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Abstract

Plasmodium falciparum lactate dehydrogenase (PfLDH) is essential for ATP generation. Based on structural differences within
the active site between P. falciparum and human LDH, we have identified a series of heterocyclic azole-based inhibitors that selec-
tively bind within the P/LDH but not the human LDH (hLDH) active site and showed anti-malarial activity in vitro and in vivo.
Here we expand on an azole, OXD1, from this series and found that the anti-P. falciparum activity was retained against a panel of
strains independently of their anti-malarial drug sensitivity profile. Trophozoites had relatively higher P/LDH enzyme activity and
PfLDH-RNA expression levels than rings and were the most susceptible stages to OXD1 exposure. This is probably linked to their
increased energy requirements and consistent with glycolysis being an essential metabolic pathway for parasite survival within the
erythrocyte. Further structural elaboration of these azoles could lead to the identification of compounds that target P. falciparum
through such a novel mechanism and with more potent anti-malarial activity.

O 2005 Elsevier Inc. All rights reserved.

Index descriptors and abbreviations: PfLDH, Plasmodium falciparum lactate dehydrogenase; hLDH, human lactate dehydrogenase; DNA, deoxyri-
bonucleic acid; RNA, ribonucleic acid; ATP, adenosine triphosphate; NAD, nicotinamide adenine dinucleotide; PBS, phosphate buffer saline;
APAD, 3-acetyl pyridine adenine dinucleotide; RBC, red blood cells; URBC, uninfected red blood cells; IRBC, infected red blood cells; PCR, poly-
merase chain reaction; ICs, fifty percent inhibitory concentration; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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1. Introduction and mortality have been hampered by the increasingly
limited efficacy of current anti-malarial drugs to which
P. falciparum has developed resistance (Olliaro and Tay-

lor, 2003). Thus, renewed efforts are required to develop

Malaria remains a major threat to public health
worldwide. It is estimated that 1-2 million children die

each year mostly in Sub-Saharan Africa from the severe
complications of Plasmodiun falciparum malaria (Guerin
et al., 2002) Attempts to reduce the rates of morbidity
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novel and affordable anti-malarials to overcome the det-
rimental effects of drug resistance, particularly in devel-
oping countries (Ridley, 2003).

Glycolysis represents the main source of ATP genera-
tion during the asexual intraerythrocytic cycle (Lang-
Unnasch and Murphy, 1998). Glucose uptake is between
30 and 100 times higher than that of the uninfected


mailto: livia.vivas@lshtm.ac.uk
mailto: livia.vivas@lshtm.ac.uk

106 L. Vivas et al. | Experimental Parasitology 111 (2005) 105-114

erythrocyte (Jensen et al., 1983), almost all of which is
converted to lactate (Homewood and Neame, 1983). The
increased metabolic activity of the parasite during this
period is reflected in the high levels and activity of glyco-
lytic enzymes compared to those of the erythrocyte
(Roth, 1990). As there appears to be no functioning cit-
ric acid cycle in the erythrocytic stages of the parasite life
cycle, the NADH required for glycolysis to proceed is
regenerated from NAD™ via the conversion of pyruvate
(the product of glycolysis) to lactate. This reaction is cat-
alyzed by lactate dehydrogenase (LDH), the final
enzyme of the glycolytic pathway in Plasmodium. Crys-
tallographic analysis of PfLDH (Dunn etal, 1996)
revealed an enlarged active site cavity in comparison to
mammalian forms of the enzyme, suggesting that highly
selective inhibitors could be designed for the parasite
enzyme. In contrast to compounds such as gossypol
derivatives that inhibit P/LDH by binding to the co-fac-
tor site (Gomez et al., 1997), we have identified a series of
heterocyclic azole-based compounds that selectively
inhibit P/LDH at sub-micromolar concentrations, typi-
cally at concentrations about 100-fold lower than those
required to inhibit human LDH (Cameron et al., 2004).
Crystallographic analysis of enzyme-azole complexes
showed that this class of compounds bind to the sub-
strate binding site and are competitive with lactate.
These compounds showed low micromolar activity
against drug sensitive 3D7 and drug resistant K1 strains
of P. falciparum in vitro, low cytotoxicity in mammalian
cells and were effective in suppressing parasitemia during
infection with the rodent malaria parasite P. berghei
(Cameron et al., 2004). In this paper, we describe the P.
falciparum stage-specific effects of the most active and
PfLDH-specific compound of this series, the oxadiazole
4-hydroxy-1,2,5-oxadiazole-3-carboxylic acid (OXD1),
the correlation between inhibition of P/LDH enzyme
activity by OXD1 and PfLDH RNA expression levels,
and in addition, attempt to establish if the parasites
retain their growth potential after OXD1 exposure dur-
ing the intraerythrocytic development of the asexual
stages. These data support the principle that specific
inhibitors that bind into the active site of P/LDH can
form viable and effective anti-malarial compounds.

