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Rundown of the Hyperpolarization-Activated KAT1 Channel Involves
Slowing of the Opening Transitions Regulated by Phosphorylation

Xiang D. Tang and Toshinori Hoshi
Department of Physiology and Biophysics, The University of lowa, lowa City, lowa 52242 USA

ABSTRACT Disappearance of the functional activity or rundown of ion channels upon patch excision in many cells involves
a decrease in the number of channels available to open. A variety of cellular and biophysical mechanisms have been shown
to be involved in the rundown of different ion channels. We examined the rundown process of the plant hyperpolarization-
activated KAT1 K* channel expressed in Xenopus oocytes. The decrease in the KAT1 channel activity on patch excision was
accompanied by progressive slowing of the activation time course, and it was caused by a shift in the voltage dependence
of the channel without any change in the single-channel amplitude. The single-channel analysis showed that patch excision
alters only the transitions leading up to the burst states of the channel. Patch cramming or concurrent application of protein
kinase A (PKA) and ATP restored the channel activity. In contrast, nonspecific alkaline phosphatase (ALP) accelerated the
rundown time course. Low internal pH, which inhibits ALP activity, slowed the KAT1 rundown time course. The results show
that the opening transitions of the KAT1 channel are enhanced not only by hyperpolarization but also by PKA-mediated

phosphorylation.

INTRODUCTION

The KAT1 channel is a K" -selective ion channel cloned
from the higher plant Arabidopsis thaliana (Anderson et al.,
1992; Schachtman et al., 1992). The amino acid sequence of
the KAT1 channel is similar to those of animal depolariza-
tion-activated K™ channels, such as Shaker- and EAG-like
channels, and to those of cyclic nucleotide-gated cation
channels (Anderson et al., 1992; Schachtman et al., 1992).
Despite the sequence similarity, K™ currents through KAT1
channels are observed only in response to hyperpolarization
(Schachtman et al., 1992; Hedrich et al., 1995; Hoshi,
1995). Voltage-dependent gating of the KAT1 channel does
not require internal Mg®", and the inward rectification is
considered to be an intrinsic gating property of the channel
(Hedrich et al., 1995; Hoshi, 1995; Zei and Aldrich, 1998).
The KAT1 gating properties are influenced by the N- and
C-terminal deletions and by several other intracellular fac-
tors (Hedrich et al., 1995; Hoshi, 1995; Marten and Hoshi,
1997, 1998).

Many ion channels are known to undergo rundown. The
channel activity disappears when the membrane patch is
excised or the cell is internally dialyzed (Doroshenko et al.,
1982; Forscher and Oxford, 1985; Armstrong and Eckert,
1987; Chad et al., 1987; Horn and Korn, 1992; Li et al.,
1992; Hoshi, 1995; Becq, 1996). The rundown process is a
biologically interesting phenomenon because it illustrates
regulation of the channel activity by intracellular factors.
However, it is also experimentally inconvenient, as it inter-
feres with data collection in the whole-cell and inside-out
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configurations. In some channels, rundown is not accompa-
nied by noticeable changes in the gating kinetics, suggesting
that the number of channels available to open decreases
(Armstrong and Eckert, 1987; Chad et al., 1987; Anderson
etal., 1991; Becq, 1996). In addition to the disappearance of
the functional activity, establishing the whole-cell configu-
ration, patch excision or internal dialysis is known to cause
observable changes in the gating behavior of some ion
channels. For example, internal dialysis involving ATP
removal decreases the squid axon K™ current amplitudes at
many test voltages (Bezanilla et al., 1986). Voltage depen-
dence of the Na™ channel is known to shift with the estab-
lishment of the whole-cell configuration (e. g., Fernandez et
al., 1984). Inactivation of some voltage-dependent K™
channels is also altered by patch excision (Ruppersberg et
al., 1991; Marom et al., 1993; Kupper et al., 1995; Ciorba et
al., 1997).

Several different mechanisms have been proposed for ion
channel rundown, including dephosphorylation and disrup-
tion of cytoskeletal elements (Doroshenko et al., 1982; Horn
and Korn, 1992; Rosenmund and Westbrook, 1993; Becq,
1996; Hilgemann and Ball, 1996). Different experimental
manipulations are available to at least slow down the run-
down time course (Forscher and Oxford, 1985; Kramer,
1990; Horn and Korn, 1992). Dephosphorylation has been
shown to promote rundown in many channels, in part be-
cause various phosphatases accelerate and some kinases,
such as cAMP-dependent protein kinase (PKA), slow the
rundown time course (Armstrong and Eckert, 1987; Chad et
al.,, 1987; Becq, 1996). Thus phosphorylation could be
considered as a switch that allows the channels to respond to
their usual stimuli (Armstrong and Eckert, 1987; Chad et al.,
1987).

