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Introduction. Currently, low molecular-weight compounds are being developed as potential inhibitors of CoVs
replication, targeting various stages of the replication cycle, such as major protease inhibitors and nucleoside
analogs. Viroporins can be alternative protein targets.

The aim of this study is to identify antiviral properties of histidine derivatives with cage substituents in relation to
pandemic strain SARS-CoV-2 in vitro.

Materials and methods. Combination of histidine with aminoadamantane and boron cluster anion [B,H, I*
(compounds I-IV) was carried out by classical peptide synthesis. Compound were identified by modern
physicochemical methods. Antiviral properties were studied in vitro on a monolayer of Vero E6 cells infected with
SARS-CoV-2 (alpha strain) with simultaneous administration of compounds and virus.

Results. Derivatives of amino acid histidine with carbocycles and boron cluster were synthesized and their antiviral
activity against SARS-CoV-2 was studied in vitro. Histidine derivatives with carbocycles and [B, H, > have the
ability to suppress virus replication. The solubility of substances in agueous media can be increased due to
formation of hydrochloride or sodium salt.

Discussion. 2HCI*H-His-Rim (I) showed some effect of suppressing replication of SARS-CoV-2 at a viral load of
100 doses and concentration 31.2 ug/ml. This is explained by the weakly basic properties of compound 1.
Conclusion. The presented synthetic compounds showed moderate antiviral activity against SARS-CoV-2. The
obtained compounds can be used as model structures for creating new direct-acting drugs against modern strains
of coronaviruses.
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MpoTBOBUpPYCHLIE CBOMCTBA CUHTETUYECKUX
NPOU3BOAHLIX TMCTUAMNHA, CoAepXKalMX B CBOEN MOneKyne
MeMOpPaHOTPOMNHbIE 00 BEMHbLIE KapOOLMKNbI, B OTHOLIEHUHN
Bupyca SARS-CoV-2 in vitro

Mapaes T.M.", [pebeHHnkoBa T.B.', ABoeeBa B.B.?2, Jlebenesa B.B.", Jlapnuer B.®.!

'depepanbHbIfi Hay4YHO-MUCCNEQOBATENBCKUI LEHTP ANMAEMMUONOMMU U MUKPOBMOMOrMN UMEHUN NOYETHOIO akageMuKa
H.®. Mamanen, 123098, r. Mockea, Poccus;

2MHCTUTYT 06LUeit u HeopraHuyecko xummmn umenn H.C. KypHakoBa Poccuiickon akagemun Hayk, 119991, r. Mockea,
Poccus

BBepeHue. B HacTosilee BpeMs pa3pabaTbiBaeTcst LENbIA pSg HU3KOMOMNEKYNSIPHbIX COEAUHEHWI B KayecTBe
noTeHumanbHbIX MHIMBUTOpoB pennukauum CoVs, HanpaeneHHbIX Ha pasnuyHble aTanbl PennKaLuMoHHOro Lukna,
TaKne Kak MHMMOMTOPblI OCHOBHOW NpoTeasbl U aHanoru Hykneo3maos. AnNsTepHaTUBHOM 6ENKOBOV MULLEHbBIO MOTYT
BbICTYNaTb BUPOMOPUHbI.

Llenb nccnepoBaHus — BbISIBNEHWE NPOTMBOBMPYCHBIX CBOWCTB NMPOM3BOAHbLIX MCTUAMHA C KapKacHbIMK 3ame-
CTUTENAMU B OTHOLLEHMM NaH4EeMUYECKoro Wwtamma kopoHasmpyca SARS-CoV-2 in vitro.

MaTepuanb! n metoabl. [MonyyeHne coeguHeHNs rmcTuanHa ¢ ammHoagamaHTaHoOM U AeKarnapo-Ki030-aekabo-
paTHbIM aHnoHoMm [B, H, ] npoBeneHo MeToAamm Knaccuyeckoro nentuaHoro cuHTesa. CTpykTypa coeamHeHus
noaTBepXaeHa COBPEMEHHbIMU (DU3MKO-XMMUYECKMMIN MeToAamMu. MNpOTUBOBUPYCHbIE CBOMCTBA CUHTETUYECKMX
COeOUHEHUI n3yyeHsl in vitro Ha MoHocroe kneTtok Vero E6, nHdunumnpoBaHHbix SARS-CoV-2 (wtamm anbda), npu
OOHOMOMEHTHOM BHECEHUW COEAMHEHUI N BUpYCa.

