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Type-2 calcium-dependent potassium (K,,) channels from 
mammalian brain, reconstituted into planar phospholipid 
bilayers, are modulated by ATP or ATP analogs via an en- 
dogenous protein kinase activity intimately associated with 
the channel (Chung et al., 1991). We show here that the 
endogenous protein kinase activity is protein kinase C 
(PKC)-like because (1) modulation by ATP can be mimicked 
by exogenous PKC, and (2) the effects of ATP can be 
blocked by PKCt,9.36j, a specific peptide inhibitor of PKC. 
Furthermore, adding the PKC inhibitor peptide after the ad- 
dition of ATP reverses the modulation produced by ATP, 
suggesting that there is a phosphoprotein phosphatase ac- 
tivity closely associated with type-2 K,, channels. Consis- 
tent with this idea is the finding that microcystin, a non- 
specific phosphatase inhibitor, enhances the modulation of 
K,, channel activity by ATP. Inhibitor-l, a specific protein 
inhibitor of phosphoprotein phosphatase-1, also enhances 
the effect of ATP, suggesting that the endogenous phos- 
phatase activity is phosphatase-l-like. The results imply 
that type-2 K,, channels exist as part of a regulatory com- 
plex that includes a PKC-like protein kinase and a phos- 
phatase-l-like phosphoprotein phosphatase, both of which 
participate in the modulation of channel function. 

[Key words: Ca2+ -activated K’ channels, modulation, 
protein kinases, protein phosphatases, phosphorylation, 
lipid bilayers, protein complexes, ion channels] 

The modulation of membrane ion channels is central to neuronal 
function. Most (if not all) ion channels are subject to modulation, 
often as a result of phosphorylation at serine, threonine or ty- 
rosine residues within the sequence of the ion channel protein 
itself (reviewed in Levitan, 1994). The widespread existence of 
such regulatory sites suggests that modulation by phosphoryla- 
tion may be an essential inherent property of many voltage-gated 
(Catterall, 1993) and ligand-gated (Raymond et al., 1993) ion 
channels. 

We have been investigating the modulation, by phosphoryla- 
tion, of large conductance calcium-dependent potassium (Kc,,) 
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channels from the mammalian brain (Reinhart et al.. 1991; 
Chung et al., 1991). Specific functions of these channels in the 
nervous system include the setting of neuronal tiring frequencies 
(Lancaster et al., 1991), participation in neuropeptide secretion 
(White et al., 1991; Bielefeldt and Jackson, 1994a), and regu- 
lation of presynaptic calcium signals and neurotransmitter re- 
lease (Robitaille and Charlton, 1992). Using planar bilayer re- 
constitution techniques, we have identified two distinct types of 
large conductance K,.,, channel in membrane vesicles from rat 
cortex (Reinhart et al., 1989). Channels with similar properties 
have also been identified using patch-clamp techniques (Wang 
et al., 1992; Bielefeldt and Jackson, 1994a). These channels have 
similar single channel conductances. but differ in their kinetics. 
pharmacology and modulation by the catalytic subunit of the 
CAMP-dependent protein kinase (PKA) (Reinhart et al., 1989: 
Reinhart et al., 1991). In addition, one of these channels, which 
we have named the type-2 K,.,$ channel, can be modulated by 
ATP alone without the addition of exogenous protein kinase 
(Chung et al., 1991). This effect of ATP requires protein phos- 
phorylation by an endogenous protein kinase activity that re- 
mains intimately associated with the type-2 K,.‘, channel in the 
planar bilayer. 

The phosphorylation state of any protein represents an equi- 
librium between opposing protein kinase and phosphoprotein 
phosphatase activities. Most studies to date have focused on pro- 
tein kinases as channel modulators, and it is only recently that 
the crucial role of phosphatases in neuromodulatory phenomena 
in general, and ion channel modulation in particular, has begun 
to be appreciated (Reinhart et al., 1991: White et al., 1991: 
Byrne et al., 1993; White et al., 1993; Wilson and Kaczmarek. 
1993; Bielefeldt and Jackson, 1994a). We show here that there 
is also a phosphoprotein phosphatase activity that remains close- 
ly associated with the type-2 K,:, channel in the planar bilayer, 
and that this activity can be blocked by a specific protein inhib- 
itor of phosphoprotein phosphatase-I. In addition, we provide 
pharmacological evidence that the endogenous protein kinase 
activity associated with the channel is protein kinase C (PKC)- 
like. Thus, the type-2 K,;, channel from rat brain can exist as 
part of a regulatory complex that includes not only the ion chan- 
nel itself, but also a specific complement of enzymatic activities 
that modulate its function. 

