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1 Abstract 

 Phosphatidylinositol 4-kinases (PI4K/PI4-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)P3 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 PI4-kinases were identified: type II 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 IIIβ. 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 
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based on docking and modelling. Interestingly, a new lateral hydrophobic pocked was 

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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2 Abstrakt 

 Fosfatidylinositol 4-kinázy (PI4K/PI4-kinázy) katalyzují produkci fosfatidylinositol 

4-fosfátu (PtdIns4P), první krok v tvorbě vyšších fosfoinositidů. Fosfatidylinositol 4-fosfát 

je esenciálním prekurzorem pro tvorbu druhých poslů, fosfatidylinositol(1,4,5)trifosfátu a 

diacylglycerolu, které vznikají v signalizační dráze zahájené receptorem aktivovanou 

fosfolipázou C. Kromě toho fosfatidylinositol 4-fosfát reguluje procesy specificky se 

odehrávající v buněčných kompartmentech a to prostřednictvím vazby širokého spektra 

efektorových molekul na membránu. Jelikož PI4-kinázy mají ústřední pozici v tvorbě 

fosfatidylinositol 4-fosfátu probíhající na povrchu intracelulárních membrán, jsou tímto 

způsobem zodpovědné za procesy zprostředkované fosfatidylinositol 4-fosfátem jako 

například transport lipidů a jejich metabolizmus, transportní procesy v buňce a řízení 

transportovaného nákladu, remodelace membrán a cytoskeletu, přenos signálu do buňky a 

mnoho jiných. U savců byly identifikovány dva druhy PI4-kináz: typu II a typu III. Tyto 

typy kináz si nejsou sekvenčně podobné, a proto mají odlišné biochemické vlastnosti. 

Abychom objasnili strukturní příbuznost PI4-kináz, je zapotřebí strukturní analýzy. 

Strukturní charakterizace jednotlivých PI4-kináz by taktéž umožnila objasnit mechanizmus 

katalýzy vzniku fosfatidylinositol 4-fosfátu. Informace o aktivním místě by navíc mohly 

být využity při navrhování inhibitorů specifických pro PI4-kinázy, což by mělo potenciální 

využití v medicíně. Selektivní blokování enzymové aktivity by totiž eliminovalo vstup 

patogenních bakterií fagocytózou a inhibovalo replikaci virů s pozitivní jednovláknovou 

RNA (+RNA). Strukturní charakterizace jednotlivých izoforem, přednostně v komplexu s 

její regulační molekulou, nebyla doposud provedena. Získané informace by přitom 

pomohly ozřejmit strukturní aspekty základních biologických dějů a rovněž by osvětlili 

strukturní nároky virů či bakteriálních patogenů pro jejich replikaci. 

 Studie popsané v této práci poskytují strukturní i funkční charakterizaci PI4-kináz 

typu II a PI4-kinázy IIIβ. Krystalové struktury jednotlivých forem objasnily celkové 

uspořádání molekul a organizaci jednotlivých domén a současně potvrdily přítomnost N a 

C laloku v C-terminální části katalytické domény u všech tří variant. Krystalizace PI4-

kináz s fyziologickými substráty odhalila ATP vazebné místo, avšak krystaly v komplexu s 

inositolem a inositol 1-fosfátem se nepodařilo získat. Proto bylo vazebné místo pro 

fosfatidylinositol určeno na základe dokovacích studií a molekulárního modelování. Ve 

struktuře PI4-kináz typu II byla překvapivě objevena také nová laterální hydrofobní kapsa- 

potenciální regulační místo. Celkové uspořádaní u všech tří proteinů taktéž potvrdilo 
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strukturní odlišnosti mezi typem II a typem III PI4-kináz. Zatímco typ III PI4-kináz je 

mnohem víc podobný PI3-kinázám, typ II PI4-kináz se podobá protein kinázám. Kromě 

struktur PI4-kináz s ATP byly vyřešeny také krystalové struktury v komplexu s inhibitory 

specifickými pro dané kinázy. Strukturní detaily aktivního místa s navázaným inhibitorem 

nám umožnily plně porozumět inhibičnímu mechanizmu a poskytly informace potřebné 

pro návrh specifických léčiv.  
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3 Introduction 

3.1 Phosphoinositides 

Phosphoinositides represent only a small fraction of cellular phospholipids but they 

control fundamental biological processes, most notably intracellular membrane trafficking, 

cytoskeleton remodelling and receptor-mediated signal transduction. Phosphoinositides, as 

structural lipids, maintain organelle integrity but also serve as a precursor for signalling 

molecules. Phosphoinositides represent all phosphorylated derivatives of 

phosphatidylinositol. In biology only position 3, 4 and 5 of the inositol ring can be 

phosphorylated giving rise to seven distinct phosphoinositide species. The reversible 

production of individual phosphoinositides is catalysed through the finely tuned action of 

phosphatidylinositol phosphatases and kinases. Each of the seven phosphoinositides has a 

unique subcellular distribution within the cell and hence provides constitutive signal for 

maintaining organelle identity. The steady state enrichment of phosphatidylinositol (4,5)-

bisphosphate (PtdIns(4,5)P2) is a hallmark of the plasma membrane [1,2], 

phosphatidylinositol 3-phosphate (PtdIns3P) is an endosomal marker [3,4], 

phosphatidylinositol 4-phosphate (PtdIns4P) marks the Golgi complex [5,6] and 

phosphatidylinositol (3,5)-bisphosphate (PtdIns(3,5)P2) is a marker of multivesicular (late) 

endosomes (see Figure 1.) [7]. The individual phosphoinositides in lipid membranes are 

specifically recognised by peripheral membrane proteins which have a specific function at 

a given membrane such as to propagate signal further downstream to cellular effectors. The 

specific recruitment of effector molecules to a certain membrane containing a specific 

phospholipid is mediated via its recognition by the lipid-binding domain. Distinct lipid-

binding domains such as PH, PX, FYVE, ENTH, FERM bind different phosphoinositide 

head groups [8]. Since most members of lipid-binding domain family exhibit low affinity 

and selectivity for a certain lipid (with notable exception being the PtdIns4P binding 

domains of SidC and SidM [9,10]), their additional stabilisation by cooperative binding to 

membrane-resident proteins, often to small GTPases from the Rab and Arf families, is 

needed [11].  
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Figure 1.: Intracellular distribution of phosphoinositides in mammalian cells.  
The localisation of different phosphoinositides are coloured for their identification. PtdIns4P is 
predominantly localised in the Golgi complex and partially at the plasma membrane where it serves as a 
precursor of PtdIns(4,5)P2. Phosphatidylinositols phosphorylated at the 3rd and additionally at the 5th position 
were visualised primarily in the endosomal system. Taken from [12]. 

3.1.1  Golgi complex 

The Golgi is a central regulatory organelle responsible for vesicle-mediated cargo 

transport within the cell [13]. Furthermore, this compartment plays a well defined role in 

lipid biosynthesis and in glycolipid maturation. PtdIns4P was observed as a key molecule 

implicated in Golgi membrane biogenesis and vesicular trafficking events in the trans-

Golgi network (TGN). Its production in the Golgi complex is tightly coordinated by 

dynamic localisation of kinases that generates PtdIns4P (phosphatidylinositol 4-kinase IIIβ 

{PI4K IIIβ}, phosphatidylinositol 4-kinase IIα {PI4K IIα}) and phosphoinositide 

phosphatases (Sac1 and Sac2) that consume it [14,15]. The primary residence of Sac1 is 

the endoplasmic reticulum (ER) and the early cisternae of the Golgi complex (cis-Golgi) 

while PI4K IIIβ is localised throughout all the Golgi. This evidence suggests the upward 

gradient of PtdIns4P across the Golgi complex, ranging from cis-Golgi to the TNG [15–

17].  
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3.1.1.1 Non-vesicular trafficking 

The Golgi-localised PtdIns4P is employed in sphingolipid and cholesterol 

biosynthesis through recruitment of lipid transfer proteins (CERT, FAPP2, OSBP, ORP9L) 

(see Figure 2.). Lipid transfer proteins recognise PtdIns4P via a specific PtdIns4P-binding 

domain called plecstrin homology (PH) domain [11]. The synthesis of sphingolipid is 

initiated in the ER where the condensation of serine with palmitoyl-coenzyme A occurs 

leading to additional reactions to generate ceramide [18]. The ceramide transfer protein 

(CERT) then binds ceramide via its START domain and transfers it from the ER to the 

TGN where ceramide is converted into sphingomyelin (SM). The ER to Golgi transfer of 

ceramide depends on the ability of CERT to bind the Golgi-localised PtdIns4P via its PH 

domain and the ER-localised VAMP ((vesicle-associated membrane protein) associated 

protein)-A or VAMP-B via its FFAT motif. The Golgi interacting PH domain and 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 [19,20]. Ceramide transport and SM synthesis are controlled in a 

phosphorylation/dephosphorylation manner. The phosphorylation of CERT by protein 

kinase D (PKD) inhibits the interaction of PH domain with PtdIns4P, thereby reducing SM 

synthesis [21].  

In addition to SM synthesis, ceramide can be processed further via its conversion to 

glucosylceramide (GlcCer) and then to glycosphingolipids. The conversion of ceramide to 

GlcCer takes place on a cytosolic leaflet of the early Golgi compartments from which 

GlcCer is transferred to an inner leaflet of the late Golgi compartments where its 

maturation to glycosphingolipids occurs. Glucosylceramide transfer protein FAPP2 (four-

phosphate adaptor protein 2) was identified as a lipid transfer protein solely responsible for 

GlcCer flipping [22]. However, the exact machinery of GlcCer transport through the Golgi 

and its translocation across the lipid bilayer is so far unknown. FAPP2 as well as other 

lipid transfer proteins are recruited at the Golgi membrane in a PtdIns4P-dependent manner 

[23]. 

