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Abstract Voltage-dependent potassium uptake channels repre-
sent the major pathway for K+ accumulation underlying guard
cell swelling and stomatal opening. The core structure of these
Shaker-like channels is represented by six transmembrane
domains and an amphiphilic pore-forming region between the
fifth and sixth domain. To explore the effect of point mutations
within the stretch of amino acids lining the K+ conducting pore of
KAT1, an Arabidopsis thaliana guard cell Kin channel, we
selected residues deep inside and in the periphery of the pore. The
mutations on positions 256 and 267 strongly altered the
interaction of the permeation pathway with external Ca2+ ions.
Point mutations on position 256 in KAT1 affected the affinity
towards Ca2+, the voltage dependence as well as kinetics of the
Ca2+ blocking reaction. Among these T256S showed a Ca2+

phenotype reminiscent of an inactivation-like process, a phenom-
enon unknown for Kin channels so far. Mutating histidine 267 to
alanine, a substitution strongly affecting C-type inactivation in
Shaker, this apparent inactivation could be linked to a very slow
calcium block. The mutation H267A did not affect gating but
hastened the Ca2+ block/unblock kinetics and increased the Ca2+

affinity of KAT1. From the analysis of the presented data we
conclude that even moderate point mutations in the pore of KAT1
seem to affect the pore geometry rather than channel gating.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

Voltage-gated inwardly rectifying K� channels (Kin chan-
nels) play a fundamental role in plant physiology. These
transporters allow plant cells to take up large quantities of
potassium essential for cell growth and di¡erentiation. The
molecular cloning of plant Kin channels and the functional
expression in heterologous expression systems provided the
basis to relate structural motifs within the channel protein
to distinct functions [1^15]. From the gating characteristics,
kinetics, pharmacology, and the primary structure, Kin chan-
nels were grouped within a separate family of voltage-depend-
ent potassium channels [2]. Based on the putative secondary
structure with six transmembrane-spanning domains (S1^S6)
and a pore region (P) between S5 and S6 (cf. [16] and refer-
ences therein), plant Kin channels resemble voltage-gated

outwardly rectifying animal K� channels of the Shaker type
(KV channels, for review see [17]). In contrast Kin channels do
not activate at positive but at negative potentials and thus in
vivo and in vitro predominantly mediate inward currents.
These inward currents do not inactive even during sustained
hyperpolarization (see [18] and references therein).

Like KV channels Kin channels represent multisubunit pro-
teins. When expressed in Xenopus oocytes plant Kin channel
K-subunits assemble non-selectively among channel subtypes
originating from di¡erent tissues, plant species and even dif-
ferent families [19]. An assembly region in the cytoplasmic C-
terminal part of the protein has been identi¢ed as an essential
element for subunit aggregation. This region is highly con-
served among di¡erent subfamilies of plant Kin channels
[20]. Similar ¢ndings were recently reported for the rat
ether-aé-go-go potassium channel, an animal K� channel
with a high degree of homology to Kin channels [21].

Due to the structural similarity to KV channels, di¡erences
in assembly and opposite gating, Kin channels represent a
unique target for studies on the di¡erence between structure
and function within Shaker-related K� channel families. The
two Kin channels, KST1 from Solanum tuberosum [10] and
KAT1 from Arabidopsis thaliana [1], advanced to a model
system for these studies. For both proteins it has recently
been shown that the positively charged S4 segment together
with the N- and C-termini contribute to the gating of Kin

channels [19,22,23]. However, the pore region seems to play
an extraordinary role, because this domain, besides its func-
tion as the permeation pathway [24^27], very likely interacts
with the gating machinery as well [22,24,28].

In this study we investigated the in£uence of point muta-
tions in the pore region of KAT1 on the pore geometry and
related it to the crystal structure of the K� channel from
Streptomyces lividans KcsA [29]. Probing the interaction be-
tween pore mutants and Ca2� ions we were able to distinguish
the e¡ects of the divalent cation on permeation and gating.

