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Plasmodium falciparum, the causative agent of ma-
laria, relies extensively on glycolysis coupled with ho-
molactic fermentation during its blood-borne stages for
energy production. Selective inhibitors of the parasite
lactate dehydrogenase (LDH), central to NAD� regener-
ation, therefore potentially provide a route to new anti-
malarial drugs directed against a novel molecular tar-
get. A series of heterocyclic, azole-based compounds are
described that preferentially inhibit P. falciparum LDH
at sub-micromolar concentrations, typically at concen-
trations about 100-fold lower than required for human
lactate dehydrogenase inhibition. Crystal structures
show these competitive inhibitors form a network of
interactions with amino acids within the active site of
the enzyme, stacking alongside the nicotinamide ring of
the NAD� cofactor. These compounds display modest
activity against parasitized erythrocytes, including par-
asite strains with known resistance to existing anti-ma-
larials and against Plasmodium berghei in BALB/c mice.
Initial toxicity data suggest the azole derivatives have
generally low cytotoxicity, and preliminary pharmoco-
kinetic data show favorable bioavailability and circula-
tion times. These encouraging results suggest that fur-
ther enhancement of these structures may yield
candidates suitable for consideration as new therapeu-
tics for the treatment of malaria. In combination these
studies also provide strong support for the validity of
targeting the Plasmodium glycolytic pathway and, in
particular, LDH in the search for novel anti-malarials.

Plasmodium parasites are believed to lack a functional
Krebs (citric acid) cycle for at least part of their life cycle and
hence rely extensively on ATP generation via the anaerobic

fermentation of glucose (see Ref. 1 for review). The energy
requirement of the parasitized erythrocyte is such that utiliza-
tion of glucose is up to 100 times greater than in nonparasitized
erythrocytes (2, 3), and virtually all glucose can be accounted
for by production of lactate (2). Lactate dehydrogenase (LDH),1

the last enzyme in the glycolytic pathway in Plasmodium fal-
ciparum, is a 2-hydroxy acid oxidoreductase that converts
pyruvate to lactate and simultaneously the conversion of
NADH to NAD�. As a constant supply of NADH is a prerequi-
site for glycolysis, and LDH acts as the primary source in
Plasmodium for the regeneration of NADH from NAD�, inhi-
bition of LDH is expected to stop production of ATP, with
subsequent P. falciparum cell death. Any compound that blocks
the LDH enzyme is a potentially potent antimalarial with a
different mode of action to existing drugs. As such, P. falcipa-
rum lactate dehydrogenase (pfLDH) has been suggested as a
drug target by several authors (4–6). One well recognized
difficulty is that the drug must potently inhibit pfLDH yet
show much less activity against the three human LDH
(hsLDH) isoforms.

A comparison of the crystal structures of both P. falciparum
and human LDH (7, 8) shows the following two key differences:
namely positioning of the NADH factor, reflecting sequence
changes in the cofactor binding pocket that displace the nico-
tinamide ring by about 1.2 Å, and a change in the sequence
(including a 5-residue insertion) and secondary structure of a
loop region that closes down on the active site during catalysis.
These changes combine to produce an increase in the volume of
the active site cleft in pfLDH relative to its human counter-
parts. In addition to these structural variations, there are
significant kinetic differences between the two enzymes; in-
deed, by using the NADH derivative 3-acetylpyridine adenine
dinucleotide, kinetic differences between human and pfLDH
are so great that the observed LDH activity can be used as an
indication of in vivo parasitemia (9). Together, the structural
and kinetic discrepancies between the mammalian and malar-
ial enzymes suggest that specific and potent pfLDH inhibitors
can be designed or identified.

Several groups are known to have targeted pfLDH in drug
discovery studies. Derivatives of the gossypols have been con-
sidered as pfLDH inhibitors. Gossypol is a polyphenolic binaph-
thyl disesquiterpene found in cottonseed oil, has been shown to
inhibit LDHs at sub-micromolar (0.7 �M) levels (10), is compet-
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itive for NADH, and exhibits in vitro anti-malarial activity (4)
with an IC50 of 10 �M. However, gossypol is cytotoxic. Attempts
to derivatize gossypol have produced several compounds
retaining activity against both the target enzyme and the par-
asite but without significantly improving selectivity or parasit-
icidal activity. The synthesis of derivatives of 8-deoxyhemigo-
ssylic acid has also been reported (11). This class of chemicals
has been developed in an attempt to reduce the toxicity be-
lieved to be associated with the aldehyde group present in
gossypol and to increase the specificity of inhibition. The hemi-
gossypols exhibit low micromolar inhibition of LDHs and are
competitive for NADH, and some of these compounds are se-
lective inhibitors of pfLDH with respect to human LDH (11).
One such compound, 7-p-trifluoromethylbenzyl-8-deoxyhemi-
gossylic acid, has a reported Ki of 13, 81, and 4 �M, respectively,
for human heart, muscle, and sperm LDH (12) and 0.2 �M for
pfLDH (4). Vander Jagt and co-workers have also investigated
various N-substituted hydroxamic acid derivatives and re-
ported 35–80 �M activity versus pfLDH (13) and 0.3–10 mM

activity versus human LDH (12). Modifications do not appear to
affect potency significantly or the selectivity of these com-
pounds, which appear to be competitive for pyruvate. No par-
asiticidal activity has been reported for these compounds.

In this paper we report the discovery of a new class of
compounds that inhibit pfLDH and also display anti-malarial
activity. Initially identified in a high throughput enzymatic
assay, these compounds have been shown to interact directly
and preferentially with pfLDH through x-ray crystallographic
and steady-state kinetic analyses. They have been further
characterized in parasiticidal whole-cell assays using drug-
sensitive and -resistant strains of Plasmodium, and have been
demonstrated to have in vivo anti-malarial activity using the
Plasmodium berghei rodent model. In combination these re-
sults help demonstrate the viability of targeting pfLDH in the
development of novel anti-malarials and provide examples of
compounds that could be further developed to provide novel
therapeutics for targeting the Plasmodium glycolytic pathway.

