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Abstract—Orotate phosphoribosyltransferase and orotidine-5-phosphate decarboxylase, the last two
enzymes in the pathway for de novo pyrimidine biosynthesis, exist as a multi-enzyme complex in
mammalian cells. Because the two enzymes are not separable, assays for the phosphoribosyltransferase
are normally dependent on the decarboxylase, and this has in the past produced misinterpretations
in evaluating the effects of inhibitors of either enzyme activity. We have developed a procedure for
calculating each enzyme activity independently of the other activity in the complex. Instead of 2 separate
assays, one reaction vessel is used, (starting with orotate and phosphoribosyl pyrophosphate). The
two products (ie. orotidylate (OMP), the product of the transferase, and UMP, the product of the
decarboxylase) are recovered separately, and the amounts recovered were used to calculate both enzyme
activities. Purine or pyrimidine bases did not inhibit the decarboxylase activity, but the transferase
activity is inhibited by wracil and uracil analogs, barbiturate, and most effectively by 5-F orotate.
Both purine and pyrimidine nucleotides inhibit the decarboxylase activity, although di- and tri-phos-
phonucleosides were much less effective than monophosphonucleosides. XMP, UMP, and AMP were
the most effective natural inhibitors of the decarboxylase, but the most potent inhibitors were
6-AzaUMP and 1-ribosylallopurinol-5'-phosphate. High concentrations of nucleotides inhibit both

enzyme activities.

The two enzyme activities of Complex U, orotate
phosphoribosyltransferase (EC 2.4.2.10) and oroti-
dine-5'-phosphate decarboxylase (EC 4.1.1.23), cata-
lyze the last two steps, reaction (1) and (2) respect-
ively, of the de nove pyrimidine biosynthesis pathway:

orotate + P-Rib-PPt <F=ME 7, OMP + PP,
iy
oMP 22 UyMP + CO, @

The inhibition of the enzyme activities of Complex
U is of interest because purine or pyrimidine base
analogs used in the chemotherapy of cancer are con-
verted by the transferase of this complex to a nucleo-
tide that inhibits the decarboxylase of Complex
U [1-3], and similar compounds used in the treat-
ment of gout are converted to nucleotides that are
potent inhibitors of the decarboxylase [4, 5].
Although these two activities are found in separable
enzymes in yeast [6], there is now considerable sup-
port for the hypothesis advanced by Jones[7] that
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the transferase and the decarboxylase exist as a
complex in mammalian cells[1, 8-14]. The fact that
the two enzyme activities are inseparable can compli-
cate the kinetic investigations of these two enzymes,
and especially those concerned with orotate phos-
phoribosyltransferase. This is because OMP does not
normally accumulate, due to the efficiency of the
decarboxylase in converting OMP to UMP plus CO,,
and the fact that the decarboxylation is essentially
irreversible (see reaction (2) above). However, if the
decarboxylase is fully inhibited, the transferase reac-
tion may appear to be inhibited since it is a reversible
reaction whose equilibrium lies toward the substrates
orotate and P-Rib-PP} [16].

In this paper we report a procedure for measuring
both enzyme activities simultaneously, which we used
to examine the specific site of action for inhibitors
of these two enzyme activities that were found among
purine and pyrimidine bases and their nucleotides,
as well as some purine and pyrimidine analogs.

MATERIALS AND METHODS

Materials. Tetrasodium P-Rib-PP, dithiothreitol,
and Tris were obtained from Sigma Chemical Co.,
St. Louis, MO. Carboxyl-labeled [7-'*CJorotate and
[7-'*CJOMP were purchased from New England
Nuclear, Boston, MA, while [6-'*CJorotate was sup-
plied by Calatomic, Los Angeles, CA. PEI-Cellulose
plates were obtained from Brinkman Instruments,
Los Angeles, CA. Most of the bases, nucleosides, and
nucleotides were purchased from Sigma Chemical Co.
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or from Calbiochem, La Jolla, CA. 5-oxo proline and
2-imidazolo-4-carboxylate were the gift of Dr. Alton
Meister, Cornell University. Allopurinol, oxipurinol,
and allopurinol-5'-phosphate were the gifts of Dr.
Gertrude B. Elion, Burroughs-Wellcome Co.,
Research Triangle Park, NC.

Enzyme preparation

The two enzymes of Complex U were prepared
from mouse Ehrlich ascites cells. Previous papers
from this laboratory have reported the method of
propagating these cells [11, 15], and the procedure for
purifying these two enzymes[14]. In the present
work, the protein fraction precipitating between 40
per cent and 65 per cent of saturation with
ammonium sulfate was used as the source of enzymes;
this corresponds to Fraction 4 of [14]. Protein con-
tent was determined by the method of Ross and
Schatz [17] as described in [14].