There are two other lipid transfer proteins, oxysterol-binding protein (OSBP) and 

OSBP-related protein (ORP). Both proteins possess similar structural elements to CERT 

that consist of a PH domain and FFAT motif. In addition, OSBP and ORP contain an 
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oxysterol/cholesterol-binding domain which indicates their involvement in sterol transport 

machinery between the ER and the Golgi complex [24,25]. 

 

 

 

 

 

 

 
 

 

 
Figure 2.: Schematic representation of PtdIns4P effectors.  
Two distinct types of PtdIns4P effectors are recruited to the Golgi membrane. The first group of proteins, 
represented by CERT, FAPP2 and OSBP, transfer lipids among different compartments in a non-vesicular 
manner and, therefore, they are involved in clathrin-independent cargo sorting. On the other hand, coat 
adaptor proteins AP-1 and GGAs promote clathrin-dependent TGN-endosomal trafficking via direct 
interaction with clathrin molecules. These transport processes are regulated in a PtdIns4P- and Arf1-
dependent manner. Taken from [26].  

3.1.1.2 Vesicular trafficking 

Cargo vesicular transport from the Golgi complex to the plasma membrane (PM) or 

to the endosomal compartments (anterograde trafficking) is a highly regulated process in 

which PtdIns4P plays a prominent role. PtdIns4P is crucial for cargo sorting and packaging 

into the secretory granules and for membrane rearrangement that drives vesicle budding 

[27]. In the yeast model, it was shown that inactivation of the yeast homolog of PI4K IIIβ 

(Pik1) blocked anterograde trafficking from the Golgi. Moreover, the function of PtdIns4P 

in this process was described in the yeast model for the first time [28].  

In yeast, vesicle budding events during post-Golgi transport to the PM are mediated 

by PtdIns4P and the Rab family of GTPases. The recruitment of guanidine nucleotide 

exchange factor to PtdIns4P in the Golgi membranes with co-incident binding of small 

GTPases triggers a dynamic cascade of Rab GTPases and PtdIns4P interactions that 

promotes vesicle budding and consequent vesicle liberation to the cytosol [29–31]. 

However, prior to post-Golgi vesicle fusion with the PM, vesicle tethering to exocyst 

complex is needed. This step is tightly controlled at the PtdIns4P level. It was shown that 

vesicular-bound guanidine nucleotide exchange factor Sec2 interacts with exocyst but only 

in the absence of PtdIns4P [32]. These findings present an evidence for the gradual 
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decrease of PtsIns4P content toward reaching the PM. The mechanism by which PtdIns4P 

is diminished from secretory vesicles still remains elusive. On the other hand, in humans, 

FAPP1 but not FAPP2 regulates cargo export from the Golgi destinated for the plasma 

membrane localisation [33]. FAPP1 is the only known PtdIns4P and Arf1 binding effector 

with functions in both vesicular and non-vesicular trafficking. 

In contrast to TGN-PM trafficking, transport between the TGN and endosomes is 

mediated via clathrin-coated vesicles (CCVs). PtdIns4P together with small GTPase Arf1 

are necessary for efficient recruitment of clathrin adaptors such as adaptor protein 1 (AP-

1), γ-ear containing ADP-ribosylation factor binding protein 2 (GGA2) and the Epsin-

related (EpsinR) protein to the trans-Golgi membranes (see Figure 2.) [34]. The coincident 

binding of coat adaptor proteins (AP-1, GGA2) to PtdIns4P and Arf1 together with cargo 

sorting motif recognition represents the driving force in CCVs biogenesis [27,35,36]. 

During intracellular vesicular trafficking all membranes are subjected to 

remodelling events which alter membrane curvature [37]. Membrane deformation could be 

mediated by lipid modifying enzymes or lipid transfer enzymes. In yeast, it was proposed 

that Drs2 flippase alters membrane curvature by translocating positively charged 

aminophospholipids from the luminal to the cytosolic leaflet thus generating a charge 

asymmetry in the membrane [38]. Drs2 flippase activity is strongly dependent on PtdIns4P 

synthesis by Pik1 (a yeast homolog of PI4K IIIβ) [39]. Also lipid transfer proteins FFAP1 

and FFAP2 are involved in a membrane deformation. The precise mechanism by which 

FFAPs proteins control vesicle biogenesis in not completely understood, however, some 

structural studies suggest that upon PtdIns4P recognition by PH domain, a hydrophobic 

wedge of this domain is inserted into the cytosolic leaflet thus inducing membrane 

deformation [40]. 

3.1.2 Plasma membrane 

3.1.2.1 Signal transduction 

In a canonical signalling pathway, an extracellular signal is transferred inside the 

cell by a series of sequential reactions. The initial step of signal transduction involves 

receptor activation caused by a conformational change upon ligand binding. Receptor 

stimulation then leads to phospholipase C (PLC) activation and the generation of two 

second messengers, soluble Ins(1,4,5)P3 and diacylglycerol (DAG) captured by the 
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membrane. The released Ins(1,4,5)P3 binds to specific receptors located in the ER and 

causes an influx of Ca2+ into the cytosol [41,42]. The elevated level of Ca2+ is then taken 

up into the mitochondria where it can stimulate metabolic enzymes or initiate apoptosis 

[43]. The other second messenger, DAG, activates members of protein kinase C family or 

contributes to the regulation of some ion channels [44,45]. The regulation of PLC 

activation depends on a constant replenishment of the PtdIns(4,5)P2 pool at the PM. A 

steady state concentration of PtdIns(4,5)P2 is maintained primarily by a large pool of 

PtdIns4P at the PM. This pool can be replenished in three ways. Firstly, PtdIns4P can be 

produced in situ by PI4K IIIα, secondly, this lipid can be delivered to the cell surface in 

vesicles derived from the Golgi complex and recycling organelles and thirdly, PtdIns4P 

can be replenished via PM-ER contact sites [46–48]. 

In addition to the signalling events, PtdIns(4,5)P2 influences actin remodelling 

processes important for pathogen-mediated phagocytosis [49]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.: Signal transduction into the cell. 
The membrane-localised phosphatidylinositol 4,5-bisphosphate (PIP2) is hydrolysed by the G-protein-
stimulated phospholipase C yielding second messengers, diacylglycerol (DAG) and phosphatidylinositol 
(1,4,5) trisphosphate (IP3). Second messengers mobilise the intracellular storage of Ca2+ and hence modulate 
further downstream signalling pathways or Ca2+-responsive proteins. Taken from [50]. 
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3.1.2.2 Endocytosis 

PtdIns4P participates not only in a signal transduction but also in the regulation of 

endosomal trafficking in response to receptor stimulated endocytosis. The strength and 

duration of the cellular response to a given extracellular stimuli depends on receptor-ligand 

retrieval back to the plasma membrane. Clathrin-mediated endocytosis represents the 

major pathway for signal uptake induced by the internalization of a ligand-bound cell 

surface receptor inside the cell and its recycling back to the plasma membrane in a ligand-

free state. PtdIns4P is required as a precursor to PtdIns(4,5)P2 in clathrin-dependent 

budding processes [51]. The essential role of PtdIns(4,5)P2 in this process was proved by 

direct binding with clathrin adaptors (AP-108, AP-2, EpsinR). All these interactions 

promote clathrin self-assembly by driving or stabilising membrane remodelling events. 

AP-180-PtdIns(4,5)P2 interaction is important for the formation of a clathrin lattice on a 

cytosolic face of the plasma membrane [52,53]. Dual recognition of AP-180 and 

PtdIns(4,5)P2 by the clathrin adaptor complex AP-2 together with cargo selection promote 

clathrin-coated pit formation [53]. Finally, EpsinR binds to AP-2 and the clathrin 

molecules thus terminating the assembly of clathrin coated vesicles (CCVs) [54]. After 

vesicle fissions from the donor PM, CCVs undergo uncoating prior to their delivery to the 

target membrane (endosomes) during which the clathrin adaptors are released back into the 

cytosol to be reused. Uncoating of CCVs is triggered by synaptojanin-mediated 

dephosphorylation of PtdIns(4,5)P2 into PtdIns4P which in cooperation with endophilin 

causes dissociation of the CCV-forming complex [55,56]. 

3.1.3 Endosomal trafficking 

The major regulatory phospholipid in endosomal trafficking and autophagy is 

PtdIns3P, a marker of early endosomes [57]. Its further phosphorylation at the 5th position 

of the inositol ring promotes the endocytosed cargo to be processed, in particular, in the 

endosomal-lysosomal degradation pathway [58]. 

Myotubularin (MTM) and myotubularin-related (MTMR) lipid phosphatases 

together with phosphatidylinositol 3-kinases (PI3K) and phosphatidylinositol-3-phosphate 

5-kinases (PIKfyve/ PI5PK) maintain the turnover of PtdIns3P and PtdIns(3,5)P2 in 

endosomal compartments (early, late, recycling endosomes). Recently, Ketel et al. showed 

that catalytic inactivation of MTM1 and MTMR1 impaired recycling of the TfR cell 

surface receptor from endosomes back to the PM. In MTM-depleted cells, elevated level of 
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PtdIns3P was detected. Co-depletion of PtdIns3P and MTM restored TfR exocytosis from 

endosomes. In addition, Ketel et al. revealed that hydrolysis of PtdIns3P by 

phosphatidylinositol 3-phosphatase MTM1 accompanied by PtdIns4P production (PI4K 

IIα) are necessary for recruitment of proteins responsible for tethering and subsequent 

fusion of recycling endosomes with the plasma membrane [48]. PtdIns3P conversion to 

PtdIns4P facilitates cargo exit from endosomes and its return to the plasma membrane (see 

Figure 4.).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.: Cartoon representation of an endocytosed receptor and its further derivatization into 
recycling or late endosomes. 
The clathrin coated pits harbouring the internalised receptors are fused with the membrane of early 
endosomes enriched with PtdIns3P (indicated in blue). 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 conversion to PtdIns(3,5)P2 (yellow membrane) defines the membrane region or vesicle designated 
for degradation. On the other hand, replacement of PtdIns3P to PtdIns4P (red membrane) by the dual action 
of MTM1 and PI4K IIα directs this organelle back to the membrane. Taken from [59]. 

