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Severe acute respiratory syndrome coronavirus 2 and associated coronavirus disease 2019 is a newly 
identified human coronavirus has imposed a serious threat to global health. The rapid transmission of 
severe acute respiratory syndrome coronavirus 2 and its ability to spread in humans have prompted 
the development of new approaches for its treatment. Severe acute respiratory syndrome coronavirus 
2 requires RNA-dependent RNA polymerases for life cycle propagation and Spike (S)-protein for 
attachment to the host cell surface receptors. The virus enters the human body with the assistance of a 
key functional host receptor dipeptidyl peptidase-4 primed by transmembrane serine protease 2 which are 
putative targets for drug development. We performed screening of 267 compounds from Curcuma longa 
L. (Zingiberaceae family) against the viral S-protein and RNA-dependent RNA polymerases and host 
receptor proteins dipeptidyl peptidase-4 and transmembrane serine protease 2 using in silico molecular 
docking. Compounds C1, ((4Z,6E)-1,5-dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-
3-one) and C6 ((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-
dien-3-one) exhibited tight binding to the S1 domain of the Spike protein than VE607 and with RNA-
dependent RNA polymerase protein more effectively than ribavirin and remdesivir. These compounds 
also interacted with the human host proteins dipeptidyl peptidase-4 and transmembrane serine protease 
2 with higher efficiency than standard inhibitors sitagliptin and camostat mesylate. The lead compounds 
showed favorable free binding energy for all the studied protein-ligand complexes in Molecular mechanics/
Generalized born model and solvent accessibility analysis. Besides, other Curcuma longa compounds  
C14 and C23 exhibited almost similar potential against these target proteins. The structure based 
optimization and molecular docking studies have provided information on some lead Curcuma longa 
compounds with probability for advancement in preclinical research.
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Coronavirus Disease 2019 (COVID-19) is an acute 
respiratory illness caused by a novel Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV 
-2)[1]. COVID-19 was first identified in December 
2019, spreading from its likely origin in Wuhan, 
China and throughout the virus has affected millions 
of people worldwide. On March 11th, 2020, World 
Health Organization (WHO) announced the SARS-
CoV-2 outbreak as pandemic with a state of public 
health emergency. As of May 7th, 2020, more than 3.77 
million cases have been reported across 187 countries 
and territories, resulting in more than 265 000 deaths  

(https://www.worldometers.info/coronavirus/). 
According to current reports, SARS-CoV-2 transmission 
initiated from bats to humans, followed by human to 
human transmission occurring through small droplets 
produced while coughing, sneezing and talking or 
during close contact[2]. The rapidly increasing number 
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of patients worldwide has prompted researchers to 
find treatment(s) and cure against this viral infection. 
Currently there is lack of therapy against SARS-
CoV-2 infection, though several compounds have been 
investigated against some druggable targets for this 
disease.

The single-stranded SARS-CoV-2 virus enter cells via 
endocytosis through surface spike (S) proteins and 
bind to the Angiotensin-Converting Enzyme 2 (ACE-
2) and Dipeptidyl Peptidase-4 (DPP4/CD26) receptors. 
Binding of S-protein to ACE-2 triggers a conformational 
change in the S-protein facilitating proteolytic digestion 
by Transmembrane Serine Protease 2 (TMPRSS2) and 
allows fusion of virus to the cell membrane[3]. Upon 
entering the host cell, the viral particle is decoded and 
assembled for translation utilizing the Open Reading 
Frames 1a (ORF1a) and Open Reading Frames 1ab 
(ORF1ab) generating Polyproteins (pp1a and pp1ab). 
These polyproteins undergo cleavage to form structural 
proteins for the Ribonucleic acid (RNA) replicase-
transcriptase complex responsible for the replication 
and transcription of viral RNA[4]. The disruption of 
the replication processes could lead to identification 
of potential molecular target(s) to develop effective 
treatment strategies.

It has been known that many viruses lack preventive 
vaccines and/or potential antiviral therapy because of the 
high rate of genomic mutation in the virus allowing them 
to rapidly evolve and adapt to the host environment[5]. 
Under these circumstances traditional herbal medicines 
and phytochemicals are excellent source for antiviral 
drug discovery. Some studies demonstrated that natural 
phytochemicals have different kinds of activities against 
microorganism and germs including viruses[6-8]. Natural 
compounds such as scutellarein, silvestrol, tryptanthrin, 
amentoflavone, quercetin, myricetin and lectins have 
shown promise in the suppression of viral attachment 
and inhibitors of viral enzymes such as proteases, 
helicases and polymerases[9,10]. Griffithsin, a liptin 
derived from red algae inhibits the binding of SARS-
CoV-2 spike protein with the human ACE-2 receptor 
(viral attachment) by virtue of its Receptor-Binding 
Domain (RBD) (glycosylation site in S1 subunit of 
spike protein) binding potential[11]. Previously, Keyaerts 
et al. showed the SARS-CoV spike protein mannose 
binding potential of Hippeastrum Hybrid Agglutinin 
(HAA) lectin in vitro[12]. In another study, Cheng et al. 
reported that saikosaponin B2 natural compound has 
anticoronaviral activity at micromolar concentrations. 

