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ABSTRACT The transport of cations across membranes
in higher plants plays an essential role in many physiological
processes including mineral nutrition, cell expansion, and the
transduction of environmental signals. In higher plants the
coordinated expression of transport mechanisms is essential
for specialized cellular processes and for adaptation to vari-
able environmental conditions. To understand the molecular
basis of cation transport in plant roots, a Triticum aestivum
c¢DNA library was used to complement a yeast mutant defi-
cient in potassium (K*) uptake. Two genes were cloned that
complemented the mutant: HKT1 and a novel cDNA described
in this report encoding a cation transporter, LCTI (low-
affinity cation transporter). Analysis of the secondary struc-
ture of LCT1 suggests that the protein contains 8§-10 trans-
membrane helices and a hydrophilic amino terminus contain-
ing sequences enriched in Pro, Ser, Thr, and Glu (PEST). The
transporter activity was assayed using radioactive isotopes in
yeast cells expressing the cDNA. LCT1 mediated low-affinity
uptake of the cations Rb* and Na*, and possibly allowed Ca?*
but not Zn2* uptake. LCT1I is expressed in low abundance in
wheat roots and leaves. The precise functional role of this
cation transporter is not known, although the competitive
inhibition of cation uptake by Ca?* has parallels to whole
plant and molecular studies that have shown the important
role of Ca?* in reducing Na* uptake and ameliorating Na*
toxicity. The structure of this higher plant ion transport
protein is unique and contains PEST sequences.

Most plants are rooted and are therefore stationary organisms
that must adapt to harsh and highly variable conditions
including changes in the mineral concentrations and water
content of soils (1). Acquisition of essential mineral nutrients
from soils may become difficult for plants when the soil
solution contains very low concentrations of available macro
and micro nutrients or contains high concentrations of toxic
metal ions such as Na™ or AI3*. To ensure a supply of minerals
from soils under a wide range of environmental conditions,
multiple membrane transport mechanisms are present in the
plasma and vacuole membranes of higher plants (2).

The cation K* is important in plant growth because of its
vital role in cell expansion, osmoregulation, and cellular
homeostasis. In higher plants recent molecular evidence (3-5)
supports the model (6, 7) that plant roots contain both high-
and low-affinity K* transporters that ensure an adequate
supply of this cation across a wide range of soil K* concen-
trations. In saline soils, when K™ availability is low, the uptake
and transport of Na* across membranes may also become
important for plant growth because Na* can partially replace
K* in some species (8). However, because the uptake of
excessive amounts of Na* is toxic to nonhalophytic plants, the
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compartmentation of Na™ into the vacuole is vital. Physiolog-
ical mechanisms for transport of Na* into the plant vacuole
have been well described, whereas the mechanistic bases for
plasma membrane Na* uptake are only beginning to be
understood. Although the precise mechanisms of plasma
membrane Na* uptake are poorly understood, Na™* tracer flux
experiments have shown that Na™ uptake pathways are sen-
sitive to inhibition by Ca?*, where the presence of this divalent
cation reduces one or more components of Na* uptake (9).

More than one low-affinity pathway for Na* and K* uptake
has been suggested to exist in plants. The presence of multiple
loci linked to salt tolerance and Na* exclusion supports the
idea of multiple pathways for Na™ uptake (10). The emerging
molecular evidence supports the classical tracer flux data (11,
12), showing that higher plants have multiple K* and Na*
uptake mechanisms in the plasma membrane for acquisition.
Recent studies have further shown that the high-affinity K*
uptake transporter HKT1 (3) has both a high-affinity Na*-K™*
coupled uptake component and a low-affinity Na*-selective
uptake component at toxic extracellular Na* concentrations
that also block high-affinity K™ uptake via HKT1 (13, 14).
Inward rectifying K* channels are the only low-affinity path-
way for K* uptake in higher plants that have been identified
(4, 15-17). However, tracer flux studies have indicated that
multiple low-affinity K* uptake transporters may exist in
plants (12). The molecular structure as well as the mode of
transport of other low-affinity Na* and K* uptake pathways
remain unknown.

