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The novel coronavirus disease (COVID-19) is a highly contagious disease caused by the SARS-CoV-2 virus,
leading severe acute respiratory syndrome in patients. Although various antiviral drugs and their combinations
have been tried so far against SARS-CoV-2 and they have shown some effectiveness, there is still a need for safe
and cost-effective binding inhibitors in the fight against COVID-19. Therefore, phytochemicals in nature can be a
quick solution due to their wide therapeutic spectrum and strong antiviral, anti-inflammatory, and antioxidant
properties. In this context, the low toxicity, and high pharmacokinetic properties of curcumin, which is a natural
phytochemical, as well as the easy synthesizing of its derivatives reveal the need for investigation of its various
derivatives as inhibitors against coronaviruses. The present study focused on curcumin derivatives with reliable
ADME profile and high molecular binding potency to different SARS-CoV-2 target enzymes (3CLPro, PLpro,
NSP7/8/12, NSP7/8/12 +RNA, NSP15, NSP16, Spike, Spike+ACE). In the molecular docking studies, the best
binding scores for the 22 proposed curcumin derivatives were obtained for the PLpro protein. Furthermore, MD
simulations were performed for high-affinity ligand-PLpro protein complexes and subsequently, Lys157, Glu161,
Aspl64, Argl66, Glul67, Met208, Pro247, Pro248, Tyr264, Tyr273 and Asp302 residues of PLpro was deter-
mined to play key role for ligand binding by Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
analysis. The results of the study promise that the proposed curcumin derivatives can be potent inhibitors against
SARS-CoV-2 and be converted into pharmaceutical drugs. It is also expected that the findings may provide

guiding insights to future design studies for synthesizing different antiviral derivatives of phytochemicals.

1. Introduction

The COVID-19, caused by the SARS-CoV-2 virus, first appeared in
Wuhan, Hubei province of China, in December 2019 and lead to an
unusual type of infectious pneumonia that causes severe acute respira-
tory syndromes in patients (Huang et al., 2020; Lu et al., 2020; Zu et al.,
2020). Since the day of its pandemic situation, SARS-CoV-2 has caused
383,509,779 confirmed cases of infection, more than 5,693,824 deaths
(WHO reports, 4 February 2022), and the number of newly infected and
deaths is increasing day by day. For this reason, the whole world is
trying to fight this coronavirus disease and scientific communities are
researching for effective vaccines, drugs or treatments that can be used
to combat COVID-19.

Although various antiviral drugs and their combinations have been
tried for the treatment of COVID-19, no fully effective treatment has yet
been found. The activity of coronaviruses can be restrained by inhibiting
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the virus’s binding to human cell receptors, spreading and replication of
their genetic material. In this context, studies on discovering new
chemical drugs that will inhibit the enzyme proteins of coronaviruses
continue at a great pace. In addition to these chemical drugs, satisfactory
results have been also reported for various phytochemicals in the inhi-
bition of coronaviruses (Gangadevi et al., 2021; Kumar et al., 2020;
Mitra et al., 2021; Ozdemir et al., 2020; Rajagopal et al., 2020; Singh
et al., 2021; Vellingiri et al., 2020). Designing and discovering a new
drug from scratch is a long process, and in this regard, derivatives of
existing therapeutic molecules and phytochemicals with appropriate
drug properties can be an effective and rapid solution to the COVID-19
crisis. To this end, there are a lot of theoretical efforts on COVID-19
focusing on natural compound (Adelusi et al., 2022; Badavath et al.,
2020; Choudhary and Singh, 2022; Hasan et al., 2022; Mithilesh et al.,
2022; Murugesan et al., 2021; Oluyori et al., 2022; Phong et al., 2022).

Curcuminoids are natural organic phytochemicals found in Turmeric
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(Curcuma longa) that are plant-derived and can be easily synthesized
(Jennings and Parks, 2020; Sharifi-Rad et al., 2020). The main curcu-
minoids in commercial turmeric extracts are; consists of curcumin
(77%), demethoxycurcumin (17%) and bisdemethoxycurcumin (6%)
(Anand et al., 2007) and, as it is well known, curcumin is recognized as
“Generally Recognized as Safe (GRAS)” by the Food and Drug Admin-
istration (FDA). It is well-established that curcuminoids are widely used
in traditional medicine in Asia due to their anti-inflammatory and
wound healing properties (Aggarwal et al., 2005; Cianciulli et al., 2016;
Dai et al., 2018b; Kocaadam and Sanlier, 2017; Sidhu et al., 1998) and it
has also been reported that they have anticancer (Astinfeshan et al.,
2019; Kunnumakkara et al., 2017; Man et al., 2018; Yance and Sagar,
2006), antioxidant (Ak and Giilcin, 2008; Jovanovic et al., 1999), neu-
roprotective (Ganesh et al., 2017; Goozee et al., 2016), antimicrobial
(Gupta and Ravishankar, 2005) properties and many other biological
functions and activities (Badavath et al., 2016c; Jiang et al., 2017;
Munigunti et al., 2014; Rahmani et al., 2016). Moreover, it has been
shown that Curcumin can act as an anti-viral compound that inhibits
replication of the virus in a wide range of RNA, DNA viruses (Ali and
Banerjea, 2016; Balasubramanian et al., 2019; Dai et al., 2018a; Du
et al., 2017; Ferreira et al., 2015; Gao et al., 2019; Huang et al., 2018;
Jeong et al., 2015; Li et al., 2019; Lin et al., 2019; Mounce et al., 2017;
Randazzo et al., 2016; Richart et al., 2018; von Rhein et al., 2016; Wu
et al., 2015; Yang et al., 2016, 2017). It is also very interesting that
curcumin, a phytochemical whose derivatives can be synthesized easily,
have not been extensively studied for the SARS-CoV-2 virus. In light of
this information, modifications to curcumin derivatives could provide
an important research advance to increase the efficacy of current ther-
apies used.

SARS-CoV-2 is an enveloped, positive sense, single-stranded RNA
virus (Kim et al., 2020; Malone et al., 2022). The SARS-CoV-2 proteins
consist of two large polyproteins named ORFla and ORF1b (ORFs are
proteolytically cleaved into 16 functional non-structural proteins (NSPs)
(Rohaim et al., 2021)), four structural proteins (Envelope (E), Mem-
brane (M), Nucleocapsid (N) spike (S) proteins)) and accessory proteins
(Kim et al., 2020; Wu et al., 2020b). Most of these target proteins are
considered as antiviral targets and the 3-D structure of almost all of them
has been fully resolved and published in the protein data bank (PDB).

The group of non-structural proteins (NSPs) encoded by the viral
genome consists of the NSP1, NSP2, NSP3 (Papain-like protease, PLpro),
NSP4, NSP5 (main protease, 3CLpro), NSP6, NSP7/8/12(RNA-
dependent RNA polymerase, RdRp), NSP9 (RNA replicase), NSP10/16
(2'0-Methyltransferase complex), NSP11, NSP13 (Helicase), NSP14 (N-
terminal exoribonuclease, ExoN), NSP15 (Uridylate-specific endor-
ibonuclease, NendoU) and NSP16 protein domains (Kim et al., 2020;
Rohaim et al., 2021; Wu et al., 2020b). The main protease enzyme is also
called chymotrypsin-like protease (3CLpro). The 3CLpro enzyme cleaves
most of the NSP4-16 domains in polyproteins (Wu et al., 2020a) and the
products are non-structural proteins (NSPs) that assemble into the
replicase-transcriptase complex (RTC). On the other hand, papain-like
cysteine protease (PLpro) cleaves NSP1-4 domains (Moustaqil et al.,
2021). In other words, 3CLpro and PLpro work together to cleave pol-
yproteins into NSPs, thereby they enhance coronaviral replication and
lead viral spread (Harcourt et al., 2004; Lim et al., 2000). Therefore, it
can be considered that 3CLpro and PLpro are the most important target
protein structures for antiviral drugs. Another important target is
NSP7/NSP8/NSP12 complex. Here, RNA-dependent RNA polymerase
(RdRp) enzyme, also called NSP12, is involved in the replication and
transcription of the SARS-CoV-2 genome (Wang et al., 2020) and bounds
to its essential cofactors, NSP7 and NSP8. On the other hand, NSP15, one
of the RNA-processing enzymes encoded by the coronavirus, (Posthuma
et al., 2006) and NSP16, an RNA cap-modifying enzyme that is active
only in the presence of its activating partner NSP10 (Rosas-Lemus et al.,
2020), are also important drug target structures. In addition, as it is
known, human angiotensin converting enzyme 2 (hACE2) is an enzyme
bound to the membranes of cells in the heart, lungs, arteries, kidneys,
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and intestines (Donoghue et al., 2000; Hamming et al., 2004). The
SARS-CoV-2 surface spike glycoprotein consists of three S1-S2 hetero-
dimers. The receptor binding domain (RBD), located at the head of S1
and bound with the cellular receptor ACE2, initiates membrane fusion of
virus and host cell (Hoffmann et al., 2020). During viral infection, ACE2
interacts with coronavirus spike proteins and allows the virus to enter
the cell (Cao et al., 2020). Therefore, both S1 and ACE2 are considered
as significant target structures for antiviral drugs.

In the light of these important literature data mentioned above, it
was aimed to investigate the inhibition potentials of various curcumin
derivatives on different target enzyme sites of SARS-CoV-2 in the pre-
sented study. As a result of in silico studies and analyses, it was observed
that the curcumin derivatives proposed in this study had better ADME
(absorption, distribution, metabolism, excretion) profiles and higher
docking scores for all SARS-CoV-2 enzyme targets discussed in this paper
than the reference drugs and enzyme inhibitors. Furthermore, it has
been determined that curcumin derivatives have a higher affinity for the
PLpro enzyme that the other SARS-CoV-2 target enzymes. To this end,
molecular Dynamics (MD) simulations between curcumin derivatives
with high docking score inhibitor/drug(ligand) and PLpro enzyme were
performed and the binding stability of ligands to PLpro enzyme was
evaluated using MM-PBSA (Molecular Mechanics Poisson-Boltzmann
Surface Area) analysis. Moreover, PLpro residues that play a key role
in binding have been identified. In conclusion, this study, which is the
first step for drug design studies on target curcumin derivatives, is ex-
pected to be an important guidance for scientists who will conduct in
vitro and in vivo studies.

