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Abstract. A plant hyperpolarization-activating K+ chan-
nel, KAT1, is highly selective for K+ over Na+ and is
little affected by external Na+, which is crucial to take up
K+ effectively in a Na+-containing environment. It has
been shown that a mutation at the location (Thr256) pre-
ceding the selectivity signature sequence dramatically
enhanced the sensitivity of the KAT1 channel to external
Na+. We report here electrophysiological experiments
for the mechanism of action of external Na+ on KAT1
channels. The Thr256 residue was substituted with ei-
ther glutamine (Q) or glutamate (E). The wild-type
channel was insensitive to external Na+. However, the
activity of both mutant channels was significantly de-
pressed by Na+ with apparent dissociation constants of
6.7 mM and 11.3 mM for T256Q and T256E, respec-
tively. The instantaneous current-voltage relationships
revealed distinct blocking mechanisms for these mutants.
For T256Q a typical voltage-dependent fast blocking
was shown. On the other hand, the blocking for the
T256E mutant was voltage-independent at low Na+ con-
centrations and became voltage-dependent at higher con-
centrations. At extreme hyperpolarization the blocking
was relieved significantly. These data strongly suggest
that the mutation at the end of the pore helix rearranged
the selectivity filter and allows Na+ to penetrate into the
pore.
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Introduction

Intracellular Na+ induces detrimental effects on growing
plant cells (Kingsbury & Epstein, 1986), while it plays
regulatory roles in some animal cells, such as myocardial
cells (Kameyama et al., 1984). The dramatic contrast for
the requirements of intracellular Na+ ions between plant
and animal cells suggests different functional roles for
the ion transport systems. Among these, potassium
channels in plant cells, in contrast to their counterparts in
animal cells, carry inward K+ flux through channels open
at physiological membrane potential, which is hyperpo-
larized to the equilibrium potential for K+ (Schroeder,
Ward & Gassmann, 1994). Consequently, potassium
channels in plant cells are subject to competition with
external Na+ for carrying inward K+ flux. To prevent
such interference by external Na+ it is likely that plant
potassium channels are equipped to exclude Na+ from
entering the pore. KAT1 isolated from anArabidopsis
thaliana cDNA library as a K+ uptake system shows
similar membrane topology to that of animalShaker-type
K+ channels (Anderson et al., 1992; Uozumi et al., 1998;
Hoshi, 1995; Schachtman et al., 1992). The signature
sequence of the KAT1 channel is well conserved with
those ofShakerK+ channels. Many site-directed muta-
geneses have been introduced into the pore region of
KAT1 to elucidate structure-function relationships (Uo-
zumi et al., 1995; Moroni et al., 2000; Lacombe and
Thibaud, 1998; Dryer et al., 1998; Ichida and Schroeder,
1996). Among the mutations introduced, Uozumi et al.
(1995), using the yeast expression system, reported that
the conversion of threonine 256 (Thr256), located at the
middle of the P-region, in KAT1 channels imparted Na+

sensitivity to the K+ uptake ability. For the T256Q and
T256E mutant KAT1 channels expressed in oocytes, an
inhibition of the inward K+ current by external Na+ was
clearly demonstrated.Correspondence to:S. Oiki
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Recent elucidation of the canonical structure of po-
tassium channels (Doyle et al., 1998) provided a solid
basis for interpreting functional data, such as those from
electrophysiological experiments. Among other struc-
tural parts the selectivity filter should hold its architec-
ture throughout the potassium channel gene family.
Here, we focused on the mechanism of the Na+ effect on
the wild-type (WT) and mutant KAT1 channels through
electrophysiological analyses. Based on the structural
information, Na+-sensitivity induced by the mutation
would provide clues for the mechanism how the KAT1
channel could effectively exclude Na+ from entering the
pore in environments in which external Na+ and K+ may
compete for travel through the pore.

