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Abstrakt

Fosfatidylinositol 4-kinazy (PI4K/P14-kinazy) katalyzuji produkeci fosfatidylinositol
4-fosfatu (PtdIns4P), prvni krok v tvorbé vyssich fosfoinositidi. Fosfatidylinositol 4-fosfat
je esencialnim prekurzorem pro tvorbu druhych posli, fosfatidylinositol(1,4,5)trifosfatu a
diacylglycerolu, které vznikaji v signalizani drdze zahajené receptorem aktivovanou
fosfolipazou C. Kromé¢ toho fosfatidylinositol 4-fosfat reguluje procesy specificky se
odehravajici v bunécnych kompartmentech a to prostfednictvim vazby Sirokého spektra
efektorovych molekul na membranu. Jelikoz PI4-kindzy maji ustfedni pozici v tvorbé
fosfatidylinositol 4-fosfatu probihajici na povrchu intraceluldrnich membréan, jsou timto
zpusobem zodpovédné za procesy zprostiedkované fosfatidylinositol 4-fosfaitem jako
naptiklad transport lipidi a jejich metabolizmus, transportni procesy v buiice a fizeni
transportovaného nakladu, remodelace membrén a cytoskeletu, pfenos signalu do buiky a
mnoho jinych. U savct byly identifikovany dva druhy PI4-kinaz: typu II a typu III. Tyto
typy kinaz si nejsou sekventné¢ podobné, a proto maji odliSné biochemické vlastnosti.
Abychom objasnili strukturni pfibuznost PI4-kindz, je zapotiebi strukturni analyzy.
Strukturni charakterizace jednotlivych PI4-kinaz by taktéZ umoZznila objasnit mechanizmus
katalyzy vzniku fosfatidylinositol 4-fosfatu. Informace o aktivnim misté¢ by navic mohly
byt vyuZzity pfi navrhovani inhibitori specifickych pro PI4-kinazy, coZ by mélo potencialni
vyuziti v medicin€. Selektivni blokovani enzymové aktivity by totiz eliminovalo vstup
patogennich bakterii fagocytdzou a inhibovalo replikaci virti s pozitivni jednovlaknovou
RNA (+RNA). Strukturni charakterizace jednotlivych izoforem, prednostné¢ v komplexu s
jeji regulaéni molekulou, nebyla doposud provedena. Ziskané informace by pfitom
pomohly ozifejmit strukturni aspekty zakladnich biologickych dé€jti a rovnéz by osvétlily
strukturni naroky virt ¢i bakterialnich patogenti pro jejich replikaci.

Studie popsané v této praci poskytuji strukturni i funkéni charakterizaci P14-kinaz
typu II a Pl4-kindzy IIIB. Krystalové struktury jednotlivych forem objasnily celkoveé
uspotfadani molekul a organizaci jednotlivych domén a soucasné potvrdily pfitomnost N a
C laloku v C-termindlni casti katalytické domény u vSech tii variant. Krystalizace PI4-
kindz s fyziologickymi substraty odhalila ATP vazebné misto, avSak krystaly v komplexu s
inositolem a inositol 1-fosfatem se nepodatilo ziskat. Proto bylo vazebné misto pro
fosfatidylinositol ur€eno na zaklade dokovacich studii a molekularniho modelovani. Ve
struktute PI4-kindz typu II byla ptekvapivé objevena také nova lateralni hydrofobni kapsa-

potencialni regulacni misto. Celkové uspotfadani u vSech tii proteini taktéz potvrdilo



strukturni odliSnosti mezi typem II a typem III PI4-kindz. Zatimco typ III PI4-kinaz je
mnohem vic podobny PI3-kindzam, typ II PI4-kinaz se podoba protein kindzdm. Kromé
struktur PI4-kinaz s ATP byly vyfeSeny také krystalové struktury v komplexu s inhibitory
specifickymi pro dané kindzy. Strukturni detaily aktivniho mista s navdzanym inhibitorem
nam umoznily pln€ porozumét inhibi¢nimu mechanizmu a poskytly informace potifebné

pro navrh specifickych 1éciv.



1 Uvod

1.1 Fosfoinositidy

Fosfoinositidy pfedstavuji pouze maly zlomek z bunécnych fosfolipidi, nicméné
kontroluji zakladni biologické procesy jako mezi-membranovy transport, remodelaci
cytoskeletu nebo receptorem fizeny pienos signalu. Diky piisn¢ kontrolované ¢innosti
fosfatidylinositol kindz a fosfatdz mlzZe vznikat az sedm rGznych fosfoinositidii na
intracelularnich membranach. Lokalizace a mnozstvi jednotlivych fosfoinositida
podminiuje identitu dané organely a rovnéZ stanovuje vlastnosti urcujici jeji identitu.
Naptiklad plazmatickd membrana se vyznacuje rovnovaznym obohacenim o
fosfatidylinositol (4,5)-bisfostat [1,2], fosfatidylinositol 3-fosfat oznacuje membranu
endozomil [3,4], fosfatidylinositol 4-fosfat je akumulovany na membrané Golgi komplexu
[5,6] a fosfatidylinositol (3,5)-bisfosfat oznaCuje multivezikularni (pozdni neboli zralé)
endozomy [7]. Mimoto fosfoinositidy funguji jako "zdvésné molekuly" na které jsou
vazany cytosolové proteiny prostiednictvim specifickych lipid vézajicich domén ve
spolupraci s GTPazami, a tim reguluji mnoho bunéénych procest. Konkrétné
fosfatidylinositol 4-fosfat se podili na biogenzi membran, na metabolizmu sfingolipidl a
cholesterolu a na post-Golgi vezikularnim transportu.

Syntéza a transport glykosfingolipidl, sfingomyelinu nebo cholesterolu do
specifické organely je fizeno lipidy prenaSejicimi proteiny CERT (ceramid piendsejici
protein, z angl. ceramide transfer protein), FAPP2 (ctyf-fosfatovy adaptorovy protein 2, z
angl. four-phosphate adaptor protein 2), OSBP (oxysterol vazajici protein, z angl.
oxysterol-binding protein) a ORPL (protein ptibuzny oxysterol vazajicimu proteinu, z angl.
OSBP-related protein like), které rozpoznavaji fosfatidylinositol 4-fosfait pomoci PH
(plecstrin homology) domény [8]. CERT vaze ceramid skrze START doménu a pfenasi ho
z ER do TGN (trans-Golgi network), kde je pfeménén na sfingomyelin (SM). PH doména
vazajici Golgi a FFAT motiv interagujici s ER, lokalizované¢ kazdy na opa¢ném konci
CERT, umoziiuji soucasnou vazbu dvou riznych membran a nevezikularni transport
ceramidu napfi¢ organelami [9,10]. FAPP2 asociuje s Golgi membranou vazbou s
PtdIns4P a GTPé4zou Arfl. FAPP2 na Golgi membrané efektivné pfenasi glukosylceramid
z cis- do trans-Golgi kompartmenti nebo do ER, kde glukosylceramid podléha
anterogradnimu transportu zpét do Golgi kviili dodate¢né glykosylaci. FAPP2 rozpoznava

glukosylceramid pomoci C-termindlné lokalizované glykolipid pfenasejici doméné GLTP
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(z angl. glycolipid transfer protein (GLTP) homology domain) [11]. OSBP a ORPL
zprostiedkuji nevezikularni transport derivatti sterolu. Tyto proteiny maji podobné
strukturni elementy jako CERT a navic obsahuji oxysterol/cholesterol védzajici doménu
zodpovédnou za transport steroli z ER do Golgi, ¢imz vytvaii gradient cholesterolu v
bunce [12,13].

Kromé role PtsIns4P v nevezikuldrnim transportu je PtdIns4P kli¢ovou molekulou
taktéz ve vezikularnim transportu, a to ptredevsim v tvorbé vezikul, v jejich oddélovani od
ptvodni membrany a v jejich splynuti s membranou novou. Béhem meziorganelového
transportu je smér transportu urcovan proménou PtdIns4P na pfisluSni derivat
fosfatidylinostiolu nebo také naopak. Receptor na povrchu buiiky je béhem endocytozy
internalizovany do cytosolu v klatrinovych va¢cich bohatych na PtdIns(4,5)P, [14]. Tésné
pted fuzi téchto vacklt s membranou endozomi dochdzi k ztraté klatrinového obalu a to
diky defosforylaci PtdIns(4,5)P, na PtdIns4P [15,16]. Dalsi osud internalizované molekuly
je ur€en naslednou modifikaci endozomalni membrany bohaté na PtdIns3P. Proména
PtdIns3P na PtdIns(3,5)P, vede k tvorbé pozdnich neboli zralych endozomd, jejichz obsah
je urCen pro degradaci [17]. Naopak vyména PtdIns3P za PtdIns4P vede k navratu

internalizovaného receptoru zpét na plasmatickou membranu (viz. Obrazek 1.) [18].
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Obrazek 1.: Zobrazeni tvorby klatrinovych vacki a prerozdélovani internalizovaného materialu do
pozdnich endozomii nebo endozomi uréenych k recyklaci nakladu.

