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The transport of nucleosides by LLC-PK I cells, a continuous epithelial cell line dcrived from pig kidney, was characterised. 
Uridine influx was saturable (apparent gm ~ 34 /.¢M at 22°C) and inhibitcd by > 95% by nitrobenzylthioinosine (NBMPR), 
dilazep and a variety of purine and pyrimidine nuelcosides. In contrast to other cultured animal cells, the NBMPR-sensitive 
nuclcosidc transportcr in LLC-PK, cclls exhibited both a high affinity for cytidine (apparent K i ~ 65 /~M for influx) and 
differential 'mobility' of the carrier (the kinetic parametcrs of equilibrium exchange of formycin B are greater than those for 
formyciu B influx). An additional minor componet=t of sodium-dependent uridinc influx in LLC-PK I cells bccame detectable 
when the NBMPR-scnsitive nucleoside transGorter was blocked by the presence of 10 v,M NBMPR. This active transport system 
was inhibitcd by adenosine, inosine and guanosine but thymidine and cytidine were without effect, inhibition properties identical 
to the NI sodium-dependent nucleoside carrier in bovinc renal outcr cortical brush-border membrane vesicles (Williams and 
Jarvis (19911 Biochem. J. 274, 27-33). Late proximal tubule brush-border membrane vesicles of porcine k~duey were shown 1o 
have a much reduced Na +-dependent uridine uptake activity compared to carly proximal tubule porcine brush-border membrane 
vcsiclcs. Thesc results, together with the recent ,suggestion of the late proximal tubular origin of LLC-PK= cells, suggest that in 
viw; nuclcosidc transport across the late proximal tubule celt may proceed mainly via a facilitated-diffusion pl¢,cc,~. 

lntroductit~n 

Mamm~!ian cells have been shown to possess a 
number of carrier systems medieting nucleoside trails- 
port [1,2]. The existence of two equilibrative 
facilitated-diffusion transporters that accept both 
purine and pyrimidine nucleosides as permeants has 
been established. These transporters have similar sub- 
strate specificity and kinetic properties but can be 
distinguished by differences in their sensitivity to inhi- 
bition by the nucleoside analog nitrobenzylthioinosine 
(NBMPR) [3-5], in addition to these facilitated-diffu- 
sion systems, measurements of the renal clearance of 
adenosine in humans and mice suggested the existence 
of a concentrative mechanism in the kidney responsible 
for the reabsorption of filtered adenosine [6~. More 

Abbreviations: NBMPR, 6-l(4-nitrobenzyi)thio]-9-/J-t~-ribofurano- 
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bition; NMG *. N-methyI-D-glucamine. 
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recently, studies using brush-border membrane vesicles 
prepared from the proximal tubule of rat, rabbit and 
bovine kidney have confirmed the Drese;:.:e of active 
nucleoside transport in the kidney by demonstrating 
the presence of two Na +-coupled transport systems for 
nucleosides [7-14]. One system designated N I, accepts, 
purine nueleosides and uridine whereas the other sys- 
tem, N2, has a substrate specificity for pyrimidine 
nucleosides, adenosine and analogues of adenosine. 
These Na+-dependent systems are resistant to inhibi- 
tion by NBMPR [8,12,14]. 

A limitation in the use of membrane vesicles is that 
regulation of transport is difficult to study since the 
transport mechanism of interest is often severed from 
intraeellular regulatory events. Furthermore, there is 
still a need to make direct measurements of nucleoside 
transport at both the apical and serosal membrane 
surfaces of intact cells. One approach to study both 
epithelial transport and its regulation is to use cultured 
¢~ithelia. LLC-PK. is a continuous renal epithelial ,:,ell 
line ,Jerived from the juvenile pig kidney [15] that has 
been widely used as a model for the proximal tubular 
epithelium. LLC-PKI cells not only retain the typical 
• norphological propert ies of transporting epithelia in 
vitro, but a!sn ~xpress high levels of proximal brush- 
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border membrane enzymes and a number of transport 
systems characteristic of the renal proximal tubule [16]. 

The objective of this study was to characterize nu- 
cleoside i,ansport in LLC-PK I cells in the hope that it 
would provide an intact cell system in which the prop- 
erties and regulation of Na'--dependent nucleoside 
transport could be investigated. Sumrisingly, we were 
only able to detect a minor component (less than 5% of 
the total flux) of Na+-dependent nuclcoside transport 
in LL.C-PK I cells under our cell culture conditions. 
Our results, however, demonstrate that LLC-PK I cells 
possess an NBMPR-sensitive facilitated-diffusion nu- 
eleoside transporter with properties that differ from 
those in other cultured cell lines studied. 

M a t e r i a l s  a n d  M e t h o d s  

Cell culture 
LLC-PK I cells were obtained from the American 

Type Culture Collection at passage 199 and were used 
between passages 212 and 235. The cells were passaged 
in Dulbecco's modified Eagle's medium (DMEM) con- 
taining 2 mM L-glutamine, 25 mM Hepcs (pH 7•4), 100 
U / m l  I.enieillin, 100 /.tg/ml streptomycin and 10% 
heat in:lctivatcd fetal calf serum. For experiments, 
except where otherwise s'.at:?.. 2 cm-" wclls on a 24 well 
plate w~:re seeded with 2- Ill ~ cells in 1 ml of medium. 
11~ ad,l:t;on. ,hi,~ ,podium also coutai,wd 25 ng /ml  
amphot..~ricin B to guard against po:~sible tungai con- 
taminal~on in these relatively exposed plates. The cells 
were fed with fresh medium every 2 days. Cells used in 
the pre! ent study were free of mycoplasma as detected 
using Hoechst 33258 stain. 

