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Exktetapévn mepiAndn

Ano Tov Mdaptio tou 2020, n avBpwnotnta Buovel pla mavénuia, mMoOu €KTOC Ao
moAuapBuoug acBeveic kal Bupata, €xel eMbEPEL TEPAOTLEG AAAAYEG OTNV KABnUEpLVOTNTA
KOLL TNV KOWVWVLKA KOL OLKOVOULKA Tipaypatikotnta. H mavénuia odeiretal otnv voco COVID-
19, mou epdaviotnke tov AskéuPplo Tou 2019 otnv Mouxav tng Kivag, pe kupLa CUUMTWHATA
ToV £NPO BAXA, TOV TTUPETO KOl TNV SUCKOAL GTNV avarvon Kal TPoKOAELTAL oo Tov Lo TToU
nipokaAei To coPapd oL avamveuoTikd cUVEPOUO TUTTOU 2 yWWOoTO Le To SleBveg ovopa SARS-
CoV-2. O SARS-CoV-2 eival €évag RNA L6¢ TTou aVAKEL OTNV OLKOYEVELQ TWV KOPOVOiwv, oL
omolol £xouv kal oto mapeABoOv mpokaAéoel avnouyla yla tn dnuoota uvyeia (SARS-CoV,
MERS-CoV). Eloépxetal ota KUTTapa Tou Eeviotn péow Tpoodeong otov umodoxeéa ACE2
(évlupo petatpomng tng ayyelotevoivng 2), o omolog ekppaletol Kupiwg oe KUPeASIKA
emBnAlaka kottapa tumou I, yU outd Kal oL TveUHOVEG €ilval To KUPLO Opyovo ToU
TIPOGBAAAEL O LOG.

Mo TNV OVILLETWION TOU U £xouv Nén avamtuxBel eufoiia, svw n opoloTHTA TOU
YOVLSLWOTOC TOU HE aUTO GAAWY Kopovolwv £XeL SLEUKOAUVEL KaL TNV XPron R&n umapxovIwv
dapudkwy. OLKUPLOL OTOXOL YLOL TNV OVATITUEN OVTISIKWY OKEVOOUATWY ELVaL N TTOPEUTOSLON
NG €L0660U TOU OV OTOV OPYAVIOUO KOL KOTOTILV TNG avarmapaywyng Kat dtadoong Tou os
Lyl KUTTapa. Autol pmopoUv va emteuxBoUv OTOXEVOVTAG TNV KOTAGTOAN AETOUPYLIKWY KOl
SOULKWV TTPWTEIVWY TOU LoU. H TpwTn Katnyopio Twv AELTOUPpYLIKWY TIPWTEIVWV tepAapBAavel
v KUpla mpwtedon (MP™), tnv mpwrtedon mamnaivng (PLP™), tnv RNA efaptwpevn RNA
noAupepaon (RdRp) kal tnv eAkdaon (nspl3). Itig Soukég mpwreiveg mepltAapBavovtal ot
YAUKOCUAMLWHEVEC TIPWTEIVEC TOU Bplokovtal oTNV eMLPAVELD TOU LOU KoL £XOUV CXMOL OLXUAS
(spike) (S proteins), oL mpwteiveg tou mepLBAnuoatog (envelope) (E proteins) kaLtng pepBpavng
(M proteins) kaBwc kal ot voukAsokadikég mpwrteiveg (N proteins). AAoL miBavol otoyot
OVTUKWYV GapUAKWY €lval Ol TIAPAYOVTEC HOAUCUOTLKOTNTAC, TPWTIEIVEG Tou oU ToU
KOTAOTEAAOUV TNV AVOOOAOYLKI| ATTOKPLON TOU OpyOVIoHOU. TEAOG pLal GAAN OTPATNYLKA Elval
0 TEPLOPLOOC MPWTEIVWYV ToU EevioTr) TTou SLeuKOAUVOUV TNV avormapaywyr] Tou Lov, Onwg o
unodoxéag ACE2.

AOyw tou KaBoploTtikol poOAoL TNC KUpLAG TpwTedong (MP™®) otnv avamopaywyn Tou v, n
napouoa LEAETN E0TLATEL TNV TIAPEUTIOSLON TOU CUYKEKPLEVOU eVIUOU. H MP™ avikeL otnv
Kotnyopia twv udpolacwv Kal KATAAUEL TOV OXNUATIONO Un GOUIKWY TPWIEIVWY,
oupmepAapBavVopEVNG KOL TNG BLag, HEow TN Sldomacng MEMTLSIKWY SECUWY O TAVW ATO
11 kévtpa didomnaong ot Suo moAumpwrteiveg ppla kat pplab mou mpokUMTOUV AMO TV
petadpaon tou ukou RNA ota kuUttapa tou Eeviot. H aMnAouxia apwvoféwv Tou
avayvwpilel n mpwtedon yla va Tpaypatonoliosl tnv udpdiuon eival (Leu-Gln)-
(Ser/Ala/Gly), pe tov mentidikd Seopod mou Slaomdtal vo Bpioketal LeTd tnv yAoutapivn. H
Sdoun g eival Stabéolun otnv Bacn dsdopévwy Protein Data Bank (PDB), téco os eAelBepn
popodr, 600 kal o CUUMAEyMO He SLAdOPOUG TTAPEUMOSLOTEG, HE TNV TPWTIN SoUn Tou
kotaxwpnbnke va eival n 6LU7. H mpwtedon spdavilel svepydtnta oe Siuepn popdn,
amoteAoUpevn amno 2 ahuoideg urkoug 306 apvofewy. H kabepio amo tic aAuoideg xwplletat
o€ TPELG ToUelg, Tov Topéa | (apvogéa 8-101), Topéa Il (apwotéa 102-184) and touéa I
(apvotéa 201-303). To £viupo 6pa péow pua KaTtaAuTtikng duadag kuoteivne-totidivng,
anoteAoUpevng amnd ta apwvotea Cys 145 kat His 41. To evepyo kévtpo amoteleital and 4
umokévtpa: ta S1 (mepthappavel Tic mAeupikeég ahuoideg Twv Phe 140, Asn 142, Ser 144, Cys
145, His 163, Glu 166, His 172, koL tov okeletd twv Leu 141, Gly 143, His 164), S1’
(mephappavet T mAeupikég ahuoideg twv Thr 25, His 41, Val 42, Asn 119, Gly 143, Cys 145



KoL TOV OKEAETO TNG Thr 26), S2 (mepAapBavel TIg MAEUPLKEG aAUOLdeG TwV His 41, Met 49, Tyr
54, Asp 187 kal tov okeAeto tng Arg 188) kat S4 (meplhapBAvel TG MAEUPLKEG AAUCLOES TWV
Met 165, Leu 167, Pro 168, Ala 191, GIn 192 kot Tov oKeAeTO Twv Glu 166, Arg 188, Thr 190),
€K TWV omolwv ta S2 kat S4 epdavitouv peyaAltepn MAAOTIKOTNTA, evw Ta S1 kat S1’ eival
TOAU Baaotka yla tnv Kataluon, SeSopuévou OTL n kKataAutiky Sudda PploKeTal AVAUECA TOUG.
O KATAAUTLKOG LnXovIopog Baoiletal o pio avtidpaon nAekTpoviodpIAng mpocBnKng: apxLka
TPAYHOTOTOLETOL peTadopd TpwToviou amd tnv BelOAn TNG KATOAUTLKAG KUOTEIVNG OTO
LutdafoAlo tng Lotidivng Kol otn GUVEXELX N KUOTEIVN avTdpd Ue To KapBovUALO TOU TtPOG
AUon Seopou oxnuatilovrog éva evolapeco BelonuakeTAAng, evw n Lotidivn mpooeyyilel to
al{wto Tou mentidikol oo, oxnuatilovrog éva evolapueco okUAOEVIUOU. INUOVTLKO pOAO
oTNV KOTOAUTIKN avtibpoaon €xel Kal €va poplo vepou, mou cupPBdalel otnv otabepomnoinon
Tou KapPovuliou tng yloutapivng, mou Bpioketal Simha otov udpoAuduevo Seopo, Kal TNV
Slaomnacn tou akuAoeviupou.

H evlupikn mopepnodion (4 avaotoAn), dnAadn n ueplkn A oAk adpavomoinon evog
evlUpou, pmopel va yivel avtlotpentd (un ennpealovtac tn doun tTNg MPWTEIvNg) N un
OVTLOTPETTA (KATAOTPEDOVIAG TNV AELTOUPYLKA). H QVTLOTPENTH TAPEUTOSION Hmopsl
EMUMAEOV VA XWPLOTEL OTIC KATNYOPIEGC TNG OUVOYWVLOTIKNAG, HN-CUVAYWVLOTLKAG,
0lOUVAYWVLOTNG KOL LELKTAC avaoToAnG. OLdUo teleutaleg Katnyopleg mepAapBavouy KoL tnv
OAAOOTEPLKN AVOOTOAN], OTIOU 0 OVAOTOAEQG CUVEEETOL 08 GAAN TtEPLOXA Tou evIUHOU Ao To
£VEPYO KEVTPO. H mAstoPndia Twv Nén yvwotwv avacTtoAéwv Tng MP™ §pouv avTLoTPENTA Kol
OVTOYWVLOTIKA, EVW UTIAPXOUV KOl KATOLOL TIOU avtlépoUV OUOLOTIOAIKA Kal T(POKaAoUV
OVOVTIOTPENTN OVAOTOAN. YIIAPXEL pia aueon oxéon HETAEU TNG SOUNG EVOC avVOOTOAEQ Kal
TOU TIOCGO0 QMOTEAECUATIKOG £ival. MNa mapadeLlypa, Kamolo NAeKTpoVIOPIAN opada, OMwWC Lo
oAdeldopudda, unopel va anotedecpatiky otnv Béon P1, SnAadn otnv mMAsupLkr opdada Tou
auLwvoééog mou PBpioketal dimha otov mpoc Stdomaon dsopd mpog tnv katevBuvon tou N-
AKpou NG MeMTLSIKAG aAuoidag. AOyw Tou OTLTo UToKEVTPO S2 pooeAkUeL uSpodoPa LopLa,
KATIOLO UOPLO TIOU TIEPLEXEL KATIOLA TETOLO OPASA, OMWG yla mopAdelypa o aAsidpatiki
aAuoida, pmopel vo EUVONCEL TNV MPOCHEDH TOU OTO EVEPYO KEVTPO TNG MPWTEACNG.

H pelétn dtadopwv avaoTOAEWVY KO TOU TTWE TIPOOSEVOVTOL OTO EVEPYO KEVTPO £XEL avadeiel
KAToLa KUpLOL OLVOEEQL TAL OTIOLOL CUMLETEXOUV CUXVA OTO OXNUATIONO Se0UwV USpoyoOVou.
Eldikotepa, SUo tétoleg opadec amotelouv Ta Arg 188 kot Thr 190 kot Glu 166 kat Gln 189,
OTO UTTOKEVTPO S4. AvTioToLya, 0TO UTIOKEVTPO S2, Tal YELTOVIKA apvoéea His 41, Tyr 54 kal Asp
187 oxnpartilouv aAAn pLo opdada, evw oto UTIOKEVTPO S1 kat S1’ Tta apvoléa mo eMISEKTIKA
oTOV oXNUaTLopo Seopwv uSpoyovou eival ta Leu 141, Gly 143, Ser 144 kat His 163 kot Thr
24 ko Thr 45, avtiotolxa.

H épeuva €xeL n6n avadeifel popLa OV SPOUV AMOTEAECUATIKA WE AVOOTOAEIS TNG MP™, yia
TO omola umdpxel Kal SlaBéoun KpuoTaAAlk Sopr o€ CUPMAEYUA He ThV Mpwteaon. Ot
ovaotoleic autoi Spouv eite oxnuatifovrag oUoLOMOoALKO Se0UO e TNV MPWTEACH, ELTE ATAG
OUVOEOQEVOL OTO EVEPYO TNG KEVIPO Kol otabepomnololpevol pe §eopols udpoydvou Kot
VOpPOPoPeg arlnAemidpdoels. O Mo PeAeTnUEVOCG avaoToA£ag ival o N3, o onolog pipeitot
™ Soun evog MEMTISIOU KOl CUVETIWG EVOIL OTEVA CUYYEVLIKOG OTO TIPOYHATIKO UTTOOTPWHLA TOU
evlUpoU. IXNMOTI(EL OMOLOTIOAIKO OeO0pd Pe TNV Mpwtedon kol n &pdon tou eivat
ovavtiotpentn. AMoL avaoToAeic mou TpocSEvovtal OpOLOTOALKA OTNV TPWTEAoN sival: n
dappakeuTikn ouoia ebselen, ta auldia 11a, 11b, 13b kat 5h, n pnooenpefipn, TA AVIUKA
popla  GC376, GC373, vaphamnpePipn, MI-23, calpeptin, T0 avtiveomMAQAOUATIKO GAPLOKO
Koppodoupn, To GUTOXNUKO HUPLKETIVN Kal N ouoia MG-132. Ayotepol o aplBuo, aAAd Oxt



ALyOTEPO ONUAVTLKOL, Elval KoL OL LN OOLOTIOALKOL avaoToAe(g TG MP™. Autol meplhapBdavouv
T popla  2-(3-(3-xAwpo-5-mpomotudatvul)-2-6€0-2H-[1,3’-6umupLdiv]-5-uA-Beviovitpillo
(compound 5) kat 2-(3-(3-yAwpo-5-(kukAompomuApéBofu)dpatvul)-2-6€o0-2H-[1,3’-5utupLdiv]-
5-uA-Bevlovitpidlo (compound 26), 21220452176 (compound x0104), 218197050 (x0161),
7369936976 (x0397), MUT056399, ML 188, Mcule-5948770040 kal X77.

H BBAloypadia avadépel eniong Kal tTnv UmapEn SU0 AANOCTEPLKWY TIEPLOXWV OTIOU EXEL
EVTOTILOTEL OTL cuvdEovtal avaoTOAElG TNG MPpwTedonS. To €va amoteAel pia vdpodoPfn
Kol\OTnTa 1o amaptiletal and ta apwvotéa lle 213, Leu 253, Gln 256, Val 297 and Cys 300,
eVWw To SeuTEPO evtomiletal petafl Twv Topéwv |, Il kal Il kal n Tpocdeon avaoToAéwy o€
auTto enudépel otnv amootabepomnoinon tou Sipuepol eviUMOU Kol Tou UTIOKEVIpou S1.
AmoteAeopoTikol avaotoAeic avadépovtal to poplo pelitinib yla to mpwrto aAAooteplko
KEVTPO Kall To uoplo AT7519 yia to deutepo.

EKTOC amo tnv £peuva ylo TV oVATTUEN GapUAKWY KAl CUVOETIKWY OUGCLWV TTOU UIMOPOoUV val
xpnowomnownBouv evavtia otov SARS-CoV-2, pia ToANG UTTIOGYXOUEVN EVOAAOKTLKA OITOTEAOUV
duolkég ouoieg mou amavtwvral os $utd. Mo mapAddelypa n HUPLKETvn eival éva
dAOBOVOELSEC TIOU £XEL MELPOUATIKA amodelxBel OTL avaoTEAAEL TN SpAcn TNG MPWTEACNC.
Mevikotepa n katnyopla twv pAaBovoeldwv nepthapBavetl moAuaplBueg ovaieg mou deixvouv
va £X0UV avTLKA §pAch, OMwG N POUTIVN, N KALUTIPEPOAN Kol N KOUEPOETivVN. EKTOG amo ta
dAoBovoeldn, ta Ppalvollkd offa elval akopa pio katnyopla yio HEAN TNG omolag UEAETEG
TIOU £X0UV Yivel avadEpouv evBOpPUVTIKA amoTeAEoATA.

H mapoloa €peuva €MIKEVIPWVETAL 0 HUOLKEC OUGLEC TIOU €XOUV EVTOTILOTEL 0TO0 $HUTO
Salicornia (appupnBpa). To Salicornia sival éva oAdPUTO TOU CuvVAVTATAL O OAOTOUXQ
£6adn, onwc napaboAAooleg TTEPLOXEG, O OAOV TOV KOOWO €KTOG OO TNV AVTOPKTLKA, TNV
Avotpolia kot tnv NOTla APEPLKE KOl KATOVOAWVETAL WG TPODLUO, EVW XPNOLUOTOLELTAL KOt
oTnV mapaS0CLOKH LOTPLKA EVAVTLA OTNV UTTEPTAON, ThV TtaXUoopKia KaL Tov Kapkivo. To puto
£XEL ONUAVTIKA SLATPODLKA KO LATPLKA 0EAN TTOU PETAED GAAWV MepAapBdavouv pelwon Tou
emuéSou Twv ASiwv oto aipa, evioyuon Tou 0vooomoLnTLkoU GUGTHOTOG AVTLOEELOWTIKN,
avtibAeypovwdn kot avtukr pdon. EW8kotepa avtukr Spdon evtomiletal evavila otov Lo
™¢ ypinng, Tou épnnta, Toug adevoiolg ADV-3, ADV-8 kalL ADV-11 kal TOV QVOTVEUOTIKO
OUYKUTLOKO 10 (RSV). Autég ol Spaoelg amodidovtal otnv Umapén $avollkwv offwv Kot
dAapovoeldbwy. Ito ekxUALoPA Tou $puTtol, To onoio prnopel va mapayxBel kal anod ta pn
AUECA OELOTIOLN OO LEPN TOU GUTOU TTOU cUVHBOWC aroppLtTovTaL, £XEL EVIOTILOTEL VO EUPOG
mbava PBLOEVEPYWY CUCTOTIKWY TIOU QAVAKOUV OTIG KATNYOPleC Twv USPOEUKLVWAULKWY,
udpouPevioikwv Kal kKapeoUAKIVIKWY 0&Ewv, pAapovoeldwyv Kot pAafavovwy, oTEPOAWY,
XPWUOVWY, ALYyVAVWV KOl CATIOVLVWV.

216x0¢ NG mMapoloag SUTAWMOTIKAG epyaciag sival n aflohdynon Twv CUCTACTIKWY TOU
gkyUAiopartog tou ¢putou Salicornia tou avrkouv otig poavodepOeioeg KaTnyopleg, wg mpog
TNV MAPEUNOSLOTIKY Toug SpAcn evavTla OTNV KUpLo TPpWTedon tou SARS-CoV-2. Apxikd,
KAVOVTOG XpNon Twv epyoAeiwv TnG BLomAnpodoplkng Kot €8IKOTEPA TNEG TPOCOUOLIWOoNG
poplakng npocdeong (molecular docking) afloAoyrnBnkav ta Blogvepyd CUCTATIKA TTOU £XOUV
avadepBel 0TLUMAp)OUV ot ekyUAiopata tou ¢utoU Salicornia pe Baon tn BLPAoypadia. tn
CUVEXELD N TIOPEUTTOSLOTIKI) SpAch TWV TILO AVTUTPOCWIEUTIKWY Kol GOLVOUEVIKA SpOOTIKWY
oUCLWV, OTWC Kal n ouVvoAlk Spdon evoc ekyxuliopatog amo to ¢uto, afloloyndnkav
TELPAUOTIKA PE HLO SOKLU TIAPEUTIOSLONG Tou eVvIUOU in vitro.



ApXLKA, yla va yivel duvath n agloAdynon Twv AmMOoTEAECUATWY TNG MPocopoiwong yla Ta
OUOTOTLKA TOU £KXUAlopATOG, XpeLaotnke n cuAloyn Sedopévwy yla Toug nén UMAPXOVTEG
OVOOTOAEIG TIC TPWTEAONG, OMWC KAl N €KTiUNoNn TNG evépyelog oAAnAemidpoaong tou
OVAOTOAEQ HE TNV MPWTEIVN Kol Twv dAANAeTUdpAoewy LETALY TOUC, WoTe va elvat Suvatn n
oUYKPLON ME TO QmoTeEALopaTa TNG Tapoucag Tnpocopoiwong. Ta dedopéva autd
OUMEXBnkav amd tnv BLBAloypadia kol amod TIg KpuotaAloypadbnuéveg OSopEC TOU
OUUTAOKOU avaoToAéa-ev{Uuou mou elvatl StaBéotpeg otnv PDB, evw yla TNV OMTIKOMOINON)
TOUC Xpnoluormnotnonke to mpoypappa YASARA structure, €kdoon 20.12.24.

H npoocopoiwaon poplakng mpodadeong umoloyilel Tnv xapnAotepn Suvatr evépyela (binding
energy), KoL TNV YEWUETPlO ToOU TNV emIdEPEL, yla TO OCUUTAEYUA €VOC HaKkpopopiou
(receptor), omwg eival n mpwrtedon, Kol evoc HIKpotepou Hoplou (ligand), omwg otnv
TIPOKELUEVN TIEPIMTWON 0 avootoAéac. MNa va mpayuatonolnbel n mpocopoiwon XPELAOTNKE
va ylvel Kat@AAnAn mpoetolpocia twv Suo poplwv (kabaplopdg Tng SO Toug, MPoodrkn
OAWV TWV ATOHWV USPOYOVOUL, EAAXLOTOTIONON TNG EVEPYELAG TOUG) KOBWCE KOl 0 OPLOOC EVOC
KOTt@AAnAou KkeAlol Tipocopoiwong, To omoilo emAEXOnKe va ekteivetal yupw amod thv
kataAutikn Sudda His 41-Cys 145 w¢ kOPoC pe akpr 2-3 A peyolUtepn amd to pAKOC Tou
ligand. H mpooopoiwaon ekteAéoTnKe apyka yia Tic dn kpuotalloypadnuéveg SOUES TNG
TIPWTEAONG LLE TOUC OVTIOTOLXOUG VAOTOAELG, WOTE VO UTIAPXEL piat avadopd yLa TLG EVEPYELEC
TOU GUOTHHOTOC TPWTEACNG-OVAOTOAEN KOLL VAL UITOPOUV Va UYKPLOOUV LIE TUXOV QVTIOTOLXEG
KOTOYEYPAUUEVEG TIHEG otn BiBAloypadia, kabBwg kal yia va SltepeuvnBel n aflomiotia tou
T(POYPAUUATOC KoL va oplotel n péBodog mou Ba akolouBnBel otic undhouneg ovoieg. H
TIPOCOMOLWaN YLa Ta CUCTATIKA Tou Salicornia €ywve pe Tov (610 TPOMO, XPNOLUOTIOLWVTAG WG
receptor tnv dopun tng mpwtedong 6LU7. lMNa tnv mpaypatonolinon tng mMpocopoiwong
HMOPLOKNG TIPOCSEONG XpNOLUOTIOINONKE TO evowpatwuévo oto YASARA Aoylopko Autodock
Vina, To omoio mapayel 25 duvatég Stapopdwaoelg Tou cupmAéypartoc receptor-ligand, ot
omolec opadomolovvral pe BAaon TV opolotnTA Touc. AmO KAGBe mpokumrtouca oudda
erAéyetal n Stapopdwon He TNV XounAdtepn evépyeta. OL TPOTELVOUEVEG YEWETPLEG TTOU
emAéyovtal and kabe opada ovopalovral cluster. O aplBuog Twv cluster mMou MPOKUTTTOUV
Sladépel og kaBe mpooopoiwan, avaloyo e TO TIOCEC EUVOLKEC SLapOPPWOELS TIPOKUTITOUV
KoL OG0 aUTEG Sladépouv PeTalV Touc. EkTdg amod tnv evépyela mpocodeon g mou Sivetal yia
KAOe cluster, divetal kat n TN TNG oTaBepdg SlaoTacng Kol Ta apvofeéa mou aAAnAemidpolv
pe tov ligand (contacting residues), evw to YASARA eMITPETNEL GUYKEKPLUEVO TOV UTIOAOYLOUO
TWV Se0oUWV USPOoYSGVOUL Kal Twv USpodoBLkwy Kat -t aAAnAemidpdoewv. MNa tnv agloAdynon
TWV AMOTEAECUATWY TNG TMPOCOUOLWONG TWV YWWOTWV aVOOTOALEWV, XPNOLUOTIOLNONKAV w¢
METPO OUYKPLONG apXKA N pilo LEong TETpaYWVLKAG amokAlong (RMSD) tng mpokUmtouoag
Soung amd TNV KpuoTaAAkf, ylwa tnv emloyrp tou cluster, kol otn OUVEXElD oOL
oAANAeTdpaoelg tou mpokuntouv amo tn BLBAloypadia kot tnv KpuoTaAALKr Soun, ylo TtV
aflohoynong tng aflomiotiag tng HeBOdou. Avadoplkd HE TA AYVWOTWV LSLOTATWY
dutoxnUKA Tou Salicornia, ywa tnv emhoyn tou cluster Baotkd kptiplo ATav n xaunAotepn
EVEPYEL TIPOGSEONG, 08 cuvOUAOUO e TNV olyKpLon Ue TN BBAloypadia 6mou auth ntav
Suvartr). Napdayovtag emAoyng ATaV EMioNG KoL TUXOV KOLVEG YEWUETPLEG IOV epdavioTnkav
og ovoieg mapodpolag dopng. Aoyw aduvopiag os TIOAEG mepuTTwWoelg va e€ayxBel kamolo
CUUTTEPAOMO YLO KATTOLO. TTPOTIUWHEVN Slapopdwaon, cuxva mapandvw amo eva cluster
AndBnkav vt OYLv.

Mo TNV MElpapaTIki Slepelivnon TNG MAPEUTIOSLOTIKAG SpAcNG TWV OUCLWV XPNOoLoToLOnkKe
OVOAAUTLKO KLT yLOL TNV OUYKeKPLUEVN Tpwtedon (3CL Protease MBP-tagged Assay Kit ano tnv
etalpeio BPS Bioscience (San Diego, CA, USA), to omoio mepl\duBave wg péTpo Oetikol
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eAéyxou Tov avaotoAéa GC376. Metpnbnke n evepyotnta Tou ev{UPOU TAPOUCLO TOU
YVWOTOU OVAOTOAEX KAl ETUAEKTIKA KATIOLWVY QVTUTPOCWIIEUTIKWY PUTOXNHLKWY OUCLWY TIOU
oénynoav oe evBappUVTLKA ATOTEAECHUATA KOTA TNV TPOCOUoiwan, Kal o eKXUALOUO TOU
Salicornia. ZuykekpLéva oL 0UGLEG TTOU PeAeThBNKav ival: GepoUALKO 0EU, POCLAPLVLKO OEL,
KWWIKO 0€0, YaAAIKO o€, xAwpoyevikd ofu, 3,4-81kacdeolAKIVIKO 0V, 3,5-6ikadpeolAKLVIKO
0&U, KOUEPOETLVN, LOOKOUEPOETIVN, POUTLVN, LOOPAWVETIVN, 3-yAukolltng TNG LOOPAUVETIVNC,
3-poutwvolitng TNC LOOPAUVETIVNG,  £OTEPETiVN, eomepldivn, aKaketivn, ykoAavlivn,
MUpPLKETIVN, armyevivn, 3-poutwvolitng tng meAapyovidivng, KalumbepoAn, xpuoivn Kot
Katexivn. Ta apXkd SLaAULOTO TWV OUCLWV TTAPACKEVAOTNKAV o DMSO, Kol 0T CUVEXELa
apalwbnkayv pe to pubuLoTIKO SlaAupa avaAluong o TOANATIAEG CUYKEVTPWOELG YLO ThV KAOE
ouola, petaty 0.05 kot 5000 pM. Adou n kaBe oucia enwadnke pe to StdAupa Tou eviUpou,
T(POOTEDNKE TO UTIOCTPWO Kal To cUCTHUA TOMoBeTHONKE MPoG enwacn o Beppokpacia
neplBaAAovtog yia 4-24 h. O UTOAOYLOUOG TNG EVEPYOTNTAG £YLVE LETPWVTAG TNV EVTAOH
dOoplopov (Stéyepon: 360 nm, ekmopmnn): 460 nm). Ao TtV KaumOAn TNG evepyotntag Of
ouvaptnon Ue TIc S1adopPEC CUYKEVIPWOELG YLa TNV KABE ouaiol UTTOAOYIOTNKE N CUYKEVTPWON
Tou enidpépel 50% peiwaon tng evepyotntag, 1Cso.

Ano tnv avdiuon twv Seopwv uSpoyovou TIOU TIPAYUATOTOWOUV Ol OVOOTOAEIG HE Ta
OULVOEED TOU EVEPYOU KEVTPOU TNG TMPWTEACNC, OWG auTol dpaivovtal and TV KpuoTaAALKA
Sdoun, mpokumtel OtL To Glu 166 oxnuartilel dsopolg udpoyovou pe TNV TAsloPndila Twv
avaoToAéwy. AAa apvoééa e ouxveG alAnAsmdpaoelg sival ta Gly 143, Cys 145 kot His
163. Kata mAeloPnodia, ta apvoééa pe ta onoia ot avaotoleic paivovral va aAAnAemidpouv
TIO ouxva elval apwvoééa mou Bpiokovtal ota umokévrpa S1 kat S17, katL mou Ba ntav
OVOUEVOUEVO AOYW TOU Baoikol Toug pOAOU KOTA TNV KataAuarn, adol o mpog AUcn 6£0U0G
TOU TPAYUATLKOU TIEMTISKOU UTIOOTPWUATOG Tomobeteital avapsco o autd ta 0o
UTIOKEVTPQ.

H mpooopolwon ylad TOUG YVWOTOUC avooToAsic tTng MP® £8woe wG amotéAsopa
T(POCOVATOALOHOUG TWV OVAOTOAEWV OTO EVEPYO KEVIPO TIOAU TTAPOHOLOUG E AUTOUG TToU
dalvovtal otic avtioTolye¢ KPUOTAANIKEG SOUEG. Tla TOV TILO HEAETNUEVO OVAOTOAEQ TOU
gvllpou, N3, n evépyela mou umoAoyiotnke amo to Vina givat -8.26 kcal/mol, evio to RMSD
ToU popiou amd TNV Kpuotahikh Sopr tav 3.16 A. Evag dANog avaotoléag supeiog Spdonc,
0 OTol0G XPNOLUOTOLE(TAL OTN CUVEXELD KOL OTNV EPYOOTNPLAKN avdAuacn, eivat o GC376, yla
Tov ornolov n evépyela mpoodeonc urtoloyiotnke -7.798 kcal/mol kat n yewpetpia tou popiou
ATav TOAU TapOHOLA HE QUTAV TNG KPUOTOAAKAS Sounc, pe amdkAon poAg 1 A. Mo ta
umoAoua popLa, eKTOC amd TNV Kapuodoupn, yla TV omoia umoAoyiotnke TOAU xapunAn kot
andAutn Tr evépyela mpoodeong (-2.93 kcal/mol), oL THEC yla TRV evépyela mPOadeong
KUpAvOnkav amo -5.399 kcal/mol éwcg -9.464 kcal/mol, evw to RMSD nirjpe TIpég petal 0.318
KAl 6.65 A. ITIC MEPLOCOTEPEC TMEPUTTWOELS, N MIKPH OMOKAON METOEY TOU GUMITAOKOU
OVAOTOAEQ-eVIULOU TIOU QTELKOVIETOL OTNV KPUOTOAALKI) SO KOL AUTOU TIOU TIPOEKUE Ao
TNV pocopoiwaon, eVIoXVEL TNV 0ELOTILOTIO TNG LOPLOKAC TIPOGSEONC WG €va PHEGo POPAePNG
TNG CGUYYEVELAG EVOG LopLou LE To evepyd KEVTPO. MapatnprBnke wotdoo OTL TO POYPOUUA
06Nynos oToV UTIOAOYLOUO ONUAVTIKA Alyotepwv Seopwv udpoydvou amod autolg Tou
gudavifovrav otig KpuoTtaAAikég Sopég n avadépovtav otnv BLPAloypadia, KATL TOU pmopst
va odelletal oto yeyovog OtL, adol to mpoypappa umoloyilel toug Seopouc pe Baon tv
andotoon, Kamola Aiyo Stadopetiki Stapopdwon oTov avacTtoléa ) TNV mpwTeivn propei va
odnynoeL oe avénon tnNg UETALU TOUG AMOOTAONG KAl £TOL VA NV UTOAOYLOTEL QMo To
T(POYPOHHA KATIOLOG SECUOG TTOU OXNUATI(ETAL OTNYV TPAYHUATIKOTNTO. Mia emUTA£OV YeVIKN
napatipnon ival OtL Ta AnoTeAé0UOTA TNG TIPOCOMOIWONG VLo TOUG KN OMOLOTIOALKOUG
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ovaotoleic elval Mmoo TOTA ota Mpaypotikd SeSopéva amd TA OVTLOTOLXAL Yld TOUG
OLOLOTIOALKOUG, KATL TTOU Umopel va arodoBel oto OTL To poypappa SeV LMOPEL va EKTEAEDEL
Mpocopolwon ylo oXNUATIOUO OUOLOTIOAKOU 800U, EMOMEVWE AVIIUETWIIlEL TNV KABE
TePIMTWON oav KN OUOLOMOALKA TPOCdeon.

Onwcg elval avapevopevo, ol peyoAltepol ot HéEyeBog avaotolelc mapepmodilouv
TIEPLOCOTEPEG ATO TLG UTIOTIEPLOXEG TOU eVEPYOU KEVTPOU, e Toug N3, 5h, Mg-132, 13b, x2705,
compound 5, compound 26 kat X77 va TG KaAUTTtouv OAe¢. Mapatnpeital eniong otL ot
OVOOTOAELG UE OUYYEVIKEG SopEG epdavilouv Kal TTOAU mapopoleg OAANAETILOPACELC LE TO
evepyO Kévtpo. EmumAéov ocuyva espdavilopeva potifa eival n cuppetoxn kapPovuliwv
VELTOVIKWV O aplvouadeg, eite oe aheldatikég eite oe KUKALKEG avOpakikeG aAuaoideg, oe
Seopoucg ubpoyovou, KaBWE Kol 0 OXNUATIOMOC SeopoU HeTafl Twv mpoavadepBevtwy
QULVOUASWV Kol KapPBovUALWY TwV apvotEwy Tou evepyoU KEVTPOU. OL KUKAOTIEVTAVIKOL Kat
KukAog€avikol SaktuAlol Twv e€etaldpevwy popiwv epdavitouy eniong - aAMNAeTSpACELS
pe TG idalodec Twv apwvoféwv His 41 kot His 163. EmutAéov, emiBeBatlwvetal anod tnv
npooopoiwaon To apwotly Glu 166 wg n mo ouyxvn emadr TwV CUVEEOUEVWVY HOpPLwy,
okohouBoUpevn amo to Gly 143.

JTn OUVEXELQ, N TIPOCOMOIWGN HOPLAKAG TIPOGSECNG TPAYUATOTOLNONKE yia To flodpacTikd
CUOTATIKA TOU eKXUAlopato¢ Twv ¢utwv Salicornia. Twa ta udpofukilvwwopikd ofga,
uTtoAoyioTnkav XapnAEG Kat' amoAutn T evEpyeleg ipodadeong, Hetafy -4.98 kal -7.41
kcal/mol, xapunAdtepeg tdéo0 amnd tov avactohéa N3 6o kat amod tov GC376. Evw n evépyela
TWV oMAWV 0&EWV KUPAVONKe w¢ emi To mAsiotov petall -5 kat -6 kcal/mol, mapatnpnOnke
pla avénon otnv TIUA TNC EVEPYELOG Yla TO POCHOPLVIKO 0V, TO Omoio €ival €0TEpPAG TOU
Kadeikol oféog kal mepléxel Svo dawoAikoug Saxtuhioug (-7.409 kcal/mol) . H
ETUKPOTECTEPN YEWUETPIA TWV HOPiwV QUTAC TNG Katnyoplag oto evepyd KEVTPO lval autn
KOTd TNV omola o patvoAlkdg SaktUALOg tponyeltal NG yPauUIKAG avBpakLkng aAuoidag, Kot
otaBeponoleital site otnv neploxn S2 eite petafd twv S1 kot S1’, evw To UTtOAOLTO HopLO
EKTELVETAL TIPOG TIG TIEPLOXEC S2 Kal S4. EmutAéov, Ta HopLa AUTAC TG Katnyoplag paivovral
va oAANAsridpolv udpodofa pe to apvofd Met 165, evw o0 dpatvoAlkdg Toug SaktUALog
eudavilel m-mt aAANAemISpAoELC e TIG LoTSiveg His 41 kat His 163. Avtiotolxeg LEAETEG EXOUV
vivel in silico yla To depoUALKO, TO KAPEIKO, TO GLVATILKO, TO KLVVOLWLLKO KOL TO KOUOPLKO
0&U KoL avad£pouv MOAU TTAPOUOLA ATIOTEAECUOTA LE TO TIOPOMAVW, UE £€AlpEOn KATIOLEG
SLOPOPETIKEG TIUEG YLa TNV eVEPYELA TTPOCGSECNG TOU PEPOUALKOU 0EEOC, TTIOU UIMOPOUV Va
amoboBbolv oto yeyovog OtTL xpnolpomolnOnke Siodopetik KpuoTalAiky Sopn t™ng
TPWTEAONG KoL GAAO AOYLOMLKO Lo TNV Tipocopoiwon.

To uSpouPBevioikad ofca, dvtag oAU TapopoLa og Soun Kal péyebog, odrnynoav Kal o€ oAU
napopola petafld Toug amoteAéoparta yla TNV evépyela mpoodeong (-4.826 £wg -5.601
kcal/mol). Zxetikn €peuva otnv BiPAloypadia mapéxel Sedopéva yia to BaviAAKO, To YaAALKO
KoL To 4-ubpofuPevioiko o€y, Ta omola gival TOAU KOVTIVA HE QUTA TNG mapoloag LEAETNC,
EVIOYUOVTAG £TOL TNV €YKUPOTNTA TOUC. Baolkd aplvoféa mMou CUMUETEXOUV O SECHOUG
USPOYAVOU LE TIC OUCIEG QUTNG TNG KaTnyoplag mpokUTTouy va sival ta Glu 166, Gly 143 kot
Leu 141, evw £16kotepa n Glu 166 aAAnAemidpd kat udpodofa pe Ta popLa, kot n His 163
npoodEpetal ya - OAANAETIOPACELC KAL OE QUTHV TNV Katnyopla. H xapunAdtepn evépyela
TPOKUTTTEL Yia To 4-udpofuPevioikd oV, To omoio sival utoKaTeSTNUEVO PHOVo otny Béon 4
ME Eva udpoEUALD, EVW TO LOPLO TIOU TTPOKUTITEL OTL EXEL TNV LEYOAAUTEPN OUYYEVELQ OTO EVEPYO
KEVTPO €lval To yaAAkd ofU, TIoU €lval UTOKATECTNUEVO He Tpla udPoEUALA. MeTafl Twv
OUCLWV TIOU gival umokateotnuéveg povo pe udpolUAila, mapatnpeital ot avénon tou
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oplBuol Twv udpofuliwv odnyel o al&ncn TNG CUYYEVELAG TOUG E TO EVEPYO KEVIPO TNG
MPWTEAONC.

