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Rapid kinetic techniques were used to study the transport and salvage of uridine and other nucleosides in mouse spleen 
cells. Spleen cells express two nucleoside transport systems: (1) the non-concentrative, symmetrical, Na+-independent 
transporter with broad substrate specificity, which has been found in all mammalian cells and is sensitive to inhibition by 
dipyridamole and nitrohenzylthioinosine; and (2) a Na+-dependent nucleoside transport, which is specific for uridine and 
purine nucleosides and resistant to inhibition by dipyridamole and nitrohenzylthioinosine. The kinetic properties of the 
two transporters were determined by measuring uridine influx in ATP-depleted cells and dipyridamole-treated cells, 
respectively. The Michaelis-Menten constants for Na+-independent and -dependent transport were about 40 and 200 
p M, respectively, but the first-order rate constants were about the same for both transport systems. Nitroben- 
zylthioinosine-sensitivity of the facilitated nucleoside transporter correlated with the presence of about 10000 
high-affinity (Kd----" 0.6 nM) nitrobenzylthioinosine-binding sites per cell. The turnover number of the nitroben- 
zylthioinosine-sensitive nucleoside transporter was comparable to that of mouse P388 leukemia cells. The activation 
energy of this transporter was 20 kcal/mol. Entry of uridine via either of the transport mutes was rapidly followed by 
its phosphoulation and .,.,.,.,.,.,.,.,.,.'onversion to UTP. The Michaelis-Menten constant for the in situ phosphorylation of uridine 
was about 50/LM and the first-order rate constants for phosphorylation and transport were about the same. The spleen 
cells also efficiently salvaged adenosine, adenine, and hypoxanthine, but not thymidine. 

1. Introduction 

Transport across the plasma membrane is an essen- 
tial and first step in the salvage of nucleosides by 
mammalian cells [1-3]. In general, nucleoside transport 
in mammalian cells is facilitated by a symmetrical, 
non-concentrative carrier with broad substrate specific- 
ity [1-3]. In salvage, transport is coupled with simple, 
irreversible phosphorylation, which effectively activates 
the nucleosides and traps them intracellularly in phos- 
phorylated form [2]. Two forms of facilitated nucleoside 
transport can be distinguished in mammalian cells on 
the basis of sensitivity to inhibition by nitroben- 
zylthioinosine (NBTI), but which differ little in other 
properties [3-5]. One form is strongly inhibited by 
nanomolar concentrations of NBTI (designated NBTI- 
sensitive), resulting from the binding of NBTI to high- 
affinity binding sites on the plasma membrane (Kd -< 1 
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nM). The other form is not associated with such binding 
sites and is inhibited only by micromolar concentrations 
of NBTI (designated NBTI-resistant). Erythrocytes from 
some species express only NBTI-sensitive nucleoside 
transporters, whereas some cell lines express only 
NBTI-resistant, facilitated transporters [3-8]. But the 
majority of cells express both types in various propor- 
tions [3-8]. Both forms are about equally sensitive to 
inhibition by others inhibitors, such as dipyridamole, 
dilazep and lidoflazine, which are structurally unrelated 
to the nucleoside substrate of the transporter and to 
each other [5,9,10]. However, the facilitated nucleoside 
transporters of different species and cell types differ up 
to 1000-fold in their sensitivity to inhibition by the 
latter inhibitors [3,11]. 

In addition, choroid plexus and epithelial cells of the 
kidney and intestine have been shown to express a 
Na+-dependent, concentrative nucleoside transport sys- 
tem [3,12-19]. Darnowski et al. [20] have reported that 
mouse splenocytes also concentratively accumulate 
uridine via a Na +- and energy-dependent transporter 
that seems specific for uridine and perhaps purine 
nucleosides, and resistant to inhibition by 1 #M NBTI 
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or 10 #M dipyridamole. We have confirmed the oper- 
ation of a Na+-dependent cartier in mouse spleen cell 
populations but demonstrate that the apparent con- 
centrative accumulation of uridine by these cells, ob- 
served by Damowski et al. [20], reflects an intracellular 
formation of uracil nucleotides. Furthermore, we dem- 
onstrate that entry of uridiae into spleen cells is media- 
ted by both the Na+-dependent carrier and the broadly 
specific, non-co.centrative, facilitated nucleoside trans- 
porter that is ~ensitive to inhibition by dipyridamole 
and generally by NBTI. We have characterized both 
transport systems in mouse spleen cells and have as- 
sessed the contribution of each to uridine uptake by 
these cells. 

Experimental procedures 

Spleen cells. In most e,tperiments spleens were pro- 
vided as a by-product ot the production and titration of 
lactate dehydrogenase-elevating virus (LDV) in 4-6- 
week-old Swiss mice [211. However, in control experi- 
ments no significant differences in uridine transport 
and salvage were observed between spleen cells from 
uninfected and LDV-infected mice. In a typical trans- 
port experiment, spleens were harvested from 30 to 60 
uninfected or 1- or 5-day LDV-infected mice. Single cell 
suspensions were prepared in phosphate-buffered saline 
(pH 7.4) containing 5 mM glucose (PBS-glucose) by 
gently scraping and squeezing the spleens with the 
rubber tip of the plunger of a 5-ml syringe on a wire 
mesh screen. The cells were washed once in PBS-glu- 
cose, and the cells from about 10 spleens were sus- 
pended in 0.5 ml of PBS-glucose. The erythrocytes were 
lyzed by mixing this suspension with 3 ml of water for 
10 s and then adding 40 ml of PBS-glucose. Large cell 
debris and clumps were removed by passing the suspen- 
sion through a wire screen. Then the cells were collected 
by centrifugation, washed at least once in PBS-glucose 
and suspended for transport assays, if not indicated 
otherwise, in PBS-glucose to (3-8)-107 cells/ml. For 
measuring Na+-dependent and -independent nucleoside 
transport, the cells were washed once in 1.45 M choline 
chloride containing 5 mM Tris-HC1 (pH 7.4, Tris-choline 
chloride) and suspended as indicated in 1.45 M NaCI, 
LiCk KCI or choline chloride containing 5 mM Tris-HCl 
(pH 7.4). Typical yields varied between 5.107 and 
1 • 108 cells/spleen and over 85% of the cells were not 
stained by Trypan blue. 

