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Modulation of Drosophila Slowpoke Calcium-Dependent Potassium
Channel Activity by Bound Protein Kinase A Catalytic Subunit

Yi Zhou, Jing Wang, Hua Wen, Olga Kucherovsky, and Irwin B. Levitan

Department of Neuroscience, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104

Drosophila Slowpoke (dSlo) calcium-dependent potassium
channels bind directly to the catalytic subunit of cAMP-
dependent protein kinase (PKAc). We demonstrate here that
coexpression of PKAc with dSlo in mammalian cells results in a
dramatic decrease of dSlo channel activity. This modulation
requires catalytically active PKAc but is not mediated by phos-
phorylation of S942, the only PKA consensus site in the dSlo
C-terminal domain. dSlo binds to free PKAc but not to the PKA
holoenzyme that includes regulatory subunits and is inactive.
Activators of endogenous PKA that stimulate dSlo phosphory-

lation, but do not produce detectable PKAc binding to dSlo, do
not modulate channel function. Furthermore, the catalytically
inactive PKAc mutant does bind to dSlo but does not modulate
channel activity. These results are consistent with the hypoth-
esis that both binding of active PKAc to dSlo and phosphory-
lation of dSlo or some other protein are necessary for channel
modulation.

Key words: Ca?*-dependent K+ channel; dSlo; cAMP-
dependent protein kinase; protein—protein interaction; phos-
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It is well established that ion channels are modulated by protein
kinases, phosphatases, and other signaling proteins (Levitan,
1999; Catterall, 2000). In some cases, modulation may involve the
intimate association of the ion channel with one or more of these
regulatory proteins. Such regulatory protein complexes are
formed either through direct binding or via scaffold adaptor and
anchoring proteins and are presumed to target modulatory en-
zymes to sites where they can be accessed optimally by activators
and also affect particular substrates (Tavalin et al., 1999; Colledge
et al., 2000). One important type of ion channel that is modulated
by associated regulatory proteins is the large conductance
calcium-dependent potassium (K,) channel (Atkinson et al.,
1991; Adelman et al., 1992). This unique class of ion channel
responds to both the membrane potential and intracellular cal-
cium. Because K, channels are expressed ubiquitously in both
excitable and nonexcitable tissues, modulation of these channels
can influence many important physiological functions, including
neurotransmitter release, hormone secretion, and muscle contrac-
tion (Vergara et al., 1998; Shao et al., 1999; Brenner et al., 2000).

K¢, channels in native tissues can be modulated by a number
of different protein kinases (White et al., 1991; Tian et al., 1998;
Schopf et al., 1999). We and others have shown previously that
K. channels reconstituted in lipid bilayers or isolated membrane
patches can be modulated by the addition of ATP alone, without
an exogenous protein kinase, suggesting that these channels
might be intimately associated with protein kinase activities
(Chung et al., 1991; Bielefeldt and Jackson, 1994; Reinhart and
Levitan, 1995). After the cloning of the first K., channel from the
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Drosophila slowpoke locus (dSlo), genetic and biochemical studies
have provided more direct evidence of such regulatory complexes
involving K., channels and other proteins (Schopperle et al.,
1998; Xia et al., 1998; Zhou et al., 1999). In previous studies, we
found that endogenous protein kinase activity co-immuno-
precipitates with both native and recombinant dSlo calcium-
dependent potassium channels. We also showed that the dSlo
channel can bind simultaneously to two different protein kinases,
one the catalytic subunit of the cAMP-dependent protein kinase
(PKAc) and the other the Src tyrosine kinase (Wang et al., 1999).
Additionally, overlay experiments demonstrated that PKAc can
bind directly to a 172 amino acid region in the C-terminal domain
of dSlo, indicating that PKAc interacts directly with the dSlo
channel (Wang et al., 1999) rather than via regulatory subunits or
anchoring proteins (Colledge et al., 2000).

In this study, we investigated the effect of PK Ac binding on
dSlo channel function. We show here that dSlo channel activity,
measured using the whole-cell voltage-clamp technique, is down-
regulated upon coexpression of PKAc. Although modulation of
dSlo activity requires catalytically active PK Ac, it is not mediated
by phosphorylation of serine 942, the only consensus PKA sub-
strate site in the dSlo C-terminal domain. We also show that dSlo
binds to free PK Ac but not to the holoenzyme in which PKAc is
bound to its regulatory subunit. In addition, we provide evidence
that direct binding of active PKAc may be necessary for the
profound modulation of dSlo channel activity. Taken together
with our previous observations, these results suggest that the dSlo
channel itself can serve as a scaffold for modulatory proteins that
influence channel function.

MATERIALS AND METHODS

Antibodies. The polyclonal anti-dSlo antibody was generated and purified
with fusion proteins containing the C-terminal 58 amino acids of dSlo
(splice variant, A1C2E1G310) (Adelman et al., 1992). The sequence- and
phosphorylation-specific antibody anti-pS942 was generated and purified
as described previously (Wang et al., 1999). Monoclonal anti-PKA cat-
alytic and regulatory subunits antibodies were purchased from Transduc-
tion Laboratories (Lexington, KY).

