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Abstract: Curcumin is one of the important naturally occurring compounds having
several medicinal properties such as antiviral, antioxidant, antifibrotic,
antineoplastic as well as anti-inflammatory properties. SARS-CoV-2 has emerged
as infectious virus, which severely infected a large group of population in the
world. Several efforts have been made to prepare novel antiviral compound but it
is challenging even after rigorous trials. Naturally occurring compound, curcumin,
can be used as an alternative of antiviral compound against SARS-CoV-2. Its effect
against SARS-CoV-2 is already highlighted in the literature. But the quantitative
study of its interaction with various precursors of SARS-CoV-2 is not reported till
date. This paper reports the interaction of curcumin with angiotensin-converting
enzyme2, transmembrane serine protease 2, 3-chymotrypsin-like protease and
papain-like protease through molecular docking and quantum chemistry
calculations to achieve quantitative understanding of underlying interactions. Here
the conformational flexibility of curcumin is also highlighted, which helps it to
accommodate in the four different docking sites. The study has been performed
using calculations of geometrical parameter, atomic charge, electron density,
Laplacian of electron density, dipole moment and the energy gap between highest
occupied and lowest unoccupied molecular orbitals. The non-covalent interaction
(NCI) analysis is performed to visualize the weak interaction present in the active
sites. Combinedly molecular docking and detailed quantum chemistry calculations
revealed that curcumin can be adopted as a potential multiple-target inhibitors
against SARS-CoV-2.
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INTRODUCTION

In the last couple of years, coronavirus 2 (SARS-CoV-2) widely spread and
affected over more than 600 million population of the world and 6.5 million people
died according to world health organization (https://www.who.int/). Considering
this situation world health organization already characterized it as pandemic in
2020. In comparison to middle east respiratory syndrome coronavirus (MERS-
CoV), SARS-CoV-2 has been found more contagious and therefore infected fast a
large group of population.® The development of novel antivirals against SARS-
CoV-2 is always a matter of interest as well as a challenge in front of the scientific
community. An enormous number of efforts are made to validate antiviral
compounds. Some naturally occurring compounds already have antiviral
properties, which can be used as an alternative to antiviral complex compounds
evolved during the development of novel antivirals.>® Curcumin, a yellow
pigmented polyphenolic compound, is majorly found in turmeric used as a food
additive.* Its antiviral activity against SARS-CoV-2 along with other viral
infections are already reported in the literature.>® It is an interesting natural
occurring substance, which also has antioxidant, antifibrotic, antineoplastic as well
as anti-inflammatory properties.* 1

SARS-CoV-2 belongs to fusion protein containing two major subunits (S1 and
S2).1! For the spread of SARS-CoV-2, angiotensin-converting enzyme2 plays a
major role to determine its entry through interaction with viral spike protein.!1?
Further transmembrane serine protease 2 (TMPRSS2) cleaves the spike protein
into smaller subunits, which leads to subsequent cellular entry of infectious viral
RNA.216 Upon entry to the cell, two SARS-CoV-2 proteases 3-chymotrypsin-like
protease (3CLpro, also known as main protease, Mpro) and papain-like protease
(PLpro) cleaves the proteins.’*1® Both 3CLpro and PLpro are essential for the
release of 16 non-structural proteins (nsps) on breaking down of polyprotein.**-¢
Further the replication and transcription occur to produce viral genomes by
accumulation of infectious replicase on the host membrane.!’ Later the four major
proteins the spike (S) protein, membrane (M) protein, nucleocapsid (N) protein,
and the envelope (E) protein form and leads to the formation of viral particle. Some
viral particle of CoVs is also reported without using full ensemble of all four
proteins by encoding extra protein having similar or compensatory ability.*82° Till
date there is no report available in the literature providing in-depth molecular level
study of interaction of curcumin along with TMPRSS2, ACE2, PLpro and 3CLpro
to understand its ability to encounter with SARS-CoV-2. Therefore, the study of
curcumin along with precursors of SARS-CoV-2 has been reported here to provide
necessary information, which may be helpful to understand the applicability of
curcumin in the treatment against SARS-CoV-2.

In the present study, not only the interaction of the curcumin with precursors
of SARS-CoV-2 but also its conformational flexibility has been monitored to get
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the in-depth understanding related to the protein-ligand interaction. The study has
been performed to monitor the distribution of electron density, dipole moment,
atomic charge and atom-in-molecule (AIM) properties of curcumin in the gas
phase as well as in the active sites of four different precursors related to SARS-
CoV-2. The non-covalent interaction (NCI) analysis is performed for the
visualization of weak interactions in the active sites. The NCI plot is efficient to
study the macromolecular system effectively.

COMPUTATIONAL DETAIL

Molecular docking is the most famous tool to monitor the interaction of ligand and
receptor.? It provides the useful information about the binding site of the protein used by the
ligand to accommodate through various non-covalent interactions. The docking studies has been
performed using computational software. AutoDock4 together with AutoGrid4 python
programming-based tool has been used to study the molecular docking of curcumin with
TMPRSS2, ACE2, PLpro and 3CLpro.2>2 The docking uses the grid driven method to prepare
grids around the protein and the lookup table for the simulation by calculating the energy
keeping an atom as a probe on each of the grid points. The lookup table helps the simulation to
effectively measure the binding energy of the conformers with the target protein. Further
Lamarckian genetic algorithm has been used to search the lowest binding energy conformer
associated in the local minima position close to the protein. AutoDock4 uses the semiempirical
method to obtain the binding energies for the suitable conformers at the docking site of the
protein in bound as well as unbound states. The study therefore provides interesting information
about the reliable docking pose prediction for ligand protein interactions. PyMOL, LigPlot+
and Protein-ligand Interaction Profiler (PLIP) tools are used to draw the informative pictures of
docking studies.?*? PLIP tool is also used here to identify the non-covalent interaction of
curcumin with TMPRSS2, ACE2, PLpro and 3CLpro.

The efficacy of curcumin against the SARS-CoV-2 virus has been realized by studying the
interaction of curcumin with TMPRSS2, ACE2, 3CLpro and PLpro. This interaction has been
monitored using the docking studies. For these docking studies, crystal structures of TMPRSS2
(PDB ID: 1Z8A), ACE2 (PDB ID: 3D0G), PLpro (PDB: 3E9S), and 3CLpro (PDB ID: 3AW0)
are used. These PDBs are obtained from Protein Data Bank (https://www.rcsh.org/).?’

To understand the conformational flexibility of the curcumin, its diketone form in the gas
phase is compared with the same obtained from the active sites of TMPRSS2, ACE2, PLpro
and 3CLpro. Single point calculations are performed for curcumin obtained from active sites of
TMPRSS2, ACE2, PLpro and 3CLpro whereas optimization has been performed to obtain the
most stable geometry of curcumin in the gas phase at B3LYP/de2-TZVP level of theory. B3LYP
is Becke's three-parameter exchange functional with the Lee-Yang-Parr correlation functional,
which provides good result with reasonable error.?® The def2-TZVP proposed by Ahlrichs—
Weigend is triple-zeta valence with polarization basis set.?® It provides better result than 6—
311G**.303 Furthermore, def2 basis sets are designed to deliver consistent accuracy for nearly
all atoms up to radon.®® 32 These calculations are performed using Turbo mole Version 7.6 ab
initio quantum-chemical calculation software package.*** The comparison has also been made
based on the geometrical parameter, atomic charge, electron density, Laplacian of electron
density, dipole moment and the energy gap between highest occupied and lowest unoccupied
molecular orbitals. NCI and AIM analysis are performed using NCI Plot and Turbomole
Version 7.6 software, respectively.®335
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RESULTS AND DISCUSSION

The docking studies of curcumin has been studied with TMPRSS2, ACEZ2,
PLpro and 3CLpro, which are related to coronavirus 2 (SARS-CoV-2). For these
docking studies, ten rotatable bonds of curcumin are used. The lowest binding
energy docking pose of curcumin with TMPRSS2, ACE2, PLpro and 3CLpro are
shown in Figure 1.

