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The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)
anion channel is essential for epithelial salt–water balance. CFTR
mutations cause cystic fibrosis, a lethal incurable disease. In cells
CFTR is activated through the cAMP signaling pathway, overstim-
ulation of which during cholera leads to CFTR-mediated intestinal
salt–water loss. Channel activation is achieved by phosphorylation
of its regulatory (R) domain by cAMP-dependent protein kinase
catalytic subunit (PKA). Here we show using two independent
approaches––an ATP analog that can drive CFTR channel gating
but is unsuitable for phosphotransfer by PKA, and CFTR mutants
lacking phosphorylatable serines––that PKA efficiently opens CFTR
channels through simple binding, under conditions that preclude
phosphorylation. Unlike when phosphorylation happens, CFTR ac-
tivation by PKA binding is completely reversible. Thus, PKA bind-
ing promotes release of the unphosphorylated R domain from its
inhibitory position, causing full channel activation, whereas phos-
phorylation serves only to maintain channel activity beyond ter-
mination of the PKA signal. The results suggest two levels of CFTR
regulation in cells: irreversible through phosphorylation, and re-
versible through R-domain binding to PKA––and possibly also to
other members of a large network of proteins known to interact
with the channel.

ABC protein | protein kinase A | consensus serine | intrinsically disordered |
N6-(2-phenylethyl)-ATP

Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) is an anion-selective channel (1, 2) expressed at the

apical surface of epithelial cells lining the lung, intestine, the
pancreatic duct, and the sweat duct. CFTR-mediated anion
transport is indispensable for the salt–water homeostasis of these
tissues. Loss-of-function mutations in CFTR cause cystic fibrosis,
a devastating incurable multiorgan disease (3). In epithelial cells
CFTR channels are activated by signals that elevate cytosolic
cAMP levels, causing dissociation of the regulatory and catalytic
subunits of cAMP-dependent protein kinase which colocalizes
with CFTR (4, 5). The released catalytic subunit (PKA) activates
CFTR by phosphorylating it at multiple (∼11) target serines lo-
cated mostly in its cytosolic regulatory (R) domain (6–9). During
secretory diarrheas, like cholera, bacterial toxins irreversibly acti-
vate adenylate cyclase, causing a persistent increase in cAMP
levels in the intestinal epithelium. The ensuing persistent PKA
activity keeps CFTR channels permanently open, resulting in
precipitous salt–water loss into the lumen of the gut (10).
CFTR belongs to the family of ATP Binding Cassette (ABC)

proteins and contains two transmembrane domains (TMDs) that
form the channel pore, each followed by a cytosolic nucleotide
binding domain (NBD). These two ABC-canonical TMD–NBD
halves are linked by the unique cytosolic R domain, which shows
no sequence homology to any known protein (1), and forms an
intrinsically disordered peptide segment (11).
Phosphorylated CFTR channels are gated by ATP through a

mechanism that is based on conformational changes conserved

among ABC proteins. Upon ATP binding the two NBDs di-
merize, and this process is coupled to pore opening. Upon ATP
hydrolysis the NBD dimer dissociates and the pore closes (12).
The closed CFTR pore resembles the inward-facing, the open
pore the outward-facing, TMD conformation of related ABC
proteins (13–16).
In contrast to the ATP-dependent gating cycle, the mechanism

of CFTR regulation by R-domain phosphorylation is poorly
understood. The unphosphorylated R domain must inhibit
channel gating, because its deletion results in CFTR channels
that can open in the presence of ATP without prior phosphor-
ylation (17, 18). But, how phosphorylation leads to channel ac-
tivation has remained unclear. In electron cryomicroscopy
structures of unphosphorylated apo CFTR a density for the R
domain is seen wedged in between the NBDs and the cytosolic
ends of the TMD helices, preventing NBD dimerization and
flipping of the TMDs into the outward-facing, open conforma-
tion (13, 14). Correspondingly, in structures of phosphorylated,
outward-facing CFTR no density for the R domain is observed,
suggesting that upon phosphorylation it becomes entirely disor-
dered and released from its occluded position (15, 16). As it is
unclear how PKA might have access to the occluded R domain,
it was suggested that phosphorylation might follow infrequent
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spontaneous R domain release, resulting in a two-step activation
process (Fig. 1B) in which channels sequentially transition from a
“wedged-in” inactive (W), through a “released”marginally active
(R), to the “phosphorylated” fully active (P) state––consistent
with the sigmoidal shape of macroscopic CFTR current activa-
tion time courses in inside out patches exposed to PKA (Fig. 1A,
red curve) (14). Rapid partial current deactivation observed
within seconds of PKA removal (Fig. 1 A, Right; see blue curve)
was suggested to reflect rapid partial dephosphorylation (to state
D; Fig. 1B), leaving channels with a lower open probability (Po)
(14, 18). Here we set out to test the validity of this generally
accepted mechanistic model through a series of experiments
specifically designed to allow distinction of effects caused by
PKA binding versus phosphorylation. The results fundamentally
reshape our understanding of the mechanism by which PKA
regulates CFTR channel activity.

