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Abstract—Therapeutic agents brequinar sodium and leflunomide (AravaTM) work by binding in a hydrophobic tunnel formed by a
highly variable N-terminus of family 2 dihydroorotate dehydrogenase (DHODH). The X-ray crystallographic structure of an analog
of brequinar bound to human DHODH was determined. In silico screening of a library of compounds suggested another subset of
brequinar analogs that do not inhibit human DHODH as potentially effective inhibitors of Plasmodium falciparum DHODH.
� 2005 Elsevier Ltd. All rights reserved.
Inhibition of dihydroorotate dehydrogenase (DHODH)
is the target of several drugs developed to treat cancer,
transplant rejection, rheumatoid arthritis, psoriasis,
and autoimmune diseases.1 DHODH inhibitors have
also been suggested as antibiotics,2 especially against
Helicobacter pylori,3 and as antifungal agents.4 These
inhibitors act by abrogating the rate-limiting step of de
novo pyrimidine biosynthesis. In this reaction, dihydro-
orotate is oxidized to orotate through a flavin prosthetic
group that couples dihydroorotate oxidation to respira-
tory quinone reduction. Orotate is a precursor to uridine
monophosphate, the base from which all other pyrimi-
dines are manufactured in the cell. Pyrimidines are crit-
ical elements in DNA, RNA, various cofactors, protein
glycosylation, membrane lipid biosynthesis, and strand
break repair.5

The exclusive use of respiratory quinones as an electron
sink distinguishes the mostly eukaryotic family 2 from
the mostly prokaryotic family 1 DHODH.6 Structural
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studies7–11 confirm that an N-terminal domain found
only in family 2 DHODH provides the membrane asso-
ciation required to use quinones.11–13 Two a-helices in
the N-terminal domain provide a distinct binding site
for quinones. The quinone-binding site is proceeded in
eukaryotic organisms by a single membrane-anchoring
transmembrane helix and a mitochondrial signaling
sequence.14,15 Truncation of these elements does not
impact in vitro activity16,17 although it does result in
the loss of in vivo activity due to improper cellular
localization.18,19

Many inhibitors of family 2 DHODH bind in the
quinone-binding site.7–11 Certain compounds inhibit
DHODH from one species much more than
others.2,4,20–23 The low measure of sequence similarity
between species in the N-terminal domain is thought to
contribute this high degree of species-related preferential
inhibition. As part of a larger program to develop novel
inhibitors specific to Plasmodium falciparum DHODH
(PfDHODH), a series of compounds was synthesized in
an attempt to exploit these sequence differences.24

Although these compoundsperformedpoorly as inhibitors
of PfDHODH, a crystallographic analysis of one of these
compounds bound to human DHODH (HsDHODH)
was undertaken as a proof of concept. With the recent
appearance of new structures of DHODH in public data-
bases, in silico screening provides a way to probe these
structures for subtle differences that may account for the
observed species-related preferential inhibition and sug-
gest new directions for inhibitor design and screening.

http://www.rcsb.org
mailto:jon-clardy@hms.hardvard.edu


Table 2. Diffraction and refinement statisticsa

Beamline CHESS F2

Wavelength (Å) 0.9793

Oscillation (u, �) 1

Exposure (s) 20–30

Resolution 50 > d > 2.0

Reflections, total 209,728

Reflections, unique 37,871

Completeness (%) 94.7 (86.1)

hI/r(I)i 11.7 (8.4)
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The synthesis of the brequinar-derived asymmetric
terphenyl compounds (Fig. 1 and Table 1) is discussed
elsewhere.24 Their design is a hybrid of the scaffold of
brequinar and binding motifs from another well-known
DHODH inhibitor, A77 1726.

For each of these compounds, a crude visual assay based
on the color change in the dye 2,6-dichloroindophenol
(DCIP, e595 = 18.8 mM�1 cm�1) was used to first estab-
lish a threshold concentration required for inhibition.17

Compounds that were effective below 100 lM were
subjected to a more quantitative assay to determine their
inhibition constant. In each kind of assay, the
concentration of dihydroorotate remained fixed at a
saturating level (250 lM). The electron receptor used
was 2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,
4-benzoquinone (CoQ1). Kinetic parameters were deter-
mined by varying the concentration of CoQ1 (25–
100 lM). Competitive inhibition assays varied the
concentration of both inhibitor (15–60 lM) and CoQ1

(25–100 lM). Reactions were initiated by the addition
of purified enzyme to a final concentration of 20 nM.

