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The N-Terminus of the K Channel KAT1 Controls Its Voltage-Dependent
Gating by Altering the Membrane Electric Field

Irene Marten and Toshinori Hoshi
Department of Physiology and Biophysics, College of Medicine, The University of lowa, lowa City, lowa 52242 USA

ABSTRACT Functional roles of different domains (pore region, S4 segment, N-terminus) of the KAT1 potassium channel in
its voltage-dependent gating were electrophysiologically studied in Xenopus oocytes. The KAT1 properties did not depend
on the extracellular K* concentration or on residue H267, equivalent to one of the residues known to be important in C-type
inactivation in Shaker channels, indicating that the hyperpolarization-induced KAT1 inward currents are related to the channel
activation rather than to recovery from inactivation. Neutralization of a positively charged amino acid in the S4 domain (R176S)
reduced the gating charge movement, suggesting that it acts as a voltage-sensing residue in KAT1. N-terminal deletions
alone (e.g., A20-34) did not affect the gating charge movement. However, the deletions paradoxically increased the voltage
sensitivity of the R176S mutant channel, but not that of the wild-type channel. We propose a simple model in which the
N-terminus determines the KAT1 voltage sensitivity by contributing to the electric field sensed by the voltage sensor.

INTRODUCTION

The KAT1 potassium channel cloned frodrabidopsis to an inward rectifier is observed (Miller and Aldrich,
thaliana belongs to theeagfamily of ion channel proteins 1996). The N-terminus contains structural motifs that sup-
(Anderson et al., 1992; Trudeau et al., 1995), which in-port subunit assembly and N-type inactivation (Hoshi et al.,
cludes the humaragrelated HERG channel involved in a 1990; Li et al., 1992; Aldrich, 1994; Rettig et al., 1994).
genetic cardiac disorder (Curran et al., 1995; Sanguinetti eAmino acids in the extracellular vestibule of the pore and in
al., 1995). When the KAT1 channels are expresseddén the S6 segment are known to control C-type inactivation
nopus oocytes, a time-dependent increase in the inwardHoshi et al., 1991; Lopez-Barneo et al., 1993; Ogielska et
potassium currents is observed upon hyperpolarizatioml., 1995). For instance, substitution of threonine at position
(Anderson et al., 1992; Schachtman et al., 1992). Structurd449 in ShakerK* channels with amino acids with a large
ally, as with other voltage-gate8hakerike K* channel hydrophobic side chain (T449V or T449Y) markedly dis-
a-subunits, each KAT1 subunit appears to contain at leastupts C-type inactivation (Lopez-Barneo et al., 1993). Re-
six putative transmembrane segments, including the S4 segevery from C-type inactivation accounts for the currents
ment with several positively charged amino acid residues.observed through the HERG channels upon hyperpolariza-
The Shaketlike K™ channels from the animal kingdom tion in part because certain mutations in the P-segment and
activate upon depolarization and subsequently inactivate viaxternal K" critically affect the HERG currents (Smith et
at least two biophysically and molecularly distinct inactiva- al., 1996; Schoherr and Heinemann, 1996).
tion mechanisms called N- and C-type inactivation. Recov- In our previous paper we demonstrated that the voltage
ery from these inactivation mechanisms is facilitated bysensitivity of the KAT1 channel expressedXenopusoo-
hyperpolarization (Jan and Jan, 1997). Based on the numectytes is modulated by its C terminus, with longer C-terminal
ous experiments on Kchannels of th&hakersuperfamily,  deletions resulting in less voltage sensitivity (Marten and
several functional domains of ion channel proteins haveHoshi, 1997). Thus, in addition to the putative voltage-
been identified. The S4 domain, with its positively chargedsensing transmembrane segments, the C-terminal domain
residues, is important for sensing changes in the membrareontributes to the voltage sensitivity of the KAT1 channel.
electric field (Sigworth, 1993; Larsson et al., 1996; Man-Furthermore, we found that the N-terminus of the KAT1
nuzzu et al., 1996; Seoh et al., 1996). Triple mutations in thehannel regulates the voltage dependence of KAT1. This
S4 domain ofShakerchannels could also promote N-type novel role of the N-terminus as a determinant of the voltage-
inactivation, such that an apparent conversion of an outwardependent gating behavior is now beginning to be investi-
gated, especially in theagfamily of ion channels (Sche
herr and Heinemann, 1996; Terlau et al., 1997).
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voltage-sensing function of the S4 segment by forming aneaningsz represents the number of equivalent charges, \andis the

part of the S4 canal.

MATERIALS AND METHODS
Molecular biology

KAT1 channel mutants were generated by the standard polymerase ch

reaction-based cassette mutagenesis. Sequences of the polymerase ¢

reaction-amplified segments were verified by the DNA core facility of the

University of lowa. LaserGene programs (Madison, WI) were used to

ai

half-activation voltage, at which 50% of the maximum conductance level
is reached.

If not otherwise mentioned, results are presented as meatandard
deviation 6 = number of experiments). Error bars in figures represent
standard deviation.