Ta kadeoUAKLVIKA o€ £6waoav TIOAU evOAPPUVTLKA ATOTEAECHOTA YO TNV AVOOTOAN TNG
MP™, ue katd mAsloPndia KaAAUTEPEG eVEPYELEC TTPOOOECNC OTO EVEPYO KEVIPO ATO TOUG
avaotoleic N3 kat GC376. EKTO¢ amd to KikO ofU, TIou eival €va HIKpO Hoplo To omoio
amnoteAel Sopkr povada Twv UTTOAOLWYV Kol N EVEPYELA IPOOSECH G TOU UTIoAoyioTnKe lon pe
-5.887 kcal/mol, yla ta urtdoAouta mapdywya aUTAG TNG KOTNYopLag UTTIOAOYIOTNKAY EVEPYELEG
npocdeong Petaty -7.9 kat -8.935 kcal/mol, pe Tig o umooxoueveg ouoieg va ival To 3,5-
SikadeoUAKIVIKO 0f0 kal o peBuleotépag tou, o peBuleotépag Tou 4-kadeoUA-3-
SwopokadeoUAKkVIkOU 0f€og, TO 3,4-81kadeoUAKIVIKO 08U kAl TO  3-KapeoUA-5-
S 6pokadeoUAKLVLKO 0EV. MeVIKOTEPA TAPATNPRONKE OTL OL UTIOKOTAOTACELS OTLG BEoELS 3,5
TOU KLVIKOU 0&€0G eMILPEPOUV KOAUTEPA AMOTEAECUATA ATIO TLC UTTOKOTOOTAOELG OTLG BECELG
3,4, kaBwc emiong Kat OtL o avtiotolxn O6€on, n umokataotaohn pe Kodeikd ol poTIpATaL
OCUYKPLTIKA pHe To uSpokadeikd. Ta kadeoUAKIVIKA oféa mou efetdotnkoyv aAAnAemidpouv
ouxva pe tnv Gly 143 kat pe apvoééa tng eploxng S4 (Arg 188, Gln 189). Eniong evromnilovtat
600 Kuplapxeg SLOpOpDWOELS YLo TO TAPAYWYO UTIOKATECTNUEVA OTLC 3,4 Kal 3,5 B€0elg. XTnv
TPWTN, N Movada Tou KWikoU offoc Bploketal petafy Twv meploxwv S1 kat S1’, evw ot
UTIOKOTOLOTACEL Kadeikol offog ekteivovral kdBeto petafld TOUG, MPOC TA TAVW KoL
0PLOTEPA TOU EVEPYOU KEVTPOU, Kol oTtnVv SeUTEPN TO KLVIKO o€V BplokeTal otnv iSla B€on ala
Ol UTIOKATOOTAOELC EKTEIVOVTOL TIPOG TNV 6Llal KatevBuvan, TTPOC Ta APLOTEPA, Kol aXeSOV
napaAnAa petal touc. H BLBAloypadia mapexel dedopéva mpog cUYKPLON Yol TO KLVLKO Kall
TO XAWPOYEVIKO 0€U. Mo TO TTPWTO N TN EVEPYELAC TTPOCSECNC IOV SiveTal elval TOAU Kovta
OTO QTMOTEAECUOTO QUTHG TNC EPEUVAC, EVW Yla To SeUTEPO SivovTal TIHEG TTOU KUpaivovTal
O£ PEYAAO EUPOG LN ETUTPEMOVTAC TNV £EQAYWYI CUUMEPACUATWV.

Mia &AAN mMoAUTIANBNG opdda, ou £8woe KAl TA TILO EVOAPPUVTLKA OTMOTEAECUATO UETALY
TWV EVWOEWV TIOU eEETAOTNKAV Kol ETLMTAEOV TEPIAAUPBAVEL TIC EVWOELG TIOU €XOUV HeAeTnBsl
neploodtepo otn BBAloypadia yla tnv avtukni toug dpaocn, sival ta pAapovoeldrn Kat ot
dAapavovec. OL evépyeleg MPOoSeaNC TWV OUCLWY UTtoAoyiotnkov petall -6.88 kal -9.384
kcal/mol pe tnv younAotepn evépyela va aviAkel otn poutwvdln tng loopauvetivng. H
MUPLKETLVN, TIOU €lval avayvVwPLoREVOG OVAOTOAENS TNG TPWTEAONG, OVAKEL OE AUTAV TNV
opada KoL EMOPEVWE N KPUOTAAALKY) TNG SON TAPOUCLATEL £VOL CNUAVTIKO, TIPAYUATIKO LETPO
oUYKpLONG yla TNV aloAdynon Twv amoTteAECUATWY NG pooopoiwong. H meloyndia twv
MpWIwV cluster yia 6Aa ta pAaBovoeldn gixe mpocovatoAlopd 0To eVEPYO KEVTPO MOPOUOLO
HE QUTOV TNG HUPLKETIVNG, EVW OFE KATOLEC TIEPUTTWOEL; O TIPOOOVATOALOUOC QUTOG
evtorml{otav o€ kdmolo emopevo cluster. E€aipeon amoteAoUv KATMOLEG EVWOELG OTMWG N
PAUVETiVN, OTIOU Koveva amo ta cluster Sev amelkovIoe KATIOLN YEWUETPLA TTOU va HoLaleL o€
QUTNAV TNG HUPLKETIVNG. Eva XopaKTnNPLOTIKO UoTiBo tng oxéong SOUNC-OUYYEVELOG UE TNV
MPWTEAoN elval n avénon autig otav éva eAaPfovoeldeg 1 dpAafavovn umokabiotatal pe
kamotov yAukolitn. El8IkOTEPQ, yLO. TNV KOUEPOETIVN UTtoAoyiotnke evépyela mpoodeong -
7.396 kcal/mol evw yla ta mapdywyd tng, umokateotnUéva He YAUKOLN Kol poutvoln, ot
ovtioToLyeg evépyeleg avnABayv ota -9.114 kat -9.166 kcal/mol. H BiBAoypadia emipePfatwvel
TNV TApAnAvw Taon, KE TIC TIEG TTou SivovTal yla TNV KOUEPOETivN va gival TIOAU KOVTIVEG
otnv npoavadepbeioa, evw yla tnv poutivn n mMAsloPndia Twv nnywv avadépst uPnAotepn
EVEPYELA TIPOOSEDNG, TNG TAENGS TwV -11 kcal/mol, mou mpoKUTITOUV GUWE ATIO TIPOCOUOLWOELS
ME SLapOPETIKEG MOPAUETPOUG. H (SL1at aUENTLKN TAON OTNV EVEPYELO TPOCGOECNE TIOpATNPELTOL
Kal otnv Loopapvetivn (-7.233 kcal/mol) kot ta mapdywyd tng, Omou Ta aNoTEAECUATA TIOU
npogkuav eival mPoodeutikd KaAUTepo OTav auth umokotaotabsel otnv Oéon 3 pe
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veoeomepldoln (-7.838 kcal/mol), papvolul-apapvoln (-8.167 kcal/mol), papvoln (-8.335
kcal/mol), yohaxtoln (-8.383 kcal/mol), yAukoln (-8.613 kcal/mol) kat poutwvoln (-9.384
kcal/mol). H (61 tdon evtomiletal og 0Aa Ta avtioTola mopaywyad Twv GAABOVOELS WV, OTIWG
n eomnepetivn (-7.09 kcal/mol) pe tnv eonepidivn (-8.636 kcal/mol) kat n katpundepoAn (-7.752
kcal/mol) pe tnv aotpayaiivn (-8.989 kcal/mol). H amwevivn (-7.796 kcal/mol), o 7-
vyaAaktolitng tng (-7.834 kcal/mol) kat o 7-yAukolitng tng (-8.391 kcal/mol) dsixvouv tnv idLa
au&NTLKN TAon, o€ TIOAL HIKpOTEPO BaBuo OLwWG, eldLkoTepa adoU 0 yohaktolitng xeL oxedov
Vv 6la evépyela e TNV UNTPLKA ouoia. AuTO umopel va odeileTal 0To OTL OE QUTAV TNV
nepintwon n unokatdotoon Pploketal otnv B£on 7, o avtiBeon pe tnv B€on 3 omou eival
OTLG UTTOAOLTTEG TIEPUTTWOELG. ATIO TA TTAPATTAVW, N YOAAKTOLN, n YAUKOTN aAAd Wblaitepa n
poutwvoln, elval cdkyapa TOU WMOPOUV VO QUEACOUV TNV QATMOTEAECUOTIKOTNTA TWV
dAaBovoeldbwv kat Aafavovwy we mopeUmoSLoTES TNE MPWTEASNC Tou SARS-CoV-2 aAAd Kall
™V UdPOPAKOTNTA TWV HoPLwY, ETLTPENOVTOC KaAUTEPN SlaAutomoinon kal Sieioduon oe
vdatikd meplBdrlovta, OnMwg eivol 0 avBpwrvog opyaviopoc. Avadoplkd HE TS Un
UTIOKOTEOTNEVEG OUGCIEG, KAAUTEPO AMOTEAECUATA TAPAXONKAV ylo TV ATILYEVIVN KOL TV
KOUUTIPEPOAN, OKOAOUBOUUEVEC amO TOV EMIPEPALWUEVO AVOOTOAEQ LUPLKETIVN, Yl TOV
omolo umoAoyiotnke evépyela -7.529 kcal/mol. Ano ta mopandvw TPOKUTITEL OTL Ba NTav
evbladépov va OlepeuvnBolv TEPAITEPW TA TIAPAYWYA TWV TAPATIAVW EVWOEWV HUE
Sladopouc povooakyapitec i Slookyapiteg.

OL otepOAeg mou avixvelBnkav oto Salicornia dev €édwaoav L8lailtepa evOaPPUVTLKEG eVOEIEELG
TMPOC avtukn Spdon avadoplkd Ue TNV evépyela mpdodeonc toug, afilel wotoco va
SlepeuvnBoulv TepalTépw AOYW TOU OTL AmMOTEAOUV OoyKwdn HOpla HE TNV LKAVOTNTA va
KOTOAOUBAVOUV HEYANO UEPOC TOU €VEPYOU KEVIPOU, CUMMEPLAAUPBAVOUEVNG KOL TNG
TEPLOXNG OTou Bploketal N kataAutiky Suada. OL TIHEG yla TV evépyela pdodeong sixav
otevo VPO, HeTAlL -6.56 Kat -7.45 kcal/mol, pe tnv BEAtiotn TIpA va aidpopd To KPOTEPO OE
pEyeB0og amod Ta HOPLA AUTAE TNG OUASAC, TNV EpYOaTEPOAN. Katd tnv afloAdynon Twv cluster
ANdBnke ur’ oYy OtL gpdaviotnke pla kown Slapopdwon petafd tng mAsoPnodiag twv
Mopilwv, LE TOV OKEAETO TNG Yyovavng va Bploketal otnv meploxni S1’ KoL TNV UMOKATACTAON
OTO KUKAOTTEVTAVLO TN YOVAVNG VO EKTELVETAL TTPOC TNV TtepLo)n S4.

To amoTeAéopaTa yLa TG XPWHOVEG avtioTowa Sev ival Wblaitepa evBappuVTIKA, XWPLG auTo
va amokKAElel WoTOoo TN TBavh avtukr toug dpdon. Mépa amod tnv 7-yAukomupovolul-6-
peBofuxpwuovn, mou gudavilel tv KaAltepn evépyela npdodeong (-7.229 kcal/mol), ol
UTtOAOLTTEG oUGieg Kupaivovtal petafy -5.30 kat 5.94 kcal/mol. Eivat evéladépov to yeyovog
OTL N ouaoia ou EXwpLLeL, e KPLTAPLO TNV EVEPYELO TTPOGSEDNC, elval n Lovn oucia mou ivat
UTIOKOTECTNUEVN ME €va HOplo yAukolng, sudaviloviag onpaviikn Stadopd amo Tig
umolouneg ouaieg mou €xouv Tov (8lo okeAeTd, emiPeBalwvoviag £tol To potifo Tou
gudaviotnke kot otnv Katnyopia twv pAafovoetdwy kat pAapavwv. AvadopLkd pe To potifo
MPOCOEDNC TWV XPWHLOVWV OTO EVEPYO KEVTPO, TAPATNPOUVTAL SUO EMIKPATECTEPEG TAOELG,
pio 6mou o okeletdg TG XpwHdvNe Pploketal otnv umoneploxn S2 Kat pia 6mou Bpioketot
METAEL TwV Teploxwv S1 kat S1°.

To amoteAéopata yLo TG Ayvaveg olyoupa afiel va AndBoulv ur’ oYy, Kabwg oL evépyeLeg
TPOOSECNC TOUug Kupaivovtal and -7.175 €wg -7.835 kcal/mol, pe e€aipeon to peyaAitepo
MOPLO QUTAC TNC KOTnyopiag, yla to omolo n evépyela umoloyiotnke -6.564 kcal/mol.
FevikOTEPA TO YEYOVOG OTL oL Alyvaveg elval oykwdn poépla toug Sivel Tnv duvatotnta va
KOoTaAdBouv PeyaAUTEPO OYKO OTO EVEPYO KEVIPO, WOTOCO OTWE GalVETAL OTtd TA MAPATIAVW,
TEPQ A0 KATIOL0 OpLo, TO PEYEOOC TOU Hopiou amoTeAEL MEPLOPLOTLKO TTAPAYOVTA.
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Mia ermumAéov evbladépouoa KaTnyopla oucLwv elval oL TPLTEPTEVOELSEIC camwviveg (ue
BooLKO OKEAETO TO MEVTOKUKALKO TPLTEPTIEVOELOEG OAEQVAVN), LE EVEPYELEC TIPOCGSEDNG LETALY
-7.018 ka1 -8.614 kcal/mol, mou Eemepvouv autrv tou avaoctoAéa N3 og MOAEG TEPUTTWOELG.
H ouola pe ta kaAUTeEpO AMOTEAECUOTA ATIOTEAEL £VOl TTOPAYWYO TOU OKEUTIOVIKOU 0EEOG
£0TEPOTOLNUEVO HE pia povada yhoukoupovikol o&€og atnv B£on tou C3, evw mapoatnpnonke
VEVIKOTEPA. OTL OL COMWVIVEG HUE UTIOKATAOTAON YAOUKOUPOVIKOU of€og otnv idla Béon
obnynoav oe kaAUtepa amoteAéopata. Qotoco, unnpée n €vdelEn OTL n e0teEpomoincn Ue
MopLo YAukolng oto kapBofUAlo tou C28 odnyel og pelwon TNG evépyelag mPoodeont. ZTLG
TIEPUTTWOELG OTIOU €EETAOTNKAV KOl OL LEBUAECTEPEC KATIOLWY COTMWVLVWY UTTOKATECTNEVEG
LE YAOUKOUPOVIKO 0&U, oL E0TEPEC E6€LEQV VA £XOUV L EAAXLOTA BEATIWUEVN CUYYEVEL UE
TO EVEPYO KEVTPO. MEVIKOTEPA OL CATIWVIVEC TTOU EEETAOTNKAV UTTOPOUV VA XWPLOTOUV OFE TPELG
Kotnyopieg pe Bdaon SOUIKEC OUOLOTNTEG TOUG: OKEUTOVIKO OfU Kol Ta TMopAywyd Tou,
yuloyevivn Kal Ta mopaywyd TnG Kot oA£avoAlkd ofU kal Ta mopdywyd tou. OAeg ol
canwviveg epdavitouv mapopolo potifo nmpdodeong oto evepyd KEVTPO, aAAA £l8IKOTEPQ
mapatnpeital pHeyaAUTEPN OUOLOTNTA OTA TTOPAYWYO TOU OKEUTIOVLKOU KOl TOU OAEQVOALKOU
0&€o¢. AlileL va avadepbBel emiong mwg otnv KaTtnyopla autr) cupnep\apfAavovTal Kol OUCLES
TIou avixveuBnkav yla mpwtn popd oto ¢dutod Salicornia: o 3-0O-B-D-yAoukoupovorupavoluA-
28-0-B-D-yAukomupavolitng tou 3B-ubpotu-23-0£o-30-vopoieavav-12,20(29)-6iev-28-0ikoU
of€oc, oL ouoieg Salieuropaea A, Salbige A, Salbige B kaiL o 28-O-B-D-yAukomupovolul-
gotépag tou 3PB,-29-8dpotu-oleav-12-ev-28-0ikoU 0f£0G. ‘OAec 0dNynoav oe eVEPYELEG
npoodeong peyalutepeg amno -7 kcal/mol, pe tnv kaAOtepn T, yia to Salieuropaea A, va
elvat 18laitepa uPnAn, -8.498 kecal/mol.

AT TIC UTTOAOUTTEG OUGLEC TTOU €EETACTNKAY, OL OTIOLEG HEV UMOPECAV VAL EVTAXB0UV o€ KAToLa
omod T MOPOMAVW KOTNYoplieg, oL meplocdtepeg Sev £6el€av va €xouv LELaiTepa EUVOIKEG
oANAeTudpaoeLg e TRV MP™, pe tnv mMAsloPndia TWV TIHWV YLa TV EVEPYELA TTPOCSEONC vVa
glval pkpdtepn amo -6.0 kcal/mol. OL ouoieg pe ta Lo evSladépovta amoteAéopato ATav n
Pheophorbide A (-7.935 kcal/mol) katta mapaywya tng (1372 S)-Hydroxy-pheophorbide A (-
7.414 kcal/mol) kat (1372 S)-Hydro-pheophorbide-lactone A (-8.103 kcal/mol), evw Eexwpilet
KoL To eAayko oV, e evépyela mpoodeong -7.386 kcal/mol. Aedopéva otnv BBAloypadia
TPOG oUYKpPLON UTtHPEAV LOVO yLa TNV TIUpOoYaAAOAN Kat To eAAayikd oy, emuBefalwvovtag ta
TIAPOVTA ATMOTEAECHATA OTNV MPWTN MePIMTwon, oAAd Stadépovtag onuaviikd Tdoo 6oov
opopd TNV eVEPYELA, OGO KAL TOV TPOCAVATOALCOHO TOU Hopiou yia to eAAayiko ofu.

To amoteAéopata TNG MEPOUATIKAC AvaAUoNnG £6woav onUOVTIKEG evOeifelg avaoTAATIKAG
6pAcong oucLWwV TIoU PeAETAONKaY Tapamavw. ApXIKA, n avaAucon €yLVe yLa TOV OVAOTOAEQ
GC376, yLa tov omoio unoAoyiotnke n T tou ICso (0.454 uM). Ouoieg ou €xouv Bpebel wg
oLOTATIKA Tou ¢uToU Salicornia epdavicav 50% avaoToAny Tou ev{UMOU O TOUAAXLOTOV
TIEVTONMAQOLOL CUYKEVIPWON, £6€lfav OUWG OTL €xouv TOPEUTOdLOTIK Spacn. Amo Tnv
Katnyopia Twv USPoEUKIVWOLLIKWY 0EEWVY, ETUAEXBNKAY TO HEPOUALKO KOL TO POCHAPLVIKO 0EU
TO TIPWTO YLOTL £ivoil TO KUPLO USPOEUKLVVAULKSO OEV TTOU CUVOVTATOL 0T KUTTAPLKA TOLXWLOTOL
TwV GUTWV, Kal To SeUTEPO AOYW TOU OTL £ival mapdywyo tou kadeikol oféog, pe Suo
dawvoAikolg Saktudioug, kat epdavilel Tnv KOAUTEPN eVEPYELD TTIPOCGSEGNC OTNV TTPWTEAON,
ETOMEVWG amoTeAel plo £€v8elen yia tnv taon mou eudavilouv T TOPAYWYd TWV
USPOEUKLVWOLLKWY OEEWV. MPAYUATL, TO POCHAPLVLKO 0EU OVECTEIAE ATMOTEAECUATIKOTEPA TNV
Spaon tng mpwtedong, Ue ICso =801.45 uM évavtt Tng Tung 3090.99 pM yia to pepouliko.
AOYW TOU OTL TA ATOTEAECHATA TNG LOPLAKAC TIPOCOMOLWONG ATAV TIOAU TTOPOUOLA YLA OAEG
TIG ouoieg otnv Katnyopia twv udpofuPevioikwy ofEwv, eMAEXBNKE LOVO Uia ammd aUTEG yLa
in vitro avaluon, To yaMikd o0, Adyw Tou Ot eixe eAadpwg kaAUTEpO amoteAéopata
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npocopolwong. And tnv availuon umoloyiotnke n T tou ICsp lon pe 4424.22 uM,
UeyaAUTEPN amod TNV avrtiotolyn ywa to GePoUALKO 0&U, OmMwg Ba ATAV OVAUEVOUEVO
Aappavovtag ur’ oPv OTL Kal amod tnv mpocopolwon MPogkuPe XOUNAOTEPN €eVEPYELA
MPOcdeong yla To YOAALKO ofU.

ATO TNV KOTnyopia Twv KadeoUAKLVIKWY 0EEwWV eMIAEXONKE aAPXLKA TO KWVIKO 0fU WG Bacikn
SOULKA HovaAda, KoL OTNV CUVEXELX TO XAWPOYEVIKO, TO 3,4-81kadeoUAKIVIKO Kal To 3,5-
SikadeoUAKIVIKO 08U, wg Baolkd kol eumoplkd Swabéolpa mapdaywya tou. Ta dvo
SikapeoUAKIVIKA 0&€a 06r)ynoav Kal o€ TTOAU UPNAEC TLUEG YLOL TNV EVEPYELX TTPOOSECNG KATA
TNV Mpocopoiwon. To KWIKO oy Sev €belte va €xel mapeunodlotiky Spdon, Ta mapaywyad
TOU, WOTOCO, TIOPEUNOSLOAV OMOTEAECUATIKA TNV TPWTEACTN, QAVACTEAAOVTAG TNV EVIEAWS
oTNV LeyaAlTepn CUYKEVTPWON TIOU HeAETNONKE, Twv 5000 uM. Ot Tipég ICso uTIOAOYLOTNKOY
loec pe 546.07, 503.59 kat 597.81 uM yia to YAwpoyeviko, 3,4-6ikadeolAKLVIkO Kat 3,5-
SikapeoUAKIVIKO 0EU, avtioTolya.

EmutAéov, e€etdotnkav N LUPLKETIVN Kal N KalpmdepoAn, kabwg £xouv nNén peletnbet otnv
BBAloypadia, apexovtag £ToL Eva LETPO afloAOYNoNG TwV ONMOTEAECUATWY. X€ oUYKPLON e
T avadopég (ICso= 0.22 UM yLa TtV pUpPLKeTivn Kot ICs0=34.46 yLo TV KOUUTIPEPOAN), OL TLUEG
TIou umoAoyiotnkav otnv napoloa peAétn (505.27 uM and 341.85 uM avtiotolxa) sival
ONUAVTIKA UeyaAUTeEPEC, KATL Tou pmopel odeiletal oe kamolwo Pabud kol otnv xpnon
SladopETIKNC TElpAPOTIKAC HEBOSoU. EmiBefalwvouv OpwG ot KABe mepimtwon tnv
ovaoTaATiki dpacn Twv SU0o oucLwy.

EmtutAéov €eTAOTNKE KOl N KOUEPOETIVN KABWE Kol KATOLA TapAywyd TNG (LOOKOUEPTETIVN,
poutivn, LoopapveTivn, 3-yAukolltng TNG LOOPAMVETIVAG Kol 3-poutwvolltng TtNng
LOOPOUVETIVNG). H Kouepaetivn emhéxBnke ylati eivat éva amo ta kupla pAaBovoeldn, mou
omw¢ ¢aivetal Kal and Ta Mopamdvw €XeL TIOAA mapaywya. Ta mapdywyd Tng emniong
eTUAEXONKAY, WOTE va pmnopet va e€staotel to mwg n yAukoluhiwon e ocdkyapa emdpd otnv
MapeUnodLoTiky dpdon Twv oucwwv. Ta amoteAéopata emainBevoav 1o HoTio mou €ywve
0paTO Kol Ao TV MPOCOUoLWwaon LOPLAKAC TPOCSEONG, OTLYEVIKOTEPA N OUVOEDN e CAKXAPA
SleUKOAUVEL TNV 0UVEECH TWV OUCLWYV OTO EVEPYO KEVTPO TNG MPWTEACNC. 0 TNV KOUEPOETIVN
n tun ICso urmtohoyiotnke ton pe 1910.96 UM, evw N LOOKOUEPOETIVN EUPAVIOE ONUAVTIKA
HELWHEVN TV avtioTtoyn Tr (ICso= 605.13 uM). AkOpa KaAUTEPO AMOTEAECUOTA TIPOEKU OV
yla tnv poutivn, He 1Cs0=286.93 LM, TTou NTav KAl n XopNAOTEPN TLI TIOU TIPOEKUE AVAESA
OTLG UTIO HeA€Tn ouoiec. Avtiototya, o yAukoZitng (ICso= 586.31 uM) kat o poutivolitng (351.81
UM) TNC LOOPAUVETIVNG ElXav €VIOVOTEPN TAPEUTIOSLOTIK §pdon amd TNV LOOPAUVETIVA
(ICs0=1435.99 uM), eldikdtepa pe tov poutivolitn va eival n oucia mou emtuyyavel 100%
0VaLOTOAN TOU ev{UOU Og XOUNAOTEPN CUYKEVTPWON (1000 uM). Daivetal omd Ta mopAmAvwW
OTL N POUTLVOLN WC UTTOKATACTOON ETILPEPEL KAAUTEPA AMOTEAECHATA Ao TNV YAUKOLN. Evag
aKOUA pouTLvolitng ou PeAeTnBnke elval auto tng mehapyovidivng, KaBwe NTav Kal armno TLg
ouolieg pe to KaAUTEPO AMOTEAEGHATA OO TNV PO COWOoIWoN, Ta omola emaAnBelOnkav Kat
TELPAUOTIKA, HE Hia xaunAn Tun ya to 1Cs0=463.92 uM. Itnv avaluon cuumnepiA\ndOnkav
KOL N EOTIEPETIVN KaL N €omepldivn, wg €va avIUTPOoWNEUTIKO (elyog dAaBavovng Kot
avtiotolyou yAukolitn. Kopia amd tig Vo ouacieg Sev £6&lfe emitux ovaoToAr, moapd tnv
MELWTLKA TAON TIoU EUPAVIOE N eVEPYOTNTA TOU £VIUHOU, KATL TTOU Uropel va opeiletal otnv
TIEPLOPLOUEVN SLAAUTOTNTA TWV OUCLWY OE UEYAAEC CUYKEVTPWOELS. MeletnBnkav emiong n
OKAKEeTivn, N ykaAavlivn, n amyevivn, n xpuoivn kot n kotexivn, w¢ Pooikol okehetol
dAaBovoeldbwv kat dAaBavovwy. H akaketivhy, n ykaAavilivn kal n xpuoivn dev édwaoav
evbeifelc dpdong, to yeyovog Opwg otL Sev katéotn Suvatr n SwaAutomoinor Toug ot
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OUYKEVIPWOELG UEYAAUTEPEG TWV 250 UM gumodilel KATOLO OPLOTIKO CUUMEPACHA Lol TLG
1610TNTEC TWV ouowwv amd to va efaxbel. H amwyevivn kat n kotexivn €6s€av va
apeUnodilouv To €VIUHO OE CUYKEVIPWOELS HeYaAUTeEPeC TwV 250 UM, pe 1Cs50=604.07 kal
928.55 uM, avtiotolya. ZUVOALKA, amod Ta pn umokateotnuéva pAapovoeldr), ta KaAUuTepa
amoteAféopata TPOEKUYPAV yla TNV KALUTTGEPOAN, EMOUEVWC, OMWG TIPOKUTTEL QMO TO
umolouta Sebopéva, Ba Ntav evdladépov va peAetnBolv oto pEANOV Tapdywyad TG
KOULUTIPEPOANG, OTIWG EOTEPEC UE LOVOOAKXAPITEC N Sloakyapiteg. MoAL Betikd sival emiong
TO yeyovocg OtL to ekyUAlopo tou ¢utou Salicornia mou e€etdotnke emiong eudavios
napeunodiotiky Spdon, e 1Cs0=400.66 UM, xaunAotepo kot amd tnv MAsloPndia twv
EMUEPOUC OUCLWY TTIOU e€eTAOTNKAY, UTTOSNAWVOVTAG OTL T SLadOPETIKA CUCTATIKA TOU
UropoUV va §pAcouV CUVEPYLOTIKA.

ATO TNV TEPAMATIK avAAUCN TIPOKUTITEL ETIONG OUCXETION TWV QATOTEAECHATWY TNG
npocopolwong HopLOKAC TiPdadeong He TNV TWUAR Tou umoAoyiotnke yia to ICso , UE
ouvteheotn cuoxetiong 0.8189. H cuoyx£tion auth, map’ OtL OXL AmOAUTH, UTTOYPapuileL TNV
XPNOLOTATA TNE MPOCOUOIWwaNG LOPLAKAG TTPOGSEONE WG £va LECO YLA TNV apXLKN EKTIUNON
TWV LBLOTATWY TWV oUcLwV Kal tnv edpaiwaon pag oxéong doung-6pdong LeTaly tou eviUpou
KOL TOU UTTO PEAETN OVOOTOA£d. JUVOALKQ, TA amOTEAEOUATA VoL TIOAU €VOAPPUVTIKA Kal
avadelkviouv pia mAnBwpa putoxnUlkwy, KaBwg Kal To ekXUALOHO Tou dutou Salicornia, wg
BLodpaoTIKEC OUOLEG e eVELADEPOUCEC TIPOOTITIKEG OTNV EVIOXUGH TOU QVOCOTIOLNTIKOU HOG
ouoTnUatog evavtia otov SARS-CoV-2. To yeyovog OTL N EKXUALCT TWV OUCLWY QUTWV UTTOPEL
va mpaypatornolnBei kal and pépn tou Salicornia mou cuvnBw¢ amoppintovial TPoohEPEL]
VEECG EVAAQKTIKEC Kal otnv Buwolpn aflomoinon tng Blopalog ylo tn mopaywyn mpoioviwv
TPooTIOEUEVNC alag. ZNUAVTIKOG TTAPAYOVTAG VLo TNV XPHOoN TWV TIAPATTAVW OUCLWY KAl TNV
anoppodnaon toug elval, Omwe GAavnke Kal armod tnv mapoloa €psuva, N SLoAUTOTNTA, N OTola
amoTeAEL O€ KATOLEC TIEPUMTWOELG TIEPLOPLOTIKO Ttapdyovta. Evag Tpomog va BeAtiwdel auth
n Wootnta eivol n oUlevén TWV OUCLWYV UE CAKXOPA, auEavovtag tnv uSpodIAKOTNTA Touc. H
Bloteyvoloyia €xel avamtuéel BLwolpeg Kal eKAEKTIKEG peBOSoUC yla TnV TpayuaTonoinon
TETOLWV QVTIOPACEWVY, LE TNV XPHoN EVIU WY, OTIWGE Yo TAPASELY LA OL GEPOUALKEG EOTEPACEG
1l oL AUMAOEG, Kal oL TpavG-yAUKOTUAGoeg mapéxovtog MOANEG SUVATOTNTEG MEPALTEPW LEAETNG
™G SpAong Twv TAPATAVW OUCLWV. ATO TNV SUTAWUATLKA Ut €pyacia MPOKUMTOUV
evBappuvtikd Sedopéva yla TIG TIPOOTITIKEG TWV CUCTATIKWY Tou aAddutou Salicornia wg
0VaOTOAE(G TNG KUPLAG TIPpWTEAONG Tou SARS-CoV-2. Ouwg yia tnv mAnpn afloAdynon twv
LOLOTATWVY TOUG, XPELAZETAL VOl YIVEL TIELPAUATLKA avAAUOHN Kol o€ KUTTapa, oAAA Kal in vivo
UEAETN, WG LEPOC LEANOVTLKAC €PEUVALC.
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Abstract

The world is currently going through the second year of a pandemic, which started on March,
2020, and has had numerous cases and victims and enormous consequences on social and
economic life. The cause of this pandemic is the newly identified SARS-CoV-2, an RNA virus of
the family of Coronoviridae. Although various vaccines have been developed and vaccinations
are ongoing, the antiviral drugs employed are limited and mostly already known repurposed
drugs, so there is a need for additional ways to boost our defense against the virus.
Phytochemicals emerge as a possible immune boosting solution that can act synergistically
with pharmaceutical products, since many of them have proved to be active against various
viruses. Particularly the extract of halophyte Salicornia contains a broad variety of compounds
(hydroxycinnamic acids, hydroxybenzoic acids, caffeoyl quinic acids and their derivatives,
flavonoids and flavanones, sterols, chromones, lignans, oleanane triterpenoid saponins),
including molecules with confirmed antiviral properties, among numerous health benefits.

Aim of this thesis is to initially utilize in silico methods (molecular docking using the YASARA
Structure software), to perform a screening of the contents of the Salicornia extract for their
inhibitory potential against the main protease of SARS-CoV-2 (MP™), whose vital role in viral
replication makes it an ideal target for the development of antiviral agents. As second step,
the most promising compounds were tested in vitro, using an enzyme inhibition assay,
together with an extract from a Salicornia plant.

Docking and visualizing already confirmed and co-crystallized MP™ inhibitors was done in
order to establish the method and obtain additional data on the binding mode mechanisms
that result in effective inhibition. The simulation was then performed for the Salicornia
constituents and resulted in an assessment of binding energies and contacting residues
between the protease and each tested compounds. Caffeoylquinic acids and their z
derivatives together with flavonoids and flavanones were highlighted as the most promising
groups of compounds, with binding energies ranging from -7.9 to -8.935 kcal/ mol for the first
group (excluding quinic acid) and -6.88 to -9.384 kcal/mol for the second group. The latter
binding energy corresponds to the highest scoring compound, isorhamnetin-3-O-rutinoside.
Patterns connecting the structure of the compounds and their binding affinity to the active
site of MP™ were also detectable, the major one being that glycosylated compounds have a
higher binding affinity to the enzyme than their parent structures.

In vitro screening involved a selection of compounds based on the results of the preceding
step, their commercial availability and how well they represent the variety of compounds
present in the extract. Results were very encouraging, with the majority of the compounds
inhibiting the activity of MPand a correlation between the molecular docking results and the
ICso (the concentration of a compound that results in 50% inhibition of the enzyme)
calculations being indicated. The compound with the lowest ICso was rutin (ICs0=286.93 uM),
followed by kaempferol (ICs0=341.85 uM) and isorhamnetin-3-rutinoside (ICs,=351.81 uM).
Very promising results were also yielded for the crude Salicornia extract, which showed
inhibitory activity with an 1Cso of 400.66 kcal/mol. The assay results mainly confirmed the
molecular docking results, providing useful information on which further investigation, both
in vitro in cells and in vivo, could rely on. From the present findings, it is suggested that
Salicornia extract and its contents can be valuable nutraceuticals and potential contributors
to the fight against the ongoing pandemic.
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1. INTRODUCTION

1.1.  The Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) and

emerged pandemic
As of the beginning of 2020 up until now, the world is going through a pandemic, which apart
from a severe public health crisis, counting more than 219 million cases and more than 4,5
million deaths, has had a tremendous impact on economic and social life. In December 2019,
in the city of Wuhan, Hubei province, China, a series of pneumonia cases were reported,
exhibiting symptoms such as fever, dry cough, chest discomfort or even dyspnea and bilateral
lung infiltration. The first case believed to have appeared on 8 December, and by the end of
2019, 27 confirmed cases where reported. The local outbreak was further investigated and
led to the identification of a novel coronavirus, which was later given the name Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2). The disease caused by the virus was also
named as COVID-19 (Coronavirus disease 2019) and was widely spread all over the world,
resulting in the World Health Organization (WHO) declaring a pandemic on 11 March, 2020
(Hu et al. 2021; Wu et al. 2020)

SARS-CoV-2 is the third coronavirus creating a public health concern in the past 20 years, after
the severe acute respiratory syndrome-coronavirus (SARS-CoV) and Middle East respiratory
syndrome (MERS-CoV), which created an outbreak in 2002 and 2012, respectively. SARS-CoV-
2 shares common genomic sequence by a percentage of 79% with SARS-CoV and 50% with
MERS (Stoddard et al. 2020). A coronavirus detected in bats, RaTG13-CoV, hosted by
Rhinolophus affinis, shows 96.2 % genome sequence identity with SARS-CoV-2. Therefore, it
is widely believed that the novel coronavirus originated from RaTG13 and was transmitted to
humans through an intermediate host, reminding that the possibility of a viral spillover, with
serious effects on humans, is continuously present. Pangolin was suggested as a potential
intermediate host, as there have been detected strains of coronavirus in pangolins in the area,
having a similar genome sequence with SARS-CoV-2 by around 92 %. However, the evidence
is not conclusive, since Pangolin-CoV lacks a peptide needed for the proteolytic cleavage of
the spike protein that the virus uses to attack host cells. In addition, the fact that pangolins
also exhibit symptoms of disease, due to infection from the coronavirus, suggests that they
are not a natural reservoir (Adil et al. 2021; Friend and Stebbing 2021; Hu et al. 2021).

