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Abstract—Allopurinol ribonucleotide and oxipurinol-7-ribonucleotide appeared to be strong inhibitors
of orotidine phosphate decarboxylase in human hemolysates. The enzyme exhibited bimodal kinetics.
The ribonucleotides of allopurinol and oxipurinol caused an inhibition of orotate phosphoribosyltrans-
ferase, which appeared to be due to accumulation of OMP. Inhibition by OMP was competitive
with respect to phosphoribosylpyrophosphate with a K; value of 11 gM. The inhibition of ODC
and OPRT activity may cause the increased urinary excretion of orotidine and orotic acid. respectively,
observed after allopurinol therapy. Values measured for OPRT activity in intact crythrocytes and
in hemolysates agreed very well. Thereforec OPRT activity does not decrease during cell lysis and
extraction. Hypoxanthine-guanine phosphoribosyltransferase deficiency as well as allopurinol therapy
led to a marked increasc in OPRT and ODC activities in human hemolysates. In lysates from leukocytes
only a slight increase of ODC activity was obscrved, while OPRT activity did not differ significantly
from the controls. In vitro incubations of hemolysates demonstrated a considerable increase of the
stability of OPRT by addition of OMP or PRPP and of ODC by addition of OMP, PRPP, UMP
and the ribonucleotides of allopurinol and oxipurinol. These findings suggest that the apparent increase
of OPRT and ODC activity after allopurinol therapy is due to stabilization of the enzymes during

the life span of the erythrocytes.

Allopurinol inhibits the final enzyme of purine meta-
bolism in man, xanthine oxidase (EC 1.2.3.2)) and is
an effective agent for treatment of hyperuricemia [1].
Allopurinol therapy also interferes with pyrimidine
metabolism as indicated by an increased excretion of
orotidine and orotic acid in urine [2,3]. Subsequent
investigations have established that allopurinol and
its major metabolite oxipurinol inhibit pyrimidine
biosynthesis in cultured human cells by interfering
with the conversion of orotic acid to UMP [4,5]. The
increased excretion of orotidine has been ascribed to
inhibition of orotidine-5-monophosphate decarboxy-
lase (EC 4.1.1.23) by ribonucleotides of allopurinol
and oxipurinol. The increase in excretion of orotic
acid suggests that inhibition of orotate phosphoribo-
syltransferase (EC 2.4.2.10) may also occur but the
exact mechanism has not vet been elucidated.

In addition it was observed that activities of OPRT
and ODC in erythrocytes from patients receiving allo-
purinol were markedly elevated. This phenomenon

* Correspondence should be directed to J. H. Veerkamp,
Dept. of Biochemistry, University of Nijmegen, Geert
Grooteplein Noord 21, Nijmegen, Netherlands,

+ Abbreviations used: OPRT: orotate phosphoribosyl-
transferase: ODC: orotidine-5'-phosphate decarboxylasc:
HGPRT: hypoxanthine-guanine phosphoribosyltransfer-
asc; PRPP: phosphoribosylpyrophosphate; OMP: oroti-
dine-5"-phosphate: PEI-cellulose: polyethyleneimine-cellu-
lose.

has been attributed to enzyme stabilization in vivo [7]
or enzyme activation [8]. The apparent increase in
activity might also be due to stabilization of the
enzymes during cell lysis and extraction rather than
stabilization in vivo [5,9].

In the present study we have examined the
mechanisms responsible for enzyme inhibition on the
one hand and apparently increased enzyme activities
on the other hand. In these studies we used both nor-
mal blood cells and cells obtained from patients defi-
cient in hypoxanthine-guanine phosphoribosyltrans-
ferase (EC 2.4.2.8) activity. Our results suggest that
allopurinol-induced inhibition of ODC activity is as-
sociated with inhibition of OPRT activity by accumu-
lated OMP. In addition, evidence is presented that
the apparent increase in OPRT and ODC activities
is probably due to stabilization of the enzymes during
the life span of the erythrocyte.

