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Regulation of Recombinant Cardiac Cystic Fibrosis Transmembrane
Conductance Regulator Chloride Channels by Protein Kinase C

Jun Yamazaki, Fiona Britton, Mei Lin Collier, Burton Horowitz, and Joseph R. Hume
Department of Physiology and Cell Biology, University of Nevada School of Medicine, Reno, Nevada 89557-0046 USA

ABSTRACT We investigated the regulation of cardiac cystic fibrosis transmembrane conductance regulator (CFTR) CI™
channels by protein kinase C (PKC) in Xenopus oocytes injected with cRNA encoding the cardiac (exon 5—) CFTR Cl~ channel
isoform. Membrane currents were recorded using a two-electrode voltage clamp technique. Activators of PKC or a cAMP
cocktail elicited robust time-independent Cl~ currents in cardiac CFTR-injected oocytes, but not in control water-injected
oocytes. The effects of costimulation of both pathways were additive; however, maximum protein kinase A (PKA) activation
occluded further activation by PKC. In oocytes expressing either the cardiac (exon 5—) or epithelial (exon 5+) CFTR isoform,
CI™ currents activated by PKA were sustained, whereas PKC-activated currents were transient, with initial activation followed
by slow current decay in the continued presence of phorbol esters, the latter effect likely due to down-regulation of
endogenous PKC activity. The specific PKA inhibitor, adenosine 3',5'-cyclic monophosphothioate (Rp-cAMPS), and various
protein phosphatase inhibitors were used to determine whether the stimulatory effects of PKC are dependent upon the PKA
phosphorylation state of cardiac CFTR channels. Intraoocyte injection of 1,2-bis(2-aminophenoxy)ethane-N,N,N, N-tetraace-
tic acid (BAPTA) or pretreatment of oocytes with BAPTA-acetoxymethyl-ester (BAPTA-AM) nearly completely prevented
dephosphorylation of CFTR currents activated by cAMP, an effect consistent with inhibition of protein phosphatase 2C
(PP2C) by chelation of intracellular Mg®*. PKC-induced stimulation of CFTR channels was prevented by inhibition of basal
endogenous PKA activity, and phorbol esters failed to stimulate CFTR channels trapped into either the partially PKA
phosphorylated (P,) or the fully PKA phosphorylated (P,P,) channel states. Site-directed mutagenesis of serines (S686 and
S790) within two consensus PKC phosphorylation sites on the cardiac CFTR regulatory domain attentuated, but did not
eliminate, the stimulatory effects of phorbol esters on mutant CFTR channels. The effects of PKC on cardiac CFTR Cl—
channels are consistent with a simple model in which PKC phosphorylation of the R domain facilitates PKA-induced
transitions from dephosphorylated (D) to partially (P4) phosphorylated and fully (P,P,) phosphorylated channel states.

INTRODUCTION

Cardiac protein kinase A (PKA)-regulated Ckhannels exhibit ~91% nucleotide sequence homology with numer-
play an important role in the regulation of action potentialous putative PKA and PKC phosphorylation sites highly
duration and resting membrane potential (Harvey andtonserved in the two isoforms. However, the fact that exon
Hume, 1989; Bahinski et al., 1989). It has become apparers contains two putative PKC phosphorylation sites suggests
that many biophysical and pharmacological properties othe possibility that there may be characteristic differences in
these channels resemble those of cystic fibrosis transmenghe PKC regulation of the cardiac (exor-pand epithelial
brane conductance regulator (CFTR) Glhannels in epi- (exon 5+) isoforms. It is also unclear at this time whether
thelium (see Gadsby et al., 1995), and recent moleculggther differences outside the exon 5 spliced region of the
studies have confirmed that these channels are due to catagiac or epithelial isoforms may be important for channel
diac expression of an alternately spliced isoform (exe) S rgqyjation or expression. For example, it has been reported
of the epithelial CFTR CI channel (Horowitz et al., _1993; _that an engineered epithelial exon £FTR isoform fails to
Hart et ql., 199,6)' Exon 5 rgpresents a 30-amino aC'%xpress functional Cl channels in Hela cells because of
siegrrller_n 'q,. the f|rstfcy:]9prlla§m|c Ioopl of CkFTR’ the fupc- defective intracellular processing (Delaney et al., 1993), but
g??ﬁe S;iglnlcs?geign WC:; di:C c;r:(rjegt ﬁ#;igoév;:rg létts)'ﬂz may be functionally expressed in intracellular membranes in
glon, P 293 HEK cells with a reduced single-channel conductance
(Xie et al., 1996). Molecular studies of mammalian cardiac
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(Walsh, 1991; Walsh and Long, 1994) those of CFTR. TheWhole-cell current recording from oocytes
possibility that PKC-activated Clcurrents in heart might

. . embrane currents were recorded at room temperature from oocytes 3-5
be mediated by the same pOpUIatlon of PKA'regmatedcYIays after injection, using a two-microelectrode voltage clamp system

CFTR CI" channels is suggested by previous findings thafrev-200; bagan, Minneapolis, MN). Microelectrodes were filled with 3
recombinant epithelial CFTR Clchannels are activated by mol/liter KCl and had resistances of 0.5-MVoltages are reported with

PKC phosphorylation (Tabcharani etal. 1991: Berger et al reference to the bath. Clcurrents were recorded in either nominally
. C&"-free ND96 solution or C& -containing (1.8 mM) ND96 solutions
1993), as well as by the report that PKC and PKA activate , e Y
; . . . . including 100uM niflumic acid to prevent the activation of endogenous
unitary CI" channels in native cardiac cells with nearly ¢~ channels. Membrane currents were filtered at 2.0 kHz, digitized

identical conductance and rectification properties (Collieron-line, and stored on a computer. Data analysis was performed with
and Hume, 1995). pCLAMP 5.5.1 (Axon Instruments, Foster City, CA). In some experiments,

Xenopuocytes have previously been used as an ex re§;I* dependence was determined by replacing bath NaCl with Na aspartate
. pt f ytf i pl tudi y f epithelial CFTITgl (total [CI"] was 24 mM). In 0 mM C&" solution, C&" was replaced with
slon system flor functional studies or epithelia Mg?* (total [Mg?*] was 2.8 mM), and 1 mM EGTA was added. The

channels (Bear et al., 1991; Drumm et al., 1991), and th@xternal solution used to elevate CAMP (CAMP cocktaikf) included
recent demonstration of robust expression of cardiac (exoB-bromo-cAMP (100uM), forskolin (1 uM), and 3-isobutyl-1-methylx-

5_) CFTR CI channels In)(enopug)ocytes (Hart et al., anthine (lBMX) (500[.LM) to activate PKA and adenylate CyCIaSe and
. . inhibit phosphodiesterase activity, respectively. CAMP cocktait @&nd
1996) suggests that this may be a useful expression syste X), which containd a 5 and 10 times higher concentration of each

for examination of protein kinase regulation of cardiaccomponent, was used to maximally stimulate CFTR Channels. The
CFTR CI” channels. The purposes of the present study wereow rate was usually 1.5 ml/min.