SARS-CoV-2 belongs to the family of Coronaviridae, and is a Betacoronavirus of the subgenus
Sarbecovirus. It is a positive-sense single-stranded RNA (+ssRNA) virus, with a genome with a
size of about 29.8 kb (Xu et al. 2020). As seen in Figure 1, it has an almost spherical shape and
is surrounded by an envelope made of a lipid bilayer, onto which spike proteins are attached.
The N-terminal of the spike protein attaches to the host’s receptor, angiotensin-converting
enzyme 2 (ACE2). The C-terminal contributes to merging the viral and the cellular membrane,
with the necessary contribution of a cellular protease of the host cells, particularly
transmembrane protease serine 2 (TMPRSS2), which cleaves the spike after it is bound to
ACE2. The virus initially infects epithelial cells in the upper respiratory tract, moving then onto
epithelial cells in the lungs (Matheson and Lehner 2020). The fact that ACE2 is mainly
expressed in alveolar epithelial type Il cells can explain why lungs are the main target of the
virus, in combination with the presence in the cells of genes that facilitate viral replication.
Another contribution to that is the accessibility of the lungs, due to their large surface area.
Apart from the lungs, impairment of the function of other organs has also been observed. That
can be attributed to the presence of ACE2-expressing cells in the heart, kidney, endothelium



and intestine. Additionally, considerable expression of the enzyme in the lumine suggests that
epithelial cells of the intestine can act as receptors too, providing an additional entry point for
the virus (Zhang et al. 2020; Adil et al. 2021). People of all ages are subject to infection from
the virus, and it is observed that males are more easily attacked, as the virus receptor protein
is expressed higher in male cells than female (Wang et al. 2021).

Figure 1: Graphic depiction of SARS-CoV-2 ( gRNA: genomic RNA; S: spike protein; E: envelope protein: M:
membrane protein, N: nucleocapsid protein) as presented by D. Kim et al (2020) (left) and image of the virus
captured on scanning and transmission electron microscope by the National Institute of Allergy and Infectious
Diseases (NIAID) Rocky Mountain Laboratories (right).

1.2.  Targets for blocking the activity of SARS-CoV-2

The emergence of coronavirus-related diseases highlights the importance of the development
of ways of defense and immunity boosting. Eliminating SARS-CoV-2 infection, includes
blocking any step within the pathway of viral entry, replication and release of new viruses in
the human organism (Figure 2). The phylogenetic similarity with previous coronaviruses has
provided a lead in drug development research, as drugs with antiviral activity against SARS-
CoV are likely to be able to inhibit SARS-CoV-2, too. Apart from that, ongoing research is being
conducted, both towards interfering with the functional and structural proteins of the virus
and towards acting on the host, to reinforce immune response or block proteins that assist
the viral entry in the cells and replication. The spike protein, a structural protein of the virus,
is the main antigen for which the vaccines have been developed (Creech et al. 2021), but
repurposed and newly designed drugs target functional proteins, virulence factors or host
proteins that are useful to viral reproduction (Gil et al. 2020).

Functional proteins can be a main target to block viral activity. The main functional proteins
of SARS-CoV-2 include the main protease (M", 3CL"™ or nsp5), papain-like protease (PL"™),
RNA-dependent RNA polymerase (RdRp) and helicase (nsp13). MP™ cleaves the formation of
non-structural proteins (nsps), including itself, from overlapping viral polyproteins ppla and
pplab, at at least 11 cleavage sites. These nsps are essential parts of the replication and
transcription complex of the virus. Thus, MP™ is necessary for the formation of functional
components that SARS-CoV-2 needs to reproduce. Similarly to MP™, PLP™ also releases three
non-structural proteins from the initial polyprotein, which play a role in correcting the
replication of the virus (Arya et al. 2021). RdRp is a structure mainly consisting of catalytic non-
structural protein (nsp12) and two assisting nonstructural proteins nsp7 and nsp8, all of which
are released by MP™. This complex is key for replicating and transcribing the viral genome, as
it catalyzes the polymerization of RNA. The U.S. Food and Drug Administration-approved anti-



SARS-CoV-2 drug remdesivir acts by inhibiting RdRp (Hillen et al. 2020). Nsp13 is another
enzyme, conserved amongst coronavirus species, that is needed for replication, as it unwinds
double strands of DNA and RNA in a 5’-3’ direction, through an NTP-based reaction
(Habtemariam et al. 2020).

Attacking the structural proteins of the virus is another strategy that essentially prevents the
binding of the virus to the receptor and its self-assembly. The main structural proteins of
SARS-CoV-2 include the spike protein (S), the small envelope protein (E), the membrane
protein (M) and nucleocapsid protein (N). As described above, the spike glycoprotein is
responsible for the binding of the virus to the host cells and the fusion of the viral and cellular
surfaces. It is bound to the outside part of the viral envelope and has the shape of a spike. The
protein consists of three subparts, S1, S2 and S2’. S1 is the domain that recognizes the
receptor and binds to it, S2 contributes in merging the membranes and S2’ is a fusion peptide.
Spike protein is of prominent importance for the entry of the virus into the host cells, as any
variations in this protein affect the way and the type of cells the virus attacks. Thus, the spike
protein is an antibody target and also the focus of vaccine development. The envelope protein
is crucial for the morphogenesis of the virus. It also creates ion channels through which the
virion communicates with its environment and regulates protein transfer, consequently being
important for the biological functions of the virus. Similarly, the membrane protein, a
glycoprotein with three transmembrane domains, has a substantial structural role. Together
with the other structural proteins, it provides a frame for viral RNA, in addition to maintaining
intracellular equilibrium of metabolite concentrations. The nucleoprotein also plays a role in
the assembly of the virus, by assisting with incorporating viral RNA into a nucleocapsid.
Moreover, it is necessary in other parts of the life cycle of the virion, such as organization of
the cytoskeleton and host cell apoptosis (Shamsi et al. 2021).

Targeting the virus virulence factors is also a defense mechanism against it. More specifically,
nspl is a virulence factor that destroys host mRNA and blocks the production of type-1
interferon. ORF7 blocks the bone marrow matrix antigen 2 (BST-2), that functions as an
inhibitor of the release of new SARS-CoV-2 cells from the already infected ones. Nsp3c is
another factor that fights host immunity response by binding to its ADP-ribose (Wu et al.
2020).

Lastly, another way to block viral infection is to block host proteins that are useful to viral
reproduction. For example, the binding site of the receptor, ACE2, can be occupied, so that
the virus cannot bind to the host cells (Wu et al. 2020). Wang et al. (2021) also mention
antiviral activity exhibited by compound S416, a compound that inhibits pyrimidine synthesis,
which is essential for viral replication by targeting its rate-limiting enzyme, dihydroorotate
dehydrogenase (DHODH). Another crucial part of the viral cell entry is Transmembrane
Protease Serine 2 (TMPRSS2), which activates the spike protein and consequently facilitates
the binding of the virus to the host cells. TMPRSS2 is a confirmed antiviral target, as already
investigated inhibitors prove that it blocks viral cell entry (Hoffmann et al. 2020).
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Figure 2: Mechanism of SARS-CoV-2 infection as presented in Huang et al. (2020)

1.3.  The main protease of SARS-CoV-2 (MP™)

The translation of the viral RNA of SARS-CoV-2, once it enters the host cells, leads to the
synthesis of two polyproteins, ppla and pplab. After auto-processing its own N- and C-
terminals to release itself from the polyproteins, SARS-CoV-2 MP™ cleaves the peptide bonds
of ppla and pplab, catalyzing the formation of nonstructural proteins necessary for the
construction of the replication transcription complex that the virus needs to synthesize new
RNA (Koudelka et al. 2021; Jin et al. 2020a; Hegyi and Ziebuhr 2002). The proteolysis takes
place in more than 11 cleavage sites. The amino acid sequence that the enzyme recognizes as
a cleavage site is (Leu-GIn)-(Ser/Ala/Gly), with the peptide bond being hydrolyzed after Gin.
Koudelka et al. (2021) also mention that SARS-CoV-2 MP™ is able to cleave human proteins as
well. More specifically, optineurin, a protein that participated in activating innate immune
response during viral infection, was found to have two potential cleavage sites where MP™
could act. The vital role of MP™ in the reproduction of SARS-CoV-2 and the release of many
of its proteins, combined with the fact that its structure and mechanism have been
investigated, make it a very appealing target to block viral activity. Moreover, the fact that
there is no human enzyme cleaving proteins after the GIn residue, is another advantage of
MP™ as target for the development of inhibitors to act as antiviral drugs orimmune-boosting
compounds (Dai et al. 2020; Mengist et al. 2020; Zhang et al. 2020b; Kneller et al. 2020a;
Swiderek and Moliner 2020).

1.3.1. Structure
SARS-CoV-2 MP™ (EC 3.4.22.69) is a cysteine protease and a member of the PA clan of
proteases. Proteases are enzymes that hydrolyze peptide bonds and thus belong to the
category of hydrolases. The first crystal structure of SARS-CoV-2 MP™ was determined by X-
ray diffraction at a resolution of 2.16 A and was deposited at the Protein Data Bank (PDB) by
Liu et al. and released on February 5, 2020, under PDB ID 6LU7. Since then, many structures
of the protease have been deposited, including the enzyme co-crystallized with various



inhibitors. The active form of the enzyme is a homodimer (Figure 3). The structure of a single
monomer consists of a 306-residue-long polypeptide chain, which can be divided into three
domains: domain | (residues 8-101), domain Il (residues 102—184) and domain lll (residues
201-303). Domains | and Il are composed of antiparallel B-barrels and host the active site in a
cleft formed between them, whereas domain Il consists of 5 a-helices and plays a role in the
dimerization of the enzyme. Residues 185-200 form a loop that connects domains Il and llI
(Kneller et al. 2020a; Jin et al. 2020a; Zhang et al. 2020b). The enzyme is active only in as a
dimer because the NH,-terminal of each protomer interacts with residue Glu 166 of the other
protomer and contributes to the formation of the S1 subsite of active site (Sacco et al. 2020).
This interaction results in the NH>-terminal of a monomer being positioned between domains
Il and Ill of this monomer and domain Il of the other. The dimeric structure of the enzyme is
regulated through a salt-bridge between residues Glu 290 of one protomer and Arg 4 of the
other (Zhang et al. 2020b).

Figure 3: SARS-CoV-2 MPr® jn the active form of a homodimer (PDB 7JKV). The right monomer is shown as surface
while the left portrays the secondary structure and the three domains of the enzyme. Domain | is in red, domain Il
in purple and domain Il in cyan. Catalytic residues His 41 and Cys 145 are highlighted in yellow and green
respectively. The molecule was visualized in YASARA Structure.

At its active site, the enzyme has a cysteine-histidine catalytic dyad (Cys 145-His 41). The
existence of the stabilizing oxyanion hole, consisting of residues Gly 143, Ser 144 and Cys 145,
is also noteworthy. During catalysis, the negative charge of the carbonyl oxygen in the scissile
bond of the natural substrate of the protease is being balanced by the oxyanion hole. It is also
reported that the oxyanion hole similarly stabilizes inhibitors, as many of them form a
hemithioacetal intermediate with a negatively charged oxygen atom and bind to the Cys 145
residue of the protease with a similar geometry as the tetrahedral intermediate formed by
the natural substrate (Zhang et al. 2020b; Swiderek and Moliner 2020; Kneller et al. 20203;
Kneller et al. 2020b). The catalytic mechanism will be further analyzed below.



Except for catalytic dyad (Cys 145, His 41), the active site of MP™ is demarcated by residues
Ser 46, GIn 189, Thr 190, Ala 191, Pro 168, Glu 166, Leu 141 and Asn 142 (Kneller, Phillips, et
al. 2020b). It consists of four main subsites, S1, S1’ S2 and S4 (Figure 4), similar to the active
sites of the main proteases of other coronaviruses (Qiao et al. 2021; Dai et al. 2020). More
specifically, out of the 306 residues of the protease sequence, only 12 are different between
the main proteases of SARS-CoV-2 and SARS-CoV, which corresponds to 96% identity (Griffin
2020). As described by Stoddard et al. (2020), S1 subsite consists of the side chains of Phe 140,
Asn 142, Ser 144, Cys 145, His 163, Glu 166, His 172, and the backbone of Leu 141, Gly 143,
His 164 and Met 165. However, Bai et al. (2021) mention Phe 140, Tyr 161, His 162, Glu 166
and His 172 as the key residues forming the S1 subsite whereas lJin et al. (2020a) point out
the side chains of Phe 140, Asn 142, His 163, Glu 166, His 172 of one protomer and the
backbone of Phe 140 and Leu 141 of the other as the parts of this subsite. S1’ subsite is formed
by the side chains of Thr 25, His 41, Val 42, Asn 119, Gly 143, Cys 145 and the backbone of Thr
26.S2 is created by the side chains of His 41, Met 49, Tyr 54, Asp 187 and the backbone of Arg
188. According to Jin et al. (2020a) though, S2 subsite is a hydrophobic cleft, formed by the
side chains of His 41, Met 49, Met 165 and the alkyl part of the side chain of Asp 187 of the
other protomer. S4 is made up of the side chains of Met 165, Leu 167, Pro 168, Ala 191, GIn
192 and the backbones of Glu 166, Arg 188, Thr 190.

From the above description of the active subsites and the slight differences found in literature,
it is obvious that the borders of each subsite are not entirely specific and strictly defined. For
example, Stoddard et al. (2020) depict similarly the active subsites (Figure 5a), but also
mention an additional accessible cleft named S6. Dai et al. (2020) note the cavities that
represent each binding subsite, but do not define clear limits between them (Figure 5b). Other
studies mention additional binding pockets. For example, Swiderek and Moliner (2020) refer
to S3 cleft, located next to S4. Lockbaum et al. (2021) divide the active site in more subsites,
including S3 and an additional S2’ (Figure 5c). In both cases, no detailed description of the
subsites is being given, however they are presented in the following image.

Figure 4: MPro subsites, colored and marked on the image. Catalytic residues are also marked (His 41 in green and
Cys 145 in yellow). Active site visualized in YASARA Structure. (PDB:6LU7).
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Figure 5: SARS-CoV-2 MPr° active site with subsites marked, as presented in different studies

Overall, subsites S1 and S1’ exhibit a higher degree of conservation, both in the different types
of coronaviruses and when in complex with different substrates, whereas residues in subsites
S2 and S4 are more mobile. Shitrit et al. (2020), after superposing crystal structures of SARS-
CoV-1 and SARS-CoV-2 MP™ with different inhibitors, suggest that residues GIn 189, Met 49
and Asp 142 are residues of the binding site that show the greatest flexibility and variation
between different ligands binding. More specifically, as far as residue Met 49 is concerned, its
position has an effect on the size of S2 binding pocket, thus playing an important role in the
ligand binding (Stoddard et al. 2020). On the other hand, they point out residues His 163 and
Glu 166 as residues with which the vast majority of inhibitors form key interactions for
inhibition. These conclusions are supported by the work of Gimeno et al. (2020), who claim
that residues Met 49 and Arg 188 in the S2 subsite and Met 165 and GIn 189 in the S3 subsite
are the most susceptible to displacement in the binding pocket of MP™, while S1’ subsite is the
most stable part of the active site, followed by S1 where only Ser 1 and Asn 142 side chains
exhibit subtle variation.

The malleability of the protein allows it to be arranged in different conformations, depending
on the substrate or inhibitor that binds to it. As Stoddard et al. (2020) point out, since the
available crystal structures provide an image of the enzyme at a specific moment, usually
when it is in complex with an inhibitor and therefore with a certain conformation, molecular
docking simulation results may differ considerably depending on the receptor’s structure
used. Kneller, Phillips, et al. (2020b) describe in detail the changes in the 3D structure of the
protein upon ligand binding and specifically when peptide-like inhibitor N3 is bound to the
active site (Ligand-free PDB structure: 6WQF; Inhibitor-bound PDB structure: 6LU7). Residues
46-50 that form a small helix close to P2 group of N3 move away from the B-hairpin loop
arranged by residues 166-170, while the loop surrounding P5 group (residues 190-194)
approaches it. The side chains of residues Met 49 and Met 165 change conformation in order
to drift away from P2 group and specifically the leucine it includes, causing a movement of Ser
46 and Leu 50 residues. Also, the C-terminus of the protein (residues 301-306) flips its position
by 180° when N3 binds to the enzyme, something that potentially destabilizes the dimer due
to reduction of hydrogen bonds. Molecular dynamics simulation has shown great plasticity of
P2 helix, P5 loop and the C-terminus, indicating that these regions could be accessible for
binding by a greater variety of chemical compounds.



1.3.2. Catalytic mechanism
The mechanism through which proteolytic cleavage is conducted by SARS-CoV-2 MP™ is not
studied in depth. However, due to the high similarity of the enzyme with the main proteases
of other coronaviruses, especially SARS-CoV, very plausible hypothesis about its catalytic
mechanism can be made.

Swiderek and Moliner (2020) have used computational methods to deduce this catalytic
mechanism, which is presented in Figure 6. The cleavage of the peptide bond is suggested to
be initiated by a proton transfer from the thiol group of Cys 145 to the imidazole of His 41.
Then, a highly reactive nucleophilic ion pair is formed. The Cys residue attacks the carbonyl
portion of the scissile peptide bond, forming a thiohemiketal intermediate, while the
protonated His attacks the N-atom of the peptide bond, creating the acyl-enzyme complex
intermediate. A polypeptide chain is released as the first product of the reaction. Then an
active water molecule attacks the carbonyl carbon atom of the GlIn residue, whereas His is
being reprotonated, no longer maintaining the acyl-enzyme complex. Lastly, Cys 145 is
released as the covalent bond with the peptide is broken. The water molecule taking part in
the above series of reactions is also part of interactions between residues His 41, His 164 and
Asp 187, balancing the polar contacts between them. Kneller, Phillips, et al. (2020a) have
pointed out its role, characterizing it a part of a potential non-canonical catalytic triad.
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Figure 6: Steps of the mechanism of peptide bond hydrolysis by SARS-CoV-2 Mpr (Swiderek and Moliner
2020)

1.4. Types of enzyme inhibition

Enzyme inhibition is the partial or complete inactivation of an enzyme by a compound, and
can happen in multiple ways. An initial discrimination could be between reversible and
irreversible inhibition. Irreversible inhibitors react with the protein to create a covalent bond,
usually destroying a functional part of it (Sharma 2012). Although in the majority of the cases
irreversible inhibitors bind covalently to the enzyme, they can also interact non-covalently. In
any case, the interactions are strong and the complex is hard to separate. Reversible
inhibitors, on the other hand, can interact both covalently and non-covalently with the
enzyme, but they are quickly disconnected from the protein, leaving it intact (Berg et al. 2002).

Reversible inhibition can be divided into four categories, also depicted in Figure 7:



e Competitive inhibition: The inhibitor and the substrate, which are often in this case
structurally similar, compete with each other for binding to the active site. Therefore,
a competitive inhibitor acts by allowing less enzyme molecules to host the substrate.
As far as the effect on the kinetic constants of the enzyme is concerned, competitive
inhibition does not affect the maximum velocity of the enzyme (Vmax) but results in an
increase of the enzyme-substrate dissociation constant K. (Todhunter 1979;
Engelking 2015)

e Uncompetitive inhibition: The inhibitor can only bind to the enzyme-substrate
intermediate. That results in a reduction of both kinetic constants Vimaxand Km,, which
corresponds to reducing the speed of the catalytic reaction and increasing the binding
affinity of the enzyme to the substrate, meaning that it is harder for the enzyme-
substrate complex to disassociate and proceed to the formation of the product
(Dougall and Unitt 2015; Palmer and Bonner 2011).

e Mixed inhibition: Although the term is often being used as a synonym for non-
competitive inhibition, mixed inhibition is defined in many sources as more general
form of non-competitive inhibition. The inhibitor is able to bind both to the free
enzyme and to the enzyme-substrate complex, but the binding affinity is different to
each one of them. It decreases both the enzyme units available for substrate binding
and the turnover rate of the enzyme. This is portrayed by an apparent decrease in
Vmax and apparent increase in Km (Ochs 2000; Saboury 2009; Todhunter 1979).

e Non-competitive or allosteric inhibition: A non-competitive inhibitor binds to the
enzyme at a site different from the active site (allosteric site). The affinity of the
inhibitor to the enzyme is the same as to the enzyme-substrate complex, so the
binding of the substrate and the inhibitor are independent events, but the inhibitor
reduces the catalytic activity by altering the structural conformation of the protein.
This type of inhibition reduces the turnover rate of the enzyme, which means that
catalysis is being slowed down, while the affinity of the enzyme to the substrate
remains intact. The terms allosteric and non-competitive inhibition are usually used
interchangeably. The difference between mixed and non-competitive inhibition can
be seen through the kinetic constants: non-competitive inhibition leads to a reduction
of the value of Vma but no apparent change in K., (Aldred et al. 2009; Delaune and
Alsayouri 2020).

Another categorization of inhibitors is between covalent and non-covalent inhibitors.
Covalent inhibitors generally include a reactive group (e.g., hydroxyl, epoxy, carbonyl) and
react with the active site of the enzyme forming a covalent bond with a nucleophilic residue,
such as Cys, Ser, Thr or Lys. It is often mentioned that the covalent inhibition is time-
dependent, meaning that the covalent bond is not formed immediately and it is preceded by
the formation of a non-covalent complex (Awoonor-Williams and Abu-Saleh 2021). Non-
covalent inhibition is usually achieved small molecules, whose shape and interactions with the



active site, including hydrogen bonds, van der Waals interactions and salt bridges enhance the
ability to block the catalytic center of the enzyme (Aljoundi et al. 2020).
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Figure 7: Types of reversible inhibition

1.5.  Substance efficacy

There are various measurable quantities that demonstrate how effective a substance is as a
virus inhibitor. The quantities more often used in literature describe the inhibitory effect of a
compound, as well as its cytotoxicity. More specifically, half-maximal inhibitory concentration
(ICso) is the concentration of a substance required to inhibit a biological process by 50% (Aykul
and Martinez-Hackert 2016). Specifically for enzyme inhibition, I1Cso value corresponds to the
concentration of an inhibitor that results in 50% reduction of the enzyme’s activity. This
measure of a substance’s efficacy is a function of the concentrations of the enzyme, the
substrate and the inhibitor, as well as the experimental conditions. A value that can be more
useful for comparisons between different studies is the inhibition constant K;, for which the
substrate plays no role, as it depends only on the enzyme and the inhibitor (Cer et al. 2009).
Another relative measure of inhibitory activity is the half-maximal effective concentration
(ECso). It is defined as the concentration of a substance that causes an specific effect to reach
50% of its maximum possible value (Neubig et al. 2003). It can be the same as ICso in the sense
reduction of the activity of an enzyme to 50% the same as increase of the inhibitory effect of
a compound against the enzyme to 50%.
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Another indicative property of a substance that is a candidate to be used as a drug or
nutraceutical is its cytotoxicity. Half-maximal cytotoxicity concentration (CCso) is a measure of
cytotoxicity and is defined as the concentration that reduces cell viability by 50% (Abid et al.
2012). Therefore, a high CCsq is desirable, so that a higher concentration of the compound can
be used (which usually causes a stronger inhibitory effect) without the host cells being
endangered. In studies where the ability of a substance to eliminate infected cells is
investigated, a low value for CCso is desirable, however this is not the case in the studies
mentioned in this work.

1.6. Inhibition of SARS-CoV-2 MP'®

The majority of protease inhibitors act competitively and reversibly, and not by binding to the
active site with the same mechanism as the substrate does, but rather by blocking access to
it, when interacting with its subsites and catalytic residues. There are also irreversible
inhibitors, altering the protease when reacting with it, as well as allosteric inhibitors (Farady
and Craik 2010). The way reversible inhibitors of MP™ reported bind to its active site is through
the reaction of their electrophilic carbon with the sulfur atom of Cys 145, to form a tetrahedral
complex, which is often stabilized by interactions with the oxyanion hole residues.
Compounds containing aldehyde, thio-, oxy- and amido- methylketone, cyclic ketone, nitrile
and 1,2-dicarbonyl moieties have been reported as reversible inhibitors, as well as
peptidomimetic compounds with an a-ketoamide active group. Irreversible inhibition also
happens through a reaction of nucleophilic addition between the cysteine sulfur and the
carbonyl group of the inhibitor. It might however result in Sy2 displacement, leading in the
migration of the sulfur atom and deactivation of the enzyme (Hoffman et al. 2020). Multiple
covalent and non-covalent inhibitors of MP™ have been studied, both using in silico and in vitro
methods. Both types of inhibitors form non-covalent interactions with key residues of the
active site, however covalent inhibitors, as mentioned above, react with the protein, and more
specifically with catalytic residue Cys 145, through a reaction of nucleophilic addition.

1.6.1. Desired inhibitor characteristics

Apart from the type of protease inhibitors, it is also important to gain insight into the way
inhibition occurs and the relationship of the structure of the inhibitor with its binding to the
active site of the enzyme, in order to understand how MP™ can be blocked and be able to
predict inhibitory potential of novel compounds. A common way of approaching the
structural analysis of inhibitors is through the system of nomenclature for the peptide
substrates of proteases, according to which substrate residues are numbered, beginning from
the scissile bond, as P1’, P2’ etc., to the direction of the C-terminus and as P1, P2 etc. in the
direction of the N-terminus (Figure 8). Catalytic residues are located between S1 and S1’
subsites, so that they are accessible by the scissile bond.

As mentioned in Dai et al. (2020), an electrophilic moiety, such as an aldehyde, is a good choice
for the P1’ position, so as to interact with the nucleophilic catalytic cysteine and potentially
create a covalent bond, which contributes to stability and specificity of the inhibitor. Apart
from that, the goal in order for an inhibitor to be successful is to have as many other, non-
covalent interactions that can stabilize the complex as possible. For example, a common
occurrence is a (S)-y- lactam ring in the P1 position, whose oxygen and NH- group make easier
the formation of interactions with neighboring residues.
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Figure 8: Proteolytic enzyme substrate nomenclature as shown in Hoffman et al. (2020)

Rut et al. (2020) also performed an enzymatic assay to screen a hybrid combinatorial substrate
library and compare amino acids with different side chains in different substrate positions and
concluded that an isobutyl group is almost two times more reactive than an o- and m-
phenylene group in the P2 position. Tert-butyl, primary amine, phenol, guanidine and phenyl
groups are reactive in the P3 position, in a series of decreasing reactivity. Lastly, the same
happens with methyl, isopropyl, thiazole, o-phenylene and indole groups in the P4 position.

Douangamath et al. (2020) conducted a fragment screening study from which various
conclusions about the relationship between the structure of the ligand and the position where
it bounds and its orientation can be derived. More specifically, it occurs that a ligand can block
the S1 subsite when having a pyridine or other ring containing a nitrogen atom, that interacts
with His 163, or an amide or urea group, which forms interactions with Glu 166 through the
carbonyl. Moreover, hydrophobic residues, such as Leu, have been shown to more easily bind
to S2 pocket. It is observed that the aromatic ring of binding compounds forms hydrophobic
interactions with Met 49 or pi-pi interactions with His 41, so it is being stabilized in this cleft.
Ligands containing and N-chloroacetyl moiety, especially as part of an N-chloroacetyl
piperidinyl-4-carboxamide group (Figure 9a) form multiple hydrogen bonds with oxyanion
hole residues Gly 143, Ser 144 and Cys 145 and they are orientated towards the S2 subsite.
Screening of compounds containing a N-chloroacetyl-N’-sulfonamido-piperazine group
(Figure 9b) shows that they bend, allowing substitutions of the phenyl group to block the S2
subsite. In addition, halophenyl moieties present appear possible to interact with residue Asn
142. The presence of the N-chloroacetyl-N'-carboxamido and N-chloroacetyl-N’-
heterobenzyl-piperazine motif (Figure 9c) tend to bind towards the S2 subsite, providing
access to S3 pocket as well.

2 Cl K\NJK/CI

Figure 9: N-chloroacetyl piperidinyl-4-carboxamide motif(a), N-chloroacetyl-N’-sulfonamido-piperazine motif (b)
and backbone of N-chloroacetyl-N’-carboxamido and N-chloroacetyl-N’-heterobenzyl-piperazine motifs (c) as
described in Douangamath et al. (2020)
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Stoddard et al. (2020) have conducted similar research to study the effects of structure on
binding affinity. Results showed that the presence or absence of halogens in a ligand does not
considerably affect binding affinity. In addition, due to the fact that the active site has several
hydrophobic regions, the effect of hydrophobic groups in a ligand was investigated. Results
show that aliphatic substitutions increase binding affinity, and the longer they are the greater
the increase. Also, there was an edge of meta substitutions over ortho and para, as it gives
the ligand an orientation towards S1 and S2 subsites. S2 subsite being a pocket that shows a
preference for hydrophobic moieties, the binding affinity is increased if the aliphatic group of
the ligand manages to enter deeper into the S2 pocket.

That is also the case with aliphatic ring additions, which also contribute in a great increase in
the binding affinity and are preferable to aromatic rings. Overall, the presence of nitrogen
atoms increases binding affinity as it creates the potential of the formation of multiple
hydrogen bonds or pi-pi stacking interactions. A heterocyclic moiety with a nitrogen atom is
more favorable to access the S2 subsite and form a hydrogen bond with Tyr 54 when the
nitrogen atom is at the para position.

From the aforementioned study, the existence of five locations accessible to hydrogen
bonding to the active site of MP™ was described. One is found in the S4 subsite and consists
of residues Arg 188 and Thr 190, with the backbones of which many compounds are found to
create hydrogen bonds. The binding of a compound to the S2 site can occur through hydrogen
bonding with residues Tyr 54, His 41 or Asp 187, which form the second binding location. Also,
accessible to hydrogen bonding are residues Glu 166 and GlIn 189, creating a third hydrogen
bonding hotspot. In the S1’ subsite, hydrogen bonding is facilitated by residues Thr 24 and Thr
45. An amine or alcohol group is favorable for such an interaction. S1 subsite is made
accessible for ligands to create hydrogen bonds, especially for those with a protonated
nitrogen atom, through the side chains of residues, Leu 141, Gly 143, Ser 144, His 163.

In the following paragraphs, specific compounds that have been recognized as SARS-CoV-2
MP™ inhibitors and their interactions with MP™ will be described, confirming the above-
mentioned data resulting from the structural analysis.

1.6.2. Covalent inhibitors
Research has led to the identification of multiple compounds as MP™ inhibitors, which include
both already known drugs, as well as compounds designed for the specific target. The co-
crystallization structure of the inhibitors in complex with the enzyme proves that the majority
of identified inhibitors bind covalently to the active site.

N3 is a peptidomimetic compound that successfully inhibits the protease, as it binds to its
active site very similarly to the actual substrate. It is a Michael acceptor, and acts as a time-
dependent, irreversible inhibitor. Its 50 % cytotoxicity concentration (CCso) is reported to be
greater than 133 uM, whereas the half-maximal effective concentration (ECso) is 16.77 uM. In
the original publication that provided the crystal structure, the interactions between the
enzyme and N3 are described in detail. More specifically, the inhibitor forms a 1.8 A covalent
bond with the sulfur atom of residue Cys 145 of the protein. Moreover, N3 forms one
hydrogen bond with each one of residues Gly 143, His 163, His 164, , GIn 189 and Thr 190 and
two hydrogen bonds with Glu 166 (Jin et al. 2020a). Ebselen is another auspicious drug
molecule worth mentioning, as it inhibits the protease with an ICso of 0.67 uM, and an ECsp of
4.67 uM, also exhibiting very low cytotoxicity. In the case of ebselen, covalent inhibition is
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reinforced by its non-covalent interaction with the active site residues, which are however not
described in detail (Jin et al. 2020a; Sies and Parnham 2020).

Two other covalent inhibitors are 11a and 11b. As covalent inhibitors, both compounds are
covalently bound to the S-atom of Cys 145, with a 1.8A bond. The enzyme-inhibitor complex
is further stabilized with a hydrogen bond between the oxygen of the aldehyde group of 11a
and 11b and Cys 145. Additionally, they both form one hydrogen bond with Phe 140, His 163
and His 164 and three with Glu 166. Inhibitor 11b contains an F-atom that forms an additional
hydrogen bond with GIn189. The cyclohexyl group of 11a inserts the hydrophobic pocket that
makes up S2 subsite, showing hydrophobic interactions with residues His 41, Met 49, Tyr 54,
Asp 187 and Arg 188. The indole moiety of the inhibitor also interacts hydrophobically with
Pro 168 and GIn 189. As for 11b, the 3-fluorophenyl group interacts with the active site
similarly to the cyclohexyl group of 11a, forming hydrophobic interactions with residues His
41, Met 49, Met 165, Val 186, Asp 187, Arg 188. An important role in the stabilization of the
inhibitors is played by some water molecules, that form hydrogen bonds with both 11a/11b
and the residues of the binding cleft. All the above-described interactions can be summed up
in Figure 10. At a concentration of 1 uM, 11a and 11b exhibited 100% and 96% inhibitory
activity, respectively. Moreover, the ICso values are promising, equaling 0.053+0.005 uM for
11a and 0.040£0.002 uM for 11b. Between the two inhibitors, results showed that 11a has a
greater potential to act as an antiviral compound (Dai et al. 2020).

T26 T26
H164 AN
T25 , (C145) H164 oy
H41 . | '.'__4) H41 \ R, \@
o M185- S H163 g PG
C44 a2 o o D187 *\ o
9. M165 ;
Q-9 N G143 N J G143
D187 . M49 s S
@ 6 @
Wy N N142 R188 0 ¢
R183 ¥ 0 v N__O. N N142
M49 T 3
Z .- E166 F140 V186 } @ . E166 F1an
Q169 Q189
P168 P168

Figure 10: Interactions between SARS-CoV-2 MP and inhibitors 11a (right) and 11b (left). W1-W6 represent water
molecules that play an important role in the binding of the inhibitors since they act as an intermediate for their
interactions with the active site residues and stabilize their binding (Dai et al. 2020)

As mentioned above, due to the high conservation of the active site of SARS-CoV-2 MP™,
compared to the main proteases of other coronaviruses, a lot of the already tested inhibitors
for SARS-CoV or other coronaviruses can be effective against SARS-CoV-2 too. For example,
Hattori et al. (2021) tested such compounds and report the significant inhibitory potential of
compound 5h, with a CCsp value greater than 100 uM and ECso= 4.2 = 0.7 uM. Inhibitor 5h
forms a reversible covalent bond with Cys 145, via the same nucleophilic addition mechanism
that the other covalent inhibitors exhibit. More specifically, the sulfur atom of Cys 145 attacks
the carbonyl carbon next to the benzothiazole of 5h. 5h forms two hydrogen bonds with Glu
166, and one with each one of Gly 143, Cys 145, His 164, GIn 189. In this case, too, there are
several water molecules that form hydrogen bonds with the inhibitor and the active site
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residues and act as intermediates and stabilize the interactions between them. In addition,
van der Waals interactions between the hydrophobic residues Leu 27, Met 49, Phe 140, Met
165 and Ala 191 and the inhibitor improve its binding affinity.

Boceprevir is another compound that can inhibit MP™ by covalently binding to its active site,
exhibiting ECso value of 15.57 uM. The keto carbon of boceprevir is the atom that takes part
in the covalent bond. There are also hydrogen bonds formed with residues His 41, Gly 143,
Cys 145, His 164 and Glu 166. As for Glu 166, boceprevir forms three hydrogen bonds with
that particular residue. Hydrophobic interactions between the inhibitor and the enzyme are
mostly found in subsites S2 and S4, and more specifically with residues Met 149, Met 165, Asp
187, GIn 189, Thr 190 and GIn 192 (Fu et al. 2020).

GC376 is a broad-spectrum antiviral medication with a half maximal effective concentration
ECso= 0.70 uM against SARS-CoV-2, which is very close to the approved anti-SARS-CoV-2 drug
remdesivir (ECs0=0.58 uM). In order for GC376 to form a covalent bond, its bisulfite group is
removed. The compound forms one hydrogen bond with residues Phe 140, Gly 143, Cys 145,
His 163, His 164 and two with Glu 166 and interacts with the hydrophobic pocket residues Arg
40, His 41, Met 49, Tyr 54 and Asp 187 (Fu et al. 2020). Also effective against SARS-CoV-2 is
the parent compound of GC376, GC373. It shows no toxicity in cell culture and inhibits MP™
with an ICsg value of 0.40 £0.05 uM. The inhibition occurs through a reversible reaction of the
thiol of Cys 145 with the carbonyl of GC373 resulting in a hemithioacetal. The conformation
of the inhibitor in the active site is stabilized with hydrogen bonds with the oxyanion hole
residues Gly 143, Ser 144, Cys 145. There is also one hydrogen bond formed with His 163 and
two with Glu 166. There are also hydrophobic interactions present, both with S2 pocket
residues His 41, Met 49 and Met 165 and His 172 (Vuong et al. 2020).

Narlaprevir is also a potent antiviral compound, with an ICso value of 16.11 uM and ECso value
of 7.23 uM (Bai et al. 2021). According to literature, except for the covalent bond, it creates
four hydrogen bonds with residues His 41, Asn 142, Gly 143 and His 164 and three hydrogen
bonds with Glu 166. It also interacts with residues Leu 141, Ser 144, Met 165, Pro 168, GIn 192
(Bai et al. 2021). Binding to the active site of SARS-CoV-2 MP™ in a very similar way to
narlaprevir and boceprevir, peptidomimetic compound telaprevir acts as an effective
inhibitor, with an ICso of 18 uM (Kneller et al. 2020b). More specifically, apart from the
covalent bond with Cys 145, telaprevir forms direct hydrogen bonds with His 41, Gly 143, Ser
144, His 164, His 166 (with which there are two interactions) and GIn 189. There is also shown
to be a water-mediated hydrogen bond with GIn 192, as well as pi-pi interactions with residues
Thr 190 and Ala 191 (Qiao et al. 2021).

Another potent compound is MI-23, which has been designed based on telaprevir and exhibits
ICso = 7.6 nM. It forms the characteristic 1.8A covalent bond with Cys 145 and additionally
hydrogen bonds with Phe 140, Gly 143, Cys 145, His 163, His 164 and Glu 166. The
bicycloproline moiety is located in the hydrophobic S2 subsite, having hydrophobic
interactions with residues His 41, Met 49, Met 165, Leu 167, Pro 168, Asp 187, Arg 188 and
Gln 189 (Qiao et al. 2021). Alpha-ketoamide 13b is also a compound that has been found to
covalently inhibit SARS-CoV-2 with 1C50=0.67+0.18 uM and ECso 4 to 5 uM. Its conformation in
the binding site is further stabilized with six hydrogen bonds with compounds His 41, Phe 140,
Gly 143, Ser 144, Cys 145, His 163 three hydrogen bonds with Glu 166 (Zhang et al. 2020b).