Tratlsport studies 
Nucl,:oside influx wlts assayed at room temperature 

(22-24~CI. The culture medium was aspirated and wells 
contaimng cell monolayers were rinsed three times 
with l.t'-ml aliquots of a medium containing (in raM): 
145 KCi, 4•2 KHCO 3, 0.36 KzHPO. t • 3H~O. 1.3 CaCI2 
• 2H,O, 0.44 K H , P O  4, 0.5 MgCI 2 • 6H.,O arid l() Hepes 
(pH 7.d) [17]. Uptake was initiated by the addition of 
(I.2 ml of the ab~we medium with the followhtg substi- 
tutions: 1411 mM NaCI, 4.2 mM NaHCO3 and 5 mM 
KCI sunsfit.uted for 145 mM KCI and 4.2 nlM KHCO 3, 
for Na--dependent transport or I•",0 mM N-methyl-rJ- 
glucam,ne (HCI) and 5 mM KCI in place of 145 mM 
KCI fi.r Na+-independent transport. T,m transport 
medium also contained ['~H]nuc!eoside (10 /~Ci/ml), 
inulin[~C]earboxylic acid (0.4 aCt / rol l  and further 
additio:~s as indicated in the legends. After the appro- 
priate time interval, transport was terminated by a~pi. 
rating the mediu~ and washing the monolayer three 
times with 1.0-ml aliquots of ice-cold Na+-free medium 
(total time, 10 s). Cell.,, wet~: lyscd by the addition of 
11.2 ml of 11.5 M NaOH and assayed for radioactivity, ht 

inhibition studies, test compounds and [~H]uridme were 
added to cell monolayers simultaneously, except for 
NBMPR and dilazep which were preincubated with the 
cells for 10 min before addition of [3H]uridine. 

In some experiments, the equilibrium exchange in- 
flux of formycin B, a ~ non-metabolized nueleoside [18] 
was measured. Varying concentrations of formycin B 
((I-10 raM) were added to each culture well and incu- 
bitted at 37°C for 60 min. The wells were then rapidly 
washed and the inward flux of [~H]formycin B at th.: 
same concentration as the preincubation mixture de- 
termined as described above for nucleoside influx. 

The results of uptake experiments, corrected for 
adhering extracellular medium using inulin[l'~C]carbo- 
xylie acid, an cxtracellular marker, are expressed per 
milligram of protein as determined by the method of 
Lowry et al. [19]. Inl:racellular volume was determined 
from the distribution r~:tio a'. equilibrium 11-2 h) of 
L-[3H]alanine or 3-O-methyI-D-[I-'~H]glucose, uptake 
being measured as described above for '~H-labelled 
nucleosides in the absence of Na +. 

Uridine metabolisn~ 
Transport was assayed as described above except 

that inulin[14C]earboxylic acid was omitt,.:d. Immedi- 
ately following termination of uptake, monolayers were 
covered with 2t10 tzl of ice-cold 4% perchk)ric acid. 
The acid extracts were fiirther processed and analyzed 
~'.' TLC using PKSF silica gel preparative TLC plates 
impregnated with fluorescent indicator (Whatman. I 
mm) as described previously [13,20]. 

/ 3tl]NBMPR binding 
Equilibrium ['XH]NBMPR binding measurements to 

LLC-PKj cells were performed on cells in suspension 
harvested from subeonfluent monolayers. [3H]NBMPR 
binding was determined by the oil stop method that 
involves separating the associated [3H]NBMPR with 
the cells from flee [~HINBMPR by centrifugation 
through an oil layer (I)ow Corning 5511: 220/1, 80:211) 
as described previously [21]. 

Preparation of cortical and nwdulla membrane cesick, s 
attd auck, oside uptake 

Porcine renal cortical and medulla brush-border 
membrane vesicles were prepared from the outer re- 
gions of fresh pig kidney cortex and medulla, using a 
MgClz-precipitation method [11,14]. The uptake of 
~H-labelled nucleosides (211 gCi /ml )  at 22°C into the 
brush-border membrane vesicles was measured with a 
phloridlzip. ~top-filtmfion method as detailed previ- 
ously for rat and bovine vesicles [ll,14]. 

Data analysis 
All transport and binding experiments were carried 

out in triplicale unless otherwise stated• The errors 



given in the tables are standard errors of the mean and 
those in tlt~: figures are standard deviations. In least- 
sqeares fits to the data, points were weighted accord- 
ing to the inverse of their relative experimental errors. 

