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Orotic acid phosphoribosyltransferase (EC 2.4.2.10) and orotidylate decar- 
boxylase (EC 4.1.1.23) can be assayed independently of one another by the high 
voltage paper electrophoresis method described here, which separates erotic acid, 
OMP, and UMP, the substrates and/or products of these enzymes, from each 
other. The relative migration of other compounds, mainly other nucleotides, their 
bases, or other intermediates of the UMP biosynthetic pathway, has also been 
recorded. The method has allowed us to observe that OMP is not released to any 
significant degree from the enzyme complex of these two enzymes that occurs in 
Ehrlich ascites cells; rather erotic acid is converted stoichiometrically by the en- 
zyme complex to UMP. For purification of the enzyme complex, we have found 
the release of YO, from [‘4C]carboxyl-labeled erotic acid (when phosphoribosyl 
pyrophosphate and Mg2+ are present) preferable to the HVPE method as a rou- 
tine assay procedure. The most economical CO,-absorbant for the assay of the 
enzyme complex or for orotidylate decarboxylase (and possibly for other en- 
zymes which release CO,) is an NaOH-soaked paper strip. As detailed here, its 
use allows one to repeatedly reuse the scintillation vials and fluid. 

Uridylic acid (UMP) synthesis occurs in all living organisms that have 
been studied by a series of six enzyme reactions known as the erotic acid 
pathway (see reviews 1, 2, and 3). The last two enzymes of the path- 
way are orotate phosphoribosyltransferase (orotidine-5’-phosphate: l’- 
pyrophosphate-5’phosphoribosyltransferase, EC 2.4.2.10) and oro- 
tidylate decarboxylase (orotidine 5’-phosphate carboxyl-lyase, EC 
4.1.1.23) which catalyze reactions 1 and 2, respectively: 

orotate + PP-ribose-P s OMP + PPi (1) 

OMP - UMP + CO,. (2) 

These two enzyme activities appear to exist as an enzyme complex (see 
reviews 3 and 4, and research papers 5-8) in mammalian tissues. 
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The classic assays for these enzymes were devised by Lieberman et 
al. (9). For the transferase (OPRTasel) these authors used a spectropho- 
tometric method that measures the loss of absorbance of 295 nm light, 
as orotate (OA’) is converted to a nucleotide, e.g., OMP, the product of 
OPRTase or UMP which is formed when the enzyme solution also con- 
tains the orotidylate decarboxylase (OMP-decasel). If enzyme activities 
are low and/or a crude extract is used which contains a sufficient amount 
of material that absorbs at 295 nm,2 this method has not been routinely 
useful. Lieberman et al. also used a coupled assay for OPRTase in which 
[14C]carboxyl OA was used as substrate and an excess of the decar- 
boxylase was present, so that the rate of 14C0,-release was dependent 
solely on the rate of OPRTase reaction. 

The latter assay is sensitive, but it is not ideal, particularly when the 
effect of nucleotide inhibitors on OPRTase activity is studied, unless it 
has been established that the inhibitor(s) has no effect on OMP-decase. 
The release of 14C0, from [14C]carboxyl-labeled OMP has been used as 
the principal assay for OMP-decase (9). 

A relatively rapid and sensitive method for OPRTase (10) that does 
not rely on an excess of OMP-decase has appeared. In this method the 
unused substrate, OA, is separated by thin-layer chromatography from 
the nucleotide products, OMP and/or UMP, which remain at the site of 
application. The method, like the spectrophorometric procedure of Lie- 
berman et al. (9), does not distinguish between the products, OMP and 
UMP, whereas the HVPE method reported here does. 

One other method devised by Hermann et al. (11) that also distin- 
guishes between these products involves a separation of OA, OMP, and 
UMP by chromatography on DEAE-paper. The method requires 12 hr 
for separation of the products, and OMP remains at the origin. 

The HVPEl electrophoresis described below has the following char- 
acteristics. The separation of OA, OMP, and UMP is rapid and they all 
migrate from the origin. UMP and OMP, the products of the two en- 
zymes, are well separated. Crude enzyme extracts can be used. The 
electrophoretic separation may also prove useful for other enzymes of 
the erotic acid pathway. 

’ Abbreviations: OPRT-ase, erotic acid phosphoribosyl transferase; OMP-decase, oro- 
tidine 5’-phosphate carboxy-lyase (orotidylate decarboxylase); HVPE, high voltage paper 
electrophoresis; UMP, uridine 5’-phosphate; PRPP, 5’-phosphoribosyl I’-pyrophosphate; 
OA, erotic acid; EDTA, disodium salt of ethylenediamine tetraacetic acid. 

* We have found that several commercial sodium 5’-phosphoribosyl- 1 ‘-pyrophosphate 
(PRPP) preparations (e. g., the 98% pure A-grade preparation of Calbiochem, and a 67% 
pure preparation of Pabst Laboratory) contain a contaminant which absorbs at 295 nm. 
The material appears to be a guanine derivative as judged by its spectra when either of 
these PRPP preparations is dissolved in 10 mm potassium phosphate buffer, pH 7.0, and a 
Guy-14 spectrophotometer was used to record the spectra. 
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A simple and economical modification for trapping 14C0, released in 
the standard assay from [ 14C]carboxyl-labeled OA or OMP is also de- 
tailed. The absorbants previously used have been a solution of hy- 
droxide of hyamine (7) or a mixture of ethyleneglycol plus ethanolamine 
(8,12,13). The modification used here involves the substitution of a 
sodium hydroxide soaked filter paper to absorb the 14C0,. After the ab- 
sorption of 14C02, the filter paper is dried and then dropped into a 
toluene-based scintillation fluid (14,15). The main advantage of this 
method is that it enables one to repeatedly reuse the same scintillation 
fluid and vial, even up to 2 yr, by merely removing the filter paper from 
the vial. 

