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Nuclcoside transport was determined in the cloned porcine kidney cell line PK-15 which exhibits properties of tabular cells. The 
cells did not express any Na+-dependent, concentrative nucleoside transport. They exhibited only nitrobenzylthloinosine-sensi- 
tire equilibrative nocleoside transport. Their transport activity, however, was only about 10% of that observed in mat~y other 
mammalian cell lines. This low transport activity correlated with a relatively low number of high-affini:y nitrobenwlthioin0sine 
binding sites (5.103/cell). Furthermore, although the cquilibrative transporter of PK-15 cells exhibited a similar broad substrate 
specificity as the equilibrativc nucleoside transporters of other mammalian cells, it exhibited a much higiler affinity for certain 
nueleosides, especially cytidine and uridine, than the latter. The Michaelis-Mentcn constants for zero-trans transport and 
equilibrium exchange of uridine in ATP-deplcted cells were about the same (about 40 p.M), indicating equal mobility of the 
nucleoside-loadcd and empty carrier. Concentrative nuclcoside transt~ort was detected in one set of PK-15 cultures, but was 
foun0 to be due to mycop~:,~ma contamination. 

Introduction 

The primary nueleoside transport system of mam- 
maliatt cell~ is an equilibrative system with bread :~un- 
strate specificity [1,2]. Two forms of eqnilibrative nu- 
cleoside transport have been distinguished on the basis 
of their sensitivity to inhibition by nitrobenzylthioino- 
sine (NBTI) [1,2]. One form is strongly inhibited by 
nanomolar concentrations of NBTI (designated NBTI- 
sensitive) which results from the binding of NBT! to a 
nut,encOde transporter-associated high-affinity binding 
site on tile plasma membrane (K d < 1 nM). The other 
form is not associated with such binding site and is 
inhibited only by tzmolar concentrations of NBTI (des- 
ignated NBTl-resistant). Both forms, however, are in- 
hibited by other inhibitors such as dipyridamole vad 
dilazep. Some cells express only one or the other of 
these tw.o equilibrative nuclenside transporters, but 
many cells express both in different proportions [2]. 

A second type of nucleoside transport, Na+-depen- 
dent, concentrative nucleoside transport has been 
demonstra~.ed in epithelial cells of the t-ldney at..-' 
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intestine of various mammalian species and brush bor- 
der membranes thereof where it seems to be involved 
in absorption of n,,eleosides into the blood [2-13]. This 
fimetion is suggested by its localization in the brush 
border membrane and the presence of an equilibrativ~ 
nucleoside transporter in the basolateral membranes 
[7,12]. Two forms of the concentrative transporter have 
been distinguished on the basis of substrate specificity. 
The more common form transports uridine and purine 
nucleosides. It is also present in mouse and rat 
macrophages, mouse !ymphocytes and all mouse cell 
lines that have been investigated [14-21]. However, in 
the mouse cell lines Na+-dependent concentrative 
transport represents only a minor nucleoside transport 
component; equilibrative transport is the main compo- 
nent. No Na+-dependent, concentrative, nucleoslde 
transport has been detected in mouse and rat erythro.. 
~'tes, rat and pig lyznphotvtes, Novikoff rat hepatoma 
cells, Chinese hamster ovary cells, and three lines ot 
human T cells [16,17]. 

A second form of concentrative transporter that is 
specific for pyrimidine nueleosides, adenosine and 
adenosine analogs h~s been detected in mouse intesti- 
nal epithelial cells and rat and bovine renal brush 
border membrane vesicles [5,11,13] but not in other 
types of  cells [16,17]. Both concentrative nucleoside 
transporters are highly resistant to inhibition by NBTI 
and other inhibito,'s of equilibrative nucleoside trans- 
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port, such as dipyridamole and dilazep [6-17]. The 
present study shows that a cloned porcine kidney cell 
line, PK-15, does not express either of the two Na+-de - 
pendent, concentrative nucleoside transporters. This is 
surprising since PK-15 cells are believed to represent a 
single type of disltal convoluted tubular cell expressing 
calcitonin-responsive cyclic AMP synthesis [22]. Lack 
of a concentrative nucleoside transporter is probably 
~ot simply a consequence of immortalization since 
lines of mouse, rat and rabl:it kidney and of 1at intesti- 
nal epithelial cells express considerable Na+-depen - 
dent, concentrative nueleoside transport. Only eouili- 
brative nucleoside transpol( is expressed by PK-15 
cells, but at a much lower level than observed in many 
other cell lines. On the other hand, its affinity for 
c~tidine and uridiee, but not some other nucleosides, is 
higher than that of the equilibrative nucleoside trans- 
porter of other cell lines. 

