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Plant K

 

1

 

 uptake channel types differ with respect to their voltage, Ca

 

2

 

1

 

, and pH dependence. Here, we constructed re-
combinant chimeric channels between KST1, a member of the inward-rectifying, acid-activated KAT1 family, and
AKT3, a member of the weakly voltage-dependent, proton-blocked AKT2/3 family. The homologous pore regions of
AKT3 (amino acids 216 to 287) and KST1 (amino acids 217 to 289) have been exchanged to generate the two chimeric
channels AKT3/(p)KST1 and KST1/(p)AKT3. In contrast to AKT3 wild-type channels, AKT3/(p)KST1 revealed a strong in-
ward rectification reminiscent of that of KST1. Correspondingly, the substitution of the KST1 by the AKT3 pore led to
less pronounced rectification properties of KST1/(p)AKT3 compared with wild-type KST1. Besides the voltage depen-
dence, the interaction between the chimera and extracellular H

 

1

 

 and Ca

 

2

 

1

 

 resembled the properties of the inserted
rather than the respective wild-type pore. Whereas AKT3/(p)KST1 was acid activated and Ca

 

2

 

1

 

 insensitive, extracellular
protons and Ca

 

2

 

1

 

 inhibited KST1/(p)AKT3. The regulation of the chimeric channels by cytoplasmic protons followed the
respective wild-type backbone of the chimeric channels, indicating that the intracellular pH sensor is located outside
the P domain. We thus conclude that essential elements for external pH and Ca

 

2

 

1

 

 regulation and for the rectification of
voltage-dependent K

 

1

 

 uptake channels are located within the channel pore.

INTRODUCTION

 

The function of the majority of K

 

1

 

-transporting plant channel
proteins depends on the membrane voltage. Among the iso-
lated, functionally expressed, and electrophysiologically
characterized K

 

1

 

 channels, three different channel types
can be distinguished with respect to their voltage-depen-
dent gating: (1) outward-rectifying (KCO1, SKOR, and
GORK) (Czempinski et al., 1997; Gaymard et al., 1998; Ache
et al., 2000), (2) inward-rectifying (e.g., KAT1, AKT1, and
KST1) (Anderson et al., 1992; Sentenac et al., 1992;
Schachtman et al., 1994; Müller-Röber et al., 1995), and (3)
weakly voltage-dependent K

 

1

 

 channels (AKT2/3 and ZMK2)
(Marten et al., 1999; Philippar et al., 1999; Lacombe et al.,
2000). With the exception of KCO1 exhibiting four trans-
membrane helices and two pore regions, the voltage-depen-
dent K

 

1

 

 channels contain six putative transmembrane
segments (S1 to S6) including an ion-conducting pore re-
gion P and a highly charged S4 segment (Doyle et al., 1998;
Durell et al., 1998; Uozumi et al., 1998). The S4 domain of

these plant K

 

1

 

 channels is important for sensing changes in
the membrane electric field (Dreyer et al., 1997; Hoth et al.,
1997a; Marten and Hoshi, 1998). It does not, however, exclu-
sively represent the voltage-sensing structure. Both the N
and C termini affect the voltage-dependent gating behavior,
too (Marten and Hoshi, 1997, 1998). Furthermore, single mu-
tations in the P region of the guard cell inward rectifiers KAT1
and KST1 modulated the voltage dependence of the channel
proteins, suggesting a role for the pore in the gating process
(Becker et al., 1996; Hoth et al., 1997b). Regarding the dis-
tinct rectification properties, however, it is unclear why the
six-transmembrane K

 

1

 

 channels share not only the same
overall structure but even the highly charged S4 segment.