Results
PKA Dependence of CFTR Current Activation Hints at Possibly Distinct
Effects of PKA Binding and Phosphorylation. To examine how cur-
rent activation depends on the concentration of applied PKA,
inside out patches containing wild-type (WT) CFTR channels
were exposed to various test PKA concentrations (Fig. 2). After
the currents had settled in the test [PKA] (Fig. 2, segment a),
maximal (300 nM) PKA was briefly applied to fully phosphory-
late the channels, allowing normalization of the currents,
obtained from different patches, to their maximal values (seg-
ment b). [PKA] was then returned to its test value (segment c),
and finally the kinase was removed (segment d). Interestingly,
already at low PKA concentrations, such as 33 nM (Fig. 2, blue
trace), currents before exposure to maximal [PKA] (segment a)
approached those after exposure to maximal [PKA] (segment c)
(see Fig. 2, Inset, dark blue symbols). This observed pattern of

[PKA] dependence of current activation/deactivation time
courses affords two possible explanations.
Based on the prevailing interpretation (Fig. 1B), at low [PKA]

only low phosphorylation stoichiometries are achieved, due to
strong endogenous membrane-associated phosphatase activity.
Thus, the current rise in segment b reflects phosphorylation of a
subset of R-domain serines that are highly accessible to phos-
phatases, and therefore become phosphorylated only at high
[PKA] but dephosphorylated instantaneously as soon as [PKA] is
lowered (segment c). In contrast, the partial channel activity that
is reached already at low [PKA] and survives complete PKA
removal (segment d) is due to a complementary subset of
phosphoserines that are little accessible to phosphatases.
Alternatively, Xenopus oocyte patch membranes might lack

substantial endogenous phosphatase activity. In that case es-
sentially full phosphorylation stoichiometries should be achiev-
able even at low [PKA] (albeit slower; see Fig. 2, green trace),
and the currents in segment d should reflect those of fully
phosphorylated channels since all patches had experienced high
[PKA] in segment b. But, if indeed phosphorylation is near
complete already at relatively low [PKA] (see Fig. 2, Inset, dark-
blue symbols), then the additional incremental stimulation in
high [PKA] (segment c versus d, Fig. 2, Inset, cyan symbols) must
reflect reversible stimulation caused simply by PKA binding.
Of note, PKA stocks contain inorganic phosphate (Pi), which

itself stimulates CFTR gating (19), but in control experiments
the ∼5 mM Pi present in solutions of 300 nM PKA enhanced
macroscopic currents only by ∼20%, which falls short of
explaining the observed ∼twofold stimulation by 300 nM PKA
(SI Appendix, Fig. S1).

PKA Strongly, but Reversibly Activates CFTR Channels in the Presence
of an ATP Analog Unsuitable for Phosphotransfer. To dissect effects
of PKA binding vs. phosphorylation, we sought an ATP analog that
gates CFTR but cannot be used by PKA for phosphorylation. N6-(2-
phenylethyl)-ATP (P-ATP) was shown to gate CFTR channels even
more potently (K1/2 ∼ 2 μM) than ATP (K1/2 ∼ 50 μM) (20, 21). On

Fig. 1. Prevailing mechanistic interpretation of CFTR activation by PKA. (A)
Sigmoidal activation time course of macroscopic CFTR current in an inside
out patch exposed to 2 mM ATP plus 300 nM PKA (black bars), and rapid
partial deactivation upon PKA removal. Red and blue curves are fits to the
two-step activation and the single-step partial deactivation process, re-
spectively, depicted in B, with fitted rate constants plotted. (B) Cartoon in-
terpretation of the data in A, by assuming sequential shuttling through
channel states W (wedged in, Po = 0), R (released, Po vanishingly small;
compare A, Inset) and P (phosphorylated, Po∼0.3) during activation, and
from P to D (partially dephosphorylated, Po∼0.15) upon PKA removal. TMDs,
gray; NBD1, blue; NBD2, green; R domain, red; ATP, yellow.

