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ABSTRACT

Incubation of deoxycoformycin-treated L1210 leukemia cells
with dipyridamole or nitrobenzylthioinosine, inhibitors of nuclec-
side transport, enhanced the long-term incorporation of 2'-de-

oxyadenosine and adenosine into the nucleotide pool and the
toxicity of 2'-deoxyadenosine for the cells. In contrast, 2'-deoxy-

adenosine uptake in deoxycoformycin-treated P388 leukemia

cells, which was about 10 times greater than that in L1210 cells,
was inhibited by dipyridamole and nitrobenzylthioinosine, and 2'-

deoxyadenosine toxicity was not significantly affected by the
transport inhibitors. P388 cells also were about 6 times more
resistant to 2'-deoxyadenosine than were L1210 cells, in spite

of the greater uptake of the nucleoside. We found that purine
nucleoside transport in L1210 and P388 cells exhibited similar
kinetic properties and sensitivity to dipyridamole and nitroben
zylthioinosine (both influx and efflux) and that the stimulation of
2'-deoxyadenosine uptake by the inhibitors in L1210 cells is not

mediated at the level of its transport into the cells but rather
reflects an enhanced intracellular net accumulation of deoxy-

adenosine nucleotides.

INTRODUCTION

Nucleoside salvage pathways in animal cells in their simplest
form consist of two steps: the carrier-mediated transport of the

nucleoside across the membrane, coupled with a simple, irrever
sible Michaelian phosphorylation within the cells (1-3). In the
case of Ado3 and 2'-dAdo, an additional route consists of their

deamination to Ino and dlno, respectively, phosphorolysis of the
latter, and salvage of the resulting Hyp. The non-mediated per

meation of natural nucleosides is so slow, though it varies
somewhat with their lipid solubility, that the effective salvage of
a nucleoside depends on the functioning of the transport system.
For example, a transport deficient variant of S49 mouse lym-

phoma cells (4) fails to grow in medium containing aminopterin,
Hyp, and dThd, since it cannot salvage dThd.

The brush borders of epithelial cells of the kidney and intestine
possess a Na+-dependent, concentrative nucleoside transport

system (5, 6), but such a system has not been detected in
erythrocytes, various tumor cells, hepatocytes, and numerous
untransformed and transformed mammalian cell culture lines (1).
The latter types of cells probably express only a single non-
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concentrative nucleoside transporter (1, 7, 8), which, however,
may exist in the plasma membrane in two forms (9-11); one

form is inhibited by nmolar concentrations of NBTI (nitrobenzyl
thioinosine) which correlates with the binding of NBTI to high
affinity sites on the cell (K,, ~0.5 nw), whereas the other form

lacks these binding sites and is inhibited only at i/M concentra
tions of NBTI. The system, regardless of in which configuration,
transports all natural pyrimidine and purine ribo- and deoxyribo-

nucleosides with similar, though not equal, efficiency (1, 7, 8).
However, with respect to purine ribo- and deoxyribonucleosides,

this conclusion is largely based on the finding that they inhibit
the transport of Urd and dThd in various types of cultured cells
and human erythrocytes (1, 8,12-14). Urd and dThd have been

the favorite nucleosides for transport measurements because
human RBC lack Urd and dThd kinases (12), appropriate variants
lacking these enzymes are available for a considerable number
of cell lines (1), and cultured cells can be sufficiently depleted of
ATP to practically completely block the phosphorylation of Urd
and dThd (1,15). These cells also lack Urd and dThd phospho-
rylases or their levels are so low as not to interfere with transport
measurements. Thus, it is possible to measure the equilibration
of these nucleosides across the membrane in metabolically inert
cells.

