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Momusayus u yens: B IPOJOHKEHUE UCCIIEOBaHUHN POU3BOIHBIX MOHOTEPIICHOU OB,
MPOSIBIIIIONIMX TPOTUBOBUPYCHOE JICHCTBHE B OTHOLICHHH (DUIIOBHPYCOB, OBLIO
CAETAaHO TMPENNOI0KEHHE, YTO STH MOJEKYJIbl MOTYT HMHIMOMpPOBAaTH BHUPYCHBIN
rimkonpoTtenH Bupyca MapOypr (MARYV GP). Ilo garasiM mutepartypsi[ 1], romomorus
0 TEPBUYHOM MOCIJIC0BATEIBHOCTH MEXTY TIIMKONPOTEenHOM Bupyca D0oma (EBOV
GP) u MARV GP cocrasmnsier mumib 27%. OgHako, n3BecTHble nHTHONTOPHI EBOV GP,
Takue Kak TopemueH, criocoOHsl HTHONpoBaTh MARV GP, X0Ts 11 B O0I1ee BEICOKHX
KOHIIeHTparusix[2]. HanmpaBneHHbII MyTareHe3 aMuHOKHUCIIOT caifta cBsi3piBanust EBOV
GP, BaxHBIX Ui B3aUMOJCWUCTBHSI C WHTHOWTOpPAMH, TNPHUBOAUT K TIOSBICHUIO
3aBHCHUMOCTH 3 (EKT/KOHICHTpAIsI,  XapaKTepHOHM  UIi  WHTHOWPOBAHUS
MICEBJOBUPYCHBIX YacTHil, cogepkanmx MARV GP nukoro tuna. Takum o0pa3om, ObLT
clienaH BBIBOJI O TOM, YTO Ha TOBEPXHOCTH TpPHMEpa BHUPYCHOTO TJIMKONPOTEHHA
(UIIOBUPYCOB CYILIECTBYET IOMOJIHUTEIbHBIN CANUT CBSI3bIBAHMS HHTHOUTOPOB, KOTOPBII
B cinyyae MARYV GP sBnsercs ocHOBHBIM. Takoil caliT CBA3bIBAHUSI MOKET HAXOAUTHCA
B gomeHe HR2 riumkonporennoBoro tpumepa[3]. HR2 mpencraBnser coboit
MPEUMYILIECTBEHHO O-CIUpAJIbHBIA 1oMeH, KoTopblil coeauHser HR1 na N-kowie
nomena GP2 ¢ BupycHoit MmemOpanoit Ha C-koH1ie. B mpornecce cnusiaus gomenst HR1
n HR2 cknagpiBatoTcs u 00pa3yloT TpaHCMEMOpPaHHYIO CTPYKTYPY, COCTOSIIYIO U3
mecty crimpaneii[4]. HR2-monoGHbIe cTpyKTYpHI SBISIOTCS BECbMa KOHCEPBAaTHBHBIMU
1 BXOJSIT B COCTaB OBEPXHOCTHBIX TIIUKOIPOTEHHOB OOJIBILIOTO YKCIIa BUPYCOB Pa3HbIX
KJIACCOB, BBITIONHSSL OJWHAKOBYIO (DYHKIIUIO CIUSHHUS MEeMOpaH BHPYCOB M KIJIETOK-
xo3sieB. Llenblo ucciaenoBaHus CTano M3ydeHHE TEOPETUYECKON apUHHOCTH HOBBIX
MTPOU3BOAHBIX K BOBMOXKHOMY CaiiTy cBsi3piBanus B foMeHe HR2 tpumepa MARV GP.
Memoowr u aneopummul. MOJEKYIAPHBIA JIOKHMHI OCYLIECTBISUICSL B Cpele
Busyanmzanmu  Schrodinger Maestro ¢ HCHOJb30BaHMEM MNPWIOKCHUNH W3 TaKeTa
Schrodinger Small Molecule Drug Discovery Suite 2020-2. TpexmepHble CTPYKTYpBbI
NPOM3BOAHBIX OBIIM  IOJyYeHbl OHMIUpUYecKH B mnpuwioxenun LigPrep ¢
ucronp3oBaHueM cuioBoro monss  OPLS4.  Jlng  pacueTtoB  mpuUMEHsIAach
PEHTTEHOCTPYKTypHAas MOJIETh TJIMKOMIPOTENHA BHpYyCa MapOypr,
COKPHCTAJUTM30BaHHAasl ¢ MOHOKJIOHANbHBIMEH aHtuTenamu[5] (PDB ID 6BP2,
paspemmenue 3,17 A). Jlng MopenupoBaHHs BO3MOKHOTO MEXaHH3Ma CBSA3BIBAHMS C
BHIOPAaHHOW MUIIEHBIO BBITIONIHSJICS MOJIEKYJSIPHBIA JIOKAHT C HCIHOJIB30BaHHEM
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npotokona IFD[6] (induced fit docking), koTopbIif ucmons3yer mporpammel Glide n
Prime a5 mpeAMKIMY TOJIOKEHUH TUTaHIO0B B CATE CBA3BIBAHMS C YUETOM UX BIUSHUS
Ha CTPYKTypy MumieHd. OOmacTe MOWCKa IS pacdeTHON (DYHKIUH JOKHWHTa OblIa
BEIOpaHa BpPYYHYIO, WCXOZS W3 TIOJOXEHHsS KapMaHa, oOpazyemoro C-KOHIIaMH 0-
cniupaneil nomenoB HR2 tpumepa MARV GP. [IpumMeHsicss anropuTM MOBBIIEHHON
TouHocTH nokuHTa XP (extra precision). JIOKHHT TPOBOAMIICS B CpPaBHCHHH C
pesynsratamu [FD, momygeHHsIMz 17151 ”HTHOUTOPOB TOpeMueHa 1 cepTpayiHa. beumn
MPUMEHEHBI CIIEAYIOIINE YCIOBUS: THOKHUI OSJIOK 1 TUTaH/Ibl, pa3Mep 00J1acTH JOKHHTa
20 A, amuHOKHCIIOTHI B pejienax 5 A oT aurania yauTHIBaIMCh TS ONTHMH3AIUU €10
prusHU. CBoOomHyI0 »HEprur0 (AG) 00pa3oBaBIIMXCS B PE3YyJIbTaTe BBIOIHEHUS
npotokona [FD HekoBaneHTHBIX KOMIUIEKCOB paccunuThiBasin MeTogoM MM/GBSA[7] ¢
ucnonb3oBanueM Prime. Pacuer pKa yeTBepTHUHBIX aTOMOB a30Ta MUPOJUTUANHOBOTO,
MUIEPUIUHOBOIO U MOPGOIMHOBOIO IIUKJIA HOBBIX MPOM3BOIAHBIX MOHOTEPIIEHOUAOB
BBITIOJTHSJICS ¢ TTIOMOIIBIO Tpad)oBOi KOHBOJIIOIIMOHHON HEHPOHHOW ceTH BeO-cepBepa
MolGpKa[8]. HekoBayieHTHBIE B3aMMOJACHCTBUSA COCAMHEHHIA B CalTe CBSI3BIBAHUS
BU3YaJIM3UPOBAINCH C MoMoInkio Schrodinger Maestro.

