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Plasmodium falciparum, the causative agent of the most
deadly form of human malaria, is unable to salvage pyrimidines
andmust rely onde novo biosynthesis for survival. Dihydroorotate
dehydrogenase (DHODH) catalyzes the rate-limiting step in the
pyrimidine biosynthetic pathway and represents a potential target
for anti-malarial therapy. A high throughput screen and subse-
quent medicinal chemistry program identified a series ofN-alkyl-
5-(1H-benzimidazol-1-yl)thiophene-2-carboxamides with low
nanomolar invitropotencyagainstDHODHfromP. falciparum,P.
vivax, and P. berghei. The compounds were selective for the para-
site enzymes over human DHODH, and x-ray structural data on
the analog Genz-667348, demonstrated that species selectivity
couldbeattributed toaminoaciddifferences in the inhibitor-bind-
ingsite.Compoundsfromthisseriesdemonstrated invitropotency
against the 3D7 andDd2 strains ofP. falciparum, good tolerability
and oral exposure in the mouse, and ED50 values in the 4-day
murine P. berghei efficacy model of 13–21 mg/kg/day with oral
twice-daily dosing. In particular, treatment with Genz-667348 at
100 mg/kg/day resulted in sterile cure. Two recent analogs of
Genz-667348 are currently undergoing pilot toxicity testing to
determine suitability as clinical development candidates.

Malaria is currently one of the world’s most severe endemic
diseases, and, despite the advent of combination therapy and
the introduction of longer acting pharmaceuticals, the need for
new targets and relevant anti-malarial agents remains acute.
DHODH,3 the enzyme catalyzing the fourth and rate-limiting
step in de novo pyrimidine biosynthesis, represents a potential
biological target that could be exploited. Pyrimidines are
required for the biosynthesis of DNA, RNA, glycoproteins, and
phospholipids. Unlike the human host, P. falciparum lacks the
ability to salvage pyrimidine bases and thus is entirely depen-
dent on de novo biosynthesis (1, 2). DHODH catalyzes the oxi-
dation of L-dihydroorotate to orotate via a coupled redox reac-
tion with a bound flavin cofactor (3–6). DHODH is ubiquitous
to most organisms and exists in two forms. The cytosolic Type
1 enzyme is present inGram-positive bacteria and Saccharomy-
ces cerevisiae and utilizes fumarate or NAD� as an electron
acceptor (4, 7–10). The membrane-bound Type 2 enzyme is
present in eukaryotes and some Gram-negative bacteria (11–
14) and utilizes quinones as electron acceptors (15). The
eukaryotic enzyme, including the plasmodial form, is localized
to the inner mitochondrial space and uses coenzyme Q (16–
19). The crucial nature of the reaction catalyzed by PfDHODH
is reflected in the fact that, during the intra-erythrocytic stages
of P. falciparum development, the sole function of mitochon-
drial electron transport appears to be regeneration of coenzyme
Q as a cofactor for DHODH (20).
Significant differences between the plasmodial and human

enzymes are suggested by previous studies with A77 1726, the
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active metabolite of the immunomodulatory drug leflunomide.
Differences in the sequence and alignment of residues in the
region of the inhibitor-binding site have been demonstrated for
the parasite and human enzymes complexedwithA77 1726 and
orotate (21, 22) and a recently reported triazolopyrimidine
series of PfDHODH-selective inhibitors (23). Furthermore,
A77 1726 has been shown to be a preferential inhibitor of the
human enzyme with only weak activity against the parasite
enzyme (24). These results support the likelihood of finding
inhibitors specific for PfDHODH, and combined with the
essential nature of this enzyme in the parasite, establish it as a
potentially viable and relevant anti-malarial chemotherapeutic
target. In fact, small molecule inhibitors of PfDHODH have
previously been described, which demonstrate in vitro activity
against cultured strains of P. falciparum (25, 26) as well as sup-
pression of parasite growth in an animal model (27).
This report describes current lead compounds fromanongo-

ing medicinal chemistry program that represent analogs of
progenitor molecules previously identified as inhibitors of
PfDHODH (25). The enzyme assays were expanded to include
DHODH from P. berghei and P. vivax, and parasite viability
assays were performed not only on P. falciparum but also on P.
knowlesi as an initial step toward discovering compounds with
potential pan-species activity. The correlation between inhibi-
tory potency against the enzyme and toxicity toward the para-
site was assessed. In vitro and in vivo drug absorption, distribu-
tion, metabolism, and excretion properties were evaluated, and
compound efficacy was assessed in the P. berghei and P. falcip-
arum NOD-scidmouse models.

EXPERIMENTAL PROCEDURES

DHODH Inhibition Assays—DHODH plasmid construction,
protein expression and purification, and the initial high
throughput screen and its results have been previously
described (25). The DHODH activity assay monitored the
reduction of 2,6-dichloroindophenol and was conducted in 50
�l of 100 mM HEPES (pH 8.0) containing 150 mM NaCl, 5%
glycerol, 0.05% Triton X-100, 175 �M L-dihydroorotate, 18 �M

decylubiquinone, and 95 �M 2,6-dichloroindophenol, arrayed
in a 384-well format. The concentrations of enzymes used were
as follows: P. falciparum, 12.5 nM, P. berghei, 25.5 nM, P. vivax,
19.5 nM, and human, 7 nM. Following a 20-min incubation at
room temperature, the absorbance was measured at 600 nm
(Envision, PerkinElmer Life Sciences). A sigmoidal dose-re-
sponse curve was generated by plotting % inhibition as a func-
tion of the log of compound concentration (range: 1.5 nM to 30
�M), and an IC50 value representing the concentration at which
inhibition was half-maximal was determined.
Expression and Purification of P. falciparum DHODH for

Crystallography—Previously, the Phillips laboratory reported
that deletion of a surface loop in PfDHODH containing amino
acid residues 384–413 facilitated crystallization of the enzyme
with the triazolopyrimidine class of inhibitors (23). This con-
struct also contains an N-terminal deletion that removes the
mitochondrial membrane-spanning domain as well as residues
that are N-terminal to this region. However, the described con-
struct, pET-pfDHOD�384–413, did not routinely yield good
quality co-crystals for inhibitors from other structural classes.

