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Recently, a new member of the ABC transporter superfamily of Arabidopsis, AIMRP5, was identified and characterized. In
the present work, we found that AtMRP5 can bind specifically to sulfonurea when it is expressed in HEK293 cells. We also
present evidence for a new role of AtMRPS5 in the salt stress response of Arabidopsis. We used reverse genetics to identify
an Arabidopsis mutant (atmrp5-2) in which the AtMRP5 gene was disrupted by transferred DNA insertion. In root-bending
assays using Murashige and Skoog medium supplemented with 100 mm NaCl, root growth of atmrp5-2 was substantially
inhibited in contrast to the almost normal growth of wild-type seedlings. This hypersensitive response of the atmrp5-2
mutant was not observed during mannitol treatment. The root growth of the wild-type plant grown in Murashige and Skoog
medium supplemented with the MRP inhibitor glibenclamide and NaCl was inhibited to a very similar extent as the root
growth of atmrp5-2 grown in NaCl alone. The Na " -dependent reduction of root growth of the wild-type plant in the presence
of glibenclamide was partially restored by diazoxide, a known K" channel opener that reverses the inhibitory effects of
sulfonylureas in animal cells. Moreover, the atmrp5-2 mutant was defective in **Rb" uptake. When seedlings were treated
with 100 mm NaCl, atmrp5-2 seedlings accumulated less K* and more Na™ than those of the wild type. These observations
suggest that AtMRP5 is a putative sulfonylurea receptor that is involved in K™ homeostasis and, thus, also participates in

the NaCl stress response.

The ATP-binding cassette (ABC) transporter super-
family is the largest known membrane transporter
protein family, and its members are capable of a
multitude of transport functions (Higgins, 1992,
1995). These proteins are highly interesting because
of their involvement in numerous pathologies, such
as cystic fibrosis, diabetes, and multidrug resistance
(Demolombe and Escande, 1996). In animals, two
ABC proteins are directly involved in regulating ion
channels in the plasma membrane, specifically ATP-
sensitive potassium channels (K,1p channels) and the
cystic fibrosis transmembrane conductance regulator
(CFTR). K p channels were initially identified in the
heart (Noma, 1983) and are complexes composed of
an inward rectifier K™ channel and an ABC protein,
the sulfonylurea receptor (Babenko et al., 1998; Miki
et al., 1999). K, 1p channels are highly specific for K*
and are inhibited by micromolar concentrations of
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intracellular ATP. CFTR is a chloride channel ex-
pressed by a variety of secreting epithelial cells that
is regulated by cAMP-dependent phosphorylation
and ATP (Anderson et al.,, 1991; Bear et al., 1992).
These channels serve to link the electrical activity of
cell membranes with cellular metabolism.

The presence of ABC proteins in plants was estab-
lished by the cloning of several genes encoding mem-
bers of this group in Arabidopsis and other species
(Dudler and Hertig, 1992; Smart and Fleming, 1996;
Davies et al., 1997; Lu et al., 1997, 1998; Tommasini et
al.,, 1997, 1998; Marin et al., 1998; Rea et al., 1998;
Séanchez-Fernandez et al., 1998; Rea, 1999; Theodou-
lou, 2000; Gaedeke et al., 2001). After the completion
of the genomic sequencing of Arabidopsis (Arabi-
dopsis Genome Initiative, 2000), the complete inven-
tory of ABC protein superfamily of Arabidopsis was
described (Sdnchez-Ferndndez et al., 2001; Martinoia
et al, 2002). Of these, the Arabidopsis multidrug
resistance-related proteins (AtMRP) are the most ex-
tensively characterized plant ABC transporters to
date. These proteins function as vacuolar sequesters
of glutathionated compounds, malonylated chloro-
phyll catabolites, and glucuronides (for review, see
Rea et al., 1998; Rea, 1999; Theodoulou, 2000; Marti-
noia et al., 2002).

Recent results show that the plant ABC transport-
ers are not only implicated in detoxification and ion
regulation processes but also in plant growth pro-
cesses. Sidler et al. (1998) demonstrated that AtPGP1
(Arabidopsis P-glycoproteinl) is involved in a devel-
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opmental pathway that regulates hypocotyl cell elon-
gation under low light. In addition, more recent stud-
ies by Noh et al. (2001) revealed that two MDR-like
genes of Arabidopsis encode 1-naphthylphthalamic
acid-binding proteins that are required for normal
auxin distribution and auxin-mediated development.

In contrast to the studies with animal cells, cur-
rently, there is little known about the involvement of
ABC proteins in the control of plant ion channels.
Electrophysiological studies using Vicia faba guard
cell protoplasts suggest that plants may have a sul-
fonylurea receptor-like protein that modulates sto-
matal movements and transmits the signals from
sulfonylureas and potassium channel openers to po-
tassium and/or anion channels on guard cells (Leon-
hardt et al., 1997, 1999). However, it is not known yet
what kind of molecule(s) is (are) responsible for these
sulfonylurea-sensitive currents involved in stomatal
movements.

Of the 15 MRPs identified in the Arabidopsis ge-
nome, AtMRP5 has been studied most extensively
because of the existence of an AtMRP5 transferred
DNA (T-DNA) insertional knockout mutant (mrp5-1).
Gaedeke et al. (2001) showed that AtMRP5 controls
root development because the phenotypic character-
ization of mrp5-1 revealed that this mutant exhibits
decreased root growth and increased lateral root for-
mation in reduced-strength (0.25X) Murashige and
Skoog medium. They also showed that AtMRP5 par-
ticipates in stomatal movement by comparing the
stomatal movements of the wild-type and mrp5-1
plants (Klein et al.,, 2003). AtMRP5 also regulates
stomatal movements that are sensitive to the sulfo-
nylurea analog glibenclamide (Gaedeke et al., 2001).
Thus, AtMRPS5 is also involved in guard cell signal-
ing and water use. Promoter expression analyses by
this group with the aid of a promoter-g-
glucuronidase (GUS) construct revealed that At-
MRP5 is expressed in the vascular bundle and the
epidermis, especially in guard cells. Based on these
results, it was concluded that AtMRP5 may work: (a)
as an auxin conjugate transporter or as a component
in the ion homeostasis affecting auxin concentration,
and/or (b) as an ion channel regulator (Gaedeke et
al., 2001), and/or (c) as an important component of
guard cell functioning (Klein et al., 2003). However, it
was not determined whether AtMRP5 is an ion chan-
nel, or an ion channel regulator, or another signaling
component involved in guard cell function.

