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Members of class II of the HKT transporters, which have thus far only been isolated from grasses, were found to mediate
Na*-K" cotransport and at high Na" concentrations preferred Na*-selective transport, depending on the ionic conditions. But
the physiological functions of this K*-transporting class II of HKT transporters remain unknown in plants, with the exception
of the unique class II Na* transporter OsHKT2;1. The genetically tractable rice (Oryza sativa; background Nipponbare)
possesses two predicted K*-transporting class II HKT transporter genes, OsHKT2;3 and OsHKT2;4. In this study, we have
characterized the ion selectivity of the class II rice HKT transporter OsHKT2;4 in yeast and Xenopus laevis oocytes. OsHKT2;4
rescued the growth defect of a K" uptake-deficient yeast mutant. Green fluorescent protein-OsHKT2;4 is targeted to the plasma
membrane in transgenic plant cells. OsHKT2;4-expressing oocytes exhibited strong K" permeability. Interestingly, however,
K" influx in OsHKT2;4-expressing oocytes did not require stimulation by extracellular Na*, in contrast to other class II HKT
transporters. Furthermore, OsHKT2;4-mediated currents exhibited permeabilities to both Mg2+ and Ca”" in the absence of
competing K* ions. Comparative analyses of Ca®* and Mg** permeabilities in several HKT transporters, including Arabidopsis
thaliana HKT1;1 (AtHKT1;1), Triticum aestivum HKT2;1 (TaHKT2;1), OsHKT2;1, OsHKT2;2, and OsHKT2;4, revealed that only
OsHKT2;4 and to a lesser degree TaHKT2;1 mediate Mg** transport. Interestingly, cation competition analyses demonstrate
that the selectivity of both of these class Il HKT transporters for K* is dominant over divalent cations, suggesting that Mg®* and

Ca’* transport via OsHKT2;4 may be small and would depend on competing K* concentrations in plants.

K" homeostasis is vital for the growth and develop-
ment of glycophytic plants. K" and Na* are chemically
similar and are generally present at similar concentra-
tions in nonsaline soils. However, high concentrations
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of Na* over 100 mm can occur in arid/semiarid envi-
ronments and irrigated soils. Glycophytic plants se-
lectively accumulate far more K" than Na® in the
cytoplasm when the proportion of the two ions in the
environment is similar (Flowers and Lauchli, 1983). K*
taken up by roots is distributed to leaves. K" ions have
diverse indispensable functions in plant cells, includ-
ing osmoregulation, cell expansion, enzyme activa-
tion, protein synthesis, membrane polarization, and
photosynthesis (Glass, 1983; Schroeder et al., 1994;
Véry and Sentenac, 2003; Gierth et al., 2005). K*
deficiency causes several deleterious effects, including
a decrease in cytosolic pH (Walker et al., 1996, 1998),
resulting in substantial reductions in growth accom-
panied by damage to mature leaves and the death of
meristems (Flowers and Lauchli, 1983; Gierth and
Maser, 2007).

Multiple K" transport pathways across membranes
contribute to the uptake and distribution of K" in
plants, and many genes encoding channels and trans-
porters that are permeable to K have been identified
in plants (Schroeder et al., 1994; Kwak et al., 2001;
Lacombe et al., 2001; Véry and Sentenac, 2003; Gierth
and Maser, 2007; Lebaudy et al., 2007; Ward et al., 2009).

Plant Physiology®, July 2011, Vol. 156, pp. 1493-1507, www.plantphysiol.org © 2011 American Society of Plant Biologists 1493



Horie et al.

The identified K" channels/transporters are classified
at present into six families (Lebaudy et al., 2007; Ward
et al., 2009).

Plant HKT (for high-affinity K" transporter) trans-
porters have mainly been characterized as monovalent
cation transporters. The first characterized HKT trans-
porter, TaHKT2;1 (Schachtman and Schroeder, 1994)
from wheat (Triticum aestivum), was found to mediate
Na*-coupled K" transport and Na" transport at high
Na® concentrations that occur under salinity stress
conditions (Rubio et al., 1995; Gassmann et al., 1996).
These findings suggested that other high-affinity K"
uptake transporters must exist in roots, which were
then identified as the KT/KUP/HAK transporter class
(Quintero and Blatt, 1997; Santa-Maria et al., 1997; Fu
and Luan, 1998; Kim et al., 1998; Gierth et al., 2005; Pyo
et al., 2010). HKT transporters identified from many
different plant species to date can be divided into two
subgroups, class I and class II, based on phylogenetic
analyses (Maser et al., 2002b; Platten et al., 2006; Horie
et al., 2009; Hauser and Horie, 2010) and largely cor-
relating cation transport properties (Uozumi et al., 2000;
Horie et al., 2001; Maser et al., 2002b; Garciadeblas et al.,
2003; Yao et al., 2010).

Class I HKT transporters, including AtHKT1;1 from
Arabidopsis (Arabidopsis thaliana), show a more Na*-
selective transport activity (Uozumi et al., 2000; Horie
et al., 2001, 2009; Maser et al., 2002b; Ren et al., 2005;
Hauser and Horie, 2010). In contrast, class II HKT
transporters including TaHKT2;1 show robust K" per-
meability. In recent years, most attention has focused
on the Na'-transporting HKT transporter properties
and functions due to (1) their unique Na* channel-like
transport properties (Rubio et al., 1995; Gassmann
et al., 1996; Liu et al., 2000; Horie et al., 2001; Ren et al.,
2005; Corratgé et al., 2007; Jabnoune et al., 2009); (2) the
presence of class I HKT transporters with large Na*
permeabilities (Uozumi et al., 2000; Horie et al., 2001;
Jabnoune et al., 2009; Yao et al., 2010); and (3) the central
relevance of class I HKT Na® transporters for medi-
ating salinity resistance in plants (Méser et al., 2002a;
Berthomieu et al., 2003; Ren et al., 2005; Sunarpi et al.,
2005; Horie et al., 2006, 2009; Huang et al., 2006; Byrt
et al., 2007; Davenport et al., 2007; Mgller et al., 2009).

HKT transporters have been proposed to include
four selectivity filter-pore-forming (“P-loop”) do-
mains, each sandwiched by two transmembrane do-
mains, which are distantly homologous to the bacterial
K" channel KcsA (Durell and Guy, 1999; Durell et al.,
1999; Maiser et al., 2002b). Furthermore, a Gly residue
at the selectivity filter position in each P-loop, which
corresponds to the first Gly of the “GYG motif” that is
highly conserved among K" channels (Uozumi et al.,
1995; Doyle et al., 1998), was found in HKT trans-
porters (Durell and Guy, 1999; Miser et al., 2002b;
Hauser and Horie, 2010; Cao et al., 2011). Class I HKT
transporters, however, were found to have a Ser res-
idue instead of this Gly residue at the filter position of
the first P-loop region, in contrast to class II HKT
transporters retaining all four Gly residues at the four
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filter positions (Hauser and Horie, 2010). OsHKT2;1
from rice (Oryza sativa) is a unique class II transporter
that exhibits features of class I transporters such as
conservation of this Ser residue at the filter position of
the first P-loop and poor K" permeability (Horie et al.,
2001, 2007; Maser et al., 2002b; Garciadeblas et al.,
2003; Yao et al., 2010). Note that a nonselective alkali
cation permeability and K* permeability of OsHKT2;1
was characterized using Xenopus laevis oocytes in other
research (Golldack et al., 2002). Biophysical transport
analyses using X. laevis oocytes and yeast, expressing
chimeric fusions and point-mutated DNA constructs
of the class I and class II HKT transporters TaHKT2;1,
AtHKT1;1, OsHKT2;1, and OsHKT2;2, demonstrated
the contribution of the Gly residues in the four P-loops
to the K" permeability of class II HKT transporters
(Maéser et al., 2002b; Tholema et al., 2005).

