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The function of HKT1 in roots is controversial. We tackled this controversy by studying Na1 uptake in barley (Hordeum vulgare)
roots, cloning the HvHKT1 gene, and expressing the HvHKT1 cDNA in yeast (Saccharomyces cerevisiae) cells. High-affinity Na1

uptake was not detected in plants growing at high K1 but appeared soon after exposing the plants to a K1-free medium. It was
a uniport, insensitive to external K1 at the beginning of K1 starvation and inhibitable by K1 several hours later. The expression
of HvHKT1 in yeast was Na1 (or K1) uniport, Na1-K1 symport, or a mix of both, depending on the construct from which the
transporter was expressed. The Na1 uniport function was insensitive to external K1 and mimicked the Na1 uptake carried out
by the roots at the beginning of K1 starvation. The K1 uniport function only took place in yeast cells that were completely K1

starved and disappeared when internal K1 increased, which makes it unlikely that HvHKT1 mediates K1 uptake in roots.
Mutation of the first in-frame AUG codon of HvHKT1 to CUC changed the uniport function into symport. The expression of
the symport from either mutants or constructs keeping the first in-frame AUG took place only in K1-starved cells, while the
uniport was expressed in all conditions. We discuss here that the symport occurs only in heterologous expression. It is most
likely related to the K1 inhibitable Na1 uptake process of roots that heterologous systems fail to reproduce.

Living cells need to accumulate large amounts of
K1 for osmotic and charge balance adjustments. Al-
though, from a chemical point of view, Na1 could
perform these functions, high Na1 concentrations are
toxic for many cellular processes, and Na1 exclusion
from the cell is as crucial as K1 uptake in all types of
cells that are growing in Na1-rich media (Rodrı́guez-
Navarro, 2000). Plant cells follow this universal rule
and plant roots have the function of providing the
entire amount of K1 needed by the whole plant, while
restricting the movement of Na1 to the xylem sap. This
restriction prevents the possibly lethal Na1 accumu-
lation in leaves that would inevitably follow water
evaporation. Regarding Na1 tolerance, plants have
large vacuoles whereNa1 can undertake osmotic func-
tions without producing toxic effects (Apse et al., 1999;
Zhang and Blumwald, 2001), but the Na1 efflux
systems are less effective than in animal cells, as a
consequence of their adaptation to the oligotrophic
conditions that prevail in many terrestrial environ-
ments (Benito and Rodrı́guez-Navarro, 2003).

To understand the relationships of plants with K1

and Na1 and how K1 and Na1 move into and inside
the plant, a solid and broad understanding of the
function of the K1 and Na1 transporters is required.
This understanding has been pursued for a long time,
but, recently, interest in the plant K1 and Na1 trans-
porters has increased because of the technological
importance of constructing crop plants that are more
tolerant to salinity. The use of salty water, which
prevails in many agricultural conditions, is an impor-
tant cause of reductions in crop productivity and a
threat to food security (Rhoades et al., 1992).

Despite all this technological interest, present knowl-
edge about K1 and Na1 transporters in plants is still
fragmentary and confusing. The best example of this
situation is the HKT1 transporter of wheat (Triticum
aestivum), which was the first K1 transporter that was
identified in plants (Schachtman and Schroeder, 1994;
Rubio et al., 1995) after inward-rectifying K1 channels
(Anderson et al., 1992; Sentenac et al., 1992). HKT1was
originally characterized as the K1-H1 symporter that
mediated the high-affinity K1 uptake in wheat roots
(Schachtman and Schroeder, 1994), but it was later
found to cotransport Na1-K1 when expressed in yeast
(Saccharomyces cerevisiae) or Xenopus oocytes (Rubio
et al., 1995). Although this cotransport has never been
shown to operate in the roots of any cereal (Maathuis
et al., 1996; Walker et al., 1996; Hayes et al., 2001), the
notion that HKT1 is a high-affinity root K1 transporter
still persists (Horie and Schroeder, 2004). Another
proposal is that high-affinity K1 uptake is mediated
by HAK transporters (Santa-Marı́a et al., 1997; Bañuelos
et al., 2002), whereasHKT1 and orthologous transporters
in other species are the high-affinity Na1 uptake sys-
tems of the roots of cereals (Garciadeblás et al., 2003).
Consistent with this notion, the involvement of wheat
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HKT1 in Na1 uptake, but not in K1 uptake, has been
shown in plants in which the HKT1 expression was
partially silenced (Laurie et al., 2002). However, if the
relevant function of HKT1 is Na1 uptake, it should be
possible to express this transporter in a heterologous
system and find the plant function, high-affinity Na1

uptake, that is inhibited by low concentrations of K1

(Rains and Epstein, 1967a, 1967b; Garciadeblás et al.,
2003). Alternatively, HKT1, instead of being involved
in root cation uptake (Rubio et al., 1996; Wang et al.,
1998; Laurie et al., 2002), could mediate internal Na1

fluxes, as the Arabidopsis (Arabidopsis thaliana) HKT1
transporter (Mäser et al., 2002a; Berthomieu et al.,
2003). In this case, another still-unknown HKT trans-
porter would mediate root Na1 uptake (Garciadeblás
et al., 2003).

This controversy about the function of wheat HKT1
in roots is a challenging situation that needs to be re-
solved because current science should be able to ex-
plain the function of a transporter that was cloned
10 years ago. With the aim of solving the controversy,
we have cloned and studied theHKT1 barley (Hordeum
vulgare) homolog. Barley was selected because it has
many genetic similarities to wheat (Laurie and Devos,
2002; Bennetzen and Ma, 2003), the presence of the
HKT1 transporter has been described (Wang et al.,
1998), and it is a diploid plant. It isworth observing that
HKT1 was isolated (Schachtman and Schroeder, 1994)
from hexaploid wheat (genomes A, B, and D) and the
probable existence of three duplicate versions of HKT1
in the same root cells could be a source of difficulty
when analyzing the HKT1 function in this species.

We report here that yeast expression of the HvHKT1
cDNA can result in either a Na1 (or K1) uniporter or in
a Na1-K1 symporter, depending on the constructs
used for inserting the HvHKT1 cDNA into the yeast
expression vector. The symporter was expressed ex-
clusively in K1-starved cells, while the uniporter was
also expressed in cells growing under normal condi-
tions. Because only the uniport function was identified
in barley roots, we suspect that the symport function is
an artifact of expressing HKT1 in yeast. Mutational
analysis suggests that the artifact may be produced by
a sequence context or secondary structure of the
mRNA that is involved in an alternative initiation of
translation in the plant and that the yeast cells do not
understand.