The study suggested that saikosaponin B2 possess 
viral attachment and penetration inhibition potential[13]. 
Curcuma longa L. (C. longa) (Zingiberaceae family) 
is a well-known medicinal plant in Ayurveda and other 
traditional medicinal systems[14]. It has been used as a 
dietary spice and herbal supplement. Phytochemicals 
present in C. longa possess various pharmacological 
properties including antiviral activity against dengue 
and hepatitis C virus[15,16] and have demonstrated 
suppression of infection against Zika and Chikungunya 
virus through inhibition of binding at the cell 
surface[17]. Curcumin and related compounds present 
in C. longa inhibit Human Immunodeficiency Virus 
(HIV) replication by targeting HIV-1 integrase and 
HIV-2 proteases[13]. Curcumin, demethoxycurcumin 
and bisdemethoxycurcumin inhibit attachment of 
influenza virus by targeting neuraminidase protein[18]. 
Recently our research group reported that C. longa 
phytochemicals have potential to inhibit SARS-CoV-2 
viral virulence by inhibiting Main Protease (Mpro) 
enzyme[19].

In the present study, we screened a small library of 
compounds from C. longa against SARS-CoV-2 
proteins viz. spike glycoprotein (S-protein) and RNA 
dependent RNA polymerase (RdRp) and human host 
proteins including CD26 and TMPRSS2 as potential 
targets and drug designing candidates against SARS-
CoV-2.

MATERIALS AND METHODS

C. longa compound retrieval and preparation:

A total of 267 compounds present in C. longa plant were 
obtained from different literature and search engine 
platforms such as PubMed, Google Scholar, Web of 
Science, Science Direct, Scopus, Semantic Scholar, 
Medline and PubMed Central[20]. The structures of 
compounds present in C. longa were prepared by using 
Marvin Sketch software[21]. The Two Dimensional 
(2D) or Three Dimensional (3D) structure of standard 
compounds against targeted proteins was retrieved from 
the National Center for Biotechnology Information 
(NCBI) PubChem in Spatial Data File (.sdf) format[22]. 
Open Babel molecule format converter was used to 
perform conversion of 2D to 3D conformation and their 
conversion from .sdf to Molecular (.mol) data file[23]. 
Ligand energy was minimized by applying Merck 
Molecular Force Field (MMFF94) and conjugate 
gradients optimization algorithm using PyRx-Python 
prescription 0.8 for 200 steps[24].
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Receptor retrieval:

3D structure of SARS-CoV-2 S-protein (Protein Data 
Bank (PDB) ID: 6VSB) and human CD26 (PDB ID: 
4PNZ) receptor were obtained from PDB (https://www.
rcsb.org/)[25]. The resolutions of the retrieved structures 
were between 1.9 Å to 3.46 Å.

Homology modeling of RdRp and TMPRSS2 
protein:

The crystal structure of SARS-CoV-2 RdRp and human 
TMPRSS2 protein has not been elucidated. Thus, the 3D 
structure of these two proteins was modeled using the 
Swiss-model structural bioinformatics server[26]. Amino 
Acid (AA) sequences of SARS-CoV-2 RdRp (NCBI 
reference sequence: YP_009725307.1) and TMPRSS2 
(NCBI reference sequence: NP_001128571.1) were 
retrieved from the NCBI database. We used SARS 
coronavirus Non-Structural Protein 12 (NSP12) 
(PDB ID-6NUR) and serine protease hepsin (PDB 
ID-5CE1) as respective templates for modeling of 
SARS-CoV-2 RdRp and TMPRSS2. For the alignment 
of TMPRSS2 and RdRp target with their respective 
template sequences the T-Coffee server was used[27]. 
Representation of the alignment was made using 
ESPript 3.0 server[28]. Modelled structures were refined 
using ModRefiner sever[29].

Receptor preparation:

3D structure of SARS-CoV-2 S-protein and human 
CD26 protein was loaded onto the University of 
California, San Francisco (UCSF) Chimera for 
molecular docking preparation[30]. Protein models were 
cleaned and optimized by removing ligands and other 
heteroatoms including water. After this step, the energy 
minimization of protein structures was performed by 
steepest descent method having 100 steps (step size 
0.02 Å) and a conjugate gradient method with 10 steps 
(step size 0.02 Å) using UCSF Chimera.

Active site prediction of RdRp and TMPRSS2 
modelled protein:

It is anticipated that an effective drug ligand to dock 
either within the protein pocket or the functional active 
region. The possible binding sites were searched for 
RdRp and TMPRSS2 modeled proteins using Computer 
Atlas of Surface Topography of Proteins (CASTp)  
22 tool. The CASTp22 tool predicts potential pockets 
of target protein and confirms whether the highest 
frequency binding sites of the heat map were located 
within the protein pocket[31].

Molecular docking studies:

Auto Dock Tools 1.5.6 (ADT) was used to dock the test 
ligands on targeted protein[32]. Gasteiger partial charges 
assigned to the ligands and docking calculations were 
performed. Polar hydrogen atoms, Kollman charges and 
solvation parameters were applied using appropriate 
Auto Dock tool. Lamarckian Genetic Algorithm (LGA) 
was used to explore the active binding region in this 
study. The grid box included the entire binding site 
of the protein providing enough space for the ligands 
translational and rotational walk. For each of the  
30 independent runs, a maximum number of 27 000 
Genetic Algorithm (GA) operations were generated on 
a single population of 150 individuals. Operator weights 
for the rate of crossover, gene mutation and elitism were 
set as 0.80, 0.02 and 1 respectively. LigPlot+ (v.1.4.5) 
and UCSF chimera (v.1.10.2) online tools were used 
for protein-ligand interaction visualization[33].

