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We recently showed that an increased supply of purine nucleotides increased the
growth rate of cultured fibroblasts. To understand the mechanism of the growth rate
regulation, CHO K1 (a wild type of Chinese hamster ovary fibroblast cell line) and CHO
ade ~A (a cell line deficient in amidophosphoribosyltransferase, a rate-limiting enzyme
of the de novo pathway) were cultured under various conditions. Moreover, a defective
de novo pathway in CHO ade ~A cells was exogenously restored by 5-amino-4-imidazole-
carboxamide riboside, a precursor of the de novo pathway. The following parameters
were determined: the growth rate of CHO fibroblasts, the metabolic rate of the de novo
pathway, the enzyme activities of amidophosphoribosyltransferase and hypoxanthine
phosphoribosyltransferase, the content of intracellular nucleotides, and the duration of
each cell-cycle phase. We concluded the following: (i) Purine de novo synthesis, rather
than purine salvage synthesis or pyrimidine synthesis, limits the growth rate. (ii) Purine
nucleotides are synthesized preferentially by the salvage pathway as long as hypoxan-
thine is available for energy conservation. (iii) The GTP content depends on the intra-
cellular ATP content. (iv) Biosynthesis of purine nucleotides increases the growth rate

mainly through ATP production and promotion of the G,/S transition.
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Supply of purine nucleotides through de novo and salvage
pathways is essential for ammal cell growth. In a previous
study, we demonstrated that the activity of purine biosyn-
thetic pathways, especially that of the de novo pathway,
limits the growth rate of cultured fibroblasts (growth rate)
(1), although the mechanism for this limitation was not
fully understood. In this study, the mechanism by which
purine nucleotides stimulate cell growth and shorten the
doubling time was comprehensively examined. We used
two cell lines: (i) CHO K1, a wild type of Chinese hamster
ovary fibroblasts, and (ii) CHO ade A, an auxotrophic cell
line deficient 1n armdophosphoribosyltransferase (ATase),
which 18 a rate-limiting enzyme of the de novo pathway (1);
and two kinds of culture media: (i) media rich in purine
bases and (ii) media free of purine bases. In purme-rich
media, both the de novo and salvage pathways function in
CHO K1, but only the salvage pathway functions in CHO
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ade “A. In purine-free media, only the de novo pathway
functions in CHO K1, and neither pathway functions in
CHO ade ~A. Furthermore, the de novo pathway of CHO
ade ~A cells was restored by 5-amino4-imidazole-carboxa-
mide riboside (AICA riboside), a precursor for the de novo
pathway, and exogenously controlled by the concentration
of AICA niboside. Under various conditions, we determined
several parameters including the growth rate of CHO fibro-
blasts, the metabolic rate of the de novo pathway, the
enzyme activities of ATase and hypoxanthine phosporibo-
syltransferase (HPRT), the content of intracellular nucle-
otides, and the duration of each cell-cycle phase.

EXPERIMENTAL PROCEDURES

Cell Culture—CHO K1 and CHO ade ~A (2), which were
kind gifts from Dr. David Patterson (Eleanor Roosevelt
Institute for Cancer Research), were cultured at 37°C in an
atmosphere of humidified air:CO, (95:5) in the following
media: (I) Ham’s F-12 (HamF) purine-rich medium contain-
ing 30 pM hypoxanthine (Hx) and 10% fetal calf serum
(FCS); (II) HamF with 10% FCS treated with 1.25 mg (0.9
unit)liter of xanthine oxidase (XO) from buttermilk
(Sigma) at 37°C overnight, serving as a purine-free medi-
um; (IIT) RPMI 1640 purine-free medium supplemented
with 10% purine-free FCS. Purine bases in FCS were
removed by dialysis at 4°C for 24 h (I). In media (I), both
the de novo and salvage pathways function in CHO K1
cells, but only the salvage pathway functions in CHO ade
~A cells. In media (II) and (III), only the de novo pathway
functions in CHO K1 cells, and neither pathway functions
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m CHO ade ~A cells. The complete removal of Hx in media
(II) and (IIT) was confirmed firstly by the disappearance of
the Hx peak in the reversed-phase high performance liquid
chromatography analysis through a C18 column (I) and
secondly by the lack of growth of CHO ade ~A cells in these
media. The de novo pathway in CHO ade ~A cells functions
only when AICA riboside (Sigma) is added to the medium.

