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This paper proposes natural drug candidate compounds for the treatment of coronavirus disease 2019 (COVID-
19). We investigated the binding properties between the compounds in the Moringa oleifera plant and the main
protease (Mpro) of severe acute respiratory syndrome coronavirus 2 using molecular docking and ab initio
fragment molecular orbital calculations. Among the 12 compounds, niaziminin was found to bind the strongest to
Mpro. We furthermore proposed novel compounds based on niaziminin and investigated their binding properties
to Mpro. The results reveal that the introduction of a hydroxyl group into niaziminin enhances its binding affinity
to Mpro. These niaziminin derivatives can be promising candidate drugs for the treatment of COVID-19.

1. Introduction

The outbreak of the novel coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), has raised serious global health concerns. On March 11, 2020, the
World Health Organization officially declared the SARS-CoV-2 outbreak
a pandemic [1]. Coronaviruses are large RNA viruses belonging to the
Coronaviridae family, which is further categorized into four genera, i.e.,
alpha, beta, gamma, and delta coronaviruses. Typically, the former two
infect mammals, whereas the latter two infect birds [2,3]. SARS-CoV-2 is
a beta coronavirus. To date, no specific antiviral drugs are available for
the treatment of COVID-19 [4], although several clinical trials are
currently underway to identify effective drugs. In the development of
these drugs, it is essential to identify and evaluate novel drug lead
compounds for treating COVID-19. In the present study, using molecular
docking and ab initio molecular orbital calculations, we attempt to
establish the specific compounds of the Moringa oleifera (M. oleifera)
plant that can bind strongly to the SARS-CoV-2 main protease (Mpro)
and inhibit its activity.

The Mpro plays a major role in mediating the replication and
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transcription of SARS-CoV-2. The mutagenesis rate is low in the Mpro,
and it cleaves the ppla and pplb polyproteins, which release functional
proteins, including RNA polymerase, exoribonuclease, and endor-
ibonuclease [5,6]. Moreover, Mpro inhibitors are considered less cyto-
toxic because of the low similarity between Mpro and human proteases
[7-9]. Therefore, the Mpro is a promising target for drugs with which to
treat coronaviruses, and the inhibition of Mpro activity is vital to
blocking coronavirus replication [5,9,10].

To date, several studies have focused on the inhibition of Mpro ac-
tivity [5-7]. Pendyala et al. [11] conducted molecular docking studies to
identify potential inhibitors for the Mpro and the RNA-dependent RNA
polymerase in bioactive food compounds. Their results showed that
phycocyanobilin, riboflavin, cyanidin, daidzein, and genistein were
more potent as Mpro inhibitors than antiviral drugs (remdesivir, nelfi-
navir, and lopinavir). Similarly, on the base of molecular docking sim-
ulations, Das et al. proposed a natural compound, rutin, which had the
highest inhibitor efficiency among the 33 compounds they studied [12].
Theaflavin digallate, which is an antioxidant natural phenol and a the-
aflavin derivative found in black tea, was shown to bind strongly to the
target Mpro [13]. Furthermore, Gurung et al. reported that bonducellpin
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Fig. 1. The chemical structures of the 12 compounds found in Moringa oleifera.

D, a furanoditerpenoid lactone isolated from Caesalpinia minax, exhibi-
ted a high binding affinity toward the Mpro [14].

Natural compounds play an important role in the treatment of a wide
range of diseases [15]. For example, M. oleifera is a plant belongs to the
Moringaceae family, originating in India. It is cultivated commercially in
Africa, Mexico, the United States (including Hawaii), and across Asia. Its
antifungal, antioxidant, antibacterial, anti-inflammatory, diuretic, and
hepato-protective properties has been studied [16]. Several studies have
reported the antiviral activity of M. oleifera, and the plant has been used
in many traditional medicines. It has proved to be effective at fighting
several viruses, such as the human immunodeficiency virus (HIV), the
herpes simplex virus, hepatitis B virus, Epstein—-Barr virus (EBV), foot-
and-mouth disease virus, and Newcastle disease virus. Moreover, it
has been used for the treatment of HIV-related diseases in African
countries [17].

