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We have investigated the mechanism of action of inhibition of the choline kinase of P. falciparum (p.f.-ChoK) by two inhibitors
of the human ChoKa, MN58b and RSM-932A, which have previously been shown to be potent antitumoral agents. The efficacy
of these inhibitors against p.f.-ChoK is investigated using enzymatic and in vitro assays. While MN58b may enter the choline/
phosphocholine binding site, RSM-932A appears to have an altogether novel mechanism of inhibition and is synergistic with
respect to both choline and ATP. A model of inhibition for RSM-932A in which this inhibitor traps p.f.-ChoK in a phosphory-
lated intermediate state blocking phosphate transfer to choline is presented. Importantly, MN58b and RSM-932A have in vitro
inhibitory activity in the low nanomolar range and are equally effective against chloroquine-sensitive and chloroquine-resistant
strains. RSM-932A and MN58b significantly reduced parasitemia and induced the accumulation of trophozoites and schizonts,
blocking intraerythrocytic development and interfering with parasite egress or invasion, suggesting a delay of the parasite matu-

ration stage. The present data provide two new potent structures for the development of antimalarial compounds and validate

p-f--ChoK as an accessible drug target against the parasite.

holine is the first precursor in the generation of two of the

major components of the plasma membrane, phosphatidyl-
choline (PC) and sphingomyelin (SM). Choline kinase (ChoK) is
a cytosolic enzyme expressed in multiple tissues. In the presence of
ATP and magnesium, it converts choline (Fig. 1A, panel 4) into
phosphorylcholine (PCho), the first step in the biosynthesis of PC,
which is also known as the Kennedy pathway (1, 2).

Human ChoKa has been shown to be strongly linked to several
types of cancer (3—5) and to be oncogenic (6). Our group designed
and synthesized ChoKa inhibitors for antitumoral therapy based
on Hemicholinium-3 (HC-3), a choline homologue previously
described as a ChoK inhibitor (1, 7, 8). Due to its high toxicity in
vivo, HC-3 is not a favorable candidate for clinical use (9); how-
ever, more-powerful and less toxic compounds were produced (7,
8), followed by an even more efficient second generation (10, 11),
one of which, RSM-932A (also designated TCD-717), is currently
in phase I clinical trials (http://clinicaltrials.gov/ct2/show/NCTO01
215864).

ChoK inhibitors can act as effective inhibitors of Plasmodium
falciparum choline kinase (p.f--ChoK) and are effective in in vitro
and in vivo assays. The primary sequence of the catalytic site (12)
and the tertiary structure (PDB 3FI8; www.pdb.org) of p.f.-ChoK
are conserved with respect to other ChoKs. Furthermore, p.f.-
ChoK is more highly expressed in growth phases of P. falciparum
(12), and inhibition of ChoK affects the parasite’s viability in in
vitro and mouse models of malaria (13). HC-3 has been shown to
inhibit recombinant p.f.-ChoK (14) and to be lethal against the
parasite (15). Since it has been validated as a therapeutic target,
other groups have found effective inhibitors for p.f.-ChoK
(16, 17).

The importance of developing new viable alternatives for cur-
rent malaria treatments cannot be overstated: while millions are
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infected and die from the disease yearly, new drug-resistant strains
of P. falciparum continuously appear due to selection processes
(18). In fact, drug resistance has emerged for artemisinin deriva-
tives, currently the most widely recommended treatment in areas
where the disease is endemic (19), underlining the importance of
continually searching for new drug therapies and targets.

Here, we have determined that the minimally toxic human
ChoKa inhibitors already developed and characterized by our
group may be able to function as antimalarial agents. We describe
the effects of HC-3 (Fig. 1A, panel 1), the second-generation com-
pound MN58D (Fig. 1A, panel 2), and the third-generation com-
pound RSM-932A (Fig. 1A, panel 3) in enzymatic and in vitro
assays. While HC-3 has been already observed in the crystal struc-
tures in complex with human ChoK to enter precisely in the same
place as phosphocholine (20), and while MN58b, due to structural
similarities, may do the same, we show here through enzymatic
assays that the mechanism of inhibition of these two inhibitors is
not competitive, which suggests a more complex mechanism of
action. Importantly, we describe a novel synergistic mechanism of
action for RSM-932A. The availability of novel drugs against ma-
laria is important due to the continuous need to overcome resis-
tance to current treatments. Understanding the mechanism of
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FIG 1 Structures of the ChoK inhibitors (A) Structures of the ChoK inhibitors HC-3 (panel 1), MN58b (panel 2), RSM-932A (panel 3), and choline (panel 4).
(B) Inhibition of p.f.-ChoK activity by human ChoK inhibitors shown by thin-layer chromatography of enzymatic reactions, using E. coli, of recombinant
p.f.-ChoK. Reactions were performed in the absence and presence of DMSO (lanes 1 and 2, respectively) and in the presence of 30 uM (each) HC-3 (lanes 3 and
4), MN58b (lanes 5 and 6), and RSM-932A (lane 7). RSM-932A was suspended in DMSO before use. The lower bands represent unconverted choline, and the

upper bands correspond to phosphocholine.

action of drugs under development will help in the design of novel
and more effective treatments.