Another peptidomimetic compound that binds in a similar manner to the binding site of MP™
is calpeptin. When in contact with the protease, Cys 145 attacks its aldehyde group to form a
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thiohemiacetal intermediate. The compound forms two hydrogen bonds, with residues His
164 and Glu 166. In addition, Van der Waals forces are developed between calpeptin and
residues Phe 140, Leu 141 and Asn 142. Due to this interactions, the inhibitor successfully
blocks part of the active site, showing an ECso value of 72 nM and CCso value greater than 100
UM (Ginther et al. 2021).

Carmofur is an antineoplastic drug that has also proved to inhibit MP™. Inhibitory effect and
cytotoxicity have been tested on Vero E6 cells and resulted in an ECs value of 24.30 uM and
a CCs value of 133.4 uM. Unlike previous inhibitors that occupy multiple subsites of the
protease, carmofur only binds to S2 subsite. The fact that this small compound is able to
inhibit SARS-CoV-2 provides a good starting point from which more elaborate structures could
be designed to inhibit the enzyme even more effectively. The mechanism through which the
covalent bond is created is slightly different that the previously described cases, as the sulfur
atom of Cys 145 binds to the carbonyl group of the fatty acid tail of carmofur creating a 1.8A
covalent bond, but this reaction results in the release of the 5-Fluorouracil moiety. The tail of
carmofur inserts the S2 subsite and forms a hydrogen bond with each of Gly 143 and Cys 145.
The conformation of the inhibitor in the active site is also affected by hydrophobic interactions
with residues His 41, Met 49, Met 165 and Asp 187 (Jin et al. 2020b).

Myricetin has also been identified by Kuzikov et al. (2021) as a flavonoid that covalently binds
to the active site of MP™. As in the case of carmofur, although it does inhibit the action of
Mpro, exhibiting ICso= 0.22 uM, it does not fully occupy the active site and therefore could be
used as a parent compound for an optimized inhibitor.

Compound MG-132 is another reversible MP™ inhibitor (ICso= 0.36 UM , CCso= 2.9 uM). Its
relatively large size allow effective blocking of the subsites of the protein, the precise
interactions it forms with the proteins are not described (Kuzikov et al. 2021). Lastly, crystal
structures that have been deposited to the Protein Data Bank provide evidence of covalent
inhibition of MP™ by various fragments. Two of them are PG-COV-34, or x2754, a small amide
(Douangamath et al. 2020), and x2705, a more complex compound, for which the supporting
paper has not been published. In both cases, there is no documented description of their
interactions with the residues of the active site, but the crystal structure itself is an important
indication.

The chemical structure of all the covalent inhibitors mentioned is presented in Figure 11.
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Figure 11: Chemical structures of SARS-CoV-2 MP covalent inhibitors
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1.6.3. Non-covalent inhibitors

Non-covalent inhibitors reported in literature are significantly less than the covalent ones.
However, some of them are very promising as antiviral compounds. Zhang et al. (2021) have
conducted an interesting study using free-energy perturbation calculations and Vero E6 cell
assays to investigate the inhibitory potential and antiviral properties of different compounds,
which were designed as an optimized version of perampanel, an anti-epileptic drug. Two of
these compounds were the most promising: compound 5 (2-(3-(3-Chloro-5-propoxyphenyl)-
2-oxo-2H-[1,3'-bipyridin]-5-yl)benzonitrile) and compound 26  (2-(3-(3-Chloro-5-
(cyclopropylmethoxy)phenyl)-2-oxo-2H-[1,3'-bipyridin]-5-yl)benzonitrile). The difference in
the structure of the two compounds is that the propyl group of compound 5 is replaced by a
cyclopropyl group in compound 26. The calculated ICso values for the two compounds were
0.140 £ 0.020 uM and 0.170 £ 0.022 puM respectively, indicating that the replacement of the
propyl by the cyclopropyl group leads to an increase of the ICso. The anti-SARS-CoV-2 activity
of the two compounds is demonstrated by ECso values of 1.5 and 0.98 uM respectively, as
measured with a lower-throughput viral plaque assay. The cytotoxicity of compound 5 was
significantly higher than compound 26, as indicated by the CCso values measured in Vero E6
and normal human bronchial epithelial (NHBE) cells, which were as low 22 and 20 uM
respectively for compound 5 and higher than 100 uM in both cases for compound 26.
Compound 5 was shown to form three hydrogen bonds with active site residues Gly 143, His
163 and Met 165, whereas the detailed interactions of compound 26 are not described.

Useful insight of how the active site of MP™ can be inhibited is provided by the fragment
screening performed by Douangamath et al. (2020). Compound x0104 (Z1220452176)
occupies the S2 subsite of the protease, whereas compound x0161 (Z18197050) the S3
subsite. An interesting observation is related to the binding of compound x0397
(2369936976), which interacts with the two catalytic residues changing their conformation.
This alteration changes the shape of S1’ subsite and consecutively the one of S1 too.
Therefore, this fragment blocks both sites, with its N-methyl group also providing the potential
to block S2 and S3 subsites too. Although there is a crystal structure that proves the binding
of these inhibitors to the active site of MP™, there have not been in vitro experiments
conducted to measure antiviral activity or cytotoxicity.

MUT056399 is another compound that binds non-covalently to the active site, inhibiting it
with an ECsp of 38.24 uM. It also shows low cytotoxicity, as described by a CCso value greater
than 100 pM. Its carboxamide group binds to the S1 subsite, forming hydrogen bonds with
residues His 163 and Phe 140. The other end of the molecule, consisting of an ethyl-phenyl
moiety, occupies S2 pocket (Giinther et al. 2021). A compound reported to also inhibit SARS-
CoV Mpro, ML 188, binds to the active site of SARS-CoV-2 MP™ as well, and inhibits its activity
with an ICso= 2.5 £ 0.3 uM. However, apart from pointing out the importance of the interaction
with His 41 for the inhibition, the interactions of the ligand with the active site are not
described in detail (Lockbaum et al. 2021). Also, among other inhibitors, available crystal
structures for two compounds, Mcule-5948770040 and X77, prove their ability to bind to the
active site of the protease. The works framing the crystal structures though have not been
published, therefore no additional information is available about them.

The chemical structure of the inhibitors described above is presented in Figure 12.
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Figure 12: Chemical structures of SARS-CoV-2 MPr° non-covalent inhibitors

1.6.4. Allosteric inhibitors

Glinther et al. (2021) discovered two regions outside the binding site that act as allosteric
binding sites (Figure 14), as well as inhibitors binding to these allosteric sites exhibiting
remarkable antiviral activity. Residues lle 213, Leu 253, GIn 256, Val 297 and Cys 300 form a
hydrophobic pocket that serves as the first allosteric binding site. This pocket accommodates
the aromatic groups of inhibitors pelitinib, ifenprodil, RS-102895, PD-168568, and
tofogliflozin. Among these compounds, pelitinib shows good efficacy potential (ECso = 1.25
UM) but a not very high cytotoxicity of infected cells (CCs0=13.96 uM). Although pelitinib does
not occupy the canonical active site of MP™, its ethyl ether group interacts with residues Tyr
118 and Asn 142, affecting the S1 pocket. The second allosteric binding pocket is located in
the cavity between domains | and I, and domain lll. Inhibition through binding to this site is
connected to interactions of the inhibitor with residue Arg 298, which plays a critical role in
dimerization. Change in the conformation of Arg 298 causes the alteration of the relative
position of domains 1&Il and Il and therefore destabilizes the oxyanion hole and the S1
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subsite. Inhibitor AT7519 binds to this site, forming Van der Waals contacts with residues lle
249, Phe 294 through its pyrazole ring. The carbonyl group interacts with GIn 110 with a
hydrogen bond and the piperidine group forms a hydrogen bond with Asp 153. The
reorientation of Asp 153 is concomitant with a slight disposition of Tyr 154 and its hydrogen-
bonding to the inhibitor, as well as the interaction with Arg 298, which is achieved through a
salt bridge. The structure of the two inhibitors is presented in Figure 13.
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Figure 13: Chemical structure of allosteric inhibitors of SARS-CoV-2 MPro
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Figure 14: Active site and allosteric sites of MP™ as depicted in Giinther et al. (2021)

A summary of the antiviral properties of the inhibitors described above is presented in Table
1.
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Table 1: Antiviral activity indicators for the inhibitors of SARS-CoV-2 MPr©

Inhibitor PDB ID 1Cs (UM) Assay ECso Assay CCsp Assay Reference
(1M) (rM)
N3 6LU7 - - 16.77 Plaque reduction assay 133 MTS cell proliferation assays (Promega) Jin et al 2020a
on Vero E6 cells
Covalent
Ebselen 0.67 FRET!-based cleavage assay 4.67 + Plaque reduction assay Jin et al 2020a
0.80
11a 6LZE 0.053+0.005  FRET-based cleavage assay 0.53 Plaque reduction assay Dai et al. 2020
0.01
11b 6MOK 0.040+0.002  FRET—based cleavage assay 0.72 + Plaque reduction assay Dai et al. 2020
0.09
5h 7KV - - 4.2+0.7 RNA-gPCR quantitative assay on >100 RNA-gPCR quantitative assay on VeroE6  Hattori et. al 2021
VeroE6 cells cells
GC376 7D1M 0.19 +0.04 FRET-based cleavage assay 0.92 Plaque reduction assay >200 CellTiter-Glo assay in Vero E6 cells Vuong et al. 2020
GC373 6WTK 0.40 +0.05 FRET—based cleavage assay 1.5 Plaque reduction assay >200 CellTiter-Glo assay in Vero E6 cells Vuong et al. 2020
Narlaprevir 7)YC 16.11 FRET-based enzyme activity 7.23 Plaque reduction assay >200 Cytotoxicity assay on Vero E6 cells. Bai et al. 2021
inhibition assay
Telaprevir 7K6D 18 Kneller et al. 2020b
Myricetin 7B3E 0.22 FRET-based cleavage assay Kuzikov et al. 2021
Mg-132 7BE7 0.36 CPE assay in Vero E6 cells 2.9 Vero E6 imaging assay Kuzikov et al. 2021
MI-23 7031 7.6 nm FRET-based cleavage assay >500 Enzyme inhibition assay ( Cell Counting Qiao et al. 2021
Kit-8 (CCK8) assay)
Carmofur 7BUY 1.82 +0.06 FRET-based cleavage assay 24.3 gRT-PCR assay in Vero E6 cells 133.4  Cytotoxicity assays in Vero E6 cells Jin et al 2020b
Boceprevir 7C6S 15.57 Plaque reduction assay Fu et al. 2020
Calpeptin 7AKU 72 nm Antiviral activity assay in vero E6 cells >100 Cytotoxicity assays in Vero E6 cells (Cell Gunther et al. 2021
Counting Kit-8)
13b 6Y2G 0.67+0.18 FRET-based cleavage assay 4to5 Antiviral activity assay in human Calu-3 Zhang et al. 2020b
lung cells
Non-covalent
Compound 5 7L11 0.14+0.02 FRET-based cleavage assay 1.5 Plaque reduction assay 22+ Methylthiazolyl-diphenyl-tetrazolium Zhang et al. 2021
7.2 bromide (MTT) dye assay in Vero E6 cells
Compound 26 7L14 0.170+ FRET-based cleavage assay 0.98 Plaque reduction assay >100 MTT dye assay in Vero E6 cells Zhang et al. 2021
0.022
ML 188 7L0D 2.5+0.3 FRET-based cleavage assay Lockbaum et al. 2021
MUTO056399 7AP6 38.24 Antiviral activity assay in vero E6 cells >100 Cytotoxicity assays in Vero E6 cells (Cell Gunther et al. 2021
Counting Kit-8)
Allosteric
Pelitinib 7AXM 1.25 Antiviral activity assay in vero E6 cells 13.96  Cytotoxicity assays in Vero E6 cells (Cell Glnther et al. 2021
Counting Kit-8)
AT7519 7AGA Not determined

L: Fluorescence resonance energy transfer
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1.7.  Promising phytochemicals with inhibitory effect against SARS-CoV-2 MP'®
Apart from drug discovery and repurposing, research has been orientated towards
phytochemicals in search for ways to restrain the effect that COVID-19 has on public health
that can reinforce the action of antiviral drugs and vaccines, which are much more time-
consuming to be developed. Natural compounds found in extracts of plants, may be
employed, as a tool for boosting immunity and aid protection against infection. Moreover,
knowledge on the beneficial action of bioactive phytochemicals, may enhance preparedness
for future viral outbreaks.

To begin with, the above-mentioned MP™ inhibitor myricetin (Kuzikov et al. 2021) is a natural
compound found in several plants. In addition, aqueous extract of the plant Scutellaria
barbata D. Don, including flavonoids apigenin, naringenin, scutellarin, baicalein, luteolin and
wogonin, has been reported to inhibit both MP™ and the transmembrane protease TMPRSS2
of SARS-CoV-2 in vitro, as resulted from a FRET assay (Huang et al. 2021). Extract from the Thai
medicinal plant Boesenbergia rotunda, which is widely used as a culinary herb in Asia, and
more specifically its compound panduratin A, hinder SARS-CoV-2 infection as shown in studies
in Vero E6 cells and human airway epithelial cells (Calu-3)(Kanjanasirirat et al. 2020).

The number of studies that have examined the antiviral activity of natural compounds in vitro
is limited, however there are several docking studies screening phytochemicals. For example,
compounds found in Indian ginseng, such as flavonoids quercetin-3-rutinoside-7- glucoside
and rutin and caffeoylquinic acid, have shown inhibitory potential of MP™ (Kushwaha et al.
2021). Additionally to rutin, which is found in several plants, such as apples or tea, flavonoid
hesperidin has shown good binding affinity to the active site of MP™ (Kiani et al. 2020). Argania
spinosa L. is mentioned as a plant with potential anti-SARS-CoV-2 activity attributed to its
compounds procyanidin B1, kaempferol, betulinic acid, quercetin and luteolin (Mrid et al.
2021). Polyphenolic compounds in sumac (Rhus spp.) have also exhibited antiviral potential
in silico (Sherif et al. 2021). Tahir ul Qamar et al. (2020) report methyl rosmarinate and
flavonoid derivatives including myricitrin, myricetin 3-O-beta-D-glucopyranoside, licoleafol
and amaranthin as phytochemicals with high binding affinity to the active site of MP™,
Moreover, promising bioactive compounds have been detected in ayurvedic medicinal plants:
withanoside and somniferine in Withania somnifera, tinocordiside in Tinospora cordifolia and
vicenin, isorientin 4'-O-glucoside 2"-O-p-hydroxybenzoagte and ursolic acid in Ocimum
sanctum(Shree et al. 2020). Provided all these indications, extracts from plants containing
bioactive compounds can be an effective way to modulate the immune system and shield the
human body from viral infection.

1.8. The extract from halophyte plant Salicornia as potential antiviral agent

Plants of the genus Salicornia L. (family Amaranthaceae, subfamily Salicornioideae) are annual
succulent halophytes often found in wet, saline areas, such as coastlines, salt marshes or salt
lakes. Salicornia is very close to the genus of Sarcocornia, and both of them are known as
glassworts, the two however are distinct. Salicornioideae grow in every continent apart from
Antarctica, but specifically Salicornia also cannot be found in Australia and South America. It
has approximately 13 species, the most common of which is Salicornia herbacea L.(Figure 15),
also known as glasswort (greek: appupn6pa) and Tungtungmadi or Hamcho in Korea (Rhee et
al. 2009; Shepherd et al. 2005). Distribution of two species of the plant across Europe and Asia
is presented in Figure 16. The aerial parts of the plant are being consumed fresh, as salad, or
fermented, as preserves or beverages, and have also been used in traditional medicine as
remedies against hypertension, diabetes, obesity and cancer (Kang et al. 2015; Essaidi et al.
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2013). It is important to note that the fact that these plants grow and can be cultivated in
saline, marginal environments provides a promising future outlet from the dependence of
agriculture on the supply of fresh water (Ventura and Sagi 2013). Moreover, the beneficial
compounds found in the plant can be extracted from the waste generated from its cultivation,
which include stems, branches and deseeded inflorescences, making possible the valorization
of organic matter that could otherwise be remained unused (Chaturvedi et al. 2012).

Figure 15: Salicornia herbacea L.

S. herbacea has numerous nutritional and health benefits. Apart from containing proteins,
fatty acids and carbohydrates and therefore providing energy, it is a source of minerals, such
as Mg, Ca, Fe, K, dietary fibers and bioactive compounds. Bioactive compounds include
phenolic acids and flavonoids, sterols, saponins, alkaloids, tannins and micronutrients, such as
selenium. The seeds of the plant also contain proteins and unsaturated fatty acids such as
linoleic and oleic acids (Loconsole et al. 2019). Extracts of Salicornia species have been shown
to contain hydroxycinnamic acids, hydroxybenzoic acids, quinic acid derivatives, flavonoids,
sterols, chromones, lignans and saponins among other compounds. A summary of the
contents of Salicornia extracts is presented in Table 2, and their respective chemical structes
in Figures 17-25.

The halophyte extract exhibits high antioxidant activity, which is attributed to its high content
of phenolic acids and flavonoids. These compounds, in addition to some fatty acids,
polysaccharides and the osmotic compound betaine are also contributing to the plants
antimicrobial properties (Essaidi et al. 2013). In addition, polysaccharides from S. herbacea
have exhibited antiproliferative effects against human colon cancer H-29 cells, as well as
enhancement of immune response (Patel 2016). The plant also helps reduce levels of lipids in
the blood. Studies in mice have shown that it can act against weight gain, hepatic lipid
accumulation and diet-induced hyperglycemia and hyperlipidemia (Park et al. 2006; Pichiah
and Cha 2015). Its multiple benefits also include immune modulation, protection of the liver,
and activity against diabetes, hypertension and inflammation (Rahman et al. 2018). S.
herbacea has also been reported to have anti-osteoporotic properties, as it can boost
osteoblastogenesis (Karadeniz et al. 2014). The plant extract has been proven to inhibit
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tyrosinase and melanin synthesis, thus having potential skin whitening effects (Sung et al.
2009).
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Figure 16: Distribution of Salicornia species (A: S. europaea, B: S. perennans) in Europe and Asia (Kadereit et al.
2012)

Various studies have reported information on the specific phenolic compounds present in
Salicornia species. A lot of these compounds have documented antiviral potential. Phenolic
acids, particularly quinic, chlorogenic, and gallic acid, have been reported to have antiviral
activity against RNA virus parainfluenza type 3. In addition to these compounds, also ferulic
acid (as a major compound in Ficus carica extract), caffeic acid and flavonoids quercetin and
apigenin exhibit antiviral activity against herpes simplex DNA virus (HSV-1) (Ozgelik et al. 2011;
Aref et al. 2011). Quercetin and another flavonoid, catechin, show inhibitory potential against
rabies virus (Chavez et al. 2006), whereas quercetin has also been mentioned as potential
antiviral against Equine Herpes Virus 1 (EHV-1), which is a DNA virus that causes respiratory
disease in horses (Gravina et al. 2011), adenoviruses ADV-3, ADV-8 and ADV-11 (Chiang et al.
2003) and respiratory syncytial virus (RSV), another RNA virus that attacks the respiratory
system (Formica and Regelson 1995). In addition, Salicornia extract has reported antiviral
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properties against Encephalomyocarditis virus, Semliki Forest virus and Hepatitis B virus
(Premnathan et al. 1992).

Attention has already been given to natural compounds as potential allies against the current
pandemic via in silico simulations. The previously mentioned myricetin, a flavonoid that has
exhibited anti-SARS-CoV-2 activity (Kuzikov et al. 2021), has been detected in Salicornia. Rutin
is another compound found in natural products that has shown inhibitory potential of SARS-
CoV-2 MP™, as deduced from in silico molecular docking studies, where it exhibited a binding
energy of -15.63 kcal/mol and multiple interactions with active site residues (Bharadwaj et al.
2021). Ferulic acid interacts with the proteins of SARS-CoV-2 forming hydrogen bonds, as
shown in (Salman et al. 2020a), therefore proving that additional research could be fruitful.
All this data indicates that Salicornia extracts may have an exceptional ability to block SARS-
CoV-2 and particular potentially inhibit MP™.
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Figure 17: Chemical structures of hydroxycinnamic acids detected in Salicornia sp.
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Figure 18: Chemical structures of hydroxybenzoic acids detected in Salicornia sp.
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Table 2: Phenolic compounds present in Salicornia species.

Compound Salicornia species  Concentration Analytical method References
Hydroxycinnamic acids
1 Ferulic acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. herbacea 6.87 mg%* UV-Vis ; NMR spectroscopy; HPLC Oh et al. 2007
S. europaea 18.2 mg/g? HPLC-UV Won et al. 2017
S. neei Lag. 0.39 pg/g? HPLC-UV-Vis de Souza et al. 2018
S.herbacea HPLC-UV Bi et al. 2012
2 Caffeic acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. herbacea 8.45 mg%! UV-Vis; NMR spectroscopy; HPLC Oh et al. 2007
S. patula 0.313 mg/g* HPLC-MS Sanchez-Gavilan et al. 2021
S.fruticosa 1.81%° HPLC-UV Elsebaie et al. 2014
S. europaea 9.5 mg/g? HPLC-UV Won et al. 2017
S. neei Lag. 1.21 pg/g? HPLC-UV-Vis de Souza et al. 2018
S.herbacea HPLC-UV Bi et al. 2012
S. europaea 10.07 pg/gt UHPLC-ESI-MS/MS Zengin et al. 2018
3 Sinapic acid S. herbacea HPLC-DAD Essaidi et al. 2013
4 p-Coumaric acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. patula 0.605 mg/g* HPLC-MS Sanchez-Gavildn et al. 2021
S. fruticosa 0.42%° HPLC-UV Elsebaie et al. 2014
S. europaea 6.8 mg/g? HPLC-UV Won et al. 2017
S. europaea 72.06 pg/gt UHPLC-ESI-MS/MS Zengin et al. 2018
5 Cinnamic acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. patula 0.99 mg/g* HPLC-MS Sanchez-Gavilan et al. 2021
6 Rosmarinic acid S. europaea 346.41 ug/gb UHPLC-ESI-MS/MS Zengin et al. 2018
Hydroxybenzoic acids
7 4-Hydroxybenzoic acid S. fruticosa 10.92%° HPLC-UV Elsebaie et al. 2014
8 Salicylic acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. patula 2.92 mg/g* HPLC-MS Sanchez-Gavildn et al. 2021
9 Protocatechuic acid S. herbacea 1.54 mg%* UV-Vis; NMR spectroscopy; HPLC Oh et al. 2007
S. fruticosa 5.16%° HPLC-UV Elsebaie et al. 2014
S. europaea 8.4 mg/g? HPLC-UV Won et al. 2017
S. neei Lag. 10 pg/g? HPLC-UV-Vis de Souza et al. 2018
S.herbacea HPLC-UV Bi et al. 2012
10 Vanillic acid S. fruticosa 2.88%° HPLC-UV Elsebaie et al. 2014
11 Veratric acid S. patula 1.65 mg/g* HPLC-MS Sanchez-Gavilan et al. 2021
12 Gallic acid S. neei Lag. 0.64 ug/g? HPLC-UV-Vis de Souza et al. 2018
S. europaea 4.24 pg/gt UHPLC-ESI-MS/MS Zengin et al. 2018
13 Syringic acid S. herbacea HPLC-DAD Essaidi et al. 2013
S. neei Lag. 1.51 pg/g? HPLC-UV-Vis de Souza et al. 2018
Caffeoyl quinic acids and derivatives
14 Quinic acid S. europaea 116.7 pg/g® UHPLC-ESI-MS/MS Zengin et al. 2018
15 Chlorogenic acid S. herbacea HPLC-DAD Essaidi et al. 2013
(3-Caffeoylquinic acid) S. fruticosa 8.09%° HPLC-UV Elsebaie et al. 2014
S. europaea 14.1 mg/g? HPLC-UV Won et al. 2017
S. europaea 26.43 pg/gt UHPLC-ESI-MS/MS Zengin et al. 2018
S. neei Lag. 3.46 ug/g? HPLC-UV-Vis de Souza et al. 2018
16 Methyl chlorogenate S. herbacea NMR; LC-ESI-MS Cho et al. 2016
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(3-Caffeoylquinic acid methyl ester)

17 1,3-di-O-Caffeoyl quinic acid S. herbacea 2.488 mg/gd HR-ESI-MS; NMR Tuan et al. 2015a
18 3,4-Dicaffeoyl quinic acid S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
19 Tungtungmadic acid (3-Caffeoyl-4-dihydrocaffeoylquinic acid)  S. herbacea TLC -UV; HRMS; NMR spectroscopy Chung et al. 2005
S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
20 3-Caffeoyl-4-dihydrocaffeoylquinic acid methyl ester S. herbacea 71.9 ug/100 g° NMR; LC-ESI-MS Cho et al. 2016
21 Methyl 4-caffeoyl-3-dihydrocaffeoyl quinate (salicornate) S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
22 3,5-Dicaffeoylquinic acid S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
S. herbacea 2.930 mg/g? HR-ESI-MS; NMR Tuan et al. 2015a
23 3,5-di-O-caffeoyl-quinic acid methyl ester S. herbacea 1.765 mg/g? HR-ESI-MS; NMR Tuan et al. 2015a
(Methyl 3,5-dicaffeoyl quinate) S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
24 3-Caffeoyl-5-dihydrocaffeoylquinic acid S. herbacea 75.6 ug/100 g’ NMR; LC-ESI-MS Cho et al. 2016
S. herbacea 2.225 mg/g® HR-ESI-MS; NMR Tuan et al. 2015a
25 3-Caffeoyl-5-dihydrocaffeoylquinic acid methyl ester S. herbacea 69.3 pg/100 g7 NMR; LC-ESI-MS Cho et al. 2016
26 3,5-di-0-Dihydrocaffeoyl quinic acid S. herbacea 1.026 mg/g? HR-ESI-MS; NMR Tuan et al. 2015a
27 3,5-di-Dihydrocaffeoylquinic acid methyl ester S. herbacea 171.9 ug/100g”  NMR; LC-ESI-MS Cho et al. 2016
28 4,5-di-O-Dihydrocaffeoyl quinic acid S. herbacea 2.059 mg/g8 HR-ESI-MS; NMR Tuan et al. 2015a
Flavonoids and Flavanones
29 Quercetin S. neei Lag. 14.8 pg/g? HPLC-UV-Vis de Souza et al. 2018
S. herbacea HPLC-DAD Essaidi et al. 2013
S. europaea MS; NMR Lyu et al. 2018
S. europaea 2.5 mg/g? HPLC-UV Won et al. 2017
30 Quercetin 3’,4’-dimethyl ether S. fruticosa paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
31 Isoquercetin S. europaea 3.4 mg/g? HPLC-UV Won et al. 2017
(Quercetin-3-0-B-D-glucopyranoside) S. herbacea 3992.49 ppm? LC/MS Kim et al. 2008
S. herbacea column chromatography Kim and Park 2004
S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
S. europaea MS; NMR Geslin and Verbist 1985
S. europaea MS; NMR Lyu et al. 2018
32 Quercetin-3’,4’-diglucoside S. herbacea 0.08 ppm? LC/MS Kim et al. 2008
33 Quercetin-3-0-(6"-O-malonyl)-B-d-glucoside S. europaea MS; NMR spectroscopy Geslin and Verbist 1985
34 Isoquercitrin 6”’-0O-methyloxalate S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
35 Rutin S. herbacea 2.57 ppm?® LC/MS Kim et al. 2008
(Quercetin-3-O-rutinoside) S. patula HPLC-MS Sanchez-Gavilan et al. 2021
S. europaea 13.22 pg/g® UHPLC-ESI-MS/MS Zengin et al. 2018
S. europaea MS; NMR Lyu et al. 2018
36 Rhamnetin (Quercetin 7-methyl ether) S. herbacea HPLC-DAD Essaidi et al. 2013
S. europaea 33.26 ug/gb UHPLC-ESI-MS/MS Zengin et al. 2018
37 Isorhamnetin (Quercetin 3'-methyl ether) S. herbacea HPLC-DAD Essaidi et al. 2013
S. herbacea 27.81 ppm® LC/MS Kim et al. 2008
S. herbacea 6.65 mg%* UV-Vis; NMR spectroscopy; HPLC Oh et al. 2007
S. europaea 18.4 mg/g? HPLC-UV Won et al. 2017
S. fruticosa paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
S. fruticosa PC; TLC; UV; MS Radwan and Nazif 2007
38 Isorhamnetin 3-O-B-D-glucopyranoside S. herbacea column chromatography; EI-MS; NMR spectroscopy; IR spectroscopy Lee et al., 2004
S. herbacea Column chromatography Kim and Park 2004
S. herbacea ESI-MS; NMR spectroscopy Kim et al. 2011
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S. europaea 16.2 mg/g? HPLC-UV Won et al. 2017
S. fruticosa paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
S. europaea MS; NMR Geslin and Verbist 1985
S. europaea MS; NMR Lyu et al. 2018
S. herbacea Column chromatography; MS; NMR Lee et al. 2004
39 Isorhamnetin-3-0O-galactoside S. fruticosa PC; TLC; UV spectroscopy; MS Radwan and Nazif 2007
40 Isorhamnetin 3-O-rhamnoside S. fruticosa Paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
41 Isorhamnetin 3-O-rutinoside S. fruticosa Paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
42 Isorhamnetin 3-O-neohesperidoside S. fruticosa Paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
43 Isorhamnetin 3-O-rhamnosyl(1-2)arabinoside S. fruticosa Paper chromatography; UV; NMR spectroscopy Abdel Elatif et al., 2020
44 Hesperetin S. herbacea HPLC-DAD Essaidi et al. 2013
45 Hesperidin (Hesperetin 7-rutinoside) S. europaea 13.74 pg/g® UHPLC-ESI-MS/MS Zengin et al. 2018
46 Acacetin S. herbacea HPLC-DAD Essaidi et al. 2013
S. fruticosa PC; TLC; UV; MS Radwan and Nazif 2007
a7 Galangin S. herbacea HPLC-DAD Essaidi et al. 2013
48 Myricetin S. herbacea HPLC-DAD Essaidi et al. 2013
49 Apigenin S. fruticosa PC; TLC; UV; MS Radwan and Nazif 2007
50 Apigenin 7-glucoside S. Patula HPLC-MS Sénchez-Gavilan et al. 2021
51 Apigenin-7-O-galactoside S. fruticosa PC; TLC; UV; MS Radwan and Nazif 2007
52 Pelargonidin-3-O-rutinoside S. Patula HPLC-MS Sanchez-Gavildn et al. 2021
53 Kaempferol S. herbacea HPLC-DAD Essaidi et al. 2013
S. patula HPLC-MS Sanchez-Gavildn et al. 2021
S. europaea MS; NMR Lyu et al. 2018
54 Kaempferol-3-0-B-D-glucoside (Astragalin) S. europaea MS; NMR Lyu et al. 2018
55 Luteolin S. europaea MS; NMR Lyu et al. 2018
56 Chrysin S. fruticosa 0.04%° HPLC-UV Elsebaie et al. 2014
57 Catechin S. fruticosa 10.26%° HPLC-UV Elsebaie et al. 2014
58 2S-5,2'-Dihydroxy-6,7- S. herbacea HRESIMS; NMR Tuan et al. 2015b
methylenedioxyflavanone
59 (-)-(2S)-2'-Hydroxy-6,7- S. europaea MS; IR spectroscopy; UV- spectroscopy; NMR Arakawa et al. 1982
methylenedioxyflavanone
60 2'-Hydroxy-6,7-methylenedioxyisoflavone S. europaea MS; IR spectroscopy; UV- spectroscopy; NMR Arakawa et al. 1982
61 2S-2'-Hydroxy-6,7-dimethoxy-flavanone S. herbacea HRESIMS; NMR Tuan et al. 2015b
62 2S-2',7- dihydroxy-6-methoxyflavanone S. herbacea HRESIMS; NMR Tuan et al. 2015b
63 2',7-dihydroxy-6-methoxyisoflavone S. europaea MS; IR spectroscopy; UV- spectroscopy; NMR Arakawa et al. 1982
64 Irilin B S. europaea ESI-MS; H- and C- NMR spectroscopy Kim et al. 2019
Sterols
65 B-Sitosterol S. herbacea column chromatography; EI-MS; NMR spectroscopy spectroscopy; IR spectroscopy  Lee et al., 2004
S. europaea MS; NMR Lyu et al. 2018
66 Stigmasterol S. herbacea column chromatography; EI-MS; NMR spectroscopy spectroscopy; IR spectroscopy  Lee et al., 2004
S. herbacea column chromatography; NMR spectroscopy spectroscopy; ESI-MS Wang et al. 2013
S. europaea MS; NMR Lyu et al. 2018
67 Ergosterol S. herbacea column chromatography; NMR spectroscopy spectroscopy; ESI-MS Wang et al. 2013
68 Cerevisterol S. europaea MS; NMR Lyu et al. 2018
69 B-Daucosterol S. europaea MS; NMR Lyu et al. 2018
Chromones
70 6,7-Methylenedioxychromone S. europaea IR spectroscopy; MS; NMR Arakawa et al. 1983
71 6,7-Dimethoxychromone S. europaea IR spectroscopy; MS; NMR Arakawa et al. 1983
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S. herbacea HRESIMS; NMR Tuan et al. 2015b
72 7-Hydroxy-6-methoxychromone S. europaea Arakawa et al. 1983
73 7-0-B-d-Glucopyranosyl-6-methoxychromone S. europaea Arakawa et al. 1983
S. europaea MS; NMR Lyu et al. 2018
74 7-Hydroxy-6,8-dimethoxychromone S. herbacea HRESIMS; NMR Tuan et al. 2015b
75 6-Methoxychromanone S. herbacea HRESIMS; NMR Tuan et al. 2015b
Lignans
76 (-)-Syringaresinol S. europaea MS; NMR Lyu et al. 2018
77 Syringaresinol 4-O-beta-D-glucopyranoside S. europaea Chromatographic techniques; spectroscopic methods (not specified) Wang et al. 2011
78 Episyringaresinol-4"-0-B-D-glucopyranoside S. europaea MS; NMR Lyu et al. 2018
79 Acanthoside B S. europaea Chromatographic techniques; spectroscopic methods (not specified) Wang et al. 2011
80 Erythro-1-(4-0-B-d-glucopyranosyl-3,5- S. europaea Chromatographic techniques; spectroscopic methods (not specified) Wang et al. 2011
dimethoxyphenyl)-2-syringaresinoxyl- S. europaea MS; NMR Lyu et al. 2018
propane-1,3-diol
81 Longifloroside B S. europaea Chromatographic techniques; spectroscopic methods (not specified) Wang et al. 2011
S. europaea MS; NMR Lyu et al. 2018
Oleane Triterpenoid Saponins
82 Akebonic acid S. europaea MS; NMR Lyu et al. 2018
83 Boussingoside Al S. europaea MS; NMR Lyu et al. 2018
84 Boussingoside A2 S. europaea MS; NMR Lyu et al. 2018
85 3B-Hydroxy-23-oxo-30-noroleana-12,20 (29)-diene- S. herbacea NMR Kim et al. 2012
28-oic acid 3-0-B-d-glucuronopyranosyl-28-0-B-d-
glucopyranoside
86 30-Norhederagenin 3-O-B-d-glucuronopyranosyl- S. herbacea NMR Kim et al. 2012
28-0-B-d-glucopyranoside
87 3-0O-[B-D-Glucuronopyranosyl-6'-O-methyl ester]- S. europaea MS; NMR Lyu et al. 2018
30-norolean-12,20(29)-dien-28-0-
[B-D-glucopyranosyl] ester
88 Salieuropaea A S. europaea MS; NMR Lyu et al. 2018
89 Salbige A S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
90 Salbige B S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
91 Gypsogenin S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
92 Gypsogenin 3-0-B-d-glucuronopyranoside S. herbacea NMR Kim et al. 2012
93 Gypsogenin 3-0-B-d-glucuronopyranosyl- S. herbacea NMR Kim et al. 2012
28-0-B-d-glucopyranoside
94 Oleanolic acid S. europaea MS; NMR Lyu et al. 2018
S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
95 Oleanolic acid 3-O-B-D-glucopyranoside S. europaea MS; NMR Lyu et al. 2018
96 Oleanolic acid 28-0-B-D- S. europaea HR-ESI-MS; NMR Yin et al. 2012
glucopyranoside
S. europaea MS; NMR Lyu et al. 2018
97 Oleanolic acid 3-0-B-D-glucuronopyranoside S. europaea MS; NMR Lyu et al. 2018
(calenduloside E ) S. europaea HR-ESI-MS; NMR Yin et al. 2012
98 Oleanolic acid-3-0-6"-O-methyl-B- S. europaea MS; NMR Lyu et al. 2018
D-glucuronopyranoside S. europaea HR-ESI-MS; NMR Yin et al. 2012
(calenduloside E 6’-methyl ester)
99 Chikusetsusaponin lva S. europaea MS; NMR Lyu et al. 2018
100 Chikusetsusaponin Iva methyl ester S. europaea MS; NMR Lyu et al. 2018
S. europaea HR-ESI-MS; NMR Yin et al. 2012
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101 3pB,29-Dihydroxy-olean-12-en-28-oic acid S. europaea HR-ESI-MS; NMR Yin et al. 2012
28-0-B-D-glucopyranosyl ester

102 Zygophyloside K S. europaea MS; NMR Lyu et al. 2018
Others
103 Pyrogallol S. fruticosa 28.14%° HPLC-UV Elsebaie et al. 2014
104 Vanillin S. neei Lag. 2.73 ug/g? HPLC-UV-Vis de Souza et al. 2018
S. herbacea column chromatography; NMR spectroscopy; ESI-MS Wang et al. 2013
105 Uracil S. herbacea column chromatography; EI-MS; NMR spectroscopy; IR spectroscopy Lee et al., 2004
106 Caffeine S. fruticosa 4.38%° HPLC-UV Elsebaie et al. 2014
107 Scopoletin S. herbacea column chromatography; NMR spectroscopy; ESI-MS Wang et al. 2013
108 Pentadecyl ferulate S. herbacea column chromatography; NMR spectroscopy; ESI-MS Wang et al. 2013
109 Dibutyl phthalate S. herbacea column chromatography; NMR spectroscopy; ESI-MS Wang et al. 2013
110 Dioctyl phthalate S. herbacea column chromatography; NMR spectroscopy; ESI-MS Wang et al. 2013
111 Icariside B2 S. europaea MS; NMR Lyu et al. 2018
112 Ellagic acid S. fruticosa 25.41%° HPLC-UV Elsebaie et al. 2014
113 Pheophorbide A S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
114 (1372 S)-Hydroxy-pheophorbide A S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014
115 (1372 S)-Hydro-pheophorbide-lactone A S. herbacea HRMS; NMR spectroscopy Zhao et al. 2014

1 In dry base, as detected in the EtOH extract of the viscozyme-treated plant; 2: In desalted Salicornia extract; 3: In Salicornia shoots, dry weight; *: In dry weight of the plant, as determined in different
samples; °: In the methanolic extract of the air part of the plant; ¢: In methanol extract; ”: In the fresh plant; : In crude plant extract; °: In powder sample of the plant.
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Figure 19: Chemical structures of caffeoylquinic acids and their derivatives detected in Salicornia sp.
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Figure 20: Chemical structures of flavonoids detected in Salicornia sp.
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65 P-Sitosterol
66 Stigmasterol
67 Ergosterol

68 Cerevisterol
69 B-Daucosterol

Figure 21: Chemical structures of sterols detected in Salicornia sp.
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Figure 22: Chemical structures of chromones detected in Salicornia sp.

