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SUMMARY

LAuzoN, GILLES J. & PATERsON, ALaN R. P. (1977) Binding of the nucleoside
transport inhibitor nitrobenzylthioinosine to HeLa cells. Mol. Pharmacol., 13, 883-
891.

Nitrobenzylthioinosine (NBMPR), a potent inhibitor of nucleoside transport, was
bound tightly but reversibly to HeLa cell membrane sites associated with the nucleoside
transport mechanism. Site-specific binding was assayed with [**SINBMPR and a com-
peting, nonisotopic congener. Mass law analysis of the binding data indicated that each
HeLa cell possessed about 10° binding sites of a single class which bound NBMPR
tightly; the bound inhibitor had a dissociation constant of about 0.1 nM. Occupancy of
these binding sites by NBMPR correlated with inhibition of uridine and thymidine
uptake; however, the relationship between these parameters was not simple because, as
binding saturation was approached (at about 5 nm NBMPR), a substantial fraction (25-

30%) of the transport capability remained active but inhibitable by 5 um NBMPR.

INTRODUCTION

The passage of nucleosides across the
plasma membrane of animal cells is me-
diated by specific elements of the mem-
brane (1-6). The transport' of uridine and
thymidine by human erythrocytes has
been identified as a classical “facilitated
diffusion” process; because of the inability
of these cells to metabolize uridine or thy-
midine, it has been possible to demon-
strate transport phenomena that involve
internal nucleoside pools [such as equilib-
rium exchange diffusion and accelerative
exchange diffusion (2, 3)] and are charac-
teristic of facilitated diffusion. The natu-
rally occurring nucleosides are metabo-

This study was supported by the National Cancer
Institute of Canada.

! “Transport” refers to the mediated passage of
permeant across the plasma membrane of cells; the
“uptake” process includes both transport and intra-
cellular metabolism of permeant.

lized upon entering most cells, and it is not
known whether transport mechanisms,
such as facilitated diffusion, ordinarily
function independently of enzymes in-
volved in nucleoside metabolism. The
principal approach to the study of nucleo-
side permeation has been through mea-
surement of initial rates of uptake; kinetic
studies have shown that a rate-limiting
step in the uptake process is mediated, and
it has been assumed frequently that trans-
port is that step.

Accelerative exchange diffusion data
have indicated that human erythrocytes
have a single type of nucleoside transport
mechanism that accepts ribosides and
deoxyribosides of both purines and pyrimi-
dines (1-3). In contrast, HeLa cells appear
to have several distinct nucleoside uptake
mechanisms; the uptake processes for uri-
dine, thymidine, adenosine, and guano-
sine are distinguishable by kinetic and
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other criteria®? (4), and therefore each is
separate or, at least, has a step that is
distinct from the others.

NBMPR,* NBTGR, and related com-
pounds are potent inhibitors of nucleoside
transport in erythrocytes (2, 3, 7). Erythro-
cytes were found to have high-affinity
binding sites of a single type on the plasma
membrane (8, 9); these sites, which were
present to the extent of 1.0-1.5 x 10%/cell,
bound NBMPR with an apparent dissocia-
tion constant of 1 nm (9). The sites were
presumed to be part of the nucleoside
transport mechanism, since inhibition of
uridine transport was proportional to
the number occupied by NBMPR (9).
While transport permeants compete with
NBMPR for occupancy of the erythrocyte
binding sites (10), there are cogent reasons
for believing that the NBMPR binding
sites are distinct from the nucleoside per-
meation sites (10).

NBMPR is also a potent inhibitor of nu-
cleoside uptake in various types of cells
which metabolize nucleosides, including
HeLa cells (4, 11). Since the thymidine and
uridine kinase activities of HeLa cell ex-
tracts are unaffected by NBMPR at con-
centrations well in excess of those effective
in blocking nucleoside transport (4), the
latter effect is evidently due to impairment
of transport. The present report describes
the binding of [**S]NBMPR to HeLa cells
and explores relationships between bind-
ing and inhibition of uridine and thymi-
dine uptake.

METHODS

Chemicals. NBMPR and NBTGR were
prepared by established methods (12), us-
ing thioinosine and thioguanosine gener-
ously provided by Developmental Thera-
peutics Program, National Cancer Insti-
tute, Bethesda, Md.