MATERIALS AND METHODS

Materials. Phosphoribosylpyrophosphate tetraso-
dium salt was purchased from Boehringer. Mann-
heim. Orotic acid monosodium salt and orotidine-5-
monophosphoric acid trisodium salt were obtained
from Sigma Chemical Co., St. Louis, Mo. (U.S.A.).
Allopurinol, oxipurinol and allopurinol ribonucleo-
tide were gifts from Dr. G. B. Elion, Burroughs-Well-
come Co., Research Triangle Park, N.C. (U.S.A.). Oxi-
purinol-7-ribonucleotide was generously provided by
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Henning Chemic & Pharmawerk, Berlin, West Ger-
many. Dextran T 500 and Sephadex G-25 (coarse)
were obtained from Pharmacia. Uppsala, Sweden.
[Carboxyl-'*Clorotic acid (42.4 mCi/m-mole), |car-
boxyl-**C] orotidine-3'-monophosphate (36.9 mCi/m-
mole) and [ 6-"*Clorotic acid (49.1 mCi/m-mole) werc
obtained from New England Nuclear Corp.. Dreici-
chenham. West Germany. as well as omnifluor and
aquasol. Aluminum sheets (20 x 20 ¢m) precoated
with (.1 mm of polyethyleneimine-cellulose were pur-
chased from Merck. Darmstadt. West Germany. The
other chemicals were of the highest quality commer-
cially avatlable.

Blood  samples. Venous  blood  samples  were
obtained from three gouty patients receiving allopur-
inol (300 mg day) for at least 6 months. from three
children with HGPRT-deficiency who have been on
allopurinol medication (200 mg,/day} for several years
and from a gouty adult (E.F.) with partial deficiency
of HGPRT (1 per cent of normal value} who also
has received the drug (300 mg per day) for several
vears. Two children with HGPRT-deficiency exhi-
bited all symptoms of the Lesch-Nyhan syndrome in-
cluding automutilation [ 10] while the third one (P.K.)
had no severc neurological lesions. Adult volunteers
served as control group.

Preparation of cells and cell extruces. In order to
separate leukocytes from erythrocytes by differential
sedimentation. dextran was added to the blood
samples [ 11]. After the ervthrocytes had settled. they
were washed twice with Tris-buffered saline (pH 7.4).
The cells were used intact or lysed by rapidly freezing
and thawing twice. Leukocytes were centrifuged at
1500 rpm and remaining ervthrocytes were removed
by u hypotonic shock for 60 sec after which isotoni-
city was restored. Leukocytes were washed with phos-
phate-buffered saline and lysed cither by prolonged
hvpotonic shock or by sonication. Lysates of leuko-
cytes were immediately assayed for enzyme activities
while hemolysates could be stored at — 20 for several
weeks without detectable loss of OPRT and ODC
activity.

Analvtical procedures. The actual PRPP content of
stock solutions was determined enzymatically using
[8-"*CJadenine and adenine phosphoribosyltransfer-
ase partially purified from human erythrocytes [12].
The reaction was stopped by boiling for 2 min and
AMP was separated from adenine by thin-layer chro-
matography on PEl-cellulose [13]. Enzyme activities
were estimated with radiochemical methods using
1*C-labeled compounds. Determination of radioacti-
vity was performed in a Packard 3380 liquid-scintilla-
tion spectrophotometer with external standardization.
Protein was  determined according to Lowry  ef
al [14]. Specific enzyme activities are expressed in
nmoles of product formed in 1 hr per mg of protein
at 37 under the assay conditions specified below. All
enzyme assays were checked on linearity with respect
to enzyme concentration and time.

Assay of orotate phosphoribosvitransferase. Assay 1.
Incubation mixtures contained 0.05 M Tris-HCI
bufler (pH 7.4} 5 mM MgCl,. 0.7 mM PRPP. 0.3
mM  [carboxyl-"*Clorotic acid (0.15 mCiym-mole)
and enzyme protein in a total volume of 0.6 ml. Reac-
tions were carried out in scintillation vials sealed with
rubber caps. The "*CO, cvolved was trapped in 0.2
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ml o a mixture of ethyleneglycol cthanolamine (2 1.
viv) present in a small polypropylene tube fitied in
a shghtly larger tube. After incubation for 10 60 min
with shaking, OPRT activity was stopped by injection
of 0.2 ml 0.25 M ncutralized EDTA. Because ODC
does not require Mg?* -ions. decarboxylation can be
allowed to proceed for another hour. Injection of 0.2
ml § M perchloric acid removed all "*CO, from the
reaction mixture within ! hr. The small twbe contain-
ing trapped '*CO, was transferred to a scintillation
vial with 10 ml of toluene methanol (2:1. v v) con-
taining 4 g ommnilluor per litre. Blanks contained no
cnzyme protein.

