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Structures of Trypanosoma cruzi Dihydroorotate Dehydrogenase Complexed with
Substrates and Products: Atomic Resolution Insights into Mechanisms of

Dihydroorotate Oxidation and Fumarate Reduction
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ABSTRACT: Dihydroorotate dehydrogenase (DHOD) from Trypanosoma cruzi (TcDHOD) is a member of
family 1A DHOD that catalyzes the oxidation of dihydroorotate to orotate (first half-reaction) and then
the reduction of fumarate to succinate (second half-reaction) in the de novo pyrimidine biosynthesis pathway.
The oxidation of dihydroorotate is coupled with the reduction of FMN, and the reduced FMN converts
fumarate to succinate in the second half-reaction. TcDHOD are known to be essential for survival and
growth of 7. cruzi and a validated drug target. The first-half reaction mechanism of the family 1A DHOD
from Lactococcus lactis has been extensively investigated on the basis of kinetic isotope effects, mutagenesis
and X-ray structures determined for ligand-free form and in complex with orotate, the product of the first
half-reaction. In this report, we present crystal structures of TcDHOD in the ligand-free form and in
complexes with an inhibitor, physiological substrates and products of the first and second half-reactions.
These ligands bind to the same active site of TcDHOD, which is consistent with the one-site ping-pong
Bi-Bi mechanism demonstrated by kinetic studies for family 1A DHODs. The binding of ligands to
TcDHOD does not cause any significant structural changes to TcDHOD, and both reduced and oxidized
FMN cofactors are in planar conformation, which indicates that the reduction of the FMN cofactor with
dihydroorotate produces anionic reduced FMN. Therefore, they should be good models for the enzymatic
reaction pathway of TcDHOD, although orotate and fumarate bind to TcDHOD with the oxidized FMN
and dihydroorotate with the reduced FMN in the structures determined here. Cys130, which was identified
as the active site base for family 1A DHOD (Fagan, R. L., Jensen, K. F., Bjornberg, O., and Palfey, B. A.
(2007) Biochemistry 46, 4028-4036.), is well located for abstracting a proton from dihydroorotate C5
and transferring it to outside water molecules. The bound fumarate is in a twisted conformation, which
induces partial charge separation represented as C,°~ and C3°*. Because of this partial charge separation,
the thermodynamically favorable reduction of fumarate with reduced FMN seems to proceed in the way
that C,°~ accepts a proton from Cys130 and C3°* a hydride (or a hydride equivalent) from reduced FMN

N5 in TcDHOD.

Dihydroorotate dehydrogenase (DHOD') is a flavoenzyme
that catalyzes oxidation of (S)-dihydroorotate to orotate, the
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fourth step and the only redox reaction in the de novo
pyrimidine biosynthesis pathway (Figure S1, Supporting
Information). In the first half-reaction, oxidation of dihy-
droorotate is coupled with reduction of a flavin mononucle-
otide (FMN) cofactor. Based on amino acid sequence
similarity, DHODs from different organisms can be divided
into two families, family 1 and family 2 (/). Family 1
DHODs are cytoplasmic enzymes and can be further
subdivided into families 1A and 1B. Family 1A enzymes
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form homodimers and appear to utilize fumarate as a
physiological oxidant, in conjunction with oxidation of the
reduced FMN cofactor during the second half-reaction (/).
In contrast, family 1B enzymes form heterotetramers and
utilize NAD™ via a distinct protein subunit that contains a
2Fe-2S cluster and FAD cofactor (/). Members of family 2
exist as homodimers or monomers and are membrane-bound
enzymes that utilize respiratory quinone as a physiological
oxidant during the second half-reaction (2—4). The N-
terminal domain found only in family 2 DHODs forms the
binding site for quinone (5).

Many inhibitors targeting the quinone binding-site have
been designed such as human DHOD inhibitor leflunomide
that is in clinical use to treat rheumatoid arthritis (5). Other
potent and selective inhibitors designed for family 2 DHODs
from Escherichia coli (6), Helicobacter pylori (7) and
Plasmodium falciparum (2, 8, 9) inhibit their growth. These
inhibitors designed for family 2 DHODs are not effective
against family 1A DHODs, since family 1A lacks the
quinone binding site. On the other hand, hydroxybenzoates
such as 3,4-dihydroxybenzoate and 3,5-dihydroxybenzoate
are inhibitors specific for family 1A DHODs (10, 11),
although these inhibitors with ICsps in the range of micro-
molar order are not potent. Previously, we reported the
organization and amino acid sequences of all enzymes in
the de novo pyrimidine biosynthesis pathway of Trypano-
soma cruzi (12). In that work, we found that the T. cruzi
pyr4 gene product is homologous to family 1A DHODs from
Lactococcus lactis and Saccharomyces cerevisiae. DHOD
from T. cruzi (TcDHOD) is 313 amino acids in length (Figure
1) and exists in cells as a homodimer (MW 2 x 34 kDa). In
addition to DHOD activity, TcDHOD also shows fumarate
reductase activity, suggesting that it is involved not only in
the de novo pyrimidine biosynthesis pathway but also in
redox homeostasis of the parasite (/2—174). Recently, An-
noura et al. (/5) demonstrated that TcDHOD knockout 7.
cruzi could not survive even in the presence of substrates
for enzymes of pyrimidine salvage pathway. The importance
of DHOD to survival of Trypanosoma brucei in the blood
stream form was also shown by Arakaki et al. (/6).
Therefore, the enzyme has the characteristics of a promising
target for the development of chemotherapeutic agents to
combat infections with the pathogen.

