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ABSTRAKT

Flaviviry, stejné jako koronaviry, patii mezi +RNA viry schopné zptsobit celou fadu
onemocnéni, kterd mohou mit az fatalni nasledky. Teprve nedavna pandemie COVID-19
nam ukdazala pravy potencidl téchto virt. I z tohoto diivodu je v souc¢asné dobé snaha
vyvinout latky, které budou aktivni vii¢i co nejvétsi skupiné +RNA vird. Jednémi
z hlavnich cilii antivirové terapie jsou enzymy hrajici klicovou roli v replikaci virt jako
jsou RNA-dependentni RNA polymerazy a methyltransferazy. V piipad¢ flaviviri ma
ob¢ tyto funkce nestrukturni protein NS5. Sklada se z N-koncové domény majici
methyltransferdzovou aktivitu a C-koncové RNA-dependentni RNA polymerdzové
domény. Tento protein je tedy zodpovédny jak za replikaci RNA, tak za pfipojeni
cepicky na 5° konec RNA. U koronavirl zastavd funkci polymerazy protein NSP12
ajeho dva kofaktory NSP7 a NSP8, methyltransferazovou funkci komplex dvou
proteini NSP10 a NSP16.

Tato disertacni prace se v prvni fadé zaméiuje na strukturni a funkéni charakterizaci
vybranych virovych methyltransferaz a polymeraz, a to zejména z divodu porovnani co
nejvét§iho mnozstvi té€chto enzymii mezi sebou. Dal$i snahou bylo nalezeni ptipadnych
odli$nosti, které by mohly byt zdsadni ve vyvoji novych antivirotik. V neposledni fad¢
je v této praci predstaveno nékolik latek, které jsou slibnym vychozim bodem pro vyvoj

Sirokospektralnich antivirotik.



ABSTRACT

Flaviviruses and coronaviruses are +RNA viruses capable of causing a wide range of
diseases, which can be fatal. The true potential of these viruses was revealed by recent
COVID-19 pandemic. Currently, there is an effort to develop compounds that will be
active against most or many +RNA viruses. One of the main targets of antiviral therapy
are enzymes that play a key role in virus replication, such as RNA-dependent RNA
polymerases and methyltransferases. In the case of flaviviruses, the enzyme that is
responsible for both these functions is the non-structural protein NSS5. It consists of
an N-terminal polymerase domain and a C-terminal methyltransferase domain.
Therefore, this protein is responsible for both, RNA replication and the addition of
the 5° RNA cap. In coronaviruses, the polymerase function is carried out by the NSP12
protein and its two cofactors NSP7 and NSPS§, while the methyltransferase function is

performed by a complex of two proteins, NSP10 and NSP16.

This dissertation thesis primarily focuses on the structural and functional
characterization of selected viral methyltransferases and polymerases, particularly for
the purpose of comparing as many of these enzymes as possible to identify potential
differences that could be crucial in the development of new antivirals. Furthermore,
several compounds are presented in this work as promising starting points for the

development of broad-spectrum antivirals.



1 TEORETICKY UVOD

1.1 Flaviviry

Flaviviry jsou obalené viry s jednovlaknovou RNA s pozitivni polaritou (+RNA).
Jsou tfazeny do rodiny Flaviviridae, pod kterou spadaji ¢tyfi rody: hepaciviry, pegiviry,
pestiviry a jiz zminéné flaviviry'. Vétsina flavivird je pienadSena zejména klistaty
¢i komary a fadi se tak mezi arboviry, jejichz nazev je odvozen z anglického arthropod-
borne virus, tedy viry pfenaSené ¢lenovci. Do této rodiny spada cela fada znamych virti
jako je Zika virus®>, Dengue virus®, virus zluté zimnice®, virus klistové encefalitidy’
a virus japonské encefalitidy®, stejné jako méné& zndmé viry jako napiiklad Ntaya virus’,
Langat virus® a mnoho dalsich. Tyto viry jsou schopny zptisobit celou fadu onemocnéni
jako je encefalitida, hemoragick4 horecka a dalsi a mohou v nejvaznéjSich piipadech

skon¢it smrti’.

Genom flavivirt se sklada z jediného otevieného cteciho ramce (ORF, z angl. open
reading frame), ktery je na 5" a 3" konci ohrani¢en takzvanymi neptekladanymi
oblastmi (UTR, z angl. untranslated region), které jsou dilezité pti replikaci, translaci
a béhem regulace vrozené imunitni odpovédi'®. ORF koéduje jeden polyprotein, ktery je
ukotven v membrané endoplasmatického retikula (ER) a je béhem virové replikace ko-
a post-transla¢né Stépen hostitelskymi a virovymi protedzami na tii strukturni a sedm

nestrukturnich proteinti!! (obrazek 1).
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Obrazek 1: Schéma flavivirového polyproteinu. Nahofe je znazornén polyprotein a jednotlivé
proteiny, na které je Stépen: 3 struktrurni proteiny: kapsidovy (C), premembranovy (prM), obalovy (E),
a 7 nestrukturnich proteind (NS). Dole je zndzornéna integrace proteinii do membrany endoplazmatického

retikula (ER).



1.1.1  Vstup flaviviri do buiiky

Flaviviry vyuzivaji pro vstup do bunky klathrinem zprostfedkovanou endocytozu, po
které nasleduje konformacéni zména obalu, fize membran a konecné uvolnéni virového
genomu dovniti buniky (obrdzek 2). Klathrinem zprostiedkovand endocytdza je proces
vezikularniho transportu, pii kterém dochdzi k pfenosu molekul z povrchu bunky do
jejiho nitra. Na zacatku virové infekce virové Castice difunduji podél povrchu bunky
smérem k jiz pfedem vytvorenym klathrinem potazenym jamkam, dokud se nepfipoji na
receptor pro vstup (obrazek 2, krok 1). Pfipadn€¢ muze byt nejprve vytvoren komplex
virus-receptor a ten je transportovan k jiz existujici, klathrinem potazené jamce. Zde
vznikd klathrinem oplasStény méchytek, ktery je dale transportovan z plazmatické
membrany do cytosolu a dochazi k uvolnéni klathrinového plasté!? (obrazek 2, krok 2).
Z méchytku, nesouci virovou RNA, vznika endozom, uvnitf kterého je kyselé prostiedi,
coz zpusobi fuzi virové membrany s membranou endozomu a virova genomova RNA je
uvolnéna do cytoplazmy'? (obrazek 2, krok 3). Dalsim krokem je translace za vzniku
polyproteinu (obrazek 2, krok 4), ktery je nasledné¢ na ER S$tépen proteazami na
jednotlivé strukturni a nestrukturni proteiny. Nestrukturni proteiny se ucastni replikace
RNA, kdy zplvodniho +ssRNA vldkna vznika -ssRNA (jednovldknova RNA
s negativni polaritou, z angl. single-stranded -RNA) vldkno, které nasledné slouzi jako
templat pro vznik dalSich +ssRNA (obrazek 2, krok 5). V ER dochazi ke skladani virové
Castice (obrazek 2, krok 6) a nezralé viriony jsou preneseny na Golgiho aparat, kde
dochazi ke Stépeni prM na M (obrazek 2, krok 7) za vzniku zralého virionu. Ten je na

zavér uvolnén z buiiky pomoci exocytozy'* (obrazek 2, krok 8 a 9).
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Obrézek 2: Zivotni cyklus flavivird. Infekce flaviviry zagina vazbou virionu na receptory na povrchu
bunky (krok 1). Nasleduje klathrinem zprostfedkovana endocytéza (2). Kyselé prostiedi v endozomech
zpusobi fuzi virionu s membranou endozomu (3). V cytoplazmé poté dochéazi k uvolnéni genomové RNA,
translace polyproteinu (4), ktery je proteolyticky St€pen na strutruni (E, prM, C) a nestruktuni (NS)
proteiny. NS proteiny se ucastni replikace RNA (5), za vzniku -ssRNA (zelend) a ta slouzi jako templat
pro tvorbu dalSich +ssRNA (modra). +ssRNA je dale sbalena pomoci C proteinu za vzniku
nukleokapsidy. Skladani virové castice probiha v ER (6) a nezralé viriony jsou pfeneseny pies Golgiho
aparat, kde dochazi ke stépeni prM na M a vznika tak zrala virova castice (7). Ta poté opousti buniku

pomoci exocytdzy (8, 9). Pevzato a upraveno'>.
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1.1.2 Strukturni proteiny flavivira

Jak jiz bylo zminéno vyse, genom flavivirt se sklada z jednoho ORF, ktery je béhem
a po translaci $tépen na tii strukturni a sedm nestrukturnich protein!!. Mezi ti
strukturni proteiny patii: kapsidovy (C, z angl. capsid) protein, prekurzor membrany
(prM) a obalovy (E, z angl. enveloped) protein. Schéma virové ¢astice s vyobrazenymi

strukturnimi proteiny je na obrazku 3.

Kapsidovy protein je klicovou strukturni slozkou flaviviri a nachazi se na N-konci
virového polyproteinu, ze kterého je vystépen pomoci virové protedzy NS2B/NS3.
Tento protein, jak jiz ndzev napovida, se podili na tvorbé nukleokapsidy, kterd je
slozena z jedné kopie RNA a né&kolika kopii kapsidovych proteinii'®. Mimo této funkce
ma i dalsi jako naptfiklad napomdhd intermolekularnim interakcim, jako je vazba na
lipidovou membranu hostitelské buiiky za ucelem podpory replikace viru. Dale se také

i¢astni sestaveni virionu a jeho zrani'”!8,

Na C-konci polyproteinu se nachazi obalovy protein (E), ktery zprostfedkovava
vstup viru do hostitelské buiiky!®. Je zodpovédny za vazbu na receptor hostitelské
buiiky a usnadiiuje fuzi virové a hostitelské bunééné membrany, coz umoziuje vstup
virového genomu do hostitelské bunky. Tento protein prochdzi vyznamnymi
strukturnimi zménami. Béhem vstupu do buiiky dochazi ke zméné z homodimeru na
homotrimer, coz vede k fizi membrany, vypusténi genetické informace a k nasledné
replikaci a translaci’®. B&hem sestavovani virové &astice v ER dochazi ke spojeni
proteinu E s tfetim strukturnim proteinem prM a tento vznikly heterodimer prM-E
zabraiiuje noveé vznikajicim virionim splynout s membranou hostitelské bunky diive
nez je virus pln& pripraven k infekci®!. P¥i zrani viru je prM Stépen hostitelskou
protedzou furinového typu na konecny membranovy (M) protein, coZ je nezbytny krok

pro tvorbu infekénich virionti schopnych vstoupit do hostitelské buiiky??.
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Obrazek 3: Flavivirova ¢astice. RNA genom flavivird je sbalen uvniti nukleokapsidy slozené z C

proteinti. Strukturni proteiny prM a E a lipidova vrstva nukleokapsidu zaviraji.

1.1.3  Nestrukturni proteiny flaviviri

Nestrukturni proteiny flavivir hraji z4sadni roli ve virové replikaci'!. Mezi sedm

nestrukturnich proteind je fazeno NS1, NS2A, NS2B, NS3, NS4A, NS4B a NS5.

NS1 je multifunkéni glykoprotein®. Thned po jeho syntéze dochazi k translokaci do
lumen ER, kde je déle glykosylovan a kde dimerizuje. Nasledné pomaha vzniku

replika¢niho komplexu nezbytného pro replikaci virové RNA%*.

NS2A je transmembranovy helikdlni protein. Jeho N-konec se nachazi v lumen ER,
kdezto C-konec se nachazi v cytoplazmé a je $tépen virovou protedzou NS2B-3?°
(obrazek 1, dole). Tento protein se ucastni jak syntézy flavivirové RNA, tak sestavovani

virionu. NS2B je klicovy kofaktor pro protedzovou doménu NS3 proteinu.

NS3 je multifunkéni enzym, kterda ma hned nékolik funkci. SlouZi jako serinova
protedza (NS2B funguje jako kofaktor), 5'-RNA trifosfatdza, nukleosid trifosfatdza
a helik4za®®. Protedzovd doména hraje diileZitou roli pfi §tépeni polyproteinu, zatimco
helikdzovd doména se ucastni replikace, pii které rozmotava sekundarni strukturu

dvojvlakna RNA. To je nezbytny krok pro syntézu nového vldkna RNA?"28,

Dal§imi z nestrukturnich proteinti jsou NS4A a NS4B. Zatimco NS4A funguje jako

jakési leseni pro replikacni komplex, NS4B inhibuje interferonovy signal, ¢imz brani
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hostitelské imunitni odpovédi na infekci virem?°°. Spolu s NS4A napomah4 disociaci

helikdzové domény NS3 od RNA3!

Nejvétsim z nestrukturnich proteinti je NS5, kterému bude vénovana nasledujici

kapitola.

1.1.3.1 NS5 protein

Tento nestrukturni protein je slozen z N-koncové methyltransferdzové domény
(MTazy) a C-koncové RNA dependentni RNA polymerazové (RdRp) domény (obrazek
4). M4 tedy jak methyltransferazovou, tak polymerazovou aktivitu*’>. MT4zova doména
je klicova pro stabilitu nové vzniklé mRNA, jelikoz ptidava takzvanou Cepicku, ktera
ochrafiuje virovou RNA pfed rozpoznanim hostitelskym imunitnim systémem
a zajistuje jeji stabilitu’. RdRp doména katalyzuje samotnou syntézu virové RNA34,
Obé tyto domény jsou slibnym cilem antivirové 1é€by, jelikoZ jak MTézova, tak RdRp
doména jsou zasadni pro virovou replikaci a jsou piitomny pouze v infikovanych

bunkach.

protein NS5

5°{methyltransferaza 3’

Obrazek 4: Schéma proteinu NS5. NS5 protein se sklada z 5'- koncové MTazové a 3'- koncové

RdRp domény.

1.1.3.1.1 MTazova doména

Jedna se o globularni protein slozeny ze tif poddomén: vazebnad doména pro GTP, S-
adenosyl-L-methionin vazebnd doména a vazebné misto pro RNA®. Piidani epicky na
virovou mRNA probiha ve tfech naslednych enzymatickych reakcich, jejichz schéma je
zobrazeno na obrazku X°. Nejprve je pomoci trifosfatazy (RTPazy, z angl. RNA
triphosphatase) odstépen y-fosfat z 5 konce RNA (obrazek 5, krok 1). U flavivird roli
RTPéazy zastava NS3. Nasledné je guanylyltransferdzou pfenesen guanosinmonofosfat
(GMP, z angl. guanosine monophosphate) z guanosintrifosfatu (GTP, z angl. guanosine
triphosphate) na ppA-RNA (p oznacuje fosfat a A adenosin), ¢imZ vznikne zaklad
cepicky (obrazek 5, krok 2). Poté N-7-MTéza methyluje guanin na pozici N-7 za vzniku
cepicky 0 (m7GpppA-RNA, obrazek 5, krok 3). Vyssi eukaryota dale methyluji ¢epicku
0 na 2’-O pozici ribozy pomoci 2'-O-MTazy za vzniku cepiCky 1 (m7GpppAm,
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obrazek 5, krok 4) a nasledné jesté za vzniku Cepicky 2 (m7GpppAmNm), kdy dochazi
k methylaci na 2°-O pozici ribdzy nésledujiciho nukleotidu. Donor methylu pro vSechny
reakce je S-adenosyl-L-methionin (SAM), ktery se preménuje na S-adenosyl-L-
homocystein (SAH)?¢-7.

Jiz zndmé krystalové struktury zriznych MTéaz odhaluji, Zze katalyticka tetrada
slozena z aminokyselin K-D-K-E (lysin-aspartat-lysin-glutamat) je konzervovana mezi

2’-O-MT4zami z riznych organism@**#?. Zatimco cely motiv K-D-K-E je zasadni pro

2’-O-methylaci, pro N-7 methylaci je nezbytny pouze aspartat (D)*.
PPPA-RNA i)
1. trifosfataza \} , of-o-ms
(NS3) \Ae eg 8
PPA-RNA OO Nt
2. guanylyltransferaza (7 .
(NS5) v> Y .
ppA-RNA ofrotooq_o
3. N-7-methyltransferdza |, —SAM °=§T°?:“A
(NS5) v >SAH | Cepicka 0
m7GpppA-RNA bty . i
4. 2-0O-methyltransferaza | —SA 0 Tom
(NS5) y >SAH - &
m7GpppAm-RNA cepickal

[e]

Obrazek 5: Schéma pridavani ¢epicky na RNA. V prvnim kroku dochazi k odstépeni y-fosfatu
pomoci trifosfatazy, coz =zastdvda NS3. Dale dochazi k pfenosu GMP na 5° konec pomoci
guanylyltransferazy (NS5). NS5 nasledné pfenasi methyl z S-adenosyl-L-methioninu (SAM) na guanin na

pozici N-7 za vzniku ¢epicky 0. Poslednim krokem je 2°-O-methylace nukleotidu za vzniku Cepicky 1.

1.1.3.1.2 RdRp doména

Polymerazova doména proteinu NS5 katalyzuje de novo syntézu RNA. Genomové
+RNA vladkno je pouzito jako templat, ze kterého RdARp nejprve syntetizuje
komplementarni vlakno s negativni polaritou (-RNA) a vznika replika¢ni meziprodukt

dvojvldknové RNA. Z nové vzniklé -RNA jsou nasledné syntetizovany dalSi +RNA
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vlakna. Na dvojvldknovou RNA se vaze NS3 helikaza, a to specificky na 5'-UTR
sekvenci  5'-AGUUGUUAGUCU-3" a  dochazi  krozdéleni  replikacniho
meziproduktu na jednotliva vlakna ve sméru 3°-5". Nova genomova RNA je uvolnéna
stejné jako -RNA vldkno, které muze znovu slouzit jako templat pro dalsi kolo
replikace?®. Pro elongaci RNA je diilezitd zména konformace aktivniho centra RdRp
z uzaviené na otevienou**. Nové vytvofend virovd RNA je déle sbalena a nezraly virion
je prenesen sekrecni drahou, kde je prM Stépen a zraly virion je uvolnén z infikované
buniky pomoci exocytozy.

Vsechny flaviviry maji obdobnou strukturu RdRp, jak je mozné vidét z porovnani

jiz znamych struktur*!4-47

. Podoba se seviené pravé ruce, kterou lze rozdélit na
subdomény dlang, prsti a palce, které obklopuji aktivni misto. Rovnéz je mozno
pozorovat sedm strukturnich motivi (A-G), které jsou zodpovédné za vazbu NTP
a katalyzu a také tii tunely: tunel pro vstup templatu, NTP a tunel pro vystup dsSRNA*S,
Na motivech A a C se nachéazi dva konzervované aspartatové zbytky (D533 a D665),
které jsou zodpovédné za vazbu dvoumocnych iontii potfebnych pii polymerizacni
reakci. Motiv B umoziiuje pohyb templatového vlakna béhem pozdni faze transkripce®.
K359, nachézejici se na motivu D, hraje dilezitou roli pfi zméné struktury probihajici
béhem tvorby RNA-NTP-UTP komplexu®’. Motivy E a C interaguji s RNA produktem.
Motiv F je slozen z n€kolika podmotivli a nejspiSe pomdha stabilizovat ptichazejici
nukleotid®!'. Poslednim motivem je motiv G, ktery reguluje vstup jednovladknové RNA
do vstupniho tunelu pro RNA templét a translokaci RdRp??. Jiz zminény tunel se spolu
s tzv. N kapsou nachdzi na spojeni subdomén place a dlan¢ a jedna se o dvé mista

vézajici inhibitory*!.

1.2 Koronaviry

Koronaviry jsou obalené¢ +ssRNA viry s nesegmentovanym genomem, nejveétSim
mezi RNA viry. Patti do ftadu Nidovirales, c&eledi Coronaviridae, podceledi
Orthocoronavirinae a dale se déli do Ctyt rodi: alfa-, beta-, gamma-, deltakoronaviry.
Zatimco gammakoronaviry a deltakoronaviry napadaji vyhradné zvitata (pfedevsim pak
ptaky), alfa a betakoronaviry jsou Siroce rozsifené mezi savci (v€etné lidi) a zptsobuji
predev§im respiracni ¢i stievni onemocnéni®>>*. Mezi alfakoronaviry se fadi lidsky

koronavirus (HCoV, z angl, human coronavirus) 229E, HCoV-NL63, virus infekéni
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peritonitidy u kocek (FIPV, z angl. feline infectious peritonitis virus) a virus praseciho
epidemického prijmu (PEDV, z angl. porcine epidemic diarrhea virus). Betakoronaviry
zahrnuji zbyvajici lidské koronaviry jako je HCoV-OC43, HCoV-HKUI1, tézky akutni
respiracni syndrom zpusobeny koronavirem SARS-CoV (zangl, severe accute
respiratory syndrome coronavirus), SARS-CoV-2 a MERS (zangl. Middle East

respiratory syndrome)*>.

RNA genom koronaviri se sklada nejméné z esti otevienych &tecich ramci. Cteci
ramce ORFla a ORF1b, které¢ zaujimaji dvé tietiny genomu, kéduji dva polypeptidy
ppla a pplab. Ty jsou ndsledné¢ ko- a posttranslacné Stépeny protedzami na 16
nestrukturnich proteint (NSP1-16), s vyjimkou gammakoronavirt, které nemaji NSP1>*
(obrazek 6, $edé a modie). Cteci ramce na 3" konci genomu koduji Gtyfi strukturni
proteiny: povrchovy nebo také spike (S), membranovy (M), obalovy (E)
a nukleokapsidovy (N) protein (obrazek 6, zelené) a dale také pomocné proteiny
(obrazek 6, zluté). Pomocné proteiny jsou vysoce variabilni skupinou proteinti, které
ptispivaji k prizpiisobeni hostitelské buiiky na infekei a jsou urcujicimi faktory virové
patogenity>>. Vé&tSina nestrukturnich proteini se ucastni replika¢niho cyklu, zatimco

strukturni proteiny se podileji na skladani virionu a infekci hostitelské buriky.

ORF

M‘6‘7ar7b|8 o N [3°UTR

l5°UTR| ORF1a ~ ORF1b e - |3|E

1[2] 3 [4a|s5][e[7]8]9fofi] [ 12|13 [14]15]16]

Obrazek 6: Schematické znazornéni genomu SARS-CoV-2. Jsou zndzornény ORFla (Sed¢)
a ORF1b (modre), které koduji 16 nestrukturnich proteinti (NSP). 4 strukturni proteiny (S, E, M a N) jsou

vyobrazeny zelené¢ a pomocné proteiny kédované ORF 3a, 6, 7a, 7b, 8 a 9b Zluté.