Experimental procedures 

Cells. PK-15 cells have been derived from a clone of 
a porcine kidney cell line (PK 2a) that was originally 
established in 1955 [23]. They were obtained from the 
American Type Culture Collection (ATCC; CCL-33) 
and propagated ~n monolayer culture in T-flasks in 
RPMI supplemented with 4% (v/v) fetal bovine serum 
and 4% (v/v) bovine serum. The population doubling 
Une  was about 28 h. cAMP synthesis in the ATCC line 
has been shown to be greatly stimulated by treatment 
with calcitonin, ba;. not by parathyroid hormone or 
vasopressin [22]. These cells express low alkaline phos- 
phatase activity [22]. Their model chromosome number 
is 37, that is one less than the diploid number for pigs 
[23]. PK-15 cultures were routinely screened tbr my- 
coplasma contamination using a highly sensitive assay 
for adenosine phosphorylase activity [24,25]. Mam- 
malian cells do not possess this enzyme, whereas it has 
beer, found in all mycoplasma species that t~ave been 
analyzed. Except where indicated, all results are for 
mycoplasma-free cultures. 

Transport measurements. Transport ,;tudies were 
conducted with monolayer cultures of PK-15 cells (see 
Fig. 1) or suspensions of these cells (see Fig. 2), which 
were prepared from monolayer cultures, in the former 
case, the cells were propagatca in 24-well cell culture 
plates. When slightly ~ubconfluent or confluent, the 
cultures were rinsed with balanced salt soi~ution (BSS) 
or, where indicated, with isotonic choline chloride con- 
taining 5 mM Tris-HCl, oH 7.4 (Tris-choline chloride). 
Tkza the cultures were overlaid with 0.5 ml of RPMI 
or, where indicated, with Tris-eholine chloride or iso- 
ttmic NaCI containing 5 mM Tris-HCI, pH 7.4 (Tris- 
saline). Where indicated, the cells were preincubated 
in glucose-free basal medium containing 5 mM KCN, 5 
mM iodoaeetate and  100 .ug gramicidin/ml to deplete 

the cells of ATP [26,27] and to abolish the Na+-trans - 
membrane gradient [15,16], respectively. [3H]Formycin 
B and [3H]thymidine uptake was measured by addiag 
them, at timed intervals, to 4 -6  wells of a plate. At the 
completion of the incubation, the medium was dumped 
out and the wells rapidly rinsed thrice (within 15 s) 
with ice-cold balanced salt solution (BSS) as described 
previously [16-18]. Where indicated the medium was 
supplemented with dipyridamole or NBTI at roast 2 
rain before nucleoside uptake was measured. For de- 
termining the effects of other nucleosidcs on [3H]for- 
mycin B or [3t-i]thymidine uptake these were added 
along with the radiolabeled nucleosides 116-181. 

For assessing the metabolism of the radio)abeled 
nucleosides, BSS-washed cell layers were extractvd with 
0.5 M trichloroacetic acid and the acid-insoluble mate- 
rial analyzed for radioactivity [26]. The acid extracts 
were further processed and analyzed by ascending pa- 
per chromatography using a solvent composed of 30 ml 
! M ammonium acetate (pH 5.0) and 70 ml of 95% 
ethanol (solvent 28) as described previously [14,26]. 
This procedure separates nucleoside tri-, di-. av, d 
mono-phosphates and nucleosides from each other. 

For measuring the kinetics t,f cytidine, uridine, 
thymidine and formycin B transport, the PK-15 cells 
were propagated in large T-flasks, removed from the 
culture flasks by trypsinization and ATP-deplete6 by 
incubation in glucose-free medium containing 5 mM 
KCN and 5 mM iodoacetate [26,27]. For zero-tram 
it, flux measurements, samples of the suspension were 
incubated with KCN and iodoacetate at 37°C for 20 
rain, equilibrated at 25°C and then supplemented with 
six different concentrations of radiolabeled subsl.rate. 
At various times of incubation at 25°C, the cells from 
0.5 ml of each suspensioa were collected by eentrifuga- 
tion :hrough an oil layer and analyzed for radioactivity 
as described previously [1,27,28]. For measurements of 
uridine equilibrium exchange, samples of the suspen- 
sion were supplemented with six concentrations of 
unlabeled uridine along with KCN and iodoacetate and 
incubated for 50 rain at 37°C and equilibrated at 25°C. 
Then the suspensions received [3H] uridine at the 
same concentration as used for pro-equilibration and 
the uptake of iadioactivity was measured as described 
already. Radioactivi%' in cell pellets was corrected for 
that attributable to extraccllular space as estimated 
with [14C]inulin [27,28]. lntracellular water space was 
measured with 3H,O [27,28]. The cells were enumer- 
ated with a Coulter counter. For estimating the kinetic 
parameters of zero-trans influx and equilibrium ex- 
change appropriate integrated rate equations based on 
the simple carrier model were fitted to the time courses 
of uptake of the six nucleoside concentrations assum- 
ing directional symmetry of i'~c carrier as described 
previously [1,2,28]. The Michaelis-M~nten parameters 
were estimated by least-squares regression [i,2,z8]. 



