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Abstract The role of ATP-binding cassette (ABC) proteins
such as multidrug resistance-associated proteins (MRPs) is crit-
ical in drug resistance in cancer cells and in plant detoxification
processes. Due to broad substrate spectra, specific modulators
of these proteins are still lacking. Sulfonylureas such as gliben-
clamide are used to treat non-insulin-dependent diabetes since
they bind to the sulfonylurea receptor. Glibenclamide also in-
hibits the cystic fibrosis transmembrane conductance regulator,
p-glycoprotein in animals and guard cell ion channels in plants.
To investigate whether this compound is a more general blocker
of ABC transporters the sensitivity of ABC-type transport pro-
cesses across the vacuolar membrane of plants and yeast to-
wards glibenclamide was evaluated. Glibenclamide inhibits the
ATP-dependent uptake of B-estradiol 17-(B-p-glucuronide), lu-
cifer yellow CH, and (2',7'-bis-(2-carboxyethyl)-5-(and-6-)car-
boxyfluorescein. Transport of glutathione conjugates into plant
but not into yeast vacuoles was drastically reduced by gliben-
clamide. Thus, irrespective of the homologies between plant,
yeast and animal MRP transporters, specific features of plant
vacuolar MRPs with regard to sensitivity towards sulfonylureas
exist. Glibenclamide could be a useful tool to trap anionic fluo-
rescent indicator dyes in the cytosol.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The multidrug resistance-associated proteins (MRPs) be-
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long to the large multigene family of directly energized mem-
brane ATP-binding cassette (ABC) transporters. Human
MRP1 (ABCCI) was identified in small cell lung cancer cells
since its overexpression resulted in the multidrug resistance
phenotype leading to a decreased sensitivity of cancer cells
to chemotherapeutic drugs of variable structure [1]. Subse-
quent work showed that most of the ABCC/MRP-type ABC
transporter from different organisms are involved in extrusion
of structurally diverse amphipathic drugs and conjugated or-
ganic anions out of the cytosol into the extracellular space or
the vacuole. Assumed physiological functions for MRP trans-
porters in different organisms are catabolite elimination from
the liver into bile, e.g. during heme degradation, heavy metal
tolerance in yeast, and herbicide tolerance or leaf senescence
in plants. Consequently, it can be concluded that these mem-
brane proteins are implicated in many different cellular detox-
ification processes [2].

Plant vacuolar membranes contain directly energized trans-
port systems which are able to catalyze the transport of po-
tentially toxic compounds into the large central vacuole which
occupies up to 90% of the cellular volume [3-5]. These trans-
port systems are therefore supposed to be crucial for the ac-
cumulation of toxic compounds and protection of the cytosol.
After the initial characterization of a glutathione conjugate
(GS-X) pump [6], further vacuolar ATP-dependent transport
systems for a herbicide glucoside, glucuronides (B-estradiol
17-(B-p-glucuronide) (E;17G) and plant-specific flavone glu-
curonides from rye), for the sulfonated fluorescent dye lucifer
yellow CH (LY-CH) and for chlorophyll catabolites have
been identified [7-11]. Presently, four MRP homologues
from Arabidopsis thaliana have been cloned and characterized
via heterologous expression in yeast [12-14]. All these
AtMRPs are capable of transporting GS-X. AtMRP2 and
AtMRP3 mediate chlorophyll catabolite transport [12-15].
AtMRP2 and AtMRPS5 also transport glucuronides [15,16]
but only AtMRP2 exhibits reciprocal activation of GS-X
and glucuronide transport via distinct but coupled binding
sites [16] which confirms previous experiments performed
with intact vacuoles [10,11]. AtMRP3 partially restores cad-
mium tolerance to the AycfI (yeast cadmium factor 1) mutant
in Saccharomyces cerevisiae that exhibits hypersensitivity to-
wards this heavy metal [13].

