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The transport of nucleosides by LLC-PK, cclls, a continuous epithelial cell line derived from pig kidney, was characterised.
Uridine influx was saturable (apparent K, ~ 34 uM at 22°C) and inhibited by > 95% by nitrobenzylthioinosine (NBMPR),
dilazep and a varicty of purine and pyrimidinc nucleosides. In contrast to other cultured animal cells, the NBMPR-sensitive
nucleoside transporter in LLC- Pk, cclls exhibited both a high affinity for cytidine (apparent K;~ 65 uM for influx) and
differential ‘mobility’ of the camcr (the kinctic pdmmm.r\ of cthbnu"- exchange of formycin B are greater than those for
formycin B influx). An additional minor of s uridine influx in LLC-PK, cells became detectable
when the NBMPR-sensitive nucleoside transporter was blocked by lhr, prescnce of 10 xM NBMPR. This active transport system
was inhibited by ad: inc, inosine and inc but thymidine and cytidine were without effect, inhibition propertics identical
to the N1 sodium-dependent nucleoside carrier in bovine renal outer cortical brush-border membrane vesicles (Williams and
Jarvis (1991) Biochem. J. 274, 27-33). Late proximal 1ubule brush-border membrane vesicles of porcine kidney were shown to
have a much reduced Na*-dependent uridine uptake activity compared to carly proximal tubule porcine brush-border membranc
cs. These results, together with the recent suggestion of the late proximal tubular origin of LLC-PK, cells, suggest that in
nucleoside transport across the late proximal tubule cell may proceed mainly via a facilitated-diffusion piucess,

Introduction

Mammalian cells have bean shown to possess a
number of carrier systems medizting nuclcoside trans-
port [1,2l. The existence of two equilibrative
facilitated-diffusion transporters that accept both
purine and pyrimidine nucleosides as permeants has
been blished. These ters have similar sub-
strate specificity and kinetic properties but can he
distinguished by diff in their s y to inhi-
bition by the nucleoside analog mlmbenzylthlomosme
(NBMPR) {3-5]. In addition to these facilitated-diffu.
sion svstems, mcasurcments of the renal cl of

recently, studies using brush-border membrane vesicles
prepared from the proximal tubule of rat, rabbit and
bovine kidney have confirmed the prescice of active
nucleoside transport in the kidney by demonstrating
the prescence of two Na*-coupled transport systems for
nucleosides [7-14]. One system designated N1, accepts:

purine nucleosides and uridine wh the other sys-

tem, N2, has a substrate specificity for pyrimidine
leosides, ad ine and \! of ad i

These Na*-depend are to inhibi-

tion by NBMPR [8,12,141.
A limitation in the use of membrane vesicles is that
lation of port is difficult to study since the

adenosine in humans and mice suggested the existence
of a concentrative mechanism in the kidney responsible

for the reabsorption of filtered ad [6}. More
“Abbreviati NBMPR, 6(d-ni i)thiol-9-p

Ipuri i i Hepes, 4-(2: i
piperazinevthanesutfonic acid; EDTA. elhylencdldmme\umaceuc
acid (disodium salt): ICgy, causing h; | inhi-
bition: NMG *. N-methyl-p-glucamine,
Ce ds S.M. Jarvis, Laby University of

Kent, Canterbury, Kent, {72 7NJ, UK.

tranﬁport mechanism of interest is often severed from

latory events. Furtt , there is
still a need to make direct measurements of nucleoslde
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
epithelia. LLC-PK, is a continuous renal epithelial cell
line Jerived from the juvenile pig kidney [15) that has
been widely used as a model for the proximal tubular
epithelium. LLC-PK, cells not only retain the typical
morphological properties of transporting epithelia in
vitro, but also cxpress 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 iransport in LLC-PK, cells in the hope that it
would provide an intact cell system in which chc prop-
ertics and tation of Na *-d d
transport could be investigated. Surprisingly, we were
only able to detect a minor component {fess than 5% of
the total flux) of Na*-dependent nuclcoside transport
in LLC-PK, cells under our ccll culture conditions.
Our results, however, demonstrate that LLC-PK, cells
possess an NBMPR-sensitive facilitated-diffusior nu-
cleoside transporter with properties that differ from
thuse in other culiured cell lines studied.