In a previous study [16], the antiviral properties of M. oleifera in
Huh7 cells were evaluated. M. oleifera is known to contain several
bioactive compounds that include phenolic acids, flavonoids, alkaloids,
vitamins, tannins, saponins, and isothiocyanates. The different parts of
M. oleifera such as root, leaf, seed, flower etc. exhibit various biological
activities. Furthermore, M. oleifera was found to improve hepatic and
renal functions, as well as the regulation of thyroid hormone status

[18-21].

The present study aims to discover natural inhibitors of the SARS-
CoV-2 Mpro. To identify novel drug lead compounds for the inhibitor,
we first investigated the specific interactions between the Mpro and the
12 natural compounds found in M. oleifera at an electronic level, using
molecular docking, classical molecular mechanics (MM), and ab initio
fragment molecular orbital (FMO) simulations. Among the 12 com-
pounds, we determined which could bind strongly to the Mpro and be
potential lead compounds for Mpro inhibitors. Additionally, we pro-
posed novel compounds based on the most promising lead compound
and investigated their binding properties to the Mpro to derive novel
natural Mpro inhibitors. These simulated results will be useful for
designing novel natural drugs to target the Mpro of SARS-CoV-2.

2. Details of molecular simulations

2.1. Construction and optimization of the Mpro + compound complexes
Data on the compounds contained in the various parts of M. oleifera

were collected from the literature [18-21]. The initial dataset included

33 compounds. These were filtered using “Lipinski’s rule of five” [22],
which is important for the screening of drugs with pharmacological
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Fig. 2. Structure of Mpro and its ligand-binding pocket marked by a yellow
ellipse. Charge distribution on Mpro is shown in red (negative), blue (positive),
and green (neutral), respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

activity. To predict the chemical properties of the compounds, we used
the SwissADME web tool [23]. As listed in Table S1 of the Supplemen-
tary Information (SI), only 12 of the 33 compounds satisfied Lipinski’s
rule. We used these 12 compounds [24] shown in Fig. 1 as lead candi-
dates for the Mpro inhibitor. Their three-dimensional (3D) structures
were obtained from a structure data file format in the PubChem database
[25].

The structures of the 12 compounds were fully optimized in a vac-
uum using the B3LYP/6-31G(d,p) method of the ab initio molecular
orbital calculation program Gaussian 09 (G09) [26]. The charge distri-
butions of the optimized structures were evaluated using restrained
electrostatic potential (RESP) analysis [27] of GO9 using the HF/6-31G
(d) method, and the RESP charges were employed as the charge pa-
rameters in the MM force fields of the compounds. These RESP charges
were essential to the docking simulations, along with the MM optimi-
zations of the Mpro + compound complexes, to precisely describe the
electrostatic interactions between the Mpro and each of the compounds.

The 3D structure of the Mpro was downloaded from the Protein Data
Bank (PDB ID: 6LU7) [28]. This Mpro has seven histidine (His) residues,
each of which can have three types of protonation states (Hid, Hie, and
Hip™), depending on the pKa values around them. When His residues
have a pKa value greater than 6, they prefer a protonated Hip™ state,
whereas other His residues can possess Hid or Hie states, depending on
the structure around them. To predict the pKa values for the His resi-
dues, we used the PROPKA3.1 software [29,30]. Of the seven His resi-
dues, only His64 was assigned as Hip™. His41, His80, His163, and
His172 were assigned to the Hid state, whereas His164 and His246 were
assigned to the Hie state, considering the structures around these His
residues. For the remaining ionizable amino acid residues in the Mpro,
an ionized state was adopted.

Fig. 2 shows the ligand binding pocket of Mpro [28]. To find the
binding site of the compound in the pocket, we conducted molecular
docking studies using AutoDock4.2.6 [31]. In the docking simulations,
the size of the grid box was set to 19.5 x 19.5 x 19.5 A%, which is almost
1.5 times the size of the compound, and the center of the grid box was set
to the center of the ligand in the PDB structure [28] of the Mpro + ligand
complex. The number of created candidate poses was 256, and the
threshold distance for clustering these poses was set as 2 A. From the
various clusters generated by AutoDock [31], we selected the three with
the largest number of poses, and the representative structures of these
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clusters were used in the subsequent MM and FMO calculations.