2. Materials and methods

2.1. Plasmodium falciparum in vitro culture and
synchronization

All parasite clones, isolates and strains were acquired
from MR4 (Malaria Research and Reference Reagent
Resource Center, Manassas, Virginia, USA). Strains/iso-
lates used in this study were: the drug sensitive 3D7
clone of the NF54 isolate (unknown origin); the drug
sensitive strains FCR-8 (The Gambia) and FCC2

(China); the chloroquine, pyrimethamine and cyclogua-
nil resistant K1 strain (Thailand); the chloroquine and
pyrimethamine resistant FCR3 strain (The Gambia); the
chloroquine resistant FCB strain (Colombia) and the
chloroquine, pyrimethamine, cycloguanil, and meflo-
quine resistant isolate Tm90C2A (Thailand). In vitro
culture of P. falciparum was carried out following
standard methods (Trager and Jensen, 1976) with modi-
fications as described (Cameron et al., 2004). Synchroni-
zation of parasite growth was achieved by Percoll and
sorbitol treatment as described previously (Fleck et al.,
2003).

2.2. Invitro parasite growth inhibition assays

The method used to assess parasite growth was based
on the [*H]hypoxanthine incorporation assay (Desjar-
dins et al., 1979) with modifications including the use of
Albumax instead of 10% human plasma to supplement
the culture medium. Due to the absence of hypoxanthine
in Albumax-based medium, addition of unlabelled hypo-
xanthine was found to be essential for optimal parasite
growth and [’H]hypoxanthine incorporation in asyn-
chronous cultures during the 48 h growth-assay period.
Addition of unlabelled hypoxanthine at a concentration
15uM at the beginning of the assay, ensured that
[*H]hypoxanthine (0.048 pM, specific activity 17.40Ci/
mmol) uptake was linear up to 1% parasitemia, thus
enabling detection of small reductions in the parasitemia
(within the range of 0.1-1%). Stock drug solutions were
dissolved in 100% dimethyl sulfoxide (Sigma, Dorset,
UK) and 50 pl of a 2-fold dilution series (192, 96, 48, 24,
12, 6, and 3 uM) of the drugs prepared in assay medium
(RPMI 1640 supplemented with 0.5% Albumax II (Invit-
rogen), 0.2% w/v glucose, 0.03% L-glutamine, and 15 uM
hypoxanthine) added to each well of 96-well plates in
triplicate. Fifty microlitres of asynchronous (65-75%
ring stage) P. falciparum culture (0.5% parasitemia) or
uninfected erythrocytes were added to each well reach-
ing a final volume of 100 pl per well, a final hematocrit of
2.5% and final dimethyl sulfoxide concentrations
<0.01%. Plates were incubated at 37 °C in 5% CO,, and
95% air mixture for 24 h, at which point 20 pl (0.1 pCi/
well) of [*HJhypoxanthine (Perkin-Elmer, Hounslow,
UK) was added to each well. The addition of 0.1 pCi per
well instead of 0.5uCi as described by Desjardins et al.
was found to provide a satisfactory range of CPM
between the maximum incorporation in untreated cul-
tures and that of uninfected red cells. Plates were mixed
for 1 min using a plate shaker and returned to the incu-
bator. After an additional 24h incubation period, the
experiment was terminated by placing the plates in a
—80°C freezer. Plates were thawed and harvested onto
glass fibre filter mats using a 96-well cell harvester (Har-
vester 96, Tomtec, Oxon, UK) and left to dry. After the
addition of MeltiLex solid scintillant (Perkin—Elmer,
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Hounslow, UK) the incorporated radioactivity was
counted using a Wallac 1450 Betalux scintillation
counter (Wallac). All assays included chloroquine
diphosphate as a standard and control wells with
untreated infected and uninfected erythrocytes. Data
acquired by the Wallac BetaLux scintillation counter
were exported into a MICROSOFT EXCEL spread-
sheet (Microsoft), and the ICy/ICy, values of each drug
were calculated by using XLFit (ID Business Solutions,
UK) line fitting software.

2.3. In vitro cytotoxicity assay

The AlamarBlue (Accumed International, USA)
method was used to assess cytotoxicity to KB cells as
previously described (Cameron et al, 2004). Briefly,
microtiter plates were seeded at a density of 4 x 10*KB
cells/rml in RPMI 1640 culture medium supplemented
with 10% heat-inactivated fetal calf serum (complete
medium) (Seralab). Plates were incubated at 37°C, 5%
CO,, 95% air mixture for 24h followed by compound
addition to triplicate wells in a dilution series in com-
plete medium. The positive control drug was podophyl-
lotoxin (Sigma). Plates were incubated for a further 72 h
followed by the addition of 10 ul of Alamar-Blue (Acc-
uMed International) to each well and incubation for 2—
4h at 37°C, 5% CO,, 95% air mixture. Fluorescence
emission at 585nm was measured in a SPECTRAMAX
GEMINI plate reader (Molecular Devices) after excita-
tion at 530 nm. EDs, values were calculated using XLFit
(ID Business Solutions, UK) line fitting software.