Direct studies of Ado and dAdo transport, on the other hand,
have been more problematic. Their deamination can be inhibited
effectively by treatment with dCF, but it has been difficult to
block their conversion to nucleotides either by genetic or bio
chemical approaches. Several studies have determined the ki
netics of uptake4 of Ado in human RBC and cultured cells (13,

16-25), but in many studies two kinetic components in uptake

were reported, and it was not clear whether the reported kinetic
parameters pertained to Ado transport, a step in Ado metabo
lism, or a combination thereof. Even in cells in which Ado
deamination and phosphorylation were greatly inhibited, Ado
uptake appeared to be concentrative due either to non-specific

binding or to residual conversion to nucleotides by direct phos
phorylation or via adenine, presumably resulting from the action
of methylthioadenosine phosphorylase (26). Similar problems in
interpretation apply to three recent reports which showed that
the uptake of 2'-dAdo by Ado deaminase-deficient or inhibited

human lymphoma cells (27) or mouse L1210 lymphocytic leuke
mia cells (28, 29) was stimulated or little affected, rather than
inhibited, by NBTI and dipyridamole, another potent inhibitor of
nucleoside transport (1,7). The results raised the possibility that
dAdo is transported by an alternate NBTI- and dipyridamole-

resistant transporter (27) or that the accumulation of dAdo

'"Uptake" denotes the total intracellular accumulation of radioactivity from
exogenous labeled substrate regardless of metabolic conversions. "Transport"

denotes solely the transfer of unmodified substrate across the cell membrane as
mediated by a saturable, selective carrier.
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SALVAGE OF Ado AND dAdO IN P388 AND L1210 CELLS

nucleosides was stimulated by the transport inhibitors, perhaps
by preferentially inhibiting the efflux of dAdo (29). To distinguish
between these possibilities, we have determined the effect of
dipyridamole and NBTI on the long term uptake of dAdo and
Ado by dCF-treated L1210 and P388 cells, as well as on the

influx and efflux of these purine nucleosides as measured by
rapid kinetic techniques in ATP-depleted cells.

MATERIALS AND METHODS

Cell Cultures. Mouse L1210 and P388 cells were propagated in
suspension culture in Eagle's minimum essential medium for suspension

cultures supplemented with non-essential amino acids, sera, and extra
D-glucose as described previously (30). For measuring the inhibition of
cell growth by 2'-dAdo, the cells were seeded into 24-well tissue culture
plates (about 1 x 10s cells/well) and incubated in a CO2 incubator at
37Â°Cfor 3 days. The cells were then enumerated in a Coulter Counter.

The cell lines were examined periodically for Mycoplasma contamination
by the Urd/uracil incorporation method (31). No contamination was
detected.

Measurements of Uptake of Radiolabeled Substrates by Cells.
Cells were collected from exponential phase cultures and suspended to
2-3 x 107 cells/ml in basal medium 42 (32). The suspension was
supplemented with 25 /JM dCF and after 5 min of incubation at 37Â°C;

samples thereof were mixed with radiolabeled substrate as indicated in
the appropriate experiments. The suspensions were incubated at 37Â°C,

and at specified times the cells from samples of suspension were
separated from the culture medium by centrifugation through an oil
mixture as described previously (33). The cell pellets were analyzed for
radioactivity. The radioactivity values were corrected for substrate
trapped in the extracellular space of cell pellets, as estimated by use of
[14C]inulin, and converted to pmol of substrate taken up//il cell water on
the basis of cell water values, determined experimentally using 3H2O
(33), or were expressed on the basis of 107 cells (about 8 Â¿Â¿Icell water/
107cells; Ref. 10). Where indicated, replicate samples of cell suspension

were analyzed for radioactivity in acid-insoluble material. In experiments

in which we analyzed the metabolism of the substrate, additional samples
of cells were collected by centrifugation through oil directly into an acid
layer, which immediately stops further metabolism (20, 30). The acid
extract was further processed and analyzed by ascending paper chro-

matography with a solvent composed of 30 ml of 1 M ammonium acetate,
pH 5, and 70 ml 95% ethanol (solvent 28) as described previously (20,
30). For ascertaining the effectiveness of the dCF treatment, the cell-

free medium was removed immediately upon centrifugation of the cell
suspension samples, acidified, and chromatographed with a solvent
composed of 79 ml saturated ammonium sulfate, 19 ml 0.05 M phosphate
buffer, pH 6, and 2 ml isopropanol (solvent 9) for the separation of Ado,
Ino, and Hyp or of dAdo, dlno, and Hyp (20, 30).

