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A B S T R A C T   

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the causative agent of the COVID-19 
pandemic. Currently, there are no particular antivirals available to battle with COVID-19. The RNA-dependent 
RNA polymerase (RdRp) has emerged as a novel drug target due to its essential role in virus replication. In 
this study, turmeric-derived compounds were chosen and subjected to in-silico analysis to evaluate their binding 
affinity against the RdRp-RNA complex of SARS-CoV-2. Our in-silico approach included the analysis of protein- 
ligand interactions by molecular docking and molecular dynamics simulations, followed by free energy calcu-
lations by molecular mechanics Poisson-Boltzmann surface area analysis. Curcumin and diacetylcurcumin 
showed stability and good binding affinity at the active site of the SARS-CoV-2 RdRp-RNA complex. Furthermore, 
to validate the potency of selected compounds, we compared them with Favipiravir and Remdesivir antiviral 
drugs from our previous analysis on targeting tea bioactive molecules to inhibit RdRp-RNA complex. The 
comparative analysis revealed that the selected compounds showed higher potential to be developed as RdRp- 
RNA inhibitors than antiviral medicines Remdesivir and Favipiravir. However, these compounds need to be 
further validated by in-vitro and in-vivo investigations.   

1. Introduction 

The newly emerged coronavirus (CoV) known as the Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the causative 
agent of the COVID-19 disease. Correlated to the other CoVs, the 
transmission frequency of SARS-CoV-2 (between human beings) is 
higher, which describes its widespread [1,2]. The non-structural protein 
12 (Nsp12) of SARS-CoV-2, also known as the RNA-dependent RNA 
polymerase (RdRp) is one of the most crucial targets for viral inhibition 
because it catalyzes the synthesis of viral RNA during transcription and 
replication of SARS-CoV-2 [3,4]. The RdRp is aided by cofactors such as 
Nsp7 and Nsp8 [5]. The RdRp structure consists of a polymerase domain 
(residues Ser367 to Phe920) and a nidovirus-specific N-terminal 
expansion domain (NiRAN domain) composed of residues from Asp60 to 
Arg249 [6,7]. Both these domains are joined by the interface domain 
(residues Ala250 to Arg365) [4]. The RdRp includes three other do-
mains, the palm domain (Tyr582-Pro620 and Tyr680-Gln815), fingers 
domain (Leu366-Ala581 and Lys621-Gly679), and the thumb domain 

(His816-Glu920). The overall stability of the structure is aided by an 
N-terminal hairpin (residues Asp29 to Lys50) structure located between 
the NiRAN domain and the palm subdomain [4,6]. The structure consists 
of five antiparallel β-strands and two helices present between residues 
Ala4 and Arg118 [4,8]. Also, an additional β-strand present between 
residues Asn215 and Asp218 combines with another strand (residue 
Val96 to Ala100) to render conformational stability by building a 
compact and stable-barrel structure [4]. 

The RdRp participates in the RNA synthesis (template-directed) part 
of the life cycle of the SARS-CoV-2. The template insertion, nucleoside 
triphosphate (NTP) entry, and developing strand exit pathway merge 
inside a positively charged middle cavity [4,9]. The hydrophilic motif F 
defines the NTP entry channel (residues Lys545, Arg553, and Arg555) 
[4]. The template RNA enters the binding site via motifs F and G, with 
the template strand held by motif E and the thumb subdomain. The 
binding site contains motifs A and C, supported by motifs B and D [8]. 
The global SARS-CoV-2 spread and increasing statistics highlight the 
significance of identifying therapeutic candidates that could effectively 
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manage the spreading pandemic. The RdRp is an assuring target for 
inhibition for several reasons: first, it plays an indispensable role in the 
life cycle of the virus; second, the character of protein structure and 
conserved sequences across different RNA viruses; finally, there are no 
homologous proteins present in the host system [4,10]. Remdesivir is a 
nucleotide analog (NA) that has proven to be efficient against various 
virus-related infections and has been proclaimed to halt the proliferation 
of SARS-CoV-2 [11,12]. When NAs enter the cell, they produce an active 
5 -triphosphate, which competes with endogenic nucleotides for incor-
poration into RNA (viral) by serving as a substitute for RdRp substrate 
[3]. 

