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A B S T R A C T

SARS-CoV-2 has rapidly emerged as a global pandemic with high infection rate. At present, there is no drug
available for this deadly disease. Recently, Mpro (Main Protease) enzyme has been identified as essential proteins
for the survival of this virus. In the present work, Lipinski's rules and molecular docking have been performed to
identify plausible inhibitors of Mpro using food compounds. For virtual screening, a database of food compounds
was downloaded and then filtered using Lipinski's rule of five. Then, molecular docking was accomplished to
identify hits using Mpro protein as the target enzyme. This led to identification of a Spermidine derivative as a hit.
In the next step, Spermidine derivatives were collected from PubMed and screened for their binding with Mpro

protein. In addition, molecular dynamic simulations (200 ns) were executed to get additional information. Some
of the compounds are found to have strong affinity for Mpro, therefore these hits could be used to develop a
therapeutic agent for SARS-CoV-2.
1. Introduction

COVID-19, a deadly disease with a high infection rate, is caused by
the novel corona virus SARS-CoV-2. It was first reported from Wuhan
(China) and then rapidly reached many countries. The virus spreads
through human to human contact. Unfortunately, it has survived in
different climatic conditions. The high infection rate as well as mortality
rate of the disease is reflected from the data released by World Health
Organization (https://covid19.who.int/). The emergence of this disease
has led to serious socio-economic and health issues for human race [1–5].
Eventhough, vaccines from Moderna, Pfizer, etc. have gained emergency
use but they have their own limitations as well as the emergence of new
variants of SARS-CoV-2 is a concern [6–9]. But, a safe and effective drug
for this highly contagious and fatal disease is need of the hour.

In search of developing such drug it was essential to understand the
nature, functioning and bio-chemistry of virus. Researchers quickly
found that this virus has more than 70% genome similarity with previ-
ously reported corona virus SARS-CoV [1,2,10–13]. The high similarity
was further found to exist in essential proteins like main protease, spike S
protein, etc. of these two viruses. These proteins are essential for survival
and replication of SARS-CoV-2.
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Coronavirus (CoV) main protease (Mpro) is a key enzyme that par-
ticipates in cleavage process of H-CoV polyproteins. Mpro, also known as
Nsp5 and 3CLpro, homodimer consists of three domains, domain I (resi-
dues 8–101), domain II (residues 102–184) and domain III (residues
201–303), and a long loop (residues 185–200), which connects domains
II and III [1,2,10–14]. The active site of this protein is situated in the gap
between domains I and II, and the catalytic dyad of Cys145 and His41 is
its important feature. Domain I and II have motifs that are representing
the chymotrypsin catalytic domain, while domain III participates in the
dimerization of protein and active enzyme production [15]. This protein
is necessary for the processing of polyproteins and operates at 11
cleavage sites on the large polyprotein 1 ab. Fortunately, the cleavage
specificity of this protein is different from human proteases; therefore an
inhibitor of Mpro could be safe for humans [1,2,5,10–14].

The amino acid sequence and 3D-structures of this protein have been
successfully resolved by researcher [15]. Consequently, Mpro has emerged
as a valid target for developing a drug for COVID-19 using molecular
docking. Molecular docking is a contemporary and rational approach to
identify the important structural features that govern the activity profile of
a molecule. It can be used for virtual screening to identify novel hits, which
could be further optimized to develop a drug candidate.
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Fig. 1. Flow chart of strategy used in the present work used to identify the hits for essential protein Mpro for SARS-CoV-2.
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There is an urgent need to develop a drug to control COVID-19. Un-
fortunately, transformation of a compound to drug is a time-consuming
process due to optimization of ADME (Absorption, Distribution, Meta-
bolism and Excretion) and minimization of toxicity. This could delay
development of drug. However, many food compounds have innate
ability to have better ADME related properties, or immune stimulatory
effects without toxicity [16,17]. Therefore, transforming a food com-
pound or its close derivative is a novel and plausible strategy to speed-up
the process of developing a drug for COVID-19. In the present work, we
have performed virtual screening of food compounds using Lipinski's rule
of five and molecular docking to screen potent inhibitors of this protein
from food. In addition, thorough and systematic molecular dynamic
simulations (200 ns) were executed to get additional information. The
results could served as a tool to develop a safer drug for COVID-19.

