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ABSTRACT

The kinetic properties and control mechanisms of 5-fluorouracil
(5-FU), uracil, and thymine degradation by rat liver dihydropy-
rimidine dehydrogenase were studied in vitro. The calculated
Michaelis constant (K.) for 5-FU was 3.49 + 0.41 (SE) uMm, similar
to those for uracil (2.26 + 0.28 um) and for thymine (2.23 + 0.34
um). However, the reduction of 5-FU appears to be most sensitive
to the inhibitory effects of increased substrate concentration.
The specific activities of dihydropyrimidine dehydrogenase (nmol/
min/mg of protein) for 5-FU, uracil, and thymine were 0.82, 0.68,
and 0.56, respectively. Uridine was found to be a potent noncom-
petitive inhibitor of pyrimidine base degradation in vitro, display-
ing an inhibition constant (K;) for 5-FU of 0.71 um. Total inhibition
of 5-FU degradation occurred at a uridine concentration of 10
um, whereas thymidine was found to be a much less potent
noncompetitive inhibitor of pyrimidine base degradation (K 24
um). This paper provides the first documentation of in vitro
inhibition of dihydropyrimidine dehydrogenase activity by nucleo-
sides. The concomitant utilization of uridine and 5-FU in clinical
situations might prove useful by decreasing 5-FU catabolism to
toxic metabolites as well as enhancing 5-FU cytotoxicity.

INTRODUCTION

The pyrimidine bases uracil and thymine are degraded by the
liver to CO. and to the amino acids g-alanine and $-aminoiso-
butyric acid (6, 10). The rate-limiting enzyme in this pathway is
the NADPH-dependent enzyme DPD? (EC 1.3.1.2) which cata-
lyzes the conversion of uracil and thymine to their dihydro
derivatives (1, 7).

5-FU, the fluorinated analogue of uracil used in chemotherapy
for solid tumors, is believed to be degraded by the same meta-
bolic pathway as uracil and thymine (15). In vivo studies have
demonstrated that 90% of the parent drug is eliminated by
hepatic degradation (3, 20). However, previous investigators
have not examined the kinetic characteristics of 5-FU degrada-
tion in vitro by DPD. Furthermore, little information is available
conceming the effects of endogenous regulators upon pyrimidine
base or pyrimidine base analogue catabolism. It is known, how-
ever, that the pyrimidine degradation pathway is diminished in
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growing or malignant cells and that the activity is diminished in
livers of newborn animals (5, 18).

We have recently described two siblings from a family who
excreted high levels of uracil and thymine in their urine. One
sibling developed severe toxicity when treated with 5-FU for
breast cancer. We proposed a genetic defect in DPD as the
etiology of the clinical and biochemical findings (17). The inves-
tigation of this family prompted further studies of 5-FU degra-
dation in vitro and an examination of possible mechanisms which
could modulate the enzymatic reduction of 5-FU by DPD.

MATERIALS AND METHODS

Materials. Uracil, thymine, 5-FU, NADPH, uridine, and thymidine were
purchased from Sigma Chemical Company, St. Louis, MO. The other
chemicals and reagents were obtained from local commercial sources.

Livers of adult Sprague-Dawley rats, weighing 200 to 300 g, were
used in these studies. The animals were killed by cervical dislocation,
and their livers were quickly removed, placed in ice-cold 0.25 m sucrose
solution (pH 7.30, containing 0.5 mm EDTA), and weighed. All further
procedures were performed at 4°C. The livers were minced and homog-
enized by hand using a glass homogenizer. The homogenized tissue
was reconstituted to 1 g (wet weight) per 3.3 ml of solution and was
centrifuged at 105,000 x g for 60 min. The supematant was decanted,
and the proteins were precipitated by the addition of a 32% volume of
saturated ammonium sulfate solution. The precipitate was removed by
centrifugation at 1500 x g for 20 min. The supematant was then
reprecipitated by the addition of a 15% volume of saturated ammonium
sulfate solution. The resulting precipitate was removed by centrifugation
and resuspended in ice-cold distilled water to a final volume of 5 ml per
10 g of liver (wet weight). Protein concentration of the precipitate was
determined by the method of Lowry et al. (13). One g of fresh liver
yielded about 5 mg of enzyme extract. DPD activity in the enzyme extract
remained virtually unchanged when stored at —20°C. Repeated freezing
and thawing resulted in a decrease in enzyme activity. Accordingly, the
specific activity of each thawed enzyme sample was determined imme-
diately prior to each individual experiment.