Whereas important Na'-transporting functions of
HKT transporters with a Ser residue in the first P-loop
have been identified in planta (Mdser et al., 2002a;
Berthomieu et al., 2003; Sunarpi et al., 2005; Horie
et al., 2006, 2007; Moller et al., 2009), the in planta
functions of the four Gly-containing class II HKT
transporters remain unknown. Multiple HKT genes
were found in the japonica rice cultivar Nipponbare
(Garciadeblas et al., 2003). Seven full-length OsHKT
transporter genes were identified, consisting of four
class I transporters and three class II transporters,
including OsHKT2;1 (Horie et al., 2001; Garciadeblas
et al., 2003; Platten et al.,, 2006). OsHKT2;3 and
OsHKT2;4 are the most closely related among all ana-
lyzed HKT transporters and share approximately 93%
identity at the amino acid sequence level. OsHKT2;3
and OsHKT2;4 are the only class II transporters that
conserve Gly residues at the four P-loop filter positions
in Nipponbare. An additional OsHKT2;2 gene encod-
ing a K™-permeable class II transporter was isolated
from a salt-tolerant indica cultivar, Pokkali (Horie
et al,, 2001), and expression in plant cells exhibited
Na“-coupled K" transport (Yao et al., 2010), confirming
previous cation selectivity studies in yeast and Xen-
opus oocytes (Horie et al., 2001). OsHKT2;2 is a non-
full-length pseudogene in Nipponbare (Garciadeblas
et al., 2003). Thus, OsHKT2;3 and OsHKT2;4 pro-
vide the only class II HKT transporters in the ge-
netically tractable Nipponbare rice background.
However, first their cation selectivity properties need
to be analyzed.

In this study, we have analyzed the ion selectivity of
OsHKT?2;4 using yeast and X. laevis oocytes. We show
that OsHKT2;4 is targeted to the plasma membrane in
transgenic plant cells and that OsHKT2;4 exhibits a
robust K" permeability in both expression systems.
Interestingly, however, OsHKT2;4 did not show Na*-
coupled K" transport, unlike other class I HKT trans-
porters, and OsHKT2;4-mediated K* transport is
shown here to be Na® independent. Moreover,
OsHKT2;4 exhibits a smaller Na* conductance com-
pared with TaHKT2;1 and the other HKT transporters
analyzed in this study. OsHKT2;4 expressed in X. laevis
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oocytes has recently been found to exhibit permeability
to a wide range of cations, including divalent cations
such as Ca** and Mg** (Lan et al., 2010). Here, indepen-
dent analysis of Ca®* and Mg** permeabilities among five
plant HKTs, AtHKT1;1, TaHKT2;1, OsHKT2;1, OsHKT?2;2,
and OsHKT2/4, in X. laevis oocytes reveals that TaHKT2;1
shows a small Mg** permeability. In contrast, OsHKT2;4
exhibits permeability for both Mg** and Ca*". Com-
petition experiments, however, show that both
OsHKT2;4 and TaHKT2;1 exhibit stronger selectivity
for the monovalent cation K*, which outcompetes
Ca** and Mg”* transport.

RESULTS

Functional Expression of OsHKT2;3 and OsHKT2;4
in Yeast

The OsHKT2;3 and OsHKT2;4 transporters retain
the four selectivity filter Gly residues typical of class II
HKT transporters (Schachtman and Schroeder, 1994;
Garciadeblas et al., 2003; Horie et al., 2009; Hauser and
Horie, 2010). Therefore, we expressed OsHKT2;3 and
OsHKT2;4 in a high-affinity K" uptake-deficient mu-
tant of yeast strain CY162 (Anderson et al., 1992) and
performed growth analyses under K™-limited condi-
tions. All transformants showed no remarkable differ-
ence in their growth when K" was supplied at a high
10 mm concentration (Fig. 1A). However, only the
expression of OsHKT2;4 and OsHKT2;2 could rescue
the growth defect of the mutant in the presence of 0.1
mwm KCl1 (Fig. 1B). OsHKT2;3, which shows about 93%
identity to OsHKT2;4 at the amino acid sequence level,
did not complement the mutations (Fig. 1B).

The TaHKT2;1 transporter from wheat has been
shown to exhibit low-affinity Na* transport with Na*
channel-like transport properties in the presence of
high Na" concentrations in yeast (Rubio et al., 1995, 1999;
Gassmann et al., 1996), and similar Na" transport prop-
erties were found for OsHKT2;1 and OsHKT?2;2 (Horie
etal., 2001; Yao et al., 2010). Therefore, we next expressed
OsHKT proteins in a Na'-hypersensitive mutant yeast
strain, G19 (Quintero et al., 1996). Increasing the con-
centration of NaCl in the growth medium caused severe
growth defects in OsHKT2;1-expressing cells compared
with vector-harboring control cells, as reported previ-
ously (Horie et al., 2001; Fig. 2). In comparison, G19 cells
expressing the K'™-permeable transporters OsHKT2;2
and OsHKT2;4 were able to grow on medium con-
taining 200 mm NaCl, although OsHKT2;2-expressing
cells exhibit remarkably greater sensitivity to NaCl stress.
In contrast, control cells no longer survived (Fig. 2D).
OsHKT2;3-harboring cells exhibited very similar Na*
sensitivity to control cells (Fig. 2).

Monovalent Alkali Cation Selectivity of OsHKT2;4 in
X. laevis Oocytes

To investigate ion selectivity properties of class 1I
HKT transporters, two-electrode voltage clamp exper-
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Figure 1. OsHKT2;4 complements the high-affinity K" uptake-deficient
mutant S. cerevisiae strain CY162. CY162 cells were transformed with
the empty vector pYES2 and members of the rice HKT family,
OsHKT2;1, OsHKT2;2, OsHKT2;3, and OsHKT2;4. Growth was mon-
itored on AP medium. A, Growth of each CY162 transformant on AP
medium supplemented with 10 mm KCl, incubated at 30°C for 2 d. B,
Growth of each CY162 transformant on AP medium supplemented with
0.1 mm KCl, incubated at 30°C for 4 d. Three independent clones were
tested for every condition with similar results. [See online article for
color version of this figure.]

