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Malaria remains a major global health burden and current
drug therapies are compromised by resistance.Plasmodium fal-
ciparum dihydroorotate dehydrogenase (PfDHODH) was vali-
dated as a new drug target through the identification of potent
and selective triazolopyrimidine-basedDHODH inhibitorswith
anti-malarial activity in vivo. Here we report x-ray structure
determination ofPfDHODHbound to three inhibitors from this
series, representing the first of the enzyme bound to malaria
specific inhibitors. We demonstrate that conformational flexi-
bility results in an unexpected binding mode identifying a new
hydrophobic pocket on the enzyme. Importantly this plasticity
allows PfDHODH to bind inhibitors from different chemical
classes and to accommodate inhibitormodifications during lead
optimization, increasing the valueofPfDHODHas adrug target.
A second discovery, based on small molecule crystallography, is
that the triazolopyrimidines populate a resonance form that
promotes charge separation. These intrinsic dipoles allow for-
mation of energetically favorable H-bond interactions with the
enzyme. The importance of delocalization to binding affinity
was supported by site-directedmutagenesis and the demonstra-
tion that triazolopyrimidine analogs that lack this intrinsic
dipole are inactive. Finally, the PfDHODH-triazolopyrimidine
bound structures provide considerable new insight into species-
selective inhibitor binding in this enzyme family. Together,
these studies will directly impact efforts to exploit PfDHODH
for the development of anti-malarial chemotherapy.

The human malaria parasite is endemic in 87 countries put-
ting 2.5 billion people in the poorest nations of the tropics at
risk for the disease (1, 2). Despite intensive efforts to control
malaria through combination drug therapy and insect control
programs, malaria remains one of the largest global health
problems. Themost severe formof the disease is caused byPlas-
modium falciparum, which kills 1–2 million people yearly,
primarily children and pregnant woman. Effective vaccines
have not been developed, and chemotherapy remains themain-
stay of both treatment and prevention of the disease. Unfortu-
nately widespread drug resistance to almost every known anti-
malarial agent has compromised the effectiveness of malaria
control programs (3). The introduction of artemisinin combi-
nation chemotherapy has provided new treatment options to
combat drug-resistant parasites (4). However, recent reports by
theWorld Health Organization suggest that resistance to arte-
misinin is developing along the Thai-Cambodian border,
underscoring the need for a continual pipeline of new drug
development to combat this disease.
Themalaria parasite relies exclusively on de novo pyrimidine

biosynthesis to supply precursors for DNA and RNA biosyn-
thesis (5, 6). In contrast, the human host cells contain the enzy-
matic machinery for both de novo pyrimidine biosynthesis and
for salvage of preformed pyrimidine bases and nucleosides. The
lack of a redundant mechanism to acquire pyrimidines in
malaria has raised interest in this pathway as a potential source
for new therapeutic targets. Dihydroorotate dehydrogenase
(DHODH)4 is a flavin mononucleotide (FMN)-dependent
mitochondrial enzyme that catalyzes the oxidation of dihy-
droorotate (DHO) to produce orotate, the fourth step in de
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novo pyrimidine biosynthesis (7, 8). Coenzyme Q (CoQ) is
required to catalyze the reoxidation of the flavin cofactor, and
recent genetic studies suggest that the main function of mito-
chondrial electron transport in the parasite is to supply CoQ for
this reaction (9). These studies provide genetic evidence that
PfDHODH is an essential enzyme to the malaria parasite. An
inhibitor of human DHODH (hDHODH) (A77 1726 the active
metabolite of leflunomide) is marketed for the treatment of
rheumatoid arthritis, illustrating that DHODH is a druggable
target (10, 11). Finally, biochemical (12, 13) and structural stud-
ies (14, 15) suggested that the identification of species-selective
inhibitors against this target was feasible.
Our recent studies have since directly led to the validation of

PfDHODH as a new target for the discovery of anti-malarials.
We utilized a high throughput screen to identify several classes
of potent and species selective inhibitors of PfDHODH (12,
16–18). These compounds are competitive with CoQ and
inhibit the CoQ-dependent oxidation of FMNwhile not affect-
ing the FMN-dependent oxidation of DHO. Site-directed
mutagenesis data supported amodel whereby theCoQ-binding
site does not overlap with the inhibitor site, but instead inhibi-
tors either block electron transfer between FMN and CoQ or
stabilize a conformation that excludes CoQ binding (18, 19). Of
the identified inhibitors, one promising series has emerged
based on a triazolopyrimidine core structure (see Fig. 1 and
Table 1). PfDHODH inhibitors in this class show potent nano-
molar activity against P. falciparum in vitro, with excellent cor-
relation observed between inhibition of PfDHODHand activity
against the parasite (17, 18). We identified a metabolically sta-
ble derivative of this series (DSM74) that is able to suppress
Plasmodium berghei infections in the malaria mouse model,
providing the first proof that PfDHODH inhibitors can have
anti-malarial activity in vivo (17).
Interestingly, despite a vast number of ongoing attempts,

PfDHODHrepresents one of only a few truly new targets for the
development of anti-malarial agents since the discovery that
atovoquone targets the cytochrome bc1 complex in the mito-
chondria (20). This has led to a substantial effort to target
PfDHODH for drug discovery programs and to the identifica-
tion of diverse scaffolds showing species-selective inhibition of
the enzyme (17, 18, 21–24). The prior structure of PfDHODH
complexed to A77 1726 (14), a hDHODH-specific inhibitor
with poor affinity for PfDHODH (19), neither explains the abil-
ity of PfDHODH to bind the array of identified inhibitors nor
provides an understanding of the developing SAR for the tria-
zolopyrimidine-based inhibitor series.
Here we report the x-ray structures of PfDHODH bound to

three triazolopyrimidine-based inhibitors with different sized
substituents bound to the triazolopyrimidine core. In addition,
we examined the smallmolecule x-ray structures of these inhib-
itors and compared them with the protein-bound ligand struc-
tures. Finally, the inhibitor-bound PfDHODH structures were
compared with the structures of hDHODH bound to A77 1726
and to brequinar, a potent 4-quinolinecarboxylic acid inhibitor
of the human enzyme (25, 26). Together these studies explain
both the high affinity binding and species selectivity of this
important class of PfDHODH inhibitors, thus laying the foun-
dation for future lead optimization programs for the present

anti-malarial agents. More broadly, this study provides new,
unexpected insight into why PfDHODH is a highly attractive
drug target for a large set of diverse chemical entities with
potential for sustainable, robust lead optimization programs.