Apart from the differences in the voltage-dependent gat-
ing, members of the KAT1 (KAT1 and KST1) and AKT2/3
(AKT3 and ZMK2) plant K

 

1

 

 channel families differ in their
regulation by extracellular protons and sensitivity toward ex-
tracellular calcium ions. Whereas KAT1 and KST1 are acti-
vated by external acidification due to a positive shift of the
half-maximal activation voltage (Hedrich et al., 1995; Müller-
Röber et al., 1995; Hoth et al., 1997b; Hoth and Hedrich,
1999a), AKT3 and ZMK2 are inhibited by an increased pro-
ton concentration (Marten et al., 1999; Philippar et al., 1999).
This inhibition of AKT3 resulted from a decrease of the sin-
gle-channel conductance, indicating an H

 

1

 

 block of the K

 

1

 

1
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channel pore (Marten et al., 1999; Lacombe et al., 2000). In
KST1, essential molecular elements of the pH sensor could
be identified using site-directed mutagenesis and electro-
physiological analysis of the channel mutants (Hoth et al.,
1997b; Hoth and Hedrich, 1999a). Whereas the simulta-
neous substitution of the only two extracellular histidine res-
idues in KST1, located in the S3–S4 linker (H160) and in the
channel pore (H271), generated a pH-insensitive mutant, the
mutation of the pore histidine at position 271 into an argi-
nine resulted in a channel mutant with an inverted pH regu-
lation compared with the wild type (Hoth et al., 1997b). In
contrast to KST1, the molecular structure of the pH sensor
in AKT3 has not been characterized.

Patch-clamp studies on isolated protoplasts from differ-
ent plant cells and species showed that extracellular Ca

 

2

 

1

 

ions block K

 

1

 

 uptake channels in a voltage-dependent man-
ner (Wegner et al., 1994; Roberts and Tester, 1995; Thiel et
al., 1996; Dietrich et al., 1998). Whereas the susceptibility
toward Ca

 

2

 

1

 

 of the cloned guard cell 

 

a

 

-subunits KAT1 and
KST1 was very low (Brüggemann et al., 1998; Dreyer et al.,
1998), AKT3 was significantly blocked by physiological con-

centrations of external Ca

 

2

 

1

 

 (Marten et al., 1999). Although
the voltage-dependent properties suggested that the Ca

 

2

 

1

 

ions partially enter the channel pore, the Ca

 

2

 

1

 

 binding site
remained unknown.

In this study, we generated chimeric channels between
KST1 and AKT3 by exchanging the pore region of AKT3
(amino acids 216 to 287) and the homologous region of
KST1 (amino acids 217 to 289). The electrophysiological
characterization of these chimeric channels in Xenopus oo-
cytes revealed that the channel pore plays a crucial role in
the voltage-dependent gating of K

 

1

 

 channels and harbors
all basic molecular structures required for extracellular pH
regulation and Ca

 

2

 

1

 

 block.

 

RESULTS

 

To investigate the role of the pore region of plant K

 

1

 

 uptake
channels in rectification, Ca

 

2

 

1

 

 inhibition, and pH regulation,
we generated chimeric channels between KST1 and AKT3.

Figure 1. Alignments of Amino Acids within the Pore Region of K1 Channels.

(A) Alignment of the pore region with parts of S5 and S6 of the voltage-dependent K1 channels AKT3 and KST1. Amino acids 216 to 287 of
AKT3 and amino acids 217 to 289 of KST1 are shown. The identical residues in both channel proteins are highlighted by black boxes. A sche-
matic model of the membrane topology of the chimeric channels indicates the exchanged fragment.
(B) Alignment of plant and animal K1 channel amino acid sequences in the pore region. Ten amino acids (c.f. sequence marked by asterisks in
[A]) including the selectivity filter GYGD motif (boxed) are shown for the indicated K1 channels. Four amino acids upstream, the GYG sequence
conserved leucine and methionine residues are marked by black boxes. The GenBank accession numbers of the aligned channels sequences
are as follows: KST1, X79779; KAT1, M86990; AKT1, X62907; SKT1, X86021; ZMK1; Y07632; AKT3, U44745; ZMK2, AJ132686; KCO1, X97323;
SKOR, AJ223358; Shaker, M17211; HAC1, AJ225122; SPIH1, Y16880.
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The channel pore of AKT3 with parts of S5 and S6 (amino
acids 216 to 287) was substituted by the homologous region
of KST1 (amino acids 217 to 289) and vice versa, as shown
in Figure 1. In this particular region, both channels share

 

z

 

58% identity on the amino acid level. The electrophysio-
logical properties of the resulting chimeric channels AKT3/
(p)KST1 and KST1/(p)AKT3 were studied in double-elec-
trode voltage-clamp experiments after heterologous expres-
sion in Xenopus oocytes.