The construct was redesigned to shorten the N-terminal tag by
replacement of the thrombin site and T7 tag sequence with the
TEV protease site. pET28b (Novagen) was digested with Nco1/
BamH1 and ligated to the annealed oligomer pairs 1 and 2
containing the TEV protease site to generate pET28b-TEV: 1
(CATGGGCCATCACCATCACCATCACGCTGAGAATC-
TTTATTTTCAGGGCGCG) and 2 (GATCCGCGCCCT-
GAAAATAAAGATTCTCAGCGTGATGGTGATGGTGAT-
GGCC). The DNA-encoding PfDHODH�384–413 was isolated
by BamH1/Sal1 digestion of pET-pfDHOD�384–413 (23) and
ligated with the BamH1/Sal1 fragment of pET28b-TEV to
generate the final expression construct pET28b-TEV-
pfDHOD�384–413.This constructyieldedprotein thatcouldmore
consistently be crystallized with a wider range of inhibitors than
pET-pfDHOD�384–413. pET28b-TEV-pfDHOD�384–413 was
transformed into Escherichia coli BL21 phage-resistant cells
(Novagen), and PfDHODH�384–413 was expressed and purified
as previously described by using HisTrap HP column (Amer-
sham Biosciences) affinity chromatography followed by gel fil-
tration (23).
Crystallization and Data Collection of PfDHODH�384–413

Bound to Inhibitors—Preliminary crystallization conditions
were found using the random crystallization screen Cryo suite
(Nextal) and detergent screen kits (Hampton Research). Subse-
quently the conditions were refined by variation of pH, precip-
itant, detergent, and protein concentrations. Crystals of
PfDHODH�384–413 were grown by vapor diffusion in a hanging
drop at 20 °C. Co-crystals with Genz-667348 were obtained by
mixing Reservoir solution A (0.16 M ammonium sulfate, 0.1 M

sodium acetate, pH 4.4, 14–15%PEG4000, 25% glycerol, and 10
mM DTT) with an equal volume of PfDHODH�384–413 (20
mg/ml) pre-equilibrated with 0.6 mM Genz-667348 and 2 mM

dihydroorotate.
Diffraction data were collected at 100 K on beamline 19ID at

Advanced Photon Source using an ADSC Q315 detector. The
crystal of PfDHODH-348 diffracted to 2.4 Å and has a space
group of P64 with the cell dimension of a� b� 85.3, c� 138.7,
with one molecule of PfDHODH in the asymmetric unit. Dif-
fraction data were integrated, and intensities were scaled with
the HKL2000 package (28).
Structure Determination and Refinement of PfDHODH

Bound to Inhibitors—Crystallographic phases for PfDHODH
inhibitors were solved bymolecular replacement with Phaser (29)
using the previously reported structure of PfDHODH�384–413
bound toDSM1 (PDB ID3I65) (23), as a searchmodel. Structures
were rebuilt with COOT (30) and refined with REFMAC (31).
The phases were improved with DM (32) (Table 1S). The final
PfDHODH-348 structure contains residues Phe-161 through
Leu-565, one molecule of FMN, orotate, Genz-667348, and 37
water molecules. The structure was refined to Rfac of 0.20 and
Rfree of 0.23 (Table 1S). A Ramachandran plot generated with
Molprobity (33) indicated that 97.3% of all protein residues are
in the most favored regions with the remaining 2.7% in allowed
regions. Water molecules were added if the density was stron-
ger than 3.4� and removed if the density wasweaker than 1� in
the density map generated with ARP/warp (34).
Molecular Modeling—Structures were displayed using the

graphics program PyMOL (56). The PfDHODH/Genz-667348
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structure was superimposed with the PfDHODH-DSM1 (PDB
3I65), PfDHODH-A77 1726 (PDB 1TV5), and humanDHODH
bound to brequinar (HsDHODH-Bre, PDB 1D3G) structures
by aligning the backbone atoms of full-length structures in
DaliLite (35). Root mean square deviation values were calcu-
lated for the superimposed structures based on theC� positions
with DaliLite.
In Vitro P. falciparum Viability Assay—A SYBR green assay

as previously described by Plouffe et al. (36) was modified for
use in 384-well plates. Briefly, parasites were cultured in the
presence of serial dilutions of test compounds in 50 �l of RPMI
containing 4.16 mg/ml Albumax at a 2.5% hematocrit and an
initial parasitemia of 0.3% in black Greiner GNF clear-bottom
plates. Following a 72-h incubation at 37 °C under 93% N2, 4%
CO2 and 3%O2, SYBR greenwas added to a dilution of 1:10,000,
and plates were stored overnight (or until ready to be read) at
�80 °C. Plates were centrifuged at 700 rpm prior to fluores-
cence measurement (EX 480 nm, EM 530 nM). In this assay,
inhibition of parasite replication is reflected in a reduction in
the fluorescence intensity of SYBR green bound to parasite
DNA.
In Vitro P. knowlesi Viability Assay—Selected compounds

were tested against P. knowlesi parasites cultured in Rhesus
blood cells as a surrogate for P. vivax infections using the
method of Kocken et al. (37). Briefly, P. knowlesi were cultured
in 2% Rhesus macaque erythrocytes (New England Primate
Research Center) in RPMI culture media supplemented with
10%HumanO� serum (Interstate Blood Bank). Schizont stage
parasites were purified by flotation in 60% Percoll (GE Life Sci-
ences) and allowed to reinvade to generate a synchronous pop-
ulation of ring stage parasites. Drug assays were performed by
plating ring stage parasites at 0.5% parasitemia in triplicate, in
RPMI containing 2.5�g/ml hypoxanthine. Parasites were incu-
bated for 24 h with serially diluted test compounds. After 24 h,
thin smearsweremade to confirm that reinvasion had occurred
and 0.5 �Ci of 3H-labeled hypoxanthine were added to each
well, and parasites were allowed to progress through S-phase to
early schizonts. Cells were then harvested via glass filter plates,
and 3H incorporation was measured by scintillation counter.
Values were normalized to percentage of no drug controls, and
IC50 values were generated.
In Vitro P. berghei Viability Assay—To investigate if com-