Pesynemamei: npennonaraemslid cailT cBa3piBanus jomeHa HR2 tpumepa MARV GP
npencTaBisieT co0oi MoNocTh, 00pasyeMylo Tpemst WACHTHYHbIMH C-KOHLAMH (-
cnupaneii. CBsi3pIBaHWE JUTaHAA B OTOM TOJNOCTH MPUBOIUT K HEBO3MOKHOCTH
KOH(QOPMAIIMOHHBIX HM3MEHEHMH, NPUBOMAIIMX K CIMSHUIO MeMOpaH BHpyca H
JM30COMBI  KJIETKU-XO3siMHA. LleHTpanpHas dacTh caiiTa CBsA3bIBaHMS 00Jagaer
MPEUMYIIECTBEHHO THAPO(GOOHBIM XapaKTEepoM, a YYacTKH o-Ccliupaneld BOIM3H
BO3MOXXHOTO  IPOCTPAHCTBA  CBSI3bIBAHUS  JIMTAHAOB  HACBHILIEHbI  IOJIIPHBIMU
AMHUHOKHUCIIOTaMH, CHOCOOHBIMH (POPMHUPOBATH BOAOPOIHBIC CBSI3HM C IOJIIPHBIMU
aTOMaMH BO3MOXKHBIX HHTHOUTOPOB, KOTOPBIE MOTYT IPOHHUKAThH B IPOMEXYTKH MEXKTY
O-CIIHPAIISIMH.