Klatrinové vacky s internalizovanym néakladem jsou fizovany s membranou nezralych endozomd, jejichz
membrana je obohacena o PtdIns3P (zndzornéno zlut€). Dalsi modifikace tohoto lipidu urcuje osud
internalizované molekuly, jestli bude vracena zpét na membranu nebo bude degradovana. Konverze PtdIns3P




(Zlut€¢) na PtdIns(3,5)P, (rGzov€é) oznacuje vacky urfené pro degradaci. Naopak vyména PtdIns3P za
PtdIns4P (zelen€) vede k recyklaci internalizované molekuly zpét na plasmatickou membranu. Prevzato z [8].

Razné druhy patogenti vyuzivaji funkce PtdIns4P jako "zavésné"molekuly a
molekuly fidici remodelaci membran pro sviij vstup do bunky a pro svoji naslednou
replikaci. Naptiklad Legionela pneumophilla vyuzivé proteiny SidM a SidC pro fazi vackl
odvozenych od ER membréany s vacky obsahujicimi tuto bakterii, ¢imz dochézi k modulaci
integrity takto vzniklych vacki. SidM a SidC, rozpoznavajici PtdIns4P na membranach
téchto vacka, formuji prostiedi vhodné pro replikaci této bakterie pravé prostiednictvim

interakce se sekre¢nimi vacky [19,20].

1.2 PI4-kinazy (EC 2.7.1.67)

Fosfatidylinositol 4-kindzy jsou s membranou asociované lipid kinazy, které
syntetizuji fosfatidylinositol 4-fosfat (PtdIns4P) fosforylaci fosfatidylinositolu na 4 pozici.
Produkt této reakce, PtdIns4P, byl povazovan pouze za prekurzor vysSich fosfoinositidd,
ale pozdéji se ukazalo, Ze PtdIns4P je dileZitym membranovym lipidem regulujicim rizné
signalni a transportni procesy [21]. U savct byly identifikovany ¢tyfi PI4-kinazy. Tyto
kindzy se dale rozdéluji na kinazy typu II, které jsou senzitivni k inhibici adenosinem, a
typu 111, které jsou inhibovany Wortmanninem, inhibitorem PI3-kindz. PI4-kinazy typu Il
obsahuji isoformy a a B, jejichz vzdjemna sekvencni podobnost je vysSS$i nez jejich
sekvencni podobnost s typem III. Zatimco PI4-kinazy typu II se chovaji jako integralni
membranové proteiny, typ III Pl4-kindz je asociovany s membranou pouze ve formé
perifernich proteinti. Specidlni redistribuce PI4-kindz v rdmci jednotlivych bunéénych
kompartmentii zdlraznuje jejich vyznam v procesech odehravajicich se v dané organele.
PI4K IIIB je lokalizovana pfedevsim v Golgi [22,23], zatimco PI4K Illa se nachazi v ER a
na plasmatické membrané [24,25]. PI4K Ila a PI4K IIf se vyskytuji na membranach
endozomil a v mensi mife v TGN [26]. Kinazy typu III taktéz obsahuji jaderné lokaliza¢ni
signaly, avSak jejich funkce v této organele je prozatim nejasnd [27]. Funkce PI4K Illa v
ER neni taktéZ zndma, ale jeji pfitomnost na plasmatické membran€ vede k produkci
PtdIns4P. Tento lipid zde slouZi jako prekurzor druhych poslia (diacylglycerol, linositol
(1,4,5)-trifosfat), ktefi vznikaji pi1 receptorem zprostiedkovaném pienosu signdlu do
buiiky, nebo je tento lipid dale upravovan na PtdIns(4,5)P,, klicovou molekulu v
remodelaci membran v endocytdze tizené klatrinovymi vacky [28]. Na rozdil od PI14K Illa,

se PI4K IIIB podili na procesech odehrdvajicich se v Golgi. Bylo ukazano, ze P14K IIIf



reguluje metabolizmus sfingolipidl skrze tvorbu PtdIns4P a jeho naslednym rozpoznanim
lipid transportujicim proteinem, ¢im dochézi k zajiSténi transportu ceramidu z ER do Golgi
a jeho proméné na sfingomyelin [29]. Kromé toho PI4K IIIf v spolupraci s PI4K Ila
umoziuje post-Golgi transport a to diky produkci PtdIns4P jako prekurzoru PtdIns(4,5)P,,
kterého rozezndni adaptorovymi molekulami klatrinu zptsobuje puceni transportnich
vackid [30]. Kromé post-Golgi transportnich procest je PI4K Ila zodpovédna za
endozomalné fizenou degradaci EGF (epidermalni riistovy faktor, z angl. epidermal growth
factor) receptoru [31] a tvorbu synaptickych vacka [32]. PI4K Ila byla taktéz
identifikovana jako kliCova slozka v modulaci Wnt signdlni drdhy, ktera je casto
stimulovana v rakovinnych bunikéch [33]. PI4K Ila spolu s PI4K IIIB kontroluji transport
B-glukocerebrosidazy (GBA) do lysozomu regulovany receptorem LIMP-2 (lysozomalni
integralni membranovy protein typu 2, z angl. lysosomal integral membrane protein type
2). GBA je lysozomalni protein zodpovédny za hydrolyzu glukosylceramidi a proto
porucha v této metabolické draze vede k lysozomalni akumulaci glukosylceramidi a k
onemocnéni oznaCovanému jako "Gaucher disease" [34].

Mnoho nedavnych studii poukazuje na roli PI4-kindz v Zivotnim cyklu +RNA vird.
Nekteré +RNA viry veetné viru hepatitidy C, Aichi viru, coxsackieviru nebo enteroviru 71
vyuziva Pl4-kindzy typu III pro jejich replikaci v hostitelské bunce a to prostiednictvim
modulace metabolizmu lipidii [35-38]. Virova replikace probihd na specializovanych
membranovych kompartmentech oznaCovanych jako membranové weby nebo replikacni
organely. Tyto vchlipené membranové struktury pochazi z jiz existujicich bunéénych
membran bohatych na PtdIns4P [39,40]. Membranové weby/replikacni organely poskytuji
prostor pro vazbu dalSich virovych nebo hostitelskych proteini, potiebnych pro tvorbu
aktivniho replikacniho komplexu a soucasné poskytuji ochranu proti imunitnimu systému
[41]. Biosyntéza replikaéniho komplexu neni zcela plné pochopena, ale vzajemna
spoluprace mezi virovymi a hostitelskymi proteiny se ukdzala byt dilezitd. P14-kinazy typu
III jsou virovymi proteiny, vyuZzivajicimi rizné strategie, vazadny na membranové Utvary
odvozené od ER nebo Golgi kompartmentt, a tim umoziuji vytvoteni prostfedi vhodného
pro jejich replikaci [42,43]. V buikéach infikovanych HCV je PI4K Illo vazéna na
membranové weby skrze interakci s virovym nestrukturnim proteinem NS5A, ktery rovnéz
stimuluje jeji enzymovou aktivitu a tim zvySuje produkci PtdIns4P (viz. Obrazek 2.)
[44,45]. U enterovirové infekce nebo u infekce Aichi virem byl popsan odlisny
mechanizmus pro vazbu Pl4-kinaz typu III na replikacni organely. PI4K IIIB je za

fyziologickych podminek vazana na Golgi membranu adaptorovym proteinem ACBD3
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(acyl-koenzym A véazajici doména 3, z angl. acyl-CoA binding domain containing 3),
piicemz tato vazba vede k aktivaci kindzy [46]. JelikoZ je ACBD3 rozpustnym perifernim
proteinem, Golgi integralni protein giantin zarucuje lokalizaci ACBD3 na membrané [47].
Nicméné, v bunikach infikovanych Aichi virem se virovy nestrukturni protein 3A pfimo
vaze na ACBD3 za vzniku 3A-ACBD3-PI4K III komplexu esencidlniho pro replikaci
tohoto viru [36]. Naopak, nestrukturni protein 3A polioviru nebo coxackieviru-B3 vaze
PI4K IIIP skrze interakci s GTPazou Arfl v komplexu s jejim nukleotid vyménujicim
faktorem GBF1 (Golgi-specificky protein brefeldin A- rezistentni guanidin nukleotid
vyménujici faktor, z angl. Golgi-specific brefeldin A-resistance guanine nucleotide

exchange factor) [48,49].
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Obrazek 2.: Schematické zobrazeni riznych virovych strategii pro vyuziti PI4-kinaz v jejich replikaci.
Pravy horni panel: PI4K Illa je vazana na membranové weby pfimou interakci s virovym nestrukturnim
proteinem NS5A. Pravy prostiedni panel: myristoylovany enterovirovy protein 3A vaze PI4K IIIf na
membranové struktury skrze interakci s GTPazou Arfl a jejim GBF1 vazebnym partnerem. Pravy spodni
panel: vazba PI4K IIIf na replikani organely zprostiedkovana vzajemnou interakci s Aichi virovym
proteinem 3A a ACBD3. Pievzato z [50].

