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SUMMARY

Dipyridamole-mediated inhibition of nucleoside transport by the
nitrobenzytthioinosine (NBMPR)-sensitive facilitated diffusion
system in mammalian erythrocytes was investigated. [°H]Dipyr-
idamole was a competitive inhibitor of uridine equilibrium ex-
change influx into guinea pig erythrocytes (apparent K; 1 nm).
Analysis of the results using total inhibitor levels instead of cell-
free inhibitor concentrations increased the apparent K; value to
7 nm. Similarly, [*H]dipyridamole inhibition of zero-trans{'*C]
uridine influx was consistent with simple competitive inhibition
(apparent K, 1.4 + 0.7 nm). In contrast, [°H]dipyridamole behaved
as a noncompetitive inhibitor of zero-trans-{'*Cluridine effiux
(apparent K; 0.7 £ 0.2 nm). In a second series of experiments,
[*H]dipyridamole was found to bind to a single class of high
affinity sites on plasma membranes from human erythrocytes

(apparent K, 0.65 + 0.07 nm) with a maximum number of binding
sites similar to that determined with the nucleoside transport
inhibitor NBMPR. Binding of dipyridamole to these sites was
blocked by the nucleoside transport inhibitors NBMPR, nitroben-
zyithioguanosine, and dilazep and in a competitive manner by
adenosine and uridine (apparent inhibition constants 0.1 and 0.9
mM, respectively). These inhibition constants are similar to the
apparent K., for adenosine and uridine equilibrium exchange in
human erythrocytes. Theseresultsareomsistentwnmthenotnon
that, in mammalian interacts with the
NBMPR-sensitive transporter at the same site as NBMPR, which
is preferentially located on the outer surface of the cell membrane
totally or partially within the permeation site.

Nucleosides and nucleoside analogues enter most mamma-
lian cells by saturable facilitated diffusion systems that are
inhibited by the drug dipyridamole (1-3). Dipyridamole is a
vasodilator and an antithrombotic agent which has been used
in the treatment of angina and as an antiplatelet drug (4, 5).
In more recent studies, it has been shown that dipyridamole
can enhance the effectiveness of various antimetabolites, for
example, acivicin, 5-fluorouracil, deoxyadenosine, and metho-
trexate, by inhibiting either nucleic acid precursor salvage and/
or perhaps preferentially blocking nucleoside efflux (6-10).
There is therefore considerable interest in possibly using di-
pyridamole in combination chemotherapy with inhibitors of de
novo nucleotide synthesis. Nevertheless, the mechanism by
which dipyridamole inhibits nucleoside flux is in dispute. In
influx experiments competitive inhibition by dipyridamole has
been demonstrated for dog erythrocytes (11), nucleoside-perme-
able sheep erythrocytes (12), chick fibroblasts (13), Novikoff
rat hepatoma cells (14), and human platelets (15). However,
the apparent K; values range from 0.02 to 47 uM. In other
experiments, inhibition of adenosine uptake by human eryth-
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rocytes at 1° was of the mixed type (apparent K; 0.23 uM) (16).
Conversely, dipyridamole can displace specific bound NBMPR,
a potent specific competitive inhibitor of nucleoside transport
(12, 17), from erythrocytes and membranes prepared from
brain, heart, lung, and liver and from HeLa and Chinese
hamster ovary cells (18-24). In some of these investigations
dipyridamole was shown to be a competitive inhibitor of [°H]
NBMPR binding (apparent K; values 0.4-276 nM) and it was
suggested that both agents bind to the same site (18, 19, 22-
24). In other studies it has been concluded that dipyridamole
acts at a site distinct from the NBMPR-binding site (25-27).
A common assumption in the kinetic analysis of both trans-
port and NBMPR binding inhibition by dipyridamole has been
that the concentration of free inhibitor in the medium is the
same as the total (free + bound) inhibitor concentration of the
cell suspension. However, recent experiments have demon-
strated this not to be the case for NBMPR inhibition of
nucleoside transport in erythrocytes (12). Furthermore, dipyr-
idamole can inhibit the transport of anions, purine bases, 2-
deoxy-D-glucose, and D-glucosamine in various cell systems
(28, 29) and, thus, these transport sites offer the potential for
further depletion of dipyridamole. Also, dipyridamole has high
affinity for peripheral benzodiazepine-binding sites (30) and is
a highly lipophilic drug. An additional complication is that
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nucleoside transport in rat tissues is approximately 2-3 orders
of magnitude less susceptible to inhibition by dipyridamole
than corresponding tissues from guinea pig and several other
mammalian species (20-22, 31, 32). Thus, the apparent K;
measured, and possibly the inhibition pattern observed, will
depend on the experimental conditions and the species em-
ployed.