Materials and Methods

Cell culture

LLC-PK, 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 maodified Eagle’s medium (DMEM) con-
taining 2 mM v-glutamine, 25 mM Hepes (pH 7.4), 100
U/ml penicillin, 100 pg/ml streptomycin and 10%
heat inactivated fetal calf serum. For experiments,
except where otherwise statzd, 2 em? wells on a 24 well
plate wore sceded with 2- 10° cells in 1 ml of medium.
In addition, shis medium also contained 25 ng/mi
amphoizricin B o guard against possible tungal con-
taminat:on in these relatively exposed plates. The cells
were fe.l with fresh medium cvery 2 days. Cells used in
the prerent study were free of mycoplasma as detected
using Hoechst 33258 stain.

Transpo+t studies

Nucleoside influx was assayed at room temperature
(22-24°0), The culture medium was aspirated and wells
imng cell monolayers viere rinsed three times
| aliquots of a medium containing (in mM):
.2 KHCO;, 0.36 K,HPO, - 3H,0. 1.3 CaCl,
- 2H,0. 0.44 KH ,PO,, 0.5 MgCl, - 6H ,0 and 10 Hepes
(pH 7.4) [17). Uptake was initiated by the addition of
0.2 ml of the above medium with the following substi-
tutions: 140 mM NaCl, 4.2 mM NaHCO; and 5 mM
KCli sunstituted for 145 mM KCl and 4.2 mM KHCO,,
for Na~-dependent transport or 140 mM N-methyl-n-
glucamine (HCI) and 5 mM KCl in place of 145 mM
KCl fer Na*-independent transport. Thie transport
medium also contained {*Hlnucleoside (10 pCi/ml),
inulin}"*Clearboxylic acid (0.4 pCi/ml) and further
additions as indicated in the legends. After the appro-
priate time interval, transport was terminated by aspi-
rating the medium and washing the monolayer three
times with 1.0-ml aliquots of ice-cold Na*-free medium
(total time, 10 ). Cells weic lyscd by the addition of
0.2 m! of 0.5 M NaOH and assayed for radioaciivity. in

inhibition studics, test compounds and [*Hluridine were
added to cell monolayers simuitancously, except for
NBMPR and dilazep which were preincubated with the
cells for 10 min before addition of [*H]uridine.

In some experiments, the equilibrium exchange in-
flux of formycin B, s non-metabolized nucleoside [18]
was measured. Varying concentrations of formycin B
(0-10 mM) were added te cach culture well and incu-

bated at 37°C for 60 min. The wells were then rapidly
washed and the inward flux of [ H]formycm B at the
same ration as the p ion mixture de-
termined as described above for nucleoside influx.

The results of uptake experiments, corrected for
adhering extracellular medium using inulin{ " Clcarbo-
xylic acid, an extracellular marker, are expressed per
milligram of protein as determined by the method of
Lowry et al. [19]. Intracellular volume was determined
from the distribution ratio 2t cquilibrium (1-2 h) of
w-[*Hlalanine or 3-O-methyl-n-[1-*H]glucose, uptake
being measured as described above for *H-labelled
nucleosides in the absence of Na*.

Uridine metabolism

Transport was assayed as described above except
that inulin[*Clcarboxylic acid was omitt:d. Immedi-
ately following termination of uptake, monolayers were
covered with 200 ul of ice-cold 4% perchloric acid.
The acid extracts were further processed and analyzed
by TLC using PKSF silica gel preparative TLC plates
impregnated with fiworescent indicator (Whatman, 1
mm) as described previously {13,20].

