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ABSTRACT To determine the mechanisms responsible
for the termination of Ca?*-activated C1~ currents (Icica)),
simultaneous measurements of whole cell currents and intra-
cellular Ca?* concentration ([Ca?*];) were made in equine
tracheal myocytes. In nondialyzed cells, or cells dialyzed with
1 mM ATP, I¢yca) decayed before the [Ca?*]; decline, whereas
the calcium-activated potassium current decayed at the same
rate as [Ca2*];. Substitution of AMP-PNP or ADP for ATP
markedly prolonged the decay of Icica), resulting in a rate of
current decay similar to that of the fall in [Ca?*];. In the
presence of ATP, dialysis of the calmodulin antagonist W7, the
Ca?*/calmodulin-dependent kinase II (CaMKII) inhibitor
KN93, or a CaMKIlI-specific peptide inhibitor the rate of
Icica) decay was slowed and matched the [Ca?*]; decline,
whereas H7, a nonspecific kinase inhibitor with low affinity
for CaMKII, was without effect. When a sustained increase in
[Ca?*]; was produced in ATP dialyzed cells, the current
decayed completely, whereas in cells loaded with 5'-
adenylylimidodiphosphate (AMP-PNP), KN93, or the
CaMKII inhibitory peptide, Icica) did not decay. Slowly
decaying currents were repeatedly evoked in ADP- or AMP-
PNP-loaded cells, but dialysis of adenosine 5'-O-(3-
thiotriphosphate) or okadaic acid resulted in a smaller initial
Icica), and little or no current (despite a normal [Ca’*];
transient) with a second stimulation. These data indicate that
CaMKII phosphorylation results in the inactivation of calci-
um-activated chloride channels, and that transition from the
inactivated state to the closed state requires protein dephos-
phorylation.

Calcium-activated chloride currents (Icyca)) have been iden-
tified in numerous cell types including neurons (1, 2), secretory
cells (3), and smooth and striated muscle (4-7). Although the
function of these currents in the regulation of cell excitability
remains uncertain, evidence suggests that Icyca) prolongs the
action potential and calcium entry (1, 5, 8-10) and mediates
fast postsynaptic potentials in smooth muscle (4). Moreover, in
smooth muscle, Icica) is associated with the sporadic release
of calcium from intracellular stores, resulting in spontaneous
transient inward currents (STICs) at resting membrane poten-
tials (11), which may act to couple intracellular calcium release
to spontaneous phasic electrical activity (12).

Following a rise in intracellular calcium ([Ca?"];), Icicca
activates and decays rapidly (2-5 s) in muscle cells, Xenopus
oocytes, and cultured spinal neurons (4, 13, 14). It has been
suggested that the gating of calcium-activated chloride chan-
nels is controlled by [Ca?*]; alone, and that the rapid current
decay observed after cell stimulation is because of the decline
in [Ca?"];, rather than channel inactivation (15). We have
previously observed a marked difference in the rate of decay
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of Icica) and [Ca?™]; after release of intracellular calcium—
Ici(ca) begins to decline before the peak [Ca?*]; is achieved and
decays completely before [Ca®"]; falls below the threshold
required for current activation (16). This finding, and evidence
that single channel currents rapidly run down in excised
patches (17), suggested that calcium-activated chloride chan-
nels might undergo an inactivation process independent of
calcium removal. We describe experiments demonstrating that
the termination of Icyca) in smooth muscle is a result of
channel inactivation, resulting from phosphorylation of the
channel or an associated protein by calcium/calmodulin-
dependent protein kinase IT (CaMKII). We show that calcium-
activated chloride channels rapidly inactivate despite a sus-
tained rise in [Ca?"];, and that subsequent channel availability
requires protein dephosphorylation. These results indicate
that Icyca) is terminated by a negative feedback mechanism
that effectively uncouples channel activity from cellular cal-
cium.

