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SUMMARY

Dilazep, a tertiary amine that is >96% protonated at pH 7.4, is
a potent inhibitor of facilitated diffusion (equilibrative) nucleoside
transport (NT) in animal cells. In this study, saturable reversible
binding of [°H]dilazep was demonstrated at sites on S49 mouse
lymphoma cells but not in AE, cells, an NT-deficient mutant of
S49 cells. Mass law analysis of dilazep binding under equilibrium
conditions revealed two saturable components, representing
binding sites that differed about 50-fold in affinity for dilazep (K4
values of 0.21 and 10 nm). At pH 7.4, the low affinity sites were
more abundant (Bn.x, 3.5 X 10° sites/cell) than the high affinity
sites (Bmax, 3.0 X 10* sites/cell). Binding of dilazep was pH
dependent; at pH 9.0, binding at the high affinity sites predomi-
nated, whereas, at pH 5.0, the low affinity component predomi-
nated, suggesting that these components represented binding
of nonprotonated and protonated dilazep molecules, respec-
tively. Nitrobenzyithioinosine (NBMPR) and physostigmine selec-
tively blocked binding of nonprotonated and protonated species
of dilazep, respectively, at pH 7.4, yielding Scatchard piots that
were similar to control plots obtained at pH 5.0 and 9.0. First-

order plots of the dissociation of [°H]dilazep-binding site com-
plexes in the presence of excess nonradioactive dilazep at pH
7.4 were nonlinear and were resolved into rapid (rate constant,
3.4-4.7 min™") and slow (rate constant, 0.13-0.15 min~') com-
ponents. In the presence of site-saturating concentrations of
NBMPR or high concentrations of nucleoside permeants, disso-
ciation of site-bound [°H]dilazep was incompiete and only the
slow component of dissociation was apparent (rate constant,
0.11-0.19 min™"). The combined presence of nonradioactive
dilazep and NBMPR yielded time courses of [*H]dilazep-site
dissociation equivalent to those obtained in the presence of
nonradioactive dilazep alone. These results are consistent with
a model in which protonated and nonprotonated species of
dilazep bind at separate sites on S49 cells. The absence of both
high and low affinity sites on AE, cells suggests that, in S49
cells, both populations of sites are associated with NT polypep-
tides. The high affinity sites that bind nonprotonated species of
dilazep appear to overlap with NBMPR binding sites on these
cells.

NT in animal cells occurs through both equilibrative (1-5)
and concentrative, sodium-dependent (6-11) mechanisms.
Equilibrative NT systems may be classified according to their
sensitivity to inhibition by NBMPR and the presence or ab-
sence of binding sites for this inhibitor (2, 5, 12-15). Although
NBMPR and congeners are potent inhibitors of equilibrative
NT, other structurally unrelated agents are also potent NT
inhibitors. The latter include dipyridamole (16-19), dilazep
(20-23), hexobendine (23), and lidoflazine (19), all of which are
recognized as vasodilatory substances. Dilazep and hexoben-
dine are amphiphilic compounds that contain tertiary nitrogen
atoms that are partially protonated in solution at pH 7.4 (24).

Inhibition of site-specific binding of NBMPR by dipyrida-
mole (15, 25, 26), dilazep (15, 23, 26, 27), hexobendine (23, 26),
and lidoflazine (26) has been reported. Studies with mammalian
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erythrocytes have led to the hypothesis that dipyridamole binds
at membrane sites that overlap with NBMPR binding sites (17,
28).

Dilazep (1,4-bis-[3-(3,4,5-trimethoxybenzoyl-oxy)propyl]
perhydro-1,4-diazepine) is one of the most potent of the non-
nucleoside NT inhibitors. ICs, values for inhibition of NBMPR-
sensitive equilibrative NT in human erythrocytes and in several
lines of cultured cells range from 5 to 100 nM (20, 22, 23).
Because of its high water solubility, dilazep dihydrochloride
has been used as an NT quencher in inhibitor-stop procedures
to rapidly terminate intervals of nucleoside influx (21, 22).

