VIIK 616.98:578.834.1]+577.152.34 DOLI: 10.31549/2542-1174-2023-7-3-27-36

BiinsaHNE HOBBIX MPOU3BOJAHBIX 6,7-TUMETOKCUXUHA30IuH-4(3H)-
OHA C OCTATKAMHU aMHUHOKHCJIOT M JUIICIITHA0B Ha aKTUBHOCTH
rsiasHOU (Mpro) u nananaonogoouou (PLpro) nmporeas
SARS-CoV-2

.. ITozgusakos, A.C. Uupsankun, WU.I1. Kogorugu

ITamueopckuil meduxo-gapmayesmuuecko2o uHcmumym — guauan ®I'6OY BO «Boazoepadckuil 20cydapcmeeHHblil
MeduyuHekull yHusepcumemy», Ilamueopck, Poccus

AHHOTAIIUA

B Begenue. HoBast kopoHaBupycHas uHbeKIUA, BI3BaHHAA BUpycoM SARS-CoV-2, sABiseTcsa BBICOKOKOHTAaruo3-
HBIM 3200JIeBaHIEM CO 3HAUUTEJIbHBIM PUCKOM PA3BUTHSA OCIOKHEHUH BILIOTH JI0 JIETAJILHOTO Hcxoza. Pazpaborka aHTH-
SARS-CoV-2 mpemnapaToB Havasach MPAKTHUECKH CPa3y MOCIe uieHTHGhUKAIIUN BUPYCa, IIPU 3TOM 0003HAUHJIHNCDH JIBE
IepcrieKTUBHbIE (GapMaKOJIOTHUeCKHe MUIIIEHH — OCHOBHAS U NATAWHOMIOA00HAS IPOTeassbl.

IT e 1 5. OrneHka BIUAHUA HOBBIX IPOUBBOAHBIX 6,7-AMMETOKCUXUHA30INH-4(3H)-0Ha ¢ 0OcTaTKAMKU aMHHOKHUCIIOT U
JIATIETITH/IOB HAa aKTUBHOCTD poTead SARS-CoV-2 in vitro.

MaTtTepuanas u Vi3ygaeMble BelllecTBa IOJIy4YaId U3 KOMMepPYECKH JOCTYIIHOU 2-aMUHO-4,5-
JINMETOKCUOEH30MHON KUCJIOTBI, KOTOPYIO T€TEPOIUKIN30BAIH /IO 2-aJIKUI-6,7-TUMETOKCH-3,1-0eH30KCa3UH-4-0HOB C

M€TOHI.

IIOCJIeTyIOITUM B3aUMO/IeHCTBUEM C aMUHOKUC/IOTAMY U AUIeNTHIaMU. V13MeHeHNe aKTUBHOCTH BUPYCHBIX IIPOTeas oIe-
HUBIH CIIEKTPOGOTOMETPUIECKH C HUCIIOJIB30BAHUEM COOTBETCTBYIOIIUX CyOCTPATOB. B X0ze mceaeioBaHus pacCUUThI-
Ban Koo duunent noayunrubunun IC, .

PesynbTartThl . BXxoze uccienoBanus ObLJIO YCTAHOBIIEHO, UTO ITOJIyYeHHBIE COETMHEHUS [TPOSIBIIAIOT BEIPAYKEH-
HYI0 UHTUOUPYOIIYI0 aKTUBHOCTD 10 OTHOIIIEHUIO KaK K OCHOBHOM, Tak U mananHonogobuou nporeaze SARS-CoV-2 ¢
AnanasonoM IC_ 0.012-0.100 u 0.013-0.100 MKM/MJ1 cooTBeTCcTBeHHO. Hanbosee BbIpasKeHHOE JIEHCTBHE yCTAHOB-
JsieHo A coequHenus 3h ¢ pparmenTom aunenTHAa IIUIMI-TPUOTOMAH € U30IPOIUIBHBIM PAZIUKAIOM, KOTOPOE CHU-
’KaJI0 aKTUBHOCTH OCHOBHOM nporeassl (IC, 0.012 + 0.005 MKM /M) u nanauHonozfo6Hoi nporeass (IC  0.013 =
0.009 MKM /m1).
3axknwueHue. Coenunnenue 3h, cozepkamiee M30NPONMIBHBINA PAJAUKAI U JUMENTHA TIULUI-TPUNTO(AH,
MOJKET CTaTh IEPCIIEKTUBHBIM 00BEKTOM JIJIs JaJIbHEHUIIIEro N3yUeHHA U Pa3paboTKU Ha ero OCHOBE HOBOTO IIPOTHUBOBU-
PYCHOTO CpeJicTBa.

Kmouesnle caosa: kopoHasupycHas nadekiusa, SARS-CoV-2, ocHOBHas MpoTeasa, HallanHoIoA00Has IIpoTeas3a, XuHa-

30JIMHOHBI.
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Effect of new derivatives of 6,7-dimethoxyquinazoline-4(3H)-one
with amino acid residues and dipeptide fragments on the activity
of the main protease (Mpro) and papain-like protease (PLpro)

of SARS-CoV-2

D.I. Pozdnyakov, A.S. Chiriapkin, I.P. Kodonidi

Pyatigorsk Medical and Pharmaceutical Institute, branch of the Volgograd State Medical University, Pyatigorsk,
Russia

ABSTRACT

Introduction. A novel coronavirus infection caused by the SARS-CoV-2 virus is a highly contagious disease
with a significant risk of complications up to mortality. The development of anti-SARS-CoV-2 drugs began almost imme-
diately after the identification of the virus, while two promising pharmacological targets were identified: the main and
papain-like proteases.

A i m . Evaluation of the effect of new derivatives of 6,7-dimethoxyquinazoline-4(3H)-one with amino acid residues and
dipeptide fragments on the activity of SARS-CoV-2 proteases in vitro.

