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Abstract-A TLC procedure was developed to determine dihydropyrimidine dehydrogenase (DPD) activity in 
human peripheral lymphocytes. The assay, which used radiolabeled uracil as a substrate, was validated using 
recombinant pig DPD in which it was demonstrated to yield kinetic constants similar to those found by methods 
that rely on either spectroscopic determination of NADPH oxidation or HPLC. DPD activity was measured in 
a group of human lymphocyte extracts, including an extract from a subject that actually presented toxicity to 
5-fluorouracil treatment. Measurements of DPD protein content using western immunoblots revealed a signif- 
icant correlation with activity levels in human lymphocytes. Thus, this correlation could be used to determine 
not only the levels of expression of this enzyme, which is the cause of an inherited genetic deficiency in 
pyrimidine catabolism, but also to estimate the degree of sensitivity to pyrimidine-based cancer drugs such as 
5-fluorouracil. 
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DPDJ: (EC 1.3.1.2) is the rate-limiting enzyme in the 
catabolism of pyrimidines. The metabolism of uracil is 
the only pathway for the biosynthesis of B-alanine in 
mammals [l]. DPD is also involved in the catabolic 
inactivation of 5-FU, a pyrimidine analog widely used in 
the chemotherapeutic treatment of cancers related to the 
digestive tract (colorectal and gastric), breast, head, neck 
and ovary [2, 31. A deficiency in DPD activity is respon- 
sible for an inborn error in pyrimidine metabolism called 
thymine uracilurea [4]. Several phenotypic traits have 
been associated with this deficiency, including convul- 
sive disorders, high toxicity associated with low 5-FU 
metabolism after treatment of cancer patients with this 
chemical, microcephaly, some mental retardation, and 
minor dysmorphic features including hypertelorism, 
broad nose and lacunar teeth [4]. 

DPD deficiency was shown to be responsible for 5-FU 
toxicity that resulted in several deaths during cancer che- 
motherapy (reviewed in Ref. 3). Patients that experience 
5-FU toxicity are believed to be genotypically heterozy- 
gotes or homozygous for a mutant DPYD gene. The 
frequency of heterozygotes in the population maybe as 
high as 3% [3]. Based on the Hardy-Weinberg equilib- 
rium, the frequency of homozygous-deficient subjects 
could be as high as i/1000. This deficiency is inherited as 
an autosomal recessive trait [5], and, for the first time, 
the molecular basis for DPD deficiency in humans has 
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been determined in a Dutch family [6]. Biochemically, 
DPD deficiency results in almost complete lack of cat- 
alytic activity in human fibroblasts [7] and lymphocytes 
[8, 91. In the present study, using a newly developed 
TLC method, and DPD protein quantification by western 
blots, we demonstrated a correlation between catalytic 
activity and DPD protein content in human lymphocytes. 
The method was characterized and validated using lym- 
phocytes from several subjects and recombinant DPD 
produced in Escherichia coli. 

MATERIALS AND METHODS 

Chemicals 

NADPH, phenylmethylsulfonyl fluoride (PMSF), 
EDTA, leupeptin and D’lT were obtained from the 
Sigma Chemical Co. (St. Louis, MO) at either >98% 
purity or Sigma grade. [2-‘4C]Uracil was purchased 
from DuPont-NEN (Boston, MA) (59.1 mCi/mmol; 98% 
pure as determined by the manufacturer by a TLC 
method). Ficoll-Paque ET (density = 1.077 g/mL) was 
obtained from Pharmacia LKB Biotechnology (Piscata- 
way, NJ). TLC plates were purchased from J. T. Baker 
Inc. (Phillipsburg, NJ). All other chemicals were ob- 
tained from commercial sources and were of the best 
quality available. 