Materials 
Cell culture reagents and plastieware were pur- 

chased from Gibco, Paisley, UK and Flow Laborato- 
ries, Glasgow, UK. [5,6-'~H]Uridine (46 Ci/mmol), L- 
[2,3--aH]alanine (47 Ci/mmol), [6--aH]thymidine (25 
Ci/mmol), 3-O-methyl-D-[I-3H]glucose (2.7 Ci/mmol) 
and inulin[t4C]carbox3'lic acid (1(I.7 mCi/mmol) were 
obtained from Amersham International (Amersham, 
UK). [G-~H]Formycin B (7 Ci/mmol), [G-'~H]NBMPR 
(23 Ci/mmol) and [8-3H]guanosine (5 Ci/mmol) were 
purchased from Morave' Radiochemieals (Brea, CA, 
USA) and ICN Radioehemieals (Irvine, CA, USA), 
respectively. Dilazep was a generous gift from Hoffman 
La Roche (Basal, Switzerland). NBMPR, ouabain, am- 
photericin B and monensin were obtained from Sigma 
Chemical Co (Poole, Dorset, UK). All other reagents 
were of analytical grade. 

Results 

Uridine uptake aml metabolism by LLC-PK I cells 
To determine conditions where initial rates of uri- 

dine transport eot, fd hc measured, tile ul~take and 
metabolism of I(1() and 5 #M uridine were examined. 
Uridine uptake at bo!'~ coneerttrations was linear for 
up to 2 min (see Fig. 1). Analysis of the intraeellular 
tritium in LLC-PK I cells by TLC revealed that at an 
extracellular concentration of 5 p.M uridine was rapidly 
phosphorylatcd to nucleotides (85% following an incu- 
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Fig. l. Time course nf uridine uptake by 3-day-old confluent I.LC-PK i 
ii!clgniay~:rs Tht! UpI;:I:'? iff ,Ir;i~int, (R tl M. left p;mc:, ~:~; b,b~., right 
panel) at 22°C wi,,s determined at the indicated times in the presence 
of 1411 mM NaCI in ~h~' absence (A) ()r presence (e) of n| #M 
NBMPR. and in. 14(1 mM NMO' in =he a~sence (zx) or ~)rusence 

(o?tff 10#M NBMPR. 
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bation period of I min). In contrast, at 10D p.M extra- 
cellular uridine, 79% of the intraccllular radioactivity 
at I min eomigrated with uridine. The intracellular 
aqueous volume, measured from tile apparent equilib- 
rium space using the non-metabolised radioisotope, 
t.-['~H]alanine (see Materials and Methods), was esti- 
mated to be 4.71 _.+. 0.26 /zl/mg protein. Calculations 
based on this value demonstrated that the intracellular 
uridine concentration at 1 rain was < 2(1% of that in 
the extraeellular medium at both 5 and I(X) t~M, and as 
such would not result in signifi,.ai~;, backflux thereby 
effecting the initial rate measurements [I]. This result, 
together with the linearity of the time course for uri- 
dine uptake, demonstrates that initial rates of uridine 
transport by LLC-PK~ cells can be estimated using a 
60-s time interval. 

Fig. I also shows the time course of uridine uptake 
(5 p,M) by confluent monolayers (3-day-old) of LLC- 
PK~ cells in the presence and absence of a Na + 
electrochemical gradient. An inwardly directed Na ÷ 
electrochemical gradient (140 mM outside) had no 
apparent effect on the initial rate of ttridine inllux in 
LLC-PK t cells as compared to the flux in the presence 
,3f NIk4G ~. I=!~rthermore. the ~.lptake of oridine Wa~ 

inhibited (> 95%) by 10 t~M NBMPR, a potent in- 
hibitor of facilitated-diffusion nueleoside transport in 
many cultured cells [1,2]. Control experimenls estab- 
lished that our batch of LLC-PK I cells exhibiled Na ÷- 
dependent alanine u~t'.tkc (2.34 ± (~.72 and 9.'3~ ± 0.18 
nmol/mg protein per min in the presence and absence 
of Na ÷, respectively; 250 ~M alanine) confirming the 
results of earlier studies [ 17]. 

It has recently been reported that in a variety of 
mouse cells lines [22] Na+-dependent concentrative 
nucleoside transport becomes apparent only when the 
cells are ineubt~ted for prolonged time periods in the 
presence of an inhibitor of equilibrative transport, such 
as NBMPR. The results of such an experiment are 
shown in Fig. 2. Under ahese circumstances a minor 
component of uridine uptake '.that was dependent on 
Na + wa~ revealed. At an extracellular concentration of 
5 p, M uridine, the No. +-dependent component of influx 
represented only 3% of the total initial flux (7.5 5:0.8 
pnml/mg protein per rain). The rate of N~ ~ stlmu- 
latcd uridine transport was i~dependent of the age of 
the monolayer (data not shown). 

The above results suggest that LLC-PK I cells ex- 
hibit both NBMPR-sensitive and Na+-dependent uri- 
dine transport. However, the magnitude of the latter 
component is so low as to be hardly detectable, in 
subsequent transport studies with LLC-PK t t~onolay- 
ors, NMG + transport media was used to explore the 
characteristics of the Na+-independent transport route 
whereas the difference in transport rates between Na + 
and NMG + media in the presence of NBMPR defined 
the Na'-dependent transport component, 
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Fig. 2. Pt'olonged time course of uridint: uptake by 3-day-old conflu- 
e,'a LLC-PK t monolayers. LLC-PK t monolayers were preincubated 
with l0 #M NBMPR and the uptake of 5 .ttM uridim' al 22°U 
determined in the presence of 14It mM NaCI (e)or 140 mM NMG ' 

to). 

