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Abstrakt

Virové RNA dependentni RNA polymerazy (RdRp) jsou enzymy

nezbytné pro mnozeni RNA vir(. Obecna funkce RdRp je pro vdechny RNA
viry stejna: RdRp rozpozna virovou RNA, nasedne na ni a syntetizuje
komplementarni fetézec RNA. Série téchto kroku je pro virovou infekci
naprosto nepostradatelna.
Je dulezité si uvédomit, Ze neinfikovana burika RNA nereplikuje. Hostitelska
burika pfirozené neexprimuje zadné RdRp. Pro muj vyzkum jsem si vybrala
RdRp, protoze jsou nezbytné pro virovou replicakci a tudiz excelentni cil pro
virovou terapii.

V této studii jsou do hloubky charakterizovany polymerazy z rodiny
picornavird a flavivird. Picornavirova replikace je lokalizovana ve viry
indukovanych, membranovych strukturach, které nazyvame replikaéni
organely (RO). V téchto RO je virova polymeraza lokalizovana na
membrané. Nalezli jsme podminky, ve kterych se polymeraza vaze na
membranu. Nasledné byla studovana aktivace picornavirovych polymeraz,
ktera je indukovana inzerci prvni aminokyseliny do stfedu proteinu.

V této studii jsou rovnéz diskutovany RdRp z rodiny flaviviri, konkrétné z
viru Zluté zimnice (YFV) a Zika viru (ZIKV). Studie prezentuje prvni strukturu
polymerazy z YFV (v plné délce) a model ZIKV polymerazy

v komplexu s RNA. Model ZIKV poskytuje strukturni informaci o aktivnim

misté potfebnou k “dockingu” liganda.



Uvod

Tato prace se zabyva RdRp ze dvou virovych rodin: picornavirt a flavivird.
Obé rodiny spadaji do skupiny plus jednoviaknovych RNA (+RNA) vir(.
Dovolte mi Vas nejprve seznamit s picornavirovymi a nasledné pak

s flavivirovymi polymerazami.

Picornaviry
Picornavirova rodina virt ¢ita mnoho nebezpecénych lidskych patogenu,
pfikladem uvedme virus détské obrny (PV), coxsackie virus (CV), nebo

rhinovirus (HRV), ktery zplasobuje béZnou rymu.

Replikacni organely (RO)

+RNA viry manipuluji membranami hostitelské bunky, které tak vytvaFi
membranové struktury specializované na virovou replikaci RNA'. V této
studii se zabyvame RO kobuviru, které byly jiz dfive popsany na zakladé in
vivo experiment(?. Kobuviry spadaji do rodiny picornavir(.
Picornaviry nekoduji viastni fosfatidylinositol kinazy (PI4K) a musi je tedy
krast hostitelské bunce. Kobuviry pouzivaji nasledujici mechanizmus:
Na membranach RO je zanofen virovy protein 3A. Tento protein interaguje s
proteinem hostitelské bunky: tzv. Proteinem-3 obsahujicim doménu vazajici
acyl-CoA (ACBD3). Protein ACBD3 vychytava PI4KB (PI4K IlI - 8) a udrzuje
ji na membrané. PI4KB fosforyluje fosfatidylinositol (Pl) v pozici 4 za vzniku
fosfatidylinositol 4-fosfatu (Pl4P)2. Popsany komplex je schematicky
znazornén na obrazku 1.

Picornavirové polymerazy specificky interaguji s PI4P a rekrutuji se tim
na membranu®. Lokalizace polymerdz na membrané zvySuje jejich
procesivitu a chrani vznikajici dvouvlaknovou RNA (dsRNA) pfed vrozenou

imunitou®.


https://paperpile.com/c/TthHqP/S1gJ
https://paperpile.com/c/TthHqP/16nE
https://paperpile.com/c/TthHqP/16nE
https://paperpile.com/c/TthHqP/DYmm
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Obrazek 1: 3A-ACBD3-PI4KB proteinovy komplex: Virovy membranu
vazajici protein 3A vazZe protein hostitelské buriky ACBD3 a tim prichyti

PI4KB na membranu. PI4KB vytvafi fosforylovany povrch membrany.

Picornavirové RdRp

VSechny picornavirové proteiny jsou translatovany spole¢né jako jeden
polyprotein. Polyprotein je postupné proteolyticky maturovan
do podoby stabilnich (funk&nich) intermediatu a jednotlivych proteinu.