RESULTS

High-Affinity Na1 Uptake in the Roots

of Barley Seedlings

The roots of K1-starved barley seedlings exhibit
high-affinity Na1 uptake that is inhibited by K1 and in
no cases stimulated by K1 (Rains and Epstein, 1967a,
1967b; Garciadeblás et al., 2003). This high-affinity
uptake could not be detected in seedlings with a nor-
mal K1 content (e.g. grown in the presence of 3 mMK1)
and only appeared as a consequence of K1 starvation.
In order to learn more about high-affinity Na1 uptake,

we tackled the study of Na1 uptake during the in-
duction period, when the seedlings still had a normal
K1 content. The events that describe the evolution of
high-affinity Na1 fluxes in a typical experiment with
barley seedlings grown at 3 mM K1 and transferred to
a K1-free medium are the following (the effects of K1

starvation can be accelerated if the K1-free medium is
renewed very frequently in order to keep K1 perma-
nently at very low concentrations): (1) High-affinity
Na1 uptake appeared in less than 2 h (Fig. 1A), and
very soon the uptake rate reached the value that was
shown by 7-d-old seedlings grown permanently in
the absence of K1 (Fig. 1C); (2) high-affinity Na1 up-
take was neither enhanced nor inhibited by K1 at the
beginning of the K1 starvation period (Fig. 1A), but
sensitivity to K1 soon appeared, increasing as the star-
vation period progressed (Fig. 1B); (3) after 24 to 48 h,
the inhibition by K1 was as strong as in 7-d-old seed-
lings grown permanently in the absence of K1 (Fig. 1C;
Garciadeblás et al., 2003).

To investigate whether, at any time, an HKT trans-
porter was mediating K1 uptake, we used two types
of experiments. First, we tried to find a condition in
which either K1 uptake was enhanced by Na1 or Na1

uptake was enhanced by K1, but failed to find any of
those effects at any time during the starvation period.

Figure 1. High-affinity Na1 uptake in barley roots and the effect of K1.
Plots show the depletion of the Na1 added to the external medium by
excised roots of 7-d-old barley seedlings grown at 3 mM K1 and
transferred to K1-free MES buffer for different lengths of time. The
experiments were started by adding either Na1, at the concentration
shown, or Na1 plus 100 mM K1, approximately. The absence of Na1

efflux was checked in control experiments by adding K1, at 100 mM,
but not Na1, and determining the Na1 concentration in the testing
medium (black triangles). A, Roots starved for 2 h; in the experiment
without K1 added, the K1 concentration varied from 5 to 7 mM. B,
Roots starved for 4 h; in the experiment without K1 added, the
concentration of K1 was 1 mM. C, Seven-day-old seedlings grown
permanently in the absence of K1; in the experiment without K1 added,
the K1 concentration was,0.5 mM. In the experiment shown in A, the
roots lost K1 and for this reason the external K1was 5 to 7 mM. A similar
experiment carried out in the presence of yeast cells to maintain 0.3 mM

K1 proved that the presence of 5 to 7 mM K1 had no effect on Na1

uptake.
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Second, we compared Rb1 uptake with K1 uptake, ex-
pecting to find differences if HKT1 was transporting
K1 because the K1 transporter HAK1 does not dis-
criminate betweenK1 and Rb1 (Santa-Marı́a et al., 1997),
while HKT1 does not transport Rb1 (Rubio et al.,
1995). Again, we could not find a condition in which
the K1 uptake rate was higher than the rate of Rb1 up-
take.
To sum up, our experiments revealed that high-

affinity Na1 uptake (tests at 100–50 mM) in barley roots
was mediated by two transporters or by a single
transporter that could be in two different states, in-
sensitive and inhibitable by K1. In addition, they
ruled out the presence of an Na1-K1 symporter and
suggested that K1 uptake wasmediated exclusively by
HvHAK1 (Santa-Marı́a et al., 1997).

Cloning of the HvHKT1 cDNA and Gene

By using primers deduced from the wheat HKT1
sequence and standard reverse transcription (RT)-PCR
methods, we cloned a cDNA from barley roots,
HvHKT1, whose sequence was 78% identical to the
wheat HKT1 sequence. This cDNA could encode
a protein with an amino acid sequence 92.5% identical
to that of the wheat HKT1 transporter, and 67.3% and
69.0% identical to OsHKT1 and OsHKT2, respectively.
A Gly residue in the first membrane-pore-membrane
(MPM)motif of the wheat HKT1 transporter (the struc-
ture of HKT transporters is made up of four MPM
motifs, as discussed elsewhere [Durell and Guy, 1999]),
which is supposed to be critical for K1 selectivity
(Mäser et al. 2002b), was conserved in the barley
transporter. By PCR amplification using primers iden-
tical to 5# and 3# sequences external to the open read-
ing frame of the cDNA and DNA purified from barley
roots, we cloned the HvHKT1 gene. By comparing the
sequences of the gene and cDNA, a gene structure of
three exons and two introns was deduced. The introns
were situated in the positions previously described for
the rice (Oryza sativa) HKT genes (Garciadeblás et al.,
2003).
The sequence similarity between HvHKT1 and

wheat HKT1 cDNAs and the absence of other barley
clones with high similarity to HvHKT1 (see below) in-
dicated that the expression studies previously pub-
lished in barley (Wang et al., 1998) corresponded to the
gene that we had cloned.

Functional Expression of HvHKT1 in Yeast

The HvHKT1 cDNA was inserted into the yeast
expression vector pYPGE15 (Brunelli and Pall, 1993)
and transformed into a yeast trk1 trk2 mutant that is
defective for Na1 and K1 uptake (Madrid et al., 1998;
Haro et al. 1999). Then, the resulting strain was used
for testing Na1 or K1 uptake when the two cations, at
micromolar concentrations (50–100 mM), were added
either independently or together (the recipient yeast
strain does not transport K1 or Na1 in these condi-

tions). Surprisingly, we found that the kinetics of
cation uptake exhibited by the expression of HvHKT1
in yeast was variable, depending on the construct: Na1

(or K1) uniport, Na1-K1 symport, or something that
could be defined as a uniport that was enhanced by the
addition of the other cation (a function that is inter-
mediate between uniport and symport). The term
uniport is used here only to denote that Na1 or K1

are transported independently, which does not for-
mally exclude Na1-H1 or K1-H1 symports. Similarly,
we use the term symport to denote that Na1 or K1 was
not taken up when added independently and was
taken up at equal rates when both cations were added
together.