¢DNA constructs and mutagenesis. cDNAs encoding mouse PKAc and
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PKA regulatory subunits RIa and RIB (kindly provided by Dr. G.
Stanley McKnight, University of Washington, Seattle, WA) were sub-
cloned into the mammalian expression vector pcDNA3. Construction of
the glutathione S-transferase (GST) fusion proteins GST-Cter and
GST-A was as reported previously (Wang et al.,, 1999). Site-directed
mutagenesis of the PKAc gene was performed using the Quickchange
strategy (Stratagene), with appropriate primers to introduce single mu-
tations at K72, H87, R133, or W196. The same approach was used to
generate mutations in dSlo at R939, R940, and S942. A deletion mutant
of dSlo (A922-956) was constructed using a standard PCR approach.

Transfection and immunoprecipitation. tsA201 cells were maintained in
DMEM supplemented with 10% fetal bovine serum. A calcium phos-
phate transfection protocol was used to introduce cDNAsS into the cells.
Forty-eight hours after transfections, cells were lysed in lysis buffer
containing 1% CHAPS, 20 mm Tris-HCI, pH 7.5, 10 mm EDTA, 120 mMm
NaCl, 50 mm KCI, 2 mm DTT, and protease inhibitors [1 mm PMSF, 1
ung/ml each aprotonin, leupeptin, and pepstatin A (Sigma, St. Louis,
MO)]. After a centrifugation to remove insoluble debris from the lysate,
the supernatant was precleared with 20 ul/ml protein A-agarose (Santa
Cruz Biotechnology, Santa Cruz, CA). dSlo was immunoprecipitated by
incubation with anti-dSlo antibodies (2 ug/ml) for 2 hr at 4°C, followed
by incubation with 20 ul/ml protein A-agarose. The immunoprecipitates
were then washed with lysis buffer five times.

Western blot. Proteins in the cell lysates or immunoprecipitates were
separated on polyacrylamide gels and transferred to nitrocellulose mem-
branes. After blocking with 5% nonfat milk in TBST (0.1% Tween 20 in
TBS), the blots were probed with appropriate primary antibodies in
blocking buffer at 4°C overnight. The membranes were then washed with
TBST and incubated with a 1:3000 dilution of horseradish peroxidase-
conjugated donkey anti-rabbit or sheep anti-mouse IgG (Amersham
Biosciences, Arlington Heights, IL) for 1 hr at room temperature. After
three washes of the membrane with TBST and one wash with TBS,
protein complexes were visualized using the enhanced chemilumines-
cence system (Amersham).

Protein kinase assay. The enzymatic activity of PK Ac was measured in
vitro using the Signal TECH PK A assay system (Promega, Madison, WI).
The reaction mixture contained PK A assay buffer, 100 wmol biotinylated
Kemptide, 0.5 mMm [y-**P]ATP mix at 10 uCi/ul, 0.25 pmol PKAc, and
varying amounts of GST fusion proteins or PKA RII subunit. The
reaction mix was pre-equilibrated at room temperature for 5 min, and
the reaction was initiated by adding the enzyme. After a 5 min incubation
at 30°C, the reaction was terminated by adding the termination buffer,
and spotted onto a SAM? Biotin Capture Membrane square. After
washing eight times with 2 M NaCl and twice with deionized water, the
membrane was dried. Radioactivity was measured by liquid scintillation
spectrometry.

Whole-cell recording. dSlo channel activity was recorded in the whole-
cell configuration from tsA201 cells expressing dSlo, alone or together
with PKAc. The Fugene 6 transfection reagent (Roche, Indianapolis, IN)
was used to transfect cells with these cDNAs along with the pEGFP-N1
vector cDNA (Clontech) in a 9:1 ratio. Recordings were done 1-2 d after
transfection on an Axiovert 25 inverted fluorescence microscope (Zeiss).
Transfected cells bearing GFP fluorescence were identified with an FITC
filter set. Patch electrodes with resistances of 1-3 M() were pulled from
borosilicate glass and fire polished. The bath solution contained (in mm):
2 KCl, 148 NaCl, 2 MgCl,, 1 EGTA, and 10 HEPES, pH 7.2. The pipette
solution contained (in mm): 150 KCI, 2 MgCl,, 0.5 BAPTA, and 10
HEPES, pH 7.2. Sufficient CaCl, was added to the pipette solution to
bring the free calcium concentration to 10 uM, determined with a calcium
electrode as described previously (Schopperle et al., 1998). Whole-cell
currents were filtered at 1 kHz and digitized at 20 kHz with an Axopatch
200A amplifier. Data acquisition and voltage clamp were performed with
pCLAMP7 software.