E,'luilibrit+m bhtding of NBTL The equilibrium bind- 
ing of [3HI NBTI was measured with cells propagated 
in 24-well culture plates [17]. Cultures of cells in dupli- 
cate welts were overlaid with RPM.b~ (0.5 ml/well) 
containing [3H}NBT! to final concentrations of 0.05 to 
10 riM. After 20 min of incubation at room tempera- 
ture the :ulture fluid was analyzed for radioactivity. 
The wells were rinsed three times with ice-cold BSS 
and the rinsed cells analyzed for radioactivity. Mea- 
sured radioactivity was convcr:ed to concentrations of 
free ligand (L r) and bound ligand (Lh), respectively, 
and the data were analyzed by the method of Scatchard 
[29]. 

Materials. 3H-labeled nucleosides were purchased 
from Moravek Biochemicals (Brea, CA). a-amino[l- 
'4C]isobutyrate from ICN (h'vine, CA) and unlabeled 
nucleosides and gramicidin from Sigma (St. Louis, MO). 

Results and Discussion 

First we compared the uptake of formycin B by 
PK-15 cells in isotonic NaCI and choline chloride me- 
dia (Fig. IA). Formycin B is a C-analog of inosine 
which is an efficient substratc for both cquilibrative 

nucleoside transporters !+s well as the uridine-purine 
nueleoside-specific Na+-dependent, concentrative 
transporter [2,6,13,15A6,30]. It is only poorly metabo- 
lized by mammalian cells so that its accumulation by 
cells can be measured unimpeded by significant 
metabolism [6,30]. Uptake of formyein B by the PK-15 
cells was about the same in botl~ media and strongly 
inhibited in both media by 10 #M dipyridamole. Fur- 
thermore, 1 hiM NBTi inhibited fot'ti~y¢ii~ B uptake to 
about the same extent as 10 /LM dipyridamole. The 
results indicate that the cells do not express Na+-de - 
pendent concentrative transport of formycin B. This 
conclusion is supported by the finding that the cells did 
not accumulate formycin B in a concentrative manner 
during long term incubation in the presence of dipyri- 
damole (Fig. lC). Such concentrative accumulation of 
formycin B in the presence of dipyridamoie has been 
observed in all cell lines that express the concentrative 
transporter even when it represents only a minor trans- 
port component [16,17]. It results from the inhibition 
of the efflux via equilibrative transport of the ftamyeir. 
B that is transported into the cells by the concentrative 
transporter which is resistant to dipyridamole [15-17]. 
Furthermore, formycin J5 uptake was inhibited by all 
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Fig. I. Effec!s of Na*-depletion. NBTI. dipyridamole and other nuelcosides on the uptak= of [:~H]formycin B by PK-15 cells. (A) Confluent 
cultures in 24-well plates (4 I0 "~ cells/well) were rinsed with Tris.cholinc chloride and Ihc cells overlayed with 0.5 ml of the same or Tris-saline 
and ~upplemented where indicated with 10 p M dipyridamole q DiP: • e) or I(X) nM (t ,  & ) o r  I p,M (,~ . . . . . .  &)  NBTI, Then the 
uptake of 5/zM [311]f<~rmycin B (130 cpm/pu|o0 was measured at 25°C as described under Experimental procedures. (B) Similar plate cultures 
were rinsed with BS5, overiayed with 0.5 ml RPMI and then lilt uptake of 5 #M ['~H]formycin B was measured in the absence and presence of 
2(10 ,aM uridiue (Urd), thymidige (dThd), cytidine (Cyd). adenosine (Ado). fom':;cin B (FB) or hypoxanthine (Hyp), (C) Two samples of a 
suspension of 4.10" PK-15 celi:,/ml of RPMI (harvested by tD'psinization from lutlnolayer culturc.~) we;":, supplem::nted with 10 /.d~ 
['~H]formycin 1,~ (13 epm/pmol) and one sample al,~o v.ith l0/.¢M dipyridamole. At various fime~ of incubation at 37°C, the ceils From i| ~.rn! 