Many constructs gave rise to the function that was
intermediate between the pure uniport and symport
functions, but we identified several that expressed al-
most pure uniport or symport functions. Out of these,
we selected two with different polylinker fragments
joining the PGK1 promoter and the 5# end of the cDNA
(starting 20-bp upstream of the first in-frame ATG
triplet) as models for the expression of the two func-
tions. The short-linking fragment (SLF) construct gave
rise to an Na1 (or K1) uniport (the effect of adding the
two cations together had a small enhancing effect on
Na1 uptake), whereas the long-linking fragment (LLF)
construct gave rise to an Na1-K1 symport (the rate of
uniport activity of this construct was 5 to 10 times
lower than the symport activity; Fig. 2). As previously
reported for HKT1 (Schachtman and Schroeder, 1994;
Rubio et al., 1995), HvHKT1 suppressed the K1 re-
quirements of the trk1 trk2 yeast mutant (Fig. 2B).
Interestingly, the SLF construct expressing the uniport
function was toxic and the yeast transformants lost
transport activity gradually after several transfers to
fresh media. This has already been observed in the
OsHKT1 transporter, which is also a Na1 uniporter
(Garciadeblás et al., 2003). On the contrary, the LLF
construct expressing the symport function was innoc-
uous and the transformants did not lose the symport
function.

Rb1 alone was not transported by transformants
with either of the two constructs when tested at micro-
molar concentrations. However, in transformants with
both the SLF and LLF constructs, the addition of Na1

triggered Rb1 uptake (Fig. 3). Moreover, with the LLF
construct, Rb1 triggered Na1 uptake, and Na1 and
Rb1 were taken up exactly at the same rate (Fig. 3). In
contrast, with the SLF construct, Na1 was taken up in
the absence of other cations (Fig. 2) and Rb1 stimu-
lated, but not triggered, Na1 uptake (compare Figs. 2
and 3). In other words, with the SLF construct, the
transporter functioned simultaneously as a Na1 uni-
porter and a Na1-Rb1 symporter.

Molecular Basis of the Uniport and Symport
Functions of HvHKT1

The only possible explanation for the uniport and
symport modes of Na1 and K1 uptake that were

HKT1 Mediates Na1 Uniport and Na1-K1 Symport in Yeast
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mediated by the products of the SLF and LLF con-
structs of HvHKT1 was that the two constructs ex-
pressed two transporters that were physically different.
A possible explanation for this was a construct-
dependent splicing of an unpredicted intron in either
of the two constructs. In the PGK1 fragment in plasmid
pYPGE15, there is an ATG triplet followed by an
in-frame stop codon that is common to the two con-
structs. No other ATG triplet exists in the SLF con-
struct, but in the LLF construct there are two
additional ATG triplets that are not in frame with the
HvHKT1 coding region but that could also be used for
the initiation of translation after splicing (Fig. 2A).
After checking that the reported initiation of transcrip-
tion of the PGK1 promoter (Rathjen and Mellor, 1990)
applied to our constructs, we designed a series of
primers and PCR experiments that proved that the
prevalent mRNAs were complete from the initiation of
translation up to a point that corresponded with the
end of the first MPM motif of the transporter. We
especially checked that, in both the SLF and LLF
constructs, the amplified cDNA contained the first
in-frame ATG triplet of the HvHKT1 coding region.

The next experiments were then carried out to test
whether the initiation of translation was different in

the SLF and LLF constructs. For this purpose, we
mutated the first in-frame ATG triplet of HvHKT1 to
CTC (HvHKT1-27), finding that this mutation pro-
duced symporters in the two constructs (Fig. 4). This
result indicated that the uniport was mediated by
a protein whose translation was initiated at the first in-
frame AUG, while the symport was mediated by a
shorter protein (observe in Fig. 2A that the in-frame
stop triplet that is 24 nucleotides [nt] upstream of the
first in-frame ATG triplet prevents the synthesis of a
protein with an N terminus longer than the sequence
recorded in Fig. 4A). The second in-frame ATG triplet
in HvHKT1 encoded a Met residue situated at position
63, at the end of the first M fragment of the first MPM
motif. Although it was unlikely that a transporter lack-
ing the first M fragment of the first MPM motif was
still functional, we deleted the first 186 nt of the open
reading frame of HvHKT1 cDNA (HvHKT1-15) and
produced two constructs, SLF and LLF, identical to those
shown in Figure 2, except that Met-1 in the new con-
structs corresponded to Met-63 in the original ones.
Transformants of the yeast mutant with these two con-
structs failed to exhibit any type of Na1 or K1 uptake.

These results indicated that the symport function
that was produced by the LLF construct was mediated

Figure 2. Types of transport exhibited by K1-starved yeast cells transformedwith two constructs ofHvHKT1. A, Scheme showing
the LLF and SLF constructs, which differ in an XbaI fragment of 59 nt; the XbaI recognition sequences are in bold; the 20 nt
preceding the first in-frame ATG belong to the HvHKT1 cDNA; not-in-frame ATG triplets in the LLF constructs and stop codons
are highlighted. B, Suppression of the defective growth of the trk1 trk2 yeast mutant at low K1 by the two constructs of the
HvHKT1 cDNA; serial dilutions of a suspension of yeast cells were inoculated in media with different K1 concentrations; the SLF
construct shows toxicity at high K1. C, High-affinity Na1 and K1 uptake in yeast cells transformed with the two constructs of the
HvHKT1 cDNA; Na1 and K1 were added independently or together to the suspension of yeast cells that had been K1 starved for
4 h and the decrease in the external concentrations of the added cations was recorded. Abbreviations of the experimental
conditions: K1 or Na1, Depletion of K1 or Na1 in experiments with a single cation; K1 (1Na1) or Na1 (1K1), depletion of K1 or
Na1, respectively, in an experiment with K1 and Na1.
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by a protein whose translation was initiated at a non-
AUG codon located between the first and second in-
frame AUG codons. In an attempt to find out the
initiation of translation in this construct, we fused to
the 3# end of the HvHKT1 cDNA an in-frame DNA
fragment that added a His tail to the protein and
cloned the modified cDNA into the SLF and LLF
constructs. Both constructs were active, exhibiting ion
transport activities identical to those of the original
clones (uniport-symport), except for 40% larger Vmax.
However, despite these encouraging results, the puri-
fication of the proteins proved to be difficult, and we
were unable to obtain a reliable amino acid sequence of
the protein produced by the LLF construct.
Tackling the problem of the initiation of translation