poundpotency againstDHODHwas similarly evident in rodent
malaria parasites, selected compounds were assessed for in
vitro toxicity against P. berghei ANKA using the in vitro drug
luminescence (ITDL) assay (38). This assay is based on the
quantitation of luciferase activity (luminescence) using the
Luciferase Assay System Kit� (Promega), detected in blood
samples containing transgenic blood stage parasites that
express luciferase under the control of the schizont-specific
(ama-1) promoter (transgenic parasite RMgm-32; http://www.
pberghei.eu/index.php?rmgm � 32). Briefly, ring-stage para-
sites (39, 40) were cultured for 24 h in serial dilutions of test
compounds in 24 well plates. Following centrifugation and
removal of supernatant, the cells were lysed by addition of cell
culture lysis reagent, after which plates were shaken for 5 min.
Luciferase assay substrate was added and luminescence was
read for 10 s in a multi-plate reader (Wallac 1420 multilabel

counter, PerkinElmer). Measurements were expressed in rela-
tive light units (RLU) and represent the average of triplicate
samples at each drug dilution.
Mammalian Cytotoxicity—Compounds were tested at 10

dilutions against normal human renal proximal tubule cells
(Clonetics #CC-2553) and dermal fibroblasts (NHDF; Clonet-
ics #CC-2509). Cells were incubatedwith compound for 4 days,
until becoming confluent. Viability was then measured using
the Alamar Blue assay (TREK Diagnostic Systems), according
to the manufacturer’s instructions.
Erythrocyte Lysis—Compounds were tested at 10 dilutions

against fresh human erythrocytes at 1% hematocrit in Dul-
becco’s PBS in V-bottomed plates incubated for 24 h at
37 °C. Following incubation, plates were centrifuged 5min at
2,000 rpm and 50 �l of supernatant was transferred to a fresh
flat-bottom plate. The amount of hemoglobin present was
determined using the QuantChem Hemoglobin Assay Kit
(BioAssay Systems #DIHB-250) according to the manufac-
turer’s recommendations.
In Vitro Pharmaceutical Properties—Solubility was deter-

mined using a kinetic method. Briefly, compounds were dis-
solved in DMSO, diluted to 0.5% in phosphate-buffered saline
pH 7.4 (PBS), allowed to equilibrate for 16–24 h, and filtered
using a 1.2 �m filter. The concentration was calculated from
measurement of absorbance at 254 nm using a 96 well plate UV
spectrophotometer.
Passive permeability was measured using the parallel artifi-

cial membrane permeation assay (PAMPA). Compound was
added to the donor well (pH 6.5 in PBS) which was separated
from the acceptor well (pH 7.4 in PBS) by a phospholipidmem-
brane in dodecane. After a 5 h incubation, concentrations were
measured in donor and acceptor wells by monitoring UV
absorbance from 250–490 nm in order to calculate permeabil-
ity (41).
Metabolic stability was determined using rat, mouse, and

human liver microsomes (BDGentest) as well as intact hepato-
cytes (CellzDirect). Test compounds were incubated with
microsomes at 0.5 mg protein/ml and NADPH as co-factor, or
with hepatocytes at 106 cells/ml. Samples were withdrawn after
0, 5, 15, 30, and 45 min (microsomes) or 0, 15, 30, 60, and 120
min (hepatocytes) of incubation for liquid chromatography
tandemmass spectrometry (LC-MS/MS) analysis. Half-life was
determined by plotting Ln (Peak Area ratio) versus time (min).
The intrinsic clearance was calculated based on the well-stirred
model (42) and expressed as ml/min/kg body weight.
Plasma protein binding was calculated by diluting a 25 mM

stock solution in DMSO to 1 �M in plasma, dialyzing for 5 h
against PBS (pH 7.4) at 37 °C and determining the concentra-
tion remaining in each compartment by LC-MS/MS analysis.
Cytochrome P450 (CYP) inhibition was determined for

human P450 isozymes 1A2, 2C9, 2C19, 2D6, and 3A4 by mea-
suring inhibition of each isozyme’s ability to process its specific
substrate. The assay utilized human livermicrosomes (BDGen-
test) with the following substrates and incubation times at
37 °C: 1A2: 30 �M phenacetin, 10 min; 2C9: 10 �M diclofenac,
10 min; 2C19: 35 �M S-mephenytoin, 45 min; 2D6: 10 �M

bufuralol, 10 min; and 3A4: 5 �M midazolam, 5 min. Following
incubation samples were analyzed by LC-MS/MS. A range of
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test compound concentrations from 0.01 to 10 �M was assayed
and IC50 values were calculated.
hERG Channel Activity—Assays were conducted to monitor

compound effects on the cardiac hERG potassium ion channel,
the inhibition of which can result in potentially fatal arrhyth-
mias (43). CHOK1 cells that stably overexpress the hERG ion
channel were tested in a whole cell voltage clamp procedure by
measuring the ability of a drug to inhibit the peak current flow-
ing through the hERG channel upon depolarization of the
membrane potential. Initially, recordings were made in the
presence of control saline to establish a baseline (zero inhibi-
tion). This was followed by addition of four increasing concen-
trations of test drug. Each drug was tested in at least three dif-
ferent cells (n � 3) and the effect of each drug concentration
was compared with the baseline to obtain a percent inhibition
value. The dose dependent percent inhibition was fitted by a
Boltzmann function to generate a dose response curve for the
compound and its IC50 was determined.
In Vivo Tolerability/Plasma Exposure—In vivo experiments

