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Sodium-Driven Potassium Uptake by the Plant
Potassium Transporter HKT1 and Mutations
Conferring Salt Tolerance

Francisco Rubio, Walter Gassmann, Julian |. Schroeder

Sodium (Na™) at high millimolar concentrations in.soils is toxic to most higher plants and
severely reduces agricultural production worldwide. However, the molecular mecha-
nisms for plant Na* uptake remain unknown. Here, the wheat root high-affinity potassium
(K™*) uptake transporter HKT1 was shown to function as a high-affinity K*-Na™* cotrans-
porter. High-affinity K* uptake was activated by micromolar Na*™ concentrations; more-
over, high-affinity Na* uptake was activated by K* (half-activation constant, 2.8 uM K¥).
However, at physiologically detrimental concentrations of Na*, K* accumulation medi-
ated by HKT1 was blocked and low-affinity Na* uptake occurred (Michaelis constant,
~16 mM Na™), which correlated to Na™ toxicity in plants. Point mutations in the sixth
putative transmembrane domain of HKT1 that increase Na™ tolerance were isolated with
the use of yeast as a screening system. Na™ uptake and Na* inhibition of K* accumu-
lation indicate a possible role for HKT1 in physiological Na* toxicity in plants.

Salinization of irrigated lands is an increasing
threat to agriculture. Na* concentrations
[Na*] of =25 mM are frequently found in
saline soils, and most crop plants are glyco-
phytes that are sensitive to high [Na*] (I, 2).
Physiological studies indicate that Na™ toler-
ance in plants is determined by several com-
ponents (I, 2), including osmolyte synthesis
(3), Na™ sensitivity of vital enzymes (4), and
ion transport processes (5-9). It has been
suggested that reducing Na™* accumulation is
crucial for engineering Na™* tolerance in
plants (8, 10). However, the molecular mech-
anisms for Na™ uptake and exclusion in plants
remain unknown.

Recently, a complementary DNA
(cDNA) from wheat, HKT1, was isolated that
encodes a high-affinity K* uptake transporter
(11), and in roots of Arabidopsis thaliana, volt-
age-clamp recordings of high-affinity K™ up-
take were reported (12). Current-voltage
studies of the mechanism of K* uptake
through HKT1 showed a variation in HKT1-

Fig. 1. HKT1 expressed
in yeast gives rise to
Na*-stimulated Rb* up-
take (A) and to K*-stim-
ulated Na* uptake (B)
[0, yeast cells express-
ing HKT1; A, K* uptake—
deficient yeast mutants
(14)]. In (A), the initial rate
of Rb* uptake is repre-
sented as a function of
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mediated currents, which indicated that addi-
tional relevant transported factors remained
unknown (I1). Initial experiments showed
that HKT1-mediated currents are affected by
Na™ (11). Here, we show that HKT1 medi-
ates high-affinity K*-Na* cotransport and
low-affinity Na™* uptake in a manner consist-
ent with Na™ toxicity in plants, and we iden-
tify mutations that improve HKT1-mediated
Na™* tolerance.

 In control tracer flux experiments (13)
with untransformed K* uptake—deficient
yeast strains (14), neither 3°Rb™ (K™) nor
22Na™ uptake was observed (Fig. 1, filled sym-
bols). In HKT1-expressing yeast cells, Na*
strongly stimulated Rb™ uptake (half-activa-
tion constant K, = 175 = 50 pM Na™,
mean * SD; n = 4) (Fig. 1A). #Na* flux
experiments in yeast allowed us to determine
whether Na™ uptake was mediated by HKT1
or whether Na* was merely enhancing Rb™
accumulation (15). ??Na™ uptake experi-
ments in HKT1-expressing yeast demonstrat-
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increasing external Na*.
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In (B), the initial rate of 0
Na* uptake is represent-
ed as a function of in-
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creasing external K*. Uptake experiments were carried out at pH 6.0, 30°C, in the presence of 15 uM
Rb* (A) or 200 uM Na™* (B) (73). At nominally O [Na*], a Rb* uptake rate of 0.05 nmol mg=" min~=" was
observed (A), and at nominally O [K*], a Na* uptake rate of 2.6 nmol mg~" min—" was observed (B). This
can likely be attributed to the background [Na*] (11 pM) and [K*] (2 wM) in the buffer used for the uptake
experiments, as determined by atomic absorption spectrophotometry.
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ed that Na* uptake was mediated by HKT1
(Fig. 1B). Moreover, K* stimulated the up-
take of Na* (K, , = 2.8 = 03 pM K*;n =
3) (Fig. 1B). HKT1-mediated Rb* uptake was
not affected by external pH (16).