Pe3synbratbl. CMHTE3MPOBaHbl NPOVN3BOAHbLIE aMUHOKUCIIOTHI TMCTUAMHA C kKapbounknaMmm n KnacTepHbIMU aHWO-
Hamu 6opa, 1 uccnegoBaHa Ux NPOTUBOBMPYCHAsA aKTUBHOCTb B OTHOLLEHMU kopoHaBupyca SARS-CoV-2 in vitro.
Ha KneTo4HbIX KynbTypax nokasaHo, 4To NMpoun3BOAHbIE TMCTUANHA C KapboLuuknamm n KnacTepHbIM aHMoOHOM 6opa
[B,,H,,J* 0bnapatoT cnocobHOCTLI0 NOAaBNATL pennnkaumio Bupyca. Takke Gbina nokasaHa BO3MOXHOCTb yBenu-
YeHWs pacTBOPMMOCTU CybCTaHLMKN B BOAHBLIX Ccpefax 3a CHET obpa3oBaHuns xnopruapara unu HaTpreson Conu.
O6cyxpeHue. CoegnHerune | 2HCI*H-His-Rim nposiBnsno HekoTopki addekT nogaBneHns pennukauum Bupyca
SARS-CoV-2 npu BupycHown Harpyske 100 fo3 u koHUeHTpauun 31,2 mkr/mn. Hanbonee ovyeBuaHbIM OOBSCHEHW-
€M NPOTUBOBUPYCHOIO AENCTBUS coeauHeHns | Ha yrHeTeHne pennukauumn SARS-CoV-2 B akcnepumeHTe in vitro
MOTyT SBNATbCSA CrlaboOCHOBHLIE CBOWCTBA, KOTOPbIE NPOSIBMSIET 3TO COeAMHEHNE.

3akntouyeHue. peacraBneHHble CUHTETUYECKME COEQUHEHUS MPOSIBUNM YMEPEHHYH NMPOTUBOBUPYCHYIO aKTUB-
HOCTb B OTHOLLEHMMN BapuaHTa kopoHaBupyca SARS-CoV-2. MNMonyyeHHble coeguHeHns MOryT ObITb MCMNOMb30BaHbI
B KayecTBe MOAEMbHbIX CTPYKTYp AN CO34aHUsA HOBOrO npenapara npsiMoro AenCTBUS NMPOTUB COBPEMEHHbIX
LUITaMMOB KOPOHaBUPYCOB.

KnioueBble croBa: rpou3eodHbie adamMaHmaHa;, aMuHOKUCioma 2ucmuduH; MpomueosupycHasl akmueHOCMb;
SARS-CoV-2; knacmepHble aHUOHbI 6opa