76 (-)-Syringaresinol

77  Syringaresinol 4-O-beta-D-glucopyranoside

78  Episyringaresinol-4"-0-B-D-glucopyranoside

79 Acanthoside B

80 Erythro-1-(4-0-B-d-glucopyranosyl-3,5-dimethoxyphenyl)-2-syringaresinoxyl-propane-1,3-diol
81 Longifloroside B

Figure 23: Chemical structures of lignans detected in Salicornia sp.
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82 Akebonicacid
83 Boussingoside Al

84 Boussingoside A2

85 3B-Hydroxy-23-oxo-30-noroleana-12,20(29)-diene-28-oic acid 3-0-B-d-glucuronopyranosyl-28-0--d-glucopyranoside
86 30-Norhederagenin 3-0-B-d-glucuronopyranosyl-28-0-B-d-glucopyranoside

87 3-0-[B-D-Glucuronopyranosyl-6"-0-methyl ester]-30-norolean-12,20(29)-dien-28-0-[B-D-glucopyranosyl] ester
88 Salieuropaea A

89 Salbige A

90 SalbigeB

91 Gypsogenin

92 Gypsogenin 3-0-B-d-glucuronopyranoside

93 Gypsogenin 3-0-p-d-glucuronopyranosyl-28-0-f-d-glucopyranoside

94 Oleanolic acid

95 Oleanolic acid 3-0-B-D-glucopyranoside

96 Oleanolic acid 28-0-B-D- glucopyranoside

97 Oleanolicacid 3-0-B-D-glucuronopyranoside (calenduloside E)

98 Oleanolic acid-3-0-6"-0-methyl-B-D-glucuronopyranoside (calenduloside E 6™-methyl ester)

99 Chikusetsusaponin lva

100 Chikusetsusaponin lva methyl ester

101 3p,29-Dihydroxy-olean-12-en-28-oic acid 28-0--D-glucopyranosyl ester

102 Zygophyloside K

Figure 24: Chemical structures of saponins detected in Salicornia sp.
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103  Pyrogallol 110 Dioctyl phthalate

104  Vanillin 111 Icariside B2

105  Uracil 112 Ellagicacid

106 Caffeine 113 Pheophorbide A

107  Scopoletin 114 (1372 S)-Hydroxy-pheophorbide A

108 Pentadecyl ferulate 115 (1372 S)-Hydro-pheophorbide-lactone A

109 Dibutyl phthalate

Figure 25: Chemical structures of uncategorized compounds detected in Salicornia sp.
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2. AIM OF THE THESIS

Aim of this thesis is the evaluation of bioactive compounds found in Salicornia extracts as
potential inhibitors of SARS-CoV-2 MP™. MP™ has been proved to be a main non-structural
protein target for the development of drugs and immune boosting agents, aiming the
inhibition of SARS-CoV-2 infection in human cells. Salicornia extracts have been shown to
contain a vast variety of bioactive compounds with high antiviral potential. However, only very
few of these compounds, have been described a potential inhibitors of MP™ via in silico
simulations. Thus, there is great potential into valorizing this highly resistant and abundant
plant for producing high-added value immunity boosting compounds.

The specific goals of the thesis are:

-The identification of key residues that are involved in MP™ inhibition, visualizing the co-
crystallization data of the MP™ structure with known inhibitors and performing small molecule
docking simulations. The study will provide valuable knowledge towards establishing a
structure-function relationship for studied inhibitory compounds.

-Evaluation of the different classes of compounds (hydroxycinnamic acids, hydroxybenzoic
acids, caffeoylquinic acids and derivatives, flavonoids and derivatives, sterols, chromones,
lignans, saponins) found in Salicornia extract for their binding potential onto the active site of
MP™, via small molecule docking simulations

-Evaluation of the most promising phenolic compounds and a Salicornia extract for their
inhibitory effect against MP™ using an in vitro assay.

N // * Known SARS-CoV-2 inhibitors (published studies-PDB structures)
e Composition of Salicornia extract

Collection of
data
\\\\ /
R N V/'
; * Visualization of PDB structures in YASARA to identify inhibitor binding modes and key interactions
Establishment| ® Molecular docking simulation for the known inhibitors- comparison with other studies/PDB structures
of method
\\\ //
i \\ ////
// » Molecular docking simulation for the compounds detected in Salicornia extract
Thsilizo * Evaluation of the results-comparison with previously gathered information and with similar studies
screening
e NV
\\\ F * Enzyme inhibition assay conducted for selected compounds (best molecular docking hits/ representative
n \;itro of their structural group/ commercially available) and for the Salicornia extract
evaluation
\ /
N
\//

Figure 26: Graphical representation of the steps followed in the present thesis.
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3. MATERIALS AND METHODS

3.1. Evaluation of inhibitory effect via in silico simulations

3.1.1. Visualization of co-crystallization data for known inhibitors and MP™
Initially, the structures of the co-crystallized inhibitors in complex with MP™® that were
available in the Protein Data Bank (PDB) (https://www.rcsb.org/) were visualized YASARA
Structure version 20.12.24. Its feature that allows demonstration of the hydrogen bonds,
hydrophobic and pi-pi interactions formed between molecules was utilized in order to identify
the interactions of the inhibitors and therefore the key residues of the active site involved in
them.

3.1.2. Ligand and receptor preparation for docking simulations

3.1.2.1. Docking of known inhibitors to verify simulation accuracy

The docking simulation essentially calculates the lowest possible energy and the conformation
that leads to it, of the complex between a larger macromolecule (receptor) and a smaller
molecule (ligand). For the docking to be executed, the receptor and the ligand need to be
defined and prepared. To confirm the repeatability and reliability of the simulation, already
confirmed SARS-CoV-2-MP™ inhibitors, which have been co-crystallized in complex with the
protease, were initially docked to the respective structure. The ligand and receptor structures
were taken from the respective PDB file. In the cases where the protease structure was in the
form of a dimer, only one of the monomers was used for the docking. Any water or solvent
molecules were deleted. The ligands were energy minimized through YASARA, the structure
of the receptor was cleaned and then its hydrogen network was optimized. The simulation
cell was built as a cube centered in the atoms of the catalytic dyad His 41 and Cys 145 and
extended as many A as needed for its side to be 2-3 A longer than the length of the ligand
(Table 3). This margin allowed for flexibility for the ligand to acquire different conformations
onto the active site, however, it was not so large in order to increase the uncertainty of the
docking simulation. The hydrogen bonds and other interactions formed between the ligands
and the prtease structures were verified with the accompanying literature.

Figure 27: Simulation cell as defined around the catalytic dyad (His 41 in green, Cys 145 in yellow) for ferulic acid
(with a 7 A extension around the catalytic dyad) (PDB ID: 6LU7)

37


https://www.rcsb.org/

Table 3: PDB structures used for MPre inhibitor docking and simulation cell based on the inhibitor length

Inhibitor PDB ID Length (A) Simulation cell
extension (A)
N3 6LU7
covalent
1la 6LZE 14 8
11b 6MOK 13 8
Sh 7JKV 15.5 9
GC376 7D1M 15 9
GC373 6WTK 12 7
Narlaprevir 7JYC 19.3 11
Telaprevir 7K6D 21.2 12
x2754 S5RHF 10.5 6.5
x2705 5RH7 12.7 7.5
Myricetin 7B3E 12 7
Mg-132 7BE7 17 9.5
MI-23 7D3I 14 8
Carmofur 7BUY 10 6
Boceprevir 7C6S 16.2 9
Calpeptin 7AKU 12.4 7.5
13b 6Y2G 16.7 9.5
Non-covalent
Compound 5 7L11 16 9
Compound 26 7L14 16 9
x0397 5RGlI 10.5 6.5
x77 6W63 13.5 8
Mcule-5948770040 7LT) 14.2 8
ML 188 7L0D 13.2 8
MUT056399 7AP6 14 8
x0104 5R7z 9.3 6
x0161 5R80 10 6
3.1.2.2. Docking of bioactive compounds from Salicornia extracts

After the reliability of the docking method was confirmed, docking of the different classes of
compounds identified in Salicornia extracts was performed. The compounds are enlisted also
in Table 2. In this case, each ligand was constructed in ChemSketch and its 3D structure was
optimized through the same program and saved in a .mol file, before being imported and
energy minimized in YASARA. The protease structure used for the simulation is the one under
PDB ID 6LU7, with a resolution of 2.16 A. This structure was chosen among the numerous
structures deposited in the PDB because it was the first one to be made available and the one
that is more often used in other studies featuring molecular docking simulations. The receptor
and the simulation cell were prepared in the same method as mentioned above. The

simulation cell defined for each ligand is presented in Table 4.

Table 4: Simulation cell as a function of ligand length for the docked phenolic compounds. The MPr° structure was

PDB: 6LU7
Ligand Ligand Simulation cell
length (A) extension (A)]
Hydroxycinnamic acids
Ferulic acid 12 7
Caffeic acid 10.4 6.5
Sinapic acid 10.5 6.5
p-Coumaric acid 10.3 6.5
Cinnamic acid 8.6 5.5
Rosmarinic acid 17.4 10

Hydroxybenzoic acids
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4-Hydroxybenzoic acid 7 4.5
Salicylic acid 7 4.5
Protocatechuic acid 7.7 5
Vanillic acid 6.9 4.5
Veratric acid 9.3 6
Gallic acid 7.8 5
Syringic acid 9 5.5
Caffeoyl quinic acids and derivatives

Quinic acid 7.8 5
Chlorogenic acid 15 8.5
Methyl chlorogenate 17 9.5
1,3-di-O-Caffeoyl quinic acid 23 12.5
3,4-Dicaffeoylquinic acid 16 9
3-Caffeoyl-4-dihydrocaffeoylquinic acid 17 9.5
3-Caffeoyl-4-dihydrocaffeoylquinic acid methyl ester 17 9.5
Methyl 4-caffeoyl-3-dihydrocaffeoyl quinate 17 9.5
3,5-di-O-Caffeoyl quinic acid 22 12
3,5-di-O-Caffeoyl-quinic acid methyl ester 22.2 12
3-0-Caffeoyl-5-O-dihydrocaffeoyl quinic acid 21.3 12
3-Caffeoyl-5-dihydrocaffeoylquinic acid methyl ester 22 12
3,5-di-O-Dihydrocaffeoyl quinic acid 21 11.5
3,5-di-Dihydrocaffeoylquinic acid methyl ester 21.2 11.5
4,5-di-O-Dihydrocaffeoyl quinic acid 15.5 9
Flavonoids

Quercetin 12 7
Quercetin 3,4’-dimethyl ether 13.7 8
Isoquercetin 12.6 7.5
Quercetin-3’,4’ glucoside 17.2 9.5
Quercetin 3-0-(6"-0-malonyl)-B-d-glucoside 15 8.5
Isoquercitrin 6”’-O-methyloxalate 19.2 11
Rutin 17 10
Rhamnetin 12.7 7.5
Isorhamnetin 11.7 7
Isorhamnetin 3-O-B-D-glucopyranoside 13.2 7.5
Isorhamnetin-3-O-galactoside 12.7 7.5
Isorhamnetin 3-O-rhamnoside 12.5 7.5
Isorhamnetin 3-O-rutinoside 19 10.5
Isorhamnetin 3-O-neohesperidoside 16 9
Isorhamnetin 3-O-rhamnosyl(1-2)arabinoside 16.6 9.5
Hesperetin 13.8 8
Hesperidin 22.6 12.5
Acacetin 14 8
Galangin 11.5 7
Myricetin 12 7
Apigenin 12.4 7
Apigenin 7-glucoside 16.7 9.5
Apigenin-7-O-galactoside 16.7 9.5
Pelargonidin-3-O-rutinoside 17 9.5
Kaempferol 12.3 7
Astragalin 12.8 7.5
Luteolin 12.4 7
Chrysin 11.4 7
Catechin 12.2 7
2S-5,2'-Dihydroxy-6,7- methylenedioxyflavanone 12.5 7.5
(-)-(2S)-2"-Hydroxy-6,7- methylenedioxyflavanone 12.5 7.5
2'-Hydroxy-6,7-methylenedioxyisoflavone 13 7.5
2S-2'-Hydroxy-6,7-dimethoxy-flavanone 13.6 8
2S-2',7- Dihydroxy-6-methoxyflavanone 13.6 8
2',7-Dihydroxy-6-methoxyisoflavone 13.2 7.5
Irilin B 13.3 7.5
Sterols

B-Sitosterol 19.2 11
Stigmasterol 17.8 10
Ergosterol 17.7 10
Cerevisterol 17.5 10
B-Daucosterol 23.6 13

Chromones
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6,7-Methylenedioxychromone 8.7 5.5
6,7-Dimethoxychromone 9.5 6
7-Hydroxy-6-methoxychromone 9.5 6
7-0-B-d-Glucopyranosyl-6-methoxychromone 12.2 7
7-Hydroxy-6,8-dimethoxychromone 9.5 6
6-Methoxychromanone 9.5 6
Lignans

(-)-Syringaresinol 16.5 9.5
Syringaresinol 4-O-beta-D-glucopyranoside 19.5 11
Episyringaresinol-4"-O-B-D-glucopyranoside 19.6 11
Acanthoside B 20 11
Erythro-1-(4-O-B-d-glucopyranosyl-3,5-dimethoxyphenyl)-2-syringaresinoxyl- 27.7 15
propane-1,3-diol

Longifloroside B 20.4 11.5
Oleane Triterpenoid Saponins

Akebonic acid 14.6 8.5
Boussingoside Al 18.8 10.5
Boussingoside A2 22.7 12.5
3B-Hydroxy-23-ox0-30-noroleana-12,20(29)-diene-28-oic acid 3-O-B-d- 23.6 13
glucuronopyranosyl-28-0-B-d-glucopyranoside

30-Norhederagenin 3-0-B-d-glucuronopyranosyl-28-0-B-d-glucopyranoside 24 13
3-0-[B-D-Glucuronopyranosyl-6’-O-methyl ester]-30-norolean-12,20(29)-dien-28- 23.8 13
O-[B-D-glucopyranosyl]ester

Salieuropaea A 28.4 15
Salbige A 20 11
Salbige B 20 11
Gypsogenin 14.6 8.5
Gypsogenin 3-O-B-d-glucuronopyranoside 19 10.5
Gypsogenin 3-0O-B-d-glucuronopyranosyl-28-0-B-d-glucopyranoside 22.3 12
Oleanolic acid 13.6 8
Oleanolic acid 3-0-B-D-glucopyranoside 18.4 10
Oleanolic acid 28-0-B-D-glucoside 16.8 9.5
Calenduloside E (oleanolicacid 3-O-B-D-glucuronopyranoside) 19 10.5
Calenduloside E 6’-methyl ester (oleanolic acid-3-0-6'-O-methyl-B-D- 18.8 10.5
glucuronopyranoside)

Chikusetsusaponin Iva 23.6 13
Chikusetsusaponin lva methyl ester 21.7 12
3B,29-Dihydroxy-olean-12-en-28-oic acid 28-0-B-D-glucopyranosyl ester 16.7 9.5
Zygophyloside K 22.2 12
Others

Pyrogallol 5.7 4
Vanillin 7.6 5
Uracil 5.2 3.5
Caffeine 7.8 5
Scopoletin 8 5
Pentadecyl ferulate 30 16
Dibutyl phthalate 13 7.5
Dioctyl phthalate 15 8.5
Icariside B2 15.5 9
Ellagic acid 10.4 6.5
Pheophorbide A 15 8.5
(132S)-Hydroxy-pheophorbide A 14.7 8.5
(132S)-Hydro-pheophorbide-lactone A 16 9

3.1.3. Docking simulation and data output

Molecular docking was performed using the embedded macro in YASARA, AutoDock Vina,
using the default parameters. The program calculates the binding energy of the possible
receptor-ligand complexes taking into consideration steric, hydrophobic and hydrogen
bonding interactions (Trott and Olson 2010). During the simulation, the program performs 25
docking runs, which produce 25 possible ligand-receptor binding conformations. Some of the
different conformations are arranged around the same hotspot. Amongst these structures,
the one that has the lowest energy is saved as a cluster. The number of clusters differs
depending on the simulation. The criterion automatically set by VINA to differentiate between
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two clusters is for the root-mean square deviation (RMSD) between the different binding
positions of a ligand to be greater than 5 A. RMSD is defined in the YASARA manual as

RMSD = (1)

where n is the number of corresponding atoms of the two selections for which the RMSD is
being calculated and R is the vector linking them.

After each simulation, the program generates a report documenting the output data for each
run and cluster. This includes the binding energy (in kcal/mol), the dissociation constant (in
pM) and the contacting residues for each case (including hydrogen bond, hydrophobic, pi-pi,
cation-pi and ionic interactions). The binding energy is calculated by subtracting the energy of
the ligand-receptor complex in the bound state from the energy when the ligand is at an
infinite distance from the receptor and is given as a positive number. Dissociation constant is
calculated through the binding energy and the contacting residues listed are the residues of
the receptor that have a distance of less than 4 A from the ligand. Higher binding energies and
lower dissociation constants are indicators of better binding. Apart from this data, VINA
produces a YASARA obiject file for each cluster, in which the exact conformation of the binding
complex for each cluster can be visualized and edited. YASARA allows the selection and
depiction of individual interactions between the protein and the ligand, including hydrogen
bonds, hydrophobic, pi-pi, cation-pi and ionic interactions. An example of the simulation
output is presented in Figure 28.

[T TR em——

Simiain s Vit G indow 10 G SO BQ0VCVBS D

Figure 28: Molecular docking output as produced by YASARA Structure. (a): First cluster (.yob file) generated for
the docking of ferulic acid (PDB: 6LU7, His 41 in green, Cys 145 in yellow, ligand in blue); (b): Information on the
occurring clusters as given in the data output file.

Regarding selecting the best cluster, in the case of inhibitor docking, the cluster in which the
ligand had the lowest RMSD from the ligand in the original crystal structure was saved as best,
whereas in the case of Salicornia ligands docking, the one that combined the highest binding
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energy with the most and most important interactions with the catalytic site and higher
similarity with respective published studies, if available, was selected. In the cases where the
first cluster was not clearly the preferrable one, all the clusters above the one selected were
mentioned.

3.2.

Evaluation of SARS-CoV-2 MP™ inhibition in vitro

3.2.1. Chemicals and instruments

Chemicals used in the study are:

YV V V VY

Phenolic acids: Ferulic acid, rosmarinic acid, gallic acid (Monohydrate, >98%, Sigma
Aldrich), quinic acid (98%), chlorogenic acid, 3,4-dicaffeoylquinic acid (290%, LC/MS-
ELSD), 3,5-dicaffeoylquinic acid (>95%, LC/MS-ELSD). All phenolic acids and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (USA).

Flavonoids and flavanones: Myricetin (296.0%, crystalline), kaempferol (297.0%, HPLC),
isorhamnetin-3-O-B-D- glucopyranoside (298%), hesperetin (295%), hesperidin (=80%),
apigenin, apigenin 7-glucoside (analytical standard), chrysin (97%), catechin, galangin,
rutin, acacetin were purchased by AdooQ® Bioscience (USA). Pelargonidin rutinoside was
purchased by Carbosynth Ltd. (UK). Quercetin (295%,HPLC), isoquercetin, isorhamnetin
(295.0%, HPLC) and isorhamnetin-3-O-rutinoside (phyproof® Reference Substance) were
purchased by Sigma-Aldrich (USA).

Salicornia extract: The extract was kindly provided by the company Celabor (Belgium).

Commercial 3CL Protease, MBP-tagged (SARS-CoV-2) Assay kit (BPS Bioscience, USA)
containing:

Recombinant 3CL Protease with MBP-tage stock solution (2.1 mg/mL)
3CL Protease substrate stock solution (10 mM)

3CL Protease assay buffer

0.5 M DTT stock solution

Inhibitor GC376

Instrumentation and materials:

e Spectramax microplate fluorimeter (Molecular Devices)

e Vortex mixer (VWR, Sweden)

e Plate incubator (VWR, Sweden)

e Sample tubes (Eppendorf, Germany)

e Laboratory micropipettes and tips

e 384-well black microplate, low binding microtiter plate (Greiner Bio-One, Austria)

e Plate sealing film (Greiner Bio-One, Austria)
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3.2.2. Invitro assay for evaluation of MP™ inhibition

3.2.2.1. Preparation of solutions

Representative compounds of the screened categories and the compounds with the best hits,
focusing on phenolic acids and flavonoids, were further tested for their inhibitory activity
against SARS-CoV-2 MP™ jn vitro, using an enzyme inhibition assay. For this purpose, the 3CL
protease MBP-tagged Assay Kit by BPS Bioscience (San Diego, CA, USA) was used and the
instructions included in the kit were followed. Shortly, the assay buffer was prepared adding
DTT to the 3CL Protease assay buffer, achieving a final concentration of 1 mM. 3CL protease
was diluted in assay buffer in such manner to achieve a final concentration of 10 pug/mL (150
ng per reaction) in the assay. Serial dilutions of tested compounds were prepared in DMSO,
being 100 times more concentrated than the desired final concentration in the assay. Then a
20-fold dilution was made in assay buffer. In that way, the final concentration of DMSO in the
assay would not exceed 1%. Serial dilutions of Salicornia extract and GC376 were prepared in
assay buffer at concentrations 5-fold higher than the desired final concentration in the assay.
The 3CL protease substrate solution was prepared by dilution with assay buffer to make a 250
UM solution, would translate to 50 uM concentration in the assay. All assay solutions were
prepared fresh.

3.2.2.2. Assay conditions and inhibition detection

To prepare a test sample, 15 pL of 3CL protease was added to the wells of the microplate.
Then, 5 plL of appropriately diluted inhibitor was added following subsequent incubation for
30 min at room temperature with slow shaking. The reaction was started by adding 5 pL of
the 3CL protease substrate solution to each well. All reactions were carried out in duplicate.
The microplate was sealed and incubated at room temperature and slow shaking for 4-24 h.
The fluorescence intensity was measure at 360 nm (excitation) and 460 (emission). The test
sample, positive control, inhibitor control and blank sample preparation is presented in Table
5.

Table 5: Sample preparation for the enzyme inhibition assay

Component Concentration in  Positive Test sample Inhibitor Blank
reaction control control
3CL protease 10 pg/mL 15 pL 15 pL 15 pL -
Test inhibitor 0.05-5000 uM - 5uL - -
(pure
compounds)
0.5-10000 pg/mL
(extract)
GC376 0.005-50 uM - - 5uL -
Substrate 50 uM 5uL 5uL 5uL 5uL
Inhibitor buffer 5uL - - 5uL
(no inhibitor,
DMSO
containing or
not)
Assay  buffer - - - 15 uL
(with DTT)

3.2.2.3. Calculations
Based on the acquired data, the residual activity of MP™ and the half maximal inhibitory
concentration (ICso) were calculated:
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Abs — Abs
test sample blank 100 (2)

Relative activity (%) =
Abspositive control — Absblank

where Absiest sample is the average of the two fluorescence intensity values measured for each
concentration sample, Abspositive control IS the average of the two fluorescence intensity values
measured for the two duplicates for the positive control sample (containing only enzyme and
substrate) and Absyiankis the average of the two fluorescence intensity values measured by the
photometer for the two duplicate blank samples, containing DMSO in the first case and only
assay buffer in the second.

For the ICso calculation, the relative activity (%) was plotted against the test compound
concentration. A linear curve was fitted, using the R? value provided by Microsoft Excel as a
measure to evaluate the fitting of the curve, since it expresses the distance between the actual
and the fitted values. R? values over 0.85 were considered acceptable. The equation provided
by Microsoft Excel for the fitted curve was in the form of

Relative activity (%) =a -C (uM) + b (3)

ICso was calculated by setting that the MP™ activity should be 50% of the activity of the positive
control.

ICs, = (50 —b) (4)

Standard deviation for the fluorescence intenstity values was calculated using the STDEV.P
function of Microsoft Excel for the two values produced for each concentration sample. The
percent standard deviation was calculated by dividing the standard deviation value with the
average of the two measurements and multiplying the result by 100.

44



4. RESULTS

4.1. ldentification of key residues implicated with MP™ inhibition based on

co-crystallization data
The interactions between MP™ and the already confirmed and co-crystallized inhibitors can
provide valuable information as to how inhibition occurs and which active site residues stand
out when it comes to inhibitor binding. The data collected from the respective studies, as well
as from visualization of the PDB structures in YASARA, are presented in Table 6.

The data indicates that Glu 166 is a major interacting residue, as it forms at least one
hydrogen bond with the vast majority of the inhibitors studied. Its central position in the active
site cavity, between S1 and S4 subsites, makes it easily accessible and available for the
formation of hydrogen bonds. Further more, residues Gly 143, Cys 145, His 163 and His 164
are also very common, interacting with more than half of the inhibitors. Gly 143 is located in
S1’ subsite, while His 163 in the centre of S1 and His 164 is adjacent to the catalytic dyad, in
the centre of the active site cavity, indicating that interactions are more often with S1 and S1’
subsite residues. It is also observed that Gly 143, Cys 145 and His 163 interact with both
covalent and non-covalent inhibitors, while His 164 participates in interactions only with the
covalent inhibitors. Further more, His 41, Phe 140 and GIn 189 stand out as interacting
residues for the covalent inhibitors. Phe 140 is also located in the S1 subsite, while GIn 189 is
the only residue on the left sife of the molecule, over S4 subsite. Overall, there is an indication
that inhibitors form hydrogen bonds with residues from S1 and S1’ subsites. This could be
expected, as it is known that the natural substrate of the enzyme binds to the active site in
such a way so that the scissile bond is located between S1 and S1’ subsites, therefore their
role in catalysis is crucial.

4.2.  Docking simulations of known inhibitors onto the MP™ crystal structure
Originally, the known inhibitors, that have been co-crystallized in complex with SARS-CoV-2
MP™ and for which these crystal structures have been deposited in the PDB, were docked, in
order to establish the method for the molecular docking of the bioactive compounds from
Salicornia. In that way, we could examine and verify the reliability and reproducibility of the
results of in silico simulations. Most of the crystal structures were accompanied by published
work that analyzes their interactions with the protease. However, there were some structures
that were deposited in PDB as a result of work that has yet to be published. Even though in
these cases the results could not be cross-referenced with a respective publication, the
docking of every inhibitor was useful in highlighting binding patterns and residues that play
an important role in ligand-receptor interactions, apart from the already known catalytic
residues. Moreover, docking of inhibitors onto the respective co-stryctallized MP™ structure,
offered an insight into the reliability of in silico simulations and how well they can predict the
naturally occurring ligand-receptor conformation.

The most widely-accepted and analyzed inhibitor of MP™ in literature is N3. It is often used as
a positive control, to provide some reference values with which the binding energy and
interactions of an unknown molecule with MP™ can be compared. The binding energy for N3
calculated in this work by Vina is -8.26 kcal/mol, whereas Das et al. (2020) report it to be -7.7
kcal/mol and Ahmed et al. (2020) -7.5 kcal/mol.
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Table 6: Hydrogen bond interactions of ligands with MPresidues

Inhibitors PDB ID Number of Hydrogen bonds  Contacting residues
N3 6LU7 7 Gly 143 His 163 His 164 Glu 166* Gln 189 Thr 190
2 7 Gly 143 His 163 His 164 Glu 166* Gln 189 Thr 190
11a 6LZE 7 Phe 140 Cys 145 His 163 His 164 Glu 1663
6 Cys 145 His 163 His 164 Glu 1663
11b 6MOK 8 Phe 140 Cys 145 His 163 His 164 Glu 1663 GlIn 189
6 Cys 145 His 163 His 164 Glu 1663
5h 7IKV 6 Gly 143 Cys 145 His 164 Glu 166* GlIn 189
6 Gly 143 Cys 145 His 164 Glu 166* GlIn 189
GC376 7D1M 7 Phe 140 His 164 Glu 166*
7 His 41 Phe 140 His 164 Glu 166 Gln 189!
GC373 6WTK 6 Gly 143 Ser 144 Cys 145 His 163 Glu 166*
5 Cys 145 His 163 His 164 Glu 166 GIn 189
Narlaprevir 7JYC 7 His 41 Asn 142 Gly 143 His 164 Glu 1663
7 His 41 Gly 143 Cys 145 His 164 Glu 166°
Telaprevir 7K6D 7 His 41 Gly 143 Ser 144 His 164 Glu 166* GIn 189
7 His 41 Gly 143 Cys 145 His 164 Glu 166* GIn 189
x2754 5RHF -
2 Gly 143 Cys 145
x2705 5RH7 -
3 Met 49 His 163 Glu 166
Myricetin 7B3E -
2 Cys 145 Glu 166
Mg-132 7BE7 -
5 Cys 145 His 164 Glu 166* GlIn 189
MI-23 7D3I 5 Phe 140 Gly 143 Cys 145 His 163 His 164 Glu 166
4 Cys 145 His 163 His 164 Glu 166
Carmofur 7BUY 2 Gly 143 Cys 145
2 Gly 143 Cys 145
Boceprevir 7C6S 7 His 41 Gly 143 Cys 145 His 164 Glu 1663
7 His 41 Gly 143 Cys 145 His 164 Glu 1663
Calpeptin 7AKU 2 His 164 Glu 166
2 His 164 Glu 166
13b 6Y2G 8 His 41 Phe 140 Gly 143 Cys 145 His 163 Glu 1663
7 His 41 Phe 140 Cys 145 His 163 His 164 Glu 166*
Non-covalent
Compound 5 7L11 -
3 Cys 145 His 163 Glu 166
Compound 26 7L14 -
3 Cys 145 His 163 Glu 166
x0397 5RGI -
3 Gly 143 Cys 145 His 163
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x77 6W63

N

Gly 143 Glu 166
Mcule-5948770040 7LT) -
3 Gly 143 His 163 Glu 166
ML 188 7L0D -
2 Gly 143 His 163
MUT056399 7AP6 2 Phe 140 His 163
2 Phe 140 His 163
x0104 5R7Z -
1 Glu 166
x0161 5R80 -
1 Glu 166

1: The ligand forms two hydrogen bonds with this residues; : The first row for each inhibitor corresponds to the interactions described in literature, whereas the second refers to the interactions
shown in the crystal structures of the protein-inhibitor complex; 3: The lignad forms three hydrogen bonds with this residue.
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This difference could be attributed to the different pretreatment of the receptor and the
ligand structures before the simulation. Superposing of the two structures (the co-crystallized
and the docked complex) reveals that the conformation of N3 in the binding site is very similar
in the two cases. The major differences can be spotted in the P1’ part of N3, which blocks the
S1’ subsite in the co-crystallized protein-ligand complex, whereas it seems to be rotated
outwards in the simulated complex. Moreover, the pentacyclic ring on the other end of the
molecule shows a slight divergence, but in both cases the inhibitor takes up the space of the
S4 subsite. The total RMSD of the two conformations of N3 (Figure 29, left) is 3.16 A. In the
docking output, the interaction of N3 with Cys 145 is a 2 A hydrogen bond, formed between
pentacyclic ring of N3 and the hydrogen attached to the sulfur atom of the residue whereas
in reality, as determined by the co-crystallization data, it is a 1.8 A covalent bond between the
sulfur atoms of Cys 145 and the CP atom of the vinyl group of the inhibitor. Although a
different part of the inhibitor is bound to the protease, it results in a very similar gecometry of
the molecule. The additional hydrogen bonds with Glu 166 and GIn 189, as well as
hydrophobic interactions with Met 49 and pi-pi interactions with His 41 further stabilize the
molecule.

GC376 is another broad spectrum inhibitor, that has recorded activity against the main
protease of various coronaviruses (Y. Hu et al. 2021). It is also being used as a positive control
in the enzymatic inhibition assay used later in this work. In the present simulation, the binding
energy calculated for GC376 was -7.798 kcal/mol, which is higher than the majority of the
inhibitors. Additionally, the hydrogen bonds calculated by YASARA for the molecule are more
than any other of the docked inhibitors. They are formed with residues His 41, Phe 140, His
163, Glu 166, and GIn 189, the majority of which belong to S1 subsite. The docking output is
remarkably similar to the co-crystallized structure, as seen in Figure 30, with the ligands in the
two conformations having an RMSD as low as 1.0 A. In addition, another worked including
docking of GC376 to PDB 6LU7 with AutoDock VINA reports a binding energy of -8.1 kcal/mol,
which is very close to the result of the present study (Rakib et al. 2021).

Figure 29: Left: Superimposed structures of N3 in complex with MP™ in the PDB co-crystallized structure (purple)
and as resulted from the docking simulation (cyan). Catalytic residues are shown in green (His 41) and yellow (Cys
145). Right: Detailed interactions of N3 with MP™. Residues with which N3 forms a hydrogen bond are colored in
purple, residues that interact hydrophobically in cyan and residues that form Pi-Pi interactions in blue.

As seen in Figures 30 and 31 and Table 7, the results produced by AutoDock Vina are in
accordance with the actual crystal structures for the majority of the rest of the inhibitors. The
accuracy of the result varies, as RMSD ranges from 0.318 to 6.65 A and has an average value
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of 2.91 A. Also, from the comparative data presented in Table 7, it is noticed that the hydrogen
bonds given as a docking output are less that the ones in the co-crystallized structure. This is
the case not only for N3, but for all the other inhibitors docked. This could lead to the
conclusion that the simulation produces similar binding modes to the ones observed in reality,
but does not reproduce the exact same interactions. The program does not show potential
weak hydrogen bonds (above certain A), if distances are slightly altered and become longer,
less hydrogen bonds will be predicted. Nevertheless, this does not negate the fact that the
docking simulation can be a good indicator of the binding affinity of a ligand to the protein.
The important is the interactions with catalytic dyad and stabilization of the ligand with
interactions with the rest of the residues in the active site. Lastly, an observation that can be
made is that the similarity of the docking results to the co-crystallized structures is greater in
the case of the non-covalent inhibitors, both in terms of RMSD values, as well as interaction
correspondence. In the case of the non-covalent inhibitors, the average RMSD value is 2.1 A
as opposed to the 3.4 A value for the covalent inhibitors, whereas the contacting residues
taking part in hydrogen bonds are 64.6% identical for the non-covalent inhibitors while only
35.6% for the covalent ones. This difference could be due to the fact that Vina cannot
reproduce covalent bonds. Therefore, the stabilization of the binding mode that the covalent
bond causes and the 3D conformation the inhibitor acquires, when one part of it is covalently
bound to the protease, cannot be entirely resembled by this simulator.

Docking results show that the greater in length or bulkier inhibitors block the most MP™
subsites, as expected. More specifically, N3, 5h, Mg-132, 13b, x2705, compounds 5 and 26
and X77 block access to all subsites. Other large molecules, such as 11a, 11b, GC376, GC373,
bind to the cavities forming S1, S2 and S4 subsites. Although S1’ subsite seems accessible in
these cases, catalytic residues His 41 and Cys 145 are blocked. Also, Narlaprevir, Telaprevir
and Boceprevir have a similar binding conformation, impeding binding to all MP™ subsites
apart from S1, whereas ML188, Calpeptin and MI-23 leave the S4 subsite uncovered. Lastly,
the smaller inhibitors obstruct binding to fewer subsites: x2754 and Carmofur block the S1’
subsite, Myricetin, Mcule-5948770040 and MUT056399 the S1 and S2 subsites, x0397 the S1
and S1’ subsites and x0104 and x0161 the S2 and S4 subsites.

