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Cystic fibrosis results from mutations in the cystic fibrosis trans-
membrane conductance regulator (CFTR) chloride channel, leading to
defective apical chloride transport. Patients also experience over-
activation of inflammatory processes, including increased calcium
signaling. Many investigations have described indirect effects of
calcium signaling on CFTR or other calcium-activated chloride chan-
nels; here, we investigate the direct response of CFTR to calmodulin-
mediated calcium signaling. We characterize an interaction between
the regulatory region of CFTR and calmodulin, the major calcium sig-
naling molecule, and report protein kinase A (PKA)-independent CFTR
activation by calmodulin. We describe the competition between cal-
modulin binding and PKA phosphorylation and the differential effects
of this competition for wild-type CFTR and the major F508del mutant,
hinting at potential therapeutic strategies. Evidence of CFTR binding
to isolated calmodulin domains/lobes suggests a mechanism for the
role of CFTR as a molecular hub. Together, these data provide insights
into how loss of active CFTR at the membrane can have additional
consequences besides impaired chloride transport.

calmodulin | cystic fibrosis | NMR | phosphorylation |
membrane potential assay

In airway epithelia, transport of chloride into the lumen of the
airways is followed by water movement and allows normal
clearance of the respiratory system to prevent lung infections.
This chloride flux is maintained by cAMP-activated cystic fibrosis
transmembrane conductance regulator (CFTR) (1) and calcium
ion-activated chloride channels (CaCCs); the separation between
activation pathways of these channels was recently questioned,
however (2, 3). In cystic fibrosis (CF), a disease caused by mu-
tations in the CFTR gene, lack of normal fluid transport results
in a dehydrated airway surface liquid (ASL) layer that leads to
mucus accumulation and frequent lung infections. Calcium sig-
naling is the major regulatory pathway of airway physiology be-
cause increased intracellular calcium is the primary signal for
fluid secretion (4). Despite early investigations finding no evi-
dence for calcium signaling directly activating CFTR (5), recent
studies have focused on the interplay between the cAMP and
calcium pathways in CFTR activation and function (6, 7), in-
cluding the role of protein kinase C (PKC) phosphorylation on
CFTR activation and PKA activation by calcium-activated ade-
nylate cyclases (8).

CFTR activation by the cCAMP pathway is well established in
the literature (9-11). Together with ATP binding by the nucleo-
tide-binding domains (NBDs), phosphorylation of NBD1 and the
200-residue regulatory (R) region facilitates CFTR trafficking and
channel opening (1, 2, 12, 13). R region is an intrinsically disor-
dered segment of the CFTR that samples multiple conformations
under physiological conditions. It is responsible for most of
CFTR’s regulatory intramolecular and intermolecular protein—
protein interactions (14). Diverse binding elements of R region for
various partners are conserved and controlled by phosphorylation.
Nonphosphorylated R region interacts with NBD1 via helical
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elements, whereas PKA-phosphorylated R region loses helical
propensity and binds to 14-3-3 via shorter extended segments.
Because these binding segments are accessible and largely in-
dependent from each other, R region can interact with more than
one partner at a time. Consequently, it can integrate different
regulatory inputs via transient, dynamic interactions (14).

CFTR is located on the apical surface of epithelial cells and is
a key component of a macromolecular signaling complex that
involves sodium and potassium channels, anion exchangers,
transporters, and other regulator proteins and molecules (11).
Store operated calcium channel Orail was also found in the
same microdomain (15); because mutations in CFTR affect
Orail channel function (15), Orail is likely to be part of the
same complex. Interaction between endoplasmic reticulum
(ER)-resident stromal interaction molecule 1 (STIM1) and
Orail form a membrane contact site, a critical junction between
the ER and plasma membrane. This STIM1:Orail interaction
activates the store operated calcium entry (16) and localizes ER
and plasma membrane calcium channels in close proximity to
CFTR, resulting in local elevation of calcium levels. Calcium-
regulated interaction between CFTR and other membrane pro-
teins is thus very likely. One recent example demonstrates that
the potassium channel KCa3.1 interacts with CFTR in a calcium-
dependent manner (17).