EXPERIMENTAL PROCEDURES

High Throughput Enzymatic Screen—An LDH enzymatic assay de-
veloped for high throughput format was used in a high throughput
screen. The dehydrogenase reaction was run in the reverse (lactate 3
pyruvate) direction and coupled with the ability of diaphorase to reduce
p-iodonitrotetrazolium violet using the NADH generated in the conver-
sion of lactate to pyruvate (14). The progression of the coupling reaction
was monitored as the increase of absorbance at 492 nm. In the initial
screen, potential inhibition of both pfLDH and human LDH (both ex-
pressed as recombinant proteins and purified as described previously
(7)) was monitored at single sample points corresponding to 25 �g/ml of
the compound in 5% Me2SO; 0.15 mM NAD�; 1.5 mM lactic acid; 1 mM

INT; 18 �g/ml Diaphorase; and 1 �g/ml pfLDH or human LDH. Positive
hits were subjected to additional analysis to determine IC50 values.

Synthesis of Azole Derivatives—The parent compounds of the isoox-
azole and oxadiazole families were prepared in multigram scale by
simple modification of the methods described in the literature (15). A
range of azoles was synthesized by the introduction of substituents at
the hydroxyl and acid moieties of the parent compounds (positions 3 and
4, respectively, Fig. 1). The replacement of heteroatoms within the ring
structure was also considered, and the details of the modifications
studied are all included in Tables I–IV. Synthetic routes for these
derivatives are described in the Supplemental Material.

Crystallographic Analysis of Enzyme-Azole Inhibitory Complexes—
Crystals of pfLDH and human LDH were grown by using either NADH
or NAD� as cofactor as described in Refs. 8 and 7, respectively. Ligands
were introduced to these crystals dissolved in the crystallization mother
liquor substituted with up to 30% Me2SO. Diffraction data were col-
lected at the Daresbury SRS synchrotron (station PX14.1), Hamburg
DESY synchrotron (station X11), or using the Nonius® FR591 rotating
anode laboratory source (Nonius BV, Netherlands) and processed using
the HKL suite of programs (16). Structures were solved using the phases
from the isomorphous structure of the ternary complex of pfLDH (Protein

Data Bank accession code 1LDG) or human LDH (Protein Data Bank
accession code 1IOZ) and refined using the program REFMAC5 (17).

Kinetic Analysis—Although the dehydrogenase reaction was run in
the reverse (lactate 3 pyruvate) direction for the high throughput
screen, a more thorough kinetic analysis of selected inhibitors was
based on the reaction run in the forward direction and monitored by
measuring the change in molar absorbance of NADH at 340 nm as
described previously (18). For kinetic analysis in the reverse direction,
reactions containing 2 mM phenazine ethosulfate, 1 mg/ml p-nitrotet-
razolium blue, 1 mM NAD�, and varying concentrations of lactate in
PET buffer (50 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM EDTA, 3% (w/v)
PEG 6000) were initiated by the addition of pfLDH to 4.4 nM and
monitored by the increase in absorbance at 655 nm at 25 °C. Data were
analyzed by using nonlinear least squares regression with the software
package DynaFitTM (Biokin Ltd.) (19). Calculations of kcat depended
upon the protein concentration as measured at 280 nm by using an
extinction coefficient of 1.16 mg/ml�cm for H4-hsLDH proteins, 1.2
mg/ml�cm for M4-hsLDH (20), and 0.5 mg/ml�cm for pfLDH. The pKa of
the active site histidine was estimated by fitting the variation of KM(obs)

with pH to KM(obs) � KM(1 � 10�pK/10�pH) as described previously (7).
In Vitro Anti-plasmodial Activity—The drug-sensitive 3D7 clone of

the NF54 isolate (21) and the chloroquine-, pyrimethamine-, and cy-
cloguanil-resistant K1 strain (Thailand) were acquired from MR4 (Ma-
laria Research and Reference Reagent Resource Center, Manassas,
VA). P. falciparum in vitro culture was carried out following standard
methods (22) with modifications. Briefly, parasites were maintained in
tissue culture flasks in human A Rh� erythrocytes at 5% hematocrit in
RPMI 1640 supplemented with 25 mM HEPES, 24 mM NaHCO3, 0.2%
(w/v) glucose, 0.03% L-glutamine, 150 �M hypoxanthine, and 0.5% Al-
bumax II® (Invitrogen) in a 5% CO2, 95% air mixture at 37 °C, and the
medium was changed daily.

The method used to test drug susceptibility was modified from the
protocol described previously (23). Briefly, stock drug solutions were
dissolved in 100% Me2SO in glass bottles, and serial dilutions of the
drugs were prepared in assay medium (RPMI 1640 supplemented with
0.5% Albumax II® (Invitrogen), 0.2% w/v glucose, 0.03% L-glutamine,
and 15 �M hypoxanthine), in triplicate, in 96-well plates. This was
followed by the addition of 50 �l of asynchronous (65–75% ring stage)
P. falciparum culture (0.5% parasitemia) or uninfected erythrocytes at
5% hematocrit to each well in assay medium. Plates were incubated at
37 °C, in 5% CO2, 95% air mixture for 24 h, followed by the addition of
20 �l (0.1 �Ci/well) of [3H]hypoxanthine to each well. Plates were mixed
for 1 min using a plate shaker and returned to the incubator. After an
additional 24-h incubation period, the experiment was terminated by
placing the plates in a �80 °C freezer. Plates were thawed and har-
vested onto glass fiber filter mats using a cell harvester (Tomtec) and
dried. After the addition of Meltilex® solid scintillant (Wallac), the
incorporated radioactivity was counted using a Wallac® 1450 Betalux
scintillation counter (Wallac). All assays included chloroquine diphos-
phate as a standard and control wells with untreated infected and
uninfected erythrocytes. Data acquired by the Wallac® BetaLux scin-
tillation counter were exported into a MICROSOFT® EXCEL spread-
sheet (Microsoft Corp.), and the IC50/IC90 values of each drug were
calculated by using XLFit® (ID Business Solutions Ltd., UK) line fitting
software.

