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Structure of Plasmodium falciparum dihydroorotate

dehydrogenase with a bound inhibitor

Membrane-associated dihydroorotate dehydrogenase
(DHODH) is an antimalarial therapeutic target without an
effective inhibitor. Studies on human DHODH (HsDHODH)
led to a structural mechanistic model in which respiratory
quinones bind in a tunnel formed by the highly variable
N-terminus that leads to the flavin mononucleotide-binding
site. The therapeutic agents leflunomide (Arava) and
brequinar sodium inhibit HsDHODH by binding in this
tunnel. Plasmodium falciparum DHODH (PfDHODH) and
HsDHODH have markedly different sensitivities to the two
drugs. To understand the structural basis of this differential
sensitivity and begin a structure-based drug-design cycle for
PfDHODH inhibitors, the three-dimensional structure (2.4 A,
R =20.1%) of PIDHODH bound to the active metabolite of
leflunomide was determined by X-ray crystallography.
Comparison of the structures of HsSDHODH and PFDHODH
reveals a completely different binding mode for the same
inhibitor in these two catalytically identical enzymes and
explains the previously observed species-specific preferential
binding. Because no effective inhibitors have been described
for PEDHODH, this structure provides critical insight for the
design of potential antimalarials.

1. Introduction

Dihydroorotate dehydrogenase (DHODH), which catalyzes
the rate-limiting step of de novo pyrimidine biosynthesis,
oxidizes dihydroorotate to orotate using a flavin prosthetic
group that couples dihydroorotate oxidation to respiratory
quinone reduction. In subsequent biosynthetic steps, orotate is
further modified to produce uridine monophosphate, the
precursor to all the other pyrimidines used to synthesize DNA,
RNA and various cofactors. Pyrimidines also play key roles in
protein glycosylation, membrane lipid biosynthesis and
strand-break repair (Loffler et al., 1997). DHODH inhibition
forms the basis for drugs developed to treat cancer, transplant
rejection, rheumatoid arthritis, psoriasis and autoimmune
diseases (Kovarik & Burtin, 2003). Additionally, DHODH
inhibitors have been suggested as antibiotics (Marcinkeviciene
et al., 2000), especially against Helicobacter pylori (Copeland
et al., 2000), and as antifungal agents (Gustafson et al., 1996).

Plasmodium falciparum, the major human malarial parasite,
is particularly susceptible to DHODH inhibition. No pyrimi-
dine-salvage pathways have been detected in the fully
sequenced P. falciparum genome, suggesting an absolute
requirement for de novo pyrimidine biosynthesis at least
during the parasite’s intraerythrocytic stage (Gardner et al.,
2002). Small interfering RNA experiments have experimen-
tally verified the requirement of the intraerythrocytic form of
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P. falciparum for DHODH activity (McRobert & McConkey,
2002). Other methods have also shown that P. falciparum
DHODH (PfDHODH) would be a valid target for small-
molecule antimalarial therapeutic agents (Baldwin et al., 2002,
2005).

DHODHSs form two families: a cytosolic family found
mostly in prokaryotes that uses various soluble molecules as
electron sinks and a membrane-associated family found
mostly in eukaryotes, including P. falciparum, that uses

CCGT T TGAATC T TAT AACCCGGAGT T TT TCCTGTACGATATTTTCTTAAAATTTTGTTTGAAGTACATCGATGLGTGAAATT

GTTACCGAGARCTTAATTCTGT TCCGTARACCCCAGGAMGAGGATAARCTICTGAGCARACATATTSTC

ATTGTCGATGACCTGRAATAT TECATTAATAARATCLGOCET
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Figure 1

The cDNA sequence for the construct (1.3 kbp) was divided into four blocks of about 300 bases
each. Each block was synthesized independently by using four forward primers (1-16F) of about 100
nucleotides each and one reverse primer of about 18 nucleotides (R1-4). Number ranges indicate
sequence numbering; + indicates the presence of nucleotides that are not part of the gene.
Overlapping residues for primer extension are underlined. Each primer included restriction sites
(indicated below the sequence line) for ligating the completed blocks and for future cloning. Silent
mutations to introduce restriction sites and E. coli codons are indicated in bold.

respiratory quinones exclusively as the distal electron receptor
(Nagy et al., 1992). Although the two families share little
sequence identity, structural studies (Hansen et al., 2004; Liu et
al., 2000; Ngrager et al., 2002; Rowland et al., 1997) revealed
that the families share a large a/B-barrel core domain that
contains the flavin prosthetic group and forms the active site
for dihydroorotate. In family 1 DHODHs this core domain is
the entire protein, but in family 2 DHODHs an additional
N-terminal domain provides the membrane association

needed to allow the access of respira-
tory quinones (Bjornberg et al., 1997;
Hansen et al., 2004; Jensen & Bjorn-
berg, 1998).

The N-terminal domain contains two
a-helices that are the hallmark of all
family 2 DHODHs and which provide a
distinct binding site for respiratory
quinones. Additionally, in eukaryotic
family 2 DHODHs the quinone-binding
site is preceded by a putative mito-
chondrial signaling sequence and a
single transmembrane helix (Krogh et
al., 2001; Moller et al., 2001; Sonn-
hammer et al., 1998) which anchors the
protein onto the outer surface of the
inner mitochondrial membrane. Human
DHODH (HsDHODH) retains full in
vitro (Copeland et al., 1995; Davis et al.,
1996), but not in vivo (Loffler et al,
2002; Rawls et al., 2000), activity upon
truncation of the signal peptide and
transmembrane helix. The loss of in
vivo activity is attributed to improper
cellular localization.

Membrane-associated DHODH
activity can be abrogated by inhibitors
that bind in either the dihydroorotate-
binding site or the quinone-binding site.
The sequence of the dihydroorotate-
binding site is highly conserved, but the
sequence of the quinone-binding
N-terminal domain is highly variable
(Thompson et al., 1994). The variability
of the N-terminal domain is thought to
be responsible for the high degree of
species-related preferential inhibition
observed among DHODH family 2
members. For example, the active
metabolite of leflunomide (Arava), A77
1726, binds in the tunnel-like quinone-
binding site of the N-terminal domain
(Liu et al., 2000). A series of A77 1726
analogues inhibit HsDHODH 2000-
5700 times more potently than
PfDHODH (Baldwin et al., 2002). No
potent inhibitors of PfDHODH are
known. A crystallographic analysis of
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PfDHODH was undertaken to demonstrate the structural
differences and species-related inhibitor preferences between
HsDHODH and PfDHODH and to begin a cycle of drug
design.