MATERIALS AND METHODS

Single smooth muscle cells were isolated from equine trachea-
lis by using a pressure-perfusion technique as described pre-
viously (18, 19). Membrane currents were recorded by the
nystatin-perforated or standard patch clamp method by using
an EPC9 system (HEKA Electronics, Lambrecht/Pfalz, Ger-
many). For perforated patch experiments cells were voltage-
clamped at —60 mV by using electrode pipettes of 2—-4 MQ
resistance; in dialysis experiments the resistance of patch
pipettes was 1-3 M. For simultaneous measurements of
[Ca?™];, cells were loaded with Fura-2/AM (2 uM) for 10 min
or dialyzed with Fura-2 free acid (75 uM) through a patch
pipette. A single-excitation wavelength fluorescence method
was used for experiments after dual wavelength observations
(20, 21). Photo-bleaching was minimized by using quartz
neutral density filters in the optical pathway and blocking the
fluorescence excitation by an electrical shutter between sam-
pling periods. Background fluorescence was determined by
either removing the cell from the field after the measurements
for perforated patch clamp experiments or after establishing a
G seal, but before “breaking in” to the cell in standard patch
clamp experiments. Current and fluorescence signals were
filtered at 100 Hz and digitized at 250 Hz. The bath solution
was 125 mM NaCl, 5 mM KCI, 1 mM MgSO,, 10 mM Hepes,
1.8 mM CacCl,, and 10 mM glucose (pH 7.4). In the perforated
patch clamp experiments, the patch pipette solution was 130
mM CsCl, 5 mM MgCl,, 3 mM EGTA, 1 mM CaCl,, and 10
mM Hepes (pH 7.3). The pipette solution contained 130 mM
CsCl, 1.2 mM MgCl,, 1 mM ATP-Mg, and 10 mM Hepes (pH
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phate); CaMKII, Ca?*/calmodulin-dependent protein kinase II.
*To whom reprint requests should be addressed at: Department of
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7.3) for the standard patch clamp experiments. All experi-
ments were performed at 35°C.

Caffeine, nystatin, adenosine 5’-O-(3-thiotriphosphate)
(ATPs), 5'-adenylylimidodiphosphate (AMP-PNP), and
ATP were obtained from Sigma; Fura-2, ionomycin, W7,
KNO93, and the peptide inhibitor of calcium/calmodulin-
dependent kinase II (amino acid residues 281-301) were from
Calbiochem; and H7 was from Research Biochemicals. Sta-
tistical analysis was performed by one-way ANOVA by using
the Dunnett’s test for significance.

RESULTS AND DISCUSSION

The application of 8 mM caffeine to nystatin voltage-clamped
cells (=60 mV, Cs* pipette solution to block potassium
currents) induced an increase in the spatially averaged [Ca?*];
signal and a large Icica) (Fig. 1). We have previously shown
that the caffeine-activated current in these cells is chloride-
selective and requires intracellular calcium release (16, 22). In
11 cells, [Ca?"]; increased from a resting level of 151 = 14 to
748 = 49 nM, and the current had a mean amplitude of 1,087 =
47 pA. As shown in Fig. 1, the time course of the increase in
[Ca?"] was quite similar to that of Icyca), whereas the decay of
Icicay occurred substantially before the decline in spatially
averaged [Ca?" . Icyca) began to decay before [Ca?*]; reached
a peak value and had declined to 50% of peak and completely
decayed when [Ca?*]; had decreased by only 19% and 63%
(from 748 = 49 to 632 * 38 and to 372 * 26 nM), respectively.
In some experiments the activation rate of the current was
slightly greater than that of the [Ca®*]; signal (e.g., Fig. 2B);
however, there was always a dramatic discrepancy between
decay rates of the two signals. The mean time required for the
current to decay to 50% of peak (ti) was 1.36 = 0.11 s,
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whereas the ty; for the fall in [Ca?*]; was 2.78 = 0.19 s. By
contrast, similar experiments indicated that, after activation by
caffeine, the calcium-activated potassium current (Ixca)) de-
cayed with kinetics that matched the cellular [Ca?"]; signal.
Fig. 1 (Inset) shows an example of four similar experiments in
which cells were held at the chloride equilibrium potential and
recorded with potassium-containing pipette solution to isolate
the calcium-activated potassium current. These results are
consistent with our previous findings on the activation of Icy(ca)
by muscarinic receptor stimulation (16) and suggest that Icica)
inactivates by a mechanism independent of the removal of
calcium. It was considered unlikely that the accelerated decay
of Icyca) Was because of a decline in near membrane [Ca®*);
not reflected in our spatially averaged [Ca?"]; measurement,
because the decay of Ix(ca) closely matched this signal. More-
over, Icyca) but not Igcay decayed in experiments in which
ionomycin was used to achieve a sustained increase in [Ca’*];
(see below).