To date, X-ray structure analyses have been performed
for seven DHODs from six organisms: family 1A DHODs
from L. lactis (I17) and T. brucei (16), family 1B DHOD
from L. lactis (18), and family 2 DHODs from E. coli (4),
P. falciparum (19), Rattus rattus (20) and Homo sapiens (5).
Although kinetic studies of the catalytic mechanism for
DHOD have extensively been performed (27—30), none of
the structures determined to date include DHOD in a complex
with a physiological substrate. In this study, we determined
the crystal structures of TcDHOD in the ligand-free form,
in complexes with substrates and products of the first and
second half-reactions, and in a complex with an inhibitor,
oxonate at atomic resolution. These structures, in particular
those of TcDHOD complexed with dihydroorotate and
fumarate, provided us further insights into the catalytic
mechanisms of dihydroorotate oxidation and fumarate
reduction.

Inaoka et al.
EXPERIMENTAL PROCEDURES

Cloning, Expression and Purification. Recombinant TcD-
HOD was expressed, purified and crystallized as previously
reported (37). Briefly, TcDHOD was purified to homogeneity
using DEAE Fast Flow (GE Healthcare) followed by Phenyl
Sepharose H.P. (GE Healthcare) and TSK G3000SW (Tosoh).
A total of 11 mg of TcDHOD with high specific activity
(12.5 umol/min/mg) was purified from 10 L of culture (Table
S1, Supporting Information). The addition of 0.25 mM
orotate during purification and storage was indispensable to
stabilize the enzymatic activity.

Protein Assay and FMN Content Determination. Protein
concentrations were determined according Lowry with
bovine serum albumin as the standard (32). The FMN content
of the purified TcDHOD was estimated to be 1.0 using a
spectroscopic method, on the basis of the extinction coef-
ficient of FMN (11.1 mM~! cm™! at 450 nm).

Enzyme Assay. DHOD activity was measured as described
previously (/4) with minor modifications. Orotate production
was assayed by measuring the absorption at 290 nm (¢ =
6.4 x mM~! x cm™!). The reaction was started by adding
0.5 mM dihydroorotate into the reaction mixture containing
50 mM potassium phosphate buffer pH 7.5, 2 mM sodium
fumarate and TcDHOD in a final volume of 1 mL.

Crystallization. The plate-shaped dark-orange crystals of
the TcDHOD—orotate complex with the oxidized FMN
cofactor were obtained at 277 K by the hanging drop vapor
diffusion method using 16% (w/v) PEG 3350, 100 mM
sodium cacodylate pH 6.2, 1 mM sodium orotate, 50 mM
hexaamminecobalt (IIT) chloride and 1 mM sodium thiocy-
anate as the reservoir solution (37). The TcDHOD—oxonate
complex was prepared by repeated concentration and dilution
of the purified enzyme with a buffer containing oxonate using
an Amicon Ultra-4 10,000 MWCO filter. This was followed
by cocrystallization in a similar manner as described above
except that cocrystallization was carried out in the presence
of 1 mM oxonate instead of orotate at pH 5.1. Crystals of
the ligand-free TcDHOD were prepared by back-soaking
crystals of the TcDHOD—oxonate complex in buffer A (100
mM cacodylate pH 5.1, 20% (w/v) polyethylene glycol 3350,
50 mM hexaamminecobalt (IIT) chloride and 1 mM sodium
thiocyanate) for three days with repeated buffer exchange.
Crystals of the TcDHOD—succinate and —fumarate com-
plexes were prepared by soaking ligand-free crystals for three
days in buffer A containing 10 mM succinate or fumarate,
respectively. Crystals of the TcDHOD—dihydroorotate com-
plex were obtained by soaking ligand-free crystals for 10 to
15 s in buffer A containing 10 mM dihydroorotate plus 15%
(w/v) glycerol. During soaking, the color of the crystals
changed from dark to light orange, which indicates that the
FMN cofactor was reduced by dihydroorotate. After soaking,
a crystal mounted in a nylon loop was immediately flash-
frozen in a nitrogen stream at 100 K, and X-ray diffraction
data were collected. During data collection, the light orange
color of the crystals was kept. Since kinetic analysis indicated
that dihydroorotate can be bound to TcDHOD with the
reduced FMN cofactor if an excess amount of dihydroorotate
is present (/4, 26), the crystals prepared should be those of
the TcDHOD—dihydroorotate complex with the reduced
FMN cofactor.
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FIGURE 1: Multiple alignment of amino acid sequences of DHODs. The alignment was produced from fourteen amino acid sequences from
family 1A (T. cruzi/AB212956.1, T. brucei/ AC159455.1, L. lactis/X74206.1, Streptococcus pneumoniae/ABJ54983.1 and Saccharomyces
kluyveri/AY323902.1), catalytic subunit of family 1B (L. lactissfCAAS52280.1, Streptococcus thermophilus/AAV62538.1, Enterococcus faecalis/
AAO81490, Clostridium tetanilAAO36852.1 and Clostridium cellulolyticum/ZP_01576243.1) and family 2 (E. coliiCAA26594.1, P.
falciparum/CAG25203.1, R. rattus/CAAS6765.1 and H. sapiens/AAAS50163.1) DHODs using CLUSTAL-W. Alignment of eight DHODs,
whose structures are known, is shown. They belong to family 1A (7. cruzi, T. brucei and L. lactis A), family 1B (L. lactis B) or family 2
(E. coli, P. falciparum, R. rattus and H. sapiens). Their PDB codes are 2DJX (this study), 2B4G (16), 2DOR (29), 1EP2 (18), 1F76 (4),
1TVS (19), 1UUO (20) and 1D3G (5), respectively. In yellow, residues conserved in more than one family. In red, those conserved only
within a family. Secondary structural elements of the TcDHOD structure are also indicated; 5 strands are shown as arrows and o helices
as squiggles. Residues involved in interactions with FMN, oxonate, dihydroorotate, orotate, fumarate or succinate are marked with an
asterisk. TcDHOD Lys43, Glul25, Cys130 and Lys164, which are mentioned in Discussion, along with their structurally equivalent residues
in other DHODs, are colored blue. The numbers shown for amino acid residues of the TcDHOD protein referred to those of L. lactis
DHODA.