In Vivo Antimalarial Activity—A preliminary experiment was under-
taken at a single dose to evaluate the activity of two leading compounds
from the heterocyclic series. Compounds OXD1 and IOA1 (see Tables
I–IV for structures) were tested in the P. berghei model by using the
4-day suppressive test, as indicated by Peters (24), and using chloro-
quine as a positive control. Briefly, naive 18–20-g BALB/C mice were
infected intravenously with 2 � 106 parasitized red cells on day �0. For
administration, compounds were freshly prepared in 10% Me2SO in
sterile phosphate-buffered saline the day of use. Two hours post-infec-
tion mice received the first treatment by the intraperitoneal route. Mice
were further treated on days �1–3. Blood films from tail blood were
prepared on day �4, and parasitemia was determined by microscopic
examination of Giemsa-stained blood films. A further experiment was
carried out to determine oral bioavailability and the ED50 value of the
compounds in an in vivo dose-response experiment. Compounds OXD1,
IOA1, and TDA1 were tested at 100, 50, 25, and 12.5 mg/kg/day by the
intraperitoneal route and at 100 mg/kg/day by the oral route. Chloro-
quine was used as a positive control at 10 mg/kg/day by the intraperi-
toneal route. Mice were treated and levels of parasitemia determined as
described for the single dose experiment.

Pharmacokinetic Studies—A preliminary study to assess the plasma
levels of OXD1 and IOA1 was performed by intraperitoneal or oral
administration of each compound to mice inoculated 2 h earlier with 1 �
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107 P. berghei parasitized erythrocytes. Plasma samples were collected
from three mice at each time point: 30-, 90-, and 180-min post-com-
pound administration. Plasma concentrations of OXD1 and IOA1 were
determined by peak integration after separation by using standard
liquid chromatography/mass spectrometry analysis techniques.

In Vitro Cytotoxicity Assays—Cytotoxicity of OXD1 against mamma-
lian cells was assessed by standard methods (25). Sterile 96-well mi-
crotiter plates were seeded with 100 �l of KB cells at 4 � 104/ml in
RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum
(complete medium). Plates were incubated at 37 °C, 5% CO2, 95% air
mixture for 24 h. Compounds were dissolved in 100% Me2SO at 20
mg/ml. For the assays, serial dilutions of the compounds were prepared
in triplicate using complete medium. Culture supernatants were re-
moved and replaced by the serial dilutions at 300, 30, 3, and 0.3 �g/ml.
The positive control drug was podophyllotoxin (Sigma). Plates were
incubated for a further 72 h followed by the addition of 10 �l of Alamar-
Blue® (AccuMed International Inc.) to each well and incubation for 2–4
h at 37 °C, 5% CO2, 95% air mixture before reading fluorescence emis-
sion at 585 nm after excitation at 530 nm in a SPECTRAMAX® GEM-
INI plate reader (Molecular Devices Inc). ED50 values were calculated
using XLFit® (ID Business Solutions Ltd., UK) line fitting software.

RESULTS

High Throughput Enzymatic Screen—Screening of over
500,000 compounds primarily from the Glaxo Wellcome pro-

prietary chemical collection identified a number of chemical
families of interest that had a pfLDH IC50 between 0.05–0.01
�g/ml and a selectivity ratio pfLDH/hsLDH IC50 �10. One
of these families consisted of compounds that will be collec-
tively referred to as the azoles (Fig. 1). All three parent com-
pounds had a consistent substitution pattern with a hydroxy
function and a carboxyl moiety in adjacent positions
(3,4-di-substitution).

Synthesis and Activity of Azole Derivatives—A series of com-
pounds was synthesized with the aim of exploring the structure
activity relationships of the parent azoles. As shown in Tables
I–IV, we tested examples of derivatives at all five positions of
the pentacyclic ring, as well as heterocyclic variations within
the ring structure itself. In summary, modifications to or sub-
stitution of the C-3 hydroxyl and C-4 carboxyl groups resulted
in the loss of at least 2 orders of magnitude of activity against
pfLDH, and none of the ethers, esters, or bioisosters of the
hydroxyl or acid moieties were active. Modifying the heterocy-
clic nature of the ring by substituting the oxygen at position 1
with sulfur (resulting in the thiadiazole family, see Table III)
increased the potency slightly but also led to a slight reduction
in specificity. Substitution at the same position with nitrogen
(leading to the triazoles, see Table IV) was nonproductive. The
rationale for the wide variations in potency when modifying

TABLE I
Activity of 1,2,5-oxadiazole (OXD) series

N/D, not determined.

TABLE II
1,2/1,5-Isoxazole (IOA) series

N/D, not determined.

FIG. 1. Azole-based inhibitors of pfLDH. Schematic showing
chemical structures of OXD1, IOA1, and TDA1 parent compounds.
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position 1 could be rationalized as arising from either steric
hindrance (as the presence of nitrogen in position 1 introduces
an extra substituent in the ring) or electronic effects (as the
presence of the nitrogen modifies the pKa of the hydroxyl
group). As will be shown later, the acidity of the 2-hydroxyl
group is a key factor that determines the types of interactions
established by the substrate into the active site. Activity is
retained if the ring nitrogens at positions 2 and 5 are substi-
tuted with carbon to produce the isooxazoles (Table II), but
substitution at position 2 is less well tolerated. Despite this, the
introduction of methyl groups at either of these positions re-
duces activity to greater than 100 �M.

Crystallographic Analysis of Enzyme-Azole Inhibitory Com-
plexes—A summary of the diffraction data and refinement sta-
tistics for complexes of pfLDH with OXD1, TDA1, and IOA1
and human LDH with OXD1 is shown in Table V.