were conducted to gauge tolerability to a range of doses used in
subsequent efficacy studies. These studies were also used to
gain preliminary data on drug exposure by measuring plasma
levels in response to oral dosing. Compounds were dissolved in
5% lactic acid in ethanol then diluted 1:10 with an aqueous
solution of 0.9% sodium lactate/10% hydroxypropyl-�-cyclo-
dextrin. Compounds were administered orally twice-daily 8 h
apart to groups of 3 female 4 weeks old CD-1mice at 50, 100 or
200 mg/kg/day in addition to a vehicle control group. Animals
were observed every 15 min for the first hr post-dosing, then
hourly for 4 h after the first dose for signs of overt toxicity/poor
tolerability. Blood was collected at 1 h after the first dose, 1 h
before and 1 h after the second dose, and 18 h after the second
dose, and plasma levels of compound were determined.
In Vivo Pharmacokinetic Studies—Pharmacokinetic studies

on selected compounds were performed in mice, since this is
the host species for the P. berghei efficacy model. Compounds
were formulated as described above. Single-dose studies with
both an intravenous arm (5 mg/kg) and an oral arm (10 mg/kg)
were performed using 25 g male CD-1 mice with 5 animals/
dosing group. At specified intervals (0.083, 0.25, 0.5, 1, 2, 6 and
24 h) blood samples were collected into tubes containing dipo-
tassium EDTA as anti-coagulant for LC/MS/MS analysis to
determine concentration of compound. Plasma exposure data
were used to generate values for a complete set of phar-
macokinetic parameters by non-compartment model using
WinNonlin.
In Vivo Efficacy Studies, P. berghei Models—The acute P.

berghei efficacy model in mice was adapted from Peters’ “4-day
suppressive test” (44, 45). All initial testing of compounds was
conducted at the University of Puerto Rico (UPR), with a lim-
ited number of subsequent confirmatory studies performed at
the Swiss Tropical and Public Health Institute (Swiss TPH).
The protocol for the studies at UPR was approved by the

IACUC of the Medical Sciences Campus, University of Puerto
Rico, and all work was conducted in accordance with the
“Guide for the Care and Use of Laboratory Animals” and regu-
lations of the PHS Policy on Humane Care and Use of Labora-
tory Animals (46). Animals were maintained and housed

according to NIH guidelines and were allowed to acclimatize
for 1 week prior to the commencement of studies. On study day
1, groups of 4–6-week old female Swiss Albino mice (Charles
River Laboratories) (n � 5) were infected by tail vein injection
with 0.2 ml heparinized blood diluted to contain 1 � 107 P.
berghei N-clone parasites. Compounds were formulated as
described above and administered by oral gavage. On study day
1 a single dose was given at 9 h post initial infection, and over
the subsequent 3 days the dosewas split and administered twice
daily, with 6 h between doses. Animals in the Control group
received vehicle alone. Dose concentration and frequency of
dosing were based upon preliminary exposure and tolerability
studies (described above). On study day 5 blood was collected
by tail-nick, and thin smear microscope slides were prepared
and stained using Diff Quick. A minimum of 300 erythrocytes
were counted and the percentage of parasitized erythrocytes
was determined. Animals lacking detectable parasites on study
day 5 were examined every 2–3 days thereafter to determine
whether cure was sterile. Animals with no detectable parasites
28 days after cessation of dosing (study day 32) were considered
cured; animals were euthanized at the end of the study.
The in vivo studies at the Swiss TPH Institute were per-

formed under a protocol reviewed and approved by the local
veterinary authorities of the Canton Basel-Stadt. NMRI mice
infectedwith theANKAstrainMRA-865 (2�107 parasites) con-
taining a constitutively-expressed GFP gene (transgenic parasite
RMgm-5; http://www.pberghei.eu/index.php?rmgm � 5) (47)
were used, in contrast to the Swiss Albino mice and N-strain
used at UPR. The protocols followed at the two sites were
essentially identical with respect to dosing and timing of para-
sitemia assessments. Parasitologic assessments were made by
resuspending 1�l tail blood in 1ml PBS buffer and counting the
fluorescent cells in a total of 100,000 erythrocytes using a FAC-
Scan (Becton Dickinson). Animals that had no detectable par-
asites on study day 5 were followed out through study day 30
before being declared cured of infection.
In Vivo Efficacy Studies, P. falciparum Model—Efficacy

against P. falciparum Pf3D70087/N9 growing in NOD-scid
IL-2R�null mice engrafted with human erythrocytes was deter-
mined as previously described (48). Briefly, groups of 3 animals
were infected on day 0with 2� 107 parasites. In the test groups,
compound was administered twice daily on study days 4–7,
while animals in the Control group received no drug. Parasite-
mia was assessed by FACS as previously described (49).

RESULTS

Identification of Lead Compounds—TheN-alkyl-5-(1H-ben-
zimidazol-1-yl)thiophene-2-carboxamides in the present
report are analogs derived from Compounds 3 and 4 presented
in a previous publication describing a high-throughput screen
(25). A manuscript providing details of the analog synthetic
pathways and structure-activity relationship is in preparation.
In Vitro Compound Activity—As shown in Table 1, Genz-

667348, -668857, and -669178 demonstrated double-digit
nanomolar potency against DHODH from P. falciparum, P.
berghei and P. vivax, while lacking activity against the human
enzyme. These compounds had a profound inhibitory effect on
growth of the 3D7 andDd2 strains ofP. falciparum, with single-
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digit nanomolar IC50 values. To determine whether these com-
pounds showed a similar effect on the in vitro growth of the
rodent parasite P. berghei, the in vitro susceptibility of blood
stages was determined using the in vitro drug luminescence
assay. Genz-667348 and -668857 both efficiently inhibited the
growth of blood stage P. berghei, although the IC50 values were
5- to 13-fold higher than those obtained for in vitro growth
inhibition ofP. falciparum. Due to the interest in treatment and
eradication of not just P. falciparum malaria but also the P.
vivax-mediated disease, Genz-667348 and -668857 were
assessed for their ability to inhibit the growth of a surrogate
parasite, P. knowlesi. The IC50 values obtained were equivalent
to those for inhibition of the growth of P. berghei. Finally, these
compounds demonstrated a total lack of effect on the viability
of human kidney epithelial cells and dermal fibroblasts up to
themaximum concentration assayed (62 �M), while also exhib-
iting no lytic effect on human erythrocytes. These observations
provide evidence that the species specificity exhibited for
DHODH inhibition correlates with a specific effect on the par-
asites as compared with representative host cells.
X-ray Structure Determination of Genz-667348 in Complex