Onsa umtupoBanusn: lNapaes T.M., pebeHHukoBa T.B., Asgeesa B.B., llebenesa B.B., Jlapnyes B.®. NpoTtneoBK-
pyCHble CBONCTBA CUHTETUYECKUX MPOU3BOAHbBIX MMCTUAMHA, CoaepXKallnx B CBOEN MONeKyne MeMbpaHoTponHbIe
06bEMHbIEe Kapbouuknbl, B 0THoweHun Bupyca SARS-CoV-2 in vitro. Bonpocsi supyconoauu. 2023; 68(1): 18-25.
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YuacTtue aBTOpoOB: Mapaes T.M. — nges Mcnonb3oBaHWA NPOM3BOAHBIX KMACTEPOB aHWOHA Gopa ¢ aMUHOKWUCNOTHBIMU
ocTaTkaMu B Ka4yecTBe MPOTMBOBUPYCHbIX CPEACTB, MOMEKYNSPHbIA An3aiH CTPYKTypbl Byayliero uHrnbmutopa, aHanma
W npefckasaHvne CBOWCTB MOMeKyn kapbouuknoB 1M GOPHOro knacrepa, 3aMeLleHHbIX aMUHOKUCNOTHBIMK OcTaTkamu,
MEeToA4aMM MOMEKYNAPHOro MOAENUPOoBaHus in Silico, CMHTE3 COeAMHEHUIN OocTaTKa rMCTMAMHA C KapOouMKIMYecKMMm
dparmeHTamu, BBEAEHNE TMCTUAMHOBOIO oparmMeHTa B BOPHbIV KnacTep 3a CYET NPOBEeAEHUS peakuun C 3aMeLLeHHbIM
npoussoaHbiM [2-B, H,OC,H,COOHJ*-, HanucaHne TekcTa ctatby; MpebeHHukosa T.B. — obuiee pykoBoACTBO M paspa-
60Tka KOHLIeNLumn NCCneaoBaHns HOBOMO Knacca COeANHEHWI, NOCTaHOBKa 3aA4a4u U KOHTPOIb Hag BbINOTHEHWEM JKCTe-
pYMeHTa, CornacoBaHne yCcrnoBuii NOCTaHOBKM 3KCNepUMeEHTa 1 aHanu3 pe3ynsraTtoB; ABgeesa B.B. — cuHTes ncexogHbix
conew Aekarnapo-Kino3o-gekabopaTtHoro aHnoHa, NpoBeaeHe MHOrocTaAunHoN yHKLMoHan3aummn 6opHoro knacrepa:
BBE[EHME B KrnacTep OKCOHMEBOro 3amectutens ¢ obpasosaHuem [B, H,OC,H ", ero HykneodunbHoe packpbitue, rv-
APOnun3 nomny4eHHoro samelleHHoro nponssogHoro [B, H,OC,H,CNJ*" c obpasoBaHnem k/1030-aekabopaTHOro aHnoHa ¢
COOH rpynnoi [B, H,0C,H,COOHI*, peaaktuposaHue TekcTa CTaTby, NEPeBof Ha aHruiicknin asbik; Nlebenesa B.B. —
KOHTPOIb 3a BbINOIHEHNEM 3KCNEePUMEHTa, CormacoBaHWe YCNoBMiA NOCTAHOBKW U Pe3yNnbTaToB 3KCNEepUMEHTa No CUHTE3Y
LieneBoro CoefiMHeHs1, onpeaeneHne cTpaTternm NpoBeAEHNUs IKCNepUMeEHTa in vitro, aHanna peaynsTaToB aKCNepUMEHTa,

penakTUpoBaHwue TekcTa cTaTbm; Jlapuues B.®. — pazpaboTka KOHLEeNUMM 1 NpoBeaeHWe 3KCNepUMeHTa in Vitro: nsyyeHve
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crneundunyeckon akTMBHOCTN NPON3BOAHBIX B OTHOLLEHUW NaHAEMUYECKOro LWTaMMma KOpOHaBupyca SARS-CoV-2 Ha kneT-

Kax KynsTypbl TkaHu Vero E6.

®duHaHcupoBaHue. VccneaoBaHve BbINOMHEHO 3a CYET rocyAapCTBEHHOro GrogxeTa.
KoHdnuKkT nHTepecoB. ABTOpPbI 3asiBMSIOT 06 OTCYTCTBMM NOTEHLMATBbHBLIX KOH(PIIMKTOB NHTEPECOB.

Moctynuna 02.11.2022
MpuHaTa B nevats 13.12.2022
Ony6nukoeaHa 30.01.2023

Introduction

Coronaviruses are zooanthroponotic viruses capable
of infecting humans and animals. Modern strains of
coronaviruses (CoVs) are capable of causing severe and
fatal illness in humans. The emergence of Severe Acute
Respiratory Syndrome (SARS) in 2002 and Middle East
Respiratory Syndrome (MERS) in 2012 highlighted the
ability of CoVs to cause fatal diseases in humans [1-4].

During the current COVID-19 pandemic [5, 6] caused
by the novel coronavirus SARS-CoV-2, containment
measures and vaccination have slowed the spread of the
infection, but have not been able to completely prevent
the disease among healthcare workers, patients and the
entire population of the planet.

