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Abstract. A plant hyperpolarization-activating’chan-  Introduction
nel, KAT1, is highly selective for K over N& and is

. L . Intracellular Nd induces detrimental effects on growin
little affected by external Nawhich is crucial to take up g 9

plant cells (Kingsbury & Epstein, 1986), while it plays

" . ) o .
E iffef?tl\\//vil);hmt a rl:l]é;c?intnalrll?r? ?nwtcimr?ﬁ-nr;zg 6hasr regulatory roles in some animal cells, such as myocardial
een sho at a mutation at the location ( )P €tells (Kameyama et al., 1984). The dramatic contrast for

ceding the selectivity signature sequence drama’[icall){h : ; :
e e requirements of intracellular Né&ons between plant
enhanced the sensitivity of the KAT1 channel to external q P

NEaEYY  h lectrophvsioloaical X i and animal cells suggests different functional roles for
fat.h € reﬁor. erefeetp ropfy5|? Og'cl"?;\l exgr)&r\l_plen Sthe ion transport systems. Among these, potassium
ohr N lme(frham_??Z%Gac '0.3 or ex ernab t'(tmt d with .channels in plant cells, in contrast to their counterparts in
fh;ng?uiémini (Qr) or rgeliltaurﬁa\{tveas(Es)u _T_r']; Sv”(;/\/;yp:'énimal cells, carry inward Kflux through channels open

: o ) ] t physiological membran tential, which is hyperpo-
channel was insensitive to external Nadowever, the at physiological membrane potentia ch IS Nyperpo

- s larized to the equilibrium potential for K(Schroeder,
activity of both mutant channels was significantly de- Ward & Gassmann, 1994). Consequently, potassium
grsssed byd Nl"alvxgth ap;par_?géed|ssoc(|jat_|ro2r15génstants of channels in plant cells are subject to competition with
-/ v and 1.5 i for Q an » TESPEC™ oytarnal N4 for carrying inward K flux. To prevent
tively. The instantaneous current-voltage relatlonshlpsSuch interference by external N is likely that plant
revealed distinct blocking mechanisms for these mutant: otassium channels are equipped to excludé ftam
For TZhS6Q a typlr(]:al V(r)]ltagr?-dzpeﬂdeglt f?(St blf()Ck'Egentering the pore. KATL1 isolated from arabidopsis
was shown. On the other hand, the blocking for the,, _ S
T256E mutant was voltage-independent at low Ken- thaliana cDNA library as a K uptake system shows

. ) imil I hat of ani k
centrations and became voltage-dependent at higher coﬁ—in (I:k? ;rr]r;]eerlr;b(f: g E;[%%c:]%%go tlgegzq Sglzﬁiaete ;tlypleg%.

centrations. At extreme hyperpolarization the blocking oshi, 1995; Schachtman et al., 1992). The signature
was relieved significantly. These data strongly suggesgeque’nce of, the KAT1 channel i,s well conserved with

:Eat thle Tu.ttat']f.’l? at thg el?d Of,zpa? pore htelltx r_e?rr?r:]ge hose ofShakerK™ channels. Many site-directed muta-
€ seleclivity hiter and allows Nalo penetrate into the geneses have been introduced into the pore region of

pore. 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,
Key words: Open channel blocking — Electrophysiol- 1996). Among the mutations introduced, Uozumi et al.
ogy — Selectivity — Channel structure — Hyperpolar- (1995), using the yeast expression system, reported that
ization activating channel — Instantaneous currentthe conversion of threonine 256 (Thr256), located at the
voltage curves 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
I inhibition of the inward K current by external Nawas
Correspondence tdS. Oiki clearly demonstrated.
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Recent elucidation of the canonical structure of po-open). The normalized gating properties were fitted with a single
tassium channels (Doyle et al., 1998) provided a solidBoltzmann function according to:
basis for interpreting functional data, such as those from 1
electrophysiological experiments. Among other struc-G=—_V1/2
tural parts the selectivity filter should hold its architec- 1+eXp[ av ]
ture throughout the potassium channel gene family.
Here, we focused on the mechanism of the Nffiect on whereV,, is the half activation voltage andV is the slope constant.
the WiId-type (WT) and mutant KAT1 channels through Th(le fittled curves were normalized for the abscissa by the fitted maxi-

H H al values.