with PfDHODH—The overall structure of PfDHODH com-
plexed with Genz-667348 (RCSB ID rcsb060790, PDB ID
3O8A) is similar to the previously reported structures of
PfDHODH bound to the triazolopyrimidine inhibitors (e.g.
DSM1) (23) and A77 1726 (50). A short hydrophobic N-termi-
nal helical domain (residues 163–194) precedes a classic �/�
barrel domain that begins with�-strand 3 (Fig. 1A). The Fo � Fc
difference densitymap showed strong, interpretable density for
the bound inhibitor (Genz-667348) between the two N-termi-
nal helices (�1 and �2) and the �/� barrel domain (supplemen-
tal Fig. 1S). The inhibitor-binding site is formed adjacent to the
FMN site by helices �1 and �2 in the N-terminal extension and
helices�3 and�10 and strand� 5 in the�/� barrel (Fig. 1,A and
B). The cyclopropyl ring of Genz-667348 contacts �5 and is
withinVan derWaals distance of the FMN,whereas the trifluo-
romethoxy group extends toward �1 and �2. The cyclopropyl
binds a largely hydrophobic pocket formed by Val-532, Ile-272,

and Ile-263. Adjacent to this site are two residues that form the
only non-hydrophobic contacts with the inhibitor in the
pocket. These include ion pair H-bonds between His-185 and
the N of methylformamide, and between Arg-265 and the O of
methylformamide. The benzimidazole ring extends toward the
protein surface between�1 and�2 and is bound in a hydropho-
bic pocket formedbyTyr-168, Cys-175, Phe-171, Leu-172, Phe-
188, Leu-191, and Leu-531.
Comparison to A77 1726 and DSM1-bound PfDHODH

Structures—PfDHODH-348 was superimposed with the struc-
tures of PfDHODH bound to A77 1726 (1TV5) and the triazo-
lopyrimidine DSM1 (3I65) with root mean square deviations of
0.7 and 0.6 Å, respectively (Fig. 1B). We previously noted that
the inhibitor-binding site of PfDHODH is composed of two
regions: the H-bond site that contains His-185 and Arg-265,
and the hydrophobic pocket (23). The position of the hydro-
phobic pocket is variable and depends on the conformation of
Phe-188,withDSM1occupying one pocket andA77 1726 occu-
pying the other. These new structures of the enzyme bound to
Genz-667348 show that all three inhibitor classes overlap in the
H-bond pocket forming interactions with His-185 and Arg-
265. Genz-667348 occupies the same hydrophobic pocket as
A77 1726 with Phe-188 observed in the up conformation, and
thus makes distinct interactions that are not observed in the
structures of the enzymebound to the triazolopyrimidine series
of inhibitors. However, as is the case for DSM1, an edge-to-face
stacking interaction between Genz-667348 and Phe-188 is
present (Fig. 1B), suggesting this interaction likely contributes
to the potent binding of the inhibitor series. In addition to the
previously identified conformational flexibility of Phe-188, the
PfDHODH-348 structure demonstrates that Phe-171 is also
capable of conformational flexibility. This ring adopts several
conformations allowing the protein to accommodate substitu-
ents of variable size into the hydrophobic pocket adjacent to
this residue.
Comparison to the Human DHODH Structure Bound to

Brequinar—To provide insight into the strong species selectiv-
ity that is observed for the series, PfDHODH-348 was superim-

TABLE 1
In vitro activity of DHODH inhibitors
The abbreviations used are: Pf, Plasmodium falciparum; Pb, Plasmodium berghei; Pv, Plasmodium vivax; Pk, Plasmodium knowlesi;Hs,Homo sapiens.Results represent the
means of duplicate determinations.
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posed with the structure of human DHODH bound to brequi-
nar (21) (Fig. 1C). The two structures superimpose with a root
mean square deviation of 1.8Å. The structural comparison sug-

gests that the selective binding ofGenz-667348 to PfDHODH is
due to amino acid substitutions in the benzimidazole ring-
binding site, including substitution of Leu-46 and Met-43 in
human DHODH for Cys-175 and Leu-172 in PfDHODH. The
structural alignment suggests that the human residues in these
positions overlap the benzimidazole-binding site, providing a
structural rationale for the poor inhibition by these compounds
of the human enzyme. As noted previously the substitutions of
Met-563, Leu-191, and Phe-188 in PfDHODH for Pro-364,
Phe-62, and Ala-59 in human DHODH close off the pocket
accessed by brequinar and impede binding in the PfDHODH
structure (23).
In Vitro Pharmaceutical Properties—The three lead com-

pounds in the N-alkyl-5-(1H-benzimidazol-1-yl)thiophene-2-
carboxamide series were assessed for a number of in vitro drug
absorption, distribution, metabolism, and excretion parame-
ters, and the results are presented in Table 2. All three com-
pounds demonstrated moderate solubility (30–50 �g/ml) and
good permeability (�30 � 10�6 cm/sec), and they tended to be
slightly more hydrophobic than optimal (computed partition
coefficient between 3 and 5). Inhibition of cytochrome P450
occurred only for Genz-667348, with inhibition of 2D6 (IC50 �
0.1 �M) and to a lesser extent, 2C9 (IC50 � 6.2 �M). Intrinsic
clearance for these compounds ranged from good to moderate
as calculated from experiments using both microsomes and
hepatocytes from human, rat, and mouse. Genz-667348 dem-
onstrated hERG channel inhibition, with an IC50 value of �2.8
�M. Primarily on the basis of good activity in the in vitro enzyme
and parasite assays and the prediction of reasonable stability in
the mouse, Genz-667348 was selected for advancement into in
vivo drug metabolism and pharmacokinetics and efficacy stud-
ies and evaluation of crystal structure. Two later analogs, Genz-
668857 and -669178, exhibited increasingly favorable profiles
with respect to cytochrome P450 and hERG inhibition while
maintaining good activity, and these compoundswere also sub-
jected to further in vivo testing.
In Vivo Tolerability/Plasma Exposure—Genz-667348,