MATERIALS AND METHODS

Enzymatic reactions using Escherichia coli extracts. The bacterial ex-
pression vector containing an N-terminal His-tagged and truncated
(amino acids 79 to 439) form of p.f.-ChoK from P. falciparum strain
3D7 was generously provided to us by the Structural Genomics Con-
sortium (www.pdb.org). This vector was expressed in E. coli
BL21(ADE3) CodonPlus cells at 37°C. Enzymatic reactions utilizing
extracts of recombinant His-tagged p.f.-ChoK expressed in E. coli were
performed by placing a 1-pl extract in a reaction mixture containing
0.185 p.Ci/nmol methyl—[”C]choline, 180 wM choline, 10 mM ATP,
10 mM MgCl,,and 100 mM Tris (pH 8.0) at 37°C for 20 min. The
reactions were stopped by placing the mixtures in ice and then at
—20°C, defrosted, and resolved by thin-layer chromatography using a
Whatman 60A Silica Gel membrane and with a mobile phase consist-
ing of 25 ml 0.9% NaCl, 35 ml methanol, and 2.5 ml 30% NH,OH.
Radioactivity was visualized and quantified using a Cyclone Plus Scanner.
The ICs, values of ChoKa inhibitors were determined as the concentrations
of inhibitor necessary to reach 50% inhibition.

p.f.-ChoK purification. The p.f.-ChoK expression vector described
above was expressed in E. coli BL21(ADE3) CodonPlus cells and then
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induced with 1 mM IPTG (isopropyl-1-thio-p-galactopyranoside) in the
presence of 200 pg/ml and 25 pg/ml of ampicillin and chloramphenicol,
respectively, overnight at 15°C. The culture was harvested by centrifuga-
tion. The pellets were resuspended with 10 ml/liter of cell culture in bind-
ing buffer (25 mM Tris [pH 8.8], 100 mM NaCl), 1 mM benzamidine, and
1 mM phenylmethylsulfonyl fluoride (PMSF) and stored at —80°C. Re-
suspended pellets stored at —80°C were thawed, and prior to lysis each
pellet was pretreated with 0.5% CHAPS (3-[(3-cholamidopropyl) di-
methylammonio]-1-propanesulfonate hydrate) and 500 units of benzo-
nase and DNase and then taken immediately to be mechanically lysed
with a French press at 1,000 Ib/in% and the cell lysate was centrifuged
using a Beckman ultracentrifuge at 50,000 rpm in a Beckman 50Ti
rotor for 1 h.

The cleared lysate was loaded onto a Hi Trap IMAC HP column (GE
Healthcare, USA) charged with Ni* at0.5 ml/min and washed (15 column
volumes) with binding buffer and then eluted with a gradient using bind-
ing buffer supplemented with 500 mM imidazole. Elutions were pooled
and then loaded onto a Hi Load Superdex 200 16/60 column (GE Health-
care) preequilibrated with buffer A. The elution volume corresponded to
a molecular mass of 34 kDa (compared to an expected size of 45 kDa),
confirming, as expected from the crystal structure (www.pdb.org), that
the protein was a monomer. Eluted fractions were pooled, concentrated to
100 M using Amicon Ultra Centrifugal filters with a cutoff of 10 kDa
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(Millipore, USA), before being frozen in liquid nitrogen and stored at
—80°C.

Steady-state enzymatic assays monitored with the pyruvate kinase/
lactate dehydrogenase (PK/LDH) reaction. When a wide range of cho-
line or ATP concentrations was used to determine Michaelis-Menten ki-
netic values, a negative cooperativity effect was observed as was described
for human (21) and yeast (22) ChoKs. In order to compare the substrate
kinetic parameters, a range of concentrations in the linear portion of the
Lineweaver-Burk plots was selected for analysis and curve fitting into the
Michaelis-Menten equation.

These assays were run in 200 pl of a solution containing 100 mM Tris
(pH 8.0), 10 mM MgCl,, 75 mM NaCl, 75 mM KCl, 0.66 mM NADH, 0.33
mM phosphoenolpyruvate, 1.1 mM ATP, 10 units lactate dehydrogenase,
5 units pyruvate kinase, and 4.6 nM His-tagged p.f.-ChoK. The assays
were carried out at 25°C in UV-Star 96-well plates (Greiner Bio-One,
Germany) in a Versamax microplate reader (Molecular Devices, USA),
and the linear reduction in NADH levels was observed at A, ,,. The steady-
state rate of ADP formation was calculated using an extinction coefficient
of 6,200 M~ em ™.