The aim of the present study was to investigate the potency
and mechanism of interaction of dipyridamole with the
NBMPR-sensitive nucleoside transporter. Two approaches
were used. In the first, the effects of dipyridamole on uridine
zero-trans influx, zero-trans efflux, and equilibrium exchange
by guinea pig erythrocytes was studied. Guinea pig erythrocytes
were chosen as these cells transport nucleosides slowly by a
route that can be blocked by low concentrations of NBMPR
and dipyridamole (33, 34), and, thus, transport parameters can
be accurately determined. Uridine is a well defined and non-
metabolized substrate for the carrier (33). In these experiments,
[*H])dipyridamole was used to directly measure the free concen-
tration of inhibitor. The second approach was to study the
binding of [*H]dipyridamole to human erythrocyte membranes
and the ability of nucleosides to inhibit [*H]dipyridamole bind-
ing. The present results suggest that dipyridamole interacts
with the nucleoside transporter at the same site as NBMPR,
which is totally or partially within the outward facing confor-
mation of the permeation site. A preliminary report of some of
this work was presented at the 1986 Winter Meeting of the
Canadian Physiological Society (for abstract see Ref. 35).

Materials and Methods

Erythrocytes and membrane preparation. Whole blood from
female guinea pigs (250-400 g) and healthy human volunteers was
collected into heparinized evacuated tubes. Erythrocytes were washed
three times with 20 volumes of iso-osmotic NaCl medium containing
140 mM NaCl, 5 mMm KCl, 20 mm Tris-HC] (pH 7.4 at 22°), 2 mM
MgCl,, 0.1 mM EDTA (disodium salt), and 5 mM glucose. The buffy
coat was discarded. Hemoglobin-free erythrocyte membranes were pre-
pared by osmotic lysis and resuspended in 5 mM sodium phosphate
(pH 7.9 at 22°) (36).

Transport measurements. Initial rates of zero-trans uridine influx
into guinea pig erythrocytes were determined by a washing method
using ice-cold iso-osmotic NaCl medium containing 10 uM NBMPR,
with the following modifications. The details of this technique have
been published previously (12, 33). For the inhibitor studies, [*H}
dipyridamole (0.2 ml) was added to the cells (0.1 ml) at the same time
as [U-"*C]uridine (0.1 ml; 6 xCi/ml). Transport of radiolabeled uridine
was terminated at predetermined time intervals (10 min) by rapid
centrifugation (12,000 X g for 5 sec using a Fisher microcentrifuge).
Immediately, aliquots (0.2 ml) of the supernatant were removed in
order to measure the equilibrium free concentration of [*H]dipyrida-
mole in the medium at the end of the incubation period. The cell pellets
were then rapidly washed with the ice-cold NBMPR stopping solution
(12,33). The incubation time chosen was based on previous results (33)
that had demonstrated that initial rates of uridine influx were measured
using such time intervals. The washed cell pellets were lysed with 0.5
ml of 0.5% (v/v) Triton X-100. Samples were deproteinized by the
addition of 0.5 ml of trichloroacetic acid (50 g/liter) and centrifuged (2
min, 12,000 X g) to remove the precipitate. Radioactivity in aliquots of
the protein-free sup. rratants was determined by scintillation counting
with appropriate quench correction. Blank samples were obtained by
processing cell samples that had been mixed with [**C]uridine in the
presence of 10 uM NBMPR. Transport rates were calculated after
subtraction of these blanks. For inward equilibrium exchange measure-
ments, guinea pig erythrocytes were “loaded” with uridine for sufficient

