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NUCLEOSIDE TRANSPORT IN CULTURED MAMMALIAN CELLS

MULTIPLE FORMS WITH DIFFERENT SENSITIVITY TO INHIBITION BY
NITROBENZYLTHIOINOSINE OR HYPOXANTHINE
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The zero-trans influx of 500 pM uridine by CHO, P388, L1210 and L1929 cells was inhibited by
nitrobenzylthipinosine (NBTI) in a biphasic manner; 60-70% of total uridine influx by CHO cells and about
90% of that in P388, L1210 and 1929 cells was inhibited by nmolar concentrations of NBTI (ID,, = 3-10
nM) and is designated NBTI-sensitive transport. The residual transport activity, designated NBTI-resistant
transport, was inhibited by NBTI only at concentrations above 1 M (ID,, = 10-50 uM). S49 cells exhibited
only NBTl-sensitive uridine transport, whereas Novikoff cells exhibited only NBTI-resistant uridine trans-
port. In all instances NBTI-sensitive transport correlated with the presence of between 7:10* and 7+ 10°
high-affinity NBTI binding sites /cell (K, = 0.3-1 nM). Novikoff cells lacked such sites. The two types of
nucleoside transport, NBTI-resistant and NBTI-sensitive, were indistinguishable in substrate affinity, tem-
perature dependence, substrate specificity, inhibition by structurally unrelated substances, such as dipyrida-
mole or papaverine, and inhibition by sulfhydryl reagents or hypoxanthine. We suggest, therefore, that a
single nucleoside transporter can exist in an NBTI-sensitive and an NBTl-resistant form depending on its
disposition in the plasma membrane. The sensitive form expresses a high-affinity NBTI binding site(s) which
is probably made up of the substrate binding site plus a hydrophobic region which interacts with the lipophilic
nitrobenzyl group of NBTI. The latter site seems to be unavailable in NBTI-resistant transporters. The
proportion of NBTI-resistant and sensitive uridine transport was constant during proportion of NBTI-re-
sistant and sensitive uridine transport was constant during progression of P388 cells through the cell cycle
and independent of the growth stage of the cells in culture. There were additional differences in uridine
transport between cell lines which, however, did not correlate with NBTI sensitivity and might be related to
the species origin of the cells. Uridine transport in Novikoff cells was more sensitive to inhibition by
dipyridamole and papaverine than that in all other cell lines tested, whereas uridine transport in CHO cells
was the most sensitive to inactivation by sulfhydryl reagents.

Introduction step, transport-deficient mutant of mouse T-cell

lymphoma S49 cells, mammalian cells have been
postulated to possess a single nucleoside trans-
porter that transports all natural ribo- and de-
oxyribonucleosides, albeit with different efficien-

On the bases of uniform kinetic properties and
substrate specificity and the isolation of a single-
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cies (for review, see Ref. 1). The Michaelis-Menten
constants observed with various types of cultured
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cells, regardless of species or tissue of origin, are
lowest for purine nucleoside transport (100-200
pM), intermediate for uridine and thymidine
transport (150-300 pM) and above 500 pM for
cytidine and deoxycytidine transport [1]. Nucleo-
side transport by many types of cells has been
found to be exquisitely sensitive to inhibition by
6([4-nitrobenzyljthio)-9-B-D-ribofuranosylpurine
(nitrobenzylthioinosine, NBTI) (K, about 1 nM;
Refs. 2-7). The potent inhibition of nucleoside
transport coincides with the presence of high-affin-
ity binding sites on cells. For example, uridine
transport capacity of erythrocytes from various
species correlates with the number of high-affinity
NBTI binding sites on the cells (ranging from
about 20 sites/cell for adult sheep and guinea pig
red cells to 1 - 10* sites /cell for human and rabbit
red cells [8]) and a similar correlation is observed
for the 100-fold difference in uridine transport
capacity between fetal and adult sheep erythro-
cytes [9]. Furthermore, a mutant of S49 cells defi-
cient in nucleoside transport lacks high-affinity
NBTI binding sites [10], whereas wild-type S49
cells and cells of a number of other cell lines
possess between 1-10° and 5-10° NBTI binding
sites/ cell [4,7,10,11]. Binding equilibria with
[*HINBTI support the idea of direct competition
with transport substrates: despite a 10°-fold dif-
ference in affinity, [*’H]NBTI is displaced from its
binding site by high concentrations of nucleosides.
A general view, therefore, has arisen that high-af-
finity NBTI binding measures functional nucleo-
side transporters in mammalian cells [9].

There are, however, some conspicuous excep-
tions to this generality. Nucleoside uptake by HeLa
and MTC hamster cells has been found to be
inhibited by NBTI to maximally 50 to 90% with
variations depending on the cell line [4,12]. This
partial inhibition of uptake presumably reflects
partial inhibition of transport, although these stud-
ies did not distinguish effects on transport and
phosphorylation. Using cells unable to phos-
phorylate thymidine, we have found that transport
per se was inhibited by 100 nM NBTI to about
90% in Chinese hamster ovary (CHO) and mouse
L. and P388 cells, to about 77% in HeLa cells and
not at all in Novikoff rat hepatoma cells [2]. Belt
recently reported [13,14] that uridine influx in S49
and RPMI 6410 celis was inhibited > 98% by 1

#M NBTI, but only about 90% and 80% in P388
and L1210 cells, respectively, whereas in Walker
256 rat carcinoma cells, like in Novikoff cells, it
was not affected. Furthermore, her data indicated
that NBTI-resistant uridine influx in L1210 cells
did not simply reflect non-mediated permeation,
but was mediated by a NBTI-resistant, broadly
specific, p-hydroxymercuribenzenesulfonate-
sensitive transporter, just like that of Novikoff
cells [1].

