
[CANCER RESEARCH 48, 507-51 1, February1, 1988]

De Novo Guanylate Synthesis in the Commitment to Replication in
Hepatoma 3924A Cells1

YutakaNatsumeda,TadashiIkegami,KimicMurayama,andGeorgeWeber2

Laboratory for Experimental Oncology, Indiana University School of Medicine, Indianapolis, Indiana 46223

ABSTRACT

This work tested the relationship of guanylate and adenylate biosyn
thesis during the display of the proliferative program of rat hepatoma
3924A cells. Since serine, the major source of one-carbon units, competed
with the substrate |MC|formate for purine labeling, serine-free medium

was used in the assays. The initial rates of purine de novo synthesis with
|'4C']formate or L-{3-l4C]serine followed Michaelis-Menten kinetics yield

ing similar Vmâ€žvalues with apparent Ams of 0.5 and 0.038 DIM, respec
tively. During the transition of cancer cells from plateau phase into
logarithmic proliferation the specific activity of 5-phosphoribosyl I-
pyrophosphate synthase (EC 2.7.6.1, ribose phosphate pyrophosphoki-
nase) increased 2.2-fold, followed by a 14-fold elevation of the concentra
tion of 5-phosphoribosyl 1-pyrophosphate with a subsequent 8-fold rise

in de novo purine synthesis. The ratio of guanylate to adenylate synthesis
from IMP in plateau phase cells was 0.24 to 1. After replacing the resting
cells there was a sharp increase in the relative labeling of guanylates
with a concurrent marked decrease in that of the adenylates, reaching an
8-fold rise in the ratio of guanylate to adenylate synthesis from IMP at

the maximum deviation in the late lag phase at 20 to 24 h after seeding.
This striking redirection in the distribution of label from IMP utilization
to the preferential synthesis of guanylates during the expression of the
biochemical proliferative program of cancer cells supports the potential
significance of this pathway as a target of chemotherapy.

INTRODUCTION

Earlier work in this laboratory in hepatoma and other cancer
cells showed increased activities of enzymes of IMP biosyn
thesis and decreased activities of enzymes of IMP degradation
(see review, Ref. l). This enzymic imbalance should provide an
increased capacity for IMP production. In cancer cells there
were also increases in the enzymic capacities to route IMP into
de novo biosynthesis of adenylates and guanylates and a rise in
the activity of ribonucleotide reductase which converts ADP
and GDP into their respective deoxynucleoside diphosphates
and subsequently through nucleosidediphosphate kinase activ
ity to the production of deoxyadenosine triphosphate and deox-
yguanosine triphosphate (1).

It has been suggested that in cancer cells the important
pathway in purine metabolism is the one that leads through the
de novo pathway of IMP production (from ribose 5-phosphate
to IMP) to guanylate biosynthesis (from IMP to GTP) (1). The
purpose of this paper was to rest this hypothesis and to provide
direct evidence for the absolute rate of the de novo pathway and
a comparison of the utilization of IMP for guanylate and
adenylate synthesis during the display of the proliferative pro
gram of cancer cells. The present results indicate that in hepa
toma cells as they expressed their replicative program from the
resting to the logarithmic growth phases the channeling to
guanylate biosynthesis increased and that to adenylates de-
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creased. This reciprocal behavior in the activities of the two
pathways that compete for IMP utilization emphasizes the
importance of the linkage of the de novo biosynthetic pathway
of IMP to guanylates with proliferation. These observations
provide experimental evidence for the biochemical significance
of the impact of drugs that attack key enzymes of IMP utiliza
tion for GTP production, IMP dehydrogenase (ribavirin, tia-
zofurin), and guanosine 5'-monophosphate synthase (acivicin).