Among the ABC transporters, p-glycoprotein (p-gp;
ABCBI), cystic fibrosis transmembrane conductance regulator
(CFTR; ABCC7) and the sulfonylurea receptor (SUR;
ABCCS) have received considerable attention as they can con-
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trol other membrane proteins and more specifically ion chan-
nels [17]. The clinical importance of mutations affecting these
proteins has contributed to the development of powerful
pharmacological tools. Sulfonylureas, such as glibenclamide,
have become the major therapeutic agents used in the treat-
ment of non-insulin-dependent diabetes since they have a
nanomolar affinity for the pancreatic SUR receptor. This
SURI isoform is associated with an inward-rectifying potas-
sium channel to form K-ATP channels [18]. Conversely, K*
channel openers (KCOs) are powerful vasodilator agents that
increase the K* permeability of K-ATP channels and can
reverse the effect of glibenclamide [19]. The situation for chlo-
ride channels is slightly different since both glibenclamide and
KCOs have been reported to inhibit CFTR [20]. More re-
cently, it has been shown that glibenclamide also inhibits
p-gp [21], suggesting the presence of a conserved binding mo-
tif exhibited by p-gp, SUR and CFTR. In plants it has been
shown that K™ and anion channels are inhibited by glibencla-
mide in the micromolar concentration range and are reacti-
vated by KCOs [22,23]. Glibenclamide induces the opening of
the stomatal pores which are functional units of the leaf epi-
dermis regulating plant transpiration. Stomata from Arabi-
dopsis plants lacking AtMRPS5 are insensitive to glibenclamide
and phytohormones resulting in increased drought resistance
under dry conditions [15,24].

With regard to the redundancy of 14 and 12 ABCC/MRP-
like genes in the Arabidopsis and rice genomes [25,26], respec-
tively, and in view of the lack of information concerning the
substrate specificity and physiological functions of plant and
yeast MRP transporters, it appears interesting to test pharma-
cological tools in order to differentiate between MRPs or their
different transport activities. We investigated the effects of
sulfonylureas and KCOs on organic anion transport using
plant and yeast vacuoles. We propose that besides their effects
on ion channels, sulfonylureas are potent inhibitors of some
MRP-mediated transport processes and thus could be used to
distinguish between GS-X and glucuronide transport activ-
ities. By investigating the effect of glibenclamide on the cellu-
lar distribution of anionic fluorescent dyes we demonstrate
that inhibitors of ABC transporters could be interesting tools
to exclude different dyes from the vacuole.

2. Materials and methods

2.1. Plant material, growth conditions and chemicals

Barley (Hordeum vulgare L. cv. Bakara) was grown as described [8].
For the isolation of A. thaliana vacuoles, a cell suspension culture
(ecotype Columbia, cell line T87) grown in Gamborg B5 medium
with 2.5 uM 2,4-dichlorophenoxyacetic acid was used [27]. Unless
otherwise stated, all chemicals were from Sigma or Fluka (Buchs,
Switzerland). Plant cell culture media were from Duchefa (The Neth-
erlands) and yeast media were supplied by Gibco BRL (Basel, Swit-
zerland).  B-Estradiol 17-(B-p-glucuronide)  [estradiol-6,7->H]
(PH]E;17G) was obtained from NEN (Boston, MA, USA). ['*C]S-
(2,4-Dinitrobenzene)-glutathione (['*CJDNB-GS) was synthesized as
described [28] and purified using a C18 reversed phase column. Fluo-
rescent dyes were from Molecular Probes (Leiden, The Netherlands).
RP49356 was a generous gift from Rhone-Poulenc Rorer (Vitry-sur-
Seine, France), SR47063 from Sanofi Recherche (Montpellier,
France).