time to allow for equilibration of the uridine. Briefly, equal volumes (2
ml) of cells (20% hematocrit) and uridine were incubated at 37° for 6
hr and then allowed to cool to 22°. Aliquots of these cells (0.2 ml) were
then added to solutions (0.2 ml) containing the same concentration of
[*C]uridine and, where appropriate, [*H]dipyridamole, and the initial
rate of equilibrium exchange uridine influx and the effect of dipyrida-
mole on this flux were determined as described above for the zero-trans
influx measurements.

For efflux experiments, guinea pig erythrocytes were “preloaded”
with various concentrations of ['*C]uridine by mixing equal volumes
(0.6 ml) of cells (40% hematocrit) and [**C]uridine (6 xCi/ml) at 37°
and allowing the nucleoside to equilibrate across the cell membrane.
Extracellular isotope was removed by rapidly washing the cells with
three 1-ml portions of ice-cold medium, and portions (0.1 ml) of the
resulting cell suspension (1.2 ml) were centrifuged. The supernatant
was removed and, immediately, 0.9 ml of prewarmed medium at 22°
containing varying concentrations of [*H]dipyridamole or 10 uM
NBMPR was added to the cell pellet. The initial rate of uridine efflux
was measured by following the appearance of C radioactivity in the
medium. Incubations (10 min) were terminated by layering 0.9 ml of
the incubation mixtures on 0.5 ml of ice-cold n-dibutyl phthalate in
microcentrifuge tubes. The tubes were immediately centrifuged at
12,000 X g for 15 sec. Portions (0.7 ml) of the upper layer of cell-free
aqueous medium were transferred to 10 ml of scintillation fluid and
counted for *C/*H radioactivity with appropriate quench correction.
Previous control experiments (33) confirmed that no significant me-
tabolism of [**CJuridine occurred under these experimental conditions.

Dipyridamole and NBMPR binding assays. Equilibrium
NBMPR and dipyridamole binding to membranes prepared from hu-
man erythrocytes was determined at 22° based on methods previously
described for NBMPR binding to ghosts (12, 36). Briefly, membrane
suspensions (40 ug of protein; 50 ul) were added to 1.0 ml of medium
(5 mM sodium phosphate, pH 7.9) containing radioactive ligand in the
presence and absence of NBTGR (1 uM). NBTGR eliminated site-
specific binding of dipyridamole (see Fig. 3). In the case of competition
experiments the medium also contained the test compound. After 30
min, incubations were terminated by centrifugation at 15,000 X g for
25 min at 4°. Supernatants were retained for radioactivity determina-
tions. Membrane pellets were washed once with ice-cold sodium phos-
phate medium and *H radioactivity associated with the pellet was
measured by liquid scintillation as previously described (12). Binding
constants were determined by mass law analysis of equilibrium binding
data after subtraction of nonspecific binding.

Materials. [U-*C]Uridine (specific radioactivity 0.45 Ci/mmol) was
obtained from Amersham, Oakville, Ontario. [G-*H]NBMPR (specific
radioactivity 20 Ci/mmol) and [*H]Persantin [dipyridamole;
2,2!,211 2111 (4,8-dipiperidinopyrimido[5,4-d}pyrimidine-2,6-diyldini-
trilo)tetraethanol] (specific radioactivity 110 Ci/mmol) was purchased
from Moravek Biochemicals, Brea, CA. The radiochemical purity of
[*H]dipyridamole was >98% and was routinely checked during storage
at —20° using high performance liquid chromatography. When neces-
sary, [*H]dipyridamole was repurified by high performance liquid chro-
matography on a C,s uBondapak column (Waters Associates, Milford,
MA) eluted with 70% methanol/30% water and 0.2% ammonia. After
storage for 1 year at —20°, 92% of the radioactivity recovered from the
C,s column co-eluted with the dipyridamole peak. NBMPR, NBTGR,
and dilazep (1,4-bio[3-(3,4,5-trimethoxybenzoyloxy)propyl]perhydro-
1,4-diazepine) were generous gifts from Professor A. R. P. Paterson,
Cancer Research Group, University of Alberta, Edmonton, and Hoff-
mann-LaRoche and Co., Basel, Switzerland, respectively.