of the protein that functioned as a symport by muta-
tional analyses was difficult because the number of
non-AUG codons to test was high (Fig. 4A). However,
we selected some in-frame triplets differing only in
1 nt from ATG (the selected triplets encoded the resi-
dues Val-4, Leu-16, Leu-39, Ile-46, and Leu-48) and
created triplets that differed 2 nt from ATG, expecting
that the corresponding codons in the mRNA would
not be able to serve for initiation of translation
(Drabkin and Rajbhandary, 1998). All these mutations
did not change the functions observed in yeast cells
with reference to wild-type cDNA and failed to reveal
the exact N terminus generated by the LLF construct
of HvHKT1 (Fig. 4 shows a scheme of the mutations
and records the results with one of these mutants,
HvHKT1-17; similar results were obtained with the
other four mutants). Considering the possibility that
a promiscuous initiation of translation was neutraliz-
ing the effects of individual mutations, we continued
our analysis introducing deletions in the 5# coding
sequence of HvHKT1. Two mutants affecting the CTG

triplet encoding Leu-16 gave further support to the
hypothesis of the non-AUG initiation of translation. In
the first mutant (HvHKT1-28), we deleted the first 45 nt
of the coding sequence, thus locating the CTG triplet in
place of the first in-frame ATG. The second mutant
(HvHKT1-19) was identical, except for the addition of
a mutation that changed the CTG triplet to ATG (Fig.
4). Both mutations in the SLF and LLF constructs gave
rise to Na1-K1 symport when transformed into yeast
cells. However, deletion of 114 nt (up to the TTG triplet
corresponding to Leu-39) and creation of an ATG
translation start (HvHKT1-20) again gave rise to the
symport-uniport functions, but further deletions and
creations of ATG translation starts were not functional
(HvHKT1-22 and -24). The important suggestions of
these results is that an HvHKT1 protein lacking the
first 15 amino acids is a symporter and that the CUG
codon that encodes Leu-16 in the conceptual trans-
lation of the gene was probably used for the initiation
of translation in HvHKT1-28. They also suggest that
yeast cell translation of the HvHKT1 mRNA from the
LLF construct may be very complex, including the
possibility of producing heteromeric transporters that
are made up of proteins of different lengths. Indeed,
this is the best explanation for the results obtained
with the HvHKT1-20 mutant.

The Wheat HKT1 Transporter Behaves as HvHKT1

The wheat HKT1 has been taken as a K1 transporter
model (Véry and Sentenac, 2003; Horie and Schroeder,
2004), whereas the barley transporter had not been
studied previously. Therefore, it was of great interest
to demonstrate that TaHKT1 behaved as HvHKT1,
and that our findings were not a peculiarity of barley
and applied to other cereals. Supporting the latter no-
tion, the mutant yeast strain transformed with the SLF
and LLF constructs of TaHKT1 in plasmid pYPGE15
transported Na1 and K1 as described for HvHKT1.
Moreover, selected mutants of TaHKT1 behaved as the
mutants constructed in HvHKT1 (Fig. 5).

The Symport Is Expressed Only in Special Conditions

All the experiments reported so far were carried out
in yeast cells that were starved for 4 h in a K1-free
medium (K1-starved cells) in order to decrease their
K1 content and cellular pH (Ramos et al., 1990), which
in combination allow a rapid and large uptake of cat-
ions. Another way to decrease the K1 content of yeast
cells and obtain cells with the capacity to take up large
amounts of cations is rapid treatment with NaN3
(10 min) and subsequent washing of the drug. This
method differs from K1 starvation in that the cellular
proteins were all produced before the cells felt the
stress of the K1-free medium (Ramos and Rodrı́guez-
Navarro, 1986; Haro and Rodrı́guez-Navarro, 2002,
2003). When NaN3 treatment was applied to the yeast
strains transformedwithHvHKT1, the cells transformed
with the SLF construct exhibited the aforementioned

Figure 3. High-affinity Rb1 uptake mediated by the LLF and SLF
constructs of HvHKT1. Rb1 and Na1 were added independently or
together to the suspension of yeast cells and the decrease in the external
concentrations was recorded. Abbreviations of the experimental con-
ditions: Rb1 or Na1, Depletion of Rb1 or Na1 in experiments with
a single cation; Rb1 (1Na1) or Na1 (1Rb1), depletion of Rb1 or Na1,
respectively, in an experiment with Rb1 and Na1.
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uniport function, although at a slightly lower rate,
but the LLF construct cells did not transport either
Na1 or K1. To rule out an unpredicted inhibition of
metabolism by NaN3, we prepared standard K1-
starved cells expressing the LLF construct, treated
them with NaN3, and tested Na1 and K1 uptake,
finding that their regular Na1-K1 symport was not
affected by the treatment with NaN3. These results
indicated that the LLF HvHKT1-transformed cells ex-
pressed a functional transporter exclusively during
K1 starvation.

If the symporter was expressed when translation
was initiated at a non-AUGcodon and this occurred ex-
clusively in K1-starved cells, it could be predicted that
mutants HvHKT1-27 and HvHKT1-28, in which the
first in-frame AUG had been eliminated, would not
exhibit transport in normal cells treated with NaN3,
regardless of whether the construct was SLF or LLF.
These experimentswere carried out and the results con-
firmed the prediction. In contrast, mutant HvHKT1-19,
which expressed symporter functions from the two
constructs, presumably initiating translation at the
AUG codon generated by mutation, exhibited the
symport functions both in K1-starved and NaN3-
treated cells (Table I). These results suggested that

non-AUG initiation of translation was dependent on
the conditions imposed by K1 starvation.