2. Materials and methods
2.1. Design of curcumin derivatives

We based the main mentality of our work on curcumin derivatives
being the interesting class of natural compounds with great pharmaco-
logical potentials. In this regard, it is thought that the activities of cur-
cumin will increase even more by adding heterocyclic compounds such
as 2 H-pyran-4 (3 H)-one and 1-methylpiperidin-4-one to these de-
rivatives by (Bykhovskaya et al., 2017; Koroth et al., 2019; Murugesan
et al., 2019; Roayapalley et al., 2021; Santiago-Vazquez et al., 2014).
These compounds proposed in the study can be easily and quickly syn-
thesized according to the synthesis method in the literature (Adams
et al., 2004; Fawzy et al., 2015; Jha et al., 2006) (Scheme S1).

Also, the use of various electron-withdrawing (such as -F, -Cl, Br)
(Nath et al., 2018; Roayapalley et al., 2021; Santiago-Vazquez et al.,
2014) and donating groups (such as -OCHgs) (Badavath et al., 2016a,
2016b; Murugesan et al., 2019; Santiago-Vazquez et al., 2014) in the
compounds can also cause significant changes in biological activities
due to steric and electronic effects. To this end, we created a library
containing 68 curcumin derivatives. We then eliminated these mole-
cules according to their ADME profiles to put our study on a solid
foundation. In this elimination, we used 5 different main drug filter
approaches and accordingly, curcumin derivatives that violated the
criteria of any of the 5 filter approaches by more than 1 were eliminated.
It was finally identified 22 curcumin derivatives with a reliable ADME
profile. In this context, Scheme 1 shows the designed various 2
H-pyran-4(3 H)-one and 1-methylpiperidin-4-one curcumin derivatives
as target compounds. In addition, in this study, the ADME profiles of
proposed 22 curcumin derivatives are scrutinized in detail, and inves-
tigated antiviral drug potencies against SARS-CoV-2 main enzymes by
using molecular docking based virtual screening and MD simulations.

2.2. ADME and druglikeness parameters
ACD/ChemSketch was utilized for the 2D chemical drawing and

editing in the SDF format for all compounds. Then, using these 2D
structures, various in silico absorption, distribution, metabolism,
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Scheme 1. The Representation of curcumin analogues and its 2 H-pyran-4(3 H)-one and 1-methylpiperidin-4-one derivatives.

excretion (ADME) and drug-likenesses properties of the compounds
were investigated using the SwissADME webserver(Daina et al., 2014,
2017).

2.3. Molecular docking calculations

The docking simulations were performed using AutoDock Vina
software (Trott and Olson, 2010) with the Lamarckian genetic algorithm
(LGA) (Huey et al., 2007; Solis and Wets, 1981). Before the docking
process, 2D structures of molecules prepared in SDF format were con-
verted into 3D structures in MOL2 format using Open Babel, and then
the energies of these 3D structures were minimized with the root mean

square gradient (RMS 0.001 kcal/mol /A%) using MMFF94 Forcefield
parameters in Avogadro v.1.2.060 program (Hanwell et al., 2012).
Then, these optimized compounds and target structures were prepared
for docking using the PyRx program (Dallakyan and Olson, 2015). This
program automatically removes all water molecules, ion, and etc. con-
tents in PDB structures and added Kollman charges for the protein and
Gasteiger charges for the ligand and cofactors.

In the docking studies, it was used target PDB ID’s of the COVID-19
Docking Server (https://ncov.schanglab.org.cn/)(Kong et al., 2020).
These relevant target PDB structures used in our study are generally the
most preferred target structures in the literature. Similarly, for active
binding pockets, Grid space values determined by the COVID-19
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Docking Server were used. The grid space values of the COVID-19
Docking Server corresponds and includes to the active binding pockets
of the reference inhibitors of each target enzyme. Also, in order to
evaluate the accuracy of the grid space values of the COVID-19 Docking
Server, we first performed blind docking studies for each target. Blind
docking is the docking process of a ligand by scanning the whole surface
of a protein without any prior knowledge of the target pocket. These trial
blind docking studies showed that ligands majority bind to active
binding pockets determined by the COVID-19 Docking Server, that is,
active binding regions of reference ligands. Moreover, we selected
exhaustiveness value as 32 in the all docking process to obtain a more
consistent docking result.

In this study, docking simulations were conducted on 6 different
SARS-CoV-2 target enzyme structures. The 3D conformational structures
of these target proteins were obtained from the Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Database (http://www.
resb.org/) (Berman et al., 2000). The PDB accession codes of the tar-
gets are 6LU7(Jin et al., 2020); 3CLpro with N3 inhibitor, 6WUU(Rut
et al., 2020); PLpro with VIR250 inhibitor, 7BV2 (Yin et al., 2020); RdRp
with triphosphate form of Remdesivir (F86), 6WLC (Kim et al., 2021);
NSP15 with Uridine-5'-Monophosphate (U5p), 6WVN (Rosas-Lemus
et al., 2020); NSP16 with 7-methyl-GpppA (GTA), S-Adenosylmethio-
nine (SAM) and 7-methyl-guanosine-5'-triphosphate (MGP) inhibitors,
6MO0J (Lan et al., 2020); The receptor binding domain (RBD) located on
the head of Spike S1 subunit of the SARS-CoV-2 with hACE2. In docking
simulations, the selected curcumin derivatives, inhibitors of the afore-
mentioned receptors, and various references drugs (Favipiravir,
Hydroxychloroquine, Lopinavir, Remdesivir, Warfarin (Coumadin)) that
have been used and still used in the treatment of COVID-19 were taken
as ligands.

Our molecular docking protocol was validated by superimposing the
3D binding pose of crystallized ligand (experimental inhibitor) and its
docked binding pose and by computing their RMSD values. The super-
imposed configurations for reference inhibitors and their RMSD values
were depicted in Fig. S1. This method is one of the most commonly used
methods to determine the accuracy of a docking protocol. In this
context, a docking method can be considered valid if the RMSD value
between superimposed configurations of ligands is < 2.0 A (Abdusalam
and Murugaiyah, 2020; Azam, 2021; C et al., 2022; Elhady et al., 2021).
Accordingly, our results show that all reference inhibitors overlap
almost perfectly with RMSD values obtained within these limits, there-
fore it can be said that our docking protocol is valid.

In addition, the docking values listed in the study for each ligand are
their best binding affinity values against target enzymes, and similarly,
the interaction diagrams belong to their relevant conformations with
best binding energy.

2.4. Molecular dynamic simulation study and MM-PBSA calculations

MD simulations of the target protein (PLpro) and ligands (8b, 8c, 8d,
8f, 8g, 8h, 8k curcumin derivatives, Remdesivir, VIR250) complexes
were performed by GROMACS program version 2020.1 (Abraham et al.,
2015). MD simulation was conducted for the timescale of 100 nano
seconds (ns) using CHARMM36 (Huang and MacKerell Jr, 2013) force
field and TIP3P(Jorgensen et al., 1983) water model were used for the
protein and the explicit solvent, respectively. The CHARMMS36 force
field parameters for ligand were derived from CHARMM General Force
Field (CGenFF) web server (Vanommeslaeghe et al., 2010; Yu et al.,
2012).

In each MD simulation, the complexes were firstly centered in cubic
box with dimensions 15 x 15 x 15 nm where the distance between the
box and solutes was at least 1 nm. 44282 water molecules were subse-
quently added into the system. Then, a sufficient number of Na+ and Cl-
to the system will be added to achieve system charge neutrality and a
NaCl concentration of 0.150 M simultaneously.

Next, the energy of the prepared system was minimized for 4000
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iteration steps by using the steepest descent method. Afterwards, the
system was subjected to equilibration in two steps, each 1 ns, to stabilize
both temperature and pressure of the system, respectively in NVT and
NPT ensemble. Finally, the simulations of 100 ns for each complex
system were performed in NPT ensemble. During the simulations, the
temperature of 310 K were kept constant by a V-rescale algorithm
(t = 0.1 ps)(Bussi et al., 2007) and pressure with Parinello-Rahman
barostat (t = 2.0 ps)(Parrinello and Rahman, 1981) was 1 bar. LINCS
algorithm(Hess, 2008) and Settle algorithm(Miyamoto and Kollman,
1992) were used to constraint the hydrogens and the solvent, respec-
tively. The time step was set to 2 fs and data were saved every 20 ps to
allow for detailed analysis with the tools available.

After the final production studies, RMSF (Root-Mean-Square-Fluc-
tuation) analyses were performed to observe the effects of ligands on
enzyme conformation and compared with the wild type form of the
PLpro enzyme. After MD study, binding free energy was computed using
Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
method (Kumari et al., 2014).

Binding free energy of the protein-ligand complex using MM-PBSA
approximation can be calculated as follows:

AEnwpesa = Ecomplex — ( Eprotein + Eiigana)

where Eompiex is the total MMPBSA energy of protein-ligand complex,
Eprotein and Ejigana are the total free energies of the isolated protein and
ligand, respectively. Each individual total free energy can (E,) be
expressed as:

E, = Emm + Esolvation

where Eypy is the sum of van der Waals energy (Eyqw) and electrostatic
energy (Eclec) while Egopyaion contains polar (Epolar) and nonpolar (Epon-
polar) solvation energy contributions.

3. Results and discussion
3.1. Predictions of ADME and drug-likeness parameters

The ADME properties of the compounds allow drug developers to
understand the reliable and efficacy of a drug candidate compound and
thus, they accelerate the timeline for new drug submission process to the
FDA. Therefore, inadequate evaluation of the ADME parameters and
drug-like nature of novel compounds proposed as drug candidates cau-
ses many biologically active compounds to fail before they reach the
clinic. To this end, we first evaluated the ADME parameters of the
proposed curcumin derivatives and their similarities to existing drugs in
order to put our study on a firm basis. For this purpose, in the presented
study, we focused on curcumin derivatives that comply with a set of
rules based on ADME parameters applied by various drug filters and are
therefore likely to be drug candidates. Here, the similarities of new drug
candidate compounds to available drugs were evaluated by considering
the rules of five different filter approaches applied by major drug de-
velopers around the world. The five different drug filter approaches in
our study and the criteria they apply are as follows.