RESULTS
Extracellular [K*] and the H267S mutation do not

analyze DNA and protein sequences. The oocytes were prepared arm'arkedly affect KAT1 kinetics

injected with RNAs, essentially as described by Hoshi (1995).

Electrophysiology

Whole-oocyte recordings were performed with a two-electrode voltage-

clamp amplifier (725B or 725C; Warner Instruments, Hamden, CT). Glas
microelectrodes were filled wit3 M KCI, 10 mM HEPES (pH 7.2), and
had a typical input resistance of less than 0.8.Mhe electrophysiological

In Shaketlike K™ channels, C-type inactivation has been
shown to depend on extracellular"Kexternal TEA (tetra-
ethylammonium), and certain amino acid residues in the
pore region (Choi et al., 1991; Hoshi et al., 1991; Lopez-
arneo et al., 1993; Levy and Deutsch, 1996). For instance,
high extracellular [K] slows down C-type inactivation
(Lopez-Barneo et al., 1993) and accelerates recovery (Levy

measurements were performed at 20—22°C in the presence of 50 mM KChnd Deutsch, 1996). Although some mammalian channels in

90 mM NaCl, 2 mM MgC}, 10 mM HEPES (pH 7.2). The pH was adjusted
with N-methylp-glucamine (NMG). Other extracellular solutions used are
noted in the figure legends.

the eag family are known to conduct ionic current upon
hyperpolarization, the hyperpolarization-induced HERG in-

Data were digitized with an ITC-16 interface card (Instrutech, GreatWard currents have been shown to represent recovery from

Neck, NY) and stored for later analysis. Pulse/PulseFit (HEKA elektronik

fast C-type inactivation (S¢mbherr and Heinemann, 1996;

Lambrecht, Germany), Igor Pro (WaveMetrics, Lake Oswego, OR), andSmith et al., 1996; Spector et al., 1996). Thus, if the hyper-

DataDesk (Data Description, Ithaca, NY) running on Apple Power Macin-
tosh computers were used for voltage stimulation, data acquisition, an

analysis. Leak currents were determined by using a mod#fiegrocedure
and subtracted from the macroscopic currents presented.

The analysis of the deactivation kinetics and determination o\
curves were performed as described by Marten and Hoshi (1997(Me
curves were calculated using the tail current amplitude recorded at

golarization-induced KAT1 currents are also related to re-

covery from C-type inactivation, the time course of the
KAT1 currents should depend on extracellulaf kind be

altered by mutations previously shown to affect C-type

inactivation inShaketlike channels, as found for the HERG
hannels.

constant deactivating voltage pulse after a series of hyper- and depolarizing . . . .
voltage pulses. The macroscopic conductance data points were fitted with We tested this hypothesis by comparing the time courses

a simple Boltzmann distribution, as given by the following function: Of KAT1 currents in the presence of different external K
G(V) = [1/(1 + exp(V — V.,)zF/IRT)], whereR, T, andF have the usual ~concentrations. Fig. 1A and B, shows KAT1 currents

(A) © 1o
FIGURE 1 Dependence of KAT1 activa- & 40 .
tion/deactivation on extracellular [{ and G ‘30‘I 205
on the H267S mutationAj The envelope of > 150 =
peak tail currents was recorded in 45 mM K 0.0
and 0 mM K' in the bath solution at 40 mV ~ 0 SRR ENEEREE [ I I
after a series of KAT1-activating prepulses to é -104 45K 0.0 0.2 04
—150 mV for different durations. The voltage — 20— Time (s)
pulse protocol is shown at the toB)(The ! l | I | D
inward current trace from, recorded with 45 0.0 0.2 0.4 0.6 08 (D) 0.0
mM K™ by a 500-ms prepulse te 150 mV, Time (s)
was inverted, scalediftted ling, and super- 10 j _E 05 H267S
imposed on the envelope of tail currents re- = =
corded in 0 mM K. (C) Tail currents ob- =2 5—AMMM 0K 1.0 H267H
tained at+40 mV with 0 and 45 mM K - T i T 1
were normalized and superimposed. The bath N T T T 1 0.0 0.5 1.0 1.5
solutions inA—C contained 45 mM KCI (or 0.0 0.2 0.4 0.6 0.8 Time (s)
45 mM NMG), 95 mM NMG, 2 mM MgCl}, (B) Time (s)
10 mM HEPES, pH 7.2 adjusted with HCI. 10 - E) 034,
(D) Normalized inward currents induced bya ~ ~ 8o
voltage step to—150 mV are shown for the <-‘:_1 54 = 0.2 S .
wild-type (H267H) and H267S channel€)( ot l o1 *os8,
Deactivation time constants of the wild-type 0 R 0.0 * °° .
(O) and H267S channel®) are given as a I I I I | ) T I 1
function of voltage. 0.0 02 04 0.6 0.8 -100 -50 0
Time (s) Voltage (mV)
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elicited by hyperpolarization pulses t0150 mV for differ-  ent activation upon hyperpolarization should be slower than
ent durations, with 0 mM K (no K™ added) and 45 mM K in the KAT1 wild-type channel. To test this prediction,
in the extracellular medium. Because no appreciable inwarétinetics of the KAT1 wild-type and H267S channels were
currents were measured with 0 mM"Kthe time course of compared. The apparent activation time courses of the
KAT1 current was estimated by the envelop of outward tailH267S and wild-type KAT1 channels did not markedly
currents at+40 mV. We found that time courses of the differ (Fig. 1 D). Deactivation time constants of the wild-
KAT1 currents recorded with 0 mM and 45 mM'Kupon  type and mutant channels were similar at all of the voltages
hyperpolarization were indistinguishable (FigB) If the  examined (Fig. IE).