Fig. 2. PKA-dependent CFTR current activation/deactivation time courses
hint at the possibility of CFTR activation by PKA binding. Macroscopic CFTR
currents from patches exposed, in sequential order, to test [PKA], 300 nM
PKA, test [PKA], and 0 nM PKA, all in 2 mM ATP. Current traces and bars that
identify exposure to compounds are color coded based on the value of the
test [PKA] which is indicated (in nM) next to each trace. Final steady-state
stretches of the four experimental segments are highlighted by yellow boxes
and marked a through d. Currents were normalized to their average values
in segment b, and are shown synchronized to the end of segment d. (Inset)
Current-amplitude ratios [mean± SEM (n = 7–38)] between indicated ex-
perimental segments as a function of test [PKA].
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the other hand, P-ATP failed to compete off radioactive ATP from
PKA, suggesting that it cannot bind to the kinase (22). We therefore
tested whether PKA exposure stimulates CFTR currents elicited by
P-ATP. When CFTR channels were exposed to 300 nM PKA in the
presence of 2 mM ATP (Fig. 3 A, Center), the tiny current seen
before PKA exposure was stimulated ∼100-fold, and about half of
that maximal current survived PKA removal (Fig. 3B, three center
bars). For such prephosphorylated channels subsequent exposure to
10 μM P-ATP (Fig. 3 A, Right) recovered a comparably sized cur-
rent, although recovery following the prolonged (5-min) exposure to
nucleotide-free solution was biphasic, signaling slow recovery of a
subset of channels from an inactivated state (23). Importantly,
reapplying PKA in P-ATP caused ∼twofold further stimulation,

which subsided as soon as PKA was removed (Fig. 3B, three right
bars; the small difference between the two purple bars reflects on-
going slow recovery from the preceding long nucleotide-free pe-
riod). Moreover, even unphosphorylated channels gating in P-ATP
were robustly stimulated by PKA exposure (Fig. 3 A, Left). This
stimulation reflected a robust (∼10-fold) acceleration of steady-state
single-channel opening rate, coupled with an ∼threefold slowing of
channel closure (SI Appendix, Fig. S2 A and B), reminiscent of that
reported for unphosphorylated channels exposed to PKA + ATP
(14). But, whereas in the presence of ATP PKA exposure left a
lasting effect which must have reflected phosphorylation (Fig. 3 B
Center; compare left and right blue bars), in the presence of P-ATP

Fig. 3. PKA cannot use P-ATP for phosphotransfer, but reversibly stimulates CFTR channels gating in P-ATP. (A) Macroscopic CFTR current in an inside out
patch in response to repeated exposures to 300 nM PKA (red bars) in the presence of either 10 μM P-ATP (purple bars) or 2 mM ATP (blue bar). (B) Steady-state
current amplitudes [mean ± SEM (n = 7–9)], normalized to that observed in ATP + PKA, for the nine segments of the experimental protocol shown in A, as
indicated below the bars. (C and D) Kinetics of phosphorylation of TAMRA-kemptide (20 μM) by PKA (10 nM) in the presence of 200 μM ATP (C) or P-ATP (D),
visualized by TLC. Yellow and orange arrows mark the positions of the spots corresponding to the dephospho- and phosphopeptide, respectively. (E and F)
Densitometric analysis of the TLC sheets in C and D. Relative densities (Materials and Methods) of the dephospho- (yellow bars) and phospho-kemptide
(orange bars) spots, plotted as a function of incubation time in PKA + ATP (E) or PKA+P-ATP (F). Bars plot mean ± SEM (n = 3). (G) Overlay of the segments of
current (purple and blue trace) highlighted by the purple and blue boxes, respectively, in A, synchronized to the time points of PKA addition, and renor-
malized to their respective steady-state amplitudes in PKA. Vertical dashed lines identify the time points at which the currents reach 50% of their steady-state
amplitudes (T1/2). (H) T1/2 of current activation for unphosphorylated CFTR channels upon exposure to 300 nM PKA first in 10 μM P-ATP (purple circle) and then
in 2 mM ATP (blue circle). As a control, blue square depicts T1/2 of activation for channels exposed to 300 nM PKA + 2 mM ATP without prior exposure to
PKA+P-ATP (compare Fig. 2, black trace). (I) Calculated rates (s−1) of TAMRA-kemptide phosphorylation by PKA in the presence of either 10 μM P-ATP (purple
circle) or 2 mM ATP (blue circle). Note logarithmic ordinates in H and I.
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the PKA effect was fully reversible (Fig. 3 B, Left; compare left and
right purple bars).
Of note, the current stimulation by PKA in P-ATP again by far

