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Abstract The activity of the CFTR Cl- channel is de-
pendent on its phosphorylation status set by kinases and
phosphatases. We report here that protein phosphatase
2B (PP2B) and protein kinase C (PKC) are potentia
regulators of the cystic fibrosis conductance regulator
(CFTR). Treating CFTR-expressing 3T3 cells with ei-
ther of the two specific PP2B blockers cyclosporin A
(CsA, 1 uM) or deltamethrin (DM, 30 nM) caused rapid
activation of CFTR in cell-attached patches. As deter-
mined by noise analysis of multi channel patches, DM-
or CsA-activated CFTR displayed gating kinetics com-
parable to those of forskolin-activated CFTR. After acti-
vation of CFTR by blocking PP2B, CFTR still inactivat-
ed. CFTR-mediated currents were, on average, 6.1 times
larger when cells were stimulated by forskolin during
PP2B block compared to stimulation by forskolin alone.
This suggests that, in CFTR-expressing 3T3 cells, a
phosphorylation site of CFTR is regulated by cellular
PKA, PP2B and another phosphatase. However, in the
epithelial cell lines Calu-3 and HT-29/B6, CsA and DM
had no effect on CFTR activity in both cell-attached
patch-clamp and transepithelial experiments. In con-
trast, when exogenous PP2B was added to patches ex-
cised from 3T3 or Calu-3 cells, PKA-activated CFTR
currents were quickly inactivated. This indicates that
free exogenous PP2B can inactivate CFTR in patches
from both cell types. We propose that in order to reg-
ulate CFTR in an intact cell, PP2B may require a se-
lective subcellular localization to become active. When
excised patches were PKC-phosphorylated, the gating
kinetics of CFTR were significantly different from
those of PKA-phosphorylated CFTR. Addition of PP2B
also inactivated PK C-activated CFTR showing the indis-
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Introduction

The cystic fibrosis transmembrane conductance regulator
(CFTR) is the mgor epithelial apical membrane ClI-
channel regulated by phosphorylation of its regulatory
domain (R domain). In vivo phosphorylation studies have
shown that at least five different serines are phosphorylat-
ed by protein kinase A (PKA) and two others by protein
kinase C (PKC; [9]). There is recent evidence for an or-
dered phosphorylation of R domain serines during stimu-
lation [4, 5]. CFTR dephosphorylation and inactivation
by phosphatases is probably similarly organized, but nei-
ther biochemical nor functional data are available that
distinguish between effects of phosphatases on specific
sitesof CFTR.

Serine/threonine-specific phosphatases are present in
al cell types [18], including epithelia cells [23, 24].
Phosphatases have been classified into two groups ac-
cording to their dependence on intracellular factors. Type
1 protein phosphatase (PP1) is inhibited by two intracel-
lular proteins, termed inhibitors 1 and 2, while type 2
phosphatases are not. The latter were further subdivided
by their dependence on divalent cations. PP2A is active
in the absence of divalents, while PP2B and PP2C are
active only in the presence of Ca2* and M g2+, respective-
ly [18]. In in vitro assays phosphatases show a very
broad and overlapping substrate specificity, though tar-
geted localization of phosphatases to certain cell do-
mains might result in spatial specificity.

Whether CFTR is regulated by a certain phosphatase
might therefore depend on the cellular localization and en-
vironment. CFTR is expressed in many different cell
types, which makes cell-type-specific regulation of CFTR
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possible owing to the differential cellular expression of
regulatory complexes including kinases, phosphatases and
anchoring proteins in micro domains near the membrane.

PP2B is a Ca?*/calmodulin-dependent phosphatase [15,
22] and is a target of very specific phosphatase blockers.
The immunosuppressant cyclosporin A (CsA) specifically
binds to an intracellular immunophilin, termed cyclop-
hilin, and the CsA-cyclophilin complex binds and inacti-
vates PP2B [10, 21]. This sequence makes CsA avery se-
lective probe. The chemically unrelated insecticide delta-
methrin (DM) specifically inactivates PP2B by direct
binding to PP2B at nanomolar concentrations [6].