MATERIALS AND METHODS 

Nonradioactive OA, OMP, sodium PRPP, TMP, TDP, and uridine 
were supplied by Calbiochem, San Diego, Calif. Packard Instruments Co., 
Downers Grove, Ill., supplied 1,4-bis-2-(5-phenyloxazolyl)benzene 
(POPOP) and 2,5-diphenyloxazole (PPO), while pure tRNAs of Esche- 
richia coli RNaseel,, (purchased from Miles Lab., Kankakee, Ill.) and of 
rat tumor XC, were donated by Dr. J. R. Katze, of the Microbiology 
Department of this university. The tRNAs which are devoid of rRNA 
and mRNA contained about 80% of 4s and 20% of 5s RNA material. 
All other mono-, di-, and triphosphate nucleotides (A-grade), as well as 
the 5-fluorouracil, were purchased from Sigma Chemical Co., St. Louis, 
MO. Labeled [6-14C]orotic acid (sp act, 22.6 mCi/mmole) and uridine 
[14C]UL-5’-monophosphate were purchased from International Chemi- 
cal & Nuclear Corp., Irvine, Calif., while [14C]carboxyl-labeIed OA’ (sp 
act, 10.2 mCi/mmole), [ 14C] carbamyl-labeled carbamyl aspartate and 
[6-14C]dihydroorotate which were used only as reference markers were 
obtained from New England Nuclear, Boston, Mass. The 5-bromo [2- 
14C]uracil was purchased from Calatomic, Los Angeles, Calif. The top 
rubber caps (stoppers) and the polypropylene center wells were obtained 
from Kontes Glass Co., Vineland, N.J. 

Preparation of Enzyme Extracts 

Ehrlich ascites cells were maintained for 8-10 days in the peritoneal 
cavity of young (about 1.5 mo old, weighing 25 g) male Swiss-Webster 
mice, by injecting intraperitoneally 0.1 ml of cancer cells freshly with- 
drawn from a donor mouse that had been injected 8-10 days previously. 
After 8-10 days of growth, the Ehrlich ascites cells were collected and 
washed with 0.9% saline as described earlier (16). The cells were al- 
lowed to swell for 2 min at 4°C in 5 vol of distilled water before being 
homogenized with Potter-Elvehjem tissue grinder in 0.05 M (final con- 
centration) sodium phosphate buffer, pII 6.8. The homogenate was cen- 
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trifuged at full speed (2000g) in a clinical centrifuge for 10 min to 
remove cell debris. The supernatant was the source of the OPRTase and 
OMP-decase enzyme complex for most of the work reported here. The 
reaction mixture, either 50 ~1 or 0.2 ml, contained, in addition to 30 ~1 
(for 50 ,ul reaction mixture) or 0.1 ml (for 0.2 ml reaction mixture) of the 
Ehrhch ascites cell extract, the following: Tris 100 mM, pH 8.0; MgCl,, 
5 mM; freshly prepared PRPP, 1.0 mM; and [14C]orotic acid, 39 PM. 

The incubation was carried out in 10 x 75 mm tubes at 37°C in a shaker 
water bath. Aliquots (5, 10, or 20 ~1) of the reaction mixture were taken 
at required intervals (2-80 min) during incubation and were quickly 
spotted and dried (drying period <20 set) on an electrophoretogram 
under a gentle flow of hot (50%) air from a chromatogram drier, 

High Voltage Paper Electrophoresis (HVPE) 

Chromatography grade Whatman No. 3 paper sheets (11.5 x 57 cm, 
or 20.5 x 57 cm) were used for the electrophoresis. An area (8 cm) was 
maintained at each end of the 11.5 x 57 cm piece, while .three or four 
gaps of 3-4 mm were cut in the middle length (11.5 x 4 1 cm) so that 
there were four central strips measuring 2.5 x 41 cm, or five strips of 
1.9 x 41 cm. The gap between the strips prevents mixing of samples 
during electrophoresis, while the solid ends make it easier to position the 
paper and provide equal contact with the electrode compartments. When 
more samples were to be tested in a single run, a 20.5 X 57 cm piece 
having six sample strips (2.5 x 41 cm) or nine strips (1.9 x 41 cm) was 
used. 

