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ABSTRACT We studied how the C and N termini of the
plant K* channel KAT1 influence the voltage-dependent
gating behavior by generating C- and N-terminal deletion
mutants. Functional expression was observed only when C-
terminal deletions were downstream of the putative cyclic
nucleotide binding site. Treatments of oocytes expressing
KAT1 channels with anticytoskeletal agents indicated that
intact microtubules are important for functional expression.
C-terminal deletions altered the voltage sensitivity of the
KAT1 channel with greater deletions resulting in smaller
equivalent charge movements. In contrast, a deletion in the N
terminus (A20-34) shifted the half-activation voltage by
approximately —65 mV without markedly affecting the num-
ber of equivalent charges. The results reveal novel roles of the
N and C termini in regulation of the voltage-dependent gating
of KAT1.

The cloned plant potassium channels, KAT1, AKT1/3, and
KST1, functionally expressed in heterologous expression sys-
tems conduct inward currents upon hyperpolarization (1-7).
Their amino acid sequences, however, are similar to those of
the members of the Shaker superfamily such as the Drosophila
eag channel, the human-related eag channel HERG and the
cyclic nucleotide-gated (CNG) channel (5, 6, 8, 9; for review,
see ref. 10). The structural organization of the KAT1 channel
consists of six putative membrane-spanning domains (S1-S6)
with a putative voltage-sensing S4 segment and a P-region
between S5 and S6. The N and C termini are likely to face the
cytoplasm and thus are accessible by intracellular regulatory
factors (4).

Recent studies have shown that the members of the Shaker
superfamily contain several definable functional domains. For
example, the S4 and the S4-S5 linker segments appear to have
major roles in voltage-sensing and activation (for review, see
ref. 11). Some mutations in the S4 segment alter the equivalent
charge movements associated with voltage-dependent activa-
tion (12). In contrast, the N-terminal domain is known to be
important in N-type inactivation (13-15) and subunit assembly
(16) while the C-terminal domain often contains regulatory-
factor binding domains as in Ca?*-dependent K* channels
(Slo) (17) and CNG channels (18). The KAT1 channel subunit
has a short N terminus with one potential phosphorylation site
and a long C terminus with several putative regulatory sites
(Fig. 1). The sequence similarity between a region of the KAT1
C terminus and the cAMP-binding domain of the Escherichia
coli catabolite gene activator protein (20) suggests the pres-
ence of a cyclic nucleotide binding site in KAT1. Further, the
KAT1 C terminus is rich in potential phosphorylation sites
mediated by cAMP/cGMP-dependent protein kinases, Ca*
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calmodulin-dependent kinase II or protein kinase C (19), and
putative protonation sites (e.g., histidines). The KAT1 ho-
mologs AKT1, AKT2, and AKT3 contain an ankyrin repeat
domain in the C-terminal region, indicating a potential cy-
toskeletal binding segment (6, 9, 21). BLAST sequence com-
parison of the KAT1 C-terminal region with other proteins
stored at the National Center for Biotechnology Information
did not reveal a putative ankyrin-binding site but a potential
microtubule-interaction site in the distal segment of the C
terminus (position 563-631). This region is characterized by a
highly basic profile (Fig. 14) and shares an identity of ~25%
with a domain of the microtubule-associated proteins MAP1b
(GenBank accession no. P14873), which enables the interac-
tion between MAP1b and microtubules (22).

The KAT1 channel activity depends on membrane voltage
as well as on extra- and intracellular modulatory factors.
Hedrich et al. (3) and Hoshi (4) showed that acidification of the
extra- or intracellular media shifts the voltage range of KAT1
activation toward more positive voltages. In addition, KAT1
gating is modulated by nucleotides and other yet unidentified
intracellular factors as suggested by (i) the rundown in channel
activity through patch excision, (if) the ATP-induced mainte-
nance/recovery of the channel activity in excised membrane
patches, and (iii) the cGMP-induced shift of the current—
voltage (I-V) curve to more negative voltages (4). Using
mutagenesis, electrophysiological, and pharmacological ap-
proaches, we examined how the C- and N-terminal segments
contribute to the KAT1 channel gating. Our results show that
the N- and C-terminal domains have novel roles in regulating
the voltage-dependent gating behavior, previously thought to
be mediated largely by the core putative transmembrane
segments.