Uridine transport by porcine renal brush-border mem- 
brane vesicles 

Although Na+-dependent  nucleoside transport  had 
been demonst ra ted  in brush-border membrane  vesicles 
from the outer  cortex of rat, rabbit  and bovine kidneys 
[7-14], no such studies with porcine cortical brush- 
border  membrane  vesicles had been conducted.  If such 
vesicles lacked substantial  expression of Na+-depen . 
dent  nucleoside transport  this would possibly explain 
the virtu,~.l absence of Na+-coupled nueleoside trans- 
port in LLC-PK I cells. However, the data  in Fig. 3 
demonst ra tes  Na +-dependent uridine uptake in porcine 
purer  cot¢,ical renal brush-border  membrane  vesicles. 
The initial rate of uridine influx was s t imulated 4-fold 
by an inwardly directed gradient  of 100 mM NaCI 
compared to choEne chloride. Nevertheless,  the initial 
ta le  of 5 # M  Na+-de.nendent uridine influx was ap- 
proximal,ely 40, 10 and 2-fold less than that observed 
with rat, bovine and rabbit outer  cortical brush-border  
membrane  vt~sicles, respectively [11-14]. Interestingly, 
uridine ltransport in brush-border membrane  vesicles 
isolated from the outer  medul la  of pig kidney was only 
slightly s t imulated by the presence of an inwardly Oi- 
r e t t ed  100 mM NaCI gradient  compared to a choline 
chloride gradient  (F~g. ~). The Na+-dependent  compo- 
nent of uridin~ influx (uptake in the presence of NaCI 
minus that  in the presence of choline chlot lde)  by 
~or_'zi.-.e rena! medul la  bntsh-border  membrane  ves!cles 
~tas 4-fu!!d ~ess than thai  ubselvtzd .,:,ii;I tcttai cortical 
raembrane vesicles (0.15 +:0.03 ~ersus 0.55 + 0 . 0 9  
pt, 'aol/mg protein per  s~. Moreover, no apparent  over- 
sitoot in the uptake of uridine was ol~served in renal 
medul la  vesicles. However, the final equil ibrium value 

h)r uridine uptake, measured at 60 min, was similar  for 
both renal medulla and cortical vesicles (Fig. 3). The 
possibility that  the Na*-dependent  component  of nu- 
eleoside transport  in porcine renal medul la  brush- 
border  membrane vesicles was due to contaminat ing 
cortical membrane vesicles cannot be ruled out but  
seems unlikely in view of the ease by which the two 
regions of the kidney can be discriminated in pig. 

Concentration dependence of  Na +-bldependent nridine 
transport 

The initial rate of uridine influx by LLC-PK I cells in 
NMG ÷ transport  media  as a function of the external  
uridine concentrat ion in the range 5 to 300 # M  was 
determined.  Total uptake was the sum of saturable and 
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membrane vesicles. Brush-border membrane vesicles (tO #1) from 
the outer regions of the porcine kidney cortex (upper panel) and 
medulla ',lower panel) were incubated at 220C with 20/.d of media 
containing (final concn.) 5 #M l'~lt]uridine, 5 mM Tris-HCI (pll 7.4) 

and either 100 mM NaCI (e~ or I(~) mM chuline chloride (o). 



nonsaturable processes. The saturable component, 
which conformed to simgle Michaelis-Menten kinetics, 
was obtained by subtracting the linear component esti- 
mated in the presence of 10 #M NBMPR (obtained by 
linear regression) from the total uptake values and is 
shown in Fig. 4. Nonlinear regression analysis using the 
computer program Enzfitter (Elsevier Biosoft) of the 
resultant data yielded apparent Krn and Vm,,, values 
for the NBMPR-sensitive saturable component of 41 + 
7 p.M and 2.5 5:6.14 pmol/mg protein per s, respec- 
tively. A similar experiment with a ~ifferent batch of 
cells gave values of 27 + 7 p.M and 1.3 5:0.12 pmol/mg 
protein per s for the K~, and Vm,,~, respectively. 

bzhibition of Na +-hldependent uridine transport 
The NBMPR-sensitivity and substrate specificity of 

