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Abstract

Emergence and spread of corona virus disease 2019 (COVID-19), caused by severe
respiratory syndrome coronavirus, is considered a public health emergency threatening
global health systems, as of June, 2020, It caused a cumulative total of 9,033,423
confirmed cases and more than 469,539 deaths across 215 countries, person to-person
transmission has being identified as the route for spreading. So far, the lack of effective
vaccines for the treatment or prevention of Covid-19 has further worsened the situation.
In this context, the present study aims to assess whether naturally occurring components
have an antiviral effect via a computational modeling approach. Density Functional
theory (DFT) was performed to estimate the kinetic parameters, frontier molecular
orbitals, molecular electrostatic potential as well as chemical reactivity descriptors of
various ligands. The results revealed that Crocin and Digitoxigenin exhibited a
potential applicant with the lowest resistance to electronic charge transfer with a
chemical hardness of 2.19eV and 2.96eV respectively, as well as the lowest HOMO-
LUMO difference. In addition to the DFT calculation, a docking simulation study was
conducted on the SARS-CoV-2 base protease (PDB: 6LU7) to determine the binding
affinity of ligands. The findings show that Crocin exhibits the lowest binding energy of
-8.1 Kcal/mol and may be a good inhibitor of CoV-2-SARS compared to
hydroxychloroquine and chloroquine, which have a binding affinity of -5.4 and -4.9
Kcal/mol, respectively. The high binding affinity of L3 was assigned to the existence
of 14 hydrogen bonds connecting the ligand to the critical amino acid residues of the
receptor.

Keywords: DFT study, Molecular Docking, CoV-2019, Natural herbal medicine, hydroxychloroquine.
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1. Introduction

Toward the end of December 2019, a pneumonia associated with newly identified coronavirus disease (COVID-19) has
emerged as a serious threat for global health systems [1], the causative viral agent of the recently emerged respiratory
disease was identified to be the pathogenic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [2]. This
pathology was First reported during an outbreak in the city of Wuhan, in the China region of Hubei, and then got rapidly
and dynamically spread to other Asian countries, and subsequently to all corners of the world in an exponential trend
within a matter of weeks [3,4], At the time of writing, a cumulative total of 9,033,423 cases of COVID-19 have been
confirmed across 215 countries, resulting in more than 469,539 deaths [5], The alarming levels of spread, high morbidity
and mortality forced the Director-General of the World Health Organization (WHO) to formally declare ,in the middle
of March 2020, the corona virus disease-19 as a pandemic [6,7]. Currently, lack of specific vaccines and custom-made
antiviral agents for the treatment of this deadly virus remains a major constraint, which is further aggravating the
situation. Unfortunately, development of these treatments is a hugely time- consuming and arduous process as it involves
clinical trials to prove the efficacy and safety of the new drugs. Till date, various therapeutic strategies are currently
being considered a short-term solution for the management of the ongoing COVID-19 pandemic, including the
repurposing of available and approved drugs, that includes Hydroxychloroguine, an FDA-approved drug for malaria
[8,9]. It has been reported previously that chlorogquine and hydroxychloroquine can inhibit coronavirus (COVID-19) by
varying the pH at the surface of the cell membrane [10] and Dexamethasone, a corticosteroid drug used primarily for
their anti-inflammatory effect. At high doses, they decrease the immune response. Hence, great attention has been paid
to adjuvant therapies including the application of herbal treatment and natural products as they provide enormous
structural and chemical diversity, as well as a well-established pharmacodynamics and pharmacokinetic properties, this
is supported by the fact that around 45% of commercialized medicine have originated from natural compounds [11,12].
In this study, a functional density theory and molecular docking were performed on chloroquine, hydroxychloroquine,
Dexamethasone, Lamivudine and 6 compounds extracted from different Moroccan medicinal plants to determine the
active compounds against the coronavirus, thus providing a reference for the effective development of new drugs.

2. Materials and methods

2.1. DFT Calculation

A complete optimization of all inhibitor compounds was conducted using the B3LYP exchange-correlation functional
together with the LANL2DZ basis set in the gas phase using Berny's analytical gradient algorithm implemented in
Gaussian 09 software package [13]. The nature of the stationary geometries was analyzed by a frequency calculation in
order to verify the existence of no imaginary frequency. To identify the most favorable reactive site of ligands, local
chemical reactivity Fukui function was calculated by means of NBO (Natural Bond Orbital) [14] using the following
equations:

+ _ ~N+1 N
fk =0, —
- _ AN N-1
fk =0, —
where k, N and g correspond respectively to atomic number, number of electrons and net charge. The optimized
molecular structures were visualized using GaussView graphical interface [15].