Resuits

Dipyridamole inhibition of uridine transport. Previous
studies (33) have demonstrated that nucleoside transport by
guinea pig erythrocytes is best described by two components: a
saturable uptake mechanism that is inhibited competitively by
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nM concentrations of NBMPR (17) and a low affinity, nonsa-
turable uptake mechanism that is not blocked by NBMPR.
This NBMPR-insensitive component of nucleoside transport,
estimated in the presence of excess nonradioactive NBMPR
(10 uM), was subtracted from the total flux data described in
this section before kinetic analysis was performed. Control
experiments established that the magnitude of this linear
NBMPR-insensitive flux was similar to that measured in the
presence of high concentrations of dipyridamole (10 uM) (data
not shown).

To investigate the kinetics of dipyridamole inhibition of
nucleoside transport, the effect of varying concentrations of
[*H]dipyridamole (initial concentration 1.25-10 nM) on equilib-
rium exchange uridine influx (0.05-1.0 mM) by guinea pig
erythrocytes was studied at 22°. [*H]Dipyridamole and [*‘C]
uridine were added to cells simultaneously. Fig. 1 shows the
results of one such experiment, where reciprocals of the initial
rates of uridine equilibrium exchange influx are plotted against
the free [*H]dipyridamole concentration. The Dixon plot (37)
(1/v versus I) is consistent with simple competitive inhibition
(apparent K; 1.0 nM). Analysis of these data by the Cornish-
Bowden method (s/v versus I) (38) also resulted in a simple
competitive plot. When inhibitor depletion was not considered,
the apparent K; value determined from the Dixon plot and
using the total inhibitor concentration was increased to a value
of approximately 7.0 nM.

In other experiments, the effect of [*H]dipyridamole on zero-
trans uridine influx and efflux was compared. The results from
a representative experiment are shown in Fig. 2, where initial
rates of [**Cluridine influx and efflux are plotted as s/v against
the free [*H]dipyridamole concentration. The parallel lines of
the Cornish-Bowden plot (38) for the influx data are indicative
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Fig. 1. Effect of [°*H]dipyridamole on equilibrium-exchange influx of ['*C}]
uridine by guinea pig erythrocytes. Guinea pig erythrocytes were prein-
cubated with increasing concentrations of uridine (0.05-1.0 mm) and,
following equilibrium, [**Cluridine and [*H]dipyridamole were added to
cells simuitaneously. The initial equilibrium-exchange uridine influx rates
at 22° (corrected for the NBMPR-insensitive component) are plotted as
1/v versus /, where v is the initial rate of ['*Cluridine influx, and / is the
final free [*H]dipyridamole concentration. Uridine concentrations (mm)
were: 1.0 (@), 0.25 (O), 0.10 (A), and 0.05 (A). See the text for other
experimental details.
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Fig. 2. Effect of [*H]dipyridamole on uridine influx and efflux by guinea
pig erythrocytes. The initial rates of uridine influx and efflux were deter-
mined as described in Materials and Methods. The flux rates at 22°
(corrected for the NBMPR-insensitive component) are plotted as s/v
versus /, where s and / are the ['*Cluridine and final free [*H]dipyridamole
concentrations, respectively, and v is the initial rate of uridine influx.
Uridine concentrations (mm) for the influx experiment were: 1.0 (4), 0.25
(4), 0.1 (O), and 0.05 (@). Initial intracellular uridine concentrations (mmol/
liter of cell water) for the efflux experiment were: 1.0 (A), 0.31 (A), 0.054
(O), and 0.026 (®).