Of the many plant research areas, considerable ef-
fort has been devoted to elucidating the mechanisms
of plant salt tolerance. A widely used approach to
unravel this tolerance mechanism involves the iden-
tification of the cellular processes and genes whose
activity or expression is regulated by salt stress (for
review, see Hasegawa et al., 1987; Cushman et al.,
1990; Skriver and Mundy, 1990; Bray, 1993; Bohnert
et al., 1995; Zhu et al., 1997; Zhu, 2000). Studies by
Zhu et al. provide clear evidence of a signal trans-
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duction pathway that mediates salt tolerance in
plants by controlling ion homeostasis. Their results
suggest that the capacity of plants to counteract sa-
linity stress strongly depends on the status of their
K" nutrition and external Ca**, as has already been
postulated long ago (Epstein, 1969; LaHaye and Ep-
stein, 1969). Although one outcome of the regulatory
pathway in salt stress involves the up-regulation of
SOS1 Na* /K™ antiporter gene expression (Shi et al.,
2000), it is suggested that the SOS3/SOS2 regulatory
pathway may also modulate the abundance and/or
activity of certain K™ and Na™ transporters (Zhu,
2000).

In this report, we reveal new biochemical and
physiological functions of AtMRP5. We found that
AtMRP5 heterologously expressed in HEK293 cells
bound sulfonylurea with high affinity. An AtMRP5
knockout mutant (atmrp5-2) was isolated and found
to be hypersensitive to salt stress. This mutant phe-
notype was mimicked by wild-type plants when they
were treated with the MRP inhibitor glibenclamide in
the presence of high salt concentrations. The atmrp5-2
mutant also displayed defects in root growth, possi-
bly because of reduced K* uptake and K" accumu-
lation. These observations suggest that AtMRP5
plays novel functions in regulating K* uptake and
ion homeostasis under salt stress and is a sulfonyl-
urea receptor protein that functions in the inhibition
of root growth because of salt stress. Our results
strongly support the hypothesis that AtMRP5 acts as
an ion channel regulator in root growth. This func-
tion of AtMRPS5 also has been proposed previously to
regulate guard cell activity (Gaedeke et al., 2001;
Klein et al., 2003).

RESULTS

Expression of AtMRP5 in HEK293 Cells and Specific
Binding of [*H]Glibenclamide

To determine the biochemical activity of AtMRP5 in
a heterologous expression system, full-length AtMRP5
cDNA (GenBank/EMBL accession no. Y11250) fused
to green fluorescence protein (GFP; AtMRP5:GFP)
was transiently expressed in HEK293 cells using the
pcDNA3.1 mammalian expression vector. The trans-
fection efficiency was assessed with a B-galactosidase
assay, which demonstrated that approximately 90%
cells were transfected. Strong GFP signals were ob-
served in the plasma membrane when transfected
cells were grown at 30°C (Fig. 1A). However, when
the cells were grown at 37°C, GFP was found in the
cytoplasm (Fig. 1A), even though the transfected cells
grown at each temperature expressed approximately
the same amount of the AtMRP:GFP fusion protein
(Fig. 1B). This result indicated that the heterologous
expression system formed a basis for the binding
studies.

The expression of AtMRP5 in HEK293 cells was
accompanied by a dramatic increase in specific bind-
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Figure 1. Cellular localization of the AtMRP5:GFP fusion protein in
HEK293 cells. A, HEK293 cells were transfected with the AtMRP5:
GFP fusion protein and incubated at 30°C or 37°C. Cells were fixed
and examined by light microscopy (left) and fluorescence micros-
copy (right). At 30°C, green fluorescence was observed throughout
the cell and close to or at the plasma membrane, whereas at 37°C,
the protein was clearly blocked at the ER. B, Immunoblot analysis of
AtMRP5:GFP in HEK293 cells. The AtMRP5:GFP fusion proteins
were extracted from cells grown at 30°C and 37°C. Protein (50 pg)
was electrophoresed on a 6% (w/v) SDS-polyacrylamide gel, elec-
troeluted onto filters, and probed first with living color peptide A.v.
antibody and then with donkey anti-rabbit IgG-horseradish peroxi-
dase. Filters were then washed, and antibody binding was visualized
with ECL. Mock, Mock transfected with vector alone; TF, transfected
with AtMRP5:GFP fusion construct.
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ing of [*H]glibenclamide (Fig. 2A). The specific bind-
ing was determined by subtracting the nonspecific
binding measured in the presence of 1 um unlabeled
glibenclamide. HEK293 cells expressing GFP alone as
a control did not show any significant specific bind-
ing activity (n = 2). The mean Ky value for binding to
whole cells was 7.2 = 1.3 nm (n = 3; Fig. 2B), which is
comparable with that of native B-cells (range of 0.3-7
nM; Ashcroft and Ashcroft, 1992; Ammali et al., 1996).
The mean maximum binding capacity was 190 = 60
fmol per 10° cells (n = 3). The affinity for another
sulfonylurea drug, tolbutamide, was lower because
the inhibition coefficient (K;) for the displacement of
[H]glibenclamide binding by tolbutamide was 28 *
11 um (n = 3; Fig. 2C). Similar values are reported for
native B-cells (Ashcroft and Ashcroft, 1992). Thus, At-
MRP5 expressed in HEK293 cells specifically binds
glibenclamide.
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Figure 2. Sulfonylurea-binding activity of AtMRP5 expressed in
HEK293 cells. A, [’Hlglibenclamide binding (fmol per 10° cells) to
whole HEK293 cells that have been mock transfected (n = 3) or
transfected with AtMRP5 (n = 3) was measured 48 h after transfec-
tion. Mock, As in Figure TA. B, Dissociation constant (Ky) value of
[PHlglibenclamide binding to whole HEK293 cells transfected with
AtMRP5. The amount of specific [*H]glibenclamide bound (fmol per
10° cells) was plotted against the free [3H]glibenc[amide concentra-
tion. Specific binding was determined by subtracting nonspecific
binding measured in the presence of 1 um unlabeled glibenclamide.
Each point indicates the mean of three replicates. The line represents
the best fit of a single-binding site model to the data. C, Inhibition of
[*Hlglibenclamide binding by tolbutamide. This was measured in the
presence of 10 nm [3H]glibenc[amide.
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Isolation of a T-DNA-Tagged Plant with a Disrupted
AtMRP5 Gene