1) to compare the regulation of cardiac (exon)5CFTR ~ PDBu, 4x-phorbol, DIiC8, niflumic acid (Sigma, St. Louis, MO), 1,2-
Cl~ channels by PKA and PKC, 2) to determine Whetherb|s(2-am|nophenoxy)ethané,N,N,Ntetraacetlc acid-acetoxymethyl-ester

. . . (BAPTA-AM), staurosporine, bisindolylmaleimide, microcystin LR, and
PKC reQUIatlon of cardiac CFTR Clchannels is dEpendent okadaic acid (Calbiochem, La Jolla, CA) were prepared as stock solutions

upon the PKA phosphorylation state of CFTR channels, angh dimethylsulfoxide (DMSO). Forskolin (Sigma) was prepared as a stock
3) to determine whether mutations at two R domain putativesolution in polyethylene glycol. These stock solutions were diluted to the
PKC phosphorylation sites, S686 and S790, in the cardiagesired final concentration immediately before use. The final concentration

. . 0, i -
isoform of CFTR alter the functional response of expressed’ PMS© and polyethylene glycol was less than 0.1%, which, by them
Selves, did not affect Cl currents. Adenosine’®'-cyclic monophos-

CFTR CI" channels to PKA or PKC stimulation. A prellm— phothioate Rp-isomer (Rp-cAMPS) (Calbiochem) was dissolved in dis-
inary report of these results has been published as an abied water. All other compounds were purchased from Sigma. Some
stract (Yamazaki et al., 1997). oocytes were superfused with BAPTA-AM (1@0M) in nominally C&™-
free solutions.
In some experiments, okadaic acid, microcystin LR, calmidazolium
chloride, cyclosporin A, Rp-cAMPS, BAPTA tetrapotassium salt, and

MATERIALS AND METHODS MgSO, were directly injected into oocytes (Drummond Nanoject autoin-
jector) with glass pipettes (2em diameter) after the pH was adjusted to
cRNA preparation and injection of oocytes 7.2-7.3. The intracellular concentration of these compounds was estimated

from the injection volume {46 nl) and the approximate volume of the
cRNA encoding the full-length CFTR (exon-5 coding sequence from oocytes (1000 nl). Most other compounds were applied directly to the
rabbit ventricle was prepared as previously described (Hart et al., 1996)perfusion solution.
cRNA encoding the full-length human epithelial CFTR (exoh)%oding
sequence was kindly provided by Dr. Johanna Rommens (Hospital for Sick .
Children, Toronto, Ontario, Canada). Addenopus laevisvere anesthe- ~ Data analysis

tized by immersion in a solution of tricaine methanesulfonate (1 g/Iiter),.I.he concentration-response curve for PDBU was analyzed by fitting the
and oocytes were surgically removed. To remove follicular cells, theIogistic equatiorR = ((Ryay — Ryin) X AN(ECY, + A") + R, whereR
oocytes were incubated in ND 96 solution (mM: 96 NaCl, 2 KCI} 18 js the amplitude of the curren®,,, is the maximum curren®,,;, is the
CaCl, 1.0 MgCl, 5.0 HEPES; pH 7.4) containing collagenase (Sigma, minimum current,A is the concentration of PDBu, EGis the dose of
type 1A) at room temperature for 2-3 h with gentle shaking, and thenppp,, giving the half-maximum current, amdis the slope factor.
stored in ND 96 solution containing 2.5 mM sodium pyruvate and genta-  paia are expressed as arithmetic meanSEM. Statistical analysis
mycin (1 mg/ml). Injection pipettes with tips20 um in diameter were  petween two groups was made by unpaired Student's or Weldl'st.
baked at>150°C for 3—-4 h to destroy RNases. The pipettes were mountedyhen values before and after treatments were compared, a paistovas
in a Drummound Nanoject autoinjector (Drummound Scientific, Broomall, ,sed. In the case of more than three groups, one-way analysis of variance
PA), and oocytes were injected with 46 nl of cRNA of cardiac or epithelial ANOVA) and post hoc Bonferroni's multiplé-tests were performed.
CFTR, or distilled water. Oocytes were then stored in ND 96 plus pyruvateyhen values of three treatments in each preparation were compared,
and gentamycin at 18°C. one-way ANOVA with repeated measures and plost hocmultiple t-test

were usedp < 0.05 was considered to be statistically significant.

Site-directed mutagenesis RESULTS

The serine at position 686 and/or 790 was modified by polymerase chaif® KA- and PKC-induced CI™ currents in cardiac

reaction-based site-directed mutagenesis (Jones and Howard, 1991) @FTR-injected oocytes
alanine to create S686A, S790A, and S68G90A cardiac CFTR cDNA. . . .
The mutations were confirmed by nucleotide sequencing of both strands of © cOmpare the regulation of cardiac CFTR chloride chan-

the mutated cDNA. nels by PKA and PKC, we examined the effects of a CAMP
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cocktail (2X) and a PKC activator, phorbol-12,13-dibuty- mV, n = 4). In eight oocytes sequentially exposed to the
late (PDBu) or 1,2-dioctanoydrglycerol (DiC8). To abol- cAMP cocktail and then to PDBu after washout, the cCAMP-
ish endogenous G&-activated CI' currents and Ca-  and PDBu-induced currents during the voltage pulses to 70
inactivated CI' currents (Weber et al., 1995), niflumic acid mV were 5.1+ 0.5 uA and 3.4=* 0.5 uA, respectively.
(100 M) was included in the superfusion solutions. Before DiC8 (100 uM), a diacylglycerol analog, mimicked PDBu
the addition of any drugs, background currents were smalin activating time-independent currents in cardiac CFTR-
over the potential range of 110-70 mV examined. The injected oocytes (Fig. D). cAMP cocktail- and DiC8-
cAMP cocktail elicited typical time-independent Ctur-  induced currents at 70 mV were 6:31.6 uA and 1.6+ 0.3
rents in oocytes injected with cRNA encoding the cardiacuA, respectively § = 3). Although the DIC8 effect ap-
CFTR exon 5- splice transcript (Hart et al., 1996), but not peared to be smaller than that of PDBu (DiC8/cAMP was
in water-injected control oocytes (Fig.A). After washout 25.2% at 70 mV), DiC8-induced currents also exhibited
of the cAMP cocktail, a subsequent application of PDBuslight outward rectification, and the current-voltage rela-
(100 nM) elicited similar but smaller time-independent cur-tionship exhibited a mean reversal potentiak#0.3+ 0.7
rents in cardiac CFTR-injected oocytes. The current-voltagenV (n = 3). An inactive analog, d-phorbol (100 nM), or
relationship for PDBu-induced currents exhibited some0.1% DMSO, the solvent for PDBu and DiC8, had little
slight outward rectification under these asymmetrical Cl effect on the background currents in cardiac CFTR-injected
conditions and exhibited a mean reversal potentiabocytes (data not shown).
(—14.8+ 4.0 mV,n = 5) similar to that of cAMP-induced The experiments in Fig. 2A and B, examined the CI
Cl™ currents (17.8+ 5.6 mV,n = 5; Fig. 1B). PDBu did  sensitivity of the PDBu-induced currents. Outward PDBu-
not alter the background current in water-injected oocytesinduced currents were reduced upon as external Was
Fig. 1 C shows the concentration-response relationshigchanged from 104 to 24 mM. The reversal potentials were
for PDBu. PDBu caused maximum current activation at 100-19.3+ 1.7 and+10.5*= 2.8 mV in 104 mM CI" and 24
nM in CFTR-injected oocytes. The Egvalue was esti- mM CI™ bath solutions if = 4), respectively, a shift of
mated as 10.5 nM. The PDBu (100 nM)-induced currents~30.5 mV, close to the predicted 35-mV shift of the esti-
were smaller in amplitude than cAMP cocktail-induced mated CI' equilibrium potential under these conditions.
currents; the current ratio (PDBu/cAMP) was constant ovelFig. 2 C shows the inhibition of the PDBu-induced current
the potential range from-110 to 70 mV: 66.3= 7.7% by the nonspecific protein kinase inhibitor, staurosporine (1
(=110 mV), 74.4*= 8.1% (50 mV), and 63.9+ 5.1% (70  uM), and by a specific PKC inhibitor, bisindolylmaleimide

A B
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FIGURE 2 Dependence of the PDBu-induced currents on externaa@ C&", and effects of kinase inhibitors in cardiac CFTR-injected oocy#ss. (
Raw membrane currents evoked by 500-ms voltage steps-f8thmV to potentials ranging from+110 to 70 mV (20-mV increments) before and after
exposure to PDBu (100 nM) in 104 mM or 24 mM external TC{[CI "],). The oocytes were initially exposed to the 104 mM @bntaining solution.
Thereafter, the solution was changed to 24 mM-€bntaining solution.R) |-V relationships for the PDBu-induced currents with [zl = 104 mM and

24 mM. The currents were measured during 500-ms voltage steps-f@IrmV to potentials ranging from-110 to 70 mV (20-mV increments) in the
104 mM CI” solution followed by 24 mM CI solution. PDBu-induced currents were obtained by subtracting the current in the absence of PDBu from
the current in the presence of PDBu. Each data point represents asm@BM (n = 4). No corrections were made for small changes in junction potential
expected during these solution changeS) (-V relations of the PDBu-induced currents before and after exposure to staurosporjod) (br
bisindolylmaleimide (1uM). Current amplitudes were normalized to the maximum current activated by cAMP cocktqila¢l70 mV. Each data point
represents a meah SEM (n = 3-5). *, p < 0.05 (ANOVA). (D) Comparison of the peak currents at 70 mV evoked by cAMP cocktxi) @r PDBu
(100 nM) in cardiac CFTR-injected oocytes, which were perfused with 1.8 mRf-Cantaining external solutior{{) or which were perfused with
C&"-free external solution including EGTA (1 mMi). Each data point represents a mearSEM (n = 8-20). **, p < 0.01 (unpaired-test).