Molecular Mechanics/Generalized Born Model and 
Solvent Accessibility (MM-GBSA) analysis:

Prime MM-GBSA analysis was used to evaluate the 
receptor/protein and receptor/protein-ligand binding 
energies, which includes the VSGB solvent model, 
Optimized Potentials for Liquid Simulations (OPLS)-
2005 force field and rotamer search algorithms. The 
Prime MM-GBSA simulation was performed by 
using the Glide pose viewer file to compute the total 
free energy of binding. The MM-GBSA calculations 
were attained to evaluate the relative binding affinity 
of test molecules and their respective complexes 
with lead ligands (reported in kcal/mol). As the MM-
GBSA binding energies are approximate free energies 
of binding, a more negative value indicates stronger 
binding.

RESULTS AND DISCUSSION

In the present study, a total of 267 C. longa compounds 
were searched from the literature and docked against 
two SARS-CoV-2 proteins including S-protein 
and RdRp and two human host proteins CD26 and 
TMPRSS2. Binding score of lead compounds against 
SARS-CoV-2 S-protein and RdRp modelled, CD26 
and TMPRSS2 modelled proteins are shown in fig. 1A 
-fig. 1D with a cut-off score of ≤-7, ≤-4, ≤-6 and 
≤-5 kcal/mole. The structure of lead compounds 
with their name and targets are represented in  
Table 1[34-47]. CASTp server was utilized to predict 
the binding pockets in RdRp and TMPRSS2 modeled 
protein. The predicted solvent-accessible surface area 
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and volume for the RdRp protein was 2796.437 Å2 
and 5657.063 Å3 respectively. Similarly, the predicted 
solvent-accessible surface area and volume for the 
TMPRSS2 protein was 338.267 Å2 and 264.585 Å3 
respectively (fig. 2A and fig. 2B).

The in silico models SARS-CoV-2 RdRp and human 
TMPRSS2 proteins were generated by homology 
modeling employing the Swiss Model web server 
and CASTp22 prediction tool[26,31]. The homology 
model of the TMPRSS2 was adopted from our 
recently published article[47]. Alignment analysis of the 
RdRp and TMPRSS2 with their respective template 
sequences utilized for the homology modelling is 
depicted in fig. 3. The generated modelled proteins 
were respectable at different modelling parameters such 
as MolProbity score, Clash score, local similarity to 
the target, normalized QMEAN score, Ramachandran 
favored, Ramachandran outliners, Bad angles and Bad 

bonds (fig. 4 and Table 2)[48]. AA residue of targeted 
proteins (PDB 4PNZ, PDB 6VSB; RdRp modeled 
and TMPRSS2 modeled), type of interaction, binding 
energy of protein-ligand complex and binding affinity 
of some lead compounds against respective protein has 
been summarized in Table 3. MM-GBSA analysis of the 
lead C. longa phytochemicals and standard inhibitors 
with their respective protein/receptor complexes and 
unbound proteins was performed and the results are 
shown in Table 4. Results showed favorable free energy 
of protein/receptor-ligand complexes in comparison 
to unbound proteins in MM-GBSA analysis. Various 
standard inhibitors from published studies were 
engaged to compare the target protein binding potential 
of C. longa compounds[49-53] (fig. 1A-fig. 1D. Binding 
pattern of the compounds against viral and human host 
proteins are shown in fig. 5 and fig. 6. Docking score 
of standard compound against SARS-CoV-2 S-protein, 

 
Fig. 1: Docking score of C. longa compounds against SARS-CoV-2 virus and human host proteins, (A) Docking score of lead 
compounds (≤-6 kcal/mol) against human CD26 protein; (B) Docking score of lead compounds (≤-5 kcal/mole) against modeled 
human TMPRSS2 protein; (C) Docking score of lead compounds (≤-7 kcal/mole) against SARS-CoV-2 spike glycoprotein; (D) 
Docking score of lead compounds (≤-4 kcal/mole) against SARS-CoV-2 RdRp; (E) Structure of lead C. longa compound [(4Z,6E)-1,5-
dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-one] against human CD26 and SARS-CoV-2 spike glycoprotein; 
(F) Structure of lead C. longa compound [(4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-
dien-3-one] against human TMPRSS2 and RdRp modeled protein; (a) Sitagliptin; (b) Vildagliptin; (c) Linagliptin; (d) Saxagliptin; 
(e) Alogliptin; (f) Teneligliptin; (a’) Ribavirin; (b’) Remdesivir; (c’) Galidesivir; (d’) Tenofovir; (e’) Sofosbuvir; CM-Camostat 
mesylate
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S. No Compound name Structure Reference Targeted protein
1 (4Z,6E)‐1,5‐dihydroxy‐1,7‐bis(4‐hydroxy‐3‐