Natural molecules consist of high chemical variety, lower production 
price, and fewer side effects than molecules synthesized from combi-
natorial/synthetic chemistry. Hence, an effort was made to screen and 
evaluate the potential of turmeric-derived molecules against the RdRp of 
SARS-CoV-2 using computational tools. Turmeric (Curcuma longa) is a 
spice utilized in daily food uptake and also used as an anti-inflammatory 
agent in Ayurveda remedies. It was also reported that curcumin inhibits 
viral infection by intervening with various replication events [13]. 
Curcumin was also reported to interfere in binding of Chikungunya and 
Zika virus cells with the cell membrane of host cells [14]. In this study, 
we prepared a library of turmeric-derived molecules, and all the mole-
cules docked inside the binding site of RdRp-RNA. Further, these mol-
ecules were analyzed by various structural parameters of molecular 
dynamics (MD) simulation analyses. Our results provide a basis for 
further experimental and clinical investigations of the suggested lead 
molecules. 

2. Material and methods 

2.1. Datasets 

The crystal structure of RdRp from the Protein data bank (PDB ID: 
7BV2) with 2.5 Å resolution was retrieved [4]. The protein structure 
includes Nsp12 (RdRp) associated with cofactors Nsp7, Nsp8, and 
primer-template RNA. We used the Pubchem database to acquire the six 
turmeric-derived compounds [15,16]. Compounds were prepared for 
molecular docking study by optimizing the ligand geometry of each 
compound through Gaussian16 DFT minimization protocols [17]. We 
adopted the “prepare protein” function of Discovery studio client 2018 
to prepare missing loops of the protein [18]. 

2.2. Molecular docking 

A set of six turmeric-derived compounds was docked with the SARS- 
CoV-2 RdRp-RNA. We implemented the CDOCKER; a CHARMm sup-
ported semi-flexible docking tool of the discovery studio client for mo-
lecular docking [19]. The parameters of CDOCKER were sustained 
default. A 10.0 Å radius, allotted from the center of the compound in the 
binding site, includes all the amino acids involved in binding the com-
pound to the SARS-CoV-2 RdRp-RNA. The most reliable docking pose of 
each molecule accepted on the basis of the lowest interaction energy 
score and further appraised using Discovery studio visualizer to examine 
the molecular interactions. 

2.3. MD simulations 

Molecular dynamics (MD) simulations, conducted to elucidate 
further dynamic actions of the Curcumin and diacetylcurcumin inside 
the binding site of RdRp-RNA and confirm the concerned binding styles 
from docking results. GROMACS was used to evaluate the best-docked 
poses by employing GROMOS96 43a1 forcefield [20]. PRODRG server 
used to produce ligand topologies. Simulations were carried out in a 
water box using a water model and neutralized the system with 
counter-ions. The steepest descent (energy minimization) algorithm was 
applied to avoid wrong associations from the original structures, and 

they have then subjected to NPT and NVT equilibration. We performed 
the NVT ensemble with a V-rescale thermostat at 300 K for 1 ns and the 
NPT ensemble at 1 bar pressure with Parrinello-Rahman barostat for 1 
ns [21]. The geometry of the water molecules and bond constraints 
monitored using SETTLE and LINCS algorithms [22]. Particle Mesh 
Ewald (PME) was adopted to estimate long-range electrostatic and 
short-range non-bonded interactions [23]. We streamed MD simulations 
on the equilibrated NPT ensembles of every system. We used the Mo-
lecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) pro-
cedure for every system and estimated the outcomes based on 
protein-ligand total energy [24]. 

3. Results and discussion 

At present, there are no FDA-approved antiviral medications avail-
able to treat COVID-19 patients. Emerging data suggested that turmeric- 
derived compounds have antiviral activity and could be used as pre-
ventive therapeutics against COVID-19 [25–28]. Turmeric possesses 
beneficial features such as analgesic, anti-inflammatory, antiviral, and 
antimicrobial activities, and hence is extensively used in Ayurveda and 
Siddha medical systems. The turmeric-derived compounds were 
computationally screened to evaluate their binding affinity with the 
RdRp of SARS-CoV-2. 