W3 npoBeneHHBIX pacueToB pKa 4eTBEpTUUHBIX aTOMOB a30Ta I'€TEPOLMKIIOB HOBBIX
KOHBIOTaTOB CJIEyeT, YTO I BCEX HOBBIX COSMHEHUH npH ypoBHe pH, XapakTepHOM
JUIS BHYTpEHHEH cpelbl JIM30COM, NpeodiafalT (OpMBl € TPOTOHHPOBAHHBIM
YEeTBEPTUYHBIM aTOMOM a30Ta rerepouunkia. IlosBiaeHne aroma KHCIOpoaa B COCTaBe
MOpPGOIMHOBOIO IHMKJIA CYHIECTBEHHO CHIDKAE€T TeOopeTHUecKylo ad(UHHOCTDH
coenuHenuit k gomeHy HR2 tpumepa MARYV GP. Ilpu 3Tom coenuHeHue, 001aaarolnee
CaMbIM [UIMHHBIM JIMHKEPOM, SBJSIETCS HamOoyiee aKTUBHBIM CpEeId COCIUHEHUH C
MOP(OIMHOBBIM LUKJIOM B pe3yibTaTe MOJEKYIAPHOTO MojenupoBaHus. Pazdpoc
pacuetHoro napametpa docking score cpeay psIOB COCIUHEHUH C MUTIEPUIUHOBBIM U
MOP(OIMHOBBIM LIUKIOM HE BEJIHK, OJJHAKO, B DSy COSAWHEHHH ¢ MOP(OIMHOBBIM
LUKJIOM HaumboJiee AaKTHBHBIM HHTHOUTOPOM B pe3yjbTaTe PpacueTOBO SBISIETCS
COEIMHEHHE, TAKXKE BBIICIAIONIEECs CaMbIM JJTMHHBIM JINHKEPHBIM (hparMeHTOM.
PaccmaTpuBass 0COOCHHOCTH HEKOBAJICHTHBIX B3aMMOJCHCTBUH COCAMHEHUN MOYKHO
cAenaTth BBIBOA O TOM, 4TO (apMakodopHas CTPYKTYpa BEpOSITHBIX HHTHOUTOPOB
nomeHa HR2 tpumepa MARV GP, cocrosimias u3 o6bemHoro ruapodobHoro sapa u
JUHKEPHOTO YYacTKa C TUAPOQUIBHBIM YETBEPTUYHBIM aTOMOM a30Ta XOpOIIO
COOTBETCTBYET OCOOCHHOCTSIM caiiTa CBsi3bIBaHUS. MOHOTEPIIEHOUIHOE SIPO HOBBIX
COEIMHEHHUH pacriojaraercsi B LEHTPaJbHOH THAPO(OOHON YacTH caldTa CBS3bIBAHMS.
[TpOTOHBI TONOXKHUTENHLHO 3apsSHKEHHBIX UYETBEPTHUYHBIX aTOMOB a30Ta TE€TEPOIMKIIOB
HOBBIX COEJIMHEHWH MOTYT aKTHBHO Y4YacTBOBaTh B (DOPMHUPOBAHWUHU BOJOPOTHBIX
CBs3eH, MpOHHMKas B THAPOQHIBHBIE OOpO3Ibl MEXay o-cnupaisimu gomeHa HR2.
Habnronatorcst Takke BOJOPOAHBIE CBS3M, BO3HUKAIOIIME M 32 CYET aKUENTOPHBIX

BGRS/SB-2024 1729



aTOMOB WHTUOUTOPOB, Kak 3(UPHOrO aToMa KUCIOPOJAa, TaK U aTOMa KUCIOPOja B
coctaBe MOpGOJMHOBOrO muKIa. He mpociexuBaeTcs CyIIECTBEHHOW pPa3HUIIBI B
aKTUBHOCTH COEAMHEHWH, COJEepXAIIWX TNSATHWICHHBIH MHPOJUIMIUHOBEIA U
IECTUYIICHHBIN MTUTIEPUIMHOBBINA IUKJIBI.