2. Materials and methods
2.1. Gene synthesis

Because the A/T-rich sequence and unusual codon usage of
P. falciparum could lead to difficulties in expressing the
parasite’s proteins in bacterial expression systems, we
synthesized the cDNA from oligonucleotides with Escherichia
coli codon preferences and the amino-acid sequence for
PfDHODH (Fig. 1). The 5" end of the synthetic cDNA starts at
nucleotide 475 (amino acid 159) of the full-length sequence
(LeBlanc & Wilson, 1993). This position was chosen based on
a multiple sequence alignment (Fig. 2) to correspond to the 5’
end of the N-terminally truncated HsDHODH used in
previous structural studies (Liu ef al., 2000) that is soluble and
fully functional (Copeland et al, 1995). The 3’ end of the
construct corresponds to the C-terminus of the protein.

The procedure for the synthesis of the construct by PCR
overlap extension was adapted from a published procedure
(Horton et al., 1989). Fig. 1 details the synthesis and primers
used. The construct was divided into four blocks, each of
which would be synthesized by overlap extension. Each PCR
reaction was limited to ten cycles using Pwo polymerase
(Roche) to minimize amplification errors. The product of each
reaction was gel purified before serving as a template for the
succeeding step. Sequencing ensured no PCR error. Restric-
tion sites were engineered as silent mutations into each block,
permitting ligation into the pSTBlue (Novagen) vector for
cloning in DHS¢« (Invitrogen) cells. After cloning, the blocks

]
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Figure 2

Primary sequence alignment of the binding site. The species for alignment were selected from their
importance as laboratory models. The wild-type DHODH sequences were aligned using of
CLUSTALW (Thompson et al, 1994) as implemented on the MultAlin server (Corpet, 1988).
The sequences shown are an extract of the whole alignment and comprise the quinone-binding site.
Secondary structure is indicated for the predicted transmembrane helix (brick), the N-terminal
helices that form the site (green) and other parts of the core that complete the site (gold). Numbers
above the alignment give the residue number in human and rat DHODH. Numbers below are for
PfDHODH. Identical (red) and conserved (yellow) residues are boxed and shaded. The residues
most responsible for the overall shape of the quinone-binding tunnel are indicated by dots under
the sequence alignment. Red dots mark residues that have significant impact on the shape and
chemical environment of the PEDHODH quinone-binding tunnel compared with HsSDHODH.

CELEE EEREE]

were excised from the vector, digested by the appropriate
restriction enzymes and then ligated together to form the full
construct. The synthetic DNA sequence has been deposited in
the GenBank database under accession No. AY685129.

2.2. Expression and purification

The PFDHODH DNA construct was introduced into the
pRSET expression vector (Invitrogen), which includes an
N-terminal polyhistidine (6 x His) tag. PFDHODH was
expressed in LB media at 293 K using either freshly trans-
formed or glycerol stocked BL21-CodonPlus(DE3)-RIL
(Stratagene) with overnight induction by 10 pM isopropyl
B-D-thiogalactoside.

All purification steps were performed at 277 K. Soluble
PfDHODH was obtained by sonicating cells resuspended in
lysis buffer {1 M NaCl, 100 mM HEPES pH 8.0, 1 mM sodium
azide, 0.05%(w/v) THESIT detergent [C;E.o, CMC =
0.005%(w/v)]} with a non-EDTA-containing protease-
inhibitor cocktail (Sigma). After soniciation, the mixture was
stirred vigorously for 30 min.

After clarification, the extract was applied onto a pre-
equilibrated low-pressure f-butyl hydrophobic interaction
column and washed in lysis buffer. PFDHODH was readily
eluted with a low-salt buffer [100 mM NaCl, 50 mM HEPES
pH 8.0, 1 mM sodium azide, 0.05% (w/v) THESIT] in a single-
step gradient. The effluent from the hydrophobic interaction
column was immediately applied onto a low-pressure column
of pre-equilibrated Talon cobalt-affinity beads (Clontech) and
washed with the low-salt buffer. PFEDHODH was eluted from
the column with a small amount of low-salt buffer supple-
mented with 100 mM imidazole pH 8.0. The effluent from the
cobalt-affinity column was concentrated to a volume of 1-2 ml
by ultrafiltration and then passed through a HiPrep Sephacryl
S-200 HR gel-filtration column pre-
equilibrated with crystallization buffer
[15 mM NaCl, 10 mM HEPES pH 74,

0
FANRFFIs L GEL PR
it ﬁ?é’i; Eggs 3 E 5 mM pentaethylene glycol monooctyl
?EF?E@EWEE §E§ ether (CgEs, CMC = 7.1 mM)]. Tpe
‘E;{; H E REhl B effluent peak corresponding to a protein
It_.i. £kt gl ;ggt E Y of about 50 kDa was collected and
concentrated by ultrafiltration to a final
= concentration of about 20 mg ml™".
TALTF| PPV
TALI FIL{EP PV
TALTY QP PV
SRFVYEHE RV ..
TAEAYKED 6L 2.3. Enzyme activity
TQERVIOHS A p
SorlFikiderL We employed a dye-based assay
SCLVFEN[EMK S .
s (Copeland et al., 1995) to determine

the kinetic parameters for PPDHODH
and to evaluate the inhibitory effect
several compounds, including
brequinar, A77 1726, atovaquone
(GlaxoSmithKline), DPC-AE661100
(C30H,9N50Oy, a proprietary inhibitor of
HsDHODH generously donated by
Glenn McConkey) and a series of
asymmetric  terphenyl  compounds
(Sutton & Clardy, 2001). The decrease
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in light absorbance at 595 nm of a protein solution was
measured every 30 s over a course of 5 min. This decrease in
absorbance corresponds to the reduction of 2,6-dichlor-
oindophenol (DCIP, & = 18.8 mM ' cm™"), which is stoichio-
metrically coupled to the reduction of quinone substrate.
Experiments to determine K., and k.,  were conducted with
six repetitions by varying the concentration of the electron
receptor 2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-
benzoquinone (CoQy; 25-100 uM) under conditions of a
saturating concentration (250 pM) of dihydroorotate. All
experiments were conducted in a solution of 100 mM Tris pH
8.0, 0.1%(w/v) Triton X-100, 68 uM DCIP and 0.004 % (w/v)
gelatine at room temperature. Inhibition measurements were
conducted in triplicate at various concentrations of both
inhibitor (15-60 uM) and CoQ; (25-100 pM). Reactions were
initiated by the addition of purified enzyme to a final
concentration of 20 nM.