For every run, one strip was used for standards, a mixture of refer- 
ence markers containing 4-5 nCi each of 14C-labeled OA, OMP, and 
UMP, plus 0.4 pmole each of [lzC] OA, UMP, and OMP. In addition, a 
control aliquot from reaction mixtures lacking enzyme or PRPP and 
MgCl, was usually placed on the second strip; the experimental samples 
were placed on the remaining strips. The electrophoretogram was then 
carefully dipped in 0.05 M sodium citrate buffer (pH 4.0), containing 1 
mM sodium EDTA. Care was taken to see that the samples were not 
dissolved in the buffer. This can be done by marking the edge of the spot 
with a pencil and then holding the electrophoretogram at the ends to wet 
from one end in the buffer contained in a wide tray. One can observe the 
buffer-front diffuse along the dry paper. After the paper was wet from 
the end to within 0.5 cm from the marked spots, the wetting was stopped 
and the excess buffer was removed by blotting with an appropriately 
folded dry sheet of 1 mm Whatman paper (46 x 57 cm). This procedure 
was repeated from the second end. When the ends of the electrophore- 
togram are dipped in the anodic and cathodic buffer chambers, the dry 
areas around the sample spots are quickly wetted. Electrophoresis is 
performed immediately after wetting the paper in the sodium citrate- 
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EDTA buffer, at 4 kV for 45 min, using either an insulated metallic plate 
(model FP-18) or an immersion tank electrophoresis apparatus (model 
LT-48A, containing mineral spirit coolant, EC-123 or Varsol) supplied 
by Savant Instruments, Inc., Hicksville, New York. The metallic plate, 
or the tank solvent, was kept cool by circulating through it a mixture of 
1: 1 (v/v) ethyleneglycol: water which was constantly cooled to around 
3°C by a home-made refrigeration unit. 

The voltage applied could be either 3, 4, or 5 kV with a proportional 
increase (60 min at 3 kV) or decrease (36 min at 5 kV) in the duration of 
the run. Electrophoresis carried out at voltages less than 3 kV, or for 
longer durations, or using papers wider than 20.5 cm, resulted in a 
poorer resolution of OA, OMP, and UMP, when using the metal plate. 

After electrophoresis, the paper was laid flat on a homemade stringed 
rack. It was quickly dried using the heat of incandescent lamps (2 x 250 
W bulbs). 

Quantitative Measurement of [14C]OA, OMP, and UMP 

The dried electrophoretogram was viewed under ultraviolet light to 
locate the migration of the OA, OMP, and UMP standards. The radio- 
active areas were sometimes located by passing the electrophoretogram 
strips (1.9 or 2.5 cm x 41 cm) through a Packard chromatogram scanner 
(model 7201). The areas occupied by these three compounds were 
marked. The paper was cut into 0.5, 1.0, or 1.5 cm cross-strips from 5 
cm before the UMP area to 5 cm beyond the OMP area. In addition, 1 
cm before the origin to 3 cm beyond it were also cut. These strips were 
placed in a vial containing 15 ml of a toluene-based scintillation fluid 
(14) to count the radioactivity in a Beckman (model LS-1OOC or 
LS-24.5) liquid scintillation counter. When strips larger than 1.9 x 1 cm 
are cut, the strips are bent slightly. They are then completely submerged 
in the scintillation fluid so that the major portion of the strip is flush with 
the bottom of the vial. The scintillation fluid used for counting contained 
POPOP and POP, at 0.2 and 3 g/liter of toluene, respectively. The ad- 
vantages of this counting system (14,15) are: (1) the filter paper piece 
containing the reaction mixture components does not give appreciable 
quenching and consequently the counting efficiency is high (about 80% 
for the Beckman LS-1OOC or LS-245 models); and (2) for those bioche- 
micals that are not soluble in toluene, the filter paper pieces can be 
removed when desired from the vials, and the vials, with their scintilla- 
tion fluid, can repeatedly be reused. Thus, the system not only conserves 
scintillation fluid, but it also eliminates the problem of disposing of radio- 
active fluid waste and vials, or of cleaning the glass vials for reuse. 

Nonradioactive carbamyl aspartate and dihydroorotate (each 10 ~1 of 
0.1 M solution) were located by spraying the paper with 4% 
diethylaminobenzaldehyde reagent in alcoholic potash (17). However, 
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we find that this reagent can also react with pure aspartic acid (Cal- 
biochem, A-grade) to give a yellow color; therefore, we used both the 
nonradioactive as well as radioactive CAA and DHO samples to check 
the electrophoretic mobilities of these two compounds. 

Contact Print Photography of the Compounds that 
Absorb Ultraviolet Light 

This method was used to make a record of the size and shape of the 
electrophoretic migration area of pyrimidine and purine derivatives. 
After electrophoresis, the dried chromatogram containing the standards 
(OA, OMP, UMP) was placed in the darkroom over a Kodagraph Cl 
paper, and both papers were stretched flat and tightly !ecured to the top 
of a wooden or cardboard plank. A shortwave (2536 A) ultraviolet lamp 
(UVS-11, supplied by Ultra-Violet Products, Inc., San Gabriel, Cali- 
fornia) was held above the electrophoretogram at a distance of approxi- 
mately 12 cm, and was passed along the length of the paper three times.3 
The photographic paper was developed for about 30 set in Kodagraph 
Dektol developer, followed by fixing of the developed paper in Koda- 
graph rapid fixer for another 30 sec. 

Filter Paper Technique of Assaying 14C02-Release from the 
OPRTase and/or OMP-Decase Reactions 

The reactions were carried out in a scintillation vial (without its screw 
cap) in a reaction mixture of 1.0 ml. All reactants, except OA, were 
added to a vial kept in ice. A rubber stopper fitted with a polypropylene 
center well (the stoppers are supplied with a uniform precut central hole 
that is just sufficient to fit the stem of a center well) was fitted with a 
NaOH-soaked filter paper. The paper, a 0.5 x 3.0 cm piece of Whatman 
3MM filter paper, was folded to one-fourth of its length (to a 
0.5 x 0.75 cm size) and then dipped, using forceps, in a solution of 2 N 