2.4. Flow cytometry

Synchronized trophozoite cultures were incubated
with different dilutions of OXD1 as described for the
in vitro drug inhibition assay. Following a 48 h-incuba-
tion period, dihydroethidine (Polysciences, PA, USA)
was added at 10 pg/ml in PBS to each well and incubated
for 20min at 37 °C in the dark. IRBC were washed with
PBS once and then fixed with 1% paraformaldehyde in
PBS. URBC were included as controls. The intensity of
fluorescence emitted in the FL2 channel was analyzed by
flow cytometry on a Becton—Dickinson FACScan. I1Cs,
values were calculated using Microsoft (Microsoft)
XLFit (IDBS, UK) line fitting software.

2.5. PfLDH enzyme activity

Highly synchronized cultures containing known num-
bers of IRBC or URBC were lysed with saponin (0.05%
in PBS) and directly assayed for P/LDH activity. The
assay is based on the reduction of 3-acetyl pyridine ade-
nine dinucleotide (APAD) to APADH, a NAD" deriva-
tive that is specific for PfLDH, which allows the
distinction of PfLDH from that of the host RBC

(Makler et al., 1993). A standard curve was constructed
using recombinant PfLDH that had previously been
shown to be kinetically indistinguishable from the native
form (Shoemaker, PhD Thesis, University of Bristol,
2001) and the levels of PfLDH determined were
expressed as molar concentrations inside IRBC. The for-
mation of APADH was measured at 655nm in a SPEC-
TRAMAX GEMINTI plate reader (Molecular Devices,
USA) using a linked assay containing 2mM phenazine
ethosulfate, 1mg/ml nitroblue tetrazolium, 12.5mM
lactate, and 50mM APAD® in PET buffer [SOmM
Tris—=HCI (tris(hydroxymethyl)aminomethane hydro-
chloride), 50mM KCI, I mM EDTA (ethylenediamine-
tetraacetic acid), and 3% (w/v) PEG (polyethyleneglycol
6000), pH 7.5 (All Sigma).

2.6. Stage-specific PFLDH gene expression by
quantitative real-time PCR

Aliquots of parasitized erythrocytes taken every 6 h
from highly synchronized P. falciparum 3D7 cultures
were lysed with saponin (0.05% in PBS) and washed five
times with ice-cold PBS. RNA extraction was performed
using the Qiagen RNeasy Kit and treated with DNAse
(Qiagen, Crawley, UK) to remove any contaminating
genomic DNA (1 pul from each sample was subjected to
PCR as described below to detect DNA contamination).
Isolated RNA from P. falciparum 3D7 was reverse tran-
scribed to obtain cDNA using the OmniScript Reverse
Transcriptase Kit (Qiagen) and the specific forward 3'-C
CACCAATTTCAATCATAATCTT and reverse primer
5'-GGCTGGAGCAGATGTAGTAATAG (Genset,
Evry, France) designed to amplify a 149 bp region of the
PfLDH gene (GenBank Accession No. AF25129). The
18s rRNA internal control (Blair et al., 2002) was ampli-
fied using forward P.fal 18s F 5'-GCTGACTACGTCC
CTGCCC, and reverse primer P.fal 18s R 5'-ACAATT
CATCATATCTTTCAATCGGTA. The PicoGreen
dsDNA Quantitation Kit (Molecular Probes, Leiden,
The Netherlands) was used for accurate quantitation of
dsDNA and a standard curve constructed for each
primer pair. Each PCR product was diluted from an ini-
tial concentration of 10% molecules/ul using a 10-fold
dilution series down to 10> molecules/ul. PCR was per-
formed as above for 50 cycles to check the PCR
efficiency, standard curve quality and that no PCR prod-
ucts were detectable at 0, 0.1, 0.01, and 0.001 molecules/
ul. cDNA synthesis was carried out prior to real-time
PCR analysis and 1l of cDNA from each time point
was used per reaction in duplicate for both LDH and 18s
rRNA. Real-time PCR analysis was carried out on a
ABI Prism 7700 Sequence Detector (Applied Biosys-
tems, Warrington, UK) using the SYBR Green PCR Kit
(Applied Biosystems). LDH mRNA expression was
determined by the standard curve relative expression
method. This was achieved by measuring the relative
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quantities of the endogenous calibrator 18s rRNA to
observe the expression levels of pfLDH. Values derived
from the standard curve for 18s rRNA and P/LDH were
averaged for each time point and the value for P/LDH
was divided by the value for 18s rRNA to obtain a cali-
brated ratio. Each ratio was then normalized to the sam-
ple point =0 to obtain relative expression levels of
PfLDH throughout the life cycle.