exceeded the marginal effect of 5 mM Pi in P-ATP (SI Appendix,
Fig. S3), and could also not be explained by a potential con-
taminant in the P-ATP stock (SI Appendix, Fig. S4). Insofar as
PKA is indeed unable to use P-ATP for phosphorylation, these
results suggest that simple binding of PKA can robustly but re-
versibly stimulate not only phosphorylated, but even unphos-
phorylated CFTR channels.
To exclude the possibility that PKA might have used P-ATP

for phosphorylation, we next compared rates of phosphorylation
in ATP vs. P-ATP of the synthetic PKA substrate TAMRA-
kemptide (24). The lower mobility of phospho-kemptide com-
pared to kemptide on TLC sheets (Fig. 3C, orange and yellow
arrows) allows quantitative estimation of phosphorylation rates by
monitoring how the relative densities of the two spots evolve over
time (Fig. 3E). Using 200 μM ATP, 10 nM PKA, and 20 μM
kemptide, ∼50% of the peptide was phosphorylated in 10 min
(Fig. 3 C and E) reporting a kcat of ∼2 s−1 (Fig. 3I, blue symbol), in
good agreement with the earlier report (24). Under the same
conditions, but using 200 μM P-ATP, no phosphorylation could be
detected in 10 min, and barely any in 20 min (Fig. 3D and F). That
slow rate of phosphorylation in P-ATP, quantitated by increasing
the amount of PKA 250-fold, amounted to ∼1 catalysis per PKA
molecule every ∼5 min (SI Appendix, Fig. S5 A and B). Moreover,
whereas for ATP the 200 μM concentration was saturating, as
expected (SI Appendix, Fig. S5 C and D), for P-ATP raising the
concentration fivefold accelerated phosphorylation rate by
∼threefold (SI Appendix, Fig. S5 E and F), suggesting that for
P-ATP a 200 μM concentration is still in the quasilinear range.
Extrapolating down to the 10 μM P-ATP concentration used in
the patch experiments (Fig. 3A) the rate of phosphorylation is <1
catalysis per PKA molecule every 2 h (Fig. 3I, purple symbol).
Two quantitative arguments firmly exclude the possibility that

the current activation observed during the short exposures to
PKA in the presence of 10 μM P-ATP (Fig. 3A) would have been
caused by phosphorylation––even if possibly not just one, but
maybe two, three, or a few PKA molecules might be operating
simultaneously on the same CFTR channel. First, within ∼1 min
of exposure to PKA in P-ATP CFTR current activation was es-
sentially complete, while the probability that any single serine in
a CFTR channel might have become phosphorylated during that
entire time window is ∼0.007, assuming that the kcat of PKA for
the R domain is similar to that for free kemptide in solution.
Thus, not more than ∼1% of all CFTR channels in the patch
could have been phosphorylated (at a single serine) within that
time, whereas the current reached 30–50% of that of a fully
phosphorylated channel population (Fig. 3 A and B and SI Ap-
pendix, Fig. S3 A and B). Second, the ratio of phosphorylation
rates by PKA in 10 μM P-ATP vs. 2 mM ATP––which is likely
independent of the choice of substrate peptide––is ∼1:15,000
(Fig. 3I), whereas the kinetics of CFTR channel activation by
PKA, quantified as the time required for half-maximal current
activation (T1/2; Fig. 3G), is comparable in P-ATP and ATP
(∼10–20 s; Fig. 3H). The inevitable conclusion is that PKA ro-
bustly activates CFTR channels, either phosphorylated or non-
phosphorylated, through simple binding.