Measurement of Growth Rate—Cultured cells during the
loganthmic growth phase were counted with an improved
Neubauer hemocytometer (1). The doubling time (h) was
determined from cell counts and its reciprocal was defined
as the growth rate.

Determination of Metabolic Rate of de Novo Pathway—
The metabolic rate of the de novo pathway was determined
by the incorporation of [*Clformate (Amersham) into acid-
soluble purines (3, 4). In a 90-mm culture dish, 2 X 10°
cells were plated. After the recovery of cell function from
plating by 18 h of culture, [*Clformate was added to the
medium at the final concentration of 150 uM (0.3 MBg/ml).
The cells were cultured in radicactive medium for 30 min,
washed three times with 10 ml of icecold phosphate-buff-
ered saline (PBS), and harvested with 1 ml of icecold per-
chloric acid (2 N) using a rubber policeman. After centri-
fugation at 12,000 Xg for 5 min at 4°C, the supernatant
was heated at 100°C for 60 min, cooled on ice for 5 min, and
applied to a column (0.5 X 3 cm) of AG-50W-X8 (Bio-Rad)
equlibrated with 0.1 N HCI. After washing with 5 ml of 1 N
HC], the acid-soluble purines were eluted with 5 ml of 6 N
HCI1 and counted with Aquasol-2 (Packard) in a scintillation
counter.

Assay of ATase and HPRT Actwities—Cell lysate for en-
zyme assay was prepared by sonication and centnfugation
(1). To assay ATase activity, the cell lysate was incubated in
50 mM potassium phosphate buffer (pH 7.4) containing 5
mM 5-phosphoribosyl 1-pyrophosphate (Sigma; PRPP), 5
mM MgClL, 1 mM dithiothreitol, and 5 mM [*Clglutamine
(Amersham; 5.55 kBg/mmol) at 37°C for 1 h. The [*“C]-
glutamate formed was separated from [“Clglutamine by
high-voltage paper electrophoresis at 800 W for 15 min and
counted with toluene scintillation cocktail in a scintillation
counter. The PRPP-dependent hydrolysis of glutamine to
glutamate was regarded as representing ATase activity (5).

To assay HPRT activity, the cell lysate was incubated in
50 mM Tris-Cl (pH 7.4) containing 1.5 mM PRPP, 5 mM
MgCl,, and 5 mM [“CJHx (Amersham; 27.8 kBg/mmol) at
37°C for 20 min. The [*CJIMP formed was separated from
[“CJHx by high-voltage paper electrophoresis at 800 W for
15 min, and the [“C]IMP spot on the filter paper was cut
out under a UV lamp. The radiocactivity of this spot was
counted with toluene scintillation cocktail in a scintillation
counter.

Determination of Intracellular Nucleotides—Cells in a
35-mm culture dish were lysed with 200 pl of 0.4 M per-
chloric acid, neutralized with 600 ! of 1 M Tris-Cl (pH 8.0),
and centrifuged at 12,000 Xg for 5 min at 4°C. The super-
natant was diluted with H,O up to 10 ml, and 100 pl of the
diluted sample was mixed with 100 pl of luaferase-luci-
ferin reagent (ATP Bioluminescence Assay Kit HS II,
Boehringer Mannheim). Luminescence from the reaction
at room temperature was measured with a luminometer
(Lumat LB9507, Berthold). The blank (no cells) was sub-
tracted from the raw data, and the ATP concentration was
determined from a log-log plot of the standard curve data.
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For GTP and GMP assays, nucleotides were extracted from
cells with 0.7 M perchloric acid and neutralized with solid
KHCO, (10 mg/100 pl) (6). The GTP and GMP peaks were
detected with a UV monitor at 254 nm following HPLC on
MonoQ HR5/5 column (Pharmacia) with a linear gradient
from 20 mM to 1 M ammonium phosphate buffer (pH 7.0)
for 60 min at a flow rate of 0.7 ml/min.

Cell Cycle Analysis with Flow Cytometric Methods—Cells
in a 35-mm culture dish were detached with 0.1% trypsin
and 0.02% EDTA and centrifuged at 500 Xg at 4°C for 5
min. The cell pellet was washed with 1 ml of PBS and fixed
with 1 ml of 70% ethanol. After washing with 1 ml of PBS,
fixed cells were incubated in 1 ml of PBS contaiming 0.1
mg/ml of RNase at 37°C for 1 h, then 50 ul of 2.5 mg/ml
propidium iodide (Sigma) was added. Cell cycle analysis
was performed with a flow cytometer (EPICS XL; Coulter).
The duration of the individual phases of the cell cycle was
estimated using the graphic method (7), which is based on
the assumption that cells grow exponentially and asynchro-
nously. The duration (h) of particular cell-cycle phases was
calculated from the following formula: doubling time (h) X
In (1 + the fraction of cells in particular phases of the cell
cycle).