2.7. Confocal microscopy

Thin blood films were taken from cultures at ring, tro-
phozoite and schizont stages using poly-L-lysine coated
slides (BDH/Merck, Lutterworth, UK) air-dried and
fixed in cold acetone for 30 min at —20°C. Slides were
allowed to dry at room temperature prior to the addition
of a rabbit polyclonal serum (1:8 dilution) raised by
immunization with purified recombinant P/LDH pro-
tein expressed in Escherichia coli CaCl,-competent cells.
In Western blotting experiments, this anti-PfLDH poly-
clonal serum specifically recognized the recombinant
product but no reactivity was observed with the pre-
immune serum (Turgut-Balik et al., 2001). After 30 min
incubation in a humidity chamber at 37°C, slides were
washed three times with PBS prior to addition of a
mouse monoclonal anti-rabbit 1gG gamma chain spe-
cific FITC (fluorescein isothiocyanate) conjugate
(Sigma) at a dilution of 1:80. Slides were placed in a
humidity chamber at 37°C for a further 30 min in the
dark and then washed as above, prior to incubation for
20min at room temperature with PBSA (1% bovine
serum albumin in PBS) (All Sigma) containing R Nase at
10 mg/ml and 0.1% saponin to prevent propidium iodide
(PI) (Sigma) binding to RNA. One drop of Vectashield
(Vector Laboratories, Peterborough, UK) containing PI
was then added and a cover slip placed over the slide.
Fluorescence was examined using a LSM 510 Axioplan
confocal microscope (Zeiss, Germany) at 488nm for
FITC and at 543nm for PI. Normal light images were
also taken and combined with the fluorescent images to
identify parasite localization within the erythrocyte and
the presence of hemozoin crystals for identification of
the food vacuole.

2.8. Stage specificity of OXD1

Highly synchronized ring cultures at 0.5% parasite-
mia and 5% hematocrit were exposed to OXDI1 at
192 uM or chloroquine at 0.04 uM for 6 h during the 48 h
cycle. Parasites were incubated with the compound for
6 h, washed twice and resuspended in warm RPMI 1640-
Albumax medium without OXD1, prior to return to a
37°C, 5% CO, incubator until completion of the cycle.
Thin blood films were taken at 48 h and at different time
points during incubation, fixed with 100% methanol and
stained with 10% Giemsa (BDH/Merck) for microscopical

examination and differential counting of rings, trophoz-
ites, and schizonts. Alternatively, OXD1 (192uM) or
chloroquine (0.04 uM) was added at 0, 6, 12, 18, 24, 30,
36, and 42 h cultures and incubated in the presence of the
compounds until completion of the 48h cycle. Thin
blood films were taken at 48h and the proportion of
rings indicative of reinvasion and cycle progression
quantified by microscopy. Parasites showing pycnotic
morphology, indicative of cell death, were considered
non-viable.

2.9. Potential for growth over subsequent cycles

Parasites at the ring or trophozoite stage (0.5% para-
sitemia and 2.5% hematocrit) were exposed to OXD1 for
48 or 96 h at 768 or 384 uM. Pyrimethamine (Sigma) at 4
or 40uM and chloroquine diphosphate at 2 or 0.4 uM
were used as controls. Following incubation, OXD1 and
control drugs were removed by centrifugation and the
parasites washed three times with warm RPMI 1640
before being transferred back into culture. The culture
medium (RPMI-Albumax) was changed daily and para-
site growth and morphology monitored by daily micro-
scopical examination of Giemsa (BDH/Merck) stained
thin blood smears for a period of 2-3 weeks. Untreated
parasites were included as controls and diluted 4-fold
every 48h to prevent cultures from overgrowing.
Untreated parasites had a normal growth rate, with par-
asitemia increasing 4- to 6-fold in each 48 h cycle.

3. Results
3.1. Invitro antimalarial activity of OXD1

We previously reported that the azole OXDI
(Fig. 1A) had anti-P. falciparum activity against 3D7
and K1 strains (Cameron et al., 2004). Here we have fur-
ther examined this activity against another six P. falcipa-
rum strains in the [*HJhypoxanthine assay. The ICs,
values of OXDI1 were comparable against all of the
strains tested independently of their anti-malarial drug
sensitivity profiles and low levels of cytotoxicity to mam-
malian KB cells were found (Table 1). The anti-P. falci-
parum activity was confirmed by the use of
hydroethidine and morphological evaluation by micros-
copy using synchronized trophozoites because rings
were shown not to sufficiently metabolize HE at detect-
able levels (not shown). Hydroethidine is readily metab-
olized by viable cells to ethidium bromide which then
intercalates into DNA producing a red fluorescence
(Wyatt etal, 1991) and has been used previously to
assess inhibition of P. falciparum growth in vitro by flow
cytometry (Azas et al., 2002). Flow cytometric analysis
revealed that in the absence of OXDI, trophozoite-
infected red blood cells were detected as a distinctive
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Fig. 1. (A) Chemical structure of OXDI. (B) Flow cytometric analysis
of the metabolism of the vital dye hydroethidine following 48 h incu-
bation with OXDI1 at the concentrations indicated. Conversion of
hydroethidine to ethidium bromide is measured in the FL2 channel.
IRBC, infected red blood cells. URBC, uninfected red blood cells. The
results shown are from one representative of five independent experi-
ments.