MATERIALS AND METHODS

Materials. [14C]Formic acid, sodium salt (57 mCi/mmol), L-[3-14C]-
serine (55 mCi/mmol), L-[meiA^/-'"C]methionine (59 mCi/mmol), [2-
l4C]thymidine (55 mCi/mmol), [6-14C]xanthine (54 mCi/mmol), and

OCS liquid scintillation cocktail were purchased from Amersham
Corp., Arlington Heights, IL. [8-'"C]Adenine (50 mCi/mmol), [8-14C]-
hypoxanthine (56 mCi/mmol), [8-14CJguanine HC1 (57 mCi/mmol),
and [l4C]formaldehyde (30 mCi/mmol) were from ICN Biomedicals,

Inc., Costa Mesa, CA. Ready-to-Use III, water-soluble scintillation

cocktail, was obtained from Eastman Kodak Co., Rochester, NY. Tissue
culture supplies were from Grand Island Biological Co., Grand Island,
NY, and Corning Glass Works, Corning, NY. Eagle's basal medium
with Earle's salt, L-glutamine, and 25 HIM HEPES3 without NaHCO3

were from Sigma Chemical Co., St. Louis, MO. All other reagents were
also of the highest quality available.

Cell Culture. Rat hepatoma 3924A cells were grown as previously
described in monolayer culture in McCoy's 5A medium supplemented

with 10% fetal calf serum, penicillin, 100 units/ml, and streptomycin,
100 iig/ml, and incubated at 37Â°Cin a 95% air:5% CO2 atmosphere

(2). The growth properties, cytogenetics, karyotype, drug responses,
nucleotide contents, and some enzyme activities in this cell line were
reported (2-5). The wet weight of cells was determined by weighing the
centrifuge tube before and after preparation of the cell pellet. In the
various growth phases, the wet weight of cells was 0.96 to 1.2 g per 2
x 10" cells.

Assays of Purine de Novo Synthesis in Hepatoma Cells. Prior to the
assays the culture medium was replaced with 1 ml of the assay medium,
serum-free Eagle's basal medium with Earle's salt, 2 HIM L-glutamine,

and 25 mM HEPES, pH 7.4. The components of the assay medium
were as defined by Eagle (6) with the following modifications. The
concentration of NaCl was reduced to 6.0 g/liter to maintain physio
logical osmolarity for the compensation of HEPES, 25 mM, and the
required addition of NaHCO3, 2.2 g/liter. A/yo-inositol, 2 mg/liter, was

added. Penicillin and streptomycin were omitted. MgCl2, 80 mg/liter,
was replaced by MgSO<, 97.67 mg/liter. The initial rate of purine de
novo synthesis was maintained for at least 90 min after the medium
replacement. The assay medium and PBS used to wash the cells were
prewarmed so that the cells were kept at 37'C throughout the medium
replacement. The hepatoma cells in monolayer in each 25-cm2 flask
were then incubated at 37Â°C for various time periods (0, 10, and 20
min in the standard assay) with either [l4C]formate (4.0 mCi/mmol) at
a final concentration of 0.1 to 4.5 mM, or L-[3-l4C]serine (3.6 mCi/

mmol) at 0.001 to 4.0 mM. To terminate the reaction, the medium was
transferred to a test tube containing 0.1 ml of 4.4 N HC1 and 5 ml of
ice-cold PBS were added to the flask. After removal of the cold PBS

from the flask the cells were dissolved in 0.5 ml of 0.2 N NaOH and

3The abbreviations used are: HEPES, 4-(2-hydroxyethyl)-l-piperazineethane
sulfonic acid; PBS, phosphate-buffered saline containing g/liter Ml, 0.2,
KH2PO4, 0.2, NaCl, 8.0, and Na2HPO.-7H2O, 2.16; H.folate, tetrahydrofolate;
PRPP, 5-phosphoribosyl 1-pyrophosphate.
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then acidified with 0.5 ml of l N HC1O4. The content of the flask was
transferred to a test tube, the flask was washed twice with 2 ml of 0.4
N HC1O4, and the washings were combined with the cell extracts.
Subsequently, the acidified cell extracts in 0.4 N HC1O4 were brought
to 100Â°Cfor 60 min to liberate free purine bases from nucleosides,

nucleotides, and nucleic acids. The suponÃ­aleswere applied on Dowex
50-H+ columns (0.25 cm2 x 2 cm; Bio-Rad AG 50W-X8, 200-400

mesh) to collect purines as described (7). The acidified medium was
diluted with H2O lo a final concenlration of 0. l N HC1 and applied to
a Dowex 50-H+ to analyze purine bases, uric acid, and allantoin.