In connection with the outbreak of new infectious
diseases caused by various pathogenic viruses and the
development of resistance to classical antiviral drugs,
pharmaceutical companies and numerous research
groups are looking for new antiviral agents with unique
chemical and physical properties [7, 8]. To date, there
is no approved therapeutic agent against any human
coronavirus, but a number of antiviral compounds under
investigation are currently undergoing clinical trials [9-
14]. Creating new antiviral drugs against COVID-19 is
challenging and requires significant time and effort to
develop and validate.

Currently, a number of low molecular weight
compounds are being developed as potential inhibitors of
CoVsreplication aimed at various stages of the replication
cycle [15]. Some compounds, in particular inhibitors of
the main CoVs protease, are currently undergoing the
final stages of clinical trials and are awaiting approval
from the pharmaceutical committee. This class of
compounds are peptidomimetics capable of inhibiting the
enzyme 3-chymotrypsin-like protease (3CLpro). 3CLpro
cleaves the precursor peptide at 11 sites into individual
viral proteins of the new CoVs virion [16]. Another class
of antiviral compounds is represented by nucleoside
analogues that mimic naturally occurring nucleosides to
suppress viral RNA-dependent DNA polymerase [17].

An alternative protein target can be small viral proteins
capable of forming pores in cell membranes and virus
envelopes, viroporins. Viroporin inhibitors can form a
new class of antiviral drugs that can act as an independent
drug, as in the case of Remantadine against influenza A
virus, and possibly as part of complex therapy. SARS-
CoV-2 E proteins have a polypeptide length of 76 amino
acids and have one oa-helical transmembrane domain
[18, 19]. Proteins E are capable of forming pentameric
structures with the function of ionic conduction [20].
Protein E from CoV appears to be the most likely target
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for inhibitor molecules based on adamantyl amino acids.
The adamantane carbocyclic cage as a lipophilic agent
in this case plays the role of a carrier for an amino acid
residue or another physiologically important compound.
The adamantane cage is a highly hydrophilic residue,
therefore, in some cases, it can be replaced by other
carbocycles, such as norbornene or cyclohexane [21].

We have previously shown that dichloride L-histidyl-
aminoethyladamantane (2HCI*H-His-Rim) exhibits
an antiviral effect against influenza A virus strains
resistant to Amantadine and Remantadine. Moreover,
this compound was an inhibitor of the function of the
M2 ion channel of the influenza A virus [22]. Viroporin
M2 is vital for the influenza A virus to infect the cell.
This is an ion channel built into the viral envelope
that selectively conducts hydrogen ions through itself
from the cell into the virus. The virus enters the host
cell enclosed in endosomes (membrane structures) as a
kind of bubbles. At a certain value of the acidity of the
environment, the M2 protein is activated and begins to
pump hydrogen ions, lowering the pH inside the viral
particle and thereby causing its disintegration to release
the genetic material of the virus into the cytoplasm of
the host cell.

The influenza A virus M2 protein and the CoV E protein
have a similar secondary structure, a comparable amino
acid sequence length, and also play an important role
in the virus assembly step. This suggests that these two
viroporins should be sensitive to homologous synthetic
compounds. Thus, there are all prerequisites for achieving
the effect of suppressing the function of the channel
formed by the E protein of the coronavirus, carbocyclic
derivatives of the histidine amino acid residue.

The aim of the study is to identify the antiviral properties
of histidine derivatives with cage substituents in relation
to the pandemic strain of SARS-CoV-2 coronavirus in
vitro.

Materials and methods

Synthetic compounds

The compounds under consideration were obtained
by the methods of organic and peptide synthesis
described by us earlier [21, 23, 24]. Fig. 1 shows the
structures of compounds that exhibited antiviral activity
against modern strains of influenza A virus. L-histidyl-
aminoethyladamanantane dihydrochloride (compound
I, 2HCI*H-His-Rem) [25]; a derivative of the closo-
decaborate anion with a histidine methyl ester residue as
a pendant substituent, separated from the boron cluster
by a spacer -O(CH,),CO- (compound II, Na[B H,-
O(CH,),CO-His-OMe]) [26, 27]; histidyl-dicyclohexyl
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Fig. 1. Synthetic compounds of histidine residue with bulky cage substituents.
Puc. 1. CuaTeTHYECKHE COCIMHEHHUS OCTaTKa TUCTUANHA ¢ 00BEMHBIMU KapKAaCHBIMU 3aMECTHTEISIMH.

amide dihydrochloride (compound III, 2HCI*H-His-
DCHA); histidyl-3-hydroxy-aminoethyladamantane
dihydrochloride (compound IV, 2HCI*H-His-HyRim).
Compounds III and IV are new, but were obtained in a
manner similar to that of compound I.