Measurement of Purine Nucleoside Transport. Transport was mea
sured in cells blocked in metabolism as indicated in appropriate experi
ments. Time courses (comprising 15 time points) of transmembrane
equilibration of radiolabeled substrate were determined under zero-frans

conditions by rapid kinetic techniques as described previously (1, 13,
20). For influx measurements, samples of suspensions of 1-3 x 107

cells/ml were mixed with a solution of radiolabeled substrate at short,
timed intervals with a dual syringe apparatus (5-ml and 1-ml syringes) in

a ratio of 7.3:1. The cells were separated from the medium by centrif
ugation through oil and analyzed for radioactivity. Data were evaluated
by fitting an integrated rate equation, based on the simple carrier with
directional symmetry and equal mobility of empty and nucleoside-loaded
carrier (1,34). In experiments to determine Michaelis-Menten parameters,

six to eight substrate concentrations were used, and the parameters
were extracted by least squares regression. In other experiments, where
only initial velocities at a single permeant concentration (500 JJM)were of
interest, the integrated rate equation for zero-frans entry was fitted with

Kmfixed at 100 /tM and the slope at f=0 was taken as the initial velocity

(vf2; for details see Refs. 1 and 13).
For efflux measurements, a suspension of 1-2 x 108 cells/ml was

equilibrated with a specified concentration of radiolabeled substrate.
Samples of the suspension were mixed using the dual syringe procedure
at short time intervals in a ratio of 1:7.3 (opposite to that in influx
measurements) with basal medium containing, where indicated, specified
concentrations of transport inhibitors. The ceHs were separated from the
medium by centrifugation through oil and analyzed for radioactivity.

Materials. [2,8-3H]Ado, [2,8-3H]2'-dAdo, [5-3H]Urd, and [5'-3H]5'-

dAdo were purchased from Moravek Bkachemicals, Brea, CA. Unlabeted
nucleosides were obtained from Sigma Chemical Co., St. Louis, MO;
unlabeled 5'-dAdo was from Dr. H. Hogenkamp, and unlabeled NBTI

was from Calbiochem. San Diego, CA. Dipyridamole (Persantin) and dCF
(Pentostatin) were gifts from Geigy Pharmaceuticals, Yonkers, NY and
Parke-Davis and Co., Morris Plains, NJ, respectively.

RESULTS AND DISCUSSION

2'-dAdo Toxicity of L1210 and P388 Cells. We have com

pared the effect of various concentrations of dipyridamole and
2'-dAdo on the growth of dCF-treated L1210 and P388 cells.

P388 cells were chosen for this comparison because they are
also mouse tumor cells of lymphoidal origin and have a similar
size, growth properties, and nucleoside transport characteristics
as L1210 cells (10). In this comparison, it was further of impor
tance to rule out that any observed growth inhibition was due to
the treatment with dipyridamole per se, since the latter is toxic,
at higher concentrations, to L1210 and P388 cells (see Chart
1A, zero 2'-dAdo concentration) and other types of cultured

mammalian cells. This toxicity is unrelated to an inhibition of
nucleoside transport.5 The results in Chart ~\A show that the

presence of concentrations of dipyridamole that exhibited little,
if any, toxicity by themselves (1,4, and 10 Â¿/M)greatly potentiated
the inhibition of growth of dCF-treated L1210 cells by various
concentrations of 2'-dAdo. The results confirm those reported

by Kang and Kimball (29). On the other hand, dipyridamole
showed little synergism with 2'-dAdo in inhibiting the growth of

P388 cells (Chart 18). Furthermore, P388 cells were significantly
more resistant to 2'-dAdo than were L1210 cells (ICso about 7
versus 40 UM2'-dAdo).