[ HINBMPR binding

Equilibrium [*HJNBMPR binding measurcments to
LLC-PK, celis were performed on cells in suspension
harvested from subconfluent monolayers. [*HINBMPR
binding was determined by the oil stop method that
involves separating the associated [*HINBMPR with
the cells from free [*HJNBMPR by centrifugation
through an oil layer (Dow Corning 550: 220/1, 80:20)
as described previously [21].

Preparation of cortical and medulla membrane vesicles
and aucleoside uptake

Porcine renal cortical and medulla brush-border
membrane vesicles were prepared from the outer ic-
gions of fresh pig kidney cortex and medulla, using a
MgCl,-precipitation method {11,14). The uptake of
*H-labelled nucleosides (20 uCi/ml) at 22°C into the
brush-border membrane vesicles was measured with a
phloridizin stop-filtration method as detailed previ-
ously for rat and bovine vesicles [11,14].

Data analysis
All transport and binding experiments were carried
out in triplicate unless otherwise stated. The errors



given in the tables are standard crrors of the mean and
those in the {igures are standard deviations. In lcast-
squares fits to the data, points were weighted accord-
ing to the inverse of their relative experimental crrors.

Matcrials

Cell culture reagents and plasticware were pur-
chased from Gibco, Paisley, UK and Flow Laborato-
ries, Glasgow, UK. [5,6-*H]Uridine (46 Ci/mmol), L-
[2.3-*Hlalanine (47 Ci/mmob), [6-*H]thymidine (25
Ci/mmol), 3-O-methyl-n-[1-*H]glucose (2.7 Ci/mmol)
and inulin[“Clcarboxylic acid (10.7 mCi/mmol) were
obtained from Amersham International (Amersham,
UK). [G-*HIFormycin B (7 Ci/mmol), [G-"HINBMPR
(23 Ci/mmol) and [8-*Hlguanosine (5 Ci/mmol) were
purchased from Morave' Radiochemicals (Brea, CA,
USA) and ICN Radiochemicals (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
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bation period of | min). In contrast, at 100 pM extra-
cellular uridine, 79% of the intraccilular radioactivity
at | min comigrated with uridine. The intracellular
aqucous volume, measured from the apparent equilib-
rium space using the non-metabolised radioisotope,
1-[*Hlalanine (sec Materiais and Methods), was esti-
mated to be 471 £0.26 ul/mg protein. Calculations
based on this value demonstrated that the intracellular
uridine concentration at 1 min was <20% of that in
the extracellular medium at both 5 and 100 «M, and as
such would not result in significaint backflux thercby
effecting the initial ratc measurements [1]. 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. 1 also shows the time course of uridine uptake
(5 #M) by confluent monolayers (3-day-old) of LLC-
PK, cells in the presence and absence of 2 Na*
electrochemical gradi An i y directed Na*
clectrochemical gradient (140 mM outside) had no

were of analytical grade.
Results

Uridine uptake and metabolism by LLC-PK, cells

To determine conditions where initial rates of uri-
dine transport comtd he measured, the uptake and
metabolism of 100 and 5 pM uridine were cxamined.
Uridine uptake at bet': conecentrations was linear for
up to 2 min (see Fig. 1). Arnalysis of the intracellular
tritium in LLC-PK, cells by TLC revealed that at an
extraceliular concentration of 5 uM uridine was rapidly
phosphorylated to nucleotides (85% following an incu-
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apparent effect on the initial rate of aridine influx in
LLC-PK, cells as compared to the flux in the presence
of NMG* Furthermare. the vptake of uridine was
inhibited (>95%) by 10 uM NBMPR, a potent in-
hibitor of facilitated-diffusion nucleoside trarsport in
many cultured cells [1,2). Control experiments estab-
lished that our batch of LLC-PK, cells exhibited Na*-
dependent alanine uptake (234 £ 0.72 and 058 £ 0.18
nmol/mg protein per min in the presence and absence
of Na*, respectively; 250 uM alanine) confirming the
results of carlier studies [17].
It has recently been reported that in a variety of
mouse \.clls lines [“2] Na*-dependent concentrative

| ! t apparent only when the
cells are lncubdlcd fo. 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 these circumstances a minor
component of uridine uptake that was dependent on
Na* was revealed. At an extracellular concentration of
5 wiM uridine, the Ni *-dependent component of influx
represented only 3% of the total initial flux (7.5 £ 0.8
pmol /mg protein per min). The rate of Na ' stimu-
lated uridine transport was independent of the age of
the monolayer (data not shown).

