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Plants have multiple potassium (K") uptake and efflux mechanisms that are expressed throughout plant tissues to fulfill
different physiological functions. Several different classes of K* channels and carriers have been identified at the molecular
level in plants. K™ transporters of the HKT1 superfamily have been cloned from wheat (Triticum aestivum), Arabidopsis, and
Eucalyptus camaldulensis. The functional characteristics as well as the primary structure of these transporters are diverse with
orthologues found in bacterial and fungal genomes. In this report, we provide a detailed characterization of the functional
characteristics, as expressed in Xenopus laevis oocytes, of two cDNAs isolated from E. camaldulensis that encode proteins
belonging to the HKT1 superfamily of K" /Na™ transporters. The transport of K" in EcHKT-expressing oocytes is enhanced
by Na', but K* was also transported in the absence of Na'. Na" is transported in the absence of K" as has been
demonstrated for HKT1 and AtHKT1. Overall, the E. camaldulensis transporters show some similarities and differences in
ionic selectivity to HKT1 and AtHKT1. One striking difference between HKT1 and EcHKT is the sensitivity to changes in
the external osmolarity of the solution. Hypotonic solutions increased EcHKT induced currents in oocytes by 100% as
compared with no increased current in HKT1 expressing or uninjected oocytes. These osmotically sensitive currents were not
enhanced by voltage and may mediate water flux. The physiological function of these osmotically induced increases in
currents may be related to the ecological niches that E. camaldulensis inhabits, which are periodically flooded. Therefore, the
osmosensing function of ECHKT may provide this species with a competitive advantage in maintaining K™ homeostasis

under certain conditions.

Potassium (K") plays an important role in a wide
range of physiological and biochemical functions and
is essential for plant growth and development
(Kochian and Lucas, 1988; Schroeder et al., 1994;
Maathuis and Sanders, 1996). K" is acquired by roots
from soil and is transported and recirculated to other
parts of the plant via the xylem and phloem (Mar-
schner, 1995). Because of the importance of K" in
many aspects of plant growth and adaptation to the
environment, plants require multiple mechanisms for
K* acquisition (Schachtman, 2000), translocation (Je-
schke et al., 1987; Marten et al., 1999; Lacombe et al.,
2000), and for maintaining cellular K™ homeostasis
(Leigh and Wyn Jones, 1984; Walker et al., 1996).

Many specialized transport processes that must be
tightly regulated (Glass, 1983) are involved in up-
take, translocation, and in maintaining cellular K*
homeostasis. Transport mechanisms such as channels
and symports are known to be involved in K™ uptake
across the plasma membrane (Gassmann et al., 1993;
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Kochian and Lucas, 1993). K™ transport into and out
of the vacuole is important in maintaining cellular
homeostasis and it appears that both channels (Ward
and Schroeder, 1994) and antiports (E. Blumwald,
personal communication) may be involved in vacu-
olar K" transport. The molecular identity of K*
transport mechanisms is known in only a few of
thousands of plant species. Several different genes
encoding channels that facilitate both inward and
outward K™ fluxes have been cloned from Arabidop-
sis (Amtmann and Sanders, 1999; Schachtman, 2000).
Two types of K* carriers (KUP and HKT families)
have also been identified at the molecular level from
Arabidopsis and from cereals (Schachtman, 2000).
Although the physiological roles of some of these K*
transport mechanisms have been identified (Schroe-
der et al,, 1994; Nakamura et al., 1995; Gaymard et al.,
1998; Hirsch et al., 1998; Zimmermann and Sentenac,
1999; Rigas et al., 2001), the primary physiological
role of others is poorly understood including: HKT
(Schachtman and Schroeder, 1994; Rubio et al., 1995;
Gassmann et al., 1996), KUP/HAK (Quintero and
Blatt, 1997; Santa-Maria et al., 1997, Fu and Luan,
1998; Kim et al., 1998; Rubio et al., 2000), KCO (Czem-
pinski et al., 1997), and LCT (Schachtman et al., 1997;
Clemens et al., 1998).
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The physiological function of HKT1 has been dif-
ficult to unravel, but it does not appear to be in-
volved in ion acquisition (Box and Schachtman,
2000), because sodium does not significantly stimu-
late growth or potassium uptake in long- or short-
term experiments. Homologs of this transporter
have been found in a wide range of bacterial, fungal,
and plant genomes (Schachtman and Liu, 1999).
HKT1-like proteins from a monocot (Schachtman and
Schroeder, 1994), a dicot (Uozumi et al., 2000), and a
woody perennial (Fairbairn et al., 2000) have been
cloned. Only the function of the monocot HKT1 has
been fully characterized (Gassmann et al., 1996). The
wheat (Triticum aestivum) HKT1 transports K* and
Na* (Rubio et al., 1995) and has been classified as a
high-affinity K" transporter. In contrast, the Arabi-
dopsis homologue (AtHKT1) complements an Esche-
richia coli mutant deficient in K* uptake, but the
cDNA induces Na* and not K" currents when ex-
pressed in oocytes (Uozumi et al., 2000) and therefore
has been classified as a Na™ transporter. This major
difference between HKT1 and AtHKT1 highlights the
functional diversity within these transporters in two
different plant species. The functional diversity
found within this superfamily across phyla is very
large. For example, it is known that members of this
superfamily are energized by Na™ in some organisms
(Tholema et al., 1999) and by protons in other organ-
isms (Bihler et al., 1999). Therefore, detailed func-
tional characterization of these proteins from differ-
ent plant species could uncover new and potentially
useful functions for the improvement of plant
performance.