1.2.1 Lidské koronaviry

Lidské koronaviry obsahuji nejdel$i nesegmentovany virovy genom, ktery je

ohranicen 5" a 3" UTR, kter¢ jsou dlilezité pii inter- a intramolekuldrnich interakcich.

Prvni lidské koronaviry byly objeveny v 60. letech 20. stoleti a jednalo se
o respiraéni onemocnéni oznacené jako HCoV-229E a HCoV-OC43°°. V listopadu 2002
byla ve Foshanu v Ciné zaznamenana rychle se §ifici ndkaza koronaviru. Ta nakonec

propukla v epidemii SARS-CoV>’. O deset let pozdé&ji, v roce 2012, se ze Saudské
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Arabie rozsitil dalsi koronavirus zpGsobujici respiraéni syndrom nazyvany MERS,
Posledni epidemie vypukla v prosinci 2019 v provincii Wuhan v Cing a byla
klasifikovana jako SARS-CoV-2*. Na rozdil od SARS-CoV, ktery cili primarné na
pneumocyty a makrofagy v plicnich tkénich dolnich cest dychacich, SARS-CoV-2 se

replikuje v epitelu hornich cest dychacich.

Ptenos koronavirti na ¢lovéka jesté neni pln€ objasnén, jedna se pravdépodobné
0 pienos z netopyra prostfednictvim mezihostitele. Po infekci Clovéka koronavirem je

virus nasledné prenasen mezi lidmi pfimym kontaktem®.

1.2.1.1 SARS-CoV-2

SARS-CoV-2 je hlavnim pivodcem onemocnéni COVID-19, ktery vroce 2020
propukl ve svétovou pandemii. Klinické projevy této nemoci se pohybuji od
asymptomatické infekce az po onemocnéni s fatdlnimi nasledky. TeZky projev maji
vétSinou imunokopromitovani a star$i pacienti. Vyznamnymi rizikovymi faktory jsou
vek, vysoky krevni tlak, cukrovka, imunodeficience, chronicka kardiovaskularni a plicni

onemocnéni, a v neposledni fadé nadorova onemocnéni®!.

Vstup HCoV do buiiky je zprostfedkovan glykoproteinem S. Dochéazi ptfi ném
k pfichyceni k membrané hostitelské builkky a k nasledné fuzi membran. Béhem
biosyntézy se v infikovanych buiikdch Stépi protein S na dvé podjednotky S1 a S2.
Podjednotka S1 véaze angiotenzin-konvertujici enzym 2, zatimco podjednotka S2
zprostiedkovdva fuzi virové a hostitelské bun&éné membrany®?. Jakmile dojde
k ptiblizeni virové a bunétné membrany, vznikne fuzni por, ktery umoziuje prunik
virového genomu do cytoplazmy hostitelské buiiky®. Samotné uvolnéni genomu do

cytoplazmy hostitelské buiiky zahrnuje komplexni masinerii exprese virovych genti®.

1.2.1.2 Strukturni proteiny

Schéma koronavirové Castice sloZzené ze strukturnich proteini a genomové RNA je

znazornéno na obrazku 7.

S protein je glykoprotein sloZzeny ze dvou domén, ekto- a endodomény. Formuje se

do homotrimera nazvanych ,,spiky*. Ty se nachazi na povrchu vira a jsou zodpovédné
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za uchyceni virové castice k receptorim hostitelskych bun¢k a naslednou fizi virové

a bunééné membrany, ¢imz napomahaji rané fazi infekce®.

Tiidoménovy transmembranovy glykoprotein M se ucastni skladani virovych castic

a spojuje se s dal§imi strukturnimi proteiny, jako naptiklad s nukleokapsidou®®.

E protein je nejmensim ze strukturnich proteinti a hraje kli¢ovou roli pfi skladani

virové Castice a jejim nasledném uvolnéni.

Poslednim ze strukturnich proteinii je nukleokapsidovy protein N, ktery, jak ndzev
napovida, formuje nukleokapsidu a sklada se ze dvou domén. Jeho primarni funkci je
vazba na RNA a také hraje roli v replikaci virové RNA a v reakci hostitelské buniky na

virovou infekci®’.

U né&kterych betakoronavird, jako napiiklad HCoV-OC43 ¢i HCoV-HKUI, byl
pritomen jesté paty strukturni protein, kterym je hemaglutinin-esteraza. Ta vaze sialové

kyseliny na povrchu glykoproteinii a ma acetyl esterazovou aktivitu®®,

protein E
/protein M

4 brotein 5
~__~—protein N

S ——lipidova

membrana

Obrazek 7: Koronavirova ¢astice. Virova Castice je tvofena Ctyfmi strukturnimi proteiny: obalovy (E,
svétle modie), membranovy (M, fialove), spike (S, zelen€) a nukleokapsidovy (N, zluté). N protein

interaguje s genomovou RNA. Proteiny S, E a M jsou ukotveny v lipidové membrané (Sed¢).
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1.2.1.3 Nestrukturni proteiny

Jak jiz bylo zminéno vySe, genom koronavira (s vyjimkou gamakoronavirl) obsahuje

16 nestrukturnich proteinti.

NSP1 se v hostitelské buinice vaze na kapsu pro vazbu mRNA, ¢imz brani translaci
hostitelskych proteini. To brani syntéze dulezitych proteini zapojenych do vrozené

imunitni odpovédi. Rovnéz zvysuje translaci virovych mRNAS’.

Proteiny NSP2-16 utvaii replika¢né-transkripcni komplex (RTC, z angl. replication-
transcription complex), konkrétné NSP2-11 moduluji intracelularnich membrany,
pomahaji pfi uniku pfed imunitni odpovédi hostitele a poskytuji kofaktory pottebné pro

replikaci’’.

NSP3 ma protedzovou aktivitu a podili se na $tépeni posttranslacnich modifikaci

hostitelskych proteinti zapojenych do vrozené imunitni odpovédi’!.

NSP4 je transmembranovy protein podilejici se predev§im na modifikaci membran
ER za ucelem vytvoreni vackl s dvojitou membranou. V tom mu pomaha NSP6. Tyto
vacky slouzi k oddéleni virové replikace od skladani virové Castice a je to dalsi ochrana

pied protivirovou odpovédi buiiky’?.
Hlavni proteazou je NSP5, ta uvoliiuje NSP4-16 z polyproteinu ppla a pplab’.
NSP7 je spolu s NSP8 kofaktorem NSP12, ktery zaji§tuje samotnou syntézu RNA’,

NSP9 se vaze na NSP8 a aktivuje ho. Plsobi jako primer pro NSP12 a hraje tak

vyznamnou roli pii syntéze RNA”.

NSP10 je kofaktorem NSP16 a napomaha tak nasazovani Cepi€ky na virovy mRNA
transkript. Rovnéz zvySuje aktivitu NSP14 jakoZto exonukledzy pii odstranovani

nespravné sparovanych bazi’S.
NSP11 reguluje aktivitu endoribonukledzy a je nezbytny pro virovou replikaci’’.

Jiz vySe zminény NSP12 je RdRp. Véaze jednu molekulu NSP7 a dvé molekuly NSP8
a tim stabilizuje oblast pro vazbu RNA pii virové replikaci’®. Jeho N-terminalni NiRAN
doména (z angl. N-terminal nidovirus RdRp-associated nucleotidyltransferase) prenasi
GMP na 5'pp-RNA a vznika tak 5 Gppp-RNA cCepicka, kterd je nasledné¢ methylovana

NSP14 v druhé fzi nasazovéni ¢epicky na mRNA".
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NSP13 pusobi jako helikédza pfi rozmotdvani RNA, rovnéz vaze ATP a plsobi jako
RTPaza, tedy odstrafiuje 5" y-fosfit zmRNA za ucelem tvorby 5° pp-RNA pii

nasazovani éepicky®’.

Jak jiz bylo zminéno vySe, NSP14 je exoribonukleaza, kterd kontroluje a odstrafiuje
nespravné sparované nukleotidy ve sméru 3°-5°, které byly nespravné pfidany RNA
polymerazou béhem replikace genomu’®. Také funguje jako N-7 MT4za, kdy predava
methylovou skupinu ze SAMu na N-7 pozici Gppp-RNA bé¢hem druhého kroku

nasazovani ¢epi¢ky na mRNAS!,

NSP15 je nidovirova RNA uridylyl-specificka endoribonukleaza NendoU
(z angl. nidoviral RNA uridylate-specific endoribonuclease). Katalyticka doména $tépi
poly-U sekvenci na 3 konci RNA, aby nedoSlo k detekci imunitnim systémem

hostitele®?.

Poslednim nestrukturnim proteinem je NSP16. Jedna se o 2"-O-MTézu, ktera pridava
v poslednim kroku nasazovani ¢epicky methylovou skupinu ze SAMu na 2"-O-ribozu.

Jejim kofaktorem je NSP10%3,

1.2.2 Replikace koronavirové RNA

Samotna replikace RNA je zahdjena stejné jako u flavivirli syntézou -RNA vlakna
z+RNA vldkna, které nasledné slouzi jako templat pro vznik novych genomovych
+RNA. Ty jsou béhem translace piekladany na nestrukturni proteiny, RTC, ptipadné
jsou sbaleny do nové€ vznikajicitho virionu. Koronaviry maji diskontinudlni proces
virové transkripce, ktery vede ke vzniku subgenomické RNA (sgRNA)3*. Béhem
syntézy negativniho vldkna dochéazi k pferuSeni transkripce replikacné-trankripénim
komplexem ve chvili, kdy narazi na transkripcné regulacni sekvenci TRS, nachazejici se
pied vétsinou ORF. Transkripce je nasledné znovu zahajena v TRS sousedici s vedouct
sekvenci TRS-L (z angl. TRS leading). V tomto diskontinudlnim kroku tedy dochézi
k interakci mezi komplementarnimi TRS nové vznikajictho vldkna (-ssRNA)
a genomovou +ssRNA. Takto vznikld sgRNA vldkna s negativni polaritou nasledné
slouzi k syntéze sgRNA s pozitivni polaritou, které jsou nasledné pielozeny do

strukturnich a pomocnych proteini®’.
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1.3 Antivirova terapie

Nukleotidové a nukleosidové analogy jsou slibnymi latkami pii vyvoji novych
antivirotik. Nukleosidové analogy jsou chemicky modifikované syntetické nukleosidy,
které napodobuji ty endogenni a které mohou inhibovat bunééné a virové enzymy,
ucastnici se jejich metabolismu. Obvykle jsou pojmenovany podle cile, ktery inhibuji

8687 Jsou tedy znadmy inhibitory RdRp, MT4z, helikaz

v zivotnim cyklu viru
a inhibitory, které potlacuji biosyntetick¢é drahy nukleosidli v hostitelské burice.
U flavivirt je slibnym cilem pro vyvoj antivirotik zejména RdRp doména proteinu NS5,
jelikoz jeji polymerazova aktivita je unikatni pro viry, a tedy u lidskych replika¢nich

enzymii se nevyskytuje®. U koronavirti tuto tilohu zastavé protein NSP12.

Jednou z nejslibnéjsich latek, kterd cili na NSP12 je remdesivir (obrazek 8), ktery
v organismu podléha pfemené a ve své trifosfatové podobé se chova jako ATP a plisobi
tedy jako substrat pro virovou RdRp. Po zaclenéni remdesiviru do vlakna RNA
nedochazi k okamzitému ukonceni syntézy, ale dochéazi k zaclenéni dalSich tii
nukleotidli a az poté je syntéza ukoncena. Tento jev je mezi nukleosidovymi analogy
vyjimec¢ny a miZze souviset s jeho zvySenou Uc¢innosti. Opozdéné ukonceni syntézy
vldkna RNA by mohlo vést k maskovani remdesiviru pied NSP14, kterd ma
exonukledzovou opravnou funkci®. Jednad se rovnéz o prvni malou molekulu
schvalenou pro pouziti proti COVID-19%". Naésledné pak byly schvaleny Iléky
molnupiravir a Paxlovid. Zatimco molnupiravir cili na RdRp, Paxlovid cili na hlavni
protedzu SARS-CoV-2°?2, Ptikladem inhibitoru MT4z je sinefungin, jehoZ schéma je
na obrazku 9. Jednd se o derivat adenosinu, ktery soutézi se SAMem (pfirozenym

substratem)”.
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Obrazek 8: Chemicka struktura remdesiviru.

NH>

t)

OH OH

Obrazek 9: Chemicka struktura sinefunginu.
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2 CILE PRACE

V pribéhu doktorského studia byly mym hlavnim zaméfenim RdRp z flavivird
a koronavir a také MTazové domény proteinu NS5 z rlznych flaviviri, a to 1 z téch
méné znamych, jako je napfiklad Ntaya. Hlavnim cilem byla jejich strukturni a funkéni
charakterizace. Jednd se o nezbytny krok pii navrhu antivirotik uc¢innych proti Sirokému

spektru flavivirt, a koronavirti.
Konkrétni cile byly:

1. Pripravit a objasnit strukturu MTéazové a RdRp domény proteinu NS5 z Ntaya

viru.

2. Porovnat zejména jejich aktivni centra se stejnymi enzymy z jinych flavivira

a rovnéz porovnat vazebné stavy sinefunginu a GTP se zminénymi enzymy.

3. Ziskat a porovnat struktury rtiznych flavivirovych MTaz (konkrétné z viru Zika
a Ntaya) s navazanym AT-9010. Jedna se o analog GTP, jehoz prolécivo AT-752

je povazovano za I€k proti riznym flaviviram.

V dalsi ¢asti mého studia jsem testovala aktivitu potencidlnich inhibitori na

polymerézach z flavivird a koronavirti.
Konkrétni cile byly:

4. In vitro testovani inhibi¢niho efektu slouceniny PR673, jakozto nenukleosidového

analogu na RdRp z riznych flavivirti a ze SARS-CoV-2.

5. In vitro testovani inhibi¢niho efektu slouc¢eniny HeE1-2Tyr a jejich derivati na

RdRp ze SARS-CoV-2.
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* Tito autofi pfisp€li stejnou mérou
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4 VYSLEDKY

4.1 Structural and functional insights in flavivirus NS5 proteins gained

by the structure of Ntaya virus polymerase and methyltransferase

4.1.1 Uvod

Flaviviry jsou viry s jednovldknovou RNA s pozitivni polaritou (+RNA), které jsou
zodpovédné za tadu onemocnéni, jako jsou Zzlutd =zimnice, horeCka dengue,
zika, zapadonilska horecka a dalsi'. Epidemie viru Zika zdfiraznila jejich nebezpeénost,
kdyz se relativné neskodny virus zndmy jiz z 50. let minulého stoleti zménil ve smrtici
patogen®. Klicovym proteinem v replikaci flavivird je NS5, ktery se sklada z N-
koncové MTézy a C-koncové RdRp domény. Je zodpoveédny za replikaci RNA a rovnéz
za pripojeni 5" RNA ¢&epicky?2. Prestoze flaviviry zapii€inily nejvice umrti jiz v 19.
stoleti, do dneSni doby byla objasnéna struktura pouze malého mnozstvi RdRp
domén®?34474895 " Pro vyvoj antivirotik u&innych proti celé této skupiné virdi je ale
zasadni znat a porovnat struktury co nejvice z nich, zejména jejich aktivnich center, a to
1 zmén¢ znamych virG. Jednim z nich je naptiiklad Ntaya virus. NaSe studie tedy
poskytuje komplexni analyzu proteinu NS5 z Ntaya viru, pfi¢emz se zaméfuje na obé
jeho domény MTazovou 1RdRp. Zaroven =zdiraziuje strukturni konzervaci
enzymatickych center, coZ miize byt slibnym vychozim bodem pro navrh antivirotik

ucinnych proti v§em flavivirim.

4.1.2 Souhrn

Strukturni analyza MTazové 1 RdRp domény ukazuje na vysoky stupenn konzervace
enzymatickych center napii¢ celou rodinou Flaviviridae***'*"3% To naznaduje, Ze je
mozny vyvoj lékt cilenych na celou rodinu flavivirt. Byly nicméné zaznamenany

rozdily v enzymovych aktivitich MTé4zovych domén riznych flavivirovych proteint.

Byla vyfeSena struktura Ntaya RdRp domény. Jedna se o pievazné alfa-helikalni
protein se strukturou pfipominajici tvar lidské pravé ruky, kde jsou rozlisitelné prsty,
dlan a palec, coz je typické pro virové polymerazy (obrazek 10, A). Tato doména rovnéz
obsahuje 2 zinkové prsty dilezité pro celkovou stabilitu struktury. Podél kandlu pro

vstup templatu, aktivniho mista a kanalu pro vystup dsRNA byly pozorovany
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konzervované motivy A-G, ve kterych se naléza vétSina katalyticky dulezitych
aminokyselinovych zbytki (obrazek 10, D). Celkova struktura RdRp domény je
v souladu s pfedchozimi popisy flavivirovych RdRp. Nejvyssi podobnost pozorujeme
s RARp doménou z viru Zika a naopak nejmén¢ s RdRp ze zépadonilského viru (WNV,
z angl. West Nile virus).

Podrobné¢ jsme rovnéz zkoumali konformaci tzv. primovaci smycky (z angl. priming
loop) a porovnali ji se smyckou ze Ziky a zapadonilské horecky (obrazek 10, B-C). Tato
smycka ¢astecné plni funkci primeru v pribéhu syntézy RNA, jelikoz flavivirové RdRp
patii mezi polymerazy nezéavislé na primeru. Uzaviena konformace totiz umoziuje
pouze vstup ssSRNA. Aminokyselinové zbytky na zacatku a na konci smycky byly vzdy
ve stejné konformaci, zatimco rozdil byl pozorovan v konformaci postrannich fetézct
Trp800 a His803. V porovnani Trp800 se Zikou se jednalo pouze o jiny rotamer.
U WNV byl Trp800 oproti ostatnim dvéma posunut. Zajimavé je, ze pozice Trp808 je
zcela konzervovana mezi analyzovanymi flavivirovymi polymerazami, coz naznacuje

jeji dalezitost v rdmci primovaci smycky.

Nedavno bylo popsano dalsi misto v blizkosti aktivniho mista RdRp, takzvana
N kapsa’®. Slouceniny cilené na tuto kapsu jsou U¢innymi inhibitory replikace viru
Dengue a ze sekven¢niho porovnani s WNV a JEV bylo pfedpokladano, Ze by se mohlo
jednat o vhodné misto pro navrh inhibitora cilicich na celou rodinu flaviviri. Z tohoto
divodu jsme se rozhodli porovnat objem a tvar téchto kapes mezi zkoumanymi
flaviviry (obrazek 10, E-F). NaSe vysledky ukazaly, Ze N kapsa z Ntaya viru ma nejveétsi
objem, a to témeér dvakrat vétsi néz kapsa viru Zika. Tvar je rovnéz rozdilny, coZ je ale

patrné zptisobeno tak zna¢nymi rozdily ve velikostech.

RovnéZ jsme objasnili strukturu MTazové domény, a to jak snavazanym
sinefunginem, tak sGTP (obrazek 10, G-I). Tato doména méa rovnéz
guanylyltransferazovou aktivitu, ktera je dilezitd pfi ptenosu GMP na RNA v priabéhu
nasazeni Cepicky na mRNA. Bylo pozorovéno slozeni z alfa helixa a beta listt, typické
pro flavivirové MTazy. Byly popsany vazebné moddy pro navéazany sinefungin a GTP,
a ty byly nésledné porovnany s témi pro Ziku. Sinefungin se vaze do SAM vazebného
mista, a to predev§im pomoci vodikovych vazeb. Rozdil byl zaznamenan v orientaci
postranniho fetézce Glulll. GTP je navazédno v GTP vazebné kapse. Rozdil v piipadé

vazby GTP byl pozorovén v riznych konformacich trifosfatu.
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V neposledni fad¢ jsme porovnali enzymatické aktivity MTaz a RdRp z rtiznych
flavivird. Je zajimavé, ze ackoliv enzymatické vlastnosti zkoumanych rekombinantnich
MTaz byly velmi rGznorodé, vSechny rekombinantni RdRp vykazovaly podobné
chovani. Nejaktivnéjsi MTazou byla ta ze Ziky a ostatni vykazovaly maximalné 47%

aktivitu v porovnani se Zikou. MTaza z YFV vykazovala dokonce pouze 3% aktivitu.

4.1.3 M ptispévek

Pfipravila jsem expresni konstrukt pro Ntaya RdRp, nésledné jsem provedla
rekombinantni expresi a purifikaci jak RdRp, tak MTazové domény NS5 proteinu.
Provedla jsem veskeré krystalizacni pokusy a nasbirala jsem data. VyfesSila jsem model
struktury RdRp a MTazy v komplexu se sinefunginem. Pfipravila jsem rovnéz obrazky

do ¢lanku a podilela se na jeho piiprave.
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Obriazek 10: Krystalova struktura jednotlivych domén proteinu NS5 viru Ntaya. A) Celkova
struktura NTAV RdRp domény s vyznacenymi subdoménami rGznymi barvami: prsty (zelend), dlan
(modréd), palec (rizova) a Cervené je zobrazena primovaci smycka. Zaostfeno je na dva zinkové prsty.
B,C) Strukturni porovnani primovacich smyéek NTAV (modra), ZIKV (zelena, PDB: 5M2Z) a WNV
(razova, PDB: 2HZF). D) Struktura NTAV RdRp, s vyzna¢enymi tunely pro vstup RNA a vystup dsRNA,
motivy A-G, a polohou N kapsy. E,F) Porovnani velikosti a tvaru N kapes z NTAV (modra, 349A3%), ZIKV
(zelend, 186A%) a DENV (Eervend, 303A%). G) Celkova struktura MTazové domény proteinu NS5 viru
Ntaya s navazanym sinefunginem (SFG). Je znazornéna Fo-Fc mapa, vykreslena na 20 kolem SFG. H)
Strukturni porovnani vazebnych modu sinefunginu pro NTAV, ZIKV (PDB: SMRK), WNV (PDB: 4R8&S).
Katalyticka tetrada je vyznacena zlutymi Sipkami. I) Strukturni porovnani vazby GTP mezi NTAV
a ZIKV (zelena, PDB: 5GOZ).
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4.2 Structural basis for broad spectrum binding of AT-9010 to flaviviral

methyltransferases

4.2.1 Uvod

V poslednich letech vzrostl védecky zajem o vyvoj inhibitord MTaz napfi¢ riznymi
virovymi rodinami, véetné Flaviviridae®’. 2’-methyl-2'-fluoro guanosin trifosfat
oznaCovany jako AT-9010 je analog GTP. Jeho proléCivo oznaCované AT-752 je
povazovano za lék proti nékolika flavivirim. AT-9010 byl identifikovan jako dudlni
inhibitor jak RdRp, tak i MTazové domény, pficemz jeho primarnim cilem je vazebné
misto pro GTP na MTdzové doméné proteinu NS5 z orthoflaviviri. Zabrafuje
spravnému nasazeni cepicky na mRNA. Pfitomnost fluoru namisto hydroxylové
skupiny na 2" pozici ribézového kruhu zase vede k ukonceni replikace RNA, kdyz
RdRp zaradi tuto latku misto GTP do nov¢ vznikajiciho vldkna. Jelikoz ovsem AT-9010
ve formé trifosfatu neni schopno proniknout plazmatickou membranou, byla navrzena
proléciva AT-752 a AT-281, ktera se uvniti bunck pfeménuji na aktivni trifosfatovou
formu. Obé& tyto latky maji nizkou cytotoxicitu®”. V této studii jsme zkoumali vazbu
AT-9010 na MTazy z virti Ntaya a Zika a nase publikace tak poskytuje strukturni zaklad

pro vysvétleni uc¢innosti AT-9010 proti n¢kolika flavivirovym MTazam.