The presence of 0.5 Â»MNBTI also potentiated the toxicity of
2'-dAdo for L1210 but not for P388 cells (data not shown). The

effect was about equivalent to that observed with 2 ^M dipyri
damole. NBTI by itself did not affect the growth of either cell line.

Effects of Dipyridamole and NBTI on the Uptake of 2'-dAdo

and Ado in L1210 and P388 Cells. Chart 2, A and B, illustrates
time courses of uptake of [3H]2'-dAdo into total cell material by

dCF-treated P388 and L1210 cells, respectively, in the presence
of 2 and 10 ^M dipyridamole and 500 HMNBTI. First, the results
show that control P388 cells took up about 100 times more 2'-
dAdo than did L1210 cells in 2 hr of incubation of 37Â°C.Second,

whereas in P388 cells, as one might expect, dipyridamole and
NBTI inhibited the uptake of 2'-dAdo, both stimulated its uptake
in L1210 cells. NBTI had relatively little effect on 2'-dAdo uptake

in P388 cells when compared to dipyridamole, but this is not
unexpected, since only about 80% of Urd transport of P388 cells
is inhibitable by NBTI at concentrations up to 1 MM (9, 10),
whereas dipyridamole at 20 UM inhibits transport >95% (10).
However, the same is true for Urd transport in L1210 cells (9,

5 P. G. W. Plagemann and R. M. Wonlhueter, unpublished data.
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SALVAGE OF Ado AND dAdo IN P388 AND L1210 CELLS

Chart 1. Effects of 2'-dAdo in combination

with dipyndamoleon the proliferation of L1210
W and P388 (B) cells. 24-well cultured plates
were seeded with about 1 x 1tf cells/well in 1
ml of growth medium supplemented with the
indicated concentrations of dipyndamole (DIP)
and 2 -dAdo plus 5 ^M dCF. The plates were
incubated at 37Â°Cfor 3 days, and the cells in
each well were enumerated in a Coulter Coun
ter. Control cultures of L1210 and P388 cells
incubated with dCF alone contained 1.0 x 10"
and 1.4 x 10* cells/well, respectively.

IOO-

20-

80-A

60-

40-

IO
20 40 80 0 ' 2

2'-DEOXYADENOSINE (pM)

IO 20 40 80

30
Chart 2. Effects of dipyndamole and NBTI

on the uptake of [2,8-3H]2'-dAdo by P388 and

L1210 cells (A and B, respectively) and its in
corporation into acid-insoluble material (C).
Samples of suspensions of about 1 x 107/
BP388 or L1210 cells/ml of BM428 were sup
plemented with 20 Â¡MdCF and 5 min later as
indicated with 2 or 10 MMdipyndamole (DIP)or
500 nm NBTI plus 40 >M [2,8-3H]2'-<JAdo(10

cpm/pmol) At the indicated times of incubation
at 37Â°C,the cells from 0.5-ml samples of sus
pension were collected by centrifugation
through an oil layer and were analyzed for
radioactivity, and replicate samples were ana
lyzed for radioactivity in acid-insolublematerial.
All points are averages of duplicate samples.
The broken lines indicate the intracellular con
centrationof substrate equivalentto that initially
in the medium.
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10), and this fact therefore is unrelated to their different effects
on 2'-dAdo uptake in the two types of cells.

The inhibition of 2'-dAdo uptake by the transport inhibitors in
P388 cells was reflected by a similar inhibition of 2'-dAdo incor

poration into acid-insoluble material (Chart 2C). The stimulation

of dAdo uptake in L1210 cells had little effect on its incorporation
into acid-insoluble material, but incorporation was very low (Chart
2C), and in another experiment (Chart 3B), the amount of 2'-

dAdo incorporated into acid-insoluble material was transiently

increased by the dipyridamole treatment. The reason for this
difference is not known; the stimulation of 2'-dAdo incorporation

into cell material by dipyridamole and NBTI was about the same
in the two experiments, which demonstrated the reproducibility
of the effect (compare Charts 2B and 3A, right frame). Further
more, Chromatographie analyses of the acid-soluble pool of 2'-

dAdo labeled L1210 cells showed clearly that the transport
inhibitors stimulated the accumulation of 2'-dATP (Table 1).