DPD Assay. DPD was assayed spectrophotometrically using a modi-
fication of the method of Fritzson (8). The incubation mixture contained
0.5 mg of protein, 50 um NADPH, 25 mm phosphate buffer, pH 7.35,
and various concentrations of substrate and inhibitors in a final incubation
volume of 0.5 ml. The blank reaction mixtures contained all reagents
including the inhibitors but without the substrate. Net oxidation of NADPH
was followed at 340 nm for 10 min in a quartz cuvet with a 1-cm light
path, using a Beckman DU-8 recording spectrophotometer equipped
with an enzyme kinetics module. One unit of enzyme activity is defined
as nmol of NADPH oxidized in 1 min using an extinction coefficient for
NADPH of um = 0.0062. Specific activity of DPD is expressed as units/
mg of protein.

Enzyme activity was tested with 5-FU, uracil, or thymine as substrates
over concentrations ranging from 0.5 to 100 um. Results of reaction
velocity against substrate concentrations were plotted graphically. In a
preliminary series of experiments, 24 different nucleosides and their
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mono, di, and triphosphate derivatives at concentrations of 5 to 10 um
were tested for inhibition of DPD activity at substrate concentrations of
50 um. Of the compounds tested, only uridine and thymidine showed
significant inhibitory activity.

The possibility that uridine could be degraded to uracil by a contami-
nating nucleoside phosphorylase activity in the DPD preparation was
assessed as follows. A reaction mixture containing 50 uM uridine, partially
purified DPD (10 mg of protein), 500 um NADPH, and 50 mm phosphate
buffer, pH 7.35, was incubated for 10 min in a total volume of 5 ml. The
reaction was terminated by the addition of 100 ul of 10% perchloric acid,
and uracil was extracted and quantitated by capillary gas chromatogra-
phy using the procedure previously described by this laboratory (17).
Control reaction mixtures containing combinations of uridine plus
NADPH, DPD plus NADPH, and uracil alone were also incubated under
identical conditions to those described above. No uracil could be detected
after 10 min of incubation in any reaction mixture except in that containing
uracil alone. Under these conditions, the extraction efficiency for uracil
was consistently 70% or greater. These resuits clearly indicate that the
partially purified preparation of DPD contained no measurable uridine
phosphorylase activity.

Data Analysis. Results of inhibition studies were tested for signifi-
cance using an unpaired Student t test, plotted graphically, and ex-
pressed mathematically using double-reciprocal plot intercepts as deter-
mined by the Wilkinson regression analysis (19). Inhibitory constants (K;)
were calculated using the method of Dixon (4).

RESULTS

The partially purified DPD catalyzed the NADPH-dependent
degradation of all three substrates (5-FU, uracil, and thymine).
Chart 1 (control plots) shows reaction velocity plotted against
substrate concentration for 5-FU, uracil, and thymine. The Vmax
was attained for 5-FU and uracil at concentrations of 10 um and
for thymine at 20 um. 5-FU showed apparent substrate inhibition
at concentrations above 20 um (data not shown). The substrate
inhibition by 5-FU at concentrations of 100 um was 28 + 7%

(SE, n = 3). Table 1 lists the specific activities at apparent Vpmax
and the apparent Michaelis constants (K) for DPD with 5-FU,
uracil, and thymine as substrates. In spite of similar Michaelis
constants, DPD showed the highest specific activity when using
5-FU as substrate, while thymine showed the lowest activity.
The reaction velocity diminished after 2 min of incubation with
all substrates, possibly due to product inhibition (Chart 3).

Uridine was found to be a potent inhibitor of DPD-catalyzed
reduction of all three substrates (Chart 1). Thymidine was found
to be much less potent as an inhibitor (Chart 2). Inhibition of
pyrimidine base reduction by uridine and thymidine appears to
occur by a noncompetitive mechanism (Chart 4). Table 2 sum-
marizes the calculated inhibition constants (K;) for uridine and
thymine. Compared to 5-FU and uracil, the reduction of thymine
by DPD is the most susceptible to inhibition by uridine and
thymidine.

DISCUSSION

In vivo studies using radioactively labeled 5-FU have demon-
strated that this compound is eliminated mainly by hepatic me-
tabolism (15). It is believed that 5-FU is degraded in a similar
manner as uracil and thymine; i.e., it is initially reduced to 5,6-
dihydrofiuorouracil by DPD (3, 15). This report documents and
characterizes the parameters of 5-FU reduction by DPD as well
as those for uracil and thymine.