Table 1
In vitro anti-malarial activity of OXD1

population in the FL2 channel (Fig. 1B). A dose-depen-
dent inhibition of hydroethidine metabolism was indi-
cated by a reduction in the intensity of fluorescence of
the IRBC population which was maximal at 192uM
OXD1, the maximum concentration used, similar to the
fluorescence profile obtained from URBC which lack
DNA. A comparison of the ICs, values obtained by the
incorporation of [*’HJhypoxanthine, flow cytometry, and
microscopic examination of thin blood films is shown in
Table 2. The use of asynchronous (65-75% rings) or syn-
chronous trophozoite cultures did not have an effect on
the ICs, values of OXDI1 determined in the [*H]hypo-
xanthine incorporation assay. Despite incorporation of
[*H]hypoxanthine being totally inhibited after OXD]
192 uM exposure, morphological examination of cul-
tures revealed 70-80% non-viable parasites as deter-
mined by the presence of pycnotic morphology
indicative of cell death, but the remaining parasites
looked morphologically normal and had not matured
beyond the ring stage.

3.2. Plasmodium falciparum LDH RN A expression,
enzyme activity, and intracellular localization

Lactate production has been shown to increase dur-
ing the late stages of the intraerythrocytic cycle of P. fal-
ciparum (Vander Jagt et al., 1981) indicating high levels

P. falciparum Compound GM ICs, (range)

OXD1 (x10%) cQ PYR? MEF ART

3D7 20.1 (13.6-26.1) 6.4 (2.1-16.5) 35(28.0-72.8) 7.0 (9.6-14.9) 49 (3.5-9.1)
Kl 19.3 (14.1-28.1) 0.25 (0.19-0.35) x 103 119 (102-12.6) x 10° 33 (2.1-5.6) 3.8(1.9-9.2)
W2 272 (24.3-30.3) 0.9 (0.6-1.3) x 10° 29.3 (29.0-29.6) x 103 1.48 (1.46-1.49) 3.1(2.6-3.7)
FCR-8 19.4 (18.8-19.9) 10.8 (10.6-11.0) 29.9 (26.0-34.4) ND 50 (34-7.3)
FCC-2 21.9 (18.9-25.4) 132 (11.0-15.8) 54(4.1-7.2) x 10° ND 55(3.9-7.8)
FCB 21.8 (18.2-25.8) 0.2 (0.1-0.3) x 10° 574 (384-72.4) 0.68 (0.67-0.68) 7.5(7.3-8.1)
FCR3 20.0 (18.7-21.5) 0.3 (0.2-0.4) x 10° 64.1 (40-120) 0.27 (0.26-1.06) 6.1(52-7.3)
TM90C2A 30.0 (29.1-30.9) 0.14 (0.11-0.27) x 10° 70.1 (59.6-76.0) x 10° 154 (10.4-22.9) 8.9 (8.0-9.4)
KB GM CCjs, (range) 1349.6 (1036.8-1756.7) ND ND ND ND

In vitro anti-malarial activity of OXDI against eight P. falciparum strains measured by the incorporation of [*H]hypoxanthine. The final row indi-
cates cytotoxicity of OXDI1 to the mammalian KB cell line measured by the Alamar blue method. CQ, chloroquine; PYR, pyrimethamine; MEF,
mefloquine; ART, artesunate. ND, not determined. Results shown are the geometric mean I1Cs, values and the range in nM from 3 to 10 independent
experiments. GM, geometric mean.

* Pyrimethamine was tested in standard assay medium containing 1 pg/ml folic acid and 1 pg/ml para-amino benzoic acid (pABA).