-668857, and -669178were administered tomice by oral gavage
using twice-daily dosing, and doses up to 200 mg/kg/day elic-
ited no signs of pain, distress, or local or systemic toxicity.
Plasma levels of compound were determined, and comparisons
with IC90 values derived from in vitro anti-parasite assays are
shown in Fig. 2. Values for area under the curve and plasma
compound concentrations at peak and trough are given in
Table 3. The values for area under the curve were not signifi-
cantly different between compounds within a given dose. In
addition, the maximum concentrations were similar for all
three compounds within a given dose, although the levels for
Genz-668857 at 200 mg/kg/day tended to be relatively higher.
The most noticeable difference for these compounds was
observed in the trough levels, where Genz-667348 at all three
doses maintained the highest relative concentrations. At the
high dose of 200 mg/kg/day the trough concentration of each
compound at 24 h remained above the IC90. For each of these
three compounds the exposure data were sufficiently favorable
to warrant further in vivo testing.
InVivo Pharmacokinetic Studies—The results of the lowdose

in vivo pharmacokinetic studies are presented in Table 4. All

FIGURE 1. X-ray structure of Genz-667348 in complex with PfDHODH.
A, ribbon diagram of Genz-667348 bound to PfDHODH. �-Helices are dis-
played in teal, �-strands are displayed in sand, ligands are displayed as space-
filling balls. Atoms are colored as follows: carbon atoms are yellow in FMN, pink
in G348, and green in orotate; nitrogen is blue; oxygen is red; fluorine is light
blue; and sulfur is yellow. B, comparison of PfDHODH inhibitor-binding sites.
PfDHODH-G348 (teal) superimposed with PfDHODH-DSM1 (pink) and A77
1726 (orange). Colors refer to carbon atoms, other atoms are colored as in A.
Inhibitors are displayed as balls and sticks. A subset of residues within 4 Å of
the bound inhibitor is displayed. C, comparison with the human DHODH
inhibitor-binding site. PfDHODH-G348 (teal) superimposed with hDHODH-
bre (pink). Residue numbers for hDHODH are marked with an apostrophe,
while PfDHODH numbers are not. Inhibitors are displayed as balls and sticks.
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three compounds exhibited rapid (Tmax � 0.25–1 h) and effi-
cient (F � 78–145%) oral uptake with comparable values for
Cmax (4.23–6.81�g/ml). The overall exposure forGenz-667348
appeared to be somewhat greater than the other two com-
pounds as reflected by a higher value for area under the curve,
although the half-lives of �1–3 h for both the intravenous and
oral portions of the studies indicated a slightly higher than opti-
mal rate of plasma clearance for all compounds. Clearance was
reasonably low with values of 7–18 ml/min/kg, and the values
for steady-state volume of distribution (Vss) of 0.45–0.88
liter/kg suggested a uniform distribution throughout the body
for each of the compounds.
In Vivo Efficacy Studies, P. berghei Models—Genz-667348,

-668857, and -669178 were assessed for in vivo efficacy in the
4-day murine P. berghei (N-clone) model, and the results are
shown in Fig. 3 and Table 5. All three compounds were potent
in this animal model, exhibiting ED50, ED90, and ED99 values of
13–21mg/kg/day, 40–56mg/kg/day, and 108–192mg/kg/day,
respectively. As shown in Fig. 3A, Genz-667348 at doses of
100–200mg/kg/day reduced parasitemia by 99–100%. Because
parasitemia may initially be reduced below the limit of micro-
scopic detection even after treatment with sub-curative doses,
it is necessary to monitor the levels of parasites in the blood
following cessation of dosing, determining the first day atwhich
parasites again become detectable (recrudescence). Animals
that have no detectable parasites through day 30 are deemed
cured. The results are typically presented in a Kaplan-Meyer
plot, following recrudescence for a given population as a func-
tion of dose over time. As shown in Fig. 3B, Genz-667348
reduced parasitemia to undetectable levels in 3 of 5 mice at day
5, with recrudescence occurring by day 9. At a dose of 200
mg/kg/day parasitemia was undetectable in all 5 animals at day
5, with recrudescence occurring by day 15. Genz-668857 and
-669178 were only dosed to a maximum of 100 mg/kg/day, at
which level measurable parasitemia existed in all animals at day
5 (0.4 	 0.2% and 1.6 	 1.1%, respectively). As a result, there
was no recrudescence study phase for these two compounds.
One compound, Genz-667348, was chosen for evaluation in

a mouse efficacy model using the ANKA strain of P. berghei.

The results of this study are shown in Fig. 4 and Table 5. The
values for ED50, ED90, and ED99were 3- to 4-fold lower than the
corresponding values obtained in theN-clone study, suggesting
a greater potency against the ANKA strain. A Kaplan-Meyer
plot showing the onset of recrudescence as a function of dose is
shown in Fig. 4B, with a clear indication that the length of time
for relapse was proportional to the dose of compound admin-
istered. Of particular importance is the fact that sterile curewas
achieved in thismodel at a dose of 100mg/kg/day, as defined by
a failure for recrudescence to occur within thirty days after
infection.
In Vivo Efficacy Studies, P. falciparumModel—Genz-667348

was tested for efficacy againstP. falciparumPf3D70087/N9 grow-
ing in NOD-scid IL-2R�null mice engrafted with human eryth-
rocytes, and the results are shown in Table 5. The values for
ED50, ED90, and ED99 were similar to the corresponding values
derived from the P. berghei studies, and they were virtually
identical to those from the ANKA strain study. These results
are important in that they demonstrate direct activity for the
compound against the human parasite rather than a surrogate
organism. The similarity of the results for the two species of
Plasmodium provides additional validation for use of the P.
berghei rodent model as a tool for discovery of agents to treat
the human disease.