iments using X. Iaevis oocytes were performed.
OsHKT2;3- and OsHKT2;4-dependent currents were
recorded by exposing each OsHKT2 complementary
RNA (cRNA)-injected oocyte to bath solutions supple-
mented with 10 mwm alkali cation salts. Control water-
injected oocytes showed small background currents
(Fig. 3A). In the case of OsHKT2;3 cRNA-injected oo-
cytes, none of the alkali cations evoked significant cur-
rents that differed from water-injected control oocytes
(data not shown). In contrast, however, OsHKT2;4
cRNA-injected oocytes showed large currents for
every alkali cation tested (Fig. 3A; Supplemental Fig.
S1). OsHKT2;4-mediated currents shared an inward
rectification for all cations tested (Fig. 3A; Supple-
mental Fig. S1). Among the five alkali cations, K"
showed the most positive reversal potential, followed
by Rb" =~ Cs™ and Na® = Li*, suggesting a higher
relative K" permeability compared with other alkali
cations (Fig. 3A). Given that HKT transporters exhibit
characteristic Na* uniport activity at high Na* concen-
trations, amplitudes of OsHKT2;4-mediated inward
currents were compared with those of OsHKT2;1 and
OsHKT2;2 at voltages of less than —150 mV, recorded
with 10 mm NaCl in the bath solution. The results
revealed substantial differences in current magnitudes
in response to 10 mm NaCl between OsHKT2;4 and the
other two class I OsHKT transporters (Fig. 3B).
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Figure 2. OsHKT2;4 reduces salt sensitivity in growth inhibition tests
using the Na*-hypersensitive mutant strain of S. cerevisiae, G19, in
which all four ENA genes encoding Na* and Li* efflux P-type ATPases
were deleted (MATa, his3, ura3, trp1, ade2, and enal::HIS3::enad).
G19 yeast cells were transformed with the empty vector pYES2 and the
indicated OsHKT transporters. Growth was monitored on AP medium.
Growth of each G19 transformant on AP medium was supplemented
with 1T mm KCl and 50 mm NaCl (A), 100 mm NaCl (B), 150 mm NaCl
(C), or 200 mm NaCl (D). Expression of the K uptake-mediating
OsHKT2;4 (Fig. 1) and OsHKT2;2 transporters reduced salt sensitivity.
As expected, the Na* influx transporter OsHKT2;1 enhanced Na*
sensitivity under all conditions. G19 cells were grown at 30°C for 10
d. Three independent clones were tested for every condition with
similar results. [See online article for color version of this figure.]

The class I HKT transporters with four Gly residues
in their selectivity filter domains characterized to date
show Na'-K" cotransport (Rubio et al., 1995; Yao et al.,
2010). We thus analyzed the combined effects of Na*
and K" on OsHKT2;4-expressing oocytes to determine
whether OsHKT2;4 can mediate similar Na*-K* co-
transport. In the first type of experiments, OsHKT2;4-
mediated currents were recorded in bath solutions
where Na* was set to 0.3 mm and the K* concentration
was increased from 0.3 to 10 mm. The current-voltage
relationships of OsHKT2;4-expressing oocytes re-
vealed significant positive shifts in the reversal po-
tential and increases in inward currents as the K*
concentration of the bath solution was increased (Fig.
4A), exhibiting a clear K* permeability. In contrast, the
current-voltage relationship of OsHKT2;4-expressing
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oocytes bathed with constant 0.3 mm K* with increas-
ing Na* concentrations exhibited only slight positive
reversal potential shifts, such that increases in the
extracellular Na* concentration from 0.3 to 3.0 mm and
10 mMm led to approximately +9- and +5-mV reversal
potential shifts, respectively, in comparison with 0.3
mu extracellular Na* (Fig. 4B). The transport proper-
ties of OsHKT2;4 showed marked differences from
other class II plant HKT transporters characterized
thus far, which showed much larger and increasing
positive shifts in the reversal potential upon increasing
extracellular Na* concentrations (Rubio et al., 1995;
Gassmann et al., 1996; Liu et al., 2000; Horie et al., 2001;
Yao et al., 2010).

Serial dilutions showed K*-dependent growth com-
plementation of yeast expressing either OsHKT2;2 or
OsHKT2;4 in the absence of Na" stress (Fig. 5, top left).
The difference in K*/Na" selectivities of K™-transporting
OsHKT?2 transporters was further evaluated using
CY162 cells. OsHKT2;4-expressing cells exhibited
less sensitivity to high concentrations of NaCl com-
pared with OsHKT2;2-expressing cells in the presence
of 0.1 mm KCl (Fig. 5A). A 10-fold increase in the K*
concentration in the medium remarkably strength-
ened the growth of OsHKT2;4-expressing cells under
high NaCl concentrations, in contrast to OsHKT2;2-
expressing cells (Fig. 5B).

We further analyzed OsHKT2;4-mediated K* cur-
rents by exposing OsHKT2;4-expressing oocytes to
increasing extracellular K" concentrations with no
added extracellular Na'. Increasing the K" concentra-
tion from 0.3 to 10 mm resulted in significant positive
shifts in the reversal potential (Fig. 6). Reversal poten-
tials shifted by approximately +18 mV when the
extracellular K* concentration was increased from 0.3
to 3 mwm (Fig. 6). These data provide clear evidence that
OsHKT?2;4 transports K" and is not an obligate Na"-K*
cotransporter.

To predict an approximate apparent affinity of
OsHKT2;4 for K, complementation tests using
CY162 cells were performed. OsHKT2;4-expressing
cells were able to grow in the presence of more than 25
uM K* (Fig. 7A). However, the growth of OsHKT2;4-
expressing cells was weaker than that of OsHKT2;2-
expressing cells, particularly when extracellular K*
concentrations were lower than 50 um (Fig. 7A). On
the other hand, OsHKT2;4-expressing cells showed
more robust growth than OsHKT2;2-expressing cells
at 1 mm K" (Fig. 7A). The growth of OsHKT2;4-
expressing cells in liquid arginine phosphate (AP)
medium supplemented with 25, 50, 75, 100, 250, 500, or
1,000 um K* was monitored by measuring optical
density at 600 nm (ODy). Regression analyses were
performed for OsHKT2;4-expressing cells at the loga-
rithmic growth phase. Resultant slope values were
plotted (Fig. 7B). Michaelis-Menten analysis approxi-
mated an apparent affinity for OsHKT2;4-mediated
K* influx of about 300 um (* = approximately 0.875).
We analyzed the data with two Michaelis-Menten
components, and the 7* value was not improved.
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Figure 3. OsHKT2;4 expression in X. laevis oocytes mediates inward ion currents for all five alkali cations analyzed. A, The
current (I)-voltage (V) relationships from oocytes injected with 50 ng of OsHKT2;4 cRNA are shown. Oocytes were bathed in
solutions supplemented with 10 mm alkali monovalent cations as chloride salts. Note that only background currents of water-
injected control oocytes bathed in a 10 mm NaCl solution are presented as a representative control, as no significant differences
were found among the five ionic conditions in controls. Currents were recorded from a holding potential of —40 mV using a step
command with 15-mV decrements, as described by Yao et al. (2010; see also “Materials and Methods”). Error bars represent se
(n =5 for water-injected control and n = 6 for OsHKT2;4-expressing oocytes at each condition). B, Amplitudes of OsHKT2-
mediated inward currents, recorded at —150 mV. Voltage-clamp experiments were performed in the presence of 10 mm NacCl.
Note that data for OsHKT2;4-expressing and water-injected oocytes are the same as the recordings presented in A, and 12.5 ng of
cRNA was injected into oocytes for the recordings of OsHKT2;1- and OsHKT2;2-mediated currents. Error bars represent st (n =5
for water-injected control and n = 6 for OsHKT2-expressing oocytes).

