal studies
along with early clinical studies (phase 1, 2 and possibly 3) are already known, the approach could have a higher probability for
success compared to developing an altogether new molecule. Moreover, the process of repurposing of an old FDA-approved drug
will not only be less expensive but may rapidly be available [6-8] than the alternative process of new drug discovery. Remdesivir,
chloroquine (CQ), and hydroxychloroquine (HCQ) are such repurposed drugs currently being used against COVID-19 despite
their certain toxicity issues [1, 3].

In pursuit of these goals, the present study attempts to identify potential anti-COVID-19 compounds having potentially less
toxicity through theoretical approaches. Specific goal was to develop an in silico “interaction pharmacophore” model from the
nine known FDA-approved drugs (Table 1, Chart 1) which are already been used for treatments against SAR-Cov-2 (Covid-19)
[9-11] and utilize the model to identify new potential ant-COVID19 compounds. The theoretical model was developed using
density functional and semi-empirical quantum chemical computations and analysis of stereo-electronic properties of the drugs.
The model was validated by analyzing the consistency in interactions observed from the x-ray crystallographic structure of
COVID-19 main protease (Mpro), the 3CL-protease bound with a ligand [12].

Although all drugs (Table 1, Chart 1) used for developing the model may not have the same mechanism of action of interactions
with proteases, the hydrogen bonding ability of the drugs are known to be a common factor in the molecular mechanism of
action with the receptor. Since the M-protein is most abundant in viral surfaces and it is believed to be the central organizer for
the coronavirus assembly and many HIV-1 protease inhibitors, tipranavir, saquinavir, ritonavir, nelfinavir, lopinavir, indinavir,
darunavir, atazanavir, and amprenavir are widely reported to be able to deactivate Mpro [13], we focused on this protein crystal
structure for the design of anti-COVID-19 compounds. Furthermore, MPro also became very attractive target due to literature
reports of several crystal structure of COVID-19 Mpro in complex with different inhibitor in the protein data bank [13] (https://
pdbj.org/featured/covid-19).

Interestingly, the model developed us led to identify several potential anti-COVID-19 aminoquinoline derivatives from a liter-
ature survey. A few of these aminoquinolines are FDA approved drugs for malaria treatments and preventive therapies. One of
the main identified compounds, N-tert-butyl isoquine (GSK369796) is not only an effective antimalarial but also known to be a
potent anti-dengue and Zika antiviral agent as well as has the ability for inhibiting the hERG potassium ion channel repolarization
[14, 15].
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Materials and Methods
Calculation of Stereo-Electronic Properties

Computational calculations were performed using SPARTAN’18 version v1.4.6 [16] running on a laptop MacBook Pro with Ma-
cOS Catalina 10.15.6 workstation. Detailed conformational search calculations of all compounds Table 1 (Chart 1 & 2) were per-
formed by multiple rotations of single bonds in the compounds, thereby generating several low-energy conformers with varying
population densities. Normally, the conformational energies of conformers statistically significant are between 0.0 and 20.0 kcal/
mol are considered for further computations since these conformers are easily surmountable in the highly dynamic target proteins
and are thermodynamically stable. Thus, any such conformer is likely to be potently active in binding with the protein. The most
abundant and the lowest energy conformers were identified. The geometry of these conformers was optimized, and the electronic
properties were calculated on the optimized geometry. Geometry optimization and energy calculations were performed in the
gas phase state of compounds using first the semi-empirical PM3 (Parameterized Model number 3) followed by DFT (density
functional theory with wB97X-D, 6-31G* basis sets) methods of quantum chemical theory [16]. The PM3 optimized geometry
was further optimized using the DFT methods for obtaining a better accuracy of the model and less expensive approach in terms

of computation time than Hartree-Fock (HF) models [17, 18].

Three-dimensional molecular electrostatic potential (MEP) maps for the compounds were generated using SPARTAN graphics
[16] on the DFT-optimized geometry. The electrostatic potentials were sampled over the entire accessible surface of a molecule
(corresponding roughly to a van der Waals contact surface) and into space extending beyond the molecular surface providing a
measure of charge distribution from the point of view of an approaching reagent. The MEP profiles were also generated on the
beyond the van der Waals surface in the range from approximately, -80.0 to -20.0 kJ/mol (-20.0 to -5.0 kcal/mol) because these
are the profiles recognized by the target molecule at a distance to promote interaction with the target. These color-coded van der
Waals isosurfaces (at constant electron density of 0.002 e/au3) provide an indication of overall molecular size and of location of
negative or positive electrostatic potentials. The most negative electrostatic potential is colored deepest red, and the most positive
electrostatic potential is colored deepest blue. These MEP profiles of compounds are known as the “interaction pharmacophores”.
In addition, other molecular electronic properties such as the molecular orbital energies, dipole moments, octanol/water partition
coeflicients (logP), and other structural parameters were calculated on the optimized geometry and profiles for each molecule was
developed using the SPARTAN’18 graphics [16].