This assay was also employved when OPRT activity
was determined in intact erythrocevies. A 23", suspen-
sion of ervthrocytes in phosphate buffered saline con-
taining 0.1, glucose and 0.1", MgCl, was preinco-
bated for | hr resulting in intracellular PRPP svn-
thesis. [Carboxyl-"*Clorotic acid was added to 500
il of this suspension to reach a final concentration
of 0.3 mM (sp. act. 0.15 mCi'm-mole). During a
30-min incubation '*CO, production was trupped as
described above. Reaction was terminated by injec-
tion of perchloric acid. Preliminary experiments had
shown that intracellular orotic acid concentration
almost instantaneously equals the medium concen-
tration.

Assay 11 In this assay unreacted orotate is sepai-
ated from the products which are synthesized from
orotate by OPRT and any consecutive enzyme which
may be present [15]. The reaction mixture contained
40 mM Tris HCl ({pH 7.4). 0. mM [6 "*Clorotic
acid (49.1 mCim-mole). 5 mM MgCl,. 1.1 mM PRPP
and enzvme protein in a final volume of 30 gl The
mixture was incubated Tor 30 min in small polypropy-
lenc tubes. Reaction was termmated by immersing the
tubes in boiling water for 2 min. Carrier orotic acid
and uridine were added and precipitated protein
removed by centrifugation for 10 min at 4300 4 in
a Misco centrifuge (Microchemical Specialities Co..
Berkeley, California. U.S.A.). Ten-zd samples of the
supernatant were spotted on PEl-ccllulose thin-layver
plates. Development was accomplished with 0.2 M
LiCl (saturated with boric acid and adjusted to pH
4.5y-ethanol (1 : . v v). Chromatograms were dried at
room temperature. The spots were visualized under
wyv. light and cut out. In order to circumvent wny
self absorption of radioactivity, compounds  were
eluted prior to counting by shaking with 1O ml of
0.1 M HCL-02 M KCI for 40 nin m scintillation
vials. Ten ml of aquasol was added and radioactivity
measured. Blanks were obtained by immersing the
tubes in boiling water for 2 min prior to incubation.
The conversion of substrate into products was caleu-
lated by comparing net radioacuvity in products de-
rived from orotate with the total amount of radioacti-
vity present. A higher PRPP concentration than
assay 1 was necessary since the higher protein concen-
tration employed seemed to be associated with an
increase of enzymatic breakdown of PRPP.

Assay of orotidine-3-phosphate decarboxylase. Cel
lysates, appropiately diluted with 50 mM Tris HCI
buffer (pH 7.4} were incubated with 0.1 mM {carbox-
yI-"*CJorotidine-5-monophosphate (0.2 mCi'm-mole)
for 10 60 min in a final volume of 0.85 ml. Reaction
was lerminated by injection of 0.2 ml 5 M perchlorie
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acid. Production of '*CQO, was measured as described
for OPRT, assay L.

Stabilization studies. Hemolyzed red cells were
diluted with 9 vol of Tris-HC] buffer (50 mM, pH
7.4) and incubated for 16 hr at 37°. To avoid bacterial
contamination penicillin-G (100 U/ml) and strepto-
mycin (100 pg/ml) were present in the incubation ves-
sels. When it was necessary to remove inhibitors of
OPRT or ODC before enzyme assay lysates were
passed through Sephadex G-25 columns after incuba-
tion. 10 mM Tris-HCl (pH 7.4) was used for suspend-
ing the Sephadex powder as well as for eluting the
protein from the column. The enzymes were eluted
in the void volume together with hemoglobin.

RESULTS

Activities of orotate phosphoribosyltransferase and
orotidine-5'-phosphate  decarboxylase in  circulating
bhlood cells. OPRT and ODC activities were elevated
in hemolysates from the allopurinol-treated group
when compared with the control group (Table 1). This
increase in enzyme activity was seen with both the
HGPRT-deficient patients and the gouty patients.
Enzyme activities were also measured in HGPRT-
deficient subject P. K. before allopurinol therapy was
started. Values averaged 1.0 nmole/hr per mg protein
for OPRT, and 1.7 nmole/hr per mg protein for ODC
activity.

