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Differences in Substrate Specificity among Glutathione Conjugates (GS-X) Pump
Family Members. Comparison between Multidrug Resistance-associated Protein
and a Novel Transporter Expressed on a Cisplatin-resistant Cell Line (KCP-4)
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The substrate specificity of primary active transporters expressed on two kinds of human epider-
moid KB-3-1 derived cell lines, C-A500 and KCP-4, was examined; the former expresses multi-
drug resistance-associated protein (MRP1), whereas the latter is resistant to cis-diammine-
dichloroplatinum (I1) (cisplatin). Northern blot analysis indicated that neither P-glycoprotein,
MRP1, MRP2 (canalicular multispecific organic anion transporter; cMOAT) nor MRP3 was over -
expressed on KCP-4. Membrane vesicles isolated from C-A500 and KCP-4, but not from KB-3-1,
exhibited the AT P-dependent uptake of glutathione conjugates (GS-X) such as leukotriene C, and
2,4-dinitrophenyl-S-glutathione (DNP-SG), indicating the presence of GS-X pumps on these cells.
The uptake of these GS-X by membrane vesicles from C-A500 was approximately twice that in
the case of KCP-4. Kinetic analysis indicated that the K, and V,, values for DNP-SG uptake
were 2.56 and 1.43 uM, and 570 and 160 pmol/min/mg protein for C-A500 and KCP-4, respec-
tively. In marked contrast, significant ATP-dependent uptake of glutathione-platinum complex
was observed only in membrane vesicles from KCP-4, but not those from KB-3-1 and C-A500.
The transport properties of estradiol-17B-D-glucuronide (E,17BG) were also different between the
two céll lines. This was reflected in the findings that the ATP-dependent uptake of this conjugated
metabolite in membrane vesicles from C-A500 (K,,=2.33 uM, V,,,,=34 pmol/min/mg protein) was
much more extensive than that in the case of KCP-4 (K ,=5.5 uM, V=35 pmol/min/mg protein),
and that comparable uptake was observed between KCP-4 and KB-3-1. Overall, a clear difference
in substrate specificity among GS-X pump family members expressed on resistant tumor cells was
demonstrated.
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Multidrug resistance of tumor cells is often acquired by
the overexpression of P-glycoprotein (P-gp) and/or multi-
drug resistance-associated protein (MRP1).*® The drug
resistance spectrum of cells overexpressing MRP1 resem-
bles that of cells overexpressing P-gp; indeed, reduced
intracellular concentrations of certain antitumor drugs
(such as vincristine and adriamycin) are observed both in
P-gp- and MRP1-transfected cells.*® The mechanisms of
extrusion of antitumor drugs, however, differ between the
two transporters, P-gp, but not MRP1, can extrude these
antitumor drugs in their unmodified forms.* In contrast,
it is well established that MRP1 can extrude several
organic anions, including glutathione conjugates (GS-
X).239 Moreover, the role of glutathione (GSH) in the
resistance imparted by MRP1 has also been a topic of
investigation.?® The role of the GS-X pump in the
detoxification of electrophiles has been highlighted by
Ishikawa® He proposed that the cells eliminate a broad
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range of lipophilic toxins from the cytosol after their con-
jugation with GSH, followed by extrusion via the GS-X
pump.® The detoxification of aflatoxin B,,® chlorambucil
and melphalan” may be accounted for by this hypothesis.
Although MRP1 is an important member of the GS-X
pump family, other members are expressed on mammalian
cells; these include MRP2 (also referred to as canalicular
multispecific organic anion transporter (cMOAT)), a
recently cloned primary active transporter for the biliary
excretion of anionic compounds,®*¥ including conjugated
metabolites and anionic antitumor drugs such as metho-
trexate'® and CPT-11 and related metabolites.’*9 It has
been suggested that MRP2/cMOAT is overexpressed in
some cell lines and confers resistance to a number of anti-
tumor drugs.’®>?2? Moreover, at least four additional
kinds of MRP homologues have been identified.? 2529
Previously, we found a novel transporter which exhib-
ited GS-X pump activity in KCP-4, a cis-diamminedichlo-
roplatinum (I1) (cisplatin)-resistant cell line derived from
human epidermoid carcinoma (KB-3-1).2:28 Although
northern and western blot analyses indicated that neither
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P-gp nor MRPL1 is overexpressed in KCP-4,2® the intracel-
lular accumulation of cisplatin was reduced compared
with that in KB-3-1.22 Moreover, since ATP-dependent
uptake of a typical GS-X (leukotriene C,; LTC,) was
observed in membrane vesicles from KCP-4, but not from
KB-3-1,%7 it was concluded that a novel GS-X pump,
other than MRP1, is expressed on KCP-4.%® Due to the
elevated intracellular concentration of GSH,? it is plausi-
ble that cisplatin is converted to bis(glutathionato)plati-
num (I1) (GS-platinum complex) and thereafter extruded
from the cells with the aid of the GS-X pump.*®

