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K+ channels play diverse roles in mediating K+ transport and in 
modulating the membrane potential in higher plant cells during 
growth and development. Some of the diversity in K+ channel 
functions may arise from the regulated expression of multiple genes 
encoding different K+ channel polypeptides. Here we report the 
isolation of a nove1 Arabidopsis fhaliana cDNA (AKTZ) that is highly 
homologous to  the two previously identified K+ channel genes, 
KATl and AKT7. This cDNA mapped to  the center of chromosome 
4 by restriction fragment length polymorphism analysis and was 
highly expressed in  leaves, whereas AKT7 was mainly expressed in 
roots. I n  addition, we show that diversity in K+ channel function 
may be attributable to  differences i n  expression levels. lncreasing 
KAT7 expression i n  Xenopus oocytes by polyadenylation of the 
KATl mRNA increased the current amplitude and led to  higher 
levels of KATl protein, as assayed in  western blots. The increase in 
KATl expression in oocytes produced shifts in the threshold poten- 
tia1 for activation to more positive membrane potentials and de- 
creased half-activation times. These results suggest that different 
levels of expression and tissue-specific expression of different K+ 
channel isoforms can contribute to the functional diversity of plant 
K+ channels. The identification of a highly expressed, leaf-specific 
K+ channel homolog in plants should allow further molecular char- 
acterization of K+ channel functions for physiological K+ transport 
processes in leaves. 

K+ is a major nutrient for plants and the most abundant 
cation in plant cells (reviewed by Kochian and Lucas, 
1988). K+ channels have been suggested to be important for 
the mediation of K+ transport in plant cells. Kf channels 
contribute significantly to diverse cellular functions, in- 
cluding membrane potential control (Simons, 1981; Lew, 
1991; Schroeder and Fang, 1991), cellular homeostasis, os- 
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moregulation, stomatal movements, and leaf orientation 
(for reviews, see Moran and Satter, 1989; Schroeder and 
Hedrich, 1989; Schroeder et al., 1994). 

At least two general classes of voltage-dependent Kf 
channels exist in higher plant cells (Schroeder et al., 1987; 
Schroeder, 1988). Inward-rectifying potassium (Kfi,) chan- 
nels are activated by membrane hyperpolarization and 
were shown to provide a pathway for low-affinity K+ 
uptake and membrane potential control in guard cells 
(Schroeder et al., 1987; Schroeder and Fang, 1991; Fairley- 
Grenot and Assmann, 1993). K+,,, are activated by mem- 
brane depolarization and allow KC efflux (reviewed by 
Schroeder and Hedrich, 1989; Tester, 1990). Detailed stud- 
ies of aleurone cells, pulvinus motor cells, mesophyll cells, 
root cells, suspension-culture cells, and other plant cell 
types have shown that either one or both of these types of 
Kt channels are expressed in many plant cell types (for 
complete refs., see Schroeder and Hedrich, 1989; Tester, 
1990; Schroeder et al., 1994). Additional classes of Kf chan- 
nels exist, such as ATP-activated K+ channels (Spalding 
and Goldsmith, 1993). Further subtypes of Kf channels 
within each class can be expected, since functionally diver- 
sified K+ channels exist in animal cells. The diversity in 
animal K+ channels arises from multiple genes (Chandy et 
al., 1990; Wei et al., 1990), alternative RNA splicing of 
single genes (Schwarz et al., 1988), homo- and hetero- 
multimeric assembly of different a subunits (Isacoff et al., 
1990; Riippersberg et al., 1990), association with p subunits 
(Rettig et al., 1994), posttranslational modifications (Perozo 
and Bezanilla, 1990; Hoger et al., 1991; Drain et al., 1994), 
and different levels of expression (Honore et al., 1992; 
Moran et al., 1992). However, at present little is known 
about the molecular basis of K+ channel diversity in plants. 

Two closely related Kt channel genes, KATl and A K T l ,  
have been isolated from Arabidopsis thaliana by complemen- 
tation of yeast mutations affecting K+ uptake (Anderson et 
al., 1992; Sentenac et al., 1992; reviewed by Sussman, 1992). 

Abbreviations: K+i, channel(s), inward-rectifying K+ chan- 
nel(s); K+,,, channel(s), outward-rectifying Kt channel(s); RFLP, 
restriction fragment length polymorphism; S, siemens; SSPE, 150 
mM NaCI, 8 mM NaHJ’O,, 1 mM EDTA, pH 7.4; TPBS, PBS 
containing 0.1% Tween 20. 
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One of these, KATZ, has been functionally identified as a 
first eukaryotic K+in channel by heterologous expression in 
Xenopus oocytes (Schachtman et al., 1992). The time and 
voltage dependencies lack of inactivation, cation selectiv- 
ity, Ba2' and tetraethylammonium block, and externa1 K' 
dependence of KATl expressed in oocytes were demon- 
strated to correlate closely with the properties of K+in in 
higher plant cells (Schachtman et al., 1992). Furthermore, 
voltage-dependent Cs' block, results of detailed selectivity 
studies, and cytosolic regulation are also consistent with 
native plant inward K+ channels (Hoshi, 1995; Very et al., 
1995). Recent yeast expression studies have also shown 
expression of Kf in  channels by KAT1, with properties pre- 
sumed (see "Discussion") to be different from oocyte stud- 
ies (Bertl et al., 1995). 

It is interesting that KATl and AKTl genes do not show 
sequence or structural homology to recently cloned animal 
inward-rectifying K +  channels (Ho et al., 1993; Kubo et al., 
1993a, 1993b). However, plant K+in show some homology 
to animal outward-rectifying K+ channels in two highly 
conserved regions presumably involved in voltage-sensing 
(S4), K' selectivity (H5), and the predicted membrane- 
spanning topology of the core region of the channel 
(Anderson et al., 1992; Sentenac et al., 1992). Recent studies 
suggest that the voltage-dependent activation of plant K+i, 
channels can be ascribed to intrinsic gating. It was shown 
that Kfin channel activation is not mediated by a cytosolic 
Mg2+ block mechanism (Hoshi, 1995; Schroeder, 1995). 
Furthermore, plant-animal chimera K' channels show that 
the N-terminal region including the KATl S4 sequence 
results in activation by hyperpolarization but not depolar- 
ization (Cao et al., 1995), which differs from animal in- 
ward-rectifying K' channels. 

Results from animal K' channel studies suggest that 
single-site mutations in amino acid sequences among mem- 
bers of Kt channel families can result in significant 
changes in voltage dependencies, ion selectivity, single- 
channel conductance, and block (for reviews, see Jan and 
Jan, 1992; Brown, 1993). Therefore, isolation and character- 
ization of additional plant K+ channel genes is important 
for a molecular understanding of the basic structure, phys- 
iological functions, and differential expression of K t  chan- 
nel proteins. In the present study, we report the further 
characterization of two previously isolated Kt channel 
genes as well as the cloning and characterization of a nove1 
gene from Arabidopsis, which is highly homologous to 
AKTZ but shows a specific high expression level in leaves. 
The existence of multiple K' channel genes and the differ- 
ential expression of these genes may account for part of the 
diverse functions of plant K+ channels. In addition, we find 
that the expression level can affect the electrophysiological 
properties of the KATl K+ channel, which provides an 
additional mechanism for diversifying plant K' channel 
function. 