These results are in agreement with those reported by Kang and

0 I 2 O I 2

TIME(HR)

Kimball (29). Chart 3 also shows that Ado uptake by L1210 cells
was slightly stimulated by dipyridamole and NBT!, but far less
than was 2'-dAdo uptake. The lesser effect, however, may

simply be related to the fact that Ado uptake in untreated cells
was already about 10 times greater than was 2'-dAdo uptake.

In fact, Ado uptake ceased after about 2 hr of incubation (Chart
3/4), because the medium had become practically depleted of
substrate.

Effects of Dipyridamole and NBTI on Furine Nucleoside
Transport in L1210 and P388 Cells. We have measured the
zero-trans influx of Ado and 2'-dAdo in ATP-deleted, dCF-treated

cells at a substrate concentration of 500 /Â¿M.Under these con
ditions < 10% of the intracellular substrate was phosphorylated
at 3 min of incubation, allowing a reasonable approximation of
the rate of transmembrane equilibration of unmodified substrate
by the use of rapid kinetic techniques. Representative time
courses of transmembrane equilibration of 2'-dAdo by L1210

cells in the absence and presence of two concentrations of

CANCER RESEARCH VOL. 45 DECEMBER 1985

6420

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2420622/cr04512p16418.pdf by guest on 19 M

ay 2023



SALVAGE OF Ado AND dAdo IN P388 AND L1210 CELLS

O-CONTROL

â€¢-+2PMDIP

*- tlOuM DIP

T+500 nM NBTI 0

Chart 3. Comparison of the effects of dipyridamole and NBTI on the uptake of
Ado and 2'-dAdo (A) and its incorporation into acid-insoluble material (3) by L1210
cells. Samples of a suspension of about 1 x 107 cells/ml of BM42B were supple

mented with 25 iiU dCF and 5 min later as indicated with 2 or 20 UMdipyridamole
(DIP) or 500 nM NBTI plus 40 nM [2,8-3H]Ado (11 cpm/pmol) or 40 pu [2,8-3H]2'-
dAdo (8.8 cpm/pmol). At the indicated times of incubation at 37Â°C,the cells from
0.5-ml samples of suspension were collected by centrifugation through an oil layer
and were analyzed for radioactivity (total in cell) or were analyzed for radioactivity
in acid-insoluble material. All points are averages of duplicate samples. The broken
lines indicate the intracellular concentration of substrate equivalent to that initially
in the medium.

Table 1
Stimulation of dATP accumulation from exogenous dAdo in dCF-treated L1210

cells by dipyridamole and NBTI

The details of the experiment are described in the legend to Chart 3. After 2.5
h of incubation with 40 utt [3H]Ado or [3H]2'-dAdo, the cells were extracted, and

the acid extracts were chromatographed with solvent 28. The amounts of nucleo-
side triphosphate (XTP) accumulated were calculated on the basis of the Chromat
ographie separations and the amounts incorporated into total cell material (see
Chart 3).

Amounts of XTP
accumulated

(nmol/107 cells)

Treatment [3H]Ado [3H]2'-dAdo

None
+10 fjM dipyridamole
+0.5 MMNBTI

29.0
29.2
32.6

0.88
2.62
1.63

dipyridamole and NBTI are illustrated in Chart 4. Initial transport
velocities (vf2 were computed as the zero time slopes of the
uptake curves. The viÂ£values from this and other experiments
for Ado and 2'-dAdo zero-frans entry in both types of cells as a

function of dipyridamole and NBTI concentration are illustrated
in Chart 5. The zero-trans influx of Ado and 2'-dAdo were

inhibited similarly in both L1210 and P388 cells. We found,
however, that the transport of Ado and 2'-dAdo in both the ATP-

depleted P388 and L1210 cells was considerably less inhibited
by dipyridamole (IC50about 5 MM)than was reported previously
for zero-frans influx of Urd (IC50about 300 nM) in these cells (10).