In lysed leukocytes OPRT activity of the allopur-
inol-treated patients was not higher than in controls.
ODC activity was slightly higher than in 6 control
subjects.

OPRT activity was also measured in intact erythro-
cytes after preincubation in a PRPP-generating sys-
tem. For control subjects, OPRT activities in intact
erythrocytes and in lysed erythrocytes agreed very
well (Table 2). However, OPRT assay in intact eryth-
rocytes from allopurinol-treated patients resulted
always in lower values when compared with corre-
sponding hemolysates.

Effect of allopurinol and its metabolites on activity
of orotidine-5'-phosphate  decarboxylase. Allopurinol
and oxipurinol were found to have no effect on ODC
activity in hemolysates. However when a hemolysate
was preincubated with allopurinol or oxipurinol (1
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Table 2. Orotate phosphoribosyltransferase activity in in-
tact and lysed human erythrocytes

Intact
Subject cells Hemolysate
Controls
G.H. 0.22% 0.19
W.T. 0.22 0.22
W.G. 0.14 0.12
Aliopurinol-treated
H.v.S. 0.59 1.09
P.K. 047 1.23
ReW. 0.81 1.49
Ru. W. 0.84 1.87

* Enzyme activity was measured by assay I and 1s given
in nmoles/hr per mg protein.

mM) in the presence of 1 mM PRPP compounds
were synthesized which strongly inhibited ODC acti-
vity. Longer periods of preincubation resulted in
stronger inhibition of ODC. The inhibitors formed
during the preincubation period were shown to be
competitive with respect to orotidine-5-monophos-
phate (Fig. 1). The inhibitory agents are presumably
allopurinol ribonucleotide and oxipurinol-7-ribonuc-
leotide. These compounds appeared to be competitive
inhibitors of ODC (Fig. 2). Oxipurinol-7-ribonucleo-
tide (K; value 0.06 uM) was a much stronger inhibitor
of ODC than the former compound (K; value 5 uM).

The synthesis of allopurinol-1-ribonucleotide is
catalyzed by HGPRT, since no inhibition of ODC
was observed when allopurinol and PRPP were incu-
bated with HGPRT-deficient lysate. HGPRT activity
did not appear necessary for an inhibitory oxipurinol
ribonucleotide to be formed (Table 3). Xanthosine
monophosphate was reported to be a competitive in-
hibitor of ODC activity [3, 6]. It was also inhibitory
in our assay system. However, preincubation of xan-
thine and PRPP with hemolysate did not result in
a detectable inhibition of the ODC activity.

We found bimodal kinetics for the ODC activity
in hemolysates. At (unphysiologically) high concen-
trations of substrate the ODC enzyme shows higher
apparent values for both K, and V., (Fig. 3). At

Table 1. Orotate phosphoribosyltransferase and orotidine monophosphate decarboxylase ac-
tivities in lysates of human leukocytes and erythrocytes

Leukocytes Erythrocytes
Subject OPRT oDC OPRT ODC
Control group (n=6) 1.66 + 0.53* 509 +1.32 0.19 + 0.05 0.34 + 0.10
Allopurinol treated
HGPRT-deficient
EF. 0.88 6.70 0.72 1.14
PK. 3.28 8.39 1.23 242
Re.W. 1.00 7.76 1.49 294
Ru.W. 1.39 7.04 1.87 2.76
Gouty
Ev.dw. 2.06 6.55 0.51 0.70
H.v.S. 1.26 5.34 0.54 1.60
H.V. 1.08 6.30 0.31 0.57

* Enzyme activity + S.D. in nmoles/hr per mg protein.
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Fig. 1. Inhibition of ODC in hemolysate after incubation

with allopurinel or oxipurinol in the presence of 1 mM

PRPP. Control (@), allopurinol during 30 min (O). oxipur-
inol during 30 min (A), oxipurinol during 60 min (A).