Calcium signaling is tightly coupled to calmodulin, a multi-
functional intermediate messenger that translates calcium signals
to regulatory calcium-dependent protein—protein interactions
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with various targets (18, 19). It consists of two lobes, each with
two calcium-binding EF-hand motifs, and a connecting linker
region (20). Calmodulin recognizes very diverse substrate se-
quences categorized (e.g., IQ, 1-10, 1-14, and 1-16 motif clas-
ses) based on key residues of the interaction (21, 22). Moreover,
it can interact with its partners in two different binding confor-
mations (23). In the canonical binding mode, calmodulin wraps
around the substrate with high (nanomolar) affinity (24), whereas
in the alternative binding conformation the two lobes can bind to
two separate sequences independently and bridge over larger
distances, usually with weaker (micromolar) affinity (25-27). Most
calmodulin substrates use the canonical interaction mode, but,
interestingly, membrane channels such as the calcium channel
Orail (25), the sodium channel Nay1.5 (26), and the potassium
channel Kv7.1 (27) use the alternative calmodulin-binding mode.
In this study, we investigated the direct effect of calcium sig-
naling on CFTR, focusing on the consequences of calmodulin
binding for CFTR activation and function. We demonstrate that
calmodulin interacts directly with the R region of CFTR in a cal-
cium- and phosphorylation-dependent manner with ~25 pM affin-
ity. Calcium-loaded calmodulin binding and PKA phosphorylation
at three phosphorylation sites are mutually exclusive processes.
Imaging on both primary tissue and cells overexpressing CFTR and
calmodulin shows that the two proteins colocalize at the apical
membrane. Patch-clamp experiments provide evidence that cal-
cium-loaded calmodulin triggers an open probability similar to that
observed for PKA phosphorylation, suggesting that calmodulin
binds directly to full-length CFTR. We found that both wild-type
and F508del CFTR can be activated by increased intracellular
calcium level in a cellular context in the absence of PKA stimula-
tion. Interestingly, following PKA stimulation, intracellular calcium
release decreases the activity of wild-type CFTR, whereas F508del
CFTR function can be further activated by elevated level of cal-
cium, a difference that we attribute to the likely different phos-
phorylation states of the two proteins. Calmodulin-binding—
deficient R-region mutant CFTR displayed a decreased response to
calmodulin. Results of single-lobe calmodulin experiments and
measured binding affinities are consistent with calmodulin acting as
a binding bridge to other components of calcium signaling path-
ways. Thus, CFTR activity may also be regulated by large cal-
modulin-containing macromolecular complexes involved in cellular
ion homeostasis. Together, these results open avenues for treat-
ment of CF, synergize the cAMP and calcium signaling regulatory
pathways for CFTR, and deepen our understanding of how CFTR
activation is tuned by different internal and external stimuli.

Results

The R Region of CFTR Binds to Calmodulin. Given the roles of CFTR
in regulation of multiple channels and the known importance of
the R region as a protein interaction hub, we used a variety of
computational approaches to predict protein-binding sites within
the R region and to identify partners for experimental studies.
Prediction of calmodulin-binding sites using CaMBTPredictor
(28) identified a minor and a major binding segment centered at
residues 705 and 780, respectively, and recognition motif search
using Calmodulin Target Database (22) found an 1Q-like motif
(with a conservative I/L substitution in the IQ motif: IQXXXR)
between residues 763 and 774, which contains the S768 phos-
phorylation site (29, 30) (Fig. 14). To experimentally characterize
the R-region-calmodulin interaction, we performed nuclear mag-
netic resonance spectroscopy (NMR) proton-nitrogen—carbonyl
triple resonance (HNCO) experiments on isolated human R region
(amino acids 654-838; F833L, a polymorphism with enhanced
solubility, "*C'*N-labeled) in the presence and absence of
unlabeled human calmodulin (amino acids 1-149; Fig. 1 and
Fig. S1). Many known IQ motifs are calcium-independent
binding motifs (21). Thus, we compared spectra with and without
40 uM free calcium ions (Materials and Methods). Because the
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Fig. 1. Predicted and experimental calmodulin interaction profile of human
R region of CFTR. (A) Calmodulin-binding site prediction using (Top) the
motif search algorithm of the calmodulin target database (22) identifying an
1Q-like motif at residues 736-773 and (Bottom) the residue-specific in-
teraction prediction of CaMBTPredictor (28). Shading correlates with higher
predicted value. (B-/) NMR evidence for direct calmodulin binding to the
CFTR R region. (B, C, F, and G) Peak volume ratios and (D, E, H, and /)
combined "H, "3C, and "°N chemical shift changes (in hertz) with and without
calmodulin in the (B-E) presence and (F-/) absence of free calcium ions. Peak
volume ratios lower than 1 represent R-region segments that experience
direct or indirect effects of the interaction. Stars represent PKA phosphor-
ylation sites on R region in the nonphosphorylated (empty stars; B, D, F, and
H) and PKA-phosphorylated state (solid stars; C, E, G, and /).

