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Na'-Dependent, Active Nucleoside Transport in S49 
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Deficient in Facilitated Nucleoside Transport 
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Abstract S49 rnurine lymphoma cells were examined for expression of various nucleoside transport systems 
using a non-metabolized nucleoside, forrnycin B, as substrate. Nitrobenzylthioinosine (NBTI)-sensitive, facilitated 
transport was the primary nucleoside transport system of the cells. The cells also expressed very low levels of 
NBTI-resistant, facilitated nucleoside transport as well as of Na+-dependent, concentrative formycin B transport. 
Concentrative transport was specific for uridine and purine nucleosides, just as the concentrative nucleoside 
transporters of other mouse and rat cells. A nucleoside transport mutant of S49 cells, A€-1, lacked both the 
NBTI-sensitive, facilitated and Na+-dependent, concentrative forrnycin B transport activity, but Na+-dependent, 
concentrative transport of a-arninoisobutyrate was not affected. 
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With a few exceptions, all mammalian cells 
express facilitated nucleoside transport with 
broad nucleoside substrate specificity [1,21. Two 
forms of facilitated transport can be distin- 
guished on the basis of sensitivity to inhibition 
by nitrobenzylthioinosine (NBTI). One form is 
strongly inhibited by nanomolar concentrations 
of NBTI (designated NBTI-sensitive), resulting 
from the binding of NBTI to high affinity bind- 
ing sites on the plasma membrane (Kd I 1 nM). 
The other form is not associated with such bind- 
ing sites and is inhibited only by micromolar 
concentrations of NBTI (designated NBTI-resis- 
tant). A second basic type of nucleoside trans- 
port, Na+-dependent, concentrative transport, is 
prevalent in epithelial cells of the kidney and 
intestine and brush border membranes thereof 
[3-71. At least two forms of concentrative nucle- 
oside transport have been distinguished on the 
basis of substrate specificity. One form trans- 
ports uridine and purine nucleosides; the other 
form transports preferentially various pyrimi- 
dine nucleosides [5]. Both concentrative trans- 
porters are highly resistant to inhibition by NBTI 
and various other inhibitors of facilitated nucle- 
oside transport [4-71. 

Recently, it has been shown that all types of 
mouse cells examined so far exhibit Na+-depen- 
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dent, concentrative nucleoside transport, but at  
different levels relative to the facilitated nucleo- 
side transport activity in these cells [8-131. In 
mouse macrophages and B and T lymphocytes, 
concentrative transport represents a major nu- 
cleoside transport component [lo-121. It is spe- 
cific for uridine and purine nucleosides [lo, 
12,131, just as one of the concentrative nucleo- 
side transporters of brush border membranes. 
Its Km for formycin B transport is about two 
orders of magnitude lower than that for the 
facilitated transport of formycin B [10,12]. In 
contrast to these cells, in different mouse cell 
lines, derived variously from T and B lympho- 
cytes (P388, L1210, LK35.2), macrophages 
(RAW 309Cr.l), and fibroblasts (L929), Na'- 
dependent, concentrative nucleoside transport 
represents only a minor transport component 
[ll-131. In fact, in most of these cells it is only 
detectable by the Na+-dependent concentrative 
accumulation of substrate in the presence of 
inhibitors of facilitated nucleoside transport, 
such as NBTI or dipyridamole [ 11,121. The con- 
centrative substrate accumulation results from 
the inhibition of the efflux via facilitated trans- 
port of the nucleoside that is actively trans- 
ported into the cells [ll-131. In contrast to 
these mouse cell lines, no Na'-dependent, con- 
centrative nucleoside transport has been de- 



Na’-Dependent Nucleoside Transport in S49 Cells 55 

tected in human HeLa cells, three human T cell 
lines, Novikoff rat hepatoma cells, or a line of 
Mus dunni cells [ 11,121. Facilitated nucleoside 
transport is the only nucleoside transport sys- 
tem of these cells. It is also the major nucleoside 
transport system of the various mouse cell lines, 
consisting to varying proportions of NBTI- 
resistant and sensitive transport [2]. The pres- 
ence of three transport systems in all of these 
mouse cell lines complicates the isolation of 
nucleoside transport-deficient mutants from 
these cells. However, special selective conditions 
have been developed to isolate variants that lack 
one or the other of the nucleoside transport 
systems [13-151. 