RESULTS

dSlo channel activity is downregulated by
coexpression of PKAc

We have shown previously that the dSlo calcium-dependent po-
tassium channel can bind directly to PKAc. To study the effect of
the bound kinase on dSlo channel activity, we measured dSlo
current with the whole-cell voltage-clamp configuration in a het-
erologous expression system. In previous experiments we re-
ported that cotransfection of both Src and PKAc together does

Zhou et al. « Bound PKAc Modulates dSlo Activity

A B

dSlo
dSlo + PKAc
[ [ |m
165 mV 100 ms
1 30mV
-80 mV L
Peak current Activation
n=8
50 - n=10
1800 45 ; T
1600 - 40
a 1400 a5
s" 1200 4 304
] 1 n=8
e 1000 n=10 é 26 -
E 800 1 20
&) 600 15 ]
= 400 5 104
200 5
o o]
dSlo  dSlo + PKAc dSlo  dSlo + PKAc
Figure 1. Decrease of dSlo channel activity upon coexpression of PK Ac.

dSlo currents were evoked by 300 msec depolarizing voltage steps from
—80 mV in 15 mV increments, in the whole-cell voltage-clamp configu-
ration, with 10 uM intracellular free Ca®*. Currents were recorded from
tsA201 cells transfected with either dSlo alone (A4) or dSlo and PKAc (B).
C, The peak dSlo current density at +165 mV (mean = SEM), normal-
ized to membrane capacitance (I/Cm), is significantly lower in cells
cotransfected with PKAc (p < 0.001). D, The activation time constant (7)
(mean = SEM), from single exponential fits of dSlo currents evoked
at +165 mV, is significantly increased with cotransfection of PKAc
(p < 0.001).

not influence dSlo channel activity (Wang et al., 1999). Because
of the possibility that this result arose from opposing actions of
the two kinases, in this study we focused solely on the effect of
PKAc.

In tsA201 cells transfected with dSlo ¢cDNA, whole-cell K™
currents were elicited by depolarizing voltage steps from a hold-
ing potential of —80 mV, with 10 uM intracellular free Ca*" (Fig.
1A4). Like macroscopic dSlo K™ currents recorded in inside-out
membrane patches, the peak current and the rate of activation of
whole-cell dSlo currents are dependent on both the membrane
potential and the intracellular Ca®" concentration (Adelman et
al., 1992; DiChiara and Reinhart, 1995). When PKAc is coex-
pressed with dSlo, peak dSlo channel current is decreased dra-
matically (Fig. 1B,C). As shown in Figure 1D, the activation of
whole-cell dSlo current in response to a depolarizing voltage step
to +165 mV is also much slower in PK Ac cotransfected cells. The
time constant for activation (7) of dSlo current is 22.5 * 1.98 msec
in the absence and 43.7 = 3.89 msec in the presence of PKAc
(Fig. 1D). In addition, the peak amplitude of dSlo current is
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Figure 2. dSlo binds to a catalytically inactive PKAc mutant (K72E).
tsA201 cells were transfected with dSlo alone (lane 1), dSlo and K72E
PKAc (lane 2), or dSlo and wild-type PKAc (WT; lane 3). dSlo immuno-
precipitates were probed on parallel Western blots for PKAc with anti-
PK Ac antibody (top panel) or for dSlo phosphorylation with anti-pS942
antibody (middle panel). The expression of PKAc is similar for wild-type
and mutant PK Ac under these transfection conditions (bottom panel).

significantly lower in cells cotransfected with PKAc. The dSlo
current density at +165 mV is 1807 = 191 pA/pF in control and
708 = 99.2 pA/pF in PKAc cotransfected cells (Fig. 1C). A
similar slowdown of activation kinetics and a reduction of current
amplitude were observed at other voltages examined (Fig. 14, B).

Modulation of dSlo activity requires catalytically
active PKAc
Coexpression of PKAc results in a large increase in the phos-
phorylation of dSlo channels (Wang et al., 1999). To examine
separately the effects of PK Ac binding and phosphorylation, we
constructed a mutant form of PKAc (K72E). Residue K72 of
PK Ac has long been recognized as being essential for its maximal
enzyme activity, and such a mutation results in much reduced
catalytic activities for PKAc and other kinases (Hanks et al.,
1988; Zhong et al., 1997; Cauthron et al., 1998). To determine the
effect of the K72E mutation on the ability of PK Ac to phosphor-
ylate and to interact with dSlo, wild-type or K72E PKAc was
coexpressed with dSlo in tsA201 cells. dSlo was immunoprecipi-
tated from cotransfected cells, and the immunoprecipitate was
probed for bound PKAc with anti-PKAc antibody and for dSlo
phosphorylation with a sequence- and phosphorylation-specific
antibody, anti-pS942 (Wang et al., 1999). As shown in Figure 2
(middle panel), K72E PK Ac is much less effective than wild-type
PKAc in phosphorylating S942. On the other hand, a similar
amount of PKAc co-immunoprecipitates with dSlo from wild-
type and K72E PKAc cotransfected cells (Fig. 2, top panel).
These results demonstrate that K72E PKAc is catalytically inac-
tive but can still bind to dSlo.