PKA Strongly, but Reversibly Activates CFTR Channels that Lack
Phosphorylatable Serines. As an alternative approach to test
PKA effects on CFTR in the absence of phosphorylation, we
generated CFTR constructs in which all PKA-target serines
shown to become phosphorylated, including 10 R-domain posi-
tions (660, 686, 700, 712, 737, 753, 768, 790, 795, 813) and serine
422 in NBD1 (6–9), were mutated. In one construct (11A-0D) all
11 serines were replaced by alanines, to mimic the dephospho-
form. In a second construct (3A-8D) only serine 422 and

reportedly “inhibitory” serines 737 and 768 (25, 26) were mu-
tated to alanines, whereas the other eight positions were
substituted by aspartates, to assess to what extent stable negative
charges mimic phosphorylation.
In earlier studies progressive mutation of an increasing num-

ber of R-domain serines progressively diminished channel acti-
vation (8, 27–29). Unexpectedly, however, an all-alanine mutant
similar to 11A-0D still remained substantially activatable by
PKA, reaching a Po of ∼0.2 (8). This was attributed to phos-
phorylation of as yet unidentified “cryptic” target serine(s), and
much work was invested trying to localize these (8, 27). Consis-
tent with those early studies, in our hands unphosphorylated
11A-0D channels gating in ATP were also robustly stimulated by
PKA. Surprisingly, however, most of that activation subsided
within seconds of PKA removal (Fig. 4 A, Left). This contrasts
with the behavior of WT CFTR channels (Fig. 4 E, Left) on
which PKA exposure leaves a lasting effect (compare blue bars in
Fig. 4 F, Left). For the 11A-0D mutant the small difference
between pre- and post-PKA activities (blue bars in Fig. 4 B, Left)
likely reflects the ongoing slow current recovery after the pre-
ceding long nucleotide-free period, a phenomenon also apparent
for WT channels (Fig. 4 E, Right; blue bars in Fig. 4 F, Right).
Importantly, for the 11A-0D mutant a second trial (Fig. 4 A and
B, Right) essentially recapitulated the responses seen in the first.
Thus, PKA indeed stimulates the 11A-0D mutant but does not
cause any lasting effect, making it unlikely that the observed
strong activation reflects phosphorylation of some cryptic target
serine(s). Rather, the response must reflect PKA binding.
In a previous report, replacement of 4–8 R-domain serines

with aspartates was shown to result in channels that can open in
ATP without exposure to PKA (28). Indeed, our 3A-8D con-
struct also showed such “constitutive” activity (Fig. 4 C, Left), but
the robust further stimulation of that current by exposure to
PKA indicates that the initial, constitutive, Po must have been
very small, all the more so, as even maximal Po (in PKA + ATP)
is expected to be lower for the mutants compared to WT, based
on previous studies (8). Thus, in CFTR aspartates are poor
mimics of phosphoserines. Importantly, the strong activation of
the 3A-8D mutant by PKA was again fully reversible, suggesting
that it does not involve phosphorylation (Fig. 4 C and D). Of
note, PKA stimulation of neither mutant could be accounted for
by the marginal effect of 5 mM contaminating Pi (SI Appendix,
Fig. S6).

Discussion
Using an ATP analog that can drive CFTR channel gating but is
unsuitable for phosphotransfer by PKA, as well as CFTR chan-
nel constructs lacking phosphorylatable serines, we have shown
here that both unphosphorylated and phosphorylated CFTR
channels are strongly but reversibly activated by simple binding
of the protein kinase A catalytic subunit. That conclusion is
supported by the four orders of magnitude slower rate of phos-
phorylation (Fig. 3I), but comparable kinetics of CFTR channel
activation (Fig. 3 G and H), by PKA in P-ATP vs. ATP, as well as
by the full reversibility of current stimulation by PKA observed for
WT CFTR channels in P-ATP (Fig. 3 A and B) or for
phosphorylation-site mutants (Fig. 4 A–D). Since P-ATP binds
poorly to PKA, rapid CFTR channel activation by PKA in P-ATP
indicates that the kinase can bind the R domain even in the ab-
sence of bound nucleotide, consistent with its established random
sequential binding order for ATP and substrate peptides (30–32).
On the other hand the slightly (<twofold) slower kinetics of cur-
rent activation by PKA in P-ATP compared to that in ATP
(Fig. 3 G and H) might be explained by the lack of positive
cooperativity between ATP and substrate binding to PKA (33).
The reduced fractional stimulation by PKA of 11A-0D compared
to WT (10-20-fold vs. 50–100-fold (Fig. 4B vs. Fig. 4F); ref. 8)
suggests that the multiple mutations not only remove the target
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serines, but likely also progressively impair PKA binding. Indeed,
pseudosubstrate peptides with different substitutions of the target
serine display different inhibitory potencies (34), indicating that
the identity of the residue at the target position affects binding
affinity. Moreover, although disordered, the R domain does con-
tain a significant amount of secondary structure, which is dra-
matically changed by multiple serine-to-alanine mutations (35).
Thus, whether or not reversible stimulation (Fig. 4A) reflects PKA
binding exclusively to the consensus peptide stretches, it seems
reasonable to postulate that its affinity should be reduced in 11A-
0D relative to WT.
These findings profoundly reshape our understanding of the

