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then acidified with 0.5 ml of 1 N HCIO,. The content of the flask was
transferred to a test tube, the flask was washed twice with 2 ml of 0.4
N HCIO,, and the washings were combined with the cell extracts.
Subsequently, the acidified cell extracts in 0.4 N HCIO, were brought
to 100°C for 60 min to liberate free purine bases from nucleosides,
nucleotides, and nucleic acids. The supernates were applied on Dowex
50-H* columns (0.25 cm? X 2 cm; Bio-Rad AG 50W-X8, 200-400
mesh) to collect purines as described (7). The acidified medium was
diluted with H,O to a final concentration of 0.1 N HCI and applied to
a Dowex 50-H* to analyze purine bases, uric acid, and allantoin.
Separation of Purines from Other Possible Labeled Compounds.
[**C}-Formate converts to 10-['*C]formyl-H.folate and to other forms
of [1-carbon-'*C]H.folate in cells and labels purines, serine, methionine,
cysteine, and deoxyribosylthymine monophosphate which subsequently
label RNA, DNA, and protein (8-10). The hydrolytic conditions out-
lined above completely released purine bases, while N-glycoside linkages
of pyrimidine compounds and peptide bonds were preserved. To study
the elution profile of the possible products, '“C-labeled compounds
were treated at 100°C in 0.4 N HCIO, for 60 min and applied on a
column of Dowex 50-H* equilibrated with 0.1 N HCL. In this study
[*“Clallantoin (93% purity) was produced by incubation of [8-'*C]-
hypoxanthine with rat liver homogenate in 50 mm HEPES, pH 7.6,
for 2 h and [8-'“Cluric acid (90% purity) was also formed from [8-'“C]-
hypoxanthine by incubation for 2 h with 100,000 X g supernatant fluid
of the rat liver homogenate. The purity of the preparations was deter-
mined by measuring the distribution of labels in 2-dimensional chro-
matography for nucleosides and nucleobases (11). Allantoin was de-
tected as reported (12). A solution of 5,10-['*C]methylene-H.folate was
prepared by dissolving 12 mg (20 umol) of H.folate in 1 ml of 10 mm
[*“C]formaldehyde containing S0 mm NaHCO; and 200 mM dithio-
erythritol (13). Among the possible labeled compounds ['*C]formate,
(**C]thymidine, [**CJuric acid, ['*C]allantoin, and the hydrolysate of
5,10-["“C]methylene-H.folate passed through the Dowex 50-H* col-
umn. [“C]Serine was eluted with 0.5 N HCI, ['*C]xanthine with 1 N
HCI, ["“C]hypoxanthine and ['*C]methionine were in the fraction with
2 N HCl, ["“C]guanine was eluted with 3 N HCI, and ['*C]adenine was
eluted from the column with 6 N HCI. Therefore, in the standard assay
the column was washed with 3 ml of 0.1 N HCI and 3 ml of 0.5 N HCI
and then purines were collected with 5 ml of 6 N HCl. However, the
purine fraction contained significant amounts of radioactive methionine
and its oxidized compound, methionine sulfoxide. One ml of the purine
fraction was counted in 15 ml of scintillator (Ready-to-Use III), while
the remainder was evaporated and dissolved in 50 ul of H,O. Fifteen
ml of this solution were spotted on Whatman 3MM paper and counted
in scintillator (OCS) and another 15 ul were applied on Whatman
3MM paper (23 x 23 cm) to separate adenine, hypoxanthine, guanine,
xanthine, methionine, methionine sulfoxide, and methionine sulfone
by 2-dimensional chromatography on Whatman 3MM paper in aceto-
nitrile: 0.1 M ammonium acetate, pH 7.0: ammonia (6:3:1) for the first
dimension and in butanol:methanol:water:ammonia (60:20:20:1) for
the second dimension (11). The spots were detected by UV lamp and
ninhydrin, cut out, and counted. In this system over 99% of radioactivity
applied on the paper was recovered from the spots of adenine, guanine,
hypoxanthine, xanthine, methionine sulfoxide, and methionine. The
use of the second solvent in a single dimension (7) provided overlapping
of the guanine spot with methionine sulfoxide which constituted 10—
30% of total radioactivity in the purine fraction from the cell extracts
in the assays with [“C]formate and 20-50% in the assays with L-[3-
14Cjserine. Since allantoin and uric acid did not bind to the resin, the
void fraction and the washings with 0.1 N HCl were combined, evapo-
rated, dissolved in H,O, and applied on Whatman 3MM paper for 2-
dimensional chromatography described above. The purine fraction
eluted with 6 N HCI did not contain any radioactive cysteine, cystine,
or cysteic acid which were separated from purines, methionine sulfox-
ide, and methionine by Whatman 3MM paper in one dimension (10).
PRPP Synthase (EC 2.7.6.1) Assay. The cells were collected by
scraping, washed twice with cold PBS, and homogenized with 4 volumes
of 0.25 M sucrose containing 50 mm HEPES, pH 7.6. Enzyme activities
were measured in crude 100,000 X g supernatants. PRPP synthase
assay was carried out as described (14) measuring PRPP-dependent

