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ABSTRACT

The proliferation of the malaria-causing parasiflasmodium falciparum within the
erythrocyte is concomitant with massive phosphétiiyline and phosphatidylethanolamine
biosynthesis. Based on pharmacological and gedeti&,de novo biosynthesis pathways of
both phospholipids appear essential for parasite\al. The present study characterizes
falciparum choline kinase RfCK) and ethanolamine kinasBfEK), which catalyse the first
enzymatic steps of these essential metabolic pgthwRecombinanPiCK and PIEK were
expressed as His-tagged fusion proteins from oxpressinge. coli strains, then purified to
homogeneity and characterized. Using mice-polydloaatibodies against recombinant
kinases,PfCK and PfEK were shown to be localized within the parasigoplasm. Protein
expression levels increased during erythrocytic ettgyment. PfCK and PfEK appeared
specific to their respective substrate and followéidhaelis-Menten kinetics. The Kvalue
of PfCK for choline was 135.3 £ 158M. PfCK was also able to phosphorylate ethanolamine
with a very low affinity.PfEK was found to be an ethanclamine-specific kif&se=475.7 +
80.2 uM for ethanolamine). The quaternary ammonium Hewliodlum-3 and an
ethanolamine analog, 2-amino 1-butanol selectiirgibited PICK or PfEK. In contrast, the
bisthiazolium compound T3 designed as a cholindognand currently in clinical trials for
antimalarial treatment, affected similafyCK andPfEK activities. Inhibition exerted by T3
was competitive for bothPfCK and PfEK and correlated with the impairment of cellular
phosphatidylcholine biosynthesis. Comparative asedyof sequences and structures between
both kinase types gave insights into their speaificbition profiles and into the dual capacity
of T3 to inhibit bothPfCK andPfEK.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20091119
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INTRODUCTION

Plasmodium falciparum, the parasite of most severe forms of human naalegguires intense
membrane neogenesis to achieve successful growltiprafiferation inside its hosts. During
pathogenic blood development, one of the drastmghs is a six-fold increase in the content
of phospholipids (PL) with a quasi-absence of chi@l [1, 2]. Since PL salvage from the
host plasma is not significant, the prodigious ipechtive capacity of malaria parasite relies
on its own biosynthetic machinery, more particylamh the synthesis of phosphatidylcholine
(PtdCho) and phosphatidylethanolamine (PtdEtn) whiepresent 75 to 85% of the total
parasitic PL content [3, 4]. Like other eukaryatadls, Plasmodium is capable of synthesizing
PtdCho and PtdEtvia thede novo CDP-choline and CDP-ethanolamine (Kennedy) patisway
and a CDP-DAG dependent pathway leading to phosgjyisgrine which can be
decarboxylated into PtdEtn. In addition, a newlentified plant-like pathway involving
serine decarboxylase and phosphoethanolamine Nyitratisferase generates additional
PtdCho and PtdEtn in the parasite [5-7].

Parasite-driven lipid synthesis accompanying ptagrowth has been shown to be
essential and many steps within PL metabolism gifgential targets for chemotherapy [8,
9]. Because the intraerythrocytic parasite rel®s host-imported precursors, the use of
commercial choline (Cho) or ethanolamine (Etn) agslidentified thele novo PtdCho and
PtdEtn metabolic pathways as vital to the parasibed stage [9, 10]. Unquestionably, the
most advanced approach is through the use of Calogs possessing one or two quaternary
ammoniums. Indeed, we have identified Cho analbgsihhibitP. falciparum asexual blood
stages at single digit nanomolar concentrations [4]. The bisthiazolium T3 [13] is
currently in development for severe malaria in harobnical trials. The primary mechanism
of T3 antimalarial activity is likelywia the perturbation of an organic cation transpottet t
mediates Cho entry into infected erythrocytes [14éreby preventing the first crucial step in
de novo PtdCho biosynthesis [13]. The development of Qmal@ys as innovative antimalaria
therapeutics proves that targeting lipid metaboisa viable approach.

An alternative pharmacological strategy consistmiarfering with enzymatic steps in the
essential metabolic pathways for parasite lipiagrfation. In the so-called Kennedy pathway,
Cho diverted irom the host is phosphorylated bylinokdkinase (CK) into phosphocholine (P-
Cho) which is subsequently coupled to CTP, thusegging CDP-Cho by a CTP-
phosphocholine cytidylyltransferase (CCT). An egléwnt de novo pathway exists for
Plasmodium PtdEtnsynthesis implying an ethanolamine kinase (EK)ist €nzymatic step.

In Plasmodium, the CDP-activated polar head groups are conventedthe final products

3
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PtdCho and PtdEtn by a common parasite cholineietamine phosphotransferase (CEPT)
[15] in presence of diacylglycerol (supp. Figure Rgcent genetic experiments in the rodent
malaria parasiteP. berghel indicate that the genes coding for CK, CCT, CTP:
phosphoethanolamine cytidylyltransferase (ECT) @&dPT are essential for parasite survival
(Déchamps and Vial, personal communication), thdestifying enzymes involved ide novo
PtdCho and PtdEtn metabolic pathways as poteatigéts for novel antimalaria therapy.