 

Voltage Dependence

 

Typical current recordings of AKT3 wild-type channels in the
voltage range of 

 

1

 

40 to 

 

2

 

150 mV are shown in Figure 2A
(left side). Both the instantaneous and the time-dependent
current components were mediated by the AKT3 gene prod-
uct (c.f. Marten et al., 1999). At voltages more positive than
the K

 

1

 

 equilibrium potential (V

 

rev

 

 

 

<

 

 0 mV), outward currents
through AKT3 were elicited. The steady state currents (I

 

ss

 

)
plotted against the membrane voltage clearly visualize the
weak voltage dependence and rectification of AKT3 (Figure
2B, left side). KST1, however, revealed a strong inward rec-
tification conducting K

 

1

 

 ions only upon hyperpolarization to
voltages less than 

 

2

 

90 mV (Figures 2A and 2B, second
right). In contrast to AKT3 but in line with KST1, the chimera
AKT3/(p)KST1 containing the KST1 pore exhibited the volt-
age-dependent properties of an inward rectifier lacking an
AKT3-like instantaneous current component (Figures 2A
and 2B, second left). Outward currents of oocytes express-
ing AKT3/(p)KST1 did not differ from background outward
currents of KST1 (Figures 2A and 2B, second left) or nonin-
jected oocytes (not shown; 

 

n

 

 

 

.

 

 100). KST1 lost its strong
rectification after substitution of its native pore by the AKT3
pore (Figures 2A and 2B, right side). The chimera KST1/
(p)AKT3 mediated K

 

1

 

 efflux at membrane potentials positive
of the K

 

1

 

 equilibrium potential and resembled the two cur-
rent components that are characteristic for AKT3. Instanta-
neous currents could be observed at positive and negative
voltages, whereas the time-dependent current was re-
stricted to voltages more negative than 

 

2

 

90 mV (Figure 2A,
right side). In 

 

.

 

100 control experiments, outward currents of
this magnitude and instantaneous current components have
not been observed in either noninjected or KST-expressing
oocytes.

A detailed analysis of the voltage dependence of the chi-
meric channels compared with the wild-type channels has
been performed using Boltzman statistics. Figure 2C shows
the open probabilities p

 

o

 

 plotted against the membrane volt-
age. The chimera AKT3/(p)KST1 (V

 

1/2

 

 

 

5

 

 

 

2

 

147 

 

6

 

 0.9 mV, ap-
parent gating charge z 

 

5

 

 1.65 

 

6

 

 0.03) revealed voltage-
dependent gating characteristics identical to KST1 (V

 

1/2

 

 

 

5

2

 

143 

 

6

 

 0.8 mV, z 

 

5

 

 1.63 

 

6

 

 0.04) but completely different
from wild-type AKT3 (V

 

1/2

 

 

 

5

 

 

 

2

 

112 

 

6

 

 4.5 mV, z 

 

5

 

 0.66 

 

6

 

0.07). This indicated that the KST1 pore was sufficient to
confer a strong inward rectification on the channel. The sub-

 

stitution of the KST1 pore by the AKT3 pore in KST1/
(p)AKT3 resulted in a decreased steepness of the p

 

o

 

/
V-curve (V

 

1/2

 

 

 

5

 

 

 

2

 

130 

 

6

 

 2.9 mV, z 

 

5

 

 0.90 

 

6

 

 0.09). This chi-
meric channel also resembled the AKT3-like minimal open
probability different from zero at membrane voltages posi-
tive to 

 

2

 

40 mV (c.f. Marten et al., 1999). However, its volt-
age-dependent gating parameters V

 

1/2

 

 and z as well as the
minimal open probability were slightly different from AKT3,
indicating that other components of the AKT3 backbone
might be needed for a complete conversion.