The above results suggest that LLC-PK, 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 studics with LLC-PK, monolay-
ers, NMG* transport media was used to esplore 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“-d dent transport p
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Uridine uptake (pmol/mg protein)

0 5 10 15 20

Time (min)
Fig. 2. Prolonged time course of uridine uptake by 3-day-old conflu-
eat LLC-PK, ; LLC-PK, | were prei
with 10 xM NBMPR and the uptake of 5 uM wridine at 22°C
determined in the presence of 140 mM NaCl () or 140 mM NMG*
to)

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

Although Na*-dependent nucleoside transport had
been demonstrated in brush-border membrane vesicles
from the outer cortex of rat, rabbit and bovine kidncys
{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 virtual absence of Na*-coupled nucleoside trans-
port in LLC-PK, cefls. However, the data in Fig. 3
demionstrates Na*-dependent uridine uptake in porcine
ourer cortical renal brush-border membrane vesicles.
The initial rate of uridine influx was stimulated 4-fold
by an inwardly directed gradient of 100 mM NaCl
compared to choline chloride. Nevertheless, the initial
rate of 5 uM Na*-dependent uridine influx was ap-
proximately 40, 10 and 2-fold less than that observed
with rat, bovine and rabbit outer cortical brush-border
membrane vesicles, respectively [11-14). Interestingly,
uridine t in brush-border I vesicles
isclated from the outer medulla of pig kidney was only
slightly stimulated by the presence of an inwardly di-
rected 100 mM Nafl gradient compared to a choline
chloride gradient (Fig. 2). The Na*-dependent compo-
nent of uridine influx (uptake in the presence of NaCl
minus that in the presence of choline chloride) by
r ne renal medulla brush-border membrane vesicles
wius 4-fuld ‘ess than thai ubserved with 1emai curtial
membrane vesicies (0.15 & 0.03 versus  0.55 + 0.0
pinol/mg protein per ). Moreover, no apparent over-
sitoot in the uptake of uridine was observed in renal
medulla vesicles. However, the final cquilibrium value

for uridine uptake, measured at 60 min, was similar for
both rcnal medulla and cortical vesicles (Fig. 3). The
possibility that the Na*-dependent component of nu-
cleoside transport in porcine renal medulla brush-
border membrane vesicies was due (v contaminating
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.

1 1

Cone of Na*-ind dent uridine
transport

The initial rate of uridine influx by LLC-PK | cells in
NMG™ transport media as a function of the external
uridine concentration in the range 5 to 300 uM was

determined. Total uptake was the sum of saturable and
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nonsaturable processes. The saturable cc

which conformed to simple Michaclis-Menten kmeucs‘
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 viclded apparent K, and ¥, values
for the NBMPR-sensitive saturable componem of 41 +
7 1M and 2.5 + 0.14 pmol/mg protein per s, respec-
tively. A similar experiment with a different batch of
cells gave values of 27 + 7 uM and 1.3 £ 0.12 pmol/mg
protein per s for the K, and V,,, respectively.

