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The cystic fibrosis transmembrane conductance regulator

(CFTR) is an ATP-dependent, phosphorylation-activated

Cl_ channel that mediates cAMP-stimulated Cl_ secretion

and may influence the activity of other membrane proteins

(Picciotto et al. 1992; Gadsby & Nairn, 1999; Sheppard &

Welsh, 1999). CFTR has two membrane domains (TMD1

and TMD2) each comprised of six membrane-spanning

regions, two nucleotide-binding domains (NBD1 and

NBD2) and a regulatory (R) domain that contains potential

sites for phosphorylation by protein kinases A and C

(Riordan et al. 1989). Recent crystal structures of bacterial

NBDs (Hung et al. 1998; Diederichs et al. 2000; Karpowich

et al. 2001) and functional studies of split CFTR channels

formed by expression of half-molecules (Chan et al. 2000)

suggest that NBD1 extends from aa433 to near residue 634,

and the R domain from aa634 to ~830.

Exposing wild-type CFTR channels to PKA and MgATP

immediately after excision increases their open probability

from approximately 0 to 0.4 (Tabcharani et al. 1991).

CFTR is phosphorylated by PKA at multiple sites (Cheng

et al. 1991; Picciotto et al. 1992; Rich et al. 1993; Chang et
al. 1993; Gadsby & Nairn, 1999). Nine of the 10 predicted

dibasic PKA consensus sequences (R, R/K, X, S/T) are

situated in the R domain, which is presumed to be the

main site of phosphorylation control. Mutagenesis of the

dibasic and most monobasic PKA sequences strongly

inhibits channel activity (Cheng et al. 1991; Chang et al.
1993; Seibert et al. 1995); however, partial activation persists

when the PKA sites are removed in various combinations

and no one site seems to be essential for activation (Chang

et al. 1993; Ostedgaard et al. 2001).

CFTR channel responses to PKA are increased by exposing

whole-cell or inside-out patches to purified PKC

(Tabcharani et al. 1991; Jia et al. 1997). Stimulatory effects

on iodide efflux and whole-cell CFTR current are obtained

when endogenous PKC is activated by briefly treating cells
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with phorbol esters (Middleton & Harvey 1998; Lansdell et
al. 1998; Yamazaki et al. 1999; Button et al. 2001). PKC

phosphorylates S686 and S790 (Picciotto et al. 1992) but

does not affect the secondary structure of the recombinant

R domain (Dulhanty & Riordan, 1994). Moreover, PKC

modulation is not abolished by removal of the confirmed

PKC sites (Yamazaki et al. 1999; Button et al. 2001), raising

the possibility that PKC may act by phosphorylating an

ancillary protein. PKC weakly activates CFTR channels

when added alone to freshly excised patches (Tabcharani

et al. 1991; Berger et al. 1993). In the colonic cell line

HT-29, phorbol 12,13-dibutyrate (PDB) does not elevate

channel open probability but rather increases the incidence

of open channels in patches by 16-fold, suggesting an

increase in channel density (Bajnath et al. 1993).

The purpose of the present study was to investigate PKC

regulation of CFTR by comparing activation of the wild-

type channel with that of a mutant lacking all nine PKC

consensus sequences between the Walker B motif of NBD1

and the second membrane domain (TMD2), a region that

encompasses the regulatory domain. Eliminating these

potential PKC sites strongly inhibited channel responses

to PKA and abolished the slight activation induced by PKC

alone, indicating that PKC regulates CFTR through direct

phosphorylation of the channel. A preliminary account of

these results has been presented (Hinkson et al. 2000).

METHODS
Chemicals
Type II bovine cardiac protein kinase A catalytic subunit (PKA)
and rat brain protein kinase C II (PKC) were obtained from the
laboratory of Dr M. P. Walsh (University of Calgary, AB, Canada).
Protein phosphatase type 2Ca (PP2Ca) was from Upstate
Biotechnology (Lake Placid, NY, USA). Protein phosphatase 2A
catalytic subunit (PP2A) was from Promega Corp. (Madison, WI,
USA). Other chemicals were from Sigma (St Louis, MO, USA) and
of the highest grade available.

Cell culture
Baby Hamster Kidney (BHK) cells stably expressing either wild-
type CFTR or the mutant lacking PKC consensus sequences were
plated on glass coverslips at low density 3 days before patch-clamp
experiments. To assess CFTR dephosphorylation in vitro, BHK
cells stably expressing histidine-tagged CFTR (i.e. 10 histidine
codons added at the 3‚ end of the cDNA; CFTR10His; Zhu et al.
1999) were plated in six flasks (75 cm2 each; T-75, Sarstedt
no. 83.1813.502, Montréal, QC) and harvested at 80 % confluence.
Cells were grown at 37 °C with 5 % CO2 in minimal essential
medium (Life Technologies, Burlington, ON, Canada) containing
5 % fetal bovine serum and the selecting drug methotrexate
(500 mM for cells expressing 9CA or CFTR10His, and either 0.5 or
500 mM for cells expressing wild-type CFTR, as indicated in the
text).

Patch clamp
Macroscopic CFTR currents were recorded from inside-out
patches with the pipette potential held at +30 mV (i.e. membrane
potential Vm = _30 mV). Current traces were inverted in
illustrations to avoid confusion, for example when referring to