NaOH. Excess NaOH4 was squeezed from the paper before it was 
placed in the center well. The enzyme reaction was started by adding 
14C-carboxyl-labeled OA, and the vial was capped tightly with the 
rubber stopped so that the center well was above the reaction mixture. 
The capped vial was transferred to a shaking water bath at 37°C. The 
reaction was stopped by injecting 0.2 ml of 4 M HClO, into the reaction 
mixture through the rubber cap. The vials were then left in the same 

3 However, to obtain the best results one has to determine the distance and the passing 
speed by trial runs. 

4 When the same sized piece of Whatman 3MM filter paper was uniformly but not exces- 
sively wetted with 2 N NaOH, the volume of NaOH absorbed by the paper was 0.1 ml. 
Thus, the amount of NaOH absorbed by the filter paper is estimated to be about 200 
fimoles. 
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bath for 1 hr or more to complete the absorption of released 14C0, by 
the NaOH-soaked filter paper. At the end of this time, the filter paper 
was removed from the well and dried for 7-20 min (the time required 
depends on the number of filter papers to be dried at one time) on a glass 
plate or, more readily, in a depression of a porcelain spot-plate using the 
heat of two 250-W incandescent bulbs. The NaOH-soaked filter paper 
turns a pale yellow color when dried under these lamps, and this color 
change has served as a visual indication of complete drying. The dry 
paper must be quickly transferred while it is still hot (to prevent absorp- 
tion of moisture) into a vial containing 10 ml of the toluene-based scin- 
tillation fluid described earlier to be counted for radioactivity. This 
method was compared with a standard ethylene glycol-ethanolamine 
method (8,12,13). The radioactivity absorbed by ethylene glycol- 
ethanolamine was counted in a dioxane-based scintillation fluid con- 
taining (in g/liter of p-dioxane) naphthalene, 100; PPO, 7; and POPOP, 
0.3. 

RESULTS AND DISCUSSION 

A typical electrophoretic separation of OA, OMP, and UMP is shown 
in Fig. 1. At pH 4.0, these three metabolites always migrated toward the 
anode, such that OMP moved ahead of OA, which was followed by 
UMP. Each of the intermediates, whether run alone or as a mixture, was 
separated from one another by 5-7 cm, as shown in Figs. 1 and 2. 

The electrophoretic mobilities, under the standard conditions, of other 
pyrimidine and purine nucleotide derivatives and two tRNAs, are illus- 
trated in Fig. 2 as relative mobilities (R, values), setting the distance 
traveled by OMP as 100. The tRNAs do not move in this system but 
show elliptical elongation, so that a spot which was originally 0.5 cm in 
diameter is about 3.7 cm long at the end of electrophoresis. 

The applicability of the HVPE technique for the radioassay of 
OPRTase:OMP-decase enzyme complex (8) in mouse Ehrlich ascites car- 
cinoma cells was tested, and the separation of the reaction products after 
different periods of incubation5 is shown in Fig. 1. There is a time- 
dependent accumulation of radioactivity in the UMP region paralleled 
by a decrease of label in the OA area (Table 1 and Fig. 1). After 30 min 
of incubation the OA added was entirely utilized. The formation of a 
small amount of [‘“Cl UMP from [14C]OA in the control, without added 
PRPP and Mg*+ (Fig. l), suggests that these chemicals are present in the 
crude extracts of Ehrlich ascites cells. 

The stoichiometric changes in the total amount (nanomoles) of OA, 

’ Although we carried some of these incubations up to 80 min, we have only presented 

in Fig. 1 the results through the 30-min interval because at subsequent time intervals no 
new products (other than the [‘*C]UMP already formed) were detected. 
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UMP, OMP, and counts retained at the origin between 2 and 40 min, 
are shown in Table 1. It would be expected that the total counts recov- 
ered from each strip would vary because of errors in pipeting microliter 
quantities and because of the errors in counting a number of segments of 
each strip and summing the counts into total counts. Table 1 shows the 
variation in this value, and that the average error per strip is 2 4%. 
When enzyme is present counts are retained at the origin (see Fig. 1); 
we do not know the chemical nature of the radioactive material which 
remains at the origin. The amount remaining at the origin is usually con- 
stant and a small percentage, i.e., an average of 3.2% -t 1.04%, of the 
total counts recovered, as shown in Table 1. Occasionally (1 out of 30 
samples) with electrophoretograms containing enzyme, the UMP and, 
less frequently, the OA moved somewhat more slowly than their respec- 
tive standards or for any nonenzyme control. Trailing increased with the 
size of the sample; we recommend, therefore, that 5 ,LLI samples be used 
whenever possible, although 10 or 20 ~1 samples have often been used 
without trailing. We do not know the cause of the trailing since it may 