4.2.2 Souhrn

Cilem této studie bylo prozkoumat interakci AT-9010, fluorované¢ho nukleotidového
analogu, s MTéazovymi doménami vybranych orthoflavivird, a to se zaméfenim na
pochopeni jeho vazebnych mechanismid a potencidlu jako Sirokospektralniho
antivirotika. Vybrali jsme viry Ntaya a Zika. Krystaly MTaz téchto virG byly
inkubovany s AT-9010, byly vyfeSeny krystalové struktury téchto komplexii s cilem
porovnani jejich vazebnych modii s jiz vyfeSenou strukturou komplexu inhibitoru
s MTézou z viru Dengue. Ziskali jsme struktury s vysokym rozlisenim (2A pro Ziku,
obrazek 11, B a 1,8 A pro Ntayu, obrazek 11, A). Molekula AT-9010 byla u obou
proteini umisténa v GTP vazebném misté, stejné€ jako v pfipadé Dengue. Byly ovSem
pozorovany rozdily ve vazebnych interakcich (obrazek 11, E-F). Nebyla pozorovéana
elektronova hustota v misté y-fosfatu u Zika MTazy, coz naznacuje, ze y-fosfat je

v tomto piipade velmi flexibilni.
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Byly rovnéz pozorovany rozdily ve vazbé molekuly AT-9010 s klicovymi
aminokyselinovymi zbytky, zejména v interakcich s ribdzou a guaninovym kruhem AT-
9010, coz zduraziuje jemné strukturni rozdily mezi MTéazami. V ptipadé Ntaya MTazy,
aminokyseliny Leul6 a Leul9 vytvaii vodikové vazby s guaninovym kruhem GTP,
zatimco v pfipad¢ Ziky byla pozorovana jest¢ dalsi interakce, konkrétné s Asnl7.
Rozdil v konformaci postranniho fetézce byl pozorovan v pripad¢ aminokyseliny Lys13.
Dalsim rozdilem byl aminokyselinovy zbytek 152. U Ntaya MTazy se na tomto misté
nachazi prolin, ktery tvofi vodikovou vazbu s rib6zovym kruhem GTP. Zika ma na této

pozici serin, ktery tuto vazbu netvofi.

Srovnani vazby AT-9010 a GTP u MTaz z obou virt ukazalo konzervované pozice
baze, cukru a a-fosfatu, zatimco B- a y- fosfaty se ukéazaly jako flexibilni (obrazek 11,
C-D). Strukturni rozdily, jako je pfitomnost Lys28 u Ziky a Arg28 u Ntayi, pfispivaji
k rozdilné tvorbé vodikovych vazeb s a-fosfatovou skupinou. I ptes tyto rozdily byl
celkovy vazebny mod AT-9010 obdobny napfti¢ flavivirovymi MTézami, coz podporuje

jeho potencial jako Sirokospektralniho antivirotika.

Tato studie pfispivd k pochopeni strukturnich interakci AT-9010 s flavivirovymi
MTazami a zdlraziiuje jeho potencidl jako Sirokospektralniho inhibitoru proti
orthoflavivirim. Vysledky poskytuji zdklad pro vyvoj antivirovych strategii

zamétenych na konzervovanou oblast MTaz.

4.2.3 Muj prispévek

Provedla jsem rekombinantni expresi a purifikaci MTazové domény NS5 proteinu
Ntaya 1 Zika viru. Provedla jsem veSkeré krystalizacni pokusy a nasbirala jsem
krystalografickd data. VyfeSila jsem strukturu Zika MTazy v komplexu s AT-9010.

Ptipravila jsem rovnéz obrazky do ¢lanku a podilela se na jeho ptiprave.
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Obrazek 11: Krystalové struktury Ntaya a Zika MTaz s navazanym AT-9010. A) Celkova
struktura Ntaya MTazy s navazanym AT-9010 a SAHem. Je zobrazena Fo-Fc mapa elektronové hustoty
vykreslena na 3c pro obé latky. B) Celkova struktura Zika MTazy s navazanym AT-9010 a SAHem. Je
zobrazena Fo-Fc mapa elektronové hustoty vykreslena na 36 pro SAH a na 2¢ pro AT-9010. C, D)
Strukturni porovnani vazby AT-9010 a GTP pro NTAV (modra, panel C, PDB kod struktury s GTP:
8CQH) a Ziku (zelena, panel D, PDB kod struktury s GTP: 5GOZ). E, F) Strukturni porovnani mezi
Ntaya (modra, panel E) Zika (zelena, panel F) a Dengue (Seda, PDB koéd: 8BCR) MTéazovymi doménami
s navazanym AT-9010.
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4.3 A helquat-like compound as a potent inhibitor of flaviviral and

coronaviral polymerases

43.1 Uvod

RNA viry s pozitivni polaritou (+RNA), jako jsou flaviviry a koronaviry, ukazaly
svlj potencial jakozto patogeny schopné ohrozit spolecnost. Jiz diive tuto schopnost
prokazaly viry Zika, MERS-CoV a SARS-CoV!%!%1 Ovgem az SARS-CoV-2 ukazal
jejich plny potencial, kdyz vroce 2019 propukl vpandemii COVID-19%!. Navrh
sloucenin G€innych proti vétsiné +RNA virt je tedy v tuto chvili zasadni. V nasi studii
byla pfedstavena sloucenina PR673, kterd se svou strukturou podobd helquatu a kterd je
schopna inhibovat replikaci viru SARS-CoV-2 a viru klistové encefalitidy (TBEV)
v tkédnovych kulturach. Pomoci in vitro testovani RdRp zriznych flavivird
aze SARS-CoV-2 bylo ukéazano, ze PR673 zastavuje syntézu RNA. Vysledky nasi
prace naznacuji, ze vyvoj Sirokospektralnich nenukleosidovych inhibitori RdRp je

mozny.

4.3.2 Souhrn

Nejprve byla pomoci screeningu knihovny slouéenin UOCHB vybrana molekula
PR673 jakozto potencidlni inhibitor replikace viru SARS-CoV-2 v buitkkach. Hodnoty
EC50 se pohybovaly v rozmezi od 17 uM do 29 uM v bunkéach Vero-E6, Calu-3

a Caco-2.

Dalsim krokem bylo objasnéni molekularniho cile této slouCeniny. Na zikladé
chemické struktury se dalo ptredpokladat, Ze by jim mohla byt koronavirovd RdRp.
V piipadé SARS-CoV-2 se jednd o heterotrimer sloZeny z proteinu NSP12 a jeho dvou
kofaktorh NSP7 a NSP8. Pro ovéfeni nasi hypotézy byla zjistovana inhibi¢ni aktivita
PR673 na tomto proteinovém komplexu. Mé&feni bylo provedeno sledovanim ubyvani
produktu reakce, ve které¢ dochéazi k prodluzovani RNA primeru podle templatu pomoci
RdRp. Sekvence pouzitého primeru a templatu je znazornéna na obrazku 12, A. Tyto
reakce jsou nasledné vizualizovany na polyakrylamidovych denaturujicich gelech.
Jakmile dojde k inhibici, produkt reakce neni pozorovan. Syntéza RNA byla zcela
zastavena pii koncentraci inhibitoru vyssi néz 12,5 uM, coz dokazuje, Ze cilem PR673

je skute¢né RdRp (Obréazek 12, B).
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Dale byla analyzovana inhibi¢ni aktivita a stanovena IC50 nasi slouceniny i na
flavivirovych RdRp (Obrazek 12, B-C). Byly vybrany virus japonské encefalitidy
(JEV), Ntaya (NTAV), virus klistové encefalitidy (TBEV), virus Zluté zimnice (YFV)
a virus Zika (ZIKV). Byla pozorovéana inhibi¢ni aktivita vSech testovanych polymeraz

s hodnotami IC50 od 3,0 £ 0,1 uM do 4,9 = 0,5 uM (obrazek 12, C).

Jelikoz byla pozorovana silnd inhibice vSech testovanych flavivirovych RdARP in
vitro, rozhodli jsme se zjistit, zda PR673 inhibuje flaviviry i v buiikach. Zvolenym
virem byl TBEV. Byla méfena cytotoxicita na buiikéch prasecich ledvin a porovnana se
zvolenou pozitivni kontrolou, kterou byl 7-deaza-2’-C-methyladenosin (7-deaza-2'-
CMA) a ktera je prokdzanym inhibitorem TBEV RdRp. Latka PR673 se ukézala jako
netoxickd s hodnotou CC50 pies 50 uM. Daéle byla pozorovana kompletni inhibice
replikace TBEV pfti koncentraci 0,4 uM a PR673 vykazoval hodnotu EC50 0,11 uM.

4.3.3 My piispévek

Podilela jsem se na expresi a purifikaci proteini NS5 vybranych flavivirii a rovnéz
RdRp ze SARS-CoV-2. Nasledné jsem se podilela na in vitro testovani inhibi¢niho
efektu PR673 na vSechny pfipravené enzymy. Vyhodnotila jsem ziskana data pro uceni

IC50. Nasledné jsem se podilela na piipraveé obrazka do ¢lanku.
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Obrazek 12: Porovnani inhibi¢ni aktivity latky PR673 viéi riznym RdRp. A) RNA primer

a templat pouzité pii tomto méteni. RNA primer nese
flaviviri a HEX u SARS-CoV-2).
prodluzovéani vldkna pomoci RdRp latkou PR673. Redi

Sipky oznaduji

polymerazy (20 nM) a templatu/primeru (10 nM).
a inkubovany pfi teplot¢ 33°C 1 hodinu. Nasledné

na 5" konci fluorescenéni znacku (CyS5 v ptipadé
smér prodluzovani vlakna RNA. B) Inhibice
ci fada latky PR673 (v uM), za stejné koncentrace
Reakce byly zahajeny ptidavkem 10 uM NTP
byly zastaveny pfidanim denaturujiciho pufru

a ziskané produkty byly rozdéleny pomoci denaturacnich polyakrylamidovych geld. C) Procenta inhibice

(oproti kontrole) jsou vynesena proti logaritmu koncentrace PR673. Vysledky byly prolozeny sigmoidalni

ktivkou zavislosti u¢inku na davce.
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4.4 Non-nucleotide RNA-dependent RNA polymerase inhibitor that
blocks SARS-CoV-2 replication

4.4.1 Uvod

SARS-CoV-2 zpiisobil rozsahlou pandemii onemocnéni COVID-19 po celém svéte®?,
Hlavnimi cili vyvoje novych antivirotik proti tomuto viru se staly klicové virové
enzymy. Jednim z nich je RdRp, jelikoZ hraje zasadni roli v replikaci virové RNA!%2,
V této studii byla pouzita slou¢enina HeE1-2Tyr, jiz dfive piedstavena v praci Tarantina
a kol.!8, ajeji dva derivaty. Tyto latky byly piivodné objeveny jako inhibitory RdRp
flavivird. V naSem c¢lanku ukazujeme, Ze tyto derivaty pyridobenzothiazolu rovnéz

vyznamng inhibuji RdARp SARS-CoV-2.

4.4.2 Souhrn

V této studii jsme se zaméfili na vyvoj novych nenukleosidovych inhibitort RdRp
viru SARS-CoV-2. Konkrétné jsme se soustiedili na slouc¢eninu HeE1-2Tyr, kterd byla

103 "a jeji dalsi dva nové derivaty. Z divodu

jiz dfive zvefejnéna v praci Tarantina a kol.
snadnéjSiho zavedeni SirSiho spektra substituenti do benzothiazolopyridinového jadra
byl modifikovan zptisob syntézy. Timto zptisobem byla pfipravend molekula HeE1-2Tyr
(oznaCovana Cislem 16) a dva nové analogy (17 a 18) a nésledné byl testovan jejich
inhibi¢ni u¢inek na RdRp ze SARS-CoV-2 v in vitro métenich a rovnéz byly provedeny

experimenty ve tkanovych kulturach.

Byly pfipraveny proteiny NSP7, NSP8 a NSP12, kter¢ dohromady utvaii RdRp
SARS-CoV-2. S nimi byly néasledné provedeny in vitro experimenty zamé&fujici se na

inhibi¢ni aktivitu pfipravenych latek.

Provedené in vitro experimenty potvrdily, Ze vSechny slouceniny vykazuji inhibi¢ni
aktivitu, 1 kdyZ s riznymi IC50. NejlepSim inhibitorem se ukazala ptivodni slou¢enina,
tedy HeE1-2Tyr, a to s hodnotou IC50 27,6 + 2,1 pM. Inhibi¢ni G¢inek slouceniny 18
byl nejslabsi s hodnotou IC50 85,5 + 2,0 uM (obrazek 13).

Nasledné byla testovdana cytotoxicita a antivirova aktivita vSech sloucenin
v tkdnovych kulturach. Tato méteni ukézala, Zze slouCeniny HeE1-2Tyr a 17 ucinné

inhibuji replikaci viru v bunkiach Vero a CaCo-2, a to v submikromolarnich
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koncentracich. Tyto slouceniny rovnéz vykazovaly antivirovou aktivitu s hodnotami
EC50 kolem 653,5 nM, resp. 527,3 nM. Tyto hodnoty jsou srovnatelné s remdesivirem,
znamym inhibitorem RdRp schvalenym americkym ufadem pro kontrolu potravin

a léciv (FDA, z angl. Food and Drug Administration).

Dale bylo prokazéano, ze vySe zminéné slouceniny nejsou cytotoxické s hodnotami
CC50>50 uM. Rovnéz vykazuji vysoké selektivni indexy, coz prokazuje, ze selektivné
cili na virovou replikaci, aniz by vyznamné ovlivnily Zzivotaschopnost bun¢k.
Obdobnych vysledkt ziskanych z méfeni na tkanovych kulturdch bylo ziskano i pro
kocici koronavirus (FIPV), tedy potlaceni replikace tohoto viru a nizké hodnoty EC50.
Na druhou stranu sloucenina 18 byla méné ucinna jak v polymerdzovych in vitro

testech, tak v bunkach.

Z této studie tedy vyplyva, ze latka HeE1-2Tyr a jeji analog 17 ptfedstavuji nadéjné
nenukleosidové inhibitory RdRp majici potencial pro dal$i vyvoj antivirotik proti
SARS-CoV-2. Ziskané vysledky poskytuji zéklad pro dal§i optimalizaci a klinické

vyuziti.

4.4.3 Miuy piispévek

Podilela jsem se na expresi a purifikaci proteinit NSP7, NSP8 a NSP12 ze SARS-
CoV-2. Nasledné jsem se podilela na in vitro testovani inhibi¢niho efektu latek 16, 17

a 18 a vyhodnoceni dat pro ziskani IC50.
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Obrazek 13: Inhibice RARp ze SARS-CoV-2 latkami 16, 17 a 18. Vlevo) Hodnoty IC50 byly stanoveny
pomoci radioaktivniho méteni sledovani prodluzovani primeru. Odchylka je vypocitdna z priméru tii
méfeni. Vpravo) Vysledky méfeni s pouzitim fluorescenéné znaceného primeru. Se zvySujici se

koncentraci latky ubyva produkt.

37



5 DISKUZE

5.1 Structural and functional insights in flavivirus NS5 proteins gained

by the structure of Ntaya virus polymerase and methyltransferase

Tato studie je zaméfena na komplexni analyzu MTéazové a RdRp domény proteinu
NS5 z viru Ntaya. Jiz diive byly zvefejnény struktury danych domén z riznych jinych
flavivirg?23240474893 ' Pro vyvoj antivirotik u¢innych proti viem flavivirovym MTazam
a polymerdzdm je zésadni objasnit jejich strukturu a odhalit tak jejich strukturni
a funkéni podobnosti a rozdily. NaSe studie odhaluje strukturni konzervaci
enzymatickych center, coz naznacuje mozny vyvoj takovych antivirotik. Vazbu latky,
kterd by mohla byt G¢innd proti celé rodin¢ flavivird,, jsme nasledné zkoumali ze
strukturniho hlediska a vysledku jsou shrnuty v dalSim ¢lanku, ktery je rovnéz soucasti

této disertacni prace (kapitola 4.2, strany 29-31).

Nase strukturni analyza odhalila urcité rozdily v konformacich n¢kolika dilezitych
oblasti jako je primovaci smycka v RdRp ¢i rizné konformace Glulll ve vazebné
kapse pro S-adenosyl-L-methionin (SAM). Glulll vytvaii vodikovou vazbu
s 2'-hydroxylovou skupinou rib6zového kruhu ve vétSiné flavivirovych MTéz, ale
schopnost tohoto aminokyselinového zbytku zménit konformaci na nevazebnou, by
mohla vysvétlit mechanismus uvoliiovani SAHu z aktivniho mista, jelikoZ SAH 1 SAM

jsou vazany stejnym zptisobem™!.

Z porovnani riznych flavivirovych MTéz a RdRp je patrné, Ze aktivni mista téchto
enzymi jsou konzervovana, coz naznacluje, Ze terapeutické latky vyvinuté proti
jednomu flavivirovému enzymu by mohly byt ucinné proti vS§em ¢lenim této rodiny
vir. Bylo nicméné& pozorovano, Ze N kapsa, jiz diive navrhovanéd jako potencialni
vazebné misto pro pan-flavivirové inhibitory’®, neni ve skuteCnosti stejna mezi
medicinsky vyznamnymi flaviviry. Dusledkem toho je, Ze inhibitory cilené na tuto
kapsu by byly pravdépodobné uc¢inné pouze proti specifické podskupiné flaviviri a ne
proti vSem.

Nase enzymova analyza byla v souladu s jiz diive ziskanymi vysledky!%+1%,

Nejaktivnéj§i rekombinantni polymerdzou byla Zika a to asi 4x vice nez nejméné

aktivni YFV. Podobna situace byla pozorovdana u methyltransferdz. Opét byla
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nejaktivnéjsi ta ze Ziky, ale tentokrat o vice nez o fad, konkrétné 30x vice neZ nejméné
aktivni YFV. Tyto vysledky je slozit¢ vysvétlit ze strukturniho hlediska. Vysvétleni
bychom mohli hledat v absenci evolu¢niho tlaku na rychlost MTazy. Je tieba si
uvédomit, ze RdARp musi syntetizovat cely genom, coz zahrnuje pies 10 000
katalytickych kroki. Za tu stejnou dobu musi MTézova doména pievést jeden
guanylylovy zbytek, provést jednu N-7 a jednu 2'-O methylaci. Pomala MTéaza mtze
byt tedy stejné u€innad jako ta rychla.
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5.2 Structural basis for broad spectrum binding of AT-9010 to flaviviral

methyltransferases

Tato studie se zaméfuje na porovnani vazebnych moéda latky AT-9010, inhibitoru
RdRp orthoflavivirQ, s riznymi virovymi MTazovymi doménami. Tato latka, respektive
jeji prolécivo AT-752 je povazovano za 1ék proti uréitym flavivirim®®*. N4a§ vyzkum
odhaluje kli¢ové podobnosti a rozdily ve vazbé AT-9010 s MTazami z vird Zika

a Ntaya.

AT-9010 se vaze do GTP vazebného mista MTéazovych domén, coz bylo ocekavang,
jelikoz se jednd o GTP analog, konkrétné 2 -methyl-2"-fluoro guanosin trifosfat. V nasi
praci byly popsany interakce mezi guaninovym kruhem AT-9010 a jednotlivymi
aminokyselinovymi zbytky MTéz. Byly pozorovany jisté rozdily ve vazebném moédu
pro Ntayu a Ziku. Naptiklad u Ntaya MTézy tvoii Leul6 a Leul9 vodikové vazby
s guaninovym kruhem AT-9010, zatimco u Ziky byla pozorovana jesté dal§i vazba
s aminokyselinovym  zbytkem  Asnl7. Rozdil vtvorbé vodikové vazby
aminokyselinového zbytku Lys13 miizeme pficitat odliSné konformaci tohoto lysinu.
V piipadé Ziky je amino skupina vzdilena 4,5 A daleko od 3’-hydroxylové skupiny
ribdzy, coz znemoziuje tvorbu vodikové vazby. Tyto nepatrné rozdily zduraziuji

variabilitu ve struktufe MTaz riznych flavivirg.

Byly rovnéZ pozorovany rozdily ve trifosfatové casti molekuly AT-9010. Ve struktuie
se Zikou nebyla pozorovana elektronovd hustota v misté y-fosfatu, coz ukazuje na
vysokou flexibilitu této ¢asti. Vyznamnou roli ve vazbé trifosfatu hraje
aminokyselinovy zbytek 28. Zatimco v pfipad€ Ziky je na této pozici lysin a tvofi
vodikovou vazbu s a-fosfatem, u Ntayi se na tomto misté vyskytuje arginin, ktery tuto

vodikovou vazbu netvori.

