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The Structures of Human Dihydroorotate Dehydrogenase with and without Inhibitor
Reveal Conformational Flexibility in the Inhibitor and Substrate Binding Sites’
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ABSTRACT: Inhibitors of dihydroorotate dehydrogenase (DHODH) have been suggested for the treatment
of rheumatoid arthritis, psoriasis, autoimmune diseases, Plasmodium, and bacterial and fungal infections.
Here we present the structures of N-terminally truncated (residues Met30—Arg396) DHODH in complex
with two inhibitors: a brequinar analogue (6) and a novel inhibitor (a fenamic acid derivative) (7), as well
as the first structure of the enzyme to be characterized without any bound inhibitor. It is shown that 7
uses the “standard” brequinar binding mode and, in addition, interacts with Tyr356, a residue conserved
in most class 2 DHODH proteins. Compared to the inhibitor-free structure, some of the amino acid side
chains in the tunnel in which brequinar binds and which was suggested to be the binding site of ubiquinone
undergo changes in conformation upon inhibitor binding. Using our data, the loop regions of residues
Leu68—Arg72 and Asn212—Leu224, which were disordered in previously studied human DHODH
structures, could be built into the electron density. The first of these loops, which is located at the entrance
to the inhibitor-binding pocket, shows different conformations in the three structures, suggesting that it
may interfere with inhibitor/cofactor binding. The second loop has been suggested to control the access
of dihydroorotate to the active site of the enzyme and may be an important player in the enzymatic reaction.
These observations provide new insights into the dynamic features of the DHODH reaction and suggest

new approaches to the design of inhibitors against DHODH.

Dihydroorotate dehydrogenase (DHODH,' EC 1.3.99.11)
is a key enzyme in nucleotide synthesis. It catalyzes the
fourth committed step in the de novo biosynthesis of
pyrimidines. In this step of the synthesis, (S)-dihydroorotate
(DHO) is stereospecifically oxidized to orotate, while the
prosthetic flavin (FMN) group is reduced. Inhibition of
DHODH leads to reduced levels of essential pyrimidine
precursors, among which is UMP, a critical component of
RNA and DNA synthesis (/). Most organisms are able to
both synthesize and salvage pyrimidine bases; however,
rapidly proliferating human cells such as activated T-
lymphocytes (2) and cancer cells (3) are dependent on de
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novo nucleotide synthesis to meet their growth requirements
(1). The suggestion that DHODH inhibitors may be used as
antiproliferative agents in cancer therapy and to treat tropical
parasitic infections is based on these findings (4-9). Bre-
quinar and leflunomide are two examples of such compounds
that have been clinically tested. Brequinar (denoted 1 in Table
1) is an antitumor and immunosuppressive agent, while
leflunomide, which is a prodrug to the active metabolite
A771726 (denoted 2 in Table 1), shows immunosuppres-
sive activity (6, /0-16). Unfortunately, oral administration
of brequinar together with cyclosporine or cisplatin has been
shown to have toxic effects such as mucositis, leukocytope-
nia, and thrombocytopenia (10, 17, 18). Severe side effects
like diarrhea, abnormalities in liver enzymes, rash, and
hypertension have also been observed during clinical use of
lefluonomide (Arava) (19-23). Thus, there is still a need for
new and more efficient DHODH inhibitors with reduced side
effects.

DHODH proteins from different organisms have been
grouped into two classes. The first class (class 1) includes
the cytosolic family, while the second class (class 2) includes
membrane-associated DHODH (24). Class 2, to which
human DHODH belongs, is distinguished from class 1 by
the use of ubiquinone for reoxidizing FMN and by the
presence of a highly variable N-terminal extension, which
is responsible for the association of the enzyme with the inner
mitochondrial membrane (24, 25). The N-terminal extension
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Table 1: Molecular Structures and ICsy Values for Some Inhibitors of
Human DHODH (6, 7, and 8 used in this study)®

Code Chemical Structure 1Csg

1 6 M, (33)
2 773 uM, (33)
3 280 nM, (28)

4 2 nM, (28)

5 Ki2.8 uM, (34)

O -OH
cl N
6 O N 0 E 15 nM*

(o) OH
H
7 “\@ /@ 81 nM*
o o
(o] OH
8 “° 63 uM*

“The ICsq values were determined by the standard DCIP assay using
saturated concentrations of DHO (200 uM) and decylubiquinone (CoQd)
1.

folds into a separate domain with two a-helices (Figure 1).
It is located on top of the catalytic C-terminal domain close
to the FMN binding site and contributes to the formation of
a tunnel-like pocket (7, 26, 27). Some inhibitors of class 2
DHODH have been found to bind inside this tunnel, which
has led to the suggestion that ubiquinone may also bind
there (7, 26, 28-33). The C-terminal domain is folded into
an o/f barrel, and in addition to the FMN binding site, it
contains the active site where dihydroorotate binds.