In this study, we characterized the function of two
transporters from Eucalyptus camaldulensis. E. ca-
maldulensis is one of the most widely distributed
Eucalypt species in Australia (Eldridge et al., 1993),
which is the driest continent on earth. To survive and
grow in the range of harsh environments, this species
has been able to develop specialized physiological
adaptations (Gibson et al., 1994). E. camaldulensis in-
habits river beds that are dry for most of the year and
flooded during other parts of the year. Such an
adaptable and successful plant family is likely to
possess unique mechanisms for adaptation to dry
environments, which include drought and salinity
tolerance (Zubrinich et al., 2000). In contrast to the
short life cycle of the Arabidopsis model system
(6-12 weeks), E. camaldulensis may grow in the same
place for 250 years (Williams and Brooker, 1997).
Therefore, the adaptation to drought and salinity that
this species possesses is most likely different from
species that rapidly complete their lifecycle under
stress. In our characterization of the two HKT1 ho-
mologs from E. camaldulensis, we found similarities
and differences to the homologs from wheat and
Arabidopsis. The most striking new functional char-
acteristic we discovered was the protein’s intrinsic
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capability to sense changes in the external osmolarity
of the solution.

RESULTS
K* Currents Are Enhanced by Na™

We demonstrated previously that 1 mm Na™ plus
10 mm K resulted in a significant increase of inward
currents in both EcHKTI- and EcHKT2-expressing
oocytes compared with 10 mm K" alone (Fairbairn et
al., 2000), indicating that K" transport by ECHKT1 and
EcHKT2 is stimulated by Na ™. To investigate whether
other monovalent cations stimulate K transport, we
compared the currents in EcHKT1- or EcHKT2-
expressing oocytes in the presence of 1 mm of the ion
plus 10 mm K™

Figure 1 shows the representative currents for an
uninjected oocyte (Fig. 1A) and both EcHKT1- and
EcHKT2-expressing oocytes (Fig. 1, B and C) mea-
sured at —120 mV from a holding potential of —40
mV. Uninjected oocytes in a bath solution perfused
with 1 mm Na™ or other monovalent cations in solu-
tions containing 10 mm K™ had the same low steady-
state background currents regardless of the monova-
lent cation added to the bath (Fig. 1A). Inward
currents were measured at —120 mV from solutions
without Na* or K* and subtracted from currents
measured in solutions containing 10 mm K" and 1
mM of a range of monovalent cations to obtain
changes in current. The addition of 1 mm Na™ to
solutions containing 10 mm K™ increased the inward
current more than the addition of 1 mm K*, Rb ™", Li*,
and Cs" in both the EcHKT1- and EcHKT2-expressing
oocytes (Fig. 1, D and E). The percentage increase in
currents due to the addition of Na™ was larger in
EcHKT2-expressing oocytes (Fig. 1, C and E). The
current change induced by bathing oocytes in 11 mm
K* (withno Na™) at —120 mV was similar for oocytes
expressing either ECHKT1 and EcHKT2. This result
indicates that K* currents induced by EcHKT1 and
EcHKT? in oocytes are enhanced by Na* to a differ-
ent extent.

In oocytes expressing EcHKTI, the currents mea-
sured in solutions containing 1 mm Rb*, Li*, or Cs*
and 10 mm K" were smaller than at 11 mwm (Fig. 1D)
K™ alone, indicating these monovalent ions partially
(Rb" and Li") or completely (Cs™) blocked K™ influx
through EcHKT1. In EcHKT2-expressing oocytes, Li*
and Cs* but not Rb" similarly blocked K" influx
(Fig. 1E).

Cation Selectivity in the Presence of 1 mm Na™

To test whether Na™ could enhance the influx of
other cations in EcHKT1- and EcHKT2-expressing oo-
cytes, currents at —120 mV were measured with 1
mMm Na™ plus 10 mm of other alkali cations.

The addition of 1 mm Na® and 10 mm of any
monovalent cation tested did not have a significant
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effect on uninjected oocytes (Fig. 2, D and E). How-
ever, in both EcHKT1- and EcHKT2-expressing oo-
cytes, exposure to 1 mm Na* plus 10 mm K7 led to
the largest inward currents as compared with the
currents in 1 mm Na™ plus other monovalent cations
(Fig. 2, B-E). EcHKT2-expressing oocytes mediated
larger inward currents than EcHKT1 in the presence
of 1 mm Na* plus 10 mm K* (Figs. 1 and 2) or Na*
alone (10 mm Na™ in Fig. 3 and 11 mm Na ™ in Fig. 2).
This suggests that ECHKT2 may be more highly ex-
pressed in oocytes than EcHKT1, or EcHKT2 could
have a larger conductance pathway than EcHKT1.
EcHKT1 and to a lesser extent ECHKT2 also mediated
a small amount of Rb" influx at 1 mm Na* plus 10
mwm Rb" (Fig. 2, D and E).