To obtain stable structures for the Mpro + compound complexes, the
representative structures of the clusters obtained from the docking
simulations were fully optimized in water using the classical MM
method. In the MM optimizations, approximately 1800 water molecules
existing within 8 A of the complex surface were explicitly considered.
The MM and molecular dynamics simulation program AMBER 12 [32]
was used. The AMBER FF99-SBLIN force field [33], TIP3P model [34],
and general AMBER force field [35] were assigned to the Mpro, water
molecules, and compounds, respectively. The criterion for the conver-
gence of structure optimization was set as 0.0001 kcal/mol/A.

Table 1

Lowest binding energy (BE: kcal/mol), number of poses, and Mpro residues
involved in H-bonds with each compound for the selected clusters obtained by
AutoDock4.2.6 program [31].

Compound  Cluster BE Poses  Residues involved in H- IFIE
bonds
1 2 -5.18 141 Glul66 —41.4
3 -513 77 GIn189 —67.0
5 —4.82 33 Thr24, Thr26 —66.3
2 1 —4.65 52 Thr24, Thr26, Asn142, —55.0
His163
2 —4.58 131 Thr26, Leul41,Gly143, —64.6
Ser144, His164
3 —4.56 42 Leul4l, Gly143, Ser144, —94.6
Cys145, Glul66
3 2 -3.95 31 Thr25, Thr26, Thr45, —86.8
Serl44
7 -3.87 60 Thr26, Leul41, Gly143, —83.3
Ser144, Glu166
10 -3.61 37 Thr24, Thr26, Leul41, —58.7
Asnl42, Gly143
4 1 —-6.64 193 No H-bonds —72.9
2 —6.46 25 No H-bonds —-73.1
4 -5.74 18 Glul66 —83.9
5 1 -3.49 85 Glul66 —25.9
2 —-3.46 94 Leul4l, Gly143, Ser144 —50.5
3 -3.38 77 Glul66, GIn189 -19.5
6 1 -3.12 62 Leul41, Gly143, His163, ~112.0
Glul66
2 -2.81 41 Asnl42, Glul66 -95.0
3 -2.76 69 Thr24, Thr26, Cys44, —57.4
Thr45, Ser46
7 1 —4.25 181 No H-bonds -35.7
2 —-4.17 50 No H-bonds -37.1
3 -3.99 25 No H-bonds -30.6
8 2 —4.39 28 Glu166, His172 —105.1
3 —-411 22 Glul66 —94.7
10 -3.83 57 Thr26, Phe140, Gly143, —66.5
Glul166
9 1 —-495 28 Thr26, GIn189 —108.2
3 —-4.78 24 His41, Asn142, His164, -92.3
Glul66, GIn189
6 —4.02 30 Gly143, Glul66, GIn189 —136.5
10 2 —4.58 67 Asn142, His164, Glul66, —-106.1
GIn189
-3.85 25 Thr26, Gly143, GIn189 -77.3
14 -3.67 24 Thr26, Gly143, His164 -75.1
11 1 -4.33 36 His164, Glu166 —97.0
2 —4.28 40 Asn142, His164, Glu166, —63.7
GIn189
5 -3.81 40 Thr26, Gly143, GIn189 —72.5
12 1 -541 37 Gly143, Glul66, GIln189, —111.0
Thr190
2 -5.11 42 Asn142, Glul66 —119.0
3 —-4.87 29 Asn142, Gly143, Glul66, -107.1

GIn189

The created 256 poses were clustered based on their structural similarity, and
each cluster was ranked in the order of BE between Mpro and each compound
from Moringa oleifera. We selected three clusters with the largest number of
poses, and the total inter fragment interaction energy (IFIE: kcal/mol) between
each compound and all Mpro residues was evaluated using the FMO method.
These values are listed in the last column.
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Fig. 3. The inter fragment interaction energies (IFIEs) between compound 9
and each Mpro residue for the structures of (a) cluster 1, (b) cluster 3, and (c)
cluster 6. The total IFIEs between compound 9 and all Mpro residues are also
shown for each cluster. The red bars indicate the residues with attractive IFIE,
the size of which is larger than 10 kcal/mol. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