2. Experimental section

2.1. Database collection, curation and filtering

In the present work, FooDB (https://foodb.ca/accessed on 11th May
2020) was selected as it comprises a rich collection of food constituents
(26,467 compounds). The food database used in the present work com-
prises a variety of molecules thus covering a broad chemical space. As a
part of data curation, all charged molecules, duplicate entries, organo-
metallic compounds, etc. were removed. Then, Lipinski's rule of five was
used to filter this database, except that the lower limit for molar mass was
set to 150 due to the large size of active site of Mpro (main protease) of
SARS-CoV-2 [1,2,5,10–14]. This reduced the pool to a dataset of 7,486
molecules only. In order to narrow down the search, only polyphenols,
coumarins and polyamines were selected to filter the reduced dataset.
This resulted in a small dataset of 106 compounds only. In the next step,
these 106 compounds were docked in the active site of Mpro protein. The
molecular docking analysis identified spermidine as a hit with highest
binding affinity with the target enzyme. Thereafter, Spermidine de-
rivatives were collected from PubMed database (23 molecules). Molec-
ular docking of these 23 spermidine derivatives was accomplished for
Mpro protein. The protocol followed in the present work has been sum-
marized in Fig. 1.
2.2. Molecular docking

The three-dimensional structure of COVID-19 main protease (COV19-
Mpro) in complex with peptidomimetic inhibitor, N3 (pdb: 6lu7), was
downloaded from the Protein Data Bank (PDB, https://www.rcsb.org/).
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The three-dimensional coordinates of water molecules were removed
from protein structure using BIOVIA Discovery Studio 4.5 (Dassault
Systems, USA). Program iGEMDOCK [18] (BioXGEM, Taiwan) was used
for removing co-crystallized ligands and performing molecular docking.
Molecular docking was performed on optimized structures (force field:
MMFF94) of compounds. Genetic parameters for molecular docking were
set on: population size 200; generations 70; number of solution or poses:
3. Active site of Mpro according the bounded synthetic peptidomimetic
inhibitor, N3.

After the docking procedure, protein-compound interaction profiles
of electrostatic (Elec), hydrogen-bonding (Hbond), and van der Waals
(vdW) interactions were generated. Docking poses were ranked by
combining the pharmacological interactions and energy-based scoring
function (E/kcal mol�1) is: E ¼ vdW þ Hbond þ Elec [18]. Results were
viewed and analyzed with BIOVIA Discovery Studio 4.5.
2.3. Molecular dynamics simulations

After docking studies of Mpro and compared the energy-based scoring
functions of each food compound, we selected the top three food com-
pound complexes for studying the docked structure's thermodynamics
stability. These three best-docked complexes are complex1 (Mpro/7),
complex2 (Mpro/17), and complex3 (Mpro/85). We also rename the food
compound 7, 17, and 85 to ligand1, ligand2, and ligand3. The molecular
dynamics simulations were performed with the AMBER18 [19] package
using ff14SB [20] force field for Mpro and updated generalized Amber
force field (GAFF2) [21] for food compounds. The protonation states of
the charged residues were determined using the Propka 3.1 module [22].
The inhibitors were assigned AM1-BCC [23]charge, which was calcu-
lated by utilizing the Antechamber module [24]. The complexes were
solvated in a truncated octahedron periodic box with an explicit TIP3P
[25] water model and set a buffer distance cut-off at 10 Å from any edge
to any protein atom. To make the whole system charge-neutral, we add a
suitable number of Naþ ions to each system. The protein, complex, and
food compounds topology and coordinates were prepared with the tLEaP
[26] module of AMBER suite.

Energy minimization of each system was performed by using the very
famous steepest descent and conjugate gradient algorithms. All bond
lengths involving hydrogen atoms were constrained by the SHAKE al-
gorithm [27]. The particle mesh Ewald summation (PME) [28] approach
was employed to treat long-range electrostatic interactions between the
Mpro and food compounds. For all cases, the nonbonded Coulomb cut-off
was fixed at 10 Å. An overall pressure and a temperature equal to 1 atm
and 300 K were used with a time-frequency of 2 fs. The temperature was
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Table 1
Total energies of interactions of the best docked poses of from set of 106 food
compounds in complex with COVID-19 main protease (COV19-MPro) (pdb:
6lu7).

Total energy (kcal mol�1) with COV19-MPro

85 (0) �141.27
78 (1) �122.71
68 (0) �120.38
30 (0) �119.89
77 (1) �119.68
4 (1) �118.55
76 (1) �115.57
79 (1) �115.30
3 (0) �114.57
33 (0) �114.46
65 (2) �113.05
Remdesivir (4) �116.05

Table 2
Total energies of interactions of the best docked poses of spermidine derivatives
in complex with COVID-19 main protease (COV19-MPro) (pdb: 6lu7).

Compound (pose) Total energy (kcal mol�1) with COV19-MPro

85 (0) �141.27
7 (2) �130.79
17 (0) �129.08
6 (1) �122.15
18 (0) �121.54
12 (2) �121.45
8 (1) �120.71
13 (0) �116.97
19 (1) �114.85
20 (0) �112.92
22 (0) �102.14
Remdesivir (4) �116.05

Table 3
Energies of the main interactions of N1, N10-dicoumaroyl spermidine (com-
pound 85) with amino acid residuals of binding site of COVID-19 Mpro. (M ¼
main chain; S ¼ side chain).