PI4-kinazy typu III jsou vyuzivany +RNA viry pfimo, protoze jejich enzymova

aktivita je nepostradatelna pro replikaci téchto virti. Ac¢koli bylo vynaloZeno mnoho usili



ke studiu +RNA virll s implikaci do antivirové terapie, nékteré aspekty jejich Zivotniho
cyklu zlstévaji stale nepochopeny. Proto jsou pro t¢innou antivirovou terapii nezbytné

dalsi studie popisujici vyuziti PI4-kindz témito viry.



2 Metody

Molekularni klonovani

Celé nebo zkracené varianty proteinti byly klonovany do plazmidu pRSFD obsahujiciho
afinitni kotvu se 6 histidiny nasledovanou solubilizacnim proteinem GB1 (imunoglobulin
vazajici protein ze Streptokoka ze skupiny G, z angl. an immunoglobulin binding protein
from G Streptococcal bacteria) a St€épnym mistem proTEV (virus tabdkové mozaiky, z
angl. Tabacco Etch Virus) proteazu. Plazmid pRSFD byl pouzit pro bakterialni expresi.
Plazmid pFBD obsahujici GST (glutation S-transferdza, z angl. glutathione S-transferase)
kotvu byl pouzit pro bakulovirovou expresi PI4K IIIf v hmyzich buiikidch St9/Sf21
(Spodoptera frugiperda). Mutageneze byla provedena za pouziti Quick-Change kit
(Stratagene) a Phusion Site-Directed Mutagenesis Kit (ThermoScientific).

Proteinova exprese a purifikace

Proteiny ureny na krystalizaci byly exprimovany v bakteriich E. Coli BL21 Star. Protein
PI4K IIIP ur€eny pro in vitro test kinazové aktivity byl exprimovan v hmyzich buiikach
Sf9/Sf21 za pouziti bakulovirového expresniho systému. Proteiny byly purifikovany
afinitni chromatografii, iontovou vyménnou a gelovou chromatografii. Cistota proteinti
byla urena pomoci SDS-PAGE (elektroforéza v polyakrylamidovém gelu v pfitomnosti
dodecylsulfatu sodného (SDS), z angl. polyacrylamide gel in the presence of sodium

dodecyl sulfate) a barvenim pomoci Coomassie Blue.

In vitro kinazova aktivitni esej

Kin4zova aktivita byla ur¢ena métenim vzniklého ADP za pouZziti ADP-Glo kinase kit
(Promega) [51]. Pro méfeni aktivity Pl4-kindz byl 1 pl proteinu, o koncentraci 500 nM
rozpustény v kindzovém pufru (20 mM Tris, pH 7,5; 5 mM MgCl,, 0,2% Triton X-100;
0,1 mg mI" BSA; 2 mM DTT), ptidan do reakéni smési o findlnim objemu 5pl. V piipadé
méfeni inhibice, byl 1 pl inhibitoru o poZadované koncentraci ptidan do reakéni smési o
findlnim objemu 5 pl. Reakce byly zahajeny pfidanim 2 pl ATP rozpusténém v kindzovém
pufru (findlni koncentrace 100 uM). Reakce probihaly 60 min. pii pokojové teploté
(298K). VSechny reakce byly provedeny v triplikatech a byly opakovéany ctyrikrat. Reakce
byli zastaveny pfidanim 5 pl ADP/GloTM ¢inidla a inkubovany dal§ich 40 min. Nasledné
bylo ptidano 10 ul KDR (Kinase Detection Reagent) pro preménu vzniklého ADP na ATP.

10



Signal ziskany luciferaza-luciferinovou reakci byl méfen na pfistroji Tecan Infinite

M 1000 plate reader (Schoeller instruments).

Krystalizace

Krystalizace byla provedena metodou difuze par v provedeni sedici kapky pfii teploté 291
K michanim rezervoaru a proteinu v poméru 1:1. ATP/Mg*" nebo inhibitor byly pridany k
proteinu pred samotnym kapanim. Krystalizatni roboti Grypthon (Art Robbins
Instruments) nebo Oryx8 (Douglas Instruments Ltd) byli pouziti pro kapani kapek.

Sbér a zpracovani difrakénich dat

Krystaly byly vyloveny pomoci nylonovych smycek (Hampton Research), byla provedena
jejich kryoprotekce a zmrazeni v tekutém dusiku. Difrakéni data byla sbirdana pti 100 K na
stanicich ID14-4 a ID 23-1 synchrotronu ESRF, Francie, a na stanicich MX 14-1 a MX 14-
2 synchrotronu BESSY, Némecko. Data byla zpracovéana s vyuZzitim sady programit HKL
3000 [52].

Reseni krystalovych struktur

Data byla integrovana a zpiesnéna za pouziti programu XDS [53]. Krystalova struktura
PI4K Ila byla vyfeSena pomoci techniky MR-SAD (molekularniho nahrazeni v kombinaci
s anomalnim rozptylem) za pouziti T4 lysozymu jako modelu pro molekularni nahrazeni
(MR) a anomadlnich dat ziskanych ze selenometioninovych krystalii. Krystalové struktury
PI4K IIP a PI4K IIIf samostatné nebo v komplexu s inhibitorem byly vyfeSeny s pouzitim
MR a jako modely pro MR byly pouzity PI4K Ila (PDB kod 4PLA) a PI4K IIIf v
komplexu s vazebnym partnerem Rablla (PDB kod 4DOL). Po¢ate¢ni MR a MR-SAD
modely byly ziskdny v programu Phaser [54] z balicku Phenix [55]. Modely byly dale
upravovany a zlepSovany pomoci automatického stavéni modelu v programu Buccaneer
[56] z balicku CCP4 [57], upfesnovany pomoci Phenix.refine [58] z balicku Phenix a
manudln¢ dokonceny v programu Coot [59]. Ligandy nebo inhibitory byly umistény do
struktury v programu Coot. Grafické representace struktur byly vytvofeny v programu
PyMol [60]. Atomové soufadnice byly nahrany a uchovany v PDB (v databance
proteinovych struktur, z angl. Protein Data Bank).
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3 Cile prace

Specifické cile prace:

1. Strukturné¢ a funkéné charakterizovat PI4-kindzy typu II za pouZiti proteinové
krystalografie. Ur¢it a vzdjemné porovnat aktivni mista a aminokyselinové rezidua
ptispivajici k vazbé ATP a fosfatidylinositol 4-fosfatu u obou kinaz typu II. Zhodnotit
celkovou strukturu a organizaci jednotlivych domén. Navrhnout moznou asociaci s

membranou. Porovnat vzajemné podobnosti PI4-kindzy typu II s PI4-kindzami typu I1I.

2. Uskutecnit krystalizaéni pokusy s inhibitory odvozenymi od substratu ATP. Vybrat
dostate¢né rozpustné inhibitory a krystalizovat je s PI4-kindzami typu Il nebo s PI4K IIIf.
Optimalizovat rastu a kvalitu krystald a provést sbér difrakénich dat. Navrhnout

mechanizmu inhibice na atomarni irovni.
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4 Vysledky

4.1 Kirystalova struktura fosfatidylinositol 4-kinazy Ila

Ptipravili jsme chimerni protein s T4 lysozymem nahrazujicim palmitoyla¢ni motiv
pro zlepSeni rozpustnosti dané¢ho proteinu, pro zlepSeni ristu krystali a difrakénich
vlastnosti. Krystalova struktura PI4K Ila v komplexu s jejim fyziologickym substratem
ATP byla vyfeSena s rozlisenim 2,8 A za pouziti MR-SAD metody (viz. Obrazek 3.).
Strukturni analyza odhalila, ze ATP vazebné misto se nachazi mezi N a C lalokem
kindzové domény. Krystalova struktura taktéZ umoznila definovat aminokyselinova
residua tvotici ATP vazebné misto. Jejich dilezitost pro katalytickou aktivitu byla oveéfena
pomoci mutageneze. Piekvapivé byla v C laloku kindzové domény objevena druha
molekula ATP. JelikoZz je toto misto tvofeno pfevazné hydrofobnimi aminokyselinami,
nazvali jsme ji lateralni hydrofobni kapsou. Pfesna funkce této kapsy neni znama a proto
jsme, v snaze objasnit jeji funkci, zmutovali pfislu§na rezidua a testovali jejich vliv na
enzymovou aktivitu jak s pouzitim Cistych rekombinantnich proteinti tak s pouzitim
bunéénych lyzatd. V tomto experimentu jsme ukdzali, ze rezidua hydrofobni kapsy jsou
dalezita pro enzymovou funkci a jejich vyznam roste predev§im u varianty postradajici
palmitoylovou kotvu, co naznacuje jeji dulezitost pro vazbu PI4K Il na membranu.
Krystaly s inositolem nebo inositol 1-fosfaitem se ndm bohuzel nepodafilo ziskat. K
objasnéni zplisobu vazby PI4K Ila na membranu byly pouZzity MD simulace (molekularni
dynamické simulace, z angl. molecular dynamic simulations) v kombinaci s mutagenezi.
Pti identifikaci oblasti podilejicich se na vazbé na membréanu byly brany v tivahu rozlicné
strukturni aspekty jako celkova struktura proteinu, pfitomnost lateralni hydrofobni kapsy,

umisténi ATP vazebného mista a distribuce elektrostatického potencialu.