Lipinski (Pfizer) filter (Lipinski et al., 1997): MW< 500; MLOGP
< 4.15; HBA< 10; HBD< 5

Ghose filter (Ghose et al., 1999): 160 <MW< 480; — 0.4 <WLOGP
< 5.6; 40 <MR< 130; 20 <atoms< 70

Veber (GSK) filter (Veber et al., 2002): RB< 10; TPSA< 140

Egan (Pharmacia) filter (Egan et al., 2000): WLOGP< 5.88;
TPSA< 131.6

Muegge (Bayer) filter (Muegge et al., 2001): 200 <MW< 600,
— 2 <XLOGP< 5; TPSA< 157; HBA< 10; HBD< 5; RB < 15; Number
of rings< 7; Number of carbons> 4; Number of heteroatoms> 1

Table 1 shows the ADME parameters related to the physicochemical
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Table 1
Various ADME parameters for all compounds.

Physicochemical Properties Lipophilicity
Compounds MW (g/ heavy aromatic RB HBA HBD MR tPSA ilogP  XlogP  WlogP  MlogP  SILICOS- Consensus

mol) atoms heavy atoms (AZ) IT logP
7a 378.42 28 12 5 5 1 108.69 64.99 3.83 3.68 3.81 2.06 4.99 3.67
7b 427.29 27 12 4 4 1 109.90 55.76 3.94 4.40 4.57 3.00 5.60 4.30
7c 382.84 27 12 4 4 1 107.21 55.76 3.86 4.34 4.46 2.89 5.56 4.22
7d 366.38 27 12 4 5 1 102.16 55.76 3.70 3.81 4.36 2.78 5.34 4.00
7e 364.39 27 12 4 5 2 104.22 75.99 3.28 3.35 3.51 1.85 4.44 3.28
7f 506.18 28 12 4 4 1 117.60 55.76 4.22 5.09 5.33 3.58 6.28 4.90
78 417.28 28 12 4 4 1 112.22 55.76 4.04 4.96 5.11 3.37 6.20 4.74
7h 384.37 28 12 4 6 1 102.11 55.76 3.74 3.91 4.92 3.16 5.76 4.30
7i 394.42 29 12 5 6 2 110.71 85.22 3.74 3.32 3.52 1.52 4.51 3.32
7j 408.44 30 12 6 6 1 115.18 74.22 3.96 3.65 3.82 1.73 5.06 3.64
7k 380.39 28 12 4 6 3 106.24 96.22 3.12 3.00 3.22 1.30 3.96 2.92
8a 391.46 29 12 5 5 1 119.22 59.00 4.08 3.86 3.35 2.27 4.62 3.64
8b 440.33 28 12 4 4 1 120.43 49.77 4.24 4.58 4.10 3.21 5.23 4.27
8c 395.88 28 12 4 4 1 117.74 49.77 4.19 4.52 3.99 3.10 5.19 4.20
8d 379.42 28 12 4 5 1 112.69 49.77 4.02 3.99 3.90 3.00 4.97 3.98
8e 377.43 28 12 4 5 2 114.75 70.00 3.54 3.54 3.05 2.06 4.07 3.25
8f 519.23 29 12 4 4 1 128.13 49.77 4.10 5.28 4.86 3.78 5.91 4.79
8g 430.32 29 12 4 4 1 122.75 49.77 4.24 5.15 4.65 3.58 5.84 4.69
8h 397.41 29 12 4 6 1 112.65 49.77 3.62 4.09 4.46 3.37 5.40 4.19
8i 407.46 30 11 5 6 2 121.25 79.23 4.11 3.51 3.05 1.73 4.15 3.31
8j 421.49 31 12 6 6 1 125.72 68.23 3.82 3.84 3.36 1.93 4.70 3.53
8k 353.43 29 12 4 6 3 116.78 90.23 3.40 3.18 2.75 1.52 3.60 2.89
Bisdemethoxycurcumin 308.33 23 12 6 4 2 89.82 74.60 1.75 3.26 3.13 213 3.87 2.83
Curcumin 368.38 27 12 8 6 2 102.80 93.06 3.27 3.20 3.15 1.47 4.04 3.03
Demethoxycurcumin 338.35 25 12 7 5 2 96.31 83.83 2.78 3.32 3.14 1.80 3.95 3.00
F86 371.24 25 9 4 10 5 79.39 206.26 -0.30 -3.06 -1.84 -2.57 -3.09 -2.17
Favipiravir 157.10 11 6 1 4 2 3291 88.84 0.39 -0.56 -0.57 -1.30 0.69 -0.27
GTA 787.44 51 18 12 21 10 163.35 427.83 -4.84 -7.90 -4.47 -5.16 -8.27 -6.17
Hydroxychloroquine 335.87 23 10 9 3 2 98.57 48.39 3.58 3.58 3.59 2.35 3.73 3.37
Lopinavir 628.80 46 18 17 5 4 187.92 120.00 3.84 5.92 3.57 2.93 6.02 4.45
MGP 538.21 33 9 8 15 8 104.03 319.52 -5.35 -5.60 -3.22 -4.08 -5.86 -4.82
N3 680.79 49 11 22 9 5 184.13 197.83 3.73 3.35 1.55 0.38 4.42 2.69
Remdesivir 602.58 42 15 14 12 4 150.43 213.36 2.77 1.91 2.21 0.18 -0.05 1.41
SAM 398.44 27 9 7 9 4 96.51 210.76 0.00 -3.49 -3.57 -3.97 -3.37 -2.88
USp 324.18 21 6 4 9 5 65.18 181.12 -0.40 -3.63 -3.06 -2.60 -2.52 -2.44
Warfarin 308.33 23 16 4 4 1 88.58 67.51 2.41 2.70 3.61 2.51 4.36 3.12
VIR250 520.60 36 9 19 8 5 132.69 209.85 2.30 -0.31 -0.64 -1.24 2.48 0.52

and lipophilic properties of the proposed compounds and reference
enzyme inhibitors and drugs. The physicochemical parameters calcu-
lated in the study included the molecular weight (MW), the number of
heavy atoms, rotatable bond count, various hydrogen bond properties,
molecular refractivity (MR), and topological polar surface area (tPSA).
Among these, the MR value is defined as a measure of the overall po-
larity of a compound, and this parameter, used by the Ghose filter
(Ghose et al., 1999), is generally suggested to be in the range of 40-130.
Examining MR values in the table, all the proposed drug candidate
curcumin derivatives are within this recommended value range, but the
MR values of some reference drugs and inhibitors (GTA (163.35),
Lopinavir (187.92), Remdesivir (150.43) and N3(184.13)) used in the
study are higher than the recommended value range. tPSA values, on the
other hand, are the sum of the surface areas of polar atoms in a molecule
and are a parameter related to the drug carrying capacity of a com-
pound. According to the table, it is observed that the values obtained for
the drug candidate curcumin derivatives meet the criteria applied for
the tPSA values of the drug filter approaches used in the study (<131.6
for Egan (Egan et al., 2000), < 140 for Veber (Veber et al., 2002), < 157
for Muegge (Muegge et al., 2001)). Also, all reference drugs and in-
hibitors except F86, Favipiravir, Hydroxychloroquine and Warfarin
were seen to violate the tPSA criterion of at least one drug filter
approach.

Furthermore, 7f (506.18 g/mol) and 8f (519.23 g/mol) compounds
containing 3,4-dibromo substituents, among the proposed curcumin
derivatives, slightly exceed the upper limit values of the MW criteria
determined by both Lipinksi and Ghose filters (MW<500 for Lipinkski,
160 <MW<480 for Ghose, 200 <MW<600 for Muegge). As it is seen in

the table, all curcumin derivatives other than these meet the MW criteria
of drug filters. On the other hand, reference inhibitors and drugs except
F86, Hydroxychloroquine, SAM, U5p and Warfarin violate the MW
criteria of at least one filter approach. In addition, for other physico-
chemical parameters, it can be said that the proposed curcumin de-
rivatives meet the criteria of filter approaches whereas there are some
violations for reference drugs and inhibitors.

The lipophilicity parameters in the table express the solubility of a
chemical compound in fats, lipids, and non-polar solvents such as hex-
ane or toluene and are hence a valuable parameter influencing the ac-
tivity of the drug in the human body. LogP values are the most widely
used measure of lipophilicity and are an indicator of the permeability of
drugs to reach target tissue in the body. In this regard, the LogP values
used by the various drug filters and their mean values (consensus logP)
are represented in Table 1.