Figure 1. Lowest binding energy docking pose of curcumin in the (a) transmembrane serine

protease 2 (TMPRSS2) PDB ID: 1Z8A, (b) angiotensin-converting enzyme 2 (ACE2) PDB

ID: 3D0G, (c) 3-chymotrypsin-like protease (3CLpro) PDB ID: 3AWO and (d) papain-like
protease (PLpro) PDB ID: 3E9S
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The lowest binding energy of curcumin with TMPRSS2, ACE2, PLpro and
3CLpro are -42.34, -28.53, -33.85, -31.33 kJ/mol, respectively. Interestingly, the
most stable docking pose of curcumin has been observed with TMPRSS2. The
detailed study of the four most stable docking poses of curcumin in TMPRSS2,
ACE2, PLpro and 3CLpro has been reported in the supporting information. The
ligand efficiency and the intermolecular energy of curcumin with TMPRSS2 are
measured the highest whereas the tortional free energy is found the same for all
four complexes formed after docking. Sametime, the inhibition efficiency of
curcumin with TMPRSS2 (38.37 nM) is found the lowest compared to that with
ACE2 (10.0 uM), PLpro (1.18 uM) and 3CLpro (3.22 uM).

Furthermore, the docking studies show that curcumin interacts with
TMPRSS2 through both hydrogen bonding (H-bonding) and dispersion
interactions. Amino acids LYS21, TYR48, TRP111 and LEU212 of Chain A
interacts through H-bonding and the corresponding H-bonding distance is found
4.01,3.15,3.72 and 3.86 A, respectively. Interestingly, the aromatic rings of amino
acid TRP21 of chain A of TMPRSS2 and curcumin interact through n-x stacking
interaction with an interplanar distance of 5.49 A, the interaction is shown in
Figure la. Several other amino acids interact through hydrophobic interactions.
These interactions are shown in Figure 1a. Amino acids LYS94, GLN98, TYR196,
GLU208 and TRP566 of chain A of ACE2 interact with curcumin through H-
bonding and the corresponding H-bonding distances are 3.92, 3.84, 3.79, 2.54 and
2.99 A respectively whereas other interactions have been shown in Figure 1b.
Interestingly, GLY 143, SER144 and GLU189 of chain A of PLpro and ARG66,
PHE80 and LEUS81 of Chain A of 3CLpro interacts with curcumin through
hydrogen bonding. The detailed chart of interactions in the lowest binding energy
docking poses of curcumin with TMPRSS2, ACE2, PLpro and 3CLpro is shown
in the supporting information. The Adaptive Poisson-Boltzmann Solver (ABPS),
which provides the Poisson—Boltzmann electrostatic calculation, are also depicted
in the supporting information, which shows the electrostatic interaction of
curcumin with TMPRSS2, ACE2, 3CLpro and PLpro.

Amino acids GLY 143, SER144 and GLN189 of chain A of PLpro interacts to
curcumin through H-bonding with distance of 2.90, 2.58 and 2.56 A, respectively.
2D and 3D representation of docking poses of curcumin with PLpro are shown in
Figure 1c. Amino acids ARG66, PHE80 and LEU81 of chain A of 3CLpro
interacts to curcumin through H-bonding with distance of 3.43, 2.99 and 2.78 A,
respectively (see Figure 1d).

Structural analysis

The optimized geometry of curcumin in the gas phase (I) at B3LYP/def2-
TZVP level of theory and geometries of curcumin lifted from the lowest binding
energy active sites of TMPRSS2 (l1a), ACE2 (l1b), 3CLpro (lic) and PLpro (l1d)
are depicted in Figure 2 whereas the corresponding geometrical parameters are
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tabulated in the supporting information. Curcumin is an interesting molecule
connected through a long chain of multiple conjugated double bonds, which
provides it structural flexibility to adjust in the active sites. Figure 2 shows a
surprising glimpse of this structural flexibility of curcumin in various active sites.
The geometry of curcumin bends a lot in the active site of ACE2 and PLpro in
comparison to the geometry of gas phase and acquires U-shape. Interestingly, the
study of geometrical parameters provides in-depth understanding about this.

ZI) (I1a) (I1b) (lic) (Iid)

Figure 2. Optimized geometry (1) of curcumin in gas phase at B3LYP/def2-TZVP level of
theory. Geometries of curcumin lifted from the active site of TMPRSS2 (l1b), ACE2 (1Ib),
3CLpro (llc) and PLpro (lid)

The bond length of ring C(sp?) — C(sp?) carbon bonds in curcumin in gas phase
(1) and the same lifted from active sites (lla, Ilb, Ilc, I1d) are measured between
1.38-1.41 A whereas the bond angles inside the rings are found between 118.3°-
121.5°. A small change is reported in the geometrical parameters inside ring. The
bond lengths of chain carbon bonds C8- C24, C36-C29, C28-C34 and C7-C22 are
found to be increased by 0.02 A in the active sites compared to that in the gas
phase. The increase in bond length is attributed to intermolecular interaction with
the amino acids in the active sites.

Interestingly, the major change is observed in the dihedral angles along the
chain length in different forms of curcumin. Dihedral angles £C22-C34-C28-C9,
£C34-C28-C9-C29, £C28-C9-C29-C36 and 2C9-C29-C36-C24 in the form (I)
are measured 5.2°, -80.3°, -67.5° and -177.3°, respectively. The same in the form
(11b) are -135.7°, 104.3°, -39.1° and -66.7°, respectively whereas the same in the
form (l1d) are -141.1°, -93.1°, 79.3° and -5.4°, respectively. The changes in the
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dihedral angles are mainly responsible for the geometrical change to U-shape in
I1b and 11d forms, which can be observed in Figure 2.
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Figure 3. Mulliken population analysis (MPA) charges of curcumin in the gas phase and that
lifted from the active site of TMPRSS2 (lIb), ACE2 (I1b), 3CLpro (lic) and PLpro (11d)
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Atomic charge

Mulliken population analysis (MPA) charges of curcumin in the gas phase
and that lifted from the active site of TMPRSS2 (llb), ACE2 (lIb), 3CLpro (lIc)
and PLpro (l1d) calculated at B3LYP/def2-TZVP level of theory and reported in
Figure 3. The corresponding plot of Natural population analysis (NPA) charge
along with detailed data is reported in the supporting information. The study
depicts that MPA charges of hydroxyl oxygens O3 are -0.38681e, -0.39929¢, -
0.39646e, -0.40884e and -0.38819¢ for I, lla, llb, llc and Ild, respectively.
Similarly, MPA charges of hydroxyl oxygens O4 are -0.38775e¢, -0.38995¢, -
0.42946¢, -0.39773e and -0.39995e for I, lla, 1Ib, lic and I1d, respectively. It shows
that MPA charge of hydroxy oxygen increases on binding with amino acids in the
active site of receptor in comparison to that in the gas phase (I). Interestingly the
MPA charges of hydroxyl oxygen O3 and O4 are found lower than carbonyl
oxygens, O5 and O6. Sametime the carbon atom attached to the electronegative
oxygens O3, O4, O5 and O6 are C26, C27, C28 and C29, respectively and the
MPA charges of these carbons are found higher. This is prominently reported in
case of NPA charges (see Figure S7). NPA charges for hydroxyl oxygen O3 and
04 are less than that for carbonyl oxygen O5 and O6 for all forms of curcumin
whereas an increase in NPA charges is also reported for 03, O4, O5 and O6 in
case of curcumin lifted from the active sites. Overall, the comparison of atomic
charges (MPA and NPA) nicely helps to understand the interaction of curcumin
with TMPRSS2, ACE2, 3CLpro and PLpro.
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AIM analysis

Electron density puep (r) and Laplacian of electron density V2pucp (r) of curcumin
in the gas phase (I) and that lifted from the active site of TMPRSS2 (lla), ACE2
(1b), 3CLpro (llc) and PLpro (I1d) are studied at B3LYP/def2-TZVP level of theory
and graphically represented in Figure 4. The corresponding detailed report and figure
have been added in the supporting information. An average of pucp (r) at the bond
critical points (BCP) of carbon bonds in the two aromatic rings of curcumin (1) are
0.3191 / 0.3190 a.u. whereas the same of curcumin in the form lla, Ilb, llc and Ild
are 0.3213 / 3214, 0.3207 / 0.3207, 0.3215 / 0.3210 and 0.3219 / 0.3202 a.u.,
respectively. Interestingly, the puep (1) at ring critical points (RCPs) of two aromatic
rings of curcumin in | form are 0.0229 / 0.0230 a.u. whereas the same for curcumin
inlla, llc, llcand 1l1d are 0.0233 /0.0232, 0.0231/0.0232, 0.0231/0.0232 and 0.0233
/0.0231 a.u., respectively. It shows that the electron densities at the curcumins in the
forms lla, llb, llc and Ild increase in comparison to that in gas phase i.e., isolated
form (1) due to interaction with amino acids present in the docking site.
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Figure 4. Plot of (a) electron density pscp (1) and (b) Laplacian of electron density V2pucp(r) of
curcumin in the gas phase and the same lifted from the active site of TMPRSS2 (11a),
ACE2 (l1b), 3CLpro (llc) and PLpro (I1d).

