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Summary. Equilibrium binding of [*H]dipyridamole identified
high-affinity (K; ~ 10 nM) binding sites on human erythrocytes
(~5 x 10 sites/cell) and on Hel.a cells (~5 x 10° sites/cell). The
equilibration of dipyridamole with these sites on human erythro-
cytes was compatible with a second-order process which pro-
ceeded at 22°C with a rate constant of about 6 X 106 M~! sec™!.
Binding of dipyridamole to these sites correlated kinetically with
the inhibition of the equilibrium exchange of 500 uM uridine in
these cells and was inhibited in a concentration-dependent man-
ner by nucleosides and other inhibitors of nucleoside transport,
such as nitrobenzylthioinosine, dilazep and lidoflazine, but not
by hypoxanthine, which is not a substrate for the nucleoside
transporter of human erythrocytes. The results indicate that the
substrate binding site of the transporter is part of the high-affinity
dipyridamole binding site. Bound [*H]dipyridamole became dis-
placed from these sites on human erythrocytes by incubation
with an excess of unlabeled dipyridamole or high concentrations
of nucleosides and inhibitors of nucleoside transport, but neither
by hypoxanthine nor sugars. Dissociation of [*H]dipyridamole
behaved as a simple first-order process, but the rate constant was
about one order of magnitude lower (about 3 X 1073 sec™!) than
anticipated for typical ligand-protein binding on the basis of the
measured association rate and equilibrium constants. The reason
for this discrepancy has not been resolved. No high-affinity di-
pyridamole binding sites were detected on Novikoff rat hepa-
toma cells, P388, L1210 and S49 mouse leukemia cells or Chi-
nese hamster ovary cells, and their absence correlated with a
greater resistance of nucleoside transport in these cells to inhibi-
tion by dipyridamole. All cells expressed considerable low affin-
ity (K; > 0.5 uMm) and nonspecific binding of dipyridamole.
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Introduction

Dipyridamole is a well-known coronary vasolidator
and it also affects other metabolic processes in the
brain, kidney and platelets (Berne, Rall & Rubio,
1983). Its function in the regulation of blood flow
and other metabolic processes is not entirely under-
stood. It is probably indirect and mediated through
an inhibition of adenosine transport, since other in-

hibitors of nucleoside transport, such as dilazep,
hexobendine and lidoflazine, exert similar effects as
dipyridamole. Adenosine seems to be the primary
regulatory factor, whose action is mediated through
an interaction with adenyl cyclase-coupled recep-
tors that are present on a variety of cells. The inhi-
bition of adenosine transport is thought to lead to
localized increases of free adenosine in tissues,
thereby potentiating its receptor interaction.

Dipyridamole also enhances the toxicity of vari-
ous inhibitors of purine or pyrimidine nucleotide
synthesis (Zhen, Lui & Weber, 1983; Cabral et al.,
1984; Kang & Kimball, 1984; Nelson & Drake,
1984; Grem & Fisher, 1986) in most instances prob-
ably by inhibiting the salvage of extracellular nucle-
osides by the cell. On the other hand, at concentra-
tions above 10 uM, dipyridamole itself is toxic to a
variety of cultured cell lines (Zhen et al., 1983; Pla-
gemann & Wohlhueter, 1985bh; Plagemann &
Kraupp, 1986).

The potent inhibition of nucleoside transport by
dipyridamole can be readily demonstrated in stud-
ies with erythrocytes and various animal cell cul-
tures (Plagemann & Wohlhueter, 1980; Young &
Jarvis, 1983). For example, the zero-trans influx of
500 uM uridine in various cultured cell lines is inhib-
ited 50% by concentrations (ICsg) of dipyridamole
between 50 and 1000 nMm (Plagemann & Wohlhueter,
19844). The mechanism of transport inhibition is
not understood, but all available evidence indicates
that it is more complex than a simple competition
with nucleosides for binding to the transporter,
even though the Kkinetics of inhibition have been re-
ported to be strictly competitive (Eilam & Cabant-
chik, 1977; Jarvis, McBride & Young, 1982) or of
mixed type with a primary effect on the Michaelis-
Menten constant (Plagemann & Wohlhueter, 1980).
In the present study, we have measured directly the
binding of [*H]dipyridamole to human erythrocytes
and a number of cell lines and have compared its
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binding to high-affinity sites with the inhibition of
uridine transport.

The nucleoside transporter that is generally ex-
pressed by mammalian cells is a nonconcentrative,
simple carrier with broad substrate specificity (Pla-
gemann & Wohlhueter, 1980; Young & Jarvis,
1983). The carriers of human erythrocytes and cul-
tured cells exhibit directional symmetry, but differ
with respect to mobility of nucleoside-loaded and
empty carrier. The loaded carrier of human erythro-
cytes moves considerably faster than the empty car-
rier, whereas the transporter of cultured cells does
not exhibit any differential mobility of loaded and
empty carrier (Plagemann & Wohlhueter, 1980; Pla-
gemann, Wohlhueter & Erbe, 1982; Wohlhueter &
Plagemann, 1982; Jarvis et al., 1983a). Sensitivity to
inhibition by nitrobenzylthioinosine (NBTI) distin-
guishes two forms of the transporter (Belt, 1983;
Belt & Noel, 1985; Plagemann & Wohlhueter,
1984a; 1985a). One form is inhibited by nanamolar
concentrations of NBTI (designated NBTI-sensi-
tive) and the inhibition correlates with binding of
NBTI to high-affinity sites (K; = 0.1 to 1 nm). The
other form lacks these sites and is inhibited only at
micromolar concentrations of NBTI (designated
NBTI-resistant). Some types of cells, such as hu-
man erythrocytes, express only NBTI-sensitive
transport, whereas some cell lines, such as Novi-
koff rat hepatoma cells, express only NBTI-resist-
ant transport, and the majority of cells express a
combination of the two. Dipyridamole has been re-
ported to competitively inhibit the binding of NBTI
to human erythrocytes (K; = 5 nM; Hammond, Pat-
erson & Clanachan, 1981), HeLa cells (K; = 30 nM;
Paterson et al., 1980) and Chinese hamster ovary
(CHO) cells (K; = 170 nm; Wohlhueter, Brown &
Plagemann, 1983), but later studies have shown that
the inhibition is not strictly competitive at higher
dipyridamole  concentrations  (Plagemann &
Wohlhueter, 1985a4). The transporter of human
erythrocytes has been identified by photoaffinity la-
beling with PHINBTI (Wu et al., 1983) and recon-
stitution experiments (Tse et al., 1985) as a 45 to 60
kilodalton, band 4.5 membrane glycoprotein.