Tato cast vysledkt je soucasti publikace:

"The Crystal Structure of the Phosphatidylinositol 4-Kinase Ilo."
Baumlova A, Chalupska D, Rozycki B, Jovic M, Wisniewski E, Klima M, Dubankova A,
Kloer D,Nencka R, Balla T and Boura E. EMBO Rep. 15, 1085-1092 (2014)
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Obrazek 3.: Krystalova struktura PI4K Ilo.

Panel A: zobrazuje usporadani jednotlivych domén konstrukti uréenych pro krystalizaci nebo pro
biochemické studie. Panel B: zobrazuje celkovou strukturu PI4K Ila s ATP ve vazebném miste. N a C laloky
jsou zobrazeny oranzové a tyrkysové, T4 lysozym Sedivé a ATP je zobrazeno v tyinkové reprezentaci.

4.2 Krystalova struktura fosfatidylinositol 4-kinazy IIf s vysokym
rozliSenim a krystalova struktura fosfatidylinositol 4-kinazy Ila
obsahujici nukleosidovy analog poskytuji strukturni podklad
pro navrh inhibitori specifickych pro jednotlivé isoformy.

DNA konstrukt PI4K IIf uréeny pro krystalizaci byl navrzen na zakladé krystaloveé
struktury PI4K Ila. Nasledné byly provedeny krystaliza¢ni pokusy a optimalizace kvality
krystald. Vysledné krystaly byli podrobeny difrakéni analyze. Krystaly PI4K IIB
difraktovaly k 1,9 A a vyfeSena struktura potvrdila celkovou podobnost s P14-kinazou Ilo a
odhalila vysoce konzervované aktivni misto (viz. Obrazek 4.) s vyjimkou Serl127
(odpovidajicimu Tyr131 v a isoform&) disponujicim odlisnou konformaci. Dtlezitost
tohoto rezidua se ale zdé byt zanedbatelnd vzhledem k jeho pozici ve flexibilni smycce, ve
které smefuje ven z aktivniho mista. U zminéné isoformy byla taktéz potvrzena pfitomnost
nov¢ objevené lateralni hydrofobni kapsy, ovSem s chybé¢jici molekulou ATP. Detailni

analyza této kapsy odhalila flexibilitu Trp357 (neni vidét ve strukute kvili své flexibilité) a
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Trp366 (odpovidajici Trp359 a Trp368 v a isoforme), coz naznacuje schopnost jejich
sterického prizpisobeni se pifi vazbé domnélého substratu. Mimoto se domnivame, Ze
konformaéni flexibilita hydrofobnich rezidui exponovanych na povrchu molekuly miize
byt vyuzita pro stabilizaci této molekuly na membrané diky zanoteni hydrofobnich rezidui
do fosfolipidové dvojvrstvy. Tato teorie je zarovenn podpofena pozorovanym modrym
posunem u tryptofanové fluorescence po pridani membrany k rekombinantnimu proteinu

[61].

Tato ¢ast vysledku je soucasti publikace :

"The High-Resolution Crystal Structure of Phosphatidylinositol 4-Kinase IIf and the
Crystal Structure of Phosphatidylinositol 4-Kinase Ila. Containing a Nucleoside Analogue
Provide a Structural Basis for Isoform-Specific Inhibitor Design."

Klima M, Baumlova A, Chalupska D, Hiebabecky H, Dejmek M, Nencka R and Boura E.
Acta Crystallogr D Biol Crystallogr. 71, 1555-1563 (2015)
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Obrazek 4.: Superpozice ATP vazebnych mist a lateralnich hydrofobnich kapes PI4K Ila a I1p.

Panel A: Porovnani ATP vazebnych mist. Proteinova kostra je zobrazena ve stuhovém provedeni, zatimco
ATP a rezidua vazajici molekulu ATP jsou zobrazena v tyCinkovém provedeni. PI4K Ila je zobrazena Sedé a
N a C laloky PI4K II jsou zobrazeny zluté a zelené. Nestrukturovana smycka Ser127-Gly132 PI4K IIf je
zobrazena tyrkysové. Odlisné orientovany PI4K Ila Tyr131 odpovidajici PI4K IIf Ser127 je zvyraznén
Cervené. Panel B: Porovnani lateralnich hydrofobnich kapes se zachovanym zobrazenim jako na panelu A.
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V druhé c¢asti projektu byly provedeny krystalizacni pokusy se sérii inhibitort
odvozenych od adenosinu. Podafilo se vSak vykrystalizovat PI4K Ila pouze s inhibitorem
MD59 (s rozlisenim 2,6 A). MD59 obsadil pozici ATP v aktivnim misté, oz jsme
ocekavali, nebot’ se jedna o adenosinovy analog (viz. Obrazek. 5.). Inhibi¢ni profily
inhibitorii specifickych pro typ 11 P14-kinaz byly testovany pomoci ADP-Glo in vitro testu
kinazové aktivity. Slou¢enina MD59 vykazovala ze vSech testovanych inhibitorti nejvyssi
ucinnost v inhibici PI4K Ila, pficemZz pro PI4K IIIB nebyla zméfena zadnd vyznamna

inhibice.

Obrazek 5.: Detailni pohled do aktivniho mista PI4K Ile s navazanym inhibitorem MD59 ze série
adenosinovych analogt.

Stuhové zobrazeni proteinové kostry s N lalokem ve Zlutém provedeni a C lalokem v tyrkysovém provedeni.
Slouc¢enina MD59 a postranni fetézce vybranych rezidui jsou zobrazeny v ty¢inkovitém provedeni a barevné
oznaceny nasledovné: kyslik-Gervené, dusik-modie, uhlik-S§ed¢. Diferenéni mapa elektronové hustoty pro
inhibitor MD59 je konturovana na hladiné 36. Vodikové vazby mezi MD59 a aminokyselinovymi zbytky
jsou zobrazeny jako pierusované ¢erné linie.

4.3 Vysoce selektivni inhibitory fosfatidylinositol 4-kinazy ITIp a

strukturni nahled do zptusobu jejiho uéinku.

PI4K IIIB byla krystalizovana s molekulou ATP a sérii inhibitora typickych pro
typ III PI4-kinaz. Dvé ziskané krystalové struktury (viz. Obrazek 6.) poskytly informace
dilezité pro nacrt mechanismu jejich ucinku. Ackoli krystalové struktury PI4K IS v
komplexu s ATP nebo selektivnim inhibitorem 49 byly vyfeSeny s rozliSenim 3,5 A a
3,3 A, elektronova hustota pro jednotlivé ligandy byla postacujici pro jejich jednoznaéné

umisténi. Superpozice téchto dvou struktur odhalila pfitomnost inhibitoru v ATP aktivnim
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misté a zaroven ukazala miru konformaénich zmén vyvolanych vazbou tohoto inhibitoru.
Imidazol-piridazinova skupina slouceniny 49 se vaze na stejné misto v aktivnim centru
jako adeninovy kruh, pfiCemz metoxy skupina aromatického jadra tvofi ptimou vodikovou
vazbu s Lys564, ¢imz vyklani Lys564 z aktivniho mista. Celkové strukturni informace
naznacuji, ze sloucenina 49 funguje na zaklad¢ sterického branéni vstupu adenosinu do
aktivniho mista a tim inhibuje pribéh fosforylace lipidd. Dokovaci studie s vybranymi

inhibitory potvrdily inhibi¢ni mechanizmus pro v§echny ¢leny inhibitorti z této série.