2 A. R. P. Paterson and C. E. Cass, unpublished
observations.

3 The abbreviations used are: NBMPR (or ni-
trobenzylthioinosine), 6-[(4-nitrobenzyl)thio)-9-8-p-
ribofuranosylpurine; NBTGR, 2-amino-6-[(4-nitro-
benzyl)thio}-9-8-p-ribofuranosylpurine; thioinosine,
6-thio-9-8-p-ribofuranosylpurine; thioguanosine, 2-
amino-6-thio-9-8-p-ribofuranosylpurine; HEPES,
N -2-hydroxyethylpiperazine - N’ -2 - ethanesulfonic
acid.
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In the preparation of [**SINBMPR, the
sulfur atom of thioinosine was first labeled
by exchange (13) and then alkylated with
4-nitrobenzyl bromide (12). In a typical
preparation, 10 umoles of thioinosine, 0.36
mg of elemental ¥S (600 mCi/milliatom,
Amersham/Searle, Oakville, Ont.), and 7
ml of freshly distilled, dry pyridine were
refluxed with stirring under nitrogen for 1
hr. The ¥S exchange was complete by 30
min. The pyridine was evaporated under a
stream of nitrogen, and the product was
dissolved in 0.5 ml of freshly distilled, dry
dimethylformamide containing 20 umoles
of 4-nitrobenzyl bromide; the alkylation
reaction (10 min, 20°) was essentially
quantitative. NBMPR was isolated by
chomatography on 250-um layers of silica
gel (G-HR, Macherey, Nagel and Com-
pany). Prior to use, thin-layer plates were
washed once with 15% (v/v) methanol in
chloroform and heated at 120° for 12 hr.
Chromatograms were developed in 15%
methanol-chloroform, and the NBMPR
band was eluted from the silica gel with
methanol. In a typical preparation,
[**SINBMPR (specific activity, 6.6 x 10°
cpm/umole) was obtained in 69% yield (in
terms of thioinosine). The labeled product
co-chromatographed with NBMPR on pa-
per in these solvent systems: isopropyl al-
cohol-ammonia-water (70:5:25, v/v), R,
0.79; 5% (w/v) disodium phosphate in wa-
ter, R, 0.05; and isobutyl alcohol-acetic
acid-water (120:30:50, v/v), R, 0.82. When
stored in absolute methanol at -20°,
[**SINBMPR preparations were stable for
5 months.

Cell culture. HeLa S3 cells were main-
tained by weekly passage of monolayer
cultures in Eagle’s minimal essential me-
dium supplemented with 10% calf serum
and 2 mm HEPES buffer (pH 7.4) at 37° in
5% CO,-air. After six to eight serial pas-
sages, cultures were restarted from stocks
kept in liquid nitrogen. Spinner cultures,
started weekly from trypsinized monolay-
ers, employed calcium-free minimal essen-
tial medium supplemented with 5% calf
serum and 2 mM HEPES buffer (spinner
medium); cell concentrations were kept be-
low 6 x 10° cells/ml and, under these con-
ditions, cell proliferation was exponential
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with doubling times of 22-24 hr. Cell cul-
ure materials were purchased from Grand
Island Biological Company, Calgary.
Binding studies. Binding studies em-
ployed cells from spinner cultures collected
by centrifugation (150 X g, 5 min) and
resuspended in fresh spinner medium at 4
x 10° cells/ml. Binding assays were initi-
ated by mixing equal volumes of cell sus-
pension and calcium-free minimal essen-
tial medium containing [*S]NBMPR; as-
say intervals were terminated by centri-
fuging (500 x g, 3 min) samples containing
at least 107 cells. Supernatants were re-
served for determination of **S content us-
ing Bray’s counting solution (14) and lig-
uid scintillation counting. Cell pellets
were thoroughly drained, dissolved in 1.5
ml of NCS tissue solubilizer (Amersham/
Searle), and transferred with rinsing into
18 ml of Bray’s counting solution. Specific
binding was defined as the difference be-
tween [¥SINBMPR bound to cells in the
absence and presence of NBTGR, the lat-
ter at a concentration which displaced
bound NBMPR from the cellular binding
sites. All assays of S activity were per-
formed under the same conditions as those
for determination of cell-bound %S.
Uptake studies. In these experiments,
the effect of prior incubation with
[**SINBMPR on the cellular uptake of uri-
dine and thymidine was studied. Cell sus-
pensions, 1-2 x 10° cells/ml in “uptake
medium” (calcium-free minimal essential
medium containing 2.5% calf serum and 1
mwM HEPES, pH 7.4), were incubated at 20°
for 5 min with and without [**SINBMPR.
Uptake assays were then initiated by the
addition of [*Hlnucleoside (Amersham/