hyperpolarization-induced K currents represent recovery  Because external [K], external [C$], and a mutation
from C-type inactivation, then the apparent tail currentknown to affect C-type inactivation did not markedly affect
recorded upon depolarization represents in part the timéhe KAT1 channel properties, distinct mechanisms are
course of inactivation rather than deactivation. This hypothlikely to be responsible for the hyperpolarization-induced
esis predicts that high extracellular"kshould slow down currents in the HERG and KAT1 channels.

the apparent tail current time course. We found that the

KAT1 tail currents at depolarized voltage were not affected

by external K (Fig. 1 C). Similar results were obtained The S4 mutation R176S affects the

when extracellular pH was lowered to 5.6 to increase thevoltage-dependent gating of KAT1

likelihood that the histidine at position 267 in the externalAS in the Shakerchannels, the S4 segment of KAT1 con-
mouth of the pore segment was protonated. Thus, extraceg-

lular [K*] does not regulate the apparent activation or ains several positively charged residues, indicating that it
deactivation time course of the KAT1 channel, suggestin
that extracellular K-sensitive C-type inactivation may not
be involved in the KAT1 channel gating.

In addition to the ionic current time course, high extra-

could function as a voltage-sensing domain (Figh)2To
Surther examine the voltage-dependent gating mechanism of
KAT1, we introduced several mutations in the S4 segment
of the KAT1 channel, based on the sequence comparison of
the KAT1 and ShakerS4 segments. Representative data

s . .
cellular [K™] is also known to increase the amplitude of the obtained from the R176S mutant in response to hyperpolar-

macroscopic outward current through channels with strong;Zing voltage pulses are shown in FigB2 Time-dependent

C-type inactivation by increasing the number of channels g . o L
: . macroscopic inward currents with fast deactivation kinetics
available to open by facilitating recovery, even though

higher extracellular K actually decreases the driving force were elicited, indicating functional expression of the R176S

(Pardo et al., 1992; Lopez-Barmneo et al., 1993). Btiesr channel (Fig. 2B). Normallzed.macroscoplc cond'uctance
) voltage G(V)) curves were estimated from the tail current
and Heinemann (1996) further showed that extracellular ! . : :
T . : . measurements and fitted with a simple Boltzmann function
Cs" is even more effective than Kin enhancing the (Fig. 2 C). We found that the R176S mutation, which
functional availability of the HERG channels that show very g X '

fast C-type inactivation. In contrast, as described byp\&t Leortr;]mt/ﬁz ﬁgﬁ_;&?&g\t’gncr\'gl?ae én ;23 tshi S’S?ggqir:’ssafgﬁfg
al. (1995) and shown in Fig. A, the outward KAT1 tail 9 P

. . G(V) curve. The R176S mutation shifted the half-activation
current amplitudes did not depend on extracelluldr &d voltage /,,,) to a more positive voltage by almos#0 mv
changed with the K driving force. When 140 mM KCl was 9e Yy P ge by

(Vi wr = —118.9* 1.9 mV;V, 5 r176s= —80.5* 13.1
replaced by 1.40 mM CsCI'(da.lta. notghown), the outward talﬁnv; two-samplé-test:p = 0.0002) and reduced the equiv-
current amplitudes were indistinguishable, suggesting that

0 =
high extracellular [C$] did not facilitate recovery from alent charge movemer)(by 40% from 1.7 to 1.0Zyy

. _ _ . _c
C-type inactivation (cf. Vey et al., 1995). These results L71= 0.17,Mwr = 5; Zrazes = 1.02% 0.05,Nrazes = 5;

) . < 0.0001). The results suggest that R176 may lie within
suggest that the gating mechanisms of HERG and KATfhe membrane electric field and participate in the voltage-
may be different.

