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SUMMARY

Site-specific binding to human erythrocyte membranes of nitrobenzylthioinosine
(NBMPR), un-ionized at physiological pH, was compared with that of hydroxynitroben-
zylthioinosine (HNBMPR), pK, 6.4, at graded pH values. Binding of [PTHINBMPR was
measured directly, and that of HNBMPR was assayed by competitive inhibition by
HNBMPR of [PHINBMPR binding. K, and B,,., values for binding of [(THINBMPR to
erythrocyte membranes were independent of pH. K, values for the competing ligand were
determined by mass law analysis of equilibrium binding data using either (a) apparent
ligand concentration (dissociated plus undissociated forms of HNBMPR) or (b) the
concentration of undissociated HNBMPR. K, values for HNBMPR calculated with the
apparent ligand concentration increased 10-fold as the fraction of HNBMPR molecules
present in the dissociated form was increased (by pH changes) from 14 to 88%, whereas
K, values for the undissociated form of HNBMPR were independent of pH. The results
presented here demonstrate that the undissociated form of HNBMPR binds more tightly
to the transport-inhibitory sites of erythrocytes than NBMPR and suggest that ionization
of Sé-substituted thiopurine ribonucleosides eliminates or greatly decreases their ability

to interact with the binding sites.

INTRODUCTION

Nitrobenzylthioinosine is the best studied of a group
of potent inhibitors of nucleoside transport in animal
cells. NBMPR! binds with high affinity (K 0.1-1 nM)
to transport-inhibitory sites on nucleoside transporters
of erythrocytes (2, 3) and many types of cultured cells
(4-6). Human erythrocytes possess about 10* such sites
per cell, and fractional occupancy of these sites by
NBMPR is proportional to inhibition of exchange dif-
fusion of uridine (2). That the permeant and inhibitor
sites are closely associated in human erythrocytes is
indicated by the apparent competitive inhibition of in-
ward transport of uridine by NBMPR (7). Although
physical relationships between permeation sites and in-
hibitor-binding sites on nucleoside transporters of eryth-
rocytes, or of cultured cells, have not been established,
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! The abbreviations used are: NBMPR, 6-[(4-nitrobenzyl)thio)-9-6-
D-ribofuranosylpurine; HNBMPR, 6-[(2-hydroxy-5-nitrobenzyl)thio]-
9-6-D-ribofuranosylpurine; HNBTGR, 2-amino-6-[(2-hydroxy-5-nitro-
benzyl)thio]-9-8-D-ribofuranosylpurine; NBTGR, 2-amino-6-[(4-nitro-
benzyl)thio}-9-8-D-ribofuranosylpurine.
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they appear to be separate entities. Permeants (uridine,
adenosine) accelerate dissociation of NBMPR from the
high affinity sites of membranes of erythrocytes (8) and
cultured hamster fibroblasts (6), and cells that lack high
affinity binding sites, but possess functional nucleoside
transporters, have been identified recently (9).

Previous studies have established that nucleoside
transporters do not accept anionic molecules as per-
meants. In cultured human lymphoblastoid cells, only
the un-ionized forms of 3-deazauridine and 6-azauridine
are accepted as permeants (10, 11) and in erythrocytes,
6-azauridine and orotidine (tested under conditions in
which they were present as anions) do not participate as
transporter substrates in the trans acceleration of uridine
efflux (12). Since anionic forms of several nucleoside
analogs are not transported, we have asked whether
ionization also alters the ability of members of the S®-
substituted pentofuranoside “family” of inhibitors to
bind to the transporter. HNBMPR and HNBTGR, both
acidic congeners of NBMPR, are potent inhibitors of
transport (12-16), and HNBTGR competitively inhibits
binding of NBMPR (16) at pH 7.4, a condition in which
about 90% of the HNBTGR molecules are ionized. This
study compared the pH dependence of site-specific bind-
ing of *H]NBMPR (un-ionized at physiological pH) and

All rights of reproduction in any form reserved. 662

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

EFFECT OF pH ON BINDING OF TRANSPORT INHIBITORS TO MEMBRANES 663

of HNBMPR (pK, 6.4) to erythrocyte membranes. Dis-
sociation constants (K,) of site-bound ligand were deter-
mined by mass law analysis of equilibrium binding of
[PHINBMPR and of competitive inhibition of [*H]
NBMPR binding by nonisotopic HNBMPR. The results
suggest that ionized molecules interact poorly, if at all,
with the inhibitory sites of the nucleoside transporter of

erythrocytes.