Inhibition of Na *-ind dent uridine p

The NBMPR-sensitivity and substrate speclf city 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, cells. The resuits
are presented in Table 1. 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 1Cy, value). Inclusion of eserine (10 uM), an
ester hydrolase inhibitor, had no significant effect on
the potency of dilazep inhibition (apparent K; 0.69 +
0.16 nM), Of the nucleosxdcs lesled adcnosme was the
most effecti 3 d by thymidi cyti-
dine, guanosine, inosine and formycin B, with apparent
K; values of 25 £4, 31 £7, 64 + 12, 68 + 31, 106 £ 45
and 118 + 11 ¢M, respectiveiy. This result is in agree-
menit with the known relative affinities of these nucleo-

Uridine uptake (pmol/mg protein/s)

[uricine] {uM)

Fig. 4. Concentration dependence of uridine influx in LLC-PK,
monolayers. LLC-PK, monolaycn (3-duy-o0id) were mcuhaled for
wia ut 22°C with NG * 2ad graded conceatrations of § ' 5uvidion
in the presence or absence of 16 uM NBMPR. The difference
beween cell assaciated *H in the presence and absence of NBMPR
was plotted. The Kinetic were ined by i

feast-squares fit of the Michuclis Menten equation and gave a K,
vulue of 41+ 7 uM with a ¥, of 2.510.14 pmol /mg protein per s,
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Fig. 5. Concentration dependence of F'HINBMPR binding to sus-
pended LLC-PK, cnlis. Susprnded LLC-PK cells were incubated
with graded concentrations of ['RINBMPR for 30 min at 22°C in the
presence (4 ) or absence (s) of 1G &M NBMPR. Specific binding of
[*HINBMPR the diffe between t associ-
ated NBMPR in the presence and absence of NBMPR and was
saturable (K, = 0,92 10.33 aM: B, = 33:: 4 fmol /10° cells).

sides for NBMPR-scnsitive transport [1,2], with the
exception of cytidine which has been reported to ex-
hibit a lower affinity (K, of 2-4 mM) [23] than we
observed in the present study. Similar K; values for
cytidine inhibition of 100 M [*Hluridine influx were
also obtained (K; values of 81 and 73 uM for two
separate experiments). Nucleoside inhibition prof“ iles
were hasic and parallel, suggesting p
inhibition of a single class of nucleoside transporters.

[HINBMPR binding
The association between high-affinity NBMPR bind-
ing sites and functional nuclcoside carriers in cells in
which transport is inhibited by NBMPR is now well
established {1,2]. Thus, [*HINBMPR was employed as
a specific binding probe cnabling further characterisa-
tion of the nucleosid ter in ded LLC-
PK, cells. Fig. 5 illustrates the results of an experiment
in which specific [Y"HINBMPR binding, defi.cd as the
difference in the amount bound in the presence and
b of 10 uM unlabelled NBMPR, was saturable
Wwith an apparcnt K of 0921033 nM and a B,
{maximal binding) of 33 i 4 fmol/10° cells. The mean
values from threc experiments were 0.80 + 0.i8 nM for
the apparem K, with a B, of 36+ 7.2 fmol/10°
cells {mean £ 5.E.). Hill coefficients calculated from
the saturable binding data did not significantly differ
from 1, indicating the presence of a single class of
high-affinity NBMPR binding sites. The K; value for
NBMPR inhibition of uridine transport is similar to
the apparent K, value for NBMPR-binding. Calcula-
tions tased on the 8, value presented, estimate the
total number of bindw:g sites per cell at (0.21 + 0.04) -
10°. Assuming that cach NBMPR binding sit2 repre-
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sents a single transporter iiie turnover number for
NBMPR-sensiiive uridine influx is estimated to be
10 + 2 molecules /site per s at room temperature as-
suming a V,,,, of 2.5 + 0.14 pmol /s per mg of protein.

‘The effect of a varicty of nucleosides on the site-
specific binding of ['HINBMPR was explored and the
results are summarized in Table 1. Once again adeno-
sinc was the most cffective of the nucleosides tested
with apparent K; values 91, 170, 205, 250, 455 and 760
for adenosine, thymidine, inosine, uridine, formycin B
and cytidine, respectively (means of two separate ex-~
periments).