EXPERIMENTAL PROCEDURES

Gene Cloning of PfDHODH—N-terminally truncated
PfDHODH (amino acids 159–569) was PCR-amplified
with primers 1 (5�-AAGGATCCGTTTGAATCTTATAAC-
CCG-3�) and 4 (5�-GGGTCGACTTCCATGGTACCAGCTG-
CAG-3�) from plasmid pRSET-pfDHODH encoding the codon
optimized gene (provided by Jon Clardy) (14) and ligated into
the pET28b (Novagen) expression vector at the BamH1/SalI
sites. PfDHODH�384–413 was generated by PCR amplification
of two fragments with compatible restriction sites that
excluded the loop sequence. Fragment 1 (amino acids 159–
383) containing 5�-BamHI and 3�-EcoRI was generated using
primers 1 and 2 (5�-GGGAATTCGTCATTCATAATGT-
TATTTT-3�) and fragment 2 (amino acids 414–569) contain-
ing 5�-EcoRI and 3�-SalI was PCR-amplified with primers 3 (5�-
GGGAATTCCTGTGGTTTAATACCACGAA-3�) and 4.
Both PCR products were subcloned separately into pCR-Blunt
II-TOPO vector (Invitrogen). The resulting clones were used to
generate the final expression clone containing loop-truncated
PfDHODH�384–413 in pET28b in frame with an N-terminal
His6 tag.
Protein Expression and Purification—Escherichia coli BL21

phage-resistant cells (Novagen) were used for the expression of
pET28b wild-type PfDHODH and PfDHODH�384–413 con-
structs using a modification of methods described previously
(19). Proteins were expressed in Terrific Broth medium con-
taining kanamycin (50�g/ml). The cells were grown to 0.8A600
at 37 °C, 0.2 mM isopropyl-�-D-thiogalactoside was added to
induce protein expression, and the cells were grown overnight
at 16 °C. The cells were pelleted by centrifugation (4000 � g)
and resuspended in lysis buffer (100 mM HEPES, pH 8.0, 150
mM NaCl, 10% glycerol, and 0.05% THESIT detergent (Fluka)),
containing protease-inhibitor mixture for His tag protein
(Sigma).The cellswere lysedby threepasses throughanEmulsi-
Flex-C5 high pressure homogenizer (Avestin Inc.), the lysate
was clarified by centrifugation (20,000 � g), and the resulting
supernatant was applied to a HisTrap HP column (GE Health-
care) precharged with Ni�2. The column was sequentially
washedwith lysis buffer and lysis buffer containing 20mM imid-
azole. PfDHODHs were eluted from the column using a linear
gradient from 20 to 400 mM imidazole. Fractions containing
PfDHODHwere pooled, concentrated with Amicon Ultra con-
centrator (Millipore), and then purified by gel filtration column
chromatography on a HiLoad 16/60 Superdex 200 column (GE
Healthcare) equilibrated with crystallization buffer (10 mM

HEPES, pH 7.8, 100 mM NaCl, 1 mM N,N-dimethyldodecylam-
ine N-oxide (Fluka), 5% glycerol, 10 mM dithiothreitol). Frac-
tions containing PfDHODH were pooled and concentrated to
20 mg/ml. The construction and purification of the H185A,
F188A, F227A, and R265A mutant PfDHODH enzymes were
described previously (12, 19).
Enzyme Kinetic Analysis—Steady-state kinetic analysis was

performed as described previously (12, 19). To determine the
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kcat andKm of PfDHODH�384–413 in comparisonwith thewild-
type enzyme the direct assay that follows the oxidation of DHO
at 296 nM (� � 4.3 mM�1 cm�1) was used (Supplemental Table
S1). The reactions were performed in assay buffer (100 mM

HEPES, pH 8.0, 150 mM NaCl, 10% glycerol, 0.1% Triton) at
20 °C for a range of CoQD (0.025–0.15 mM) and DHO concen-
trations (0.01–0.5mM) with PfDHODH (2 nM). Inhibitor kinet-
ics for both wild-type (10 nM) and mutant (10 nM) PfDHODH
were followed using the indirect assay that couples the oxida-
tion of DHO (0.2 mM) in the presence of CoQD (20 �M) to the
reduction 2,6-dichloroindophenol (60 �M) at 600 nM (� � 18.8
mM�1 cm�1). Thedatawere fitted to theMichaelis-Mentenequa-
tion to determine the steady-state kinetic parameters or to the
following equation to determine the IC50 values using Graph Pad
Prism (Graph Pad), vi � Bottom � (Top � Bottom)/(1 �
10(Log[I]�LogIC50)), where, vi is the initial velocity (s�1), and Top
and Bottom represent the plateaus in velocity units.
Crystallization and Data Collection of PfDHODH�384–413

Bound to Inhibitors—Random crystallization screen Cryo suite
(Nextal) and detergent screen kits (Hampton Research) were
utilized to determine preliminary crystallization conditions.
Subsequent refinement of pH, precipitant, detergent, and pro-
tein concentrations was then done to find optimal conditions.
N,N-Dimethyldodecylamine N-oxide (1 mM) was found to
improve crystallization, and it was subsequently added during
the final gel filtration purification step. The crystals of
PfDHODH�384–413 were grown by vapor diffusion in hanging
drop at 20 °C. Reservoir solution (0.16M ammonium sulfate, 0.1
M sodium acetate, pH 4.6, 18–20% polyethylene glycol 4000,
25% glycerol, and 10 mM dithiothreitol) was mixed with an
equal volume of PfDHODH�384–413 (15 mg/ml) containing
inhibitor (DMS1 (0.6 mM); DSM2 (0.6 mM), or DSM74 (1 mM))
and DHO (2 mM). The crystals typically grew in 4–7 days.

