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BACKGROUND AND PURPOSE
Choline analogues, a new type of antimalarials, exert potent in vitro and in vivo antimalarial activity. This has given rise to
albitiazolium, which is currently in phase II clinical trials to cure severe malaria. Here we dissected its mechanism of action
step by step from choline entry into the infected erythrocyte to its effect on phosphatidylcholine (PC) biosynthesis.

EXPERIMENTAL APPROACH
We biochemically unravelled the transport and enzymatic steps that mediate de novo synthesis of PC and elucidated how
albitiazolium enters the intracellular parasites and affects the PC biosynthesis.

KEY RESULTS
Choline entry into Plasmodium falciparum-infected erythrocytes is achieved both by the remnant erythrocyte choline carrier
and by parasite-induced new permeability pathways (NPP), while parasite entry involves a poly-specific cation transporter.
Albitiazolium specifically prevented choline incorporation into its end-product PC, and its antimalarial activity was strongly
antagonized by choline. Albitiazolium entered the infected erythrocyte mainly via a furosemide-sensitive NPP and was
transported into the parasite by a poly-specific cation carrier. Albitiazolium competitively inhibited choline entry via the
parasite-derived cation transporter and also, at a much higher concentration, affected each of the three enzymes conducting
de novo synthesis of PC.

CONCLUSIONS AND IMPLICATIONS
Inhibition of choline entry into the parasite appears to be the primary mechanism by which albitiazolium exerts its potent
antimalarial effect. However, the pharmacological response to albitiazolium involves molecular interactions with different steps
of the de novo PC biosynthesis pathway, which would help to delay the development of resistance to this drug.

Abbreviations
CCT, CTP:phosphocholine cytidylyltransferase; CDP-Cho, CDP–choline; CEPT, choline/ethanolamine

phosphotransferase; Cho, choline; CK, choline kinase; Etn, ethanolamine; FIC, fractional inhibitory concentration;

IRBC, infected red blood cell; Ki, inhibition constant; Km, Michaelis constant; NA, nucleic acids; NPP, new permeability

pathways; PC, phosphatidylcholine; P-Cho, phosphoryl-choline; PE, phosphatidylethanolamine; PL, phospholipids;

RBC, red blood cell; Vmax, maximal velocity

Introduction

Malaria is a major health problem, with more than 40% of

the world’s population at risk, and is responsible for 200–300

million clinical cases yearly and nearly a million deaths,

mostly amongst children under 5 years of age in sub-Saharan

Africa (Greenwood et al., 2008; WHO, 2009). The widespread

resistance of Plasmodium falciparum, the most deadly malaria
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parasite, to most antimalarial drugs is a major obstacle to the

eradication of this disease (RBM, 2008). The recently reported

potential emergence of resistance to artemisinin (Carrara

et al., 2009; Dondorp et al., 2010) is a major threat, thus

highlighting the need for new chemotherapeutic approaches

with novel mechanisms of action to treat P. falciparum

infections.

When Plasmodium infects erythrocytes, the intracellular

parasites need to synthesize considerable amounts of mem-

branes for their growth and proliferation. P. falciparum mem-

branes differ from other eukaryotic cells by the quasi-absence

of cholesterol. Phospholipids (PL) are the major membranous

lipid component, along with phosphatidylcholine (PC) and

phosphatidylethanolamine (PE), which together constitute

the bulk of malarial lipids (Vial and Ancelin, 1992; Vial et al.,

2003; Vial and Ben Mamoun, 2005). PL biosynthesis is there-

fore essential for intraerythrocytic development of the para-

site (Vial and Ben Mamoun, 2005), whereas these activities

are absent from mature uninfected erythrocytes (Van Deenen

and De Gier, 1975). P. falciparum possesses its own machinery

to synthesize the large amount of PL it requires, the PL

content increasing by sixfold during the parasite blood cycle

(Vial et al., 2003).

An essential route of PC biosynthesis is the de novo CDP–

choline pathway (also called the Kennedy pathway), which

allows synthesis of PC from plasmatic choline. The three

enzymes of the pathway are choline kinase (CK), which phos-

phorylates choline to form phosphocholine, CTP:phospho-

choline cytidylyltransferase (CCT), which transfers a cytidine

nucleotide to phosphocholine, and choline/ethanolamine

phosphotransferase (CEPT), which produces PC by transfer-

ring phosphocholine onto diacylglycerol. Genes that encode

these activities have been found in genome sequences from

most malarial species and their biochemical activities have

been characterized (Dechamps et al., 2010a,b).

In this regard, we designed and developed compounds that

mimic the choline structure in order to target choline metabo-

lism and thus PC biosynthesis. The compounds were opti-

mized for in vitro antimalarial activity, and there was a very

close correlation between the inhibition of parasite growth

and specific inhibition of parasite de novo PC biosynthesis from

choline (Calas et al., 1997; Ancelin et al., 1998; 2003b). The

structure–activity relationships showed that bis-quaternary

ammonium compounds are the most active, with an IC50

within sub-nanomolar concentrations (Calas et al., 2000;

Hamze et al., 2005). Several generations of bis-quaternary

ammonium compounds have been developed (Calas et al.,

2000; Ancelin et al., 2003b), thus giving rise to bis-thiazolium

compounds (Hamze et al., 2005) that, in addition to their

potent antimalarial activity, may be delivered in prodrug form

to improve their oral bioavailability (Vial et al., 2004).

Choline analogues inhibit P. falciparum asexual blood

stages with concentrations in the low nanomolar range

(Ancelin et al., 2003b; Hamze et al., 2005). They are also able

to cure, without recrudescence, in vivo malaria infection at

very low doses in rodent (<1 mg·kg-1 i.p.) and primate models

(Wengelnik et al., 2002; Vial et al., 2004). The potency and

specificity of these anti-PL effectors are probably due to their

unique ability to accumulate in a non-reversible way inside

the intraerythrocytic parasite (Wengelnik et al., 2002; Biagini

et al., 2003; Vial et al., 2004). The bis-thiazolium salt T4 selec-

tively inhibits de novo PC biosynthesis (Vial et al., 2004; Le

Roch et al., 2008), while the interaction of T16 with haeme

might contribute to antimalarial activity (Biagini et al., 2003).

The bis-thiazolium series provided the clinical candidate

albitiazolium (albitiazolium bromide, formerly named T3 and

SAR97276) (Figure 1) (Vial et al., 2004), that was successfully

evaluated for toxicity and ADME (absorption, distribution,

metabolism and excretion) properties in preclinical and

human phase I clinical trials. Clinical phase II trials to treat

severe malaria by the parenteral route are now being con-

ducted by Sanofi (MMV, 2011).

It is of the utmost interest to discover the precise mecha-

nism of action of this new type of antimalarial. These studies

aim at pinpointing the mechanism of action of this clinical

candidate, which led us to characterize the entire de novo

malaria PC synthesis pathway at the blood stage. We eluci-

dated the mechanism mediating the entry of both choline

and albitiazolium into P. falciparum-infected erythrocytes and

into the intracellular parasite. We then showed that albitia-

zolium inhibits choline entry at each of these transport steps,

while also affecting the enzymes conducting malaria PC

synthesis.