MATERIALS A N D  METHODS 

lsolation of KAT1*, AKT1*, and AKT2 Clones 

PCR fragments of the KATl channel and an AccI restric- 
tion fragment (1.6 kb) from the KATZ cDNA clone (Ander- 

son et al., 1992), which contains six putative membrane- 
spanning segments, were radiolabeled with [32P]dA7'P and 
used to screen an Arabidopsis thaliana cDNA librar- ' J  con- 
structed in the AYES vector (Elledge et al., 1991). Hybrid- 
ization was performed at low stringency in 5 X  SSF'E, 5X 
Denhardt's solution, and 50 mg/mL sheared salmon :sperm 
DNA at 47°C for 48 h. Filters were washed twice in 4X 
SSPE, 0.5% (ur /v)  SDS for 30 min each at 47"C, followed by 
two washes for 15 min each in 1 X  SSPE, 0.5% (w/v)  !iDS at 
47°C. The positive phage clones were converted into plas- 
mid clones in vivo by using the cre-lox recombination 
system (Elledge et al., 1991). A11 inserts were then :sub- 
cloned into pBluescript KS I1 vector (Stratagene) and se- 
quenced using the United States Biochemical Sequenase 
kit. Sequence analysis and alignment were performed with 
PCGENE computer software (IntelliGenetics Inc., Zurich, 
Switzerland). 

To isolate an AKT2 genomic clone, an A. thaliana genomic 
DNA library was constructed (Wilkinson and Craavford, 
1991) in a ADASH vector (Stratagene). The partial AKT2 
cDNA clone isolated from the above-mentioned AYES li- 
brary was used as a probe to screen this genomic DNA 
library at high stringency. The hybridization and washing 
conditions were the same as described above except a 
higher temperature (65°C) was used. Inserts harbored in 
positive phages were excised with various restriction en- 
zymes and rehybridized with the partial AKT2 cDNA. A 
3-kb XbaI fragment was found to hybridize to the 5' end of 
the partial AKT2 cDNA. This fragment was further se- 
quenced to confirm that it overlaps with the cDNA clone 
and was found to contain the complete 5' coding sequence, 
which was absent in the partial AKT2 cDNA clone. 

To remove an intron in the 3-kb XbaI genomic fragment 
and to construct a full-length AKT2 cDNA clone vrith a 
complete coding sequence, the genomic fragment was first 
digested with KpnI and then filled in with T4 DNA poly- 
merase. The KpnI site (GGATCC) is at the 5' border of the 
intron. The resulting genomic fragment (from 5' X.5aI to 
KpnI site) was then ligated to a PCR fragment amplified 
with a forward primer (5'-GTGCTGGGAATTTTATA-3') at 
nucleotide position 228 to 244 and a reverse primer (5'- 
ACCATTTCAATAGTGTT-3') at position 855 to 871. The 
ligation product was digested with XhoI and then ligated to 
the partial cDNA clone at the XhoI site (at nucleotide 
position 607). The entire PCR fragment was resequenced to 
ensure identity with the genomic coding sequence. 

Oocyte Expression and Recording 

KATl and KAT1* cDNAs were subcloned into the XkoI 
site and AKT2 was subcloned into the HindIII and XbaI 
sites of the pl3luescript KS I1 vector. KATZ+poly(A,I was 
constructed by cloning the KATZ cDNA into the XhoI site of 
a modified pBluescript KS vector (gift of C. Labarca, Cali- 
fornia Institute of Technology, Pasadena) in whrch a 
poly(A)+ segment (50 adenine nucleotides) was inserted 
between the ApaI and the KpnI sites. Capped mRNP, was 
transcribed from linearized plasmids in vitro using T7 
RNA polymerase and an RNA transcription kit (:3trat- 
agene). Xenopus laevis oocytes were isolated as described by 
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Cao et al. (1992) and iniected with 10 ng of mRNA in 50 nL Complementation Test in Yeast 
of water. Òocytes were incubated in regular Barth's solu- 
tion (88 mM NaC1, 1 mM KCl, 2.4 miv NaHCO,, 10 mM 
Hepes-NaOH, 0.33 mM Ca[NO,], 0.41 mM CaCI,, 0.82 mM 
MgSO,, pH 7.4) supplemented with 50 pg/mL gentamycin 
for 1 to 3 d before recording. 

Ionic currents were recorded using two-electrode voltage 
clamping. Voltage-pulse protocols, data acquisition, and 
data analysis were performed on an 80386-based micro- 
computer using the program PCLAMP (Axon Instruments, 
Inc., Foster City, CA) and a Cornerstone model TEV-200 
voltage-clamp amplifier (Dagan Corp., Minneapolis, MN). 
Voltage and current microelectrodes were filled with 3 M 

KC1 and had resistances of less than 2 MR. All experiments 
were carried out at room temperature. Data were low-pass 
filtered with an eight-pole Bessel filter. Membrane currents 
as well as clamped oocyte membrane potentials were re- 
corded simultaneously on two separate channels for mon- 
itoring of time resolution and for later analysis. Leakage 
currents were subtracted using digital depolarizing P /4  
and P/6  linear leakage subtraction methods (Bezanilla and 
Armstrong, 1977; Schachtman et al., 1992). Control exper- 
iments without leakage subtraction were performed to en- 
sure that a linear background conductance was subtracted. 
Membrane currents were measured in a K+ Ringer's solu- 
tion that contained 117 mM KC1, 1.8 mM CaCl,, 1 mM 
MgCl,, 10 mM Hepes, pH 7.4. 

Oocyte Membrane Protein lsolation and Western Blot 
Analysis 

Microsomal membrane protein was isolated from oo- 
cytes using the procedure of Corey et al. (1994) with mod- 
ifications. Oocytes were homogenized in 0.32 M SUC, 50 mM 
Tris-C1, pH 7.5,l mM EDTA, and 1 mM PMSF in a Dounce 
homogenizer at 4°C. The homogenate was centrifuged for 
10 min at 250g, and the membranes were then pelleted at 
25,000 rpm in a Beckman SW27 rotor for 40 min at 4°C. The 
membranes were suspended in water, and protein concen- 
tration was determined by the bicinchoninic acid assay 
method (Pierce). Protein samples were then precipitated 
with 10% (w/v)  TCA and boiled for 5 min in sample buffer 
(Laemmli, 1970). 