Bv1600bi: HOBBIC KOHBIOTAThI TEOPETHUUSCKUA CIIOCOOHBI B3aUMOJICHCTBOBATH C CANTOM
CBA3BIBaHUS, 00pa3oBaHHBIM C-KOHIIEBBIMH y4YacTKaMH o-crupanei momena HR2
tpumepa MARV GP. Hamuume aroma Kucjiaopoaa B cocTaBe MOPGOIHHOBOIO HHUKJIA
HOBBIX KOHBIOTATOB CYIIECTBEHHO CHM)KAET TEOPETHUYCCKYI0 aQ(pUHHOCTh COSAMHECHUN
B OTHOLIEHWH caiita cBs3piBaHusa goMeHa HR2 MARV GP. VBemnuenue IiuHBI
anr(aTHIecKoro JMHKePa MKy TPHA30IbHBIM IIHUKIIOM U T€TEPOIIUKIOM B CTPYKTYpe
COCIIMHEHUM, CONEPKAIMX MUIICPUIUHOBBIA U MOPGOIUHOBEIN IMKII MOBBIIIACT UX
TEOpeTUICCKYI0 ahPUHHOCTD K pacCMaTPUBACMOMY CANTy CBSI3bIBAHUS. DTa TCHICHIUS
HapymIaeTcs B pAAY COSOUHEHUN C MAPPOIUINHOBEIM IUKIOM, COSTUHEHHUE C CAMBIM
KOPOTKHM IJIMHKEPOM JEeMOHCTpPHpPYeT caMoe Hu3koe 3HaueHne docking score B
pe3yibTaTe  pacdyeToB. Pe3ynbTaThl  MOJISKYJIAPHOTO  MOJCIUPOBaHMS — ObUIH
MOATBEPXKIACHBl HM3YYCHHEM WHTHOUPYOIIeH AaKTUBHOCTH HOBBIX KOHBIOIaTOB B
OTHOIICHUH TICEBIOBUPYCHBIX YACTHII, COACPIKAIIUX TIUKOMPOTENH BHpyca MapOypr.
[TonyuyeHHble qaHHBIC OBUTH OMyOJIMKOBaHbI B cTaThe [9].

Qunancuposanue. WUCCIACAOBAHUE TMOJACPXKAHO MHUHHCTEPCTBOM HAayKd M BBICIIETO
obpaszoBanus P® (rocymapcrBentoe 3amganue Ne 075-03-2023-642).
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Motivation and Aim: in continuation of studies of monoterpenoid derivatives exhibiting
antiviral effects against filoviruses, it was suggested that these molecules could inhibit
the Marburg virus viral glycoprotein (MARV GP). According to the literature [1], the
primary sequence homology between the Ebola virus glycoprotein (EBOV GP) and
MARYV GP is only 27 %. However, known EBOV GP inhibitors, such as toremifene, are
able to inhibit MARYV GP, although at higher concentrations [2]. Targeted mutagenesis
of amino acids at the EBOV GP bhinding site that are important for interaction with
inhibitors results in an effect/concentration relationship characteristic of the inhibition
of pseudoviral particles containing wild-type MARV GP. Thus, it was concluded that on
the surface of the filovirus viral glycoprotein trimer there is an additional inhibitor
binding site, which in the case of MARV GP is the main one. Such a binding site may
be located in the HR2 domain of the glycoprotein trimer [3]. HR2 is a predominantly o-
helical domain that connects HR1 at the N terminus of the GP2 domain to the viral
membrane at the C terminus. During fusion, the HR1 and HR2 domains fold and form a
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transmembrane structure consisting of six helices [4]. HR2-like structures are very
conservative and are part of the surface glycoproteins of a large number of viruses of
different classes, performing the same function of fusion of the membranes of viruses
and host cells. The aim of the research was to study the theoretical affinity of the new
derivatives for a possible binding site in the HR2 domain of MARV GP trimer.
Methods and Algorithms: molecular docking was performed in the Schrodinger Maestro
visualization environment using applications from the Schrodinger Small Molecule
Drug Discovery Suite 2020-2. The 3D structures of the derivatives were obtained
empirically in the LigPrep application using the OPLS4 force field. For calculations, we
used the X-ray structural model of the Marburg virus glycoprotein, cocrystallized with
monoclonal antibodies [5] (PDB ID 6BP2, resolution 3.17 A). To model the possible
mechanism of binding to the selected target, molecular docking was performed using the
IFD[6] (induced fit docking) protocol, which uses the Glide and Prime programs to
predict the positions of ligands in the binding site, taking into account their influence on
the structure of the target. The search region for the estimated docking function was
manually selected based on the position of the pocket formed by the C-termini of the a-
helices of the HR2 domains of the MARV GP trimer. The XP (extra precision) docking
algorithm was used. Docking was carried out in comparison with the IFD results
obtained for the inhibitors toremifene and sertraline. The following conditions were
applied: flexible protein and ligands, docking region size 20 A, amino acids within 5 A
of the ligand were considered to optimize its effect. The free energy (AG) of non-
covalent complexes formed as a result of the IFD protocol was calculated by the
MM/GBSA method [7] using Prime. Calculation of pKa of the quaternary nitrogen
atoms of the pyrollidine, piperidine and morpholine rings of new monoterpenoid
derivatives was performed using the graph convolutional neural network of the
MolGpKa web server [8]. Noncovalent interactions of compounds at the binding site
were visualized using Schrodinger Maestro.