samples of each suspension were coltecled by cenlrifugatiou through an oil layer and analyzed for radioactivity. 



nuc!eosides tested, which included thymidine and cyti- 
dine (Fig. IB), which are not substrates for concentra- 
tive formycin B transporter [13,15,17]. Uridine and 
adenosine inhibited formycin B uptake most strongly 
(~  97%), whereas hypoxanthine had no effect. 

Formycin B has been reported not to be a substrate 
for the other, less common, Na +-dependent concentra- 
tive nucleoside transporter of certain epithelial cells of 
the kidney and intestine whose substrates are pyrimi- 
dine nucleosides, adenosine and adenosine analogs 
[5,11,13]. The potential presence of this concentrative 
transporter in PK-15 cells was examined by measuring 
the uptake of 10/zM [3H]thymidine by the cells (Figs. 
2A-C). Thymidine is not a substrate for the uridine- 
par:he mtcleoside gpecific concentrative transporter 
[18]. At 10 p.M, thymidine first uccufiiul;*,eg in cells 
primarily in unmodified form because the Km for the 
intracellnlar phosphorylation of thymidine in various 

types of cells is about 0.5 p.M and the K m and Vm~ for 
thymidine transport are at least 100-times higher than 
those for in situ thymidine phosphorylation [1,31]. This 
conclusion held for PK-15 cells. Chromatographic anal- 
ysis of acid extracts showed that aRer 10 min of incuba- 
tion with 10 /zM [3H]thymidine (see Fig. 2A), only 
15-20% of the intracellular radioactivity was associ- 
ated with nucleotides (data not show=t); less than 5% 
was associated with acid-insoluble material. Thus, at 
concentrations > 10 p.M, thymidine transmemb,ane 
equilibratien can be measured without significant in- 
terference by intraceilular metabolism. 

Thymidine uptake by the PK-15 cells was only little 
affected by combined ATP depletion and gramicidin 
treatment (Fig. 2A). The slight reduction in uptake 
effected by the treatment reflected the inhibition of 
intracel lmar thymidine phosphorylatiot,, rather than o f  
transport. The data in Figs. 2 A - C  also show that 
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Fig. 2. Effects of ATP depiction, gramicidin treatment, dip)-idamole, I~:BTI and other nucleosides oq ['~H]thymidine uptake by PK-i5 cells 
(A-C) an n . uptake of a-amino[Z4C]isobutyrate by the cells (D). Confluent cultures in 24-well f,'ate.~ ~.~.~- .10 s cells/'well) were rinsed with BSS and 
overlayed with 0.5 ml RPMI, except for one set of cultures in (A) which received 0.5 ml of gluco~-frce basal medium containing 5 mM KCN, 5 
mM iodoacetate and 100/zg gramicidin/ml and were preincubated at 37°C for l0 rain ( t, ~ ,, ). Where indicated in (A) the medium was 
supplemented with 10 .aM dipyridamole (DIP) or in (B) with various concentrations of NBTI. In (A) and (B), the uptake of 10 ,aM 
[3H]thymidin¢ (27 cpm/pmoi) was then measured as described under Expcrimemat procedures. Where indicated in (C), cytidine (Cyd), formycin 
B (FB), deoxyguanosine (dGun) or unlabeled thymidine (dThd) were added to 300 ,aM simultaneously with the [3Hithymldine. In (D). the uptake 
of 8 lzM a-amino[14C]isobutyrate (AIB; 92 cpm/pmol) was measured as dcstribed for nucleosides. The broken lines indicate the intracellular 

concentratinn of substrate equivalent tc that in medium. 



[3H]thymidine uptake: was almost completely inhibited 
by 10 p.M dipyridarnoie and 1 /zM NBT! and also 
inhibited by unlabeled formycin B, thymidine, cytidine 
and deoxyguanosine. Combined, the results indicate 
that PK-15 lack botl: of the two recognized Na+-de - 
pendent, concentrative nucleoside transporters. 