EXPERIMENTAL PROCEDURES

Preparation of erythrocyte membranes. Erythrocytes were obtained
by centrifugation (1000 X g, 10 min, 4°) of out-dated human blood (Red
Cross Society Blood Transfusion Service). The plasma and buffy coats
were discarded, and erythrocytes were washed four times with 5 vol-
umes of a medium consisting of 140 mM NaCl, 20 mM Tris/HCI buffer
(pH 7.4 at 22°), 2 mMm MgCl,, and 0.1 mM EDTA (8). Hemoglobin-free
membranes, prepared by lysis of the washed cells in 7 volumes of 5 mM
KH,PO, buffer (pH 7.9 at 22°) with three additional washes under the
same conditions (17), were stored under liquid nitrogen. For use in
binding assays, membranes were suspended in 25 volumes of ice-cold
50 mM KH,PO, of the appropriate pH, and the protein content of such
suspensions was determined by the Peterson modification of the Lowry
method (18).

NBMPR binding. Equilibrium binding of FHINBMPR at 22-24°
was assayed at graded pH values between 5.0 and 8.0 by a modification
of the filtration procedure described previously (6). Assay mixtures
(final volume, 2.25 ml) contained about 10 ug of protein/ml in 50 mMm
KH,PO,. Such mixtures were incubated with [FTHINBMPR at graded
concentrations (0.125-4.0 nM) in the presence (10 uM) or absence of

TABLE 1
Effect of pH on binding of NBMPR to erythrocyte membranes
Site-specific binding of PTH]NBMPR to erythrocyte membranes was
determined at the pH values indicated, as described in Experimental
Procedures. The binding parameters (means + standard error) were
obtained by linear regression analysis of Scatchard plots.

pH K Bou
nM molecules/pg protein X 10~*
5.0 0.263 + 0.014 3.86 £ 0.27
5.5 0.207 + 0.008 4.52 + 0.22
6.0 0.209 + 0.002 4.27 + 0.06
6.5 0.207 + 0.007 4.32+0.19
7.0 0.204 + 0.005 4.18 +0.14
7.5 0.214 + 0.008 4.32 +£0.20
8.0 0.260 + 0.012 4.21 +£0.27
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F1G. 1. Spectrophotometric titration of HNBMPR
A pK, of 6.4 for HNBMPR was determined by the titration method
described in Experimental Procedures.
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FIG. 2. Inhibiton of site-specific binding of [*H]NBMPR by
HNBMPR at pH 7.5

Suspensions of erythrocyte membranes were incubated at pH 7.5
with graded concentrations of ["THINBMPR in the absence (®) and
presence of HNBMPR (l, 0.5 nM; A, 1.0 nM; A, 5 nM; O, 10 nM). After
30 min, reactions were terminated by a filtration procedure, and the
amount of H associated with membranes and with medium samples
was determined as described in Experimental Procedures. Nonspecific
retention of [PTHINBMPR, defined as the membrane-associated *H (in
NBMPR molar equivalents) acquired in the presence of 10 uM NBTGR,
was deducted. In Panel A, the membrane content of specifically bound
[*H]NBMPR is plotted against [FH]NBMPR concentrations in the
medium, presumably at equilibrium with the site-bound ligand. Panel
B illustrates mass law analysis of equilibrium binding data by the
Scatchard method. The K; and B, values (mean + standard error)
for the binding of NBMPR in this experiment were, respectively, 0.211
+ 0.008 nM and 4.27 + 0.23 % 10* molecules/pg of protein.

the competing ligand, NBTGR. The latter eliminated site-specific
binding of NBMPR. After 30 min, membrane samples were collected
on GF/C 2.4-cm glass microfiber filters (Whatman, Clifton, NJ) by
fast filtration of 1-ml portions of assay mixtures on a sampling manifold
(the filters were prepared by prewashing with 0.5 ml of 5 um NBMPR,
followed by 5 ml of 50 mM KH;PO, at the appropriate pH). The filters
were washed twice with 5 ml of ice-cold 50 mM KH,PO, at the
appropriate pH, and, after 48-hr incubation in a Triton-based scintil-
lation fluid (19), were assayed for *H content. To determine final
equilibrium concentrations of free °"H]NBMPR in assay mixtures, 1-
ml portions of assay mixtures were centrifuged (12,800 X g, 10 min,
4°), and 200-ul portions of the resulting supernatants were assayed for
*H content. Binding constants for interaction of NBMPR with the
transport-inhibitory sites were determined by linear regression analysis
of mass law (Scatchard) plots of equilibrium binding data after sub-
traction of nonspecific binding.
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F1G. 3. The effect of pH on inhibition of binding of [*HINBMPR by
HNBMPR.