The cloning of plant membrane transporters by yeast
complementation has provided a potent tool that has greatly
enhanced our understanding of the physiological roles and
specific functional and structural characteristics of ion trans-
porters in higher plants (18). Sucrose, potassium, ammonium,
sulfate, copper, amino acid, and iron transporters have all been
cloned and characterized in yeast mutants deficient in the
uptake of these ions. The yeast system has been highly
successful for cloning plant transporters because the comple-
mentation strategy relies on functional similarities between
yeast and plant physiological mechanisms rather than struc-
tural similarities in genes. In principle, this strategy can identify
transporters that have a specific substrate, such as K*, but also
others that are more promiscuous, such as general transporters
for a variety of cations.

The application of the yeast complementation system has
allowed us to identify a novel cation transporter in higher
plants that could function as a component of the multiple
low-affinity Na* and K* uptake pathways in roots. In the
present study we describe the structure and function of a novel
plant membrane transporter (low-affinity cation transporter,

Abbreviations: LCT1, low-affinity cation transporter; RT-PCR, re-

verse transcription—-PCR; PEST, sequences rich in Pro, Ser, Thr, and
Glu residues.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF015523).
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LCT1) that complements a yeast mutant deficient in the
uptake of K*, transports cations, and contains two sequences
enriched in Pro, Ser, Thr, and Glu (PEST) (19).

MATERIALS AND METHODS

Plant, Bacterial, Yeast Strains, and Medium. RNA and
DNA were isolated from Triticum aestivum cv. Atlas 66.
Escherichia coli strains DH5a and NM522 were used for
cloning and sequencing. Saccharomyces cerevisiae strain
CY162 (15) was used for cloning the LCTI cDNA and for
expression studies. Minimal medium (21) supplemented with
galactose and sucrose was used for growth of the LCTI-
expressing cells, whereas 100 mM KCl was added to the
medium for growth of CY162 containing the empty pYES2
vector (Invitrogen). In one growth study where it was necessary
to change the medium concentration of K*, a phosphate-based
liquid medium was used (22). Growth experiments were
conducted in tubes containing 5 ml of medium and samples of
100 wul were taken and the optical density at 600 nm was
measured.

Cloning and Sequencing. A cDNA library was constructed
by Invitrogen in the pYES2 vector from wheat root poly(A)*
RNA (3). The selection of complemented yeast mutants has
been described (3). Double-stranded DNA was sequenced in
both directions (Sequenase; United States Biochemical). In
many regions severe compressions required the use of PCR
cycle sequencing with dye-labeled primers (Applied Biosys-
tems). PEST scores were calculated by PEST-FIND (http://
www.at.embnet.org/embnet/tools/bio/PESTfind) according to
the methods described at that web site (23).

Isotope Uptake. Four different isotopes 3°Rb™, 2?Na*,
45Ca?*, and %Zn>* were used to study the functional char-
acteristics of LCT1 as expressed in the yeast strain CY162. For
comparison, uptake rates were also measured in CY162 cells
containing the pYES2 plasmid without insert. Cells were
grown to the late log phase in minimal medium and washed two
times in flux buffer containing 150 uM Ca?*, sucrose (2%) and
galactose (2%), and 10 mM Hepes (pH 7.0) unless otherwise
indicated. For experiments measuring Ca?* uptake, Ca?* was
omitted from the flux buffer. Cells were mixed with isotope
and harvested on a nylon (0.45 uM) membrane and washed
with 10 ml of 50 mM CaCl,. Filters containing washed yeast
cells were counted for the incorporation of radioactivity using
a liquid scintillation counter (Beckman LS3801). Experiments
were conducted over long (40-50 min) and short time intervals
(6 min). The rate of uptake in the short term was derived from
the slope of a linear regression fitted to the amount taken up
at four time points (30, 120, 240, 360 sec).

Reverse Transcription-PCR (RT-PCR) of Wheat DNA and
RNA. RNA was isolated from 7. aestivum cv. Atlas 66 using
standard guanadine extraction buffer and purified from DNA
using a cesium chloride cushion (24). First-strand cDNA
synthesis was performed using 1.0 ug total root or total leaf
RNA in 10.0 ul reactions using SuperScript II RNase H~
Reverse Transcriptase (GIBCO/BRL) according to manufac-
turers protocol. The first strand was primed with a gene-
specific reverse oligonucleotide 5'-cgccgtegecttgetegeeg-3' (bp
1557-1576).