of [*H]dipyridamole acting as a competitive inhibitor. Simi-
larly, competitive inhibition plots were obtained when the data
were analyzed by the Dixon procedure (37) (apparent K; 0.75
nM). In contrast with the effect of [*H]dipyridamole on uridine
influx, the lines of the Cornish-Bowden plot (38) for the efflux
data intersect on the I axis, consistent with noncompetitive
inhibition of zero-trans uridine efflux (apparent K; 0.5 nM). In
two other independent experiments, similar inhibition plots
were obtained with apparent K; values of 1.1 and 2.4 nM, and
1.0 and 0.6 nM for influx and efflux, respectively. In a control
experiment, the time course of total [*H]dipyridamole associa-
tion with guinea pig erythrocytes was studied at an initial
extracellular inhibitor concentration of 4 nM. Within 1 min,
[*H]dipyridamole association with the cells had reached a
steady state value of 66 nmol/liter of cells which was approxi-
mately 50-fold greater than the final extracellular concentra-
tion of dipyridamole. When similar studies were performed
with unsealed membranes at the equivalent cell density, [*H]
dipyridamole association with the membranes was reduced 5-
fold compared to intact cells. This result would suggest that
dipyridamole can penetrate erythrocyte membranes rapidly and
thus have access to both membrane surfaces.

Dipyridamole binding studies. An alternative method to
study the interaction of dipyridamole with the nucleoside trans-
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port system is to investigate the binding properties of the
inhibitor to plasma membranes. This has only become possible
in the last year with the availability of high specific radioactive
dipyridamole. Isolated membranes were chosen in preference
to intact cells for these experiments because previous studies
with another nucleoside transport inhibitor, NBMPR, had
demonstrated that the nonsaturable component of NBMPR
binding is very much reduced in membranes compared with
cells (36, 39). Preliminary studies with membranes prepared
from guinea pig erythrocytes showed no detectable high affinity
saturable [°*H]dipyridamole binding but, instead, a nonsatura-
ble component responsible for the binding of 0.2 pmol/mg of
protein at 1 nM (data not shown). NBMPR (10 uM) had no
effect on this nonsaturable association. In contrast with [*H]
dipyridamole, however, ['HINBMPR binding to guinea pig
ghosts revealed two components of binding: 1) a saturable
component with a B,... value of 0.048 pmol/mg of protein and
an apparent K, of 73 pM, and a nonsaturable component
responsible for the binding of 0.07 pmol/mg of protein at 1 nM.
Thus, the high level of nonspecific binding with [°H]dipyrida-
mole made it impossible to detect the low number of nucleoside
transporters in guinea pig erythrocytes with this ligand. There-
fore, for further experiments, membranes prepared from human
erythrocytes were used because these cells have an approxi-
mately 500-fold higher number of transport sites, as estimated
by NBMPR binding, than guinea pig erythrocytes (40). The
increased number of NBMPR-binding sites is directly propor-
tional to the increase in maximum velocity of transport ob-
served in human red blood cells, but in all other respects, the
kinetic parameters of nucleoside transport by human and
guinea pig erythrocytes are similar (33, 40, 41).

The binding of [*H]dipyridamole to human erythrocyte mem-
branes is shown in Fig. 3, where membrane-associated binding
is plotted against the equilibrium free concentration of inhibitor
in the medium. The data can be resolved into two components
of binding: a saturable association responsible for the binding
of 22.7 + 0.7 pmol/mg of protein with an apparent K, of 0.52
#+ 0.07 nM, and a nonsaturable component responsible for the
binding of 0.44 pmol/mg of protein at 1 nM. The saturable
association was abolished in the presence of 1 uM NBTGR.
Mass law analysis of the saturable high affinity binding com-
ponents (Fig. 3B) indicated the existence of a single class of
dipyridamole-binding sites within the concentration range 0-
10 nM. Membranes from four individual donors gave a mean
apparent K, (+SE) of 0.65 + 0.07 nM with a maximum binding
of 29.7 + 2.8 pmol/mg of protein for the saturable component.
The same membrane preparations had a maximum number of
site-specific NBMPR-binding sites of 27.2 + 5.7 pmol/mg of
protein, a value not significantly different from that determined
using [*H]dipyridamole.