X-ray Data Collection, Phasing and Refinement. X-ray
diffraction data sets for TcDHOD in the ligand-free form
and in complexes with orotate, fumarate and succinate were
collected at 100 K with beamline BL44XU from SPring-8
(A = 0.900 A) in Harima, Japan, using a Bruker AXS
DIP6040 detector. Data sets for TcDHOD—oxonate and
—dihydroorotate complexes were collected at 100 K with
beamline NW12 of Photon Factory Advanced Ring (A =
1.000 A) in Tsukuba, Japan, using an ADSC Quantum-210
detector. All data sets were indexed, integrated and scaled

using HKL2000 (33). Table 1 summarizes data collection
statistics. The structure of the TcDHOD—orotate complex
was solved by the molecular replacement method using
Molrep (34). A search model was generated from a single
monomer of the L. lactis DHODA dimer structure (PDB
code, 2DOR; 55% sequence identity with TcDHOD) with
all non-protein atoms removed. The sequence was changed
to that of TcDHOD by applying the TcDHOD sequence
(NCBI accession number BAE48283 (35)) onto the search
model using Swiss-Pdb Viewer (36). The molecular replace-
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Table 1: Data Collection and Refinement Statistics”

ligand-free oxonate dihydroorotate orotate fumarate succinate
Data Collection
Space group P2]2]2| P2]2|21 P2|2121 P21212] P2|2]2] P2]2]2]

cell dimensions
a, b, ¢ (A)

69.96, 73.13, 126.09

68.36, 71.83, 123.64

68.44, 71.94, 123.85

68.25, 71.88, 123.57

68.28, 71.88, 123.61

68.15, 71.77, 123.40

wavelength (A) 0.9 1.0 1.0 0.9 0.9 0.9
resolution (A) 50.0—1.58 50.0—1.26 50.0—1.38 50.0—1.64 50.0—1.94 50.0—1.38
(1.64—1.58) (1.29—1.26) (1.43—1.38) (1.70—1.64) (2.01—1.94) (1.43—1.38)
Ruerge (%) 7.0 (39.8) 7.1 (39.5) 8.4 (39.6) 7.8 (39.8) 9.9 (24.4) 6.0 (33.0)
1lo(l) 8.2 (2.76) 8.5 (3.04) 10.5 (4.26) 9.9 (3.12) 12.8 (8.19) 9.0 (2.62)
completeness (%) 98.5 (99.4) 97.7 (99.2) 97.5 (98.9) 96.1 (97.9) 99.9 (100.0) 94.9 (69.5)
redundancy 4.0 4.4 4.6 3.7 6.1 5.2
Refinement

resolution (A) 40.0—1.58 30.0—1.26 30.0—1.38 50.0—1.64 50.0—1.94 50.0—1.38
no. of reflections 86263 152389 116503 68521 43381 112910
R-factor/R-free 0.182/0.204 0.166/0.180 0.169/0.183 0.164/0.192 0.158/0.200 0.166/0.183
no. of atoms

protein 4758 4758 4758 4758 4758 4758

FMN 31 31 31 31 31 31

ligand 0 22 22 22 16 16

water 689 799 637 497 476 696
B-factors

protein 17.1 9.9 12.0 10.7 9.7 12.0

FMN 11.5 5.7 45 6.1 5.1 7.4

ligand 6.8 7.4 5.6 11.8 9.6

water 25.0 19.6 18.0 20.9 17.5 21.2
rms deviations

bond lengths (A)  0.009 0.007 0.008 0.011 0.015 0.007

bond angles (deg) 1.219 1.171 1.219 1.309 1.438 1.192

“ Highest-resolution shell is shown in parentheses.