Cotransport of K* and Na* was directly
quantified by studies of HKT1-mediated
currents in Xenopus oocytes (17). Extracel-
lular simultaneous perfusion with 1 mM
Na* and 0.3 mM K™ produced downward
deflections in the current trace that were
larger than those produced with 1 mM Na*
or 0.3 mM K% alone (n = 21) (Fig. 2A).
Absolute current values showed that Na™
or K* alone merely reduced positive (out-
ward) current (Fig. 2A) (11). However, the
combined addition of Na* and K* pro-
duced inward currents and cation uptake
(Fig. 2A). Additional experiments suggest-
ed that among the alkali metal cations (Li*,
Na*, K*, Rb*, and Cs*), Nat was at least
10 times as effective as any of the other
cations in activating K* uptake (n = 5 for
each cation) (18). Uninjected oocytes did
not show currents under the same condi-
tions (n = 33) (Fig. 2B).

In contrast to Na*-free conditions (11),
the simultaneous exposure of HKTl-ex-
pressing oocytes to Na* and K™ produced
stable reversal potentials (n = 55). There-
fore, the identity of the ions transported by
HKTI1 in oocytes could be unequivocally
established by determining absolute shifts
in reversal potentials of HKT1-mediated
steady-state currents under varying external
[Na*] or [K*] (Fig. 2, C and D). HKTI1-
mediated steady-state currents in oocytes
were insensitive to external pH in the range
of pH 5 to 8 (n 11) (16). Increasing
external [Na*] from 0.3 to 10 mM, with
[K*] constant at 1 mM, produced shifts of
current-voltage curves toward more positive
potentials (Fig. 2C), which confirmed that
Na* was taken up by HKT1. At 1 mM
external [Na*], increasing [K*] from 0.3 to
10 mM caused shifts in reversal potentials
that were more pronounced (Fig. 2D). An
increase in [K*] from 1 to 10 mM caused a
shift of +38 = 6 mV (n = 8), whereas an
increase in [Na*] from 1 to 10 mM caused
a shift of +22 = 4 mV (n = 9). This result
would be consistent with a transport stoi-
chiometry of 1.7 K* to 1 Na™ (19). Uptake
experiments in yeast with micromolar con-
centrations of K* (**K*) and Na™ (?’Na*)
showed a stoichiometry of 2.1 + 0.5to 1 (n
= 8), which is in agreement with results
obtained in oocyte experiments.

We next investigated the effect of phyto-
toxic high millimolar concentrations of Na*
(>25 mM) on HKT1-mediated K* uptake in
yeast. At a physiological [K*] (100 uM), high
[Na*] inhibited the growth of HKT1-express-
Department of Biology and Center for Molecular Genet-

ics, University of California, San Diego, La Jolla, CA
92093-0116, USA.

ing yeast cells (Fig. 3A, left). This finding
enabled us to design a strategy for isolating
HKT1 mutants, using yeast as a screening
system to identify domains in HKT1 respon-
sible for Na* toxicity. HKT1 mutants were
isolated (20) that allowed yeast cells to grow
in the presence of 300 mM Na* and 0.1 mM
K* (Fig. 3A, center and right). Two strongly
Na*-tolerant mutations were obtained,
Ala?* — Val** and Leu?*” — Phe?*’, that
were both located in the sixth hydrophobic
domain of HKT1. The growth rates of yeast
cells expressing the two mutated versions and

the wild-type HKT1 showed no differences in
the presence of nontoxic micromolar concen-
trations of Na™. In addition, at low micromo-
lar cation concentrations, the two mutants
and the wild type showed similar rates of
high-affinity Rb* and Na™ uptake (n = 30)
(21). However, at 300 mM Na* and 0.1 mM
K™, yeast cells expressing the A240V and
L247F mutations (22) showed growth rates far
in excess of that of the strain expressing wild-
type HKT1 (Fig. 3B, inset).