Materials and Methods 
Mrrvhmrze t~rsicle pr-rl,nl-ntiort. Rat brain plasma membrane vesicles 
were prepared essentially as described previously (Reinhart et al., 1089. 
199 1). Briefly, rat cortex was excised and immediately homogeni/,ed in 
an ice-cold isotonic sucrose buffer (in mM: 250 sucrose. 2.5 KCI, 0.1 
EGTA, 0. I EDTA, 0. I dithiothreitol, 20 HEPES, pH 7.2). The homog- 
enate was centrifuged at 2500 X g for 3 min. the pellet washed once. 
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Fi,y~rrr 1. Activation of a single type-2 large-conductance CaLi-acti- 

vated K’ channel in lipid bilayers by exogenously added PKC. The 
transmembrane voltage W;IS clamped to + IO mV, and the reversal po- 

tential for K’ was set to ~28 mV. For all traces channel openings are 
shown as upward deflections from the closed level current. A:Corrtd, 
Single channel gatinp in the presence of 0.1 mM ATP just prior to the 
addition of PKC. +PKC’, Single channel gating 3 min after the addition 

of 25 IIM PKC to the cytoplasmic side of the ion channel. B, The time 

course of PKC-induced changes in the open probability of the same 
channel shown in A. The channel open probability was calculated con- 
tinuou\ly. and each \,c,rtictr/ /;~zP represents the average for ;I 5. 12 set 
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and the combined supernatants were centrifuged at 30,000 X ,s for IO 
min. The resulting pellet was resuspended in a hypotonic lysis buffer 
(in 111~: 0.1 dithiothreitol, 2.5 KCI. S Tris-HCI. pH 8.2) and allowed to 
stand on ice for 20 min. The isotonic sucrose buffer and the lysis buffer 
both contained 20 &ml trypsin inhibitor and aprotinin. The mem- 

branes were than rehomogenized, repelleted, and layered under a dis- 
continuous step gradient of Percoll (25, IX, IO, and 0%: v/v). The gra- 
dient was centrifuged at 45,000 X g for 2 min. and the membrane 
fraction banding at the OGlO”/c Percoll interface was collected. The Per- 
toll was removed by high-speed centrifugation, and the plasma mem- 
branes were stored at -80°C. 

Bilrryrr rer.anstifrrtio~l truth sing/r ~~IKUIIIC/ rwortli~~,~. Single channel 
recordings were made following fusion of these plasma membrane frac- 
tions with planar lipid bilayers (Coronado and Latorre. 1982; Millel; 
19%). Membranes were added to the cytoplasmic side of the bilayer 

chamber, which contained cytoplasmic solution (in mM: I SO KCI, I .OS 
&Cl,, 1 EGTA, 1 MgCl,, 7 KOH, IO HEPES, pH 7.4). The free cal- 
cium-ion concentration was adjusted by the addition of CaCl, or EGTA. 
and calculated using the program EQCAI. (Biosoft, Cambridge. LJK) us- 
ing previously published stability constants. The extracellular solution 
contained (in mM) 0.1 EGTA. 7 KOH, IO HEPES (pH 7.4). K,,, chan- 
nels insert into the bilayer predominantly in one direction. with the 
intracellular calcium-sensing side facing the solution into which the 
vesicles were added. Of the two large conductance K, , channels in this 
preparation (Reinhart et al., 19X9), only the charybdotoxin-insensitive. 
slower gating type-2 channel was studied in these experiments; the ac- 
tivity of the faster Eating type-l channel is not affected by ATP in the 
absence of exogenous protein kinase (Reinhart et al.. 1991). Occnsion- 
ally a membrane vesicle preparation contained channels that could not 
be modulated by ATP or any kinase or phosphatase tested (.7 of I9 
preparations): we do not know the basis for this variability. After in- 
corporation of a channel into the bilayer, further fusion was suppressed 
by adding SO mM KC1 to the extracellular chamber to reduce the trans- 
membrane osmotic gradient. Single channel currents were recorded with 
an Axopatch 200 patch-clamp amplifier (Axon Instruments. Foster- City. 
CA) or ;I BC-S2SA Bilayer Clamp (Warner Instruments. Camden, CT). 
The data were filtered at 1 kHz using ;III eight-pole Bessel filter. and 
digitir.ed at 4 kH;I for analysis. Voltages are expressed using cellular 
convention, that is the voltage of the cytoplasmic side relative to that 
of the extracellular side. Single channel records were idealired using 
baseline tracking and a 50% threshold crossing algorithm using custom 
software. Idealized data records were analyzed using pc’I.AMI’(1 (Axon 
Instruments), Transit (obtained from Dr. Antonius VanDongen. Duke 
University Medical Center). and custom software. 