Although the NT inhibitory activity of dilazep is well docu-
mented, the nature of the interaction of dilazep with NT
polypeptides remains unclear. In the present study, [*H]dilazep
was employed to explore the interactions of the NT inhibitor
with S49 cells. NT in these cells occurs mainly through an
equilibrative system of high sensitivity to NBMPR (5, 12, 14)
[ICs, for inhibition of adenosine uptake, 1.7 nM (20)] although,
in a recent study, about 10% of thymidine transport capacity

ABBREVIATIONS: NT, nucleoside transport; FMT, Fischer's medium without serum or bicarbonate, containing 20 mm N-2-hydroxyethyipiperazine-
N’-2-ethanesulfonic acid at specified pH values; NBMPR (nitrobenzyithioinosine), 6-{(4-nitrobenzyl)thio}-9-8-o-ribofuranosyipurine.
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in S49 cells was of low sensitivity to NBMPR (29). Dilazep
inhibited adenosine transport in S49 cells, with an IC;, value
of 8 nM (20).

This study demonstrates (i) the pH dependence of high
affinity, site-specific binding of dilazep in S49 cells and (ii) the
interaction of protonated and nonprotonated forms of the drug
at separate binding sites. An analysis of rates of dissociation of
dilazep from sites on S49 cells in the presence of dilazep and
NBMPR suggests that sites for the nonprotonated form of
dilazep overlap with NBMPR sites.

Experimental Procedures

Materials. [G-*H]Dilazep (20 Ci/mmol) and [G-*H]NBMPR (16
Ci/mmol) were from Moravek Biochemicals (Brea, CA). [*H]Dilazep
was purified by high performance liquid chromatography using a C,s
reverse phase column eluted with a linear gradient of 0-15% phosphate-
buffered KC1 (10 mM KH,PO,, 500 mM KCIl) in 70% aqueous methanol.
[*'H]INBMPR was purified by high performance liquid chromatography
using the same column eluted with a linear gradient of 0-25% methanol
in water. Dilazep dihydrochloride was generously provided by Hoff-
mann-La Roche & Co. (Basel, Switzerland). Concentrations of dilazep
dihydrochloride in aqueous solutions were determined spectrophoto-
metrically (E: = 18,420). Hexobendine was a gift from Chemie Linz
AG (Linz, Austria). Physostigmine (99%) was from Aldrich Chemical
Company (Milwaukee, WI). NBMPR was synthesized in this labora-
tory (30). 9-8-D-Arabinosylcytosine was a gift from the Division of
Cancer Treatment, National Cancer Institute (Bethesda, MD). S49
mouse lymphoma cells and AE, cells [an NT-deficient S49 mutant line
(31)] were maintained in Fischer’s medium (GIBCO Canada, Burling-
ton, Ontario) with 10% horse serum.

Equilibrium binding experiments. S49 or AE, cells, harvested
during exponential growth, were resuspended in FMT. Cells (1-3 X
10°) were incubated for 30 min at 22° in FMT (total volume, 1 ml) that
contained graded concentrations of [*H]dilazep or [([HINBMPR. Non-
specific binding was determined in the presence of the same nonra-
dioactive ligand (5 uM). In most experiments, cells were suspended in
ligand-containing FMT layered over 100 ul of a silicone oil/paraffin oil
solution (density, 1.03 g/ml) and, to end incubation intervals, cells
were pelleted centrifugally (16,000 X g, 30 sec) under the oil. Free
ligand was determined by measurement of radioactivity in samples of
supernatant. Bound ligand (pellet-associated radioactivity) was deter-
mined in cell pellets dissolved in 5% Triton X-100. Radioactivity was
measured in the presence of a Triton X-100-based scintillant (32). Site-
specific binding of ligand (site-bound radioactivity) was determined as
the difference between total pellet-associated radioactivity and that
measured in the presence of 5 uM nonradioactive ligand. In each
experiment shown, data points are the mean values of triplicate deter-
minations. Mass analysis of equilibrium binding data, according to the
method of Scatchard, was performed with the computer program LI-
GAND (33).

