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Momusayus u yenw: [lannemuss COVID-19, BezBannas koponasupycom SARS-CoV-2,
cTaja TPeThbHM CJly4aeM KOpOHaBUpycHOH HH(pekuuu. Bmecre ¢ apyrumm IByMs
Bupycamu, SARS-CoV u MERS-CoV, Bupyc SARS-CoV-2 sBmsercs BBICOKO-
MaTOTeHHBIM M UMEET YpoBeHb cMepTHOCTH Oosee 1 %. Boxee Toro, crano moHATHBIM,
YTO KOPOHABUPYC YaCTO MYTHUPYET, YTO CHIKAET 3P PEKTUBHOCTH JOCTYIHBIX BAKIIMH U
BBIHYKJA€T PETYISIPHO CO31aBaTh HOBBIE.

BupycHble monmMepasa u npoTeasbl SBISIOTCS TOAXOAAIINME MUILICHAMHE JUTS JIEKApCTB
npsMoro  AeWictBus. Ha  JgaHHBIE  MOMEHT CYHIECTBYET TpU OJOOpPEHHBIX
NPOTUBOKOPOHABUPYCHBIX JieKapcTBa: pemaecuBup [1], momuymupasup [2] u
Hupmarpensup [3]. OxHako oba JekapcTBa, HAMPABICHHBIX MPOTUB MOJIUMEPA3bl, HE
PEKOMEHIOBAHBI JIsl UCTIONB30BAHMUS M3-3a HE3HAUNTENbHON () ()EKTUBHOCTH B Cllydac
¢ pemyecuBUpOM [4] M MOTCHIMATIBHOTO YBEIWYEHHS YacTOThl MyTaluil BHpyca B
ciydae ¢ MoJHynupasupom [2]. Hupmarpensup, MHTHOUTOp Ti1aBHOM mpoTeass (MP™),
crau 0oJree yCIenHbIM, €r0 Hayalli BEITYCKaTh B (hopMe TabneTok. OH IMEeT XOPOIIYIO
OMOIOCTYITHOCTh — JOJISl YCBAaMBAaeMOro IpernapaTa paBHa npuMepHo 50 %, HO pacTBo-
PHMOCTh COCITMHEHHS HaXOMUTCSA HAa yMepeHHOM ypoBHe (okoso 1 mr/mi) [3]. Takum
00pa3oM, IMO-TIPEKHEMY OCTAaeTCsl aKTyaJbHBIM CO3JIaHWE BBICOKOM3OMPATEIBHOTO H
3G PEKTHBHOTO HHTHOUTOPA POTEA3bl, KOTOPBIH MOKHO MPUHUMATH IEPOPATBHO.

B nanHoit paboTe MbI MpoBeNU TIyOOKHH JIUTEPATYpHBIA 0030p in Vitro u in vivo
uccien0BaHnii HTHruOuTOpoB MP™® 1 co3nanm HaOOp BO3MOXHBIX MHIHOMTOPOB M MX
qJacTeil, KOTOpbIE MPEIOJIOKUTEILHO MO3BOJSIOT JIOCTUYh BCEX HEOOXOIUMBIX
CBOWCTB, @ UMEHHO BBICOKOTO CpPOJICTBA K BUPYCHOMY ()epMEHTY, M30MPaTENLHOCTH,
OMOJOCTYITHOCTH M PAaCTBOPHUMOCTH.

Memoov: u  aneopummor. MONEKyISIpHO-TUHAMHYECKOE MOJCIUPOBAaHUE OBLIO
npoBeaeHo B makete nporpaMmM GROMACS 2020.6 B coueTaHuu ¢ CHJIOBBIM IOJIEM
AMBER ff99SB-ILDN [5]. CBoOojHble SHEpriuH CBs3bIBaHHS KOMILIEKCOB ObLIN
BBIYMCJICHB ~COYETAHMEM METOJOB  MOJISKYJIISIpDHOW MexaHukun u  Ilyaccon-
BosbiiMaHOBCKOW TIOMIA M TMOBEPXHOCTH. /ISl BBIYMCIIEHHS] 3THM METOJIOM OBLI
MCTONb30BaH ckpunt “g_mmpbsa” mast hopmara daiimo GROMACS [6]. Onmaiin-
ceprc SWiSSADME 06bu1 HCIIOJIB30BaH TSl pacyera JIeKapCTBEHHBIX XapaKTEPUCTHK:
BCAChIBa€MOCTH, paclpe/ieeH s, MeTaboin3Ma 1 BbiieneHus [7].

