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The high-affinity K+ uptake system of plants plays a crucial role in nutrition and has been the subject of extensive ki- 
netic studies. However, major components of this system remain to be identified. We isolated a cDNA from barley 
roots, HvHAKí, whose translated sequence shows homology to the Escherichia coli Kup and Schwanniomyces occi- 
dentalis HAK1 K+ transporters. HvHAKí conferred high-affinity K+ uptake to a K+-uptake-deficient yeast mutant 
exhibiting the hallmark characteristics of the high-affinity K+ uptake described for barley roots. HvHAK1 also mediated 
low-affinity Na+ uptake. Another cDNA (HvHAK2) encoding a polypeptide 42% identical to HvHAKl was also isolated. 
Analysis of several genomes of Triticeae indicates that HvHAKí belongs to a multigene family. Translated sequences 
from bacterial DNAs and Arabidopsis, rice, and possibly human cDNAs show homology to the Kup-HAK1-HvHAK1 fam- 
ily of K+ transporters. 

INTRODUCTION 

Potassium is a major essential nutrient in higher plants. It 
plays important physiological roles in enzyme activity, os- 
moregulation, and movement; large amounts of K+ are nec- 
essary to sustain normal growth and development (Flowers 
and Lauchli, 1983). To satisfy the K+ requirements of the 
plant, roots take up K+ from solution in the soil, where its 
concentration can be very low, especially in the depletion 
zone around the roots. Therefore, plant roots are furnished 
with K+ transpor? systems of high affinity and high capacity 
to concentrate this cation (Epstein, 1973). An additional 
problem affecting K+ acquisition occurs in many saline soils, 
in which K+ uptake is impaired by the presence of high so- 
dium concentrations (Greenway and Munns, 1980). In this 
case, Na+ substitutes for K+, and the plant suffers both K+ 
nutritional imbalance and Na+ toxicity (Flowers and Lauchli, 
1983). 

An accurate description of K+ uptake by plant roots was 
made in the early 1960s by Epstein and co-workers, who 
observed that the rate of K+ uptake in barley roots exhibited 
a biphasic response to the increase in the K+ concentration 
in the externa1 medium (Epstein et al., 1963). As K+ concen- 
tration increases, the kinetics of K+ uptake show a first satu- 
rable component in the micromolar range and a second 
saturable component in the millimolar range. These complex 
kinetics can be described with precision as the sum of two 
Michaelis-Menten equations, which are ascribed to the ac- 
tivity of mechanism 1 or a high-affinity uptake system and 
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mechanism 2 or a low-affinity uptake system. ldentical or 
similar responses have been found in other plant species 
(Kochian and Lucas, 1982; Benlloch et al., 1989), suggesting 
that this pattern could be general in higher plants. 

Although the existence of high- and low-affinity K+ uptake 
systems in plants is an accepted paradigm, the number and 
characteristics of the transporters have yet to be deter- 
mined. In the search for plant genes encoding plant K +  
transporters, researchers have cloned several cDNAs en- 
coding inward- (Anderson et al., 1992; Sentenac et al., 1992; 
Cao et al., 1995; Müller-Rober et al., 1995; Ketchum and 
Slayman, 1996) and outward-rectifying (Czempinski et al., 
1997) K+ channels and a cDNA encoding a high-affinity K+- 
Na+ symporter (Schachtman and Schroeder, 1994; Rubio et 
al., 1995). Some of these cDNAs were isolated by comple- 
menting yeast mutants with defective K+ uptake. This procedure 
has been critical to the advancement of the understanding 
of K+ transport in plants. Two of the isolated cDNAs corre- 
spond to the root-expressed genes AKTl (Sentenac et al., 
1992; Lagarde et al., 1996) and HKT7 (Schachtman and 
Schroeder, 1994). AKTl encodes an inward-rectifying K+ 
channel (Sentenac et al., 1992), and HKT7 encodes a high- 
affinity, Na+-coupled K+ transporter (Rubio et al., 1995). Al- 
though the role of these transporters remains unclear, it 
seems unlikely that they play major roles in the high-affinity 
K+ uptake system. This system mediates the uptake of K+  
from very dilute solutions, and the involvement of a channel 
can be ruled out because, under those conditions, the K +  
diffusion potential is negative in relation to the membrane 
potential (Maathuis and Sanders, 1993,1996; Basset et al., 
1995). 
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A K+-Na+ symporter does not have thermodynamic 
restriction, but it should give rise to Na+-enhanced K+ up- 
take. This enhancement has not been detected in K+ uptake 
experiments with plant roots (Epstein, 1973; Maathuis et al., 
1996), indicating that HKT1 is not a major contributor to K+ 
uptake from micromolar concentrations (Rubio et al., 1996; 
Walker et al., 1996). Thus, major components of the high- 
affinity K+ uptake system that display characteristics consis- 
tent with those described for roots remain to be identified. 