In this report we show that PP2B can inactivate PKA-
or PKC-phosphorylated CFTR in excised patches. By us-
ing PP2B blockers on intact cells we show that PP2B con-
trols an important phosphorylation site during activation
of CFTR when expressed in mouse fibroblasts, but not in
the epithelial cell lines HT-29 or Calu-3, even though
PP2B was found in all cell types investigated [15]. This
apparent contradiction may be explained by different sub-
cellular localizations of PP2B between cell types. In con-
trast to data presented here, a previous report showed that
PP2B does not dephosphorylate immunoprecipitated
CFTR and does nat inactivate CFTR in patches excised
from 3T3 cells [3], athough some effects of PP2B on the
phosphorylation of the isolated R domain were noted [5].
Possible reasons for the difference will be discussed.

Materials and methods
Cells

Mouse NIH 3T3 fibroblasts stably transfected with the wild-type
CFTR and its mock-transfected control line were grown in H-21
Dulbecco’'s minimal essential medium (DMEM) supplemented
with 10% newborn calf serum as described [7]. Calu-3 cells, a hu-
man cell line of pulmonary adenocarcinoma origin [11], were
kindly provided by Dr. JH. Widdicombe (Children's Hospital
Oakland). HT-29/B6, a subclone derived from the human adeno-
carcinoma cell line HT-29, was given by Dr. K.M. Kreusel, FU
Berlin [16]. These Cl- secretory epithelial cell lines were grown in
DMEM supplemented with 10% fetal calf serum, 100 U/ml peni-
cillin, 100 mg/ml streptomycin and 2 mM glutamine (all from
University of California at San Francisco Cell Culture Facility).
For patch-clamping cells were seeded in low density on glass cov-
erdlips and used after 1-2 days. For transepithelial experiments the
epithelial cell lines were seeded on porous membrane filters (0.45
um pore size, 12 mm diameter, Falcon, Becton Dickinson, Frank-
lin Lakes, N.J., USA). Cells grown as monolayers were used be-
tween 5 and 8 days.

Patch-clamp recordings

Measurements were performed with the cells placed on the stage
of amicroscope in an open, perfusable chamber (0.5 ml) at 37°C
as described in detail before [7, 8]. All recordings in this report
contained multiple CFTRs per patch. Current noise from multi-
channel recordings was analysed as described elsewhere [7]. Spec-
tral densities (S) were fitted with the sum of two Lorentzians re-
sulting in fit-estimates of the corner frequencies (fy, fy,) and the
amplitudes (S, ) of the low-frequency (I) and the high-fre-
quency (h) Lorentzians [7, 8]. Current noise spectra were used to

characterize the gating properties of CFTR and to identify CFTR
in multi-channel recordings. The applied potential is reported as
the negative pipette potential (V) in the cell-attached mode, and
as the membrane potential (V,;,) in the excised mode.

The composition of the standard bath solution was (in mM): 141
NaCl, 4 KCI, 1 KH,PO,, 1 MgCl,, 1.7 CaCl,, 10 4-(2-hydroxyeth-
yl)1-piperazineethanesul phonic acid (HEPES), 25 glucose, pH=7.4.
Pipette filling solution for all cell-attached or excised recordings
was (in mM): 147 N-methyl-p-glucamine chloride (NMDG-CI), 1.7
CaCl,, 10 HEPES, 25 glucose, pH=7.4. Bath solution for excised
patches was (mM): 147 NMDG-CI, 1.7 MgCl,, 0.1 ethylene-
bis(oxonitrilo)tetraacetate (EGTA), 1 MgATP, 25 glucose, pH=7.4.