Tracer flux experiments in yeast showed
inhibition of HKT1-mediated Rb™ uptake

Fig. 2. HKT1 expressed C 1mMK* i

in oocytes gives rise to 1A et K Nat ek M 2
Na*-coupled K* uptake. cw P

(A)Exposureof an HKT1- 4] ] -160  -120 o
expressing oocyte to 1 __3 50s

mM Na*, 0.3 mM K*, 5

and 1 mM Na* plus 0.3 tB Na* K¢ Na*+K* 2
mM K*. (B) Uninjected © 3 P T -
oocyte treated as in (A). q 3
The ‘membrane potential <55 "0 |,z
in (A) and (B) was held at g
—120 mV. (C) Steady-state current-voltage curves from an D 1mMNa* 23

HKT1-expressing oocyte exposed to 0.3, 1, 3, and 10 mM Na*
in the presence of 1 mM K* throughout. (D) Analogous experi-
ment with an HKT1-expressing oocyte exposed to 0.3, 1, 3, and
10 mM K* in the presence of 1 mM Na* throughout. In all
panels, negative current values denote inward current (cation
uptake), and positive current values represent outward current.
Tris-glutamate was used to balance varying K* and Na* con-

centrations; the external pH was 5.5 (17).

" L247F

A240V

Rb* uptake (%)

Fig. 3. Mutations in the sixth putative transmem-
brane domain of HKT1 increase Na* tolerance.
(A) Yeast cells expressing wild-type (WT) HKT1
did not grow, whereas those expressing the
HKT1 mutants A240V and L247F grew in argi-
nine phosphate medium (28) supplemented with
0.1 mM K* and 300 mM Na*. (B) The rate of
Rb™ uptake (determined as in Fig. 1A) in the
presence of 100 uM Rb™ is represented for
yeast cells expressing wild-type HKT1 and the
mutants A240V and L247F as a function of ex-
ternal [Na*] in the range of 1 to 500 mM. The
uptake rates are given as a percentage of the
Rb* uptake rate at 1 mM Na* (100%). The inset
shows a comparison of the growth of yeast cells
expressing wild-type HKT1, A240V, and L247F
in300 MM Na*. (C) Intracellular [Na*)/[K*] ratios
in yeast cells expressing wild-type HKT1, A240V,
and L247F after 24 hours of incubation in argi-
nine phosphate medium containing 0.1 mM K*
at the indicated [Na*] values. Averages of three
independent experiments for each condition are
shown in (B) and (C).
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with increasing [Na*] in the range of 1 to 500
mM (Fig. 3B, lower trace). Millimolar con-
centrations of Na*t inhibit K* uptake in
plants (6, 12), which could lead to K™ defi-
ciency. In the Na*-tolerant HKT1 mutants,
the rate of high-affinity Rb™ uptake was less
reduced by high [Na*] than in the wild type
(n = 9) (Fig. 3B). The more Na™-resistant
mutant, A240V, showed less inhibition of
Rb* uptake (Fig. 3B). The Na* concentra-
tions at which Rb* uptake was reduced to
50% were 58 * 53 mM Na®* (wild-type
HKT1), 154 = 6.1 mM Na* (A240V), and
77 = 5 mM Na* (L247F) (n = 3).

To determine whether additional differ-
ences in Na* accumulation occurred in the
HKT1 mutants, we used atomic absorption
spectrophotometry to quantify the internal
Na* and K™ contents in yeast cells growing
in the presence of Na*. At [Na*] > 100 mM,
the intracellular [Na*]/[K"] ratio was the
highest for the wild-type HKT1 and the low-
est for the more Na%-resistant mutant,
A240V (Fig. 3C). The concentration sums of
the two cations did not show any significant
differences between the wild-type HKT1 and
the mutants (23). These data show that at
high [Na*], the Na"-tolerant mutants al-
lowed improved HKT1-mediated Rb* (K™*)
accumulation and simultaneously reduced
Na* uptake. :

At high millimolar concentrations of Na™*,
Na* ions may occupy the high-affinity K*
binding site, thereby inhibiting K™ uptake

