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ABSTRACT. The isoxazol leflunomide (N-(4-trifluoromethylphenyl)-5-methylisoxazol-4-carboxamide) and its
active metabolite A77-1726 (N-(4-trifluoromethyl)-phenyl-2-cyano-3-hydroxy-crotonic acidamide) are promising
disease-modifying antirheumatic drugs now in clinical trials. The malononitrilamides MNA279 (2-cyano-3-
cyclopropyl-3-oxo-(4-cyanophenyl)propionamide) MNA715(N-(4-trifluoromethyl)-phenyl-2-cyano-3-hydroxy-
hept-2-en-6-in-carboxylic acidamide) and HR325 (1(3-methyl-4-trifluoromethylphenyl-carbamoyl)-2-cyclopropyl-2-
oxo-propionitrile) were shown to block rejection after allograft and xenograft transplantation in animals. Brequinar
and other cinchoninic acid derivatives have also been evaluated as immuno-suppressive agents. A77-1726, HR325
and brequinar have been shown to have strong inhibitory effects on mitochondrial dihydroorotate dehydrogenase [EC
1.3.99.11], the fourth enzyme of pyrimidine de novo synthesis, with concomitant reduction of pyrimidine nucleotide
pools. Pyrimidine nucleotides are essential for normal immune cell functions. Because most investigations had been
carried out with cells, cell homogenates or mitochondrial fractions, it was the rationale of the present study to
differentiate, under standardized conditions, the effect of leflunomide, A77-1726, MNA279, MNA715, HR 325 and
brequinar on the recombinant rat and human enzymes, which were purified in our laboratory. Whereas leflunomide
was a relatively weak inhibitor of the rat (IC5o = 6.3 pM) and human (1C5, = 98 M) dihydroorotate dehydrogenase,
the influence of A77-1726, MNA 279, MNA715 and HR325 was of comparable efficacy for either the rat (range of
IC50, 19-53 nM) or the human enzyme (range of 1Cs5o, 0.5-2.3 wM). From the iC5, values, it was deduced that
brequinar was a more potent inhibitor of the human dihydroorotate dehydrogenase activity (1C5o = 10 nM) than
of the rat enzyme (IC5o = 367 nM). The rat enzyme was influenced by all isoxazol derivatives to a greater extent
(ICso = 19 nM A77-1726) than the human enzyme (ICso = 1.1 puM A77-1726). These results may provide a
plausible explanation for the findings of other laboratories with cultured cell lines and lymphocytes: in
comparison to cells derived from human tissues, rat and other rodent cells were more susceptible to the isoxazol
derivatives and less susceptible to brequinar. Our detailed kinetic investigations of the bisubstrate reaction
catalyzed by rat dihydroorotate dehydrogenase revealed a noncompetitive type of inhibition by A77-1726 with
respect to the substrate dihydroorotate and the cosubstrates ubiquinone or decylubiquinone. For brequinar, the
inhibition was noncompetitive with respect to the substrate dihydroorotate, whereas with the quinone it was
found to follow the “mixed typed” inhibition. In addition, brequinar acted as a “slow-binding” inhibitor of the
human dihydroorotate dehydrogenase, a feature that might be of consequence for the reversibility of the reaction
with the target. BIOCHEM PHARMACOL 56;9:1259-1264, 1998. © 1998 Elsevier Science Inc.
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Rheumatoid arthritis is an autoimmune disease character-
ized by severe inflammation of the joints, resulting in
destruction of cartilage, bone, and tendon. Leflunomide,f
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an isoxazol derivative, is a novel immunosuppressive that
has demonstrated efficacy and safety in the treatment of
patients with active arthritis [1, 2] and that is presently in
Phase III studies. Other isoxazol derivatives, the malono-
nitrilamides MNA279 and MNA715, have been found to
block rejection after allograft and xenograft transplantation
in animals [3, 4]. Because in vivo leflunomide is rapidly
processed to the active metabolite A77-1726, most in witro
studies have been performed using this formula. A77-1726
and HR325 were the first derivatives of this class for which
a strong binding to the DHOdehase (EC 1.3.99.11), the
fourth enzyme of pyrimidine de novo synthesis, was proven
by radiolabeling studies [5]. Pyrimidine nucleotides serve
essential functions in nucleic acid metabolism and the
activation mechanism of sugars for glycosylation of proteins
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and lipids. By extensive work on various cell lines, the
antipyrimidine effect of A77-1726 was demonstrated in
various laboratories [6—8]. By kinetic studies using recom-
binant versions of the truncated human DHOdehase in
vitro, characteristic features of the inhibitor A77-1726 were
shown [9, 10]. The cinchoninic acid derivative brequinar
(quinoline carboxylic acid [11]), which originally was
discovered as a cytostatic agent with a strong effect on
DHOdehase, is currently being evaluated for its effective-
ness as an immunosuppressive agent for preventing graft
rejection [12, 13]. From experiments with established cell
lines, both A77-1726 and brequinar were found to affect
cells from various animal species, although to different
extents. Human cancer cell lines were found to be much
more sensitive to the antiproliferative effect of brequinar
than rat cells [14], and immune cell-specific reactions were
observed to be more disrupted by low concentrations of
A77-1726 in rodent than human lymphocytes [15]. In order
to discover an underlying molecular mechanism for these
observations of a species-related efficacy of the drugs, it was
the rationale of the present experiments to study the effect
of A77-1726 and brequinar on rodent DHOdehase by
means of enzyme kinetics. The recent availability of puri-
fied recombinant rat and human DHOdehase [10, 16],
which were proved to contain the redox cofactor FMN,
allowed us to compare the inhibitory features of the four
isoxazol derivatives (A77-1726, MNA279, MNA715 and
HR325) and the cinchoninic acid derivative brequinar
under identical assay conditions in witro.