Determination of mechanism of action using PK/LDH coupled re-
actions. The mechanism of action of the inhibitors with respect to each
substrate was determined using a previously described method (23).
Briefly, using the IC;, of each inhibitor determined at the K,,, of choline,
the concentration of one substrate was kept constant while initial veloci-
ties were measured while varying the second substrate in the presence and
absence of inhibitor. The percentage of inhibition (%I) was determined
by dividing each initial velocity in the presence of inhibitor with its cor-
responding initial velocity in the absence of compound. %I was plotted
against concentration and fitted using a two-parameter-fit nonlinear re-
gression algorithm of GnuPlot v 4.3 into the equation below, where [S] is
the concentration of the varied substrate, [I] is the concentration of in-
hibitor, K is the dissociation constant of the substrate (assumed to be
equal to the K,,,), K; is the dissociation constant of the inhibitor, and ais a
numerical constant that measures the effect the substrate has on the bind-
ing of the inhibitor and vice versa.

s
K,‘ OLKSKi

s (80
KS K,' (63 KsKi

LC-MS analysis of ATP and hemicholinium. For the determination
of ATP catalysis and HC-3 inhibitor phosphorylation by liquid chroma-
tography-mass spectrometry (LC-MS), 1-ml samples containing 3 mM
ATP or 0.5 mM HC-3 plus 3 mM ATP, both in the presence and absence
of 3.4 pM p.f.-ChoK in 100 mM Tris (pH 8)-10 mM MgCl, were incu-
bated overnight and then passed through a centrifugal filter with a cutoff
of 10 kDa (Millipore, USA) and stored at —20°C. One hundred microli-
ters of each of these samples was placed into high-pressure liquid chro-
matography (HPLC) vials, and analyses were performed using an ultra-
high-pressure LC (UHPLC) system (1290 series; Agilent Technologies)
coupled to a 6550 ESI-QTOF (Agilent Technologies) operated in positive
electrospray ionization (ESI+) mode. Metabolites were separated using
an Agilent Zorbax C,4 column, 50 by 2.1 mm by 1.8 um (Agilent). The
mobile phase used consisted of Al (0.1% formic acid in water) and B1
(0.1% formic acid in acetonitrile). The linear gradient elution started at
100% A (time zero to 2 min) and finished at 100% B (14 to 20 min) at a
flow rate of 0.4 ml min~'. The injection volume was 2 pl, and the EST
conditions were as follows: gas temperature, 150°C; drying gas, 13 liters
min~'; nebulizer, 35 psig (241.32 kPa); sheath gas temperature, 300°C;
sheath gas flow, 12 liters min ™~ '; capillary voltage, 3,500 V; nozzle voltage,
500 V; fragmentor, 400 V; and skimmer, 65 V. The instrument was set to
acquire data over the m/z range of 100 to 1,000 with an acquisition rate of
2 spectra/second.

Trypsin digestions. Assays were performed using 0.0375 mg/ml tryp-
sin, 10 WM p.f.-ChoK, 10 mM MgCl,, and 100 mM Tris (pH 8.0) in a total

%1 =100 %
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volume of 20 pl incubated at 37°C for 30 min in the case of a dose-
response curve or longer in the case of a time course experiment. Resulting
digestions were loaded onto a 12% SDS-PAGE and then stained with
Coomassie blue. Densitometry was performed on resulting bands using
the Quantity One software (Bio-Rad, USA). Percent degradation was de-
termined with respect to a sample load of undigested p.f.-ChoK.

Thermal shift assays. Assays were performed using a previously de-
scribed protocol (24). Briefly, 75 pg/ml p.f.-ChoK, a 2,127 X dilution of
Sypro Orange (Invitrogen, United Kingdom), which was used as the re-
porter dye, 10 mM MgCl,, and 100 mM Tris (pH 8) in a total volume of 10
.l were plated onto MicroAMP 96-well plates (Applied Biosystems, Life
Technologies, United Kingdom). Thermal denaturation using a temper-
ature range of between 25°C and 95°C in steps of 0.5°C was performed in
a StepOnePlus real-time PCR system (Applied Biosystems, Life Technol-
ogies, United Kingdom) using the ROX emission filter. The resulting data
were analyzed using the MATLAB 7.11 program running the ThermoQ
curve fitting software, which was used to calculate the melting tempera-
tures (T,,,) (24).