The puep (1) of alcoholic bonds O3-H46 and O4-H47 are measured 0.3555 /
/0.3555 a.u. in form (1) whereas that are in curcumin in the form Ila, Ilb, llc and Ild
are 0.3523 / 0.3520, 0.3525 / 0.3507, 0.3510 / 0.3516 and 0.3514 / 0.3521 a.u.,
respectively. A jump in puep (1) of ketonic bond C28-05 and C29-O6 are measured
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0.4143 / 0.415 a.u. in form (I) whereas the same in curcumin lifted from the form
Ila, llb, llc and I1d are 0.4078/ 0.4075, 0.4078 /0.4076, 0.4077/ 0.4068 and 0.4082/
0.4087 a.u., respectively. Thus, the pue (r) of alcoholic and ketonic bonds of
curcumin decreases in the active site compared to that in gas phase by 0.003 and
0.007 a.u. The H-bonding interaction is found responsible for this difference.
Sametime V2puep(r) for the hydroxyl groups of curcumin in the forms Ila, b,
llc and 1ld are higher than that in the gas phase (I). The difference is attributed to
H-bonding interaction. The comparison of puep (r) and Vpuep (r) of the ketonic
groups (C29-06 and C28-05) in the four different forms of curcumin defines its
interaction with amino acids in the docking site.
HOMO-LUMO band gap and dipole moment measurements

The geometries of curcumin in gas phase are optimized at B3LYP/def2-TZVP
level of theory while single point calculations are performed for lla, Ilb, llc and
Ild at same level of theory. HOMO energy gives the impression of ionization
potential relating the ability to donate an electron while LUMO energy directly
correlates with electron affinity relating the ability to accept an electron. Thus
HOMO-LUMO energy gap provides the information about the molecular stability.
As HOMO-LUMO energy gap for a molecule decreases the polarizability and the
reactivity of the molecule increases. The HOMO-LUMO calculations are
performed and reported 3.699 eV in the gas phase whereas the same obtained for
lla, I1b, llc and lld are 4.367, 4.392, 3.714 and 4.058 eV, respectively. The band
gap is found lowest at the gas phase and the band gap for llc is measured close to
gas phase but high value of band gap is measured for Ila and Ilb.

Dipole moments (u) has also calculated for all the forms of curcumin at
B3LYP/def2-TZVP level of theory and reported in the supporting information. The
dipole moment of curcumin in the gas phase (1) is calculated 3.26 D whereas dipole
moments of lla, Ilb, llc and Ild are 7.022, 4.147, 4.429 and 6.8 D, respectively.
The dipole moments of lla, Ilb, llc and Ild is greater than that of I, which is
attributed to intermolecular interaction as well as charge distribution present close
to curcumin in the active sites. Interestingly, the dipole moment of lla is found
higher than that of IIb, llc and I1d. Interestingly, the binding energy for the most
preferable docking pose of curcumin with TMPRSS2 (-42.34 kJ/mol) is found
lower than that in case of ACE2, PLpro and 3CLpro.

Non-covalent interaction (NCI) plot

NCI plot is helpful to understand the various non-covalent interactions present
in the macromolecule. Yang and coworkers implemented reduced density gradient
(RDG=|V,|/2(3n2)¥3p*3) to measure the parameters related to the non-covalent
interactions in NCI Plot.*® Therefore, NCI plot is used to monitor the interaction
of curcumin in the active site of TMPRSS2, ACE2, PLpro and 3CLpro. The lowest
binding energy docking sites are chosen for this purpose. The closest interaction
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within 3.5 A was selected using Pymol software. The selected residues from
TMPRSS2, ACE2, PLpro and 3CLpro along with curcumin are used for NCI Plot.
Figure 5 shows the NCI plot and underlying interactions for curcumin with the
TMPRSS2, ACE2, PLpro and 3CLpro.

s/a.u.

s/a.u.

sfau.

s/a.u.

(b)

sign(A)p f au.

oo
S28338823Y5358ET8E

sigh(A)p / a.u.

sign(A)pfa.u.

Figure 5. RDG plot of NCI analysis for docking poses of curcumin with TMPRSS2, ACE2,
3CLpro and PLpro are plotted in (a), (c), (e) and (g), respectively whereas its corresponding
isosurface extractions of RDG plots of NCI analysis are represented in (b), (d), (f) and (h),

respectively
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The coloring scheme used to discuss the isosurfaces is as follows. The blue
colour indicates the strong attractive interaction. The green color indicates the
interactions having intermediate strength such as H-bonding, n-r, van der Waals
interactions (vdW). The red colour represents the repulsive forces. A mixture of
green and blue has been mostly seen in the NCI plot, which also represents
electrostatic as well as dispersion interactions. Figure 5(a, c, e and f) depict RDG
plots of NCI analysis of docking poses of curcumin with TMPRSS2, ACEZ2, PLpro
and 3CLpro. These plots show mostly blue and green colours indicating that the
main contribution to the binding strength is originated from H-bonding and vdwW
interactions. The same is also confirmed through PLIP analysis.?® The extended
plots are separately shown in the supporting information for clear visibility.

Figure 5b shows the isosurface extraction of NCI analysis showing H-bonding
interaction between C=0 and O-H groups of curcumin with O-H group of tyrosine
and N-H group of leucine, respectively. Sametime, curcumin also interacts with
TRP20, TRP79, TRP111, TYR209 through hydrogen bounding interaction in the
active site of TMPRSS2P. The study supports the interactions shown in Figure 1.
Figure 5(c, d) show the NCI plot and its isosurface extractions of the intermolecular
interactions between curcumin and amino acids present in the active site of ACE2.
Figure 5f shows that the C=0 group of curcumin interacts with N-H groups of
LEU81 and PHES8O of chain A. Thus, NCI plots provided in-depth understanding of
intermolecular interaction present between ligand and receptor.

