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Targeting SARS-CoV-2 main protease (Mpro) and human ACE-2: A virtual
screening of carotenoids and polyphenols from tomato (Solanum
lycopersicum L.) to combat Covid-19

Parvej Ahmad a,1, Sahir Sultan Alvi a,b,1,*, Inamul Hasan a, M. Salman Khan a

a Integral Information & Research Center (IIRC-5), Clinical Biochemistry & Natural Product Research Lab, Department of Biosciences, Integral University, Lucknow,
226026, U.P., India
b Department of Immunology and Microbiology, South Texas Center of Excellence in Cancer Research, School of Medicine, University of Texas Rio Grande Valley, McAllen,
78504, Texas (TX), USA

H I G H L I G H T S G R A P H I C A L A B S T R A C T

� Human ACE-2 and SARS-CoV-2 Mpro

facilitate viral invasion and replication.
� Antiviral efficacy of carotenoids and
polyphenols from S. lycopersicum was
studied.

� β-carotene and cyanidin are the best in-
hibitors of SARS-CoV-2 Mpro activity.

� α-carotene and cyanidin exhibited best
ACE-2 inhibitory potential.

� RMSD, RMSF, SASA and Rg also vali-
dated the stable binding of ligand–target
complex.

A R T I C L E I N F O

Keywords:
SARS-CoV-2
Main protease (Mpro)
ACE-2

A B S T R A C T

Background: Human angiotensin-converting enzyme-2 (ACE-2) and severe acute respiratory syndrome corona
virus-2 (SARS-CoV-2) main protease (Mpro) have been established as the prime targets to restrict viral invasion
and replication inside the host, respectively.
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Carotenoids & polyphenols
Solanum lycopersicum L.
Covid-19
Hypertension

Methods: The current study delineated the SARS-CoV-2 Mpro as well as human ACE-2 inhibitory potential of ca-
rotenoids and polyphenols from tomato (Solanum lycopersicum L.) via in-silico interaction studies.
Results: Our drug-likeness studies showed that the selected carotenoids and polyphenols exhibited acceptable
Lipinski’s score and ADME determinants. Further, in-silico molecular modelling studies revealed that β-carotene,
among other carotenoids, topped the binding score (ΔG: �6.75 kcal/mol; Ki: 11.32 μM) against SARS-CoV-2 Mpro,
whereas, cyanidin was the best inhibitor of SARS-CoV-2 Mpro (�7.24 kcal/mol; Ki: 4.92 μM) amongst poly-
phenols. Similarly, α-carotene from carotenoids exhibited strongest human ACE-2 inhibitory activity (ΔG: �8.85
kcal/mol; Ki: 326.13 μM), whereas, cyanidin from polyphenols showed best binding affinity against human ACE-2
(ΔG: �7.24 kcal/mol; Ki: 4.89 μM). In contrast, 6-(ethylamino)-pyridine-3-carbonitrile, standard inhibitor of
SARS-CoV-2 Mpro, exhibited comparatively weaker binding (ΔG: �4.78 kcal/mol; Ki: 267.49 μM), whereas, tel-
misartan (reference ACE-2 inhibitor) also exhibited lesser affinity (ΔG: �6.40 kcal/mol; Ki: 20.40 μM). Further
exploration via MDS studies also validated the dynamic behavior and stability of protein-ligand complexes as
evident by desirable RMSD, RMSF, Rg, and SASA.
Conclusion: The current study established carotenoids and polyphenols from S. lycopersicum L. as finer substitutes
of reference standards against SARS-CoV-2 Mpro and human ACE-2 activity in combating SARS-CoV-2 infection.

1. Introduction

Over 4 years ago (in 2019), a novel coronavirus was recognized in
China as a causative agent of unusual pneumonia with severe acute
respiratory syndrome (SARS) and entitled novel SARS-CoV-2 while the
respective disease was termed COVID-19. This newly emerged disease
was later declared as serious global pandemic.1,2 The RNA sequencing
analysis of virus isolates from patients with unknown etiology depicted
that the newly identified β-coronavirus had never been encountered
before.1 The novel SARS-CoV-2 constitutes ~80 % conserved genome
with SARS-CoV, identified in 2002, and around 50 % with Middle East
respiratory syndrome coronavirus (MERS-CoV) that was firstly identified
in 2012.3 Covid-19 has been regarded as the third internationally
recognized pandemic of the twenty first century that is associated with
coronaviruses in succession to SARS and MERS. The genomic organiza-
tion of novel SARS-CoV-2 constitutes 14 open reading frames (ORFs) that
can further be divided into two major classes i.e., ORF1 (comprises of
ORF1a and ORF1ab) and ORF2-14. The translation of ORF1a and
ORF1ab produces polyproteins pp1a and pp1ab which are further pro-
cessed by the viral proteases to give 16 non-structural proteins
(NSP1-NSP16). On the other hand, ORF2-14 encode four structural
proteins namely spike (S), envelope (E), membrane (M), and nucleo-
capsid (N). Moreover, 7 other ORFs related to accessory proteins were
flanked by the above mentioned structural genes.4 The majority of the
proteins identified in SARS-CoV-2 share their structural features with the
ones reported in the pathogenic SARS-CoV.3

Like other coronaviruses, the receptor binding domains (RBDs) of the
spike glycoproteins (S) of SARS-CoV-2 are the key mediators which
facilitate the angiotensin-converting enzyme-2 (ACE-2)-dependent in-
vasion, the primary step of the infection process, and subsequent viru-
lence of the viral particles into the host.5,6 Therefore, the inhibition of the
human ACE-2 has been established as the key strategies to combat the
virulence of SARS-CoV-2.7,8

The most extensively exploited strategy to combat the virus replica-
tion is to consider essential proteins of the virus as potential inhibitory
targets. The life cycle and virulence of the SARS-CoV-2 is attributed to the
viral main protease (Mpro); the protein responsible for expression of viral
genome.9 The Mpro is also reckoned as 3CLpro and Nsp5. It leads to the
cleavage of the viral polyproteins into smaller counterparts together with
both N- and C-terminal auto-processing sites.10,11 Therefore, therapeutic
blockage of SARS-CoV-2 Mpro so far has been considered the major
therapeutic mechanisms and implied by distinct researchers across the
globe to combat Covid-19.10,12,13

The SARS-CoV-2-triggered virulence results in disintegration of lung
epithelium and co-stimulation of inflammatory responses which ulti-
mately leads to the recruitment of immunological modulators at the site
of injury and an altered and excessive immunological response ends up in
serious pathologies of the lungs.14,15 The SARS-CoV-2-mediated inflam-
matory response up-regulates the expression of various cytokines

particularly, interleukin (IL)-1, IL-6, monocyte chemotactic protein-1
(MCP-1), and interferon-γ (IFN-γ), and such cytokine storm facilitates
the accumulation of lymphocytes into the airway epithelium.14,16,17

Considering the role of inflammation in the severity of SARS-CoV-2
infection, it would be of great importance to infer anti-inflammatory
agents to cope with this deadly infection.

Owing to the adverse effects associated with synthetic drugs, the lead
therapeutic agents from natural sources have been extensively studied for
the treatment of distinct pathophysiological conditions i.e., cardiovas-
cular complications, diabetes, cancer, aging/neurological disorders, and
inflammatory problems.18–26Similarly, Solanum lycopersicum L.,
commonly known as tomato, is one of the dietary supplements that are
most popular and extensively consumed in the world. Numerous phar-
macological studies have established the beneficial effects of direct or
indirect intake of tomatoes and tomato-based foodstuffs against a num-
ber of sicknesses.27–29 Most importantly, the potent therapeutic effects of
S. lycopersicum L. has been attributed to the presence of significant con-
tent of various carotenoids (i.e., lycopene, α-carotene, carotene, lutein,
and phytofluene etc.) and polyphenols (i.e., cyanidin, myricetin, del-
phinidin, quercetin, and caffeic acid etc.).30–32

However, we could not find any report demonstrating the protective
role of the carotenoids and polyphenols from S. lycopersicum L. in
combating SARS-CoV-2 infection via targeting viral Mpro and host ACE-2
activity. Therefore, considering the daily dietary consumption of tomato
and its products with high antioxidant and anti-inflammatory properties,
the current study was premeditated to test that whether the carotenoids
and polyphenols from S. lycopersicum L. could be beneficial against the

Table 1
List of selected twenty-seven secondary metabolites from S. lycopersicum L.