The question, therefore, arises of whether mam-
malian cells really possess only a single trans-
porter, or whether there may exist two structurally
distinct transporters, one sensitive to NBTI and
one resistant. A middle hypothesis would be that
there exists only one transporter which manifests
two conformational forms, only one of which is
capable of binding NBTI with high affinity, and,
hence, very sensitive to inhibition.

We have addressed these questions by compar-
ing various cell lines with respect to binding of
radiolabeled NBTI, the presence of NBTI inhibita-
ble and resistant uridine transport, and the sensi-
tivity of this transport to inhibition by other
nucleosides and hypoxanthine, as well as by
structurally unrelated inhibitors of nucleoside
transport including sulfhydryl reactive agents.

Experimental procedures

Materials. [5->H]Uridine and [G->H]NBTI were
obtained from Moravek Biochemicals (Brea, CA,
U.S.A)) and diluted to desired specific radioactivi-
ties with unlabeled uridine or NBTI. Unlabeled
nucleosides and p-hydroxymercuribenzoate were
purchased from Sigma Chemical Co. (St. Louis,
MO, U.S.A.) and unlabeled NBTI from
Calbiochem (San Diego, CA, U.S.A.). Dipyrida-
mole (Persantin) was a gift from Geigy
Pharmaceuticals (Yonkers, NY, U.S.A)).

Cell culture. Wild-type Novikoff rat hepatoma
cells and uridine kinase-deficient (1-14-7; Ref. 15)
and hypoxanthine phosphoribosyltransferase-defi-
cient (1-22; Ref. 16) variants thereof were propa-
gated in suspension culture in Swim’s medium 67
as described previously [17]. Wild-type Chinese
hamster ovary (CHO) cells, CHO-DAP12 cells,
CHO-AR7 cells, CHO-Tub" cells, mouse 1.929-2
cells, and mouse leukemia P388 and L1210 and



lymphoma S49 cells were propagated in a similar
manner in Eagle’s minimum essential medium for
suspension culture supplemented with serum, D-
glucose and non-essential amino acids as described
previously [17]. CHO-DAPI12 cells are deficient in
adenine and hypoxanthine phosphoribo-
syltransferases, CHO-AR7 and CHO-Tub" in
adenosine kinase [18] and L929-2 is a variant of
mouse NCTC929 cells which is deficient in adenine
phosphoribosyltransferase [19]. All cell lines were
demonstrated to be free of mycoplasma con-
tamination by uridine/uracil incorporation [20]
and cultural methods. For experiments, cells were
harvested by centrifugation from mid to late ex-
ponential phase cultures and suspended to 8 - 10°
to 2- 107 cells/ml of basal medium 42B (BM42B).

Nucleoside transport. Nucleoside transport was
measured in cell suspensions at 25°C as we have
described previously [1,21]. Time-courses (com-
prising 15 points) of transmembrane equilibration
of radiolabeled uridine were determined under
zero-trans or equilibrium exchange conditions by
rapid kinetic techniques. Data were evaluated by
fitting integrated rate equations, based on a simple
carrier with directional symmetry and equal mobil-
ity of empty and nucleoside-loaded carrier [1,22],
as appropriate for zero-trans or isotopic exchange.
In experiments to determine Michaelis-Menten
parameters, six to eight substrate concentrations
were employed and the parameters extracted by
least-squares regression. In other experiments,
where only initial velocities at a single permeant
concentration (usually 320 or 500 pM) were of
interest, an integrated rate for zero-frans influx
was fitted with K, fixed at 250 pM, and the slope
at ¢ = 0 taken as initial velocity (v%%).

In experiments to test the effects of various
substances on nucleoside transport cell suspen-
sions were treated as follows: sulfhydryl reagents
were preincubated with cells for 20 min at 37°C
before transport was measured at 25°C; NBTI,
dipyridamole and papaverine were added to cell
suspensions (at 25°C) at least 2 min prior to
transport assay; unlabeled nucleosides or hypo-
xanthine were added simultaneously with the
labeled transport substrate. In all cases, flux is
expressed as pmol of labeled permeant per second
and pl of cellular H,0 [21].

Equilibrium binding of NBTI. Our method of
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measuring equilibrium binding has also been de-
scribed in detail previously [7]. Samples of cell
suspensions were mixed with 12 concentrations
(0.15 to 500 nM) of [PH]NBTI (final density be-
tween 3-10° and 2 - 107 cells/ ml of BM42B) and,
after about 40 min at 25°C, triplicate samples
were taken from the suspension (= bound + free
NBTI) and a centrifugally cleared supernate (=
free NBTI) for scintillation counting. Measured
radioactivity was converted to concentrations of
free NBTI and bound NBTI, and the following
equation was fitted to the pooled data:

L NL;
5T Ky + L,

+ k'L, 1)

where L = concentration of bound ligand, L; =
concentration of free ligand, N = number of bind-
ing sites per liter, K, = dissociation constant and
k’=a coefficient of non-saturable binding. The
equation corresponds to a single, saturable binding
site plus a non-specific binding component [7}.

Data analysis. The theoretical equations were
fitted to data by a generalized least-squares regres-
sion program based on the algorithm of Dietrich
and Rothmann [23] and implemented on a
Hewlett-Packard 9825 computer. Parameter values
are reported +S.E. of the estimate.

Results

Fig. 1 shows representative time courses of up-
take of 320 uM [*HJuridine by P388 cells in the
presence of the indicated concentrations of di-
pyridamole or NBTI and illustrates the general
method of measuring zero-frans influx in all ex-
periments presented. Chromatographic analysis of
the acid soluble pools of the labeled cells showed
that after 1 min of incubation less than 10% of the
intracellular radioactivity was associated with
nucleotides (data not shown). Thus the uptake
time courses reflected transmembrane equilibra-
tion of unmodified uridine (see also Ref. 1). In
these and similar experiments with other cell lines
and /or inhibitors initial zero-zrans entry velocities
(v3}) were estimated as the zero-time slopes of the
time-courses of transmembrane equilibration [1].