_electrophysmloglcal a.n.a.lyse.s' Based on the Stru.Cturdp The data for the concentration-dependent current amplitudes were
mformatlon_, Nd-sensitivity mduced_by the mutation g 1o the equation:
would provide clues for the mechanism how the KAT1
channel could effectively exclude Né&om entering the | Ka c
pore in environments in which external Nand K" may I, [Na'], +Kq

compete for travel through the pore. _ _ _
wherel/l, is the fractional current in the presence of external,N&,

is the dissociation constant alis a constant.
Materials and Methods The permeability ratio was calculated from the shift of the rever-
sal potential for different Naconcentrations using the Goldman-
Hodgkin-Katz equation.
CHANNEL EXPRESSION
. PNa_ [K+]o I:Avrev
Complementary RNAs for wild type KAT1, T256Q and T256E chan- 5 —<exp[?] - l)

. / ; . P« A[Na'],
nels were synthesized as described previously (Uozumi et al., 1995).

Oocytes were removed surgically froXenopus laevisoads and de-  yhere AV, is the shift of the reversal potential upon changing the

folliculated by incubating with agitation for 1 hr in a solution contain- gyternal N4 concentration (from 0 to 80 m the difference of the Na
ing collagenase (Type |, 1 mg/mg; Sigma, St. Louis, MO). Defollicu- concentrationA[Na*],, is 80 m in this experiment).
lated oocytes were injected with cRNA and incubated at 19°C. The blocking was described by the Boltzmann function:

1-C
ELECTROPHYSIOLOGY B= *tC

Na* AG Fov
+ +_
[Na'], + ex RT

Two-electrode voltage-clamp experiments were performed using a Da-
gan CAl amplifier (Dagan, Minneapolis, MN). The detailed descrip-

tions of the electrophysiological experiments are as described in SabiWherej AG _is the fr(_ee energy for the bindi_ng IRT unit, & is the
rov et al. (1997). Oocytes were perfused with a solution Containingelectrlcal distancef; is the Faraday constarR,is the gas constant and

(mm): 30 KCI, 80 NMDG, 5 HEPES, pH 7.4 with Tris. Recorded Tis the ab_solute temperatl_Jre. For_the voItage—indepenFient bloc_king
currents were filtered at 1 kHz (four-pole Bessel) and digitized at 5 the Michaelis-Menten equation was included for the blocking equation.

kHz. pCLAMP was used for electrophysiological measurements and

Fd,V

the fitting of current traces with the multi-exponential function. Mi- 1-C 1-[Na'l, exp[— AG, —R—fl_]
croelectrode resistances were between 0.2 and O.8Jken filled with B= +C
3MKCI. All experiments were performed at room temperature (25°C). [Na'l, 1+Ng" o~ F3V

- . ) 1+—= [Na'],| ex AG;
For the solution of different Naconcentrations NMDG was used as an Ky RT
“inert” cation and the ionic strength was kept constant. Fa,V

+exp - AG, -
RT

DATA ANALYSIS Curve fittings were performed using Levenberg-Marquardt mini-

mization procedures (Origin software; MicroCal Software, Inc.).

The “steady-state” gating curves were obtained from the “tail” current The number of observations was five unless noted otherwise

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 aResults
triple-exponential function:

t t t AcTIVATION OF KAT1 CHANNELS
I(t) :Al exp[——] +A2 ex%:_T_] +A3 exp[—_r—] +C
2

T

' : Currents were recorded froenopusoocytes express-
whereA's are amplitude componentss are time constants arf@isa  ing either WT or mutant (T256Q and T256E) KAT1
constant, tim(_a-independent component. T_he “steady-state” currenghannels under two-electrode voltage-clamped condi-
el e tsne o the D compenertan he abovecauaionons. The membrane potential was stepped from a hold-
vided by the instantaneous current amplitude of the corresponding!ngop?gentjl_?l 0(/?7)1\(/)]: f(_)?OSQ(;/ rfs;gltalg)?;er%%ﬁ]:r?zgt?g
membrane potential to get the normalized gating value. ok - . : - B

To evaluate the gating properties of the channels, we considere@Ctivated currents recorded in the external solution con-

that the channel exhibits transitions between two states (closed antaining 30 nm K* are shown in Fig. A for WT and the
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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 contaimsk30amd 80 nu NMDG™. (Inse)

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 measure
at the end of the hyperpolarizing pulses are plotted as a function of the command va®ay€és, A: T256Q,M: 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 currel
amplitude of the quasi-steady-state at each membrane potential was obtained from the tail current meassestentefailed description in
Materials and Methods). The two-state Boltzmann function was used for the f@ng/T, A: T256Q,M: T256E. TheV,,, 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.