A Second Copy of HvHKT1 Apparently Does Not Exist

High-affinity Na1 uptake in the roots of barley
seedlings was found to be K1 insensitive or inhibitable
by K1, depending on the conditions of the seedlings
(Fig. 1). The expression of HvHKT1 in the yeast mu-
tant from the SLF construct produced a K1-insensitive
Na1 uptake (Fig. 2) similar to that found in roots, but
under no conditions did HvHKT1 reproduce the
K1-inhibitable Na1 uptake in yeast. This posed the
question of whether another HvHKT gene, perhaps
an almost identical copy of HvHKT1, could encode
the transporter that mediated the K1-inhibitable Na1

uptake. In rice, OsHKT2 is an almost exact copy of
OsHKT1 that exists in cultivars of the indica subspecies
(Horie et al., 2001; Garciadeblás et al., 2003). Therefore,
to investigate this possibility, we designed a RT-PCR
approach in which we used several pairs of primers
that corresponded to sequences conserved in the
HvHKT1, TaHKT1, and OsHKT1 cDNAs, as well as
others that corresponded to protein fragments that are
conserved in all HKT transporters. We cloned more

Figure 4. High-affinity K1 and Na1 uptake by
yeast cells transformed with wild-type cDNA and
several mutants of HvHKT1. A, Sequence of the
5# terminus of the HvHKT1 coding region; the
two in-frame ATG triplets are highlighted with
a black background, the in-frame non-ATG trip-
lets that have been mutated are highlighted in
gray. B, Schematic representation of the muta-
tions and initial rates of uptake both in the LLF
and SLF constructs; the initial rates of uptake
were calculated from experiments that were
identical to those shown in Figure 2C. Abbrevia-
tions of the experimental conditions are as in
Figure 2C.
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than 100 HvHKT cDNA fragments from the roots of
K1-starved seedlings, which are the plants exhibiting
the K1-inhibitable Na1 uptake. In 90% of these iso-
lations, the fragments corresponded to HvHKT1, dem-
onstrating that the frequency of isolation of HvHKT1
cDNA fragments was much higher than fragments of
other HvHKT cDNAs. HvHKT1 fragments were am-
plified even when the sequences of the used primers
were identical or more similar to non-HvHKT1 than to
the HvHKT1 cDNA sequences. The second most fre-
quently isolated fragment exhibited a high similarity
to OsHKT6, which is a transporter that does not be-
long to group I and is not associated with high-affinity
Na1 uptake (Garciadeblás et al., 2003).
From these results, we concluded that HvHKT1 was

the only HKT gene that was highly expressed in the
roots of K1-starved barley seedlings and that, conse-
quently, both K1-insensitive and K1-inhibitable Na1

influxes were both mediated by a single product or
alternative products of the HvHKT1 gene.
Among all possible post-translational modifications

that could change the activity of HvHKT1, phosphor-
ylation could easily be tested by mutational analysis
and expression in yeast. Replacement of Ser residues
by Asp mimics a phosphorylated Ser, while replace-
ment by Leu prevents the phosphorylation. According
to the structure proposed for HKT transporters (Durell
and Guy, 1999; Kato et al., 2001), HvHKT1 has 15 Ser,
eight Thr, and three Tyr residues facing the internal
milieu of the cell. However, several of them have a
much higher probability of phosphorylation than
others by network prediction programs (Blom et al.,
1999). We selected five Ser residues (68, 186, 396, 419,
and 528) with high probability of phosphorylation at
http://www.cbs.dtu.dk/services/NetPhos/, construc-
ted the mutants that replaced each of them by either
Leu or Asp, and tested the function of the mutated
transporter in yeast. In all cases, the mutations did not
show any effect. Although these results are not con-

clusive, they make the phosphorylation hypothesis
less likely.

The Uniport Is under Strict Kinetic Regulation by the
Cellular Conditions

In the experiments of Na1 and K1 uptake with K1-
starved yeast cells transformed with HvHKT1 (Fig. 2),
we had observed that the uptake of cations ceased
before the cells had reached the normal level of cation
content. In fungal cells, cation uptake increases the
internal pH due to the exchange of internal H1 for
external K1 or Na1 and, consequently, the H1 pump
decreases its pumping rate (Blatt and Slayman, 1987;
Rodrı́guez-Navarro, 2000). Due to this, uptake ceases,
but this occurs when the normal cation content is
reached. Therefore, the simplest explanation for the
early cessation of uptake was that the increase of the
Na1 and K1 content in the cells exerted kinetic control

Figure 5. High-affinity K1 and Na1 uptake by
yeast cells transformed with wild-type cDNA
and several mutants of TaHKT1. Schematic
representations and recordings are as in Fig-
ure 4B. The sequence of the 5# terminus of the
open reading frame that encodes TaHKT1 is
not identical to that of HvHKT1, but the few
differences do not affect the selected triplets.

Table I. Functional expression of the HvHKT1 transporter in yeast
cells grown at high K1

Yeast cells were grown at high K1 and then treated with NaN3 to
decrease their K1 content and cellular pH to bring the cells to a state in
which their capacity for transporting Na1 and K1 is high. In all the
recorded cases, transport is positive in K1-starved cells and NaN3

treatment of these cells did not decrease their transport capacity.
Mutants and the types of transport that they express, uniport or symport,
are described in Figure 4.

Transporter Construct Transport

HvHKT1 SLF Yes
HvHKT1 LLF No
HvHKT1-27 SLF No
HvHKT1-27 LLF No
HvHKT1-28 SLF No
HvHKT1-28 LLF No
HvHKT1-19 SLF Yes
HvHKT1-19 LLF Yes
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over its own transport. To test this possibility, we pre-
pared K1-starved cells of the clone transformed with
the SLF-HvHKT1 construct and allowed them to take
up either Na1 or K1 for a short period of time before
the actual test of cation uptake. The results showed
clearly that the previous uptake of approximately
100 nmol mg21 of Na1 or K1 (this amount is approx-
imately one-third of that needed to reach the level of
cells growing in a medium without K1 restrictions)
inhibited almost completely the uptake of the loaded
cation without showing a significant effect on the other
cation (Fig. 6). The main conclusion that can be drawn
from these results is that the transporter expressed
by the SLF-HvHKT1 construct in cells with medium
or high K1 content is an Na1 uniporter with a null
capacity to mediate K1 uptake.

