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®naBoHONAbI KaK NOTEHLMaNbHbIE MHIMONTOPbI KOPOHaBUpYyca
SARS-CoV-2: uccnepoBaHume in silico

Tanbpaes A.X., Tepexos P.Il., CenusaHoBa U.A.

Iepesviii Mockosckuil cocyoapcmeerniviti meouyurckutl yrusepcumem (MI'MY) um. U.M. Ceuenosa (Ceuenosckuii
VHUBepcument)
Poccus, 119991, e. Mocksa, ya. Tpybeykas, 8/2

PE3IOME

Beenenue. Bupyc SARS-CoV-2 (Severe Acute Respiratory Syndrome CoronaVirus 2) 061aaeT 0JJHUM U3 KPYII-
HEWIINX TeHOMOB, KOTOPbIi KomupyeT 16 HecTpykTypHbix OenkoB (NSP: Non-Structural Protein), Heo6xoumbIx
JUISL PEIUTMKALIK U TIPEOIOJICHHUS 3aIIUTHBIX MEXaHN3MOB OpraHu3Ma-Xo3suHa. PIaBOHOMIbI IPECTABIAIOT HH-
Tepec B KauecTBe OOBEKTOB HCCIEIOBAHUS MPU pa3paboTKe mpemnaparoB A KoMiuiekcHoi Teparmuu COVID-19
(Corona Virus Desease 2019). [IpeacraBurenu 3Toil rpyniisl XapakTepU3yIOTCs IIMPOKUM CIIEKTPOM OHOJIOTHYe-
CKOM aKTMBHOCTH U BBICOKUM NpOo¢uiIeM 0e30IacHOCTH.

Lean paGoThl — MPOBECTH BUPTYaJIbHBIH CKPUHHUHT ()JIABOHOMOB Ha BO3MOXKHOCTh HMHIMOMPOBAHUSI KU3HEHHO
Ba)XXHBIX OeNkoB KopoHaBupyca SARS-CoV-2.

MartepuaJjsl u Metoabl. CTpykTypsl 6enkoB SARS-CoV-2: ADP-cesi3sBaroniero nomena NSP3, ocHoBHOM mpo-
teas3sl NSP5, PHK-3aBucumoii-PHK-nomumepassr NSP12, sunopubonyxiteasst NSP15 nmomydenst u3 Protein Data
Bank (PDB). Ctpykrypsr 163 ¢i1aBoHONIOB pa3INIHBIX Py, B3aThI 13 6a3b! nanHbIX ZINC. [Iponeccunr mope-
neit 6enkoB ocymecTsisu B mporpamMme AutoDockTools, a murannos — B Raccoon | AutoDock VS. BuptyansHsrii
CKPUHHUHT U pe-TOKHUHT npoBoammu B AutoDock Vina.

Pe3yabTaThl. B X01€ BamMIalMy YCTAHOBJICHO COBIIAJECHHE KOH(QOpPMAlMK HATHBHBIX JIMTAHAOB B MCXOIHOIL
CTPYKTYpE M NP pe-JOKHHIE, YTO IMO3BOJISET CYIUTh O MPUMEHHMOCTH METOAMKH BHPTYAJIbHOTO CKPUHHUHIA.
@D1aBOHOU/IBI B3aNMO/ICHCTBOBAIH C KITFOUEBBIMH aMHHOKHCIIOTHBIMH OCTATKAMH BO BCEX MCCIIEIOBAaHHBIX OENKax.
Hawnyumryto suepruto apduauTeTa IpoaeMOHCTpUpoBau 3,7-Auruapokcu(IaBoH U 6S-KOKIIMHEOH b, o6namato-
HIMH MYJIBTEMOIATEHBIM 3 PEKTOM.

3akaouenne. [lonyueHHble pe3ysbTaThl MOT'YT OBITH MCIIONB30BaHbI B Pa3paboTKe (UTONpENnapaToB Uil KOM-
wiekcHoi teparuu COVID-19.