Searle) and terminated by transferring
1.0-ml samples of the incubation mixture

into 40 ml of cold buffered NaCl (15) con-
taining 5 um NBTGR. When uptake of
[methyl-*Hlthymidine was assayed, the
buffered NaCl contai .ed 100 uM thymi-
dine. After centrifugation (500 X g, 3 min),
cell pellets from assay samples were dis-
solved in 0.3 ml of NCS tissue solubilizer
for assay of 3H, using Bray’s solution and
liquid scintillation counting. Permeant
uptake by cell samples added directly to 40
ml of cold stopping solution containing
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permeant was 30-80 cpm. The [*S]-
NBMPR content of samples assayed for
uptake of *H-labeled permeant was small
(less than 80 cpm) under the conditions of
the liquid scintillation assay for *H activ-
ity and was corrected for by subtracting
appropriate blanks. In parallel samples,
the amount of [¥*S]NBMPR specifically
bound to 1-2 x 107 cells was determined as
described above.

RESULTS

Binding of NBMPR to HeLa cells. The
present study showed that HeLa cells pos-
sess binding sites with high affinity for
NBMPR, resembling those on erythro-
cytes (8, 9). When these binding sites are
occupied by NBMPR, nucleoside transport
is impaired in either cell type. The distri-
bution of [*SINBMPR between HeLa cells
and the suspending medium was studied
as follows. Cells were assayed for %S con-
tent without washing: the difference be-
tween the S content of cell pellets from
incubation mixtures with and without
NBTGR (a tightly bound homologue of
NBMPR) measured site-specific binding of
NBMPR and, at the same time, corrected
for S attributable to the medium content
of the pellets. The specific activity of our
[**SINBMPR preparations, together with
the low number of specific binding sites
present on HeLa cells, required that at
least 107 cells be present in each binding
assay.

Binding of NBMPR at 37° was almost
complete by 1 min (Fig. 1). These data also
illustrate the large reduction in NBMPR
binding which resulted from prior treat-
ment of cells with NBTGR,; this difference
was the basis of the assay for site-specific
NBMPR binding. NBTGR and NBMPR
are both potent, firmly bound inhibitors of
nucleoside transport with similar concen-
tration-effect relationships for inhibition
of uridine and thymidine uptake? (16).

Dissociation of NBMPR from cellular
binding sites was examined in the experi-
ment of Fig. 2. Cells were first labeled by
incubation with [¥*S]NBMPR; NBTGR
was then added to the incubation mixture,
and cells were assayed at intervals for 3S.
At 37°, displacement of [**S]INBMPR from
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F1G6. 1. Binding of NBMPR by HeLa cells at 37°

Cells from a spinner culture were resuspended in
fresh medium (3.6 x 10° cells/ml) with and without
3.6 um NBTGR. After 5 min at 37°, each culture was
diluted with an equal volume of warmed medium
containing [¥*SJNBMPR (final concentration, 7.4
nM). At intervals samples were assayed for cell
number and the *S content of the cell pellet. The
difference between the 3S content of cells incubated
in the absence and presence of NBTGR (NET) was
employed throughout this work to determine specifi-
cally bound NBMPR.
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F1G. 2. Displacement of bound NBMPR from
HeLa cells by NBTGR at 37°