2.2. Molecular docking
2.2.1. Ligands and protein preparation
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The three-dimensional (3D) structures of all inhibitor molecules studied were optimized by means of density functional
theory as mentioned above and reported in figurel. A database where all ligands were converted to their 3D structures
was created and used as an automatic dock input. The crystal structure of COVID-19 main protease in complex with an
inhibitor N3 (PDB ID: 6LU7) [16] was obtained from RCSB PDB database. Crystallized ligands along with water
molecules were omitted from the PDB file and polar hydrogen atoms were added to transmit electric charge and
magnetic field.

2.2.2. Molecular docking protocol

In order to determine the binding mechanism and interaction of the selected chemical species with the target, docking
studies were conducted using Autodock/vina program [17]. The pdbqt files of the receptor protein and the different
ligands as well as the grid box setting at the active receptor site, were performed using the Autodock 1.5.4 tools from
MGL Tools. The limits of the grid size corresponding to the receiver pocket along the X, Y and Z axes (x = -29.128, y
=8.134, z = 50.148) have been scaled to 40 A with a spacing of 0.375 A to allow adequate binding flexibility at the
docked sites. The structure of COVID-19 was considered as a fixed entity while the ligands were kept flexible to obtain
the best possible conformation. The generated docking solutions were grouped together and those corresponding to an
average root square deviation value (RMSD) less than 1.0 A were accounted. The binding conformation of the ligands
with the lowest binding affinity was considered to be the most stable. Bonding interactions between ligand atom and
active site residues were evaluated [18]. The results were examined using the Discovery 2016 studio Visualizer [19] and
PyMol Molecular Graphics System [20].

3. Result and Discussion

3.1. DFT Study

Quantum chemistry calculations using functional density theory were performed to investigate the effect of molecular
structure on the interaction process of various ligands on the complex structure of the COVID-19 protein. The optimized
molecular structures, the frontier molecular orbitals, the chemical reactivity descriptors and the molecular electrostatic
potential maps of all investigated compounds are developed bellow.
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Figure 1. Optimized geometrical structures and origin of various ligands

3.1.1. Kinetic study

Theoretical calculations were carried out in the gas phase using the B3LYP/LANL2DZ method. We found that all
optimal compounds are stable and no imaginary frequencies were detected. The estimated DFT calculations for total
energy, thermal parameters, dipole moment and polarizability of the various ligands are summarized in Table 1. The
analysis of the data reveals that the stability of the studied compounds is as the following order L3 < L10< L4 < L9 <
L7 <L2<L8<L6<L5<L1. Itcan be noted that the ligand L3 corresponding to the Crocin is the most stable and
therefore the least reactive. The high dipole moment of hydroxychloroquine (L7) may reflect their favorable binding
position in relation to the protein

3.1.2. Frontier Molecular Orbitals

The characterization of the frontier molecular orbitals (FMOs) plays an influential role in chemical stability since they
reflect the reactivity as well as the mode of interaction of inhibitor with other molecules. Indeed, FMOs can provide
realistic qualitative information on the susceptibility of an electron transfer from HOMO to LUMO and highly energetic
HOMO-LUMO gap of a compound means its resistance to accept and donate electron leading to electronic stability in
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the system [21]. The energies of the HOMOs and LUMOs of the studied compounds and their energetic difference AE
are reported in Table 2. As shown in Table 2, the Camphene ligands (L1) and B-Eudesmol (L6) have the largest HOMO-
LUMO energy gap involving a great stability. For hydroxychloroguine (L7) and Dexamethasone (L10), this parameter
is higher so these ligands are less reactive towards the protein target.

Table 1. Total energy in (a.u), Gibbs free energy in (a.u), dipole moment p in (Debye) and polarizability o in (Bohr?)

Compounds E G n o
L1 -390.613944  -390.408570  0.75 97.54
L2 -880.611584  -880.249660  6.91 228.44
L3 -3519.967595 -3519.001319 7.78 915.12
L4 -1196.968174 -1196.491542 8.07 239.30
L5 -463.411076  -463.253260  1.84 107.57
L6 -662.361147  -662.016815 1.71 152.43
L7 -955.825823  -955.460017  8.74 231.06
L8 -711.389600  -711.229784  4.65 128.43
L9 -1037.204575 -1036.871334 5.49 171.21
L10 -1331.557461 -1331.129644 4.46 236.15
Table 2. OMF’s energy of investigated compounds