2.2. Ab initio FMO calculations for the optimized structures of the Mpro
+ compound complexes

To clarify the specific interactions and binding affinity between the
Mpro and the compound, we investigated the electronic properties of the
Mpro + compound complexes in explicit waters using the ab initio FMO
method [36]. This method has been applied to many biomolecules to
obtain accurate results that are comparable with experimental results.
Because water molecules can contribute to the specific interactions be-
tween the Mpro and the compound, the water molecules existing within
10 A of the compound were explicitly considered. The number of water
molecules used in the FMO calculations was approximately 150 for all
clusters. To predict the binding affinity between the compound and the
Mpro, we evaluated the total inter-fragment interaction energies (IFIEs)
[37] between the compound and all the Mpro residues using the ab initio
FMO method [36].

In this study, we did not consider the effect of entropy on the binding
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affinity because a vibrational analysis for the solvated Mpro + com-
pound complex is not practical when using the ab initio FMO method.
Furthermore, the entropic effect is unlikely to be markedly different for
each of the compounds, as they have similar chemical structures and
bind to the same Mpro site. We thus investigated the total IFIEs between
the Mpro residues and the compounds using ab initio FMO calculations
and estimated the binding affinity under the assumption that the
entropic effect was the same for each of the compounds.

In the FMO calculations, the MP2/6-31G(d) method [38,39] of the
FMO calculation program ABINIT-MP ver.6.0 [40] was used. Each
amino acid residue of the Mpro, compound, and individual water
molecule were assigned to a fragment in the FMO calculations. This
fragmentation enabled us to analyze the interactions between each Mpro
residue and the compound affected by the solvating water molecules. In
our previous study [41], the binding properties between the androgen
receptor (AR) protein and its ligands were investigated using the same
FMO calculations. The evaluated total IFIEs between the AR residues
and the ligands were confirmed to correlate well with the binding

(b)

Fig. 4. The interacting structures between compound 9 (ball-and-stick model)
and selected important Mpro residues (stick model) in the optimized structure
of the Mpro + compound 9 complex for cluster 6. (a) Compound 9 and Glul66,
and (b) compound 9 and Asnl42, Glyl43, Cysl145, and Glul89. Hydrogen
bonding and electrostatic interactions are indicated by red and blue lines,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. (a) The inter fragment interaction energies (IFIEs) between compound 12 and each Mpro residue for the structure of cluster 2. The total IFIE between
compound 12 and all Mpro residues is also shown. The red bars indicate the residues with attractive IFIE, the size of which is larger than 10 kcal/mol. (b) The
interacting structures between compound 12 (ball-and-stick model) and selected important Mpro residues (stick model) in the optimized structure of the Mpro +
compound 12 complex for cluster 2. Hydrogen bonding, electrostatic, and NH-n interactions are indicated by red, blue, and orange lines, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

The total inter fragment interaction energy (IFIE;
kcal/mol) between each compound and all Mpro
residues evaluated using the FMO method.

Compound Total IFIE
9 —136.5
9a —149.9
9b —139.1
9c —160.6
9d —-175.4
9e —145.1
of —139.6
9g ~153.9

The proposed compounds are defined as com-
pounds 9a-9g, based on the site to be replaced by
a hydroxyl group. For example, in compound 9a,
the hydrogen atom at the a-site of compound 9
shown as follows is replaced by a hydroxyl group.

affinities of these ligands obtained through experiments. The correlation
coefficient (R%) was 0.94 for all the nine different ligands, confirming
that our evaluated total IFIEs can explain the trend of the observed
binding affinities between AR and these ligands. Therefore, the present
FMO calculations are expected to obtain accurate binding properties
between Mpro residues and the compounds.