Selectivity in the Presence of a Single Ion

To further evaluate the selectivity of the E. camaldu-
lensis HKT1 homologs, currents induced in EcHKT1-
or EcHKT2-expressing oocytes were measured in the
presence of single ions including K, Na™, Rb" Li",
and Cs™ at a concentration of 10 mm for each.

A range of monovalent cations at 10 mm induced
only small steady-state background currents in unin-
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jected oocytes. In EcHKT1-expressing oocytes, in-
ward currents were observed in the presence of 10
mm Na®, K¥, or Rb”", exhibiting a permeability se-
quence of Na® > K" > Rb" > Li" = Cs", as esti-
mated by the change in current level (Fig. 3D). The
same permeability sequence was observed in
EcHKT2 expressing oocytes, but ECHKT2 was also
slightly permeable to Li" and Cs" in comparison
with EcHKT1 (Fig. 3, D and E). When a single mono-
valent cation was present in the bath solution,
EcHKT2 was more permeable to Na* than EcHKT1
(Fig. 2, B-E, and Fig. 3, B-E). These results indicate
that both ECHKT1 and EcHKT2 mediate alkali cation
uptake and are mainly permeable to Na™, K", or Rb™.

Kinetics of Na*- and K*-Induced Currents

To evaluate the transport kinetics of the steady-
state currents, ECHKT1- and EcHKT2-expressing oo-
cytes were exposed to bath solutions containing dif-
ferent external Na® and K" concentrations. To
measure the Na® and K™ affinities of these transport-
ers in their cotransporter mode, oocytes were bathed
in solutions containing fixed concentrations of Na*
and variable K" concentrations and in fixed concen-
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Figure 2. Effects of T mm Na* on K*, Rb*, Li™, A. Uninjected D

and Cs* in EcHKTI- and EcHKT2-expressing -350

and uninjected X. laevis oocytes. Current traces EcHKTI, 1 mM Na*/
recorded at —120 mV from an uninjected (A), -300 10 mM X ion
EcHKTT-expressing (B), and EcHKT2-expressing ~-250

(C) oocyte. Traces with K™ and Na™ in bath have
been labeled and the rest are traces with Rb™,
Li*, and Cs* that correspond to histograms.
Current changes (D and E) measured in
EcHKT1(n = 4 oocytes), ECHKT2 (n = 4), and
uninjected oocytes (n = 4) in the presence of 1
mm Na™ plus 10 mm X ion in bath solution.
Current difference (A current) is the difference l|
between the currents recorded at 0 mm mono- T

valent cations and T mm Na*/10 mm X ion.

trations of K* and variable Na™ concentrations. In-
ward currents mediated by EcHKT1 and EcHKT2
increased as a function of external Na® or K™ con-
centrations. Although EcHKT1- and EcHKT2-induced
currents responded to changes in K* from 0.3 to 10
muy, it was not possible to fit Michaelis-Menten
curves to these changes to derive the K, for K* (data
not shown). In the cotransporter mode, we were able
to obtain Michaelis-Menten curves at a fixed K™ con-
centration of 1 mm by varying Na® concentrations.
Figure 4A shows the relationship between the
steady-state currents at —120 mV and external Na™
concentrations at 1 mm K*. The K, was derived
using Equation 1:

Imax >< [S]O
= Kn T 51, @

where [ is the steady current difference between 0
mm Na* or K" and a series of Na* or K concentra-
tions, [, is the maximum current at saturating ex-
ternal Na* concentration, K, is the external Na*
concentration that gives the half value of I,,, and

[S], denotes either external Na* or K™ concentration.
Michaelis-Menten curves were fitted and drawn us-
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ing Sigma Plot 4.0 based on the experimentally de-
termined K, and I, from Equation 1.

At —120 mV, for EcHKTI-expressing oocytes at
external K* concentrations of 1 mm, K., was 753 =
109 pm (n = 3) and for EcHKT2 at 1 mwm, K, was
569 * 109 um (n = 3; Fig. 4A).

The K, was voltage dependent (Fig. 4B) in ECHKT1
and EcHKT2. Therefore, the K, of EcHKT1 and
EcHKT?2 decreased as membrane potentials became
more negative (from —140 to —60 mV) and there was
no significant difference between the K, of ECHKT1
or EcHKT2 across all voltages.