Table 2 lists the parameters violated for criteria of the aforemen-
tioned drug filter approaches for each compound. When the curcumin
derivatives proposed in this study are compared among themselves, it is
seen that the 7f and 8f compounds containing 3,4-dibromo substituents
violate the threshold values applied for the MW values of the Lipinski
and Ghose filters and for the lipophilicity values of Muegge. Similarly, it
is observed that 8g compound containing 3,4-dichloro group as sub-
stituent only violates the criteria applied by Muegge filter for lip-
ophilicity. Apart from these violations, it seems that the proposed
curcumin derivatives do not violate the rules of any drug filter approach.
On the other hand, drug filter approaches generally state that an orally
active drug should not violate its own criteria more than once (Benet
et al., 2016; Bickerton et al., 2012; Lipinski et al., 2001; Petit et al.,
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Table 2
Violation of drug-likeness filters for all compounds.
Compounds Lipinski Ghose Veber Egan Muegge
7a 0 0 0 0 0
7b 0 0 0 0 0
7c 0 0 0 0 0
7d 0 0 0 0 0
7e 0 0 0 0 0
7f MW> 500 MW> 480 0 0 XLOGP3 > 5
78 0 0 0 0 0
7h 0 0 0 0 0
7i 0 0 0 0 0
7j 0 0 0 0 0
7k 0 0 0 0 0
8a 0 0 0 0 0
8b 0 0 0 0 0
8c 0 0 0 0 0
8d 0 0 0 0 0
8e 0 0 0 0 0
8f MW> 500 MW> 480 0 0 XLOGP3 > 5
8g 0 0 0 0 XLOGP3 > 5
8h 0 0 0 0 0
8i 0 0 0 0 0
8j 0 0 0 0 0
8k 0 0 0 0 0
bisdemethoxycurcumin 0 0 0 0 0
curcumin 0 0 0 0 0
demethoxycurcumin 0 0 0 0 0
F86 NorO> 10 WLOGP< —0.4 TPSA> 140 TPSA> 131.6 XLOGP3 < —2
TPSA> 150
Favipiravir 0 MW< 160 0 0 MW< 200
WLOGP< —0.4
MR< 40
#atoms< 20
GTA MW> 500 MW> 480, WLOGP< —0.4 Rotors> 10 TPSA> 131.6 MW> 600
NorO> 10 MR> 130 TPSA> 140 XLOGP3 < —2
NHorOH> 5 #atoms> 70 TPSA> 150
H-acc> 10
H-don> 5
Hydroxychloroquine 0 0 0 0 0
Lopinavir MW> 500 MW> 480 Rotors> 10 0 MW> 600
MR> 130 XLOGP3 > 5
#atoms> 70 Rotors> 15
MGP MW> 500 MW> 480, WLOGP< —0.4 TPSA> 140 TPSA> 131.6 XLOGP3 < -2
NorO> 10 TPSA> 150
NHorOH> 5 H-acc> 10
H-don> 5
N3 MW> 500 MW> 480 Rotors> 10, TPSA> 140 TPSA> 131.6 MW> 600
NorO> 10 MR> 130 TPSA> 150
#atoms> 70 Rotors> 15
Remdesivir MW> 500 MW> 480 Rotors> 10 TPSA> 140 TPSA> 131.6 MW> 600
NorO> 10 MR> 130 TPSA> 150
#atoms> 70 H-acc> 10
SAM NorO> 10 WLOGP< —0.4 TPSA> 140 TPSA> 131.6 XLOGP3 < -2
TPSA> 15
U5p NorO> 10 WLOGP< —0.4 TPSA> 140 TPSA> 131.6 XLOGP3 < —2 TPSA> 15
Warfarin 0 0 0 0 0
VIR250 MW> 500 MW> 480 Rotors> 10 TPSA> 140 TPSA> 131.6 TPSA> 150
NorO> 10 WLOGP< —-0.4 Rotors> 15
MR> 130

2012; Shen et al., 2012; Sreelakshmi et al., 2017). Accordingly, it can be
stated that all of the proposed curcumin derivatives meet the criteria of
the five different main drug filter approaches discussed in the paper. In
addition, three natural curcuminoids, which are in the GRAS class by the
FDA, obey all the rules of drug filter approaches. This supports the
reasons why we prefer curcumin derivatives in our study.

When the violations of the drug filter approaches of reference drugs
and inhibitors are scrutinized, it is seen that Hydroxychloroquine and
Warfarin meet all the criteria of the main five filter approach, while
other reference drugs and inhibitors violate at least two drug filter
approach once or more than once. The ADME properties examined in
this study so far are sufficient to indicate that natural curcuminoids and
22 proposed curcumin derivatives have much better and safer ADME
parameters than the vast majority of reference inhibitors and drugs.

Brain access and gastrointestinal absorption are two decisive criteria
for predicting pharmacokinetic behaviour at various stages of the drug
discovery processes. For this purpose, the Brain or IntestinaL EstimateD
permeation method (BOILED-Egg) is suggested as a prediction model
based on the polarity parameters (tPSA) and lipophilicity (WlogP) of
molecules.

The BOILED-Egg map obtained from the Swiss-ADME web server for
compounds was depicted in Fig. 1. On the map, the white elliptical re-
gion is the physicochemical area of molecules that have a high proba-
bility of being absorbed by the gastrointestinal tract, while the yellow
elliptical region corresponds to the physicochemical area of molecules
with both high brain penetration and high gastrointestinal absorption
probability. Reference inhibitors GTA, MGP, are completely out of this
map. It is also seen that reference inhibitors N3, F86, U5p, SAM, VIR250
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Fig. 1. The map of BOILED-Egg for all compounds. Here, the yellow region
(yolk) is the physicochemical area of molecules most likely to penetrate the
brain while the white area corresponds to the physicochemical area of mole-
cules most likely to be absorbed by the gastrointestinal tract. Yolk and white
areas in the map are not mutually exclusive. Here, reference drugs were written
in purple text, while blue was used for reference inhibitors.

and reference drug Remdesivir are quite outside of both the white and
yellow ellipse regions. Reference drug Lopinavir, Favipiravir, 7i, 8k, 7k
curcumin derivatives, natural curcumin and demethoxycurcumin are in
the white zone. It is, herein, noteworthy point that vast (19 of 22 pieces)
of the proposed curcumin derivatives, together with warfarin and
Hydroxychloroquine, are located in the yellow region.

According to the BOILED-Egg analysis, it was determined that the
majority of the proposed curcumin derivatives are compounds with both
high brain penetration and high gastrointestinal absorption probability.
In summary, it is clear that curcumin derivatives have significantly
better pharmacokinetic behaviours than reference drugs and enzyme
inhibitors.

In addition to the ADME parameters investigated so far, we have
calculated different parameters for natural curcuminoids using the
traditional Chinese medicine systems pharmacology database and
analysis platform (TCMSP web-server) (Ru et al., 2014) and listed in
Table 3. Here, our aim is to observe the correlation between the pa-
rameters we have calculated so far and the values calculated by the
TCMSP server, and to get predictions for the suggested curcumin ana-
logues about different parameters computed by TCMSP server. Frac-
tional water accessible surface area of all atoms with negative partial
charge (FASA-) is a drug-likeness parameters and Shen et al. (2012)
reported that the compounds in the Traditional Chinese Medicine
Compound Database can be a good source of drug-like molecules.
Accordingly, the presence of curcuminoids in this library may indicate
the importance of curcumin derivatives. DL (Drug-likeness), another
drug similarity parameter, is a qualitative parameter that helps optimize
pharmaceutical and pharmacokinetic properties of compounds such as
chemical stability and solubility. The "DL" level used as a selection cri-
terion for compounds in traditional Chinese herbs is > 0.18 (Tao et al.,
2013) and as it seen, curcuminiods meet these criteria. In TCMSP,
Caco-2 is a parameter indicating epithelial permeability, while OB (Oral
bioavailability) represents the percentage of orally administered drug
that reaches the systemic circulation unchanged (Xu et al., 2012). On the
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other hand, In the SwissADME webserver, the Abbott bioavailability
score is a parameter that tries to predict the measurable Caco-2
permeability of a compound and the probability of having at least
10% oral bioavailability in the rat. furthermore, this percentage score
based on the total charge, the TPSA and the violation of the Lipinski
filter of the compound defines four classes of compounds with proba-
bilities of 11%, 17%, 56% or 85%. Accordingly, it was found to have a
bioavailability score of 56% for natural curcuminoids, indicating that
natural curcuminoids have good bioavailability. BBB (blood-brain bar-
rier) in TCMSP web-server is a parameter used to understand and
evaluate the capacity of compounds to enter the central nervous system.
According to TCMSP, compounds with a BBB < — 0.3 are defined as
non-penetrating (BBB-) compounds (Tattersall et al., 1975). The map of
BOILED-Egg in the SwissADME web server approximately corresponds
to BBB parameter in TCMSP. In the map, natural curcuminoids are
located in the white area in this map, which show that they can pass
through the gastrointestinal tract well, but that it is less absorbed from
the brain barriers. These findings almost coincide with the TMSP web
server findings. On the other hand, the map predicts that the vast ma-
jority of proposed curcumin derivatives can pass through the brain
barrier. the inference indicate that the proposed curcumin derivatives
may have better pharmaceutical properties than natural curcuminoids.

3.2. Molecular docking studies

Molecular docking simulations were performed to determine the
binding affinities between the 22 proposed curcumin derivatives and the
target SARS-CoV-2 enzyme sites and to identify the molecular in-
teractions that play a key role in binding. In order to compare the ob-
tained values for curcumin derivatives, docking analyses were also
conducted for natural curcuminoids, own inhibitors of each SARS-CoV-2
target enzyme structure, and various reference drugs whose effective-
ness against COVID-19 was determined. The all values obtained as a
result of the calculations are presented in Table 3.

When the docking scores of the curcumin derivatives containing the
2 H-pyran-4(3 H)-one group (7a-7k) and the 1-methylpiperidin-4-one
group (8a-8k) are compared among themselves, the 8a-8k compounds
are generally observed to have slightly higher docking affinity values
than 7a-7k compounds ones (except Spike and Spike+ACE). Also, it is
seen that the affinity values for the PLpro protein enzyme target of the
proposed curcumin derivatives are higher than the other target enzyme
regions. This situation indicates that the proposed curcumin compounds
may have a significant and strong inhibitory effect, especially on the
PLpro protein enzyme. In order to be better understood the above-
mentioned inferences, we calculated the average binding energy
values for each series of compounds and the obtained values were
depicted as a bar graph in Fig. 2.

Furthermore, when the obtained docking scores are compared, it is
understood that the proposed curcumin derivatives are significantly
more effective on SAR-COV2 target structures than natural curcumi-
noids. This indicates the importance of focusing on various derivatives
of natural phytochemicals to provide research progress in their current
therapeutic applications.

When the docking affinity values obtained for each target protein
enzyme structure in Table 4 are evaluated separately, it is seen for
3CLpro (main protease) target structure that the highest values binding
affinity was obtained for 7h (—8.3 kcal/mol) and 8h (—8.4 kcal/mol)
compounds. It is also observed that the affinity values of 7h and 8h

Table 3

Various ADME parameters for natural curcuminoids obtained from TCMSP.
Molecule ID Molecule name MW HBD HBA RB tPSA Caco-2 BBB DL FASA- OB
MOL002581 Curcumin 368.41 2 6 8 93.06 0.32 -0.60 0.41 0.34 4.37
MOL001603 Demethoxycurcumin 338.38 2 5 7 83.83 0.34 -0.59 0.33 0.41 4.37
MOL000945 Bisdemethoxycurcumin 308.35 2 4 6 74.60 0.35 -0.48 0.26 0.46 3.55
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Fig. 2. Average binding energies of 7 and 8 compound series against the target
SARS-CoV-2 enzymes. Here, compound 7 series was presented with pink bars
while compound 8 series was represented with blue bars.

compounds are even higher than the main protease enzyme inhibitor N3
(—8.0 kcal/mol) molecule and Remdesivir (—8.1 kcal/mol), which is the
drug with the highest affinity for this target.