3. Results and discussion

3.1. Binding properties between Mpro and compounds contained in
Moringa oleifera

M. oleifera is effective at inhibiting Mpro activity and contains many
types of natural compounds. However, it is unclear which of these
compounds is the most effective. We identified 33 compounds from the
literature [18-21] and filtered them using “Lipinski’s rule of five” [22]
to obtain the 12 candidate compounds for the Mpro inhibitor. Their
pharmacokinetic properties evaluated using the SwissADME web tool
[23] are listed in Table S1 (see SI), and their chemical structures are
shown in Fig. 1. Their binding properties to the Mpro were investigated
using the present ab initio FMO calculations to elucidate which

compound bonded the strongest to the Mpro.

Morphine (Fig. 1a) is an anti-ulcer and anti-inflammatory agent
contained in Moringa root bark. Kaempferol (Fig. 1b) and quercetin
(Fig. 1c) are flavonoids found in Moringa flowers [20]. The antiviral,
anti-inflammatory, and anti-cancer properties of kaempferol have been
reported in previous studies [42-47], whereas quercetin has been shown
to reduce the replication of several respiratory viruses [48]. Pter-
ygospermin (Fig. 1d) is found in Moringa seeds and has antibacterial
properties [20]. The dried leaves of M. oleifera are rich in polyphenols, of
which phenolic acids and flavonoids are the main compounds. Gallic
acid (Fig. 1f) is a phenolic acid with anti-tumor and antioxidant func-
tions [49]. Niaziminin (Fig. 1i) is a thiocarbamate contained in
M. oleifera leaves. Murakami et al. [50] reported that the presence of an
acetoxy group at the 4'-position of niaziminin is important for the in-
hibition of EBV activation. It is noted that niaziminin, niazinin (Fig. 1j),
and O-ethyl N-carbamothioate (Fig. 1k) possess significantly different
binding properties to the Mpro, although they have similar chemical
structures, as will be shown later in this study.

Using the AutoDock [31] program, each compound was docked to
the ligand-binding pocket of the Mpro shown in Fig. 2. The created
structures of the Mpro + compound complex were classified into several
clusters according to their structural similarities, and the clusters were
ranked on the basis of the lowest binding energy (BE) between the Mpro
and the compound, as evaluated using AutoDock.

Table 1 lists the ranks, BEs, the number of poses, and Mpro residues
involved in H-bonds with each compound for the three clusters with a
larger number of poses obtained by AutoDock. In the present study, we
selected these clusters because a larger number of poses indicate that the
compound has a higher possibility of having one of the structures
included in the cluster. In the last column of Table 1, the total IFIEs
between each compound and all residues of Mpro evaluated using ab
initio FMO method are listed. The representative structures included in
the three clusters were employed as the candidate structures of the
complexes in the subsequent molecular simulations.

To clarify the difference in conformation of the compound in the
Mpro + compound complex for the three clusters, we compared the
conformations in Fig. S1 (see SI). Small-sized compounds (compounds
5-7) were able to bind to different sites in the ligand-binding pocket of
the Mpro, because the size of the pocket was larger than the size of these
compounds. In contrast, as compounds 9-12 were large and had similar
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attractive IFIE, the size of which is larger than 10 kcal/mol. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

structures, they bonded to similar sites on the Mpro, although their
conformations differed.

We optimized the candidate structures in explicit water molecules
using the AMBER 12 [32] MM method [33-35]. For the optimized
structures, the total IFIEs between the compound and all the Mpro res-
idues were precisely evaluated using the ab initio FMO method [36,40]
to determine which compound bonded the strongest to the Mpro. As
indicated in Table 1, compound 9 had the largest total IFIEs (—136.5

kcal/mol) among the 12 compounds. The size of this value was at least
17.5 kcal/mol larger than that of the other compounds. Accordingly, it
was expected that compound 9 would bond the strongest to the Mpro.
Additionally, compounds 6, 8, 10, and 12 had relatively large total IFIEs.