Isolation of lymphocytes from peripheral blood 

Peripheral vein blood was obtained from donors by 
collecting a IO-mL aliquot into a heparinized syringe. 
The blood was diluted with 1 vol. of balanced salt so- 
lution [ 15 mM Tris-HCl buffer (pH 7.5) containing 
0.01% glucose, 50 pM CaCl,, 100 @I MgCl,, 5.4 mM 
KC1 and 125 mM NaCl] and centrifuged at 400 g for 40 
min at 20’ through a Ficoll-Paque ET discontinuous gra- 
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dient to isolate peripheral blood mononuclear cells from 
erythroid’cells. The interphase of the gradient containing 
the lymphocytes was removed and washed twice with 4 
vol. of balanced salt solution. The cells were then resus- 
pended in 2 mL of 45 mM potassium phosphate buffer 
(pH 7.3), 20% glycerol, 10 mM EDTA, 1 mM D’IT, 0.1 
mM PMSF, and 2 pM leupeptin. The cell suspension 
was lysed on ice with two 20-set bursts of a Heat Sys- 
tems sonicator (model W 225-R at 20% of full power). 
The lysate was centrifuged at 100,000 g for 60 min at 4”. 
To avoid interference from glycerol during migration on 
the TLC plate, the supematant was dialyzed for 18 hr at 
4’ against 1000 vol. of 45 mM potassium phosphate 
buffer (pH 7.3) containing 1 mM EDTA, 1 mM D’IT, 
and 2.5 mM MgCl,. The final protein was stored at -70” 
until used. This retains about S&90% activity after 4 
weeks of storage. Lymphocyte DPD was also shown by 
others to be stable after freezing [IO]. 

Catalytic assay 

DPD activity has been measured by a TLC protocol in 
which separation between the substrate ([2-‘4C]uracil) 
and the product formed (5,6-dihydrouracil) can be 
achieved by migration on a silica gel TLC plate. 

The reaction mixture contained 29 mM potassium 
phosphate buffer (pH 7.3), 1 mM EDTA, 1 mM DTT, 
2.5 mM MgCl,, 60 pM NADPH, 50 @4 [2-‘4C]uracil as 
substrate, and enzyme in a final volume of 100 FL. After 
starting the reaction by the addition of the substrate, the 
samples were incubated at 37” for 10 min for purified 
pig DPD or for 90 min for human lymphocyte DPD. The 
reaction was stopped by the addition of 1.5 vol. of eth- 
anol, and the samples were dried under vacuum. The dry 
peliet was dissolved in 10 pL of distilled water and 
applied to a 20 x 20 cm silica gel IB TLC plate. The 
chromatography was developed using an n-butanol:gla- 
cial acetic acidwater (12:3:5, by vol.) solvent mixture 
until the front of the solvent reached the top of the plate. 
The TLC plate was removed from the chamber and air 
dried. To quantify the catalytic activity, the plates were 
exposed for 6-8 hr with Phosphor screens (Eastman 
Kodak Co., Rochester, NY) at room temperature, and the 
screens were read with a Phosphorimager (Molecular 
Dynamics, Sunnyvale, CA). The signal corresponding to 
the product was transformed into nanomoles of product 
by using a calibration curve constructed with known 
amounts of [2-14C]uracil since the stoichiometry for the 
conversion to 5,6-dihydrouracil from uracil is 1:l [11], 
and it has been reported previously that dihydrouracil is 
the only metabolite formed from uracil in human lym- 
phocytes [ 121. The catalytic activity is expressed as mi- 
cromoles or nanomoles of product per minute and per 
milligram of protein for the pig purified DPD or human 
lymphocyte enzymes, respectively. DPD activity was 
measured from frozen lymphocyte preparations since it 
has been shown that the catalytic activity of frozen ver- 
sus fresh lymphocyte preparations follows a linear rela- 
tionship [ 121. 

DPD exhibits a nonclassical ping-pong catalytic 
mechanism in which two substrates (thymine or uracil 
and NADPH) interact with two independent active sites 
[13]. Thus, both NADPH (not shown) and uracil con- 
centrations were titrated. Catalytic activity determina- 
tions on different human lymphocyte samples were done 
using 60 pM NADPH and 50 @I uracil, which corre- 
spond to concentrations at which the enzyme is at V,,,,. 

Additionally, these conditions allow direct comparison 
with catalytic activities for human lymphocyte prepara- 
tions obtained by others. D’IT, EDTA and MgCl, were 
added to the reaction mixture at the standard concentra- 
tions previously reported for human lymphocyte DPD 
u41. 

Protein concentration was determined using the bicin- 
choninic acid (BCA) procedure (Pierce Chemical Co., 
Rockford, IL), using bovine serum albumin as standard. 
All the protein determinations in this study were done 
within the linear range of the assay. 