Nucleoside uptake and transport measurements. Sam- 
ples of cell suspension were supplemented with inhibi- 
tors and other substances as indicated in appropriate 
experiments. Then the time courses of uptake of radio- 
labeled nucleosides were measured at 25 o C using a dual 
syringe apparatus combined with manual sampling for 
longer time points (12-20 time points/time course) as 
described previously [1,3,5,22]. The concentration of 

radiolabeled nucleoside was kept constant in all samples 
of an experiment, while the specific radioactivity was 
altered by addition of unlabeled nucleoside. The mix- 
ing/sampling procedure involves separating the cells 
from the medium by rapid centrifugation through an oil 
layer and analyzing the cell pellet for radioactivity 
(radioactivity in total cell material). For fractionating 
the acid-soluble pool of cells, the ceils from replicate 
samples were centrifuged through an oil layer directly 
into a solution composed of sucrose and 0.5 M trichlo- 
roacetic acid or 1 M perchloric acid for rapid quenching 
of metabolism [23]. The acid layer was further processed 
and analyzed by ascending paper chromatography with 
a solvent composed of 30 ml 1 M ammonium acetate 
(pH 5) and 70 ml 95% ethanol (solvent 28) as described 
previously [241. The call-free supernatant fraction above 
the oil layer was immediately removed after centrifuga- 
tion, mixed with trichloroacetic acid and selective sam- 
ples were chromatographed with a solvent composed of 
86 ml of n-butanol and 14 ml water (solvent 30) for the 
separation of uridine and uracil. 

For measuring non-concentrative, facilitated uridine 
transport, conditions were selected that precluded the 
phosphorylation of a substantial proportion of the 
urid-nc during the transport assay. Either the cells were 
depleted beforehand of ATP by incubatioii in PBS or 
Tris-choline chloride containing 5 mM KCN and 5 mM 
iodoacetate at 37 °C [251, or the uptake of uridine was 
measured at a concentration that saturates uridine kinase 
and Na+-dependent uridine transport (500 ~M; see 
later). Under these conditions uridine equilibration 
across the membrane could be measured by the rapid 
kinetic technique described already for uptake measure- 
ments unimpeded by significant phosphorylation (see 
later). Transport was measured under zero-trans and 
equilibrium exchange conditions. For equilibrium ex- 
change measurements, samples of cell suspension were 
incubated with an appropriate concentration of 
unlabeled uridine at 37 °C for 1 h and then the inward 
equilibration of radiolabeled uridine was measured at 
25 ° C. The data were evaluated by fitting appropriate 
integrated rate equations based on a simple carrier 
model assuming directional symmetry [1]. For estima- 
tion of the kinetic parameters of transport, six uridine 
concentrations were employed and the Michaelis- 
Menten parameters extracted by least-squares regres- 
sion [1]. 

In one set of experiments we have also measured the 
efflux of uridine. In this case, samples of a suspension 
of about 4.  l0 s spleen cells/ml were equilibrated with 
specified concentrations of radiolabeled uridine. Then 
efflux was measured by the rapid kinetic technique as 
described for influx, except that the suspension of pre- 
loaded cells was mixed at times intervals in a ratio of 
1:7.4 (opposite to that in the influx assay) with PBS-glu- 
cose ('zero-trans" exit) or PBS-glucose containing 



unlabeled uridin_e at the same concentration used for 
preloading the cells (outward equilibrium exchange). 
Exit measurements with this protocol are not strictly 
"zero-trans', since the extracellular concentration of 
substrate at zero-time is not nil, but rather 12% of that 
inside the cells. 

Equilibrium binding of NBTI. Equilibrium binding of 
NBTI was measured as described previously [5,24,26]. 

Materials. All radiolabeled nucleosides, nucleobases 
and NBTI were purchased from Moravek Biochemicals 
(Brea, CA) and diluted to the desired specific radioac- 
tivity with unlabeled substrates. Unlabeled nucleosides 
and nucleobases, lidoflazine and nifedipine were ob- 
tained from Sigma (St. Louis, MO) and unlabeled NBTI 
from Calbiochem (San Diego, CA). Dipyridamole (Per- 
santin) and dilazep were gifts from Geigy Pharmaceuti- 
cals (Yonkers, NY) and Astra Werke (Frankfurt, 
F.R.G.), respectively. 

Results 

Fig. 1 illustrates representative time courses of up- 
take of 1 /tM [3H]uridine at 25°C by suspensions of 
mouse spleen cells that had been freed of erythrocytes. 
The intracellular concentration of uridine equivalents 
exceeded that in the medium within the first 5 s of 
incubation. The time course of uptake was biphasic just 
as observed in various lines of cultured mammalian cells 
with active uridine kinase [27,28]. The first phase re- 
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flected the equilibration of uridine across the plasma 
membrane, whereas the second linear uptake phase 
between 50 and 360 s reflected the accumulation of 
uracil nucleotides. Most of the intracellular radioactiv- 
ity was associated with UTP (see inset of Fig. 1)just as 
is observed in cultured cell lines [27,28]. The data in 
Fig. 1 also illustrate the reproducibility of the uptake 
time courses. The S.E. of individual uptake time points 
was < 10~ for replicate time course analyses with the 
same cell suspension. In addition, highly reproducible 
uptake time courses were obtained with cell suspensions 
prepared at different times from spleens harvested from 
either LDV-infected or uninfected mice (see subsequent 
figures). 