Pesyromamui: boino nposeneno MJI-mMoiennpoBaHie KOMILIEKCOB OCHOBHOM MPOTea3bl
KOPOHABHpYCa C HECKOJIBKHMMHU H3BECTHBIMH MHTHOUTOpPAMHU C Pa3IMYHBIM YPOBHEM
addexruBroctr: PF-0835231 [8], nupmatpensup, MPI3 [9], GC373 [10], Gonenpesup
n TteranpeBup [11]. Amanms o006pasyeMbIX BOJOPOMHBIX CBSI3€H MEXKAY JaHHBIMK
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WHTHOUTOpPaMH U AMHUHOKHCIIOTHBIMHM OCTaTKaMH aKTHBHOTO LeHTpa MP™® mokasai, 4ro
HaunOoJblee cpeJHee 0 BpeMEHH 3HaueHHe BOJIOPOAHBIX cBsi3eit umeet PF-0835231 —
6.6 cBs3M, TOT/Ia KAK MAaKCHMAJILHO BO3MOXKHOE JUISl HETO 3HAYCHUE PaBHO 9. DHeprus
ces3biBanus PF-0835231 B aktuBHOM HeHTpe depmenta paBHa —141 + 13 kJIK/MOJIb.
Bnaronapst rmy0OKOMY MPOHMKHOBEHHIO B CBSI3BIBAIOLIMK LIEHTP (epMeHTa, HAMITy4-
1ryro sHepruto cs3biBanus (—189 + 14 kJx/moinb) umeer coenunenre MPI3. OnHako
ICso st MPI3 (8 uM) xyxe, uem s PF-0835231 (0.3 HM), 94TO MOXKET OOBSICHATHCS
BBICOKOW THOKOCTBIO MoOJeKynsl MPI3, cumxaromeit 3¢ ¢deKTHBHOCTE 00pa3oBaHUs
koMmIuiekca ¢ (epmentom. Hemoctatkom BhicOko3(h(eKTUBHOTO uHTHOUTOpa PF-
0835231 sBnsieTcsi ero HEYAOBIETBOPHUTENbHAS pacTBOpUMOCTh (MeHee 0.1 mr/mi),
KOTOpasi MOXET ObITb MOBHIIIEHA (ochOpUIMpOBaHUEM MOJIEKYNIbl. OMHAKO Takas
Moau(pUKanus MPUBOJAUT K MPAaKTHYECKH IOJNHOM mnoTtepe OuomoctymHoctH [3].
CorjacHO TMONYYCHHBIM JAaHHBIM, HHPMATPEIBHUP SBISCTCS TPETHUM [0 JHEPTHH
ceszbiBanus (—138 + 13 xJlx/monb), umes 1Cso = 3 HM. Takum 00pazom, MOKHO
3aKIIIOYNUTh, YTO CBOOOJHAsI SHEPTHS CBS3BIBAHHMSA COCTUHEHUI B aKTHBHOM IICHTpE
¢depmenta Ha ypoHe —140 k/[/Moab U HWXKE MOXeT oOecneduTh 3P(PEKTUBHOES
WHTUOMPOBaHKUE MPOTEa3bl, OJHAKO WHAWBUAYAIbHBIC CTPYKTYpHBIC OCOOCHHOCTH
WHTUOUTOpPa MOTYT MMETh CYLICCTBEHHOE 3Ha4YeHHUe sl co3AaHus 3(H(HEKTUBHOTO U
CEJIEKTUBHOTO IIperapara.