Divalent Cation Selectivity of HKT Transporters in
X. laevis Oocytes

During the above experiments, we noticed unusual
shifts in the reversal potentials of OsHKT2;4-mediated
currents, including when MgCl, and Mg-Glu con-

independently reported to be a cation transporter
showing substrate specificity to a wide range of cations,

including Ca** and Mg** (Lan et al., 2010). Based on our
initial observations and this recent report, we next
analyzed several members of the HKT family for Mg**

centrations were changed. Recently, OsHKT2;4 was

and Ca?*
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Figure 4. OsHKT2;4 exhibits robust K* but weak Na* permeability. Current-voltage relationships from oocytes injected with 50
ng of OsHKT2;4 cRNA are shown. A, OsHKT2;4-expressing oocytes were bathed in a 0.3 mm Na* solution supplemented with
the indicated concentrations of K*. B, OsHKT2;4-expressing oocytes were bathed in a 0.3 mm K* solution supplemented with the
indicated concentrations of Na*. Currents were recorded from a holding voltage of —40 mV using step commands with 15-mV
decrements. Note that only the background currents of water-injected control oocytes bathed in a 0.3 mm Na* and 10 mm K*
solution (A) or a 0.3 mm K* and 10 mm Na* solution (B) are presented as representative controls, as no significant difference was
found among the ionic conditions tested. Error bars represent st (n = 5 for water-injected control and n = 12-13 for OsHKT2;4-
expressing oocytes at each condition). K* and Na* were added to the bath solutions as Glu salts.
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transport properties (Fig. 8). Each HKT
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Figure 5. OsHKT2;4-mediated K*-dependent growth is less sensitive to
high concentrations of Na* compared with OsHKT2;2. CY162 cells
harboring pYES2 or cells expressing OsHKT2;2 or OsHKT2;4 were
grown on AP medium containing the indicated concentrations of K*
and Na*. A, Growth of each CY162 transformant on AP medium
supplemented with 0.1 mm KCl and the indicated concentrations of
NaCl. B, Growth of each CY162 transformant on AP medium supple-
mented with 1.0 mm KCI and the indicated amount of NaCl. Each
transformant was precultured in liquid SC-Ura + 50 mm KCl medium,
and 1:10 serial dilutions in AP medium with no added K* and Na* were
spotted on plates. All plates were incubated at 30°C for 6 d, and
photographs were taken afterward. [See online article for color version
of this figure.]

protein was exposed to 5 and 50 mm concentrations
of Mg** and Ca®, as chloride salts, in the bath solu-
tion. The same conditions were also applied to water-
injected oocytes as a control. As no significant
differences in the resulting inward currents of water-
injected control oocytes were observed, all control oo-
cytes were combined into one group for simplicity (Fig.
8). Electrophysiological recordings were performed
using both voltage-pulse and voltage-ramp proto-
cols with similar findings, and the voltage-ramp re-
cordings were used to generate the current-voltage
graphs in Figure 8, with representative voltage pulse
response time-dependent recordings shown in Figure 9.

For the AtHKT1;1, OsHKT2;1, and OsHKT2;2 trans-
porters (Uozumi et al., 2000; Horie et al., 2001), no
significant differences in the current magnitudes were
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observed when the extracellular Mg** concentrations
were increased from 5 to 50 mwm (Fig. 8, A-C; P = 0.114
at —150 mV, Wilcoxon signed rank test). The shifts in
reversal potentials upon these 10-fold increases in M

concentration were +1 mV for AtHKT1;1, +4 mV for
OsHKT?2;1, and +13 mV for OsHKT2;2. Note that this
+13-mV sh1ft in reversal potential indicates a small
relative Mg”* permeability of OsHKT2;2 (Fig. 8C).
OsHKT?2;4 and TaHKT2;1, on the other hand, showed
larger ion currents and positive reversal potentlal
shifts upon increasing the extracellular Mg”" concen-
tration (Fig. 8, D and E). For OsHKT2;4-mediated
currents, an average +33-mV reversal potential shift
was observed when increasing the extracellular MgCl,
concentration from 5 to 50 mmM. Moreover, an average
+45-mV shift in the reversal potential of OsHKT2;4-
dependent currents was observed when increasing the
extracellular concentration of CaCl, from 5 to 50 mm.
These results suggest that OsHKT?2; 4 is highly perme-
able to Mg** and Ca®". A +45-mV shift for a 10-fold
Ca™ concentratlon increase also suggests that, in ad-
dition to Ca** permeability, Ca*" itself modulates other
ion conductances in oocytes possibly in the form of
activating endogenous Ca**-activated Cl~ channels
(Cao et al., 1995), setting the reversal potential closer
to the calculated chloride reversal potential of =23 mV
in a 50 mMm CaCl, bath solution, assuming an internal
Cl™ concentration of 40 mM in oocytes (Barish, 1983).
The calculated chloride equilibrium potential with 5
mM CaCl, was approximately +34 mV. For the wheat
transporter TaHKT?2;1, reversal potentials shifted less
dramatically, exhibiting an average shift of +20 mV
with the same 10-fold increase in MgCl, concentration.
Upon increasing the CaCl, concentration, however, the
reversal potential shift was negligible, with an average
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Figure 6. OsHKT2;4 mediates inward K* currents in the absence of
extracellularly added Na" in X. laevis oocytes. Current-voltage rela-
tionships from oocytes injected with 50 ng of OsHKT2;4 cRNA are
shown. During OsHKT2;4-mediated current recordings, the K* con-
centration of the bath solution was increased from 0.3 to 10 mm. Note
that only the background currents of water-injected control oocytes
bathed in a 10 mm K* solution are presented as a representative control,
as no significant difference was found among the three ionic condi-
tions. Currents were recorded from a holding voltage of —40 mV using
step commands with 15-mV decrements, and error bars represent st
(n = 6 for each condition). K* was added to the bath solutions as a Glu salt.
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shift of —2 mV (Fig. 8E). These results indicate Mg**
permeability, but not a substantial Ca®" permeability,
under these conditions. The lack of a clear measured
shift in reversal potential with Ca*" increases for
TaHKT2;1 is consistent with previous results from
unpublished pilot studies (W. Gassmann and J.I.
Schroeder, unpublished data). Nevertheless larger av-
erage inward currents were observed at 50 mm CaCl,,
indicating a possible small effect of Ca** on TaHKT2;1-
dependent transport. Relative permeability ratios for
OsHKT2;4 (P, /Py of 0.0203 and P,/Py of 0.0108)
and TaHKT2;1 (P, /Py of 0.0187) were determined
(Fatt and Gmsborg, 1958) using reversal potentials of
OsHKT2;4-mediated currents from Figure 8 and as-
suming an intracellular K* concentration of 100 mm
(Schroeder et al., 1994). These results indicate a much
stronger permeability toward K* than to either of the
divalent cations for both transporters. Note, however
that this does not rule out any uptake of Ca** or Mg**
via OsHKT2;4 or TaHKT2;1 down a relatively steep
electrochemical gradient, depending on the relative
competition among permeating cations. Analyses of
the time dependence of OsHKT2;4- and TaHKT2;1-
mediated currents in response to voltage pulses
showed differences between the two transporters
(Fig. 9). Increases in whole-cell currents in oocytes
expressing TaHKT2;1 in the presence of high (50 mm)
CaCl, indicate a possible small Ca** permeability of
TaHKTZ 1 and a p0551b1e contribution to currents by
endogenous Ca”**-activated Cl~ channels in oocytes
(Figs. 8E and 9). Furthermore, OsHKT2;4-mediated
currents exhibited a time-dependent activation at more
negative voltages, in contrast to TaHKT2;1-mediated
currents (Fig. 9).

Plant Physiol. Vol. 156, 2011

1000 pM K*

K*, Mg**, and Ca?* Transport by OsHKT2;4 from Rice

Figure 7. OsHKT2;4 mediates K* uptake in yeast
cells. A, CY162 cells harboring pYES2 or cells
expressing OsHKT2;2 or OsHKT2;4 were grown
on AP medium supplemented with the indicated
concentrations of KCI. Each transformant was
precultured in liquid SC-Ura + 50 mm KCI me-
dium, and 1:10 serial dilutions in AP medium
with no added K* and Na* were spotted on plates.
All plates were incubated at 30°C for 6 d, and
photographs were taken afterward. B, Concentra-
tion-dependent increases in the growth rate of
OsHKT2;4-expressing CY162 cells. CY162 cells
harboring pYES2 or pYES2:OsHKT2;4 cDNA
were inoculated into liquid AP medium supple-
mented with 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, or
1.0 mm KCl at a starting ODy, of 0.01. Growth of
the cells was monitored, and the slopes from the
linear regression to the growth curves at the
logarithmic growth phase of OsHKT2;4-express-
ing cells were obtained and plotted. The curve in
the graph was obtained by a nonlinear regression
analysis using the Michaelis-Menten curve-fitting
formula. Three independent experiments were
performed, and error bars represent so. [See on-
line article for color version of this figure.]