Materials and methods. Thestudiedsubstanceswereobtained from commercially available 2-amino-
4,5-dimethoxybenzoic acid which were cyclized into 2-alkyl-6,7-dimethoxy-3,1-benzoxazine-4-ones, followed by reaction
with amino acids and dipeptides. The changes in the activity of viral proteases were evaluated with spectrophotometry
using the appropriate substrates. During the study, the half maximal inhibitory concentration (IC, ) was calculated.
Results. Asaresult, it was found that the obtained compounds exhibit pronounced inhibitory activity with respect
to both the main and papain-like protease of SARS-CoV-2 with an IC_| range of 0.012-0.100 and 0.013-0.100 pM/ml,
respectively. The most pronounced effect was shown for the 3h compound with a fragment of the glycyl-tryptophan dipep-
tide with the isopropyl radical, which reduced the activity of the main protease (IC, 0.012 + 0.005 uM/ml) and the papain-
like protease (IC_, 0.013 + 0.009 pM/ml).

Conclusion. Compound gh containing the isopropyl radical and the glycyl-tryptophan dipeptide may become a
promising object for further study and development of a new antiviral agent based on it.

Keywords: coronavirus infection, SARS-CoV-2, main protease, papain-like protease, quinazolinones.
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BBEJAEHUE

HoBas xopoHaBupycHast WHGEKIUs, BI3BAHHAS
BupycoMm SARS-CoV-2, npuBesa K IaHAeMUU U OKa-
3aj1a CyIlleCTBEHHOE BIIUSHYE Ha CUCTEMBI 3IPABOOX-
PaHEeHUsA PA3JIMYHBIX TOCyZapcTB. IlaToornueckuit
rporiecc, Boi3biBaeMblii SARS-CoV-2, B 3HaUHUTEH-
HOWH CTelneHu BapuabesieH U MOJKET IIPOTEKATh B pas-
JINYHBIX BAaPUAHTAX KJIUHUYECKUX IPOSIBJIEHUH: OT
OECCUMIITOMHOTO TeYeHUs 0 TSKEJI0H (POpMBI
3a00J1eBaHUA, KOTOPAs COIPOBOXKAAETCS PAIOM
OCJIOKHEHUU, TAKNMU KaK THEBMOHUSA, «ITUTOKUHO-
BBIA IIITOPM», OCTPBIA PECIUPATOPHBIN JIHCTpecC-
CHHJIPOM, OCTPOE TTOBPEsK/IeHHe JIeTKuX [1]. Bo MHO-
TOM HeEIpeICKa3yeMbIl XapakTep TeueHus WHQEeK-
IIMOHHOTO IIPOIIeCca, a TAKXKE BBICOKUU PUCK OCJIOXK-
HEHUH U JIETAIBHOCTH CIIOCOOCTBOBAJ TPAKTUUECKH
MTHOBEHHOMY CTapTy HAyYHO-IIPUKJIAJHBIX HCCIIE-
JIOBAaHUI, HANPaBJEHHBIX HA IIOHCK HOBBIX AHTHU-

INTRODUCTION

A novel coronavirus infection caused by the
SARS-CoV-2 virus has led to a pandemic and has had
a significant impact on the healthcare systems of var-
ious states. The pathological process caused by
SARS-CoV-2 is variable and can proceed in a wide
range of clinical manifestations: from asymptomatic
to severe, which is accompanied by several complica-
tions, such as pneumonia, the cytokine storm, acute
respiratory distress syndrome, acute lung injury [1].
The largely unpredictable nature of the infectious
process, as well as the high risk of complications and
mortality, contributed to the almost immediate start
of scientific research aimed at finding new anti-
SARS-CoV-2 drugs [2]. At the same time, two viral
proteases were selected as pharmacological targets
for new antiviral agents against SARS-CoV-2: the
main protease (Mpro) and the papain-like protease

28

Journal homepage: http://jsms.ngmu.ru



Pozdnyakov D.I. et al. / Journal of Siberian Medical Sciences Vol. 7, No. 3 (2023)

SARS-CoV-2 siekapcTBeHHBIX IpenapaToB [2]. ITpu
5TOM B KadecTBe (HapMaKOJOTHUECKUX MHUIIEHEH
JUISL ZIEWCTBHUS HOBBIX IMPOTHBOBUPYCHBIX CPEJCTB
potuB SARS-CoV-2 6pUTH BEIOPAHBI IBE BUPYCHBIX
IpoTeasbl: TyIaBHasA mporeasa (Mpro) 1 mamnamHoOIo-
nmobHast mpoTeasa (PLpro). I'taBHas mpoteaza SARS-
CoV-2 usBectHa Takke Kak 3C-1mogo0Has mporeasa
(3CLpro). Mpro oTBeuaeT 3a HHAYIUPOBAHHBIN
BUPYCOM alONTOTUYEeCKUM curHasia, a PLpro — 3a
ynanenue youkButuHa U [SG15 u3 OeJIKOB KJIETKU-
X03SIMHA, YTO IIOMOTAaeT KOPOHABUPYCAM YKIOHATHCS
OT BPOXKJEHHBIX HWMMYHHBIX PpeaKIIUi XO3SWHA.
Takum 006pas3oM, MHTHOUPYIOIIEEe BO3JIEHCTBHE HA
nauuble nporeadbl SARS-CoV-2 MokeT CHU3UTH
AKTUBHOCTh BHUPYCHOH PEIIMKAIIUM W MPUBECTU K
HAPYIIEHUIO PETYJIAIMOHHBIX KACKATHBIX CUTHAJIOB
B MHUIIMPOBAHHBIX KJIeTKaX [3].