Methods

Chemicals
[Methyl-3H]-choline, [methyl-14C]-choline, [1-3H]-ethan-1-ol-

2-amine, phosphoryl-[methyl-14C]-choline, CDP-[methyl-
14C]-choline and [8-3H]-hypoxanthine were purchased from

GE Healthcare (Orsay, France). Choline (Cho), phosphoryl-

Cho (P-Cho), CDP–choline (CDP-Cho), ethanolamine (Etn),

PC and saponin were from Sigma (Saint-Quentin Fallavier,

France). RPMI 1640 medium and modified RPMI 1640

without choline, serine, methionine, inositol and folic acid

(called modified RPMI in the text) were obtained from Gibco

(Saint Aubin, France). TLC silica gel 60 plates with a concen-

trating zone were from Merck (Darmstadt, Germany). Albitia-

zolium (albitiazolium bromide, 3,3′-dodecane-1,12-diylbis

[5-(2-hydroxyethyl)-4-methyl-1,3-thiazol-3-ium] dibromide)

and [thiazole-2,2′-14C]-albitiazolium were provided by Sanofi

(Chilly-Mazarin, France).

Biological materials
P. falciparum 3D7 strain (MRA-102 from MR4) was cultured in

human red blood cells (Etablissement Français du Sang,

Montpellier, France) at 5% haematocrit in complete medium

composed of RPMI 1640 medium supplemented with 25 mM

HEPES buffer (pH 7.4) and 10% AB+ human serum (Trager and

Figure 1
Structure of the choline analogue albitiazolium, formerly named

T3 (3,3′-(dodecane-1,12-diyl)bis[5-(2-hydroxyethyl)-4-methyl-1,3-

thiazol-3-ium] dibromide).
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Jensen, 1976). Cultures were incubated at 37°C in a culture gas

chamber under a gaseous mixture of 5% CO2, 5% O2 and 90%

N2. Whenever required, parasites were synchronized with 5%

sorbitol (Lambros and Vanderberg, 1979). For uptake experi-

ments, mature P. falciparum-infected red blood cells (IRBC)

were purified on a magnetic cell separator VarioMACS (CS

column, Miltenyi Biotec, Paris, France) in HEPES-buffered

RPMI 1640. Free parasites were prepared from mature infected

erythrocytes by adding 10 volumes 0.02% (w v-1) saponin in

cold PBS (116 mM NaCl, 8.3 mM Na2HPO4, 3.2 mM KH2PO4,

pH 7.4) for 1 min, followed by two washes by centrifugation

for 5 min at 4°C at 1260¥ g and resuspension in PBS. Free

parasites were then resuspended in the appropriate medium.

For all of these experiments, the exact number of cells in each

sample was quantified on a Neubauer haemocytometer.

Effect on PL and nucleic acid (NA)
biosynthesis
The effect of albitiazolium on the incorporation of 20 mM

[3H]-choline (specific activity, 0.5 mCi·nmol-1) or 2 mM

[3H]-ethanolamine (specific activity, 2.5 mCi·nmol-1) into the

PL fraction and of [3H]-hypoxanthine (1 mCi per well) into NA

was assessed in microtitre plates. Infected erythrocyte suspen-

sions (5–10% parasitaemia, 2% haematocrit) were incubated

in 150 mL of modified RPMI 1640 without choline, supple-

mented with 25 mM HEPES in the presence or absence of

albitiazolium at various concentrations. After 30 min at 37°C,

radioactive precursors (50 mL) were added for 3 h at 37°C in a

culture gas chamber. Incorporations were stopped by freezing

the plates at -80°C. Parasite DNA and membrane PL were

recovered on glass-fibre filter plates (Unifilter 96 GF/C, Perkin

Elmer, Courtaboeuf, France) by harvesting the lysate using a

FilterMate cell harvester (Packard Instruments, Meriden, CT,

USA). Radioactivity incorporated into the macromolecules

recovered on the filter was counted on a TopCount micro-

plate scintillation counter (Packard Instruments). When

choline was used as radioactive precursor, filters were pre-

soaked in 0.05% polyethyleneimine to eliminate nonspecific

binding to the filter. Control values were obtained by incu-

bating an equal number of non-infected erythrocytes. The

results are expressed as PL50 (PC50 or PE50) and NA50, corre-

sponding to the drug concentrations that reduce the amount

of synthesized PL (PC or PE) and NA by 50% respectively.

Effect of PL polar heads on albitiazolium
antimalarial activity
The involvement of choline, ethanolamine and serine in the

antimalarial activity of choline analogues was studied using

the isobologram method (Berenbaum, 1978). The antimalar-

ial activities of albitiazolium and of individual polar heads

against the intra-erythrocytic growth of P. falciparum were

first measured alone in microtitre plates according to a modi-

fied Desjardins test (1.5% final haematocrit, 0.6% parasitae-

mia) (Desjardins et al., 1979; Ancelin et al., 2003b). Then a

P. falciparum-infected erythrocyte suspension containing or

not PL polar heads at various concentrations were incubated

for 48 h at 37°C in the presence of various albitiazolium

concentrations. Then 0.6 mCi [3H]-hypoxanthine was added

to each well for 18 h at 37°C. Reactions were stopped by

freezing at -80°C, and [3H]-hypoxanthine incorporation was

then quantified as described above. Antimalarial activity was

expressed as IC50, which is the drug concentration leading to

50% parasite growth inhibition. Then the antimalarial activ-

ity of albitiazolium was determined in the presence of the

various polar heads added at concentrations lower than their

IC50. In these experiments, compound concentrations were

expressed as a fraction of the IC50s of the compounds alone.

These fractions were called fractional inhibitory concentra-

tions (FIC) (Berenbaum, 1978; Gupta et al., 2002).

The type of interaction was determined by calculating the

maximal sum of FIC50 of the two compounds combined for

antimalarial characterization (SFIC50 = FIC50 albitiazolium +

FIC50 polar head). The additive effect of the compounds was

deduced if SFIC was �1 and <2; while SFIC <1 denotes a

synergy of the compounds for antimalarial activity, and SFIC

�2 and <4 reflects a slight antagonism, which is marked

when SFIC �4 (Gupta et al., 2002).

Transport and enzyme characterization
Each transport and enzymatic step conducting malarial PC

synthesis was characterized on P. falciparum-infected erythro-

cytes at the mature stage. Preliminary time course experiments

were performed to ensure that the uptake of radiolabelled

compounds was measured under initial rate conditions

throughout the studies, and that enzymatic reactions pro-

ceeded linearly with time and with the biological extracts.