We also assessed whether PK-15 cells fail to express 
Na+-dependent concentrative transport in general, 
perhaps because of a defect in the maintenance of a 
Na + transrcembrane gradient. This is not the case 
since the ceils concentratively accumulated 8 /zM a- 
amino[ t4C]isobutyrate (Fig. 2D). 

The finding that NBTI inhibited formycin B and 
thymidine transport to about the same extent as dipyri- 
damole (Figs. 1A and 2A and B) indicates that NBTI- 
sensitive, equilibrative transport is the primary nueleo- 
side transporter of the PK-15 cells. However, the rate 
of formycia B and thy,.Y~idine transport in t~ese cells 
was significantly lower than observed with many other 
mammalian cell lines. This was also indicated by a 
kinetic analysis of zero-trans influx of various nudeo- 
sides in PK-15 cells that had been ATP-depleted by 
preincubation with KCN and iodoacetate in glucose- 
free medium to pre,:ent nucleoside phosphorylation. 
The l,~,~ values for uridiite and thymidine zero.tranc 
influx (V(~; Figs. 3A and C) were only about 10% of 
those observed for many other cell lines [2]. This was 

also the case for the zero-trans influx of formycin B 
(V(, t = 1.08 + 0.23/~M/s) and of eytidine (V(, t = 2.1 + 
0.2 ~ M / s ,  data not shown). 

The Michaelis-Menten constants for the zero.trans 
influx of some, but not all, nucleosides by PK-15 cells 
were also much lower than those observed for other 
cell lines. For example, K[~ t for uridine influx in PK-15 
cells (44 pM; Fig. 3A) was only about 1/8 the value 
observed for many other mammalian cell lines [1,2]. 
Even more striking was the difference for c~tidine 
influx (K~ = 63 + 19 /zM) which was about 1/'20 of 
those observed in other cell lines (2-4 mM) [1,2]. On 
the other had, the K~) for thymidine influx in PK-15 
cells (108 /xM, Fig. 3C) was only slightly lower than 
that for thymidine transport in other types of cells 
(150-250/zM) [1,2] and the K~[ for formycin B influx 
in PK-15 cells (317 + 150 i tM,  data not shown) fell in 
the range observed for other cell lines (180-350 p.M) 
[i6]. 

The relatively low K~) values for uridine and cyti- 
dine transport explain the unexpectedly strong inhibi- 
tion of formycin B (Fig. 1B) and thymidine (Fig. 2C) 
influx by these nucleosides in PK-15 cells. For example, 
uridine inhibited [aH]formycin B influx more strongly 
than thymidine or unlabeled formycin B (Fig. IB). 
Cytiaipe was also strongly inhibitory at concentrations 
(200-300 pM) that have only a minor effect on the 
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Fig. 3. Kinetic analyses of the transpart of urldine and thymidine by ATP-depleted PI, L-I5 cells. The cells were harvested from monolayer cultures 
lay tW~sJn:=3tJon and ATP depleted by incubation in glucose-free medium eontainb~. KCN and iodoacetate. Then the ze ro . t r a t~  influx of the 
indicated concentrations of (A) (~H]uridine (400 epm/pl, irrespective of concentration) or (C) (3H]thymidine (270 epm/p.], irrespective of 
concentration) was measub,:d at 25'C as described under Experimental procedures, hz (B) the samples of the suspPnsion were incubated with 
50-1600 pM unlabeled uridine along with the KCN and iodoacetate for 50 mia at 37*(2 and then the equilibration of ['~H]uridine at the 
preincubation concentrations (400 epm/p|, irrespective of concentration) was measured at 25°C. The kinetic parameters t,sted in each frame 

were estimated by integrated rate analysis of each sat of uptake time courses, 
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a function el the eoncenffatton of free N~TI (A) ,~¢=d ~ocatchard 
analysis of the data (n~. The equilibrium binding of [3HINBTI at 
concentrations ranging from 0.1 to 21 nM was measured in confluent 
culture',, of PK-15 cells in 24.well plates ('/-i;; ~ ,:Nls/well) as de- 
~libed under Experimental procedures The kinetic parun~c:crs for 
binding listed in (A, ~ were calculated by Ihe meth(~l of Scatchard (B). 

transport  of o ther  nucleosides in other  types of cells 
because of the low affinity of the carriers of these cells 
for oytidine [ 1,2,32,33]. 