C-lobe

helical
domain

in Fo-Fc

Obrazek 6.: Krystalové struktury PI4K ITIf s navazanym inhibitorem a molekulou ATP.

Panel A: celkova struktura PI4K IIIf v komplexu s inhibitorem 49 je zobrazena nahote a detailni pohled do
ATP vazebného mista s navazanym inhibitorem je zobrazen dole. Diferencni mapa elektronové hustoty pro
inhibitor 49 je konturovana na hladin€ 2c. Proteinova kostra je ve stuhovém provedeni se zluté zvyraznénym
N lalokem, tyrkysove zvyraznénym C lalokem a s helikalni doménou zobrazenou zelené. Inhibitor 49 spolu s
molekulou ATP a postranimi fetézci aminokyselinovych zbytkid jsou zobrazeny v ty¢inkovitém provedeni a
barevné oznaceny nasledovné: kyslik-Cervené, dusik- modie a uhlik- Sedé. Panel B: Celkova struktura PI4K
IIB v komplexu s molekulou ATP nahote a detailni pohled do aktivniho mista s navazanou molekulou ATP
dole. Diferen¢ni mapa elektronové hustoty pro ligand ATP je konturovana na hladiné 2c.
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5 Zavér

Tato prace vyznamné piispéla ke strukturni charakterizaci Pl4-kinaz typu II,
napomohla objasnit detailni strukturni aspekty pro vazbu ligandu a tulohu lateralni
hydrofobni kapsy a navic umoznila navrhnout mechanizmus vazby na membrénu.
Vzajemné porovnani obou struktur P14-kinaz typu II potvrdilo evoluéné konzervovanou a
kinazové netypickou strukturu a odhalilo velmi podobny zpiisob ptlisobeni a regulace.
Nicméné Pl4-kinazy typu II nejsou pfili§ strukturné podobné PI4-kindzam typu III, naopak
jejich strukturni uspotadani je mnohem vic podobné Ser/Thr kinazam, co naznacuje jejich
ptibuznost s protein kindzami. Krystaly v komplexu s inositolem nebo inositol 1-fosfatem
se nam nepodafilo ziskat, ale pfedpokladané vazebné misto pro fosfatidylinositol bylo
uréeno pomoci dokovacich studii a modelovani.

Kromé toho, krystalové struktury PI4-kindz v komplexu s isoformové-specifickymi
inhibitory poskytli strukturni informace ohledné mechanismu inhibice a sterickych
preferenci potiebnych pro vazbu selektivniho inhibitoru. Soucasné inhibitory PI4-kinaz
jsou odvozeny od inhibitort PI3- kindz a proto strukturni studie PI4-kindz v komplexu s
ATP nebo inhibitorem poskytuji podklad pro navrh inhibitori specifickych pro P14-kindzy

s implikaci do protivirové terapie.

18



Abstract

Phosphatidylinositol 4-kinases (PI4K/Pl4-kinases) catalyse the production of
phosphatidylinositol 4-phosphate (PtdIns4P), the first step in the generation of higher
phosphoinositides. PtdIns4P is an essential precursor in the production of second
messengers, Ins(1,4,5)P; and diacylglycerol, in a receptor activated phospholipase C
signalling pathway. Moreover, PtdIns4P itself regulates conserved compartment-specific
biological processes, mainly via recruiting a broad spectra of effector proteins. Because
PI4-kinases have a central position in PtdIns4P synthesis on a surface of intracellular
membranes, they are implicated in a wide range of PtdIns4P-induced processes such as
lipid transport and metabolism, intracellular trafficking processes and cargo sorting,
membrane and cytoskeleton remodelling events, signal transduction and many others. In
mammals, two types of Pl4-kinases were identified: type Il and type III. Both types do not
bear high sequence similarity to each other and, therefore, they possess diverse
biochemical properties. In order to elucidate their structural relationship to other lipid
kinases, structural analysis is highly demanded. The structural characterisation of
individual PI4-kinases could also clarify the catalytic mechanism of PtdIns4P synthesis.
Furthermore, information about the architecture of the active site could provide the basis
for isoform-specific inhibitor design that would be potentially important in human
medicine since the selective blocking of enzymatic activity would eliminate phagocytic
engulfment of several pathogenic bacteria or block replication of plus sense single strand
RNA viruses (+RNA). Altogether, the structural characterisation of each of individual
isoforms, preferably in complex with a regulatory molecule, was still not achieved.
However, such structural information would help to elucidate structural aspects of
fundamental biological processes and structural requirements for viral and pathogen
replication.

The studies reported in this thesis provide the structural and functional
characterisation of both type II PI4-kinases and PI4K IIIB. The high-resolution crystal
structures of individual isoforms revealed their overall fold and domain organisation and
confirmed a bi-lobal character of the C-terminally localised catalytic domain in all three
variants. Co-crystallization of PI4-kinases with physiological substrates defined the ATP
binding pocket but no crystals were obtained in complex with inositol or inositol 1-
phosphate. However, the binding cavity for phosphatidylinositol (PtdIns) was identified

based on docking and modelling. Interestingly, a new lateral hydrophobic pocked was
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found as a putative regulatory site in the case of the type II PI4-kinases. The overall fold of
these proteins also confirmed the structural diversity between type II and III PI4-kinases.
Whilst type III PI4-kinases are rather more similar to PI3-lipid kinases, type II PI4-kinases
share higher similarity with protein kinases. The crystal structures in complex with potent
isoform-specific inhibitors were also obtained. The structural details of the active site in
complex with isoform-specific inhibitors helped us to fully understand the inhibition

mechanism and provided information needed for specific drug design.
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1 Introduction

1.1 Phosphoinositides

Phosphoinositides represent only a small fraction of cellular phospholipids but they
control fundamental biological processes, most notably membrane trafficking, cytoskeleton
remodelling and receptor-mediated signal transduction. Up to seven different
phosphoinositides are produced on intracellular membranes via the finely tuned action of
phosphatidylinositol kinases and phosphatases. The localisation and abundance of
individual phosphoinositides determine organelle identity as well as constitute a defining
feature of a certain organelle. For instance, the steady state enrichment of
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P,) is a hallmark of the plasma
membrane [1,2], phosphatidylinositol 3-phosphate (PtdIns3P) marks endosomes [3.,4],
phosphatidylinositol 4-phosphate (PtdIns4P) accumulates at the Golgi complex [5,6] and
phosphtidylinositol (3,5)-bisphosphate (PtdIns(3,5)P») is a marker of multivesicular (late)
endosomes [7]. Furthermore, phosphoinositides function as a membrane scaffold upon
which cytosolic proteins are recruited via specific lipid binding domains in co-operation
with small GTPases and hence regulate myriad of intracellular processes. Particularly,
PtdIns4P is implicated in membrane biogenesis, sphingolipid and cholesterol metabolism
and post-Golgi vesicular trafficking events.

Synthesis and organelle-specific targeting of glycosphingolipids, sphingomyelin
and cholesterol is mediated by lipid transfer proteins CERT (ceramide transfer protein),
FAPP2 (four-phosphate adaptor protein 2), OSBP (oxysterol-binding protein) and ORPL
(OSBP-related protein like) which recognise PtdIns4P via their PH (plecstrin homology)
domain [8]. CERT binds ceramide via its START domain and transfers it from the ER to
the frans-Golgi network (TGN) where ceramide is converted to sphingomyelin (SM). The
Golgi interacting PH domain and the ER interacting FFAT motif at the opposite end of
CERT facilitate simultaneous binding of two distinct membranes and the non-vesicular
transport of ceramide across inter-organelle contact sites [9,10]. FAPP2 binds both
PtdIns4P and small GTPase Arfl to associate with the Golgi membrane. At the Golgi
membrane FAPP2 efficiently transfers glucosylceramide from cis- to trans-Golgi
compartments or to the ER where glucosylceramide undergoes anterograde trafficking
back to the Golgi for additional glycosylation. FAPP2 recognises glucosylceramide via its
C-terminally localised glycolipid transfer protein (GLTP) homology domain [11]. OSBP
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and ORPL mediate non-vesicular trafficking of sterol derivatives. They possess similar
structural elements to CERT and additional oxysterol/cholesterol-binding domain
responsible for sterol transfer from the ER to the Golgi to generate intracellular cholesterol
gradient [12,13].