S.N. Compound
name

PubChem ID
(CID)

S.N. Compound
name

PubChem ID
(CID)

Carotenoids Polyphenols

1. Lycopene 446925 14. Naringenin
chalcone

5280960

2. Phytoene 5280784 15. Rutin 5280805
3. Phytofluene 6436722 16. Quercetin 5280343
4. β-carotene 5280489 17. Chlorogenic

acid
1794427

5. γ-carotene 5280791 18. Caffeic acid 689043
6. Delta-carotene 5281230 19. Naringenin 932
7. Lutein 5281243 20. Keamferol-3-

rutinoside
122173234

8. Neurosporene 5280789 21. p-coumaric
acid

637542

9. α-carotene 4369188 22. Ferulic acid 445858
10. Neoxanthin 5281247 23. Kaempferol 5280863
11. Violaxanthin 448438 24. Myricetin 5281672
12. Antheraxanthin 5281223 25. Cyanidin 128861
13. Zeaxanthin 5280899 26. Pelargonidin 440832

27. Delphinidin 128853
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infection and virulence of SARS-CoV-2 via targeting human ACE-2-
mediated invasion of viral particles and viral Mpro activities.

2. Methodology

2.1. Selection of carotenoids and polyphenols from Solanum lycopersicum
L. as ligands

A set of twenty seven secondary metabolites (carotenoids & poly-
phenols) with antiviral potential from Solanum lycopersicum L. were
selected through literature search30 and summarized in Table 1.

2.2. Retrieval and processing of ligands 3D structures

The carotenoids & polyphenols were retrieved in.sdf files from Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/). 6-(ethylamino)
pyridine-3-carbonitrile (EPC) and telmisartan were used as reference
standards against SARS-CoV-2 Mpro and human ACE-2 crystal structures,
respectively. Interested ligands (3D-SDF files) were converted into PDB
format before subjecting them to AutoDock 4.0. Further processing i.e.,
application of Char MM force field and energy minimization was done
according to the standard procedures in Discovery studio.33

2.3. ADME and drug likeness studies of selected ligands

The selected carotenoids and polyphenols were screened for detailed
analysis of physicochemical descriptors, drug likeness, and
pharmacokinetics-associated variable i.e., absorption, distribution,
metabolism, and excretion (ADME) by using web-based tool as described
previously34 (http://www.swissadme.ch).

2.4. Analysis of toxicity of carotenoids and polyphenols from S.
lycopersicum L

Following the ADME studies, the selected carotenoids and poly-
phenols were analyzed for the toxicity indices using ProTox-II.34

2.5. Retrieval and preparation of the SARS-CoV-2 Mpro and human ACE-2

The SARS-CoV-2 Mpro and human ACE-2 were retrieved from PDB
using PDB IDs: 6Y84 and 1R42, respectively. The resolutions of these
retrieved crystal structures were 1.39 Å and 2.20 Å, respectively,
whereas, these structures were processed according to the standard
protocol along with the prediction of active sites of both target proteins
using DEEPSITE (https://www.playmolecule.com/).31,35

2.6. Molecular docking of carotenoids and polyphenols against SARS-CoV-
2 Mpro and ACE-2

The grid dimensions for SARS-CoV-2 Mpro were 60 x 60 x 60 points
with a grid spacing of 0.536 Å and grid center dimensions of 13.405,
�1.7, and�2.1, respectively. Further, grid magnitudes of ACE-2 were 60
x 60 x 60 points having a grid spacing of 0.664 Å and grid center of
71.127, 68.18, and 31.8, respectively. The docking was done using
Autodock 4.2 and the findings were obtained using Discovery Studio
visualizer version 2020.36,37

2.7. Molecular dynamics simulation

To further explore the dynamic behavior of ligand–protein com-
plexes, the best predicted hits (cyanidin, α-carotene, and telmisartan as a

Table 2
Chemical properties of selected natural carotenoids and polyphenols from S. lycopersicum L.

S.N. Compound name PubChem ID (CID) Log P TPSA (Å2) M. Wt. HBA HBD LPV RT

Carotenoids

1. Lycopene 446925 8.53 15.56 536.87 0 0 2 16
2. Phytoene 5280784 8.81 15.34 544.94 0 0 2 20
3. Phytofluene 6436722 8.82 15.4 542.92 0 0 2 19
4. β-carotene 5280489 7.79 13.54 536.87 0 0 2 10
5. γ-carotene 5280791 8.3 14.52 536.87 0 0 2 13
6. Delta-carotene 5281230 8.24 14.63 536.87 0 0 2 13
7. Lutein 5281243 7.15 11.01 568.87 2 2 2 10
8. Neurosporene 5280789 8.69 15.5 538.89 0 0 2 17
9. α-carotene 4369188 7.83 13.65 536.87 0 0 2 10
10. Neoxanthin 5281247 6.62 8.74 600.87 4 3 2 9
11. Violaxanthin 448438 7.22 9.76 600.87 4 2 2 10
12. Antheraxanthin 5281223 7.10 52.99 584.87 3 2 2 10
13. Zeaxanthin 5280899 7.26 10.91 568.87 2 2 2 10

Polyphenols

14. Naringenin chalcone 5280960 1.03 2.82 272.25 5 4 0 3
15. Rutin 5280805 2.43 �0.33 610.52 16 10 3 6
16. Quercetin 5280343 1.63 1.54 302.24 7 5 0 1
17. Chlorogenic acid 1794427 0.96 �0.42 354.31 9 6 1 5
18. Caffeic acid 689043 0.97 1.15 180.16 4 3 0 2
19. Naringenin 932 1.75 2.52 272.25 5 3 0 1
20. Keamferol-3-rutinoside 122173234 2.79 0.02 594.52 15 9 3 6
21. p-coumaric acid 637542 0.95 1.46 164.16 3 2 0 2
22. Ferulic acid 445858 1.62 1.51 194.18 4 2 0 3
23. Kaempferol 5280863 1.7 1.9 286.24 6 4 0 1
24. Myricetin 5281672 1.08 1.18 318.24 8 6 1 1
25. Cyanidin 128861 �2.59 1.94 287.24 6 5 0 1
26. Pelargonidin 440832 �2.29 1.13 271.24 5 4 0 1
27. Delphinidin 128853 �3.1 1.58 303.24 7 6 1 1
28. aEPC 24701445 1.61 48.71 147.18 2 1 0 2
29. b Telmisartan 56999 3.88 72.94 514.62 4 1 2 7

a Represents the reference standard antagonist of SARS-CoV-2 Mpro activity.
b Represents the reference standard antagonist of human ACE-2 activity. HBD: Hydrogen bond doner; HBA: Hydrogen bond acceptors; RT: Rotatable bonds; LPV:

Lipinski Violation; EPC: 6-(ethylamino)pyridine-3-carbonitrile.
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Table 3
Interacting pattern of various carotenoids and polyphenols from S. lycopersicum
L. against the crystal structure of SARS-CoV-2 Mpro (PDB ID: 6Y84).