Pharmacophore development from Chemical Function Descriptors (CFD’s)

CFD’s are descriptors assigned to a molecule based on its chemical features to characterize commonality between molecules with
different structures. We used Spartan’ 18 [16] to develop the models. Spartan18 provides seven different kinds of CFDs: (1) hydro-
phobic, (2) aromatic, (3) hydrogen-bond donor, (4) hydrogen-bond acceptor, (5) positive ionizable site, and (6) negative ionizable
site. The seventh CFD type, excluded volume, derives from knowledge of a molecule incorporated into the host protein. Excluded

volumes may be obtained for ligands extracted from PDB files.

CFD’s and other functional groups may that depend on the pH. At neutral (or basic) pH this CFD should be designated both as a
hydrogen-bond donor and a hydrogen-bond acceptor, whereas at acidic pH it should be designated as a negative ionizable site. Fi-
nally, it may be noted that default assignments for hydrogen-bond donors and acceptors depend not only on atomic type (N, O, ..
.) and (in the case of hydrogen-bond donors) on the availability of hydrogens, but also on known (or presumed) chemical behav-
ior. For example, since an amide nitrogen would not generally be considered to be a hydrogen-bond acceptor, it will be assigned

as a hydrogen-bond donor, if of course, hydrogens are available but the amide oxygen is assigned as a hydrogen-bond acceptor.

Furthermore, the hydrogen-bond acceptor and donor CFD’s can be related to electrostatic potentials obtained from the quantum
chemical calculations. For example, a negative potential associated with an oxygen center suggests that it might serve as a hy-

drogen-bond acceptor, while a positive potential associated with a hydrogen suggests its role as a hydrogen-bond donor. While a
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chemist would reach the same conclusions simply by looking at the molecule, the calculations should be provide better estimate of
the strength of H-bond acceptor or donor sites. Calculated electrostatic potentials may offer significant advantage over CFD’s and
other qualitative descriptions when there are no heteroatoms and hydrogen bonding is not possible. The r system of benzene and
other aromatics provide the most common examples. The same conditions that make the ring susceptible to electrophilic aromatic

substitution mean that it repels other electron-rich regions (and attracts electron-poor regions).
Similarity analysis between molecules from CFDs

Similarity analysis was carried on the basis of CFD’s in the molecules. This analysis provides insight between atom centers in dif-
ferent molecules regarding their likely functions as a hydrogen-bond donor or hydrogen-bond acceptor. That is to say, whether an
atom center is likely to act on a positive or a negative charge or is hydrophobic. The computer time required for similarity analysis
is based on the number of molecules and/or pharmacophores in the query, the number of molecules and/or pharmacophores in
the library and the nature of the selected CFD’s in the query. For each query/library pair, where the query is represented by i CFD’s
of type A, j CFD’s of type B, k CFD’s of type C, etc., the number of different alignment combinations that need to be considered is
given by the factorial equation:

k! ..

(Where! is the factorial symbol.) The calculation rapidly becomes unmanageable. For example, if there are 6 CFD’s of type A, 3 of
type B and 2 of type C, the number of combinations is 6!3!2! or 8640. By limiting the number of CFD’s of a given type in the overall

representation faster calculations can be achieved [16]. 2.4. Structure based pharmacophore development:

The 3D coordinates of COVID-19 main protease complexed with the inhibitor; X77, was downloaded from the Protein Data
Bank. (PDB code: 6W63, 2.10 A) (https://www.rcsb.org/) [12, 13]. Hydrogen atoms were added to the proteins utilizing Spartan’18
templates for protein residues and the water molecules were kept in the protein structure. The protein- inhibitor complex was
carefully explored to identify the intermolecular interactions, only those interactions within 3 A were considered to develop a

manual structure-based pharmacophore.
Results and Discussions

Structure of COVID-19 drugs (Table 1, Chart 1) for which the “interaction pharmacophores” were developed include chloroquine
(CQ) and hydroxychloroquine (HCQ), remdesivir, arbidol, oselmativir, galidesivir, and favipiravir. These compounds were used
in different stages for treatments of COVID-19 as mentioned earlier [9-11]. In addition, the (Table 1, Chart 1) shows the structure
of an inhibitor (X77- ligand) found in the bound 3CL-protease (Mpro) crystallographic structure [12]. Structures of compounds
identified from literature search using the “interaction pharmacophore” model are shown (Table 1, Chart 2).