In Fig. 2 the v%, values for uridine transport in
a number of cell lines are plotted as the function
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of the concentration of inhibitor. The uridine con-
centrations employed, 320 or 500 pM, were suffi-
cient to achieve about 56 or 66% of maximal
influx, respectively. In all instances the inhibition
of uridine influx was dependent on inhibitor con-
centration, and most cell lines investigated ex-
hibited similar sensitivities to NBTI (Fig. 2A, IC,,
= 3-10 nM), dipyridamole (Fig. 2B, IC,, = 50-300
nM) and papaverine (IC;,=2-4 pM, data not
shown). One exception was wild-type Novikoff rat
hepatoma cells. Urd influx in these cells was sig-
nificantly inhibited by NBTI only at concentra-
tions above 0.5 pM; the IC,, was about 1000-fold
higher than that for all other cell lines investigated.
Uridine influx in wild-type Novikoff cells was also
more resistant to inhibition by dipyridamole (Fig.
2B, IC5, =1 pM) and papaverine (I1C;; =20 uM,
data not shown) than that of the other cell lines,
but the differences in sensitivity were much smaller
than observed for NBTI. There was also a note-
worthy difference between the pattern of inhibi-
tion of uridine influx by NBTI on the one hand,
and dipyridamole and papaverine on the other
hand. The degree of inhibition by dipyridamole
and papaverine increased progressively with in-
crease in concentration until influx was almost
completely inhibited. In the case of NBTI, such
pattern of inhibition was only observed for mouse
lymphoma S49 cells which were also somewhat
more sensitive to inhibition by NBTI than the
other cell lines (Fig. 2A). The inhibition of Urd
transport by NBTI in these other NBTI-sensitive
lines, on the other hand, was biphasic. Inhibition
leveled off above 10-50 nM reaching a level of
inhibition between 60 and 92% depending on the
cell line. The residual transport activity by P388
and L1210 cells, however, became inhibited at
concentrations of NBTI above 1 pM, in a pattern
similar to that observed for Novikoff cells (Fig.
2A). The dose-response curve for L1210 is similar
to that reported by Belt [14]. A similar biphasic
pattern of inhibition of uridine uptake by NBTI
has also been reported for HeLa cells [6]. The
dose-response patterns for NBTI inhibition of
uridine transport for individual NBTI-sensitive cell
lines varied somewhat between experiments. This
applied to both the progressive increase in inhibi-
tion below 10 nM NBTI and the level of inhibition
attained between 20 and 500 nM NBTI. The latter,
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however, fell consistently between 80 and 92%
inhibition for P388, L1210 and L929-2 cells and
between 60 and 75% for wild-type CHO cells and
three independently derived variants of these cells
(AR-7, DAP-12, and Tub') exhibited a similar
pattern of NBTI inhibition as wild-type cells (Fig.
2A). In addition, the level of inhibition of uridine
influx by 50 and 500 NBTI was identical in seven
independent clones of wild-type CHO cells
(60-70%) and the pattern of inhibition in CHO,
1.929-2 and P388 cells was constant during at least
one year of continuous propagation in cell culture.

The data of Fig. 2A show slight (approx. 12%)
inhibition or Urd influx in the uridine kinase-defi-
cient Novikoff cells (1-14-7) at NBTI concentra-
tions in the range of 50 to 500 nM. This compo-
nent of inhibition has not been apparent in wild-
type Novikoff cells, but we have observed it con-
sistently in several experiments with 1-14-7 cells.
At concentrations above 500 nM NBTI, the pat-
tern of inhibition in 1-14-7 cells was similar to that
in wild-type cells.

Additional results lead us to believe that the
unexpected difference between 1-14-7 cells and
their parental type is not a consequence of con-
tamination of the 1-14-7 cells with another cell
type with NBTI-inhibitable nucleoside transport.
First, we have repeated the transport measure-
ments after the cells were propagated for 10 days
in the presence of 10 uM S-fluorouridine. Since we
do not carry any S5-fluorouridine-resistant variants
other than the 1-14-7 Novikoff cells, this treatment
should have eliminated any wild-type cells as well
as all other potential contaminating cells. Second,
no contaminating cells were detected by karyotype
analysis; the karyotype of 1-14-7 cells was indis-
tinguishable from that previously reported for
wild-type Novikoff cells [24] (average 39 chro-
mosomes/ cell). Furthermore, v}, for 500 pM
uridine was similar for wild-type and 1-14-7
Novikoff cells (25-35 pmol/pl cell water per s),
supporting our contention that uridine uptake at
high concentrations is a valid measure of trans-
port, irrespective of the cells’ ability to phos-
phorylate uridine. Thus, the absence in wild-type
cells of inhibition at lower NBTI concentrations
would seem not to arise from metabolic inter-
ference with transport measurements in cells capa-
ble of uridine phosphorylation.



The variation in NBTI-inhibition patterns
among cell lines and among experiments with a
single cell line suggested that the proportion of
NBTI-sensitive nucleoside transporter is subject to
modulation in various physiological conditions.
We therefore harvested P388 and CHO cells at
different densities, corresponding to different
stages of culture growth, but found no difference
in NBTI sensitivity from asynchronous cells in
early, mid or late exponential phase or early sta-
tionary phase (Table I).