MATERIALS AND METHODS

Molecular Biology. N- and C-terminal deletions of KAT1
were generated by PCR cassette mutagenesis and sequences of
the PCR-amplified segments were verified by the DNA core
facility of the University of lowa. The LASERGENE NAVIGATOR
program (DNAstar, Madison, WI) was used to analyze DNA
and protein sequences. The oocytes were prepared and in-
jected with RNAs essentially as described by Hoshi (4).

Electrophysiology. Whole-oocyte and macropatch record-
ings were performed essentially as described by Avdonin et al.
(23). The analysis of the deactivation kinetics and determina-
tion of the conductance-voltage (G-V)) curves were per-
formed without leak subtraction. The G-V curves were cal-
culated upon the tail current amplitude recorded at a constant
deactivating voltage pulse after a series of hyper- and depo-
larizing voltage pulses. In most experiments, the tail currents
were recorded at —50, —60, or —70 mV. For the measurement
on the A501-677 channel in the presence of 20 mM KCI (see

Abbreviations: CNG, cyclic nucleotide-gated; G-V, conductance—
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Fic. 1. Effects of C- and N-terminal deletions on functional
expression of KAT1. Schematic representation of the KAT1 C (A4) and
N (B) termini (striped horizontal bars) and their putative regulatory
sites [p, protein phosphorylation sites according to Pearson and Kemp
(19); CAP, cyclic nucleotide binding site; MAP1b, microtubule-
associated protein interaction site; CAP/MAP1b, open bars). The
average charge of the C terminus calculated by summing the charges
over a range of 18 residues at pH 7.2 is illustrated as shaded areas
underlying the striped horizontal bar in 4. Deleted regions are given
by black and gray horizontal bars indicating nonfunctional or func-
tional expression of the appropriate channel mutant, respectively.

Fig. 54), and on the A20-34 channel, the tail currents were
determined at 30 mV and —80 mV, respectively. The macro-
scopic conductance data points were fitted with a simple
Boltzmann distribution as given by the following function:
G(V) = 1/{1 + exp[—(V — Vi,,)zF/RT]} where R, T, and F
have the usual meanings, z represents the number of equivalent
charges, and V1, is the half-activation voltage where 50% of the
maximal conductance level is reached. If not otherwise men-
tioned, results are presented as mean * SD (n = number of
experiments). Error bars in figures represent SD.

Solutions. Two-electrode voltage-clamp experiments were
performed in the presence of 50 mM KCl, 90 mM NaCl, 2 mM
MgCl,, and 10 mM Hepes (pH 7.2). The standard extracellular
patch-clamp solution contained 140 mM KCI, 2 mM MgCl,,
and 10 mM Hepes (pH 7.2) while the standard internal/bath
patch-clamp solution was composed of 140 mM KCI, 2 mM
MgCl,, 11 mM EGTA, and 10 mM Hepes (pH 7.2). The
patch-clamp experiments at a low intracellular pH were per-
formed in 140 mM KCl, 2 mM MgCl,, 11 mM EGTA, and 10
mM Mes (pH 6.2). The pH of the solutions was adjusted with
N-methyl-D-glucamine. Other solutions used are mentioned in
the figure legends. Cytochalasin-D (Sigma) and nocodazole
(Calbiochem) were dissolved in dimethyl sulfoxide (DMSO,
cytochalasin-D: 1 mg/ml; nocodazole: 1.5 mg/ml) whereas
colchicine (Sigma) was dissolved in ethanol (EtOH, 40 mg/
ml). Drug-containing ND96 solutions were prepared fresh by
adding sufficient stock to obtain a final concentration of 20 uM
cytochalasin-D/1% DMSO, 50 uM nocodazole/1% DMSO,
or 100 uM colchicine/0.1% EtOH. Control ND96 solutions
were prepared by adjusting the final vehicle concentrations
(EtOH or DMSO) to 0.1% or 1% (vol/vol), respectively. To
prevent photodestruction of the drugs, the oocytes were
treated with agent-containing or agent-free ND96 solutions in
the dark.