In addition to the role of PtdIns4P in non-vesicular trafficking, PtdIns4P is also a
key player in vesicular-mediated trafficking mainly in vesicle biogenesis, fission and
membrane fusion processes. During inter-organelle trafficking events the conversion of
PtdIns4P to appropriate phosphatidylinositol derivative or vice versa occurs thus
determining the direction of cargo transport. In clathrin-mediated endocytosis, a cell
surface receptor is internalised into the cytosol in PtdIns(4,5)P, derived clathrin coated pits
[14]. Prior to fusion of clathrin coated vesicles with early endosomes, endocytosed vesicles
undergo uncoating induced by dephosphorylation of PtdIns(4,5)P, to PtdIns4P [15,16].
The further modification of PtdIns3P on highly enriched early endosomal membranes
governs the fate of internalised cargo. The conversion of PtdIns3P to PtdIns(3,5)P, define
the membrane of late endosomes whose cargo is designated for lysosomal degradation
[17]. On the other hand, replacement of PtdIns3P to PtdIns4P leads to receptor recycling
back to the plasma membrane (PM) in a ligand-fee state (see Figure 1.) [18].
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Figure 1.: Cartoon representation of forming the clathrine coated vesicsles and further sorting of
internalised cargo into recycling or late endosomes.

The clathrin coated pits harbouring the internalised cargo are fused with the membrane of early endosomes
enriched with PtdIns3P (indicated in yellow). Another modification of this lipid determines whether or not
the internelised cargo will be recycled back to the plasma membrane or undergo degradation. The PtdIns3P
(yellow) conversion to PtdIns(3,5)P, (magenta) defines the vesicle designated for degradation. On the other
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hand, replacement of PtdIns3P to PtdIns4P (green membrane) directs recycling endosomes (grey) back to the
membrane. Taken from [8].

The scaffolding role of PtdIns4P and PtdIns4P-induced membrane remodelling
events are also exploited by diverse pathogens for their invasion into the cell and
establishment of replication niche. For instance, Legionela pneumophilla employs SidC
and SidM proteins to modulate the integrity of Legionela-containing vesicles via their
fusion with the ER-derived vesicles. SidC and SidM bind to PtdIns4P pool on Legionela-
containing vesicles and recruit early secretory vesicles to form a favourable environment

for bacterial replication [19,20].

1.2 PI4-kinases (EC 2.7.1.67)

Phosphatidylinositol 4-kinases are membrane associated lipid kinases that
synthesise PtdIns4P by phosphorylating the inositol ring of phosphatidylinositol at the 4™
position. The product of this reaction, PtdIlns4P, was initially considered merely a
precursor of higher phosphoinositides but later it was shown that PtdIns4P itself is an
important membrane lipid regulating different signalling and trafficking events [21]. Four
mammalian PI4K isoforms have been indentified, subdivided to type II, which are
sensitive to adenosine and type III which exhibit sensitivity to PI3K-derived inhibitor
Wortmannin. Type II PI4-kinases comprise the o and B isoform which bear high sequence
similarity to each other but they lack similar features with both isoforms of type 111 PI4-
kinases. Furthermore, different substrate affinity, sensitivity towards inhibitors and a
mechanism of membrane association make type II PI4-kinases distinct from type III PI4-
kinases. While type II PI4-kinases behave as integral membrane proteins, type III PI4-
kinases bind membrane as peripheral membrane proteins. Specialised compartment
redistribution of PI4-kinases also emphasise their role in organelle-specific processes.
PI4K 1IIIB is predominantly the Golgi-localised enzyme [22,23] while PI4K Illa is
primarily the ER and the PM resident enzyme [24,25]. PI4K Ila and IIf co-localise with
endosomal membranes, however, PI4K Ila is also present in a lesser amount in the TGN
[26]. Type III Pl4-kinases also contain nuclear localisation and nuclear export signals,
however, their function in the nucleus remains elusive [27]. Also the function of PI4K Illa
in the ER is not entirely known but as the plasma membrane localised enzyme it is
responsible for the PtdIns4P production in sifu. PtdIns4P at the PM serves as a precursor

for second messengers (diacylglycerol, inositol(1,4,5)-triphosphate) in receptor-mediated
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signalling or it is converted to PtdIns(4,5)P, which is a key regulatory phospholipid of the
plasma membrane remodelling events in clathrin-mediated endocytosis [28]. Unlike PI4K
[ITa, PI4K I is involved in PtdIns4P-mediated Golgi-localised processes. PI4K 1113 was
shown to regulate the sphingolipid metabolism via the PtdIns4P production and its
subsequent recognition by the lipid transfer protein thus assuring the ceramide transfer
from the ER to the Golgi where it is further processed to SM [29]. Furthermore, PI4K IIIf
in cooperation with PI4K Ila promote post-Golgi trafficking events via generating
PtdIns4P as a precursor for PtdIns(4,5)P, to which clathrin adaptors are recruited to induce
vesicle budding [30]. In addition to post-Golgi trafficking events, PI4K Ila is implicated in
EGF receptor endosomal-mediated degradation [31] and synaptic vesicle biogenesis [32].
PI4K Ila was also identified as a key component in modulating the Wnt signalling pathway
which is often up-regulated in cancers [33]. Additionally, PI4K Ila together with PI4K IIIf
control LIMP-2-mediated B-glucocerebrosidase (GBA) transport to lysosomes. GBA is a
lysosomal enzyme responsible for hydrolyzing glucosylceramide and, therefore, a defect in
this metabolic pathway leads to glucosylceramide accumulation and cause the lysosomal
storage disorder known as Gaucher’s disease [34].

Number of recent studies implicates PI4-kinases in the life cycle of +RNA viruses.
Many +RNA viruses including Hepatitis C virus (HCV), Aichi virus, coxsackievirus or
enterovirus 71 exploit PI4-kinases type III to modulate host lipid metabolism to facilitate
viral replication [35-38]. Viral RNA replication takes place on specialised membrane
compartments designated as membranous webs or replication organelles. These
invaginated membrane structures are derived from pre-existing cellular membranes
enriched with phosphatidylinositol 4-phosphate (PtdIns4P) [39,40]. Membranous
webs/replication organelles provide a platform for recruitment of other host and viral non-
structural proteins to build a functionally active replication complex and furthermore, to
protect viral proteins against the host immune defence [41]. The replication complex
biogenesis is still poorly understood but it requires the cooperative action of viral and host
proteins. Different strategies are employed by RNA viruses in recruiting PI4-kinases type
III to the ER or the Golgi-derived membranes to form a favourable environment for viral
replication [42,43]. In HCV infected cells, PI4K Illa is recruited to membranous webs via
interaction with the viral non-structural protein NS5A triggering its enzymatic activity
which in turn leads to an elevated level of PtdIns4P on the membranes (see Figure 2.)
[44,45]. In addition to directly mediated hijacking of host lipid kinase, effector-mediated

interaction between viral protein and host PI4K III was also observed in enteroviral or
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Aichi viral infection. Under physiological conditions, PI4K IIIf is recruited and activated
at the membrane via the Golgi adaptor protein ACBD3-mediated interaction [46]. Since
ACBD3 (acyl-coenzyme A binding domain containing 3 protein) is a soluble membrane
peripheral protein, its membrane localisation is achieved via interaction with the Golgi
integral protein giantin [47]. However, in Aichi virus infected cells, the viral non-structural
protein 3A directly binds ACBD3 to form the 3A-ACBD3-PI4KIIIB complex essential for
viral replication [36]. Contrary, the non-structural 3A protein of poliovirus or
coxackievirus-B3 bind the complex of small GTPase Arfl and its guanine nucleotide

exchange factor GBF1 in order to recruit and activate PI4K I11J [48,49].
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Figure 2.: Schematic representation of different strategies to hijack human PI4-kinases type III.

In the top right panel PI4K Illa is recruited to the MWs by direct interaction with viral non-structural protein
NSS5A. In the middle right panel myristoylated enteroviral 3A protein recruits PI4K IIIp to the replication
platform via interaction with small GTPase Arfl and its GBF1 guanidine nucleotide exchange factor. The
bottom right panel depicts recruitment of PI4K IIIB by Achi-virus 3A protein via cooperative interaction with
ACBD3. Taken from [50].

Type III PI4-kinases represent the prime target for +RNA viruses to harness since
their enzymatic activity is crucial for a replication complex formation. Although a huge
effort is exerted in anti-viral research, some aspects of +RNA viruses life cycle are not
completely understood. Therefore, deeper insight into how +RNA viruses utilize type 11

PI4-kinases would provide information needed for potent anti-viral therapy.
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2 Methods

Molecular cloning

The full length proteins and their truncated variants were cloned into pRSFD vector with a
N-terminal 6x His-tag followed by a GBI (an immunoglobulin binding protein from G
Streptococcal bacteria) solubility tag and TEV (Tobacco Etch Virus) protease cleavage site
using restriction cloning. pRSFD was used for bacterial expression. pFBD vector with GST
(glutathione S-transferase) tag was used for baculoviral expression of PI4K IIIf in
S/S121 (Spodoptera frugiperda) insect cells. Mutations were introduced using the Quick-
Change kit (Stratagene) or the Phusion Site-Directed Mutagenesis Kit (ThermoScientific).