On the other hand, the docking scores obtained for the RARp+RNA
target structure are higher than the affinity values obtained in docking
simulations using the alone RdRp target. Almost all of the proposed
curcumin derivatives were also observed to have higher affinity values
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than both the reference drugs and the F86 molecule, the inhibitor of
RdRp. The remarkable point here is that, as in the main protease target
region, the highest affinity value for the RARp+RNA complex was ob-
tained for 8h compound (—8.1 kcal/mol).

For the NSP15 target region, the proposed curcumin derivatives have
higher binding affinity than the reference drugs Favipiravir, Hydroxy-
chloroquine, Remdesivir and Warfarin. It has been determined that
although Lopinavir (—8.1 kcal/mol), one of the reference drugs, has a
very good affinity on the NSP15 target site, it has a lower value than
most of the proposed curcumin derivatives. On the other hand, U5p
(—6.6 kcal/mol), inhibitor of the target enzyme, has a very low value.
Among the proposed curcumin derivatives, the compound with the
highest affinity is 8h (—8.7 kcal/mol), as in the main protease and
RdRp+RNA complex enzyme targets.

For the NSP16 enzyme, three different inhibitors (GTA, MGP, SAM)
have been reported for three different active binding sites in the litera-
ture, therefore, the active binding regions on NSP16 enzyme of GTA,
MGP, SAM molecules have been conducted separately in docking sim-
ulations. When the values obtained for three different NSP16 binding
sites are probed in the table, it is seen that the proposed curcumin de-
rivatives show higher affinity for the NSP16/GTA, NSP16/SAM active
binding sites than the NSP16/MGP one. The 8f and 8g (—8.9 kcal/mol)
compounds have the highest binding energy values for both NSP16/GTA
and NSP16/SAM active binding sites while for NSP16/MGP active
binding site, 8h (—8.5 kcal/mol) is compound with the highest affinity
value. The remarkable point here is that the GTA inhibitor has signifi-
cantly a high binding affinity (—10.4 kcal/mol) at its binding site. On
the other hand, self-inhibitors of other NSP16 active binding sites (SAM
and MGP) and reference drugs have lower affinity values than the

Table 4

The obtained docking scores (kcal/mol) against various SARS-COV-2 target structures of all compounds.
Compounds 3CLpro PLpro RdRp RdRp +RNA Nspl5 Nspl6 /GTA Nspl6 /MGP Nspl6 /SAM Spike Spike +ACE
7a -7.9 -9.3 -7.5 -7.6 -8.1 -8.6 -7.8 -8.6 -6.9 -9.0
7b -7.9 9.3 -7.2 -7.6 -8.4 -8.5 -7.6 -8.6 -7.0 -9.2
7c -7.9 -9.3 -7.2 -7.7 -8.4 -8.5 -8.0 -8.6 -6.9 9.1
7d -8.0 -9.3 -7.3 -7.9 -8.4 -8.5 -8.1 -8.5 -6.9 -9.2
7e -7.7 -9.2 -7.2 -7.8 -8.2 -8.4 -7.7 -8.4 -6.7 -8.9
7f -8.0 -9.4 -7.4 -7.6 -8.4 -8.8 -7.9 -8.8 7.1 -9.4
78 -8.0 -9.3 -7.4 -8.0 -8.4 -8.7 -8.1 -8.8 -6.8 -9.4
7h -8.3 -9.3 -7.6 -8.0 -8.5 -8.8 -8.3 -8.7 -6.8 -9.4
7i -7.8 -9.2 -7.5 -7.7 -7.9 -8.6 -7.7 -8.6 -7.0 -8.9
7j -7.5 -9.0 -7.0 -7.5 -7.8 -8.7 -7.6 -8.7 -6.6 -8.9
7k -7.9 9.1 -7.4 -8.0 -8.1 -8.5 -7.8 -8.5 -6.9 -8.9
8a -7.8 -9.2 -7.5 -7.6 -8.2 -8.7 -8.0 -8.7 -6.7 -9.0
8b -8.0 -9.4 -7.2 -7.6 -8.6 -8.6 -8.0 -8.5 -6.7 -9.3
8c -8.0 -9.4 -7.2 -8.0 -8.6 -8.6 -8.2 -8.6 -6.6 -9.2
8d -8.0 -9.5 -7.5 -8.0 -8.6 -8.7 -8.4 -8.6 -6.7 9.1
8e -7.8 -9.4 -7.3 -7.8 -8.3 -8.5 -8.0 -8.4 -6.8 -8.9
8f -8.1 -9.5 -7.6 -7.8 -8.5 -8.9 -8.0 -8.9 -6.8 -8.8
8g -8.1 -9.6 -7.4 -7.8 -8.6 -8.9 -8.3 -8.9 -7.0 -8.9
8h -8.4 -9.6 -7.6 -8.1 -8.6 -8.8 -8.5 -8.8 -7.0 -9.4
8i -7.9 9.1 -7.9 -7.8 -8.1 -8.7 -7.9 -8.7 -6.9 -8.9
8j -7.6 -9.2 -7.0 -7.5 -8.0 -8.8 -7.7 -8.8 -6.8 -8.9
8k -8.1 -9.4 -7.8 -7.8 -8.2 -8.6 -8.0 -8.5 -7.1 -8.9
bisdemethoxycurcumin -7.3 -7.5 -6.7 7.2 -7.4 -8.1 -7.1 -7.3 -6.4 -7.7
curcumin -7.3 -8.0 -7.2 -6.3 -7.2 -7.6 -7.1 -8.2 -7.1 -8.1
demethoxycurcumin 7.4 7.9 -6.8 7.1 7.4 7.7 7.2 -7.5 -6.6 -8.2
Favipiravir -5.6 -5.7 -6.3 -5.2 -5.0 -6.1 -4.9 -6.0 -5.4 -6.6
Hydroxychloroquine -6.4 -6.7 -5.2 -5.9 -6.1 -6.6 -6.0 -6.3 -4.9 -6.1
Remdesivir -8.1 -8.8 -7.9 -7.6 -7.6 -8.0 -7.0 -8.4 -7.0 -8.0
Warfarin(coumadin) -6.9 -8.0 7.3 -6.7 7.6 7.7 -6.8 7.7 -6.7 7.7
Lopinavir -7.9 -8.7 -7.4 -7.2 -8.1 7.9 -7.5 -8.1 -6.8 -7.6
N3 -8.0
VIR250 -7.6
F86 -6.9 -6.6
Usp 6.6
GTA -10.4
MGP -6.5
SAM -7.4
Kobophenol A -8.9 -9.8
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proposed curcumin derivatives. Also, it can be concluded according to
the value trend of docking score that proposed curcumin derivatives can
have a more inhibition effect on the NSP16 enzyme than the 3CLpro and
RdRp target enzymes.

Another target structure in the study is Spike protein, and docking
simulations were also performed using both alone Spike and Spike+ACE
complex targets. When trend of docking score for these targets is
examined in the Table 3, it is seen that docking values obtained for the
Spike+ACE complex are the higher than values obtained for alone Spike
region is targeted. According to the docking results obtained using alone
Spike enzyme as a target, it was observed that the natural curcumin, 8f
and 8g compounds has the highest affinity values with — 8.1 kcal/mol.
Here, it is noteworthy that natural curcumin is among the compounds
with the highest affinity for docking simulations used alone Spike pro-
tein as target. For natural curcumin, this case is unique among docking
studies on 10 different target SARS-CoV-2 targets. On the other hand,
the highest affinity values for Spike+ACE complex were obtained for
compounds 7f, 7g, 7h and 8h with — 9.4 kcal/mol. Here, Kobophenol A,
first natural inhibitor, appears as the compound with the highest
docking score for these target structures. Gangadevi et al. (2021) re-
ported that Kobophenol A inhibited ACE2 binding to SARS-CoV-2
S1-RBD in vitro with an IC50 of 1.81 + 0.04 pM. According to docking
findings in the same study, it was found that Kobophenol A bound to the
ACE2/spike interface with — 11.15 kcal/mol while Curcumin bound
with — 8.42 kcal/mol. Accordingly, these results are in good coherence
with our findings.

Finally, when the docking scores obtained for the PLpro target,
which has the highest value trend for curcumin derivatives among all
target regions, are scrutinized in detail, the 22 proposed curcumin de-
rivatives are significantly higher affinity values than all other reference
drugs, PLpro enzyme inhibitor VIR250 (—7.6 kcal/mol) of and natural
curcuminoids. Here, although the binding affinity values obtained for
the curcumin derivatives are quite close to each other, the highest values
were obtained for 8g and 8h compounds (—9.6 kcal/mol), followed by
8d and 8f compounds (—9.5 kcal/mol). Following these, some curcumin
derivatives with the highest values are 8b, 8c and 8k. When all these
findings for PLpro are evaluated together, it is seen that the all of high-
affinity curcumin derivatives 8b, 8c, 8d, 8f, 8g, 8h and 8k have in the 1-
methylpiperidin-4-one group and include 4-bromo, 4-chloro, 4-fluoro,
3,4-dibromo, 3,4-dichloro, 3,4-difluoro and 3,4-hydroxyl substituents
of this group. These inferences may be key insights in future compound
designs with high affinity. Hence, it is expected that these findings ob-
tained as a result of the analyses will be a guide for other working groups
that will design inhibitors for the PLpro enzyme in the future.

In addition, it has been reported that inhibitor N3 in the first X-ray
structure published (PDB ID:6LU7) for the main protease (3CLpro)
exhibited inhibition against SARS-CoV-2 with individual half-maximum
effective concentration (EC50) values of 16.77 pM (Jin et al., 2020). On
the other hand, it was not reported experimental value such as IC50 or
EC50 for VIR250, the inhibitor of the first reported x-ray structure (PDB
ID: 6WUU) for PLpro, however it can be estimated from the inhibition
curve that the IC 50 for VIR250 is around 10 uM (Rut et al., 2020). When
the docking scores obtained for N3 against the 3CLpro and VIR250
against PLpro target structure are compared with the docking scores
obtained for the proposed curcumin derivatives, it reveals an important
prediction about the high inhibition potentials of the proposed curcumin
derivatives for 3CLpro, PLpro and other SARS-CoV-2 target enzymes.