Transport of choline into
P. falciparum-infected erythrocytes
Purified mature IRBC were washed three times with modified

RPMI and resuspended in modified RPMI at typically 5 ¥

108 IRBC·mL-1. Uptake of [14C]-choline was measured by incu-

bating 0.5 ¥ 108 IRBC in the presence of 0 to 250 mM [14C]-

choline (specific activity, 6.7–50.4 nCi·nmol-1) at 37°C for

10 min. When furosemide was used to inhibit new perme-

ability pathways (NPP) of the infected erythrocytes, IRBC

were pre-incubated for 8 min in the presence of 150 mM furo-

semide before the addition of [14C]-choline for 10 min at

37°C. The reactions were stopped by the addition of 300 mL

cold modified RPMI. To separate IRBC from the incubating

medium, the suspensions were transferred onto 400 mL of oil

(dibutyl phthalate; Sigma), and centrifuged (10 000¥ g, 30 s,

4°C), thus sedimenting the cells below the oil. Supernatants

were removed, and the tube walls were washed. Then cell

pellets were lysed by the addition of 100 ml distilled water,

then solubilized and bleached by adding 100 mL of a cocktail

containing 5 parts tissue solubilizer (solvable™; Perkin

Elmer), 2 parts H2O2 (30%) and 2 parts glacial acetic acid.

Radioactivity was determined using a Beckman LS6500

liquid-scintillation spectrometer after the addition of 3 mL of

liquid scintillation cocktail (UltimaGold™; PerkinElmer).

Radioactive background was obtained by incubating the

same amount of RBC or IRBC at 4°C and was deducted from

the results obtained at 37°C so as to determine only the

temperature-dependant uptake.

Entry of choline analogue into
P. falciparum-infected erythrocytes
Entry of [14C]-albitiazolium into purified mature P. falciparum

IRBC was measured by incubating 0.5 ¥ 108 IRBC in 100 mL

BJPCholine metabolism and albitiazolium interference
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final HEPES-buffered RPMI 1640 in the presence of 0 to

250 mM [14C]-albitiazolium (specific activity, 23.8 nCi·nmol-1)

for 8 min at 37°C. In some experiments, IRBC were pre-

incubated in the presence of 150 mM of the NPP inhibitor

furosemide for 8 min before adding [14C]-albitiazolium for

8 min at 37°C. The reactions were stopped by the addition of

300 mL cold RPMI, and the samples were treated as described

above.

Transport of choline and choline analogue into P. falciparum-

isolated parasites All transport experiments were performed

on trophozoite-stage parasites purified by lysis of the IRBC

with 0.1% saponin for 1 min in HEPES-buffered RPMI 1640.

Uptake of [14C]-choline and [14C]-albitiazolium into parasites

was measured by incubating 108 parasites in 200 mL of modi-

fied RPMI in the presence of 0 to 250 mM [14C]-choline (spe-

cific activity, 0.4–50.4 nCi·nmol-1) or [14C]-albitiazolium

(specific activity, 0.6–113 nCi·nmol-1) for 10 min at 37°C. For

experiments designed to study the effects on the transport of

effectors (choline and albitiazolium), suspensions of free

parasites were pre-incubated with or without the effector

for 8 min before the addition of [14C]-choline or [14C]-

albitiazolium for 10 min at 37°C. The reactions were stopped

by the addition of 300 mL cold modified RPMI, and the para-

sites were separated from the incubation medium by trans-

ferring the suspension onto 400 mL of oil (a 5:4 mixture of

dibutyl phthalate/dioctyl phthalate). After centrifugation at

10 000¥ g for 30 s at room temperature, samples were treated

as described above. Radioactive background was obtained by

incubating the same amount of free parasites at 4°C and was

deducted from the results obtained at 37°C so as to measure

only the temperature-dependant uptake.

CK assay
CK activity was determined by a modification of the method

of Ancelin and Vial (1986). Crude homogenates were pre-

pared by lysing P. falciparum-infected erythrocytes with an

equal volume of water followed by 30 s of sonication at 4°C

(Branson Sonifier B30).

CK activity was determined in a final volume of 200 mL

containing 125 mM Tris–HCl (pH 7.9), 10 mM MgCl2, 10 mM

ATP, 5 mM EGTA and 5 to 600 mM [14C]-choline

(1–56 nCi·nmol-1). The reaction was started by the addition

of 20 mL of cellular extract corresponding to 0.1 ¥ 107 to 1.7 ¥

107 infected cells. After 45 min at 37°C, the reaction was

stopped by heating samples for 5 min at 95°C. For each

sample, 20 mL of the reaction mix was spotted onto a TLC

silica-gel plate, previously activated at 100°C for 1 h and

developed using ethanol/2% ammonia (1:1, v v-1) as solvent.

Radioactive spots were located by autoradiography, scraped

off and counted by liquid scintillation. Spots were identified

by migration and revelation of the choline and phosphoryl-

choline standards with iodine vapours.

CCT assay
P. falciparum CCT activity was measured on parasite extracts

that were prepared by lysing pellets of mature P. falciparum-

IRBC with the same volume of water with antiproteases

(Roche, cedex, France).

CCT enzyme activity was assayed by monitoring the for-

mation of CDP-Cho from the radiolabelled substrate [14C]-

phosphocholine. Enzymatic reactions were carried out in

50 mL final volume containing 100 mM Tris (pH 8), 20 mM

MgCl2, 20 mM CTP, 0.04–2 mM phosphoryl[methyl-14C]-

choline (specific activity 1.6–61 nCi·nmol-1) and 100 mM

oleic acid/egg PC (1:1, mol:mol) liposomes as activators.

Liposomes were prepared as described in Yeo et al. (1997).

The reactions were started by the addition of 10 mL of

extract corresponding to 107 infected cells. After 30 min at

37°C in a shaking bath, the reactions were stopped by

heating at 100°C for 5 min. For each sample, 20 mL of the

reaction mix was spotted onto a TLC silica-gel plate, previ-

ously activated at 100°C for 1 h. Radiolabelled substrate and

product were separated in 98% ethanol/0.5% NaCl/25%

ammonia (50:50:1 by volume). Plates were exposed over-

night to a storage phosphor screen (Molecular Biodynamics,

Antony, France) and then analysed on a phosphorImager

(Storm 840; Molecular Biodynamics). Radioactive spots iden-

tified by the migration of appropriate standards (P-Cho and

CDP-Cho) were scraped directly into scintillation vials and

counted by liquid scintillation.

CEPT assay
P. falciparum membranes were prepared and cholinephospho-

transferase activity was assayed as described in Vial et al.

(1984b) in a final volume of 210 mL containing 200 mM Tris–

HCl (pH 8.1), 15 mM MnCl2, 0 to 300 mM CDP[methyl-
14C]choline (specific activity, 1–2 nCi·nmol-1), 0.3 mM

1-palmitoyl-2-oleyl-sn-glycerol (Avanti Polar Lipids, Alabas-

ter, AL, USA). Diacylglycerols were suspended in a solution of

500 mM Tris–HCl (pH 8.1) and 0.018% Triton X-100 and

then strongly vortexed to obtain a slightly turbid solution

(80 mL per assay). Reactions were initiated by the addition of

membrane extracts equivalent to 4 ¥ 107 infected cells.

Samples were incubated for 30 min in a shaking water-

bath at 37°C. The reaction was stopped by the addition of

3 mL chloroform/methanol (2/1, v v-1), and the lipids were

extracted according to the procedure of Folch (Folch et al.,

1957; Vial et al., 1984b). The organic phase, containing radi-

olabelled PC, was brought to dryness in a scintillation vial

then counted by liquid scintillation. Reaction products in the

organic phase were characterized by TLC with authentic PL as

standards, revealing that PC is the only reaction product in

the organic phase.