The amino acid position 449 in tK&#B channel regulates sensing action of the KAT1 channel, and that the positively

C-type inactivation (Lopez-Barneo et al., 1993). In partic-Chargeol amino acid residues in the S4 segment of KAT1

ular, the T449S mutation accelerates C-type inactivation(,zomnbme to determination of the voltage sensitivity.

decreasing its time constant from a couple of seconds to

~100 ms (Schllgf et.al.,.1996), anq slows QOwn the rate Of‘l’he N-terminal deletions shift
recovery from inactivation (Hoshi, unpublished observa-
tion). In contrast, C-type inactivation is almost removed in
SBA6-46:T449H (Lopez-Barneo et al., 1993). Based onln our previous work, we showed that the distal region of
the amino acid sequence similarity, histidine at position 26the C-terminus is important in determining the voltage
in KAT1 is equivalent to position 449 iSIB. If the appar-  sensitivity of KAT1 (Marten and Hoshi, 1997). Some C-
ent activation of KAT1 channels upon hyperpolarizationterminal deletions reduced the equivalent gating charge
represents recovery from inactivation as found for HERGmovement, indicating a possible physical interaction be-
channels, the apparent deactivation of the KAT1 H2673ween the C-terminus and the voltage-sensing domain,
channel upon depolarization should be faster, and its appaprobably S4 (see above). We examined whether the N-

voltage dependence
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FIGURE 2 Effect of the mutation R176S in the S4 domain on the
voltage dependence of KAT1A)Y Amino acid sequence of the putative ' ! '

. : . : -150 -100 -50
voltage-sensing transmembrane S4 domain containing the residue R176, Voltage (mV)
given in single-letter codeB) Time-dependent macroscopic currents were &

observed in response to 2.5-s voltage pulses applied in 10-mV increments . . .
in the range of-140 to+10 mV. The decline of the steady-state currents FIGURE 3 Effect of N-terminal deletions and/or the S4 mutation R176S

was caused by a pulse t910 mV (wild-type) or+30 mV (R176S). C) pn the ability of KAT1 in mediating macrpscopic currents at_ hyperpolar-
Normalized macroscopic conductance-voltagé\) curves determined ized voltages. &) Schematic representations of the N-terminus and the

for the wild-type O, V,,, = —118.9+ 1.9 mV,z = 1.71+ 0.17,n = 5) transmembrane segments S1 to ®rizontal bar$ of wild-type and
and the R176S channela(V,,, = —80.5+ 13.1 mV,z = 1.02 + 0.05 mutant KAT1 channels. Deletions in the N-terminus are marked by black

n = 5) are shown. The bath solution contained (in mM) 20 KCI, 120 NaCl, bars. The point mutation R176S is marked by a circled cross in the S4
2 MgCl,, 10 HEPES, pH 7.2 (NMG). domain. MC+ and MC — indicate that KAT1-like macroscopic currents

were or were not recorded, respectivel§) Representative current traces
induced in the wild-type or mutant channel-expressing oocytes by pulses to
: o - - _ the voltage range of-150 to —60 mV in 10-mV steps. Repolarization
terminus ha.s a similar r.0|e n regulat_lng the .VOItage depenoccurred at-50 mV for the R1763%2—-34 and the\2—34 channel, at 60
dent behavior by making systematic deletions in the N+ny for the R1765420-34, and—80 mV for the A20-34 channel.q)
terminus (Fig. 3A). When the deletion mutants with the steady-state current-voltagi\()) relationships are shown for the R176S
wild-type background{2—34,A16—-34,A20-34,A34—-45, (A), the R1765A16-34 (#), the wild-type @), and theA20-34 channels
and A34_57) were examlned, macroscoplc Currents Wer@) Experiments on the R176S and R17685-34 channels were per-
observed only from mutants with the two smallest deletioniognzidh/:g;he presence of 140 mM KCl, 2 mM Mgf-10 mM HEPES, pH
(A20-34 andA34-45). No KAT1-like macroscopic cur- '

rents were observed from the mutants with other, larger

deletions A2—-34,A16-34, andA34-57). Furthermore, we pothesized that other apparently nonfunctional mutants
observed that pulses to more hyperpolarized voltages werg2—-34,A16-34, andA34-57) do not show ionic currents
required to activate the KATA20-34 channels than the because their activation curves are shifted out of our record-
wild-type channels (Fig. €). The apparent activation volt- ing limits. We further hypothesized that the R176S muta-
age for theA20-34 channels was approximatett 30 mV,  tion, which shifts the activation curve to a more positive
as compared with-80 mV for the wild-type channel. direction by +40 mV, could rescue these apparently non-
functional N-terminal deletion channels by shifting their
activation curves back into our recording range. To test
these hypotheses, the S4 mutation R176S was introduced in
Based on the observation that activation of the KAT1the apparently nonfunctional N-terminal mutant channels
A20-34 channel requires greater hyperpolarization, we hyfFig. 3). In the R176S background, macroscopic inward

O —femmmamaan-

R176S mutation rescues the N-terminal deletions
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currents were recorded not only with th®20-34 and probably linked to the loss of C-terminal motifs highly
A34-45 deletions, but also with the previously nonfunc-conserved among known plant‘kKchannels, enabling the
tional A2—34 (Fig. 3B) andA16—34 mutants (Fig. ). No  aggregation of the channel subunits (Daram et al., 1997).
appreciable time-dependent currents were recorded from

cells injected with R176A34-57 RNA on depolarization

or hyperpolarization (not shown). These results suggest thathe N-terminus of KAT1 affects the deactivation

the A2-34 andA16—-34 channels are functionally expressedkinetics of KAT1

in the oocytes, but are activated at extremely hyperpolarize

voltages beyond our recording range.