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
SARS-CoV-2 Mpro

Carotenoids

1. β-carotene �6.75 11.32 μM Phe103, Val104,
Arg105, Ile106,
Gln110, Asn151,
Ile152, Asp153, Ile249,
Phe294

2. α-carotene �6.45 18.65 μM Gln107, Pro108,
Gln110, Asn151,
Ile152, Asp153,
Tyr154, Glu240,
His246, Phe294,
Arg298, Val303,
Thr304

3. Lutein �6.14 31.76 μM Pro009, Phe008,
Arg105, Gln107,
Gln110, Asn151,
Ile152, Asp153,
Tyr154, Arg298,
Val303, Thr304

4. Delta-carotene �6.01 39.49 μM Pro108, Lys109,
Gln110, Ile200, Val202,
Asn203, Glu240,
Pro241, Asp245,
His246, Asp248, Ile249,
Pro293, Phe294

5. Violaxanthin �5.54 87.29 μM Lys102, Val104, Ile106,
Gln107, Gln 110,
Asn151, Asp153,
Asp155, Cys156,
Ser158, Ile249, Phe294

6. Neoxanthin �5.50 93.58 μM Lys102, Val104, Ile106,
Gln110, Thr111,
Asn151, Ile152,
Asp153, Pro252,
Phe294, Val297,
Arg298

7. γ-carotene �5.30 129.31 μM Lys100, Lys102,
Val104, Ile106, Gln107,
Pro108, Gly109,
Gln110, Pro132,
Asp153, Tyr154,
Asp155, Cys156,
Ile200, Thr201, Val202,
Glu240, His246

8. Zeaxanthin �4.76 322.48 μM Lys102, Val104, Ile106,
Gln110, Thr111,
Asn151, Asp153,
Phe294, Val297,
Arg298

9. Phytofluene �4.29 718.37 μM Lys102, Phe103,
Val104, Arg105, Ile106,
Gln107, Gln110,
Asn151, Ser158,
Phe294, Val297,
Arg298

10. Antheraxanthin �4.29 711.98 μM Val104, Arg105, Ile106,
Gln107, Gln110,
Ile152, Asp153, Ser158,
Phe294, Arg298,

11. Neurosporene �3.66 2.06 mM Pro108, Gln110,
Val202, Thr204,
Glu240, Pro241,
His246 Ile249, Phe294,
Val297, Arg298

12. Lycopene �3.56 2.46 mM Val104, Arg105, Ile106,
Gln107, Gln110,
Asn151, Ile152,
Asp153, Asp248,
Ile249, Phe294, Arg298

13. Phytoene �3.31 3.77 mM

Table 3 (continued )

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
SARS-CoV-2 Mpro

Val104, Ile106, Asn151,
Ile152, Asp153, Ser158,
Ile249, Phe294

Polyphenols

14. Cyanidin �7.24 4.92 μM Met006, Ala007,
Phe008, Pro009,
Gln127, Asp295,
Arg298, Gln299,
Val301, Gly302,
Thr304

15. Myricetin �7.06 6.73 μM Met006, Ala007,
Phe008, Pro009,
Gln127, Asp295,
Gln299, Arg298,
Gly302, Val303,
Thr304,

16. Delphinidin �6.97 7.82 μM Met006, Ala007,
Pro009, Gln127,
Asp295, Val296,
Arg298, Gln299,
Gly302, Val303,
Thr304

17. Pelargonidin �6.96 7.86 μM Met006, Phe008,
Pro009, Gln127,
Asp295, Gln299,
Arg298, Gly302,
Val303, Thr304

18. Quercetin �6.95 8.05 μM Met006, Ala007,
Phe008, Pro009,
Gln127, Asp295,
Arg298, Gln299,
Gly302, Val303,
Thr304,

19. Kaempferol �6.86 9.29 μM Met006, Ala007,
Phe008, Pro009,
Gln127, Ile152, Tyr154,
Asp295, Arg298,
Gln299, Val303,
Thr304,

20. Rutin �6.65 13.35 μM Phe008, Lys102,
Val104, Arg105, Ile106,
Gln107, Gln110,
Asn151, Ile152,
Asp153, Ser158,
Arg298,

21. Naringenin �6.60 14.55 μM Met006, Ala007,
Phe008, Pro009,
Ile152, Tyr154,
Phe291, Asp295,
Gln299 Arg298,
Val303, Thr304

22. Chlorogenic acid �6.22 27.78 μM Lys102, Asn151, Ile152
Asp153, Ser158,
Phe294, Val297,
Arg298, Val303

23. Keamferol-3-
rutinoside

�5.95 43.29 μM Phe008, Lys102,
Asn151, Ile152,
Asp153, Cys156,
Ser158, Phe294,
Arg298

24. Naringenin
chalcone

�5.27 137.07 μM Met006, Phe008,
Pro009, Gln127,
Glu290, Phe291,
Asp295, Arg298,
Gln299, Gly302,
Val303, Thr304,

25. Caffeic acid �4.38 619.50 μM Arg105, Gln107,
Ile106, Gln110,
Thr111, Asn151,
Thr292, Asp295,
Arg298

26. Ferulic acid �4.23 787.54 μM

(continued on next page)
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positive control) with respect to 1R42 and (cyanidin, β-carotene and
EPC) in respect to 6Y84 were selected to perform 50,000 ps all-atoms
molecular dynamics simulation using GROningen MAchine for Chemi-
cal Simulations (GROMACS) package version 5.1.4.37,38 To generate the
molecular topology files for protein complex, we used CHARMM36 force
field parameters, whereas, to create the topology of ligands, the
CHARMM General Force Field (CGenFF) program server was used. The

simulation system consists of TIP3P solvent model, dodecahedron box
with the minimal distance of 1 nm between protein surface and edge of
the box neutralized with the inclusion of Na þ counter ions. For the
energy minimization, the steepest descent algorithm was used for 50,000
steps with a cut-off value of 1000 kJ mol �1. Bond lengths (all covalent
bonds including Hydrogen atoms) were constrained using the Linear
Constraint Solver (LINCS) algorithm. Equilibration phases were carried
out for 100 ps NVT (constant number of particles, volume, and temper-
ature) followed by 100 ps NPT (constant number of particles, pressure,
and temperature) run. Temperature coupling was performed using a
V-rescale thermostat, (a modified Berendsen-thermostat), for immersion
at 300 K with a time constant of 0.1 ps, and pressure coupling was
completed with a Parrinello-Rahman using a time constant of 2.0 ps.

The Verlet cut-off scheme was used for the non-bonded interactions
(Lennard-Jones and Coulomb potentials) with a cut-off of 10 Å (1 nm).
Particle-Mesh-Ewald (PME) algorithm was used for long-range electro-
static interactions with fourth-order cubic interpolation and 1.6 Å grid
spacing. Production MD simulation was carried out for 10 ns.37 The
trajectory files for root-mean-square deviation (RMSD), root mean square
fluctuation (RMSF), the radius of gyration (Rg), and solvent accessible
surface area (SASA) were obtained using GROMACS with build-in tra-
jectory tools (GROMACS files) and to quantify the strength of the mo-
lecular interaction between ligand-protein, non-bonded interaction
energy was computed through Leonard–Jones and Columbic Interaction
calculation in GROMACS. QtGrace program was used to plot data and
analyze the simulation data.38

Table 3 (continued )

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
SARS-CoV-2 Mpro

Met006, Phe008,
Pro009, Ile152,
Asp153, Tyr154,
Arg298, Val303,
Thr304

27. p-coumaric acid �4.04 1.09 mM Phe008, Pro009,
Ile152, Asp153,
Tyr154, Arg298,
Val303, Thr304

28. aEPC �4.78 267.49 μM Lys005, Met006,
Phe008, Gln127,
Glu290, Phe291,
Asp295, Arg298,
Gln299, Val303

a Represents the reference standard antagonist of SARS-CoV-2 Mpro activity;
EPC: 6-(ethylamino)pyridine-3-carbonitrile.