Kiouessle ciioBa: SARS-CoV-2, COVID-19, ¢pnaBoHONABI, MONEKYISPHBIN JOKUHT, BUPTYalIbHBI CKPHHUHT,
KOKIIMHEOH b

KondaukTt nunaTepecoB. ABTOPHI NEKIAPUPYIOT OTCYTCTBHE SIBHBIX U IMOTCHIIMAIBHBIX KOH()INKTOB HUHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaThH.

Hcrounuk punancupoBanus. Vccnenosanue mojaaepxkano «lIpoekToM MOBBIIEHUS] KOHKYPEHTOCTIOCOOHOCTH
BEeIyIINX POCCHHCKHUX YHHBEPCHTETOB CPEIH BEAYIMINX MUPOBBIX HAyYHO-00pa30BaTENbHbIX LIEHTPOBY.

Jns uurupoBanus: Tanpnaes A.X., Tepexos P.I1., CenuBanosa M. A. ®naBoHOW/IBI KaK TOTSHIINATBHBIC HHTUOU-

Tops! KopoHaBupyca SARS-CoV-2: uccnenosanue in silico. broanemens cubupcroii meduyunwt. 2022;21(1):103—
108. https://doi.org/10.20538/1682-0363-2022-1-103-108.
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ABSTRACT

Background. SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) has one of the largest genomes. It
encodes 16 non-structural proteins that are necessary for replicating and overcoming host defense mechanisms.
Flavonoids are of interest as research objects in developing drugs for comprehensive COVID-19 therapy. This
group of compounds is characterized by a wide range of biological activity and a high safety profile.

Aim. To perform virtual screening of flavonoids for possible inhibition of proteins of the SARS-CoV-2 infection.

Materials and methods. Structural proteins of SARS-CoV-2 infection, such as ADP-binding domain NSP3,
main protease NSP5, RNA-dependent RNA-polymerase NSP12, and endoribonuclease NSP15, were obtained
from Protein Data Bank (PDB). Flavonoid structures were obtained from the ZINC database. Protein models
were processed using AutoDockTools software, and ligands were processed in Raccoon | AutoDock VS. Virtual
screening and re-docking were performed in AutoDock Vina.

Results. Validation showed agreement between native and re-docked conformations, indicating the applicability
of the virtual screening method. Flavonoids interacted with the key amino acid residues in all the studied proteins.
The highest binding energy was demonstrated by 3,7-dihydroxyflavone and 6S-coccineone B, the latter having a
multimodal effect.

Conclusion. The results of the study may be used for the development of phytomedicines for comprehensive
therapy for COVID-19.

Keywords: SARS-CoV-2, COVID-19, flavonoids, molecular docking, virtual screening, coccineone B
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INTRODUCTION

Coronavirus SARS-CoV-2 (severe acute respirato-
ry syndrome coronavirus 2) belongs to the Betacoro-
navirus genus, which is a member of the Coronavi-
ridae family. SARS-CoV-2 is characterized as an
enveloped, positive-sense, single-stranded (+RNA)
RNA virus. It has one of the largest genomes among
the entire domain, which includes about 30,000 nu-
cleobases. This allows to assume that it has a wide
range of biological targets [1]. The genome en-
codes two overlapping polyproteins that contain 16
non-structural proteins (NSP). Some of them are in-
volved in the replication and life cycle of the virus,
while others are necessary to overcome host defense
mechanisms [2].

Flavonoid compounds are of particular interest in
the development of new drugs for COVID-19 (Coro-
naVirus Disease 2019) treatment. They are character-
ized by antiradical [3], antiviral [4], capillary protec-
tive [5], and anti-inflammatory effects [5, 6].

The aim of the study was to perform virtual screen-
ing of flavonoids for possible inhibition of proteins of
the SARS-CoV-2 infection.