-160 -120 -80 -40

HKT1 a
(o)
L]
o

= 100
Uninjected & 100

Current (LA)

Uninjected ® 100 8
Membrane potential (mV)

Fig. 4. HKT1 in oocytes mediates low-affinity Na™
uptake in the absence of K*, but not K* uptake in
the absence of Na™*. (A) Steady-state current-volt-
age curves from an HKT1-expressing oocyte ex-
posedto 1, 10, 20, 50, and 100 mM K* and from
an uninjected oocyte with 100 mM K*, in the
absence of Na*. (B) Analogous experiment with
an HKT1-expressing oocyte exposedto 1, 10, 20,
50, and 100 mM Na* and with an uninjected oo-
cyte with 100 MM Na™, inthe absence of K*. Bath
solutions were buffered to pH 5.5 (77).
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(Fig. 3B) and allowing increased Na* uptake
(Fig. 3C) (23). To test this hypothesis, we
studied currents in oocytes at high millimolar
concentrations of Na* or K. In uninjected
control oocytes, [Na*] or [K*] in the range of
1 to 100 mM did not produce inward currents
(n = 14) (Fig. 4). In HKT1-expressing oo-
cytes, external [K*] in the range of 1 to 100
mM in the absence of Na* reduced outward
currents (11), but could not stimulate appre-
ciable inward currents; this result underscores
the necessity of Na™ coupling for K* uptake
(n = 9) (Fig. 4A). Similarly, 100 mM Li*,
Rb*, or Cs* produced inward currents within
the resolution range (n = 8) (24, 25). How-
ever, for 10 to 100 mM Na™ in the absence of
external K*, Na* was able to generate large
inward (negative) currents (n = 9) (Fig. 4B).
From the HKT1-mediated inward Na* con-
ductances between —120 and —-140 mV (Fig.
4B), an apparent Michaelis constant K, of 16
+ 3 mM Na* (n = 5) was determined for
low-affinity HKT1-mediated Na* uptake. In
the A240V and L247F mutants, inward Na™
currents at 100 mM Na™ and 0 K* were
reduced to 33% * 10% (A240V,n = 17) and
66% * 22% (L247F, n = 11) of the wild-type
value. These data lend support to the hypoth-
esis that toxic Na* concentrations block
HKT1-mediated K* uptake by competing for
high-affinity K* binding.

We conclude that HKT1 acts as a Na*-
coupled cotransporter, even though Na*-cou-
pled transport has been classically thought not
to occur in higher plants (for reviews, see I, 9,
26). Na*-coupled K™ transport has been re-
ported in charophyte algae (27). Coupling of
K* uptake to the Na™ gradient can be esti-
mated to provide plant cells with sufficient
K* for plant nutrition from soil solution K*
concentrations of ~1 uM (19).

Previous studies have suggested that Na*
toxicity is accompanied by low-affinity
Na™* uptake and by inhibition of high-affinity
K* uptake (5, 6, 12). Our results indicate that
HKT1 mediates low-affinity Na* uptake (Fig.
4B), and that at physiologically toxic [Na*]
high-affinity K* uptake through HKT1 is in-
hibited (Fig. 3, B and C). HKT1 mutants were
isolated that conferred increased Na* toler-
ance to yeast (Fig. 3A) and that showed less
inhibition of K* uptake by high [Na*] as well
as reduced Na* uptake (Fig. 3, B and C) (23).
Because the mutations were located in the
sixth putative transmembrane domain, this
domain may be involved in low-affinity Na™
binding and K*-Na* discrimination. Our re-
sults offer insight into a molecular pathway of
Na™ uptake in higher plants. Additional Na™
uptake pathways may exist and need to be
identified. Further structure-function studies
of HKT1 should lead to a detailed under-
standing of the domains involved in K*-Na™
discrimination, which in turn may contribute
to the future engineering of crop plants with
improved salt tolerance.
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A Human Telomeric Protein
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Telomeres are multifunctional elements that shield chromosome ends from degradation and
end-to-end fusions, prevent activation of DNA damage checkpoints, and modulate the
maintenance of telomeric DNA by telomerase. A major protein component of human
telomeres has been identified and cloned. This factor, TRF, contains one Myb-type DNA-
binding repeat and an amino-terminal acidic domain. Immunofluorescent labeling shows
that TRF specifically colocalizes with telomeric DNA in human interphase cells and is located
at chromosome ends during metaphase. The presence of TRF along the telomeric TTAGGG
repeat array demonstrates that human telomeres form a specialized nucleoprotein complex.