methoxyphenyl)hepta‐4,6‐dien‐3‐one

[28] Spike#, CD26, 
TMPRSS2*, RdRp*

2 (1E)‐1,7‐bis(4‐hydroxy‐3‐methoxyphenyl)
hept‐1‐ene‐3,5‐dione

[29,30] Spike, CD26, TMPRSS2

3 Tetrahydroxycurcumin [31] Spike, CD26, TMPRSS2, 
RdRp

4 (1E)‐7‐(4‐hydroxy‐3‐methoxyphenyl)‐1‐(4‐
hydroxyphenyl)hept‐1‐ene‐3,5‐dione

[29,30] CD26

5 (1E)‐1,7‐bis(4‐hydroxyphenyl)hept‐1‐
ene‐3,5‐dione

[29,30] CD26

6 (4Z,6E)‐1,5‐dihydroxy‐1‐(4‐hydroxy‐3‐
methoxyphenyl)‐7‐(4‐hydroxyphenyl)

hepta‐4,6‐dien‐3‐one

[28] Spike, CD26, TMPRSS2, 
RdRp

7 2‐methyl‐5‐(6‐methylhept‐5‐en‐2‐yl)
cyclohex‐2‐ene‐1,4‐diol

[32] CD26

8 (4Z,6E)‐1,5‐dihydroxy‐7‐(4‐hydroxy‐3‐
methoxyphenyl)‐1‐(4‐hydroxyphenyl)

hepta‐4,6‐dien‐3‐one

[28] Spike, CD26

9 (6E)‐3‐hydroxy‐1,7‐bis(4‐hydroxyphenyl)
hept‐6‐ene‐1,5‐dione

[28] Spike, CD26, TMPRSS2, 
RdRp

10 Cyclocurcumin [33] CD26

11 (4Z,6E)‐1,5‐dihydroxy‐1,7‐bis(4‐
hydroxyphenyl)hepta‐4,6‐dien‐3‐one

[28] Spike, CD26, TMPRSS2, 
RdRp

12 Santalol A [34] CD26

13 Bisacurone [28] CD26, RdRp

14 5‐hydroxy‐6‐(3‐hydroxy‐4‐methylphenyl)‐2‐
methylhept‐2‐en‐4‐one

[35] CD26, RdRp

15 Bisacurone B [36] CD26, RdRp

TABLE 1: LIST OF LEAD C. longa PHYTOCHEMICALS AGAINST SARS-COV-2 AND HUMAN HOST 
PROTEINS RELATED TO VIRAL INFECTION
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16 6‐(5‐hydroxy‐2‐methoxy‐4‐
methylcyclohex‐3‐en‐1‐yl)‐2‐methylhept‐2‐

en‐4‐one

[37] CD26

17 2‐hydroxy‐4‐(6‐methyl‐4‐oxohept‐5‐en‐2‐
yl)benzaldehyde

[37] CD26

18 (1E,6E)‐1‐(3,4‐dihydroxyphenyl)‐7‐(4‐
hydroxyphenyl)hepta‐1,6‐diene‐3,5‐dione

[37] TMPRSS2, RdRp

19 (1E,4E)‐1,5‐bis(4‐hydroxy‐3‐
methoxyphenyl)penta‐1,4‐dien‐3‐one

[32] TMPRSS2

20 (1E,4E,6E)‐1,7‐bis(4‐hydroxyphenyl)
hepta‐1,4,6‐trien‐3‐one

[38] TMPRSS2

21 1‐(5‐hydroxy‐3,6‐dimethyl‐2,3,3a,4,5,7a‐
hexahydro‐1‐benzofuran‐2‐yl)‐3‐

methylbut‐2‐en‐1‐one

[32] TMPRSS2

22 (1E)‐1‐(4‐hydroxy‐3‐methoxyphenyl)‐7‐(4‐
hydroxyphenyl)hept‐1‐ene‐3,5‐dione

[29,30] TMPRSS2

23 Calebin A [30] TMPRSS2, RdRp

24 Curcumin [39] Spike

25 1,6‐Heptadiene‐3,5‐dione, 1,7‐bis(4‐
hydroxy‐3‐methoxyphenyl)

[40] Spike

26 Curculonone D [32] RdRp

27 Vanillin [41] RdRp

Fig. 2: The surface of the ligand binding pocket calculation of (A) RdRp and (B) TMPRSS2 modeled protein using CASTp 3.0. 
server. The binding pocket is shown in red color
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Fig. 3: Alignment of the target protein with the template protein sequence, (A) Alignment of RdRp with the template and (B) 
Alignment of TMPRSS2 with the template

Fig. 4: Modelling parameters of SARS-CoV-2 RdRp modeled protein, (A) Ramachandran plot; (B) Local quality estimate and (C) 
Z-score of the modeled protein
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RdRp, CD26 and TMPRSS2 proteins are shown in  
fig. 1A-fig. 1D. Result showed that compound C1 
(-7.88 kcal/mole) and C6 (-6.62 kcal/mole) showed 
minimum binding score against CD26 and TMPRSS2 
proteins. Compound C1 ((4Z,6E)-1,5-dihydroxy-1,7-
bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-
one) showed Hydrogen Bonding (HB) and hydrophobic 
interaction pattern with the CD26 protein (Table 3). 
Compound C6 ((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-
3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-