We have no explanation for this difference at the molecular level.
However, it seems to be related to the iodoacetate-KCN treat

ment used to deplete the cells of ATP, since in a direct compar
ison of the effect of dipyridamole and NBTI on Ado, 2'-dAdo,

and Urd influx in the same population of ATP-depleted P388 and

L1210 cells, Urd influx was also inhibited less than was reported

previously for untreated cells (data not shown).
5'-dAdo is not a substrate for either Ado deaminase or Ado

kinase (35), and it is also not phosphorolyzed in L1210 or P388
cells (26), since both these cell types lack methylthioadenosine
phosphorylase (36). Thus its transport can be measured in these
cells without complications due to metabolic conversion and in
the absence of prior treatment with dCF or of ATP-depletion
(35). We have compared the kinetics of zero-trans influx of 5'-

dAdo in L1210 and P388 cells and have found them to be
comparable; the Michaelis-Menten constants (K) and maximum
velocities (V) fell between 500 and 900 U.Mand 25 and 45 pmol/
u.\ cell water-s, respectively, and only a single saturable, non-

concentrative transport system was detectable in the substrate
concentration range from 10 to 1280 MM.

Our results overall indicate that the nucleoside transporters of
L1210 and P388 cells possess similar kinetic properties and
sensitivities to dipyridamole and NBTI, in agreement with pre
vious results based on experiments with Urd as substrate (K,
~250 MM;V, -20 pmol/Ml cell water-s; Ref. 10). Furthermore, no
second dipyridamole- and NBTI-resistant purine nucleoside

transport system specific for L1210 cells was detected. Our
results contradict the suggestion that Ado and 2'-dAdo are

transported by carriers that differ in NBTI sensitivity (27). The
results are also inconsistent with the suggestion that dipyrida
mole may inhibit to a greater extent the efflux than the influx of
2'-dAdo in L1210 cells (29). This hypothesis seemed unlikely on

the basis of the directional symmetry of the nucleoside carrier in
these cells (1) and the rapid equilibration of this lypophilic sub
stance across membranes. It has also been ruled out experi
mentally; dipyridamole inhibited about equally the efflux of 500
MM2'-dAdo from L1210 and P388 cells whether (data not shown)

or not (Chart 6) they were ATP-depleted. The same was the

case for NBTI (Chart 6). It follows that the enhancement of long
term 2'-dAdo uptake by dipyridamole and NBTI in L1210 cells is

not mediated at the transport step. Instead it seems to involve a
stimulation of the net formation of dAdo nucleotides. This is also
indicated by the finding that transport is not a limiting factor in
the uptake of 2'-dAdo by L1210 cells.

Another experiment illustrates the shift from inhibition of 2'-

dAdo transport to stimulation of uptake by dipyridamole in the
overall uptake of 2'-dAdo in dCF-treated L1210 cells (Chart 7).

Uptake during the first minute was inhibited by NBTI and dipyri
damole; uptake during this interval reflects mostly transport. But
beginning at about 2 min of incubation, 2'-dAdo uptake became

stimulated greatly in the NBTI- and dipyridamole-treated cells.

Since the rate of accumulation of dAdo nucleotides in L1210
cells was very low compared to the transport capacity of the
cells, the inhibition of 2'-dAdo transport by dipyridamole or NBTI,

which was >90% in the case of dipyridamole, was inconsequen
tial as far as its conversion to nucleotides was concerned. This
was not the case for P388 cells, which exhibited a much higher
rate of conversion of 2'-dAdo to nucleotides. Inhibition of trans
port slowed 2'-dAdo phosphorylation, although not to the same

extent (compare Charts 2 and 7), since the capacity even of
these cells to transport 40 MM2'-dAdo exceeded considerably
their capacity to phosphorylate this substrate. That 2'-dAdo

uptake in human lymphoma cells (27) is less sensitive to inhibition
by dipyridamole and NBTI than is Ado uptake may be partially
explained on the same basis, since Ado uptake was about 10
times higher than was 2'-dAdo uptake by these cells.
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SALVAGE OF Ado AND dAdo IN P388 AND L1210 CELLS

Chart 4. Effect of dipyridamote (DIP) (A) and -
NBTI (B) on the zero-frans influx of 2'-dAdo in Â°,300 .

