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Abstract

Potassium is an essential macronutrient in higher plants. It plays an important physiological role in stoma move-
ments, osmoregulation, enzyme activation and cell expansion. The demand for potassium can be substantial,
especially when the plant concerned i€acalyptustree in excess of 50 m tall. We have isolated two cDNASs,
EcHKT1andEcHKTZ2 from Eucalyptus camaldulens{giver red gum) which are expressed in leaves, stems and
roots. These encode potassium transporter polypeptides with homology to the whikat"ksymporter, HKT1.
EcHKT1 and ECHKT2 both complemented the *limited growth of anEscherichia coliK*-uptake-deficient

triple mutant.EcHKT1and EcHKT2also mediated Na and K+ uptake when expressed Xenopusocytes. A
comparison of the&ecHKT1 and ECHKT2 sequences and their transport properties indicated that these cDNAs
represent two K transporters with distinct functional characteristics. The functional and structural conservation
between these twl. camaldulensigenes and the wheBKT1 suggests that they play an important, albeit elusive,
physiological role.

Introduction et al, 1992), ATK2/3 (Cao et al, 1995; Ketchum
and Slayman, 1998YCO1 (Czempinskiet al., 1997)
Potassium is the most abundant cellular cation, with and SKOR(Gaymardet al,, 1998). In addition Ara-
cytoplasmic concentrations of ca. 100 mM (Clarkson bidopsishas several transporters thought to be respon-
and Hanson, 1980). This is much higher than the con- sible for high-affinity K- transporiAtKkUP1-4(Fu and
centration of K in soil, which is normally in the Luan, 1998; Kimet al,, 1998) andAtKT1-2(Quintero
micromolar to low millimolar range. The importance et al, 1997). Recent studies using a reverse genetic
and high demand for this cation by plants could ex- approach have provided insights into the physiological
plain why some plants have numerous genes involved roles of two Arabidopsispotassium channels (Gay-
in K* transport. For example, several genes encod- mardet al, 1998; Hirschet al, 1998). Other plants
ing KT channels have been cloned fregknabidopsis are also likely to contain many genes fot kransport.
includingKAT1 (Andersoret al., 1992), KAT2 (Gen- The physiological relevance of the numerous genes in-
Bank accession number U25694ATK1 (Sentenac  volved in Kt uptake is likely to be related to the fact
that most plants are sessile organisms and must be able

The nucleotide sequence data reported will appear in the Gen- ; ; "
Bank Nucleotide Sequence Database under the accession numbersto adapt to changlng environmental conditions.

AF176035 EcHKT1) and AF176036EcHKT2.
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The wheat HKT1 was the first plant*Ktrans- FAB]5 endA was made available by W. Epstein (Uni-
porter to be cloned (Schachtman and Schroeder, 1994)versity of Chicago; Epsteiat al., 1993).
and is a member of a large family of transporters
from plants, bacteria and fungi (Schachtman and Liu, Gene isolation and sequence analysis
1999). The HKT1 protein represents one class of at
least four families of putative K symporter proteins ~ TWo ESTs with homology tdHKT1 were identified
from prokaryotes and eukaryotes believed to have from BLASTX searches (Altschut al, 1990) of the
evolved from bacterial K channel proteins (Durell ~ GenBank database duringzaicalyptusGene Discov-
et al, 1999). Localisation studies showed that the €ry Program. The cDNAs were isolated from pGEM-T
HKT1gene was expressed in root cortical cells and in (Promega, Madison, WI) plasmid libraries of root
cells adjacent to the vascular tissue in leaves of wheat (ECHKT2) and stem EcHKT]) tissues of microprop-
seedlings (Schachtman and Schroeder, 1994). Potasagdated Eucalyptus camaldulensigriver red gum).
sium starvation of barley and wheat roots resulted in a Rooted plants were maintained in tissue culture on
rapid and Strong up_regu|ati0n bfKT1 mRNA level hormone-free KG medium (Laine and DaVid, 1994)
(Wang et al, 1998). Re-supply of 1 mM K was containing 2.5 mM K at 23°C with a 16 h photope-
sufficient to strongly reduceiKT1 transcript levels.  fiod (20 umol m=2 571 PAR, white fluorescent light)
Expression levels oHKT1 were correlated with in-  and subcultured every 6-8 weeks.
creases of high-affinity K uptake and preceded any Complete DNA sequencing of the full-length
detectable Changes of shoot or rooﬁl]KWang et a|_1 clones was carried outon an Applled Biosystems DNA
1998). These results demonstrate that HKT1 plays a sequencer model 377 (Applied Biosystems, Foster
role in high-affinity K™ uptake in barley and wheat. City, CA) using ABI PRISM Dye Terminator Cycle
Functional characterisation in yeast and oocytes Sequencing methods (Perkin-Elmer, Foster City, CA)
demonstrated that HKT1 mediates Naoupled high- according to the manufacturers’ instructions and us-
affinity K+ uptake, functioning as a high-affinity ~ingaprimer-based strategy. Sequence information was
K+-Na" cotransporter at micromolar concentrations analysed using the University of Wisconsin Genet-
of external N&, and as a low-affinity N& trans-  ics Computer Group (UWGCG) programs version 8.1
porter at millimolar external Na(Rubioet al, 1995).  (Deverewet al, 1984).
Functionally similar Na-coupled K~ transporters
have been described in certain aquatic angiospermsEXtraction of total DNA and genomic Southern
(Maathuiset al, 1996) and algae (Smith and Walker, hybridization
1989). However, electrophysiological evidence sug- . .
gests that high-affinity K uptake by terrestrial plant For Southern blot analysis, total genomic DNA was