Nor did position in the cell cycle of a synchro-
nous culture of P388 cells influence the proportion
of NBTI-inhibitable transport. Fig. 3 shows the
results of assays of uridine transport in P388 cells
at various times after release from a double hy-
droxyurea block [24). Zero-trans influx was 90%
inhibited by 50 and 500 pM NBTI regardiess of
the cell cycle stage (early S, late S to G,, M and
Gy)-

The results in Fig. 2A demonstrated the pres-
ence of at least two types of nucleoside transport
in various cell lines, one highly sensitive to inhibi-
tion by NBTI (IC,, = 3-10 nM) and the other one
relatively resistant (IC;, = 10-20 pM). Practically
all uridine transport in Novikoff and Walker 256
[14] cells and 85-90% of the total in the uridine

TABLE I

kinase-deficient Novikoff variant is NBTI-re-
sistant, whereas only between 10 to 20% of the
total in P388, L1210 and 1.929-2 cells and 30-40%
in CHO cells is resistant and no NBTI-resistant
uridine transport is detectable in S49 cells. The
data in Fig. 4 and Table II show that in all cases
high sensitivity to inhibition by NBTI correlated
with the presence of high-affinity binding sites for
NBTI. NBTI binding has been previously analyzed
in HeLa and CHO cells and found to be composed
of a saturable high-affinity component ( K, = 0.1-1
nM) and a non-saturable component [4,7]. Our
data extend these findings to P388, 1.1210, L929-2
and S49 cells. Because of the wide range of NBT]
concentrations that needed to be analyzed, the
binding data are presented in the form of a log-log
plot of bound NBTI versus free NBTI (Fig. 4) to
allow direct comparison between saturable and
non-specific binding and of NBTI binding in the
various cell lines. The number of high-affinity
binding sites varied from about 0.7 - 10° /549 cell

* to about 7 - 10° / 1929-2 cell and correlated roughly

with the size of the cells (Table II). Although an
exact analysis is not possible on the basis of these
data, they suggest that the density of binding sites
per surface area is similar in the various cell lines,
as is also suggested by the similar transport capac-

NBTI-SENSITIVE AND NBTI-RESISTANT URIDINE TRANSPORT IN CHO AND P388 CELLS AS FUNCTION OF

GROWTH STAGE

Cultures were initiated at about 1-105 cells/ml. At the indicated cell densities (equivalent to early, mid and late exponential phase
and early stationary phase), an approximately equal number of cells was collected by centrifugation, suspended to about 1-107
wild-type CHO cells or 1.3-107 P388 cells/m! of BM42B and assayed for zero-trans influx of 560 1M [*H]uridine (1 cpm/pmol) as
described under Experimental procedures. The two sets of values at No NBTI represent two independent determinations of v%,, and

the average at each cell density (control) defines 100%.

Cell Growth stage Cell volume Uridine influx (v]})
type  (cells/ml) (n1/107cells)  NONBTI 50 nM NBTI 500 nM NBTI
pM/s pM/s % of pM/s % of
control control
CHO 5 .10% 19.7 33.2+4.2; 283426 9.8+0.6 32 8.3+0.6 27
7 -10° 18.1 16.0+1.1; 17.24+0.7 6.5+0.6 39 6.2+0.2 37
1 -10¢ 17.8 21.240.8; 16.7+0.4 72+04 38 6.9+0.3 36
1.4-10¢ 174 21.3+0.8; 17.84+0.6 81+0.7 41 6.2+04 31
P388 3.8-10° 11.0 23.542.0; 243415 3.740.3 15 33402 13
1.2-10¢ 9.2 23.2+4+1.0; 25.1+0.6 3.1+0.1 12 2.6+0.2 10
1.5-10° 8.5 323+1.8; 36.1+2.3 41402 11 34402 9
1.8-10° 6.8 28.7+1.5 - 3.8+03 13 32402 1
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Fig. 3. Uridine influx in P388 cells as a function of cell cycle
stage. A culture of 9-10° P388 cells/ml was supplemented with
0.5 mM hydroxyurea. After 10 h of incubation at 37°C (at
1.2-10° cells /ml), the cells were collected by centrifugation and
suspended to the same density in fresh growth medium. After
another 7 h of incubation at 37°C, the culture was again
supplemented with 0.5 mM hydroxyurea and the cells harvested
7 h later (at 2-10° cells/ml). The cells were suspended in fresh
growth medium (time zero), incubated at 37°C and analyzed as
follows: The culture was monitored for cell density and sam-
ples thereof were incubated with 0.1 pM [*H]thymidine (16
cpm/nmol) at 37°C for 15 min and then analyzed for radioac-
tivity in acid-insoluble material (B). In addition, at the indi-
cated times an about equal number of cells was collected by
centrifugation and suspended to about 1.8-107 cells/ml of
BM42B and assayed for zero-trans influx of 500 pM [*H]uridine
in the absence and presence of 50 or 500 nM NBTTI at 25°C as
described under Experimental procedures (A).

ity of the cells (see later). Non-specific binding
represented between 2 and 10% of the total bind-
ing at free NBTI concentrations below 0.5 nM.

In contrast to the results with P388, L929-2,
CHO, L1210 and S49 cells, little, if any, high-af-
finity NBTI binding was detectable in wild-type
and 1-22 Novikoff cells. The binding observed in
wild-type Novikoff cells was non-saturable and
resembled in magnitude that observed in the other
cell lines (Fig. 4). Some high-affinity binding of
NBTI, on the other hand, was detected in four
experiments in the uridine kinase-deficient variant
of Novikoff cells. The number of NBTI-binding
sites / cell varied somewhat for different batches of
these cells (the two extremes are presented in

10 mana T T TTTrYY T T T T

T T 7T

T T T

Lb{pmol /107 CELLS)

LI S e )

00! Y ‘ - — o
LftnM)
Fig. 4. Amounts of [*HJNBTI bound (L,) at equilibrium by
various cell lines as a function of concentration of free NBTI
(L;). The equilibrium binding of [*H]NBTI at concentrations
ranging from 0.1 to 40 nM and at 3 uM was determined as
described under Experimental procedures. Eqn. 1 was fitted to
the data and the best-fitting parameters are listed in Table II.

) ov v, N1S1-67 wild type; M W, N1S1-67
(1-22); O O, N1S1-67 (1-14-7); O O, P38g;
a A, L929.2; a 4, CHO wild type; ¢ v,
L1210; D I, S49. The area delineated by the lower

two lines indicates the range of non-specific binding of NBTI
as estimated by k' (see Table II) for P388, L929-2, CHO and
L1210 cells.