Z celkového porovnani vazebnych moda AT-9010 s naSimi dvéma MTézami a jesté
s jiz difve publikovanou strukturou Dengue® Ize shrnout, Ze i pres n&kolik rozdild je
vazba této latky dostatecné konzervovana. To ze strukturniho hlediska podporuje pouZiti
AT-9010 jako Sirokospektralniho antivirotika. Strukturni analyza dale naznacuje, ze
flexibilita trifosfatové Casti nemd zasadni vliv na celkovou vazbu této latky. Drobné

strukturni rozdily, které by mohly ovlivnit afinitu vazby, oteviraji cestu k dal§im
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optimalizacim AT-9010 a podobnych slou€enin s cilem zlepSit jejich Gcinnost proti

SirSimu spektru flavivird.
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5.3 A helquat-like compound as a potent inhibitor of flaviviral and

coronaviral polymerases

Nedavna pandemie COVID-19 zplisobena virem SARS-CoV-2 ukézala pravy
potencial +RNA vira®!'%7. Od propuknuti pandemie se aktivné vyvijeji inhibitory proti
riznym koronavirovym enzymum, jako je RdRp, protedza 3CLpro, helikdza, endo-

a exonukledza & MTaza %108 111

. Na prvni dva zminéné enzymy jiz dokonce byly
nalezeny inhibitory, které byly ndsledné schvaleny jako 1éCiva, konkrétn¢ remdesivir
a molnupiravir cilici na RdRp a nirmatrelvir (prodavany v kombinaci s latkou ritonavir

pod nazvem Paxlovid) inhibujici 3CLpro proteazu®®*>1%4,

Cilem vsak je vyvinout slouc¢eninu u¢innou proti vice virim ¢i dokonce rodinam
virt.. Jednim takovym piikladem je jiz vySe zminény remdesivir, ktery byl pivodné
objeven proti respira¢nimu syncytidlnimu viru a nasledné vyvinut k boji proti epidemii
Eboly v roce 2014 a znovu pouzit proti SARS-CoV-2°°. Nedavno bylo prokazano, Ze je

rovnéZ schopen inhibovat flavivirové RdRp!'*.

Vna$i studii byla pfedstavena latka PR673, ktera, jak bylo experimentdlné
prokéazano, inhibuje RdRp, a to jak u SARS-CoV-2, tak u flavivirt.

Nase experimenty ukazaly, ze ndmi predstavend latka oznacovand PR673 funguje
jako pseudo-obligatni terminator syntézy RNA a dokdze tedy zastavit jeho syntézu.
Na rozdil od inhibitorGi ptsobicich jako obligatni terminatory syntézy RNA, které se
zaCleni do RNA azabraiiuji tak zaclenéni dalSiho nukleosidu, jako je tfeba
remdesivir'®, nedochdzi k zaClenéni této slouceniny. Je mozné, ¢ PR673 soutézi
o jedno z vazebnych mist RNA. Timto mistem mize byt misto pro vstup ¢i vystup
RNA. Tyto oblasti jsou relativné konzervované u virovych RdRp. Nelze rovnéz vyloucit
moznost, ze PR673 je alostericky inhibitor. Tato hypotéza ovSem neni pfilis
pravdépodobnd, jelikoZz byla prokdzana jeho aktivita na relativné odliSnych RdRp,
jejichz alosterickd mista nejsou konzervovana. V kazdém ptipad¢ sloucenina PR673
ukazuje, Ze vyvoj nenukleosidovych antivirotik aktivnich proti Sirokému spektru virt je

mozny.
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5.4 Non-nucleotide RNA-dependent RNA polymerase inhibitor that
blocks SARS-CoV-2 replication

Tato studie byla zamétena na slouceninu HeE1-2Tyr, kterd byla jiz diive pfedstavena
v praci Tarantina a kol.!®® jakozto nenukleosidového inhibitoru RdRp SARS-CoV-2
ajeji dva derivaty. Jak jiz bylo prokdzano v pifipadé Ilécby HIV, kombinace
nukleosidovych a nenukleosidovych inhibitorti reverzni transkriptdzy muze vést
k efektivni 16¢bé& i tak vazného onemocnéni''?. Podobné tomu bylo i v ptipadé 1é¢by
hepatitidy B a C, kde inhibitory cili primarné na polymerazu!'3. Neni tedy ptekvapivé,
ze jednim z hlavnich cilti vyvoje inhibitorti proti SARS-CoV-2 je RdRp, jelikoz hraje
zasadni roli v replikaci virové RNA. Byly provedeny testy inhibicni aktivity téchto latek
na jiz zminénou polymerazu in vitro a ty byly doplnény o testy na cytotoxicitu

a antivirovou aktivitu v tkanovych systémech.

V na$i praci jsme UspéSné ukazali, ze nové nenukleosidové inhibitory HeE1-2Tyr
a jeho derivaty 17 a 18 vykazuji vyznamnou antivirovou aktivitu proti SARS-CoV-2,
coz ptedstavuje slibnou alternativu k souasnym nukleosidovym analoglim, jako je
remdesivir. Zpusob syntézy téchto inhibitorti, ktery zahrnoval modifikovany pfistup
k zavedeni substituenti namisto 8-OH v benzothiazolopyridinovém jadru, umoznil
optimalizovat fyzikalné-chemické vlastnosti sloucenin. Byly tak vytvofeny ucinné
inhibitory RdRp, které funguji na jiném principu nez remdesivir. Tyto latky
pravdépodobné funguji jako kompetitivni inhibitory tim, Ze interaguji s tunelem pro
vstup RNA. Rozdilny mechanismus ptisobeni je velmi dilezity, protoze nabizi potencial
pro kombinovanou terapii, coz by mohlo pfinést synergicky efekt a sniZit

pravdépodobnost vzniku rezistence vici léCiviim.

Nase in vitro vysledky ukézaly, ze HeE1-2Tyr (16) a slou¢enina 17 u€inn¢ inhibovaly
aktivitu RdRp a replikaci viru v testech na SARS-CoV-2 1 na koronaviru kocek (FIPV).
Hodnoty IC50 ziskané pro HeE1-2Tyr a 17 byly srovnatelné s remdesivirem v buiikach
Vero a Caco-2, i kdyz strméjsi kfivka inhibice ristu u remdesiviru naznacuje, ze ma
remdesivir prudSi zavislost na dévce. Vysoky index selektivity a nizkd cytotoxicita
naSich sloucenin ukazuje na jejich potencial jako bezpecnych a Ucinnych antivirotik.
Latka 18 byla méné uGcinna v testech in vifro a ukazala se neaktivni pii stanoveni

aktivity proti viru SARS-CoV-2 ve tkanovych kulturach. Tato neaktivita by mohla byt
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zpusobena Spatnym bunéénym piijmem nebo metabolickou nestabilitou zpiisobenou

degradaci latek bunénymi katabolickymi enzymy.

Ptestoze bude nutnd dalsi optimalizace ke klinickému vyuziti slouceniny HeE1-2Tyr
a 17, jednd se o jeden zmala nenukleosidovych inhibitord replikace koronavirt,
konkrétné jejich RdRp. Tyto slouceniny predstavuji vyznamny krok na cesté k vyvoji

novych terapeutik zamétenych na virovou RdRp.
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6 ZAVER
Vyzkum v rdmci této disertacni prace poskytl cenné informace ohledné strukturni

a funk¢ni podobnosti mezi MTéazami nebo RdRp z riznych flavivira.

Srovnani enzymatickych center potvrdilo, Ze tato rodina viri ma aktivni mista
konzervovana jak u MTaz, tak u RdRp. Toto zjisténi jen potvrzuje, Ze snahy o nalezeni
inhibitoru nebo inhibitorii, které budou aktivni proti celé rodin¢ virt a piipadné i proti

vSem +RNA virtim, jsou velmi slibné.

Nase vysledky ukazuji, Ze je pii vyvoji Sirokospektralnich inhibitort dilezité zvolit
spravny cil, jak bylo ukézano v piipad¢ N kapsy v doméné RdRp. Ta zaujima u rtiznych
flavivirt rizny objem, coz muize zpusobit rozdily v ucinnosti latek navrzenych pravé na

tuto kapsu.

Strukturni studie tykajici se interakci AT-9010 s flavivirovymi MTéazami se
zaméfovala na vyuziti této latky jakozto Sirokospektralniho antivirotika. Byl pfedstaven
konzervovany vazebny moéd napfi¢ riznymi flavivirovymi MTazami, ktery podtrhuje
potencial AT-9010 jako slibného kandidita pro budouci vyvoj antivirové terapie

zamétené na MTéazové a RARp domény u orthoflaviviri.

Dalsi ztestovanych latek byla HeEl-2Tyr a jeji dva derivaty. Testovana byla
tentokrat inhibi¢ni aktivita in vitro a v bunikach. Tato latka rovnéz inhibuje RdRp, a to
jak u SARS-CoV-2, tak i u koci¢iho koronaviru FIPV. To opét potvrzuje dillezitost

snahy o vytvofeni latky aktivni proti vice rodinam virg.

Posledni ndmi testovanou latkou byla PR673, u které bylo prokézano, Ze inhibuje
RdRp jak u flavivir, tak u koronavirt. Touto latkou jsme se opét pfiblizili cili pro
nalezeni latek proti riznym virim. V tomto piipad¢ je velkym vzorem latka remdesivir,
ktera jiz byla schvalena jako 1éCivo. Tato latka byla také nejprve vyvinuta proti
respiranimu  syncytidlnimu viru, pozd€ji pouzita v boji proti Ebole a nyni byly

prokazany jeji u€inky na flavivirovou i koronavirovou RdRp.

Jak latka PR673, tak HeE1-2Tyr a jeji derivaty jsou nenukleosidové inhibitory a je
tedy mozna jejich kombinace s nukleosidovym inhibitorem, jako jiz bylo diive ukdzano
naptiklad pti 1écbé HIV. Tato kombinace miize vést k vyssi efektivité samotné 1écby

a vyvoj takovych latek pouzitelnych v boji proti virim je tedy dulezity.
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7 SEZNAM ZKRATEK

ATP

C protein
CC50
DENV
dsRNA
E protein
EC50
ER

FDA

FIPV

GMP
GTP
HCoV

HIV

IC50
JEV
M protein

MERS

mRNA

MTaza

adenosintrifosfat, z angl. adenosine triphosphate

kapsidovy protein, z angl. capsid protein

50% cytotoxicka koncentrace, z angl. cytotoxic concentration 50
Dengue virus

dvojvlaknova RNA, z angl. double-stranded RNA

obalovy protein, z angl. enveloped protein

50% ucinna koncentrace, z angl. effective concentration 50
endoplazmatické retikulum

Utad pro kontrolu potravin a 1é¢iv, zangl. Food and Drug

Administration

virus infekéni peritonitidy u kocek, zangl. feline infectious

peritonitis virus)

guanosinmonofosfat

guanosintrifosfat, z angl. guanosine triphosphate
lidsky koronavirus, z angl. human coronavirus

lidsky  virus 1imunitni nedostateCnosti, zangl. human

immunodeficiency virus

50% inhibicni koncentrace, z angl. inhibition concentration 50
virus japonské encefalitidy, z angl. japanese encephalitis virus
membranovy protein

blizkovychodni respiraéni syndrom, zangl. Middle East

respiratory syndrome
mediatorova RNA

methyltransferaza
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N protein nukleokapsidovy protein

NendoU nidovirova uridylyl-specifickd  endoribonukleaza, z angl.

nidoviral uridylate-specific endoribonuclease
NS nestrukturni protein (u flavivirt)

NSPI1-16 nestrukturni protein 1-16, z angl. non-structural protein 1-16

(u koronavirt)

NTAV Ntaya virus

NTP nukleosidtrifosfat, z angl. nucleoside triphosphate

ORF otevieny ¢teci ramec, z angl. open reading frame

PEDV virus praseciho epidemického prijmu, z angl. porcine epidemic

diarrhea virus

prtM prekurzor membrany

RdRp RNA-dependentni RNA polymeraza

RNA ribonukleova kyselina, z angl. ribonucleic acid

+RNA RNA s pozitivni polaritou

-RNA RNA s negativni polaritou

RTPéaza RNA trifosfatdza, z angl. RNA triphosphatase

S protein spike protein

SAH S-adenosyl-L-homocystein

SAM S-adenosyl-L-methionin

SARS-CoV tézky akutni respiracni syndrom zplsobeny koronavirem, z angl.

severe acute respiratory syndrome coronavirus

SARS-CoV-2 tézky akutni respirani syndrom zpiisobeny koronavirem 2,

z angl. severe acute respiratory syndrome coronavirus 2

sgRNA subgenomickd RNA
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ssRNA

SLA

TBEV

TRS

UTP

UTR

WNV

YFV

ZIKV

jednovlaknova RNA, z angl, single-stranded RNA

vlasenka se smyckou A, z angl. stem loop A

virus klistové encefalitidy, z angl. tick-borne encephalitis virus
transkripcné regulacni sekvence

uridintrifosfat, z angl. uridine triphosphate

nepiekladand oblast, z angl. untranslated region

zépadonilsky virus, z angl. West Nile virus

virus zluté zimnice, z angl. yellow fever virus

Zika virus
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SUMMARY

Flaviviruses are single-stranded positive-sense RNA (+RNA) viruses that are responsible for several (re)
emerging diseases such as yellow, dengue, or West Nile fevers. The Zika epidemic highlighted their danger-
ousness when a relatively benign virus known since the 1950s tumed into a deadly pathogen. The central
protein for their replication is NS5 (non-structural protein 5), which is composed of the N-terminal methyl-
transferase (MTase) domain and the C-terminal RNA-dependent RNA-polymerase (RdRp) domain. It is
responsible for both RNA replication and installation of the 5' RNA cap. We structurally and biochemically
analyzed the Ntaya virus MTase and RdRp domains and we compared their properties to other flaviviral
NS5s. The enzymatic centers are well conserved across Flaviviridae, suggesting that the development of
drugs targeting all flaviviruses is feasible. However, the enzymatic activities of the isolated proteins were

significantly different for the MTase domains.

INTRODUCTION

Single-stranded positive-sense RNA (+BNA) viruses are respon-
sible for most of the recent virus outbreaks, local epidemics, and
most importantly, the COVID-19 pandemic. Flaviviridae are one
of the +RNA virus families that contain relatively benign or animal
pathogens as well as dangerous human pathogens. This family
consists of four genera: flavivirus, hepacivirus, pegivirus, and
pestivirus." Flaviviruses contain most human pathogens within
this family. Yellow fever, caused by the yellow fever virus (YFV)
was considered the worst disease of the 19™ century and was
only contained after a vaccine was developed in the 1930s”
Recently, we have witnessed outbreaks of other flaviviruses,
most importantly the mosquito-borne West Nile virus (WNV),”
dengue virus (DENV),” and Zika virus (ZIKV)® in the Americas
and the tick-borne encephalitis virus (TBEV) in Europe and
ASia_Bj

Ntaya virus (NTAV) was first isolated from mosquitos in
Uganda in 1951.% However, the exact mosquito species that
serves as a vector is unknown although the genus Culex is the
most probable.” Together with several other flaviviruses, it com-
prises the Ntaya virus group, which used to have four other viral
species besides NTAV: Bagaza virus (BAGYV), Israel turkey
meningoencephalitis virus (ITV), llheus virus (ILHV), and Tem-
busu virus (TMUV)."® However, recently it was shown that

m
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BAGV and ITV are actually the same virus."" Antibodies against
Ntaya virus have been discovered in a variety of migratory
birds’® and domestic mammals, such as sheep, cattle, goats,
and pigs. ” In birds, the virus is neurotropic and causes hemor-
rhages in the brain and other organs.'* Antibodies against Ntaya
virus have also been discovered in humans from West, Central,
and East African regions and the virus is suspected to cause
an illness that manifests itself with fever and headache. '
Ntaya virus and other flaviviruses encode several non-struc-
tural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
that ensure their replication in infected cells.”® Some of them
are enzymes; for example, NS2B-NS3 is a protease, NS3 func-
tions also as a helicase, and the NS5 protein bears the most cru-
tial enzymatic activity for an RNA virus—the RNA-dependent
RNA-polymerase (RdRp). In addition, the NS5 protein has an
N-terminal methyltransferase (MTase) domain that is responsible
for RNA cap formation, a process necessary for efficient viral
RNA (vRNA) translation and immune evasion.””'” There are
more than 50 species within the genus flavivirus, of which
more than 40 are human pathogens.”**” However, only a hand-
ful of crystal structures of the RdRp domain are available from
the most medically important flaviviruses including Zika, dengue,
West Nile, Japanese encephalitis, and yellow fever viruses.” **
The structure of the first flavivirus RdRp (dengue) complexed
with RNA was recently solved using cryoelectron microscopy

ust 8, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1099
C BY license (http://creativecommons.org/licenses/by/4.0/).
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(cryo-EM),”® whereas a crystal structure of the related hepacivi-
rus HCV RdRp in complex with RNA has been available for
almost a decade.”” The MTase domains are more explored,
and crystal structures of MTases from less-known flavivirus
suchas the Langat or Usutu viruses are available.”**° We aimed
to better understand the NS5 protein function. We chose the
Ntaya virus NS5 protein for analysis and solved the crystal struc-
tures of the RdRp and MTase domains. We also performed a
structural and functional comparison of flaviviral RdRps and
MTases, which revealed their common features and surprising
differences in the enzymatic activities of the MTase domains.

RESULTS

Crystal structure of Ntaya RdRp

We aimed to solve the crystal structure of the Ntaya polymerase
to gain more insights into the replication of flaviviruses. Eventu-
ally we obtained crystals that belonged to the monoclinic P2,
space group and diffracted to 2.8 A resolution. The structure
was solved by molecular replacement and revealed a fold
resembling a cupped human right hand with fingers, palm, and
thumb, which is typical for viral polymerases (Figure 1). It isa pre-
dominantly «-helical fold composed of twenty-seven helices
(helices #10-236 and helices «1-a29 of the NS5 protein are
located in the N-terminal MTase domain) with five small
B-sheets. Interestingly, all eleven p-strands (10-p20) forming
these B-sheets are oriented in an antiparallel manner (Figure 1D).
The flaviviral RdRp domain also contains two zinc fingers that are
important for the overall fold stability;”* one is located in the vi-
cinity of helices 210, «14, 16, and z22 and is formed by two
cysteine residues (Cys449 and Cys452), one histidine (His444),
and one glutamate (Glu440) residues (CyszHisGlu, Figure 1C).
This is somewhat different from the canonical Cys.His, zinc
finger that is widespread in DNA binding motifs.”® However,
Glu440 is absolutely conserved among flaviviral RdRps (Fig-
ure S1). The second zinc finger is localized above the 18-519
sheet and between helices «33 and «35 and it is formed by
cysteine residues Cys733 and CysB52 and histidine residues
His717 and His719 (Cys;His.-type, Figure 1C). The conserved
motifs A-G that bear most of the catalytically important residues
are arranged along the template entry channel (F and G), the
active site (A, B, D, and E), and the dsRNA exit channel (C), as
expected based on their conserved functions: (1) template bind-
ing (B and C), (2) incoming nuclectide binding and its stabilization
in a proper conformation (E, F, and G), (3) priming (D), and (4) the
formation of the phosphodiester bond (A).

The overall fold of the Ntaya RdRp domain is in good agree-
ment with previously described flaviviral RdRps (Figures 2A
and S2). The most similar seems to be the RdRp from the Zika
virus (RMSD of superposed structures = 0.866, AD,.. =
1.27 A) while the most different one (RMSD of superposed struc-
tures = 1.708, AD,,., = 343 f\) was the one from the West Nile
virus (Figure 2A). Most of the structural differences are in the con-
formations of loops, among them the priming loop is the most
important for the enzymatic function—flaviviral RdRps belong
to the primer-independent polymerases. The closed conforma-
tion of flaviviral RdRp allows only for the entry of ssRNA and
the initiation of RNA synthesis is by the de novo mechanism
where the priming loop partially fulfills the function of the primer.

1100 Structure 32, 1089-1109, August 8, 2024

Structure

We examined the conformation of the Ntaya priming loop in
detail and compared it to ZIKV and WNV priming loops
(Figures 2B and 2C). While the beginning and end of these prim-
ing loops (Trp792 and GluB12) are always in the same conforma-
tion, the rest significantly differs. The ZIKV priming loop is virtu-
ally in the same conformation as that of Ntaya, with the only
difference being a different rotamer of Trp800, a residue impor-
tant for the stabilization of the initiation complex.®’ In contrast, in
the case of WNV, Trp800 is displaced. Actually, the overall
conformation of WNV priming loop is different; another signifi-
cantly displaced residue is the His803 residue (Figure 2C), which
could play a role in stabilizing the initiation complex via a stack-
ing interaction with the base of a priming NTP."" Interestingly, the
position of Trp808 is absolutely conserved among all analyzed
flaviviral polymerases (Figures 2 and S2) suggesting that this res-
idue is important for the function of the priming loop.

Recently a novel, druggable pocket was discovered within the
flavivirus RdRp in the vicinity of its active site located at the inter-
face of the thumb and palm subdomains and was termed the N
pocket.””* Importantly, it was shown, using the dengue virus,
that compounds targeting the N pocket are effective inhibitors
of dengue virus replication, and based on conservation of
several residues in WNV and JEV, it was suggested that this
pocket could be utilized to target multiple flaviviruses.*=*

We compared the N pockets of Ntaya RdRp against those of
Zika and dengue (Figures 2D-2H). We employed the tool
CavitOmiX (Innophore GmbH) to visualize and measure these
N pockets. Remarkably, we observed significant variations in
both the overall volume and the shape of these pockets. The N
pocket of Ntaya was the largest, reaching ~350 A%, whereas
the Zika N pocked was notably smaller, with a volume of
~190 A%, and the dengue N pocked was in between, with a vol-
ume of ~300 A2. These large discrepancies in sizes also explain
their different shapes. Giventhat the N pocket of Ntaya is almost
twice as large as that of Zika, maintaining a similar shape be-
tween them would be difficult.

Ntaya MTase crystal structure

While RdRps are well-established drug targets, MTases have
only recently attracted significant scientific attention as prom-
ising targets for several viral families, including coronaviruses,
flaviviruses, and poxviruses.””* Therefore, we aimed to solve
the crystal structure of the MTase domain of NS5. We supple-
mented the protein with the pan-MTase inhibitor sinefungin
and obtained well-diffracting crystals with a resolution of 2.3 A
(Table S1). The structure was solved by molecular replacement
(detailed in the STAR Methods section) and revealed the overall
fold of the Ntaya MTase which was in good agreement with pre-
viously solved structures of flaviviral MTases.*™** It is a mixed
o~ fold (Figure 3B) that resembles a sandwich, where a central
B-sheet is surrounded by «-helices (Figure 3). The central
B-sheet is composed of seven B-strands (B4, B3, B2, B5, B6,
B8, and B7 as viewed from the S-adenosyl-methionine [SAM]
binding pocket) and, together with B1 and B9, form B-sheets
that resemble the letter J (Figure 3C). These J p-sheets are
well conserved among analyzed flaviviral MTases (Figure 3C).
A three-helix bundle (x1, #2, and =8) contacts and stabilizes
the loop connecting §7 and B8 strands, and a four-helix bundle
(=6, o5, o4, and =3) together with a small p1 and B9 sheet is
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Figure 1. Crystal structure of the Ntaya RdRp domain

(A) Schematic representation of the NS5 protein which is composed of the MTase and RdRp domains. Palm, thumb, and finger subdomains and motifs A-G

are shown.