Fig. 1. In-silico binding patterns of carotenoids against SARS-CoV-2 Mpro (PDB ID: 6Y84) (A) Interactions of β-carotene and α-carotene are represented within the
active pocket of SARS-CoV-2 Mpro (represented as surface structure) (B) 2D interactive poses (represented as ball and stick models) showing interaction with the amino
acid residues of SARS-CoV-2 Mpro.
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3. Results and discussion

3.1. Drug-like properties of carotenoids and polyphenols from
S. lycopersicum L

The drug-discovery program constitutes the evaluation of a series of
factors to identify the drug-likeness of chemical libraries. In this regard,
distinct computer-aided strategies i.e., Lipinski's rule of five are being

implied.39,40 Similarly, in the current study, we opted AI-based strategies
to predict the drug-likeness of selected carotenoids as well as polyphenols
from S. lycopersicum L. The Lipinski’s Rule of Five includes molecular
weight (M.W.�500 Da), H-bond donors (HBD�5), H-bond acceptors
(HBA�10) and octanol–water partition coefficient (LogP�5). Our
drug-likeness analysis portrayed that selected carotenoids and poly-
phenols fall under the acceptable scores of Lipinski’s rules of five with a
few exceptions. Particularly, the chemical structure of rutin exhibited 16

Fig. 2. In-silico binding patterns of polyphenols against SARS-CoV-2 Mpro (A) Interactions of cyanidin and myricetin are represented within the active pocket of SARS-
CoV-2 Mpro. (B) 2D interactive poses showing their interaction with the amino acid residues of active pocket of SARS-CoV-2 Mpro.

Fig. 3. In-silico binding patterns of EPC against the SARS-CoV-2 Mpro (A) Interaction of EPC is represented within the active pocket of SARS-CoV-2 Mpro. (B) 2D
interactive pose of EPC showing its interaction with the amino acid residues of active pocket of SARS-CoV-2 Mpro.

P. Ahmad et al. Intelligent Pharmacy xxx (xxxx) xxx

6



Table 4
Interacting pattern of various carotenoids and polyphenols from S. lycopersicum
L. against the crystal structure of human ACE-2 (PDB ID: 1R42).

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
human ACE-2

Carotenoids

1. α-carotene �8.85 326.13 nM Asp67, Ser70, Ala71,
Leu73, Lys74, Leu95,
Gln98, Ala99, Leu100,
Gln102, Asp206,
Leu391, Lys562

2. γ-carotene �8.61 490.01 nM Leu95, Gln98, Gln102,
Ser105, Asn117,
Leu120, Asn121,
Ser124, Lys187,
Tyr196, Tyr202,
Gly205, Asp206,
Glu208, Val209,
Ala396, Ser507,
Asn508, Asp509,
Lys562, Glu564,
Pro565, Trp566,

3. β-carotene �7.79 1.95 μM Phe32, Phe40, Ser43,
Gly66, Trp69, Ser70,
Leu73, Ala99, Trp349,
Asp350, Phe390,
Leu391, Arg393

4. Lutein �7.49 3.21 μM Phe40, Leu85, Gln98,
Ala99, Gln102, Asn194,
His195, Tyr196,
Asp350, Asp382,
Tyr385, Phe390,
Leu391, Arg393,
Asn394,

5. Violaxanthin �7.48 3.48 μM Ala99, Leu73, Leu95,
Gln98, Leu100, Gly205,
Asp206, Ala348,
Trp349, Asp350,
Asp382, Phe390,
Leu391, Arg393,
Asn394, His401,
Lys562

6. Neoxanthin �6.47 19.63 μM Phe40, Ser44, Ser47,
Gly66, Trp69, Ser70,
Ala348, Trp349,
His378, Asp382,
Leu391, Phe390,
Arg393 Asn394,
His401,

7. Lycopene �5.76 59.62 μM Phe40, Ser44, Leu73,
Lys74, Ala99, Leu100,
Ala348, Trp349,
Asp350, Asp382,
Phe390, Leu391,
Asn394,

8. Phytoene �5.43 104.43 μM Phe40, Ala99, Gly205,
Asp206, Glu208,
Val209, Thr347,
Ala348, Asp350,
Glu375, His378,
Asp382, Phe390,
Leu391, Arg393,
Asn394, Ala396,
His401, Lys562,
Pro565, Trp566,

9. Neurosporene �5.27 136.18 μM Ser44, Ser70, Leu73,
Lys74, Ser77, Ala99,
Leu100, Glu110,
Phe390, Leu391,
Arg393, Asn394,

10. Zeaxanthin �4.99 219.60 μM Trp69, Leu73, Ser77,
Ala99, Leu100, Gln102,
Asn103, Gly104,
Ser105, Tyr202,
Gly205, Phe390,
Leu391, Lys562

Table 4 (continued )

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
human ACE-2

11. Delta-carotene �4.70 357.08 μM Phe40, Ser47, Asn51,
Met62, Thr347, Ala348,
Trp349, Asp350,
Asp382, Phe390,
Arg393,

12. Antheraxanthin �4.49 511.45 μM Trp69, Asn117, Leu120,
Asn121, Ser124,
Tyr202, Phe390,
Leu391, Arg393,
Asn394, Asn508,
Asp509

13. Phytofluene �3.51 2.66 mM Trp69, Leu73, Ala99,
Asp206, Glu375,
His378, Phe390,
Leu391, Asn394,
Gly395, Asn397,
Glu398, His401,
Glu402, Arg514,

Polyphenols

14. Cyanidin �7.24 4.89 μM Leu91, Leu95, Asp206,
Tyr207, Glu208,
Val209, Asn210,
Gly211, Val212,
Ala395, Asn397,
Lys562, Ser563,
Glu564, Pro565,
Trp566

15. Kaempferol �6.61 14.23 μM Gln102, Tyr196,
Tyr199, Tyr202,
Trp203, Gly205,
Asp206, Glu398,
Asp509, Tyr510,
Ser511, Arg514,

16. Naringenin �6.46 18.46 μM Gln102, Tyr196,
Tyr199, Tyr202,
Trp203, Gly205,
Asp206, Glu398,
Asp509, Tyr510,
Ser511, Arg514

17. Chlorogenic acid �6.44 19.23 μM Phe40, Trp349,
Asp350, Asp382,
Tyr385, Phe390,
Leu391, Arg393,
Asn394, Lys562

18. Rutin �6.41 19.99 μM Phe40, Trp69, Ala99,
Gln102, Asp206,
Phe390, Leu391,
Leu392, Arg393,
Lys562,

19. Quercetin �6.23 27.35 μM Phe40, Trp69, Leu73,
Asp350, Asp382,
Tyr385, Phe390,
Leu391, Leu392,
Arg393, Asn394,
His401

20. Myricetin �5.98 41.59 μM Leu95, Gln98, Ala99,
Gln102, Tyr196,
Gly205, Asp206,
Ala396, Asn397,
Lys562, Glu564,
Trp566,

21. Delphinidin �5.91 46.25 μM Gln81, Gln98, Ala99,
Gln101, Gln102,
Asn103, Val107,
Asn194, His195,
Tyr196, Ala193,

22. Keamferol-3-
rutinoside

�5.88 49.10 μM Asp30, Asn33, His34,
Thr92, Val93, Gln96,
Ala386, Gln388,
Pro389, Arg393

23. Pelargonidin �5.18 158.27 μM Lys26, Leu29, Asp30,
Asn33, His34, Val93,

(continued on next page)
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HBA as well as 10 HBD, whereas, keamferol-3-rutinoside also violated
Lipinski’s rules with 15 HBA and 9 HBD (Table 2). The reference stan-
dard EPC exhibited 2 HBA and 1 HBD, while telmisartan possessed 4 HBA
and 1 HBD. In contrast, it is well reckoned that carotenoids are long chain
hydrocarbons (no. of carbons >40) with or without unsaturated bonds
and exhibit very high molecular weight (M.W. > 500 Da).31,32 An ample
of studies have investigated the cytotoxicity and toxicity of naturally
occurring carotenoids (with high M.W.) and concluded that even very
high doses of carotenoids did not produce any toxic effect on the cells,
animal models as well as humans.28,41 Hence, based on these remarks, we
ruled out the M.W. criteria for the assessment of the drug-likeness of the
selected carotenoids. On the other hand, amongst 14 of the selected
polyphenolic compounds from the S. lycopersicum L., only 2 exhibited the
M.W. greater than 500 Da (rutin: 610.52 and keamferol-3-rutinoside:
594.52 Da). In contrast, the M.W. of the reference standard drugs EPC
and telmisartan was found to be 147.18 and 514.62 Da, respectively.
Here, the higher M.W. of telmisartan (>500 Da) further explains the fact
that a chemical entity violating the M.W. criterion may also become a
standard therapeutic drug candidate.