2.2. Isolation of mesophyll cellular fractions and vacuolar uptake
experiments
Protoplasts and vacuoles from barley and the A. thaliana cell sus-
pension culture were prepared following published procedures [29-31].
Contamination of barley vacuoles with other cell constituents was less
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than 3% as measured by marker enzyme activities [30]. Intactness and
purity of barley and Arabidopsis vacuoles was microscopically ana-
lyzed using 0.025% Neutral red which is trapped in the acid vacuolar
lumen and the exclusion dye Evans blue (0.02%). Staining with fluo-
rescein diacetate (0.1%) indicated that less than 2 and 10% of the
barley and Arabidopsis vacuoles were contaminated with cytosolic
patches attached to the tonoplast. Transport studies with barley me-
sophyll and Arabidopsis cell culture vacuoles were performed as pre-
viously described using the silicone oil centrifugation technique [10].
The following substrates were used in separate transport experiments:
0.05 uCi of 44 Ci/mmol [*H]E;17G, 0.05 uCi of 10 mCi/mmol
['*CIDNB-GS, 50 uM LY-CH or 25 uM (2,7'-bis-(2-carboxyethyl)-
5-(and-6-)carboxyfluorescein (BCECF). The vacuolar volume was cal-
culated by the addition of 0.05 puCi *H,0. For uptake experiments
with [H]E,17G, the vacuolar volume was determined in separate
tubes. Time course experiments exhibited no decrease of the vacuolar
volume during the transport experiment indicating stability of the
vacuolar fractions. In experiments using radioactive substrates, vacu-
olar fractions were suspended in 3 ml of scintillation cocktail (Ready-
safe, Beckman) and radioactivity was determined by liquid scintilla-
tion spectrophotometry after adding 3 ml of scintillation cocktail
(Readysafe). For BCECF and LY-CH uptake studies, the superna-
tants of two tubes were pooled and analyzed by spectrofluorometry
(FL-500, Bio-Tek Instruments, Winooski, VT, USA) using the follow-
ing excitation and emission wavelengths: BCECF: A 439 nm, Aep
504 nm; LY-CH: Aexe 430 nm, Ao, 530 nm. Unless stated otherwise,
uptake rates were calculated by subtracting the radioactivity or rela-
tive fluorescence intensity measured after 2 min of incubation from
corresponding 20 min values. The transport of all substrates in the
absence of MgATP was less than 5% of the MgATP-stimulated up-
take (data not shown). Protoplast preparations were incapable of
transporting glutathione conjugates or E;17G.

2.3. Fluorescent dye accumulation in barley and Arabidopsis
protoplasts

Mesophyll cell protoplasts were incubated for 1 h at room temper-
ature in the presence of 0.1 mM of the fluorescent dyes monochlor-
obimane (BmCl) or BCECF-acetoxymethyl ester (BCECF-AM) in
medium A (0.5 M sorbitol, 1 mM CaCl,, 10 mM MES/KOH pH
5.8). When needed, glibenclamide was preincubated for 30 min at
the concentrations indicated before addition of the dye and kept dur-
ing all following steps. Protoplasts were washed twice with medium A.
In order to facilitate the fluorescent observation of the vacuolar com-
partment, a partial lysis of protoplasts was triggered by a 10% dilu-
tion of the medium. Swelling mesophyll protoplasts were immediately
observed under a Nikon Optiphot microscope fitted with the U fluo-
rescence filter set for BmCl fluorescence. Confocal images of proto-
plasts incubated with BCECF were recorded using the confocal laser
microscope Leica DMR and the Leica TCS 4D operating system.
BCECF and chlorophyll fluorescence were detected with the filter
sets for FITC and TRITC, respectively. The stored images were col-
ored green (BCECF and chlorophyll) or red (chlorophyll only) using
Adobe Photoshop 5.5 (Adobe Systems, Mountain View, CA, USA).

2.4. Isolation of yeast vacuoles and microsomes

For the preparation of vacuoles and microsomes, the following two
strains of S. cerevisiae were used: (i) DTY7 (Mato. ura3-52 leu2-3,112
his6), (i1) W303-1A (Mata ura3-1 his3-11,15 leu2-3,112 trpl-1 ade2-1
canl-100). Yeasts were grown in YPD medium. Yeast vacuoles were
isolated as previously described [32] but omitting the vesiculation step.
Vacuoles were recovered after ultracentrifugation in the 8% (w/v)
Ficoll phase by suction into a syringe with a 90°-bent needle from
below and immediately used for uptake experiments. Isolation of
yeast microsomal vesicles was performed as previously described [13].

2.5. Uptake into yeast vacuoles

Uptake of ['*C]JDNB-GS and [*H]E;17G into yeast vacuoles was
measured at 25°C using the rapid filtration technique. The vacuolar
suspension (100 pl) was mixed at time zero with 250 pl of medium B
(0.4 M glycerol, 0.1 M KCl, 20 mM Tris—-MES pH 7.4) supplied with
1 mM dithiothreitol, 10 uM (0.3 uCi) [*H]E»17G or 15 uM (0.15 uCi)
of ["C]DNB-GS, respectively, | mM MgSO, (absence of ATP) or
5 mM Na-ATP and 6 mM MgSO;, (presence of ATP), and glibencla-
mide added at the concentrations indicated. Transport was terminated
after 8 min by transfer of 100 pl aliquots (three replicates) on pre-
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wetted filters (0.45 um nitrocellulose for ['*C]DNB-GS and 0.22 um
durapore for [*H]E;17G supplied by Millipore, Volketswil, Switzer-
land) followed by rapid washes of the filters with cold medium B, all
performed under vacuum. Dried filters were suspended into 5 ml of
scintillation cocktail. All values were corrected for radioactivity values
determined in the absence of ATP where no uptake of both substrates
was observed (data not shown).