Stereoelectronic property computations

Geometry of all compounds was optimized using methods from quantum chemistry. Results of calculated stereoelectronic prop-
erties on the optimized geometry of compounds are presented in Table 2 & 3. Analysis of Table 2 & 3 indicates a few general ob-
servations. For example, dipole moment most of the compounds is less than 6.0 debye units pointing towards the quinolone ring
N atom, Log P is less than 2.0, and a polar surface area (PSA) of less than 50.0 A2 . Drug-likeness properties as reported in the set
of empirical rules by Lipinsky et al [19(a),(b)], compounds of both Table 1 (Chart 1 & 2) appear to have favorable drug-likeness
properties. For example, molecular weight (<500), clogP (<5.00), polar surface area, PSA (<140 A), number of H-bond accep-
tors (<10.0), number of H-bond donors (<5.0) are common to all except Compound 3 (Table 1, Chart 1, remdesivir). However,
considering the number of rotatable bonds as drug-likeness to be <10, two compounds, Compound 3 (Table 1, Chart 1), (rem-
desivir) and Compound 9’ (Table 1, Chart 2), (cycloquine), do not support the requirements for the empirical rule. None of the
compounds is a peptide and all of them contain aromatic rings and less than two carboxylic acid moieties. Thus, considering the
drug likeness properties, it would be reasonable to comment that compounds of both Table 1 (Chart 1&2) should have favorable
solubility, permeability, bioavailability, volume of distribution, plasma protein binding, CNS penetration, and blood-brain barrier

properties except the two compounds mentioned above [20].

ScholArena | www.scholarena.com Volume 1 | Issue 1



] Med Chem Drug Design

Cl
1 Chloroquine
cl
2 Hydroxy-chloroquine
3 Remdesivir

ScholArena | www.scholarena.com

Volume 1 | Issue 1



6 ] Med Chem Drug Design

4 Arbidol
5 Oseltamivir
6 Galidesivir

ScholArena | www.scholarena.com Volume 1 | Issue 1



] Med Chem Drug Design

7 Favipiravir

X-77 ligand (inhibitor COVID-19 main

N
8 | protease (Mpro) the 3CL-protease (PDB
code: 6W63) —_—
NH
AN \/
Table 1: (Structure of compounds)
Chart 1
cl
N
1 I[soquine A I
HO I/ N7
cl
N
2 GSK-369796 ,
" N
HO

ScholArena | www.scholarena.com

Volume 1 | Issue 1



8 ] Med Chem Drug Design

Cl

, FAQ- .
(N-Me,) /
"\ —
o
cl
4 FAQ- (N-Et) g
N N / @/\
N /\
-

—
cl / ><
e
HN D
5 Tebuquine o

I : ;
6 Phenylequine © o /
N

N =

7 Quinine

ScholArena | www.scholarena.com Volume 1 | Issue 1



] Med Chem Drug Design

N="
/ OH

8 Amodiaquine //

N

Cl "
N—
)
9 Cycloquine “ i
10 Mefloquine
cl

N \/\/\
11 Mepacrine Mk , NN

/

Table 1: (Structure of compounds)