2. Materials and methods

2.1. Electrophysiology
Experiments were performed on RNA-injected, voltage-clamped

Xenopus oocytes using a two-electrode voltage clamp approach as
previously described by Hedrich et al. [8]. Because some channel
properties of Kin channels di¡er with the expression level [5,7], oo-
cytes with similar K� current amplitudes were selected for analysis
only.

2.1.1. Solutions. Experiments were performed either in 30 mM or
in 10 mM KCl, 10 mM MES/Tris, pH 5.6. Various molar fractions of
30 mM between CaCl2 and MgCl2 were used to maintain the ionic
strength. All solutions were adjusted to 220 mosmol/kg with sorbitol.
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2.2. Biophysical analysis
2.2.1. Ion blockTo obtain the instantaneous current-voltage charac-

teristic of the open channel (IT (V)) the membrane voltage after ap-
proaching steady-state activation at V =3150 mV was stepped to
various values. IT (V) relationships were deduced from extrapolating
the tail current onset to t = 0.

Current-voltage relationships of tail and steady-state currents in the
presence of an antagonist were ¢tted according to the Woodhull mod-
el [30]:
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where F, R, and T have their usual meanings. I0(V) denotes the cur-
rent in the absence of the blocking ion, z its valence, N the fraction of
the transmembrane voltage sensed by the ion, [Ca2�] the blocker
concentration, n the stoichiometry coe¤cient of the blocking reaction,
and U the Ki at 0 mV. U is correlated with the energy which character-
izes the a¤nity of the Ca2� binding site (vGB ; Fig. 6C) Comparing
two mutants characterized by U1 or vGB 1 and U2 or vGB2 the di¡er-
ence
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is a measure for the altered a¤nity to the blocking ion vGaff .
Given a [Ca2�] value, the half-blocking voltage VBlock1=2 could be

obtained from I(VBlock1=2) = 1/2 I0(VBlock1=2). From Eq. 1 it can be
deduced:
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i.e. in a ln[Ca2�]-VBlock1=2 plot the slope is a measure for the voltage
dependence of the block, and
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i.e. in a ln[(I0-I)/I]-ln[Ca2�] plot the slope is a measure for the con-
centration dependence of the block (stoichiometry coe¤cient n).

Combining Eqs. 2 and 3 the di¡erence in the a¤nity energy can be
calculated by
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2.3. Molecular biology
KAT1 single mutants were generated as previously described [24].

To construct the double mutants T256E/H267A and T256S/H267A
the single mutants KAT1-T256E, KAT1-T256S, and KAT1-H267A
in pGEMHE [31] were incubated with the restriction enzymes DsaI
and SalI which resulted in the release of two fragments, one 800 bp
fragment covering position 256 and a 4600 bp fragment representing
the expression vector as well as the other parts of the KAT1 sequence
including position 267. The 800 bp fragments containing the T256E
and T256S mutations were isolated and ligated into the 4600 bp back-
bone of the KAT1-H267A restriction digest. The double mutants were
veri¢ed by sequencing.

3. Results

3.1. Low-a¤nity Ca2+ block in KAT1 wild-type
In previous experiments performed in 30 mM K� in the

bath, Ca2� concentrations up to 30 mM, and voltages in the
range of 3170 mV to +20 mV no Ca2� sensitivity of the
KAT1 wild-type could be detected [24]. A recent study, how-
ever, showed that in guard cell protoplasts the degree of the

voltage-dependent Ca2� block of plasma membrane K�in

channels increased when lowering the external K� concentra-
tion. In Vicia faba for example the Ca2� block in media con-
taining 20 mM Ca2� in addition to 30 mM K� was compar-
able to the block in solutions based on 10 mM K� and 1 mM
Ca2� [32]. We therefore tested the Ca2� sensitivity of KAT1
expressed in Xenopus oocytes in the presence of 10 mM K�

only. Using Ca2� concentrations up to 30 mM a divalent
block was resolved at voltages negative of 3200 mV (Fig.
1A). With more hyperpolarizing voltages the strength of the
block increased. In this voltage range a weak Ca2� block
could be observed in media containing 30 mM K� and 30
mM Ca2� as well (Fig. 1B). Thus the KAT1 wild-type channel
when expressed in Xenopus oocytes exhibits a very low Ca2�

susceptibility, only.