Picornavirovd RdRp se nazyva 3D a nachazi se na C konci
polyproteinu. Polymeraza je v prvni fazi maturovana jako 3CD protein, ktery
ma pouze proteolytickou aktivitu. Intermediat 3CD je nasledné Stépen na 3C
protedzu a 3DP polymerazu®. V prabéhu maturace 3D"° dochazi k aktivaci
jeji polymeracéni aktivity®. Ta je zplsobena zasunutim N-konce do kapsy v
blizkost aktivniho mista. Stabilizace N-konce je podminéna interakci prvni
aminokyseliny s reziduy kapsy’. Prvni aminokyselina 3D je vysoce, ale
nikoli 100 % konzervovany glycin®.

Polymerazy 3DP pouzivaji takzvany primer dependentni mechanizmus
replikace RNA, kde misto primeru vyuzivaji virovy protein 3B8. Protein 3B se

v infikované burice vyskytuje rovnéz jako stabilni intermediat 3AB®.


https://paperpile.com/c/TthHqP/wCd6
https://paperpile.com/c/TthHqP/cZ3T
https://paperpile.com/c/TthHqP/usMk
https://paperpile.com/c/TthHqP/oXa5
https://paperpile.com/c/TthHqP/a63Y
https://paperpile.com/c/TthHqP/BhZP

Flaviviry

Flaviviry rovnéz spadaji do skupiny +RNA virQ. Flaviviry i v sou¢asné
dobé zpUsobuji rozsahlé, Casto smrtici epidemie. Mezi nejznaméjsi
zastupce této rodiny patfi: virus horecky Dengue (DEV), virus japonské
encefalitidy (JEV), virus klistové encefalitidy (TBE virus), virus zapadonilské
horecky (WNV), Zika virus (ZIKV) a virus zluté zimnice (YFV). Tato prace je
zamérena na studium RdRp ze ZIKV a YFV.

Flavivirové polymerazy

Flavivirové polymerazy nesou oznaceni NS5 proteiny. Na rozdil
od picornavirovych 3D jsou NS5 slozené za dvou domén: z
metyltransferazové domény (MTase) a RdRp™°.

MTase je zodpovédna za tvorbu metyl-guanosinové CepiCky na 5’ konci
flavivirové RNA. Cepiéka je tvofena guonosinem navazanym 5-5
trifosfatovym mustkem. MTase katalyzuje metylaci guanosinu v pozici N-7.
MTase rovnéz rozpoznava 2’0 pozici prvniho adenosinu, kterou metyluje.
Obé metylace dohromady vedou ke zvySeni stability struktury RNA a
zaroven ji chrani pfe vrozenou imunitou buriky.

RdRp doména ma ulohu replikace RNA. Flavivirové polymerazy
pouzivaji de novo replikaéni mechanizmus, ktery jim umoziuje tzv. ,priming
loop™*2.

Jednim ze slibnych cilt antivirové terapie je pravé protein NS5, protoze
kazda z jeho domén ma kritickou ulohu pro virovou replikaci'.

Specificka Ié€ba infekce zluté zimnice dosud neni k dispozici, jednou z
moznosti 1éCby by mohla byt inhibice YFV NS5. PFi vyvoji specifické IéCby je
vyhodou plné rozumét mechanizmu infekce a strukturné charakterizovat
mozné cile antivirové terapie. Dosud bylo k dispozici jen nékolik struktur

proteint YFV: helikaza', MTase'®, nestrukturni protein 1'¢ a kapsida®’.


https://paperpile.com/c/TthHqP/KpJk
https://paperpile.com/c/TthHqP/PWqm
https://paperpile.com/c/TthHqP/q7M5g
https://paperpile.com/c/TthHqP/lnTK
https://paperpile.com/c/TthHqP/nXjSY
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DalSi virova nakaza, ktera by mohla byt Ié€ena inhibici NS5 proteinu, je
ZIKV infekce. Doposud byla dostupna pouze struktura ZIKV NS5 s apo
formou RdRp'2°. Od roku 2015, kdy vypukla epidemie ZIKV, je Zika virus

intenzivné studovan.


https://paperpile.com/c/TthHqP/L3JD5+6xrpp+99tV

Cile prace
1. Za pouziti umélych membran a rekombinantnich proteint in vitro

rekonstituovat protein - membranovy komplex 3A-ACBD3-PI14KB.

2. Zjistit jakym zpUusobem 3DP° protein interaguje s membranou.

3. Strukturné charakterizovat 3D s unikatnim N-koncem zapouziti

proteinové krystalografie.

4. Charakterizovat vliv prvniho rezidua 3DP na jeho polymerazovou

aktivitu.