Microsoft Excel was used to plot and analyze the data to
determine kinetic parameters. Initial reaction rates were
calculated by least-squares linear regression. Lineweaver—
Burke plots suggested initial guesses for the kinetic para-
meters and the type of inhibition to be fitted. Least-squares
non-linear regression used standard models, including the
Michaelis—-Menten equation and variations thereof describing
competitive (1), non-competitive (2), uncompetitive (3) and
mixed (4) inhibition to determine kinetic parameters and
estimate their errors. Fits to other models, including those for
slow- and tight-binding inhibitors (Szedlacsek & Duggleby,
1995), were considered and attempted, but the regressions
either did not converge or yielded parameters that reduce the
models to simpler expressions.

Vmax [S]
L ] @
s+ (i)
1
_ Vmax [S]
V= 0 @
(8] + K )[1 + (szﬂ
1
Vmax [S]
ve— - 3)
K [S][l + (K—)]
1
ViudlS]

v

. [7] [1]
a1+ () |+ 9+ )

2.4. Crystallography

We predicted that PIDHODH would crystallize under
conditions similar to those observed in the crystallization of
HsDHODH (Liu et al., 2000). Hits from high ammonium

Table 1
PfDHODH diffraction data statistics.

Values in parentheses are for the highest resolution shell (2.53 > d > 2.40 A).

Wavelength (A) 0.9474
Oscillation (@) (°) 1.0

Exposure (s) 20
Resolution (A) 50 > d > 240
Total/unique reflections 107421/23068
Completeness (%) 98.0 (99.8)
(Ilo(D)) 8.6 (2.3)
Multiplicity 4.7 (4.7)
Ruym (%) 7.4 (324)

Unit-cell parameters (hexagonal) (A, °) a=>b=1054, c=276.6,
a=p=90,y=120
b =c=110.5,

B=y=570

Unit-cell parameters (rhombohedral) (A, °) a=
o

sulfate concentration/low-pH screens were screened with
additives and detergents (Hampton) to improve crystallization
conditions. Results from one detergent screen suggested CgE5
as an additive instead of the amine-gB-oxides used for crys-
tallizing HsDHODH. Dynamic light-scattering experiments
(data not shown) confirmed that a solution of 1mM
PfDHODH became monodisperse upon addition of CgEs.

Diffraction-quality crystals of PEDHODH were grown using
the sitting-drop vapor-diffusion technique. The substrates
dihydroorotate and A77 1726 were solubilized in DMSO
(50 mM) and then added to a final concentration of 2 mM
each in the concentrated (20 mg ml~") protein solution. The
detergent CgEs was also added to increase its final concen-
tration to 14 mM. As with HsDHODH, no crystallization is
observed without the presence of these additives in solution
(Liu et al., 2000). The spiked protein solution was then mixed
with an equal volume of reservoir solution [41%(w/v)
ammonium sulfate and 100 mM sodium acetate pH 4.3-4.4]
and equilibrated against 0.5 ml reservoir solution at 277 K.

Crystals were frozen in liquid nitrogen using a cryoprotec-
tant consisting of 30%(v/v) glycerol, 41%(w/v) ammonium
sulfate and 100 mM sodium acetate pH 4.3-4.4. Diffraction
data were collected at 100 K on the Al beamline at the
Cornell High Energy Synchrotron Source (CHESS) using an
ADS Quantum 4 CCD detector. All data were reduced with
DPS (Rossmann & van Beek, 1999) (Table 1). The hexagonal
plates were found to have R32 symmetry with one molecule
per asymmetric unit, a solvent content of 60.9% and unit-cell
parameters a = b = 1054, ¢ = 276.6 A using hexagonal co-
ordinates.

Molecular replacement with MOLREP (Collaborative
Computational Project, Number 4, 1994) using HsSDHODH
(PDB code 1d3h, 35% sequence identity in the search region)
as a search model provided an initial solution for prime-and-
switch phasing with RESOLVE (Terwilliger, 2001a,b). The
resulting model required extensive manual rebuilding with O
(Jones et al., 1991; Kleywegt & Jones, 1996). Electron-density
maps (F, — F.) displayed well defined density for the
substrates and the prosthetic group before including them in
CNS (Briinger et al., 1998) refinement (Table 2) using para-
meters from the Hetero-Compound Information Centre,
Uppsala (Kleywegt & Jones, 1998). Molecular graphics were
created with ALSCRIPT (Barton, 1993), SPOCK (Christo-
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Table 2

Refinement statistics, 33.5 > d > 24 A.

Values in parentheses are for the highest resolution shell (2.55 > d > 2.40 A).

No. of reflections (work/test)
Completeness (%)
1{o(1))/{Ilo(I))

Total No. of atoms

No. of protein atoms

No. of ligand atoms

No. of water atoms

RiRiee (%)

Luzzati plot/cross-validated

21786 (3649)/1139 (186)
97.3 (98.7)

21.8 (7.2)/30.4 (9.0)
3282

2956

114

212

20.1 (22.0)/24.3 (27.8)
0.24/0.31

SIGMAA/cross-validated 0.19/0.25
R.m.s. bond lengths (A)/angles ©) 0.007/1.42
R.m.s. dihedral/improper angles (°) 21.2/0.77
R.m.s. B bonds/angles (A?)
Main chain 1.42/2.35
Side chain 2.24/3.38
Ramachandran plot (%)
Most favored 91.2
Additionally allowed 7.9
Generously allowed 0.6
Disallowed 0.3

pher, 1998), POVScript+ (Fenn et al., 2003) and POV-Ray
(The POV-Ray Team, 2003).