The data  in Figs. 3A and B arc of addit ional  interest  
in that  they indicate that  K zt = K ~'. This finding in 
combination with the fact that the first-order rate 
constant  ( I / / K )  was about the same for equil ibrium 
exchange and zero-trans transport  (see Fig. 3) indicate 
that  the mobility of the eq~:ilibrative nucleoside trans- 
porter  of P K q 5  ~eils is ~he same whether  or not it is 
loaded with substrate  [1,2]. Tids is also the case for the 
equil ibrative nucleoside t ransporters  with lower sub- 
strate affinity found in all other  mammal ian  cell~ that  
have been investigated, except for human, pig, and 
guinea pig crythrocytes. The t ransporters  of the lat ter  
move several t imes more rapidly when substrate- loaded 
than when empty, at least  when loaded with pyrimidine 
nucleosides [2,32,34,35]. This fact is most readily de- 
tected by higher V ~e than V ~t [2]. 

Consistent  with a primary expression of NBTl-sensi-  
t i re equilibrafive nueIeoside 'transport in PK-15 cells 
was the presence of high-affi~it? NBTI binding sites on 
these ceils (Fig. 4). ffd va~'aes for NBTi binding ob- 
served in four independent  experi~;aents ranged from 
0.13 nM (see Fig. 4) to 1 nM. However, the number  of 
NBTI binding s t tes /PK-15 cell, which varied between 
5-i113 and 2 - 1 0  a ill these experiments,  were much 
lower than those reported for many other  cell lines 
[2,36], in spite of the much larger size of the PK-15 
cells. The intracellular  water  volume of the PK-15 cells 
was 4 - 5  p . I /10  ~ ceils, which compares  to 0.7-1 # 1 / 1 0  ~ 
P:188 or LI21U mouse leukemia ceils and I - 3  p.I /10" 

cells for various other  cell lines [25,36]. The  relatively 
low number  of NBTI binding sites on PK-15 cells, 
however, is consistent with the low nucleoside trans- 
port activity of these cells. In fact, the carr ier  turnover 
number  for the NBTl-sensit ive t ranspor ter  of these 
cells (about l(,~J mo lecu l e s / ca r r i e r  per  s) falls within 
the range reported fer those of other  mammal ian  cell 
lines [2,34] in spite of the different substrate affinities 
of the carr ier  of the PK-15 cells. 

in a previous study, we have observed that  acciden- 
tal contaminat ion of cul tures of $49 mouse leukemia 
cells with mycopla~ma greatly enhanced the. apparent  
concentrative accumulat ion of formycin B in the cul- 
tures because the mycoplasmas possess a highly effi- 
c iem dipyfidamole-resistant  concentrative r.uci¢oside 
t ransporter  with broad substrata: specificity and are 
tightly associated with the mam:~alian cells [25]. The 
mycoplasm-', remained associated w~th the $49 cells 
during collection of the la t ter  by Iow-spe, ed centrifuga- 
tion as well as during centrifugaHon through an oil 
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Fig. 5. [~H]thymidine and ['~H]formycin B uputke by mycoplasma- 
contaminated cultures of PK-15 cells and effects of ATP-depletion/ 
gramicidin treatment, dipyridamole and other nucleosides. (A) The 
uptake el I11/.tM ['~Hjthymidioe (dThd; 29 cpm/pmol) and of l0 #M 
[~Hlformycin B (FB; 21 cpm/pmol) was meas'dred in myeopiasma- 
contaminaled PK-15 plate cultures (3' C9 s eel!s/well) as d~:scribed 
h)r uninfected ,:ultu)es (see Figs. I and 2), Where indicated, the 
cultures were supplemented with i0 pM dipyridamol¢ (DIP). (B) 
The uptake of II1 p.M [3H]thymidine was measured as in (A), except 
that, where indicated, the cultures were supplemented with 200/~M 
den~guanosin¢ (dGuo) or cytidine (Cyd), or that the cultures were 
preincabated in glucose-fie,; medium containing KCN, iodoaeetate 
and gramicidin. (C) The uptake of the indicated concentrations of 
[3Hl~hymidine (270 cpm/pL irrespective of concentration) was mea- 
sured in cultures of 5. l0 "~ cells/well as in (A) The broken line in (A) 
indicates the apparent intraccllular concentration equivalent to that 

in the medium. 