We then recorded whole-cell dSlo currents in K72E PKAc
cotransfected cells. As shown in Figure 3, 4 and B, dSlo currents
are not modulated by cotransfection of K72E PKAc. Note that
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Figure 3. K72E PKAc does not modulate dSlo channel activity. Whole-
cell dSlo currents were elicited by 400 msec depolarizing voltage steps
from —80 mV in 20 mV increments. Currents were recorded from tsA201
cells transfected with either dSlo alone (A4) or dSlo and K72E PKAc (B).
There is no significant difference in the peak current density (mean *
SEM) of dSlo currents recorded at +150 mV from cells transfected with
dSlo alone or from cells transfected with dSlo and K72E PKAc (C) (p >
0.8). The activation time constant (mean + SEM) of dSlo currents evoked
at +150 mV is also not significantly changed with cotransfection of K72E
PKAc (D) (p > 0.8).

there is no significant difference in either the peak amplitude (Fig.
3C) or activation kinetics (Fig. 3D) of dSlo currents. At +150 mV,
the time constant for activation of dSlo current is 24.7 = 2.14
msec in the absence and 25.8 = 2.6 msec in the presence of K72E
PKAc (Fig. 3D), and the dSlo current density is 1613 = 139
pA/pF in control and 1662 + 167 pA/pF in K72E PKAc cotrans-
fected cells (Fig. 3C). This indicates that binding of catalytically
inactive PKAc to dSlo is not sufficient to modulate dSlo channel
activity.

Modulation of dSlo activity is not mediated by
phosphorylation of S942 in dSlo

There is a consensus PKA substrate site (Kemp and Pearson,
1990) at serine residue 942 (S942) in the C-terminal domain of
dSlo (Wang et al., 1999). To investigate whether modulation of
dSlo activity on cotransfection of PKAc is mediated by the
increase of phosphorylation of dSlo S942, we recorded whole-cell
currents from cells transfected with a dSlo mutant, in which S942
is mutated to an alanine (S942A dSlo). Similar to what has been
reported previously (Bowlby and Levitan, 1996; Silberberg et al.,
1996), there is no difference in current amplitude or activation
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Figure 4. Modulation of S942A dSlo by PK Ac. Whole-cell dSlo currents
were recorded from cells transfected with a dSlo mutant (§9424) alone
(A) or S942A dSlo together with PKAc (B), using recording conditions
identical to those described in Figure 1. Cotransfection of PKAc signifi-
cantly decreases the peak S942A dSlo current density (mean = SEM) (C)
(p < 0.01) and increases the activation time constant (mean = SEM) (D)
(p <0.01) at 165 mV.

kinetics between wild-type and S942A dSlo transfected cells. The
time constants for activation of dSlo currents at 165 mV are
22.5 = 1.98 msec for wild-type dSlo (Fig. 1D) and 23.4 + 2.87
msec for S942A dSlo (Fig. 4D), and the dSlo peak current
amplitudes are 1807 = 191 pA/pF in wild-type dSlo (Fig. 1C) and
1778 = 130 pA/pF in S942A dSlo (Fig. 4C) transfected cells.
Furthermore, S942A dSlo is modulated normally in cells cotrans-
fected with PK Ac (Fig. 44,B). The extent of reduction of current
amplitude and the slowdown of activation by cotransfection of
PK Ac are not significantly different between wild-type and S942A
dSlo. With cotransfection of PK Ac, the activation time constants
of dSlo currents at 165 mV are 43.7 * 3.89 msec for wild-type
dSlo (Fig. 1D) and 39.3 = 3.52 msec for S942A dSlo (Fig. 4D),
and the peak amplitudes are 708 * 99.2 pA/pF in wild-type dSlo
(Fig. 1C) and 793 = 126 pA/pF in S942A dSlo (Fig. 4C) trans-
fected cells. This shows that the modulation of dSlo is not medi-
ated by phosphorylation of dSlo at S942.

To determine whether there are PKA phosphorylation sites
other than S942 in the dSlo protein, we performed an in vitro
phosphorylation assay. Because most of the intracellular portion
of the dSlo sequence is the C-terminal domain, we constructed a
GST fusion protein (GST-Cter) that contains the entire
C-terminal domain of dSlo, amino acid residues 337-1164. We
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Figure 5. S942 is the only target in the dSlo C-terminal domain of in vitro
PKA phosphorylation. 4, Schematic diagram of the dSlo channel protein
shows the two regions in the dSlo C-terminal domain used to generate
GST-fusion proteins. At the bottom is the amino acid sequence in the
region from residues 922-956 that is critical for dSlo binding to PKAc. B,
C, In vitro, PK Ac phosphorylates both wild-type GST-A and GST-Cter
(B, C, left lanes), but does not phosphorylate either S942A GST-A (B, right
lane) or S942A GST-Cter (C, right lane). Equal amounts of wild-type and
mutant GST-fusion proteins were used in these experiments.

also constructed a smaller GST-fusion protein (GST-A), which
contains amino acid residues 821-993 (Fig. 54). As shown in
Figure 5, B and C, both GST fusion proteins are readily phos-
phorylated in vitro by PKAc. When S942 was replaced with
alanine in the fusion proteins, no phosphorylation by PK Ac was
detected in either GST fusion protein in our in vitro kinase assay
(Fig. 5B,C). These results show that S942 is the only residue that
can be phosphorylated in vitro by PK Ac in the entire C-terminal
domain of dSlo.