In addition, considering the influence of hydrophobic interactions in
drug–target interaction, the topological polar surface area (TPSA) is used
as the measure of the polarity and permeability of compounds across the
membrane.42,43 The results of our LogP analysis showed that all the ca-
rotenoids have LogP values greater than 5, whereas, the desirable
threshold for LogP is � 5). In contrast, all the polyphenols showed LogP
values less than 5 (ranging from �3.1 to 2.79) (Table 2). The increased
LogP values for all the carotenoids (maximum LogP: 8.82 for phyto-
fluene) could be explained by the fact that carotenoids are highly hy-
drophobic or lipophilic in nature and have high possibility of membrane
fusion and transport, as high Log P values are associated with increased
lipophilicity.44 Their hydrophobicity results in increased persistence and
bioavailability due to decreased excretion through urination and hence,
enhanced bioavailability as well as high pharmacological efficiency.27

On the other hand, the LogP values for the reference standards EPC and
telmisartan were found to be 1.61 and 3.88, respectively.

Unlike LogP values, all the selected carotenoids (8.74–52.99) as well
as polyphenols (�0.42 to 2.82) exhibited desired TPSA thresholds (TPSA

<100 Å2) as established by previous studies.45 More interestingly, values
of TPSA less than 60–70 Å2 are considered ideal for the drugs used to
treat central nervous system disorders.45 The observations from the
current study are signifying the potential of selected carotenoids as well
as polyphenols for the treatment of CNS disorders. These findings are
clearly advocating that carotenoids and polyphenols qualify
drug-likeness barrier and can be investigated for further pharmacological
effects. Most importantly, the TPSA of selected carotenoids and poly-
phenols was far better than that of the reference standards EPC and tel-
misartan which exhibited the TPSA of 48.71 and 72.94 Å2, respectively.

3.2. Carotenoids and polyphenols have acceptable ADME variables

The ADME analysis depicted that the selected carotenoids exhibit
very low Aq. Solubility (ranging from 0.00 to 8.57 mg/L for zeaxanthin
and phytoene, respectively), however, polyphenols showed very high Aq.
Solubility from 10.17 mg/L for keamferol-3-rutinoside to 817291 mg/L
for chlorogenic acid. The poor Aq. Solubility of the carotenoids has been
attributed to the hydrophobic nature of long hydrocarbon chains.27,32 In
contrast, the very high solubility of polyphenols selected in this study
could be explained by the higher number of HBs formed by the poly-
phenols in Aq. Solutions (Table 2 and Supplementary Table S1). The Aq.
solubility of the reference standard EPC was 448.37 mg/L whereas tel-
misartan showed very poor Aq. solubility 0.49 mg/L. On the other hand,
blood brain barrier (BBB) penetration score for all carotenoids ranged
from 9.01 for neoxanthin to 27.75 C. Brain/C. Blood for phytoene, which
was greater than the threshold of 2. These findings further signified the
implications of these carotenoids for the management of CNS-related
pathologies as drug candidates having BBB score >2.0, between
2.0–0.1 and < 0.1 reflect high, moderate and low absorption across BBB,
respectively.46,47 Conversely, the BBB score for selected polyphenols
ranged from 0.0285 to 0.76 (C. Brain/C. Blood) which reflects their
either low or moderate absorption across BBB. Among all polyphenols,
rutin and ferulic acid showed lowest and highest absorption across BBB,
respectively (Supplementary Table S1). The BBB score for EPC and tel-
misartan was 0.5935 and 1.283, respectively, which signifies their
moderate absorption across BBB.

Similarly, the determination of Caco-2 and MDCK cells permeability
in drug discovery is thought to be a critical step.47–49 The PreADME
investigation showed that carotenoids have Caco-2 permeability range of
23.225 (for β-carotene) to 54.921 nm/Sec (for lutein), whereas, the
Caco-2 permeability for polyphenols was found to be 0.375 nm/Sec (for
delphinidin) to 21.11 nm/Sec (for p-coumaric acid) (Supplementary
Table S1). Similarly, the MDCK cell permeability for carotenoids ranged
between 0.055 nm/Sec for violaxanthin to 67.975 nm/Sec for phyto-
fluene, whereas, polyphenols showed higher MDCK cell permeability
than that of carotenoids (0.251–228.56 nm/Sec). These findings are
advocating the protective nature of these polyphenols due to their high
permeability across Caco2 and MDCK cells for the treatment and man-
agement of epithelial injury, particularly in case of SARS-CoV-2 infection
which primarily targets the lung epithelium. The Caco2 cell permeability
of reference standard EPC and telmisartan was found to be 0.29 and
34.55 nm/Sec, respectively, whereas the MDCK cell permeability of EPC
and telmisartan was 72.92 and 0.46 nm/Sec, respectively. The perme-
ability scores <4, 4<70, and >70 (nm/Sec) suggest low, middle, and
high permeability, respectively.50

In addition, the importance of assessment of transdermal perme-
ability of drug candidates in drug discovery cannot be denied.51 In this
order, all the carotenoids exhibited negative logKp values (�0.805 cm/h
for violaxanthin to �0.607 cm/h for phytoene) which fall under the
desirable range of logKp for drug candidates (Supplementary Table S1).52

This efficient transdermal permeability of carotenoids could have been
achieved via their high hydrophobicity and membrane-fusion ability.32

Similarly, polyphenols also showed significant skin permeability scores
(�4.667 for rutin to �1.71 cm/h for p-coumaric acid) (Supplementary
Table S1). On the other hand, the logKp value for EPC and telmisartan

Table 4 (continued )

S.
No.

Compounds Binding
energy (ΔG:
kcal/mol)

Inhibition
Constant
(Ki)

Interacting residues of
human ACE-2

Gln96, Ala386, Ala387,
Gln388, Pro389,
Arg393

24. Naringenin
chalcone

�4.71 352.17 μM Gln102, Tyr196,
Tyr202, Trp203,
Gly205 Asp206,
Glu208, Val209,
Ala396, Lys562,
Pro565, Trp566

25. p-coumaric acid �4.69 366.57 μM Lys94, Leu95, Gln98,
Glu208, Val209,
Asn210, Ala396,
Lys562, Glu564,
Pro565, Trp566

26. Caffeic acid �3.83 1.55 mM Lys26, Leu29, Asp30,
Asn33, Asn90, Gln96,
Pro389

27. Ferulic acid �3.77 1.74 mM Lys26, Leu29, Asp30,
Asn33, Asn90, Gln96,
Pro389

28. aTelmisartan �6.40 20.40 μM Gln102, Tyr196,
Trp203, Glu205,
Asn394, Gly395,
Ala396, Asn397,
Glu398, Tyr510,
Ser511, Arg514, Lys562

a Represents reference standard antagonist of human ACE-2.
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was recorded to be �2.042 and �2.017 cm/h, respectively. On the other
hand, the plasma protein binding (PPB) plays a crucial role in the dis-
tribution of a drug from circulation to the target organs. Drugs with
extensive PPB reflect a low volume of distribution (Vdss), long plasma
half-lives (T1/2), and may incur lower hepatic and renal clearance.53,54

The PPB efficacy of carotenoids ranged from 91.27 % (for violaxanthin)
to 100 % (for α, β, and γ carotenes), while the PPB of polyphenols ranged
from 40.29 % to 100.00 %, suggestive of persistent pharmacological ef-
fects. The reference standard, EPC showed a poor PPB of 20.78 % only
while telmisartan exhibited comparatively higher PPB ability (92.75 %).

