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ABSTRACT

Guanine nucleotide depletion primarily causes a drastic inhibition of
DNA synthesis, while adenine nucleotide depletion interferes with other
vital functions before inhibiting DNA synthesis (M. B. Cohen and VV.
SadÃ©e,Cancer Res., 43: 1589-1591, 1983). This study addresses the
hypothesis that the presence of a large adenine nucleotide pool with
direct access to DNA synthesis prevents immediate cessation of DNA
synthesis underconditions of adenine starvation, while the small guanine-
DNA precursor pool is readily exhausted under guanine starvation.
Adenine, guanine, and deoxyadenosine tracers were incubated with asyn
chronized or synchronized S-49 cells, and tracer progression into cellular
nucleotide pools and nucleic acids was measured. Compartmentation of
the dATP pool into a functional DNA precursor pool and a general
cellular pool could not be demonstrated with pH|d Ado tracerexperiments
with S-phase cells. While guanine tracer was incorporated into DNA
without delay (<5 min), consistent with a small functional guanine-DNA
precursor pool, adenine tracer incorporation into DNA was associated
with a substantial delay period (-30 min) indicative of a large functional
adenine-DNA precursor pool. These results suggest that the different
size of the functional nucleotide precursor pools with rapid access to
DNA synthesis accounts for the dramatic difference in the effects of
purine antimetabolites that cause either adenine or guanine starvation.

INTRODUCTION

Purine starvation is responsible for the cellular toxicity of
many antineoplastic, antiviral, and immunosuppressive agents
(1-10). We have previously reported that the inhibition of DNA
synthesis caused by inhibition of de novo purine nucleotide
inhibition results from guanine rather than adenine nucleotide
depletion although both pathways appear to contribute to cel
lular toxicity (10-12). Selective guanine starvation by cytotoxic
doses of mycophenolic acid (7) abolished DNA synthesis in
mouse T-lymphoma (S-49) cells, while toxic adenine starvation
by L-alanosine (6, 13, 14) did not affect DNA synthesis (11).
Kinetic tracer studies employing [14C]Gua and [3H]dGuo dem

onstrated that the sum of all guanine nucleotide stores that are
immediately available to DNA synthesis, i.e., the functional
guanine-DNA precursor pool, is rather small ( 15). Hence, DNA
synthesis in S-49 cells ceases shortly after blockade of de novo
guanine nucleotide synthesis because of the fast turnover of
such small precursor pools. In contrast, the large cellular GTP
pool is depleted by only ~50% when DNA synthesis ceases,
thereby supporting other cellular functions of guanine nucleo-

tides.
These results suggested the hypothesis that the presence of a

relatively large functional adenine-DNA precursor pool sustains
DNA synthesis, while cellular adenine nucleotide pools are
sufficiently depleted to cause cellular toxicity by mechanisms
other than DNA inhibition. The experimental approach in this
study involves estimating functional adenine- and guanine-
DNA precursor pools on the basis of kinetic tracer progression
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through cellular adenine and guanine nucleotide pools and into
nucleic acids. The results are consistent with the presence of a
considerably larger functional adenine- than guanine-DNA pre
cursor pool.

MATERIALS AND METHODS
Reagents and Apparatus. KIINA1 was purchased from Burroughs

Wellcome Company, Research Triangle Park, NC. All nucleotides and
nucleosides, tri-n-octylamine, FrÃ©on(l,l,2-trichloro-l,2,2-trifluoro-
ethane), Bt2cAMP, chromomycin A3 were purchased from Sigma
Chemical Co., St. Louis, MO. [3H]dAdo (17 Ci/mmol), [3H]Ade (29
Ci/mmol), [14C]Gua (57 mCi/mmol), and [3H]dGuo (7.4 Ci/mmol)
were purchased from ICN Pharmaceutical Inc., Irvine, CA. [3H]dThd
(80 Ci/mmol) and [MC]Urd (23 mCi/mmol) were purchased from New

England Nuclear, Boston, MA.
Radioactivity was measured in a Beckman LS-9000 liquid scintilla

tion counter (Beckman Instruments, Palo Alto, CA) and cell density in
a Model Zf Coulter counter (Coulter Electronics, Hialeah, FL). HPLC
was performed on a Model 6000A solvent delivery system, Model 600
solvent programmer (Waters Associates, Milford, MA), Model LC-15
UV detector (Perkin-Elmer Corp., Norwalk, CT) and a Pur risii 10-
SAX column (25 cm x 4.6 mm, Whatman Inc., Clifton, NJ). DNA
contents and cell cycle phases were analyzed with a 5-W argon-laser
fluorescence-activated cell sorter (FACS III; Becton-Dickinson, Sun
nyvale, CA) flow cytometer.