This study aims at characterizifg falciparum CK (PfCK) (EC 2.7.1.32) and EKP(EK)
(EC 2.7.1.82) which catalyze the first committe@pstfor de novo PtdCho and PtdEtn
synthesis, respectively, phosphorylating the plasnginating Cho and Etn (Supp. Figure 1).
In mammalian cells, CK is considered as the conmedbetween PL metabolism and cell
cycle regulation [16]. Increasing interest in CKose from the involvement of human
isoform CK in cell proliferation regulation and carogenesis [16-18]. High levels of PtdCho
resulting from an up-regulation of genes coding@tio transporter and for CK correlate as a
biochemical marker of breast cancer [19] whilecC#epletion selectively kills many tumor-
derived cell lines [20-22]. Antitumoral strategydating this enzyme and rational drug design
are currently actively investigated [23-27].

P. falciparum at the blood stage likely possesses two distinaitems for the
phosphorylation of Cho and Etn with specificity their natural substrate in parasite lysates
[28] and the recombinafCK (PlasmoDB: PF14 0020) has been characterizetro [29,
30]. A putative EK is annotated in the genome df Rlbsmodium species (PlasmoDB:
PF11_0257) (http://PlasmoDB.org) [31] but its aiyivhas not been identified and
characterized yet. This work identifies the acyivdf the gene product PF11_0257 Rs
falciparum EK. A comparative study dfCK andPfEK is presented for both their cellular
expression and their properties as recombinantm®twith the characterization of their
substrate requirements as well as their selechitaition. Interestingly, we found that the
bisthiazolium T3, currently developed as a choler@log for malaria therapy, equally

inhibited both enzymatic activities while speciflgampairing parasite PtdCho biosynthesis.
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EXPERIMENTAL

Parasite culture and cDNA synthesis

The P. falciparum 3D7 strain was maintained in A+ or O+ human redotl cells (RBC)
(Etablissement Francais du Sang, Pyrénées Méditeearat 5% hematocrit in RPMI 1640
medium (Gibco) supplemented with 25 mM HEPES, @M hypoxanthine and 0.5% (w/v)
Albumax Il (Gibco). Synchronisation of parasite tovés was performed twice at 36 hours
interval using 5% sorbitol in phosphate bufferetinea(PBS) for 5 min at 37° C during two
parasite life cycles [32]. Infected erythrocytesavl/sed by 0.1 % saponin in cold PBS at 4°
C. After centrifugation at 1300xg for 5 min, thdlpeof free parasites was washed twice with
cold PBS. Genomic DNA was isolated from free paeasusing the QIAamp® DNA Blood
Mini kit (Qiagen)according to the manufacturer's instructions. TRIdA was extracted from
infected RBC (IRBC) using the RNAaquedtiskit (Ambion) and cDNA was obtained by
RT-PCR (SuperScript' Il First-Strand Synthesis SuperMix, Invitrogen).

Cloning, Over-expression and Purification of PFCK and PfEK

The primary sequences of the full-lend®fCK (440 amino-acids) and putatN®&EK (423
amino-acids) were identified from PlasmoDB (htptdsmoDB.org) [31]. The two ORFs
were amplified by PCR fromP. falciparum cDNA, using the high-fidelity Phusion

polymerase with the forward primers 5-
CAAGCTAGCATGGAAAGCAAAATCTGTGACC-3, 5'-
CAAGCTAGCATGGAATATCAACTAAGAGAAATTGATG-3' and the reverse pmers,
5-CAACTCGAGATCGTCATAATCCTTGATAATATTTTTG-3, 5’-

CAACTCGAGGTTTTTTTCCAATTTGCTCCTAAATTTTAC-3', respectively forPfCK
andPfEK. Restriction sites Nhel and Xhol are shown itdb®CR fragments were ligated by
T4 DNA ligase (BicLabs) into pET24b vector, to puoe pET240PfCK and pET24RfEK

for inducible expression of C-terminal hexahisteltagged recombinant proteins. All
constructs were controlled by sequencihbe plasmids were transformed irfccoli strain
BL21(DE3)pRIL. Bacteria were grown in LB medium ¢aiming 40 pg/ml chloramphenicol
and 50 pg/mi kanamycin at 37° C. Expression ofr¢fembinant proteins was induced by the
addition of 0.5 mM isopropyp-D-thiogalactopyranose (Invitrogen). Cultures wereubated
for 5h at 28°C. After centrifugation (15 min at 83@), cells were suspended in 10 ml of
lysis buffer (25 mM Tris-HCI, pH 8.0, 2mM B-mercapto-ethanol, 0.2 mM
phenylmethylsulfonyl fluoride) containing one prase inhibitor cocktail tablet (Complete
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Mini, EDTA-free, Roche). Lysis was performed bydarpassages through a French press
(Thermo Spectronic), at a pressure of 1000 PasSapernatants were isolated after
centrifugation at 14000xg for 30 min at 4°C. Foe first step ofPlasmodium recombinant
protein purification, the supernatant was loadetb an1ml HisTrap chelating column (GE
Healthcare). After washing steps, the recombifiGK andPfEK were eluted with 250 mM
imidazole. Imidazole was removed on desalting PBA@mn (GE Healthcare), and the Ni-
NTA purified proteins were concentrated using Amidditra-15 (Millipore) to a final volume
~1ml. The kinases were further purified on a S HfCK) or on a S200 (foPfEK) gel
filtration sepharose column (HiLoad Superdex, GEldeare) in 0.15 M NaCl, 25 mM Tris-
HCI, pH 8.0 buffer and 2 mM3-mercapto-ethanol at a flow rate of 1 ml/min. Pirote
concentrations were determined by the Bradford ote#f83] with bovine serum albumin
(Pierce) as standard. Purification steps were Vi@t by SDS - polyacrylamide gel

electrophoresis.