dSlo binds to free PKAc, but not to the

PKA holoenzyme

The PKA holoenzyme contains two catalytic subunits and a
regulatory subunit dimer. Using a protein overlay assay, we have
shown previously that PKAc binds directly to the dSlo fusion
protein, GST-A, suggesting a direct interaction between dSlo and
PKAc (Wang et al., 1999). However, interactions between other
ion channels and the PKA holoenzyme are often mediated by
PKA anchoring proteins (AKAPS), which bind to both the reg-
ulatory subunit and the channel protein (Tavalin et al., 1999;
Dodge and Scott, 2000). To characterize more fully the protein
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Figure 6. dSlo binds to free PKAc but not to the holoenzyme. dSlo
immunoprecipitates were probed on Western blots for PKAc (top panel).
Cells were transfected with dSlo alone (lane 1), dSlo and wild-type (WT)
PKAc, together with either control vector (lane 2), PKA regulatory
subunit Rla (lane 3), or RIB (lane 4) or dSlo and H87Q/W196R (MT)
PKAc, together with Rla (lane 5), RIS (lane 6), or control vector (lane 7).
Cotransfection of RIa or RIS abolishes the interaction between dSlo and
WT PKACc but has no effect on binding of dSlo to MT PKAc (top panel).
Expression of both WT and MT PKAc is similar under all transfection
conditions (middle panel). Lysates were probed with anti-RI antibody for
expression of Rla or RIS (bottom panel).

complex containing dSlo and PK Ac, we examined the interaction
between dSlo and PKAc in the presence of the regulatory sub-
units, RIa or RIB. We found that dSlo does not bind to either of
the PKA regulatory subunits (data not shown). When Rla or RIS
is coexpressed with dSlo and PK Ac, the interaction between dSlo
and PKAc is nearly abolished, as assayed by co-immuno-
precipitation using anti-dSlo and anti-PKAc antibodies (Fig. 6).
These data suggest that the regulatory subunits might compete
with dSlo for binding to PKAc. To confirm this, we constructed a
PKAc mutant (H87Q/W196R) that no longer associates with the
regulatory subunits in cells (Orellana and McKnight, 1992; Gibson
and Taylor, 1997). As shown in Figure 6, dSlo binds well to
H87Q/W196R PKAc, and neither Rla nor RIS inhibits this
binding.

PKAc binds directly to the region where S942

is located

We examined further the region of dSlo that is important for
PKACc binding. On the basis of our previous finding that PKAc
binds to a GST-fusion protein (GST-A), which contains amino
acid residues 821-993 of the dSlo C-terminal domain (Wang et
al., 1999), we made a mutant dSlo channel in which amino acids
922-956 were deleted (dSloAl). As shown in Figure 74, deletion
of these 35 amino acids results in the loss of binding between dSlo
and PKAc. Interestingly, this stretch of amino acids in dSlo
contains the consensus PKA substrate site, S942 (Fig. 54). Ac-
cordingly, we asked whether the dSlo-PKAc binding can be
competed by the heat stable inhibitor peptide, PKI, which con-
tains a pseudosubstrate site (Wen and Taylor, 1994; Poteet-Smith
et al., 1997). After incubating dSlo and PKAc cotransfected cells
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Figure 7. Mutational analysis of the dSlo-PK Ac interaction. dSlo immu-
noprecipitates were probed on Western blot for PKAc. 4, Cells were
transfected with PKAc, together with control vector (lane 1), wild-type
(WT) dSlo (lane 2), dSlo deletion mutant (dSloAl, lane 3), S942A dSlo
(lane 4), or R939A/R940A dSlo (lane 5). Deletion of 35 amino acids in
dSlo abolishes its binding to PKAc (lane 3, top panel), but the dSlo
mutants bind well to PKAc (lanes 4, 5, top panel). Expression of WT and
mutant dSlo channels is similar under all transfection conditions (bottom
panel). B, dSlo was cotransfected with wild-type (WT) PKAc (lanes 1, 2),
R133A PKAc (lane 3), or R133Q PK Ac (lane 4). Less PK Ac was detected
in dSlo immunoprecipitates after incubation of cells with the membrane-
permeant PKI (lane 2, top panel). Neither R133 mutation in PK Ac affects
its binding to dSlo (lanes 3, 4, top panel). Expression of wild-type and
mutant PKAc is similar under all transfection conditions (bottom panel).

with a membrane-permeable form of PKI, much less PKAc was
detected in anti-dSlo immunoprecipitates, indicating that PKI
inhibits binding between dSlo and PKAc (Fig. 7B). In addition,
we used site-directed mutagenesis to assess the role that residues
in the dSlo substrate site might play in binding to PKAc. As
shown in Figure 74, mutations of dSlo at serine 942 (S942A), or
at arginine 939 and arginine 940 (R939A/R940A), do not prevent
dSlo from binding to PKAc. These results show that the interac-
tion between PKAc and dSlo is not simply an enzyme-substrate
association and that residues separate from the substrate site are
critical in achieving the high-affinity binding to PKAc.