The crystal structures of human DHODH in complex with
a brequinar analogue 2’-desfluorobrequinar, with A771726
(an active metabolite of leflunomide, 2 in Table 1), and in
complex with a series of novel compounds with binding
modes described as being brequinar-like, nonbrequinar-like,
or dual (e.g., compounds 3 and 4 in Table 1) have been
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FIGURE 1: Overall view of the structure of human DHODH in
complex with compound 7. The helices of the N-terminal helical
domain are colored light blue, and the bound inhibitor is shown as
sticks. The loop connecting the N- and C-terminal domains is
colored dark blue. In the core catalytic domain, helices are colored
green, strands red, and loop regions yellow. The figures were
prepared with Pymol (50).

determined (7, 28). Compounds with a brequinar-like binding
mode had lower ICsy values, indicating a higher binding
affinity. In addition, the crystal structure of a terphenyl
inhibitor (5 in Table 1) designed to be a hybrid between the
scaffold of 1 and the binding motif of 2 has been reported
(34). Here we present the first crystal structure of the
inhibitor-free N-terminally truncated (residues Met30—Arg396)
human DHODH, as well as the structures of two complexes,
one with a brequinar analogue (6) and the other with a novel
inhibitor (7) with a different chemotype as compared to the
previously known inhibitors.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Human DHODH.
The RNA encoding N-terminally truncated human DHODH
(Met30—Arg396) was isolated from U937 cells using the
All Perfect RNA Mini Kit (QIAGEN) and amplified by RT-
PCR (Titan one-tube RT-PCT system, Roche) using the
upstream  primer 5-TTCAGCTACATATGGCCACGG-
GAGATGAGCGTTTC-3" (35-mer with the endonuclease
Ndel restriction site underlined) and the downstream primer
5’-CATTCGTAGGATCCTCACCTCCGATGATCTGCTCC-
3" (35-mer with the BamHI site underlined). The PCR
product was digested with Ndel and BamHI and cloned into
the pET-19b expression vector (Novagen) according to
standard procedures outlined in the Novagen PET system
manual. The entire coding region was confirmed by DNA
sequencing. The vector produces DHODH as a fusion protein
with 10 N-terminal His residues. To produce the protein,
the plasmid was used to transform competent BL21(DE3)
cells (Novagen). These bacteria, BL21(DE3)/DHODH, from
a frozen stock were precultured at 25 °C in 2x YT medium
using ampicillin as a selection marker. The preculture was
used to inoculate a 5 L fermentor, from which the cells were
harvested after being cultivated for 19 h without any addition
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of inducer. Part of the frozen cell pellet (33.2 g) was
dissolved in 150 mL of cold buffer [SO mM HEPES (pH
7.0), 300 mM NaCl, and 10% glycerol] supplemented with
two tablets of Complete Protease Inhibitor Cocktail (Roche).
Lysozyme (Merck), 150 ug, was added, and the cell solution
was kept in motion for 45 min at 20 °C. After addition of
60 uL of Benzonase (Merck) followed by incubation for an
additional 30 min, the cell slurry was sonicated (4 x 20 s)
under ice at 30 s intervals. After addition of 1% Triton X-100,
the solution was centrifuged at 38000g for 1.5 h at 4 °C.
The supernatant was applied to a column packed with 5 mL
of Talon superflow resin (Clontech), previously equilibrated
with the same HEPES buffer described above. After being
extensively washed, the proteins were eluted with 300 mM
imidazole. The imidazole was later removed from the eluted
proteins when they were passed through PD-10 columns
(Amersham). The yield of the pure enzyme was ap-
proximately 60 mg, and spectral analysis showed the
characteristic absorption maxima at 363 and 456 nm origi-
nating from the flavin moiety. These decreased in magnitude
after the addition of the substrate dihydroorotate. After
addition of the electron acceptor decylubiquinone, the
absorption maxima could be recorded again, although at a
slightly higher wavelength, probably due to the presence of
the product orotate. The His,o tag was not removed for further
studies.