Circular Dichroism analysis

Purified recombinant proteins (concentrated atrfigdml) were used for UV-CD analysis in
20mM sodium phosphate, pH 7.4 buffer and 2ifiMhercapto-ethanol. CD spectra were
recorded from 180 to 260 nm at 200€a Chirascan Circular Dichroism Spectrophotometer
(Applied Photophysics Inc.) with a 0.5 cm path-ldgnguartz cell. Data were collected at 0.5
nm intervals and an accumulation time of 1s. Abbtpm spectra were measured three times
and corrected by subtraction of respective bufferctra. ThePfCK and PfEK spectra were
analysed with CDNN CD Spectra Deconvolution Sofevgkpplied Photophysics).

Antibody production and Western immunoblotting

Eight-week-old female BALB/c mice (Charles Rivebdmatories, France) were immunized
by subcutaneous injections of 20 to 50 pg of pedifiecombinanPfCK or PfEK emulsified

in Freund adjuvant and boosted every three weeksbysuccessive injections. For Western
blots, IRBC were lyzed and free parasites wereiobthas described iRarasite culture
section. Parasite extracts were separated using SR PAGE under reducing conditions
and transferred onto a nitrocellulose membraneti@&@rp Whatman). Equivalent amount of
cells were loaded in each wellX10’ cells/well). Membranes were incubated either \pité-
immune or immune mice sera (1:500 dilution for &fCK and 1:2,500 dilution for anti-

PfEK), then with horseradish peroxidase conjugatédraause IgG (Promega). Signals were
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detected by chemioluminescence (ECL Western BipttiDetection Reagents, GE

Healthcare).

I mmunofluorescence assays

IRBC fixed in 4% para-formaldehyde and permeabdiby 0.1% Triton X-100 for 10 min,
were incubated with anBfCK (1:100 dilution) or antPfEK (1:200 dilution) antibodies
overnight at 4° C. The presenceRICK or PfEK was revealed by incubation with goat anti-
mouse IgG green Alexa Fluor 488 (Invitrogen) fdr &t room temperature. Cells were plated
on 10 well-slides then mounted on slides using atd&hield mounting medium containing
diamidino phenylindole (DAPI) (Vector Laboratoridsg.). Parasites were visualized with an
upright Axiolmager-Z1 microscope equipped with gotame and differential interference
contrast for transmitted light (Carl Zeiss Inc.jndges were acquired using a x63, 1.4
apochromat oil-objective. Cropping and brightnesstiast adjustments were performed with

Axiovision (Carl Zeiss Inc.) and ImageJ (MacBiophats) softwares.

Kinetic parameters and inhibition assays for PfCK and PfEK

RecombinanPfCK andPfEK were incubated with [methyfC] choline or [2}*C] ethan-1-ol-
2-amine with specific activity of 5@Ci/pmol or 55 uCi/umol, respectively (Amersham
Biosciences). The enzymatic activities were meakurg the formation of radio-labeled
phosphocholine and phosphoethanolamine. Assays adapted from the optimization in
Plasmodium-infected homogenates [28, 34]. Enzymatic reactiwese carried out with 125
mM Tris-HCI, pH 8.0 buffer, 10 mM ATP, 5 mM EGTAQ0ImM MgCk and 0.25uCi of
radio-labelled precursors for each assay in a freddme of 100 pl. Reactions were initiated
with the addition of 0.5 pug d?CK or 2 ugPfEK followed by 5 or 10 min incubation at 37°C
for PfCK or PfEK, respectively. Reactions were stopped by heaing6°C for 5 min. For
each assay, a sample of 20 ul was spotted ontm dagfer chromatography (TLC) silica-gel
plate, previously activated at 100°C for 1 h. Radbelled products and substrates were then
separated in a buffer containing ethanol/2% ammdfid, v/v). Plates were exposed
overnight to a storage phosphor screen (Moleculedyhamics) then analyzed on a
Phospholmager (Storm 840, Amersham BiosciencesjlioRetive spots identified by the
migration of appropriate standards (P-Cho and B-&#re scraped directly into scintillation
vials. Radioactivity was determined using a Beckm&a®6500 liquid-scintillation

spectrometer after the addition of 3ml of scintiti@UItima Gold, Perkin Elmer).
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For the inhibition assays, two commercial compouh@snicholinium-3 (Sigma), 2-amino-1-
butanol (Aldrich), and a bisthiazolium compound Were tested. Inhibition assays were
performed on recombinant proteins and naf¥€K and PfCK from P. falciparum extracts.
Soluble parasite extracts were obtained after sapgogatment of synchronized IRBC cultures
at the schizont stageX10’ parasites). Parasite pellets were washed in d®&ldhd lyzed by
sonication (Digital Sonifier, Branson Ultrasonicor@oration). The soluble fraction was
recovered after centrifugation at 146@0 Inhibition assays were measured by using the
substrate concentrations at their respective #ffi(i,, value) and by varying the inhibitor
concentrations. For the determination of the infohi constant K of T3, different
concentrations of inhibitor were used. Substratelibitor dependent curves were analyzed
using GraphPad Prism 4 (GraphPad software, Ind Waare represented using the Michaelis-
Menten equation or the Lineweaver-Burk double nexpl plots for K, Vmax Ki

determination.