{B) Overall structure of Ntaya RdRp, template entry, dsRNA channels and motifs A-G are highlighted.
(C) The three subdomains are depicted in different colors: fingers (green), palm (cyan), thumb (pink), and the priming loop (red). Two zinc-binding fingers are

zoomed.
(D) Topelogical representation of the secondary structure of the Ntaya RdRp.
(B) Secondary structure elements are labeled.

located above the central sheet, while helices «7 and 9 are
located below.

Sinefungin binding mode
The electron density for sinefungin was clearly visible upon mo-
lecular replacement (Figure 3A). Sinefungin was located in the

SAM binding pocket, which is defined by four B-strands (B4,
B3, B2, and f5) and three helices («3, =4, and «5). The sinefungin
molecule is bound to the SAM binding pocket mainly through
hydrogen bonds. The 2' hydroxyl of the ribose ring forms a
hydrogen bond with the side chain of Glu111. The adenosine
ring forms hydrogen bonds to the backbones of Lys105 and
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Figure 2. Structural alignment of flaviviral RdRp domains
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(A) The overall structural alignment of Ntaya (cyan), Zika (dark green, PDB: 5M22), and West Nile (magenta, PDB: 2HFZ) RdRps.
(B and C) Structural superposition of NTAV (cyan) and ZIKV (dark green) or WNV (magenta) priming loops. The key residue Trp800 (Trp797 in case of ZIKV), which

is involved in the stabilization of the priming nuclectide, is indicated.

(D-F) A detailed view of Ntaya (cyan), Zika (green), or dengue (red) N-pockets. Key residues are shown.
(G and H) Comparison of size and shape of N-pockets of (G) Ntaya (cyan, 349 A%) and Zika (green, 186 A), and (H) dengue (red, 303 A%).

Val132 and its 6-amino group interacts with the side chain of
Asp131. The amino acid moiety of sinefungin is coordinated by
hydrogen bonds to Trp87, Asp1486, Ser56, and Gly86 (Figure 3D).
Superposition of Ntaya and Zika virus MTases revealed that the
catalytic tetrad KDKE (residues Lys61, Asp146, Lys182, and
Glu218) isin the same conformation (Figure 3D), which is not sur-
prising given the absolute conservation of these residues for all
the analyzed flaviviral MTases (Figure S1).

GTP binding mode
The NS5 protein, specifically its MTase domain, is also an RNA
guanylyltransferase,”” and thus its MTase domain has a GTP

1102 Structure 32, 1099-1109, August 8, 2024

binding site.”” We were interested in the GTP binding mode
and aimed to solve a crystal structure with GTP bound. To begin,
crystals of Ntaya MTase were prepared without the presence
of sinefungin, resulting in the presence of S-adenosyl-
homocysteine (SAH) from bacteria bound in the SAM binding
pocket of the recombinant protein. Subsequently, the crystals
were soaked overnight with GTP and magnesium as described
in the STAR Methods section. These soaked crystals diffracted
at a resolution of 2 A, revealing clear electron density for both li-
gands (Figure S3A), with each ligand localized at its respective
site (Figure 4A). The GTP molecule formed hydrogen bonds
with key residues within the GTP/cap-binding pocket. The 2'
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(A) Overall fold of the Ntaya MTase domain with sinefungin bound. An Fo-Fc omit map contoured at 2« is shown around the sinefungin.

(B) Topelogical representation of the Ntaya MTase secondary structure.

(C) Structural superposition of Ntaya (cyan), Zika (dark green, PDB: 5SMRK), and West-Nile (magenta, PDB: 4R8S) MTase domains, the i-sheets are highlighted.
(D) Structural comparison of the SAM binding pockets. Hydrogen bonds between sinefungin and key residues are shown, with their distances available in

Table S2. The residues of the catalytic tetrad are highlighted by ocrange arrows.

hydroxyl group of the ribose ring of GTP interacts with the side
chains of GIn17 and Lys13. Actually, Lys13 forms hydrogen
bonds with both the 2 and 3' hydroxyl groups. Also, the main
chains of Ser151 and Pro152 are involved in hydrogen bonding
with the 3' hydroxyl group. The 2-amino group of the guanine
ring forms hydrogen bond with the backbones of Leul6,
GIn17, and Leu19. The phosphate groups are stabilized by
hydrogen bonds to Arg28, Arg213, and Ser215 (Figure 4B). The
magnesium atom was clearly visible and was coordinated by
six oxygen atoms—three from the phosphate groups of GTP
(one oxygen from each phosphate group) and three water mole-
cules (Figure S3B). In fact, this octahedral coordination is used
to distinguish magnesium from water.”” However, a structural
comparison with the crystal structure of Zika MTase bound to
GTP revealed a different conformation of the triphosphates (Fig-
ure 4C). This is most likely caused by the lack of magnesium in
the crystal structure of the Zika MTase/GTP complex in the study

of Zhang et al.*® Magnesium is present in the cytoplasm where
the flaviviruses replicate; therefore, we believe our structure rep-
resents the physiological state. We also observed the SAH mole-
cule, and its binding mode was the same as the binding mode of
sinefungin with the obvious exception that SAH does not have an
amine group that could hydrogen bond with Asp146 (Figure 4D).

RdRps enzymatic activities

We were also interested in the functional comparison of RdRps
from various flaviviruses. We chose the NTAV, JEV, WNV, YF,
and ZIKV RdRp domains of NS5 proteins for this comparison.
We used a classical primer extension assay, where one primer
was fluorescently labeled, and we monitored the progress of
the reaction using denaturing PAGE (Figure 5). Consistent with
the high structural homology of their active sites, the activity of
these enzymes was similar. The most active enzyme was from
ZIKV, but all the RdRps exhibited fair activity (Figure 5).
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Figure 4. Crystal structure of the Ntaya MTase domain in complex with GTP and SAH
(&) S8AH and GTP bound to the Ntaya MTase domain. The surface is colored according to the electrostatic potential and SAH and SAM are shown in stick

representation.

(B) A detailed view of GTP bound to key residues of the GTP/cap-binding pocket. Selected hydrogen bonds between GTP and the key residues are depicted and

labeled.

(C) Structural alignment of GTP/cap-binding pocket of Ntaya (cyan) and Zika (dark green, PDB: 5GOZ) with GTP bound.

(D) A detailed view of SAH bound to key residues of the SAM binding pocket.

Furthermore, consistently with our previous work,”* " the Ntaya
RdRp could be inhibited by nucleoside and non-nucleoside in-
hibitors (Figure S4).

To further validate our structural findings, we selected several
residues (Lys404, Arg484, Asp536, and Trp540) located near the
active site for mutational analysis. Lys404 and Arg484 are pre-
dicted to play crucial roles in RNA binding, while Asp536 is impli-
cated in metal coordination. In contrast, Trp540 was selected as
negative control due to the general importance of tryptophan
residues in protein stability and function, despite our structure
not indicating any particular importance for Trp540 (Figure 6A).
As expected, mutations of Lys404, Arg484, and Asp536 to
alanine completely abolished the enzymatic activity of Ntaya
RdRp, while mutation of Trp540 to alanine only moderately
reduced its enzymatic activity (Figure 6).
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MTase enzymatic activities

We also aimed to compare enzymatic activities of the recombi-
nant Ntaya MTase domain to those of better characterized flavi-
viruses (DENV3, WNV, ZIKV, TBEV, JEV, and YFV). We prepared
all these domains as recombinant proteins and measured their
2'-0-BNA MTase activity using ~100 bp of their respective
m7GpppA capped genomic RNA and SAM as substrates. For
each methylated RNA molecule, one SAH molecule is produced
and this SAH was quantified using mass spectroscopy. Surpris-
ingly, we observed large differences among the various MTases.
The most active was the Zika virus MTase, which converted 76%
of substrate SAM to the product SAH in 85 min. NTAV, DENV,
WNV, TBEV, and JEV MTases showed 47% + 3%, 45% =+ 3%,
22% = 2%, 9% = 1%, and 9% = 1% of ZIKV MTase activity,
respectively. Surprisingly, the activity of the YFV MTase was
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Figure 5. Analysis of polymerase activity of various flaviviral RdRps using a primer extension assay
(A) RNA oligonuclecotides used in this study. The fluorescent label (Cy5) at the 5 end of one of the oligonuclectides is highlighted in red. The arrow indicates the

direction of the primer extension.

(B) Incorporation of individual mixes of nucleotides in the RNA polymerase assay. The reaction contained 30 nM NS5 protein, 10 nM oligonucleotide duplex and
was initiated by the addition of 10uM NTPs. All reactions were stopped at the given timepoint and resolved on 20% denaturing PAGE gel.
(C) Graphical representation of RdRps activity (%) plotted against time (min). Error bars represent the standard deviation from three independent measurements.

almost at the detection limit and almost inactive—only 3% + 1%
of ZIKV MTase activity (Figure 7A).

Based on our structure, we selected several residues (Asp131,
Val132, and Lys182) for mutational analysis. Both Asp131 and
Val132 form the SAM binding pocket and are conserved;
Asp131 is absolutely conserved, while Val132 is, in some in-
stances, replaced with the very similar isoleucine residue (Fig-
ure S1). However, our structure predicts that only mutation of
Asp131 to alanine would be detrimental because this residue
forms ahydrogen bond with the adenine base of SAH (Figure 7B).
Indeed, the Asp131Ala mutation proved to be detrimental for the

enzyme, while the Val132Ala mutation only lowered the activity
by about ~50% (Figure 7C), probably because the SAM binding
pocket became suboptimal but remained functional. As a con-
trol, we also selected Lys182, an absolutely conserved amino
acid residue that is a part of the catalytic tetrad.” As expected,
this mutation was detrimental to the Ntaya MTase (Figure 7C).

DISCUSSION

Ntaya virus is primarily a zoonotic virus that is sometimes trans-
mitted to humans and causes fever and headache.'” It was
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discovered in the early fifties and is not considered too
dangerous. In this respect, it resembles the Zika virus before
the Zika epidemic that started in Brazl in 2015.>" Together
with other recent outbreaks of +RNA zoonotic viruses (SARS,
Middle East respiratory syndrome [MERS], Tick-borne encepha-
litis virus [TBEV], and severe acute respiratory syndrome corona-
virus 2 [SARS-CoV-2]) and old foes such as YFV and WNV, there
is a strong case advocating for considerable better understand-
ing of +RNA viruses. In this study, we characterized the key pro-
tein responsible for RNA replication, NS5, of the Ntaya virus.

Our structural analysis revealed some differences in the con-
formations of several important regions such as the priming
loop in the RdRp (Figure 2} or different conformations of
Glu111 in the SAM binding pocket (Figure 3D). Glu111 forms a
hydrogen bond with the 2" hydroxyl group of the ribose ring in
most of the structures of flaviviral MTases,”* but its ability to
adopt a non-bonding conformation could help explain the mech-
anism of SAH leaving the active site because structurally, SAH
and SAM are bound in the same way.'"**°* Although there
are differences among them, our structural comparison with pre-
viously available structures shows that the active sites inthese +
RNA viruses are conserved, indicating that there is significant
evolutionary pressure to maintain these functional regions. This
observation is encouraging because it suggests that a therapeu-
tic compound active against one flaviviral enzyme should also be
effective against all members of the flavivirus family. However,
the N pocket, previously suggested as a potential binding site
for pan-flaviviral inhibitors®** and shown to be druggable, is
actually not conserved among medically important flaviviruses
(Figure 2). Consequently, inhibitors targeting this pocket would
be effective against a specific subgroup of flaviviruses but not
all of them.

Nevertheless, designing pan-flaviviral inhibitors appears
feasible. Many (non-)nucleoside inhibitors were described for
the dengue RdRp™® " that have potential to be developed
into broad-spectrum antivirals. Moreover, we have recently
measured the activity of remdesivir triphosphate in vitro against
various flaviviral polymerases, and it was very similar, ranging
from 0.3 to 2.1 uM.*® Similar results were obtained for another
more unusual inhibitor, PR673.7° These results correspond to
our enzymatic analysis of recombinant flaviviral RdRps (Figure 5).
The most active enzyme (ZIKV) was about 4 x more active than
the least active one (YFV). A different situation was observed
among the MTase domains. Again, the MTase from ZIKV was
the most active, but this time, more than an order of magnitude
(30x actually) than the least active enzyme, which was again
from YFV (Figure 7). These results are difficult to explain from
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the structural point of view. In any case, the RdRp has to synthe-
size the whole genome which is about 10 000-11 000 catalytic
steps. At the same time, the MTase domain must perform one
guanylyl transfer reaction, one N7 and one 2'-O methylation re-
actions. There might not be any evolutionary pressure for speed
in the case of MTase domains explaining the differences we
observe; a slow MTase domain could be just as good as a
fast one.

Concluding remarks

RNA viruses, particularly +RNA viruses, pose a significant threat
to humanity. To develop effective treatments against future epi-
demics, a thorough molecular understanding of these viruses is
essential. Our study highlights the structural conservation of the
enzymatic centers of both flaviviral RdRps and MTases, which
offers promising opportunities for designing antivirals effective
against all flaviviruses. Notably, although the enzymatic proper-
ties of recombinant MTases were very diverse, all of the recom-
binant RdRps exhibited similar behavior.
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GTP Thermo Fisher Scientific RO461
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2'-C-methylated nucleotide (Hercik et al., 2017)™ N/A
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Critical commercial assays

Phusion Site/Dorected Mutagenesis Kit Thermo Fisher Scientific F541

TranscriptAid T7 High Yield Transcription Kit Thermo Fisher Scientific K0441

Deposited data

Mtase + sinefungin This paper PDB: 8QDJ

Mtase + sinefungin This paper PDB: 8BXK

Mtase + SAH + GTP This paper PDB: 8CQH

RdRp This paper PDB: 7ZIU

Oligonucleotides

DENV3 CAGTAATACGACTCACTATAGtgtt This paper N/A

agtctacgtggaccgacaagaacagtttcgacteg

gaagctigettaacgtagtgetgacagttttttattag

agagcagatctctga

NTAY CAGTAATACGACTCACTATAGaagttcatctg This paper N/A

tgtgaacttcgtgattgacagctcaacacgagtgegggeaacc

gtaaacacagtttgaacgttttttggagagagactact

TBEV CAGTAATACGACTCAGCTATAG This paper N/A

attttcttgcacgtocgtgegtttgctteggacageattage

agcggttggtttgaaagaaatattcttttgtttitaccagtcgtga

acgtgttgagaaaaagacagcttaggagaacaagagetgggg

ZIKV CAGTAATACGACTCACTATAG This paper N/A

ttgttgatctgigtgagtcagactgegacagttcga
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gittaattiggatttggaaacgagagtttctggte

WNV CAGTAATACGACTCACTATAGtagttcg This paper N/A

cctgtgtgagctgacaaacttagtagigttigtgaggattaa

caacaattaacacagtgcgagctgtttcttggeacgaagateteg

JEV CAGTAATACGACTCACTATAGaagtttatctgtgtg This paper N/A

aacttcttggettagtategtigagaagaatcgagagattagtgea

gtttaaacagttttttagaacggaagataacc

YFV CAGTAATACGACTCACTATAG This paper N/A

taaatcetgtgtgetaattgaggtgeattggtetgea

aatcgagttgctaggcaataaacacatttggattaat

tttaatcgttcgttgagegattagecagagaactgaccagaac

Recombinant DNA

plasmid pET28bRdRp WT This paper N/A

plasmid pET28bRdRp Lys404Ala This paper N/A

plasmid pET28bRdRp Arg484Ala This paper N/A

plasmid pET28bRdRp Asp536Ala This paper N/A
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plasmid pET28bRdRp Trp540Ala This paper N/A

plasmid pSUMO-Mtase WT This paper N/A

plasmid pSUMO-Mtase Asp131Ala This paper N/A

plasmid pSUMO-Mtase Val132Ala This paper N/A

plasmid pSUMO-Mtase Lys182Ala This paper N/A

Software and algorithms

XDS (Kabsch et al., 2010)™ https://xds.mr.mpg.de/

Phenix v1.20.1-4487 (Liebschner et al., 2019)°° https://phenix-online.org/

Coot v0.9.8.7 (Emsley et al., 2010)°" https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

Grade2 v1.3.1 Global Phasing Ltd. https://grade.globalphasing.org/
cgi-bin/grade2_server.cgi

PyMol v2.0 Schrodinger, LLC https://pymol.org/

Prism 7.05 GraphPad Software https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Evzen
Boura (boura@uochb.cas.cz).

Materials availability
All unique/stable reagents generated in this study will be made available on request, but we may require a payment and/or a
completed materials transfer agreement if there is potential for commercial application.

Data and code availability
The structural data (atomic coordinates and structural factors) have been deposited in the Protein Data Bank (https://www.rcsb.org)
and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains
All proteins used for biochemical studies were recombinantly expressed in Escherichia coli BL21 DE3 RIL strain (Agilent, 230245).

METHOD DETAILS

Protein expression and purification

An artificial gene encoding the Ntaya NS5 protein (GeneBank: KF917539.1) was obtained from the European Virus Archive goes
Global (EVAg). The sequence encoding the RdRp domain was cloned into pET28b vector using Gibson assembly. The resulting pro-
teins contained an N-terminal 6 x His-tag followed by TEV cleavage site. The sequence encoding the MTase domain was cloned into
a home-made pSUMO vector™ using restriction cloning (BamHI and Xhol sites). The resulting protein contained an N-terminal 8x-
His-SUMO tag. All mutants were prepared using Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific) and the sequence
was verified by DNA sequencing.

All proteins were expressed and purified using our standard protocols for viral enzymes in E. coli.®*” In brief, the genes were ex-
pressed in E.coli strain BL21-CodonPlus (DE3) RIL in LB medium supplemented with 50 uM ZnSQO,4 and 1 mM MgCl,. The bacteria
were harvested by centrifugation, resuspended and sonicated in lysis buffer (50 mM Tris-HCI pH 8.0, 20 mM imidazole, 500 mM NaCl,
10% (v/v) glycerol, 3 mM B-mercaptoethanol). After lysis, the supernatant was immobilized on Ni-NTA agarose beads (Machery-
Nagel), washed with lysis buffer supplemented with 1M NaCl and the protein was eluted using lysis buffer supplemented with
300 mM imidazole.

For all the RdRps, the 6x His-tag was digested using TEV protease at 4°C overnight and the RdRps were further purified by affinity
chromatography using HiTrap Heparin HP, HiTrap Q HP or Hi Trap SP HP columns (Cytiva). This was followed by size exclusion chro-
matography using Superdex 200 16/600 (GE Life Sciences) in 20 mM CHES pH 9.5, 800 mM NaCl, 10% (v/v) glycerol, 0.02% NaN;.
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For the MTases, after elution from the Ni-NTA agarose beads, the proteins were supplemented with yeast sumo-protease Ulp1 and
dialyzed against the lysis buffer overnight. The 8x-His-SUMO tag was removed by Ni-NTA agarose beads and the proteins were
further purified by size exclusion chromatography using Superdex 75 16/600 (GE Life Sciences) in 25 mM HEPES pH 7.5,
500 mM NaCl, 5% glycerol and 1 mM TCEP. Finally, the pure proteins were concentrated to 4 mg/ml (RdRps) or 10 mg/ml (MTases)
and stored at -80°C until needed.

Crystallization and crystallographic analysis

Crystals of Ntaya RdRp and MTase in complex with SAH grew in 7 days at 18°C in sitting drops consisting of 1:1 mixture (200 nl each)
of the protein and the well solution (0.1 M Trizma/Bicine pH 8.5, 0.02M monosacharides, 10% (w/v) PEG4000, 20% (v/v) glycerol).
GTP soaking was carried overnight in the presence of 1 mM Mg?*, the GTP concentration was 10 mM. The Ntaya MTase crystals in
complex with sinefungin grew in two weeks in sitting drops prepared using the same procedure, but the well solution was 4.0 M so-
dium formate. These crystals did not require cryo-protection and were flash frozen in liquid nitrogen. During revisions of our study, we
also prepared new crystals of Ntaya MTase in complex with SAH. These grew in three days at 18°C in sitting drops consisting of 1:1
mixture (200 nl each) of the protein and the well solution (0.2 M MgCl,, 0.1 M Bis-Tris pH 5.5, 25 % (w/v) PEG 3350). Before harvesting
the crystals were cryo-protected in well solution supplemented with 20% (v/v) glycerol and flash frozen in liquid nitrogen. These crys-
tals diffracted to 1.8 A and belonged to the P12;1 spacegroup.

The MTase datasets were collected using our home-source (rotating anode, Rigaku micromax-007 HF) while the RdRp dataset
was collected at BESSY Il electron storage ring operated by the Helmoltz-Zentrum Berlin (HZB).”” The data was integrated and
scaled using XDS.® The structures of the NTAV MTase and NTAV RdRp were solved by molecular replacement using the structures
of Zika MTase (pdb entry SMRK)™* and Yellow fever virus polymerase NS5A (pdb entry 8QSN),” respectively, as search models. The
initial models were obtained with Phaser’’ from the Phenix package.®® The models were further improved using automatic model
refinement with Phenix.refine’” followed by manual model building with Coot.”” Statistics for data collection and processing, struc-
ture solution and refinement are summarized in Table S1. Structural figures were generated with the PyMOL Molecular Graphics Sys-
tem v2.0 (Schrédinger, LLC). The atomic coordinates and structural factors were deposited in the Protein Data Bank (https://www.
rcsb.org).