Diffraction data were collected at 100 K on Beamline 19ID at
Advanced Photon Source using an ADSC Q315 detector. PfD-
HODH-DSM1 diffracted to 2.0 Å and has a space group of P64
with the cell dimension of a � b � 85.9, c � 138.4; PfDHODH-
DSM2 diffracted to 2.4 Å with space group P64 and cell dimen-
sion of a � b � 85.9, c � 138.7; and PfDHODH-DSM74
diffracted to 2.7 Å with space group P64 and cell dimension of
a � b � 85.4, c � 138.6 (supplemental Table S2). All three
structures have one molecule of PfDHODH in the asymmetric
unit. Diffraction data were integrated, and intensities were
scaled with the HKL2000 package (27).
Structure Determination and Refinement of PfDHODH

Bound to Inhibitors—Crystallographic phases for PfDHODH-
DSM1 were solved by molecular replacement with Phaser (28)
using the previously reported structure of PfDHODH bound to
A77 1726 (Protein Data Bank code 1tv5) (14) as a searchmodel.
PfDHODH-DSM1 was used as the search model to find solu-
tions for PfDHODH-DSM2 and PfDHODH-DSM74. Struc-
tures were rebuilt with COOT (29) and refined with REFMAC
(30), and phases were improved with DM (31) (supplemental
Table S2). All of the residues were within the allowed section of
the Ramachandran plot (supplemental Table S2). Water mole-
cules were added if the density was stronger than 3.4 � and
removed if the density was weaker than 1 � in the density map
with ARP/warp (32). For PfDHODH-DSM1 the final structure

contains residues Ser160–Ser567, with the exception that density
was not observed for a loop formed by residues 348–355, 124
water molecules, and a bound LDHO detergent molecule. The
final DSM2- and DSM74-bound PfDHODH structures contain
all residues between Glu159–His566 (PfDHODH-DSM2) and
Phe161–His566 (PfDHODH-DSM74), plus 63 and 38watermol-
ecules, respectively. No density was observed for the detergent
molecule in these structures. In the DSM1-, DSM2-, and
DSM74-bound structures the shortened surface loop at posi-
tion 384 is observed in its entirety.
Molecular Modeling—The structures were displayed using

the graphics program PyMol (26). The PfDHODH-DSM1
structure was superimposed with the PfDHODH-DSM2, PfD-
HODH-DSM74, PfDHODH-A77 (Protein Data Bank code
1tv5), hDHODH-A77 (ProteinData Bank code 1D3H) (15), and
hDHODH-bre (Protein Data Bank code 1D3G) (15) structures
by aligning only backbone atoms of the�/�domain in LSQKAB
(33). For the alignment between pfDHODH-DSM1 and
hDHODH, the following sequences were superimposed:
Pf 217–232 to h88–103; Pf271–278 to h142–149; Pf337–343 to
h207–213; Pf436–460 to h262–286; Pf473–494 to h301–322;
Pf501–529 to h329–357; and Pf541–552 to h369–380. The
same PfDHODH residues were used to superimpose the vari-
ous PfDHODH structures. RMSD values were calculated for
the superimposed structures based on the C� positions using
LSQMAN (32, 34). Moleman2 (35) was used to manipulate the
Protein Data Bank files before the analysis (Software was
obtained from the Uppsala Software Factory.).
SmallMolecule X-ray Structure Determination—Crystalliza-

tion of DSM1 from CH2Cl2/CH3OH was described previously
(18). DSM15,DSM16, andDSM74were crystallized similarly to
CH2Cl2. Single crystals were mounted on a glass capillary with
oil. The data were collected at �143 °C with a Nonius Kappa
CCD FR590 single crystal x-ray diffractometer. The crystal-to-
detector distance was 30mm.Other data collection parameters
are summarized in supplemental Table S3. The data were inte-
grated and scaled using hkl-SCALEPACK (27). Solution by
direct methods (SIR97) (36) produced a complete heavy atom
phasingmodel (supplementalTableS4).Allof thehydrogenatoms
were located using a ridingmodel with the exception of H1. All of
the non-hydrogen atoms were refined anisotropically by full
matrix least squares utilizing SHELXL97 (37). Scattering factors
are from Waasmaier and Kirfel (38), and the absolute structure
assignment for DSM1 was established via anomalous scattering.
The Flack enantiopole parameter (39) is �0.06 � 0.11. ORTEP
drawings (40) are shown in supplemental Fig. S4.
The crystals of DSM15were twinned such that two lattices of

very similar intensities were apparent in the diffraction pattern.
One lattice was indexed. In a first refinement cycle, intensities
of reflections of type {0 k l} (10% of total data) appeared system-
atically larger than those calculated. Excluding {0 k l} reflections
from the refinement allowed a useful structure to be deter-
mined. The ratio between the calculated and measured inten-
sities of the excluded data was close to 2, consistent with a total
overlap of two data sets. Such twining can arise from 2-fold
twinning along [1 0 0] or a mirror on the [0 k l] plane. No
additional twin law was found for the reduced data set, indicat-
ing that the twinning did not create any detectable intensity
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overlaps for other peaks. Thus the excluded intensity data were
corrected for the factor 2 andmergedwith the other data for the
final structural refinement.
ForDSM74 some of the intermolecular fluoride-fluoride dis-

tances were too short. This problem arises from disorder of the
CF3 group. CF3 groups are very often found to rotate or be
arranged in two alternating geometries. This is the case in this
structurewhere two conformations of theCF3 (atoms F1–3 and
F4–6) were refined at half-site occupancies including the car-
bon. However the disorder, which is represented by to a 2-fold
rotation around the axis C7-N1, extended to the phenyl group,
which is also represented in the refinement by two rings of
half-site occupancies. When F1 (F4) is present, the symmetry
related F2 (F5) of the same disordered moiety is absent, which,
if there were no defects or additional voids in the crystal, would
require a structure with the disordered CF3 alternating, which
in turnwould cause a doubled c axis length. There is evidence in
the scattering for this to be partially the case because there are
very faint reflections in the diffraction images pointing toward a
doubled c axis; however, the order is not persistent throughout
the whole crystal. The disorder required a special refinement
where the phenyl ring was constrained in its angles, but the
average distance between the atoms was freely refined. The
distances of the disordered rings to the neighboring atoms are
as follows:N-1–C-7, 1.42� 0.02;N-1–C-7�, 1.44� 0.02; C-10–
C-13, 1.50 � 0.02; and C-10�–C-13�, 1.51 � 0.02.
Synthetic Methods: General Chemistry and Analysis—The