Determination of the critical micellar concentration of T3 by light scattering

The critical micellar concentration of T3 was dataered by following the signal of dynamic
light scattering when diluting a highly concentafE3 solution. All the assays were carried
out in the buffer used for the inhibition assaysis“HCI, pH 8 buffer). The intensity of the
Rayleigh scattering bandR) (in kilo counts per second) was measured for e&@gh
concentration. Measurements were done on a Zeta Nanes (Malvern Instrument) and data
processed according to the manufacturer recommiendavith DTS program. The intercept
between the two straight lines corresponded t@the value.

Inhibition of P. falciparum phosphatidylcholine and phosphatidylethanolamine
biosynthesis.

The incorporations of radio-labelletH] -Cho (20 uM, 0.5 Ci/mmol) o’H]-Etn (2 uM, 4.2
Ci/mmol) into PtdCho or PtdEtn and oH]-hypoxanthine (1 pCi/well) into nucleic acids
were measured on infected erythrocyte suspensingy effects onP. falciparum growth
were measured in 96 well microtiter plates filled with 100 pl of P. falciparum IRBC
suspension (3% final hematocrit and 5% parasiteraia@ 50 pl of complete medium
(choline-free RPMI 1640, 25mM Hepes, 10% humanreg@nwith or without the drug. After
30 min incubation at 37°C, 50 of radio-labelled precursor was added to the saosions.

Parasite cultures were maintained for 3 hours &C3aAnd then frozen at -80°C. After
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thawing, the parasite macromolecules, includingoactive nucleic acids and lipids, were
retained on glass fiber filters (Perkin Elmer) ¢meated with 0.05% polyethylene glycol for
Cho incorporation). Radioactivity was counted aftee addition of scintillation cocktail
(Ultima Gold, Perkin Elmer) in a liquid scintillath spectrometer. Dose-response curves were
analyzed using GraphPad Prism 4 (GraphPad softwarg, The results are expressed as the
concentration of drug resulting in 50% inhibitioiC4y) of Cho, Etn or hypoxanthine
incorporations into PC, PE or nucleic acids, retpely.

RESULTS

Sequence analysis of P. falciparum CK and putative EK

The sequence alignment of tH¥CK sequence with other known CKs exhibited three
conserved motifs; (1) the ATP binding loop with tbenserved residues (Ser/Thr)-Asn, (2)
the Brenner’s phosphotransferase motif and (3)ctiine/ethanolamine kinase motif (supp.
Figure 2). We focused the analysis on residueshmedoin the binding of the Cho or Etn
moiety. The Cho/Etn kinase motif consisted in asamsus sequence described by Ayoyama
et al., 2004 [35] and redefined as follows: hhDhExxxxMx®hxNhhxE (h stands for large
hydrophobic residue). Analysis of the X-ray 3D stwes of the human ar@ elegans CKs
[36] and the mutational studies @f elegans CK [37], indicated that three residues (Asp306,
GIn308 and Asn311 in human @k2) belonging to the Brenner’'s motif were also ilved in
choline binding. These three residues are conseive@K sequences includin§fCK.
Moreover, the choline binding site consisted of e hydrophobic groove and an outer
negatively charged surface as described for theanu@K structure in complex with the
phosphocholine product [36]. The hydrophobic intéoms stabilizing the quaternary amine
of choline were mediated by conserved aromatidues(Tyr333, 354, 440 and Trp420, 423
in hCKa-2) [36]. All five residues were found at equivalgrositions in thePfCK sequence
(supp. Figure 2).

The P. falciparum genome database PlasmoDB [31] predicted the preseian intronless
gene (PF11 0257) encoding a putative EK. The alemnof the putativd®lEK sequence
with other EKs revealed the presence of the thomserved motifs already described for CKs
(supp. Figure 2). The ATP binding loop and the Biex's motif of putativePfEK were highly
similar to EK but also to CK sequences. The cosggisequence of the Cho/Etn kinase motif

defined above was also present in putafEeX.
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Over-expression, purification and circular dichroism analysis of recombinant PfCK and
PfEK

