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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. SARS-CoV-2 has emerged as inf-
ectious virus, which severely infected a large number of people all over the
world. Many efforts have been made to prepare novel antiviral compound, but
it is still challenging. Naturally occurring compound, curcumin, can be used as
an alternative to 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-convert-
ing enzyme?2, 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 inter-
action present in the active sites. Combinedly molecular docking and detailed
quantum chemistry calculations revealed that curcumin can be adopted as a
potential multiple-target inhibitor 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/). Con-
sidering this situation world health organization already characterized it as pan-
demic in 2020. In comparison to middle east respiratory syndrome coronavirus
(MERS-CoV), SARS-CoV-2 has been found more contagious and therefore
spread fast through population.! The development of novel antivirals against
SARS-CoV-2 is a matter of great interest as well as a challenge ahead of the
scientific community. A great effort has been made to validate antiviral com-
pounds. Some naturally occurring compounds already have antiviral properties,
thus can be used as an alternative to antiviral complex compounds evolved
during the development of novel antivirals.2-3 Curcumin, a yellow pigmented
polyphenolic compound, majorly found in turmeric and 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 naturally occurring sub-
stance, which has antioxidant, antifibrotic, antineoplastic as well as anti-inflam-
matory properties.*10

SARS-CoV-2 belongs to fusion protein containing two major subunits (S1
and S2).!! For the spread of SARS-CoV-2, angiotensin-converting enzyme2
plays a major role determining its entry through interaction with viral spike
protein.! .12 Further transmembrane serine protease 2 (TMPRSS2) cleaves the
spike protein into smaller subunits, which leads to subsequent cellular entry of
infectious viral RNA.13-16 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.!3-16 Both 3CLpro and PLpro
are essential for the release of 16 non-structural proteins (nsps) on breaking down
polyprotein.13-16 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, nucleocap-
sid (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 com-
pensatory ability.18-20 Till date there is no report available in the literature pro-
viding 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.
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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
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 visual-
ization of weak interactions in the active sites. The NCI plot allows to study the
macromolecular system effectively.

COMPUTATIONAL DETAILS

Molecular docking is the most famous tool to monitor the interaction of ligand and
receptor.2! 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.?223 The docking uses the grid driven method to pre-
pare 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 semiemp-
irical 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.242° 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: 3AWO) are used. These PDBs are obtained from Protein Data Bank (https://www.rcsb.org/).2’

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.28 The def2-TZVP proposed by
Ahlrichs-Weigend is triple-zeta valence with polarization basis set.?? It provides better result
than 6-311G**.30:3! Fyurthermore, def2 basis sets are designed to deliver consistent accuracy
for nearly all atoms up to radon.3%-32 These calculations are performed using Turbo mole ver-
sion 7.6 ab initio quantum-chemical calculation software package.3>34 The comparison has
also been made based on the geometrical parameter, atomic charge, electron density, Lapla-
cian of electron density, dipole moment and the energy gap between highest occupied and
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lowest unoccupied molecular orbitals. NCI and AIM analysis are performed using NCI Plot
and Turbomole version 7.6 software, respectively.33-33

RESULTS AND DISCUSSION

The docking studies of curcumin have been performed with TMPRSS2,
ACE2, 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 Fig. 1.
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Fig. 1. Lowest binding energy docking pose of curcumin in: a) the transmembrane serine
protease 2 (TMPRSS2) PDB ID: 1Z8A, b) angiotensin-converting enzyme 2 (ACE2) PDB ID:
3DO0G, c) 3-chymotrypsin-like protease (3CLpro) PDB ID: 3AWO0 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 and —31.33 kJ/mol, respectively. Interest-
ingly, 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 inf-
ormation. The ligand efficiency and the intermolecular energy of curcumin with
TMPRSS?2 are measured the highest, whereas the tortional free energy is found
the same for all four complexes formed after docking. At the same time, 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 pM).