The purpose of the present study is to characterize the
transport properties of the novel GS-X pump expressed on
KCP-4 and to compare them with those of MRP1
expressed on C-A500, a cell line also established from
KB-3-1.39 Although the substrate specificities of the GS-
X pumps have been shown to be relatively similar, in that
both MRP1 and MRP2/cMOAT accept typicad GS-X
(such as LTC, and 2,4-dinitrophenyl-S-glutathione (DNP-
SG)) and glucuronide conjugates (such as estradiol-173-D-
glucuronide; E,178G),>%% the results of the present
study provide an example of a difference in specificity
among GS-X pump family members expressed on resis-
tant tumor cells.

MATERIALS AND METHODS

Materials [*H]LTC, (52.0 uCi/nmol), [*H]GSH (44.8
uCi/nmol) and [*H]E, 178G (51.0 uCi/nmol) were pur-
chased from New England Nuclear (Boston, MA). Unla-
beled and *H-labeled DNP-SG (44.8 uCi/nmol) were
synthesized by the method of Kobayashi et al.>® Unla-
beled and °H-labeled GS-platinum complex (89.6 uCi/
nmol) were synthesized by the method of Ishikawa and
Ali-Osman.?® ATP, AMP, creatine phosphate, and creatine
phosphokinase were purchased from Sigma Chemical Co.
(St. Louis, MO). All other chemicals used were commer-
cia products of reagent grade.

Cells KB-3-1 cells were cultured in minimal essential
medium, supplemented with 10% fetal bovine serum. The
other KB-3-1-derived cells were selected from KB-3-1
cells and cultured in selection medium containing colchi-
cine (2 ug/ml) for KB-C2:* cepharanthine (1 ug/ml),
adriamycin (0.5 pg/ml) and mezerein (0.065 ug/ml) for
C-A500% and cisplatin (7 pg/ml) for KCP-4.27:29

MTT assay Chemosensitivity in vitro was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) colorimetric assay performed in 96-well
plates.® The assay is dependent on the reduction of MTT
by the mitochondrial dehydrogenase of viable cells to a
blue formazan product that can be measured spectrophoto-
metrically. Cells (2x10° for KB-3-1 and KB-C2; 5x10° for
C-A500 and KCP-4) were inoculated into each well with
50 pl of phenol red-free culture medium. After overnight
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incubation (at 37°C, 5% CO,), 50 ul of drug solution was
added to the cells and incubation was continued for 4
days. Thereafter, 50 pyl of MTT solution was added to
each well and incubation was continued for 4 h. The
resulting formazan was dissolved in 100 ul of dimethyl
sulfoxide. Plates were placed on a plate shaker for 5 min
and read immediately at 595 nm using a Micro Plate
Reader 3550 (BIO-RAD, Hercules, CA). The 50% inhibi-
tory concentration (IC,) was calculated from the follow-
ing equation:

S= S X [1-C°/(C°+I1Cy)] )

where S and C represent the surviving fraction and the
drug concentration (uM), respectively. The relative resis-
tance was defined as the IC,, of the derived cell lines
divided by that of KB-3-1.