OMP concentrations lower than about 30 uM a K,,
value of 1.7 + 04 yM (mean + S.D., 4 determina-
tions) was found. Values for high K,, averaged 33
#M. Similar kinetics were observed when the enzyme
concentration was 4-fold higher. This finding of bimo-
dal kinetics does not affect the K; values reported
above for oxipurinol-7-ribonucleotide and allopurinol
ribonucleotide. These values were determined at the
low concentration range of OMP.
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Fig. 2. Inhibition of ODC in hemolysate by ribonucleo-

tides of allopurinol and oxipurinol. Control (@)

1.1 x 1075 M oxipurinol-7-ribonucleotide (A), 5 x 10°*
M allopurinol-ribonucleotide (O).
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Table 3. Relative orotidine monophosphate decarboxyluse
activity in hemolysates after preincubation with allopurinol
and oxipurinol

Preincubation
conditions Normal  HGPRT-deficient
PRPP 100* 100+
Allopurinol + PRPP 42 100
Oxipurinol + PRPP 42 12

* 1007, value was 0.7 nmoles hr per mg protein.

+100% value was 2.8 nmoles hr per mg protein.

Time of preincubation was 60 min. compounds were
added in a concentration of 1 mM. OMP concentration
during assay was 0.1 mM.

Effect of allopurinol and its metabolites on activity
of arotate phosphoribosyltransferase. Unless otherwise
indicated all results described in this section have
been obtained using assay Il for OPRT assay. Allo-
purinol has no inhibitory effect on OPRT activity at
saturating concentrations of orotic acid and PRPP.
Even at concentrations of PRPP which are subopti-
mal for OPRT we found no inhibition of OPRT acti-
vity by allopurinol. Under these conditions hypoxan-
thine strongly inhibits OPRT activity (Table 4). This
inhibition is probably duc to consumption of PRPP
in a HGPRT-catalyzed reaction since no inhibition
was found with HGPRT-deficient lysate. Inhibition
is nearly absent when PRPP concentration is high.

A small but significant inhibition of OPRT activity
was found when allopurinol-l-ribonucleotide or oxi-
purinol-7-ribonucleotide was present in the assay
mixture. Inhibition was stronger at lower PRPP con-
centrations and also increased with longer incubation
periods. This type of inhibition could be explained
by assuming that the presence of ribonucleotides of
allopurinol and oxipurinol causes an accumulation of
an inhibitor. Because ODC activity 1s inhibited by
ribonucleotides of allopurinol and oxipurinol (see
above) OMP might accumulate during their presence.
This compound was theretore studied with regard to
possible inhibition of OPRT activity.,

When studying the eflect of OMP on OPRT, cuare
must be taken to prevent utilization of this com-
pound. Some dephosphorylation of OMP was found
to occur in hemolysates but this reaction was of
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Fig. 3. Biphasic kinetics of ODC in human hemolysate.
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Tablc 4. Relative orotate phosphoribosyltransferase acti-
vity in hemolysates in the presence of allopurinol and

hypoxanthine
Normal HGPRT-deficient
Additiom\ PRPP (mM) 05 20 0.5 2.0
Hypoxanthine (I mM) v 82 103 104
Allopurinol (1 mM) 107 94 112 102

Control values (set at 100",) were 0.19, 0.20, 1.1 and
1.2 nmoles/hr per mg protein. respectively. Results are the
mean of two experiments,

minor importance at the low concentrations of OMP
used in these studies. Decarboxylation of OMP is
much more of a problem since ODC activity in hemo-
lysates is twice as high as OPRT activity. In order
to prevent a decrease in the OMP concentration dur-
ing the OPRT assay due to ODC activity, allopurinol
ribonucleotide (1 mM) was added to all reaction mix-
tures (including controls) when studying the effect of
OMP. Under these conditions OMP appeared to be
a potent inhibitor of OPRT activity. Inhibition is
competitive with respect to PRPP (Fig. 4). When the
K; values is calculated from the Lineweaver—Burk
plots, a value of 13 uM is obtained. However this
value depends on the PRPP concentration. Because
of the known instability of PRPP [16] the values of
the PRPP concentrations may be to some extent inac-
curate. which affects the calculated value of K. There-
fore the K; value for OMP was also determined
according to the Dixon method [17]. using various
concentrations of inhibitor and two different concen-
trations of PRPP. This method yielded a K, value
of 11 uM (Fig. 35).

Several nucleotides appeared to be inhibitors of
OPRT (Table 5). Assay | for OPRT was used in these
experiments. Prior to testing the effect of these nu-
cleotides on OPRT activity. their non-interference
with the ODC reaction was ascertained. Inhibition
was competitive with respect to PRPP for all inhibi-
tors tested. except TTP. This compound strongly in-
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Fig. 5. Determination of K; value of OMP for OPRT from

hemolysate according to Dixon [17]. OPRT activity was

measured with assay Il (see Methods). Allopurinol

ribonucleotide (1 mM) was present to prevent decarboxyla-

tion of OMP. Concentration of PRPP was | mM (@) or
0.5 mM (M).

hibits OPRT activity even at a high concentration
of PRPP.