increasing chloride current, which by convention would become
more negative. Pipettes were prepared on a conventional two-
stage puller (PP-83, Narishige Instrument Co., Tokyo, Japan),
had resistances of 4–6 MV when filled with 150 mM NaCl solution
(154 mM total [Cl_]) and were used randomly to study wild-type
or mutant channels on the same day to avoid systematic variations
in tip diameter. Bath and pipette solutions initially contained
(mM): 150 NaCl, 2 MgCl2 and 10Tes (pH 7.2). The bath solution
was grounded through an agar bridge having the same ionic
composition as the pipette. Experiments were carried out at room
temperature (~20 °C). Currents were amplified (Axopatch 1C,
Axon Instruments, Inc., Foster City, CA, USA), low-pass filtered
using an 8-pole Bessel-type filter (902 LPF, Frequency Devices,
Haverhill, MA, USA) and recorded on microcomputer hard disk
using pCLAMP version 8.2 software (Axon). Records were
sampled at 500 Hz, filtered at 125 Hz and the maximum mean
number of open channels (NPo) was calculated using pCLAMP or
DRSCAN (Hanrahan et al. 1998) by dividing the mean plateau
current (‘I’, averaged over 1 min), by the single channel amplitude
(‘i’, approximately 0.3 pA) measured when the first few channels
became activated (NPo = I/i). For patches containing wild-type
CFTR channels, the number of functional channels N was estimated
from the NPo obtained after addition of 5‚-adenylylimido-
diphosphate (AMP-PNP) by assuming Po ∆ 1. Before carrying
out experiments with exogenous protein kinases, excised patches
were pre-treated with a cocktail of protein phosphatases for
10 min to reduce phosphorylation (see Fig. 1). Phosphatases were
washed from the bath by perfusing the recording chamber for
3 min (more than eight chamber volumes) before adding kinases.

9CA CFTR construction and expression
PCR mutagenesis was used to construct pNUT 9CA CFTR.
Mutagenic primers that replaced serines and threonines with
alanines in PKC consensus sequences were synthesized by the
Sheldon Biotechnology Centre at McGill University. Overlapping
fragments containing the mutations were generated using wild-
type CFTR cDNA or pUCF2.5 3CA (S707/790/809A) as templates.
The primers substituted alanines at T582 (ACA to GCA), T604
(ACT to GCT), S641 (AGC to GCC), T682 (ACA to GCA), S686
(TCT to GCT), S790 (TCC to GCC) and T791 (ACA to GCA). The
same methods were used to substitute alanines at S707 (TCT to
GCT) and S809 (TCA to GCA) in pUCF2.5 3CA. A typical PCR
protocol included 30 cycles of denaturation at 94 °C (30 s),
annealing at 50 °C (30 s) and elongation at 72 °C (90 s using Vent
DNA polymerase). Fragments were joined together in successive
rounds of PCR to create a 1.5 kb cassette containing all nine
mutations. E. coli strains Xl-1 blue, Top10 or DH5-a were used for
plasmid propagation. The construct was confirmed by sequencing
and subcloned into pNUT CFTR by replacement of the
corresponding region in wild-type CFTR using flanking DraIII
sites at nucleotides 1777 and 3328. pNUT 9CA CFTR was
transfected into BHK cells by calcium phosphate co-precipitation,
as described previously (Chang et al. 1993). Cell colonies stably
expressing 9CA CFTR were selected using 500 mM methotrexate
(MTX), a drug that inhibits folate metabolism and is toxic to cells
unless they express a mutated (MTX-insensitive) dihydrofolate
reductase gene contained in the pNUT vector (Simonsen &
Levinson, 1983; Palmiter et al. 1987; Chang et al. 1993).

Iodide effluxes
Cells were incubated with iodide loading buffer (mM: 136 NaI,
3 KNO3, 2 Ca(NO3)2, 11 glucose and 20 Hepes, pH 7.4) for 1 h at
room temperature. Extracellular NaI was removed by rapidly
rinsing the cells six times with iodide-free efflux buffer (same as

V. Chappe and others40 J Physiol 548.1
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the loading buffer except NaNO3 replaced NaI). Samples were
collected by completely replacing the efflux buffer (1 ml volume)
with fresh solution at 1 min intervals. The first three samples were
averaged to establish the baseline efflux rate, then cpt-cAMP was
added and samples were collected every minute for 15 min in the
continued presence of cpt-cAMP (i.e. the efflux buffer used for
subsequent replacements also contained cpt-cAMP at the same
concentration). The iodide concentration of each aliquot was
determined using an iodide-sensitive electrode (Orion Research
Inc., Boston, MA, USA) and converted to iodide content (i.e. the
amount of iodide released during the 1 min interval in nano-
moles). The cumulative efflux curves in Fig. 6 show the
unnormalized, total amount of iodide (nmol) that was collected
up to each time point indicated, i.e. the cumulative iodide effluxes
calculated by adding the amount collected during each sample
period to the total already collected during the preceding sample
periods. The mean iodide content of samples collected before cpt-
cAMP addition was subtracted from those measured after its
addition to correct for background leakage (< 2 % of stimulated
efflux), which accounts for the slight decrease at later time points.
In some experiments (e.g. Fig. 7), cumulative results were
normalized to the total iodide released during the experiment
(i.e. over the entire 15 min efflux period), so that effluxes from
wild-type cells ± chelerythrine could be compared on the same
scale. The iodide content in each sample period was again added to
the total iodide collected up to that time point, but was expressed
as a percentage of the total iodide released by the cells during the
experiment. Stimulated effluxes were measured in duplicate at
seven different cpt-cAMP concentrations to compare the
responses of 9CA and wild-type channels. The role of PKC in
intact cells was tested further by inhibiting it with 10 mM

chelerythrine chloride for 30 min, then measuring iodide effluxes
in the continued presence of chelerythrine. Chelerythrine was
added from a stock solution in dimethyl sulphoxide (DMSO).
DMSO alone was added to control monolayers (final
concentration 0.1 % v/v). Cell monolayers were lysed in 1 M

NaOH at the end of each experiment and assayed for protein
(Bradford, 1976).