Enzyme assays

Because the native enzyme complex catalyzes the
conversion of OMP to UMP + CO, more rapidly
than the synthesis of OMP from orotate and
P-Rib-PP, assays of the orotate phosphoribosyltrans-
ferase activity normally follow a radioactive label
from orotate to one of the two final products: UMP
or CO,. The enzyme activities can be measured by
either of the two following assays:

Assay 1(**CO, assay). The decarboxylase activity
was determined by measuring the release of '*CO,
from carboxy-labeled OMP [15]. Assays were done
at 37° and, following a 5 min preincubation with all
components of the reaction mixture except substrate,
the incubation time was 3 min. The standard reaction
mixture contained in a final volume of [mi:
Tris-HCL. 20mM, pH 74, at 37°: dithiothreitol,
2mM; and 30-40 ug enzyme protein (specific activi-
ty = 6-8 nmoles/hr/mg). The reaction mixture was
started with [7-'*CJOMP (0.125 Ci/mole), 0.1 uM;
reactions were stopped with HCIO, and processed
for scintillation counting as described [15].

Assay 2 (TLC assay). In this assay both enzyme
activities were measured simultaneously by using thin
layer chromatography to separate orotate, OMP and
UMP on PEI-cellulose plates as described by Reyes
and Guganig[13]. The standard reaction mixture
contained in a final volume of 50ul: Tris-HCI,
20mM; dithiothreitol. 2mM:; MgCl,, 5mM;
P-Rib-PP, 300uM; and 2-5ug enzyme protein
(specific activity = 20-27 nmoles/hr/mg for OPRTase,
3545 nmoles/hr/mg for ODCase). The reactions,
which were run for 20min, were started with
[6-'*C]orotate (42.2 Ci/mole), 5uM. The reaction
was stopped by directly spotting 5 ul of the reaction
mixture onto a 20cm x 20cm PEl-cellulose plate
and drying the sample spot with hot air; total time
for spotting and drying was 15-20s. Up to 15 samples
can easily be spotted at 1.3 cm intervals along a line
near one end of the plate. Plates were developed by

* We attribute this, in part, to the presence of an inor-
ganic pyrophosphatase activity in our partially purified
enzyme fraction. By hydrolyzing one of the products of
the OPRTase reaction, PP, it helps to pull the reaction
in the direction of OMP synthesis.
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ascending chromatography for about 2hr in 0.2 M
LiCl, pH 5.5. To facilitate the detection of developed
spots, every sample spot recetved 5ul of a carrier
solution containing orotate, OMP, and UMP, each
at SmM. The developed spots were detected under
a u.v. lamp, cut out of the plastic-backed PEI-cellu-
lose plate, and counted directly in a toluene scintilla-
tion cocktail as described in [15].

Calculations of enzyme activities

Orotate phosphoribosyltransferase activity. This is
the sum of OMP + UMP produced from orotate,
and is expressed as a percentage of the uninhibited
control enzyme activity.

Orotidine-5-phosphate decarboxylase activity. This
activity was always measured at “normal” OMP con-
centrations, i.e., the OMP formed from orotate via
the transferase. Orotate was not depleted significantly
during the assay (ie., the OPRTase rate remains
linear until 50 per cent of the initial orotate is con-
verted to OMP*), but OMP levels could change con-
siderably as a consequence of inhibiton of either one
of the two enzyme activities, especially inhibiton of
the decarboxylase. It was therefore necessary to calcu-
late the average OMP concentration for the duration
of the assay. In the absence of an inhibitor, the OMP
concentration is established almost immediately. and
maintained unchanged for the duration of the enzyme
assay (see Fig. 2). In the presence of an inhibitor of
decarboxylase activity, OMP formed by the transfer-
ase will accumulate and the potency of the inhibitor
can only be assessed by comparing the inhibited
decarboxylase activity to the expected activity of the
normal enzyme at the elevated OMP concentration
produced by an inhibitor of the decarboxylase. Thus,
whenever [OMP] .. Was less than or equal to
[OMP].,...:- that concentration of OMP was used
directly to calculate the expected decarboxylase ac-
tivity. When [OMP],mpie > [OMP] 0 an average
[OMP], . Was calculated as 1/2 ([OMP] .
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Fig. 1. Enzyme velocity curve for orotidine-5-phosphate
decarboxylase. The velocity of the decarboxylase activity
was measured with Assay 1, and K, = 1.1uM, V, =
5.8 nmoles/hr, for the partially purified enzyme preparation
used here, at 0.15 mg protein/ml. This curve was used to
calculate the expected decarboxylase activity under condi-
tions where inhibitors of decarboxylase activity caused in-
creases in the OMP concentration during the enzyme
assay.
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Table 1. Comparison of 2 methods for assaying the inhibi-
tion of orotidine-5-phosphate decarboxylase activity