The only mouse cell line from which single 
step mutants have been isolated that are practi- 
cally devoid of nucleoside transport activity are 
S49 mouse lymphoma cells [16,17]. This isola- 
tion has been possible probably because NBTI- 
sensitive nucleoside transport accounts for at 
least 99% of the transport activity of these cells 
[181. A S49 mutant lacking NBTI-sensitive trans- 
port (AE-1) has been isolated from MNNG- 
mutagenized S49 cells by a single-step proce- 
dure in medium containing a toxic concentration 
of adenosine plus an inhibitor of adenosine deam- 
ination [16]. The AE-1 cells express only very 
low levels of NBTI-resistant facilitated nucleo- 
side transport that is insufficient to allow growth 
of these cells when made nucleoside-dependent 
by treatment with methotrexate [16,19]. In the 
present study we show that S49 cells, like all 
other mouse cells that have been investigated, 
express low levels of Na+-dependent, concentra- 
tive nucleoside transport and that this activity 
has been lost in the AE-1 mutant. One interpre- 
tation of these findings is that in various mouse 
cell lines Na+-dependent, concentrative trans- 
port and NBTI-sensitive facilitated transport 
share a genetically controlled component. 

MATERIALS AND METHODS 
Cell Culture 

S49 and AE-1 cells were originally provided by 
Dr. B. Ullman [16] and propagated in suspen- 
sion culture as described previously [181. Cells 
were harvested from late exponential phase cul- 
tures and suspended to (2-5) x lo7 cells/ml of 
RPMI, if not indicated otherwise. For measur- 
ing nucleoside or amino acid transport in Na’- 
free medium, the harvested cells were first 
washed once in 145 mM choline chloride contain- 
ing 5 mM Tris-HC1 (pH 7.4; Tris-choline chlo- 

ride) and then were suspended in the same or 
145 mM KC1 or NaCl containing 5 mM Tris-HC1 
(pH 7.4; Tris-KC1 and Tris-NaC1, respectively). 
Cultures were routinely ascertained to be free of 
mycoplasma contamination using an adenosine 
phosphorylase assay with 2’-deoxyadenosine as 
substrate 1201. 

Forrnycin B and a-Aminoisobutyrate 
Transport Measurements 

Samples of cell suspension were supplemented, 
where indicated, with NBTI, dipyridamole or 
gramicidin. After 5-10 min of incubation, time 
courses of uptake of formycin B were measured 
under zero-trans conditions by rapid kinetic tech- 
niques using a dual syringe apparatus (12 time 
points/time course) or by manual sampling for 
longer time points as described previously 
[10,11,21]. The procedure involves separating 
the cells from the medium by rapid centrifuga- 
tion through an oil layer and analyzing the 
pelleted cells for radioactivity. Radioactivity/cell 
pellet was corrected for that attributable to ex- 
tracellular space in the cell pellet as estimated 
with [14Clinulin [22]. Intracellular H,O space 
was measured with ‘H20 [221. Where indicated, 
unlabeled nucleosides were added simulta- 
neously with [3H]formycin B. 

For estimating the kinetic parameters of facil- 
itated formycin B transport, uptake was mea- 
sured at 6 concentrations ranging from 40-1280 
pM. The concentration of [3Hlformycin was kept 
constant in all samples, while the specific radio- 
activity was altered by addition of unlabeled 
formycin B. An appropriate integrated rate equa- 
tion based on the simple carrier model was fitted 
to the time courses of uptake assuming direc- 
tional symmetry and the Michaelis-Menten pa- 
rameters extracted by least-squares regression 
[1,2,21]. The uptake of [“CI a-aminoisobutyrate 
was measured as described for formycin B up- 
take. 