The function of AtMRP5 in vivo was analyzed by
isolating a plant with a disruption in this gene caused
by T-DNA insertion. The T-DNA insertional knock-
out mutant was isolated by using a reverse genetics
approach described by Krysan et al. (1996). From a
population (provided by Arabidopsis Biological Re-
source Center) of 12,940 different T-DNA lines that
contains about 18,000 independent insertional
events, we identified and isolated a single mutant
plant with a T-DNA insertion in AtMRP5 by PCR
using primers corresponding to the left and right
borders of T-DNA and the AtMRP5 gene, respec-
tively (Krysan et al., 1996). This mutant was desig-
nated atmrp5-2 to indicate that it is different from the
AtMRP5 mutant resulting from T-DNA insertion that
was isolated by Gaedeke et al. (2001). The position of
the disrupting T-DNA in the AtMRP5 gene was de-
termined by sequencing PCR-amplified fragments.
Several lines of evidence described below suggest
that the mutant is homozygous for the T-DNA inser-
tion and carries a T-DNA insertion at a single inser-
tion locus. First, all PCRs with a combination of
primers specific for AtMRP5 and T-DNA that were
performed using genomic DNA isolated from >10
individuals of the offspring of the mutant plant re-
sulted in PCR products of the expected size (data not
shown). In contrast, all PCRs performed with the
AtMRP5 forward/reverse primer combination did
not yield fragment amplification. This is expected
because a single T-DNA element is approximately 14
kb in length, most insertions contain multimers of the
repeat unit, and the PCR conditions used in this
study did not allow for the formation of such large
products (Feldman, 1991). Second, on selective me-
dium, the F, generation of the AtMRP5-2/Ws-0 back-
cross segregated in a ratio of approximately 3:1 for
the kanamycin marker (resistant:sensitive = 78:28).
This result suggests that the T-DNA insertion is in-
herited in a Mendelian manner and indicates a single
T-DNA insertion in the AtMRP5 gene. Third,
Southern-blot analysis using the DNA isolated from
atmrp5-2, the progeny of atmrp5-2/Ws-0, and wild-
type plants indicated that a probe specific for T-DNA
left border sequences hybridized only in atmrp5-2
and the atmrp5-2/Ws-0 heterozygous plants (data not
shown). Thus, atmrp5-2 plants carry a single T-DNA
insertion in the AtMRP5 gene.

Southern-blot analyses of Arabidopsis DNA re-
vealed that AtMRP5 is encoded by a single gene (Fig.
3A). The AtMRP5 locus is localized on chromosome 1
(between cerl and axr1 [0846A marker]; bacterial ar-
tificial chromosome clone no. F20D22; GenBank/
EMBL accession no. Y11250). Southern blotting of
genomic DNA from both wild-type and atmrp5-2 mu-
tant plants using radiolabeled DNA corresponding to
the AtMRP5 coding region revealed a T-DNA inser-
tion within the first exon of the coding region (Fig.
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Figure 3. Analysis of the AtMRP5 gene in wild-type and atmrp5-2
plants and measurement of steady-state AtMRP5 transcript levels in
wild-type and atmrp5-2 plants. A, Southern-blot analysis of genomic
DNA from wild-type and atmrp5-2 mutant Arabidopsis digested with
EcoRl (lane E) or Hindlll (lane H) that was hybridized with radiola-
beled DNA corresponding to the AtMRP5 coding region. B, Restric-
tion map of the AtMRP5 genomic DNA of the atmrp5-2 mutant based
on Southern analysis (A) and the location of the T-DNA insertion in
the AtMRP5 gene. Boxes, Exons. T-DNA was inserted into the first
exon between the Hindlll and EcoRl sites. C, Steady-state levels of
AtMRP5 transcripts in wild-type plants and homozygous and het-
erozygous atmrp5-2 mutant plants.