Although the hepatic DPD preparation used in this study was
not pure, the specific activity of this preparation obtained by
ammonium sulfate precipitation was 5-fold higher than the activ-
ity of liver supematant (9). A nucleoside phosphorylase contam-
inant in this enzyme preparation could, if present, generate uracil
and thymine from uridine and thymidine, resulting in a decrease
in the inhibitor concentration and an increase in the effective
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Chart 1. Effect of uridine on the concentra- 02
tion-dependent activity of DPD for 5-FU (a),
uracil (b), and thymine (c). Reaction velocity (v) 00
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inhibited reactions.
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Chart 3. Change in reaction velocity of DPD with time for 5-FU, uracil, and (s)

thymine. Velocity (v) is expressed as nmol of NADPH oxidized per mg of protein
per min at maximal substrate concentrations (10 um). The points on each graph
represent mean values obtained from 13 to 20 separate rat liver preparations.

substrate concentration. However, no uridine phosphorylase
activity was detected in the partially purified hepatic DPD prep-
aration. Furthermore, the majority of the nucleoside phosphory-
lase enzymes should precipitate in the 32% ammonium sulfate
fraction discarded during the DPD purification (2).

Our results show that the affinity of 5-FU for DPD is similar to
those of uracil and thymine (Table 1). However, the specific
activity of DPD with 5-FU as a substrate at maximal velocity is
higher than that obtained with uracil or thymine. Possibly the
fluorine radical favors reduction of the carbons at positions 5
and 6.

Previously, no information was available in regards to the
control mechanisms of pyrimidine base degradation in vitro. It

Chart 4. Lineweaver-Burk piot for the inhibition of 5-FU reduction by uridine and
thymidine. O, 5-FU with no inhibitor, average of 15 to 19 experiments/point; ©, 5-
FU + 1 um uridine, average of 3 to 4 experiments/point; A, 5-FU + 100 um
thymidine, average of 3 to 4 experiments/point. The intercepts for each line were
determined using the Wilkinson regression analysis (19). The calculated kinetic
constants for each experimental group are as follows: noninhibited reaction, K =
4.2 uM, Vmex = 1.02 units/mg of protein; uridine inhibition, Kep = 4.3 uM, Vegp =
0.46 units/mg of protein, K, = 0.84 um; thymidine inhibition, Kep = 3.6 uM, Vegp =
0.28 units/mg of protein, K, = 39 um. The reduction of DPD activity with each
inhibitor is statistically significant (P < 0.01).

was previously demonstrated that thymidine administered with
5-FU prolonged the half-life of 5-FU in blood (14), though the
amounts of thymidine used in those studies were very large. In
contrast, we observed that uridine is a very potent inhibitor of
DPD in vitro, whereas thymidine is a much less potent inhibitor.
Uridine has been shown to potentiate the cytocidal effect of 5-
FU in AKR leukemia cells in vivo (16).
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Tabie 1

The specific activity at Ve and Michaelis constants (Kn) for 5-FU, uracil, and
thymine with rat liver DPD

The K. was calculated from the formula

ol

using 2 to 3 substrate concentrations for each determination. Specific activity is
expressed per mg of purified protein. One unit of enzyme activity is defined as
nmol of NADPH oxidized per min.

——
Substrate Ken (uM) (units/mg)

5FU 3.5+ 04° (13 0.82 + 0.04 (18)
Uracil 2.3+0.3(11) 0.68 + 0.05 (20)
Thymine 2.2+ 0.3(10) 0.56 + 0.03 (14)

® Mean + SE.
® Numbers in parentheses, number of individual liver preparations.

Table 2
Inhibition constants (K)) for uridine and thymidine with rat liver DPD

The K, values were calculated according to the method of Dixon (4) using the
formula for noncompetitive inhibition
Vinax

Voo = i
Ki

The experiments were performed in triplicate and the average values used.

Uridine Thymidine
Substrate Ki (um) K (um)
5-FU 0.71 24
Uracil 0.62 41
Thymine 0.16 79

It is possible therefore that the administration of 5-FU with
uridine may permit the usage of smaller 5-FU doses, thereby
avoiding central nervous system toxicity thought to be caused
by fluorinated metabolites of 5-FU (11, 12). Additional detailed
studies will be needed in order to characterize the theoretical
beneficial effects of uridine on 5-FU metabolism and toxicity.
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