ment was carried out under different resolution ranges of
2.0—8.0, 3.0—8.0 and 4.0—8.0 A. Essentially consistent
solutions giving one TcDHOD dimer in the asymmetric unit
were obtained. The resulting model obtained after rigid-body
refinement was refined at 2.5 A resolution under strict
noncrystallographic symmetry (NCS) restraints using CNS
(37), and electron-density maps calculated with o-weighted
2F, — F. and F, — F. coefficients were generated and
inspected to check the validity of the initial model. After a
few rounds of refinement and manual rebuilding using CNS
and Coot (38), respectively, FMN cofactors and orotate
molecules became clearly visible on electron-density maps
and were incorporated into the model. Subsequently, the
model was subjected to iterative cycles of refinement and
manual rebuilding at 1.64 A resolution using isotropic
temperature factors and weak NCS restraints. At this stage,
many water molecules were identified using electron-density
maps (30 cutoff). The model was finally refined using
Refmac5 (39) and Coot without NCS restraints, resulting in
R-factor and R-free values of 0.164 and 0.192, respectively.
In the final homodimer model of the TcDHOD—orotate
complex, each subunit consists of 312 amino acid residues
from MetO to Ile311, one oxidized FMN cofactor and one
orotate molecule. The C-terminal amino acid residue,
Glu312, could not be defined on the final 2F, — F. electron
density map. In the Ramachandran plot (40), 93.2% of the
residues are in the most favored regions and 6.8% are in
additionally allowed regions, as defined by PROCHECK
(41). The structures of the ligand-free TcDHOD and the
complexes with dihydroorotate, oxonate, fumarate and suc-
cinate were refined starting from the protein atom coordinates
of the TcDHOD—orotate complex. Coordinate files and

appropriate restrains for those ligands were generated using
the PRODRG server and Sketcher program of the CCP4 suite
(42).

Successful preparations of crystals of the ligand-free
TcDHOD and those of TcDHOD in complexes with dihy-
droorotate, fumarate and succinate were confirmed by
inspecting 2F, — F. electron density maps calculated after
omit refinement (Figure S2 A—L, Supporting Information).
In the map calculated for the ligand-free TcDHOD (Figure
S2 A, B), four water molecules located near the FMN
isoalloxazine ring in the active site were assigned. Well-
shaped electron dense regions corresponding to dihydrooro-
tate, fumarate or succinate were also recognized in the active
site of each complex. Refinement statistics for all models
are summarized in Table 1.

RESULTS

Overall Structure. In the presence of orotate, the TcDHOD
protein, consisting of 313 amino acid residues and one
oxidized FMN cofactor, was crystallized in orthorhombic
space group P2,2,2, with two identical subunits related by
a noncrystallographic 2-fold axis present in the crystal-
lographic asymmetric unit. Crystals of the ligand-free TcD-
HOD and of TcDHOD in complexes with the substrates
(dihydroorotate and fumarate), products (orotate and succi-
nate) and the inhibitor (oxonate) were prepared as described
in Experimental Procedures. Crystals of TcDHOD—dihydro-
orotate complex included the reduced FMN cofactor, but the
other five crystal forms included the oxidized FMN cofactor.
All structures determined included a 312 amino acid region
from MetO to Ile311 of the full-length protein but the
C-terminal Glu312 was not assigned. Figure 1 shows a
multiple amino acid sequence alignment of TcDHOD and
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FIGURE 2: Structure of ligand-free TcDHOD (stereo views). (A) Ribbon diagram of the TcDHOD subunit structure. The (a/f3)s barrel is
represented in blue (o-helices) and magenta (3-strands); the S4—aA loop, the active site loop, is shown in gray; and the FMN cofactor is
shown in yellow. The color code for each atom type is as follows: red, oxygen; blue, nitrogen; orange, phosphate. The same color-code was
applied to all figures. (B) The dimer structure viewed from above the 2-fold axis. The (o/f)s barrel of each subunit is color-coded as
described in (A). The f6—06 loops, helices a6 and a7, which participate in dimer interface interactions, are in red. Arrows indicate
intersubunit salt bridges between Glu207 and Lys296, shown in yellow. The images were generated using PyMOL (http://pymol.source-

forge.net).

seven DHODs with known structures. Figures 2A and 2B
show the subunit and homodimer structures of the ligand-
free TcDHOD. As there are no significant differences
between the structures of the two subunits, as indicated by
a root-mean-square (rms) deviation of 0.20 A calculated for
superimposed 312 C, positions, we will instead focus on
one subunit to describe the structure as a whole.

The overall structure of TcDHOD is very similar to those
of other DHODs listed in Figure 1. The C, atoms of a
TcDHOD subunit can be superimposed on the structurally
equivalent 311 C, atoms of 7. brucei DHOD (PDB code,
2B4G) or the 298 C, atoms of L. lactis DHODA (2DOR)
with rms deviations of 0.39 and 0.82 A, respectively, which
indicates that the main-chain structures of these three
DHODs, especially TcDHOD and T. brucei DHOD, are
essentially identical. The rms deviations for DHODs from
different families are somewhat larger; namely, for the family
1B member L. lactis DHODB (1EP2), rms deviation of 1.94

A for 270 C, atoms and for family 2 members, as follows,
1.76 A for 253 C, atoms of E. coli DHOD (1F76), 1.68 A
for 275 C, atoms of P. falciparum DHOD (1TV5), 1.81 A
for 186 C, atoms of R. rattus DHOD (1UUO) and 1.74
A for 272 C, atoms of H. sapiens DHOD (1D3G). In
addition, the dimer structure of DHOD from 7. cruzi Y strain,
in which TcDHOD Phe61 is replaced by a valine residue,
was determined at 2.2 A resolution as a form with a sulfate
ion bound to its active site ( (43); PDB code 3C3N), during
the submission of this article. TcDHOD is very similar to
3C3N as indicated by the rms deviation of 0.44 A.