Previous studies on animal Ca** channels have
shown the appearance of a large Na* Conductance
when extracellular Ca*" is removed, showing that Ca**
outcompetes Na*® selectivity in voltage- dependent
Ca®" channels (Almers et al., 1984; Hllle, 1992) Na
or K* competition experiments with Mg** and Ca**
were performed to determine the preference in cation
permeabilities of OsHKT2;4 and TaHKT?2;1 for mono-
valent and divalent cations (Fig. 10). OsHKT2;4-
expressing oocytes were exposed to 10 mm K while
TaHKT2;1 was analyzed with 10 mM Na*/3 mm K" for
the competition experiments, as these conditions trig-
ger inward cation currents in the respective HKT
transporters (Figs. 3A and 6; Rubio et al., 1995). For
OsHKT2;4-mediated currents, the reversal potentlal
shifted by only +5 mV upon addition of 50 mm Mg?**
to the bath solution (Fig. 10A). Similarly, the reversal
potent1al shifted by +4 mV upon addition of 50 mm
Ca*" to the bath solution (Fig. 10A). The average
inward current magnitudes in the presence of 10 mm
K" plus 50 mm Mg2+ or 50 mm Ca®* were slightly larger
than with 10 mm K" alone, and these increases were
not statistically significant at —150 mV (Fig. 10A; P >
0.095, Wllcoxon 51gned rank test). These results indi-
cate that Mg®* and Ca** were substantlally less per-
meable under competing 10 mm K* conditions, despite
the high (50 mm) divalent cation concentratlons tested.
A small residual permeation of Mg®* or Ca?*, however,
may occur. When TaHKT2;1- expressmg oocytes were
exposed to 50 mm added Mg** in competition experi-
ments, the reversal potential shifted by +6 mV. When 50
mm Ca®* was added to the bath solution, the reversal
potential shifted +3 mV. Average inward current mag-
nitudes in the presence of 10 mm Na*/3 mm K* plus 50
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Figure 8. Five HKT family transporters were tested for Mg** and Ca?* permeability in the presence of 5 and 50 mm extracellular
concentrations of MgCl, or CaCl,. A and B, AtHKT1;1 and OsHKT2;1 showed small changes in the reversal potentials of HKT-
mediated currents, even upon extracellular exposure to 50 mm concentrations of these divalent cations. C, OsHKT2;2 showed a
moderate +13-mV reversal potential shift upon increasing Mg”* from 5 to 50 mm, but the observed current magnitudes were
unchanged. D and E, OsHKT2;4 and TaHKT2;1 exhibited notable shifts in the reversal potentials in response to 50 mm Mg?*
concentrations. OsHKT2;4 showed a +33-mV reversal potential shift upon increasing MgCl, concentration from 5 to 50 mm and
a +45-mV shift for CaCl, upon increasing concentration from 5 to 50 mm. TaHKT2;1 showed a +20-mV shift for MgCl, after
increasing the bath concentration from 5 to 50 mm and a —2-mV shift for a 5 to 50 mm CaCl, increase. Currents were recorded
from a holding voltage of —40 mV using a 2.5-s ramp protocol ranging from 0 to —150 mV. Specific data points from voltage
ramps at —150, —100, —50, and 0 mV were analyzed for the current-voltage graphs, which were used to determine reversal

potentials. Error bars represent st (n = 6-53, depending on the condition and transporter tested).

mm Mg?* or 50 mm Ca®* were also slightly larger than 10
mM Na*/3 mm K* alone, and the increases were statis-
tically significant at —150 mV (Fig. 10B; P < 0.005,
Wilcoxon signed rank test). Although the differences in
ion conductance under the described competition set-
tings were found to be significant for TaHKT2;1 using a
paired and ranked statistical test, they were not large.
These findings together show a competitive inhibition
of the ablhty of these HKT transporters to transport Ca*™
and Mg®" in the presence of permeatm% K" and Na*
cations, even when 50 mm [Mg*'] or [Ca**] was extra-
cellularly added to the 10 to 13 mwm total [K'] and [Na™].
Additional experiments ~ were performed for
OsHKT2;4-expressing oocytes in which 5 mm Ca**
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was added to the bath solution in the presence of K*
concentrations ranging from 0 to 10 mm. We found that
as the extracellular concentration of bath K* was in-
creased, the reversal potentials were shifted to more
positive voltages (Fig. 10C). When 0.1 mm K" was
added to the bath solution containing 5 mm Ca**, the
reversal potential shifted —2 mV (Fig. 10C). However,
when larger concentrations of K" were added to the
bath, a clear trend of positive reversal potential shifts
was observed. When 1 mm K* was added to the bath
solution, the reversal potential shifted +16 mV, and
after 10 mm K" was added to the bath solution, the
reversal potential shifted +36 mV compared with the
5 mMm CaCl, bath solution (Fig. 10C). These findings
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Figure 9. OsHKT2;4 mediates Ca®* and Mg?* transport. The addition of
50 mm Ca** or Mg®* resulted in large, time-dependent inward cation
currents for OsHKT2;4 (B) compared with controls (A). A, Small
currents were detected in water-injected control oocytes. A bath solution
containing 50 mm CaCl, was used for the control recording shown. B,
Similar current magnitudes were observed for the 50 mm Ca’*
and Mg** groups in OsHKT2;4. Slow time-dependent activation was
commonly observed in OsHKT2;4-injected oocytes during hyperpolar-
ized voltages. C, Currents recorded in TaHKT2;1-expressing oocytes at
the indicated MgCl, and CaCl, concentrations. Unlike in OsHKT2;4,
slow time-dependent deactivation was commonly observed in TaHKT2;1-
injected oocytes during hyperpolarized voltages. Zero current levels are
shown by arrows on the left of the recorded currents. Voltage steps
ranged from —150 to +60 mV in 30-mV increments. The final “tail”
voltage at the end of the pulses was +40 mV. [See online article for color
version of this figure.]

highlight the ability of OsHKT2;4 to transport K" in the
presence of competing Ca?".

Subcellular Localization of OsHKT2;4 in Plant Cells

To determine the membrane localization of the
OsHKT2;4 protein in plant cells, we constructed
OsHKT2;4 fused with enhanced GFP (EGFP) at the N
terminus (EGFP-OsHKT2;4). Localization analyses
were performed using protoplasts of Arabidopsis me-
sophyll cells. Figure 11, A to C, shows protoplasts
expressing the EGFP-OsHKT2;4 protein. The GFP
fluorescence signal was uniformly present at the pe-
riphery of the cell (Fig. 11, A and C). A small fluores-
cence signal was also detected inside cells, which may
reflect endoplasmic reticulum localization, where the
protein is assembled (Fig. 11A). As controls, we trans-
formed protoplasts with free EGFP, which showed the
typical cytoplasmic and nuclear localizations (Fig. 11,
D-F). To better determine whether OsHKT2;4 shows
plasma membrane localization, we stained protoplasts
expressing EGFP-OsHKT2;4 with the plasma mem-
brane marker FM4-64 (Fig. 11, G-I; Bolte et al., 2004;
Horie et al., 2007). The green and red fluorescence

Plant Physiol. Vol. 156, 2011

K*, Mg?*, and Ca*" Transport by OsHKT2;4 from Rice

signals from EGFP and FM4-64 in protoplasts express-
ing the EGFP-OsHKT2;4 protein (Fig. 11, G and H)
uniformly overlapped when the two images were
combined (Fig. 11I). In comparison, when the same
staining was performed with protoplasts expressing
the free EGFP, a clear overlap of the two signals was
not observed (Fig. 11, J-L). In the confocal plane shown
in Figure 11], the EGFP signal appeared to also be
present at the periphery of the cell. This was due to the
presence of the large central vacuole, which pushed
the cytoplasm toward the plasma membrane. To-
gether, these results provide evidence that EGFP-
OsHKT2;4 localizes to the plasma membrane of
Arabidopsis mesophyll protoplasts, suggesting plasma
membrane localization of OsHKT2;4 in plant cells.