RESULTS

Cytoskeletal Elements Do Not Control the Voltage-
Dependent Gating Behavior of KAT1. We first examined
whether the rundown of the KAT1 activity observed on patch
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excision was caused by a loss of interaction between the
channel protein and cytoskeleton. This hypothesis predicts that
treatments with cytoskeleton-disrupting agents mimic the run-
down process by changing the kinetics or shifting the macro-
scopic G-V curve to more negative voltages (4). Two days after
injection of KAT1 RNA, we incubated the oocytes in 100 uM
colchicine, a microtubule disrupter (24). After more than 21 h,
the electrical properties of the oocytes were studied with the
two-electrode voltage-clamp technique. Hyperpolarizing
pulses to more negative than —80 mV elicited time-dependent
inward currents in both control and colchicine-treated cells,
and the currents declined instantaneously upon depolarization
(Fig. 24). Though other interpretations are possible (25, 26),
the terminology ‘“‘activation” and “deactivation” is used
throughout this work to describe the hyperpolarization-
induced rise and repolarization-dependent decay in the cur-
rent amplitude, respectively. The colchicine-treatment re-
duced the mean current amplitude at —120 mV measured from
the same batch of oocytes by 47% (Fig. 2A4). Using tail current
amplitudes, G-V curves were determined for both experimen-
tal conditions and fitted with a simple Boltzmann function
(Fig. 2A4). Colchicine altered neither the midpoint voltage of
activation (Vi, ~ —111 mV) nor the number of equivalent
charges (z =~ 1.6; Fig. 2B). The colchicine treatment did not
affect the kinetics of the KAT1 channel. Neither the deacti-
vation time constant (7) nor the half-activation time (t./,) were
altered (Fig. 2 C and D). When colchicine was extracellularly
applied to KAT1-expressing oocytes, an immediate decline in
the current amplitude was not observed. In addition to col-
chicine, the drug nocodazole (24) and/or low temperature,
both which are known to disrupt the microtubule integrity, also
affected the KAT1 current amplitude. Preincubation of oo-
cytes at 8°C (4 h) followed by nocodazole treatment (50 uM,
>12 h at 17°C) reduced the steady-state current amplitude by
74.6% in a statistical significant manner [two-sample ¢ test: P =
0.0011; Inocodazole = —1.6 = 0.2 uA (SEM), n = 16; Icontrot =
—6.3 £ 1.1 pnA (SEM), n = 16]. Low temperature (8°C for 4-6
h) decreased the amplitude by 37.3%, but the effect was not
statistically significant (P = 0.1521; Isc = —4.2 = 0.7 pA
(SEM), ngec = 16, 117°C =-6.7=*1.1 }LA (SEM), ni7c = 14)
The action of the antiactin agent cytochalasin-D was also
studied (27). After treatment of KAT1-expressing oocytes with
20 uM cytochalasin-D for at least 13 h, the G-V curves
obtained from control and cytochalasin-treated cells were not
markedly different (Fig. 2E). But unlike colchicine, cytocha-
lasin-D did not decrease the mean steady-state current am-
plitude (Fig. 2F). Similar results were obtained when treat-
ment with cytochalasin-D was done for at least 23 h (data not
shown). Both anticytoskeletal agents, colchicine and cytocha-
lasin-D, failed to shift the G-} curve or to slow down the
activation kinetics. Although microtubules are not solely re-
sponsible for the channel rundown, they are important for
functional expression of the wild-type KAT1 channel.

If the putative microtubule-binding site in the C terminus is
involved in KAT1 rundown, deletion of the motif should result
in nonfunctional expression and eliminate the colchicine sen-
sitivity. Thus, we constructed a deletion mutant (A563-632)
which lacked the cytoskeletal binding motif (Fig. 14). The
representative current traces and the G-} curves determined
from the same batch of oocytes indicate that the deletion
neither prevented functional expression nor altered the volt-
age-dependent properties of KAT1 (Fig. 3 A and B). The
measured half-activation voltages for the wild-type and the
A563-632 channel were —111.7 = 1.6 mV (n = 5) and
—116.0 = 5.6 mV (n = 6), and the equivalent charges were
1.66 = 0.14 (n = 5) and 1.56 = 0.15 (n = 6), respectively (Fig.
3B). We further incubated oocytes expressing the A563-632
channels for 22-30 h in 100 uM colchicine. The colchicine
treatment decreased the current amplitude at —120 mV by
43% (Fig. 3C). This fractional reduction was similar to the
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Fic. 2. Effects of anticytoskeletal agents on KATI1. (4) The
average currents induced by a voltage step from —10 to —120 mV in
oocytes from the same batch were recorded after exposure to colch-
icine-containing (100 uM colchicine, upper trace, n = 12) or colch-
icine-free ND96 solution (lower trace, n = 10) for at least 21 h at 17°C.
Solid black lines represent the mean current amplitude, the shaded
areas show the corresponding SEM. (B) No change in KAT1 voltage
dependence after colchicine treatment. Normalized G-} curves for
KAT1 obtained from tail current measurements at —50 mV were fitted
with a simple Boltzmann distribution (A control: V1), = —112.1 £ 3.2
mV, zy = 1.53 = 0.14, np = 8; O colchicine, Vi, g = —110.8 + 5.7
mV, zg = 1.57 = 0.14, ng = 8). (C) No effect of colchicine on KAT1
deactivation kinetics. Following a constant hyperpolarizing voltage
step to activate the KAT1 channels, tail currents were recorded at
different voltages (—140 to 20 mV in 10-mV increments). Time course
of the current decline was fitted with the sum of two exponential
functions. The fast deactivation time constants are plotted against the
voltage (na = 7-8, ng = 6-9, depending on the voltage). (D) No
effect of colchicine on KAT1 activation kinetics. The half-activation
time t1/, is given as a function of voltage. It represents the time at
which the half-maximal current amplitude evoked by a 2.5-s voltage
pulse is reached (na = 8-17, nq = 9-14, depending on the voltage).
Symbols used in C and D have the same meaning as in B. (E) No
change in KATI voltage dependence after cytochalasin-D treat-
ment. Normalized G-V curves for KAT1 wild type were determined
from tail current measurements using the same batch of oocytes at
—60 mV after incubation in drug-containing (20 uM cytochalasin-D
0; Vi, = —112.1 £ 6.0 mV, z = 1.81 = 0.08, n = 4) or drug-free
NDY6 solution (4; Vi, = —118.0 = 1.7mV,z = 1.72 = 0.13, n =
6) for at least 13 h at 17°C. (F) Box plots of the maximal current
amplitude elicited at —140 mV in oocytes treated as described in E
(ncontrol = 25, Hcytochalasin-D = 18)