As is true for the many other flavin containing proteins,
TcDHOD subunits fold into an (a/f3)s motif with a parallel
eight-stranded f-barrel (51—/8) surrounded by eight o-he-
lices (o.1—a8), with the FMN cofactor on the C-terminal
end of the S-barrel. Each of the secondary structural elements
of the (a/f3)s motif is connected to the next one via a short
loop consisting of several amino acid residues. The loops
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FIGURE 3: The environment of the FMN cofactor of the ligand-free
TcDHOD. Amino acid residues and the FMN cofactor are indicated
by green or yellow ball-and-stick models, respectively, and ten water
molecules (A—1J) that were assigned in this region are also shown.
Hydrogen bonds are represented by dotted lines. Residue names
shown by red are conserved in the amino acid sequences of all
known DHODs. The images were generated using PyMOL (http://
pymol.sourceforge.net).

connecting 32 and a2 (52—02 loop, residues 43—75), 34
and o4 ($4—04 loop, residues 128—142) and 6 and a6
(6—06 loop, residues 193—222) are longer than the others
and include additional secondary structural elements. More-
over, in each subunit, SC, D in the 52—02 loop and G in
the f6—0a6 loop form a three-stranded antiparallel [5-sheet,
whereas SE and fF in the f6—a6 loop form a two-stranded
antiparallel S-sheet (Figure 2A). In the dimer structure, the
p6—06 loop protrudes from one subunit toward o6 and o7
of the other, forming dimer interfaces. Each interface includes
an intersubunit three-stranded f3-sheet composed of SE and
PF of one subunit plus SH of the other, and an intersubunit
salt bridge between Glu207 and Lys296 (Figure 2B).
Additionally, hydrophobic interactions occur between subunits.

The FMN cofactor is well buried except for a partially
exposed dimethyl benzene moiety. One side of the FMN
isoalloxazine ring faces toward the C-terminal end of the
barrel, and the other side is veiled in three long 2—02,
p4—aA (residues 128—138) and S6—a6 loops. In particular,
the f4—0alA loop, which includes an amino acid sequence
that is highly conserved among all DHODs (Figure 1) and
has been identified as the active site loop in L. lactis
DHODA (22, 28) and E. coli DHOD (44), is located just
over the FMN cofactor, preventing an outside solvent from
contacting the isoalloxazine ring (Figure 2A). Figure 3 shows
amino acid residues and bound water molecules in the FMN
cofactor region. Nitrogen and oxygen atoms of the isoal-
loxazine ring interact via hydrogen bonds with Alal9 O,
Lys43 Ng, Ser44 O, Asnl27 Ngp, Lys164 N¢ and water D,
but the hydrophobic dimethyl benzene moiety lacks close
contacts with amino acid residues of TcDHOD. In addition,
ribityl hydroxyl groups interact with Alal9 O, Lys164 Ng,
Val193 O, Cys248 S, and water C, and the phosphate group
interacts with main chain imino nitrogen atoms of Gly222,
Gly250, Gly271 and Thr272 as well as Thr272 O,,;, water
A and B. Three hydrogen bonds formed between Lys164
and the isoalloxazine should play a crucial role in binding
FMN to TcDHOD, as indicated by the K164A mutant of L.
lactis DHODA, to which FMN does not bind (22). The
negative charge on the phosphate group seems to be
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stabilized by hydrogen bonds with these main chain imino
nitrogen atoms, as has been observed for the oxyanion holes
of serine proteases (45). There are four water molecules (F,
G, H and I) in each cavity formed between the isoalloxazine
ring and the $4—aA loop. These water molecules interact
with one another and with Asn67 Ny, Leu71 N, Asnl127
Ns2, Asnl94 Ogs; and Serl95 O,. Most of the amino acid
residues referred to here have been completely or well
conserved in all known DHOD sequences and participate in
interactions with FMN cofactors in the structures of DHODs
listed in Figure 1.

Binding of Dihydroorotate, Orotate and Oxonate to
TcDHOD. (S)-Dihydroorotate, orotate and oxonate are a
substrate, product and competitive inhibitor of DHODs,
respectively (27). Figures 4A—C show that each of these
compounds binds to the cavity in the same manner, at the
position occupied by waters F, G, H and I in the ligand-free
structure. Correspondingly, O8, O4, N3 and O2 of each
compound are positionally related to waters F, G, H and I,
respectively. In the bound form, orotate and oxonate are in
a planar conformation with the exception of their carboxyl
oxygen atoms. For dihydroorotate, by contrast, C5 and C6
deviate from the plane constituted by N1, C2, N3, C4, O2
and O4 at a distance and direction of 0.20 A away from or
0.29 A toward the isoalloxazine ring, respectively. The
dihydroorotate carboxyl group is in an equatorial conforma-
tion and faces away from the isoalloxazine ring, whereas
the calculated position of the axial C6 hydrogen, H6, is
located between C6 and FMN N5 (Figure 4A).