3.2. Mutations at position T256 modify the Ca2+ sensitivity
of KAT1

In the following we tested whether and in which way single
site mutations within the pore of KAT1 modify the interac-
tion with the divalent blocker. Since in a previous study [24]
we observed that a pore mutant on position 256, T256E, is
more sensitive to extracellular Ca2� than the KAT1 wild-type
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Fig. 1. Low a¤nity Ca2� block in the Kin channel KAT1 expressed
in Xenopus oocytes. Low a¤nity Ca2� block was uncovered using
a two step pulse protocol. The ¢rst pulse to 3150 mV activated
KAT1 channels but not oocyte-intrinsic channels. At the beginning
of the second 300-ms pulse the driving force for the ions was altered
while the open probability of KAT1, and oocyte-intrinsic channels
remained una¡ected. A: Representative current families from
KAT1-expressing oocytes measured in 10 mM K�/30 mM Ca2�.
Voltages of the second pulse are indicated in mV. B: Instantaneous
current-voltage characteristics of the KAT1 wild-type measured in
10 mm K�/1 mM Ca2� (dashed line), 10 mM K�/30 mM Ca2�
(closed squares), 30 mM K�/1 mM Ca2� (dotted line), and 30 mM
K�/30 mM Ca2� (open circles). Solid lines represent best ¢ts
according to Eq. 1. This yielded N= 0.43 þ 0.03,
VBlock1=2

10mMK =3250.1 þ 1.8 mV, and VBlock1=2
30mMK =3280.2 þ 1.8

mV. Currents in B were normalized to I(3150 mV, 30 mM K�/1
mM Ca2�) =31. Each data point represents the mean of three or
four measurements. Error bars indicate the standard deviation.
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we focused on this residue and further created the mutants
T256D, T256H, T256K, T256Q, T256M, T256I, and T256S.

The substitution T256E increased the Ca2� a¤nity of
KAT1 by at least vGaff v 6 kT (Fig. 2A, left ; Fig. 3; Table
1; Eq. 5). To prove whether this gain in sensitivity results
from the negative charge introduced, we altered the charge
density at that position by the mutations TCD, TCH,
TCK, and TCQ. In line with previous observations the
mutant T256D exhibited a pronounced Rb� permeability
when compared to wild-type KAT1 [25]. However, in 30
mM K� and even in 100 mM K� the current amplitudes
were too small to allow reliable Ca2� interaction studies.
From similar experiments we deduced that residues with large
and positively charged side chains like histidine or lysine at
position 256, T256H and T256K, seemed to hinder K� £uxes
through the channel.

In contrast to T256E the mutant channel T256Q did not
show an increase in Ca2� sensitivity (not shown). This ¢nding
seemed to indicate that the negative charge in T256E is re-

sponsible for the pronounced Ca2� block. The exchange of
the hydrophilic polar threonine by amino acids with hydro-
phobic non-polar side chains (isoleucine and methionine),
however, increased the Ca2� sensitive of the channels as
well. Similar to T256E, the mutant T256M was blocked by
extracellular calcium in a voltage-dependent manner (Fig.
3A). The interaction of the open pore of both mutant chan-
nels, T256M and T256E, with the Ca2� ion could be described
with the Woodhull model [30]. N values of 0.32 for T256E and
0.55 for T256M indicate that the blocking ion might move
32% and 55%, respectively, along the voltage drop across
the selectivity ¢lter. The block in the mutant T256M was,
however, weaker than in T256E. This distinction could be
expressed by the di¡erence in the a¤nity energy, vGaffW4.6
kT (Table 1, Eq. 5), on one hand, and by the inhibitory con-
stant Ki (3150 mV), on the other. In the presence of 30 mM
K� in the bath, 14.5 mM Ca2� was su¤cient to inhibit the K�
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Fig. 3. Voltage-dependent and voltage-independent Ca2�-block of
KAT1-T256 mutants in 30 mM K�. A: Instantaneous current-volt-
age characteristics of the mutants T256E (closed circles) and T256M
(closed squares) measured in 30 mM Ca2�. B: Instantaneous cur-
rent-voltage characteristics of the mutants T256E (closed circles)
and T256I (gray triangles) measured in 20 mM Ca2�. The dotted
lines indicate the current-voltage characteristics in the absence of
Ca2�. Solid lines represent best ¢ts according to Eq. 1. This yielded
in A NT256E = 0.32 þ 0.03, VBlock1=2