Materials and Methods

CELLS

Erythrocytes from freshly drawn human blood were kindly sup-
plied by Dr. J. Kersey (Department of Pathology, University of
Minnesota) as a byproduct of lymphocyte isolation. The cells
were thrice washed in cold saline containing S mM Tris-HCI
(Tris-saline) and suspended in the same or balanced salt solution
(BSS) to about 6 X 10% to 1 x 10° cells/ml. Outdated blood was

obtained from the blood bank. HelLa, L1210, P388, S49, CHO
and Novikoff cells were propagated in suspension culture as
described previously (Plagemann & Wohlhueter, 1982; 1983).
The cells were harvested from late exponential phase cultures
and suspended in BSS at 3 X 10° to 3 X 107 cells/ml. The cells
were enumerated with a Coulter counter.

MEASUREMENTS
OF URIDINE EQUILIBRIUM EXCHANGE

The equilibrium exchange of uridine was measured by rapid ki-
netic techniques as described previously (Wohlhueter et al.,
1978; Plagemann & Wohlhueter, 1980; Plagemann et al., 1982).
The cells were preincubated with specified concentrations of uri-
dine at 37°C for 40 to 60 min. The suspensions were cooled to
25°C and then the time course of transmembrane equilibration of
[*H]uridine at the same concentration as that used for preloading
was measured. Samples of cell suspensions were mixed at timed
intervals (15 time points per time course) with a solution of [*H]
uridine in a ratio of 7.3 : 1 with a dual syringe apparatus, and the
cells were separated from the medium by centrifugation through
an oil layer in an Eppendorf microfuge. An integrated rate equa-
tion based on the simple carrier model (Plagemann & Wohl-
hueter, 1980; Stein, 1986) was fitted to the time courses. In ex-
periments designed to determine the Michaelis-Menten parame-
ters, six uridine concentrations (80, 160, 320, 640, 1280, 2560 um)
were assayed and the kinetic parameters were extracted by least-
squares regression of the pooled data. In other experiments,
where only velocities at 500 uMm uridine were of interest, the
integrated rate equation was fitted with K¢, the Michaelis-Men-
ten constant for equilibrium exchange, fixed at 600 uM (see Table
3), and the slope at 1 = 0 was taken as the velocity of exchange

(vee) .

PREPARATION OF STRIPPED MEMBRANES

White ghosts were prepared from human erythrocytes of out-
dated blood and stripped of peripheral proteins by treatment with
0.1 mMm EDTA (pH 11) containing 2.5 mM phenylmethylsulfonyl
fluoride and 2.5 mmM dithiothreitol as described by Wheeler and
Hinkle (1981). The membranes were washed in 50 mm Tris-HCI
(pH 7.5) and suspended in the same.

EqQuILIBRIUM BINDING
AND DISSOCIATION OF DIPYRIDAMOLE

Time courses of binding of [*H]dipyridamole to intact cells were
measured by the rapid kinetic technique described already for
transport measurements. After separation of the cells from the
medium by centrifugation through oil, samples of the superna-
tant were analyzed for radioactivity (= free radioactivity). Cor-
responding mixtures of [*PH]dipyridamole and BSS were similarly
analyzed for total radioactivity. The difference between total and
free radioactivity represents that bound by the cells. To measure
bound dipyridamole directly, in some experiments (see Fig. 1),
the cell pellets were also analyzed for radioactivity. After re-
moval of the supernatant, the centrifuge tubes were filled with
water, which was then removed along with most of the oil. The
cell pellets were suspended in 1 ml of 0.2 N trichloroacetic acid.
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The denatured hemoglobin was removed by centrifugation and
the clear supernatant fluid was analyzed for radioactivity.

The equilibrium binding of [*H]dipyridamole was measured
as previously described for PHINBTI (Wohlhueter et al., 1983).
Samples of suspensions of cells were mixed in 1.6-ml Eppendorf
tubes with radiolabeled and unlabeled dipyridamole to the con-
centrations indicated in appropriate experiments. After 10 to 20
min of incubation, the suspensions were centrifuged and dupli-
cate samples of the supernatant were analyzed for radioactivity
(= free radioactivity). Binding of PHINBTI and [*H]dipyrida-
mole to stripped membranes was measured in the same manner,
except that the reaction mixtures were cleared of membrane ma-
terial by centrifugation at 75,000 x g for 30 min. Total radioactiv-
ity was measured as described already. Radioactivity values
were converted to concentrations of total and free dipyridamole
(L;) and the concentration of bound dipyridamole (L,) was calcu-
lated as the difference between total and free. In determinations
of the kinetic parameters of equilibrium binding, 12 to 14 concen-
trations of dipyridamole ranging from 0.2 to 1280 nM were ana-
lyzed and the following equation was fitted to the data:

NL,

L=% =1

+ k'L (1)

where N = number of binding sites per liter, K; = dissociation
constant and k' = a coefficient of nonsaturable binding. The
equation corresponds to a single saturable site plus a nonspecific
component.

For measuring the dissociation of [*H]dipyridamole from
the cells, the celis were preincubated with 2.5 or 5 nM [*H]dipyri-
damole for 5 to 10 min at 22°C. Then samples of the cell suspen-
sion were mixed with solutions of unlabeled dipyridamole or of
other substances as indicated in appropriate experiments. The
suspensions were further incubated at 22 or 25°C and at the
indicated times, cleared of cells by centrifugation, and the super-
natant was analyzed for radioactivity.

PHOTOAFFINITY LABELING
OF ERYTHROCYTE MEMBRANES

Stripped membranes suspended in 50 mM Tris-HCI (pH 7.4) con-
taining 10 mm dithiothreitol were photoaffinity-labeled in a man-
ner similar to that described by Wu et al. (1983) for [FH]NBTI.
The membrane suspensions were supplemented with 10 nm [*H]
dipyridamole or 10 nm PHINBTI. After about 20 min of incuba-
tion at room temperature, the suspensions were placed on ice,
and with continuous stirring, irradiated with a germicidal lamp
(MR-4: short ultraviolet range, G.W. Gates & Co., Long Island,
N.Y.) at a distance of 4 cm for 2 min. The membranes were
washed 3 times in 10 mm Tris-HCI1 (pH 7.4) containing 10 uM
dipyridamole or 10 uM NBTI, respectively, and then analyzed by
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) as described by Laemmli (1970). After electrophoresis,
the gels were cut into 0.5-cm segments at a right angle to the
direction of migration and the segments were dissolved in 30%
H,0, and analyzed for radioactivity.

MATERIALS

[*H-5]uridine, [*H-piperidyl]ldipyridamole (Persantin) and [*H]
NBTI were purchased from Moravek Biochemicals (Brea,
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Fig. 1. HPLC analyses of stored and heat-treated [*H]dipyrida-
mole solutions. (A) Samples of stock solution of [*H]dipyrida-
mole (500 pCi/ml; 5 um) in ethanol were diluted 1:5 (1 um, 20%
ethanol) and 1:250 (20 nM; 0.4% ethanol) in BSS and stored at
=70 and —20°C, respectively. After 4 months, samples of the
solution were analyzed by HPLC as described under Materials
and Methods. (B) A sample of the 1 um [*Hldipyridamole solu-
tion was supplemented with 1 N NaOH to a pH of about 11 and
heated at 60°C for 5 min before HPL.C. A sample of *H,O was
chromatographed in the same manner

Calif.). Unlabeled nucleosides, hypoxanthine and lidoflazine,
were obtained from Sigma (St. Louis, Mo.) and unlabeled NBTI
from Calbiochem (San Diego, Calif.) Dipyridamole (Persantin)
and dilazep were gifts from Geigy Pharmaceuticals (Yonkers,
N.Y.) and Asta Werke AG (Frankfurt, Germany), respectively.