Western blot and quantification of the DPD content in 
human lymphocytes 

SDS-PAGE gel electrophoresis was carried out using 
the method of Laemmli [ 151. The gels were transferred 
to nitrocellulose membranes by semi-dry electroblotting 
for 90 min at 1.5 mA/cm’. The membranes were blocked 
at room temperature by incubation in PBS solution con- 
taining 0.5% Tween 20 and 5% skim milk. After rinsing 
with PBS, the membranes were incubated for 2 hr at 
room temperature with rabbit anti-pig DPD polyclonal 
antibody (200-fold dilution in PBS). The blots were sub- 
sequently washed three times in PBS containing 0.5% 
Tween 20 and rinsed twice in PBS prior to incubation for 
90 min with the alkaline phosphatase-labeled goat anti- 
rabbit IgG. The membranes were developed using the 
reagent 5’-bromo-4-chloro-3-indolyl-phosphatelnitro- 
blue tetrazolium (BCIP/NBT) (Kirkegaard & Perry Lab- 
oratories, Gaithersburg, MD). 

The DPD protein content in human lymphocytes was 
quantified directly from the western blots by using a 
scanning densitometer (Molecular Dynamics). The sig- 
nals obtained for the different subjects were used to cal- 
culate micrograms of lymphocyte DPD protein by ref- 
erence to a calibration curve constructed with known 
amounts of pig DPD. This calibration curve shows lin- 
earity up to 1.0 l,tg of purified enzyme (r = 0.995, P c 
0.0005). 

Recombinant DPD was produced by expression in E. 
coli [ 161. Briefly, DH-5a cells were transfected with the 
vector pSE420 containing the pig DPD cDNA. A single 
colony of transformed ceils was used to produce a 250- 
mL culture that, following induction with isopropyl-p- 
d-thiogalactopyranoside, was harvested for isolation of 
DPD. The protein preparation was enriched in DPD con- 
tent by ammonium sulfate fractionation prior to use, as 
described [ 161. 

Statistical analyses 

Simple linear correlations and Spearman rank corre- 
lations were done with the Stat View software program 
(Abacus Concepts Inc., Berkeley, CA). 

RESULTS 

The isolation of enriched DPD preparations from hu- 
man lymphocytes by the Ficoll-Paque gradient and son- 
ication method yields a catalytically active protein that 
reacts with the rabbit anti-DPD polyclonal antibody. 
This method yields between 1.5 and 2.6 pg of DPD 
protein (0.5 to 0.8 mg of total protein) per 10 mL of 
blood. 

A mixture of n-butanol:glacial acetic acid:H,O (12:3: 
5, by vol.) was found to adequately resolve the substrate 
(uracil) from the product (5,6-dihydrouracil). A typical 
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experiment for the linearity of the reaction with time 
using recombinant pig DPD shows the degree of reso- 
lution achieved (Fig. 1A). R, values of 0.53 and 0.41 
were obtained for the substrate and the product of the 
reaction, respectively; these Rfvalues were in the same 
range of resolution as those shown for a different TLC 
catalytic assay [ 171. Some tailing of product to substrate 
was noted only under conditions of >4O% conversion; by 
controlling the reaction time and the amount of DPD 
enzyme added to the assay, we kept the product conver- 
sion below lO-15% of the total substrate input. No de- 
tectable activity was obtained in the absence of added 
enzyme or in the absence of NADPH (results not 
shown). The catalytic assay, using [2-14C]uracil as sub- 
strate, was found to be linear with the amount of lym- 
phocyte DPD protein, at least up to 20 pg (Fig. 1B). 
Linearity was also found with the reaction time, at least 
up to 120 min (Fig. 1C). Linear regression analyses 
showed coefficients of r = 0.997 (P = 0.0001) and r = 
0.989 (P = 0.0002) for the dependence on the amount of 
protein and with the reaction time, respectively. 

To further validate the assay system, kinetic studies 

0 A 

Substrate 

Product 

Reaction 
Time (min) 

were performed using purified and recombinant pig 
DPD and human lymphocyte samples. The results, 
shown in Fig. 2 and Table 1, revealed that the kinetic 
values obtained in this study by the TLC protocol for 
purified pig DPD are in good agreement with those pre- 
viously reported [ 181. The K,,, values for the purified pig 
enzyme, determined by NADPH oxidation and either the 
recombinant or the purified pig DPD using the TLC 
assay, were almost identical at 2 pM. The calculated K,,, 
for human lymphocytes using the TLC method ranged 
from 3.3 to 4.8 @I. These K,,, values for the human 
lymphocyte enzyme are in close agreement with those 
obtained using human liver purified DPD assayed by 
HPLC [19]. Lymphocytes were isolated from eleven 
subjects, and the DPD activity was determined in the cell 
extracts. The results obtained are shown in Fig. 3. It can 
be observed that most of the subjects presented a cata- 
lytic activity that was statistically comparable between 
them (mean = 0.168 nmol product/min/mg lymphocyte 
protein; SD = 0.014) and with activities previously re- 
ported by others [12]. We found two subjects (2 and 3) 
with activities significantly above the mean, and two 