Using macroscopic current measurements, we previously
reported that the plant KATI channel heterologously ex-
pressed in Xenopus oocytes undergoes rundown and that it
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could often be reversed by internal application of ATP (Hoshi,
1995). A KAT1 homolog, the KST1 channel, is also known to
run down on patch excision (Miiller-Réber et al., 1995). It was
thus hypothesized that dephosphorylation may be involved in
the KATI channel rundown and that it may involve a shift in
the voltage-dependent gating of the channel. We directly tested
these hypotheses, using both the macroscopic and single-chan-
nel measurements. The results obtained show that PKA-medi-
ated phosphorylation regulates the opening transitions of the
KATI channel and that this regulation is responsible for the
shift in the KAT1 voltage-dependent gating observed on patch
excision. Thus the KAT1 channel is dually gated by voltage
and phosphorylation.

MATERIALS AND METHODS

Channel expression

KAT1 channels were expressed in Xenopus oocytes as described previ-
ously by RNA injection (Hoshi, 1995). The RNA solution was diluted to
give desired current levels. The recordings were typically obtained 2—10
days after RNA injection.

Electrophysiology

Patch recordings were made using an Axopatch 200A amplifier with
borosilicate pipettes coated with wax or Sylgard (Dow Corning, Midland,
MI). The data acquisition and analysis were performed with Pulse/PulseFit
(HEKA, Lambrecht, Germany) and IgorPro (WaveMetrics, Lake Oswego,
OR) running on Apple Power Macintosh computers equipped with DA/AD
boards (Instrutech, Port Washington, NY). Macroscopic linear leak and
capacitative currents were corrected using a modified P/n protocol as
implemented in Pulse. All of the experiments were performed at room
temperature (20—22°C). The external solution contained (in mM) 140 KCl,
2 MgCl,, and 10 HEPES (N-methylglutamine) (pH 7.2). The control
internal solution contained (in mM) 140 KCl, 11 EGTA, 2 MgCl,, and 10
HEPES (N-methylglutamine) (pH 7.2). The low pH internal solution con-
tained (in mM) 140 KCI, 11 EGTA, 2 MgCl,, and 10 2-(N-morpholino)-
ethanesulfonic acid (N-methylglutamine) (pH 5.2 or 6.2).

The single-channel parameters were estimated using a custom routine
implemented in Igor that essentially emulates TAC (Bruxton, Seattle, WA).
The analysis presented is based on the results obtained from single-channel
patches. Values of the four rate constants in the three-state scheme pre-
sented later were estimated as described (Hoshi et al., 1990).

Reagents

Adenosine 5'-[3,y-imido]triphosphate (AMP-PNP) (lithium salt) was pur-
chased from Fluka (Ronkonkoma, NY). The following chemicals were
obtained from Sigma (St. Louis, MO): adenosine 5’-monophosphate
(AMP) (sodium salt), adenosine 5’-diphosphate (ADP) (potassium salt),
adenosine 5'-triphosphate (ATP) (dipotassium salt), adenosine 5'-0-(3-
thio-triphosphate) (ATPyS) (lithium salt), guanosine 5’-triphosphate
(GTP) (sodium salt), guanosine 5’-0-(3-thio-triphosphate) (GTP+yS) (lithi-
um salt), 3":5'-cyclic AMP-dependent protein kinase catalytic subunit
(PKA), protein kinase C (PKC), alkaline phosphatase (ALP), and protein
phosphatase inhibitor 2. All chemicals were diluted to the desired concen-
trations, and the pH was readjusted.
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RESULTS

The rundown time courses of the KAT1 channels
are variable in different oocytes

In the cell-attached configuration, macroscopic currents
through KAT]1 channels elicited by hyperpolarization were
quite stable, at least up to ~1 h (Fig. 1, 4 and B).

However, on patch excision, the KAT1 currents often
progressively decreased in amplitude (Fig. 1, C and D). The
time course and the extent of rundown were quite variable,
especially among the patches taken from different oocytes.
Fig. 1 D shows the KATI1 rundown time courses from five
different oocytes to illustrate this variability. After variable
intervals following patch excision, the current amplitudes
often stabilized to new smaller and relatively stable values,
allowing us to record currents in near-steady-state condi-
tions. When the patches were taken from the same oocyte,
the time course and the extent of the rundown were more
consistent (data not shown).