CONCLUSIONS

The study of curcumin with transmembrane serine protease 2 (TMPRSS2),
angiotensin-converting enzyme 2 (ACE2), 3-chymotrypsin-like protease (3CLpro)
and papain-like protease (PLpro) are performed using molecular docking and
detailed quantum chemistry calculation. Quantum chemistry calculation provides
in-depth quantitative information regarding the underlying interactions. Curcumin
has multiple single bonds providing it freedom to adjust into the lowest binding
energy pockets after geometrical rearrangements. The study of curcumin in the
active sites has been performed through calculation of geometrical parameters,
atomic charges, electron density, Laplacian of electron density, dipole moments,
energy gap between highest occupied and lowest unoccupied molecular orbitals as
well as NCI analysis. The study revealed that curcumin can acts as a potential
multiple-target inhibitors against SARS-CoV-2.
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W3BO/JI
KYPKYMUH KAO TIOTEHLIMJAJIHU MHXUBUTOP BULLIECTPYKUX META TIPOTUB
SARS-CoV-2 MHOEKLIWJE: IETAJBHO ITPOYYABAE UHTEPAKLIMJE KOPULLREHEM
KBAHTHO-XEMUJCKUX U3PAUYHABAA

SUMIT KUMAR
Department of Chemistry, Magadh University, Bodh Gaya-824234, Bihar, India

KypxkyMuH je jemHO O 3HayajHMX NPHPONHUX jeNUHEHa KOjé MMa BHINE MENUIIMHCKHX
0CODMHA Kao LITO Cy aHTUBUPYCHE, aHTUOKCUIAHTHE Kao U npoTyynanHe ocoduHe. SARS-CoV-2
Ce 10jaBU0 Kao 3apa3Hu BUPYC, KOjH 030M/BHO 3apa)kaBa BEJIMKE IPyIe CTAHOBHHMILUTBA y CBETY.
buo je HeKoONMKO TMOKyIaja Ia ce HAIpaBe HOBAa aHTWBUPYCHA jelHUHEHa, ajld TO OCTaje Kao
M3a30B YaK ¥ HaKOH CTPOTHX Tpajana. IIpuposHy NpousBol, KypKyMHH, MOXE Ce KOPUCTUTH Kao
aNTepHATHBA aHTUBUPYCHUX jemumera 3a SARS-CoV-2. Hberoso mejcto mpotuB SARS-CoV-2
Beh je UCTakHYTO y JMTEpaTypd. AW [0 JaHac HUjEe HHjE CAOMIUTEHO O KBAHTUTATHBHOM
NpOoy4yaBamy HEroBe MHTEpakuuje ca pasmuuuTum npexkypcopuma SARS-CoV-2. OBaj unaHak
CaollliTaBa O MHTEpaKUWjH KypKYMHHA Ca aHTMOTEH3WH-KOHBEPTYjyhUM €H3MMOMZ, TpaHC-
MeMOpaHCKOM CEpHH IIPOTeas’oM 2, Ha 3-XMMOTPHIICHH HaIMK IPOTea3soM M Ha NarnauH Haluk
nporeasoMm, ToMohy MOJIEKYJICKOT JOKMHTa M KBAHTHO XEMH]jCKUX U3padyHaBama, ia 01 OCTUIIIN
KBAaHTUTAaTHBHO pasyMeBame OCHOBA MHTepakiuja. OBAe CMO MOCTUIVIHM a U KOH(bOpMalMOHa
(prexcudUIHOCT KypKyMHUHa OyZie OCBET/bEHA, IUITO TOMA’Ke Jja ra Ce CMECTH Y YETUPH PasIn4mTa
MecTa 3a gokoBame. CTymuja je M3BeeHa KOpUIIhemeM HM3padyHaBama I€OMETPHjCKUX Hapa-
MeTapa, aTOMCUX HaeJeKTpHCama, TYCTHHE €JIEKTpOHa, JlamnacujaHa eNeKTPOHCKE TYCTHHE,
IUIOJTHOT MOMEHTA M eHepreTCKor ja3a uamMel)y HajBUIlLe MOMyHeHe U HajHKe He3ay3eTe MoJie-
Kyncke opdutane. YpaheHa je ananmmza He-koBajeHTHHX wuHTepakudja (NCI) ma 6u ce
BU3yau30Base clade MHTepaKiyje IPUCYTHEe Y akTHBHUM MecTuMa. KoMOMHOBawe MOeKy1cKor
IOOKMHIA M NeTa/bHUX KBAaHTHO XEMMjCKMX HM3padyHaBama IOKasyje fia KYpKyMHUH MOe OUTH
npuxsaheH Kao NOTeHLHjaTH HHXUOUTOP BULIECTPYKUX MeTa TpotuB SARS-CoV-2.

(ITpumsseno 21. centembpa; pesunvpaHo 21. HoBembpa; mpuxBaheno 9. nenemdpa 2022.)
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SUPPLEMENTARY MATERIAL TO
Curcumin as a potential multiple-target inhibitor against SARS-
CoV-2 Infection: A detailed interaction study using quantum
chemical calculations
SUMIT KUMAR *

Department of Chemistry, Magadh University, Bodh Gaya-824234, Bihar, India

Figure S-1. Adaptive Poisson-Boltzmann Solver (ABPS) plots of the lowest binding energy
docking site for the electrostatic interaction of curcumin with (a) TMPRSS2, (b) ACE2, (c)
3CLpro and (d) PLpro.
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Figure S-2. The four most preferred docking poses of curcumin in the transmembrane serine
protease 2 (TMPRSS2) PDB ID: 1Z8A
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Figure S-3. The four most preferred docking poses of curcumin in the angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3D0G
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Figure S-6. Bond critical points (BCP) and ring critical points (RCPs) for curcumin in the gas
phase obtained from AIM analysis at B3LYP/def2-TZV/P level of theory
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Figure S-7. Natural population analysis (NPA) charges of curcumin in the gas phase and that
lifted from the active site of TMPRSS2 (1Ib), ACE2 (I1b), 3CLpro (lic) and PLpro (11d)
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Table S-I. Estimated free energy of binding along with its subsidiary components and estimated
inhibition constants for the four most preferred docking sites of curcumin in the transmembrane

serine protease 2 (TMPRSS2) PDB ID: 1Z8A.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04
Binding energy, kJ/mol -42.34 -42.09 -41.97 -41.92
Inhibition constant, nM 38.37 42.32 4457 45.47
Total intermolecular energy, kJ/mol -54.43 -54.56 -54.43 -54.39
Total internal energy, kJ/mol -8.74 -6.40 -5.562 -6.32
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -8.74 -6.40 -5.562 -6.32
Cluster RMSD, A 0.00 1.29 0.00 0.79
Reference RMSD, A 24.81 23.14 23.80 23.34

Table S-11. Estimated free energy of binding along with its subsidiary components and estimated
inhibition constants for the four most preferred docking sites of curcumin in the angiotensin-

converting enzyme 2 (ACE2) PDB ID: 3D0G.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04
Binding energy, ki/mol -28.53 -27.24 -26.65 -25.65
Inhibition constant, uM 10.00 16.87 21.43 32.23
Total intermolecular energy, kJ/mol -41.00 -39.71 -39.12 -38.12
Total internal energy, kJ/mol -10.08 -10.88 -8.37 -9.00
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -10.08 -10.88 -8.37 -9.00
Cluster RMSD, A 0.00 0.00 0.00 0.00
Reference RMSD, A 102.60 127.25 104.15 104.66

Table S-Ill. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the 3-

chymotrypsin-like protease (3CLpro) PDB ID: 3AWO0

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04

Binding energy, kJ/mol -33.85 -32.05 -30.12 -29.71
Inhibition constant, uM 1.18 2.41 5.27 6.21

Total intermolecular energy, kJ/mol -46.32 -44.56 -42.59 -42.22
Total internal energy, kJ/mol -9.16 -9.50 -6.53 -9.62
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -9.16 -9.50 -6.53 -9.62
Cluster RMSD, A 0.00 1.73 1.65 1.95
Reference RMSD, A 42.05 42.92 42.20 41.44
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Table SIV. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the
papain-like protease (PLpro) PDB ID: 3E9S.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04
Binding energy, kJ/mol -31.33 -30.33 -29.71 -27.36
Inhibition constant, uM 3.22 4.84 6.26 16.02
Total intermolecular energy, kJ/mol -43.81 -42.84 -42.17 -39.87
Total internal energy, kJ/mol -10.92 -10.71 -9.41 -8.62
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -10.92 -10.71 -9.41 -8.62
Cluster RMSD, A 0.00 0.00 0.00 0.00
Reference RMSD, A 31.12 30.86 29.67 43.00

Table S-V. List of interactions present in the lowest binding energy active site of curcumin with
TMPRSS2 (PDB ID: 1Z8A), ACE2 (PDB ID: 3D0G), 3CLpro (PDB ID: 3AW0) and PLpro
(PDB ID: 3E9S). These interactions are obtained from PLIP analysis