Oocyte membrane proteins were separated on 10% SDS 
polyacrylamide gels (Laemmli, 1970) and transferred to 
Immobilon-P polyvinylidene difluoride membranes (Milli- 
pore) for 1 h at 100 V. Transfer membranes were blocked 
for 1 h in PBS containing 1% BSA, 5% (w/v)  dry milk, and 
1 M Gly and washed in TPBS. The blots were immuno- 
stained as previously described (Ward et al., 1992). Anti- 
bodies were diluted in TPBS containing 1% (w/v)  dry milk. 
Blots were incubated with polyclonal rabbit antisera 
against KAT1-glutathione S-transferase fusion protein (1: 
1000 dilution), washed in TPBS, and incubated with goat 
anti-rabbit IgG conjugated to alkaline phosphatase. After 
the blots were washed, they were developed by incubation 
with 5-bromo-3-chloro-3-indoyl phosphate and nitroblue 
tetrazolium. 

Because the K A T l "  and AKT1" cDNAs, isolated here, 
were inserted in the pSE936 vector (excised from AYES 
phage, see Elledge et al., 1991) in the wrong orientation for 
expression in yeast, the K A T l "  and AKTZ " cDNAs, as well 
as the constructed full-length AKTZ cDNA, were resub- 
cloned into the XhoI site of the pSE936 vector. This vector 
contains the Gal-inducible GALl promoter and the URA3- 
selectable marker. The Saccharomyces cereuisiae mutant 
strain CY162, M A T a  ura3-52 trkZ4 his34200 his4-15 
trk241::pCK64 (Anderson et al., 1992), was transformed as 
previously described (Dohmen et al., 1991). Transformants 
were first selected for uracil prototrophy on medium con- 
sisting of 0.67% (w/v)  yeast nitrogen base and 2% (w/v)  
agar supplemented with 100 mM KCI, 2% (w/v)  Glc, and 
a11 amino acids except uracil. Colonies were then plated on 
a similar medium at 30°C in which 100 mM KCl and 2% 
(w / v) Glc were replaced with 2% (w / v) Gal and 2% (w / v) 
SUC. Plasmid DNA in selected yeast transformants was 
rescued in Escherichia coli and rechecked by restriction en- 
zyme digestion to make sure that all yeast transformants 
harbored the appropriate plasmid. 

DNA and RNA Gel Blot Analysis and RFLP Mapping 

Genomic DNA and poly(A)+ mRNA preparations were 
carried out as described by Tsay et al. (1993). Southern and 
northern blot analyses were carried out under stringent 
hybridizations conditions (42°C with 50% formamide) as 
described by Tsay et al. (1993) to eliminate any cross- 
hybridization among KAT1 ,  AKT1 ,  and AKT2 .  32P-labeled 
KAT1 ,  AKT1 ,  and A K T 2  probes were synthesized using 
random primers and Klenow DNA polymerase and had a 
specific activity of 5 X 10' to 1 X 109 cpm/pg DNA. RFLP 
mapping was performed as described by Chang et al. 
(1988) using genomic DNAs isolated from a cross between 
Landsberg erecta and Columbia ecotypes. These genomic 
DNAs were digested with EcoRI, BglII, HindIII, and XbaI 
and were then probed with the A K T 2  ADASH genomic 
clone to reveal DNA polymorphisms between Landsberg 
and Columbia. RFLP mapping data were analyzed using 
the MAPMAKER computer program developed by Lander 
et al. (1987) and modified for Macintosh computers by Les 
Proctor (DuPont). 

RESULTS 

lsolation of K+ Channel cDNA Clones from Arabidopsis 

To identify additional K+ channel clones in Arabidopsis, 
a partia1 KATZ cDNA (Anderson et al., 1992) and PCR 
products, which encode the hydrophobic core region, were 
used to screen an A. thaliana cDNA library at reduced 
stringency. From 5 X 104 plaques screened, 12 candidate 
clones were isolated. Restriction digestion and subsequent 
sequence analysis showed that these clones were derived 
from at least three different mRNA species. Two previ- 
ously identified clones, K A T l  and A K T l  (Anderson et al., 
1992; Sentenac et al., 1992), and a third, nove1 sequence 
were isolated, which is most similar to A K T l  (see below) 
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and was thus designated as AKT2. The KATl and AKTl 
cDNA clones isolated here (KATl* and AKTl") were both 
longer than the published clones, because of the presence 
of long poly(A)+ tails at the 3' end of the KATZ* and AKTl* 
clones and an additional74 nucleotides at the 5' end of the 
AKTl* clone (Fig. 1). The additional 5' sequence does not 
contain an in-frame start codon. Thus, the coding sequence 
of the proteins encoded by KATl and KATl*, or AKTZ and 
AKTZ *, are identical. 

Polyadenylation of the KATl mRNA lncreases the 
Expression Leve1 and Changes the Biophysical Properties 
of the KATl Channel 

It has been reported that the plant KATl cDNA can be 
expressed in Xenopus oocytes and that KATl expresses the 
hallmark macroscopic properties of higher plant K + i, 

channels (Schachtman et al., 1992). To test whether the 
KATZ* cDNA clone isolated here would function in Xeno- 
p u s  oocytes, KATZ * was first subcloned into a transcription 
vector and then capped sense mRNA transcripts were syn- 
thesized in vitro and injected into oocytes. The oocyte 
membrane was voltage clamped at -40 mV and then 
stepped for 1.5-s intervals to both depolarized and hyper- 
polarized potentials. An inward-rectifying K' current was 
recorded in KATl*-injected oocytes (n  = 134 oocytes) (Fig. 
2a) but not in uninjected oocytes (Schachtman et al., 1992). 
The current induced by KATl* injection had properties 
similar to the current induced by KATl injection. Both 
currents were activated by hyperpolarization, showed no 
inactivation or activation by depolarization, and displayed 
the previously reported selectivity sequence among mono- 
valent cations (K+ > NH,' > Rb+ >> Na+ = Li+ ? Cs') 
(Schachtman et al., 1992; Very et al., 1995). Ammonium 
current amplitudes at -120 mV had approximately 28% of 
the magnitude of K' current amplitudes, confirming the 
previously published current amplitude ratio after correc- 
tion for background currents of KATl expressed in oocytes 

KATl 
a 

ATG 
5' 
+ t  KATI 
1 31 2062 2150 

AKTI" 

5' 

58 

Figure 1. Schematic representation of K A T l *  and A K T l *  cDNA 
clones. K A T l *  (a) and AKTl  * (b) sequences that are in addition to the 
published KATl  and AKTl  sequences are shown in shaded boxes. 
The numbers shown above or below arrows indicate nucleotide 
positions based on the published sequences. The open reading frame 
of KATl  and AKTl  are represented by thick bars. 

(Schachtman et al., 1992) but differing from NH4+ selectiv- 
ities estimated from KATl expression in yeast (Bertl et al., 
1995). 