mechanism of CFTR activation by PKA (Fig. 5). In the presence of a
nucleotide to drive channel gating, even unphosphorylated channels
open upon PKA binding (Fig. 3 A, Left). Insofar as pore opening is
unlikely to happen as long as the R domain is in its wedged-in po-
sition (13, 14), we infer that PKA binding, without phosphorylation,
promotes R-domain release. We suggest (Fig. 5A) that there is an
equilibrium between intercalated (state 1) and released (state 2)

R-domain conformations, which in unphosphorylated channels is
strongly shifted toward intercalated. When PKA is present, it can
bind the released R domain (state 3), preventing it from returning to
the wedged-in position. As long as the R domain is kept outside
(states 2 and 3) the channels are “active,” in the sense that they can
open and close if a suitable nucleoside triphosphate (e.g., ATP or
P-ATP) is available. So far, activation is reversible. But, once PKA
has also phosphorylated the R domain, the conformational equilibria
are irreversibly changed (states 4–6): for the phospho-R domain the
equilibrium between wedged-in (state 6) and released (state 5) is
shifted toward the released conformation.
Clearly, lumping R-domain phosphorylation at ∼10 sites into a

single kinetic step is an oversimplification. Correspondingly, the

Fig. 4. PKA reversibly stimulates CFTR channels that lack phosphorylatable
serines. (A, C, and E) Macroscopic inside out patch currents of (A) 11A-0D, (C)
3A-8D, and (E) WT CFTR channels repeatedly exposed to 300 nM PKA (red
bars) in the presence of 2 mM ATP (blue bars). (B, D, and F) Steady-state
current amplitudes [mean± SEM (n = 4–11)], normalized to that observed
during the first exposure to ATP + PKA, for the six segments of the experi-
mental protocols shown in A, C, and E as indicated below the bars.

Fig. 5. Mechanistic model of CFTR activation by PKA. (A) Simplified equi-
librium scheme to describe CFTR activation status using six compound states
(numbered). The R domain (red ribbon) is either wedged in (states 1 and 6)
or released (states 2–5); the released form can bind PKA (states 3 and 4). In
states 4–6 the R domain is phosphorylated (red circles, “P”). States 1 and 6
are inactive (Po = 0). States 2–5 are active, i.e., they can open and close upon
ATP (P-ATP) binding. Domain color coding as in Fig. 1B; PKA, orange. (B)
Experimental current trace (black trace) replotted from Fig. 3A, overlaid with
calculated open probability time course (red curve) predicted for the same
experimental protocol by the scheme in A, using the plotted (gray) tentative
Po values (in ATP or P-ATP) and rate constants (s−1).
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scheme in Fig. 5A depicts only two extreme situations: com-
pletely unphosphorylated (left column of states) and fully
phosphorylated (right column of states). In truth, incremental
phosphorylation of the R domain likely incrementally shifts the
equilibrium from the wedged-in toward the released form, and
fixed negative charges can also do so, albeit much less efficiently
(Fig. 4 C and D). Along those lines, we cannot exclude the
possibility that the channels in our patches are already phos-
phorylated to some extent at the onset of our recordings (e.g.,
Fig. 3 A, Left). However, even if so, that basal phosphorylation is
clearly insufficient to elicit channel gating, as the estimated Po
(in ATP) is ∼0.003 under such conditions. This argues that the R
domain is still in its wedged-in position for most of the time, as
depicted for states 1–2 of our simplified model (Fig. 5A).
Although this model contains many adjustable parameters, we