In the experiment of Fig. 1, the oil layer was omitted and nonspecific
binding was determined in the presence of 2 uM nonradioactive dilazep.
Residual supernatant was removed from cell pellets by aspiration. This
procedure yielded results that were equivalent to those obtained in the
oil-centrifugation procedure.

Kinetics of dilazep-site association and dissociation. Cells
were suspended in FMT, pH 7.4, at 22°. Intervals of ligand-site asso-
ciation were initiated by the addition of cell suspensions (0.5 ml of
FMT containing 1.9 X 10° cells) to 0.5-ml portions of FMT, containing
4 nM [°H]dilazep, that were layered over 100 ul of oil in microcentrifuge
tubes. Assay tubes (two to nine replicates) were prepared for each time
point on the association time course. Nonspecific binding was deter-
mined in samples that contained 5 uM nonradioactive dilazep. Intervals
of ligand-site association were ended by pelleting the cells under the
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oil layer. Bound (pellet-associated) radioactivity was determined as in
equilibrium binding experiments.

Ligand-site dissociation time courses were obtained by preparing
triplicate 1-ml mixtures that contained 2 nM [*H]dilazep and 1.5-2.0 x
10° cells, as in association experiments. Site-bound and free *H-ligand
reached equilibrium in 30 min at 22°, after which the association
reaction was eliminated by the rapid addition (in 50 ul of water) of 2
uM nonisotopic dilazep, to block rebinding of [*H]dilazep molecules, or
nonisotopic nucleosides, to perturb the [*H]dilazep-site equilibrium.
After appropriate intervals, cells were pelleted under the oil and pellet
3H content was measured. The addition of 50 ul of water did not
measurably affect the ligand-site equilibrium. Dissociation data shown
in Results were plotted as first-order reactions, according to the rate
equation,

1n B/ B, = =k t 1)

In this expression, B, is the number of [*H]dilazep molecules specifically
bound at time ¢, B, is the number bound at equilibrium (time 0), and
k-, is the dissociation rate constant.

Values for dissociation rate constants were estimated using the
computer program KINETIC (34), in which a weighted, nonlinear,
curve-fitting technique allows comparison of fits of the data to either
a monoexponential (one-site) or biexponential (two-site) model.

Chromatographic identification of cell-associated [*H]dila-
zep. S49 cells (1 X 10°/ml) were incubated with 2.5 nM [*H]dilazep in
FMT, pH 7.4, at 22°. Physostigmine (20 uM), an esterase inhibitor, was
included in some samples. After 30 min, cell pellets were extracted with
20 ul of ice-cold methanol and portions of the extracts were chromat-
ographed on silica gel G thin layer sheets [Brinkmann Instruments
(Canada) Ltd., Rexdale, Ontario] that were developed in chloroform/
methanol, 85:15 (v/v) (R, for dilazep, 0.66). Radioactivity was measured
in 1-mm slices of the chromatograms.

Results

Site-specific binding of dilazep under equilibrium con-
ditions. Fig. 1 shows the relationship of cell-associated and
free [*H]dilazep after equilibration at pH 7.4 with S49 cells and
with AE, cells, a line derived from an NT-deficient S49 mutant
clone (31) that lacks high affinity binding sites for NBMPR
(35). Binding of the ligand to S49 cells included both a nonsa-
turable component (about 20% of total bound ligand at 1 nM
free ligand concentrations) and a saturable component that
represented site-specific binding. In AE, cells, site-specific
binding was not apparent.

1 1 L) ! L 1 1 1

©

Bound [3H)Dilazep
(molecules/cell) X 104
w (-]

1 1 L 1 i 1 1 1

0 1 2 3 4 5 6 7 8
Free [3H]Dilazep (nM)
Fig. 1. Equilibrium binding of [*H]dilazep to S49 (circles) and AE,
(squares) cells. Cells were incubated with the ligand at pH 7.4 for 30 min
in the absence (filled symbols) or presence (open symbols) of 2 um
nonradioactive dilazep. These conditions provided a determination of
total and nonspecific binding, respectively.
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Fig. 2. Mass law (Scatchard) analysis of [*H]dilazep binding to S49 cells
at pH 7.4. The curvilinear plot was resolved into two components (- --)
using the computer program LIGAND (33), yielding constants for ligand
binding at two populations of sites. In the experiment shown, B, values
for sites 1 and 2 were 3.3 x 10* molecules/cell and 3.4 x 10° molecules/
cell, respectively.