Materials and Methods

CHANNEL EXPRESSION

Complementary RNAs for wild type KAT1, T256Q and T256E chan-
nels were synthesized as described previously (Uozumi et al., 1995).
Oocytes were removed surgically fromXenopus laevistoads and de-
folliculated by incubating with agitation for 1 hr in a solution contain-
ing collagenase (Type I, 1 mg/mg; Sigma, St. Louis, MO). Defollicu-
lated oocytes were injected with cRNA and incubated at 19°C.

ELECTROPHYSIOLOGY

Two-electrode voltage-clamp experiments were performed using a Da-
gan CA1 amplifier (Dagan, Minneapolis, MN). The detailed descrip-
tions of the electrophysiological experiments are as described in Sabi-
rov et al. (1997). Oocytes were perfused with a solution containing
(mM): 30 KCl, 80 NMDG, 5 HEPES, pH 7.4 with Tris. Recorded
currents were filtered at 1 kHz (four-pole Bessel) and digitized at 5
kHz. pCLAMP was used for electrophysiological measurements and
the fitting of current traces with the multi-exponential function. Mi-
croelectrode resistances were between 0.2 and 0.8 MV when filled with
3 M KCl. All experiments were performed at room temperature (25°C).
For the solution of different Na+ concentrations NMDG was used as an
“inert” cation and the ionic strength was kept constant.

DATA ANALYSIS

The “steady-state” gating curves were obtained from the “tail” current
recordings. The channel was activated by applying −150 mV for 500
msec and then stepped to various membrane potentials ranging from 0
to −200 mV. Deactivating or activating current traces were fitted by a
triple-exponential function:

I~t! = A1 expF−
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whereA’s are amplitude components,t’s are time constants andC is a
constant, time-independent component. The “steady-state” current
level was attained from the DC components,C in the above equation,
of the fitted parameters. Each steady-state current amplitude was di-
vided by the instantaneous current amplitude of the corresponding
membrane potential to get the normalized gating value.

To evaluate the gating properties of the channels, we considered
that the channel exhibits transitions between two states (closed and

open). The normalized gating properties were fitted with a single
Boltzmann function according to:

G =
1

1 + expFV − V1/2

dV G
whereV1/2 is the half activation voltage anddV is the slope constant.
The fitted curves were normalized for the abscissa by the fitted maxi-
mal values.

The data for the concentration-dependent current amplitudes were
fitted to the equation:

I
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whereI/I o is the fractional current in the presence of external Na+, Kd

is the dissociation constant andC is a constant.
The permeability ratio was calculated from the shift of the rever-

sal potential for different Na+ concentrations using the Goldman-
Hodgkin-Katz equation.
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where DVrev is the shift of the reversal potential upon changing the
external Na+ concentration (from 0 to 80 mM; the difference of the Na+

concentration,D[Na+]o, is 80 mM in this experiment).
The blocking was described by the Boltzmann function:

B =
1 − C

@Na+#o + expFDG +
FdV

RTG
+ C

where DG is the free energy for the binding inRT unit, d is the
electrical distance,F is the Faraday constant,R is the gas constant and
T is the absolute temperature. For the voltage-independent blocking
the Michaelis-Menten equation was included for the blocking equation.
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Curve fittings were performed using Levenberg-Marquardt mini-

mization procedures (Origin software; MicroCal Software, Inc.).
The number of observations was five unless noted otherwise.

Results

ACTIVATION OF KAT1 CHANNELS

Currents were recorded fromXenopusoocytes express-
ing either WT or mutant (T256Q and T256E) KAT1
channels under two-electrode voltage-clamped condi-
tions. The membrane potential was stepped from a hold-
ing potential (Vh) of −40 mV to voltages ranging from
−30 to −170 mV for 500 msec. Hyperpolarization-
activated currents recorded in the external solution con-
taining 30 mM K+ are shown in Fig. 1A for WT and the

164 N. Uozumi et al.: Selective Barrier of KAT1 Channel for External Na+



mutant channels. As the membrane potential was hyper-
polarized the WT channel activated progressively with
faster activation kinetics. Activation for the T256E mu-
tant channel was slower, whereas activation of the
T256Q mutant was slightly faster than that of the wild
type. Deactivation kinetics observed from the tail cur-
rent at 0 mV were faster for the T256Q and slower for the
T256E channels. The current-voltage relationships at the
end of the command potentials are shown in Fig. 1B.
The voltage ranges of the activations were shifted by the
mutations.