Statistical Analysis—The data in Tables I and II are as
means * SE. For a comparison of two means, Student’s
paired or unpaired ¢-test was used. For a companson of two
groups, two-way analysis of variance (ANOVA) was used.
The number (n) of samples for each point in all of the fig-
ures ranges from four to six. Because the SE of each point
was small and amounted to less than 10% of the corre-
sponding means, the representation of SE was omitted for
clarity in all of the figures A probability value (p) of less
than 0.05 was considered statistically significant.

RESULTS

Contribution of Purine and Pyrimidine Nucleotides to
Growth Rate—To examine which nucleotide limits the
growth rate, AICA riboside or uridine was added to medi-
um in which CHO K1 cells were exponentially growing
with sufficent nutrients (HamF') and 10% FCS. In animal
cells, AICA riboside is converted to AICA riboside mono-
phosphate by adenosine kinase, and then to IMP through
the de novo pathway of purine nucleotides. Like AICA ribo-
side, uridine is phosphorylated by uridine kinase and con-
verted to UMP. At a concentration of 50 pM or less, AICA
riboside increased the growth rate up to 20%, while uridine
did not alter it at all (data not shown). This finding indi-
cates that vigorously proliferating cells are prone to lack
purine nucleotides and not pyrimidine nudleotides, ie,
purine nucleotides limit the growth rate of cultured fibro-
blasts. At a concentration of more than 50 pM, AICA ribo-
side decreased the growth rate (data not shown), because
excessive AICA riboside inhibits pyrimidine biosynthesis
(8-10).

Control of de Novo Pathway by AICA Riboside—To
remove the effect of endogenous de novo and salvage path-
ways, CHO ade ~A cells were arrested in a purine-free
medium (HamF + 10% FCS + XO) for 48 h, then released
from this purine-free arrest by AICA riboside administra-
tion. AICA riboside increased the metabolic rate of the de
novo pathway in proportion to its concentration (Fig. 1)
thus, we could exogenously regulate the metabolic rate of
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the de novo pathway in CHO fibroblasts. When AICA ribo-
side and uridine were used in combination, the metabolic
rate of the de novo pathway increased by about 15% (Fig.
1.

Contribution of AICA Ribosiude to Growth Rate—CHO
ade “A cells arrested in a purine-free medium (HamF +
10% FCS + XO) for 48 h were stimulated by AICA riboside.
The peak of the growth rate was shown at 50 uM AICA
riboside concentration (Fig. 2). As in vigorously growing
cells, AICA riboside at a concentration of more than 50 pM
decreased the growth rate by inhibiting pyrimidine nucle-
otide biosynthesis (8~10). Uridine added in combination
with AICA riboside compensated for the lack of pyrimidine
nucleotides induced by excessive AICA riboside and further
increased the growth rate (Fig. 2). AICA riboside and uri-
dine were combined at various concentrations ranging from
0 to 1,000 pM and used to stimulate CHO ade ~A cells
arrested 1n the purine-free medium (data not shown). The
growth rate was maximized by the combination of 100 uM

1} L 4 T T L
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AICA Rlboside Concentration (M)

Fig 1 Control of de novo pathway in CHO ade -A cells by
AICA riboside. Formate incorporation indicates the metabolic rate
of the de novo pathway CHO ade ~A cells arrested in HamF + 10%
FCS + XO for 48 h were released by AICA nboside (0) and AICA n-
boside + 200 pM uridine (@) After the recovery of cell function by 18
h of culture, [*C)formate was incorporated into purine nudeotides of
CHO fibroblasts for 30 min Formate incorporation was higher when
AICA nboside was added with undine than that without unidine (p
< 0.05, by two-way ANOVA)

AICA Riboside Concentration (uM)
Fig. 2. Increase in the growth rate of CHO ade -A cells by
AICA riboside. CHO ade ~A cells arrested in HamF + 10% FCS +
XO for 48 h were released by AICA riboside (0) and AICA riboside +
200 pM uridine (e). Prolferating cells during the loganthmic
growth phase were counted every 24 h, and the growth rate was de-
termuned.
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AICA riboside and 200 pM uridine (Fig. 2), which was
therefore considered to maximize the contribution of the
purine de novo pathway to the growth rate. The addition of
uridine alone to arrested fibroblasts did not increase their
growth rate.