DISCUSSION

Malaria is one of the world’s most devastating endemic dis-
eases, particularly in developing countries, and there is an acute
need for new therapeutic approaches because of rapidly
increasing resistance to current pharmaceutics. DHODH is a
critical enzyme for survival of the parasite, and it represents a
potential target for an anti-malarial therapy, as indicated by
several reports in the literature. The importance of the target is
underscored by the fact that multiple unique chemical series
are currently undergoing lead optimization programs. Phillips
et al. described a promising series of triazolopyrimidine com-
poundswith inhibitory activity against the enzyme and potency
against the parasite both in vitro and in animal models (26, 27).
The screening campaign performed at Genzyme and the Broad

TABLE 2
DMPK properties of DHODH inhibitors
The abbreviations used are: Sol, solubility; Perm, permeability in PAMPAmembranes; CLogP, computed partition coefficient; Micr Clint, intrinsic clearance, microsomal
study; Hep Clint, intrinsic clearance, hepatocyte study; H, human, M, mouse. Results represent single determinations.
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Institute and described previously identified several additional
diverse chemical scaffoldswith activity against the enzyme (25),
the most promising of which is the N-alkyl-5-(1H-benzimida-
zol-1-yl)thiophene-2-carboxamide series described in the cur-
rent report. Data presented here demonstrate that these com-
pounds are highly potent DHODH inhibitors, possess
comparable activity in a parasite viability assay, exhibit favor-
able drug metabolism and pharmacokinetics properties, and
are efficacious in animal models of the disease. In particular,
sterile cure was achieved in the P. berghei ANKA strain mouse
model with the compound Genz-667348, which to the best of
our knowledge is the first evidence of this effect with a plasmo-
dial DHODH inhibitor.
Potency against both the enzyme and the parasite was highly

correlated throughout this compound class. Previous studies
on the original indole screen hit (Genz-582463) and some
closely related analogs using a transgenic strain ofP. falciparum
expressing DHODH from S. cerevisiae confirmed inhibition of
this enzyme as the primarymode of action (25), and this finding
is currently being confirmed for several later benzimidazole
analogs, including those described herein. The interaction
between one of the most potent analogs, Genz-667348, and
PfDHODHwas elucidated by crystallography. The x-ray struc-
ture of the enzyme-inhibitor complex reveals extensive con-
tacts, consistent with the observed potent binding of the series.
Conformational flexibility allows Genz-667348 to access an
alternative hydrophobic pocket from the triazolopyrimidines
(e.g.DSM1), enabling the enzyme to bind two alternative chem-
ical scaffolds with high potency. The structural flexibility
enhances the value of PfDHODH as a drug target by expanding
the chemical space that can be evaluated for the discovery of
suitable inhibitors with the potential to lead to drugs.
The species selectivity of this series was evaluated and

showed that these compounds also inhibited DHODH from P.
berghei and P. vivax, important in the first instance for valida-
tion of the animal model and in the second instance for the
potential development of a candidate with pan-parasite activ-
ity. In addition, whereas activity against the parasite enzymes
translated into toxicity against their respective organisms, there
was no effect on the human enzyme. The structural basis for
this species selectivity is evident from the co-crystal structure of
PfDHODH with Genz-667348. The requirement for an accel-
erated de novo synthesis of pyrimidines in certain rapidly divid-

FIGURE 2. Oral exposure of DHODH inhibitors in the mouse. Genz-667348
(A), -668857 (B), and -669178 (C) were administered to mice by oral gavage
using twice daily dosing for a single day, and plasma samples were collected
over a 24-h period for analysis as described under “Experimental Procedures.”
Exposure levels are shown relative to the IC90 values derived from in vitro
parasite viability studies. Results represent the means for three animals per
dose 	 S.D.

TABLE 3
Plasma exposure in mice
Abbreviations are: AUC, area under the curve; Cmax1, concentration at 1 h (1 h post initial dose); Cmax2, concentration at 9 h (1 h post second dose); Ctrough1, concentration
at 7 h (1 h pre second dose); Ctrough2, concentration at 24 h. Results represent the means (S.D.) of results obtained from five animals/group.

AUC Cmax1 Cmax2 Ctrough1 Ctrough2

h*�g/ml ng/ml ng/ml ng/ml ng/ml
200 mg/kg/day
Genz-667348 418 (53) 27694 (3140) 31116 (3696) 13447 (3054) 2235 (124)
Genz-668857 460 (22) 44804 (5238) 36736 (2511) 2035 (870) 747 (579)
Genz-669178 378 (99) 32519 (612) 31134 (10793) 2927 (1922) 586 (539)

100 mg/kg/day
Genz-667348 279 (46) 18511 (1424) 22324 (4796) 5859 (550) 1394 (423)
Genz-668857 198 (8) 19763 (1044) 16243 (1222) 271 (167) 9 (6)
Genz-669178 259 (68) 20199 (973) 23035 (7765) 419 (345) 229 (367)