roots is energised by H(Maathuis and Sanders, 1994, prepqred from micropropa_gate_d shootfofcamald-
1996). Other HKT1 homologues that are found in ulensisand digested (mg/digestion) for 16 h with re-

fungi and bacteria are also*Ktransporters, but may striction enzymes (New England Biolabs), which had

be energised by Hrather than N4 (Schachtmanand ~ "° sites in th&cHKT1CDNA. The digests were size-
Liu, 1999). fractionated by agarose gel electrophoresis, depuri-

nated in 0.25 M HCI and then denatured and blot-
ted onto positively charged nylon (Qiabrane, Qiagen,
Hilden, Germany) using 0.4 M NaOH. A radiolabelled
[«-32P]dCTP EcHKT1 probe was hybridized to the
nylon membrane by standard procedures (Sambrook
et al, 1989).

We report here the cloning of twoKtransporters
from Eucalyptus camaldulengigver red gum). These
genesEcHKT1andEcHKTZ2 are homologous to the
HKT1 class of K" transporters, complement &ncoli
K*-uptake-deficient triple mutant and transport both
Na™ and K" in Xenopuocytes.

Extraction of total RNA and RT-PCR analysis

Materials and methods Steady-stateEcCHKT1 and EcCHKT2 message levels

were estimated in samples by RT-PCR. Total RNA
was prepared from leaf, stem and root tissue of
The Escherichia coli K*-uptake-deficient mutant soil-grownE. camaldulensigrirst-strand cDNA prod-

TK2463 [~ thilacZamx82 rha D[trkA] trkD1 D[kdp- ~ UCtS Were prepared from ca. 10-20y of total

Strains
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RNA with Superscript Il reverse transcriptase (Gibco- pSE420 constructs were transformed into cells of the
BRL) according to the manufacturer's recommenda- E. coli K™ -uptake-deficient mutant TK2463 (Epstein

tions. The cDNAs were diluted ten-fold and used et al, 1993) and selected on carbenicillin-containing
for PCR. Message levels of the constitutively ex- medium. Transformants were then tested for their abil-

pressed glyceraldehyde-3-phosphate dehydrogenasdty to grow in medium containing a low (2 mM) level

(GAPDH) gene were used as an internal control to
assess cDNA yield between the RNA samples. The
GAPDH PCR conditions were optimised separately
from those forEcHKT. Time course experiments es-
timated the range of cycles when the PCR prod-
ucts were being amplified in a linear manner and
therefore were proportional to the amount of target.
Primers for the specific amplification dEucalyp-
tus GAPDH EcHKT1 and ECHKT2 were designed.
GAPDH 5-TAGCCATTTCCAGAACCCTCG-3

5-CGGAGATGACAACCTTCTTAG-3
5-GCCCTTCCGCCCCAACAAATG-3
5-CTACAAGAGTATCCAAGCTCG-3
5-CTTGCCGGGCTTCACTTCAGG-3

5-GAAAATCATGACGGCAATGAG-3

A5 ul aliquot of the cDNAs was used f@APDH
PCR (94C 30 s, then 30 cycles of 9€ 30 s, 50C
30 s, 72C 30 s, followed by 72C for 6 min) and
EcHKT PCR (94C 30 s, then 38 cycles of 9€
30 s, 5£C 30 s, 72C 1 min, followed by 72C
for 6 min) with AmpliTag DNA polymerase (Perkin
Elmer Cetus). The PCR products were separated on
a 1% TAE agarose gel containing ethidium bromide.
The amount of PCR product was then quantified by
comparison to mass standards (Mass Ladder Marker,
Gibco-BRL) using GelPro v2.0 software (Media Cy-
bernetics) and th&cHKT1 and ECHKT2 transcript
levels normalised to those @@APDH Normalising
the amount oEcHKTPCR product to that cEAPDH
for a given volume had the effect of standardising the
cDNA vyield across the various RNA samples. This
enabled a direct comparison of the relative levels of
EcHKT1 or ECHKT2 in stem, leaf or root tissues.
The gene-specific primers gave larger bands with ge-
nomic DNA as template. This helped identify potential
genomic contamination of the RT-PCR products.