Contribution of Purine Bases to Growth Rate—CHO ade
“A cells 1n a purine-free medium (RPMI1640 + 10% dia-
lyzed FCS) were released from growth arrest for 48 h by
supplementation with purine bases at various concentra-
tions. Hx increased the growth rate more effectively than
adenine, while no cell growth was observed with guanine
as the only source of the salvage pathway (Fig. 3). The max-
imal growth rate was attained with Hx at a concentration
of more than 30 pM. It was, therefore, considered that Hx
at a concentration over 30 pM drives the growth through
the salvage pathway at its maximum in CHO ade ~A fibro-
blasts. These observations demonstrated that Hx is the
principal source for the salvage pathway in CHO ade "A
fibroblasts. The growth rate found with 30 .M Hx did not
increase even when undine was also added to the 30 pM
Hx.

Increase in Growth Rate by de Novo and Salvage Path-
ways—The growth rate of CHO ade ~A cells was measured
when the de novo and salvage pathways of the cells in the
purine-free media (HamF + 1% or 10% FCS + XO) were
activated at their maximum by 100 uM AICA riboside +
200 pM uridine and 30 uM Hx, respectively. The growth

:
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Fig 3 Increase in the growth rate of CHO ade ~A cells by pu-
rine bases. CHO ade ~A cells arrested in RPMI1640 + 10% dia-
lyzed FCS for 48 h were released by Hx (0), adenine (®), and
guanine (a). Prohferating cells during the loganthmic growth phase
were counted every 24 h, and the growth rate was determined The
maximal growth rate with Hx 18 represented as 100%.

TABLE 1 Contribution of purine biosynthetic pathway(s) to in-
crease in growth rate.

Functioming purine biosynthetic Growth rate (X10"%h)

pathway(s) 1% FCS 10% FCS
De novo* 8.6 £ 0.2 88 0.1
(n=6) * *
Salvage® 75+033 80=x014
(n=6) * -
De novo & salvage 86 0.3~ 88 +0.14

(n=6)

CHO ade ~A cells arrested in HamF + 1% or 10% FCS + XO for
48 h were released by 100 uM AICA riboside + 200 uM urideine
(a), 30 pM Hx (b), and 100 pM AICA nboside + 200 uM undine +
30 pM Hx (c) Prohferating cells during the logarithmic growth
phase were counted every 24 h, and the growth rate was deter-
mined. °p < 0.05, "p < 0.01
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rate when only the de novo pathway was functioning was
significantly higher than that when only the salvage path-
way was functioning (Table I). Furthermore, the growth
rate when only the de novo pathway was functioning was
comparable to that when both pathways were functioning,
irrespective of FCS concentration (Table I).

Cell-Cycle Analysis of ATnse and HPRT—ATase and
HPRT are key enzymes of the de novo and salvage path-
ways, respectively. To examine when each pathway 18 acti-
vated in the phases of the cell cycle, the cell-cycle-depen-
dent expression of ATase and HPRT was examined. CHO
K1 cells (1 X 10° cells’0-mm culture dish) were synchro-
nized in the G/G, phase by serum deprivation (HamF +
0.1% FCS) for 48 h, and released with 10% FCS (11). In
flow cytometric analysis, the G, to S phase transition (G,/S
transition) started 6 h after stimulation by 10% FCS (Fig.
5A), and ATase activity was elevated at the maximal pla-
teau level by 6 h (Fig. 4). These results indicate that ATase
expression increases from the late G, phase to the S phase,
whereas HPRT activity is nearly constant during the cell
cycle (Fig. 4), suggesting that the de novo pathway is more
important than the salvage pathway for supplying purine
nucleotides in proliferating fibroblasts. When CHO ade ~A
cells arrested by serum starvation were cultured with
AICA riboside or uridine, no growth occurred.

Recovery of CHO ade A Cells from Purine-Free Arrest—
CHO ade ~A cells were arrested in the purine-free media
(HamF + 10% FCS + XO) for 48 h, and flow cytometric
analysis revealed that a complete shutdown of both biosyn-
thetic pathways of purine nucleotides causes CHO ade ~A
cells to accumulate in the G,/G, phase. Arrested fibroblasts
were released by 100 pM AICA riboside, 100 pM AICA
riboside + 200 pM uridine, 30 pM Hx, or 100 pM AICA
riboside + 200 pM uridine + 30 uM Hx, and the time (h) to
the G,/S transition was measured. When only the de novo
pathway was functioning (AICA riboside or AICA riboside
+ uridine), the G,/S transition started from 12 h after the
release from the cellcycle arrest (Fig. 5B). When only the
salvage pathway was functioning (Hx), and when both
pathways were functioning (AICA + uridine + Hx), CHO
ade "A cells in the G, phase started to enter the S phase
after 6 h (Fig. 5, C and D).