conversion of [8-'“CJhypoxanthine to IMP in the presence of hypoxan-
thine-guanine phosphoribosyltransferase (EC 2.4.2.8) purified from rat
liver (15, 16). The high voltage electrophoresis method previously
outlined (17) was used for the separation of IMP and hypoxanthine.
Protein concentration was measured by a routine method (18) with
bovine serum albumin as standard.

PRPP Determinations. The cells were collected by scraping and
centrifuged. The PRPP concentrations in the cell pellets were deter-
mined by rapid processing of acid extraction and radioassay as reported
(19) except that [8-'*C]hypoxanthine and purified hypoxanthine-gua-
nine phosphoribosyltransferase were used (20).

RESULTS AND DISCUSSION

Assays of Initial Rates of Purine de Novo Synthesis. To
develop an assay for measuring the initial rates for purine de
novo synthesis in hepatoma 3924A cells, the early time course
of incorporation of the radioactive precursors into acid-soluble
and acid-insoluble purines in cells and medium was determined.
["*C]Formate is converted in one step by 10-formyl-H.folate
synthase (EC 6.3.4.3) to 10-['*C]formyl-H.folate, the direct
one-carbon donor for purine de novo synthesis and labels C-2
and C-8 of purine (21). L-{3-'*C]Serine generates [**C]-labeled
one-carbon groups by serine hydroxymethyltransferase (EC
2.1.2.1) in the form of 5,10-[**C]methylene-H.folate which is
metabolized to 10-['*C]formyl-H.folate in cells. When hepa-
toma 3924A cells were pulsed with either ['*C]formate or L-[3-
4C]serine at a final concentration of 100 or 20 uM, good
proportionality for the overall purine synthesis was achieved
with incubation time up to 60 min (Fig. 1). The activity of
purine de novo synthesis was proportional with the number of
cells within a 10-fold range tested (0.5 to 5 X 10° cells/ml)
(data not shown). During a 20-min incubation labeled uric acid
and allantoin were not formed in the medium or in the cells. In
the standard assay conditions in hepatoma 3924A cells in lag,
log, and plateau phases the purines excreted into the medium
were less than 1% of the total purines synthesized.

Dilution Effect of Purine Labeling with Cold One-Carbon
Units. It is well recognized that the g8-carbon atom of serine is
the major source of one-carbon units required for de novo purine
and deoxyribosylthymine monophosphate synthesis (22, 23).
When purine synthesis is assayed by ['*C]formate, serine in the
cells and assay media may interfere with the purine labeling.
Since our studies were aimed at establishing a method for
measuring absolute rates of purine de novo synthesis in intact
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Fig. 1. Time course of purine labeling with ['*C]formate (A) and L-{**C]serine
(B) in hepatoma 3924A cells. The hepatoma cells in log phase were pulsed with
either 100 uMm [*“C]formate or 20 uM L-[3-'“C]serine and labeled purines in acid-
soluble (O), acid-insoluble (®) fractions, and total sample (X) were determined
under the assay conditions described in “Materials and Methods.” The rate is
expressed as umol of the substrate incorporated into purines/g cells.
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Table 1 Effect of nonessential amino acids on [**C]formate incorporation
into purines

Purine labeling assays from ['“C]formate at the concentrations indicated were
conducted in hepatoma 3924A cells as described in “Materials and Methods.”
Various nonessential amino acids were added to the assay medium at 0 time. The
rates are calculated as nmol of [*“Clformate incorporated into purines/h/g cells.
Values are mean + SE of three or more samples and are also expressed as % of
control values.