predictions included phosphorylation sites, we also investigated
the phosphorylation dependence of the interaction. Comparison
of R-region HNCO spectra shows that calmodulin addition leads
to significant changes of NMR resonance intensities and chem-
ical shifts, providing evidence for R-region—calmodulin interac-
tions. Furthermore, the interaction strength is modulated by
both calcium and R-region phosphorylation. Three segments of
the nonphosphorylated R region (amino acids 659-671, 700-715,
and 760-780) display significant decrease in signal intensity in
the presence of calcium-loaded calmodulin (Fig. 1 B and D). In
the absence of added calcium (Fig. 1 F and H) or when R region
is PKA-phosphorylated (Fig. 1 C and E), primarily one of these
sites (amino acids 760-780) has reduced signal upon calmodulin
addition. Furthermore, the signal loss is decreased, indicative of
significantly weaker interaction. Based on chemical shift
changes, the binding affinity of the amino acids 760-780 site is
the strongest among the three segments. These chemical shifts
decrease by over an order of magnitude in the absence of cal-
cium or with PKA phosphorylation. No signal loss is observed
upon addition of calmodulin to PKA-phosphorylated R region in
the absence of calcium (Fig. 1 G and /). The intrinsically disor-
dered R region samples various conformations, but published
NMR chemical shift data indicate that the three calmodulin-
binding segments have a significant amount of helical character,
even without a partner (31). Binding of calcium-loaded cal-
modulin to nonphosphorylated R region causes the chemical
shifts of these segments to move closer to values consistent with
a-helical structure (Fig. S2), indicating a coil-to-helix transition.
This evidence that the segments assume a helical conformation
when bound to calmodulin is in good agreement with previous
structural studies showing that calmodulin recognizes most of its
partners in a helical conformation.

R Region Prefers Alternative Calmodulin-Binding Mode. Because

calmodulin interacts with its substrates in two major modes, the
canonical clamping mode and the alternative bridging mode
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(Fig. S34), we investigated binding of R region to isolated cal-
modulin lobes using NMR. R-region HNCO spectra were mea-
sured with and without full-length, N-terminal or C-terminal
lobes of calmodulin in the presence (Fig. 2. A-C and Fig. S4 4
and B) or absence (Fig. 2 D-F and Fig. S4 C and D) of calcium
ions. Interactions of full-length calmodulin and individual lobes
display very similar peak intensity change trends and the degree
of intensity change with full-length versus N or C lobe are pos-
itively correlated with correlation coefficients higher than 0.94
(Fig. 2 G and H) under conditions expected to saturate binding.
Because the canonical binding mode requires simultaneous
binding of both lobes, these data indicate that individual lobes
are sufficient for the interaction and that the alternative binding
mode is operative. We used biolayer interferometry (BLI) to
measure the kinetic parameters and the binding constants of the
calmodulin—R-region interaction in the presence and absence of
calcium (Fig. 3). R region has a binding affinity of 25.7 + 7.7 uM
for calcium-loaded calmodulin, whereas lack of calcium weakens
this interaction by more than an order of magnitude. The mi-
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Fig. 2. R-region binding to N and C lobes of calmodulin. NMR peak volume
ratios (bar graph) for the interaction of the nonphosphorylated R region
with full-length (A and D), N lobe (B and E), or C lobe of calmodulin (C and F)
in the presence (A-C) and absence (D-F) of calcium. Trend lines (black) are
calculated using a Savitzky-Golay smoothing filter with a window size of 25
residues and a third-order fitting polynomial. (G and H) Correlation be-
tween the peak volume ratios for binding of full-length calmodulin and
individual lobes in the presence (G) and absence (H) of calcium. Linear fit
of each dataset and the corresponding Pearson correlation coefficient are
presented.
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Fig. 3. R-region—calmodulin kinetic parameters and binding constants.
(A) Biolayer interferometry (BLI) data in the presence of calcium using
4.38 pM (blue), 8.75 pM (green), and 17.5 pM (red) calmodulin. (B) BLI data
using 8.75 uM (orange), 17.5 pM (blue), 35 uM (green), and 70 pM (red)
calmodulin in the absence of calcium. Curve fitting was performed using
global fitting, and the best-fitted curves are displayed as a line graph (black).
(C) Fitted parameters for dissociation constants (K values) and on and off
rates (Kon, Kore) for both experiments.

cromolar affinity is consistent with other partners binding cal-
modulin in the alternative mode (25, 26).

Interestingly, all three of the R-region segments identified
above are involved in interactions with all three calmodulin
constructs (Fig. 2 A-C and Fig. S4 A and B). Together, the re-
sults are consistent with the segments being direct binding motifs
and with the two lobes being able to substitute for each other.
Calmodulin lobes are not identical; therefore, to further char-
acterize the calmodulin-binding mode and get residue-specific
binding information, we performed NMR heteronuclear single-
quantum coherence (HSQC) titration experiments on full-length
calmodulin (amino acids 1-149, '*C'*N-labeled) in the presence
of increasing amount of R region (Figs. S5 and S6). Comparison
of chemical shifts revealed that hydrophobic residues in the ca-
nonical binding pocket are the most sensitive to R region. No-
tably, the two lobes have different binding behaviors. Residues in
the N-terminal lobe have more significant chemical shift changes
and respond to lower R-region concentration (Fig. S3B), sug-
gesting a slightly higher affinity. We also performed NMR ex-
periments using I5N-labeled calmodulin and unlabeled R region.
These experiments demonstrate that calcium enhances the in-
teraction (Fig. S7B) and that R-region phosphorylation (Fig.
S7C) significantly decreases the interaction, such that calmodulin
shows no binding to PKA-phosphorylated R region in the ab-
sence of added calcium (Fig. S7D).