R176S mutation does not rescue the
C-terminal deletions

The R176S mutation in the S4 segment rescues the
terminal deletion mutants by shifting their activation curves
to more positive directions. We showed previously that
some C-terminal deletion mutants do not show any tim
dependent currents on hyperpolarization (Marten an
Hoshi, 1997). We examined whether the R176S mutatio
could rescue the apparently nonfunctional C-terminal dele-
tion mutants (Fig. 4). Representative records obtained fronﬁ)
oocytes injected with double-mutant RNAs containing thedi
S4 mutations and C-terminal deletions (R1768:1-677,

R176SA467—-677, S168R311-677, and S168R467—

677; Fig. 4A) are shown in Fig. 4B. The S4 mutation

S168R shifts the half-activation voltage of KAT1 to an even
more positive voltage than R176S (by approximate00

mV, data not shown; Dreyer et al., 1997). Unlike the N-
terminal deletions, which were rescued by the S4 mutation
macroscopic inward currents were not detected in these S4
and C-terminal double mutant channels (FigB% The
nonfunctionality of these C-terminal channel mutants is

MC
C Wild type
R176S

A311-677 -
A46T-677 -

R176S:A311-677 -
R176S:A467-677

A311-677

R176S:A467-677 J A467-677

T
—Jl2pa
500 ms

ﬁihel(\/) curves obtained from th&£20-34, R1763x16-34,
and R176S channels were shifted along the voltage axis
when compared with the wild-tyd€V) curve (Fig. 3C). To
infer the biophysical mechanisms responsible for the altered
voltage dependence, we examined the activation and deac-
tivation time courses. Fig. B shows the activation time
I\l:'ourses of the R176S, th¥20-34, and the R176520-34
mutant channels. The activation time courses of the R176S
channel and\20-34 channels were indistinguishable from
®ihat of the wild-type channels (Fig. A, top and middle
%anels). The R176A20-34 channels activated only
lightly faster than wild-type channels (Fig. A lower
ane).
In contrast, the deactivation time course was markedly
fferent in the mutant channels (Fig. B,and C). In the
R176S channel, the deactivation time courset& mV
was markedly slower than that of the wild-type channel
(Fig. 5 B, top pane). Mean time constant of the R176S
deactivation at+30 mV was 63.1*+ 6.7 mS (r176s= 7),
compared with 15.9- 4.3 ms @+ = 5) in the wild-type
channel. The deactivation time course of t#0—-34 chan-
Siel was appreciably faster than that of the wild-type chan-
el. Mean time constant of the inward tail current recorded
. from theA20-34 channels at 100 mV was more than four
times faster than that from the wild-type channgbf_s,=
23.8 £ 1.4 ms,Nysg_34 = 4; Ty = 102.3 = 9.1 ms,
nwt = 6). A less pronounced decrease in the deactivation
time constant at-100 mV was observed for KAT1 mutant
channels in which the N-terminal deletiock20-34 was
combined with the S4 mutation R176%x(76s120-34 =
55.4* 3.5 MS,Ng176sa20-34= 4; Fig. 5,B andC). Voltage
dependence of the deactivation time constant measured
from the mutant and wild-type KAT1 channels is shown in
Fig. 5C. Among the N-terminal deletiona@—34,A16-34,
A20-34, and\34-45), theA2—34 deletion most effectively
restored the R176S-induced change in the KAT1 deactiva-
tion kinetics (Fig. 5C). Thus the N-terminal deletions
differentially accelerate the deactivation kinetics and coun-
teract the effects of the S4 neutralization mutation on the
deactivation kinetics.

The N-terminus of KAT1 influences the voltage

FIGURE 4 Effect of C_-termir_1al_ deletions and/_or the S4 mutation R17683ensitivity of KAT1
on the ability of KAT1 in mediating macroscopic currents at hyperpolar-

ized voltages. &) Schematic representations of the C-terminus and theTo quantitatively compare the voltage sensitivity of the

transmembrane segments S4 to $6rizontal barg of wild-type and
mutant KAT1 channels. Deletions and the point mutation R176S are
illustrated as in Fig. 2\. (B) Representative current traces elicited by 2.5-s
voltage pulses to the voltage range-6150 to —30mV in 10-mV steps,

followed by voltage steps te-50 mV.