(1 wM). Staurosporine significantly inhibited the PDBu- plitude of the cAMP-activated current at 70 mV was almost
induced current by 60% at 70 mV. Bisindolylmaleimide the same under these conditions, the PDBu-induced ClI
significantly inhibited the PDBu-induced current by over currents were significantly smaller in oocytes in°Cdree
90% at 70 mV. These results suggest that PKA or PKGCexternal solutions compared to oocytes in solutions contain-
stimulation activates time-independent Glurrents in oo- ing 1.8 mM C&". These results suggest a possible role of
cytes expressing cardiac CFTR, but not in water-injectedome CA"-dependent step in the PKC pathway regulating
control oocytes. cardiac CFTR CI channels in oocytes.

Ca" is known to be required to activate some isozymes To confirm that both PKA and PKC activate the same
of PKC, in addition to diacylglycerol or phorbol ester population of cardiac CFTR Clchannels, we examined the
(Nishizuki, 1988). We therefore tested whether the ability ofadditivity of currents activated by both pathways. If the
PKC stimulation to activate CFTR Clcurrents in oocytes same channels are activated by both pathways, it is expected
was C&" dependent. We compared the effects of the cAMPthat submaximum concentrations of either agonist should be
cocktail and PDBu in cardiac CFTR-injected oocytes (Fig.additive, but a supramaximum concentration of either ago-
2 D) that were perfused with either 1.8 mM Eacontain-  nist should occlude the response to the other agonist. Fig. 3
ing external solutionsapen columnsto those that were A shows typical time courses of the outward currents at 70
perfused with C& -free external solutions containing mV during stimulation by PKA alone, or in combination
EGTA (1 mM) (hatched columr)s Whereas the mean am- with stimulation of PKC (mean current normalized with the
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PDBu-induced current was examined. The time course ¥ | §{1 g 100 o -
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at 70 mV after exposure of PDBu, PDBu plus cAMP 3 | Q9 o ‘E 1 f/
cocktail (1X), or cAMP cocktail (2<) plus PDBu were 14 5 %} 5 40 - /
normalized with peak current evoked by cAMP cocktail | ot 20
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(n=4).* p<0.05 (ANOVA with repeated measures) 0 10 20 30 40 50 €0 cAMP PDBuU PDBu cAMP
compared with the cAMP-induced currenE)(The ef- fime (i) +cAMP +PDBu
fect of 100 nM PDBu on CI currents at 70 mV in the C D
continued presence of maximum cAMP cocktail con- 12 - 120
centration (1&) was examined.¥) Concentration re-
sponse for cAMP cocktail (¢, 5%, and 10<; see 10 — _ 100 : i
Materials and Methods) and the effects of 100 nM g - /
PDBu on CI' currents maximally activated by cAMP g B T 804 | /
cocktail (10x). Currents at 70 mV during exposure to % 6 E 60
different concentrations of cCAMP cocktail were normal- @ o | /
ized with peak current evoked by cAMP cocktail ()0 3 4 - £ 40 |
cAMP cocktalil (5x and 10<) appears to give the max- E | /
imum activation of CFTR CI channels. Each data point 2 > = 204 | /
represents a meah SEM (n = 3, 3, and 6 for cAMP W_‘ i ‘__.-"":
1x, 5%, and 10<, respectivelyn = 4 for cAMP (10x) | ) U P S e ] 0
+ PDBuU). *, p < 0.05 (paired-test). 0 10 20 30 40 50 60 70 CAMP 1x  5x  10x  10x

time (min) +PDBu

response to cAMP cocktail). The PDBu-induced currentcompared in Fig. 4A. The PKA-activated Cl currents
alone was 65.3+ 10.3% (0 = 4) of the cAMP cocktail usually reached a steady-state level aft&2 min and were
(1X)-induced current (Fig. 3). Subsequent addition of well sustained for more than 30 min. In contrast, the PDBu
CAMP cocktail during the peak of the PDBu-induced cur-and DiC8-induced currents exhibited a biphasic time
rent further increased the Ckurrent by 21.6- 5.5% more  course. PDBu- or DiC8-induced CI currents usually
than the cAMP cocktail-induced current alone. In Fig3,3 reached their maximum level after 725 1.6 min ( = 4),
it can also be seen that PDBu also further increased the Cland prolonged exposure resulted in a dramatic decline of the
current activated by cAMP cocktail K) by 34.9+ 8.6%  currents in the continued presence of either compound. Such
(n = 4). These results suggest that the stimulatory effects od decline was observed at all membrane potentials exam-
submaximum concentrations of either agonist are additivéned. Fig. 4B summarizes these data for normalized current
with respect to the amplitude of Clcurrent activated. amplitudes evoked by PKA and PKC stimulation as a func-
We next tested whether supramaximum stimulation bytion of time of exposure. Currents activated by both PKA
the cAMP cocktail would occlude the stimulatory effects of and PDBu were nearly at maximum 90%) within 10 min,
PDBu. cAMP cocktail (1&) gave the same degree of and the cAMP-induced currents were stable for more than
activation of CI' currents as cAMP cocktail ¢6), which 30 min in the continued presence of the cAMP cocktail
was ~20% greater than the effect of CAMP cocktail{1l  (100.1* 1.9% at 30 minn = 4). In contrast, the PDBu-
Fig. 3 D), suggesting that cAMP cocktail ¥6 and 10<)  induced currents were reduced to 1%311.0% ( = 4) of
maximally activates the available Tkchannels. As shown their maximum value within 30 min in the continued pres-
in Fig. 3, C and D, PDBu failed to increase Clcurrent ence of PDBu. Such a biphasic response to PDBu was also
further once they were maximally activated by cAMP cock-observed in oocytes bathed in Cafree solutions.
tail (10X); instead it decreased the currents slightly. These The most obvious explanation for the observed decline in
results are consistent with the interpretation that the effectDBu- or DiC8-induced CI currents in the maintained
observed with PKA and PKC stimulation are both mediatedpresence of either agonist is possible desensitization of
by the same population of recombinant cardiac CFTR Cl some component of the PKC pathway. Alternatively, the
channels. observed current decline might reflect PKC-induced mod-
ulation, resulting in channel dephosphorylation or channel
inactivation. In the case of inactivation, one might expect
that PKC would also alter subsequent channel activation by
other intracellular pathways, for example, the activation by
The time courses and duration of activation of cardiacPKA. In Fig. 5 A (left), the cAMP cocktail was perfused
CFTR channels by cAMP cocktail, PDBu, and DiC8 areinitially to obtain the control response to PKA activation

Biphasic response of CFTR CI~ channels to
PKC stimulation
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A failed to inhibit CI" currents activated by subsequent expo-
sure to cAMP cocktail (data not shown).