Rundown does not alter single KAT1 channel
current amplitude

The macroscopic ionic current as a function of time ¢ and
voltage V, I(V, t), could be described by N - i(V) - P(V, 1)
where N represents the number of channels available to
open, i(V) represents the single-channel amplitude, and
P(V, t) represents the probability of the channel being open
determined by the channel’s gating properties. The decrease
in the macroscopic current amplitude observed in rundown
could be caused by a decrease in N, i(V), or P(V, t). In the
rundown of some other channels, such as voltage-gated
Ca®" channels, a decrease in N is typically thought to be
responsible for the disappearance of the channel activity
(Doroshenko et al., 1982; Armstrong and Eckert, 1987;
Chad et al., 1987). Here we will present evidence that a
decrease in P(V, f) mediated by slower opening transitions
is responsible for the KAT1 channel rundown.

In the KATI1 channel, the progressive decrease in the
macroscopic current amplitude on patch excision is accom-
panied with slowing of the activation time course (Fig. 1, £
and F) (Hoshi, 1995). This kinetic change indicates that a
simple change in the number of channels available to open
does not account for the KAT1 rundown.

Furthermore, our single-channel recordings show that the
unitary current amplitude does not change during the run-
down process. Fig. 2 4 compares representative single-
channel openings obtained in the cell-attached configuration
and in the excised inside-out configuration after consider-
able rundown has taken place. The single-channel ampli-
tude histograms in Fig. 2 B illustrate that, despite the no-
ticeable change in the gating behavior as shown in Fig. 2 4,
the single-channel current amplitude remained unaltered by
rundown.
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FIGURE 1 Rundown of the macroscopic
KATI channel currents. (4) Comparison of
the current traces elicited in response to
pulses from 0 mV to —160 mV recorded
immediately after the seal formation (0 min)
and 41 min later in the cell-attached configu-
ration. (B) Time course of the peak ampli-
tudes of the KAT1 currents at —160 mV after
the seal formation. (C) Comparison of the 3.
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KATI currents recorded in response to pulses f
from 0 mV to —160 mV immediately after
patch excision and 10 s later. (D) Time
courses of the current rundown in patches
taken from five different oocytes. The peak
current amplitudes are scaled to the respective
cell-attached values and plotted as a function
of time after patch excision. Different sym-
bols represent different patches. (E) Slowing
down in the activation time course after run-
down. The two current traces shown in C
were scaled to compare their activation time
courses. (F) Time courses of the normalized
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activation time constants. The current activa-
tion time courses were fit with single expo-
nentials, and the time constant values were
normalized to the values obtained in the cell-
attached configuration. The x axis (1 —
1/I(t = 0)) represents the fractional decrease
in the current amplitude during rundown.
1(t = 0) represents the current amplitude in
the cell-attached configuration. The normal-
ized time constant values are plotted as a
function of the fractional decrease in the cur-
rent amplitude, showing that the activation
time course becomes slower as the fractional
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Rundown involves a gradual shift in the voltage
dependence of the KAT1 open probability

Based on the macroscopic ramp /(V) data, it was hypothe-
sized that a shift in the voltage dependence of the open
channel probability was responsible for the KAT1 channel
rundown (Hoshi, 1995). We tested this hypothesis by di-
rectly measuring the single-channel open probability values
at different voltages before and after rundown. It is clear
from the representative recordings shown in Fig. 2 A that the
overall open probability is lower after patch excision at each
voltage. Voltage dependence of the single-channel open
probability before and after rundown is compared in Fig. 2
C. The voltage dependence in the cell-attached configura-
tion was fit with a fourth power of Boltzmann function with
an equivalent charge of 1.4 ¢, and half-activation voltage of
—84 mV, in accordance with the previously described mac-
roscopic results (Hoshi, 1995). The voltage dependence of
the open probability after excision was also well described
by the same Boltzmann function with an offset voltage of
—40 mV (Fig. 2 (). Similar results were obtained in five
other patches analyzed. These observations confirm that the

] | I I |
0.5 0.0 0.5

Time (s) 1-1/1(t=0)

KAT1 channel rundown involves a gradual shift in the
voltage dependence of the open probability without any
marked change in the voltage sensitivity.