To determine the regions or amino acid residues in PK Ac that



3860 J. Neurosci., May 15, 2002, 22(10):3855-3863

are involved in its binding to dSlo, we examined the binding
between dSlo and PK Ac mutants that have been shown to have
decreased affinity for PKI or the regulatory subunits. Two such
mutants, R133A and R133Q PKAc, have a decreased affinity for
binding to both RI and PKI but maintain their affinity for RII.
Another PKAc mutant (H87Q/W196R) exhibits altered interac-
tion with both RI and RII (Orellana and McKnight, 1992; Poteet-
Smith et al., 1997; Cheng et al., 2001). We found that dSlo binds
as well to all of these PK Ac mutants as to wild-type PKAc (Figs.
6, 7B), suggesting that PK Ac binds to dSlo via a region different
from that necessary for its binding to PKI or the regulatory
subunits.

PKAc maintains its enzymatic activity when it binds

to dSlo

The catalytic activity of PKAc is inhibited after binding to the
regulatory subunits or PKI. It has also been reported that PK Ac
is maintained in an inactive state through association with Ik B-«
or IkB-B in an NF-kB-IkB-PKAc complex (Zhong et al., 1997;
Doucas et al., 2000). To determine the effect of dSlo binding on
the catalytic activity of PKAc, we performed a standard in vitro
protein phosphorylation assay using biotinylated Kemptide as
substrate. As shown in Figure 84, PKAc activity is not signifi-
cantly changed after addition of up to 500 ng of the GST fusion
protein (GST-A) that binds to PK Ac (Wang et al., 1999). We also
tested whether GST-A affects the inhibition of PKAc activity by
the regulatory subunit. In the absence of cAMP, 5 ng RII subunit
results in a >50% reduction of PK Ac activity, and addition of 8.5
ng GST-A fusion protein does not significantly change the RII-
induced inhibition (Fig. 8B). This suggests a relatively lower
binding affinity of PK Ac for dSlo compared with that for the RII
subunit.

K72E PKAc prevents phosphorylation of dSlo by
endogenous PKA

Activation of the PKA holoenzyme is induced by binding of
cAMP to the regulatory subunits, which leads to the dissociation
of active PKAc. Hence a rise in intracellular cAMP leads to a
significant increase of phosphorylation of cellular proteins, in-
cluding ion channels and receptors (Swope et al., 1999; Catterall,
2000), by PK A. We examined the phosphorylation of dSlo at S942
and the binding of endogenous PKAc to dSlo induced by the
PKA activators, forskolin and cBIMPS (Blackstone et al., 1994;
Gjertsen et al., 1995; Cantrell et al., 1997). After incubating
dSlo-transfected cells with 30 um forskolin or 50 um cBIMPS for
20 min, lysates were subjected to immunoprecipitation with anti-
dSlo antibodies. Immunoprecipitates were analyzed by Western
blotting using anti-pS942 antibody to assess the phosphorylation
of dSlo S942 and anti-PK Ac to probe the bound PK Ac. As shown
in Figure 94 (bottom panel), incubation with either forskolin or
cBIMPS results in a robust increase of phosphorylation of dSlo at
S942, comparable to that seen with cotransfection of PKAc.
However, no detectable PKAc is found in dSlo immunoprecipi-
tates after either forskolin or cBIMPS treatment (Fig. 94, top
panel).

Because co-immunoprecipitation failed to detect binding be-
tween dSlo and endogenous PKAc, an alternative approach was
used to test whether phosphorylation of dSlo by endogenous PKA
activity requires a binding interaction between dSlo and endog-
enous PKAc. As shown in Figure 9B (bottom panel), when cells
are transfected with the catalytically inactive PK Ac mutant, K72E
PKAc, 20 min incubation of transfected cells with 30 uM forskolin
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Figure 8. dSlo-bound PKAc is catalytically active in vitro. Activity of
PKAc was measured using the biotinylated Kemptide assay system. A,
PKAc activity is not significantly different in reactions that contain PK Ac
alone (left), PK Ac together with 5, 50, or 500 ng of either GST (right bars,
n = 3) or the GST-dSlo fusion proteins (GST-A, middle bars, n = 3). B,
PKAc activity is dramatically decreased in the presence of 5 ng of PKA
regulatory subunit (RZ], n = 3). Addition of 8.5 ug of either GST (RII +
GST, n = 3) or GST-A fusion proteins (RI + GST-A, n = 3) does not
significantly alter the inhibition of PKAc activity by RII.

no longer induces dSlo phosphorylation at S942. This result
indicates that production of free endogenous PKAc is not suffi-
cient to phosphorylate dSlo. It suggests that both endogenous and
exogenous PKAc bind to dSlo at the same site, and an excess of
the mutant PK Ac can function as a dominant negative to prevent
endogenous PKAc from binding to and phosphorylating dSlo.