Metabolic labelling and in vitro dephosphorylation of CFTR
BHK cells expressing CFTR10His (i.e. with 10 histidines added to
the C terminus) were grown to 80 % confluence, rinsed with
phosphate-free medium and incubated with 0.41 mCi ml_1

[32P]PO4 solution for 4 h at 37 °C and 5 % CO2. After removing the
labelling solutions and rapidly washing with PBS (phosphate
buffered saline) at 4 °C, cells were lysed (mM: 150 NaCl, 20 Tris-
HCl, pH 7.4, 1 EDTA with 50 mM sodium vanadate, 1 %
Triton X-100) on ice for 30 min, centrifuged at 10 000 g for 5 min,
and reacted with Ni2+-NTA (nitrilotriacetic acid) agarose beads in
binding buffer (mM: 15 imidizole, 500 NaCl, 20 Tris-HCl, pH 7.4,
1 EDTA with 50 mM sodium vanadate and 10 % glycerol) for
30 min at 4 °C with agitation. Beads were washed twice with cold
binding buffer and twice with patch-clamp solution (mM: 150
NaCl, 2 MgCl2, 10 Tes, pH 7.2), then resuspended in patch-clamp
solution with 20 mM MgCl2 and 95 U ml_1 alkaline phosphatase,
2 U ml_1 PP2A and 1 U ml_1 PP2Ca for 0, 3, 10 or 30 min.
Dephosphorylation was stopped by washing the beads three times
with cold binding buffer. The beads were resuspended in elution
buffer (mM: 500 NaCl, 300 imidazole, 50 Na3PO4, pH 7.0 with
10 % glycerol and 0.2 % Triton X-100) and loaded along with
eluate and sample-loading buffer onto an SDS-PAGE gel. Gels
were exposed to X-ray film and radiolabelled proteins were
visualized by autoradiography.

In vitro phosphorylation of CFTR by PKA or PKC
Phosphorylation of immunoprecipitated wild-type CFTR was
carried out over the range 0–400 U ml_1 PKA for comparison with
channel activity elicited by the same concentrations of PKA in patch-
clamp experiments. BHK cells expressing wild-type CFTR were pre-
treated with 5 mM chelerythrine chloride and 500 nM H89 in culture
medium for 30 min at 37 °C to reduce basal phosphorylation, and
then lysed in RIPA buffer (1 % Triton X-100, 0.1 % deoxycholic acid,
0.1 % SDS, 150 mM NaCl, 20 mM Tris-HCl, pH 8) supplemented
with EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Laval, QC, Canada). Cellular debris was removed by centrifugation
(21 000 g for 15 min) and the supernatant (containing cell lysate) was
collected for phosphorylation and quantification of CFTR. CFTR
was immunoprecipitated from the lysates by overnight incubation
with 2 mg ml_1 M3A7 ascites (monoclonal anti-CFTR antibody) on a
bench-top rotator at 4 °C. Protein G that had been immobilized on
Sepharose 4B fast-flow beads was added during the last hour. The
lysate–M3A7–protein G bead mixture was washed twice by
centrifugation (21 000 g for 30 s) in RIPA buffer to remove unbound
protein and three times in phosphorylation buffer (mM: 140 NaCl, 4
KCl, 2 MgCl2, 0.5 CaCl2, 10 Tris-HCl, pH 7.4) to remove detergent.
After the final wash, the beads were incubated in phosphorylation
buffer that had been supplemented with 20 mM MgATP, 10 mCig[32P]ATP (Amersham Pharmacia Biotech Inc., Baie d’Urfé, QC,
Canada) and 10 mg BSA at 30 °C. Protein kinases (PKA or PKC + the
lipid activator DiC8) were added and the reaction was stopped
10 min later by the addition of ice-cold RIPA buffer. The beads were
washed in RIPA and phosphorylation buffers, then radiolabelled
proteins were eluted in 2 w SDS-PAGE sample buffer for 10 min at
21 °C. After brief centrifugation (21 000 g, 2 min) the supernatant
was run on an SDS-PAGE gel, transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore Corp., Bedford, MA,
USA), and exposed to a Storage Phosphor Screen. Phosphorylation
was detected using a PhophorImager and quantified with Image
QuaNT software (Amersham Biosciences, Piscataway, NJ, USA).
Radiolabelling was normalized to the amount of CFTR, which was
estimated by Western blotting with the monoclonal anti-R domain
antibody L11E8 and comparing the signal intensity with those
obtained with known amounts of glutathione-S-transferase
(GST)-R domain fusion protein isolated after expression in E. coli
(Luo et al. 2000).

Immunoblotting of wild-type and mutated CFTR
BHK cells stably expressing wild-type or 9CA CFTR were washed
twice with ice-cold PBS, harvested by scraping, and lysed on ice for
30 min in RIPA buffer supplemented with protease inhibitor
cocktail. The lysate was centrifuged (15 000 g, 10 min at 4 °C) and
an aliquot of supernatant was assayed for protein using
bicinchoninic acid (Pierce Chemical Co., Rockford, IL, USA).
SDS-PAGE loading buffer (2 w) was added to an equal volume of
supernatant containing 20 mg protein, subjected to 7.5 % SDS-
PAGE, and transferred to a PVDF membrane. The monoclonal
anti-CFTR antibody M3A7 (Kartner & Riordan, 1998) was used as
the primary antibody. The secondary antibody (goat anti-mouse
conjugated to peroxidase; Jackson ImmunoResearch Lab. Inc.,
West Grove, PA, USA) was detected using the enhanced
chemiluminescence kit from Amersham Pharmacia Biotech.
CFTR expression level was assessed by densitometry of scanned
Western blots using Image QuaNT software as described above.

Statistics
Results are reported as the means ± S.E.M.; n = number of
observations. Differences were assessed using Student’s t test, with
P < 0.05 considered significant.

Regulation of the CFTR channel by PKC sitesJ Physiol 548.1 41
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RESULTS
Basal phosphorylation and channel activity in
excised patches
To reduce basal phosphorylation and standardize

experimental conditions before testing exogenous kinases,

excised patches were routinely pre-treated with a mixture

of phosphatases for 10 min and rinsed for 3 min. The

phosphatases used (PP2A, PP2C and alkaline phosphatase)

were those found to be most effective in dephosphorylating

[32P]PO4-labelled CFTR and/or recombinant R domain

protein in previous studies (Berger et al. 1993; Becq et al.
1994; Travis et al. 1997; Luo et al. 2000). To assess

the effectiveness of the phosphatase pre-treatment under

conditions approximating those present during the present

patch-clamp studies, in vitro dephosphorylation of radio-

labelled CFTR was measured under similar conditions.