The data in Fig. 2 are composed from two experi- 
ments (A and B) in which we compared the uptake of 
various concentrations of uridine ranging from 1 to 
1500 pM. We have estimated the rates of zero-trans 
entry from the initial approximately linear portions of 
the uptake curves and the rates of intracellular phos- 
phorylation from the second long-term linear uptake 
phases [27,28]. Michaelis-Menten analyses of the com- 
bined rates estimated in these and two other experi- 
ments yielded Michaelis-Men.en constants for uridine 
transport and phosphorylation of 148 and 51 /tM, re- 
spectively, and maximum velocities of 10 and 1.3 
pmoi/pl  cell water per s, respectively, it is obvious that 
these values are rough estimates [1,2,27]. Nevertheless, 
these parameters fall in the range of values observed for 
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Fig. I. Uptake and phosphorylalion of uridine by mouse ~pleen cells. Four replicate time courses of uptake of l pM [3 HJuri,qme (618 cpm//~l) by a 
suspension of 2.1-l0 T cells/ml of PBS.glucose were determined at 25 °C by rapid kinetic techniques as desclibed under Experimental procedures. 
Each point is a mean:l:S.E. ,:n ==4). The acid soluble pools were extracted with I M percMoric acid from replicate samples of cells and 
chromatographed with solvent 28. The chromatographic profile of pool components from 360 s-labeled cells is shown in the insert. The intracellular 
c,,ncentrations of uracil nucleotides ( >  90% UTP; see inset) were calculated on the basis of the total amounts of uridine taken up and the 

chromatographic analyses. The broken line indicates the intracellular concentration of uridine-equivalents equal to that in the medium. 
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Fig. 2. Estimation of the kinetic parameters for total uridine transport 
and phosphorylation by untreated spleen cells. Time courses of up- 
take of the indicated concentrations of [3 H]uridine (about 550 cpm//~l, 
irrespective of concentration) by sample~ of suspensions of 2.8.10 7 

spleen cells/rnl of PBS-glucose were determined at 25 °C by rapid 
kinetic techniques. Total transport velocities were estimated from the 
initial uptake time courses and rates of phosphorylation from the 
linear portions of the uptake curves between 100 and 360 s of 
incubation. The indicated kinetic parameters for transport and phos- 
phorylation were estimated by fitting the Michaelis-Menten equation 
to these values. The broken lines indicate the intracellular concentra- 

tion of radioactivity equal to that in the medium. 

facilitated nucleoside transport and uridhie phosphory- 
lation in various types of cultured cells and the kinetic 
parameters for transport are similar to those measured 
in spleen cells incapable of uridine phosphorylat ion and 
acti~,e transport (see later). 

Table I summarizes the concentrations of radio- 
labeled components in the acid soluble pools of spleen 
cells after incubation with various concentrations of 
uridine for 16 min. The data confirm the saturation of 
uridine phosphorylation and demonstrate  that the pro- 
portion of uJidine entering the cells that became phos- 
phorylated during 10 min of incubation decreased pro- 
gressively with increase in extracellular uridine con- 
centration (see [UTP]i/[Urd]¢ ). At all concentrations, 
regardless of the extent of its phosphorylation,  the 
intracellular concentration of free uridine at steady state 
was slightly less than that in the medium (see 
[Urd]i/[Urd]e: Table I). However, in this connection 
techlfical problems in extl-acting uracil nucleotides in 

intact form from spleen cells need to be mentioned. For  
extracting the acid-soluble pools from [3Hluridine- 
labeled spleen cells we initially collected the cells by 
centrifugation into a 0.5 M trichloroacetic acid layer at 
room temperature,  a procedure we have successfully 
used to rapidly quench metabol ism in various cell cul- 
ture lines and h u m a n  erythrocytes [23]. In the case of 
spleen cells, we recovered greater than equi l ibr ium con- 
centrations of  free [3H]uridine in the acid extracts but  
only when considerable  phosphorylat ion occurred at 
lower uridine concentrat ions (1-100 /zM) This high 
recovery of free [3H]uridine from labeled cells was 
found to be an artifact resulting from degradation of 
labeled uracil nucleotides during extraction, since it was 
largely abolished by sedimenting the cells into a 1 M 
perchloric acid layer. 

The temperature during acid extraction was also a 
factor inf luencing the recovery of the uracil  nucleotides 
from spleen cells. For example, in the experiment  il- 
lustrated in Fig. 3A, about  50~ of  the radioactivity 
extracted from cells after 6 rain of incubat ion with 50 
# M  [3H]uridine at 3 7 ° C  was recovered in free uridine 
and approximately  the same was the case after another 
6 min of incubat ion at 37 ° C. However, when the cells 
after 6 min  of incubat ion  at 3 7 ° C  were further in- 
cubated for another  6 min  at 250C,  most of  the in- 
tracelluIar radioactivity was recovered in uracil nucleo- 
tides. When  the cells were incubated with [3H]uridine at 
25 ° C  for 6 rain or 12 rain, most of  the intracellular 3H 
was recovered in U T P  and the "ree [3H]uridine in the 

TABLE 1 

Intracellular concentrations of  radiolabel, d uracil nucleotides and free 
aridine after incubation of  spleen cells i,. ith carious concentrations o/  
[3H]uridine for 10 rain at 25 °C 

Samples of a cell suspension ~,ere incut ated with various conc¢ntra- 
tions of [3H]uridine as described in he legend to Fig. 2. Then 
replicate samples of cells were collected by centrifugation through oil 
and analyzed for radioactivity (total uptake) or centrifuged through 
oil into a cold 1 M perchloric acid-sucr ~se layer, which was further 
i,rocessed and chromatographed with solvent 28 (see inset Fig. I). The 
if tracellular concentrations of UTP, UMP and uridine (Urd) were 
t :Jculated on the basis of the total amounts of uridine taken up by the 
cells and the chromatographic analyses of their acid extracts. [Urd]e 
and [Urd]i, extracellular and intracellular concentrations of uridine, 
respectively. [UTP],, int:acellular concentration of UTP. 