3B). Sequence analysis revealed that the T-DNA in-
sertion site was 1,629 bp downstream of the start
codon. Northern blotting using the 3'-half of AtMRP5
cDNA (3.2 Kb) as a probe revealed no detectable
AtMRP5 mRNA in the atmrp5-2 mutant (Fig. 3C).
This suggests that the T-DNA insertional knockout
mutants cannot generate a functional stable tran-
script. With regard to the allele denoted as atmrp5-1
that was isolated by Gaedeke et al. (2001), who used
an early collection of 4,120 Feldmann’s T-DNA-
transformed lines (Forsthoefel et al., 1992), the
T-DNA insertion in the AtMRP5 locus of this mutant
occurred at position +1,471.

atmrp5-2 Plants Are Hypersensitive to Na™ But Not
Mannitol Stress

When we used a AtMRP5 2.4-kb promoter-GUS
fusion construct, we found that AtMRP5 is mainly
expressed in the roots (data not shown). This was
also shown previously by Gaedeke et al. (2001). Then,
we measured the root growth of wild-type and
atmrp5-2 seedlings by using a root-bending assay that
had been described previously by Zhu and col-
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leagues (Wu et al., 1996). Both atmrp5-2 mutant and
wild-type plants grew relatively well and appeared
healthy on control Murashige and Skoog (1X) me-
dium that lacked added NaCl (Fig. 4A, upper row).
With full-strength Murashige and Skoog medium
supplemented with 100 mm NaCl, atmrp5-2 growth
was substantially inhibited, in contrast to the essen-
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Figure 4. Salt stress sensitivity of wild-type and atmrp5-2 plants
grown on vertical plates. Root-bending assays were performed as
described in “Materials and Methods.” Four-day-old seedlings were
transferred from Murashige and Skoog medium (1X) to Murashige
and Skoog media containing 0.1 m NaCl or 0.2 M mannitol, and
seedlings were allowed to grow for 7 d. A, Root growth of wild-type
(left) and atmrp5-2 (right) plants in Murashige and Skoog medium
supplemented with 100 mm NaCl or 200 mm mannitol. B, Root
growth of wild-type plants and the atmrp5-1 and atmrp5-2 mutant
plants in Murashige and Skoog medium were supplemented with 100
mm NaCl. C, IG5, values showing the tolerance of wild-type and
atmrp5-2 plants to NaCl and mannitol. Black circle, Wild type; white
circle, atmrp5-2.
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tially normal growth of wild-type plants (Fig. 4A,
middle row). The inhibition of root growth by NaCl
stress occurred in a concentration-dependent man-
ner, with ICs, values of approximately 100 mm for
the wild-type and 40 mm for the atmrp5-2 mutant
(Fig. 4C). The atmrp5-2 seedlings were not signifi-
cantly hypersensitive to the osmotic stress caused by
mannitol, with an observed I5, value of approxi-
mately 200 mm for both wild-type and atmrp5-2 mu-
tant seedlings (Fig. 4, A, bottom row, and C). When
wild-type and atmrp5-2 seedlings were treated with
Murashige and Skoog supplemented with various
concentrations of Li" (a toxic cation closely related to
Na™), the atmrp5-2 mutant displayed hypersensitiv-
ity to Li" (data not shown). Interestingly, atmrp5-2
was not hypersensitive to stress because of Cs™ (also
a toxic cation related to Na™), unlike the wild-type
plant (data not shown). These observations collec-
tively indicate that the atmrp5-2 mutation does not
cause a defective osmotic stress response. Rather, the
defect is restricted to Na™ tolerance.

To confirm that atmrp5-2 is another allele of the
AtMRP5 locus, along with mrp5-1, we compared the
salt-hypersensitive phenotypes of atmrp5-1 (kindly
provided by Dr. Markus Klein, University of Zurich)
and atmrp5-2. As shown in Figure 4B, the seedlings of
both mutant plants displayed equivalent reduced
root growth in full-strength Murashige and Skoog
medium that had been supplemented with 100 mm
NaCl compared with their root growth in unaltered
Murashige and Skoog medium. In addition to this
salt-hypersensitive phenotype, we also observed that
the atmrp5-2 mutant showed reduced root growth of
modified 0.25X Murashige and Skoog medium. That
atmrp5-1 plants also show this phenotype has been
described previously (Gaedeke et al., 2001; data not
shown). These results demonstrate that atmrp5-2 is
the second allele of AtMRP5 locus. In addition, they
show that the salt-hypersensitive phenotype of
atmrp5-2 is because of the T-DNA disruption of At-
MRP5 gene, indicating that mutation of the AtMRP5
gene confers a salt-hypersensitive phenotype.

Glibenclamide Mimics the Effect of the Mutation in
AtMRP5 during Na™ Stress

To examine whether modulation of AtMRP5 func-
tion with a sulfonylurea compound mimics the effect
of the atmrp5-2 mutation during salt stress, wild-type
seedlings were treated with 10 um glibenclamide
during Na™ stress, and the root growth phenotypes
were compared with atmrp5-2. As shown in Figure 5,
wild-type seedlings displayed a decrease in root
length of approximately 25% in the presence of 100
mMm Na®, as was also shown previously (Fig. 4).
When wild-type seedlings were treated with 10 um
glibenclamide in conjunction with the same Na™
stress (100 mm), root growth was further reduced to
a considerable degree that was comparable with that
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Figure 5. Chemical phenocopying with glibenclamide of the effect
of the atmrp5-2 mutation during salt stress. Root-bending assays were
performed as described in “Materials and Methods.” A, Root growth
of wild-type and atmrp5-2 plants. a, Wild-type plants in Murashige
and Skoog medium. b. Wild-type plants in Murashige and Skoog
medium supplemented with 100 mm NaCl. ¢, atmrp5-2 plants in
Murashige and Skoog medium. d, atmrp5-2 plants in Murashige and
Skoog medium supplemented with 100 mm NaCl. e, Wild-type plants
in Murashige and Skoog medium supplemented with 100 mm NaCl
plus 10 um glibenclamide. F, Wild-type plants in Murashige and
Skoog medium supplemented with 100 mm NaCl plus 10 um glib-
enclamide and 100 um diazoxide. B, Quantitation of the root growth
of the wild-type and atmrp5-2 plants shown in A.
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observed in atmrp5-2 (Fig. 5, A and B). When the
wild-type seedlings were treated with 100 um dia-
zoxide (a well-known K" channel opener, KCO) in
addition to 10 um glibenclamide and Na™ stress,
there was a small but significant restoration of the
Na'- and glibenclamide-induced inhibition of root
growth (Fig. 5, A and B). In the presence of either
Na* plus glibenclamide or Na™ plus glibenclamide
plus KCO, atmrp5-2 did not display further inhibition
in root growth compared with that in Na™ alone.
These results suggest that of the 15 AtMRPs in Ara-
bidopsis, AtMRP5 may be responsible for the sensi-
tivity of wild-type root growth to glibenclamide and
diazoxide during salt stress.