Drugs and inhibitors. Synthesis of ChoK inhibitors has been previ-
ously described (25, 26). Chloroquine diphosphate salt was purchased
from Sigma-Aldrich. Stock solutions of inhibitors were prepared in 100%
dimethyl sulfoxide (DMSO). Chloroquine was dissolved in distilled water
at 100 mM. All compounds were stored at —20°C until use. For the drug
assays, serial dilutions were made in culture medium and added to 96-well
culture plates. Control cultures were treated with equivalent amounts of
DMSO diluted in culture medium.

In vitro cultures of Plasmodium falciparum. Plasmodium falciparum
strains Dd2 (clone MRA-150) and 3D7 (clone MRA-102) obtained from
the Malaria Research and Reference Reagent Resource Center (MR4)
(http://www.mr4.org) were used for this study. Erythrocytes were ob-
tained from type A+ human healthy local donors and collected in tubes
with citrate-phosphate-dextrose anticoagulant (Vacuette). The culture
medium consisted of standard RPMI 1640 (Sigma-Aldrich) supple-
mented with 0.5% Albumax I (Gibco), 100 pM hypoxanthine (Sigma-
Aldrich), 25 mM HEPES (Sigma-Aldrich), 12.5 pg/ml gentamicin (Sig-
ma-Aldrich), and 25 mM NaHCO; (Sigma-Aldrich). Each culture was
started by mixing uninfected and infected erythrocytes to achieve a 1%
hematocrit and incubated in 5% CO, at 37°C in tissue culture flasks
(Iwaki). The progress of growth in the culture was determined by micros-
copy in thin blood smears stained with Wright’s eosin methylene blue
solution (Merck), using the freely available Plasmoscore software (27) to
monitor the parasitemia. The detailed description of the culture and syn-
chronization methods used has been reported previously (28).

Fluorimetric assays for antimalarial drug activity. A PicoGreen mi-
crofluorimetric DNA-based assay was used to monitor parasite growth
inhibition at different drug concentrations (29). PicoGreen (P7589) was
purchased from Invitrogen and diluted as indicated by the manufacturer
in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5). Synchronized rings
from stock cultures were used to test 2 wM to 0.2 nM serial dilutions of
HC-3, MN58b, and RSM-932A in 96-well culture microplates. Thus, 150
.l of parasites at 2% hematocrit and 1% parasitemia were allowed to grow
for 48 hours in 5% CO, at 37°C. The parasites were then centrifuged at
600 X g for 10 min and resuspended in saponin (0.15%, wt/vol, in phos-
phate-buffered saline [PBS]) to lyse the erythrocytes and release the ma-
laria parasites. To eliminate all traces of hemoglobin, the pellet was
washed by the addition of 200 wl of PBS followed by centrifugation at
600 X g. The washing step was repeated twice to ensure complete removal
of hemoglobin. Finally, pellets were resuspended in 100 wl of PBS. A
100-pl volume of PicoGreen diluted in TE was added to each well. Plates
were incubated for 30 to 60 min in the dark, and the fluorescence intensity
was measured at 485-nm excitation and 528-nm emission. Growth inhi-
bition was calculated as previously described (29). The parasite morphol-
ogy was evaluated by microscopic analysis of thin blood smears stained
with Wright’s stain. Smears from drug-free cultures were used as a con-
trol.
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FIG 2 Mechanistic analysis of inhibitors to p.f.-ChoK activity. The percent inhibition of p.f.-ChoK activity caused by each inhibitor (%I) is plotted against the
concentration of either choline or ATP in order to perform a mechanistic analysis of inhibitors in relation to each substrate: HC-3 (A, B), MN58b (C, D), and

RSM-932A (E, F).

RESULTS

Enzymatic assays using E. coli extracts. Enzymatic reactions us-
ing E. coli extracts expressing recombinant p.f.-ChoK and identi-
cal concentrations (30 wM) of each compound showed that while
HC-3 and MN58D lightly inhibit the generation of PCho, RSM-
932A is a comparatively potent inhibitor (Fig. 1B). A later assay
using a range of inhibitor concentrations showed the IC;, of RSM-
932A to be 1.5 uM (data not shown).