Cocrystallization of DHODH with Inhibitor. Purified
DHODH used for crystallization trials was concentrated to
more than 20 mg/mL by using Centriprep centrifugal
concentrators (Amicon) followed by Microcon centrifugal
filter devices (Amicon). The protein at a concentration of
18—24 mg/mL [dissolved in 10 mM N,N-dimethylundecy-
lamine N-oxide (C;;DAO) (Fluka), 400 mM NaCl, 1 mM
EDTA, 100 mM HEPES (pH 7), and 30% glycerol] was
mixed with an equivalent volume of the crystallization buffer,
consisting of 100 mM acetate (pH 4.8), 40 mM C;;DAO,
20.8 mM N,N-dimethyldodecylamine N-oxide (DDAO)
(Fluka), 2 mM dihydroorotic acid (DHO) (Sigma), and
varying concentrations of (NH4),SOy4 (1.6—2.2 M). Inhibitor
compounds dissolved in dimethyl sulfoxide (DMSO) (Euriso-
top) were added to the mixture described above (1—10 uL).
The resulting protein and inhibitor solution was mixed in
equal amounts with the reservoir buffer consisting of 100
mM acetate (pH 4.8), various concentrations of (NH4),SO4
(from 1.6 to 2.2 M), and 30% glycerol. Hanging drops of
5—10 uL were prepared using siliconized circle cover slides
(HR3-231, Hampton Research). Streak seeding was done by
gently touching an old protein/precipitant drop with a
whisker, thereby transferring seeds of small crystals into a
new protein/precipitant drop. Crystals usually appeared after
a few days and reached full size in approximately 3 weeks.

Data Collection, Structure Determination, and Refinement.
All data sets were collected at beamline I711 at the MAX-II
synchrotron radiation source in Lund, Sweden (35), using a
Mar345 image plate detector. Crystals were flash-frozen in
liquid nitrogen and kept at 100 K during data collection. The
crystals belonged to space group P3,21 with the following
cell dimensions: a = b = 90.5 A and ¢ = 122.0 A. The data
sets were processed using XDS (36). The structures of the
complexes were determined by molecular replacement using
CNS (37) with the DHODH—brequinar analogue complex
[Protein Data Bank (PDB) entry 1d3g (7)] as the starting
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model. Model building and refinement were conducted with
O (38) and CNS. At later stages of refinement, Refmac 5.0.2
was used (39). Details of data collection and refinement
statistics are presented in Table 2. The coordinates of the
complexes (compounds 6 and 7) and the apo structure have
been deposited in the Protein Data Bank as entries 2PRH,
2PRL, and 2PRM, respectively.

Synthesis of Compounds. (i) Compound 6. 6-Chloro-2-(2’-
fluorobiphenyl-4-yl)-3-methylquinoline-4-carboxylic acid (6-
chloro brequinar), a brequinar analogue, was prepared by
the Pfitzinger condensation of 5-chloroisatin and the 4-pro-
pionylbiphenyl (40). The following analytical NMR data
were obtained for this compound: 'H NMR (500 MHz,
DMSO) 6 2.44 (3H, s), 7.32—7.37 (2H, m), 7.43—7.48 (1H,
m), 7.63 (1H, dt), 7.70 (2H, d), 7.74 (2H, d), 7.78—7.82 (2H,
m), 8.07 (1H, d), 14.5 (1H, bs); MS m/z 392 M + H)".

(ii) Compound 7. 5-Methoxy-2-(4-phenoxyphenylami-
no)benzoic acid, 2-bromo-5-methoxybenzoic acid (14.8 g,
64 mmol), and 4-phenoxyaniline (23.7 g, 128 mmol) were
dissolved in 50 mL of DMF. Potassium carbonate (4.44 g,
32 mmol) and copper bronze (0.40 g) were added, and the
reaction mixture was heated to 150 °C for 2 h. The reaction
mixture was allowed to reach room temperature and was then
added dropwise to hydrochloric acid (6 M, 200 mL). The
resulting precipitate was collected by filtration with suction
and washed with water. The crude product was recrystallized
from ethanol (150 mL), giving 16.01 g of the title compound
(74.6%). The following analytical data were obtained for this
compound: '"H NMR (400 MHz, CDCl;) 6 3.73 (3H, s), 6.98
(4H, d), 7.04—7.12 (2H, m), 7.18 (3H, t), 7.32—7.41 (3H,
m), 9.15 (1H, s); MS m/z 336 (M + H)*. Anal. Calcd for
CyHi7NO4: C, H, 5.11; N, 4.18. Found, C, H, 5.16; N, 4.29.