These experiments suggested that factors other than a
decline in [Ca?*]; were associated with the decay of Lciccay.-
Previous studies have shown that in the absence of intracellular
ATP Icicay persists in smooth muscle cells (15), and that
attenuation of glycosis or application of the metabolic inhibitor
cyanide leads to a significant increase in the duration of I¢cjca)
in rat dorsal root ganglia neurons (23, 24). To determine
whether the inactivation of Icycay was related to ATP hydro-
lysis, currents were examined in cells dialyzed with ATP, ADP,
and the nonhydrolyzable analogue AMP-PNP. In cells dialyzed
with 1 mM ATP for 5 min by using the standard whole-cell
method, caffeine (8 mM) induced a similar calcium and
current response as observed in nondialyzed cells (Fig. 2A4).
The mean amplitudes of [Ca?*]; and Icicay were 715 + 44 nM
and 956 * 59 pA, respectively (n = 7), and ty), for the current
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F1G. 1. Time course of Icicay and [Ca®*]; in a single smooth muscle cell. The time course of [Ca?*]; increase (dots) and I¢ica) (line) induced
by caffeine (8 mM) in a cell voltage-clamped at —60 mV by using the perforated patch clamp technique. The macroscopic Icicay activates after
[Ca?*]; increases to a threshold level (horizontal arrow), but the current completely decays while [Ca?*]; remains well above the activation threshold
(vertical arrow). Note that (unlike the rate of current decay) the rate of current activation is very similar to the rate of rise of [Ca?*];. Vi = —60
mV; cell loaded with Fura-2/AM. The current has been inverted and the two signals have been scaled to the same peak amplitude. Inset shows
caffeine activation of [Ca2*]; transient and calcium-activated potassium current. The cell was held at —20 mV (calculated Ec) and recorded with
potassium-containing pipette solution. Exposure to caffeine (8§ mM) resulted in an outward current with similar activation and decay kinetics as
the [Ca2*]; signal. Dots show [Ca?*]; transient (left bar = 100 nM), solid line shows current (right bar = 100 pA), and time calibration bar is 2 s.
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FiG. 2. The rapid decay of Icica) requires ATP. (4) Caffeine
evokes a typical [Ca>"]; (Upper) and Icica) (Lower) response in a cell
dialyzed for 5 min with pipette solution containing ATP and Fura-2-
free acid in the patch pipette. There is a marked difference in the rate
of decay of the [Ca?*]; and Icy(ca) signals. The Inser demonstrates the
different kinetics by showing the two signals scaled to the same peak
amplitude and superimposed. (B) Substitution of AMP-PNP for ATP
(different cell) in the patch pipette resulted in a markedly slowed decay
of Ici(ca), such that the rate of decay of [Ca?*]; and Ici(ca) Were similar
(Inset). Note that the current activation rate was not affected. (C)
Substitution of ADP for ATP (different cell) also slowed the rate of
decay of Icica) such that the current decayed with the decline in
[CaZ*); (Inset). Vi was —60 mV for all cells.

decayed was 1.22 = 0.08 s, whereas the mean time required for
the [Ca®*]; decay was 2.68 + 0.23 s (n = 7). As shown in Fig.
2B (Left), application of caffeine to cells dialyzed with 1 mM
AMP-PNP for 5 min induced a current with a dramatically
slowed rate of inactivation; moreover, the rate of current
inactivation was quite similar to the rate of intracellular
calcium decay. In eight experiments, the t;,, for the decay of
Icicay and [Ca?*]; was 3.06 = 0.27 s and 3.49 = 0.17 s,
respectively. The half time of decay of Icyca) Was significantly
greater than in cells dialyzed with ATP (P < 0.05, see Table
1). As with AMP-PNP, dialysis of ADP prolonged the decay of
the caffeine-activated currents when compared with ATP (Fig.
2B Right; P < 0.05, n = 6) and resulted in a time course of
current decay that closely matched the fall in [Ca?*]; (Fig. 2B
Inset). No attempt was made to adjust for different calcium-
binding affinities of the nucleoside phosphates, but the current
decay kinetics were not markedly affected by the resting level
of [Ca?"]; or the peak [Ca?"]; achieved after exposure to
caffeine. Therefore, we concluded that protein phosphoryla-
tion plays a role in the rapid inactivation of Icjca) observed
under more physiological conditions (nondialyzed cells).