To investigate the possibility of functional differences in
PKC regulation between cardiac and epithelial isoforms of
CFTR CI" channels, the protocol that was employed in Fig.
5 A was performed with epithelial (exont§ CFTR-in-
jected oocytes. cAMP cocktail &) and PDBu (100nM)
elicited CI" -dependent outwardly rectifying currents (under
asymmetrcial CI conditions) in epithelial (exon -b)
CFTR-injected oocytes, but not in water-injected control
oocytes. Like cardiac (exon-5 CFTR-injected oocytes,
the peak PDBu-induced current amplitude at 70 mV was

current (LA)

0 ,10 20_30 00 ‘10 20,30 40 0 _10 20_30 40 55.7 £ 10.5% 6 = 4) of the peak cAMP-induced current
time (min) time (min) time (min) amplitude in epithelial (exon-5) CFTR-injected oocytes.
B As shown in Fig. 5B (left), cAMP cocktail was initially
120 perfused to obtain the response to PKA stimulation. Pro-
[ PDBu : . -
7= cAMP longed perfusion of PDBu resulted in an initial current
= 100 7 I g ? activation followed by inactivation. As in the case of cardiac
E § 80 4 ; ﬁ CFTR channels, epithelial channels inactivated by exposure
33 ] ) ] to PDBu exhibited a significantly smaller subsequent re-
§§ 60 7 o ﬁ /f; sponse to PKA stimulation, compared to the control cCAMP
Té é 40 - ? o response (Fig. B, right). It appears, therefore, that epithe-
5.2 ] iy lial (exon 5+) CFTR CI” channels respond to PKC stimu-
< 20 4 ﬁ jf; %ﬁ lation in a manner similar to that of cardiac (exomr-)%6
0 " ] CFTR CI" channels: an initial transient activation, followed
0 5 10 20 30 by slow inactivation.
time (min)

FIGURE 4 Effects of prolonged exposure of cardiac CFTR-injected Role of endogenous protein
oocytes to cAMP, PDBu, and DiC8 A; sustained activation by cAMP ki

. : L ; inases and phosphatases
cocktail (1X); and transient activation by PDBu (100 nM) and DiC8 (100 P P

uM). Currents were evoked by applying repetitive 500-ms voltage steps tqt js well known that the activity of CFTR Cl channels is

70 mV. B) Time course of the mean currents activated by cAMP andr ; ; ;
. egulated by phosphorylation of its regulatory domain (R
PDBu. The current was evoked by applying 500-ms voltage steps to 70 9 y P phory g y (

mV. The amplitudes of currents were normalized with that of the maximumdomam) by PKA'_ThUS channels are believed to require
current evoked by the corresponding treatment for 30 min. Each data poirft KA phosphorylation and ATP hydrolysis to open (Gadsby
represents a meah SEM (0 = 4). *, p < 0.05; **, p < 0.01 (unpaired et al., 1995; Foskett, 1998); however, the role of PKC
t-test). phosphorylation is less clear. To investigate whether PKC
modulation of cardiac CFTR channels involves basal PKA
activity in oocytes, we examined the effect of a specific
(the first response). After washout of cAMP cocktail, PDBu PKA inhibitor, Rp-cAMPS on PDBu-induced Clcurrents.
(100 nM) was perfused, and the PDBu-activated current$njection of Rp-cAMPS (5uM) was effective in attenuating
were allowed to decline te-20% of the peak PDBu re- the cAMP-induced CI conductance when it was injected
sponse {30 min). Immediately after PDBu-induced cur- during perfusion with cAMP cocktail (Fig. &\). Prior
rent decline, in the continued presence of PDBu, the reinjection of oocytes with Rp-cAMPS greatly attentuated the
sponse to PKA stimulation was retested. A significantlyability of PDBu (100nM) to stimulate cardiac CFTR cur-
smaller response to the cAMP cocktail was observed comrents (Fig. 6B). Fig. 6 C shows the time course of PDBu-
pared to the control (Fig. B, right; 34.5+ 9.9%,n = 4).  induced currents at 70 mV. Rp-cAMPS (5 and aM)
In the absence of PDBu, repeated application of the cAMRnhibited the peak amplitude of the PDBu-induced CFTR
cocktail after a similar interval of 60 min failed to reveal currents from the control level of 588 8.1% of the peak
any significant change in the amplitude of the PKA-inducedcAMP-induced current to 30.2 6.6% and 16.8+ 6.5%,
current (Fig. 5A, right). Thus prior inactivation of cardiac respectively. Thus the ability of PDBu to stimulate cardiac
CFTR CI" channels by PKC stimulation reduces the ability CFTR channels seems to be highly dependent upon basal
of PKA to subsequently activate the channels. We alsd®KA activity, suggesting that PKC phosphorylation per se
verified that the PDBu-induced inhibition of Clchannels does not open CFTR Clchannels.
can be attributed to PKC stimulation. In oocytes pretreated We also tested the hypothesis that endogenous PKC
with the specific PKC inhibitor bisindolylmaleimide (5 activity may regulate CFTR activation by PKA (Jia et al.,
uM), PDBuU failed to cause an increase in Glurrent and  1997). Oocytes were first exposed to the cAMP cocktail to
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FIGURE 5 Prolonged PDBu exposure inhibits cAMP activation of cardiac and epithelial CFTR@tents. {) Effects of cAMP and PDBu on
membrane currents in oocytes injected with cRNA encoding the cardiac (exdrCBTR transcript. l(ef) CAMP cocktail (IX) was perfused in the
continued presence of PDBu (100 nM). Shown is the time course of the outwardu@kents elicited by applying 500-ms voltage steps to 70 mV from

a holding potential of~30 mV. The peak amplitude of the current induced by cAMP cocktail)(dlone was initially estimated. After washout, PDBu
caused a transient increase in current, followed by a decline. In the continued presence of PDBu, cAMP cogktail$ed a much smaller activation.

(Righ?) currents at 70 mV were normalized with that of the peak current evoked by the first cAMPefdposure. Mean currents elicited by the second
application of cAMP cocktail 80 min after its first application are shown in the absence of PDBu (second cAMP). Peak PDBu-induced currents, after 30
min, and peak currents elicited by a second exposure to cAMP in the continued presence of PDBu areB3lidfects of CAMP and PDBu on membrane
currents in oocytes injected with cRNA encoding the epithelial (exehGFTR transcript. l(eft) Experimental protocol as iA. (Righf) Current amplitudes

at 70 mV were normalized to the maximmu current evoked by cAMP cocktai) élone. Mean PDBu-induced current amplitudes (peak), PDBu-induced
current amplitudes after 30 min of exposure, and amplitudes elicited by a second cAMP exposure in the continued presence of PDBu are shown. Each data
point represents a mean SEM (n = 4). *, p < 0.05 (ANOVA with repeated measures) compared with the corresponding cAMP-induced curr@nt. ##,

0.01 (unpaired-test) compared with the current evoked by the second cAMP stimulation in the absence of PDBu.

obtain the control response to PKA activation. After wash- Although the PKC-mediated decline in CFTR Ctur-

out of cAMP cocktail, the specific PKC inhibitor bisindolyl- rents may be due to PKC desensitization or PKC-induced
maleimide (5uM) was perfused, and then the response tochannel inactivation, other possible explanations remain. It
the cAMP cocktail was retested in the continued presence aé possible that the stimulatory effects of PKC are due to a
bisindolylmaleimide. As illustrated in Fig. B, the subse- direct phosphorylation of CFTR, whereas the inhibitory
quent response to PKA stimulation was significantly atten-effects might be due to dephosphorylation of CFTR chan-
tuated after inhibition of endogenous PKC activity by bisin-nels, possibly from PKC stimulation of an endogenous
dolylmaleimide. In three oocytes, the subsequent respong@otein phosphatase. To examine the role of endogenous
to PKA stimulation was reduced to 537 10.2% of the phosphatases in PKC-induced inactivation, we first investi-
control response after exposure to bisindolylmaleimide ( gated the effects of okadaic acid (OA), a protein phospha-
se). These data support the hypothesis that PKC phosphotase 1 and 2A (PP1 and PP2A) inhibitor, on the peak
ylation of CFTR significantly potentiates PKA activation of amplitude and rate of decline of the PDBu-induced current.
CFTR (Jia et al., 1997; Middleton and Harvey, 1998). The rate of deactivation of Clcurrent upon removal of the
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FIGURE 6 Role of basal PKA and PKC activityAX Blockade of cAMP cocktail (X)-induced currents by intraoocyte injection of the specific PKA
inhibitor, Rp-cAMPS ¢losed circlesapproximate concentration, BM) in cardiac CFTR-injected oocytes. The time course of membrane currents elicited
by repetitive voltage steps at 70 mV is shown. Open circles were obtained after injection of water in a series of separate control exg3fRperAdIPS

