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ABSTRACT Potassium-selective leak channels control neuromuscular function through effects on membrane ex-
citability. Nonetheless, their existence as independent molecular entities was established only recently with the
cloning of KCNK® from Drosophila melanogaster. Here, the operating mechanism of these 2 P domain leak chan-
nels is delineated. Single KCNK@ channels switch between two long-lived states (one open and one closed) in a te-
naciously regulated fashion. Activation can increase the open probability to ~1, and inhibition can reduce it to
~0.05. Gating is dictated by a 700-residue carboxy-terminal tail that controls the closed state dwell time but does
not form a channel gate; its deletion (to produce a 300-residue subunit with two P domains and four transmem-
brane segments) yields unregulated leak channels that enter, but do not maintain, the closed state. The tail inte-

grates simultaneous input from multiple regulatory pathways acting via protein kinases C, A, and G.
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INTRODUCTION

Potassium currents that develop without delay in re-
sponse to voltage steps and pass current across the
physiological voltage-range are called leak (or back-
ground) conductances when recorded in native cells
(Goldman, 1943; Hodgkin and Katz, 1949; Hodgkin et
al., 1952; Hille, 1975; Adams et al., 1980). Their exist-
ence as unique molecular transport entities, rather
than accumulations of residual flux through known
pathways has been questioned, even as they were
thought to be key to the activity of sympathetic ganglia
(Jones, 1989; Koyano et al., 1992), invertebrate axons
(Chang, 1986), vertebrate myelinated axons (Schmidt
and Stampfli, 1966; Hille, 1973; Baker et al., 1987; Koh
etal., 1992; Wu et al., 1993), and cardiac myocytes (Ap-
kon and Nerbonne, 1988; Yue and Marban, 1988; Boyle
and Nerbonne, 1992; Backx and Marban, 1993; Wang
et al., 1993; Van Wagoner et al.,, 1997). Native leak
channels operate under the tight regulation of agents
as disparate as molecular oxygen, cyclic ATP, noradren-
aline, serotonin, and y-aminobutyric acid, and serve to
establish the resting membrane potential and modify
the duration, frequency, and amplitude of action po-
tentials (Siegelbaum et al., 1982; Shen et al., 1992;
Buckler, 1997; Wagner and Dekin, 1997; Talley et al.,
2000).
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Cloning and expression of KCNK® (previously
ORK]) of Drosophila nerves and muscles revealed a leak-
type channel that functions like an open, potassium-
selective portal in an electric field (Goldstein et al.,
1996; Ilan and Goldstein, 2000). KCNK@ subunits are
predicted to have 1,001 amino acids, two P domains,
four membrane-spanning segments (2P/4TM) and an
extensive carboxy-terminal tail, constituting approxi-
mately three fourths of the channel protein (Goldstein
et al., 1999). Genes for 2P/4TM subunits were first rec-
ognized in the genome of a nematode (Ketchum et al.,
1995; Wei et al., 1996) and now number >50; they
are designated as KCNK genes encoding KCNK pro-
teins (Goldstein et al., 1998). Mammalian relatives of
KCNK® are enumerated KCNKI-9; those isolates that
function are leak channels like KCNK@, i.e., they are
open across the physiological voltage range and show
open, outward or inward rectification (Fink et al.,
1996a, 1998; Lesage et al., 1996; Duprat et al., 1997;
Goldstein et al., 1998; Kim et al., 1998; Leonoudakis et
al., 1998; Lopes et al., 1998; Reyes et al., 1998; Manju-
nath et al., 1999; Pountney et al., 1999; Salinas et al.,
1999; Lopes et al., 2000; Bockenhauer et al., 2000).

Although single KCNK@ channel currents develop
without delay in response to voltage steps (as expected
for an open, nonvoltage-gated channel), constant field
current formulations (Goldman, 1943; Hodgkin et al.,
1952) are inadequate to describe their function (Ilan
and Goldstein, 2000). Rather, single KCNK@ channels
exhibit attributes like channels formed with single P
loop subunits (Neyton and Miller, 1988; Doyle et al.,
1998) including the following: concentration-depen-
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dent unitary conductance; an Eisenman type IV relative
permeability series; anomalous mole fraction behavior;
and pore occlusion by barium (Ilan and Goldstein,
2000). These findings are consistent with ion—ion and
ion—-channel interactions in a multi-ion pore, and indi-
cate that ion permeation in 2 P domain leak channels
and classical potassium channels (formed with one P
domain subunits) proceeds by similar mechanisms.

Here, we show that the opening and closing of
KCNK® is strictly regulated. Single KCNK@ channels
are seen to open in long-lived bursts lasting many min-
utes and to enter an equally long-lasting closed con-
formation (Cy,,,)! in a voltage-independent fashion
(Ilan and Goldstein, 2000); the basis for regulated ac-
tivity of KCNK@ is found to be tight control over the
frequency and duration of visits to Gy, KCNK@ sub-
units are shown to have two functional domains: an
~300-residue amino-terminal segment that is pore-
forming, and an ~700 carboxy-terminal tail that medi-
ates dwell time in Gy, The tail is found to be essen-
tial only for regulation: its deletion yields fully func-
tional channels that enter C,, but cannot remain
closed. Finally, regulated gating is seen to employ
multiple second messenger pathways that utilize dis-
tinct carboxy-terminal KCNK@ residues and act sepa-
rately or concurrently. Despite their functional and
structural independence, pathways using PKC, PKA,
and PKG all serve to control dwell time in the closed
state Cjgpg.