To understand why compound 9 bonded strongly to the Mpro, we
compared the conformation of compound 9 in the ligand-binding pocket
of the Mpro for the three clusters obtained using AutoDock. As shown in
Fig. S1(i) (see SI), in the third ranked cluster (in pink), compound 9
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exists near the negatively charged Glul66 residue of the Mpro and is
stabilized by the electrostatic attractive interactions between it and this
residue. As a result, compound 9 of the cluster 6 has the largest total
IFIEs. Furthermore, we analyzed the IFIEs between the Mpro residues
and compound 9 in the structures of the three clusters. As shown in
Fig. 3, Asn142, Glul66, and GIn189 residues primarily contribute to the
interactions with compound 9 in all the clusters. These residues were
thus considered to be important for the strong binding of compound 9 to
the Mpro. In the cluster 6 structure (Fig. 3c), compound 9 interacted
strongly (—45 kcal/mol) with Glul66; it also interacted with Cys145. As
aresult, compound 9 had the largest total IFIEs in the cluster 6 structure.

Additionally, we attempted to clarify which part of compound 9 was
important for its strong binding to the Mpro, to propose novel potent
Mpro inhibitors based on this compound. As shown in Fig. 4a, the NH
group and the oxygen atom connecting the two rings of compound 9
contribute to the strong electrostatic interactions with the backbone and
the side chain of Glul66. These interactions are the main reason for
compound 9 having the largest total IFIEs. Additionally, Fig. 4b reveals
that Asn142, Gly143, and GIn189 of the Mpro form hydrogen bonds
with the hydroxide (OH) and carbonyl groups of the cyclohexane ring of
compound 9. Therefore, these groups, as well as the oxygen atom of
compound 9, are considered essential for maintaining the strong binding
between the compound and the Mpro residues. In contrast, as the other
sites of compound 9 make no significant contribution to its binding to
the Mpro, it is expected that the replacement of these sites will enhance
the binding affinity of compound 9 to the Mpro.

The binding properties to the Mpro of the other compounds included
in M. oleifera were investigated in the same manner. Their docking
conformations to the Mpro, IFIEs with the Mpro residues, and their
interacting structures with Mpro residues are shown in Figs. S1-S13 (see
SI). As listed in the last column of Table 1, the compound 12 has the
second largest total IFIE among the 12 compounds. Its IFIEs with the
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Mpro residues and the interacting structure between compound 12 and
some important residues are shown in Fig. 5. Compound 12 interacts
strongly with Glu166 and Asn142, however, it has no significant inter-
action with GIn189 and Cys145 as for the compound 9. As a result, the
size of total IFIE of compound 12 is remarkably smaller than that for the
top ranked compound 9.

3.2. Proposal of novel potent inhibitors and their binding properties to the
Mpro

As compound 9 was found to bind the strongest to the Mpro, we
adopted it as a lead compound for proposing novel potent Mpro in-
hibitors. Fig. 4 shows that the OH groups of compound 9 contribute to its
strong interactions with the Mpro residues. We thus considered the
introduction of an OH group to selected sites of compound 9. The seven
sites shown in Table 2 were considered because the lower part of com-
pound 9 already contributed to the interactions with the Mpro, as shown
in Fig. 4b. The proposed compounds are defined as compounds 9a — 9 g,
based on the site to be introduced by the OH group indicated in Table 2.

The total IFIEs between the Mpro residues and our proposed com-
pounds, as well as compound 9, are listed in Table 2. The compounds 9d
and 9c had larger total IFIEs compared with the other compounds. The
size of their total IFIEs was at least 24 kcal/mol larger than that of
compound 9, indicating that the introduction of an OH group enhanced
the interaction between compound 9 and the Mpro residues.

To establish why compounds 9d and 9c had larger total IFIEs, we
compared the IFIEs for our proposed compounds. As shown in Fig. 6, the
Glul66 residue of Mpro has the strongest attractive interaction with all
the compounds, indicating its importance for ligand binding of the
Mpro. Specifically, compound 9d interacted strongly with Glul166. In
addition, Phel40, Asnl142, Cys145, and GInl89 contributed to in-
teractions between the Mpro and compounds 9d/9c.