Polyhistidine-tagged CFTR was purified from cells that

had been metabolically labelled by incubation with

[32P]PO4 for 4 h. The phosphorylation remaining on

CFTR10His after incubation with phosphatases for different

time intervals was determined by autoradiography. The

autoradiogram in Fig. 1 shows dephosphorylation of

CFTR by the phosphatase mixture under control conditions

(lanes 1–4). For comparison, CFTR from cells that had

been stimulated with cAMP agonists (10 mM forskolin,

200 mM dibutyryl-cAMP and 1 mM 3-isobutyl-1-methyl-

xanthine (IBMX)) during the last 10 min of metabolic

labelling is also shown (lane 5). Optical density of the band

at ~175 kDa declined by 70 % within the first 10 min of

exposure to phosphatase mixture, but the remaining 30 %

was still detectable after 30 min. In these experiments,

radiolabelling was about 3-fold higher on CFTR isolated

from stimulated cells than on CFTR from unstimulated

cells, and ~10-fold that on CFTR that had been treated

with phosphatases.

When membrane patches were excised from unstimulated

cells into bath solution containing (mM): 150 NaCl,

2 MgCl2, 10 Tes, pH 7.2, brief openings were observed

before and after treatment with the same phosphatases as

above, although the mean number of open channels (NPo)

was low compared with that during PKA stimulation (i.e.

NPo < 2.0 vs. NPo > 200 with 400 U PKA). This activity

was observed when the bath contained only trace ATP or

with 1 mM ATP (Fig. 1C), and may reflect non-hydrolytic

gating induced by stably bound nucleotide (Aleksandrov

et al. 2002) that was present when the patches were first

excised. Single channel conductance calculated from the

unitary current and holding potential was consistent with

CFTR channels (8–10 pS; e.g. Kartner et al. 1991), and

openings were not observed when patches were from

untransfected BHK cells lacking CFTR. Exposure to the

mixture of three phosphatases reduced NPo from

0.66 ± 0.208 (n = 6 patches) to 0.11 ± 0.38 (n = 9 patches)

under nominally ATP-free conditions. NPo was also low

when patches were exposed to alkaline phosphatase alone

(NPo = 0.127 ± 0.068, n = 13 patches), and when cells were

pre-treated with H89 (10 mM) and chelerythrine (1 mM) for

30 min with the goal of inhibiting basal phosphorylation

before patches were excised (NPo = 0.197 ± 0.034, n = 8

patches). Thus open probability was very low under these

conditions, since a Po < 0.0005 would be expected when

mean NPo is 0.11 and patches contain N = 252 ± 70.4

V. Chappe and others42 J Physiol 548.1

Figure 1. In vitro dephosphorylation of CFTR10His after
metabolic labelling of unstimulated BHK cells
A, autoradiogram showing basal phosphorylation that remains on
CFTR10His following incubation with same mixture of PP2A,
PP2Ca and alkaline phosphatase used during patch-clamp
experiments for 0, 3, 10 or 30 min (Lanes 1–4, see Methods).
Unstimulated cells were incubated with [32P]PO4 for 4 h, then
CFTR10His was affinity-purified from unstimulated cells, separated
by SDS-PAGE, and exposed to film as described in the Methods.
For comparison, phosphorylation on CFTR10His that had been
isolated from cAMP-stimulated cells is shown in Lane 5.
B, dephosphorylation as quantified by densitometry of the band at
175 kDa, normalized to the signal obtained without phosphatase
exposure (Lane 1). C, mean number of channels open after
excision into nominally ATP-free solution (control), bath solution
containing 1 mM ATP (+ATP), after exposure to the phosphatase
mixture in nominally ATP-free conditions (PPases), and treated
with phosphatase mixture with 1 mM ATP present
(PPases + ATP). Unpaired t tests indicate that differences in NPo in
the presence or absence of ATP were not significant (n.s.)
regardless of phosphatase exposure, although phosphatase
treatment alone reduced NPo significantly compared with
untreated controls (P < 0.02).



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

(mean ± S.E.M., n = 11 patches), as indicated by the macro-

scopic currents measured during stimulation of wild-type

channels with PKC and PKA (assuming a single channel

current i = 0.3 pA and Po near 1.0 with AMP-PNP, see

Fig. 2). Since basal activity was negligible compared with

currents measured during kinase stimulation, and since

longer phosphatase exposures did not reduce phos-

phorylation further, we used a protocol in which excised

patches were treated with a mixture of PP2A, PP2C and

alkaline phosphatase for 10 min, then washed for 3 min

before testing exogenous kinases

Effect of PKC phosphorylation on the response to
PKA
To study the modulation of wild-type CFTR channels

by PKC we examined their activation by various PKA

concentrations without (Fig. 2A) or with (Fig. 2B) PKC

pre-treatment. Figure 2A shows that activation by 40 U ml_1

was barely detectable when patches had not been exposed

Regulation of the CFTR channel by PKC sitesJ Physiol 548.1 43

Figure 2. Effect of PKC pre-treatment on the concentration-dependent activation of CFTR
channels by PKA
Macroscopic currents activated by different concentrations of PKA recorded without or with PKC pre-
treatment. A, as indicated by the hatched bars, patches were excised from BHK cells over-expressing wild-
type CFTR, incubated with a mixture of protein phosphatases for 10 min, washed for 3 min, and stimulated
by the addition of 1 mM ATP and various concentrations of PKA (no PKC pre-treatment). AMP-PNP
(1 mM) was added to maximally increase Po and improve the estimate of channel number. B, effect of adding
ATP and 3.78 nM PKC (with 5 mM DiC8 lipid activator) 5 min before adding PKA. Note the large currents
(approx. 90 pA) activated by 400 units ml_1 PKA. C, summary of [PKA] dependence (in units ml_1) on the
maximum number of channels open (i.e. maximum NPo) when patches were (•) or were not (ª) pre-treated
with PKC.
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to PKC, but increased as PKA concentration was elevated