The hydroxy acid heterocyclic azole OXD1 binds in the active
site of both human and plasmodial LDH, alongside the NAD�

cofactor (Fig. 2, a and b). The carboxyl acid group of the inhib-

itor forms salt bridges with Arg-171 and Arg-109 of the active
site loop, mimicking the interactions of the pyruvate substrate
(8). The hydroxyl group of the oxadiazole contributes to a hy-
drogen bond network with the side chains of residues Asn-140,
His-195, and Arg-109. In both the human and plasmodial crys-
tal structures, the heterocyclic ring of the inhibitor is stacked
parallel to the nicotinamide ring of the NAD� cofactor, whereas
the nitrogen in position 2 of the heterocyclic ring is within Van
der Waals radii of the NAD� and the side chain amine of
Asn-140. In the plasmodial structure, the side of the heterocy-
clic ring harboring the carboxyl group is in close proximity to
Pro-246 (threonine in hsLDH), and the O� of Ser-245 forms
hydrogen bonds with both the ring oxygen of the inhibitor and
the cofactor (via a bound water molecule). In the human LDH
structure, the ring oxygen of the inhibitor is hydrogen-bonded
to a water molecule, but this water appears to make no contacts
with the protein itself.

The closely related inhibitors TDA1 (Table III) and IOA1
(Table II) bind in a manner virtually identical to that of OXD1,
although there is small offset of �1 Å in the ring position when
measured at position 1 (Fig. 3). Apart from this offset, all other
features of the complex, including the surrounding protein
residues, are essentially identical to those seen in the pfLDH:
OXD1 structure. In all three complexes, the oxygen or sulfur at
position 1 forms a hydrogen bond with the side chain of Ser-
245. This interaction is absent in the crystal structure of OXD1
bound to human LDH, where the equivalent residue is a tyro-
sine but projects away from the bound inhibitor. Ser-245 and
Pro-246 adopt different conformations when neither substrate
nor inhibitor is bound, as seen in the crystal structure of the
binary complex (Fig. 4). The adjacent “active site loop” is also
disordered in this binary complex as is commonly observed for
this class of oxidoreductase enzymes.

Kinetic Analysis—We used steady-state kinetics to examine
the mode of binding of the azole inhibitor family. All active
azoles exhibited mixed inhibition against both NADH and
pyruvate and competitive inhibition against lactate (Fig. 5).
Kinetically, LDH behaves as a sequential ordered bi-bi enzyme
with the cofactor binding prior to substrate and being released
after the product. The azoles hence bind preferentially to the
enzyme-NAD� complex, mimicking the nonspecific inhibitor
oxalate (26). The measured inhibitory constants (Ki) were 210
nM for OXD1, 470 nM for IOA1, and 290 nM for TDA1.

PfLDH Ser-245 3 Ala Mutant—Crystal structures of the
azoles bound to pfLDH suggested the hydrogen bond formed
between the oxygen or sulfur in position 1 of the azole, and the
O� of Ser-245 was likely to be a major determinant of selectiv-
ity for the malarial form of the enzyme. To test this hypothesis,
we used site-directed mutagenesis to change the side chain at
position 245 to alanine. Co-crystallization of the pfLDH Ser-
245 3 Ala mutant with oxamate (a substrate analogue) and
NADH shows that the active site loop occupies the “closed”
position previously seen in the wild type ternary complex, but
the Ala-245 to Pro-246 region is in the “open” conformation
normally seen in the binary (enzyme-cofactor) complex (Fig. 6).
In the structure of the wild type enzyme co-crystallized with
NADH and oxamate, the O� of Ser-245 forms a hydrogen bond
with a water molecule that is in turn bonded to the cofactor
ribose group. This water molecule is not present in the crystal
structure of the mutant. The inability of the alanine side chain
in the mutant to interact with the ribose group appears to
correlate with the Ala-245 to Pro-246 region remaining in the
open conformation, in turn probably explaining the reduced
activity of this mutant enzyme (Table VI). The critical interac-
tion formed between the serine in wild type pfLDH and the
azole inhibitors raises the possibility that resistance to this

TABLE III
1,2,5-Thiadiazole (TDA) series

N/D, not determined.

TABLE IV
Triazole (TRZ) series

N/D, not determined.
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class of inhibitor could develop by mutating this single residue.
Nonetheless, it is reassuring that the mutant enzyme produced
is kinetically crippled, with a kcat over 2 orders of magnitude
lower than the wild type. This implies that mutation of the
serine is likely to be fatal to the plasmodium. Table VI sug-
gests the major reason for low activity in the absence of the
serine is the reduced ability of the mutant enzyme to bind
pyruvate (KM(WT)/KM(S245A) � 114) rather than NADH (KM(WT)/
KM(S245A) � 4.1). One explanation is that the optimal binding
site for the substrate may result from subtle rearrangements

that follow binding of the cofactor and may involve the Ser-245
to Pro-246 region.

In Vitro Anti-plasmodial Activity—The anti-plasmodial ac-
tivity of a subset of the azole series was determined against the
P. falciparum 3D7 drug-sensitive clone and the K1 drug-resis-
tant strain, and the measured IC50/IC90 values are included in
Tables I–IV. Only a small number of the compounds had dem-
onstrated activity within the range of concentrations measured
against whole cells, although this is likely in part to reflect the
limited potency observed with the enzyme. The whole cell ac-

TABLE V
Data collection and refinement statistics

R.M.S. indicates root mean square; PDB indicates Protein Data Back.

FIG. 2. OXD1 binds in the active site of pfLDH. Stereo figure showing the bound conformation of OXD1 in the active site of pfLDH (a) and
human LDH (b). In each case the cofactor NAD� is also shown, and key amino acids are labeled. Distances of contacts between OXD1 and polar
atoms from the enzyme are given in angstroms.
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tivity results broadly correlated with the IC50 values deter-
mined against the pfLDH enzyme.