Values for the Michaelis–Menten constant (Km = 6.6 ±
0.7 lM), the catalytic rate (kcat = 15.4 ± 0.2 s�1), and
the specificity constant (kcat/Km = 2.3 ± 0.2 s�1lM�1)
are slightly different from published values for
HsDHODH,17,25 but the quinone substrate used in our
experiments is different than the ones used in previous
studies. The results of the inhibition assays are shown in
Table 1.

Expression, purification, and crystallization of
HsDHODH were performed using the published proce-
dure.9 Compound AMX02 was co-crystallized with
HsDHODH in place of brequinar. Crystals grown under
sitting drop vapor diffusion belonged to space group
O
O

O
NH2

X

Y

z

R

R'

head tail

Figure 1. Brequinar-derived asymmetric terphenyl compounds.

Table 1. HsDHODH inhibition constants for designed inhibitors

Compound Tail Substituents KC
i (lM) KU

i
a (lM)

AMX02 X R = H, R 0 = H 2.8 ± 0.4

AMX07 Y R = CH3, R 0 = H 4 ± 3

AMX06 Y R = H, R 0 = H 20 ± 3

AMX08 Y R = H, R 0 = CH3 3.7 ± 0.9 50 ± 10

AMX01 Y R = C(CH3)3, R 0 = H 4 ± 1 90 ± 20

AMX10 Y R = CF3, R 0 = H 6 ± 2 90 ± 30

AMX04 X R = CF3, R 0 = H >100,000

AMX05 X R = C(CH3)3, R 0 = H >100,000

AMX03 X R = CH3, R 0 = H >100,000

AMX09 Y,Z R = H, R 0 = H >100,000

a All compounds displayed competitive inhibition, except for those for

which a KU
i is reported; these displayed mixed inhibition. Errors are

the standard error for the fit.
P3221, with a = b = 90.4 Å and c = 123.3 Å. Data were
collected at 100 K on the F2 beamline at the Cornell
High Energy Synchrotron Source (CHESS) with an
ADS Quantum 4 CCD detector. All data were reduced
with HKL200026 (Table 2). Molecular replacement with
MolRep27 using only the protein portion of HsDHODH
(PDB ID: 1D3G) as a search model provided the solu-
tion to the phase problem. Difference maps (FO � FC)
displayed well-defined density for the hetero-compounds
before building them into the molecular model with
O.28,29 Refinement of the model with CNS30 (Table 2)
using parameters from the Hetero-compound Informa-
tion Centre–Uppsala31 for the substrates and prosthetic
group yielded a satisfactory model. Molecular graphics
were prepared with SPOCK,32 MolScript,33 POV-
Script+,34 and POV-Ray.35

This structure of HsDHODH is nearly identical (0.3 Å
backbone rms displacement) to previous structures of
HsDHODH.9 Eight parallel b-strands form the inner
core of a canonical a/b barrel. Eight a-helices flank these
b-strands and form the outer shell of the barrel. Two
short anti-parallel b-strands lie flat on the N-terminal
ends of the inner b-barrel. A flavin mononucleotide
(FMN) prosthetic group sits in the other end of the
Multiplicity 5.5 (2.4)

Rsym (%) 10.9 (37.0)

Unit cell P3221

a = b = 90.4 Å

c = 123.3 Å

Refinement reflections, total 37,631

Work 35,765 (3241)

Test 1866 (156)

Completeness (%) 89.4 (81.8)

Atoms, total 2964

Protein 2757

Ligands 66

Water 141

R (%) 21.8 (25.0)

Rfree (%) 25.0 (29.0)

Luzzati plot/cross-validated 0.24/0.28

SIGMAA/cross-validated 0.16/0.16

Rms bond length (Å)/angle (�) 0.007/1.22

Rms dihedral (�)/improper (�) 21.4/0.81

Rms B bonds (Å2)/angles (Å2)

Main chain 1.22/1.82

Side chain 2.06/3.03

Ramachandran plot

Most favored (%) 91.3

Additionally allowed (%) 8.0

Generously allowed (%) 0.3

Disallowed (%) 0.3

a Highest resolution shell values in parentheses.
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barrel and is held in place by a protruding sheet of anti-
parallel b-strands. A flexible loop near these b-strands
opens to reveal the dihydroorotate-binding site. On the
outside of the barrel, near these b-strands, two a-helices
of the N-terminal domain form the quinone-binding
site. These a-helices are loosely tethered to the N-termi-
nal end of the barrel domain by a poorly defined loop of
15 residues. As previously observed, the presence of
some kind of inhibitor in the quinone-binding site was
required for crystallization, suggesting that the ligand
stabilizes and minimizes the motion of the N-terminal
a-helices. Short 310 helices were identified using DSSP36

and STRIDE37 at the C-terminus and at junctions
between some of the b-strands and a-helices.