Virus

The studies used a strain of human coronavirus
SARS-CoV-2, passage 4, with an infectious activity
of 106 TCID50/ml for Vero E6 cells deposited and the
State Collection of Viruses of the Russian Federation
of the Federal State Budgetary Institution ‘“National
Research Center for Epidemiology and Microbiology
named after N.F. Gamaleya” of the Ministry of Health of
Russian Federation under the number No. 1301/2 GKV.

GISAID: 421275 EPI ISL

Russia/Moscow PMVL-1/2020 GISAID Clade GR

Clade 20B

The SARS-CoV-2 virus was passaged and titrated
on a Vero E6 monolayer culture. Infectious titer was
determined by the standard titration method and
calculated according to the method of Reed and Mench.
The culture fluid lysate was poured into aliquots and kept
at —70 = 10 °C until the study.

Cell culture

In the experimental work, we used a continuous cell
line of African green monkey (Chlorocebus aethiops)
kidney cells Vero E6 of the All-Russian Collection of
Cell Cultures at the Federal State Budgetary Institution
“National Research Center for Epidemiology and
Microbiology named after N.F. Gamaleya” of the Ministry
of Health of Russian Federation.

Cell cultivation was carried out on DMEM medium.
Vero E6 cells were placed at 12,000 cells/well in 96-well
culture flat-bottomed plates in a volume of 100 pl of
freshly prepared DMEM medium. Cultivated for 24 hours
at a temperature of 37 °C in an atmosphere of 5% CO,.

Evaluation of the cytotoxic effect of compounds

An experiment to evaluate the cytotoxic effect on cell
culture was carried out in the range of 12 concentrations
of the drug from 2500.0 to 0.5 pg/ml in steps of two
by triturating the initial concentration in the wells of
a 96-well plate. After cells were incubated with drugs
for 96 h at 37 °C in an atmosphere of 5% CO,, the
state of the cell monolayer was visually assessed by
comparing it with cell control (without compounds)
according to a four-cross scheme, where four crosses
correspond to 100% cell death, two crosses correspond
to 50% cytotoxic concentration (CC,)). Thus, based on
the comparison of the state of the cell monolayer without
preparations with cells containing the compounds at the
appropriate concentration, the cytotoxic effect of the
compounds on the cell monolayer was determined.

Evaluation of the antiviral activity of compounds

The assessment of viral production by cytopathic
effect (CPE) was carried out on the basis of cell viability
analysis using microscopy in order to visually determine
the boundaries of viral cell damage, as well as to control
the toxicity of substance doses.

An experiment to assess cell viability in the test for
antiviral efficacy was carried out in the concentration
range of the drug 2500.0 to 0.5 pg/ml by titrating the
initial concentration in the wells of a 96-well plate. The
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antiviral activity of the compounds was assessed visually
under a microscope 96 h after infection by inhibition of
the CPE of the virus in a Vero E6 cell culture.

Results

Compound I showed a stable effect of suppressing
the replication of the SARS-CoV-2 virus at a very nar-
row range of non-toxic concentrations of 75.0-30.0—ug/
ml and a viral load of 100 doses. The 50% cytotoxic
dose was about 70 pg/ml, the concentration to achieve
a stable antiviral effect was about 31 pg/ml (Table). To
reduce toxicity and improve the antiviral properties of
compound I, the adamantane carbocycle was replaced
by two cyclohexane residues in the form of dicyclo-
hexylamine (2HCI*H-His-DCHA, compound III). The
toxicity of compound I, indeed, was reduced several
times, CC,, was 312 pug/ml. However, the antiviral ac-
tivity of compound III is significantly lower than for
compound I and is about 156 pg/ml. At the same time,
the antiviral effect of the compound was observed only
at the border between toxic and non-toxic concentrations.
When the concentration was lowered below 156 pg/ml,
the antiviral effect of compound III disappeared. More-
over, it should be noted that the solubility of compound
III deteriorated compared to completely water-soluble
compound I. To dissolve compound III, a composition
of 10% acetonitrile, 30% of 4% PEG 1150 solution in
water, and 60% DMEM medium was used. Another way
to increase the affinity of a substance for the target protein
to form additional hydrogen bonds with the amino acid
residues of the inner pore of the protein E channel was to
add a hydroxyl group to the para position in the adaman-
tane carbocycle (compound IV).