To identify residues in the P region that could account for
the differences in rectification among members of the KAT1,
AKT1, and AKT2/3 channel family, respectively, we com-
pared the channels with respect to their amino acid se-
quences in the pore (Figure 1B). Whereas all members of the
inward-rectifying KAT1 and AKT1 families contain a leucine
residue four amino acids upstream of the GYGD sequence
of the selectivity filter, a methionine is highly conserved at
the identical position in the AKT2/3 family. This methionine
residue is also present in outward-rectifying K

 

1

 

 channels of
the 

 

Shaker 

 

family as well as in the plant outward rectifiers
SKOR and KCO1 (Figure 1B). To study the possible role of
this residue for the rectification properties of K

 

1

 

 channels,
we generated the channel mutants AKT3-M260L and KST1-
L262M. Like AKT3, the single mutant AKT3-M260L medi-
ated K

 

1

 

 influx and efflux, resembling the weak voltage de-
pendence and the proton inhibition of the wild type (Figure
3, upper traces). The strong inward rectification and the acid
activation of wild-type KST1 were unaffected in the mutant
KST1-L262M (Figure 3B, lower traces). Thus, our analyses
regarding the site-directed channel mutants KST1-L262M
and AKT3-M260L identified that this position was not funda-
mental for the rectification of voltage-regulated K

 

1

 

 chan-
nels. This finding is supported by Gauss et al. (1998) and
Ludwig et al. (1998), showing that the animal six-transmem-
brane K

 

1

 

 channels HAC1 and SPIH containing a methionine
residue at the respective position represent, in fact, inward
rectifiers (Figure 1B). Future experiments based on scanning
mutagenesis are therefore required to identify structural de-
terminants for rectification in the pore region of voltage-
dependent K

 

1

 

 channels.

 

Interaction with External Cations

 

Structural domains responsible for proton block and Ca

 

2

 

1

 

inhibition of AKT3 are most likely located in the pore of the
channel protein. To obtain further information about the re-
spective binding sites, we investigated the Ca

 

2

 

1

 

 sensitivity
and pH dependence of AKT3/(p)KST1 and KST1/(p)AKT3.

 

Calcium

 

Figure 4A shows the susceptibility of AKT3/(p)KST1 to ex-
tracellular Ca

 

2

 

1

 

 in comparison to AKT3 wild-type channels.
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Figure 2. Voltage-Dependent Properties of AKT3, AKT3/(p)KST1, KST1, and KST1/(p)AKT3.

(A) Representative current traces in response to voltage pulses from 140 to 2150 mV of AKT3 (left traces), KST1 (second right traces), and the
chimeric channels AKT3/(p)KST1 (second left traces) as well as KST1/(p)AKT3 (right traces). Voltage pulses were applied in 10-mV decrements
from a holding voltage of 210 mV for AKT3 and KST1/(p)AKT3 and 220 mV for KST1 and AKT3/(p)KST1, respectively. Oocytes with similar ex-
pression levels have been selected. AKT3 as well as KST1/(p)AKT currents were recorded at pHext. 7.4, whereas KST1 and the chimera AKT3/
(p)KST1 were recorded at pHext. 5.6.
(B) The steady state currents Iss were derived from the data shown in (A) and plotted against the membrane voltage. Note pronounced outward
currents in AKT3 and KST1/(p)AKT3 but not in KST1 and AKT3/(p)KST1 in (A) and (B).
(C) The open probabilities po in 30 mM K1 and pH 7.4 for KST1 (e), AKT3 (s), KST1/(p)AKT3 (d), and AKT3/(p)KST1 (r) were plotted against the
membrane voltage. Solid lines represent best Boltzman fits to the data. Error bars indicate standard deviation (n 5 3).
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In the presence of 20 mM K1 and 30 mM Ca21, tail-current
recordings in the range of 120 to 2170 mV were performed
after preactivating the channels at a membrane voltage of
2150 mV. Whereas AKT3 resembled the characteristics of a
voltage-dependent Ca21 block (c.f. Marten et al., 1999), the
chimera AKT3/(p)KST1 was Ca21 insensitive even in the
presence of 30 mM Ca21. The lack of a divalent cation block
therefore corresponds with the Ca21 phenotype observed
for KST1 (Figure 4B; Brüggemann et al., 1998). Equipped
with the AKT3 pore, however, KST1 became more sensitive
to extracellular Ca21. Under identical experimental condi-
tions, the chimera KST1/(p)AKT3 was blocked by Ca21 at
membrane voltages less than 2110 mV in a voltage-depen-
dent manner (Figure 4B).