The purity of *Hldipyridamole was assessed by paper chro-
matography with solvent 28 (Plagemann & Wohlhueter, 1983)
and HPLC on a BioRad reverse phase Hi-Pore RP304 column
(250 mm X 4.6 mm) using a Beckman HPLC system with a
Hewlett Packard 1040A detection system. The column was elu-
ted in 0.1% trifluoroacetic acid with a 10 to 60% gradient of
acetonitrile (the flow rate equaled 1 mi/min) at room tempera-
ture.

Results and Discussion

The PHldipyridamole, when received from the sup-
plier, was >95% pure when analyzed by paper
chromatography and HPLC. The [*H]dipyridamole
was relatively stable when stored as a 1-um (100
wCi/ml) solution in 20% (vol/vol) ethanol at —70°C
for 4 months (Fig. 14). About 90% of the radioactiv-
ity was still recovered in a fraction (III) that comig-
rated with authentic unlabeled dipyridamole. How-
ever, after a 4-month storage at a concentration of
20 nM (2 wCi/ml) in 0.4% ethanol, about 90% of the
radioactivity had been lost from dipyridamole (Fig.
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Fig. 3. Reaction order of dipyridamole association with human
erythrocytes. The rates of association of [*H]dipyridamole (DIP)
with the cells was measured at 22°C by rapid kinetic techniques
as described in the legend to Fig. 2. In (A), the cell concentration
was held constant and the [*H]dipyridamole concentration was
varied by addition of labeled dipyridamole as indicated on the
abscissa. In (B), the [*H]dipyridamole concentration was held
constant and the cell density was varied. Second-order rate con-
stants were calculated from the slopes of the lines and the num-
ber of high-affinity binding sites per cell (see Table 1)

1A4), and very little binding of radioactivity to cells
was observed (data not shown). Most of the radio-
activity was recovered in a peak (I, encompassing
fractions 4 to 10) and a smaller peak (II, fractions
11-14). The degradation products have not been

identified. Peak I material co-eluted with 3H,O (Fig.
1B), but less than 10% of it was volatile (data not
shown) and thus distinct from *H,0O. Heating of the
1-uM solution of [*H]dipyridamole in 20% ethanol at
80°C for about 30 min resulted in the formation of
the same radiolabeled components with recovery of
19 and 10% of the radioactivity in peaks I and III,
respectively (data not shown), and degradation was
greatly accelerated under alkaline conditions (Fig.
1B). The instability of [*H]dipyridamole seems to be
limited to the radiolabel, since we have stored
acidic solutions of 2 uM to 2-mM unlabeled dipyri-
damole for a year and longer without significant al-
teration in its chromatographic behavior or loss in
inhibitory activity for uridine transport (data not
shown). The [*H]dipyridamole used in all reported
experiments was stored at —70°C as a 1-uM stock
solution in 20% ethanol and was used within a few
hours. after dilution to appropriate concentrations.

Figure 2(A) illustrates time courses of binding
of [*H]dipyridamole to human erythrocytes at vari-
ous concentrations of dipyridamole (the concentra-
tion of [*H]dipyridamole was held constant and its
specific activity changed by addition of unlabeled
dipyridamole). As expected, equilibration of [*H]di-
pyridamole at a low nanomolar concentration was
relatively slow requiring about 20 seconds for com-
pletion. For measuring rates of association we have
fitted a smooth curve to the progress curves and
estimated the initial rate of association as the slope
of the curves at ¢ = 0. The rates of association were
directly proportional to the dipyridamole concen-
tration in the 10 to 100 nanomolar range (Fig. 3A) as
well as to the cell density between 1 X 108 and 8 X
10% cells/ml (Fig. 3B), as expected for a second-
order reaction. On the basis of 50,000 dipyridamole
binding sites/cell (see later) we have calculated a
second-order rate constant (at 22°C) of 5.5 x 106
M~! sec™! (k) from the data in Fig. 3.
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Fig. 4. Amounts of [*H]dipyridamole bound (L,) at equilibrium
to human erythrocytes, HeLa cells and CHO cells as a function
of concentration of free dipyridamole (L;). The equilibrium bind-
ing of [*H]dipyridamole at concentrations ranging from 2 to 1280
nM was measured as described under Materials and Methods.
The final densities were 7.5 X 108 erythrocytes, 3 x 10° HeLa
cells, and 1.4 x 107 CHO cells/ml of BSS

The rate of association of dipyridamole with the
cells was only slightly lower at 5 than at 22°C (cf.
Fig. 24 and B). For technical simplicity, we have
measured dipyridamole binding to cells in most ex-
periments reported here by the disappearance of
[*H]dipyridamole from the extracellular medium
(=free dipyridamole). The data in Fig. 1(B) demon-
strate that the radioactivity recovered in the cell
pellet quantitatively correlated with that lost from
the medium.

Saturation of dipyridamole binding to human
red cells was clearly apparent at both 5 and 22°C
(Fig. 2A and B). Saturation of binding in the nano-
molar range is illustrated in more detail in Fig. 4,
which presents a log-log plot of the amounts of [*H]
dipyridamole bound at equilibrium as a function of
the concentration of free dipyridamole. Fitting an
equation corresponding to a single saturable binding
site plus a linear component for nonspecific binding
to the data from this and other similar experiments
yielded estimates of the dissociation constant of 4 to
15 nM and of about 50,000 binding sites/human red
cell (Table 1). The parameters were similar for
erythrocytes from outdated blood and for freshly
isolated cells. High-affinity binding of NBTI has
also been observed to be similar in fresh and out-
dated human erythrocytes, even though there is a
conspicuous loss of directional symmetry of eryth-
rocyte nucleoside transport during blood storage
(Jarvis et al., 1983q; Plagemann & Wohlhueter,
1984b). The K, for dipyridamole binding to human
erythrocytes was similar to that reported for guinea
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Fig. 5. Effects of nucleosides and nucleoside transport inhibitors
on the equilibrium binding of dipyridamole by human erythro-
cytes. Samples of a suspension of 7.5 X 10 erythrocytes/ml
were supplemented with 2.5 nM [*Hldipyridamole (120 cpm/pul)
and with the indicated concentrations of unlabeled dipyridamole
(DIP), NBTI, dilazep, lidoflazine, uridine, adenosine, deoxycyti-
dine and hypoxanthine. After 10 min of incubation at 22°C, the
cells were collected by centrifugation and the supernatant ana-
lyzed for radioactivity (free [*H]dipyridamole). All values are
averages of duplicate samples. The broken lines indicate the ra-
dioactivity remaining in the medium of control cultures, which
were incubated with [*Hl]dipyridamole in absence of any of the
test substances

Table 1. Kinetic parameters for the high-affinity binding of di-
pyridamole to human erythrocytes and HeLa cells?