Chart 2

ScholArena | www.scholarena.com

Volume 1 | Issue 1



10 ] Med Chem Drug Design
Compd Dipole moment Dipole moment PSA HBA |HBD | No Rot.
Max MEP (+) LogP
(Mol. Wt.) | (debye) (debye) (A2) Count | Count | Bonds
1. 206.1 inoli
5.87 (<-quinoline N) (on quinoline 232.1 (on H of 17.9 0.66 3 1 8
(319.8) N) NH group)
o 197.6 (on quinoline 230.9 (on H of
2. (335.8) 4.43 (<-quinoline N) 38.7 -0.20 |4 2 9
N) NH group)
5.27 (<-5-membered | 310.2 (N on the 205.3 (N of 5
3.(604.6) | . 1579 |[N/A |12 3 15
ring) 6-mem ring) mem NH)
4. 3.12 198.3 (Br & OH & 119.1
35.8 -0.61 5 1 7
(477.4) (perpend.) -0-) (scattered)
242.9 (H
5. 198.0 (O of NH-C
(s12.4) | 377 (perpend) (Me)—(O)O of NH-C 734|019 |5 1 9
' - (Me)=0)
D5 e s 128.0 60.4
6. (184.3) ri.n ) (hydrophb (5-membered |0.0 2.76 |0 0 1
& aromatic regions) | ring area)
5.68 (central
7. r§g10ns of arom |259.1 (O atom of |301.1 (H of 68.0 12 |s 5 5
(157.1) ring and O C=0) OH group)
containg groups)
3 4.32 337.3 197.0 (H of
(4.161 6) (<- sixmem N (O of C=0, region | NH in the 59.9 1.09 |6 2 7
' containing ring) | around N ring) 5-mem ring)
Table 2: Stereoelectronic property computations
Dipole No
Compd Min MEP HBA | HBD
moment Max MEP (+) PSA (A?) | LogP Rot.
(Mol. Wt.) (-) (kJ/mol) Count | Count
(debye) Bonds
6.5 (<-quinoline | 195.7 (on quino- | 249.6 (on H of OH
1’ (355.8) ) 36.3 -1.19 4 2 7
N) line N) group)
, 4.03 (<-quino- | 189.8 (on quino- | 316.6 (on H of OH
2’.(355.8) | . . 44.7 -1.37 4 2 5
line N) line N) group)
. 5.92 (<-quino- | 332.0 (on quino- | 195.4 (on of NH
(329.8).3 | . 19.0 132 |3 1 4
line N) line N) group)
i 5.08 (<-quino- | 331.6 (on quino- | 204.5 (on H of NH
_ : 16.7 064 |3 1 6
(357 8) line N) line N) group)
338.4 (on quino- | 198.4 (on of NH
5’ (466.4) 6.64 (elsewhere) | 40.2 -0.94 4 2 5
line N) group)
6. 7.57 (<-quino- | 351.1 (on quino- | 179.0 (on of NH
. . 19.3 033 |3 1 5
(325.8) line N) line N) group)
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Dipole No
Compd Min MEP HBA | HBD
moment Max MEP (+) PSA (A*) | LogP Rot.
(Mol. Wt.) (-) (kJ/mol) Count | Count
(debye) Bonds
7 3313 (on the | 140.5 (on H of OH
2.57 (elsewhere) ] 36.6 -0.29 4 1 5
(324.4) bridge N) group)
8. 6.04 (<-quino- | 3454 (terminal | 228.2 (on H of OH
. 36.2 -1.19 4 2 7
(355.8) line N) -N-butyl) group
, 359.5 (terminal 194.0
9. (441.0) 8.7 (elsewhere) butvl 32.8 -0.89 5 2 11
-N-butyl) (on H of NH group)
10: 9.4 (<-quino- | 297.91 (on quino- 161.8
e Nand CE) | Tine N 36.7 239 |3 1 3
(378.3) ineNand CF,) | line N} (H of OH)
11’ (399.0 1751 (@ et 161.5
4.63 (elsewhere) ) 26.1 1.04 4 1 9
cene ring N) (H of NH)

Table 3: Stereoelectronic property computations

However, for obtaining a deeper insight on the intrinsic reactive nature of compounds, a computational model based on ste-
reo-electronic properties of all compounds Table 1 (Chart 1 & 2) was developed focusing particularly on the molecular elec-
trostatic potential (MEP) profiles of compounds. MEP profiles are very useful for understanding the intrinsic reactive nature of
compounds, particularly in this case for anti-COVID19 activity. The MEP profile of a molecule is created by its own nuclei and
electrons with the surrounding space which can be calculated by bringing a bare proton (H+) to the proximity of a molecule. The
MEDP profiles are well-documented as key recognizable features to promote interaction between a molecule and its target structure
at longer distances [21]. These profiles are essentially known as “interaction pharmacophore” profiles. The regions of negative
potential indicate nucleophilic sites (H-bond acceptor), suitable for electrophilic attractions; conversely the regions of positive
potentials indicate electrophilic sites (H-bond donor) and therefore suitable for nucleophilic interaction. Thus, these profiles can
provide invaluable information about intrinsic reactivity of molecules. MEP is a real physical property of a molecule related to
how a molecule is first “seen” or “felt” by another approaching molecular entity. This property can be determined experimentally
through crystallographic diffraction patterns and can also be calculated accurately using quantum chemical computations [21-
23]. The calculated MEP profiles can lead a better understanding of complex biological processes involving the charge-dipole,
dipole-dipole, and quadrupole-dipole interactions. Since MEP can simultaneously display the molecular shape, size, and charge
distributions, the reactive sites of a molecule can be better visualized. These profiles allow us to visualize the variable charged
regions of a molecule in terms of color grading. Areas of minimum potential (usually designated as deepest red regions, negative
MEP) are characterized by an abundance of electrons or highest electron density or the most nucleophilic site in the molecule.
Areas of maximum positive potential, (usually designated as deepest blue, positive MEP), are characterized by a relative absence
of electrons or the most electrophilic site in the molecule. Figures (1a & 2a) show MEP on the van der Waals surface of the Table

1 (Chart 1 & 2) compounds respectively.