mutant channels. As the membrane potential was hypereurves using the two-state Boltzmann functiseéMa-
polarized the WT channel activated progressively withterials and Methods for details). In comparison to the
faster activation kinetics. Activation for the T256E mu- wild-type channel (\,, = —175.0 + 2.1 mV), the T256Q
tant channel was slower, whereas activation of themutation shifted the gating curve towards the depolar-
T256Q mutant was slightly faster than that of the wild ized direction ¥/,,, = —150.0 + 3.1 mV), whereas the
type. Deactivation kinetics observed from the tail cur- T256E mutation shifted it towards more hyperpolarized
rent at 0 mV were faster for the T256Q and slower for thepotential ¥/;,, = —-193.7 + 4.1 mV). For the T256Q
T256E channels. The current-voltage relationships at thenutant the steady-state gating curve was significantly
end of the command potentials are shown in FiB. 1 deviated from zero at less hyperpolarized potentials, in-
The voltage ranges of the activations were shifted by thalicating that the channel is open even at a holding po-
mutations. tential of -40 mV. The value of the voltage dependency
To investigate whether the effective gating charge(dV) for WT was 20.1 + 0.9 mV and that for T256Q was
might have been modified by the mutations, the steady26.1 + 1.7 mV. Thus, the gating charge was slightly
state gating properties were examined. In Fi@. the  altered by the T256Q mutation. The negative shift of the
normalized gating curves are shown with the fittedgating curve for T256E made the Boltzmann fit less re-
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A WT B tial was stepped to —150 mV for 500 ms, and then it was
L stepped to different potentials for successively shorter
duration as the membrane potential was hyperpolarized.

\ 10 uA \\ — This command significantly reduced possible contami-

\ nation with the endogenous Cturrent at very negative
\\ 200 ms potentials. Fig. B8 shows the instantaneous current-
[ voltage curves measured at the beginning of the tail po-
T256Q tentials. In the absence of external TNahese 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 instantanédUs

T 200 ms curves for the T256E mutant was observed. Thus, a neu-
tral mutation from T to Q did not change the shape of the
T256E I-V curves, while an addition of a negative charge (from

Q to E) altered the shape of thé&/ curves from weakly
—— . \ inward rectifying to a sigmoidal shape.
\-—\\ _____ s E All the instantaneous current-voltage curves for the
S~ A WT channel are superimposed for the different an-
TT— 200ms centrations. The WT channel was little affected by ex-
ternal Nd up to 80 nu. On the other hand, the instan-
Fig. 2. Current traces with and without external Narhe current  taneous current-voltage curves for the mutant channels
traces without4) and with 8) 80 mv Na" in the external solution. The  exhibited distinct features. The current of the T256Q
command potentials were the same as for Fig. 1 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
Sfor 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
CURRENT INHIBITION BY EXTERNAL Na" for different N& concentrations the permeability ratio,
Pna/Pk, was calculated. The,,/Px was 0.02 for WT,
Uozumi et al. (1995) demonstrated that the mutation sen.04 for T256Q and 0.03 for T256E. These results indi-
sitized the channel to external NaThe WT channel cate that the K current was depressed with little effect
was little affected by N& while the current of both on the selectivity.
mutant channels was depressed as the exterhalas
replaced by N& To investigate the mechanism of Na
inhibition, the external Naconcentration was increased Na“ BLOCKING MECHANISM
up to 80 mu by replacing NMDG at a fixed concentra-
tion of 30 nm K™. In Fig. 2 the current traces witlB]  In Fig. 5 the N& blocking ratios as a function of the
and without 80 nu Na* (A) are shown. Nadecreased membrane potentials for the mutant channels are shown.
the current in mutant channels. This inhibitory effect The N& blocking is represented by the normalized
was reversible ot shown. Representative current- unblocked ratios, in which the instantaneous current am-
voltage curves measured at the end of the command pglitude at each membrane potential for different Man-
tential for different Na concentrations are shown in Fig. centrations was divided by that of the corresponding con-
3A. In Fig. 3B the concentration dependencies of thetrol current amplitude in Nafree solution. The voltage-
current amplitude at —150 mV are shown. Here the cur-unblocked ratio curves for T256Q exhibited a typical
rent amplitudes were normalized to those recorded withvoltage-dependency and its shifts for different concen-
out N&. From these curves apparent dissociation conirations of the blocker. As the Naconcentration in-
stants for external Nawere calculated for the mutant creased the blocking became apparent and the curves
channels: 6.7 m for the T256Q channel and 11.3yn were shifted towards depolarized potentials. These
for the T256E channel. curves were fitted by the two-state Boltzmann function
In Fig. 4 tail current recordings were performed to (seeMaterials and Methods). The electric distance thus
further investigate the effect of external Narhe volt-  evaluated was 1.2, indicating deep penetration ofiNia
age protocol is shown in FigA The membrane poten- into the pore. Note that these curves were obtained from