Cells K, (nm) Binding k’
sites/cell

Human erythrocytes, 124 *2.4 58 = 0.4 x 104 1.0

fresh 4413 4.9 + 0.5 x 104 0.86
14950 5.0=*0.6 x 104 0.90
6.5+ 0.9 23 +£0.2 x 10¢ 0.85

outdated 199 7.1 49 =*05x 104 0.85

HeLa 5.6; 6.0 2 X 10%; 3 x 10°

2 Equilibrium binding of [*H]dipyridamole was measured as de-
scribed in the legend to Fig. 4 and under Materials and Methods.
The values in line 1 are for the data presented in Fig. 4. Equation
(1) was fitted to the data for human erythrocytes and the best-
fitting parameters *sE of the estimate are listed. The parameters
for HeLa cells were estimated graphically from Scatchard plots
of the data in Fig. 4 and of another similar experiment, since
fitting Eq. (1) did not yield satisfactory solutions due to relatively
bhigh levels of nonspecific or low-affinity binding.

pig brain membranes (3.5 nM; Marangos, Houston
& Montgomery, 1985).

The binding of [*H]dipyridamole to the erythro-
cytes was further decreased by the presence of con-
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Table 2. Equilibrium binding of [*Hldipyridamole in various
types of cells?

Cells Cells/ml  [PH]Dipyridamole

bound

(% of total)

10 160 640 10-30

nM nM nM UM
Human Fresh 75 x 108 88 68 54 32
erythrocytes OQutdated 8.0 x 103 84 62 50 32
Hela 2.6 x 106 58 31 27 25
Novikoff 50x10° 46 43 35 32
P388 2.6 x 107 34 35 33 22
L1210 3.0 x 107 41 42 40 —
CHO 1.4 x 107 35 36 30 30
S49 5.5 x 105 33 31 28 25

2 The equilibrium binding of 10, 160, 640 and 10,000-30,000 nM
[*H]dipyridamole (about 150 cpm/ul, irrespective of concentra-
tion) was measured as described under Materials and Methods in
suspensions of the various cell types at the cell densities indi-
cated. The values represent the amounts of radioactivity bound
(total minus free) as percent of the total radioactivity added.

centrations of unlabeled dipyridamole above that
saturating the high-affinity binding sites (Fig. 5A;
Table 2). This finding is evidence for the presence of
additional binding sites with lower affinity, but no
distinct low-affinity sites could be identified. The
latter were probably of several types, because the
apparent saturation was spread over a wide concen-
tration range (Fig. 54; Table 2). In addition, there
was considerable nonsaturable binding, which prob-
ably included the amounts of [*H]dipyridamole that
had equilibrated with the intracellular space and
partitioned into membrane lipids. In our experimen-
tal design, these amounts could have amounted to 6
to 9% of the total PH]dipyridamole added. Because
of its lipophilicity (see later), dipyridamole is ex-
pected to very rapidly equilibrate across the plasma
membrane.

The dissociation constant for the high-affinity
binding of dipyridamole correlated with the concen-
tration of total dipyridamole added (about 20 to 50
nM) that caused a 50% inhibition (ICsy) of nucleo-
side transport in human erythrocytes (Plagemann,
1986; see later Fig. 8). This finding suggested that
the high-affinity binding is to a site associated with
the nucleoside carrier. This conclusion is supported
by the following lines of evidence. First, the binding
of 2.5 nM [PH]dipyridamole was inhibited by high
concentrations of various nucleosides, but not by
hypoxanthine (Fig. 5B), which is not a substrate for
the nucleoside transporter of human erythrocytes
(Plagemann & Woffendin, unpublished data). Fur-
thermore, the effectiveness of the nucleosides in
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Fig. 6. Effects of uridine and NBTI on equilibrium binding of
[*H]dipyridamole. The equilibrium binding of [*H]dipyridamole
at concentrations ranging from 1 to 640 nM was measured in
samples of a suspension of 5 X 10 red cells/ml in the absence
and presence of 12.5 mM uridine and 6.3 um NBTI as described
in Materials and Methods

inhibiting dipyridamole binding correlated with
their relative affinity for the nucleoside transporter
(adenosine > uridine > deoxycytidine; Plagemann
& Wohlhueter, 1980). Dipyridamole binding was
also inhibited by other inhibitors of nucleoside
transport such as NBTI, dilazep and lidoflazine
(Fig. 54), but they maximally reduced the binding
of 2.5 nm [*H]dipyridamole Iess than unlabeled di-
pyridamole. These inhibitions of dipyridamole bind-
ing were probably mainly at the high-affinity sites.
As shown in Fig. 6, the presence of NBTI as well as
uridine completely inhibited the binding of [*H]di-
pyridamole to high-affinity sites, while not affecting
low-affinity or nonspecific binding.

Second, the time courses of binding of dipyrida-
mole to high-affinity sites correlated with the time
course of establishment of inhibition of nucleoside
transport (cf. Fig. 2 and Fig. 7B). Figure 7 illus-
trates time courses of equilibrium exchange of 500
uM vridine in suspensions of human erythrocytes,
which had been preincubated with various concen-
trations of dipyridamole before the exchange of [*H]
uridine was measured (frame A) or which were sup-
plemented with the same concentrations of dipyri-
damole simultaneously with the radiolabeled uri-
dine (frame B). The results show that maximum
inhibition of uridine exchange was attained only 3 to
5 sec after addition of <1 uM dipyridamole to the
cells. Because of this relatively slow action of di-
pyridamole at these concentrations and the rapidity
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Fig. 7. Effects of dipyridamole on the equilibrium exchange of
500 uM [*H]uridine when added prior to measuring the equilibra-
tion of [*H]uridine (A) or when added simultaneously with [3H]
uridine (B). A suspension of 7 X 108 human erythrocytes/ml was
equilibrated with 500 uM unlabeled uridine. Then in (A), samples
of the suspension were supplemented with the indicated concen-
trations of dipyridamole and, after at least 2 min, the transmem-
brane equilibration of [*H]uridine was measured by the rapid
kinetic techniques described under Materials and Methods. In
(B), the indicated concentrations of dipyridamole were mixed
with the cell suspensions along with the [*H]uridine. In (A), the
velocities of exchange (v*°) were estimated by integrated rate
analysis of the time courses and served for calculating the per-
cent inhibition of exchange