(iii) Compound 8. 2-Hydroxy-1-naphthoic acid was pur-
chased from Sigma-Aldrich (catalog no. H45809).

Enzymatic Assay for Inhibition of Recombinant Human
DHODH Activity. 1Csy values for compounds 6—8 were
determined with the following method. DHODH activity in
recombinant N-terminally truncated human DHODH was
assayed by DHO-driven reduction of dichloroindophenol
(DCIP) (41). The recombinant enzyme at a final concentra-
tion of 0.4 ug/mL in PBS supplemented with 0.02% Tween
20 was preincubated with or without inhibitor in a buffer
containing 50 mM Tris (pH 8), 0.1% Triton X-100, 1 mM
KCN, 100 uM decylubiquinone, and 200 uM DCIP for 30
min at room temperature. The reaction was initiated by the
addition of 500 uM DHO, and the reduction of DCIP was
measured after 10 min as a decrease in absorbance at 650
nM. Absorbance was plotted as a percentage of control at
various drug concentrations, and I1Csy was calculated.

RESULTS

Data were collected from DHODH crystallized in the
presence of three different compounds, a brequinar analogue
(6-chloro brequinar, in which the 6-fluoro group of brequinar
is replaced with a 6-chloro group; compound 6), a novel
inhibitor (compound 7), and a hydroxynaphthoic acid (2-
hydroxy-1-naphthoic acid, compound 8) (Tables 1 and 2).
While the first two inhibitors could be clearly detected in
the electron density maps, no electron density for compound
8 was seen, indicating a low binding affinity and a low
occupancy of the site (Table 1). This resulted in the first
structure of an inhibitor-free enzyme.
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Table 2: Data Collection and Refinement Statistics for the Three
Structures Presented in This Work

8
6 7 (inhibitor-free)

cell dimensions® a, ¢ (A) 90.6, 122.7 90.4, 122.1 90.1, 123.2
resolution range A) 20.0—2.3 20.0—2.1 20.0—3.0
completeness (%) 99.7 (100.0)”  98.1 (98.4)"  99.5 (100.0)"
no. of unique reflections 26327 33570 11941
I/o(I) 12.0 (4.0)” 10.55 (5.9 6.9 (5.0)"
Rinerge (%)° 11.8 (39.6)" 11.9 (29.6)>  25.0 (34.6)”
no. of protein atoms 2805 2805 2805
no. of water molecules 344 196 33
Reryst (Rpree)” 0.198 (0.220)” 0.185 (0.207)* 0.209 (0.253)"
average B-factor (A2) 21.2 20.5 21.6
rmsd for bond lengths (A)  0.008 0.009 0.009
rmsd for bond angles (deg) 1.4 1.6 1.4
rmsd for dihedrals (deg) 214 214 21.7

“Space group P3,21. ”The numbers in parentheses are for the
highest-resolution shell. © Ruerge = 2l — (DI/XAD). ¢ Reryst = ZFops —
Feacd/ X Fops, where Fops and Fee are the observed and calculated
structure factor amplitudes, respectively. Riee is the same as Rens, but
calculated on 5% of the data excluded from refinement.

Structures of the Complex with Compound 6 (brequina-
CI—DHODH) and the Inhibitor-Free Enzyme. Superposition
of an earlier structure of a complex with another brequinar
analogue (7) and the structure of the complex with compound
6 shows identical binding modes for the two molecules in
the tunnel formed by the N-terminal domain (Figure 1). An
extensive network of interactions (not shown) provides the
basis of the high affinity of brequinar analogues for human
DHODH [ICsp < 0.01 uM (Table 1)]. The major difference
observed between this structure and the previously published
complex with a brequinar analogue is that the region between
amino acid residues Leu68 and Arg72, which lacked
interpretable electron density in the previous structures, could
be built into the electron density map of the complex
presented here (Figure 2A). This region belongs to a long
loop, which follows helix a2 and connects the N- and
C-terminal domains of the molecule (shown in Figure 1).
Apart from this, we have also rebuilt the N-terminus, which
appears to have a different conformation in our complex,
being bent toward the inhibitor-binding pocket. The previ-
ously published complex of brequinar with human DHODH
showed a detergent molecule associated with the N-terminal
region, which partially covered the biphenyl moiety of the
inhibitor (7). In the complex presented here, some trace
density, which may correspond to this detergent molecule,
could be seen at the level of 10, but not at 1.2¢. There are
no traces of the detergent molecule in the structure of the
inhibitor-free enzyme, which may be an effect of the lower
resolution and/or the absence of the inhibitor (which may
stabilize detergent binding).