Separation of Purines from Other Possible Labeled Compounds.
[l4C]-Formate converts to 10-['4C]formyl-H4folate and to other forms
of [l-carbon-uC]H4folate in cells and labels purines, serine, methionine,

cysteine, and deoxyribosylthymine monophosphate which subsequently
label RNA, DNA, and prolein (8-10). The hydrolylic conditions out-
lined above completely released purine bases, while A'-glycosido linkages

of pyrimidine compounds and peptide bonds were preserved. To study
the elution profile of the possible products, IJC labeled compounds
were treated at 100'C in 0.4 N H(IO., for 60 min and applied on a
column of Dowex 50-H+ equilibrated with 0.1 N HC1. In this study
[I4C]allantoin (93% purity) was produced by incubation of [8-14C]-

hypoxanlhine with rat liver homogenate in 50 mM HEPES, pH 7.6,
for 2 h and [8-14C]uric acid (90% purity) was also formed from [8-14C]-

hypoxanthine by incubation for 2 h with 100,000 x g supernatant fluid
of Ihe 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-[14C]methylene-H4foIate was

prepared by dissolving 12 mg (20 Â¿Â¿mol)of H4folate in 1 ml of 10 mM
[14C]formaldehyde containing 50 mM NaHCO3 and 200 mM dithio-
erythritol (13). Among Ihe possible labeled compounds [14C]formale,
[14C]thymidine, [l4C]uric acid, [14C]allantoin, and the hydrolysate of
5,10-['4C]methylene-H4folate passed through the Dowex 50-H+ col
umn. [l4C]Serine was eluled wilh 0.5 N HC1, [l4C]xanlhine with l N
HC1, ['4C]hypoxanthine and [l4C]methionine were in the fraction with
2 N HC1, [14C]guanine was eluled wilh 3 N HO, and ['"Cjadenine was

eluted from the column with 6 N HC1. Therefore, in the standard assay
the column was washed with 3 ml of 0.1 N HC1 and 3 ml of 0.5 N HC1
and then purines were collected with 5 ml of 6 N HC1. However, the
purine fraclion conlained significant amounts of radioaclive mothion ino
and ils oxidized compound, melhionine sulfoxide. One ml of Ihe purine
fraclion was counted in 15 ml of scintilla!or (Ready-lo-Use III), while
the remainder was evaporated and dissolved in 50 ^1 of H2O. Fifteen
ml of this solution were spotted on Whalman 3MM paper and counted
in scintillator (OCS) and anuÃ­her 15 n\ were applied on Whalman
3MM paper (23 x 23 cm) lo separate adenine, hypoxanlhine, guanine,
xanlhine, 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 bulanol:melhanol:water:ammonia (60:20:20:1) for
Ihe second dimension (11). The spols were detected by UV lamp and
ninhydrin, cul oui, and counted. In this system over 99% of radioactivily
applied on the paper was recovered from the spots of adenine, guanine,
hypoxanlhine, xanlhine, melhionine sulfoxide, and methionine. The
use of the second solvent in a single dimension (7) provided overlapping
of the guanine spol wilh melhionine sulfoxide which constituted 10-
30% of total radioactivity in the purine fraclion from Ihe cell extracts
in Ihe assays wilh [14C]formale and 20-50% in Ihe assays with L-[3~
l4C]serine. Since allantoin and uric acid did noi bind to Ihe resin, Ihe

void fraclion and Ihe washings wilh 0. l N HC1 were combined, evapo
rated, dissolved in H2O, and applied on Whalman 3MM paper for 2-
dimensional chromalography described above. The purine fraclion
eluted wilh 6 N HC1 did noi conlain any radioaclive cysteine, cysline,
or cysteic acid which were separated from purines, melhionine sulfox
ide, and melhionine by Whalman 3MM paper in one dimension (10).