of nucleoside transport in human erythrocytes, [*H]
uridine equilibration across the membrane was
close to complete before a significant inhibition of
carrier function was effected. For example, addi-
tion of 100 nm dipyridamole simultaneously with
[PHluridine had relatively little effect on its equili-
bration (Fig. 7B), whereas pretreatment of the cells
with the same concentration of dipyridamole inhib-
ited its equilibration about 90% (Fig. 7A).
Dipyridamole at concentrations =1 um had
about the same delayed effect on the efflux of 500
uM [PH]uridine from preloaded cells as on inward
equilibrium exchange (data not shown), and a simi-
lar delayed inhibition of nucleoside transport has
been observed for nanomolar concentrations of
NBTI and lidoflazine (Mahony & Zimmerman,
1986; Plagemann & Woffendin, unpublished data).
The relative slowness of action of these inhibitors at
lower concentrations needs to be taken into consid-
eration in their use as ‘‘stoppers’’ in nucleoside
transport assays (Paterson, Kolassa & Cass, 1981).
High enough concentrations of inhibitor need to be
used to achieve an inhibition that is ‘‘instantane-
ous’’ in relation to the rate of nucleoside transport
exhibited by the system under investigation.

Table 3. Effects of dipyridamole on the kinetics of uridine ex-
change in human erythrocytes?

Dipyridamole (nm) Kee (uM) Vee (uM/sec)
0 644 = 77 166 + 7

20 1096 = 111 127 £ 6

40 2135 = 339 138 = 13

80 2614 = 434 87+ 9

2 Portions of a suspension of 6 X 108 erythrocytes/ml were equili-
brated with six concentrations of unlabeled uridine (80 to 2560
uM). Then samples of each suspension were supplemented with
the indicated concentrations of dipyridamole and the transmem-
brane equilibration of [*H]uridine (313 cpm/ul, irrespective of
concentration) at the same concentration as used in preloading
the cells was measured by the rapid kinetic technique described
under Materials and Methods. The integrated rate equation for
equilibrium exchange was fitted to the pooled data for each inhib-
itor concentration. The best-fitting parameters *sg of the esti-
mate are listed.

In human erythrocytes the development of inhi-
bition of nucleoside transport by nanomolar con-
centrations of dipyridamole and of other tight bind-
ing inhibitors is too siow relative to the transport
rate to allow assessment of the kinetics of inhibition
by conventional analysis in which the cells are ex-
posed simultaneously to substrate and inhibitor. We
have, therefore, pretreated the cells with various
concentrations of dipyridamole and then deter-
mined the kinetics of uridine equilibrium exchange
(Table 3). Treatment of the cells with dipyridamole
resulted in both an increase in the Michaelis-Men-
ten constant (K°¢) and a decrease in maximum ve-
locity (V¢¢), but the decrease in K was the major
effect. Plots of K¢¢/Vee and of 1/V*¢ against the di-
pyridamole concentration according to Segel (1975)
yielded values of K;gope and Kijjnercepr Of 12 and
about 100 nm, respectively. It should be empha-
sized that these values are based on the concentra-
tion of total dipyridamole in the suspension and not
on the concentration of free inhibitor. Since under
the conditions of the experiment, between 60 and
80% of the total dipyridamole was bound to the
cells, the K; siope and K intercept Were about 2.5 and 20
nM, respectively, when expressed on the basis of
the concentration of free dipyridamole. Similar val-
ues were obtained in a second experiment of this
type (data not shown). This apparent mixed type of
inhibition caused by pretreatment of the cells with
dipyridamole was similar to that reported previ-
ously for Novikoff rat hepatoma cells, except that
the apparent K; values were considerably lower for
the erythrocytes than for Novikoff cells (K siope ~ 3
uM and K ineercept ~ 12 uM; Plagemann & Wohlhue-
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Fig. 8. Velocities of equilibrium exchange of uridine in human
erythrocytes (@-@) and of zero-trans entry of uridine in Nov-
ikoff (O-0), HeLa (A-A) and CHO (A-A) cells as a function of
the concentrations of dipyridamole (4) and NBTI (B). The equi-
librium exchange of 500 uM uridine by human erythrocytes was
measured as illustrated in Fig. 7A. Zero-trans influx in the cul-
tured cells was measured similarly, except under zero-trans con-
ditions. The data for Novikoff and CHO cells are from Plage-
mann and Wohlhueter (19844) and are shown for comparative
purposes. In each case, the cells were pretreated with the indi-
cated concentrations of dipyridamole (DIP) or NBTI before the
uptake of [*Hluridine was measured. The velocities of exchange
(v*¢) and zero-trans entry (v75) were estimated by integrated rate
analysis of the time courses as described under Materials and
Methods and by Plagemann and Wohlhueter (1980; 1984a,b).
The velocities are expressed as percent of those of the control
cultures not treated with inhibitor

ter, 1980) in accordance with the greater sensitivity
of nucleoside transport in human erythrocytes than
in Novikoff cells and some other cultured cell lines
to inhibition by dipyridamole (Fig. 84; Plagemann
& Wohlhueter, 1984a). The greater resistance of nu-
cleoside transport in certain cell lines than in human
erythrocytes is probably related to a lower affinity
of the carrier of these cells for dipyridamole and
may explain our failure to detect high-affinity bind-
ing of dipyridamole to CHO cells, Novikoff cells,
L1210 and P388 mouse leukemia cells, and S49
mouse lymphoma cells (Fig. 4; Table 2). There was
only evidence of low-affinity binding of dipyrida-
mole in these cells (Table 2). Only in HeLa cells did
we detect some high-affinity binding of dipyrida-
mole similar to that in erythrocytes (Fig. 4, Table
2), which correlated with a similar sensitivity of nu-

cleoside transport to inhibition by dipyridamole in
the two types of human cells (Fig. 84). Whereas the
sensitivity of nucleoside transport to dipyridamole
differed considerably for different types of cells, the
sensitivity to inhibition by NBTI of NBTI-sensitive
nucleoside transport in various cell types varied
much less (cf. Figs. 84 and 8B; Plagemann &
Wohlhueter, 1984a).

The third line of evidence indicating that the
high-affinity binding of [*H]dipyridamole involves
the nucleoside carrier is provided by photoaffinity
labeling by [*H]dipyridamole of band 4.5 integral
plasma membrane proteins of human erythrocytes
(Fig. 9A4), which also become photoaffinity labeled
with [PH]NBTI (Fig. 9B) and are believed to repre-
sent the nucleoside carrier (Wu et al., 1983). This
conclusion is supported by the finding that the pho-
toaffinity labeling with [*H]dipyridamole was inhib-
ited by the presence of uridine and NBTI (Fig. 94)
as well as by 1 uM dilazep or 20 mMm adenosine (data
not shown). Similarly, the photoaffinity labeling of
this protein with [PHINBTI is inhibited by dipyrida-
mole and nucleosides (Wu et al., 1983). A photoaf-
finity labeling with [*H]dipyridamole similar to that
shown in Fig. 94 was observed in two other experi-
ments (data not shown). In each case, proteins with
higher molecular weight also became labeled. We
have observed the same type of labeling to varying
extents with PHINBTI (Woffendin & Plagemann,
unpublished data). Since labeling of the higher mo-
lecular weight proteins was also prevented by the
presence of nucleosides and NBTI (Fig. 94), it
could be argued that these might represent multi-
mers of the 50 to 60 kD carrier monomer. Radiation
target size studies have suggested that the nucleo-
side carrier as well as the sugar transporters in their
functional forms in the plasma membrane are proba-
bly dimers (Jarvis et al., 1984; Jarvis, Ellory &
Young, 1986). On the other hand, in the case of the
sugar transporter of human erythrocytes it has been
concluded that similar high molecular weight cyto-
chalasin B-binding proteins of the band 4.5 fraction
represent denatured carrier (Rampal et al., 1986).