Suspensions of erythrocyte membranes were incubated at the pH
values indicated with graded concentrations of ["HINBMPR in the
absence (@) and presence of 10 nM HNBMPR (B, A, A, O, 0). Binding
assays were conducted as described in the legend of Fig. 2. The
membrane content of specifically bound [FH]NBMPR is plotted against
the [PH]NBMPR concentration of the medium (equilibrium presumed).

TABLE 2
Effect of pH on binding of HNBMPR to erythrocyte membranes

K, values at the NBMPR-binding site were determined at the pH
values indicated from the inhibition by HNBMPR of equilibrium
binding of [FHINBMPR to erythrocyte membranes as described in
Experimental Procedures. Binding data were subjected to mass law
analysis by means of the Feldman equation (20) to obtain K, values (+
standard error) using HNBMPR concentrations representing disso-
ciated + undissociated species (total [HNBMPR]) and undissociated
HNBMPR. For NBMPR, the average K, value was 0.223 + 0.024 (+
SD,n =17) nM.

pH K, (total) K, (undissociated)
nM nM

5.5 0.098 + 0.007 0.066 + 0.006

6.0 0.166 = 0.009 0.067 + 0.006

6.5 0.261 + 0.013 0.034 + 0.007

7.0 0.525 + 0.029 0.051 + 0.014

7.5 1.01 + 0.064 0.043 + 0.013

The ability of HNBMPR to interact with the transport-inhibitory
sites was determined at pH values between 5.0 and 8.0 by a competitive
binding assay in which membranes were incubated with graded concen-
trations of [*H]NBMPR in the presence and absence of nonisotopic
HNBMPR at various concentrations (0.5-10.0 nM). Nonspecific reten-
tion of ["H)NBMPR was defined as the sample content of *H retained
in the presence of 10 uM NBTGR. Binding data were subjected to mass
law analysis by means of the Feldman equation (20) as described
previously (16) to obtain apparent K, values for HNBMPR (the com-
peting ligand).

Spectrophotometric titration of HNBMPR. The Ama. (visible range)
for the ionized species of HNBMPR was determined in alkaline solu-
tion to be 408 nm. Buffered solutions of HNBMPR (23 uM) were
prepared at pH 3.0 and 4.0 (20 mM citrate), 5.1, 6.0, 6.5, 7.0, 7.4, and
8.0 (20 mM phosphate), and 9.0 (20 mM borate). Measurement of
absorbance (408 nm) of HNBMPR in each buffer provided a titration
curve from which its pK, could be calculated.

Chemicals. [G-*HINBMPR (16 Ci/mmol) was purchased from Mo-
ravek Biochemicals, Brea, CA and, after storage, was purified by high
performance liquid chromatography on a C,3 uBondapak column (Wa-
ters Scientific, Mississauga, Ontario) using a methanol-water gradient
in which NBMPR was eluted with 50% methanol in water. NBMPR
and NBTGR were prepared (13) from 6-thioinosine and 6-thioguano-

sine provided by the Division of Cancer Treatment, National Cancer
Institute, Bethesda, MD. HNBMPR was purchased from Calbiochem-
Behring Corporation, La Jolla, CA.

RESULTS AND DISCUSSION

Binding of NBMPR to the transport-inhibitory sites
of erythrocyte membranes has been well characterized in
experiments conducted at physiological pH (2, 3). Jarvis
et al. (3) have reported a mean K, of 0.31 + 0.29 (+SE,
n = 9) nM for binding of [’(HINBMPR to human eryth-
rocytes at pH 7.4. In the experiments of Table 1, equilib-
rium binding of NBMPR to erythrocyte membranes was
measured at graded pH values between 5.0 and 8.0 to
determine if interaction of NBMPR with its binding
sites is altered by changes in pH. The equilibrium binding
parameters (K, B...x) were unaffected by changes in pH.
Since NBMPR is un-ionized under the conditions of the
experiments of Table 1, this result indicated that the
binding site determinants of interaction with NBMPR
are not sensitive to the imposed pH changes.