ATP-depteted, dCF-treated L1210 cells. The
cells were depleted of ATP by incubation in

5 mM KCN, 5 mw rodoacetate, and 25 MMdCF
(about 2 x 107 cells/ml) at 37Â°Cfor about 10 i

mm. Then samples of the suspension were E
supplemented with various concentrations of â€”
dipyridamole or NBTI (as indicated in Chart 5), ^
and after at least 5 min of incubation at 25Â°C, z
the influx of 500 UM[2,8-3H]2 '-dAdo or [2,8-3H]- tu

Ado (about 1 cpm/pmol) was measured by rapid 4
kinetic techniques as described in "Materials *~
and Methods." Only representative time â€¢Â§

courses of substrate equilibration are shown. ^
Initial zero-frans entry velocities (vf2) were esti
mated by integrated rate analysis.

200-

IOO-

ISO

IOO-

8O

o
i

Charts. Zero-frans influx of 500 Â¡M 2'-

dAdo and Ado as a function of dipyridamole (A)
or NBTI (B) concentration in ATP-depleted
L1210 and P388 cells. The experiments were
conducted as described in the legend to Chart
4. vfj values for untreated, control cells all fell
between 10 and 16 pmol//jl cell water -s.

60

o
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Although our results indicate clearly that it is the net formation
of intracellular dAdo nucleotides rather than 2'-dAdo transport

into the cell that is stimulated by dipyridamole and NBTI in L1210
cells, further work is required to elucidate the mechanisms
involved at the molecular level. The low net uptake of 2'-dAdo

could reflect rapid and continuous degradation of deoxyadenine
nucleotides in these cells, and its stimulation by NBTI and
dipyridamole could reflect the inhibition of such activity. Carson
et al. (37) reported that the sensitivities of 21 human lymphoid
cell lines to 2'-dAdo toxicity were inversely related to their soluble

deoxynucleotidase activities. Such a relationship, however, can
not explain the difference in 2'-dAdo sensitivity between L1210

and P388 cells, since P388 cells are much more resistant to a
2'-dAdo than L1210 cells, in spite of their much greater capacity

to take up the nucleoside. Furthermore, we could not detect any
difference in the rate of turnover of dATP in L1210 and P388
cells (Chart 8). We labeled the dATP pool of both types of cells
by treating them with dCF and then incubating them with 1 Ã•IM

[3H]2'-dAdo in the presence of 5 UMdipyridamole at 37Â°Cfor 1

h. Under these conditions the two types of cells took up similar
amounts of 2'-dAdo (see Chart 2), and >80% of the radioactivity

in their acid-soluble pools was associated with dATP (Chart 8ÃŸ).

Then the cells were incubated in fresh medium without dAdo
and monitored for cell-associated radioactivity. There was only

a slow loss of radioactivity from the cells during 2 h of incubation
at 37Â°C,which was, however, comparable in L1210 and P388

cells (Chart 8/1). In both cultures, the radioactivity lost from the
cells was recovered as 2'-dAdo (50-60%), dlno plus Hyp (30-

40%), and an unidentified component (about 4%) in the medium
(data not shown). There was also a slow chase of radioactivity
from the acid-soluble pool to acid-insoluble material, which was

comparable in both types of cells (Chart 8A). The only difference
we observed between L1210 and P388 cells was that the
proportion of radioactivity in the soluble pool recovered in fraction
III containing dAdo (but also Ado, dlno, Ino, and Hyp) was greater
in L1210 than P388 cells, both after the labeling period and the
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SALVAGE OF Ado AND dAdo IN P388 AND L1210 CELLS