Purine labeling
rates
Concentrations
of Amino acids (nmol
[**C)formate added incorporated
(mm) (mm) per h/g cells) (%)
1.0 None, control 1200 = 110 100
1.0 Cysteine, 0.2, + aspartic acid, 1220 + 50 102
0.15, + asparagine, 0.3, +
alanine, 0.15
1.0 Proline, 0.15, + glycine, 0.1 1240 + 70 103
+ glutamic acid, 0.1
1.0 Serine, 0.25 539 + 18 45°
0.5 None, control 977 + 44 100
0.5 Serine, 0.25 272+ 12 28°
0.5 Glycine, 0.1 969 + 18 99

“ Significantly different from control values (P < 0.05).
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Fig. 2. Effect of serine on purine labeling with ['“C]formate. The initial rates
of total purine labeling with various concentrations of ['*Cljformate were measured
in the presence (@) or absence (O) of 0.1 mM serine in hepatoma 3924A cells in
log phase. Inset, double reciprocal plots of the rates and concentrations of ['“C}-
formate. The rate is expressed as umol of [**C]formate incorporated into purines/
h/g cells.

Table 2 Competition between formate and serine for purine labeling

Purine labeling rates from 4 mm ['“C]formate were determined in the presence
or absence of 0.1 mM serine in hepatoma 3924A cells. To estimate the contribution
of serine to the supply of one-carbon units for purine de novo synthesis, the
labeling rates were measured from 0.1 mm L-[3-'*C]serine in the presence of 4
mM formate. The purine labeling rates are calculated as nmol of substrate
incorporated into purines/h/g cells. Values are mean + SE of 3 or more samples
and are also expressed as % of control values.

Purine labeling
rates
(nmol
incorporated
Formate Additions per h/g cells) (%)
['“C]JFormate, 4 mm  None, control 1630 + 90 100

1130 + 40 69
510+ 32 31

['*C]Formate, 4 mm
Formate, 4 mm

Serine, 0.1 mm
[3-'*C]Serine, 0.1 mm

cells, the effect of serine on ['*C]formate incorporation into
purines was determined in the serine-free assay media. In the
presence of 0.25 mm serine the initial rates of the purine
labeling from 0.5 or 1 mm ['*C]formate were markedly reduced
(Table 1) and the type of inhibition by serine was competitive
with ["“C]formate (Fig. 2). The apparent inhibition by serine
was attributed to the dilution of the label by unlabeled one-

Table 3 Effect of sodium formate on L-[3-'*C]serine incorporation into purines
Purine labeling assays from L-[3-'*C]serine at the concentrations indicated
were conducted in hepatoma 3924A cells as described in “Materials and Meth-
ods.” Various concentrations of formate were added to the assay medium at 0
time. The purine labeling rates are calculated as nmol of L-{3-'“C]serine incor-
porated into purines/h/g cells. Values are mean + SE of 3 or more samples and
are also expressed as % of control values.

Purine labeling
rates
Concentrations of Concentrations (nmol
L-{3-"*C]serine of formate incorporated
(mmMm) (mm) per h/g cells) (%)
0.1 0, Control 1250 + 60 100
0.1 1 769 + 82 62°
0.1 4 510+ 24 41°
0.1 10 233+ 14 19°
0.1 50 109 £ 11 9°
0.1 100 24+ 3 2°
0.001 0 42+3 100
0.001 1 12+1 29°
0.001 4 8.1x1.1 19°
0.001 10 33+0.2 8
0.001 50 1.2+0.1 3
0.001 100 03+0 1°

“ Significantly different from control values (P < 0.05).
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Fig. 3. Dependence of purine labeling on concentrations of ['*C]formate (@)
or L-[3-"*C]serine (O). The initial rates of total purine labeling with various
concentrations of [“Clformate or L-[3-'“C]serine were measured in hepatoma
3924A cells in log phase as described in “Materials and Methods.” Inset, double
reciprocal plots of the rates and concentrations of the respective substrates. The
rate is expressed as umol of the substrate incorporated into purines/h/g cells.