Receptor Residues number Residue Curcumin Distance, A Angle, © Types

21A LYS 02 4.01 133 H-bond

48A TYR 05 3.15 109  H-bond

TMPRSS2P 111A TRP 01 3.72 112 H-bond
212A LEU 04 3.86 126 H-bond

20A TRP s 5.49 - n-stack

94A LYS 03 3.92 143 H-bond

98A GLN 01 3.84 135 H-bond

ACE2 196A TYR 02 3.79 120 H-bond
208A GLU o4 2.54 126  H-bond

566A TRP 05 2.99 162 H-bond

143A GLY 04 29 122 H-bond

PLpro 144A SER o4 2.58 122 H-bond
144A SER 04 2.81 146  H-bond

189A GLN 06 2.56 162 H-bond

66A ARG 01 3.43 116  H-bond

3CLpro 80A PHE 05 2.99 115  H-bond

81A LEU 05 2.78 168  H-bond
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Table S-VI. Coordinate of the curcumin in the gas phase optimized at def2-TZVP level of theory

) 14.5117 -6.7691 16.0957
0] 20.4987 -6.8693 28.2342
) 15.7944 -8.9503 15.3302
) 19.3112 -4.6659 29.1076
) 18.3812 -2.2935 20.5274
) 21.0747 -5.7176 20.9155
C 17.8078 -6.1900 17.7049
C 20.1320 -4.9955 25.0412
C 20.3892 -3.5407 20.1988
H 20.8293 -2.6088 20.5558
H 20.8837 -3.8494 19.2796
C 16.4706 -5.9625 17.3217
H 15.9673 -5.0634 17.6452
Cc 20.4781 -6.0331 25.9287
H 20.9616 -6.9160 25.5335
C 15.8034 -6.8770 16.5336
C 20.2089 -5.9300 27.2810
C 18.4350 -7.3600 17.2656
H 19.4610 -7.5502 17.5553
C 19.5054 -3.8566 25.5628
H 19.2215 -3.0457 24.9060
C 18.5578 -5.2635 18.5379
H 19.5838 -5.5629 18.7249
C 20.4412 -5.1645 23.6322
H 20.8962 -6.1125 23.3567
C 16.4525 -8.0535 16.1029
C 19.5803 47777 27.7844
C 18.9021 -3.2475 19.9717
C 20.6134 -4.6378 21.2432
C 17.7663 -8.2846 16.4738
H 18.2508 -9.1912 16.1360
Cc 19.2332 -3.7501 26.9168
H 18.7475 -2.8728 27.3237
C 18.1124 -4.1254 19.1037
H 17.0884 -3.7908 18.9807
C 20.2382 -4.2962 22.6251
H 19.7949 -3.3212 22.7849
C 13.7576 -5.6251 16.4727
H 12.7751 -5.7499 16.0238
H 14.2176 -4.7084 16.0937
H 13.6566 -5.5615 17.5596
C 21.1405 -8.0712 27.8315
H 21.2731 -8.6603 28.7359
H 22.1172 -7.8654 27.3846
H 20.5237 -8.6284 27.1210
H 14.8986 -8.6158 15.1794
H 19.6223 -5.4710 29.5460
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Table S-VII. Coordinate of the curcumin lifted from the active site of transmembrane serine
protease 2 (TMPRSS2) PDB ID: 1Z8A

0] 17.5840 -6.0610 14.7080
) 23.1110 -6.7400 26.5750
) 15.7480 -8.1100 14.3190
0] 23.0290 -4.5390 28.2700
) 15.2930 -2.7810 21.1560
0] 16.3560 -5.2890 23.0120
C 15.9100 -6.1260 17.9410
C 20.1520 -5.0140 25.3410
C 17.4680 -3.7490 21.5280
H 18.0140 -2.7930 21.7060
H 18.2130 -4.2860 20.8960
Cc 16.7810 -5.7550 16.9280
H 17.5070 -4.9400 17.0880
Cc 21.1520 -5.9640 25.4640
H 21.1790 -6.8350 24.7880
Cc 16.7290 -6.4230 15.7050
C 22.1250 -5.8080 26.4520
C 14.9890 -7.1450 17.7620
H 14.3030 -7.4260 18.5790
C 20.0970 -3.9110 26.1790
H 19.2930 -3.1650 26.0660
C 15.9640 -5.4210 19.2340
H 15.8380 -6.0210 20.1510
Cc 19.1240 -5.1780 24.2990
H 19.0380 -6.1660 23.8160
C 15.8070 -7.4510 15.5100
C 22.0840 -4.7040 27.3030
C 16.2050 -3.4860 20.7330
C 17.2700 -4.4870 22.8380
C 14.9370 -7.8130 16.5380
H 14.2080 -8.6270 16.3840
C 21.0700 -3.7550 27.1670
H 21.0380 -2.8820 27.8400
C 16.1550 -4.1020 19.3730
H 16.2760 -3.4680 18.4790
C 18.2860 -4.2130 23.8960
H 18.3480 -3.2090 24.3490
C 18.8180 -6.7710 14.6200
H 19.5180 -6.4750 13.8040
H 18.6130 -7.8650 14.5540
H 19.3470 -6.7180 15.6000
C 22.9350 -7.7430 27.5740
H 23.7420 -8.5060 27.6750
H 21.9570 -8.2550 27.4180
H 22.7580 -7.2570 28.5620
H 16.3880 -7.7030 13.7110
H 23.6110 -5.3180 28.2800
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Table S-VIII. Coordinate of the curcumin lifted from the active site of angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3D0G.

ITIITIITOIITOIOTOITIOITIOOOOOIOIOIOIOOOIOIOIIOOOO0OO00000

42.8250
50.0770
40.8640
48.2690
44.9740
47.6670
43.1640
47.2450
45.4010
44.8310
45.2330
43.3860
44.1660
48.4970
49.2100
42.6110
48.8470
42.1910
42.0300
46.3320
45.3390
43.9830
44.7220
46.8750
46.1990
41.6270
47.9400
44.7630
46.8750
41.4160
40.6370
46.6820
45.9650
43.8930
43.1720
47.3010
47.9710
43.7440
43.9190
44.7190
43.4330
50.8690
51.8760
50.2910
50.9730
41.1590
49.0740

-16.3020
-15.7900
-16.5800
-17.2730
-9.1740
-8.9640
-13.1510
-13.5070
-9.3750
-9.8140
-8.2890
-14.1540
-14.0370
-14.0160
-13.4230
-15.3130
-15.2860
-13.2740
-12.4650
-14.2340
-13.8120
-11.9260
-11.7690
-12.1650
-12.1010
-15.4530
-16.0300
-9.7780
-9.7050
-14.4340
-14.5440
-15.5040
-16.0920
-10.9900
-11.1160
-11.0160
-11.0400
-17.3310
-18.1410
-16.8740
-17.7820
-15.0590
-15.4720
-14.9110
-14.0040
-17.1860
-17.2110

95.6150
95.8640
93.6670
94.3620
93.7350
96.8100
93.8230
95.7220
96.0980
96.9500
96.2880
94.7530
95.5240
96.0240
96.6200
94.7030
95.5670
92.8450
92.1130
94.9740
94.7430
93.8750
93.0710
96.2040
97.0740
93.7240
94.8130
94.7830
96.2330
92.7960
92.0230
94.5160
93.9190
94.8300
95.6550
95.6610
94.7850
95.2530
95.9990
94.9650
94.2820
96.7990
97.0420
97.7410
96.4530
94.3670
93.8210
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Table S-IX. Coordinate of the curcumin lifted from the active site of 3-chymotrypsin-like
protease (3CLpro) PDB ID: 3AW0