Table II), but was always only between 10 and
30% of that found in CHO and 1929-2 cells which
are of comparable size. The presence of a low
number of high-affinity binding sites in uridine
kinase-deficient Novikoff cells correlated well with
the partial inhibition of uridine influx by low
NBTI concentrations in these cells (Fig. 2A).
These results support the view that the inhibi-
tion of uridine transport by low concentrations of
NBTI reflects its binding to high-affinity sites on
the nucleoside transporter. Transporters without
high-affinity binding sites are not inhibited by
nmolar concentrations of NBTI. We have searched
for other properties by which NBTI-sensitive and
resistant nucleoside transporters can be dis-
tinguished, with limited success. The data in Figs.
1 and 2 already suggested that both NBTI-sensi-
tive and resistant uridine transport are inhibited
by dipyridamole and papaverine. This finding is
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TABLE II
PARAMETERS FOR EQUILIBRIUM BINDING OF NBTI TO VARIOUS CELL LINES

Eqn. 1 was fitted to the data in Fig. 4 (Expt. 1) and those from additional experiments with each cell line (Expt. 2). £’ as defined in
Eqn. 1 is dimension-less; the values here are normalized to a cell density of 107 cells/ml, since non-specific binding is presumably
proportional to cell density.

Cells Intracellular Expt. Ky Binding sites k’
space (nM) per cell (ml/107 cells)
(117107 cells) 2 (x107%)
P388 9.940.5(17) 1 0.3240.04 14 +0.15 0.21+0.010
2 0.44+0.04 3.4 +£0.30 0.25+0.030
L1210 13.2+1.2 (10) 1 0.5240.63 21 +£0.12 0.23+0.023
2 0.5740.16 2.6 +0.29 0.27+0.019
CHO 21.3+1.0 (30) 1 0.70+0.53 42 +0.20 0.2940.020
2 1.8 +0.45 5.7 +£0.59 0.19+0.033
1929-2 19.6+2.0 (11) 1 1.0 +£0.13 6.5 +0.60 0.25 +0.090
2 1.0 +£0.20 73 £0.62 0.52 +£0.040
S49 59(2) 1 0.37+0.11 0.73+£0.06 0.10 £ 0.005
N1S1-67 1 b <02 0.17 £ 0.006
2 b <02 0.51+0.023
N1S1-67 ¢ 25.4+1.4(29) 1 b <0.2 0.44+0.029
(1-22)
N1S1-67 1 0.2440.06 0.48+0.05 0.32+0.058
(1-14-7) 2 0.54+0.10 1.90 £ 0.45 0.324£0.020

2 Mean + S.E.M. of the number of experiments indicated in parenthesis.
® No specific binding was apparent.

documented more clearly in Table III. The pres- The additional presence of mmolar concentrations
ence of 100 nM NBTI reduced uridine transport in of unlabeled uridine or of inosine also further
P388 cells to about 7% of control. The additional reduced the influx of 500 pM [*H]Juridine to less
presence of 20 uM dipyridamole or 500 uM than 1% of control, while hypoxanthine had a
papaverine reduced it to less than 1% of control. slight, but significant effect. An inhibition of

TABLE III
EFFECT OF VARIOUS SUBSTANCES ON NBTI-RESISTANT URIDINE TRANSPORT IN P388 CELLS

Samples of a suspension of 1.1-107 P388 cells/ml of BM42B were supplemented where indicated with 100 nM NBTI plus the
indicated concentrations of other substances at 25°C. Then zero-trans influx of 320 uM [*H)uridine (1.4 cpm/pmol) was measured as
described under Experimental procedures.

NBTI Other additions M vy

(nM) pmol/ul cell water per s % of control
0 None 0 171 +09 100

100 None 0 1.24 +0.1 7.3

100 Dipyridamole 20 0.060+0.009 0.35

100 Papaverine 500 0.104 +0.020 0.60

100 Uridine 5000 0.150+0.014 0.88

100 Inosine 2500 0.113+0.016 0.66

100 Hypoxanthine 5000 0.94 +0.025 5.5




NBTI-resistant Urd influx by other nucleosides
has also been reported for L1210 cells [14] and
indicates that the NBTI-resistant component re-
flects a saturable transport process of broad
specificity. The finding that total and NBTI-re-
sistant uridine influx in L1210 cells were inhibited
to a similar extent by various nucleosides [14]
suggests that NBTI-sensitive and resistant Urd
transport exhibits similar substrate specificity. This
conclusion is supported by our finding that the
NBTI-resistant and NBTI-sensitive zero-trans in-
flux of 500 uM uridine in Novikoff and P388 cells,
respectively, were about equally inhibited by 1
mM inosine, thymidine, cytidine and deoxycyti-
dine and 100 pM 5’-deoxyadenosine (data not
shown). Furthermore, the temperature dependence
of NBTI-sensitive uridine transport in P388 cells
(E, =21 kcal/mol) estimated from an Arrhenius
plot of v*¢ at 500 uM uridine between 5 and 32°C
(data not shown) was also similar to that for
NBTlI-resistant nucleoside transport in Novikoff
cells (E, = 18.3 kcal /mol; Ref. 25).

We have shown previously that nucleoside
transport in Novikoff cells is strongly inhibited by
hypoxanthine and, vice versa, hypoxanthine trans-
port is inhibited by nucleosides (see Ref. 1). The
dose-response curves in Fig. 5, however, show that
uridine transport in P388, L1210, L929-2 and CHO
cells was far less inhibited by hypoxanthine than
in wild-type Novikoff cells and its enzyme-defi-
cient variants. The differential sensitivity of uridine
transport in the various cell lines to hypoxanthine,
however, seemed to be unrelated to the NBTI
inhibitability. As shown in Table IV, the NBTI-re-

TABLE IV
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Fig. 5. Zero-trans influx of uridine by various cell lines as a
function of concentration of hypoxanthine (Hyp). The uptake
of 500 uM [*Hluridine (0.8 cpm/pmol) was measured as
described under Experimental procedures and illustrated in
Fig. 1. The indicated concentrations of hypoxanthine were
added simultaneously with substrate. ® ®, N1S1-67 wild

type; @ |, N1S1-67 (1-22); O 0, N1S1-67 (1-14-7);
O O, P388; a a, 1929-2; a A, CHO wild
type; v v, L1210.

sistant uridine transport in CHO cells was in-
hibited to a similar degree by hypoxanthine as
total uridine transport in these cells. Results from
another experiment indicated that the same is true
for uridine transport in P388 and L1210 cells, but
because of the low level of NBTI-resistant uridine
transport in these cells, this correspondence was
more difficult to establish unequivocally than in
the case of CHO cells.