3.1. Binding mode and intermolecular interactions 

In the current study, molecular docking was adopted to predict the 
binding between six turmeric-derived compounds and SARS-CoV-2 
RdRp-RNA protein. Molecular docking is the most widely used tech-
nique in computational drug design and discovery. The interaction en-
ergies of the six selected compounds with the SARS-CoV-2 RdRp-RNA 
protein were shown in Table 1. The compounds diacetylcurcumin 
(69.54 kcal/mol) and curcumin (64.10 kcal/mol) were selected on the 
basis of the best interaction energies for further analysis. The binding 
modes of the RdRp-RNA with two selected compounds were displayed in 
Fig. 1. The analysis of binding mode and intermolecular interaction 
showed that the bioactive molecule curcumin binds to the binding 
pocket by associating with the active site residues and RNA nucleotides 
of the template and primer strand. Curcumin interacted with uracil 
present at position 20 of the primer strand by alkyl interactions, two 
carbon-hydrogen, and two hydrogen bonds. It also formed two hydrogen 
bonds and two alkyl interactions with uracil at position ten of the 
template RNA strand. Also, curcumin interacted with adenine at position 
eleven of the template RNA strand by forming a carbon-hydrogen bond. 
Additionally, curcumin stabilized in the active site by showing 
hydrogen/carbon-hydrogen bonds and alkyl interactions with residues 
Lys545, Arg553, Ser759, Ser682, Arg555, Ala688, and Val557 of RdRp 
active site. Similarly, the compound diacetylcurcumin showed hydrogen 
bonds with residues Thr680, Asn691, Thr687, Lys545, and carbon- 
hydrogen bond with residue Arg555. Moreover, the residues Asp623, 
Val557, and Asp761 showed van der Waals interactions. Diac-
etylcurcumin also interacted with the primer and template RNA strands 
by carbon-hydrogen bonds, π-π stacked, and π-anion interactions. The 
residues Asp623, Ser682, and Asn691 allows selective RNA replication 
by identifying the RNA-specific (2′-OH) group [29]. Both the molecules 

Table 1 
The docking scores in terms of -CDOCKER interaction energy (kcal/mol) for the 
selected turmeric-derived compounds.  

S. No. Molecules -CDOCKER interaction energy (kcal/mol) 

1. Diacetylcurcumin 69.54 
2. Curcumin 64.10 
3. Tetrahydrocurcumin 62.1 
4. Dimethylcurcumin 58.99 
5. Demethoxycurcumin 52.95 
6. Bis-demethoxycurcumin 51.15  
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interacted with residues Asp759, Ser761, and Asp760 which belong to 
the catalytic core of RdRp protein [4,30]. The residues Arg553, Lys545, 
and Arg555 are involved in the formation of the NTP entry channel [4], 
and both the selected compounds exhibited robust hydrogen bonds with 
these residues. We observed interactions of both the selected molecules 
with the RNA identifying residues and the residues forming the NTP 
entry channel and the catalytic core of RdRp protein. These interactions 
could hinder the biological activity of RdRp protein and consequently 
stop/interrupt the viral replication process [31]. Next, we conducted 
MD simulations to verify the docking poses and examine the dynamics of 
RdRp-RNA-ligand interactions at the catalytic pocket. 

3.2. Structural stability of protein-ligand complexes 

Protein-ligand interactions generated by docking are fixed poses. 
However, in actual biological conditions, the binding modes change 
depending on physiological conditions and time. The selected protein- 
ligand complexes were subjected to MD simulations to concede the ac-
curate dynamic status and assessment of various bonds formed between 
protein and ligand [32,33]. The structural stability of the two selected 
RdRp-RNA-ligand complexes was analyzed by the Root mean square 
deviation (RMSD) analysis of backbone C-α-atoms (Fig. 2). RMSD cal-
culations can examine the conformational variances and the structural 
stability of a protein-ligand complex at a global scale [34,35]. RMSD 
interpretation of the RdRp-RNA in complex with curcumin and diac-
etylcurcumin showed that both the complexes gained stability at ~100 
ns. Throughout the whole simulation, both the complexes owned an 
average RMSD value between 0.2 and 0.4 nm. RMSD outcomes 

confirmed that the trajectories of both the complexes were 
well-equilibrated and stable. 

Additionally, we analyzed the Root Mean Square Fluctuation (RMSF) 
values of each backbone atom in the RdRp-RNA-ligand complexes to 
explore the flexibility of the protein structure (Fig. 3). The higher RMSF 
value denotes flexibility, whereas the low RMSF value expressed limited 
drifts. After the equilibration of simulation, the associated complexes 
showed less fluctuation with a stable symmetry. It provided a framework 
to analyze the changes in every subset of the complexes related to the 
simulated structure. Both the complexes attained a smaller fluctuation in 
the binding site. The average fluctuations (0–0.17 nm) of both the 
complexes were moderate and similar to each other. RMSF analysis for 
the binding site area of both complexes disclosed that the residues 
involved in the binding of compounds were stable during the 
simulations. 

3.3. Interaction stability analysis at different time intervals 

Furthermore, it was compelling to investigate the protein-ligand 
poses at different time periods during the whole simulations. We ob-
tained the scripts of selected complexes at different time periods (5 ns, 

Fig. 1. The 2D interaction poses of (a) curcumin and (b) diacetylcurcumin docked on the active site of RdRp-RNA complex of SARS-CoV-2.  

Fig. 2. Backbone RMSDs are shown as a function of time for the RdRp-RNA of 
SARS-CoV-2 and compounds. 