reduction observed in colchicine-treated oocytes expressing
KAT1 wild type (Fig. 2A4). If loss of interaction through the
putative cytoskeletal interaction domain deleted in the A563—
632 channel is responsible for the rundown, properties of the
A563-632 channel after patch excision are expected to be
different from those of the wild-type channel. However, as
with the wild-type channel, the A563-632 channel underwent
the rundown process on patch excision. Fig. 3D shows that the
I-V curves shifted to more negative voltages after the inside-
out configuration was established. As reported for the wild-
type KAT1 channel (4), rundown of the A563-632 channel was
also accompanied by a slow-down in the activation time course
(data not shown). Thus, neither the colchicine effect nor the
rundown is mediated by the C-terminal region 563-632 of
KATI1.

The Putative Cyclic Nucleotide Binding Domain Is Impor-
tant for Functional Expression of KAT1. In addition to the
deletion A563-632, we made other deletions in the carboxyl
segment to identify amino acid residues involved in regulation
of KAT1 gating (Fig. 14). Functional expression of mutant
channels was tested with both hyper- and depolarizing voltage
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pulses (Figs. 34 and 44). Hyperpolarization-induced K* cur-
rents were not detected over a broad voltage range (—180 to
10 mV) from channel mutants containing deletions in the
putative cyclic nucleotide binding domain or in the segment
between S6 and this cyclic nucleotide binding domain (A345-
410, A315-336, A311-677, A411-677, A467-677; Fig. 1A4,
black horizontal bars). Pulses to very negative voltages (e.g.,
—180 mV) frequently elicited only endogenous inward cur-
rents as described by Tzounopoulos et al. (28). In contrast,
when deletions were made downstream of the cyclic nucleotide
binding domain, hyperpolarization-induced inward K* cur-
rents were observed as shown for the channel mutants A563—
632 and A501-677 in Figs. 34 and 4 A, respectively. The results
show that the putative cyclic nucleotide binding domain is
required for functional expression of KAT1.

Based on the deletion results described above, we hypoth-
esized that proteolytic cleavage of the C-terminal domain
should convert a functional into a nonfunctional KAT1 chan-
nel. We inserted four additional amino acid residues (Ile-Glu-
Gly-Arg) at position 310, representing the cleavage site of the
restriction protease factor Xa. Unfortunately, the insertion
itself caused nonfunctional expression of the mutant channel,
preventing us from testing the effects of the C-terminal
backbone cleavage by factor Xa.

We further examined whether the distal segment of the C
terminus contributes to the modulatory phenomena of the
wild-type channel, such as rundown behavior and intracellular
pH sensitivity (4). Recordings from the A501-677 channel
were performed using the macropatch-clamp method. We
found that the A501-677 channel activity still underwent
rundown on patch excision, and that a change of the intracel-
lular pH from 7.2 to 6.2 resulted in a shift of the -V curve to
more positive voltages as shown for the wild-type channel
(data not shown). Since the putative cyclic nucleotide binding
site is still present in the A501-677 channel, the sensitivity of
this mutant channel toward intracellular cGMP is very likely
maintained and therefore, was not tested. Thus, the distal
segment of the C terminus does not mediate rundown behavior
and is not required for the intracellular pH sensitivity of the
KAT1 channel.