MATERIALS AND METHODS

To search for antiviral drugs, we selected four bi-
ological targets of SARS-CoV-2 with a resolution of
at least 2.5 A. These targets are presented in the Pro-
tein Data Bank (PDB) (date of access: 25.04.2020):
ADP-binding domain NSP3 (PDB ID: 6W6Y), main
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protease NSP5 (PDB ID: 6LU7), RNA-dependent
RNA polymerase NSP12 (PDB ID: 7BV2), endoribo-
nuclease NSP15 (PDB ID: 6VWW). The protein char-
acteristics are presented in Table 1. Processing of pro-
tein structures for virtual screening was performed in
AutoDockTools Version 1.5.6 (The Scripps Research
Institute; USA) [7]. During the processing, water and
ligand molecules were removed, missing hydrogen at-
oms and partial atomic charges were added according
to the Gasteiger partial charge calculation method.

The coordinates of native ligands were chosen as
centers for constructing GRID maps with dimensions
of 25 x 25 x 25 A (see Table 1). The center of the ac-
tive site in endoribonuclease NSP15 was determined
according to the literature [8].

The structures of 163 flavonoids were obtained from
the ZINC database. Preparation of ligands for the study
was carried out by adding partial charges in the Raccoon
| AutoDock VS version 1.0 (The Scripps Research Insti-
tute; USA) [9]. The processing of native ligands for val-
idation re-docking was performed by a similar method.

Table 1
SARS-CoV-2 proteins included in the study
Biological Resolution Native GRID-map
target of the result- ligand center, A
& ing protein, A & ’
. . X:10.567
I‘Els)gbmdmg domain 1.45 AMP Y: -8.238
Z:17.980
X:-12.149
Main protease NSP5 2.16 N3 inhibitor | Y: 14.097
Z:69.719
RNA-dependent Remdesivir X:90.089
RNA polymerase 2.50 tabolit Y:93.714
NSP12 MEbotie | 7: 102212
. X:-52.239
I]fIré(;)czr;bonuclease 220 3 V- 30584
Z:31.357

Re-docking of native ligands and virtual screen-
ing of all compounds were carried out with the
AutoDock Vina 1.1.2 software (The Scripps Re-
search Institute; USA) [10] using the Lamarckian
genetic algorithm (LGA). The results of molecular
modeling were visualized in the Discovery Studio
Visualizer v19.1.0.18287 (BIOVIA; USA). To de-
scribe the distribution of virtual screening results,
the binding energies of flavonoids were chosen that
bind better than 10, 50, and 90% of the compounds
in the sample.

RESULTS

Positions of ligands during the re-docking almost
repeated the geometry in the initial protein structures,
which allows to suggest the validity of the research
method. The results of the virtual screening of the
compounds were ranked according to the scoring
function value in the AutoDock Vina 1.1.2 software
in the form of binding energy. The obtained data were
compared with the binding energy of native ligands.
The activity threshold was a scoring function value of
7.1 kcal / mol, as a marker of reversibility of the pro-
tein — ligand complex.

In general, the lowest binding energy in the studied
flavonoids was noted for endoribonuclease NSP15:
successful docking took place for 20 compounds. In
contrast, RNA-dependent RNA polymerase NSP12
bound to all 163 virtual structures. ADP-binding do-
main NSP3 and main protease NSP5 had medium
binding energy: 111 and 108 flavonoids, respectively.
Within the samples of ligands that were successful-
ly docked into the active centers of biological targets,
the median binding energies were —7.4; —7.4; —8.9,
and —7.3 kcal / mol for the ADP-binding domain
NSP3, main protease NSP5, RNA-dependent RNA
polymerase NSP12, and endoribonuclease NSP15, re-
spectively (Table 2).

Table 2

Distribution of flavonoid binding affinity to biological targets

Value characterizing the Binding energy, keal /ol
sample ADP'bi;?Si;% domain Main protease NSP5 R;?;iiﬁ::?;} IT\;A Endoribonuclease NSP15
X,* -7.1 -7.4 -7.1
X,* -7.4 -8.9 -73
Xo* 7.8 -10.2 7.6

*X ., X, X,, — binding energy of flavonoids, where 10, 50, and 90% is a proportion (%) of compounds with binding energy that is less in modulus.