Steady-state enzymatic reactions and inhibition assays.
Steady-state enzymatic reactions using purified recombinant p.f.-
ChoK were performed using the pyruvate kinase/lactate dehydro-
grenase (PK/LDH) enzymatic reporter system. The calculated K,
for ATP and choline were 81 = 13.65 uM and 22 * 8 uM, respec-
tively. The k_,, measured was 338.4 = 12 min~'. In addition, re-
actions in the absence of choline showed that p.f.-ChoK had
ATPase activity witha K, of 77 = 9and a k_,, 0of 82.2 + 1.8 min "
This ATPase activity was confirmed by LC/MS analysis of a sample
of ATP with and without the p.f.-ChoK enzyme, which showed
that 98% of the ATP was consumed relative to a non-enzyme-
containing control, while 5.8- and 6.3-fold amounts of ADP and
AMBP, respectively, were detected relative to the control.
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The IC5,s of HC-3, MN58b, and RSM-932A were determined
tobe 250 uM, 106 wM, and 1.75 wM, respectively, in a steady-state
reaction in which the concentration of choline was equivalent to
its K,,,. An ICs, of 1.75 for RSM-932A was consistent with the
results of enzymatic assays using E. coli extract and was signifi-
cantly lower than that of HC-3 and MN58b, confirming that it was
the more potent inhibitor.

Determination of inhibitor mechanism of action. A mecha-
nistic analysis was performed for each inhibitor by performing
steady-state enzymatic reactions with p.f.-ChoK in which one sub-
strate was varied while the other substrate was fixed both in the
absence and in the presence of an inhibitor whose concentration
was fixed at its IC5,. The percentage of p.f.-ChoK inhibition (%I)
due to inhibitor binding was defined as the steady-state initial
velocity with inhibitor divided by the initial velocity without in-
hibitor at a given concentration of the varied substrate. Plotting
%] against substrate concentration and fitting the data to the
equation described in Materials and Methods, K; and a values for
each inhibitor were derived. In the case of HC-3, when the sub-
strate concentration of either choline (Fig. 2A) or ATP (Fig. 2B)
was increased, the %I was reduced, indicating that inhibitor bind-
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FIG 3 Mechanistic analysis in the presence of choline or HC-3. (A) Mechanistic analysis between RSM-932A and ATP in the absence of choline. (B) ProQ
Diamond staining of an SDS-PAGE of samples of p.f.-ChoK incubated in the absence and presence of ATP. (C) LC/MS results showing the calculated masses of
HC-3 (1), phospho-HC-3 (2), and di-phospho-HC-3 (3). (D and E) Mechanistic analysis of RSM-932A with HC-3 as the substrate (D) or of MN58b with HC-3

as the substrate (E).

ing was antagonistic to the binding of both ATP and choline (and vice
versa). The same result was observed with MN58b (Fig. 2Cand D). In
contrast, with RSM-932A an increase in either substrate marked a
parallel increase in %I (Fig. 2E and F), meaning that inhibitor binding
was synergistic to the binding of both ATP and choline. As a measure
of the effect of each substrate on inhibitor binding, « values were
derived. The a values calculated for HC-3 (aggine = 2.9 £ 0.3;
aprp = 5.2 £ 1) and MN58b (atgpoiine = 21.3 = 6.4; appp = 13.23 =
2.6) were low; that is, they did not approach infinity. These results
show a mixed-inhibition mechanism for these compounds (not
competitive). On the other hand, « values derived for RSM-932A
(Xholine = 0.48 = 0.04; oy rp = 0.2 £ 0.03) had a value of less than 1,
which was consistent with a synergistic mechanism of action. Derived
K; values for HC-3, MN58b, and RSM-932A (with respect to choline)

5882 aac.asm.org

were 204 = 11.8 pM, 49.2 = 9.3 uM, and 3.3 £ 0.04 wM, respec-
tively.

In light of the fact that p.f-ChoK was observed to have ATPase
activity, the mechanistic analysis described above was repeated using
ATP in the absence of choline, with the result that ATP alone was
shown to be synergistic with RSM-932A (Fig. 3A; atpp — 0.58 = 0.08;
K; = 2.5 = 0.2). Here, the calculated o, rp was higher than when
choline was present (ayp = 0.2 £ 0.03), implying that the ATP
synergism with RSM-932A was less pronounced in the absence of
choline.

The observed HC-3 antagonism with ATP was unexpected,
as was its lack of competitivity with choline. The crystal struc-
ture of human choline kinases o and 3 in complex with HC-3
and ADP has been solved (20) and shows that the two methyl
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groups of a symmetrical unit of HC-3 entered precisely into the
phosphocholine binding site. With choline kinase 3, HC-3
functions as an alternative substrate and is phosphorylated. An
attempt to dock ATP onto these structures in the place of ADP
shows that HC-3 does not sterically hinder the binding of ATP
(20). Given the similarity in tertiary structure between p.f.-
ChoK and the human ChoKa, one would expect a completely
noncompetitive mechanism with respect to ATP and a com-
pletely competitive effect with choline. These results suggest
that the structure of p.f.-ChoK is altered when ATP is bound
and that the substrates bind to a different conformation than
does HC-3.