Oxidized orotate and FMN were modeled into the well-
defined electron density describing the dihydroorotate-
and FMN-binding sites. The presence of the two oxi-
dized species probably represents the trapping of an
air-oxidized species in the crystalline environment be-
cause such a configuration is not physiologically rele-
vant.38 As with the structure of HsDHODH bound to
brequinar, unmistakable electron density marks the
presence of an amine-b-oxide detergent molecule in the
mouth of the quinone-binding tunnel.

As expected, the terphenyl compound AMX02 binds in
the quinone-binding site in a fashion similar to brequin-
ar (Fig. 2). The phenyl tail is held in the tunnel by
hydrophobic interactions. The carboxylic acid moiety
hydrogen bonds with R136 and the amide group hydro-
gen bonds to Y356 near the FMN group. The lack of
hydrophobic contacts near V134 and V143 may be one
Figure 2. The binding pocket of HsDHODH with AMX02 bound

(forest). Hydrogen bonds to R136, Q47, and Y356 are similar to

hydrogen bonding with brequinar (firebrick). Electron density (marine)

for AMX02, FMN, and orotate is shown at 1 r.
reason for the decreased affinity of HsDHODH for this
compound as compared to brequinar.

Many measurements have already been made of the
inhibition of HsDHODH by several compounds, includ-
ing A77 1726,16,20,38,39 brequinar20,21,38–46, and atovaqu-
one.43,46,47 Similar measurements have been made for
rat DHODH (RrDHODH) with A77 172648, brequin-
ar,20,43,48 and atovaquone.43,46 Other inhibitors have
been tested as well.16,22,49–54 Several quantitative
structure–activity relationship studies have also been
made.20,41,55–59 Some preference is observed between
mammalian DHODHs. Brequinar inhibits HsDHODH
about 40 times more potently than RrDHODH, but
A77 1726 inhibits RrDHODH about 60 times more
potently than HsDHODH.20 A greater degree of prefer-
ential inhibition exists between more distantly related
species. Brequinar is a potent inhibitor of mammalian
DHODH, but it does not inhibit P. falciparum, Esche-
richia coli,21 or Arabidopsis thaliana22 membrane-associ-
ated DHODH. A series of A77 1726 analogs inhibit
HsDHODH 2000–5700 times more potently than
PfDHODH.23 The series of asymmetric terphenyl com-
pounds inhibit HsDHODH, but not PfDHODH. Other
examples of inhibitors that display species-related pref-
erence among membrane-associated DHODHs include
a series of substituted thiadiazolidinediones that inhibit
E. coli and Enterobacter faecalis, but not human, DHO-
DH,2 and an agricultural antifungal, LY214352, that
inhibits Aspergillus nidulans, but not E. coli, DHODH.4

Finally, redoxal and dichloroallyl lawsone (DCL) inhib-
it mammalian DHODH, but not PfDHODH.23

The variable nature of the quinone-binding tunnel is
thought to be responsible for the species-related prefer-
ential inhibition for compounds that bind in the tunnel.
All of the compounds described above have known inhi-
bition constants for DHODH, although not all of them
are potent inhibitors. Docking a database of compounds
of known potency to the known structures of mem-
brane-associated DHODH is one method to probe the
structural details that influence specificity for inhibitors
in different species. If a set of compounds docks well
with the enzyme from one species and poorly with
another, then that set helps describe the specificity.

A three-dimensional geometry-optimized model for each
compound described in previous studies was generated
from two-dimensional sketches or SMILES strings.
Multiple conformations and atomic point charges were
assigned using tools provided with ZINC.60 This data-
base was docked to the quinone-binding site of human
(PDB ID: 1D3G), rat (PDB ID: 1UUM, 1UUO), and
P. falciparum (PDB ID: 1TV5) DHODH by the comput-
er package eHiTS� using default parameters.61 Although
there are now three structures of HsDHODH bound to
an inhibitor, only one structure was selected for docking
because in each structure, the inhibitor lies in nearly the
same place and defines the binding site. Two structures
of rat DHODH (RrDHODH) were selected because
inhibitor binding has a more pronounced effect upon
the structure of the quinone-binding tunnel, leading to
structural differences to be probed by docking.