3.1.4 Autophagy 

Quite recently the PI4K IIα enzymatic activity was found to be implicated in 

autophagy machinery [60]. Autophagy is an intracellular degradation system important for 

removing misfolded or aggregated proteins, eliminating damaged organelles 

(mitochondria, ER, peroxisomes) and pathogens and also for maintaining cell integrity and 

homeostasis during nutrient starvation and stress conditions [61,62]. Autophagy utilises a 

series of tethering and fusion reactions of autophagic vesicles with different intracellular 

membranes to assure cargo degradation. Autophagosome biogenesis consists of 

phagophore formation, elongation and sealing of the membrane to generate a double 
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membrane compartment. The exact composition of phagophores are not precisely known 

but it is assumed that they originate from the lipid bilayer of ER, ER exit sites, ER-

mitochondria contact sites, trans-Golgi and endosomes [63–68]. Phagophores with trapped 

cytoplasmic components expand to autophagosomes which subsequently mature to 

autolysosomes by fusing with the late endosomes and lysosomes (see Figure 5.). The 

lysosomal proteases then promote the degradation of autophagosomal content [64,69].  

 

 

 

 

 

 

 

 

 
Figure 5.: Autolysosome formation.  
The phagophore membrane encloses the cytosolic proteins and organelles to form an immature 
autophagosome. The autophagosome subsequently fuses with the lysosome to generate a mature 
autolysosome where the internal material is degraded. Taken from [70]. 
 

Autophagy is a highly regulated process in which many critical factors belong to 

ATGs (autophagy related proteins) family [71]. The γ-aminobutyric acid receptor-

associated protein (GABARAP), one of the ATG proteins, recruits PI4K IIα to the 

autophagosomes to generate PtdIns4P in situ. Deficiency of PtdIns4P caused by 

GABARAP depletion blocks autophagososme-lysosome fusion and results in abnormally 

large autophagosomes. Taken together, the late stage of autophagy is under the control of 

the GABARAP-PI4K IIα-PtdIns4P interactome and depletion of even one of these 

components leads to autophagosomal failure [60]. 

3.1.5 Pathogens and host phosphoinositides 

Phosphoinositides are attractive targets for many pathogens to invade the host cell 

and modify lipid homeostasis in order to alter organelle identity and membrane trafficking 

events. Most of the pathogens are internalised into the host cell in membrane-derived 

compartments (phagosomes) similar to vacuolar organelles where they are protected from 

the host immune system. Upon cell entry, most pathogens follow the endosomal-lysosomal 
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pathway. During this pathway the phagosome maturates to a phagolysosome which should 

lead to digestion of the trapped microbe. However, many pathogens have developed 

strategies to control pathogen-containing vacuole maturation to sustain their survival [72]. 

Another way pathogens can enter into the cell is injection of the virulence factors across 

the host membrane via a pathogen secretion system. Inserted virulence factors 

subsequently rearrange cytoskeleton and membrane morphology to enable pathogen 

uptake. Importantly, many of the virulence factors are either phosphoinositides effectors or 

phosphoinositides-metabolising enzymes [73].  

Listeria monocytogenes utilises the effector molecule In1B to activate host PI3-

kinase and to produce PtdIns3P subsequently blocking phagosomal maturation [74]. 

Furthermore, this molecule is also capable of recruiting PI4K IIα/β to the phagosomes. 

Knockdown of PI4K IIα/β inhibits Listeria engulfment but the exact mechanism of PI4K 

IIα/β -mediated action on phagosomal membrane remains to be established [75]. 

Legionela pneumophila exploits a completely different mechanism to block 

lysosomal fusion with pathogen-containing vacuoles. Legionela employs SidC and SidM 

proteins to assure the maturation of the plasma membrane-derived Legionela-containing 

vesicles (LCV) to ER-like compartments. SidC and SidM bind to PtdIns4P pool on 

Legionela-containing vesicles [9,10] and facilitate recruitment of the ER-derived secretory 

vesicles at the early stage of LCV formation and ER-resident proteins at the late stage to 

form a favourable environment for bacterial replication [76,77]. Therefore, PtdIns4P is a 

key lipid involved in SidC/SidM-mediated remodelling of the phagosomal membrane [10].  

 

PtdIns4P, as a critical membrane component, tightly regulates fundamental 

biological processes established at intracellular membranes. This regulation is achieved 

through the scaffolding role of PtdIns4P and its spatio-temporal redistribution. The steady 

state enrichment of this lipid defines the organelle integrity while the recruitment of 

specific effectors (membrane coats, microtubule and actin motors, tethering factors, 

accessory proteins for GTPases, enzymes) controls lipid biogenesis, trafficking processes 

and the maturation of intracellular vesicles and organelles. The maturation with respect to 

the alteration of lipid environment provides the organelle plasticity necessary for organelle 

efficient functioning. However, the organelle plasticity can be harnessed by bacterial 

pathogens or viruses by various methods for their invasion into the cell and establishment 

of the replication niche. Subverting the organelle identity due to the loss of control over the 

lipid-synthesising and lipid-modifying enzymes has been heavily documented in a variety 
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of human pathologies. Although the physiological relevance of PtdIns4P is steadily 

expanding, there are still some fragmentary areas that need to be investigated in more 

detail to provide true comprehensive insight into PtdIns4P biology. 

3.2 Human phosphatidylinositol 4-kinases (EC:2.7.1.67) 

PI4-kinases account for only a small fraction of lipid kinases but play an important 

role in lipid signalling and maintaining lipid homeostasis. PI4-kinases convert PtdIns to 

PtdIns4P by phosphorylating the inositol head group at the 4th position. PtdIns4P was 

initially considered merely an intermediate in the production of second messengers 

(PtdIns(1,4,5)P3 and DAG) and higher phosphoinositides. However, as more attention was 

paid to PI4-kinases, PtdIns4P emerged as a key regulatory molecule in vesicular 

trafficking, lipid transport and metabolism (see Section 1.). Additionally, PI4-kinases were 

identified as essential host factors for +RNA viruses. 

In eukaryotes, PI4-kinases are categorised into two major classes, type II and III. 

Further molecular characterisation revealed two isoforms in each family (PI4K IIα and IIβ 

also known as PI4K2A and PI4K2B; and PI4K IIIα and IIIβ also known as PI4KA and 

PI4KB). Although PI4-kinases catalyse the same reaction in different membrane 

compartments, they utilise diverse strategies to associate to the location of their action. 

PI4-kinases type II are tightly associated with membranes via their palmitoyl anchor, 

whereas type III are soluble peripheral membrane proteins which are recruited to the 

membrane via additional interaction with their binding partners. Recent crystal structures 

of three out of four PI4-kinases shed some light on their mechanism of membrane 

association and also revealed the structural similarity between type III PI4-kinases to PI3-

lipid kinases in contrast to type II which were found to be more similar to protein kinases 

than to lipid kinases. The individual types of PI4-kinases can be also easily distinguished 

from each other based on their sensitivity towards adenosine (PI4K type II) or Wotmannin 

(PI4K type III). The location of PI4-kinases activity encompasses diverse cellular 

compartments, in particular, PI4K IIIα is predominantly localised to the plasma membrane 

and ER, PI4K IIIβ to the Golgi and type II PI4-kinases are localised in the endosomal 

system. 
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3.2.1 PI4-kinase type IIIα (PI4K IIIα)  

3.2.1.1 Gene and protein isoforms 

 The gene encoding for PI4K IIIα (PI4KA) contains 57 exons and is located on 

human chromosome 22, in locus 22q11.2 which is known for its genetic instability. 

Transcription of the PI4KA gene gives rise to two splice variants annotated in GenBank as 

GI:4505807 for isoform1 and GI:155030226 for isoform 2 [78]. A shorter form (isoform 1) 

was cloned as the first mammalian PI4-kinase from cDNA isolated from human placenta 

which encodes 854 amino acid-long protein with a predicted molecular weight 97 kDa 

[79]. However, the endogenous existence of a shorter variant on the protein level has never 

been confirmed. Furthermore, this N-terminally truncated variant was shown to be 

catalytically inactive in in vitro experiments [78]. The full length variant (isoform 2) was 

firstly cloned from rat brain cDNA encoding 2041 amino acid-long protein with a 

predicted molecular mass 210-230 kDa [80].  

3.2.1.2 Protein 

3.2.1.2.1 Localisation 

 PI4K IIIα is predominantly localised to the ER but its significant pool was also 

immunostained on a cytoplasmic leaflet of the PM [47,81]. It was shown that PI4K IIIα is 

concentrated at PM patches where it forms the complex with EFR3B and TTC7B [82]. 

EFR3B and TTC7B are human analogues of yeast scaffolding proteins (Efe3p, Ypp1p) 

which recruit Stt4 (a yeast orthologue of PI4K IIIα) to the PM [83]. The bipartite NLS 

(nuclear localisation signal) and NES (nuclear export signal) sequence motifs at the N-

termini of PI4K IIIα leads to the expectation that this protein could also be distributed in 

the nucleus and the nucleolus. This speculation was supported by the recent research of 

Kakuk et al. [84,85]. A high expression level of PI4K IIIα was also detected in the brain, 

especially on cisternae of the ER and atypical membranes surrounding the outer 

mitochondrial membrane or on multivesicular bodies [86]. 
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3.2.1.2.2 Structure 

 The crystal structures of almost all PI4-kinases were published recently [87–89]. 

PI4K IIIα is the only PI4-kinase with a three-dimensional structure that remains to be 

solved. The computationally predicted domain organisation of PI4K IIIα described a 

putative SRC homology 3 (SH3) domain and a Pro-rich region at the very end of the N-

terminus [80,90,91]. Both, the SH3 domain and the Pro-rich region are characteristic 

motifs of proteins participating in signal transduction. Furthermore, within the N-terminal 

half of the protein a Leu-rich nuclear export signal (NES) followed by a bipartite nuclear 

localisation signal (NLS) are predicted [92]. The C-terminal part of the protein contains a 

highly conserved catalytic domain that bears high sequence similarity to PI3-kinases. 