Table 2

Comparison of ICs, values against 3D7 obtained using three different assays to determine inhibition of P. falciparum growth in vitro

Compound P. falciparum 3D7 GM ICjy (range)

[*H]Hypoxanthine Flow cytometry Light microscopy
OXDl1 20.1 (13.6-26.1) x 103 203 (12.2-22.4) x 103 28.3(15.8-33.9) x 103
CQ 6.4 (2.1-16.5) 16.6 (9.7-30.9) 9.5(3.9-23.1)

In vitro anti-malarial activity of OXDI was determined by [*H]hypoxanthine incorporation, flow cytometry using the vital dye hydroethidine, and
light microscopy of Giemsa-stained thin blood films following incubation with the compound for 48 h. CQ, chloroquine. Results shown are the geo-
metric mean ICy, values and the range in nM from 3 to 10 independent experiments.
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Fig. 2. Plasmodium falciparum 3D7 LDH RNA expression levels, enzyme activity and intracellular localization. (A) PfFLDH enzyme activity, PFLDH-
mRNA levels and PfLDH confocal immunofluorescence imaging during the intraerythrocytic development of the asexual forms of P. falciparum
3D7. (B) Cycle progression over 48 h. (C) Confocal imaging of P. falciparum intra-erythrocytic stages labelled with a rabbit anti-PfLDH polyclonal
antibody-FITC (green) and nuclear labelling with propidium iodide (red). Note the cytoplasmic green fluorescence compatible with PFLDH intracel-
lular cytoplasmic localization. Results are from one representative of two independent experiments. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this paper.)

of PfLDH enzyme activity. To characterize in more
detail the target enzyme, levels of PFLDH RNA and
enzyme activity were measured at 6h intervals during
the 48 h intra-erythrocytic cycle. The use of 18s rRNA as
an internal endogenous standard was preferred because
GAPDH expression could be directly associated with
LDH expression (as they share the same biochemical
pathway) and 18s rRNA content is proportional to the
total amount of RNA present in the cell. As shown in
Fig.2A, P/LDH RNA expression levels gradually
increased, reaching a peak between 24 and 30h in the
intraerythrocytic cycle, and decreased to almost zero in
the schizont stage. A similar profile of enzyme activity
that lagged slightly behind the P/LDH RNA levels was
observed. The levels of P/LDH RNA and enzyme activ-
ity showed a slight but non-significant reduction at 12
and 18h, respectively, prior to the peak. The parasite
cytoplasmic localization of PfLDH was confirmed by
confocal microscopy. Compared to the ring stages, an
intense green cytoplasmic diffuse fluorescence pattern
was observed in the trophozoite and schizont stages
(Fig. 2C) with no fluorescence detected in the food vacu-
ole or the nucleus suggesting accumulation in the para-
site cytoplasm. No fluorescence was detected in URBC
confirming parasite specific LDH reactivity of the anti-
body. Cycle progression is shown in Fig. 2B.

3.3. Relative sensitivity of the different asexual parasite
stages

The sensitivity of the different parasite stages of the
asexual cycle to OXD1 was examined by exposure to
OXD1 (Fig.3) for periods of 6h at different time
points, followed by washing and subculture in the
absence of compound until completion of the 48h
cycle. Microscopical examination of blood films taken
at the end of the 48 h cycle revealed that compared to
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Fig. 3. Stage sensitivity of P. falciparum 3D7 to OXDI. Highly syn-
chronized cultures were exposed to (A) OXD1 at 192 uM or (B) chlo-
roquine at 0.04 uM. Cultures were exposed to OXD1 for 6 h during the
48 h-intraerythrocytic cycle (from 0-6, 6-12, 1218, 18-24, 24-30, 30—
36, 36-42, and 42-48 h), washed twice with RPMI 1640 after each
interval to remove the compounds, and returned to the incubator to
complete the 48 h cycle. The levels of parasitemia were determined
microscopically by differential counting of viable parasites in blood
films taken at 48 h. Empty bars, rings; shaded bars, trophozoites; and
filled bars, schizonts. Results are from one representative of two inde-
pendent experiments.

untreated cultures, in which the parasitemia exclusively
consisted of new rings, exposure to OXDI1 in the first
12 h of the cycle reduced the parasitemia by about 50%
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and by 80-86% if exposure to OXD1 was between 18—
24, 24-30, and 30-36 h. Coupled to a reduction in the
levels of parasitemia, there was a delay in the progres-
sion of the cycle as a proportion of the parasite popula-
tion was still at the schizont stage. This delay was more
apparent when the compound was applied at the ring
stage, between 0 and 12 h, but a proportion of parasites
did progress to the end of the cycle and reinvaded.
Reinvasion was indicated by an increase in the level of
parasitemia from 0.5% (initial parasitemia) to 1.4-1.5%
of rings when OXD1 was applied between 0-6 and 6—
12h and close to 2% when OXD1 was applied after
42 h.

B CQ 0.04uM
0 OXD1 192 uM -

Parasitemia (%)
N

0-48 6-48  12-48 18-48 24-48 30-48 36-48 42-48 Untreated

Drug exposure time

Fig. 4. Effects of the length of exposure and the time of OXD1 addition
on cycle progression and reinvasion. Highly synchronous P. falcipa-
rum 3D7 ring-stage cultures were exposed to OXD1 (192 uM) or CQ
(0.04 uM). OXD1 was added to cultures at different time points (0, 6,
12, 18, 24, 30, 36, and 42 h) and incubated with the compounds until
completion of the 48 h cycle. Reinvasion was assessed from viable ring
counts determined by microscopic examination of thin blood films
taken at 48 h. Results are from one representative of two independent
experiments. CQ, chloroquine.