[Urd], Intracellular concn. (laM) [UTP]i [Urdli 

(/LM) UTP UMP Urd [Urd], [Urd], 

1 16 5.1 0.2 16 0.20 
3 42 13 0.8 14 0.37 

l0 125 41 7.8 13 0.7~ 
25 2t2 75 17 8.9 0.72 
50 325 105 39 6.5 0.78 

150 322 89 97 2.2 0.65 
500 400 189 310 0.8 0.62 

1500 400 190 1150 0.38 0.76 
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Fig. 3 Recovery of nucleotides in the acid soluble pool of spleen cells 
incubated with [3H]uridine at 37°C and 25°C. Two samples of a 
suspension of 1.8-l0 s spleen cells/ml of PBS-glucose were supple- 
merited with 50 I~M []H]uridine (85 cpm/pmol) and first incubated 
for 6 rain either at 37 o C (A) or 25 o C (B). Then each suspension was 
divided into two portions, which were further incubated at 37 °C or 
25*C for another 6 ram. At 6 and 12 rain of incubation, the cells 
from duplicate 0.5-ml of suspension were collected by centrifugation 
through oil and analyzed for radioactivity (total uptake; o ~  o, 
I - - - - - - e ) .  The cells from other replicate samples were centrifuged 
through oil into I M perchloric acid-sucrose layers (at room tempera- 
ture) which were further processed and chromatographed with solvent 
28 (see inset Fig. I). The cellular radioactivity associated with UTP 
( z x - - z x ,  a, A), UMP (v v, v~v), and uridine 
(12] U, I 1 ~ i I )  was calculated on the basis of the total 
radioactivity taken up by the cells and the chromatographic analyses 
of their acid extracts. Empty symbols, 37 o C. Solid symbols, 25 o C. 
The broken lines indicate the intracellular radioactivity equal to that 

in the medium. 

acid extract represented equilibrium levels (Fig. 3B). 
However, when, after 6 min of incubation at 25 o C, the 
cells were incubated for another 6 min at 37 o C, three 
times equilibrium levels of free [3H]uridine were re- 
covered in the acid extract. In later experiments, there- 
fore, we collected labeled cells by centrifugation through 
oil into 1 M perchloric acid that had been cooled to 
5°C (see "fabIe I). Degradation of uracil nucleotides 
probably occurs during passage of the spleen cells into 
the acid layer, since after extraction with either trichlo- 
roacetic acid or perchlork: acid the recovered uracil 
nucleotides were stable during storage of the acid ex- 
tracts at - 2 0  °C for two weeks. 

The results in Figs. 1 and 2 distinguish between rates 
of entD of uridine into the cells and its intracellular 
phosphorylation, but yield little information on the 
nature of uridine transporter(s) involved in salvage, The 
data in Fig. 4A shown that the rate of uptake of 5 #M 
uridine by the spleen cells was about twice as high in an 
isotonic NaCI medium than in isotonic LiCI, KCI or 
choline chloride media, whereas the rate of uptake of 
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500/~M uridine was about the same in all four media 
(Fig. 4B). The data suggest that at low uridine con- 
centrations its entry was partially mediated by a Na t, 
dependent transport system, whereas transport at 500 
p.M wa~ largely Na+-independent. The detection of the 
partial Na+-dependency of uridine transport at low 
uridine concentration required prewashing the cells in a 
medium lacking Na +, because the transporter was 
saturated at r,:latively low Na + concentrations. The 
Na + concentration yielding 50% of maximum Na+-de- 
pendent velocity (KNa) was 6.9 5:1.2 mM (Fig. 4C), a 
value similar to that observed for active transport of 
formycin B in a rat epithelial cell line [16]. The data are 
consistent with a minimum Na + : uridine stoicniometry 
of 1:1. We have also analyzed the data in the Eadie- 
Scatchard plot of the Hill equation [291: 

L,N~/INa* 1" -- I, Na/KNa 4- Vm~,~/KN.~ 

where ON~ = velocity of Nla+-dependent uridine trans- 
port and n = Hill coefficient. 

The linearity of the plot VNjKN~ VS. CN~ (Fig. 4C) 
indicates n = 1, that is a single Na +-binding site on the 
Na+-dependent uridine carrier. 

The results in Fig. 4A suggest that, at 5 #M uridine, 
entry into spleen cells was mediated to about 50% by a 
Na+-dependent transporter and to about 50% by Na + 
independent facilitated nucleoside transport, whereas at 
500 #M uridine entry was mostly by the latter. These 
conclusions are supported by the finding that the up- 
take of 5 #M uridine was inhibited only about 50% by 
20 #M dipyridamole (Fig. 5A), whereas the uptake of 
500 jaM uridine was inhibited about 93% (Fig. 5B). 
Na +-dependent nucleoside transporters have been uni- 
formly found to be resistant to inhibition by dipyrida- 
mole and NBTI [12-19], in contrast to the inhibitor- 
sensitive, facilitated nucleoside transporter i-q- In Fig. 
5C the initial rate of transport of 500 #M uridine is 
plotted as a f ,,tction of concentrations of dipyridamole 
and NBTI. About 65% of Na+-independ~nt facilitated 
uridine transport was inhibited by 1 #M NBII  (Fig. 
5C) and thu~, -epresents NBTl-sensitive transport [3,5]. 
The IC50 values for the :ahibition of this transporter in 
spleen cells by NBTI (~bout 10 nM) and dipyridamole 
(about 800 riM) are comparable to those observed for 
nucleoside transport in various lines of mouse cells 
[3,5,11]. The uptake of 500 #M uridine was also in- 
hibited by other substances that have been found to 
inhibit facilitated nucleoside transport in a variety of 
mammalian cells [3,9-11], namely lidoflazine, dilazep 
and nifedipine. The initial rate of uptake of 500 #M 
uridine was inhibited about 50% by 40 #M lidoflazine 
and 5 #M dilazep and about 80% by 80 #M nifedipine. 