Transepithelial recordings

Monolayers grown on filters were cut out and mounted in a modi-
fied Ussing chamber as described [13]. Monolayers were voltage-
clamped to 0 mV and pulsed every 20 s to 2 mV. The resulting
short-circuit current (lg) was recorded by a computer. Negative
currents were defined as anion movement from mucosa to serosa.
Both chamber compartments were separately and continuously
perfused at 37°C. The exposed epithelial area was 0.5 cm2. The
basolateral membranes of monolayers were permeabilized by us-
ing the pore-forming agent Staphylococcus aureus a-toxin (250
U/ml, Calbiochem, La Jolla, Calif., USA), which irreversibly
permeabilizes cell membranes for molecules <4000 Da. a-Toxin
permeabilization yields a dialysed preparation with its intracellular
milieu given by the extracellular solution, which allows us to
clamp cytosolic regulators of CFTR, i.e. CAMP and ATP levels
[13]. A mucosal-to-serosal Cl- gradient was imposed. The mucos-
al solution contained (in mM): 135 NaCl, 1.2 MgSO,, 1.2 CaSO,,
2.4 K,HPO,, 0.6 KH,PO,, 20 HEPES and 10 glucose. The serosal
solution contained (in mM): 135 Na-gluconate, 0.1 CaCl,, 2.4
K,HPO,, 0.6 KH,PO,, 20 HEPES, 10 glucose and 5 MgATP (Sig-
ma). cCAMP, Na salt (100 mM, Sigma) was added to the serosal so-
lution to stimulate CFTR. All solutions were adjusted to pH 7.4
with NMDG.

Drugs and enzymes

Forskolin (Calbiochem), the adenylyl cyclase activator, was made
as a 100 mM stock in dimethyl sulphoxide (DMSO) and used at
1-10 pM. cAMP, Na salt (Sigma) was directly dissolved in Ringer
solution. DM (Alamone, Israel) was made as 100 mM stock in
DMSO and used at 30 nM; CsA (gift from Sandoz Pharmaceuti-
cal, East Hanover, N.J., USA) was made asa 1 mM stock in etha-
nol and used at 1 uM. The catalytic subunit of protein kinase A
(Promega, Madison, Wis., USA) was used at a fina activity of
MO0 U/ml. PP2B (Promega) was added together with 1 mM
NiCl,, 1 mg/ml bovine serum abumin (BSA, molecular biology
grade, New England Biolabs, Beverly, Mass., USA) and 10 pg/ml
calmodulin (CaM, Boehringer Mannheim) at a final activity of (2
U/ml. Addition of cofactors alone had no effect on CFTR activity
in eight cases. PKC (containing PKCa and PKCpB, Promega) was
added together with 20 pug/ml phosphatidyl serine (PS) and 5 mM
MgCl,. Experiments using PKC or PP2B were done using solu-
tions with 2 mM CaCl, added to satisfy the Ca2* requirements of
these enzymes. None of the cofactors mimicked the effects of the
respective enzymes.

Results
Effects of CsA and DM on CFTR activity

In aresting cell, in which kinase and phosphatase activi-
ties are in equilibrium, blocking a phosphatase is expect-
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Fig. 1A—C Activation of cystic fibrosis conductance regulator-
(CFTR-) mediated currents by cyclosporin A (CsA) and delta-
methrin (DM) in 3T3 cell. A Cell-attached recording from a
CFTR-expressing 3T3 cell. CsA (1 uM), DM (30 nM), or for-
skolin (1 uM, Fsk) was perfused in (+) and washed out (-) where
indicated by arrows. Repeated treatment with the phosphatase
blockers CsA and DM or with forskolin led to repeated stimula-
tion of CFTR-mediated currents. Bath contained NaCl Ringer so-
lution, pipette N-methyl-p-glucamine chloride (NMDGCI) Ringer
solution. Current trace was sampled at 10 Hz. Breaks in current
trace are where current/voltage (1/V) relations were recorded. Po-
tential was -V,;=—75 mV; current activation is downward. B Total-
current/voltage relations, CsA-stimulated (open circles), DM-stim-
ulated (filled circles), and forskolin-stimulated (triangles) for the
first three stimulations of the experiment shown in A. Reversal po-
tentials (in the cell-attached mode) were on average 8.0+4.1 mV
and not different for the three conditions. C Current noise spectra
were recorded during each of the five consecutive stimulations in
A. The corner frequencies for the first stimulation (CsA, open cir-
cles) were: £.=2.04 and 97.8 Hz, and for the third stimulation (Fsk,
filled circles): f.=2.0 and 97.2 Hz. Spectrarecorded during the oth-
er stimulations in A had the following corner frequencies: 2nd
stimulation (DM): f=2.24 and 95 Hz; 4th stimulation (DM):
f;=2.03 and 93.2 Hz; and 5th stimulation (Fsk): f.=2.3 and 87.2 Hz
(not shown)