Analysis of Metabolism of Forrnycin B 

After 60 or 90 min of incubation with 
[3Hlformycin B, cells were collected by cen- 
trifuguation through an oil layer into a solution 
composed of sucrose and 0.5 M trichloroacetic 
acid [221. The acid extract was further processed 
and analyzed by ascending paper chromatogra- 
phy [9] using a solvent composed of 30 ml 1 M 
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Fig. 1. Effects of NBTl and dipyridamole on the transmem- 
brane equilibration of formycin B in S49 cells in Tris-NaCI (A) or 
Tris-choline chloride (B). S49 cells were washed once in Tris- 
choline chloride and then suspended to 2 x lo7 cellsiml in 
Tris-NaCI or Tris-choline chloride. Samples of each suspension 
were supplemented as indicated with 2 FM NBTl or 10  pM 
dipyridamole and then the uptake of 5 pM ['Hlformycin B (22 
cpmipmol) was measured by rapid kinetic techniques at 25°C. 
An integrated rate equation was fitted to the uptake time 
courses with Km fixed at 200 pM and the rate of zero-trans 
entry (v:: in fmoleipl cell water x s) was calculated as the slope 
to each uptake curve at  t = 0 [2,19]. 

ammonium acetate (pH 5) and 70 mI95% etha- 
nol (solvent 28). 

Determination of Na' Content of Cells 

Replicate samples of 2.6 x lo7 cells were col- 
lected by centrifugation, washed once in Tris- 
choline chloride and then analyzed for Na' con- 
centration by flame photometry (conducted by 
R.H. Ophaug, School of Dentristy, University of 
Minnesota). 

Materials 

l3H1Formycin B was purchased from Moravek 
Biochemicals (Brea, CAI, [ 1-l4C1 a-amino isobu- 
tyrate from ICN (Irvine, CA) and unlabeled 
nucleosides and gramicidin from Sigma (St. 
Louis, MO). 

RESULTS AND DISCUSSION 

First, we determined by rapid kinetic tech- 
niques the uptake of 5 ~J.M formycin B by S49 
cells in NaCl and choline chloride based media 
(Fig. 1). Formycin B, a C-analog of inosine, was 
used as substrate because: 1) it is only poorly 
phosphorylated in mammalian cells and not me- 
tabolized in any other way, so that its transmem- 

brane equilibration can be measured unimpeded 
by intracellular metabolic conversions [4,10,21]; 
and 2) it is a good substrate for both the facili- 
tated nucleoside transporters and the Na'- 
dependent, active nucleoside transporter of var- 
ious mammalian cells [4,10,12,13,21]. The Km 
for formycin transport a t  25°C for the two types 
of transporters are 200-300 pM and about 5 
pM, respectively [10,12,211. The kinetic param- 
eters for facilitated formycin B transport at 25°C 
by S49 cells determined in the present study 
were Km = 175 ? 15 p.M, and Vmax = 22.3 k 

0.7 pmol/pl cell water x s. 
The transmembrane equilibration of formy- 

cin B in S49 cells was about the same whether 
the cells were suspended in Tris-NaC1 or washed 
and suspended in Tris-choline chloride (Fig. 
lA,B). Furthermore, in agreement with earlier 
studies in which uridine was used as substrate 
121, formycin B transport in the NaCl medium 
was inhibited about 97% by 2 pM NBTI (Fig. 
lA), confirming that NBTI-sensitive facilitated 
nucleoside transport was the primary transport 
system of these cells. Formycin B transport in 
the NaCl medium was inhibited about 98% by 
10 ~J.M dipyridamole (Fig. 1A). However, formy- 
cin B transport was even more inhibited by 
NBTI and dipyridamole when the cells were 
suspended in Tris-choline chloride (99% and 
99.5%, respectively; Fig. 1B). This finding sug- 
gested the potential presence of a low level of 
Na'-dependent, NBTI/dipyridamole-resistant 
nucleoside transport in these cells. 