) -28.1110 -35.0320 5.3490
) -18.9650 -41.3030 2.1840
0] -26.3900 -32.8820 5.7220
0] -19.2640 -43.4760 0.4770
) -24.5710 -40.5870 8.9140
0] -25.7900 -40.3060 4.7770
C -25.2220 -36.6910 6.8200
C -22.5060 -42.0400 2.5990
C -25.2360 -41.5120 6.7900
H -24.5480 -42.3530 7.0400
H -26.2200 -42.0250 6.8970
C -26.4790 -36.5040 6.2660
H -27.1580 -37.3610 6.1210
Cc -21.2750 -41.4240 2.7510
H -21.1630 -40.5620 3.4300
C -26.8760 -35.2200 5.8940
C -20.1780 -41.9050 2.0360
C -24.3530 -35.6300 7.0120
H -23.3570 -35.7990 7.4540
Cc -22.6720 -43.1240 1.7520
H -23.6600 -43.6020 1.6440
C -24.8010 -38.0480 7.2130
H -23.7220 -38.2310 7.3500
C -23.6650 -41.5320 3.3540
H -24.4750 -41.0460 2.7840
Cc -26.0120 -34.1410 6.0810
C -20.3280 -42.9950 1.1790
C -25.1080 -40.4100 7.8240
C -25.0280 -41.0800 5.3520
C -24.7510 -34.3450 6.6400
H -24.0680 -33.4910 6.7880
C -21.5750 -43.6040 1.0370
H -21.6930 -44.4660 0.3590
C -25.6380 -39.0750 7.4160
H -26.7240 -38.9330 7.2810
C -23.8060 -41.6180 4.6840
H -23.0140 -42.0900 5.2890
C -28.3040 -35.4820 4.0100
H -29.3140 -35.3280 3.5640
H -28.0250 -36.5590 3.9360
H -27.5320 -35.0230 3.3490
C -18.6590 -40.2320 1.2930
H -17.6660 -39.7390 1.4140
H -19.4640 -39.4630 1.3460
H -18.7750 -40.5800 0.2400
H -27.3610 -32.8560 5.6720
H -18.4710 -42.9660 0.7150
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Table S-X. Coordinate of the curcumin lifted from the active site of papain-like protease

(PLpro) PDB ID: 3E9S

ITIITIITOIITOIOTOITIOITIOOOOOIOIOIOIOOOIOIOIIOOOO0OO00000

-1.0210
-4.1630
1.2650
-4.0660
-5.8730
-8.5190
-2.0800
-5.2980
-6.1760
-5.4210
-6.4780
-2.1170
-3.0280
-4.9360
-4.9750
-0.9890
-4.5210
-0.9490
-0.9390
-5.2550
-5.5460
-3.2710
-3.2750
-5.7370
-4.9620
0.1580
-4.4720
-5.5100
-7.3550
0.1790
1.0860
-4.8400
-4.8030
-4.3490
-4.3780
-7.0130
-7.8150
-1.4140
-1.4400
-0.7670
-2.4050
-4.4920
-4.1990
-4.0720
-5.5850
1.0130
-3.8470

30.1960
32.2480
29.3220
32.8400
24.7800
25.6350
26.9030
29.1040
25.0910
25.1480
24.0210
28.1500
28.4910
30.0520
29.8110
28.9690
31.3150
26.4530
25.4570
29.3840
28.6160
26.0360
25.1250
27.7720
27.0620
28.5300
31.6110
25.3390
25.9900
27.2730
26.9270
30.6470
30.8830
26.2770
27.1740
27.3610
28.0400
31.2990
32.3030
31.3410
31.0840
31.9720
32.7360
30.9810
31.7660
30.2220
33.3870

14.9090
14.0690
16.2260
11.3550
16.2730
13.7490
16.0450
12.6250
13.9020
13.0830
13.8170
15.4420
14.9210
13.5680
14.6440
15.5010
13.1440
16.7040
17.1780
11.2680
10.5310
15.9830
16.6050
13.0720
13.4050
16.1610
11.7820
15.2420
13.5860
16.7630
17.2860
10.8440
9.7670

15.2240
14.5820
13.1030
12.7690
15.7230
15.2390
16.6300
16.1860
15.4300
16.1870
15.7200
15.5140
15.9550
12.1280
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Table S-XI. Geometrical parameters of curcumin in the gas phase and the same lifted from the
active sites of TMPRSS2 (lla), ACE2 (11b), 3CLpro (lic) and PLpro (l1d).

Group | lla 11b lic Id
Aromatic ring 1 Bond distance, A
C7-C18 1.39830 1.3852 1.3850 1.3848 1.3842
C18-C30 1.38888 1.3954 1.3959 1.3957 1.3958
C30-C26 1.38457 1.3945 1.3943 1.3944 1.3939
C26-C16 1.41102 1.3946 1.3951 1.3949 1.3942
C16-C12 1.37934 1.3945 1.3951 1.3945 1.3952
C12-C7 1.40950 1.3865 1.3857 1.3863 1.3856
Aromatic ring 2 Bond distance, A
C8-C20 1.40064 1.3863 1.3862 1.3856 1.3863
C20-C32 1.38519 1.3954 1.3947 1.3946 1.3954
C32-C27 1.38895 1.3955 1.3955 1.395 1.3945
C27-C17 1.40583 1.3945 1.3945 1.3947 1.3947
C17-C14 1.38268 1.3954 1.3944 1.395 1.3954
C14-C8 1.40856 1.3848 1.3848 1.3849 1.3853
Aromatic ring 1 Bond angles, °
C7-C18-C30 121.3 1194 119.3 119.3 119.3
C18-C30-C26 119.9 119.9 120.0 120.0 120.0
C30-C26-C16 119.6 120.1 120.0 120.1 120.1
C26-C16-C12 120.3 120.0 120.0 120.0 120.0
C16-C12-C7 120.5 119.3 119.2 119.3 119.2
C12-C7-C18 1184 121.3 1215 1214 1214
Aromatic ring 2 Angles Bond angles, °
C8-C20-C32 121.0 119.3 119.3 119.2 119.3
C20-C32-C27 120.3 120.0 120.0 120.1 120.0
C32-C27-C17 119.6 120.0 120.0 120.0 120.1
C27-C17-C14 119.9 120.0 120.0 120.0 120.0
C17-C14-C8 120.9 119.3 1194 119.3 1194
C14-C8-C20 118.3 1214 121.4 121.4 121.3
Chain Dihedral angles, °
C7-C22-C34-C28 178.0 -179.5 -179.5 -179.5 -179.5
C22-C34-C28-C9 5.2 73.8 -135.7 -111.7 -141.1
C34-C28-C9-C29 -80.3 -119.1 104.3 36.9 -93.1
C28-C9-C29-C36 -67.5 -152.4 -39.1 112.5 79.3
C9-C29-C36-C24 -177.3 -1134 -66.7 166.2 -5.4
C29-C36-C24-C8 -179.9 -179.5 -179.5 -179.5 -179.5
Chain Bond distance, A
C8-C24 1.45239 1.47290 1.47316 1.47356 1.47199
C24-C36 1.34514 1.34010 1.34035 1.34022 1.34092
C36-C29 147211 1.49221 1.49244 1.49297 1.49328
C29-C9 1.53123 1.51656 1.51651 1.51583 1.51595
C9-C28 1.53265 1.51538 1.51614 1.51656 1.51679
C28-C34 1.46552 1.49384 1.49267 1.49318 1.49268
C34-C22 1.34677 1.33999 1.34023 1.34034 1.34024
C22-C7 1.45423 1.47370 1.47448 1.47416 1.47445
C29-06 1.21908 1.22836 1.22853 1.22896 1.22780
C28-05 1.22076 1.22788 1.22786 1.22792 1.22769
C27-04 1.35491 1.36211 1.36260 1.36245 1.36294
C17-02 1.36925 1.36233 1.36260 1.36223 1.36172
C26-03 1.35440 1.36244 1.36218 1.36266 1.36270

C16-01 1.36817 1.36238 1.36223 1.36294 1.36272
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Table S-XII. Detailed summary of Mulliken population analysis (MPA) and natural population
analysis (NPA) charges of curcumin in gas phase (1) and curcumin lifted from the active site of
(b) transmembrane serine protease 2 (TMPRSS2) PDB ID: 1Z8A (lla), (c) angiotensin-
converting enzyme 2 (ACE2) PDB ID: 3DO0G (l1b), (d) 3-chymotrypsin-like protease (3CLpro)
PDB ID: 3AWO (llc) and (e) papain-like protease (PLpro) PDB ID: 3E9S (lId). The calculation
is performed at B3LYP/def2-TZVP level of theory.