MATERIALS AND METHODS
Molecular Biology

The cloning and sequence of KCNK® (previously ORKI) has
been described (Goldstein et al., 1996, 1999). cRNA was synthe-
sized using T7 polymerase and the mMESSAGE mMACHINE™
system (Ambion). Site-directed mutagenesis was performed with
the QuickChange™ system (Stratagene). Mutations were verified
by automated DNA sequencing. Deletion mutants were pro-
duced by creation of an in-frame stop signal at a native restric-
tion site or by site-directed mutagenesis.

Electrophysiology

Xenopus laevis oocytes were isolated and injected with 46 nl con-
taining 0.2-2 ng cRNA. Whole-cell currents were measured 1-3 d
after injection by two-electrode voltage clamp (Warner Instru-
ments Corp.). Data were filtered at 1 kHz and sampled at 4 kHz.
The patch-clamp technique was used to record single channels in
on-cell patches 2—4 d after cRNA injection using an EPC-9 ampli-
fier (HEKA Elektronik) and stored on videocassettes. For analy-
sis, records were sampled at 20 kHz or 940 Hz using ACQUIRE
software (Bruxton Corporation, Inc.) and digitally filtered at 3
kHz or 100 Hz, respectively. Kinetic analyses were performed on
patches judged to contain only one channel on the basis of the
single current level. Closed and open durations were determined

LAbbreviations used in this paper: Ciong> long-lasting closed conforma-
tion; IBMX, 3-isobutyl-1-methylxanthine; Oy, open burst; Po, open
probability; TK, tyrosine kinase.

using a half-amplitude threshold-detected technique (Colqu-
houn and Sigworth, 1995) implemented using TAC single-chan-
nel analysis software (Bruxton Corp.). Dwell-time distributions
were plotted on a logarithmic time axis with a square-root verti-
cal axis to allow better discernment of event populations (Sig-
worth and Sine, 1987). The dwell-time histograms were fitted
with TAC software to sums of exponential probability density
functions using a maximum likelihood method with compensa-
tion to correct for missed events (Colquhoun and Sigworth,
1995). Closures lasting >2 s were used to define the end of each
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Ficure 1. Modulators of PKC determine KCNK@ current magni-
tude. Macroscopic KCNK@ channels currents measured by two-
electrode voltage clamp in 20 mM potassium solution with or with-
out 50 nM PMA or 2 uM staurosporine (se€ MATERIALS AND METH-
obs). (A) Currents measured during the application of PMA and
then staurosporine; the oocyte was held at —40 mV and stepped to
25 mV for 250 ms with a 20-s interpulse interval. The response to
PMA varied among batches of oocytes from 3-11-fold; this ap-
peared to reflect different levels of prior activation as a consistent
10 * 1-fold increase in currents was observed when PMA and stau-
rosporine treatments were compared (mean = SEM, n = 10).
Zero current is indicated. (B) Raw current traces for the oocyte in
A at various times as follows: (1) control solution; (2) after 20 min
in PMA; and (8) after 20 min in staurosporine. The cell was held at
—80 mV and studied at these times by 250-ms steps from —150 to
60 mV in 30-mV increments, and then studied for 75 ms at —150
mV with a 2-s interpulse interval. (C) Currents measured at 25 mV
by the protocol in A during 10-min activation by 50 nM PMA,
6-min wash with control solution, 2-min inhibition by 4 uM bisin-
dolylmaleimide I, and then a 20-min reactivation by 50 nM PMA.
Zero current is indicated.
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burst (and entry into the long-lasting closed state). Means and
standard errors are given where applicable.

Unless otherwise noted, the bath solution for two-electrode
voltage clamp experiments contained (in mM): 20 KCl, 78 NaCl,
1 MgCly, 0.3 CaCly,, 5 HEPES, pH 7.5, with NaOH. For patch-
clamp experiments, both pipet and bath solutions contained (in
mM): 140 KCI, 2 MgCl,, 5 EGTA, 5 HEPES, pH 7.4, with KOH.
All kinase modulators were purchased from Calbiochem-Nova-
biochem. All experiments were conducted at room temperature.

RESULTS

Modulators of Protein Kinase C Regulate Activity of
KCNK® Channels

KCNK@ subunits contain 42 canonical consensus se-
quences for phosphorylation in the 700-residue car-
boxy-terminal tail region, which is predicted to be in-
tracellular; as 11 sites are for PKC, the PKC activator
PMA was evaluated. When KCNK® was expressed in
Xenopus laevis oocytes, exposure to 50 nM PMA had a
dramatic effect on channel activity, increasing mean
whole-cell currents up to 11-fold (Fig. 1, A and B). Sim-
ilar results were produced by steady exposure to 5 or
100 nM PMA for 10 or 20 min (not shown, n = 8-10).
Conversely, the inactive PMA analogue 4a-phorbol-
12,13-didecanoate had no effect (500 nM, n = 10; not
shown). When PMA-treated cells were bathed in a non-
specific protein kinase inhibitor (2 wM staurosporine),
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FIGURE 2. Regulation of single KCNK@ chan-
nels. Single KCNK@ channels were studied in on-
cell patches held at 60 mV with 140 mM potas-
sium solution in the absence or presence of PMA
or staurosporine (see MATERIALS AND METHODS).
Open (O) and closed (C) state levels are indi-
cated. Unitary current amplitudes of wild-type
KCNK@ channels studied in control, PMA, and
staurosporine solutions were indistinguishable
(3.23 £ 0.04, 3.22 = 0.07, and 3.24 * 0.06 pA, re-
spectively, mean * SEM, filtered at 2 kHz, n = 3).
(A) Single KCNK@ channel in control solution
filtered at 20 Hz. (Inset) Expanded trace from the
indicated region filtered at 2 kHz. (B) Single
KCNK@ channel after 20-min incubation with 50
0 nM PMA filtered at 20 Hz. (C) Single KCNK®
channel after 20-min incubation with 2 uM stau-
rosporine filtered at 20 Hz.