so that a maximal response was obtained with 200 U ml_1

PKA (vs. 100 U ml_1 after PKC pre-treatment). By contrast,

activation was easily observed with 20 U ml_1 PKA when

patches were pre-treated with PKC (Fig. 2B), and the

response to 40 U ml_1 PKA was also larger than without

PKC pre-treatment (compare with Fig. 2A). The plateau

response with 400 U ml_1 PKA after PKC pre-treatment

was about twice that observed when PKA was the only

kinase added. The delay between PKA addition and

current response declined from 3.7 ± 2.5 to 0.6 ± 0.5 min

as PKA activity was increased from 100 to 400 U ml_1

(P < 0.025). AMP-PNP was added to further increase Po

and improve estimates of channel number (Hwang et al.
1994; Mathews et al. 1998). AMP-PNP caused similar

stimulation (expressed as a percentage increase) regardless

of the PKA activity present. Relationships between

maximum NPo and [PKA] with and without PKC pre-

treatment are summarized in Fig. 2C. Note that PKC

shifted the EC50 for PKA to lower concentrations and more

than doubled the plateau NPo, further evidence that PKC

enhances channel responsiveness to stimulation by PKA.

The relationship between PKA-induced channel activity

and protein phosphorylation was compared by measuring

in vitro phosphorylation under conditions similar to those

present during patch-clamp experiments. CFTR became

radiolabelled more efficiently by PKA than PKC in the

presence of g[32P]ATP when measured at low kinase

concentrations where CFTR phosphorylation was a linear

function of the kinase activity used in the assay (Fig. 3A,

activity units as defined in legend). CFTR radiolabelling

did not become saturated even at the highest PKC activity

used (450 U ml_1; Fig. 3B). By contrast, CFTR phos-

phorylation was maximal at 100 U ml_1 PKA and was

about 10-fold higher with PKA than with PKC (compare

axes of Fig. 3B and C). Interestingly, PKA activation of

CFTR channels (i.e. their functional response to PKA)

mirrored their phosphorylation by PKA in biochemical

assays but only if patches were pre-treated with PKC

(Fig. 3C). When patches were not pre-treated with PKC,

higher PKA activities were required to stimulate channels

than to phosphorylate CFTR protein. To facilitate these

comparisons, Fig. 3C shows phosphorylation (9) and

channel activity (squares, replotted from Fig. 2C) on the

same graph as functions of PKA activity. Note that the

functional response only mirrored PKA phosphorylation

when the patches used for recording had been exposed to

PKC. This correspondence between radiolabelling by PKA

alone (without PKC pre-treatment) and channel activation

by PKA after PKC pre-treatment implies that PKC acts

independently of PKA phosphorylation, for example by

enabling channels to undergo a conformational change in

V. Chappe and others44 J Physiol 548.1

Figure 3. In vitro phosphorylation of wild-type CFTR by PKC and PKA
A, in vitro phosphorylation by PKA (a) and PKC (b) at low kinase activities as measured in arbitrary units
using a PhosphorImager and Image QuaNT software (Molecular Dynamics). B, in vitro phosphorylation by
high PKC activities. C, correlation between PKA dependence of phosphorylation (9) and channel activation
without (ª), or with (•) PKC pre-treatment. One unit is the amount of kinase catalysing the transfer of
1 pmol of phosphate from ATP to casein (for PKA) or to neurogranin (PKC) at 30 °C.
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response to PKA phosphorylation rather than by enhancing

the level of PKA phosphorylation.

Expression of a CFTR mutant that lacks PKC
consensus sequences in NBD1 and the R domain
PKC could act by directly phosphorylating CFTR or

indirectly through phosphorylation of an ancillary protein

(reviewed by Hanrahan et al. 2002). To distinguish these

possible mechanisms we constructed a mutant (9CA) in

which all PKC consensus sequences between the Walker B

motif of NBD1 and second transmembrane domain

(TMD2; i.e. the seventh membrane-spanning segment;

T582A, T604A, S641A, T682A, S686A, S707A, S790A,

T791A and S809A) were eliminated (Fig. 4A and B).

pNUT 9CA was transfected into BHK cells and clonal cell

lines stably expressing the mutant were selected in

medium containing 500 mM methotrexate (MTX). Parallel

transfections with wild-type CFTR cDNA were also

performed, and cell lines expressing wild-type protein

were selected under the same conditions. When levels of

mutant and wild-type proteins were compared in clonal

cell variants by probing Western blots with the mono-

clonal antibody M3A7 (20 mg aliquots of cellular protein),

expression of the mutant was variable but consistently

lower than wild-type (Fig. 4C). Abundance of the mature,

complex-glycosylated CFTR (i.e. band ‘C’, apparent Mr

~175 000) relative to immature protein appeared similar

for mutant and wild-type proteins. In an attempt to match

channel expression as closely as possible, transfection with

wild-type CFTR was repeated but stable cell lines were

selected using 100- or 1000-fold lower concentrations

of MTX (5 or 0.5 mM, respectively). The variants were

compared and cell lines having the lowest expression of

wild-type CFTR and highest expression of 9CA were

chosen for subsequent experiments. Wild-type CFTR

expression was still 3–4-fold higher than that of the mutant

Regulation of the CFTR channel by PKC sitesJ Physiol 548.1 45

Figure 4. Mutagenesis of PKC consensus
sequences on CFTR
A, putative PKC sites between the Walker B motif of
NBD1 and TM7. The strongest consensus is shown
at the top (based on Kennelly & Krebs, 1991). Amino
acids mutated in the 9CA mutant are shown with the
flanking sequences and are numbered on the left.
B, relative locations of putative PKA and PKC sites.
C, Western blots of BHK cells stably expressing wild-
type CFTR (WT) or mutated (9CA) CFTR. The
upper blot shows CFTR expression in four cell lines
expressing wild-type (left) or 9CA (right) that had
been independently selected using 500 mM