The KATl* cDNA isolated here expressed more rapidly 
in oocytes, and the resultant current was larger than J<rIT1. 
Kt  current could be easily detected in oocytes 10 h. after 
KATl* mRNA injection, and this current rapidly increased 
within 24 h to more than 5 pA at test potentials of - 120 mV 
(Fig. 2, a and b). In contrast, KAT1-injected oocytes did not 
develop detectable current until24 h after injection, aiid the 
current rarely exceeded 1 pA at -120 mV even after 3 d of 
incubation (Fig. 2b). 

Differences in biophysical properties of KAT1- and 
KATl*-induced currents were also observed. KATl* cur- 
rent showed activation at potentials negative to -60 inV as 
determined by an increase in conductance at more negative 
membrane potentials ("inward rectification"). This thresh- 
old potential for activation was approximately 30 mV more 
positive than the threshold of activation for KATl (Firp. 2b). 
To determine whether this shift in activation potential 
reflected a change in the voltage dependence or whether it 
could be attributed to current resolution in oocytes,. slow 
hyperpolarizing voltage ramps were applied to Xr:nopus 
oocytes. In the membrane potential range from -10 to -50 
mV, KATl *-injected, KATZ-injected, and noninjected con- 
trol oocytes showed similar background conductances of 2 
to 5 pS and no significant Kf channel activity (Fig. 2, c and 
d). The hyperpolarization-induced activation during slow 
voltage ramps produced clearly measurable differences in 
the activation potentials of KATZ *- and KATl -injected oo- 
cytes (Fig. 2, c and d). Slow hyperpolarizing voltage ramps 
displayed an approximately +30 mV shift in the activation 
potential of KAT1* when compared to KATZ (Fig. 2, c and 
d). The differences in activation potential did not depend 
on the speed of voltage ramps, because much slower ramps 
gave similar results. The difference in the threshold poten- 
tia1 was not due to a scaling factor effect as determined in 
control experiments with a Kf,,, gene from X ~ n o p u s  
(XSha2;  Ribera, 1990) expressed in oocytes. The threshold 
potential could be resolved at low current amplitude and 
did not shift significantly when expression levels increased 
by more than 10-fold (measured at -10 mV test potentials) 
by injecting different amounts of mRNA (Fig. 2e). In addi- 
tion, the rate of activation, measured as the rise time to 50% 
of maximum current for voltage step pulses to -120 mV 
from a holding potential of -40 mV, was more rapid for 
KAT1* (169 50 ms, n = 21) than for KATl (280 2 43 ms, 
n = 14). These observations suggest that the shift in acti- 
vation potential reflects a change in voltage dependence. 

Since KATZ* and KATl differ only at the end of the 3' 
untranslated region, where KAT1* was missing the final 11 
untranslated nucleotides but had a 49-bp-long poly(A)' 
tail instead (Fig. la), it is likely that the differences in 
current amplitudes, activation thresholds, and half-a.ctiva- 
tion times were due to the polyadenylation of the KATZ* 
transcript. To test this hypothesis, we subcloned the KATl 
cDNA into a transcription vector that had 50 adenine 
nucleotides inserted downstream of the cloning site (see 
"Materials and Methods") and then synthesized mRlVA in 
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vitro. Oocytes injected with this modified KATl mRNA 
showed a current almost identical with the KAT1* current 
(Fig. 3a), with a threshold of activation at approximately 
-60 mV (Fig. 3b) and a half-activation time of 181 2 52 ms 
( n  = 9) at -120 mV. 

It is possible that the polyadenylation of the KATl tran- 
script increases protein expression levels in oocytes. To test 
this hypothesis, western blot analysis was performed using 
a polyclonal antibody raised against a KAT1-glutathione 
S-transferase fusion protein. Anti-KAT1 antibodies reacted 
with severa1 protein bands in uninjected oocytes (Fig. 4a, 
lane 1). These background immunostaining bands were not 
close to the predicted molecular mass of KATl of 78 kD 
(Anderson et al., 1992) and thus did not interfere with the 
analysis of KATl expression using western blots. KATl 
protein was not detected in lanes containing 1, 10, or 40 pg 
of oocyte membrane protein from oocytes injected with 
KATl  mRNA (Fig. 4a, lanes 2 4 ) .  However, KATl protein 
(74 kD) was detected in lanes containing either 10 or 40 pg 
of membrane protein from oocytes injected with KATl" 
mRNA (Fig. 4a, lanes 6 and 7) but not in lanes containing 

1 pg of oocyte protein (Fig. 4a, lane 5 ) .  When 3-fold higher 
amounts of KATl mRNA were injected (Fig. 4b, lane l), 
compared to KAT1"-injected oocytes (Fig. 4b, lane 2), KATl 
protein was detected only in KAT1"-injected oocytes. In- 
jection of even higher amounts of KATl mRNA (225 ng) 
also allowed detection of KATl protein with anti-KAT1 
antibody (data not shown). Reaction of the polyclonal an- 
tibody with KATl protein was confirmed by its reaction 
with the in vitro translated KATl protein (Fig. 4b, lane 4) at 
73 kD, which was not detected in control translation reac- 
tions (Fig. 4b, lane 3). Differences in mobility of KATl 
protein expressed in oocytes or produced by in vitro trans- 
lation are expected to be due to secondary protein modifi- 
cations such as glycosylation, which would not be made in 
vitro under the conditions used in this study. These results 
indicate that polyadenylation of the KATl transcript in- 
creases the expression of KATl protein in oocytes. Further- 
more, activation properties of KATl depend on the leve1 of 
channel proteins expressed in the plasma membrane, thus 
providing a posttranslational mechanism that can contrib- 
ute to plant K+ channel diversity. 



1098 Cao et al. Plant Physiol. Vol. 109, 1995
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Figure 3. Expression of KAT1+poly(A) in Xenopus oocytes. Whole-
cell currents (a) and the current-to-voltage relationship (b) are shown
for /CAT/+po/y(AJ-injected oocytes. The arrow and vertical lines in b
indicate the threshold potential for activation and the so (n = 8),
respectively.