5. Vyfesit strukturu YFV NS5 obsahujici MTase a RdRp doménu.

6. Vytvorit biologicky relevantni model ZIKV NS5 v komplexu s RNA.



Pouzité metody

V této praci jsem pouzila standardni metody molekularni biologie a

proteinové krystalografie:

Klonovani DNA (pfiprava expresnich vektorl a mutageneze), exprese
a purifikace protein, enzymatické aktivitni eseje, liposomové “pulldown”

eseje, diferencni skenovaci fluorimetrie.

Proteinova krystalografie - krystalizace proteinl, sbér difrakénich dat
na rotacni anodé a synchrotronu, procesovani dat (Skalovani a integrace),

feSeni struktury pomoci molekularniho nahrazeni, “refinement” struktury.



Vysledky

Negativni naboj membrany a protein 3B vazany na
membranu, kooperuji pfi vazbé virové RNA dependentni RNA
polymerazy na membranu.

Krok po kroku jsme in vitro zrekonstruovali vychytavani PI4KB na
membranu, které se odehrava v bunkach infikovanych kobuviry. Tvorba
komplexu 3A-ACBD3-PIl4KB byla jiz popsana experimenty in vivo?. Vysledky
nasich experimentu in vitro s nimi byly v souladu.

Ukazali jsme, jak se polymeraza 3D vaze na negativnhé nabité
membrany v pfitomnosti 3B pfichyceného k membrané (mimikuje 3AB
intermediat). Hypoteticky model replikacniho komplexu je ukazan na

obrazku 2.

template RNA

NTP Pl4KB
NTP ACBD3
0000C00¢C003000CICPOOF 08

'

00000000000V 000)0000000
Obrazek 2: Schématicky model 3DP?-3AB-ACBD3-PI4KB proteinového

komplexu?'.


https://paperpile.com/c/TthHqP/16nE
https://paperpile.com/c/TthHqP/09G41

Vysledky byly pouzity pro sepsani této publikace:

Dubankova, A.*, Humpolickova, J.# Klima, M. & Boura, E. Negative
charge and membrane-tethered viral 3B cooperate to recruit viral RNA
dependent RNA-polymerase 3Dr°. Sci. Rep. 7, 17309 (2017).”
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Struktura kobuvirové a sicinivirové polymerazy odhaluje
konzervovany mechanizmus aktivace picornavirovych
polymeraz

Porovnani primarni sekvence v$ech picornaviri odhalilo sedm rodld s
nekanonickym prvnim reziduem 3D (gallivirus, oscivirus, passerivirus,
sakobuvirus, salivirus, kobuvirus and sicinivirus).

Vyresili jsme krystalové struktury kobuvirové a sicinivirové polymerazy 3Dr°.
V obou pfipadech byl N-konec zanofeny v povrchové kapse, podobné jako
u kanonicky zacinajicich polymeraz. Tato kavita je koncipovana pro
interakci se spravnym prvnim residuem. Pro kobuvirovou a sicinivirovou
3Dr°' dochazi ke stabilizaci N-konce pomoci interakce s hydroxylem na
Ser1. Kobuvirovy hydroxyl na Ser1 vytvafi vodikovou vazbu s His60.
Sicinivirovy hydroxyl na Ser1 zase vytvafi vodni mustek se Ser239. Detailni
pohled na kobuvirovou a sicinivirovou polymerazu v porovnani s PV

polymerazou je ukazan na obrazku 3.
Specifitu vazby N-konce 3D v kavité jsme otestovali na 3D°' s mutovanym

prvnim reziduem. Objevili jsme, Ze kazda testovana zména v prvnim reziduu

3Dr° narusi replikaci viru.

11
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Obrazek 3: Atypicky tvar N-konce kobuvirového (Aichi virus - AiV) a
sicinivirového (SiV) 3D °' v porovnani s ostatnimi 3D° enzymy.

A-C Prvni reziduum AiV 3D je uzaviené v pozitivné nabité kavité v
blizkosti aktivniho centra proteinu. D-F Odpovidajici pohled na SiV 3DP
strukturu. G-I Vétsina picornavird ma prvni reziduum glycin vioZeny v nabité

kavité, jak je ilustrativné ukazano na strukture PV 3D 22,

Vysledky byly pouzity pro sepsani této publikace:

“Dubankova, A., Horova, V., Klima, M. & Boura, E. Structures of
kobuviral and siciniviral polymerases reveal conserved mechanism of
picornaviral  polymerase  activation. J.  Struct. Biol. (2019).
doi:10.1016/j.jsb.2019.08.004”
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Struktura proteinu NS5 ze Zluté zimnice odkryva
konzervované cile pro antivirovou IéCbu spolecné pro flaviviry.