C-Terminal Deletions Influence the Voltage Sensitivity of
KAT1. Voltage sensitivity of a channel can be inferred from the
equivalent charge movement associated with its G-} curve
while both voltage-dependent and -independent gating tran-
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F1G. 3. Properties of the A563-632 channel. (4) Representative
current traces evoked in response to 2.5-s voltage pulses from —150 to
—30mV in 10-mV increments from a holding voltage of —10 mV. Tail
currents were recorded at —60 mV. (B) Normalized G-V curves for
KAT1 wild type (A, n = 5) and A563-632 channel (OJ, n = 6). (C)
Comparison of the mean current amplitudes at —120 mV measured
from the oocytes treated with colchicine-free ND96 solution (lower
solid black line, n = 17) or with 100 uM colchicine-containing ND96
solution (upper solid black line, n = 18) for >22 h at 17°C. The shaded
regions represent the corresponding SEM. (D) Current-voltage curves
obtained by 2-s ramps from 50 to —190 mV were recorded in the
inside-out configuration immediately (0 min) and 3 min after patch
excision.
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FiG. 4. Decrease in the charge movement of the A501-677 chan-
nel. (4) Representative current traces of KAT1 wild-type (Left) and
the channel mutant A501-677 (Right) elicited in response to voltage
pulses from —150 mV to —30 mV in 10-mV increments from a holding
voltage of —10 mV. The A501-677 currents were recorded in the
presence of 50 mM KCl, 90 mM NaCl, 2 mM MgCl,, 0.5 mM CaCly,
and 10 mM Hepes (pH 7.2). (B) Linear plot of normalized G-V curves
determined for KAT1 wild-type (A, n = 5) and the A501-677 channel
(3, n = 7) from the same batch of oocytes. The extracellular solution
contained 20 mM KCl, 120 mM NacCl, 2 mM MgCl,, 10 mM Hepes (pH
7.2). (C) Semilogarithmic plot of the G-V curves shown in B. Similar
half-activation voltages and equivalent gating charges were estimated
for the A501-677 channel in the presence of different extracellular K*
concentrations (20 mM K* in B and C vs. 50 mM K* in Fig. 54 and
B).

sitions contribute to the half-activation voltage. We found that
C-terminal deletions altered the voltage sensitivity of the
KAT1 channel in a systematic way. G-} curves from tail
currents were measured for each functional channel mutant
(Figs. 34 and 4A4). In Fig. 4 B and C, the G-V curves for the
wild-type and A501-677 channels measured from the same
batch of oocytes were plotted on linear and semilogarithmic
axes. This deletion did not noticeably affect the half-activation
voltage (Vl/z wild type = —-1189 = 1.9mV,n = 5; Vl/2 A501-677 =
—112.5 £ 9.9 mV, n = 7, two-sample ¢ test: P = 0.5562; Fig.
4 B and C). However, the G-V curve from the A501-607
channel was markedly less steep than that from the wild-type
KAT1 channel. The number of equivalent charges estimated
for the A501-677 channel was zasp1-677 = 1.05 = 0.08 (n = 7),
about 39% lower than the number obtained for the wild-type
channel (zwilg type = 1.71 £ 0.17, n = 5). This difference was
statistically significant (two-sample ¢ test, P = 0.0043). The
limiting slope measurements (29) were not possible because
the very small tail current amplitudes at depolarizing poten-
tials prevented reliable calculations of the required G/Gmax
values (<<0.001) at voltages where the open probability is very
small.

The half-activation voltages and the number of equivalent
charges determined for KAT1 wild type and all functional
C-terminal deletion mutants are summarized in Fig. 5 4 and
B. The results show that the number of equivalent charges
decreases with the increasing number of amino acids truncated
from the C terminus (Fig. 5B) with a high linear correlation
coefficient (R = —0.907). Since a change in the net charge of
the C terminus did not alter the voltage sensitivity in a
predictable manner (R = —0.287, Fig. 5C), the overall net
charge of the C terminus seems not to be important for the
voltage-sensing process. However, there was a high correlation
between the number of equivalent charges and the number of
either positively or negatively charged residues removed from
the C terminus (Fig. 5D, R = —0.873 for deleted positive
charges, and Fig. 5E, R = —0.893 for deleted negative charges).
The results suggest that the distal segment of the C terminus
influences the voltage-sensing mechanism of the KAT1 chan-
nel in a graded manner.