In subsequent PCRs, 1.0 ul of each RT reaction was used
with Taq polymerase and reaction buffer provided (Bresatec,
Adelaide, Australia) in a 25-ul reaction. The forward primer
was 5'-tggtcgectccaagtgecta-3' (bp 906-925), and the reverse
primer was 5’-aacgcgaacgatgctgegaa-3' (bp 1400-1419). Tem-
perature cycles were as follows: one cycle of 94°C for 1.5 min,
followed by 35 cycles of 94°C for 1 min, 50°C for 1 min, and
72°C for 1 min. Eight microlitres from each PCR reaction was
analyzed on a 1.2% agarose gel. To ensure that the expected
bands did not come from DNA that may have been copurified
with the RNA, “control” RT reactions were set up without the
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reverse transcriptase enzyme, and those reactions were used in
PCRs. Southern blots were also performed.

RESULTS

Complementation of the trkl, trk2 Yeast Mutant by LCT1.
The K* uptake-deficient yeast strain CY162 was transformed
with a wheat root cDNA library in the expression vector
pYES2 (Invitrogen). Two clones were recovered from this
library screening. One cDNA, HKT1 allowed the yeast strain
to grow on medium containing 7 mM and 30 uM K* (3), and
the second cDNA LCT]I conferred growth only on plates with
7 mM K*.

Quantitative growth studies in liquid cultures confirmed that
LCTI complemented the yeast mutant that is deficient in K*
uptake. In medium containing 7 mM K™, after a lag phase of
~25 h, the CY162 cells expressing LCT1 grew more rapidly
than the K* uptake-deficient CY162 cells transformed with
the pYES2 plasmid (Fig. 1a). In all control experiments with
the K* uptake-deficient yeast line, cells were transformed with
the empty pYES2 plasmid. LCTI-expressing cells reached
stationary phase at ~0.9 ODggy under these conditions. After
a shorter lag phase the CY162 cells expressing HKT1 grew
faster and reached a higher final density than LCTI-expressing
cells (Fig. 1a).

In a separate experiment the growth of LCTI-expressing
cells and HKT1-expressing cells was measured over a range of
K* concentrations up to 1 mM in arginine—phosphate liquid
medium. LCT1-expressing cells grew after a 40-h lag phase in
medium containing 1 mM K* (Fig. 1) but did not grow in
medium containing 120, 200, or 400 uM K* (data not shown).
This is in contrast to cells expressing the high-affinity K*
transporter HKT1 which grew similarly in medium containing
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FiG. 1. Growth of S. cerevisiae strains over time (a) in yeast
nitrogen base medium supplemented with sucrose and galactose (7
mM K*) and (b) in arginine-phosphate medium with concentrations
of 120-1,000 uM K* supplemented with sucrose and galactose
(means * SD). All strains were derived by transformation of the
CY162 cells and contain the plasmid pYES2. CY162 contains the
empty pYES2 plasmid, CY162/HKTI has the pYES2 plasmid con-
taining HKTI, and CY162/LCT1 has the pYES2 plasmid containing
LCTI.
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120, 400, and 1000 uM K™* (Fig. 1b), confirming the high K*
affinity of HKT1 (3).

Analysis of the LCT1 Deduced Amino Acid Sequence. The
cDNA sequence encoding LCTI contains an ORF encoding
574 amino acids which begins from the first start codon
encountered at nucleotide 137 of the cDNA. The hydrophobic
region of the predicted protein sequence is novel and is not
closely related to any polypeptide contained in protein data-
bases as searched using BLAST (25). Hydropathy analysis shows
that the protein has a hydrophilic N terminus followed by
hydrophobic domains (Fig. 2a). Approximately 40% of the
putative protein is helical and contains 8—10 transmembrane
helices as predicted by PHDHTM, which is part of the PREDICT-
PROTEIN program (26).

The hydrophilic N terminus of the predicted primary protein
structure of LCT1 contains a high density of proline, serine,
threonine, and glutamic acid residues that are common to
PEST sequences found in rapidly degraded proteins (23).
PEST sequence analysis of the N-terminal sequences was
completed according to Rogers et al. (19). In the first 140
amino acids of the predicted primary sequence of LCT1 there
are two potential PEST regions (Fig. 2b). PEST scores greater
than zero are considered to be significant (19). In the putative
LCT1 protein there is a highly significant PEST region
(score = 16) in comparison with proteins that contain PEST
sequences known to function as proteolytic and regulatory
signals that score between 2 and 18 (19, 23). In conclusion,
LCTI encodes a novel protein with hydrophobic stretches
predicted to traverse the membrane.