HoBeimu  antu-SARS-CoV-2  coemuHeHUSMH
MOTYT SIBJIAATHCSI IIPOU3BOJHBIE MTHUPUMHIUHA.
N3BeCTHO, YTO IIPOU3BO/IHbIE TUPUMHUAUHA TTPOSIB-
JISTIOT ITUPOKUH CHEKTP OMOJIOTHYECKOH aKTUBHO-
cTd. B yacTHOCTH, /111 HEKOTOPBIX IIPEJICTaBUTEIEH
JIAHHOTO KJIacCa XUMHUUYECKUX COeTHUHEHHH OBbLIO
YCTaHOBJIEHO BhIPa’KEHHOE MPOTHUBOBUPYCHOE Jel-
cTBUe (BUZOBY/IMH, JIAMUBYAWH, TPUQIYPUIUH,
aIUKJIOBUP), YTO HAIILIO CBOE IIPUMEHEHE B MeIU-
IUHCKOM TIpaKTHUKe JIeYeHUs U NPODUIAKTUKU
BUPYCHBIX 3abosieBaHu# [4]. Cpeau TMpOU3BOJTHBIX
MUPHUMUIUHA MOXKHO BBIZIEJIUTH TPYIIY OpraHude-
CKUX COETUHEHUH, B CTPYKTYpe KOTOPBIX MTUPUMH-
JIMHOBBIA TETEPOIUKII OEH3aHWJIMPOBAH — IPOU3-
BOJIHBbIE XMHA30JUHOHA [5]. VIMeloTcss OGIIUpHBIE
JlaHHbIE, YKa3bIBAIOIIINE, UTO IPOU3BOTHbIE XMHA30-
JIMHOHA 00JIaIal0T BBIPA’KEHHBIMHU ITPOTHBOBUPYC-
HBIMH CBOWCTBAMHU, B YaCTHOCTH IpoTuB SARS-
CoV-2. Tak, nmpou3BOfHBIE XWHA30JWHOHA CIO-
cobubl mHrHbOuposaTh cuHTe3 PHK, 006ycioBieH-
HBIN PHK-3aBucumomn PHK-nmotumepa3soii
SARS-CoV-2. Takxke Oblyta OTMeYeHa HU3Kasl TOK-
CHUYHOCTD JAHHBIX coeAUHeHUH [6]. VimeroTea maH-
HbIE, YKa3bIBAOIIIHE, YTO HEKOTOPHIE IPOU3BOIHBIE
XHUHAB0JINH-2,4-TU0HA TPOSIBJISIOT BBICOKOE CPO/I-
ctBa K Mpro Bupyca SARS-CoV-2 [7]. Kpome Toro,
J.Y. Lee et al. (2021) mokasaHo, YTO MPOUZBOHbIE
2-aMUHOXWHA30IUH-4(3H)-0Ha CHUKaJIU YPOBEHD
WHQUIIUPOBAHUSA KJIETOK JIMHUM Vero BHpPyCaMH
SARS-CoV-2 u MERS-CoV [8]. Takke UHruOUpo-
BaTh penpoayknuio Bupyca SARS-CoV-2 cioco6HBI
MIPOU3BOJIHBIE 2-O0eH3WJIAMUHOXUHA30IMHA-4(3H)-
oHa, ipuyeM 3G GEeKTUBHOCTD JAHHBIX COETUHEHUN
Oblj1a BBIIIE aHAJIOTUYHOH V peMjiecuBUpa, papma-
KOKHHETHYECKUH MPO(PMIH KOTOPOTO OTIHYAJICS
BBICOKOH CTaOMIBHOCTHIO. Tak, JIsi JAepHUBaTOB
2-0eH3WIaMUHOXUHA30MHA-4(3H)-0Ha He ycra-

(PLpro). The main protease of SARS-CoV-2 is also
known as 3C-like protease (3CLpro). Mpro is respon-
sible for the virus-induced apoptotic signal, and
PLpro is responsible for removing ubiquitin and
ISG15 from host cell proteins, which helps coronavi-
ruses evade host innate immune responses. Thus,
the inhibitory effect on these proteases of SARS-
CoV-2 can reduce the activity of viral replication and
lead to impairment of regulatory signal transduction
in infected cells [3].

New anti-SARS-CoV-2 compounds may be
pyrimidine derivatives. Pyrimidine derivatives are
known to exhibit a wide range of biological activity.
In particular, for some representatives of this family
of chemical compounds, a pronounced antiviral
effect was established (zidovudine, lamivudine, tri-
fluridine, acyclovir) which is used in medical practice
for the treatment and prevention of viral diseases
[4]. Among the pyrimidine derivatives, a group of
organic compounds can be distinguished in the
structure of which the pyrimidine heterocycle is
benzanylated — these are quinazolinone derivatives
[5]. There is an extensive evidence indicating that
quinazolinone derivatives have pronounced antiviral
properties, in particular against SARS-CoV-2. Thus,
quinazolinone derivatives are able to inhibit RNA
synthesis caused by the RNA-dependent RNA poly-
merase of SARS-CoV-2. The low toxicity of these
compounds was also noted [6]. There is evidence
indicating that some derivatives of quinazoline-2,4-
dione exhibit high affinity for Mpro of the SARS-
CoV-2 virus [7]. In addition, Lee et al. (2021) showed
that derivatives of 2-aminoquinazoline-4(3H)-one
reduced the level of infection of Vero cells by SARS-
CoV-2 and MERS-CoV viruses [8]. Also, derivatives
of 2-benzylaminoquinazoline-4(3H)-one are able to
inhibit the propagation of the SARS-CoV-2 virus,
and the effectiveness of these compounds was higher
than that of remdesivir, whose pharmacokinetic pro-
file was highly stable. Thus, for 2-benzylaminoquin-
azoline-4(3H)-one derivatives, the interaction
(induction-inhibition) with isoenzymes of the cyto-
chrome P450 system has not been established [9]. In
this regard, the development of new compounds with
the quinazolinone ring is a promising direction for
the search for highly effective antiviral agents, in par-
ticular, for the treatment of coronavirus infection
caused by SARS-CoV-2.