the uridine transport mechanism was studied by inves- 
tigating the effect of NBMPR, dilazep and nucleosides 
on the influx of uridine by LLC-PK t cells. The results 
are presented in Table I. NBMPR and dilazep inhib- 
ited uridine influx with apparent K~ values of 2.7 + 0.75 
and 0.83 + 0.25 nM (mean + S.E. (n = 3); estimated 
from the ICs. value). Inclusion of eserine (10 pM), an 
ester hydrolase inhibitor, had no significant effect on 
the potency of dilazep inhibition (apparent K i 0.69 + 
0.16 nM). Of the nucleosides tested, adenosine was the 
most effective inhibitor, followed by thymidine, cyti- 
dine, guanosine, inosine and formycin B, with apparent 
K i values of 25 + ~, 31 -~ 7, 64.4=_ 12, 68 + 31. !06 + 45 
and i 18 + 11 pM, respectiveiy. This result is in agree- 
meat with the known relative affl.3ities of these nucleo- 
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[Uridino] (pM) 
Fig. 4. Concentration dependence of urldlne influx in LLC-PK= 
monolayers. LLC-PK I monolaycrs (3-day-old) were incubated for I 
,'ella at 22"C ~i~h NtAG* ,:r,~; ~xadcd ~;~neeatrat[o:ts t,l" [~iI].~,idi.~,' 
in the presence or absence of 10 p.M NBMPR. The difference 
between cell associated 3H in the preserlce and absence of NBMPR 
was plotted. The kinetic constants were determined by non-linear 
least-squares fit of the Michaelis Menten eq,tutinn and save a K m 
value of 41 + 7 p.M with a Vm, ~ of 2.5 + 0.14 pmol/ms protein per s. 
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Fig. 5. Concentration dependence of [~I-I]NBMPR bindins to sus- 
pended LLC-PK x cells. Susp,:nded LLC-PK t cells were incubated 
with graded concentrations of [3H]NBMPR for 30 rain at 22°C in the 
presence (•  } or absence (~) of 1~; #.M NBMPR. Specific binding of 
[3H]NBMPR represents the difference between membrane associ- 
ated NBMPR in the presence and absence of NBMPR and was 

saturable ( K a = 0.92 J. 0.33 aM; Bin,,, ~ 33 :L 4 fmol/10 t~ cell:~). 

sides for NBMPR-scnsitive transport [!,2], with tile 
exception of cytidine which has been reported to ex- 
hibit a lower affinity (Km of 2-4 raM) [23] than we 
observed in the present study. Similar K i values for 
cytidine inhibition of 100 izM [~H]uridine influx were 
also obtained (K i values of 81 and 73 pM tot two 
separate experiments). Nttcleoside inhibition profiles 
were monophasic attd parallel, suggesting competitive 
inhibition of a single class of nucleoside transporters. 

['~H]NBMPR bbtding 
The association between high-affinity NBMPR bind- 

ing sites and functional nueleoside carriers in cells in 
which transport is inhibited by NBMPR is now well 
established [1,2]. Thus, [SH]NBMPR was employed as 
a specific binding probe enabling further charaeterisa- 
tion of the nucleoside transporter in suspended LLC- 
PKj cells. Fig. 5 illustrates the results of an experiment 
in which specific ['~H]NBMPR binding, defi,,cd a~ tile 
difference in the amount bound in the presence and 
absence of 10 pM unlabelled NBMPR, was saturable 
with an a,,,,a~,',~*,.~. . . . . . . .  n¢.~ of . . . .  n3~2 + 0.33 nM and a Bma s 
(maximal binding~ of 33 + 4 fmol/10 ~ cells. The mean 
values from three e~periments were 0.80 + 0.18 nM for 
the apparent g o with a Bin, x of 36 + 7.2 fntol/10 n 
cells (mean + $.E.). Hill coefficients calculated fl'om 
the saturable binding data did not significantly differ 
from 1, indicating the presence o? a single class of 
high-affinity NBMPR binding r.ites. The K i value for 
NBMPR inhibition of uridine transport is similar to 
the apparent K a value for NBMPR-binding. Calcula- 
tions based on the .l~ma x value pres,~.nted, estimate the 
total number of bindw.g sites per cell at (0.21 5: 0.04). 
10 s. Assuming that eat:h NBMPR binding site repre- 
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sents  a single t r anspor te r  i | te tu rnover  n u m b e r  for 
NBMPR-sensii . ive ur idine influx is es t imated  to be  
10 + 2 mo lecu l e s / s i t e  per  s at  room t empe ra tu r e  as- 
suming  a Vm~ ~ of  2.5 ± 0.14 p m o l / s  per  mg of  prote in .  

T h e  effect  of  a var iety of  nucleosides  on  the site- 
specific b inding of  [3HINffMPR was explored a n d  the 
results  a re  summar ized  in Tab le  !. O n c e  aga in  adeno-  
sine was  the most  effective of  the nucleosides  tes ted 
with a p p a r e n t  K i values 91, 1711, 205, 2511, 455 a n d  760 
for  adenos ine ,  thymidine,  inosine, uridine., formycin B 
a n d  cytidine,  respectively (means  o f  two sepa ra te  ex- 
pcr imentsL  

Equi l ihr ium erchange  inf l t tr  o f  f o n n y c i n  B 
The  K i values for  inhibit ion o f  specific [ 3 H ] N B M P R  

binding were  be tween  2- a n d  12-fold h igher  than  the 
K~ values ~.br inhibit ion of  ur idine  influx (see Table  1). 
Pre~ious results with m a m m a l i a n  et3,throcytes have 
shown O, at such  a d i sc repancy  is e l imina ted  when  the 
K. ,  values for  equi l ibr ium exchange  are  used  ins tead 
o f  the ~m or  K. values for  influx [2,24,25]. Titus, using 
the non-metabol i sed  nuclcoside,  formyein B [18], w.: 
c o m p a r e d  the kinet ic  p roper t i es  o f  formycin B influx, 
u n d e r  z e r o - t m t a  and  equi l ibr ium e~change condi t ions  