Northern blot Total cellular RNA was extracted from
the cells in a single step using ISOGEN (Nippon Gene
Co., Tokyo) and poly A* RNA was purified from the total
RNA using Oligo(dT)-Latex (Takara Shuzo Co., Otsu).
Five micrograms of poly A* RNA was separated by elec-
trophoresis on a formaldehyde-agarose denaturing gel.
The mRNA was transferred to a nitrocellulose membrane
(Nippon Gene Co.), prehybridized in 50% formamide, 5%
SSC (1% SSC contains 0.15 M NaCl and 0.015 M sodium
citrate, pH 7.0)-5x Denhardt’s solution, 1% sodium dode-
cyl sulfate (SDS), and sheared, denatured salmon sperm
DNA (100 ug/ml) for 4 h at 42°C. The blot was hybrid-
ized with a 400 bp cDNA fragment of the carboxyl-termi-
nal ATP binding cassette region of each transporter
labeled with [a-32P]dCTP (3,000 Ci/mmol; Amersham
Pharmacia Biotech, Uppsala, Sweden) by the random
priming method.® Our preliminary experiments indicated
that the expression levels of P-gp, MRP1, MRP2/cMOAT
and MRP3 can be discriminated by using these probes.
Hybridization was carried out for 12-16 h at 42°C. Mem-
branes were washed twice in 2x SSC-0.1% SDS for 10
min at room temperature, then twice in 0.1x SSC-0.1%
SDS for 10 min at 55°C, followed by autoradiography. To
estimate the variation in the amount of RNA loaded on
the gel, the blots were rehybridized with a *2P-labeled
cDNA for G3PDH.

Preparation of membrane vesicles Membrane vesicles
were prepared by the nitrogen cavitation method.3" 3 Cell
monolayers (10'-10° cells) were washed once and scraped
into phosphate buffer (PBS). The cells were washed by
centrifugation (4,000g, 10 min) at 4°C in PBS and then in
buffer A (0.01 M-Tris-HCI containing 0.25 M sucrose and
0.2 mM CaCl,, pH 7.4) and equilibrated at 4°C under a
nitrogen pressure of 900 psi for 15 min. EDTA was added
to the cell lysate to give a fina concentration of 1 mM.
The lysed cell suspension was then diluted 1:4 with buffer
B (0.01 M Tris-HCI containing 0.25 M sucrose, pH 7.4)
and centrifuged at 1,000g for 10 min at 4°C to remove



nuclei and unlysed cells. The supernatant was layered
onto a 35% sucrose cushion (0.01 M Tris-HCI containing
35% sucrose and 1 mM EDTA, pH 7.4) and centrifuged
for 30 min at 16,000g at 4°C. The interface was collected,
diluted 1:5 in buffer B, and then centrifuged for 45 min at
100,000g. The vesicle pellet was resuspended in buffer B
using a 25-G needle. Vesicles were stored at —100°C prior
to use. The enrichment and sidedness were determined by
measuring the alkaline phosphatase activity using p-nitro-
phenyl phosphate as a substrate in the presence and
absence of 0.2% (v/v) Triton X-100.%)

Transport studies The uptake of [*H]GS-platinum com-
plex (100 pM), [*HILTC, (1.3 nM), [*H]DNP-SG (0.5
uM) and [*H]E,17BG (0.05 uM) into membrane vesicles
was determined as reported previoudly.® 49 The transport
medium (10 mM Tris-HCI, 250 mM sucrose and 10 mM
MgCl,, pH 7.4) contained the isotopically labeled ligands,
5 mM ATP (or AMP) and an ATP-regenerating system
(10 mM creatine phosphate and 100 ug/ml creatine phos-
phokinase). An aliquot of transport medium (17-18 ul)
was mixed rapidly with the vesicle suspension (5 ug pro-
tein in 2-3 ul). The transport reaction was stopped by the
addition of 1 ml of ice-cold buffer containing 250 mM
sucrose, 0.1 M NaCl and 10 mM Tris-HCI (pH 7.4). The
stopped reaction mixture was filtered through a 0.45 uM
HA filter (Millipore Corp., Bedford, MA), and then
washed twice with 5 ml of stop solution. The radioactivity
retained on the filter and that present in the reaction mix-
ture were determined in a liquid scintillation counter
(LS6000SE, Beckman Instruments, Fullerton, CA). The
uptake of ligands was normalized with respect to the
amount of membrane protein.