H bonds vdW interactions

Residual Energy Residual Energy

M-Ser 144 �3.50 M-Thr 25 �1.87
S-Ser 144 �2.50 S-Thr 25 �3.03
M-Cys 145 �3.50 S-His 163 �3.05
S-Cys 145 �3.85 S-His 41 �1.68
M-Phe 140 �3.50
S-Glu 166 �2.44
S-Asn 142 �2.57
M-Gly 143 �0.48
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kept constant inside the box with the Langevin thermostat [29] tem-
perature coupling method and Berendsen Barostat [30] to monitor the
system pressure. All the steps of MD run and parameters, we adopted
from our previous studies [31–37]. Finally, each system was subjected to
200 ns production MD run with a simulation time step of 2 fs at the NPT
ensemble. Overall, we accumulated 20000 conformations for each
simulation, and we used 2000 snapshots from the last 100 ns trajectories
for binding affinity calculations.

2.4. Trajectory and binding free energy analysis

Trajectory analysis was performed using the AmberTools19 Cpptraj
module [38], and all the plots are generated by matplotlib [39]. The
binding affinity of ligand1, ligand2, and ligand3 toward SARS-CoV-2 3CL
Mpro, were calculated by the molecular mechanics generalized Born
surface area (MM-GBSA) method [40–51] using MMPBSA.py [52] script
based on the MD trajectory. The MM-GBSA free energy ΔGbind was
estimated by the following equation:

ΔGbind ¼ΔH � TΔS � ΔEinternal þ ΔGsolv � TΔS (1)

ΔEinternal ¼ΔEcovalent þ ΔEelec þ ΔEvdW (2)

ΔGsolv ¼ΔGpol þ ΔGnp (3)

Where ΔEinternal, ΔGsol, and -TΔS are the change in internal energy at the
gas phase, the desolvation free energy, and the conformational entropy
upon binding, respectively. ΔEinternal is the sum of ΔEconvalent (bond,
dihedral, and angle energies), ΔEele (electrostatic), and ΔEvdW (van der
Waals) energies. ΔGsol includes ΔGpol (polar contributions or electro-
static solvation energy) and ΔGnonpol (non-polar contributions or non-
electrostatic solvation energy). We further calculate the binding free
energy contributions at the residual level using by same MM-GBSA
decomposition scheme. All the parameters used in this calculation
were developed by Onufreiv and Bashford [53]. To investigate
protein-food compound interactions pattern of final conformation,
LigPlotþ [54] software used.

3. Result and discussion

The data for 106 food ingredients containing polyphenols, coumarins
and polyamines are given in Supplementary Files 1 (Table SF1). Scoring
function of COVID-19 main protease (COV19-MPro) (pdb: 6lu7) for the
best eleven ranked compounds is presented in Table 1.

Compound 85 (N1,N10-dicoumaroylspermidine) achieved the best
docking scores among the 106 food ingredients for COV19-MPro
(�95.42 kcal mol�1). Compound 85 (N1,N10-dicoumaroylspermidine)
derives from a spermidine and a trans-4-coumaric acid and has role as a
plant metabolite presents in the Helianthus annuus (sunflower) Vicia faba
3

(faba bean) and Pyrus communis (pear). Considering that spermidine
obtained the best docking results for both receptors related to the SARS-
CoV-2, further molecular docking was performed on a new set of 24
spermidine derivatives, including compound 85 from the last set.

The data for 24 spermidine derivatives are given in Supplementary
Files 2 (Table SF2). The best eleven results of molecular docking per-
formed on COVID-19 main protease are presented in Table 2.

From the set of spermidine derivatives, compound 85 again showed
the highest affinity for the binding to the COV19-Mpro. Comparing the
total energies of interaction for the set of 106 food compounds with
energies of spermidine derivatives, three spermidine derivatives have
shown better results for COV19-Mpro. Thus, spermidines have proven to
be the leading food compounds for the treatment of COVID-19.
Observing the mode of interactions of the best ranked compounds, we
will try to define structural characteristics important for the inhibition.

Compound 85 is an enamide, a polyphenol, a secondary amino
compound and a secondary carboxamide in which each of the primary
amino groups has been mono-acylated by formal condensation with
trans-coumaric acid. In Table 3 are given the energies of the main in-
teractions with amino acid residuals. Fig. 2 shows the docking pose and
interactions of molecule 85 at the N3-binding site of COVID-19 Mpro
(pdb: 6lu7).