Protein expression and purification

Proteins used for crystallization trials were expressed in £. Coli BL21 Star. PI4K I11B used
for in vitro kinase activity assay were produced in insect cells Sf9/Sf21 using baculovirus
system. Protein were purified using affinity chromatography followed by ion-exchange and
size-exclusion chromatography. The purity was assessed by SDS-PAGE (polyacrylamide

gel in the presence of sodium dodecyl sulfate) followed by staining with Coomassie Blue.

In vitro Kkinase assay

Lipid kinase activity was determined by measuring the ADP generation using ADP-Glo
kinase kit (Promega) [51]. 1 pl of the protein with concentration 500 nM in a kinase buffer
(20 mM Tris, pH 7.5; 5 mM mgCl,, 0.2% Triton X-100; 0.1 mg mI" BSA; 2 mM DTT)
was added to a final reaction volume 5 pl for the activity measurement. For the inhibition
measurement additional 1 pl of inhibitor at the desired concentration was added to a final
volume Sul. The kinase reactions were initiated by adding 2 pl ATP in a kinase buffer
(final concentration 100 uM) to a final reaction volume 5 pl. The reactions were carried
out for 60 min. at room temperature (298K). All reactions were conducted in triplicates and
were repeated four times. The reactions were stopped by adding of 5 ul of ADP/GloTM
reagent and incubated for 40 min. Subsequently, 10 ul of Kinase Detection Reagent was
added to convert ADP to ATP and the signal obtained from luciferase/luciferin reaction

was measured on a Tecan Infinite M 1000 plate reader (Schoeller instruments).
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Crystallization

Crystals were grown by the sitting-drop vapour diffusion method at 291 K by mixing the
protein solution with equal volume of reservoir solution. Before setting up the drops,
protein was supplemented with ATP/Mg®" or inhibitor. Grypthon (Art Robbins
Instruments) or Oryx8 (Douglas Instruments Ltd) crystallization workstations were used

for crystallization trials.

X-ray diffraction data collection and processing

Crystals were fished with nylon loops (Hampton Research), cryo-protected and flash-
frozen in liquid nitrogen. The diffraction data were collected at 100 K using the beamlines
ID 14-4 and ID 23-1 of the ESRF, France and beamlines MX 14-1 and MX 14-2 of the
BESSY, Germany. Data sets were processed with HKL.3000 package [52].

Crystal structures determination

Data were integrated ans scaled using XDS [53]. The structure of PI4K Ila was solved by
MR-SAD method (molecular replacement in combination with single-wavelength
anomalous dispersion) using T4 lysozyme as a search model and the anomalous signal
from SeMet containing crystals. The structures of PI4KIIp and PI4K IIIB by themselves or
in complex with inhibitors were solved by MR using PI4K Ila (PDB code 4PLA) and PI4K
IIIB in complex with Rabl1la (PDB code 4DOL) as search models. The initial MR and MR-
SAD models were obtained using program Phaser [54] from the Phenix package [55]. The
models were further improved using automatic model building with Buccaneer [56] from
CCP4 package [57], automatic model refinement with Phenix.refine [58] from Phenix
package [55], and manual model building with Coot [59]. The ligands or inhibitors were
placed using Coot. Structural figures were generated in PyMOL [60]. The atomic

coordinates were deposited in the Protein Data Bank.
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3 Aims of the studies

Specific research aims:

1. To structurally and functionally characterise type II Pl4-kinases using X-ray
crystallography. To define and juxtapose the active sites and individual residues
responsible for cooperative ATP and phosphatidylinositol binding of both isoforms. To
evaluate the overall kinase fold and domain organisation. To outline membrane association
and kinase orientation with respect to the phospholipid bilayer. To compare the structural

similarity of type Il PI4-kinases with type III P14-kinases.

2. To attempt crystallization with a series of ATP-derived inhibitors. To select reasonably
soluble inhibitors and initiate their co-crystallization studies with PI4-kinases type II and
PI4K IIIB. To optimise the crystal growth and quality and conduct X-ray diffraction

analysis. To outline the inhibition mechanism at the atomic level.
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4 Results

4.1 The Crystal Structure of the Phosphatidylinositol 4-Kinase Ila

We designed a chimeric protein in which the palmitoylation motif was replaced
with T4 lysozyme in order to improve protein solubility, crystal growth and diffraction
properties. The crystal structure of PI4K Ila in complex with its physiological substrate
ATP was solved at 2.8 A resolution using MR-SAD method (see Figure 3.). Structural
analysis revealed that the ATP binding site is positioned between the N- and C-lobe of the
kinase domain. The crystal structure also enabled us to define the residues of the ATP
binding site. Their importance for catalytic activity was verified using mutagenesis
analysis. Surprisingly, a second ATP molecule was identified in the C-lobe of the catalytic
domain. Since mostly hydrophobic residues define this site, we termed it as the lateral
hydrophobic pocket. The precise function of this pocket is unknown. In order to provide
insight into the putative function of this lateral hydrophobic pocket, we performed
enzymatic assay with mutated variants of this enzyme in their natural environment and in
vitro experiment. We have shown that the residues forming the hydrophobic pocket are
important for enzymatic function and that their relevance increases in the case of non-
palmitoylated enzyme suggesting their importance for membrane binding and proper
positioning of PI4K Ila with respect to membrane. Unfortunately, we were not able to
obtain the crystals with inositol or inositol-1-P bound. Therefore, docking studies were
performed to identify a putative phosphatidylinositol pocket. More importantly, MD-
simulations (molecular dynamic simulations) in combination with mutagenesis analysis
were used to revealed membrane binding mode of PI4K Ila. Different structural aspects
such as the overall protein fold, presence of the lateral hydrophobic pocket, localisation of
the ATP binding site and distribution of electrostatic potential were taken into account in

identifying the regions responsible for membrane association.

Data are included in the following publication:

"The Crystal Structure of the Phosphatidylinositol 4-Kinase Ilo."
Baumlova A, Chalupska D, Rozycki B, Jovic M, Wisniewski E, Klima M, Dubankova A,
Kloer D,Nencka R, Balla T and Boura E. EMBO Rep. 15, 1085-1092 (2014)
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Figure 3.: The crystal structure of PI4K Ilo.

Panel A: depicts a domain organisation of the individual constructs used for crystallization trials or
biochemical studies. Panel B: shows cartoon representation of the overall PI4K Ila structure with bound
ATP. The N- and C-lobes are coloured in orange and cyan, T4 lysozyme in grey and ATP is shown in stick
representation.

4.2 The High-Resolution Crystal Structure of Phosphatidylinositol
4-Kinase IIp and the Crystal Structure of Phosphatidylinositol
4-Kinase Ila Containing a Nucleoside Analogue Provide a

Structural Basis for Isoform-Specific Inhibitor Design.

The DNA construct of PI4K IIB used for crystallization studies was designed based
on the crystal structure of PI4K Ila. Subsequently, crystallization trials and optimization of
crystal quality were performed and the final crystals were subjected to X-ray diffraction
analysis. The crystals of PI4K IIB diffracted to 1.9 A resolution and the solved structure
confirmed a highly similar overall fold with PI4K Ila and a highly conserved active site
(see Figure 4.) with the exception for Ser127 (corresponding to Tyr131 in a isoform)
exhibiting a different conformation. However, the importance of this residue seems to be
negligible due to its position in the flexible loop where it is pointing out from the ATP
binding cavity. The presence of the newly discovered lateral hydrophobic pocket was also

confirmed in this structure, however, it was lacking the second ATP. A detailed analysis of
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this pocket also revealed the conformational flexibility of Trp357 (is not visible in the
structure due to its flexibility) and Trp366 (corresponding to Trp359 and Trp368 in the o
isoform) which indicated the possibility for putative steric accommodation in the binding
of a membrane substrate. Furthermore, we suppose that the conformational flexibility of
the surface-exposed residues (Trp368 and Trp359) in the hydrophobic pocket could be
important for the protein stabilization at the membrane via immersion of these tryptophan
residues into a lipid bilayer. This theory is also supported by the observed blue shift of

tryptophan fluorescence upon addition of membrane to the recombinant protein [61].

Data are included in the following publication:

"The High-Resolution Crystal Structure of Phosphatidylinositol 4-Kinase IIf and the
Crystal Structure of Phosphatidylinositol 4-Kinase Ila. Containing a Nucleoside Analogue
Provide a Structural Basis for Isoform-Specific Inhibitor Design."