3. Results
3.1. Gene synthesis, expression and purification

Our protocol consistently yielded about 10mg of
PfDHODH per litre of growth medium. THESIT detergent
was chosen as an initial extraction detergent because it has no
absorbance at 280 nm and is inexpensive for use in the large
preparations required for structural studies. As an optional
enrichment step, riboflavin can be added to the growth
medium.

3.2. Enzyme kinetics

The concentration of CoQ; was varied at saturating
concentration of dihydroorotate to determine the values of
the Michaelis-Menten constant (K, = 13.1 £ 1.6 uM), the
catalytic rate (ke = 6.15 £ 0.15s7') and the specificity
constant (ke /Ky = 0.47 £ 0.06 s~ uM~"). The Michaelis—
Menten constant is consistent with published values, but the
catalytic rate and the specificity constant are about three times
greater than expected and the quinone substrate used in our
experiments is different from that used previously (Baldwin et
al., 2002). These values vary inversely with the concentration
of enzyme used in the experiment, so they also reflect the
error in the measured protein concentration.

Extensive measurements have been made of the inhibition
of HsDHODH by several compounds, including A77 1726
(Bruneau et al., 1998; Davis et al, 1996; Knecht & Loffler,
1998; McLean et al., 2001), brequinar (Bruneau et al., 1998;
Chen et al., 1986, 1990, 1992; Cleaveland et al., 1996; Knecht et
al., 2000; Knecht & Loffler, 1998, 2000a; Lakaschus & Loffler,
1992; McLean et al., 2001; Peters et al., 1987) and atovaquone
(Knecht et al., 2000; Knecht & Loffler, 2000a; Seymour et al.,
1994). Similar measurements have been made for rat

Table 3
Inhibition constants demonstrate species-related preferential inhibition.

K;, approximate inhibition constant (nM); literature references from which
these values are derived are given in §3.2 of the text. Structures are shown in
Fig. 3.

Compound Structure Human Rat P. falciparum
AT7 1726 Fig. 3(a) ~100 ~20 ~10000
Brequinar Fig. 3(b) ~10 ~30 >1000000
Atovaquone Fig. 3(c) ~2000 ~75 >500000

DHODH (RrDHODH) with A77 1726 (Kobayashi et al.,
2001), brequinar (Knecht et al., 2000; Knecht & Loffler, 1998;
Kobayashi ef al., 2001) and atovaquone (Knecht et al., 2000;
Knecht & Loffler, 2000a). Of these, only the inhibitory effect
of atovaquone has been measured for PPDHODH (Baldwin et
al., 2002; Seymour et al., 1994). Comparison of DHODH
inhibition for a given compound demonstrates the effect of
differences in the quinone-binding pocket that give rise to
specificity. These measurements have been summarized in
Table 3 (the structures of the inhibitors are shown in Fig. 3).

Least-squares analyses of inhibition assays for PFEDHODH
using the novel asymmetric terphenyl compounds atovaquone,
brequinar and DPC-AE661100 did not converge for any
regression model. The fitting failure is probably a consequence
of the low concentration of inhibitor used in the assay
compared with the value of its apparent inhibition constant.
Because we were only interested in potent inhibitors, we did
not repeat the assays at higher inhibitor concentrations.
Instead, we employed a crude assay using DCIP buffer. In the
presence of an inhibitor, the buffer will remain dark blue, even
after 10 min. If the compound being assayed is not functioning
as an inhibitor at a given concentration, the buffer will become
colorless in less than a minute. The buffer will become dark
blue again after about 15 min owing to the reoxidation of
DCIP by molecular oxygen.

Some of the novel asymmetric terphenyl compounds
displayed modest mixed inhibition of HsDHODH (~100 >
K; > ~3 uM), but none were effective against PFDHODH,
even at a concentration of 1 mM. Brequinar and DPC-
AE661100 are potent inhibitors of HSDHODH (K; < 10 nM),
but had no effect on PEDHODH activity, even at a concen-
tration of 1 mM. Although the in vivo target of atovaquone is

Figure 3
Structures of the inhibitors (a) A77 1726, (b) brequinar and (c)
atovaquone.
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not DHODH (Fry & Pudney, 1992; Seymour et al., 1994),
HsDHODH is inhibited by it in vitro (K; >~ 20 uM). Seymour
and coworkers used a complicated in vitro assay in which the
downstream production of UMP from radiolabeled dihy-
droorotate is measured over time to report that atovaquone
also inhibits PFDHODH (K; = 27 uM). In contrast, using the
same DCIP assay that was employed to determine the K; for
HsDHODH, PFDHODH seems to be inhibited by atovaquone
only at concentrations greater than 500 uM. The rate data for
the inhibition of PFDHODH by A77 1726 could be fitted to
both the noncompetitive and mixed models of inhibition. The
noncompetitive model yielded an inhibition constant of 11.1 £
0.5 pM. The mixed model indicated a specific or competitive
inhibition constant of 7.1 £ 1.9uM and a catalytic or
uncompetitive inhibition constant of 12.7 &+ 1.4 uM. Errors
represent the standard error of the fit. Thus, A77 1726 inhibits
PfDHODH about 100 times less potently than HsSDHODH
(K; ~ 100 nM).

Figure 4

The overall structure of PEDHODH. (a) Steroview of PPEDHODH. Labels
for secondary structure were assigned successively from the N-terminus
(blue) to the C-terminus (red). (b) Location of small molecules in
PfDHODH (structure rotated 180° in the plane compared with a).
PfDHODH assumes an o/f-barrel fold (gold). The dihydroorotate-
binding site (cyan) is inside the barrel. Dihydroorotate stacks against the
internal FMN. The quinone-binding site is formed at the interface of the
N-terminal helices (green) and the core o/B-barrel. A previously
identified flexible loop (red) covers the dihydroorotate-binding site.
The flexible loop insert unique to PADHODH is mostly absent (Glu375-
Phe414) from the structure. The inhibitor A77 1726 was cocrystallized
with the protein and was found in the quinone-binding site (cyan). Also
shown are two detergent molecules and a sulfate ion, which mediate
crystal contacts.