Structural Features of a Novel K+ Channel Homolog,
AKT2

Further diversity in plant K+ channel function may be
attributed to multiple genes encoding K+ channels. In ad-
dition to the previously described KAT1 and AKT1 cDNAs,
a third putative K+ channel cDNA, AKT2, was isolated
from an Arabidopsis AYES cDNA library. The deduced
open reading frame from the initial AKT2 cDNA clone
consisted of 690 amino acids but was apparently incom-
plete at the amino-terminal end of the derived protein.
Since we were unable to isolate cDNAs to complete the
open reading frame, we isolated the corresponding
genomic DNA by screening an Arabidopsis genomic DNA
library. A 3-kb Xbal restriction fragment, which hybridized
with the N-terminal coding region of the AKT2 cDNA, was
isolated from the genomic library. The combined genomic
and cDNA sequences are shown in Figure 5a. A potential
promoter region (TATA box, Joshi, 1987) was identified.
An intron (Fig. 5a, lowercase letters) was also found in the
genomic clone based on several criteria: (a) stop codons
were identified in all three forward reading frames within
the intron sequence, (b) splice junction consensus se-
quences (Hanley and Schuler, 1988) could be found at both
the 5' border and the 3' border of the intron, and (c) the
deduced amino acid sequence after removal of the intron
could be well aligned to the KAT1 and AKT1 sequences. For

subsequent functional analysis of AKT2, we constructed a
cDNA clone containing all of the protein-coding region by
removing the intron and then ligating the genomic se-
quence to the partial cDNA clone (see "Materials and
Methods"). The open reading frame derived from the com-
bined genomic/cDNA sequences consists of 802 amino
acid residues with a calculated molecular mass of 91.3 kD.
A second putative translation initiation codon is present
within this open reading frame at nucleotide position 46
(Fig. 5a), but the first ATG is theoretically favored to serve
as a start codon for translation because it is preceded by a
strong ribosomal recognition site for initiation of transla-
tion, 5'-AAAATGA-3' (Kozak, 1989). The deduced protein

Un KAT1 KAT1

kDa

31 -

Figure 4. Xenopus oocytes express higher levels of KAT1 protein
following injection of transcript from /CAT/* when compared to
/CAT/, a, Lane 1, 60 pig of protein from uninjected oocytes (Un).
Oocytes were injected with mRNA (2.5 ng each) transcribed from
/CAT/ (lanes 2-4) or /CAT/* (lanes 5-7). Oocyte membrane protein
was isolated after 4 d. Lanes 2 and 5 contain 1 /xg of protein, lanes
3 and 6 contain 10 pig of protein, and lanes 4 and 7 contain 40 /xg
of oocyte membrane protein. The arrow indicates the position of
KAT1 protein at 74 kD. b, Oocytes were injected with /CAT/ mRNA
(8.5 ng each, lane 1) or /CAT/ * mRNA (2.5 ng each, lane 2). Oocyte
membrane protein was isolated after 2 d and 40 /ig of oocyte
membrane protein was loaded in lanes 1 and 2. In vitro translation
reaction (Inv. Trans.) without (lane 3) and with (lane 4) /CAT/ tem-
plate. The arrows indicate the position of KAT1 expressed in oocytes
(74 kD) and the in vitro translated KAT1 protein (73 kD).
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Figure 5 .  Sequence of the AKT2 cDNA and hydropathy plot of the AKT2 protein. a, Nucleotide sequence of the AKTZ gene 
composed of a genomic clone and a partia1 cDNA clone and predicted amino acid sequence of the AKT2 product. The 
cDNA clone starts at the position of the arrow. The intron sequence, which was removed during the construction of a 
full-length cDNA clone, is shown in lowercase letters and is not numbered. Additional intron sequences are present in the 
AKTZ genomic sequence and are not shown here. The putative promoter sequence is underlined. Putative membrane- 
spanning segments (Sl-S6) and the H5 region are indicated by boxes. Potential N-glycosylation sites (+) and phosphory- 
lation sites (0) are marked under the corresponding amino acids. b, Hydropathy profiles of the AKTZ protein, as determined 
by the method of Kyte and Doolittle (1982), using a window of 19 amino acid residues. The putative membrane-spanning 
segments (Sl-S6) and the channel pore region (H5) are indicated. 

contains 6 potential N-glycosylation sites and 15 potential 
phosphorylation sites for protein kinases (Fig. 5a). 

Hydropathy analysis of the deduced AKT2 polypeptide 
sequence revealed six possible membrane-spanning seg- 
ments (Sl-S6, Fig. 5, a and b), a profile very similar to the 
KATl and AKTl proteins (Anderson et al., 1992; Sentenac 

et al., 1992). Sequence comparison within the hydrophobic 
regions of different families of channels revealed that the 
AKT2 protein is very similar to the KATl and AKTl chan- 
nels, and to a lesser extent to Eag (a Drosophila outward- 
rectifying Kt channel, Warmke et al., 1991), cyclic nucle- 
otide-gated channels (Kaupp et al., 1989), and the Shaker 
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family of K+ channels (Tempel et al., 1987; Wei et al., 1990) 
(Table I). 

Two highly conserved and functionally important do- 
mains in animal outward-rectifying K+ channels, namely 
the voltage-sensing domain (S4), which is characterized by 
the presence of five to seven positively charged amino 
acids with each one seperated by two or three hydrophobic 
residues (Fig. 6a), and the K+-selective pore-forming do- 
main (H5) with a consensus sequence of TMTTVGYGD 
(residues 274-282, Fig. 5a), are also present in the A K T 2  
sequence. 

Similar to KATl and AKTl proteins, the AKT2 protein 
has a region between amino acids 415 and 498 that is 
homologous to cyclic nucleotide-binding domains present 
in many other proteins, including the Eag channel 
(Warmke et al., 1991), cyclic nucleotide-gated channels 
(Kaupp et al., 1989), and the catabolite gene activator pro- 
tein of E. coli (Weber and Steitz, 1984) (Fig. 6b). 

There are five imperfect repeats of 32 to 33 amino acids 
downstream of the cyclic nucleotide-binding domain of the 
AKT2 protein (Fig. 6c). Each repeat has the characteristic of 
an ankyrin repeat, a-33 amino acid motif that usually ap- 
pears in multiple copies in ankyrin proteins and ankyrin 
repeat-containing proteins (Lux et al., 1990; Zhang et al., 
1992). The ankyrin repeat domain may mediate the local- 
ization of channel proteins or regulation of channel func- 
tions by binding to cytoskeletal elements or other proteins 
(Baines, 1990; Bennett, 1992). Similar repeats have been 
reported for the AKTl sequence (Sentenac et al., 1992) but 
not for the KATl sequence. Thus, AKT2 is structurally 
more similar to AKT1, and the ankyrin repeats in plant K+ 
channels (Sentenac et al., 1992; Fig. 6c) are unlikely to be a 
result of cDNA rearrangements. 