Parameters
TMPRSS2 
protein

RNA polymerase 
protein

MolProbity score 1.78 1.03
Clash score 5.45 0.85
Ramachandran favored 92.15 % 96.05 %
Ramachandran outliers 0.87 % 0.56 %
Bad bonds 0/2785 0/7370
Bad angles 31/3791 47/9999

TABLE 2: PROTEIN MODELLING PARAMETERS 
AND THEIR VALUES

Protein CN
AA residue 

involve in HB

AA residue involve

in HI/DSI/Pi-Pi interactions

CD26

C1
Asp739, Asp545, 
Asn710, Lys554

Glu205, Asn709, Trp201, Arg125, Trp124, Lys122, His740, Gly741, Ala743, Tyr547, 
Val546, Trp627, Gly628, Tyr752, Trp629, Ser630

C2 NF
Asp739, ASH709, Asp545, Lys554, Asn710, Lys122, Trp124, Arg125, His740, Gly741, 
Glu205, Trp201, Tyr752, Val546, Tyr547, Trp627, Gly628, Trp629, Ser630, Gly632

C3
Asn710, ASH709, 
Asp739, Lys554

Glu205, Trp201, His740, Gly741, Lys122, Trp124, Arg125, Trp629, Gln553, Ser552, 
Tyr547

TMPRSS2

C6 NF
Leu188, Gly190, Phe193, Val283, Ala280, Ile279, Arg277, Ile489, Thr324, Pro325, 

Cyx278*, Cyx281*, Tyr227, Phe231

C2 Tyr227, Arg277
Phe231, Phe193, Gly190, Tyr189, Leu188, Ile489, Val283, Ala280, Ile279, Pro325, 

Thr324, Pro400, Lys399, Phe394, Cyx281*, Cyx278*
C11 Leu188 Phe193, Gly190, Thr227, Arg277, Ile279, Ala280, Pro335, Thr324, Cyx278*, Phe231

C3 Tyr227
Ile489, Arg277, Ala280, Ile279, Val283, Leu188, Tyr189, Gly190, Phe193, Phe394, 

Pro400, Pro325, Thr324, Phe231, Cyx278*, Cyx281*

C18
Tyr227, Arg277, 

Ala280
Leu188, Gly190, Phe193, Pro325, Thr324, Pro400, Ala280, Ile279, Cyx281*, Cyx278*, 

Phe394

Spike

C1
Gln493, Tyr351, 
Val350, Val401

Lys417, Ile418, Asn422, Leu492, Gln493, Ser494, Tyr351, Tyr495, Val350, Ser349, 
Phe347, Ile402, Asp442, Arg509, Phe497

C8
Val401, Val350, 
Tyr351, Pro491, 

Gln493,

Tyr495, Ser494, Gln493, Leu492, Lys417, Ile418, Tyr421, Asn422, Ser349, Phe347, 
Asp442, Phe497

C2
Phe347, Val350, 

Tyr495
Asp442, Ala348, Ser349, Tyr351, Lys417, Ile418, Tyr421, Asn422, Pro491, Leu492, 

Gln493, Ser494, Phe497, Val401,Arg509, Tyr495

C9
Tyr351, Gln493, 
Tyr495, Asp442

Pro491, Leu492, Ser494, Phe497, Arg509, Val401, Phe347, Ala348, Ser349, Val350, 
Asn422, Lys417, Ile418

C6
Gln493, Pro491, 
Tyr351, Val350, 

Val401
Ile402, Ser349, Asn422, Leu492, Ser494, Tyr495, Asp442, Ile418, Lys417, Phe497

RNA 
polymerase

C6
Asp623, Asp618, 

Asp761
Arg624, Cys622, Lys621, Pro620, Tyr619, Trp617, Gly616, Arg553, Lys551, Lys798, 

Cys799, Trp800, Asp760, Ala762, Glu811, Phe812

C1
Asp623, Asp760, 
Asp761, Ser814, 

Lys798

Asn691, Thr680, Cys622, Arg553, Arg555, Tyr619, Asp618, Trp617, Gly616, Cys799, 
Trp800, Glu811, Phe812, Cys813, Ser759

C14
Ser814, Glu811, 
Asp761, Trp800

Cys813, Phe812, Cys799, Lys798, Gly616, Trp617, Asp618, Ala762, Asp760, Ser759, 
Leu758

C23 Thr556, Lys798
Val763, Ala762, Asp761, Asp760, Arg624, Asp623, Arg553, Asp452, Arg555, Val557, 

Lys545, Gly616, Trp617, Asp618, Phe812, Glu811, Trp800, Cys799

TABLE 3: SARS-COV-2 AND HUMAN HOST PROTEIN AA RESIDUES INVOLVED IN THE INTERACTION 
WITH C. longa COMPOUNDS

Note: HB‐Hydrogen bond; HI‐Hydrophobic interaction; *‐indicates residues with Pi‐Pi interaction; DSI‐Digital sequence information
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dien-3-one) showed disulfide/HB, hydrophobic and 
pi-pi interaction pattern with the modeled TMPRSS2 
protein (Table 3).