EcHKT1

EcHKT2

Complementation tests B coli

An Ncd site was introduced into the translation initia-
tion codon of botlEcHKT1andEcHKT2with custom
PCR primers andPfu DNA polymerase (Stratagene,
La Jolla, CA). The PCR products were digested with
Ncd and Notl to give sticky ends and subcloned
into pSE420 (Invitrogen, Carlsbad, CA). Confirmed

of KT (TYM; 10 g tryptone, 2 g yeast extract and
100 mmol mannitol per litre) at pH 7.0 and 3C.
Cultures were initiated by inoculation to a density
of ODggg = 0.05 with TYM washed cells from an
overnight culture grown in KML medium (10 g tryp-
tone, 5 g yeast extract and 10 g KCI per litre) with
carbenicillin selection when appropriate.

Xenopusoocyte expression and electrophysiology

The EcHKT2 cDNA (Notl fragment) was subcloned
from pGEM-T into pYES2 (Invitrogen) in a desired
orientation. The vector containingcHKT1was lin-
earised withNotl and EcCHKT2with Xba, cRNA was
synthesised with the Ambion mMessage mMachine
kit using T7 RNA polymerase. Oocytes were iso-
lated from six different frogs by standard techniques
(Schroeder, 1995), and expression data were gathered
on injected and uninjected oocytes. The two-electrode
voltage clamp was performed using microelectrodes
containing 3 M KCI, and with a Dagan Cornerstone
TEV-200 voltage clamp amplifier (Dagan, Minneapo-
lis, MN). Electrical responses were measured and
analysed with pClamp5 and pClamp6 software (Axon
Instruments, Foster City, CA). The bath solution used
in these experiments contained 1 mM Cadl0 mM
MES plus N& and/or K" added as glutamate salts to
the desired concentration. D-sorbitol (200 mM) was
added to balance the osmotic potential of the solution
when necessary. The pH of the bath solutions was ad-
justed with Tris base to 7.5. Statistical analysis was
performed with Excel 97 either as paired or unpaired
t-tests.

Results

Eucalyptuscontains two distincHKT1 homologues

Two ESTs EcHKT1 and EcHKT2 with homol-
ogy to HKT1 were identified during a&ucalyptus
Gene Discovery Program. Complete sequencing re-
vealed extensive homology at the protein level to
both HKT1 and AtHKT1 K" transporters (Figure 1).
The Arabidopsishomologue (AtHKT1) of the wheat
HKT1 high-affinity KT transporter was recently iden-
tified in genome sequencing projects (accession num-
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Table 1. Binary comparison scores for members of the
HTK1 family of proteins; identity (%), with similarity
(%) in parenthesis. Calculated with the GCG BESTFIT
program (Devereugt al., 1984).

Prolein  EcHKTL ~ EcHKT2 ~ AtHTK1 EchkTz “"méiiitEEH?EES?Q%E’LE%Q%&?2%8&‘“?

P

e A MDRVIY|A - - - - - - - - IAK!RSOLTKL---R

EcHTK1 76.0(85.4) HKT1 [ MGIRYKARFYQDF IHIKILASFCRISGYYYDS |

EcHKT2 53.1(72.8) 50.1(71.4) EcHKT1 35 CLLRNSCIVFYFVFLSFLGF v[TKA LGP

EcHKT2 34 |Shwy L Lrfvinsirle vigle Ly FIviF|LSILIL g EwviL ]a s Rlp

AtHTK1 44.4(66.4) 41.0(63.4) 41.2(60.8) ATHRTT 20 [SILFJFICY R @ - o o o o LFFSFLAITK

HKT? 3 AFYT[RFYALHEH PEW IBIL siy FlL & 1 A 1[LG[S v L{LIMS L k(P

EcHKT1 72 RDSFHF‘HLDLFFTSVSATTVSSMSTVEFN

EcHKT2 71 L|THHIS FRPIRDILIDL FFTS ¥S[LAITYSSMS TY[EME v|L[sID|S O

ATHKT! a0 R|T[TIS[JR PHDIFIDL FF TS vS AlI|TVS SMS T VIDME v|F|sN Tlo

HKT1 e SNPDESIPP Y I DM LIFLIS[TIs alL{T v siG Lis T[T TIMED Lisis[E 0l

. EcHKTH MTIVICMF] I [GG EV[FI[S LIVG LH L[AlK S K L RWR | RT ED[K

ber AF096373, gene T9A4.5 and accession num- Egﬂ’éﬁ s TYtHHY¥f¢5K§$?$§?$§EEE

. a2 - -

ber AL049488.1). ThdeucalyptuscDNAs were iso- e THr Tl ME TG £ (VDL B L AV N omaD L ns

lated from plasmid libraries of rootEcHKT2 and ECHKT1 146 VAADGNLCPSAPTDIV- -DH|EGVVAKTDCLNSQ

. EcHKT2 145 v AlSIVHTH|LlcPSNPTNGYY - -iDHY ElLA v[¥iTHSDCLNS R

stem EcCHKTY)) tissues from the samEucaIyptus ATHKT1 117 1 RH I - - -|LIGSYNSDSSIE- -IDIRCDVETVIT - - - - - - - -