Compounds Epnomo ELumo AE

L1 -6.42 0.52 6.94

L2 -5.27 -1.57 3.69

L3 -5.43 -3.24 2.18

L4 -4.45 -1.49 2.95

L5 -5.90 -0.32 5.59

L6 -6.39 0.50 6.89

L7 -5.89 -1.57 4.32

L8 -6.56 -1.34 5.23

L9 -6.48 -1.60 4.88

L10 -6.60 -1.93 4.66

3.1.3. Chemical reactivity descriptors

Based on previous data, we have identified and reported in Table 3 several DFT based global reactivity descriptors

(CDFT) such as electronic chemical potential (p), chemical hardness () and global electrophilic index () using the

following expression [22]:

_ (EHOMO + ELUMO)
u_
2
n= ELUMO - EHOMO
2
w=E
2n
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Table 3. Global reactivity descriptors of investigated compounds

Compounds Enowmo ELumo 1 n [0}

L1 -6.42 0.52 -2.95 6.94 0.63
L2 -5.27 -1.57 -3.42 3.70 1.58
L3 -5.43 -3.24 -4.34 2.19 4.29
L4 -4.45 -1.49 -2.97 2.96 1.49
L5 -5.90 -0.32 -3.11 5.58 0.87
L6 -6.39 0.50 -2.95 6.89 0.63
L7 -5.89 -1.57 -3.73 4.32 1.61
L8 -6.56 -1.34 -3.95 5.22 1.49
L9 -6.48 -1.60 -4.04 4.88 1.67
L10 -6.60 -1.93 -4.27 4.67 1.95

Chemical hardness is employed as a tool for interpreting chemical reactivity and to measure a system resistance to a
transfer of charge. The lower the values, the more likely the system is to be subject to electron transfer [23-25]. From
the data displayed in table 3, we noticed that L1 and L6, recording the highest value respectively at 6.94eV and 6.89%eV,
are the most resistant compound to an electronic transfer thus the most stable in agreement with the previous finding,
while the ligands L3 and L4 are the least resistant respectively at 2.19eV and 2.96eV. In order to predict the most

favorable electrophilic and nucleophilic center of our compounds, local chemical reactivity Fukui function were
analyzed, Figure 2 shows the 3D representation of the electrophilic (f,") and nucleophilic (f, ) most favorable sites. We

limit our study to the five most reactive ligand namely L3, L4, L2, L7 and L10.
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Figure 2. 3D representation of Fukui function for the selected ligands
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3.1.4. Molecular electrostatic potential (MEP)

Electrostatic attraction between molecules would be one of the important driving forces for complex formation. It is a
powerful measure for estimating the reactivity of a compound to electrophilic and nucleophilic attacks. To address the
preceding assumption, and to further refine the findings, DFT calculations of the electrostatic potential for selected
ligands were performed. The results are visualized in figure 3.
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Figure 3. Molecular electrostatic potentials (MEP) of selected ligands

The analysis of the data indicates that for all ligands, the region of low electrostatic potential (red zone), characterized
by an abundance of electrons, is mainly localized on oxygen or nitrogen atoms; this is certainly due to the high
electronegativity of these atoms. As for the positive electrostatic potentials (blue zone) characterized by a lack of
electrons are localized on the hydrogen atoms of the functional groups.

3.2. Molecular docking

In the following, demonstration of the model describing the docking of 10 molecules into the complex structures of the
COVID-19 protein. The docking results calculations of all ligands with the COVID-19 target are listed in Table 4. The
molecules with the lowest binding energy of the docking score were selected as the best ligand and inhibited the target
receptor because the lowest binding energy corresponds to a higher binding affinity, a larger surface area and the most
hydrogen bonds [18]. As shown in table 4, docking results revealed that among the studied compounds, Crocin (L3),
Digitoxigenine (L4) and Dexamethasone (L10) are the three compounds to have the best binding ability toward the

COVID-19 protein, specifically, the L3 has the strongest inhibitory effects on the PDB6LU7 protein in the COVID-19
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with a docking result of -8.1 Kcal/mol. Analysis of the key binding sites of the docked complex PDB6LU7 showed that
Crocin ligand formed very strong interactions with the amino acids SER139, VAL125, SER123, THR199, ASN238,
ASP197, ASN133, the interactions mainly took place with the molecule groups containing oxygen, in addition to the
hydrogen bonds, Crocin ligand interacted with several receptor with different hydrophobic interactions. For L4, the
analysis revealed a binding score of -7.4 Kcal/mol and an interaction with the receptor with various hydrophobic
interactions in addition to two hydrogens bonds with ARG131 and MET276, as for L10, a binding score of -7.7
Kcal/mol, we note the formation of 2 interactions with LEU287 amino acid.