AtMRP5 Is Involved in K* Uptake

We investigated whether atmrp5-2 is defective in
ion homeostasis. To determine the effect of the mu-
tation in the AtMRP5 gene on K™ absorption by the
roots, we performed *Rb™ tracer flux analyses on
roots obtained from plants grown in high and low
concentrations of external K™ (Murashige and Skoog
salts and modified Murashige and Skoog salts con-
taining 100 um K", respectively). When plants were
grown in media containing high external K" (Fig. 6,
black bars), **Rb* uptake rates of wild-type and
atmrp5-2 plants were almost identical and low com-
pared with those of seedlings grown in low K.
However, when plants were grown in media contain-
ing low external K" (Fig. 6, white bars), the atmrp5-2
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Figure 6. Radioactive tracer flux analysis of Rb™ uptake in atmrp5-2
and wild-type roots. Seedlings were grown in normal Murashige and
Skoog medium on vertical plates for 4 d, transferred to either normal
or modified Murashige and Skoog medium containing 100 um KCl
and allowed to grow for 3 d. #*Rb™ uptake assays were performed in
1/20-strength major Murashige and Skoog salts with normal amounts
of micronutrients supplemented with 100 pum KCl and 0.5 uCi mL™"
8Rb™. Black bars, seedlings grown in normal Murashige and Skoog
medium for 4 d, transferred to the same medium, and grown for 3 d.
White bars, Seedlings grown in normal Murashige and Skoog me-
dium for 4 d and transferred to modified Murashige and Skoog
medium with 100 um KCI and grown for 3 d.
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mutant displayed considerably lower **Rb* uptake
than its wild-type counterpart.

The K" and Na® contents of wild-type and
atmrp5-2 seedlings were measured after being grown
in the absence or presence of 100 mm NaCl for 7 d.
Although there was approximately 37% decrease in
K" content in atmrp5-2 seedlings in the absence of 100
mwM NaCl, atmrp5-2 seedlings treated with NaCl were
found to have even lower K™ than that of the wild
type, which is approximately 27% of that of the wild
type in the absence of NaCl (Table I). Na™ content in
atmrp5-2 seedlings treated with 100 mm NaCl was
dramatically higher than those in the wild type either
with or without NaCl treatment and atmrp5-2 with-
out NaCl treatment. The results indicate that salt
sensitivity of the atmrp5-2 mutant is correlated with
their cellular Na™ content.

The atmrp5-2 Plants Require Higher Concentrations of
External K* to Counteract Salt Stress

We directly tested the K sensitivity with respect
to salt stress response by growing plants over a range
of K" levels in the absence or presence of 100 mm
NaCl in the medium (Fig. 7). When we compared
growth of wild-type and atmrp5-2 plants by measur-
ing fresh weights, which is another valid parameter
for seedling growth (Spalding et al., 1999), in the
absence of NaCl stress, both plants displayed the
typical K*-dependent growth, although atmrp5-2
grew poorly on medium containing less than 100 um.
In the conditions used here, increasing K" increases
growth rate of wild-type seedlings, less so in the
mutant. The weaker dependence on K" of atmrp5-2
growth is consistent with its impaired K™ uptake.
NaCl (100 mm) impairs this K -dependent growth in
atmrp5-2 but not in the wild type, possibly account-
ing for the phenotypic differences in Figure 4.

DISCUSSION

AtMRP5 promoter-GUS studies have revealed that
strong AtMRP5 promoter activity is found in the
vascular tissues of cotyledons and leaves, including
in guard cells (Gaedeke et al., 2001). When we estab-
lished transgenic plants expressing a 2.4-kb AtMRP5
promoter-GUS fusion construct, we found strong
GUS expression in the elongation regions of the roots
and in the vascular bundles of the sepals but no
expression in other floral organs (data not shown).
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Figure 7. Effect of various extracellular concentrations of KCI on
growth of wild-type and atmrp5-2 plants. Seedlings were grown in
K*-free modified Murashige and Skoog medium supplemented with
indicated concentrations of external KCl in the absence or presence
of 100 mm NaCl for 9 d. Fresh weights were measured from 25
seedlings and the fresh weight of individual seedling was calculated.
Values are the averages of three independent experiments (bars = st
[n = 3]).

Interestingly, strong GUS expression was also noted
in the pollen (data not shown), which is consistent
with the observation that the major determinants of
pollen-specific gene expression, namely, cis-acting
AGAAA and TCCACCATA elements (Bate and
Twell, 1998), are located in the AtMRP5 promoter.
However, we did not detect any differences in pollen
germination and pollen tube growth between the
wild-type plants and the atmrp5-2 mutant using as-
says previously described by Mouline et al. (2002;
data not shown).