Mass law analysis of data for site-specific binding of [*H]
dilazep to S49 cells at pH 7.4 is shown in Fig. 2. The curvilinear
plot is taken to be the resultant of two components of binding,
representing dilazep interaction with sites of two classes that
differed about 50-fold in affinity for dilazep. Data from this
experiment and three similar experiments showed that dilazep
site densities for the high affinity binding component [3.0 +
0.4 X 10* molecules/cell; K;, 0.21 = 0.04 nM (mean *+ SE)]
approximated site densities for NBMPR (about 6 X 10* mole-
cules/cell; see below), whereas site densities for the low affinity
component of dilazep binding (K, 10 + 3 nM) were 3.5 £ 0.7 X
10" molecules/cell. Constants for dilazep binding at the latter
sites are poor estimates because the highest ligand concentra-
tion used in these experiments was similar to the K, value at
the low affinity sites. The ligand concentrations employed were,
however, sufficient to explore for the presence of both high and
low affinity sites in the AE, cells (Fig. 1), because low affinity
sites (K, 16 nM) were detected at similar free ligand concen-
trations in Novikoff UA cells, which lack high affinity binding
sites for dilazep.’

Identification of cell-associated *H as nonmetabolized
[*H]dilazep. Thin layer chromatography of methanol extracts
from S49 cells following incubation with [*H]dilazep (30 min,
22°) showed that >95% of the applied "H was in the form of
dilazep (data not shown). When physostigmine was included in
the incubation mixtures, similar results were obtained. Thus,
cell-associated radioactivity measured after equilibration of
cells and ligand was in the form of dilazep, and metabolites of
the ligand were not evident. It is, therefore, unlikely that the
nonlinearity of Scatchard plots reflected binding of dilazep
metabolites.

' W. P. Gati and A. R. P. Paterson, unpublished results.

pH dependence of dilazep binding under equilibrium
conditions. When S49 cells were incubated with 2 nmM [*H]
dilazep at pH values between 5 and 9, site-specific binding of
the ligand increased with pH (Fig. 3A), as did the fraction of
nonprotonated dilazep molecules [pK, values for dilazep are 5.2
and 8.9 (24)]. It is noteworthy that site-specific binding of
dilazep was significant at pH 5.3, under which condition >99%
of dilazep molecules would be protonated. In a similar experi-
ment, binding of 0.5 nM [*"H]NBMPR, a nonionized NT inhib-
itor at physiological pH values, was affected only slightly by
changes in pH between 5 and 9 (Fig. 3B), indicating that
NBMPR binding sites were not altered significantly by such
changes in pH. If high affinity dilazep sites and NBMPR sites
have in common the determinants for dilazep binding (see
below), these results would appear to exclude pH effects on
binding sites as a basis for the observed pH dependence of [*H]
dilazep binding.

Fig. 4 presents mass law analyses of site-specific ["H]dilazep
binding at pH 5.0 and pH 9.0. At pH 5.0 (>99% of dilazep
molecules were protonated), only the low affinity binding com-
ponent was evident, whereas, at pH 9.0 (43% of dilazep mole-
cules were protonated), the high affinity binding component
predominated. Data from this experiment and two similar
experiments at pH 5.0 yielded, for the low affinity binding
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Fig. 3. pH dependence of specific binding of [*H]dilazep (A) and [°H]
NBMPR (B) to S49 cells at equilibrium. Cells were incubated with 2 nm
[*H]dilazep or 0.5 nm [°HINBMPR. Nonspecific binding was determined
in the presence of 5 um concentrations of the respective nonradioactive
ligands.
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Fig. 4. Mass law (Scatchard) analysis of [*H]dilazep binding to S49 cells
at pH 5.0 and 9.0. Constants for the predominant binding components
at each pH were determined using the program LIGAND (33). At pH 9.0:
Ky, 0.16 NM; Brnax, 4.9 X 10* molecules/cell. At pH 5.0: Ky, 3.1 NM; Bax,
4.4 x 10* molecules/cell.