MATERIALS AND METHODS

Unless otherwise stated, all chemicals were from Boehr-
inger Mannheim, Serva, Merck or Sigma, at the purest
grade available. Leflunomide, A77-1726, MNAZ279,
MNA715 and HR325 were obtained from Hoechst Marion
Roussel Deutschland GmbH. Brequinar Sodium (NSC
368390), 6-fluoro-2-(2'-fluoro-1, 1'-biphenyl-4yl)-3-meth-
yl-4-quinoline carboxylic acid sodium was obtained from
DuPont Pharma GmbH. 1-Dihydroorotate, Qp, Qo and
DCIP were from Sigma.

The recombinant truncated human DHOdehase (43
kDa; EMBL sequence data bank Accession No. M94065)
and the complete rat DHOdehase(42.7 kDa; EMBL se-
quence data bank Accession No. X80778) were purified as
described previously by Knecht et al. [10, 16]. For the
DHOdehase protein, a molecular mass of 43-44 kDa was
deduced from SDS-PAGE of rat liver mitochondria, in
correction of previous reports [17, 18], and 43 kDa for the
enzyme of human liver mitochondria [10, 16]. At the
N-terminus of the rat enzyme, a typical but short mitochon-
drial targeting sequence of 10 amino acids was identified;
the N-terminal 11 amino acids that are known for the
human enzyme include the targeting information for the
import into the mitochondria as well. Because this se-
quence (Xaa,-Lys-Leu-Pro-Trp-Arg-His-Leu-Gln-Lys-Arg-
Ala-) is longer than that of the rat enzyme (Met-Ala-Trp-
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Arg-Gln-Leu-Arg-Lys-Arg-Ala-), it can be assumed that
very few amino acids are lacking at the N-terminus of the
human enzyme.

Engyme Assay

Enzyme assays with the recombinant DHOdehase after
purification were performed at 30° according to previously
described procedures [10, 16, 17]. The oxidation of the
substrate dihydroorotate and the reduction of the cosub-
strate quinone was coupled to the reduction of the chro-
mogen DCIP. The reaction mixture contained 0.1 mM Qp,
or 0.1 mM Q;,, 1 mM tr-dihydroorotate, 0.06 mM DCIP,
0.1% Triton X-100 in 50 mM Tris-HCI buffer, 150 mM
KCI, pH 8.0. The reaction was started by addition of the
enzyme. The loss in absorbance of the blue DCIP was
monitored at 600 nm; € = 18.800 1 mol™' cm™'. The
enzyme activity in control assays without Qp or Qo was
approximately 1% maximum enzyme activity; this amount
was subtracted from the activity values measured. No dye
reduction was detected if the control assay was performed in
the presence of the enzyme and Qp or Qo but in the
absence of dihydroorotate.