3. Results

It has been demonstrated that isolated vacuoles or tono-
plast vesicles from various plant sources take up GS-X as
well as E;17G using directly energized transport systems
[6,10,33]. In order to identify substances that could be used
to discriminate between different transport activities or
MRPs, we investigated the effect of CFTR and SUR modu-
lators upon transport activities of [*C]DNB-GS and
[PH]E,17G, two known substrates of MRP transporters.

3.1. Glibenclamide inhibits glucuronide but not glutathione
transport activities in barley mesophyll vacuoles

The sulfonylurea glibenclamide strongly inhibited the ATP-
dependent transport of [’H]E,17G into barley vacuoles (Table
1). Glucuronide uptake was reduced to 13% of the control
value by 150 uM glibenclamide. The inhibitory effect of gli-
benclamide on [*H]E;17G transport into vacuoles was dose-
dependent, with a half-maximum inhibition (K /,) observed at
70 uM (Fig. 1). When 0.2 mM unlabelled DNB-GS was
added, the ATP-dependent uptake of [PH]E;17G was in-
creased up to 800% of the control rate as previously demon-
strated [10]. Glibenclamide drastically reduced this DNB-GS-
stimulated [PH]JE,17G uptake activity to 36% of the uptake
activity in the absence of DNB-GS. In the presence of DNB-
GS as stimulatory agent, the K;,, value for glucuronide up-
take inhibition by glibenclamide was significantly lower
(125 puM; Fig. 1) suggesting that the rise in glucuronide
uptake activity induced by glutathione conjugates may also
modulate the sensitivity of this transport mechanism towards

Table 1
Effects of sulfonylureas and KCOs on the ATP-dependent uptake of
[PH]E,;17G into barley vacuoles

Condition Vacuolar transport of [*H]E;17G
without +0.2 mM
DNB-GS DNB-GS
% of MgATP-stimulated value

Control 100 832+320

+150 uM glibenclamide (glib) 129+12.7 3629

+0.1 mM tolbutamide 88.1+x74 638+9

+1 mM tolbutamide 81.6+5.2 599+86

+10 uM cromakalim (crom) 90.2+2.2 500% 15

+100 uM crom 63%9.5 518%13

+1 uM SR47063 87.9+18.53 536+ 17

+10 uM SR47063 35.6£20.7 298 61

+10 uM RP49356 79.2+4.67 595+ 11

+100 uM RP49356 63.1+2.62 373+£29

+150 uM glib+100 uM crom 2.8%+3.9 494+5

+15 uM glib+100 uM crom 64.1+£52 429+ 56

Barley mesophyll vacuoles were incubated with 11.4 nM E,;17G in
the presence of 4 mM MgCl,, 3 mM ATP, in the absence or pres-
ence of DNB-GS as a stimulating agent and diverse pharmacologi-
cal compounds interfering with CFTR and SUR. 100% corresponds
to an uptake rate of 10.3+1.5 pmol E;17G X/l vacuolar volume/s.
The vacuolar uptake rate was calculated by subtracting the radioac-
tivity determined after 2 min from corresponding 20 min values. In
the absence of ATP, no uptake was detectable (not shown, see [11]).

25

700
2
@
o 600 -
3
]
P~
. 500
L
G
Z 400
=
8
- 300
L
K
g 200
B
& 100 @—
< -
2
O+ 7 e e
0 1 10 100

pM glibenclamide

Fig. 1. Dose-dependent inhibition of vacuolar E;17G uptake into
barley vacuoles by glibenclamide in the absence (circles) or presence
(squares) of 0.2 mM DNB-GS. Barley mesophyll vacuoles were in-
cubated with 11.4 nM E,;17G in the presence of 4 mM MgCl,,
3 mM ATP and glibenclamide at the concentrations indicated. A
representative experiment with five replicates per condition is illus-
trated. For 100% rates and further details, see Table 1.

glibenclamide. In contrast, glibenclamide did not affect the
transport of [“C]JDNB-GS into barley vacuoles (Table 2).
Tolbutamide, another sulfonylurea that was applied at con-
centrations up to 1 mM, had only negligible effects on either
glucuronide or DNB-GS uptake (Table 1). This weak effect of
tolbutamide compared to glibenclamide, a second-generation
sulfonylurea, is in accordance with results obtained in animal
tissues [19].