layer in the course of the nucleoside transport assay. 
We observed that mycoplasma contamination of mono- 
layer cultures of PK-15 cells similarly resulted in the 
appearance of a concentrative nucleosidc transport 
system, which resembled that of mammalian cells in its 
resistance to dipyridamoi¢ and energy dependence, but 
differed from the latter in its broad suhstrate speci- 
ficity (Fig. 5). Fig. 5A shows that contaminated cultures 
accumulated 10 p,M [3H]thymidine to about 2(1 times 
and 10 p,M [3H]formycin B to about 6 times their 
concentrations in the medium during 10 rain of incuba- 
tion at 25°C. Chromatographic analysis of acid extracts 
Of these cultures showed that > 95% of the cell-associ- 
ated radioactivity was still located in unmo6ified thymi- 
dine. The uptake of thymidine and formycin B was 
little affected by dipyridamole (Fig. 5A), but thymidine 
uptake was abolished by combined ATP depletion and 
gramicidin treatment (Fig. 5B) and inhibited by 200 
/~M deox'yguap, osine, cytidine (Fig. 5B), uridine and 
inosine (data not shown). The initial rate of uptake of 
thymidine by these cultures in absolute terms was 
about the same (2.5 pmol /5 ,  l0 s PK-15 cells per s) 
whe'ther the thymidine concentration in the medium 
was t0, ~0. 90 ,~r 300 p.M (Fig. 5C). which indicates 
that the mycoplasma nucleosidc transport system was 
saturated at 10 t.tM thymidine. 

Mycoplasma contamination of the PK-15 cultures 
had no significant effect on the growth of the PK-15 
ceils or their microscopic appearance. It was readily 
detectable, however, by the presence of adenosine 
phosphorylase activity in the cultures which is a sure 
sign of the presence of mycoplasma [24,25]. The my- 
coplasmas must be tight!y associated with the PK-15 
cells since, after exposure to radiolabeled nucleosides, 
the adhering cultures were rinsed extensively with cold 
BSS before determination of cell-associated radioactiv- 
ily. Concentrative accumulation of formycin B and 
thymidine was also observed in suspensions of PK-15 
cells that were prepared by trypsinization of my- 
coplasma contaminated monolayer cultures, allhough 
at a lower level than was apparent in adhering cultures. 
These results indicate that the myeoplasmas became 
,3,1y partly dissociated from the PK-15 cells during 
trypsin treatment. 

In summary, PK-15 cells express only NBTl-sensi- 
rive nucleoside transport in spite of possessing charac- 
teristics of renal distal tubular cells [22,23]. The carrier 
resembles that of other mammalian cells in its broad 
substrate specificity and carrier turnover number but it 
exhibits a much higher affinity for certain nucleosides. 
Especially striking is its apparent high affinity for cyti- 
dine. Why PK-15 cells luck , N a '-deptnident concen- 
trative nucleoside transporter is unclear, since kidney 
epithelial cell lilies from rats and mice express s,,ch 
system [6,13,17], just like the renal and intestinal brush 
border membranes of various species [3-12]. Perhaps a 

lack of a concentrative nucleoside transporter is a 
~:nique feature of pig kidney cells, or it could be that 
variants of PK-15 cells have been selected that lack a 
concentrative transporter during its long history of cell 
culture, but what selective pressure could have oper- 
ated is unclear. Many mouse and rat cell lines express 
Na+-dependent, concentrative nucleoside transport in 
spite of having been cultured for as long as the PK-15 
cells [16,17]. That PK-15 cells possess only a single 
nucleosidc transporter is also indicated by our recent 
single-step isolation, at a frequency of about 1.5' 111 -~', 
of variants that lack all nucleoside transport activity 
(Aran and Plagemann, unpublished data). In studies of 
nucleoside transport in cukured mammalian cells great 
caution is required to avoid mycoplasma contamination 
because mycoplasmas possess a highly efficient concen- 
trative nucleoside transport system, which resembles in 
certain propttties the concentrative nucl~osit~e trans- 
porters of  ~nammalian cells, and because mycoplasmas 
are tightly associated with the mammalian cells. 

Acknowledgments 

We thank John Erbe for conducting computer anal- 
yses of the data and Colleen O'Neill for typing the 
manuscript. 

References 

I Plagemann, P.G.W. and Wonlhu¢ter, R.M, 11980) Curr. Top. 
Membr. Transp. 14, 225-330. 

2 Plagemann, P.G.W., Wohlhut:ter, R.M. alld Woflendin, C. (191|8~ 
Biochim. Biophys. Acta 947, 405-443. 

3 LeHir, M. anti Dubach, U.C. (19851Pfliigels Arch. 4(}4, 238-243. 
4 LeHir, M. and Dubach, U.C. (1985) Eur. J. Clin, Invest. 15, 

121-127. 
5 LeHir, M. (19911) Renal Physiol. Biochem. 13,154-1¢fl. 
6 Jakobs, E.S. and Paterson. A.R.P. (1986) Biochem. Biophys. Res. 