reagents and solvents were obtained from commercial suppli-
ers and were used without further purification. The reaction
progress was monitored by TLC using silica gel 60 F-254 (0.25
mm) plates and detectionwithUV light. Flash chromatography
was carried out with silica gel (32–63 �m). 1H NMR spectra

were recorded in CDCl3 at 300
MHz. Chemical shifts are reported
in parts per million (�) downfield
from tetramethylsilane. Coupling
constants (J) are reported in Hz.
Spinmultiplicities are described as s
(singlet), brs (broad singlet), d (dou-
blet), t (triplet), q (quartet), and m
(multiplet). Electrospray ionization
mass spectra were acquired on a
Bruker Esquire liquid chromato-
graph ion trap mass spectrometer.
Melting points (Pyrex capillary)
were determined on a Mel-Temp
apparatus and are uncorrected.
DSM1, DSM2, and DSM74 were

prepared as described previously
(17, 18). DSM15 and DSM16 were
prepared as shown in supplemen-
tal Fig. S3. Condensation of 3-ami-
no-[1,2,4]triazole with ethyl ace-
toacetate in acetic acid yielded the
7-hydroxy-[1,2,4]-triazolo[1,5-
a]pyrimidine. Chlorination with
phosphorous oxychloride gave the
corresponding 7-chloro-[1,2,4]tria-

zolo[1,5-a]pyrimidine as described previously (18), which upon
treatment with 2-thionaphthol/2-naphthol (1.2 eq) in 5 ml
of DMF, K2CO3 (1.2 eq) stirred under N2 atmosphere at
room temperature for a 20-h yielded product. The crude
products were purified by column chromatography using
ethyl acetate/hexane.
Physical Properties—The physical properties are as follow:

5-methyl-7-(naphthalene-2-ylthio)-[1,2,4]triazolo[1,5-a]pyri-
midine (DSM15), mp 189 °C; 1H NMR (300 MHz, CDCl3): �
8.50 (s, 1H), 8.30 (s, 1H), 8.10–7.94 (m, 3H), 7.74–7.62 (m, 3H),
6.16 (s, 1H), 2.48 (s, 3H); MSm/z 293.1 [M�H]�; and 5-meth-
yl-7-(naphthalene-2-yloxy)-[1,2,4]triazolo[1,5-a]pyrimidine
(DSM16); mp 170 °C; 1H NMR (300 MHz, CDCl3): � 8.51 (s,
1H), 8.05 (d, J � 9 Hz, 1H), 8.01–7.88 (m, 2H), 7.78 (m, 1H),
7.68–7.58 (m, 2H), 7.45–7.38 (m, 1H), 6.08 (s, 1H), 2.58 (s, 3H).
MSm/z 277.2 [M � H]�.

RESULTS

X-ray Structure Determination of PfDHODH Bound to Tria-
zolopyrimidine Analogs—Three triazolopyrimidine analogs
containing naphthyl (DSM1), anthracenyl (DSM2), and phe-
nyl-trifluoromethyl (DSM74) substituents, which span a range
of inhibitor potency (0.05–0.3 �M), were chosen for crystallo-
graphic analysis (Fig. 1 and Table 1). Proteolysis of a P. falcipa-
rum-specific surface loop, which is not present in the enzymes
from human or other Plasmodium species (residues 384–413;
Fig. 2), led to difficulties obtaining diffraction quality crystals
with these inhibitors. To improve crystallization we generated a
PfDHODH construct lacking amino acid residues 384–413
(PfDHODH�384–413). This region of the structure was missing or
disordered in the PfDHODH structure described previously (14).
Steady-state kinetic analysis of PfDHODH�384–413 demonstrated

FIGURE 1. Inhibitors of dihydroorotate dehydrogenase. A, selective inhibitors of PfDHODH. DSM1, DSM2,
and DSM74. B, selective inhibitors of human DHODH, A77 1726, and brequinar.
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that the catalytic efficiency and inhibitor binding properties of the
loop-minus proteinwere similar to thewild-type enzyme (supple-
mental Table S1). PfDHODH�384–413 was co-crystallized with
DSM1, DSM2, or DSM74 in the presence of substrate DHO, and
2.0, 2.4, and 2.7 Å resolution data sets were collected, respectively.
The three structures were solved by molecular replacement and
refined to Rfac of 23.1, 22.5, and 23.6 and Rfree of 24.8, 26.7, and
27.6, respectively (supplemental Table S2).

The three-dimensional fold of PfDHODH in all three inhib-
itor bound complexes is similar to the previously reported
structures of PfDHODH bound to A77 1726 (14) and of human
DHODH (hDHODH) (15). The enzyme consists of a short
N-terminal helical domain (residues 163–194) followed by a
classic�/�barrel domain that beginswith�-strand 3 (Fig. 2 and
3A). The electron density maps of the active sites of all three
structures showed strong, interpretable density for the bound
inhibitors (DSM1, DSM2, or DSM74) (supplemental Fig. S1).
Triazolopyrimidine-binding Site—The inhibitor-binding site

is formed adjacent to the FMN site between the twoN-terminal
helices (�1 and �2), the top of helix �3 in the �/� barrel, the
310-helix �11, and strand �5 (Fig. 3A). The naphthyl of DSM1
interacts with �3, whereas the triazolopyrimidine group lies
against �11. DSM1, DSM2, and DSM74 bind in the same site.
The inhibitors are oriented such that the C-5 position of the
triazolopyrimidine ring is the closest atom to FMNat a distance
of 6 Å (Fig. 3). The inhibitors are bound in an extended confor-
mation with the naphthyl (DSM1), anthracenyl (DSM2), or
phenyl-trifluoromethyl (DSM74) groups oriented away from
the triazolopyrimidine core and fromFMN.The triazolopyrim-
idine ring in all three structures binds to a largely hydrophobic
pocket formedbyVal532, Leu172, Leu176, Cys184, andGly181 (Fig.