Co-expression of ECHKT1/EcHKT2

The presence of two different isoforms of HKT1 in E.
camaldulensis is intriguing because it is possible that
overlapping expression patterns (Fairbairn et al., 2000)
may result in interactions between isoforms of the
proteins. Therefore, EcHKT1/EcHKT2 co-expressing
oocytes were tested in solutions containing 1 mm
Na " plus 10 mm K*. The current amplitudes induced
by co-expression of EcHKT1/EcHKT2 were less than
the current in EcHKT2-expressing oocytes, but
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Figure 3. Effects of bath solutions containing

EcHKT1, 10 mM X ion

Rb*

the single monovalent cations Na*, Rb™, Li™,
and Cs* on EcHKTI- and EcHKT2-expressing
and uninjected X. laevis oocytes. Current traces
recorded at —120 mV from an uninjected (A),
EcHKT1-expressing (B), and EcHKT2-expressing
(C) oocyte. Traces with K™ and Na™ in bath have
been labeled and the rest are traces with Rb™,
Li*, and Cs™ that correspond to histograms.
Current changes (D and E) measured in ECHKT1
(n = 4 oocytes), ECHKT2 (n = 4), and uninjected
oocytes (n = 4) were measured in the presence
of single monovalent cation ion (10 mm) in bath
solution. Current difference (A current) is the
difference between the currents recorded at 0
mMm monovalent cations and 10 mm cation ion.
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slightly more than in oocytes expressing EcHKT1
(Fig. 5). Therefore, according to the change in amp-
litude that was midway between EcHKTI- and
EcHKT2-expressing oocytes, it appears that co-
injected oocytes display a mixture of currents arising
from EcHKT1 and EcHKT2.

Response to Osmotic Changes

In most experiments, EcHKT1- and EcHKT2-ex-
pressing oocytes were recorded in solutions contain-
ing 1 mM Na" plus 10 mm K* and 200 mm sorbitol.
However, we also tested the response of injected and
uninjected oocytes to a hypotonic solution (50 mm
sorbitol) that contained the same concentration of
cations. Exposure to hypotonic solution led to in-
creased inward currents in EcHKTI-and EcHKT2-
expressing oocytes as compared with currents at 200
mM sorbitol in the bath solution (Fig. 6). This effect
was only partially reversible upon perfusion back to
200 mM sorbitol (data not shown). EcHKT2-expres-
sing oocytes had larger currents than EcHKTI-
expressing oocytes, as has been shown in previous
experiments. At —120 mV, the current increase due to
hypotonic solution in EcHKT1 expressing oocytes
was —129 £ 40 nA (n = 6) and —271 £ 35 nA (n = 8)
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Rb*

in EcHKT2-expressing oocytes. The percentage in-
crease in currents from 200 to 50 mm was approxi-
mately the same (100%) for both transporters. In-
creased currents were most evident at more positive
and negative membrane potentials and reversal po-
tentials were not shifted by changes in the osmolarity
of the solution (Fig. 7). HKT1-expressing oocytes
were also tested for response to changes in the os-
molarity of the solution, but the HKT1-induced cur-
rents were not responsive to hypotonic solution,
showing an increase of only —8 * 1 nA at =120 mV
(Fig. 7D). Oocytes co-expressing EcHKT1/EcHKT?2
also showed increases in currents in response to hy-
potonic solutions of —137 = 8 nA at —120 mV (Fig.
7C).

We tested the effect of hypertonic solutions on
currents generated by EcHKTI-expressing oocytes.
Hypertonic solutions (600 mm sorbitol) did not sig-
nificantly affect the current levels (Fig. 7A) in
EcHKT1-injected oocytes.

To test whether EcHKT1- or ECHKT2-mediated in-
ward currents in response to hypotonic solution were
coupled to an inward water flux, we measured the
diameter change of EcHKT1- or EcHKT2-expressing
oocytes incubated in hypotonic solution (50 mm sor-
bitol) containing 1 mm Na® plus 10 mm K. An
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Figure 4. Kinetics of inward currents mediated by EcHKTT or
EcHKT2 as a function of external Na* concentration. A, The rela-
tionship between Na* concentration and current at 1 mm external K*
with curves fitted to the Michaelis-Menten equation. B, The voltage
dependence at 1T mm K*.

increase of oocyte diameter was observed during the
60-min incubation. The increase was 11.6% = 0.7%
(n = 6) in uninjected oocytes, 7.3% £ 1.7% (n = 8) in
EcHKT1-expressing oocytes, and 11.0% = 0.6% (n =
6) in EcHKT2 oocytes. The observed increases in di-
ameter under hypotonic conditions, between unin-
jected, ECHKT1-, or ECHKT2-expressing oocytes were
not significantly different. We also tested whether
water flux could be enhanced under conditions
where the membrane potential was more negative.
Holding the oocyte membrane potential at more neg-
ative voltages (—120 mV) for 30 or 60 min in hypo-
tonic solutions did not result in changes in oocyte
diameter that were different from those observed in
oocytes that were not voltage clamped.