—C

the current augmentation was reversed (Fig. 1, A and
B). Similarly, bisindolylmaleimide I (4 wM), a specific
PKC inhibitor, reversed the effect of PMA treatment
(Fig. 1 C). After staurosporine or bisindolylmaleimide
I, reexposure to PMA again increased KCNK® channel
currents (Fig. 1 C).

Upregulation did not change the attributes of macro-
scopic KCNK@ currents; they continued to develop in-
stantaneously in response to changes in membrane volt-
age and were noninactivating (Fig. 1 B). Activated
KCNK® channels were also unchanged in their selectiv-
ity for potassium over sodium; a 10-fold increase in bath
potassium concentration (achieved by isotonic substitu-
tion for sodium) altered whole-cell reversal potentials
by 52 £ 1 mV in PMA or control solution (n = 4).

Single KCNK® Channels Occupy Long-lived Open Burst and
Closed States

To assess the mechanism by which PKC activators and
inhibitors altered macroscopic KCNK@ currents, single
channels were studied. Channel behavior was first eval-
uated in untreated cells. Fig. 2 A shows a single KCNK@
channel in an on-cell patch held at 60 mV for 17 min.
The record reveals transitions of the channel between
long-lived open burst and closed conformations that
last for many minutes. Expanding a portion of the



TABLE 1
Duwell Times for Open and Closed States of Single KCNK() Channels

Channel, condition Total Po Opurst Ogime Ciong Cahortl Cyhoreo Cahors
min s ms s ms ms ms
Wild type,
Control 41 0.320 £ 0.080 50 = 17 2.29 = 0.03 71.40 = 17.50 101 £ 22 3.9 *04 0.147 = 0.006
B *3%) (10 = 3%) (85 * 6%)
Wild type,
PMA 54 0.993 £ 0.003 >100 2.47 +0.03 2.39 = 0.26 80 = 11 3.8 0.3 0.138 £ 0.003
(1+0.1%) (10 = 2%) (89 = 2%)
Wild type,
Staurosporine 29 < 0.05* 9 * 4% 2.30 = 0.30 45 to >150* 99 = H0* 3.5 *0.3 0.160 = 0.010
Wild type, IBMX +
forskolin 45 0.750 = 0.060 100+ 2.42 * 0.05 16.80 = 0.25 64 = 10 5.0 x0.7 0.164 = 0.005
(1+0.2%) (11 = 1%) (88 = 5%)
A299-1001,
Control 23 0.770 = 0.020 16 £ 2 2.00 = 0.04 2.80 = 0.40 54+ 6 4.2 * 0.6 0.142 = 0.004
(15 += 3%) 8 +1%) (77 * 4%)
S270L.A872-1001,
Control 64 0.040 £ 0.010 10£3 2.40 = 0.05 60.00 = 11.00 200 = 40 4.7+ 05 0.160 = 0.050
(30 = 5%) (6 *+2%) (64 = 6%)

*As channels in the presence of staurosporine revealed few transitions (nine closures and five bursts with four channels over 29 min) values are coarse
approximations. Kinetics parameters were obtained by fitting dwell-time distributions from four or five single channels. Duration was determined by a half-

amplitude threshold criterion, and T values were determined using a binned-maximum likelihood method. Po, Oyugi; Ciongs Canori1> and Cyore were analyzed

from long records filtered at 100 Hz. Oy, and Cg,,s were obtained by analysis of short portions of open burst records filtered at 3 kHz. The relative
frequency of the three longest closed times are reported in parentheses. Closures longer than 2 s were used to define the end of an open burst. The absolute

frequency of closures lasting >2 s was 0.6, 0.07, and 2.1 min~! for wild type/control, wild type/PMA, and A299-1001/control recordings, respectively.

record during an open burst (Fig. 2 A, inset) reveals
the presence of short intraburst closures that are quan-
tified below. The mean duration of open bursts (Oy)
and long-lived closures (C,,,,) were ~50 and ~70 s, re-
spectively (Table I). KCNK@ channels in untreated
cells were open approximately one third of the time
(open probability, Po, Table I).

Residence of Single KCNK( Channels in the Long-lived
Closed State Is Regulated

Single KCNK@ channels behaved quite differently
when treated with 50 nM PMA (Fig. 2 B). The PKC acti-
vator virtually eliminated residence in the long-lived
closed state. The open probability for single KCNK@
channels during exposure to PMA was 0.993 = 0.003
(Table I). Conversely, application of staurosporine de-
pressed the open probability to <0.05 by increasing the
duration of long closures and decreasing the frequency
and duration of open channel bursts (Table I).