Chart6. Inhibition of 2'-dAdo efflux by di-

pyridamele and NBTI in L1210 W and P388 (B)
cells. Suspensions of about 1.3 x 10* cells/ml

of medium were treated with 50 pM dCF and
then equilibrated with 500 ,,M [2,8-3H]2'-dAdo
(4.5 cpm/pmol) at 37Â°C.The zero-frans exit of

radiolaoeled substrate into balanced salt solu
tion or balanced salt solution containing, where
indicated, 5 or 20 Â¡Mdipyndamole (DIP) or 1 nu
NBTI was then measured at 25Â°C by rapid
kinetic techniques as described in "Materials
and Methods.*

60 IZO

TIME (SEC)

240 360 48O

Chart 7. Comparison of the effects of dipyndamole and NBTI on the influx and
phosphorylation of 2'-dAdo in intact L1210 cells at 25Â°C.Samples of a suspension
of 3 x 10" dCF-treated (25 tat) L1210 cells/ml of BM42B were supplemented

where indicated with 20 MMdipyridamote (DIP) or 0.5 Â¡MNBTI and then the uptake
of 40 MM[2,8-3HJ2'-dAdo (10 cpm/pmol) at 25Â°Cwas measured by the rapid kinetic

technique (2-60 s). Another portion of each of the suspensions was mixed with
radiolabeled substrate and manually sampled in a comparable manner over longer
intervals (1-8 min). The broken line indicates the intracellular concentration of
substrate equivalent to that initially in the medium.

chase (Chart 8, B and C, respectively). This observation has
been confirmed in a second simitar experiment, but its signifi
cance in relation to dATP synthesis and turnover in these cells
is unclear.

In view of the results in Chart 8, it seems more likely that the
stimulation of 2'-dAdo uptake in L1210 cells by dipyndamole is
at the level of intracellular phosphorylation of 2'-dAdo. For
example, the low uptake of 2'-dAdo by L1210 cells and its

stimulation by NBTI and dipyndamole could be due to some kind
of inhibition of 2'-dAdo kinase activity which is somehow relieved

by the treatment with the transport inhibitors. Regardless, since
the stimulation of 2'-dAdo nucleotide accumulation is observed

TIME (SEC)
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Chart 8. Turnover of dATP in L1210 and P388 cells. Suspensions of about 4 x
10' cells/ml of BM42B were supplemented with 20 Ã•/MdCF and 5 ,/M dipyndamole
and 5 min later with 1 (/M [2,8-3H]2'-dAdo (800 cpm/pmol). After 1 h of incubation
at 37Â°C, the cells were collected by centrifugatkjn, resuspended to the same
density in fresh medium (0 time) and, at various times of further incubation at 37Â°C,
the cells from 0.5-ml samples of suspension were collected by centrifugation
through oil and were analyzed for radioactivity. Other 0.5-ml samples of suspension
were analyzed for radioactivity in acid-insoluble material. All values in A are averages
of duplicate samples and are expressed as a percentage of radioactivity associated
with the cells at 0 time (about 4 x 106 cpm/0.5 ml of suspension). The acid-soluble

pools were extracted from additional samples of cells and chromatographed with
solvent 28. Representative chromatograms are shown in B and C. Fraction I =
dATP, dADP; II = dAMP; III = dAdo (Ado, Hyp, Ino, diÃ±o).

with two different inhibitors of nudeoside transport, one of which
seems to be highly specific for the nucleoside transporter (NBTI),
it seems likely that the effect is indirect and mediated through
an inhibition of nucleoside transport. What mechanism is in
volved, however, is unclear at present.

The results with L1210 cells have additional interest in that
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SALVAGE OF Ado AND dAdo IN P388 AND L1210 CELLS

they represent another example of a synergistic cytotoxic effect
of a combination of substances, each of which alone exhibits
relatively low or no cytotoxicity. It is also of interest that, in this
case, the synergism seems to be relatively specific for a lym-
phoidal tumor lacking T- or B-cell surface antigens which has
been used as a laboratory model for acute lymphocytic leukemia

of childhood.
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