3B and supplemental Fig. S2) that
also contains two residues that form
the only nonhydrophobic contacts
in this pocket. These nonhydropho-
bic contacts include ion pair
H-bonds between His185 and the
bridging nitrogen N-1 and between
Arg265 and the pyridine nitrogen
N-5 (Fig. 4, A and B). We have
defined this pocket as the H-bond
pocket (Fig. 4C). The naphthyl
(DSM1), anthracenyl (DSM2), or
phenyl-trifluoromethyl (DSM74)
groups bind in a completely hydro-
phobic pocket formed by residues
Ile237, Leu189, Leu197, Met536, Phe227,
and Phe188 (Fig. 3B and supplemental
Fig. S2), which we will define as the
Pfnaphthyl pocket (Fig. 4C). An edge-
to-face stacking interaction between
Phe227, the aromatic group bound in
the Pfnaphthyl pocket, and Phe188, is
present (Fig. 4A), suggesting that
these interactions likely contribute to
the potent binding of the inhibitor
series. These interactions involve the
inhibitor in an extended aromatic
stacking network that projects from
FMN through Tyr528 to Phe227 on
one face of the inhibitor and from
Phe188 to Phe171 and beyond on the
other side.
The van der Waal’s surface of the

DSM1-binding pocket shows that
the inhibitor is buried in the interior

FIGURE 2. Sequence alignment of P. falciparum and human DHODH. Secondary structure elements are
defined based on the PfDHODH-DSM1 structure: �-helices are indicated by blue bars, and �-strands are indi-
cated by green bars. Residues within 4 Å of DSM1 are displayed in bold type. The truncated surface loop in the
PfDHODH�384 – 413 construct used for structure determination is shown in red.

TABLE 1
Inhibition kinetics of wild-type and mutant PfDHODH
The error represents the standard error of themean for n� 4–5. The fold change is
shown in parentheses. The IC50 values for A77 1726 against PfDHODH and
hDHODH are 180 �M (19) and 0.3–1 �M (54–56), respectively. Brequinar binds
hDHODH with an IC50 of 0.006–0.01 �M (54–56).

Inhibitor enzyme
IC50

DSM1 DSM2 DSM74

�M

PfDHODH 0.047a 0.056a 0.28b
hDHODH �100a �100a �100b
PfDHODH-H185A 1.3 � 0.17 (28) 1.3 � 0.17 (23) 25 � 9.0 (90)
PfDHODH-R265A 2.1 � 0.70 (45) 2.4 � 1.1 (43) 23 � 6.7 (82)
PfDHODH-F227A 1.3 � 0.086 (28) 4.4 � 1.1 (79) 6.3 � 1.1 (23)
PfDHODH-F188A 2.1 � 1.4 (45) 0.21 � 0.044 (4) 1.4 � 0.37 (5)

a Data taken from Ref. 18.
b Data taken from Ref. 17.
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of the protein (Fig. 4B). The naphthyl is bound snuggly within a
dead end hydrophobic pocket and the triazolopyrimidine ring,
and themethyl side chain atC-6 also fit in close contactwith the
protein. A narrow channel leads fromC-5 of the triazolopyrim-
idine ring toward FMN. An ordered water molecule (Wat15) in
this channel is observed in all three structures forming an
H-bond with N-3 of the inhibitor and with the hydroxyl of
Tyr528, which in turn stacks against the FMNcofactor (Fig. 4A).
This channel then extends from the FMN to the protein surface
providing the only access to solvent for the bound ligands
(FMN, orotate, and inhibitor).However, this channel is too nar-
row to allow passage of either substrate or inhibitor, and thus
significant structural movement must accompany ligand
binding.
Mutagenesis of Inhibitor-binding Pocket—The contribution

to binding affinity of residues involved in H-bond (His185 and
Arg265) or �-stacking interactions (Phe227 and Phe188) (Figs. 3
and 4 and supplemental Fig. S2) were probed by site-directed

mutagenesis. We previously pub-
lished the effects of mutating these
four residues to Ala and demon-
strated that these mutations had
only minimal effects on catalytic
activity (kcat and Km remain within
2–4-fold of the wild-type enzyme)
(19). In contrast,mutation of each of
these residues to Ala increased the
IC50 for DSM1 by 30–50-fold, dem-
onstrating that each residue con-
tributes significant binding energy
to the enzyme inhibitor interaction
(Table 1). The relative contribution
of the mutated residues differs for
the three inhibitors described in this
study. For DSM2, the contribution
of His185 and Arg265 is similar to
DSM1; however Phe188 appears to
play a reduced role in binding of this
inhibitor. ForDSM74, theH-bonds/
ion pairs between His185 and Arg265
and inhibitor contribute more
energy to the binding interaction
than Phe188. The IC50 is increased
by 80–90-fold for mutation of
His185 andArg265, but only by 5-fold
uponmutation of Phe188. We previ-
ously analyzed only the F227A and
R265A mutant enzymes against
DSM1 (18); the IC50 reported for
R265A was similar to the value
reported here in Table 1. However,
the previously measured IC50 for
F227Awas 30-fold higher; solubility
problems may have contributed to
this elevated value.
Small Molecule Structures of

DSM Derivatives—Complementary
insight into the importance of N-1

in the bridge position came from small molecule crystal struc-
tures of DSM1 and DSM74 in comparison with DSM1 analogs
that contained an S (DSM15) orO (DSM16) in place ofN-1 (Fig.
5, supplemental Figs. S3 and S4, and supplemental Tables
S3–S5). DSM15 and DSM16 were tested against PfDHODH,
and they showed no inhibitory activity; thus the substitution of
a single atom at the bridging position can eliminate binding.
The smallmolecule x-ray structures ofDSM1andDSM74 show
partial double-bond character of theC-1–N-1 bond connecting
the bridging nitrogen to the triazolopyrimidine ring with
observed C-1–N-1 bond lengths of 1.313 � 0.006 and 1.344 �
0.004 Å, respectively (supplemental Table S5) (typical C–N or
C�N bond lengths are 1.38 and 1.28 Å, respectively (41)). In
contrast, for analogs containing a bridging S (DSM15) or O
(DSM16) in place of N-1, the C-1–S-1 and C-1–O-1 bond
lengths were 1.740 � 0.004 and 1.338 � 0.003 Å, respectively,
typical of single bonds (e.g. C–S/C–O bond lengths are 1.75/
1.34 Å (27), whereas C�S/C�O bond lengths are 1.67/1.21 Å