T256E =3124.6 þ 12.4 mV,
NT256M = 0.47 þ 0.14, VBlock1=2

T256M =3174.7 þ 6.0 mV, and in B
NT256E = 0.32 þ 0.06, VBlock1=2

T256E =3133.5 þ 19.6 mV. The data for
T256I were ¢tted according to the equation I(V) = aWI0(V),
a = 0.51 þ 0.01. Currents were normalized to I(3150 mV, 0 mM
Ca2�) =31. Each data point represents the mean of three or four
measurements. Error bars indicate the standard deviation.

Fig. 2. Ca2� modulation of inward potassium currents in the KAT1
mutants T256E (left) and T256S (right). A: Representative current
families from oocytes measured in 30 mM K� and 0 mM (top),
5 mM (middle), and 20 mM Ca2� (bottom) respectively. From a
holding potential of 320 mV currents were elicited by 1-s voltage
steps from 320 mV to 3170 mV (10 mV steps) followed by a volt-
age step to 370 mV. B: Steady-state current-voltage characteristics
for the oocytes shown in A. The symbols correspond to Ca2� con-
centrations of 0 mM (circles), 5 mM (squares), and 20 mM (trian-
gles) in bath. Solid lines represent best ¢ts according to Eq. 1
(NT256E = 0.32 þ 0.02, VBlock1=2; T256E

5Ca =3214.3 þ 2.9 mV, VBlock1=2;

T256E
20Ca =3160.1 þ 0.8 mV, NT256S = 0.24 þ 0.01, VBlock1=2; T256S

5Ca =
3144.4 þ 1.2 mV, and VBlock1=2; T256S

20Ca =368.0 þ 5.3 mV).

I. Dreyer et al./FEBS Letters 430 (1998) 370^376372



current through the mutant channel T256E by V50% while in
T256M even in 30 mM Ca2� a related blocking e¤ciency
could not be achieved (Fig. 3A, Table 1). Like the K� channel
mutants T256E and T256M, K� currents through KAT1-
T256I were inhibited by Ca2� as well. The Ca2� block of
the latter, however, characterized by a Ki of V19 mM (Table
1), was voltage-independent (Fig. 3B). Despite these large dif-
ferences in sensitivity and voltage dependence of the Ca2�

block the mutants T256E, T256I, and T256M, a stoichiometry
coe¤cient of nW1 suggests that in all three mutants one Ca2�

ion occludes one channel (Fig. 4A, Table 1). Thus the Ca2�

block in T256E, T256I, and T256M is based on similar mo-
lecular mechanisms.

3.3. Does the mutant T256S inactivate?
In plant Kin channels in vivo and after heterologous expres-

sion of wild type and mutant channels inactivation has not
been observed so far. The mutant T256S, however, which
di¡ers from the wild-type in a single methyl group, exhibited
an inactivation-like behavior (Fig. 2A, right, lower traces).
During a 2-s hyperpolarizing voltage pulse the current ampli-
tude initially increased, before it slowly decreased. This appar-
ent `inactivation' was reminiscent of C-type inactivation in
the Shaker channel [33,34] or P-type inactivation in Kv2.1