The KAT1 channel rundown and burst behavior

The results presented so far indicate that the rundown pro-
cess of the KAT1 channel involves changes in the KAT1
gating properties to reduce the open channel probability,
excluding the possibility that a change in the number of
channels available to open or a change in the single-channel
amplitude is involved. To investigate which gating transi-
tions are altered during the rundown process, we examined
the single-channel mean dwell times of the KAT1 channel
(Fig. 3). Open- and closed-duration histograms recorded
from one patch in three different configurations, cell-at-
tached, inside-out, and patch cramming, are shown in Fig. 3
B. The open durations were well described by a simple
exponential (upper panel), whereas the closed durations
required a sum of two exponentials (lower panel). Patch
excision increased the frequency of the long closed-duration
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FIGURE 2 Rundown of the single KATI Cef"-atta(:hed Inside-out
channel currents. (4) Representative single-chan- -100 Wil W -

nel KAT1 openings recorded at different voltages

in the cell-attached configuration (/eff) and in the -120 -

inside-out configuration after patch excision.
Downward deflections indicate the opening tran-
sitions. The data were filtered at 1 kHz. (B)
Comparison of the single-channel amplitude his-
tograms constructed from the single KAT1 cur-
rents at —120 mV. ——, Results obtained in the
cell-attached configuration; ---, results obtained
in the inside-out configuration after patch exci-
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events, consistent with the observation that the bursts are
often separated by longer intervals in the inside-out config-
uration (Fig. 3 A4). Patch excision, however, did not mark-
edly affect the time constant of the fast component in the
closed durations, suggesting that the short flicker closures
within the bursts are not affected. We found that the steady-
state single-channel KATI kinetics could be reasonably
approximated by the following linear three-state model:

— Burst
Kco k 0-G
C @] ;
koc k G0

where O represents the open state, C, represents the short-
lived closed state, and C represents the closed state respon-
sible for the interburst intervals (also see Zei and Aldrich,
1998). The values of the four rate constants were estimated
using the single-channel records obtained in the cell-at-
tached configuration and those obtained after patch exci-
sion. The rate constant values are compared in Fig. 3 C.
Patch excision did not markedly alter the values of the rate
constants within the burst, ko, and kc_o (left panel). How-
ever, patch excision noticeably enhanced the burst termina-
tion rate constant k, - and decreased the burst entry rate
constant kq_g (right panel). These changes would produce
the longer mean interburst duration and shorter mean burst
duration, as illustrated in Fig. 3 4 (middle trace). The
intracellular factors lost during rundown thus specifically
alter the transitions leading up to the kinetic states of the
KAT1 channel involved in the burst behavior, and those
states involved in the openings and closings within each
burst are not affected by rundown.

Current (pA) Voltage (mV)

Rundown slows down the first latency

We also examined how patch excision alters the first latency
of the KAT1 channel. Representative current traces re-
corded in response to pulses from 0 to —120 mV before and
after patch excision are shown in Fig. 4 4. Fig. 4 B com-
pares the first latency distributions recorded in the cell-
attached and the inside-out configurations. The first latency
distributions were similar to the time courses of the KAT1
macroscopic currents in the respective configurations (see
Fig. 1). Furthermore, the first latency events were similar to
the interburst durations observed (see k- in Fig. 3 C),
suggesting that the interburst events may represent the chan-
nel going back to the closed states involved in the activation
process. The first latency distribution was markedly slower
after patch excision, with the median latency extending
from ~150 ms to 2 s. Similar effects of patch excision of
slowing the first latency were observed in four other single-
channel patches analyzed.