Camostat mesylate (CM) is a known, in vitro validated 
human TMPRSS2 protein inhibitor[53,54]. We predicted 
the active site (ligand binding site) of the TMPRSS2 
modeled protein. Docking of CM and C1 (4Z,6E)-
1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-
hydroxyphenyl)hepta-4,6-dien-3-one was performed 
against the site to predict the comparative binding 
of both compounds. The result showed that C. longa 

compound binds more tightly (-6.62 kcal/mole) to 
the TMPRSS2 predicted active site in comparison to 
known CM inhibitor (-5.14 kcal/mole) (fig. 7A and  
fig. 7B). Moreover, the lead ligand bound structures 
of the CD26 and modeled TMPRSS2 protein showed 
slight changes in Root-Mean-Square Deviation 
(RMSD) values (0.304Å and 0.371Å) in comparison to 
unbound structure (fig. 8A-fig. 8E).

Compound C1 ((4Z,6E)-1,5-dihydroxy-1,7-bis 
(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-one) 
exhibited potential binding (-8.51 kcal/mole) at SARS-

Receptor name
Receptor/Protein 

energy
Receptor/Protein-standard ligand 

complex energy
Receptor/Protein-lead ligand complex 

energy
CD26 ‐63281.79373 ‐63286.47008 ‐63381.1174

Spike ‐128584.6622 ‐128598.4453 ‐128681.7845

RNA pol ‐33846.13982 ‐33825.36073 ‐33957.28006

TMPRSS2 ‐13641.03537 ‐13788.34184 ‐13772.66361

TABLE 4: MM-GBSA ANALYSIS OF THE SARS-COV-2 TARGETED PROTEIN AND PROTEIN-STANDARD 
INHIBITOR/LEAD MOLECULE COMPLEX

Note: All the numerical values are shown in the table are given in kcal/mole. Sitagliptin, VE607, Ribavirin and CM were used as standard ligand 
for CD26, Spike, RdRp and TMPRSS2 proteins respectively. C. longa compound [(4Z,6E)‐1,5‐dihydroxy‐1,7‐bis(4‐hydroxy‐3‐methoxyphenyl)
hepta‐4,6‐dien‐3‐one] was the lead ligand for CD26 and SARS‐CoV‐2 spike glycoprotein. C. longa compound [(4Z,6E)‐1,5‐dihydroxy‐1‐ 
(4‐hydroxy‐3‐methoxyphenyl)‐7‐(4‐hydroxyphenyl)hepta‐4,6‐dien‐3‐one] was the lead ligand for TMPRSS2 and RdRp

Fig. 5: Interaction of C. longa compounds with CD26 and TMPRSS2 human host proteins, (A) Surface structure and type of 
interaction involved in the compound C1 ((4Z,6E)-1,5-dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-one) and 
CD26 protein interaction. Protein and ligand are shown in red and yellow color; (B) Surface structure and type of interaction 
involved with compound C6 ((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-dien-3-one) 
and TMPRSS2 modeled protein. Protein and ligand are shown in cyan and purple color

Fig. 6: Interaction of C. longa compounds with SARS-CoV-2 and RdRp proteins, (A) Surface structure and type of interaction 
involved with compound C1 ((4Z,6E)-1,5-dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-one) and SARS-COV-2 
spike glycoprotein. Protein and ligand are shown in yellow and red color; (B) Surface structure and type of interaction involved with 
the compound C6 ((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-dien-3-one) and RdRp 
modeled protein. Protein and ligand are shown in green and red color
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CoV-2 S1 domain and ACE-2 protein binding interface. 
Result showed HB and hydrophobic interactions 
between compound C1 and S1 domain (Table 2 and 
fig. 6A). Besides S-protein, we also targeted SARS-
CoV-2 RdRp protein. Results showed that C. longa 
compounds (C1, C6, C14 and C23) have potential to 
bind SARS-CoV-2 RdRp approximately with similar 
potential ranging from -5.57 to -5.10 kcal/mole. 
Compound C1 interacts with RdRp protein through HB 
and hydrophobic interaction with a minimum binding 
score among all screened compounds (Table 3 and  
fig. 6B).

In the next experiment, the comparative docking pose 
of respective standard inhibitors against target proteins 

were studied (fig. 9A-fig. 9E). AA residues and type 
of interactions involved with the standard inhibitor-
target protein binding is summarized in Table 3. Result 
showed that docking pose of standard inhibitor and 
lead compounds against CD26 protein were different 
(fig. 9A and Table 3). Compound C6 and CM interacted 
with the same AA residues viz. Arg277, Tyr227, Ile279, 
Thr324, Pro325, Phe231, Ala280, Phe193, Cys278, 
Gly190 and Leu188 of TMPRSS2 protein; although the 
type of interaction was different (fig. 9B and Table 3). 
Additional interactions noted with compound C6 were 
with Leu188, Gly190, Phe193, Val283, Ala280, Pro325, 
Cys281 and Phe231 AA residues. Compound C1 and 
VE607 showed similar pattern of binding with AA 

Fig. 7: Binding of lead and standard compounds at predicted binding site at TMPRSS2 protein compared with the unbound protein 
inhibitors at allosteric and predicted active site of the protein, (A) Binding of (4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-
7-(4-hydroxyphenyl)hepta-4,6-dien-3-one phytochemical (red color) at TMPRSS2 predicted active site with binding score;  
(B) Binding of in vitro validated TMPRSS2 inhibitor CM (red color) at predicted active site and its binding score. Ligand bound 
(yellow color) and unbound (cyan color) protein structures were superimposed to show the change in protein conformation. Change 
in ligand bound and unbound protein conformation is provided in the form of RMSD value and binding score of ligand at the 
predicted active site is given in kcal/mole