To further explore the influence of PMA on channel
state, recordings of single KCNK@ channels were first
analyzed at a bandwidth of 100 Hz, and then reanalyzed
at 3 kHz to assess brief closed times. Closed time distri-
butions in the absence of the PMA were best fit by four
time constants (Fig. 3 B); these represented three brief
closed states present in open bursts and the long-lived
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closed states (Cyo,) that separated open bursts. Chan-
nels in untreated cells showed mean dwell times for clo-
sures within bursts of 0.14, 4, and 100 ms while the time
constant for the long-lived interburst closed state was
71.4 s (Table I). Dwell times for openings within bursts
were well-fit by a single time constant of 2 ms (Fig. 3 A)
and multichannel patches showed no evidence for addi-
tional open states. The mean open burst duration for
KCNK®@ channels in untreated cells was 50 s (Table I).
After PMA treatment, closed times were also well-fit by
four exponential components (Fig. 3 D). PMA did not
change the mean duration of the three intraburst
closed states or alter the mean open time (Table I).
However, PMA reduced the frequency of long-lived clo-
sures 8-fold and their duration 30-fold (Table I).

To assess the effect of staurosporine, patches were first
treated with PMA to confirm that only a single KCNK@®
channel was present. 1-4 min after PMA was replaced by
staurosporine, profound current suppression was ob-
served. Four single KCNK@ channels, studied for a total
of 29 min, demonstrated just five open bursts (that were
approximately fivefold shorter than open bursts under
control conditions) and nine long closures that lasted
no less than 45 s with four longer than 150 s (the time
when the experiment was concluded by discarding the
patch or reexposure to PMA). This offered a rough esti-
mate for open probability of <0.05 (Table I).
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FIGURE 3. Regulation alters
occupancy of the long-lived
closed state. Single KCNK®
channels were studied as in
Fig. 2. (A) Open time histo-
gram obtained from 17 s of
single KCNK@ channel re-
cordings filtered at 3 kHz un-
der control conditions. (B)
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KCNK@ channel recordings
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No change in the single channel current amplitude
was observed in >100 min of the recording of single
KCNK@ channels in control, PMA-exposed, or stauro-
sporine-treated cells (Fig. 2). This argued that changes
in macroscopic currents were due to altered gating of
KCNK@ channels. Consistent with this conclusion was
the uniform stepwise decrease in the current observed
when four KCNK@ channels in one patch were first fully

activated by PMA and subsequently driven into the long-
lived closed state by exposure to staurosporine (Fig. 3 E).

The Carboxy-terminal Portion of KCNKQ Is Required to
Regulate Long Closures

The pore-forming portion of KCNK@ subunits has two
P domains and four predicted transmembrane seg-
ments extending from amino acid 1 to ~264; the resi-
dues that follow are hydrophilic in nature and pre-
dicted to be cytoplasmic (Fig. 4 A). To assess the role of
the carboxy-terminal region in regulation, subunits
were produced that contained only residues 1-298
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tered at 100 Hz. Four channel
records were combined for
this analysis. (E) Four KCNK@
channels were recorded in an
on-cell patch at 60 mV with
PMA in the bath and then in
staurosporine as indicated.
Data were sampled at 940 Hz
and filtered at 20 Hz.

(KCNKA299-1001). The truncated subunits lacked
most of the carboxy terminus and 10/11 consensus
sites for PKC-mediated phosphorylation. The channels
formed with KCNKA299-1001 subunits were fully func-
tional except that they showed no regulation by PKC
modulators: the subunits were unaffected by exposure
to either PMA or staurosporine (Fig. 4, B and C). Thus,
oocytes expressing wild-type KCNK@ channels showed
an ~11-fold increase in macroscopic currents when
treated with PMA for 20 min, whereas KCNKA299-1001
channels showed no change (Fig. 4 D).

The Carboxy Terminus Does Not Affect Ion Selectivity or
Unitary Current Amplitude

Although KCNKA299-1001 channels were unrespon-
sive to PMA and staurosporine, their other functional
attributes were well-preserved. Like the wild type,
KCNKA299-1001 channels showed macroscopic cur-
rents that developed instantaneously with changes in
transmembrane voltage and were noninactivating (Fig.
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and P2), four transmembrane
segments and the ~700-resi-
due segment that is deleted
in KCNKA299-1001 subunits
(boxed). (B) Raw current
traces for an oocyte express-
ing KCNKA299-1001 chan-
nels under various condi-
tions by the protocol in Fig. 1
B: (1) control solution; (2) af-
ter 10-min perfusion with
PMA; and (3) after 10-min
perfusion with staurospo-
rine. (C) Currents measured
during application of control,
PMA, and staurosporine solu-
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tions. The oocyte was held at
—40 mV and stepped to 25
mV for 250 ms with a 20-s in-
terpulse interval. Data for B
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was collected at the indicated times. (D) Normalized mean currents measured in groups of 17 oocytes at 25 mV after 20- min incubation in
the following: (C) 20 mM potassium solution (open bars); (S) 2 uM staurosporine (gray bars); or (P) 50 nM PMA (black bars). Bars are
mean * SEM for current in experimental compared with control solution.

4 B). Channels formed with truncated subunits showed
the same selectivity for potassium over sodium as wild-
type channels (a 10-fold change in bath potassium pro-
duced the same shift in reversal potential of 52 * 2
mV, n = 4). Further, wild-type and KCNKA299-1001
channels displayed the same relative permeability for
monovalent cations (Kt > Rb* > Cs™ > Na* and Li")
based on whole-cell reversal potential measurements
(Table II). This indicated that carboxy-terminal resi-
dues were not essential for normal selective ion perme-
ation through KCNK@ channels. Moreover, single wild-
type and KCNKA299-1001 channels exhibited the same
unitary conductance: 64 * 2 pS for truncated channels,
and 63 = 1 pS for wild type (Fig. 5).