Patch cramming or ATP/PKA restores the KAT1
channel function

We showed previously that patch cramming could enhance
the KATI1 macroscopic current after rundown (Hoshi,
1995). The results in Fig. 3 4 indicate that patch cramming
restores the single KAT1 channel activity without altering
the unitary channel amplitude. The burst analysis further
indicates that patch cramming restores the single KATI1
channel activity by altering the burst entry rate constant and
the burst termination rate constant (Fig. 3 C). As expected,
the effects of patch cramming on the two rate constants
were opposite those of patch excision.
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FIGURE 3 Effects of patch excision on o 60 —
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cramming mode (bottom). Downward de- 0 I I f 1 0 B T T I Y T ] T T I
flections indicate the opening transitions. -25 -20 -1.5 <10 -05 -25 -20 -1.5 -1.0 -0.5 -25 -20 -1.5 -1.0 -0.5
The data were filtered at 1 kHz. (B) Open 20 - 15 80
duration histograms (upper panel) and o
closed duration histograms (lower panel) a § 15 10 - 60
recorded in the cell-attached, inside-out 8 f_’ 10 4 40 —
and cramming configurations from a sin- o ° 5 |
gle-channel patch at —120 mV. CA indi- 2 5 20—
cates the results obtained in the cell-at-
tached configuration. IO indicates the 0 T i T T 1 0 I T I 1 0 T T T 1
results obtained in the excised inside-out -3.0 -25 -2.0 -1.5 -1.0 -3.0 -25 -2.0 -1.5 -1.0 -3.0 2.5 20 -1.5 -1.0
configuration. Cram indicates the data ob- log Duration(s) log Duration(s) log Duration(s)
tained after patch cramming. The single- C
channel events were idealized as described 60 ko.ct koo
in Materials and Methods. The mean open 20—
durations in the cell-attached, inside-out, - -
and cramming configurations were 24, 23, £ 40 Md N
and 25 ms, respectively. (C) Comparison ::_ Z
of the rate constant values in the linear b 20 «8 10
three-state model as presented in the text =
in the cell-attached, inside-out, and cram-
ming configurations. Different symbols 0 0—
represent the values estimated from differ- T T T I ] 1
ent patches. The burst criterion was 40 ms. CA 10 Cram CA 10 Cram
keto ko.c
600 20
§4oo— 2 8 2
Q@ ©
5 & 10
200+ =
0 o
I I I I T T
CA 10 Cram CA 10 Cram

It was shown previously that internal ATP could enhance
the macroscopic KAT1 current amplitude, although a con-
siderable amount of variability in the effectiveness of inter-
nal ATP was noted (Hoshi, 1995). We found that ATP also
restored the KAT1 channel activity without altering the
single-channel amplitude (data not shown). Internal ATP
without Mg®*, AMP-PNP, a nonhydrolyzable analog of
ATP, ATPyS, AMP, ADP, GTP, and GTP+S failed to affect
the open channel probability.

Because internal ATP but not its nonhydrolyzable analog
AMP-PNP frequently restores the KAT1 channel activity

after rundown, we hypothesized that dephosphorylation is
responsible for the rundown process and that the equilib-
rium between the protein kinase activity and the phospha-
tase activity closely associated with a channel in the mem-
brane patch may determine the voltage dependence of the
KAT]1 channel after patch excision. The results suggest that
PKA-mediated phosphorylation may be involved in regula-
tion of the voltage dependence of the KAT1 channel (Fig.
5). In the results presented in Fig. 5 A, after the channel
activity had run down, internal ATP restored the current
amplitude to the same level as found in the cell-attached
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FIGURE 4 Effect of patch excision on the first latency. (4) Represen-
tative KAT1 openings in the cell-attached configuration (fop) and the
inside-out configuration (botfom). The openings were elicited by pulses to
—120 mV from the holding voltage of 0 mV every 8 s. The leak and
capacitative currents were subtracted using the data sweeps without any
opening as the templates. Downward deflections indicate the opening
transitions. The data were filtered at 1 kHz. (B) Comparison of the first
latency distributions obtained using pulses from 0 to —120 mV. The
distributions in the cell-attached and inside-out configurations were made
from 45 and 40 hyperpolarizing epochs, respectively. The median first
latencies were 179 ms and 1.9 s for the events recorded in the cell-attached
and inside-out configurations.

configuration. Subsequent withdrawal of ATP decreased the
current amplitude. In contrast, the second ATP application
was only partially and transiently effective in restoring the
KAT1 channel activity, and eventually the current almost
totally disappeared, indicating that the factors required to
keep the KAT1 channel functioning had been washed away
or exhausted. However, addition of the catalytic subunit of
PKA (15 U/ml) in the presence of ATP effectively restored
the channel activity to the pre-patch excision level. Similar
effects of PKA of restoring the channel activity were ob-
served in five other patches. PKA application alone without
ATP (n = 4) and PKC application (0.2 U/ml) were not
effective (n = 3, data not shown), suggesting that the effect
is mediated by PKA-mediated phosphorylation. The results
are consistent with the idea that rundown of the KAT]I
channel involves dephosphorylation of the sites that could
be phosphorylated by PKA.

ATP-PKA application not only increased the peak current
amplitude, but also restored the KATI1 activation time

Biophysical Journal
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course. The KATI currents recorded immediately after
patch excision and after ATP-PKA application are shown in
Fig. 5 B (right). Time courses of the currents in the two
conditions were indistinguishable. Using ramp /(V) curves
recorded immediately after patch excision, after rundown,
and after ATP-PKA application, macroscopic G(V) curves
were constructed (Fig. 5 C). The results show that ATP-
PKA application also restored the voltage dependence of the
macroscopic KAT1 current.