7. i o HKTt 12 IsElvpvEL[EELDLPHNISMALCIDIESQLIEEAAHAL - - - - -

camaldulensigriver red gum) plants growing in tissue  _ vspcmno <5 5D v L Ky oFSly A FIClc v Ly

culture medium initially supplied with 2.5 mM K EcHKT2 10 YEPQLHGP Egg;g?mg;ggggght#

The ECHKT1 cDNA (1986 bp) contains an open HkTt w0 - - - - -~ [EPKKCTELLIK - - RSIASIY KCLIG YIY VIFIG YIF AM |
reading frame of 1653 bp that encodes a 62.0 kDa EHT1 2 e

<Z—
nee

VAAS YIPSIARDY L|K K L KMY([T F 5[¥

¥ A AVIS Y[SS|ARDYLIKR L KMM[T F 3]
LYIGISYLLLY NFIVIKTIARDY LIS SIKIE | S PL|T F SV

F L L[¥F I THIY|P TIAIS A PILIN K INITYLIFS|IESY

polypeptide of 550 amino acid residues. THeHKT2 ATHKT1 e
cDNA (1909 bp) contains an open reading frame

<L TFEFFTO

EcHKT1 255 ;TFASCG;VPTNENM] SKNSGLLLIL!P(;ALL M
of 1650 bp that encodes a 61.7 KDa polypeptide of &t 2 [ FiCE ETERM I EL 1L EUERS
549 amino acid residues. These cDNAs represent dis "™ ** LiAScaNAGLY P THENMVILFISKNSG L LS GaMLaay
tinct KT transporters sharing only 73.1% and 76.0% Sis % MECRSstRLT K Ale]1 DL A T lEN A vIKH
identity at the nucleotide and protein levels respec- & e [rir ol Fl Bt VRJEL RTMT NN P EEN RF AN
tively. Binary comparisons indicate that tEeicalyp- Ecrt s [T ST 1] Moo N

. . EcHKTZ2 26 |L L|PS|L I MQMAD DG
tus proteins have high homology to both HKT1 and amirr = L:Lls '8 L FE@T-E
. . . . HKT1 313 JL LA RIL T Y DMINISIS ¥ F DIGH
AtHKT1, but are more similar to thérabidopsis
. . EcHKTT 366 (% 1V[G A CIWNSRHTGETIY[YDLSITYAPAITLYL
protein than the wheat protein (Table 1). EcHKT2 365 IA VCVNTHTGET IVMLSKV[EPA T LYL
. ATHKTY 317 M LIV|GS YIYMNSIRHTGET{IIYDLS|TLISPAILVYL
The SOSUI program (http://www.genome.ad.jp/ wm = QlKIT|YIM A FIEM Y[y N|Aln HSIG EN'S ofclsiLmis P a 1TV L
SIT/SIT.html; Hirokawaet al, 1998) predicted a ECHKT1 403 FVVMMYLPPYTSFLPVKNERFPENE]ERHDQSYRL
. . . EcHKT2 402 [FIV[YMMYLPPY T|S|FIL|P|A || GIGEEL L GNGIE R KIK|A[KIRSHK L
membrane protein with 9 transmembrane helices for s =« |8 L b r TILEMPLTEQKT | EKCEGIGDDDS ENG KK Y
bOth ECHKTl and ECHKT2 BetWeen 8 and 10 EcHKT1 446 L LEN[LIKIFSQLS|Y[L{A[tFI[I YICITEBKKMKEDPLNFNY
transmembrane-spanning domains were predicted fo 2 « mg:H ii} é[: iE%SﬁTéEgglﬁﬁErﬁﬂ
HKTl USIng 5 dlﬁ:erent mode”lng programs (Dlat_ HKT1 422 LYQUMILIA[FSIPILIGCN T FIVMVYAIC I TERIRRLRNDPLHNFIST
loff et al, 1998). A structural analysis of putative E; HEX%Q%NSE%@ESSSEE‘,’E’E
K* symporter proteins, based upon the crystal struc- ™ & [LX& FEV 1341 aNRGISITa Y3 sl etk F - 2 1 T
ture of the bacterial K channel KcsA fromStrep- et s RUTEESOKFSTIe S ([TTVTAE FEATEENMEETA
tomyces lividanshas suggested the presence of four S §s¥g§g§5é$?é$ggﬁéwﬁgﬂg
sequential membrane-pore-membrane (MPM) motifs """ ™ HPSESoMys plola ke VL 1LVML vie RLIGAEIT L A Tialks
resulting in eight transmembrane-spanning domains ekt s tii
ATHKTt so0 [} LIYPSSS

(Durell and Guy 1999; Dureltt al,, 1999). The MPM HKT 52 K¥--- - -

motif consists of two transmembrane helices with an Figure 1. An alignment of the deduced amino acid sequences of

intervening loop segment that determines the ion se- EcHKT1 (accession number AF176035), ECHKT2 (accession num-
s . . ber AF176036), AtHKT1 (J. Schroeder and N. Uozumi, personal

leCtIVIty' 'I'_heEucaIyptuqorot(_al_ns contain an extra 12 communication), and HKT1 (accession number U16709). Amino

or 17 residues around position 171 when compared acids common to three or four sequences are boxed. Residues

to HKT1 and AtHKT1 respectively. Using standard marked with an asterisk or bar are discussed in the text.

membrane topology predictor methods, this region

is predicted to be a loop between the 3rd and 4th

transmembrane-spanning domains and located exofa-
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cially if the N-terminal region is endofacial. However, B H E
a new model for this symporter family puts this loop
in the cytoplasm of the cell (Duredit al, 1999).