(5 uM) was injected in the continued presence of cAMP cocktail after current activation. After washout of the cAMP cocktail, PDBu (100 nM) was
superfused.§) Time courses of PDBu (100 nM)-induced CFTR Glurrents at 70 mV in the presence or absence of Rp-cAMPS (me3BM, n = 4).
Current amplitudes were normalized to the maximum currents activated by cAMP cocktail in the absence of Rp-@&)NEFEc{ of bisindolylmaleimide

(5 uM) superfusion on cAMP cocktail ¢1)-induced currents. Time course of the outward C€urrents elicited by applying 500-ms voltage steps to 70
mV from a holding potential of-30 mV. The peak amplitude of the current induced by cAMP cocktail)(lone was initially estimated. After washout,
bisindolylmaleimide was superfused, and in the continued presence of bisindolylmaleimide, cAMP coeitaih(sed a smaller activation of current.
The inset shows a comparison of the effect of cAMP cocktail with or without bisindolylmaleimige3-5). *, p < 0.05 (ANOVA with repeated measures)
compared with the first response to cAMP.p#< 0.05 (unpaired-test) compared with the current evoked by the second cAMP application alone.

cAMP cocktail is believed to reflect the rate of dephosphor-deactivation after withdrawal of the cAMP cocktail in oo-
ylation of CFTR channels by endogenous phosphatasesytes injected with OA or superfused with OA (100 nM and
(Gadshy et al., 1993), and in native cardiac cells, differentiall wM) was significantly prolonged with;,, of deactivation
sensitivity to phosphatase inhibitors revealed that PKA regehanged from 7.4- 1.3 min to 12.0+ 1.6 min = 4) and
ulation of CFTR involves phosphorylation of the R domainto 15.3+ 1.9 min, respectivelyn(= 3; Fig. 7B). Further-
at at least two distinct sites:;Pwhich is essential for more, in the continued presence of OA, PDBu still elicited
channel activation, and,Pwhich controls the open proba- a biphasic response (Fig.G). The amplitude of the PDBu-
bility of activated channels (Hwang et al., 1993). The oka-induced currents was not significantly different in the pres-
daic acid (OA)-sensitive protein phosphatase 2A (PP2A) ience or absence of okadaic acid (100 nM quNl; Fig. 7
believed to dephosphorylate the activation sitewhereas D), and ther,,, for PDBu-induced current inactivation was
an okadaic acid-insensitive protein phosphatase (possiblyot significantly different in the absence (10.88).97 min,
PP2C) is believed to dephosphorylate the modulatory site Pn = 4) or presence (100 nM, 8.00 0.74 min,n = 4; 1 uM,
(Hwang et al., 1993; see Fig. 11). 8.83+ 1.45 min,n = 3; p > 0.05) of okadaic acid. These
Fig. 7 A shows an experiment in which intraoocyte in- results indicate that OA, as in native cardiac myocytes
jection of OA (~1 mM) alone elicited some small activation (Gadsby et al., 1993), can inhibit endogenous PP1 and 2A,
of basal CI' current, which could be further enhanced by which causes some prolongation of the rate of dephosphor-
exposure to the cAMP cocktail ). The rate of current ylation of cCAMP-activated CFTR currents in this expression
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FIGURE 7 Effects of okadaic acid on PKA- and
PKC-induced cardiac CFTR Clcurrents. A) Time
courses of CI currents during voltage steps at 70 mV
activated by “cAMP cocktail” (X) after intraoocyte
injection of okadaic acid (OA) (approximate final inter-
nal concentration of 1 mM).B) Time course of mean
cAMP-induced currents at 70 mV, which were normal-
ized with the peak value at time 0. At time 0, cCAMP
cocktail started to be washed out in the absence of OA

current (HA)

normalized cAMP-induced current

(O) or during superfusion of OA(, 100 nM;A, 1 uM). 0 10 20 30 40
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system, but phosphatases 1 and 2A are unlikely to b&his striking effect suggests that a Tasensitive PP
involved in the PKC-mediated inactivation of cardiac CFTR (PP2B) may be a potent regulator of CFTR dephosphory-
Cl™ channels. lation in oocytes. However, injection of two known inhib-
In native cardiac myocytes, both OA-sensitive and OA-itors of PP2B, calmidazolium and cyclosporin A (Gietzen et
insensitive dephosphorylation of CFTR Cthannels has al., 1981; Liu et al., 1991), at a concentration ofulM,
been demonstrated, and it has been proposed that the O#fgiled to modify the deactivation of CFTR channels upon
insensitive phosphatase involved may be protein phosphavashout of the cAMP cocktail (data not shown). Because
tase 2C (PP2C) (Gadsby and Nairn, 1994). Although PP2Ghis concentration effectively inhibits PP2B in 3T3 cells
has recently been directly shown to dephosphorylate epithgFischer et al., 1998), it would appear that the ability of
lial CFTR channels in cell-free membrane patches (Travis eBAPTA injection or BAPTA-AM pretreatment to prevent
al., 1997; Luo et al., 1998), there are no known effectivedeactivation of CFTR after cAMP washout may be unre-
inhibitors of PP2C. Another OA-insensitive phosphataselated to inhibition of PP2B. Because the concentrations of
the C&"-dependent protein phosphatase 2B (PP2B), hasAMP cocktail used in these experiments<(lappear to
recently been shown to dephosphorylate epithelial CFTRactivate at least 80% of the maximum CFTR Glurrent
channels in NIH 3T3 fibroblasts (Fischer et al., 1998). Toavailable under control conditions (cf. Fig. B), and
initially test whether a C& -sensitive phosphatase, possibly BAPTA appears to prevent channel dephosphosphorylation,
protein phosphatase 2B (PP2B), might also be involved irt is possible that channels activated under these conditions
regulating the dephosphorylation of cardiac CFTR channelbecome locked into the fully phosphorylated, ) state
in oocytes, we examined the effects of intracellular chela{Hwang et al., 1993; Fig. 11). It was previously shown that
tion of C&", by injection of BAPTA tetrapotassium salt under normal conditions, CFTR channels activated by
(1.25 mM) or pretreatment of oocytes with BAPTA-AM cAMP cocktail immediately dephosphorylate in response to
(100 uM), on the rate of deactivation of Clcurrent upon injection of the specific PKA inhibitor Rp-cAMPS (Fig. 6
removal of the cAMP cocktail. As shown in Fig. 8  A). If, in fact, BAPTA treatment causes CFTR channels to
injection of BAPTA alone caused a small activation of become locked into the fully phosphorylated,®R5) state,
CFTR CI" current, which could be further enhanced by then channels under these conditions would not be expected
exposure to the cAMP cocktail ). Interestingly, in con- to dephosphorylate in response to inhibition of PKA by
trast to OA, BAPTA injection appeared to nearly com- Rp-cAMPS. In agreement with this prediction, CFTR ClI
pletely prevent deactivation of CFTR channels upon washeurrents activated by cAMP cocktail in BAPTA-AM-pre-
out of the cAMP cocktail. A similar effect was observed in treated oocytes were nearly completely insensitive to injec-
oocytes pretreated with BAPTA-AM (Fig. B). Deactiva-  tion of Rp-cAMPS (Fig. 8C).
tion of CFTR channels was nearly completely prevented for Although many serine/threonine PPs are known to re-
periods of 30 mina 1 h after washout of the cCAMP cocktail. quire metals for catalytic activity, PP2C may be a potential
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additional studies are certainly required to unequivocally
establish exactly which PP activity might be inhibited by
L BAPTA, there is little doubt that in BAPTA-treated oocytes,
N strong cAMP stimulation irreversibly activates CFTR Cl
channels, which become locked into a fully phosphorylated
state.
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We first tested whether locking CFTR channels into a
partially phosphorylated ¢ state would affect their re-
sponse to PKC stimulation. Channels activated by unmask-
ing basal PKA activity by inhibition of PP1 and 2A are
expected to partition into both the partially,jRand fully
(P,P,) phosphorylated states, in contrast to channels acti-
. vated by strong PKA stimulation, which are expected to
0 10 20 30 40 50 0 10 20 30 40 50 become more fully phosphorylated (Hwang et al., 1993;
time (min) time (min) Fig. 11). Injection of oocytes with the membrane-imper-
) ] B meant PP1 and 2A inhibitor microcystin (&M) alone
FIGURE 8 Effects of BAPTA on cAMP-induced cardiac CFTR Cl = - 56 activation of cardiac CFTR channels, presumably by
currents. A) Time courses of Cl currents during voltage steps to 70 mV . . .
activated by “cAMP cocktail” (X) after intraoocyte injection of BAPTA unmasking basal PKA activity (Fig. 9). These effects
tetrapotassium salt (approximate final internal concentration of 1.25 mM)Were not observed in water-injected control oocytes. Under
(B) Mean values of the decline of cAMP-induced Cturrents after  this condition, subsequent exposure to PDBu still elicited
washout of cAMP cocktail (at time 0), recorded at 70 mV in BAPTA/AM- the ysual stimulatory and inhibitory effects. However, if

pretreated @) or untreated control) oocytes = 3-5). Currents are o, 0 of the channels activated by microcystin are forced to
normalized with the maximum current just before washout of cAME). (