In contrast, the C-terminal deletions did not systematically
affect the half-activation voltage (Fig. 54). While a shift in
the half-activation voltage of about 12 mV along the voltage
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axis was found for the A541-677 channel (Vi assi—677 =
—129.0 = 4.6 mV,n =4V, wid ype = —116.3 = 1.6 mV,n =
6), and the A513-552 channel (V1/, as13-552 = —105.6 = 3.0 mV,
n =9V wid ype = —117.2 = 2.0 mV, n = 3), the half-
activation voltage of KAT1 was not markedly altered by other
deletions.

To elucidate whether the decrease in the overall charge
movement is linked to the charge movement (z¢) associated
with the closing transition, the voltage dependence of the
deactivation time course of A501-677 was studied by measur-
ing tail currents at voltages where the steady-state open-
channel probability is negligible (Fig. 64; see Fig. 4 A and B).
Tail currents were fitted with single exponentials and their
time constants were plotted in Fig. 6B. At the voltages
recorded, the deactivation time course of the A501-677 chan-
nel was slower than that of the wild-type channel. The voltage
dependence of the relaxation time constant of the wild-type
and the A501-677 channels corresponds to a charge movement
of z¢ wild type = 0.55 and zc¢ as01-677 = 0.28, respectively. Thus,
the reduced voltage dependence of the closing transition is in
part responsible for the decrease in the voltage dependence of
the steady-state macroscopic conductance.

The N-Terminal Deletion A20-34 Alters the Half-Activation
Voltage of KAT1. The short N terminus of KAT1 contains one
putative cGMP-dependent phosphorylation site (19). We ex-
amined whether the N terminus might be involved in modu-
lation and/or determination of voltage-dependent gating char-
acteristics of KAT1. When half of the N terminus (A2-34, Fig.
1B) was removed, macroscopic K*-selective inward currents
were not detected in response to large hyperpolarizing pulses
(e.g. —180 mV, data not shown). A shorter deletion, A20-34
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F16. 5. Voltage dependence of the C-terminal deletion mutant
channels. Box plots of the half-activation voltage (4) and the number
of equivalent charges associated with steady-state activation (B) are
shown for KAT1 wild-type and the functional C-terminal deletion
mutants (wild type = 205 Ra635-677 = 0; Nas61-677 = 5; Nasal-677 = 4;
nas01-677 = 45 nases—632 = 0; nasizs32 = 9). The two-electrode
voltage-clamp measurements for the A501-677 channel in 4 and B
were performed with additional 0.5 mM CaCl, in the extracellular
solution. (C-E) The mean of the number of equivalent charges
calculated for the wild-type channel (open circle) and the mutant
channels were plotted against the corresponding net charge remaining
in the entire C-terminal domain (C) or against the corresponding
number of positively (D) or negatively (E) charged amino acids
removed from the C terminus. Data points were analyzed with a simple
linear regression (solid lines) with R = —0.907 in B, R = —0.287 in C,
R = —0.873 in D, and R = —0.893 in E. Symbols have following
meanings: the A513-552 channel, +; the A635-677 channel, #; the
A563-632 channel, v; the A5S61-677 channel, A; the A541-677 chan-
nel, M; the A501-677 channel, ®.
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(Fig. 1B), however, produced functional channels, and the
representative current traces are shown in Fig. 74. This short
N-terminal deletion markedly altered the voltage dependence
of the steady-state activation. The tail current G-V curve of
A20-34 (Fig. 7B) shows a shift in the half-activation voltage of
about 65 mV toward more negative voltages (Vi az-34 =
—169.2 + 82mV,n = 3; Vi), wild type = —104.1 * 24 mV,n =
3). In contrast to some of the C-terminal deletions, the
N-terminal deletion A20-34 did not affect the voltage sensi-
tivity of the channel as indicated by the similar steepness of the
G-V curves (ZA20,34 = 1.61 £ 0.24, n = 3; zwiq type = 1.79 =
0.35,n = 3). The change in the half-activation voltage is in part
caused by the faster deactivation process in the A20-34
channel. Tail currents recorded from the wild-type and
A20-34 channels at —120 mV and compared in Fig. 7C were
fitted with the sum of two exponentials. The fast deactivation
time constant determined for the wild-type channel and the
A20-34 channel was 7 = 103.0 ms and 7 = 35.7 ms, respectively.