There are many areas of conservation between
these four plant K-Nat symporters including a motif
of 16 amino acid residues (XEV(I/V)SAYGN(V/A)G
(L/F)(T/S)(TMGY; marked with a bar, Figure 1) near
the C-terminal end and predicted to be located exo-
facially in HKT1, which is conserved across a range
of putative K" transport proteins from different phyla 6.5
(Diatloff et al, 1998). Gassmann and colleagues
(Gassmanret al, 1996) suggested that HKT1 has 4.0_
distinct and separate binding sites for™Nand K. .
Mutational analysis within this 16 amino acid motif in
HKT1 suggested that F463 and E464 play a role in the
binding and transport of Na(Diatloff et al., 1998).
The glutamic acid residue (E464 in HKT1) but not the
phenylalanine residue (F463 in HKT1) is conserved
across the 4 K-Na™ symporters. Additional muta-
tional analysis of HKT1 in yeast (Rubigt al, 1995, 1.0
1999) identified four substitutions which enhanced salt
tolerance (positions marked with an asterisk, Figurel).
Only two of these residues are conserved. Interest-
ingly, one of the substitutions (L247F), which im-  Figure 2. EcHKT1belongs to a small multigene family iBuca-
proved salt tolerance in yeast over-expressing HKT1, lyptus A Southern blot oEucalyptus camaldulensgenomic DNA
is already present in thArabidopsisand Eucalyptus digested with the restri(_:tipn endonucleaEmR! (E), Hindlll (H)
proteins. andBarHI (B) and hybridised to aEcHKT1radiolabelled probe.

Southern blot analysis oE. camaldulensige-
nomic DNA (Figure 2) identified a number BEHKT1
hybridising bands under high-stringency wash condi-
tions (0.1x SSPE, 0.1% SDS, 6%). This suggested
that ECHKT1belongs to a small gene family, which
includesEcHKT2 Southern blot analysis has indi-
cated that the HKT1 class of Nacoupled Kr-uptake
transporters ilrabidopsisand diploid wheat are rep-

resented by single genes (Schachtman and Schroeder,
1994). Figure 3. Complementation of TK2463 cells bfcHKT1 and
EcHKT2 The E. coli TK2463 mutant is defective in potassium
. . uptake (Trk, Kup, and Kdp) (Epstet al, 1993) and was trans-
Rescue of the potassium transport-deficient mutant  formed with plasmids containing thEcHKT1 (@), ECHKT2 ()

TK2463 and AtKUP1 (O) (Fu and Luan, 1998; Kimet al, 1998) genes
or with an empty vector®). Saturated overnight cultures grown

Transformation of theE. coli mutant TK2463 with in KML medium were wa_shed once and added to low potassium
ECHKT1 EcHKT2and AtKUP1 resulted in comple- i to astarting density of G 0.05.

mentation of the potassium-sensitive phenotype (Fig-

ure 3). This confirms that these function as-Kiptake pression of both th&tkKUP1andEcHKT1genes were
mechanisms. AtKUP1 was used as a positive control controlled by IPTG-inducible promoters but IPTG was
and is anArabidopsishomologue of thét. coliKUP1 not necessary for complementation of the TK2463
potassium transporter that complements this mutant mutant by these genes. Apparently, enough transporter
(Kim et al, 1998). AtKUP1 is not structurally similar ~ molecules were produced as the result of promoter
to the EcCHKT1 and EcHKT2 transporters and only |eakage in the absence of IPTG to provide sufficient
shares about 18% identity at the protein level. Ex- potassium uptake for growth of the cells. This sug-
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0.40 Table 2. The effect of various inhibitors on the growth of con-
trol (psSE420) and potassium transporter expressing TK2463

035+ cells. Saturated overnight cultures grown in KML medium
were washed once and added to low potassium medium to a

030 L starting density of Ogyp=0.05. The optical density of the

culture was measured 9 h later and expressed as a percentage
of a control culture with no inhibitors added. The results are
means of duplicate cultures.