In Vivo Antimalarial Activity and Toxicity—In the 4-day
suppressive test (24), both compounds OXD1 and IOA1 showed
significant inhibition compared with untreated control mice.
The percentage of inhibition observed was 41% for OXD1 and
30% for IOA1 compared with untreated controls, whereas chlo-
roquine showed 100% inhibition. Fig. 7 illustrates the inhibi-
tory activity observed in a dose-response experiment using the
oxazoles OXD1 and IOA1 and the thiadiazole TDA1. P. berghei
has been shown previously to contain a single gene for LDH,
the product of which is kinetically and structurally virtually
identical to pfLDH (18).

Pharmacokinetic Studies of OXD1 and IOA1—Plasma con-
centration time curves (area under curve plots) are shown for
OXD1 and IOA1 in Fig. 8. After a single intravenous dose of 5
mg/kg, the pharmacokinetic parameters evaluated for each
compound were similar. For IOA1 and OXD1, both the AUC0–8

and elimination half-life (t1⁄2) were 4.8 and 4.6 �g�h/ml and 0.38
and 0.39 h, respectively.

Absorption of IOA1 and OXD1 after intraperitoneal admin-
istration of 20 mg/kg was very rapid, with peak plasma levels of
15.3 and 14.6 �g/ml, respectively, reached within 25 min.
However, the t1⁄2 of intraperitoneal administration of IOA1

(0.56 h) was approximately three times lower than that of
OXD1 (1.46 h).

The time courses of drug levels in plasma for OXD1, IOA1,
and TDA1 in mice after intraperitoneal or oral administration
(dose, 100 mg/kg) are shown in Table VII. All compounds tested
(OXD1, IOA1, and TDA1) showed consistently high plasma
levels after oral administration with peak levels of 17.9, 19.8,
and 35.2 �g/ml, respectively, measured 30 min post-adminis-
tration. Plasma peak levels obtained after intraperitoneal ad-
ministration of OXD1, IOA1, and TDA1 (25.5, 20.4, and 41.0
�g/ml, respectively) were similar to results obtained after oral
administration.

In Vitro Cytotoxicity Assays—No overt toxicity was as-
sociated with OXD1 when tested against the mammalian KB
(ED50 � 0.64 mM) and HeLa (ED50 � 1.3 mM) cell lines.

DISCUSSION

Following early reports of enhanced rates of glycolytic turn-
over in Plasmodium-infected erythrocytes, and biochemical
data suggesting the absence of a complete citric acid cycle in at
least the blood-borne stages of the parasite life cycle, it was
recognized that homolactic fermentation (the conversion of
pyruvate to lactate with concomitant reduction of NAD�) plays
a special role in survival of the malarial parasite. Although
sequence (27) and structural (7, 8, 18) differences have been
noted between the plasmodial and human forms of the enzymes
that support the theoretical viability of targeting pfLDH for
anti-malarial activity, there have been only a very limited
number of compounds reported as specific inhibitors of this
enzyme (4, 10, 11, 13, 28), and none are readily amenable to
simple synthesis or free from toxicological problems. The azoles
described in this paper form the first example of compounds
that are readily synthetically accessible, form specific inhibi-
tors of pfLDH, and have good drug-like properties.

Each of the three parent compounds (the oxadiazole OXD1,
the isoxazole IAO1, and the thiadiazole TDA1) were initially
discovered through an enzyme assay-based high throughput
screen and inhibit pfLDH with low or sub-micromolar IC50

values, in contrast to the �50 �M IC50 values observed with
human LDH. The data presented in this paper provide a de-
tailed and consistent description of the interaction of these
compounds with their enzyme target.

The molecular basis of this inhibition is illustrated by the
crystal structures of the enzyme-inhibitor complexes. In each
case, the azole inhibitor binds directly within the active site of
the enzyme, effecting closure of the active site loop that nor-
mally makes direct interactions with the keto acid (pyruvate)
substrate. The concerted interactions of the substrate with this
loop and its subsequent closure have been shown previously

FIG. 3. Azole-based inhibitors at the active site of pfLDH. Fig-
ure shows the active site region in the crystal structures of pfLDH
co-crystallized with NAD� and OXD1 (green), NADH and IOA1 (blue),
and NADH with TDA1 (magenta).

FIG. 4. Movement of Ser-245/Pro-
246 between binary and ternary com-
plexes of pfLDH. Figure shows a stereo-
view of the crystal structure of the
pfLDH-NADH binary complex (blue car-
bons) overlaid on the pfLDH-NAD�-oxa-
late ternary complex (green carbons ex-
cept NADH carbons which are shown in
magenta). Note that Arg-109 and the wa-
ter molecule are both disordered in the
binary structure, a consequence of the ac-
tive site loop (residues 102–109) not being
ordered in the absence of substrate. The
arrow indicates the direction of move-
ment of the Ser-245/Pro-246 during the
transition from the binary to the ternary
structure. Distances of key contacts are
given in angstroms for the ternary
structure.
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(29) to be a key factor in the exquisite selectivity of the lactate
and, particularly, malate dehydrogenase enzymes. Replication
of this complementarity with both the open and closed form of

the enzyme provides a powerful means of generating inhibitor
selectivity. Nonetheless, although the moderate level of activity
of these compounds is encouraging, higher potency needs to be
achieved to use these compounds as therapeutics. The rela-
tively small size (Mr �140) of the azoles suggests there is
plenty of scope to enlarge these structures to enhance their
contacts with the enzyme and hence increase the affinity of
binding. However, their almost complete burial within the
closed active site makes this problematic.