The effect of sulfhydryl reagents on nucleoside
transport in mammalian cells has been somewhat

EFFECT OF HYPOXANTHINE ON TOTAL AND NBTI-RESISTANT URIDINE TRANSPORT IN CHO CELLS

In each experiment one portion of a suspension of CHO cells was supplemented with 1 uM NBTI and another portion did not receive
NBTI. Then the zero-frans influx of 500 pM [*Hluridine (1.1 cpm/pmol) was measured in the presence of the indicated
concentrations of unlabeled hypoxanthine added simultaneously with substrate.

Hypoxanthine No NBTI +1 M NBTI
(mM) v % il %
(pmol/ul cell (pmol/ul cell
water per s) water per s)
0 229+5.1 100 5.5+04 100
0.5 199134 87 50+0.5 91
1 158+1.6 69 39+04 7
2 115409 50 27402 49
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controversial, though not explored in great detail.
Some studies have shown that incubation with
p-hydroxymercuribenzoate or pCMBS causes a
marked inhibition of uridine uptake in a variety of
cultured cells, whereas other reports indicated that
low concentrations of pCMBS slightly stimulated
uridine uptake in Golden hamster embryo cells
(for summary, see Ref. 1). Under the conditions of
these uptake measurements, however, substantial
uridine metabolism occurred, making an unequiv-
ocal distinction between effects on transport and
phosphorylation difficult [1]. In some reports, in-
direct evidence suggested that the transport step
rather than uridine phosphorylation was inhibited
by sulfhydryl reagents [26], and such inhibition of
uridine transport per se has been confirmed for
Novikoff cells [15]. Incubation of uridine kinase-
deficient Novikoff cells with 50 uM p-hydroxy-
mercuribenzoate at 37°C for 10 min greatly re-
duced uridine influx in these cells. In contrast, Belt
[13,14] reported that uridine influx in wild-type
and uridine kinase-deficient L1210 cells was littlé
affected by incubation of the cells with pCMBS at
20°C for 20 min (IC,, > 400 pM), except for the

100F 4

& 2] @
Q [o] (=]
T T T
. 1 L

Vis % OF CONTROL)

~N

O
T
1

c 1 1 Al 1 i
20 50 100 200 400

[pHMB] (M}

Fig. 6. Effect of preincubation of cells with various concentra-
tions of p-hydroxymercuribenzoate (pHMB) on zero-trans
uridine influx in a number of cell lines. Samples of suspensions
of each cell line were incubated with the indicated concentra-
tions of p-hydroxymercuribenzoate at 37°C for 30 min. Then
the suspensions were equilibrated to 25°C and the zero-trans
influx of 500 pM [*Hluridine was measured as described under
Experimental procedures. ® ®, N1S1-67 wild type;

O O, N1S1-67 (1-14-7); O O, P388; a A,
L929-2; a A, CHO wild type; v v, CHO-DAP-12;
v v, L1210.

small NBTI-resistant component (about 20% of
total) which was strongly inhibited (IC,, <25 pM).
Her resulits suggested that sensitivity to inhibition
by sulfhydryl reagents might be a specific property
of NBTI-resistant uridine transport. Our present
results obtained by incubating cells with sulfhydryl
reagents at 37°C for 20 min do not agree with
such a conclusion. First, we found no relationship
between sulfhydryl reagent sensitivity of total
uridine transport of the various cell lines and its
NBTI inhibitability. Uridine transport was in-
hibited by p-hydroxymercuribenzoate in all cell
lines examined, but to slightly different extents
(Fig. 6). Total uridine transport in CHO cells,
which is largely inhibitable by NBTI, was in-
hibited to the greatest extent by p-hydroxy-
mercuribenzoate. On the other hand, the dose-re-
sponse curve for NBTI-resistant uridine transport
in Novikoff cells was similar to that for NBTI-sen-
sitive uridine transport in P388, L1210 and 1.929-2
cells.

Second, the residual NBTI-resistant component
of uridine transport in L1210 and CHO cells was
indistinguishable in its sensitivity to p-hydroxy-
mercuribenzoate from total uridine transport (Ta-
ble V). This conclusion is derived from results
obtained by two experimental approaches. In one
experiment one half of a suspension of L1210 cells
was treated with p-hydroxymercuribenzoate, while
the other half was untreated. Then samples of each
suspension were supplemented with various con-
centrations of NBTI and assayed for uridine in-
flux. In the other experiment samples of a suspen-
sion of CHO cells were incubated with various
concentrations of p-hydroxymercuribenzoate. Then
each suspension was divided into halves; one half
was supplemented with 1 uM NBTI, while the
other half was not, and both were assayed for
uridine influx. The results from both experiments
supported equally the conclusion that p-hydroxy-
mercuribenzoate sensitivity of uridine transport is
unrelated to NBTI inhibitability. Results from
other experiments extended this conclusion to in-
hibition of uridine influx by pCMBS in L1210
cells (data not shown).