The MEP profiles beyond the van der Walls surface are crucial for determining the recognition capability of the target struc-
ture from a distance. The target structure recognizes these features from a distance and accordingly promotes complementary
interactions. These profiles for Table 1 (Chart 1 & 2) compounds at approximately -20.0 kJ/mol are shown in Figure (1b & 2b),

respectively.
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HCQ-MEP

CQ- MEP at-20.0 kJ/mol HCQ —MEP at -20.0 kJ/mol

(a) Upper rows: MEPs on the van der Waals surface of the compounds

Figure 1: Molecular electrostatic potential profiles (MEPs) of Chart 1 compounds
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’ e FaVipiraVir - MEP X-77 Iigand MEP (mhibitor COVID-19 main protease (M proj the 3CL-protease.
Ga'IdESIVIr MEP (PDB code: 6W63)

Galidesivir MEP at -20.0 ki/mol -
X-77 MEP at -20.0 kJ/mol

Favipiravir — MEP at -20.0 kJ/mol
(b) Lower rows: MEPs beyond van der Waals surface (-20.0 kJ/mol) of the compounds
Figure 1: Molecular electrostatic potential profiles (MEPs) of Chart 1 compounds

Inspection of Figure la indicates that the most prominent negative potential region is by the N atom of the quinoline ring in
Compounds 1 (CQ) and 2 (HCQ) (Table 1, Chart 1) whereas Compounds 3-8 (Table 1, Chart 1) show multiple sites of negative
potential regions. Thus, it indicates that both Compound 1 & 2 (Table 1, Chart 1) can have one strong hydrogen bond acceptor
(HBA) interaction through quinoline N with the active site of the receptor. The other HBA sites in Compound 1 (two HBA sites)
& Compound 2 (three HBA sites) are most likely less accessible for hydrogen bond interactions due to steric factors associated
with their neighboring atoms. Calculated dipole moment directions toward the quinoline ring N atom in both Compound 1 & 2
(Table 1, Chart 1) are consistent with the MEP profiles. However, for Compounds 3-8 (Table 1, Chart 1), dipole moments point
to different directions and so also multiple MEP locations on different electron rich atoms suggesting the possibility of multiple
hydrogen bonding interactions with the target molecule. This is also consistent with the number of HBA and HBD counts (Table
2). In addition, large distributions of weak electrostatic potential regions in the molecules (represented by intermediate shades of
varying green color, Figure 1) indicate strong hydrophobic interaction capabilities. Interestingly, all compounds of Table 1 (Chart
1) show a large extended electrostatic potential region in one region of the molecule (Figurelb) indicating one particular region of
the molecule to be have maximum recognition effects towards the target receptor. Thus, anti-COVID-19 activity of Table 1 (Chart
1) compounds appears to have both an important role for strong hydrogen bonding as well as hydrophobic interactions with the
complementary sites of the target protein. Quinoline ring N atom appears to play a very important role for anti-COVID19 activity
in 1 & 2, consistent with the MEP profiles showing the capability of both strong H-bond acceptor and hydrophobic interactions
with the complementary site of the target receptor. Apart from the capacity of hydrogen bonding and hydrophobic interactions,
the compounds also appear to have the capability for pi-pi stacking or cation-pi interactions in the active site due to the presence
of aromatic rings in them. Interactions of pi-pi stacking and/or cation-pi have been reported in the inhibitor bound x-ray crystal-
lographic structure of COVID-19 main protease (MPro) [12,13].

Next, based on the reported anti-COVID-19 activities [1] of 1 (CQ) and 2 (HCQ) Table 1 (Chart 1) and observed MEP profiles,
a literature search for 4-aminoquinoline antimalarial compounds [14,15,24] was performed which led to identify eleven 4- ami-
noquinoline derivatives having the potential of anti-COVID19 activity. The identified compounds are shown in Table 1 (Chart
2). Most of the identified compounds have antimalarial activities and a majority of them was reported to have shown antiviral

activities, such as anti-dengue and anti-Zika activities [15, 24]. The stereo-electronic properties and drug-likeness properties of
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Table 1 (Chart 2) compounds are shown in Table 2 and discussed earlier. MEP profiles of these compounds are shown in (Figures
2a & 2b). The most negative potential region of the compounds is found to be located by the quinoline nitrogen atoms of all com-
pounds as shown by the deepest red color (Figure 2a). However, in addition to the H-bond acceptor capacity of quinoline nitrogen
atom, a few other atoms in the 4- aminoquinoline derivatives too are found to have large negative electrostatic potential regions
(red color, Figure 2a) indicating multiple H-bond acceptors capacities of the compounds. However, despite having the capacity of
multiple hydrogen bonding interactions, all sites may not have equal accessibilities for the target due to steric factors associated

with different regions in the molecules.