We confirmed the coding sequenckP. falciparum EK by sequencing the cDNA d?.
falciparum 3D7 strain (data not shown). The molecular masshef deduced amino acid
sequence was 49.9 kDa. DNA coding sequencePfGK and PfEK were inserted into
PET24b expression vector and expressed as C-tdrieahistidine-tagged recombinant
proteins in theE. coli strain BL21(DE3)pRIL. SDS-PAGE analysis of totabtamins from
IPTG-induced bacteria indicated the presence omprent bands corresponding to the
apparent molecular mass of approximately 50 an&Dl& for PfCK and PfEK, respectively
(supp. Figure 3A and 3B). Most of the recombinardtgins were found in the soluble
fraction after bacterial lysis. Purification of éa@combinant protein was performed first by a
nickel-ion affinity chromatography. A further pudétion step using gel filtration
chromatography yielded highly purified proteinsstmwn by the single detectable band on
SDS-PAGE (supp. Figure 3C). The oligomerizatioriestaof both recombinant proteins were
determined from the gel filtration elution profiléBne molecular mass obtained ffiCK on

a calibrated column was ~52 kDa, indicating thatphotein was monomeric in 0.15 M NaCl,
20mM Tris, pH 8 buffer. In contrast, under the saconditionsPfEK appeared dimeric with

a molecular mass of ~109 kDimterestingly,PfCK seemed to be the only monomeric CK
[29] while all other characterized CK and EK wemneric [35, 38-40]. The dimer interface,
described for human ard. elegans CK crystal structures, comprised 16 residues &utait
the C-terminal of the ATP binding loop [36, 41] gu Figure 2). After the two purification
steps, both purified proteins were recovered aha toncentration of around 0.3 mg/ml for
further studies. Average yields at the end of thefigation procedure were 8-10 mg BfEK
and 1-2 mg oPfCK per litre of bacterial culture. Circular dichsan (CD) was used to assess
protein folding after the purification steps. Spaatlearly exhibited two local minima and a
maximum at 190 nm characteristic athelix conformation (supp. Figure 3D). For both
proteins, the CD spectra reflected folded proteBscondary structure content estimation

gave approximately 30% and 40c#4helix for PfCK andPfEK, respectively.

Cdlular expression and localization of PfCK and PfEK

We generated specific antibodies agaif¥CK and PfEK recombinant proteins by
immunization of BALB-c mice. The specificity of aRfCK and antiPfEK antibodies was
verified by Western blot analysis of parasite estsaOnly one band was detected at the
expected molecular mass for béfCK andPfEK, while pre-immune sera did not show any

10
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significant signal (Figure 1A and 1B). The antitegliwere then used to detéfiCK and
PfEK at the different stages of parasite developnfeng, trophozoite and schizont stages).
PfCK andPfEK could not be detected by Western blot at théyesaage (ring) (Figure 1C and
1D). At the trophozoite stage, afi€K detected a weak band while the band detected by
anti-PfEK was more intense (Figure 1C and 1D). At the ehthe life cycle (schizont), both
bands corresponding fCK and PfEK were more intense reflecting a maximal amount of
both proteins at this stage of tRefalciparum blood development (Figure 1C and 1D). To
localize both enzymes within the parasite, immunmiéscence analyses were carried out on
non-synchronized parasite cultures. The signalsotth anti-sera were spread throughout the
parasite cytoplasm (Figure 2). Moreov&CK and PfEK were clearly detected at both
mature stages (trophozoite and schizont) but alsdha early ring stage (Figure 2),
highlighting a greater sensitivity in the immunaftescence assays with the aPicK and

anti-PfEK antibodies, compared to the Western blot anglysi

In vitro PICK and PfEK assays revealed two distinct enzymatic activities

Enzymatic activities and associated kinetic paransetvere determined for each purified
recombinant protein. The assay conditions were tadafrom the protocols optimized for
extracts ofP. falciparumrinfected erythrocytes [28]. Enzymatic activitieerne measured by
the formation of P-Cho or P-Etn from radio-labelédo or Etn, respectively. At the initial
linear rate of the enzyme reactions, the activioéPfCK and PfEK were determined as
substrate concentrations were increasing. The ohieatalysis described saturation curves
reaching a plateau, characteristic of Michaelis-Markinetics for both recombinant enzyme
activities (Figure 3). FOPfCK, Lineweaver-Burk plot analysis of the enzymeiaist with
Cho yielded a I value of 135.3 +15.5M and a \hax value of 10.7 + 2.§mol/min/mg
(Figure 3A and Table 1). F®fEK, the K, value for Etn was 475.7 £80|#M, revealing a
weaker affinity of this kinase towards its substrabmpared tdPfCK (Figure 3B). The
specific activity of PfEK for ethanolamine was determined to be 1.28 +@uhbl/min/mg of
recombinanPfEK (Table 1). We evaluated the kinase selectivityrieasuring their activities
with swapped substrateRfCK was able to catalyze the phosphorylation of HEmt the
affinity was drastically decreased and the catalgctivity was found to be 62.2 + 3.5
pmol/min/mg (approximately 6 times higher with Etrah with Cho as substrate) (Table 1
and supp. Figure 4). In contraBfEK was not able to phosphorylate Cho (below a deoli
concentration to 1IMPPfEK was an ethanolamine-specific kinase.
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Inhibition of PFCK and PfEK by selective compounds and by the antimalarial drug T3