Preceding the catalytic domain, a lipid kinase unique (LKU) domain typical for type III 

PI4-kinases and PI3-kinases is predicted. A PH domain was mistakenly predicted between 

the catalytic and the LKU domain [79]. The compelling work of Harak et al., that used 

experiment guided modelling, provided new insight into PI4K IIIα domain organisation. 

Harak et al. described two new functional domains in the C-terminal part of the protein. 

The first one encompassing residues 1101-1535 is predicted to be mostly helical and is 

therefore termed the helical domain. This domain can be further divided into three 

individual subdomains (DI, DII, DIII). The whole helical domain structurally corresponds 

to the helical domain of PI4K IIIβ. A second region, composed of residues 1536-1723, is 

designated as the armadillo repeat (ARM) domain and includes predicted LKU domain. 

Furthermore, the predicted PH domain is replaced with the N-lobe of the catalytic domain 

in Harak´s model (see Figure 6.) [93].  

 

 
 
Figure 6.: Schematic representation of the predicted domain organisation of PI4K IIIα. 
NLS refers to nuclear localisation signal, LKU- lipid kinase domain; PH- plecstrin homology domain; ARM- 
armadillo repeat domain; SH3- SRC homology 3 domain; DI, DII, DIII- individual subdomains of helical 
domain. The scale at the top refers to amino acid number. 
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 Additionally, multiple sequence alignments and homology-based molecular 

modelling were used for a detailed characterisation of the catalytic domain. Based on this 

strategy, two conserved cysteine (Cys1839, Cys1843) residues were found among all the 

orthologues of human PI4K IIIα. In human PI4K IIIβ, cysteine residues are replaced with 

serine and proline (in human PI4K IIIβ: Cys1839-Ser592, Cys1843-Pro597). In 

comparison with human PI3-kinases, the cysteine residues in their catalytic core are 

replaced with valine, isoleucine or tyrosine. In the predicted three-dimensional structural 

model, the cysteine residues are localised in a flexible loop connecting the N- and C-

terminal lobes at ATP binding site. This makes them promising regulatory residues in the 

enzymatic activity of PI4K IIIα. Furthermore, the occurrence of a third cysteine residue 

(Cys1796) adjacent to Cys1839 and Cys1843 was also described. Mutagenesis analysis of 

individual cysteine residues revealed that a Cys1839Ser mutation did not affect the 

enzymatic activity while the mutations of Cys1796Pro/Ser render the protein inactive [94].  

 In order to elucidate the complete mechanism of PtdIns4P catalysis and the residues 

involved in this process as well as the correct domain organisation, the crystal structure of 

PI4K IIIα is highly demanded. 

3.2.1.2.3 Function 

Very little is known so far about the precise function of PI4K IIIα on cellular 

membranes. Since PI4K IIIα is localised at the ER and the PM, it is assumed that PI4K IIIα 

is the enzyme responsible for the generation of the PtdIns4P pool on these organelles [95]. 

Additionally, the study of Shoji-Kawaguchi et al. showed that the acidic character of 

PtdIns, PtdIns4P, PS and PA in the nucleus has a great impact on the activity of some 

DNA polymerases. However, whether nuclear-localised PI4K IIIα is responsible for this 

effect is questionable [96]. 

Intensive studies focusing on the functional and structural relevance of PI4K IIIα in 

cell physiology has been enhanced by the identification of type III PI4-kinases as essential 

host factors in hepatitis C virus (HCV) replication. The involvement of PI4K IIIα in the 

HCV life cycle makes this protein a promising target for pharmacological intervention.  

HCV, a member of Flaviviridae family, is a single strand plus sense RNA virus 

(+RNA). Its genome is represented by an uncapped RNA molecule flanked by non-

translated regions (NTRs) [97]. The internal ribosome entry site (IRES) and two 

microRNA-122 binding sites needed for further RNA processing were mapped into the 

HCV genome (see Figure 7.) [98–100]. Genome translation results in a polyprotein 
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precursor whose cleavage mediated by viral and host proteases gives rise to three structural 

proteins, a small hydrophobic protein and six non-structural proteins (see Figure 7.) 

[101,102]. 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.: Schematic representation of the HCV genome.  
The HCV genome contains non-translated regions (NTR) and a single open reading frame. The internal 
ribosome entry site (IRES)-mediated translation yields a 3000 amino acid- long polyprotein. This polyprotein 
precursor is further processed by viral and host proteases into both structural and non-structural (NS) proteins 
at the ER membrane. Structural proteins are responsible for virus particle assembly while non-structural 
proteins are involved in RNA genome replication. Taken from [103].  
 

In general, the HCV life cycle is a highly complex multi-step process which needs 

to be completed as quickly and efficiently as possible upon host cell entry or else the virus 

would be eliminated by the host immune system. To effect this, HCV utilises host cellular 

membranes to modulate their lipid environment in favour of viral replication. Furthermore, 

HCV utilises the host secretory and trafficking pathways for assembly and export of its 

virions [104]. In HCV infected cells, discrete membrane platforms with highly enriched 

PtdIns4P microenvironments were detected [105–109]. These invaginated membrane 

structures called membranous webs (MWs) provide not only platforms for efficient RNA 

synthesis but also a protective environment against innate immunity [110]. The generation 

of the MWs is driven by a rearrangement of pre-existing organelle complexes. In the case 

of HCV, the MWs are derived from the ER membrane [105]. The PtdIns4P depletion from 

unique multivesicular structures observed in infected liver cells significantly decrease 

HCV replication efficiency which indicates that PtdIns4P is indispensable for HCV RNA 

synthesis [109,111,112]. The precise role of PtdIns4P in the viral replication machinery is 

not known but it seems that HCV takes advantage of normal physiological functions of 

PtdIns4P. Its biochemical properties (including the ability to be exchanged for cholesterol 
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[113]) and its scaffolding role are the most important ones. The acidic character of 

PtdIns4P in ER-derived platforms leads to a charge redistribution and perturbation of the 

membrane curvature [114]. The presence of positive and negative membrane curvatures 

has already been observed in HCV infected cells [115]. Independently from the 

electrostatic character of PtdIns4P, this lipid is also efficiently recognised by diverse 

effector proteins. These proteins could easily be harnessed by the virus to modulate lipid 

composition and the membrane architecture or even to concentrate viral or host proteins 

indispensable for viral replication. In particular, oxysterol binding protein (OSBP) was 

shown to bind to PtdIns4P via its PH domain and shuttle cholesterol to the MWs thus 

assisting in maintaining membrane three-dimensional architecture. The lipid transfer 

function of OSBP is not only exploited by HCV as it has been described to be vital to 

encephalomyocarditis virus replication as well [116]. 

In ordered to understand this complex biological phenomenon in detail, the 

elucidation of the exact mechanism by which PtdIns4P is involved in HCV replication and 

MWs formation as well as the identification of host and viral proteins involved in these 

processes are required. 

 Therefore, extensive siRNA library screenings were carried out to identify the host 

cellular factors needed for the HCV life cycle [108,112,117–119]. Interestingly, PI4K IIIα 

together with PI4K IIIβ were identified as major host factors of the HCV life cycle. Since 

PI4K IIIα synthesises PtdIns4P on the ER membrane [95], it was necessary to determine its 

role in MWs formation. The inhibitor treatment as well as siRNA-mediated knockdown 

displayed a potent anti-HCV replication effect and a serious defect in the MWs 

architecture [108,109,111,112]. In addition, it was shown that PI4K IIIα co-localised with 

the viral non-structural NS5A protein in immunofluorescent staining [112]. The co-

immunoprecipitation studies together with yeast two hybrid system study confirmed the 

direct interaction between PI4K IIIα and HCV NS5A [108,109,111,120]. Since viral NS5A 

binds membrane via its amphipathic helix, there is a possibility of NS5A playing a role in 

PI4K IIIα recruitment to the MWs. Furthermore, this interaction not only determines the 

localisation of PI4K IIIα but also stimulates its enzymatic activity in vitro which could be 

an explanation for the elevated level of PtdIns4P in HCV infected cells [108,111]. The 

interaction site of NS5A to PI4K IIIα was mapped to the C-terminus of domain I of NS5A. 

However, contrary data were published for an interacting area of PI4K IIIα [121]. Lim et 

al. described amino acids 400-600 as responsible for NS5A binding [122] but on the other 

hand PI4K IIIα with 1101 amino acids truncated from the N-terminus was still able to co-
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precipitate with NS5A. In spite of the great effort to define the region involved in PI4K 

IIIα-NS5A interaction, the binding interface of PI4K IIIα has still not clearly been assigned 

[93]. 

 The role of PI4K IIIβ in HCV replication is still highly controversial. The silencing 

of both isoforms resulted in a reduction of HCV replication due to the decreased level of 

PtdIns4P in HCV replicon cells [107,119]. However, siRNA-induced negative effect on 

HCV replication was stronger in the case of PI4K IIIα. In contrary to PI4K IIIα, up-

regulated PI4K IIIβ was not able to rescue the viral phenotype [117]. Therefore, PI4K IIIβ 

must have a different role in the HCV life cycle than in HCV replication. It is also possible 

that the different genotypes of HCV utilise either PI4K IIIα or PI4K IIIβ for their 

replication. That would explain the contradictory results obtained by the different 

laboratories.  

 HCV has evolved skilful strategies to interfere with host lipid metabolism, thereby 

providing its uncontrolled replication. More than 170 million people suffer from acute or 

chronic liver diseases due to insufficient anti-viral therapy [123]. Therefore, the 

development of more potent anti-viral drugs with low cytotoxic effect is required. As a 

promising strategy seems to be targeting both viral and host factors in order to avoid the 

development of viral resistance. For these reasons the identification of host factors 

essential for HCV replication machinery is desirable.  