To investigate whether the effective gating charge
might have been modified by the mutations, the steady-
state gating properties were examined. In Fig. 1C the
normalized gating curves are shown with the fitted

curves using the two-state Boltzmann function (seeMa-
terials and Methods for details). In comparison to the
wild-type channel (V1/2 4 −175.0 ± 2.1 mV), the T256Q
mutation shifted the gating curve towards the depolar-
ized direction (V1/2 4 −150.0 ± 3.1 mV), whereas the
T256E mutation shifted it towards more hyperpolarized
potential (V1/2 4 −193.7 ± 4.1 mV). For the T256Q
mutant the steady-state gating curve was significantly
deviated from zero at less hyperpolarized potentials, in-
dicating that the channel is open even at a holding po-
tential of −40 mV. The value of the voltage dependency
(dV) for WT was 20.1 ± 0.9 mV and that for T256Q was
26.1 ± 1.7 mV. Thus, the gating charge was slightly
altered by the T256Q mutation. The negative shift of the
gating curve for T256E made the Boltzmann fit less re-

Fig. 1. Current recordings for the WT and mutant KAT1 channels. (A) Representative current traces for the WT channel and the mutant T256Q
and T256E channels elicited by hyperpolarizing pulses under the two-electrode voltage-clamp condition. The kinetics of the activation differs
significantly for the mutants. The tail currents are seen at 0 mV potential. The perfusing solution contains 30 mM K+ and 80 mM NMDG+. (Inset)
The voltage command. Voltage pulses of 500 msec duration were applied from a holding potential of −40 mV and returned to 0 mV. The voltage
ranges were from −30 to −170 mV with 20 mV steps. (B) The current-voltage curves at the end of the pulses. The current amplitudes measured
at the end of the hyperpolarizing pulses are plotted as a function of the command voltages.d: WT, m: T256Q,j: T256E. (C) The “steady-state”
gating curves. The normalized gating properties for the WT and the mutant channels are plotted as a function of the membrane potential. The current
amplitude of the quasi-steady-state at each membrane potential was obtained from the tail current measurements (seethe detailed description in
Materials and Methods). The two-state Boltzmann function was used for the fitting.d: WT, m: T256Q,j: T256E. TheV1/2 was −175.0 ± 2.1 mV
for the WT, −150.0 ± 3.1 mV for T256Q and −193.7 ± 4.1 mV for T256E. The slope constants were 20.1 ± 0.9 mV, 26.1 ± 1.7 mV and 23.8 ±
1.1 mV for WT, T256Q and T256E, respectively.
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liable for the values of bothV1/2 (−193.7 ± 4.1 mV) and
voltage dependency (23.8 ± 1.1 mV). In summary, the
mutations on the P-region little affected the gating
charges, while they shifted the activation voltages.

CURRENT INHIBITION BY EXTERNAL Na+

Uozumi et al. (1995) demonstrated that the mutation sen-
sitized the channel to external Na+. The WT channel
was little affected by Na+, while the current of both
mutant channels was depressed as the external K+ was
replaced by Na+. To investigate the mechanism of Na+

inhibition, the external Na+ concentration was increased
up to 80 mM by replacing NMDG at a fixed concentra-
tion of 30 mM K+. In Fig. 2 the current traces with (B)
and without 80 mM Na+ (A) are shown. Na+ decreased
the current in mutant channels. This inhibitory effect
was reversible (not shown). Representative current-
voltage curves measured at the end of the command po-
tential for different Na+ concentrations are shown in Fig.
3A. In Fig. 3B the concentration dependencies of the
current amplitude at −150 mV are shown. Here the cur-
rent amplitudes were normalized to those recorded with-
out Na+. From these curves apparent dissociation con-
stants for external Na+ were calculated for the mutant
channels: 6.7 mM for the T256Q channel and 11.3 mM