Krtr~~rlt.r. PKC, ,,, ,<,,, R27E-PKC, ,,, ,,,,. and microcystin-LR were ob- 

tained from GIBCO-Bethesda Research Labs. Rat brain PKC was pu- 
rified by the method of Woodgett and Hunter (1987). The thiophos- 
phorylated form of inhibitor-l was generously provided by Dr. Angus 
Nairn (Rockefeller University, NY). After thiophosphorylation the in- 

hibitor was purified by ion exchange chromatography to remove any 
residual ATPyS. ATP, I-oleoyl-2-acetyl-sn-glycerol (OAG) and all other 

chemicals were obtained from Sigma. 

Results 
PKC irlcreuses the opera probability of‘ t!pc-2 K, (I ckmtwI.s 
The open probability of the type-2 K,:, channel from rat brain 

is increased by ATP and ATP analogs, via the action of an en- 

dogenous protein kinase activity that is closely associated with 

the channel (Chung et al., 1991). As a first step towards char- 

acterization of this endogenous protein kinase, we determined 

the effects of several exogenous protein kinases on channel ac- 

tivity. The catalytic subunit of PKA, in the presence of low 

concentrations of ATP (0.1 mM), causes a decrease in the open 

probability of this channel (Reinhart et al.. 1991). and thus it 

seems unlikely that the endogenous kinase activity is PKA-like. 

On the other hand, purified PKC that has been activated by 

diacylglycerol can increase the type-2 channel open probability 

t 

sweep. PKC (25 nM) was added at I7 min ((lrro1l.). The data shown are 
from one of seven independent experiments performed. 
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over and above the increase caused by low concentrations (0. I 

ITIM) of ATP alone (Fig. 1; II = 7). The top traces in Figure IA 
(control) illustrate the activity of a single type-2 channel in the 
presence of 100 FM ATP: the open probability under these COW 
ditions oscillated between 0.15 and 0.3, and was on average 
approximately two- to threefold higher than in the absence of 
ATP Addition of PKC (25 nM) in the presence of I FM I -oleoyl- 
2-acetyl-sn-glycerol (OAG; Fig. IA, bottom traces) causes an 
additional increase in open probability, characterized by both an 

increase in mean channel open time and a decrease in mean 
closed time (data not shown). PKC increased the open proba- 
bility from 2.6 to S.2-fold in seven to nine independent experi- 
ments performed. The time course of the action of PKC (Fig. 
IB) illustrates that the increase in open probability occurs grad- 
ually over a period of many minutes, suggesting that multiple 
phosphorylation events may contribute to the modulation of 
channel activity. 

-.. 

The finding that PKC modulates type-2 channel activity in the 
same direction as ATP is consistent with the possibility that the 
endogenous kinase activity is PKC-like. In order to test this fur- 
ther, we asked whether an inhibitor of PKC can block the action 
of ATP Amino acid residues 19-36 of brain PKC comprise a 
pseudosubstrate autoinhibitory domain, and a synthetic peptide 

(PKC,,, ,,,I corresponding in sequence to this domain is a potent 
and specific inhibitor of PKC (House and Kemp, 19X7). As de- 
scribed previously (Chung et al.. 1991) ATP causes an increase 
in the open probability of more than 60% ( I2 of I9 experiments) 
of all type-2 K,.,, channels incorporated into lipid bilayers (Fig. 
2A). This action of ATP is blocked by pretreatment of the chan- 
nel with PKC,,,,~,,, (Fig. 2B; six of six experiments). strongly 
suggesting that the endogenous protein kinase that mediates the 
action of ATP is indeed PKC-like in its pharmacology. To test 
for the specificity of this block, an inactive analog of PKC,,,, \(,, 
was used. The arginine residue at position 27 of PKC is essential 
for autoinhibition, and a synthetic peptide in which this arginine 
is changed to a glutamate residue (R27E-PKC,,,, ,,,,). although 
very similar in structure to the parent peptide, does not inhibit 
PKC activity (House and Kemp, 1987). Pretreatment of the 
type-2 channel with R27E-PKC,,, Ih, does not block the increase 
in open probability evoked by ATP (Fig. 2C; four of four ex- 
periments), confirming that the block by PKC,,, I,,, results from 
specific inhibition of a PKC-like activity rather than from nw- 