The results in Figs. 4 and 5 also suggest that the 
Michaelis-Menten constant for Na+-dependent uridine 
transport muz: be considerably lower than that for the 
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Fig. 4. Uptake of 5 #M (A) and 500 #M (B) uridine by spleen cells suspended in Tris-HCl buffered isotonic solutions of NaCI, KCI, LiCl and 
choline chloride and effect of the Na + concentration on ufidine uptake (C). (A and B). Spleen cells were washed once in Tris-choline chloride and 
suspended to about 6.107 cells/n'd in the different media. Then the uptake of 5 #M and 500 #M [3H}uridine (500 cpm/#l ,  irrespective of 
concentration was measured at 25 °C by rapid kinetic techniques. The broken line indicates the intraceltular concentration of [ 3 H]uridine equal to 
that in the medium. In (C), Tris-choline chloride-washed spleen cells were suspended in TrIs-KCI and samples of the suspension were mixed with 
Tris-NaCl to the indicated concentrations and a final density of about 6-107 cells/ml. Then the uptake of 50/tM [3H]uridine (600 cpm/#l)  was 
measured by rapid kinetic techniques. Initial velocities of uptake (Vo) were estimated graphically from the initial linear portions of the uptake 
curves. Na*-dependent uridine influx (vs=) was calculated by subtracting the rate of uptake in the absence of NaCI from the rate of uptake in the 
presence of various concentrations of NaCI and plotted as a function of vNa/[Na + ]" (A a,  see text). KNa was Calculated by fittir~g the 

Michaelis-Menten equation to the VN~ values. 

facilitated transporter. We have made use of the di- 
pyridamole-resistance of the Na~-dependent transport 
to determine its kinetic properties. Spleen cell popula- 

tions were preincubated with 20 #M dipyridamole and 
then the uptake of 1, 2, 4, 8, 16, 32, 64 and 128 #M 
uridine was measured in a Na+-containing medium at 
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Fig. 5. Effects of dspyridamole and NBTI on uridine uptake by spleen cells. Samples of suspensions of about 5. l0 T cells/mi of PBS-glucose were 
supplemented with the indicated concentrations of dipyridamole or NBTI and incubated for at least 5 rain at 25°C. Then the uptake of 5/~M (A) 
or 500/~ M (B and C) [3 H]uridine (500 cpm//~l) was measured by rapid kinetic techniques in samples of the suspensions. Initial uptake velocities in 
AandB(%)andinC =' (v~2) were calculated graphically and by integrated rate analysis, respectively. In A and B, the broken lines indicate the 
intraceilular concentration of |3H]uridine equal to that in the medium. The data in C are from several independent experiments, in one of which 

the cells were suspended in a LiCI (a ~ A )  rather than a NaCI medium ( A ~ A ) .  
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Fig. 6. Comparison of the zero-trans (zt) influx and efflux and inward 
and outward equilibrium exchange (ee) of uridine in mouse spleen 
cells at 250C. The trans-membrane equilibration of 1.25 mM 
[3H]uridine was measured in the four experimental protocols in 
samples of a suspension of 6.6-10 ~ spleen cells/ml of PBS-glucose as 
described under Experimental procedures. The broken line indicates 
the intracellular ¢.oneentration of uridine equivalents equal to that in 

the medium. 

25°C.  The initial velocities were estimated graphically 
from the initial linear portions of the uptake curves (see 
Fig. 5A). Fits of the Miehaelis-Menten equation to the 
data yielded K m and Vmax values of 35-t-5 #M and 
1.46 + 0.08 pmol / / d  cell water per s, respectively, in 
o n e  experiment, and 37 + 2.3 /~M and 0.9 + 0.02 
pmol /# l  call water per s, respectively, in another experi- 
ment. In both experiments the firs: order rate constant 
for Na+-dependent transport was about 0.03 min-1 

For assessing the general kinetic properties of the 
Na+-independent, facilitated nucleoside transporter of 
spleen cells, we have compared the zero-trans influx and 
efflux and inward and outward equilibrium exchange of 
1.2.5 inM uridine (Fig. 6). The results indicate that 
within experimental errors zero-trans influx and efflux 
were the same, which is consistent with directional 
symmetry of the carrier as is typical for this transporter 
in all cells that have been investigated [1,3]. Second, 
zero-trans flux and equilibrium exchange flux did not 
differ significantly, which indicates equal mobility of 
uridine-loaded and empty carrier [1]. This property is 
characteristic for the facilitated nucleoside transporters 
of  cultured cells but not that of human and pig 
erythrocytes [1,3,30]. The time courses of uridine equi- 
libration under equilibrium exchange and zero-trans 

conditions diverged at later time points (Fig. 6), but we 
have documented previously [31,32] that this behavior is 
entirely predictable, by the simple carrier model for a 
carrier with these properties and at substrate concentra- 
tions approaching K m and higher. The results depicted 
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in Fig. 6 have been confirmed in a second experiment. 
After preloading the ceils with [3Hluridine (1 h, 37°C) 
for efflux measurements the intracellular concentration 
of uridine equivalents was about twice that in the 
medium (Fig. 6). This was due to phosphorylation and 
thus intracellular trapping of the uridine during pre- 
loading; 40-50% of the intracellular radioactivity of the 
preloaded cells was associated with uracil nuclcotides 
(data not shown). 

For direct measurements of facilitated uridine trans- 
port we depleted the spleen ceils of ATP by incubation 
in PBS containing 5 mM KCN and 5 mM iodoacetate 
[25]. Spleen cells that had been preincubated in the 
presence of deoxycoformycin with 0.05/~M [3Hladeno- 
sine at 37°C fcr 10 rain, lost close to 90% of their 
labeled ATP during 30 min of incubat,on in this medium 
and after 1 h of incubation most of the resulting AMP 
had also become degraded to adenosine, ,0,hich was 
mainly recovered in the culture fluid (data not shown). 
A loh treatment had no significant effect on the exclu- 
sion of trypan blue by the cells, but the volume of the 
treated cells was generally 10-30~; larger than that of 
the untreated cells and the treatment caused consider- 
able inactivation of the nucleoside transporter and per- 
haps an increase in general permeability of the plasma 
membrane. Inactivation of the transporter could have 
resulted from an interaction of the iodoacetate with 
essential sulfhydryl groups of the carrier [331. 