PRPP Synlhase (EC 2.7.6.1) Assay. The cells were collected by
scraping, washed twice wilh cold PBS, and homogenized wilh 4 volumes
of 0.25 M sucrose conlaining 50 mM HEPES, pH 7.6. Enzyme aclivities
were measured in crude 100,000 x g supomatums. PRPP synthase
assay was carried oui as described (14) measuring PRPP-dependenl

conversion of [8-'"C]hypoxanthine to IMP in the presence of hypoxan-
Ihine-guanine phosphoribosyllransferase (EC 2.4.2.8) purified from ral
liver (15, 16). The high voltage electrophoresis method previously
oui lined (17) was used for Ihe separation of IMP and hypoxanlhine.
Prolein concentration was measured by a routine melhod (18) wilh
bovine serum albumin as slandard.

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) excepl lhal [8-14C]hypoxanlhine and purified hypoxanlhine-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.
[14C]Formate is converted in one step by 10-formyl-H4folate
synthase (EC 6.3.4.3) to 10-[l4C]formyl-H4folate, the direct
one-carbon donor for purine de novo synthesis and labels C-2
and C-8 of purine (21). L-[3-14C]Serine generates [l4C]-labeled
one-carbon groups by serine hydroxymethyltransferase (EC
2.1.2.1) in the form of 5,10-[14C]methylene-H4folate which is
metabolized to 10-[14C]formyl-H4folate in cells. When hepa
toma 3924A cells were pulsed with either [l4C]formate or L-[3-
l4C]serine at a final concentration of 100 or 20 JÂ¿M,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 IO6 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 /3-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 [l4C]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

10 20 30 4O 5O 60 0

TIME (min)

l l l l T
20 30 40 50 60

Fig. 1. Time course of purine labeling with ("Cjformate (A) and L-[MC]serine
(B) in hepatoma 3924A cells. The hepatoma cells in log phase were pulsed with
either 100 fiM ["Cjformate or 20 nM L-[3-14C]serine and labeled purines in acid-
soluble (O), acid-insoluble (â€¢)fractions, and total sample (x) were determined
under the assay conditions described in "Materials and Methods." The rate is

expressed as Â¿miniof the substrate incorporated into purines/g cells.
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Table 1 Effect of nonessential amino acids on {"CJformate incorporation

into purines
Furine labeling assays from [l4C]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 [l4C]formate incorporated into purines/h/g cells.

Values are mean Â±SE of three or more samples and are also expressed as % of
control values.

Concentrations
of

[14C]formate

(mM)1.0

1.01.01.00.5

0.50.5Furine

labeling
ratesAmino

acids
added

(mM)None,

control
Cysteine, 0.2, + aspartic acid,

0.15, + asparagine, 0.3, +
alanine, 0.15

Proline, 0.15, + glycine, 0.1
+ glutamic acid, 0. 1

Serine, 0.25
None, control
Serine, 0.25
Glycine, 0. 1(nmol

incorporated
per h/gcells)1200

Â±110
1220Â±501240

Â±70539

Â±18977
+ 44

272 Â±12
969 Â±18(%)100

10210345Â«100

28Â°

99
' Significantly different from control values (P < 0.05).

2.0-1

1 I.5H
3

1.0-

0.5-

O-1

2 3
FORMATE (mM)

Fig. 2. Effect of serine on purine labeling with [MC]formate. The initial rates
of total purine labeling with various concentrations of ('4C]formate were measured

in the presence (â€¢)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 |'4C]-
formate. The rate is expressed as fimol of [14C)formate incorporated into purines/

h/g cells.

Table 2 Competition between formate and serine for purine labeling
Purine labeling rates from 4 mM [14C]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-[3-14C]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 Â±SE of 3 or more samples
and are also expressed as % of control values.