Protons

The hyperpolarization-induced inward K1 currents through
AKT3/(p)KST1 reversibly increased upon a drop in the extra-
cellular solution from pH 7.4 to 5.6 (Figure 4C). As shown for
KST1 (Hoth et al., 1997b), the acid activation in this chimera
was accompanied by a positive shift of the half-maximal ac-
tivation voltage V1/2 (DV1/2 5 13.1 6 1.5 mV, n 5 4). Thus,
the replacement of the AKT3 by the KST1 pore in AKT3/
(p)KST1 transformed the proton-blocked AKT3 into an acid-
activated inward rectifier. Accordingly, the acid activation of
KST1 was converted into an inhibition of K1 influx by exter-
nal protons in the chimera KST1/(p)AKT3, as demonstrated
by a decrease in steady state currents of 277.9 6 5.9% at
2150 mV (Figure 4D).

Separation of the Intra- and Extracellular pH Sensor

Recently, Tang et al. (2000) showed that the intracellular pH
sensor of the Arabidopsis thaliana guard cell K1 uptake
channel KAT1 is located in the cytosolic linker between the
transmembrane helices S2 and S3. A histidine residue in
this linker (H118) was fundamental for pH-sensitive changes
in activation kinetics but not for the proton-induced shift in
the half-maximal activation voltage. Because this domain
was not substituted in the two chimeric channels, the de-
pendence on internal protons should remain unaffected
compared with AKT3 and KST1 wild-type channels, respec-
tively. To confirm this prediction, 10 mM Na-acetate at pH
5.6 was applied to the extracellular solution. The nondisso-
ciated acid is able to permeate across the membrane and to
release protons into the cell (c.f. Lacombe et al., 2000).
Whereas KST1, like KAT1 (Tang et al., 2000), was activated
by increasing the intracellular proton concentration (29.4 6

2.9% at 2130 mV; Figure 5C), AKT3 was inhibited by cyto-
solic acidification (266.5 6 6.3% at 2130 mV; Figure 5A).
Like AKT3 in the presence of 10 mM acetate, the currents
through AKT3/(p)KST1 were almost completely suppressed
(259.2 6 7.0% at 2130 mV; Figure 5B). Although KST1/
(p)AKT3-mediated currents are largely inhibited at pH 5.6 in
the bath (c.f. Figure 4D), the equipment of KST1 with the
AKT3 pore did not affect the cytosolic pH regulation of
KST1. As for the wild type (Figure 5C), the acidification of
the cytoplasm resulted in an increased inward current (62.4 6
2.7% at 2130 mV; Figure 5D). These results therefore
provide strong evidence that the pore region of K1 uptake
channels does not interact with intracellular protons. As a

Figure 3. Voltage and pH Regulation of AKT3-M260L and KST1-L262M.

K1 currents in 30 mM K1 of the channel mutants AKT3-M260L (upper traces) and KST1-L262M (lower traces) were recorded at membrane volt-
ages in the range from 130 to 2150 mV. From the holding voltage of 233 mV and 220 mV for AKT3-M260L and KST1-L262M, respectively, the
membrane voltage was changed in steps of 220 mV. Upon a change in the extracellular pH from 5.6 to 7.4, K1 currents through AKT3-M260L
increased (42.8 6 1.2% at 2130 mV), whereas those through KST1-L262M decreased (227.6 6 6.4% at 2130 mV). For both channel mutants,
representative current recordings out of three to four experiments are shown. The observed changes in steady state currents during the pH shift
experiments were significantly different in the voltage range from 280 to 2150 mV (P , 0.01).
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consequence, it is very unlikely that extracellular protons
reach the internal pH sensor via the pore.