We found, however, that a 10-min incubation at 
37 °C in the KCN-iodoacetate medium was sufficient to 
reduce the phosphorylation of 50 /xM uridine > 90% 
and to abolish Na+-dependent transport (data not 
shown) without affecting significantly the volume and 
membrane permeability of the cells and without ap- 
parent effect on facilitated uridine transport. [3H]- 
Uridine accumulated in these cells only to equilibrium 
with the extracellular concentration (data not shown). 
Fig. 7 illustrates typical time courses of uptake of six 
concentrations of uridine (40-1280 /~M) by 10- 
min-treated spleen cells. Uptake wa~ cle~,ly satulablc 
and an integrated rate analysis of the pooled data 
yielded a Michaelis-Menten constant and maximum 
velocity of 187 + 13 /.tM and 5.3 + 1.3 pmol /#l  cell 
water per s, respectively. After 3 min of incubation 
< 10% of the intracellular radioactivity was associated 
with uracil nucleotides, even at the lower uridine con- 
centrations (data not shown). Kinetic parameters simi- 
lar to those derived from the data in Fig. 7 were 
obtained in a second comparable experiment (K = 207 
+ 25/~M; V = 6.5 Jr 0.3 pmol /g l  cell water per s). They 
fall within the ranges of values observed for facilitated 
uridine transport in various types of cultured cells [1,3,5]. 
The first-order rate constant for facilitated uridine 
( V / K )  transport in the spleen cells (0.03 min-~) was 
about the same as that for Na÷-dependent uridine 
transport. 
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Fig. 7. Representative time course of zcro- t rans  entry of uridine in 
ATP-depleted mou~ spleen cells at 25°C. Spleen cells were sus- 
pended to 6.10: cellg/ml in PBS containing 5 mM KCN and 5 mM 
iodoacctate. After l0 min  of incubation at 37°C, the suspension was 
eqailibrated at 25 °C for 5 rain and the zcro- t rans  influx of uridin¢ 
was measured at ~ix [~H]undin¢ concentrations ranging from 40 to 
1280/~M (602 cpm/~l,  irrespec¢ive of concentration) by rapid kinetic 
techniques. The pooled data were subjected to integrated rate analysi. 
(Ref. 1; for kinetic parameters see text). The initial transport veloci- 
ties (t,~[) shown were calculated from the fitted parameters for the 
$i,en substrate concentrations as the slopes of the theoretical curves 

at t - 0 and are cxpress~ as pmol/~l  cell water per s. 

To rule out potential effects of the ATP depletion 
treatment, we have assessed the substrate specificity and 
temperature characteristics of facilitated vridine trans- 
port and its sensitivity to inhibitors in untreated spleen 
cells usipg a high uridine concentration (500 pM). At 
this concemration, uridine phosphorylation is relatively 
slow compared to the rate of transport (Fig. 2, Table I). 
Furthermore, at this concentration uridine transport 
was largely Na +-independent (Fig. 4B). 

As discussed already (Fig. 5C), facilitated uridine 
transport in spleen cells measured at 500 #M uridine 
was as sensitive to inhibition by dipyridamole and 
NBTI as nucleoside transport in various mouse cell 
lines. Con.fistent with the uridine transport inhibition 
by nanomolar concentrations of NBTI, the spleen cells 
possessed high-affinity NBTI binding sites. 

The mean Kd ± S.E. for NBTI binding by the spleen 
cells of 0.58 ± 0.14 nM calculated from results of six 
independent experiments was comparable to that for 
P388 mouse leukemia cells (0.49:1:0.09 nM), which wag 
analyzed in the same experiments. The mean number of 
NBTI binding sites/cell :t: S.E. were 10000 ± 2000 and 
2.4.10 ~ for spleen cells and P388 cells, respectively. 
The total number of NB I'1 binding sites of different cell 
types cannot be directly con,pared if the size of the cells 
differs greatly as in the case of P388 and spleen cells. 
More appropriate would be to compare the surface 
density of NBT! binding sites, but such a comparison is 
made difficult by the lack of k,owledge of the surface 
areas of the cells, Nevertheless, we have derived a rough 

estimate for mouse spleen cells and P388 leukenfia cells 
by assuming both to represent smooth spheres with 
volumes of 1.3/~l (mean observed in the present experi- 
ments; n -- 6) and 10/zl/10 ~ cells [5], respectively, and 
1 • 104 and 2.10 ~ NBTI binding sites/cell, respectively. 
The calculation yielded 7. l0 li NBTI binding sites/ram z 
for spleen cells and 3.8. 1012/ram2 for P388 cells. Con- 
side.ring the uncertainties involved in this calculation, 
this difference between P388 and sp'ecn cells in surface 
density of NBTI sites agrees with a 5-fold greater maxi- 
mum velocity of NBTI-sensitive, facilitated uridine 
transport of P388 than spleen cells (Ref. 5, and unpub- 
lished data) and suggests that the turnover numbers for 
the Na+.independcnt, NBTl-sensitive. facilitated 
nucleoside carriers of the mouse lymphocytes and 
leukemia cells are comparable. 

Facilitated uridine transport in spleen cells was highly 
temperature-dependent. An Arrheniu~ plot of the initial 
velocities of uptake of 500 pM uridine obtained at 5, 15, 
25 and 35 °C yielded an activation energy of about 20 
kcal/mol, which is comparable to those reported for 
facilitated nucleoside transport in other types of cells 
[1,3,32,34]. 

The following experiments deal with the substrate 
specificities of the Na+-dependent and -independent 
nucleoside carriers of spleen cells. The Na+-independ - 
ent transport of 100 ~tM [3H]uridiae was measured in 
KC! medium in the presence of various unlabeled 
nucleosides and nucleobases all at a concentration of 1 
t~)M (Table ll). All ribo- and deoxyribo..nucleosides 
strongly inhibited the uptake of radioactivity from 100 
~tM [3H]uridine, but purine nucleosides were more ef- 
fective than pyrimidine nucleosides. Purine nucleosides 
are also more efficient substrates than pyrimidine 
nucleosides for the facilitated nucleoside transporters of 
all other types of cells that have been investigated 
[1,3,10,32]. That adenosine, deoxycytidine, and thymi- 
dine inhibited uridine uptake at the level of influx and 
not phosphorylation is indicated by the fact that all 
four nucleosides are phosphorylated by different kinases 
[2]. In contrast to the nucleosides, adenine and hypo- 
xanthine had no effect on uridine uptake in these spleen 
cells (Table II). The lack of effect of hypoxanthine is 
characteristic for facilitated nucleoside transport in 
various mouse cell lines, but contrasts with the finding 
that in some rat and hamster cell lines uridine and 
hypoxanthine seem ~o be transported by the same car- 
rier [3,35]. 