methotrexate (MTX). The asterisk indicates the line
with highest 9CA expression. The lower blot shows
cell variants that had been selected using 1000-fold
lower drug concentration (0.5 mM; five lanes on the
left) or 100-fold lower drug concentration (5 mM

methotrexate; five lanes on the right). For
comparison, the centre lane was loaded with the
same amount of lysate containing 9CA protein
(marked with an asterisk in upper blot).
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Figure 5. Responsiveness of 9CA channels to PKA in excised patches
Recordings of 9CA mutant channels using the inside-out configuration (Vp = +30 mV). Following excision,
patches were treated with a mixture of three phosphatases (see Fig. 1) for 10 min to remove basal CFTR
phosphorylation. After a 3 min wash, they were treated with 3.78 nM PKC + 5 mM DiC8 and 1 mM ATP for
5 min, then PKA was added at the concentrations indicated. A, recording obtained from patches exposed to
different concentrations of PKA following pre-treatment with PKC. The insets show the same recordings
with the time base expanded 10 w. B, maximal NPo of 9CA channels activated by PKA after pre-treatment
with PKC (means ± S.E.M; n = 5–8 patches) C, comparison of the relationship between maximum NPo and
PKA concentration using excised membrane patches containing wild-type (squares) or 9CA mutant
channels (triangles). Dark symbols indicate patches that were pre-treated with PKC.
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in these lines, but expression level was taken into account

when comparing channel activities (see below) and would

not explain the dramatic difference in their responsiveness

to PKA activation.

Activation of 9CA channels by PKA in excised
patches
To assess the role of PKC consensus sequences in NBD1

and the R domain in modulating activation by PKA, the

dependence of 9CA channel activity on PKA concentration

was assessed using inside-out patches and a protocol

similar to that described above for wild-type channels

(see Fig. 2). Patches were pre-incubated with alkaline

phosphatase + PP2Ca + PP2A for 10 min, the chamber

was rinsed of phosphatases, then ATP and PKC were

added and followed 5 min later by the addition of various

concentrations of PKA. Unlike wild-type CFTR, 9CA

channels were only slightly activated by 40 U ml_1 PKA

despite this PKC pre-treatment (Fig. 5A), and were not

stimulated significantly by elevating PKA activity further

(200–400 U ml_1). The PKA concentration dependence of

9CA channel activation is summarized in Fig. 5B and C,

along with the mean values for wild-type channels from

Fig. 2C for comparison. The results are plotted on a

logarithmic scale because of the large difference in NPo

values. Note that NPo reached only ~1.3 for 9CA channels,

which is about 100-fold lower than for PKC pre-treated

wild-type channels. Since the NPo of 9CA channels was still

~30-fold lower than wild-type after allowing for their

reduced expression, the results strongly suggest that at

least one PKC consensus sequence mutated in 9CA is

essential for normal responses to PKA.

Activation of wild-type and 9CA channels in intact
cells
To investigate PKC modulation of CFTR in intact cells we

examined the effects of chelerythrine on chlorophenyl-

thio-cAMP- (cpt-cAMP) stimulated iodide efflux from

BHK cells stably expressing wild-type or 9CA channels.

Efflux rate increased with [cpt-cAMP], as revealed by the

slopes of the cumulative efflux curves, which became

steeper over the range 25–250 mM and then remained

constant up to 750 mM cpt-cAMP. Stimulated efflux from

cells expressing the mutant was lower at all concentrations

of cpt-cAMP and time points examined (note the different

vertical scales in Fig. 6A and B) compared with cells

expressing wild-type CFTR, although their dependence

on cpt-cAMP concentration was similar. Concentration

dependence may reflect factors such as membrane

permeability to cpt-cAMP and affinity of PKA regulatory

subunits for cpt-cAMP, rather than responsiveness to

PKA. Regardless, since cells expressing 9CA CFTR still lost

Regulation of the CFTR channel by PKC sitesJ Physiol 548.1 47

Figure 6. Chlorophenylthio-cAMP
(cpt-cAMP)-stimulated iodide efflux from
BHK cells expressing wild-type or 9CA
CFTR
A, cumulative iodide efflux determined at 1 min
intervals during exposure of cells expressing
wild-type CFTR to cpt-cAMP. B, cumulative
iodide effluxes determined as in A using cells that
express 9CA. Values shown are the means of
duplicate samples at each cpt-cAMP
concentration. Variation between samples was
< 15 % of the mean values.
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~140 nmol of iodide during 15 min stimulation with

750 mM cpt-cAMP (vs. 250 nmol iodide from cells expressing

wild-type), 9CA channels are clearly functional in intact

cells and can mediate large iodide effluxes, although they

respond more slowly than wild-type channels.

To examine if iodide efflux from cells expressing 9CA is

slow due to the removal of PKC sites or to a general

disruption of channel function caused by mutagenesis, we

compared iodide effluxes from control cells and those that

had been incubated with the PKC inhibitor chelerythrine

chloride (10 mM). Chelerythrine caused a delay in

cpt-cAMP-stimulated iodide efflux from cells expressing

wild-type CFTR that was reminiscent of cells expressing

9CA (Fig. 7A). By contrast, iodide efflux from cells

expressing the mutant, which was already slow compared

with that from cells expressing wild-type CFTR, was not

delayed further by chelerythrine (Fig. 7B). Thus the effects

of mutagenesis and chelerythrine were not additive, and

the slow iodide efflux from cells expressing 9CA channels

could be attributed to a reduction of PKC phosphorylation

on the channels.