From the crystal structures a number of common interac-
tions can be identified. The carboxylic acid group of each inhib-
itor forms a bifurcated salt bridge with Arg-171 and Arg-109,
mimicking the interaction with the pyruvate substrate as doc-
umented previously (8) from ternary complexes of pfLDH with
oxamate, a substrate analogue. The hydroxyl group of each
azole forms a common set of hydrogen bonds with Leu-140,
His-195, and Arg-109. Taken together these interactions ex-
plain why the hydroxyl-carboxyl motif is vital for the activity of
these inhibitors, and why extending the inhibitor from the
carboxyl or hydroxyl groups consistently results in a reduction
or complete loss of activity (Tables I–IV). These interactions
also support the proposition that for activity both the acid and
hydroxyl groups must have suitable pKa values to leave these
groups ionized in vivo.

The heterocyclic ring of each inhibitor stacks parallel to the
nicotinamide ring of the NAD� cofactor, separated by about 2 Å
where �-� cloud stacking interactions would contribute to li-
gand binding. Similar interactions have also been noted in
crystal structures of other anti-microbials active against plas-
modial NAD(P)H-dependent enzymes, such as the NADPH-
dependent dihydrofolate reductase (30), and Triclosan binding
to the parasite NADH-dependent enoyl acyl-carrier protein
reductase (31). Pro-246 lies adjacent to the carboxylate func-
tion of the heterocyclic ring, leaving little space to extend these
inhibitors from the nitrogen in position 5 of the ring. This is
consistent with the decrease in activity associated with the
introduction of substituents at this position (Tables I–IV). Even
the introduction of a simple methyl group at position 5, which
the structures suggest might profitably make van der Waals
contacts with the proline, is not tolerated (IOA3, Table II). The
nitrogen in position 2 of the heterocyclic ring is already within
Van der Waals radii of the NAD� and Asn-126; and extending
the inhibitor in this direction is unlikely to result in tighter
binding. Hence, from the crystal structures, extending the ring
from position 1 is seen as the modification most likely to result
in new interactions.

Importance of Ser-245—In the oxadiazole structures, the
oxygen at position 1 forms a hydrogen bond with the side chain
of Ser-245 (Fig. 2a). This interaction is likely to account for
much of the selectivity of these compounds for the malarial
rather than human forms of LDH, as in the latter this serine is
absent, replaced by a tyrosine that is oriented away from the
active site (Fig. 2b). Extending the azole moiety from this
position would require movement of the serine side chain from
its current “in” position. We noted that this was indeed possi-
ble, as in the crystal structure of the binary complex (enzyme �
cofactor, Fig. 4), where the active site loop is disordered, the
Ser-245/Pro-246 main chain segment adopts a more open con-
formation that we termed the “out” position. With the serine in
this conformation, it appears there is plenty of scope to extend
the azole inhibitors from the 1-position of the ring to increase
contacts with residues distal from serine 245. However, as
mentioned above, binding of the azole inhibitors is character-
ized by the formation of hydrogen bonds between arginines 109
and 171 from the enzyme with the carboxyl and hydroxy groups
seen as essential for this class of inhibitor. As arginine 109 is

FIG. 5. OXD1 competes with lactate for binding to pfLDH. Fig-
ure shows Lineweaver-Burk plots (1/V versus 1/[S]) for inhibition of
pfLDH activity when titrated against varied amounts of lactate (OXD1
concentrations at 1.0 �M (Œ), 0.5 �M (�), 0.25 �M (�), and 0 �M (f)) (a),
NADH (OXD1 concentrations at 12.5 �M (Œ), 6.25 �M (�), 3.125 �M (�),
and 0 �M (f)), (b) and pyruvate (OXD1 concentrations at 10.0 �M (Œ),
5.0 �M (�), 2.5 �M (�), and 0 �M (f)) (c). The inhibition is classic
competitive against lactate and mixed against NADH and pyruvate.
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part of the active site loop, the loop must therefore be closed for
these bonds to be formed. We observed that in most structures
of ternary or inhibitor complexes of pfLDH, closure of the active
site loop was accompanied by movement of the Ser-245 to
Pro-246 loop to the in position. To probe whether this appar-
ently concerted movement was essential for, or subsidiary to,

active site loop closure, we prepared a mutant form of pfLDH
with Ser-245 changed to alanine.

We assessed the kinetics and crystal structure (in the pres-
ence of NADH and oxamate) of this mutant (S245A) form of
pfLDH. As expected, the only significant differences seen be-
tween the mutant and wild type structures are in the immedi-
ate region of the Ser-245 3 Ala mutation. The 245–246 loop
region is in the out position, in an identical conformation to the
wild type binary complex, although unlike the binary structure
the active site loop of the mutant is closed. This indicates that
azole binding need not necessarily require closure of Ser-245 to
the in position. The loss of the hydrogen bonding capability of
Ser-245 leaves the C� atom of the mutant Ala-245 �3 Å distant
from the equivalent C� in the wild type ternary structure,
leaving plenty of scope for inclusion of 1-position substituents
in the azole ring.

Intriguingly, the kinetic data show that whereas the binding
affinity of the S245A mutant for NADH is decreased by only a
factor of 3, the ability to bind pyruvate is much more severely
reduced (a 114-fold increase in Km for pyruvate, see Table VI).
The O� of serine 245 in the wild type ternary structure hydro-
gen bonds indirectly via a water molecule to the ribose of
NADH so it might be anticipated that NADH binding would be
affected more by the serine to alanine mutation. However, this
type of behavior has been observed in mammalian S163L LDH
mutants (32, 33) where a hydrogen bond between Ser-163 and
the nicotinamide amide group is removed. The conclusion of
that study suggests that the hydrogen bond was more impor-
tant for orienting the nicotinamide head group than for con-
tributing to binding. The NADH binds before pyruvate in the
bi-bi reaction mechanism and, in turn, forms part of the pyru-
vate-binding site such that misalignment of the nicotinamide-
ribose group of NADH in the active site will compromise pyru-
vate binding. Unlike the mammalian S163L LDH mutants, the
pf-LDH S245A mutant also shows a greatly reduced kcat (224-
fold). This indicates that the hydride transfer step in the ES
complex is compromised, perhaps by misalignment of the pyru-
vate, whereas the 245–264 is in its open conformation.