Results: the putative binding site for the HR2 domain of the MARV GP trimer is a cavity
formed by three identical C-termini of a-helices. Binding of the ligand in this cavity
prevents the conformational changes leading to the fusion of the membranes of the virus
and the host cell lysosome. The central part of the binding site is predominantly
hydrophobic, and sections of the a-helices near the possible ligand binding space are
saturated with polar amino acids capable of forming hydrogen bonds with the polar
atoms of possible inhibitors, which can penetrate into the spaces between the a-helices.
From the calculations of pKa of the quaternary nitrogen atoms of heterocycles of new
conjugates, it follows that for all new compounds at the pH level characteristic of the
internal environment of lysosomes, forms with a protonated quaternary nitrogen atom of
the heterocycle predominate. The appearance of an oxygen atom in the morpholine ring
significantly reduces the theoretical affinity of compounds for the HR2 domain of the
MARYV GP trimer. Moreover, the compound with the longest linker is the most active
among compounds with a morpholine ring as a result of molecular modeling. The scatter
of the calculated docking score parameter among the series of compounds with a
piperidine and morpholine ring is not large; however, in the series of compounds with a
morpholine ring, the most active inhibitor, as a result of the calculation, is the compound
that also has the longest linker fragment.

Considering the features of non-covalent interactions of compounds, we can conclude
that the pharmacophore structure of potential inhibitors of the HR2 domain of the MARV
GP trimer, consisting of a hydrophobic core and a linker region with a hydrophilic
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guaternary nitrogen atom, corresponds well to the characteristics of the binding site. The
monoterpenoid core of the new compounds is located in the central hydrophobic part of
the binding site. Protons of the positively charged quaternary nitrogen atoms of the
heterocycles of the new compounds can actively participate in the formation of hydrogen
bonds, penetrating into the hydrophilic grooves between the a-helices of the HR2
domain. Hydrogen bonds are also observed that arise due to the acceptor atoms of the
inhibitors, both the ether oxygen atom and the oxygen atom in the morpholine ring.
There is no significant difference in the activity of compounds containing a five-
membered pyrollidine and six-membered piperidine rings.

Conclusion: the new conjugates are theoretically capable of interacting with the binding
site formed by the C-termini of the a-helices of the HR2 domain of the MARV GP trimer.
The presence of an oxygen atom in the morpholine ring of the new conjugates
significantly reduces the theoretical affinity of the compounds for the binding site of the
HR2 domain of MARV GP. Increasing the length of the aliphatic linker between the
triazole ring and the heterocycle in the structure of compounds containing a piperidine
and morpholine ring increases their theoretical affinity for the binding site in question.
This trend is broken in the series of compounds with a pyrrolidine ring; the compound
with the shortest linker shows the lowest docking score in the calculations. The results
of molecular modeling were confirmed by studies of the inhibitory activity of new
conjugates against pseudoviral particles containing MARV GP. Based on the results of
the research, an article was published [9].

Funding: the study was supported by the Ministry of Science and Higher Education of
the Russian Federation (state assignment No. 075-03-2023-642).
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