As an alternative to the procedure of complementing 
yeast mutants defective in K+ uptake, we tried to identify 
plant transporters homologous to fungal K+  transporters, 
because fungal K+ transport exhibits kinetic (Ramos and 
Rodríguez-Navarro, 1985) and mechanistic (Rodríguez- 
Navarro et al., 1986; Maathuis and Sanders, 1994) charac- 
teristics similar to those found for K +  transport in plant 
roots. Two types of high-affinity K+ transporters have been 
described in fungal species, TRK and HAKl . The TRK trans- 
porters were identified in Saccharomyces cerevisiae (Gaber 
et al., 1988; Ko and Gaber, 1991), S. uvarum (Anderson et 
al., 1991), and Schizosaccharomyces pombe (Soldatenkov 
et al., 1995), and the HAKl transporter (Baiiuelos et al., 
1995), homologous to the Escherichia coli Kup K+ transporter 
(Schleyer and Bakker, 1993), was identified in Schwannio- 
myces occidenfalis. Using a method based on polymerase 
chain reaction coupled with reverse transcription (RT-PCR), 
we identified in barley and closely related species a multi- 
gene family that encodes proteins homologous to SoHAKl 
and Kup. One of the isolated cDNAs (HvHAK7) conferred 
high-affinity K+ uptake to a K+ uptake-deficient yeast mu- 
tant. This uptake exhibited the hallmark characteristics of 
the high-affinity K+ uptake described for barley roots. 

R ESU LTS 

Cloning of HvHAKl and HvHAK2 

By performing RT-PCR with RNA obtained from roots of 
barley seedlings grown in the absence of K+, we isolated 
two 0.75-kb cDNA fragments whose translated sequences 
showed a high degree of homology to SoHAK1 (Baiiuelos et 
al., 1995) and Kup (Schleyer and Bakker, 1993). One of the 
fragments was further extended, yielding a full-length 2.7-kb 
cDNA (HvHAKl); for the other fragment, we obtained a par- 
tial-length 2.4-kb cDNA (HvHAK~), which could not be com- 
pleted at the 5' end. The HvHAKl cDNA contains an open 
reading frame (ORF) of 2319 bp that encodes an 86.2-kD 
polypeptide of 773 amino acid residues. The partial-length 
HvHAK2 cDNA could encode a polypeptide of 721 amino 
acid residues. A hydrophobicity profile of the deduced 
polypeptides predicted 12 membrane-spanning regions, as 
already described for the SoHAK1 and Kup transporters. 
Figure 1 shows the amino acid sequence alignment of the 
translated HvHAKl and HvHAK2 cDNAs with those of SoHAK1 
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Figure 1. Amino Acid Sequence Alignment of the Translated 
HvHAK7 and HvHAK2 cDNAs and E. coli kup and S.  occidenfalis 
HAK7 Genes. 

Amino acids common to three or four sequences are boxed. Gaps 
were introduced to optimize alignment. 
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and Kup, revealing that they display considerable identity. In
addition, the alignment required the insertion of a limited
number of gaps. The binary comparisons of the four pro-
teins, summarized in Table 1, suggest that they belong to
the same family of proteins.