N-terminal and the S4 mutant channels, we constructed
macroscopid(V) curves from the measured tail currents.
The G(V) curves were fitted with a simple Boltzmann
function (Figs. 2 and 6\). The estimated half-activation
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(A) B)
. x 1.0
g
d’é Z 054 +30mV
= l6s B { R176S
RI?GS g 0.0 \
I I T T
2 1 2
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% 0.0 g
5 £ A20-34
— 0.5 S 0.5
= A034 3 -100 mV
-1.0 =104
| T I | T
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<
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= 1.0
I | I ] 1
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©
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-100 0 -100 0
Voltage (mV) Voltage (mV)

FIGURE 5 Effects of the S4 mutation R176S and the N-terminal deletions on the activation and deactivation kinetics of the KAT1 &jannel. (
Macroscopic inward currents elicited at140 mV in oocytes expressing the wild-type channeisay trace$ or mutant channels (R176320-34,
R176SA20-34;black trace$. Currents recorded 5 ms after onset of the pulse were normalized to the maximum inward current amplitude at the end of
the 2.5-s pulse. The bath solution used for the measurements &2€he34 channel and the wild-type channel consisted of 50 mM KCI, 90 mM NacCl,

2 mM MgCl,, 0.5 mM CaCl, 10 mM HEPES, pH 7.2 (NMG). In others, the solutions contained 20 mM KCI, 120 mM NacCl, 2 mM MyCmM HEPES,

pH 7.2 (NMG). B) Comparison of the deactivation time courses in the wild-tygray trace$ and mutant KAT1 iflack trace$ channels. Tail currents
were normalized and superimposed. The tail currents of the R176S and wild-type channels were comp&@adnat in the presence of 140 mM
extracellular KCI. The currents of th®#20-34, R17620-34 and wild-type channels were recorded-400 mV in the presence of 50 mM KCI and 90

mM NaCl in the bath. The bath solution used for the experiments on the RAZ8S34 channels also contained 0.5 mM Ca(T) Voltage dependence

of the fast component in the tail current time course. Tail currents were fitted with a sum of two exponentials, and the fast time constant valogsdvere pl
against the voltage. The experiments were performed in 50 mM K@) é@nd 140 mM KCI (ight). The bath solution used for the experiments on
R176SA20-34 channelX( left) also contained 0.5 mM CagLISymbols have the following meanings; wild-type channelif = 6); V, wild-type channel
(n=15); A, R176S channeh(= 7); ¥, A20-34 channel(= 4); X, R176SA20-34 channel(= 4); #, R176SA2-34 channel(= 5); ® R176SA16-34
channel ( = 6); B, R176SA34—45 channeln( = 8). The smooth lines represent polynomial fits to the data only to facilitate comparison.

voltages V,,,) and the number of equivalent gating chargesor cGMP-dependent protein kinases (Pearson and Kemp,
(2) are shown by box plots in Fig. B. The deletions in the 1991), we generated the mutant channel S26A:S27A. How-
N-terminus A2-34,A16-34,A20-34) shiftedV,,, toward  ever, the electrophysiological properties of the S26A:S27A
more negative voltages. In contrast, the S4 mutation R1768hannel such as kinetic¥,,,, andz were similar to those of
shifted theG(V) curve toward more positive voltages. Lim- the wild-type channel (data not shown), indicating that the
iting slope measurements, which could be used to estimatgutative phosphorylation site in the N-terminus is not likely
the equivalent charge movements in a model-independend be involved in regulating the gating behavior of KAT1.
manner (Zagotta et al., 1994), were not performed because The S4 mutation R176S reduced the equivalent gating
the very small tail current amplitudes at depolarizing potencharge movement, consistent with the hypothesis that this
tials prevented reliable calculations db/G,,,, values amino acid residue is involved in voltage sensing. However,
(<<0.001) at the voltages where the open probability waghe N-terminal deletion®20—-34 and\34—-45, did not alter
very small. To examine whether the effect of the N-terminalthe number of equivalent gating charges in a statistically
deletions A2-34,A16—-34,A20-34) onV,, is related to the  significant manner (Figs. 2 and 6; Marten and Hoshi, 1997).
loss of a putative phoshorylation site for protein kinases CBecause the R176S mutation decreased the voltage sensi-
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FIGURE 6 Effect of N-terminal deletions and the 5
S4 mutation R176S on the voltage dependence and 3
sensitivity of KAT1. (A) NormalizedG(V) curves
determined for the wild-type and the mutant KAT1
channels are plotted on a linedeff) or semiloga-

rithmic (right) axis. Along with the wild-type [(J,

n = 5) and R176S4, n = 5) channelsG(V) curves

from theA20-34 ¥, n = 4) and the R176420-34

(X, n = 5) channels are shown at the top, and those E
from the R176SA2-34 channel ¢, n = 6) are
shown in the bottom panelBJ Half-activation volt-
ages and number of equivalent charges estimated for
wild-type and mutant channels by fitting(V)
curves with a simple Boltzmann function are shown
as box plots. The vertical lines of the central box
represent the 25th percentile, the median, and the
75th percentile of the data set. The highest con- (B)
nected data values are given by whiskers. Shaded
areas represent the 95% confidence intervals of the
medians. Except for tha34—-45 q = 5), theA20—

34, and the R176816-34 6 = 5) channels, the
experiments were performed in the presence of 20
mM KCI, 120 mM NaCl, 2 mM MgC}, 10 mM
HEPES, pH 7.2 (NMG). The bath solution used for

the A34-45, theA20-34, and the R176816-34
channels contained 140 mM KCI and 0 mM NacCl.