The antiviral properties of compound IV, like com-
pound III, were manifested at higher concentrations com-
pared to compound I. Moreover, compound IV was much
less soluble in the aqueous medium than compound I.
This modification did not lead to an improvement in the
antiviral properties of compound I. At high active con-

Table. Biological properties of histidine derivatives with cage
substituents

Ta6anua. Buosiornueckne cBOMCTBA COeTMHEHHI THCTHANHA
€ KApPKaCHBbIMH 3aMeCTHTeJsIMH

CCsn’ ICso’
Ne Compound mkg/ml | mkg/ml SI
- Coenunenue CC,,, IC,,,
MKI/MJI | MKD/MJT
1 Compound I 78,1 31,2 2,5

Coenunenue 1
2HCI*H-His-Rem

2 Compound I1 19,5 9,8 2
Coenunenune 11
Na,[B, H,-O(CH,),CO-His-OMe]

3 Compound IIT 312,5 156,3 2
Coennnenue 111
2HCI*H-His-DCHA,
4 Compound IV 312,5 156,3 2

Coenunenue [V
2HCI*H-His-HyRim
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centration of the compound, there are no prospects for
obtaining a high chemotherapeutic index (at least in in
vitro experiments), which is an important factor for a
candidate compound. From previous studies comparing
the histidine compound with a boron cluster anion (com-
pound II) and compound I in relation to influenza A virus,
it was shown that compound II was slightly superior in
antiviral properties to compound I [23], the 50% inhibito-
ry dose was 3.2 pg/ml versus 7.5 pg/ml for compound I.
It is important that compound II has a high aqueous sol-
ubility, like compound I, since it is a disodium salt. Tests
of the antiviral properties of compound II against SARS-
CoV-2 showed their presence in the concentration range
0f 19.5-4.9 pg/ml.

Discussion

Compound I 2HCI*H-His-Rem showed an antivi-
ral effect against influenza A virus strains resistant to
Amantadine and Remantadine. This compound was an
inhibitor of the function of the M2 ion channel of the in-
fluenza A virus [22]. There were some prerequisites that
it would be possible to achieve the effect of suppressing
the function of the channel formed by the E protein of
the coronavirus. Protein E is poorly represented on the
surface of the virion, but it is present in large quantities
in infected cells. Protein E is mainly distributed in in-
tracellular membranes between the endoplasmic reticu-
lum (ER) and the cisterns of the Golgi complex. In these
places, it is involved in the assembly of the virus and
intracellular transport. Compound I showed some effect
of suppressing SARS-CoV-2 virus replication at a viral
load of 100 doses and a concentration of 31.2 pg/ml.
J.S. Kim et al. [28] in their in silico studies with the
well-known ion channel blocker amantadine (1-amino-
adamantane) hypothesized that amantadine blocks the
SARS-CoV-2 ion channel, preventing the release of the
viral nucleus into the cell cytoplasm. The BIO-HPC
Achilles Blind Docking Server online service was used
to perform molecular computer simulation of the dock-
ing of compound I and the crystallographic structure of
the protein channel E. This tool performs an exhaustive
series of docking calculations over the entire surface of
a protein to find sites with the best affinity for the tar-
get protein. After calculating the similarity, this service
groups the results according to the spatial overlap of the
received positions. The structural model of the ligand
(drug) was generated in HyperChem 8.0.8 software (Hy-
percube). Molecular modeling of the docking of the pro-
tein and ligand surfaces on the model of the transmem-
brane region of viroporin E (PBD: 5X29) resulted in a
positive solution, namely, the detection of compound I
at the channel constriction site surrounded by Phe26 and
Ala22 residues (Fig. 2). Compound I sterically blocks
the channel pore, which is composed of five subunits of
protein E, forming a non-covalent interaction with the
conjugation ring of phenyl radicals from Phe26 residues.
The inhibitor compound is also found between the heli-
ces of individual strands. Figure 2 shows five positions
of the molecules of compound I in the intercoil space,
and these solutions are not equivalent for each strand.
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Fig. 2. Complex of compound I with the transmembrane domain of the E protein pentamer (viroporin) of the SARS-CoV-2 coronavirus
(PDB: 5x29). Top and side views are shown. The figure shows the positions of the ligand in the channel pore and in the intercoil space of
individual subunits. The conjugation of phenyl rings from the Phe26 residues of each chain is shown, which closes and opens the channel for
directed transport of monovalent ions.