Determination of Intracellular Nucleotides—The G,/S
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Fig. 4. Cell-cycle-dependent change of ATase and HPRT activ-
ities. CHO K1 cells were synchromzed in HamF + 0.1% FCS for 48
h. After satmulation by 10% FCS, ATase (0) and HPRT (e) activities
were assayed every 6 h up to 30 h.
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transition by release from purine-free arrest occurred ear-
lier when the salvage pathway was functioning (Fig. 5C)
than when the de novo pathway was active (Fig. 5B), which
i8 explained by the difference of ATP consumption in these
two pathways. The de novo pathway and the conversion of
AICA riboside and undine to AICA ribotide and UMP,
respectively, need an ATP supply, whereas the salvage
pathway does not. Therefore, intracellular ATP content was
assayed.

First, the change in intracellular ATP was examined dur-
ing release from purine-free arrest (Fig. 6). Purine-free
arrest decreased the intracellular ATP content to about
10% of its normal level (7-10 nmol/10° cells). Recovery from
ATP depletion was earlier when only the salvage pathway
was functioning (HamF) than when only the de novo path-
way was functioning (HamF + XO + 100 pM AICA ribo-
side with or without 200 pM uridine). Furthermore, the
increase in ATP content due to the salvage pathway alone
(HamF) was comparable to that produced by both the de
novo and salvage pathways (HamF + 100 pM AICA ribo-
gide + 200 M uridine). These findings indicate that the

A 0.1% FCS —+10% FCS

Oh 6 h 9h
L »
N T
7 DNA " DNA " DNA
B 0=+ AICA riboside + uridine
0h 9h 12 h

A’
DNA

DNA DNA
C Q =t Hx
Oh 6 h 9h
»
WANCAW A —
DNA DNA
D 0= AICA riboside + uridine + Hx
Oh 6 h

9h
J ! j\/\
Fig. 5 Flow cytometric analysis. The times from the release from
growth arrest to the G/S transition were measured Arrowheads mn-
dicate the start of the G,/S transition. A. Recovery from serum star-
vation. CHO K1 cells synchronized in HamF + 0.1% FCS for 48 h
were siimulated by 10% FCS. B-D. Recovery from purine-free arrest
through the de novo pathway (B), the salvage pathway (C), and both
pathways (D) CHO ade ~A cells arrested in HamF + 10% FCS + XO
for 48 h were released by 100 pM AICA niboside (B), 30 M Hx (C),
and 100 uM AICA riboside + 200 pM uridine + 30 pM Hx (D).
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salvage pathway increases the intracellular ATP content
more efficiently than the de novo pathway when purine
nucleotides are depleted, which would explain why the sal-
vage pathway (Fig. 5C) leads to the earlier G,/S transition
from purine-free arrest than does the de novo pathway (Fig.
5B).

Secondly, the effect of purine bases, substrates for the
salvage pathway, on intracellular ATP content was exam-
ined (Fig. 7). Hx increased the ATP content of CHO ade “A
cells arrested in purine-free medium more than adenine,
whereas guanine hardly increased the intracellular ATP
content. These results are consistent with the effect of each
purine base on the growth rate (Fig. 3). Hx and adenine
also increased the GTP content with ATP, whereas guanine
increased neither the ATP nor the GTP content (Fig. 7),
although the GMP content increased from 21.1 * 1.9 to
39.0 = 3.1 pmol/108 cells due to guanine administration.
These results suggest that the GTP content depends on the
ATP content, i.e, phosphorylation of GMP and GDP by
ATP.