We reasoned that the increase in [Ca’*]; initiating Leica
might activate calcium/calmodulin-dependent protein kinase
II (CaMKII), which is highly expressed in smooth muscle and
has been implicated in the regulation of membrane ion chan-
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Table 1. Inhibition of inactivation of Ca?*-activated CI~ currents
by the nonhydrolyzable ATP analogues and the blockers of CaM
kinase in equine tracheal smooth muscle cells

n Icica), PA ti),, s [Ca%*]i, nM ti,, s

ATP 7 956 =59 1.22 +£0.08 584 £ 46 2.68 £0.23
AMP-PNP 8§ 843 £ 82 3.06 £0.27* 601 £28 349 =0.17
ADP 6 822 =74 256 £0.36% 594 =57 2.77 =0.09
W7 7 944 =57 279 £0.34* 616 =31 3.53 £0.36
KN93 6 975 £ 78 2.85+0.37* 591 =39 3.39+0.35
H7 5 1,012 =68 1.64 =0.19 563 =45 295+ 0.09
Peptide

959 =59 299 *0.36* 574+26 343+0.39

t1, refers to the half time of current (left) and [Ca?*]; (right) decay.
*P < 0.05 compared with control (ATP).

inhibitor 6

nels (25, 26), and that CaMKII-mediated phosphorylation
promoted channel closing, thereby constituting an efficient
negative feedback system to ensure rapid termination of the
postsynaptic response (4). To test this hypothesis, we first
dialyzed myocytes with 1 mM ATP plus either the calmodulin
antagonist, W7, or the CaMKII inhibitor, KN93. As shown in
Fig. 3, the decay of Icica) was slowed in cells dialyzed with
either W7 (500 uM) or KN93 (5 uM), similar to the results
obtained with AMP-PNP or ADP, and the t;/; for the current
was significantly increased (Table 1). We next dialyzed the
CaMKII inhibitory peptide (residues 281-301) (27), which
slowed the rate of current inactivation similar to W7 and KN93
(Fig. 3D; Table 1). Conversely, H7, which has a relatively low
affinity for CaMKII but inhibits other cellular kinases such as
protein kinase C, cAMP-dependent protein kinase, and
cGMP-dependent protein kinase, did not produce an appre-
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FiG. 3. Inhibition of calmodulin or CaMKII slows the decay of
Ici(ca)- Dialysis of the calmodulin inhibitor W7 (Upper Left) slowed the
rate of Icyca) decay, resulting in a similar rate of current and [Ca?*];
decay (Inset). Dialysis of the CaMKII inhibitor KN93 (Upper Right) or
the CaMKII substrate antagonist (50 uM, Lower Left) had an equiv-
alent effect. In contrast, dialysis of H7 (Lower Right) at a concentration
predicted to substantially inhibit PKC, PKA, and PKG activity did not
slow the rate of Icycay decay. All solutions contained 1 mM ATP, and
cells were dialyzed for 5 min before exposure to caffeine; cells were
clamped at —60 mV.
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FiG. 4. Icicay decays in the presence of a sustained rise in [Ca?*]i. Exposure to ionomycin resulted in a sustained elevation of [Ca?*]; and
activation of Ici(ca) in a cell voltage-clamped at —60 mV (Left). The current completely inactivated, despite the sustained rise in [Ca?*];. Equivalent
experiments were performed in potassium-containing solution, holding at Ec; (0 mV) to isolate the calcium-activated potassium current (Right).
Unlike Icyca), the calcium-activated potassium current was sustained as long as [Ca®*]; was elevated.

ciable effect on I¢yca) (Fig. 3); the ty; for current decay was not
different from control cells dialyzed with ATP alone and was
significantly shorter than the calcium decay (Table 1). These
data further demonstrate that the inactivation of Icyca) is
mediated by protein phosphorylation and that the signaling
pathway involves CaMKII in smooth muscle. CaMKII does not
appear to play a role in the opening of Ca?"-activated Cl~
channels, however, because the amplitude of Icyca) was not
affected by intracellular dialysis of W7, KN93, or the regula-
tory peptide (Table 1).