3.3. Overall structure

The overall «/B-barrel structure (Fig. 4) of PAIDHODH is
similar (backbone r.m.. displacement: human = 1.0 A,
rat=1.0 A, E. coli = 1.1 A) to that of other family 2 DHODHs
(Hansen et al., 2004; Liu et al., 2000; Ngrager et al., 2002). The
core of the barrel is formed by eight parallel S-strands which
are surrounded by eight o-helices. Short 3;q-helices were
identified using DSSP (Kabsch & Sander, 1983) and STRIDE
(Frishman & Argos, 1995) at the N- and C-termini and at
junctions between some of the S-strands and a-helices. Short
antiparallel S-strands cap both ends of the barrel. One of these
caps lies flat on the N-terminal ends of the S-barrel, forming a
lid. The other cap protrudes from the C-terminal loops of the
B-barrel and forms a platform whose intersection with the
a/B-barrel core is the site of reaction. The platform supports a
flavin mononucleotide (FMN) prosthetic group that segre-
gates the dihydroorotate-binding site to the mouth of the
barrel and the quinone-binding tunnel to the outer surface of
the barrel. The quinone-binding site is blanketed by the two
a-helices of the N-terminal domain. These «-helices are
loosely tethered to the core domain by a poorly defined loop
of 15 residues. The inhibitor probably stabilizes a limited set of
conformations for these a-helices in the crystal lattice because,
as with HSDHODH, the presence of inhibitor was required for
crystallization.

Long insertions are common in P. falciparum proteins and
their significance is not clear (Anders, 1986; Aravind et al.,
2003). PFDHODH contains a 44-residue insertion (376-419) in
the core domain. This insertion does not change the «/B-barrel
structure of the core and is at least 30 A away from the nearest
catalytic moiety. Judging by the lack of electron density for
most of this insertion (376-413), it does not have a well
defined secondary structure. This observation is consistent
with those from other P. falciparum protein structures that
also have these characteristic insertions (Anders, 1986;
Aravind et al., 2003). Although there was no interpretable
electron density for the insertion, there is a large region
between individual protein molecules as they are arranged in
the crystal lattice that could accommodate these disordered
residues without interfering with crystal packing.

3.4. Small molecules

Strong electron density indicated the presence of a sulfate
ion along a threefold rotation axis, where it mediates contacts
between the three symmetry-related molecules via hydrogen
bonds to Lysp193 and Tyrp;194. Unmistakable, but not
completely defined, electron density designated two molecules
of CgEs detergent near the same symmetry axis. Both deter-
gent molecules mediate contacts between the N-terminal
domains of the other two symmetry-related molecules and
may mimic the protein’s interaction with the mitochondrial
membrane. The polyoxyethylene moiety of one of the deter-
gent molecules assumes a crown ether-like conformation,
coordinating Lysp;173 and mediating contacts to a symmetry-
related molecule (closest approach Glyp554). The acyl tail of
the coordinating detergent molecule wraps around the first
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helix of the quinone-binding domain. The second detergent
molecule lies antiparallel to the first, with its hydrophobic tail
near that of the first molecule and the polyoxyethylene moiety
in a groove between the two helices that form the roof of the
quinone-binding tunnel.

Well defined electron density suggested the presence of
FMN and orotate in the core of the protein. The presence of
the two oxidized species lacks physiological relevance
(McLean et al., 2001), but the structure does serve to define
the locations of their binding sites. The sites are found in
almost exactly the same places as in HsDHODH (FMN
rms. = 0.79 A, orotate r.ms. = 0.53 A) and with similar

hydrogen-bonding patterns to the conserved residues that
make up the sites. The temperature factors for the orotate and
FMN are less than 25 A% which are among the lowest values
in the structure. The structure suggests no clear mechanism for
the relaying of electrons from the FMN to the respiratory
quinone molecule, although the strictly conserved Tyrp528
may play a role.

3.5. Quinone-binding tunnel

The inhibitor A77 1726 is bound in the putative quinone-
binding tunnel formed by the N-terminal domain (Fig. 5). Our

Mouth

Orotate Orotate

FMN

(e) (d)

Figure 5

Comparison reveals significant differences between mammalian DHODH and PfDHODH. (a)
HsDHODH bound to A77 1726, (b) PEDHODH bound to A77 1726, (c¢) HsDHODH bound to a
brequinar analog, (d) RrDHODH bound to atovaquone. The HsDHODH structures show the
primary, higher affinity subsite. The PP DHODH and RrDHODH structures illustrate the secondary,
lower affinity subsite. Burgundy coloring indicates residues in the C* trace or molecular surface that
are identical in PFDHODH and either HSDHODH or RrDHODH. Aqua coloring indicates non-
identical residues. The mouth of the quinone-binding tunnel is wide open in HuDHODH and closed
owing to non-conserved residues Phep171 and Metp536 in PEDHODH. A phenylalanine residue
(Phep188) in the waist region prevents A77 1726 from binding to PfDHODH in the same
orientation as it binds to HSDHODH. The substitution of a leucine residue (Leup176) in the end of
the tunnel in PEDHODH removes a potential hydrogen-bonding partner. Larger hydrophobic
residues (Ilep263 and Ilep272) near the FMN constrict the end of the tunnel. The changes in the
quinone-binding pocket led to changes in the binding orientation of A77 1726.

structure-based sequence alignment
(Fig. 2) reveals the variability in the
residues that make up the quinone-
binding tunnel. Some of these noncon-
served residues alter the shape and
chemical composition of the tunnel,
resulting in  distinctive  structural
features at the mouth, waist and end of
the quinone-binding tunnel. Other
nonconserved residues contribute to the
amphipathic character of the domain as
a whole, but do not change the shape of
the tunnel.

The r.m.s. backbone displacement for
the domain when aligned with the
structure of HSDHODH bound to A77
1726 (PDB code 1d3h) using the entire
backbone is 3.6 A. When the domain
alone is aligned, most of it (170~
198) overlaps well (r.m.s. backbone
displacement: 1.2 A) The domain
structures diverge at the N-terminus
of the first helix (165-170), where the
r.m.s. backbone displacement is 4.8 A,
yielding an average r.m.s. backbone
displacement of 2.2 A for the domain. A
slight kink in the first helix at Leuy42
broadens the mouth of the quinone-
binding tunnel in HSDHODH and is
responsible for the overlap divergence.
The first helix is linear in PFDHODH,
bringing the N-terminus of this helix
closer to the C-terminus of the second
helix and sealing off the mouth of the
quinone-binding tunnel with the help of
the substitution of Phepl71 for Leuy 42
and Metp536 for Proy364.