W o

Isoquine - MEP

GSK369796 - MEP
FAQ (N-Me;) -MEP

Isoquine — MEP at -20.0 kJ/mol GSK369796 - MEP at -20.0 ki/mol FAQ (N-Me;) -MEP at -20.0 kl/mol

FAQ (N-Et,) - MEP Tebuquine - MEP

Phenylequine - MEP

-Ft) — ' Tebuquine - MEP at -20.0 kl/mol
ER - B R il g / Phenylequine - MEP at -20.0 kJ/mol

(a) Upper rows: MEPs on the van der Waals surface of the compounds

Figure 2: Molecular electrostatic potential profiles (MEPs) of Chart 2 compounds
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Quinine - MEP Amodiaquine - MEP Cycloquine - MEP

Amodiaquine - MEP at -20.0 kJ/mol Cycloquine - MEP at -20.0 kl/mol
Quinine — MEP at -20.0 kl/mol

Mefloquine - MEP Mepacrine - MEP

(b) Lower rows: MEPs beyond van der Waals surface (-20.0 kJ/mol) of the compounds.
Figure 2: Molecular electrostatic potential profiles (MEPs) of Chart 2 compounds
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The MEP profiles of compounds beyond van der Waals surface (Figure 2b) show a large extended potential regions by the quino-
line nitrogen atoms. This characteristic recognition feature of suction- like appearance of the electrostatic potential region (Figure
2b) clearly indicates the power of H-bonding potential of the quinoline nitrogen atoms with the complementary active site of the
target receptor protein. This characteristic MEP profile of Table 1 (Chart 2) compounds are consistent with the Table 1 (Chart 1)
potent COVID-19 active compounds, 1 & 2 and thus, the feature could be potentially linked to anti-COVID-19 activity. Apart
from hydrogen bonding capabilities, like the Chart 1 (Table 1) compounds Chart 2 compounds also show large area of weak
electrostatic potential and aromatic ring regions (Figure 2a & 2b) indicating the capacity for hydrophobic, pi-pi stacking and cat-
ion-pi interactions with the target. Thus, in addition to the important role of strong hydrogen bonding interactions, hydrophobic
and weak interactions of the compounds also appear to play significant role for potential anti-COVID19 activity of the identified
Tablel(Chart 2) compounds.

Since quinoline ring N atom of aminoquinolines in compounds 1 & 2 Table 1 (Chart 1) is reported [1] to play a crucial role for
anti-COVID-19 activity by modulating the pH of the medium, the aminoquinolines identified (Table 1, Chart 2) should also have
similar potential for anti-COVID-19 activity by modulating the pH of the medium. The mechanism for potent anti-COVID-19
activity of CQ and HCQ treatment is believed to be through a cellular entry process by increasing the pH of endosomes, thereby
providing a negative influence on the fusion process of virus and endosome [1]. Thus, consistency of the observed MEP profiles
(Figure 2a & Figure 2b) for the identified compounds (Table 1, Chart 2) with CQ & HCQ (Chart 1) indicates the possibility of

similar mechanism for anti-COVID-19 activity.
Pharmacophore analysis from Chemical Function Descriptors (CFD’s)

The interaction-pharmacophore model was further analyzed in the light of Chemical Function Descriptors (CFD’s) of Table 1
(Chart 1 & 2) compounds by performing scoring function calculations to find out similarity between them. CFDs are descriptors
assigned to a molecule based on its chemical behavior to characterize the common features associated amongst different struc-
tures. In a chemist’s language, the lone pair in a molecule suggests the role of a hydrogen-bond acceptor (HBA) property, and

sterically crowded part of the molecule would be hydrophobic because getting close to it would be difficult.

Although the calculated MEP profiles provide more accurate information of intrinsic reactive nature of molecules, the CFDs can
provide qualitative assessment by providing useful interaction capacities of molecule. For example, when there are no heteroat-
oms possibility for hydrogen bonding may be ruled out. Other examples are 7 system of benzene and aromatics provide. Similar
conditions that make the aromatic ring susceptible for electrophilic substitution would also repel other electron-rich regions and
would attract electron-poor regions. Perhaps, a medicinal chemist would reach similar conclusions simply by looking at the mol-
ecule but the MEP calculations would provide a better accurate assessment of both locations and strength of H-bond acceptor or
donor sites. Nonetheless, calculated CFDs of all the compounds and similarity analysis between the known anti-COVID19 and

our identified compounds provide a rapid qualitative assessment for potential activity of the compounds.