Determination of Kkinetic parameters The kinetic
parameters for ATP-dependent uptake, defined as the dif-
ference in uptake in the presence and absence of ATR,
were estimated from the following equation:

Vo/S= Vi ! (K + 9 + Py 2

where v, is the initial uptake rate of ligand by membrane
vesicles (pmol/min/mg protein), Sis the ligand concentra-
tion in the medium (uM), K, is the Michagelis constant
(uM), V,,, is the maximum uptake velocity (pmol/min/mg
protein), and P, is the non-specific uptake clearance (ul/
min/mg protein). The equation was fitted to the uptake
data sets by an iterative nonlinear least-squares method
using the MULTI program* to obtain estimates of kinetic
parameters. The input data were weighted as the recipro-
cal of the observed values and the algorithm used for fit-
ting was the Damping Gauss Newton Method.*?

RESULTS

Resistance to cisplatin Table | shows the resistance to
cisplatin measured by MTT assay in KB-derived cell
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lines. These values are also indicated as the relative resis-
tance with respect to the parental cell line, KB-3-1. The
resistance to cisplatin was 16- and 78-fold higher in C-
A500 and KCP-4 over the parental cell line, respectively.
In particular, KCP-4 acquired high resistance to cisplatin.
In contrast, no resistance to cisplatin was acquired in KB-
C2 cells.

Northern blot analysis Fig. 1 shows the expression of
previously reported efflux transporters in KB-derived cell
lines. The expression of P-gp and MRP1 was marked in

Table|. Resistance to Cisplatin of KB-derived Cell Lines
: 1C,, (UM) Relative resistance
Cell line mégnirSD mean+SD
KB-3-1 0.70+0.17 1.00+0.33
KB-C2 1.78+0.52 2.53+0.95
C-A500 11.0+£5.2 15.6+8.3
KCP-4 54.5+11.9 775249

Resistance to cisplatin was determined by MTT assay. |C,, was
caculated from Eg. (1) in the text. Relative resistance is
expressed as the I1C,, of the resistant cells divided by the IC,,
of their parental cells (KB-3-1).

(a)(b)(c)(d) (a)(b)(c)(d) (a)(b)(c)(d) (a)(b)(c)(d)
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Fig. 1. Northern blot analysis of poly A* RNA from KB-
derived cell lines. Five micrograms of poly A* RNA from KCP-
4 (lane @), C-A500 (lane b), KB-C2 (lane c) or KB-3-1 (lane d)
was used for the anaysis. The autoradiograph of the blot,
probed with *2P-labeled cDNA encoding the carboxyl-terminal
ATP binding cassette region of each transporter, was obtained
with a 60 h exposure at —100°C with an intensifying screen.
Rehybridization of the same membrane with ¥P-labeled G3PDH
cDNA indicated the presence of the same amount of mRNA in
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KB-C2 and C-A500, respectively, whereas these trans-
porters were not highly expressed in KB-3-1 and KCP-4.
Although overexpression of MRP3 was observed in KB-

Table Il.  Sidedness and Enrichment of Membrane Vesicles Pre-
pared from KB-derived Cell Lines

: Sidedness (inside-out %) Enrichment
Cell line mean+SE mean+SE
KB-3-1 429+2.3 4.44+0.26
KB-C2 39.2+3.3 5.55+£0.24
C-A500 37.4+59 512+0.35
KCP-4 43.9+4.1 5.24+0.40

Sidedness and enrichment of membrane vesicles were calcu-
lated from the akaline phosphatase activity, with or without
detergent [0.2% (v/v) Triton X-100]. Each value represent the
meanz+ SE of 4 determinations from 2 independent preparations.
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C2 and C-A500, its expression was amost identical in
KB-3-1 and KCP-4. The expression level of human
MRP2/cMOAT was somewhat reduced in KCP-4, whereas
in C-A500, its expression was enhanced.
Transport studies To clarify the substrate specificity of
transporters expressed on resistant cells, we performed an
uptake study with membrane vesicles. The sidedness and
enrichment of prepared vesicles were calculated from the
alkaline phosphatase activity (Table I1). In all vesicles the
content of inside-out vesicles was approximately 40%,
and the enrichment was 4- to 5-fold over cell lysate. Since
there was no significant difference in enzyme activity
among membrane vesicles isolated from four kinds of cell
lines, transport properties can be compared using isolated
membrane vesicles.