Calmodulin Modulates R-region Phosphorylation. To examine
whether calmodulin binding to CFTR affects the ability of PKA
to phosphorylate R region, we compared the phosphorylation
kinetics of isolated R region in the absence and presence of
calcium-loaded calmodulin. We used short HSQC experiments
and followed phosphorylation by monitoring peaks correspond-
ing to the phosphorylated S660, S670, S700, S712, S737, S753,
S768, S795, and S813 amide groups. Comparison of the kinetic
curves (Fig. 44) for isolated R region revealed that the phos-
phorylation rate at each site depends only on the correspondence
between the primary sequence and the PKA consensus recog-
nition motif. This confirms that the R region is intrinsically
disordered without significant stably formed structural elements
that might sterically impede PKA phosphorylation. S768 is
phosphorylated most quickly, with the best match for the PKA
recognition sequence. The phosphorylation rate decreased
according to the following order: S768, S660, S737, S795, S712,
S$700, and S813 (Fig. 4B). No phosphorylation was detected on
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Fig. 4. Calmodulin effect on PKA phosphorylation of R region. (A) Indi-
vidual PKA phosphorylation sites of R region (660, 670, 700, 712, 737, 753,
768, 795, and 813) were followed on proton-nitrogen correlation spectra
(HSQCQ) upon addition of catalytic subunit of PKA in the presence (red) and
absence (gray) of calmodulin. HSCQ spectra were collected every 10 min for
1,260 min consecutively. Therefore, each point represents the phosphoryla-
tion level at the start of the 10-min data point. Experimental noise level is
indicated by dashed line. (B) Relative phosphorylation rates were calculated
from the NMR experiments as a reciprocal of time needed to achieve 50%
phosphorylation relative to the maximum reached in the reaction. Rates
were normalized to the fastest site (5768) in the absence (gray) and presence
(red) of calmodulin. Triangles indicate sites that were not phosphorylated
under the experimental conditions during the measurement length. Error
bars correspond to the experimental uncertainty.

the two monobasic sites (S670 and S753) during the measure-
ment time (Fig. 4B). Addition of calmodulin and calcium dras-
tically reduces the phosphorylation rate (Fig. 44) at sites that
interact with calmodulin. Consequently, S768 phosphorylation
was completely, S660 phosphorylation was largely (8.9-fold), and
S712 was significantly (1.2-fold) inhibited by calmodulin (Fig.
4B). The PKA phosphorylation rates at other sites were un-
changed or slightly increased (Fig. 4 A and B), probably due to
the lower number of accessible substrates for the kinase in this
closed system. Interestingly, the similar phosphorylation rate of
S700 in the apo and complex form argues that the interaction is
dynamic and the second site has the smallest contribution to the
complex formation that was compensated by the higher PKA
activity. Because PKA phosphorylation of R region directly ac-
tivates the channel (32), these data imply that calmodulin
binding should also have a direct effect on CFTR activity, either
inhibiting it or mimicking the effect of phosphorylation and
enhancing it.

Increased Intracellular Calcium Enhances CFTR Activity. To test these
alternative hypotheses and characterize the effect of calcium-
loaded calmodulin on full-length CFTR activity, we manipulated
the intracellular calcium and cAMP level in HEK-293 cells stably
expressing CFTR. Cells with either wild-type or F508del mutant
CFTR were used, both pretreated with VX-809 for 24 h to in-
crease cell surface CFTR (33, 34). Channel activity was followed
using a membrane potential-sensitive fluorescence dye (FLIPR)
developed to monitor ion channel activity (35). Specificity was
ensured by testing CFTR inhibitor-172 response. Intracellular
calcium concentration and tightly related calmodulin activity were
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modulated by addition of thapsigargin (a SERCA pump antagonist
that causes calcium release from the ER) or 1,2-bis(o-amino-
phenoxy)ethane-N,N,N',N'-tetraacetic acid tetra(acetoxymethyl) es-
ter (BAPTA-AM) (a calcium chelator). PKA phosphorylation was
initiated using the cCAMP agonist, forskolin. This assay was proven
to accurately measure CFTR function in previous studies using
HEK-293 cells (35) and in our control experiments.

Our in vitro results show that calcium-loaded calmodulin
binding and PKA phosphorylation at S660, S712, and S768 are
mutually exclusive processes, suggesting that the order of cal-
cium and cAMP signaling may determine which process defines
CFTR activity in cells. Thus, in cells, we first tested the effect of
sequential addition of thapsigargin followed by forskolin (Fig. 5
A, C, E, and F). Elevation in cytosolic calcium significantly
stimulated channel activity in both wild-type and F508del mutant
CFTR-expressing cells (Fig. 5 E and F). Addition of the DMSO
control or BAPTA-AM had no effect on CFTR function. Fol-
lowing calcium pathway activation by thapsigargin, subsequent
forskolin addition further increased CFTR activity. Maximal
CFTR activity for both wild-type and F508del CFTR was the
same whether or not thapsigargin was applied first (Fig. 5 4 and
C). More significantly, fully PKA-stimulated or partially PKA-
and calcium-stimulated CFTR has the same magnitude of
channel activity. Based on our in vitro results and the expectation
that calcium release leads to calmodulin binding to the R region,
our interpretation of these exciting data is that calmodulin
binding mimics R-region phosphorylation in this context and that
both have a direct stimulatory effect on CFTR activity with the
two processes being roughly additive. Removal of the calcium
ions from the extracellular bath eliminates CFTR responses to
any treatments affecting intracellular calcium concentration (Fig.
5 E and F), reflecting diminished calcium signaling.