The study of the detailed interactions of the inhibitors reveals some patterns in the binding of
compounds with similar structure or the same functional groups. The major observations are
summarized below:

e Inhibitors 11a and 11b, having almost identical structures, form the exact same hydrogen
bonds. Two of them are formed between the =0 and -NH groups of the pyrrolidone ring.
The docking results do not show all the interactions present in the crystal structures.
There, it is also visible that the indole moiety that is neighboring with a carbonyl group
creates the same two hydrogen bonds with Glu 166. The same bonds are present in
inhibitor 5h that has the same indole-carbonyl sequence.

e The carbonyls adjacent to -NH groups, both in linear and cyclic carbon chains, are very
susceptible to the formation of hydrogen bonds. Many hydrogen bonds are also formed
between the hydrogen atom in the -NH group of the same pattern, and carbonyl groups
of MP™ residues. The first scenario is observed in both the aforementioned hydrogen
bonds of 11a and 11b, in the ones of MG-132 with Glu 166 and Gly 143 or MI-23 with Glu
166 and His 163. The second scenario can be confirmed in the bonds between 11a and
11b and Phe 140, 13b and Leu 141 and Calpeptin and His 164.
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Figure 30: Superimposed structures of covalent inhibitors in complex with MP in the PDB co-crystallization
structure (purple) and as resulted from the docking simulation (cyan). Catalytic residues are shown in green (His
41) and yellow (Cys 145).

e Narlaprevir, telaprevir and boceprevir also have very closely related structures, and
almost identical bonds. More specifically, they bind to Glu 166 with more than one
hydrogen bonds, which also correspond to the aforementioned category of hydrogen
bonds between -NH and =0 groups. In addition, in the co-crystallized structures of all
three inhibitors, the carbonyl next to the outer -NH group of the molecule forms two
hydrogen bonds with the -NH groups of Gly 143 and Cys 145.

e Pi-pistalking is observed between the pentacyclic or hexacyclic rings of inhibitors and the
imidazole moieties present in residues His 41 or His 163.

e The benzene ring that is part of the indole moiety present in inhibitors 11a, 11b and 5h
forms hydrophobic interactions in all three cases, with the pyrrolidine of residues Pro 168
in the first two cases and with Ala 191 in the third.
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Figure 31: Superimposed structures of non-covalent inhibitors in complex with MP™ in the PDB co-
crystallization structure (purple) and as resulted from the docking simulation (cyan). Catalytic residues
are shown in green (His 41) and yellow (Cys 145).

The hydrogen bonding interactions that are visible through YASARA for the most favorable
ligand-receptor structures, which resulted from the molecular docking, show that there are
some residues that play in important role in inhibitor binding, apart from the catalytic residues
His 41 and Cys 145. More specifically, the residue that formed the most hydrogen bonds with
the ligands was Glu 166, present in 15 out of the 26 cases. As seen in Table 9, 25 out of the 26
ligands interact with Glu 166 in some way, even when not forming a hydrogen bond. The next
most susceptible residue to hydrogen bonding appears to be Gly 143, forming a bond with 8
out of the 26 ligands and overall interacting with 80% of them. GIn 189, His 163, Cys 145 and
Phe 140 form hydrogen bonds with a total of 6, 5, 4 and 3 inhibitors, respectively, whereas
His 41, Leu 141, Asn 142, His 164, Glu 167 appear singly. These results partly confirm the study
of (Stoddard et al. 2020) in the case of Glu 166 which is referred as a hydrogen bond hotspot,
but the rest of the hydrogen bonds that came as an output from the docking simulation are
not frequent enough to establish a pattern. This observations aligns with the results from
Stoddart et. al. (2020).
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Table 7: Docking results and co-crystallization structure data for SARS-CoV-2 MP™ inhibitors

Docking results

Co-crystallization structure data

Inhibitor PDB Total Best RMSD? Binding No of H- H-bond? Hydrophobic? Pi-Pi 3 No of H- H-bond? Hydrophobic? Pi-Pi3
ID clusters cluster! energy bonds bonds
(kcal/mol)
N3 6LU7 12 1 3.16 -8.260 4 CYS 145, GLU 166 (x2), MET 49 HIS 41 7 GLY 143, HIS 163, HIS 164, PRO 168 -
GLN 189 GLU 166 (x2), GLN 189, THR
190
Covalent
11a 6LZE 8 1 1.3466 -8.128 4 PHE 140, GLY 143, HIS PRO 168 - 7 PHE 140, CYS 145, HIS 163, MET 49 -
163, GLU 166 HIS 164, GLU 166 (x3)
11b 6MOK 8 4 1.8313 -7.663 4 PHE 140, GLY 143, HIS PRO 168 HIS 41 8 PHE 140, CYS 145, HIS 163, MET 49 HIS 41
163, GLU 166 HIS 164, GLU 166 (x3), GLN
189
5h 7IKV 12 2 2.6574 -7.530 2 GLU 166, GLN 189 ALA 191 HIS 41 6 GLY 143, CYS 145, HIS 164, MET 49 HIS 41
GLU 166 (x2), GLN 189
GC376 7D1M 9 1 1.0026 -7.798 5 HIS 41, PHE 140, HIS 163, ASP 187 - 7 HIS 41, PHE 140, HIS 164, MET 49 -
GLU 166, GLN 189 GLU 166, GLN 189 (x2)
GC373 6WTK 7 1 3.0919 -7.350 2 ASN 142, GLU 166 HIS 41 - 5 CYS 145, HIS 163, HIS 164, MET 165 -
GLU 166 (x3)
Narlaprevir 7JYC 6 1 2.5916 -8.571 3 GLU 166 (x3) ASN 142 - 7 HIS 41, GLY 143, CYS 145, HIS LEU 167 -
164, GLU 166 (x3)
Telaprevir 7K6D 5 2 3.2027 -8.005 3 GLU 166 (x2), GLN 189 LEU 27 - 7 HIS 41, GLY 143, CYS 145, HIS GLY 143 -
164, GLU 166 (x2), GLN 189
x2754 S5RHF 3 3 4.7475 -5.891 0 - ASN 142 HIS 41 2 GLY 143, CYS 145 MET 49 -
x2705 5RH7 5 2 4.3271 -7.235 0 - GLN 189 HIS 41 3 MET 49, HIS 163, GLU 166 PHE 140 HIS 163
Mg-132 7BE7 7 1 6.6545 -7.073 2 GLY 143, GLU 166 MET 165 - 5 CYS 145, HIS 164, GLU 166 PRO 168 -
(x2), GLN 189
Mi-23 7D3I 7 1 2.9002 -7.850 2 HIS 163, GLU 166 HIS 41 - 4 CYS 145, HIS 163, HIS 164, HIS 41 -
GLU 166
Carmofur 7BUY 7 7 2.0852 -2.930 0 - MET 49 - 2 CYS 143, CYS 145 MET 49 -
Boceprevir 7C6S 7 1 2.4926 -8.063 3 GLY 143, GLU 166 (x2) MET 165 - 7 HIS 41, GLY 143, CYS 145, HIS MET 165 -
164, GLU 166 (x3)
Calpeptin 7AKU 6 2 4.5275 -6.526 2 HIS 164, GLU 166 GLU 166 - 2 HIS 164, GLU 166 GLN 189 -
13b 6Y2G 7 3 4.6032 -6.924 2 LEU 141, GLY 143 GLN 189 - 7 HIS 41, PHE 140, CYS 145, GLN 189 -
HIS 163, HIS 164, GLU 166
(x2)
Non-covalent
Compound 5 7L11 10 1 1.6946 -9.376 1 GLU 166 MET 49 HIS 163 3 CYS 145, HIS 163, GLU 166 MET 165 HIS 163
Compound 7L14 5 1 1.6844 -9.464 1 GLU 166 GLN 189 HIS 163 3 CYS 145, HIS 163, GLU 166 THR 25 HIS 153
26
x0397 5RGI 4 1 0.3183 -6.432 3 GLY 143, CYS 145, HIS 163 HIS 163 HIS 163 3 GLY 143, CYS 145, HIS 163 HIS 163 HIS 172
x77 6W63 7 2 2.5763 -8.032 1 GLU 166 PRO 168 HIS 41 2 GLY 143, HIS 163, GLU 166 PHE 140 HIS 41
Mcule- 7LT) 5 1 0.4565 -9.329 2 GLY 143, GLU 166 HIS 41 HIS 41 3 GLY 143, HIS 163, GLU 166 HIS 41 HIS 163
5948770040
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ML 188 7L0D 8 2 2.7112 -6.999 1 GLY 143 LEU 27 HIS 163 2 GLY 143, HIS 163 PHE 140 HIS 163
MUT056399 7AP6 3 2 3.6902 -6.449 2 PHE 140, HIS 163 THR 25 HIS 41 2 PHE 140, HIS 163 HIS 41 HIS 41
x0104 5R7Z 3 2 4.2392 -5.608 0 MET 49 HIS 41 1 GLU 166 GLN 189 HIS 41
x0161 5R80 5 3 1.5396 -5.399 1 GLU 166 MET 49 - 1 GLU 166 GLN 189 -

1: The criterion for selecting the best cluster is mainly the RMSD of the ligand in the complex resulted from the docking from the ligand in the co-crystallization structure. For cases where
RMSDs of various cluster are very close, the binding energy and orientation of the molecule was taken into consideration; 2: RMSD between the ligands in the docked and co-crystallized
ligand-protease complex; 3: Residues with which the ligand forms a hydrogen bond, hydrophobic or pi-pi interaction respectively, as calculated by YASARA structure.

Table 8: Total contacting residues as calculated from docking of SARS-COV-2 MP known inhibitors

N3 THR LEU HIS MET TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR ALA GLN
25 27 41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 191 192
Covalent
11a HIS CYs MET TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU PRO HIS ASP ARG GLN THR
41 44 49 54 140 141 142 143 144 145 163 164 165 166 168 172 187 188 189 190
11b HIS MET PHE LEU ASN GLY SER CcYs HIS HIS MET GLU LEU PRO HIS VAL ASP ARG GLN GLN
41 49 140 141 142 143 144 145 163 164 165 166 167 168 172 186 187 188 189 192
5h THR THR LEU HIS MET TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU LEU PRO HIS VAL ASP ARG GLN THR ALA
25 26 27 41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 172 186 187 188 189 190 191
GC376 HIS MET TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR ALA GLN
41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 191 192
GC373 LEU HIS MET PRO TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR ALA
27 41 49 52 54 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 191
Narlaprevir THR THR LEU HIS MET TYR ASN GLY SER CYs HIS MET GLU LEU PRO VAL ASP ARG GLN THR ALA GLN
25 26 27 41 49 54 142 143 144 145 164 165 166 167 168 186 187 188 189 190 191 192
Telaprevir THR THR LEU HIS CYs SER MET ASN GLY CYs HIS MET GLU LEU PRO VAL ASP ARG GLN THR ALA GLN
25 26 27 41 44 46 49 142 143 145 164 165 166 167 168 186 187 188 189 190 191 192
x2754 THR THR LEU HIS CYs SER MET ASN GLY CYs MET GLU
25 26 27 41 44 46 49 142 143 145 165 166
x2705 THR THR LEU HIS CYs SER MET PHE LEU ASN GLY SER CYs HIS MET GLU LEU PRO ASP ARG GLN THR GLN
25 26 27 41 44 46 49 140 141 142 143 144 145 164 165 166 167 168 187 188 189 190 192
Myricetin HIS MET PHE LEU ASN SER CYs HIS HIS MET GLU VAL ASP ARG GLN GLN
41 49 140 141 142 144 145 163 164 165 166 186 187 188 189 192
Mg-132 THR THR LEU HIS MET PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR ALA GLN
25 26 27 41 49 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 191 192
MI-23 HIS MET TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU HIS ASP ARG GLN
41 49 54 140 141 142 143 144 145 163 164 165 166 172 187 188 189
Carmofur THR LEU HIS MET CYs HIS MET ASP ARG
25 27 41 49 145 164 165 187 188
Boceprevir THR HIS MET TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO ASP ARG GLN THR ALA GLN
25 41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 187 188 189 190 191 192
Calpeptin THR THR LEU HIS MET TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU ASP ARG GLN
25 26 27 41 49 54 140 141 142 143 144 145 163 164 165 166 187 188 189
13b HIS MET PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO HIS VAL ASP ARG GLN THR ALA GLN
41 49 140 141 142 143 144 145 163 164 165 166 167 168 172 186 187 188 189 190 191 192
Non-covalent
Compound 5 THR THR LEU HIS MET TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR GLN
25 26 27 41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 192
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Compound 26 THR THR LEU HIS MET TYR PHE LEU ASN GLY SER CYs HIS HIS MET GLU LEU PRO HIS ASP ARG GLN THR GLN
25 26 27 41 49 54 140 141 142 143 144 145 163 164 165 166 167 168 172 187 188 189 190 192
x0397 THR THR LEU HIS PHE LEU ASN GLY SER CyYs HIS HIS MET GLU HIS
25 26 27 41 140 141 142 143 144 145 163 164 165 166 172
x77 HIS CYs MET PRO TYR PHE LEU ASN GLY SER CyYs HIS MET GLU LEU PRO ASP ARG GLN THR GLN
41 44 49 52 54 140 141 142 143 144 145 163 165 166 167 168 187 188 189 190 192
Mcule- HIS CYs MET PRO TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU HIS ASP ARG GLN
5948770040 41 44 49 52 54 140 141 142 143 144 145 163 164 165 166 172 187 188 189
ML 188 THR THR LEU HIS CYs MET PRO TYR PHE LEU ASN GLY SER CcYs HIS HIS MET GLU HIS ASP ARG GLN
25 26 27 41 44 49 52 54 140 141 142 143 144 145 163 164 165 166 172 187 188 189
MUT056399 THR HIS CYs SER MET PHE LEU ASN SER CcYs HIS HIS MET GLU HIS
25 41 44 46 49 140 141 142 144 145 163 164 165 166 172
x0104 HIS SER MET HIS MET GLU LEU PRO ARG GLN THR GLN
41 46 49 164 165 166 167 168 188 189 190 192
x0161 HIS CYs MET PRO TYR MET GLU LEU PRO VAL ASP ARG GLN GLN
41 44 49 52 54 165 166 167 168 186 187 188 189 192
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Table 9: Most common contacting residues as determined from the docking results and the co-crystallization

structures

Docking results Co-crytallization structures data
Residues Appearance Percentage in the  Residues Appearance Percentage in the

frequency? total of inhibitors frequency! total of inhibitors
HIS 41 26 100 HIS 41 25 96.2
MET 165 26 100 MET 49 24 92.3
MET 49 25 96.2 MET 165 24 92.3
GLU 166 25 96.2 MET 166 24 92.3
CYS 145 24 92.3 GLY 143 23 88.5
ARG 188 23 88.4 SER 144 23 88.5
HIS 164 23 88.4 CYS 145 23 88.5
ASN 142 23 88.4 HIS 164 23 88.5
ASP 187 22 84.6 ASN 142 22 84.6
GLN 189 22 84.6 ASP 187 22 84.6
GLY 143 21 80.8 ARG 188 22 84.6
SER 144 21 80.8 GLN 189 22 84.6
PHE 140 20 76.9 LEU 141 20 76.9
LEU 141 20 76.9 HIS 163 20 76.9
HIS 163 19 73.1 PHE 140 18 69.2
PRO 168 17 65.4 HIS 172 18 69.2
LEU 167 16 61.5 TYR 54 16 61.5
THR 190 16 61.5 LEU 27 15 57.7
HIS 172 15 57.7 PRO 168 15 57.7
THR 25 15 57.7 THR 25 13 50
TYR 54 15 57.7 MET 167 13 50
LEU 27 14 53.8
GLN 192 14 53.8

1: Number of inhibitors with which the residues interact, in total of 26 inhibitors docked.

More distinguishable patterns, can be observed from the contacting residues between each
ligand and protease structure, which are calculated by YASARA structure based on their
distance from the ligand in the binding complex. In Table 8, the residues that are common
contacts for more than 50% of the inhibitors studied are presented, both for the simulation
results as well as the co-crystallized structures. From data extracted from the docking results,
it can be assumed that His 41, Met 165, Met 49, Glu 166, Cys 145, Arg 188, His 164, Asn 142,
Asp 187, GIn 189, Gly 143, Ser 144, Phe 140, Leu 141, His 163, Pro 168, Leu 167, Thr 190, His
172, Thr 25, Tyr 54, Leu 27, GIn 192 are key residues, since they appear in more than half of
the cases, as seen in Table 9. The respective data from the co-crystallization structures are
almost identical, with His 41 emerging as the most common interaction in this case, too, and
Met 49, Met 165 and Glu 166 also interacting with over 90% of the inhibitors. These residues
are spread across the active site cavity and represent all the subsites, therefore no dominant
subsite emerges from this data. In addition, it is observed that although catalytic residues are
very common interactions for the inhibitors studied, neither of them form hydrogen bonds.
However, the interactions of the inhibitors with the protein show that His 41 is a common
residue in pi-pi interactions.

4.3. Molecular docking simulation for the bioactive compounds found in

Salicornia extracts
After the simulation method was established and more information regarding the key residues
involved in binding to the protease became available, the bioactve compounds reported to be
present in Salicornia species (Table 2) were docked. The compounds screened can be divided
in nine categories: Hydroxycinnamic acids and derivatives, hydroxybenzoic acids,
caffeoylquinic acids and derivatives, flavonoids and flavanones, chromones, sterols, lignans,
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oleanane triterpenoid saponins and other compounds. Overall, the most promising results
were yielded for caffeoylquinic acids and their derivatives and flavonoids and flavanones,
followed by some encouraging results for specific saponins.

4.3.1. Hydroxycinnamic acids and derivatives

The results show a range of binding energies for hydroxycinnamic acids, that are relatively low
compared to both native inhibitor N3 (-8.26 kcal/mol) and GC376 (-7.798 kcal/mol). However,
other confirmed inhibitors had lower binding energies, proving that binding energy alone is
not sufficient to judge the efficiency of a compound as a potential inhibitor. Cinnamic acid,
that has no substitutions it its phenolic ring, exhibits the lowest binding energy (-4.98
kcal/mol), whereas rosmarinic acid, an ester of caffeic acid possessing two phenolic rings, has
the highest binding energy (-7.41 kcal/mol), followed by sinapic acid (-6.1 kcal/mol) that has
two methoxy substitutions in the phenolic ring. On the whole, it is observed that the bulkier
the ligand, the higher the binding energy. Additionally, a pattern is observed in the
interactions of hydroxycinnamic acids with the protease in terms of hydrophobic and pi-pi
interactions. More specifically, residue Met 165 is a hydrophobic interaction hotspot, whereas
the phenolic ring present in the ligands forms pi-pi stalking with the pentacyclic ring of
residues His 41 and His 163. The orientation of the molecules in the binding site, presented in
Figure 31, shows that hydroxycinnamic acids, with the exception of caffeic acid, bind to S2
subsite. Caffeic acid binds in the space between S1 and S1’ subsites, and rosmarinic acid
practically blocks the entire active site of the protease. Rosmarinic acid is the one whose
orientation seems to inhibit access to the catalytic dyad more effectively.

In the cases of ferulic (1), caffeic (2) and sinapic acid (3), the first clusters have a similar
orientation, with the phenolic ring on the right sight and the carbon chain extending behind it
(Figure 32). However, for coumaric acid, the first cluster has a different orientation, with the
phenolic ring on the left side and the tail extending to the left. This can be justified by the
smaller size of the molecule compared to the rest previously mentioned hydroxycinnamic
acid, which allows for greater mobility in the active site and perhaps more possible
conformations. The fact that the second cluster, which has a small difference in binding energy
(-5.188 as opposed to -5.329 kcal/mol) has the same orientation as the other hydroxycinnamic
acids leads to the consideration of it as potentially more dominant. The same is the case for
cinnamic acid, for which the first cluster has the phenolic ring inserted into the S2 subsite and
extends to the left, while the second is orientated into the S2 site in the opposite direction,
but both clusters have similar interactions and comparable binding energies (-4.978 and -
4.705 respectively). As far as rosmarinic acid is concerned, the first two clusters have the same
binding affinity to the active site. Other than the fact that cluster 2 seems to be forming more
hydrogen bonds, there is no criterion to choose between the two clusters, since the
orientation of the hydroxycinnamoyl group is also different from the dominant one in the
previous clusters and can only acids in the case of the second cluster (where the phenolic ring
is located into the S2 cavity), it can be compared to the one of the first clusters of p-coumaric
and cinnamic. Therefore, both clusters are presented as no conclusion can be drawn for a
more likely conformation. The second clusters are not taken into consideration for ferulic,
caffeic and sinapic acids because they have considerably lower binding energy compared to
the first clusters. The collective data is presented in Table 10.

Screening of natural compounds performed in corresponding studies provides data for the
binding energies of hydroxycinnamic acids, but not for their binding mode and orientations in
the active site, so as to provide a reference to which the docking poses produced by this
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simulation could be compared to. However, binding energies can also be a comparable
measure to contribute in validating the results of the present study. In particular, a study on
MP' inhibition using 6LU7 as a PDB structure reports a binding energy of -4.7 kcal/mol for
ferulic acid, but very different hydrogen bond interactions, with residues Glu 14, Met 17 and
Gly 71, indicating binding to a different site of the enzyme (Salman et al. 2020b). On the
contrary, other docking studies on ferulic acid calculated binding energies of -4.91 (Kundu
Debanjan et al. 2021) and -5.7 kcal/mol (Vicidomini, Roviello, and Roviello 2021). Although
both of these studies were performed with 6Y84 as a PDB protein structure and AutoDock and
AutoDock Vina respectively, they yield considerably different results, which might be due to
different simulation parameters (e.g. simulation cell) and pretreatment of the receptor and
ligand. Between the two, the second study reports a result almost identical to the present
one. The same work mentions results comparable to the present ones also for caffeic and
sinapic acid (-5.7 and -6.1 kcal/mol respectively). Lastly, further studies conducted with the
same PDB structure as a receptor and AutoDock Vina as the simulation software also produced
results in consonance with this work: Murugesan et al (2021). reported binding energies of -
6.1 kcal/mol for sinapic and caffeic acids and -6.0 kcal/mol for cinnamic and coumaric acids,
Patil et al. (2020) -5.3 and -5.4 kcal/mol for ferulic and caffeic acid respectively, Mohapatra et
al. (2020) -5.5 kcal/mol for caffeic acid and Umar et al. (2021) -5.6 kcal/mol for caffeic acid,
supplemented by the description of contacting residues, which are to a great extent common
with the ones in this work.
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Figure 32: Binding conformations of hydroxycinnamic acids to the active site of SARS-CoV-2 MP™®, as
resulted from the docking simulation
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Table 10: Molecular docking results for hydroxycinnamic acids and derivatives (MP™ structure PDB: 6LU7)

Compound Total clusters  Cluster  Binding energy  No of interactions Total contacting residues
(kcal/mol)
No. Name H-bonds Hydrophobic  Pi-pi
1 Ferulic acid 5 1 -5.715 1(THR 190) 1 (MET 165) 1(HIS41) HIS 41, MET 49, CYS 145, HIS 164, MET 165, GLU 166, PRO 168, ARG 188, GLN 189, THR 190, GLN
192
2 Caffeic acid 4 1 -5.912 2 (LEU 141, GLU 166) 1 (MET 165) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN
189
3 Sinapic acid 5 1 -6.1 1 (ARG 188) 1 (MET 165) 1(HIS 41) HIS 41, MET 49, TYR 54, ASN 142, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, PRO 168, ASP 187,
ARG 188, GLN 189, THR 190, GLN 192
4 p-Coumaric acid 5 1 -5.329 1(TYR 54) 1 (MET 165) 1(HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, CYS 145, HIS 164, MET 165, GLU 166, ASP 187, ARG 188,
GLN 189
2 -5.188 0 1 (MET 165) 1(HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, GLN 189
5 Cinnamic acid 5 1 -4.978 0 1 (MET 165) 1(HIS 41) LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, GLN 189
2 -4.705 0 1(HIS41) 1(HIS41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166,
ASP 187, ARG 188, GLN 189
6 Rosmarinic acid 8 1 -7.409 1 (GLN 189) 1 (GLN 189) 1(HIS163) THR 25, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,
HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, GLN 192
2 -7.408 3 (LEU 141, GLY 143, GLU 166 1(HIS41) 1(HIS41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
Table 11: Molecular docking results for hydroxybenzoic acids (MPr structure PDB: 6LU7)
Compound Total Cluster Binding energy No of interactions Total contacting residues
clusters (kcal/mol)
No Name H-bonds Hydrophobic Pi-pi
7 4-Hydroxybenzoic 4 1 -4.826 3 (LEU 141, GLY 143, GLU 1(GLU 166) 1(HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
acid 166)
8 Salicylic acid 3 1 -5.342 2 (LEU 141, GLY 143) 1(GLU 166) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
9 Protocatechuic acid 1 1 -5.456 1(GLU 166) 1(GLU 166) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
10 Vanillic acid 4 1 -5.303 2 (GLY 143, GLU 166) 1 (HIS 163) 1 (HIS 163) LEU 27, HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, GLN
189
11 Veratric acid 4 1 -5.237 2 (GLY 143, GLU 166) 1(GLU 166) 1(HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172,
GLN 189
12 Gallic acid 4 1 -5.601 2 (LEU 141, GLU 166) 1(GLU 166) 1 (HIS 163) HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, GLN 189
13 Syringic acid 4 1 -5.347 3 (GLY 143, SER 144, GLU 1 (MET 165) 0 HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
166) GLN 189
2 -5.278 2 (LEU 141, GLY 143) 1(CYS 145) 0 THR 26, LEU 27, HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU

166, HIS 172, GLN 189

58



4.3.2. Hydroxybenzoic acids

The results for the hydroxybenzoic acids, in terms of binding affinity to the active site, are less
encouraging than hydroxycinnamic acids (Table 11). The binding energies are overall lower
and the fact that all the compounds in this category are highly related and are of very similar
size results in the range of their binding energies being also narrower. Corresponding docking
simulation studies report very similar binding energy for some of the hydroxybenzoic acids:
Murugesan et al. (2021) calculated -5.4 kcal/mol for vanillic and -5.3 kcal/mol for gallic acid,
while Patil et al. (2020) report -4.5 kcal/mol for 4-hydroxybenzoic and -5.1 kcal/mol for gallic
acid and Mohapatra et al. (2020) calculated -4.68 kcal/mol for 4-hydroxybenzoic and -5.307
kcal/mol for gallic acid, therefore providing an encouraging indication towards the validity of
the present results. No information on the conformation of the ligands in the binding site is
provided, to which the present results could be compared to, but the binding complexes that
occurred from the simulation reveal very similar binding for all the compounds, as their
phenolic ring is stabilized between S1 and S1’ subsites, below residue Cys 145. The main
difference observed from molecule to molecule is the orientation of the carboxyl group, which
is in some cases towards the left side of the active site and in some cases towards the right.
That is the reason why both first clusters are considered in the case of syringic acid, since their
binding energy is very similar. The phenolic ring is located in almost the same position, but the
substitutions have opposite orientations in each case.

All docked hydroxybenzoic acids exhibit similar binding, as seen in Figure 33, ranging from -
4.8 to -5.6 kcal/mol, with Glu 166, Gly 143 and Leu 141 emerging as key residues for hydrogen
bonding, in this order of appearance frequency. Moreover, the O atom of the double bond in
the -COOH group of the hydroxybenzoic acids is, in all the cases, involved in a hydrogen bond.
Glu 166 is also a hydrophobic interaction hotspot, while His 163 is interacts through pi-pi
stalking with six of the seven compounds of this group.

4-hydroxybenzoic acid, having only a -OH substitution in the benzene ring, has the lowest
binding energy, whereas the highest binding energy is achieved by gallic acid, which has 3
hydroxy substitutions in the benzene ring. In this group, the hydroxy substitutions seem to be
affecting binding more positively than methoxy substitutions. For example, protocatechuic
(9), vanillic (10) and veratric acid (11) each have two substitutions in the benzene ring, starting
with two hydroxy groups in 9, one hydroxy and one methoxy group in 10 and two methoxy
groups in 11. As observed, the binding energy slightly drops as the methoxy substitutions
increase. Additionally, is noted that 4-hydroxybenzoic (7) and salicylic acid (8), which are
positional isomers, have almost identical interactions with the active site, whereas the
transfer of the substitution from the 4- to the 2- position results in a 0.5 kcal/mol increase in
the binding energy.

4.3.3. Caffeoyl quinic acids and derivatives
Caffeoyl quinic acids and their derivatives yielded very promising results for the inhibition of
MP" (Table 12). Apart from quinic acid, which is the smallest, parent-compound and has a low
binding affinity of -5.887 kcal/mol, the other compounds have binding energies very close to
-8 kcal/mol and the majority of them resulted in a better binding energy than native inhibitor
N3 and enzymatic assay positive control GC376. The top five best hits were 3,5-dicaffeoyl
quinic acid (22), 3,5-dicaffeoyl-quinic acid methyl ester (23), methyl 4-caffeoyl-3-
dihydrocaffeoyl quinate (21), 3,4-dicaffeoylquinic acid (18) and 3-Caffeoyl-5-
dihydrocaffeoylquinic acid (24). Another compound that stands out is 3-Caffeoyl-4-
dihydrocaffeoylquinic acid (tungtungmadic acid), which has a good binding energy among the

59



rest of the caffeoylquinic acids (-8.396 kcal/mol) and was isolated from Salicornia from the
first time (Chung et al. 2005).
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Figure 33: Binding conformations of hydroxybenzoic acids to the active site of SARS-CoV-2 MPr°, as
resulted from the docking simulation

The results indicate that 3,5 substitutions on the quinic acid results in better binding compared
to the respective 3,4 substitution. Also, caffeoyl substitutions appear to contribute in greater
affinity to the protease than the hydrocaffeoyl substitutions, as in all the cases where the
number and position of the substitutions is the same, more caffeoyl ones result in a better
binding score. It is also noteworthy that in most cases, the methyl esters of the caffeoylquinic
acids have almost identical binding energy with the respective acids. The only exception is
chlorogenic acid, the methyl esterification of which results in a slightly better binding affinity,
and the case of 3-caffeoyl-5-dihydrocaffeoylquinic acid, that exhibits a better binding score
than its ester.

In terms of intramolecular interactions, it is observed that very few of the compounds form
pi-pi interactions with the protease. As far as hydrogen bonds are concerned, there is no
distinguishable pattern apart from the quite often bonding to residue Gly 143 and residues of
the S4 subsite (Arg 188, GIn 189) and the fact that the majority of the hydrogen bonds are
formed between -OH groups of the caffeoyl moieties of the ligands and the acti5.ve site.

Although there is no certainty as to whether the ligand-receptor complexes produced by the
docking simulation are close to reality, the accuracy of the data can be reinforced by the
observation of patterns in the orientation of the ligands that have structural affinity and by
comparison with corresponding information in literature.

Quinic and chlorogenic acid have been studied in literature and yielded a binding score of -5.7
and -7.1 kcal/mol respectively, with molecular docking using AutoDock Vina and MP™ structure
with the PDB ID 6Y84 as a receptor. These results are quite close to the ones produced by the
simulation in this work, although lower in the case of chlorogenic acid. Murugesan et al. (2021)
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also calculated a lower binding energy for chlorogenic acid (-6.9 kcal/mol). Regarding
chlorogenic acid in particular, the analysis of its interactions with the protease show that the
hydroxyl groups of the caffeoyl part interact with residues Leu 141, Cys 145 and His 163, while
the ones in the quinic part interact with Thr 26 (Vicidomini et al. 2021). This suggests an
orientation in the active site opposite to the first cluster of this simulation, but closer to the
third, which has, however, considerably lower binding energy (by -1.136 kcal/mol). Another
in silico study on chlorogenic acid as an MP™ inhibitor, using the same software and receptor
as the present work, describes binding of the ligand to the protease in a different orientation,
sideways, with the caffeoyl part interacting with residues Phe 140, Leu 141 and Glu 166 closer
to the S1 subsite and the quinic moiety interacting with Thr 190 in S4, which does not
correspond to any of the first clusters given as output of this simulation. Moreover, in this
case the binding energy calculated is low, -6.0 kcal/mol (Patil et al. 2020). A similar
configuration for chlorogenic acid is described in Mohapatra et al. (2020), with the binding
affinity of the ligand being calculated however as high as -8.43 kcal/mol. All the above-
mentioned information is inconclusive and highlights how diverse the results can be
depending on the method used. Therefore, all three first clusters produced by the docking
software will be presented, both for chlorogenic acid as well as for its methyl ester, taking into
consideration that it is very likely that the two have a similar configuration in the binding site.
For example, this is confirmed by the comparison of their first clusters: the conformation is
indistinguishable, while the quinic part of the molecule is in the same position as the quinic
acid, when docked to the active site of the protease on its own. In addition, the hydrogen
bonds of the two compounds are identical, formed between the =0 atom of the carboxylic
group and residue Glu 166 and the -OH in the 5- position of the quinic acid aromatic ring and
residue His 163.

Among the 3,4 and 3,5 caffeoylquinic acid derivatives, two dominant conformations are
observed in the first clusters, as seen in Figure 34: the one involves the quinic moiety being
located between the S1 and S1’ subsites with the caffeoyl groups extending perpendicularly
to each other and the other is characterized by the quinic moiety in the same position or
higher in the S1’ subsite with the two caffeoyl substitutions being towards the same direction,
almost parallel to each other. The last arrangement is more common in the first clusters of
the 3,4 caffeoylquinic derivatives, while the second seems to clearly prevail in the 3,5
derivatives, with the only exception being compound 27. The fact that almost exclusively the
perpendicular conformation is observed in the 3,5 derivatives, while both are seen in the first
clusters of the 3,4 derivatives could either mean that perhaps the first arrangement is more
likely or that the different position of the substitutions creates different binding patterns,
being an additional factor to be taken into consideration apart from the similarities in the
structure and functional groups. Both these geometries are also found in compound 17, where
the first two clusters have the same binding energy, but there is no clear criterion to rule one
of the two out, so both are taken into consideration. Lastly in the case of compound 28, the
first cluster does not resemble any of the above. Only the third one resembles the second of
the geometries described above, while its binding energy does not drop significantly
compared to the first clusters. Therefore, all three clusters will be presented. The results are
summed up in Table 12.
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Figure 34: Binding conformations of caffeoylquinic acids to the active site of SARS-CoV-2 MP', as resulted from
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Table 12: Molecular docking results for caffeoylquinic acids 2222222and derivatives (MPr structure PDB: 6LU7)

Compound Total Cluster Binding No of Contacting residues
cluster energy interactions
(kcal/mol)
No. Name H-bonds Hydrophobic Pi-pi
14 Quinic acid 2 1 -5.887 1 (SER 144) 1(GLU 166) 0 HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
GLN 189
15 Chlorogenic acid 4 1 -8.062 3 (SER 46, 1(THR 25) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
HIS 163, GLU 163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
166)
2 -7.377 1(LEU 141) 1 (GLN 189) 0 HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
3 -6.926 0 1(THR 25) 1 (HIS 163) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142,
GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
16 Methyl chlorogenate 7 1 -8.316 2 (HIS 163, 1(THR 25) 0 THR 24, THR 25, THR 26, HIS 41, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY
GLU 166) 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, GLN 189
17 1,3-di-O-Caffeoyl quinic 10 1 -8.044 2 (THR 190, 1(GLU 166) 0 PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167,
acid GLN 192) PRO 168, HIS 172, ARG 188, GLN 189, THR 190, GLN 192
2 -8.040 1(THR 24) 1(THR 25) 1 (HIS 41) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY
143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, LEU 167, PRO 168, ARG 188, GLN 189, THR 190,
GLN 192
18 3,4-Dicaffeoylquinic acid 7 1 -8.69 2 (THR 24, 1 (MET 49) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
THR 190) 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189,
THR 190, ALA 191, GLN 192
2 -8.69 1 (ARG 188) 1 (MET 165) 0 THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165,
GLU 166, LEU 167, PRO 168, ARG 188, GLN 189, THR 190, GLN 192
19 3-Caffeoyl-4- 9 1 -8.396 2 (GLY 143, 1(HIS 41) 1(HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
dihydrocaffeoylquinic ARG 188) MET 165, GLU 166, PRO 168, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
acid
2 -7.778 2 (CYS 145 1 (MET 165) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
x2) 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190,
ALA 191, GLN 192
20 3-Caffeoyl-4- 9 1 -8.407 2 (GLY 143, 1(GLU 166) 0 THR 25, THR 26, LEU 27, HIS 41, VAL 42, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
dihydrocaffeoylquinic GLN 189) 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190,
acid methyl ester GLN 192
2 -7.882 2 (THR 26, 1 (MET 49) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
ARG 188) 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191,
GLN 192
21 Methyl 4-caffeoyl-3- 1 1 -8.706 1 (GLN 189) 1 (GLN 189) 1 (HIS 163) THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
dihydrocaffeoyl quinate 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, GLN 192
22 3,5-Dicaffeoyl quinic acid 10 1 -8.935 0 1 (MET 165) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189,
THR 190, ALA 191, GLN 192
2 -8.828 3 (LEU 141, 1 (MET 165) 1 (HIS 41) HIS 41, CYS 44, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS
GLY 143, THR 164, MET 165, GLU 166, LEU 167, HIS 172, VAL 186, ASP 187, ARG 188, GLN 189, THR 190, ALA 191,
190) GLN 192
23 3,5-di-O-Caffeoyl-quinic 7 1 -8.886 2 (GLY 143, 1 (GLN 189) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
acid methyl ester GLN 189) 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189,
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3-Caffeoyl-5- -8.571 2 (THR 24, 1(GLN 189) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
dihydrocaffeoyl quinic acid THR 190) 145, HIS 163, HIS 164, MET 165, GLU 166, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191,
GLN 192
3-Caffeoyl-5- -8.369 2 (GLY 143, 1 (MET 49) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
dihydrocaffeoylquinic acid CYS 145) 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190,
methyl ester ALA 191, GLN 192
3,5-di-O-Dihydrocaffeoyl -8.024 4 (THR 25, 1(THR 25) 0 THR 24, THR 25, THR 26, LEU 27, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY
quinic acid GLY 143, GLU 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, PRO 168, ARG 188, GLN 189, THR 190,
166, ARG ALA 191, GLN 192
188)
-8.023 3 (SER 46, 1 (MET 49) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
LEU 141, GLU 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLY 170, GLN 189
166)
3,5-di- -8.022 3 (SER 46, 1(GLU 166) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY
dihydrocaffeoylquinic acid GLY 143, GLN 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
methyl ester 189)
4,5-di-O-dihydrocaffeoyl -7.9 3 (HIS 163, 1(GLU 166) 1 (HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
quinic acid GLU 166, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, ALA 191, GLN
GLN 189) 192
-7.69 3 (HIS 163, 1(GLU 166) 1 (HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
GLU 166, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, VAL 186, ASP 187, ARG 188, GLN 189, THR 190, ALA
THR 190) 191, GLN 192
-7.66 1 (ARG 188) 1 (GLU 166) 0 THR 25, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS
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4.3.4. Flavonoids and flavanones

This group of compounds is the one to which the best hits of this screening belong to, with
the binding energies ranging from -6.880 to -9.384 kcal/mol) and the majority of compounds
having a better binding energy than GC376. Fewer, but still many of the flavonoids and
flavanones also exceeded the binding affinity of inhibitor N3, as calculated from the present
simulation. The docking simulation resulted in the most favorable binding energy for
compound 38, isorhamnetin-3-O-rutinoside, while numerous compounds had a binding
energy close to or above -9.0 kcal/mol.