Duration of Individual Cell-Cycle Phases—Supplying
purine nucleotides mainly shortened the duration of the G,
phase, and the S phase was also shortened to a small
degree (Table II). The contribution of the de novo pathway
(CHO K1 cells in HamF + XO) to the shortening of the G,
phase was larger than that of the salvage pathway (CHO
ade ~“A in HamF), which is consistent with the result that
the de novo pathway of CHO ade ~A cells activated by

104
~ g4
8 -
7
6 -
5 -

5
5]

< 14

(nmol/ 10%cells

0 — T T T ml

0 60 120 180 240
Time ( min)
Fig. 6. Recovery from ATP depletion. CHO ade “A cells arrested
in HamF + 10% FCS + XO for 48 h were released by HamF + 10%
FCS + XO + 100 uM AICA nboside (0; only the de novo pathway
functions), HamF + 10% FCS + XO +100 pM AICA riboside + 200
pM undine (e; only the de novo pathway functions), HamF + 10%
FCS (a; only the salvage pathway functions), or HamF + 10% FCS
+ 100 pM AICA riboside + 200 pM undine (a; both pathways func-
tion).
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AICA nboside increased the growth rate more than the sal-
vage pathway with Hx (Table I).

DISCUSSION

Contribution of Purine and Pyrimidine Nucleotides to
Growth Rate—In this study, the addition of uridine in-
creased the growth rate only in the case of pyrimidine dep-
rivation by AICA riboside. AICA riboside increased the
growth rate of exponentially proliferating CHO K1 cells,
while uridine did not. However, AICA riboside did not
release CHO K1 cells from cell-cycle arrest by serum star-
vation. These results indicate that purine nucleotides limit
the growth rate of cultured fibroblasts under the stimula-
tion of growth factors in FCS. Indeed, DNA rephcation in
nuclei isolated from murine myeloid cells did not start even
in the presence of sufficent NTPs and dNTPs without
stimulation of cell growth by interleukin-3 (12).

Control of de Novo Pathway by AICA Riboside—The
increase 1 the metabolic rate of the de novo pathway by
AICA riboside was enhanced by uridine (Fig. 1). This effect
of uridine 1s explained as follows: An insufficiency of pyrim-
idine nucleotides induced by excessive AICA riboside was
restored by uridine, and the improved balance of purine
and pyrimidine nucleotides increased RNA and DNA syn-
theses, resulting in increases in consumption and the de
novo synthesis of purine nucleotides. Pyrimidine starvation
by AICA riboside is regarded, at least in part, as a result of
PRPP depletion by conversion of AICA riboside monophos-

-~

ATP or GTP Content (nmol/10°cells)
pry ~»
1

0 30 60 90 120 150 180

Time (min)
Fig. 7. Recovery from nucleotide depletion by purine bases.
CHO ade ~A cells arrested in RPMI1640 + 10% dialyzed FCS for 48
h were released by 30 uM Hx (0), 30 pM adenine (e), or 30 .M gua-
nine (a). Solid and dashed lines indicate ATP and GTP content, re-
spectively.

TABLE II. Effect of purine biosynthetic pathway(s) on duration of cellcycle phases.

Cell Medum G, S G/M Doubling time (h)
CHOK1 HamF 230195 3202 48 +0.2 10 3*
(n=4)
CHOK1 HamF+XO 30%03 J« 30x04 —l 50=*03 11.0°
(’1=4) - ™
CHO ade"A HamF 5.8 +03 - 4603 - 48 0.3 15.3¢
(n=4)

The duration of the individual phases of the cell cyde was determined using the graphic method (7) *Both the de novo and salvage path-
ways are functioning. *Only the de novo pathway is functioming. “Only the salvage pathway is functioning. ‘p < 0.05; "p < 0.01.
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phate to AICA nboside triphosphate (8-10). Moreover, the
accumulation of intracellular AICA riboside monophos-
phate was reported to inhibit adenylosuccinate lyase and
the subsequent synthesis of ATP (13). However, the accu-
mulation of AICA riboside monophosphate in CHO fibro-
blasts was negligible when AICA riboside was used at a
concentration of less than 150 pM, and the predominant
metabolic fate of AICA riboside is IMP (14). IMP produced
from AICA riboside at relatively low concentrations enters
the adenylate and guanylate pools, and proportionally in-
creases intracellular ATP and GTP (10, 14, 15).