The similarity analysis provides insight between atom centers in different molecules regarding their likely functions as a hydro-
gen-bond donor or hydrogen-bond acceptor. Additionally the analysis also provides an estimate of whether an atom center is
likely to act on a positive or a negative charge or is hydrophobic. Based on the procedures in Spartan’18, CFD models were gener-
ated and defined. Details of the procedure, CPU time and analysis are discussed in the “Material and methods” section. Similarity
calculations were performed by creating a library of CFD-based pharmacophore on compounds taken from both Table 1 (Chart
1& 2) and results are presented in Table 4. CFD pharmacophore of the 4-aminoquinolines was based on the possible HBA, HBD
and hydrophobic sites which were found to be consistent with their corresponding MEP profiles. The results of the similarity
analysis and score of the aminoquinolines with respect to isoquine Table 1 (Compound 1, Chart 2) in terms scores are presented
in Table 4a.
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Compound Scores
Table 4a
1. Isoquine (1, Chart 2) 1.0
2. Chloroquine (1, Chart 1) |0.97
3. HydroxyCQ (2, Chart 1) |0.92
4. GSK369796 (2, Chart2) | 0.92
5. Cycloquine (9, Chart2) |0.83
6. FAQ-NEt2 (4, Chart 2) 0.77

7. FAQ-NMe2 (3, Chart2) | 0.75
Table 4b
1. X-77 ligand (8, Chart1) | 1.0
2. HydroxyCQ (2, Chart 1) | 0.79
3. Chloroquine (1, Chart 1) | 0.52

Table 4: Pharmacophore analysis from Chemical

Function Descriptors (CFD’s)
In order to assess the potential of aminoquinolines to bind to the active site Mpro, another similarity analysis on CFD pharma-
cophores was carried out between the two known anti-COVID19 compounds CQ, HCQ and the ligand X-77, experimentally
reported to be bound in the active site of MPro [12, 25, 26]. The results of this analysis is presented in Table 4b. A cursory glance
of Table 4a indicates that isoquine and GSK369796 (compound 1 & 2, Tablel, Chart 2) are about ninety percent similar to (com-
pound 1 & 2, Table 1, Chart 1) chloroquine (CQ) and hydroxychloroquine (HCQ). Therefore, isoquine and GSK369796 have
high probability for potential activity against COVID-19. This probability is further supported from the scores of Table 4b where
HCAQ is found to be almost eighty percent similar to the X-77 ligand reported in the bound Mpro protein x-ray crystallographic
structure [12, 13, 26-29].

Structure-based approach for validation of the pharmacophore

Amongst drug targets for coronaviruses, the main protease (Mpro, also called 3CLpro) is believed to be most attractive because it
plays an essential role in processing the polyproteins that are translated from the viral RNA. The x-ray crystallographic structures
of SARS-CoV-2 Mpro with and without ligand have been reported earlier [26]. In this study, the 3-chymotrypsin-like protease
(3CL-protease) structure was analyzed as a target because this enzyme is the main protease used to cleave polyproteins into repli-
cation-related proteins [29]. The 3CL-protease structure (PDB code: 6W63) was originally obtained from a taxonomically-driven
approach for development of broad-spectrum inhibitors including SARS-CoV-2 (COVID-19). However, it was deposited in the
RCSB Protein Data Bank recently [12, 13]. Information obtained from the crystallographic structure of this protein with a bound

ligand was used as the structure-based pharmacophore model to assess our calculated “interaction-pharmacophore “model [26].

Analysis of the co-crystallized inhibitor X77 at the binding site of the 3CL-protease structure indicates five hydrogen-bonding
interactions connecting its amidic NH with carbonyl of Asn142 via bridging water molecule, the amidic carbonyl with NH of
Glul66, the other carbonyl with NH of Gly143, imidazole N with Thr26 via two bridging water molecules, and the fifth hydrogen
bond connects the second imidazole N with NH of His41. In addition, two - 7 stacking interactions are observed. First, between
the benzene ring of the potent inhibitor X77 and the imidazole ring of His41, where the second n- 7 stacking involves inhibitor’s
pyridine ring sandwiched between the benzene ring of Phe140 and the imidazole ring of His172. In addition, the tert-butyl group
of X77 is seen to be directed towards Met165 and Cys44 suggesting the existence of mutual hydrophobic interactions, anchoring
this inhibitor within the binding pocket of COVID-19 main protease (MP*) (Figure 3).
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Figure 3: 3CL main protease structure (pdb: 6W63) with the ligand X77