Primer extension polymerase activity assay

The polymerase activity of the NS5 RdRp domain and its mutants was determined in a primer extension reaction using a fluorescently
labeled primer (Cy5 5'-AGAACCUGUUGAACAAAAGC-3") and a template (5-AUUAUUAGCUGCUUUUGU-3'). The reaction was
performed in a reaction mix containing 30 nM NS5 protein, 10 nM template/primer complex, 10 uM NTPs in the reaction buffer
(5mM Tris-HCI pH 7.4, 10mM DTT, 0.5% Triton X-100, 1% glycerol, 3mM MnCl,) in a total volume of 20 ul. The data were quantified
using ImageJ (NIH) and fitted to sigmoidal dose-response curves using GraphPad Prism (Dotmatics).

RNA preparation

The DNA templates (Table S3) for each flaviviral RNA were used for in vitro transcription in the presence of m7GpppA cap using the
TranscriptAid T7 High Yield Transcription Kit (ThermoFisher Scientific). The obtained m7Gp3A capped RNAs were purified using RNA
Clean and Concentrator (Zymo Research) and frozen in - 20°C until needed.

MTase activity assay

The methyltransferase activity was measured using the MTase domains of NS5 proteins from NTAV and its mutants, DENV3, WNV,
ZIKV, TBEV, JEV and YFV. m7Gp3A capped RNA of the appropriate sequence for each virus (Table S3) was used as a substrate for
the MTase assay. The reaction mixture contained 4 uM SAM and 4 pM m7Gp3A capped RNA in the reaction buffer (5mM Tris pH 8.0,
1 mM TCEP, 0.1 mg/ml BSA, 0.005% Triton X-100, 1 mM MgCl,) and was started by the addition of the MTase to final concentration
0.5 uM in total volume 6 pl. The reaction mixture was incubated at 25°C for 0 — 100 min and analyzed using an Echo system coupled
with a Sciex 6500 triple-quadrupole mass spectrometer operating with an electrospray ionization source. The rate of MTase activity
was measured as the amount of the product of the reaction, SAH. The spectrometer was run in the multiple-reaction-monitoring
(MRM) mode with the interface heated to 350°C. The declustering potential was 20V, the entrance potential was 10V, and the colli-
sion energy 28 eV. 10 nl of each sample was injected into the mobile phase (flow rate of 0.40 ml/min; 100% methanol). The charac-
teristic product ion of SAH (m/z 385.1 > 134.1) was used for guantification.

QUANTIFICATION AND STATISTICAL ANALYSIS
Crystallographic data collection and processing

Statistics for crystallographic data collection and processing, structure solution and refinement were calculated with the phenix.
table_one tool from the Phenix package v1.20.1-4487.°" These statistics are summarized in Table S1.
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Abstract

AT-9010 (2'-methyl-2'-fluoro guanosine triphosphate) is a GTP analog that is, or more precisely
its prodrug AT-752, considered in human medicine as a drug against certain flaviviruses. It was
believed to act as an obligatory chain terminator, thereby inhibiting viral replication. However,
recently it was discovered that it also binds the GTP binding site of the methyltransferase (MTase)
domain of the orthoflavivirus polymerase, thus mterfering with proper RNA capping. Here, we
mvestigated the bindng of AT-9010 to Ntaya and Zika methyltransferases (MTases). Our
structural analysis revealed conserved mteractions between AT-9010's base and sugar with key
residues in both MTases, though differences in hydrogen bonding were observed. Our analysis
also suggested that the triphosphate part of AT-9010 is flexible. Despite these variations, the
overall bmding mode of AT-9010 remained well conserved across the analyzed flaviviral MTases

providing structural basis of AT-9010's efficacy against multiple orthoflavivirus MTases.
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Introduction

The family Flaviviridae contains four genera [1]. Among them, the NS5 protein of the genus
Orthoflavivirus (previously genus Flavivirus) is composed of two domains: the N-terminal
methyltransferase (MTase domain) and the C-terminal RdRp domain. The RdRp is a well-
described and established antiviral target [2-5]. Several compounds targeting orthoflaviviral
RdRps have been described [6-8], including many nucleotide triphosphate analogs such as
remdesivir triphosphate and AT-9010 [9-11]. Its active site is homologous to HCV, which explains
why most compounds are active against RdRps from the entire Flaviviridae family (HCV also

belongs to the family Flaviviridae but to the genus Hepacivirus).

The orthoflaviviral MTase domain has several enzymatic functions, it binds GTP and acts as a
guanylyltransferase and also has two MTase activities: N7 and 2'-O [12] suggesting an important

role in viral replication and implicating the MTase domain as an target for antivirals [13, 14].

The development of inhibitors against viral MTases started more than a decade ago [15, 16].
However, MTases, like other viral enzymes, became the focus of scientific scrutiny particularly
during the COVID-19 pandemic, when the MTases from SARS-CoV-2 were characterized and
specific inhibitors for these enzymes were developed [17-22]. Interestingly, during the same
period, MTases from other unrelated viruses, including the Mpox virus, were also characterized,
and their inhibitors were developed [23-25]. MTases from the most medically important
flaviviruses had already been characterized before the COVID-19 pandemic [3, 4, 26]. Later,
during and after the pandemic, crystal structures of flaviviral MTases from lesser-known

flaviviruses such as the Usutu, Langat, and Ntaya viruses also became available [27-29].

Most of the MTase inhibitors target the SAM or RNA binding site, with the exception of AT-9010,
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which is a fluorinated analog of GTP (2'-methyl-2'-fluoro guanosine triphosphate). The presence
of the fluorine atom, instead of a 2’ hydroxyl group, m the ribose ring nevitably leads to the
termination of RNA replication when a non-proofreading RNA-dependent RNA polymerase
(RdRp) uses it instead of the GTP molecule. Notably, most viral RdRps lack proofreading activity
with the exception of Nidovirales where the replication complex includes an exonuclease which

enables proofreading [30].

However, as a triphosphate, AT-9010 cannot cross the plasma membrane. To overcome this
limitation, prodrugs have been designed: AT-752 and AT-281. Both these prodrugs have low
cytotoxicity and are converted to the active triphosphate form within cells through a series of
enzymatic reactions [31]. AT-282 and AT-752 were effective against flaviviruses in cell culture
[32]. AT-752 also exhibited promising results when tested in the hamster model of yellow fever
[33] and was shown to be non-toxic in humans [34]. Due to its chemical structure, it was believed
that the sole target is the RdRp. However, it was recently shown that AT-9010 also binds the GTP
binding site of the methyltransferase (MTase) domain of the flaviviral RARp polymerase NS5 [32].
In this study, we decided to analyze the binding mode of AT-9010 with other flaviviral MTases.
We chose the Zika and Ntaya MTase domains, solved their crystal structures in complex with AT-

9010, and compared the binding modes to that of AT-9010 with the Dengue MTase.

Materials and Methods

Protein expression and purification - Zika and Ntaya MTase domains were cloned mto home-
made pSUMO vector [35], so that the recombinant protein contained an N-terminal 8x-His-SUMO
solubilisation/purification tag. Proteins were expressed and purified as described before [29, 36].

Briefly, the genes for Ntaya and Zika MTase were expressed in E.coli BL.21-CodonPlus (DE3)
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RIL in LB medium. The harvested bacteria were resuspended in lysis buffer containing 50 mM
Tris pH 8.0, 500 mM NaClL, 20 mM imidazole, 10% (v/v) glycerol, and 3mM B-mercaptoethanol.
The supernatant was then immobilized on Ni-NTA agarose beads (Machery-Nagel) and eluted
using lysis buffer supplemented with 300 mM imidazole. Subsequently, the 8x-His-SUMO tag
was cleaved by the Ulpl protease at 4°C overnight while dialyzing agamnst the lysis buffer. The
8x-His-SUMO tag and any traces of uncleaved protein were separated using Ni-NTA agarose
beads. Subsequently, the proteins were purified by size exclusion chromatography (SEC) using
Superdex 75 16/600 (GE Life Sciences) mnning in SEC buffer (25 mM HEPES pH 7.5, 500 mM
NaCl, 5% (v/v) glycerol, and 1mM TCEP). Finally, the proteins were concentrated to 10 mg/ml

and used for crystallization trials or stored in -80°C until needed.

Crystallization and crystallographic analysis. - Crystals of Ntaya and Zika MTase domains grew
m 4 days at 18°C in sitting drops. The proteins were mixed 1:1 with the well solution. The
composition of well solution for Ntaya was 0.2M Sodium acetate trihydrate, 0.1M Sodum HEPES
pH 7.5, 25% (w/v) PEG 3350 and for Zika 0.2 M MgCL, 0.1 M HEPES pH 7.5, 25% (w/v) PEG

3350.

Crystals of MTases were then soaked with 10 mM compound AT-9010 overnight in presence of 1
mM Mg”*. The soaked crystals were then cryo-protected in well solution supplemented with 20%
(v/v) glycerol and flash frozen in liquid nitrogen. The crystals of both Zika and Ntaya MTase

domains belonged to the P2, spacegroup and diffracted to 2 A and 1.8 A respectively.

The datasets were collected at our home-source (rotating anode, Rigaku micromax-007 HF). The
data was integrated and scaled using XDS [37]. The structures were solved using molecular

replacement using the structure of Ntaya MTase (pdb entry: 8QDI)[29] and Zika MTase (PDB
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entry SMRK)[36]. The mitial models were obtained with Phaser from the Phenix package [38].
The models were further improved using automatic model refinement with Phenix.refine followed
by manual model building with Coot [39]. Statistics for data collection and processing, structure
solution and refinement are summarized in Table 1. Structural figures were generated with the
PyMOL Molecular Graphics System v2.0 (Schrodinger, LLC). The atomic coordinates and

structural factors were deposited in the Protein Data Bank (https://www.rcsb.org).

Results and Discussion

We prepared crystals of Ntaya and Zika MTases as previously described [29, 36], and soaked them
overnight with 10 mM AT-9010. The structures were solved by molecular replacement and the
electron density for both expected ligands, AT-9010 and SAH, was clearly visible. The AT-9010
molecule was in both cases located in the GTP binding site, as expected. However, the electron
density was better defined for the AT-9010 molecule that was bound to the Ntaya MTase (Figure
1). In fact, in case of the Zika-bound AT-9010 we did not observe any density corresponding to
the AT-9010's y-phosphate and therefore we did not model it. This observation suggests that the
y-phosphate is highly flexible in this case. However, in a previous structural analysis of Zika

MTase in complex with GTP, all three phosphates were visible [40].

Both crystal structures had high resolution (2 A and 1.8 A) that allowed us to model the ligand
precisely and to describe the binding of AT-9010 to both MTase domains in atomic details (Figure
2). The AT9 molecule forms hydrogen bonds with key residues at the GTP binding sites of both
Ntaya and Zika, however we noted some differences. In Ntaya MTase, the amino group of the
guanine ring forms hydrogen bonds with the main chains of Leul6 and Leul9 (Figure 2A), while

i Zika MTase, there is an additional interaction with the main chain of residue Asnl7 (Figure
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2B). The 3’-hydroxyl group of the modified ribose ring mteracts with mam chams of Serl151 and
Pro152 and side chain of Lys13 in the Ntaya MTase. However, Lys13 adopts a slightly different
conformation in the Zika MTase, positioning its amino group 4.5 A away from the 3 -hydroxyl
group of the sugar, thereby not allowing for the formation of a hydrogen bond. In addition, Zika
has a serine residue at position 152 (Figure 2D) which does not form a hydrogen bond with the
sugar ring whereas the Prol152 in Ntaya does. As stated above, in the Ntaya MTase structure bound
with AT9, all three phosphate groups are present, whereas in the Zika MTase structure the y-
phosphate group was not modeled as we did not observe any electron density for it. We suspected
that the electrostatic interactions might be responsible. However, our analysis revealed that in both

cases the phosphates are located in a highly positively charged canyon (Figure 3).

Next, we compared binding of AT-9010 in Ntaya and Zika MTases and compared it to the binding
of GTP (Figure 4A, B). We observed that the positions of the base, sugar, and a-phosphate are
more or less conserved. While the B- and y-phosphates are flexible. Comparison of AT-9010
binding mode in Ntaya, Zika and Dengue MTases also revealed conserved position of the sugar
and base (Figure 4C, D). Taken together, we observed that the binding mode of AT-9010 is
conserved in flaviviral MTases especially for the base and sugar. However, differences do exist,
as documented by the comparison of the Zika and Ntaya structures where the sugar part of AT-
9010 form significantly more hydrogen bonds with Ntaya MTase as compared to Zika. In each
case, structural comparisons revealed flexibility in the triphosphate portion of the AT-9010
molecule. One contributing factor is residue 28, which may be either lysine or argmine. Zika has
a lysine at this position, forming a hydrogen bond with the o-phosphate, whereas Ntaya's Arg28
does not. However, the AT-9010 binding mode is sufficiently conserved, thereby providing a

structural basis for the function of AT-9010 against multiple orthoflavivirus MTases.
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Figure 1. Crystal structure of Ntaya and Zika MTase domains in complex with AT 9010 and SAH.
A) Overall structure of the Ntaya MTase domain with bound AT-9010 and SAH is shown. The Fo-Fc omit
electron density maps contoured at 3¢ are displayed for the AT-9010 and SAH molecules. B) Overall
structure of the Zika MTase domain with bound AT-9010 and SAH is shown. The Fo-Fc omit electron
density map is contoured at 3¢ for the SAH molecule and at 2 for the AT-9010.
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Figure 2: Binding of AT-9010 to the Ntaya and Zika MTase domains. A) A detailed view of residues of
the GTP binding site of the Ntaya MT ase domain that interact with AT-9010. Hydrogen bonds are depicted,
and key residues are labeled. B) A detailed view of AT-9010 bound to residues of the GTP binding site of
the Zika MTase domain that interact with AT-9010. Hydrogen bonds are depicted, and key residues are
labeled. C) Structural alignment of the AT-9010 binding sites of Ntaya (cyan) and Zika (green). The
phosphors of AT-9010 in Ntaya structure are colored orange, and those in Zika are colored green. Key
residues are labeled. D) Primary sequence alignment of selected flaviviral MTase domains. Conserved
residues are highlighted in red. The alignment was generated using the ESPript 3.0 online program
(https://espript.ibcp. fi/ESPript/ESPript/).

84



ks T/ec

Figure 3: Electrostatic potential visualization of Ntaya and Zika MTase domains in complex with AT-9010
and SAH. A/B) The surface of Ntaya (panel A) and Zika (panel B) MTase domains is colored according to
the electrostatic potential from red (negative charge) to blue (positive charge). AT-9010 and SAH are shown
in stick representation and labeled. The putative RN A binding site is highlighted.
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DENV AT49010

Figure 4: Structural comparison of selected flaviviral MTase domains bound to AT-9010 or GTP. A)
Structural alignment of the Ntaya MTase domain bound to AT-9010 (cyan) and GTP (palecyan, PDB ID:
8CQH). The phosphors of AT-9010 are colored orange, and those of GTP are colored palecyan. B)
Structural alignment of the Zika MTase domain bound to AT-9010 (green) and GTP (palegreen, PDB ID:
5GOZ). The phosphors of AT-9010 are colored orange, and those of GTP are colored palegreen C)
Structural comparison of Ntaya (cyan) and Dengue (gray, PDB ID: 8BCR) MTase domains bound to AT-
9010. The phosphors of AT-9010 interacting with Ntaya MTase are colored orange, and those interacting
with Dengue MTase are colored grey. D) Structural comparison of Zika (green) and Dengue (gray, PDB
ID: 8BCR) MTase domains bound to AT-9010. The phosphors of AT-9010 in Zika MTase structure are

colored orange, and those in the Dengue are colored grey.
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Crystal

Zika
MTase+AT9010

Ntaya MTase+AT9010

PDB accession code

8PEM

Data coll

ection and processing

Space group

P24

P21

Cell dimensions - a, b, ¢ (A)

39.56, 41.02, 69.03

38.33, 71.58, 50.33

Cell dimensions - a, B, y (°)

90.00, 96.25, 90.00

90, 92.64, 90

Resolution range (A)

28.38 — 2 (2.074—

35.79 -174(1.81 -

2.002) 1.74)
No. of unique reflections 14679 (1430) 49191 (5018)
Completeness (%) 97.20(94.75) 95.24 (87.59)
Multiplicity 3.2(3.2) 1.8 (1.8)
Mean I/o(l) 4.90 (1.24) 6.87 (1.32)
CCir 0.975 (0.385) 0.991 (0.443)
cc* 0.994 (0.746) 0.998 (0.784)

Structure solution and refinement

R-work (%)

22.82 (30.60)

17.28 (26.16)

(%)

R-free (%) 26.21 (32.47) 20.03 (27.35)
R.m.s.d. - bonds (A) / angles (°) 0.003 / 0.69 0.006/ 0.86
Average B factors (A?) 21.65 18.64
protein 21.39 17.02
ligand 36.96 2479
solvent 21.58 27.44
Clashscore 2.5 3.08
Ramachandran favored/outliers 98.05/0 98.85/0

Table 1. Data-collection and processing statistics. Values in parentheses are for the highest resolution

shell.
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Abstract: Positive-sense single-stranded RNA (+RNA) viruses have proven to be important pathogens
that are able to threaten and deeply damage modern societies, as illustrated by the ongoing COVID-19
pandemic. Therefore, compounds active against most or many +RNA viruses are urgently needed.
Here, we present PR673, a helquat-like compound that is able to inhibit the replication of SARS-CoV-2
and tick-borne encephalitis virus in cell culture. Using in vitro polymerase assays, we demonstrate
that PR673 inhibits RN A synthesis by viral RN A-dependent RNA polymerases (RdRps). Our results
illustrate that the development of broad-spectrum non-nucleoside inhibitors of RdRps is feasible.

Keywords: helquat-like compound; RNA-dependent RNA-polymerase; SARS-CoV-2; Flaviruses;
antiviral agents

1. Introduction

Flaviviruses (family Flaviviridae) and coronaviruses (family Coronaviridae) both belong
among single-stranded positive-sense RNA (+RNA) viruses. Members of these viral fami-
lies include important human pathogens, such as the yellow fever virus (YFV), Zika virus
(ZIKV), tick-borne encephalitis virus (TBEV), West Nile virus (WNV), Middle East respira-
tory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome coronavirus
(SARS-CoV), OC43 coronavirus (OC43-CoV) and the severe acute respiratory syndrome
coronavirus 2 (SARS5-CoV-2) [1-4]. Unfortunately, both families have proved that they hold
pandemic potential, as demonstrated recently by the ZIKV, MERS-CoV and SARS-CoV
outbreaks [5-8]. Nonetheless, the ZIKV, MERS-CoV and SARS-CoV viruses were contained.
It was the SARS-CoV-2 that revealed the full potential of +RNA viruses to cause harm to
humans. According to the WHO (https://covid19.who.int/, accessed on 20 February 2022),
the COVID-19 pandemic has already claimed 6 million lives worldwide at the beginning of
March 2022.

Small molecule-based antiviral treatments are urgently needed. The first FDA-approved
small molecule to be used against COVID-19 was remdesivir [9], and recently orally avail-
able drugs molnupiravir and Paxlovid were approved in several countries as well. Molnupi-
ravir targets the RNA-dependent RNA polymerase (RdRp), a key enzyme in the replication
of RNA viruses [10]. The primary target of Paxlovid is the SARS-CoV-2 main protease,
which is involved in the processing of the coronaviral polyprotein [11]. Importantly, new
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SARS-CoV-2 variants, such as omicron, that partially escape vaccine-induced immunity are
sensitive to these compounds [12]. In addition, other coronaviral enzymes, including exonu-
clease, endonuclease, helicase and methyltransferase, have recently been biochemically and
structurally described [13-17], and their inhibitors have been reported [18-21]; however,
none of these compounds have been developed enough to enter clinical trials. Furthermore,
often, the simultaneous administration of several compounds is necessary to efficiently
combat a virus and to prevent the development of escape mutants, as illustrated by the
highly efficient highly active antiretroviral therapy (HAART) against the HIV virus [22].

Here, we present compound PR673 bearing a rather unusual helquat-like chemical
structure (Figure 1A) that was discovered while screening against the SARS-CoV-2 virus,
but is actually more active against flaviviruses. We use in vitro polymerase assays to show
that this compound interferes with RNA syntheses performed by the viral RdRps.
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Figure 1. Inhibitory activity of PR673 against SARS-CoV-2. (A) The chemical structure of PR673.
(B) Left panels: dependence of viability of VERO-E6, Calu-3 and Caco-2 cells on PR673 concentration;
right panels: dependence of inhibition of SARS-CoV-2 in VERO-E6, Calu-3 and Caco-2 cells on PR673
concentration. (C) Comparison of PR673 and remdesivir in SARS-CoV-2 yield reduction assay. The
VERO-E6 cells were incubated with PR673, remdesivir and a mock followed by SARS-CoV-2 infection
at MOI 0.04 for 3 days, and the virus yield was determined by plaque assay in VERO-ES6 cells.

2. Results
2.1. Identification of PR673

We screened the IOCB library [23] using a phenotypic assay against SARS-CoV-2.
Briefly, the IOCB-library compounds were screened at a 64 pM concentration in triplicates
in VERO-E6 cells against SARS-CoV-2, and the inhibition of the virus-induced cytopathic
effect (CPE) was monitored. We identified an interesting helquat-like compound (PR673)
(Figure 1A) that inhibited the replication of the virus in VERO-E6 cells. This activity was
further verified in VERO-E6 and Caco-2 cells using SARS-CoV-2 nucleoprotein expression
detected by the immunofluorescence assay (IFA) (Figure 1B, Supplementary Figure S1),
which we could also confirm using the protection of cells from the virus-induced cytopathic
effect (CPE) in Calu-3 cells (Figure 1B). PR673 inhibited SARS-CoV-2 with an EC5 value of
29 uM in VERO-EG6 cells (Figure 1B) and yielded a 58% reduction in viral plaques at 50 uM
(Figure 1C), while exhibiting no cell toxicity in Vero E6 cells (Figure 1B). The compound
effectively inhibited virus-induced CPE in Calu-3 cells and virus replication in Caco-2 cells,
with ECsp values of 18 uM and 17 uM, respectively. We observed mild cytotoxicity at the
highest used concentration for Caco-2 and Calu-3 cell lines, but the CCsy of PR673 for both

92



Molecules 2022, 27, 1894

30f10

cell lines was above 50 uM (Figure 1B). Nonetheless, it must be noted that PR673 was much
less active than the COVID-19 drug remdesivir (Figure 1C).