The operation of such a system in S49 cells is 
confirmed by the finding that upon long-term 
incubation in presence of dipyridamole, formy- 
cin B accumulated concentratively in these cells 
(Fig. 2A). In untreated cells, formycin B had 
equilibrated across the plasma membrane at 1 
min of incubation at 3TC, the first time point 
taken, in agreement with the data in Figure 1A. 
Formycin B accumulated slightly against a con- 
centration gradient, but this finding is typical 
for all purine nucleosides in all cells that have 
been investigated and occurs independent of the 
presence of an active transporter [23,241. It 
seems to reflect binding of these nucleosides to 
some intracellular component(s) and has not 
been observed with pyrimidine nucleosides [241. 
The presence of 10 ~J.M dipyridamole caused an 
inhibition of the initial influx of formycin B, but 
upon continued incubation formycin B eventu- 
ally accumulated to thrice the extracellular con- 
centration (Fig. 2A). This finding has been con- 
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Fig. 2. Effect of dipyridamole on the long-term uptake of 
formycin B by control (A), grarnicidin-treated (B) and Na'- 
depleted (C) S49 cells. S49 cells were suspended to 2 x lo7 
cellsirnl in RPMl which contained, in B, 50 pg gramicidin/rnl 
and the suspensions were incubated at 37°C for 15 min. In C, 
the cells were washed in Tris-choline chloride and then sus- 
pended in the same. One half of each suspension was supple- 
mented as indicated with 10 pM dipyridarnole and then the 
uptake of 5 pM ['Hlformycin B (42 cprn/prnol) was measured at 
37°C. The broken lines indicate the intracellular concentration 
of forrnycin B equal to that in the medium. 

sistently observed in repeated experiments (Fig. 
3 and data not shown). The concentrative accu- 
mulation of formycin B in dipyridamole-treated 
S49 cells was inhibited by treatment of the cells 
with gramicidin, a Na'/K' ionophore (Fig. 2B), 
and was not observed when the cells were sus- 
pended in Tris-choline chloride (Fig. 2C). These 
results are comparable to those observed with 
all other mouse cell lines that have been investi- 
gated [11,121. 

We have examined the substrate specificity of 
the Na'-dependent, concentrative nucleoside 
transporter of S49 cells by determining the ef- 
fects of various unlabeled nucleosides, all at  a 
concentration of 100 pM, on the concentrative 
uptake of 5 pM [3H]formycin B by dipyridamole- 
treated S49 cells. Under the conditions of the 
experiment, [3H]formycin B uptake was strongly 
inhibited by unlabeled formycin B, uridine, and 
adenosine, whereas thymidine and deoxycyti- 
dine were without effect (Fig. 3B). The effective- 
ness of inhibition of uptake was adenosine > 
uridine > formycin B, which was the same as 
that reported for Na'-dependent, concentrative 
formycin B transport in rat and mouse macroph- 
ages and mouse lymphocytes [lo-121. In the 
presence of 100 pM adenosine, formycin B accu- 
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Fig. 3. Effects of nucleosides on the concentrative accumula- 
tion of formycin B by dipyridarnole-treated S49 cells. A suspen- 
sion of 3.8 x 10' S49 cellsiml of RPMl was supplemented with 
10 pM dipyridamole (DIP, 0-01, except for a small portion 
which remained untreated (0-0). Then the uptake of 5 pM 
['Hlformycin B (46 cpmipmol) was measured at 37°C. Where 
indicated, 100 pM unlabeled formycin B (FB, A-A), uridine 
(Urd, A-A), adenosine (Ado, B-H), thymidine (dThd, V-V) 
or deoxycytidine (dCyd, V-V) was added to dipyridamole 
containing suspensions in B simultaneously with the [3Hlformy- 
cin B. All points represent averages of duplicate samples of cell 
suspension. The results in A are for two independent cell 
suspensions. The broken lines indicate the intracellular concen- 
tration of formycin B equal to that in the medium. 

mulated in dipyridamole-treated S49 cells to 
only about the same level (Fig. 3B) as observed 
in cells not treated with dipyridamole (Fig. 3A). 
The results indicate that the concentrative nu- 
cleoside transporter of S49 cells exhibits the 
same substrate specificity as those observed in 
other mouse and rat cells. 