0.25

.20
0 Treatment (mM) EcHKT1 EcHKT2 AkKUP1

Message Levels Relative to GAPDH (arbitrary units)

015 1 None 100.0 100.0 100.0
CaCl2 1 118.8 100.4 95.0
| 5 1102 35.4 93.4
0.0 10 86.9 10.7 86.8
0.00 ; ; NaCl 1 73.6 94.7 93.8
LEAF STEM ROOT 10 60.5 85.8 83.8
Figure 4. Expression pattern oECHKT1 and ECHKT2in Euca- 100 124 8.7 12.6
lyptus RT-PCR estimate@cHKT1 (W) andEcHKT2(O) message
levels relative td.";APDHin leaf, stem and root tissues of soil grown NH4ClI 1 721 99.1 108.7
Eﬁ.e;a]rza;dijlze)hssThe error bars represent standard error of the 10 527 91.2 91.8
100 16.5 9.7 9.3
gests that these transporters are very efficient carriers ~ €sCI2 1 68.5 83.3 83.2
of K. We then compared the effect of various potas- 5 505 42.8 28.2
sium channel and transporter inhibitors on the growth 10 29.6 258 24.9
of TK2463 cells expressing EcHKT1, EcHKT2 or
AtKUP1 (Table 2). The twdEucalyptustransporters BaBl2 ! 273 18.1 316
showed different sensitivities to these inhibitors. The 12 12‘3 2'2 Z'i
growth of ECHKT1-expressing cells showed a greater ' ' '
sensitivity to sodium (1 and 10 mM), ammonium (1 TEA 1 1095 94.0 99.4
and 10 mM) and tetraethyl ammonium (TEA; 10 mM) 5 915 954 105.3

than EcCHKT2- and AtKUP1-expressing cells, whereas 10
the growth of ECHKT2-expressing cells was sensitive
to inhibition by calcium (5 and 10 mM).

61.7 96.2 92.6

Expression analysis Electrophysiological characterization &cHKT1

Plant Kt transporters are often expressed at very @hdEcHKT2expressed iiXenopusoocytes
low levels (Quintero and Blatt, 1997); therefore, we
used RT-PCR to investigate the expression levels of
EcHKT1 and EcHKT2 relative to GAPDH message
levels in leaf, stem and root tissues of soil-grown
E. camaldulensigFigure 4). Both K transporters
were expressed in all three tissues vitHKT1tran-
scripts being more abundant than thoseEoHKT2
EcHKT1expression was highest in stem as compared
to leaf or root tissues, whilEcHKT2expression was
higher in stem and leaf than root tissues.

\oltage clamp recording was performed within one
to three days after oocytes had been injected with
MRNA. Only oocytes with resting membrane poten-
tials less than-30 mV were used. The bath chamber
containing oocytes was perfused with KNa+t and

K™ plus Na" containing solutions. The oocytes ex-
pressing eitheEcHKT1or ECHKT2were permeable
to both K and N& (Figure 5A). In the range of 1 to
10 mM Na" or K* concentration, the induced currents
increased as the external ion concentration increased
(Figure 5B). At—120 mV and 10 mM N& or K™,

the difference in current amplitude between 0 mM and
10 mM Na" or KT was—62+ 13 nA (n=4, 10 mM
K*) and =56 + 12 nA (n = 4, 10 mM Na") for
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EcHKT1
600 0 mM K*/ Na* 10 mM K* 10 mM Na*
<
£
]
qé EcHKT2
=
5] 600] 0mM K*/ Na* 10 mM K 10 mM Na*
400 ‘
200
o l
-200
-400 1
-600
-800°
100 200 300 400 500 600 100 200 300 400 500 600100 200 300 400 500 600
A Time (ms)
EcHKTT1, injected ococyte EcHKT1, injected oocyte
150 100
100 50 é
Voltage (mV)
Voltage (mV) /o/gj
-180 .M 20 | 20 40 60
-180 20 40 60 0 mM Na* -50
0 mMK*
N -100
1 mMK 1 mMNa*
<150
10 mM K* 10 mM Na* -200
-250 -250
Current(nA) Current(nA)
EcHKT2, injected cocyte EcHKT2, injected oocyte
100 200
Voltage (mV) /;gi?‘ 100
e Voltage {mV)
-180  -140 - -20 20 40 60
-50 -180  -140 20 | 20 40 60
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Figure 5. A. Currents induced in oocytes injected wiitHKT1 or ECHKT2 mRNA when the bath chamber was perfused with-kor

Nat-containing solutions. Holding potential wast0 mV, step pulses from-160 mV to+40 mV with 20 mV increment applied to oocytes.
Transient capacitance currents and steady-state currents were observed. The steady-state currents were used to construct current-voltage curves
B. I-V plot from two representative injected oocyt&&HKT1landEcHKT2mRNA injection, respectively) and one uninjected oocyte.
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Figure 6. The currents carried by Kin bothEcHKT1andEcHKT2mRNA-injected oocytes increased upon addition of 1 mMN&he upper
panel shows current traces at membrane potentia20 mV. The lower panel is the |-V plot from the same oocytes in the upper panel and an
uninjected oocyte.