HvHAKI Encodes a K+ Transporter

To determine whether HvHAKI was a K* transporter, we in-
serted the HvHAKI cDNA into a yeast expression vector,
and the resulting plasmid was transformed into a yeast mu-
tant defective in K' uptake. Growth of the transformant was
assayed in low K+ media, in which the mutant would not
grow. Figure 2A shows the growth of the transformant in an
ammonium-free medium, with Figure 2B showing growth in
a standard ammonium mineral medium. These experiments
revealed that HvHAKI conferred on the yeast mutant the ca-
pacity to grow as fast as the wild-type strain in the medium
without ammonium, whereas it poorly enhanced growth in
the ammonium medium. Tests of K1 uptake in the presence
or absence of ammonium showed that K' uptake was
strongly inhibited by ammonium (Figure 3) at a much lower
concentration than that present in standard yeast mineral
medium (76 mM). The inhibition of the HvHAKI-mediated
K+ uptake by ammonium is consistent with the inhibition of
K1 uptake by ammonium observed in plant roots (Rufty et
al., 1982).

Figure 4A shows that yeast-expressed HvHAKI mediated
high-affinity Rb' uptake and that it was competitively inhib-
ited by K ' . The Km values of HvHAKI for Rb ' and K • were
18 and 27 u.M, respectively. At micromolar concentrations,
Na did not inhibit or enhance Rb' uptake (data not shown),
whereas at millimolar concentrations, it exerted a competitive
inhibition, with a K, of 15 mM (Figure 4B). HvHAKI-mediated
Rb' uptake in the yeast mutant was not affected by the K '
status of the cells, suggesting that in yeast, HvHAKI activity
was not regulated by the internal K+ concentration.

According to the classical model of Epstein et al. (1963),
K1 and Na' uptake in barley roots occurs with high and low
affinities, mediated by so-called mechanism 1 and mecha-
nism 2, respectively. Although mechanisms 1 and 2 are
thought to be different entities, it cannot be ruled out that a

Table 1. Binary Comparison Scores for Members of the Kup-HAK
Family of Proteins3

Protein HvHAK2 SoHAKI Kup

HvHAKI
HvHAK2
SoHAKI

41.7(54) 26.8 (39)
27.5(41)

31.3 (45)
30.4 (42)
25.1 (37)

aPercentage of identity is given first; percentage of similarity is given
in parentheses.

Wild type

HvHAKI

Mutant

Ammonium-free medium
50 mM K+ 2 mM K+ 0.1 mM K+

•*!••

B Ammonium medium
50mMK+ 2mMK+ 0.5 mM K+

Wild type

HvHAKI

Mutant

Figure 2. A Yeast Potassium Transport Mutant Transformed with
the HvHAKI cDNA under the Control of the Yeast PGK1 Gene Pro-
moter Acquired the Capacity to Grow in a Low K J Medium.

(A) A tenfold dilution series of cell suspensions of the wild-type
strain, a mutant strain transformed with HvHAKI, and a mutant
strain inoculated in solid arginine medium (ammonium free) contain-
ing different concentrations of K'.
(B) The same as shown in (A), but in ammonium medium (76 mM
ammonium).

single transporter could participate in both mechanisms
(Epstein et al., 1963). To test the possibility that HvHAKI
also mediated low-affinity Rb' and Na' uptake, we studied
HvHAKI-mediated uptake of Rb' and Na' in the millimolar
range of concentrations. However, drawing conclusions
from these experiments is difficult because trkl trk2 yeast
mutants exhibit high rates of Rb and Na' uptake when the
cations are present at high concentrations (Ramos et al.,
1994). Because of this high background of uptake, HvHAKI-
mediated uptake of Na' and Rb' in the millimolar range
cannot be detected unless it reaches high rates. We found that
above 1 mM Rb', the difference in the rates of Rb' uptake
between the transformed strain and the control strain re-
mained fairly constant, suggesting that HvHAKI did not ex-
hibit a second phase of Rb' uptake in the millimolar range.
In the case of Na' uptake, we observed that HvHAKI in-
creased the uptake with reference to the control strain but
that the increase was at the limits of detection.