evaluated how well our data are accounted for by a “minimalist”
version, constrained by the following five additional simplifying
assumptions. 1) For the state 1 ↔ state 2 equilibrium, we as-
sumed that the unphosphorylated R domain is wedged in for
∼99% of the time (k12/k21 ∼ 0.01), consistent with the tiny pre-
PKA current in ATP which is ∼1% of the maximal current in
ATP + PKA (Fig. 3 A, Center). 2) For the state 2 ↔ state 3
equilibrium rate k32 is informed by the observed current relax-
ation rate upon PKA wash-off (∼0.5 s−1; compare Fig. 1A),
whereas rate k23 scales with PKA concentration, shifting the
equilibrium toward state 3 at saturating PKA. 3) The lumped
rate (k34) of full R-domain phosphorylation was tentatively
assigned a value of ∼0.2 s−1, considering a kcat of ∼2 s−1 for PKA
(Fig. 3 C and E), but ∼10 target sites to be phosphorylated. 4)
Only a single parameter adjustment was made in the right half of
the scheme relative to the left: for the phospho-R–domain
deocclusion rate (k65) was increased 100-fold, to adjust the
equilibrium constant between the wedged-in and released states
of the phospho-R domain to k65/k56 ∼ 1. 5) The wedged-in states
(states 1 and 6) are inactive (Po = 0), whereas the “released”
states (states 2, 3, 4, and 5) are active and might in principle be
characterized by distinct Po values that might further depend on
the nucleotide that drives gating (ATP or P-ATP) (18, 20, 21). As
a first approximation, we assumed here a single Po value for all
four active states, both in ATP and P-ATP, essentially reducing
the model to a binary scheme. Despite evident oversimplifica-
tion, the macroscopic current time course predicted by this
scheme (Fig. 5A) for the complex experimental protocol shown
in Fig. 3A well describes the experimentally observed current
amplitudes (Fig. 5B, red curve). Obviously, the true picture is far
more complex, and further experimental constraints will be re-
quired to refine it. But, our simple model provides an initial
framework for understanding the molecular mechanism of
CFTR channel regulation by its physiological activator, PKA.
In conclusion, we have shown that PKA activates CFTR by

binding to the R domain, thereby keeping it away from its “in-
tercalated” position. This finding reveals how an intrinsically
disordered peptide segment can serve to regulate protein
function through binding to an interacting partner protein.
However, in the absence of phosphorylation this type of acti-
vation would be immediately reversible upon unbinding of
PKA. R-domain phosphorylation therefore serves to leave a
lasting footprint, rendering CFTR activation irreversible, un-
doable only through the action of phosphatases. An intriguing
question is how specific the interaction is between the intrin-
sically disordered R domain and PKA. Indeed, partial CFTR
activation through stimulation of Ca2+ signaling pathways was
also shown to be mediated by direct calmodulin binding to the
R domain (36). Given the extended network of proteins that
physically and functionally interact with CFTR (37), some of
them specifically with the R domain (36, 38), it will be inter-
esting to identify which other proteins might also act as re-
versible CFTR activators by simply binding the R domain in its

released conformation. The potential physiological relevance
of such reversible activation, as opposed to irreversible acti-
vation by PKA, remains to be established.

Materials and Methods
Molecular Biology. Mutations were introduced (Agilent, QuikChange II) into
pGEMHE-CFTR (39). To generate 11A-0D, the codons of amino acid positions
422, 660, 686, 700, 712, 737, 753, 768, 790, 795, and 813 were changed to
encode alanines. To generate 3A-8D, the codons of positions 422, 737, and
768 were changed to encode alanines, whereas those of positions 660, 686,
700, 712, 753, 790, 795, and 813 were changed to encode aspartates. Both
constructs were confirmed by automated sequencing. Plasmids were line-
arized (Nhe I, New England Biolabs), transcribed in vitro (mMessage mMa-
chine T7 Kit, Thermo Fisher), and purified RNA stored at −80 °C.

Xenopus laevis Oocyte Isolation and Injection. Oocytes were isolated from
anesthetized adult female Xenopus laevis following Institutional Animal
Care Committee guidelines, injected with 1–10 ng RNA in a fixed 50-nl
volume, and stored at 18 °C as described (39). Current recordings were
obtained 1–3 d after injection.