TABLE I 

Effect ~' tuwleo.~ide and Iraltxl~lrt mhihitot;~ on Na ' .iltth,l~,tl~h'ttt 
ttridine reflux and .~7n'cifie NIIMPR binding by LI..f'-PK t i'tlL~ 

The initit, J rale uf uridine influx at "2"t" was determined by the 
il,ddiiiorl ill Itl p.M 131lluridine in NMG" medium and test com- 
I~,mnd tit LLC-PKj m~m(~layers. For t'ilazep al:d NBMtPR. LLC.PK I 
nlomdayers were preineubated with these ¢t;mptmnds as detailed in 
Maleriali and Metht~s. /'7 values were calculated fron, the equatitm 
K i = IC~,/(I + I./K.mL where the K,, value wlts taken as 34 v-M 
and L = II1/aM uridiue. The vahtes are the means± 5.E. tlf at least 
tltree Sel~.ttate t.xperiments. [311]N|~MPR binding was initiated by 
the addition of I nM [~IIINBMPI~. in the presence o, absence of 
nucleosides to suspended LL('-P!; t cells treated with or without II1 
itM NBMPR. After 311 rain at 220C. I'~ttINBMPR Imund In cells was 
tl,.termincd a:; d~::;;;;t~ed in Materials and Metltnds. Speettie 
I"tIINBMPR btmnd was calculated us the difti2rence between total 
bin,lira,'. "rod binding in the pre~ence ~,f I~l t.tM NBMPR. K, values 
were calcnk*ted from the equations K i = ICsu/(I + L/ l (d) .  wbere 
tile ~d value was taken as 11.811 aM. htdividual values front two 
separa...r experiments all: given, n.d.. not determiued. 

Inhibitor Apparent K t value 

uridiue influx ['t ! iINU.MI'P. ~i:td;ng 

NBMPR 2.7 ± 0.75 nM n.d. 
D,lazep 11.83± 11.25 nM n.d. 
Dilazep+e.~erinct[/Iv.M) fl.figCc II.16nM n.d. 
Adenosine 25 ± 4/ztd a2.120 vM 
Ira)sine U) t~ t 45 gM 2411.1711/aM 
Formycia !¢ 118 +_ I 1 taM 36t~ ~Stt al~. 
Thymidine 31 ± 7 ttM 12:1. 2211 #M 
Cytidinc 04 ± 12/,tM ~tf,", 7(d)/zM 
Uridine n.d. 27% 225 v.M 
Gua,,~sine 68 _~.:31 v.M n.d. 

TABLE It 

Ef.h.et of  mwleosides on Na ' .~h,la'mlent iiridine tmnslu~rt 

LLC-PKI momdayers (3-day-old) were preineubated with 10 /aM 
NBMPR fi~r Ill rain and the uptake of 5/aM [~H]uridine (311 mint at 
220C measured in the presence tff Na ' or NMG' transp~lrt media 
as de.~ribed in Materials and Methods. The indicated nueleosides 
(linal concentration IlKt /aM} were added simultaneously with 
[ ttl]uridine. Na '-dependent uridine influx was defined as the differ- 
ence in transport rates between Na'  and NMG* Iransptlrt media. 
The results ( _+ S.D.) of two separate experiments are shown. 

Inhibitor Na *-dependent uridine influx 
(pmol/mg protein per mint 

E::pt. I Expt. 2 

None 0.67 _+ fl.0'¢ 11.33 ±0.11 
Inosine 1).18 ± fl.0fl5 (I 
Guanosine 11.0 t) ± 0.01 1).11~11 ± ().IH~ 
Adenosine 11.117 _+ 11.11116 0.1137 ± 11.111)5 
Thymidine 11.77+_11.27 11.23 ±0.013 
Cytidinc tt ¢'.,4 ± 0.1145 11.25 +_ 11.1i31 

in the presence  o f  N M G *  tran.;port  media .  The  kinet ic  
pa r ame te r s  for  cqu i l i b r ium-cxcha rgc  influx were  ap-  
proximately  6-fold h igher  than  the zero-rrans influx 
pa r ame te r s  ( appa ren t  K m 6811 _+ ~30 ai.~d 91 ± 43 ~ M ;  
Vm;Lx 8.2 + 1.7 anti  1.4 + 0.5 p m o l / m g  prote in  pe r  s for  
equi l ibr ium exchange and  zero.tra:' ,s influx, respee-  
ti~ ely'. 