specific side effects. 
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Figu~ 2. Activation of a type-2 large-conductance Ca? ’ -activated K 
channel in lipid bilayers by ATP and inhibition of this effect by the 
protein kinase C inhibitory peptide PKC,,,, Ih,. The recording conditions 
are as in Figure I. The channel open probability was adjusted to be- 
tween 0.05 and 0.15 using either CaCI, or EGTA. The channel open 
probability was calculated continuously, and each ~,./ic~r/ /i/lr repre- 
sents the average for a 2.56 set sweep. A, ATP (0.5 111~) was added to 
the cytoplasmic side of the channel 300 set after starting the recordings. 
The data shown are from one of I2 independent experiments performed. 

H. P&w w (0.2 FM) was added to the cytoplasmic side of the channel 
at I20 set, and ATP (0.5 mM) was added at 300 sec. The data shown 
are from one of six independent experiments performed. C, The inactive 
PKC inhibitor peptide R27E-PKC,,,, i,,, (2 FM) was added at I20 set, 
and ATP (0.5 mM) was added at 300 set after starting recordings. The 
data shown are from one of four independent experiments performed. 
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Fig~rre 3. PKC, ,,, ,<,, reverses the ATP-induced upmodulation of type-2 
large-conductance CLI? ’ -activated K’ channels. A single type-2 Ca” - 
activated K’ channel was incorporated into planar lipid bilayers as in 
Figure I. For all traces channel openings iue shown as upward detlec- 
tions from the closed level current. A, Control. Single channel transi- 
tions ,just prior to the addition of ATP R. +ATP Single channel tran- 

sitions 3 min after the addition of ATP (0.5 mM) to the cytoplasmic 
side of the channel. C, +PKC,,, ??,,. Single channel transitions 6 min 

after the addition of the PKC inhibitor peptide PKC,,,, ,,,, (0.2 FM) to 
the cytoplasrnic side, in the continued presence of ATt? The data shown 
are from one of eight independent experiments performed. 

To determine whether persistent protein kinase activity is re- 
quired for the sustained increase in channel open probability 
produced by ATP we added the PKC inhibitor after first up- 
modulating the channel with ATP (Figs. 3, 4). ATP causes a 
large increase in type-2 channel activity within several minutes 
after its addition (Figs. 3A,B; 4). Subsequent addition of 

PKC, it, I<,,. in the continued presence of ATP, reverses the mod- 
ulation, and the channel activity declines to (or often below) 
control levels (Fig. 3C; eight of nine experiments). This is con- 
firmed by an examination of the change in channel open prob- 
ability as a function of time (Fig. 4A). The channel open prob- 
ability declines rapidly after the addition of PKC,,, Ih), suggesting 

that an endogenous phosphatase activity may reverse the effects 
of ATP when the endogenous kinase activity is inhibited. The 

reversal of the ATP modulation by PKC,,,~,,, does indeed result 

from inhibition of a PKC-like kinase, because R27E-PKC,,,~,,, 
does not produce this effect (Fig. 4B: four of four experiments). 
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Figure 4. Time course of PKC, ,,, ?,,, reversal of the ATP-induced up- 
modulation of type-2 Ca’,-activated K ’ channels incorporated into pla- 
nar lipid bilayers. The channel open probability was adjusted to between 
0.05 and 0. IS using either CaCI, or EGTA. Each \vrtic,tr/ lirre represents 
the average for a 10.24 set sweep. A. ATP (0.S nrhd) was added at I6 
min and PKC, ,,,~l,,, (0.2 FM) was added at 36 min. The data shown are 
from one of eight independent experiments performed. H. ATP (0.5 IllM) 

was added at I6 min and the inactive PKC inhibitor R27EPKC,,,, %,,, (2 
FM) was added at 36 min. The data shown ;ne from one of four inde- 
pendent experiments performed. 