As in Fig. 1, [“S]NBMPR was added (final con-
centration, 6.4 nM) to replicate cell suspensions at
37°, and cell samples taken thereafter were assayed
for 3S. NBTGR (final concentration, 3.2 um), was
added (arrow) to one group of the replicate suspen-
sions 1.0 min (@) after addition of [**S]NBMPR, and
to another group (B) 59 min later (arrow); NBTGR
was not added to the control group (O). Each of the
replicate cell suspensions so treated had an NBTGR-
treated control. To the latter, NBTGR (final concen-
tration, 2 uM) was added 5 min before the addition of
[*S]NBMPR, and each was processed in parallel
with its untreated counterpart. Differences between
the %S contents of cells with and without NBTGR
treatment are plotted.
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the cells by NBTGR was rapid whether
latter was added early or late after contact
of the cells with [¥*SINBMPR (Fig. 2).
These data demonstrate the reversibility
of NBMPR binding. Similar experiments
conducted at 20° (Fig. 3) showed that asso-
ciation of [®*SINBMPR with the binding
sites was rapid (84% complete after 1 min),
but displacement by NBTGR was slower at
20° than at 37° (Fig. 2). The half-life of the
binding site-NBMPR complex was about
4.5 min at 20° under the displacement con-
ditions specified in Fig. 3.

Displacement of cell-bound NBMPR by
its congener, NBTGR, demonstrated re-
versibility of the binding. Another aspect
of this reversibility is illustrated in Table
1, which shows that [**S]NBMPR disso-
ciated from cells during incubation under
culture conditions in the absence of a dis-
placing agent: successive dilutions caused
the loss of successive increments of cell-
bound [¥*SINBMPR to the medium. It is
apparent in these data that NBMPR con-

NBMPR BOUND ( pmoles/107cells)

TIME (min)
Fi1c. 3. Displacement of bound NBMPR from
HeLa cells by NBTGR at 20°

As in Fig. 2, [**S]NBMPR was added (final con-
centration, 5.9 nM) to replicate cell suspensions at
20°, and at various times thereafter cells were as-
sayed for #S (O). NBTGR was added (final concen-
tration, 2 uM) 10 min (arrow) after addition of
[*SINBMPR (0O). Suspensions of cells pretreated
with 2 uM NBTGR as in Fig. 2 were also assayed in
this way. Differences between the *S contents of
cells with and without NBTGR pretreatment are
plotted.
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TABLE 1
Dissociation of bound [**S]NBMPR

HeLa cells were incubated at 37° in spinner me-
dium containing [¥*S]NBMPR, and the %S contents
of pelleted cells and of medium samples were deter-
mined separately. For suspension A, cells (10%/ml)
were incubated for 5 min. Suspension B consisted of
suspension A cells resuspended in warmed,
NBMPR-free medium and incubated for 60 min prior
to assay of cells and medium for *S. For suspension
C, a portion of suspension B was diluted with 3
volumes of medium, incubated for 60 min, and as-
sayed for ¥S. For suspension D, a portion of suspen-
sion C was diluted with 2 volumes of medium, incu-
bated for 60 min, and assayed for 3*S. NBMPR was
absorbed from medium samples onto 100 mg of char-
coal (grade AU-4, Barnebey-Cheney, Ltd., Colum-
bus, Oh.), from which it was eluted with 5 ml of 1,4-
dioxane (56°, 30 min) prior to assay of radioactivity.

Suspension NBMPR in me- Cell-bound
dium NBMPR
moles/10"
nu d cells/
A 4.7 1.95 -
B 0.12 0.41
C 0.04 0.27
D 0.02 0.26

centrations in the cell pellet were two to
three orders of magnitude higher than in
the medium; a portion of the cell-associ-
ated NBMPR could be intracellular.

The relationship between the site-spe-
cific binding of NBMPR and the extracel-
lular concentration of NBMPR was ex-
plored in the experiments of Figs. 4-6. Fig-
ure 4 illustrates the basis of the binding
assay; it is apparent that the ability of
HelLa cells to bind NBMPR in the presence
of 3.7 um NBTGR was greatly reduced
over a wide range of NBMPR concentra-
tions. NBTGR was added to the assay sys-
tem before [**SINBMPR and was present
at a concentration greatly in excess of free
NBMPR, essentially excluding the latter
from the cellular binding sites. [*S]-
NBMPR binding in the presence of
NBTGR did not exceed 10% of that in its
absence for concentrations of [3*SINBMPR
below 5 nmM. Site-specific NBMPR binding
was defined as the difference between the
cellular content of S in the presence and
absence of NBTGR under these conditions.