DISCUSSION

The generation of point mutations and chimeric channels
led to the identification of the S4 segment as well as the N
and C termini as important elements of the voltage-sensing
structure of Shaker-like K1 channels (Papazian et al., 1991;
Perozo et al., 1994; Tytgat et al., 1994; Yusaf et al., 1996;
Dreyer et al., 1997; Hoth et al., 1997a; Marten and Hoshi,
1997; Terlau et al., 1997; Chanda et al., 1999; Chiara et al.,
1999). Here, we show that the pore region contributes to the
rectification of voltage-dependent plant K1 channels. On
one hand, the substitution of the pore region including parts
of S5 and S6 in the chimeric channel AKT3/(p)KST1 was

sufficient to transform the weak voltage-dependent AKT3
into an inward rectifier (Figures 2A and 2B, left). On the other
hand, KST1 equipped with the AKT3 pore lost its strong in-
ward rectification (Figures 2A and 2B, right). In KAT1 and
KST1, several point mutations in the P region resulted in a
modulation of the voltage-dependent gating (Becker et al.,
1996; Hoth et al., 1997b). A molecular link between the pore
and the putative voltage sensor S4 was therefore antici-
pated (Hoth and Hedrich, 1999a). The pore histidine (H271)
and the histidine in the S3–S4 linker (H160), which represent
key amino acids of the pH sensor of KST1, as well as the
arginine at position 181 in the S4 segment have been pro-
posed as putative elements within this molecular link. Fur-
thermore, Zn21 binding studies on KST1 wild type and
histidine mutants suggested that the S3–S4 linker is in-
volved in the formation of the outer mouth of the pore (Hoth
and Hedrich, 1999b). Together with specific pore amino ac-
ids, this S3–S4 loop could link the movement of S4 to chan-

Figure 4. Dependence of AKT3/(p)KST1 and KST1/(p)AKT3 on Extracellular Ca21 and H1.

(A) Relative (rel.) instantaneous tail-current amplitudes I0 plotted against the membrane voltage revealed a voltage-dependent Ca21 block for
AKT3 (s, n 5 3) but not for the chimeric channels AKT3/(p)KST1 (d, n 5 3). The Ca21 solution contained 20 mM KCl, 10 mM Tris/Mes, pH 7.2,
and 30 mM CaCl2. In the control solution, CaCl2 was replaced with 30 mM MgCl2. Error bars were smaller than symbols and represent the stan-
dard deviation (n > 3). I0 currents in the presence of calcium were significantly different in the voltage range of 2130 to 2170 mV for the chimera
AKT3/(p)KST1 compared with AKT3 wild type (P , 0.01).
(B) Superimposed I0/V-plot of KST1 and KST1/(p)AKT3 . Under the same experimental conditions as described in (A), the chimera KST1/(p)AKT3
was blocked by extracellular Ca21 (s, n 5 4) in contrast to KST1 wild type (d, n 5 3). Error bars were smaller than symbols and represent the
standard deviation (n > 3). I0 currents in the presence of calcium were significantly different in the voltage range of 2150 to 2170 mV for the chi-
mera KST1/(p)AKT3 compared with KST1 wild type (P , 0.01).
(C) Acid-activated inward K1 currents of AKT3/(p)KST1 in response to 2.5-sec voltage pulses to 2150 mV from the holding voltage of 220 mV.
Currents were recorded in the presence of standard external media buffered to pH values as indicated.
(D) Voltage pulses to 2150 mV from the holding voltage of 220 mV elucidated that K1 currents of KST1/(p)AKT3 decreased upon a change from
pH 7.4 to 5.6.
(C) and (D) show representative current traces out of four independent experiments. Steady state currents in (C) and (D) at pH 5.6 were signifi-
cantly different from currents at pH 7.4 at 2150 mV (P , 0.01). 
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nel opening. This model would also explain the data
obtained with chimeric channels between KAT1 and Xsha2
that located components for inward rectification in the first
third of the KAT1 channel including S1 to S4 and the S4–S5
linker (Cao et al., 1995). Local protein arrangements in the
pore underlying the slow inactivation of the Shaker channel
have also been postulated from voltage clamp fluorometry
experiments (Loots and Isacoff, 1998).