DISCUSSION

Two HKT1 Functions Are Expressed
in Heterologous Systems

The study of many constructs revealed that the yeast
expression of HvHKT1 exhibited a variable mecha-
nism of transport. In most of them, yeast cells took up
Na1 and K1 when added independently and the up-
take of each of them was enhanced when the other
cation was present. In contrast, the SLF and LLF con-
structs reported here exhibited almost pure uniport
and symport functions, respectively (Fig. 2). This
suggested that the same cDNA produced two basic
transport functions, uniport and symport, and that
intermediate transport functions could be explained
by the simultaneous production of the two basic func-
tions in different proportions. The production of many
different transporters with functions that are midway
between the uniport and symport cannot be formally
ruled out, but seems unlikely.

A stoichiometry of 2 K1 to 1 Na1 has been proposed
for HKT1, with experimental data of 1.7 to 1 in

Xenopus oocytes and 2.1 to 1 in K1-starved yeast cells
(Rubio et al., 1995). However, this implies a transporter
with three binding sites, which contradicts the kinetics
studies that assign only two binding sites to TRK and
HKT transporters (Haro and Rodrı́guez-Navarro,
2002, 2003; Garciadeblás et al., 2003). In light of our
results, apparent stoichiometries different from 1 to
1 can be explained if the Na1-K1 symporter and the
Na1 or K1 uniporter are operating in parallel and the
uniporter transports more K1 than Na1. This can be
expected because internal Na1 inhibits Na1 uptake
(Fig. 6) and yeast cells expressing HKT1 transport-
ers inevitably accumulate Na1 during the process of
K1 starvation if special conditions are not designed
(Garciadeblás et al., 2003). Similarly, a fairly high Na1

content can also be expected in most preparations of
Xenopus oocytes (Guizouarn et al., 2001).

Apart from the possible physiological reasons that
originated a diversity of functions for the product or
products of the HvHKT1 mRNA, the finding of a dual
function, uniport and symport, is not an outstand-
ing result. HKT transporters bind two alkali cations
(Garciadeblás et al., 2003), as do fungal TRK transpor-
ters (Haro and Rodrı́guez-Navarro, 2002, 2003), and the
uniport and symport functions only differ as towhether
the same cation binds the two sites and crosses the
pore or whether two different cations have to be in-
volved. This means that TRK-HKT transporters may
be uniporters or symporters, depending on the phys-
ical characteristics of each transporter and the tested
cations. Regarding the cations, the SLF construct
of HvHKT1 exhibited uniporter function for Na1 or
K1, but transported Rb1 exclusively in the form of
Na1-Rb1 symport (Fig. 3), and, regarding the trans-
porter, we have shown that the deletion of 15 amino
acids in the N terminus of HvHKT1 (HvHKT1-19) pro-
duces the symport function (Fig. 4).

The variability of the functions obtained with the
same cDNA in heterologous expressions (Fig. 2) re-
veals that several HKT1 proteins are probably pro-
duced from the same mRNA. The mutation of the first
in-frame ATG triplet of the HvHKT1 and TaHKT1
cDNAs (mutant 27), which necessarily had to abolish
the initiation of translation at that codon, did not affect
the symport function (LLF constructs) but transformed
the uniport function exhibited by the SLF constructs
into symport. Two conclusions can be drawn from
these and other experiments summarized in Figure 4:
(1) The Na1 (or K1) uniport function exhibited by the
SLF construct is mediated by a protein whose trans-
lation from the HvHKT1 mRNA is initiated at the first
in-frame AUG codon; and (2) in the LLF construct, the
HvHKT1 mRNA has an internal initiation of trans-
lation that produces a shorter protein and the symport
function. Because initiation of translation at the second
in-frame AUG codon did not produce an active trans-
porter, it seems clear that a non-AUG codon between
the first and second in-frame AUG codons provides
the initiation for wild-type cDNA in the LLF construct,
and that this produces the Na1-K1 symport function.

Figure 6. Inhibition of the Na1 or K1 uniport by the internal concen-
tration of the corresponding cation. The cells were allowed to take up
100 nmol mg21 of Na1 (A) or K1 (B), approximately, before initiating
the actual uptake test. Other conditions and abbreviations are as in the
SLF construct in Figure 2C.

Haro et al.

1502 Plant Physiol. Vol. 139, 2005

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/139/3/1495/6113495 by guest on 20 August 2022



The symport function of mutant HvHKT1-19, which
encodes a shorter protein, supports this hypothesis.
The finding that a CUG codon was probably used for

the initiation of translation in a deletionmutant (Fig. 4B,
mutant 28), but that its mutation to CUC in wild-type
cDNA did not abolish the symport function of the LLF
construct (Fig. 4B, mutant 17) strongly suggests that
there are more than one non-AUG codon involved in
translation initiation. Due to this problem and the
difficulties in purifying the protein, we have not been
able to define exactly the HvHKT1 protein that medi-
ates Na1-K1 symport in the SLF construct of HvHKT1
(i.e. the non-AUG codon that initiates translation).
Considering the high number of triplets that might be
involved, the possibility that the symporter has a het-
erotetrameric structure and even that different amounts
of proteins may give rise to different functions, it
seems clear that the problem needs to be tackled using
another experimental approach. In any case, the iden-
tification of the involved codon in yeast cells is of less
relevance from the physiological point of view of the
plant and for this article, which aims to determine the
function of HKT1 in roots.

Na1 Uniport Is the Plant Physiological Function of HKT1

Our experiments failed to detect high-affinity Na1

uptake that is activated by K1 in the roots of barley
seedlings. These and previous results (Maathuis et al.,
1996;Walker et al., 1996; Hayes et al., 2001; Garciadeblás
et al., 2003) support the notion that an Na1-K1 sym-
port, if it exists, is of negligible importance in the roots
of most cereals. In contrast, a high-affinity Na1 uptake
that is not activated by K1 was induced very early
in the roots of barley seedlings that were exposed to
a K1-free medium. The physiological relevance of the
high-affinity Na1 uptake that is triggered by the ab-
sence of K1 is the alleviation of the K1 deficiency that
this situation produces. It can be said that, for plants
and fungi, Na1 is better than nothing (in fact, H1), as
discussed elsewhere (Garciadeblás et al., 2003; Benito
et al., 2004). It is worth observing that K1 deprivation
may be frequent in natural conditions, for example,
when young seedlings are exposed to a heavy rainfall
in the field, especially in permeable poor soils.
High-affinity Na1 uptake in barley roots took place

in two forms attending to the effect of K1, either K1 in-
sensitive or inhibitable by low K1 concentrations. The
former occurred at the beginning of K1 starvation,
when the K1 content of the seedling roots is still nor-
mal, and the latter is characteristic of K1-depleted roots,
although it appears before the roots show a deep K1