Stabilization  studies. When hemolysates were
diluted with Tris-HCI buffer (pH 7.4) and incubated
for 16 hr at 377, both OPRT and ODC activity de-
creased strongly. The extent of this decrease was very
different for various hemolysates (Table 6). This great
variability is reflected in the variability of the values
found after incubation in the presence of stabilizing
compounds. since these values were calculated by
comparison with their respective control values. The
presence of 0.1 mM allopurinol ribonucleotide or oxi-
purinol-7-ribonucleotide appeared to stabilize ODC
activity, but no effect cn OPRT activity was observed.
Allopurinol ribonucleotide had similar effects at 1
mM, but no stabilization could be measured with 1
mM oxipurinol-7-ribonucleotide. As a matter of fact,
OPRT and ODC activities were under these condi-
tions even lower than in controls without any addi-
tion. Stabilization of ODC occurred also when UMP

Table 5. Effect of nucleotides on orotate phosphoribosyl-
transferase activity in hemolysates

Addition Relative OPRT activity
None 100
TTP 14 + 1
AMP 48 + 2
GMP 54 41
ATP 62 + 1
IMP 71+ 2
T™MP 75 +2
ADP 76 + 1
CMP 89 + 4
cAMP 100 £+ 5

A - \ —
[ 10 (mM) !
1/{PRPP]

Fig. 4. Inhibition of OPRT in hemolysate by OMP. Con-
trol (0). 2 x 107* M OMP (A).

Mean and deviation from the mean of two experiments
are given as percent of the control. Concentration of nu-
cleotides was 5 mM, and concentration of PRPP was 0.2
mM.
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Table 6. Relative activity of OPRT and ODC in hemolysates after incubation for

16 hr at 37" in the presence of nucleotides*
N No.

Addition expts. OPRT OD(
None 100 100

UMP (I mM) 20 IS 2108y 236 (219 233
OMP (0.1 mM) 20 19 (113 124y 204 (181 226y
OMP (1 mM) 6 182 {137 239) 308 (208 1033)
Oxipurinol ribonucleotide (0.1 mM) 3 9280 100) 2SK (179 34%)
Allopurinol ribonucleotide (0.1 mM) 3 94 (87-100) 305 (187 32N
Allopurino! ribonucleotide {1 mM) 3 91 (72 10T 318 (273 404y

* Enzyme activities after incubation without addition were set at 100", Values

between brackets indicate the range observed with different hemolysates. Before incu-

bation relative OPRT activity was 1233 (672-2667. n=10) and relative ODC

was 623 (396--1255, n=10Q).

was present at a concentration ol I mM. but was
not detectable at 0.1 mM. Again, no stabilizing effect
on OPRT was observed.

OPRT activity, as well as ODC activity was stabi-
lized by OMP at | mM. Stability of both enzymes
was not significantly influenced by any of the follow-
ing compounds at 1 mM concentration: orotic acid,
allopurinol, oxipurinol. TMP or TTP. OPRT and
ODC activities in hemolysates incubated for 5 hr in
Tris—HCI buffer were only 6 and 30 per cent, respect-
ively (mean of 2 experiments) of the enzyme activities
before incubation. When the incubation was per-
formed in phosphate buffer (50 mM, pH 7.4) instead
of Tris=HCI buffer, both OPRT and ODC activity
appeared much more stable. Activities were 95 and
&1 per cent of the starting value, respectively (mean
of 2 experiments). Complete stabilization of OPRT
and ODC activities {110 and 96 per cent respectively
of the starting value, 2 experiments) was observed in
Tris HCI buffer during the 5-hr period when at 30
min intervals PRPP was added to a final concen-
tration of 0.4 mM.