FIG. 1. Electrophoretogram of reaction mixtures showing the conversion of [6- 
W]orotic acid to UMP by an Ehrlich ascites cell extract. The data selected for this figure 
were taken from three separate electrophoretic runs of enzyme reactions which were in- 
cubated from 2 to 80 min at 37°C. The incubation conditions were those detailed in the 
Methods section. The controls lacking MgCl, and PRPP or enzyme were incubated for 35 
and 60 min, respectively. In each of the three electrophoretic runs the standards (OA, 
OMP, and UMP) were spotted on one strip of the 11.5 x 57 cm electrophoretogram 
sheets. The remaining strips of the electrophoretogram were used for spotting the experi- 
mental samples. At the end of the incubation time the experimental tubes were immedi- 
ately chilled in ice (0-4°C) and aliquots were spotted on the electrophoretogram and dried 
as described in the Methods section. A 20-~1 portion6 was used for the no enzyme control 
and for the 10 and 20 min incubations, whereas a lo-p1 spot was employed for the 
remaining samples. All results were calculated to the value expected for a 20-J sample 
which represents one-tenth of the total volume of the 0.2-ml incubation mixture. The solid 
lines represent the counts per minute in the enzyme reaction mixtures. The dashed line 
(see 30-min sample) represents the additional counts observed in a second sample of the 
30-min incubation to which 6 nCi of WO,-OMP was added as an internal standard. A full- 
size photographic imprint of standard UMP, OA, and OMP compounds separated under 
our electrophoretic conditions is attached at the bottom. The three standards were dis- 
solved in the assay buffer to yield a mixture that was used solely to monitor the elec- 
trophoretic separation. The total cpm recovered in each area was converted into picomoles 
in one-tenth of the total volume of the reaction mixture using the specific activity of 22.6 
nCi/nmole OA. The picomoles were not converted to 100% efficiency (i.e., 780 pmoles of 
14C for the 20-&l samoles) as was done in Table 1. 

fi Actually, a lo-p1 portion from each of the two duplicate tubes (2 X IO-PI) was used to 
obtain the 20-p] sample used for electrophoresis. The two tubes were incubated for the 
specified period, with a I-min delay between initiation of the enzyme reaction as well as a 
I-min delay between spotting and drying the IO-p1 sample, so that one could minimize the 
initial spreading of the spot at the origin. 
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FIG. 2. Migration area and relative mobility (R, value) of various nucleotides after high 
voltage paper electrophoresis at pH 4.0. The number within the parentheses of each line is 
the R, (relative mobility) value of each compound, calculated as percentage (%) as 
follows: (distance’ traveled from origin toward anode by compound x lOO)/(distance trav- 
eled from origin toward anode by OMP). The pyrimidine and purine derivatives that were 
tested under our conditions are Ur, uridine; CMP, CDP, and CTP, cytidine 5’-mono-, di-, 
and triphosphates; tRNA, transfer ribonucleic acid of Escherichia colt’ or rat tumor (xc) 
type; OMP, orotidine 5’-phosphate; DHO, dihydroorotate; B-U, Sbromouracil; F-U, S- 
fluorouracil; AMP, ADP, and ATP, adenosine 5’-mono-, di-, and triphosphates; OA, 
erotic acid; B-UMP, bromouridine 5’-phosphate; UMP, UDP, and UTP, uridine 
5’-mono-, di-, and triphosphates; CAA, carbamylaspartic acid; GMP, GDP, and GTP, 
guanosine 5’-mono, di-, and triphosphates; TMP, TDP, and TTP, thymidine 5’-mono-, di-, 
and triphosphates. All nucleotide derivatives except F-U, B-U, and B-UMP were sub- 
jected to electrophoresis using the plate-type apparatus. The migration pattern of the three 
routine standards (viz., UMP, OA, and OMP) remained unchanged, whether they were 
run separately or in mixtures; whether they were dissolved in distilled water or in 50 mM 
Na-phosphate buffer pH 6.8, or in 0.1 M Tris-HCl pH 8.0. When a mixture of B-U or F-U 
and the three standards, or of B-UMP and OA + OMP were dissolved in distilled water or 
in the phosphate buffer, their migration pattern is also still the same as shown in this figure. 
No other mixture combinations were tried. All the other pyrimidine and purine derivatives 
tested were dissolved in distilled water and were run separately. 

only occur in one sample of a number on the multisample strips. If the 
counts at the origin are greater than 3% of those added or if trailing is 
serious the sample must be rerun, preferably using a smaller aliquot. 
Trailing is detected by the fact that the counts are not close to the 
background value in the cross-strip cut 5 cm before the area occupied by 

’ For the purpose of calculating the relative mobilities of the nonradioactive materials, 
the distance from the origin to the center of the area over which the compound was spread 
was taken as the distance traveled (centimeters). For the radioactive compounds, it was 
the distance to the point on the paper where the highest number of counts were recorded. 



TABLE 1 
STOICHIOMETRY OF LJMP SYNTHESIS FROM OROTIC ACID" 

Incubation 
time 
(min) Origin 

Areas Total 
counts 

UMP OA OMP recovered 

A. Counts per minute recovered from electrophoretogram 

ob 0 0 30,770 0 30,770 
2 780 1320 29,710 1540 33,350 
4 790 3360 26.360 2420 32,930 
6 680 5000 23,760 2220 3 1,660 

10 930 7650 21,750 2190 32,520 
20 960 18,820 11.120 3000 33,900 
30 870 25,910 1240 1590 29,610 
40 1040 26.530 750 1860 30.180 

Average 860 - - 2120 3 1,865 

Loss of OA 

Time Origin UMP OA OMP Total Net’ 

B. Calculated nanomoles 

0" 0 0 7.80 0 0 0 
2 0.18 0.31 6.95 0.36 0.85 0.13 
4 0.19 0.80 6.24 0.57 1.56 0.84 
6 0.17 1.23 5.85 0.55 1.95 1.23 

10 0.22 1.84 5.22 0.53 2.58 1.86 
20 0.22 4.33 2.56 0.69 5.24 4.52 
30 0.23 6.83 0.33 0.42 7.47 6.75 
40 0.27 6.86 0.19 0.48 7.61 6.89 