Analysis of experimental results
In dose-response experiments, the concentration leading to

50% inhibition of parasite transport or enzyme activity (IC50)

was measured when the substrate concentrations were close

to their apparent Km and determined using a non-linear

regression model (sigmoidal dose–response/variable slope;

GraphPad Prism4®, GraphPad software, Inc., La Jolla, CA,

USA). The experiments were performed at least twice, each at

least in duplicate (with different batches of cells and at dif-

ferent time periods).

For transport and enzymatic studies, substrate- or

inhibitor-dependent curves were analysed using GraphPad

Prism 4® software and represented using the Michaelis–

Menten equation for Km and Vmax determination. Ki values

were calculated from Lineweaver–Burk linearization and plots

of apparent Km as a function of the inhibitor concentration.
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Results

Specific effect of albitiazolium on the
de novo PC biosynthesis pathway
Bis-thiazolium salts such as albitiazolium have been designed

as choline analogues to inhibit malarial PC biosynthesis. An

effector is considered to be a specific inhibitor of de novo PC

biosynthesis when it affects its biosynthesis without any

simultaneous effect on PE or NA synthesis (Ancelin et al.,

1998). As the extent of PL biosynthesis is largely dependent

on the cell cycle, we determined the albitiazolium effect at

the three stages of the parasite blood cycle. Effects were meas-

ured after a 3 h short incubation time to avoid toxic effects on

parasite growth.

Figure 2 shows typical dose–response curves of albitiazo-

lium. The PC50 of albitiazolium, the drug concentration that

reduces the amount of PC synthesized from choline by 50%,

was 2.8, 26 and 9.3 mM at ring, trophozoite and schizont

stages, respectively. On the other hand, no significant effect

was observed on ethanolamine incorporation up to 10 mM,

and PE50 was higher than 1 mM at the three developmental

stages. Effect on NA biosynthesis occurred at concentrations

13- to 80-fold higher than the PC50 values (NA50 = 160–

340 mM) (Figure 2 and Table 1). In the same conditions, pen-

tamidine, another bis-cationic compound not considered to

be a choline analogue but supposed to interact with DNA

affected primarily NA synthesis and not PC synthesis (data

not shown). These results indicate that albitiazolium specifi-

cally inhibits PC biosynthesis from choline at all blood stages.

Interaction between albitiazolium and
PL precursors
The fact that albitiazolium specifically inhibits de novo PC

biosynthesis does not necessarily imply that this effect is

involved in its pharmacological antimalarial effect. To go

further, we investigated whether choline could interfere with

the pharmacological action of albitiazolium and antagonize

its antimalarial activity.

We thus determined the antimalarial activity of albitiazo-

lium alone or in combination with choline, ethanolamine

and serine (i.e. the polar heads of the three structural PL) and

the type of interaction exerted, using the isobologram

method (Gupta et al., 2002). Polar heads had per se a very

weak antimalarial activity, with IC50 of 12, 0.32 and 65 mM

for choline, ethanolamine and serine, respectively (data not

shown). The response parameters were determined, and the

IC50 of the combined compounds were expressed as sums of

the FICs (SFICs) of each added compound.

In two independent experiments, albitiazolium activity

was highly antagonized by choline, with a sum of FIC50 of

12.7 and 28.3, respectively. Figure 3A,B indicate that the anti-

malarial activity of albitiazolium was decreased by 28-fold in

the presence of 6 mM choline. On the other hand, when

combined with the other major PL precursors, ethanolamine

and serine, an additive effect was noted (i.e. no antagonism

between the compounds) (Gupta et al., 2002). The FIC50 sums

were lower than 1.7 for both ethanolamine and serine

(Figure 3C,D).

Thus, choline supplementation in the culture medium

antagonized the antimalarial activity of albitiazolium, indi-

cating that its pharmacological activity occurs through

Figure 2
Effect of albitiazolium on PL and NA biosynthesis. P. falciparum-infected erythrocytes at the ring (A), trophozoite (B) and schizont stages (C) were

pre-incubated with various concentrations of albitiazolium for 30 min. Then 20 mM [3H]-choline (Cho), 2 mM [3H]-ethanolamine (Etn) or

[3H]-hypoxanthine (HX) were added for 3 h; and their incorporation into PL or NA was measured. Data are the mean of two independent

experiments with different batches of cells, each performed in duplicate.

Table 1
Comparative effect of albitiazolium on choline and ethanolamine

incorporation into PL and on hypoxanthine incorporation into NA

Parasite stage PC50 (mM) PE50 (mM) NA50 (mM)

Ring 2.8 >1000 240

Trophozoite 26 >1000 340

Schizont 9.3 >1000 160

Concentrations inhibiting 50% of incorporation of precursors

into PC (PC50), PE (PE50) and nucleic acids (NA50) were measured

after 3 h incubation at high haematocrit (2%) and high parasi-

taemia (5–10%) to avoid the toxic effect of the choline ana-

logue, as described in Figure 2. The results are means of two

independent experiments (with different batches of cells) each

conducted in duplicate.

BJPCholine metabolism and albitiazolium interference

British Journal of Pharmacology (2012) 166 2263–2276 2267



interference with choline metabolism whose main end

product is the newly synthesized PC.

Characterization of the de novo PC
biosynthesis pathway
Our next objective was to determine what step, involved in

the de novo PC biosynthesis, was affected: choline entry into

IRBC and then into the parasite, or one of the three enzymes

involved in PC synthesis since all of them have a choline-

containing substrate. In preliminary experiments, we had to

develop biochemical tools to characterize each of these steps.

Choline entry into IRBC First, we determined the mechanism

by which choline enters IRBC and then the parasite to enable

de novo PC synthesis. Choline penetrates the host erythrocyte

membrane through the erythrocyte choline carrier (Ancelin

et al., 1991; Staines and Kirk, 1998) or through parasite-

induced NPP, which are channels induced by the parasite and

present on the erythrocyte membrane (Ginsburg and Stein,

1987; 2004; Staines and Kirk, 1998; Kirk, 2001; Biagini et al.,

2005). We dissected here the entry of choline into

P. falciparum-IRBC and determined the proportion of choline

entering the IRBC by each of the two pathways by using

furosemide, a specific inhibitor of NPP (Kirk et al., 1994;

Staines and Kirk, 1998; Staines et al., 2007).

Choline entry into normal erythrocytes or P. falciparum-

IRBC was temperature-dependent and proceeded linearly

with time for at least 20 min (data not shown). Choline entry

into normal erythrocytes appeared to be mediated by a satu-

rable process following Michaelis–Menten kinetics with a Km

of 12.2 � 2.2 mM (n = 4) and a maximal velocity (Vmax) of 0.43

� 0.05 pmol per 107 RBC·min-1, which corresponds to trans-

port via the remnant erythrocyte choline transporter (Martin,

1977) (Figure 4A).