KCOs such as cromakalim, SR47063 or RP49356 are
known to activate the SUR and to antagonize the inhibitory
effects of glibenclamide. The application of 0.1 mM cromaka-
lim had no effect on the vacuolar uptake of ['*C]DNB-GS
(Table 2) and moderately inhibited the uptake of [*H]E;17G
(60% of the control rate, Table 1). When glibenclamide and
cromakalim were simultaneously applied, both basal and
DNB-GS-stimulated glucuronide transport activities were in-
hibited to rates already observed in the presence of glibencla-
mide alone (Table 1) suggesting that these compounds do not
compete for the same binding site. Furthermore, cromakalim
does not antagonize glucuronide transport inhibition by gli-

Table 2
The ATP-dependent vacuolar uptake of ['*C]DNB-GS into barley
vacuoles is not affected by glibenclamide

Transport of ['*C]DNB-GS

% of MgATP-stimulated value
Control 100

Condition

+glibenclamide 150 uM 103£9.86
+cromakalim 100 uM 110£5.85
+SR47063 10 uM 76.714.67
+RP49356 10 uM 102£4.8

+RP49356 100 uM 67.713.68

Barley mesophyll vacuoles were incubated with 50 uM DNB-GS in
the presence of 4 mM MgCl,, 3 mM ATP, glibenclamide and
KCOs at the concentrations indicated. 100% corresponds to an up-
take rate of 679 nmol DNB-GS/I vacuolar volume/s. The vacuolar
uptake rate was calculated by subtracting the radioactivity deter-
mined after 2 min from the corresponding 20 min values.
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benclamide as reported for SUR and sulfonylurea-induced
stomatal opening [22]. The KCOs SR47063 and RP49356
induced a partial inhibition of organic anion transport,
SR47063 being slightly more efficient towards both substrates
(Table 1). It is worth noting that the inhibition was similar in
DNB-GS-stimulated and non-stimulated conditions.

Vacuoles isolated from an Arabidopsis cell culture exhibited
a directly energized transport systems for DNB-GS and
E;17G. In the presence of 150 uM glibenclamide, the uptake
of [*H]E»17G in Arabidopsis vacuoles was inhibited to 6% of
the control rate while the transport of ['*CIDNB-GS was not
affected by this sulfonylurea (data not shown). Thus, the gli-
benclamide sensitivity of directly energized transport systems
for DNB-GS and E;17G is not species-specific in plants.

3.2. Glibenclamide selectively inhibits the vacuolar deposition of
anionic fluorescent dyes in barley vacuoles

Since glibenclamide was a very efficient inhibitor of E;17G
but not DNB-GS transport, we investigated its action on the
vacuolar accumulation of different negatively charged fluores-
cent probes used as substrates for ABC-type transport pro-
cesses. The disulfonated fluorescent dye LY-CH accumulates
in barley vacuoles via a directly energized transport system
which can be distinguished from GS-X or glucuronide trans-
port systems [9]. The ATP-dependent transport of LY-CH
into barley vacuoles could be strongly inhibited by 150 uM
glibenclamide (2% of the control; Fig. 2). Vacuolar LY-CH
uptake was stimulated by 0.2 mM DNB-GS up to about 920%
of the control suggesting a similar interaction with GS-Xs as
shown for E;17G. Again, glibenclamide strongly inhibited the
DNB-GS-stimulated LY-CH uptake into barley vacuoles
(from about 920 to about 5%; Fig. 2) suggesting a compara-
ble pharmacology as shown for E;17G.