The Carboxy Terminus Is Not a Channel Gate

Single channel recordings supported the idea that dele-
tion of the carboxy terminus did not change the states
visited by KCNK@ channels, but rather it appeared pri-
marily to alter the stability of the long-lived closed con-
formation, C,,,. Thus, single wild-type and KCNKA299-
1001 channels were almost indistinguishable within
bursts from —120 to 60 mV (Fig. 5, A and B). Like the
wild type, mutant channels revealed one open and three
brief closed states within open bursts and one long-lived
closed state (Fig. 6, Table I). Furthermore, time
constants for the four closed states were similar for
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KCNKA299-1001 and wild-type channels activated by
PMA; although, mutant channels visited their longest
closed state more frequently, producing a shorter mean
burst duration (Table I). These findings suggested that

TABLE II
Tonic Selectivity of Wild-type KCNK® and KCNKA299-1001 Channels
E ., mV

Tevs

(Px/Px)

Wild-type KCNK@ KCNKA299-1001

Lit —118 9 ~196 + 3
(148 + 23) (160 = 12)

Na* ~118 + 10 ~192+6

(149 + 15) (150 = 2)

Cs* —72+8 —74%5

(23 + 4) (22+2)

Rb* —36+5 -32+2
(5=1) (3.7+0.1)

K* —12+1 —7+1
(L5 0.1) (1.3 +0.1)

Whole-cell macroscopic reversal potentials in millivolts (E,,) were
measured by two-electrode voltage clamp under nearly bi-ionic conditions
with 100 mM of the indicated cation in the external solution. To measure
wild-type KCNK@ channel currents, oocytes were fully activated by 20-min
preincubation in 50 nM PMA. Values represent the mean *= SEM of four
oocytes. Permeability ratios (shown in parentheses) were approximated
according to: Pg/Px = exp(—FE,,/RT), where P, and P, represent the
permeability of potassium and the test cation, respectively.
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residues 299-1,001 were critical to sustaining the long-
lived closed state, whereas residues 1-298 were sufficient
to form the ion conduction pathway and closing gates.

Multiple Regulatory Pathways Act Independently via the
KCNK® Carboxy Terminus

In addition to 11 classical consensus sites for PKC-medi-
ated phosphorylation, the carboxy terminus of KCNK®
has all of the following: 1 site for tyrosine kinase (TK);
2 for protein kinase B; 14 for casein kinase II; 8 for pro-
tein kinase A (PKA) or G; and 5 for PKG. Baseline
whole-cell KCNK@ currents changed <20% when ex-
posed to agents that inhibit TK (100 uM tyrphostin
A25, n = 8; 100 uM genistein, n = 8) or PKB (100 nM
wortmannin, n = 5). These agents were also without ef-
fect when applied after PMA activation (n = 5-6).

In contrast, activation of PKA by a mixture of 3-isobu-
tyl-1-methylxanthine (IBMX, 1 mM) and forskolin (20
uM) or cytoplasmic microinjection of 8-Br-cAMP (to an
internal concentration of ~450 wM) produced an ap-
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F1GURE 5. Unitary conductance of wild-type and
KCNKA299-1001 channels is the same. Single
channels were studied during open bursts in on-
cell patches with 140 mM KCl solution at the indi-
cated voltages. Open (O) and closed (C) state lev-
els are indicated. Data were filtered at 2 kHz and
sampled at 20 kHz. (A) Sample recording of a sin-
gle wild-type KCNK@ channel at four indicated
voltages. (B) Sample recording of a single
KCNKA299-1001 channel as in A. (C) Current—
voltage relationships of the channels in A (@)
and B (O). The line is a linear fit to the data;
slope conductances were indistinguishable (see
RESULTS for values).

proximately fourfold increase in KCNK@ current (not
shown, n = 6). Similarly, the PKG activator 8-Br-GMP
(microinjected to ~450 wM) also produced an approxi-
mately fourfold increase in the KCNK@ current (not
shown, n = 6). Upregulation by these agents was not
due to surreptitious activation of PKC or stimulation of
a PKC-dependent pathway. Although the PKC inhibitor
bisindolylmaleimide I blocked activation by PMA (Fig.
7, A and B), it did not modify stimulation by IBMX and
forskolin (Fig. 7 A) or 8Br-cGMP (Fig. 7 B). Recipro-
cally, it was seen that PKC activation was not via a PKA-
dependent mechanism, whereas the PKA inhibitor H89
(5 wM) suppressed the response to IBMX and forskolin,
it did not ablate PMA-induced activation (Fig. 7 C). As
for PKC, PKA and PKG did not alter the function of
truncated KCNKA299-1001 channels that lacked the
carboxy terminus (not shown).

That channel activation by PKA or PKG proceeds de-
spite concurrent inhibition of PKC (Fig. 7, A and B)
and that activation of PKC proceeds despite PKA inhi-
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bition (Fig. 7 C) indicates that the regulatory pathways
function independently. That PKC activation further
increases currents previously upregulated by PKG and
PKA (Fig. 7 D) indicates that the pathways can act con-
currently. Activation of PKA after PKG-induced upregu-
lation yielded no significant additional increase in cur-
rent (Fig. 7 D); this suggested PKA and PKG alter chan-
nel function by a similar mechanism. Like activation
mediated by PKC, upregulation by PKA increased the
open probability of KCNK@ channels by decreasing
the frequency and duration of visits to the long-lived
closed state, Gy, (Fig. 7, E-G, and Table I).