N a  +-dependent nucleoside  translu~;t 
The  effect o f  var ious  nuclcos ides  on  Na  ÷-dependent  

ur idine  t ranspor t  was  assessed in monolayer.s o f  LLC- 
PK t cells that  had  been  p re incuba ted  with 1!I / , t ~  
N B M P R  to block the Na +- independent  fa¢il i tuted-dit-  
fusion nucleoside transn~,,rter (Fig. 21. Tht: re:,uits o f  
Table  i l  show that  Na+-dependen t  up take  of  ur idine  
was  inhibi ted by adenosine ,  inosine and  guanos inc  bu t  
not by cytidine o r  thymidine.  Long incubat ion  t imes o f  
30 min were  necessary  for  these exper iments  because  
o f  the low trat lsport  activity o f  the Na+-de.nendent  
carr ier .  This  raises the possibility tha t  inhibit ion was  
occur r ing  at the level o f  phosphory la t ion  aml  not t rans-  
port .  Such as possibility can  be  d iscounted  since differ-  
ent  kinascs a re  involved in the phosphory la t ion  of  the 
above g r o u p  of  nuclensides  [26]. These  results  thus  
suggest  tha t  nr id ine  and  pur ine  nucleosidcs  b a t  not  
~lher  pyrimidine nucleo.,~ides a re  subs t ra tes  for  the 
Na+-dependen t  nueleoside t ranspo; ' ter  o f  LLC-PK I 
cells. The  da ta  in Fig. 6 suppor t  this conclus ion by 
demons t r a t ing  that  the ,L~ptake o f  5 ~ M  guant~sine was  
g r ea t e r  in d tc  presence  ol' NaCI media  c o m p a r e d  to  
N M G *  media ,  whe rea s  the ra te  o f  5 v.M thymidine 
inihlx was  similar  in bo th  t ranspor t  media ,  a s  was  the 
case for  ur id iee  influx, no a p p a r e n t  N a * - d e p e n d e n t  
guanos ine  flux was  obsc:rved in the absence  o f  pre incu-  
ba t ing  cells with 10 ~ M  N B M P R  (initial ra tes  o f  11.5 
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Fig. 6. Uptake o1" guanosine and thymidine by LLC-PK= monolayers. 
The uptakl: of 5 ~'~M guanosine and thymidine by LLC-PK~ munolay- 
ers (d-day-old) at 22°(2 premeubatgd with n) ~¢M NBMP~ was 
determined at the indicated times in the presence of 140 mM NaCI 
(solid symbols) o." 1~0 mM NMG + (open symbols). Symb.3|s: gw'ao- 

.*ine, • and o; thymidine, • and ~. 

± 0.5 /iild i3,~ ± 1.6 pmol /mg  protein per rain in the 
presence of l~:a + and NMG +, respectively). 

Discussion 

The data presented in this paper suggests that the 
routes by which ,~t+t!eosides are taken up by cultured 
LLC-PK~ tonal ¢pitilelial cells appear ~o be mainly an 
NBMPR-sensitive process, a Na ' -depcndent  transport 
component specific tot uridin¢ and all purin¢ nucieo- 
sides we have te-~-ted and a small transporter-indepc.n- 
dent route. Influx of uridine was blocked by > 95% by 
NBMPR. NBMPR inhibited uridine influx with a K+ 
value of 2.7 :~_0.75 nM and no evidence of an 
NBMPR-insens,itive nucleoside carrier wa~ obtained as 
has been obst:lved in many other cultured cell lines 
[I.-3,5]. Uridin,': influx by the NBMPR-sensitive route 
was saturable (apparent K m - 3 4  /.tM at 22°C) and 
inhibited by ho~.h poril~e and pyrimidine nuclcosides 
suggesting ~ broad specificlt.v, lnhihitkm by NBMPR 
w::s associated with hil, a-affinity binding of  
[3H]NBMPR to the cells. Nucleo:;ides blocked 
[-~H]NBMPR binding but the inhibltioa values were 
higher than the K i values observed fe.r inhibition of 
zero-rams arid[he influx (Table It. Such dlserepa~cies 
have been noted previously [24,25]. However, the K m 
for c~ilibrium.exeb',~nge influx of h)rmycin B (680 :l= 
130 j~M) was similar to the inhibition constant of 
NBM.~R binding by formycin B (455 ~,M). Similar 
agreeh,,¢nt between the K m values for equi;~brium 
exchange, uridine influx and the K l values for specific 
NBMPR binding have been observed for mammalian 
crythrocytes [24,25]. 
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The above properties of the NBMPR-sensitive nu- 
cleoside carrier in LLC-PK I cells are similar to those 
reported in other cultured cells with the following 
exceptions. First, the kinetic properties of nucleoside 
transport in cultured cells have either been assumed or 
demonstrated m a few cases to be totally ~ymmetric,,l 
[1]. In contrast, urid~+~e transport in human and guinea 
pig erythrocytes exhibits differential 'mobility' of the 
loaded and empty carrier (the kinetic parameters of 
equilib:ium exchange are greater than those of zero- 
lralls influx) [1,2,5,27,28]. Similarly, the present results 
dem, mstrate that the rate of formycin B transport in 
L': C-~'K ~ c,~ls is markedly stimulated when the. trans- 
porter is operating in the er~tuilihrium exchange mode 
c~)mpared to zero . t rans  (apparent K m 680 ± 130 and 
91 ± 43 g,M; V,m x 8.2 + 1.7 and 1.4 ± 0.5 pmol /mg  
protein per s for equilibrium exchange and zero-ira:is,  
respectively). Within experimental error th(: V, , , , ,JK m 
ratio was similar for both zero- trans and ~:q,,[]ibrium 
exchange modes of carrier operation, a property con- 
sistent with the 'simple' transporter [29]. The :stimated 
turnover number lot the NBMPR-scns;tive transporter 
in LLC-PK t cells of 10 uridine moh:cules/site per s is 
an order of magnitude iess than that obse,-ved for the 
transporter in a variety of mammalian erythrocyte,2 but 
similar to the estimate of the turnover number in other 
cultured cells [30]. It should be noted that NRMPR has 
the capacity to diffuse across cell membranes and thus 
potentially bind to intracellular binding-sites as well as 
those on the plasma membrane. If this was to occur 
with LLC-PK t cells then the above estimate of the 
turnover number weald be t~:~ le.¢,-. 