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—m stacking interaction
with an interplanar distance of 5.49 A, the interaction is shown in Fig. 1a. Several
other amino acids interact through hydrophobic interactions. These interactions
are shown in Fig. la. 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, res-
pectively whereas other interactions have been shown in Fig. 1b. Interestingly,
GLY143, SER144 and GLU189 of chain A of PLpro and ARG66, PHE80 and
LEUR8I1 of Chain A of 3CLpro interacts with curcumin through hydrogen bond-
ing. The detailed chart of interactions in the lowest binding energy docking poses
of curcumin with TMPRSS2, ACE2, PLpro and 3CLpro is shown in the support-
ing information. The adaptive Poisson—Boltzmann solver (ABPS), which pro-
vides the Poisson—Boltzmann electrostatic calculation, are also depicted in the
Supplementary material to this paper, 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, res-
pectively. 2D and 3D representation of docking poses of curcumin with PLpro
are shown in Fig. lc. Amino acids ARG66, PHE80O and LEUS81 of chain A of
3CLpro interacts to curcumin through H-bonding with distance of 3.43, 2.99 and
2.78 A, respectively (Fig. 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 (Ila), ACE2 (IIb), 3CLpro (Ilc) and PLpro (I1d)
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are depicted in Fig. 2, whereas the corresponding geometrical parameters are
tabulated in the Supporting material to this paper. Curcumin is an interesting
molecule connected through a long chain of multiple conjugated double bonds,
which provides structural flexibility to adjust in the active sites. Fig. 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 gas phase geometry, and acquires U-shape. Interestingly, the
study of geometrical parameters provides in-depth understanding about this.

ZI) (l1a) (Iib) (lic) (Iid)

Fig. 2. Optimized geometry (I) of curcumin in gas phase at B3LYP/def2-TZVP level of
theory. Geometries of curcumin lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb),
3CLpro (IIc) and PLpro (11d).

The bond length of ring C(sp?)—~C(sp?) carbon bonds in curcumin in gas phase
(D) and the same lifted from active sites (Ila, IIb, Ilc, IId) 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 2C22—C34-C28—C9,
2£C34-C28-C9-C29, £C28-C9-C29-C36 and £C9-C29-C36-C24 in the form
() are measured 5.2°, —80.3°, —67.5° and —177.3°, respectively. The same in the
form (IIb) are —135.7°, 104.3°, —=39.1° and —66.7°, respectively, whereas the same
in the form (IId) are —141.1°, —93.1°, 79.3° and —5.4°, respectively. The changes
in the dihedral angles are mainly responsible for the geometrical change to U-
-shape in IIb and I1d forms, which can be observed in Fig. 2.
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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 (IIb), ACE2 (IIb), 3CLpro (Ilc)
and PLpro (IId) calculated at B3LYP/def2-TZVP level of theory are reported in
Fig. 3. The corresponding plot of natural population analysis (NPA) charge along
with detailed data is reported in the Supplementary material. The study depicts
that MPA charges of hydroxyl oxygens O3 are —0.3868le, —0.39929e,
—0.39646¢, —0.40884¢ and —0.38819¢ for I, Ila, IIb, IIc and IId, respectively.
Similarly, MPA charges of hydroxyl oxygens O4 are —0.38775e, —0.38995¢,
—0.42946¢, —0.39773¢ and —0.39995¢ for I, Ila, IIb, Ilc and IId, 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). Int-
erestingly, the MPA charges of hydroxyl oxygen O3 and O4 are found lower than
carbonyl oxygens, O5 and O6. At the same time the carbon atom attached to the
electronegative oxygens O3, O4, O5 and O6 are C26, C27, C28 and C29, res-
pectively, and the MPA charges of these carbons are found higher. This is pro-
minently reported in case of NPA charges (see Fig. S7 of the Supplementary
material). NPA charges for hydroxyl oxygen O3 and O4 are less than that for
carbonyl oxygen OS5 and O6 for all forms of curcumin, whereas an increase in
NPA charges is also reported for O3, 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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Fig. 3. Mulliken population analysis (MPA) charges of curcumin in the gas phase and that
lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb), 3CLpro (IIc) and PLpro (IId).
AIM analysis

Electron density ppcp (r) and Laplacian of electron density Vzpbcp (r) of cur-
cumin in the gas phase (I) and that lifted from the active site of TMPRSS2 (Ila),
ACE2 (1Ib), 3CLpro (Ilc) and PLpro (I1Id) are studied at B3LYP/def2-TZVP level
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of theory and graphically represented in Fig. 4. The corresponding detailed report
and figure have been added in the supporting information. An average of ppcp (7)
at the bond critical points (BCP) of carbon bonds in the two aromatic rings of
curcumin (I) are 0.3191/0.3190 a.u., whereas the same of curcumin in the form
IIa, IIb, Ilc and IId are 0.3213/3214, 0.3207/0.3207, 0.3215/0.3210 and 0.3219/
/0.3202 a.u., respectively. Interestingly, the ppcp (r) at ring critical points (RCPs)
of two aromatic rings of curcumin in I form are 0.0229/0.0230 a.u., whereas the
same for curcumin in Ila, IIc, IIc and IId 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 curcumin in the forms Ila, IIb, Ilc and IId increase in comparison
to that in gas phase, i.e., isolated form (I) due to interaction with amino acids
present in the docking site.
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Fig. 4. Plots of: a) electron density py,, () and b) Laplacian of electron density Vzpbcp () of
curcumin in the gas phase and the same lifted from the active site of TMPRSS2 (Ila),
ACE2 (IIb), 3CLpro (IIc) and PLpro (IId).