Average 0.21 - - 0.51 - 

a The data in this table were taken from three separate electrophoretic separations of 
the standard enzyme incubation system given in the Methods section. Samples were in- 
cubated for intervals between 0 and 40 min. After the specified incubation period, portions 
of the reaction mixture were withdrawn and dried as a spot on electrophoretogram strips 
as described in Methods. For each electrophoretic run, a mixture of OA, UMP, and OMP 
standards were spotted on one strip of the multistrip electrophoretogram paper. After the 
electrophoresis at 4 kV for 45 min using the plate-type apparatus, each strip was cut into 
l-cm pieces from 1 cm before to 35 cm beyond the origin (i.e., - 1.0 cm to +35.0 cm). 
Each l-cm segment was counted for radioactivity. The distribution of counts which are 
derived from 0.78 nmoles of [r4C]OA (i.e., & of the 7.8 nmoles OA used in the reaction 
mixture) are shown in the “A” part of the table. The total nmole of material present in 
each area (see Fig. 1) was summed and is listed in part “B” of the table. The nanomoles 
per area were calculated as follows: (observed cpm in each area of the strip)/(total cpm 
on the strip) X 7.8. The total and net losses of OA are also shown in part “B” of the 
table. The net loss of OA at each time interval should approximately equal the amount 
of UMP produced. 

B No enzyme control incubated for 60 min at 37°C. 
L‘ Net loss of OA = nmoles of total OA lost (column 6 of part B) from each strip minus 

the sum of the average nmoles retained at the origin (0.21 nmoles) and OMP area (0.51 
nmoles). 
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UMP on the standard strip. If trailing has occurred additional cross- 
strips are cut from the UMP area toward the origin until background 
counts are obtained. 

The OA is converted, in a time-dependent fashion, to UMP. The 
OMP area had a nearly constant number of counts in this and other 
experiments, except for vessels lacking enzyme or PRPP and Mg+ (see 
Fig. 1). Generally the counts of the OMP area do not form a peak but 
appear as a trail preceding the OA peak. If these counts are OMP, then 
0.5 nmoles would have accumulated in the 0.2 ml reaction mixture, and 
the OMP concentration might have been 2.5 x lo+ M. 

Although TMP’ has an electrophoretic mobility close to that of UMP, 
it would probably not have been formed under our assay conditions, for 
the mammalian ribonucleotide reductase, which utilizes pricipally nu- 
cleotide diphosphates, has low activity, and even bone marrow extracts 
(one of the better sources of the enzyme) only form 0.05 nmoles of 
dCDP from CDP/mg protein/l0 min when properly fortified (18). Ex- 
tracts from Novikoff Hepatoma, after an acid precipitation step, yield 
only about 0.13 nmoles/mg protein/l0 min (19). Since our incubation 
mixtures were missing one or more of the components (l&19) necessary 
to observe activity with the above extracts, it seems highly unlikely that 
any TMP was formed. Since the established pathway for UMP synthe- 
sis (1,3,5) from OA is via OMP, and since very little OMP accumulates 
as an intermediate in our experiments, we wished to ascertain whether it 
could have been observed if it had accumulated, or if the reagents of the 
enzyme reaction mixture changed its mobility. As seen from the broken 
line of Fig. 1 when we added a known amount (6nCi) of [14C]OMP on 
top of a dried spot from the 30-min reaction mixture, the added 
[ 14C] OMP was fully recovered and was separated from the [ 6-14C] OA 
area and the enzymatically formed [ 6-14C] UMP. Therefore, the lack of 
a significant accumulation of OMP in the enzymic conversion of OA to 
UMP is a valid observation and it agrees with the earlier observation 
(20) that OMP did not accumulate in intact ascites cells when UMP is 
formed from [‘“Cl bicarbonate. The equilibrium constant for the 
OPRTase reaction written in the direction of OMP formation is 0.12 
(9), a value that permits OMP to accumulate unless it is efficiently trans- 
ferred from the active site of the OPRTase to the active site of the 
OMP-decase of the enzyme complex. If the rate of the decarboxylation 
exceeds the rate of OMP formation, OMP accumulation might not occur. 
With the purified enzyme complex, the decarboxylation of OMP can 
proceed under optimal conditions (i.e., an OA concentration of 10e5 to 
10e4 M, at a rate that is 1.5-2 times as rapid as the overall formation of 
UMP from OA and PRPP. The apparent K, value for OMP for the as- 
cites cell OMP-decase is 8 X 10e7 M (Prabhakararao and Jones, un- 
published results). The rate for the OMP-decase of the complex under 
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the conditions of the experiment in Table 1 (i.e., an OMP concentration 
of no more than 2.5 x 10e6 M) would therefore be lower than the rate of 
the OPRTase if the OMP had been liberated to the solution before it 
could serve as a substrate for the decarboxylase. A proper alignment of 
the active sites of these two enzymes in the complex so that an efficient 
transfer of OMP from OPRTase to OMP-decase occurs without dif- 
fusion of OMP from the complex would seem a good possibility to 
explain wholly or in part the fact that OMP does not accumulate in sig- 
nificant amounts. 