Decarboxylase activity
(% of control)

Inhibitor (mM) Assay | Assay 2
Ribose-5-phosphate 10.0 4 1
1.0 44 51
UDP 10.0 8 3
10 44 42
0.1 76 88
UTP 10.0 10 0
1.0 67 )
0.1 73 75

Assay 1 (**CO, Assay) and Assay 2 (TLC Assay) have
been described in “Methods”. Assay 2 was used for the
inhibition studies in Tables 24.

— [OMP]comrol) + [OMP]conlml' This average
[OMP] e Was used to determine the expected
decarboxylase activity from a graph of v/V,., Vs
[OMP] (Fig. 1), and the degree of inhibition was then
calculated by comparing the observed activity (the
actual amount of UMP formed) to the expected
activity:

[UMP]sample
[UMP]comrol

( : ) /( : )
Vmax expected Vmax control

To check the validity of this method for calculating
activity, we measured the inhibition of the decarboxy-
lase under similar conditions by means of the two
assays described above. As shown in Table 1, our
procedure for determining the decarboxylase activity
(or its inhibition) is equal to the direct assay of ac-
tivity as measured with Assay 1.*

% Activity = x 100

RESULTS

Complex U is very efficient at converting orotate
— OMP — UMP. As shown in Fig. 2, under normal
conditions OMP does not accumulate; it quickly
reaches a steady-state concentration which does not

* Two simple versions of the above formula may be used
where speed of calculation is more desirable:

First approximation:

[UMP]sample /[OMP]sample
[UMP]contml /[OMP]conlrol
Second approximation:

[UMP]sample /[average OMP]sample
LUMPon1c01 /TOMPeoniran

The first approximation simplifies calculations consider-
ably, but this method is least exact, and will overestimate
the degree of ODCase inhibition when OMP concen-
trations become more than 3 times greater than control
levels (i.e, when OMP > 0.2 K,). The second approxima-
tion is quite good for most cases, but will overestimate
the extent of ODCase inhibition when OMP concen-
trations approach K,,.

% Activity = % 100

% Activity = x 100
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Fig. 2. Synthesis of OMP and UMP by complex U

enzymes. Under standard assay conditions (Assay 2 in

Methods), with initial orotate at 5SuM, OMP synthesis

remains constant, and the concentration of OMP does not

change throughout the duration of the assay, while UMP

increases in a linear fashion. The OMP concentration is
about 0.05 uM.

exceed 0.07 uM (when initial orotate is at 1-50 uM).
This low OMP concentration becomes an important
factor in interpreting the results of inhibition studies
with the transferase activity of Complex U when
Assay 1 is used.

By using the TLC assay it was possible to measure
the effect of an inhibitor on both enzyme activities
simultaneously. Further, because OMP is measured,
the assay of the transferase is not dependent on the
decarboxylase activity with this procedure, and it was
possible to obtain unambiguous results about the
exact site of action for a variety of inhibitors.

Table 2 shows the inhibition produced by analogs
of the pyrimidine base, orotate. Those compounds
that show inhibition affect the transferase activity of
Complex U. Of the natural analogs tested, only uracil
and adenine were mild inhibitors; all uracil deriva-
tives had a lower, but fairly similar, degree of inhibi-
tion. The two most effective inhibitors of the transfer-
ase were 5-F orotate and barbiturate,

Nucleotides and their analogs were the most effec-
tive inhibitors of the decarboxylase, as shown in
Table 3 (at concentrations where they produced ap-
proximately 50 per cent inhibition). However, one nu-
cleotide, GMP, inhibited both enzymes equally. We
were able to repeat this observation with GMP from
two different manufacturers, and at several concen-
trations. Every nucleoside monophosphate tested
showed some inhibition of orotidine-5'-phosphate
decarboxylase. The nucleosides diphosphate were ap-
proximately 10-fold less potent as inhibitors, and tri-
phosphates had very little effect. Of the natural nu-
cleotides, the most effective inhibitors were XMP, and
the product of the decarboxylase, UMP. It is an inter-
esting distinction between the two enzymes of
Complex U, that while the first enzyme is fairly
specific in its affinity for pyrimidine inhibitors, the
second enzyme is readily inhibited by both purine
and pyrimidine nucleotides. Also, the transferase has
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Table 2. Inhibitors of orotate phosphoribosyltransferase activity