AHaM3 TOJMYYEeHHBIX JAHHBIX IMO3BOJSET MpPE/-

MOJIOKUTH, 9TO HHrHOUTOp MP™ momkeH oOmagath s1
MSTHIO TJIABHBIMU Ka4eCTBaMU, PUAAIONIMMH BbI- S3 s
COKHI YpPOBEHb CBS3BIBAHWS M W30HPATEIHHOCTH

(puc. 1): 1) samecturens SO nowkeH ObITh HEOOMB- \HJ\ j;( ,a;
M, 2) 3aMecTuTeNb S1 TOKEeH ObITh MMOX0XK Ha Lo :
S4
S2

2 sonoponsie
conaw

TITyTaMHH, UMest OHOTO IOHOPA U OJTHOTO aKIerl-
TOpa BOJOPOINHOW CBs3M; 3) OokoBas memb S2
JIOJDKHA OBITH THAPOQOOHONW M UMETh UIHHY B
Tpu-uetbipe C-C cBsi3u; 4) 1 MOBBIIICHUS Puc. 1. OGuias cTpykTypa
M30MPATENHHOCTH I10 OTHOIIeHHIO K MP™ ygacTok cy6Gerpara MP

S2 jomKeH WMeTh CTPYKTYpy OOKOBOM Iiemw,

KECTKO CBSI3aHHYIO C OCTOBOM (HAmpuMmep, OWIMKIIONPOJIHH), WU JOJDKEH OBITh
JKECTKUM M 00BEMHBIM 3aMeCTUTeNb S4 (HarmpuMep, HHAOJ, COAeP KaLINNA 3aMECTUTENb
B YETBEPTOM IOJIOXKEHHUH); 5) 3aMeCTUTEb S4 J0JDKEH MOBTOPSITH (hopMy KapmaHa S4
CBA3BIBAIOIIETO IeHTpa. lIpu 95TOM 3HAYUTENBHBIX OTPaHUUEHHH CTPYKTYPHI
3aMECTUTEIIS B TIOJIOXKEHUH S3 He ObLIO 00HAPYIKEHO.

dopMynMpoBaHUE TaKUX KpUTepueB 1isl 3 (HEKTUBHOTO HHIMOUTOPA MO3BOJISET TOUTH
JIBYMS IYTSIMH YJIyUIIEHUS] CBOWCTB MPEUIOKEHHBIX paHee coeanHeHnd. OIUH U3 HUX
3akiovaeTcss B co3jaHum  aHamoroB  PF-0835231, oOnapmarommx — Xopoiei
pacTBOpUMOCTHIO Oe3 morepu 3¢ GEeKTUBHOCTH CBsI3bIBaHU. 11 3TOrO B X0/€ TaHHOM
pabotel ObUTM TpoaHamm3upoBaHbl aHamorn PF-0835231, necymme pa3zmuuHbie
Moaupukanun B noyiokenusix SO, S1 u S4, 3arem i Bcex MOAUDUIIMPOBAHHBIX
COEJIMHEHUH PacCUNTHIBAIM PACTBOPUMOCTH ¢ momomnisio SWiSSADME u makower
MPOBOJMIN MOJEIMPOBAHNE KOMIUIEKCA CO3JaHHBIX HHTHOMTOPOB C (EPMEHTOM.
Jlydimmii pe3ynbpTat MoKa3ajio CoeJIMHEHNE, B KOTOPOM B KadecTBe S4-3aMecTuTeNs ObLI
(dropupoBaHHBIN HHIO0I, a B KauecTBe S1 — ocTaTok cykimaumua (puc. 2). Kpome toro,
THIPOKCUMETHIIKETOHOBAs TPYyINa, OTBedaiomas 3a o0pa3oBaHHE KOBAJICHTHOI'O
KOMIUIEKca ¢ (hepMEeHTOM, Oblla 3aMEHEHa Ha aibJerHHyl0 (Ha puc.2 BbIJICICHA