Phosplzutcrse inhibitors enhmce the rmdultrtiorr h!, ATP 

The fact that PKC,,,~,,, not only blocks but can also reverse the 
modulation by ATP, implies that in the presence of ATP channel 
activity is determined by a balance between endogenous kinase 
and phosphatase activities. This hypothesis predicts that the ef- 
fect of ATP should be enhanced by inhibiting the phosphatase 
activity. A submaximal concentration of ATP produces a modest 

increase in channel activity accompanied by fluctuations in open 
probability (Figs. 5, 6; and Chung et al.. 1991). Addition of 

microcystin-LR, a relatively non-specific inhibitor of phospho- 
protein phosphatases, in the continued presence of ATP increas- 
es the open probability further and tends to dampen the ATP- 

induced oscillations (Fig. 5; II = 6). This increase in open prob- 
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Figure 5. Microcystin enhances the ATP-induced upmodulation of 
type-2 Ca*+-activated K’ channels. The ion channel open probability 
was adjusted to 0.02-0.05 with EGTA, and ATP (0.5 mM) was added 
at 10 min. Microcystin-LR (0.25 pM) was added at SO min. The data 
shown are from one of six independent experiments performed. 

ability ranged from 1.7- to 3.8-fold. In the absence of ATP 
microcystin does not alter channel activity (II = 4; data not 
shown). 

At the concentration of microcystin (250 nM) used in these 
experiments, the effect is to block predominantly phosphopro- 
tein phosphatase- I (PP- I ) and phosphatase-2A (PP-2A). without 
significantly affecting phosphatases-2B or -2C (MacKintosh et 
al., 1990). Okadaic acid, a structurally unrelated phosphatase 
inhibitor that is also relatively non-specific, also enhances the 
modulation of type-2 K,.,, channels by ATP (1 .S-3. I -fold in- 
crease in open probability. six of seven experiments; data not 
shown). To characterize in more detail the endogenous phos- 
phatase activity associated with type-2 K,.,, channels, we utilized 
inhibitor- I (I- I), a specific protein inhibitor of PP- I (Shenolikar 
and Nairn, I99 I ; Nairn and Shenolikar. 1992). This I9 kDa ther- 
mostable protein found in liver, muscle, and brain is active only 
when it is phosphorylated on the threonine residue at position 
35 (Aitken et al., 1982; Stralfors et al., 1989); it can be de- 
phosphorylated by phosphatases-2A and -2B. To protect I-I 
against dephosphorylation during the course of these experi- 
ments, the protein was thiophosphorylated using the catalytic 
subunit of PKA and ATP-yS, since thiophosphorylated proteins 
are poor substrates for dephosphorylation by phosphoprotein 
phosphatases (Gratecos and Fischer, 1974). The modulation of 
type-2 K,.., channel activity produced by a submaximal concen- 
tration of ATP (Fig. 6A), is markedly enhanced (I .9-4.6-fold) if 
the channel is pretreated with thiophosphorylated (and hence 
active) I-I (Fig. 6B; II = 3). In addition, the fluctuations nor- 
mally seen after ATP treatment (e.g., Figs. 5, 6A) are largely 
abolished in the presence of I-l (Fig. 6B). I-l alone does not 
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Figure 6. Inhibitor- I potentiates the ATP-induced activation of type-2 
Ca’+-activated K’ channels. The ion channel open probability was ad- 
justed to a low starting value with EGTA. Each \~,~ic,tr/ /i/rr represents 
the average for a 5. I2 set sweep. A. ATP (0.5 INM) was added at 200 
sec. H, Thiophosphorylated phosphatase inhibitor-l (I-I. 80 IIM) was 

added at 30 set, and ATP (0.S nlM) at 200 sec. The data shown are 
from one of three independent experiments performed. For the three 
experiments the average open probability under control conditions was 
0.06 k 0.03 (mean -C SD), and in the presence of ATP W;I\ 0.51 i 
0.24 (this increase is coinparable to that seen with ATP in nlore than 
50 other experiments). When ATP was added in the prescncc of I-l. 
the average open probability was 0.77 ? 0.0X. This was signiticantly 
different front the value with ATP alone (11 < 0.05. one-way ANOVA). 