In addition, we displayed 2D molecular interaction diagrams be-
tween the dimeric PLpro target enzyme and all compounds (Fig. S2-
S$32). From the diagrams, the types of molecular interactions, the
interacting atoms of the compounds and the interacting residues of the
dimeric PLpro chains can be clearly seen.

Comparing the highest binding affinity curcumin derivatives 8b, 8c,
8d, 8f, 8g, 8h and 8k for PLpro with the PLpro enzyme inhibitor VIR250
and the reference drug Remdesivir reference drug can be a good method
for in-depth inferences. In this regard, in order to be easier and clearer
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understanding, we also listed the interacting residues of the dimeric
PLpro enzyme with the relevant compounds mentioned above, molec-
ular interaction types and their properties in Table 5.

According to the table, it is observed that compounds 8d and 8h form
a halogen type interaction with PLpro enzyme via 4-fluorine and 3,4-
difluorine substituents, on the other hand 8b, 8c, 8f and 8g com-
pounds, form alkyl type hydrophobic interaction with PLpro enzyme via
their 4-bromo, 3-chloro 3,4-dibromo and 3,4-dichloro substituents.
Also, it is remarkable that 8k compound form conventional hydrogen
bond with PLpro enzyme via their 4-hydroxyl substituents. In this re-
gard, these interactions between the substituents of 8b, 8c, 8d, 8f, 8g,
8h and 8k compounds and the PLpro enzyme may be the main reason
that allows them to have higher docking scores compared to other
curcumin derivatives.

When the hydrogen bond interactions, which are a significant factor
for a compound to be a drug, are scrutinized, it is seen that all of 8b, 8d,
8f, 8g and 8h curcumin derivatives form carbon hydrogen bonds with
the Pro248 residue of PLpro. Hence it can be considered that Pro248 has
a key role in the binding of curcumin derivatives to PLpro enzyme.
Moreover, it is striking point that both 8d and 8h compounds containing
4-fluorine and 3,4-difluorine substituents, respectively, have 4 hydrogen
bond interactions with PLpro while 8b and 8k compound containing 4-
bromo and 3,4-hydroxy substituents, respectively, have 3 hydrogen
bond interactions with PLpro. On the other hand, each of 8f and 8g
compounds containing 3,4-dibromo and 3,4-dichloro substituents,
respectively, have only 1 hydrogen bond interaction. While the refer-
ence drug Remdesivir has 4 conventional hydrogen bonds, on the other
hand, the fact that the PLpro inhibitor VIR250 has 9 Hydrogen bond
interactions and 5 of them are with the Argl66 residue of the PLpro
enzyme can be very critical for this inhibitor. Here, although VIR250 has
such a large number of hydrogen bond interactions, the low binding
affinity of VIR250 can be attributed to the relatively lower electrostatic
and hydrophobic interactions of VIR250 compared to other compounds.
It can be also said that another reason for the low affinity of VIR250 is
the unfavourable interaction of VIR250 with the Argl06 residue of
PLpro. Similarly, although the reference drug Remdesivir has very high
hydrophobic and 4 hydrogen bond interactions, it has lower binding
affinity than curcumin derivatives such as VIR250. As it can be clearly
understood from the table, the reason for this situation can be consid-
ered as 3 unfavourable interactions of Remdesivir with the Argl66
residue of PLpro. In the light of the findings obtained so far, it can be
inferred that the curcumin derivatives have no unfavourable in-
teractions with PLpro compared to reference drugs and hence this
highlights curcumin derivatives for high docking scores.

For the electrostatic interactions according to the table, it can be said
that the Glul61 and Asp164 residues of PLpro have very critical roles.
On the other hand, examining the hydrophobic interactions, it is
observed that there are common hydrophobic interactions between all
of the curcumin derivatives discussed and the Tyr264, Tyr207, Pro248
residues of the PLpro enzyme. This indicates that these residues play a
key role in the hydrophobic interactions between curcumin derivatives
and the PLpro enzyme.

Moreover, in order to better envision the active binding sites on the
PLpro enzyme conformation of the above-mentioned compounds, their
binding sites on PLpro are displayed in Fig. 3. The PLpro chain discussed
in the study has two homo anti-parallel chains named Chain A and C, in
other words, it is in a dimeric form. It is observed from the figure that
compound 8d binds from a region close to the C chain region of dimeric
PLpro, while compounds 8b, 8c, 8f, 8g, 8h and 8k bind more closely to
the A chain region of PLpro. It is noteworthy that the binding orienta-
tions of these three compounds are almost identical. The binding
orientation of compound 8d is in the same direction as these three
compounds, but in opposite directions due to its binding to the A chain
region, as expected. In a brief, it can be said that the binding orientations
of the curcumin derivatives on the PLpro monomer chain are very
similar. On the other hand, examining the binding orientations of the
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Table 5
Interacting residues of PLpro with compounds 8d, 8f, 8g, 8h, Remdesivir and VIR250 and the molecular interaction types.
Compounds Binding Affinity Hydrogen Bond Electrostatic Hydrophobic Halogen Unfavourable
8b 1 A:Gly163¢HE 1 A:Asp164”A 1 A:Tyr264°7
1 A:Asp164<aHB 1 C:Tyr207°"
1 A:Pro248<HB 1 C:Leu185"
1 C:Leu199*
1 A:Pro248™*
1 A:Tyr264™
1 C:Tyr207°
8c 1 A:Asp164©2HB 1 A:Asp164”4 1 A:Tyr264°"
1 C:Tyr207""
1 C:Leul85%
1 C:Leu199*
1 A:Pro248™
1 A:Tyr264%
1 C:Tyr207"*
8d 9.5 1 C:Glul67<HB 1 C:Glul61™* 1 C:Tyr264°" 1 A:Met206
1 C:Pro248¢aHB 1 C:Asp164°4 1 A:Tyr207°T
1 C:Thr301¢°HB 1 C:Pro248™
1 A:Met208P4HB 1 C:Tyr264™
8f 9.5 1 A:Pro248¢atB 1 A:Glul61"4 1 A:Tyr264"T
1 A:Asp16471A 1 C:Leu185*
1 C:Leul99*
1 A:Pro248™*
1 A:Tyr264™
1 C:Tyr207°4
8g 9.6 1 A:Pro248¢ate 1 A:Glu161" 1 A:Tyr264°T
1 A:Asp1647A 1 C:Tyr207°"
1 C:Leul85"
1 C:Leul99*
1 A:Pro248™
1 A:Tyr264%A
1 C:Tyr207°4
8h 9.6 1 A:Gly163¢aHE 1 A:Aspl64™iA 1 A:Tyr264°" 1 C:Met206
1 A:Asp164©aHB 1 C:Tyr207°" 1 A:Glul61
1 A:Pro248¢H® 1 A:Pro248™
1 C:Tyr207¢2H8 1 A:Tyr264™
8k 1 C:Met206°°HB 1 A:Asp1647iA 1 A:Tyr264"T
1 A:Glu161°HB 1 A:Pro248™
1 A:Glu167%H® 1 A:Tyr264™
Remdesivir 8.8 1 A:Tyr268¢°H8 1 C:Asp164°t 2 A:Tyr264"" 2 C:Arg166,
1 A:Ala246<°HB 1 C:Argl66” 1 A:Arg166
1 C:Arg166°°HB 1 C:Met208"
1 C:Thr301<°H8 1 C:Pro248*
1 A:Pro248™*
1 C:Pro247%*
2 C:Tyr264™
VIR250 7.6 2 C:Asp164<°HE 2 A:Asp164°iA 2 A:Pro248™ 1 C:Argl66

1 A:Arg166°°HB
4 C:Arg166°°HB
1 C:Thr301¢°H8
1 A:Pro248¢aHe

CaHB: Carbon Hydrogen Bond, CoHB: Conventional Hydrogen Bond, PAHB: Pi-Donor Hydrogen Bond, Att: Attractive Charge, PiA: Pi-Anion, PiCa: Pi-Cation, PS: Pi-Pi

Stacked, PiS: Pi-Sigma, PT: Pi-Pi T-shaped, A: Alkly, PA: Pi-Alkyl.

reference drug Remdesivir and the PLpro enzyme inhibitor VIR250, it is
seen that they interact with both monomer (chain A and chain C) chains
of dimeric PLpro. Thus, although the binding orientation of Remdesivir
and VIR250 is similar each other, they are almost perpendicular to the
binding orientation of curcumin derivatives with high affinity. In sum-
mary, when it is considered together with these observed findings
regarding binding orientations and the fact that compounds 8b, 8c, 8d,
8f, 8g, 8h and 8k have higher affinity for the PLpro enzyme than
Remdesivir and VIR250, the results point out that it is necessary to focus
on compounds and their derivatives that will interact with a single
monomer chain of PLpro to design more effective PLpro enzyme in-
hibitors in future studies.

3.3. MD simulations and MM-PBSA analysis
Docking simulations are performed in a vacuum environment, and

the target protein structures are kept rigid while the ligands move during
these kinds of simulations. However, in physiological conditions, both
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target proteins and ligands interact dynamically in the solution envi-
ronment. Therefore, MD simulations need to be performed in environ-
ments close to physiological conditions for protein-ligand complexes
obtained as a result of docking simulations. Thanks to the simulations, it
is possible to investigate the effect of ligands (small molecules) on the
conformation of the target structure. In addition, MM-PBSA analysis
using simulation data enables it possible to evaluate binding stability,
dominant interaction types in binding, and the residues that play a
critical role in binding.

In this context, the dimeric PLpro enzyme, which has the highest
docking affinity value trend for curcumin derivatives, was selected as
the target protein structure in our MD simulations. Curcumin derivatives
some of 8b, 8c, 8d, 8f, 8g, 8h and 8k, which have the highest docking
score for this enzyme, VIR250 as the enzyme inhibitor, and Remdesivir
as the reference drug were selected as the ligands. MD simulations of
100 ns were performed for 9 relevant PLpro-ligand complexes. In
addition, the wild-type (wt) form of the PLpro enzyme was simulated to
make a comparison with the PLpro-ligand complexes.
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Fig. 3. 3D representations of the interactions of compounds 8b, 8c, 8d, 8 f, 8 g, 8 h, 8k, Remdesivir, and VIR250, and 3D superimposed representations of their

binding sites on the dimeric PLpro target structure.