Parallelly, the efficiency of drug relies on their human intestinal ab-
sorption (HIA) to the distribution to target organs where the HIA range
between 0 and 29%, 30–79%, and 80–100% are considered low, middle
and high, respectively.55 The predicted % HIA of all the carotenoids
screened in this study ranged from 95.17 to 100.00 % (09 among 13
carotenoids exhibited 100 % HIA), whereas, HIA for polyphenols ranged
from 2.86 to 92.09 % and most of them exhibited HIA more than 50 %
(Supplementary Table S1). This high HIA signifies the enhanced
bioavailability of these carotenoids as well as polyphenols, which might
be attributed to potent pharmacological actions of these secondary me-
tabolites. On the other hand, the HIA for reference Mpro inhibitor (EPC)
and ACE-2 inhibitor (telmisartan), was 93.18 % and 98.08 %, respec-
tively, which ultimately reflects the higher intestinal absorption of these
standard inhibitors.

Interestingly, the cytochrome P450 2D6 or CYP2D6 mediates around
25 % of total metabolism and clearance of the drugs after administra-
tion.56,57 The degree of CYP2D6-functionality diverges among

individuals and hence categorized into either ultra- and
poor-metabolizers. Where, the former once exert rapid drug metabolism
and therapeutic effects, while the latter once exert persistent drug
effectiveness as well as low clearance rates.57,58 These observations
established CYP2D6-mediated drug metabolism as a major factor in dose
adjustment.59 In this attempt, our results depicted that neither the ca-
rotenoids nor polyphenols exhibited CYP2D6 inhibitory activity. These
findings suggested that the selected carotenoids and polyphenols exhibit
instant metabolism and excretion which might be attributed to their
substantial pharmacological effects as well as diminished toxicity. On the
other hand, all the carotenoids were nonreactive against CYP2D6 and
only three of the selected polyphenols namely, cyanidin, delphinidin, and
pelargonidin acted as CYP2D6 substrate which further validate their
speedy metabolism, instant therapeutic actions as well as clearance from
the body. Similarly, EPC and telmisartan also did not inhibit the CYP2D6
activity however EPC may weakly act as a substrate for CYP2D6. These
findings are well justified by recently published reports concerning the
bioavailability and here-mentioned fate of administered drugs.57,60

3.3. Carotenoids and polyphenols are non-toxic

Distinct pharmacological entities are analyzed using AI-based ap-
proaches.27,28 In the same vein, we implied ProTox-II, a web-based
platform, to envisage various important determinants of drug toxicity
and safety (Supplementary Table S2). Our results showed that most of the
selected carotenoids exerted very high LD50 values (up to 5700 mg/kg)
except a very few which showed lower LD50 values (10–55 mg/kg).

Fig. 4. In-silico binding patterns of carotenoids against human ACE-2 (PDB ID: 1R42) (A) Interaction of α-carotene and γ-carotene are represented within the active
pocket of human ACE-2 (represented as surface structure) (B) 2D interactive poses (represented as ball and stick models) showing their interaction with the amino acid
residues of active pocket of human ACE-2.

P. Ahmad et al. Intelligent Pharmacy xxx (xxxx) xxx

9



Fig. 5. In-silico binding patterns of polyphenols against human ACE-2 (A) Interactions of cyanidin and kaempferol are represented within the active pocket of human
ACE-2. (B) 2D interactive poses showing their interaction with the amino acid residues of active pocket of human ACE-2.

Fig. 6. In-silico binding patterns of telmisartan against human ACE-2 (A) Interaction of telmisartan is represented within the active pocket of human ACE-2. (B) 2D
interactive pose of telmisartan showing its interaction with the amino acid residues of active pocket of human ACE-2.
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Polyphenols also showed very high LD50 values (1190–5000 mg/kg).
However, reference SARS-CoV-2 Mpro inhibitor EPC showed a lower LD50
of 330 mg/kg (drug toxicity class: 3), whereas, the LD50 for reference
ACE-2 inhibitor telmisartan was predicted to be 500mg/kg (drug toxicity
class: 4). On the other hand, the top scoring carotenoids fall under the
drug toxicity class 6 (LD50 > 5000 mg/kg), 5 and 4 which are considered
as non-toxic for animals as per the globally harmonized system (GHS) of
classification of labelling of chemicals.47 On the other hand, ten out of
fourteen polyphenols fall under the drug toxicity class 5 (LD50
2000–5000mg/kg). These results clearly depict that selected carotenoids
and polyphenols are non-toxic and safe for therapeutic drug development
programs. The GHS approach has previously been implied to predict the
safety of test compounds.47

3.4. SARS-CoV-2 Mpro active pocket is occupied by carotenoids and
polyphenols from S. lycopersicum L

Owing to the determining role in the proteolysis of viral polyproteins,
the Mpro of the SARS-CoV-2 has been established as the preferred target
in combating its virulence.61,62 Similarly, we also used SARS-CoV-2 Mpro

as the major target via selected carotenoids as well as polyphenols for the
management of this deadly outbreak. In this attempt, our molecular
docking studies revealed a strong interaction of nearly all the selected
carotenoids with binding affinities (ΔG) �6.75 to �3.31 kcal/mol
against the active pocket of SARS-CoV-2 Mpro (Table 3). Among other
carotenoids, β-carotene topped the binding score (ΔG: �6.75 kcal/mol)
and interacted with Phe103, Val104, Arg105, Ile106, Gln110, Asn151,

Fig. 7. (A) Plots of RMSD values for the backbone atoms of the Cyanidin-6Y84, Beta-carotene-6Y84 and EPC-6Y84 complexes from initial structures throughout the
50,000 ps simulation. (B) Plots of RMSD values for the backbone atoms of the cyanidin-1R42, alpha-carotene-1R42, and telmisartan-1R42 complexes from initial
structures throughout the 50,000 ps simulation.
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Ile152, Asp153, Ile249, and Phe294 of active pocket of SARS-CoV-2 Mpro.
Whereas, the interaction of other top scoring carotenoids i.e., α-carotene,
lutein, delta-carotene, violaxanthin, neoxanthin, and γ-carotene with
SARS-CoV-2 Mpro was favored by ΔG of �6.45, �6.14, �6.01, �5.54,
�5.50, and �5.30 kcal/mol, respectively. The binding of top scoring
carotenoids involved some common residues of the active pocket of
SARS-CoV-2 i.e., Val104, Arg105, Gln107, Pro108, Gln110, Asn151,
Ile152, Asp153, Tyr154, Ile249, Phe294, Arg298, Val303, and Thr304.
The strong binding of carotenoids with SARS-CoV-2 Mpro was also sup-
ported by low inhibition constant (Ki) ranging from 11.32 μM to 718.37
μM for the top 10 carotenoids and six among them exhibited Ki less than
100 μM (Fig. 1 and Table 3).

On the other hand, screening of polyphenols also showed potent in-
hibition of SARS-CoV-2 Mpro with ΔG values ranging from �7.24 to
�4.04 kcal/mol and Ki of as lesser as 4.92 μM to 1.09 mM, while five
polyphenols with top binding energies exhibited the Ki less than 10 μM,
hence signifying the strong inhibition of SARS-CoV-2 Mpro. Among the
screened polyphenols, cyanidin occupied the active pocket of SARS-CoV-
2 Mpro with the highest ΔG of �7.24 to �4.04 kcal/mol. The binding of
cyanidin was facilitated by Met006, Ala007, Phe008, Pro009, Gln127,

Asp295, Arg298, Gln299, Val301, Gly302, and Thr304 residues of SARS-
CoV-2 Mpro. The binding of polyphenols with SARS-Cov-2 Mpro was
facilitated by several common residues i.e., Met006, Ala007, Phe008,
Pro009, Gln127, Asp295, Arg298, Gln299, Val301, Gly302, and Thr304
(Fig. 2). The binding pattern of carotenoids and polyphenols from
S. lycopersicum L. with this target are similar to that of reported for other
natural secondary metabolites.63,64