A different construct lacking the 5' untranslated region of
HvHAKI and with three changes in the first 15 bp of the
ORF (see Methods) displayed higher Rb' uptake activity
than did the original construct when expressed in yeast (Km

of 17 H.M Rb' and Vmax of 33 nmol of Rb' mg 1 min 1). Us-
ing this construct, we observed neither high-affinity Na' up-
take nor low-affinity Rb' uptake mediated by HvHAKI.
However, as shown in Figure 5, we found that HvHAKI
transported Na1 when this cation was present at millimolar
concentrations.
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Figure 3. HvHAK1-Mediated K+ Uptake from Micromolar K +  
Concentrations. 

The mutant and the mutant transformed with HvHAKl were grown 
overnight in arginine medium, K+ starved for 1 hr, and transferred to 
K+-free arginine mineral medium, either standard or supplemented 
with 5 mM ammonium. K+ was then added, and K+ depletion was 
measured for 7 hr. 

Expression of HvHAKl 

To define the conditions and organs in which HvHAKl is ex- 
pressed, we performed gel blot hybridizations with RNA 
from shoots and roots of plants grown in the presence or 
absence of K+. Figure 6 shows that the HvHAKl transcript 
was detected exclusively in roots and that its expression 
was enhanced at least fivefold in K+-starved plants relative 
to plants grown in medium with a 1 mM K+ concentration. 
Unlike HvHAKl, the HvHAK2 transcript was not detected in 
either roots or shoots, regardless of the K+ concentration in 
which the plants had been grown. 

Mapping of HvHAKl and HvHAK2 Homologs 
in Triticeae Genomes 

Gel blot hybridization of genomic barley DNA revealed that 
four to seven restriction fragments, depending on the en- 
zyme used, hybridized with HvHAKl (data not shown). This 
observation suggested that HvHAKl belongs to a large 
gene family, and we proceeded to  map its members in sev- 
era1 genomes of the Triticeae tribe &e., genome Am, Triticum 
monococcum; A, B, and D, T. aestivum; E, Lophopyrum 
elongatum; and H, Hordeum vulgare). We found genes that 
hybridized with HvHAKl on chromosomes or chromosome 
arms (S, short; L, long) of homeologous groups 2 (2AL, 2DL, 
2EL, and 2H; genome B was not analyzed), 3 (3AL, 3DL, 
3EL, and 3H; genome B was not analyzed), 4 (4A, 4BL, 4DL, 
4EL, and 4HL), and 6 (6AmS, 6B, 6DS, 6ES; no polymor- 
phism was detected on 6A and 6H). Figure 7 shows the po- 
sitions of these loci in the four homeologous groups. 

In T. aestivum, a K+/Na+ discrimination locus (Knal) con- 
ferring resistance to salt stress maps on the long arm of 
chromosome 4D (Dvorák et al., 1994; Dubcovsky et al., 

1996b). Considering that this gene affects the concentration 
of Kf in leaves and that both Kna7 and one member of the 
HvHAKl family are located on chromosome 4DL, we investi- 
gated the possibility that they are the same gene. XHvHAKl 
hybridized with restriction fragment length polymorphism 
fragments that were 12.5 centimorgans apart from Knal; 
consequently, we concluded that XHvHAKl and Kna l  were 
different loci. Unlike HvHAKl, DNA gel blot hybridization 
showed that only one restriction fragment hybridizes with 
HvHAK2 in barley DNA, and we found a single XHvHAK2 lo- 
cus on the short arm of chromosome 2 of the Am, B, D, E, 
and H genomes (Figure 7). 

The Kup-HAK Family of Transporters 

A database search for protein sequences related to  HvHAK1 
and HvHAK2 revealed that in addition to SoHAK1 and Kup, 
putative proteins from Lactococcus lactis, Arabidopsis, rice, 
and possibly from humans very likely belong to  the family of 
transporters defined by the Kup transporter of E. coli and 
the HAKl transporter of S. occidentalis. Furthermore, in our 
laboratory, two genes encoding the same type of transport- 
ers have been isolated from Rhizobium leguminosarum and 
Sinorhizobium meliloti. Table 2 summarizes the species in 
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Figure 4. Competitive lnhibition of HvHAKl -Mediated High-Affinity 
Rb+ Uptake by Micromolar Concentrations of K+ and Millimolar 
Concentrations of Na+. 