BCECEF is a widely applied polyanionic pH-sensitive fluo-
rescent probe with four or five negative charges at cytosolic
pH values. When barley mesophyll vacuoles were exposed to
25 uM BCECF, uptake could only be observed in the pres-
ence of ATP (Table 3). The ATP-dependent vacuolar fluores-
cence was strongly reduced by 1 mM vanadate but insensitive
to bafilomycin Al, a specific inhibitor of the vacuolar H-
ATPase, and NH4Cl which produces a dissipation of the

Table 3
BCECF uptake into barley vacuoles is mediated by an ABC-type
transporter

Treatment Uptake of BCECF
% of MgATP-stimulated
value

—ATP 0.1+0.1

+MgATP  (control) 100

+MgATP  +1 mM vanadate 51%£73

+MgATP  +0.1 pM bafilomycin A1 103.9+26.0

+MgATP  +5 mM NH,ClI 129.4+24.7

+MgATP  +150 uM glibenclamide 0.0+2.2

+MgATP  +3 mM GSSG 55.1+13.4

+MgATP  +3 mM GSH 89.8+154

+MgATP  +0.2 mM DNB-GS 115.5+6.2
+MgATP  +0.2 mM Decyl-GS 93.8+19.8

Isolated barley vacuoles were incubated with 1 mM MgSO4
(—ATP) or 3 mM ATP and 4 mM MgSO4 (+MgATP), 25 uM
BCECF and further compounds as indicated. The relative fluores-
cence measured in vacuolar supernatants after 20 min is corrected
for the fluorescence observed after 2 min reflecting unspecific bind-
ing of the dye to vacuolar membranes. The results represent three
independent experiments, each with five replicates per condition.
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Fig. 2. The ATP-dependent transport of LY-CH into barley vacu-
oles is strongly inhibited by 150 pM glibenclamide in the absence
(open bars) and presence (solid bars) of 0.2 mM DNB-GS. Barley
vacuoles were incubated with 50 uM of LY-CH in the presence of
4 mM MgCl,, 3 mM ATP and DNB-GS or glibenclamide as indi-
cated. For the analysis of the vacuolar concentration of LY-CH,
the aqueous supernatants of two tubes were pooled and the fluores-
cence was measured spectrofluorometrically. Illustrated are the re-
sults of three independent experiments, each performed in triplicate.
100% corresponds to the relative fluorescence measured in the pres-
ence of MgATP after 18 min of uptake. In the absence of MgATP,
no uptake was observed.

pH gradient across the vacuolar membrane (Table 3). This
argues strongly for the presence of an MRP-like ABC trans-
porter for BCECF on barley mesophyll vacuoles and confirms
results obtained using barley protein storage vacuoles where it
was shown to accumulate in the lumen of storage and lytic
vacuoles in protoplasts treated with gibberellic and abscisic
acid [34]. In contrast to LY-CH and E;17G, the vacuolar
uptake of BCECF was not stimulated by different GS-X
and was inhibited by oxidized glutathione (GSSG) (Table
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Fig. 3. Dose-dependent effect of glibenclamide on the MgATP-
stimulated transport of BCECF into barley vacuoles. Barley meso-
phyll vacuoles were incubated with 25 uM BCECF, 4 mM MgCl,,
3 mM ATP and glibenclamide at the concentrations indicated. For
details, see Table 3.
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3). Reduced glutathione (GSH) had no effect on the ATP-
dependent transport of this dye into mesophyll vacuoles.
Again, the transport of 25 uM BCECEF into barley vacuoles
was strongly inhibited by glibenclamide. The dose-dependent
curve demonstrated a Kj,, value of 40 uM for inhibition
(Table 3 and Fig. 3).

The localization of BCECF in the central vacuole could be
verified with Arabidopsis protoplasts incubated with 0.1 mM
of BCECF-AM (Fig. 4A,B) using a confocal laser microscope.
Furthermore, a strong green fluorescence was detected in
smaller structures clearly distinguishable from chloroplasts
(Fig. 4C) which may correspond to small vacuoles (Fig. 4B,
arrow) [34]. Thus, as stated by Swanson et al. [34], BCECF
may be capable of entering different vacuolar compartments.
Confirming the vacuolar transport experiments, glibenclamide
strongly inhibited the accumulation of BCECF in the central
vacuole of Arabidopsis protoplasts resulting in a cytosolic lo-
calization of the dye (Fig. 4D,E).