Equilibrium exchange influx of formycin B

The K; values for inhibition of specific ["HINBMPR
binding were between 2- and 12-fold higher than the
K; values {or inhibition of uridinc influx (sce Table 1).
Previous results with mammalian crythrocytes have
shown that such a discrepancy is climinated when the
K., valucs for cquilibrium exchange are used instead
of the %, or K, values for influx [2,24,25). Thus, using
the non-metabolised nucleoside, formycin B [18], we
compared the kinetic properties of formycin B inflws,
under zero-frans and equilibrium cxchange conditions

TABLE |
Effect of nucleoside and transport inhibitors on Na * -independent
wridine influx end specific NBMPR binding by LLC-PK | edlls
The rate of wridi
addiiion of 10 M (*Hluridine
pound w LLC-PK, monolayers. For diluzep and NBMPR, LLC-PK,
were prei as d in
Materials snd Methods. £ values were caleulated from the equation
K= 1Ce /04 L /Ko ) where the K, value was taken as 34 uM
and L =10 uM uridine. The values are the means 1 S.E. of at least
three sepatate oxperiments, [*HINBMPR binding was initiated by
the addition of | aM ['HINBMPR in the presence o, absence of
nucleosides to suspended LLC-PE | cells weated with or withou 30
i+M NBMPR. After 30 min 2°C, [PHINBMPR bound to cells was
) ined an descnbed Matenals and  Methods,  Speenic
(*HINBMPR bound aleulated ws the difference between total
hinding nd binding in the presence of 1) uM NBMPR. K, values
were calentoted from the cquations K; = 1Cs /U + L /Ky) where
the K, value was taken as 080 aM. Individuat values from two
separa: experiments are given. n.d., not determined.

determined by the
medium and test com-

Inbivitor Apparent K; value
- wridine influx PHINGRE

NEMPR 27 £ 0.750M nd.
Dilazep .83+ 0.25aM nd,

Dilazep +eserine (0 ) 0691 0.160M nd.
Adcnosine Bt dpm ol (20 pM
Inosine We A5 pM 230,170 uM
Formycin B 1R +1taM 360 550 uM
Thymidine A+ TuM 120,220 uM
Cytidine o0} +12uM  TIO0, 760 pM
Uridine nd. 275,225 uM
Guuswsine 68 «31uM  nd

TABLE I

Effect of nucleosides on Na * -dependent uridine transport

LLC-PK, monolayers (3-day-old) were preincubated with 10 aM
NBMPR for iti min and the uptake of 5 ¢M [*Hluridine (30 min) a1
22°C measured in the presence of Na' or NMG* transport medis
as described in Mates and Methods. The indicated nucleosides
(tinal concentration 100 zM) were added simultaneously with
[ *Hjuridine. Na *-dependent uridine influx was defined as the differ-
enee in transport rates between Na* and NMG * transport media,
The resuhts (£5.D.) of two scparate experiments are shown,

tahibitor Na *-dependent uridine influx
(pmol /mg protein per min)
Lopt. ! Eapt. 2
0.67+0.09 033 +0.01
018 £0.005 0
009 +0.01 0401 +0.009
Adenosine (07 £0.006 0037 £ 0.005
Thymidine 0.77+0.27 .23 +0013
Cytidine 06340045 5+ 0031

in the presence of NMG * transport media. The kinetic
parameters for cquilibrium-cxcharge influx were ap-
proximately 6-fold higher than the zero-trans influx
parameters (apparent K, 680 + 130 avd 91 £43 pM;
Vi 8:2 % 1.7 and 1.4 £ 0.5 pmol/mg protein per s for
cquilibrium exchange and zero-rrans influx, respec-
tively).