(A) Concentration dependence of the initial rates of Rb+ uptake ex- 
hibited by the yeast potassium transport mutant transformed with 
the HvHAKl cDNA under the control of the yeast PGK7 gene pro- 
moter in the absence or presence of two concentrations of K+. 
(B) The same as shown in (A), but in the absence or presence of two 
concentrations of Na+. 
Data were fitted without constraints to Michaelis-Menten functions. 
The Michaelis-Menten parameter values (means ?SE of three inde- 
pendent experiments) are V,,, = 7.1 2 2.1 nmol mg-' min-', K, = 

18 i 3 pM Rb+, K, = 27 -C 2 pM K+, and K, = 15 5 2 mM Na+. In 
the mutant strain transformed with the plasmid lacking an insert, 
Rb+ uptake was undetectable in the recorded concentration range. 
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Figures. HvHAKI-Mediated Na* Uptake in the Millimolar Range.

Shown is the time course of Na' uptake by the yeast K' transport
mutant, the mutant transformed with the HvHAKI cDNA under the
control of the yeast PGK1 gene promoter (pGF718), and the mutant
transformed with a similar construct but modified at the 5' end of the
cDNA to increase HvHAKI activity (pGF522).

which putative transporters of the Kup-HAK family have
been found.

DISCUSSION

Here, we report the isolation of a full-length HvHAKI cDNA
clone from barley roots encoding a polypeptide with marked
amino acid sequence similarity to the K' transporters Kup of
E co// (Schleyer and Bakker, 1993) and HAK1 of S. occiden-
talis (Banuelos et al., 1995). To characterize this transporter
functionally, we expressed the HvHAKI clone in a trkl trk2
mutant strain of S. cerevisiae.

The kinetic characteristics of K+ and Rb+ uptake by roots
have been studied extensively in barley and other members
of the Triticeae tribe. In these (Epstein et al., 1963; Elzam
and Epstein, 1969) as well as in other plant species (Kochian
and Lucas, 1982; Benlloch et al., 1989), the kinetics of Rb4

and K1 uptake are biphasic, exhibiting a high-affinity com-
ponent that may dominate K' acquisition under most field
conditions (Epstein, 1973). Considering only this compo-
nent, barley roots exhibit Km values of 17 and 21 u,M for Rb+

and K* uptake, respectively, which are remarkably coinci-
dent with the Rb4 Km of 18 \*.M and the K* K, of 27 .̂M re-
ported here for the yeast-expressed HvHAKI transporter.
These Km values illustrate the lack of discrimination between
K+ and Rb+ in barley and HvHAKI. This characteristic is
also found in L. elongatum and bread wheat (Huang et al.,
1992). In L. elongatum and Tenophyrum intermedia, the Km

values for K4 (86Rb>) uptake are 8 and 9 (xM, respectively
(Elzam and Epstein, 1969).

The inhibitory effect of Na4 on the uptake of K4 or Rb+

and the transport of Na' have also been studied in barley
(Rains and Epstein, 1965; Rains and Epstein, 1967; Welch

and Epstein, 1968), L. elongatum, and T. intermedia (Elzam
and Epstein, 1969). The results of these studies are com-
plex, showing higher variability between species than in the
case of high-affinity K ( uptake. However, a common obser-
vation for all of these species is that micromolar Na' con-
centrations do not affect high-affinity K4 uptake, as we
found in yeast expressing HvHAKI. At millimolar Na' con-
centrations, high-affinity K+ uptake was inhibited in the
three species and also in HvHAKI, showing K, values of 1.5
mM in barley (Epstein et al., 1963), 3.9 mM in L. elongatum,
and 19 mM in T. intermedia (Elzam and Epstein, 1969). The
15 mM Na' K{ found in HvHAKI was closer to the K, in T. in-
termedia than to the K, in barley. Similarly, the lack of Na+

uptake by HvHAKI in the low range of concentrations (<0.2
mM) was also closer to the results obtained with T. interme-
dia (Elzam and Epstein, 1969) than to those reported for bar-
ley (Rains and Epstein, 1967) and L. elongatum (Elzam and
Epstein, 1969). To date, it is not possible to explain why
species that are so similar in K4 uptake are different in both
Na1 uptake from low Na4 concentrations and in the sensitiv-
ity of K' uptake to Na4. An interesting hypothesis is that dif-
ferent members of the HvHAKI family, with different K4 /Na4