As noted above, cocrystallization of DHODH with hy-
droxynaphthoic acid resulted in an inhibitor-free structure
of the enzyme. A comparison of the structure of the complex
with compound 6 with that of the inhibitor-free enzyme
showed several interesting differences. Thus, the loop region
between Leu68 and Arg72 has two different conformations
in the two structures (Figure 2B). In the inhibitor complex,
the side chain of Leu68 moves by approximately 2.5 A to
avoid a steric clash with the biphenyl moiety of the inhibitor.
The flexibility of this loop region suggests that it may have
a gatekeeping function, controlling binding and dissociation
of ubiquinone, which has been suggested to bind in the same
tunnel as the brequinar-like inhibitors. In addition, the side
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chains of several residues, described previously as primary
interaction partners with inhibitors (7, 28, 29), undergo a
conformational change (Figure 3): Met43, Leu46, GIn47,
Vall34, and Argl36. Although these conformational changes
are limited to the side chains, they show the ability of the
binding pocket to adapt to the bound molecule, and they
should be taken into account when new inhibitors are
designed.

An interesting feature of the inhibitor-free structure is that
the loop between amino acid residues Asn212 and Leu224,
which includes several invariant and conserved residues, is
well-resolved in the electron density map (Figure 4). In all
previous human DHODH structures, including the complex
with compound 6, this loop was disordered, perhaps due to
high flexibility, which led to the conclusion that it may
function in controlling the access of dihydroorotate to the
active site of the enzyme (7). In the inhibitor-free structure,
the side chain of Asn217 makes a hydrogen bond (2.6 A)
with the carboxylic group of orotate, apparently contributing
to the stability of the substrate in the active site. It is tempting
to speculate that the presence of the inhibitor (or the quinone
cofactor) may destabilize the conformation of this loop, thus
providing a mechanism for orotate release. However, there
is no apparent interaction between the inhibitor and any of
the loop residues: the distance from the Cl atom of compound
6 to the side chain of Asn217 is approximately 12 A.

Structure of the Complex with Compound 7. Apart from
redoxal (42), compounds from the fenamic acid class (V-
aryl anthranilic acids) have not hitherto been known as
DHODH inhibitors. In a drug discovery process involving
fragment and virtual screening, a number of fenamic acid
derivatives have been discovered to be human DHODH
inhibitors (unpublished data). One of the most potent
compounds of this series is compound 7 (Table 1). Com-
pound 7 was specifically designed to take advantage of two
inhibitor-binding subsites, one of which is the “brequinar-
like” binding site also called subsite 2, according to the
classification of Baumgartner et al. (28), and which involves
GIn47 and Argl36, and subsite 3, which involves Tyr356,
Tyrl47, and His56. Compound 7 is approximately as long
as brequinar, but it lacks the bulky substituents in the ortho
position of the benzoate ring (Table 1 and Figure 5). One
notable difference in the conformation of this complex,
compared to the complex with compound 6, is that the side
chain of Vall34 is rotated toward the inhibitor (Figure 5).
In the complex with compound 6, this position of the side
chain would have resulted in a steric clash with the Cl atom
of the brequinar analogue. Not surprisingly, a similar
conformation is adopted by Vall34 in the inhibitor-free
structure (Figure 3). The carboxylate group of compound 7
is rotated by approximately 30° compared to the position in
compound 6, which is probably required to optimize the
interactions with GIn47 and Arg136. The side chains of both
residues are shifted by approximately 0.5—1 A toward the
inhibitor and positioned 3.1 and 2.8 A, respectively, from it
(Figure 5). One of the unique features of compound 7 is a
methoxy moiety in the meta position of the ring, which forms
a hydrogen bond with the side chain of Tyr356 (2.6 A). The
distance to the side chain of the invariant His56 is also rather
short (3.6 A). The diphenyl ether moiety in compound 7
appears to be more flexible than in brequinar and is bent
toward the opening of the pocket. This is presumably due
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FIGURE 2: Loop connecting the N-terminal helical domain with the core catalytic domain. (A) A 3F,— 2F, electron density map (blue
mesh) contoured at 1.20 is superimposed on the model. Helices are colored green and strands red. Amino acid residues within the loop are
shown as sticks, with nitrogens colored blue, oxygens red, and carbons yellow. (B) Superposition of the apo, compound 6, and compound
7 complex structures showing changes in the conformation of the loop region around amino acid residues Leu68—Arg72 upon inhibitor
binding (red, apo; yellow, compound 6 complex; blue, compound 7 complex).