Bimane dyes are well-known fluorescent tools to study the
intracellular distribution of glutathione conjugates in cells
[35]. In the cytosol, a covalently bound glutathione is trans-
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ferred on the membrane-permeable, non-fluorescent halogen-
ated bimane in a nucleophilic substitution reaction. The fluo-
rescent bimane-GS conjugate is stored in the large central
vacuole of mesophyll cells due to the action of a GS-X
pump [36]. In Saccharomyces, YCF1 is responsible for the
deposition of bimane-GS in the yeast vacuole [37]. Barley
mesophyll protoplasts incubated in the presence of 100 uM
BmCI exhibited the typical blue fluorescence present after en-
zymatic formation of the bimane-GS conjugate (Fig. 4G,H).
In the absence of BmCl, a weak bright blue background fluo-
rescence could be observed probably due to the presence of
soluble hydroxycinnamic acids (not shown). The fluorescent
bimane-GS mainly accumulated in the large central vacuoles
of the mesophyll protoplasts (white arrow in Fig. 4H). When
protoplasts were preincubated with 150 uM glibenclamide, no
change in the vacuole-localized fluorescence of bimane-GS
was observed (Fig. 41). This result confirms our observation
using direct vacuolar uptake experiments with ['*C]IDNB-GS
(Table 2). It can therefore be concluded that the transport not
only of DNB-GS but of different glutathione conjugates is
insensitive to glibenclamide.

C

BCECF
F
BCECF + gli

BmCl + gl

Fig. 4. Effects of glibenclamide on fluorescent probe distribution in protoplasts. A-F: Arabidopsis mesophyll protoplasts incubated with 0.1
mM BCECF-AM in the absence (A-C) or presence (D-F) of 0.2 mM glibenclamide were observed using a confocal laser microscope. A,D:
Light microscopic images of the false color images B,C and E,F, respectively. B and E were detected with the FITC (BCECF and chlorophyll
fluorescence), C and F with the TRITC (chlorophyll fluorescence only) filter set. The arrow in B highlights BCECF accumulation in small vac-
uoles. G-1: Light and epifluorescence images of barley mesophyll protoplasts incubated with 0.1 mM BmCI in the absence (G,H) or presence
(I) of 0.15 mM glibenclamide. Fluorescence microscopy (H,I) using a standard UV filter set shows that bimane-GS is localized within the cen-
tral vacuole regardless of the presence of glibenclamide (I). G: Light microscopic image of H. Arrows indicate central vacuoles extruding from

protoplasts in a swelling buffer.
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Fig. 5. Dose-dependent glibenclamide inhibition of the ATP-stimu-
lated uptake of E;17G (closed circles) and DNB-GS (open circles)
in yeast vacuoles. Yeast vacuoles isolated from the W303-Al strain
were incubated with 10 uM E;17G or 15 uM DNB-GS in the pres-
ence of 5 mM MgATP. Uptake was terminated after 8§ min by rapid
filtration as described. All rates were corrected by subtracting the
values measured in the absence of MgATP which were less than
10% of the plus MgATP rates.

3.3. Glibenclamide inhibition of MRP-mediated transport
processes in S. cerevisiae vacuolar membranes

In contrast to plants, [*C]DNB-GS as well as [*H]E;17G
transport activities were inhibited by glibenclamide in a dose-
dependent manner when intact vacuoles isolated from S. ce-
revisiae strain W303 were used (Fig. 5). The K, values ob-
served for glibenclamide were 30 and 70 uM for ['*C]DNB-
GS and [*H]E,17G substrates, respectively. Glibenclamide in-
hibition of GS-X transport was also confirmed with a micro-
somal fraction isolated from the DTY7 yeast strain (data not
shown), a strain used for the investigation of the tolerance of
yeast to heavy metals and for the glutathione conjugate trans-
port activities of MRPs [13].

4. Discussion

In animal cells, the effects of glibenclamide and KCOs on
K-ATP channels have been extensively studied in numerous
tissues. The nanomolar affinity of glibenclamide for the SUR1
receptor [38] has to be compared with the micromolar affinity
for SUR2 or the CFTR chloride channel [39]. The fact that
glibenclamide also inhibits p-gp [21] raises the question of a
conserved binding motif exhibited by p-gp, SUR and CFTR.
Moreover, in the plant kingdom, it has recently been reported
that K™ and anion channels are inhibited by glibenclamide
(Ki2=3 uM) and refreshed by KCOs. These modulators
strongly affect the regulation of stomatal movements at the
basis of water loss control in plants [22,23].