In order to show that the enzymic reaction is halted completely by the 
spot-drying (dehydration) technique employed, we carried out two 

TABLE 2 
COMPARISON OF THE AMOUNTS OF UMP FORMED BY THE HVPE ASSAY TECHNIQUE 

WITH THE 14C0,-R~~~~~~ METHOD” 

Mixture of r*COOH-OA Ratio of added 
and [6J4C]OA Picomoles 14COOH-OA/[6-14C]OA 

A. Characteristic of [14C]OA used as substrates 

[6J4C]-erotic acid 1495 
r4COOH-erotic acid 1905 

Total 14C-labeled erotic acid 3400 

Total amount UMP 
recovered by 

Incubation “CO,-release HVPE 
(min) (pmoles) (pmoles) 

1.27 

Total 
Ratio of UMP 

*4C0,/‘4C, UMP formed 
recovered (pmoles) 

B. Amounts of r4C recovered as 14C0, or [14C]UMP 

4 210 160 1.3 370 
10 480 440 1.1 920 

u A mixture of 14COOH-OA (14C in the carboxyl group) and [6J4C]OA mixed in the ratio 
given below was employed. The incubation at 37°C was carried out using a SO-p1 reac- 
tion mixture as described in the Methods section. At the end of a 4- or IO-min period 
the tubes were taken out of the shaking water bath (at 37°C) and were chilled in ice. 
Two 5~1 samples were withdrawn simultaneously from each tube. One sample was spot- 
dried on the electrophoretogram and electrophoresis was carried out as usual at 4 kV for 
45 min using the tank type apparatus. The other sample was transferred into 1 ml of ice- 
cold 10 mM potassium phosphate buffer, pH 7.0, held in a vial used for the CO,-release 
assay (see Methods). These vials were prepared in advance and kept in an ice bath. The 
vial was immediately capped with the rubber stopper after the sample was added, and a 
center well containing the 2 N NaOH-soaked filter paper and 0.2 ml of 4 M HCIO, was 
quickly injected through the stopper. The vial was transferred into a shaking water bath 
to equilibrate for about 90 min. The counting of the 14COz absorbed by the filter paper 
and of the [6J4C]UMP after the electrophoresis was carried out as described in Methods. 
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experiments. In one experiment, using as substrate 1880 pmoles of 
[ 6-14C] OA in a 50 ~1 reaction mixture, we simultaneously withdrew two 
~$1 aliquots from reaction mixtures after a 4- or lo-min incubation. An 
aliquot from the 4- (and then the lo-min sample) was spotted on two 
electrophoretograms. The spots were immediately dried for 20 set under 
hot (SO‘C) air. One electrophoretogram was subject to electrophoresis as 
soon as the spots were dry, while the second was held for 1 hr at room 
temperature (22°C) before electrophoresis. This experiment would re- 
veal whether enzymic conversion of [14C]OA to [“Cl UMP occurs 
after the spots are dried. The amount of [‘“Cl UMP was identical for 
both aliquots (e.g., 1150 and 1090 pmoles for the 4-min incubation), 
whether the electrophoresis was carried out immediately or 1 hr after 
drying the samples. To check whether the drying technique stops the 
reaction as rapidly as acid denaturization, a mixture of [‘“Cl carboxyl- 
labeled OA and [6-14C]OA was used as a substrate. Two aliquots were 
simultaneously withdrawn from each of two identical reaction vessels 
after 4 and 10 min incubation at 37°C. One sample was separated by the 
HVPE-technique to measure the [6J4C] UMP formed; the second 
sample was used to determine the 14C0, released. The details of this 
experiment are given in Table 2. The results indicate that the ratio of the 
14C0, released and [ 6-14C]UMP formed after 4 min is in excellent 
agreement with the ratio of [ 14C] carboxyl-labeled OA to [ 6J4C] OA in 
the reaction mixture; the lo-min ratio is reasonable but not as good. 
Also, the total amount of UMP formed at 10 min incubation is 2.5 times 

TABLE 3 
COMPARISON OF THE AMOUNTS OF 14C02 RECOVERED BY THE FILTER PAPER METHOD 

TO THAT RECOVERED BY THE ETHYLENEGLYCOL-ETHANOLAMINE METHOD” 

OPRT-ase activity (picomoles of ‘*CO, released) 
as determined by absorption of CO, with 

A NaOH filter paper Ethyleneglycol : ethanolamine 

772 765 
743 754 

a A partially purifieds enzyme (5 ~1) was used in this experiment. The incubations were 
carried out in the vials capped with the rubber stoppers and polypropylene center wells 
containing an NaOH-soaked filter paper or 0.2 ml of an ethyleneglycol : ethanolamine mix- 
ture. After 5 min of incubation, the reaction was stopped by injecting 0.2 ml of 4 M HCIO,, 
and the vessels were equilibrated as described in Methods for 90 min. The NaOH-filter 
papers were dried and counted as usual, and the counts were corrected for the quenching 
due to NaOH, as described in the text. In the case of center wells containing the etbylene- 
glycol mixture, the entire center well was placed in 10 ml of dioxane-based scintillation 
fluid in a scintillation vial and was counted (8) repeatedly to constant counts (to eliminate 
photosensitivity). The counting efficiency of both systems is 80%. The two values given 
in the table are for duplicate samples. 
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that formed in 4 min, so that the reaction is linear with the incubation 
time when the enzyme is limiting. The linearity with time is also appar- 
ent in Table 1 for UMP formation through 10 min. 