Furine labeling
ratesFormate['"CJFormate,

4 mM
[14C]Formate, 4 mM

Formate, 4 mMAdditionsNone,

control
Serine, 0. 1 mM
[3-'4C]Serine, 0.1 mM(nmol

incorporated
per h/gcells)1630

Â±90
1130 Â±40
510 + 32(%)100

6931

cells, the effect of serine on [l4C]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 ['"CJformate were markedly reduced

(Table 1) and the type of inhibition by serine was competitive
with [l4C]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-"CJserine incorporation into purines
Purine labeling assays from L-[3-'4C|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-[3-14C]serine incor
porated into purines/h/g cells. Values are mean Â±SE of 3 or more samples and
are also expressed as % of control values.

FurinelabelingConcentrations

ofL-[3-I4C]serine(HIM)0.10.10.10.10.10.10.0010.0010.0010.0010.0010.001Concentrationsof
formate(mM)0,

Control1410501000141050100rates(nmolincorporatedper

h/gcells)1250

Â±60769
Â±82510

Â±24233
Â±14109
Â±1124
Â±342

Â±312
Â±18.1
Â±1.13.3
Â±0.21.2
+0.10.3
+ 0(%)10062Â°41Â«19Â«9Â«2Â°10029Â°19Â«8"3Â«1"

in
ui

E
z>
Q-

1Significantly different from control values (P < 0.05).

2.0-

1.5-

1.0-

fi
CL
o
u

0.5-

o-1
1.0 1.5

SUBSTRATE (mM)
4.0

Fig. 3. Dependence of purine labeling on concentrations of [14C]formate (â€¢)
or L-[3-14C)serine (O). The initial rates of total purine labeling with various
concentrations of (14C]formate or L-[3-l4C]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 ftmol of the substrate incorporated into purines/h/g cells.

carbon units. In Table 2 the purine labeling rate from 4 mM
[l4C]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-l4C]-

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 ['"CJformate by serine. To block the incorporation of L-
[3-14C]serine (0.1 HIM),orders of magnitude higher concentra

tions of formate were required (Table 3). This observation is in
good agreement with the high concentrations of [l4C]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 [l4C]formate (Table 1). In the assay [methyl-^C]-
methionine was produced. Although the l4C-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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Â«8 72
I

96

TIME AFTER SEEDING (h)

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 ISOcm2 for measuring activities of PRPP
synthase (O) and concentrations of PRPP (x) or 5 x 10s cells per flask for 25
cm3 for activities of purine de novo synthesis (â€¢).The growth curve (â€¢)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 imi [14C]formate.

Values are mean Â±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 Â±6.9 nmol/h/mg protein,
89.5 Â±2.5 nmol of purine synthesized/h/g cells, and 3.3 Â±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 [14C]formateincorporated into purines as described
in "Results and Discussion."

0.05 HIM[merAy/-l4C]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-'4C]serine as
well as [14C]formate followed Michaelis-Menten kinetics (Fig.

3). For formate and serine the Kms were 0.5 and 0.038 HIM,
respectively. The double reciprocal plots of formate and serine
intersected on the vertical axis and yielded the same Kmaxvalue
(Fig. 3). The results in Figs. 2 and 3 indicate that excess [14C]-

labeled substrate dilutes out incorporation of the other substrate
into purines. The low Km 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 HIM(26, 27). In the standard assay conditions 4 IHM
[14C]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-'4C]serine (1 IÂ¿M)

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 ["CJtbrmate

labeled purines with negligible dilution of its specific activity.
Since [l4C]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 [l4C]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 [14C]formate or L-[3-'4C]-
serine. Various concentrations of [14C]formate (0.01-4 HIM)

lU
aÂ» <

O
Ik

o

O
*
O

B

i
72 96

TIME AFTER SEEDING (h)

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 ("Cjformate label in guanine (A) 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
2x10" cells/cm2 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 Â±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 (IS) 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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