Effects of Rp-cAMPS on “cAMP cocktail” (X)-induced currents in dephosphorylat'e.fror.n the fu"y phosphorylated Statfpgj
BAPTA/AM-treated oocytes expressing cardiac CFTR €hannels. Rp- DY subsequent injection of Rp-cAMPS, then all channels are
CAMPS was injected into oocytes to make an approximate intracellularexpected to become trapped into the partially phosphory-

concentration of 5 mM. Currents were normalized with the maximum |gted (pl) state. Remarkably channels trapped in tbetﬂte
currents at 70 mV in the absence of Rp-cAMPS. In contrast to control

oocytes (Fig. 6A), injection of Rp-cAMPS failed to affect cAMP-activated under th.ese conditions failed to be StImUIatec.j by 1.00 nM
CFTR currents in BAPTA-AM pretreated oocyte®)(Intraoocyte injec- PDB_U (Flg. QB)_ These data _ShO_W that PKC stimulation of
tion of Mg?* (approximate final internal concentration of 1 mM) reverses cardiac CFTR CI channels is highly dependent upon the
the effects of BAPTA-AM on CFTR Cl channel dephosphorylation. PKA phosphorylation state of the channels.
To examine the effects of PDBu on channels in the fully
(P,P,) phosphorylated state, oocytes were pretreated with

: BAPTA-AM and initially exposed to cAMP cocktail (1)
target for BAPTA’ beca+use PPZ.(;’ in contrast to other PPs[b irreversibly activate CFTR channels. After the washout of
requires high (mM) M§" for activity (Stemmer and Klee,

1991), and the ability of PP2C to directly dephosphorylat CAMP cocktail, when CFTR channels fail to dephosphory-

epithelial CFTR channels has been shown to require Cyt(?l?te and currents are sustained, exposure to PDBu (100 nM)

plasmic M@" in the millimolar range (Travis et al., 1997). caused mactlvatlo'n but produced little or no stimulation of
To test whether the ability of BAPTA-AM pretreatment to CFTR currents (Fig. 9 andD).

nearly completely prevent CFTR channel dephosphoryla-

_“°r? r_n_lght be due to chelation of [MQ]‘ and subsequent Functional effects of mutagenesis of two PKC

inhibition of endogenous PP2C activity, we tested whether hosphorvlation sites in the R domain

direct intraoocyte injection of Mg might reverse the ef- phosphory

fects of BAPTA-AM. As shown in Fig. 8, intraoocyte  Epithelial CFTR protein has previously been shown to be
injection of Mg" (estimated final intracellular concentra- directly phosphorylated by PKC (Berger et al., 1993).
tion 1 mM) effectively stimulated dephosphorylation of Serines 686 and 790 are believed to represent two major
CFTR channels after washout of cAMP cocktail in anconsensus PKC phosphorylation sites in the R domain, and
oocyte pretreated with BAPTA-AM. Similar results were these have been shown to be phosphorylated by agents that
observed in three additional BAPTA-AM-treated oocytes,activate PKC (Picciotto et al., 1992; Dulhanty and Riordan,
suggesting that BAPTA-AM pretreatment prevents CFTR1994). However, the effects of mutations of these sites on
channel dephosphorylation by chelation of [M$§ and  functional regulation of CFTR Cl channels by PKC have
possibly inhibition of endogenous PP2C activity. Although not yet been examined in cardiac or epithelial CFTR isoforms.

normalized current (%)
current (M A)
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FIGURE 9 Effects of PDBu on cardiac CFTR channels locked into partially or fully PKA-phosphorylated stgtémé course of CI currents was
obtained by repetitive application of 500-ms voltage steps to 70 mV. Initial microcystin LR (approximate final concentrafiéninfection activated

CFTR currents, and PDBu (100 nM) was subsequently superfused for the time period indBpMitrécystin injection activated CFTR currents, which

were allowed to stabilize, and then Rp-cAMPS (301) was injected to lock channels into a partially phosphorylatgdl §eate. Injection of Rp-cAMPS

caused partial dephosphorylation, and then oocytes were superfused with PDBu. Currents amplitudes were normalized to the maximum cuiment elicited
response to microcystin alone. Each data point represents am&&#M (n = 3). (C) Effect of PDBuU (100 nM) on the sustained currents after washout

of cAMP cocktail in a BAPTA/AM-treated oocyte. Clcurrents were obtained by repetitive application of 500-ms voltage steps to 7@MnWh(bitory

effects of PDBu (100nM) on the sustained Giurrents (after washout of CAMP cocktail) at 70 mV in BAPTA/AM-treated oocytes. Currents were
normalized to the maximum current just before the addition of PDBu. Individual points representn®aM (n = 3).

We examined cAMP and PDBu regulation of cardiaccardiac (card), or wild-type epithelial CFTR. There were no
(exon 5-) CFTR channels in oocytes injected with mRNA significant differences in cAMP-induced current amplitudes
encoding three mutant constructs: S686A, S790A, and thi the three mutants and two CFTR wild-type channels. This
double mutant S686A-S790A. Fig. 1@ and B, shows s consistent with a previous report that showed no signif-
representative currents at 70 mV for the S686A and S686Aicant differences in PKA activation sensitivity for the
S790A mutants during exposure to the cAMP cocktail, S686A mutant in epithelial CFTR channels (Wilkinson et
PDBu, and then a subsequent cAMP cocktail in the continal., 1996). In contrast, the relative peak current amplitude
ued presence of PDBu. In these mutants, CAMP cocktaitlicited by 100 nM PDBu was significantly less in the three
(1X) stimulated the ClI conductance, as well as in the mutants compared to either wild-type channel (Fig.D)0
wild-type cardiac (Fig. 5A) or epithelial CFTR (Fig. B). Normalized PDBu-induced current amplitudes were 55.2
PDBu (100 nM) still activated CFTR currents in these 8.8% ( = 4) for wild-type channels, 27.6 5.5% ( = 5)
mutants, although the amplitude appeared to be less than for S686A, 29.0+ 3.6% ( = 4) for S790A, and 25.1+
the wild-type channels. Fig. 10 shows a comparison of the 2.4% ( = 4) for the S686A-S790A double mutant.
absolute current amplitudes activated by cAMBXienopus Finally, to assess the degree and extent of PDBu-induced
oocytes injected with 47 ng of mRNA encoding inactivation of CFTR currents in the mutant channels, cur-
S686A(card), S790A(card), S686A-S790A(card), wild-typerent amplitudes elicited by a second exposure to cAMP
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FIGURE 10 Effects of cAMP and PDBu on cardiac
S686A and S790A mutant CFTR channel&.gnd B) 1
The effects of cCAMP cocktail () and PDBu (100 nM)