2.2. PR673 Inhibits the Coronaviral RdRp

We next aimed to discover the molecular target of this compound. Based on the
chemical structure, we speculated that the RdRp is the target of PR673. The SARS-CoV-2
RdRp is a heterotrimeric protein complex composed of nsp7, nsp8 and nsp12. We prepared
this RdRp recombinantly, as reported before [21], and measured the inhibitory activity of
PR673. Indeed, it targeted the SARS-CoV-2 RdRp: the synthesis of RNA was totally blocked
at a PR673 concentration above 12.5 uM (Figure 2, SARS-CoV-2 panel).
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Figure 2. Analysis of PR673 inhibitory activity against various RdRps using a primer extension assay.
(A) The RNA primer and RINA templates used in this assay. The RNA primer contains a fluorescent
label at the 5" end (Cy5 or Hex for flaviviral RARp, or SARS-CoV-2 RdRp, respectively). The arrow
indicates the direction of primer extension. (B) Serial dilutions of PR673 (in uM), as indicated on the
top of the gel, and a constant concentration of the polymerase (20 nM) and template /primer (10 nM)
were used in the assay. The reactions were initiated by adding 10 pM NTPs. The reactions continued
at 33 °C for 1 h; then, the reactions were stopped by the addition of stop buffer, and the products
were separated on denaturing polyacrylamide gels. (C) The percentages of inhibition (against control)
in panel B were plotted against the logarithm of concentrations of PR673; the results were fitted to
sigmoidal dose-response curves.
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2.3. PR673 Inhibitory Activity against Flaviviral RARps

Further, we sought to decipher whether PR673 inhibited other viral RdRps. We chose
several members of the Flaviviridae family, namely the Japanese encephalitis virus (JEV),
Ntaya virus (NTAV), tick-borne encephalitis virus (TBEV), yellow fever virus (YFV) and
Zika virus (ZIKV), and we prepared their polymerases recombinantly. In each case, we
observed a strong inhibition of RNA synthesis in low micromolar concentrations of PR673
(Figures 2 and 3).
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Figure 3. Measurement of the ICg values of PR673. The ICs; values were established for each
tested polymerase with PR673 using radioactively labeled elongation products. (A) The RNA hairpin
used in this assay. The arrow indicates the direction of primer extension. (B) The percentages of
inhibition (against control) were plotted against the logarithm of concentrations of PR673, and the
results were fitted to sigmoidal dose-response curves. Error bars represent the standard error of three
independent measurements. (C) The table of IC5j values. The ICs5) values were extrapolated from
LogICs according to the GraphPad algorithm.

We then established ICs; values for each of the aforementioned RdRp enzymes using
a radioactive assay because it is more sensitive and accurate than alternative methods. The
reaction mixture contained the viral RdRp, the hairpin-containing RNA as the template
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and radioactively labeled ATP ([«-32P]-ATP). Our results showed that PR673 inhibits all
of the tested polymerases, with ICsp values ranging from 3.0 £ 0.1 uM to 4.9 = 0.5 uM
(Figure 4). The yellow fever virus RdRp was inhibited the most and the Zika RdRp the
least; however, the observed differences were rather low.

100 & £ ¥ 100 {—.—I—I—I—I—I
T 751 ] = = g 75 ﬁ - PR673
> c | ECe=0.11£002 M
£ 50 £ 50
v ] +- PR673 = & 7-deaza-2'-CMA
£ 25 3 £ 259 i i
& 7-deaza-2-CMA £ _/ ECsy=0.43 £ 0.06 pM
0 T T 1 U-—# T T T 1
6 5 4 - 8 7 6 5 -4
257 Log [c] M ) Log [c] M

Figure 4. Cytotoxicity and anti-TBEV activity of PR673 in PS cells. (A) Cytotoxicity of PR673 for PS
cells expressed as percentage of cell viability at the indicated drug concentrations. The cells were
seeded in 96-well plates for 24 h, then treated with the compounds and incubated for 48 h. Cell
viabilities were measured by Cell Counting Kit-8. (B) Anti-TBEV activity of PR673 in PS cells. The cell
monolayers were treated with the compounds (0 to 50 pM) and infected simultaneously with TBEV
(Hypr) at MOI of 0.1. The infected cells were then incubated for 48 h, after which, cell media were
collected and viral titers determined using a plaque assay. The obtained titers were used to construct
dose-dependent inhibition curves (as indicated) and to calculate ECsj values. 7-deaza-2'-CMA (in
the same concentration range) was used as a positive control.

2.4. PR673 Inhibits Replication of the TBEV in Cell Culture

Since we observed a strong inhibition of all tested flaviviral RdRps in vitro, we de-
cided to test whether PR673 could inhibit a flavivirus in cell culture. We used the TBEV
(strain Hypr) for which we have well established assays [24,25]. We first tested the cyto-
toxicity of PR673 in porcine kidney stable cells (PS cells) that are widely used for TBEV
multiplication, anti-TBEV assays and TBEV-based plaque assays [26]. We also used 7-deaza-
2'-C-methyladenosine (7-deaza-2’-CMA) as a positive control because this compound is
a well-established inhibitor of the TBEV RdRp [25]. The cytotoxicity was evaluated in a
concentration range of 0 to 50 uM; both compounds appeared as non-cytotoxic for PS cells
up to 50 uM when incubated with the cells for 48 h. Similarly to 7-deaza-2'-CMA, the CCs
values of PR673 were estimated to be >50 uM (Figure 4A).

Next, we tested the anti-TBEV activity of PR673 in PS cells and compared its anti-TBEV
activity with that of 7-deaza-2'-CMA. PR673 exerted a dose-dependent anti-TBEV effect,
with an ECsp value of 0.11 uM. The complete inhibition of TBEV replication was observed at
a compound concentration of 0.4 uM. The anti-TBEV activity of PR673 was almost four-fold
higher in comparison to 7-deaza-2’-CMA (Figure 4B).

3. Discussion

More small molecules active against SARS-CoV-2 are needed. Two compounds target-
ing the RARp (remdesivir and molnupiravir) and the 3C-like protease inhibitor nirmatrelvir
(sold under the name Paxlovid) are already available as human medicines. In addition,
inhibitors of other coronaviral enzymes, such as the helicase [27,28], endo- and exonucle-
ase [29,30] or the methyltransferases [18,19,31], have been actively developed. However,
the goal is to develop compounds that would be active against multiple viruses or even
multiple viral families. These so-called broad-spectrum antivirals could be a powerful
weapon to combat future pandemics. One such example is remdesivir. It was originally dis-
covered by Gilead when screening for compounds active against the respiratory syncytial
virus, and was later both developed to combat the Ebola outbreak in 2014 and repurposed
against SARS-CoV-2 [32-34]. Recently, we showed that it can also effectively inhibit fla-
viviral RdRps [35]. Remdesivir is a nucleotide analog that is metabolized into remdesivir
triphosphate; upon incorporation into RNA, it acts as a delayed chain terminatoz. In fact,
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nucleoside analogs can be divided into three classes: (i) mutagenic nucleosides, such as
ribavirin, that are able to cause mutational catastrophe [36]; (i7) obligate chain terminators
that usually lack the ribosyl C3'-hydroxyl group [37]; and (iii) delayed chain terminators,
such as remdesivir [38]. Our experiments with PR673 demonstrate that it acts as a pseudo-
obligate chain terminator. It can clearly stop the synthesis of RNA in vitro by recombinant
RdRps (Figure 2), which explains its effect on the replication of SARS-CoV-2 and TBEV
(Figures 1 and 4). Howevert, obligate chain terminators are incorporated into RNA, and
their chemical nature prevents the incorporation of another nucleoside [39], which is clearly
not the case for PR673. It could possibly compete for one of the RNA binding sites that
are present and relatively conserved at viral RdRps, such as the entry site or the exit tun-
nel [40-42]. We cannot rule out the possibility that PR673 is an allosteric inhibitor; however,
this is not probable because it is active on relatively distant RdRps, where an allosteric
site is unlikely to be conserved. In any case, PR673 illustrates that the development of
non-nucleoside antivirals active against a broad spectrum of viruses is feasible.

4. Material and Methods
4.1. Anti-SARS-CoV-2 Activity Determination Using Immunofluorescence Assay

Anti-SARS-CoV-2 activity was tested in VERO-E6 (ATCC CRL-1586) and Caco-2 cells
(ATCC HTB-37) using immunofluorescence assay. VERO-E6 cells were seeded one day
before experiment in DMEM medium with 10% FBS, 100 U of penicillin/mL and 100 ug
of streptomycin/mL (all Merck KGaA, Darmstadt, Germany) in 96-well plate. Day af-
ter, two-fold serial dilution of compound was added to the cells in triplicate in complete
DMEM medium with 2% FBS. After one hour, cells were infected with SARS-CoV-2 (hCoV-
19/Czech Republic/NRL_6632_2 /2020, multiplicity of infection MOI = 0.02) and incubated
for 3 days in 5% CO; at 37 "C. After incubation, medium was removed, cells were fixed
using 4% paraformaldehyde (PFA), washed 3x with PBS, permeabilized with 0.2% Triton-
X100 for 5 min at room temperature and incubated for 2 h with anti-SARS-CoV-2 antibody
(mouse monoclonal anti-nucleoprotein IgG, Institute of Molecular Genetics, Czech Repub-
lic). Subsequently, cells were washed 3 x with PBS and incubated for 1.5 h with 1:250 dilu-
tion of Cy3-labeled donkey anti-mouse IgG (Jackson ImmunoResearch, Cambridgeshire)
at RT, and fluorescent foci were visualized using a fluorescence microscope (Olympus
IX 81, Hamburg, Germany). Cellular DNA was labeled with DAPI (4',6-diamidino-2-
phenylindole) (Merck KGaA, Darmstadt, Germany) nucleic acid stain. Cells were incubated
with DAPI (0.1 pg/mL) for 10 min and subsequently washed with 1x PBS. Immunofluo-
rescence assay in Caco-2 cells was performed similarly as above, with following changes.
The MOI of SARS-CoV-2 was 0.002, permeabilization was performed with methanol at
—20 °C for ten minutes and, as a secondary antibody, the 1:200 dilution of FITC-labelled
goat anti-mouse IgG (Jackson ImmunoResearch) was used. The fluorescent images of both
cell lines were analyzed by Image] (NIH) and the compound concentration required to
reduce fluorescence by 50% (ECsp) was calculated using nonlinear regression analysis with
GraphPad Prism software.

4.2. Anti-SARS-CoV-2 Activity Determination Using Cytopathic Effect-Based Assay

For CPE-based assay, two-fold serial dilutions of compounds were added in triplicate
in a 96-well plate with Calu-3 cells (ATCC HTB-55) seeded day before in DMEM medium
with 10% FBS, 100 U of penicillin/mL and 100 ug of streptomycin/mL. After 1 h incubation,
SARS-CoV-2 was added at MOI 0.04. Following a three-day incubation at 37 °C in 5% CO;
the cell viability was evaluated by XTT cell viability assay. Four hours after addition of XTT
solution, the absorbance was measured using EnVision plate reader (PerkinElmer) and the
compound concentrations required to reduce viral cytopathic effect by 50% (ECs) were
calculated using nonlinear regression analysis using GraphPad Prism software.
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4.3. Cytotoxicity Determination in SARS-CoV-2 Assays

Cytotoxicity was evaluated by incubating the same two-fold serial dilutions of com-
pound as in antiviral assays with VERO-E6, Caco-2 and Calu-3 cells. After three days’
incubation at 37 °C in 5% CQOy, the cell viability was determined by addition of 50:1 mixture
of XTT labeling reagent (1 mg,/mL) and PMS electron-coupling reagent (0.383 mg/mL)
(both Merck KGaA, Darmstadt, Germany), and the compound concentrations resulting
in 50% reduction in viability (CCsp) were calculated as above in the antiviral activity
determination using CPE-based assay.

4.4. SARS-CoV-2 Yield Reduction Assay

The VERO-E6 cells were incubated with and without a tested compound (at different
concentrations) for 1 h, followed by SARS-CoV-2 infection at MOI 0.04 for 3 days at 37 °C
in 5% CO,. Virus yield was determined by a plaque assay in a 24-well plate. Briefly, 100 uL
of the supernatant was added to VERO-E6 cell monolayer, incubated for 4 h at 37 °Cin
5% CO; and overlaid with 3% carboxymethyl cellulose. After a 5-day incubation, the cells
were fixed and stained with Naphthalene black and the plaques were counted.

4.5. Anti-TBEV Studies

TBEV strain Hypr, a representative of the European TBEV subtype, was provided
by the Collection of Arboviruses, Institute of Parasitology, Biology Centre of the Czech
Academy of Sciences, Ceske Budejovice, Czech Republic (http:/ /www.arboviruscollection.
cz/index.php?lang=en, accessed on 20 February 2022). Porcine kidney stable (P’S) cells [26]
were cultured in Leibovitz (L-15) medium and supplemented with 3% newborn calf serum,
100 U/mL penicillin, 100 ug /mL streptomycin and 1% glutamine (Sigma-Aldrich KGaA,
Darmstadt, Germany). PS cells were cultivated at 37 °C under a normal atmosphere
(without CO; supplementation).

To determine the cytotoxicity of PR673, I’S cells were seeded in 96-well microtitration
plates (2 x 10* cells per well) and incubated for 24 h at 37 °C. After incubation, PR673 was
added to the cells (0 to 50 uM). 7-deaza-2’-CMA (Carbosynth, Compton, UK) in the same
concentration range was used as a positive control. Then, the treated cells were cultivated
for 48 h at 37 °C. The cytotoxicity measured in terms of cell viability was determined
with Cell Counting Kit-8 (Dojindo Molecular Technologies) according to manufacturer’s
instructions. The respective concentrations of each compound that reduced cell viability by
50% (CCsp values) were determined. The experiment was performed in triplicate.

TBEV titer reduction assays were performed to determine anti-TBEV activity of PR673
in the PS cell culture. The cells were seeded in 96-well plates (2 x 10* cells per well) and
incubated for 24 h at 37 °C to form a confluent monolayer. Subsequently, the cells were
infected with TBEV (multiplication of infection of 0.1), simultaneously treated with PR673
at concentrations of 0 to 50 uM and incubated for 48 h at 37 °C. Following incubation, media
were collected and viral titers determined by plaque assay [25] to construct dose-dependent
inhibition curves and to estimate 50% effective concentration (ECsp) values. Similarly to the
cytotoxicity assays, the experiment was performed in triplicate and the 7-deaza-2-CMA
was used as a positive control.

4.6. Protein Expression and Purification

NS5 proteins and SARS-CoV-2 nsp12, nsp8 and nsp7 were expressed with appropriate
purification and folding tags, as detailed in Supplementary Table S1 and as described
before [21,35,39]. Briefly, all of the proteins were expressed in bacterial cells, except for the
full length nsp12 protein, which was expressed in insect cells. Other genes were expressed
in E. coli (BL-21 CodonPlus (DE3)-RIL). Transformed cells were grown to an optimal ODgqy
in LB medium at 37 °C; then, the protein expression was induced by addition of IPTG to
0.4 mM and the cells were grown at 18 °C for 16 h. The recombinant proteins were purified
using Ni2* affinity chromatography followed by tag cleavage (when appropriate), and
further purified using size exclusion chromatography.
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4.7. Primer Extension Polymerase Activity Assay

The polymerase activity was determined in a primer extension reaction using a fluo-
rescently labeled primer 1 (P1: 5-Cy5-AGAACCUGUUGAACAAAAGC-3') or primer
2 (P2: 5-HEX-AGAACCUGUUUAACAAAAGC-3) and an RNA template 1 (T1: 5'-
AUUAUUAGCUGCUUUUGU-3) or template 2 (T2: 5-AUUAUUAGCUGCUUUUGUUA
AACAGGUUCU-3"). All primers were synthesized by Sigma-Aldrich.

The polymerase activity assay was performed in a total volume of 10 puL of reaction
mixture containing reaction buffer, NTPs, template /primer, the viral polymerase and 0.01U
RNasin (New England BioLabs Int.). The exact composition of each reaction mixture was
optimized for each polymerase, as detailed in Supplementary Table S2. The reactions
were incubated for 1 h at 30 °C for SARS-CoV-2 RdRp or 1 h at 33 °C for flaviviral RdRp,
respectively. After incubation, reactions were stopped by adding 20 uL of stop buffer (80%
formamide, 50 mM EDTA), samples were denatured at 95 °C for 10 min and primer exten-
sion products were separated on a 20% denaturing polyacrylamide gel (8 M urea, 1x TBE,
20% acryl amide (19:1)). After electrophoresis, gels were scanned on Amersham Typhoon 5
Biomolecular Imager (GE Healthcare) and analyzed by ImageQuant TL8.2 (Cytiva).

4.8. In Vitro Determination of ICsp

ICsp values were determined in a similar polymerase activity assay as above but using ra-
dioactive labeling. The assay was performed in a total volume of 20 uL reaction mixture (Sup-
plementary Table S2), but, as template, we used an RNA oligo containing a hairpin 5'-25U-HP-
3'(5'-UUUUUUUUUUUUUUUUUUUUUUUUUAACAGGUUCUAGAACCUGUU-3") and
NTPs were replaced by 0.01 uCi/uL [o-*2P]-ATP. After incubation, 5 pL of reaction mix-
tures was spotted on anion exchange cellulose filter paper (Whatman™ Grade DE81 DEAE
cellulose paper; GE Healthcare) in triplicate. The Whatman filter was then dried, subse-
quently washed by 0.125 mM Na;HPO,, water and ethanol and dried again. Dry filter
paper was then analyzed using phosphorimaging. The plate was scanned on Amersham
Typhoon 5 Biomolecular Imager (GE Healthcare), the products were quantified with Image
Studio Lite (LI-COR) and data were analyzed using GraphPad version 6 (GraphPad Prism
version 6, GraphPad Software, San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: SARS-CoV-2 has caused an extensive pandemic of COVID-19 all around the world. Key
viral enzymes are suitable molecular targets for the development of new antivirals against SARS-
CoV-2 which could represent potential treatments of the corresponding disease. With respect to its
essential role in the replication of viral RNA, RNA-dependent RNA polymerase (RdRp) is one of
the prime targets. HeE1-2Tyr and related derivatives were originally discovered as inhibitors of the
RdRp of flaviviruses. Here, we present that these pyridobenzothiazole derivatives also significantly
inhibit SARS-CoV-2 RdRp, as demonstrated using both polymerase- and cell-based antiviral assays.

Keywords: non-nucleotide inhibitor; RNA-dependent RNA polymerase; SAR-CoV-2; COVID-19;
antiviral agents

1. Introduction

Coronaviruses are positive-sense RNA viruses that cause numerous important human
and animal diseases. These viruses are classified into four genera including Alphacoronavirus
and Deltacoronavirus [1]. While infectivity of gammacoronaviruses and deltacoronaviruses
is limited to animals, mostly birds [2], alphacoronaviruses and betacoronaviruses comprise
numerous mammalian and human pathogens [3,4]. Important alphacoronaviruses are
Human coronaviruses (HCoVs) 229E and NL63, as well as Feline coronavirus (FIPV) and
Porcine epidemic diarrhea virus (PEDV). Betacoronaviruses include the rest of human
coronaviruses (HCoV-OC43, HCoV-HKU], Severe acute respiratory syndrome coronavirus
(SARS-CoV and SARS-CoV-2), Middle East respiratory syndrome coronavirus (MERS-
CoV)) and a number of other animal pathogens. While coronaviruses that have persisted in
the human population for a long time (HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-
HKUT1) cause milder upper respiratory illnesses, SARS-CoV, SARS-CoV-2, and MERS-CoV
are highly pathogenic viruses causing severe lower respiratory illness that can progress to
life-threatening pneumonia with significant mortality rates [5,6].

SARS-CoV-2 is responsible for the largest pandemic of acute viral disease that our
world has faced since the Spanish flu [7]. Although the mortality of this disease is not
as high as in that of SARS-CoV or MERS-CoV infections, the disease caused by this
virus (COVID-19) has significantly changed the world in which we live [8]. In particular,
mortality in older age groups is alarming [9], and although we already have vaccines [10]
as well as several drugs based on both monoclonal antibodies and small molecules, the
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effectiveness of these treatments is limited by several factors, including the high mutation
rate of this virus [11]. Therefore, it is essential that pharmaceutical research focuses on the
widest possible range of molecular targets and that we seek to find substances that we
can use in combination with already known drugs to reduce the risk of the development
of resistance. One of the main molecular targets in viruses is their polymerase, which is
responsible for the replication of their genetic information. The example of HIV has shown
that a combination of nucleoside and non-nucleoside reverse transcriptase inhibitors can
lead to a very effective therapy for this serious disease [12]. Therapies for diseases caused
by other viral pathogens, such as hepatitis B and C viruses (HBV and HCV), also rely largely
on polymerase inhibitors [13,14]. Therefore, it is not surprising that the main approach for
the development of new antivirals against SARS-CoV-2, as well as other coronaviruses, is
based on targeting the RNA-dependent RNA polymerase (RdRp) as a central replication
enzyme of the virus [15]. RdRp is part of the large coronaviral replication complex that
also includes RNA methyltransferases, helicase, nsp9, and probably the N protein [16]. The
coronaviral RARp is a highly conserved heterotrimeric protein complex that is composed
of two accessory but essential proteins (nsp7 and nsp8) and the catalytic subunit nsp12 [17].
While the first nucleoside-based RdRp inhibitor has already been approved by the relevant
authorities around the world [18], information on potent non-nucleoside inhibitors of this
key enzyme is rather scarce. Recently, suramin was reported as a potent non-nucleoside
inhibitor of SARS-CoV-2 RdRp, and its mode of action was supported by a cryo-EM
structure [19]. Also, several natural products including corilagin [20] and lycorine [21]
exert inhibition potency against SARS-CoV-2 RdRp. Although efforts have been made
to identify new non-nucleoside inhibitors of this enzyme by in silico methods since the
beginning of the pandemic, the results of these studies are unfortunately rarely supported
by experimental data [22].

HeE1-2Tyr (compound 16) was initially identified by Tarantino et al. as a potent
inhibitor of RARp from Dengue virus (DENV), West Nile virus, and Yellow fever virus,
all members of genus Flavivirus [23-26]. This compound was crystalized in complex with
the RdRp from DENV 3. It was shown that the drug binds on the thumb side of the RINA-
binding site, with significant movement of the priming loop. The authors also suggested
that there is another possible binding site of the compound that is hidden by the priming
loop. This hypothesis has been supported by point mutation experiments [23].