Inside Out Patch-Clamp Recording. Patch pipette solution contained (in mM):
136 N-Methyl-D-glucamine (NMDG) chloride, 2 MgCl2, 5 Hepes, pH = 7.4 with
NMDG. Bath solution contained (in mM): 134 NMDG-Cl, 2 MgCl2, 5 Hepes,
0.5 EGTA, pH = 7.1 with NMDG. MgATP (2 mM) and 2–50 mM Pi (KH2PO4)
(Sigma-Aldrich) were added from a 400-mM and a 1 M aqueous stock so-
lution, respectively (pH = 7.1 with NMDG). P-ATP (10 μM) was diluted from a
10 mM aqueous stock (Biolog Life Science Institute, purity 99.6%, with 0.4%
P-ADP as the only contaminant identifiable by HPLC). The catalytic subunit
of bovine PKA (Sigma-Aldrich P2645) was diluted from an ∼18 μM aqueous
stock supplemented with 100 μM dithiothreitol (DTT). The continuously
flowing bath solution could be exchanged with a time constant of ∼20 ms
using electronic valves (ALA-VM8, ALA Scientific Instruments). Experiments
were done at 25 °C; membrane potential was −40 mV. Currents were
recorded at a bandwidth of 2 kHz (Axopatch 200B, Molecular Devices),
digitized at 10 kHz (Digidata 1322A, Molecular Devices), and recorded to
disk (pCLAMP 9, Molecular Devices).

Analysis of Current Recordings. Macroscopic CFTR currents were digitally fil-
tered at 50 Hz, downsampled to 100 Hz, and baseline subtracted (pCLAMP 9,
Molecular Devices). Mean steady-state currents under various experimental
conditions were normalized to that obtained during the first exposure to
2 mM ATP + 300 nM PKA in the same patch. The macroscopic current acti-
vation time course in Fig. 1A was fit to a two-step activation scheme,
W→R→P, yielding sequential activation rates ka1 and ka2, and the deacti-
vation time course to a single-step process, P→D, yielding rate kPPase, using
nonlinear least-squares methods (pCLAMP 9, Molecular Devices). The time
course of channel open probability predicted by the scheme in Fig. 5A for
the experimental protocol in Fig. 5B (Fig. 5B, red curve) was calculated using
standard Q matrix procedures (40).

Determination of Phosphate Concentration. The concentration of contaminant
inorganic phosphate (Pi) in our PKA stock solutions was quantified through
colorimetric detection of Pi, as described (41). In brief, 150 μL of our standard
bath solution supplemented with 3 nM PKA was mixed with 850 μL coloring
solution (6:1 vol/vol ratio mixture of 0.42% ammonium molybdate tetrahy-
drate in 1 N H2SO4 and 10% L-ascorbic acid) and incubated for 20 min at
45 °C. Absorption at 820 nm was measured (NanoPhotometer P300, Implen
GmbH) and compared to that of a standard curve (1-200 μM KH2PO4). All
reagents were from Sigma-Aldrich.

Phosphorylation Assay. The reaction buffer contained 50 mM Hepes (pH 7.5),
10 mM Mg-acetate, and freshly added 0.2 mg/mL bovine serum albumine
and 5 mM DTT. TAMRA-Kemptide (Addexbio Technologies) was used at a
concentration of 20 μM for all experiments. ATP, P-ATP, and PKA were used
at various concentrations, as indicated in Fig. 3 and SI Appendix, Fig. S5.
Reactions were incubated at room temperature (∼23 °C) for 5–20 min. The
zero-time control did not contain PKA and was incubated for 20 min. At the
end of each incubation a 2-μl aliquot was spotted onto a SIL/UV254 plastic
TLC sheet (Macherey-Nagel) and dried in a hot air stream. Once all samples
had been loaded, the sheet was developed in a mixture of l-butanol, pyri-
dine, acetic acid, and water (15:10:3:12 vol/vol). The relative densities of the
spots corresponding to the dephospho- and phospho-forms of TAMRA-
kemptide were quantitated by densitometry (ImageJ). To obtain relative
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densities, the total density of each spot, obtained following subtraction of
the background, was divided by the sum of the densities of the two spots
corresponding to the dephospho- and phospho-forms for that condition.

Statistics. Data are displayed as mean ± SEM, with the number of experi-
ments indicated in the figure legends. For the electrophysiological record-
ings, n represents the number of patches; n = 5–38. For the enzymatic
activity assays, n represents independent technical replicates; n = 3. All data
were included in the analysis.

Data Availability.Data generated and analyzed over the course of the current
study are included within the paper and SI Appendix.
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