Stock solutions of 10 mM leflunomide, HR325,
MNA715 and MNA279 were prepared in dimethylsulfox-
ide with further dilutions in the buffer taken for the assays.
A77-1726 and brequinar were dissolved in buffer. All
solutions were fresh preparations. Dimethylsulfoxide at the
stated dilutions was found not to interfere with DHOdehase
activity.

Kinetic Analysis

Recent evaluation of kinetic constants for the DHOdehases
under study gave the following values: K., for dihydrooro-
tate = 4 pM and K, for Qo = 9.9 uM; K, for dihydro-
orotate = 9.4 uM and for Qp = 13.7 uM (human enzyme
[10]); K, for dihydroorotate = 6.4 uM and for Q,, = 9.9
puM; K, for dihydroorotate = 11.5 pM and for Qp, = 5.9
M (rat enzyme [16]). To determine the inhibitory potency
of the agents, the initial velocity of the DHOdehase
reaction was measured at saturating substrate concentra-
tions, 1 mM dihydroorotate and 100 uM Q, and varying
concentrations of the drugs (I nM through 100 uM). The
equation was fitted to the initial velocities:

v = V/{l + [I]/IC;()} (1)

([I] is the inhibitor concentration) in order to find the
concentration causing 50% inhibition of the enzyme activ-
ity (1Csq).

To identify the type of inhibition and to estimate the
values of the inhibition constant, the following experi-
ments were designed. Three fixed inhibitor concentrations
were chosen for three sets of assays. The initial velocities of
each were determined either with varying concentrations of
dihydroorotate and 100 M Qp or 100 uM Q,,, or with
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TABLE 1. IC5, values describing the effect of isoxazol derivatives and brequinar on human
and rat DHOdehase
Human DHODH Rat DHODH
Compound ICso (LM) n ICso (nM) n
Leflunomide 97.9 = 34 3 6300 = 3300 3
AT7 1726 1.08 £0.1 5 197 3
MNA 279 2.25+04 6 258 =35 3
MNA 715 0.46 = 0.17 6 52.5+6.7 3
HR 325 1.11 2 20.1 2
Brequinar 103X 1072 £ 0.9 X 1073 (vy) 3 366.9 = 100 3
Human and rat DHOdehase activity was determined with the chromogen reduction assay using DCIP, dihydroorotate and Qp,
at saturating concentrations. Dose-response curves for inhibition of the two enzymes were obtained by varying the drug
concentrations from 1 nM to 100 WM. The concentration of inhibitor required to achieve the half-maximal degree of inhibition
(1c50) was determined by fitting the equation v = V/{1 + [I]/ic5o} to initial velocites as explained under Materials and Methods.
Results are means = S.D. from the indicated number (n) of experiments. (v¢): Brequinar was found to act as slow-binding
inhibitor; therefore steady-state velocities were used to determine ICsp.
varying concentrations of Qp or Q;y and 1 mM dihydro- chondria: the kinetic constants, K, = 3.28 = 2.45 pM;

orotate. The equation was fitted to the data:
v =V X[Al/[(K, + [A]) (2)

([A] is the substrate concentration). It is obvious from the
values presented in Table 1 that the rat enzyme was affected
to a greater extent than the human DHOdehase by all
isoxazol derivatives. The 1Csy values of A77-1726 and
HR325 obtained with the human enzyme were 20-fold
those obtained with the rat DHOdehase, with the greatest
difference observed in the case of the MNAT715. In con-
trast, the cinchoninic acid brequinar was found to be a
more potent inhibitor of the human enzyme, the iCs
obtained with the rat enzyme being 30- to 40-fold that
observed with the human enzyme.