selectivities, are involved in this variability.
A likely explanation for the observation that Na' in the mil-

limolar range of concentrations inhibits the Rb+ uptake me-
diated by HvHAKI is that both cations compete for transport.
Although other explanations cannot be ruled out, the fact
that HvHAKI transports Na+ provides support for the first
view. The finding that a probable major contributor to the
high-affinity K4 transport system can mediate low-affinity
Na4 uptake poses interesting questions regarding Na4 toler-
ance in plants. In the case of the HvHAKI transporter, its
contribution to Na' uptake would be low under field condi-
tions because the ratio between the affinities of both cations
is very high (MO3). However, if other members of the HAK1
family of transporters present lower KVNa+ selectivities,
their contribution to Na4 uptake might be important. The notion
that a high-affinity K1 transporter can be a low-affinity Na4

transporter is a common characteristic for HKT1 (Gassmann
etal., 1996) and for HvHAKI.

kb
3.6 —

1.9 —

R S R S

f
Figure 6. HvHAKI Is Expressed Exclusively in Barley Roots, and Its
Expression Is Enhanced When Deprived of K4.

The results of RNA gel blot analyses of HvHAKI transcripts in barley
roots (R) and shoots (S) of seedlings grown in the absence or pres-
ence of K' (1 mM) are shown. Molecular length markers are indi-
cated at left.
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T. turgidum 48 T. monococcum T. monococcum Homeologous of cDNAs from seedling hypocotyls of Arabidopsis (Gen- 
Bank accession numbers W43757 and W43758) and from 

xpsr921 Xmwg682 Xpsr167 etiolated shoots of rice (GenBank accession number D40091) 
show homology to HvHAKl, indicating that the HAK trans- 
porters are not restricted to the Triticeae tribe and that they 
operate in shoots as well as in roots. Because of their poten- 
tia1 diversity of functions, characterization of HAK transport- 
ers can advance our understanding of K +  movements in 
plants and offer a way to identify alleles of practical interest, 
especially for K+ nutrition and Na+ tolerance. 

The K+ and Na+ transporters studied to date seem to be 
specific to a group or a few groups of living organisms. In 
contrast, the Kup-HAK type of transporters described here 
is widely distributed in bacteria, fungi, higher plants, and 
possibly in mammals (Table 2). 

6A"' group 3 x T. aestivum 4D 2Am 

16.3 
Xmwg573 

xcxp3 

3.9 

5.4 p K i Z 7  

5.5 

3.2 

Figure 7. Chromosomal Location of the XHvHAK2 and Four Loci 
Complementary to HvHAKl. 

The genetic material used for linkage mapping is indicated at top. 
XHvHAKl and Knal loci are boxed. Underlined loci were assigned 
to chromosome arms but not mapped on linkage maps. Distances 
are given in centimorgans and were calculated using the Kosambi 
function. Positions of the centromeres are indicated by arrows. 
Short arms are drawn on top. 