KCNK@ Residues that Mediate PKC and PKA Regulation
Ave Distinct

To identify residues involved in PMA-induced upregu-
lation, each serine or threonine in the 11 consensus
sites for PKC-mediated phosphorylation was mutated
individually to a nonpolar residue; 10 point mutants
behaved like wild type when exposed to PMA (Fig. 8
A). Conversely, the subunit mutated to leucine at posi-
tion 270 (KCNK®-S270L) formed channels that acti-
vated abnormally. Thus, wild-type KCNK@ currents
rose in response to PMA in two phases: first, readily,
and then more slowly (Fig. 8 B). In contrast, KCNK®-
S270L channels showed rapid development of peak
currents like wild-type channels (4.4 * 0.2 and 4.6 *
0.3-fold increase at 5 min, n = 8-12, respectively) but,
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records were combined for this analysis.

thereafter, returned slowly toward baseline without evi-
dence for a slow phase of current activation.

Six additional truncation mutants were also studied
(Fig. 8 C). Deletion of 40 or 80 residues from the car-
boxy terminus yielded channels that responded to 50
nM PMA like wild type (A961-1001 and A921-1001).
Conversely, larger deletions produced channels that
showed minimal (A872-1001, A736-1001, and A619-
1001) or no response to PMA (A407-1001 and A299-
1001). Studies of these mutants suggested a role for res-
idues between 872 and 921 in the rapid phase of
current activation as A872-1001 channels responded
only slowly to PMA (Fig. 8 B). Further changes were
not seen with mutation of both local PKC consensus
sites (S880L,S914V), motifs like those that bind syn-
apsins (PPPPP889,890,894,895,896AAAAA), proteins
with SH3 domains (P794A), or with WW domains
(PP848,849AA; not shown).

Combining mutations that removed fast activation
(A872-1001) and the slow second phase response
(S270L) was sufficient to eliminate upregulation by
PMA at both the macroscopic and microscopic levels
(Fig. 8 D). Single KCNK@®-S270LA872-1001 channels
under control conditions revealed a low open probabil-
ity (0.04 £ 0.01, 64 min, » = 4) similar to wild-type
channels in the presence of staurosporine (Table I);
this was due to an increased frequency of long-lived, in-
terburst closures (Cy,,,), without a significant change in



FIGURE 7. Multiple regulatory pathways act via the
KCNK@ carboxy terminus. Macroscopic KCNK@
currents measured as in Fig. 1 after equilibration
for 10 min in the initial bath solution with scale

A bisindolylmaleimide B bisindolylmaleimide
IBMX+forskolin ~ 8-Br-cGMP
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bars that represent 5 min and 0.5 pA. Single chan-
nels were studied as in Fig. 2. (A) Macroscopic cur-
rents measured in the constant presence of the
PKC inhibitor bisindolylmaleimide I (4 uM) dur-
ing application of 50 nM PMA and then a combi-
nation of IBMX (1 mM) and forskolin (20 uM) to
activate PKA. The average increase in current un-
der those conditions was 4.5 £ 1 (n = 5). (B) Mac-
roscopic currents measured in the constant pres-
ence of the PKC inhibitor bisindolylmaleimide I
(4 pM) during the application of 50 nM PMA and
then microinjection of 8-Br-cGMP (9.2 nl of 30
mM solution) to activate PKG. The average in-
crease in current under those conditions was 4.4 =
1 (n = 5). (C) Macroscopic currents measured
in the constant presence of the PKA inhibitor H89
(5 wM) during application of a combination of
IBMX (1 mM) and forskolin (20 uM) and then 50
nM PMA to activate PKC. The average increase in
current under those conditions was 6 * 1 (n = 5).

L (D) Macroscopic currents measured during mi-

croinjection of 8-Br-cGMP (9.2 nl of 30 mM solu-
tion) to activate PKG, followed by application of
IBMX (1 mM) and forskolin (20 wM) to activate
PKA and 50 nM PMA to activate PKC. The average
increase in current under those conditions was
9.5 = 0.8 (n =5). (E) Sample single channel trace
at 60 mV (filtered at 20 Hz) during concurrent ex-
posure to the PKC inhibitor bisindolylmaleimide I
(4 pM) and of IBMX (1 mM) and forskolin (20
uM) to activate PKA. Open (O) and closed (C)
state levels are indicated. (F) Open time histogram
for single KCNK@ channels exposed concurrently
to a PKC inhibitor and PKA activators as in E, as
determined from 18 s of single channel recording
filtered at 3 kHz. (G) Closed time histograms for
single KCNK@ channels exposed concurrently to a
PKC inhibitor and PKA activators as in E: (left) de-
termined from 18 s of single channel recording,
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their duration, for the mutant channels compared to
wild type (Table I). Conversely, the combined muta-
tions did not alter the frequency or duration of brief
closures, mean open time, or single-channel conduc-
tance (Fig. 8 E). Whereas KCNK@®-S2701L.A872-1001
channels were unresponsive to activators of PKC, they
retained their sensitivity to PKA modulators. Thus,
PMA did not alter activity of the mutant, whereas IBMX
and forskolin activated both mutant and wild-type
KCNK@ channels similarly (Fig. 8 F). This indicated
that PKC and PKA regulators acted at distinct sites in
the KCNK@ carboxy terminus to alter open probability
despite their common effector mechanism: control
over dwell time in the long-lived closed state.
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log closed duration, s

filtered at 3 kHz; and (right) determined from 45
min of single channel recording, filtered at 50 Hz.