for the T256E channel.
In Fig. 4 tail current recordings were performed to

further investigate the effect of external Na+. The volt-
age protocol is shown in Fig. 4A. The membrane poten-

tial was stepped to −150 mV for 500 ms, and then it was
stepped to different potentials for successively shorter
duration as the membrane potential was hyperpolarized.
This command significantly reduced possible contami-
nation with the endogenous Cl− current at very negative
potentials. Fig. 4B shows the instantaneous current-
voltage curves measured at the beginning of the tail po-
tentials. In the absence of external Na+, these curves
represent open-channel properties of KAT1 channels.
Slight inward-rectification through the open channel was
observed for the WT and T256Q channels. On the other
hand, a shallow sigmoidal shape in the instantaneousI-V
curves for the T256E mutant was observed. Thus, a neu-
tral mutation from T to Q did not change the shape of the
I-V curves, while an addition of a negative charge (from
Q to E) altered the shape of theI-V curves from weakly
inward rectifying to a sigmoidal shape.

All the instantaneous current-voltage curves for the
WT channel are superimposed for the different Na+ con-
centrations. The WT channel was little affected by ex-
ternal Na+ up to 80 mM. On the other hand, the instan-
taneous current-voltage curves for the mutant channels
exhibited distinct features. The current of the T256Q
mutant was depressed in a voltage-dependent manner.
The depression of the current was augmented at the hy-
perpolarized potentials. Here, the curves crossed near
the equilibrium potential of K+. The current amplitude
for the T256E mutant was depressed over the whole
voltage range tested. The curves also crossed at the re-
versal potential of −30 mV and did not change with Na+

concentrations. From the shift of the reversal potential
for different Na+ concentrations the permeability ratio,
PNa/PK, was calculated. ThePNa/PK was 0.02 for WT,
0.04 for T256Q and 0.03 for T256E. These results indi-
cate that the K+ current was depressed with little effect
on the selectivity.

Na+ BLOCKING MECHANISM

In Fig. 5 the Na+ blocking ratios as a function of the
membrane potentials for the mutant channels are shown.
The Na+ blocking is represented by the normalized
unblocked ratios, in which the instantaneous current am-
plitude at each membrane potential for different Na+ con-
centrations was divided by that of the corresponding con-
trol current amplitude in Na+-free solution. The voltage-
unblocked ratio curves for T256Q exhibited a typical
voltage-dependency and its shifts for different concen-
trations of the blocker. As the Na+ concentration in-
creased the blocking became apparent and the curves
were shifted towards depolarized potentials. These
curves were fitted by the two-state Boltzmann function
(seeMaterials and Methods). The electric distance thus
evaluated was 1.2, indicating deep penetration of Na+ ion
into the pore. Note that these curves were obtained from

Fig. 2. Current traces with and without external Na+. The current
traces without (A) and with (B) 80 mM Na+ in the external solution. The
command potentials were the same as for Fig. 1A.
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the instantaneous currents; thus, it is strongly suggested
that this inhibition is a fast open-channel blocking.

In contrast, the unblocked ratio of the T256E chan-
nel exhibited overall reduction in the whole voltage
range tested, including those of the outward currents
(Fig. 5B). As the concentration increased the current de-
pression became predominant at the negative potentials.
When the concentration of external Na+ was increased,
the unblocked ratio curve shifted towards the depolariz-
ing direction and the depressed amplitude recovered sig-
nificantly at the extreme negative potentials, giving the
curve a minimum (the maximum blocking) at around
−150 mV. The minimum shifted towards depolarized
potentials as the Na+ concentration was increased. Thus,
the effects of external Na+ on the T256E mutant were
three-fold: (i) voltage-independent blocking that satu-
rates at relatively low Na+ concentration, leaving a rather
large fraction of the current. (ii) As the concentration
increased the blocking became voltage-dependent. (iii)
Further increase in the concentration altered the shape of
the curve with a recovery of the unblocked ratio at very
negative potentials. The latter phenomenon strongly
suggests a release of the blocked Na+ ion into the cyto-
sol.