It was necessary to establish that no high affinity dipyrida-
mole-binding activity was lost during the washing procedure
adopted to remove unbound radioactivity from the membranes.
The differences between supernatant radioactivity counts in
the presence and absence of NBTGR were used as an indirect
estimate of the maximum high affinity binding activity and
gave an estimate of 29.7 + 4.6 pmol/mg of protein. These
binding estimates were similar to those obtained with mem-
brane pellets after washing, demonstrating that no significant
loss of binding activity had occurred with washing. In contrast,
the magnitude of the linear component of [*H]dipyridamole
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Fig. 3. Concentration dependence of [*H]dipyridamole binding to human
erythrocyte membranes. A. Membrane suspensions were incubated in
[*Hldipyridamole (0-12 nm) in the presence (O) and absence (®) of the
transport inhibitor NBTGR (1 um), as described in Materials and Methods.
The amount of [*H]dipyridamole bound to the membrane pellet is plotted
as a function of the equilibrium free concentration of dipyridamole. B.
Mass law analysis by the method of Scatchard of data for the site-
specific binding of [°H]dipyridamole to human erythrocyte membranes.
In this instance, bound dipyridamole represents the difference between
membrane-associated dipyridamole in the presence and absence of
NBTGR.

binding was reduced up to 4-fold with a single wash (data not
shown).

The effects of varying concentrations of uridine and adeno-
sine on saturable binding of [*H]dipyridamole to human eryth-
rocyte membranes are shown in Fig. 4. Equilibrium dipyrida-
mole binding in the presence of adenosine and uridine was
reduced in an apparent competitive manner with inhibition
constants of 0.1 and 0.9 mM, respectively, values similar to that
obtained previously for adenosine and uridine inhibition of
NBMPR binding to human erythrocyte membranes (12, 42).
Plots of apparent K, values for dipyridamole binding in the
presence of nucleoside versus initial nucleoside concentrations
were linear, providing further evidence of simple competitive
inhibition of binding activity. The results of further experi-
ments presented in Fig. 5 demonstrated that the nucleoside
transport inhibitors, NBMPR, NBTGR, and dilazep, effec-
tively inhibited saturable [*H]dipyridamole binding at nM con-
centrations, with ICs, values of 1.7, 2.3, and 1.7 nM, respectively.
These values are probably underestimated since inhibitor de-
pletion by the cells has not been considered.

Dipyridamole inhibition of uridine transport in the
presence of NBMPR. The above data are consistent with the
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Fig. 4. Effect of adenosine and uridine on [*H]dipyridamole binding to
human erythrocyte membranes. The reciprocals of [*H]dipyridamole
bound to high affinity sites in the presence of graded concentrations of
uridine and adenosine at 22° are plotted against the respective recipro-
cals of the free equilibrium concentrations of [*H]dipyridamole. Initial
concentrations of uridine (mm) were: 0 (@), 0.26 (O), 1.0 (A), and 4.4 (A).
The adenosine concentrations (mm) were: 0 (@), 0.12 (O), 0.48 (A), and
1.9 (A). Apparent K; values for uridine and adeonsine were 0.9 and 0.1
mM, respectively.

notion that NBMPR and dipyridamole either add at the same
site on or near the nucleoside carrier or at separate sites linked
by allosteric interaction (see Discussion). In an attempt to
decide between these two mechanisms, the degree of inhibition
of uridine transport produced by the inhibitors when acting
alone or together was studied and the rate observed was com-
pared with that predicted for either 1) a single inhibitory site,
or 2) two noninterfering sites. The detailed equations describing
these two conditions have been derived previously (43), and the
important points are summarized. In the case where there is a
single inhibitory site, inhibition is a function of the sum of
inhibitor concentrations and of a product of inhibitor concen-
trations when two different inhibitor molecules can add to the
carrier at the same time. Thus, the predicted value for inhibitors
competing for a single site is described by the following rela-

tionship:
|4 \%4 |4
—=1l)={F-1)+|{7-1 1
(Vn ) (vl ) (VL ) @
where V is the rate of transport in the absence of inhibitors, V;
and V|, are the rates of transport in the presence of inhibitors