liable for the values of botW,,, (-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.
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Fig. 3. Dependency of inward KAT1 currents on external"dancentrations A) The current-voltage curves for different concentrations of external
Na" ([Na*],). The current amplitudes measured at the end of the pulses are plotted as a function of the command B)ltBgese(tration
dependency of the current amplitude at —150 mV. The apparent dissociation coKgjama$ 6.7 nv for T256Q and 11.3 m for T256E. Current
amplitudes for N&-containing solutions were normalized by the current amplitudes for the control solution withbut Na

the instantaneous currents; thus, it is strongly suggested To represent these three phases the two-state and
that this inhibition is a fast open-channel blocking. three-state Boltzmann functions failed to fit the curves
In contrast, the unblocked ratio of the T256E chan-and a more complicated model was necessary. The four-
nel exhibited overall reduction in the whole voltage state model, in which the states corresponded to the
range tested, including those of the outward current®pen, voltage-independent blocking, voltage-dependent
(Fig. 5B). As the concentration increased the current de-blocking and released states, could adequately represent
pression became predominant at the negative potentialthe experimental data. Among the fitted parameters
When the concentration of external Naas increased, shown in the legend of Fig. 5, the free energy levels of
the unblocked ratio curve shifted towards the depolarizthe blocking sites for both mutant channels suggested
ing direction and the depressed amplitude recovered siginstable binding of the blocking Na
nificantly at the extreme negative potentials, giving the
curve a minimum (the maximum blocking) at around pjiscussion
-150 mV. The minimum shifted towards depolarized
potentials as the Naconcentration was increased. Thus, In this study we investigated the effect of the neutral
the effects of external Naon the T256E mutant were (T256Q) and the charged (T256E) mutation introduced
three-fold: (i) voltage-independent blocking that satu-at the center of the P-region of the KAT1 channel using
rates at relatively low Naconcentration, leaving a rather electrophysiological techniques. The effects of these
large fraction of the current. (i) As the concentration mutations were three-fold: (i) The activation gating was
increased the blocking became voltage-dependent. (iiighifted along the voltage axis with little effect on the
Further increase in the concentration altered the shape @fating charge. (ii) The open-chanriéV curve changed
the curve with a recovery of the unblocked ratio at veryits shape from weakly inward-rectifying to shallow sig-
negative potentials. The latter phenomenon stronglymoidal by the charged mutation from Q to E. (iii) Both
suggests a release of the blocked \an into the cyto- mutations induced Nablocking to an otherwise Na
sol. insensitive KAT1 channel.
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Fig. 4. Tail current recordings and instantaneous
current-voltage curves for varying Na
V_(mV) concentrations.A) Representative current traces
m under the “tail” current command for the WT and
T256E | -200 -150 -100 -50 the mutant T256Q and T256E channelsisé)
| Ll T T 00 The voltage command. The channels were
: T256E | activated at -150 mV for 500 msec and then
.;i/ —  stepped to various membrane potentials from 0
A < - -
\\ ./:;:/' _/ 195 = mV to —200 mV for different durations. (B) The
! \ :;’;Q% ' 3 instantaneous current-voltage curves for different
5 l-‘A \ \ P - Na* concentrations. The “instantaneous” current
— 1
e was measured at 1 msec upon the voltage steps to
200 ms A 150 various tail potentials. Naconcentration was
' varied from 0 to 80 m.

Here, we focus on the mechanism of the"Niéock-  crystal structure of the KcsA channel revealed that the
ing. Electrophysiological experiments revealed that thecorresponding site of T256 is located at the C-terminal
mutations diminished the ability of the KAT1 potassium end of the pore helix, although the side chain was not
channel to exclude Nafrom entering the pore. For the resolved in the atomic coordinates. The T256 site is
T256Q mutant the depressed entrance barrier permittedever exposed to the permeation pathway: it is exposed
the external Nato penetrate deeply into the pore. On neither to the cavity nor to the selectivity filter. Our
the other hand, the T256E mutant generated &bilad-  experimental results, thus, can not be explained by direct
ing site at the entrance of the pore, which induced thecontact of the mutated side chain with permeating ions.
reduction of the current amplitude regardless of the curTherefore, the altered shape of the open-charnnél
rent direction. Moreover, at higher concentration of ex-curves for K permeation by introducing the charged
ternal Nd, Na“ penetrates into the pore and eventually residue at the pore helix can be interpreted as indicating
gets released to the cytosolic side. Qualitative featurethat the potential profile of permeating"Kvas modified
of these modifications on the energy profile for'Nare  electrostatically through the wall of the selectivity filter.
schematically shown in Fig./G The entrance barrier for Nawas dramatically de-