Compared with wild-type S49 cells, the influx 
of 5 pM formycin B in the transport mutant 
AE-1 was very slow ( 3  fmoVpl cell water x s; see 
Fig. 4C). Transmembrane equilibration of formy- 
cin B in these cells was minimally affected by 10 
pM dipyridamole or treatment with gramicidin 
(Fig. 4A) and was about the same in media 
containing Na' or K' (Fig. 4B). Dipyridamole 
clearly did not cause a concentrative accumula- 
tion of formycin B as in wild-type S49 cells. 
Thus, there was no evidence that the residual 
formycin B influx in these cells involves Na'- 
dependent, concentrative transport. This conclu- 
sion is supported by the finding that the residual 
influx of formycin B in these cells was inhibited 
by thymidine (Fig. 4C), which is not a substrate 
for the Na'-dependent, concentrative trans- 
porter commonly found in mouse and rat cells 
(Fig. 3B) [lo-121. Inhibition of formycin B in- 
flux by both thymidine and uridine and by di- 
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Fig. 4. Formycin B uptake by AE-1 cells under various experimental conditions. A Samples of a suspension of 3.2 X 

lo7 cells/ml of RPMI were supplemented as indicated with 10 p,M dipyridamole or 100 pg gramicidin/ml or 6: the 
cells were washed once in Tris-choline chloride and then suspended in the same. Then the uptake of 1 pM 
['Hlformycin B (280 cpm/pmole) was measured at 37°C. C: The uptake of 5 p,M ['Hlformycin B (46 cpmipmole) was 
measured at 37°C in samples of a suspension of 2.5 x lo7 cells/ml of RPMI. Where indicated, 20 pM dipyridamole or 
1 mM uridine or thymidine were added simultaneously with the ['Hlformycin B. The broken lines indicate the 
intracellular concentration of formycin B equal to that in the medium. 

pyridamole (Fig. 4C) is in agreement with our 
previous results, which led to the conclusion 
that the residual nucleoside transport in the 
AE-1 mutant reflects NBTI-resistant, facili- 
tated transport in addition to non-mediated per- 
meation [181. 

In contrast to the loss of Na+-dependent, con- 
centrative nucleoside transport in AE-1 cells, 
the Na'-dependent transport of a-amino- 
isobuytrate [25] was about the same in AE-1 
and wild type S49 cells (Fig. 5). Moreover, the 
Na' content of both types of cells was about the 
same, 66 2 6 and 64 k 2 mM, respectively. 
These results indicate that the lack of Na+- 
dependent, concentrative nucleoside transport 
in AE-1 cells was not simply due to disturbance 
of the transmembrane Na' gradient in these 
cells. 

The simultaneous loss by AE-1 cells of both 
NBTI-sensitive, facilitated and Na'-dependent, 
concentrative nucleoside transport is unex- 
pected and difficult to explain at present, since 
the mutant has been isolated from the parent 
S49 cells by a single-step selection procedure 
[16]. One could argue that the loss of the Na+- 
dependent, concentrative transporter was a sec- 
ondary event that occurred during the continu- 
ous cultivation of these cells for at least 1 year, 
which was interspersed by two periods of stor- 
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Fig. 5. Comparison of uptake of a-aminoisobutyrate by S49 
and AE-1 cells. Samples of suspensions of 4 x 1 O7 S49 or AE-I 
cells/ml of balanced salt solution were supplemented, where 
indicated, with 100 pggramicidinirnl and incubated for 10 min 
at 37°C. Other samples of cells were washed once in Tris- 
choline chloride and suspended to the above density in the 
same. Then the uptake of 8 pM ["C] a-aminoisobutyrate (AIB) 
was measured as described for formycin B uptake. All points 
represent averages of duplicate samples of cell suspension. 

age in liquid N,. However, the parent S49 cells 
were cultured and stored in the same manner 
without loss of either system and all mouse cell 
lines cultured in our laboratory under the same 
conditions have retained both facilitated and 
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concentrative transport systems Ell]. Since no 
information is available on the frequency of loss 
of either NBTI-sensitive, facilitated nucleoside 
transport or Na+-dependent, concentrative nu- 
cleoside transport in mutagenized S49 cells, an- 
other related possibility is that the AE-1 cells 
represent a double mutant that was selected 
under the single-step selection procedure. On 
the other hand, an alternate possibility is that 
the two transport systems share a genetic com- 
ponent. Resolution of this question will proba- 
bly be supplied by amino acid sequence determi- 
nations of these transporters. 
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