AIM OF THE RESEARCH

Evaluation of the potential inhibitory properties
of new 6,7-dimethoxyquinazoline-4(3H)-one deriva-
tives in relation to the main and papain-like prote-
ases of SARS-CoV-2.
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HOBJIEHO B3aMMOJIEHcTBHE C H30(pepMeHTaMu
cucreMBbl IUTOXpoMa P450 Ha ypoBHE HMHIYKIUU-
nHrubunuy [9]. B cBA3u ¢ aTUM paspaboTKka HOBBIX
COeIMHEHUH € AIPOM XMHA30JIMHOHA SABJIAETCSA Tep-
CIIEKTHBHBIM HaIlpaBJIEHHEM JJI IIOMCKA BBICOKO-
3¢ dEeKTUBHBIX TPOTHBOBUPYCHBIX CPE/CTB, B YaCT-
HOCTHU JJId JledeHUsA KOPOHABUPYCHON WH(}eKIUH,
BbI3BaHHOH SARS-CoV-2.

ITEJIb NCCJIEAJOBAHUA

OmeHka  MOTEHIWMAJIbHBIX  HHTHOUPYIONIUX
CBOHCTB HOBBIX ITPOU3BOJHBIX 6,7-THMMETOKCUXHUHA-
30uH-4(3H)-0Ha B OTHOIIIEHUH OCHOBHOM U ITaIau-
Homo00HoI TpoTead SARS-CoV-2.

MATEPUAJIBI 1 METO/bI

OO6BEeKTHI HCCIe0BAHUA — HOBbIE IIPOU3BOIHBIE
6,7-TUMeTOKCUXUHA30IuH-4(3H)-0Ha ¢ ocTaTKamu
aMUHOKHUCJIOT W JUIENTHoB. VX mosiyyeHue ocy-
IECTBJISITIOCH U3 KOMMEPYECKH IOCTYITHOM 2-aMUHO-
4,5-TuMeToKcubeH30UHON Kucaothl (98%, CAS
HOMep: 5653-40-7, Acros Organics, besbrus), Koro-
PYI0 Ha IIepBOM 3Talle CHHTE3a reTePOIIUKIN30BATH
Jl0 2-aJIKUJI-6,7-TUMETOKCH-3,1-0eH30KCA3UH-4-
OHOB (2a—2¢) MyTeM KHUIISTYEHUS] UCXOTHOTO COETH-
HEHHs B U30BITKE COOTBETCTBYIOIIETO AHTHUPHUIA.
CoeauHeHus1 3a—3j MOJIy4Yaayd IyTeM B3aUMOJEH-
CTBUSI CHHTE3UPOBAHHBIX OEH30KCa3NMHOHOB (2a—2¢)
¢ IVIMOMHOM, TIHNWI-TJIMIIMHOM, [JIHIMI-JIeHIH-
HOM W IIHUII-Tpuntodpanom B cpeme JIYK (mezms-
Hasl YKCYCHAs KHCJIOTA) IPHU 100aBIeHUU 0.5 M
numetrwidopmamusa (JIM®OA) (puc. 1).

[Monyuenue 2-beHUN-6,7-TUMETOKCH-3,1-0€H30-
KcasuH-4-0oHa (2d) u 2-mMeTuiI-6,7-AUMETOKCH-3,1-
OeH30KCa3WH-4-0Ha (2€) OCYIIEeCTBIISIIOCH Yepes
CTa/iMI0 cuHTe3a aMuioB (4a—4b) myrem B3ammo-
JIEUCTBUSA 2-aMUHO-4,5-AUMETOKCHOEH30MHOM KHC-
JIOTBI C XJIOpaHTHApUaMH. Jlajiee CHHTE3 I1eJIEBBIX
COeIMHEHUH MPOBOAWIICA aHAJOTHYHBIM 00paszom,
KaK B ciIydae coenmHeHU# 3a—3j (puc. 2). Bosee
OAPOOHO pe3ysIbTaThl CHHTE3A OIIMCAHBI B [10].

OneHKa HWHTHOUPYIOIIEN AKTUBHOCTH
MOJIyYeHHBIX COeIVUHEHUIl B OTHOIIEHUU
riIaBHOM nmporeas3bl SARS-CoV-2

20 MT HCC/IeyeMOTO COeTUHEHUs PACTBOPSIN B
numetrwicyibdokcune (IMCO) 7m0 mosydeHus
MaTOYHOTO pacTBOpa C KOHIIEHTpalued 1 Mr/mil.
Jlajiee IPUTOTOBJISJIN CEPUIO BYKPATHBIX pa3Bejie-
Huil (pactBopurtesnb — JIMCO) ¢ KOHEUYHBIM COJIEP-
JKaHUEM HCCJIETyeMOTO COeUHEHUs 500, 250, 125,
62.5, 31.25, 15.625 u 7.8125 MKr/MJI. B Mukporias-
metT BHOCHIA 20 MKM Mpro SARS-CoV-2 (Sigma-
Aldrich, T'epmanus) B 06beMe 100 MKJI, 100aBIISLIN

MATERIALS AND METHODS

The objects of study are new 6,7-dimethoxyquin-
azoline-4(3H)-one derivatives with amino acid resi-
dues and dipeptide fragments. They were obtained
from commercially available 2-amino-4,5-dime-
thoxybenzoic acid (98%, CAS Registry Number
5653-40-7, Acros Organics, Belgium), which was
cyclized into 2-alkyl-6,7-dimethoxy-3,1-benzoxa-
zine-4-ones (2a—2c) by boiling the parent com-
pound at the first stage of synthesis in excess of the
appropriate anhydride. Compounds 3a—3j were
obtained by reaction of synthesized benzoxazinones
(2a—2c¢) with glycine, glycyl-glycine, glycyl-leucine
and glycyl-tryptophan in GAA (glacial acetic acid)
with the addition of 0.5 ml dimethylformamide
(DMF) (Fig. 1).