component, q K, value of 33 + 16 nM and q B,,.. value of 3.3 +
1.6 X 10° molecules/cell (mean + SE). Similarly, at pH 9.0,
constants obtained for the high affinity binding component
were q K, value of 0.24 + 0.08 nM and q B,,., value of 5.9 + 1.7
% 10* molecules/cell. Thus, at acidic pH values, dilazep binding
apparently resulted from interaction of protonated dilazep mol-
ecules at sites with a low affinity for the ligand, whereas, at
alkaline pH values, interaction of nonprotonated dilazep mol-
ecules at high affinity sites predominated. These results suggest
that the curved Scatchard plot of Fig. 2 was the resultant of
two components of dilazep binding that reflect the interactions
of protonated and nonprotonated dilazep molecules at separate
sites on N'T-associated polypeptides.

Inhibition of site-specific binding of dilazep by
NBMPR and physostigmine. In the experiment of Fig. 5,
equilibrium binding of [*H]dilazep was measured at pH 7.4 (a
condition under which both high and low affinity components
of binding are evident) in the absence and in the presence of
NBMPR. Fig. 5 shows that the high affinity component of
dilazep binding was abolished in the presence of 5 uMm NBMPR,
a concentration sufficient to saturate NBMPR binding sites in
the S49 cells. The low affinity component of dilazep binding
persisted in the presence of NBMPR.

Equilibrium binding of ["THINBMPR in S49 cells (data not
shown) revealed a single binding component, with constants
(K, 0.092 nM, B,,.,, 6.3 X 10* molecules/cell) that were similar
to previously reported values (35, 36). Inhibition of [*H]
NBMPR binding by dilazep and hexobendine was competitive,
inasmuch as the apparent K, value for site-bound ['HINBMPR
varied while B,,.. values did not change in the presence of the
inhibitors. Apparent K, values for the inhibition of NBMPR
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Fig. 5. Mass law (Scatchard) analysis of [*H]dilazep binding to S49 cells
at pH 7.4 in the absence (Control) and presence of 5 um concentrations
of NBMPR.

binding by dilazep and hexobendine were 1.7 and 16 nM,
respectively, values based on the initial concentrations of the
inhibitors in the incubation mixtures. In separate experiments
(data not shown), depletion of 0.125-20 nM [*H]dilazep in such
incubation mixtures was 40-60% as a result of partitioning of
dilazep into oil layers and association with cells. Thus, deple-
tion-corrected K; values for the inhibition of NBMPR binding
by dilazep and hexobendine might be about one half of the
above values. Others have reported inhibition by dilazep and
hexobendine of NBMPR binding by human erythrocytes [K;
values of 0.3 and 1.9 nM, respectively (26)] and inhibition by
dilazep of NBMPR binding by hamster fibroblasts [K; values
of 15-32 nM (27)].