Figure 5 describes the relationship be-
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tween bound and free NBMPR, the latter
presumably in equilibrium with the for-
mer. These data illustrate saturability of
the site-specific binding of NBMPR and
also show that (a) more NBMPR is bound
at 37° than at 20°, and (b) binding satura-
tion at 37° occurs at a higher concentration
than at 20°. Half-maximal values for site-

NBMPR BOUND
( pmoles/107cells )
~N
o

i L1 Al il

0.1 10 10
CONC NBMPR (Mx10%)

FiGc. 4. Binding of NBMPR by HelLa cells

Portions (10.0 ml) of a cell suspension (1.4 x 10°
cells/ml in growth medium) were mixed with 10.0 ml
of calcium-free minimal essential medium contain-
ing [*SINBMPR with (A) or without (O) NBTGR
(final concentration, 3.7 uM) and were incubated at
37° for 5 min. The S contents of cells and medium
from each incubation mixture were then deter-
mined.

20

NBMPR BOUND

( pmoles /107cells )
>
3

L 11 12111l A4 il 1

01 10 10
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F1G. 5. Site-specific binding of NBMPR by HeLa
cells at 20° and 37°

As in Fig. 4, replicate cell suspensions were incu-
bated for 5 min at 20° (O) or 37° (O) in calcium-free
minimal essential medium containing [*SINBMPR
at various concentrations with and without 3.7 um
NBTGR. The *S contents of cells and medium from
each suspension were measured. Specifically bound
NBMPR was determined as the difference between
the [®*SINBMPR contents of cells in the presence
and absence of NBTGR.
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specific binding were reached at NBMPR
concentrations of 0.47 nM (37°) and 0.14 nM
(20°). Reciprocals of the data from Fig. 5
gave straight-line plots, from which were
obtained saturation values for site-specific
NBMPR binding of 2.13 (37°) and 1.48 (20°)
pmoles/10” cells. Site-specific binding of
NBMPR at concentrations above satura-
tion of binding in 14 independent assays
averaged 2.49 * 0.53* (37°) and 1.93 + 0.38
(20°) pmoles/107 cells.

Binding data from Fig. 5 were subjected
to mass law analysis (Fig. 6) by the
method of Scatchard (17). Because straight
lines fit the data, it would appear that a
single type of receptor was responsible for
the site-specific binding of NBMPR by
HeLa cells. These data indicate that 1.3 X
10° and 0.9 x 10° sites per HeLa cell bound
NBMPR at 37° and 20°, respectively, and
that NBMPR dissociation constants were
0.59 nM (37°) and 0.14 nm (20°). Table 2
summarizes results from similar experi-
ments, which also yielded straight-line
Scatchard plots at both temperatures.

To determine whether the particular
NBMPR binding sites detected here were
part of (or perhaps interacted with) the
nucleoside transport mechanism, the abil-
ity of HeLa cells to take up thymidine (0.1
uM) or uridine (4 uM) was measured in the
presence of graded concentrations of
NBMPR. Figure 7 shows that time courses
for the uptake of [methyl-*H]thymidine
were linear for at least 2 min at 20°. The
low rate of thymidine uptake in the pres-
ence of 5 um NBMPR is attributed to pas-
sive diffusion; other communications from
this laboratory have reported that
NBMPR at this concentration eliminated
mediated uptake of uridine and thymidine
by HeLa cells (4, 16). Use of [*SINBMPR
enabled the simultaneous determination
of both NBMPR binding and inhibition of
nucleoside uptake. For example, when the
uptake of [methyl-*H]thymidine was mea-
sured, 1-2 x 10° cells/assay were em-
ployed; the contribution to the observed
3H radioactivity of cell-associated [*S]-
NBMPR was not significant with cell sam-
ples of this size. Parallel assays with a 10-

4 Average deviation from the mean.
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F1c. 6. Binding of NBMPR by HeLa cells at 20°
and 37°

Data from the experiment of Fig. 5 are presented
here in the form of a mass law (Scatchard) plot (17).
Lines were fitted to the data by the method of least
squares. '

TABLE 2
Binding of [**SINBMPR
The site-specific binding of NBMPR to HeLa cells
was measured as in Fig. 5; Scatchard plots were
linear and yielded the constants listed.