I or L, respectively, and V,, is the rate of transport in the
presence of both I and L. In the case of two inhibitor molecules
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Fig. 5. Effect of nucleoside transport inhibitors on [*H]dipyridamole
binding to human erythrocyte membranes. High affinity binding of [°H)
dipyridamole (initial extracellular concentration 2 nm) to human erythro-
cyte membranes was determined as described in Materials and Methods.
Values are the means of two separate experiments and are expressed
as percentages of control [*H]dipyridamole binding activities measured
in the absence of inhibitor. ®, NBMPR; O, dilazep; O, NBTGR.

TABLE 1

Inhibition of uridine entry into guinea pig erythrocytes by
dipyridamole and NBMPR
The initial rates of uridine zero-trans were determined as described in
Materials and Methods. The flux rates at 22° (corrected for the NBMPR-insensitive
eunpment)afecomparedtomepredctedumsponmtesnmeprmonwo
inhibitors calcualted from Eq. 1 (one inhibitory site) or EqQ. 2 (two inhibitory sites).
The latter calculation required that the k., for influx be known and from earlier
studies was shown to be equal to 0.066 mm at 22° (33).

Final inhibitor

] Transport rates
Uridine
Concentration Predicted
Dipyridamole ~ NBMPR
One site Two sites
n~ mmolfiiter of celis [hr
0.5mm 0 0 0.076
0.48 0 0.060
1.72 0 0.045
3.90 0 0.033
0.48 0.25 0.034 0.035 0.018
1.72 0.25 0.026 0.029 0.0096
3.90 0.25 0.025 0.024 0.0057
0.12mm 0 0 0.049
0.72 0 0.038
443 0 0.017
0.72 0.25 0.019 0.021 0.015
443 0.25 0.015 0.015 0.0052

adding to the carrier at the same time, the transport rates are
related by the following expression:

(o))

where K, is the half-saturation constant for inhibitor I in the
presence of a saturating concentration of L.

The observed rates of uridine entry (extracellular uridine
concentrations 0.5 and 0.12 mM) in the presence of dipyrida-
mole, NBMPR, or both are shown in Table 1, and are compared
to the predicted rates based on mechanisms involving a single
inhibitory site or two separate inhibitory sites (Eqs. 1 and 2,
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respectively). The data demonstrate that the predicted and
calculated rates are identical if the inhibitors compete (Eq. 1),
whereas if two inhibitor sites exist the observed inhibition
should be much greater than it in fact is.

Discussion

Although the inhibitory effects of dipyridamole on nucleoside
transport were observed more than 20 years ago (11), the
mechanism by which this clinically available drug achieves this
effect is largely unknown and in dispute (see the introduction).
The experiments described in this paper were designed to
clarify the mechanism of dipyridamole interaction with the
NBMPR-sensitive erythrocyte nucleoside transporter.

Dipyridamole was found to be a potent competitive inhibitor
of uridine equilibrium exchange influx into guinea pig eryth-
rocytes. Analysis of the inhibition data using equilibrium free
dipyridamole concentrations rather than total dipyridamole
levels reduced the estimated apparent K; value from 7 to 1 nM.
These results are consistent with the view that dipyridamole
competes directly with nucleosides for the permeation site of
the transport system. In support of this conclusion is the
finding of a single class of high affinity dipyridamole-binding
sites on human erythrocyte membranes with an apparent K,
value of 0.65 + 0.07 nM. Dipyridamole binding to this site is
blocked by nucleosides and nucleoside transport inhibitors.
Furthermore, inhibition of dipyridamole binding by uridine and
adenosine was apparently competitive with inhibition con-
stants similar to previous estimates of the apparent K, of
equilibrium exchange transport (41, 44, 45). The maximum
number of high affinity dipyridamole-binding sites on human
erythrocyte membranes is similar to that determined for the
site-specific binding of NBMPR. Also, previous studies have
shown that dipyridamole competes competitively with NBMPR
for the NBMPR-binding site on human erythrocytes (18),
which has also been postulated to be within the permeation
site (12). These data suggest that the high affinity dipyrida-
mole-binding site is located on or near the nucleoside transport
protein, and the similarity of the apparent K; values for nucleo-
side inhibition of high affinity dipyridamole binding to the
apparent K,, values for nucleoside equilibrium exchange influx
is further evidence that dipyridamole competes with nucleo-
sides for the permeation site of the nucleoside transporter.