The second major difference between LLC-PK~ cells 
and other cultured cell lines appear.~ to be in the 
apparent high affinity of cytidine for influx on the 
carrier, in Novikoff cells, the apparent K,, for influx is 
between 2 and 3 mM [23], which compares with a K i 
estimate of 64 ± 12 /zM in the present study. This 
difference in the two cell lines is most likely due to the 
different kinetic properties of  the nucleoside carriers 
in the two cell types. The nucleoside transporter in 
Novikoff cells appear~ to exhibi equal mobifity of the 
loaded and unloaded forms [1,31! while the mobility of 
empty and substrate-loaded carrier clearly differ in 
LLC-PK I cells (see Discussion above). Thus, the pre- 
sent results, together with the recent data indicating 
that the affinity of cytidine for the human erythrocyte 
nneleos;de transporter also differs ;~ the zero-trans 
and equilibrium exchange mode [32], demonstrate that 
cytidine exhibits a much wider range of affinity values 
for the equilibrative nucleoside transporter in mam- 
malian cells than previously believed. 

The second mediated route for the transport of 
nucleo~ides by LLC-PKI cells ~as  a minor Na +-depcn- 
dc , t  systc.~,l [;tat accounted for less than 5% of the 
to*al uridine flux at low concentrations of uric~ine (5 
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,aM). Indeed,  this active t ransporter  became only ap- 
pa ren t  when LLC-PK t cell were incubated ill the pres- 
ence of NBMPR. Under  such conditions efflux via the 
NBMPR-.,;ensitive equilibrative t ransporter  was blocked 
but permeant  still entered the cells via the NBMPR-re-  
s is |ant  concentrat ive transport  system, i a  view of lhc 
low activity of the Na+-dependcnt  system few dela i ied  
studies on the kinetic propcruc:; of the carr ier  wer:" 
possible. Nevertheless,  l imited substra0- specificity 
studies suggest that  the Na ÷-dependent nucleoside 
~ransporter in LLC-VK~ cells is identical to the NI 
system described for bo 'h  mouse intestinal cell:; and 
bovine renal brush-bordc¢ membrane vesicles that is 
specific for uridinc and purine nucleosides [14,33]. No 
evidence lot  the pr~-scnce of the Na~-dependent  N2 
• ;ucleo::ide tr..,,nsnorl system in LLC-PK I cells was 
found. 

The virtual absence of Na+-dcpcndcnt  nueleoside 
transport  activity in I,LC-PKI cells was |orally uncx- 
pec!ed in vic~s of the commonly held view ihi,.t LLC- 
PK i cells are a good model  for proximal tubule trans- 
port functions [15.17], However, recent evidence sug- 
gests that  LLC-PK i cells express char;,:cu:ristics typical 
of the late proximal tnbule [10,34,35]. ~n partlcuhlr, of 
the two t.tistinc| sodium-dependent  D-glucose trans- 
porters  ar ranged sequential ly along the length of the 
proximal tubule. I ,LC-PKI cells express only the late 
proximal tubular  D-i~lueosc transport  system [34,35]. ! t̀  
is thcreforc possible that  the low cxr~:cssion of Na +-de- 
pendent  nuck'oside transport  in L I C - P K t  cells reflects 
a change in fhe transport  characterist ics of the proxi- 
mal tubule in vivo. Indeed.  we have now demonst ra ted  
that  brush-border  membranc  vesicles from the outer  
medulla  of porcine kidney (late proximal tubule) ex- 
hibit a much retiuccd Na +-dependent nuclcoside trans- 
port. activity compar,:d t~ the cortical brush-border  
m e m b r m e  vesicles (early proximal tubule) (Fig. 3). 

In conclusion. ~l,c iltdjOl ~luclcoside transport  route 
in LLC-PK~ renal epithelial  cells derived from the late 
proximal !ubulc i~ a broad-specificity NDMPR-sensi-  
live nucle0sidc transporter.  This result, to~.cthcr with 
the: low activity of Na+-linked nuclct~side trausport  
activity in ouler  ren;~'i medul la  blush-border  vesicles 
and LLC-PKI cells, suggests that  nucleoside transport  
across the late proximal tubule ceils proceeds mainly 
via a facilitated-diffusion mechanism. In contrast,  pre- 
liminary siudie;i with OK cells (opossum kidney renal 
epithelial  cellls from the early pro×iron| ;ubu!c) [36] 
have th;monstratcd marked Na ÷-dependent nucleoside 
transport  activity. 
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