EcHKTZLexpressing oocytes:53 £ 13 nA (n = 4, data demonstrated that when the externaldéncen-

10 mM K*) and—84 4 13 nA (n = 4, 10 mM Na") tration was 10 mM, addition of 1 mM Nain the

for ECHKT2expressing oocytes. Statistical analysis perfusion solution significantly increased the inward
showed thatEcHKT2expressing oocytes are more currents for bothEcCHKT1 and EcHKT2expressing
permeable to NA than to K™ at 10 mM external oocytes (Figure 6). The increase in inward currents at
ion concentrationsR<0.05). No significant differ-  —120 mV and 10 mM K plus 1 mM N& was—117
ence between Naand K+ permeability was foundfor £ 15 nA (h = 4) for ECHKTLexpressing oocytes
EcHKTZX-expressing oocytes. Voltage-dependent en- and 94+ 4 nA (n = 4) for ECHKT2expressing
dogenous currents were recorded in both injected andoocytes. The currents at120 mV increased signif-
uninjected oocytes at 0 mM N#K ™, which become icantly (P<0.05) in solutions containing 10 mM K
larger at potentials more negative thai40 mV. At and 1 mM Na as compared with solutions containing
—120 mV, the steady currents at 0 mMKNa™ within 10 mM KT alone for bothEcHKTZ and ECHKT2

the first 500 ms were in the range of 50-100 nA injected oocytes. No significant change in current am-
for the injected and uninjected oocytes. These cur- plitude was found in uninjected oocytesin all observed
rents were not significantly different between injected ion concentrations. The electrophysiological proper-
and uninjected oocytes. In contrast to theHKT1 ties exhibited by EcCHKT1 and EcHKT2 suggest that
injected oocytes, the currents recorded in uninjected ECHKT1 and EcHKT2 are most likely Nacoupled
oocytes did not increase upon addition of 10 mM K K*-uptake transporters, because the increased current
or Na" (Figure 5B). Since HKT1 from wheat root upon addition of 1 mM N& was greater than what was
exhibits Na"-coupled K" uptake when expressed in observed if 1 mM K or Na~ was added to the bath
yeast and oocytes, experiments were carried out to solutions that solely contained that ion.

study the effects of Naplus K*-containing solution

on EcHKT1 and EcHKT2 transporter currents. The



Discussion

In this paper we report the isolation and characterisa-
tion of two homologues (EcHKT1 and EcHKT2) of
the wheat K'-Na™ symporter HKT1 fronE. camald-
ulensis Complementation of the growth of & coli
K*-uptake-deficient mutant undertKlimiting con-
ditions by theseEucalyptusgenes demonstrated that
they encode functional K transporters. Xenopus
oocytes were used to confirm the function of ECHKT1

and EcHKT2. These studies showed that oocytes ex-

pressing eitheEcHKT1or ECHKT2are permeable to
both K+ and N& . The correct assembly of functional
EcHKT1 and ECHKT2 K transporters irk. coli will
facilitate future structure-function studies and topo-
logical analysis (Uozumet al.,, 1998).

The ECHKTlandEcHKT2genes encode two dis-
tinct Na™-coupled Kr-uptake transporters. They are
structurally distinct, sharing just 76% identity at the
protein sequence level. They are also functionally
distinct because the growth &. coli TK2463 cells
over-expressingecHKT1 or ECHKT2 showed differ-
ent sensitivities to N&, NH;7, C&* and TEA' ions
added to the growth medium. For example, supple-
mentation of a K -limited growth medium with C&"

(10 mM) greatly reduced the growth of TK2463 cells
over-expressingcHKT2but not cells over-expressing
EcHKT1 This suggests that €& ions block the
ECcHKT2 transporter. N, NH,, C&t and TEA"
ions are all known to interact with plant cation chan-
nels (Maathuiset al, 1997). In addition, oocytes
expressindecHKT 1lor EcCHKT2demonstrated a differ-
ence in N& permeability relative to K permeability.
The inward currents for botBEcHKT1 and ECHKT2
expressing oocytes in a bath chamber perfused with
10 mM K significantly increased upon the addition
of 1 mM Na". Thus EcHKT1 and EcHKT2 are likely
to be Na -coupled K"-uptake transporters as has been
shown for HKT1 (Rubioet al,, 1995). Interestingly,
EcHKT2expressing oocytes are more permeable to
Na* than to Kt at 10 mM ion concentratioP(<0.05),
but no significant difference between Nand Kt per-
meability was found foEcHKT L-expressing oocytes.
This result was unexpected becadsecoli cells ex-
pressingeEcHKT1grew more slowly in medium sup-
plemented with NaCl compared to the growth of
EcHKT2expressing cells. However, until the physi-
ological role of Na-coupled K"-uptake transporters
in higher plants becomes clearer, it is difficult to
draw conclusions on the physiological relevance from
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the different functional properties of ECHKT1 and
EcHKT2.