Despite the change in the half-activation voltage, the sen-
sitivity toward intracellular regulatory factors are maintained
in the A20-34 channel. Fig. 7D illustrates that the channel
showed rundown on patch excision, with the /- curve shifting
to more negative voltages in the inside-out configuration.
Accordingly, a voltage pulse to —200 mV did not induce
inward currents (Fig. 7E, upper trace). However, when the
intracellular pH was changed from 7.2 to 6.2, time-dependent
inward currents were again recorded (Fig. 7E, lower trace).
Thus, the residues 20-34 do not mediate the rundown or the
pH sensitivity of KATI.

DISCUSSION

We examined the roles of the N and C termini in regulation of
the KAT1 channel gating. It was previously believed that the
voltage-dependent gating properties of channel activation
were primarily dependent on the transmembrane segments of
the channel, such as the S4 segment. However, our results show
that the N and the C termini of the KAT1 channel are
extremely important in KAT1 channel function, playing crucial
roles in voltage-dependent gating and in functional expression
of the channel protein.

Microtubules Control KAT1 Expression. We hypothesized
that the separation of KAT1 channels from the cytoskeletal
network by patch excision is responsible for the rundown,
characterized by a very large shift in the voltage dependence
to a more negative direction (4). We tested this hypothesis by
deleting the putative microtubule-interacting domain of KAT1
and by studying the effects of colchicine, nocodazole, and
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F1G. 6. Voltage dependence of the deactivation time course of the
A501-677 channel. (A) Tail currents for KAT1 wild-type (Left) and the
A501-677 channel (Right) were recorded at —130 to 30 mV for KAT1
wild-type or —140 to 30 mV for A501-677 following an activating pulse
to —140 mV (wild type) or —150 mV (A501-677). (B) Tail currents
derived as shown in 4 were fitted with a sum of two exponentials. The
fast deactivation time constants are plotted against the voltage. Solid
lines represent simple exponential fits of the voltage dependence of the
time constants. (KAT1 wild type = [0, zc 7 = 0.55 = 0.06, n = 8;
A501-677 channel = W, zc g = 0.28 = 0.05, n = 2).
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cytochalasin-D, known disrupters of microtubules and micro-
filaments (24, 27). None of these manipulations mimicked the
changes in the gating properties associated with channel
rundown (Fig. 2). The results suggest that the functional
expression of KAT1 channel proteins depends on the integrity
of microtubules.

Intracellular Modulation of Functional KAT1 Mutants. The
sensitivity of the functional C- and N-terminal channel mu-
tants toward intracellular factors are unaltered. They show
rundown on patch excision, and they are regulated by the
internal pH (Fig. 7E). Removal of four potential phosphory-
lation sites distal to the putative cyclic nucleotide binding
domain and one in the N terminus (Fig. 1) did not alter
rundown behavior. If rundown is related to the phosphoryla-
tion status, then other phosphorylation sites are more likely to
be involved in channel modulation. Maintenance of the pH
sensitivity and the rundown susceptibility in the channel
mutants A5S01-677 and A20-34 indicates that the amino acid
residues elsewhere are responsible for the modulatory phe-
nomena.

C Terminus Determines Functional Expression of KAT1.
C-terminal channel mutants with deletions in the segment
between S6 and the putative cyclic nucleotide binding domain
(inclusive) were electrophysiologically nonfunctional (Fig.
1A). Insertion of only four amino acid residues representing
the consensus sequence of the restriction protease factor Xa
directly behind the S6 segment also produced nonfunctional
channels. Thus, the region between the S6 segment and the
putative cyclic nucleotide binding site (residue 311-501) is
crucial for functional expression of the KAT1 channel. How-
ever, we do not have direct evidence indicating whether the
KAT1 subunits are not properly integrated into the plasma
membrane or they are inserted but electrophysiologically
nonfunctional. In the rod cyclic nucleotide-gated channel, a
short 34-amino acid truncation of the C terminus disrupted the
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F1G. 7. Electrical properties of the A20-34 channel. (4) Inward-
rectifying currents recorded from KAT1 wild type and the channel
mutant A20-34 were elicited in response to voltage steps to —180 mV
to —40 mV in 20-mV increments from a holding voltage of —10 mV.
Tail currents were obtained at —50 mV (KAT1 wild type) or —80 mV
(channel mutant A20-34). (B) Normalized G-V curves calculated for
KAT1 wild-type (O, n = 3) and the A20-34 channel (B, n = 3). The
composition of the bath solution in4 and B was as follows: 50 mM KCl,
90 mM NacCl, 2 mM MgCl,, 0.5 mM CacCl,, and 10 mM Hepes (pH 7.2).
(C) Deactivation of the A20-34 channel. The decline of normalized
tail currents from wild-type and A20-34 channels evoked at —120 mV
after an activating pulse to —150 mV (wild type) or —170 mV (A20-34)
is shown. (D) I-V curves of the A20-34 channels were obtained by 1.5-s
ramps from 50 to —200 mV and recorded in the inside-out configu-
ration at different times after patch excision. (E) Effects of low
internal pH on the mutant currents elicited by a voltage pulse to —200
mV from a holding voltage of 0 mV in the inside-out configuration of
the same macropatch presented in D. The current traces were succes-
sively recorded at pH 7.2 and 6.2.
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functional expression by preventing a proper integration into
the plasma membrane (30). However, the truncation of the
entire C terminus of a mouse Shaker-like K* channel destroyed
the function rather than the assembly or integration of the
protein into the plasma membrane (31).