Figure 3. The binding pocket of PfDHODH with A77 1726 bound

(forest). Batt 1998 34 (firebrick) and a thiadiazolidione (gold) were

identified as possible inhibitors specific to PfDHODH. They reside in

the same place in the binding pocket as does A77 1726 and avoid

clashing with FPf188, the major obstacle to brequinar and AMX02

binding in PfDHODH.
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The eHiTS� package uses a systematic algorithm to gen-
erate all compatible docking modes to cover the entire
docking space and ensure a complete solution. This pro-
cess avoids the arbitrary subset of possible solutions
inherent in sampling methods. The docking algorithm
is divided into an exhaustive search algorithm based
on graph matching and a novel scoring function based
on local surface point contact evaluation.

The exhaustive search is made by splitting up the ligand
into flexible and rigid fragments, and then fitting them
into every possible region of the receptor site. These
fragments are then combined to form a graph where
the nodes are the fragments and the edges are the con-
necting chains. The graph of the receptor site has nodes
for pockets where ligand fragments can be placed and
edges that represent distances between the pockets.
The graphs are matched by applying flexible ligand
chains to reconnect the rigid fragments. Finally, each
reconstituted ligand pose is subjected to local energy
minimization. In this way, every possible conformation
and orientation will be evaluated.

The evaluation of poses depends on a fine grid based on
the surface of the receptor site that has information on
the chemical and atomic properties that make up that
surface. Some properties that are considered include
hydrogen bonding, hydrophobicity, electrostatic poten-
tial, van der Waals contact energy, ionic interactions,
and pocket depth (considers changes in the dielectric
constant). Each point on the grid is assigned a score
based on its interaction with each atom of the ligand
that is within a threshold distance. Points that have no
ligand atom within the cutoff distance are assigned a
penalty score. The sum of point scores constitutes the
score for that pose of the ligand. By default, the lowest
scoring pose for a given ligand is reported. The score is
not an absolute measure of the binding energy, but dif-
ferences in score for a given receptor site can be loosely
compared in terms of energy (kcal/mol).

The measure of the effectiveness (Ediff) of a compound as
a potential inhibitor for a particular enzyme was calcu-
lated by subtracting the score for that compound from
the score of the best scoring compound of the entire
set of ligands for that enzyme. Ligands with small values
for Ediff are much more likely to bind and be good inhib-
itors than ligands with greater Ediff values.

Docking with eHiTS� produced trends in scores that
were largely in agreement with experimentally deter-
mined measures of inhibition, especially for atovaquone
and brequinar. The rms deviation in position for these
docked compounds as compared to their crystal struc-
tures was less than 0.5 Å. This agreement permits a de-
gree of confidence in the predictions of the docking
algorithm.

As expected, most analogs of brequinar and a novel set
of compounds55 dock well to human and rat DHODH.
Also as expected, some analogs of brequinar57 known to
not inhibit HsDHODH (IC50 > 10 lM) did not dock
well to human or rat DHODH (Ediff > 12.5). However,
these same poor inhibitors of HsDHODH scored well
(Ediff = 0, 0.57, and 1.17) when docked to PfDHODH
(Fig. 3). These compounds are similar to those predict-
ed7 and those recently found through high-throughput
screening62 as PfDHODH inhibitors. In addition to
these compounds, a thiadiazolidione that inhibits bacte-
rial DHODH but is known to be a poor inhibitor of
HsDHODH (IC50 > 100 lM)2 scored poorly when
docked to HsDHODH, but scored well when docked
to PfDHODH.

Our series of asymmetric terphenyl compounds was de-
signed to avoid the larger side chains (IPf263 and IPf272)
of the hydrophobic residues found near the FMN of the
PfDHODH quinone-binding tunnel. The compounds
successfully avoid clashes with those side chains, but,
like brequinar, are deficient in other ways. The large side
chain of FPf188 occupies the same position as the tail of
brequinar in HsDHODH and RrDHODH (and
AMX02 in HsDHODH), suggesting a reason why
brequinar and the series of terphenyl compounds are
not effective inhibitors of PfDHODH.7 The subset of
brequinar analogs and the thiadiazolidione identified
by in silico screening may be effective inhibitors of
PfDHODH because they avoid this steric clash (Fig. 3).

This study provides another structure of a family 2
DHODH and suggests a subset of brequinar analogs
known to be poor inhibitors of HsDHODH as poten-
tially high-affinity inhibitors of PfDHODH. Existing
libraries of brequinar compounds should therefore be
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screened as inhibitors of PfDHODH. Novel chemotypes
have recently been discovered as inhibitors of
HsDHODH and should be explored as PfDHODH
inhibitors as well.55,62,63 The broad spectrum of poten-
tial applications for DHODH inhibitors as therapeutic
agents against infectious and autoimmune diseases
should stimulate further development of potent and spe-
cies-specific DHODH inhibitors.
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