To elucidate the effect of the OH introduction on the IFIEs between
the Mpro and compound 9, we investigated the difference in IFIEs for
compounds 9, 9¢, and 9d. As indicated in Fig. 7a, the effect of the OH
introduction was not significant (smaller than 10 kcal/mol) for com-
pound 9c. In contrast, Fig. 7b reveals that the interactions between
compound 9 and Phel40/Glul66 of the Mpro were significantly
enhanced by the introduction of OH at the d-site of compound 9.

We furthermore compared the interacting structures between these
residues and compounds 9, 9¢c, and 9d to clarify the difference in the
effect of the OH group, based on the introduced site. As shown in Fig. 8a,
compound 9 interacted electrostatically with Glul66 and Phel40.
Particularly, the Glul66 side chain interacted strongly with the NH
group of compound 9. By introducing an OH group at the c-site of
compound 9, a hydrogen bond was formed between the OH group and
the oxygen atom of the Phe140 backbone (Fig. 8b). However, the in-
teractions of the other parts of compound 9 with the Mpro residues did
not change significantly due to the introduction of the OH group. In
contrast, Fig. 8c elucidates that the introduction of an OH group at the d-
site of compound 9 significantly enhanced the interactions between
compound 9 and selected Mpro residues. The introduced OH group
formed a hydrogen bond with Phel40. Additionally, the interaction
between the Glul66 side chain and the NH group of compound 9 was
enhanced to form a hydrogen bond at 1.78-A distance. As a result, the
IFIEs between compound 9d and Phel40/Glul66 were significantly
enhanced by the OH group introduction at the d-site, leading to a larger
amount of total IFIEs between the Mpro residues and compound 9d.
Regarding the other proposed compounds shown in Table 2, the intro-
duction of an OH group into compound 9 did not cause a significant
change in the IFIEs and the interacting structures between compound 9
and the Mpro residues. Consequently, it is revealed that the site of the
OH group replacement is important for enhancing the interactions be-
tween compound 9 and the Mpro residues, and that compound 9d binds
more strongly to the Mpro than compound 9.

In order to validate the improvement of the binding affinity between
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Phel40

Phe140
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Phel40

Fig. 8. The interacting structures between our proposed compounds (ball-and-stick model) and selected important Mpro residues (stick model): (a) compound 9, (b)
compound 9c¢, and (c) compound 9d. The red and blue lines indicate hydrogen bonding and electrostatic interactions, respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

the Mpro and compound 9 by the addition of OH group, we additionally
considered a methyl group and introduced it into the d-site of compound
9. The structure of its complex with the Mpro was optimized by the MM
method, and the IFIEs between the Mpro and the methyl replaced
compound 9 were investigated using FMO method. The total IFIE was
evaluated —144.6 kcal/mol, whose size is about 30 kcal/mol smaller
than that (—175.4 kcal/mol) of the OH replaced compound 9d. As
shown in Fig. 8c, the OH group of compound 9d forms a hydrogen bond
with the oxygen atom of Phel140 backbone. By replacing the OH group
with a CHs group, this hydrogen bond disappears, resulting in a weaker
interaction between the Mpro and the CHj replaced compound 9.
Therefore, it is revealed that the introduction of OH group is more
effective for improving the binding affinity between the Mpro and
compound 9.

4. Conclusions

To propose novel natural compounds as potent inhibitors of the
SARS-CoV-2 Mpro, we investigated the binding properties between the
Mpro and the 12 natural compounds found in the M. oleifera plant, using
molecular simulations based on protein—ligand docking, MM optimi-
zations, and ab initio FMO calculations. The FMO results revealed that
niaziminin bonded the strongest to the Mpro. Furthermore, to enhance
the binding affinity of niaziminin to the Mpro, we introduced an OH
group at different niaziminin sites and investigated the binding prop-
erties between these derivatives and the Mpro. Our proposed compound,
which includes an OH group introduced into the phenyl ring of

niaziminin, formed hydrogen bonds with the Glul66 and Phel40 resi-
dues of the Mpro to bind more strongly to the Mpro. It is thus expected
that this niaziminin derivative (compound 9d in Table 2) can be a potent
inhibitor of the Mpro.
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