The KAT1 C Terminus Contributes to the Voltage Sensor.
In the Shaker-like channels, those mutations in the putative
transmembrane segments have been shown to affect the
voltage sensitivity (for review, see ref. 11). Mutations of the
charged residues in the transmembrane S4 segment often alter
the voltage sensitivity indicated by changes in the number of
equivalent gating charges (12). However, we found that the
deletion of a putative cytoplasmic C-terminal segment (A501-
677) decreased the equivalent charge movement of the KAT1
channel by about 40% (Figs. 4 and 5). The decrease in the
voltage sensitivity is highly correlated with the length of the
truncated C-terminal region, with a greater deletion resulting
in a smaller equivalent charge movement (Fig. 5B). Thus, the
KAT1 C terminus has a novel role of contributing to or
regulating the voltage sensor of the channel. The high linear
correlation of the gating charge movement with the change in
the number of positively and negatively charged residues rather
than to the net charge of the entire C terminus (Fig. 5 C-E)
supports the idea that the distal segment of the C terminus
between 501-677 interacts with the voltage-sensing apparatus
in a graded manner. The KAT1 C terminus could directly
interact with the cytoplasmic end of the S4 segment (32) or
with the amino acid residues that surround the S4 segment (33)
to change the effective charge movement. It will be important
to obtain physical evidence that the voltage sensor of the
KAT1 channel, probably S4, interacts with the C-terminal
domain.

The KAT1 N Terminus also Contributes to the Voltage-
Dependent Gating. The removal of the residues 20-34 retained
channel function and drastically affected the gating properties.
The activation curve shifted to more negative voltages by 65
mV (Fig. 7B) by accelerating the deactivation time course. In
contrast to the C-terminal deletions that changed the equiv-
alent charge movement, the A20-34 deletion did not affect the
voltage sensitivity. Thus, unlike the N termini of many Shaker-
like channels, which are involved in N-type inactivation (13),
the KAT1 channel N terminus regulates the deactivation
gating property. Recently, similar effects of the N terminus on
the voltage-dependent gating were found for HERG (34).
Based on the shift of the G-V curve, removal of residues 20-34
destabilize the open channel by about 2 kcal/mol. This novel
role of the KAT1 N terminus in control of the channel gating
may be analogous to that of the N terminus of CNG channel,
which appears to allosterically influence its C terminus to
affect the cyclic nucleotide sensitivity (35). Considering that
the A20-34 deletion shifts the activation curve to a more
negative voltage, it is possible that the voltage dependence of
the apparently nonfunctional A2-34 channel with a larger
deletion may be shifted even more, beyond the voltage range
tolerated by the oocytes, not allowing the recording of mac-
roscopic K* currents.

The regulation mechanisms of the KAT1 channel through its
C and N termini resemble those of the related CNG channels
(35). The KAT1 and CNG channel activation are promoted by
their N termini (Figs. 1B and 7; ref. 35). The functional
expression of both KAT1 and CNG depends on their C termini
(Fig. 1A4; ref. 35). It will be interesting to investigate the roles
of N and C termini in activation/deactivation gating in a
variety of voltage-dependent channels. Since both the N- and
C-terminal segments are likely to face the intracellular side,
the phenomena described here may be involved in modulation
of the voltage dependence of the channel by other channel
subunits, enzymes and cytoskeletal elements.
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