The above described interactions for the anti-COVID-19 active inhibitor X77 provide valuable insights to compare our generated
pharmacophore model on the identified aminoquinolines. From the above analysis, it is apparent that any pharmacophore model
for potential anti-COVID-19 activity should contain features for strong hydrogen bonding interactions having the capacity for
at least one hydrogen bond donor (HBD) and multiple H-bond acceptors (HBA) for the ligand. In addition, ring aromaticity
(RingArom) and hydrophobic (Hb) features are also necessary [29, 30]. Based on above observations, our calculated interaction
pharmacophore model in conjunction with the CFD features appear to be quite consistent. All the isoquine (N-tert-butyl) and
4-aminoquinoline derivates identified in our study are found to contain 4 or 3 acceptors (HBA), one donor (HBD), two aromatic
rings (RingArom) and one hydrophobic feature (Hbic) (Table 2). Thus similar to the tert-butyl group of the ligand (X77) reported
above, along with the ability of H-bond interactions in the active site, the aminoquinoline compounds also should have the ability
for hydrophobic interactions with Met165 and Cys44 within the binding pocket of COVID-19 main protease (Mpro). There-
fore, the 4-aminoquinolines identified by our “interaction pharmacophore model” should have the potential for activity against
COVID-19 and the model should have the selectivity for capturing true positive hits in the database searches. Structure-based
pharmacophore models obtained from ligand-target structures have shown to be successful alternatives to traditional approaches,

particularly evident from their role in the virtual screening [28].

Furthermore, experimental evidence has shown that the EC90 of CQ against COVID-19 in Vero E6 cells to be 6.90 mM, and
suggested to be potentially applicable to COVID-19 patients [1]. In addition, both CQ and HCQ are known to increase the in-
tracellular pH and inhibit lysosomal activity in antigen-presenting cells (APCs), including plasmacytoid dendritic cells (pDCs)
and B cells [30]. Since our identified isoquine-aminoquinoline compounds are similar to CQ and HCQ chemical structures Table
1(compound 1 & 2, Chart 1) and stereoelectronic properties including MEP profiles, the compounds should have the potential for
activity against COVID-19. Advantage would be that our identified isoquine derivatives are devoid of toxic properties associated
with CQ and HCQ [14, 15].

It is important to note that 4-aminoquinoline antimalarials like amodiaquine can cause adverse side effects including agranulocy-
tosis and liver damage [14 (a), 14 (b)]. The adverse effects of amodiaquine is believed to be due the formation of an electrophilic
metabolite, amodiaquine quinoneimine (AQQI), capable for binding with cellular macromolecules to cause hypersensitivity in
patients. But isoquine analogs like GSK369796 are not capable of forming the toxic quinoneimine metabolites via cytochrome
due to structural modifications accomplished through substitutions of hydroxyl group and Mannich side chain. This would not

only prevent oxidation to toxic metabolites but would also retain the bonding interactions with the aromatic hydroxyl function.
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Thus, isoquine compounds should have advantage over the known toxicity of the other 4-aminoquinoline derivatives including
CQ & HCQ. Furthermore, the isoquine analogue, N-tert-butyl analogue (GSK369796) showed superior pharmacokinetic and
pharmacodynamic profiles than isoquine in pre-clinical evaluation studies performed by Glaxo SmithKline pharmaceuticals.
The compound was also reported to have moderate to excellent oral bioavailability, low toxicity in in vitro studies, and acceptable
safety profile [14,15].

Concluding Remarks

In this study, a rational approach for discovery of anti-COVID19 compounds is presented. Using simple molecular modeling
techniques and analysis of molecular electrostatic potentials, it is possible to identify new class of compounds having the potential
for anti-COVID19 activity. Although the identified compounds based on the “interaction pharmacophore” model are yet to be
tested experimentally, the compounds are found be quite similar to CQ and HCQ already used for treatments against COVID-19.
Results from our variety of theoretical analysis and the observed consistency with the inhibitor bound x-ray crystallographic
structure of the main COVID-19 protein further strengthen this probability. Advantage of the isoquine analogues over CQ &
HCQ, particularly GSK369796 should play an important role because this compound is known to be less toxic from other amino-
quinolines. It may be worthwhile to mention that GSK369796, N-tert-Butyl isoquine, was rationally designed based on chemical,
toxicological, pharmacokinetic and pharmacodynamics properties and developed as part of a public private partnerships involv-
ing academics at University at Liverpool, UK, Medicine for Malaria Venture (MMYV), and GSK Pharmaceuticals. The drug was
investigated in human volunteers (Clinical Trials. gov identifier: NCT00675064). However, the compound showed evidence of
electro- cardiogram changes and lower-than-expected plasma exposure. GSK discontinued further study on it after the Phase I

trial.

However, isoquine and its derivatives are usually less toxic and show much promise for further investigations. In summary, the
“interaction pharmacophore” model developed in this study could be the foundation and useful for further discovery of less toxic
anti-COVID-19 compounds.
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