Fig. 8: C. longa compounds bound and un-bound 3D superimposed structure of SARS-CoV-2 and human host protein. Yellow 
color indicates unbound protein structure and ligand bound protein structure is shown in cyan color, (A) Superimposed ligand 
((4Z,6E)-1,5-dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-4,6-dien-3-one) bound and unbound CD26 protein structures; 
(B) Superimposed ligand ((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-dien-3-one) 
bound and unbound TMPRSS2 modeled protein structures; (C) Superimposed ligand ((4Z,6E)-1,5-dihydroxy-1,7-bis(4-hydroxy-
3-methoxyphenyl)hepta-4,6-dien-3-one) bound and unbound SARS-CoV-2 spike glycoprotein structures; (D) Superimposed ligand 
((4Z,6E)-1,5-dihydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-4,6-dien-3-one) bound and unbound RdRp 
modeled protein structures; (E) Difference in RMSD values of ligand bound and un-bound proteins
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resides viz. Gln493, Tyr495, Ser494, Asn422, Leu492, 
Tyr351, Val350, Asp442 and Phe497 against SARS-
CoV-2 S-protein (Table 2). Moreover, compound C1 
showed additional binding with Lys417, Ile418, Tyr351, 
Val350, Ser349, Phe347, Ile402, Arg509 and Val401 
residues (Table 3). Ribavirin, remdesivir (prodrug) 
and nucleoside triphosphate (active metabolite of 
remdesivir) were engaged as SARS RdRp standard 
inhibitors for docking pose comparison with C. longa 
compounds (Table 3). Similar to ribavirin, compound 
C6 showed interactions with Ala762, Asp761, Glu811, 
Lys798, Trp617, Asp760, Trp800 and Cys799 residue 
of SARS-CoV-2 RdRp enzyme (Table 3). Compound 
C6 showed binding with some additional AA residues 
including Asp623, Asp618, Arg624, Cys622, Lys621, 
Pro620, Tyr619, Gly616, Arg553, Lys551 and Phe812, 
respectively (Table 3). It should be noted that lead 
compound C6 and recently proposed SARS-CoV-2 
RdRp inhibitor remdesivir prodrug and its active 
metabolite nucleoside triphosphate exhibited similar 
binding pattern on protein active site with binding 
energy -5.81 and -6.85 kJ/mole (fig. 9E). Compound C6 
and remdesivir active drug (nucleoside triphosphate) 
interacted with almost similar AA residues including 
Asp618, Asp761, Lys621, Pro620, Trp617, Gly616, 
Lys551, Lys798, Trp800 and Glu811 (Table 3).

Virus entry in the human cells is initiated through the 
interaction of viral protein with the human receptor(s) 

followed by conformational change in the viral protein 
which induces the internalization process[55]. Thus, 
the agents which can prevent the viral entry and their 
attachment to the host cells are important candidates 
for anti-viral drug discovery. Several natural products 
show their anti-viral potential by inhibiting the viral 
attachment. Several natural compounds show their anti-
viral potential by inhibiting the viral attachment to the 
host cell. For example, natural tannin compounds viz. 
chebulagic acid and punicalagin inhibit the attachment 
and fusion of different viruses with the host receptor 
by deactivating the free viral particles[56]. It has been 
reported that some natural compounds including 
epigallocatechin-3-gallate a major constituent of green 
tea, has potential to inhibit the viral attachment, its 
replication, assembly or release of their progeny virions. 
The antiviral mechanism inhibits cell-to-cell spread of 
the virus and lowers the infectivity[57]. In the present 
study, we identified the binding potential of C. longa 
phytochemicals with the SARS-CoV-2 and human 
proteins involve in the viral-host protein interaction, 
internalization and replication process.

CD26, also known as DPP4, is a 110 kDa human cell-
surface glycoprotein that exerts varying functions in 
cell type and physiological conditions in context-based 
manner. Lu et al. (2013) demonstrated that Middle 
East Respiratory Syndrome Coronavirus (MERS-CoV) 
spike protein bound with CD26 mediates attachment 

Fig. 9: Superimposed C. longa compounds and standard inhibitors at active site of SARS-CoV-2 and human host target proteins, 
(A) Binding of compound C1 (green) and sitagliptin (red) at human host CD26 active site; (B) Binding of compound C6 (yellow) 
and CM (warm pink) at human host TMPRSS2 active site; (C) Binding of compound C1 (green) and VE607 (blue) at SARS-CoV-2 
spike glycoprotein active site; (D) Binding of compound C6 (yellow) and ribavirin (cyan) at SARS-CoV-2 RNA-polymerase active 
site; (E) Binding of compound C6 (yellow), remdesivir prodrug (blue) and remdesvir active drug (nucleoside triphosphate) (red) at 
SARS-CoV-2 RNA-polymerase active site
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Fig. 10: C. longa compounds targeting SARS-CoV-2 and human host proteins involved in viral entry and virulence

and fusion to host cells thereby initiating infection[54]. 
Human CD26 is an important immuno-regulator used by 
viruses for immune hijacking and virulence. TMPRSS2 
is a serine protease that proteolytically cleaves and 
activates viral spike protein and facilitates virus-cell 
membrane fusion. It has been reported that TMPRSS2 
plays a critical role in the proteolytic activation of 
SARS-CoV and MERS-CoV[58]. Therefore, targeting 
human CD26 and TMPRSS2 proteins is an efficient 
step to inhibit the cellular entry and virulence of SARS-
CoV-2.