Cell Cultures. Mouse T-lymphoma (S-49) wild type cells (16) were
grown in Dui becco's modified Eagle's medium containing 10% heat-
inactivated horse serum at 37Â°Cand 10% CO2 in a humidified incubator

(11). Growth characteristics of S-49 cells have been described elsewhere
(16).

For GI cell-cycle-phase enrichment, exponentially growing S-49 wild
type cells were incubated with Bt2cAMP (500 /Â¿M)for 24 h as described
(17, 18). S-phase enriched cells were obtained 24 h after removal of
BtjcAMP from culture medium (17, 18).

Cell Cycle Analysis. Cell suspensions of ~106 cells/ml fixed with

70% ethanol were centrifuged and stained with Chromomycin A3 (1.7
x 10~5M)solution containing MgCl2 (0.015 M) for 1 h. Cells were then

passed through Nitex mesh (diameter, 50 /Â¿m)and analyzed with FACS
III flow cytometer at an excitation wavelength of 457 nm. The fluores
cence emission was recorded using a 520 nm long-pass filter (19).

Radioactive Tracer Experiments. Cells grown logarithmically at a
density of 5 x 105/ml were harvested and resuspended to a density of
2~3 x 106/ml. In some experiments cells were preincubated with a

mixture of drugs for 3 h prior to harvest. Individual tracer was then
added to the cells. At different time intervals, an aliquot of cell suspen
sion was taken out, harvested by centrifugation at 4Â°Cand 13,000 x g

for 30 s, washed with ice-cold phosphate-buffered saline, and extracted
with ice-cold 0.4 N perchloric acid. Over a 4-h time period cells at a
density of 2-3 x 10' cells/ml continue to synthesize RNA and DNA at

the same rate as the control cells in the logarithmic phase as shown by
the incorporation of [MC]uridine and [3H]thymidine.

Cells (GÃ¬or S-phase enriched) were resuspended to ~106 cells/ml.

Kinetic tracer experiments were performed with similar protocols ex
cept for a period of l h to ensure minimal changes in cell population
distribution among cell cycle phases.

3The abbreviations used are: EHNA, erythro-9-(2-hydroxy-3-nonyl)adenine;
BtjcAMP, A^,2'-O-dibutyryladenosine-3':5'-cyclic monophosphate; [3H)dAdo,
[8-3H]2'-deoxyadenosine; [3H]Ade, [2,8-3H]adenine; [MC]Gua, (8-MClguanine;
['HJdGuo, [8-3H)2'-deoxyguanosine; [3H]dThd, [mefA^/-3H]thymidine; [14C]Urd,
Â¡2-'4C]uridine;HPLC, high-performance liquid chromatography; ADAase, aden-

osine deaminase.
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ADENINE AND GUANINE STARVATION

Analysis of Tracer Incorporation into UNA and DNA. KOH (0.3 N)
was added to the acid insoluble pellets to digest RNA into acid soluble
fragments. After 12 h of RNA digestion at room temperature 0.8 N
perchloric acid was added to terminate the reaction. Pellets and super-
natants were analyzed by liquid scintillation counting for labeled DNA
and RNA, respectively (10). To ensure satisfactory separation of RNA
and DNA, control experiments with 30 min pulse labeling by [l4C]Urd
and [3H]dThd were performed. [MC]Urd was recovered predominantly
(>99%) in the soluble RNA fraction and [3H]dThd in the HC1O4

insoluble DNA fraction (>95%).
Analysis of Intracellular Nucleotide Pools. The supernatant HC1O4