ed to have three effects: (1) CFTR activity should be
stimulated through basal kinase activity, (2) CFTR
should not inactivate, and (3) effects of kinase activation
and phosphatase block should be synergistic. Figure 1
shows the effects of the two PP2B inhibitors, CsA and
DM, on a CFTR-expressing 3T3 cell in a cell-attached
patch recording. Perfusion of the cell with 1 uM CsA or
30 nM DM readily activated current to levels similar to
those activated by 1 pM forskolin. Under the recording
conditions negative currents were indicative for Cl- cur-
rents. Total current/voltage (1/V) relations resulted in the
CFTR-typical outward rectification in the cell-attached
mode (Fig. 1B; [7, 8]); reversal potentials were slightly
positive, which was expected for Cl- currents recorded
from a secreting cell. Current noise spectra recorded dur-
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Fig. 2A, B Average corner frequencies of spectra recorded in cell-
attached patch-clamp mode. Average corner frequency of slow Lo-
rentzian (fy, A) and of fast Lorentzian (f, B) are shown. Four treat-
ment groups were: control, forskolin-stimulated (fsk), deltamethrin
or cyclosporin A-treated (DM/CsA), and forskolin stimulation dur-
ing deltamethrin or cyclosporin A treatment (fsk+ DM/CsA). Treat-
ment groups were split into positive (65-85 mV) and negative (—60
mV to —90 mV) holding potentials. f4 was not affected by treatment
or holding potential; fy, was similar for all trestments and signifi-
cantly dependent on potential (P<0.0001, ANOVA). Number of
spectrafor each group are given in A. Data are mean + SEM

ing the different stimulations were very similar (Fig.
1C). See Fig. 2 for average corner frequencies of spectra
recorded under the different conditions. Gating kinetics,
as judged by noise analysis, were identical for all treat-
ments (i.e. forskolin, CsA, DM). The low-frequency Lo-
rentzian (fy) averaged 1.69+0.1 Hz (n=53) and was unaf-
fected by potential, and the high-frequency Lorentzian
was strongly voltage dependent [f,=49.4+5.02 Hz (n=9)
for positive potentials; f;,=108.4+2.95 (n=41), for nega-
tive potentials]. These gating characteristics were inde-
pendent of the treatment. In mock-transfected 3T3 con-
trol cells CsA, DM, or forskolin had no effects on cur-
rents (not shown). This suggests that both block of PP2B
(by CsA or DM) and activation of PKA (by forskolin)
activates CFTR through a PKA-dependent phosphoryla-
tion, supporting the notion that PP2B tonically inhibits
CFTR by controlling a phosphorylation site of CFTR,
which, if PP2B is blocked, isrelieved and CFTR activat-
ed. Because the gating properties were very similar dur-
ing PP2B block or PKA activation (by forskolin), it ap-
pears likely that CFTR is in a similar phosphorylation
state during each treatment (for comparison, see Fig. 8
for distinct gating properties of PKC-phosphorylated
CFTR).