Compound 85 forms interactions with residuals in catalytic dyad
composed of Cys144 and His41. It forms several strong hydrogen bonds:
oxygen atom from one amide group forms hydrogen bonds with Cys145
(2.69 Å) and Ser144 (3.17 Å); nitrogen atom from amine group forms
hydrogen bonds with Phe140 (3.01 Å) and Glu166 (3.25 Å), while ni-
trogen atom from second amide group forms H-bond with Asn142 (3.23
Å). Phenolic hydroxyl group generates carbon hydrogen bond with
Asn142 (3.59 Å). Phenol ring from one coumaric acid generates π- π
stacked interactions with Tyr118 (5.66 Å). Fig. 3 presents the surface of
COVID-19 Mpro coloured by hydrogen bond type in complex with
compound 85. Figure shows how compound 85 is situated in the gap
between domains I and II. Recently, the crystal structure of COVID-19



Fig. 2. Interactions of N1,N10-dicoumaroylspermidine (compound 85) with the residuals in binding site of COVID-19 Mpro (pdb: 6lu7): a) 3D presentation; b) 2D
presentation. (Green ¼ conventional hydrogen bond; light green ¼ carbon hydrogen bond; purple ¼ π- π stacked interactions). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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virus Mpro in complex with N3 elucidated specific interactions of N3with
Mpro [55]. N3 creates hydrogen bond with His 163 at S1 subsite and
makes van der Waals contacts with Pro 168 and the backbone of residues
190–191. The bulky benzyl group forms van der Waals interactions with
Thr 24 and Thr 25, similar as compound 85. Also, N3 forms multiple
hydrogen bonds with the main chain of the residues in the
substrate-binding pocket helping to lock the inhibitor inside the
substrate-binding pocket. As stated, N3 and compound 85 bind to Mpro's
in a similar mode.

An obvious advantage of using food compounds is that most of the
food compounds are less toxic to human body therefore they could serve
as excellent starting points for developing a drug for a disease.

3.1. Structural analysis of food complexes from molecular dynamics
simulations

Firstly, we computed the root-mean-square deviations (RMSD) of
backbone atoms of protein for all the complexes relative to their initial
structures. The time evolution of the RMSD of three complexes is shown
in Fig. 4(A). It is evident that RMSD values for 3CL Mpro complexes with
4

ligand1, ligand2, and ligand3 remain stable after 75 ns depicting the
convergence of simulations. Overall, within the last 125 ns, all systems
got converged.

The average values of RMSDs for three complexes are listed in
Table 4. The average values vary between 1.61� 0.02 Å and 2.92� 0.06
Å. The highest deviation was observed for the complex1 (2.92� 0.06 Å),
while the lowest was obtained for complex2 (1.62 � 0.02 Å). It suggests
that complex2 and complex3 are more stable than complex1 in the last
125 ns simulations based on average RMSD deviations. Higher RMSDs of
complex1 is mainly attributed to extended loop rearrangement (residue
185–200) and domain III (residue 200–306) fluctuations.

Besides, to get more insight into the extent to which the binding of
food compounds affects the Mpro structural fluctuation and flexibility in a
single amino acid level during the MD simulation, the root means square
fluctuation (RMSF) was analyzed, see Fig. 4(B). From the RMSF plot, we
observed that complex1 is more flexible in the domain III region. Mainly,
domain III is involved in forming a homodimer to be a reason for higher
fluctuations in food compound, and domain I and II involved in ligand
binding. We observed that those residues involved in food compound
binding interactions show lower fluctuation than non-binding residues



Fig. 3. Surface of COVID-19 Mpro (pdb: 6lu7) coloured by hydrogen bond type,
with receptor donors coloured in green and receptor acceptors in cyan in
complex with compound N1,N10-dicoumaroyl spermidine compound (85). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 4
The average backbone RMSD, the radius of gyration (Rg), and solvent accessible
surface area (SASA) for the best three complexes. The data are reported as
average � standard error of the mean (SEM).

System RMSD (Å) Rg (Å) SASA (Å2)

Complex1 2.92 � 0.06 21.86 � 0.02 14498.94 � 32.46
Complex2 1.61 � 0.02 21.96 � 0.02 14213.10 � 56.30
Complex3 1.78 � 0.03 21.98 � 0.01 14067.56 � 32.02
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from the domain I and domain II. Residues Thr25, Thr26, Thr45, Cys44,
Ser46, His41 are shows low fluctuations, and Leu50, Pro52, Asn51,
Asn53, Glu55 shows high fluctuations from the domain I. Similarly,
Fig. 4. (A) Time evolution of root-mean-square deviations (RMSDs) of backbone at
gyration, Rg of Cα atoms, and (D) solvent accessible surface area (SASA) of Mpro of
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Ser144, Cys145, His164, Ser144, Gln189, Thr190, Asn142, Pro168,
Met165, Gln192, and Ala191 residues from domain II shows low fluc-
tuations. This suggests that food compound binding pocket residues are
less flexible. The lower degree of fluctuation gives us a better compact-
ness and rigidity complex structure.