Long-Term Uptake Rates. The fact that LCT1 was cloned by
complementing a K* uptake-deficient mutant suggests that the
encoded protein can enhance cation uptake. Therefore, up-
take of ions into yeast was analyzed. The rate of Na* and Rb™*
uptake into LCTI-expressing cells was relatively low and
remained constant for at least 40 min (Fig. 3). Rates of Na*
uptake in nmol/mg~!min~! were 0.07 for LCTI-expressing
cells and 0.02 for K* uptake-deficient control cells (Fig. 3a).
Rates of Rb* uptake in nmol/mg~!min~! were 0.19 for
LCTI-expressing cells and 0.05 for K* uptake-deficient cells
(Fig. 3b). As expected the differences in the total accumulation
of Na* and Rb* between LCTI-expressing cells and CY162
cells containing the pYES2 plasmid increased with time (Fig.
3).

Growth and Carbon Supply Affects Uptake Rates. To
confirm that the small differences in long-term uptake rates
between the K* uptake-deficient and the LCTI-comple-
mented strains could be detected over shorter time periods,
experiments were pursued to measure short-term uptake rates
(i) at different phases of growth, and (ii) in the presence or

a) 5
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FiG. 2. Analysis of the nucleotide sequence of LCT1. (a) Hydrop-
athy plot according to Kyte—Doolittle algorithim (42) and window size
19. (b) Deduced amino acid sequence of putative PEST sequences with
PEST scores shown at right.
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F1G.3. The uptake of Na* and Rb* over time in LCTI-expressing
cells and the K* uptake-deficient cells. The mean uptake rates in 1 mM
Na* (a) and 1 mM Rb* (b) over time in the K* uptake-deficient cells
(0) and in LCT1-expressing cells (w) (n = 2 for Na* and n = 4
experiments for Rb* = SD). Lines were fitted by linear regression.

absence of carbon source in the flux buffer. Measurements of
short-term uptake rates, which are the most appropriate for
measuring net influx rates across the plasma membrane,
clearly showed that Rb* uptake was much greater in LCTI-
expressing cells under all conditions (Fig. 4).

In both strains the absence of sugar from the flux buffer
reduced the rates of Rb™ uptake. The absence of sugars from
the flux buffer strongly reduced Rb™ uptake in K* uptake-
deficient cells whereas although Rb* uptake in the LCTI-
expressing cells was reduced in the absence of sugars, it was still
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FiG. 4. Short-term (6 min) uptake of Rb* by K* uptake-deficient
cells (open bars) and in LCT1-expressing cells (filled bars) depends on
the phase of growth and on the presence of carbon (sucrose/galactose)
in the flux buffer. Cells in stationary phase are shown in columns a and
b, and cells in the logarithmic phase of growth are shown in columns
c and d. Presence of carbon source is denoted by +sugar and absence
by —sugar. The rate of uptake was measured in 1 mM Rb* for
LCTI-expressing cells and K* uptake-deficient cells. Log phase for
LCT1I-expressing cells was between 0.2 and 0.6 ODgoo and for CY162
cells grown in 100 mM KCI was 0.8-1.7.
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substantially higher than that measured in the uptake-deficient
cells. In the presence of sugars the growth phase strongly
influenced Rb™ uptake rates in the K* uptake-deficient mu-
tant, which were twice as high during the log phase as in the
stationary phase (compare columns a and c in Fig. 4, open
bars). These findings provided further confirmation of signif-
icantly higher rates of Rb* uptake into LCTI-expressing cells
than into K* uptake-deficient cells. Differences in Rb* uptake
rates between strains could be detected regardless of growth
phase or the presence/absence of carbon source.