A pair of residues in the waist of the
quinone-binding tunnel work in concert
to skew the alignment of the trifluoro-
methylphenyl tail of A77 1726 in
PfDHODH with respect to its position
in HsDHODH. In HsDHODH,
Mety43 on the first helix pushes A77
1726 to occupy a space left available by
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Alay59 on the second helix. In
PfIDHODH, Mety43 and AlagS9 are
replaced by Leup;172 and Phep188,
respectively. The  substitution of
Phep188 for AlayS9 on the second
helix pushes the tail of A77 1726 to
occupy a space left open by Leup172 on
the first helix. This pushing of the tail of
A77 1726 ratchets the functional groups
at the other end of the inhibitor around
with respect to their positions in the
human structure, disrupting hydrogen
bonding to conserved  residues
(Hisps185, Argp265, Tyrp:528) at the
end of the tunnel. The substitution of a
leucine  residue  (Leupl76)  in
PfDHODH for a glutamine residue
(GIny47) at the end of the tunnel
removes a hydrogen-bonding partner
found in HSDHODH. Finally, Valy134
and Valy143 are conservatively substituted for Ilep263 and
Ilep272 at the end of the tunnel in PEDHODH. These larger
hydrophobic groups decrease the size of the cavity near the
FMN and push A77 1726 slightly back towards the mouth of
the tunnel.

The differences in shape and chemical environment
between the quinone-binding tunnels of PfDHODH and
HsDHODH have dramatic consequences for the binding of
A77 1726. To better satisfy hydrogen bonding to the conserved
residues, the inhibitor binds in a configuration that can most
easily be thought of as a 180° rotation about its long axis with
respect to its position in HHDHODH. As with HsSDHODH,
conserved residues Hispil85, Argp265 and Tyrp528
participate in hydrogen bonding to the inhibitor at the end of
the tunnel; however, hydrogen bonding to HsDHODH
involves long-distance water-mediated contacts and no water
is found in the PFDHODH binding tunnel, suggesting a closer
fit of the inhibitor to the tunnel. The new hydrogen-bonding
pattern of ligand binding in PfDHODH appears more
favorable than that found in HsDHODH, but the binding of
A77 1726 to PfDHODH is two orders of magnitude
weaker than to HsDHODH. This disparity suggests that
binding is dominated by hydrophobic interactions,
whereas hydrogen-bond complementarity provides quinone
specificity.

Figure 6

3.6. Disulfide bonds and the oxidation state of the protein

Two disulfide bonds are found in PIDHODH. The first is
Cyspi283—Cysp328 and is located more than 20 A away from
the inhibitor molecule. The other pair of cysteines (Cysps175-
Cysp184) is unique to Plasmodium and provides a disulfide
bond in the waist of the quinone-binding tunnel. This bridge
locks the turn of the a-helices at the C-terminus of the first
helix and the N-terminus of the second helix of the N-terminal
domain. The density describing this disulfide bond is among
the strongest in the whole structure and therefore must be

AT7 1726

Radiation damage disintegrates disulfide bridges. (¢) A combination of two reduced cysteines
(Cyspl75 and Cysp184) and a disulfide bridge, each with reduced occupancy, best satisfies the
strong electron density (contoured at 1.50) found near the quinone-binding site. Electron density is
also shown for A77 1726. (b) An F,,s — Fops difference map was calculated using the first 25 and last
29 frames of the data set to see if the positions of the S atoms changed over the course of data
collection owing to radation damage. A distinct change was observed in the disulfide bridge
between Cysp283 and Cysp328 (contoured at +20).

addressed. The disulfide bond observed in the quinone-
binding region might be an artifact of the crystallization
conditions, but at least its modeling and time-dependent
behavior merit attention. Although a disulfide bond can be
formed with an acceptable conformation (Srinivasan et al.,
1990), a disulfide alone cannot account for all the strong
density in this region. Several alternative models were
proposed, including the presence of zinc or another metal ion,
but a model that includes both a disulfide bond and two
reduced cysteines, each with partial occupancy, best satisfies
the electron density (Fig. 6a).

Reducing agents were not used in any buffer and crystals
were grown, harvested and cryoprotected in an molecular
oxygen-containing environment, so it is likely that the disul-
fide bonds were uniformly present in the crystal before
exposure to X-ray radiation. The data were collected over the
course of more than 2 h total exposure time on a brilliant
synchrotron source. There is some precedent for the ability of
large doses of high-energy X-rays to break disulfide bonds
(Ravelli & McSweeney, 2000; Sliz et al., 2003). Evidence that
this form of radiation damage took place in PEDHODH was
suggested by scaling together the first few frames of collected
data, scaling together the last few frames of collected data and
then calculating an F,,s — Fops difference map to see if the
positions of the S atoms changed over the course of data
collection. A distinct change was observed in the disulfide
bond between Cysp283 and Cysp;328. The bond was apparent
at the beginning of the data set, but quickly disintegrated over
the course of data collection (Fig. 6b). The disintegration of
the disulfide bond between Cyspel75 and Cysp184 is not as
obvious, perhaps because the two helices that are held toge-
ther by the disulfide are stabilized by crystal contacts with
other PFDHODH molecules.

Crystallized PFDHODH was found in two isoforms in the
same drop: yellow rectangular prisms and colorless hexagonal
plates (Fig. 7). The yellow rectangular prisms diffracted
poorly, but the colorless hexagonal plates yielded good data.
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These two isoforms may reflect the reduced and oxidized
states of the flavoprotein. It is not likely that some of protein
did not contain FMN because the FMN content of the
recombinant enzyme is known to be 0.9 (Baldwin et al., 2002)
and because FMN was clearly visible in the electron-density
map taken from data collected from the colorless hexagonal
plates. It is possible that the colorless plates were so thin that
even though they contained oxidized FMN and were yellow in
color the coloration was undetectable by eye. Another
possible explanation of this observation is that inhibition of
the enzymatic activity slowed the oxidation of FMNH, enough
to enable the crystallization process to trap some of the
protein in the oxidized state. Despite this possible trapping,
the electron density for the flavin clearly suggests the oxidized
species. Although colorless at the beginning of the data
collection, these hexagonal plates assumed a yellow color by
the end of data collection, suggesting that some electron
transfer occurred during the course of data collection, perhaps
because of radiation damage. It may be that this electron
transfer occurred very rapidly at the beginning of the
diffraction experiment, resulting in the majority of the data
reflecting the oxidized FMN. Because the disulfide bond
between Cyspl75 and Cyspel84 is near the FMN- and
quinone-binding site, electron transfer from FMNH, may also
be another reason that this disulfide did not disintegrate
completely.