DISCUSSION

HKT transporters are one of the best characterized
cation transporters in plants. TaHKT2;1 was isolated
by complementation screening of a K' starvation-
treated wheat root library using a high-affinity K"
uptake-deficient mutant of yeast (Schachtman and
Schroeder, 1994). Initial X. laevis oocyte voltage clamp
analyses showed that all alkali cations tested affected
TaHKT2;1-mediated outward currents (Schachtman
and Schroeder, 1994). Subsequent ion selectivity anal-
yses of TaHKT2;1-induced inward currents expressed
in X. laevis oocytes and K" and Na" flux analyses in
yeast revealed that TaHKT2;1 mediates high-affinity
Na™K" cotransport and also exhibits Na'-selective
low-affinity channel-like Na* transport in the presence
of millimolar concentrations of Na™ (Rubio et al., 1995;
Gassmann et al., 1996). cDNAs encoding HKT trans-
porter family members have been identified in many
plant species, and the monovalent cation transport
properties of the encoded proteins have been charac-
terized, mainly in heterologous expression systems
(Gassmann et al., 1996; Rubio et al., 1999; Liu et al.,
2000, 2001; Horie et al., 2001, 2009; Garciadeblas et al.,
2003; Hauser and Horie, 2010) and in a few exceptions
in plant cells (Laurie et al., 2002; Horie et al., 2007; Yao
et al., 2010). These analyses have shown that class I
HKT transporters and OsHKT2;1 preferentially show
Na* transport activity (Uozumi et al., 2000; Horie et al.,
2001; Maiser et al., 2002b; Garciadeblas et al., 2003;
Jabnoune et al., 2009; Yao et al., 2010).

Phylogenetic analyses of the identified HKT pro-
teins showed that HKT transporters can be divided
into at least two subgroups, class I and class II trans-
porters, which show preferred Na'-selective transport
in class I transporters and K* transport as well as Na*
transport for class II HKT transporters (Méser et al.,
2002b; Platten et al., 2006; Horie et al., 2009; Hauser
and Horie, 2010). Molecular genetic research demon-
strated that the Na* transport activity mediated by
members of the class I HKT transporter plays a key
role in Na" tolerance and in Na* exclusion from leaves
in Arabidopsis, rice, and wheat (Méser et al., 2002a;
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Figure 10. Inhibition of strong Mg®* and Ca®* permeabilities in OsHKT2;4 and TaHKT2;1 was observed in the presence of
competing K* and Na* ions. OsHKT2;4 was analyzed for relative Mg?* and Ca®* permeabilities in the presence of 10 mm K*, and
TaHKT2;1 was analyzed for relative Mg** and Ca?* permeabilities in the presence of 10 mm Na* and 3 mm K*. A, OsHKT2;4
showed a +5-mV reversal potential shift upon adding 50 mm MgCl, to the 10 mm KCI competition control solution. Addition of
CaCl, also resulted in a small average +4-mV reversal potential shift. B, TaHKT2;1 exhibited a +6-mV reversal potential shift
upon adding 50 mm MgCl, to the 10 mm NacCl, 3 mm KCI control solution. Addition of 50 mm CaCl, to the control solution
resulted in a smaller +3-mV reversal potential shift. C, K* permeability was observed in the presence of competing Ca** ions.
OsHKT2;4 showed a —2-mV reversal potential shift upon addition of 0.1 mm K* to the 5 mm Ca?* bath solution, a +16-mV
reversal shift upon addition of 1 mm K*, and a +36-mV reversal shift upon addition of 10 mm K* to the bath solution. Currents
were recorded from a holding voltage of —40 mV using step commands with 30-mV decrements, and error bars represent st (n =

12-19, depending on the condition and transporter tested).

Berthomieu et al., 2003; Ren et al., 2005; Sunarpi et al.,
2005; Horie et al., 2006; Huang et al., 2006; Byrt et al.,
2007; Davenport et al., 2007, Moller et al., 2009).
Furthermore, OsHKT2;1, a unique class II transporter
that mediates more Na" selective transport and lacks
substantial K" permeability (Horie et al., 2001; Yao et al.,
2010), unlike the other typical class II transporters, has
been shown to compensate for K deficiency through
nutritional root Na" uptake and distribution in rice
plants (Horie et al., 2007).

Compared with class I HKT transporters, little in-
formation exists on the functions of K'-transporting
class II HKT transporters in planta. Thus far, class 1I
HKT transporters have only been identified in grasses,
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including wheat, rice, barley (Hordeum vulgare), and
common reed (Phragmites australis; Schachtman and
Schroeder, 1994, Wang et al., 1998; Takahashi et al.,
2007; Huang et al., 2008). In this study, we analyzed the
cation selectivity properties of the OsHKT2;4 trans-
porter, surprisingly showing that OsHKT2;4 exhibits a
distinct ion selectivity for K" and Na* in comparison
with other HKT transporters. OsHKT2;4 mediates
robust inward K* currents, even without the addition
of extracellular Na*, unlike other class II HKT trans-
porters (Figs. 3A, 4, 6, and 10; Supplemental Fig. S1),
implying that OsHKT2;4 plays a role in K" homeosta-
sis as a K" transporter/channel rather than a Na™-K"
cotransporter. The K™-permeable class II HKT trans-
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Figure 11. Subcellular localization of EGFP-OsHKT2;4 in Arabidopsis
mesophyll protoplasts. EGFP-OsHKT2;4 protein was transiently ex-
pressed in protoplasts of Arabidopsis mesophyll cells under the control
of the cauliflower mosaic virus 35S promoter. Fluorescence was
analyzed by confocal microscopy. A, EGFP fluorescence (green) from
the chimeric EGFP-OsHKT2;4 protein shows fluorescence at the pe-
riphery of the protoplast. B, Chlorophyll (CHL) autofluorescence (red)
of the same protoplast shown in A. C, Overlay image of A and B. D,
Control EGFP fluorescence (green) from the free EGFP. E, Chlorophyll
autofluorescence (red) of the same protoplast shown in D. F, Overlay
image of E and D. G, Confocal EGFP fluorescence (green) image from a
focal plane of an EGFP-OsHKT2;4-expressing cell. H, FM4-64 fluores-
cence image of the same protoplast shown in G. I, Overlay image of G
and H. J, Confocal EGFP fluorescence (green) image of an EGFP-
expressing cell. K, FM4-64 fluorescence image of the same protoplast
shown in J. L, Overlay image of ] and K.