Table 4. Binding affinities (Kcal/mol) of docked compounds using Autodock/vina.

Binding  Affinities Distance from Best Mode

Compounds
(kcal/mol) RMSD Lower Bound RMSD Upper Bound

Camphene 4.7 0.000 0.000
Chloroquine -4.9 0.000 0.000
Crocin -8.1 0.000 0.000
Digitoxigenine -1.4 0.000 0.000
Estragol -4.3 0.000 0.000
B-Eudesmol -5.5 0.000 0.000
Hydroxychloroquine -5.4 0.000 0.000
Lamivudin -5.1 0.000 0.000
Picrocrocin -5.8 0.000 0.000
Dexamethasone -1.7 0.000 0.000

By comparing the aforementioned molecules with Hydroxychloroguine on the basis of the interaction energy criterion,
we can note that the studied ligands might be better inhibitor candidate for the coronavirus (COVID-19). Indeed, the
molecular docking results showed that Hydroxychloroquine (L7) exhibited a medium affinity of -5.4 Kcal/mol for the
selected target and that L7 is combined to LYS102 and SER158 in the form of hydrogen
bonds as well as one interaction between the © systems with PHE294 active site residue. All residues of the COVID-19
protein interface engaged in ligand binding are shown in Figures 4(a, b, ¢ and d). A detailed 3D inhibitor- interface
interactions are represented in Figure 5(a, b, ¢ and d).
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Figure 4a. 2D View of the binding conformation of the Crocin inhibitor at the active site of
Coronavirus (COVID-19) spike protein
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Figure 4b. 2D View of the binding conformation of the Digitoxigenine inhibitor at the active site of Coronavirus
(COVID-19) spike protein
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Figure 4c. 2D View of the binding conformation of the Dexamethasone inhibitor at the active site of Coronavirus
(COVID-19) spike protein
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Figure 4d. 2D View of the binding conformation of the Hydroxychloroquine inhibitor at the active site of Coronavirus
(COVID-19) spike protein

Figure 5a. 3D View of the binding conformation of the Crocin inhibitor at the active site of
Coronavirus (2019-nCoV) spike protein
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Figure 5b. 3D View of the binding conformation of the Digitoxigenine inhibitor at the active site of Coronavirus (2019-
nCoV) spike protei‘r)

Figure 5c. 3D View of the binding conformation of the Dexamethasone inhibitor at the active site of Coronavirus (2019-
nCoV) spike protein

Figure 5d. 3D View of the binding conformation of the Hydroxychloroquine inhibitor at the active site of Coronavirus
(2019-nCoV) spike protein

In summary, after the analysis of the obtained results, the Crocin emerged as the most potent natural agent to treat
COVID-19 compared to Hydroxychloroquine because of the presence of eight Hydrogen bonds interaction with the

studied protein. All detailed docking results of Crocin ligand are displayed in table 5.

Table 5. docking results of Crocin ligands and the number of hydrogen bonds as well as interacting amino acids

Ligand Binding Interacting residues  Types of bonds Distance (A)
energy
(Kcal/mol)

Crocin -8.1 ASN133 Hydrogen bond 2.1
ASP197 2.4
ASN238 2.1
THR199 2.0
SER139 2.2
SER126 2.3-2.2
VAL125 2.0

4. Conclusion

In this study, a density functional theory and molecular docking computation was adopted. The DFT results revealed
that among the 10 initial ligands, Crocin (L3) and Digitoxigenine (L4) presented potential candidate being the least
resistance to an electronic transfer of charge as well as the lowest HOMO-LUMO gap. In addition, the most electrophilic
sites of these ligands are localized over nitrogen and oxygen atoms, which could be explained by the presence of the
isolated electron pair on these atoms. The findings of the docking research were to investigate the mode of binding of
these drugs to the crystal structure of COVID-19 main protease. The results highlighted that from the 6 compounds
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extracted from different aromatic and medicinal plants, Crocin (L3) and Digitoxigenine (L4) had the highest affinity for
the target receptor respectively at -8.1 Kcal/mol and 7.4 Kcal/mol. In addition, the binding affinity of Dexamethasone
(L10) is lower when compared to the currently approved drugs, chloroquine (L2) and hydroxychloroguine (L7), which
have respectively a binding affinity of -4.9 Kcal/mol and -5.4 Kcal/mol. Finally, natural constituents revealed to have
potential antiviral agents against novel coronavirus.
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