on cardiac CFTR-S686A and CFTR-S686A, S790A

were examined using the same protocol as in Fig. 5
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cocktail, after PDBu-induced current inactivation in the age relationship (with symmetrical Cl similar to that of
continued presence of PDBu, were measured and comparetdogenous cAMP-activated Cthannels in native cardiac
to the control cAMP-induced current amplitudes (Fig. AO, myocytes (Harvey et al., 1990; Collier and Hume, 1995). 3)
andB). There were no apparent differences in the extent offhe shift of reversal potential of the PDBu-induced cur-
PDBu-induced inactivation of CFTR, measured this way,rents, when external Clwas reduced, was close to the
for the three mutants and two CFTR wild-type channelspredicted shift of the estimated Clequilibrium potential,
These results suggest that the stimulatory effects of PKC oimdicating a significant Cl permeability, similar to PKA-
cardiac CFTR CI channels are significantly reduced by activated CI' currents in cardiac CFTR-injected oocytes
mutations in the two R domain consensus PKC phosphorfHart et al., 1996). 4) PDBu-induced currents were inhibited
ylation sites, S686 and S790, but these mutations have velyy the kinase inhibitor staurosporine and by a specific PKC
little effect on the extent of PKC-induced slow inactivation inhibitor, bisindolylmaleimide. 5) The effects of PDBu were
of CFTR CI" channels. mimicked by the diacylglyerol analog DiC8, but not by the
inactive analog 4a-phorbol. Finally, the findings that sub-
maximum concentrations of PDBu and cAMP cocktail were
DISCUSSION additive in terms of the overall magnitude of current acti-
The present experiments provide direct evidence that stimvated, whereas maximum stimulation by one agonist oc-
ulation of PKC results in modulation of the cardiac isoform cluded the effects of the other agonist, support the conclu-
(exon 5-) of CFTR (Hart et al., 1996). This evidence sion that stimulation by PKA and PKC results in activation
includes the following: 1) Both PDBu and cAMP cocktail of the same population of CFTR Clchannels.
activated CI current in cardiac CFTR-injected oocytes, but In oocytes perfused with G&-containing solutions,
not in water-injected oocytes. 2) PDBu-induced currents?DBu-activated CFTR Cl current amplitudes were-55—
were time independent and exhibited a linear current-volt65% of those of PKA-activated currents. However, in oo-
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cytes perfused with Ca-free solutions, PDBu-activated and the double mutant S686A-S790A constructs examined.
CFTR CI" current amplitudes were only 20—-30% of those These results provide the first functional confirmation of the
of PKA-activated currents. This €& dependence seems importance of these PKC phosphorylation sites, which were
specific for CFTR currents activated by PKC, because theredicted from earlier phosphorylation studies (Picciotto et
presence or absence ofCahad no significant effect on the al., 1992; Dulhanty and Riordan, 1994). The fact that these
magnitude of currents activated by PKA stimulation. Thismutations failed to completely eliminate CFTR activation
C&" dependence of PDBu-induced CFTR Qlurrents can by phorbol esters suggests that other PKC phosphorylation
be explained by endogenous expression df'Gdependent  sites, in addition, are also important for CFTR channel
PKC isozymes in oocytes (Ohno et al., 1988; Nishizuki,regulation.
1988). It is noteworthy that even in the absence of ‘Ca A characteristic difference in the effects of the cAMP
PDBu still caused both activation and inactivation of CFTRcocktail and PDBu on cardiac recombinant CFTR channels
currents, suggesting the presence of Gedependent PKC was the slow decay of currents observed in the continued
isozymes in this preparation as well. That expression patpresence of PDBu or DiC-8, compared to those activated by
terns of C&"-dependent and -independent PKC isozymestAMP, which were well maintained in the continued pres-
vary considerably between different cell types (Newton,ence of cAMP cocktail. Both current activation and current
1996) may account for some of the variability reported fordecay induced by phorbol esters can be attributed to PKC
the efficacy of phorbol esters in activating CFTR in both stimulation, because they were both prevented by the spe-
native cells (Zhang et al., 1994; Walsh and Long, 1994cific PKC inhibitor bisindolylmaleimide. A slow phase of
Shuba et al., 1996; Oleksa et al., 1996), as well as heteroPKC-induced down-regulation of L-type €achannels and
ogous expression systems (Tabcharani et al., 1991; Berg&la/K ATPase expressed in oocytes has been reported and
et al., 1993). Other factors as well may be expected tattributed to phorbol ester activation of endocytosis, trig-
influence the efficacy of activation of CFTR Clchannels gering internalization of membrane proteins (Vasilets et al.,
by PKC stimulation. Our results indicate that the ability of 1990; Bourinet et al., 1992). However, we failed to detect
phorbol esters to activate cardiac CFTR channels is highlyany changes in oocyte membrane capacitance over the time
dependent upon the level of basal PKA activity in oocytesperiod of PDBu-induced current decline with concentrations
Thus preexposure of oocytes to the specific PKA inhibitorof PDBuU as high as 500 nM (data not shown).
Rp-cAMPS nearly completely eliminates the ability of The most likely explanation for the PKC-induced current
phorbol esters to subsequently activate the channels (cf. Figecline is desensitization of some component of the PKC
6). Therefore, PKC phosphorylation alone seems unable tpathway (Mond et al., 1991; Parker et al., 1995. This
open CFTR channels, but requires basal PKA activationexplanation is supported by the recent report that phorbol
The ability of PP inhibitors to cause substantial activation ofesters cause a similar slow inhibition of minK-KvLQT1
CFTR channels expressed in oocytes (cf. Fig. 11) als@hannels expressed Kenopusoocytes (Lo and Neumann,
indicates that there is a considerable level of basal PKAL998). In these experiments, the stimulatory effects of phor-
activity in this preparation, which may explain the ability of bol esters on could be separated from their inhibitory
PDBu alone to cause robust activation of these channels ieffects by using lower doses and briefer exposure times,
oocytes. However, the basal level of endogenous PKA andhich were attributed to PKC phosphorylation at separate,
PP activities may be expected to vary considerably betweedistinct sites on the channel protein. However, the present
different cell types and experimental conditions. This mayexperiments, which show a very similar slow, inhibitory
account for some of the differences reported in the observedffect of phorbol esters on a completely different membrane
sensitivity of CFTR channels to PKC stimulation in differ- protein, CFTR, also expressed in oocytes, strongly suggest
ent tissues. that this may be due to an alteration of the intracellular PKC
Possible differences in the regulation of cardiac and epsignaling pathway, rather than to phosphorylation of a dis-
ithelial CFTR channels by PKC phosphorylation were ex-tinct site on the channel protein. This interpretation is also
amined, because two putative PKC phosphorylation sites osupported by our mutagenesis experiments that showed that
exon 5 are missing in the rabbit cardiac isoform (Horowitzmutations of S686 and S790 significantly reduced PKC-
et al., 1993; Hart et al., 1996). However, functional analysisnduced stimulation of CFTR channels but failed to affect
of both expressed CFTR channel isoforms in our experiPKC-induced CFTR channel decay. Because PKC phos-
ments failed to reveal any significant differences in thephorylation appears to dramatically influence the PKA sen-
general pattern of regulation by phorbol esters, suggestingitivity of CFTR channels and may even be required for
that the two PKC phosphorylation sites on exon 5 play little,acute activation by PKA (Dechecchi et al., 1992; Jia et al.,
if any, role in the normal regulation of the channel by PKC 1997; Middleton and Harvey, 1998), desensitization of the
phosphorylation. Site-directed mutagenesis of two serin®KC pathway, in this way, could also be expected to reduce
residues (S686 and S790) in the cardiac CFTR isoform didhe responsiveness of CFTR channels to activation by PKA.
reveal, however, the importance of two putative PKC phos¥uture studies are required to definitively interpret this
phorylation sites in the R domain for channel regulation byeffect.
phorbol esters. PDBu-induced CFTR current amplitudes In native cardiac cells, differential sensitivity to phospha-
were reduced by approximately half in the S686A, S790A tase inhibitors was the basis for the sequential PKA phos-
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phorylation model of CFTR proposed by Hwang et al. In our studies of cardiac CFTR channels expressed in
(1993). In the present experiments, we used various PBocytes, we found that injection of BAPTA or preincuba-
inhibitors and the specific PKA inhibitor Rp-cAMPS to tion of oocytes in BAPTA-AM significantly attenuated de-
directly assess the effects of PKC stimulation on CFTRactivation of currents on removal of cCAMP cocktail, sug-
channels partially (Pstate) or fully (RP, state) phosphor- gesting that BAPTA may be a potent inhibitor of
ylated by PKA (Fig. 11top). The regulation of CFTR CI  endogenous phosphatases. Because the effects of BAPTA
channels by PKC phosphorylation can be explained withinvere not mimicked by two known inhibitors of €&
the context of this model. Channels can exist in the PKA-sensitive phosphatases, calmidazolium and cyclosporin A,
dephosphorylated (D) state, a partially PKA-phosphorylatedAPTA must be exerting its inhibitory effects on another
(P, state, or the fully PKA-phosphorylated ,(®) state. PP. Because the deactivation of CFTR currents in BAPTA-
Channels in the D state or in either of the PKA-phosphor-reated oocytes was much more significantly attenuated than
ylated states can be further phosphorylated by PKC (design the presence of OA or microcystin alone, the effects of
nated byasterisk$. The role of endogenous PPs in dephos-BAPTA may instead involve the inhibition of an OA-
phorylation of PKC sites is unknown (?). Because PKCinsensitive phosphatase, possibly PP2C. Although many
stimulation alone does not lead to channel activation (cfserine/threonine PPs are known to require metals for cata-
Fig. 6), we assume that channel openings require PKAytic activity, PP2C seems to be a likely target for BAPTA,
phosphorylation of distinct sites on the R domain, whereabecause PP2C, in contrast to other PPs, requires high (mM)
ATP hydrolysis of the two nucleotide binding domains is Mg®" for activity (Stemmer and Klee, 1991; Travis et al.,
directly coupled to channel gating (Gadsby and Nairn,1997). BAPTA is known to exhibit high selectivity for €a
1994; Gadsby et al., 1995). over Mg?*, but itsK4 for Mg?* has been reported to bel7