Second, we tested the reverse-order stimulation, enhancement
of PKA phosphorylation followed by activation of calcium sig-
naling (Fig. 5 B, D, and G). Interestingly, elevated intracellular
calcium levels modestly reduced wild-type but increased F508del
CFTR activity (Fig. 5 B and D). Assuming that the activation of
channel function by calcium is mediated by calmodulin binding
of R region, these data suggest that crucial phosphorylation sites
are not fully phosphorylated in F508del CFTR. In contrast, we
speculate that, in wild-type CFTR, full phosphorylation at the
three critical phosphorylation sites totally abolishes calmodulin-
related CFTR activation (Fig. 5B). The modest reduction ob-
served for wild-type CFTR could be explained by internalization
of the calcium-activated CFTR. Recent studies have found that
calcium-loaded calmodulin initiates endocytosis (36) and ciga-
rette smoke-induced elevation in intracellular calcium levels
triggers membrane turnover and therefore decreased CFTR
activity (7). We also confirmed the findings using a lower for-
skolin concentration, to show that the absence of a calcium re-
sponse is not because the assay has reached saturation (Fig. 5B).
In contrast, F508del mutant CFTR is known to have defective
forskolin-mediated phosphorylation on S660 (37) and possibly
on other PKA sites; thus, it is still able to bind calmodulin at
elevated calcium levels, resulting in stimulation of activity (Fig. 5
D and G).

R-region Mutant CFTR Shows Altered Calmodulin Activation. We
interpreted the results of our FLIPR membrane potential assays
in terms of direct binding of calcium-loaded calmodulin to
CFTR R-region activating nonphosphorylated full-length wild-
type and F508del CFTR. Because knocking down or silencing
calmodulin perturbs many important biological processes with se-
rious viability issues, to provide evidence for this hypothesized direct
interaction between CFTR and calmodulin in cells and validate our
in vitro results and the computational prediction, we introduced
mutations in R region designed to modify calmodulin binding
around the most prominent binding site, S768. We exchanged S768
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Fig. 5. CFTR response to calcium. (A-D) Representative traces of wild-type (A and B) and F508del (C and D) CFTR activity in response to addition of DMSO,
thapsigargin, and forskolin in various orders, monitored by the FLIPR membrane potential assay. To verify the CFTR-specific response, each experiment in-
cluded a final treatment with CFTR inhibitor-172. Fluorescence intensities were normalized to the average of four parallel samples receiving only DMSO
treatment. Times for the addition of DMSO (gray), thapsigargin (red), forskolin (blue), and CFTR inhibitor-172 (green) are marked by dashed lines. Traces were
recorded in a bath containing extracellular calcium ions. (E and F) Box plot representation of wild-type (E) and F508del mutant (F) CFTR peak responses before
forskolin treatment as shown in A and C. Cells were incubated in an environment of decreased (BAPTA-AM), basal (DMSO), or increased (thapsigargin) in-
tracellular calcium concentration in the presence or absence of extracellular calcium ions. Each peak response was normalized to the corresponding DMSO
peak response. In total, five biological with four technical replicates were measured, and significance was determined using one-way ANOVA. (G) Box plot
representation of wild-type and F508del mutant CFTR response after forskolin treatment as presented in B and D. Response was calculated as a difference
between the last point of the previous block (forskolin) and the first point of the following block (inhibitor). The results of two forskolin concentrations are
displayed for wild-type CFTR to demonstrate that the lack of thapsigargin peak is not due to reaching the fluorescent limit of the assay. Four biological with

four technical replicates were measured in each case.

to alanine (S768A) or deleted 21 residues between 760 and 780
(A760-780) in both wild type and F508del full-length CFTR
backgrounds. Our NMR data show that the region 760-780 is most
affected by calmodulin binding; thus, we predicted the deletion of
this region would inhibit calmodulin binding. CFTR trafficking is
phosphorylation dependent (1, 12); therefore, to avoid reduced
trafficking caused by these mutations and to test the effect of in-
creased surface presence of CFTR, cells transfected with these
constructs were treated with VX-809, a CFTR corrector (33, 34), or
DMSO control. Both S768A and A760-780 mutants in the wild-
type background showed reduced activity (Fig. 6) upon activation
with thapsigargin (Fig. 6B) or forskolin (Fig. 6C). The forskolin
response is significantly less affected than the thapsigargin response,
especially for A760-780, which has almost no thapsigargin response.
The amounts of surface expression (band C) were not significantly
different for wild type and S768A and A760-780 in the wild-type
background in VX-809-treated and untreated cells (Fig. 6 E and F).