These studies show that serine 245, absent in human LDH,
is critical for the correct functioning of the pfLDH enzyme
because of its role in the creation of the pyruvate-binding site,
and to a lesser extent in the binding of NADH in the active site.
Designing an antimalarial compound that interacts with this
residue may therefore reduce the likelihood of viable resistant

TABLE VI
Kinetic properties of pfLDH Ser245 3 Ala

S245A
pfLDH Wild type pfLDHa

KM NADH (�M) 66 (�2.7) 16 (�1)
KM pyruvate (�M) 5566 (�185) 49 (�6)
Kcat (s�1) 0.42 (�0.01) 94 (�3)

a Data from Ref. 18.

FIG. 7. In vivo dose response of P. berghei-infected mice
treated with azole-based inhibitors. Chart shows the percentage
inhibition of P. berghei in mice when treated with azole-based inhibitors
administered orally (solid bars) and via intraperitoneal (IP) injection
(all other bars). Chloroquine treatment at 10 mg/kg/day was included as
a control and resulted in complete inhibition (data not shown).

FIG. 6. Crystal structure of the Ser-2453 Ala mutant. Figure shows a stereoview of the active site region from the crystal structure of the
Ser-245 3 Ala mutant pfLDH (cyan carbons) co-crystallized with NADH and oxamate, overlaid on the structure of the wild type enzyme (green
carbons except NADH carbons which are shown in magenta) co-crystallized with the same ligands. The structures are overlaid on oxamate. Note
that the substrate analogue oxamate has an amide nitrogen in place of a methyl group in the natural substrate, pyruvate. Distances between polar
neighbors are given in angstroms for the wild type enzyme.
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strains of the parasite being formed, because mutation of Ser-
245 severely reduces the catalytic ability of the enzyme. The
structural data supported the notion that, in principle, the
azole ring could be extended from the 1-position by moving
Ser-245 to the out position, while still maintaining interactions
of the hydroxyl and carboxyl functions of the ring with residues
from an enzyme closed active site loop.

Azoles Bind as the Dianion—A limitation in the expansion of
the azoles from the 1-position arises, however, from the delo-
calized electronic character of these pentacyclic rings along
with potential keto-enolization of the 3-hydroxyl substituent.
Kinetic analysis (Fig. 6) shows that OXD1 is essentially un-
competitive with pyruvate, i.e. it does not compete with pyru-
vate for the pfLDH-NADH pyruvate-binding site. Binding to
pfLDH-NAD� is instead preferred by about 3 orders of magni-
tude (i.e. OXD1 is competitive with lactate), a result consistent
with the crystallographic studies in which we observed signif-
icantly increased resolution of diffraction and order within the
binding site when using complexes with NAD� rather than
NADH (data not shown).

This strongly indicates that OXD1 binds as the dianion,
which is consistent with the pKa of its hydroxyl group (esti-
mated, from chromatography studies, to be �5), and is analo-
gous to the behavior of oxalate. It has been noted previously
(29, 34) that LDH only forms stable ternary complexes when
the charges on the active site histidine, the substrate, and the
coenzyme nicotinamide ring sum to 0. This requirement is
satisfied if OXD1 is dianionic and His-195 is protonated, as
NAD� is the preferred form of the cofactor. The pKa of the

active site histidine was estimated to be 8.1 � 0.2, close to that
of the human LDHs (7). Observed bond lengths in the high
resolution (1.1 Å) OXD1-NAD�-pfLDH complex support this
arrangement, with the length of the bond between His-195 and
the oxadiazole 3-hydroxy group being 2.6 Å, consistent with a
charged hydrogen bond between a protonated histidine and
anionic hydroxyl. The requirement for the pKa of the azole
hydroxyl group to be close to or below physiological pH consid-
erably restrains the design of the other 5-membered ring het-
erocyclic compounds that might be derivatized at position 1.
One explanation for the lack of inhibitory activity associated
with the triazole series (Table IV) is that the pKa of the hy-
droxyl group in these compounds is expected to be very high
(�9.5). On this basis, synthesis of thiazoles might offer a better
route forward to derivatization of this family of compounds.

Anti-malarial Activity of the Azoles—The activity of the azole
series against pfLDH is largely paralleled in their activity
against P. falciparum-infected erythrocytes, in both chloro-
quine-resistant and chloroquine-sensitive strains (Tables
I–IV). All compounds that were inactive against the target
enzyme also failed to kill the parasite in vitro; similarly, the
relative activity (as reflected by the IC50 values) of the small
number of pfLDH inhibitors is preserved in the whole-cell
assays. Nonetheless, these are low levels of activity. This is
particularly evident from the concentrations required to kill
90% of infected cells (IC90 values), which are considerably
greater than the equivalent IC50 values in all cases for which
the data are available. For OXD1, for example, a concentration
of about 75 �M was needed to kill 90% of infected cells. This is

FIG. 8. Pharmacokinetic data for
azole-based inhibitors. Graphs show
plasma concentration time curves (AUC)
for OXD1 and IOA1. Circulating levels of
each compound were determined at time
intervals after 5 mg/kg intravenous injec-
tion of OXD1 (A), 20 mg/kg intraperi-
toneal injection of OXD1 (B), 5 mg/kg
intravenous injection of IOA1 (C), and in-
traperitoneal injection of IOA1 (D).
AUC0–8 and elimination half-lives (t1⁄2)
were calculated from each curve. Data
shown are fitted to a one-phase exponen-
tial decay for display purposes.

TABLE VII
Time course of drug levels in serum for OXD1, IOA1, and TDA1

Data represent the mean � S.D. for n � 3 mice/time point.

Dose Time
Mean serum concentration � S.D.