The AKT2 and AKTl mRNAs Are Differentially Expressed 

To determine the expression pattern of K+ channel genes 
in higher plants, high-stringency RNA blot hybridizations 
were carried out using poly(A)+ mRNA from root and leaf 
tissues of young Arabidopsis seedlings. Figure 7 shows 
that the A K T 2  mRNA is highly expressed in leaf tissues and 
not in root tissues. The size of the hybridized band in 
leaves was approximately 2.8 kb, close to the size of the 
constructed A K T 2  cDNA clone (2586 bp without 5' un- 
translated sequence, see Fig. 5a), indicating that the A K T 2  

gene is not a pseudogene and that the constructed cDNA 
clone is probably a full-length clone. In contrast, AKTZ 
mRNA was slightly larger than A K T 2  mRNA and was 
highly expressed in root tissues (Fig. 7). The KATZ probe, 
which had a specific radioactivity similar to that of the 
A K T l  and A K T 2  probes and was used successfully in initial 
library screenings and Southern blot hybridizations, did 
not detect any signal on RNA blots (data not shown). These 
results appear to differ from the reported expression of 
KATl mRNA in shoots and roots (Kochian et al., 19938). Our 
results indicate that the expression of KATZ is low, re- 
stricted to specialized cell types of lower abundance, or 
developmentally regulated. Thus A K T 2  is highly expressed 
in leaves and differentially expressed with respect to AKTZ 
and K A T l .  

AKT2 Cene 1s Located on Chromosome 4 

DNA gel blot analysis of two ecotypes of Arabidopsis 
genomic DNAs cleaved with various restriction en:zymes 
revealed severa1 bands hybridizing with the A K T 2  cDNA 
probe (Fig. 8). The band pattern is consistent with the 
restriction map of AKT2 genomic clones. The bands shown 
in Figure 8 indicate that probably one gene encoding the 
A K T 2  protein is present in Columbia and Landsberg ge- 
nomes. In an attempt to establish whether A K T 2  is closely 
linked to a known mutation, we determined the g,enetic 
map position of A K T 2  using RFLP mapping (Chang et al., 
1988). Genomic DNA blot hybridizations with an AKT2 
ADASH genomic clone as a probe revealed an XbaI poly- 
morphism between Columbia and Landsberg (data not 
shown) and 106 individuals were scored and analyzed. 
A K T 2  was localized to the center of chromosome 4 between 
Agamous  and Cer2 markers (Fig. 9). 

Functional Test of AKT2 cDNA in Yeast and Xenopus 
Oocytes 

S. cerevisiae mutants in which two K+ transport systems 
(TRKZ and T R K 2 )  are deleted have been constructed 
(Ramos et al., 1985; Ko and Gaber, 1991). Yeast cells, like 
plant cells, contain a proton-extruding ATPase in the 
plasma membrane that provides the driving force for K+ 
uptake. Therefore, expression of K+,, from plants rescues 

Table 1. Percentage of identical amino acids in analogous positions within the region spanning from SI through S6 between pairs of a'iffer- 
ent channels 

PCGENE software (IntelliGenetics, Inc.). 
The percentages of identical amino acids within the entire hydrophobic core region (Sl-S6) were calculated for each pair of channels using 

AKTl KATl EdP cGMP Shal Shaw Shab Shak 

AKT2 
AKTl  
KATl  

cGMP 
Shal 
Shaw 
Shab 

Eag 

59 60 29 21 20 16 14 16 
63 30 25 19 18 19 17 

28 23 17 17 17 16 
23 20 17 17 17 

18 15 14 15 
39 38 43 

43 45 
45 
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Figure 6. Amino acid sequence alignment within the S4 segment, cyclic nucleotide-binding domain, and ankyrin repeat
domain, a and b, Amino acid sequences of the S4 segment and the putative cyclic nucleotide-binding domain of AKT2 were
aligned with the corresponding regions of other proteins. Positively charged ( + ) and negatively charged (-) amino acids in
the S4 segment of AKT2 are indicated. Amino acids that are identical with or similar to the AKT2 S4 sequence (a) or
conserved among at least three cyclic nucleotide-binding domains (b) are boxed and shaded. Gaps (shown as dashes) were
introduced for optimal alignments, c, The ankyrin-like repeats of AKT2 were aligned with the consensus sequences from the
human erythrocyte Anky cDNA (Lux et al., 1990) and from the Arabidopsis (Arab.) AKRP cDNA (Zhang et al., 1992). An "x"
in consensus sequences marks a position where no consensus exists. Amino acids that are identical with either of the
consensus sequences are shaded. Gaps (shown as dashes) were introduced for optimal alignments.

-1Kb

Figure 7. AKT1 and AKT2 mRNAs are differentially expressed in
roots and leaves. Two separate preparations of poly(A)+ mRNAs from
root and leaf tissues of Arabidopsis seedlings were loaded on the gel
(1 mg per lane) and hybridized with 32P-radiolabeled AKT1 or AKT2
cDNA as indicated.

these yeast mutants, which has been demonstrated for
KAT1 and AKT1 channels (Anderson et al., 1992; Sentenac
et al., 1992). To test whether the cDNA clones isolated here
would complement the yeast mutant, KAT1*, AKT1*, and
AKT2 cDNAs were subcloned into a yeast expression vec-
tor under a Gal-inducible promoter and transformed into
the frfclA:frA:2A yeast double mutant. The untransformed
mutant cells only grow on high-K+ medium (100 mM K+)
but not on low-K+ medium (7 mM K+) (Fig. 10). The
transformants were selected on the high-K+ medium (100
mM K+) initially using the L/R/43-selectable marker and
then transferred to the low-K+ medium (7 mM K+) con-
taining Gal. Figure 10 shows that KAT1* and AKTl* trans-
formants can grow on the low-K+ medium, confirming
previous reports (Anderson et al., 1992; Sentenac et al.,
1992). However, AKT2 transformants could not comple-
ment K+ uptake into yeast even though AKT2 was tran-
scribed, indicating that AKT2 is either not properly pro-
cessed in yeast or incapable of restoring K+ uptake (Fig. 10,
four separate transformation experiments).
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Figure 8. Genomic Southern analysis of the AKT2 gene. Four micro-
grams of genomic DMA from Arabidopsis ecotypes Columbia (C) and
Landsberg (L) were digested with fcoRI, Bg/ll, H/ndlll, and Xfaal. The
blot was hybridized with the 32P-radiolabeled the AKT2 cDNA
probe. DMA length markers (1-kb Ladder) are given at right in
kilobases.
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Figure 9. RFLP mapping of the AKT2 gene. Chromosome localiza-
tion of RFLP marker genes and the AKT2 gene are shown. The
numbers at left indicate the map distance (in centimorgans) between
markers.

AKT2

AKT1*

KAT1'

VECTOR

Figure 10. Complementation test in mutant yeast cells. Mutant S.
cerevisiae cells (CY162) deleted for both TRK1 and TRK2 genes were
transformed with the KAT1*, AKT1*, and AKT2 genes or with the
empty vector (pSE936). The transformants were streaked onto yeast
nitrogen base medium without uracil (bottom), which contained
approximately 7.7 HIM K+, or onto yeast nitrogen base medium
without uracil supplemented with 100 HIM KCI (top). Both media
contained 2% Sue and 2% Gal.