Most interestingly, the residues stabilizing the binding of top scoring
carotenoid (β-carotene) against SARS-CoV-2 Mpro were different than
that of top scoring polyphenol (cyanidin) suggesting that these potent
inhibitors of SARS-CoV-2 Mpro can be used synergistically to produce
enhanced synergistic protective effects against SARS-CoV-2 infection via
restricting the proteolysis of polyproteins and thereby restricting the
expression of SARS-CoV-2 viral proteins/enzymes as reported by
others.10,13 In contrast, the reference standard, EPC, did not show strong
binding against SARS-CoV-2 Mpro active pocket (ΔG:�4.78 kcal/mol; Ki:
267.49 μM) and the complex was stabilized by the interaction with
Lys005, Met006, Phe008, Gln127, Glu290, Phe291, Asp295, Arg298,
Gln299, and Val303 residues of the same. These findings are well sup-
ported by the findings reported in previous studies.63

Fig. 8. (A) The RMSF of the Cyanidin-6Y84, Beta-carotene-6Y84 and EPC-6Y84 complexes during 50,000 ps simulation. (B) The RMSF of the Protein at-oms of
cyanidin-1R42, alpha-carotene-1R42, and telmisartan-1R42 complexes during 50,000 ps simulation.
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Surprisingly, the binding affinity of EPC was nowhere comparable to
the binding affinities of either of the top scoring carotenoids or poly-
phenols against SARS-CoV-2 Mpro (Fig. 3). The current report discovered
that β-carotene, α-carotene, lutein, delta-carotene, violaxanthin, neo-
xanthin, and γ-carotene are the carotenoids which showed SARS-CoV-2
Mpro inhibitory activity better than the previously known reference
standard, EPC. Moreover, eleven of the fourteen selected polyphenols

(i.e., cyanidin, myricetin, delphinidin, pelargonidin, quercetin, kaemp-
ferol, rutin, naringenin, chlorogenic acid, keamferol-3-rutinoside, and
naringenin chalcone) also showed better inhibitory activity against
SARS-CoV-2 Mpro, when compared to the standard inhibitor. To sum up
the whole, the current study established carotenoids as well as poly-
phenols from S. lycopersicum L. as superior inhibitors of SARS-CoV-2 Mpro

activity and fine substitutes for EPC.

Fig. 9. (A) The SASA of the Cyanidin-6Y84, Beta-carotene-6Y84 and EPC-6Y84 complexes during 50,000 ps simulation. (B) The SASA area of the cyanidin-1R42,
alpha-carotene-1R42, and telmisartan-1R42 complexes during 50,000 ps simulation.
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3.5. Human ACE-2 is inhibited by carotenoids and polyphenols from
S. lycopersicum L

Extensive research on the invasion mechanism of SARS-CoV-2 has
established that the RBD of the spike protein aids in the recognition of
ACE-2 by SARS-CoV-2 and subsequent internalization as well as fusion
with lysosomal membranes.65,66 These observations have proven ACE-2
as one of the most preferred therapeutic targets in the management of
deadly SARS-CoV-2 infection as the antagonists for this receptors (i.e.,

telmisartan) have clinically been tested and approved for human use.5

However, therapeutic blockage of ACE-2 with these antagonists has
shown some serious adverse effects in patients already suffering from
metabolic syndrome, hence signifying the importance of alternative
ACE-2 antagonists. In the same context, we investigated the ACE-2
inhibitory effects of carotenoids and polyphenols from S. lycopersicum
L. In this attempt, we found that all the selected carotenoids showed
significant binding efficiency (ΔG: �8.85 to �4.49 kcal/mol; ki: 490 nM
to 511.45 μM) against the active pocket of human ACE-2 crystal structure

Fig. 10. (A) Radius of gyration of the of the Cyanidin-6Y84, Beta-carotene-6Y84 and EPC-6Y84 complexes during 50,000 ps simulation. (B) Radius of gyration of the
cyanidin-1R42, alpha-carotene-1R42, and telmisartan-1R42 complexes during 50,000 ps of molecular dynamics simulation.
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(Table 4). Among other carotenoids, α-carotene showed the highest af-
finity for human ACE-2 (ΔG: �8.85 kcal/mol) and such strong interac-
tion was supported by the involvement of Asp67, Ser70, Ala71, Leu73,
Lys74, Leu95, Gln98, Ala99, Leu100, Gln102, Asp206, Leu391, and
Lys562 residues of ACE-2.

Inhibition of human ACE-2 by α-carotene in this report is well sup-
ported by a recent study which also showed similar ΔG (�8.99 kcal/mol
for hesperidin and �8.98 kcal/mol for chloroquine) against human ACE-
2.67 Interestingly, ten out of thirteen selected carotenoids exhibitedΔG of
�5.00 to �8.85 kcal/mol which suggested a potent ACE-2 inhibitory
effects of these inhibitors. However, the interaction of all the carotenoids
with human ACE2 was favored by some common amino acid residues i.e.,
Asn33, Phe40, Leu73, Gln98, Ala99, Leu100, Gln102, Gly205, Asp206,
Phe390, Leu391, Arg393, Asn394, and Lys562 of human ACE-2. Such
inhibition of human ACE-2 activity by selected carotenoids may result in
diminished viral attachment to host, internalization and subsequent
infection caused by SARS-CoV-2 (Fig. 4). The inhibitory effects of
selected carotenoids against human ACE-2 activity are well in agreement
with earlier publications reporting the ACE-2 modulatory ability of nat-
ural metabolites.67,68

On the other hand, polyphenols also occupied the active pocket of
human ACE-2 with significant affinity (ΔG:�7.24 to�3.77 kcal/mol; Ki:
4.89 μM–366.57 μM). The maximum binding affinity was recorded for
cyanidin which showed ΔG of �7.24 kcal/mol against human ACE-2
active pocket. The interaction of cyanidin against human ACE-2 was
stabilized thorough its binding with Leu91, Leu95, Asp206, Tyr207,
Glu208, Val209, Asn210, Gly211, Val212, Ala395, Asn397, Lys562,
Ser563, Glu564, Pro565, and Trp566 residues of ACE-2. However, all the
polyphenols interacted with several common amino acid residues of

human ACE-2 i.e., Gln102, Tyr196, Gly205, Asp206, Arg393, and Lys562
(Fig. 5). Such findings are well in justification with other reports deci-
phering the strong inhibition of ACE-2 by various natural products.67

In contrast, the ACE-2 inhibition by reference standard telmisartan
(ΔG: �6.40 kcal/mol; Ki: 20.40 μM) was not as strong as reported in case
of selected carotenoids and polyphenols from S. lycopersicum L. However,
the binding of telmisartan was stabilized by the involvement of distinct
amino acid residues i.e., Gln102, Tyr196, Trp203, Glu205, Asn394,
Gly395, Ala396, Asn397, Glu398, Tyr510, Ser511, Arg514, and Lys562
(Fig. 6). The most striking findings from the current study are the dis-
covery of six carotenoids (namely α-carotene, γ-carotene, β-carotene,
lutein, violaxanthin, and neoxanthin) and five polyphenols (namely
cyanidin, kaempferol, naringenin, chlorogenic acid, and rutin) as the
finer substitutes of reference standard telmisartan against human ACE-2
activity in combating SARS-CoV-2 infection. To sum up the whole,
selected carotenoids and polyphenols from S. lycopersicum L. exhibited
potent SARS-CoV-2 Mpro as well as host ACE-2 inhibitory activity better
than that of respective standard antagonists and thus the dietary con-
sumption of tomato-based products as well as their bioactive lead me-
tabolites with potent antioxidant and anti-inflammatory effects may be
promoted for the treatment and management of SARS-CoV-2 infection in
a relatively safer and cheaper way.