Inhibition of HC-3 phosphorylation by RSM-932A and
MN58b. Knowing that HC-3 functions as an alternative substrate
as well as an inhibitor of human ChoKp (20), we confirmed by
mass spectrometry that with p.f.-ChoK HC-3 was phosphorylated
not once as reported with human ChoKp, but twice (Fig. 3C,
peaks labeled 1 to 3), which is logical given the symmetry of the
molecule (Fig. 1A, panel 1). This result confirmed that HC-3 en-
ters as expected into the catalytic site and that it functions as an
alternative substrate for p.f.-ChoK. As reported previously, the
formation of phospho-HC-3 can be monitored at 293.9 nm (20);
therefore, we were able to exploit this to perform the same mech-
anistic analysis as above to determine the relationship between
MN58b and RSM-932A on the one hand and HC-3 as a substrate
on the other. The K, of HC-3 as a substrate was calculated to be
132 *= 16 wM. The ICs,s of MN58b and RSM-932A were 33 pM
and 2.51 pM, respectively. The derived o5 values were 4.14 =
1.11and 20.3 * 15.1, indicating a mixed-inhibition model in both
cases (Fig. 3D and E). Since an antagonistic (but not a competi-
tive) mechanism of action was observed in both cases, the inter-
pretation of these results was difficult. However, it appears that
RSM-932A, MN58b, and HC-3 bind to different enzyme forms,
though it is probable that MN58b shares an overlapping binding
site with HC-3, due to containing the same two methyl groups
used by HC-3 to enter the catalytic site in the same place as phos-
phocholine (20). It is difficult with the present information to
posit whether or not RSM-932A enters the catalytic site; however,
it is clear that RSM-932A has a distinct mode of binding, given its
synergism with the natural substrates.

Substrate kinetics. In order to further explore the interaction
between the substrates and RSM-932A, an effort was made to
determine the order of substrate binding of p.f.-ChoK. Double-
reciprocal plots of one substrate at different concentrations of the
second substrate as a rule lead to a group of converging lines in the
case of a sequential mechanism in which the substrates form a
ternary complex before transfer of the phosphate group (such as
in the case of brewer’s yeast ChoK [22]) and a group of parallel
lines in the case of a ping-pong mechanism (30). Parallel lines
were observed in double-reciprocal plots of both ATP (Fig. 4A),
and choline (Fig. 4B). This result is consistent with the observed
ATPase activity, i.e., ATP can be hydrolyzed by p.f.-ChoK in the
absence of choline. A ping-pong mechanism presupposes a phos-
phorylated protein intermediate that mediates the transfer of a
phosphate to the product. Consistent with this model, ProQ stain-
ing (which is used to detect phosphorylated protein) of an SDS-
PAGE containing samples of p.f-ChoK incubated with ATP
showed twice as much fluorescence (when correcting for protein
loaded) as the control condition sample (Fig. 3B).

Dead-end inhibition assays. A double-reciprocal plot of ATP
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in the presence of the dead-end inhibitor AMP-PCP ({3,y-meth-
ylene adenosine 5'-triphosphate), an analog of ATP, displayed a
competitive profile (with an « value approaching infinity) (Fig.
4C). On the other hand, an inhibition assay with respect to choline
showed that AMP-PCP was uncompetitive with choline (Fig. 4C).
These inhibition patterns are indicative of a ping-pong mecha-
nism (31).

Product inhibition assays. Double-reciprocal plots of choline
with the concentration of ATP fixed at its K, (Fig. 4E) showed a
family of lines that met to the left of the y axis (indicative of a
mixed-inhibition profile). At saturating concentrations of ATP
(Fig. 4F), these lines crossed to the left of the y axis at the x axis,
which is consistent with noncompetitivity. A reasonable interpre-
tation of the PCho noncompetitivity with choline is that choline
and PCho do not compete because they bind to different enzyme
forms.

In order to distinguish between one-site and two-site ping-
pong models, we carried out product inhibition assays with
PCho. In the case of a one-site ping-pong model, one would
expect competitivity between ATP and PCho and noncompeti-
tivity between PCho and choline and that the formation of a
ternary complex would be precluded (32). The percentage of
inhibition (%I) was plotted against ATP in the presence of
different fixed concentrations of PCho with the concentration
of choline fixed at its K,, and at saturation (Fig. 4D). Both
curves showed that an increase in ATP concentration correlates
with an increase in %]I. These results are indicative of uncom-
petitivity between PCho and ATP; both can bind simultane-
ously, which is consistent with two distinct sites for these mol-
ecules. The product inhibition results are inconsistent with the
one-site model, which means that it can be discarded, leaving
only the possibility for a two-site model. The two-site model is
consistent with the information from the crystal structures of
both P. falciparum (3FI8; www.pdb.org) and human ChoKs
(33), which shows that the two substrates do not share a bind-
ing site. In fact, the crystal structure of p.f.-ChoK shows that
phosphoethanolamine and ADP can simultaneously bind (33).
The substrate binding order of p.f.-ChoK therefore appears to
follow a nonclassical two-site ping-pong mechanism in which
the enzyme first has to be phosphorylated for the reaction to
proceed and the substrates have independent binding sites
(34).