extract was neutralized with a combination of Tri-n-octylamine and
Freon (22/78, v/v) as described by Pogolotti et al. (20,21). The aqueous
portion was analyzed on HPLC for nucleotides (dAAP, AAP, dGAP,
GAP; X = M, D, or T) with a linear elution gradient of 0.02 N
NH4H2PO4 in 0.01 M KC1 (pH 3.6; buffer A) and 1.0 M NH4H2POâ€žin
0.5 M KCl (pH 3.6; buffer B), starting with 100% A to 100% B in 20
min at a flow rate of 2.0 ml/min. External standards of 5 /Â»molof each
nucleotide were used for quantitation. Eluent fractions (0.3 ml) were
collected for analysis of 3H activity profile in nucleotide pools.

Data Analysis and Curve Fitting. All data fitting was done with
PROPHET system computer programs supported by USPHS, NIH.

A one-compartment kinetic model (22) as depicted in Fig. 1 was
used for fitting the data of the incorporation of | '111Ade into DNA and

estimating the initial delay. The intervening compartment represents
the functional DNA precursor pool. According to Fig. 1, the rate of
change of the amount of tracer in the acid soluble functional precursor
pool can be described as

equilibrates instantly.

â€”AO "i
at

(A)

where A is the tracer amount in the acid soluble precursor pool, t is
time, and K0and Kt are zero- and first-order rate constants, respectively.

The rate of tracer appearance in DNA can be expressed as

K, x A + C (B)

where li>\v is the tracer amount in DNA and C is a constant.
Straight line fitting (regression curve fitting) (Equation C) was em

ployed for the incorporation of [3H]dAdo and [l4C]Gua into both DNA
and RNA and [3H]Ade into RNA (22-24). This model assumes that

the functional DNA precursor pool in the cells is negligibly small and

Tracer in
ONRor
RNR"oTracer

in
ReÃdSolubleK,Tracer

in
Medium

C' x t (Q
where /<DNAis the tracer amount in DNA, C' is a constant, and t is

time.
In choosing the best model for fitting each data set, the Schwartz-

Leonard model-testing criteria were used (25-27).

RESULTS

Incorporation of Guanine Tracers into RNA and DNA of S-49
Cells. Kinetic experiments were carried out with [14C]guanine
in S-49 wild type cells. There was a minimal delay of <5 min
before [14C]Gua appeared in RNA and DNA at a constant rate
(Fig. 2). Fitting the [l4C]Gua incorporation rate to a straight
line gave a correlation coefficient of y = 0.998 with no system
atic deviations from linearity. This result implies a very rapid
equilibration of the tracer with the nucleotide precursor pools
that are incorporated into nucleic acids. The constant rates of
incorporation of [l4C]Gua into DNA were maintained over at
least 120 min after tracer addition. The kinetics of [3H]2'-

deoxyguanosine incorporation into DNA was reported earlier
(15). Again no measurable delay was observed, until the tracer
was incorporated into DNA at a constant rate (15).

Incorporation of [3H)2'-Deoxyadenosine into Asynchronized
S-49 Wild Type Cells. [3H]2'-Deoxyadenosine was incubated

with S-49 wild type cells. In the absence of EHNA, considerably
more [3H]dAdo tracer appeared in RNA than DNA, indicating

high AD Aase activity. However, in the presence of 10 /IM
EHNA (28, 29) added 3 h before the tracer, which maximally
prevented the conversion of 2'-deoxyadenosine to 2'-deoxyi-
nosine by ADAase, [3H]dAdo preferentially labeled DNA over
RNA. The residual incorporation of [3H]dAdo into RNA in the

presence of EHNA indicated incomplete blockade of the con
version of dAdo to hypoxanthine. In the presence of EHNA,
immediate linear incorporation of [3H]dAdo into both DNA

and RNA was observed after tracer addition, and rates of tracer
incorporation remained constant over a 4-h period (Fig. 3/4).
Repeated experiments gave similar results with initial delays of
less than 3 min in all three cell lines.