The Effect of Monovalent and Divalent Cations on Rb*
Uptake. The rate of Rb™ uptake in K* uptake-deficient
control cells (Fig. 5, open bars) and LCTI-expressing cells (Fig.
5, filled bars) was measured over two time periods in the
presence of various ions. Short (6 min, Fig. 5a) and longer (40
min, Fig. 5b) term uptake rates were measured in flux buffer
containing 1 mM Rb*. Upon addition of 5 mM K™* the uptake
rate of Rb™ in both strains was similarly reduced by ~30% as
compared with rates of uptake in the absence of K* (Fig. 5 a
and b, column 1). Note that Rb* uptake rates in the absence
of other added cations (100%) in LCTI-expressing cells were
on average 3.5-fold larger than the background Rb* uptake
rates in the K* uptake-deficient cells (Fig. 3b). Large differ-
ences in the reduction of Rb* uptake between LCTI-
expressing cells and control cells were observed when divalent
cations or Na* were added to the buffer. Addition of 5 mM
Na* reduced short-term uptake rates of Rb* by 54 + 8% (SD)
in LCTI-expressing cells. Short-term uptake rates were un-
changed in K* uptake-deficient cells. In the long-term Rb™
uptake was reduced by 30 = 8% (SD) in LCTI-expressing cells
and 20 £ 14% (SD) in the K* uptake-deficient cells. Added
Ca?* (5 mM) or Mg?>* (5 mM) reduced Rb* uptake by
40-60% in LCTI-expressing cells (Fig. 5 a and b, filled bars 2
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Fi1G. 5. Rubidium uptake measured at 1 mM, as a function of
different added ions in LCTI-expressing cells (filled bars) and K*
uptake-deficient cells (open bars) = SD (n = 3 separate experiments).
Uptake of Rb* was measured over (@) the short term (6 min) and (b)
the long term (40 min).
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and 3). In the K* uptake-deficient control cells Rb* uptake
was reduced to a lesser degree by Mg?* or Ca?* (Fig. 5 a and
b, open bars 2 and 3). The addition of very low concentrations
of Zn?* (100 uM) caused large reductions (60%) in Rb*
uptake rates into LCTI-expressing cells (Fig. 5 a and b, filled
bar 4). Similar trends in the reductions in Rb* uptake in
LCT1I-expressing cells were found for both the long (40 min,
Fig. 5b) and short (6 min, Fig. 5a) uptake period. Rb* uptake
in control cells and in LCT1-expressing cells showed different
sensitivities to competing ions, which provides further support
that LCT1 mediates a new transport activity.

To determine whether LCT1 is permeable to Ca?* or Zn?*,
experiments were conducted with radioactive isotopes of these
ions. Many experiments (n > 10) were conducted to determine
the permeability of this transporter to Ca?*. Small, but sig-
nificant, differences in Ca?* uptake rates between LCTI-
expressing cells and K* uptake-deficient cells were detected.
A larger difference in Ca?* uptake between the mutant strain
and the strain expressing LCT1 was difficult to detect presum-
ably because of the background high-affinity Ca?* uptake
previously described in yeast cells (27). In one experiment over
short time periods (30-360 sec) Ca®* uptake rates into LCT1-
expressing cells at five different concentrations (0.5, 1.0, 2.0,
3.0, and 4.0 mM) were constant [0.09 = 0.01 (SD) nmol/
mg~'min~!] and three times higher than uptake rates mea-
sured in K* uptake-deficient control cells [0.03 * 0.01 (SD)
nmol/mg~!“min~1]. In contrast to Ca?*, no significant differ-
ence was observed in the rate of Zn?* uptake over the same
range of external concentrations into LCT1-expressing cells
and K" uptake-deficient cells (data not shown). Because the
rate of Zn?* uptake does not differ between strains, but Zn?*
appears to interfere with Rb*™ uptake via LCT1, we suggest
that Zn?* is not significantly transported into cells by LCT1,
but blocks the transporter.

Concentration Dependence of Rb* and Nat Uptake. Up-
take rates were measured over a range of Rb* and Na™
concentrations to estimate the affinity of LCT1 for these
cations. Over a wide concentration range (50 uM to 10 mM)
the rate of uptake by LCTI-expressing cells was linear (> =
0.99), and therefore the affinity of the transporter for Na™ was
in the low-affinity range (Fig. 6a). Rb* uptake rates for both
strains were also linear up to 10 mM (Fig. 6b; r> = 0.99). Note
that low-affinity Rb™ uptake into maize roots also is linear in
the concentration range up to 10 mM (28).