The AKT2 cDNA was also subcloned into the pBluescript
KS vector for Xenopus oocyte expression. Injection of in
vitro transcribed AKT2 mRNA into Xenopus oocytes did not
induce any exogenous current upon membrane depolariza-
tion or hyperpolarization. Furthermore, neither the AKT2
nor the AKT1 * mRNAs increased linear leakage currents in
oocytes as judged by oocyte background resistance mea-
surements between -140 and +60 mV (n > 200 AKT2-
injected oocytes; n > 50 AKT1 *-injected oocytes). Further-
more, we subcloned the AKT2 cDNA into a baculovirus
vector (pBlueBacIII) and generated recombinant viruses
that harbor the AKT2 coding sequence and can be infected
into insect sf9 cells for high levels of expression. Whole-cell
patch-clamp recordings of both uninfected and AKT2-in-
fected sf9 cells revealed that the sf9 cells used in this study
had an endogenous inward-rectifying current (Y. Cao, C.
Schmidt, and J. I. Schroeder, unpublished results) and that
AKT2 infection did not induce any clearly discernible ad-
ditional current or increase the endogenous inward-recti-
fying current.

DISCUSSION

Using low-stringency cDNA library screening, we iso-
lated a novel cDNA, AKT2, from Arabidopsis. This new
sequence shows a region with six putative transmembrane
domains and a K+-selective pore sequence (H5) between
the fifth and sixth domains. These two sequence character-
istics have previously been used as sufficient evidence to
predict newly sequenced cDNAs as encoding K+ channels
(Milkman, 1994). Furthermore, the AKT2 sequence shows
highest similarity to the two known K+ channel clones
KAT1 and AKT1 (59-63% identity). Thus, we conclude that
the AKT2 clone is most likely a K+ channel clone and that
a multigene family of K+ channels exists in the Arabidopsis
genome. In animal systems, multigene families are a com-
mon feature of K+ channels and are believed to be one of
the mechanisms for generating functionally diversified K+

channels (Chandy et al., 1990; Wei et al., 1990).
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Expression Level-lnduced Modulation of KATl Channel 

The differences between the two K+ currents induced by 
expression of KATZ mRNA and KATl‘ mRNA in Xenopus 
oocytes indicate interesting electrical properties of plant 
K+ channels. Among the observed differences are the 
threshold of activation, the half-activation time, and the 
current amplitude. Western blot experiments directly dem- 
onstrated that the KATl protein is more abundant in 
KATl*-injected oocytes than in KAT1-injected oocytes (Fig. 
4). Thus, the increase in the current amplitude in KATl*- 
injected oocytes can be ascribed to the higher level of 
expression. However, changes in half-activation times can- 
not be ascribed solely to this higher level of expression, 
because half-activation times reflect intrinsic biophysical 
properties of ion channels. Very et al. (1994) independently 
also reported effects of the quantity of KATl mRNA injec-’ 
tion on half-activation times and further implicated a dif- 
ference in channel sensitivity to Csf blockage. 

The observed shift in activation potential may have im- 
portant implications for physiological functions of plant 
Kt channels. For example, second-messenger inhibition of 
this class of K+i, channels in guard cells has been shown to 
be accompanied by a hyperpolarizing shift in activation 
(Schroeder and Hagiwara, 1989; Fairley-Grenot and Ass- 
mann, 1991; Hoshi, 1995). (Note that the recently calculated 
50% activation of -120 to -130 mV for KATl expressed in 
oocytes [Bertl et al., 19951 could not be confirmed for either 
the KATl or the KAT1* constructs analyzed here or previ- 
ously [Schachtman et al., 19921). Half-activation potentials 
of plant KCin do not shift significantly in response to ex- 
tracellular K+ changes (Thiel et al., 1992). However, the 
activation potentials do show small shifts to more negative 
potentials upon lowering external K+ to <10 mM (Schroe- 
der and Fang, 1991). These negative shifts in activation are 
unequivocally evident, because they physiologically pro- 
hibit large steady-state K+ efflux currents that would oth- 
erwise be observed via Kti, channels with O external Kt  or 
when the K+ equilibrium potential is more negative than 
approximately -100 mV (Schroeder and Fang, 1991) (Fig. 
2b, KAT1*). The differential effects of external K+ on acti- 
vation and half-activation parameters support the function 
of K+in channels for low-affinity K+ uptake at physiolog- 
ical membrane potentials (Schroeder and Fang, 1991). 

We can suggest severa1 explanations to account for the 
differences in biophysical properties of Kt  channels at 
different expression levels. Overexpression could saturate 
posttranscriptional modification reactions that regulate 
channel properties, such as RNA editing, phosphorylation, 
or channel-channel interactions. For example, ATP and 
other cellular factors modulate KATl activation (Hoshi, 
1995). Channel molecules may interact cooperatively at 
high packing density. Intermolecular cooperativity in bio- 
logical membranes has been suggested for many animal 
receptors and ion channels (Hymel et al., 1988; Taleb and 
Betz, 1994), including voltage-gated K+ channels (Honore 
et al., 1992; Moran et al., 1992), and has been recently 
suggested for a plant anion channel (Schmidt and Schroe- 
der, 1994). In addition, clustering of high densities of chan- 

nel proteins is well known in animal cells and has been 
shown to require cytoskeletal elements for localization and 
stabilization (Cooper, 1987; Grimminger et al., 1991; Peter 
et al., 1991). Furthermore, it has been suggested that Na+ 
channels expressed in Xenopus oocytes form “hot spots,” 
which reflect high channel densities (Stühmer et al., 1989). 
Such clustering phenomena would not be surprising for 
plant channels, because plant transport processes often 
require a polar localization in the plasma membrane. The 
observation that the KATl* channel activates at a more 
positive potential indicates that plant K+ channel expres- 
sion levels may provide an additional mechanism for K+ 
channel modulation. Furthermore, KAT1* activation prop- 
erties may be relevant for K+in channel activation in vivo, 
since the activation potential for KATl* is closer to the 
values recorded for some native plant cells under similar 
recording conditions and with similar external K+ concen- 
trations (Schroeder et al., 1987; Bush et al., 1988; Schroeder 
and Fang, 1991) and the estimated Kti, densities of KATl* 
are more similar to those observed in higher plant cells. 