As seen from Table 3, the results of the filter paper method are also in 
good agreement with those obtained by using an ethyleneglycol:ethanol- 
amine mixture to trap the CO, formed (8,12,13). The filter paper 
method has the following advantages: (1) The photosensitivity of the 
dioxane-based scintillation fluid containing ethyleneglycol : ethanolamine 
mixture requires that each sample be counted several times before one 
can obtain a constant count per minute. This is not necessary for the 
filter paper method. (2) The aqueous solutions of the [14C]biochemicals 
used in the present studies (as well as those of [%]- and 
[3H]chemicals studied previously by one of us (14,15)) when spot-dried 
on filter paper, are not soluble in the toluene system, so that the filter 
paper can simply be removed after counting, and the same scintillation 
vial with its scintillation fluid can be repeatedly reused. We have reused 
some vials and fluid in the present studies for as long as 2 yr; however, 
one must occasionally check the background counts and discard vials 
that have accumulated counts (due perhaps to the accidental scraping of 
dried filter paper during handling with forceps). As seen from Table 4, 
the background counts of the vials tested before a radioactive filter 
paper was added (either NaOH-soaked and dried filter paper or an un- 
treated filter paper) are almost identical to those obtained after removing 
the radioactive paper, even after the vial has been repeatedly used for 

TABLE 4 
BACKGROUND COUNTS OF VIALS CONTAINING A TOLUENE FLUOR BEFORE AND 

AFTER COUNTING THE RADIOACTIVE SAMPLE AND THE QUENCHING 
EFFECT OF NaOH” 

Counts Counts Counts 
before Net cpm after after 
adding due to removing 2 yr 
paper radio- paper of use 

Vial (cpm) Radioactive sample activity @pm) (w-d 

1 42 2~1 [W]OA dried on 19,291 35 36 
plain filter paper 

2 39 Duplicate of 1 19,021 39 34 
3 33 2 ~1 [**CJOA dried on 15.434 38 40 

2N NaOH-soaked 
filter paper 

4 40 Duplicate of 3 15,164 44 42 

a A 2-4 sample of a diluted [W]OA solution was spotted either on a plain 3-mm filter 
paper piece (0.5 X 3.0 cm, folded to one-quarter of its length to give 0.5 x 0.75 cm) or 
on an NaOH-soaked filter paper (see Methods). Both papers were then dried under an 
incandescent lamp and were counted in the standard toluene-based system. 
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TABLE 5 
ABSORPTION OF TO2 BY THE NaOH-FILTER PAPER WITH INCREASING 

TIME OF EQUILIBRATION AT 37°C” 

Equilibration time 
old 

%O, absorbed by the 
NaOH filter paper 

(nmoles) 

0.25 10.2 
0.50 16.3 
1.0 20.3 
2.0 20.0 

18.0 20.0 

a A l.O-ml reaction mixture contained 10 ~1 of a partially purified enzyme,B 40 nmoles 
of erotic acid mixture (39 nmoles of [%]OA + 1 nmole of YOOH-OA containing about 
10.2 nCi) in 0.1 ml; 1.0 pmole of PRPP-sodium salt; 5 wmoles of MgCl,; and 10 pmoles 
of potassium phosphate buffer, pH 7.0. The reactions were carried out at 37°C in seven 
vials capped with the rubber stoppers containing center wells fitted with a 2 N NaOH- 
soaked filter paper as described in Methods. After a 20-min incubation, the reaction was 
stopped by injecting 0.2 ml of 4 M HClO, into the reaction mixture, and the capped vials 
were equilibrated at 37°C for various time intervals from 15 min to 18 hr. At the end of 
the desired period, the filter papers were removed, dried, placed in the toluene-based scin- 
tillation fluid, and counted. An aliquot (10 ~1) of the [%I- plus [%]orotic acid mixture 
containing 4 nmoles (1 nCi) of OA was spotted directly on an NaOH-soaked filter paper 
and dried, along with those of the time course experiment, to serve as the standard for 
the amount of radioactivity added to the experimental vessels. This standard had 2034 cpm 
(above the background cpm of the vial) for the 4 nmoles of OA; therefore, 1 nmole of OA = 
509 cpm. By dividing the observed counts for each sample in this experiment by 509, 
the nmoles of COz-released from the erotic acid mixture were obtained. 

about 2 yr. The table also shows that the quenching we observed due to 
the 2 N NaOH is 20% (19,160-15,300 cpm/19,160 cpm X 100). We 
usually avoid this correction by placing a sample of standard, [14C]OA 
or [14C]OMP, on an NaOH-soaked strip as mentioned in the legend to 
Table 5. The data of Table 5 show that it takes about an hour to 
complete the absorption of the 14C0, when the vial containing the 
NaOH-soaked filter paper was equilibrated in a shaking water bath at 
37°C. No additional amount of 14C0, was absorbed beyond that ab- 
sorbed by 60 mm. However, to ensure complete absorption we generally 
equilibrate the vessels for 90 min. 

As stated in the abstract, the 14COz-release method has been most 
useful for purification of the enzyme complex* and for determining the 

B The OPRT-ase and OMP-decase enzyme systems from the mouse Ehrlich ascites 
cancer cells has been purified by us over 70-fold by pH precipitation ammonium sulfate 
precipitation and chromatography on DEAE-sephadex (A-50). The purest material has an 
apparent MW of 60,000. Details of our purification will appear elsewhere in a separate 
paper. 
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OMP-decase activity of fractions which contain the complex as well as 
those fractions that retain only the decarboxylase activity. The HVPE 
method should prove useful either for assaying the OPRT-ase prepara- 
tions devoid of OMP-decase (21), or fractions enriched with OPRTase 
activity relative to OMP-decase activity. The HVPE method has 
already been used in this laboratory to study the differential inhibition of 
each of these two enzyme activities by various analogs of orotate or 
OMP.g 
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