depletion. In previous reports, only the K1-inhibitable
process had been detected (Rains and Epstein, 1967a,
1967b; Garciadeblás et al., 2003). The expression of
HvHKT1 in yeast from the SLF construct mimicked
the K1-insensitive Na1 uptake. This construct also
mediated K1 uptake in yeast (Fig. 2), but only in cells
with a very low K1 content (Fig. 6). The high sensitiv-
ity of the uniporter to the internal content of the trans-

ported cation suggests that, in roots that have an
almost normal K1 content, HvHKT1 will mediate only
Na1 uptake. Consistent with the notion that HvHKT1
does not mediate K1 uptake in barley, the Rb1 uptake
tests that we carried out in roots throughout the pro-
cess of K1 starvation also suggested that K1 uptake
was always mediated by an HAK transporter, which
does not discriminate between K1 and Rb1, and not by
an HKT transporter, which does not transport Rb1,
except as an Na1-Rb1 symport (Fig. 3).

A more difficult question to answer is whether
HvHKT1 also mediates the form of high-affinity Na1

uptake that is strongly inhibited by K1. Our RT-PCR
experiments failed to find HKT transcripts other than
HvHKT1 thatwere highly expressed in seedlings under
K1 starvation. The most likely hypothesis, therefore, is
that HvHKT1mediates both types of high-affinity Na1

uptake, insensitive and inhibitable by K1, and that
barley does not have a second transporter very similar
to HvHKT1, as in the case of OsHKT1 and OsHKT2 in
rice (Horie et al., 2001; Garciadeblás et al., 2003).
Because HvHKT1 binds K1 with high affinity (in fact,
it is a high-affinity K1 transporter in some conditions),
K1 and Na1 will compete for transport in certain
conditions (note that the presence of two binding sites
complicates the kinetic analysis) and that any mecha-
nism of protein modification that decreases the Vmax of
K1 influx could create aK1-inhibitableNa1 transporter
(Garciadeblás et al., 2003). Considering the reported
uniport-symport changes induced by a deletion in the
HvHKT1 protein (SLF constructs of wild-type cDNA
andmutant 19 in Fig. 4B), it can be expected that a small
change in the structure of the HvHKT1 protein could
also transform a K1-insensitive Na1 transporter into
a transporter that is inhibited by K1.

Although our original experiments were carried out
with the barley transporter HvHKT1, many experi-
ments were later repeated with the wheat transporter
TaHKT1, and all the results indicate that findings for
the barley transporter apply to the wheat transporter.

The Na1-K1 Symport May Be a Nonfortuitous Artifact
of Heterologous Expressions

We have proposed above that the uniport function
expressed in yeast cells is the physiological function
in roots, and this poses the question of whether the
symport function is only a fortuitous artifact of heter-
ologous expression or whether it reveals the existence
of a physiological process performed by HKT1 trans-
porters in plants that yeast cells and Xenopus oocytes
fail to reproduce correctly. If the symport function of
HvHKT1 and TaHKT1 in yeast cells is due to alterna-
tive initiations of translations of the HKT1 mRNAs,
and another explanation for our results is difficult to
imagine, the key to the answer is in this process. Alter-
native initiation of translation at a non-AUG codon has
been described in a specific mRNA in yeast (Chang
and Wang, 2004), but the process is very inefficient in
mRNAs in which it does not occur naturally (Clements
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et al., 1988; Donahue and Cigan, 1988). Therefore, it
seems unlikely that yeast cells force non-AUG initia-
tions of translation by a fortuitous effect without any
participation of the HKT1 mRNAs. It is more likely
that the 5# termini of the HvHKT1 and TaHKT1
mRNAs create a context effect that leads to alternative
internal initiations of translation in plants in order to
generate a diversity of transport functions with only
one gene. This diversity may be the K1-insensitive and
K1-inhibitable Na1 uptake, as discussed above.

That the yeast expression of the symporter is some-
how related to a physiological process in the plant and
is not fortuitous is further supported by the fact that
the symporter is expressed exclusively in K1-starved
cells of the LLF construct of HvHKT1. This conditional
expression also applies to mutants 27 and 28, in which
there is no AUG initiation codon (Table I). In contrast,
the SLF construct of HvHKT1 and mutants with an
AUG initiation codon (mutant 19) expressed either the
uniporter or the symporter in all conditions (Table I).
All these results point out that, when translation is
initiated at an AUG codon, the expression of the trans-
porter, either uniport or symport, is constitutive and
when translation is initiated at a non-AUG codon, the
expression of the transporter depends on the K1 status
of the cells. To sum up, K1-starved roots express a
K1-inhibitable Na1 uptake that yeast cells transformed
with HvHKT1 do not express and K1-starved yeast
cells transformed with certain constructs of HvHKT1
express a symport that cannot be detected in roots.
Remarkably, both singular processes might be ex-
plained by alternative initiations of translation.

The simplest conclusion from all this is that, in
K1-starved root cells, theHvHKT1 (and TaHKT1) mRNA
is translated in an alternative form to produce the
K1-inhibitable Na1 transporter and that K1-starved
yeast cells try to reproduce it but fail to do so correctly.
Perhaps yeast cells do not use the correct non-AUG
initiation of translation. Although there are enough
physiological differences between plant and yeast cells
to explain this failure, the lack of most of the native
5#-nontranslated region of HvHKT1 in our constructs
might be the cause of the expression of the artifactual
symporter.

MATERIALS AND METHODS

Plant Seedlings

Barley seeds (Hordeum vulgare L. cv Albacete) were surface sterilized and

germinated in filter paper that was wet with a 1.0 mM CaSO4 solution. Then the

seedswere transferred to 5- to 10-Lplastic containerswith a 5mMCaCl2 solution

in which they were supported by cheesecloth stapled to floating frames.

Seedlings were grown in the dark for 7 to 10 d at 28�C. The presence of root-

associated bacteria or fungi was checked systematically with microbiological

counts. In typical batches of plants, the number of bacteria was low and fungi

werealmost absent. Excised rootswere cut approximately 5mmbelowthe seeds.