To compare more directly with oocytes expressing
a known water channel (Kammerloher et al., 1994)
and with previously used experimental conditions
(Maurel et al., 1995), we bathed oocytes expressing
EcHKT1 and PIP2a 3 d after injection and uninjected
oocytes in Barth solution that had been diluted five
times with deionized water. Under these experimen-
tal conditions, the PIP2a-expressing oocytes swelled
and burst after approximately 5 min (1 = 12) as
compared with EcHKT1-expressing oocytes, which
burst after 45 min (n = 12). Of the 11 control unin-

200
100 %
140 - - -

———
-20 -40 -60
-100 { Voltage (mV)

-200 4

=300 A
-400
® FEcHKT! Current (nA)
¥ EcHKTI/EcHKT2
O EcHKT2

Figure 5. Current-voltage (I-V) relationship in EcHKTI-expressing
(n = 6), EcHKT2-expressing (n = 5), and EcHKT1/EcHKT2 co-
expressing oocytes (n = 8). Solutions contained 1.8 mm CaCl,, 10
mm MES[2-(N-morpholino)-ethanesulfonic acid]-Tris, 200 mm sorbi-
tol, 1 mm Na*, and 10 mm K™ (pH 6.5).
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Figure 6. Hypotonic solutions induced increased inward currents in
EcHKTI1- and EcHKT2-expressing oocytes. Each oocyte tested was
bathed in solution containing 200 mm and then the chamber was
perfused with solution containing 50 mm sorbitol. Solutions also
included 1.8 mm CaCl,, 10 mM MES-Tris, 1 mm Na™, 10 mm K* (pH
6.5), and uninjected oocyte (A), ECHKT1-expressing oocyte (B), and
EcHKT2-expressing (C) oocyte. Holding potential was —40 mV and
the current traces corresponded to the membrane potentials of —140
mV to +40 mV with 20-mV increments.

500 nA

jected oocytes tested, four burst after 45 min, whereas
the other seven remained intact for at least 60 min.

Effects of Divalent Cations on Transport Currents

The effects of divalent cations on EcHKTI1- and
EcHKT2-mediated currents were investigated be-
cause Mg>* appears to stimulate HKT1-induced cur-
rents in oocytes (D. Hayes, D.P. Schachtman, and
N.A. Walker, unpublished data). Currents were mea-
sured in bath solutions containing 1 mm Na™ plus 10
mm K" with and without 2 mm Ca®", Mg?*, or Ba®".
Normalized currents measured at —120 mV in
EcHKT1- or EcHKT2-expressing oocytes exposed to
different ionic conditions revealed that Ca** or Mg**
did not have significant effects on EcHKTI- or
EcHKT2-mediated inward currents (P > 0.05; Fig. 8).
However, 2 mm Ba®" significantly reduced both
EcHKT1- and EcHKT2-mediated currents (P < 0.05).
These results confirm the findings of Fairbairn et al.
(2000), who showed that bacterial cells deficient in
K" transport grew poorly when EcHKT was ex-

Plant Physiol. Vol. 127, 2001



Eucalyptus camaldulensis HKT1 Homologues Display Intrinsic Osmosensing

: 600
A.EcHKT1 3001 B. ECHKT?2
] 200
140 -100 100 -140 -100  -60
T 2040 20 40
-100 Voltage (mV) -200 Voltage (mV)
-3001 -600
-500 -1000
Current (nA) Current (nA)
200 1
C.EcHKT1/2 ;} D. HKT! 1500 ]
1001 1000
140 <100 60 n A
20 40 :
-100 Voltage (mV) 140 -100  -60.° 20
-200+ 1 201 40( v
| Voltage (m
-3001 -300 g
-400 -1000 j
Current (nA) Current (nA)

a 600 mM D-sorbitol

® 200 mM D-sorbitol
© 50 mM D-sorbitol

pressed and low concentrations of Ba?* were added.
The reason for the poor growth of E. coli in previous
experiments has been confirmed in these experi-
ments with oocytes to be due to the blockage of K*
uptake by Ba®*.

DISCUSSION

Although we are now entering a new era in which
a complete plant genome sequence is available for
use in understanding fundamental questions in plant
biology (Arabidopsis Initiative, 2000), much future
work will be required to understand gene function.
In the plant kingdom, we can expect to discover great
diversity in the functions of paralogous proteins be-
cause of the many different environmental niches
that plants inhabit. Examples of natural variation in
genome composition and protein function have been
found widely in bacteria that are adapted to survive
in extreme environments such as those species that
are tolerant of very high temperatures, radiation, and
high salinity (Nelson et al., 2000). These proteins
from bacterial extremophiles have many unique
properties that are useful for scientific and industrial
applications. In this study, we have described the
function of two cation symporters that have a similar
function to HKT1 from wheat, but exhibit a slightly
different cation permeability and a unique ability to
sense changes in the solute concentration of the ex-
ternal solution.