Fig. 6 shows that, in the presence of 20 uM physostigmine,
which is 75% protonated at pH 7.4 [pK, values of 1.8 and 7.9
(37)], the low affinity component of dilazep binding was sub-
stantially reduced, whereas the K, value (0.62 nM) for the high
affinity component of dilazep binding was unchanged under
these conditions. In a similar experiment (data not shown), the
low affinity component of dilazep binding was reduced only
slightly in the presence of 10 uM physostigmine at pH 8.5 (19%
of physostigmine molecules protonated). These effects of phy-
sostigmine did not represent inhibition of esterase activity,
because separate experiments (see above) showed that cell-
associated *H was exclusively in the form of dilazep, either in
the presence or absence of physostigmine. The concentrations
of protonated physostigmine present at pH 7.4 and 8.5 (15 and
2 uM, respectively) indicate that the protonated species of
physostigmine was responsible for inhibition of the low affinity
component of dilazep binding. Similarly, the effective concen-
tration of nonprotonated physostigmine in the experiment at
pH 7.4 (5 uM) was less than that in the experiment at pH 8.5
(8 uM), although inhibition of the low affinity dilazep binding
component was less in the latter experiment. These results
further support the concept that the low affinity component of
dilazep binding represented the interaction of protonated dila-
zep molecules.
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Fig. 6. Mass law (Scatchard) analysis of [*H]dilazep binding to S49 cells
at pH 7.4 in the absence (control) and presence of 20 uM concentrations
of physostigmine.
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Fig. 7. Time courses of the association and dissociation of [*H]dilazep
from sites on S49 cells at pH 7.4. Cells were incubated with 2 nm
concentrations of the ligand. Bound ligand was measured after graded
time intervals, as described in Experimental Procedures. Nonspecific
binding was determined in the presence of 5 um concentrations of
nonradioactive dilazep. Dissociation of the site-bound radioactive ligand
was measured after addition (arrow) of 2 uM nonradioactive dilazep, a
concentration sufficient to prevent reassociation of the radioactive ligand.

The experiments of Figs. 5 and 6 show that NBMPR and
physostigmine each selectively inhibited one of the two com-
ponents of dilazep binding and that inhibition of binding of
either nonprotonated or protonated species of dilazep yielded
Scatchard plots resembling those obtained at pH 5.0 and 9.0,
respectively (Fig. 4).

Kinetics of dilazep association and dissociation. Fig. 7
shows a time course (22°, pH 7.4) for the association of 2 nM

[*H]dilazep with sites on S49 cells. Equilibrium between ligand
and binding sites was reached after 15 min under these condi-
tions. Addition to the equilibrium mixture of 2 uM nonradioac-
tive dilazep resulted in rapid dissociation of the site-bound *H-
ligand, demonstrating reversibility of dilazep binding; presum-
ably, the presence of the nonradioactive ligand prevented re-
binding of released [*H]dilazep molecules.

Computer-assisted analysis (34) of [*H]dilazep-site dissocia-
tion time courses in the presence of 2 uM nonradioactive dilazep
(data not shown) revealed two components of dissociation, an
initial rapid component (k-;;, 3.4-4.7 min~') and a second
slower component (k_;;, 0.13-0.15 min™'). These components
likely describe dilazep dissociation from the low and high
affinity sites. The nonlinearity of these plots would appear to
exclude binding at a single class of sites; in such a system, data
for dissociation measured in the presence of a high concentra-
tion of nonradioactive ligand would be linear when plotted
according to Eq. 1 (for a discussion of this concept, see Ref.
38). This result supports the view that the nonlinear Scatchard
plots obtained under equilibrium conditions (Figs. 2, 5, and 6)
resulted from the binding of two species of ligand at separate
sites and did not represent negative cooperativity in binding at
a single site.

When [*H]dilazep dissociation rates were measured in the
presence of NBMPR (Fig. 8), the initial rapid component of
dissociation described above (k-,;, 3.4-4.7 min™') was not ap-
parent, suggesting that NBMPR did not interact at the low
affinity dilazep binding sites. Furthermore, dissociation of dil-
azep molecules in the presence of NBMPR was incomplete,
reaching about 70% after a 10-min exposure to 2 uM NBMPR.

1m [ ] ] 1 1 1 1 1
80 — -
60 - -
)
200 nM NBMPR
— 40 - -
&
o
m
~
o 2 uM NBMPR
20} .
2 uM Dilazep
10, ] 1 ] ] ! 1]
0 4 8 12
Time (min)

Fig. 8. Time courses of the dissociation of [*H]dilazep from sites on S49
cells at pH 7.4 in the presence of nonradioactive dilazep or NBMPR.
Cells were incubated with 2 nm concentrations of the radioactive ligand.
After 30 min (time 0), excess nonradioactive dilazep (2 uM) or NBMPR
(200 nm or 2 um) was added to block rebinding of [*H]dilazep molecules.
Bound ligand was measured after graded time intervals as described in
Experimental Procedures. Plotted are measures of specifically bound