The subcellular localization of AtMRP5 in a plant
cell has not been determined yet. AtMRP5 seemed to
be localized in the vacuolar membrane (Gaedeke et
al., 2001). This would fit with the putative function of
AtMRP5 as an auxin-conjugate transporter, as has
also been postulated by Luschnig (2002). It was also
assumed that AtMRP5 was localized in the plasma
membrane of guard cells, and it was hypothesized
that AtMRP5 may thus act as an ion channel (Klein et
al., 2003), as does the mammalian CFTR (Schultz et
al., 1996; Akabas, 2000), or, alternatively, it acts as an
ion channel regulator, as has been suggested for SUR
in animal cells (Schmid-Antomarchi et al., 1987; Ba-
benko et al., 1998; Seino and Miki, 2003). This lack of
clarity about the localization of AtMRP5 argues the

Table I. K* and Na* contents in wild-type and atmrp5-2 seedlings treated with 0 or 100 mm NaCl

Data represent mean + SD (n = 3).

K* Content (% Decrease)

Na™ Content (% Increase)

Na™:K* Ratio (% Increase)

0 mm NaCl 100 mm NaCl 0 mm NaCl 100 mm NaCl 0 mm NaCl 100 mm NaCl
mg g dry wt'!
WT 55.2 = 2.1 38.0 £ 1.6 (—31.2%) 0.4 = 0.0 3.9 = 0.1 (+975%) 0.007 0.103 (+1471%)
atmrp5-2 34.7 £ 0.4 14.8 £ 0.2 (—57.4%) 0.3 0.0 13.7 £ 0.2 (+4566%) 0.008 0.922 (+11525%)
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need for careful and extensive localization studies
because this information will help determine the role
AtMRPS5 plays in plant cells.

In mammalian cells, the response of K,rp channel
subtypes to sulfonylurea correlates well with the af-
finity of binding and labeling of receptors. For exam-
ple, channels reconstituted with SUR1 exhibit ICj,
values in the nanomolar range for channel inhibition
by glibenclamide, whereas the SUR2A channels typ-
ically require a 100-fold higher concentration to reach
the same effect (Inagaki et al., 1995, 1996). Biochem-
ical data show that SUR1 binds glibenclamide with a
K4 of approximately 1 nm, whereas SUR2A has a Ky
value near 1.2 um (Inagaki et al., 1995, 1996). We
found that AtMRP5 expressed in HEK293 cells spe-
cifically binds [°H]glibenclamide (Fig. 4). The mean
K4 for binding to whole cells was 7.2 = 1.3 nm (n =
3; Fig. 4B), which is comparable with that observed
for native B-cells (range of 0.3-7 nm; Ashcroft and
Ashcroft, 1992; Ammali et al., 1996). This high affin-
ity of AtMRP5 for glibenclamide suggests that At-
MRP5 may represent an SUR1 subtype-like protein in
Arabidopsis. At present, it cannot be excluded that
other AtMRPs can also bind to glibenclamide with
similar affinity when expressed in a heterologous
system.

The mrp5-1 mutant was shown to be impaired in
the glibenclamide sensitivity of its stomatal move-
ments (Gaedeke et al., 2001). It was also insensitive to
several, although not all, modulators such as abscisic
acid, Ca®", and auxin (Klein et al., 2003). As a con-
sequence, Martinoia and colleagues (Gaedeke et al.,
2001; Klein et al., 2003) have discussed extensively
the possibility that AtMRP5 acts as an ion channel or
an ion channel regulator in signaling pathways that
involve stomatal movement. Given this debate, addi-
tional evidence that supports the notion that AtMRP5
serves as an ion channel or an ion channel regulator
would be useful.

In the present study, we found evidence that At-
MRPS5 is involved in K* uptake and salt stress toler-
ance. Particularly revealing was the observation that
the root growth of wild-type plants grown in NaCl
plus glibenclamide was inhibited to a similar extent
as the root growth of the atmrp5-2 mutant grown in
the presence of NaCl alone. We speculate that the
AtMRP5 protein on the root cell surface acts as a
glibenclamide receptor and that the binding of glib-
enclamide to this receptor results in its conforma-
tional change, which affects the downstream signal-
ing pathway. This would explain why the effect of
glibenclamide treatment on wild-type plants grown
in high-salt concentrations can be mimicked by the
atmrp5-2 mutation because this mutation removes the
putative target of the drug. Supporting this notion is
that when atmrp5-2 plants were grown in high-salt
concentrations plus glibenclamide, further inhibition
of root growth relative to that of atmrp5-2 plants
grown in NaCl alone was not observed. These obser-
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vations suggest that AtMRP5, of the 15 different
AtMRP genes in the Arabidopsis genome (Sénchez-
Fernandez et al., 2001), may be responsible for most
of the glibenclamide-sensitive inhibition of root
growth under NaCl stress.

Observations suggest the following model of the
involvement of AtMRP5 in K* uptake: The mutation
in the AtMRP5 gene causes a defect in the K* in-
wardly rectiijing current (which has been shown to
follow the K™ equilibrium potential in animal cells),
which results in a membrane potential setting that is
insufficient for K™ uptake. It will be interesting to test
if there is any change in the resting membrane po-
tential in response to low extracellular K" or to NaCl
stress in the root cells of atmrp5-2 plants compared
with that of wild-type plants.

The phenotypic characterization of the atmrp5-2
mutant using various concentrations of K* and salts
in the growth medium showed that this mutant is
strikingly similar to sos mutants in many aspects.
First, the atmrp5-2 mutant grows poorly on modified
Murashige and Skoog medium containing less than
100 um K™ (Fig. 7). Similar growth phenotypes were
observed with sos1, s0s2,and sos3 (Liu and Zhu, 1997,
1998). Second, experiments using **Rb* demon-
strated that atmrp5-2 seedlings have a reduced capac-
ity for K" uptake (Fig. 6). Similar reduced K" uptake
was observed in sosI, although not in the sos2 and
sos3 mutants (Ding and Zhu, 1997). Third, the steady-
state levels of the AtMRP5 and SOSI transcripts are
up-regulated by NaCl stress (data not shown; Shi et
al., 2000). Fourth, atmrp5-2 seedlings treated with
NaCl had decreased K* and increased Na™ contents
(Table I), as s0s3-1 seedlings did (Zhu et al., 1998).
These similarities suggest that AtMRP5 functions in
the same or similar processes that are regulated by
50681, SOS2, and SOS3 during salinity stress. Thus, it
will be interesting to test whether there are any ge-
netic or biochemical interactions between SOS1, 2, or
3 and AtMRP5 in the salt stress response.