Functional and Structural Comparisons

HKT1 from wheat (Schachtman and Schroeder,
1994), AtHKT1 from Arabidopsis (Uozumi et al.,
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Figure 7. |-V relationships in isoosmotic (200
mm sorbitol), hypotonic (50 mm sorbitol), or
hypertonic (600 mm sorbitol) solutions. [-V
curves from oocytes expressing ECHKT1 (A; n =
6), ECHKT2 (B; n = 8), ECHKT1 and EcHKT2 (C;
n = 7), and HKT1 (D; n = 7). Solutions also
contained 1.8 mm CaCl,, 10 mm MES-Tris, 200
mu sorbitol, T mm Na™, and 10 mm K™ (pH 6.5).

2000), and EcHKT1/2 from E. camaldulensis (Fair-
bairn et al.,, 2000) all are sufficiently similar to be
classified into the same superfamily (>40% amino
acid identity), but exhibit functional differences in
transport characteristics when measured in X. laevis
oocytes. All of these transporters appear to trans-
port Na* when this single cation is in the bath solu-
tion. In oocytes expressing either ECHKT1 or ECHKT2,
we measured the largest currents with a single ion
present when Na' was in the bath solution. The

- ._
S > 8
L 1 1

Normalized Current (%)
N
W

1Na*
/10K*

1Na*
/10K*

EcHKT1 EcHKT2

Figure 8. Effects of divalent cations on EcHKT1- or EcHKT2-
mediated inward currents. Currents at =120 mV and T mm Na*/10
mm K* without divalent cations were used to normalize the currents
at —120 mV measured at T mm Na®/10 mm K™ with 2 mm Ca?™,
Mg?*, and Ba? (EcHKT1, n = 4; ECHKT2, n = 6).

+Ca® +Mg? +Ba™ +Ca? +Mg>* +Ba*
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mechanism of Na® uptake is not certain, but the
model proposed by Gassmann, Rubio, and Schroeder
(Gassmann et al., 1996) suggests that Na® moves
through two different binding sites in the protein. In
the case of HKT1, Na™ may be transported at rapid
rates via a series of binding sites in the “pore” similar
to an ion channel (Gassmann et al., 1996). Na™ also
stimulates the uptake of K* in EcHKT1/2 and HKT1,
but does not stimulate the uptake of other monova-
lent cations such as Li" or Cs*. Overall, the largest
currents that we measured in ECHKT1- and EcHKT2-
expressing oocytes were when both Na® and K"
were in the bath solution.

One functional difference between EcHKT1/EcHKT2
and HKT1 or AtHKT1 is that the transporters in E.
camaldulensis mediate K™ fluxes in the absence of
other monovalent cations. The mechanism of K*
transport in the absence of other monovalent cations
is not known, but this type of transport can be
blocked by the addition of other monovalent cations
suchas Rb™, Li", and Cs*. The functional differences
in cation permeability between EcHKT and HKT1
may be the result of differences in single or groups of
amino acids. Alignments of HKT1 with EcHKT1 and
EcHKT?2 show many regions that are very similar and
also very different between the proteins (Fairbairn et
al., 2000). Although the overall amino acid identity is
low, these proteins share a high degree of identity in
specific regions.

HKT1 exhibits the greatest sensitivity to blockade
by Cs™ and Rb" with some inhibition by Li* (Gas-
smann et al., 1996). Although EcHKT1 is permeable to
Rb", the K" uptake pathway is also partially blocked
by Rb", whereas in ECHKT2 the K" uptake pathway
is not blocked by Rb". As in the case of HKTI,
EcHKT1 and EcHKT2 were both most sensitive to
blockade by Cs™. Although small background cur-
rents were observed in oocytes expressing EcHKT1
and EcHKT?2 with Cs™ in the bath solution, this level
of current was not significantly different from zero.
The composition of a predicted large hydrophilic
loop located between transmembrane domains three
and four has been shown to be important in K™ /Na™
selectivity of the transporter (Liu et al., 2000). The
composition and length of this loop differs in ECHKT
and HKT1. Many of the charged residues that are
important to the function of the high-affinity K*
binding site in HKT1 are absent in EcHKT. Many
other amino acid residues have been shown to be
involved in salt-tolerant phenotypes and ionic selec-
tivity of HKT1 as expressed in yeast (Saccharomyces
cerevisiae; Rubio et al., 1995, 1999), but most of these
residues are conserved between EcHKT and HKTI.

Osmosensing is a functional characteristic that
differs between the HKT1 and EcHKT proteins. Al-
though it is difficult to predict which domains of the
protein are involved in this function, because 60% of
the amino acid sequence differs, it should be possi-
ble to construct chimeras between HKT1 and
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EcHKT to localize the structural features involved in
osmosensing.