As we know that the radius of gyration (Rg) helps us to understand
the compactness of receptor protein, keeping mind, we monitored the Rg
of Mpro through the entire 200 ns simulation and the time evolution of Rg
shown in Fig. 4(C). The average values of Rg of three complexes are listed
in Table 4. As evident from Table 4, all three complexes showmore or less
similar compactness. It could sometimes significantly affect the protein
structure after binding a new ligand and side by side the solvent-
accessible surface area (SASA) of changes. We know that SASA is very
important for non-polar solvation energy measurement, directly affecting
the ligand binding. Therefore, we also explored the SASA for three
complexes and plotted with respect to simulation time, shown in
Fig. 4(D). The average value of SASA varies from 14067.56� 32.02 Å2 to
14498.94 � 32.46 Å2. The highest being reported for complex1 and low
for the complex3.

To further explain the conformational stability, we also measured
structural variations, RMSD of protein in its ligand-binding pocket,
including all amino acids that fall within a radius of 5 Å from the ligand,
see in Fig. 5(A). Complex1 binding site RMSD fluctuates around 1 Å up to
100 ns after that deviation is increased by two-fold and fluctuating at
oms, (B) the root-mean-square fluctuations (RMSFs) of Cα atoms, (C) radius of
three complexes relative to their respective energy minimized structure.



Fig. 5. (A) Time evolution of root-mean-square deviations (RMSDs) of backbone atoms binding pocket, (B) 2D potential of mean force (PMF) of ligands molecules
concerning their heavy atoms RMSD, (C) center of mass (CoM) distance between domain I and ligand and (D) CoM distance between domain II and ligand of Mpro of
three complexes relative to their respective energy minimized structure.

Table 5
Energetic components of the binding free energy of Mpro and food complexes in
kcal/mol. Data are represented as average � SEM.

COMPONENTS COMPLEX1 COMPLEX2 COMPLEX3

ΔEVDW �45.9 � 0.1 �37.1 � 0.1 �40.9 � 0.1
ΔEELEC �48.7 � 0.3 �22.6 � 0.2 �18.6 � 0.2
ΔGPOL 67.6 � 0.2 38.7 � 0.1 33.8 � 0.1
ΔGNP �6.7 � 0 �5.1 � 0 �5.6 � 0
aΔGSOLV 60.9 � 0.2 33.6 � 0.1 28.2 � 0.1
bΔGPOL þ ELEC 18.9 � 0.4 16.1 � 0.2 15.2 � 0.2
cΔEINTERNAL �94.6 � 0.3 �59.7 � 0.2 �59.5 � 0.2
ΔGBIND

SIM �33.7 � 0.4 �26.1 � 0.2 �31.3 � 0.2

a ΔGsolv ¼ ΔGnp þ ΔGpol,
b ΔGpol þ elec ¼ ΔEelec þ ΔGpol,
c ΔEinternal ¼ ΔEvdW þ ΔEelec.
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~2.3 Å. In the case of complex2, initial 30 ns, we see some drifting in the
RMSD values, and after that up to 150 ns binding pocket residues fluc-
tuating around 1 Å. Finally, it reached an equilibrium stage at a slightly
higher RMSD value, i.e., 1.8 Å in the last 50 ns. For complex3, we see the
increasing pattern of RMSD value in the first 50 ns after that reached
stable equilibrium and fluctuating around 2 Å up to 200 ns. Overall, it
suggests that the binding of a food compound in the binding site of Mpro
stabilized the pocket conformation.

Furthermore, to determine the dynamics of the food compound
throughout the simulations, the potential of mean force (PMF) was
plotted w.r.t to RMSD of the food compound and shown in Fig. 5 (B).
Fig. 5(B) showed that the ligand1 in complex1 showed a single global
minimum at ~ 1.7 Å and exhibiting a very narrow peak and room tem-
perature accessible secondary minimum at ~2.1 Å, suggesting the sta-
bility of the inhibitor in the binding site of the complex1. Ligand2 in
complex2 also showed a single global minimum at ~2.2 Å and exhibiting
a very narrow peak. The other secondary minimum structure was ob-
tained at ~1.7 Å, but the energy barrier between these adjacent struc-
tures was high and found to be ~1.5 kcal/mol. Complex3 PMF profile
shows a broad peak at 4 Å, and the conformational sampling space is
wider relative to the other two complexes. Overall, the PMF profile of
ligand molecules suggests that the ligand2 in the binding site is more
flexible, reflecting on the binding affinity.