Enzyme activity
(% of control)

Inhibitor (mM) Transferase Decarboxylase

Natural pyrimidines

Uracil 1.0 71 100

Cytosine 10.0 64 100

Dihydro orotate 10.0 44 78
Uracil analogs

S-Fluoro uracil 50 59 84

5-Chloro uracil 1.0 59 102

5-Bromo uracil 5.0 76 88

6-AzaUracil 1.0 87 81
Other pyrimidine analogs

Barbituric acid 0.5 50 84

5-Fluoro orotate 0.05 26 85
Natural purines

Adenine 1.0 42 80

Guanine 0.1 79 94

Xanthine 0.1 98 100

Uric Acid 0.1 103 109
Purine analogs

Allopurinol 0.5 89 S0*

Oxipurinol 0.5 86 64*
5 Carbon ring analogs

5-Oxo proline 1.0 83 94

2-Imidazolo-4

Carboxylate 1.0 94 93

Nucleosides

Adenosine 10.0 62 76

Orotidine 10.0 52 94

Uridine 10.0 62 96
Nucleoside analogs

6-AzaUridine 10.0 58 98

6-AzaUridine

Triacetate 10.0 60 97

* These values are attributed to the effect of the nucleotides which are formed
from the bases during the enzyme assay.

Table 3. Inhibitors of orotidine-5'-phosphate decarboxylase activity

Enzyme activity
(% of control)

Inhibitor (mM) Transferase Decarboxylase
Nucleotides

UMP 0.01 106 30
CMP 0.1 98 48
dUMP 1.0 84 44
TMP 10.0 111 25
XMP 0.001 110 60
AMP 0.05 92 43
IMP 0.1 85 34
GMP 1.0 66 67
UDP 1.0 95 42
ADP 1.0 94 47
uTP 1.0 89 71
ATP 1.0 103 93
TTP 1.0 87 64
Nucleotide analogs

6-AzaUMP 0.0001 104 11
Allopurinol-5"-P 0.001 105 64
5-BromoUMP 0.1 97 4]

Ribose-5-P 1.0 113 51
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a greater affinity for orotate, the normal substrate,
than for any other compound. The decarboxylase has
a greater affinity for AzaUMP than for the substrate,
OMP, and it binds to XMP and allopurinol-5'-phos-
phate about as effectively as to OMP.

The pattern of inhibition that appears in Tables
2 and 3 in general confirms earlier reports that some
pyrimidine bases and their analogs are inhibitors of
the transferase [1-3, 13,18, 19], while some nucleo-
tides and their analogs are inhibitors of the decarbox-
ylase 8,9, 13, 19, 20]. Exceptions to this pattern have
been reported by Pausch et al. [21] who found that
UMP had no inhibitory effect, and by Krooth et
al.[22] who reported that CMP augmented the
decarboxylase activity. In the former study [21], we
feel that the ratio of inhibitor, UMP (1 mM), to sub-
strate, OMP (0.34 mM), was too low for inhibition
of decarboxylase activity to be detected. In the latter
study [22] it was shown that CMP partially stabilizes
this enzyme against loss of activity on dilution; it
may be that the stabilizing effect of CMP under the
conditions used in that study was greater than, and
therefore able to mask, the inhibitory effect of CMP
on the decarboxylase activity.

A recent paper by Tax et al. [23] reports the results
of some inhibition studies with the enzymes of
Complex U (from erythrocytes) that are completely
opposite to our data: 8 natural purine and pyrimidine
nucleotides were found to have no effect on the decar-
boxylase activity, while being inhibitors of the trans-
ferase activity. Their results were obtained with the
14CQ, assay and illustrate how the TLC assay can
be superior for multi-enzyme systems. Tax et al. first
measured the effect of the various nucleotides (each
at 5SmM) on decarboxylase activity, but since they
used a high substrate concentration (1*CO,-OMP at
0.3 mM), no inhibition of this enzyme could be
detected. They then repeated the assay to measure
inhibition of transferase activity by starting the assay
with '*CO,-orotate at 0.3 mM. However, when the
assay starts with orotate, the OMP levels formed by
the first enzyme are low (see Fig. 2), and now the
ratio of inhibitor to OMP concentration is initially
increased by at least 100-fold, and the inhibitors
tested will markedly decrease the decarboxylase ac-
tivity as shown by our data, Table 3. Unfortunately,
since the *CO, assay for transferase activity is
dependent on the decarboxylase activity, then under
the conditions used by Tax et al. (and by many inves-
tigators [4, 8, 10-12, 14-16,21]), the inhibition of
decarboxylase activity would be mistakenly inter-
preted as inhibiton of the transferase.