SO0

Twapodatnbie
s3aumoneRCTENA
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KPYKKOM), TaK KaK B JIUTEpaType ObLIO MOKa3aHO, YTO abJCTHAHBIA BAPHAHT 00JIagaet
OoubIiei OnomocTymHOCTRIO [12]. iToroBoe coeMHEHNE MMENO SHEPTHIO CBA3BIBAHMUS
—156 £ 13 xJIx/mMonb, uro Ha 15 xJx/Monp nyume 3nadenus ans PF-0835231. Tlpu
3TOM KOJIMYECTBO 00pa3yeMbIX BOJOPOIHBIX CBSI3¢H B AKTHBHOM IIEHTPE HE H3MEHMIIOCH
otHocutensHO PF-0835231, pacyerHas pacTBOPUMOCTh YIIydIIMiIach IPUMEPHO B /1B
paza (¢ 0.1 mo 0.2 mr/mi), a OMOAOCTYMHOCTH CTaja BBICOKOW COTJIACHO pacquy
SwissADME.  JlanHble  XapaKTEPHCTHKH  IO3BOISAIOT  IPEANOJIOKHUTH,
NPEJIOKEHHOE  COCMHEHHE MOXKeT o00najgath

yAYYIIEHHONH  3(QQEKTUBHOCTHIO  JICHCTBUS B
CpPaBHEHHHU C MCXOIHBIM HHruouropom PF-0835231.
Eie ogHuM CocoboM yimydIlieHHs] pacTBOPUMOCTH
JTr000r0 PacCMOTPEHHOTO HMHTUOMTOpA OKa3ajach \[( \¢

3aMeHa NHPPOJIUIOHA B TOJOXKEHHH S1 Ha uMH-

nmasonuaoH (cM. puc. 2). Cormacuao SWisSADME, sto

W3MEHEHHUE BelleT K YIYUYIICHUIO PACTBOPUMOCTH B

3-5pa3 B 3aBHCHMMOCTH OT aJrOpUTMa pacdera Puc. 2. TIpumep cTpyKTypbI
pactBopuMocTH. JlaHHas Moaudukanusi OONbIINH-  COCIMHCHHSA C MMHIA30HI0HOM
CTBa PACCMOTPEHHBIX COEMHEHHIA, TI0 pe3yabTaTaM (BBUIENEH KPYXKKOM) B KadecTse S1
MOJICIIMPOBAHMUSI, HE PUBOAUT K M3MCHEHUSIM HU B

MOJIOKEHUU MHTMOUTOPOB B aKTUBHOM LIEHTPE, HU B

KOJIN4ecTBE 00pa3yeMbIX BOJOPOIHBIX CBSI3€H, HU B BEJIMUMHE SHEPTUU CBSI3bIBAHMS.
Bropoli myTh ynydileHWs HW3BECTHBIX HHIHOHUTOPOB 3aKIIOYAeTCS B JIOKAILHOM
W3MEHEHUHU CTPYKTYpBl MHIHOHMTOpa A1 yBean4deHUs 3((PEKTUBHOCTH CBS3BIBAHUS C
COXpaHEHHEM XOpollei pacTBopuMocTd. l[lepcrekTrBHON OCHOBOW misi paboTHl B
JAHHOM HAalNpaBJICHUM MOXKET BBICTYIIHTh MOJIEKYJIa HUPMAaTpeJIBUPA, IMOCKOJIBKY €€
pPacTBOPUMOCTh YK€ HaxomuTcs Ha mpuemiiemoMm ypoBHe (1 wmr/mu). [lanmbreiimee
YBEJIUYEHHE 3TOr0 MapaMeTpa MOXET CONPOBOXKAATHCS HEKENATeIbHBIM CHIKECHUEM
OMOIOCTYITHOCTH, KOTOPast HE MOXKET OBITh IIPeICKa3aHa TOYHO UMEIOIIUMHUCS B JAHHBIN
MOMEHT alropuTMaMu pacyera. [lodTOMY MBI pPEHIMIM TONBITATHCS YIYYIIUTH
CBsI3bIBaHME HHUpMaTpesBHupa ¢ pepmenToM. OcTaToOK OMIMKIONPOINHA, BXOIAIINN B
HUPMATPEJIBUP W TMOBBIMIAIOIIKK u30MparebHOCTh K MPO (myHkT 4 KpuTepuen
3 PEKTHBHOCTH), OTKPHIBAET BO3MOKHOCTH HCIOJNB30BaHHS IIMPOKOro Habopa S4-
3amectuteneil. Hawryuimme pe3ynpTaThl B KauecTBE 3aMECTHTEINS B IOJIOXKEHUH S4
MoKaszajl ocTtaTok TuodeHa (puc.3), NMPUBOAS K MOHMKEHUIO CBOOOAHOHN 3HEPruu
cBsi3bIBaHuUs Ha 42 xJ/Monb, 10 —180 + 15 k/Ik/M0Jb, B TO BpeMs Kak pacTBOPUMOCTD
MOTU(DHUIIMPOBAHHOTO COEAMHEHMs coryiacHo pacuery SWiSSADME mpaktudecku He
W3MEHMJIIACK.