Finally, we monitored the CoM distance of food compounds and two
vital domains involved in ligand binding, domain I and domain II, shown
in Fig. 5 (C, D). In both cases, complex1 and complex2 maintain a stable
distance. Fig. 5(C) indicates that ligand2 is positively shifted toward
domain I, and ligand1 is 5 Å farther away from the domain I relative to
ligand2. Initially, ligand3 is much far away from the domain I, but within
50 ns–125 ns, distance decreases, and the entire last 75 ns, it is stable
around 18 Å. Similarly, ligand1 is shuffled toward domain II, and ligand
2 is 5 Å farther away from domain II than ligand1. Ligand3 shows a very
6

flexible distance from domain II compared to ligand1 and 2. This time
evolution of distances gives an important message to understand food
compound behavior inside the binding pocket of SARS-CoV-2 main
protease, Mpro.

3.2. Binding free energy analysis

To elucidate the binding mechanism of three food compounds to the
Mpro using MM-GBSA analysis, we have computed the total binding
energy and its various components contributing to the binding free en-
ergy (ΔGbind). The MM-GBSA based binding affinity calculations were
performed on the production simulation trajectories. The various com-
ponents include van der Waals interactions (ΔEvdW), electrostatic in-
teractions (ΔEelec), polar solvation free energy (ΔGpol), and non-polar
solvation free energy (ΔGnp), which are listed in Table 5 and shown in
Fig. 6. It is evident that in all cases, food compound-Mpro complexation is



Fig. 6. Energy components (kcal/mol) for binding food compounds to Mpro protein. ΔEvdW, van der Waals interaction; ΔEele, electrostatic interaction in the gas phase;
ΔGpol, polar solvation energy; ΔGpol, non-polar solvation energy, and ΔGbind, estimated binding affinity.

Fig. 7. Decomposition of the binding free energy into contributions from individual residues for Mpro complexed with food compound. (A) for complex1, (B) for
complex2 and (C) for complex3.
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favored by the van der Waal interactions (ΔEvdW) and electrostatic in-
teractions (ΔEele). The effects of solvent around the Mpro can also be
studied, and it depicts that non-polar solvation free energy (ΔGnp) favors
the complexation. In contrast, the polar solvation free energy (ΔGpol)
disfavor the complex formation.
7

It is evident from Table 5, the predicted binding free energies (ΔGbind)
are �33.7 � 0.4 kcal/mol, �26.1 � 0.2 kcal/mol, and �31.3 � 0.2 kcal/
mol for complex1, complex2, and complex3, respectively. It suggests that
the food compound, ligand1 (7), and ligand3 (85) binds strongly with the
Mpro in comparison to ligand2 (17). As shown in Table 5, that for all



Table 6
Decomposition of binding free energy into contributions from individual
residuesa.

Residue EvdW Eelec Gpol Gnp Gside_chain Gbackbone Gtotal

Complex1
Ser144 �0.7 �2.6 1.6 �0.1 �0.7 �1.1 �1.8
Gln189 �1.3 �2.1 2.0 �0.3 �1.0 �0.7 �1.7
Asn142 �1.9 �2.1 2.8 �0.3 �0.6 �0.9 �1.5
Pro168 �1.7 0.3 0.1 �0.1 �1.2 �0.2 �1.4
Cys145 �1.2 �0.2 0.2 �0.1 �0.7 �0.6 �1.3
Met165 �1.0 �0.2 0.1 �0.1 �0.6 �0.6 �1.2
Complex2
Thr25 �1.0 �2.8 0.7 �0.2 �3.1 �0.2 �3.3
Thr45 �1.5 �2.3 1.2 �0.1 �1.0 �1.7 �2.7
Met49 �1.9 0 0.4 �0.3 �1.7 �0.1 �1.8
His41 �2.4 �1.4 2.5 �0.4 �1.1 �0.6 �1.7
Ser46 �1.7 �0.3 1.0 �0.3 �0.6 �0.7 �1.3
Gln189 �1.5 �0.7 1.2 �0.2 �0.7 �0.5 �1.2
Cys44 �1.1 �1.1 1.3 �0.2 �0.5 �0.6 �1.1
Leu27 �0.9 �0.2 0.2 �0.1 �0.9 �0.1 �1.0
Complex3
Gln189 �2.1 �3.4 3.1 �0.4 �2.2 �0.6 �2.8
Gln192 �1.1 �2.1 1.6 �0.1 �1.4 �0.3 �1.7
Met165 �1.5 �0.3 0.5 �0.1 �1.3 �0.1 �1.4
Met49 �1.2 �0.1 0.2 �0.2 �1.1 �0.2 �1.3
Ala191 �1.2 �0.2 0.4 �0.2 �0.6 �0.6 �1.2
His41 �1.5 �0.4 1.0 �0.2 �0.8 �0.3 �1.1
Pro168 �0.8 �0.1 0.1 �0.2 �0.8 �0.2 �1.0

a Energetic contributions from the van der Waals (EvdW) and electrostatic in-
teractions (Eelec) as well as polar (Gpol) and non-polar solvation energy (Gnp) and
the total contribution of given residue (Gtotal) for SARS-CoV-2 Mpro-food com-
pound complexes are listed. Gside_chain and Gbackbone represent the side chain and
backbone contributions. Only residues with | ΔG | � 1.0 kcal/mol are shown. All
values are given in kcal/mol.