Rodents, preferentially mice but also rats, and rat or mice
cell lines are important tools in evaluating properties of
new drugs prior to studies evaluating drug effects in human
beings. This prompted the present detailed kinetic study
with recombinant rat DHOdehase to be performed, so as to
compare it with the human enzyme. Because 1C5, values
give the net effect of inhibitors on enzyme activity and
depend on assay conditions and type of inhibition, the
ultimate criterion by which the effectiveness of a com-
pound is judged, i.e., the true inhibition constant for the
enzyme, was determined [21]. In previous work with the
recombinant human DHOdehase, we found A77-1726 to
be an uncompetitive inhibitor with respect to dihydrooro-
tate (K, = 0.94 uM) and a noncompetitive inhibitor with
respect to Qp (K. = 1.09 uM, K;, = 1.05 upM) [10]. This
convenient quinone has often been used for assays of
dehydrogenases in wvitro. Essentially the same results were
found when the experiments were now repeated with Q;o,
the most abundant ubiquinone in mammals: A77-1726 is
an uncompetitive inhibitor of human DHOdehase with
respect to dihydroorotate (K;, = 1.3 = 0.07 pM) and a
noncompetitive inhibitor with respect to Qo (K,. = 1.5 =
0.45 uM, K,, = 1.2 £ 0.13 pM). Greene et al. [6] reported
mixed-type kinetics with dihydroorotate and human mito-

K, = 1.16 = 0.35 pM, were close to ours assuming that
K, = K. and K;; = K,, [20]; K. > K,, may indicate a
predominantly uncompetitive inhibition [19]. For the qui-
none binding of the human enzyme (a minus 30 amino acid
truncated recombinant variant without detectable FMN as
redoxcofactor [22]), a competitive type of inhibition for
AT7-1726 (K, = 179 * 19 nM) was observed by Davis et al.
[9]. The same study revealed noncompetitive inhibition for
dihydroorotate, whereas brequinar was reported to be a
noncompetitive inhibitor for both the dihydroorotate and
ubiquinone binding sites of the enzyme, with a K; = 26 nM
as obtained from Dixon plot [22].

Deviations of V and K, values in comparison to the
constants for the noninhibited enzymatic reaction were
considered to determine whether the inhibition was com-
petitive, uncompetitive or noncompetitive, respectively
[19]. Once an inhibition pattern was established, the
appropriate equations were fitted to the data as:

v =V X [AJ/[K, X (1 +
[1/K.) + [Al}

v =V X [AI/K, + (1 +
[1I/K;,) X [Al} or

v =V X [AJ/[K, X (1 +
/K + (1 + [1)/K,,) X [A]}

(o}

competitive inhibition:
uncompetitive inhibition:

noncompetitive inhibition:

(K, is the competitive inhibition constant; K;, is the
uncompetitive inhibition constant [20]).

RESULTS AND DISCUSSION

The availability of purified DHOdehase from mitochon-
drial membranes of animal tissues for extensive in witro
studies was extremely limited until the successful overex-
pression and purification of the rat and human enzyme
species to high specific activity [10, 16]. We previously
reported that the catalytic properties of the two recombi-
nant enzymes were very similar to those determined for the
enzyme isolated from tissues; hence, we used the recombi-
nant DHOdehases to compare the effect of isoxazol and
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FIG. 1. Kinetic pattern for the reaction of rat DHOdehase with A77-1726 and Qp, as cosubstrate. DHOdehase activity was determined
with the chromogen reduction assay using DCIP, Tris-HCI buffer, pH 8, at 30° and the substrate concentrations as indicated: (A)
Initial velocities of DHOdehase as a function of one substrate concentration (dihydroorotate) at fixed concentrations of the second
substrate (100 pM Qp). Double reciprocal plot of the data to demonstrate the type of inhibition; (B) Initial velocites of DHOdehase
as a function of one substrate concentration (Qp,) at fixed concentrations of the second substrate (1 mM dihydroorotate). Double
reciprocal plot of the data demonstrate type of inhibition. (®) Without inhibitor; () 10 nM A77-1726; (A) 20 nM A77-1726; (V)

30 nM A77-1726. The solid lines represent the best fit of the equations given under Materials and Methods to the data.

cinchonionic acid derivatives on this target under standard-
ized assay and laboratory conditions.