'3 ) -

FIGURE 3: Binding of an inhibitor to DHODH and changes in side
chain conformations in the inhibitor-binding pocket. The structures
of the apoenzyme (green) and the complex with compound 6
(yellow) have been superimposed. Side chains and the inhibitor
are shown as sticks. Compound 6 is colored light brown.

to the presence of “extra” atoms between the phenyl rings
that are not present in the brequinar structure. Other small
differences are observed in the conformations of the N-
terminal residues and the loop region of Leu68—Arg72.

DISCUSSION

The low levels of amino acid sequence identity in the
N-terminal domain of DHODH proteins from different
organisms and the involvement of this region in inhibitor
binding provide an opportunity for the design of new
inhibitors with selectivities for particular organisms (5, 30,
43, 44). Some efforts have been made to develop analogues
of brequinar and lefluonomide with higher potency, and also
fewer and less adverse side effects (18, 45-48). The
inhibitory activities of various compounds with structures
similar to those of brequinar and redoxal, and with a novel
chemotype, have also been analyzed using docking proce-
dures and QSAR refinement (49). It was found that a large
total van der Waals surface area and the presence of a
negatively charged group in the compound are essential
features of a good DHODH inhibitor. Compound 7, which

e

FIGURE 4: Loop covering the substrate binding site in apo-DHODH.
A 3F, — 2F, electron density map (blue mesh) is shown
superimposed on the loop region between residues Asn212 and
Leu224. Amino acid side chains and the orotate are shown as sticks.

is a novel DHODH inhibitor, was designed according to these
principles. It interacts with GIn47 and Argl36 (with a
brequinar-like binding mode) and in addition with Tyr356
[subsites 2 and 3 as defined by Baumgartner et al. (28)].
This dual interaction with both subsites has only been
observed previously in the complex with compound 5 (34).
Compound 3 and some of its analogues are other examples
of the compounds that interact with Tyr356 (28). However,
compound 3 exhibited no observable interactions with GIn47
and Argl36, and it showed a binding that differs from the
brequinar-like binding mode. In addition to the dual interac-
tion mode, the structure of compound 7 has some specific
features. Among these is the total length of the molecule,
which causes the carboxylate-containing phenyl ring to
position itself slightly more deeply inside the pocket,
compared to compounds 1, 5, and 6. This ensures more
optimal interactions with GIn47 and Argl36. In addition,
the methyl moiety in the methoxy group occupies a position
similar to that of the Cl atom in 6 and the methyl group in
2, which makes favorable hydrophobic interactions with
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FIGURE 5: Compound 7 binding to human DHODH. (A) Stereoview showing the binding of compound 7 to DHODH. Dashed lines show
hydrogen bonding interactions. An F, — F. difference electron density map at 30 is shown superimposed on the inhibitor structure. (B)
Schematic plot of the interactions of compound 7 with DHODH. Dashed lines show hydrogen bonding interactions. The plot was prepared

with Ligplot (51).

Val134 possible. It should be pointed out that we used a
truncated form of human DHODH in our structural and
activity studies. Previously, it has been observed that the
N-terminal transmembrane part of DHODH had an impact
on binding kinetics and potency for compounds 1 and
2 (30, 33). However, we did not observe any large variations
in activity for compound 7 compared to kinetic studies with
the full-length enzyme from mitochondrial membrane prepa-
rations of U973 cells (data not shown).

As seen in Table 1, compound 7 had a relatively lower
affinity for human DHODH than compounds 1 and 4 did,
which probably results from the higher flexibility of the
diphenyl ether moiety positioned in the hydrophobic part of
the binding tunnel. In compound 7, this group is not

optimally positioned: the last phenyl group points toward
the opening of the tunnel and adopts a position similar to
that of the CF; group in 2. With these observations as a
starting point, new compounds may be designed to take
advantage of subsite 5 [as defined by Baumgartner et al.
(28)], which would enable favorable interactions with the
carbonyl oxygen of Leu67 and the hydroxyl group of Tyr38.
In addition, interactions within the lipophilic pocket may be
optimized. It should also be noted that the dynamic features
seen in the complexes presented here suggest that the loops
between Leu68 and Arg72 and between Asn212 and Leu224
have important regulatory roles in the activity of DHODH.
Additional mutational studies should shed new light on the
role(s) of these two loops.
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