Osmosensing

All organisms have mechanisms that provide them
with the flexibility to survive and grow under hypo-
and hyperosmotic conditions. Osmosensing targets
are found in plants, microbes, and mammals and
include receptors, signaling molecules, and ion trans-
port mechanisms. The E. camaldulensis HKT1 trans-
porters show intrinsic sensitivity to changes in the
solute concentrations of the external medium. Osmo-
sensitivity was only in response to hypo-osmotic so-
lutions and was not found in the wheat HKT1. Al-
though oocytes have mechanosensitive channels
(Yang and Sachs, 1986) we did not observe increased
currents under hypotonic conditions in uninjected
oocytes. The absence of mechanosensitive currents in
oocytes under hypotonic conditions has also been
reported recently (Saitou et al., 2000). There are few
reports on changes in plant ion transport processes in
response to changes in osmolarity, which is surpris-
ing because plants often encounter large changes in
environmental conditions. In plants, the guard cell
inward K" channels are activated by hypotonic so-
lutions and outward K" channels are activated by
hypertonic solution (Liu and Luan, 1998). A feedback
model for enhancement of guard cell swelling and
shrinkage was proposed to explain the differential
stimulation and inhibition of these channels by
changes in external osmolarity. In addition to these
guard cell K™ channels, it is also known that plants
have specialized receptors that may sense and trans-
duce salinity, drought, and cold (Urao et al., 1999,
2000). For example, one receptor is most highly ex-
pressed in roots, functions as a His kinase, and gene
expression is up-regulated by salt, dehydration, and
cold. The in planta function of this receptor is not yet
clear, but it complements a yeast mutant that is un-
able to grow under high osmolarity by activating the
HOG1 MAPK cascade (Urao et al., 1999).

In plants, microbes, and mammals, ion transport
mechanisms that respond to changes in osmolarity
may fulfill different physiological roles for the whole
organism. In mammals, channels that are targets for
osmosensing are important not only in response to
changes in osmolarity (Nilius et al., 1996), but also in
response to touch (Walker et al., 2000) and chemo-
sensing. lonic current through volume regulated an-
ion channels are stimulated by hypo-osmotic condi-
tions and as cells swell, anions are released to aid the
cell in maintaining volume homeostasis (Nilius et al.,
1996). The reduced intracellular ionic strength due to
swelling and not membrane pressure appears to be
the trigger for activation of these channels (Voets et
al., 1999). The kidney, liver, and heart also express
the OTRPC4 gene encoding a nonselective cation
channel that is stimulated by decreases in extracellu-

Plant Physiol. Vol. 127, 2001



Eucalyptus camaldulensis HKT1 Homologues Display Intrinsic Osmosensing

lar osmolarity (Strotmann et al., 2000), similar to
what we observed in EcHKT1/2-injected oocytes.
OTRPC4 functions as a nonselective cation channel
that is thou§ht to fulfill a signaling function by in-
creasing Ca’" influx, thereby triggering regulatory
volume decreases in mammalian cells. In E. coli,
mechanosensitive channels have been well character-
ized at the molecular level and are thought to pro-
vide the cell with a “release valve” when the external
solute concentrations suddenly decrease (Blount and
Moe, 1999). Decreases in external solution concentra-
tion of 250 mm may increase intracellular pressure by
more than 0.6 MPa, which creates the force for open-
ing these mechanosensitive channels (Blount and
Moe, 1999).

The enhancement of ionic currents due to changes
in tonicity are easily understood in terms of the
shrinking and swelling of guard cells (Liu and Luan,
1998). However, it is not certain why K™ transporters
EcHKT1 and EcHKT?2 expressed in roots and in other
parts of the plant would be stimulated by hypotonic
conditions. The cation currents in ECHKT1/2-expres-
sing oocytes clearly are stimulated by hypotonic so-
lutions, but under these conditions if osmotic adjust-
ment was important, root cells would expel solutes. It
is well known that plant cells efflux K™ under hypo-
tonic conditions and this response was shown to be
more rapid than under hypertonic stress (Felix et al.,
2000). In terms of the whole plant, this stimulation of
K™ uptake may be understood because for growth
under flooded conditions that are often encountered
by E. camaldulensis, it will be necessary for a plant to
continue to take up K*. Under conditions where the
soil solution ion concentrations are diluted, it may be
necessary for plants to use some type of carrier mech-
anism for uptake. Therefore, ECHKT in the roots may
either provide the plant with a source of K* or may
help to maintain cellular homeostasis by taking up
K™ that is lost from root cells during stress. This
suggestion rests on the assumption that EcHKT1
functions in the plasma membrane, but because of
the difficulties in producing antigenic antibodies we
and to our knowledge others have not been able to
conclusively demonstrate the membrane in which
these transporters are localized. Therefore, we spec-
ulate that in E. camaldulensis the increased K uptake
via ECHKT1 and EcHKT2 may provide the plant with
a mechanism for maintaining K* homeostasis when
soil solution K* concentrations are diluted by floods.

We found that the enhanced ion uptake was not
accompanied by increased water flux as has been
shown for some solute transporters (Loo et al., 1996)
under hypotonic conditions where external solutions
contained 50 mm sorbitol. This suggested that ECHKT-
mediated inward currents are not coupled with water
influx. This fits with a proposed physiological role of
this mechanism because increased water flux could
further dilute cellular K concentrations. However,
under different experimental conditions using di-
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luted Barth solutions, oocytes expressing EcHKT1
swelled and burst. Because the two sets of swelling
experiments gave different results, the question of
water flux through EcHKT under hypotonic condi-
tions will need to be more thoroughly investigated in
the future.