3.6. Molecular dynamics simulation

Proteins are well reckoned to facilitate various structural and func-
tional aspect of life including microbial pathogenesis through receptor-
mediated internalization and subsequent replication/multiplication
stages. Therefore, it’s imperative to investigate the impact of selected

Fig. 11. Protective mechanisms of selected carotenoids and polyphenols to combat SARS-CoV-2 infection. Selected carotenoids and polyphenols blocked the entry of
SARS-CoV-2 via inhibition of ACE-2 activity (1), and SARS-Cov-2 Mpro-mediated replication of viral replication (2).
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ligands (carotenoids and polyphenols) on the structural features and
stability of SARS-CoV Mpro and ACE-2 so that inferences can be made
whether these compounds block the internalization as well as replication
of SARS-CoVMpro inside the host. Nowadays, MDS is a remarkable tool to
delineate the structural features of proteins at microscopic level.69 To
elucidate the mechanism of conformational changes including molecular
interactions and stability of ligand–protein complexes, MD simulations
were performed. The top scoring carotenoids and polyphenols with least
ΔG values for SARS-CoV Mpro (i.e., β-Carotene, cyanidin, and EPC) and
ACE-2 (i.e., α-carotene, cyanidin, and telmisartan) in docking studies
were selected for the MD simulations for 50,000 ps. Comprehensive
analysis of trajectories i.e., RMSD, RMSF, Rg, SASA, and H-bond analysis
of protein-ligand complexes along with standard drug were investigated.

3.6.1. Protein-ligand complexes were stabilized by low RMSD
The RMSD was analysed to depict the variations in backbone Cα-

atoms of target proteins caused by the binding of top-ranking carotenoids
and polyphenols along with their respective reference standards.69 In
ideal circumstances, the values of RMSD tend to be zero, however, it’s not
possible for a protein to have a RMSD of zero due to the statistical un-
certainties, therefore, the RMSD <0.25 nm is considered desirable and
very similar to that in case of wild proteins.69 Lower RMSD also infers the
stability of protein-ligand-complexes. In the present study, the RMSD of
ligand–protein complexes were substantially reduced during the simu-
lations and thus had high stability (Fig. 7). The RMSDs of back bone
atoms of cyanidin- Mpro, β-carotene-Mpro and EPC-Mpro complexes were
calculated to be between 0.1 and 0.4 nm. Briefly, the average RMSDs of
backbone atoms for cyanidin-Mpro and β-carotene-Mpro complexes were
0.199 and 0.189 respectively, whereas the average RMSD for EPC-M-
pro-complex was found to be 0.230. These findings clearly indicated that
β-carotene-Mpro-complex was the most stable complex, when compared
to the cyanidin-Mpro and EPC-Mpro complexes. On the other hand, the
RMSDs of back bone atoms of cyanidin-ACE-2, α-carotene-ACE-2, and
telmisartan-ACE-2 complexes were fluctuating between 0.1 and 0.3 nm.
The average RMSDs of the backbone atoms of cyanidin-ACE2 and
α-carotene-ACE2 complexes were 0.198 and 0.204, respectively, whereas
the RMSDs of the backbone atoms of telmisartan-ACE2-complex was
0.183. These observations advocated that telmisartan-ACE2-complex
was the most stable complex when compared to the corresponding
cyanidin-ACE-2 and α-carotene-ACE-2 complexes.

3.6.2. RMSF in protein-ligand complexes
Unlike RMSD, which refers to the positional variations between entire

structures as a function of time, RMSF reflects the propensity of each and
every amino acid residue to fluctuate under simulation and predicts the
position of the key residue/s responsible for fluctuations in a given
protein70. Therefore, a comprehensive study of RMSFs of best ligand–-
protein complexes were examined to determine the flexibility of amino
acids within the active pocket site in protein. The variation in peaks
throughout the simulation runs revealed the fluctuating regions inside
the protein. The RMSF values of the corresponding amino acids in all the
complexes were smaller than standard drug complexes indicating that
the complexes had lower mobility, and thus ensuring the formation of a
more stable enzyme–inhibitor complex (Fig. 8).

3.6.3. Solvent accessible surface area
In addition to the native forces, the globular proteins are stabilized in

solutions thanks to hydrophobic interactions among non-polar residues
which tend to reside there in the protein core, whereas, polar residues are
exposed to the chemical milieu of the hydrophilic environment.71 The
structural aberrations to the proteins, particularly unfolding and aggre-
gation, can be monitored via implying a set of physicochemical ap-
proaches which can monitor the hydration as well as disruption of the
hydrophobic interactions at core.23,72 This exposure of hydrophobic
cores of the proteins to the antipolar environment due to the structural
loss leads to the enhanced solvent accessible surface area (SASA) and can

be determined through computer aided simulations.38 On contrary, the
lower the SASA value, higher the stability of protein owing to its
enhanced exposure to the hydrophobic environment. Similarly, the SASA
of cyanidin-6Y84, β-carotene-6Y84 and EPC-6Y84, cyanidin-1R42,
α-carotene-1R42, and telmisartan-1R42, complexes were analysed dur-
ing the 50,000 ps long simulations run. Results from the SASA analysis
are represented in Fig. 9. The SASA scores for the cyanidin-Mpro and
β-carotene-Mpro complexes were 149.73 and 149.77 nm2, respectively,
whereas the average SASA score for EPC-Mpro-complex was found to be
151.26 nm2. On the other hand, the average SASA score for the
cyanidin-ACE-2 and α-carotene-ACE-2 complexes were 279.61 and
281.35 nm2, respectively, whereas the average SASA score for the
telmisartan-ACE2-complex was 276.39 nm2. These observations further
validated our findings from the above-mentioned RMSD analysis that
telmisartan-ACE2-complex was the most stable complex when compared
to the corresponding cyanidin-ACE-2 and α-carotene-ACE-2 complexes.
The findings from SASA analysis can also be correlated with the observed
TPSA values as the TPSA for the cyanidin, α-carotene, and β-carotene was
found to be 1.94, 13.65, and 13.54 Å2, respectively, whereas TPSA for
EPC and telmisartan was 48.71 and 72.94 Å2, respectively.

3.6.4. Radius of gyration
The stability of SARS-CoV-2 Mpro and human ACE-2 complexed with

the ligands with best binding energies was also investigated through the
Rg as a measure of size and compactness. The magnitude of Rg negatively
correlates with the stability of the proteins.69 The calculated Rg values of
all complexes decreased over the 50,000 ps long simulation runs, indi-
cating the protein became denser after forming the complex (Fig. 10).
This in turn ensures the significant comparable structural compactness
and stability of all complexes. However, this is the initial study purely
based on in-silico approach and needs to be validated through in-vitro and
in-vivo studies in infection-induced models. In addition, predicted ADME,
cytotoxicity and binding patterns of selected carotenoids and poly-
phenols through AI-based approaches might differ in experimental
settings.

4. Conclusion

The worldwide spread of novel SARS-CoV-2 and associated fatalities
have alarmed the discovery of effective therapeutic regimens to combat
Covid-19. The current study aimed to investigate the SARS-CoV-2 Mpro

and human ACE-2 inhibitory potential of carotenoids and polyphenols
from S. lycopersicum L. The drug likeness studies revealed the suitability
of selected compounds for drug development process as they passed the
Lipinski’s rules as well as ADME determinants. Further, in-silico molec-
ular modelling studies revealed that β-carotene (among other caroten-
oids), and cyanidin (from the polyphenols) were the best inhibitors of
SARS-CoV-2 Mpro. Similarly, α-carotene from carotenoids and cyanidin
from polyphenols exhibited strongest binding affinity against human
ACE-2. In contrast, the SARS-CoV-2 Mpro and human ACE-2 inhibitory
effects of carotenoids and polyphenols in the present report were better
than that of reported in case of standard EPC, the known inhibitors of
SARS-CoV-2 Mpro and human ACE-2, respectively. Further exploration
via MDS studies also validated the dynamic behavior and stability of
protein-ligand complexes as evident by desirable RMSD, RMSF, Rg, and
SASA. In conclusion, the current study established carotenoids and
polyphenols from S. lycopersicum L. as finer substitutes of reference
standards against SARS-CoV-2 Mpro and human ACE-2 activity in
combating SARS-CoV-2 infection (Fig. 11). This initial study is purely
based on in-silico approach and needs to be validated through in-vitro and
in-vivo studies in infection-induced models.
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