In these short-term uptake experiments the absolute rates of
Rb™ uptake in LCTI-expressing cells were on average 170
times lower than Na* uptake rates (Fig. 6). This is in contrast
to the long-term experiments at 1 mM where the rates of
uptake of Rb* into LCTI-expressing cells were slightly higher
than the rates of Na* uptake (Fig. 3). Long-term (40 min)
uptake rates of Na* were lower (Fig. 3a) than short-term (6
min) Na* uptake rates in LCTI-expressing cells (Fig. 6a).
Long-term uptake rates may involve adaptations in yeast to
Na™ exposure, such as Na* extrusion by the Na* ATPases
encoded by the ENA gene family (29), which suggests that
short-term Na* uptake rates (Fig. 6) more accurately reflect
the transport activity of LCT1. Therefore, the finding that
short-term Na* uptake rates were much higher in LCTI-
expressing cells than in the control cells (Fig. 6a) shows that
LCT1 potentially mediates significant uptake of Na*.

LCT1 Expression in Planta. Southern blot analysis of the
LCT1I sequence confirmed that this gene is derived from T.
aestivum (data not shown). Northern blot analysis and RNase
protection assays were not sufficiently sensitive to clearly
detect the expression of LCT1 in poly(A)™ RNA isolated from
wheat roots. Therefore we developed an RT-PCR protocol
suitable for detection of the LCTI transcript. Preliminary
evidence, using RT-PCR, showed that LCTI is expressed in
both leaves and roots of wheat (Fig. 7).
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F1G. 6. Short-term (6 min) uptake rates at different concentrations
of Na* and Rb* by LCTI-expressing cells (w) and by K* uptake-
deficient cells (O0). Means = SD (n = 3-4 separate experiments) of (a)
Na* uptake and (b) Rb* uptake. Lines were fitted by linear regression.

DISCUSSION

The complementation of yeast cells deficient in K* uptake,
LCT1-mediated cation uptake rates, cation inhibition, and the
hydrophobicity of the core region of the predicted protein
together strongly support the conclusion that LCT1 is a
membrane transport protein. Uptake studies in yeast cells
further support this conclusion and show that this transporter
has a low affinity for Na* and Rb*. Although the expression
of LCTI may activate endogenous yeast transport systems, to
our knowledge there have been no reports of heterologous
membrane protein expression inducing transporter activity in
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Fic. 7. RT-PCR of total T. aestivum cv. Atlas 66 RNA with
LCTI-specific primers. Lanes: 1, 1-kb marker (GIBCO/BRL); 2 and
3, PCRs performed on total T. aestivum root and leaf cDNA, respec-
tively; 4 and 5, PCRs performed on total 7. aestivum root and leaf RNA
reactions without reverse transcriptase to check for any DNA con-
tamination in RNA.
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yeast cells, whereas this phenomenon has been observed in
Xenopus oocytes (30). In summary we suggest that the LCT1
cDNA encodes a novel transmembrane transport protein and
does not merely activate endogenous transport in yeast.

The functional characterization in yeast expressing LCT!
suggests that this protein transports cations into the cell.
Although the flux rates of K* were not measured directly, the
ability of LCT1 to complement a yeast mutant deficient in K*
uptake together with data on Rb* and Na* uptake show that
LCTI expression leads to K* uptake into the cell. In three out
of four short-term experiments (6 min), the Na* influx rates
at 1 mM were ~150 times higher than the long-term ones. The
lower rates of uptake measured in the long term may be due
to the efflux of Na™ via the P-type Na* ATPase in the yeast
plasma membrane (29). Additional studies will be needed to
resolve the importance of the LCT1 transporter for Na* influx
into plant cells.

To further characterize this novel transporter, studies on
interference by other ions were initiated. The differences in
the inhibition of Rb* uptake by monovalent and divalent
cations in LCTI-expressing cells and the K* uptake-deficient
strain provide further evidence for a distinct transport function
of LCT1 (Fig. 5). In general we found that influx of Rb*
through LCT1 was sensitive to interference by Zn?*, Ca2*,
Mg?*, and Na™, but less sensitive to K*. Zinc effectively
blocked Rb™ fluxes, but uptake studies showed that Zn>* does
not permeate the transporter. This functional characteristic
may help to identify the permeation pathway through LCT1,
as zinc is known to bind to cysteine and histidine residues (31).
Six cysteine residues are located in predicted hydrophobic
domains, and seven histidines residues are located in predicted
intracellular loops.