The 1C5y value as a practical readout of the relative
effects of different substances on enzyme activity under
comparable conditions was obtained from dose-response
plots [21]. The results of activity measurements of the
human and rat DHOdehase in the presence of leflunomide,
AT77-1726, MNA279, MNA715, HR325, and brequinar are
summarized in Table 1. As for the mother compound of
isoxazolderivatives, leflunomide, a remarkably low potency
was seen in comparison to the metabolite A77-1726 and its
analogs (Table 1). This finding clearly shows that lefluno-
mide with its intact isoxazol ring has to be converted by
ring-opening to A77-1726 in order to become a potent
inhibitor of the target DHOdehase. Quite a good inhibition
of human DHOdehase by leflunomide (K; = 4.6 pM) was
reported by Greene et al. [6]; however, the authors could
not rule out a conversion of leflunomide to A77-1726
through their tests with crude mitochondria preparations,
and they noted a need to check their findings on purified
DHOdehase.

We then performed comprehensive kinetic analyses of
the recombinant rat enzyme as influenced by A77-1726.

Because virtually the same profiles were obtained with the
cosubstrate Qp, (Fig. 1) and Q;y (not shown), it was
concluded that decylubiquinone can be used for all in vitro
studies with DHOdehases. It is obvious from Table 2 that in
both cases the inhibition constants of A77-1726 were
smaller for the rat enzyme than for the human DHOdehase
(see above). In addition, kinetic measurements revealed a
change in the inhibition pattern of A77-1726 with respect
to dihydroorotate from the uncompetitive type—as for the
human enzyme—to the noncompetitive type with the rat
DHOdehase. For comparison, the inhibition kinetics of the
rat enzyme with brequinar gave the following results: with
dihydroorotate as variable substrate, a clear noncompetitive
type of inhibition could be deduced from comparable values
of Ki. (308 = 64 nM) and K;, (289 = 20 nM). A great
difference in these values—K,. (42 = 7 nM) and K|,
(507 = 39 nM) for the co-substrate Qp, here—has been
classified as a “mixed-type” rather than a noncompetitive
type of inhibition [19]. Mixed-type inhibition could indi-
cate that the binding of an inhibitor involved both the
substrate binding site and catalysis [23]. Therefore, a com-
petition of brequinar with the quinone for the binding site
in the rat DHOdehase could be deduced from the results.

TABLE 2. Kinetic analyses of rat DHOdehase inhibitor by A77-1726

Variable substrate Constant substrate Type of inhibition K;. (nM) K;, (nM)
DHO (1.56-1000 uM) Qp (100 uM) Noncompetitive 22.6 + 4.6 258+ 1.8
DHO (1.56-1000 pM) Qi (100 pM) Noncompetitive 114 +24 16.7 £ 1.1
Qp (1.56-100 pM) DHO (1 mM) Noncompetitive 126 £ 1.9 16.8 = 1.0
Qo (1.56-100 pM) DHO (1 mM) Noncompetitive 13.1 £3.5 15.1 £ 2.1

Inhibitor constants for competitive inhibition (K;.) and uncompetitive inhibition (K;,) were determined by measuring the initial velocities of the DHOdehase-catalyzed reaction