[*H]dilazep at each time, according to Eq. 1.
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The dissociation curve in the presence of 200 nM NBMPR was
complex and appeared to fit a two-site model with rate con-
stants k_;,, 0.04 and k_,,, 1.2 min~'. However, those values did
not correspond to rate constants for dissociation from either
the high or low affinity sites in the presence of 2 uM dilazep.
In the presence of 2 uM NBMPR, the dissociation curve yielded
a single rate constant (0.11 min™'), similar to that for dissocia-
tion of dilazep from high affinity sites in the presence of 2 uM
nonradioactive dilazep. This result is consistent with the ob-
servation (Fig. 5) that 5 uM NBMPR inhibited binding of [°H]
dilazep at the high affinity sites under equilibrium conditions.

In the presence of 2 uM nonradioactive dilazep plus NBMPR
(200 nM or 2 uM), time courses of [°*H]dilazep dissociation were
indistinguishable from those obtained in the presence of 2 uM
nonradioactive dilazep alone (data not shown). Thus, although
dissociation of [*H]dilazep from high affinity sites occurred in
the presence of NBMPR alone (Fig. 8), the latter did not affect
rates of dilazep dissociation from either high or low affinity
sites measured in the presence of excess nonradioactive dilazep.
These data suggest that NBMPR interacted at high affinity
dilazep binding sites and not at separate allosteric sites.

Dissociation of site-bound [*H]dilazep occurred also in the
presence of the nucleoside permeants uridine, arabinosylcyto-
sine, and 2’-deoxyadenosine (Fig. 9), although the rapid com-
ponent of dissociation was absent and dissociation was incom-
plete. Whereas dissociation in the presence of 2 mM uridine
was slight, rate constants for the single component of dissocia-
tion that was identified in the presence of 10 mM uridine (k_;,,
0.13 min™'), 2.9 mM arabinosylcytosine (k_,;, 0.16 min™'), and
470 uM 2’-deoxyadenosine (k-,;, 0.19 min~') were similar to
the rate constant for dissociation of [*H]dilazep from high
affinity sites that was measured in the presence of 2 uM
nonradiaoctive dilazep. These results suggest that the nucleo-
side permeants interfered with the binding of dilazep at high
affinity sites, yielding results similar to those obtained in the
presence of NBMPR.

Results of this study are consistent with a model in which
[*H]dilazep binds at two populations of sites on S49 cells.
Neither binding component was detected on AE, cells, a mutant
line of S49 cells that is NT-deficient (31, 39) and lacks high
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Fig. 9. Time courses of the dissociation of [°H]dilazep from sites on S49
cells at pH 7.4 in the presence of the nucleoside permeants uridine (Urd),
arabinosylicytosine (araC), and 2’-deo: ine (dAdo). Dissociation
was measured as described in the legend to Fig. 8. The data are plotted
according to Eq. 1.
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affinity binding sites for NBMPR (35), suggesting that in S49
cells site-specific binding of dilazep occurred primarily at NT-
associated sites.

Mass law analysis of equilibrium binding of dilazep to S49
cells yielded curvilinear Scatchard plots, a result that might be
attributable to (i) negative cooperativity of the ligand binding
at a single population of sites, (ii) binding of both ligand and
metabolites of the ligand, or (iii) the presence of more than one
population of binding sites. The first two possibilities were
inconsistent with (i) dissociation kinetics of [*H]dilazep and
(ii) the identity of cell-associated radioactivity after incubation
with the ligand. On the other hand, the third possibility was
supported by the observation that both protonated and non-
protonated species of dilazep were present and the observation
that binding of the ligand was pH dependent. The results
suggest that curvilinear Scatchard plots resulted from the in-
teractions of protonated and nonprotonated molecules of dila-
zep at separate sites, which have affinities that differed about
50-fold. This hypothesis was supported in three ways, (i) com-
puter-assisted curve peeling in the mass law analysis of equilib-
rium binding data, which was consistent with a two-site model;
(ii) selective reduction of the concentration of either protonated
or nonprotonated species of dilazep in solution through changes
in pH, resulting in substantial reduction of one of the respective
binding components in each instance; and (iii) selective block-
ing of either of the two sites through the use of competing
ligands, so that one of the components of binding was signifi-
cantly reduced or eliminated in each case.