We next wondered whether CaMKII -mediated phosphor-
ylation was sufficient to terminate I¢ycq) in the absence of a fall
in [Ca?*]i. To answer this question a series of experiments were
performed using ionomycin to induce a sustained increase in
[Ca?™); in cells dialyzed with ATP. An example of this exper-
iment is shown in Fig. 4. Exposure to 10 uM ionomycin
resulted in a sustained increase in [Ca®*];; however, Icy(ca) still
inactivated. Similar results were obtained from five other cells.
In parallel experiments employing conditions designed to
isolate the calcium-activated potassium current (130 mM K*
in pipette and Vi, = 0 mV, the chloride equilibration potential),
that current was sustained following application of ionomycin
(Fig. 4; n = 4). This experiment provides further evidence that
the termination of Icj(ca) is not merely a result of a more rapid
decrease in near-membrane [Ca?*]; than indicated by the
spatially averaged calcium fluorescence signal, because the
sustained elevation of the Ig(ca), indicates that the near-
membrane calcium is maintained at near-maximal levels.

These results further demonstrated dual mechanisms for
closing calcium-activated chloride channels: (7) in the absence
of CaMKII phosphorylation, channels close as [Ca?"]; falls,
indicating that channel open-state probability is a function of
[Ca?™];, and (i) in the absence of a decline in [Ca?*]; channel
closing is effected by CaMKII phosphorylation. Therefore, we
anticipated that a sustained increase in [Ca®*]; together with
inhibition of channel phosphorylation by CaMKII would result
in a sustained opening of Ca?>*-activated CI~ channels. To test
this hypothesis, myocytes were exposed to ionomycin under
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FIG. 5. Icica) is sustained in the presence of a sustained rise in
[Ca2*]; if CaMKII phosphorylation is inhibited. Ionomycin was used
to produce a sustained rise in [Ca?*]; as in Fig. 4. In cells dialyzed with
AMP-PNP (Upper Left), with ATP and the CaMKII antagonist KN93
(Upper Right), or with ATP and the CaMKII inhibitory peptide
fragment (Upper Left), Icica) achieved a peak value and was sustained.
Conversely, dialysis of cells with ATP and H7, which has a low affinity
for CaMKII, did not prevent the decay of Ici(ca). All cells were dialyzed
for 5 min and were voltage-clamped at —60 mV.
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FiG. 6. The phosphorylation-dependent decay of Icycay results from channel inactivation. (4) Consecutive exposure to caffeine (cells were
dialyzed for 5 min before first application and exposed a second time after 5 min) results in equivalent increases in [Ca?"]; and only a slight decline
in the magnitude of I¢yca). Note that the current decays before the decline in [Ca?*];. (B) Substitution of ADP for ATP in the patch pipette results
in the typical slowed rate of Icyca) decay but does not alter the current amplitude following a second exposure to caffeine, indicating that channels
are available to open. (C) Conversely, intracellular dialysis of ATP+ys results in a smaller initial Icjcay and virtually no response on the second
application (despite the fact that the [Ca?*]; response was normal), indicating that calcium-activated chloride channels were not available to open.
(D) Dialysis of okadaic acid also inhibited the initial caffeine response and almost abolished the subsequent response. All cells were clamped at

—60 mV.

conditions that would effectively inhibit phosphorylation. Typ-
ical current and calcium traces are depicted in Fig. 5. As
predicted, inhibition of phosphorylation by AMP-PNP (n = 5),
KNO93 (n = 4), or the inhibitory peptide (n = 4) resulted in a
sustained Icy(ca), whereas when cells were dialyzed with H7 the
current was not sustained (n = 4).