In IRBC, choline uptake seemed to occur through a non-

saturable process (Figure 4A), reaching a rate of 1.5 pmol per

107 IRBC·min-1 at an external concentration of 80 mM choline

(i.e. about fourfold the physiological concentration of

choline in plasma) (Das et al., 1986). When furosemide was

added to inhibit NPP, choline uptake was markedly decreased,

thus highlighting a saturable component and Michaelis–

Menten type kinetics, with a Km of 11.0 � 2.4 mM and a Vmax

of 0.69 � 0.23 pmol per107 IRBC·min-1 (Figure 4A). These

parameters appear to be close to those corresponding to

choline entry into erythrocytes via the choline carrier (similar

Km). Moreover, we can state that, at physiological choline

concentration (15 mM) (Das et al., 1986), choline entered

P. falciparum-IRBC at 75% by a saturable process, probably via

the erythrocytic choline carrier, while the remaining part

(25%) entered via furosemide-sensitive NPP.

Choline entry into P. falciparum Once in the erythrocyte

cytosol, choline has to enter the intracellular parasite. This

was investigated by measuring choline entry into saponin-

freed P. falciparum parasites. A preliminary time course

showed that choline entry was linear for at least 20 min (data

not shown); thus, our incubation time was set at 10 min to

ensure that choline uptake was measured under initial rate

conditions throughout. Choline entry into the parasite

occurred as a saturable process exhibiting Michaelis–Menten

Figure 3
In vitro interaction between albitiazolium and the three PL precursors (choline, ethanolamine and serine) for its antimalarial activity. Effect of

choline on antimalarial activity of albitiazolium is represented as an isobole plot (A) and as dose– response curves (B). Effect of ethanolamine (C)

and serine (D) are represented as isobole plots. For isobole plots, the maximal sum of FICs of albitiazolium and the polar heads studied in

combination for antimalarial activity (SFIC50) is indicated. Data presented are from one typical experiment, and each interaction experiment was

conducted at least twice.
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kinetics with a Km of 18.5 � 3.3 mM and a Vmax of 23.3 �

4.5 pmol per 107 parasites·min-1 (Figure 4C and Table 2), indi-

cating that choline enters the intracellular parasite via a dedi-

cated transporter.

Enzymes of the de novo PC biosynthesis pathway After pen-

etration into the intracellular parasite, choline is incorpo-

rated into the end-product PC, leading us to characterize the

three related enzymatic activities, CK, the CCT and the CEPT

in P. falciparum parasite extracts. Activities were measured by

the formation of the enzyme product from a radiolabelled

substrate. At the initial linear rate of the enzyme reactions,

the activities of the three enzymes were determined as a

function of increasing concentrations of the choline-

containing substrates and in the presence of a saturating

concentration of the second substrate (ATP, CTP or DAG,

respectively). These concentrations were previously deter-

mined (data not shown and experimental procedure). All

three, CK, CCT and CEPT, exhibit saturable curves reaching a

plateau that is characteristic of Michaelis–Menten kinetics.

These curves allowed us to determine Km values for choline-

containing substrates of 31.2 � 4.1, 511.0 � 24.8 and 13.2 �

0.7 mM for CK, CCT and CEPT, respectively (Table 3).

Albitiazolium entry
Whatever its mechanism of action, albitiazolium must first

enter the infected erythrocyte then the intracellular parasite

to exert its pharmacological activity. We thus characterized

these two essential steps.

Entry into P. falciparum IRBC Albitiazolium transport was

determined both in uninfected and infected erythrocytes at

pharmacologically active concentrations (nM range) (Vial
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Figure 4
Concentration-dependent uptake of choline and albitiazolium by P. falciparum IRBC and isolated parasites. The entry of choline (A) or albitiazolium

(B) in purified mature-stage IRBC was measured after 10 min (choline) or 8 min (albitiazolium) incubation in the presence or absence of 150 mM

furosemide. When furosemide was used, IRBC were pre-incubated for 8 min in the presence of furosemide before the addition of choline or

albitiazolium. Uptake into normal RBC was measured only in the absence of furosemide. The entry of choline (C) and albitiazolium (D) into

saponin-free parasites was measured after 10 min (choline) or 8 min (albitiazolium) incubation at 37°C. The results are expressed as means � SEM

(n � 3).

Table 2
Kinetic parameters of choline and albitiazolium entry into P. falci-

parum free parasites and their cross-inhibition

Choline

entry

Albitiazolium

entry

Km (mM) 18.5 � 3.3 14.2 � 2.6

Vmax (pmol per 107 cells·min-1) 23.3 � 4.5 6.1 � 1.1

Inhibitors Albitiazolium Choline

IC50 (mM) 2.3 � 0.2 808

Ki (mM) 0.53 321

Type of inhibition Competitive Competitive

Values are means of at least three independent experiments

performed in duplicate (SEM is indicated). Otherwise, values are

means of two independent experiments. IC50s were determined

using 15 mM choline and 16 mM albitiazolium; concentrations

that correspond to their Km.
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et al., 2004) and at a concentration of 30 mM, which is

beyond the plasma concentration observed in humans

during phase I and II clinical trials (unpublished observa-

tions). In both types of cells, entry at 0°C was not significant

compared with radioactive background. At 37°C, albitiazo-

lium entry proceeded linearly as a function of time for at least

10 min (data not shown).

After 8 min of incubation at 37°C, albitiazolium entry

into normal erythrocytes was lower than 0.01 pmol per

107 RBC·min-1, even in the presence of 30 mM albitiazolium

(Figure 4B), which corresponds to less than twofold the radio-

active background observed after incubation of RBC at 0°C

(data not shown). This result indicates that a non-significant

amount of albitiazolium enters the RBC, probably by diffu-

sion, and that albitiazolium is probably not a substrate of the

choline carrier of the erythrocyte. On the other hand, at

37°C, high albitiazolium entry into IRBC was detected and

this proceeded linearly as a function of time for at least

10 min (data not shown). Albitiazolium entry appeared to be

linear from 9 nM to 5 mM and then tended to plateau, indi-

cating a saturable process with an apparent Km of 20.6 �

4.3 mM and a Vmax of 47.9 � 4.9 pmol per 107 IRBC·min-1

(Figure 4B). The addition of furosemide at 150 mM (Staines

and Kirk, 1998) reduced albitiazolium uptake by about 70%

(Figure 4C). Measuring the entry of 50 mM albitiazolium into

IRBC in the presence of much higher furosemide concentra-

tions (Figure S1) revealed that furosemide was unable to com-

pletely abolish drug entry, with 15% of albitiazolium uptake

remaining even in the presence of 5 mM furosemide. Albitia-

zolium probably enters IRBC mainly through a furosemide-

sensitive route, which corresponds to NPPs while the residual

non-saturable mechanism remains to be clarified.

Entry into P. falciparum parasites Albitiazolium entry into

isolated P. falciparum parasites was measured after 10 min of

incubation in order to be within the linear phase of transport.

Albitiazolium entry appeared to occur through a saturable

Michaelis–Menten process (Figure 4D), with an apparent Km

of 14.15 � 2.6 mM and a Vmax of 6.1 � 1.1 pmol per

107 parasites·min-1. The Km of albitiazolium uptake into iso-

lated parasites was found to be similar to that exhibited by

choline uptake in the same conditions (Table 2).