Partial activation of CFTR channels by PKC alone
Exogenous PKC partially activated CFTR channels when

added to freshly excised patches in the absence of PKA

(Tabcharani et al. 1991; Berger et al. 1993). It remains

unclear if they were activated by PKC per se or if the

activation was caused by residual PKA phosphorylation,

with PKC exerting a permissive action (Jia et al. 1997). We

re-examined the effect of PKC alone on wild-type and 9CA

channels using patches that had been pre-treated with

phosphatases as described above. When MgATP (1 mM)

was added and channel activity recorded before and after

addition of 3.8 nM PKC and its lipid activator DiC8 (5 mM),

PKC increased the NPo of wild-type channels by about

8-fold, from 0.15 ± 0.06 to 1.20 ± 0.39 (means ± S.E.M.;

P < 0.002, n = 8 patches, Fig. 8A). Although this response

was highly significant statistically, it represents only

1 _2 % of the stimulation induced by PKA. A decrease in

channel closed time was apparent from inspection of the

traces but could not be quantified due to the large number

of channels. Using the 9CA mutant we investigated

whether the PKC sites on CFTR that modulate responses

to PKA might also mediate the weak activation by PKC

alone (Fig. 8B). When recording from patches with 9CA

channels, no stimulation of NPo by PKC alone was

detected although a low level of basal activity was clearly

detected (0.15 ± 0.07 vs. 0.10 ± 0.08; means ± S.E.M.; n = 8

patches; P > 0.2). Interestingly, the activity of 9CA

channels in freshly excised patches without kinases

(NPo = 0.11 ± 0.07; mean ± S.E.M.; n = 8 patches) was

lower than that of wild-type channels under the same

conditions (0.66 ± 0.21; mean ± S.E.M.; n = 6 patches), but

was similar to that of wild-type channels exposed to

phosphatases (0.11 ± 0.38; mean ± S.E.M.; n = 9 patches).

Thus basal phosphorylation of wild-type channels at the

sites mutated in 9CA may contribute to the low activity of

wild-type channels patches before they are exposed to

exogenous phosphatases.

DISCUSSION
The present results indicate that CFTR responses to PKA

are modulated by phosphorylation of PKC sites on CFTR

itself, rather than on an ancillary protein. The PKC

dependence of wild-type CFTR channels was partially

(~50 %) circumvented by exposure to high PKA activity.

Since activation by high PKA activity in the absence of

PKC was not observed for 9CA channels (regardless of

PKC), it may involve phosphorylation of at least one of the

sites on wild-type CFTR that are mutated in 9CA. PKC

alone weakly activated CFTR channels (< 5 %) after pre-

treatment with phosphatases, and this small response to

V. Chappe and others48 J Physiol 548.1

Figure 7. Effect of chelerythrine on cAMP-stimulated
iodide efflux from cells expressing wild-type (WT) or 9CA
CFTR
Iodide efflux expressed cumulatively as a percentage of the total
released during 15 min stimulation by 100 mM cpt-cAMP. A, time
course of cpt-cAMP-stimulated iodide efflux from cells expressing
wild-type CFTR under control conditions (•) or in the presence of
10 mM chelerythrine (ª). B, time course of cpt-cAMP-stimulated
iodide efflux from cells expressing 9CA CFTR as in A. Symbols
indicate means ± S.E.M., n = 6 cell monolayers.
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PKC alone required at least one of the nine consensus

sequences since it did not occur with 9CA channels.

However the issue of whether PKC phosphorylation itself

activates the channel or permits activation by residual

phosphorylation at PKA sites remains unresolved, since

phosphatase pre-treatment did not completely remove

basal phosphorylation. The results demonstrate direct

control of CFTR by PKC, which may act independently or

downstream of PKA phosphorylation, and suggest that

convergent regulation by these kinases may be more

complex than previously thought.

Effects of PKC on CFTR protein expression and
channel activity
PKC activation reduces CFTR mRNA expression (Trapnell

et al. 1991; Bargon et al. 1992; Dechecchi et al. 1992; Kang-

Park et al. 1998) and this decrease in expression is at least

partly due to a reduction in mRNA stability (Kang-Park et
al. 1998). The reduction in CFTR mRNA expression may

be mediated by PKCb (Umar et al. 2000) but does not

involve PKCd or PKCe, which are thought to acutely

regulate channel activity (Liedtke et al. 2001). In the

present study, 9CA expression was consistently lower than

that of wild-type CFTR, which seems paradoxical in light

of previous work showing CFTR degradation in HT-29

colon cells is enhanced by PKC stimulation (Breuer et al.
1993). An effect of PKC on some protein involved in CFTR

turnover might explain the discrepancy. However, low

expression of 9CA is probably due to partial misprocessing,

since several residues mutated in 9CA are situated in, or

near, NBD1 where mutations are prone to cause misfolding

(reviewed in Hanrahan et al. 2002). Nevertheless, large

cAMP-stimulated iodide effluxes were measured from cells

expressing 9CA channels, indicating significant expression

of functional channels. Finding that mutation of potential

PKC sites has a more pronounced effect on PKA activation

than does mutagenesis of the dibasic PKA consensus

sequences (Chang et al. 1993) reinforces the importance of

PKC in channel regulation. Iodide efflux was clearly

Regulation of the CFTR channel by PKC sitesJ Physiol 548.1 49

Figure 8. Effect of PKC (added alone) on the activity of wild-type and 9CA mutant CFTR
channels in excised patches.
A, trace showing effect of adding PKC (3.78 nM), DiC8 (5 mM) and ATP (1 mM) to a patch containing wild-
type channels (30 min recording). All patches were pre-treated with protein phosphatases (alkaline
phosphatase + PP2Ca + PP2A) before the beginning of the recording. The inset shows an expanded view of
the same trace (10 w for WT and 20 w for 9CA channels). B, mean NPo calculated for 30 s intervals. C, trace
obtained under the same conditions as in A except that the patch was from a cell expressing 9CA channels.
D, mean NPo values calculated for 30 s intervals using 9CA channel. All data show the means ± S.E.M.,
n = 8–10 patches.
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delayed from cells expressing 9CA, and a similar lag in

cumulative iodide release was observed when cells

expressing wild-type channels were exposed to the PKC

inhibitor chelerythrine. This, and the fact that chelerythrine

had no additional effect on cells expressing 9CA, suggest

that the altered behaviour of the mutant is due to reduced

phosphorylation at one or more PKC consensus sequences

that were eliminated. AMP-PNP did not cause ‘locking

open’ of the PKA-activated 9CA channels, but the

significance of this abnormality is not clear since loss of

locking by AMP-PNP is not always associated with abnormal

gating when ATP is the only nucleotide present.