FIGURE 3. A, ribbon diagram of DSM1 bound to PfDHODH. �-Helices are displayed in teal, �-strands are dis-
played in sand, ligands are displayed as space filling balls with FMN in yellow, DSM1 is in pink, orotate is in
turquoise, and the bound detergent molecule is in gray. The position of the detergent corresponds to the
position of the shortened surface loop truncated in the PfDHODH�384 – 413 construct. B, stereo diagram of the
DSM1-binding site. Residues within 4 Å of the bound inhibitor are displayed. DSM1 is displayed in pink, and
residues are displayed in teal. Nitrogen is displayed in blue, oxygen is in red, and sulfur is in yellow.
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(41), respectively). Additionally, partial positive charge charac-
ter of N-1 is further suggested by hydrogen bonding to a chlo-
ride ion in the DSM1 structure. These data suggest that when

the bridging atom isN-1, resonance contributes to greater elec-
tron delocalization to N-5, intrinsically establishing long range
dipoles in the inhibitor. In the protein, electron delocalization
of the inhibitor is exploited by the H-bond with His185, which
results in sufficient electron density on N-5 to allow formation
of an ion pair with Arg265 (Figs. 4A and 5B). Such electron
delocalization ismore limited, or absent, formolecules contain-
ingO or S in the bridging position, providing an explanation for
their inactivity as PfDHODH inhibitors. Thus the intrinsic
dipole of the triazolopyrimidine ring is a key factor in the
potency of this compound class toward PfDHODH.

Not all aspects of the small molecule conformation translate
to what is observed on the protein. The plane of the naphthyl
group in the protein-bound state is twisted by 48° relative to its
unbound conformation (Fig. 5A). This conformational differ-
ence is necessary to position the naphthyl group of DSM1 to
interact productively with the enzyme.
Plasticity to Accommodate Different Sized Triazolopyrimi-

dine Inhibitors—Globally, the DSM1, DSM2, and DSM74-
bound PfDHODH structures are very similar with RMSD for
superimposition of the C� atoms of 	0.4 Å among them (Figs.
6A). The inhibitors occupy very similar positions in all three
structures. The different size N-1 substituents are accommo-
dated by conformational flexibility in the binding pocket. In
both the PfDHODH-DSM2 and PfDHODH-DSM74 structures
the triazolopyrimidine ring tilts slightly toward the bottom of
the H-bond pocket relative to PfDHODH-DSM1. Leu176 reori-
ents to accommodate this change. Further for PfDHODH-
DSM74, this slight shift (0.2 Å) brings Ile263 into van derWaal’s
contact with the C-5 position of the inhibitor. For PfDHODH-
DSM2, the anthracenyl extends further into the binding site
than naphthyl of DSM1. The larger aromatic group is accom-
modated by small rotational changes in Leu197 andMet536 that
enlarge thePfnaphthyl pocket.Newcontacts are alsomadewith
Leu240 and Cys233. The smaller phenyl-trifluoromethyl group
of DSM74 does not completely fill the pocket and makes fewer
van der Waal’s contacts. In particular Ile237 and Leu189 are no
longer within the 4 Å van derWaal’s shell of DSM74. However,
a new contact ismade between the CF3 group and Leu240 in this
structure. The reduced surface area of contact likely explains
why DSM74 is 10-fold less potent than DSM1 or DSM2.

FIGURE 4. DHODH inhibitor-binding site interactions. A, H-bonding inter-
actions between DSM1 and PfDHODH. DSM1 is displayed in pink, and resi-
dues are displayed in teal. Distances are shown for H-bond interactions
observed between the inhibitor and residues in the binding site. B, van der
Waal’s surface representation of DSM1 bound to PfDHODH (cyan) as calcu-
lated by PyMol. Ligands were removed from the structure prior to calculation
of the surface. The figure shows a narrow channel is present extending from
C-5 of DSM1 to FMN. DSM1 is displayed in pink, FMN is displayed in yellow, and
amino acid residues and the surface are displayed in teal. C, structural align-
ment of PfDHODH and hDHODH inhibitor binding modes. The structures of
PfDHODH-DSM1 (pink), PfDHODH-A77 (turquoise), hDHODH-bre (green), and
hDHODH-A77 (yellow) were superimposed as described in methods. Only the
bound inhibitor is displayed.

FIGURE 5. Comparison of protein bound inhibitor conformations with
free ligand structures. A, comparison of the conformation of DSM1 bound
to PfDHODH (green) with the conformations of DSM1 (cyan), DSM15 (pink),
and DSM16 (purple) as observed in the small molecule x-ray structures.
B, schematic resonance structure of DSM1 forming H-bonding ion pair inter-
actions with PfDHODH. H-bonds are depicted by the dashed line.
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Conformational Flexibility of PfDHODH Accounts for Bind-
ing to Diverse Chemical Scaffolds—Comparison of the PfD-
HODH-DSM1 with PfDHODH-A77 structures shows that
PfDHODH can present two alternative binding sites for inter-
actions with different inhibitor classes. The PfDHODH-DSM1
and PfDHODH-A77 structures superimpose with a C� RMSD
of 1.03 Å, much larger than the 0.4 Å RMSD observed between
the three triazolopyrimidine class inhibitors. Both inhibitors
occupy the H-bond pocket such the triazolopyrimidine ring
and the �-hydroxy enamide portion of A77 1726 overlap in this
site (Figs. 4C and 6B). In contrast, the aromatic N-1 substituent
in the triazolopyrimidines binds in an entirely different position
from the phenyl-trifluoromethyl of A77 1726. These different
binding modes are created by a large conformational change in
the position of Phe188 between the two structures. In
PfDHODH-A77, Phe188 occupies the Pfnaphthyl pocket, and in
the PfDHODH-DSM1 Phe188 rotates to overlap the position of
the phenyl-trifluoromethyl in PfDHODH-A77 (defined as the
PfA77 phenyl pocket; Fig. 4C). In addition, Met536, Cys175,
Leu176, and residues on helix �1 (Tyr168, Asp169, Phe171, and
Leu172) show conformational flexibility between the two struc-

tural classes of inhibitors. Further, helix �1 shifts toward the
interior of the protein in PfDHODH-DSM1, further restricting
the PfA77 phenyl pocket. Similar structural differences are
observed between PfDHODH-A77 and PfDHODH-DSM2 and
PfDHODH-DSM74.
Host-Parasite Differences—To understand the species-selec-