3.2.2 PI4-kinase type IIIβ (PI4K IIIβ) 

3.2.2.1 Gene and protein isoforms 

 The gene encoding for PI4K IIIβ (PI4KB) is localised on chromosome 1, locus 

1q21. 2.4 kbp full-length cDNA that encodes the 801 amino acid-long protein with a 

predicted size of 92 kDa was obtained by screening of cDNA libraries from the heart and 

the placenta. The observed molecular weight of PI4K IIIβ was distinct from the predicted 

one. The antibodies raised against PI4K IIIβ and size-exclusion chromatography confirmed 

the existence of 110 kDa protein [124]. Another splice variant with 15 amino acids inserted 

was described by Balla et al. [125]. Furthermore, Suzuki et al. and Saito et al. detected 

other slightly different cDNA with sizes of 3.6 kbp and 4.8 kbp. The corresponding 

proteins contained 816 and 828 amino acids, respectively, and they differed only in the 

presence of 12 N-terminal amino acids [126,127]. 



26 
 

3.2.2.2 Protein 

3.2.2.2.1 Localisation 

 PI4K IIIβ is primarily a Golgi complex-resident enzyme [95,128]. The small GTP-

binding protein Arf1 and yeast Frq1 (the yeast homolog of human neuronal calcium 

sensor-1 (NCS-1)) were proposed to facilitate targeting of PI4K IIIβ to the Golgi complex 

[128,129]. Unlike Frq1, human NCS-1 is not primarily localised to the Golgi and, 

therefore, it is unlikely that NCS-1 could target PI4K IIIβ to the Golgi [130]. Instead, the 

Golgi resident ACBD3 (acyl-CoA binding domain containing 3) was proposed to recruit 

PI4K IIIβ to the Golgi membranes. siRNA knockdown of ACBD3 led to cytoplasmic 

localisation of PI4K IIIβ [131]. Moreover, we showed that ACBD3 can recruit PI4K IIIβ to 

virtually any membrane both in vivo and in vitro. For instance, if ACBD3 is forced to be 

localised to the mitochondria it recruits PI4K IIIβ to the mitochondria. This interaction was 

also characterised at the atomic level using protein NMR [132]. Like PI4K IIIα, PI4K IIIβ 

was also found on the surface of the nuclear envelope as well as on the mitochondrial and 

the ER membranes in neuronal cells [86,133]. Its function on these compartments is still 

under investigation. 

3.2.2.2.2 Structure 

Domain organisation of PI4K IIIβ was described to be almost similar to PI4K IIIα based on 

primary sequence alignment and computational domain/motif prediction programmes. 

Based on this prediction, PI4K IIIβ should contain a C-terminally localised catalytic 

domain, an LKU domain and an N-terminal Pro-rich motif. Adjacent to the C-terminus of 

the LKU domain is predicted to be a Hom2 region characteristic only of PI4K IIIβ and its 

yeast homolog. This region was identified as a putative Rab11-binding site. A Ser-rich 

segment with several phosphorylation sites should precede the Hom2 region (see Figure 8.) 

[134]. A putative binding site of the PI4K IIIβ recruiter, yeast Frq1, is predicted between 

the LKU domain and the Ser-rich motif [134].  
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Figure 8.: Schematic representation of the predicted domain organisation of PI4K IIIβ. 
The LKU in blue refers to a lipid kinase unique domain; Hom2 region is in green with a putative Rab11-
binding site and the catalytic domain is depicted in orange. The scale at the top refers to the amino acid 
number. 
 

It was only in 2014 that, structural information for PI4K IIIβ in complex with Rab 

small GTPase was released (see Figure 9.). Since the N-terminal part of the protein is 

unstructured, the N- and C-terminally truncated variant with a loop deletion was 

crystallized. In comparison with the domain organisations based on computational 

predictions and the literature, new domain boundaries were established. It was discovered 

that the bi-lobal catalytic domain is much larger than the predicted one was. The Hom2 

region is replaced with the N-lobe of the catalytic domain while a helical domain 

comprising the Rab11-binding site replaced the LKU domain [135]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9.: The crystall structure of human PI4K IIIβ in complex with Rab 11a (Q70L)-GTPγS and 
inhibitor Pik93.  
Panel A: Domain organisation of full-length PI4K IIIβ and PI4K IIIβ in complex with Rab11a used for 
crystallization studies. Panel B: Cartoon representation of the overall fold of this complex. Taken from [135]. 
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3.2.2.2.3 Biological function 

 PI4K IIIβ is a major producer of PtdIns4P pools at the Golgi complex. However, it 

also maintains the integrity of this organelle and regulates Golgi-localised processes such 

as lipid metabolism or anterograde trafficking. Specific interactions of multiple effector 

molecules (CERT, FAPP, OSBP) to PtdIns4P [22,23,136] are employed in these processes 

thus providing a regulatory step easily affected by modulating the lipid kinase activity. 

 Phosphorylation is a second most prevalent post-translation modification after 

glycosylation and has a tremendous regulatory impact on the activity of many enzymes. 

Therefore, it has been suggested that also the enzymatic activity of PI4K IIIβ could be 

modulated by phosphorylation. Eight putative phosphorylation sites together with several 

protein kinases responsible for particular phosphorylations were identified [92]. The effect 

of individual phosphorylation on PI4K IIIβ function is not clearly proved except for 

phosphorylation at Ser294 which has been suggested to enhance the enzymatic activity of 

PI4K IIIβ [137]. This activated state is further stabilised by the interaction with a 

scaffolding protein 14-3-3 which binds PI4K IIIβ only upon phosphorylation at Ser294 

[138]. In the Golgi complex, PI4K IIIβ is phosphorylated at Ser294 by protein kinase D 

(PKD) which is recruited to this membrane via interaction with DAG. DAG is a side 

product in sphingomyelin synthesis, a process tightly regulated by PI4K IIIβ [18,20]. 

Therefore, the coordination of PKD and PI4K IIIβ action seems to be a potential regulatory 

loop in sphingomyelin metabolism. Additionally, phosphorylation not only affects the lipid 

kinase activity but also protein localisation. For instance, PI4K IIIβ phosphorylated at 

Ser496 and Thr504 was detected in the nucleus while phosphorylation at Ser266 and 

Ser258 localises PI4K IIIβ to the Golgi [92,139]. 

 PI4K IIIβ seems to be another crucial lipid kinase hijacked by some of the myriad 

+RNA viruses. PI4K IIIβ has emerged as a vital host factor required for enterovirus 71, 

Achi virus, bovine cobuvirus, poliovirus, coxsackievirus, human rhinovirus and SARS 

coronavirus replication [131,140–142]. Different strategies are employed by these viruses 

in a functional replication complex assembly which originates from the Golgi membranes 

with the highest steady state level of PtdIns4P lipid.  

 In enteroviral replication, membrane-bound enteroviral 3A protein modulates the 

PtdIns4P pool on "replication organelles" via recruitment of PI4K IIIβ (see Figure 10.) 

[107,141,143]. It was suggested that PI4K IIIβ is recruited to the Golgi membranes via 

interaction with a small GTPase Arf1 [128] whose functional state is influenced by GBF1 



29 
 

guanidine nucleotide exchange factor [144]. In enterovirus infected cells these interactions 

result in greater levels of PI4K IIIβ membrane recruitment which leads to a conventional 

subversion of Golgi architecture and secretory vesicles disassembly [145]. The organelle 

disassembly is further exploited by viral proteins for building up a new replication 

microenvironment. As a consequence of the Golgi membrane disruption, host immune 

system viral invader recognition is impeded due to blocking of MHC proteins and 

cytokines trafficking [107]. In general, these replication platforms serve as docking sites 

for viral and host proteins to promote efficient RNA synthesis. Enteroviral RNA 

polymerase RdRp 3Dpol was described to selectively bind to PtdIns4P over other lipids 

components presented in membranes (see Figure 10.) [107]. However, controversially, the 

PtdIns4P binding site is not known and further canonical PtdIns4P binding domains (PH 

domain, ENTH domain) have not been identified yet [107].  

 Independently from enteroviruses, Aichi virus utilises different mechanisms to 

hijack host PI4K IIIβ to secure a PtdIns4P enriched membrane environment. In Achi virus-

infected cells, PI4K IIIβ is recruited to the Golgi membrane via series of subsequent 

interactions among ACBD3, viral protein and PtdIns4P (see Figure 10.) [131,142]. 

ACBD3 is recruited to the Golgi membrane via giantin recognition in non-infected cells 

[146] while in a more advanced state of viral infection the giantin can be replaced with any 

of the five non-structural viral proteins (2B, 2BC, 2C, 3A, 3AB) [131]. The giantin-

ACBD3 interaction turned out to be crucial for maintaining Golgi integrity since its 

replacement with viral protein results in cytoplasmic dispersion of the Golgi compartment 

in the form of sequestered invaginated membrane structures [131]. Whether viral 3D RNA 

polymerase preferentially binds to PtsIns4P in membranous webs to generate a functional 

replication complex is still not known. However, in contrast to HCV RNA polymerase, a 

direct interaction between PI4K IIIβ-RdRp 3Dpol or PI4K IIIβ-3D has yet to be discovered. 

 Overall, the mechanism by which PI4K IIIβ is hijacked by viral proteins has been 

outlined for some viruses, thereby providing an alternative approach to combat multiple 

viral infections. However, further structural studies have been necessitated for mapping 

host-viral interactions sites which could be potentially targeted. 

 

 

 

 

 



30 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10.: Schematic representation of different strategies to hijack human PI4 kinases type III.  
In the top right panel PI4K IIIα is recruited to the MWs by direct interaction with viral non-structural protein 
NS5A. In the middle right panel myristoylated enteroviral 3A protein recruits PI4K IIIβ to the replication 
platform via interaction with small GTPase Arf1 and its GBF1 guanidine nucleotide exchange factor. The 
bottom right panel depicts recruitment of PI4K IIIβ by Achi-virus 3A protein via cooperative interaction with 
ACBD3. Taken from [147]. 