10° “750° “ 790
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The results of virtual screening for the leader com-
pounds are presented in Table 3. Flavonoids were
shown to form non-covalent bonds with the same ami-
no acid residues as native ligands. For example, for
endoribonuclease NSP15, the following amino acid

residues were involved: His 235, His 250, Lys 290,
Ser 294, Thr 341, and Tyr 343. The best scoring func-
tion values were obtained for 6S-coccineone B and
3,7-dihydroxyflavone. The docking results with the
leader compounds are shown in the Figure.

Table 3

Results of re-docking of native ligands and docking of 3 leader compounds into the active sites of SARS-CoV-2 proteins

Scoring function

Ligand (binding energy), Protein — ligand interaction
kcal / mol
ADP-binding domain NSP3
H-bonds: Ala 21, Asp 22, Ile 23, Val 49, Ile 131.
AMP -8.7 Hydrophobic: Ala 38, Gly 48, Ala 50, Ala 52, Pro 125, Leu 126, Gly 130, Phe 132, Ala 154,
Val 155, Phe 156, Leu 160. nt-stacking: Ile 23, Val 49.
6S-coccineone B 33 H-bonds: Ala 21, Gly 130. Hydrophobic: Asp 22, Ile 23, Gly 48, Pro 125, Leu 126, Pro 136,
’ Ala 154, Phe 156, Leu 160, Leu 164. n-stacking: Val 49, Ala 52, Ala 129, Val 155.
6R-coccineone B 30 H-bonds: Gly 130. Hydrophobic: Ala 21, Asp 22, Ile 23, Pro 125, Pro 136, Ala 154, Asp 157.
’ n-stacking: Gly 48, Val 49, Ala 52, Leu 126, Ala 129, Val 155, Phe 156, Leu 160.
. B H-bonds: Ile 23, Gly 48. Hydrophobic: Ala 21, Asp 22, Gly 130, Pro 136, Ala 154,
7,8-dihydroxyflavone 8.0 Phe 156, Leu 160. n-stacking: Val 49, Ala 52, Leu 126, Ala 129, Val 155.
Main protease NSP5
H-bonds: Phe 140, Asn 142, Gly 143, His 163, His 164, Glu 166, GIn 189, Thr 190.
N3 inhibitor -8.4 Hydrophobic: Thr 24, Thr 25, Thr 26, Met 49, Tyr 54, Ser 144, Cys 145, Met 165, His 172,
Asp 187. m-stacking: His 41, Leu 141, Pro 168, Ala 191. Covalent: Cys 145.
H-bonds: Ser 144, Cys 145.
6S-coccineone B -8.5 Hydrophobic: Thr 25, Thr 26, His 41, Phe 140, Leu 141, Asn 142, Gly 143, His 163, His 164,

Met 165, Glu 166. n-stacking: Leu 27, Cys 145.

H-bonds: Leu 141, Ser 144, Cys 145, Glu 166. Hydrophobic: His 141, Met 49, Phe 140, Asn

Scutellarein 81 142, His 163, His 172, Arg 188, Gln 189, Thr 190. -stacking: Met 165.
. H-bonds: His 41, Phe 141, His 163, Asp 187.

i((}rijezg‘i;‘f;ﬁ; f)ofle 8.1 Hydrophobic: Pro 52, Tyr 54, Leu 141, Ser 144, His 164, Met 165, Glu 166, His 172, Arg

ydroxy 188, Gln 189. m-stacking: Cys 145, Met 49, His 41.

RNA-dependent RNA polymerase NSP12
Remdesivir H-bonds: U(T) 10, U(P) 20, Asp 760.
metabolite -8.3 Hydrophobic: Lys 545, Val 557, Cys 622, Asp 623, Ser 682, Thr 687, Ala 688, Ser 757, Ser
759. n-stacking: A(11) 11, U20. Covalent: U(P) 20. Coulombic: Mg 101, Mg 1004.
H-bonds: U(T) 12, U(P) 20, Gly 590.
3,7-dihydroxyflavone -10.4 Hydrophobic: A(T) 11, A(P) 19, Val 588, Thr 591, Ser 592, Trp 598, Met 601, Ala 688, Gln
815. m-stacking: Ile 589, Lys 593, Leu 758, Cys 813.