Nonspecific alkaline phosphatase accelerates the
rundown time course

If the rundown process of the KATI channel involves
dephosphorylation, its time course should be accelerated by
the addition of phosphatase. Fig. 6 4 illustrates the effects of
alkaline phosphatase (ALP) application to the KAT1 chan-
nels. ALP dephosphorylates proteins in a nonspecific man-
ner (MacComb et al., 1979). In this patch, the rundown was
incomplete, and the current amplitude remained stable at
~50% of the pre-patch excision level. ALP (20 U/ml)
rapidly decreased the KAT1 current amplitude, and the
effect of ALP of reducing the KAT1 channel amplitude was
reversible. The addition of ATP (0.5 mM) restored the
KAT1 channel current amplitude. Similar results were ob-
tained in five other experiments. Internal Ca?™", fluoride,
and protein phosphatase inhibitor 2 (10 ug/ml) did not
affect the rundown time course. The results suggest that the
KAT1 rundown may be accelerated by ALP-like phospha-
tase present near the channel proteins in excised patches.

Internal pH regulates the time course of the
KAT1 channel rundown

The ALP activity is known to be dependent on pH. The
activity is at maximum around pH 9.0, and the enzyme
activity is inhibited, especially at lower pH values (Mac-
Comb et al., 1979). If the KAT1 channel rundown involves
dephosphorylation mediated by ALP-like molecules, the
rundown should be dependent on internal pH. The rundown
time course should be slower when the cytoplasmic solution
pH is lower, which inhibits ALP. We tested this prediction
by examining the KAT1 rundown time courses at different
pH values. Fig. 6 B shows that the KAT1 rundown time
course was indeed faster at pH 7.2 than that at pH 6.2 or 5.2,
confirming this prediction. Similar effects of internal pH on
the rundown time course were observed in seven other
patches.

DISCUSSION

Biophysical mechanism underlying the KAT1
channel rundown

Our results show that rundown of the KATI channel ex-
pressed in Xenopus oocytes caused by patch excision in-
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FIGURE 5 Restoration of the KAT1 channel
rundown by ATP and ATP-PKA. (4) Time
course of the peak inward current amplitude
recorded at —140 mV after patch excision. The
horizontal dotted line represents the current am-
plitude in the cell-attached configuration. The
patch was excised at time ¢ = 0, and the current
decreased progressively to a near-zero level.
ATP (0.5 mM) was applied to the bath in the
inside-out configuration, and it restored the cur-
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rent to the preexcision level. The bath was then
washed with ATP-free saline and the current
amplitude decreased again. The second appli-
cation of ATP was only partially and transiently
effective (24-26 min). PKA (15 U/ml) in the
presence of ATP rapidly restored the current
amplitude. (B) Effect of internal ATP/PKA ap-
plication on the KAT1 current activation time
course. Representative current traces obtained
immediately after patch excision (10), after run-
down (Rundown), and after ATP/PKA applica-
tion (ATP + PKA) (left). The three current
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(right). (C) Effect of internal ATP/PKA appli-
cation on the voltage dependence of the KAT1
channel. Ramp (V) curves obtained immedi-
ately after patch excision (I0), after rundown
(Rundown), and after ATP + PKA application
(ATP + PKA) (left). The ramp I(V) curves were
elicited by 10-s voltage ramps from +50 mV to
—180 mV (Hoshi, 1995). Only the segments
between —70 mV and —180 mV are shown.
The ramp /(V) curves were then normalized by
the driving force to produce normalized macro-
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volves a change in its gating properties. The patch excision
does not alter the KATI1 single-channel current amplitude,
and the observation that the macroscopic activation time
course slows after patch excision suggests that the channel’s
opening transitions may be slowed on patch excision. Fur-
thermore, our analysis of the single-channel dwell times
shows that patch excision specifically affects the gating
transitions leading up to the burst states, and it does not
affect the transitions within the burst. Thus the KAT1 chan-
nel rundown could be biophysically described as a decrease
in the open probability caused by slower burst entry and
faster burst exit, which result in a shift in the channel’s
voltage dependence to more negative voltages.