Previously, S768A has been shown to have higher activity than
wild-type CFTR upon stimulation by only PKA (38); however, in
our assay after thapsigargin treatment, S768A CFTR has a 15—
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20% reduction in forskolin response, but a 40-50% decrease in
thapsigargin response. We attribute the reduction in forskolin re-
sponse to the loss of one of the activating phosphorylation sites and
the reduction in the thapsigargin response to perturbation of the
calmodulin-binding site. The A760-780 mutant has 0-40 and 20~
60% remaining activity upon thapsigargin and forskolin activation,
respectively, compared with wild type. Based on its central role in
calmodulin binding, it is not surprising that the deletion caused a
significant effect on the thapsigargin response, and these results
provide in-cell validation of the direct binding of calmodulin to
CFTR. The reduction of forskolin response is probably due to a
combination of the missing phosphorylation site, the loss of acti-
vation properties of this segment in proper CFTR function, and the
altered intramolecular and intermolecular interaction network.

All of these in-cell experiments support the importance of the
functional interaction between calmodulin and CFTR. Compari-
son of differences between wild-type and F508del behavior in
response to sequential activation of the cAMP pathway and cal-
cium signaling using the same R-region mutants in the F508del
background would also have been valuable. Unfortunately, in
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Fig. 6. FLIPR membrane potential assay on wild-type and R-region mutant
CFTR. (A) Representative traces of wild-type (blue), S768A (green), and
A760-780 (red) mutant CFTR response to thapsigargin, forskolin, and CFTR
inhibitor-172. Each curve is normalized to the average of four corresponding
DMSO-treated traces. (B-D) Bar graph representation of the absolute value of
thapsigargin (B), forskolin (C), and inhibitor (D) responses. Wild-type (blue),
S768A (green), and A760-780 (red) mutant CFTR-expressing cells were pre-
treated with DMSO or VX-809 for 24 h before the experiment to investigate the
effect of increased surface representations. Three biological with four technical
replicates were measured in each case. Asterisks indicate significance differ-
ences with P values smaller than 0.05 (*), 0.01 (**), and 0.001 (***), respectively.
(E) Representative Western blot developed against CFTR and loading control
calnexin (CNX) to demonstrate evidence of expression and maturation of wild-
type and R-region mutant CFTR. Samples were collected after experiments from
DMSO-treated control wells. (F) Analysis of mature CFTR (band C) intensities
presented on E. Intensities were normalized to the average of DMSO-treated
wild-type samples. Statistical analysis of the corresponding bands of the three
biological replicates show no significant (ns) differences between wild-type,
S768A, and A760-780 mutant CFTR expression levels.

combination with F508del, these R-region mutants had severe
trafficking defects (Fig. S8); the measured signal was below the
sensitivity of the assay. CFTR trafficking is a phosphorylation-
dependent process (1, 12) with binding of phosphorylated R re-
gion to 14-3-3 contributing to forward trafficking. This provides a
potential explanation for the loss of cell surface CFTR upon
elimination of the S768 site through S768A substitution or 760—
780 deletion in the F508del context.

Calmodulin and CFTR Colocalize Under the Apical Membrane. Anti-
body binding was used to compare the calmodulin and CFTR
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distributions at apical and basal membrane regions in fixed
samples of fully polarized bronchial primary tissue from three
different non-CF patients (Fig. 74 and B). Although calmodulin
is a ubiquitous cellular calcium sensor and is present throughout
the cell, the Pearson correlation coefficient for calmodulin and
CFTR distributions under the apical membrane is 0.33 + 0.13,
indicating that some calmodulin is near CFTR, whereas the
correlation coefficient decreases to 0.05 + 0.08 at the opposite
side of the cell showing no colocalization. To investigate whether
activating the calcium signal has any effect on the local cal-
modulin concentration, we pretreated the cells with thapsigargin
(Fig. 7B). We found no evidence during the incubation time for a
major effect on the local calmodulin concentration as correlation
coefficients for thapsigargin and vehicle-treated cells were not
significantly different. This finding is consistent with our devel-
oping understanding of the role of calmodulin with the interaction
being regulated by both calcium and the phosphorylation state of
R region but not modulated by localization changes requiring
protein transport. In addition to the imaging on primary tissue, we
performed live-cell imaging using bronchial cells with cotrans-
fected, fluorescently labeled mCherry-CFTR and eGFP-calmod-
ulin. Results clearly demonstrate plasma membrane colocalization
(Fig. 7 C-E).