HPLC analysis revealed that 3H activity in the ATP and
dATP pools after addition of [3H]dAdo to asynchronous cells

increased over at least 4 h without reaching a plateau (Fig. 3B).
This increase in activity was not caused by an increase of the

delay TIME

Fig. 1. Model ut pur Ino tracer progression into RNA and DNA. *Â«,zero-order
rate constant; k,, first-order rate constant. The functional precursor pool (shown
here as a single compartment) can be further divided into several consecutive
compartments consistent with tracer metabolism (e.g.. Ade -Â»AMP -Â»ADP -Â»
dADP â€”Â»dATP â€”Â»DNA); however, in each case the time course of tracer in the
ultimate (e.g., dATP) precursor pool must be mirrored by the time course of
tracer incorporation into nucleic acid product.

TIME AFTER TRACER ADDITION CHIN5

Fig. 2. Incorporation of ["Cjguanine into RNA and DNA of S-49 wild type
cells. The cells at Id" cells/ml were incubated with ["Cjguanine (1 >iCi/ml). At

various times after tracer addition, radioactivity in DNA and RNA was measured
as described in "Materials and Methods."
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ADENINE AND GUANINE STARVATION

zee 24e
TIME AFTER TRACER ADDITION CHTJO

e m \2f IM
TIME AFTER TRACER ADDITION CKDÂ»

TIME AFTER TRACER REMOVAL CMIN5

Fig. 3. A, incorporation of [3H]2'-deoxyadenosineinto DNA and RNA of S-
49 wild typecells.Cellsat 10*cells/ml wereincubatedwith EHNA (10MM)for 3
h before |'IIJdAdo tracer was added. Counts in DNA and RNA were measured
at different time points after tracer addition. B, time course of '11activity in
adeninenucleotidepools after the addition of [3H]dAdo.The labelingconditions
were the same as that for Fig. Ã•A.C, 3H activity in DNA, dADP, and dATP
pools after the removal of [3H]dAdo.Cells were preineubated with EHNA (10
/IM,3 h) followedby a 30-min pulse labelingwith [3H]dAdobefore resuspension
in tracer free medium. '11activity was measured at different time points after
resuspensionof cells.

ATP and dATP pools, as determined by HPLC-UV, but rather
it reflects an increase of their specific 3H activities. The specific

activity of labeled dATP was approximately SO times higher
than that of labeled ATP for S-49 wild type cells (given pool
sizes of 140 nmol/108 cells for ATP and 2.9 nmol/108 cells for

dATP).
Tracer turnover was studied by resuspending cells in tracer-

free medium after labeling for 30 min with [3H]dAdo in the
presence of EHNA (10 MM,3-h pretreatment). Tracer incorpo
ration into DNA drastically slowed after tracer removal from
the medium and completely ceased after 2 h (Fig. 3( '). In

se lee ise e se tee ise
TIME AFTER TRACER ADDITION CMIN1

Fig. 4. Incorporation of ('H)adenine into DNA and RNA of S-49 wild type
cells.The cell concentrationwas 10",ml and ['II]Ade, 1pCi/ml. A one-compart
ment-kineticsmodel as describedin "Materials and Methods" was employedin
fitting the DNA data in A, whereas a straight line fitting was used in B. Both
optimum Schwartz& Leonard criteria were obtained for A. (Schwanz criterion
was -0.866 for A and -1.134 for B and Leonard criterion was -1.723 for,* and
-2.294 for B.)

e oe ise ise 2<e
TIME AFTER TRACER ADDITION CMIN5

ee ae ize ise ise zie
TIME AFTER TRACER REMOVAL CMIN5

Fig. 5. A, 'H activity in AMP, ADI', and ATP after the addition of ['II|Adi-.
The same labelingconditions as in Fig. 3 were used. B, activity in DNA, RNA,
and adenine nucleotidepools after the removal of [3H|Ade.Cells were preincu-
bated with [3H]Adefor 30 min before resuspension in tracer free medium.
Radioactivitywas measuredat differenttime points after resuspension.

contrast, 3H activity in dATP decreased by only 20% within the

first 5 min after tracer removal, and it continued to decline
rather slowly over a 4-h period. 3H activity in the dADP pool

(Fig. 3C) and the ATP and ADP activities declines in parallel
with the dATP activity.