dSlo is not modulated by cAMP-activated endogenous
PKA activity

In addition, we investigated whether dSlo channel activity can be
modulated by forskolin or cBIMPS, both of which stimulate
phosphorylation of dSlo at the consensus substrate site but do not
produce detectable binding between dSlo and endogenous PK Ac.
The experiments were done in two ways. The first approach was
to apply forskolin directly into the bath chamber after establish-
ing a stable whole-cell dSlo recording. In these experiments, S mm
Mg-ATP was included in the pipette solution. Figure 10 shows the
results of a typical experiment in which we measured the peak
current amplitude and activation time constant of dSlo currents
evoked by a depolarizing voltage step to +100 mV from a holding
potential of —80 mV. We found no significant difference in
current amplitude (Fig. 104) or activation kinetics (Fig. 10B)
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Figure 9. Phosphorylation of dSlo by PKA activators. dSlo immunopre-
cipitates were probed on parallel Western blots for PK Ac with anti-PK Ac
antibody (top panels) or for dSlo phosphorylation at S942 with anti-pS942
antibody (bottom panels). A, When cells were transfected with dSlo alone
(lanes 1-3), no PKAc was detected in dSlo immunoprecipitates in control
(lane 1, top panel ) or after incubation of cells for 20 min with either 30 um
forskolin (lane 2, top panel) or 50 um cBIMPS (lane 3, top panel).
However, PKAc was present in dSlo immunoprecipitates when dSlo was
cotransfected with PK Ac (lane 4, top panel ). dSlo phosphorylation at S942
is increased by treatment with either forskolin (lane 2, bottom panel) or
cBIMPS (lane 3, bottom panel ) as well as by cotransfection of PK Ac (lane
4, bottom panel). B, When K72E PKAc is cotransfected with dSlo,
forskolin treatment does not increase dSlo phosphorylation (lanes 3, 4,
bottom panel ). However, K72E PK Ac is present in dSlo immunoprecipi-
tates in dSlo and K72E PK Ac cotransfected cells (lanes 3, 4, top panel).

between control cells and cells treated with forskolin at a con-
centration of 50 um. As shown in Figure 10B, the activation of
dSlo current becomes faster over time both in the absence and in
the presence of forskolin. This may be contrasted with the dra-
matic slowing of activation of dSlo current in cells cotransfected
with PK Ac (Fig. 1 D). Similar results were obtained with cBIMPS
(data not shown). In addition, we measured whole-cell dSlo
currents after preincubation with either forskolin or cBIMPS,
under conditions similar to those used for the biochemical studies.
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Figure 10. dSlo is not modulated by activation of endogenous PKA.
Whole-cell dSlo currents were elicited by 300 msec test pulses to +100 mV
from a holding potential of —80 mV. Forskolin was applied directly to the
bath solution at the arrows, after a stable recording of dSlo current was
established. The normalized peak current and the activation time con-
stant are plotted as a function of time, with (M) or without ([J) the
addition of forskolin. There was no apparent difference in either the peak
currents (A4) or activation time constant (B) in the absence and presence
of 50 uM forskolin.

Again, the peak current amplitude and activation kinetics of dSlo
currents recorded from forskolin- or cBIMPS-treated cells are
not different from those in control cells (data not shown). Thus,
although dSlo modulation requires active PKAc (Fig. 3), these
results suggest that phosphorylation alone may not be sufficient to
produce the modulation.

DISCUSSION

The initial evidence on modulation of calcium-dependent potas-
sium channels by closely associated protein kinases or phospha-
tases came from experiments in which K, channels reconstituted
from rat brain were activated in an artificial lipid bilayer by the
addition of ATP (Chung et al., 1991; Reinhart and Levitan, 1995).
We subsequently identified PKAc as one of several protein ki-
nases closely associated with dSlo channels (Wang et al., 1999).
To determine whether the bound PK Ac modulates channel func-
tion, we recorded dSlo currents in the whole-cell voltage-clamp
configuration. We show here that there is a dramatic downregu-
lation of dSlo channel functional activity with cotransfection of
PKAc. Although we reported previously that channel function is
not affected by coexpression with both PKAc and Src (Wang et
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al., 1999), it is now known that Src enhances Slo channel activity
(Ling et al., 2000), and this upregulation by Src may have masked
the PKAc downregulation that we describe here.

The reduction of whole-cell dSlo in PKAc-cotransfected cells
represents a change in channel functional activity. Although it is
difficult to obtain an accurate conductance—voltage relation be-
cause of the large current amplitude in the whole-cell configura-
tion, both the lower current amplitude and slower activation
kinetics of dSlo currents in PKAc-cotransfected cells are consis-
tent with a decreased sensitivity of the dSlo channel to voltage
and calcium. The changes in current do not appear to result from
alterations in channel expression or membrane targeting, because
we found that the expression level of dSlo protein measured by
quantitative Western blot is actually several-fold higher, and its
surface localization measured by immunocytochemistry is un-
changed, in PKAc-cotransfected cells (data not shown). In any
event, it is difficult to explain the change in channel kinetics that
we demonstrate here in terms of protein expression level.

Although questions still remain about the precise molecular
mechanism underlying the profound modulation of dSlo channel
activity by cotransfected PKAc, our studies suggest strongly that
it requires the association between active PKAc and the dSlo
channel. However, dSlo channel activity is not altered by cotrans-
fection of a catalytically inactive PKAc (K72E), although this
mutant PKAc is capable of binding to dSlo. This demonstrates
that the modulation of dSlo activity is not simply the result of
binding of PKAc per se, but also requires phosphorylation. This
is also consistent with other reports of modulation of native and
expressed Slo family channels by PK Ac-dependent phosphoryla-
tion (White et al., 1991; Hall and Armstrong, 2000; Tian et al.,
2001). On the other hand, our results with forskolin suggest that
phosphorylation, although necessary, is not by itself sufficient to
produce modulation. Accordingly, we favor the hypothesis that
modulation requires phosphorylation, of either dSlo or some
other protein, by active PKAc bound to the channel.