4. Discussion
4.1. Malaria

Nearly 50% of the world population is exposed to malaria,
with an incidence rate of nearly 400 million that results in over
one million deaths annually (Hay et al, 2004). Most of the
deaths occur in sub-Saharan Africa among children less than
five years of age (Murphy & Breman, 2001; Snow et al., 1999).
In the current absence of a vaccine, prophylactic and ther-
apeutic drug use is the only recourse. P. falciparum is
becoming more resistant to traditional drug treatments,
including the novel antimalarial cocktail atovaquone/

Figure 7

Different crystal form in the same drop. These two crystals were grown
side by side in the same drop. The yellow rectangular prism did not
diffract well. The colorless hexagonal crystal diffracted well and provided
the data for the structure of PEDHODH.

proguanil (Meprone; Fidock et al, 2004). The antifolate
proguanil has been used as an antimalarial agent since 1948.
Atovaquone was developed over a period of nearly 40 years as
a ubiquinone mimic and potential DHODH inhibitor, but
after its introduction in the early 1990s it was discovered that
atovaquone acts by disrupting the electron-transport chain
through inhibition of cytochrome b in Complex III (Fry &
Pudney, 1992; Srivastava et al., 1997, 1999). Early reports of
atovaquone activity against de novo pyrimidine biosynthesis
arose from the indirect measurement of inhibition by HPLC of
radiolabeled parasites (Hammond et al., 1985). Atovaquone is
a reasonably effective treatment for malaria; however, it does
not inhibit PADHODH in vivo and thus the enzyme remains a
valid antimalarial target that lacks a potent inhibitor.

4.2. Structures explain species-related preferential inhibition

The quinone-binding tunnel in PfDHODH comprises
55 A®. The size of the tunnel in human (PDB code 1d3g) and
rat (PDB code luum) DHODH is much larger (715 and
760 A3, respectively). The smaller overall size of the
PfDHODH tunnel explains why inhibitors larger than A77
1726, including brequinar, atovaquone, DPC-AE661100 and
our series of terphenyl compounds, are ineffective inhibitors
of PFIDHODH. Specific and distinct structural differences
between the three species in the mouth, waist and end of the
quinone-binding tunnel are responsible for the species-related
preferences for inhibitors that bind in the tunnel (Table 3).
Fig. 5 illustrates the shapes of the quinone-binding tunnels and
the residues that contribute to preferential inhibition for the
three species.

The openness of the mouth is an obvious feature that might
contribute to inhibitor preferences. The mouth of the tunnel
in PFDHODH is more constricted than in human or rat
DHODH. It may be that the smaller size of A77 1726 permits
it to more easily pass through the mouth of PFDHODH and
bind in its smaller tunnel. In most species, the mouth is
probably more open because a major substitution that closes
the mouth of PADHODH (Metp536) is unique to Plasmodium
species. Although reasonably flexible, the pushing aside of this
methionine by larger inhibitors, such as atovaquone, probably
causes them to lose some binding affinity.

The large side chain of Phep188 in the waist region of
PfDHODH occupies the same position as brequinar in
human and rat DHODH, suggesting the major reason for the
ineffectiveness of brequinar and our terphenyl compounds on
PfDHODH activity. This substitution also contributes to the
reduced affinity of PEDHODH for A77 1726.

The end of the quinone-binding tunnel is most conserved
between mammalian DHODH and PEDHODH because of the
presence of more highly conserved residues. This is as
expected because the head group of ubiquinone presumably
binds in this region. In each species, the conserved residues
(Hispe185, Argp265, Tyrp528) occupy about the same position
and function as partners in hydrogen bonding to the inhibitor.
Additionally, Glng47 participates in hydrogen bonding to
brequinar, A77 1726, and atovaquone in rat and human
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DHODH. In PfDHODH, this residue is a leucine (Leup176).
The loss of a hydrogen-bonding partner may also be respon-
sible for the lower affinity of PEIDHODH for these inhibitors.
One strategy for designing a better inhibitor might be to
complement the leucine substitution by removing the
hydrogen-bonding partner in the inhibitor. However, removal
of the 2-hydroxy moiety of atovaquone and other naptho-
quinones in an attempt to improve binding is unlikely to
succeed, because napthoquinones lacking the 2-hydroxy
substitution serve as alternate substrates instead of inhibitors
of DHODH (Knecht et al., 2000).

The end of the quinone-binding tunnel is slightly smaller in
PfDHODH than in mammalian DHODH owing to the
increased size of hydrophobic residues (Ilep;263 and Ilep272)
near the FMN. The substitution of isoleucines for valines may
be yet another reason for the ineffectiveness of breqinar and
the decreased binding of atovaquone in PFDHODH. These
residues are probably also the reason for the poor binding of a
series of A77 1726 analogues to PEDHODH (Baldwin et al.,
2002). Each of these analogues has a large cyclopropyl group
that would bump into the hydrophobic wall presented by the
isoleucines. This displacement would move the inhibitor
beyond the reach of hydrogen-bonding partners and cause the
substituted phenyl tail to run into Phep;l71 and Phep;188,
leading to decreased affinity. The finding that a single muta-
tion in Aspergillus nidulans DHODH at the position of
Ilep263 confers resistance to agricultural antifungal agent
LY214352 strengthens the idea that these residues are
important in species-related preferential inhibition (Gustafson
et al., 1996).