Rundown of the KAT1 channel was most efficiently
reversed by patch cramming and by application of PKA and
ATP together. The time course and extent of the rundown
process were accelerated by application of ALP. These
results indicate that dephosphorylation promotes whereas
phosphorylation inhibits the KAT1 channel rundown. The
results, however, do not directly address whether dephos-
phorylation of the channel protein itself or of other proteins
associated with the channels in excised patches is respon-
sible. Inspection of the KAT1 primary amino acid sequence
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Voltage (mV)

T T ]
-80

indicates that there are some threonine and serine residues
that could be phosphorylated by PKA. For example, S179 in
the S4 segment (RRVS) and T614 (KRVT) in the C-termi-
nus are two easily recognizable PKA-consensus sites
(Kemp et al., 1975). The results presented here predict that
elimination of the critical phosphorylated residue(s) may
mimic the effect of dephosphorylation and shift the chan-
nel’s voltage dependence to more negative voltages, as
found in the inside-out configuration that promotes run-
down. T614 can be deleted without marked changes in the
electrophysiological properties (Marten and Hoshi, 1997).
A mutation around S179 that destroys the PKA consensus
sequence (R176S) (Marten and Hoshi, 1997) does not have
any obvious effect on the channel’s rundown properties
(unpublished observation). Those structural elements not
involved in the voltage sensing function may be involved
because the steepness of the G(V) curve is not noticeably
altered during the rundown process. The KAT1 channel in
native guard cells is known to be phosphorylated in a
Ca?"-dependent manner by a kinase with calmodulin-like
domain (CDPK) (Li et al., 1998). The rundown of the KAT1
channel expressed in Xenopus oocytes is not appreciably
affected by internal Ca®" (unpublished observation), and
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FIGURE 6 Effects of ALP on the KAT1 channel rundown. (4) Accel-
eration of the KAT1 channel rundown by internal ALP application. The
peak inward current amplitude recorded at —140 mV is plotted as a
function of time after patch excision. The horizontal dotted line represents
the current amplitude in the cell-attached configuration. ALP (20 U/ml)
rapidly decreased the current amplitude in a reversible manner. Subsequent
wash and ATP application restored the channel activity. (B) Effects of
internal pH on the rundown time course. The peak inward current ampli-
tude recorded at —140 mV is plotted as a function of time after patch
excision. The horizontal dotted line represents the current amplitude in the
cell-attached configuration. The KAT1 currents were recorded in the
excised inside-out configuration at three different pH values. After each pH
treatment, the patch was crammed back into the oocyte to restore the
channel activity. The rundown rate was approximated by slopes, as indi-
cated by three solid lines superimposed on three dotted-circled segments.
Note the difference in steepness of the slopes for the KAT1 rundown at
different internal pH. Also note that the KAT1 currents remain at a stable
level each time the patch was inserted back into the oocyte.

phosphorylation mediated by the CDPK-kinase is probably
not involved.

The opening transition rate constants of the KAT1 chan-
nel are enhanced by hyperpolarization (Hoshi, 1995; Zei
and Aldrich, 1998). The results presented here show that the
equilibrium between phosphorylation of the channel and/or
other cellular elements most probably mediated by PKA and
dephosphorylation promoted by ALP-like phosphatase also
controls the KAT1 opening transitions. Phosphorylation,
either directly or indirectly, favors the forward opening
transitions, and dephosphorylation interferes with these
opening transitions. Patch excision promotes dephosphory-
lation over phosphorylation, and it decreases the opening
rate constant values to decrease the open probability. Much
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greater hyperpolarization is necessary to observe the same
channel activity after rundown. This shift in the KATI1
voltage dependence resembles the shift in the Na™ channel
voltage dependence observed upon establishment of the
whole-cell configuration (Fernandez et al., 1984), and sim-
ilar cellular mechanisms may be involved. The variability in
the rundown time course and extent observed among dif-
ferent oocytes (Fig. 1 D) may represent different equilib-
rium phosphorylation states of the KATI1 channels ex-
pressed in different oocytes. This may explain some of the
variability observed in the electrophysiological properties of
KATI1 channels expressed in different systems at different
expression levels (Very et al, 1994; Bertl et al.,, 1995;
Marten et al., 1996; Bei and Luan, 1998).