To investigate in more detail the influence of the
timing and length of exposure to OXD1 necessary to
attain the inhibitory effect, highly synchronized ring
cultures were exposed to OXD1 (192uM) added at
different times every 6 h and incubated with the com-
pound until completion of the 48 h cycle at which point
blood films were taken and examined by microscopy
(Fig. 4). Quantification of the viable ring population at
48 h, revealed that the parasitemia increased from 0.5
to 3.4% in the untreated cultures, reflecting the natural
progression of the cycle and reinvasion. Incubation
with OXDI1 from 0 to 48 h reduced the numbers of via-
ble parasites by 80% (from 0.5 to 0.1% parasitemia at
192 uM). The remaining viable parasites were growth-
arrested rings rather than newly invaded parasites
because monitoring of the progression of the 48 h cycle
every 6 h by microscopy did not revealed the presence
of other stages (Fig. SA). Incubation with OXD1 at
192 uM (Fig. 4) from 12 to 48h and from 18 to 48h
appeared to completely inhibit cycle progression as no
rings were observed. Addition of the compound in the
last 24h of the cycle resulted in reinvasion. These
effects are shown in Fig. 5A in which, compared to the
untreated controls, there was no maturation of rings
when 192 puM OXD1 was added at time 0 h (early rings)
and monitored by microscopy every 12h during the
48 h cycle. Addition of OXD1 (192 uM) at 12 and 18 h
and exposure until the end of the 48 h cycle, led to mor-
phological changes suggestive of pycnosis and indica-
tive of cell death (Fig.5B) compared to untreated
cultures, which did progress to reinvasion. No morpho-
logical alterations were observed in URBC. Taken
together, these results indicate that the trophozoites
(12-18h) had an increased susceptibility to PfLDH
inhibition.

A 12h 24h 36h 48h B
48h
L ]
. No drug b« ]
.
o & A
no drug . .
. Incubation 12-48h 18-48h
period
OXD1 ¢ ; ' -
- - &
192 uM & oXD 1 . ¢
y
192 M
a - L]
caQ - - \ . Py
0.04 UM : ; ca %
0.04 uM “r

Fig. 5. Morphological changes to parasites observed after incubation with OXD1. Highly synchronous P. falciparum 3D7 cultures were exposed to
192 uM OXD1, 0.04 uM chloroquine or left untreated, at either the ring (A) or trophozoite stages (B). In (A) thin blood films were taken at the time
points indicated during the 48 h cycle. In (B) the compounds were added at 12 or 18 h post-synchronization (ring-stage) and incubated until comple-

tion of the 48 h cycle at which point blood films were taken.
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3.4. Effect of OXDI on parasite growth over subsequent
cycles

To determine whether parasites exposed to OXD1 at
the ring or trophozoite stages are able to retain their
potential for growth, parasite cultures were exposed to
concentrations of OXD1 in excess of the ICy, value to
ensure that the viability of the majority of parasites was
affected. Parasite cultures were incubated for 48 or 96h
and then sub-cultured in the absence of the compound for
up to 3 weeks. As shown in Fig. 6, parasites exposed to
OXD1 at the ring stage for 48 h (Fig. 6A) or 96 h (Fig. 6B),
reappeared at day 2 and at days 6-8, respectively, in the
absence of OXDI1. A more apparent delay was observed
at the higher concentration of OXD1 (768 uM). Similar
effects were observed with the lowest concentration of
pyrimethamine (4 M) but chloroquine treated parasites
did not reappear after 96h exposure. Incubation of the
trophozoite stages (Figs. 6C and D) with OXD1 had a
more pronounced effect, particularly after 96h. By day 17
of culture in the absence of OXDI, no viable parasites
were detected by microscopy at 768 uM whereas they
began to reappear by day 14 at 384 uM. Parasites exposed
to chloroquine at both concentrations and pyrimethamine
at the highest concentration totally inhibited the reappear-
ance of parasites following 96 h incubation with the drugs.
In summary, compared to rings, a longer delay in the
reappearance of parasites was observed when trophozo-
ites were exposed to high concentrations of OXDI, con-
firming their increased susceptibility to this compound.
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4. Discussion

In this study, we have characterized the stage specific
anti-P. falciparum activity of the PfLDH inhibitor
OXDI. The compound inhibited the growth of a broad
range of P. falciparum strains independently of their
drug sensitivity profile suggesting a high degree of struc-
tural conservation of the PfLDH active site between
strains. Two different metabolic methods, [*'H]hypoxan-
thine incorporation and conversion of the vital dye
hydroethidine into ethidium bromide, combined with
microscopy, confirmed this anti-malarial effect. In con-
trast to gossypol derivatives that inhibit P. falciparum
LDH by competitive binding to the NADH cofactor site
and are cytotoxic (Gomez et al., 1997), OXD1 showed
very low cytotoxicity to mammalian KB cells. This selec-
tive inhibition correlated with the preference for binding
to the P/LDH as compared to hLDH as we previously
demonstrated (Cameron et al., 2004).