METHODS 

cloning of the HvHAKl and HvHAK2 c ~ ~ ~ s  

~~~l~~ (Hordeum vulgare cv Albacete) seedlings were grown in the 
dark for 7 days in 10 mM Mes buffer brought to pH 5.5 with Ca(OH),. 

Measurements of K+ influx into barley roots of plants 
grown in the absence and in the presence of K+ have shown 
the existence of basal high-affinity transport of this cation, 
which is greatly enhanced by K+ starvation (Glass and Dunlop, 
1978). This finding is consistent with the pattern of expres- 
sion of the HvHAK7 transcript, which was detected only in 
roots, with a low level of expression in K+-grown plants and 
a much higher level of expression in K+-starved plants. 
These results and those discussed above lend support to 
the idea that one or several members of the HvHAKl family 
of transporters are major components of the high-affinity K+ 
uptake system in species of the Triticeae tribe. 

The second cDNA isolated, HvHAK2, also encoding a 
polypeptide with marked amino acid sequence similarity to 
the K+ transporters Kup of E. coli and HAKl of S. occidenta- 
lis, could not be completed, and its activity could not be 
tested. In addition, the HvHAK2 transcript was not detected. 
Therefore, it is not yet possible to predict a physiological 
function for the putative HvHAK2 transporter. 

The conservation of genes with high DNA homology to 
HvHAKl in several homeologous chromosomes in Lophopy- 
rum spp, Triticum spp, and Hordeum spp suggests that du- 
plications of an XHvHAKl gene preceded the divergence of 
the Triticeae tribe. The low percentage of amino acid identity 
between sequences of the HvHAK1 and HvHAK2 polypep- 
tides suggests that their divergence occurred even earlier 
than duplication of XHvHAK7. Conservation of these genes 
in the Triticeae may reflect that they have various and essen- 
tia1 functions. In addition, translated amino acid sequences 

Table 2. The Kup-HAK Type of Transporters 1s Widely Distributed 
among Living Organisms 

Organism Species Evidence 

Bacteria E. coli 
R. leguminosarum 
Sinorhizobium meliloti 
Lactoccocus lactis 

Fungi Schwanniomyces occidentalis 
Plants H. vulgare 

Lophopyrum elongatum 

T. aestivum 

T. monococcum 

Otyza sativa 
A. thaliana 

Animals Homo sapiens 

Sequence and functiona 
Sequenceb 
Sequenceb 
Sequence" 
Sequence and functiond 
Sequence and functione 
DNA gel blot 

DNA gel blot 

DNA gel blot 

Sequence' 
Sequenceg 
Sequenceh 

identificatione 

identificatione 

identificatione 

aSchleyer and Bakker (1 993). 
bDNA fragments were obtained by PCR with primers deduced from 
homologous regions of Kup and HAKI transporters. Their presence 
in the genome was confirmed by DNA gel blot analysis (R. Madrid 
and A. Rodríguez-Navarro, unpublished results). 
CGenBank accession number U74322. 
dBaAuelos et al. (1995). 
eThis report. 
'GenBank accession number D40091. 
gGenBank accession numbers W43757, W43758, N96203, T20469, 
T13770, and T04361. 
hGenBank accession numbers 215484 and 213060. 
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Total root RNA (6 pg), extracted from these seedlings, was reverse 
transcribed by use of a degenerate primer deduced from conserved 
regions of Kup and HAKl (degenerate nucleotide sequence 5’- 
CCRAARTGICCIAYRTCIGCRWA-3‘ deduced from the sense amino 
acid sequence [MILJ[Y/F]AD[MN]GHF) and avian myeloblastosis vi- 
rus reverse transcriptase (Amersham). The reverse transcription (RT) 
products were amplified by polymerase chain reaction (PCR) with the 
Expand high-fidelity PCR system (Boehringer Mannheim), using the 
antisense primer described above and a sense degenerate primer 
deduced also from conserved regions of Kup and HAKl (degenerate 
nucleotide sequence 5’-TAYGGIGAYATHGGIAClWSlCC-3’, which 
corresponds to the sense amino acid sequence YDGIGTSP). This 
procedure yielded two cDNA fragments of -750 bp, whose transla- 
tions showed sequence homology to Kup and SoHAK1. The frag- 
ments were extended to the 3‘ end by RT-PCR, using an anchored 
Notl(dT),, primer (Pharmacia) for RT and an antisense anchor-spe- 
cific primer and sense fragment-specific primers for PCR. Extension 
of the cDNAs up to the 5‘ ends of the mRNAs was also performed 
by RT-PCR, using the 5’/3’ rapid amplification of cDNA ends kit 