DISCUSSION

KCNK@ Leak Channel Gating: Tightly Regulated Opening
and Closing

Strictly regulated, potassium-selective leak conduc-
tances appear fundamental to excitability, synaptic
transmission and neural plasticity (Siegelbaum et al.,
1982; Yue and Marban, 1988; Pellegrini et al., 1989;
Premkumar et al., 1990a,b; Koh et al., 1992; Koyano et
al., 1992; Shen et al., 1992; Backx and Marban, 1993;
Wu et al., 1993; Enyeart et al., 1996; Theander et al.,
1996; Buckler, 1997; Wagner and Dekin, 1997; Talley et
al., 2000). In this report, we consider the first molecu-
lar example of a leak conductance channel, KCNK@ of
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FiGURE 8. KCNK@ residues
that mediate PKC and PKA ef-
fects are distinct. Macroscopic
currents measured as in Fig.
1; single channels were stud-
ied as in Fig. 2. (A) Each of
the 11 consensus sites for
PKC-mediated phosphoryla-
tion was mutated individually
-C to a nonpolar residue. Nor-
malized mean currents were
measured in groups of eight
oocytes expressing the indi-
cated channel after 20-min in-
cubation with 50 nM PMA.
Bars are mean = SEM for cur-
rent in experimental com-
pared with staurosporine so-
lution. (B) Normalized mean
current in groups of 8-10 oo-
cytes expressing the indicated
KCNK@ channel type during
application of 50 nM PMA;
the currents in each cell were
normalized to untreated cur-
rent level before averaging.
(C) After truncation at vari-
ous sites, the normalized
mean currents were mea-
sured in groups of 5-10 oo-
cytes expressing the indicated
channel after 5 min exposure
to 50 nM PMA. Bars repre-
sent mean * SEM for the ra-
tio of current at 5 min to
initial current. (D) Sample
trace for a single KCNKO-
S270L.A872-1001 channel at
60 mV (filtered at 20 Hz) un-
der control conditions and in
the presence of 50 nM PMA.
Open (O) and closed (C) lev-
els are indicated. (E) Closed
time histograms for single
KCNK@®-S270L.A872 chan-

PMA
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WT M

WT M nels: (left) determined from
PMA IBMX+ 18 s of single channel open
forskolin burst recording filtered at 3

kHz;, Tgoes = 0.16 ms; and
(right) determined from 64

min of single-channel recording filtered at 100 Hz. The mean duration in milliseconds (and relative frequency) of Cyqyg, Conora> and Cypore
were 60,000 (0.3), 200 (0.06), and 4.7 (0.64), respectively. Open time histogram for single KCNK@-S270L.A872-1001 channels were deter-
mined from 18 s of single channel open burst recording, filtered at 3 kHz, 1, = 2.4 s (not shown). (F) Normalized wild-type (WT) and
KCNK@-S270LA872-1001 (M) channel currents in groups of five to eight oocytes after 20-min incubation with 50 nM PMA or 10-min ex-
posure to IBMX (1 mM) and forskolin (20 pM). Bars are mean * SEM for experimental compared with initial current level.

Drosophila melanogaster nerves and muscles (Goldstein et
al.,, 1996, 1998, 1999), and find it to be aggressively reg-
ulated by a simple mechanism. Single KCNK@ chan-
nels move between two long-lived states: one open and
one closed. Protein kinase modulators open and close
the channels by altering dwell time in the long-lived
closed state, Gy, (Fig. 3 and Table I). The effect on
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KCNK@ channel function is striking. Activation of sin-
gle KCNK@ channels increases the open probability
nearly to unity, producing potassium-selective holes in
the membrane, whereas inhibition suppresses channel
activity almost completely (Figs. 1 and 2 and Table I).
Thus, KCNK@ channels are unlike voltage-gated potas-
sium channels that show moderate (approximately two-

KCNK® Leak Channel Gating



fold) changes in activity with PMA (Huang et al., 1994;
Zhu et al., 1999), and more like ligand-gated channels
that open infrequently without activation (Horrigan et
al.,, 1999; Sunderman and Zagotta, 1999). In native
cells, regulated activation of KCNK@ channels is ex-
pected to diminish neuromuscular excitability by stabi-
lizing the membrane near the equilibrium reversal po-
tential for potassium and decreasing the amplitude, du-
ration, and frequency of action potentials. Conversely,
KCNK@ downregulation is expected to enhance recep-
tiveness to excitation.

Two Functional Domains: Pore-forming and Regulatory

KCNK@ subunits were found to have two functional
segments: one with a pore and gates and one with chan-
nel regulatory apparatus. KCNK@ residues 1-298 con-
tain two P domains and four predicted transmembrane
segments. On its own, this segment can form an ion
conduction pathway and attain open and closed confor-
mations like those observed with complete KCNK®
channels (Figs. 4 and 6). Thus, KCNKA299-1001 chan-
nels show single channel conductance (Fig. 5), ion se-
lectivity (Table II), and gating kinetics like PMA-acti-
vated wild-type channels (Table I). The large carboxy
terminus is essential for regulation of channel function.
Channels without residues 299-1,001 cannot maintain
the long-lived closed state (Table I) and are unaffected
by activators or inhibitors of PKC (Fig. 4), PKA, or PKG
(not shown). Moreover, upregulation of wild-type
KCNK@ channels does not alter unitary conductance
(Fig. 2), intraburst gating kinetics (Table I), or ion se-
lectivity (Table II). These findings support the idea that
the carboxy terminus does not contribute physically to
channel gates or act as a blocking particle (Hoshi et al.,
1990; Zagotta et al., 1990), but acts to modify the stabil-
ity of states achievable by the pore-forming segment
alone.