In terms of substrate specificity and sensitivity
to inhibition by dipyridamole, papaverine, and
sulfhydryl reagents NBTI-sensitive and NBTI-re-
sistant forms of nucleoside transport appear indis-
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COMBINED EFFECTS OF NBTI AND p-HYDROXYMERCURIBENZOATE (pHMB) ON URIDINE TRANSPORT IN L1210

AND CHO CELLS

One portion of a suspension of 8-10° L1210 cells/ml was supplemented with 300 pm p-hyroxymercuribenzoate. This suspension and
another portion without p-hydroxymercuribenzoate were incubated at 37°C for 30 min and then equilibrated at 25°C. Samples of
each suspension were mixed with the indicated concentrations of NBTI and then assayed for zero-trans influx of 500 pM [*H]uridine
(0.6 cpm/pmol). Samples of a suspension of 1-10” CHO cells/ml were incubated with the indicated concentrations of p-hydroxy-
mercuribenzoate at 37°C for 30 min. Then portions of each suspension were assayed for zero-trans influx of 500 pM [>H]uridine (0.6
cpm/pmol) in the absence or the presence of 1 uM NBTL v%} in pmol/ul cell water per s. n.d., not determined.

Cells NBTI No pHMB +300 uM pHMB
(&M) o3, % % %
L1210 0 242 13 100 4.0 +0.17 100
0.5 203 £1.1 83 33 +0.14 82
5 nd. 1.0 +0.08 25
50 32 £02 13 0.39+0.04 10
500 28 +0.2 12 0.32+0.03 8
Cells pHMB No NBTI +1pM NBTI
(&M) v % o3 %
CHO 0 26.5 +0.9 100 102 +12 100
20 178 +08 67 6.5 0.7 64
50 31 103 12 0.8 +0.03 8
100 0.4310.05 16 0.18+0.02 1.6

tinguishable. In terms of the kinetic characters
they are also similar as can be seen in Table VI.
Michaelis-Menten parameters for nucleoside trans-
port in Novikoff cells and in the predominantly

TABLE VI

KINETIC PARAMETERS FOR URIDINE TRANSPORT
IN VARIOUS MAMMALIAN CELL LINES

The data for Novikoff cells and ATP-depleted P388, L-67, S49
and Hela cells have been reported previously [1,24]. The
kinetic parameters for uridine transport by L929 and L1210
cells were estimated in the same manner as summarized under
Experimental procedures with cells depleted by ATP by in-
cubation in glucose-free medium containing S mM KCN and §
mM iodoacetate at 37°C for 10 min [14]. Zero-trans influx of
30, 60, 120, 240, 480, 960 and 1920 uM [*H]uridine (480
cpm/ml, irrespective of concentration) was measured.

Cell line K 14
(pM) (pmol/ul cell water per s)
Novikoff  250+13(12)  25.0+4
P388 230+17 Q1) 19.2+1.7
L-67 2524+10Q1) 82401
S49° 161+13 (1) 370+1.0
HeLa 187+ 5(1) 13.4+0.1
L1210 245+10 (1) 24.040.33
L929-2 175+ 8(1) 31.6+£0.60

* Values are for thymidine rather than uridine transport.

NBTI-sensitive P388, L-67, S49 and HeLa cells
have been reported previously [1,27], and are in-
cluded in Table VI. Michaelis-Menten parameters
for uridine transport in ATP-depleted, predomi-
nantly NBTI-sensitive 1.929 and L1210 cells have
been measured in this study, and are reported
there. The differences in K among the different
cell types are not great and do not suggest any
correlation between a transport system’s inhibita-
bility by NBTI and its affinity for uridine.

CHO cells represent an interesting case where
the NBTI-resistant transport component is suffi-
ciently large as to permit a reasonably accurate
measure of influx in the presence of NBTI, and
would seem to afford an opportunity to evaluate
the kinetics of NBTI-sensitive and -insensitive
transport in the same cell population. The results
of such an experiment are presented in Table VII.
The obvious experimental design, however, is
flawed, and the results presented must be regarded
as approximations. In the first instance, kinetic
measurements in the absence of NBTI contain
contributions from the two forms of transporter,
which cannot, a priori, be assumed to have identi-
cal parameters. In our analysis of the data, how-
ever, two components were not apparent, and the
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TABLE VII

KINETICS OF URIDINE (Urd) TRANSPORT IN ATP-DE-
PLETED CHO CELLS WITH AND WITHOUT NBTI

The experiments were carried out as described in Table VI,
except that a portion of the ATP-depleted cell suspension was
incubated 5 min at 25°C with 500 nM NBTI before transport
assay. The upper section of the table shows the computed
initial velocities of transport at each concentration in Experi-
ment 1. The lower section summarizes the Michaelis-Menten
constants best fitting the data overall for Experiment 1 and a
replicate experiment, for which individual velocities are not
shown. v%} in pmol /pl per s.

Expt. Urd Control +500 nM NBTI
No.  (sM) o3 2 % of
control

1 30 25 0.43 18

60 41 0.78 19

12 6.2 14 22

24 8.3 21 25

480 10.0 2.9 29

960 11.1 3.6 32

1920 11.8 4.1 35
1 K (M) 123 + 9 305 +17
V(uM/s) 126+ 0.3 48+0.1
2 K (pM) 149 +12 284 +17
V(eM/s) 196+ 0.6 6.6+0.1

K and V shown (‘control’) were computed on a
model that admits just one component. In the
second instance, flux measurements in the pres-
ence of NBTI will not preclude contributions from
the NBTI-sensitive component to the extent that
high concentrations of uridine can displace NBTI
from its high-affinity binding sites (see Ref. 7 and
Introduction). Under the conditions employed, we
believe this competitive relationship between NBTI
and uridine is insignificant. Equating a Michaelis-
Menten constant of about 250 uM with the dis-
sociation constant for the uridine-carrier complex
and taking the measured dissociation constant for
the NBTI-carrier complex (Table II) allows esti-
mation of the equilibrium among these three enti-
ties: at 500 uM total uridine and 500 nM total
NBTI < 0.01% NBTI could be displaced from its
binding site by uridine. Given these precautions,
the K values shown in Table VII for CHO cells +
NBTI probably indicate a real difference in
Michaelis-Menten constant in the two forms of
uridine transport present in these cells.