Curcumin [ [ lla lla 11b 11b llc llc 1ld Id
Sequence . AtoM —\ipn o NpAe MPAe NPAe MPA e NPAe MPAe NPA e MPA e NPA e
Number  Symbol

1 O -0.34563 -0.48409 -0.35051 -0.50581 -0.34798 -0.50634 -0.35644 -0.50833 -0.33756 -0.50172

2 O -0.34552 -0.48398 -0.34018 -0.50261 -0.2836 -0.45772 -0.35045 -0.50514 -0.34102 -0.48199

3 O -0.3868L -0.63191 -0.39920 -0.64285 -0.39646 -0.64221 -0.40834 -0.64768 -0.38819 -0.63608

4 O -0.38775 -0.63212 -0.38995 -0.64007 -0.42946 -0.66471 -0.39773 -0.6432 -0.39995 -0.64037

5 O -0.31345 -0.54325 -0.28097 -0.49423 -0.29018 -0.51148 -0.27884 -0.50347 -0.28818 -0.50889

6 O -0.33479_-0.559 -0.30249 -0.51179 -0.27549 -0.49379 -0.33061 -0.53663 -0.283 -0.49625

7 C_ 0.13326 -0.1051 0.24018 -0.10286 0.22315 -0.11405 0.23682 -0.10156 0.24939 -0.11455

8 C__ 023511 -0.10494 0.26268 -0.10899 0.06402 -0.08182 0.10978 -0.113  0.09404 -0.10695

9 C_ -0.14137 -057914 -0.23387 -0.59987 -0.20352 -0.60048 -0.21577 -0.59736 -0.14111 -0.59554

10 H 01165 024062 0.13782 0.24843 0.12723 0.23957 0.12073 0.23431 0.13364__ 0.225

11 H 012212 022952 0.13569 0.24653 0.1383 0.25891 0.13711 0.26319 0.12805 0.25944

12 C__ -0.33067 -0.24997 -0.28759 -0.20999 -0.28560 -0.23003 -0.25196 -0.20657 -0.10996 -0.19958

13 H__ 0.12873 021338 0.11896 0.21897 0.15095 0.23174 0.1225 0.21922 0.10724 0.21413

14 C__ -0.3196 -0.24068 -0.30899 -0.19752 -0.29467 -0.26476 -0.28309 -0.21102 -0.33625 -0.26737

15 H__ 0.13047 0.21368 0.11406 0.21986 0.11399 0.22101 0.12789 0.22514 0.1555 0.21427

16 C__ 0.34123 022379 0.26257 0.20379 0.22971 0.20741 0.24608 0.21316 0.20376 0.21147

o C_ 0.32459 0.21373 0.26533 0.2041 0.29276 0.24351 0.27688 0.20609 0.35394 0.22617

18 C__ 017153 -0.16122 -0.19352 -0.17354 -0.19417 -0.17784 -0.20341 -0.17568 -0.17304 -0.16262

19 H  0.11884 0.21364 0.11744 0.21723 0.11913 0.21952 0.10688 0.2125 0.L1549 0.21723

20 C_ -0.18438 -0.16599 -0.14899 -0.16894 -0.15615 -0.21804 -0.16854 -0.18008 -0.1893 -0.19542

21 H__ 0.11428 021231 0.10164 0.20996 0.24189 0.22004 0.11612 0.21656 0.11467 0.21891

22 C_ -0.06459 -0.1032 -0.18668 -0.15483 -0.16767 -0.10785 -0.17416 -0.14112 -0.20351 -0.0909

23 H__ 0.13719 0.21665 0.13677 0.21552 0.13531 0.2197 0.10102 0.20383 0.12365 0.21794

24 C__ 011913 -0.07977 -0.16874 -0.13451 -0.22839 -0.14582 -0.12144 -0.06783 -0.08674 -0.11201

25 H  0.1747 0.21388 0.11177 0.20656 0.12025 0.19909 0.14488 0.22229 0.12850 0.19898

26 C__ 0.18269 027931 0.1669 0.24971 0.15455 0.25076 0.16694 0.25042 0.17703 0.25822

27 C_ 0.17419 0.27689 0.16268 0.25325 0.21694 0.22745 0.15689  0.2507 0.16409 0.24794

28 C 05692 052655 0.2582L 0.56067 0.273  0.5418 0.14805 0.55414 0.19004 0.53778

29 C 020286 053703 0.20127 0.55782_0.18926 0.55985 0.30502 0.53452 0.19593 0.52913

30 C_ 020365 -0.25309 -0.20859 -0.23992 -0.19409 -0.23775 -0.19799 -0.24143 -0.21829 -0.24124

3l H_ 0.11323 022326 0.11442 0.22325 0.11736 0.22427 0.11248 _ 0.222 _ 0.11899 0.22579

32 C_ -0.18847 -0.24377 -0.22177 -0.23601 -0.25726 -0.22518 -0.19986 -0.23754 -0.19101 -0.23078

33 H  0.11533 0.22317 0.11721 0.22387 0.11222 0.21626 0.11509 0.22396 0.L1858 0.22702

34 C__ 014545 -0.30723 -0.14817 -0.29466 -0.17835  -0.3 _ -0.03469 -0.28283 -0.14413 -0.32849

% H  0.08325 0.0485 0.12793 0.22155 0.1276 0.21434 0.1064 0.2181 0.09229 0.19591

36 C__ -0.23364 -0.32978 -0.10318 -0.29563 -0.11374 -0.2844 -0.23287 -0.31913 -0.17246 -0.28048

37 H_ 0.3062 021134 0.11573 0.2124 0.13883_0.23168 0.12708 0.21135 0.12622 0.22473

38 C__ -0.20067 -0.24674 -0.18784 -0.25576 -0.15926 -0.25625 -0.1702 -0.25155 -0.16392 -0.25306

39 H__ 0.13627 0.19673 0.13876_0.20143 0.13864 0.20353 0.1320L 0.19903 0.1404 _0.20649

40 H 012737 0.17574 0.11664 0.16248 0.07241 0.17893 0.12261 0.17241 0.11142 0.15256

41 H 012904 0.17617 0.11514 0.17056 0.11663 0.1567 0.11249 0.16767 0.08497 0.16837

42 C__ -0.20035 -0.24622 -0.19482 -0.25703 -0.19847 -0.25598 -0.10225 -0.25542 -0.23597 -0.25451

43 H_ 0.13558 0.19621 0.14146 0.20359 0.14336 0.20698 0.14039 0.20256 0.15155 0.20683

44 H 012839 0.17516 0.12184 0.17401 0.12611 0.17248 0.12153 0.17156 0.12053 0.16569

45 H_ 012841 0.1752 0.10756_0.15653 0.12195 0.16789 0.1168 0.16266 0.14804 0.18028

46 H 03268 049129 0.32349 0.48239 0.3237 0.48365 0.32285 0.4853 0.32344 0.48294

47 H__ 0.32671 049106 0.32198 0.48298 0.32533 0.47945 0.32314  0.4839 0.32212 0.48556
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Table S XIII. Detailed summary of electron density, puwep (r) and Laplacian of electron density,
V2puep(r) of curcumin in gas phase (1) and curcumin lifted from the active site of (b)
transmembrane serine protease 2 (TMPRSS2) PDB ID: 1Z8A (lla), (c) angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3DO0G (llb), (d) 3-chymotrypsin-like protease (3CLpro) PDB ID:
3AWO (llc) and (e) papain-like protease (PLpro) PDB ID: 3E9S (Ild). The calculation is
performed at B3-LYP/def2-TZVP level of theory