The preparation of 2-phenyl-6,7-dimethoxy-3,1-
benzoxazine-4-one (2d) and 2-methyl-6,7-dime-
thoxy-3,1-benzoxazine-4-one (2e) was carried out
via the synthesis of amides (4a—4b) by reaction of
2-amino-4,5-dimethoxybenzoic acid with acid chlo-
ride. Further, the synthesis of target compounds was
carried out in the same way as in the case of com-
pounds 3a—3j (Fig. 2). The synthesis results are
described in more detail in [10].

Evaluation of the inhibitory effect of the
obtained compounds on the main protease of
SARS-CoV-2

The tested compound (20 mg) was dissolved in
dimethyl sulfoxide (DMSO) to obtain a stock solu-
tion with a concentration of 1 mg/ml. Next, a two-
fold dilution series (solvent — DMSO) was pre-
pared with the final concentration of the com-
pound of 500, 250, 125, 62.5, 31.25, 15.625 and
7.8125 ug/ml. To a microplate, 20 uM of SARS-
CoV-2 Mpro (Sigma-Aldrich, Germany) in a vol-
ume of 100 ul were added; 100 pl of a twofold-
diluted solution of the tested compound was
added. The resulting mixture was incubated for
10 minutes at a temperature of 37°C, after which a
chromogenic peptide substrate Thr-Ser-Ala-Val-
Leu-GIln-pNA (Sigma-Aldrich) was introduced
into the analyzed medium at a final concentration
of 40 M and re-incubated for 20 minutes at a
similar temperature regimen. Simultaneously, a
control sample was placed with a solution of
DMSO + SARS-CoV-2 Mpro + substrate and a
blank with water for injection. The optical density
of the obtained mixtures was recorded at 405 nm
using an Infinite F50 microplate reader (Tecan,
Austria). The degree of inhibition of enzymatic
activity was calculated by the difference in the
optical density of the test/control and blank sam-
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Fig. 1. Synthesis of compounds 3a—3j (GAA — glacial acetic acid; DMF — dimethylformamide)
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2d; R, =-CH, 3k; R, =-CH,; R, = -CH,COOH
2¢; R, =-Ph 3l; R, = Ph; R,=-CH,COOH

3m; R, =Ph; R,=-C,H,COOH

Puc. 2. Cxema cunresa coequuenuii 3k—3m (JIVK — snensanas ykcycnas kuciora; IM®A — qumerripopmMmamu)
Fig. 2. Synthesis of 3k—3m compounds (GAA — glacial acetic acid; DMF — dimethylformamide)
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100 MKJI pacTBOpa ABYKPATHBIX Pa3BeAeHUN Hcce-
ZyeMoro coefinHeHus. I1oJIy4eHHYI0 cMech HHKYOU-
poBaIM 10 MUH IIpH TemIieparype 37 °C, mocjie 4ero
B AHATH3UPYEMYIO CPeAy BHOCIJIM XPOMOTEHHBIHI
mentugHbI  cyberpar  Thr-Ser-Ala-Val-Leu-Gln-
pNA (Sigma-Aldrich) B xoHeuHOI KOHIIEHTpaIUU
40 MKM U MOBTOPHO MHKYOMPOBAJIM 20 MUH B aHA-
JIOTUYHOM TEMIEPATypHOM pekuMe. [lapasuiesibHO
CTaBWJIM KOHTPOJIBHYI0O TIpoOy € PacTBOPOM
JIMCO + Mpro SARS-CoV-2 + cybeTpar U XOJI0CTYI0
po0y ¢ BOJOH ISl UHBEKIUNA. ONTUYECKYIO TLIOT-
HOCTH IIOJIyUeHHBIX CMeCel PerucTPUPOBAIH IIPHU
405 HM C UCIOJIb30BAaHHEM CHUCTEMBI MHKDOILIAH-
meTtHoro puzepa Infinite F50 (Tecan, ABcrpus).
Crenenb UHTUOUpPOBaHUS (PePMEHTATUBHON aKTHUB-
HOCTH PACCUUTHIBAIIM II0 PA3HUIE ONTUUIECKOH
IUIOTHOCTH OIBITHON/KOHTPOJIBHOH U  XOJIOCTOH
npo6 B mporeHTaXx. Ha OCHOBaHHMH IOJyYeHHBIX
Ppe3yIbTaTOB CTPOMIN KPUBYIO 3aBUCUMOCTH « MHTH-
Oupymolnas akTUBHOCTH — logC» U paccUuTHIBATIN
koappunuent noaynarubunuu (IC, ) B MxM/Mi
MEeTO/IOM IpoOUT-aHaIM3a. Bee TeCThI BBITIOJIHEHBI B
TPUILUIETHOM BapuaHTe ¢ pacuyeToM M + SEM (cpen-
Hee + CTaHJIJapTHAas OIINOKa cpeaHero) [11].