The effect of various nucleosides and nucleobases on 
Na+-dependent uridine t~ansport was assessed in spleen 
cell populations that had been preincubated with 20/~M 
dipyridamole in order to block Na+-indepcndent facili- 
tated nucleoside transport (see Fig. 5). The results in 
Table 11 show that the uptake of 5/~,v; ['~H]uridine by 
these dipyridamole-treated cells was strongly inhibited 
by 100/~M unlabeled uridine and all purine nucleosides 
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TABLE I1 

Effects of various nucleosides and nucleobases on Na + -dependent and .independent transport of uridine 

For ,,'~a,~ur;i~ Na +-depenclent t~ridine tran~por t susn_,z, nsi~n~ of about 5. !07 spleen cells/rot of Tris-NaCI were supplemented with 20 t~M 
dipyridamole and, after at least 2 rain, the uptake of 5/~M [3H]uridine (56 cpm/pmol) was measured in samples of the suspension by rapid kinetic 
techniques as illustrated in Fig. 5A. The indicated nucleosides and nucleobases were added to a final concentration of 100/~M simultaneously with 
the [~Hluridine. For measuring Na+-independent transport, spleen cells were washed in Tris-choline chloride and suspended to about 5-10 ~ 
ceUs/ml in Tris-KCI. Then the uptake of 100 pM [~H]uridine (2.5 cpm/pmol) was measured by rapid kinet;c techniques in samples of the 
suspension as illustrated in Fig. 4A, in the presence of the indicated nucleosides and nucleobases at a final concentration of I raM. In each case the 
values are from two independent experiments (1 and 2). initial uptake velocities were estimated graphically from the initial linear portions of the 
uptake curves, n.d., not determined. 

Unlabeled Na +-dependent transport Na +-independent transport 

competitor pmol/~l cell H zO per s i,daibition pmol/~tl cell H 20 per s inhibition 

Expt. 1 Expt. 2 (%) Expt. 1 Expt. 2 (%) 

None 0.15 0.14 - 1.6 1. I - 

U r i d i n e  0.049 0,065 61 0.4 0.22 "t 7 
Thymidine 0.15 n.d. 0 0.8 n.d. 50 
Dcoxycy t i d ine  0.15 n.d. ~ n.d. 0.66 40 
Cytidine n.d. 0.14 0 n.d. 0.66 40 
Formyein B 0.049 n.d. 67 nd. 0.39 65 
Adenosine 0.010 n.d. 93 0.2 ti.d. 97 
Inosine n.d. 0.029 80 n.d. 0.18 84 
Deoxyadenosine n.d. 0.065 53 n.d. n.d. n.d. 
Ou~mosine n.d. 0.029 80 n.d. 0.22 80 
Chloroadenosine n.d. 0.029 80 n.d. n.d. n.d. 
HypoJtanthine 0.15 n.d. 0 1.6 n.d. 0 
Adenine n.d. 0.14 P, n.d. 1.1 0 
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Fig. 8. Uptake of thymidine, inosine, guanosine and 2-chloroadeno- 
sine by mouse spleen cells in NaCl and KCI media. The uptake of 10 
pM 13Hlthymidin¢ (dThd; 13 cpm/pmol), [3Hlinosine (ino; 38 
epm/pmol), [ ~ Higuanosine (Guo; 20 cpm/pmol) and [ 3 Hl2-chloro- 
adenosine (CLAdo; 36 cpm/pmol) was determined by rapid kinetic 
teclu, iques in samples of suspensions of 3.3.10 ~ Tris-choline- 
chloride-washed spleen cells/ml of the appropriate medium. The 
broken line indicates the intracellulat concentration of substtnte equal 

to that in the medium. 

tested, but not be 100 #M unlabeled thymidine, de- 
oxycytidine, or cytidine, or by 100 ttM hypoxapthine or 
adenine. Darnowski et al. [20] observed that the uptake 
of 50 ?xM [3H]uridine by spleen cells was inhibited to 
some extent by 500 /aM thymidine, deoxyuridine, and 
cytidine, but these inhibitions were probably of the 
Na+-independent carrier rather than the Na'-depend- 
ent carrier, since total uptake was measured in these 
experiments. 

1he results in Table 11 suggest that uridine and 
purine nucleosides but pot other pyrimidine nucleosides 
are substrates for the Na+-dependent nucleoside trans- 
porter of spleen cells. Tl~s conclusion is supported by 
the data in Fig 8. The uptake of 5 ~tM inosine, guano- 
sine and 2-chloroadenosine was several times more rapid 
in isotonic NaCI than KCI media, whereas the rate of 
uptake of 5 /~M thymidine was equally low in both 
media. The uptake of 5 ~M of 2'-deoxycytidine was also 
low and Na+-independent (data not shown). 

Discussion 

We have confirmed the operation in mouse spleen 
cell populations of a Na+-dependent nucleoside trans- 
port system that is specific for uridine and all purine 
ribo- apd deoxyribonacleosides we have tested. How- 
eve~, we find that the Na+-dependent uridine trans- 
porter in spleen cells functions in conjunction with 
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Na +-independent, facilitated nucleoside transport. The 
facilitated nucleoside transporter of spleen celts exhibits 
kinetic and other properties comparable to the facili- 
tated nucleoside transporter found in all mammalian 
cells that have been investigate, d, whereas Na +-depend- 
ent, active nucleoside transporters have so far only been 
detected in renal and intestinal epithelial cells af various 
species, in raobit choroid plexus, and in mouse spleen 
cells [12-20]. The substrate specificities of most of the 
active nucleoside transport systems have not been fully 
explored. They seem to be broad but more restricted 
than that of the facilitated transporter and there is 
evidence that two or more active nucleoside trans- 
porters with different substrate specificities exist [19]. 
The Na +.dependent transporter of spleen cells seems to 
be identical in substrate specificity to one of the active 
nucleoside transporters described for mouse intestinal 
epithelial cells, which is specific for uridine and purine 
nucleosides [19]. The other active transporter observed 
in the latter cells, which also transports thymidine, 
seems not to be present in mouse spleen cells. 