Comparison with other ion channels regulated by
phosphorylation/dephosphorylation

Protein phosphorylation is a well-known regulatory mech-
anism of ion channel function, and many functional effects
have been documented (for a review, see Levitan, 1994).
Rundown of voltage-gated Ca’* channels is likely to be
mediated at least in part by dephosphorylation, and exper-
imental manipulations to keep the channels functional in the
whole-cell configuration are often successful (Forscher and
Oxford, 1985; Armstrong and Eckert, 1987; Chad et al.,
1987). Our results with the KAT1 channel show that patch
excision working via dephosphorylation alters the overall
voltage dependence of the channel by drastically slowing
the forward transition step(s). Other studies have also shown
that dephosphorylation and phosphorylation regulate spe-
cific transitions involved in the channel gating. The phos-
phorylation requirement for the function of the cystic fibro-
sis ClI~ channel is well documented (for a review, see
Sheppard and Welsh, 1999). N-type inactivation of transient
A-type K channels can be regulated by phosphorylation
(Covarrubias et al., 1994; Drain et al., 1994). Perozo and
Bezanilla showed that phosphorylation regulates the occu-
pancy probability values in the K* channel resting closed
states (Perozo and Bezanilla, 1990). Perozo et al. also
showed that phosphorylation specifically increased the
squid K* channel first latency, shifting the voltage depen-
dence of the first latency to a more positive voltage without
affecting the open- and closed-duration properties (Perozo
et al., 1991). Although phosphorylation affects the first
latency properties of both the squid K™ channel (Perozo et
al., 1991) and the KAT1 channel, the overall effects of ATP
and phosphorylation are, however, different in these two
systems. The positive shift induced in the squid axon would
act to inhibit the channel opening, whereas in the KAT1
channel it would promote the channel opening.

Other mechanisms underlying the ion
channel rundown

Although rundown of the KAT1 channel as well as other
channels appears to be mediated by dephosphorylation (For-
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scher and Oxford, 1985; Armstrong and Eckert, 1987), other
mechanisms have been found in the rundown of different
ion channels. Proteolysis of channel protein by the mem-
brane-associated proteinase calpaine was found to be impli-
cated in the irreversible rundown of Ca®>* channels in Helix
neurons (Chad et al., 1987). Actin filament-depolymerizing
agents (cytochalasins and desoxyribonuclease I) were re-
ported to accelerate, whereas an actin filament stabilizer
(phalloidin) or F-actin-serving protein inhibitor (phosphati-
dylinositol biphosphate or PIP2) inhibit the rundown of the
cardiac ATP-sensitive K channel (Furukawa et al., 1996;
Hilgemann and Ball, 1996) and N-methyl-p-aspartate recep-
tor channel in cultured hippocampal neurons (Rosenmund
and Westbrook, 1993), indicating that the channel rundown
is also regulated by cytoskeleton elements.

Physiological implications of the KAT1 channel
regulation by multiple factors

The plant KAT1 channel activity is thus regulated not only
by voltage, but also by a variety of other physiological
factors. Low internal and external pH can enhance KAT1
macroscopic currents (Hedrich et al., 1995; Hoshi, 1995;
Marten and Hoshi, 1997). cGMP decreases the KAT1 chan-
nel activity, probably working through the channel’s C-
terminal domain homologous to that of the cyclic nucleotide
gated channel (Hoshi, 1995). This study shows that PKA-
mediated phosphorylation also regulates the channel activ-
ity. The KST1 channel, a KAT1 homolog, also runs down
on patch excision, and its function is restored by internal
ATP (Miiller-Réber et al., 1995). Thus it is likely that the
opening transitions of the KST1 channel are similarly reg-
ulated by PKA.

The multitude of regulatory mechanisms available to
KAT1 channels may allow plant cells expressing these
channels, most likely guard cells (Nakamura et al., 1995), to
survive in a variety of growth conditions. Native guard cell
channels are regulated by many factors (MacRobbie, 1998).
For example, the Vicia faba K* channels are modulated by
cAMP (Li et al., 1994). The effect of the plant hormone
ABA on guard cell K™ channels may be mediated in part by
dephosphorylation (Armstrong et al., 1995).

Genes coding for hyperpolarization-activated cation
channels in animals have been isolated from different types
of animal and human cells (Santoro et al., 1997, 1998;
Gauss et al., 1998; Ludwig et al., 1998). These channels are
predominantly present in brains and hearts and are consid-
ered to be involved in cellular rhythmic activities (Pape,
1996; Santoro et al., 1998). Defects in pacemaking activities
can lead to inherited (Spellberg, 1971) and acquired (Bigger
and Reiffel, 1979) cardiac arrhythmias and may underlie
various neurological diseases (Santoro et al., 1998). Be-
cause there is considerable similarity between these animal
genes and the plant KAT1 family genes, it will be interest-
ing to see if these animal hyperpolarization-activated chan-
nels are regulated in a similar manner.
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