Table 7
Main hydrogen bond interactions formed by SARS-CoV-2 Mpro with food com-
pounds and the corresponding average distance and percentage of occupancy
determined using the trajectories of production simulations. Hydrogen bonds
with more than 10% occupancy are reported.

Acceptor Donor Avg. Distancea (Å) Occupancyb (%)

Complex1
Asn142@OD1 Lig@N1 2.85 22.17
Glu166@OE2 Lig@N3 2.85 20.62
Gln189@O Lig@O6 2.72 18.61
Lig@O2 Ser144@N 2.88 15.83
Lig@O2 His163@NE2 2.86 14.84
Glu166@OE2 Lig@N1 2.82 13.64
Glu166@OE1 Lig@N1 2.83 13.58
Ser46@O Lig@O6 2.74 12.90
Glu166@OE1 Lig@N3 2.85 12.86
Complex2
Thr25@OG1 Lig@O12 2.73 68.60
Thr45@O Lig@O7 2.77 30.35
Thr24@OG1 Lig@O11 2.91 18.83
His41@O Lig@O7 2.77 16.33
Gln189@OE1 Lig@O2 2.77 15.24
Thr24@OG1 Lig@O12 2.96 13.65
Lig@O4 Asn142@ND2 2.91 11.25
Lig@O12 Thr24@OG1 2.80 10.21
Complex3
Gln192@O Lig@N3 2.85 17.45
Cys44@O Lig@N3 2.92 16.56
Lig@N2 Gln192@NE2 2.93 15.10
Lig@O2 Gln189@NE2 2.85 14.68
Cys44@O Lig@N2 2.89 12.41
Met165@HG3 Lig@N2 2.78 10.11
His41@O Lig@O1 2.79 10.03

a The hydrogen bonds are determined by the acceptor … donor distance of
�3.5 Å and acceptor … H-donor angle of �120�.

b Occupancy (to evaluate the stability and strength of the hydrogen bonds) is
defined as the percentage of simulation time that a specific hydrogen bond exists,
the hydrogen bonds occurring less than 10% of simulations are not shown.

Fig. 8. Time evolution of the number of hydrogen bonds between three food
compounds and SARS-CoV-2 Mpro with respect to their initial conformations.
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complexes, van der Waals (ΔEvdW) varies between �37.1 � 0.1 kcal/mol
and �45.9 � 0.1 kcal/mol, while in electrostatic interactions, ΔEelec
ranges from �18.6 � 0.2 to �48.7 � 0.3 kcal/mol. The van der Waal
interactions favor the most in complex2 and complex3 compared to the
electrostatic interactions but in complex1 electrostatic interaction is
higher than van der Waals. Furthermore, for all cases, the electrostatic
interaction components, ΔEelec, are over-compensated by the polar des-
olvation energy, ΔGpol, suggesting that the total polar (ΔGpol þ elec)
components are unfavorable to the food compound binding toward Mpro.
It is evident from Table 5 that the energy of ΔEele and ΔEvdW for the
complex2 was less favorable than complex1 as found to be �22.6 � 0.2
kcal/mol and �37.1 � 0.1 kcal/mol, respectively. So, the affinity of the
three food compounds increases in the following order: ligand2 (17) <
ligand3 (85) < ligand1 (7). Our results revealed that ligand1 (7) binds
most strongly to Mpro due to the higher value of total internal molecular
mechanics energy; ΔEinternal is more favorable to the binding than the
other two food compounds.

To further explore the critical residues involved in the food com-
pounds' binding mechanism to SARS-CoV-2 main protease, we computed
the per-residue decomposition of free energy using the MM-GBSA [56]
method. The approach of per-residue based contributions is useful to
determine the binding mechanisms at a residual atomistic level. The
different energy contributions from each residue's backbone and
side-chain are shown in Fig. 7 and listed in Table 6. Here all the reported
interacting residues energy contribution is �1.0 kcal/mol or higher.