porters were found to retain a Gly residue at each filter
position in the four selectivity pore-forming regions
that have been proposed to be derived from an ances-
tral K" channel in bacteria (Durell and Guy, 1999;
Durell et al., 1999; Maiser et al., 2002b; Tholema et al.,
2005). Ion transport analyses of plant HKTs and of the
bacterial HKT homolog, KtrAB K" transport system,
from Vibrio alginolyticus demonstrated that the Gly
residues at the filter positions are important contrib-
utors to robust K" transport via HKT transporters
(Maéser et al., 2002b; Tholema et al., 2005). OsHKT?2;3
and OsHKT2;4 transporters are the only two full-
length class II transporters found in the genetically
tractable japonica rice cv Nipponbare genome, in
which all four Gly residues at the selectivity filter
positions are conserved. Moreover, OsHKT2;3 and
OsHKT2;4 show about 93% identity at the amino acid
sequence level. The expression of OsHKT2;3 did not
cause any difference in the growth response of either
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CY162 or G19 mutant yeast cells compared with
vector-harboring control cells (Figs. 1 and 2). Further-
more, no significant OsHKT2;3-mediated currents were
observed in various cation solutions in comparison
with water-injected control oocytes in two-electrode
voltage-clamp experiments (data not shown). Note
that the sequences of expression constructs in yeast
and oocytes were carefully checked and found to
possess no errors. Transient expression of EGFP-
OsHKT?2;3 revealed a plasma membrane localization
of the chimeric protein in protoplasts of Arabidopsis
mesophyll cells (Supplemental Fig. S2), as found in
similar analyses for the EGFP-OsHKT2;4 expression
construct (Fig. 11). These results suggest that OsHKT2;3
may not localize correctly or may not exhibit ion trans-
port activity in heterologous cells, for unknown rea-
sons. Further investigations into OsHKT2;3, including
subcellular localization in heterologous cells and coex-
pression with OsHKT2;4, will be needed to elucidate
its physiological functions. The expression of OsHKT2;4
triggered robust growth responses in yeast cells and
elicited significant currents in oocytes (Figs. 1-10;
Supplemental Figs. S1 and S3).

K* Uniport Function of OsHKT2;4 in Yeast and
X. laevis Oocytes

The expression of OsHKT?2;4 rescued growth defects
of CY162 yeast cells that are deficient in high-affinity
K" uptake (Fig. 1B), similar to other typical class II
HKT transporters such as TaHKT2;1 and OsHKT?2;2
(Schachtman and Schroeder, 1994; Horie et al., 2001).
Robust K" permeability was also found in oocytes
expressing OsHKT2;4 (Figs. 3A, 4A, and 6). However,
a remarkable distinction was found in the Na" trans-
port properties between OsHKT2;4 and the HKT
transporters characterized to date. OsHKT2;4-mediated
Na" transport activity at high extracellular Na" con-
centrations appears to be smaller in comparison with
that of OsHKT2;1 and OsHKT?2;2 (Fig. 3B). Increasing
Na® concentrations in a 0.3 mm K" bath solution
caused only slight positive shifts in the reversal po-
tential of OsHKT?2;4-expressing oocytes (Fig. 4B). Fur-
thermore, OsHKT2;4-expressing G19 yeast cells
showed the lowest sensitivity to extracellular NaCl,
even lower than vector-harboring control cells (Fig. 2).
OsHKT2;4 shows strong K" uptake complementation
activity, suggesting robust functional expression in
yeast (Fig. 1B). High-affinity K" uptake-deficient CY162
cells also exhibited less sensitivity to NaCl upon ex-
pression of OsHKT2;4 in comparison with the expres-
sion of OsHKT?2;2, consistent with functional OsHKT2;4
expression (Fig. 5). The increased salt tolerance of yeast
cells expressing OsHKT2;4 may be due to an increased
K" accumulation via OsHKT2;4 and less Na" transport
compared with OsHKT2;2 (Figs. 2 and 5), based on
previous studies of Na" sensitivities of HKT-expressing
yeast lines (Rubio et al., 1995, 1999; Yenush et al., 2002).
Previous studies of OsHKT2;2 expressed in tobacco
(Nicotiana tabacum) cultured BY2 cells predicted an
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apparent affinity for OsHKT2;2-mediated Rb™ (K")
influx of approximately 35 um (Yao et al., 2010). The
growth assay-based prediction of an apparent affinity
for OsHKT2;4-mediated K" influx led to an apparent
K., of approximately 300 um K" (Fig. 7). Higher affinity
of OsHKT2;2-mediated K* influx than that mediated
by OsHKT2;4 is also consistent with complementation
analyses under low extracellular K" concentrations, for
example at 10 to 25 um K* (Fig. 7A). Taken together,
our findings show that OsHKT2;4 has a distinct K"/
Na" selectivity compared with other class II HKT
transporters with four Gly residues, such that
OsHKT2;4 mediates robust channel-like K™ uniport
independent of Na™.

Recent voltage-clamp analyses of OsHKT2;4-expressing
oocytes have indicated that OsHKT2;4 mediates the
transport of various cations, including divalent cations
such as Ca®* and Mg** (Lan et al., 2010). Together with
plasma membrane localization of OsHKT2;4 in root
hair cells of rice cv Nipponbare plants, a novel phys-
iological role of OsHKT2;4 in Ca**-related biological
processes other than K*/Na* homeostasis was implied
(Lan et al., 2010). Independent experiments in our
study in which extracellular MgCl, or CaCl, was
added showed correlating shifts in the reversal poten-
tial. Here, we thus analyzed Ca®* and Mg*" selectivity
among five HKT transporters, TaHKT2;1, AtHKT1;1,
OsHKT2;1, OsHKT2;2, and OsHKT2;4. In addition to
the confirmation of Ca®* and Mg** permeabilities of
OsHKT2;4 as reported (Lan et al., 2010), TaHKT2;1 was
found to show a permeability for Mg“" and a possible
but small effect of Ca** on ionic currents (Fig. 8, D and
E). To gain insight into the significance of divalent
cation transport activity by OsHKT2;4 and TaHKT2;1,
competition experiments were performed in the pres-
ence of primary monovalent and divalent cation sub-
strates. OsHKT2;4 and TaHKT?2;1 both showed ver
small divalent cation permeabilities when 50 mm Ca“
or Mg”* was added to Na*- and /or K*-containing bath
solutions (Fig. 10, A and B). Increases in the K*
concentration from 0.1 to 1 mM and to 10 mM in the
presence of 5 mm CaCl, cause positive shifts in the
reversal potential, consistent with these findings (Fig.
10C). These results suggest that these HKT trans-
porters favor transport of K* over Ca** and Mg*".
Thus, given the abundance of K' in plant cells, the
physiological functions of OsHKT2;4 will depend
strongly on the ionic conditions and the cell types in
which OsHKT2;4 is exgressed. Whether significant
OsHKT2;4-mediated Ca** or Mg** transport activities
occur in vivo in rice will need to be analyzed in planta,
using rice knockout lines, similar to OsHKT2;1 anal-
yses (Horie et al., 2007).