Effect of albitiazolium on the de novo PC
biosynthesis pathway
Effect on choline entry into P. falciparum IRBC We demon-

strated that choline entered IRBC via both the remnant eryth-

rocyte choline carrier and furosemide-sensitive NPP. We thus

detailed the effect of albitiazolium on the total choline entry

into IRBC (i.e. choline carrier + NPP) and on the carrier-

mediated choline entry using furosemide to inhibit choline

entry via NPP.

When infected erythrocytes were incubated in the pres-

ence of 15 mM choline (i.e. a concentration corresponding to

a choline carrier Km value), albitiazolium significantly inhib-

ited choline entry from 4 mM and by 50% (IC50) at 19 mM

(Figure 5A); complete inhibition was not reached at 36 mM. In

the presence of furosemide, albitiazolium inhibition occurred

with an IC50 of 2.9 � 0.8 mM and, interestingly, was complete

at 12 mM (Table 3 and Figure 5A). Next we measured choline

entry in the presence of furosemide and found increasing

albitiazolium concentrations increased the slope of the

primary plots [1/V = f(1/[choline]), where V is the velocity]

and all lines intersected on the ordinate axis (Figure 5B),

indicating competitive inhibition. The inhibition constant

(Ki), calculated from Lineweaver–Burk linearization and from

the plot of apparent Km as a function of albitiazolium con-

centration, was 3.1 mM.

Inhibition of choline entry into P. falciparum parasites We also

measured the effect of albitiazolium on the parasite choline

transporter characterized above using choline at 15 mM,

which corresponds to its Km value. In these conditions, albi-

tiazolium inhibited choline entry into the parasite with an

IC50 of 2.3 � 0.2 mM (Table 2), and complete inhibition was

achieved at 10 mM (Figure 6A). Figure 6B presents the

Lineweaver–Burk plot of choline entry in the presence of four

albitiazolium concentrations and shows that the intersection

of all lines at the 1/V axis coincide, thus indicating that the

Table 3
Kinetic parameters of the steps mediating the de novo biosynthesis of PC from exogenous choline (erythrocyte and parasite choline carrier and

Kennedy pathway enzymes) and inhibitory effect of albitiazolium

Transporter/enzyme

Erythrocyte

choline entry

Parasite

choline entry CK CCT CEPT

Km (mM) 11.0 � 2.4 18.5 � 3.3 31.2 � 4.1 511.0 � 24.8 13.2 � 0.7

Vmax (pmol per 107 IRBC·min-1) 0.7 � 0.2 23.3 � 4.5 63.3 � 11.6 5.2 � 1.4 17.0 � 1.5

IC50 of albitiazolium (mM) 2.9 � 0.8* 2.3 � 0.2 1500 2500 4200

Choline entry into infected erythrocytes and parasites followed Michaelis–Menten kinetics. Inhibitory effect of albitiazolium on each step is

expressed as IC50 and measured when choline (transporter) or the choline-containing metabolites (enzymes) were close to their apparent

respective Km (i.e. one to twofold their respective Km).

*For the endogenous choline carrier, inhibition was achieved in the presence of 150 mM furosemide to inhibit choline entry by furosemide-

sensitive NPP.

Values are means of at least three independent experiments performed in duplicate (SEM is indicated). Otherwise, values are means of two

independent experiments.
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inhibition of choline entry by albitiazolium was competitive,

with a Ki of 0.53 mM (Figure 6B and Table 2).

Cross-inhibition of choline and albitiazolium transport The

above experiments showed that albitiazolium entered the

parasite via a saturable Michaelian kinetic process, and that

albitiazolium competitively inhibits choline entry into the

intracellular parasite. To determine whether albitiazolium

and choline followed similar route(s) to enter the parasite, we

evaluated the capacity of choline to inhibit albitiazolium

entry into the parasite. When albitiazolium was used at a

concentration corresponding to its Km value (16 mM), choline

inhibited entry of the choline analogue with an IC50 of

808 mM (Table 2 and Figure 6C) and complete inhibition was

Figure 5
Effect of albitiazolium on choline transport in P. falciparum-infected erythrocytes. (A) Inhibition of 15 mM choline entry into P. falciparum-infected

erythrocytes by albitiazolium (albi) was determined after 10 min of incubation in presence or not of 150 mM furosemide. (B) The initial velocities

of choline uptake into P. falciparum IRBC in the presence of increasing concentrations of albitiazolium are shown as Lineweaver–Burk double-

reciprocal plots. Inhibitor concentrations were 0, 4, 6 and 10 mM albitiazolium. Experiments were repeated twice.

Figure 6
Transport of choline and albitiazolium into P. falciparum saponin-free parasites and substrate competition. (A) Inhibition of 15 mM choline entry

into P. falciparum saponin-free parasites by albitiazolium was determined after 10 min of incubation. (B) The initial velocities of choline uptake into

P. falciparum saponin-free parasites in the presence of increasing concentrations of albitiazolium are shown as Lineweaver–Burk double-reciprocal

plots. (C) Inhibition of 16 mM albitiazolium entry into P. falciparum saponin-free parasites by choline was determined after 10 min of incubation.

(D) Lineweaver–Burk representation of albitiazolium entry into saponin-free parasites in the presence of increasing choline concentrations.

Inhibitor concentrations were 0, 3, 6, 9 and 12 mM albitiazolium for (B) and 0, 0.8 and 2 mM choline for (D). Experiments were repeated twice.

BJPCholine metabolism and albitiazolium interference

British Journal of Pharmacology (2012) 166 2263–2276 2271



achieved at higher concentrations. The type of choline inhi-

bition of albitiazolium transport was also determined.

Figure 6D presents a Lineweaver–Burk plot of albitiazolium

entry at two choline concentrations and indicates a competi-

tive inhibition with a calculated Ki value of 321 mM (Table 2).

Thus, in addition to the fact that albitiazolium inhibited

choline entry into the parasite, these results indicate that,

reciprocally, choline competitively inhibits albitiazolium

entry into the parasite. This cross-inhibition indicates that

choline and albitiazolium probably enter the parasite via

similar processes.

Effects of choline analogues on Kennedy pathway enzymes Fi-

nally, we also assessed whether albitiazolium could affect

each of the three enzymatic steps involved in the de novo PC

biosynthesis pathway (CK, CCT and CEPT; see Figure 7). This

was determined under optimal conditions for enzymatic

catalysis as determined above, except that choline-containing

substrates were used at concentrations close to their Km

(between 1 and 2 Km). In these conditions, albitiazolium

completely inhibited each of the three enzymes, with com-

plete inhibition being achieved at 100 mM. The concentra-

tions at which 50% of the activity of the enzyme (IC50) was

inhibited were in the millimolar range; 1.5, 2.5 and 4.2 mM

for CK, CCT and CEPT, respectively (Table 3).