Firstly, RMSF analysis was performed with the data obtained from
the MD simulation to examine the effect of ligands on the conformation
of the dimeric PLpro enzyme. This analysis gives a measure of how far
each residue in the PLpro enzyme moves away from its reference loca-
tion, on average, over the course of the simulations. In other words,
performing this analysis makes it possible to detect mobile and stable
residues or residue regions in the enzyme. Accordingly, Fig. 4 shows the
RMSF values per residue calculated for each monomer chain of PLpro,
separately. The figure also includes the 3D structure of the dimeric and
monomeric PLpro enzymes to better understand the mobile and stable
regions, based on the RMSF results.

The results show that the 1-75 residue region (N-terminal) in both
PLpro chains has quite high RMSF values and thus indicating that this
residue region is very flexible. As can be seen from the 3D figure (resi-
dues shown in green), this residue region is located farther outside the
central (core/buried) amino acid regions where monomers interact with
each other, and conformation stabilizes due to these interactions. In
other words, this region, which is outside the core region of the protein,
has a surface area that can interact more with the solution. For this
reason, it can be an expected result that this residue region will be more
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mobile and flexible. Upon examination of the RMSF values of other
amino acids and amino acid regions, it can be assumed that the 186-196,
222-231, and 268-270 residue regions are mobile since they exceed the
RMSF value of 0.2 nm for both chains of PLpro enzyme. These mobile
regions are depicted in Fig. 4 in blue, red, and pink, respectively. Here,
the ligand binding cavity region located between 2 monomer chains,
depicted with the black circle on the 3D figure, seems to be more stable
in the dimeric PLpro structure.

In addition, Fig. 5 represents the relative RMSF values calculated to
examine the inhibition effect of the ligands on the conformational
structure of the PLpro enzyme in more detail. For these calculations,
RMSF values per residue obtained for each ligand-PLpro complex were
subtracted from RMSF values per residue obtained for wt-PLpro.
Accordingly, the high positive and negative values obtained in the
relative RMSF chart can be considered as an indicator of deterioration or
inhibition in the PLpro conformation. It is seen in the figure that the
majority of relative RMSF values obtained for the entire ligand-PLpro
complex are positive. Many shoulders on the figure are also seen, cor-
responding to regions where ligands have greater effect on PLpro
conformation. Here, significant shoulder areas are circled and named in
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Fig. 4. The calculated RMSF values per-residue for dimeric PLpro enzymes in wt system and 8b/8c/8d/8 f/8 g/8 h/8k/Remdesivir/VIR2507-Protein complexes. 3D
conformational structure of dimeric (Chain A + Chain C complex) and monomeric (only Chain A) PLpro protein. Chain A in a grey cartoon and Chain C in a yellow

cartoon with some flexible residue region in different colours were represented.

the figure. All findings indicate that all ligands have a significant
inhibitory effect on the conformation of the PLpro enzyme.

MM-PBSA analysis was then performed using MD simulation data to
determine the dominant interaction types in dynamic binding. Table 6
shows the binding energy values calculated for each ligand-PLpro
enzyme system and its components. The negative energy values in the
table correspond to favorable contributions in binding energy, while the
positive values correspond to unfavorable contributions. In this context,
only the polar solvation energy (AEP) contributes negatively to ligand
binding, while all other energy components contribute positively.

A comparison between the binding energy (AEP™4"8) values in each
system shows that compounds 8b, 8c 8d, 8f, 8g, 8h and 8k have
significantly higher values than Remdesevir and VIR250.

On the other hand, the highest AEY values (AE"®" is an energy
component that makes up AEP™¥"8 values) were obtained for Remde-
sivir, while the lowest values were obtained for VIR250. Also, a com-
parison among the curcumin derivatives themselves shows that their
AE'®™ values increased (8f>8g>8h with double substituents and
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8b>8c>8d with single substituents) with increasing van der Waals
diameter (Br>CI>Fl).

The highest values for the AE*®° energy contribution were also ob-
tained for Remdesivir, and the second largest value was obtained for
VIR250. Here, 8k is the compound with the highest electrostatic energy
contribution among the curcumin derivatives. This situation can be
attributed to the fact that the double hydroxy substituent of 8k com-
pound enhances the hydrogen bond interactions.

As is known, the sum of AEY4W (van der Waals energy) and A
(electrostatic energy) energy contributions results in molecular me-
chanical energy (AE™= AE"™"+ AE®"®). When these terms making up
the AE™™ are compared, it can be said that the van der Waals interaction
energy contribution is more dominant for the systems studied. More-
over, although Remdesivir has the highest value for AE™™ energy
contribution, it does not have the highest AEP™™8 value due to its
considerably higher AEP® negative contributions than other systems. On
the other hand, it seems that the higher AE®* value and the lower
AE"Y value of VIR250, compared to the curcumin derivatives, allow it

Eelec
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Fig. 5. The calculated relative RMSF values per-residue for dimeric PLpro enzymes in Protein and 8b/8c/8d/8 /8 g/8 h/8k/Remdesivir/VIR2507 complexes.

Table 6
The binding free energy values and its components (kcal/mol) between ligands
and dimeric PLpro complex.

Energy (kcal/mol)

System AEYAW Aelec AFT™ AFPS AFSSsa AEPinding
8b -220.3 -38.9 -259.2 203.5 -18.3 -74.0
+13.4 +29 +13.2 +0.9 + 4.5
8c -211.4 -38.7 -250.1 203.4 -18.5 -65.2
+13.2 + 3.0 + 125 + 1.0 +4.3
8d -194.1 -29.3 -223.4 172.8 -20.1 -71.1
+14.3 + 4.0 +13.5 +1.0 + 4.4
8f -223.0 -39.3 -262.3 203.8 -22.2 -80.8
+13.7 + 2.6 +129 +0.9 + 4.6
8¢g -217.1 -38.9 -256.1 203.3 -22.6 -75.3
+13.1 + 25 +12.3 + 0.5 + 4.5
8h -197.9 -30.1 -228.0 167.4 -17.2 -77.4
+14.7 + 3.4 +13.3 +1.3 + 4.7
8k -228.5 -44.3 -272.8 233.3 -24.1 -63.6
+14.2 + 3.6 +16.5 +1.2 + 4.2
Remdesivir -241.4 -87.9 -329.3 3125 -28.0 -46.9
+13.6 +7.4 + 23.0 +1.2 +4.1
VIR250 -163.6 -58.6 -222.2 205.9 -20.5 -40.2
+15.1 +6.1 + 149 + 1.0 +4.5

AE"®Y; van der Waals energy, AE®'®; electrostatic energy, AE™™= AE'®"+ AE®®,
AEPS; polar solvation energy, AE®?; sasa energy, AEP™"; calculated binding
free energy.

to have a close AE™™ energy value to the derivatives. However, VIR250
has a lower AEP™8 energy than the curcumin derivatives due to its
higher negative AEP® contribution. In summary, it can be said that the
less unfavorable AEP® energy contributions of curcumin derivatives
enable them to have higher binding energies (AEPINNg) than Remdesivir
and VIR250.

In addition, binding energy contribution values per residue were
calculated, as shown in Fig. S33-41 separately, for each system in order
to observe the energy contributions in ligands binding of each residue in
the dimeric form of the PLpro enzyme. Here, it can be said that ligands
play a key role in binding to target enzymes for residues with values of
> 40.5 or < —0.5 kcal/mol. This is because these relatively high posi-
tive and negative energy contributions, provided by residues in binding,
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can be directly associated with the conformational inhibition of the
target structure. Residues with an energy contribution of > +0.5 or
< —0.5 kcal/mol are shown by their names on Fig. S33-41. Accordingly,
residues with an energy contribution of > +0.5 kcal/mol are henceforth
named hot residues and those with an energy contribution > —0.5 kcal/
mol are termed un-hot residues in this study. According to the Fig. S33-
S41, it is observed that there are many common hot and un-hot residues
that interact with the PLpro enzyme for all ligands.

In this regard, Table 7 lists the hot and un-hot residues in each
monomer chain of PLpro in the systems in order to show a more detailed
and convenient examination of hot and un-hot residues in the dimeric
PLpro enzyme. Here, if any residue of the PLpro in a complex system is
hot/un-hot, the energy contribution values of that residue in all ligand-
PLpro complexes were also added to Table 6. The purpose here is to
make it easier to understand common hot/un-hot PLpro residues in the
complexes and to identify differences between the complex systems. In
addition, the detection of common hot and un-hot residuals in the
ligand-dimeric PLpro enzyme systems is of great importance for iden-
tifying key residues in ligand binding to the dimeric PLpro enzyme. In
this study, we focused on the assumption that residues exceeding the
threshold of > 40.5 or < —0.5 kcal/mol in common in at least 5 of the 9
systems may be key residues.

Accordingly, as shown in Table 6, the residue Lys157 is an un-hot
residue in binding to compounds 8b, 8d, 8 f, 8 h and 8k, while it is a
hot residue in binding to compound 8 g and Remdesivir; hence, it can be
considered as one of the residues that play a key role in ligand binding to
PLpro as both a hot and an un-hot residue.

Examining the common un-hot residues, it seems that the residue
Asp164 has negative energy contributions with all of 9 systems. Also, the
Argl66 has un-hot negative energy contributions with 8 of 9 systems
except for 8 g. On the other hand, the Glul67 has negative energy
contributions with 7 of 9 systems in all systems (except for 8 g and
Remdesivir). Furthermore, the residue Glu161 has un-hot energy con-
tributions with 6 of 9 systems (8b, 8c, 8d 8 f, 8 h, and 8k), similarly
Asp302 is an un-hot residue with 6 of 9 systems (8b, 8c, 8 f, 8h,
Remdesivir, and VIR250). In addition, the residues Tyr273 appear to be
un-hot residues with negative contributions to 8c, 8d, 8 f, 8 h and 8k.

Examining the hot residues, which positively contribute to binding
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Table 7

Hot and unhot residues in each monomer chain of PLpro in protein-ligand complexes.

8d 8f 8g 8h 8k Remdesivir VIR250

8¢

8b

0.07
-0.04
0.07
-0.07
-0.04
3.28
2.93
-0.27
0.15
-0.06
-0.02

0.07

-0.06
0.02

-0.11
-0.04
-0.58
0.16
-0.02
4.04
0.46
-0.09
0.05
0.06
-0.06

0.00

-0.09
0.24
0.44
0.64
-0.18
0.46

0.66

-0.30
0.27

-0.55
0.