Strains, Media, and Growth Conditions

The Escherichia coli strain DH5a was routinely used for plasmidic DNA

propagation. The yeast (Saccharomyces cerevisiae) strain WD3 (Mat a ade2 ura3

trp1 trk1D::LEU2 trk2D::HIS3; Haro et al., 1999) deficient in the endogenous K1

uptake systems TRK1 and TRK2was used for functional complementation and

transport assays. Yeast strains were grown in synthetic dextrose (Sherman,

1991) or Arg phosphate (AP) medium (Rodrı́guez-Navarro and Ramos, 1984)

supplemented with 50 mM K1. For yeast growth experiments at low K1 con-

centrations, serial dilution drops of strains were inoculated on AP medium

supplemented with the indicated K1 concentrations. K1-starved cells were

obtained by transferring actively growing cells in 50 mM K1 AP medium into

K1-free AP medium and incubating them for 4 h. NaN3-treated yeast cells

were obtained by exposing actively growing cells in 50 mM K1 AP medium to

10 mM NaN3, K
1-free APmedium for 10 min (Ramos and Rodrı́guez-Navarro,

1986; Haro and Rodrı́guez-Navarro, 2002, 2003). After washing the drug, the

cells were preincubated in the assay buffer for 10min before starting the cation

uptake experiments.

Recombinant DNA Techniques

Manipulation of nucleic acids was performed by standard protocols or,

when appropriate, according to the manufacturer’s instructions. PCRs were

performed in a Perkin-Elmer thermocycler, using the Expand-High-Fidelity

PCR system (Roche Molecular Biochemicals). Some of the PCR fragments

were first cloned into the PCR2.1-Topo vector using the TOPO TA cloning kit

(Invitrogen). For yeast expression, the cDNAs were cloned into vector

pYPGE15 and transformed into the trk1 trk2 yeast mutant, as described

previously (Brunelli and Pall, 1993; Santa-Marı́a et al., 1997). The two

constructs used in this article are described in Figure 2A. Total barley RNA

was prepared using the RNeasy plant kit and DNeasy plant kit (Qiagen). PCR

amplifications of HKT fragments were carried out on double-stranded cDNA

synthesized from total RNA by using the cDNA synthesis system kit (Roche).

The HvHKT1 full-length cDNA was obtained by using the 5#/3#-RACE kit

(Roche) according to the manufacturer’s instructions. The clone here reported

is the longest that we could clone.

HvHKT1 Mutant Constructions

Oligonucleotide-directed site-specific mutants were constructed by PCR

(Good and Nazar, 1992). Mutants with 1- or 2-nt changes were obtained by

two-step PCR; the first reactions were carried out with two mutagenic primers

(forward and reverse) that overlapped the mutation and two 5# (forward)

and 3# (reverse) flanking primers. The forward flanking primer sequence,

5#- CCTCTAGATCGCACTCATATATAGCACCA-3#, contained the 20 nt of

HvHKT1 preceding the ATG triplet and the XbaI site (see Fig. 2), and the

reverse flanking primer sequence, 5#-GGGGTACCATTCTTCAGGCAGTA-

CACTAGT-3#, corresponded to the 3# noncoding sequence of HvHKT1 plus

a KpnI site. The second PCR step, which was carried out using the products

from the first step and the described flanking primers, produced mutated

HvHKT1 cDNAs that could be cloned in the XbaI and KpnI sites of the

pYPGE15 vector. Deletion mutants containing a new ATG triplet (see Figs. 4

and 5) were constructed in a single PCR reaction using the aforementioned

reverse flanking primer and a 56-mer forward primer whose 5# half (30 nt)

was identical to the aforementioned forward primer, and the 3# half (26 nt)

started in ATG and continued with the sequence that corresponded in each

case. The PCR products were cloned in XbaI and KpnI sites of the pYPGE15

vector, as in the point mutants described above. All constructs were sequenced

to check that no random mutation had been introduced by the PCR reactions.

Cation Uptake Experiments in Roots and Yeast Cells

These experiments were carried out as described previously (Bañuelos

et al., 2002). Excised roots were suspended in aerated 10 mM MES-Ca21 buffer,

pH 6.0, and yeast cells in the same buffer plus 2% Glc. After the addition of

the tested cation, the depletion from the external medium was followed by

atomic emission spectrophotometry. Root experiments were performed at 6 to

8 mg mL21 of root dry weight and yeast experiments at 1.8 to 2.0 mg mL21 of

yeast dry weight.

During the induction period of high-affinity Na1 uptake, the exposure of

the roots to a K1-free medium produced a permanent loss of K1, which

prevented us from testing Na1 uptake in the absence of K1 and, consequently,

to investigate whether Na1 uptake was enhanced by K1 (Rubio et al., 1995) or

inhibited by K1 (Garciadeblás et al., 2003). To solve the problem, we carried

out uptake experiments in the presence, when necessary, of yeast cells of a trk1
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trk2 mutant expressing the Neurospora crassa NcHAK1 transporter. NcHAK1

mediates a very rapid K1 uptake, but does not mediate any appreciable Na1

uptake when Na1 is in the micromolar range of concentrations (Haro et al.,

1999). In experiments that were performed as previously described (Bañuelos

et al., 2002; Garciadeblás et al., 2003), the amount of yeast cells that it

was necessary to add to keep the K1 concentration at 0.1 to 0.3 mM was low

(0.5 mg mL21) and the only special condition for these experiments was the

presence of 2% Glc. The effect of the presence of Glc was tested in a series of

control experiments of K1 and Na1 uptake with roots with different degrees

of K1 starvation. The results proved that the only effect of Glc was to increase

the Vmax of K
1 and Na1 influxes (by approximately 30%), which is consistent

with previous findings in sunflower roots (Quintero et al., 2001).

All experiments were repeated at least three times. The main source of

variability of the results was the Na1 content of the medium where K1 star-

vation was carried out and the ratio of the mass of roots or yeast cells versus

the volume of the starvingmedium. Both conditions affect theNa1 content of the

K1-starved roots and yeast cells and consequently the rates of transport. In the

reported experiments, the Na1 content was lower than 5 and 13 nmol mg21

(dry weight) of roots or yeast cells, respectively. In well-standardized roots or

yeast cells, the reproducibility of the results was high when the initial rates of

uptake were high (with rates.4 nmol min21 mg21, SD ,10% of the mean; with

rates of approximately 2 nmol min21 mg21, SD #15% of the mean). In exper-

iments with low initial rates of uptake, the reproducibility is lower (with rates

,1 nmol min21 mg21, SD #30% of the mean).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers AM000056 and AM000057.
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