PKC, PKA, and PKG: Independent Collaborators in
Regulation of KCNK Closed State Dwell Time

Regulation of KCNK@ involves at least two regulatory
pathways (PKC and PKA/G) that can act indepen-
dently or concurrently (Fig. 7) through distinct car-
boxy-terminal residues (Fig. 8). Despite their func-
tional and structural independence, both pathways
control the frequency and dwell time of KCNK@ chan-
nels in a single conformation, the long closed state
(Table I). Indeed, the response to PMA or IBMX and
forskolin is similar at the single-channel level at steady-
state (Table I). Conversely, macroscopic current devel-
opment is greater with PMA than IBMX and forskolin
(Fig. 8 F) and fails to saturate (Fig. 7, A-D). This sug-
gests PMA might also act by other mechanisms to in-
crease the current. As PMA treatment does not alter
membrane capacitance significantly (not shown), we

731 ZILBERBERG ET AL.

speculate that quiescent KCNK@ channels already in
the membrane may emerge from an even more deeply
closed state. This mechanism has been seen with upreg-
ulation of other channels by PKC (Margiotta et al.,
1987; Blumenthal and Kaczmarek, 1994), and may un-
derlie the slow phase of current development apparent
in macroscopic recordings.

Potassium channels are well recognized targets for
protein kinases and phosphatases (Levitan, 1994; Jonas
and Kaczmarek, 1996). In some cases, these enzymes
are known to associate intimately with ion channel pro-
teins (Swope and Huganir, 1994; Holmes et al., 1996;
Wilson et al., 1998) in large assemblies that have multi-
ple protein components (Schopperle et al., 1998; Zhou
etal., 1999). Regulation in this manner has been shown
to modify channel gating, ligand sensitivity, pharmacol-
ogy, unitary conductance, and life span. Particularly rel-
evant to our work are studies of a native cation channel
that favors a long-lived closed state after tyrosine phos-
phorylation (Wilson and Kaczmarek, 1993) but reduces
closed state dwell time upon serine/threonine phos-
phorylation (Wilson et al., 1998), and those on a cal-
cium and voltage-gated channel that, like KCNK®, has
an extended carboxy-terminal domain that has numer-
ous sites for phosphorylation and receives multiple in-
puts, binding TK and PKA simultaneously (Wang et al.,
1999; Zhou et al., 1999).

The KCNK Superfamily: Regulated Leak Channels

The 2 P domain potassium channel superfamily has
grown rapidly since isolation of TOKI, the nonvoltage-
dependent outward rectifier of Saccharomyces cerevisiae
with a predicted 2P/8TM topology (Ketchum et al,,
1995) to include isolates from nematodes, plants, and
mammals (Goldstein et al., 1998). Thus far all subunits
with a predicted 2P/4TM topology that function have a
nonzero Po across the physiological voltage range and
are open rectifiers, KCNK@, KCNK3 (Duprat et al.,
1997; Kim et al., 1998; Leonoudakis et al., 1998; Manju-
nath et al., 1999; Lopes et al., 2000) and KCNK4 (Fink
et al., 1998); outward rectifiers, TOK1 (Ketchum et al.,
1995) and KCO1 (Czempinski et al., 1997); weak out-
ward rectifiers, KCNK2 (Fink et al., 1996b; Goldstein et
al., 1998) and KCNK5 (Reyes et al., 1998); or inward
rectifiers, KCNK9 (Kim et al., 2000).

Another attribute shared by KCNK leak channels is
regulated activity. Opening and closing of KCNK®
channels was shown here to depend quite strictly on ac-
tivation (or inhibition) of PKC, PKA, or PKG. Regula-
tion of other KCNK channels is notable if somewhat
less aggressive. Activity of KCNK2 channels was moder-
ately depressed by activators of PKC and PKA (Fink et
al., 1996b) and increased by arachadonic acid, mechan-
ical stretch, and lowered intracellular pH (Patel et al.,
1998, 1999; Maingret et al., 1999). KCNK3 channel ac-



tivity can be suppressed both by low external pH (Du-
prat et al.,, 1997; Kim et al., 1998; Leonoudakis et al.,
1998; Lopes et al., 1998; Manjunath et al., 1999) in a
potassium-dependent fashion (Lopes et al., 2000) and
by neurotransmitters when studied in native rat hypo-
glossal motoneurons (Talley et al., 2000). KCNK4 chan-
nel activity was moderately increased by unsaturated
fatty acids (Fink et al.,, 1998) and membrane stretch
(Maingret et al., 1999). KCNKb5 was inhibited by exter-
nal acidification (Reyes et al., 1998). Other KCNK
genes that are transcribed in vivo have not yet shown
reproducible function in experimental cells; examples
include KCNK6-8 (Pountney et al., 1999; Salinas et al.,
1999; Bockenhauer et al., 2000) and KCNKI (Goldstein
et al., 1998; Pountney et al., 1999), which is an isolate
originally suggested to encode an inwardly rectifying
channel TWIK (Lesage et al., 1996). These KCNK
channel subunits may require as-yet unidentified acces-
sory subunits or activators.
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