DISCUSSION

The effects of allopurinol on OPRT and ODC ac-
tivities include enzyme inhibition on one hand leading
to increased excretion of orotic acid and oroti-
dine [2, 3] and an apparent increase of enzyme activi-
ties in erythrocytes on the other hand [7, 8] (Table
1). The observed increase in orotidine excretion was
ascribed to mhibition of the ODC enzyme [3, 7]. Our
experiments sustain this explanation. Allopurinol
ribonucleotide and xanthosine-5'-monophosphate are
potent inhibitors of ODC activity [3,4]. We found
no inhibition of ODC after preincubation of hemoly-
sates with xanthine and PRPP, despite the fact that
XMP inhibited ODC activity. However, xanthine is
a much poorer substrate for HGPRT than is allopur-
inol [18]. Allopurinol ribonucleotide is readily formed
from allopurinol and PRPP, and strongly inhibits
QDC activity (Fig. 1, 2). Since HGPRT activity 1s
necessary for the formation of this inhibitor (Table
3) allopurinol-mediated inhibition of ODC activity
cannot be ascribed to allopurinol ribonucleotide in
HGPRT-deficient patients. Several studies [5-7] have
stressed the importance of oxipurinol metabolites as
inhibitors of ODC. Oxipurinol is converted to an in-

activity

hibitor of ODC activity by HGPRT-deficient hemoly-
sate in the presence of PRPP (Tuble 3). Oxipurinol-7-
ribonucleotide may be responsible for inhibition of
ODC in HGPRT-deficient patients treated with allo-
purinol [6]. Oxipurinol ribonucleotides may be more
important in vico with regard to ODC inhibition thun
is allopurinol ribonucleotide. This is suggested by
comparison of their concentrations in rat liver after
allopurinol administration [ 19] and of their K, values.
The K; value ol oxipurinol-7-ribonucleotide for the
ODC enzyme of human hemolysate (.06 (M) is simi-
lar to the values reported for yeast and rat liver (6],
For allopurinot ribonucleotide the observed K; value
was slightly higher than the values for the enzvme
from erythrocytes [ 3]. yeast and rat liver [6].

Several nucleotides inhibit OPRT activity (Table
5) but have no effect on ODC activity of human
hemolysates. CMP, GMP and AMP were reported
to inhibit cow brain ODC activity [20] while GMP.
AMP and IMP did not affect ODC activity in human
hemolysates [3]. K; values for GMP, AMP and IMP
were all determined to be greater than 100 @M with
the enzyme from vyeast[6]. UMP mhbition of ra
liver ODC has been reported [21] but this was not
confirmed by other investigators [ 22

The ODC enzyme from rat liser [6]. yeast[6] and
human fibroblasts {23] exhibits bimodal kinetics, as
in human hemolysate (Fig. 3). The K, value at low
OMP concentrations (1.7 gM} is close to the values
reported for crythroevtes [3]. rat liver [6]. fibro-
blasts [23] and yeast [6]. The K, value at high con-
centrations of OMP (33 M) was much higher than
in rat liver [6] and yeast [6]. Very recently a triphasice
Lineweaver--Burk plot was found with partially puri-
fied ODC from human ervthrocytes|24].

Competitive inhibition of OPRT by allopurinol has
been suggested [2] as an explanation for the observed
increase in excretion of orode acid during allopurinol
therapy. but our results do not support this hypoth-
esis. Since OMP might accumulate during allopurinol
therapy by inhibition of ODC activity. the competi-
tive inhibition of OPRT activity by OMP may be
a probable cause for the exeretion of orotic acid. Inhi-
bition by OMP ol OPRT activity in bukers yeast
was previously reported {25,267 but the mechanism
of inhibition was not clarilied. Recently a similar
competitive inhibition was also demonstrated in rat
liver [27]. Because tissue concentrations of PRPP are
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probably much below the K,, value of PRPP for the
OPRT enzyme [28.29]. competitive inhibition of
OPRT by OMP may be of physiological significance.

Several other nucleotides inhibit OPRT activity in
hemolysates (Table 5) and in other systems. UMP
inhibition of OPRT was found with rat liver [27] but
not with the enzyme from rat hepatoma cells [30]
and baker’s yeast [26]. The enzyme from yeast was
inhibited by CMP and GMP, but not by adenine
nucleotides or uridine nucleotides [26]. IMP, XMP
and GMP inhibited only slightly the activity of a pyr-
imidine phosphoribosyltransferase from murine leuk-
emia cells while CMP, TMP and AMP werce ineffec-
tive [31].