Protein stability studies. Time course trypsin degradation
experiments showed that while in the presence of AMP-PCP,
the degradation of p.f.-ChoK was minimized (Fig. 5A and B)
and choline had no effect in either direction (Fig. 5C). Titra-
tion of AMP-PCP in the presence of choline showed that cho-
line augmented the protective effect of AMP-PCP (Fig. 5D).
This result is consistent with the observed uncompetitivity be-
tween AMP-PCP and choline and is indirect evidence of sepa-
rate binding sites for the two. Meanwhile, the presence of RSM-
932A accelerated p.f.-ChoK digestion in a time course
experiment (Fig. 5E). RSM-932A caused increased degradation
in a dose-dependent manner, and its effect was attenuated in
the presence of AMP-PCP (Fig. 5F).

Thermal shift studies showed that when RSM-932A is added,
the melting curve loses cooperativity and the melting temperature
is shifted (Fig. 6), while adding AMP-PCP causes a rightward shift
in the melting curve. This result agrees with the trypsin degrada-
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concentration of choline (F).

tion results and suggests that RSM-932A destabilizes p.f.-ChoK
while ATP stabilizes it.

Activity of choline kinase inhibitors on Plasmodium-in-
fected erythrocyte cultures. To examine the antimalarial activity
of the ChoK inhibitors described above, we assayed the effect of
increasing concentrations of these compounds on the in vitro in-
traerythrocytic life cycle of two P. falciparum strains, one sensitive
(3D7) and another resistant (Dd2) to chloroquine. Dose-response
curves in human parasite cultures within the 0.2 nM to 2 puM
range for MN58b and RSM-932A were obtained (Fig. 7A). HC-3
demonstrated antimalarial activity only at the micromolar range,
rendering a hemolytic effect above 50 wM, and consequently it
was not possible to estimate a dose-response curve. Compound
RSM-932A exhibited a nanomolar range for IC, in both parasite
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m

strains (26.50 * 5.5 and 36.40 = 8.6 nM in Dd2 and 3D7, respec-
tively), indicating a remarkable in vitro antimalarial activity
(Fig. 7B). MN58b revealed a 10-fold decrease of the ICs, for both
strains, 3.50 = 0.007 nM (Dd2) and 2.60 = 0.02 nM (3D7), im-
proving considerably the antimalarial activity. The control ICs,s
obtained with chloroquine in the two strains showed the expected
sensitivity (21.6 = 8.9 nM for 3D7 and 177.6 £ 9.5 nM for Dd2).
The comparable ICss for the two ChoK inhibitors found in chlo-
roquine-resistant and -nonresistant strains suggest that these
compounds may affect plasmodial processes different from those
targeted by chloroquine, which appears to involve the inhibition
of formation of hemozoin. The resistance to chloroquine has been
associated to the acquisition of a mutant transporter, PfCRT,
which is capable of reducing intracellular exposure to the drug
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(35). The minor differences observed in the responses of Dd2 and
3D7 to ChoK inhibitors suggest that PfCRT polymorphisms yield-
ing resistance to chloroquine do not affect the activity of these
compounds.

Generally, antimalarial compounds have intraerythrocytic-
stage specificity in their inhibitory effect. For instance, chloro-
quine kills malaria parasites in its mature stages (36). To gain
phenotypic insight into the mode of action of ChoK inhibitors,
we analyzed the effects of the increased doses of the compounds
on the parasite intraerythrocytic developmental progression by
microscopic inspection in thin blood smears. An untreated cul-
ture of P. falciparum-infected erythrocytes was monitored as a
control.

As shown in Fig. 7C, the untreated 48-h culture reached 10%
parasitemia and contained predominantly mature rings/tropho-
zoites, indicating that a complete invasive cycle had taken place,
producing new progeny. At identical sampling time (48 h), para-

site cultures treated with ChoK inhibitors in the IC;, range accu-
mulated young rings, in parallel with a slight reduction in para-
sitemia compared to the untreated culture. Concentrations of
RSM-932A and MN58b above the ICss significantly reduced par-
asitemia and accumulated trophozoites and schizonts from the
initial parasite generation, indicating delay of the parasite matu-
ration that did not reach a new invasion stage and induced com-
plete parasite death above 200 nM (Fig. 7C). In contrast, infected
cultures treated with chloroquine at the ICs, led to different par-
asite stage profiles. Cultures treated at 200 nM chloroquine con-
sisted almost exclusively of ring stage parasites, suggesting cell
cycle-delayed cells, similarly to the dose-dependent delay recently
reported (37). This observation is an additional evidence for dif-
ferent inhibitory mechanisms between ChoK inhibitors and chlo-
roquine.