carbon units. In Table 2 the purine labeling rate from 4 mm
[*“C]formate of 1630 nmol/h/g cells was reduced by 500 in the
presence of 0.1 mM serine. In the assay with 0.1 mM L-[3-'“C}-
serine, however, serine was shown to contribute to purine
labeling of 510 nmol/h/g cells in the presence of 4 mm formate.
This contribution corresponds to the decrease of the labeling
from ["“C]formate by serine. To block the incorporation of L-
[3-'“C]serine (0.1 mMm), orders of magnitude higher concentra-
tions of formate were required (Table 3). This observation is in
good agreement with the high concentrations of [**C]formate
required to saturate the rate of purine de novo synthesis in cells
in the medium containing serine (Fig. 2) (7, 24). The addition
of glycine, a possible one-carbon donor, or other nonessential
amino acids to the medium did not affect the rate of purine
labeling with ['“C]formate (Table 1). In the assay [methyl-'*C]-
methionine was produced. Although the '“C-methyl group
might be transferred to S-adenosylmethionine, involved in
methylation of RNA, DNA, protein, phospholipid, and various
low-molecular-weight compounds (25), and might overlap with
purines in the assay, the incubation of the hepatoma cells with
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Fig. 4. Biochemical alterations in purine metabolism in hepatoma 3924A cells
in various growth phases. The hepatoma cells in plateau phase were plated at a
population of 3 X 10° cells per flask of 150 cm? for measuring activities of PRPP
synthase (O) and concentrations of PRPP (X) or 5 X 10° cells per flask for 25
cm? for activities of purine de novo synthesis (). The growth curve (®) of
hepatoma cells was similar in both culture conditions. Assays were carried out at
various time points after seeding as described in “Materials and Methods.”
Activities of purine de novo synthesis were measured with 4 mm [*“C]formate.
Values are mean + SE of three or more experiments and expressed as % of 0 h
values. Zero h (96 h) values of activities of PRPP synthase, rates of purine de
novo synthesis, and concentrations of PRPP were 69.9 + 6.9 nmol/h/mg protein,
89.5 + 2.5 nmol of purine synthesized/h/g cells, and 3.3 + 0.2 nmol/g cells,
respectively. The rate of purine de novo synthesis is calculated as one-half of the
rate determined as nmol of ['“C]formate incorporated into purines as described
in “Results and Discussion.”

0.05 mM [methyl-'*C]methionine did not yield any radioactive
materials in the purine spots.

Kinetic Properties of Purine de Novo Synthesis in Hepatoma
Cells. The substrate concentration curves for L-{3-'*C]serine as
well as ['“C]formate followed Michaelis-Menten kinetics (Fig.
3). For formate and serine the K,s were 0.5 and 0.038 mm,
respectively. The double reciprocal plots of formate and serine
intersected on the vertical axis and yielded the same ¥y, value
(Fig. 3). The results in Figs. 2 and 3 indicate that excess ['“C}-
labeled substrate dilutes out incorporation of the other substrate
into purines. The low K,, for serine we observed provides
evidence for the idea that this amino acid is a major source of
one-carbon units for purine de novo synthesis, since the concen-
tration of serine in human and rat plasma is maintained at
0.17-0.22 mm (26, 27). In the standard assay conditions 4 mm
[**C]formate was used to measure purine de novo synthesis
which was 1400-1600 nmol/h/g cells in the log phase cells.
The incorporation of a tracer amount of L-[3-'*C]serine (1 uMm)
into purines in the presence of 4 mm formate (8 nmol/h/g cells;
Table 3) was negligible (0.5-0.6% of the purine labeling rate
determined in the standard assay conditions). From these re-
sults it was concluded that in this assay system ['*C]formate
labeled purines with negligible dilution of its specific activity.
Since ['“C]formate labeled purines at C-2 and C-8 positions,
the activity expressed in nmol of purine synthesized per h per
g cells was calculated as one-half of the rate determined as nmol
of [*C]formate incorporated. The pH of the medium between
7.1 and 7.7 had little effect on purine de novo synthesis, since
the activities at pH 7.7 and 7.1 were 91 and 101% of the control
activity measured at pH 7.4.

In the analysis purines were totally released from nucleosides,
nucleotides, and nucleic acids and separated to adenine, gua-
nine, hypoxanthine, and xanthine. The distribution of label was
not affected by the substrate, either ['“C]formate or L-[3-'*C}-
serine. Various concentrations of ['“C]formate (0.01-4 mm)
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Fig. 5. Relative utilization of IMP for adenylate and guanylate synthesis in
hepatoma 3924A cells in various growth phases. The data are from the same
experiments for measuring purine de novo synthesis as the results shown in Fig.
4. The distribution of [**C]formate label in guanine (4) and adenine (B) is given
as percentages of total purine labeled. The ratio of the label distribution of
guanine to adenine is plotted in C.

provided similar distribution of label. Time-course studies
proved that the labelings of adenine and guanine were linear
with incubation time up to 60 min (data not shown). Therefore,
the distribution of label in adenine and guanine would reflect
the relative utilization of IMP at the metabolic branch point
for adenylate and guanylate synthesis in hepatoma 3924A cells.