The chemical structures of tH&CK and PfEK substrates differ by three methyl groups.
Indeed, a quaternary ammonium in Cho replacesnagpyi amine in Etn. Due to the substrate-
specificity of PfCK and PfEK, selective inhibition of the enzymatic activiiewas
conceivable. On the basis of chemical propertiehefsubstrates, Hemicholinium-3 (HC-3)
and 2-amino 1-butanol (2-AB) were used as Cho andaBalogs, respectively (Figure 4A).
HC-3 has been reported to be an inhibitor of cleotiansport [42] and CK [43-45] while 2-
AB was shown to specifically inhibit EK [28]. Whexdded to the recombinaRfCK, HC-3
dose-dependently inhibited the kinase activity. Wi@ho concentration was used at itg K
value, HC-3 significantly inhibitedPfCK from 0.1 mM, with the concentration of drug to
inhibit half of thein vitro PfCK activity (inhibition concentration 50: ig) of 0.58+ 0.02 mM
(Figure 4B). However, HC-3 was not able to sigmifidy inhibit PFEK below an inhibitor
concentration of 3 mM (Figure 4C). Inversely, thin Bnalog, 2-AB selectively inhibited
PfEK activity with IG5 value of 1.36x 0.17 mM but had no significant effen PICK
activity at this inhibitor concentration ((¢value above 10 mM) (Figure 4B and 4C).

The bisthiazolium T3 (Figure 4A), designed as a @halog to target the PtdCho synthesis
pathway [13, 46], was similarly assessed on theviaciof both recombinant enzymes. T3
affected the activity oPfCK through an inhibition effect reflected by ansd@alue of 1.12+
0.11 mM (Figure 4B). Remarkably, T3 dose-depengemthibited the PIEK activity at
concentrations similar to those inhibitiffCK as evidenced by an dgvalue of 0.61+ 0.02
mM (Figure 4C). While the substrate analogs of @ EK activities selectively inhibited the
recombinanPfCK andPfEK, T3 was able to equally inhid?ffCK andPfEK with comparable
efficiency.

In addition, we investigated inhibitory propertie$ the compounds orP. falciparum
endogenou$fCK and PfEK activities. 2-AB and HC-3 also selectively inidal PIEK and
PfCK activities, with respective K of 0.46+ 0.03 mM and 0.22+ 0.01 mM (supp. Figuye 5
The bis-thiazolium T3 inhibited both cellular adtigs within the same concentration range
with 1Csp of 0.79+ 0.05 mM and 0.52+ 0.03 mM, respectivedypp. Figure 5). T3 similarly
inhibited recombinant and endogenous kinase aetsvds proved by comparables¢@alues.
Thus, the inhibition specificities of 2-AB and HC&hd the ability of T3 to inhibit both
kinases were found on recombinant and endogenousnBKCK activities.
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In order to elucidate the mode of action of T3jwiist assays with increasing concentrations
of drug were carried out on both recombinBf€K andPfEK. Increasing concentrations of
inhibitor augmented the slope of the primary pldte/=f(1/S)) and all lines intersect on the
(1/v) axis (Figure 5A and 5B). T3 acted as a coitigetinhibitor of Cho and Etn substrates.
The K values of T3, calculated from Lineweaver-Burk &neation and the plot of the
apparent kg as a function of the inhibitor concentration, wéyend to be 1.03 mM faPfCK
and 0.73 mM forPfEK (Figure 5A and 5B). These values indicated that exerts a
competitive inhibitory effect with similar affinitfor bothPfCK andPfEK. The Dixon plot of
the reciprocal of velocitys inhibitor concentration is also a convenient waygaltulating the
inhibition constant. Using this graph (not showm$ found comparable;Kalues of T3 (0.9
and 0.7 mM forPfCK and PfEK, respectively) as those obtained from Linewedark
linearization. Taken together, these results inditaa competitive inhibition of T3 for both
kinase reactions with jKalues in the same range as thgyNalues and an inhibitory effect of
T3 affectingPfCK andPfEK activities with similar affinity.

As shown in figure 4A, T3 has two positively chatdeead groups linked by a hydrophobic
hydrocarbon chain, properties resembling those adtinic detergent. Although, T3 exerted
a competitive inhibition oPfCK and PfEK activities, we wanted to exclude that T3 could
affect the proteins in a detergent like manner. sThue determined the critical micellar
concentration (cmc) value of T3 by dynamic lighttsering. The measurements of the
Rayleigh scattering band intensiti@¢) for various T3 concentrations were performed gsup
Figure 6). For low T3 concentrations, the intensifythe scattered light followed a linear
correlation resulting from the presence of mononerhe solution. As the concentration of
T3 increased, the equilibrium between the monomdrtae micelle forms of T3 was reached
as deduced from the abrupt increase of light interag the cmc. The cmc value of T3 was
found to be at 200 mM in the buffer used for intidn assays (Tris-HCI, pH 8) (supp. Figure
6). This value was far above thes¢alues of T3 found to inhibRfCK andPfEK, excluding

a detergent-like effect of the drug as the mecmar@s the observed inhibition.

Effects of compounds on cellular phosphatidylcholine and phosphatidylethanolamine
biosynthesis

We monitored newly synthesized PtdCho and PtdEtR. délciparum infected erythrocytes
by measuring the incorporation rate of radio-labbgdeecursorsP. falciparum cultures were
treated with the three compounds HC-3, AB-2 and T8.detect unspecific effects, the

incorporation of radio-labeled hypoxanthine into ANWas simultaneously evaluated. The
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concentrations required to inhibit 50% of the DNyhthesis were found to be 7445/ for
T3 and above 2 mM for HC-3 and 2-AB.