To determine the potential molecular target the phosphoryla-
tion of which might mediate the modulation of dSlo activity, we
examined the role of serine 942 in the dSlo C-terminal domain.
This residue has long been recognized as a consensus PKA
substrate (Hanks and Hunter, 1995), and it is readily phosphor-
ylated by PKA both in vitro and in vivo (Wang et al., 1999).
Interestingly, we found that the mutation of serine 942 to alanine
does not affect dSlo binding to or modulation by PKAc. This is
consistent with a previous report showing that S942A dSlo is not
different from the wild-type channel in its kinetic variability when
expressed in Xenopus oocytes (Bowlby and Levitan, 1996; Silber-
berg et al., 1996). Although it is convenient to use the anti-pS942
antibody, as we do here, to measure channel phosphorylation, we
do not mean to imply that S942 participates in dSlo modulation by
PKAC.

In addition to S942, other serine and threonine residues are
thought to be exposed to the intracellular milieu. To identify
other PKA substrate sites on dSlo, we performed an in vitro
phosphorylation assay using a recombinant fusion protein con-
taining the entire dSlo C-terminal domain. This domain is con-
siderably longer than many other voltage-dependent potassium
channels and constitutes approximately two-thirds of the total
dSlo channel protein (Atkinson et al., 1991). Somewhat surpris-
ingly, we found that other than S942, no additional amino acid in
the entire dSlo C-terminal domain is phosphorylated by PK Ac in
vitro. However, we have not yet examined PKA phosphorylation
of several serine or threonine residues in the intracellular loops
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between transmembrane domains. On the other hand, it is
equally plausible that PK Ac phosphorylates other proteins that
may themselves or through some signaling pathway modulate
dSlo channel activity. Studies by us and others have shown that
dSlo is indeed regulated by several closely associated proteins
(Schopperle et al., 1998; Xia et al., 1998). At least one dSlo-
interacting protein, 14-3-3, interacts with dSlo via the adaptor
protein Slob in a phosphorylation-dependent manner, and forma-
tion of this protein complex results in inhibition of channel
activity (Zhou et al., 1999). A recent report also showed that a Slo
channel associating protein, cPLA2-q, is a target for phosphory-
lation. Phosphorylation of cPLA2-« results in activation of the
channel, whereas phosphorylation of other regulatory elements
causes channel inactivation (Denson et al., 2000). Finally, we
show here that dSlo channel activity is not modulated by activa-
tors of endogenous PK A, including forskolin and cBIM PS, which
do not enhance binding of PKAc to dSlo. Although these results
do not lend themselves readily to unequivocal interpretation, they
are consistent with the hypothesis that whatever the actual sub-
strates of PKA are, targeting of sufficient PKAc via binding to
dSlo is also a requirement for channel modulation.

It has been well documented that PKA forms regulatory com-
plexes with some ion channels and ligand-gated receptors. PKA
targeting is often achieved through AKAPs, proteins that bind to
the PKA regulatory subunit as well as the substrate (Glantz et al.,
1992; McCartney et al., 1995). However, our previous overlay
experiment showed a direct binding between dSlo and PKAc,
suggesting a novel channel-PKA protein complex. The present
studies support this hypothesis and provide additional molecular
details about this regulatory complex. Using co-immuno-
precipitation approaches, we showed that dSlo binds only to free
PKAc but not to the PKA holoenzyme, and that both PKA
regulatory subunit and PKI inhibit the association between dSlo
and PKAc. We also identified a 35 amino acid region in the dSlo
C-terminal domain that is essential for PKAc binding. Interest-
ingly, this region includes the consensus PK A substrate site, S942,
although residues within the substrate site itself (RRXS) do not
appear to be critical for binding to PK Ac. This demonstrates that
the dSlo-PKAc association is not simply an enzyme-substrate
complex. It is also consistent with previous studies on interactions
between PKAc and regulatory subunits or PKI that show that
residues separate from the pseudosubstrate site of the regulatory
subunits or PKI are important in mediating the high-affinity
binding to PKAc (Gibson and Taylor, 1997; Cheng et al., 2001).
Moreover, our in vitro phosphorylation results suggest that bind-
ing of dSlo to PKAc does not prevent the enzyme from phos-
phorylating its substrates. It remains to be determined how the
activity of dSlo-bound PKAc is regulated in cells.

It is noteworthy that channels of the Slo family can physically
associate with other protein kinases, including the Src tyrosine
kinase and type I cGMP-dependent protein kinase (Wang et al.,
1999; Ling et al., 2000; Swayze and Braun, 2001). This suggests
that modulation of channel activity may involve multiple regula-
tory mechanisms. Further biochemical and electrophysiological
studies to dissect these regulatory pathways will undoubtedly give
us important insights into the relationship between various signal
transduction pathways and neuronal physiology.
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