Klima M, Baumlova A, Chalupska D, Hiebabecky H, Dejmek M, Nencka R and Boura E.
Acta Crystallogr D Biol Crystallogr. 71, 1555-1563 (2015)
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Figure 4.: Superposition of ATP binding sites and lateral hydrophobic pockets of PI4K Ila and IIf.
Panel A: Comparison of ATP binding pockets. The protein backbone is depicted in cartoon representation
while ATP and the residues involved in ATP binding are shown in stick representation. PI4K Ila is coloured
in grey and the N- and C-lobes of PI4K IIf are coloured in yellow and green, respectively. The disordered
loop of PI4K I consisting of Ser127-Gly132 is coloured in cyan. Differently oriented PI4K Ila Tyr131
corresponding to PI4K IIf Ser127 is highlighted in red. Panel B: Comparison of the lateral hydrophobic
pockets is in the same representation and coloured as in panel A.

366

In a second part of this project, crystallization trials with a series of inhibitors

derived from adenosine were performed with both isoforms. However, only co-
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crystallization of PI4K Ilo. with MD359 provided well diffracted crystals (2.6 A resolution).
As expected, MD59 occupied the position of ATP adenine in the active site as it is the
adenosine analogue (see Figure 5.). The inhibition profiles of nucleotide analogues against
PI4K Ila were also tested using the luminescent ADP-Glo kinase assay. Compound MD59
from all tested inhibitors displays the highest potency towards PI4K Ila and there were no

significant concurrent inhibition of PI4K IIIp observed.

Figure 5.: Detailed view of the ATP binding site of PI4K Ila with bound inhibitor MDS9 from a series
of adenosine analogues.

The protein backbone is depicted in cartoon representation with the N-lobe coloured in yellow and the C-lobe
coloured in cyan. MD59 and the side chains of selected residues are shown in stick representation and
coloured according to elements: oxygen-red; nitrogen-blue and carbon-grey. The unbiased F,-F. map
contoured at 30 is shown around MD59. Hydrogen bonds between MD59 and amino acids residues are
shown as dotted black lines.

4.3 Highly Selective Phosphatidylinositol 4-Kinase IIIf§ Inhibitors
and Structural Insight into Their Mode of Action

PI4K IIIB was used for co-crystallization experiments with ATP and a series of
archetypical inhibitors. Two obtained crystal structures (see Figure 6.) provided important
information to outline the mechanism of their action. Albeit the crystal structures of
PI4K IIP in complex with ATP or selective inhibitor 49 were solved at 3.5 A and 3.3 A
resolutions, respectively, the electron density for individual ligands was sufficient enough
for their unambiguous placement. The superposition of these two structures revealed the
compound 49 occupies the ATP binding site and showed the extent to which the inhibitor

induced conformational changes. The imidazole-pyridazine moiety of compound 49
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occupies the same position as adenine ring does in the active site and the methoxy group of
the inhibitor’s aromatic side chain forms a direct hydrogen bond with Lys564 thus
displacing Lys*®** slightly further away from the active site. Overall structural information
indicates that compound 49 functions by providing steric interference for the adenine ring
in binding to active site and hence inhibiting the lipid phosphorylation reaction. Docking
studies with selected inhibitors confirmed the inhibitory mechanism for the whole series of

newly designed inhibitors.

Data are included in the following publication:

“Highly Selective Phosphatidylinositol 4-Kinase IIIf Inhibitors and Structural Insight into

Their Mode of Action.” Mejdrova I, Chalupska D, Kogler M, S4ala M,Plackova P,
Baumlova A, Hiebabecky H, Prochazkova E, Dejmek M, Guillon R, Strunin D,Weber J,
Lee G, Birkus G, Mertlikova-Kaiserova H, Boura E and Nencka R. J Med. Chem. 58,
3767-3793 (2015)

C-lobe
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domain
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Figure 6.: The crystal structures of inhibitor 49 and ATP bound to PI4K III.

Panel A: The overall structure of PI4K IIIf in complex with inhibitor 49 is depicted on top and a detailed
view into the ATP binding site with inhibitor 49 is shown on the bottom. The unbiased Fo-Fc map contoured
at 26 is shown around 49 compound. The protein backbone is depicted in a cartoon representation with the
N-lobe coloured in yellow, the C-lobe coloured in cyan and with the helical domain in green. Inhibitor 49
together with ATP and side chains of selected residues are shown in stick representation coloured according
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to elements: oxygen-red; nitrogen-blue and carbon in grey. Panel B: The overall fold of PI4K IIIf in
complex with an ATP molecule on the top and a detailed view of the binding pocket with an ATP bound
molecule on the bottom. The adenine ring of ATP in the unbiased Fo-Fc map is contoured at 2c.
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5 Conclusion

This work significantly contributed to the structural characterisation of type 11 PI4-
kinases, helped elucidate the detailed structural aspects of ligand binding and the role of
the unexpected lateral hydrophobic pocket and furthermore, enabled us to outline the
mechanism of membrane binding. The juxtaposition of both type II isoforms confirmed an
evolutionary conserved non-typical kinase fold and indicated a very similar mode of action
and regulation. However, the overall fold does not bear high structural similarity with type
IIT PI4-kinases, instead it is more similar to the fold of Ser/Thr kinases thus indicating the
protein kinases as structural relatives. We were not able to obtain crystals with inositol or
inositol 1-phosphate bound, however, we were able to use docking and modelling to
identify the putative phosphatidylinositol binding pocket.

Additionally, the crystal structures of PI4-kinases in complex with isoform-specific
inhibitors provided structural information about the mechanism of inhibition and steric
preferences necessary for selective inhibitor binding. The currently available inhibitors of
PI4-kinases originate from inhibitors of the PI3-kinases class. Therefore, the structural
studies of PI4-kinases either in complex with ATP or inhibitor provided the basis for the

design of PI4K-specific inhibitors with potential implications in anti-viral therapy.
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6 Zkratky/Abbreviations

ACBD3

Arfl

BSA

CERT

DTT

EGF

ER

FAPP2

GB1

GBA

GBF1

GLTP

GST

HCV

Ins(1,4,5)P3

LIMP-2

MD simulations

MR-SAD

acyl-CoA binding domain containing 3
acyl-konezym A vézajici doména 3

ADP-ribosylation factor 1
ADP-ribosylacni faktor 1

bovine serum albumin
hovézi sérovy albumin

ceramide transfer protein
ceramid pfendSejici protein

dithiothreitol
dithiotreitol

epidermal growth factor
epidermalni ristovy faktor

endoplasmic reticulum
endoplazmatické retikulum

four-phosphate adaptor protein 2
ctyt-fosfatovy adaptorovy protein 2

immunoglobulin binding protein from G Streptococcal bacteria
imunoglobulin v4zajici protein ze Streptokokové bakterie typu G

B-glucocerebrosidase
B-glukocerebrosidaza

Golgi-specific brefeldin A-resistance guanine nucleotide exchange
factor

Golgi-specificky brefeldin A-rezistetni guanidin nukleotid
vyménujici faktor

glycolipid transfer protein
glykolipid piendsejici protein
glutathione S-transferase
glutathion S-transferaza
Hepatitis C virus

Hepatitida typu C

inositol (1,4,5) trisphosphate
nositol (1,4,5) trifosfat

lysosomal integral membrane protein type 2
lysozomalni integralni membranovy protein typu 2

molecular dynamic simulations
molekularni dynamické simulace

molecular replacement in combination with single wavelength
anomalous dispersion
molekuldrni nahrazeni v kombinaci s anomalnim rozptylem
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ORPL

OSBP

PH domain

PI4K

PM

PtdIns4P

SDS-PAGE

SidC

SidM

SM

TEV

TGN
Wnt

+RNA

OSBP-related protein like
protein podobny oxysterol-vazajicimu proteinu

oxysterol-binding protein
oxysterol-vazajici protein

pleckstrin homology domain
pleckstrin homologni doména

phosphatidylinositol 4-kinases
fosfatidylinositol 4-kinazy

plasma membrane
plazmaticka membrana

phosphatidylinositol 4-phosphate
fosfatidylinositol 4-fosfat

polyacrylamide gel in the presence of sodium dodecyl sulfate
polyakrylamidovy gél v pfitomnosti dodecylsulfatu sodného

synonym to interaptin
synonymum k nazvu interaptin

synonym to DrrA, Defect in Rabl recruitment protein A
synonymum k DrrA, defekt ve Rabl véazajicim proteinu A

sphingomyelin
sfingomyelin

Tobacco Etch Virus
virus tabakové mozaiky

trans-Golgi network

results from a fusion of the name of the Drosophila segment polarity
gene wingless and the name of the vertebrate homolog, integrated or
int-1

vznikl kombinaci dvou nazvi: wingless (bezkiidly), gen segmentu
polarity u Drosofily; integrated (integrovany), homologni protein u
obratlovcu

plus sense single strand RNA
pozitivni jednovldknovd RNA
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