Discussion

In the fight against malaria, new antimalarial drugs with

original mechanisms of action are urgently needed (RBM,

2008). Our laboratory is developing new classes of antimalar-

ial drugs designed to target malarial membrane biogenesis

(Vial et al., 2011). The most successful approach is based on

choline analogues to prevent de novo CDP–Cho-mediated PC

synthesis of the parasite at its blood stage, which occurs at the

expense of plasmatic choline (Dechamps et al., 2010b). Opti-

mization of this class of molecules (Wengelnik et al., 2002;

Ancelin et al., 2003a,b; Vial et al., 2004; Hamze et al., 2005)

led to the selection of albitiazolium as clinical candidate,

Figure 7
The fate of albitiazolium and choline in the P. falciparum-infected erythrocyte and albitiazolium-induced inhibition of PC biosynthesis. Choline

enters the infected erythrocyte essentially through the erythrocyte choline carrier and a small amount via furosemide-sensitive NPPs. Choline is

then transported into the parasite by the parasite choline carrier and used to synthesize PC via the Kennedy pathway. The choline analogue

albitiazolium enters the infected erythrocyte via furosemide-sensitive NPPs and a furosemide-insensitive pathway. Albitiazolium inhibits choline

transport by the erythrocyte choline carrier but is not transported by it. The choline analogue is taken up by the parasite via the parasite choline

carrier, thus inhibiting choline transport. Albitiazolium is accumulated in the parasite and exerts its activity principally on the different steps of the

de novo PC biosynthesis pathway. It should be noted that albitiazolium is abbreviated to ‘T3’ for convenience in this diagram.
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which is currently in phase II clinical trials to treat severe

malaria by the parenteral route (MMV, 2011). Given the

importance of the mechanism of action sustaining the toxic

effect for the malaria parasite, this work aims to answer two

questions: (1) Is de novo biosynthesis of PC involved in the

antimalarial activity of albitiazolium? (2) How does the drug

affect the biosynthetic pathway?

We have shown here that albitiazolium specifically inhib-

its cellular de novo PC synthesis from choline at all the para-

site blood stages while not affecting synthesis of PE, the other

major structural malarial PL (Figure 2). Of utmost interest,

choline is able to strongly antagonize the antimalarial activ-

ity of albitiazolium (Figure 3A,B). This highlights the involve-

ment of choline metabolism in the antimalarial activity of

albitiazolium.

To further elucidate the biochemical mechanism through

which interactions between this drug and its target(s) result

in the pharmacological response, we have, for the first time,

unravelled and biochemically characterized the entire de novo

PC synthesis pathway of P. falciparum. Here we analysed the

two transport steps mediating choline entry into the IRBC

and then into the intracellular parasite as well as the three

enzymatic reactions (Figure 7), with the aim of determining

the effect of albitiazolium on each step of this pathway.

Partial data on de novo PC synthesis have been reported for

other Plasmodium species such as the simian parasite Plasmo-

dium knowlesi (Vial et al., 1984b; Ancelin and Vial, 1989;

Ancelin et al., 1991) and the rodent parasite Plasmodium

vinckei (Staines and Kirk, 1998). However, these parasites have

different hosts, different times of blood cycle (24 or 48 h) and

certain differences in their lipid metabolism (Dechamps et al.,

2010a).

The previously reported enhancement of choline entry

into Plasmodium-infected erythrocytes appears to occur

through a saturable process in P. knowlesi (Ancelin et al., 1991;

Ancelin and Vial, 1992), through a non-saturable process in

P. falciparum (Kirk et al., 1991), and through the presence of

two components in P. vinckei-infected erythrocytes (Staines

and Kirk, 1998). Here, we showed that P. falciparum-infected

erythrocytes exhibit a markedly increased rate of choline entry

compared with control erythrocytes. Choline entry into IRBC

occurred via two processes – a saturable process with a Km

similar to that of the choline carrier of normal erythrocytes

and a Vmax twofold higher than that observed in uninfected

cells, and a non-saturable process, that can be attributed to

furosemide-sensitive NPPs (Kirk et al., 1994) (Figure 4A). At

15 mM, its physiological concentration, 75% of the choline

entering the IRBC appears to be by the saturable process and

25% by the non-saturable process.

Choline entry into the saponin-freed P. falciparum para-

site exhibits temperature-dependent Michaelis–Menten

kinetics, with an apparent Km of 18.5 � 3.3 mM and a Vmax of

23.3 � 4.5 pmol per 107 parasites·min-1 (Figure 4C and

Table 3), in agreement with the findings of Biagini et al.

(2004). In intact infected erythrocytes, total choline uptake is

1.5 pmol per 107 IRBC·min-1 in the presence of 80 mM choline

(Figure 4A), while choline entry via the remnant choline

transporter has a Vmax of 0.7 � 0.2 pmol per 107 IRBC·min-1.

The transport capacity of choline inside the parasite is thus

much higher than the choline flux through both NPPs and

the erythrocyte choline carrier. Choline entry into the

infected erythrocyte is therefore probably the rate-limiting

step of choline influx from the plasma to the intracellular

parasite, and the parasite choline transporter has been

likened to a choline ‘vacuum cleaner’ for the host cell (Biagini

et al., 2004).

So far, the enzymatic activities of the de novo PC synthesis

pathway have only been characterized in P. knowlesi (Vial

et al., 1984a; Ancelin and Vial, 1989), except for the P. falci-

parum CK, which has been characterized as a native recom-

binant enzyme (Ancelin and Vial, 1986; Alberge et al., 2009).

The kinetic parameters obtained here for the three P. falci-

parum enzymes (Table 3) revealed that the affinity of CCT for

the substrate phosphocholine (Km = 511 mM) was by far the

lowest compared to those of CK and CEPT for their respective

choline substrates, which were 31 and 13 mM, respectively.

When measured in optimal conditions, the maximal specific

activity decreased in the order CK, CEPT and CCT. Figure 7

summarizes the steps involved in P. falciparum de novo PC

synthesis, and the corresponding kinetic parameters are indi-

cated in Table 3.

We also characterized the entry of albitiazolium. It was

striking that albitiazolium did not enter normal erythrocytes

to a significant extent (<0.01 pmol per 107 RBC·min-1, i.e.

close to the radioactive background, at 30 mM albitiazolium)

(Figure 4B), indicating that albitiazolium cannot be trans-

ported by the erythrocyte choline carrier. On the other hand,

albitiazolium entered infected erythrocytes to a high extent

(47.9 � 4.9 pmol per 107 IRBC·min-1 at maximal capacity),

and this occurred via a saturable process involving at least

two components. The major component represented up to

85% and occurred via a furosemide-dependent and saturable

process (Figure S1), suggesting that this entry was mediated

via furosemide-sensitive NPPs (Figure 4B) even if transport

via NPP is usually described as a non-saturable process at

physiological concentrations of the transported molecule

(Kirk, 2001). Albitiazolium entry appeared to proceed linearly

for concentrations up to 5 mM before reaching saturation at

higher concentrations. This concentration has to be com-

pared to its pharmacological concentration, taking into

account its binding to human plasma-proteins which was

found to be 33% at 20 ng·mL-1 and no saturation was

observed until 5000 ng·mL-1 (unpublished observations).

Thus, the concentration was more than 100-fold higher than

those that are effective at treating malaria in vitro (~10 nM)

(Vial et al., 2004). and 10-fold higher than the ~500 nM con-

centration in plasma (during at least 4 h) needed to get a

complete cure in rodents and humans (unpublished observa-

tions). In addition, NPP are usually described as non-

saturable channels for low molecular weight solutes (Kirk,

2001; Martin et al., 2005), but they can accommodate com-

pounds with a high molecular mass (300–600 Da) (Saliba and

Kirk, 1998), even though it has not been shown whether this

latter transport involves saturable or non-saturable processes.