[35], processes caused by conformational changes of the outer
pore. The rate of inactivation was dependent on the extra-
cellular cation concentrations. When we increased the amount
of Ca2� the inactivation process speeded up. During voltage
pulses to 3150 mV the time course of the current decay fol-
lowed a single exponential with a time constant d= 946 þ 203
ms in 5 mM, d= 555 þ 184 ms in 10 mM, d= 248 þ 40 ms in
20 mM, and d= 181 þ 34 ms in 30 mM Ca2� (n = 3^5). With

FEBS 20458 6-7-98

Fig. 4. Ca2� inhibition of the K� currents in the KAT1 mutants
T256E (circles), T256I (gray triangles), T256M (squares), and T256S
(rhombi). Each data point represents the mean of three to ten meas-
urements. Error bars indicate the standard deviation. A: Concentra-
tion dependence of the Ca2� block displayed in a ln[I03I)-ln[Ca2�]
plot. Data were generated at 3150 mV. Solid lines represent best
¢ts according to Eq. 4 (nT256E = 1.0 þ 0.3, nT256M = 1.0 þ 0.1,
nT256M = 1.0 þ 0.3, and nT256S = 1.1 þ 0.1. B: Voltage dependence of
the Ca2� block displayed in a ln[Ca2�]-VBlock1=2 plot. Solid lines rep-
resent best ¢ts according to Eq. 3. The dashed line indicates the
voltage-independent Ca2� block in the mutant T256I.

Fig. 5. The mutation of the highly conserved histidine in the
GYGDxxH motif to alanine alters the a¤nity of KAT1 to Ca2�.
A: Instantaneous current-voltage characteristics of the KAT1 wild-
type (closed squares) and the mutant KAT1-H267A (gray squares)
measured in 10 mM K�/30 mM Ca2�. B: Instantaneous current-
voltage characteristics of the KAT1 wild-type (open circles) and the
mutant KAT1-H267A (gray circles) measured in 30 mM K�/30 mM
Ca2�. The dashes lines indicate the current-voltage characteristics in
1 mM Ca2�. Solid lines represent best ¢ts according to Eq. 1. The
data for the wild-type are presented in Fig. 1. The ¢ts for H267A
yielded N10K = 0.55 þ 0.02, VBlock1=2

10K =3178.1 þ 2.2 mV, N30K =
0.52 þ 0.02, and VBlock1=2

30K =3200.1 þ 1.5 mV. Currents were nor-
malized to I(3150 mV, 1 mM Ca2�) =31. Each data point repre-
sents the mean of three or four measurements. Error bars indicate
the standard deviation.

Table 1
Characteristics of the Ca2� phenotype of KAT1 mutants

N Ki at 3150 mV
(mM)

VBlock1=2 30 mM
Ca2� (mV)

Stoichiometry
coe¤cient

Block kinetics

KAT1 WT 10 mM K� 0.45 þ 0.08 s 30 63250 n.d. fast
T256E 0.32 þ 0.03 14.5 þ 6.3 3123 þ 9 1.0 fast
T256I 0 19.3 þ 6.9 ^ 1.0 ^
T256M 0.55 þ 0.03 s 30 3175 þ 15 1.0 fast
T256S 0.27 þ 0.03 4.8 þ 0.8 345 þ 23 1.1 slow
H267A 10 mM K� 0.55 þ 0.01 s 30 3176 þ 3 n.d. very fast

30 mM K� 0.52 þ 0.02 s 30 3201 þ 3 n.d. very fast
T256E/H267A n.d. n.d. n.d. n.d. very fast
T256S/H267A 0.23 þ 0.03 4.3 þ 0.7 338 þ 28 1.1 medium