PfLDH is one of the most abundant enzymes
expressed by P. falciparum and is at high levels in the
trophozoite stage (Vander Jagt et al., 1981; Basco et al.,
1995). Recent analysis of the P. falciparum transcrip-
tome using micro-array technology has shown that all
glycolytic enzymes are upregulated at the early tropho-
zoite stages during the asexual cycle, coinciding with the
time of maximal metabolic activity by the parasite
(Bozdech et al., 2003). We observed maximal P/LDH
mRNA expression and activity between 24 and 30h of
the cycle that correlated well with the increase in lactate

0 2 4 6 8 10 12
time (days)

0o 2 4 6 8 10 12 14 17
time (days)

Fig. 6. Growth of P. falciparum over subsequent cycles. P. falciparum 3D7 was incubated for 48 or 96 h with OXDI1. (A-D): IRBC were incubated
with OXD1 (M, 384 uM;, 768 uM), pyrimethamine (A, 4 pM; A, 40 uM) or chloroquine (@, 2 uM; O, 0.4 uM) prior to washing and culturing in the
absence of drug. Aliquots from each culture were removed and parasite viability assessed by microscopy at the times indicated. (A) Ring-stage para-
sites after incubation with the compounds for 48 h and (B) for 96 h. (C) Trophozoites incubated with the compounds for 48 h and (D) for 96 h.
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levels previously reported at this stage (Pfaller et al.,
1982; Vander Jagt et al., 1990).

The anti-malarial activity of OXDI1 appeared to be
stage-dependent as it exerted more pronounced inhibi-
tory effects on the development of trophozoite than on
ring stages. Although there was clear induction of pyc-
notic forms in a large proportion of parasites and a
reduction in the parasitemia after OXD1 exposure, the
recovery of parasites in the absence of OXD1, which was
more rapid in the case of ring stages, suggests that tar-
geting P/LDH may have cytostatic rather than cytotoxic
effects. These effects were cumulative with time (longer
delay in recovery after 96 h compared to 48 h exposure)
and are in agreement with the reported effects of the
antifungal clotrimazole, another azole derivative that is
not known to inhibit P/LDH (Tiffert et al., 2000). Desfe-
roxamine, an iron chelator, was also shown to have a
cytotoxic effect at the trophozoite stage but a cytostatic
effect at the ring stage (Whitehead and Peto, 1990). The
less pronounced inhibitory effect that we observed after
OXDI1 treatment at the ring stage may be explained by
their low energy requirements. Compared with the tro-
phozoites, inhibition of PfLDH at this stage may be less
effective as a result of lower ATP requirements for main-
taining parasite viability.

The high concentrations necessary to achieve an effect
against trophozoites suggests that compound uptake
may be a limiting factor. In preliminary drug uptake
experiments, no evidence for preferential uptake of
OXDI1 within IRBC or URBC was found (data not
shown) in comparison to chloroquine. It is possible that
the stage-dependent differences observed with OXD1
arise through inhibition of other parasite processes,
additional to pfLDH, in particular at the trophozoite
stage. The identity of such putative targets remains
unknown. Monocarboxylate transporters (MCTs) have
been shown to be expressed at high levels at the tropho-
zoite stage (Elliott et al., 2001) and the carboxylic acid
anion of lactate has been shown to bind to the conserved
active site of these transporters (Halestrap and Price,
1999). As OXDI acts as a lactate competitor for pfLDH
(Cameron et al., 2004), it can be speculated that OXD1
might also be accommodated by MCTs and may cause
their inhibition.

In summary, these data strongly support the principle
that specific inhibitors of Pf/LDH can form effective non-
toxic anti-malarial compounds. The high degree of
structural conservation of the LDH active site between
P. falciparum, P. vivax, P. malariae, and P. ovale (Brown
et al., 2004) indicates that this class of azole compounds
could have activity against the four species of human
malarial parasites. Although it is accepted that glycolysis
is the main source of energy in Plasmodium, PfLDH
gene knockout or RNA interference will confirm
whether alternative stage-specific metabolic pathways
are utilized in carbohydrate metabolism for ATP genera-

tion. Simultaneous inhibition of mitochondrial function
and glycolysis and investigation by RNA micro-array
analysis of the expression profile of other enzymes
involved in energy production following inhibition of
PfLDH by OXDI1 may add information in this respect.
Nonetheless, this partial validation of P/LDH as a drug
target suggests that further optimization of azole deriva-
tives is undoubtedly warranted in the search for new
anti-malarial drugs with novel mechanisms of action.
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