The OsHKT2;4 gene was reported to be diversely
expressed in rice plants, including leaf sheaths and
primary/lateral roots (Lan et al., 2010). Our findings
suggest that OsHKT2;4 functions as a K™-permeable
transporter/channel with a smaller permeability to
Ca”" and Mg?* that is competitively inhibited by K.
We have isolated two independent oshkt2,4 rice knock-
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out lines from the Tos17 mutant population (Hirochika
et al., 1996; Miyao et al., 2003; Horie et al., 2007), but no
profound phenotype to various ionic conditions has
been observed thus far (T. Horie, X. Yao, P. Ronald, and
J.L. Schroeder, unpublished data). OsHKT2;4 is highly
identical to OsHKT2;3, including their 5’ untranslated
regions, which also show conservation, and they may
cooperatively function in vivo in rice plants. Further
investigations of not only oshkt2;4 single mutants but
oshkt2;3 single and oshkt2;3 oshkt2;4 double mutants
could contribute to the understanding of the physio-
logical roles of OsHKT2;4 in rice plants. Moreover,
given the numerous studies analyzing the monovalent
cation-transporting properties of HKT transporters,
and only two studies reporting analyses of divalent
cation transport properties of HKT transporters (Lan
et al., 2010; this study), further studies on the regula-
tion and ion selectivities of both OsHKT2;3 and
OsHKT2;4 will be important for assessing their bio-
logical functions.

MATERIALS AND METHODS
Expression of OsHKTs in Yeast

All rice (Oryza sativa) OsHKT cDNAs were subcloned downstream of the
Gall promoter in the plasmid pYES2 (Invitrogen). The K* uptake-deficient
CY162 [MATa, Atrk1, trk2::.pCK64, his3, leu2, ura3, trpl, ade2] strain (Anderson
etal., 1992) and the Na*-sensitive G19 [MATa, his3, leu2, ura3, trpl, ade2, enal:
HIS3::ena4] strain (Quintero et al., 1996) of Saccharomyces cerevisiae were used.
Selection of transformants and subsequent growth assays using an AP
medium (Rodriguez-Navarro and Ramos, 1984) were performed as described
previously (Rubio et al., 1999; Horie et al., 2001). Briefly, for both comple-
mentation and Na* sensitivity analyses, AP medium supplemented with 0.8 g
L! complete supplement without uracil (Bio101), 2% (w/v) Gal, 0.6% (w/V)
Suc, 2% (w/v) agar, and the indicated concentrations of KCl and NaCl were
used. As for the growth assays using AP plates with serial dilutions or liquid
AP medium, each CY162 transformant was precultured in the liquid Synthetic
Complete-Uracil (SC-Ura) medium supplemented with 50 mm KCl at 30°C for
1 d. One milliliter of each culture solution was centrifuged at 8,000 rpm for
1 min, and supernatant was removed. Cells were washed three times with the
liquid AP medium with no added K* and Na* and diluted in the same AP
medium with an ODy, of approximately 1.0. These samples were used to
make 1:10 serial dilutions, which were subsequently spotted onto each plate,
starting with 10™! dilutions. For the measurement of ODj, the washed cell
samples were directly used for inoculation into 5 mL of each K™-supplied
liquid AP medium. Three independent clones per construct were analyzed in
all growth tests on solid medium, and plates were incubated at 30°C for 4 to 10
d. One independent clone was used for the measurement of ODy, using the
liquid AP medium.

OsHKT Expression Constructs and Electrophysiology in
Xenopus laevis Oocytes

For the synthesis of TaHKT2,1, OsHKT2;1, and OsHKT2;2 cRNA, previously
reported constructs were used (Schachtman and Schroeder, 1994; Horie et al.,
2001). OsHKT2;3, OsHKT2;4, and AtHKT1;1 cDNAs were subcloned into the
pXBG-evl vector (Preston et al., 1992). Each cRNA was transcribed from
linearized plasmid constructs using the mMESSAGE mMACHINE in vitro
transcription kit (Ambion).

Oocytes were kept for 1 to 3 d at 18°C in either an ND-96 oocyte culture
solution or a modified Barth’s solution. Approximately 50 ng of cRNA, in a
total volume of 50 nL, was injected into each X. laevis oocyte for voltage-clamp
recordings. Recordings were performed 1 to 3 d after injection.

For the experiments shown in Figures 3 to 5, voltage-clamp recordings
were performed using a dual-electrode voltage-clamp amplifier (Nihon
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Kohden). Oocytes were perfused with a solution containing 6 mm MgCl,, 1.8
mm CaCl,, 10 mm MES-1,3-bis(tris[hydroxymethyllmethylamino) propane,
pH 5.5, 180 mm p-mannitol, and the indicated concentrations of Na- and K-Glu
or 10 mm alkali cations as chloride salts. The ionic strength was kept constant
by adding Tris-Glu. Lab-Trax-4/16 (World Precision Instruments) was used
for electrophysiological measurements, and voltage steps were applied from 0
to =150 mV in —15-mV decrements with a holding potential of —40 mV as
described previously (Yao et al., 2010). A 3 m KCl agar bridge was used as a
bath electrode.

For the experiments shown in Figures 6 to 8, recordings were performed
with a Cornerstone (Dagan) TEV-200 two-electrode voltage-clamp amplifier.
Data analyses were performed using an Axon Instruments Digidata 1440A
Low-Noise Data Acquisition System (Molecular Devices). Oocytes were
subjected to voltage pulses to record time-dependent currents (Schroeder,
1989) and voltage ramps, with a holding potential of —40 mV. Data were low-
pass filtered at 50 Hz throughout all recordings. Oocytes were bathed in 10 mm
Tris and 0.3 mm EGTA (except in solutions containing calcium). The indicated
concentrations of MgCl,, CaCl,, NaCl, and KCI were added at pH 7.4 (with
Tris base, Glu, or HCI), and osmolalities were adjusted to 220 to 260 mosmol
kg™ with p-mannitol. Two different pH conditions were used depending on
the experiments in this study. Note that changes in the extracellular pH
did not cause significant effects on reversal potentials or Mg** currents of
OsHKT?2;4-expressing oocytes in a 40 mm MgCl, solution (Supplemental Fig.
S3). Oocytes were impaled with electrodes filled with 3 m KCl. Changes in
junction potentials after bath perfusion ranged from —0.2 to —2.0 mV. Error
bars indicate se. All experiments were performed at room temperature.

Relative permeability ratios were calculated as reported previously (Fatt
and Ginsborg, 1958; Schmidt and Schroeder, 1994). Experiments were ana-
lyzed in environments in which Ca®* and Mg?** were the only permeable
cations in the bath solution, and the intracellular K* concentration was valued
at 100 mMm (Schroeder et al., 1994).

Mesophyll Protoplast Transformation and
Confocal Microscopy

Arabidopsis (Arabidopsis thaliana) mesophyll protoplasts were transformed
following a published procedure (Yoo et al., 2007). Protoplasts were incubated
at 20°C in the dark for at least 16 h before microscopy analysis. For FM4-64
protoplast staining, the dye was directly added to the suspension at a final
concentration of 17 um (Horie et al., 2007). Fluorescence microscopy analyses
were carried out after 5 min of incubation.

Confocal microscopy analyses were performed using a Nikon PCM2000
(Bio-Rad) laser scanning confocal imaging system. For GFP detection, excita-
tion was at 488 nm and detection was between 515 and 530 nm. For the
chlorophyll and FM4-64 detection, excitation was at 488 nm and detection was
over 570 nm. The images acquired from the confocal microscope were
processed using Image]J (http://rsbweb.nih.gov/ij/).

The GenBank/EMBL accession numbers for the HKT transporters used in
this research are AF237672 (AtHKT1;,1 mRNA), AB061311 (OsHKT2;1 mRNA),
EF373552 (OsHKT2;2 mRNA), AJ491820 (OsHKT2;3 mRNA), AJ491855
(OsHKT2;4 mRNA), and U16709 (TaHKT2;,1 mRNA).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Representative alkali monovalent cation-induced
currents.

Supplemental Figure S2. Subcellular localization of EGFP-OsHKT2;3.

Supplemental Figure $3. OsHKT2;4-mediated Mg** currents at different
pH conditions.
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