The increasing number of MRP-like proteins found in ani-
mals and plants makes it difficult to differentiate between
transporters if activities are measured in crude membrane
preparations. We were interested to find pharmaceutical tools
in order to distinguish in vitro or in vivo between different
transport activities and we could demonstrate that the sulfo-
nylurea glibenclamide differentially affects the transport of
glutathione conjugates and other organic anions.
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Glibenclamide selectively inhibited the uptake of glucuro-
nide conjugates and other organic anions but not that of
glutathione conjugates in barley mesophyll and Arabidopsis
cell culture vacuoles. In contrast, in Saccharomyces both
GS-X transport via the vacuolar YCF1 and BPT1 protein
and glucuronide transport were drastically reduced by gliben-
clamide. Thus, the result obtained with vacuoles of the two
plant species tested may be true for plants but cannot be
generalized if plant and non-plant organisms are compared.
The observation that some but not all transport processes
mediated by MRPs are inhibited by glibenclamide may indi-
cate that a certain class of MRP proteins contains a gliben-
clamide binding site while others do not. To our knowledge,
little is known about the exact binding site for sulfonylureas,
even in the intensively studied CFTR and SUR. It has been
proposed that two separate regions in the third and eighth
cytosolic loops of SURI could be involved in the binding of
glibenclamide [40] but only the localization of the amino acids
involved in the binding of glibenclamide to SUR will help to
elucidate these questions.

To our knowledge, CFTR is the only ABC protein inhib-
ited by KCOs [20]. In humans, properties of these compounds
to increase the K™ permeability have led to their development
as vasodilatators, myorelaxants and antihypertensive agents
[41]. In plants, KCOs are able to counteract the effect of
glibenclamide and to reactivate K* or anion channels after
a glibenclamide inhibition [22,23]. Thus, in a certain manner
the sensitivity of CFTR to KCOs is unique. Herein, we show
that cromakalim, SR47063 and RP49356 cannot be used to
reverse the inhibitory effect of glibenclamide on transport ac-
tivities (Tables 1 and 2). Therefore, one could propose that
the plant vacuolar ABC transporters studied here are, from a
pharmacological point of view, closer to CFTR than to SUR.
This hypothesis is in accordance with the fact that the CFTR
chloride channel is blocked by glibenclamide and taurocholate
or E;17G [42].

Fluorescent dyes are widely used tools to measure temporal
and spatial concentration changes of pH, ions or other sub-
stances such as glutathione. The observation that glibencla-
mide inhibits the vacuolar distribution of BCECF in proto-
plasts could help to overcome some problems of pH
measurements in plant cells. It has often been noticed that
fluorescent dyes such as BCECF accumulate within the cen-
tral vacuole [43]. Consequently, the fluorescence in the cytosol
is either strongly reduced by a decrease in the cytosolic con-
centration of the dye or hard to detect due to the strong
‘background’ signals by vacuolar fluorescence. This results
in an inaccurate measurement of cytosolic pH, e.g. by ratio
imaging of BCECF. In general, inhibitors of dye transporters
would help to target and fix fluorescence signals in the cytosol.
A range of different dyes represent potential substrates of
MRPs due to the presence of negative charges. Dyes such as
chloromethylfluorescein diacetate [44,45], carboxy-2'7'-di-
chlorofluorescein [46] or the calcium indicator fluo-3 [47,48]
are substrates of human MRPs. In contrast, other uncharged
dyes, especially different acetoxymethyl ester derivatives of
fura-2, fluo-3, indo-1, BCECF or calcein, are used to establish
functional assays for p-gp since they are rapidly extruded in
multidrug-resistant cell lines [49,50]. In plants, evidence for
vacuolar ABC-type transporters for fluorescent dyes was pre-
sented for LY [9]. Swanson et al. [34] suggested the presence
of a vacuolar ABC-type transport system for BCECF in bar-



C. Forestier et al.IFEBS Letters 554 (2003) 23-29

ley aleurone cells. As shown in Table 3, BCECF is also trans-
ported into lytic mesophyll vacuoles of barley with the typical
characteristics of an ABC transporter. Thus, the principle of
inhibiting the vacuolar deposition of an indicator dye by gli-
benclamide forcing cytosolic accumulation could enable or
improve measurements of various parameters in the cytosol
using fluorescent probes. However, before performing such
experiments it must be verified that glibenclamide itself has
no effect on the cellular parameter(s) that are desired to be
imaged.

Taken together, we propose that glibenclamide can be used
as an efficient blocker of some but probably not all MRP
proteins ranging from plants and yeast to humans [51-53]
and as a tool to investigate vacuolar targeting of fluorescent
dyes.
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