Vyfresili jsme strukturu enzymu NS5 ze Zluté zimnice v jeho pIné délce,
s rozliSenim 3.1 A. Ve struktufe jsme hledali oblasti, které jsou
konzervované mezi flaviviry. Tyto oblasti jsou kliCové pro design IéCiv na
zakladé struktury.

Kontakt mezi MTase a RdRp doménou je zprostfedkovan
konzervovanym prolinem 113 (z MTase domény) a fenylalaninem 466 (z
RdRp domény), ktery je zasunuty do kapsy na povrchu MTasy. Ukazali
jsme, ze obé domény se touto interakci vzajemné stabilizuiji.

Pro iniciaci replikace je dulezita primerovaci smyCka a zejména
reziduum zprostrfedkujici patrovou interakci. U YFV je to Trp799, ktery je
konzervovany u ZIKV, ale li§i se u HCV polymerazy.

NS5 proteiny jsou stabilizovany dvéma zinkovymi prsty. Prvni prst je
tvofen cysteiny (Cys448 a Cys451), histidinem 443 and glutamatem 439.
Vyjma Glu439 je prvni zinkovy prst plné konzervovany u NS5 proteinu z
YFV, ZIKV, DENV, and WNV.

Druhy zinkovy prst je tvofen dvéma cysteiny (Cys732 a Cys851) a
dvéma histidiny (His716 a His718). Tento zinkovy prst je konzervovany s
vyjimkou His716, ktery se liSi u ZIKV a WNV, ale je konzervovany pro
DENV.

Na zakladé porovnani vzajemné orientace domeén jsme zjistili, ze YFV
ma konzervovanou orientaci s ZIKV a JEV, ale ne s DENV NS5. Pro detailni

pohled na rozhrani mezi MTase a RdRp doména si prohlédnéte obrazek 4.

13



Obrazek 4: Flavivirova konzervovanost rozhrani mezi MTase a RdRp
doménou?.

A Superpozice flavivirovych NS5 zalozena na RdRp doméné odhaluje
konzervovanost vzajemné orientace domén. Doménova orientace YFV NS5
Jje konzervovana v ramci ZIKV a JEV NS5, ale neni v DENV NS5. B
Konzervované reziduum Phe466 a Pro113 definuji rozhrani MTase a RdRp
domény. C Detail rozhrani RdRp a MTase. MTase je zobrazena Sedé.

Barva RdRp je pro YFV Zluta, ZIKV lesni zelena a JEV tyrkysova.

Vysledky byly pouzity pro sepsani této publikace:

“Dubankova, A. & Boura, E. Structure of the yellow fever NS5 protein
reveals conserved drug targets shared among flaviviruses. Antiviral
Research 169, 104536 (2019).”
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Strukturni model RNA dependentni RNA polymerazy viru Zika
v komplexu s RNA pro racionalni design novych
nukleosidovych inhibitoru.

V této studii jsme vypocetli model ZIKV NS5 v komplexu s malym
fragmentem RNA. Tento model je ur€eny pro dokovaci experimenty, které
jsou nezbytné pro racionalni navrh inhibitoru.

Model byl postaven na zakladé krystalové struktury ZIKV NS5 a
struktury HCV (virus hepatitidy C) RdRp?* v komplexu s ADP, manganem a
primer-templatovou vilasenkou.

Model byl biologicky evaluovan pomoci enzymatickych eseji, pro vice
detailt si prohlédnéte obrazek 5.

Tento model byl pfipraven metodou kvantové mechaniky / molekulové
mechaniky (QM/MM) pro potencialni “dockingové” experimenty, které jsou
nezbytnosti pro racionalni design inhibitord. Vypocéteny model obsahuje
templatovou RNA (tvofenou dinukleotidem), pfistupujici ATP, dva hofe¢naté

ionty a konec vznikajici RNA.

15
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Obrazek 5: Enzymaticka analyza modelu ZIKV NS5 s RNAZ.

A ZIKV RdRp-RNA komplex s detailem RNA vazebného mista. RNA

templat je dinukleotid slozeny z A-U. Dale je zde pritomen vznikajici U? a

ATP. Ve zvétseném obrazku jsou zvyraznéné aminokyseliny vztazené k

aktivitnim esejim. B Aktivita ZIKV RdRp: Mutace v Cervenych oblastech

prerusily polymerazovou aktivitu, v oranzovych signifikantné snizily aktivitu a

v $edych jemné ovlivnily aktivitu. Cisla uvedend v tabulce jsou p - hodnoty

studentova testu t.
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Vysledky byly pouzity pro sepsani této publikace:

“Sebera, J.*, Dubankova, A.*, Sychrovsky, V., Ruzek, D., Boura, E. &
Nencka, R. The structural model of Zika virus RNA-dependent RNA
polymerase in complex with RNA for rational design of novel nucleotide
inhibitors. Sci. Rep. 8, 11132 (2018).”
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Seznam Vysledku

1.