1 3 6 
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pg lymphocyte protein Time, min 

Fig. 1. (A). TLC assay of recombinant pig DPD activity as a function of time. The solvent conditions were 
n-butanol:glacial acetic acidHa (12:3:5); 0.5 pg of recombinant enzyme was used. (B) Dependence of the 
catalytic activity on the amount of lymphocyte DPD protein. The reaction time used was 60 min. The data fit 
to a linear regression analysis with an r = 0.997 (P = 0.0001). (C) Dependence of the catalytic activity in human 
lymphocyte DPD preparations on the reaction time. The assay was carried out using 7.8 pg of total lymphocyte 
protein. The data show a linear correlation with an r = 0.989 (P = 0.0002). Values in panels B and C are means 

f SD, N = 3. 
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Fig. 2. Kinetic analysis of recombinant pig DPD and human 
lymphocyte DPD activity, using TLC. The amount of substrate 
was varied, and the activities obtained were plotted on a stan- 
dard double-reciprocal Michaelis-Menten plot using recombi- 
nant (DPD) (0) and lymphocyte cell extract from a high ac- 
tivity (0) subject and two low activity (0 .A) subjects. These 
data were used to determine the K, and V,,,, values shown in 
Table 1. Catalytic activities are expressed as micromoles and 
nanomoles of product per minute per mifligrarn of protein for 
the recombinant DPD and for the lymphocyte DPD, respec- 
tively. The amounts of protein used for the recombinant and 

human lymphocyte DPD were 0.5 and 10 pg, respectively. 

subjects (8 and 10) with about half the mean DPD ac- 
tivities. Subject 10 is actually a patient that exhibited 
toxicity from 5FU treatment. The activity we obtained 
for this sample was very similar to that found with the 
HPLC assay method (90 pmol/min/mg protein, Etienne 
M-C and Milan0 G, unpublished results). We also found 
that another normal volunteer (subject 8) had low activ- 
ity. 

To determine if DPD activities correlate with protein 
levels, western immunoblots were performed using an- 
tibody against pig DPD [16, 181. The blots, shown in 
Fig. 3, were quantified by scanning densitometry and 
plotted against DPD specific activities (Fig. 4). A statis- 
tically significant correlation was found between activity 
and protein, although there were two subjects (1 and 6) 
with levels of protein of about half the levels found in 
four other subjects with similar activities. The two sam- 
ples with higher activity (2 and 3) had levels of protein 
that were not significantly above the mean average sam- 
ples. 

I I I 1 , I 1 I I , , 
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Fig. 3. DPD activity values obtained for eleven lymphocyte 
samples. Reactions were carried out using 7 pg of lymphocyte 
protein for 90 min at 37’. Results are averages of three deter- 
minations. Enzymatic activity is expressed as nanomoles per 
minute per milligram of total lymphocyte protein. The hotizon- 
tal line stands for the reported average DPD activity for human 
lymphocytes as measured by HPLC. Western immunoblots 
were carried out on 15 pg of total lymphocyte protein using 
polyclonal antibody against pig DPD, except for sample 4 in 
which 4 pg of protein was used. The error bars indicate the 

standard deviation from the mean for every subject. 

DISCUSSION 

Another TLC method was reported to determine the 
catalytic activity of DPD [17]. This method involves 
multiple steps requiring identification of the product on 
the TLC plate (by UV or staining), recovery of the gel- 
containing product, and quantification of 3H by scintil- 
lation counting. Additionally, in this former method, 
only rat liver DPD was used and the suitability of the 
procedure is not evaluated for practical analysis of hu- 
man lymphocyte DPD. In this respect, only HPLC was 
reported to be useful in measuring DPD activity in hu- 
man lymphocytes [14]. 

The TLC method presented in this report has been 
used to measure DPD activity in human lymphocytes. 
Since dihydrouracil is the only metabolite formed from 

Table 1. Comparison of the kinetic parameters of human lymphocyte DPD activity with 
liver purified human and pig and recombinant pig enzymes 

Assay method Kill V max 

HPLC method HPLC-human purified* 4.9 0.6 
NADPH oxidation Pig purified* 1.98 0.33 
TLC (this study) Recombinant pig 2.0 0.38 

Human lymphocytes 3.3-4.8 0.09-0.3 
Pig purified 2.0 0.35 

Values for V_ are expressed as pmoYmin/mg of purified DPD and nmol/min/mg of 
lymphocyte protein. K,,, values are expressed as pM. Kinetic parameters were calculated 
from data displayed in Fig. 2. 