Contribution of Purine Bases to Growth Rate—Hx 18 con-
verted to IMP via the catalysis of HPRT, and subsequently
to GMP and AMP in proper proportions. Although adenine
and guanine are converted to AMP and GMP, respectively,
by adenine phosphoribosyltransferase (APRT) and HPRT,
respectively, the inter-conversion between AMP and GMP
does not occur at the level of nucleotides in mammalian
fibroblasts (15, 16). Indeed, guanine hardly increased the
intracellular ATP content (Fig. 7), leading to no cell growth
(Fig. 3). Therefore, Hx and HPRT are, in general, the most
important source and enzyme, respectively, of the salvage
pathway. In contrast to guanine, ademmne increased ATP
with GTP (Fig 7) and the growth rate of CHO ade ~A cells
(Fig. 3) without purine supply via the de novo pathway,
indicating that the adenine rather than guanine nucleotide
pool limits the growth rate. Because adenine increased the
GTP content after repletion of the ATP content (Fig. 7),
GTP production from adenine in fibroblasts is explained as
follows: Adenine is salvaged by APRT to form AMP. After
ATP repletion by phosphorylation of AMP, excessive AMP
is catabolized to Hx. Hx 1s salvaged by HPRT to form IMP.
IMP is converted to AMP and GMP. GMP is phosphory-
lated by ATP to form GTP. This mechanism (17) may func-
tion to prevent an imbalance of purine nucleotides by ex-
cessive adenine nucleotides even under physiological condi-
tions. Furthermore, 1t was indirectly demonstrated that
AMP is not catabolized until the ATP pool is filled. In con-
trast to AMP, excessive GMP is catabolized to xanthine, not
Hx. Therefore, IMP is not produced from GMP catabolites,
resulting in no ATP production (Fig. 7).

Contributions of de Novo and Salvage Pathways to
Growth Rate—Both the de novo pathway of CHO ade “A
cells exogenously activated by AICA riboside (Table I) and
the endogenous de novo pathway in CHO K1 cells (Table IT)
increased the growth rate, i.e., shortened the cell doubling
time, more than the salvage pathway. The importance of
the de novo pathway for cell growth was also shown by the
cell-cycle-dependent expression of ATase (Figs. 4 and 5A).
In contrast to constant expression of HPRT, ATase expres-
sion increased from the late G, to the S phase. This ATase
probably supplies the source of RNA, DNA, and ATP syn-
theses for cell division. The expression of ATase mRNA also
increased to its maximal level at the G,/S boundary (Hon-
da, S., Kondo, M., Yamaoka, T, and Itakura, M., unpub-
lished observation).

In the rat hepatocyte cell line, the basal activities of the
enzymes of the de novo pathway were 17 to 6.8 times
higher than in normal rat liver, whereas those of the purine
salvage enzymes were unchanged. Furthermore, the activi-
ties of purine de novo synthetic enzymes increased by a fac-
tor of 1.3 to 2.4 in the log phase compared to the plateau
phase, but those of the salvage enzymes were unchanged
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(18). In human T lymphocytes, de novo purine biosynthetic
activity was found only in large S-phase thymocytes,
whereas both G,-phase small thymocytes and peripheral
blood T lymphocytes lacked any significant activity (19).
Thus resting T lymphocytes meet their metabolic demands
via the salvage pathway, while intact de novo synthesis is
essential for the proliferation of phetohemagglutinin-stimu-
lated T lymphocytes (20). Even in patients with Lesch-
Nyhan syndrome, where the salvage pathway by HPRT
does not function, the proliferation of T lymphocytes in
response to mitogenic or antigenic stimulation is normal
(21) due to compensation of accelerated de novo synthesis
(22).

Changes of Intracellular Nucleotide Content—In this
study, we first demonstrated without metabolic inhibitors
that the complete shutdown of both biosynthetic pathways
of purine nucleotides decreases intracellular ATP content
to 10% (Fig. 6) and leads to cell arrest in the G/G, phase
(Fig. 5, B-D). The recovery of intracellular ATP content
from purine-free arrest by the salvage pathway alone was
comparable to that by both the de novo and salvage path-
ways (Fig. 6), indicating that the de novo pathway makes
no additional contrbution to ATP production in the pres-
ence of the salvage pathway. This is consistent with the
concept that purine nucleotides are synthesized preferen-
tially by the salvage pathway as long as Hx 1s available,
with the concomitant suppression of the de novo pathway,
which spares the energy expenditure required for de novo
synthesis (7).