OneHka UWHIHOUPYIOINEl AaKTHBHOCTU
MOJIyY€HHBIX COE€IVUHEHUIl B OTHOUIEHUU
mananHonmoao0HoM nmporea3bl SARS-CoV-2

20 MT HUCC/IelyeMOro COeJUHEHHUs PACTBOPSIU B
JAMCO 10 nosydeHHsA MaTOYHOTO pPacTBOpa ¢ KOH-
IeHTpanuei 1 Mmr/mi. Jlajee MIPUTOTOBJISIIN CEPHIO
JIBYKpaTHBIX pa3BeneHni (pacroputesns — JIMCO) ¢
KOHEUHBIM COJIEPKAHMEM HCCIIEyEMOTO COeIMHe-
HUA 500, 250, 125, 62.5, 31.25, 15.625 u 7.8125 MKT/
MmiI. B mukpomsanmer BHocuiau 20 MKM PLpro
SARS-CoV-2 (Sigma-Aldrich, 'epmanus) B o6beme
10 MKJI, 06ABJISIN 10 MKJI PAacTBOpa ABYKPATHBIX
pasBezieHU uccaenyeMoro coeauHeHus. IlomyyueH-
HYI0 CMeCh UHKYOHUPOBAIN 10 MUH IIPU TEMIIEPATYPE
37 °C, mmocJie 4ero B aHAUIM3UPYEMYIO CPeTy BHOCHIIH
XpOMOTeHHbIH  cyberpar  PLpro  ubiquitinated
substrate (BPS Bioscience, Inc., CIITA) B KOHEYHOH
KOHIIEHTpauu 20 MKM U JOBOAIIIN JI0 200 MKJI
Ooydepubim pactsopom 20 MM HEPES pH 6.0 +
+ 0.4 MM BTUIEHAUAMUHTETPAYKCYCHOU KHUCJIOTHI
(BATA) + 1 MM JUTHOTPEHUTON + 1% TJIMIEPUH.
ITosy4yeHHy!0O CMech IIOBTOPHO WHKYOHPOBAIHN
60 MUH B aHAJIOTUYHOM TEMIIEPATYPHOM pEKHME.
[TapastesTbHO CTAaBWIM KOHTPOJIBHYIO IPO0OY ¢ pac-
tBopoM /JIMCO + PLpro SARS-CoV-2 + cyberpat u
XOJIOCTYIO TIPOOY C BOZOW JTsA MHBEKIUH. OnTude-
CKYIO IJIOTHOCTH ITOJIyYeHHBIX CMeCel perucTpupo-
BUIN NIpU 450 HM C UCIOJIb30BAHUEM CHCTEMBI
MUKpOIUIaHIeTHOro pusepa Infinite F50. Crenenn

ples as a percentage. Based on the results obtained,
the inhibitory activity—logC curve was plotted and
the half maximal inhibitory concentration (ICSO),
uM/ml was calculated using probit assay. All tests
were performed as a triplet series with the calcula-
tion of M + SEM (mean + standard error of the
mean) [11].

Evaluation of the inhibitory effect of the
obtained compounds on the papain-like pro-
tease of SARS-CoV-2

The tested compound (20 mg) was dissolved in
DMSO to obtain a stock solution with a concentra-
tion of 1 mg/ml. Next, a twofold-dilution series
(with DMSO as a solvent) was prepared with the
final contentration of the test compound of 500,
250, 125, 62.5, 31.25, 15.625 and 7.8125 pg/ml. To
the microplate, 20 pyM of SARS-CoV-2 PLpro
(Sigma-Aldrich, Germany) in a volume of 10 pl
were added; then, 10 pl of a solution of twofold
dilution of the test compound was added. The
resulting mixture was incubated for 10 minutes at a
temperature of 37°C. After that, a chromogenic
ubiquitinated PLpro substrate (BPS Bioscience,
Inc., USA) was introduced into the analyzed
medium at a final contentration of 20 uM and was
made up to 200 pul with a buffer solution of 20 mM
HEPES pH 6.0 + 0.4 mM ethylenediaminetetraace-
tic acid (EDTA) + 1 mM dithiotreitol + 1% glycerin.
The resulting mixture was re-incubated for 60 min-
utes in a similar temperature regimen. Simultane-
ously, a control sample with a solution of DMSO +
SARS-CoV-2 PLpro + substrate and a blank with
water for injection were placed. The optical density
of the obtained mixtures was recorded at 450 nm
using an Infinite F50 microplate reader. The degree
of inhibition of enzymatic activity was calculated
by the difference in the optical density of the exper-
imental/control and blank samples as a percent-
age. Based on the results obtained, the dependence
inhibitory activity—logC curve was plotted and IC_|
in uM/ml was calculated using probit assay. All
tests were performed as a triplicate series with the
calculation of M + SEM [1].

RESULTS AND DISCUSSION

The results of the evaluation of the inhibitory
activity of the synthesized compounds in relation to
the main and papain-like proteases of SARS-CoV-2
are presented in Table 1. The basic structure of the
analyzed compounds is shown in Fig. 3.

As Table 1 shows, the obtained compounds
exhibit greater inhibitory effect on the papain-like
protease. In addition, compounds 3e, 3g and 3h
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WHTUOMPOBaHUA (epMEHTATUBHON aKTUBHOCTHU pac-
CUUTBHIBAIM II0 PA3HUIE ONTUYECKON IIJIOTHOCTH
OTIBITHOM / KOHTPOJIBHOM ¥ XOJIOCTOH ITPO6 B IIPOIIEH-
Tax. Ha ocHOBaHMY IOJIy9eHHBIX PE3YIBTATOB CTPO-
WA KPUBYIO 3aBUCUMOCTU « MHTHOWPYIOIAS AKTHB-
HocTh — logC» wm paccuuTbiBasin KO3 GUITHEHT
nosnynarubuimn (IC ) B MkM/M1 MeTogoM npo6uT-
aHanm3a. Bce TecThl BBINIOJHEHBI B TPUILJIETHOM
Bapuasre ¢ pacuetom M + SEM [1].

PE3YJ/IBTATDBI 1 OBCY KAEHUE

Pe3ysibTaThl OIEHKH WHTHUOUPYIOIIEH aKTHUBHO-
CTH CHHTE3NPOBAHHBIX COEUHEHUH B OTHOLIEHUU
OCHOBHOU U MamamHONo[00HON mporea3bl SARS-
CoV-2 npencrasieHs! B Tab. 1. bazoBas cTpykrypa
QHUINBUPYEMBIX COeMHEHUH IpescTaBiieHa Ha
puc. 3.