Noteworthy, our results are also consistent with the effect of
another P. falciparum choline kinase inhibitor, HDTAB, which
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FIG 6 Melting temperature shifts. (A) Melting temperature shifts of p.f.-ChoK by itself in the presence of either RSM-932A or AMP-PCP. (B) Representative
fluorescence curves of the same thermal shift assay.
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inhibits the enzyme in a dose-dependent manner, exhibiting a
very potent antimalarial activity in vitro against P. falciparum
and also in vivo against the rodent malaria parasite Plasmodium
yoelii strain N67. Its antimalarial action is stage specific, show-
ing the highest inhibitory activity toward trophozoites (13).

DISCUSSION

Substrate kinetic, dead-end inhibitor, and product inhibition as-
says together with the observed ATPase activity and data indicat-
ing a phosphorylated intermediate suggest a nonclassical two-site
ping-pong model whereby ATP phosphorylates the enzyme, cre-
ating a phosphorylated intermediate that then transfers the phos-
phate to a choline molecule. Notably, a similar mechanism has
very recently been proposed for human ChoK (38).

Inhibitors HC-3 and MN58b both have inhibition profiles that
are not competitive with ATP and choline, indicating that they
bind to other enzyme forms than those that the substrates bind to.
The exact binding sites for MN58b and RSM-932A have yet to be
determined, although that of HC-3 can be inferred to enter the
catalytic binding site from the fact that it is phosphorylated by
p.f--ChoK. Since MN58b has an antagonistic mechanism of action
with respect to both substrates similar to that of HC-3 and, in
addition, has two methyl groups in a similar position to that of
HC-3, we propose that it also may enter the choline binding site in
a manner analogous to HC-3.

RSM-932A, on the other hand, is uncompetitive with choline
and with ATP alone, but even more so with ATP in the presence of
choline. However, ATP and RSM-932A clearly also do not bind to
the same enzyme conformation, judging from degradation assays
and melting temperature assays that show that ATP stabilizes
while RSM-932A destabilizes the protein. Since RSM-932A inhib-
its ATPase activity under a model that suggests a phosphate trans-
fer to a protein residue previous to phosphate transfer to choline,
this inhibitor could be either blocking ATP hydrolysis or blocking
phosphoprotein hydrolysis. In the first case, one would expect an
ATP/RSM-932A ternary complex that would either destabilize the
protein more than RSM-932A alone or stabilize the protein more
than ATP alone, because both molecules would be binding to the
same enzyme form in order to fulfill an uncompetitive model.
However, we see opposing effects, which suggests that the second
case is more likely, i.e., that a complex between a phosphorylated
protein and RSM-932A is formed and in this way phosphate trans-
fer to choline is blocked. The noncompetitivity observed between
ATP and RSM-932A appears to be not a consequence of ATP
binding favoring the binding of this inhibitor but a more indirect
mechanism whereby higher concentrations of ATP result in
higher levels of phosphoprotein, which more favorably interact
with RSM-932A. With this model in mind, and not knowing if a
conformation shift occurs before or after phosphate transfer (a
conformationally shifted human ChoK is observed when in a
complex with phosphocholine [33]), it is possible both that RSM-
932A enters the catalytic site and that it binds elsewhere on the
protein structure.

Finally, we found that MN58b and RSM-932A have inhibitory
concentrations against the human malaria parasite in the low
nanomolar range equally effective against drug-sensitive and
drug-resistant strains. Apparently, these compounds block intra-
erythrocytic development, which may have further effects on par-
asite egress or invasion. The present data provide two new struc-
tures for the development of antimalarial compounds and validate
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p.f.--ChoK as an accessible drug target of the parasite (17). There-
fore, we expect also that these drugs may show potent in vivo
antimalaria activity in mice as recently shown for another p.f.-
ChoK inhibitor (13) and a choline transporter inhibitor (15).

To summarize, we introduce two new inhibitors for p.f.-ChoK,
MN58b and RSM-932A, the second of which has a synergistic
mechanism of action and both of which are effective in in vitro
assays. The outcome of this study may provide the basis for the
development of future inhibitors that are effective in in vivo sys-
tems. Moreover, the inhibition model proposed may also provide
an idea of how MN58b and RSM-932A interact with the human
choline kinase, the system for which they were originally studied
and developed.
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