(Boehringer Mannheim), following the manufacturer’s instructions. A 
full-length cDNA was obtained from one of the fragments (HvHAK7; 
GenBank accession number AF025292) starting 84 bp upstream of 
the first ATG of the open reading frame (ORF). However, use of the 
same procedure did not yield a full-length cDNA containing the sec- 
ond fragment (HvHAK2). 

PCR products were inserted into the pCR2.1 vector by using the 
TA cloning kit (Invitrogen, Carlsbad, CA). HvHAK7 was inserted in the 
correct orientation at the EcoRl site of the yeast expression vector 
pYPGE15 (Brunelli and Pall, 1993), under the control of the PGK7 
promoter, producing plasmid pGF718. An additional pYPGE15- 
based construct lacking the 5’ untranslated region of HvHAK7 and 
with three changes in the first 15 bp of the ORF (ATATCGATG- 
CAAGGC instead of ATGTCGCTGCAAGTC) gave rise to plasmid 
pGF522. 

RNA Gel Blot Hybridization 

Barley seedlings were grown, as described above, in the presence or 
in the absence of 1 mM KCI. Total RNA (30 pg per lane) prepared 
from shoots and roots was separated by electrophoresis on a 
formaldehyde-1 .1 % agarose gel and transferred to a nylon mem- 
brane (Hybond-N; Amersham). Membranes were hybridized over- 
night at 42°C in the presence of 50% formamide with probes 
prepared from the 0.75-kb cDNA fragments of HvHAKl and HvHAK2 
that were labeled with C X - ~ ~ P - ~ A T P  by the random priming method. 
Membranes were washed twice in 2 x SSC (1 x SSC is 0.15 M NaCI, 
0.01 5 M sodium citrate) plus 0.1 % SDS at 42°C and then twice in 0.2 
X SSC plus 0.1 % SDS at 65°C. Membranes were exposed at -70°C 
for 3 days to Curix RP-2 (Agfa, Mortsel, Belgium) films. 

Cation Uptake Experiments 

Yeast cells were grown in arginine medium, supplemented with ei- 
ther 30 mM KCI (for WA3 and WA3 transformed with pYPGE15) or 3 
mM K+ (for WA3 transformed with pGF718 and pGF522), and then 
were K+ starved for 1 hr in K+-free arginine medium. Cells were sus- 
pended in a 2% glucose and 10 mM Mes buffer brought to pH 6.0 
with Ca(OH),. At intervals, samples were taken, filtered through a 
0.8-pm pore nitrocellulose membrane filter (Millipore, Bedford, MA), 
and washed with 20 mM MgC12. Filters were incubated overnight in 
0.1 M HCI. Rb+ and Na+ uptakes were determined by atomic emis- 
sion spectrophotometry of acid-extracted cells (Rodríguez-Navarro 
and Ramos, 1984). Results are expressed on a cell dry weight basis, 
and the parameters of the concentration dependence of the initial 
rates of Rb+ uptake were obtained by fitting the rates to a Michaelis- 
Menten function. Control experiments were performed with the WA3 
strain and with the WA3 strain transformed with plasmid pYPGEI5 
without an insert. 

Mapping of HvHAKl and HvHAK2 Homologs 
in Triticeae Genomes 

The same DNA probes described for RNA gel blot hybridizations 
were used for DNA gel blot hybridizations of genomic DNA from H. 
vulgare, Lophopyrum elongatum, Triticum aestivum, and T. mono- 
coccum. Hybridizations were performed as previously described 
(Dubcovsky et al., 1996a). Restriction fragments were assigned to 
chromosomes and chromosome arms by using nullisomic-tetra- 
somic and ditelosomic cytogenetic stocks of T. aestivum (cv Chinese 
Spring) (Sears, 1954), substitution lines and ditelosomic addition 
lines of L. elongatum (Dvorák, 1979; Hart and Tuleen, 1983), and ad- 
dition lines of H. vulgare (Islam et al., 1981). The XHvHAKl locus on 
chromosome 4DL was mapped in the same mapping population as 
the Knal locus (Dubcovsky et al., 1996b). XHvHAKl and XHvHAK2 
loci on chromosomes 2 and 6 were mapped in T. monococcum 
(Dubcovsky et al., 1996a). 
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Yeast Strain and Growth Tests 

A Saccharomyces cerevisiae trk7A trk2A (Ko and Gaber, 1991) dou- 
ble mutant strain (WA3), obtained from laboratory strain W303.1A by 
gene disruption, was the recipient strain for plasmids pYPGE15 and 
pGF718. Yeast strains were grown in a mineral medium with ammo- 
nium or with arginine as the nitrogen source (Rodríguez-Navarro and 
Ramos, 1984). The basic medium contained neither K+ nor Na+, 
which we added as indicated. 
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