Calcium also inhibits Rb* fluxes at higher concentrations
and studies using ¥ Ca?" suggest that Ca?>" may permeate the
transporter. The plant plasma membrane contains multiple
pathways for Ca?* influx, some which may be for the uptake
of this essential mineral and others for signaling, in which
concentration changes of cytosolic Ca?* would function as a
second messenger. Properties of LCTI reported here provide
evidence that this cDNA may encode a molecular component
of Ca?* uptake pathways in plants.

PEST Sequence. The LCT1 cDNA described in this paper
encodes a protein with two significant PEST sequences (res-
idues 36-57 and 123-140) that score 2.7 and 16.2 in the
N-terminal region. PEST sequences have been defined as
regions of proteins rich in proline, glutamate, serine, and
threonine residues that are not interrupted by positive charges
(19, 23). In higher plants few proteins have been described that
contain PEST sequences (32, 33).

Many proteins have been identified in other eukaryotes and
in prokaryotes that contain PEST sequences (19, 23). PEST
sequences appear to provide signals for cellular protease
recognition that may either lead to protein degradation or to
modification of protein activity by cleavage. The cleavage of a
protein may result in changes of the function of the resulting
polypeptide as in the case of the mammalian ryanodine
receptor Ca?* channel from sarcoplasmic reticulum (SR) (20)
where cleavage of the ryanodine receptor Ca?* channel by
proteases results in an increase in Ca?" release from SR
vesicles (34). Other transporter proteins have been identified
that also contain PEST sequences.

In LCT1 we speculate that the PEST sequence may be
recognized by a protease and followed by cleavage of the N
terminus. Cleavage of these sequences may not occur when
LCT1 is expressed in yeast, which may explain the relatively
low apparent transport rates. Support for the idea that regions
of transport proteins may act as partial inhibitors of transport
comes from studies on the plant plasma membrane H™-
ATPase (35). Further studies on deletions of sections of the N
terminus of LCT1 by proteases or by molecular engineering
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will be needed to determine whether the absence of PEST
sequences increase transport rates and to fully understand the
physiological role of this novel plant ion transporter.

A Physiological Role for LCT1. The low rates of cation
uptake through LCT1 when expressed in yeast suggest that this
transporter may not play a primary role in providing a pathway
for K* uptake. In higher plants the results of experiments on
excised roots have been interpreted to suggest that multiple
low-affinity carrier sites exist with different affinities for
various cations (12, 36). At the molecular level these different
carrier sites may be distinct ion transporters. We suggest that
LCT1 may be one of these low-affinity components of cation
uptake.

The LCT1 transporter may also play a role in low-affinity
uptake of cations such as Na*. Based on the targeting of LCT1
to the yeast plasma membrane, we presume that this protein
resides in the plasma membrane of plant cells. Although yeast
cells do not always appear to recognize specific plant targeting
signals, other signals seem to faithfully target plant proteins to
the correct membrane (37). Short-term Na* uptake rates
mediated by LCT! expression were relatively large (Fig. 6a).
The reduction in cation influx by the addition of Ca>* ions is
also important to the postulate that this transporter may play
a role in the uptake of Na* and in plant response to salinity.
At the whole plant level it has been shown that the addition of
Ca?* ameliorates Na* toxicity (38), reduces Na* uptake and
inhibits translocation (39, 40). At the cellular level it was
recently shown that Ca?" partially abolishes the uptake of Na*
into wheat root cells through nonselective cation channels (41).

At high Na* concentrations (>10 mM Na*), high-affinity
K* uptake via HKT1 is blocked and HKT1 becomes a low-
affinity Na*-selective uptake transporter (13, 14). Neverthe-
less, physiological as well as genetic studies show that more
than one pathway for Na* uptake across the plasma membrane
of plant roots exists (5, 10, 12). The properties of LCT1
described here indicate that LCT1 may encode one of the
molecular components of low-affinity Na*™ uptake in planta.

In conclusion, we have isolated and characterized a unique
plant membrane transporter LCTI that encodes a low-affinity
cation transport mechanism. However, the primary physiolog-
ical role, the major ion that this transporter carries and the
precise mechanism of transport (channel or carrier) is not
certain. Nevertheless, the finding that LCT1 can provide a
low-affinity Na™ uptake component and that Ca?* inhibits the
cation uptake mediated by LCT1 corresponds to properties
that have been described for Na*™ uptake in plant roots.
Further studies will be needed to determine precisely what role
the structurally novel LCT1 transporter plays in plant growth
and adaptation to environmental conditions such as soil
salinity.
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