affect the activity of this channel in the absence of ATP (II = 
3; data not shown). These results are consistent with the partic- 
ipation of an endogenous PP- I -like phosphoprotein phosphatase 
activity in the modulation of the type-2 K, ,, channel from rat 
brain. 
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Discussion 
K,:, channels are ubiquitously distributed in a wide variety of 
organisms and tissues, including the mammalian CNS (Latorre 
et al., 19X9; McManus, 1991). Because they provide a link be- 
tween the membrane potential and second messenger systems, 
regulation of their activity is critical for many cellular functions. 
Modulation of K,,, channels by protein phosphorylation and oth- 
er mechanisms has been documented in several cell types 
(DePeyer et al., 1982; Ewald et al., 1985; Lechleiter et al.. 1988; 
Sadoshima et al., 1988; Kume et al., 1989, 1992; Toro et al., 
1990; White et al., 1991, 1993; Bielefeldt and Jackson, 1994a). 
In neurons, K,.,, channel modulation is likely to influence such 
essential functional properties as action potential frequency and 
neurotransmitter release (Lancaster et al., 1991; White et al.. 
1991; Robitaille and Charlton, 1992; Bielefeldt and Jackson, 
1994a). 

Modulatim by two protein kinuses 

Although several cDNA’s coding for K,:, channels have recently 
been cloned (Atkinson et al.. 1991; Adelman et al., 1992; Butler 
et al., 1993; Tseng-Crank et al., 1994), we do not know the 
sequence of the type-2 Kc,, channel from rat brain. Nevertheless, 
from the experiments in planar bilayers, in which the channel 
protein is essentially at infinite dilution in the bilayer lipid, we 
can infer that this channel or some closely associated regulatory 
protein must contain phosphorylation sites for at least two dis- 
tinct protein kinases. The open probability of the type-2 channel 
can be decreased by exogenously added PKA (Reinhart et al., 
199 I). and increased by exogenous PKC (Fig. I ) and by an 
endogenous protein kinase (Chung et al., 1991) that we show 
here exhibits properties of PKC. The results obtained here do 
not allow us to identify which of the many Cal’-sensitive and 
Ca”-insensitive subspecies of PKC (Nishizuka et al., 1989; Les- 
ter and Bramham, 1993: Dekker and Parker, 1994) is involved. 

There are other examples of regulation of an ion channel by 
several different protein kinases. For example, in T lymphocytes 
the modulation of delayed rectifier potassium channels by PKA 
is enhanced by phosphorylation with PKC (Payet and Dupuis, 
1992). Similarly, in voltage-gated sodium channels that have 
been cloned and expressed in a mammalian cell line, there is a 
requirement for PKC phosphorylation to allow modulation by 
PKA (Li et al., 1993). Coregulation has also been observed for 
calcium channels in sensory neurons (Braha et al., 1993) chlo- 
ride channels in ventricular myocytes (Walsh and Kong, 1994) 
and glycine receptors expressed in Xenopus oocytes (Vaello et 
al., 1994). Such convergent regulation of a single protein by two 
distinct second messenger systems implies that some ion channel 
proteins may act as a focus for integrating the input from dif- 
ferent signaling pathways. 

A phosphuttrse trctivit! intirnntely msociuted with the type-2 
chumel 

The fact that inhibition of the endogenous PKC-like kinase ac- 
tivity not only blocks but also reverses the modulation by ATP 
is strong evidence for an ongoing dephosphorylation reaction 
that participates in the regulation of channel activity. Also con- 
sistent with this idea is the finding that the channel open prob- 
ability undergoes large oscillations after treatment with ATP 
(e.g., Figs. 5, 6A: see also Chung et al., 1991), but not after 
treatment with ATPyS (Chung et al., 1991). These data suggest 
that the oscillations in channel activity following ATP addition 
may reflect fluctuations in the balance between endogenous ki- 

nase and phosphatase activities; no oscillations are seen with 
ATPyS because the thiophosphorylated proteins it produces are 
very poor substrates for phosphatases (Gratecos and Fisher, 
1974). A role for an endogenous phosphatase in channel regu- 
lation is further confirmed by the finding that phosphatase in- 
hibitors can enhance the action of ATP Furthermore, the en- 
hancement produced by I-l indicates that the endogenous phos- 
phatase activity is PP-I-like. This is consistent with previous 
data showing that exogenously added PP- 1 can reverse the ATP- 
mediated modulation of these type-2 channels (Chung et al., 
1991). Thus the kinase and phosphatase activities associated 
with type-2 K,, channels resemble, at least in some of their 
pharmacological properties, ubiquitous enzymes that participate 
in the regulation of many cellular properties in neurons and other 
cells (Byrne et al., 1993). 