The difference in the Ca21 sensitivity of voltage-depen-
dent K1 channels results from distinct amino acids in the
channel pore. Upon replacement of the AKT3 pore by the
KST1 pore, which is almost Ca21 insensitive (Brüggemann
et al., 1998), AKT3/(p)KST1 lost its Ca21 susceptibility (Fig-
ure 4A). The AKT3 pore, however, transformed the Ca21

phenotype of KST1 from weakly sensitive to Ca21 blocked
(Figure 4B). Our experiments concerning the dependence of
the chimeric channels on extracellular protons show that the

pore of KST1 is sufficient to confer the acid activation of
AKT3/(p)KST1 (Figure 4C). As deduced from a proton-
induced decrease of the single-channel conductance (Marten
et al., 1999), the binding site for protons seems to be lo-
cated in the AKT3 pore. This was confirmed by the proton
inhibition of KST1/(p)AKT3 (Figure 4D). Because the mutant
AKT3-M262L is still inhibited by protons (Figure 3), this resi-
due reminiscent of members of the AKT2/3 channel family
does not account for the proton block of AKT3. The com-
parison of residues within the exchanged 60–amino acid
pore peptide between AKT3 and KST1, however, limits the
putative candidates for the binding site to 29 amino acids.
Future analysis of the conserved exchanges between both
channels and site-directed mutations should therefore iden-
tify the key amino acids of the Ca21 binding site as well as
the pH sensor of AKT3.

On the basis of studies with the chimera, we were able to

Figure 5. Regulation of AKT3, AKT3/(p)KST1, KST1, and KST1/(p)AKT3 by Intracellular Protons.

(A) In the voltage range of 130 to 2150 mV, voltage pulses from a holding voltage of 230 mV in steps of 20 mV for a duration of 2.5 sec dem-
onstrate the inhibition of K1 fluxes through AKT3 in the presence of 10 mM acetate compared with control conditions (n 5 4). Note the decrease
of outward as well as inward K1 currents.
(B) K1 currents mediated by AKT3/(p)KST1 before and after addition of 10 mM acetate to the extracellular solution (n 5 3). From the holding
voltage of 220 mV, the membrane voltage was changed to 2120 mV in 10-mV decrements.
(C) K1 currents through KST1 were elicited by 5-sec voltage pulses in the range of 120 to 2150 mV (10-mV decrements) in the absence and in
the presence of 10 mM acetate (n 5 6).
(D) Activation of K1 inward currents through KST1/(p)AKT3 upon addition of 10 mM HAc. Current traces in response to voltages in the range
from 130 to 2130 mV (10-mV decrements) are shown (n 5 3).
The solutions used for results shown in (A) to (D) were composed of 30 mM KCl, 1 mM CaCl2, 2 mM MgCl2, and 10 mM Mes/Tris, pH 5.6, as well
as 10 mM NaCl or 10 mM Na-acetate, respectively. Steady state currents in the presence of sodium acetate were significantly different from
those in sodium chloride in the voltage range from 280 to 2130 mV (P , 0.05).