Incorporation of |'H) Adenine into Asynchronized S-49 Wild
Type Cells. In contrast to the data obtained for [3H]dAdo, there
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-â€¢- I" d.-...
-O- S/C3HDADE
-A- M : <iiJd4>i
-A- G1/C3H3ADE

28 36 49
TIME CMIN>

Fig. 6. Incorporation of [3H]Ado (solid symbols) or [3H]Ade (open symbols)
into DNA of G! (triangles) or S-phase (circles) enriched S-49 wild type cells.
GÃ¬phase- or S-phase-enriched cells at 10* cells/ml were incubated with either
['II |il Ado or | 'll|Ade (1 pCi/ml) for up to 1 h. and radioactivity in DNA was

measured.

28 48
TIME CMIN>

Fig. 7. A, time course of 3H activity in ATP and dATP of G, phase-enriched
S-49 wild type cells after the addition of [3H]dAdo and IO â€žMEHNA. [3H]dAdo

was added immediately after cells were released from BtjcAMP (500 |iM, 24 h).
The same labeling conditions as in Fig. 5 were used. B, 3H activity in ATP and
dATP of S-phase-enriched S-49 wild type cells after addition of [3H]dAdo and 10
itM EHNA. S-phase cells were obtained 24 h after the removal of Hi,i \MI' The

experimental conditions are otherwise the same as in (.

was a delay of ~30 min before | '11lack-nine was incorporated at

a constant rate into DNA of S-49 wild type cells (Fig. 4A).
Fitting the [3H]Ade-DNA incorporation data to a straight line

(Fig. 4B) gave negative systematic deviations of the result in
the initial period. The incorporation of a delay compartment
("functional Ade-DNA precursor pool") gave a better fit with

no systematic deviations (see Fig. 4, legend). On the other hand,
a constant incorporation rate of [3H]Ade into RNA was estab
lished immediately (delay time, <2 min) (straight line fÃ®t,7 =
0.999) as was the case with [3H]dAdo incorporation into RNA.

Preincubation of the cells with 10 */MEHNA over 3 h did not
affect these results.

In contrast to the immediate linear [3H]Ade incorporation
into RNA, the exogenously added [3H]Ade tracer equilibrated

with ATP rather slowly reaching a plateau 2 h after tracer
addition (Fig. 5A). Labeled dATP levels were exceedingly low,
with a ratio [3H]ATP/[3H]dATP > 100. Of interest is the
finding that 3H activities were similar in the AMP and ADP
pools, although the ADP pool (-12 nmol/103 cells) is 3 to 4

times larger than the AMP pool.
After removal of [3H]Ade from the medium, 3H incorporation

into DNA and RNA abruptly ceased for approximately 15 min
and then continued at a very slow but measurable rate over at
least 4 h (Fig. SB). In contrast to the rapid cessation of tracer
incorporation into RNA and DNA, H activity in the adenine

nucleotide pools remained high for the first 2 h after tracer
removal, with [3H]ATP levels showing even a small initial

increase (Fig. 5B).
Incorporation of [3H]dAdo/[3H]Ade into d Phase- or S-Phase-

enriched S-49 Cells. To address the question whether cells in
different phases of the cell cycle have different labeling kinetics,
tracer experiments were also performed with Bt2cAMP-syn-
chronized cells (17, 18). Flow cyt omet rie analysis suggested
that the GÃ¬cell fraction was enriched to ~95% GI cells, while
the S-phase fraction contained only ~40% S-phase cells. How
ever, the computer estimation program for flow cytometry with
Chromomycin As is rather insensitive in differentiating early
S-phase (beginning DNA synthesis) from GÃ¬phase, and it must
be expected that most cells will eventually proceed into S-phase
after the Bt2cAMP block (17). The incorporation of [3H]dAdo
(in the presence of 10 MMEHNA) or [3H]Ade into DNA of S-
phase-enriched S-49 wild type cells (Fig. 6) was similar to that
of asynchronized cells (Figs. 3A and 4/4). There was again a
delay of at least 30 min for [3H]Ade incorporation into DNA.
In contrast, [3H]dAdo entered DNA linearly without any delay,
d Phase-enriched S-49 wild type cells, on the contrary, incor
porated negligible amount of either tracer into DNA (Fig. 6).