ATP-dependent uptake of LTC, and DNP-SG was
observed in membrane vesicles from both C-A500 and
KCP-4 (Fig. 2, B and C). The K, values for the uptake of

KB-3-1 (B)
i
KB-C2
C-A500
{

KCP-4
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D
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]
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Fig. 2. ATP-dependent uptake of organic anions by membrane vesicles prepared from KB-derived cell lines. The uptake of [*H]GS-
platinum complex (100 uM; panel A), [*HILTC, (1.34 nM; panel B), [*H]DNP-SG (0.5 uM; panel C) and [*H]E,17BG (0.05 uM; panel
D) was studied in medium containing 5 mM ATP (closed squares) or AMP (open squares) and an ATP-regenerating system (10 mM
creatine phosphate and 100 pg/ml creatine phosphokinase). m ATP(+), O ATP(-).
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Fig. 3. Eadie-Hofstee plots for the ATP-dependent uptake of DNP-SG by membrane vesicles. ATP-dependent uptake was obtained as
the difference in uptake in the presence and absence of ATP. Each point represents the mean of 3 determinations. The saturable uptake
of [*H]DNP-SG was studied in membrane vesicles isolated from C-A500 (panel A) and KCP-4 (panel B). The K, V., and P, values
in C-A500 and KCP-4 were 2.56+0.34 and 1.43+0.21 M, 569+17 and 161+19 pmol/min/mg protein and 4.42+9.42 and 7.28+0.77

ul/min/mg protein, respectively.
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Fig. 4. Effect of GS-platinum complex on the uptake of DNP-
SG by membrane vesicles. Each point and vertical bar represent
the meantSE of 3 determinations. Membrane vesicles prepared
from C-A500 (squares) and KCP-4 (circles) were incubated with
[BH]DNP-SG (0.5 uM), with or without unlabeled GS-platinum
complex, in the presence and absence of ATP for 2 min. m C-
AB00 (ATP+), O C-A500 (ATP-), @ KCP-4 (ATP+) and O
KCP-4 (ATP-).

DNP-SG were 2.6 and 1.4 uM in C-A500 and KCP-4,
respectively (Fig. 3). The reason why the apparent trans-
port activity was higher in C-A500 than in KCP-4 was the

difference in V,_, (569 and 161 pmol/min/mg protein in
C-A500 and KCP-4, respectively). Moreover, the effect of
GS-platinum complex on the transport of DNP-SG was
examined in C-A500 and KCP-4 (Fig. 4). It was found
that the GS-platinum complex amost equally inhibits
DNP-SG uptake in membrane vesicles from both cell
lines, the addition of 300 uM GS-platinum complex
reduced the uptake to 60% for these specimens. In con-
trast, it was shown that the GS-platinum complex itself
was recognized as a substrate, but only in KCP-4 (Fig.
2A). Then, we examined the transport of E,173G, another
typical substrate for both MRP1 and MRP2/cMOAT (Fig.
2D). Although ATP stimulated the uptake of E,173G into
membrane vesicles from al cell lines, marked ATP-
dependent transport was observed only in C-A500. The
K, and V., values for the uptake of E,173G in C-A500
and KCP-4 were 2.3 and 5.5 uM, and 34.4 and 35.3 pmol/
min/mg protein, respectively.

DISCUSSION

One of the most important mechanisms for the acquisi-
tion of resistance to cisplatin is reduction of the intracellu-
lar concentration of the drug.>® Two consecutive pathways
have been proposed for the extrusion of cisplatin from
resistant cells: cisplatin is conjugated with GSH to form
GS-platinum complex and then this conjugate is extruded
from the cells with the aid of the GS-X pump.*® Indeed,
in cisplatin-resistant KCP-4, we and others have observed
reduced intracellular accumulation of cisplatin,® along
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with an increased concentration of intracellular GSH?
and increased GS-X pump activity on the plasma mem-
brane.?":2®