Expt. Dissociation con-  Binding sites per
stant cell
20° 37° 20° 37°
nM x1073
19 0.14 0.59 0.9 1.3
2 0.51 1.5
3 0.37 1.6
4 0.15 1.1
2 Figure 6.

fold larger number of cells (and noniso-
topic thymidine) enabled determination of
NBMPR binding. The data of Fig. 7 show
that partial occupancy of the NBMPR re-
ceptor sites resulted in partial inhibition of
thymidine uptake. However, in the pres-
ence of 4.6 nm NBMPR, 2.14 pmoles of
ligand were bound per 107 cells, indicating
nearly total occupancy of binding sites (see
comments above relating to Fig. 5), yet the
inhibition (75%) of thymidine uptake was
well short of complete. Similar results
were obtained in other experiments in-
cluding that of Fig. 8. Partial occupancy of
the NBMPR binding sites also resulted in
partial inhibition of uridine uptake (data
not shown), and, as with thymidine up-
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F1G. 7. Effect of bound NBMPR on uptake of thy-
midine by HeLa cells

The time course of thymidine uptake from me-
dium containing 0.1 uM [methyl-*Hlthymidine was
assayed as described in METHODS at 20° in the ab-
sence (@) and presence of [**SINBMPR (O, A, O).
Thymidine uptake was also assayed in the presence
of 5 uM nonisotopic NBMPR (A) to measure thymi-
dine entry by diffusion. The binding of [3*SINBMPR
under conditions identical with those of the thymi-
dine uptake assay was determined at the same time
in parallel experiments which employed larger (10-
fold) cell numbers and nonisotopic thymidine. After
2 min of incubation under conditions identical with
those of the thymidine uptake assay, the [*S]-
NBMPR contents of cells and medium were deter-
mined with these results:

Free (medium) NBMPR Bound NBMPR
nM pmoles/107 cells

0.2 (D) 1.10

0.7 (&) 1.35

4.6 (O) 2.14

take, as saturation values of binding were
approached, uridine uptake was able to
proceed at rates about 25% of control (un-
inhibited) values.

Thus, although different degrees of in-
hibitor site occupancy correlated with nu-
cleoside transport inhibition, the relation-
ship between these parameters was not
simple. When the high-affinity sites stud-
ied here were almost fully occupied, a sub-
stantial transport capacity (25%) for uri-
dine and thymidine remained active, yet
this was inhibited when NBMPR concen-
trations were increased 1000-fold to about
5 uM. This result suggests the existence of
NBMPR-transporter interactions distinct
from those which the present binding as-
say detected. For example, it is possible
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that the transport of a particular nucleo-
side may be mediated by several types of
transporter, which may differ in affinity
for NBMPR. In this context, it may be
noted that (a) the cell populations em-
ployed were asynchronous and therefore
included cells at all stages of the mitotic
cycle, and (b) some nucleoside transport
activities, notably those for thymidine and
deoxycytidine, vary at different stages of
the cell cycle (4, 18).

The experiment of Fig. 8 demonstrated
that the binding of NBMPR (and the re-
sultant inhibition of thymidine uptake)
was reversible. In this experiment, cells
which had bound NBMPR to the extent of

[NBMPR]
3 Thymidine 6 OuM
©
&
°© 20
~
"
2
[
E
-8
= 10}
w
b4
<
—
g S5 uM
ot
) —

TIME (min)

F1G. 8. Reversibility of NBMPR inhibition of thy-
midine uptake

Time courses of thymidine uptake by HeLa cells
from medium containing 0.1 uM [methyl-*H]-
thymidine at 20° were determined in the absence (®)
and presence (O) of 5.5 nM [**S]NBMPR. Thymidine
uptake was also assayed in the presence of 5 uM
nonisotopic NBMPR (A) to measure the diffusional
entry of thymidine. As in Fig. 7, the binding of
[**SINBMPR was determined under conditions iden-
tical with those of the thymidine uptake assay in
parallel experiments; in this assay, 2.2 pmoles of
NBMPR were bound per 107 cells. The release of cell-
bound NBMPR under incubation conditions at 37°
was examined as follows. After incubation in the
presence of 5.5 nM [S]NBMPR for 5 min at 20°,
HeLa cells were resuspended in warmed growth me-
dium (3.2 x 10° cells/ml) and incubated at 37° for 30
min. The cells were then collected by centrifugation,
resuspended in growth medium (1.3 x 10° cells/ml),
and assayed for uptake of [methy!-*H]thymidine (O)
as above and for their content of [*SINBMPR,; the
latter value was 0.21 pmol/107 cells.
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2.2 pmoles/10” cells (medium concentra-
tion, 5 nM), and in which the thymidine
uptake was reduced by 75%, lost bound
NBMPR during a subsequent incubation
at 37°; the ability to take up thymidine was
regained concomitantly with this loss.
This experiment demonstrated that associ-
ation of NBM™R with and release from the
cellular binding sites correlated with inhi-
bition and restoration of thymidine up-
take, respectively.