MATERIALS AND METHODS
Plant Growth Conditions and the Root-Bending Assay

Wild-type (Wassilewskija ecotype) and atmrp5-2 mutant seeds were sur-
face sterilized and grown on agar medium containing Murashige and Skoog
salts (Murashige and Skoog, 1962) with 1% (w/v) Suc and 1% (w/v) agar
(pH 5.7). The Murashige and Skoog medium was composed of 1,650 mg L ™!
NH,NO;, 1,900 mg L~ ! KNO,, 180.54 mg L' MgSO,, 170 mg L' KH,PO,,
332 mg L' CaCl,, 36.7 mg L' FeNaEDTA, 0.83 mg L~ KI, 6.2 mg L™
H;BO,, 16.9 mg L~ ! MnSO,H,0, 8.6 mg L™! ZnSO,7H,0, 0.25 mg L'
Na,Mo,2H,0, 0.025 mg L' CuSO,-5H,0, and 0.025 mg L~* CoSO,-6H,0.
The modified Murashige and Skoog medium that is free of potassium
contains the same ingredients except that KNO;, K,HPO,, and KI were
omitted, and 165 mg L' (NH,),HPO, was added. Different concentrations
of potassium were supplemented by adding KCI. For salt and drug treat-
ments, Murashige and Skoog media were supplemented with various con-
centrations of NaCl, LiCl, mannitol, glibenclamide, and/or diazoxide. Glib-
enclamide and diazoxide were first dissolved in dimethyl sulfoxide. The
final concentration of dimethyl sulfoxide in the incubation solution never
exceeded 0.1% (w/v) in these experiments and had no effect on root growth.
After 48 h at 4°C to synchronize germination, plates were placed vertically
in a growth chamber set to deliver 16 h of light and 8 h of dark at 22°C.
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To measure root growth, the root-bending assay was used as described
previously by Wu et al. (1996). In brief, 4-d-old seedlings grown in full-
strength Murashige and Skoog medium in vertical plates were transferred to
Murashige and Skoog agar plates supplemented with various salts or drugs.
Treatment plates were placed vertically with seedlings in the upright posi-
tion. After 7 d, images were captured, and root length was measured using
image analysis software (Scion Image 4.02, Scion Corp., Frederick, MD).
Three replicates of five seedlings were grown with each treatment.

Expression of Full-Length AtMRP5 cDNA and AtMRP5:
GFP Fusion Protein in Cultured HEK293 Cells

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% (w/v) fetal bovine serum, 100 international units
mL ™" penicillin, and 200 international units mL~" streptomycin at 37°C in
humidified 5% (v/v) CO,. Cells were transiently transfected using Lipo-
fectAMINE Reagent (Invitrogen, Carlsbad, CA) and mixed in serum-free
medium with an expression vector (pcDNA3.1, Invitrogen, Carlsbad, CA)
containing AtMRP5 ¢cDNA. Transfection was carried out according to the
manufacturer’s instructions. Mock-transfected cells received no DNA but
were otherwise treated identically. The transfection efficiency was assessed
by using a B-galactosidase assay. Cells were allowed to express the trans-
fected DNA for 48 h at 30°C or 37°C and were subsequently used in binding
studies and fluorescence image analyses.

The AtMRP5 cDNA fragments used to construct a GFP chimera were
subcloned into the pEGFP-N1 (CLONTECH Laboratories, Palo Alto, CA)
vector. Enhanced GFP was attached to the carboxyl terminus of AtMRP5
using standard recombinant techniques. In brief, oligonucleotide primers
were synthesized that would allow the complete amplification of the coding
regions of AtMRP5, and a PCR was performed using the wild-type sequence
as the template. The final PCR product was subcloned into the pEGFP-N1
vector so that AtMRP5 was in-frame with GFP, and a three-amino acid
linker region was inserted between the C terminus of AtMRP5 and the
coding region of GFP. The construct was fully sequenced before it was
expressed and used for analysis.

For GFP fluorescence image analyses, cells were grown on glass cover-
slips and mounted on the imaging chamber. Cells on glass coverslips were
washed with phosphate-buffered saline (PBS) and fixed for 20 min at room
temperature with 4% (w/v) paraformaldehyde and 5% (w/v) sucrose in PBS
(pH 7.2). After a single wash with PBS, coverslips were mounted on micro-
scope slides with 40% (w/v) glycerol in PBS. The distribution of the
AtMRP5-GFP chimeric protein was investigated by fluorescence microscopy
using an Axioplan microscope (Carl Zeiss, Jena, Germany).

For immunoblot analyses of the AtMRP5:GFP chimeric protein, extracts
from cells grown at 30°C or 37°C were prepared in SDS-PAGE Laemmli
sample buffer by cell lysis using a 23-gauge syringe. Protein (50 ug) was
electrophoresed on a 6% (w/v) SDS-polyacrylamide gel and electroeluted
onto PVDF Immobilon filters (Millipore Corporation, Bedford, MA). After
staining with 0.05% (w/v) Ponceau S, the filters were blocked for 1 h in
phosphate-buffered saline plus Tween 20 (PBST) containing 5% (w/v) non-
fat milk, probed with Living color peptide A.v. antibody (1:100 dilution;
CLONTECH Laboratories) at room temperature for 1 h, then washed with
PBST and incubated with donkey anti-rabbit IgG-horseradish peroxidase
(1:2,000 dilution) at room temperature for 1 h. Next, the filters were washed
four times with PBST, and antibody binding was visualized with an en-
hanced chemiluminescence kit (ECL System, Amersham Biosciences, Pisca-
taway, NJ).