In the present study, the drug resistance of three kinds
of KB-3-1-derived cell lines was analyzed in relation to
the transporters located on the plasma membrane. Marked
resistance to cisplatin was not observed for KB-C2 or C-
A500 in which P-gp or MRP, respectively, is overex-
pressed (Table 1), whereas significant resistance of these
cell lines to vinca alkaloids and adriamycin has been
reported.® These observations are in good agreement
with the hypothesis that overexpression of these two kinds
of transporters does not confer resistance to cisplatin.? 2
Cells overexpressing P-gp or MRP1, obtained by either
cDNA transfection or by stepwise selection with sub-
strates, are sensitive to cisplatin.t 4“2 Since no significant
ATP-dependent transport of GS-platinum complex was
observed in membrane vesicles isolated from C-A500
(Fig. 2A), it was suggested that the resistance of this cell
line should be ascribed to mechanism(s) other than the
overexpression of GS-X pump (such as increased intracel-
lular metall othioneins and enhanced DNA repair activity).*®

For the purpose of identifying the transporter responsi-
ble for increased GS-X pump activity in KCP-4, the
expression levels of previoudy identified MRP-family
members were examined. Although Kauffman et al.*¥
indicated that cMOAT expression is induced by cisplatin
in cultured rat hepatocytes and Taniguchi et al.*¥ found
that MRP2/cMOAT is overexpressed in KCP-4, we found
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a reduction in MRP2/cMOAT mRNA in this cell line,
which is consistent with the recent finding by Kool et
al.?» Moreover, expression of MRP1 was comparable
between KB-3-1 and KCP-4 (Fig. 1). As with MRP2/
cMOAT, the expression of MRP3 was aso somewhat
reduced in KCP-4 (Fig. 1). These results indicate that
KCP-4 does not overexpress previoudly identified GS-X
pumps.

The transport properties of this pump were character-
ized by comparison with those of MRP1 (Fig. 2). In
membrane vesicles from C-A500, in which MRPL1 is over-
expressed, kinetic parameters were determined for the
ATP-dependent uptake of DNP-SG and E, 173G (Fig. 3).
The K, and V,,,, values for DNP-SG were 2.56 yuM and
570 pmol/min/mg protein, respectively (Fig. 3), which are
comparable with those determined in membrane vesicles
from MRP1-transfected HeLa cells (K, = 3.6 uM and V,_,
= 410 pmol/min/mg protein),” indicating almost identical
expression of MRP1 in the two cell lines. Similarly, the
kinetic parameters for the upteke of E,173G were also
comparable; the K, and V,,, values were 2.33 and 1.5 uM
and 34 and 42 pmol/min/mg protein for C-A500 (Fig. 5)
and MRP1-transfected HelLa cells®® respectively. The
transport activity for LTC, in C-A500 (Fig. 2), however,
was much less than that in MRP1-transfected Hela*®
Consequently, the clearance for ATP-dependent uptake of
these substrates was in the order, LTC, (1,030 ul/min/mg
protein) >> DNP-SG (114 pl/min/mg protein) > E,17BG
(42 pl/min/mg protein) for MRP1-transfected Hel a,*)
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Fig. 5. Eadie-Hofstee plots for the ATP-dependent uptake of estradiol-173-glucuronide by membrane vesicles. ATP-dependent uptake
was obtained as the difference in uptake in the presence and absence of ATP. Each point represents the mean of 3 determinations. The
saturable uptake of [*H]E,17BG was studied in membrane vesicles isolated from C-A500 (panel A) and KCP-4 (panel B). The K, V4
and P, values in C-A500 and KCP-4 were 2.33+0.82 and 5.50£3.08 uM, 34.4+9.9 and 35.2+4.4 pmol/min/mg protein and 0.81+0.44

and 0.00+3.56 ul/min/mg protein, respectively.
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whereas the order was LTC, (280 ul/min/mg protein) =
DNP-SG (200 pl/min/mg protein) > E,17BG (25 ul/min/
mg protein) for C-A500 (Figs. 2, 3 and 5). The reason for
the poorer transport of LTC, in C-A500 remains to be
clarified.