To represent these three phases the two-state and
three-state Boltzmann functions failed to fit the curves
and a more complicated model was necessary. The four-
state model, in which the states corresponded to the
open, voltage-independent blocking, voltage-dependent
blocking and released states, could adequately represent
the experimental data. Among the fitted parameters
shown in the legend of Fig. 5, the free energy levels of
the blocking sites for both mutant channels suggested
unstable binding of the blocking Na+.

Discussion

In this study we investigated the effect of the neutral
(T256Q) and the charged (T256E) mutation introduced
at the center of the P-region of the KAT1 channel using
electrophysiological techniques. The effects of these
mutations were three-fold: (i) The activation gating was
shifted along the voltage axis with little effect on the
gating charge. (ii) The open-channelI-V curve changed
its shape from weakly inward-rectifying to shallow sig-
moidal by the charged mutation from Q to E. (iii) Both
mutations induced Na+-blocking to an otherwise Na+-
insensitive KAT1 channel.

Fig. 3. Dependency of inward KAT1 currents on external Na+ concentrations. (A) The current-voltage curves for different concentrations of external
Na+ ([Na+]o). The current amplitudes measured at the end of the pulses are plotted as a function of the command voltages. (B) Concentration
dependency of the current amplitude at −150 mV. The apparent dissociation constant (Kd) was 6.7 mM for T256Q and 11.3 mM for T256E. Current
amplitudes for Na+-containing solutions were normalized by the current amplitudes for the control solution without Na+.
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Here, we focus on the mechanism of the Na+ block-
ing. Electrophysiological experiments revealed that the
mutations diminished the ability of the KAT1 potassium
channel to exclude Na+ from entering the pore. For the
T256Q mutant the depressed entrance barrier permitted
the external Na+ to penetrate deeply into the pore. On
the other hand, the T256E mutant generated a Na+ bind-
ing site at the entrance of the pore, which induced the
reduction of the current amplitude regardless of the cur-
rent direction. Moreover, at higher concentration of ex-
ternal Na+, Na+ penetrates into the pore and eventually
gets released to the cytosolic side. Qualitative features
of these modifications on the energy profile for Na+ are
schematically shown in Fig. 6A.

These functional alterations for permeating K+ and
blocking Na+ should be interpreted on the structural ba-
sis. Here, we refer to the canonical structure of the KcsA
channel (Doyle et al., 1998). Closer examination of the

crystal structure of the KcsA channel revealed that the
corresponding site of T256 is located at the C-terminal
end of the pore helix, although the side chain was not
resolved in the atomic coordinates. The T256 site is
never exposed to the permeation pathway: it is exposed
neither to the cavity nor to the selectivity filter. Our
experimental results, thus, can not be explained by direct
contact of the mutated side chain with permeating ions.
Therefore, the altered shape of the open-channelI-V
curves for K+ permeation by introducing the charged
residue at the pore helix can be interpreted as indicating
that the potential profile of permeating K+ was modified
electrostatically through the wall of the selectivity filter.