OXD1 IOA1 TDA1

h �g/ml

0.5 17.89 � 2.18 19.84 � 0.81 35.19 � 2.35
100 mg/kg p.o.a 1.5 4.77 � 0.29 9.12 � 1.34 19.82 � 3.54

3.0 4.40 � 0.22 4.90 � 0.77 16.09 � 0.74

0.5 25.48 � 0.63 20.41 � 2.46 41.03 � 2.74
100 mg/kg i.p.b 1.5 11.99 � 1.60 7.35 � 2.02 26.6 � 4.57

3.0 2.64 � 0.52 1.15 � 0.30 7.56 � 0.68
a p.o., post-orally.
b i.p., intraperitoneally.
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a lower level of activity than would normally be considered
appropriate for a drug candidate.

This low level of cellular activity undoubtedly arises in part
from the modest levels of activity against the target enzyme.
OXD1, for example, has an IC50 value of just under 1 �M in the
pfLDH enzymatic assay, whereas typical drug candidates show
low nanomolar activity in equivalent assays. It is therefore not
surprising that, for most of the compounds studied, complete
killing of infected parasites could not be achieved within the
normal concentrations (25 �g/ml) used for the in vitro Plasmo-
dium assays. Drug uptake is an issue of particular concern
with highly charged anionic compounds, such as the azoles
described in this study, and is especially critical for anti-ma-
larials where there is a need to cross at least three membranes
(erythrocyte, parasitophorous vacuole, and parasite) before
parasite targets can be reached. In preliminary drug uptake
studies, we have found no evidence for preferential uptake of
OXD1 within either infected or uninfected erythrocytes, in
contrast to chloroquine controls (data not shown). This is con-
sistent with only low levels of the OXD1 compound penetrating
the cells, hence contributing to the low levels of cellular activ-
ity, or the compound is actively being extruded by an unknown
transporter. There was no evidence that compounds in which
the carboxylate function was esterified, hence reducing its an-
ionic character, were more active in the whole cell (e.g. OXD6,
OXD7, and OXD9). However, as the esters are inactive against
the pfLDH enzyme (Table I), they would need to be hydrolyzed
within the cells, a reaction that has proven difficult in our
experience. Further uptake studies are required if this family
of pfLDH inhibitors is to be developed.

P. berghei, frequently used as an animal model for human
malaria, shares a highly homologous form of LDH (97% iden-
tical to pfLDH) for which the crystal structure has been deter-
mined recently (18). As the special features of the active site
that distinguish pfLDH from its human counterparts are com-
pletely preserved in P. berghei LDH, it is anticipated that
compounds active against pfLDH would also be effective
against the P. berghei parasite. This indeed proved to be the
case. In the Peters (24) 4-day test, both compounds showed
significant anti-malarial activity in P. berghei-infected mice
when compared with untreated control mice. The percentage of
inhibition observed was 41% for OXD1 and 30% for IOA1
compared with untreated controls, whereas chloroquine
showed 100% inhibition. The lower in vivo inhibitory activity of
compound IOA1 compared with OXD1 correlated with their
relative anti-plasmodial activity observed in vitro and their
ability to inhibit pfLDH in the enzymatic assays. This trend is
also seen when the inhibitory activity was measured in a dose-
response experiment (Fig. 7) where both OXD1 and TDA1 both
proved more effective at killing the parasite than the isoxazole
IOA1. However, all three azoles were less effective than the
chloroquine control. This is consistent with the moderate in-
hibitory levels of activity measured for the azoles against their
enzyme target.

From the preliminary pharmacokinetic studies, it is clear
that these three compounds showed good plasma levels but
short half-lives in the circulation (see under “Pharmacokinetic
Studies”). This may also contribute to the lack of complete
suppression of parasitemia at doses of 50 or 100 mg/kg/day
either by the oral or intraperitoneal routes. However, the good
dose response observed with TDA1 and partly with OXD1
supports the notion that these compounds have specific anti-
plasmodial activity. Although the solubility of IOA1 in aqueous
solutions for oral dosing was poor compared with the other two
compounds, despite reasonable plasma levels its anti-malarial
activity showed an erratic dose response. These results show

that despite these compounds exhibiting only moderate pfLDH
activity in vitro and in the absence of preferential uptake to
infected cells, suppression of parasitemia in vivo is neverthe-
less possible.

The unusual route for energy (ATP) generation in Plasmo-
dium relative to its human host suggests targeting of glycolytic
enzymes should prove a valuable source of compounds with
anti-parasitic activity. This demonstration that inhibition of
pfLDH is fatal to the parasite supports the view that, despite
the recent identification of all the genes necessary for a com-
plete tricarboxylic acid cycle in P. falciparum (35), an effective
respiratory chain is unlikely to be functional in at least the
blood-borne stages of the parasite life cycle. Although previous
workers have described gossypol-like compounds that inhibit
pfLDH, these molecules have been difficult (expensive) to syn-
thesize and many are likely to have poor cytotoxicity profiles.
In this paper we have described a new class of compounds that
specifically inhibit pfLDH and also display anti-malarial activ-
ity. X-ray crystallographic analyses illustrate these compounds
interact directly and preferentially with pfLDH. They have
been characterized further in parasiticidal whole-cell assays
using drug-sensitive and -resistant strains of Plasmodium and
demonstrated to have modest in vivo anti-malarial activity
using the P. berghei rodent model. In combination, we believe
these results make a substantial case for the validation of
pfLDH as a viable target for anti-malarials. Although the
azoles are limited in opportunities for further derivatization
because of their intimate contacts made within the active site
of the enzyme, and appear to have limited cellular uptake in
their current form, further development of extended azole-like
compounds might prove a profitable route for the development
of novel anti-malarials.

Finally, this study also demonstrates the feasibility of devel-
oping specific inhibitors against microbial targets that have
direct human homologues. Small structural differences be-
tween pfLDH and human LDH allow sufficient discrimination
for preferential inhibition of the parasite enzyme. This princi-
ple vastly increases the pool of proteins that could be used as
viable drug targets.
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