Commun. 14, 1028-1035, 
7 Rodcn. M.. Pa|ers~!:. AR.P. :rod Turnhcim, K. (1991) Gastro- 

enterology I{E}, 1553-1562, 
8 Lee, C.W., Cheeseman, C.I. and Jarvis, S.M. (19881 Biochim. 

Bioph:,s. Acts 942. 139-149. 
9 Lee, C.W., Cheeseman. C.I. and Jatvis, S.M. (199i1) Am. J. 

Physiol. 258, FI203-FI210. 
I(I Ja.wis. S.M. (1989) Biochim. Biophys. Acts 979, 132-138. 
I 1 Williams, T.C. and Jar,,is, S.M. (19911 Biochem..L 274, 27-33. 
12 Williams. T.C., D~he~'ty, A.J., Griflith, D.A. and Jarvis, S.M. 

(19891 Biocllem, J. 264. 223-231. 
13 Vijayalakshmi, D. and Belt, J. (1988) J. Biol. Chem. 263, 19419- 

19423. 
14 Plagemann, P.G.W. and Woffendin. r~, (19891 Biochim, Biophys. 

Acts 981,315-325. 
15 Plagemann, P.G.W,, Aran, J.M. and Woffendin, C. (19911) 

Biochim. Biophy,~. Acts ~022, 93-,102, 
16 Plagemann, P.G.W, aid Aran, J.M. (19901 Biochim. Biophys. 

Acts 1025, 32-42. 
17 Plagemaaa. P.G.W. and Aran, LM, (1990) Biochim. Biophy:~. 

Acla 11128, ~'~9-.298, 
18 Plagemann, P.G.W. (1991) Biochem. PharmaeoL 42, 247-252. 



19 Dai'r.ow~ki. JAV., Holdridge, C. and Handschumacher, R.E. (1987) 
Cancer Re~ 47, 2614-2619. 

20 Dagnino, L., Benneu, L.L., Jr. and Palerson, A.R.P. (1991~ J. 
E, iol Chem. 266, 6308-6311. 

21 Crawfora, C.R. and Belt. J.A. ~1991) Bloehem. Bit,phys. Res. 
Commun. 175. 846-851. 

22 Kinoshita, Y., Fukase, M., Takenaka, M., Nakada, M., Miyauchi, 
A. and Fujita, T. (1985) Endocrinol. Japon. 32, 819-828. 

~1 Pirlle, E.C. (1966)Am. 1. Vet. Res. 27, 747-749. 
24 Plagemann, P.G.W. and Woffendin, C. (P~0) J. Cell. Biochem. 

43, 161-172. 
'.5 P!;~gemann. P.G.W. (1991) Biochim. Biophys Acta 1064.162-164. 
26 Pla£~mann. P.G.W., Ma~, R. and Erbe, J. (1976) J. CeIL Phjsiol. 

89. 1-18. 
27 Wohlhueler, R.M., MaFz, R., e'3ralf, J.(". and Plagcmann, P.G.W. 

(1978) Melhods Cell Biol. 20. 211-236. 
28 Wohlhuelcr, R.M. and Plagemann, P.G.W. (1989) Mclhods Enzs- 

na~l. 173. 714-732. 

29 Segel, I.H. (1975) En~me Kinetics, pp. 360-369, John Wiley & 
Sons, New York. 

30 Plageman~, P.G.W. and Woffendin, C. (1989) Biochim. Biophys. 
Ac'ia I010, 7-15. 

3| Wuhlhue~,:~, R.M. aad Plagemann. P.G.W. (1980) Int. Rev. C-~lol. 
64. 171-240. 

32 Plagemann. P.G.W., ~ran, J.M., Wohlhucter, R.M. and Wof- 
fcndin. C. (IggO) Biochim. Biophys. Acta !022, 103-109. 

33 Plagcmann, P.G.W. and Wohlhueter, R.M. (1984) Biochim. Bio. 
phys. Acla 773, 39-52. 

34 Woffendin, C. and Plagemann, P.G.W. (1987) Bio~him. Biophys. 
Acla 903, 18-30. 

35 Ja~'is, S.M. and Marlin, B.W. (19861 Can. J. Physiol. Pharmacol. 
64, 193-198. 

36 Plagemann, P.G.W. and Wohlhueter. R.M. {1985) Bioehim. Bio- 
phys. Acla 816, 387-395. 