Fig. 3. RMSF for the backbone C-α-atoms of RdRp-RNA complexes with cur-
cumin (green) and diacetylcurcumin (red). 
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25 ns, 50 ns, 75 ns, and 100 ns) to observe the stability of the in-
teractions in RdRp-RNA-ligand complexes (Fig. S1). The protein-ligand 
poses at distinct time periods reported that the interactions displayed 
in docking sustained during the whole simulation run. The MD simula-
tions implied that the binding site residues manifested stable interaction 
poses and the selected compounds persisted in the active pocket until the 
simulation concludes. 

3.4. Binding free energy analysis 

We calculated the binding free energy based on MD simulations 
using the MM-PBSA procedure to determine the potency of interaction 
between selected compounds and RdRp-RNA complex. The higher 
binding affinity possibility is achieved by binding free energy calcula-
tions, which rely on the thermodynamically relevant parameters linked 
with the protein-ligand interactions [36,37]. The individual terms 
contributing to the total binding free energy and the free energy tra-
jectories throughout the simulation were shown in Table 2 and Fig. 4 
respectively. The contributions of van der Waal energy and the elec-
trostatic energy were considerably higher than others to the binding free 
energy. Moreover, the SASA energy cooperated with a good addition, 
while the contribution of polar solvation energy was not favorable to the 
binding free energy. 

4. Comparison with earlier reported in-silico analyses on SARS- 
CoV-2 RdRp-RNA protein 

To categorize potent inhibitors against the RdRp-RNA complex of 
SARS-CoV-2, we compared our selected turmeric-derived compounds 
with the antiviral medicines Favipiravir and Remdesivir. The interacting 
residues and the binding free energies of Favipiravir and Remdesivir 
were analyzed in our previous study [31]. On comparing the results, 
curcumin and diacetylcurcumin showed good interactions with impor-
tant residues of the NTP entry channel and catalytic center of RdRp than 
antiviral medicines Favipiravir and Remdesivir. Moreover, we also 
compared binding free energies of selected compounds with Favipiravir 
and Remdesivir (Table S1). Both the turmeric-derived molecules showed 
better binding free energies than Favipiravir and Remdesivir [31]. In 

addition, we also compared our results with some other computational 
analyses suggesting potential molecules against the RdRp of 
SARS-CoV-2 [38–41]. The comparison of our study with previous liter-
ature pointed out that our selected compounds (curcumin and diac-
etylcurcumin) had better affinity against RdRp-RNA of SARS-CoV-2 and 
were firmly bound to it throughout the simulation period. The strong 
interactions between turmeric-derived compounds and active site of 
RdRp compared to Remdesivir and Favipiravir also showed their po-
tential to be developed as RdRp-RNA inhibitors. These outcomes require 
further validation by in-vivo and in-vitro studies. 

5. Conclusion 

RdRp-RNA is a promising target for developing novel SARS-CoV-2 
inhibitors. In this analysis, we selected a set of six compounds from 
turmeric to examine their interaction poses inside the active site of the 
RdRp-RNA complex of SARS-CoV-2. The curcumin and diac-
etylcurcumin adhered firmly to the essential amino acids present in the 
NTP entry channel and the catalytic center required for RNA recognition 
and viral replication. Curcumin and diacetylcurcumin also presented the 
most promising binding free energies during the evaluation of MM-PBSA 
results. We also compared these results with the binding potential of 
Favipiravir and Remdesivir. The comparative analysis suggested that 
these compounds showed more promising potential than antiviral 
medicines Favipiravir and Remdesivir. Thus, the present findings 
revealed the efficacy of curcumin and diacetylcurcumin against the 
RdRp-RNA complex of SARS-CoV-2. Additionally, these in-silico findings 
require further experimental validation to advance in the drug discovery 
pipeline. 
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Table 2 
Binding free energy in individual terms for both compounds bound to RdRp-RNA generated by MM-PBSA method.  

S. No. RdRp-RNA-Ligand Complexes ΔE binding (kJ/mol) ΔE polar solvation (kJ/mol) SASA (kJ/mol) ΔE Electrostatic (kJ/mol) ΔE Van der Waals (kJ/mol) 

1. RdRp-curcumin − 42.162 101.798 − 13.496 − 18.137 − 112.327 
2. RdRp-diacetylcurcumin − 71.964 116.315 − 19.107 − 14.698 − 154.474 
3. RNA-curcumin − 40.306 27.351 − 6.539 − 11.487 − 49.631 
4. RNA-diacetylcurcumin − 80.718 31.556 − 8.498 − 31.535 − 72.242  

Fig. 4. The graphical representation of binding free energy estimated for the entire simulation for curcumin (green) and diacetylcurcumin (red) with (a) RdRp 
protein and (b) RNA respectively. 
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