Note that currents inactivated despite the continued
presence of PP2B-blocker. In none of 11 stimulations did
block of PP2B inhibit inactivation of CFTR. This indi-
cates that another inactivation step, different from PP2B,
is also present, suggesting that another phosphatase is
also active.
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Fig. 3 Synergy between CsA-induced and forskolin-induced acti-
vation. Cell-attached recording from a CFTR-expressing 3T3 cell.
-V,=—70 mV. CsA (1 pM) and forskolin (1 uM) were perfused in-
to the bath as indicated by boxes. Breaks in current trace were
caused by repeated saturation and re-setting of patch amplifier. In-
set shows current noise spectra during CsA treatment (f,=0.88 Hz,
;=112 Hz), forskolin (fy=0.74 Hz, f4,=108 Hz) and after full acti-
vation by forskolin (fy=1.0 Hz, f4=125 Hz). The typical double-

Lorentzian was used as an indicator for CFTR whose gating be-
haviour appeared unaltered by different treatments

|
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CsA- and DM-induced stimulations of CFTR could
have aso been due to an increase in CAMP concentrations
[2]. This possibility was addressed in the next experiment.
Figure 3 shows a cell-attached patch experiment which
compares current activations by forskolin or CsA alone
and in combination. Forskolin's stimulatory effect was
much larger when in the presence of CsA compared to its
effect alone. On average, forskolin-stimulated currents
were 6.1+3.3 fold (n=5) larger in the presence of CsA or
DM compared to those dlicited by forskolin alone. This
suggests that during stimulation by forskolin currents are
partially inhibited by PP2B, and that when PKA is activat-
ed and PP2B is blocked, the currents are fully activated.
This synergism indicates that, in 3T3 cells, PKA activates
and PP2B inactivates a common step. This synergism also
rules out the hypothesis that CsA or DM activates CFTR
by increasing cCAMP levels, because during forskolin treat-
ment PKA can be expected to be saturated with cAMP [1].

Corner frequencies of Lorentzian fits to current noise
spectra recorded during PP2B block, forskolin stimula-
tion, or combined treatment with PP2B blocker and for-
skolin were not changed by the treatment despite signifi-
cant changes in current (Figs. 2, 3). This indicated that
CFTR's gating in that frequency domain (0.2—400 Hz) is
not regulated by these interventions, but that current acti-
vation is caused by slower events, e.g. increasing the ap-
parent number of active channels.

The role of PP2B in controlling CFTR was also tested
in experiments on Calu-3 airway epithelial cells and in
HT-29/B6 colonic crypt-like epithelial cells. Figure 4 A
shows a cell-attached recording on a Calu-3 cell. Neither
CsA nor DM dicited currents, while forskolin readily ac-
tivated currents (n=6). In addition, DM had no effect ei-
ther on transepithelial recordings from intact Calu-3
monolayers (n=4, not shown) or intact HT-29/B6 mono-
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Fig. 4A, B Lack of activation of CFTR by CsA or DM in Calu-3
and HT-29/B6 cells. A Cell-attached recording, —Vp:78 mV, 1 mM
forskolin (Fsk), 1 mM CsA, or 30 nM DM was present where indi-
cated by boxes. This recording was performed at a positive poten-
tial because CFTR-mediated currents in Calu-3 showed strong
outward rectification in the cell-attached mode, such that at nega-
tive potentials currents were very small. B Transepithelial record-
ing from an HT-29/B6 monolayer. DM (300 nM, mucosal) neither
increased currents nor inhibited inactivation of current after for-
skolin removal
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Fig. 5 Lack of effect of DM in HT-29/B6 epithelium. Transepithe-
lial current recording from an HT-29/B6 tissue basolaterally perm-
eabilized with a-toxin. Current activation is downward. DM (100
nM) added to the serosal (ser) or mucosal (muc) side had no ef-
fects on Cl- currents, either in the absence or the presence of
CAMP (100 puM). In the presence of CAMP, current was further
activated by addition of genistein (50 pM) to the mucosal solution