H F .
HN n " F F \ """ = "
N j
o CH, -
\ s
PF-0835231 cHy Hupmatpensup

Puc. 3. Crpykrypst PF-0835231 n HupmarpenBupa ¢ 0003Ha4YeHHEM HAMITy4IIUX MOIU(pUKAIIIA
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Bvigoo: B pmanHOi pabore MeTogamMu MOJEKYISAPHOTO MOJCTHPOBAHHUSA MPOBEICH
CTPYKTYpHO-(YHKIMOHAILHBIN aHAJIM3 THTUOUTOPOB TIIaBHOM pOTea3bl KOPOHABUPYCa
U TIPEUIOKEHBI CIIOCOOBI YIIYUIICHUS] PaCTBOPUMOCTH B 3P (PEKTHBHOCTH CBSI3BIBAHUS
COCIMHEHUH Ha OCHOBE CTPYKTYPHO-MOAM(MHUIMPOBAHHBIX AaHAIOTOB H3BECTHBIX
WHTHOUTOPOB.

Qunancuposanue. VccnenoBanue BBIITOTHEHO B paMKaxX TOCYIapCTBEHHOTO 3aTaHUS
NXBDM CO PAH (Ne 121112900214-2).
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Motivation and Aim: COVID-19 caused by the SARS-CoV-2 is the third case of
coronavirus pandemics. Along with the other two, SARS-CoV and MERS-CoV, it is
highly pathogenic and has mortality rates more than 1 %. In addition, it became apparent
that coronavirus has high mutability that decrease the effectiveness of available vaccines
and makes necessary to regularly develop new ones.

The viral polymerase and proteases are applicable as direct action targets of
anticoronavirus drugs. Currently there are three approved anti-coronavirus drugs:
remdesivir [1], molnupiravir [2] and nirmatrelvir [3]. However, both polymerase-
directed drugs are not recommended for wide use because of negligible efficacy in the
case of remdesivir [4] or potentially increased mutability of the virus in the case of
molnupiravir [2]. Nirmatrelvir, the inhibitor of the main protease (MP™), has become
more successful being produced in tablet form. It has good bioavailability (about 50 %)
but only moderate solubility under 1 mg/ml [3]. Thus, there is still a need in a highly
selective and potent MP inhibitors, that can be administered orally.

In this work we conducted a deep review of in vitro and in vivo studies of MPinhibitors
and designed a set of parts of possible inhibitors, which presumably achieved all
necessary properties, namely binding ability, selectivity, bioavailability and solubility.
Methods and Algorithms: Molecular dynamics simulations were performed with
GROMACS 2020.6 and the AMBER ff99SB-ILDN force field [5]. Binding free energies
of complexes were calculated by combining MD data with the molecular
mechanic/Poisson-Boltzmann surface area method. The “g mmpbsa” script for
GROMACS data [6] was used to calculate the free energies of MM-PBSA. SwissADME
online tool was used for prediction of ADME properties [7].