HC-3 had a complete inhibitory effect on the Checomporation into cellular PtdCho with an
ICs0 value (concentration required to inhibit 50% ofl®@ho synthesis) of 79+ AM (supp.
Figure 7A). At this concentration, neither PtdEtor the DNA synthesis were yet altered
(supp. Figure 7A). The production of PtdEtn waseslely decreased by AB-2 treatment
(ICso = 40+ 4 uM) while this Etn analog did not affect PtdCho lyothesis even when
significantly higher concentrations were used (mM¥) (supp. Figure 7B). Thus, HC-3 and
AB-2 exerted a selective effect on ttieenovo CDP-Cho and CDP-Etn biosynthesis pathways,
respectively. When T3 was added to infected ergiytes, the incorporation of Cho was
impaired (IGo = 12+3uM) at concentrations that did not perturb DNA swdis. In contrast,
a decrease in PtdEtn synthesis was only observdadgher T3 concentrations that also
affected hypoxanthine incorporation (supp. Figu@. 7Thus, the antimalarial effect of T3 is

likely related to a decrease of parasite PtdChabuPtdEtn synthesis.

DISCUSSION

This study provided evidence that tRe falciparum gene PF011 0257 coded for an
ethanolamine kinase activity. We also showed Bf&K and PfCK were selective for their
respective substrate, Etn and Cho. The catalysif@K toward the phosphorylation of Etn
was probably of no physiological significance sinoeth metabolic pathways appeared
essential irP. berghe parasite indicating that one enzyme cannot betutesl to the other.
The levels of both kinases increased within th@ggsm along the parasite life cycle. This
suggests thaPfCK and PfEK could be dedicated to their own pathways, thelebreasing
the possibilities for regulation processes.
As the Cho/Etn kinase motif did not exhibit anyrsigant difference by comparing CK and
EK sequences, we surmised that the specificity lodsé kinases resided elsewhere.
Interestingly, the glutamine residue @ for PICK and Qs for hCKa-2) within the
Brenner's motif, was conserved amongst the CKs ewvthiis position was occupied by a
hydrophobic amino acid in EK sequences (supp. Eidl)t Ethanolamine-specific kinases
lacked one of the five aromatic residues forming hiydrophobic pocket for the stabilization
of the Cho quaternary amine £¢ for PFCK and Yzs4 for hCKa-2) [36]. Indeed, most CKs
contained an insertion encompassing the Tyr32%ddcat the C-terminal end of the Cho/Etn

motif (supp. Figure 2), which was not found in ethiamine-specific kinases. Thus, within
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the residues involved in the binding of the polaadh substrate, CK sequences differed from
EK sequences by the substitution of the pivotabpoésidue of the Brenner’'s motif with a
hydrophobic residue (GIn290 -> Leu298 fICK and PfEK) and by an insertion at the C-
terminal of the Cho/Etn kinase motif of CKs. Theseservations were corroborated by the
analysis ofS cerevisiae EK. This enzyme exhibited a polar residue (glutehiwhere a
hydrophobic residue is usually found (Leu298 feiEK). Moreover, S cerevisiae EK
sequence also contained the insertion at the Catrof the Cho/Etn kinase motif defined
above as CK specific. To our knowleddgeEK is the only EK presenting sighificant Cho
phosphorylation activityn vitro [16, 35, 39, 47, 48].

Since PfCK and PfEK discriminate their respective substrate contgna quaternary
ammonium or a primary amine, selective inhibition dppropriate analogs is conceivable.
The experiments reported here demonstrate thattgioant as well as endogendef€K and
PfEK are selectively inhibited by two substrate agaloHC-3 and 2-AB, respectively.
Surprisingly, the antiphospholipid effector T3 dgsd as a Cho analog had an effect, not
only onPfCK activity but also orPfEK activity. In order to obtain insights into the different
inhibition profiles of HC-3 and 2-AB on one sidedamto the similar affinity of the bis-
thiazolium for both enzymes on the other side, weried out a combined analysis of
sequence alignments and of kinase crystal struicté&®we did for the comparison of CK and
EK sequences (see above and supp. Figure 2), weitexisthe 3D crystal structures BfCK
andP. vivax EK (PfEK structure being not available) recently solvgdatstructural genomics
consortium. Although both kinase types share timesaverall fold, an interesting difference
appeared when both structures were superimposgeed thd*fCK crystal structure showed
that the insertion comprising the tyrosine residtighe C-terminal of the Cho/Etn kinase
motif was located near the catalytic site (FiguyeAs was evident in the primary sequence
alignment, this insertion was absent in EK sequenéelditionally, the human CK crystal
structure in complex with HC-3 revealed that onenaatic ring of HC-3 stacked onto the
tyrosine ring residue of the insertion Y for hCKa-2) (Figure 6). This CK-specific
interaction could be indispensable to discriminbetween the inhibitors and thus the
substrates, whereas the absence of the insertioRfEK preventing any Tyr-mediated
interaction would be detrimental for HC-3 or Chading. Similar affinities of T3 for both
enzymes were observed. It is likely that the camftion of the thiazolium head group being
planar contrary to Cho and HC-3 quarternary ammuniallows its entry into théfEK

catalytic site. Additionally, the flexibility dueotthe 12-carbon atom linker between both
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thiazolium groups, could allow quaternary ammoroa just one ammonium) to adapt to
PfCK andPfEK catalytic sites.