layers (n=3, Fig. 4B). These results suggest that in these
two epithelia cell lines PP2B does not play the same role
in CFTR regulation as it doesin 3T3 cells. These data in-
dicate that a stricter polarization of cells does not influ-
ence the effects of PP2B, because PP2B block had no ef-
fect on CFTR in either polarized monolayers or in single
cells used for patch clamping. However, another explana-
tion may be that basal PKA activity in these cells was
very low so that block of PP2B did not activate CFTR.
This possibility was tested in the next set of experiments.
Figure 5 shows a typical (n=4) transepithelial current
recording from an HT-29/B6 monolayer with its basolat-
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Fig. 6 Inactivation of CFTR-mediated current by protein phospha:
tase 2B (PP2B) in a patch excised from a CFTR-expressing 3T3
cell. V,=—71 mV; pipette, NMDG-CI Ringer; bath, NMDG-CI
Ringer plus 2 mM CaCl,. After inactivation of current by PP2B,
subsequent addition of PKC reactivated current in this patch (not
shown)
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Fig. 7 Inactivation of protein-kinase-A- (PKA-) phosphorylated
CFTR by PP2B in a patch excised from a Calu-3 cell. V,,=—70
mV; pipette, NMDG-Cl Ringer; bath, NMDG-CI Ringer plus 2
mM CaCl,. Addition of PKA to the bath activated two CFTRs in
this patch. PP2B/calmodulin fully inactivated CFTRs

eral membrane permeabilized by a-toxin. Under unstimu-
lated conditions DM, added to the serosal and mucosal
sides, had no effect on current. Addition of cCAMP (100
MUM) to the serosal bath activated Cl- current, but addi-
tion of DM to either side of the tissue till had no effect.
However, addition of genistein, a compound that has all
the typical effects of a phosphatase blocker [13], further
increased currents. These data suggest that the lack of re-
sponse of intact cellsto DM is not dueto low PKA activi-
ty but instead is due to the fact that PP2B has no signifi-
cant rolein regulating CFTR in HT-29 or Calu-3 cells.

Effects of PP2B after PKA phosphorylation of CFTR

We tested the effects of PP2B on excised membrane
patches to clarify whether direct application of PP2B to
phosphorylated, active CFTR dephosphorylates and in-
activates CFTR from different cells. Figure 6 shows a
current recording from a patch excised from a CFTR-ex-
pressing 3T3 cell. The patch was excised from an un-
stimulated cell. Initially the patch showed little channel
activity. Addition of PKA stimulated many CFTR chan-
nels. Addition of PP2B (together with its cofactor CaM)
inactivated most of the current immediately, and the
three remaining CFTRs were inactivated after [2 min of
incubation with PP2B. This partial and delayed inactiva-
tion was noticed in two of six experiments and may have
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Fig. 8A—C CFTR activated by PKA or PKC shows different gat-
ing behaviour. V=70 mV; pipette, NMDG-C| Ringer; bath,
NMDG-CI Ringer plus 2 mM CaCl, and 5 mM MgCl,; current
traces were sampled at 20 Hz. Addition of PKA (A) or PKC (B)
led to clearly distinct gating behaviour of CFTR. Both traces are
from a continuous recording. After PKA activation CFTR was in-
activated with A-phosphatase (not shown [8]). Current noise spec-
tra (C) quantify gating. Fitted values were: for PKA, f4=0.58 Hz,
f;=97 Hz, for PKC, f,=3.3 Hz, f,=103 Hz

reflected channels in the patch that were not readily ac-
cessible to the enzyme added to the bath. This experi-
ment shows that exogenous PP2B inactivates PK A-phos-
phorylated CFTR in patches isolated from 3T3 cells.
Similar experiments were performed using a membrane
patch excised from a Calu-3 cell. Figure 7 shows a typi-
cal experiment (n=4). Addition of PKA activated two
CFTR channels in this patch, which were quickly inacti-
vated after addition of PP2B. Thus, independent of the
cell type used, exogenous PP2B readily inactivated
CFTR. This indicates that PP2B is an inactivator of
CFTR in cells where PP2B can access CFTR.