In vitro jsme rekonstituovali tvorbu proteinového komplexu
3A-ACBD3-PI4KB na membrané.

Zjistili jsme, Ze picornavirové polymerazy 3D jsou rekrutovany na
povrch membrany v pfitomnosti PI4P, nebo jiného zaporné nabitého
lipidu a proteinu 3B navazaného na membranu.

Porovnani aminokyselinovych sekvenci picornavirovych polymeraz
3D odhalilo sedm rodd s nekonzervovanym prvnim reziduem.
Vybrali jsme si kobuvirovou a sicinivirovou 3DP pro dal$i strukturni
analyzu.

Vyresili jsme krystalové struktury kobuvirové a sicinivirové 3D,
Struktury odhalily stabilizaci N-konce enzymu jeho prvnim reziduem.
Rovnéz jsme ukazali, Ze struktury kobuvirové a sicinivirové
polymerazy jsou evoluéné vzdalené od ostatnich znamy
picornavirovych polymeraz.

Zapouziti biologickych eseji jsme ukazali vyznam prvniho rezidua.
Ukazali jsme, Ze (z testovanych mutaci) pouze puvodni prvni
aminokyselina aktivuje polymerazu.

Vyfresili jsme prvni krystalovou strukturu YFV NS5. Struktura odkryva
strukturni podobnosti a rozdily od ostatnich znamych flavivirovych
NS5 struktur.

. Vytvorfili jsme biologicky relevantni model ZIKV polymerazy v

komplexu s RNA pro studie dokovani ligandu.
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Abstract
Viral RNA-dependent RNA polymerases (RdRps) are enzymes

essential for viral multiplication. The general function of RdRp is universal
for all RNA viruses: to recognise viral RNA, bind it and synthesize the
complementary RNA strand. This series of steps is absolutely crucial for
viral infection.

It is important to mention that the non-infected cell is incapable of
replicating any RNA. The host cell thus does not naturally express any
RdRps. | chose RdRps for my research because these enzymes are key to
viral replication and thus an excellent target for antivirals.

This study characterises polymerases from Picornaviridae and
Flaviviridae families, in depth. Picornaviral replication takes place in
viral-induced membrane structures called Replication Organelles (ROs),
where the polymerase is localised to the membrane. In this study, we
investigated the recruitment of picornaviral polymerase membrane.
Subsequently, we focused on the activation of picornaviral RdRp induced by
the insertion of the very first residue into the protein core.

Next, we focused on the flaviviral RdRps specifically from Yellow fever
virus (YFV) and Zika virus (ZIKV). This study reports the first structure of a
full length YFV polymerase and a model of ZIKV polymerase in complex
with RNA. The model of ZIKV RdRp in complex with RNA provides the

information needed for ligand docking.

19



Introduction
This study is focused on RdRps from two plus single stranded RNA (+RNA)

viral families, namely picornaviruses and flaviviruses. Let me introduce

them.

Picornaviruses

Picornaviruses belong to +RNA viruses. This viral family contains
many important human pathogens such as poliovirus (PV), coxsackie virus
(CV) or rhinovirus (HRV). Picornaviruses cause diseases ranging from

common flu to life threatening infections.

Replication organelles (ROs)

+RNA viruses manipulate host cell membranes to create membranous
structures where the viral RNA replication takes place'. Here, we focus on in
vitro characterization of kobuviral ROs (a genus of the Picornaviridea

family), which were already described using the in vivo approach?.

A key lipid component of ROs is PI4P (phosphatidylinositol
4-phosphate), however, picornaviruses don’t encode any
phosphatidylinositol kinase (Pl4K), thus they have to hijack the host cell
Pl4K.

The viral 3A protein is anchored to the membrane and there it interacts
with the host factor acyl-CoA-binding domain-containing protein-3”
(ACBD3). Protein ACBD3 subsequently recruits PI4KB and activates it on
the membrane. PI4KB phosphorylates phosphatidylinositol (Pl) in position 4
to creates PI4P2. The described complex is shown schematically in picture
1.

It was shown that picornaviral polymerases specifically interact with

20
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PI4P3. It could be the interaction with PI4P what the polymerases recruits to
the membrane. The membrane localization causes an increase polymerase
enzymatic processivity and protects nascent double strand-RNA (dsRNA)

from degradation*.