PKC pre-treatment shifted the activation of wild-type

channels to lower [PKA], further evidence that it regulates

CFTR by enhancing responses to PKA (Tabcharani et al.
1991; Jia et al. 1997; Liedtke & Cole 1998). In previous studies

of CFTR expressed in CHO cells we found that PKC was

strictly required for activation by PKA in excised patches

after prolonged rundown, although the PKC dependence in

BHK cells in whole-cell and excised patches was eventually

overridden during prolonged PKA stimulation (Jia et al.
1997; and Fig. 2A in the present study). If this reflects PKA

phosphorylation of modulatory PKC sites, it might explain

the inability of high [PKA] to activate 9CA channels

(Fig. 5C).

One PKC site is also a strong dibasic PKA consensus

sequence (S686; KKQSFK) and would probably be

phosphorylated efficiently by either kinase, therefore it is

unlikely to mediate delayed activation by PKA. Two other

PKC consensus sequences that could serve this role are

‘low probability’ PKA sites (S641 and S790; DFSSK and

STRK, respectively), although their phosphorylation by

PKA remains to be demonstrated (Picciotto et al. 1992;

Seibert et al. 1995; Townsend et al. 1996). PKC sites

probably mediate weak activation by PKC alone, since the

response to PKC was abolished in the 9CA mutant. PKC

does phosphorylate the recombinant R domain between

residues 761 and 770 (Picciotto et al. 1992), which has a

consensus sequence for PKA (S768; RRRQSV) but not

PKC. Moreover, PKC can phosphorylate a synthetic peptide

containing aa653–668, which has no PKC consensus

sequence but does have a strong PKA site (S660; RRNS;

Picciotto et al. 1992). Further studies of individual sites

are needed to evaluate the importance of such cross-

phosphorylation by the other kinase.

In vivo phosphorylation of two residues (S686 and S790)

by PKC has been demonstrated, but removing them did

not abolish the stimulation of Xenopus CFTR by phorbol

ester (Button et al. 2001). The PKC dependence of

SS686, 790AA suggested that additional PKC sites, perhaps

situated on other ancillary proteins, might participate in

modulation by PKC. Results with a synthetic peptide

comprising amino acids 693–716 of human CFTR suggest

that S707 may also be a PKC substrate, although this has

not been tested by direct sequencing or mutagenesis

(Picciotto et al. 1992). Regardless, the present results show

that PKC control of CFTR responses to PKA requires at

least one of the nine sequences altered in 9CA. Since the

mutant was also unresponsive to PKC alone, the same

sequences may also be required for partial activation by

PKC alone.

Cyclic AMP-stimulated halide efflux from cells expressing

9CA was surprisingly robust considering its lower

expression and comparison of patch-clamp data from

wild-type and mutant channels. Whilst this argues against

the weak kinase responses of 9CA being an artefact of

mutagenesis, a caveat of efflux assays is their tendency to

underestimate differences between cell lines (in this

instance due to the offsetting effects of reduced anion

conductance and increased iodide driving force in 9CA

cells). Anion conductance and iodide efflux only change in

parallel when the driving force remains constant, but since

the outward driving force collapses as iodide is lost and the

membrane depolarizes towards the I_ equilibrium

potential during efflux assays, stimulation of conductance

in wild-type cells might have been larger than it appears in

Fig. 6A.

Possible mechanism of regulation by PKC
PKC effects are mediated by direct phosphorylation of

CFTR, but the mechanism remains obscure. The [PKA]

dependence of channel activation was similar to that of

radiolabelling (i.e. phosphorylation) by PKA under

comparable conditions, but only if channels had been pre-

treated with PKC during the patch-clamp experiments.

Taken together these findings imply that PKC regulation is

independent from phosphorylation by PKA, and may act,

for example, by improving the coupling between PKA

phosphorylation and channel activation. Our previous

studies indicated a change in PKA phosphorylation

following PKC stimulation (Chang et al. 1993), but the

experimental conditions used in that study were very

different from the ones used in the present work. Treating

cells with PMA before forskolin led to more [32P]ortho-

phosphate incorporation than when the order was

reversed (Chang et al. 1993), but phosphorylation at

identified PKA sites needs to be measured to evaluate

whether stimulation of PKC enhances the phosphorylation

of CFTR by PKA. The PKC isotype regulating CFTR may

vary with cell type since PKCa is implicated in the

secretory response to carbachol in colonic HT-29cl.19A

cells (Van den Berghe et al. 1992), whereas a1-adrenergic

stimulation of CFTR in Calu-3 cells is mediated by PKCe
(Liedtke & Cole, 1998; Liedtke et al. 2001). Regulation by

PKC is likely to be a general property of CFTR in other cells

(e.g. Walsh, 1991; Collier & Hume, 1995; Middleton &

Harvey, 1998) and independent of the isotype, since

specificity was not observed when different PKCs were

added to excised patches (Berger et al. 1993).

V. Chappe and others50 J Physiol 548.1
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Physiological significance of PKC modulation
Why is CFTR regulated by both PKA and PKC? Some

physiological agonists presumably activate both kinases

simultaneously to elicit a concerted secretory response.

Thus, physiological control of submucosal gland cells

involves stimulation of PKA and PKC pathways via b- anda1-adrenergic receptors, respectively. By contrast, the

prostaglandins E1 and F2a regulate CFTR activity in intestinal

cells by stimulating either PKA or PKC, respectively, but not

both (Weymer et al. 1985; Yurko-Mauro & Reenstra,

1998). Converging kinases presumably allow integration

of signals from multiple secretagogues and stimuli. The

present results indicate that the PKC sites that modulate

channel responses to PKA are in the distal region of NBD1

and/or the R domain of CFTR.
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