Susceptibility to block by Ca2� ions in 30 mM KCl is given by the inhibition constant Ki at 3150 mV. The electrical distance, N, and half-blocking
voltage, VBlock1=2 , were determined according to Eq. 1 for each cell and the stoichiometry coe¤cient from the linear regression of the ln[(I03I)/I]-
ln[Ca2�] plot (Fig. 4A, Eq. 3) for all data. Ki values were determined from interpolating the ¢ts in ln[Ca2�]-VBlock1=2 plots (cf. Fig. 4B, Eq. 3) to
VBlock1=2 =3150 mV.
Data represent the mean of 3^5 measurements þ S.D.
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increasing hyperpolarization d decreased by a factor of 1.5 for
a 10-mV change. A similar e¡ect was obtained by lowering the
extracellular K� concentration to 10 mM. This reduction in
the monovalent cation concentration accelerated the apparent
inactivation two-fold (d10mMK = 416 þ 85 ms, n = 4, instead of
d30mMK = 946 þ 203 ms). Likewise the time course of the C-type
inactivation in the Shaker channel was slowed when the ex-
ternal K� concentration was increased. Alterations in the
Ca2� concentration, however, did not a¡ect inactivation ki-
netics of this channel [34]. Additionally, the inactivation proc-
ess in Shaker was voltage-independent [33,36], while the cur-
rent decay for the mutant KAT1-T256S shown here was

strongly dependent on voltage. At 3110 mV, for instance,
no inactivation was seen whereas the K� current decayed
with increasing hyperpolarization. When analyzing the
steady-state current-voltage characteristics of the mutant
T256S (Fig. 2B) with Eq. 1, the strong Ca2� interaction could
be described by the block parameters NW0.27 and nW1 (Fig.
4). The apparent inactivation in the mutant T256S might
therefore result from a very slow Ca2� block rather than C-
type inactivation.

3.4. Does H267 represent the initial Ca2+ barrier?
In order to unequivocally distinguish between Ca2� block

and C-type inactivation we replaced the histidine 267 by ala-
nine. The position KAT1-H267 is equivalent to Shaker-T449.
Changes of this residue strongly a¡ect C-type inactivation in
the Shaker channel. The substitution T449H slows C-type
inactivation while T449A accelerates this process [34].
KAT1-H267A, however, showed neither any kind of inactiva-
tion nor any other signi¢cant change in the gating behavior,
but altered pharmacological properties. The mutation H267A
increased the Ca2� sensitivity of KAT1 by at least vGaff v 1.3
kT (Fig. 5A,B, Table 1, Eq. 5), while the voltage dependence
of the block showed no signi¢cant di¡erence. Similar to wild-
type KAT1 the obstructing cation might move 52% along the
voltage drop across the selectivity ¢lter.

In order to test the e¡ect of the mutation H267A on the
apparent inactivation in the channel KAT1-T256S we created
the double mutant T256S/H267A and tested its interaction
with calcium ions. Although this channel was still Ca2�-sensi-
tive, in contrast to T256S, no inactivation-like behavior was
detectable (Fig. 6A). Instead, the Ca2� sensitivity of T256S/
H267A showed all characteristics of a voltage-dependent
block with parameters similar to those obtained for the single
mutant T256S, NW0.23 and nW1. The apparent inactivation
in the mutant T256S thus very likely results from a very slow
Ca2� block. Since in this channel the block was slower than
channel activation an inactivation phenotype was mimicked.
The substitution HCA on position 267 seemed to accelerate
the interaction of the Ca2� ion with the pore. In the double
mutant T256S/H267A the blocking reaction was faster than
channel activation so that the blocking process could be re-
solved during deactivation only (cf. [24]). In line with this
hypothesis the voltage-dependent Ca2� unblock in the double
mutant T256E/H267A was ¢ve times as fast as in T256E (Fig.
6A; in 30 mM K�/30 mM Ca2� at 3110 mV: dT256E=H267A =
4.6 þ 0.8 ms vs. dT256E = 23.7 þ 2.2 ms, n = 3). Thus in KAT1
channels carrying the mutation H267A the entry of the block-
ing Ca2� ions into the pore was facilitated.
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Fig. 6. E¡ect of H267 on the Ca2� sensitivity of T256E and T256S.
A: Elimination of the apparent inactivation due to the mutation
H267A. Comparison of potassium currents mediated by T256S and
T256S/H267A. Currents were elicited by 2-s activation pulses to
3150 mV, measured in 30 mM K�, 10 mM Ca2�, pH 5.6, and nor-
malized to the steady-state current. To visualize the inhibitory e¡ect
of Ca2� the related current trace measured in 1 mM Ca2� in T256S
was superimposed. B: Acceleration of the Ca2� unblock in T256E/
H267A compared to T256E. Unblocking kinetics were resolved at a
potential of 3110 mV following an activation pulse to 3150 mV
(cf. [24]). Currents were measured in 30 mM Ca2� and normalized
to peak and steady-state values. C: Cartoon of the energetic pro¢le
sensed by the blocking Ca2� ion in H267H (KAT1 wild-type) and
H267A. The model is based on Eyring rate theory [37]. N indicates
the depth of the binding site in the transmembrane electrical ¢eld.