Because phosphorylation of the channel or a related protein
closed calcium-activated chloride channels, we sought to de-
termine whether dephosphorylation was required for subse-
quent channel availability (i.e., whether phosphorylation re-
sults in channel inactivation). As shown in Fig. 6, when cells
were dialyzed with ATP, a second application of caffeine after
5 min reliably evoked calcium and current transients, although
there was an approximately 10% decrease in the amplitude of
the second I¢ycay (from 956 = 59 pA for the first application,

CG++

CZ?_'OFZ

P, (phosphatase)

P (CaMKIl)

FiG. 7. A simplified model of channel gating. An increase in
[Ca2*]; results in a gating transition of calcium-activated chloride
channels from the closed (C) to the open (O) state. In the absence of
phosphorylation, channels will close when calcium declines, but are
available to open (Fig. 6B). Under physiological conditions open
channels are rapidly phosphorylated by CaMKII, resulting in transition
to the inactivated (I) state before [Ca?*]; falls (Fig. 1), and channels
are subsequently dephosphorylated after termination of the calcium
signal and a decrease in CaMKII activity, such that they are again
available (Fig. 64). Channels can be trapped in I (unavailable to open)
by thiophosphorylation or phosphatase inhibition (Fig. 6 C and D). In
this state channels are effectively uncoupled from [Ca2?*];.

to 861 = 44 pA for the second application), whereas the mean
net increase in [Ca?*]; was not significantly changed. Inhibition
of phosphorylation by dialyzing cells with ADP (Fig. 6) or
AMP-PNP (data not shown) also resulted in currents that
could be evoked repeatedly with little decrease in net current,
although the time course of current decay was slowed as
previously shown, indicating that the calcium-dependent cur-
rent decay does not reflect channel inactivation. In marked
contrast to these results, however, when channel dephosphor-
ylation was prevented either by thiophosphorylation or by
inhibition of endogenous phosphatase activity, currents could
not be subsequently activated. As shown in Fig. 6, caffeine
induced an I¢yc,) of smaller amplitude and faster decay in cells
dialyzed for 5 min with 1 mM ATP-ys substituted for ATP, and
a second application of caffeine (5 min after the first appli-
cation) resulted in a dramatically decreased Icica) (97 *+ 26
pA), which was reduced to 14 + 3% of the first response (n =
7, P < 0.05). Similarly, in cells dialyzed with the protein
phosphatase-1 and -2A inhibitor okadaic acid (500 nM), Ici(ca)
was of smaller amplitude and a second application of caffeine
almost failed to evoke Icica). In a total of six cells tested, the
second response was 22 = 4% of the first response (P < 0.05).
In both experimental groups the magnitude or time course of
the rise in [Ca?*]; was not different from control (ATP) for the
first or second caffeine exposure. These results indicate that
phosphorylation of the channel protein or a related protein
induces the transition of calcium-activated chloride channels to
an inactivated state and that dephosphorylation is required for
subsequent channel availability. It is likely that the smaller
initial currents observed with ATPvS and okadaic acid reflect
an accumulation of channels in the inactivated state during the
initial 5-min dialysis.

Based on these findings we present the following simplified
model of the gating behavior of Ca?*-activated chloride chan-
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nels (Fig. 7). Channels undergo a calcium-dependent transi-
tion from the closed to the open state, as indicated by the
simple relationship between current and [Ca?*]; that is ob-
served during the activation of I¢yca) (16) and during its decay
under conditions in which phosphorylation is inhibited (Figs.
2 and 3). Under physiological conditions open channels inac-
tivate rapidly (before the fall in [Ca?"]; associated with a
calcium-release transient) in a process that is mediated by
CaMKII, and transition from the inactivated state to the closed
state requires protein dephosphorylation (Fig. 6). These dual-
gating mechanisms represent a novel ion channel regulatory
system. Inactivation of a calcium-dependent ion channel by a
calcium-dependent kinase comprises an efficient negative
feedback mechanism that uncouples current from the [Ca?*];
signal, ensuring rapid termination of the depolarizing stimulus.

We thank Ms. Laura Lynch for technical assistance and Ms. Ellen
Davison for manuscript preparation. Supported by HL 41084 and HL
45239.
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