Regarding the review of the clusters produced by the simulation, since the backbone is the
same for all the flavonoids, the binding orientation of myricetin is being used as an indication.
Overall, the majority of the flavonoids had an orientation similar to myricetin in their first
cluster (Figure 35). This fact reinforces the hypothesis that this could be the actual
conformation of the molecules in nature and validates the use of myricetin as a point of
reference for the selection of the best cluster. However, in the case of quercetin, all the first
three clusters have essentially identical binding energy and the third cluster is the one that is
closer to myricetin, with the chromone moiety being positioned in the cavity of the S2 subsite.
Similarly, cluster 2 was taken into consideration for compound 33 even though in both the
first two clusters the chromone group was in the S2 subsite, because in the second case the
phenyl substitution was orientated towards S1’ subsite as in myricetin and not in the opposite
direction, as it happened with the first cluster. It was also taken into consideration that the
two clusters had a minor difference in binding energy (0.2 kcal/mol). In the case of rhamnetin,
although it has a high structural resemblance to myricetin, none of the clusters have a very
similar orientation.

This led to the selection of the first cluster, as it had the highest binding energy and the closest
conformation. This deviation can be due to the fact that rhamnetin has a methoxy substitution
at the 7- position of the chromone, which increases the volume of the molecule on that side
and might not allow it to enter the S2 cavity. The case is similar for hesperetin as well, with
the only difference being that the first three clusters have very similar binding energy,
therefore they will all be considered. There are also other molecules which do not have the
same conformation as myricetin in none of their first clusters, such as isorhamnetin-3-O-
neohesperidoside or hesperidin. This can also be justified by the significantly larger size of the
molecule.

The data, gathered in Table 13, also designates a pattern of structure-binding affinity
relationship: all the sugar derivatives of flavonoids and flavanones have a higher binding
affinity than their parent compound. For example, quercetin has a binding energy of -7.396
kcal/mol, while for its glucoside, isoquercetin, the binding energy increases by 1.5 kcal/mol (-
8.952 kcal/mol) and for the malonyl-glucoside substituted derivative the increase is even
higher (-9.114 kcal/mol). The greatest improvement is observed in rutin, the rutinoside
derivative of quercetin (-9.166 kcal/mol). These findings are supported by other recent anti-
SARS-CoV-2 in silico studies, in which both quercetin and rutin have drawn attention.
Molecular docking performed for quercetin using structures 6LU7, 6Y2E and 6Y2F as receptors
resulted in binding energies between -6.9 and -7.5 kcal/mol, which are very close to the
binding energy calculated in the present study (Murugesan et al. 2021; Abian et al. 2020). As
far as interactions are concerned, Met 165 is highlighted as a key residue in literature, while
in this study it appears only as a hydrophobic contact for the first cluster. Also, Abian et al.
(2020) report three hydrogen bonds with residues Asn 142, Ser 144 and Met 165, as opposed
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to the no hydrogen bonds calculated by Vina in this work. The increase in the binding energy
for rutin is also confirmed in literature. Das et. Al (2020) calculated a binding energy of -8.8
kcal/mol through molecular docking to MP™ (PDB:6LU7). Both the binding energy and the
contacting residues calculated between rutin and the protease (Thr25, Thr26, Leu 27, His41,
Phe 140, Leu 141, Asn 142, Gly 143, Ser 144, Cys 145, His 163, His 164, Met 165, Glu 166, Arg
188, GIn 189, Thr 190) are very similar to the ones produced by this study, reinforcing the
validity of the results. In a different study, the binding energy for rutin, where the same PDB
structure was used as the receptor, was calculated to be much higher, -11.33 kcal/mol. The
contacting residues were to a great extent common, but the hydrogen bonds shown were
more (10 bonds, with residues Tyr 54, Phe 140, Cys 145, His 163, His 164, Glu 166, GIn 192)
(Shivanika et al. 2020). Another in silico study on the same receptor reports a binding energy
of -11.187 kcal/mol (Teli, Shah, and Chhabria 2021), while molecular docking using PDB
structure 6Y2E also produces a binding score of the same range (-11.8 kcal/mol) (Gajjar,
Dhameliya, and Shah 2021). These deviations could be due to the different program used for
the simulation (AutoDock 4.2.6, extra precision GLIDE docking module of Maestro), docking
parameters (e.g. simulation cell, number of runs) and the different treatment of the receptor
and the ligand. In any case, they results indicate a very good potential of rutin as a SARS-CoV-
2 MP™ inhibitor.

Rhamnetin and isorhamnetin, two methyl esters of quercetin, have lower binding affinity
compared to quercetin (-7.155 and -7.233 kcal/mol respectively). However, the above-
described pattern can be observed in the derivatives of isorhamnetin as well. The
neohesperidoside resulted in the least evident improvement (-7.838 kcal/mol), followed by
the rhamnosyl arabinoside (-8.167), the galactoside and the rhamnoside increased
significantly and to the same extent the binding affinity of the compound (-8.383 and -8.335
kcal/mol), the glucoside produced an even more encouraging result (-8.613 kcal/mol) and in
this case too the rutinoside boosted the ligands binding affinity the most, by more than 2
kcal/mol (-9.384 kcal/mol). Respective studies report very similar data for isorhamnetin and
isorhamnetin 3-0-B-D-glucopyranoside. The binding affinity to MP™® (PDB ID: 6LU7) was
calculated equal to -7.3 and -8.7 kcal/mol respectively., verifying the tendency of glucosides
to have higher binding energy than their parent compounds. Specifically for isorhamnetin-3-
O-B-D-glucopyranoside the contacting residues were also described, and are to a great extent
common to the results of this work (Met 165, Thr 26, His 41, Tyr 54, Met 49, Phe 140, Asn 142,
Gly 143, Ser 144, Cys145, His 163, His 172, Glu 186, Asp 187, Arg 188, GIn 189) (Das et al.
2020). Another study performed with Autodock Vina and the use of the protease structure
with the PDB ID 6Y84 resulted in calculation of the same binding energy for isorhamnetin (-
7.3 kcal/mol) but considerably lower for its glucopyranoside -7.5 kcal/mol. Analysis of the
interactions of the ligand with the proteases revealed hydrogen bonds of isorhamnetin with
Thr 26, Asn 142 and GIn 189 and of 38 with Thr 24, Thr 26, Leu 141, Asn 142, Gly 143 and GIn
189 (Vicidomini et al. 2021).

This tendency is confirmed by the rest of the pairs of flavonoids and flavanones and their
glucosides (or other sugar derivatives), such as hesperetin (-7.09 kcal/mol) and its rutinoside,
hesperidin (-8.636 kcal/mol). Published data with which the present results can be juxtaposed
are available only for hesperidin, which has also been tested in silico, using PDB structure 6Y84
as a receptor, and resulted in a quite lower binding score than the one in this work (-5.8
kcal/mol) (Tomic et al. 2020). The difference can be attributed to the difference of the protein
structures used, since it has been highlighted that the conformation of the protein plays an
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important role in the docking simulation because some parts are plastic and can considerably
change depending on the interacting compound.

Apigenin (-7.796 kcal/mol) also seems to have a less encouraging inhibitory potential
compared to its glucoside (-8.391 kcal/mol) and its galactoside (-7.834 kcal/mol), although in
this case the increase is very slight in the case of apigenin-7-0-galactoside and also lower in
the case of apigenin-7-O-glucoside compared to the respective increase for the quercetin or
the isorhamnetin derivatives, indicating that perhaps the 7- substitution is not as favorable as
the 3- substitution. From this subgroup of compounds, only apigenin has been screened in
relevant studies, and resulted in less promising binding energies ( -6.7 and -7.090 kcal/mol),
which correspond to values closer to the third cluster of this study than the first (Murugesan
et al. 2021; Teli et al. 2021).

Another parent compound whose derivative exhibits better inhibitory potential, as depicted
in the binding energy values, is kaempferol (-7.752 kcal/mol). Its glucoside, astragalin, has an
increased binding affinity to MP™ of -8.989 kcal/mol. Kaempferol has been included in in silico
screenings for potential inhibitors performed in various studies, with results for its binding
energy varying from -6.4 to -7.8 kcal/mol. It is interesting that one of the studies reports a
considerable binding affinity of kaempferol to the spike protein of SARS-CoV-2, apart from
the main protease (Tallei et al. 2020; Teli et al. 2021; Murugesan et al. 2021; Khan et al. 2021).
Astragalin is also a previously investigated compound, with results from different studies
varying substantially, even though the simulation was executed on the same receptor.
Reported values include -5.8 kcal/mol (calculated with Autodock Vina) (Murugesan et al.
2021), -7.9 kcal/mol (calculated with Autodock Vina) (Vicidomini et al. 2021), -8.5 kcal/mol
(calculated with Autodock 4.2.6) (Adejoro et al. 2020) and -9.120 kcal/mol (calculated with
extra precision module of GLIDE) (Teli et al. 2021), while the use of GLIDE and 6Y2E as a
receptor gave a binding energy of -7.6 kcal/mol as an output (Gajjar et al. 2021). Particularly
the study of Murugesan et al. (2021) provides an image of the binding complex of astragalin
with the protease, which is very similar to the first cluster of the present molecular docking
study.

Overall, the aforementioned data implies that glycosylation of flavonoids and flavanones
increases their binding affinity to M, with galactosides, glucosides and rutinosides having an
increasingly stronger improving effect.

Among the unsubstituted flavonoids, apigenin and kaempferol had the highest binding
energy, thus it would be interesting to further test their derivatives for potential antiviral
activity. Moreover, binding energy calculated for myricetin was -7.529 kcal/mol. Although the
value is not particularly high, myricetin is an in vitro confirmed and co-crystallized inhibitor of
SARS-CoV-2 MP™ as mentioned previously. This confirms that the binding energy alone is not
a clear indicator of the inhibitory potential of a compound. The binding energy of myricetin
to MP™ has also been calculated in other studies, with values between -6.5 and -7.311
kcal/mol. Although they slightly deviate from each other, they are comparable to the results
of the present study (Murugesan et al. 2021; Teli et al. 2021).

Luteolin, acacetin and chrysin also have highly comparable binding energy values (-7.427, -
7.343 ad -7.342 kcal/mol respectively), which are also very similar to the ones for quercetin.
The result for chrysin is validated by the similar value published in Teli, Shah and Chhambria’s
work (2021) (-7.162 kcal/mol). The binding scores for galangin and catechin are also alike (-
7.173 and -7.126 kcal/mol respectively), although marginally lower than the rest of the

67



flavonoids and flavanones. The results for catechin are confirmed by other studies, which
published binding energy values of -6.709 and -7.1 kcal/mol (Teli et al. 2021; Ghosh et al.
2020). Available data for galangin report a lower value of -6.65 kcal/mol, which occurred,
however, from a simulation with AutoDock and 6Y84 as a protein structure (Kundu Debanjan
et al. 2021).

Lastly, is it important to mention that compounds 58, 59 and 60, whose structure involves a
methylenedioxy substitution, resulted in higher binding scores comparted to the previously
mentioned non-glycosylated flavonoids and flavanones.
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Figure 35: Binding conformations of flavonoids and flavanones to the active site of SARS-CoV-2 MPr°, as
resulted from the docking simulation
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Table 13: Molecular docking results for flavonoids and flavanones (MPre structure PDB: 6LU7)

Compound Total Cluster Binding No of Total contacting residues
cluster energy interactions
(kcal/mol)
No Name H-bonds Hydrophobic  Pi-pi
29 Quercetin 6 1 -7.396 0 1 (MET 165) 1(HIS163)  HIS 41, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS
164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
2 -7.388 0 1 (GLN 189) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, ARG
188, GLN 189, THR 190, GLN 192
3 -7.380 0 1 (GLN 189) 1(HIS41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, GLY 143, SER 144, CYS 145, HIS 164,
MET 165, GLU 166, ASP 187, ARG 188, GLN 189
30 Quercetin 3,4'-dimethyl ether 8 1 -7.143 0 1 (GLN 189) 1 (HIS 41) THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, LEU 141, ASN 142, GLY 143, CYS 145, HIS
164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
31 Isoquercetin 7 1 -8.952 1(GLU 166) 1(HIS 41) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
32 Quercetin-3',4"' diglucoside 9 1 -8.994 1(THR 24) 1 (GLN 189) 1(HIS 41) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142,
GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
33 Quercetin 3-0-(6"-0O-malonyl)-B-d- 11 1 -9.114 1(LEU 141) 1 (MET 49) 1 (HIS 41) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, TYR 54, PHE 140, LEU 141, ASN 142,
glucoside GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, VAL 186, ASP 187, ARG 188, GLN
189, GLN 192
2 -8.916 1(CYS 145, GLU 1(HIS41) 1(HIS41) THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
166) 145, HIS 163, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
34 Isoquercitrin 6"-O-methyloxalate 11 1 -8.619 0 1 (GLN 189) 1 (HIS 41) THR 26, LEU 27, HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
35 Rutin 10 1 -9.166 2 (CYS 145, GLU 1(HIS 41) 1(HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER
166) 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
36 Rhamnetin 6 1 -7.155 1 (SER 144) 1 (MET 165) 1(HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, LEU 167, PRO
168, HIS 172, ARG 188, GLN 189, THR 190, GLN 192
37 Isorhamnetin 4 1 -7.233 1 (ASP 187) 1 (HIS 41) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, PRO 52, TYR 54, GLY 143, CYS 145, HIS 164, MET 165, GLU
166, ASP 187, ARG 188, GLN 189
38 Isorhamnetin 3-O-B-D- 7 1 -8.613 1(THR 26) 1 (HIS 41) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY
glucopyranoside 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
39 Isorhamnetin-3-O-galactoside 7 1 -8.383 1 (ASP 187) 1(HIS 41) 1(HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER
144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
40 Isorhamnetin 3-O-rhamnoside 9 1 -8.335 1 (PHE 140) 1 (MET 165) 1(HIS163)  THR 25, THR 26, LEU 27, HIS 41, VAL 42, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, CYS
145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, GLN 192
2 -8.130 1(LEU 141) 1 (GLN 189) 1(HIS163)  THR 24, THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189, THR 190
41 Isorhamnetin 3-O-rutinoside 11 1 -9.384 3 (THR 26, LEU 1 (GLN 189) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS
141, GLY 143) 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, VAL 186, ASP 187, ARG 188, GLN 189
2 -9.153 1(THR 26) 1 (GLN 189) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY
143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLY 170, HIS 172, ASP
187, ARG 188, GLN 189
42 Isorhamnetin 3-O- 11 1 -7.838 3 (THR 24, LEU 1 (ASN 142) 1(HIS163)  THR 24, THR 25, THR 26, HIS 41, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY
neohesperidoside 141, GLY 143) 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, GLN 189
43 Isorhamnetin 3-O-rhamnosyl(1- 11 1 -8.167 0 1 (MET 49) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY
2)arabinoside 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, PRO 168, HIS 172, ASP 187, ARG 188, GLN 189
44 Hesperetin 6 1 -7.095 0 1 (HIS 41) 1 (HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS

164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
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-7.047 1(GLN 189) 1 (MET 165) 1 (HIS 41) LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166,
LEU 167, PRO 168, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
-7.025 2 (GLU 166, GLN 1 (MET 49) 1(HIS163)  THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
189) 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
45 Hesperidin 9 -8.636 3 (THR 26 x2, 1 (MET 49) 1(HIS163)  THR 25, THR 26, HIS 41, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER
GLU 166) 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ASP 187, ARG 188, GLN 189,
THR 190
46 Acacetin 7 -7.343 0 1 (HIS 41) 1 (HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, SER 144, CYS 145, HIS 163, HIS
164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
-6.895 0 1(GLN 189) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, CYS 145, HIS 164,
MET 165, GLU 166, ASP 187, ARG 188, GLN 189
47 Galangin 6 -7.173 1(GLU 166) 1 (MET 165) 1 (HIS 41) HIS 41, MET 49, TYR 54, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ASP 187, ARG 188,
GLN 189, THR 190, ALA 191, GLN 192
-7.116 1 (SER 144) 1 (GLN 189) 1 (HIS 163) MET 49, TYR 54, PHE 140, LEU 141, ASN 142, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
ASP 187, ARG 188, GLN 189
-6.961 0 1 (GLN 189) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, PRO 52, TYR 54, GLY 143, CYS 145, HIS 164, MET 165, GLU
166, ASP 187, ARG 188, GLN 189
48 Myricetin 6 -7.429 3 (SER 144, HIS 1 (GLN 189) 1 (HIS 163) HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172,
163, ARG 188) ARG 188, GLN 189, THR 190, GLN 192
-7.281 0 1 (HIS 41) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, GLY 143, SER 144, CYS 145, HIS 164,
MET 165, GLU 166, ASP 187, ARG 188, GLN 189
49 Apigenin 6 -7.796 1(GLU 166) 1 (MET 165) 1 (HIS 41) HIS 41, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164,
MET 165, GLU 166, ASP 187, ARG 188, GLN 189
-7.075 3 (HIS 163, GLU 1 (GLN 189) 1 (HIS 163) PHE 140, LEU 141, ASN 142, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, ARG 188, GLN
166, ARG 188) 189, THR 190, GLN 192
-6.963 1(THR 26) 1 (HIS 41) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, SER 144, CYS
145, HIS 164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
50 Apigenin 7-glucoside 6 -8.391 1(GLY 143) 1 (MET 165) 1 (HIS 41) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, LEU 141, ASN 142, GLY 143,
SER 144, CYS 145, HIS 164, MET 165, GLU 166, ARG 188, GLN 189, THR 190, GLN 192
51 Apigenin-7-O-galactoside 5 -7.834 0 1 (GLU 166) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET
165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
52 Pelargonidin-3-O-rutinoside 4 -9.171 1(TYR 54) 1 (GLN 189) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY
143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ASP 187,
ARG 188, GLN 189, THR 190, ALA 191
53 Kaempferol 5 -7.752 0 1 (MET 165) 1 (HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
163, HIS 164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
54 Astragalin 10 -8.989 1 (SER 144) 1 (HIS 41) 1 (HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
-8.211 1(GLY 143) 1 (MET 165) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
-8.208 2 (THR 26, CYS 1(GLN 189) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER
145) 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
55 Luteolin 6 -7.427 1(LEU 141) 1(GLN 189) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, ARG
188, GLN 189, THR 190, GLN 192
56 Chrysin 5 -7.342 2 (LEU 141, GLU 1 (MET 165) 1 (HIS 163) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165,
166) GLU 166, ASP 187, ARG 188, GLN 189
-6.889 1 (HIS 164) 1 (HIS 41) 1 (HIS 41) HIS 41, MET 49, TYR 54, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ASP 187, ARG 188,
GLN 189, THR 190, ALA 191, GLN 192
-6.845 0 1 (HIS 41) 1 (HIS 41) THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, CYS 145, HIS 164, MET

165, GLU 166, ASP 187, ARG 188, GLN 189

72



57 Catechin -7.126 2 (LEU 141 x2) 1 (GLN 189) 1(HIS163)  PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, ARG 188, GLN
189, THR 190, GLN 192

58 2S-5,2'-Dihydroxy-6,7- -7.615 1 (SER 144) 1(GLU 166) 1(HIS41) THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS
methylenedioxyflavanone 164, MET 165, GLU 166, GLN 189

59  (-)-(25)-2'-Hydroxy-6,7- -8.013 0 1 (GLU 166) 1 (HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
methylenedioxyflavanone MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189

60 2'-Hydroxy-6,7- -7.749 1(GLU 166) 1 (MET 165) 1 (HIS 41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
methylenedioxyisoflavone MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189

61 25-2'-Hydroxy-6,7-dimethoxy- -7.189 0 1 (THR 25) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, CYS 145, HIS 164,
flavanone MET 165, GLU 166, ASP 187, ARG 188, GLN 189, THR 190, GLN 192

62 2S-2',7- Dihydroxy-6- -7.56 0 1 (MET 165) 1(HIS41) HIS 41, TYR 54, PHE 140, LEU 141, ASN 142, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
methoxyflavanone ASP 187, ARG 188, GLN 189

63 2',7-dihydroxy-6- -6.95 1(GLY 143) 1 (GLU 166) 1(HIS163)  THR 26, LEU 27, HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165,
methoxyisoflavone GLU 166, GLN 189

64 Irilin B -6.88 3 (LEU 141, GLY 1 (GLN 189) 1(HIS163)  THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,

143, GLN 189)

MET 165, GLU 166, ARG 188, GLN 189, THR 190
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4.3.5. Sterols
Although all the sterols screened are bulky molecules capable of blocking multiple subsites of
the active site of MP™, the binding scores for this category of ligands are not particularly high,
ranging from -6.56 to -7.45 kcal/mol for the first clusters (Table 14). Compound 67, ergosterol,
is the smallest among the sterols and yields the best results in terms of binding energy.

A similar orientation was observed among the first clusters of the compounds of this category
(Figure 36), with the gonane being situated in the S1’ subsite and the carbon chain substitution
of the pentacyclic ring extending to the S4 subsite. Therefore, this pattern can serve as an
indication for the cluster review. In the case of cerevisterol, where this conformation was
observed in the second cluster, the results for the first one is also being displayed. The case is
the same for B-daucosterol (B-sitosterol glucoside), with the only difference being that the
first cluster is not considered at all since the ligand was located in a different binding site. Only
in the case of B-sitosterol is this orientation not among the first clusters. It can be observed in
the fourth cluster, where the binding energy, however, drops to significantly lower levels.
Lastly, as far as interactions are concerned, no distinctive pattern apart from the pi-pi
interactions between the cyclohexanic ring of the sterols containing the double bond and His
41 is observed. Overall, the results produced by the docking simulation are not exceptional,
but are definitely worth further investigation, especially taking into consideration the size of
the ligands and the fact that they seem to be positioned in a way that effectively blocks the
catalytic dyad.
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Figure 36 : Binding conformations of sterols to the active site of SARS-CoV-2 MP'°, as resulted from the docking
simulation

4.3.6. Chromones
As derived from Table 15, among the chromones detected in extracts of Salicornia plants, 7-
0O-B-d-Glucopyranosyl-6-methoxychromone (73) has the highest binding affinity to the active
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stie of MP™ (-7.229 kcal/mol), forming a hydrogen bond with catalytic residue Cys 145 and
being further stabilized through hydrophobic and pi-pi interactions with key residues Glu 166
and His 163, respectively. It is noticed that this compound, that is conjugated with glucose, is
the one that has a significantly better binding energy compared to the rest of the compounds,
that have a similar binding score between -5.30 and -5.94 kcal/mol. This same tendency, of
glycosylation increasing the binding affinity of a compound, is observed in the other categories
of compounds, too. The simulations results are presented in Table 15.

Regarding the analysis of the clusters and the different conformations of the molecules, there
is no clear binding conformation observed in all the clusters. As resulted from the docking
output (Figure 37), it is quite common among chromones for the chromone moiety to be
stabilized in the S2 subsite, as it happens in the first cluster of compounds 70 and 75.

Another tendency observed is for the chromone moiety to be positioned between S1 and S1’
subsites. In these cases, its orientation is either sideways or more vertical. For example, for
compound 70, the first two clusters involve the ligand being bound to S2 subsite, in two
different, reversed orientations, which have almost identical interactions and very similar
binding energy. In the third cluster, the ligand is orientated vertically. In all the cases, residues
His 41 is a pi-pi staking formation hotspot. For compound 71, the first two clusters have a
vertical conformation, each in a different direction, while in the third one the ligand is located
in the S2 subsite. Another observation is that compounds 72 and 74, which only differ by a
hydroxy substitution, have almost identical conformations in their first clusters. As far
compound 73 is concerned, in the first cluster, the configuration of the molecule does not
resemble any of the ligand in this group, but in the second cluster, the pattern of the
chromone moiety inserted in S2 subsite can be observed. Since there is again no consistent
pattern nor a point of reference to compare the results, in all the cases where clusters were
close in terms of binding energy or resembled one of the described patterns, the cluster is
being taken into consideration.

4.3.7. Lignans

The binding scores for the group of lignans (Table 16) are quite promising. Even though they
are lower than the native inhibitor N3, they are within a very close range, in which other
confirmed inhibitors also belong to. Apart from compound 80, which has the lowest, in
absolute value, binding energy (-6.564 kcal/mol), the rest of the lignans have binding energies
between -7.175 and -7.835 kcal/mol. Being large molecules, they are able to take up space of
the entire active site, potentially being effective inhibitors. It is observed, however, that the
lowest binding energy is calculated for the largest of the molecules, indicating that above a
certain size, the bulkiness of a molecule prevents from being able to arrange itself in a
favorable way in the active site.

Selecting a preferable cluster among the ones calculated through the docking simulation is
not always easy, as the criteria is often not clear. For most of the compounds, their
interactions with the active site and their orientation in its cavity were similar. The fact that
the first clusters of the lignans generally exhibited a similar binding pattern, combined with
the binding energy drop in the subsequent clusters, led to the presentations of the first
clusters in this discussion (Figure 38). One exception is compound 76, for which all three first
clusters will be considered, because they have similar binding energies and orientations that
slightly deviate from the pattern of the rest of the lignans. The selection was also more
complicated in the case of compound 81, as the first cluster has the best binding energy (-
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7.835 kcal/mol) and interacts with the protease with two hydrogen bonds, hydrophobically
with one residue and through pi-pi staking with another residue, while the second cluster has
a lower binding affinity (-7.569 kcal/mol) but forms 5 hydrogen bonds and one hydrophobic
interaction with the enzyme. Since there is no evidence of what the real-life conformation of
the molecule is in order to compare it to the docking results, both clusters will be presented.
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Figure 37: Binding conformations of chromones to the active site of SARS-CoV-2 MP™, as resulted from the docking
simulation
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Table 14: Molecular docking results for sterols (MP structure PDB: 6LU7)

Compound Total Cluster Binding No of Total contacting residues
cluster energy interactions
(kcal/mol)
H-bonds Hydrophobic Pi-pi
65 B-Sitosterol 9 1 -6.559 1(LEU 141) 1 (GLN 189) 0 LEU 50, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU
167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191
2 -6.217 0 1 (MET 49) 0 THR 25, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
PRO 168, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
3 -6.091 0 1 (THR 25) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
4 -5.584 0 1 (PRO 168) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET
165, GLU 166, LEU 167, PRO 168, GLY 170, GLN 189
66 Stigmasterol 6 1 -6.651 1(THR 26) 1(HIS 41) 1(HIS41) THR 25, THR 26, LEU 27, HIS 41, MET 49, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
67 Ergosterol 7 1 -7.452 0 1 (THR 25) 1 (HIS 41) THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, MET 49, LEU 141, ASN 142, GLY 143, CYS 145, HIS 164, MET
165, GLU 166, LEU 167, PRO 168, ARG 188, GLN 189, THR 190, GLN 192
68 Cerevisterol 7 1 7.257 1 (ASN 142) 1 (HIS 41) 0 HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, ASP 187,
ARG 188, GLN 189
2 -6.998 2 (THR 26, 1 (MET 49) 1(HIS41) HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, ASP 187,
GLY 143) ARG 188, GLN 189
69 B-Daucosterol 7 2 -6.839 2 (LEU 141, 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, GLU 47, MET 49, PHE 140, LEU 141, ASN
GLY 143) 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, GLN 189
3 -6.764 1(THR 24) 1 (MET 165) 1(HIS41) THR 24, THR 25, THR 26, HIS 41, CYS 44, THR 45, SER 46, MET 49, ASN 142, GLY 143, CYS 145, HIS 164, MET
165, GLU 166, LEU 167, PRO 168, GLN 189, THR 190, ALA 191, GLN 192
Table 15: Molecular docking results for chromones (MPr structure PDB: 6LU7)
Compound Total Cluster  Binding No of Total contacting residues
cluster energy interactions
(kcal/mol)
No Name H-bonds Hydrophobic
70 6,7-Methylenedioxychromone 4 1 -5.756 0 1(HIS 41) 1(HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, CYS 145, HIS 164, MET 165, GLU 166, ASP 187,
ARG 188, GLN 189
2 -5.676 0 1(HIS 41) 1(HIS 41) HIS 41, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, ASP 187,
ARG 188, GLN 189
3 -5.429 1(GLY 143) 1(GLU 166) 1 (HIS 41) HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET
165, GLU 166, HIS 172, GLN 189
71 6,7-Dimethoxychromone 3 1 -5.515 2 (GLY 143, 1 (PHE 140) 1 (HIS 163) HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU
GLU 166) 166, HIS 172, GLN 189
2 -5.490 1(GLU 166) 1(CYS 145) 1(HIS 41) THR 25, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166,
GLN 189
3 -5.239 0 1 (MET 165) 1(HIS 41) LEU 27, HIS 41, MET 49, TYR 54, ASN 142, GLY 143, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,

ASP 187, ARG 188, GLN 189
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72 7-Hydroxy-6- 3 -5.523 2 (LEU 141, 1(GLU 166) 1 (HIS 163) THR 26, LEU 27, HIS 41, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165,
methoxychromone GLY 143) GLU 166, GLN 189
73 7-0-B-d-Glucopyranosyl-6- 5 -7.229 1(CYS 145) 1(GLU 166) 1 (HIS 163) HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU
methoxychromone 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
-7.189 2 (THR 26, 1 (MET 49) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, CYS 44, MET 49, PRO 52, TYR 54, ASN 142, GLY 143, SER 144, CYS
GLY 143) 145, HIS 164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
74 7-Hydroxy-6,8- 4 -5.946 1(GLY 143) 1(CYS 145) 1 (HIS 41) THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,
dimethoxychromone MET 165, GLU 166, HIS 172, GLN 189
75 6-Methoxychromanone 4 -5.306 0 1((HIS 41) 1 (HIS 41) HIS 41, CYS 44, MET 49, TYR 54, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, ASP 187, ARG 188,
GLN 189
Table 16: Molecular docking results for lignans (MPr° structure PDB: 6LU7)
Compound Total Cluster Binding No of Total contacting residues
cluster energy interactions
(kcal/mol)
No. Name H-bonds Hydrophobic Pi-pi
(-)-Syringaresinol 4 1 -7.175 2 (GLY 143, SER 1(LEU 167) 1(HIS LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
144) 163) HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN
189, THR 190, ALA 191, GLN 192
2 -7.113 2 (GLY 143, THR 1(LEVU 167) 1(HIS LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
190) 163) HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN
189, THR 190, ALA 191, GLN 192
3 -7.091 0 1 (MET 49) 1(HIS41) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, PRO 52,
TYR 54, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, VAL 186, ASP
187, ARG 188, GLN 189
77 Syringaresinol 4-O-beta-D-glucopyranoside 3 1 -7.684 1(GLU 166) 1 (MET 49) 1(HIS41) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, ASN
119, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, LEU 167,
PRO 168, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, GLN 192,
78 Episyringaresinol-4"'-O-B-D-glucopyranoside 4 1 -7.499 2 (GLU 166, 1(THR 25) 1(HIS41) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, ASN
ARG 188) 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ASP 187,
ARG 188, GLN 189, THR 190, GLN 192
79 Acanthoside B 4 1 -7.699 3 (THR 24, GLU 1(THR 25) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, ASN
166, THR 190) 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ASP 187,
ARG 188, GLN 189, THR 190, ALA 191, GLN 192
80 Erythro-1-(4-0-B-d-glucopyranosyl-3,5- 7 1 -6.564 3 (GLY 143, SER 1(GLU 166) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, MET 49, PHE 140, LEU 141, ASN 142,
dimethoxyphenyl)-2-syringaresinoxyl- 144, GLN 189) GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, PRO 168, HIS
propane-1,3-diol 172, GLN 189
81 Longifloroside B 4 1 -7.835 2 (CYS 145, ARG 1(LEU 27) 1(HIS41) THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, CYS 44, THR 45, SER 46, MET 49,
188) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET
165, GLU 166, PRO 168, ARG 188, GLN 189, THR 190, GLN 192
2 -7.569 5(THR 26, LEU 1(THR 26) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, TYR 118, ASN
141 x2, GLY 119, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
143, CYS 145) MET 165, GLU 166, HIS 172, GLN 189
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Figure 38: Binding conformations of lignans to the active site of SARS-CoV-2 MP'®, as resulted from the docking
simulation

4.3.8. Oleanane Triterpenoid Saponins

The saponins found in Salicornia extracts are all large molecules, especially in comparison to
the other ligands screened. Their size contributes to their taking up almost the entire space of
the active site cavity, indicating the possibility of effective inhibition. Indeed, saponins
resulted in binding energies ranging from -7.018 to -8.614 kcal/mol, with a lot of them being
better than the one of native inhibitor N3. The compound with the highest affinity to the
active site (-8.614 kcal/mol) is compound 83, Boussingoside Al, a glucuronate of akebonic
acid, while compound 88, another akebonic acid derivative substituted with a glucopyranosyl-
xylopyranosyl-glucuronic acid moiety and another single glucuronic acid group, being the
largest in size ligand of this group, also resulted in a promising binding energy of -8.498
kcal/mol. The second-best hit was is compound 98(-8.559 kcal/mol), an oleanolic acid
derivative substituted by a methyl ester of glucuronic acid, while the respective acid is also
among the top three compounds in terms of binding energy. The binding energy and
contacting residues for each compound can be found in Table 17.

In all the cases investigated, compounds substituted with a glucuronic acid moiety had better
binding affinity to the active site compared to their parent compounds. On the contrary,
additional glycosylation at the carboxyl of the triterpenoid moiety resulted in a reduction of
the binding affinity. There are two cases where compounds and their methyl esters were
screened (compounds 97-98 and 99-100) in both of which methylation increased the binding
score of the compound, although not significantly. This tendency was also observed in the
group of caffeoylquinic acids and derivatives, but there were also examples contradicting this
hypothesis. Another general observation is that compounds if this group do not form pi-pi
interactions with the residues of MP™. Regarding the spatial arrangement of the ligands in the
active site, all of them obstruct access to the catalytic dyad, extending to the S1’ subsite. The
majority of them also block S4 subsite, while some are shifted towards the side of S1. Further
analysis of the ligand-protein complexes produced by the simulation follows.
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All the saponins are structurally very closely related. However, they could be divided into
three groups based on their common pentacyclic triterpenoid backbone. Similar behavior in
the binding to the active site could be expected among all the saponins, but dividing them to
subgroups can be a starting point to facilitate the analysis of the clusters. To begin with, one
category is formed by akebonic acid and its derivatives. Two configurations are more often
observed: one with the triterpenoid group being found in S1’ subsite and extending upwards,
out of the cavity of the active site, such as in the case of the first cluster of compound 82, and
one with the triterpenoid group covering the vast part of the active site cavity, being located
in the middle, diagonally between S1’ and S4 subsites, as in the third cluster of the same
compound. In this example, the third cluster has a lower binding energy by 0.8 kcal/mol. On
the other hand, for its glucuronidated form, compound 83, the first conformation is found in
the third cluster, which has a considerably lower binding energy, while the second one in the
first. In the second cluster for this molecule, another orientation is observed, which involves
the glucuronic acid moiety being located in the center of the active site, where its oxygen and
hydroxy groups allow the formation of hydrogen bonds with residues Leu 141, Cys 145 and
GlIn 189, and the triterpenoid part extending upwards. This pattern, of glucuronic acid or the
respective substitution in the same position, stabilized between S1 and S1’ subsites and the
rest of the molecule facing vertically upwards, or sideways, is found in one of the first clusters
of all the other ligands. Apart from compound 84, for which the first cluster has a
conformation that is not comparable to the rest of the compounds, the second resembles the
second cluster of compound 82, and only the third mimics the previously described
configuration, all the first clusters of the rest of the ligand of this subgroup exhibit this
tendency. Therefore, taking additionally into consideration the reduction of the binding
energy in the rest of the clusters, only the first ones will be presented for these compounds,
with the exception of compound 87 for which the second cluster has a very similar binding
energy and conformation.