HNBMPR (Fig. 1) is an acidic congener of NBMPR
that is also a potent inhibitor of nucleoside transport. In
experiments conducted in media buffered at pH 7.4, Paul
et al. (13) found ICs, values of 15 and 69 nM for inhibition
by NBMPR and HNBMPR, respectively, of a transport-
dependent process®? in human erythrocytes. Thus, nu-
cleoside transport-inhibitory activity of HNBMPR was
evident under conditions in which 90% of the HNBMPR
molecules present were in the anionic form. The experi-
ment illustrated in Fig. 2 showed that HNBMPR com-
petes with NBMPR for binding to the transport-inhibi-
tory sites of erythrocyte membranes at pH 7.5. An ap-
parent K, value (mean + SE) of 1.01 + 0.064 nM for
HNBMPR was obtained when the data of Fig. 2 were
subjgcbed to mass law analysis by the Feldman equation
(20).

The effect of pH on competition between HNBMPR
and [*H]NBMPR for binding to erythrocyte membrane
sites was examined in the experiments of Fig. 3 and
Table 2. Fig. 3 describes the effect of a single concentra-
tion of HNBMPR (10 nM) on binding of [PHINBMPR
to erythrocyte membranes at graded pH values between
5.0 and 8.0. Since binding of NBMPR is independent of
pH, binding data for particular concentrations of
NBMPR obtained in the absence of HNBMPR have
been averaged for all pH values. It is apparent from the
data of Figs. 2 and 3 that HNBMPR was most effective
as an inhibitor of NBMPR binding at low pH values,
when it was present primarily in the undissociated form.
Table 2 describes the results of a series of competitive
binding experiments that were conducted to determine
the apparent K, for HNBMPR at pH values between 5.5
and 7.5. Apparent K, values were calculated by mass law
analysis of binding data using HNBMPR concentrations
that represented (a) both dissociated and undissociated

2In erythrocytes, the synthesis of [*Clinosine from extracellular
[*C]hypoxanthine and guanosine is dependent on mediated influx of
guanosine.

3 The Feldman analysis circumvents uncertainty of the equilibrium
concentration of competing ligand that arises from its depletion during
binding.
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species (“total” HNBMPR), and (b) only undissociated
HNBMPR molecules. K; values calculated with total
HNBMPR concentrations increased from 0.098 nM at
pH 5.5 to 1.01 nM at pH 7.5. The fraction of HNBMPR
molecules present in the dissociated form increased from
14 to 88% as the pH was varied between 5.5 and 7.5. In
contrast, Ky values calculated with concentrations of
undissociated HNBMPR present in assay mixtures did
not change significantly with changes in pH. Thus, the
anionic form of HNBMPR exhibited greatly reduced
affinity, relative to that of the undissociated form, for
the NBMPR sites of erythrocyte membranes.

The results presented here indicate that ionization of
S¢-substituted thiopurine ribonucleosides will greatly re-
duce, or eliminate, their ability to interact with the
transport-inhibitory sites of erythrocytes. A parallel con-
clusion was reached in similar studies of the effects of
ionization on interaction of permeant with the nucleoside
transporter of cultured cells (10, 11). Thus, undissociated
ligands apparently exhibit greater affinities for both in-
hibitor and permeant binding sites of nucleoside trans-
porters of erythrocytes and cultured cells, respectively.
The relationships between inhibitor and permeant bind-
ing sites of nucleoside transporters have not been estab-
lished.

Previous structure-activity studies with congeners of
NBMPR in erythrocytes (13) and cultured cells (14-16)
showed that affinity of these ligands for the transport-
inhibitory sites increases when (a) the S®-substituent is
hydrophobic, (b) the base moiety is a purine, and (c) the
sugar moiety is ribose, 2’-deoxyribose, or arabinose. N°®-
substituted adenine nucleosides are also potent inhibi-
tors of nucleoside transport with high affinity for the
transport-inhibitory sites (16). In demonstrating that
ionized molecules of the Sé-thiopurine class of inhibitors
are poor ligands for the transport-inhibitory binding
sites, this study has identified an additional determinant
of ligand-site interaction to be considered in the design
of new inhibitors of nucleoside transport.
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