All active nucleoside transporters have in common 
that they are resistant to inhibition by dipyridamole and 
NBTI [12-20], two potent inhibitors of the facilitated 
nucleoside transporter [1,3]. This fact has been made 
use of in the present ztudy to specifically measure the 
Na+-dependent uridine transport in cell populations 
that exhibit both kinds of transport activity. Both the 
Michaelis-Menten const~l~ and maximum velocity of 
the Na+-dependent nucleoside transporter are only 1/5 
of those of the facilitated nucleoside transporter. The 
fact that the first order rate constants for Na+-depend - 
ent and -independent uridirx transport in mouse spleen 
cells are about the same (0.03 rain -~) indicates that at 
low uridine concentrations ( ~  K m for both systems) 
uridine entry into the cells occurs about equally via 
both routes. In contrast, at high uridine concentrations 
( > K~) facilitated uridine transport is the primary route 
of entry. 

The concentrative nature and energy dependence of 
Na+-dependent uridine transpert in spleen cells is dif- 
ficult to assess at present, because of the rapid 
phosphorylation of low concentrations of uridine in 
these cells (Figs. 1 and 2). ATP depletion of the cells 
block~ uridine phosphorylation but it is difficult to 
evaluate to what extent reduced accumulation of uridine 
in form of UTP reflects decreased phosphorylation or 
inhibition of Na+-dependent, concen',rative accumula- 
tion. However, energy dependence of Na+-dependent 
uridine transport is indicated by the lack of Na+-de - 
pendence of uridine ~,-' ~ke in ATP-depleted cells and 
by the inhibition of Na '-dependent uridine transport 
by incubation of the cells with ouabain [20]. 

When present at low concentrations, the uridine en- 
tering spleen cells via either Na+-dependent or -inde- 
pendent transport becomes rapidly phosphorylated and 

trapped intrac~:llularly mainly as UTP. The Km for the 
in situ pho~phorylation by the spleen cells is similar to 
the values reported f•r various mammalian cell lines 
[1,2]. As in the cell lines, the first order rvte constant for 
in situ uridine phosphorylation by spleen cells is similar 
to those of the nucleoside transporters assuring efficient 
salvage of the substrate and trapping in form of 
nucleotides. The non-stimulated spleen cells a l ~  effi- 
ciently salvage adenosine, adenine and hypoxanthine, 
but not thymidine. Damowski et al. [20] did not detect 
any phosphorylation of uridine in mouse spleen cells 
and concluded that it is concentratively accumulated by 
the cells. Since the overall time courses of uridine 
uptake by spleen cells we have observed (Figs. 1 and 2) 
are comparable to those reported by Darnowski et al. 
[20], we suggest that their failure to detect uridine 
phosphorylation may be an experimental artifact, per- 
haps related to the tendency of uracil nucleotides to 
become degraded to uridine during extraction from 
spleen cells, especially at higher temperatures. In the 
study of Damowski et al. [20], the spleen cells were 
incubated with [3H]uridine at 37 o C, then pelleted and 
homogenized before extraction with 1 M trioctylamine 
in Freon. No mention was made shether and at what 
stage the cells were extracted with acid and at what 
temperature [20]. We find that for a high recovery of 
uracil nucleotides from spleen cells, the cells needed to 
be pelleted directly into 1 M perchloric acid at lower 
temperatures. Centrifugation of the cells into 0.5 M 
trichloroacetic acid at room temperatures, especially 
from suspensions incubated with [3H]uridine at 37 ° C 
resulted in extensive degradation of the accumulated 
uracil nucleotides. The reason for this apparent instabil- 
ity of uracil nucleotides during extraction from spleen 
cells is unclear, but it could reflect a high nucleotidase 
activity in the cells. 

Other potential factors are less likely to be responsi- 
ble for the discrepancies between our results and those 
of Damowski et al. [20]. For example, the presence of 
erythrocytes in the spleen cell suspension analyzed by 
Darnowski et al. [20] was probably not a factor, since 
we found uridine uptake by crude spleen cell suspen- 
sions to be indistinguishable from that observed with 
spleen cell suspensions that had been freed of erythro- 
cytes (data not shown). 

In this connection the heterogeneity of spleen cells 
needs to be considered. Spleen cell populations are 
composed mainly of B and T lymphocytes. T cells 
e~,ceed B cells by about 50% and consist of distinct 
subpopulations [36]. The transport activity of spleen cell 
suspensions, therefore, must represent an average of 
those of these different cell, ?es. However, the finding 
that the spleen cells behave kinetically with respect to 
facilitated uridine transport as a single population (Fig. 
7) sugges:s that B and T lymphocytes possess compara- 
ble facilita)ed nucleoside transporters. This might be 



expected, since it is the case for all cultured cell lines 
that have been investigated regardless of tissue origin 
[1,3,5]. Activated lymphocytes may differ in transport 
activity from quiescent ceils, but did not play a signifi- 
cant role in our studies as indicated by the lack of 
thymidine salvage by our spleen cell populations (Fig. 
8). The contribution of macrophages was also insignifi- 
cant, since their removal by a 4-h absorption to tissue 
culture plates had no effect on the uridine uptake by 
our spleen cell suspension (data not shown). 

On the other hand, whether NBTi-resistant and sen- 
sitive facilitated nucleoside transporters and the Na +- 
dependent nacleoside transporter are preferentially or 
solely associated with a specific type of cell in the 
spleen cell population is unclear. Both NBTl-resistant 
and sensitive facilitated nucleoside transporters as well 
as Na+-dependent and -independent transporters have 
previously been found to coexist in populations of cells 
of a single type and most likely in single cells [3,191. 
However, this finding does not rule out that the Na +- 
dependent transporter might not be restricted to a 
specific cell type, since active, Na+-dependent transport 
systems have generally been found to be limited to 
certain cell types. 

One approach to further access the cell distribution 
of the Na+-dependent nucleoside transporter in spleen 
cell populations and its concentrative nature is to frac- 
tionate the cells into specific subpopulations and ex- 
amine the uptake of a non-metabolizable nucleoside, 
such as formycin B, which is an effective substrate for 
the facilitated t~ucleoside transporter of mouse P388 
cells and human erythrocytes [37] as well as for the 
active nucleoside transporter of intestinal epithelial cells 
I16,191. 
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