Gypsogenin and its derivatives, compounds 91-93, could also be grouped based on their
structural similarity. The derivatives do not have the same direction when bound to the
protease as any of the first clusters for gypsogenin. Only the second cluster of compound 92
resembles the first cluster of compound 91, but its binding affinity is lower by 1 kcal/mol,
which is a considerable amount. Although there are not great similarities between the
compounds with one another, the binding complexes of the first three clusters of compound
91 show relevance to the ones for compound 82. Similarly, compounds 92 and 93 acquire
orientations comparable to the ones of compounds 83 and 84. Another observation is that
the derivatives of gypsogenin, substituted with glucuronic acid in one case and both
glucuronic acid and glucose in the second, have improved binding energy compared to
gypsogenin (-7.833 and -7.740 kcal/mol for compounds 92 and 93 respectively, as opposed to
-7.061 kcal/mol for gypsogenin).
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Table 17: Molecular docking results for oleanane triterpenoid saponins (MP™ structure PDB: 6LU7)

Compound Total Cluster  Binding No of Total contacting residues
cluster energy interactions
(kcal/mol)
No. Name H-bonds Hydrophobic  Pi-pi
82 Akebonic acid 7 1 -7.512 1(GLY 143) 1 (MET 165) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, LEU 141,
ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, GLN 189
2 -7.207 1(THR 26) 1(THR 25) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, CYS
145, HIS 164, MET 165, GLU 166, GLN 189
3 -6.739 0 1 (PRO 168) 0 HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164,
MET 165, GLU 166, LEU 167, PRO 168, GLY 170, GLN 189, THR 190, ALA 191
83 Boussingoside Al 7 1 -8.614 1(THR 24) 1 (PRO 168) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, GLN 189, THR 190, ALA 191
2 -8.158 3 (LEU 141, 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, SER 46, MET 49, PHE 140,
CYS 145, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLN 189) GLU 166, GLN 189
3 -7.636 3 (ASN 142, 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, LEU 141,
GLY 143, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, GLN 189
THR 24)
84 Boussingoside A2 7 1 -8.35 2 (GLU 166, 1(THR 25) 0 THR 24, THR 25, THR 26, LEU 27, ASN 28, HIS 41, SER 46, MET 49, TYR 118,
THR 190) ASN 119, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167,
PRO 168, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
2 -7.658 1(GLY 143, 1(THR 25) 0 THR 25, THR 26, LEU 27, ASN 28, HIS 41, MET 49, TYR 118, ASN 119, ASN
THR 190) 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLN
189, THR 190, ALA 191, GLN 192
3 -7.445 1(GLY 23, 1 (MET 49) 0 GLN 19, THR 21, GLY 23, THR 24, THR 25, THR 26, MET 49, LEU 67, ASN 119,
CYS 145) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
MET 165, GLU 166, GLN 189
85 3B-Hydroxy-23-oxo0-30-noroleana-12,20(29)- 12 4 -7.108 3 (THR 26 1 (GLU 166) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER
diene-28-oic acid 3-O-B-d-glucuronopyranosyl- x2, CYS 145) 144, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, THR 169, GLY
28-0-B-d-glucopyranoside 170, GLN 189
86 30-Norhederagenin 3-O-B-d- 12 2 -7.018 1(GLU 166) 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, LEU 141,
glucuronopyranosyl-28-0-B-d-glucopyranoside ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, GLN 189
87 3-0-[B-D-Glucuronopyranosyl-6'-O-methyl 9 1 -7.443 0 1 (HIS 41) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, GLU 47, MET 49,
ester]-30-norolean-12,20(29)-dien-28-0-[B-D- PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
glucopyranosyl]ester MET 165, GLU 166, HIS 172, GLN 189
2 -7.289 0 1 (MET 49) 0 THR 21, GLY 23, THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, SER 46,
MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,
HIS 164, MET 165, GLU 166, GLN 189
88  Salieuropaea A 7 1 -8.498 2 (GLY 23, 1 (CYS 145) 0 THR 21, GLY 23, THR 24, THR 25, THR 26, LEU 27, HIS 41, SER 46, MET 49,
GLU 166) TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,

HIS 164, MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ASP 187, ARG 188,
GLN 189, THR 190, ALA 191, GLN 192
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89  Salbige A 8 -8.073 2(LEU141, 1(GLN189) O THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140,
GLN 189) LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLU 166, LEU 167, PRO 168, HIS 172, ARG 188, GLN 189, THR 190, GLN 192
90 Salbige B 9 -8.105 2 (SER 144, 1 (ASN 142) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, CYS 44, SER 46, MET 49,
GLN 189) PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
HIS 163, HIS 164, MET 165, GLU 166, ASP 187, ARG 188, GLN 189
91 Gypsogenin 6 -7.061 0 1 (PRO 168) 0 THR 25, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
164, MET 165, GLU 166, LEU 167, PRO 168, GLY 170, GLN 189, THR 190,
ALA 191, GLN 192
-6.685 1(GLY 143) 1 (MET 49) 0 THR 24, THR 25, THR 26, HIS 41, THR 45, SER 46, MET 49, LEU 141, ASN
142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, GLN 189
-6.638 2 (LEU 141, 1(GLY 143) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER
CYS 145) 144, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLN 189, THR
190
92 Gypsogenin 3-O-B-d-glucuronopyranoside 5 -7.833 1 (GLN 189) 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLU 166, HIS 172, GLN 189
-6.846 1 (CYS 145) 1(GLU 166) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY
143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, LEU 167, PRO
168, GLN 189
93 Gypsogenin 3-0-B-d-glucuronopyranosyl-28-0- 11 -7.740 2 (THR 26, 1 (THR 25) 1 (HIS THR 24, THR 25, THR 26, LEU 27, HIS 41, SER 46, MET 49, TYR 118, ASN 119,
B-d-glucopyranoside GLN 189) 41) ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168,
ARG 188, GLN 189, THR 190, GLN 192
-7.167 0 1(GLY 143) 1 (HIS THR 24, THR 25, THR 26, LEU 27, HIS 41, SER 46, MET 49, PHE 140, LEU 141,
41) ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166,
HIS 172, GLN 189
94 Oleanolic acid 7 -7.087 0 1 (PRO 168) 0 HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164,
MET 165, GLU 166, LEU 167, PRO 168, GLN 189, THR 190, ALA 191, GLN
192
-7.040 1(GLN 189) 1(GLY 143) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, MET 49, ASN 142, GLY 143, SER
144, CYS 145, HIS 164, MET 165, GLU 166, GLN 189
-6.761 2 (LEU 141, 1 (MET 165) 0 THR 25, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS
CYS 145) 164, MET 165, GLU 166, LEU 167, PRO 168, GLN 189, THR 190
95 Oleanolic acid 3-0-B-D-glucopyranoside 6 -7.987 0 1 (MET 49) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLU 166, HIS 172, GLN 189
-7.859 2 (THR 24, 1 (PRO 168) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49,
THR 26) LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, GLN 189, THR 190, ALA 191, GLN 192
96 Oleanolic acid 28-0-B-D-glucopyranoside 10 -8.194 0 1 (MET 49) 0 THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER
144, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLN 189, THR
190, ALA 191, GLN 192
97 Calenduloside E 7 -8.425 0 1(PRO 168) 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49,

LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, GLY 170, GLN 189, THR 190, ALA 191, GLN 192
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-8.300 0 1 (MET 49) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLU 166, HIS 172, GLN 189
98  Calenduloside E 6'-methyl ester 8 -8.559 1(THR26) 1 (MET 49) THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166,
LEU 167, PRO 168, GLY 170, GLN 189, THR 190, ALA 191, GLN 192
-8.542 0 1 (MET 49) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140,
LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165,
GLU 166, HIS 172, GLN 189
99  Chikusetsusaponin IVa 13 -7.773 3 (THR 26, 1 (THR 25) THR 24, THR 25, THR 26, HIS 41, SER 46, MET 49, ASN 119, ASN 142, GLY
ASN 119, 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ARG 188, GLN
GLU 166) 189, THR 190, ALA 191, GLN 192
-7.530 1(HIS163)  1(THR26) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, ASN 119,
PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
MET 165, GLU 166, HIS 172, GLN 189
-7.439 1(HIS164) 1 (THR26) GLN 19, THR 21, GLY 23, THR 24, THR 25, THR 26, HIS 41, SER 46, MET 49,
LEU 67, GLN 69, ASN 119, ASN 142, GLY 143, CYS 145, HIS 164, MET 165,
GLU 166, GLN 189
100  Chikusetsusaponin IVa methyl ester 9 -7.920 1(GLY 23) 1 (HIS 172) THR 21, GLY 23, THR 24, THR 25, THR 26, LEU 27, HIS 41, VAL 42, SER 46,
MET 49, ASN 119, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
HIS 163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
-7.781 2 (THR 26, 1 (THR 25) THR 24, THR 25, THR 26, HIS 41, SER 46, MET 49, TYR 118, ASN 119, ASN
ARG 188) 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ARG
188, GLN 189, THR 190, GLN 192
101  3B,29-Dihydroxy-olean-12-en-28-oic acid 28-O- 10 -7.994 0 1 (ASN 142) THR 25, THR 26, LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER
B-D-glucopyranosyl ester 144, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, GLN 189, THR
190, ALA 191, GLN 192
102 Zygophyloside K 9 -7.496 2 (THR 26, 1 (THR 25) THR 24, THR 25, THR 26, HIS 41, SER 46, MET 49, TYR 118, ASN 119, ASN
ASN 119) 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO 168, ARG
188, GLN 189, THR 190, GLN 192
-7.185 4 (THR 24, 1 (MET 49) THR 24, THR 25, THR 26, LEU 27, HIS 41, MET 49, ASN 119, PHE 140, LEU
GLU 166, 141, ASN 142, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167, PRO
GLN 189, 168, HIS 172, ARG 188, GLN 189, THR 190, ALA 191, GLN 192
THR 190)
-7.02 0 1 (THR 26) GLN 19, THR 21, GLY 23, THR 24, THR 25, THR 26, HIS 41, MET 49, ASN 119,

PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
MET 165, GLU 166, GLN 189
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Another distinctive category consists of oleanolic acid and its derivatives, compounds 94-100.
Again, the unsubstituted compound shows similar orientations in the first clusters as
compounds 82 and 91. Moreover, compounds 95, 97 and 98, along with compound 92, which
is also substituted with one glucuronic acid, resulted in remarkably similar configurations.
Respectively, the first two clusters of compounds 99 and 100 are closely related, although
they appear in reversed order. Lastly, compounds 101 and 102 also have a slightly different
backbone, but appear to block the active site in an analogous manner, both when compared
to one another but also when compared to structurally alike molecules (e.g. compounds 99
and 102). In this subgroup of compounds, too, the pattern of increased binding affinity for the
substituted derivatives as opposed to the parent compound is observed. More specifically,
while oleanolic acid has a binding energy of -7.087 kcal/mol in the first cluster, which is
exceeded by its glucosides, compounds 95 (-7.987 kcal/mol) and 96 (-8.194 kcal/mol), its
glucuronides, compounds 97 (-8.425 kcal/mol) and 98 (-8.559 kcal/mol) and its derivatives
that combined both these substitutions, compounds 99 (-7.773 kcal/mol) and 100 (-7.920
kcal/mol). The data also suggests that the bulkier, double-substituted derivatives have a lower
binding affinity to the active site compared to the single-substituted ones, indicating that the
larger size of a molecule, although seemingly complimentary to its inhibitory potential, can be
limitating for its binding after a certain point.

Overall, all saponins show inhibitory potential worth of further investigation. Some of them
are also specific to Salicornia species. Particularly compound 85 has been detected in
Salicornia for the first time (Kim et al. 2012), but exhibits a moderate binding energy of -7.108
kcal/mol. Moreover, compound 88, with a very encouraging antiviral activity indication (-
8.498 kcal/mol) as resulted from this initial screening, has only been detected in S. europaea
(Lyu et al. 2018). Promising results were also produced for compounds 89, 90 and 101(-8.073,
-8.105 and -7.994 kcal/mol respectively), which have been isolated from otn halophyte for
the first time (Zhao et al. 2014; Yin et al. 2012).

The clusters presented below (Figure 39) are the ones that fall into one of the patterns
observed, while not having a major difference in the binding affinity compared to the first
cluster.

4.3.9. Other compounds

This category includes molecules that could not be categorized elsehow. The majority of the
compounds in this group, especially the smaller in size (106, 107, 111, 113, 114) resulted in
quite low binding affinity, below -6 kcal/mol, as seen in Table 18. The only point of reference
for the compounds of this groups is for pyrogallol and ellagic acid, which have been also tested
with the same software and receptor and resulted in binding energies equal to -4.9 and -8.4
kcal/mol respectively (Murugesan et al. 2021). The reported binding energy for pyrogallol is
almost identical to the one calculated in this work, though ellagic acid appears to have a higher
binding affinity in literature. For ellagic acid in particular, the orientation of the molecule
inside the active site has been depicted. It appears to be located in the S1 subsite, almost
vertical to the surface of the protease, however none of the resulting clusters of the present
simulation is comparable (Murugesan et al. 2021). Therefore, the clusters that were
considered for the compounds of these category where the first ones, except for the cases
were the difference in the binding affinity in the first two clusters was marginal.
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82
Cluster 1
-7.512 kcal/mol

82
Cluster 2
-7.207 kcal/mol

82
Cluster 3
-6.739 kcal/mol

83
Cluster 1
-8.614 kcal/mol

83
Cluster 2
-8.158 kcal/mol

83
Cluster 3
-7.636 kcal/mol

84
Cluster 1
-8.350 kcal/mol

Cluster 2
-7.658 kcal/mol

85
Cluster 2
-7.354 kcal/mol

87
Cluster 1
-7.443 kcal/mol

86
Cluster 2
-7.018 kcal/mol

Cluster 3
-7.445 kcal/mol

87
Cluster 2
-7.289 kcal/mol

88
Cluster 1
-8.498 kcal/mol

89
Cluster 1
-8.073 keal/mol

90
Cluster 1
-8.105 kcal/mol

92
Cluster 1
-7.833 kcal/mol

91
Cluster 1
-7.061 kcal/mol

91
Cluster 2
-6.685 kcal/mol

91
Cluster 3
-6.638 kcal/mol

93
Cluster 1
-7.740 keal/mol N8

93
Cluster 2
-7.167 kcal/mol

94
Cluster 1
-7.087 kcal/mol

Cluster 2
-6.846 kcal/mol
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94
Cluster 2
-7.040 kcal/mol

95
Cluster 2
-7.859 kcal/mol

94
Cluster 3
-6.761 kcal/mol

95
Cluster 1
-7.987 keal/mol

97
Cluster 1 r
-8.425 kcal/mol

96
Cluster 1
-8.194 kcal/mol

97
Cluster 2
-8.300 kcal/mol

98
Cluster 1
-8.559 kcal/mol

99
Cluster 1
-7.773 keal/mol

98
Cluster 1 2
-8.542 kcal/mol

99
Cluster 3
-7.530 keal/mol

99
Cluster 4
-7.439 kcal/mol

100
Cluster 1
-7.920 kcal/mol

100
Cluster 2
-7.781 keal/mol

101
Cluster 1
-7.994 kcal/mol

102
Cluster 1
-7.496 kcal/mol

102
Cluster 2
-7.185 kcal/mol

102
Cluster 3
-7.02 keal/mol

Figure 39: Binding conformations of oleanane triterpenoid saponins to the active site of SARS-CoV-2 MP™°, as
resulted from the docking simulation

Pheophorbide A and its derivatives (compounds 113-115) yielded the best results within this

category, with compound 115 having a binding energy of -8.103 kcal/more and therefore the
highest score. The three compounds are structurally closely related, something that is also
depicted in their complexes with MP™. In the case of compound 114, its first two clusters have
essentially the same binding energy, and represent two slightly different orientations, one of
which is closer to compound 113 and one to 115. Regarding the rest of the compounds, the
lack of distinct structural similarities does not allow many comparisons. Only pyrogallol and
vanillin have quite similar structures, possessing a main substituted phenolic ring, and result

in very similar binding energies, as well as positions in the active site cavity (-4.887 and -4.954
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kcal/mol respectively), stabilized through pi-pi interactions between the phenolic ring and His
163. Compounds 109 and 110 are also alike, but the difference in their size causes remarkably
different conformations, as given by the simulation output. The only other observation that
can be made is that, overall, the largest molecules result in better binding energies. Indications
towards this hypothesis were also present in the previous categories, with the data showing
that increase in size improves binding affinity, until a certain point when perhaps the size of
the molecule does not allow it to properly enter the binding site cavity.

104
Cluster 1
-4.954 kcal/mol

r

105
Cluster 1
-4.511 kcal/mol

106
Cluster 1
-5.107 kcal/mol

103
Cluster 1
-4.887 kcal/mol

109
Cluster 1
-5.830 kcal/mol

109
Cluster 2
-5.797 kcal/mol

107
Cluster 1
-6.027 kcal/mol

108
Cluster 1
-5.405 kcal/mol

111
Cluster 1
-7.303 kcal/mol

112
Cluster 1
-7.386 keal/mol

r

110
Cluster 2
-5.627 kcal/mol

110
Cluster 1
-5.631 keal/mol

114
Cluster 2
-7.387 keal/mol

113
Cluster 1
-7.935 kcal/mol

114
Cluster 1
-7.414 kcal/mol

112
Cluster 2
-7.367 kcal/mol

115
Cluster 1

o5 108 klimol 103 Pyrogallol 110 Dioctyl phthalate
104 Vanillin 111 Icariside B2
105 Uracil 112 Ellagic acid
106 Caffeine 113 Pheophorbide A
107 Scopoletin 114 (1372 S)-Hydroxy-pheophorbide A

108 Pentadecyl ferulate 115 (1372 S)-Hydro-pheophorbide-lactone A
109 Dibutyl phthalate

Figure 40: Binding conformations of the remaining uncategorized Salicornia compounds to the active site of SARS-
CoV-2 MPo, as resulted from the docking simulation
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Table 18: Molecular docking results for uncategorized structures (MP structure PDB: 6LU7)

Compound Total Cluster  Binding No of interactions Total contacting residues
cluster energy
(kcal/mol)
No. Name H-bonds Hydrophobic  Pi-pi
103 Pyrogallol 3 1 -4.887 0 1 (CYS 145) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
104 Vanillin 4 1 -4.954 2 (GLY 143, GLU 166) 1 (ASN 142) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172
105 Uracil 4 1 -4.511 0 1 (MET 49) 1 (HIS 41) HIS 41, CYS 44, MET 49, PRO 52, TYR 54, HIS 164, MET 165, PHE 181, ASP 187, ARG 188, GLN 189
106 Caffeine 2 1 -5.107 1(GLY 143) 1 (MET 49) 1 (HIS 41) LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU
166, GLN 189
107 Scopoletin 2 1 -6.027 1(LEU 141) 1 (GLU 166) 1 (HIS 163) PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
108 Pentadecyl 7 1 -5.405 1(GLY 143) 1 (HIS 41) 1 (HIS 41) THR 25, LEU 27, HIS 41, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, HIS 164,
ferulate MET 165, GLU 166, LEU 167, PRO 168, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, GLN 192
109 Dibutyl 6 1 -5.830 0 1 (MET 165) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, GLY 143, CYS 145, HIS 164, MET 165, GLU 166, LEU 167,
phthalate PRO 169, ASP 187, ARG 188, GLN 189, THR 190, GLN 192
2 -5.797 0 1 (MET 165) 1 (HIS 41) THR 25, THR 26, LEU 27, HIS 41, VAL 42, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, CYS 145,
HIS 163, HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189
110 Dioctyl 7 1 -5.631 1(GLY 143) 1 (HIS 41) 1 (HIS 163) THR 24, THR 25, THR 26, LEU 27, HIS 41, MET 49, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144,
phthalate CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, VAL 186, ASP 187, ARG 188, GLN 189, THR 190
2 -5.627 1 (GLU 166) 1 (MET 165) 0 HIS 41, CYS 44, MET 49, PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163,
HIS 164, MET 165, GLU 166, HIS 172, ASP 187, ARG 188, GLN 189, THR 190, GLN 192
111 Icariside B2 7 1 -7.303 2 (GLY 143, SER 144) 0 0 THR 24, THR 25, THR 26, LEU 27, HIS 41, CYS 44, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY
143, SER 144, CYS 145, HIS 163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
112 Ellagic acid 5 1 -7.386 1 (GLU 166) 1 (MET 165) 1 (HIS 41) LEU 27, HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, ASP
187, ARG 188, GLN 189, THR 190, GLN 192
2 -7.367 0 1 (MET 165) 1 (HIS 41) HIS 41, MET 49, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 164, MET 165, GLU 166, ARG 188, GLN
189, THR 190, GLN 192
113 Pheophorbide 7 1 -7.935 0 1 (GLU 166) 0 THR 24, THR 25, THR 26, LEU 27, CYS 44, THR 45, SER 46, MET 49, LEU 141, ASN 142, GLY 143, SER 144,
A CYS 145, MET 165, GLU 166, GLN 189
114 (1372 S)- 7 1 -7.414 1(LEU 141) 1 (LEU 27) 0 THR 25, THR 26, LEU 27, HIS 41, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
Hydroxy- HIS 163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
pheophorbide
A
2 -7.387 1 (ASN 142) 1(GLU 166) 1 (HIS 163) THR 24, THR 25, THR 26, LEU 27, HIS 41, THR 45, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143,
SER 144, CYS 145, HIS 163, MET 165, GLU 166, HIS 172, GLN 189
115 (1372 S)- 8 1 -8.103 1 (HIS 41) 1 (LEU 27) 0 THR 25, THR 26, LEU 27, HIS 41, SER 46, MET 49, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145,
Hydro- HIS 163, HIS 164, MET 165, GLU 166, HIS 172, GLN 189
pheophorbide-
lactone A
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4.4.  Evaluation of inhibitory effect against MP™ jn vitro

4.4.1. Phenolic acids

An enzyme inhibition assay was performed in order to further investigate the anti-SARS-CoV-
2 potential of the phytochemicals detected in Salicornia sp. Since it was not possible for all
the substances to be tested, a selection was made taking into consideration the binding score
of the compounds and how well they represent the structural group they belong to. Another
major limiting factor was their commercial availability. The positive control substance
provided in the kit was known inhibitor GC376. The results for the inhibitor are presented in
Figure 41, and led to the calculation of an ICsg value of 0.454 uM, which is remarkably lower
than the lowest ICso calculated for the screened compounds.

GC376
120

100
0
0

0

Relative activity (%)

0

|
N
wn
S}

-1.5 -1 -0.5 0 0.5 1 1.5 2

20
LogioC

Figure 41: Enzyme inhibition assay results for inhibitor GC376: Relative activity of the enzyme as a function of the
log10 of the different concentrations (C in uM)

Considering all the above, ferulic and rosmarinic acid were selected from the group of
hydroxycinnamic acids, because ferulic acid is the main hydroxycinnamic acid found in plant
cell walls (Mathew and Abraham 2004) and also has high binding energy compared to the
other hydroxycinnamic acids, while rosmarinic acid is a bulkier hydroxycinnamic acid
derivative that exhibits a significantly higher binding affinity to MP™ than the rest of the
compounds of the group. The relative activity of MP™ for the different concentrations of the
substances tested is presented in Figure 40. The results confirm the indication provided by the
docking simulation that the substituted hydroxycinnamic acid has better inhibitory potential
than a smaller, unsubstituted one. Ferulic acid shows no inhibitory effect for concentrations
lower than 250 uM, but starts effectively reducing the activity of the enzyme to almost 25%
at the higher concentration tested (5000 uM). Through equation (3), the 1Cso value was
calculated equal to 3090.99 pM. Rosmarinic acid exhibits inhibitory effect even for
concentrations exceeding 100 UM and has a significantly lower ICso value of 801.45 puM.

The docking simulation results for hydroxybenzoic acids showed very similar binding energy
for all the compounds, therefore, only one compound was selected amongst them. Gallic acid
was chosen as the one with the best docking score. As seen in Figure 42, it has moderate
inhibitory effect, with an 1Cso value of 4424.22 uM. The highest concentration tested, 5000
MM, resulted in inhibition slightly above 50%, therefore higher concentrations would be
needed to acquire the full inhibitory curve and have a broader perspective of its activity. It is
also observed that gallic acid had the lowest binding energy among the compounds tested
and resulted in the highest I1Cso value.
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Figure 42: Enzyme inhibition assay results for hydroxycinnamic and hydroxybenzoic acids: Relative activity of the
enzyme as a function of the logio of the different concentrations (C in uM)

Regarding caffeoylquinic acids and their derivatives, quinic acid was selected as a basic parent
compound for the rest of the compounds, although its binding energy is not high. Chlorogenic
acid, 3,4,-Dicaffeoyl quinic and 3,5-Dicaffeoyl quinic acids were decided to be tested because
they are also some basic quinic and caffeic acid derivatives, with the two dicaffeoyl quinic
acids also exhibiting a very high binding energy (3,5-Dicaffeoyl quinic acid is the best hit among
the group in terms of binding energy).
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Figure 43: Enzyme inhibition assay results for caffeoylquinic acids: Relative activity of the enzyme as a function of
the logio of the different concentrations (C in uM)

90



Quinic acid showed no substantial inhibitory effect for the concentrations tested. It showed
to inhibit around 20% of the enzymatic activity for all the concentrations tested, thus testing
at higher concentrations would be needed to confirm the tendency of its inhibitory effect.
Chlorogenic, 3,4- and 3,5- dicaffeoyl quinic acids showed good antiviral potential, as also
portraited in the ICso values calculated, 546.07, 503.59 and 597.81 uM, respectively. All three
compounds completely blocked the action of MP™ at the highest concentration of 5000 uM,
while chlorogenic acid showed inhibitory effect even at the lowest concentration tested.

4.4.2. Flavonoids and flavanones

To begin with, myricetin and kaempferol were selected to be tested in vitro since they have
also been tested in other studies and therefore can be a measure of comparison. Particularly
myricetin is identified as a covalent inhibitor of MP™ with 1Cso= 0.22 pM (Kuzikov et al. 2021)
while for kaempferol ICs0=34.46, as calculated through a CPE inhibition assay on Vero E6 cells
(Khan et al. 2021). The values for the ICs calculated in this study are considerably higher,
505.27 uM and 341.85 uM respectively. However, a valid comparison cannot be made since
as 1Csp depends on the concentration of the substrate and a different assay was used, so the
parameters affecting the calculation of the ICso are different. From this work it can be deduced
that kaempferol has a better inhibitory potential than myricetin, since the enzyme has lower
relative activity when kaempferol is used as inhibitor for the respective concentrations (Figure
44). It is also remarkable how kaempferol has the second lowest ICsp value among the
screened phytochemicals, while being smaller in size compared to the other flavonoids and
flavanones that yielded promising results. Taking into consideration the appearing increase of
a compound’s inhibitory efficacy when it is substituted by sugars, which is also reinforced by
the results for other compounds mentioned below, it could be interesting to further
investigate sugar derivatives of kaempferol for their inhibitory effect against the protease.
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Figure 44: : Enzyme inhibition assay results for already tested inhibitors myricetin and kaempferol: Relative
activity of the enzyme as a function of the logio of the different concentrations (C in uM)

Quercetin was also decided to be part of the in vitro investigation, since it is a major flavonoid
with many derivatives detected in Salicornia. Thus, testing it and some of its derivatives
(isoquercetin, rutin, isorhamnetin , isorhamnetin-3-glucoside and isorhamnetin-3-rutinoside)
could also provide insight of the structure-activity relationship of the compounds. Quercetin
showed no particular activity at concentrations below 500 uM, but a decline in the enzyme
activity was caused at concentrations above that (ICso= 1910.96 uM). Isoquercetin started
showing a limitation of the enzyme’s activity already for concentrations above 50 uM, and
had a much lower ICs value, equal to 605.13 uM, confirming the allegation that the docking
simulation also indicated, that glycosylation increases the binding affinity of a compound to
MP™_ Rutin resulted in a smooth inhibition curve from which an ICs; of 286.93 uM was
calculated, which is the lowest among all the compounds tested. Rutin is a rhamnoglucoside
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derivative of quercetin, and achieves even better inhibition than isoquercetin, which is a single
sugar derivative. The same pattern is observed for isorhamnetin (ICso = 1435.99 uM), in which
case the respective glucoside and rutinoside show progressively better inhibitory potential ,
with isorhamnetin 3-glucoside having an 1Cso equal to 586.31 and isorhamnetin 3-rutinoside
equal to 351.81 uM. The latter is also the only compound among the ones tested that achieved
such a quick rate of reduction of the activity of MP™ as the concentration of the inhibitor
increased, reaching 100% inhibition for 1000 uM of inhibitor.

Pelargonidin-3-rutinoside was also included in the screening, since it resulted in a very high
binding energy in the molecular docking simulation (-9.171 kcal/mol) and was also
commercially available. Although it was not possible to compare pelargonidin-3-rutinoside to
its parent compound, pelargonidin, the molecule had a quite low ICso , equal to 463.92 uM. It
is worth pointing out that out of the top five hits of the assay, in terms of ICso, three are
flavonoid rutinosides.
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Figure 45: : Enzyme inhibition assay results for quercetin and derivatives: Relative activity of the enzyme as a
function of the logio of the different concentrations (C in uM)

Hesperetin and hesperidin were selected as another commercially available pair of parent
compound and derivative whose activity could be correlated, while acacetin, galangin,
apigenin, chrysin and catechin represent other flavonoid backbones to which the rest can be
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compared. Hesperetin and hesperetin had a propensity towards inhibition, but did not
manage to reduce the enzymatic activity more than 40% within the concentration range
tested. Taking into consideration that the highest concentrations were not easily dissolved in
DMSO for the assay to be conducted, it would perhaps not be possible to evaluate a potential
better inhibitory effect of the compound at higher concentrations.
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Figure 46: : Enzyme inhibition assay results for other flavonoids and flavanones: Relative activity of the enzyme as
a function of the log10 of the different concentrations (C in uM)

Acacetin, galangin and chrysin are the three of the investigated flavonoids that showed no
inhibitory activity. As seen in Figure 46, the activity of the enzyme remains the same regardless
of the increase of the inhibitor concentration. Only in the case of chrysin is there a tendency
to reduced enzyme activity, but that would require further experimentation with higher
concentrations in order to be confirmed. An explanation for these results can be that the
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compounds could not be well solubilized in order to fit the assay requirements. Therefore, it
is highly probably that the actual concentration of the inhibitor was lower than the target one,
and the inhibitory effect of the compound could not be effectively evaluated because a
considerable amount of the inhibitor might not have been available to interact with the
enzyme in the incubation volume.

Both apigenin and catechin show no inhibitory effect for concentrations up to 250 uM, above
which the activity of the enzyme is subject to a steep decline. The I1Cso values calculated are
604.07 uM for apigenin and 928.55 uM for catechin. Among the non-derivatized flavonoids,
kaempferol shows the strongest MP™-inhibitory effect, followed by myricetin and apigenin.
Combining this pattern with the increase of the antiviral activity observed in glucosides and
rutinosides of flavonoids, it would be interesting to investigate the potential of a glucoside or
rutinoside of kaempferol, myricetin or apigenin.

4.4.3. Salicornia extract

The extract obtained from Salicornia plants, of unknown exact composition, also inhibits the
SARS-CoV-2 protease. From the inhibition curve obtained from the assay results, the inhibition
percentage seems to be reaching a plateau for concentrations higher than 500 ug/mL (Figure
45). In order for the behavior of the inhibitor to be verified, concentrations exceeding the
range of this study (higher than 10 mg/mL) should be tested. In the case that the activity of
the enzyme remains indeed stable above a certain concentration limit, this could be justified
by the limited solubility of the constituents of the extract, that does not allow them to come
in contact with the enzyme in the reaction volume. In any case, the Salicornia extract showed
considerable inhibitory activity (ICso= 400.66 pg/mL). This result is very encouraging, since the
extract is the direct product of the utilization of the plant that can be made available as a
potential immune-boosting nutraceutical, as opposed to the pure compounds, which would
be more difficult to isolate.
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Figure 47: Enzyme inhibition assay results for the Salicornia extract: Relative activity of the enzyme as a function
of the logip of the different concentrations (C in uM)

4.4.4. Collective results
On the whole, most of the compounds tested showed an inhibitory effect to some extent,
with flavonoids emerging as a very potent group of compounds against SARS-CoV-2.
Caffeoylquinic acids also provided encouraging results on which a broader screen of
structurally related compounds could be based on. A comparative overview of the in vitro
assay results is presented in Figure 46 and Table 12.
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Figure 48: Comparison of the activity of MP™ when incubated with various inhibitors at a concentration of 1000
uM.

As seen in Figure 48, the majority of the compounds reduce the activity of MP™ by more than
half at a concentration of 1000 uM. The order in which the compounds appear is different
from Table 19, meaning that compounds that achieve a higher level of inhibition at 1000 uM
are not necessarily the ones with the lowest ICso. This is due to the fact that the inhibitory
effect is affected differently by the concentration for each compound. For example,
pelargonidin-3-rutinoside, which has an almost linear inhibition curve above 5 uM, has a lower
inhibition percentage at 1000 uM compared to 3,4-dicaffeoyl quinic acid even though its I1Cso
is lower, since the latter causes a sharp decrease in the enzyme’s activity right below 1000
uM.

As shown by the ICso values, the most potent phytochemicals belong to the category of
flavonoids and flavanones, followed by caffeoylquinic acids. The fact that the Salicornia
extract has a lower ICso than the majority of the compounds suggests a potential synergistic
effect of the different compounds present.

Table 19: ICsq values calculated for the screened compounds, from lowest to highest (a,b are the parameters of
equation (3), used to calculate ICso and R? is the fitting of the linear curve from the equation of which a and b
were derived).

Compound a b R? ICs0 (M)
Rutin -0.0648 68.593 0.9251  286.929
Kaempferol -0.0626 71.4 0.9748  341.853
Isorhamnetin 3-rutinoside  -0.1465 101.54 0.9562 351.8089
Salicornia extract -0.1174 97.038 0.9829  400.6644

Pelargonidin 3-rutinoside -0.0406 68.835 0.709 463.9163
3,4-Dicaffeoyl quinic acid -0.0619 81.172 0.9599 503.5864
Myricetin -0.0524 76.476 0.9358 505.2672
Chlorogenic acid -0.0577 81.508 0.9949 546.0659
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Isorhamnetin 3-glucoside -0.081 97.491 0.9463 586.3086
3,5-Dicaffeoyl quinic acid -0.079 97.227 0.9626 597.8101

Apigenin -0.1105 116.75 0.8776 604.0724
Isoquercetin -0.0686 91.512 0.9225 605.1312
Rosmarinic acid -0.0761 110.99 0.9926  801.4455
Catechin -0.0613 106.92 0.9104 928.5481
Isorhamnetin -0.0414 109.45 0.965 1435.99

Quercetin -0.0094 67.963 0.9752 1910.957
Ferulic acid -0.0141 93.583 0.8605 3090.993
Gallic acid -0.009 89.818 0.8635 4424.222

5. DISCUSSION

Molecular docking tools allowed for an initial screening of the contents of Salicornia extracts
to determine their binding affinity and therefore inhibitory potential against SARS-CoV-2 MP™,
The results indicated binding affinity comparable to established inhibitors for the majority of
the compounds tested, with some compounds showing a higher binding affinity even
compared to native SARS-CoV-2 MP™ inhibitor N3. The most promising and representative
compounds were further evaluated using an in vitro assay, the results of which supported the
evidence for antiviral activity, with only few exceptions. The data (presented in table 20)
demonstrates a considerable connection between the binding energy and the ICso values
calculated for each compound, as suggested by the correlation coefficient of 0.8189. The
binding energy considered for each compound is the one of the first cluster, since there is no
solid indication as to which cluster is the one that most accurately depicts the reality. It is
observed that compounds with high (in absolute value) binding energies (close to 9 kcal/mol)
generally have ICso values below 500 uM, while for compounds with a binding energy between
-7.0 and -7.5 kcal/mol there is an evident increase of the ICso value, which is even greater
when the binding energy drops below 6.0 kcal/mol (in terms of absolute value). This
correlation supports the effectiveness of the molecular docking simulation as a useful tool
able to provide an initial estimation of the inhibitory activity of a compound. which can be
used to accelerate screening and save on resources when the number of potential active
substances is large.

Table 20: Correlation between binding energy and ICsg values for the in vitro tested compounds

Compound Binding energy (kcal/mol)  1Cso (LM)
Rutin -9.166 286.929
Isorhamnetin 3-rutinoside -9.384 351.809
Kaempferol -7.752 341.853
Pelargonidin 3-rutinoside -9.171 463.916
3,4 Di-caffeoyl quinic acid -8.690 503.586
Myricetin -7.429 505.267
Chlorogenic acid -7.793 546.066
Isorhamnetin 3-glucoside -8.613 586.309
3,5 Di-caffeoyl quinic acid -8.935 597.810
Apigenin -7.796 604.072
Isoquercetin -8.952 605.131
Rosmarinic acid -7.409 801.446
Catechin -7.126 928.548
Isorhamnetin -7.155 1435.99
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Quercetin -7.396 1910.96
Ferulic acid -5.715 3090.99
Gallic acid -5.601 4424.22

Moreover, the findings of the study confirm the initial hypothesis, which has also been
supported in other recent works regarding antiviral strategies, that phytochemicals have
remarkable properties that can be of great benefit to human health and, specifically in this
case, emerge as valuable allies for fighting the ongoing pandemic. They certainly cannot
replace antiviral drugs or vaccines, but the fact that they can be found in aliments and be
easily consumed in the form of a supplement or extract, makes them appealing immune
boosting agents that can support existing or future pharmaceutical products. In that context,
the findings of this work indicate that the Salicornia extract is a very promising candidate,
since it contains a wide variety of compounds with inhibitory properties, including compounds
that have been detected exclusively in this plant species. The fact that it exhibited such
properties also supports alternative routes of valorization of waste biomass, since the plant
extract can be obtained from parts of the plant that are not otherwise commercially utilized.

The present thesis evaluates the anti-SARS-CoV-2 MP™ properties of pure compounds and the
Salicornia extract when they are directly brought in contact with the enzyme by co-incubation.
Whereas, in reality the route followed from ingestion to absorption of the substance and its
transportation to infected cells is much more complex. A relevant parameter playing an
important role in absorption of the active substances, that aroused as a challenge in this work
as well, is the solubility of the extract and its constituents. For instance, phenolic acid,
flavonoids and flavanones show limited solubility to both oil and aqueous media. At higher
tested concentrations, certain substances could not be diluted and therefore could not react
with the enzyme. Derivatization of the compounds could be a way to improve their solubility
facilitating their access to the human body and cells. Glycosylation, in particular, could result
in increased hydrophilicity and thus better solubility of the molecules, while also significantly
increasing their inhibitory effect, as deduced from the present results. A selective and
sustainable route to achieve this could be enzymatic modification. Various enzymes have been
reported to achieve (trans)glycosylation of compounds. For example, rutinosides, which
proved to have increased inhibitory properties compared to other glycosides, can be
enzymatically synthesized utilizing the catalytic activity of rutinases (Katayama et al. 2013).
Moreover, esterification with a wide variety of substitutions can be performed employing
lipases or feruloyl esterases (Antonopoulou et al. 2019; Kumar et al. 2016; Schar and Nystrom
2016). The possibilities are very broad and the indications regarding the inhibitory activity of
Salicornia extracts could be a starting point for further investigation.

This work is an initial evaluation that provides some mechanistic insight into the inhibitory
effect of Salicornia extract and its constituents against SARS-CoV-2 MP™ and is not adequate
on its own to characterize the compounds as antiviral compounds. For the evaluation to be
complete and conclusive, there would need to be an in vitro assay performed on infected cells,
as well as tests conducted in vivo.
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