Effects of PP2B after PKC phosphorylation of CFTR

We used PKC-phosphorylated CFTR to test whether
PP2B is specific for the site it dephosphorylates. PKC
has previously been shown to phosphorylate two R do-
main serines that are not recognized by PKA, and one
site common to PKA and PKC [9]. Figure 8 shows an
excised patch (of n=6 experiments) that was first phos-
phorylated by PKA (A), then inactivated by treating with
A-phosphatase (not shown), and finally activated with
PKC (Fig. 8B). PKA and PKC induced very different
CFTR activity: PKA activated CFTR maximally after
[B0 s and induced slow gating, while PKC activated
CFTR much more slowly so that currents were maximal
only after (2 min. In addition, PKC-phosphorylation in-
duced much faster gating behaviour of CFTR. Steady-
state gating was quantified in current noise spectra (Fig.
8C). PKC phosphorylation shifted the low-frequency
Lorentizan significantly to the right to, on average,
f4=2.76+0.15 Hz. In all six experiments, PKC treatment
increased f, compared to PKA treatment of the same
patch. The sequence of phosphorylation of CFTR by
PKC or PKA had no effect on this gating pattern. This
difference in behaviour of CFTR after PKA or PKC
phosphorylation suggests that the two kinases phosphor-
ylated different site(s) of CFTR.
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Fig. 9 Inactivation of PKC-phosphorylated CFTR by PP2B.
V,=—72 mV; pipette, NMDG-CI Ringer; bath NMDG-CI Ringer
plus 2 mM CaCl, and 5 mM MgCl,. Patch showed basal channel
activity after excision. Addition of PKC activated many CFTR
channels which were readily inactivated by PP2B/CaM

Figure 9 shows a typical recording (n=3) from an ex-
cised patch that was first activated by PKC. Addition of
PP2B quickly inactivated PKC-phosphorylated CFTR.
Since PP2B inactivated both PKA- and PKC-activated
CFTR, PP2B appears not to be selective for specific
phosphorylation sites of CFTR (e.g. PKA sites over PKC
sites) when freely diffusible in solution.

Discussion

CFTR in the plasma membrane is activated by phosphor-
ylation and inactivated by dephosphorylation. We have
shown in this report that in excised patches CFTR can be
phosphorylated and activated by both PKA and PKC and
inactivated by PP2B. Our data further indicate that PKA
and PKC cause different patterns of phosphorylation of
CFTR [19] which can be indiscriminately dephosphory-
lated and inactivated by PP2B. These results may be de-
scribed by a simple scheme:

PKC PKA
active 2 inactive active 1  scheme 1
PP2B ? ¢ PP2B

where PKA- and PK C-dependent phosphorylation results
in two different states of activity (distinguished by their
gating characteristics), and PP2B dephosphorylates and
inactivates both states. In intact 3T3 cells blocking of
PP2B leads to arapid activation of CFTR consistent with
Scheme 1. If under resting conditions basal PKA or PKC
activity is lower than basal PP2B activity, CFTR is inac-
tive. The large synergizing effect of CsA on forskolin-in-
duced activation of CFTR (Fig. 3) suggests (Scheme 1)
that PP2B had a high activity during forskolin-induced
stimulation and that CFTR can be maximally stimulated
only when PP2B is blocked. We also observed that CFTR
inactivated even when PP2B was blocked, suggesting an
inactivation step that is independent of PP2B. This neces-
sitates a second inactivation step in Scheme 1 by intro-
ducing a phosphatase that is not blocked by CsA or DM:

PKA
—_—

. . PP2B .
inactive «———active 1 scheme 2

PP?
—

where PP? is an unknown phosphatase or another inacti-
vation step. Under resting conditions PP? must have a
lower activity than PP2B, otherwise block of PP2B would
not activate CFTR. Note that it was not tested whether
PP? also inactivates PK C-phosphorylated CFTR, i.e. state
active 2 in Scheme 1. Although PP2B appears to play a
dominant role in inactivating CFTR in 3T3 cells, the PP(s)
that regulate(s) CFTR in other cell types remain(s) un-
known. The PP2B inhibitors did not affect CFTR in the
epithelia cell lines Calu-3 and HT-29, indicating that an-
other, unidentified, phosphatase substitutes for PP2B’s ef-
fects in these cells. When used at low concentrations spe-
cific for phosphatases, neither of the PP1/2A blockers ok-
adaic acid or cayculin A affected CFTR-mediated cur-
rents in either HT-29 or Calu-3 cells (not shown). These
results indicated that neither PP1, 2A nor 2B inactivated
CFTR in intact epithelial cells. Previoudy Berger et al.
[3]1 showed that PP2A inactivates CFTR-mediated cur-
rents by 67% in patches excised from 3T3 cells and, re-
cently, Travis et al. [24] showed that PP2C fully inacti-
vates and dephosphorylates CFTR excised from HelLa
cells. These data, combined with those presented here, in-
dicate that although CFTR may be dephosphorylated and
inactivated by multiple phosphatases in excised patches, it
is necessary to examine the activity of CFTR in intact
cells to determine whether any of these phosphatases actu-
aly regulates CFTR in a specific cell type.

Travis et al. [23] have detected mRNA coding for PP1,
2A, 2B and 2C in the epithelial chloride secretory cell
line T84. However, blocking either PP2A or 2B with ok-
adaic acid or FK506, respectively, had no effect on
CFTR-mediated currents in intact T84 cells [24], and
PP2B appears aso not to be involved in regulating CFTR
in intact Calu-3 and HT-29 cells (present data). In sweat
gland duct cells CFTR was shown to be inactivated by a
phosphatase that is exquisitely sensitive to okadaic acid
[20], indicating that PP2A is likely to be the only phos-
phatase responsible for inactivating CFTR in these cells.
In heart muscle cells, CFTR is serialy inactivated by an
okadai c-acid-sensitive phosphatase (likely PP2A) and an-
other, unidentified phosphatase (possibly PP2C; [5, 12]).

Taken together, these data indicate that it is likely that
most cells express multiple phosphatases, and, though all
are capable of dephosphorylating and inactivating
CFTR, only one or two specific PP appear to operatein a
given cell. In the present work we have shown that PP2B
totally inactivates both PKA- and PKC-activated CFTR
in excised patches from both fibroblasts and epithelial

1 Berger et al. [3] were the first to add PP2B to excised patches,
and they found no effects. Because we have found no obvious dif-
ferences in methodology, we can only speculate that the PP2B
preparations that have only become commercially available during
the last few years are more active than the self-made preparation
used by Berger et a. [3]. Our data showed that PP2B blockers and
PP2B enzyme have complementary effects. Consistent with our
data, Nairn et a. (personal communication and [5]) recently used
PP2B (from the same source that we use) in phosphorylation as-
says of CFTR’s R domain. Their data suggest that PP2B dephos-
phorylates specific site(s) of CFTR, while PP2A and PP2C de-
phosphorylate virtually all sites (with different kinetics).



cells, and previous work has shown that PP2B is present
in epithelial cells [15, 23]. Experiments on intact cells
have shown that PP2B regulates CFTR only in fibro-
blasts. We propose that this cell-type-specific activity of
PP2B is caused by selective localization of the phospha-
tase to a specific subcellular domain near the CFTR.
Thus, the physiological regulation of CFTR in intact
cells will be dominated by this cell-specific localization
of phosphatases.

Although cell-specific targeting of PP2B has not been
shown, recent reports about localization and expression
of AKAP79, a scaffold protein that binds PP2B, PKA
and PKC [14], support the notion of a selectively target-
ed and tethered PP2B. The observed cell-type-specific
effects of inhibiting CFTR by PP2B inintact cells (i.e. in
cell-attached patches and in transepithelial recordings)
are consistent with a cell-type-dependent selective local-
ization of PP2B. Similarly, PKC is ubiquitously ex-
pressed in all cells and is a very potent stimulator of
CFTR in excised patches. Several tethering proteins have
been reported for PKC, including AKAP79 [14] and
RACK (receptor for activated C kinase; [17]). We there-
fore propose that cell-type-specific regulation of CFTR
by PP2B and PKC may involve selective localization of
these enzymes.
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