4.3. Multiple binding modes for inhibition

The mechanism of action of inhibitors of family 2 DHODHs
has been thoroughly defined through several kinetics studies,
including those already cited and others (Bennett et al., 1979;
Cleaveland et al., 1995; Davis et al., 1996; Hudson, 1988; Jaffee
et al., 1993; Ullrich et al., 2002; Williamson ef al., 1995, 1996).
Quantitative structure-activity relationship studies (Batt ez al.,
1995, 1998, Chen et al., 1990; Knecht & Loffler, 1998; Leban et
al., 2004; Pitts et al, 1998; Ren et al, 1998) have also
contributed to understanding how these inhibitors bind. These
inhibitors engage the same residues and occupy more or less
the same position that respiratory quinones presumably do
(Hansen et al., 2004). However, kinetic data (McLean et al.,
2001; Soliva et al, 2003) and the various structures of
DHODH suggest the lack of a unique recognition site. This
observation underscores the plasticity of the quinone-binding
tunnel and perhaps is related to the indeterminate mixed
inhibition kinetics often associated with DHODH inhibitors
(Knecht et al., 2000; Knecht & Loffler, 1998, 2000b; McLean et
al., 2001). Indeed, the different binding modes of inhibitors
bound to DHODH demonstrate the adaptability of a few
conserved residues in the context of a much larger number of
nonconserved residues in the binding tunnel.

The PfDHODH structure demonstrates an example of
blocking the activity of the same enzyme from two different

species by a significantly altered mode of inhibitor binding.
This structure adds support to the hypothesis of multiple
binding sites as suggested by kinetic data. Inhibitors bind to
DHODH along one of two axes that intersect near the
completely conserved Argp265. It is possible that these two
axes represent two recognition subsites, the first with greater
affinity than the second, but both capable of binding DHODH
inhibitors. A77 1726 and brequinar analogs bind in the
primary subsite of rat and human DHODH. Atovaquone in
rat DHODH and A77 1726 in PIDHODH bind in the
secondary subsite.

Atovaquone is forced to orient itself along the secondary,
lower affinity subsite because of its increased bulk and the
chemical character of its hydrophilic Cl atom, which is
incompatible with the hydrophobic residues near where it
would lie if it bound in the primary subsite. When atovaquone
binds in the secondary subsite of RrDHODH, it displaces the
first N-terminal helix from the position it takes in all other
structures. This displacement occurs from the N-terminus to
Leug,46 by means of a hinge residue (Glyg,45) in the waist
region. Atovaquone presumably also binds in the secondary
subsite of HsDHODH. However, the displacement of the
N-terminal helix is perhaps more difficult in HsDHODH
because its hinge residue (Thry45) is not allowed as great a
range of motion as the hinge in RrDHODH. This difficulty
may explain why the inhibition of HSDHODH by atovaquone
is more than 25 times weaker than for RrDHODH (Knecht et
al., 2000).

The hinge in PEFDHODH is a phenylalanine (Phep¢174),
compounding the problem. The waist region of PIDHODH
contains two cysteine residues that could form a disulfide bond
directly adjacent to this phenylalanine. In other species,
Cyspel75 is a leucine and Cyspe184 is an alanine. The two
cysteines or the leucine and alanine combine to occupy about
the same space and volume in every DHODH structure and
probably do not impart much specificity to an inhibitor, except
when atovaquone pushes the N-terminal helix out and away
from the quinone-binding tunnel. If a disulfide bond exists in
the native structure of PfDHODH, this bond would be
another reason for the ineffectiveness of atovaquone in
PfDHODH because the hinge residue would be even more
constrained.

Like atovaquone, A77 1726 cannot bind in the primary,
higher affinity subsite in PFDHODH. Instead, it is forced to

I P
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Figure 8

Proposed inhibitors. These proposed inhibitors are based on brequinar
and A77 1726, but the phenyl tail is repositioned to avoid collision with
Phep:188. This may permit these compounds to maintain the hydrogen-
bonding structure found in the corresponding high-affinity HHDHODH
structures.
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adopt a second, lower affinity mode of binding owing to the
presence of Phep188, although other residues certainly
contribute, including Ilepi263 and Ilepi272. The result is a
100-fold decrease in binding affinity for A77 1726 between
HsDHODH and PfDHODH.

4.4. Finding better inhibitors

This study provides another structure of a family 2
DHODH and analyzes the structural differences between the
quinone-binding tunnels of various species. This analysis helps
to explain the species-related preferential inhibition observed
for various inhibitors of DHODH and provides some
constraints for the development of new inhibitors.

Inhibitors for PIDHODH must address the decreased
volume at the end of the tunnel and the steric hindrance of
Phep188. If Phep;188 were not present, both inhibitors would
likely bind PEDHODH with greater affinity, as they do with
HsDHODH. Although A77 1726 can change its orientation
and bind weakly to PEDHODH, brequinar cannot. A shift in
the position of the phenyl tail of A77 1726 and brequinar to
avoid Phep;188 but still bind in their preferred orientation
leads to the proposal of two new compounds (Fig. 8). These
compounds are based on the hydrogen-bonding moieties of
A77 1726 and brequinar, but are less bulky near Ilep263 and
Ilep272 and avoid Phep188. We predict that these changes
would permit these compounds to maintain the correct
configuration for hydrogen bonding to the conserved trio of
Hisp185, Argpi265 and Tyrp:528 and yield greater binding
affinity.

Despite these proposed compounds, novel chemotypes will
probably be required to develop an effective PIDHODH
inhibitor. It is serendipitous that PEDHODH binds A77 1726
at all. Even though some residues that interact with the
respiratory quinone are highly conserved, nonconserved
residues influence inhibitor binding much more. The two
cysteines in the waist region of PIDHODH are unique to
Plasmodium species. Whether reduced or oxidized in the
native protein, these two cysteines are an example of a unique
feature of the PFEDHODH binding site that could be exploited
for inhibitor specificity. Site-directed ligand discovery by
‘tethering’ (Erlanson et al., 2000; Thanos et al., 2003) libraries
of molecular templates to these cysteines may provide one
method of probing for new chemotypes specific to
PfDHODH.

Despite the abundance of inhibitors that bind in the
quinone-binding tunnel, not one has been shown to effectively
inhibit PPDHODH. The need for additional tools to combat
malaria and the susceptibility of the parasite to DHODH
inhibition has encouraged further research into and develop-
ment of potent and specific PEDHODH inhibitors (Baldwin
et al., 2005; Boa et al., 2005). This study provides a structural
framework to design a broad screen for new chemotypes.
Similar screens are also certainly possible for the potential
treatment of many other infectious and autoimmune
diseases.

The authors thank NIH CAS59021 and the Burroughs
Wellcome Fund for their generous support.
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