tive binding of the various inhibitor classes, PfDHODH bound
to the triazolopyrimidines was compared with hDHODH in
complexwith brequinar andA771726 (Fig. 7). Alignment of the
C� backbone of PfDHODH-DSM1 with hDHODH-bre or with
hDHODH-A77 gave an overall RMSD of 1.8 or 1.9 Å, respec-
tively. Brequinar, which is a potent inhibitor of hDHODH,
forms some analogous interactions to the triazolopyrimidine
core of DSM1 (Fig. 7, A and B). The 4-quinolinecarboxylic acid
of brequinar binds the same site (H-bond pocket) as the triazo-
lopyrimidine ring, forming a salt bridge between the carboxy-
late and hArg136 (equivalent to P. falciparumArg265 interacting
with N-5 of DSM1). This interaction is thought to play a major
role in driving binding affinity (15, 42). In contrast, the biphenyl
portion of brequinar binds to a distinct and different hydropho-
bic site (defined as the h_hydrophobic pocket) from the naph-
thyl-group of DSM1, which binds PfDHODH at the adjacent
malaria-specific site (Pfnaphthyl pocket). The h_hydrophobic
pocket lies between theDSM1Pfnaphthyl pocket and thePfA77
phenyl pocket of A77 1726when bound toPfDHODH (Fig. 4C).
These sites represent alternative pockets that are species-

specific and are created by the different amino acid composi-
tion of the pockets (Fig. 7,A and B). The h_hydrophobic pocket
that binds the brequinar biphenyl group is occluded in PfD-
HODH by replacement of the smaller hAla59 and hPro364 in
hDHODH with the larger PfPhe188 and PfMet536 residues in
PfDHODH and by the repositioning of PfTyr168 (hTyr38) closer
to the inhibitor-binding pocket by the movement of the N-ter-
minal �1 helix. Additionally hLeu68 is positioned further from
the biphenyl pocket than the equivalent residue PfLeu197 in
PfDHODH. On the flip side, in PfDHODH the naphthyl pocket
is openedup relative tohDHODHby the replacement ofhThr63

and hMet111 with PfGly192 and PfLeu240. Further the positions
of PfPhe227 and PfLeu531 relative to the equivalent residues in
hDHODH (hPhe98 and hLeu359) have swung away from the
naphthyl position in PfDHODH-DSM1, enlarging the pocket
relative to hDHODH. Globally the N-terminal helix (Ser160 to
Tyr178) in PfDHODH is packed more closely to the inhibitor-
binding site than the analogous helix (residues Met30 to Gly48)
in hDHODH (Fig. 7A). This difference contributes to closing of
the h_hydrophobic pocket in PfDHODH.
A77 1726 is smaller than brequinar and does not extend as

deeply into the h_hydrophobic pocket (Fig. 7C). Furthermore,
the phenyl-trifluoromethyl group binds slightly closer to the
Pfnaphthyl pocket then brequinar. The �-hydroxy enamide
portion of A77 1726 is flipped over in the hDHODH structure
relative towhen bound toPfDHODH.This changes the angle of
projection of the phenyl-trifluoromethyl group into the hydro-
phobic pocket, allowing it to access the h_hydrophobic pocket
instead of the PfA77 phenyl pocket. Similar residues contribute
to the differential binding as was observed for brequinar. Again
the replacement of hAla59 with PfPhe188 and hPro364 with

FIGURE 6. Comparison of PfDHODH inhibitor complexes. A, PfDHODH-
DSM1 (teal) superimposed with PfDHODH-DSM2 (purple) and with PfDHODH-
DSM74 (orange). B, PfDHODH-DSM1 (teal) superimposed with PfDHODH-A77
(purple). A subset of residues within 4 Å of the bound inhibitor are displayed.
FMN (yellow) and orotate (Oro), which are outside this shell, are included to
provide orientation. Inhibitors are displayed as ball and stick.
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PfMet536 closes off the phenyl-trifluoromethyl pocket of A77
1726 in PfDHODH relative to the hDHODH structure.

DISCUSSION

Malaria remains one of the most significant global health
problems because of wide spread drug resistance compromis-
ing current chemotherapies. One of the greatest challenges in

developing new anti-malarial agents is the identification of
novel targets that will allow the discovery of unexplored chem-
ical scaffolds. Our discovery of the triazolopyrimidine-based
inhibitors of PfDHODH has led to the validation of PfDHODH
as a target for the development of new anti-malarials and to the
identification of a novel chemical class with in vivo anti-malar-
ial activity (17, 18). Here we report the x-ray structures of PfD-
HODH bound to three triazolopyrimidine-based inhibitors.
First, these data show that structural plasticity allows the tria-
zolopyrimidine-based inhibitors to access an unexpected
hydrophobic binding pocket that was not observed in previous
structures. This structural flexibility allows the target to accom-
modate a range of inhibitors from different structural classes. A
second unexpected insight was gained by comparison of the
small molecule x-ray structures of the inhibitors with the pro-
tein-bound ligand structures. The intrinsic electronic configu-
ration of the triazolopyrimidine ring favors charge delocaliza-
tion from N-1 to N-5, providing significant insight into the
emerging SAR of the triazolopyrimidine-based series. Finally,
the variability in amino acid sequence between the human and
malaria DHODH inhibitor-binding sites leads to species-selec-
tive inhibitor binding modes that explain the selectivity of the
triazolopyrimidine-based inhibitors.
The malaria enzyme has the flexibility to form two different

inhibitor-binding pockets (Pfnaphthyl pocket and the PfA77
phenyl pocket). This flexibility is likely to underlie the finding
thatmultiple inhibitor series have been reported forPfDHODH
that sample diverse chemical space (17, 18, 21–24). Although
the triazolopyrimidine derivatives interact with the Pfnaphthyl
pocket, other identified inhibitors are likely to bind to thePfA77
phenyl pocket, explaining how the enzyme can accommodate
these wide ranging scaffolds. Additionally local flexibility
within the Pfnaphthyl pocket contributes to the ability of this
pocket to bind ligands of variable size. Flexibility in inhibitor
binding modes has also been observed in hDHODH associated
with conformational changes in the position of hArg136 and
hGln47 (42), the N-terminal helix (�1) (11) and a loop (hLeu68–
hArg72) postulated to perform a gate keeper function (43). Thus
structural plasticity appears to be an inherent property of the
DHODH enzyme family, enhancing the suitability of this
enzyme as a drug target by creating many design options and
reducing the risks or liabilities that would be associated with
only a single chemical class. Additionally the ability of the
enzyme to adapt to different analogs within a structural class
provides sites for modification during lead optimization to
improve pharmacological properties. Protein flexibility has
been observed in a wide array of known drug targets (44–46),
and protein dynamics is increasingly being incorporated into
drug design strategies (47–51). Thus structural plasticity lead-
ing to binding of diverse inhibitor classes can be appreciated as
an important property of high value drug targets guiding future
target selection for drug discovery projects.
Analysis of drug interactions that are involved in conforma-

tional changes in the target protein suggests that hydrophobic
inhibitors can induce refolding of local regions of the binding
pocket leading to high affinity interactions (46). This suggests
that the triazolopyrimidine-based inhibitors induce a refolding
of the aromatic network by reorienting Phe188 and allowing the