2-(2,5-dimethoxy- H-bonds: Gly 590, Thr 591.
phenyl)-3-hydroxy- —-10.3 Hydrophobic: U(T) 12, A(T) 14, A(P) 19, U(P) 20, Ser 592, Phe 594, Trp 598, Met 601, Phe
chromen-4-one 812, Gln 815. n-stacking: A(T) 13, Ile 589, Lys 593, Leu 758, Cys 813.

. . j H-bonds: U(P) 20, Gly 590. Hydrophobic: U(T) 12, A(T) 14, U(P) 18, A(P) 19, Thr 591, Ser
Pinobanksin 3-O-propanoate 103 592, Phe 594, Trp 598, GIn 815. n-stacking: A(T) 13, Ile 589, Lys 593, Leu 758, Cys 813.

Endoribonuclease NSP15
. B H-bonds: His 250, Val 292, Tyr 343. Hydrophobic: Lys 290, Tyr 343.
6S-coccincone B 7.9 n-stacking: His 235, Gly 248, Cys 293, Thr 341, Leu 346,
. H-bonds: Val 292, Tyr 343. Hydrophobic: His 235, Gly 247, His 250, Cys 293,
6R-coccineone B 76 Thr 341, Leu 346. n-stacking: Lys 296, Tyr 343.
H-bonds: His 235, Lys 290, Ser 294, Tyr 343.

Calycosin -7.6 Hydrophobic: Gly 248, His 250, Cys 293, Trp 333, Glu 340, Leu 346.

n-stacking: Trp 333, Thr 341, Tyr 343.

Note: the scoring values obtained as a result of three repetitions were identical. The native ligand is in italics.
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Figure. Docking: a) 6S-coccineone B into ADP-binding domain NSP3, b) 6S-coccineone B into main protease NSPS, c¢)
3,7-dihydroxyflavone into RNA-dependent RNA polymerase NSP12, d) 6S-coccineone B into endoribonuclease NSP15. Hydrogen
bonds are shown as green dotted lines

It is interesting to note that the spatial structure of
the ligand affects the qualitative and quantitative char-
acteristics of docking. Thus, for 2R,3R-dihydroquer-
cetin, better binding to main protease NSP5 was found
compared with its other stereoisomers.

DISCUSSION

The median flavonoid binding energies to the
ADP-binding domain NSP3, main protease NSP5,
and endoribonuclease NSP15 had similar values (Ta-
ble 2), which can be explained by belonging of these
proteins to a class of hydrolases. In contrast, the medi-
an value of binding affinity to RNA-dependent RNA
polymerase NSP12 belonging to a class of transferas-
es was higher than that of the three above-mentioned
proteins (Table 2).

The interaction of these compounds with the
ADP-binding domain NSP3 can presumably block the
ability of coronavirus to hide from host defense mech-
anisms [11]. Inhibition of main protease NSP5 and
RNA-dependent RNA polymerase NSP12 can lead to
prevention of assembly of new virions. The interac-

tion of flavonoids with the uridylate-specific site of
endoribonuclease NSP15 presumably blocks protein
interference with the host innate immune response
[12]. COVID-19 affects the lungs and is accompanied
by inflammation [13]. Given a wide spectrum of phar-
macological activities of flavonoids, which have prov-
en to be effective capillary protectors [5] and anti-in-
flammatory agents [6], and their multitarget antiviral
effect, these natural compounds can find application in
the treatment of this disease.

CONCLUSION

In the course of the study, flavonoids were found to
have a virucidal effect on SARS-CoV-2. One of them,
6S-coccineon B, is able to show high activity against
several biological targets of SARS-CoV-2. The ob-
tained results can be used to develop phytomedicines
for comprehensive therapy of COVID-19.
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