Puc. 2. Kommiekce coenunenus | ¢ TpaHcMeMOpaHHBIM ToMeHOM neHTaMepa 6enka E (Buponopunom) koponaeupyca SARS-CoV-2 (PDB:
5%29). IlpencraBineHs! BUABI CBEPXY U COOKY, TOKa3aHbI ITOJIOKEHUS JINTAH A B ITOpe KaHalla ¥ MEKCITMPAIBHOM IIPOCTPAHCTBE OTACIBHBIX
cyObeiMHuUIL, conpshkeHne GeHMITBHBIX KoJel] OT 0cTaTkoB Phe26 kax0ii 1iery, KOTOpoe 3aKphIBAaeT U OTKPHIBACT KaHAJI ISl HAIIPABIEHHOTO
TPAHCIIOPTa OJJHOBAJICHTHBIX HOHOB.

Another explanation for the antiviral effect of com-
pound I on the inhibition of SARS-CoV-2 replication in
an in vitro experiment may be the weakly basic properties
that compound I exhibits. It is known that an increase
in the pH of the endosomal content prevents the unpack-
ing of viral particles. The open amino group and the im-
idazole group act as a weak base, while the carbocycle
is able to migrate across membranes as a hydrophobic
agent. In this case, the mechanism of action of compound
I is rather similar to the action of the drug hydroxychlo-
roquine sulfate, which was used to treat patients in the
first months of the COVID-19 pandemic [29]. It is im-
portant to note that as a result of molecular modeling for
compound III on the same viroporin E model, a positive
solution was obtained, namely, the detection of the mol-
ecule at the constriction site of the pumping mechanism
(Phe26). However, the experiments carried out in vitro
for compounds I and III do not confirm the equivalent
effect of these compounds on virus replication. Most like-
ly, the antiviral effect is achieved only due to the weakly
basic properties of the histidine residue and, therefore, is
manifested only in high concentrations of compounds in
the well of the plate.

The cytotoxic effect of compound II was higher than
for compound I; on the other hand, the effective concen-
tration was lower. Complete suppression of CPE of the
virus by compound II was observed at a concentration
of 9.8 ug/ml versus 31.2 ug/ml for compound I. The
mechanism of action of compound II has not been es-
tablished. It can be assumed that the detected antiviral
properties of compound II are probably associated with
the steric features of the molecule, which make it possible
to block the function of viroporin. SARS-CoV viroporin
E is known to have ion channel activity for monovalent
cations with a 10-fold preference for sodium ions com-

pared to potassium ions [30]. Being inside the pore of the
channel, the anion of compound II has the ability to cap-
ture positively charged ions into the coordination sphere,
which disrupts the function of viroporin aimed at creat-
ing favorable homeostasis, maturation, and intracellular
transport of viral proteins.

Conclusions

The presented synthetic compounds showed moderate
antiviral activity against the SARS-CoV-2 variant of
the coronavirus. The resulting compounds can be used
as model structures for creating a new direct-acting
drug against modern coronavirus strains. Protein E
of the coronavirus appears to be the most likely target
for inhibitor molecules based on adamantyl amino
acids. Potentially, these results can be applied to other
viroporins of RNA viruses, such as Vpu from human
immunodeficiency virus type 1, p7 from hepatitis C virus,
ES5 from human papillomavirus and bovine diarrhea virus
(BVDYV), NSP-4 from rotavirus and other viruses. ion
channels.
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