Human chromosomes carry a long termi-
nal array of double-stranded TTAGGG
hexamers that are maintained by telomer-
ase. Telomeric DNA is thought to form a
protective nucleoprotein cap through its as-
sociation with telomere-specific proteins

Fig. 1. Purification and
identification of the 60-kD A
hTRF protein. (A) Specific
DNA affinity chromatog-
raphy of hTRF. Partially
purified HeLa hTRF was
applied to a column con-
taining restriction frag-
ments with the sequence
[TTAGGG],, coupled to
Streptavidin-agarose (7).
Input, flow-through (FT),

and the indicated KCI fractions were assayed for hTRF binding activity with the use of a D
[TTAGGG],, gel-shift probe. (B) Coomassie blue staining pattern of purified hTRF. The
60-kD TRF band is indicated. B-Casein was added to enhance hTRF activity in purified
preparations (7). The asterisk at the right indicates a ~100-kD protein that is present in
some of the hTRF preparations. Marker proteins (M) were prestained. (C) Recovery of h\TRF
activity by elution of the 60-kD protein from SDS-PAGE. Proteins from a gel similar to the
one shown in (B) were eluted (5, 9), and hTRF activity was assayed by gel shift with a
[TTAGGG],, probe. Lanes 1 to 11 contain proteins isolated from successive gel slices
covering the 120- to 20-kD range. Lane 7 contains proteins from the 55- to 65-kD range. (D)
Analysis of hTRF tryptic peptides by chemical sequencing and laser-desorption mass
spectrometry (70). Amino acids in lowercase were tentatively assigned; “x’" indicates that
no identification could be made (27). IY indicates calculated initial sequencing yields; m/z is

(1). Because the loss of telomere function
can induce cell cycle arrest and genome
instability, the telomeric complex is likely
to be required in all human cells. Changes
in the structure and function of human
telomeres are thought to play a role in
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malignant transformation and cellular se-
nescence (2, 3).

Protein components of the telomeric com-
plex have been identified in ciliates and in
yeast, but not in vertebrate systems (I).
Quests for vertebrate telomeric proteins had
previously yielded a single candidate factor
that could potentially bind along the length of
the telomeric TTAGGG repeat array (4—6).
This protein, TRF (telomeric repeat binding
factor), associates with- double-stranded
TTAGGG repeat arrays in vitro and displays
strong specificity for vertebrate telomeric
DNA (4, 5). TRF does not bind to single-
stranded telomeric sequences and does not
require the proximity of a DNA terminus for
its interaction (4). The activity is expressed in
nuclei from human, monkey, rodent, and
chicken cells, which all carry TTAGGG re-
peat arrays at their chromosome ends (4).
Here, we show that TRF is a protein compo-
nent of human telomeres.

Human TRF (hTRF) activity can be

detected in HeLa cell nuclear extracts on

5
o
]

1234567891011

<TRF

Peptide Sequence IY (pmol) m/z  [MH*] TRF
T7 EAEEVFEr 17 1009.2 1009.06

T8 TLDAQFENdEr 14 1337.9 1338.38
T10 TITSQDKPxxNxVxM 1.4  2672.0 2668.80 (M,,)
Rb ILLXYK 1.7 -

T12 IgAIAVXm 0.65 1658.7 1659.80
T13 IFgDPNxxmpf . 1.3 14085 1406.60 (M,,)
T20 xYVNYVLXEK 15 12014 1202.35
T26 QAxLXEEDK 14 -

T29 TIYICQFTr 1.1  1363.0 1363.53

the experimental mass of the peptide. [MH*] denotes the theoretical average isotopic mass
of the peptide (plus one proton), calculated from the cDNA-derived sequence (Fig. 3C). M,
refers to methionine sulfoxide (singly oxidized methionine).
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