Posttranscriptional modification or significant structural 
changes may occur in KATl, because a change in Cs+ block 
has been implicated in dependence of the amount of KATl 
mRNA injected into oocytes (Very et al., 1994). A change in 
Cs+ block would require a significant structural change in 
the pore structure of KAT1, which is also supported by 
putative differences in NH,+ selectivities demonstrated in 
oocytes (Schachtman et al., 1992) and estimated in yeast 
(Bertl et al., 1995) and differences in single-channel con- 
ductances obtained for KATl (28 ? 7 pS; Schachtman et al., 
1992) and for KATl* of 5 to 6 pS in 115 mM KCl (Hoshi, 
1995; W. Gassmann and J. 1. Schroeder, unpublished re- 
sults). Note that the analysis of stretch channels in oocytes 
(Methfessel et al., 1986) was controlled for in membrane 
patches, which were used for single-channel KATl analy- 
sis, by applying suction and pressure to all membrane 
patches and selecting patches with channel currents that 
did not show regulation by membrane stretch (Schachtman 
et al., 1992) and that differed from stretch channel proper- 
ties found in other patches, although spontaneous activity 
could not be ruled out. Analysis is furthur complicated by 
the presence of endogenous 5-pS channels. It is interesting 
that single-channel conductances of native K+in channels in 
higher plant cells also vary considerably from approxi- 
mately 5 to 40 pS in 100 mM K+ (for review and more 
complete refs., see Schroeder et al., 1994). Therefore, either 
endogenous oocyte ion channels or posttranscriptional 
modifications may produce the apparent variation of KATl 
conductances. The large differences in K+in conductances 
in plant cells suggest that small structural changes can 
greatly influence the single-channel conductance parame- 
ter of plant K+ channels, which alone would unlikely be of 
physiological significance because of the high transport 
rate and sufficient density of channels. However, the ac- 
companying macroscopic differences in K+ channel prop- 
erties reported here and elsewhere (Very et al., 1994; Hoshi, 
1995) would be of physiological importance. Elucidation of 
the structural basis for posttranscriptional changes in 
KATl properties will require further investigation. 
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The cation selectivity of KATl (Schachtman et al., 1992; 
Very et al., 1995) and KATl*, as determined by current 
amplitudes at -120 mV in the presence of 115 mM K+ and 
other monovalent cations, was comparable within the de- 
rived statistical variations. NH4+ to K+ current magnitude 
ratios were 28% for KATl*, which correlates with 30% for 
KATl (Schachtman et al., 1992), and are comparable to 
values from native Ktin channels as studied in plant cells 
(Gassmann and Schroeder, 1994). These data quantitatively 
differ from an NH4+ to K' conductance ratio of KATl 
determined in yeast of 5%, which requires subtraction of 
endogenous hyperpolarization-activated NH,+ currents 
measured in separate non-KAT1-expressing yeast cells 
(Bertl et al., 1995). In contrast to a proposed hypothesis 
(Bertl et al., 1995), oocytes used in this and previous studies 
have small, linear NH4+ currents, which do not show 
hyperpolarization-induced time-dependent activation. 
Correction for linear background conductances, as de- 
scribed previously (Cao et al., 1992; Schachtman et al., 
1992), therefore allows accurate determination of NH,+ 
selectivity in oocytes (Schachtman et al., 1992; Uozumi et 
al., 1995). Furthermore, single-point mutations in KATl can 
convert KATl from a K' over NH,+-selective channel to a 
channel that shows a high selectivity for NH,+ over K' of 
approximately 10 to 1 (Uozumi et al., 1995). These data 
further support the NH,+ permeability of KATl. Note that 
influx of NH,+ into yeast is most likely to cause large 
acidification in cytosolic pH, because of the large mem- 
brane surface to volume ratio; acidification in turn reduces 
KATl currents (Hoshi, 1995). The question of whether the 
NH,+ selectivity of KATl expressed in yeast has a differ- 
ence from that demonstrated in oocytes (Schachtman et al., 
1992) could be addressed by pH buffering and/or by ex- 
pression of KATl in available yeast mutants with dis- 
rupted NH,+ uptake transporters. 

Structural Features and Functional lmplications of Plant 
K+ Channels 

The three plant K+ channel genes K A T 1 ,  A K T 1 ,  and 
A K T 2  share significant sequence homology, particularly in 
the hydrophobic core region (Sl-S6). Within this region, 
the levels of amino acid identities are high, ranging from 59 
to 63% (Table I). The levels of amino acid identities among 
the four subfamilies (Shak, Skab, Skaw, and Skal) of K+,,, 
channels in animals are significantly smaller (3845%, Ta- 
ble l), but higher levels of approximately 70% are found 
among members of each subfamily (Jan and Jan, 1992). 
These results suggest that the three plant K+ channel genes 
might be functionally closely related. However, when the 
three genes were transformed into a yeast mutant defective 
in K+ uptake, only K A T l  and A K T l  complement the mu- 
tation (Anderson et al., 1992; Sentenac et al., 1992; Fig. 101, 
whereas A K T 2  did not complement K+ uptake. Further- 
more, only KATl was functional in oocytes, whereas nei- 
ther AKTl (n > 50 oocytes, data not shown) nor AKT2 
alone or when expressed simultaneously produced signif- 
icant currents in oocytes. It is possible that the AKT2 pro- 
tein is not synthesized or processed properly in yeast or in 
oocytes or is not correctly targeted to the plasma mem- 

brane. However, other possibilities may also exist. For 
example, a modification event such as protein phosphory- 
lation or nucleotide binding may be required for channel 
function in yeast or in oocytes. A K T 2  may encode a K',,, 
channels in view of the charge differences in the putative 
54 voltage-sensing sequence (Fig. 6a) and in other se- 
quences between A K T 2  and the other two plant channels. A 
K+,,, channel would not complement the Kt uptake clefi- 
ciency of the yeast trkl:trk2 mutant. More detailed biophys- 
ical and biochemical analyses of these proteins expressed 
in systems such as plant cells, yeast, Xenopus oocytes, or 
insect cells and immunochemical analyses with antibodies 
specifically against AKT2 and AKTl proteins will be re- 
quired to differentiate among these possibilities and to 
assign specific functions to each of the proteins. 

It is interesting that the three cloned Arabidopsis K' 
channel genes display remarkably different expression pat- 
terns. A K T 2  is expressed at high levels in leaf tissues, 
whereas A K T l  is mainly expressed in root tissues (Fig. 7). 
K A T l  is much less abundant in these two tissue types and 
could not be detected on our northern blots. This differen- 
tia1 expression pattern indicates different roles of K+ chan- 
nels in various tissues and during plant growth and devel- 
opment. 

K+ transport in leaves is of central significance for im- 
portant plant physiological processes such as leaf expan- 
sion and photosynthetic homeostasis (Behboudian and 
Anderson, 1990; Antonenko et al., 1994; Elzenga and Van 
Volkenburgh, 1994). The high level of A K T 2  expressjon in 
leaves indicates that this nove1 K+ channel cDNA may 
contribute to physiological K+ transport in leaves. Molec- 
ular biological and genetic analyses will be helpful for 
further understanding the function of this channel. 

In conclusion, plant K+ channels are encoded by multi- 
ple genes and are differentially expressed in leaves and 
roots. Heterologous expression analyses show that the ex- 
pression level of KATZ is an important factor in determin- 
ing activation properties of plant K+,, channels. Since 
AKTl is predominantly expressed in roots and A K T 2  is 
highly expressed in leaves, further studies should provide 
information regarding the physiological functions of these 
K+ channels in whole plants. 
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