GO0

Picture 1: The 3A-ACBD3-PI4KB protein complex: Viral membrane binding
protein 3A interact with host factor ACBD3 to hijak PI4KB to the membrane.
The PI4KB creates hyperphosphorylated membrane surface.

Picornaviral RdRp

All picornaviral proteins arise from a single polyprotein by proteolytic

maturation to stable (functional) intermediates and individual proteins.

Picornaviral polymerase 3D is located on the C terminus of the
polyprotein. In the first stage, is polymerase maturated in the 3CD protein,
which has only proteolytic activity. The stable 3CD intermediate is then
cleaved to a 3C protease and the 3D polymerase®. During 3DP°' maturation
the polymerase activity is evoked®. This activation is mediated by insertion
of the polymerase N terminus to a pocket in proximity to the polymerase
active site. The N terminus stabilization is structurally determined by the
interaction of the first 3DP amino acid with several pocket residues’.

Importantly, the first 3D residue is a highly conserved glycine*.
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The 3Dr° polymerases use a primer dependent mechanism of RNA
replication. But instead of a nucleic acid primer they use the viral 3B protein
as a primer®. Protein 3B is present in the infected cell also in the form of

3AB intermediate®.

Flaviviruses

Flaviviruses also belong to +RNA viruses and they can cause
widespread epidemics, in many cases lethal. The most known flaviviral
representatives are Dengue virus (DENV), Japanese encephalitis virus
(JEV), tick borne-encephalitis virus (TBE), West Nile virus (WNV), Zika virus
(ZIKV) and yellow fever virus (YFV).

This study is focused on the ZIKV and YFV RdRp enzymes.

Flaviviral polymerases

Flaviviral polymerases are termed NS5 proteins. In contrast to
picornaviral 3D the flaviviral NS5 enzyme is composed of two domains:

the methyltransferase (MTase) and the RdRp domains™.

MTase is responsible for a methyl-guanosine cap formation at the &’
end of flaviviral RNA. The cap is created by a guanosine base connected to
the first adenosine base of the RNA through 5 to 5’ triphosphate bridge.
MTase catalyses methylation at the N-7 position of the guanosine base.
MTase also recognizes 2’0 position on the first RNA adenosine and
methylates it'"". Both methylations together increase the RNA stability and
protect RNA from the innate immunity. RARp domain ensures the replication
of RNA. Flaviviral polymerases use a de novo replication mechanism, which

is secured by the priming loop.

The fact, that NS5 is composed from two domains which both have a
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critical function in viral replication, makes NS5 promising targets in the

antiviral therapy.

A specific medication for yellow fever infection is not available,
inhibition of YF NS5 could be a possible treatment.

For the development of a specific treatment it is an advantage to fully
understand mechanism of the infection and to structurally describe possible
targets of antiviral therapy. Only few structures of YFV have been available
so far: helicase'™, MTase', non-structural protein 1 (involved in virulence
and replication)® and capsid'’.

Another viral disease which would be treatable by NS5 inhibition is
ZIKV infection. Only structures of the apo form of ZiKV NS5 are known'®2°,
Since 2015, when ZIKV epidemic started, the virus has been extensively
studied.
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Aims of the study

1.

To in vitro reconstitute protein - membrane complex
3A-ACBD3-PI4KB using artificial membranes and recombinant

proteins.

To find lipid and protein composition of membrane that leads to the

3Dr° recruitment into ROs.

To align all Picornaviral 3D primary sequences and analyse

conservation of the very first residue.

To structurally characterise 3D with unique N terminus, using

protein crystallography.

To characterize the effect of 3D very first residue on polymerase

activity.

To solve the structure of full length YFV NS5 protein containing

MTase and RdRp domains.

. To compute biologically relevant model of Zika NS5 in complex with

RNA.
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Used methods

In this study | used standard methods of molecular biology and protein

crystallography:

DNA cloning (expression vectors preparation and mutagenesis), protein
expression and purification, enzymatic activity assays, liposome pulldown
assays, thermal shift assays.

Protein crystallography - protein crystallization, diffraction data collection
using home source and synchrotron X-ray sources, data processing (scaling
and integration), structure solving using the molecular replacement method,

structure refinement.
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Results

Negative charge and membrane-tethered viral 3B cooperate
to recruit viral RNA dependent RNA-polymerase 3D,

Step by step we in vitro reconstituted PI4KB membrane hijacking as it
occurs in kobuviral infected cells. The 3A-ACBD3-PI4KB complex formation
was well described by previous in vivo experiments?. Our in vitro
experiments are in good agreement with the data obtained in cells.