0.08

0.10

-0.18
0.19
-0.34

0.

-0.25
0.

0.17

0.07

-0.12
0.12

-0.24
0.24
0.28
0.60

-0.06
0.08
-0.14
0.09
-0.02
1.85
2.18
0.00
0.26
0.12
-0.37

-0.09
0.

Arg82

-0.02
0.

0.06
1.37
0.53
-0.18
0.79
0.91
0.58
0.17

0.

50

-0.02
0.14
-0.02
0.00
-0.37
1.70
-0.47
0.25
-0.28
-0.24
-0.91
0.29
0.09
-0.05
-0.01
-0.07
-0.01
-0.03
0.00
0.00
-0.04
-0.37

47 -0.09
1.

-0.07
3.07
0.81

0.00
0.

23

Asp108
Lys157

41

-0.08
0.00

-0.50
0.39
0.00
0.53
-0.15
0.52

0.15

1.

35

0.88
1.24
-0.37
1.00
-0.40
0.58
-0.26
0.23
-0.01
-0.12
-0.30
-0.15
-0.33

00

-0.22
0.16

0.65
0.58

-0.09
-0.14
3.29
2.68

0.

29

-0.23
-0.16
1.09
1.28
-0.26
0.03
-0.05
-0.01
-0.13
0.00
-0.05
-0.39

24
01

0.03
0.01

Glul61

-0.12
1.15
2.43

-1.25
2.

0.

-0.36
1.

-0.02
1.91
1.39
0.13

-0.70
2.85
1.43
0.68
-0.19
0.18
0.00

-0.26
2.

Leul62
Aspl64

40

0.41
1.

16

-0.08
1.72

15

0.18
0.

43
27

0.38
0.88

1.14
0.54

Argl66

50

-0.06
-0.19
0.34

0.22
0.26

85

0.

-0.15
0.77

Glul67
Arg183

0.03

-0.67
0.94

-0.40
0.

0.36

-0.02
0.

-0.26
0.44

-0.12
0.09
-0.01

-0.05
-0.01

15

-0.03
-0.22

41

0.29

00

-0.28
-0.42

Glu203
Tyr207
Met208
Lys232
Ser245

-0.02
-1.18
-0.17
-0.27
-1.31
-1.20
-0.06
-0.76
-0.44
-0.04

0.41

-0.37
-0.24
0.05

-0.61
-0.57

2.

0.01

-0.20
-0.39
-0.32

-0.72
-0.42

0.

-0.01

-0.32
-0.73

1.

-0.89
0.09
-0.28

-0.37
0.

-1.49
0.04

-0.64
0.38

-0.06
-0.05
-0.03
-0.23
-0.54
-0.04
-1.22
-0.19
-0.25
0.56

0.30

-1.16
1.06

-0.29
-0.18
-0.20
-0.61

-0.66
0.12
-0.20
-0.43
-0.21
0.10
-0.17
-0.42
-0.01
0.09
-0.12
0.65

-0.25
-0.13
-0.12
-0.50
-0.66
0.07

04

17

15

13

-0.08

-1.03
-1.89
-1.04
-0.20

-0.08
-0.17
-0.28
0.11

-0.15
-0.23

-0.01
-0.22
-0.04
0.34

-0.02
-0.02
-0.01
-0.01

0.00

-0.12
-0.10
-0.01
0.25

0.00

-0.04
-0.01
-0.01
-0.03
0.07

-0.14
-0.12
-0.02
-0.04
-0.01

-0.15
-0.49
-0.23
0.15

-0.76
-0.41
-0.05
-0.33

-0.63
-0.67
-0.03

-0.59
-0.84

0.

Pro247
Pro248
Glu263

-0.53
0.06

-0.56

-0.07

-0.64

0.

-0.76
0.25

53

16

-0.82
-1.09
-0.08
0.17
0.31
0.38

-1.39
-0.16
-0.05
-0.13

-0.61
-0.12
-0.13

0.

-0.38
-0.24
-0.05
0.50
0.23
0.26

-0.92
0.10

-0.77
-0.86
-0.07
0.42
0.29
0.29

-0.75
-0.45
-0.09
0.59
0.52
1.00

-0.18
-0.41
-0.01
0.09
-0.11
0.85

-0.87
-0.50
-0.35
0.55

-0.79
-0.77
-0.09
0.38
0.42
0.69

Tyr264
Tyr268
Cys270
Tyr273
Thr301

-0.80
-0.01
0.19
-0.21
1.22

-0.02
-0.01
0.00

-0.62
0.92

28

0.53
1.02

-0.93

4.97

0.14
0.23

-0.36
2.68

-0.06
-0.49

-0.03
1.53

0.47

0.39

Asp302

Hot residues (>+0.5 kcal/mol) are in bold text while un-hot residues (< —0.5 kcal/mol) are in italic and underlined text.
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energy, the most remarkable residues are Pro248 and Tyr264, which
contribute > +0.5 kcal/mol energy in all of 9 systems. In addition,
another hot residue with a key role is Met208, which exceeds the
threshold value in 8 of 9 systems except for 8 f. Also, Pro247 is an un-hot
residue for 8b, 8¢, 8 g, Remdesivir, and VIR250.

Moreover, previous docking results showed that Glul61, Aspl64,
Arg166, Pro248, and Tyr264 had important and common roles in many
interactions. The determination of these residues as hot/un-hot residues
as a result of MM-PBSA analysis shows the reliability and dynamic
bonding stability of the binding poses obtained as a result of our docking
experiments.

In summary, the un-hot residues Glu161, Asp164, Argl66, Glul67,
Tyr273, Asp302, the hot residues Met208, Pro247, Pro248, Tyr264 and
both hot and un-hot residue Lys157 can be considered to have key roles
in inhibiting the dimeric PLpro enzyme since they exceed the specified
energy contribution thresholds of > +0.5 or < —0.5 kcal/mol in at least
3 systems. Fig. 6 shows the locations of these residues on the dimeric
PLpro enzyme conformation.

4. Conclusion

Ethnopharmacological uses of various herbs and medicinal plants are
necessary for human life and health due to their extensive biological
activity against diseases. Phytochemicals found in these herbs and plants
are generally non-toxic and have the potential to prevent chronic ail-
ments. It has also been extensively reported in the literature that cur-
cumin, natural phytochemicals found in Curcuma longa, can also act as
antiviral compounds that inhibit virus replication for a wide range of
viruses.

In light of this information, this study focused on various curcumin
derivatives that are easily synthesized and have high pharmacological
properties and this regard, it was also investigated the potential of
various 2 H-pyran-4(3 H)-one and 1-methylpiperidine-4-one curcumin
derivatives as effective antiviral agents to inhibit COVID-19 main en-
zymes. In this context, 22 curcumin derivatives with good and reliable
ADME profiles were identified, and then for these derivatives, molecular
docking studies were performed against 3CLPro, PLpro, NSP7/8/12,
NSP7/8/12 +RNA, NSP15, NSP16, Spike, Spike+ACE enzymes, which
are important receptors of SARS-CoV-2. In addition, the docking binding
scores obtained were compared with natural curcuminoids, various re-
ceptor inhibitors, and various drug molecules (warfarin, favipiravir,
remdesivir, and hydroxychloroquine) in order to evaluate the potential
of the proposed curcumin derivatives as antiviral drugs. According to
the docking studies, all proposed curcumin derivatives had higher
binding affinity value trend for all SARS-CoV-2 receptor targets
compared to natural curcuminoids, reference enzyme inhibitors, and
drug molecules. In addition, among all of the receptors studied, the
highest docking scores for the proposed curcumin derivatives were ob-
tained for the PLpro protein enzyme. The docking simulations on the
PLpro target showed that the docking scores obtained for all curcumin
derivatives were higher than natural curcuminoids, all reference drug
molecules (warfarin (—8.0 kcal/mol), favipiravir (—5.7 kcal/mol),
hydroxychloroquine (—6.7 kcal/mol), remdesivir (—8.8 kcal/mol)), and
PLpro enzyme inhibitor VIR250 (—7.6 kcal/mol). Although it was
observed that the binding affinity values obtained for the 22 proposed
curcumin derivatives were also quite similar to each other, the highest
docking score was obtained for compounds 8 g and 8 h with — 9.6 kcal/
mol, followed by compounds 8 f and 8d with — 9.5 kcal/mol.

Finally, MD simulations of 100 ns were performed between PLpro
complexes and compounds 8d, 8 f, 8 g, 8 h, VIR250 and Remdesivir.
The effects of these ligands on the conformation of PLpro were initially
observed using RMSF analysis. Later, an MM-PBSA analysis was per-
formed using the data from the MD simulation and it was found that van
der Waals interactions were the dominant type of interaction in ligand
binding to PLpro. Moreover, MM-PBSA analysis showed that the resi-
dues Lys157, Glul6l, Aspl64, Argl66, Glul67, Met208, Pro247,
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Fig. 6. Hot, un-hot residues on dimeric PLpro. Chain A in a grey cartoon and Chain C in a yellow cartoon with hot residues in red, un-hot residues in blue, and both

hot and unhot residue in pink were represented.

Pro248, Tyr264, Tyr273, and Asp302 of PLpro played a key role in
ligand binding to PLpro.

To conclude, the findings in the present computational study can be
adapted and/or guide experimental research for the development of
antiviral drugs with more potential for various enzyme receptors of
SARS-CoV-2, primarily PLpro.
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Docking data

ACD/ChemSketch was utilized for the 2D chemical drawing and
editing in the SDF format for all compounds. Then, using these 2D
structures, various in silico absorption, distribution, metabolism,
excretion (ADME) and drug-likenesses properties of the compounds
were investigated using the SwissADME webserver and TCMSP web-
server.

Molecular simulation (MD) data

MD simulations were performed by GROMACS program version
2020.1. In the MD simulations, CHARMMS36 force field and TIP3P(Jor-
gensen et al., 1983) water model were used for the protein and the
explicit solvent, respectively. The CHARMMS36 force field parameters for
ligand were derived from CHARMM General Force Field (CGenFF) web
server.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.compbiolchem.2022.107657.
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