FIGURE 7. Comparison of PfDHODH-DSM1 to hDHODH inhibitor com-
plexes. A, ribbon diagram of PfDHODH-DSM1 (teal) aligned with hDHODH-
bre (purple). Inhibitors are displayed as space filling balls. B, inhibitor-binding
site alignment of PfDHODH-DSM1 (teal) with hDHODH-bre (purple). C, inhib-
itor-binding site alignment of PfDHODH-DSM1 (teal) with hDHODH-A77 (pur-
ple). Residue numbers for hDHODH are marked with a prime symbol, whereas
PfDHODH numbers are not. Inhibitors are displayed as ball and stick.
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naphthyl-functionality to insert into an extended edge-to-face
stacking network that runs through the protein. Alternatively
the inhibitors may selectively bind and stabilize a pre-existing
conformation of the aromatic network that is part of the native
state ensemble but that has not previously been observed. Aro-
matic edge-to-face stacking interactions provide additional
binding energy beyond a typical van der Waal’s contact (52) as
has been observed previously for potent binding of carboxypep-
tidase inhibitors (53). Our data support a role for these interac-
tions in inhibitor binding to PfDHODH because mutation of
residues in this network (Phe227 and Phe188) resulted in a sig-
nificant reduction in binding affinity.
The intrinsic electronic properties of the triazolopyrimidine

ring allow it to populate a resonance form that promotes charge
separation, which is key to the formation of H-bond interac-
tions with the enzyme. The importance of these ion pair inter-
actions to inhibitor potency is supported both by the site-di-
rected mutagenesis data and by the chemical modification of
the inhibitor. When N-1 is replaced with atoms that are unable
to delocalize electrons into the triazolopyrimidine ring (S orO),
the IC50 increases by �4.4 kcal/mol. Interestingly mutation of
His185 or Arg265 each reduced the binding affinity by 2–3 kcal/
mol, suggesting that if the contributions of these two residues
are additive, the loss in binding energy by replacing the bridging
nitrogen with S or O is equivalent to losing both interactions.
The x-ray structures of PfDHODH bound to the triazolopy-

rimidine-based inhibitors represent the first structural studies
of the malarial enzyme bound to malaria-specific inhibitors,
and as such they provide considerable new insight into species
selective binding in this enzyme family. The inhibitor-binding
pocket can be divided into site A (the H-bond pocket), which
forms H-bonding interactions with the bound inhibitors, and
site B, which is entirely hydrophobic (Fig. 4C). Bothmalaria and
human-specific inhibitors interact with site A. Species selectiv-
ity of inhibitor binding arises from differences in the orienta-
tion of site B relative to site A within the protein structure.
These differences have their basis in the species-specific amino
acid composition of the inhibitor-binding pockets. For the tria-
zolopyrimidine analogs, specificity for PfDHODH arises from
the projection of an aromatic side chain from the N-1 position
into the Pfnaphthyl pocket, which is blocked in the human
structure. Whereas for brequinar the presence of the biphenyl
group on the equivalent position to C-2 of DSM1 allows good
interaction with the h_hydrophobic pocket, this orientation
cannot be accommodated by either the site B-binding pocket
on PfDHODH. The structural basis for differential binding of
A77 1726 is similar. The fact that residues that form H-bonds
with the triazolopyrimidine ring (PfHis185 and PfArg265) are
conserved in the human enzyme suggests inhibitors of
hDHODH could also be developed based on this core scaffold.
The x-ray structures of PfDHODH bound to the triazolopy-

rimdine inhibitors provide significant insight into the observed
SAR for this series. In addition to explaining the loss of activity
upon replacing the bridging nitrogen N-1 with S or O, several
other aspects of the SAR (17, 18) can now be readily under-
stood. First we have observed that when the aromatic group is a
phenyl, para substitutions yield good binding potency, whereas
ortho substitutions are completely inactive. The PfDHODH-

DSM74 structure shows that the ortho carbon atoms are 4.1 Å
from the carbonyl oxygen of His185 on one side and 4.0Å from
the CD1 of Leu172 on the other. Thus based on the current
structures there is not space in the pocket to accommodate
ortho substituents, nor apparently is this region of the binding
pocket capable of the conformational flexibility that would be
needed to accommodate this substitution. Second, the com-
pletely hydrophobic nature of the Pfnaphthyl pocket explains
why aromatic rings containing heteroatoms show reduced
potency. Third, the close interaction between His185 and the
bridging nitrogen N-1 explains why a secondary nitrogen is
required at this position andwhy the addition of a third substit-
uent on the nitrogen reduces potency. Finally, the potential for
stacking interactions between Phe227 and Phe188, in addition to
the hydrophobic nature of the pocket, explains why large aro-
matic groups are favored.
In summary, x-ray structure determination of PfDHODH in

complex to three triazolopyrimidine-based inhibitors has pro-
vided insight into the structural basis for potent and species-
selective binding of this series of inhibitors. It has advanced our
understanding of the emerging SAR for this promising lead
series.Ongoing efforts to improve the potency and in vivoprop-
erties of the triazolopyrimidine-lead series will be greatly aided
by these studies. More broadly, the results have provided
insight into the structural requirements for designing species-
selective inhibitors of either malarial or human DHODH that
can be applied to scaffolds beyond the triazolopyrimidine ana-
logs. Finally, the advantages of attacking plastic active sites in
lead optimization offer general lessons for prioritizing struc-
ture-based protein-ligand interactions for pharmaceutical
applications.
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