A second, less important, component (~15%) of albitiazolium

entry appeared to be furosemide-insensitive and non-

saturable (Figures 4B and S1). This could be mediated by a

different type of NPP that is not sensitive to furosemide or

another uncharacterized process (Ginsburg and Stein, 2005).

Albitiazolium (Wein et al.. in preparation), like other bis-

thiazolium salts (Biagini et al., 2003; Vial et al., 2004) and

bis-cationic choline analogues (Wengelnik et al., 2002) accu-
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mulate to high extent within infected erythrocytes with a

cellular accumulation ratio (CAR) of ~400 at mature stages.

This accumulation appears to be restricted to hematozoan-

infected erythrocytes, including Plasmodium and Babesia

species (Biagini et al., 2003; Vial et al., 2004; Richier et al.,

2006). The fact that albitiazolium is not transported by the

choline transporter and enters infected erythrocytes by NPPs,

which are absent in normal cells as shown here, probably

explains why the drug specifically accumulates within

infected erythrocytes.

Once inside the IRBC, albitiazolium as choline enters the

intracellular parasite via a saturable process following

Michaelis–Menten kinetics (Figure 4D and Table 3). The

cross-inhibition between choline and albitiazolium (Figure 6)

suggests that the PC polar head and its analogue use similar

organic cation transporter(s) to enter the parasite, as corrobo-

rated by their equal sensitivity to ionic dependence and

various transport effectors (Biagini et al., 2004). Figure 7 illus-

trates the entry of albitiazolium to the intracellular parasite,

and Table 2 shows that, under optimal conditions (i.e. within

the linear phase of transport), the maximal velocity of albi-

tiazolium entry was fourfold lower than for choline entry.

Since high concentrations of choline can overcome its

antiplasmodial properties, the therapeutic effect of albitiazo-

lium probably relies on the metabolic fate of choline. Bio-

chemically characterizing all steps mediating choline

incorporation in its only known end-product PC allowed

us to decipher the molecular mechanism of action of

albitiazolium.

Albitiazolium barely inhibited the NPP-mediated choline

entry but it inhibited choline entry by the remnant erythro-

cyte choline carrier (Ki = 3.1 mM) (Figure 5B), even though the

bulky choline analogue, composed of two cationic heads

linked by an alkyl chain of 12 methylene groups (Figure 1), is

not itself transported. Indeed, Deves and Krupka (1979)

showed that lengthening the alkyl chain of choline analogues

increased their affinity for the erythrocyte choline carrier due

to hydrophobic bonding in a region near the substrate site but

prevented the molecules from being transported.

Albitiazolium also inhibits choline entry into the intrac-

ellular parasite (Figure 6A,B and Table 2). Cross-inhibition

between choline and albitiazolium appears to be competitive,

even though the capacity of albitiazolium to inhibit choline

entry is far greater (Ki = 0.53 mM) than that of choline to

prevent albitiazolium entry (Ki of 321 mM) (Table 2). Finally,

albitiazolium also appeared to inhibit the three enzymes

involved in the incorporation of choline into PC. It was

striking that the choline analogue could completely inhibit

the three enzymatic activities, even though the IC50 values

were in the millimolar range (Table 3).

Biochemical data thus indicate that two transport steps

and the three enzymatic activities involved in the de novo PC

synthesis are potentially inhibited by this choline analogue.

The next questions that must be addressed are which step(s)

are really affected in cellulo and which ones are most likely to

be involved in its antimalarial properties. For this, the in situ

interaction between the drug and its targets for its catalytic

activity, as determined here, is dependent on the concentra-

tion of endogenous substrates and of the pharmacological

compound in the vicinity of the target transporter(s) or

enzyme(s). At the physiological choline concentration of

15 mM (Das et al., 1986) and at the pharmacological albitia-

zolium concentration of 100 nM, the drug cannot exert sig-

nificant inhibition of choline entry mediated by the

erythrocyte choline carrier because external concentrations

required to inhibit these steps are in the micromolar range

(Table 3 and Figure 5A).

Because of its high accumulation inside IRBC, the level of

albitiazolium in the vicinity of intracellular target(s) is much

higher than its external concentration. For example, at an

external concentration of 100 nM, a 400-fold accumulation

of albitiazolium is observed in P. falciparum-IRBC (Wein et al.,

unpublished observations); the albitiazolium concentration

inside the IRBC is 40 mM when an equal distribution of the

drug occurs inside the IRBC.

Accumulation of the closely related T16 antimalarial com-

pound localized to 23% in the erythrocyte cytosol and to

77% inside the parasite, where a substantial part was recov-

ered in the small digestive vacuole compartment (Biagini

et al., 2003) as well as an unidentified compartment (Richier

et al., 2006). Accordingly, and based on respective volumes of

75 fl (Saliba et al., 1998) and 50 fl (Mauritz et al., 2009) for

IRBC and mature parasites, the albitiazolium concentration

would reach 28 mM in the erythrocyte cytosol surrounding

the parasite for an external concentration of 100 nM. Since a

concentration of 2.3 mM albitiazolium inhibits 50% of

choline entry into isolated parasites (Table 3), it is therefore

likely that at 28 mM, albitiazolium strongly inhibits choline

entry into the parasite. Under the same conditions, we can

also estimate the concentration of the drug in the intracellu-

lar parasite compartment(s) where the drug localized (assum-

ing its volume is ~3% that of the infected erythrocyte) at

equilibrium (CAR ~400), which would reach approximately

1 mM. Thus, due to the combined effects of accumulation,

which allowed the drug to reach millimolar concentrations in

a low volume compartment of accumulation, and the inhi-

bition of cellular choline entry, which results in low levels of

the downstream metabolites P-Cho and CDP-Cho, the three

enzymes are potentially, at least partially, inhibited in cellulo.

Altogether, there are many biochemical features through

which molecular interactions of albitiazolium with the dif-

ferent steps of the de novo PC biosynthesis pathway can con-

tribute to its potent pharmacological response, but its effect

on parasite choline entry appears to be the primary target.

The ability of albitiazolium to affect more than one target in

the same metabolic pathway allows for a synergistic effect

leading to reinforced inhibition of PC synthesis and thus to

potent antimalarial activity.

In addition, previous studies have shown that bis-

thiazolium compounds accumulated in IRBC were partly

recovered in the Plasmodium food vacuole, where they were

found to associate with metabolites of haemoglobin degrada-

tion. This interaction with haemozoin was shown to contrib-

ute to the antimalarial activity of the bis-thiazolium (Biagini

et al., 2003). This multiple mode of action, distinct from

available antimalarial agents, is a major strength of this

inhibitor class, and it could also help to delay the develop-

ment of resistance.

Finally, multiple impacts on the same metabolic pathway

as well as a dual mechanism of action could be very impor-

tant with respect to delaying the emergence of resistance to

this antimalarial drug. This hypothesis is supported by
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experimental works using a 1 year drug pressure through a

validated protocol (Rathod et al., 1997) with the choline ana-

logue G25 (Wengelnik et al., 2002) in which the emergence of

resistant parasites was not observed (data not shown).
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