The apparent number of high-affinity dipyrida-
mole binding sites per erythrocyte (about 50,000;
Table 1) is considerably higher than the values re-
ported for high-affinity NBTI binding sites (11,000
to 15,000; Cass et al., 1974; Jarvis, Janmohamed &
Young, 19835b; Plagemann & Wohlhueter, 19845b). A
similar three-fold difference in the number of dipyri-
damole and NBTI binding sites has been reported
for guinea pig brain membranes (Marangos et al.,
1985). Such differences could suggest the presence
of additional high-affinity dipyridamole binding
sites distinct from the nucleoside carrier. However,
this seems unlikely because of the complete inhibi-
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Fig. 9. Photoaffinity labeling of band 4.5 protein of human eryth-
rocyte membranes by [*Hldipyridamole (4) and PH]NBTI (B).
Stripped membranes ( ~ 2 mg protein/ml) were equilibrated with
10 nM [PH]dipyridamole (DIP) or 10 nM [*HINBTI in the pres-
ence, where indicated, of 10 uM unlabeled dipyridamole (DIP),
20 mM uridine (Urd) or 2 um NBTI, then irradiated and analyzed
by SDS-PAGE as described under Materials and Methods. The
molecular weight standards were: bovine serum albumin (68 kD),
ovalbumin (45 kD) and carbonic anhydrase (30 kD)

tion of the high-affinity binding of dipyridamole and
of the photoaffinity labeling of the band 4.5 proteins
by nucleosides and other inhibitors of nucleoside
transport (Figs. 6 and 9). Another possibility is that
one molecule of nucleoside carrier is associated
with three high-affinity dipyridamole binding sites,
whereas the ratio is assumed to be 1:1 for NBTI
binding (Young & Jarvis, 1983). A third possible
explanation is that the number of high-affinity di-
pyridamole binding sites on whole cells is overesti-
mated due to the relatively high levels of low-affin-
ity and/or nonspecific binding of dipyridamole to
the cells (Fig. 2). This conclusion is supported by
the finding that the difference in the number of mol-
ecules of [*H]dipyridamole and of [*HINBTI bound
was smaller for stripped membranes, which exhib-
ited less nonspecific or low-affinity binding, than
intact cells (Bmax = 93 and 61 pmol/mg protein, re-
spectively, data not shown). The same conclusion
may apply to the estimated number of dipyridamole

binding sites on HelLa cells (2 x 10% sites/cell; -

Table 1), which compares to 2 x 10° to 4 x 10°
NBTI binding sites/Hel.a cell reported previously
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Fig. 10. Time courses of release of [*H]dipyridamole from hu-
man erythrocytes in the presence of unlabeled dipyridamole, uri-
dine, NBTI and dilazep. Samples of a suspension of 8 x 108 red
cells/ml were supplemented with 2.5 (@-@), 100 (A-4A) or 5000
nM (¥-¥) [*H]dipyridamole (DIP). (A) At 0.5, 1, 2 and 3 min of
incubation at 22°C, samples of each suspension were centrifuged
and the supernatant analyzed for radioactivity (free [*H]dipyrida-
mole). (B) At about 5 min, samples of each of these suspensions
were supplemented with 5 um unlabeled dipyridamole, further
incubated at 22°C and monitored for free [*H]dipyridamole as
already described. Other samples of the suspension that had
been equilibrated with 2.5 nMm [*H]dipyridamole were supple-
mented as indicated with 10 mMm uridine, 5 uM NBTI or 10 um
dilazep and also monitored for free [PH]dipyridamole during fur-
ther incubation

(Lauzon & Paterson, 1977; Cass et al., 1979) and 2 X
10° sites/cell (K; = 0.16 = 0.11 nM) estimated in the
present study for the line of HeLa cells propagated
in our laboratory and used in the dipyridamole bind-
ing experiment. However, only about 50% of the
nucleoside carriers of HeLa cells are in the NBTI-
sensitive form (Paterson et al., 1980; Fig. 8B), so
that the actual number of nucleoside carriers as esti-
mated from the NBTI binding data would be 4 x 10°
to 8 X 10°/HeLa cell.

We have also measured the dissociation of [*H]
dipyridamole from high-affinity sites on human
erythrocytes in the presence of an excess of unla-
beled dipyridamole (Fig. 10). Dissociation behaved
as a simple first-order process, but dissociation was
considerably slower than anticipated from the mea-
sured rate constant for association (k) and the
equilibrium constant (K;). The dissociation con-
stants (kgiss) €stimated from the data in Fig. 10 and
three other similar experiments fell between 0.145
and 0.218 min~!, and were the same whether cells
equilibrated with 2.5 or 100 nm [*H]dipyridamole
were incubated with 1, 5 or 20 uM unlabeled dipyri-
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Fig. 11. Displacement of [*H]dipyridamole from human erythro-
cytes as a function of concentration of unlabeled dipyridamole or
other substances. A suspension of 2.5 X 10° red cells/ml was
equilibrated with 5 mMm [*H]dipyridamole at 22°C for 10 min.
Then samples of the suspension were diluted 1:4 with BSS or
with BSS containing unlabeled dipyridamole (DIP), NBTI, dila-
zep, uridine, adenosine, hypoxanthine (Hyp), 3-0-methyl-D-glu-
cose (3-OMG) or L-glucose to yield the indicated concentrations.
After 30 min of incubation at 22°C, the suspensions were clarified
of cells by centrifugation and the supernatants analyzed for ra-
dioactivity (free [*H]dipyridamole). All values are expressed as
percent of total [*H]dipyridamole (free + bound) and are aver-
ages of duplicate samples. The broken lines indicate the radioac-
tivity in the cell-free medium of suspensions diluted with BSS
alone