More investigations are needed to explain the do#ntiality of T3 on botfPfCK andPfEK
activities. Since both metabolic pathways are d@seRfCK andPfEK appear crucial for the

P. falciparum survival. In the parasite, T3 selectively impaitdCho biosynthesis that likely
explains its antimalarial effect while PtdEtn bio#yesis did not appear to be primarily
affected. As mentioned above, the primary actio®fs likely to prevent Cho entry into the
parasites by blocking an organic cation transpormégvertheless, the inhibition of two
Plasmodium enzymes at similar levels opens the way to thégdesf new scaffolds toward
dual molecules. The ability to affect more than target for antimalarial therapy is precious
to delay the emergence of resistant malaria stravhgch is currently a crucial issue in the
battle against malaria. 3D crystal structures ohplexes between these both enzymes and T3
should provide the atomic details of the interawdianecessary for future structure-based drug

design of novel analogs.
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TABLE:

Table 1: Kinetic values for recombindPiCK andPfEK.

Enzyme Km (UM)
Substrate

V max (Hmol/min/mg)

PfCK
choline 135.3 #15.5
ethanolamine >500 mM

PfEK
ethanolamine 457.7 £80.2
choline NA

10.76 +2.81
62.20 £3.55

1.28 +0.11
NA

NA for non applicable
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FIGURE LEGENDS:

Figure 1: Western immunoblot of PfCK and PfEK

Western blots were revealed with aRtEK (A, C) and antiPfEK (B, D). For A and B: Lane

1, immune serum on non-infected erythrocytes; Lanémmune serum oIR. falciparum
lysate; Lane 3, pre-immune serumFrfalciparum lysate.

For C and D panels, Western blots were revealedeathree parasite stage development (R:
ring; T, trophozoite; S: schizont). Parasite ctuwere synchronized and an equal quantity

of parasites (10cells) was treated for each stages.

Figure2: PfCK and PfEK localization

Immunofluorescence assays were done on human oed igells infected byp. falciparum
3D7 strain and revealed by aRfiCK (A) or antiPfEK (B) (green). Nuclei were stained in
blue with DAPI. Differential interference contrgfIC) images and merges were presented.

Three representative parasitic stages were shamg):mature trophozoite and schizont.

Figure 3: Kinetic parameters of PFCK and PfEK

Activity was measured by the formation of phospladicte or phosphoethanolamine with
increasing substrate concentrations (Bgeerimental section). Experiments have been done
four times for PfCK and three times foPfEK, each time in duplicate. Representative
Michaelis-Menten and Lineweaver-Burk linearizatiamserts) plots are shown f&fCK (A),
and PfEK (B) enzymes. Activity was expressed jawol/min/mg. Data were presented as

mean *standard deviation from three measurements.

Figure 4: Inhibition of recombinant PfCK and PfEK

(A) Chemical structures of two commercial compoyndsmicholinium-3 and 2-amino-1
butanol known to inhibit CK and EK, respectivelydaaf T3 which belongs to the second
generation of bis-quaternary ammonium salt. Thent@ structure of T3 is a duplicated bis-
thiazolium separated by a 12-carbon atom aliphatain. This compound is currently under
human clinical trials. (B, C) Inhibition curves BfCK andPfEK. Activities of PfCK (B) and
PfEK (C) were measured with increasing concentratafisoth specific inhibitors HC-3|),
2-AB(o) and of T3 ). Activity of both enzymes was giving in percergagf controls. Data
are presented as mean zstandard deviation frome tlmeasurements. The inhibitor

concentrations at 50% activity corresponded td@zg values (dotted lines).
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Figure5: Inhibition kinetic of PFCK (A) and PfEK (B) by T3 compound

On the left panels, Lineweaver-Burk plots were shatincreasing drug concentrations ; (A)
inhibition of PFCK with 0 (A), 0.5 (c) and 1 mM @&) T3 ; (B) inhibition of PIEK 0 (A), 0.25

(o) and 0.5 ¢) mM T3. Experiments were done twice in triplica®ata are presented as
mean zstandard deviation from three measurements.

On the right panels, (A) foPfCK and (B) forPfEK, the apparent K (K.') were plotted as
function of the inhibitor concentration,; Kalues were obtained by the value at the intercept
with the x-axis as indicated by the arrow (-Ki).

Figure 6: Comparison of PfCK and P. vivax EK crystal structures

Superimposition of the Brenner's and Cho/Etn kinastifs of PFCK (black) andP. vivax EK
(grey) crystal structures. The insertion containthg tyrosine 329 is not present RvEK
structure. Side-chains of GIn29BfCK) and Leu298RVEK) residues conserved amongst CK
and EK, respectively, are indicated. The positidnH&-3 (white) was obtained by the
superimposition of the hGik2 structure in.complex with HC-3. Only HC-3 was Wsible.
The model suggested that the tyrosine 32816K (equivalent to Tyr354 in hCi:2) could
interact with HC-3 aromatic ring. The PDB files dseere 3FI8 folPfCK, 2QG7 forPvEK
and 3FI2 for the hCK-2 — HC-3 complex. This figure has been done witM#l software.
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Figure 3
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