The bound dihydroorotate, orotate and oxonate stack
parallel to the isoalloxazine ring and do not appear to cause
any discernible changes in the conformation of the TcDHOD
polypeptide as compared with the ligand-free form. These
compounds interact via hydrogen bonds with Lys43 Ng,
Asn67 Os; and Ngp, Gly70 N, Asnl127 Nga, Asnl32 Ny,
Asn194 Oy, and Ny, Met69 N, Leu71 N and Ser195 O,.
The carboxyl groups of dihydroorotate, orotate and oxonate
are twisted about their C¢—C7 bonds with Cs—Cg—C7—0y
dihedral angles of 98.5°, 127.0° and 113.2°, respectively.
Their carboxyl Og atoms interact with Lys43 N¢ and Leu71
N, and their carboxyl Oy atoms with Gly70 N, Met69 N and
Asnl32 Ny, (Figures 4A—C). Interactions that involve
protein nitrogen atoms are commonly found in the structures
of other DHOD—orotate complexes, and seem to be involved
in stabilization of negative charges on their carboxyl groups
and of the twisted conformation.

Cys130 in the S4-aA loop, which has previously been
identified as the catalytic base in L. lactis DHODA (21—23,
28, 29), is located with its S, at distances of 3.52 10\, 494 A
and 4.46 A from dihydroorotate Cs, Og and Oy, respectively.
Nearly equal distances were also determined for the distance
between S, and orotate Cs, Og and Oy (that is, 3.62 A, 4.92
A and 4.66 A, respectively). In both cases, the distance from
S, to Og or Oy is too far for the thiol group to interact with
either, according to the van der Waals radii for SH (2.34 A)
and O (1.40 A) (46). However, the distances between S,
and Cs are favorable for a S,+*H—Cs interaction in the
bound dihydroorotate, and for a S,—H-*+-Cs interaction in
the bound orotate (Figures 4A,B).

Oxonate, a competitive inhibitor for all DHODs (21) (ICs
= 35 uM for TcDHOD), appears to be bound to TcDHOD
in the same manner observed for dihydroorotate and orotate
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FIGURE 4: Binding of (A) dihydroorotate, (B) orotate, (C) oxonate, (D) fumarate and (E) succinate to TcDHOD. Amino acid residues, FMN
and bound compounds are shown as green, yellow or white ball-and-stick models, respectively. The substrates and products of the first
half-reaction (dihydroorotate and orotate) and second half-reaction (fumarate and succinate) and a competitive inhibitor (oxonate) are bound
to TcDHOD in a similar manner. In (A)—(E), Cys130 Sy forms a hydrogen bond with water K and is located 3.52 A, 3.62 A, 3.42 A, 3.43
A ando 3.60 A from dihdydroorotate cC5, orotate Cs, oxonate Ns, fumarate C, and succinate C,, respectively. The FMN N is located 3.25 A,
3.65 A, 3.66 A, 3.51 A and 3.32 A from dihydroorotate Cg, orotate Cg, oxonate Cg, fumarate C; and succinate Cs, respectively. In each
structure, possible hydrogen bond interactions are shown only for those between the compounds and TcDHOD, and are represented by

dotted lines. The images were generated with PyMOL (http://pymol.sourceforge.net).

(Figure 4C). The distances between oxonate Og and Met69
N, oxonate N; and Asn67 Og, are longer by 0.28—0.46 A
than those observed in the bound dihydroorotate and orotate.
However, an additional hydrogen bond with a distance of
3.41 A is formed between oxonate Ns and Cys130 S,. This
interaction probably contributes to a decrease in the average
B-factor of the main-chain atoms of the $4—aA loop to 6.9
A? as compared with 9.4 A2 and 15.0 A2 for the TcDHOD—
dihydroorotate and —orotate complexes, respectively, and
thus, to suppression of the flexibility of the 4—aA loop.

Binding of Fumarate and Succinate to TcDHOD. Both
fumarate and succinate are bound to the same site as
dihydroorotate, orotate and oxonate via identical hydrogen
bonds with TcDHOD amino acid residues (Figures 4D,E).
The bound fumarate and succinate are in a planar conforma-
tion, approximately parallel to the isoalloxazine ring, with
the exception of the second carboxyl O3 and O, atoms. As
observed in the bound dihydroorotate, orotate and oxonate,
the second carboxyl groups are twisted about the C3—C4
bonds with C,—C3;—C4—0, dihedral angles of 99.1° and
92.4°, respectively, and interact with protein nitrogen atoms.
On the other hand, the first carboxyl C;, O; and O, atoms
occupy the C4, O4 and Nj positions, respectively, of the
bound dihydroorotate efc.

C, and C; of the bound fumarate and succinate are in close
contact with Cys130 S, and FMN N, respectively. The
distances between S, and C, are 3.43 and 3.60 A for the
bound fumarate and succinate, respectively, and those
between N5 and C;, 3.51 and 3.32 A. Accordingly, S, and
C,, as observed in the bound dihydroorotate efc., are also at
a distance favorable for a S,—H-++C,; interaction in the bound
fumarate, and for a S,+-*H—C; interaction in the bound
succinate (Figures 4D,E).