950 The Plant Cell

show that the intracellular pH sensor of voltage-dependent
K1 channels is distinct from the extracellular pH-sensing
structure. This observation is supported by the following re-
sults. (1) AKT3 is inhibited by both external and internal pro-
tons, whereas the substitution of the pore provides the
chimera AKT3/(p)KST1 with an activation upon extracellular
acidification (Figure 4), leaving its intracellular pH depen-
dence unaffected (Figure 5). (2) KST1 containing the AKT3
pore maintained its activation by intracellular protons (Fig-
ure 5). (3) The KST1 double mutant H160A/H271A, which is
insensitive to external protons, still activated upon a pH
drop in the cytoplasm (S. Hoth and R. Hedrich, unpublished
results). In this context, it should be mentioned that the par-
ticipation of the cytosolic S2–S3 linker in KAT1 in sensing in-
tracellular pH changes has recently been shown (Tang et al.,
2000).

In conclusion, the pore region of voltage-gated K1 chan-
nels contains essential sites for H1 and Ca21 binding as well
as for rectification. Future experiments on additional channel
mutants and chimeric channels will help to identify the indi-
vidual molecular entities of these fundamental processes.

METHODS

Generation of Chimeric Channels

For the generation of the chimeric channels, two site-directed silent
mutations (QuikChange site-directed mutagenesis kit; Stratagene,
Heidelberg, Germany) in AKT3 and KST1, respectively, were per-
formed, introducing a BstXI and an AatI restriction site in both plas-
mids (pKST1#8 in the pGEMHE vector and pAKT3 in the pGEMA
vector) at identical sites. In pAKT3, the BstXI site at position 644 was
generated by primers 59-TTGTTTCTAGTCCACTGTGCTGGATGC-
AG-39 and 59-CTGCATCCAGCACAGTGGACTAGAAACAA-39 and
the AatI site at position 864 was generated by primers 59-GTTATT-
CAATCTAGGCCTCACTGCTTACC-39 and 59-GGTAAGCAGTGA-
GGCCTAGATTGAATAAC-39. The primers 59-TGTTTGCAGTCCACT-
GTGCTGGATGCATTAAC-39 and 59-GTTAATGCATCCAGCACA-
GTGGACTGCAAACA-39 as well as primers 59-TGTTATTCAACTTAG-
GCCTGACATCTTAC-39 and 59-GTAAGATGTCAGGCCTAAGTTGAA-
TAACA-39 were used to introduce the BstXI site at position 647 and
the AatI site at position 870 in pKST1#8, respectively. Chimeric
channels AKT3/(p)KST1 and KST1/(p)AKT3 were derived by ex-
changing the corresponding DNA fragments of pAKT3 and pKST1#8
between the generated BstXI and AatI sites. The cDNA sequences
were verified by DNA sequence analysis (Thermo sequenase fluores-
cent labeled primer cycle sequencing kit with 7-deaza-dGTP; Amer-
sham Pharmacia, Braunschweig, Germany). The single mutants
AKT3-M260L and KST1-L262M were generated as described by
Hoth and Hedrich (1999a).

Electrophysiology

The cRNAs of wild-type channels KST1 and AKT3 as well as the chi-
mera were generated by in vitro transcription (T7-Megascript kit; Am-
bion Inc., Austin, TX) and injected into oocytes of Xenopus laevis

(Nasco, Fort Atkinson, WI) using a Picospritzer II microinjector (Gen-
eral Valve, Fairfield, NJ). Two to 6 days after injection, double-elec-
trode voltage-clamp recordings were performed with a Turbotec-
01C amplifier (npi Instruments, Tamm, Germany). The electrodes
were filled with 3 M KCl and had typical input resistances of 2 to 6
MV. Solutions were composed of 100 mM KCl, 2 mM MgCl2, 1 mM
CaCl2, and 10 mM Tris/Mes or Mes/Tris, pH 7.4 and 5.6, respec-
tively. For measurements with respect to changes in external Ca21

and in the intracellular pH, the composition of solutions is listed in the
legends to Figures 4 and 5. All media were adjusted to a final osmo-
lality of 215 to 235 mosmol kg21 with D-sorbitol. Analyses of voltage
dependence, pH dependence, and Ca21 block were performed as
described previously (Hoth et al., 1997b; Marten et al., 1999). Data
points with error bars represent the mean 6SD, and statistical signif-
icance was verified by a paired Student’s t test.
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