The bath solution for théa20—34 and the R176S:
A16-34 channels contained 50 mM KCl and 90 mM
NaCl.
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tivity whereas the N-terminal deletions did not affect the KAT1, suggesting an interaction of the C-terminus and the
sensitivity, it was expected that the double-mutant channelsjoltage-sensing domain (Marten and Hoshi, 1997). The
R176SA2-34, R1763116-34, and R176320-34, would  results presented here show that in addition to the C-termi-
have decreased equivalent gating charges similar to that ofus, the N-terminus of KAT1 contributes to the voltage
the R176S channels. However, the number of equivalergensitivity of KAT1. Our results further show that the in-
gating charges estimated for these S4 and N-terminal doward rectification of KAT1 is not likely to represent recov-
ble-mutant channels was surprisingly indistinguishableery from inactivation, as shown for the HERG channels
from that estimated for the wildtype channels rather than fo(Smith et al., 1996; Schherr and Heinemann, 1996).

the R176S channels (e.0Zr176sa2-34 = 1.61 = 0.15,
Zyjild-type 1.71 = 0.17, Zgi76s = 1.02 = 0.05;
Nr176sa2-34 = 6, Nyid-type = 9 Nrizes = 9). The results
indicate that the N-terminal deletions can restore the equi
alent gating charges reduced by the S4 mutation, althougiihe apparent inward rectification of HERG channels has
the N-terminal deletions alone do not affect the gatingbeen linked to fast C-type inactivation and hyperpolariza-
charge movement. A simple model that accounts for thision-dependent recovery from inactivation (Warmke and
paradoxical observation is presented below. Ganetzky, 1994; Smith et al., 1996; Scherr and Heine-
mann, 1996). Despite the primary sequence similarity be-
tween HERG and KATL1, our results argue against the
DISCUSSION hypothesis that the gating mechanisms of HERG and KAT1
Voltage-dependent activation and deactivation of ion chanare similar. The KAT1 gating depends neither on the extra-
nels in theShakersuperfamily were thought to be mainly cellular K" and Cs concentration (Fig. 1A-C, Véry et al.,
determined by the transmembrane channel domains. In thE995) nor on the amino acid at position 267 (FigDland
KAT1 channel, the N- and C-termini domains also contrib-E), which is equivalent to position 449 in tf&B channel,

ute to the voltage-dependent gating. We recently reportelnown to be important in C-type inactivation. If N-type
the influence of the C-terminus on the voltage sensitivity ofinactivation (Hoshi et al., 1990; Miller and Aldrich, 1996)

Inward rectification of KAT1 is not
V|_'elated to inactivation
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were involved, then truncation of the N-terminus should Wildtype R1768 out
result in slower deactivation of KAT1. However, KAT1 1 2

deactivated faster when N-terminal residues were removed
(cf. in Fig. 5: A20—-34 channels versus wild-type channels;
R176SA2-34 and R176A16-34 channels versus R176S  in
channels). Thus N-type inactivation is not likely to be
directly involved in the KAT1 channel’s rectification. Thus
the hyperpolarization-induced inward currents are probably
related to KAT1 activation rather than to recovery from
inactivation.

\ Az=-33% T
Az=0%

R176S:A20-34  out

The S4 segment may function as a voltage
sensor of KAT1

. . FIGURE 7 A simple model to account for the effects of the N-terminus
For voltage-gated channels from the animal kingdom, th&nd the S4 domain on the KAT1 voltage sensitivity. The diagram shows the
S4 segment is proposed as the major voltage sensor of tlga domain of one subunit as a striped bar, with two positively charged
channel protein (Papazian et al., 1995; Larsson et al., 199@esidues;+, and +5. The gray background represents the dielectric body
Seoh et al., 1996). Neutralization of a positively Chargeoassembled by the channel protein itself and/or the lipid bilayer, and
determines the magnitude of the electric field controlling the charge

residue in the S4 domain of KAT1 (R176S) caused a right-

o - . -\ . movement in the S4 domain. To describe charge movement through a
ward shift in the midpoint of activation and, more impor- fraction of the transmembrane potenti) (the dotted region is subdivided
tantly, a decrease in the equivalent gating charge movemeniio three areas. The partial displacements-gfthrough two-thirds and of
identifying Arg'’® as a voltage-sensing residue of KAT1 +e through one-third of the transmembrane potential result in the total
(Figs. 2 and 6). Similar observations were made for thé:harge movement of r% in the wild-tylpe gh(annel d)uri?]g the steatrj]y-state
. . activation process. Whenr-g is neutralized (R176S), the gating charge
KATl-homoIogous K’ channel KST1 When its S4 residue movement decreases by 33%, leaving oftly to contribute the overall
R181, an equivalent to the KAT1 residue R177, was NeUgharge movement. When the N-terminal residues 20—34 are removed, the
tralized (R181Q; Hoth et al., 1997). Judging from the 40%electric field strength increases, resulting in the movement pthrough
reduction in the gating charge movement, the KAT1 residudhe total transmembrane potential. The chatgedoes not contribute to
R176 onIy partially traverses the transmembrane field (Cf}he gating charge movement, and the total number of gating charges moved