Kak BuJHO U3 JaHHBIX, IPECTABJIEHHBIX B
TabJI. 1, IOJIyYeHHbIE COEUHEHUS IPOABIIAIN OO~
IIyI0 WHTUOUPYIOIIYI0 AKTUBHOCTh B OTHOIIEHUH
MMananHONOI00HOU TpoTeasbl. [Ipu 3TOM coeuHe-
HUud 3e, 3g U 3h B pAny msydyaeMbIX OKazbIBAIU
MaKCUMaJIbHO BhIpakeHHBIHN a(pdekT. B TO ke Bpems
coenuHenue 3h 3HaUNTEIPHO HHTUOUPOBAJIO AKTHB-
HOCTb Mpro, ocTajbHble COEIUHEHUS IIPOSBIIIN
MEHBIIIYI0 aKTUBHOCTh. OI[eHKa BJINAHUA PACTBOPH-
tesist (JIMCO) Ha akTUBHOCTH ITpoTead SARS-CoV-2
[I0OKA3aJI0 OTCYTCTBUE 3HAUUMOro Jetictusa JIMCO
Ha aKTUBHOCTH Kak Mpro, Tak u PLpro, 4yTo uckiro-
YyaeT BO3/IeHCTBHE PACTBOPUTEA HA (PapMaKOJIOTH-
yecKkre CBOHCTBa M3ydaeMbIx BellecTB. Kax

in a number of studied ones had the most pro-
nounced effect. At the same time, the compound
3h significantly inhibited the activity of Mpro, the
rest compounds were less active. Evaluation of the
effect of the solvent (DMSO) on the activity of
SARS-CoV-2 proteases showed the absence of a
significant influence of DMSO on the activity of
both Mpro and PLpro, which excludes the effect of
the solvent on the pharmacological properties of
the substances studied. It is known that the deve-
lopment of new candidate molecules for inhibitors
of viral SARS-CoV-2 proteases started almost
immediately after the discovery of the virus struc-
ture. The first crystal structure of SARS-CoV-2
Mpro was determined in early 2020 in combina-
tion with inhibitor N3. In many ways, it was the
structure of N3 that provided the search direction
for new Mpro inhibitors [6]. Currently, ebselen,
tideglusib, shikonin, PX-12 and TDZD-8 are at the
stage of preclinical and clinical trials. Of these,
ebselen was the strongest Mpro inhibitor with
IC,, = 0.67 pM. Later, more active compounds
were synthesized, for example, ligand 11r (IC_, =
= 0.18 uM) [12]. Interestingly that the papain-like
protease of SARS-CoV-2 is not as well studied as
Mpro, which may be due to the nonspecific nature
of the action of this enzyme [13].

It is worth noting that the synthesis of the leader
compound 3h is a relatively simple process in
which commercially available reagents and low-
toxic solvents are used, which allows further to

Ta6smua 1. UHrubupyoias akTHBHOCTb coeiIMHeHUH 3a-3m B oTHoweHuH Mpro u PLpro SARS-CoV-2
Table 1. Inhibitory effect of compounds 3a-3m on Mpro and PLpro of SARS-CoV-2

Coegunenue R R IC,,, MKM/mu1 (uM/ml)

Compound 1 2 Mpro PLpro

3a Et [nu / Gly 0.090 + 0.008 0.080 + 0.002
3b Et [nu-Tnu / Gly-Gly 0.090 £ 0.008 0.070 £ 0.004
3c Et [nu-Jlew / Gly-Ley 0.100 + 0.007 0.070+ 0.004
3d Et [mu-Tpu / Gly-Try 0.080 + 0.009 0.050 £ 0.006
3e n-P [nu / Gly 0.062 £ 0.002 0.016 +0.001
3f n-P [nu-Tnu / Gly-Gly 0.081 £ 0.005 0.025 £ 0.007
3g n-P [nu-Jlew / Gly-Ley 0.032 +0.009 0.018 + 0.001
3h n-P [nu-Tpu / Gly-Try 0.012 £ 0.005 0.013 £ 0.009
3i i-P [nu-Tnu / Gly-Gly 0.098 + 0.008 0.041 +0.001
3j i-P [nu-Jleii / Gly-Ley 0.062 + 0.004 0.074 £ 0.004
3k Me Inu / Gly 0.046 +0.001 0.023 £ 0.002
31 Ph [nu / Gly 0.090 + 0.004 0.070 £ 0.007
3m Ph B-Ana / B-Ala 0.100 + 0.007 0.100 £ 0.003
JAMCO / DMSO - - 1.79 x 10® 1.95 x 10?

Ipumeuanue. JMCO-gumeruncynbPpokcus,.

N o t e . DMSO - dimethylsulfoxide.
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Puc. 3. bazoBas cTpyKTypa aHAIU3UPYEMbIX COEeTMHEHUH
Fig. 3. Basic structure of the analyzed compounds

HU3BECTHO, Pa3paboTKa HOBBIX MOJIEKYJI-KaH/IU/IATOB
UHTUOUTOPOB BUPYCHBIX IpoTead SARS-CoV-2 crap-
TOBaJIA TNPAKTUYECKU cCpa3y IIOCJie OIpeiesIeHuUs
cTpoeHus Bupyca. [lepBas KpucTa/utimaeckas CTpyK-
Typa Mpro SARS-CoV-2 6bL1a oripeziesieHa B HauasIe
2020 T. B KoMIuIeKkce ¢ uaruouropom N3. Bo mHo-
roM HMEHHO CTPyKTypa N3 ompezenuia BeKTOD
IIOVICKa HOBBIX MHruOUTOpoB Mpro [6]. B HacrosIee
BpeMs Ha CTAJUU JOKIUHUYECKUX U KIUHUUECKUX
HCITBITAHUH HAXOJATCS D0CesIEH, TUIETIIYCHO, KO-
HuH, PX-12 u TDZD-8. 13 Hux s36cejied ObLI caMbIM
CUJIbHBIM HHTHOUTOpOM Mpro c IC, = 0.67 MkM.
B nanpHelineM ObLTH CUHTE3UPOBAHBI 00JIee aKTHUB-
Hble COe/MHEeHMs, Hanpumep, quranz 1ir (IC =
= 0.18 MkM) [12]. CTOUT OTMETHUTH, YTO MATIANHOIIO-
nobuas mporeasa SARS-CoV-2 sBiserca 06beKTOM
He CTOJIb IPUCTAJIBHOTO M3y4deHU:d, Kak Mpro, 4To
MOZKET OBITH CBSI3aHO C HecllennpUUeCKIM XapaKTe-
pOM JieiicTBUs TaHHOTO (hepMeHTa [13].