A regulatory complex crssocicrted with type-2 K,.?, chmnels 

The present findings, together with those we have reported pre- 
viously (Chung et al., 1991). provide strong evidence that type-2 
K,:, channels exist as part of a regulatory complex that includes 
kinase and phosphatase activities both of which can regulate 
channel activity. Bielefeldt and Jackson (1994a,b) have also sug- 
gested a close association between type-2 channels and modu- 
latory enzymes in membrane patches from posterior pituitary 
nerve terminals. We emphasize that such an association among 
channel, kinase, and phosphatase is the simplest mechanism con- 
sistent with these data. There is also evidence for more compli- 
cated biochemical cascades in channel modulation, including 
regulatory interactions between kinases and phosphatases them- 
selves (White et al., 1993; Wilson and Kaczmarek, 1993). The 
oscillations in type-2 channel activity after ATP treatment often 
have a period of several minutes (e.g., Figs. 5, 6A; Chung et al., 
1991). Presumably, the channel activity at any given time re- 
flects its net phosphorylation state, and this in turn will depend 
on the balance between opposing kinase and phosphatase activ- 
ities. We do not know what factors determine this balance, but 
the data on kinase/phosphatase cascades in channel regulation 
(White et al., 1993; Wilson and Kaczmarek, 1993) bring up the 
intriguing possibility that the kinase and phosphatase activities 
in a complex regulate each other. 

In the case of type-2-like Kc,, channels in nerve terminals from 
the posterior pituitary, a calculation based on the kinetics of 
modulation in membrane patches suggests that the channels are 
phosphorylated by an intramolecular reaction but dephosphor- 
ylated by an intermolecular reaction (Bielefeldt and Jackson, 
1994b). This leads to the conclusion that the kinase (but not the 
phosphatase) involved in channel modulation is closely associ- 
ated with the channel. Our experiments were carried out on 
channels reconstituted in phospholipid bilayers. in which chan- 
nels and other proteins are essentially at infinite dilution, and 
hence both the endogenous kinase and phosphatase activities 
must be so intimately associated with the type-2 Kc,, channel 
that they diffuse with it in the bilayer (see note I2 in Chung et 
al., 1991, for the details of this argument). It is possible that the 
kinase and/or phosphatase activities reside in tightly bound sub- 
units of the channel. A voltage-gated potassium channel, purified 
by its binding to the potassium channel toxin dendrotoxin, con- 
tains a protein kinase activity that may be intrinsic to a subunit 
that copurifies with the channel (Rehm et al., 1989). It is be- 
coming evident that all voltage-gated ion channels, including 
potassium channels (Rettig et al., 1994), have auxiliary subunits 
that modulate channel properties (Isom et al., 1994). and one of 
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the functions of these auxiliary proteins may be to participate in 
the phosphorylation/dephosphorylation of the channels with 
which they are associated. 

Another possibility is that the kinase and/or phosphatase ac- 
tivities are intrinsic to the ion channel protein itself. A search 
of potassium channel primary amino acid sequences provides no 
evidence for kinase or phosphatase catalytic domains. The Kc, 
channel encoded by the Drosophila slowpoke locus does contain 
an ATP binding domain (Atkinson et al., 1991; Adelman et al., 
1992) similar to that found in protein kinases, but the function 
of this domain remains to be determined. It is of interest that 
the Drosophilu slowpoke Kc, channel, expressed in Xerropus oo- 
cytes, can be modulated by ATPyS in the absence of exogenous 
protein kinases (Esguerra et al., 1994). This modulation results 
from phosphorylation of one particular serine residue in the 
channel protein, by a PKA-like protein kinase that remains func- 
tionally associated with the channel in detached membrane 
patches (Esguerra et al., 1994). Thus either the channel itself 
contains intrinsic kinase activity, or it can associate tightly with 
an endogenous kinase from a heterologous host cell in which it 
is not normally expressed. Both of these possibilities suggest 
that modulateability by phosphorylation and dephosphorylation 
is a fundamental property of Kc,, and perhaps other ion channels. 

Recently. two other laboratories have also reported the cloning 
and sequencing of lrlso (Pallanck and Ganetzky [Hum Mol Gen 
3: 1239-l 2431: Dworetzky et al. [Mol Brain Res 27: 189-l 931). 
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