In this study, strong links were found among the purine
biosynthetic activity, the intracellular ATP content, the tim-
ing of the G,/S transition, the shortening of the G,-phase
duration, and the growth rate. Firstly, the early increase of
ATP by the salvage pathway (Fig. 6) led to the early G,/S
transition (Fig. 5C). Secondly, the ability of purine bases to
produce ATP (Fig. 7) was strongly associated with their
ability to increase the growth rate (Fig. 3). Thirdly, purine
biosynthesis mainly shortened the duration of the G,
phase, ie, hastened the G,/S transition, leading to the
decrease in doubling time and the increase in the growth
rate (Table II). These results strongly suggest that the bio-
synthesis of purine nucleotides increases the growth rate
through the production and concentration of ATP and pro-
motion of the G,/S transition. Indeed, the intracellular ATP
content 1n fibroblasts increased (23) from 3.3 nmol/10° cells
in the G, phase to 8.2 nmol/10° cells by the early S phase
(24), and 1t seems that growing cells have the threshold in-
tracellular ATP concentration necessary for passage at the
G,/S checkpoint (25, 26). It is not fully understood how
increased ATP in the late G, phase promotes the G,/S tran-
sition. In growing lambs, 19 and 39% of whole-body ATP
are used for protein turnover and Na* K*-transport, re-
spectively (27). Both in bactenia (28) and mammalian cells
(29), the concentrations of ATP and GTP control rRNA
transcription, which is the rate-limiting step of ribosome
synthesis for protein synthesis. Activation (30) and inhibi-
tion (31) of ATP-sensitive K* channels were reported to
lead to the G,/S transition and the Gy/G, arrest, respec-
tively. ATP is also necessary for DNA topoisomerase II,
which increases in the late G, phase (32) and is essential
for the G/S transition (33). Moreover, ATP regulates cychn/
cyclin-dependent kinase complexes for the G,/S transition
34).
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Purine Biosynthesis Promotes G,/ S Phase Transition

Biosynthesis of purine nucleotides shortened not only the
G,-phase duration, but also the S-phase duration to a small
degree (Table II). Because the pool size of pyrimidine
dNTPs was about 5-10 times greater than that of purine
dNTPs in mouse fibroblasts (23, 24), and because RNA
primers for the initiation of DNA synthesis always begin
with A or G (35), purine nucleotide probably limits the rate
of DNA replication, as well as the G,/S transition.

No effect of purine biosynthesis on the duration of the G/
M phase was observed. However, purine-free arrest may
also occur at the G/M checkpont in addition to the G,/S
checkpoint, because a modest accumulation of CHO ade “A
cells was observed at the G/M peak in purine-free medium
(Fig. 5, B-D). Indeed, severe ATP depletion by the disrup-
tion of mitochondnal function resulted in G/M arrest in
addition to G, arrest (25). Moreover, intracellular ATP con-
tent increases from 4.0 nmol/10? cells during the late S
phase to 6.6 nmol/108 cells with the onset of cell division,
which 18 the second peak of intracellular ATP after the first
peak during G,/S transition (24). Growing cells may have a
threshold intracellular ATP concentration for passage at
the G/M checkpoint, as well as the putative ATP threshold
at the G,/S checkpoint.

For ATP production, several factors are necessary includ-
ing sufficient nutnents such as glucose (36, 37), oxygen (38)
with electron transport in mitochondria (37), and biosyn-
thesis of adenine nucleotides through the de novo and sal-
vage pathways. In this study, even with sufficient nutrients
and oxygen, the intracellular ATP content decreased to
10% when the two purine synthetic pathways were com-
pletely shut down. This indicates the importance of purine
biosynthesis for ATP production, as well as phosphoryla-
tion of ADP via glycolysis or electron transport. In contrast
to ATP, GTP is chiefly produced by phosphorylation of GDP
by ATP, as well as other NTPs and dNTPs. Therefore, GTP
production is under the control of ATP (Fig. 7), and ATP 1s
considered to be the most important nucleotide for supply
of NTPs and dNTPs for cell growth. GTP also plays an
important role in cell growth: for example, signal transduc-
tion of small GTPases such as Ras, Rho, and Ran. However,
the pool size of GTP is maintained by ATP at a nearly con-
stant level sufficient for cell growth throughout the cell
cycle (24).

In conclusion, the following concepts were supported in
this study using CHO fibroblasts. Firstly, purine de novo
synthesis, rather than purine salvage synthesis or pyrimi-
dine synthesis, limits the growth rate. Secondly, purine
nucleotides are synthesized preferentially by the salvage
pathway as long as Hx is available for energy conservation.
Thirdly, the GTP content depends on the ATP content.
Lastly, biosynthesis of purine nucleotides increases the
growth rate mainly through ATP production and promotion
of the G,/S transition. Understanding the mechanism by
which purine biosynthesis increases ATP and the growth
rate is very useful for developing therapies for mahgnant
neoplasms (39) and for ischemic diseases including brain
(38) and myocardial (40) infarctions.
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