3.2.3 PI4-kinases type II  

3.2.3.1 Gene and protein isoforms 

 Different approaches have been attempted in order to obtain DNA sequences 

coding for the α and β isoforms of PI4-kinases type II. Since reverse transcription together 

with EST data base searching provided a partial cDNA or incomplete ORF, the first clones 

of individual isoforms were obtained from proteolytic fragments derived from individual 

proteins isolated from membrane rafts [148,149]. Different tryptic peptides were used for 

multiple sequence assignment to assemble overlapping sequences. Upon gene sequence 

recognition, the localisation of PI4K2A and PI4K2B genes were mapped to chromosome 

10, locus 10q24 and chromosome 4, locus 4p15.2, respectively. The 1437 bp-long ORF for 

the α isoform and 1443 bp-long ORF for the β isoform encode 54 kDa proteins that is in a 

good agreement with the expected molecular weight [149]. In yeast, both the α and β 

isoforms are represented by only one gene termed Lsb6 [150] while Arabidopsis thaliana 

contains eight genes coding for ubiquitously expressed variants of PI4K type II [151]. 

Furthermore, the yeast orthologue Lsb6 was found to be dispensable for yeast survival but 
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the yeast orthologues of type III PI4-kinases, Pik1(PI4K IIIβ) and Stt4 (PI4K IIIα), are 

essential [152–154]. 

3.2.3.2 Protein 

3.2.3.2.1 Localisation 

 A novel type of PI4 kinases was discovered serendipitously when testing the 

function of lipid rafts. An elevated level of ATP hydrolysing activity was observed during 

this experiment and its further examination led to identification of type II PI4 kinases. 

Following experiments with recombinant proteins confirmed that both isoforms behave as 

integral membrane proteins in spite of a missing transmembrane segment [149,155]. A 

detailed sequence analysis identified the presence of a cysteine-rich motif which can serve 

as a putative palmitoylation site. Mutating this motif to serine residues reduced the kinase 

activity and converted the tightly membrane-anchored kinase to a peripherally bound 

protein. Although this motif is also conserved in the β isoform, a vast majority of this 

protein is retained as a cytoplasmic pool and its membrane association was demonstrate to 

be a tightly regulated process [155–157].  

 Membrane bound forms of PI4K type II were found in the ER, the TGN, 

endosomes and in lesser amounts at the plasma membrane either at basal conditions 

(PI4K IIα) or after the platelet-derived growth factor stimuli (PI4K IIβ) [148,157]. 

3.2.3.2.2 Structure 

 A limited proteolysis and computational sequence analysis was employed to 

identify the minimum fragment responsible for the enzymatic activity and potentially novel 

structural domains or motifs in type II PI4-kinases [158]. Sequence analysis revealed a 

cluster of cysteine residues in the catalytic region of both isoforms whereas a diverse N-

terminal area contained a highly acidic region in the β isoform and a proline-rich region in 

the α isoform. Recently solved crystal structures of both the α and β isoforms confirmed 

the bi-lobed C-terminal catalytic domain with the ATP binding site positioned between the 

N- and C- lobes (see Figure 11.) [87–89]. Surprisingly, a second ATP binding site was 

found in a lateral hydrophobic pocket of the C-lobe in PI4K IIα (see Figure 11.) [87,88]. 

The overall fold of both isoforms is highly conserved and, therefore, only the disordered 

N-terminal region makes these proteins structurally distinguishable.  
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3.2.3.2.3 Function 

 The TGN- and endosomal-localised type IIα kinase regulates trafficking processes 

via recruitment of coat adaptors proteins AP-1 and AP-3 to the Golgi and endosomal 

PtdIns4P lipids [27,159]. Furthermore, PI4K IIα is implicated in EGF receptor endosomal-

mediated degradation [160] and synaptic vesicle biogenesis [161]. PI4K IIα was also 

identified to play a role in modulating the Wnt signalling pathway. Wnt3a protein up-

regulates PI4K IIα activity in a Dvl- and Fz-dependent manner. Dishevelled (Dvl), a 

cytosolic protein recruited to Wnt3a-bound Frizzled (Fz) receptors, forms a complex with 

PI4K IIα and PIP5K I to stimulate PtdIns(4,5)P2 production. An increased amount of this 

lipid is required for phosphorylation-induced LRP6 aggregation and the final β-catenine 

stabilisation [162,163]. The enzymatic activity of PI4K IIα can be modulated not only by 

interaction with Dvl protein in a positive manner but also by tight association with Itch-E3 

ubiquitin ligase in the opposite way. Once the PI4K IIα-Itch complex is formed, PI4K IIα-

mediated PtdInd(4,5)P2 production is decreased and ubiquitin-dependent endosomal 

degradative sorting of internalised Fz receptors is promoted. Therefore, Itch-E3 ubiquitin 

ligase represents a negative regulator of the canonical Wnt signalling pathway [164]. 

Additionally, PI4K IIα together with PI4K IIIβ control LIMP-2-mediated GBA transport to 

the lysosomes [165]. β-glucocerebrosidase (GBA) is a lysosomal enzyme responsible for 

hydrolysing glucosylceramide and, therefore, a defect in this metabolic pathway leads to 

glucosylceramide accumulation and causes the lysosomal storage disorder known as 

Gaucher disease. Lysosomal delivery of this enzyme is highly dependent on its recruitment 

to the LIMP-2 receptor (lysosomal integral membrane protein type 2) and on the catalytic 

activity of PI4K IIα and PI4K IIIβ. In order to distinguish the role of each kinase in GBA 

lysosomal transport, depletion of the enzymatic activity or of the protein itself was carried 

out. Treatment of PI4K IIIβ with isoform-specific inhibitor revealed that PI4K IIIβ is 

responsible for proper sorting of the LIMP-2/GBA complex from the Golgi since its 

inactivation prevented exit of this complex. On the other hand, siRNA targeting PI4K IIα 

resulted in enlarged LIMP-2 positive endosomes thus implicating it in the trafficking steps 

between the late endosomes and the lysosomes. Collectively, dysfunction of both PI4K IIα 

and PI4K IIIβ blocks post-Golgi trafficking events and causes missorting of GBA enzyme, 

thereby contributing to Gaucher´s disease [165]. 

In contrast, no specific function was described for PI4K IIβ. 
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 As mentioned previously, PI4K IIα is a constitutively membrane bound protein 

whilst PI4K IIβ is distributed between membranes and the cytosol. It was shown that 

membrane association makes these proteins catalytically active while a cytosolic form is 

inactive [155–157]. Therefore, in the cell there is a large pool of inactive PI4K IIβ isoform 

which can be converted to the active form following exposure to the appropriate stimuli. 

Jung et al. proposed the model of stimulus-dependent activation of PI4K IIβ. The key 

regulatory molecule in this model is molecular chaperon Hsp90 which associates only with 

the cytosolic form of PI4K IIβ and protects it from proteasomal degradation. In response to 

the stimuli, released PI4K IIβ is recruited to the membrane in a yet unidentified mechanism 

where it is further palmitoylated and activated [166]. 

 As any other lipid kinases, type II PI4-kinases must be membrane bound to access 

their substrate. Therefore, palmitoylation seems to be the main regulatory mechanism of 

type II PI4K activation. Palmitoylation itself is cholesterol dependent and, therefore, the 

cholesterol level can modulate the lipid kinase activity indirectly by affecting membrane 

composition and fluidity [167]. Moreover, the enzymatic activity of PI4K IIα was shown to 

be sensitive to calcium [168] and adenosine inhibition [155].  



34 
 

4 Aims of the study 

Specific research aims: 

1. To structurally and functionally characterise type II PI4-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 II PI4-kinases with type III PI4-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 IIIβ. 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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5.1 The Crystal Structure of the Phosphatidylinositol 4-Kinase IIα 

Background 

 PI4K IIα is the most active enzyme from all four mammalian PI4-kinases and, 

therefore, is responsible for about 50% of the overall PtdIns4P turnover on cell 

membranes. Since PI4K IIa is a constitutively membrane bound protein, its enzymatic 

activity is modulated indirectly by changing the lipid composition and affecting the 

enzyme diffusion in the phospholipid bilayer. The functional role of PI4K IIα in a cell 

physiology is not fully understood but it was shown that PI4K IIα is involved in TGN and 

endosomal trafficking processes [27,36,159], neuronal vesicular sorting [161], microbial 

pathogenicity [75] and Wnt signalling pathway which is implicated in embryonic and bone 

development, tumorigenesis, neurogenesis and in lipid and glucose metabolism [162,163]. 

Additionally, dysfunction of this protein was detected in Alzheimer´s disease [169,170] 

and also leads to a metabolic disorder known as Gaucher´s disease [165].  

 Considering the emerging role of PI4KIIa in diverse intracellular processes and its 

inadequate structural and functional characterisation, an X-ray determined crystal structure 

would help to elucidate the mechanism of PtdIns4P synthesis and regulation of its 

functional state, which when coupled together, would obviously be a useful tool for 

isoform-specific inhibitor design.  

 

Summary 

 We solved the crystal structure of PI4K IIα in complex with its physiological 

substrate ATP at 2.8 Å resolution using MR-SAD method (see Figure 11.). Structural 

analysis revealed the presence of the N- and C-lobe with the ATP binding site positioned 

in between. The crystal structure also enabled us to define the residues in 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. Unfortunately, we were not able to obtain crystals with inositol or inositol-1-

phosphate bound. Therefore, docking studies were performed to identify a putative 

phosphatidylinositol pocket. Additionally, the membrane binding mode of PI4K IIα was 

outlined based on MD-simulation and mutagenesis analysis. Different structural aspects 

such as the overall protein fold, presence of the lateral hydrophobic pocket, localisation of 
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the ATP binding site and distribution of electrostatic potential were taken into account in 

identifying the regions responsible for membrane association.  