DISCUSSION

In this study, we determined, at atomic resolution, the
structures of TcDHOD in the ligand-free form and in
complexes with physiological substrates (dihydroorotate and
fumarate) and reaction products (orotate and succinate), as
well as in a complex with the competitive inhibitor oxonate.
We found that the substrates and products of the first and
the second half-reactions bind to the same site of TcDHOD,
which is consistent with the one-site ping-pong Bi-Bi
mechanism demonstrated by kinetic studies for family 1A
DHODs (14, 26, 27, 47). The structures of each of the five
complexes can be superimposed on the ligand-free structure
with an rms deviation in the range 0.11 A to 0.13 A for
subunit 312 C, positions, and 0.12 A to0 0.16 A for dimer
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FIGURE 5: Proposed mechanisms for (A) the first half-reaction (oxidation of dihydroorotate to orotate) and (B) the second half-reaction
(reduction of fumarate to succinate) as carried out by TcDHOD. The FMN cofactor (yellow), amino acid residues (green) and substrates
(white) are represented using ball-and-stick models drawn with PyMOL. The hydrogen atoms of dihydroorotate C5, C6 and Cys130Sy are

shown at their calculated positions (cyan balls).

624 C, positions. Furthermore, in each structure we deter-
mined, both the oxidized and the reduced FMN cofactors
are essentially planar, and the FMN cofactor and its
peripheral 72 amino acid residues within 8 A can be
superimposed on the ligand-free form, with an rms deviation
of 0.06 A t0 0.10 A between subunits, and 0.08 At0.11 A
between dimers. Thus, the protein and FMN cofactor portions
of the complexes are essentially identical with the ligand-
free TcDHOD. Although structures determined in this study
do not reveal physiological states in the sense that orotate
and fumarate bind to TcDHOD with the oxidized FMN
cofactor and dihydroorotate binds to TcDHOD with reduced
FMN, they should be good models for the TcDHOD
enzymatic reaction pathway. On the basis of the X-ray crystal
structures determined in this study, here we discuss the
mechanisms of the first and the second half-reactions brought
about by TcDHOD.

Structural Insight into the First Half-Reaction, Dihydro-
orotate Oxidation. The mechanism of the first half-reaction
has been extensively discussed based on kinetic analyses
(21, 23, 24, 26, 47) and crystal structures (17, 18, 28, 29),
and Cys130 has been identified as the active site base for L.
lactis DHODA that abstracts a proton from dihydroorotate
Cs. In the crystal structure of the TcDHOD—dihydroorotate
complex, Cys130 S, is 3.52 A and 3.59 A away from
dihydroorotate Cs and water K, respectively (Figure 5A). In
addition, the calculated positions of the axial Cs hydrogen,
Hs,, and Cys130 S, hydrogen, Hs, are favorably disposed
for the H,OK+++Hs—S, «-+Hs,—Cs interaction, as indicated
by the distances S,—Hs, (2.54 A) and Hs—OKH, (2.32 A),
and by the angles S,—Hs,—Cs (157.5°) and S,—Hs—OXH,
(148.8°). The water K is linked to outside solvents through
a hydrogen bond chain formed by three water molecules that
are located in a hydrophilic channel connecting Cys130Sy



Mechanism of Dihydroorotate Oxidation and Fumarate Reduction

to the outside. This channel is also found in family 1A
DHODs (2B4G and 2DOR), but it is not found in the K213E
mutant of L. lactis DHODA (1JQV), in which the active
site loop closes the channel. Family 1B DHOD from L. lactis
(1EP2) does not have this hydrophilic channel; instead, the
active site Cys135 is on the molecular surface. Because of
this exquisite disposition of Cys130 and the hydrogen bond
chain, dihydroorotate Hs, would be abstracted by Cys130
as a proton and then relayed to an outside solvent through
the hydrogen bond chain.

Together with the proton abstraction from Cs, dihydro-
orotate Hg is transferred to FMN N as a hydride (or a hydride
equivalent) to reduce the cofactor. As mentioned above in
the Results section, the calculated position of Hg (between
Cg and FMN Ns, 2.19 A away from FMN Ns, with a
Ce—Hs—Ns angle of 160°) is suitably disposed for the
hydride transfer. The structure of the TcDHOD—dihydroorotate
complex shows that the reduced FMN cofactor is essentially
planar, which indicates that it is not neutral reduced FMN,
FMNH,, but anionic reduced FMN, FMNH™ (48). The
negative charge of the anionic reduced FMN is stabilized
by Lys43 and Lys164 (Figure 5A). Lys164 is part of the
hydrogen bond network of Glul25++-H,O’+++Lys164+-+
FMN. Although both Glul25 and Lys164 are shielded from
outside solvents, a proton would be shifted from the Glu125
carboxyl group to the Lys164 amino group through the
hydrogen bond network. Both of the residues are conserved
only in the amino acid sequences of DHODs from families
1A and 1B (Figure 1), but inspections of the crystal structures
of family 2 DHODs show that alternative glutamate and
lysine residues conserved in amino acid sequences of family
2 DHODs (for example, H. sapiens DHOD Glull6 and
Lys255) similarly form the hydrogen bond network of
Glul16+++H,O«++Lys255++-FMN.