mM (Tsien, 1980). It therefore seems likely that injection of

millimolar concentrations of BAPTA into oocytes or pro-

PKA p < PKA PP longed exposure of oocytes to BAPTA-AM may inhibit
D PP 2A 1 PP2C 112 PP2C by direct chelation of intracellular ¥ig Consistent
\ N with this interpretation, intraoocyte injection of KIg did
PP 7 | PKC PP?TPKC PP?lPKC reverse the e'szects. of BAPTA and stimulated channel de-
v phosphorylation (Fig. ®).
DY« AL pROTRA L pp* |u|aAr|tE;\;|gatrln\1/§|yy’ir:?eerf:z“t\yvitor: Eﬁplf ;ocgrgﬁg? :‘rcl;trraAC'?L
1 PP2C 172

PP2A hydrolysis at nucleotide binding domain 2 (NBD2), which

FIGURE 11 Model of CFTR channel regulation by PKA and PKC would Cause. channel§ to d.eaCtivate very SIOWI.y'."ke CFTR
phosphorylation. channels with mutations in the Walker motif in NBD2
(Wilkinson et al., 1996). Although Dousmanis et al. (1996)
showed that such a slowing in channel closure can be
Exposure of oocytes to the PP1 and 2A inhibitors okadai@ffected by chelation of Mg, chelation of Mg also prevented
acid or microcystin, is expected to cause channels to everchannel activation by interfering with ATP hydrolysis at
tually accumulate into the partially phosphorylatedskate, NBD1 as well. If the effects of BAPTA that we observe are
and under these conditions, PDBu still activated CFTRdue to interference with the Mg dependence of ATP hydro-
currents (Figs. 7C and 9 A). Yet channels under these lysis at the NBDs, then BAPTA should also prevent or
conditions are not really locked into thg Btate, because greatly attenuate the activation of CFTR by cAMP, an effect
some probably reside in the,® state as well (depending clearly not seen in our experiments, in which CFTR channel
upon the mode of activation, i.e., exogenous cAMP cocktailctivation remained robust (or was even accentuated) in the
or endogenous basal PKA activity). Furthermore, channelpresence of BAPTA (Fig. 8). In addition, if the effects of
in the P, state, once phosphorylated by PKC into tHe P BAPTA are due to interference with Mg as a cofactor for
state, can escape into thgMB state, because of the presence ATP hydrolysis at nucleotide binding domain 2 (NBD2),
of rather large endogenous basal PKA activity in oocyteschannels would still be expected to dephosphorylate in
Therefore, to examine the effects of PDBu on channels, imesponse to PKA inhibition. Exposure of BAPTA-pretreated
which only P, — P} transitions are allowed, PP1 and 2A oocytes to the cAMP cocktail caused strong activation and
need to be inhibited and endogenous PKA needs to b#orced nearly all CFTR channels to become locked in the
inhibited to prevent any possiblé P~ P,P5 transitions. The  fully phosphorylated [P, state, as evidenced by the nearly
results of such experiments are illustrated in Fig. CFTR ~ complete prevention of channel dephosphorylation after re-
channels were first activated by intraoocyte injection ofmoval of the cAMP cocktail (Fig. 8), and these sustained
microcystin, and at the peak of the response, Rp-cAMP&urrents were insensitive to Rp-cCAMPS.
injection caused channels to dephosphorylate and become CFTR channels locked into the fully phosphorylatg&@f
trapped in the P state. Subsequent exposure to PDBu,state failed to be further activated by exposure to PDBu.
which should only allow P— P7; transitions to occur, failed These results, along with the lack of effect of phorbol esters
to cause further channel activation. on channels locked into the partially phosphorylatedtgte
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(Fig. 9 B), suggest that the stimulatory effects of PKC protein phosphatase 2B and protein kinase Rflugers Arch.436:
phosphorylation only occur wheri P> P,P% transitions are ~ 175-18%. _ _
allowed. We interpret these results to mean that the stimuF0Skett J. K. 1998. CIC and CFTR chloride channel gatiwgnu. Rev.

| ff f PK h horvlati FTR Gth Physiol.60:689—-717.
atory efiects 0 C phosphorylation on C an- Gadsby, D. C., T. C. Hwang, M. Horie, G. Nagel, and A. C. Nairn. 1993.

nels can be attributed to facilitation of PKA-mediated phos- cardiac chloride channels: incremental regulation by phosphorylation/
phorylation and channel transitions frorfj P> P,P5. Thus dephosphorylationann. N.Y. Acad. Sciz07:259-274.
PKC phosphorylation of sites on the R domain may cause &adsby, D. C., G. Nagel, and T. C. Hwang. 1995. The CFTR chloride

conformational change that facilitates phosphorylation of channel of mammalian heannu. Rev. Physiob7:387-416.

. . . Gadsby, D. C., and A. C. Nairn. 1994. Regulation of CFTR channel gating.
the R domain by PKA. It is also possible that PKC phos-~ 1 chds. Biochem. Sci9:513-518.

phorylation may also fac_”itate PKA'mEdiated trar_15iﬁ0nSGietzen, K., A. Wuthrich, and H. Bader. 1981. R 24571: a new powerful
from D— P, (D*— P%), which would be consistent with the  inhibitor of red blood cell Ca*-transport ATPase and of calmodulin-
observed attenuated amplitude of cAMP-activated CFTR regulated functionsBiochem. Biophys. Res. Commud01:418-425.

currents in oocytes in which endogenous PKC was inhibitedrart, P., J. D. Warth, P. C. Levesque, M. L. Collier, Y. Geary, B. Horowitz,
and J. R. Hume. 1996. Cystic fibrosis gene encodes a cAMP-dependent

by 5 uM bisindolylmaleimide (Fig. @), and with similar  chjorige channel in hearBroc. Natl. Acad. Sci. US/3:6343-6348.
observations in native cardiac myocytes (Middleton anqﬂarvey, R. D., C. D. Clark, and J. R. Hume. 1990. Chloride current in
Harvey, 1998) and detached membrane patches from Chi- mammalian cardiac myocytes. Novel mechanism for autonomic regula-
nese hamster ovary cells expressing epithelial CFTR chan- tion of action potential duration and resting membrane potegti&en.

. Physiol.95:1077-1102.
nels (Jia et al., 1997). Harvey, R. D., and J. R. Hume. 1989. Autonomic regulation of a chloride

current in heartScience244:983-985.
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