Fig. 7. Model of the inner pore region of the plant Kin channel
KAT1. The model is based on the crystal structure obtained from
the Streptomyces lividans channel KcsA [29] and a model designed
for the Shaker channel [16]. From the four subunits building a func-
tional channel [20], subunits one and three are displayed only. The
numbers indicate the positions of the related residues.
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4. Discussion

In this study we examined structural motifs a¡ecting the
Ca2� sensitivity of the Kin channel KAT1. Based on previous
observations that mutations of the pore residues L251, T259,
and T260 do not markedly alter the a¤nity of KAT1 to Ca2�

[24], we focused on positions T256 and H267. The related
channel mutants exhibited a broad variety of Ca2� pheno-
types. Point mutations on position 256 a¡ected the a¤nity
for Ca2�, the voltage dependence as well as kinetics of the
blocking reaction. Whereas a non-conserved substitution,
T256Q, did not in£uence these parameters, the conserved ex-
change T256S created a phenotype reminiscent of an inacti-
vation-like behavior. Detailed experiments on the mutants
T256S and T256S/H267A, however, indicate that this ap-
parent inactivation originates from a very slow Ca2� block.
Moreover, the replacement of histidine by alanine right next
to the selectivity ¢lter (GYGDxxH motif) neither created in-
activation nor fundamentally in£uenced the gating behavior
of the channel.

From the presented data we conclude that the pore histidine
which is highly conserved among Kin channels [28] serves as a
¢rst barrier for Ca2� ions in entering the pore. This conclu-
sion could be explained by a simple model based on the Eyr-
ing rate theory (Fig. 6C, [37]). To enter the binding site the
Ca2� ion has to cross an energy barrier. The rate of this
reaction is inversely correlated with the height of the barrier,
i.e. a high barrier implies low rate constants. Supposing that
the histidine represents a high barrier and the alanine a low
barrier, the model would account for faster blocking and un-
blocking reactions in the double mutants T256E/H267A and
T256S/H267A due to the facilitated entry of Ca2� ions. The
height of the barrier in KAT1-H267H (wild-type) compared
to the mutant KAT1-H267A, however, cannot explain the
di¡erence in Ca2� sensitivity between the mutants T256Q,
T256E, T256M, T256S, and T256I. In the mutant channel
T256M the obstructing Ca2� ion senses V55% of the voltage
drop indicating a Ca2� binding site deep in the pore. In
T256E and T256S this interaction site locates less deep in
the pore and in T256I it is even in the periphery. We therefore
propose several Ca2� interaction sites within the pore. Con-
sequently the side chain at residue 256 might not represent the
interaction site itself but a¡ect the pore geometry. From the
lack of correlation between the pattern of the Ca2� sensitivity
and the chemical properties as well as size of the side chain
one would not expect this residue to line the pore.

In order to further explain our results on the molecular
level we adapted the KAT1 sequence to the crystal structure
of the pore of the potassium channel KcsA from Streptomyces
lividans [29]. As shown in Fig. 7 the residue on position 256
appeared to be a component of the pore helix. In KcsA this
tilted pore helix provides a rigid backbone which holds the
selectivity ¢lter. According to this model alterations of the
side chain at position 256 could change the electrostatic and
van der Waals interactions of the amino acids in the narrow
pore. This in turn would alter the electrical ¢eld within the
permeation pathway.
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