CTouT OTMeTHUTb, YTO CHHTE3 COeJUHEHU-
nunepa 3h mpencrapiser co60il B IIaHe HECTIOMXK-
HBIU MIPOIIECC, B XO/I€ KOTOPOTO HCIIOIB3YIOTCI KOM-
MepuecKHU JIOCTYIIHbIe PeaKTUBBI U MaJOTOKCUYHbIE
PaCTBOPUTEJIH, UTO MO3BOJISIET B JJAJIbHEHIIIEM Mac-
mTabupoBaTh METOAUKY IIOJIyYEeHHS IEePCIeKTHB-
HoTO BelectBa. IIpu sTom B crpykType 3h npucyt-
CTBYET OCTAaTOK IJIMIWI-TPUNTO(AaHA, YTO MOXKET
00yCIOBINBATh Y COEAMHEHUS IepeOpPOIIPOTEKTOP-
Hble CBOWcTBa [14]. Hasmuwme mepebpompoTekTop-
HOH aKTUBHOCTH y coenuHeHus 3h sBisercs Bax-
HBIM  JIOIOJIHUTEJBHBIM  (HapMaKOJIOTUYECKIM
3(pdexToM, CHOCOOCTBYIOIIUM 3aIlUTe I[eHTPasIb-
Hoii HepBHOHU cucrembl (ITHC) mpu Bo3spociiei
BUPYCHOH HAarpyske Ha OpraHHU3M, YTO OCOOEHHO
BaXXHO B KoHTekcTe koppekuuu SARS-CoV-2-
acconuupoBanHoro mnopaxkenus I[HHC [15]. Tem
cambIM coequHenre 3h, comepikaliee U30MPOIIIIb-
HBIH pafiuKay U JUIENTHJ IUINIUWI-TPUITO(daH,
MOKHO pacCMaTPUBATh B KAUECTBE IEPCIIEKTUBHOTO
KaHAuAaTa I pa3paboTKu HOBOTO BBICOKOI(deEK-
TUBHOTO IIPOTUBOBUPYCHOTO CPE/ICTBA.

Takum o6pa3oM, wu3yyaeMble ITPOU3BOIHBIE
6,7-IUMEeTOKCUXUHA30INH-4(3H)-0Ha  SIBJISIOTCS
IepCIEKTUBHBIMU MOJIEKyJIaMU-KaHAUAaTaMU I

scale up the method for obtaining a promising sub-
stance. At the same time, a glycyl-tryptophan resi-
due is present in the 3h structure, which may cause
cerebroprotective effect of the compound [14]. The
presence of cerebroprotective activity of the com-
pound 3h is an important additional pharmacolog-
ical effect that contributes to the protection of the
central nervous system (CNS) in the setting of
increased viral load, which is especially important
in the context of correction of SARS-CoV-2-associ-
ated CNS damage [15]. Thus, the compound 3h
containing the isopropyl radical and the glycyl-
tryptophan dipeptide can be considered as a prom-
ising candidate for the development of a new highly
effective antiviral drug.

Thus, the studied derivatives of 6,7-dimethoxy-
quinazoline-4(3H)-one are promising candidate
molecules for the further development of anti-SARS-
CoV-2 drugs, since the inhibitory activity of these
compounds against viral proteases exceeds current
analogues, the activity of which is described in the
literature.

CONCLUSION

Several new derivatives of 6,7-dimethoxyquinaz-
oline-4(3H)-one containing amino acid residues and
peptide fragments have been synthesized. They have
shown strong inhibitory effect on the main and
papain-like proteases of SARS-CoV-2. Thus, these
compounds can be considered as candidates for the
development of anti-COVID-19 drugs, while the
most promising of a number of substances being
evaluated is 3h compound, with the isopropyl sub-
stituent and the glycyl-tryptophan dipeptide in its
structure.
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JlastbHenIe pazpaborku aHTH-SARS-CoV-2 nmpena-
paToB, MOCKOJIBKY HHTHOUPYIOIAsi aKTUBHOCTD JIaH-
HBIX COeIMHEHUU B OTHOIIEHWH BUPYCHBIX IIPOTEA3
MIPEBOCXOUT CYLIECTBYIOIINE aHAJIOTH, aKTUBHOCTD
KOTOPBIX OTMCAaHA B COOTBETCTBYIOIIUX JINTEPATYP-
HBIX UCTOYHUKAX.

3AK/IIOYEHUE

CHHTE3UpOBaH PAJI HOBBIX  ITPOU3BOJHBIX
6,7-TUMeTOKCUXUHA30MuH-4(3H)-0Ha,  cojeprka-
IUX OCTAaTKH AMUHOKHUCJIOT U IENTHOB, KOTOPBIE
[TOKA3aJIM BBICOKYIO HMHTUOUPYIOIIYI0 aKTUBHOCTD 110
OTHOIIIEHUIO K TJIABHOU U IMAlalHOMO00HOU MpOo-
teazaM SARS-CoV-2. Takum o6pasom, JaHHBIE coe-
JIMHEHUS MOXKHO PacCMaTPUBATh B KAUECTBE KaH/U-
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