Curcumin lla 1b llc 1d
Bond poep(1)y Vopoep(), poep (1), Vobep(), poen (1), Vobep(D)s pocn (1), V2pep(t), poep (1), Ve,
a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u.
01-C38 0.2511 -0.5045 0.2519 -0.5639 0.2509 -0.5516 0.2509 -0.5504 0.2519 -0.5608
02-C17 0.2872 -0.5830 0.2914 -0.5827 0.2915 -0.5761 0.2915 -0.5833 0.2897 -0.5296
02-C42 0.2515 -0.5078 0.2521 -0.5655 0.2510 -0.5435 0.2515 -0.5601 0.2497 -0.5301
03-C26 0.3003 -0.6409 0.2947 -0.6446 0.2952 -0.6502 0.2950 -0.6562 0.2952 -0.6576
03-H46 0.3555 -2.4420 0.3523 -2.3750 0.3525 -2.3810 0.3510 -2.3690 0.3514 -2.3630
04-H47 0.3555 -2.4410 0.3520 -2.3710 0.3507 -2.3370 0.3516 -2.3720 0.3521 -2.3810
06-C29 0.4150 -0.2481 0.4075 -0.3306 0.4076 -0.3334 0.4068 -0.3333 0.4087 -0.3393
C7-C12 0.3076 -0.8863 0.3220 -0.9593 0.3211 -0.9469 0.3227 -0.9647 0.3235 -0.9724
C7-C18 0.3169 -0.9326 0.3243 -0.9754 0.3227 -0.9619 0.3248 -0.9793 0.3257 -0.9864
C7-C22 0.2854 -0.8065 0.2755 -0.7637 0.2761 -0.7736 0.2749 -0.7571 0.2750 -0.7554
C8-C14 0.3090 -0.8925 0.3241 -0.9733 0.3223 -0.9571 0.3220 -0.9558 0.3212 -0.9497
C8-C20 0.3147 -0.9232 0.3239 -0.9745 0.3217 -0.9530 0.3226 -0.9628 0.3214 -0.9514
C8-C24 0.2865 -0.8135 0.2756 -0.7598 0.2769 -0.7812 0.2771 -0.7794 0.2775 -0.7815
C9-C28 0.2481 -0.6202 0.2597 -0.6867 0.2589 -0.6802 0.2556 -0.6600 0.2560 -0.6624
C9-C29 0.2497 -0.6283 0.2568 -0.6674 0.2562 -0.6641 0.2591 -0.6804 0.2559 -0.6619
C9-H10 0.2804 -0.9676 0.2637 -0.8617 0.2631 -0.8554 0.2676 -0.8849 0.2659 -0.8670
C9-H11 0.2829 -0.9839 0.2648 -0.8686 0.2658 -0.8792 0.2613 -0.8491 0.2669 -0.8860
C12-H13 0.2882 -1.0260 0.2743 -0.9451 0.2787 -0.9638 0.2750 -0.9485 0.2749 -0.9459
C14-C17 0.3249 -0.9672 0.3201 -0.9461 0.3204 -0.9498 0.3203 -0.9482 0.3189 -0.9362
C14-H15 0.2872 -1.0210 0.2744 -0.9471 0.2762 -0.9490 0.2748 -0.9497 0.2749 -0.9381
C16-C12 0.3266 -0.9719 0.3205 -0.9471 0.3198 -0.9438 0.3206 -0.9449 0.3198 -0.9400
C16-C26 0.3168 -0.9510 0.3246 -0.9791 0.3243 -0.9758 0.3246 -0.9816 0.3253 -0.9875
C16-01 0.2879 -0.5817 0.2909 -0.5741 0.2918 -0.5893 0.2913 -0.5904 0.2917 -0.5967
C17-C27 0.3194 -0.9619 0.3247 -0.9787 0.3244 -0.9857 0.3246 -0.9779 0.3238 -0.9810
C18-C30 0.3201 -0.9487 0.3161 -0.9223 0.3155 -0.9191 0.3160 -0.9220 0.3161 -0.9233
C18-H19 0.2879 -1.0310 0.2754 -0.9532 0.2757 -0.9553 0.2752 -0.9509 0.2756 -0.9547
C20-C32 0.3220 -0.9551 0.3158 -0.9179 0.3158 -0.9224 0.3163 -0.9236 0.3159 -0.9242
C20-H21 0.2889 -1.0370 0.2761 -0.9544 0.2800 -0.9646 0.2755 -0.9533 0.2750 -0.9497
C22-C34 0.3463 -1.0660 0.3472 -1.0420 0.3489 -1.0600 0.3474 -1.0470 0.3501 -1.0770
C22-H23 0.2899 -1.0460 0.2762 -0.9562 0.2764 -0.9596 0.2758 -0.9524 0.2776 -0.9694
C24-C25 0.2883 -1.0360 0.2762 -0.9565 0.2742 -0.9388 0.2772 -0.9677 0.2818 -0.9713
C24-C36 0.3473 -1.0710 0.3482 -1.0560 0.3467 -1.0350 0.3507 -1.0810 0.3498 -1.0700
C26-C30 0.3267 -0.9919 0.3203 -0.9586 0.3206 -0.9601 0.3205 -0.9583 0.3209 -0.9619
C27-C32 0.3242 -0.9815 0.3200 -0.9594 0.3196 -0.9440 0.3201 -0.9576 0.3197 -0.9510
C27-04 0.3000 -0.6394 0.2948 -0.6432 0.2953 -0.6663 0.2948 -0.6489 0.2948 -0.6559
C28-05 0.4143 -0.2675 0.4078 -0.3170 0.4078 -0.3187 0.4077 -0.3235 0.4082 -0.3262
C29-C36 0.2806 -0.7786 0.2721 -0.7501 0.2731 -0.7611 0.2706 -0.7328 0.2708 -0.7366



SUPPLEMENTARY MATERIAL
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Curcumin | lla 11b llc 1ld

Bond Poep (0, V2poep(), poep (1), V2oep(1), poep (0 Voep(), poep (1), V2oep(F), pocp (1), V2Piep(r),

a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u.

C30-H31 0.2870 -1.0260 0.2742 -0.9451 0.2746 -0.9477 0.2741 -0.9441 0.2749 -0.9502
C32-H33 0.2872 -1.0280 0.2748 -0.9495 0.2751 -0.9472 0.2745 -0.9475 0.2745 -0.9483
C34-C28 0.2841 -0.7991 0.2723 -0.7556 0.2722 -0.7478 0.2717 -0.7469 0.2703 -0.7293
C34-H35 0.2859 -1.0120 0.2720 -0.9279 0.2733 -0.9361 0.2722 -0.9279 0.2772 -0.9367
C36-H37 0.2871 -1.0200 0.2721 -0.9254 0.2729 -0.9386 0.2748 -0.9445 0.2756 -0.9575
C38-H39 0.2899 -1.0470 0.2714 -0.9331 0.2714 -0.9326 0.2715 -0.9334 0.2719 -0.9362
C38-H40 0.2853 -1.0100 0.2721 -0.9180 0.2745 -0.9301 0.2728 -0.9238 0.2714 -0.9115
C38-H41 0.2853 -1.0100 0.2724 -0.9217 0.2717 -0.9135 0.2722 -0.9195 0.2745 -0.9279
C42-H43 0.2898 -1.0460 0.2715 -0.9338 0.2715 -0.9343 0.2714 -0.9332 0.2718 -0.9352
C42-H44 0.2851 -1.0090 0.2726 -0.9228 0.2723 -0.9195 0.2727 -0.9231 0.2745 -0.9259
C42-H45 0.2852 -1.0090 0.2718 -0.9148 0.2729 -0.9206 0.2721 -0.9179 0.2725 -0.9213

Table S-XIV. HUMO-LUMO band gap and dipole moments of curcumin in the gas phase and
that lifted from the active site of TMPRSS2 (lla), ACE2 (llb), 3CLpro (lic) and PLpro (lld)

Structure I lla Ilb llc Id
HOMO-LUMO band gap, eV 3.699 4.367 4.392 3.714 4.058
Ux, D -0.632 2.574 0.317 0.328 1.725
My, D -1.058 -1.003 -1.547 -0.036 2.033
Uz, D 0.355 -0.044 0.412 -1.711 0.218

y, D 3.26 7.022 4.147 4.429 6.8

Hyx, Myand i are the dipole moments in X, y, and z-directions whereas i represents the resultant dipole moment