Our study corroborates with previous publications 
demonstrating binding of CD26 inhibitors at Tyr125, 
Glu205, Lys122, Trp124 and Ap739 amino residue of 
CD26[59,60]. In the present study, C. longa compounds 
binds to the predicted ligand binding (fig. 2B) of 
TMPRSS2 protein. Our study also corroborates with the 
recently published data on remdesivir which binds at the 
similar binding site of TMPRSS2[4]. The predicted active 
site of the modeled TMPRSS2 protein was relatively 
involved in the SARS-CoV-2 S-protein and TMPRSS2 
protein interaction interface. Comparison of ligand and 
CM bound TMPRSS2 modeled protein showed that 
the binding of lead compound at the predicted site of 
the protein binds more tightly than the binding of CM  

(fig. 7A and fig. 7B). Thus, the comparative results 
indicate the TMPRSS2 binding potential of C. longa 
compounds at the predicted site. Minor change in 
RMSD values of ligand bound and unbound CD26 and 
TMPRSS2 structures indicate stable docking pose of 
C. longa compounds at respective binding sites of the 
protein.

SARS-CoV-2 spike glycoprotein is composed of S1 and 
S2 subunits[61]. The S1 and S2 domains are involved in 
host cell receptor binding and membrane fusion. The 
S1 subunit comprise of a signal peptide, N-terminal 
domain and RBD. The S1 domain interacts with human 
ACE-2 receptor and forms a fusion core that passages 
viral and human cellular membrane to initiate fusion 
and infection. Beside ACE-2 receptor, the S1 domain 
(RBD) of the spike protein interacts with several other 
host proteins such as CD26 and TMPRSS2. S2 subunit 
of SARS-CoV-2 S-protein consists of conserved 
fusion peptide mediating membrane fusion process[62]. 
Recent studies indicated that similar to SARS-CoV and 
MERS-CoV, the S1 domain of SARS-CoV-2 possesses 
conserved sequences which interact with human 
proteins underlying cell adhesion and virulence[63].

Tai et al. characterized the receptor binding domain of 
SARS-CoV-2 and reported the variable amino residues 
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(331aa-524aa) among SARS-CoV-2 and SARS-CoV[64]. 
Wrapp et al. reported that S1 subunit of SARS-CoV-2 
has 10-20 fold higher binding affinity for ACE-2 receptor 
than SARS-CoV which may contribute to its higher 
infectivity and transmission potential in comparison 
to SARS-CoV[65]. Tight binding of compound C1 at 
SARS-CoV-2 S1 domain and ACE-2 protein binding 
interface indicates the disruption of protein-protein 
interaction between these two molecules (fig. 5A). Our 
study corroborates with the recent findings showing the 
binding of hesperidin, a flavanone glycoside found in 
citrus fruits, at the SARS-CoV-2 S1 domain and ACE-
2 protein binding interface[60]. It should be noted that 
the compound C1 binds with some key AA residues 
(Gln493, Ile402, Lys417, Gln493 and Ser494) which 
are unique to the SARS-CoV-2 S1 domain. This result 
indicates the selective SARS-CoV-2 S1 domain targeting 
potential with C. longa compounds might disrupt the 
viral adherence on human host cells. Since polymerases 
play a central role in viral genome synthesis, replication 
and transcription, thus, targeting SARS-CoV-2 RdRp 
by C1 could emerge as a potential antiviral drug. Tight 
binding of other C. longa compounds C1, C6, C14 and 
C23 at SARS-CoV-2 RdRp active site indicates that 
the compounds might have inhibitory potential against 
viral replication.

In our study, similar binding pattern of compound 
C6 was noted as compared to standard inhibitor CM 
interaction with TMPRSS2 protein (fig. 7A, fig. 7B and 
fig. 8B). Binding with an additional AA residue might 
be the reason behind lower binding energy of compound 
C6 against TMPRSS2 protein than standard inhibitor 
(fig. 1). It has been reported that VE607 compound 
binds with SARS-CoV S-protein pseudotype HIV-
1 virus and thereby inhibit the viral entry in ACE-2 
expressing 2393T cells[66]. Binding of compound C1 
with additional residues of spike protein S1 domain 
might be responsible for its lower binding energy than 
VE607 compound (Table 3). Similar to SARS-CoV-2 
RdRp inhibitors, compound C6 interacted with similar 
AAs. Altogether, C. longa compound show additional 
binding with the protein which might be responsible for 
its lower binding energy. The overall results indicate 
significant SARS-CoV-2 RdRp inhibition potential 
by C. longa compounds. Potent binding of the lead  
C. longa phytochemicals to the targeted SARS-CoV-2 
and human host proteins are depicted in fig. 10.
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