Measurement of Sulfonylurea-Binding Activity of
AtMRP5 Using an Equilibrium Competition Experiment

The specific binding of the sulfonylurea drug glibenclamide to HEK293
cells expressing AtMRP5 was measured as described by Ammaéla et al.
(1996). In brief, transiently transfected HEK293 cells were harvested 48 h
after transfection at approximately 80% confluence. The cells were sus-
pended by rinsing with HEPES-Krebs buffer containing 119 mm NaCl, 4.75
mwm KCl, 5 mm NaHCO;, 2.54 mm CaCl,, 1.2 mm MgSO,, 1.2 mm KH,PO,,
and 20 mm HEPES (pH 7.4 with NaOH) at room temperature. After centri-
fuging twice at 500 for 5 min, the cells were resuspended in HEPES-Krebs
buffer. Next, the cells were incubated for 1 h at room temperature with 10
nM [*H]glibenclamide (New England Nuclear Corporation, Boston, MA) at
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a density of 2 X 10° cells per assay in 0.5 mL of HEPES-Krebs buffer in the
presence of 1 um unlabeled glibenclamide. In homologous competition
assays, various concentrations of unlabeled glibenclamide were used.
Bound radioactivity was separated from free radioactive material by rapid
filtration under a vacuum over GF/B filters (Whatman, Inc., Clifton, NJ)
soaked in HEPES-Krebs buffer. Filters were washed five times with 5 mL of
the same buffer at 4°C and counted for *H in the presence of 3 mL of
scintillation fluid (Ready Safe, Beckman Instruments, Inc., Chantilly, VA).
Specific binding was determined by subtracting the nonspecific binding
measured in the presence of 1 um unlabeled glibenclamide.

Isolation of a T-DNA-Tagged Plant with a Disrupted
AtMRP5 Gene

A T-DNA mutagenized population of Arabidopsis was screened for
plants that contain an insertional mutation in the AtMRP5 gene by using the
PCR-based reverse genetic method of Krysan et al. (1996). In brief, seeds of
T-DNA insertion mutant pools (provided by the Arabidopsis Biological
Resource Center; consists of 12,940 independent lines in total, of which 6,500
are in pools of 100 lines [65 pools] and 6,440 are in pools of 20 lines [322 pools])
were grown, and genomic DNA from each pool was extracted. The AtMRP5-
specific primers employed were 5'-ctctcgaggcttctagattgttacatcatctecttaa-3
(forward) and 5'-ctctcgaggataaacatgaaaaccaaagaaactaact-3' (reverse). Using
the AtMRP5-specific forward primer and a T-DNA left border primer (5'-
gatgcactcgaaatcagecaattttagac-3'), one positive line was detected. The corre-
sponding plant was selected, and the position of the disrupting T-DNA in the
AtMRP5 gene was determined by sequencing PCR-amplified fragments. To
ensure that the physiological features observed in the plant carrying the
T-DNA are genetically linked to the AtMRP5 disruption, the plants that were
homozygous for the disruption were backcrossed with the Wassilewskija
ecotype, and further studies were performed on the F, progeny that are
homozygous for the disruption.

Potassium Uptake Assays Using **Rb* as a
Radioactive Tracer

To measure potassium uptake using ®*Rb™ as a tracer, we used the
method of Wu et al. (1996), with slight modifications. In brief, 4-d-old
seedlings from vertical Murashige and Skoog agar plates were transferred to
vertical agar plates containing either normal Murashige and Skoog salt or
modified Murashige and Skoog salt with 100 um potassium. After 3 d, 40
seedlings were collected, rinsed briefly in solution A as described below,
and added to 5 mL of solution A supplemented with 100 um KCl and 0.5 uCi
mL~!%Rb* (New England Nuclear). The uptake assay was performed for 60
min at room temperature under a white fluorescent light. After the comple-
tion of uptake, seedlings were rinsed twice (15 s each) in 15 mL of ice-cold
solution A plus 3 mm CaCl,. The seedlings were then blotted dry on filter
paper, weighed, and the radioactivity was measured by detection of Ceren-
kov radiation. Solution A consists of potassium-free 1/20-strength Murashige
and Skoog major salts with the normal amounts of minor nutrients. The
solution was composed of 82.5 mg L™ * NH,NO;, 22 mg L™* CaCl,2H,0, 18.5
mg L™ MgSO,7H,0, 7.2 mg L' NH,H,PO,, 1.39 mg L' FeSO,7H,0, 1.865
mg L™ ! disodium EDTA, 0.7495 mg L' Nal, 6.3 mg L' H;BO;, 169 mg L ™!
MnSO4H,0, 8.6 mg L~! ZnSO,7H,0, 0.25 mg L' Na,Mo,2H,0, 0.0016 mg
L' CuSO,.5H,0, and 0.0267 mg L' CoSO,.6H,O (pH 5.7).

Determination of Ion Contents

Plants were cultured in liquid 1X Murashige and Skoog medium (pH 5.6)
containing 100 mm NaCl or not, with shaking at 120 rpm for 7 d for whole
seedling collection. Plants in hydroponic culture were grown in a growth
chamber with a 16-h-light/8-h-dark (22°C) cycle at 75% relative humidity.
Plant materials were collected, briefly rinsed three times with deionized
water, and dried in a 80°C oven for at least 2 d and weighed. The samples
were digested with concentrated HNO; overnight followed by boiling for
approximately 1 h until the solution became completely clear. The K* and
Na™ contents in the solution were determined by atomic absorption spec-
trophotometer (model 3200A, Analab, Seoul).
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