In KCP-4, the K, and V,,, values for the ATP-depen-
dent transport of DNP-SG were determined as 1.43 uM
and 160 pmol/min/mg protein, respectively (Fig. 3), indi-
cating that the affinity of this glutathione conjugate for
the transporter on KCP-4 is higher than for MRP1. The
ratio of the clearance for the ATP-dependent uptake of
LTC, by KCP-4 to that by C-A500 was approximately
0.4, which is comparable with the ratio for the uptake of
DNP-SG by these cell lines (0.5) (Fig. 2). Moreover, the
uptake of DNP-SG was reduced by GS-platinum complex
in a concentration-dependent manner (Fig. 4). Although
there is a difference in the absolute values of the kinetic
parameters, this is consistent with the previous finding by
Ishikawa et al.,*® who reported that the K, for the uptake
of GS-platinum complex by membrane vesicles from cis-
platin-resistant HL-60 cells (HL-60/R-CP) is 130 uM.
They aso reported that the uptake of LTC, was reduced
by GS-platinum complex with an IC, of ca. 150 uM.*)

A marked difference, however, was observed between
C-A500 and KCP-4 in the ATP-dependent transport of
GS-platinum complex. Significant ATP-dependent uptake
of GS-platinum complex was observed in membrane vesi-
cles from KCP-4, but not from C-A500, suggesting that
the GS-platinum complex is an inhibitor, but not a good
substrate for MRP1 (Fig. 2). This suggestion is in marked
contrast to the previous findings by Ishikawa et al., who
demonstrated that MRP1, along with y-glutamylcysteine
synthetase (y-GCS), a rate-determining enzyme for GSH
synthesis, was overexpressed in HL-60/R-CP compared
with its host cell line (HL-60), and that the ATP-depen-
dent uptake of GS-platinum complex was increased in
HL-60/R-CP compared with HL-60.% 4" One of the possi-
ble reasons for this discrepancy is that a GS-X pump,
other than MRPL, is aso expressed on HL-60/R-CP. Pre-
viougly, it has been shown that transfection of MRP1 con-
fers resistance to some heavy meta anions, including
arsenite and antimony, but not to cisplatin.“? Zaman et
al.? have reported that arsenite efflux from MRP1-trans-
fected cells was accompanied by a significant increase in
GSH efflux, suggesting that the intracellularly formed
GSH conjugate of arsenite is extruded from the cells via
MRP1. The difference in the resistance to cisplatin and
arsenite has been ascribed to a difference in the rate-deter-
mining process of detoxification. Acquisition of resistance
to arsenite by MRPL1 transfection may be accounted for by
considering the rapid conjugation of this heavy metal with

Substrate Specificity among GS-X Pumps

GSH.*? In contrast, due to the slow conjugation of cis-
platin with GSH, a coordinate expression of y-GCS and
MRP is required for the acquisition of resistance to cis-
platin.*? However, these results may also be accounted for
by the hypothesis that the GSH conjugate of arsenite, but
not the GS-platinum complex, can be a substrate for MRP.
An adternative transporter, whose substrate specificity
resembles that of the transporter expressed on KCP-4,
may be responsible for the extrusion of GS-platinum com-
plex from the previoudly described resistant cells.

Moreover, a difference in substrate specificity was
observed between C-A500 and KCP-4 as far as the uptake
of glucuronide was concerned (Fig. 2). Although the
transporter on KCP-4 accepts these two kinds of GS-X as
substrates, transport of E,17BG by this transporter was
minimal (Fig. 2). The previously described ratio for the
uptake of E,17BG was as small as 0.15, much lower than
that for DNP-SG (0.5) and LTC, (0.4), suggesting that this
transporter accepts glutathione, but not glucuronide conju-
gates, as substrates. Since it has been shown that the sub-
strate specificities of MRP1 and MRP2/cMOAT, both of
which belong to the GS-X pump family, are similar in
that both accept glutathione and glucuronide conjugates as
substrates,?*% this is a clear demonstration of marked
substrate specificity among GS-X pumps expressed on
resistant cell lines. It should be mentioned that Keppler
and his collaborators have shown that there is preferential
uptake of glucuronide in MRP2/cMOAT compared with
MRP1 and that the inhibitory effect of MK571, a leuko-
triene D, antagonist, is more potent for MRP2/cMOAT
than for MRP1.%®

In conclusion, the results of the present study suggest
that a GS-X pump different from MRP1, MRP2/cMOAT,
or MRP3 is responsible for the transport of GS-platinum
complex from KCP-4. Transport studies with isolated
membrane vesicles indicated that the substrate specificity
of this GS-X pump is quite different from that of MRP1,
in that E,17BG and GS-platinum complex are not good
substrates for this GS-X pump and MRP1, respectively.
There is a clear difference in substrate specificity among
GS-X pump family members expressed on resistant tumor
cells.
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