When we did similar inhibiton studies as reported
in Table 3, the use of the TLC assay made interpre-
tation of the results unambiguous, for labeled OMP
was found to accumulate in the presence of the inhibi-
tors, indicating inhibition of the decarboxylase, while
the sum of the labeled OMP plus the very small
amount of labeled UMP was equal to that of the
control, indicating normal activity of the transferase!

Two compounds, orthophosphate and pyrophos-
phate, produced equal inhibition of each enzyme ac-
tivity. Orthophosphate at 10 mM reduces the transfer-
ase activity to 53 per cent of the uninhibited control,
and the decarboxylase to 30 per cent. Pyrophosphate
at 0.5 mM reduces the transferase activity to 23 per
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Table 4. Inhibitors of orotidine-5'-phosphate decarboxy-
lase, that, at higher concentrations, can also inhibit orotate
phosphoribosyltransferase

Enzyme activity
(% of control)

Inhibitor (mM) Transferase Decarboxylase
UMP 10 94 8
10.0 34 2
AMP 1.0 74 28
100 0 0
IMP 10.0 34 20
dUMP 5.0 63 31
10.0 53 24
UDP 50 42 18
10.0 10 3
ADP 10.0 0 0
uTp 10.0 0 0
ATP 10.0 1 0
TTP 10.0 11 5
6-AzaUMP 0.1 108 0
1.0 84 0
10.0 3 0

cent and the decarboxylase to 47 per cent. In addi-
tion, certain nucleotides do have weak inhibitory
effects on the first enzyme activity (Table 4), but this
does not become apparent until very high ratios of
inhibitor to substrate are used. Nonetheless, this
secondary inhibition effect is worth noting, since it
is often desirable to completely inhibit the decarboxy-
lase in order to study the transferase, and the use
of an inhibitor of the decarboxylase at too high a
concentration could then have adverse effects on the
orotate phosphoribosyltransferase [13, 24].

DISCUSSION

The inhibition studies illustrate the advantage of
the TLC assay, an assay which measures the product
of each enzyme activity in a multi-enzyme reaction.
We also wish to emphasize the importance of the
ratio of inhibitor to substrate in designing inhibition
experiments for enzyme complexes. Although we have
no exact values for orotate concentrations in vivo, we
attempted to approximate physiological levels by set-
ting our orotate concentation at 5 uM, which is quite
low compared to other studies on the inhibition of
Complex U; but this concentration may still be much
greater than the true in vivo orotate concentration.
One of the results of the inhibition studies was that
a few natural nucleotides are effective inhibitors at
approximate physiological concentrations. We have
averaged values for nucleotide pools determined in
liver [25], erythrocytes [26], and cultured fibro-
blasts [27] as being representative of the range of
values that might include ascites cells. Therefore, we
feel that both AMP (average cellular concentration
of 0.06 mM) and UMP (average cellular concen-
tration of 0.08 mM) are likely to play a role in regu-
lating pyrimidine biosynthesis, since they are effective



2296

inhibitors of the decarboxylase at these concen-
trations. Since most of the adenine and uridine nu-
cleotides are present as the di- and tri-phosphates
(ADP, 0.4 mM: ATP, 1.8 mM; UDP, 0.03mM: UTP,
0.2 mM), cells are still able to maintain normal overall
nucleotide pools because the di-phosphates and tri-
phosphates of adenine and uridine are very poor in-
hibitors of Complex U.

The observed inhibition of orotidine-5'-phosphate
decarboxylase by AMP may also help to explain the
inhibition of cell growth as a consequence of the addi-
tion of adenosine to cell cultures [28-30]. Such added
adenosine is readily phosphorylated and raises the
levels of adenine nucleotides, while inhibiting the syn-
thesis of pyrimidine nucleotides. Ishit and Green [30]
have shown that orotidine and/or orotic acid accumu-
late in cells grown in the presence of adenosine. The
orotidine would probably be derived from OMP, and
it is not really clear which compound accumulates
since both orotidine and orotate co-migrate on the
thin layer chromatography system used by these
authors. Thus, while Ishii and Green favor the
explanation that orotate accumulates and that this
represents the inhibition of orotate phosphoribosyl-
transferase, their data would also support the conclu-
sion that seems likely from the results shown here,
namely that OMP initially accumulates due to an in-
hibiton of orotidine-5’-phosphate decarboxylase by
the AMP, which was made in excess in the cultured
cells grown with adenosine. Obviously the purine nu-
cleotides XMP and AMP are rather potent inhibitors
of the decarboxylase, and are as likely to inhibit
UMP formation from OMP (and therefore from oro-
tate) as is UMP.
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