Increased Purine de Novo Synthesis in Hepatoma Cells in
Proliferating Phase. When hepatoma 3924A cells in plateau
phase were seeded in the fresh culture medium at a density of
2 x 10* cells/cm? the cells proliferated from lag (0-24 h after
plating) into log (24-72 h) and plateau (72-96 h) phases (Fig.
4). An early increase was observed for PRPP synthase activity
with a peak of 2.2-fold rise at 6 h after plating and the increase
remained at the level of 1.4-fold rise over 48 h. The concentra-
tion of PRPP, the product of PRPP synthase, and the substrate
for the first reaction of purine de novo synthesis was 3.3 + 0.2
nmol/g cells in the plateau phase; it markedly increased in lag
phase, reached a peak of 14-fold rise at 24 to 40 h, declined
with the increase of cell number in late log phase, and returned
to the resting phase value. The expansion of the PRPP pool
was followed by a marked rise of the activity of purine de novo
synthesis which increased 8-fold in log phase. The activity of
amidophosphoribosyltransferase (EC 2.4.2.14) rose 1.3- to 1.4-
fold in lag and log phases (data not shown).

Selective Increase of Guanylate Synthesis in Proliferating
Phase. With the rise in the rate of purine de novo pathway the
overall synthetic activities of both adenylates and guanylates
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increased in log phase (not shown). However, there was a readily
detectable change in the distribution of label during the culture
growth. Fig. 5 displays the reciprocal change of the label distri-
bution in adenine and guanine. At 96 (0) h the label was
distributed 71% in adenine, 16% in guanine, and the rest in
hypoxanthine and xanthine. Thus, adenylates were produced
predominantly in plateau phase when the cells were allowed to
reach confluence. After replating the cells at low cell density in
fresh culture medium the relative labeling of guanine sharply
increased (A) and that of adenine inversely decreased (B) with
the peak and nadir at 20 to 24 h. The subsequent decline of the
relative labeling of guanine was accompanied with the restora-
tion in that of adenine with the increase in the cell density. This
mirror picture indicates a metabolic switch at the IMP branch
point for the preferential synthesis of guanylates during the
transition of plateau into exponential growth phase. By the
reciprocal behavior in IMP utilization the ratio of guanylates
to adenylates was amplified 8-fold from 0.23 (0 h) to 1.9 (24 h)
(C) prior to the exponential growth phase. The regulatory
mechanisms which markedly change the relative rates of IMP
branch point in hepatoma cells in growth stimulation remain
to be elucidated. However, it is interesting that the concentra-
tion of GTP was elevated more markedly than that of ATP in
the hepatoma cells in proliferating phase (5). The preferential
synthesis of guanylates from IMP shown in this study and the
expansion of GTP pool (5), which preceded the onset of expo-
nential growth, might play important roles in the biochemical
commitment of the hepatoma cells to replication. As a target
site the guanylate synthetic pathway has attracted much atten-
tion for cancer chemotherapy (1, 28). Tiazofurin, a C-nucleo-
side, a powerful inhibitor of IMP dehydrogenase, the rate-
limiting enzyme of GTP biosynthesis, yielded a marked oncol-
ytic response in rats carrying rapidly growing hepatoma 3924A
(20, 29). Recently evidence was provided in a patient with
refractory acute myeloid leukemia that tiazofurin caused a
marked depression in GTP concentration of the blast cells and
subsequently a profound decline in the peripheral blast cell
count (30). Tiazofurin appears to be a promising agent in the
treatment of leukemia because of its selective action on leu-
kemic cells, the availability of a rapid in vitro method capable
of predicting sensitivity of leukemic cells to the agent (31) and
monitoring its activity during treatment by measuring GTP
concentration. Further studies on the regulatory mechanisms
of the IMP branch point in relation to growth stimulation
should assist in the design of a rational combination to
strengthen the biochemical impact of IMP dehydrogenase in-
hibitors on GTP biosynthesis in cancer chemotherapy.
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