The finding that HKT1 may be one of the pathways
for Na* entry into plants has important implications
for salt toxicity. The wheaHHKT1 gene is expressed
throughout the cortical cells of the root (Schachtman
and Schroeder, 1994). Presumably, HKT1 is involved
in the uptake of N& into root cortical cells. The pre-
cise contribution of HKT1 to the total Nainflux into
root cells is unknown. However, non-selective cation
channels are currently believed to be responsible for
at least 50% of N& influx into root cells (White,
1999; Davenport and Tester, 2000). Once inside the
cortical cell, the N& that is not sequestered into the
vacuole is carried in the transpiration stream to the
xylem and then distributed to the aerial parts of the
plant. The exclusion of Nafrom leaves is one strat-
egy used by non-halophytes to improve their tolerance
to salinity. As EcHKT1 and EcHKT2 are likely to
be K*-Na™ symporters, they could be considered as
transporters of Na as well as K transporters. A
physiological role foEcHKTlandEcHKT2may be to
control or limit the transport of Naaround the plant
by excluding N& from the transpiration stream. Com-
partmenting N& into specific cells could contribute
to salinity toleranceEucalyptuds known to sequester
Na’ in bark and wood tissues under salt-stress con-
ditions (Lambert and Turner, 1999). Interestingly,
stem tissues contained the highest leveEgHKT1
transcripts of the tissues examined in this study.

In plants, the cytosolic ratio of K and Na is an
important determinant of Natoxicity. Studies with
the salt-sensitive mutarsoslhave shown thaAra-
bidopsissalt sensitivity is not closely related to Na
tissue content (Wet al, 1996; Ding and Zhu, 1997;
Zhu et al, 1998). Indeed, theoslplants take up
less Na and consequently have a lower Naontent
than wild-type plants. A study of threE. camald-
ulensisseedling samples, differing in their tolerance
to salt, also had no significant differences in their
Na* tissue content (Sands, 1981). On the other hand,
the level of salt tolerance ddrabidopsis sosplants
closely correlated with K content (Zhuet al., 1998).
The knal locus, which partly controls K/Na" se-
lectivity in wheat, has been shown to be important
in plant productivity under saline conditions (Dvorak
and Gorham, 1992). Therefore, maintaining a high
cellular KT content in the presence of excessNa
critical for plant growth under saline conditions. This
suggests that K transporters are important determi-
nants of salinity tolerance. Modifying the properties
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of a K* transporter such as HKT1 may be a means of tive of a role in the transport or compartmentalisation
improving salt tolerance in plants. of KT within the plant. Indeed, the wide distribution
HKT1 mediates Na-coupled high-affinity K up- of this class of K transporters among plant, fungal,
take at micromolar concentrations of external™Na eubacterial and archaebacterial genomes has led some
but at millimolar external Na it functions as a authors to suggest that HKT1 orthologues are involved

low-affinity Na™ transporter (Rubiet al, 1995). It in the ionic homoeostasis of the cells in which they are
has been proposed that at high™Naoncentrations  expressed (Schachtman and Liu, 1999).
Na' displaces K from the HKT1 K*-binding site In conclusion, this study has demonstrated that

(Gassmanret al, 1996). Studies in yeast have shown Eucalyptuscontains at least two HKT1 homologues,
that single-base mutations bfKT1 enable HKT1 to which are more highly expressed in shoot tissues than
continue mediating N&-coupled high-affinity K up- in roots. This is in contrast to diploid wheat, which
take at high millimolar external Na This resulted in has a single HKT1 gene expressed mainly in root cor-
an increase in the ratio of Kto Na" of yeast cells tical cells (Schachtman and Schroeder, 1994). These
and enhanced salt tolerance in yeast over-expressingdifferences suggest that this intriguing class of-K
HKT1 mutants (Rubioet al, 1995, 1999). Interest- Na' transporters may not necessarily play the same
ingly, one of these positive effect mutations (L247F) physiological role in wheat and eucalypts. Further-
is already present in tHeucalyptusrthologues. If the more, it is tempting to speculate that the differences
results in yeast with HKT1 mutant genes are trans- between EcCHKT1 and ECHKT2 observed in this study
ferable to plants, then small changes in the HKT1 represents specialised roles for these transporters in
protein structure can be expected to produce profound Eucalyptudrees.
alterations in cellular K to Na* ratios. Consequently,
the natural variation in HKT1 orthologues and par-
alogues amongst higher plants may be expected toAcknowledgements
produce a class of proteins with a wide range of trans- _ _
port properties. For example, ECHKT1 has over 300 E. coli TK2463 was generously made available by
changes in amino acid residues compared to HKT1. W. Epstein (University of Chicago). The pBluescript
Itis likely that ECHKT1 will exhibit some differences ~ AtKUP1 clone was a kind gift from J. Schroeder
in transport properties when compared to HKT1. Root (University of California at San Diego). We thank
cortical cells with an HKT1 orthologue, which is re-  Dr Tim Sawbridge and the Gene Discovery team for
sistant to N4 inhibition of high-affinity K* transport, ~ the preparation of &ucalyptuscDNA database. We
would be expected to have a highet Ko Na* ra- thank Dr Keith Mitchelson for critical reading of the
tio under conditions of high salinity. This could result manuscript and members of ForBio Research for their
in improved salt tolerance. An understanding of the support. This research was supported by the Xylonova
structure and function of specific transporters may al- Research and Development Programme.
low K*/Na" uptake characteristics and salt tolerance
to be engineered into important crop and plantation
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