Na *-dependent nucleoside transpoit
The cffeet of various nucleosides on Na*-depende

uridine transport was assessed in monolayers of LLC-
PK, celis that had been preincubated with 1 pivi
NBMPR to block the Nz *-independent facilitated-dif-
fusion nucleoside transporier (Fig. 2). The results of
Table 11 show that Na‘*-dependent uptake of uridine
was inhibited by adenosine, inosine and guanosine but
not by cytidine or thymidine. Long incubation times of
30 min were necessary for these experiments because
of the low transport activity of the Na*-denendent
carricr. This raises the possibility that inhibition was
occurring at the level of phosphorylation and not trans-
purt. Such as possibility can be discounted since differ-
ent kinases are involved in the phosphorylation of the
abuve group of nucleosides [26). These results thus
suggest that uridine and purine nucleosides but not
other pyrimidine nucleosides are substrates for the
Na“*-dependent nucleoside transpo: of LLC-PK,
cells. The data in Fig. 6 support this conclusion by
demonstrating that the uptake of 5 1M guanosine was
greater in the presence of NaCl media compared to
NMG* media, whereas the rate of 5 pM thymidine
inftax was simifar in hoth transport media. As was the
case for uridire influx, no apparent Na*-dependent
guanosine flux was obscrved in the absence of preincu-
bating cells with 10 xM NBMPR (initial rates of 11.5
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‘The uptake of 5 2 M guanosine and thymidine by LLC-PK | monolay-

ers (4-day-old) at 22°C prencubated with 10 M NBMPR was

determined at the indicated times in the presence of 140 mM NaCl

(sotid symbols) or 140 mM NMG* (apen symbols). Symbais: guso-
sine, ® and O; thymidine, & and a.

+0.5 aind {3.0 + 1.6 pmol/mg protein per min in the
presence of Na* and NMG ™, respectively).

Discussion

The data presented in this paper suggests that the
routes hy which nnleosides are taken up by cultured
LLC-PK, ienai epithelial cells appear to be mzinly an
NBMPR-sensitive process, a Na‘-dependent transport
component specific for uridine and ali purine nucico-
sides we have tested and a small transporter-indepen-
dent route. Influx of uridine was blocked by > 95% by
NBMPR. NBMPR inhibited uridine iaflux with a K;
value of 27075 oM and no evidence of an
NBMPR-insensitive nucleoside carriar was cbtained as
has been obsuived in many other cultured celi lines
[1--3,5). Uridine infiux by the NBMPR-sensitive route
was saturable (apparent K ~34 pM at 22°C) and
inhibited by both purive and pyrimidine nuclcosides
suggesting » broad specificity, Inhibition by NBMPR
was associated  with  higi-affinity binding of
[*HINBMPR (o the cells. Nuclcosides blocked
[PHINEMPR binding but the inhibition values were
higher than the K; values observed for inhibition of
zero-trans uridine influx (Table 1). Such disrrepancies
have been noted previously [24,25]. However, the K,
for ¢3vilibrium-exchenge influx of formycin B (630 +
130 ;tM) was simifar to the inhibition constant of
NBMPR binding by formycin B (455 uM). Similar
agreement between the K, values for equitibrium
exchange uridine influx aud the K, values for specific
NBMF'R binding have been obscived for mammalian
crythroeytes [24,25]
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The above properties of the NBMPR-sensitive nu-
cleoside carrier in LLC-PK, 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 1n a few cases to be totally symmetrica!
[1]. In contrast, uridine transport in human and guinea
pig erythrocytes exhibits differential ‘mobility” of the
foaded and empty carrier (the kinetic paramcters of
cquilibzium exchange are greater than those of zero-
wrans nflux) [1,2,5,27,28]. Similarly, the present results
demanstrate that the rate of formycin B transport in
LICYK, aells is warkedly stimulated wien the trans-
porter is operating in the equilibrium exchange mode
cnmpared to zero-frans (apparent K, 680 + 130 and
91443 uM; V,,, 82117 and 144£05 pmol/mg
protein per s for equilibrium exchange and zevo-trans,
respectively). Within experimental error the V,
ratio was similar for both zero-frans and
exchange modes of carrier operation, a property con-
sistent with the ‘simple’ transporter [29). The zstimated
turnover number for the NBMPR-sensitive transporter
in LLC-PK, cells of 10 uridine molecules/site per s is
an order of magnitude iess than that obseived for the
transporter in a variety of mammalian erythrocytes but
similar to the estimate of the turnover number in other
cultured cells [30. 1t should be noted that NBMPR has
the capacity to diffuse across celi membrancs and thus
2T ially bind to intraccllular binding-sitzs as well as
those on the plasma membrane. If this was to occur
with LLC-PK; cells then the above estimate of the
turnover number weald be tog lew,