 

 
 
Figure 11.: The crystal structure of PI4K IIα.  
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 IIα 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. 
 

My contribution 

 I expressed and purified constructs of PI4K IIα without T4 lysozyme or with 

differently positioned T4 lysozyme and carried out the crystallization trials. I performed 

the mutagenesis experiments and expressed and purified individual mutants of PI4K IIα. I 

analysed the impact of the mutated residues in the active site as well as in the lateral 

hydrophobic pocket on enzymatic activity using in vitro kinase assay. I participated in X-

ray data collection. 
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5.2 The High-Resolution Crystal Structure of Phosphatidylinositol 

4-Kinase IIβ and the Crystal Structure of Phosphatidylinositol 

4-Kinase IIα Containing a Nucleoside Analogue Provide a 

Structural Basis for Isoform-Specific Inhibitor Design.  

Background 

 Currently, PI4K IIβ is the least well-understood PI4-kinase when considering 

function and regulation. In vitro experiments indicate that PI4K IIβ possesses less 

enzymatic activity than the α isoform in spite of having the same palmitoylation motif 

affecting their lipid kinase activity. From a structural point of view, it is known that the 

first 100 amino acids at the N-terminus of PI4K IIβ are distinct from the N-termini of 

PI4K IIα while the C-terminal part is highly homologous having 58% identity and 75% 

homology [148]. This makes PI4K IIβ the closest homologue of PI4K IIα. Since the crystal 

structures of PI4K IIα and PI4K IIIβ have already been solved, we were interested in the 

extent to which PI4K IIβ possesses the same or similar catalytic residues that preserve the 

architecture of the active site. We hoped that a high resolution crystal structure could also 

reveal the crucial structural dissimilarities that could be used for the design of isoform 

specific inhibitors.  

 In addition, a series of nucleotide analogues were prepared in Dr. Nencka´s 

laboratory. We decided to test their inhibitory efect against type II PI4-kinases and to 

perform co-crystallization studies with type II PI4-kinases in order to obtain the starting 

point for isoform specific inhibitor design. 

 

Summary 

 The DNA construct of PI4K IIβ used for crystallization was designed based on the 

crystal structure of PI4K IIα. Subsequently, crystallization trials and optimization of the 

crystal quality were performed and the final crystals were subjected to X-ray diffraction 

analysis. The solved crystal structure of PI4K IIβ at 1.9 Å resolution confirmed a highly 

similar overall fold with PI4K IIα and highly conserved residues in the active site (see 

Figure 12A.). However, large conformational changes were found in the lateral 

hydrophobic pocket (see Figure 12B.). These changes were induced by crystal packing, 

but, nevertheless, they still document high flexibility of the individual hydrophobic 

residues forming the lateral pocket. 
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Figure 12.: Superposition of ATP binding sites and lateral hydrophobic pockets of PI4K IIα and IIβ. 
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 IIα is coloured 
in grey and the N- and C-lobes of PI4K IIβ are coloured in yellow and green, respectively. The disordered 
loop of PI4K IIβ consisting of Ser127-Gly132 is coloured in cyan. Differently oriented PI4K IIα Tyr131 
corresponding to PI4K IIβ Ser127 is highlighted in red. Panel B: Comparison of the lateral hydrophobic 
pockets is in the same representation and coloured as in panel A. 
 
 In a second part of this project, crystallization trials with a series of nucleotide 

analogues derived from adenosine were performed with both isoforms. However, only co-

crystallization of PI4K IIα with MD59 provided well diffracted crystals (2.6 Å resolution). 

As expected, MD59 occupied the position of ATP adenine ring in the active site as it is an 

adenosine analogue (see Figure 13.). The inhibition profiles of nucleotide analogues 

against PI4K IIα were also tested using the luminescent ADP-Glo kinase assay. MD59 

from all tested inhibitors displayed the highest potency toward PI4K IIα and there were no 

significant concurrent inhibition of PI4K IIIβ observed. 
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Figure 13.: Detailed view of the ATP binding site of PI4K IIα with bound inhibitor MD59 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 Fo-Fc map 
contoured at 3ߪ is shown around MD59. Hydrogen bonds between MD59 and amino acids residues are 
shown as dotted black lines.  
 

My contribution 

 I expressed and purified the recombinant proteins used for the biochemical 

experiments. I tested the inhibitory effect of the compounds synthesised in Dr. Nencka´s 

group against PI4K IIα and PI4K IIIβ using the luminescent ADP-Glo kinase assay. 
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5.3 Highly Selective Phosphatidylinositol 4-Kinase IIIβ Inhibitors 

and Structural Insight into Their Mode of Action 

Background 

 PI4-kinases type III play a pivotal role in the life cycle of +RNA viruses. Using the 

HCV and enteroviral model of RNA replication it was shown that viral proteins exploit 

different mechanisms to hijack type III PI4-kinases in order to modify the lipid 

environment and to build a platform for functional replication machinery. Inhibition of 

type III PI4-kinases seems to be a potential therapeutic target since the lipid kinase activity 

is indispensable for efficient viral replication. Therefore, structural insight into the 

complex of type III PI4-kinases with a potent isoform-specific inhibitor would be highly 

beneficial for anti-viral structure-based drug design.  

 

 

Summary 

 PI4K IIIβ was used for co-crystallization experiments with ATP and a series of 

archetypical inhibitors. Two obtained crystal structures (see Figure 14.) provided important 

information to outline the mechanism of their action. Albeit the crystal structures of 

PI4K IIIβ in complex with ATP or selective inhibitor 49 were solved only at 3.5 Å and 

3.3 Å resolutions, respectively, the electron density for the individual ligands was 

sufficient for their unambiguous placement. The superposition of both structures identified 

that compound 49 occupies the same place normally occupied by the ATP adenine ring and 

revealed conformational changes of individual residues involved in ligand binding (see 

Figure 14.). Overall structural information indicates that compound 49 interferes with 

adenosine ring in its binding into the active site thus blocking the course of PtdIns4P 

synthesis. In order to determine the inhibitory relevance of the different substituents in a 

series of these inhibitors, docking studies were performed as well. The results were used 

later to design more potent inhibitors.  
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Figure 14.: The crystal structures of inhibitor 49 and ATP bound to PI4K IIIβ.  
Panel A: The overall structure of PI4K IIIβ 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 2σ 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 
to elements: oxygen-red; nitrogen-blue and carbon in grey. Panel B: The overall fold of PI4K IIIβ 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 2σ.  
 

My contribution 

 I expressed and purified recombinant PI4K IIIβ. I participated in crystallization 

trials and in X-ray data collection. 
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6 Discussion  

6.1  Structural characterisation of PI4-kinases type II. 

 PI4K IIα and IIβ were poorly characterised members of the PI4K family. Their 

substrate specificity, mode of regulation and membrane association, poor sequence 

similarity with other homologues and different structural motifs make them distinct from 

type III PI4-kinases belonging to the same family. Their emerging role in fundamental 

biological processes and human pathologies make them an ever more attractive target for 

further research. Due to a lack of functional and structural studies elucidating their 

mechanism of action and regulation, we performed structural characterisation of both 

isoforms at the atomic level.  

 We were not able to express the full length protein (1-479 amino acids) of PI4K IIα 

in the E.Coli expression system. Instead, we used secondary structure prediction to design 

several truncated variants. These variants were further tested and the variant (76-479) with 

the highest expression yield was used in subsequent experiments. The variant lacking the 

first 75 amino acids was termed "pseudo-wildtype" in our experiments since it still 

possessed full enzymatic activity. This variant was used for biochemical analysis but for 

structural studies it had to be further modified. The palmitoylation motif (173-LCCPCCF-

179) was replaced by a three-amino acid linker followed by T4 lysozyme in order to 

improve protein solubility, crystal growth and diffraction properties. Furthermore, the last 

12 C-terminal amino acids were deleted. The final construct containing amino acids 76-

467 and inserted T4 lysozyme was co-crystallized with ATP. It formed small but well 

diffracting crystals (2.8 Å resolution) that belonged to the orthorombic P21212 space group. 

Since PI4K IIα does not bear high sequence similarity with other homologues and no 

crystal structures of potential homologous candidates were determined at that time, the 

molecular replacement (MR) method was not sufficient to solve the crystal structure. In 

order to solve the phase problem, soaking with heavy atoms or preparation of SeMet 

crystals were tested. Finally, the SeMet crystals provided a sufficient anomalous signal for 

solving the crystal structure using a combination of MR-SAD (T4 lysozyme provided 

partial phase information). The crystal structure of PI4K IIα revealed an atypical kinase 

fold with the catalytic domain distinguished into an N- and C-lobe. The active site with the 

ATP bound substrate was identified in the groove positioned between these two lobes. The 

residues defining the ATP binding site held ATP via electrostatic interactions and direct or 
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water molecule coordinated hydrogen bonds. The relevance of the individual residues for 

ATP binding was verified using mutagenesis analysis in combination with in vitro kinase 

assay. The unexpected presence of a second ATP molecule was also observed in this 

structure. The second ATP was identified in the lateral hydrophobic pocket of the C-lobe 

wherein it was held by interactions with aromatic residues. The precise function of this 

pocket is not fully understood. 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. Results from these 

experiments indicate that double mutation of tryptophan residues Trp359,368Ala in the 

hydrophobic pocket significantly reduced but did not eliminate the kinase activity in the 

case of the palmitoylated protein. However, significant impairment of the enzymatic 

activity was observed even for single mutants (Trp359Ala, Trp368Ala) bacterially 

expressed and thus non palmitoylated. Taken together, these data suggest that the relevance 

of the hydrophobic pocket increases with the lack of palmitoylation. Since the enzymatic 

activity of PI4K IIα is determined by its association with the membrane and the mutations 

in the hydrophobic pocket have impact on the lipid kinase activity, we suppose that this 

pocket could be important for membrane binding and proper positioning of PI4K IIα with 

respect to the membrane. Furthermore, we were interested in how the lateral hydrophobic 

pocket together with the palmitoylation motif affect the membrane binding mode of 

PI4K IIα. Therefore, molecular dynamic simulations of the membrane bound kinase were 

performed. Based on these data we proposed that the enzyme affixes to the membrane 

mainly via palmitoylation, however, also other parts of the protein including the lateral 

hydrophobic pocket, the amphipathic segment defined as residues Lys165-Lys172, helices 

H5 and H7 collectively contribute to the correct orientation toward the membrane. To 

verify our model, certain residues predicted at the membrane-protein interface were 

subjected to the mutation analysis. Reduction or complete inhibition of the enzymatic 

activity therefore confirmed the plausibility of our MD structural model. 