. L . in the A20-34 channel is unaltered with respect to the wild-type channel
Fig. 7). When an additional positive charge (S168R) WaS[Az= 0%). No changes in the gating charge movement occur when the S4

introduced in the S4 domain (Dreyer et al., 1997),&(¥)  mutation is present in tha20—34 channel20—34 versus R176820—
curve was steeper compared to that of the wild-type chans4: Az = 0%).

nel, indicating that the residue S168 moves within the
membrane electric field during the activation process. Thus,

as with theShakersuperfamily, the S4 segment of plantK ics (Figs. 5 and 6). The deletioo—34 andA16-34 even
channels such as KAT1 and KST1 functions as a VOItagpshifted the activation curve out of the recording range. In

Sensor. comparison, some deletions in the N-terminus of the out-
ward rectifier reag shifted the activation curve to more
negative voltages (Terlau et al., 1997). The deactivation and
activation kinetics of these eag mutant channels slowed,
whereas a N-terminal deletion in HERG channels acceler-
Amino acid residues outside the S4 segment are also knowasied deactivation, as in KAT1 channels (Seherr and

to influence the voltage-dependent gating of tBeaker Heinemann, 1996; Fig. 5). The N-terminus of KAT1 con-
channel. For instance, residues in other transmembrane seigins a motif (lysine-glutamine-serine, at position 24-26)
ments (S2 and S3) in thhakerchannels, and leucines in for a protein kinase C (PKC)- and cGMP-dependent phos-
the S4-S5 linker segment of th8haker Na™ and C&" phorylation site (Pearson and Kemp, 1991). Removal of the
channels contribute to voltage-sensing function (Papazian gutative phosphorylation site (S26A) did not alter the elec-
al., 1995; Larsson et al., 1996; Seoh et al., 1996; Tiwaritrophysiological properties of KAT1, indicating that the
Woodruff et al., 1997; Auld et al., 1990; McCormack et al., effect of the N-terminus on the activation curve may not
1991; Garcia et al., 1997). Furthermore, we recently demdepend on its phosphorylation status.

onstrated that the putative cytoplasmic C-terminus of the

KAT1 channel influences the voltage sensitivity (Marten The KAT1 N-terminus controls voltage sensing in

and Hoshi, 1997). In addition, the results presented her .
reveal that the N-terminus also influences the voltage-sens%\-he S4 segment by forming a part of the S4 canal

ing process of KAT1 (Fig. 6). N-terminal deletions causedOur experiments on the S4 mutation, N-terminal deletions,
a leftward shift of the half-activation voltage along the and the double mutations combining the S4 and N-terminal
voltage axis, primarily because of faster deactivation kinetmutations produced a paradoxical result. The S4 mutation

The N-terminus of KAT1 controls its
voltage-dependent gating
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R176S decreased the equivalent gating charge movementdata presented here from the KAT1 channel and those
the wild-type background, but not in the N-terminal deletionobtained recently from HERG andeiag channels (Scho
mutants (Fig. 6). The model presented in Fig. 7 accounts foherr and Heinemann, 1996; Terlau et al., 1997) suggest that
the paradoxical effect of the N-terminal deletions and the S4he N-terminus may also determine activation/deactivation
mutation on the voltage sensitivity by postulating that thekinetics, voltage dependence, and voltage sensitivity, pos-
N-terminal deletions affect the fraction of the electric field sibly by interacting with the voltage-sensing S4 segment.
traversed by the S4 gating charges. Given the organizational similarities found among different
The number of equivalent gating chargesdstimated is  voltage-gated ion channels, it is likely that the N-termini of
the sum of the products of individual chargey énd the  other channels, such as voltage-dependent biad C&*
fractions of the membrane field traverset)(as given by channels, may have similar roles in their voltage-dependent
z = 2zd,. If fewer charges are involved, but the fraction of gating behavior.
the electric field that each charge traverses increases pro-
portionally, the apparent gating charge movenzmnay not
change. For the sake of simplicity, it is assumed that th
number of equivalent gating charges of the wild-type chan- . .
nel is on r subunit timated usina the fourth pow IM was supported by the Human Frontier Science Program (LT380/95),
€l 1S one per subu N as es _ae using the fou po eJnd TH was supported in part by the National Institutes of Health
of a Boltzmann function (Hoshi, 1995). In our model, we Gms1474).
postulate that two charges in the S4 segmengt,and +g,
move two-thirds and one-third through the electric field,
corresponding to the total charge movement of one pel':“EFERENC'Es
subunit. The+A Ch_arge moves from 0% to 67% of the way Aldrich, R. W. 1994. Potassium channels. New channel subunits are a
through the electric field. The-g charge moves from 67%  turn-off. Curr. Biol. 4:839—840.
to 100% of the way through the electric field. When chargeAnderson, J. A., S. S. Huprikar, L. V. Kochian, W. J. Lucas, and R. Gaber.
; ; ; 1992. Functional expression of a probalebidopsis thaliangotas-
NG IS. neutralized, as !n the R176S channel, only chqrge sium channel irBaccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA.
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