The second maior difference between Li.C-PK, cells
and other cultured cell lines appears to be in the
apparent high affinity of cytidine for influx on the
carrier. In Novikoff cells, the apparent X, for influx is
between 2 and 3 mM [23], which compares with a K;
estimate of 64+ 12 uM in the present study. This
difference in the two cell lines is most likely due to the
different kinetic propertics of the nucleoside carricrs
in the two cell types. The nucleoside transporicr in
Novikoff cclls appears to exhibi: equal mobility of the
loaded and unloaded forms [1,1) while the mobility of
empty and substrate-loaded carrier clearly differ in
LLC-PK; cells (see Discussion above). Thus, the pre«
sent resuits, together with the recent data indicating
that the affinity of cytidine for the hunan erythrocyte
nucleoside transporter also differs i 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
nucleosides by LLC-PK, cells was a2 minor Na *-depen-
deut system that accounted for less than 5% of the
total uridine flux at low concertrations of uricine (S
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#M). Indeed, this active transporter became only ap-
parent when LLC-PK, cell were incubaled in the pres-
ence of NBMPR. Under such conditions cfftux via the
NBMPR-sensitive equilibrative transporter was blocked
but permcant still entered the cells via the NBMPR -re-
sistant concentrative transport system. in view of the
low activity of the Na*-dependent system few detuiied
studies on the kinetic properues of the carrier were
possible. Nevertheless, limited  substrate  specificity
studies suggest that the Na'-dependent nucleoside
transporter in LLC-PK, cells is identical to the NI
system described for beth mouse intestinal cells and
bovine renai brush-korder membrane vesicles that is
specific for uridine and purine nucleosides [14,33]. No
evidence for the prosence of the Na*-dependent N2
nucleeside transrort system jn LLC-PK,| cells was
found.

The virtual absence of Na*-dependent nucleoside
transport activity in LLC-PK; cells was totally unex-

nected in view of the wmmon'y field view that LLC-
PK, cells are a good nodel for proximal whule trans-
port functions [15,17). However, rvecent evidence sug-
gests that LLC-PK, cells express charec cs typical
of the late proximal tubule [16,34,35]. 'n particular, of
the nwo distinet sodium-dependent p-glucose  trans-
porters arranged scquentially along the length of the
proxinul tubule, LLC-PK, cells express only the late
proximal tubular »-glucose transport system [34,35]. 1t
is ihcrefore possible that the low cxpiession of Na*-de-
pendent nucteoside transport in LLC-PK | cells reflects
a change in the transport characteristics of the proxi-
mal tubule in vivo. Indeed, we have now demonstrated
that brush-border membrane vesicles from the outer
medulla of porcine kidney (late proximal tubule) ex-
hibit a much reauced Na *-dependent nucleoside trans-
port activity compared o the cortical brush-border
membrane vesicles (early proximal tubule) (Fig. 3).

In conclusion. the ajor aucicoside transport route
in LLC-PK,, renal epithelial cells derived from thie late
proximal tubuie is a broad-specificity NBMPR-sensi-
tive nucleoside sporter. This result, together with
the low activity of Na’-linked nucleoside trausport
activity in outer renai medulla biush-border vesicles
and LLC-PK, cells, suggests that nucleoside transport
across the late proximal tubule celis procecds mainly
via a facilitated-diffusion mechanism. In contrast, pre-
liminary siudics with OK cells (opossum kidney renal
epithelial cells from the HEtH U] [‘46]
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