We observed that polymerase 3D is recruited to negatively charged
membranes in the presence of membrane tethered 3B (mimicking 3AB
intermediate). The hypothetical model of replication complex is shown in

picture 2.

nascent RNA

template RNA

NTP Pl14KB
NTP ACBD3
0000001700 3000C)C L0000
€0 eeeee1CEST000) 000000

Picture 2: Schematic model of the 3Dr-3AB-ACBD3-PI4KB protein

complex?’.
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These results were published in:

Dubankova, A.*, Humpolickova, J.# Klima, M. & Boura, E. Negative
charge and membrane-tethered viral 3B cooperate to recruit viral RNA
dependent RNA-polymerase 3Dr°. Sci. Rep. 7, 17309 (2017).
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Structures of kobuviral and siciniviral polymerases reveal
conserved mechanism of picornaviral polymerase activation.

Picornaviral sequential alignment uncovered seven genera with an
uncanonical first residue in the 3D enzyme (galliviruses, osciviruses,
passeriviruse, sakobuviruses, saliviruses, kobuviruses and siciniviruses).

We solved crystal structures of kobuviral and siciniviral 3Dr
polymerases. Both of them have the N terminus buried in a surface pocket
similarly as canonically beginning polymerases. The surface pocket of
kobuviral and siciniviral 3D is evolutionarily designed for interaction with
first serine residue. The hydroxyl of Ser1 from kubuviral 3DP interact with
His60.

The hydroxyl of the first serine from siciniviral 3D creates a water
bridge with the Ser239. Detailed view of kobuviral and siciniviral polymerase
in comparison to PV polymerase is shown on picture 3.

We tested the specificity of the N terminus binding pocket by variety of
mutations in the 3D first residue. We discovered that every tested change

in the first residue disrupts viral replication.
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Picture 3: Atypical fold of kobuviral (Aichi virus - AiV) and siciniviral (SiV)
3D N terminus within 3DP°' enzymes.

A-C The first residue of AiV 3Dr° is locked to a positively charged cavity in
proximity to protein active site. D-F Corresponding view of the SiV 3Dr°
structure.?® G-I The majority of picornaviruses has the first glycine residue

inserted in a charged cavity as illustrated by the PV 3D structure??.

These results were published in:
Dubankova, A., Horova, V., Klima, M. & Boura, E. Structures of
kobuviral and siciniviral polymerases reveal conserved mechanism of

picornaviral polymerase activation. J. Struct. Biol. (2019).
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Structure of the yellow fever NS5 protein reveals conserved
drug targets shared among flaviviruses.

We solved the crystal structure of the full length Yellow fever NS5
enzyme at resolution 3.1 A. We discovered regions which are structurally
conserved in the Flaviviridea family. These regions are pivotal for structure
based drug design.

The priming loop is essential in the initiation of RNA replication. In the
priming loop is localised a residue (Trp799) responsible for a stacking
interaction with the initiating nucleotide. The YFV NS5 has this residue
conserved with ZIKV NS5, but different to HCV.

YFV NS5 is stabilised by two zinc fingers. The first zinc site is
coordinated by two cysteines (Cys448 and Cys451), histidine 443 and
glutamate 439 residues. Except for the glutamate 439 residue the zinc
binding sites are absolutely conserved among NS5 proteins from YFV,
ZIKV, DENV, and WNV.

The second zinc site is coordinated by two cysteine (Cys732 and
Cys851) and two histidine (His716 and His718) residues. This zinc site is
also highly conserved except for histidine 716 residue which varies in ZIKV
and WNV, but is conserved in DENV.

The interdomain contact between MTase and RdRp is mediated by
highly conserved proline 113 (from MTase) and phenylalanine 466 (from
RdRp domain) which is stuck into pocket on MTase surface. We showed
that domains stabilise each other by this interaction.

From comparison of mutual domains orientation we discovered that
YFV NS5 orientation is conserved in ZIKV and JEV, but not in DENV NS5.

For detailed view of MTase RdRp interface comparison see picture 4.
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Picture 4: The MTase RdRp interface?.

A Structures of full length flaviviral NS5 proteins were superimposed on the
structure of YF NS5 based on the RdRp domain. This revealed that the
domain orientation is conserved in yellow fever, Zika and Japanese
encephalitis virus RdRp but not in Dengue RdRp. B The conserved residues
Phe466 and Pro113 define the MTase-RdRp interface. C Detail of RARp
MTase interface. MTase is shown in gray color. The color of RdRp is
colored depending on viral origin (YFV-yellow, ZIKV-forest green,
JEV-cyan).