Here, we report on the identification of HeE1-2Tyr (16) and its derivatives as potential
inhibitors of SARS-CoV-2 RdRp. The drugs exert activity not only against SARS-CoV-2 but
also against FIPV. Our study started with the screening of our small collection of various
nucleoside triphosphate and non-nucleoside inhibitors of polymerases from different
viruses against SARS-CoV-2 RdRp and, in parallel, a screening of our complementary
nucleoside, nucleotide prodrug, and non-nucleoside derivative library against SARS-CoV-2
in cell-based assays. To our surprise, we identified HeE1-2Tyr (16), which we prepared as a
standard for our studies on flavivirus RdRps, as an effective inhibitor of SARS-CoV-2 RdRp
that also exerted significant activity against the virus in cell cultures.

2. Material and Methods
2.1. Protein Expression and Purification

SARS-CoV-2 nsp?7 (GeneBank: YP_009725303), nsp8 (GeneBank: YP_009725304,)
and nsp12 (GeneBank: YP_009725307) genes were commercially synthesized as codon-
optimized for E. coli (Invitrogen). The gene for nsp7 was cloned into a modified pRSF-Duet
vector containing an N-terminal 6 xHis tag, followed by a GB1 solubility tag, a 10x Asp
spacer sequence, and a tobacco etch virus (TEV) protease cleavage site in cloning site 1.
The nsp8 gene was subsequently cloned into cloning site 2 without any tag. The gene
for nsp12 was cloned into the pAceBac vector with cleavable 6 xHis on the C-terminus.
The nsp7 /nsp8 protein complex was expressed and purified as described previously for
truncated nsp7/nsp8in E. coli [27]. The SARS-CoV-2 nsp12 plasmid was used to prepare
recombinant baculovirus $f9 insect cells that were infected at 1-2 x 10° cell/mL with the
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tertiary recombinant baculovirus. After 68 h, the cells were collected by centrifugation,
resuspended in lysis buffer (50 mM HEPES 7 .4, 300 mM NaCl, 20 mM imidazole, 3 mM
MgClp, 10% (v/v) glycerol, and 3 mM pB-mercaptoethanol) and sonicated (Q700 Sonicator,
QSonica). The lysate was subsequently cleared by centrifugation, and the supernatant was
incubated with Ni-NTA agarose (Thermo Scientific) and washed with lysis buffer; finally,
the protein was eluted with lysis buffer supplemented with 300 mM imidazole. Nsp12
protein was further purified by size-exclusion chromatography using Superdex 200 16/600
(GE Healthcare) in size-exclusion buffer (20 mM HEPES 7.4, 300 mM NaCl, 1 mM MgCl,,
10% (v/v) glycerol, and 3 mM p-mercaptoethanol). Fractions containing the pure nsp12
protein were concentrated to 5 mg/mL, flash-frozen, and stored at —80 °C until needed.

2.2, Fluorescence-Based Primer Extension Polymerase Assay

The polymerase activity was determined in a primer extension reaction using a fluores-
cently labeled primer (HEX-5'-AGAACCUGUUGAACAAAAGC-3') and an RNA template
(5'- AUUAUUAGCUGCUUUUGUUCAACAGGUUCU-3'). The polymerase activity assay
was performed in a total volume of 10 pL containing the reaction buffer (10 mM Tris pH 8.0,
2mM MgCly, 10 mM KCl, 1 mM p-mercaptoethanol), 10 uM NTPs, 0.5 uM T/P complex,
1 uM nsp12 polymerase, and 3 uM nsp7 /nsp8 complex. The reactions were incubated for
1 h with various concentrations of the inhibitors tested at 30 °C and stopped by adding
20 uL of the stop buffer (80% formamide, 50 mM EDTA). The samples were denatured
at 95 °C for 10 min, and primer extension products were separated on a 20% denaturing
polyacrylamide gel (8 M urea, 1 x TBE, 20% acrylamide (19:1)) and scanned on a Typhoon
5 Biomolecular Imager (GE Healthcare).

2.3. Radioactivity-Based Primer Extension Polymerase Assay

The assay was performed as above, except that the reaction mixture contained 0.5 uM
T/P complex (P-5'-AGAACCUGUUGAACAAAAGC-3, T-5'-U25-GCUUUUGUUCAACA
GGUUCU-3') and 0.01uCi/uL [x-32P]-ATP. After incubation, 5 uL of the reaction mixtures
was spotted on an anion-exchange cellulose filter paper (WhatmanTM Grade DE81 DEAE
cellulose paper; GE Healthcare) in triplicates. The Whatman filter was then dried, sub-
sequently washed with 0.125 mM NayHPOy, water, and ethanol, and dried again. The
dry filter paper was then analyzed using phosphorimaging, the plate was scanned on
Amersham Typhoon 5 Biomolecular Imager (GE Healthcare), products were quantified
with Image Studio Lite (LI-COR), and the data were processed using GraphPad version 6
(GraphPad Prism version 6, GraphPad Software, San Diego, CA, USA).

2.4. Viruses and Cell Lines

Two representatives of the Coronaviridae family, i.e., SARS-CoV-2 (strain SARS-CoV-
2/human/Czech Republic/951 /2020 isolated from a clinical sample at the National Insti-
tute of Health, Prague, Czech Republic, and kindly provided by Dr. Jan Weber, Institute
of Organic Chemistry and Biochemistry, Prague, Czech Republic) and feline infectious
peritonitis virus (FIPV, ATCC VR990, a pathogen of domestic cats and other felines), were
used for our antiviral cell-based studies. The experiments with the live coronaviruses were
performed in our BSL3 facility.

Vero cells (ATCC CCL-81, African Green Monkey, adult kidney, epithelial) and Vero
E6 cells (ATCC CRL-1586) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% newborn calf serum, 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 1% glutamine (Sigma-Aldrich, Prague, Czech Republic) at 37 “C and 5% CO,.
Colorectal adenocarcinoma cells (CaCo-2, ATCC HTB-37) were grown in DMEM medium,
containing, 20% newborn calf serum with 100 U/mL penicillin, 100 ug/mL streptomycin,
and 1% L-glutamine (Sigma-Aldrich, Prague, Czech Republic) at 37 °C and 5% CO,. Felis
catus kidney cortex cells (CRFK, ATCC CCL-94) were grown in DMEM supplemented
with 10% newborn calf serum, 100 U/mL penicillin, 100 ug/mL streptomycin, and 1%
glutamine (Sigma-Aldrich, Prague, Czech Republic) at 37 °C and 5% CO;. Vero (ATCC
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CCL-81), CaCo-2 (ATCC HTB-37), and CRFK (ATCC CCL-94) cells were used for antivi-
ral and cytotoxicity assays, and Vero E6 cells (ATCC CRL-1586) were used to perform
plaque assays.

2.5. Cytotoxicity Studies

Vero (ATCC CCL-81), CaCo-2 (ATCC HTB-37), and CRFK (ATCC CCIL-94) cells were
seeded into each well of 96-well microtitrate plates (approx. 2 x 10* cells per a well) and
were incubated for 24 h at 37 °C and 5% CO;. Cell monolayers in 96-well plates were
treated with the compounds remdesivir, HeE1-2Tyr (16), 17, or 18 at the concentration
of 50 uM or with 1% DMSO (w/w) (for the initial screening; Vero and CRFK cell lines)
or with the compounds remdesivir, HeE1-2Tyr (16) and 17 in concentration ranges from
0 to 50 uM (for dose-response studies; 2-fold dilutions, three wells per concentration;
Vero, CaCo-2, and CRFK cell lines) and cultured for 48 h. The cytotoxic activity of the
compounds was determined in terms of cell viability using a Cell Counting Kit-8 (Dojindo
Molecular Technologies, Munich, Germany) following the manufacturer’s instructions.
The assay is based on the quantitative reduction of WST-8 tetrazolium salt to yellow
formazan by cellular dehydrogenases. Cell viability was estimated as the percentage of
colorimetric absorbance at 450 nm of the compound-treated cells relative to the absorbance
of mock-treated cells. The concentration of compound that reduced cell viability by 50%
was considered the 50% cytotoxic concentration (CCsp).

2.6. Antiviral Efficacy of the Studied Compounds in Cell-Based Assays

To study the antiviral effects of compounds HeE1-2Tyr (16), 17, and 18, we used
a viral titer reduction assay. Vero (ATCC CCL-81), CaCo-2 (ATCC HTB-37), and CRFK
(ATCC CCL-94) cells were seeded into each well of 96-well microtitrate plates (approx.
2 % 10* cells per a well) and incubated for 24 h at 37 °C and 5% COj;. Then, the medium
was aspirated, replaced with 200 uL of fresh medium containing compounds HeE1-2Tyr
(16), 17, or 18 at the concentration of 50 uM (for the initial screening) or with compounds
HeFE1-2Tyr (16) or 17 in the concentration range of 0 to 50 uM (for dose-response antiviral
studies; 2-fold dilution, three wells per compound). The treated cells were simultaneously
inoculated with SARS-CoV-2 (for Vero and CaCo-2 cells) or FIPV (for CRFK cells) at an MOI
of 0.1 and incubated for an additional 48 h. Virus-infected cells treated with remdesivir (at
the same concentrations) or DMSO (1% w/w) were used as positive and negative controls,
respectively. Viral titers were determined from the collected supernatant media by a plaque
assay and used to construct dose-response curves (dependence of the viral titers [PFU/mL]
on the compound concentration [uM]) and inhibition curves (dependence of the inhibition
percentage on the compound concentration [uM]) and for calculation of the 50% effective
concentrations (ECsp; the concentration of compound required to inhibit the viral titer by
50% compared to the control value).

2.7. Plaque Assay

Plaque assays were performed using Vero E6 cells (ATCC CRL-1586) as described
previously [28,29]. Briefly, 10-fold dilutions of SARS-CoV-2 or FIPV were prepared in
24-well tissue culture plates, and the cells were added to each well (0.6-1.5 x 10° cells per
well). After a4 hincubation at 37 °C and 5% CO,, the suspension was overlaid with 1.5%
(w/v) carboxymethylcellulose in a two-fold concentrated DMEM medium. Following a
5-day incubation at 37 °C and 5% CO, the infected plates were washed with phosphate-
buffered saline, and the cell monolayers were stained with naphthalene black. The virus
titer was expressed as plaque-forming units (PFU)/mL.

3. Results and Discussion

Although the synthesis of HeE1-2Tyr (16) and its derivatives has been well docu-
mented by work of Tarantino et al., we devised a modified approach in order to have
easier access to a broader range of substituents in the 8-OH position of the benzothiazolo
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pyridinone (Scheme 1). To achieve this goal, we decided to protect the 5-OH group of
the benzothiazole throughout the stages of central core construction. This way, the alkyl
substituent could be introduced by the Mitsunobu reaction just prior to the introduction of
the amino acid residue. After initial experiments with a TBDMS, which proved difficult to
install and not very stable, we decided to use benzyl for this purpose. The 2-methyl group
was then converted to an ethyl acetate by a reaction of an appropriate salt with ethyl car-
bonate. By using LIHMDS we achieved a very good yield in a short reaction time compared
to methods using sodium hydride. A dimethylaminomethylene group was then intro-
duced by the Vilsmeier-Haack reaction, and the pyridinone ring was subsequently closed
by heating compound 4 with a neat acyl anhydride—acetic or phenylacetic. The benzyl
group was comfortably cleaved using methansulfonic acid, providing compounds suitable
for the Mitsunobu reaction, which afforded products 9 and 11, respectively. Workup of
compounds 5-8 proved to be very easy, as these compounds are very poorly soluble, and
reaction conversions are high. The rest of the synthesis was performed in a similar way as
reported by Tarantino et al. An ethyl ester function was saponified, and L-Tyrosine and
L-Phenylalanine methylesters, respectively, were connected to the free carboxylic acid by
EDC-HOBt peptide coupling. This set of conditions proved to provide the best yields in
the short optimization we performed. This procedure gave HeE1-2Tyr (16), as well two
novel analogues 17 and 18, in excellent yields. Detailed descriptions of the synthesis is
provided in the Supplementary File.

o
Crod .
= S NH
[0} N Y hy " =
dj g Y

9 X=Ph R=Et 13. X=Ph; ¥ =0H
g)i:‘lo.)(:Ph,R:H 14.X=Ph; Y =H
) 1. X=H, R=Et 15. X =H; Y=0H
9 12, X=H; R=H

a)BnOH, PPh; DIAD, dioxane, RT, 48 h, 96 %; by LIHMDS, (E:0)2CO, THF, -78°C ta RT, 30 min, 82 %; ¢) POCIl; DMF, 90°C, 30 min, 81 %; d)
Respective anhydride, 100°C, 5 h, 99 % for 5, 94 % for 7; &) CH3S03H, DCM, RT, 3 h, 76 % for 6, 82 % for 8; f) Cyclohexancl, PPh; DIAD, dioxane,
RT, 48 h, 89 % for 9, 87 % for 11; g) NaOH, MeOH-H,O, reflux, 3 h, 84 % for 10, 94 % for 12; h) TyrOMe.HCI or PheOMe.HCI, EDC, HOB, TEA,
DCM. DMF, RT, 12h, 92 % for 13, 91 % for 14, 82 % for 15; i) LIOH, THF-H20, 30 min, 88 % for 16; 90 % for 17, 88 % for 18.

Scheme 1. Synthetic pathway to HeE1-2Tyr (16) and its derivatives.

Our in vitro RdRp assay confirmed the inhibitory effect of compounds HeE1-2Tyr
(16), 17, and 18 against SARS-CoV-2 polymerase. The compounds were initially tested at
one concentration (100 uM), which confirmed that compounds HeE1-2Tyr (16), 17, and
18 inhibit SARS-CoV-2 RdRp. Subsequently, the RdRp assay was used to determine the
ICsp values. Surprisingly, compound HeE1-2Tyr (16) was found to be the best inhibitor,
with IC5 of 27.6 + 2.1 uM, while the inhibition effect of compound 18 was rather weak
(ICsp =85.5 & 2.0 uM, Figure 1).
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Figure 1. Inhibitions of SARS-CoV-2 RdRp by compounds 16, 17, and 18. (left) ICs) values were established for each tested
compound using a radioactive primer extension assay. Error bars represent the standard error of the mean (1 = 3). (right)
A fluorescence-based primer extension assay. Formation of the 40-nt product decreases with increasing concentration of

the compound.

Based on our findings that the compounds showed inhibitory activities in SARS-
CoV-2 RdRp assays, we next evaluated cytotoxicity and antiviral activity of HeE1-2Tyr
(16), 17, and 18 in cell-based systems. The compounds were initially tested at one single
concentration of 50 uM against SARS-CoV-2 and FIPV in Vero and CRFK cells, respectively.
This initial screening revealed that all compounds at 50 uM were not cytotoxic for both cell
lines (Figure 2A). Moreover, compounds HeE1-2Tyr (16) and 17 were found to completely
inhibit the replication of both coronaviruses (Figure 2B). Surprisingly, compound 18 was
found to be inactive against SARS-CoV-2 and FIPV in both cell-based systems tested
(ECsp > 50 uM) (Figure 2B). The inactivity could be explained by its poor cellular uptake
or extensive degradation by cellular catabolic enzymes. Therefore, compound 18 was
excluded from further testing.

The cytotoxicity of compounds HeE1-2Tyr (16) and 17 was studied in detail using
Vero, CaCo-2, and CRFK cells in a concentration range from 0 to 50 uM. Both compounds
showed good cytotoxicity profiles for the studied cell lines and were characterized by CCsy
values >50 uM (Figure 2C-E; Tables 1-3). Interestingly, compound 17 caused a moderate
increase in cell viability in Vero and CaCo-2 cells (to approx. 125% of untreated cells)
but was slightly cytotoxic for CRFK cells (cell viability of approx. 60%) at the highest
concentration tested (50 uM) (Figure 2C-E). The observed changes in the viability of cells
treated by compound 17, however, did not affect the CCs values, which were calculated to
be >50 uM for all the cell lines tested.
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Figure 2. Antiviral efficacy and cytotoxicity of the studied RdRp inhibitors in cell-based assays. (A) Cytotoxicity of the

indicated compounds in Vero and CRFK cells. The cell monolayers were treated with the compounds (50 pM) and incubated
for 48 h. The cell-mediated conversion of tetrazolium salt WST-8 to formazan was monitored by absorbance measurement

(450 nm). Cytotoxicity was expressed in terms of cell viability percentage. (B) Anti-SARS-CoV-2 and anti-FIPV efficacies

of the indicated compounds in Vero and CRFK cells, respectively. The cell monolayers were treated with the compounds

(50 uM), infected with the respective virus ata MOI of 0.1, and incubated for 48 h. The supernatant media were collected,
and viral titers were determined by plaque assays. (C-E) Dose-dependent cytotoxic effects of the compounds in Vero (C),

CaCo-2 (D), and CRFK (E) cells. The cell monolayers were treated with the compounds in the concentration range from 0 to
50 uM and incubated for 48 h. Cytotoxicity was determined, as described for (A). (F,G) Dose-dependent anti-SARS-CoV-2
activity of the compounds in Vero (F) and CaCo-2 (G) cells. The cell monolayers were treated with the compounds in
the concentration range 0-50 uM and simultaneously infected with SARS-CoV-2 ata MOI of 0.1. The infected cells were
incubated with the compounds for 48 h p.i., and viral titers were determined using the plaque assay. (H) Dose-dependent
anti-FIPV activity of the compounds in CRFK cells. The protocol was the same as described for (F,G). (I-K) Inhibitory
curves for the indicated compounds in Vero (I), CaCo-2 (J), and CRFK (K) cells. The mean titers from three biological

replicates are shown, and error bars indicate standard errors of the mean (1 = 3). The horizontal dashed line indicates the
minimum detectable threshold of 1.44 logp PFU/mL.
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Table 1. Anti-SARS-CoV-2 activity and cytotoxicity of the tested compounds in Vero cells.

Compound ECsp (1M) (95% CI) 2P CCsy (uM) 2 SI¢
16 0.6535 (0.4376-0.9760) >50 >76.5
17 0.5273 (0.4423-0.6286) >50 >94.8
18 =50 =50 >1

Remdesivir 0.9012 (0.7997-1.016) >50 >55.5

[*] Determined from three independent experiments. ] Expressed as a 50% reduction in viral titers and
calculated as inflection points of sigmoidal inhibitory curves which were obtained by a nonlinear fit of transformed
inhibitor concentrations versus normalized response using GraphPad Prism 7.04 (GraphPad Software, Inc., USA).
[F] CCs0 /ECso.

Table 2. Anti-SARS-CoV-2 activity and cytotoxicity of the tested compounds in CaCo-2 cells.

Compound ECsp (uM) (95% CI) ab CCsp (M) 2 SI¢
16 0.9493 (0.5131-1.756) >50 >52.7
17 0.9959 (0.5427-1.827) >50 >50.2
18 >25 =50 >2

Remdesivir <0.3 >50 >216.9

For [*] see Table 1.

Table 3. Anti-FIPV activity and cytotoxicity of the tested compounds in CRFK cells.

Compound ECsp (uM) (95% CI) 2P CCpgp (nM) 2 SI¢
16 1.062 (0.8188-1.377) =50 >47.1
17 0.9989 (0.8274-1.206) >50 >50.1
18 =50 =50 >1

Remdesivir 0.2230 (0.1694-0.2937) =50 >224.2

For [* <] sce Table 1.

We further evaluated the dose-dependent, anti-coronaviral activities of compounds
HeFE1-2Tyr (16) and 17. Anti-SARS-CoV-2 potency of both compounds in Vero cells reached
sub-micro molar concentrations, with ECg values of 653.5 nM (for 16) and 527.3 nM (for
17). These values were similar or even better than those of remdesivir (ECsy =901.2 nM)
(Figure 2FE], Table 1). Although the ECgj values for HeE1-2Tyr (16) and 17 were slightly
lower compared with those for remdesivir, the growth inhibition curve slopes for remde-
sivir were substantially steeper than those for HeE1-2Tyr (16) and 17, indicating that
remdesivir had a superior inhibitory profile over HeE1-2Tyr (16) and 17. In CaCo-2 cells,
compounds HeE1-2Tyr (16) and 17 showed ECsy values close to 1 uM (949.3 and 995.9 nM,
respectively) and had somewhat lower antiviral potencies compared with remdesivir
(EC5p < 300 nM) (Figure 2G,], Table 2). Because of their low cytotoxicity, both compounds
were characterized by relatively high selectivity indexes (>70 in Vero cells and >50 in CaCo-
2 cells) (Tables 1 and 2). In vitro replication of FIPV, another member of the Coronaviridae
family used in our antiviral study, was also strongly suppressed with compounds HeE1-
2Tyr (16) and 17. The anti-FIPV activity of these compounds was characterized by ECs
values of about 1 uM, was approx. 5-fold lower compared with remdesivir (ECsp = 223 nM),
and showed selectivity indexes exceeding 40 (Figure 2H,K, Table 3).

In conclusion, HeE1-2Tyr (16) and its derivatives are potent non-nucleoside inhibitors
of coronaviral RdRp that probably act as competitive inhibitors interacting via RN A tem-
plate tunnel in contrast to chain terminator inhibitors such as remdesivir. These compounds
represent suitable candidates for the preparation of clinically usable compounds against
SAR-CoV-2 and other coronaviruses, as we have shown with an FIPV example. Com-
pounds HeE1-2Tyr (16) and 17 showed significant activity against these coronaviruses
in cell cultures. We have also unveiled that one of the mechanisms of action of these
compounds is the inhibition of RARp SARS-CoV-2. This key virus enzyme was inhibited
by these compounds, with HeE1-2Tyr (16) and 17 showing significantly higher activity
compared to 18. This suggests that the phenyl substituent on the pyridinone portion of the
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backbone may significantly affect the activity of these derivatives, both in the polymerase
assay and in the cell lines. Clearly, further chemical modification and optimization to
enhance potency and physicochemical properties will be required for the eventual use of
this type of compounds in clinical practice; however, the derivatives of HeE1-2Tyr (16) may
be one of the rare non-nucleoside inhibitors of coronavirus replication that interfere with
RdRp, a key enzyme of these viruses. Although remdesivir is the only RdRp-targeting in-
hibitor approved by the FDA and EMA for clinical use, some studies suggest that its in vivo
effects are suboptimal. Experience with other viral diseases suggests that combinations
with other polymerase inhibitors can provide a significant synergistic effect and prevent
the evolution of drug-resistant virus mutants; therefore, the introduction of new types of
inhibitors may have a significant impact on improving the clinical outcome for patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/v13081585 /51, Supplementary File S1: chemical synthesis of the compounds and NMR spectra.
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