Calcium-Loaded Calmodulin Directly Activates CFTR. To provide
further evidence for direct interaction between calmodulin and
R region of full-length CFTR and to confirm that calcium-
loaded calmodulin can directly activate CFTR, we measured
CFTR activity in a patch-clamp experiment (Fig. 7 and Fig. S9).
An excised “inside-out” patch with no or basal CFTR phos-
phorylation was treated sequentially with Mg-ATP, calcium-
loaded calmodulin, and catalytic subunit of PKA (Fig. 7F and
Fig. S9). Data were recorded on three independent patches ex-
cised on different days, yielding virtually identical results. Only
patches that contained six or fewer CFTR channels were used for
further analysis. Addition of ATP alone to buffers containing
~1 pM free calcium did not result in any significant channel
openings, consistent with it being required but insufficient for
activation of CFTR. In contrast, calcium-calmodulin treatment
gave an open probability of 0.24 + 0.02, which was very similar to
the open probability of 0.26 = 0.03 measured following the
subsequent addition of PKA. The results indicate that CFTR
channel function can be triggered by calmodulin in the absence
of R-region phosphorylation. The subsequent addition of PKA
following calmodulin treatment did not significantly increase
activity of the channel (Fig. 7G). CFTR specificity was ensured
by calculating unitary current (5.32 + 0.32 pS), in good agree-
ment with previously reported values (6-10 pS) (Fig. 7 H and I).

Discussion

Cross-Talk Between Calcium and PKA Signaling for Activation of CFTR.
In this study, we present data supporting an interaction between
calmodulin and the R region of CFTR that is phosphorylation
and calcium concentration dependent. We performed NMR
experiments on purified proteins and observed chemical shift
changes indicative of a phosphorylation- and calcium-regulated
interaction between R region and calmodulin. Inhibition of PKA
phosphorylation in the presence of calmodulin, at the sites we
identified as calmodulin binding, demonstrates that the interaction
not only is direct but can interfere with other protein interaction
and enzymatic activity. The micromolar affinity measured using
BLI is consistent with an alternative binding mode for calmodulin,
and the affinity and fast k,, and k. rates are in line with expec-
tations for interactions of the disordered CFTR R region that are
transient and dynamic, as we previously demonstrated for a num-
ber of other R-region targets (14).

The biological significance of this dynamic interaction was
supported by imaging experiments in both primary tissue and

PNAS | Published online February 27, 2017 | E2091

wv
=]
=
-
wv
<
=
o

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613546114/-/DCSupplemental/pnas.201613546SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613546114/-/DCSupplemental/pnas.201613546SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1613546114/-/DCSupplemental/pnas.201613546SI.pdf?targetid=nameddest=SF9

wy)

0.8 = ns
*
€
(1] * ®
‘S 064 — °
N ) o0
. . .
(8) .’ o:e
C 04+ LT L) e :
(=] ] @
2 - = :
o - : ﬁe' 'e.
= 024 ® " ®ec00 -:
8 "e‘ o0 ® ‘ o‘
c o LT B
o mo ®
¥ 0.0+ ° o® st
o 0g2 )
(]
(=% ‘. o
-0.2 - -
I Apical Basal [ Apical Basal I
DMSO Thapsigargin
F 2s
1pA
MgATP P
Calmodulin
8um
PKA
0.3, '
um Sl l 30] z6
0.21 gzo% E al
© g 3 |
0.14 o 10I E 21
1 =1
0.0' e ot T g
8 pm g pm gpm MgATP +CaM +PKA 00 02 04 06
—_— —_— —_— Current (pA)

Fig. 7. Colocalization studies and single-channel recordings of CFTR currents. (A) A representative image of fully polarized primary bronchial cultures from
three different non-CF donors stained for CFTR, calmodulin (both via relevant antibodies), and nuclei (with DAPI) in two different orientations, side view (top
row) and apical view (bottom row). Apical and basal regions (in 5-pm depths from the membrane) analyzed for comparison are marked by white dashed line.
(B) Pearson correlation coefficients of the fitting of CFTR and calmodulin intensities in apical and basal regions with and without thapsigargin pretreatment.
Apical and basal colocalizations are significantly different (P < 0.0001), but there is no significant difference between vehicle and thapsigargin treatment. On
average, 10 cells per culture have been analyzed. (C-E) Live-cell imaging of human bronchial epithelial (16HBE140-) cells overexpressing eGFP-human cal-
modulin (C, green) and mCherry-CFTR (D, red) with (E) the overlay of the calmodulin and the CFTR channels. Regions where the two proteins colocalize
appear in yellow in (A) the apical membrane of the polarized primary cells and (E) the plasma membrane of the unpolarized 16HBE140— cells. (F) Repre-
sentative traces of CFTR channel currents from excised inside-out patches recorded in the presence of basic bath solution sequentially supplemented with Mg-
ATP, calmodulin, and catalytic subunit of PKA. Traces were recorded from the same patch estimated to contain six CFTR channels. Dashed line represents zero
current or all-channel closed state. (G) Normalized open probability for the recorded CFTR channels. The error bars represent the SDs of data collected for
three independent excised patch recording sessions. (H) Representative histogram of unitary-current event. The black line is a fit with two-term Gaussian

function. (/) Mean unitary current calculated based on fits of data such as in F; n = 24.