50 mg/kg/day
Genz-667348 122 (13) 9691 (1005) 10095 (2058) 1513 (310) 177 (37)
Genz-668857 98 (12) 7099 (761) 9061 (1127) 70 (31) 14 (12)
Genz-669178 137 (12) 10631 (1318) 12385 (1649) 130 (35) 9 (3)
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ing human cells such as activated lymphocytes (51) makes it
desirable to identify compounds specific for the parasite
DHODH, and the opportunity to achieve an adequate thera-
peutic window appears to be excellent.
The compounds in this series differed in their in vitro drug

metabolism and pharmacokinetics properties, most notably
with regard to cytochrome P450 inhibition. Because of rapidly
evolving resistance, anti-malarials are unlikely to be adminis-
tered as monotherapy, with the result that drug-drug interac-
tions are an important consideration. Cytochromes 2C9 and
2D6 were the most likely isozymes to be affected by the com-
pounds described herein, and a number of substrates and
inducers across several compound classes have been described
for both (52). However, neither cytochrome P450 plays a signif-
icant role in the disposition of anti-malarials (53), so issues

would primarily concern other co-therapies. Nevertheless, a
number of analogs in this compound series exhibited an
absence of activity against these enzymes, and the ultimate goal
would be the selection of a candidate with little to no cyto-
chrome P450 inhibition.
The DHODH inhibitors in this report exhibited variability

with regard to metabolic stability predicted from studies with
microsomes and hepatocytes. The earliest compound in this
series to undergo in vivo testing, Genz-667348, was chosen pri-
marily on the basis of good activity against both the enzyme and
the parasite along with the prediction of reasonable stability.
Although potent, this compound produced significant inhibi-
tion of CYP2D6 as well as the cardiac hERG channel, rendering
it somewhat less desirable as a development candidate. Later
analogs, Genz-668857 and -669178, were selected on the basis
of equivalent activity, and more favorable cytochrome P450
and hERG inhibition properties when compared with Genz-
667348. Exposure studies monitoring plasma levels of com-
pound for 24 h after twice daily dosing demonstrated that each
compound maintained plasma levels above the IC90 for the
entire study period, and pharmacokinetic studies indicated that
each compound was readily taken up into plasma and main-
tained a reasonable residence time. Tolerability was excellent at
all doses tested (up to 200 mg/kg/day), and the compounds
were carried forward into efficacy studies.
Genz-667348, -668857, and -669178 underwent testing in

themurine P. bergheiN-clonemodel and demonstrated similar
potencies, with ED50 values of 13–21mg/kg/day. In this model,
chloroquine and artemisinin are curative at 30 and 100 mg/kg/
day, respectively (data not shown). Genz-667348 was further
studied in themurineP. bergheiANKAstrainmodel, and sterile
cure was achieved following 4 days of twice daily dosing for a
total dose of 100mg/kg/day. To the best of our knowledge this
is the first report of sterile cure in a murine model in
response to treatment with an inhibitor of DHODH. It is
interesting that sterile cure was achieved when the infecting
parasite was the ANKA strain of P. berghei but not the
N-clone, although it is conceivable that higher concentra-
tions or longer treatment would have yielded cure in the
latter model as well. Genz-667348 did demonstrate a 3- to
4-fold greater in vitro potency against the ANKA strain as
compared with the N-clone, and this difference may be sub-
stantial enough to account for the selective cure. Alterna-
tively, the difference in the susceptibility of the parasites may
lie in differences between the original source of these isolates
or in the laboratory history of these lines. The N-clone has
been derived from the K173 strain that has been kept in the

FIGURE 3. Compound efficacy in the P. berghei mouse model (N-clone).
Animals were dosed once on day 1 and with split twice daily dosing on days
2– 4. A, reduction in parasitemia for Genz-667348, -668857, and -669178 as a
function of dose. ED50 values: 667348, 16.7 mg/kg/day; 668857, 13.0 mg/kg/
day; and 669178, 21.0 mg/kg/day. Results represent the means for five ani-
mals per dose 	 S.D. B, Kaplan-Meyer plot demonstrating the effect of dose of
Genz-667348 on time to recrudescence. The high dose of 200 mg/kg/day
delayed the reappearance of parasites until day 15; a sterile cure was not
achieved.

TABLE 4
Pharmacokinetic properties in mice
Abbreviations are: Tmax, time to maximum compound concentration; Cmax, maximum compound concentration; T1⁄2, terminal half-life of the compound; AUClast, area
under the curve to last quantifiable concentration; AUCINF, area under the curve extrapolated to infinite time; F, % of compound orally bioavailable; CL, calculated rate of
clearance from plasma; VSS, steady-state volume of distribution. The results were derived from curves incorporating data from five animals/compound.

Genz#
10 MPK Oral 5 MPK Intravenous

Tmax Cmax T1⁄2 AUClast AUCINF F CL VSS T1⁄2

h �g/ml h h*�g/ml h* �g/ml % ml/min/kg liters/kg h
667348 0.50 5.22 1.92 35.10 35.10 145 6.9 0.88 1.67
668857 0.25 6.81 3.20 14.00 14.00 78 9.3 0.45 1.83
669178 1.00 4.23 1.00 9.40 9.50 102 18.0 0.71 0.73
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laboratory by mechanical passage for prolonged periods
(54), whereas the lines of the ANKA strain are derived from
the original ANKA isolate (55). The causes of the different
response to DHODH inhibitors in the two lines are yet
unknown, but plans are in place to incorporate the ANKA
strain model into the assay cascade.
The efficacy of the compounds described in this report is

particularly encouraging in light of the fact that any inhibitor of
DHODH developed for use in humans would most probably
represent one portion of a combination therapy. Because the
approach being utilized for these compounds is inhibition of an
enzyme crucial for the viability of the parasite, the development
of resistance, potentially via mutation of the enzyme, is a pos-
sibility. For this reason resistance selection studies are under-

way on the lead compounds from this series. Nevertheless, evi-
dence of sterile cure in the mouse with a compound from this
series used as a monotherapy suggests that DHODH inhibition
should be a valuable addition to anti-malarial strategies.
In conclusion, we have demonstrated that the N-alkyl-5-

(1H-benzimidazol-1-yl)thiophene-2-carboxamide series offers
a potential scaffold for the development of anti-malarial agents.
These compounds derive from an iterativemedicinal chemistry
program, which originated with a high throughput screen of
215,000 diverse compounds contained within the Genzyme
library, and they represent novel structures not previously
described for this application. Further refinement of the struc-
ture-activity relationship within this series is underway, with
Genz-668857 and -669178 undergoing further testing to deter-
mine if they represent suitable candidates for preclinical devel-
opment. In addition, the search for closely related compounds
representing distinct new scaffolds with anti-DHODH activity
is currently ongoing.
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