damole (kgiss = 0.183 = 0.01 min~!; n = 7). The
measured values for k. (3.3 X 108 M~! min~!) and
K, (10 nM) would have predicted the kg (= Ky -
kass) to be about 3.3 min~'. The reasons for this
discrepancy are not known. It could be due to the
simultaneous dissociation of [*H]dipyridamole from
both high-affinity nucleoside carrier sites and sites
with lower affinity. However, the dissociation ef-
fected by uridine, NBTI and dilazep, which proba-
bly reflected dissociation from the nucleoside car-
rier, was similarly as slow as that observed in the
presence of unlabeled dipyridamole (Fig. 10). The
presence of NBTI and dilazep caused the dissocia-
tion of a maximum of only 50% of the bound dipyri-
damole (Fig. 11A4). Uridine and adenosine were
more effective but only at relatively high concentra-
tions (>>1 mM). Nevertheless, these effects seemed
nucleoside carrier-specific since high concentra-

tions of hypoxanthine or of sugars did not cause a
dissociation of dipyridamole. Sugar transport is in-
hibited by dipyridamole (Deuticke, Duhm &
Gerlach, 1964), but the ICs, is about 100 times
higher than that for the inhibition of nucleoside
transport (Plagemann & Woffendin, unpublished
data), which implies that the K, for binding of di-
pyridamole to the sugar transporter falls between 10
to 100 uM rather than in the nanomolar range.

These results and earlier work (Koren, Cass &
Paterson, 1983; Wohlhueter et al., 1983; Belt &
Noel, 1985; Plagemann & Wohlhueter, 19854) indi-
cate that the interaction of dipyridamole with the
carrier is more complex than a competition between
dipyridamole and nucleosides for the substrate
binding site of the carrier. We have previously sug-
gested that inhibition of nucleoside transport by di-
pyridamole and other substances structurally unre-
lated to the carrier substrates, as well as by NBTI,
involves an interaction of the lipophilic inhibitors
with hydrophobic domains of the carrier or hydro-
phobic molecules closely associated with the sub-
strate binding site of the transporter (Wohlhueter et
al., 1983; Plagemann & Wohlhueter, 1980; 19854).
Perhaps this interaction requires partitioning of the
inhibitors into and movement within the lipid bi-
layer of the plasma membrane. Partitioning into the
lipid bilayer is expected to be very rapid because of
the lipophilicity of the inhibitors, and not to be rate
limiting in the binding of the inhibitors to their high-
affinity binding sites. The octanol partition coeffi-
cient for [PHINBTI has previously been reported to
be about 30 (Jarvis et al., 1982; Wohlhueter et al.,
1983). That for [*H]dipyridamole has been deter-
mined to be 3.77 £ 0.29.

The binding sites for dipyridamole and NBTI
clearly overlap and the nucleoside binding site of
the carrier seems to be a common component of
both. The alternate view that the binding of the in-
hibitors or of nucleosides causes conformational al-
terations in the carrier that inhibit the binding of
each other seems less likely. However, several lines
of evidence support the view that dipyridamole and
NBTI interact with the nucleoside transporter in
different ways (Wohlhueter et al., 1983; Belt &
Noel, 1985; Plagemann & Wohihueter, 1985a) or in
other words, that the high-affinity binding sites for
NBTI and dipyridamole are not identical. For ex-
ample, the two substances do not inhibit the binding
of each other in a strictly competitive manner (Pla-
gemann & Wohlhueter, 19854), both NBTI-resis-
tant and sensitive nucleoside transport are inhibited
by dipyridamole (Plagemann & Wohthueter, 1984a;
Belt & Noel, 1985; see Fig. 8) and the sensitivity of
the nucleoside transporters of different types of
cells to inhibition by NBTI and dipyridamole differ
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significantly (Fig. 8; Plagemann & Wohlhueter,
1984a). Clearly, further work is required to charac-
terize these binding sites at the molecular level.

We thank Laurie Erickson and John Erbe for excellent technical
assistance and Yvonne Guptill and Renee Kayon for valuable
secretarial help. This work was supported by United States Pub-
lic Health research grants GM 22268 and AM 35211 and training
grant CA 09138 (C.W.).

References

Belt, J.A. 1983. Heterogeneity of nucleoside transport in mam-
malian cells. Two types of transport activity in 1.1210 and
other cultured neoplastic cells. Mol. Pharmacol. 24:479-484

Belt, J.A., Noel, L.D. 1985. Nucleoside transport in Walker 250
rat carcinoscarcoma and S49 mouse lymphoma cells. Bio-
chem. J. 232:681-688

Berne, R.M., Rall, T.W., Rubio, R., editors. 1983. Regulatory
Functions of Adenosine. Martinus Nijhoff, Boston, Mass.

Cabral, S., Leis, S., Bover, L., Nembrot, M., Mordoh, J. 1984.
Dipyridamole inhibits reversion by thymidine of methotrex-
ate effect and increases drug uptake in sarcoma 180 cells.
Proc. Natl. Acad. Sci. USA 81:3200-3203

Cass, C.E., Dahlig, E., Lau, E.Y., Lynch, T.P., Paterson,
A.R.P. 1979. Fluctuation in nucleoside uptake and binding of
the inhibitor of nucleoside transport, nitrobenzylthioinosine,
during replication cycle of Hela cells. Cancer Res. 39:1245-
1252

Deuticke, B., Duhm, J., Gerlach, E. 1964. Beinflussung der
Monosaccharide-Permeabilitact des Menschen Erythrozyten
durch eine Pyrimidopyridin-Verbindung, Pfluegers Arch.
280:275-280

Eilam, Y., Cabantchik, 1. 1977. Nucleoside transport in mamma-
lian cell membranes: A specific inhibitory mechanism of high
affinity probes. J. Cell. Physiol. 92:185-202

Green, J.L., Fisher, P.H. 1986. Augmentation of 5’'-fluorouracil
cytotoxicity in human colon cancer cells by dipyridamole.
Cancer Res. 45:2967-2972

Hammond, J.R., Paterson, A.R.P., Clanachan, A.S. 1981. Ben-
zodiazepine inhibition of site-specific binding of nitroben-
zylthioinosine, an inhibitor of adenosine transport. Life Sci.
29:2207-2214

Jarvis, S.M., Ellory, J.C., Young, J.D. 1986. Radiation inactiva-
tion of the human erythrocyte nucleoside and glucose trans-
porters. Biochim. Biophys. Acta 855:312-315

Jarvis, S.M., Fincham, D.A., Ellory, J.C. , Paterson, A.R.P.,
Young, J.D. 1984. Nucleoside transport in human erythro-
cytes. Nitrobenzylthioinosine binding and uridine transport
activities have similar radiation target size. Biochim.
Biophys. Acta T72:227-230

Jarvis, S.M., Hammond, J.R., Paterson, A.R.P., Clanachan,
A.S. 1983a. Nucleoside transport in human erythrocytes. A
simple carrier with directional symmetry in fresh cells, but
directional asymmetry in cells from outdated blood. Bio-
chem. J. 210:457-461

Jarvis, S.M., Janmohamed, S.N., Young, J.D. 19835h. Kinetics
of nitrobenzylthioinosine binding to the human erythrocyte
nucleoside transporter. Biochem. J. 216:661-667