Identity of cell-bound NBMPR. To de-
termine whether NBMPR underwent
chemical transformation during cellular
binding, HeLa cells with bound [*S]}-
NBMPR were extracted with ethanol, and
the extracted material was subjected to
analysis by thin-layer chromatography.
HeLa cell suspensions (10° cells/ml) were
incubated for 10 min at 20° or 37° in growth
medium containing 5 nmM [3S]NBMPR.
Cell pellets (108 cells) were frozen at —76°,
dried under vacuum over P,0;, and then
extracted with 2 ml of 70% aqueous
ethanol for 10 min at 56°. The ethanolic
extracts were dried, and the residues were
re-extracted with absolute methanol; this
procedure recovered more than 95% of the
38 initially associated with the cell pellet.
The methanolic extracts were chromato-
graphed on paper with carrier NBMPR in
three solvent systems: (a) water-saturated
1-butanol; (b) 1-butanol-glacial acetic
acid-water (120:30:50, v/v/v); and (c) 95%
ethanol-1 M ammonium acetate, pH 7.5
(70:30, v/v). In these systems, R, values
for NBMPR were 0.59, 0.80, and 0.93, re-
spectively. With each solvent system, the
extracted 3S activity co-chromatographed
with NBMPR, whether extracted from
cells incubated at 20° or 37°. It was con-
cluded that NBMPR remained unchanged
when bound to HeLa cells.

DISCUSSION

This study has shown that HeLa cells
possess high-affinity receptor sites for
NBMPR. The method employed to deter-
mine site-specific binding of NBMPR mea-
sured the difference between cell-associ-
ated [*S]NBMPR (a) under experimental
conditions and (b) when the binding sites
were saturated with NBTGR, a tightly
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bound homologue of NBMPR (4). The fol-
lowing properties of the NBMPR binding
sites were apparent in this study.

1. The sites bound NBMPR tightly, but
reversibly. The reversible nature of the
binding was apparent in the displacement
of cell-bound [*S]NBMPR by NBTGR
(Figs. 1 and 2) and the dissociation of
bound [**S]NBMPR under culture condi-
tions at 37° (Table 1 and Fig. 8). The recov-
ery of chemically unchanged [**SINBMPR
from cells to which it had been bound is
consistent with a reversible binding proc-
ess. Dissociation constants for the cell-
bound NBMPR determined by mass law
calculations were about 0.1 nM, indicating
tight binding; dissociation constants of
about 1 nM for NBMPR bound to human
erythrocytes were reported previously (8).

2. The NBMPR binding sites were evi-
dently of a single type, because of the lin-
earity of mass law (Scatchard) plots de-
rived from the binding data.

3. HeLa cells possess about 10> NBMPR
binding sites; in comparison, human
erythrocytes have about 10* such sites per
cell.

4. Fractional occupancy of the binding
sites by NBMPR resulted in fractional in-
hibition of the transport of thymidine and
uridine (Figs. 7 and 8); however, the rela-
tionship between occupancy and inhibition
was not a simple proportionality as with
human erythrocytes (9). It would appear
that interactions between the nucleoside
transport mechanism and NBMPR took
place (at higher concentrations of
NBMPR) that were not perceived by the
binding assay.

5. The maximum number of NBMPR
binding sites was larger at 37° than at 20°.
It is possible that this observation may
have an explanation in temperature-re-
lated transitions in nucleoside uptake ac-
tivity, such as those seen in Novikoff hepa-
toma cells (19); the latter occurred in the
15-18° range and were probably due to
changes in the physical state of the mem-
brane lipids (19).
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