The kinetic and inhibitor binding results presented in this
report would also be consistent with a more complex model of
nucleoside transport in which inhibitor binding at one site
induces a conformational change in the transporter, thereby
allosterically altering the affinity of permeant at its site. In
addition, some investigators (46) have argued that the struc-
tures of dipyridamole and NBMPR have little in common and,
therefore, the binding sites for these two inhibitors must also
be different. Support for this view comes from the finding that
high concentrations of dipyridamole decrease the rate of
NBMPR dissociation in a variety of membrane preparations
(27, 42, 47). However, X-ray diffraction studies point to simi-
larities in the three-dimensional crystal structures of NBMPR
and dipyridamole,' and the high concentrations (>100 nM) of
dipyridamole required to effect NBMPR dissociation may sim-
ply reflect nonspecific interactions with the transporter or other
membrane components following partition of the lipophilic

'P. W. Codding and J. Jakana, personal communication.

inhibitor into the membrane (42). Also, the conclusion that
dipyridamole acts at a site distinct from the NBMPR-binding
site, derived from the observation that 10 uM dipyridamole
inhibited nucleoside transport by rat Walker 256 cells (25),
whereas 1 uM NBMPR was without effect, is not applicable to
the present studies on the NBMPR-sensitive nucleoside trans-
port system. Walker 256 cells lack high affinity NBMPR-
binding sites (48), and these cells exhibit pure NBMPR-insen-
sitive nucleoside transport. Moreover, nucleoside transporters
in a variety of rat tissues exhibit a low sensitivity to dipyrida-
mole inhibition (20-22, 31, 32). Direct evidence to suggest that
NBMPR and dipyridamole act at a common site comes from
the studies depicted in Table 1 that clearly indicate that the
transport rates observed in the presence of both NBMPR and
dipyridamole are identical to those predicted for a single inhib-
itory site. Therefore, at the present time the available data are
consistent with the simpler model that dipyridamole inhibits
NBMPR-sensitive nucleoside transport in a manner similar to
that of NBMPR and that both inhibitors interact at common
or overlapping sites on the carrier.

The vectorial properties of dipyridamole binding to the nu-
cleoside transport system can be determined by examining the
inhibition profiles for zero-trans exit and entry experiments
(see Ref. 49). For example, an inhibitor that interacts with the
permeation site may do so at either the inner or the outward
facing conformation, depending upon the location of the inhib-
itor and its relative affinity for the two conformations. Thus,
in zero-trans entry experiments where the substrate is present
in the suspending medium, and if an inhibitor is bound only at
the external site, then inhibition of substrate entry is purely
competitive. Under these circumstances inhibition of zero-trans
exit will be noncompetitive, because the substrate in the inter-
nal pool is unable to compete with the external site. Similarly,
if the inhibitor binds on both the inner and outward surfaces
of the membrane, inhibition of both zero-trans influx and efflux
will be noncompetitive. In the present case, the inhibition
pattern for zero-trans influx is competitive but dipyridamole
behaves as a noncompetitive inhibitor of zero-trans uridine
efflux. These data suggest that the dipyridamole-binding site
is largely located on the outer surface of the cell membrane.
The NBMPR-binding site has also been suggested to be pref-
erentially located on the outward-facing conformation of the
substrate permeation site in guinea pig and nucleoside-perme-
able sheep erythrocytes (12, 17).

In conclusion, the present results suggest that dipyridamole
and NBMPR interact at common or overlapping sites on the
NBMPR-sensitive transporter. Furthermore, it is proposed
that the inhibitor binding site for NBMPR and dipyridamole
in mammalian erythrocytes is largely located on the outer
surface of the cell membrane, totally or partially within the
permeation site.
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