These results were used in our publication:

Dubankova, A. & Boura, E. Structure of the yellow fever NS5 protein
reveals conserved drug targets shared among flaviviruses. Antiviral
Research 169, 104536 (2019).
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The structural model of Zika virus RNA dependent RNA
polymerase in complex with RNA for rational design of novel
nucleotide inhibitors.

In this study we calculated model of ZIKV NS5 in complex with small
fragment of RNA. This model proved to be beneficial for docking
experiments which are necessary for rational drug design. The model was
built on foundations of crystal structure of the full length NS5 ZIKV'® and
HCV (Hepatitis C virus) RdRp in complex with ADP, manganese and a
primer-template hairpin?,

The model was biologically evaluated by enzymatic assays, see picture 5 for
more details.

This model was calculated using the QM/MM (quantum mechanics /
molecular mechanics) method for docking experiments which are necessary
for rational inhibitor design. The calculated model contains the template
RNA, accessing ATP, two magnesium ions and terminus of the nascent
RNA.
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Picture 5: Enzymatic analysis of ZIKV NS5 model with RNA?°.

A ZIKV RdRp RNA complex model with zoomed RNA binding site. The RNA

template is a dinucleotide composed of an A — U. Nascent U? and ATP are

present. In the enlarged view the highlighted amino acids relate to activity

assay. B Activity of ZIKV RdRp: Mutations in red region disrupt polymerase

activity, in orange regiones significantly decrease the activity and in gray

regiones slightly influence the activity. The values in box are Student t-test p

values.
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These results were published in:

Sebera, J.*, Dubankova, A.*, Sychrovsky, V., Ruzek, D., Boura, E. &
Nencka, R. The structural model of Zika virus RNA-dependent RNA
polymerase in complex with RNA for rational design of novel nucleotide
inhibitors. Sci. Rep. 8, 11132 (2018).

List of results:

1.

We reconstituted in vitro formation of the 3A-ACBD3-PI4KB protein
complex on the surface of biomimetic membranes.

We observed that a picornaviral polymerase 3D is recruited to the
membrane surface in the presence of PI4P or other negatively
charged lipid and membrane tethered 3B.

The sequence alignment of picornaviral 3DP polymerases revealed
seven generas with non-conserved first residue. We chose kobuviral
and siciniviral 3D?° enzymes for further structural analysis.

We solved the crystal structures of kobuviral and siciniviral 3D
polymerases. The structures revealed N terminus stabilisation by the
first residue. We also showed that the structures of kobuvirus and
sicinivirus polymerases are evolutionarily distinct from the other
known picornaviral polymerases.

Using biological assays we demonstrated the essentiality of the
proper first residue. We showed that (from tested set of mutations)

only the original N terminus activates the polymerase.

. We solved first crystal structure of YFV NS5. The structure revealed

similarities and differences of YFV NS5 to other known flaviviral NS5

structures.

. We calculated a biologically relevant model of ZIKV polymerase in

complex with RNA for ligand docking studies.
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Zkratky / Abbreviation

ACBD3

AV

Ccv

DENV

dsRNA

HCV

HRV

JEV

MTase

Pl

Pl4K

PI4KB

PI4P
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Cesky

Protein-3 obsahujici
doménu vazajici

acyl-CoA

Aichi virus

Coxsackie virus

Virus horeCky Dengue
Dvouvlaknova RNA
Virus hepatitidy C
Lidsky Rhinovirus

Virus Japonskeé

encefalitidy
Vedouci protein
Metyltransferaza
Fosfatidylinositol

Fosfatidylinositol 4
kinaza
Fosfatidylinositol 4

kinaza Ill B

Fosfatidylinositol 4

fosfat

in English

Acyl-CoA-binding
domain-containing

protein-3

Aichi virus

Coxsackie virus
Dengue virus
Double-stranded RNA
Hepatitis C virus
Human rhinovirus

Japanese encephalitis

virus

Leader protein
Methyltransferase
Phosphatidylinositol

Phosphatidylinositol

4-kinase

Phosphatidylinositol
4-kinase Il 3

Phosphatidylinositol
4-phosphate



PV

QM/MM

RdRp

RO
ssRNA

TBE

WNV

YFV

ZIKV

Virus détské obrny

kvantova mechanika /

molekulova mechanika

RNA dependentni RNA

polymeraza
Replikacni organela
Jednovlaknova RNA

Virus klistové

encefalitidy

Virus Zapadonilské

horeCky
Virus zluté zimnice

Zika virus

Poliovirus

quantum mechanics /

molecular mechanics

RNA-dependent RNA

polymerase
Replication organelle
Single-stranded RNA

Tick-borne encephalitis

West Nile virus

Yellow fever virus

Zika virus
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