It is evident from Table 6 that the number of highly favorable residues
in the food compound binding is more or less the same. As shown in
Fig. 7(A), we observed that residues involved in binding ligand1 (7) are
Ser144, Gln189, Asn142, Pro168, Cys145, and Met165. All these resi-
dues are located in domain II and form intense contact with ligand1. In
Fig. 6(B), we found that residues Thr25, Thr45, Met49, His41, Ser46,
Gln189, Cys44, and Leu27 are the most energy contributing amino acids
to the binding of ligand2 (17). Most of these residues are located in
domain I and make close contact with ligand2. Similarly, Table 6 and
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Fig. 6(C) suggested that ligand3 (85) and Mpro high energy contribution
residues are Gln189. Gln192, Met165, Met49, Ala191, His41, and
Pro168. These residues are mainly from domain I and domain II region. It
can further be observed from Table 6 that the highest contributing res-
idue ser144 and Gln189 from domain II for the case of ligand 1 (7) and
ligand 3 (85). Overall, the identification of hotspot residues from our
observation can facilitate the design of a new generation and highly se-
lective inhibitor against SARS-CoV-2 Mpro.
3.3. Hydrogen bonding and hydrophobic interactions analysis

We performed production trajectory-based hydrogen bonds analysis
for three food compound complexes to complement the binding free



Fig. 9. The Mpro-food compound interactions profile for (A) complex1, (C) complex2, and (E) complex3. The food compounds are shown in balls and sticks. Hydrogen
bonds are depicted in green dotted lines, and red semicircles and dotted lines are involved in hydrophobic interactions. Each interacting residual position in the
binding pocket is shown in the right panel for (B) complex1, (D) complex2, and (F) complex3. The blue color residues are involved in hydrophobic interactions, and
green color residues are involved in hydrogen bond formations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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energy analysis, and more 10% occupancy hydrogen bonds are reported
in Table 7. The time evolution of hydrogen bonds for three complexes are
also shown in Fig. 8. As suggested by Fig. 8, we observed that complex1
has a relatively more significant number of total numbers of hydrogen
bonds than the other two complexes. Furthermore, complex3 hydrogen
bond time spectra have high dynamics. In complex1, critical residues
involved in the hydrogen bonding are Asn142, Glu166, Gln189, Ser144,
and Ser46. We found two stable hydrogens with more than 20% occu-
pancy between ligand1 (7) and Mpro (Asn142@OD1-Lig@N1 and
Glu166@OE2-Lig@N3) see in Table 7.

In the case of complex2, both Thr25 and Thr45 formed a hydrogen
bond with ligand2 (17) with an occupancy of 68.60% (Thr25@OG1-
Lig@O12) and 30.35% (Thr45@O-Lig@O7), respectively. Thr24, His41,
Gln189, and Asn142 also formed hydrogen bonds with ligand2 (17)
during our simulations with an occupancy range from 10% to 18%.
Finally, in complex3, the hydrogen bonds' residues are Gln192, Cys44,
Gln189, Met165, and His41. Both Gln192 and Cys44 form two hydrogen
bonds with ligand3 (85) with an occupancy range of 12.41%–17.45%. On
the other hand, His41 and Met165 form hydrogen bonds with an occu-
pancy of ~10%, Met165@HG3-Lig@N2, and His41@O-Lig@O1,
respectively.

Finally, we supplemented the above results by analyzing the final
production simulation conformation with LigPlot þ software for each
complex. The interacting residues, both hydrophobic and hydrogen, are
shown in Fig. 9, and side by side, its corresponding position in the protein
structure is also shown in the right panel. Hydrogen bonds are depicted in
green dotted lines, and red semicircles and dotted lines are involved in
hydrophobic interactions. For complex1, Fig. 9(A and B) displayed, 13
hydrophobic interactions with His41, His164, His163, Gln189, Met165,
Leu167, Pro168, His172, Ser139, Phe140, Leu141, Asn142 and Cys145
(blue color residues in Fig. 9(B)). Moreover, we also found four stable
hydrogen bonds in the final conformation, shown in green color in
Fig. 9(B). This large number of hydrophobic and hydrogen bonds in-
teractions account for the high stability and good binding affinity of
ligand1 (7) to SARS-CoV-2 Mpro. Ligand2 (17) formed hydrophobic in-
teractions with Ser46, Cys44, His41, Asp187, Cys145, Gln189, and
Met49 and hydrogen bonds with Thr24, Thr25 and Thr45, (see in
Figure (C, D)). Finally, Figure (E, F) shows that complex3 formed hy-
drophobic interactions with Thr45, Ser46, Met49, His41, Arg188,
Ala191, Leu167, Met165, His164 and Glu166 and four hydrogen bonds
with Gln189, Thr190, Gln192, and Cys44. Overall, ligand1(7) and
ligand3 (85) have a higher binding affinity against Mpro compared to
ligand2 (17) due to a larger number of hydrophobic and hydrogen bonds
interactions.

4. Conclusion

In conclusion, for the first time, a food database has been used in
unique way to identify hits for COVID-19. The present docking studies
along with robust support from molecular dynamics simulations indi-
cated that two derivatives of spermidine exhibited high potential for
binding to the active site of COVID-19 Mpro. The key structural features
for the inhibition of COVID-19 main protease of N1,N10-dicoumaroyl
spermidine are: nitrogen atom from amine group and phenolic hydrox-
yl groups. Study has revealed that spermidines, as food constituents, are
interesting target for the development of a drug or natural healing of
COVID-19 disease.
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