OPRT activity may also be inhibited by depletion
of PRPP. A decrease of PRPP concentration has been
reported in human red cells following a single dose
of allopurinol [32]. No such decrease was found in
human fibroblasts [4] when allopurinol concentration
was 0.1 mM which is much higher than the plasma
fevels in man [33]. Allopurinol had no detectable
effect under conditions at which hypoxanthine caused
a marked inhibition of OPRT by PRPP depletion
(Table 4). This 1s consistent with the high K,, value
of allopurinol (1 mM) for HGPRT when compared
with the natural substrate hypoxanthine (2.4
aM) 18], Since allopurinol has also a short half-
life [34] depletion of PRPP does not appear to be
the mechanism responsible for allopurinol-induced
orotic aciduria.

The apparent increase of erythrocyte OPRT and
ODC activities after allopurinol therapy (Table {) has
been attributed to stabilization in rivo [7]. to enzyme
activation [8], and most recently to stabilization of
these ecnzymes during cell lysis and extraction [5.9].
Our results do not support this last suggestion.
Measurement of OPRT activity in intact and [vsed
erythrocytes of controls reveals that these activities
agree very well (Table 2). In intact erythrocytes from
allopurinol-treated patients the production of '*CO,
from [carboxyl-"*CJoratic acid is consistently lower
than in lysates. This can be attributed to inhibition
of ODC activity by ribonucleotides of allopurinol
and/or oxipurinol. Assay 1T was not appropriate for
measuring OPRT activity in intact erythrocytes,
because of technical complications. Besides, this assay
is also sensitive to indirect inhibition by OMP due
to the presence of inhibitors of ODC.

Decrease of ODC activity during incubation at 37
is partially prevented by OMP and also by allopur-
inol ribonucleotide. UMP and oxipurinol-7-ribonuc-
leotide (Table 6). Because these latter compounds
compete with OMP at the ODC enzyme, the stabiliz-
ing effect might be called pseudosubstrate stabiliza-
tion. A similar in virro stabilization of ODC has been
found with the enzyme purified from yeast[6]. An
increased thermal stability of ODC activity was pres-
ent in lymphoblasts after incubation with oxipur-
inol [5] and in rat liver after administration of allo-
purinol [35]. An increased heat stability of ODC from
cow brain was found in the presence of competitive
inhibitors of the cnzyme[20]. The occurrence of
biphasic kinetics for the ODC enzyme from hemoly-
sate (Fig. 3) might be associated with a change in
quaternary structure brought about by OMP [31].
All findings suggest that both OMP and inhibitors
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of ODC which are competitive with OMP may
change the quaternary structure of the ODC enzyme
and thereby affect the stability and activity of the
enzyme. The inhibition of the enzyme activities
observed after incubation with | mM oxipurinol
ribonucleotide can be attributed to the tight binding
of this compound to the enzyme protein during the
gel filtration. The same phenomenon was found with
lymphoblast extracts [5].

Stabilization of OPRT was observed m the pres-
ence of OMP which appeared to be a competitive
inhibitor of OPRT with respect to PRPP. TTP, un
inhibitor of OPRT which is not competitive with
regard to PRPP, has no stabilizing effect. PRPP itself
gives complete protection of both OPRT and ODC
activities when loss of this instable compound is com-
pensated for by addition of fresh PRPP at regular
intervals. The stabilizing effect of phosphate on
OPRT and ODC activities is probably mediated by
PRPP since phosphate is an activator of PRPP syn-
thesis in hemolysates [36]. Stabilization by PRPP
could account for the apparent increase ol both
OPRT and ODC activities measured in the HGPRT-
deficient subject P. K. before allopurinol therapy was
started. Erythrocyte PRPP concentrations are ele-
vated in HGPRT-deficient patients [37]. A similar in-
crease of OPRT and ODC activities was reported
previously [38] in HGPRT-deficient patients without
allopurinol therapy. It was suggesied from thermal
inactivation studies that the increase was not due to
stabilization by PRPP. Because of the instability of
PRPP these studies do not seem very suitable to in-
vestigate a possible stabilization by PRPP.

The ODC activity in leukocytes (Table 1) is slightly
higher than that reported carlier [8]. Values for
OPRT activity in human leukocytes have not been
reported previously. The absence of a striking in-
crease of OPRT and ODC activities in leukocytes
after allopurinol administration is consistent with the
theory of enzyme stabilization because of the short
life-span of these cells.
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