In summary, the first half-reaction proceeds as follows
(Figure 5A). After binding of dihydroorotate to TcDHOD,
a hydride (or a hydride equivalent) is transferred from
dihydroorotate Cs to FMN Ns, and Cys130 S, completes
oxidation of dihydroorotate by abstracting a proton from Cs,
which is relayed to an outside solvent via the H,OX
++*Hs—S, *+*Hs,—Cs network. The negative charge of the
anionic reduced FMN is stabilized by Lys43 and Lys164.
This mechanism is consistent with previous works (/8, 23—26,
28—30). Although we cannot be sure whether the scission
of C¢—Hg and Cs—Hs, bonds is concerted or stepwise, and
we cannot be sure whether Hg is transferred to FMN N as
a hydride or a hydride equivalent, the concerted mechanism
with the transfer of a hydride equivalent has been proposed
for family 1 DHODs (23).

Structural Insight into the Second Half-Reaction, Fumarate
Reduction. Unlike the physiological substrate of the first half-
reaction, those of the second half-reaction differ among the
DHOD subfamilies. The reduced FMN cofactor for TcD-
HOD converts fumarate to succinate, whereas NAD™ is
reduced to NADH by family 1B DHODs, and ubiquinone is
reduced to ubiquinol by family 2 DHODs.

The prominent feature we found in the TcDHOD—fumarate
complex is that the conformation of the bound fumarate is
nonplanar. The second carboxyl group is twisted around the
C;—C, bond with a C,—C3—C4—0, dihedral angle of 99.1°
as observed in the bound succinate, dihydroorotate, orotate
and oxonate structures. The bound fumarate is twisted by
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interactions with Lys43 N¢, Leu71 N, Gly70 N, and Asn132
Ny (Figure 4D). Twisting around the C3—C,4 bond breaks
the uniform distribution of sr-electrons over the conjugated
double bonds of fumarate, and partial charge separation,
represented as C,°~ and C;°7, is then induced. Together with
the shorter distances of C,>"—Cys130 SO (3.43 10%) and
C:"—FMN Nj; (3.15 A) than those of C;*T— Cys130 SO
(4.24 A) and C,°"— FMN N5 (4.03 A), this partial charge
separation may act as a guide, leading a hydride (or hydride
equivalent) from FMN Ns to C3°" and a proton from Cys130
S, to C2°~ in the thermodynamically favorable reduction of
fumarate with reduced FMN. In the same manner as the
TcDHOD—dihydroorotate complex, the water K (Figure 5B)
was also in the 2F, — F. electron density map of the
TcDHOD—fumarate complex (Supporting Information Fig-
ure S2J), and acts a part of the hydrogen bond network
HOX—H-- *S,—H;** +C,%". Therefore, a proton can be relayed
from an outside solvent to C,°~ through the network (Figure
5B).

To find out whether this fumarate twisting is common,
we searched the Protein Data Bank for protein structures with
fumarate. Ten structures were found. Four [1D4E (49), 1P2E
(50), 2BS2 (51), and 1QLB (52)] are flavoproteins with
fumarate reductase activity, and six [1PJ2 (53), 1QCO (54),
2CGO (55), 2EEQ (not published), 2PTQ (56), and 2VD6
(not published)] are enzymes in which fumarate is a product
(1QCO, 2PTQ, 2VD6), an inhibitor (2CGO, 2EEO), or an
allosteric activator (1PJ2). Twisted fumarate is near the
isoalloxazine in all fumarate reductases except 2BS2, while
a planar fumarate is bound to the other six. Unlike TcDHOD,
the distances between C»°~ and Ns (3.38 to 3.96 10%) are
comparable with those between C3;°* and N5 (3.35 to 3.89
A) in 1D4E, 1P2E and 1QLB. Both 2BS2 and 1QLB are
quinol:fumarate oxidoreductase from Wolinella succinogenes,
but 2BS2, in which the active site loop is half-open, is
probably unreactive. While the number of examples is small,
we speculate that the twisting of fumarate is common in
flavoproteins with fumarate reductase activity.

In summary, at atomic resolution we determined the three-
dimensional structures of TcDHOD in ligand-free form and
in complexes with dihydroorotate, orotate, oxonate, fumarate,
and succinate. All structures are essentially identical and
include a planar FMN cofactor. The planar reduced FMN
cofactor of TcDHOD—dihydroorotate complex indicates that
the cofactor is in the form of the anionic reduced FMN.
Taking these structures as models of the enzymatic pathway
gives insight regarding the catalytic mechanisms of dihy-
droorotate oxidation and fumarate reduction. We expect that
information about the structure of TcDHOD obtained in this
study, particularly about interactions between the enzyme
and the inhibitor and physiological substrates, will be useful
in the design specific and effective inhibitors against
TcDHOD.
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SUPPORTING INFORMATION AVAILABLE

One purification table of recombinant TcDHOD (Table

S1), a figure (S1) explaining the pyrimidine de novo
biosynthesis as well as fumarate and succinate metabolism
in T. cruzi and a figure (S2) showing detailed electron density
map of all ligands complexed with TcDHOD. This material

is

available free of charge via the Internet at http://

pubs.acs.org.
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