Results: MD simulations of several known inhibitors with different inhibition efficiency
were conducted. The chosen inhibitors were: PF-0835231 [8], nirmatrelvir, MPI3 [9],
GC373 [10], boceprevir and telaprevir [11]. The analysis of the H-bonds formed
between the inhibitors and MP™ showed that the highest time average number of H-bonds
has PF-0835231 — 6.6 bonds with a maximum of 9. MPI3 has the best binding energy
(189 + 14 kJ/mol) thanks to penetration deep into the active site, PF-0835231 is on the
second place (-141 + 13 kJ/mol). However, MPI3 has worse ICso than that of PF-
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0835231 (8 nM against 0.3 nM), that may be explained by the high flexibility with a lot
of rotational degrees of freedom that is considered as a bad factor for binding. On the
other hand, PF-0835231 has an inappropriate solubility (less than 0.1 mg/ml), that can
be increased by phosphorylation, which leads to an extremely low oral bioavailability
[3]. Nirmatrelvir takes third place in binding with binding energy of —138 + 13 kJ/mol,
while its ICso= 3 nM.

Taking together all the knowledge it could be S 12“""’““5

stated that MP™ inhibitor should have five main s3 N
properties (Fig. 1): (1) small SO-residue; (2) glut- e
amine-like S1-residue with one H-bond acceptor A G .0

and one H-bond donor; (3) S2-residue with the %Iﬁﬁ \L/u
length of 3 or 4 C-C bonds; (4) a bulky part of a ° o e
backbone (like a bicycloproline) or bulky and rigid ~ $4 S0
S4-residue (like an indole with substituents) for S2 Hydoppobi

selectivity; (5) S4-residue repeating the shape of

the enzyme’s S4-pocket for binding.

Formulating these criteria allows us to go two
ways to improve known inhibitors. First, we tried to improve the solubility of PF-
0835231 without decrease in binding. The best result showed a molecule, in which we
used fluoride indole as S4-substituent and succinimide as S1 (Fig. 2). We also changed
SO-substituent intended for covalent binding (‘“warhead”) from hydroxymethylketone to
an aldehyde because it was shown that the inhibitors with aldehyde warhead have better
bioavailability [12]. The final compound has binding energy of —156 + 13 kJ/mol that is
by 15 kJ/mol less than that of PF-0835231. Number of H-bonds didn't change and
SwissADME service showed that these changes improved the solubility twofold (from
approximately 0.1 to 0.2 mg/ml) and bioavailability became high.

Another way to improve the solubility of any inhibi-
tor is to replace a pyrrolidone S1-moiety by an imi-
dazolidone one (Fig. 2). According to SwissADME ©\/ o

Fig. 1. The general structure
of MP™ substrate

this change makes the solubility 3-5times higher
depending on the solubility calculation algorithm.
We modeled most of the compounds with this
modification. Results showed that there are no
changes in position, binding energy or a number of Fig. 2. Example structure of a
H-bonds for all tested compounds. compound with an imidazolidone
The second way to improve known inhibitors is to S1-substituent

improve binding ability while maintaining the

solubility on the same level. Nirmatrelvir is a good basis for this. This compound already
has an acceptable solubility (about 1 mg/ml), but, on the other hand, further increase of
this parameter may lead to bioavailability decrease, which cannot be well predicted yet.
Thus, we made an attempt to improve binding of nirmatrelvir. Bicycloproline, which
confers selectivity by itself, opens up the possibility of using much wider range of S4-
substituents. Best results showed the compound with a small aromatic tiophene as S4
(Fig. 3). It has binding energy of —180 + 15 kJ/mol that is 42 kJ/mol lower than that of
nirmatrelvir, while its solubility almost didn't change.

CH, )
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Fig. 3. Structures of PF-0835231 and nirmatrelvir with modifications that give the greatest
improvement

Conclusions: Thus, in this work we conducted structure-function analysis of SARS-
CoV-2 main protease inhibitors using molecular modeling methods and propose
approaches of improving the solubility and binding ability of compounds based on
structurally modified analogues of known inhibitors.

Funding: This study was supported by the Russian state-funded project for ICBFM SB
RAS (No. 121112900214-2).
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