One consequence of the higher K for the
NBTlI-insensitive transporter is an apparent in-
crease in extent of NBTI inhibition as the con-
centration of transport substrate is lowered (Table
VII). This consequence places an important, but
not unmanageable, technical constraint on the as-
sessment of partial inhibition by NBTI: the con-
centration of transport substrate should be high
enough to approach maximum velocity, but not so
high as to cause significant displacement of NBTI
from its binding site.

Discussion

At least two forms of nucleoside transport have
been identified in cultured mammalian cells on the
basis of differential sensitivities to inhibition by
NBTI and hypoxanthine. The system in Novikoff
cells seems unique among the cell lines we in-
vestigated in its high resistance to NBTI and rela-
tively high sensitivity to inhibition by hypo-
xanthine. Why the nucleoside transporter of
Novikoff cells differs in its properties from those
of other cell lines is not known. We are presently
exploring whether these differences are related to
the tissue (liver) or species (rat) origin of Novikoff
cells. The finding that nucleoside transport in
Walker 256 rat carcinoma cells also exhibits a high
resistance to NBTI inhibition [14] suggest that the
latter may be the case. In other cell lines with
predominantly NBTI-sensitive nucleoside trans-
port the proportion of total uridine transport that
is NBTlI-sensitive also differs in a manner which
suggests possible species differences: about 90% in
mouse cell lines, 60-70% in CHO cells (Fig. 2A)
and 50-60% in HeLa cells [4,6]. The one exception
is $49 mouse lymphoma cells which possess only
NBTI sensitive uridine transport.

There is little doubt that the inhibition of
nucleoside transport in the nmolar range (K=
0.1-1 nM) is a consequence of the interaction of
NBTI with high-affinity sites (K4 =0.3-1.8 nM,
see Table II) on the transporters, although the
nature of the high-affinity binding site remains to
be elucidated. The enormous increment in affinity
of sensitive nucleoside transporters for NBTI in
comparison to natural nucleosides (approx. 10°-
fold) is entropy-driTen [7] and presumably repre-
sents a hydrophobic association of the benzyl



moiety of NBTI with a site adjacent to, but dis-
tinct from, the nucleoside binding site of the car-
rier. The present study, and the results of Belt
[13,14], indicate that the feature of the transporter
system which participates in the hydrophobic in-
teraction is absent from (or unavailable in) some
transporters which are otherwise (with respect to
substrate specificity, Michaelis-Menten constant,
and sensitivity to several other inhibitors) quite
similar to the NBTI-sensitive transporter.

While it cannot be rigorously excluded that the
two types of transporter represent two indepen-
dent gene products, it seems more plausible to us
that both types are identical in primary structure,
and that the hydrophobic interaction manifest in
the one type resides in some sort of accessory
component or in some conformational variation.
At present, the nature of such a component or
conformation is purely speculative: an additional
membrane protein not crucially involved in
nucleoside transport or a locally distinct phos-
pholipid milieu would be candidates. An unam-
biguous test of this hypothesis may well have to
await purification, reconstitution and structural
analysis of the transporter(s). The appearance of a
high-affinity NBTI-binding capability in the
uridine kinase-deficient variant of Novikoff
hepatoma cells seems more readily accommodated
by the hypothesis.

In terms of this hypothesis, the results of our
kinetic analysis of uridine transport in CHO cells
with and without NBTI (Table VII) suggest that
the presence of the presumptive accessory compo-
nent is not totally without influence on the behav-
ior of the transporter. The Michaelis-Menten con-
stant with respect to uridine seems to be somewhat
higher in its absence.

Aside from this apparent change in K, in CHO
cells, no other property investigated distinguishes
NBTI-resistant and sensitive transport in a single
cell line. They are indistinguishable in substrate
specificity, sensitive to inhibition by dipyridamole,
papaverine, sulfhydryl reagents, nucleoside ana-
logs, and hypoxanthine, and in temperature de-
pendence. Our results extend those reported by
Belt [13,14] and are in general agreement with
hers, except that we have not detected any dif-
ference in the sensitivity of NBTI-resistant and
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sensitive uridine transport to sulfhydryl reagents.
The reason for its discrepancy is unknown. How-
ever, in other experiments we have shown that
maximum or close to maximum inhibition of
uridine influx in P388, CHO and Novikoff cells by
a specific concentration of p-hydroxymercuri-
benzoate was attained during the first 10 to 20 min
of incubation at 37°C and that transport inhibi-
tion correlated with the binding of p-hydroxy-
mercuri['*C]benzoate to the cells (Plagemann and
Wohlhueter, submitted for publication). Further-
more, uridine transport in these cell lines was
inhibited to about the same extent by preincuba-
tion with equivalent concentrations of p-hydroxy-
mercuribenzoate and pCMBS.

Uridine transport in P388, L1210, CHO and
1929-2 cells clearly differs in its sensitivity to
inhibition by hypoxanthine from that in Novikoff
cells (Fig. 6), but our data suggest that this dif-
ference applies also to the NBTI-resistant compo-
nent of transport in these cells. At least in CHO
cells where that information is, for technical rea-
sons, most reliable, the hypoxanthine sensitivity of
NBTI-resistant uridine transport seems identical
to that of NBTI-sensitive transport. The mechanis-
tic and physiological consequences of the dif-
ference in sensitivity to hypoxanthine is unclear,
but, along with NBTI sensitivity, it is a property
that differentiates multiple forms of nucleoside
transport,

Our results demonstrate that a lack of high-af-
finity NBTI binding sites on cells does not prove
the absence of functional nucleoside transporters,
although the converse is probably true. The most
convincing case is Novikoff cells which lack high-
affinity NBTI binding sites, but transport nucleo-
sides as efficiently as cells that possess high-affin-
ity binding sites.
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