HPLC analysis of 3H activity from [3H]dAdo in ATP and
dATP of d phase or S-phase-enriched S-49 wild type cells is
shown in Fig. 7. In GI phase-enriched cells, 3H activity in both

dATP and ATP increased over 1 h, maintaining a dATP/ATP
ratio of ~4 (Fig. 7/4). The 3H activity in ATP again revealed an
incomplete blockade of ADAase by EHNA. However, in S-
phase-enriched cells, net incorporation of [3H]dAdo into dATP

was strikingly low (Fig. IB), while ATP incorporation remained
high. When labeling (Â¡,phase- or S-phase-enriched cell popu
lations with [3H]Ade, radioactivity steadily increased at similar

rates in the ATP pool over 1 h, reaching 19,000 (G,) and 24,000
(S)dpm/106 cells.

DISCUSSION

This study addresses the mechanism underlying the different
effects of guanine and adenine starvation on cellular toxicity
and DNA synthesis. The tracer experiments are based on a
simple kinetic model that is discussed in Fig. 1. The minimal
delay in the uptake of [I4C]Gua into DNA indicates that the
functional guanine-DNA precursor pool is very small in S-49
cells.

Contrary to the case of [14C]Gua, there was a 30-min delay
before [3H]Ade was incorporated into DNA at a constant rate
in both asynchronized and S-phase-enriched cells. This finding
implies that the tracer has to equilibrate with a sizeable func
tional adenine-DNA precursor pool that is considerably larger
than the functional guanine-DNA precursor pool (delay, <5
min). The significantly better fÃ®tof the DNA incorporation data
with the inclusion of a delay compartment (functional precursor
pool) strongly supports this interpretation (Fig. 4A ), while all
other tracer incorporation curves into DNA and RNA could be
fit to a straight line without any delay compartment. The
compartmental fitting was not superior to the straight line
fitting in the latter cases as shown by Schwartz-Leonard criteria
(25-27). One can propose that DNA synthesis remains unaf
fected by adenine starvation, because adenine-DNA precursors
can be derived from this larger functional adenine pool, while
other adenine nucleotide functions are impaired. The very slow
rate of [3H]Ade tracer equilibration with the ATP pool in

synchronous and asynchronous cells indicates that not all ade
nine nucleotide pools have immediate access to DNA synthesis,
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which could result from slow metabolic interconversion, cellular
com par tmen tat ion, or both.

The immediate [3H]dAdo incorporation into DNA together

with a rather slow tracer accumulation in the dATP pool of
asynchronous cells at first suggested the presence of extensive
compartmentation into a small functional dATP-DNA precur
sor pool with rapid turnover and a larger cellular pool with very
slow turnover. However, Mathews and colleague (30) have
recently determined that [3H]dCyd labeling of dCTP was exten
sive in GÃ¬cells, but very low in S-phase cells, resolving the
discrepancy between dNTP pool labeling and DNA tracer in
corporation. In this report, we have observed the same results
with [3H]dAdo incorporation into dATP and DNA. Apparently,
the turnover rate of dATP is again slow in d but fast in S-
phase, because of the utilization of dATP for DNA synthesis.
These data do not support previous assertions of dNTP com
partmentation and possible metabolic channeling ("reputase")

of DNA precursors (31-33).
A peculiar finding in this report is the lack of any significant

delay of [3H]Ade tracer incorporation in RNA (in contrast to
its delay in reaching DNA), although [3H]Ade must proceed

through the largest cellular nucleotide pool, ATP, before enter
ing RNA. The same results were obtained for [14C]Gua incor

poration into RNA. Again, this finding suggests extensive cel
lular compartmentation of ribonucleotide precursors for RNA
synthesis, which has been proposed in many earlier studies (e.g.,
32 and references therein). However, the kinetics of tracer
progression into and elimination from RNA are considerably
more complicated (see results in Fig. 5, A and B, that are
inconsistent with any simple kinetic model), and further work
is needed to elucidate the significance of this result. It appears,
though, that the functional Ade-DNA and Ade-RNA precursor
pools are distinct, as judged by the different delay times, and
do not readily equilibrate with each other.
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