The ppcp (1) of alcoholic bonds O3-H46 and O4-H47 are measured 0.3555/
/0.3555 a.u. in form (I), whereas that are in curcumin in the form Ila, IIb, Ilc and
IId are 0.3523/0.3520, 0.3525/0.3507, 0.3510/0.3516 and 0.3514/0.3521 a.u., res-
pectively. A jump in ppcp () of ketonic bond C28-0O5 and C29-06 are measured
0.4143/0.415 a.u. in form (I), whereas the same in curcumin lifted from the form
IIa, IIb, IIc and IId are 0.4078/0.4075, 0.4078/0.4076, 0.4077/0.4068 and 0.4082/
/0.4087 a.u., respectively. Thus, the pyep (r) of alcoholic and ketonic bonds of
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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 Vzpbcp (r) for the hydroxyl groups of curcumin in the forms Ila,
IIb, Ilc and IId are higher than that in the gas phase (I). The difference is attri-
buted to H-bonding interaction. The comparison of ppp () and Vzpbcp (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 Ila, IIb,
IIc and IId at same level of theory. HOMO energy gives the impression of ion-
ization 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 polariz-
ability and the reactivity of the molecule increases. The HOMO-LUMO calcul-
ations are performed and reported 3.699 eV in the gas phase, whereas the same
obtained for Ila, IIb, Ilc and IId are 4.367, 4.392, 3.714 and 4.058 eV, respect-
ively. The band gap is found lowest at the gas phase and the band gap for Ilc is
measured close to gas phase but high value of band gap is measured for Ila and IIb.

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 (I) is calculated 3.26 D*,
whereas dipole moments of Ila, IIb, Ilc and IId are 7.022, 4.147, 4.429 and 6.8 D,
respectively. The dipole moments of Ila, IIb, IIc and IId are 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
IIa is found higher than that of IIb, IIc and IId. 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 pre-
sent in the macromolecule. Yang and coworkers implemented reduced density
gradient (RDG=|Vp|/2(3n2)1/ 3p#/3) to measure the parameters related to the non-
-covalent interactions in NCI plot.35 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 within 3.5 A was selected using Pymol software. The

*1 D=23.34x103Cm
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selected residues from TMPRSS2, ACE2, PLpro and 3CLpro along with curcu-
min are used for NCI plot. Fig. 5 shows the NCI plot and underlying interactions
for curcumin with the TMPRSS2, ACE2, PLpro and 3CLpro.

sfa.u.

s/au.

: 'sigh()’lz‘)pla;u.

s/{a.u.
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Fig. 5. RDG plot of NCI analysis for docking poses of curcumin with TMPRSS2, ACE2,
3CLpro and PLpro are plotted (a, c, e and g, respectively) along corresponding isosurface
extractions of RDG plots of NCI analysis (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, m—m and van der
Waals interactions (vdW). The red colour represents the repulsive forces. A mix-
ture of green and blue has been mostly seen in the NCI plot, which also repre-
sents electrostatic as well as dispersion interactions. Fig. 5 (a, ¢, e and f) depict
RDG plots of NCI analysis of docking poses of curcumin with TMPRSS2,
ACE2, PLpro and 3CLpro. These plots show mostly blue and green colours indi-
cating that the main contribution to the binding strength is originated from H-
-bonding and vdW interactions. The same is also confirmed through PLIP ana-
lysis.26 The extended plots are separately shown in the supporting information
for clear visibility.

Fig. 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 tyro-
sine and N-H group of leucine, respectively. At the same time curcumin also
interacts with TRP20, TRP79, TRP111 and TYR209 through hydrogen bounding
interaction in the active site of TMPRSS2P. The study support the interactions
shown in Fig. 1. Fig. 5¢ and d shows the NCI plot and its isosurface extractions
of the intermolecular interactions between curcumin and amino acids present in
the active site of ACE2. Fig. 5f shows that the C=0 group of curcumin interacts
with N-H groups of LEU81 and PHESO of chain A. Thus, NCI plots provided in-
-depth understanding of intermolecular interaction present between ligand and
receptor.