The entrance barrier for Na+ was dramatically de-
pressed by the T256 mutations of either Gln or Glu,
which is located far from the outer entrance of the pore.
Thus, such remote effect of the mutations must be inter-
preted as an allosteric effect. Recently, systematic stud-

Fig. 4. Tail current recordings and instantaneous
current-voltage curves for varying Na+

concentrations. (A) Representative current traces
under the “tail” current command for the WT and
the mutant T256Q and T256E channels. (Inset)
The voltage command. The channels were
activated at −150 mV for 500 msec and then
stepped to various membrane potentials from 0
mV to −200 mV for different durations. (B) The
instantaneous current-voltage curves for different
Na+ concentrations. The “instantaneous” current
was measured at 1 msec upon the voltage steps to
various tail potentials. Na+ concentration was
varied from 0 to 80 mM.
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Fig. 6. A hypothetical model of the KAT1 pore for the T256 mutation. (A) The potential energy profile for Na+ blocking deduced from the
Boltzmann model. In the WT channel (solid line) the entrance barrier is high enough to completely exclude external Na+ not only at 0 mV (the upper
scheme) but also at negative membrane potentials (the lower scheme). For the T256Q mutant the depressed entrance barrier (dashed-and-dotted line)
is still high enough to exclude external Na+ from the pore in the absence of the membrane potential. In the T256E mutant channel (dotted line) a
shallow dip appears near the entrance so that the blocking Na+ fluctuates rapidly between the dip and the bulk solution. When the negative membrane
potential is applied, the entrance barrier for the T256Q mutant is further depressed and external Na+ is allowed to penetrate deep in the pore. The
blocking Na+ rapidly exits the pore towards the external solution since the internal barrier is still high enough to surmount for blocking Na+, making
the blocking in a fast mode. In the T256E mutant, Na+ can go over the entrance barrier and stays at the binding site. More hyperpolarization drives
the Na+ permeating through the entire pore. (B) A geometrical interpretation deduced from the potential profiles. A plausible location of the T256
residue corresponding to the homologous site of the KcsA channel is schematically shown on the pore helix, where the silhouette of the KcsA
channel is superimposed. The arrows indicate possible displacement of the selectivity filter induced by the perturbation of the core structure. Thus,
a wide-open entrance allows blocking Na+ to penetrate into the pore. The movement of the pore helix would widen the exit barrier of the selectivity
filter for T256E that allows the passage of the blocking Na+ through the pore.

Fig. 5. The concentration and voltage-dependency of the unblocked ratio. The unblocked ratio was calculated from the instantaneous current-
voltage curves. For the T256Q mutant the double Boltzmann function was used for the fitting. For the blocking site theDG value was 10.6 ± 0.5
RT, the electrical distance (d1) was 1.2 ± 0.2 and theC value was 0.48 ± 0.2. For the T256E mutant a voltage-independent binding site, a
voltage-dependent blocking site and release of the blocking was included to represent the unblocking curves. TheKd was 11.3 ± 0.3 mM andC was
0.51 ± 0.02 for the voltage-independent binding site. For the blocking site theDG1 value was 11.2 ± 0.4RT and the electrical distance (d1) was
1.1 ± 0.1. TheDG2 value was 14.0 ± 0.3RT and thed2 value was 1.7 ± 0.2.
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ies were done for Kv channels showing that steric per-
turbations introduced into the core of the channel pro-
teins altered the stability of the channel proteins and thus
altered the gating properties (Li-Smerin, Hackos &
Swartz, 2000; Hong & Miller, 2000). Moreover, the
structural rearrangement of the helical architecture upon
gating was examined using EPR spectroscopy (Perozo,
Cortes & Cuello, 1998, 1999; Gross et al., 1999). In
KcsA channel, rigid-body motions of the inner helices
were accompanied by the movements of the pore helices.

We conclude by proposing a hypothetical model for
T256 mutation (Fig. 6B) based on the above information
on the dynamic structure of potassium channels. Since
the T256 site is located in the core of the channel protein,
any mutation perturbs the stability of the channel protein,
thus shifting the gating curves. Furthermore, the small
perturbation introduced into the moving pore-helices
brought about rearrangements of the selectivity filter
such that the entrance of the pore and the end of the pore
open wider, losing the ability to exclude Na+ (T256Q)
and allowing the passage of Na+ (T256E).
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