 

 Our crystallization efforts were also directed toward PI4K IIβ since it is the closet 

homolog of PI4K IIα and the most poorly investigated member of the PI4K family. 

 We employed the same strategy to obtain well diffracting crystals of PI4K IIβ as in 

the case of PI4K IIα. A large N-terminal part and a shorter C-terminal part of the protein 

were omitted since they were shown to be disordered based on prediction analysis and the 

crystal structure of PI4K IIα. The truncated variant of PI4K IIβ (90-450 amino acids) with 
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T4 lysozyme insertion was supplemented with ATP and used for crystallization 

experiments. Obtained crystals diffracted to 1.9 Å and belonged to the tetragonal P41212 

space group. The structure was solved by the molecular replacement method with PI4K IIα 

as a search model. The high resolution crystal structure of PI4K IIβ enabled us to confirm 

the large structural similarity with PI4K IIα in general. The superposition of the two 

structures revealed the same atypical kinase fold for both isoforms and highly conserved 

active sites with the exception of Ser127 (corresponding to Tyr131 in the α 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. The absence of the 

second ATP could be explained by different crystal packing where one lateral pocket packs 

against another lateral pocket from a different molecule. A detailed analysis of 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 α isoform) which 

indicated the possibility for putative steric accommodation in the binding of a membrane 

substrate. Cholesterol serves as an attractive membrane substrate candidate as it has been 

shown to modulate the enzymatic activity of PI4K IIα [167]. Furthermore, we suppose that 

the conformational flexibility of the surface-exposed residues (Trp368 and Trp359) in the 

hydrophobic pocket could be important for membrane binding 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 

[89]. 

 In summary, structural studies of PI4K type II elucidated a novel non-typical kinase 

fold, confirmed the structural diversity with type III PI4-kinases and other lipid kinases and 

highlighted their high evolutionary conservation.  

 

 Isoform-specific inhibitors of type II PI4-kinases would be a useful tool to 

discriminate between these two variants and to examine their functions distinctively. 

 Therefore, we tested the extent of enzymatic activity inhibition for a series of 

adenosine analogues and preformed co-crystallization experiments with both protein 

isoforms. However, we succeeded in obtaining crystals only with PI4K IIα in complex 

with compound MD59. The crystal structure was solved by the molecular replacement 

method with PI4K IIα with omitted ATP molecules as a search model. The resulting 
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structure at 2.6 Å resolution showed conformational changes induced by inhibitor binding 

into the active site. In particular, a side chain of Asp346 adopts a conformation which 

allows hydrogen bonding to the hydroxyl group of MD59. Otherwise, this conformation 

would clash with the α-phosphate of the ATP molecule when ATP bound. The inhibitory 

potency of this compound against PI4K IIα was also confirmed by in vitro enzymatic assay 

in which MD59 exhibited moderate but still better than other adenosine-based compounds 

inhibitory activity. No significant inhibitory effect was observed against PI4K IIIβ. To 

understand why, we docked MD59 in the PI4K IIIβ structure in the same orientation that it 

has when bound to PI4K IIα. Docking studies revealed that the MD59 adenine ring would 

be rotated by 60° compared with the ATP adenine ring and thus unable to form the key 

hydrogen bonds to Lys564 and Glu572. Furthermore, the MD59 hydroxyl group does not 

form any hydrogen bonds to PI4K IIIβ. 

 Finally, we demonstrated that nucleoside scaffold-based inhibitors inhibit PI4K IIα 

potently and selectively.  

6.2 Highly selective PI4K IIIβ inhibitors 

 +RNA viruses modulate lipid composition in order to form PtdIns4P enriched 

membrane platforms indispensable for assembling viral and host proteins into a functional 

replication complex. In order to achieve this functional state, +RNA viruses hijack type III 

PI4-kinases to generate so called membranous webs. A huge family of +RNA viruses 

encompasses animal, plant and notably human pathogenic viruses, most of them inducing 

cirrhosis and hepatocellular carcinoma (HCV), gastroenteritis (Aichi virus, Poliovirus), 

herpangina and meningitis (Coxsackie viruses), respiratory diseases (Rhinoviruses) and 

many others. Therefore, targeting the enzymatic activity of PI4K type III by isoform-

specific inhibitors could be a feasible approach to combat different viral infections.  

 A novel series of PI4K IIIβ inhibitors with differently substituted imidazole-

pyridazine moiety was designed using rational drug design. To determine the mechanism 

of action and the inhibitory potency and specificity, we performed co-crystallization trials 

and finally solved the crystal structures of PI4K IIIβ either with inhibitor 49 or with ATP. 

The construct of PI4K IIIβ used for crystallization trials was designed according to the 

previously solved crystal structure of PI4K IIIβ in complex with its binding partner Rab11 

and non-specific lipid kinase inhibitor PIK93 [135].We used the molecular replacement 

method to solve both structures. Naturally, Rab 11 and PIK93 inhibitor were omitted from 
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the search model. The electron density for inhibitor 49 was clearly visible but the density 

for the phosphate moieties of the ATP molecule was missing, because they were 

disordered. The final crystal structures were at lower resolutions (3.3 Å and 3.5 Å, 

respectively), but they still provided sufficient structural information. Superposition of the 

two structures revealed that compound 49 occupied the ATP binding site and showed the 

extent to which the inhibitor induced conformational changes. The imidazole-pyridazine 

moiety of compound 49 occupies the same position as the 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 Lys564 slightly further away from the active site. 

Altogether, this family of inhibitors function by providing steric interference for the 

adenine ring in binding to active site and hence inhibiting the lipid phosphorylation 

reaction. To confirm the inhibitory mechanism of the whole series of inhibitors, docking 

studies with selected compounds were performed as well. 

 The crystal structure of PI4K IIIβ in complex with compound 49 clarified the 

molecular basis for the specificity of this novel, highly potent class of PI4K IIIβ inhibitors. 
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7 Conclusion 

This work significantly contributed to the structural characterisation of type II 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 

III 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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8 Abbreviations 

ACBD3  acyl-CoA binding domain containing 3 

AP   adaptor protein 

Arf1   ADP-ribosylation factor 1 

ARM   armadillo repeat domain 

ATGs   autophagy related proteins 

CCVs   clathrin-coated vesicles 

CERT   ceramide transfer protein 

DAG   diacylglycerol 

Dvl   Dishevelled protein 

EGF   epidermal growth factor 

ENTH domain epsin N-terminal homology domain 

ER   endoplasmic reticulum 

FAPP1/FAPP2 four-phosphate adaptor protein 1/2 

FERM domain named according to: F for 4.1 protein, Ezrin, Radixin, Moesin 

FYVE domain  named according to: Fab1 (yeast orthologue of PIKfyve), YOTB,  

   Vac1 (vesicle transport protein), EEA1 

Fz   Frizzled protein 

GABARAP  γ-aminobutyric acid receptor-associated protein 

GBA   β-glucocerebrosidase 

GBF1   Golgi-specific brefeldin A-resistance guanine nucleotide exchange 

   factor 1 

GGA2   the Golgi-localised, γ-ear containing, ADP-ribosylation factor  

   binding protein 2  

GlcCer   glucosylceramide 

HCV   Hepatitis C virus 

Hom2   homology region 2 

ILVs   intraluminal vesicles 

Ins(1,4,5)P3/IP3 inositol (1,4,5) trisphosphate 

IRES   internal ribosome entry site 

Itch-E3  E3 ubiquitin-protein ligase Itchy homolog 

LCV   Legionela-containing vesicles 

LIMP-2  lysosomal integral membrane protein type 2 
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LKU domain  lipid kinase unique domain 

LRP6   low-density lipoprotein receptor-related protein 6 

MD simulations molecular dynamic simulations 

MR-SAD  molecular replacement in combination with single wavelength  

   anomalous dispersion 

MTM   myotubularin lipid phosphatase 

MTMT  myotubularin-related lipid phosphatase 

MVBs   multivesicular bodies 

MWs   membranous webs 

NCS-1   neuronal calcium sensor-1 

NES   nuclear export signals 

NLS   nuclear localisation signal 

NTR   non-translated region 

ORF   open reading frame 

ORPL   OSBP-related protein like 

OSBP   oxysterol-binding protein 

PA   phosphatidic acid 

PH domain  pleckstrin homology domain 

PI4K   phosphatidylinositol 4-kinase 

PI5PK / PIKfyve phosphatidylinositol-3-phosphate 5-kinase 

PKD   protein kinase D 

PLC   phospholipase C 

PM   plasma membrane 

PS   phosphatidylserine 

PtdIns   phosphatidylinositol 

PtdIns4P  phosphatidylinositol 4-phosphate 

PX domain  Phox homology domain 

Rab11a  Ras-related protein Rab11a 

RdRp 3Dpol  RNA-dependent RNA-polymerase 3D 

Sac1/Sac2  Suppressor of actin mutations 1/2 

SH3 domain  SRC homology 3 domain 

siRNA   small interfering RNA 

SidC   synonym to interaptin 

SidM   synonym to DrrA, Defect in Rab1 recruitment protein A 
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SM   sphingomyelin 

TfR   transferrin receptor 

TGN   trans-Golgi network 

VAMP   (vesicle-associated membrane protein) associated protein-A  

Wnt   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 

+RNA   plus sense single strand RNA 
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