The unique and new functions that we have iden-
tified in EcCHKT1 and EcHKT2 provide new insights
into the function of this widespread K and Na*
transporter. The novel osmosensing functional charac-
teristic highlights the importance of studying the func-
tion of proteins from plant species that exhibit unique
adaptations to harsh environmental conditions.

MATERIALS AND METHODS
cRNA Transcription

The full-length ¢cDNAs of EcHKT1 and EcHKT2 were
cloned from pGEM-T (Promega, Madison, WI) plasmid
libraries of Eucalyptus camaldulensis (Fairbairn et al., 2000).
The pGEM-T-containing EcHKT1 was linearized by diges-
tion with Notl. ECHKT2 cDNA (NotI fragment) was sub-
cloned from pGEM-T into pYES2 (Invitrogen, San Deigo)
and the resulting construct was linearized with Xbal.
Capped cRNAs of both EcHKT1 and EcHKT?2 were synthe-
sized in vitro with T7 RNA polymerase using the mMES-
SAGE mMACHINE kit (Ambion Inc., Austin, TX).

Oocyte Preparation

Oocytes were isolated from frogs (n = 9) using standard
techniques (Schachtman and Schroeder, 1994) and incu-
bated for 1 to 2 d before injection with cRNA. Oocytes were
kept at 18°C in ND96 solution containing 96 mm NaCl, 2
mmMm KCl, 1.8 mm CaCl,, 1 mm MgCl,, and 5 mm HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-NaOH
(pH 7.5) and supplemented with gentamycin (50 mg
mL ). Stage V or VI oocytes were chosen for injection with
50 nL cRNA at a concentration of 0.5 ng uL . Electrophys-
iology experiments and swelling assays were performed 1
to 3 d after cRNA injection. All data points represent
experiments from oocytes taken from at least two different
frogs.

Electrophysiology

Oocyte currents were measured using the two microelec-
trode voltage-clamp method with a Cornerstone TEV-200
Voltage Clamp amplifier (Dagan, Minneapolis) connected
to a computer via the LM-12 Laboratory Interface (Dagan).
Oocytes were impaled with electrodes filled with 3 m KCI
with resistance ranging from 0.5 to 1 M. Only oocytes
with an initial resting potential more negative than —30
mV, in recording solutions without Na®' or K* ions, were
used in the experiments. In experiments where low con-
centrations of alkali cations were used, the base solution
containing 1.8 mm CaCl, and 10 mm MES-Tris (pH 6.5) was
supplemented with 200 mm p-sorbitol. K* or Na® were
added as Glu salts. In experiments with Rb*, Cs™, and Li "
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chloride salts were used. In some experiments to test for
osmosensitivity, the 200 mm p-sorbitol was replaced with
50 and 600 mMm sorbitol. In all experiments, individual
oocytes were bathed in solutions that were changed by
perfusion of the recording chamber and currents were
recorded from the same oocyte in multiple solutions. In
most cases, data is presented as the mean of a number of
oocytes in each solution.

Voltage-clamping step pulses and data acquisitions were
performed using pCLAMP6.0 (Axon Instruments, Inc., Fos-
ter City, CA). Under voltage-clamped conditions, I-V rela-
tionships were obtained with the appropriate pulse proto-
col. In most experiments, the holding potential was —40
mV, step pulses were between +40 mV and —160 mV with
10-mV increments, and each pulse lasted 1,000 ms with a
500-ms interval between pulses. Currents were low-pass
filtered at 1 KHz, and analyzed with Clampfit. Steady state
currents were obtained by averaging a current trace, which
did not contain the capacitance current component. The
measured steady currents were used to construct the I-V
curves.

For kinetic analysis, steady current differences between
0 mm Na™ or K* and a series of Na™ or K" concentrations
were obtained at potentials from —80 to —140 mV and
fitted to the Michaelis-Menten equation (Eq. 1).

Swelling Assays of Oocytes in Hypotonic Solution

Oocyte swelling was estimated by measuring the vertical
and horizontal diameter. The uninjected oocytes and
EcHKT1- or EcHKT2-expressing oocytes were incubated in
solution containing 1.8 mm CaCl,, 10 mm MES-Tris, 1.0 mm
NaCl, 10 mm KCl (pH 6.5), and 200 sorbitol. To mimic the
electrophysiological experiments, the diameter was mea-
sured in the 200 mm sorbitol and the oocytes were then
incubated in 50 mm sorbitol with the same cation and anion
concentrations as above. The change was measured after
incubation for 60 min. All experiments were performed at
room temperature (23°C).

Oocytes injected with ECHKT1 were also compared with
oocytes injected with PIP2a (Kammerloher et al., 1994) and
uninjected oocytes. In these experiments, oocytes bathed in
Barth solution were transferred to Barth solution that had
been diluted five times with deionized water (Maurel et al.,
1995). Oocytes were incubated for up to 60 min at room
temperature.
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