Jarvis, S.M., McBride, D., Young, J.D. 1982. Erythrocyte nu-
cleoside transport: Asymmetrical binding of nitroben-

zylthioinosine to nucleoside permeation sites. J. Physiol.
(London) 323:31-46

Kang, G., Kimball, A.P. 1984. Dipyridamole enhancement of
toxicity to L1210 cells by deoxyadenosine and deoxycofor-
mycin in vitro. Cancer Res. 44:317-326

Koren, R., Cass, C.E., Paterson, A.R.P. 1983. The kinetics of
dissociation of the inhibitor of nucleoside transport, nitroben-
zylthioinosine, from the high-affinity binding site of cultured
hamster cells. Biochem. J. 216:299-308

Laemmli, U.K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685

Lauzon, G.J., Paterson, A.R.P. 1977. Binding of the nucleoside
transport inhibitor nitrobenzylthioinosine to HeLa cells. Mol.
Pharmacol. 13:883-891

Mahony, W.B., Zimmerman, T.P. 1986. An assay for inhibition
of nucleoside transport based upon the use of 5-['**I}iodo-2’-
deoxyuridine as permeant. Anal. Biochem. 154:235-243

Marangos, P.Y., Houston, M., Montgomery, P. 1985. [*H]Di-
pyridamole: A new ligand probe for brain adenosine uptake
sites. Europ. J. Pharmacol. 117:393-394

Nelson, J.A., Drake, S. 1984. Potentiation of methotrexate tox-
icity by dipyridamole. Cancer Res. 44:2493~2496

Paterson, A.R.P., Kolassa, N., Cass, C.E. 1981. Transport of
nucleoside drugs in animal cells. Pharmacol. Ther. 12:515~
536

Paterson, A.R.P., Lau, E.Y., Dahlig, E., Cass, C.E. 1980. A
common basis for inhibition of nucleoside transport by dipyri-
damole and nitrobenzylthioinosine. Mol. Pharmacol. 18:40—
44

Plagemann, P.G.W. 1986. Transport and metabolism of adeno-
sine in human erythrocytes: Effect of transport inhibitors and
regulation by phosphate. J. Cell. Physiol. 128:491-500

Plagemann, P.G.W., Kraupp, M. 1986. Inhibition of nucleoside
and nucleobase transport and nitrobenzylthioinosine binding
by dilazep and hexobenzine. Biochem. Pharmacol. 35:2559—
2567

Plagemann, P.G.W., Wohlhueter, R.M. 1980. Permeation of nu-
cleosides, nucleic acid bases and nucleotides in animal cells.
Curr. Top. Membr. Transp. 14:225-330

Plagemann, P.G.W., Wohlhueter, R.M. 1982. The hypoxanthine
transporter of Novikoff rat hepatoma cells exhibits direc-
tional symmetry and equal mobility when empty or substrate-
loaded. Biochim. Biophys. Acta 688:505-514

Plagemann, P.G.W., Wohlhueter, R.M. 1983. Adenosine metab-
olism in wild-type and enzyme-deficient variants of Chinese
hamster ovary and Novikoff rat hepatoma cells. J. Cell. Phy-
siol. 116:236-246

Plagemann, P.G.W., Wohlhueter, R.M. 1984a. Nucleoside
transport in cultured mammalian cells. Multiple forms with
different sensitivity to inhibition by nitrobenzylthioinosine or
hypoxanthine. Biochim. Biophys. Acta;773:39-52

Plagemann, P.G.W., Wohlhueter, R.M. 19845. Kinetics of nu-
cleoside transport in human erythrocytes. Alterations during
blood preservation. Biochim. Biéphys. Acta T78:176-184

Plagemann, P.G.W., Wohlhueter, R.M. 1985a. Nitroben-
zylthioinosine-sensitive and -resistant transport in normal
and transformed rat cells. Biochim. Biophys. Acta 816:387—
395

Plagemann, P.G.W., Wohlhueter, R.M. 19855b. Effects of nucle-
oside transport inhibitors on the salvage of adenosine and
deoxyadenosine in L.1210 and P388 mouse leukemia cells.
Cancer Res. 45:6418—6424

Plagemann, P.G.W., Wohlhueter, R.M., Erbe, J. 1982. Nucleo-



100 C. Woffendin and P.G.W. Plagemann: [*H]Dipyridamole Binding to Nucleoside Transporters

side transporter in human erythrocytes. A simple carrier with
directional symmetry and differential mobility of loaded and
empty carrier. J. Biol. Chem. 257:12069-12074

Rampal, A.L., Jung, E.K.Y., Chin, J.J., Deziel, M.R.F.,
Pinkofsky, H.B., Jung, C.Y. 1986. Further characterization
and chemical purity assessment of the human erythrocyte
glucose transporter preparation. Biochim. Biophys. Acta
859:135-142

Segel, 1.H. 1975. Enzyme Kinetics. Chapter 3. Wiley, New York

Stein, W.D. 1986. Transport and Diffusion Across Cell Mem-
branes. Academic, Orlando, Florida

Tse, C.M., Belt, J.A., Jarvis, S.M., Paterson, AR.P., Wu, ].S.,
Young, J.D. 1985. Reconstitution of the human erythrocyte
nucleoside transporter. J. Biol. Chem. 260:3506-3511

Wheeler, T.J., Hinkle, P.C. 1981. Kinetic properties of the re-
constituted glucose transporter from human erythrocytes. J.
Biol. Chem. 256:8907-8914

Wohlhueter, R.M., Brown, W.E., Plagemann, P.G.W. 1983. Ki-
netic and thermodynamic studies on nitrobenzylthioinosine
binding to the nucleoside transporter of Chinese hamster
ovary cells. Biochim. Biophys. Acta 731:168-176

Wohlhueter, R.M., Marz, R., Graff, J].C., Plagemann, P.G.W.
1978. A rapid-mixing technique to measure transport in sus-
pended animal cells. Application to nucleoside transport in
Novikoff rat hepatoma cells. Methods Cell. Biol. 20:211-236

Wohlhueter, R.M., Plagemann, P.G.W. 1982. On the functional
symmetry of nucleoside transport in mammalian cells. Bio-
chim. Biophys. Acta 689:249-260

Wu, J.S.R., Kwong, F.Y.P., Jarvis, S.M., Young, J.D. 1983.
Identification of the erythrocyte nucleoside transporter as
band 4.5 polypeptide. Photoaffinity labeling studies using ni-
trobenzylthioinosine. J. Biol. Chem. 258:13745-13751

Young, I.D., Jarvis, S.M. 1983, Nucleoside transport in animal
cells. Biosci. Rep. 3:309-322

Zhen, Y., Lui, M.S., Weber, G. 1983. Effects of acivicin and
dipyridamole on hepatoma 3924A cells. Cancer Res.
43:1616-1619

Received 10 February 1987; revised 22 April 1987