These functional alterations for permeating #d  pressed by the T256 mutations of either GIn or Glu,
blocking N& should be interpreted on the structural ba-which is located far from the outer entrance of the pore.
sis. Here, we refer to the canonical structure of the KcsAThus, such remote effect of the mutations must be inter-
channel (Doyle et al., 1998). Closer examination of thepreted as an allosteric effect. Recently, systematic stud-
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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/si¢evtilae was 10.6 + 0.5

RT, the electrical distanced() was 1.2 + 0.2 and th€ 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 cukewabhEL.3 + 0.3 m andC was

0.51 + 0.02 for the voltage-independent binding site. For the blocking sitA®evalue was 11.2 + 0.KT and the electrical distancé,) was

1.1 + 0.1. TheAG, value was 14.0 + 0.RT and the3, value was 1.7 + 0.2.
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Fig. 6. A hypothetical model of the KAT1 pore for the T256 mutatioA) (The potential energy profile for Nablocking deduced from the
Boltzmann model. In the WT channel (solid line) the entrance barrier is high enough to completely exclude extenoabXl 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 |
is still high enough to exclude external Nfxom 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 blockifiiauates 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 extéinalaved to penetrate deep in the pore. The
blocking N& rapidly exits the pore towards the external solution since the internal barrier is still high enough to surmount for blo¢kingKitey

the blocking in a fast mode. In the T256E mutant,"dan go over the entrance barrier and stays at the binding site. More hyperpolarization drives
the N& 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 stsicture. Thu
a wide-open entrance allows blocking Na 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 Naough the pore.
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ies were done for Kv channels showing that steric per+ong, K.H., Miller, C. 2000. The lipid-protein interface of a Shaker
turbations introduced into the core of the channel pro- (K+) channel.J. Gen. Physiol115:51-58

teins altered the stability of the channel proteins and thustoshi, T. 1995. Regulation of voltage dependence of the KAT1 chan-
altered the gating properties (Li-Smerin, Hackos & nel by intracellular factors). Gen. Physiol105:309-328

Swartz, 2000; Hong & Miller, 2000). Moreover, the Ichida, A.M., Schroeder, J.I. 1996. Increased resistance to extracellular

structural rearrangement of the helical architecture on cation block by mutation of the pore domain of tAeabidopsis
uctu 9 I : ure up inward-rectifying K channel KAT1.J. Membrane Biol15153-62

gating was examined usmg EPR spectroscopy (Peroz%ameyama, M., Kakei, M., Sato, R., Shibasaki, T., Matsuda, H.,

Cortes & Cuello, 1998, 1999; Gross et al, 1999)- In Irisawa, H. 1984. Intracellular Neaactivated a K channel in mam-

KcsA channel, rlgld—body motions of the inner helices malian cardiac cellsNature 309:354—-356

were accompanied by the movements of the pore heliceingsbury, R.W., Epstein, E. 1986. Salt sensitivity in wheat. A case for
We conclude by proposing a hypothetical model for  specific ion toxicity.Plant Physiol.80:651-654

T256 mutation (Fig. B) based on the above information Lacombe, B., Thibaud, J.B. 1998. Evidence for a multi-ion pore be-

on the dynamic structure of potassium channels. Since havior in the plant potassium channel KATL. Membrane Biol.

the T256 site is located in the core of the channel protein, 16691-100

any mutation perturbs the stability of the channel protein Li-Smerin, Y., Hackos, D.H., Swartz, K.J. 2000. Alpha-helical struc-

thus shifting the gating curves. Furthermore, the small tural eIement; W|th|.nthe voltage-sensing domains of aiannel.

perturbation introduced into the moving pore-helices 3 Gen- Physiol115:33-50

brought about rearrangements of the selectivity filter™°"on: A-S., Gazzarini, S., Cerana, R., Colombo, R., Sutter, J.U.,

DiFrancesco, D., Gradmann, D., Thiel, G. 2000. Mutation in pore
such that the entrance of the pore and the end of the POr€ 4omain uncovers cation- and voltage-sensitive recovery from inac-

open wider, losing the ability to exclude N4T256Q) tivation in KAT1 channelBiophys. J.78:1862-1871
and allowing the passage of N&r256E). Perozo, E., Cortes, D.M., Cuello, L.G. 1998. Three-dimensional archi-
tecture and gating mechanism of & Khannel studied by EPR
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