* The values for human [19] and pig [18] have been published. 
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Fig. 4. Correlation between DPD activity and immunoquanti- 
tied DPD protein. The values were plotted from data derived 
from Fig. 3. Linear regression of the data shows r = 0.778 (P = 
0.008). By using a Spearman rank correlation, u = 0.927 (P = 

0.054) was obtained. 

uracil in human lymphocytes [12], this method is a sin- 
gle-step analysis that allows direct quantification of the 
product and the substrate of the catalytic reaction after 
exposure of the TLC plate to X-ray film or to Phosphor- 
imager screens due to the “C-labeling of both mole- 
cules. We have obtained accurate and highly reproduc- 
ible quantification not only with the recombinant DPD 
enzyme, but also with the DPD protein extracted from 
peripheral human lymphocytes. The sensitivity of the 
method has been confirmed by the accurate determina- 
tion of DPD activity in crude lymphocyte extracts from 
DPD-deficient human patients having activity more than 
3 orders of magnitude lower than that of the human 
purified enzyme. 

Using an HPLC method, DPD activities of 189 [lo] 
and 2 11 pmol/min/mg protein [3] were found for normal 
subjects. As shown in Fig. 3, these values are very sim- 
ilar to those obtained in the present study. Furthermore, 
subject 10, identified as having a lower level of activity 
by the HPLC method (90 pmol/min/mg protein), was 
also found to have a lower catalytic activity by this TLC 
method (100 pmol/min/mg protein). Interestingly, sub- 
jects 8 and 10 presented a catalytic activity in the same 
range as that reported for heterozygous family members 
of patients with a complete deficiency in DPD activity 
[6]. Additionally, considering that DPD is the major en- 
zyme involved in the metabolism of M’U, this defi- 
ciency in catalytic activity may be responsible for the 
observed toxic effects of this chemotherapeutic agent (as 
actually seen in subject 10). Genetic characterization of 
the DPD deficiency in this subject is currently under 
study. 

On the other hand, the fact that subjects with similar 
levels of protein exhibit different (higher) levels of DPD 
activity suggests that high activity variants may be due 
to amino acid changes in the protein that result in en- 
zymes having levels of activity above the mean of the 
normal population. A linear correlation coefficient of r = 
0.778 (P = 0.008) was obtained between catalytic activ- 
ity and DPD protein content in these human lymphocyte 
samples that agrees with the level of correlation found 
between DPD activity and Sfluorouracil systemic clear- 
ance in humans (r = 0.71) [14]. When a Spearman rank 

correlation was applied, u = 0.927 (P = 0.054) was ob- 
tained, further indicating the existence of statistically 
significant correlation between both variables. 

The results presented in this report can be summarized 
as follows: (i) a simple and reproducible method to ob- 
tain crude preparations of DPD protein and a specific 
assay for DPD activity have been developed that require 
only small amounts of human lymphocytes for accurate 
determinations; (ii) the enzymatic assay was validated 
using recombinant pig DPD and lymphocyte extracts, 
and the K,,, and V,,,, values obtained were found to be in 
close agreement with those reported in the literature for 
purified pig and human DPD and for human lymphocyte 
DPD; (iii) a correlation between enzymatic activity and 
DPD protein content has been demonstrated and (iv) in 
our sample set two subjects were found, who had about 
one-half of the activity and protein content with respect 
to subjects having activities within the normal median 
range of the population. We have reported a close rela- 
tionship between DPD activity and DPD protein content 
in human fibroblasts for a family having a sibling who 
lacks DPD activity [6]. Since other relatives in that fam- 
ily with an intermediate level of DPD activity and an 
intermediate DPD protein content were genotyped as 
heterozygous for an inactivating mutation in the DPYD 
gene, we suggest that the two subjects found here having 
intermediate DPD activity (8 and 10) could also be het- 
erozygous for the DPYD gene. In addition, it has been 
shown that a diminished DPD activity in cancer patients 
leads to 5-FU toxicity [3, 41. Thus, we suggest that the 
relationship between catalytic activity and DPD protein 
content can be useful in the analysis of 5-FU-derived 
toxicity and genetic alterations in the DPYD gene in 
cancer patients. 
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