This study suggests that protonated dilazep molecules inter-
acted at the low affinity sites and that such binding was
inhibited by protonated physostigmine molecules. Nonproton-
ated dilazep molecules appeared to interact at high affinity sites
identical to, or overlapping with, NBMPR binding sites, be-
cause (i) inhibition of [’TH]NBMPR binding by dilazep appeared
to be competitive, (ii) concentrations of NBMPR sufficient to
saturate sites for the latter eliminated the high affinity dilazep
binding component under equilibrium conditions, (iii) dissocia-
tion of [*H]dilazep from high affinity binding sites occurred in
the presence of NBMPR, and (iv) the rate of dissociation of
[*H]dilazep from binding sites in the presence of nonradioactive
dilazep was not altered by the additional presence of NBMPR.

Other investigators have shown that the addition of micromo-
lar concentrations of dilazep together with NBMPR decreased
the rate of NBMPR-induced dissociation of ["HINBMPR from
sites on hamster fibroblasts (27) and human erythrocytes and
P388 cells (23). Those studies suggested that dilazep interacted
at sites distinct from NBMPR sites on those cells. The present
results are not inconsistent with such an hypothesis, because
they show that protonated dilazep molecules, the most abun-
dant species of dilazep under the pH conditions of the [*H]
NBMPR dissociation experiments, interact at low affinity sites
that are apparently distinct from NBMPR sites. It is possible
that protonated dilazep molecules may cause dissociation of
NBMPR-site complexes by allosteric reduction of the affinity
of the NBMPR binding site for that ligand.

In the present study, incomplete dissociation of [*H]dilazep
from sites on S49 cells was observed in the presence of arabi-
nosylcytosine, 2'-deoxyadenosine, and uridine, suggesting that
the permeants interacted at the high affinity sites. However,
these effects occurred at high concentrations (0.5-10 mM) of
the nucleosides and may be the result of nonspecific interac-
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tions with membrane components. Others have shown that
acceleration by uridine or adenosine of the dissociation of
NBMPR from sites on human erythrocyte membranes was not
saturable, concluding that these effects may have been nonspe-
cific consequences of the high concentrations (0.5-20 mM) of
the nucleosides used (40). In the present study, nucleoside
effects on dilazep dissociation rates are difficult to interpret
because cellular metabolism of the nucleosides may well have
reduced their concentrations in the medium. Permeant entry
would be substantial in these experiments, because 2 nM con-
centrations of dilazep in equilibrium with the S49 cells would
inhibit only about 20% of permeant influx [IC;, for inhibition
of adenosine influx, 8 nM dilazep (20)]. The present study does
not provide evidence for identity of dilazep binding sites and
nucleoside permeant binding sites.

This study suggests a model for dilazep interaction with S49
cells that includes two populations of binding sites, both asso-
ciated with NT polypeptides. NBMPR sites appear to overlap
dilazep sites of one type, because NBMPR only partially inhib-
its dilazep binding under equilibrium conditions and induces
only partial dissociation of site-bound dilazep molecules. Dila-
zep, on the other hand, may elicit a virtually complete dissocia-
tion of NBMPR (27). Although the binding site density for the
low affinity component of dilazep binding appears to be sever-
alfold greater than that of the high affinity component, our
estimates for the former component have the qualification that
ligand concentrations were not sufficiently high in the assays
used. The two populations of sites at which nonprotonated and
protonated dilazep molecules are bound may be present on a
single membrane protein, because neither binding component
was detectable in AE, cells, an S49 mutant isolated by a single-
step selection procedure (31).

Although this study has demonstrated site-specific binding
of both protonated and nonprotonated dilazep molecules, the
attribution of transport-inhibitory effects to the site interac-
tions of one or both species remains to be examined.
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