CONCLUSIONS

The study of curcumin interactions with transmembrane serine protease 2
(TMPRSS2), angiotensin-converting enzyme 2 (ACE2), 3-chymotrypsin-like
protease (3CLpro) and papain-like protease (PLpro) are performed using mole-
cular 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 act as a potential multiple-target inhibitor against SARS-CoV-2.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12081, or from the corres-
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U3BOJ
KYPKYMHUH KAO ITOTEHIKWJAJTHU MHXUBEUTOP BUIIECTPYKHX META ITPOTHUB
SARS-COV-2 HHOEKIHUIE: OETAJBHO ITPOYUABAILE HHTEPAKIIUJE KOPUITREILEM
KBAHTHO-XEMUJCKUX U3PAYYHABAA

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

KypkyMuH je jemHO of 3HaYajHUX NMPUPOJHHUX jelHmema ca 0CODMHaMa Kao LITO CY:
AHTUBHUPYCHE, aHTHOKCHAAHTHe U npotuBynanHe. SARS-CoV-2 ce nojaBuo kao 3apa3Hu BUPYC
KOju 030M/bHO yrpoXkaBa BelIMKe IpyINe CTaHOBHUILITBA y CBETY. buio je Bulle nokyuiaja fa ce
HalpaBe HOBA aHTUBUPYCHA jeIHIbeHa, ali TO je 0CTA0 M3a30B Yak M HaKOH 030M/BHUX UCTpa-
KMBamwa. ITpUpoHY TPOU3BOJ, KYPKYMUH, MOXE C€ KOPUCTUTH Kao alTepHaTHBa aHTUBUDYC-
HUM jepumemuma 3a SARS-CoV-2. Iheroso zejctso nporus SARS-CoV-2 Beh je ucrakuyTo y
nutepartypH. Jo JaHac HeMa pajfioBa O KBaHTUTATMBHOM IpOy4yaBamwy HEroBe MHTepakuuje ca
pasnmuuutuM mpekypcopuma SARS-CoV-2. OBaj uiaHaK CaomuiTaBa 0 WHTEPAKUHjH KYypKYy-
MMHa Ca aHTHOTEH3UH-KOHBEpTyjyhUM eH3MMOM 2, TpaHCMEMOPAHCKOM CEPUH NPOTeas3oM 2,
Ha 3-XMMOTPHUIICHH-HA/IUK IIPOTEa30M U Ha NalauH-HaIUK IpOTeasoM, oMohy MOeKynicKor
TOKHMHTA U KBAaHTHO-XEMHjCKUX M3pauyHaBaia, a OU MOCTUINIM KBAHTUTAaTHUBHO Pa3yMeBame
OCHOBa MHTepakuuja. OBJe je HOCTUTHYTO Jja U KOH(POpMaLUoHa QIeKCUOUITHOCT KypKYMHUHA
Oyne pacseT/beHa, LITO IIOMake Jja Ta Ce CMECTH Y YETUPH pasIMyUTa MecTa 3a JOKOBame.
Cryouja je u3BemeHa KopHIIhemeM H3pauyyHaBaka TEOMETPHjCKUX IMapameTapa, aTOMCHX
HaeJIeKTpUCama, IYCTUHE eJ1eKTPOoHa, JIamiacijaHa enekTpoHCKe IyCTHHE, JUIIOJHOT MOMEHTA
U eHepreTcKor npolena u3mely HajBulle NOMyHEHE U HAjHIKE He3ay3eTe MOJIEKYICKe OpOu-
Tane. YpaheHa je aHanusa He-koBaneHTHUX uHTepakuyja (NCI) ga Ou ce Bu3yanusosaie cnade
MHTepaKlUje IPUCYTHE Y aKTUBHUM MecTHMa. KoMOMHOBame MOJIEKYJICKOT JOKUHIA U JIETalb-
HUX KBAaHTHO-XEMHjCKUX H3pauyHaBama MOKa3dyje Ha KypKyMHH Moxxe OuTH mnpuxsaheH kao
MOTeHIWjaIHU HHXUOUTOP BULIECTPYKUX MeTa MpoTuB SARS-CoV-2.

(TIpumiseno 21. centemdpa, pesuaupano 21. Hopembpa, mpuxsaheno 9. senemdpa 2022)
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