in the presence or absence of A77-1726. Three fixed inhibitor concentrations (10, 20 and 30 nM) were chosen for three sets of assays. The initial velocities of each were
determined either with varying concentrations of dihydroorotate (DHO) and 100 M decylubiquinone (Qp) or 100 wM ubiquinone (Q,), or with varying concentration of Qp
or Qo and constant 1 mM dihydroorotate. Once an inhibition pattern was found, the appropriate equation, given under Materials and Methods, was fitted to all data. Inhibitor
constants are best fit of all data * asymptotic standard error.
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FIG. 2. Time-dependent inhibition of human
DHOdehase by Brequinar and A77-1726. DHO-
dehase activity was determined with the chromo-
gen reduction assay using DCIP, dihydroorotate
and Qp, Tris-HCI buffer, pH 8, at 30° and the
inhibitor as indicated. The reaction was started
by addition of the enzyme to the reaction mixture.
(A) Brequinar at O nM (1); 10 nM (2); 31.6 nM
(3); 100nM (4); (B) A77-1726 at O pM (1); 0.1
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Figure 2 shows the time-dependent inhibition of human
DHOdehase activity by brequinar and A77-1726. The
pattern of inactivation by brequinar (Fig. 2A) through the
first 50 sec was different from that obtained with A77-1726
(Fig. 2B). This slow inactivation by Brequinar was inter-
preted as a characteristic feature of a “slow-binding inhib-
itor” (for review, see Morrison [24] and Szedlacsek and
Duggleby [25]). Slow-binding kinetics have not been re-
ported for the partial recombinant human enzyme [22];
however, it is not known whether the course of the activity
assays had been monitored immediately upon addition of
the enzyme as was done in our study. With the rat enzyme,
brequinar did not reveal a slow-binding kinetic profile (data
not shown), but rather one comparable to that obtained
with the human enzyme and A77-1726 (Fig. 2B). The
kinetic measurements with the isoxazol derivatives A77-
1726, MNAT715, MN279, and HR325 did not display
profiles of a slow-binding character (data not shown).
Evidence has accumulated that many slow-binding inhibi-
tors mimic intermediates in enzyme catalysis; some of them
have been thought to cause irreversible damage to the
target [21, 26]. The subtle difference in the brequinar-target
interaction disclosed by the present study with the rat and
the human enzyme should be the subject of further studies,
especially with DHOdehases from other species.

Our hypothesis was that differences among cells from
different species in their susceptibility to the isoxazol and
cinchoninic acid derivatives as described by different au-
thors could be based on different affinities for the drugs by
the enzyme DHOdehase. To date, the primarily discussed
target of the cinchoninic acid and isoxazol derivatives in
cells has been the inhibition of DHOdehase, the fourth
enzyme in UMP biosynthesis [6, 7, 8, 18, 27]. This does not
exclude the possibility that the compounds may interfere
with other cell components as well, e.g. at higher concen-
trations [28]. The drugs were thought to mediate their effect
on immune cells by decreasing pyrimidine nucleotide pools.
It has been emphasized that pyrimidine nucleotides are
essential for normal immune function [29]. The mitogen-
induced T lymphocyte proliferation of rat cells was reported
to be more sensitive to A77-1726 (ics, = 0.086 wM) than
of human cells (ics5; = 12.6 wM) [14], and the 1C5, value for
brequinar as evaluated with the mixed lymphocyte response

pM (2); 1 pM (3); 10 pM (4).

0 20 40 60 80 100120140
t (sec)

assay was shown to be 0.391 pM (rat) and 0.014 pM
(human) [27]. Similarly, experiments with the malononi-
trilamides on T and B cell responsiveness and proliferation,
revealed a more prominent susceptibility of rat cells (ic5o =
0.5 pM MNA279; 1C5 = 1 pM MNAT715; 1C59 = 0.1 uM
AT77-1726) in comparison to human cells (ic5, = 18.9 puM
MNA279; 1C5 = 5.6 pM MNAT715 and ic55 = 4.7 uM
AT7-1726) [30]. A reversed efficacy of growth inhibition
was found with brequinar, e.g. M5-melanoma: 1c55 = 0.35
puM; 14C-squamous: 1Csq = 0.19 wM; H35 rat hepatoma:
IC5o = 2.53 wM [13]. Via this type of 1Csy determination,
the drugs were added to the cell medium and the effects of
inhibition were measured indirectly by a readout of biolog-
ical activity, e.g. influence on cell growth and proliferation,
that is dependent on the activity of the target enzyme
DHOdehase. From the 1csy values obtained, it can be
concluded that the different susceptibility of the rat and
human cells to the isoxazol or cinchoninic acid derivatives,
respectively, correlates with an appropriate repression of
DHOdehase activity as evaluated by the present kinetic
study. Experiments with other classes of anti-DHOdehase
compounds are in progress in this laboratory in an attempt
to confirm our notion that kinetic parameters are a reliable
tool to predict different grades of efficacy for cells from
different animal species.
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