cotransfected cells that clearly show colocalization between the
two proteins at the apical membrane. We demonstrated the
contribution of this interaction to regulated CFTR channel ac-
tivity at the single-channel level by patch-clamp (ex vivo) studies
using CFTR-containing cell membranes, with activation of
channel function upon addition of purified calcium-loaded cal-
modulin. PKA addition slightly activates further the chloride
flux, indicating that calmodulin activates a PKA-sensitive chlo-
ride channel, such as CFTR. The anion selectivity and unitary
conductance of ~6 pS clearly identify the channel to be CFTR
(39). Our FLIPR fluorescence-based membrane potential assay
results using wild-type CFTR showed that activating the calcium
pathway leads to chloride-ion flux that depends on the presence
of CFTR and the phosphorylation state of the channel. Acti-
vating the cAMP-PKA-CFTR phosphorylation pathway alone
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or after a preceding calcium pathway stimulation displayed the
same total change in membrane potential that was used as a
measure of the chloride-ion flux (Figs. 5 and 8), suggesting that
the two pathways are converging on the same function.

In contrast, PKA-phosphorylated F508del mutant CFTR dis-
played additional calmodulin activation, indicating that its phos-
phorylation state is different from wild type. Although the
difference in phosphorylation between wild-type and F508del
CFTR was reported previously (37), the functional consequences
have not been fully explored. Our FLIPR membrane potential
assay data suggest that F508del CFTR does not reach full phos-
phorylation upon cAMP signaling probably because R-region
accessibility is reduced. The reduction is most likely due to al-
tered intramolecular interactions that result in higher R-region
binding affinity to other CFTR domains. In other words, F508del
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Fig. 8. Synergistic effect of calcium and cAMP signaling on CFTR. Schematic model of CFTR and nonspecified transporter and membrane channel under
various conditions. (A) Resting condition without any active signaling pathway. (B) Activated calcium pathway causes CFTR channel opening and membrane
protein association. (C) Calcium signal followed by cAMP signaling results in additional CFTR activation. (D) cAMP signal stimulates CFTR channel function.
(E) Calcium signal following cAMP activation has no additional effect on CFTR channel function, but can activate other membrane proteins. R region is
colored in blue, and calmodulin is colored in orange. Blue circles indicate PKA phosphorylation sites.

mutant CFTR is locked in a phosphorylation-deficient confor-
mation. The unexpected observation of calmodulin activation not
being strongly influenced by reduced accessibility of R region
requires further exploration.

Because knocking down or silencing calmodulin perturbs
many important biological processes with serious viability issues,
the specificity of calmodulin regulation of CFTR was confirmed
using CFTR mutants in the calmodulin-binding site. CFTR
constructs with calmodulin-binding site mutations display sig-
nificantly reduced response to calcium signaling, strongly in-
dicative of a direct interaction. These findings suggest that, upon
a calcium signal, calmodulin can activate CFTR immediately, but
the long-term stimulation can be further supported by phos-
phorylation activated by calcium-dependent adenylate cyclases
(8) or other processes (6). As a consequence, depending on the
duration of the calcium signal, wild-type CFTR can be either just
briefly activated by calmodulin or activated for a longer period
by initial calmodulin binding followed by PKA phosphorylation
beyond the time of the calcium signal. Addition of purified cal-
modulin to CFTR-containing membranes and activating cal-
modulin in cells both result in CFTR activation, with the total
CFTR activity being the same in samples exposed to just PKA or
calmodulin followed by PKA, indicative of calmodulin directly
interacting with CFTR in cells. Together, these data reveal the
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molecular basis underlying a calcium-dependent regulatory mech-
anism for the normal and major CF-causing mutant.

The site-specific NMR phosphorylation kinetics experiment
(Fig. 4) revealed an important aspect of the cross-talk between
cAMP and calcium signals on CFTR. Namely, the two most
rapidly phosphorylated PKA sites (S768 and S660) are also
found within calmodulin-binding sites, indicating that the two
signaling pathways are segregated at a very early stage of the
signaling process. In other words, mild PKA phosphorylation
that does not necessary activate the channel disconnects CFTR
from the calcium pathway. This layer of regulation by PKA may
be why CFTR is basally phosphorylated in many cases (29, 38)
and, depending on local conditions, why different basal phos-
phorylation patterns of CFTR exist (38). Since the early work of
Wilkinson et al. (29), there has been debate regarding the role of
different phosphorylation sites in CFTR channel function. Res-
idues S737 and S768 were reported to be inhibitory sites because
changing them to alanine lowers the 3-isobutyl-1-methylxanthine
(IBMX) requirement for channel activation (29); however, later
work questioned these findings (30). In our FLIPR membrane
potential assay setup, the forskolin concentration (10 pM) used
to achieve full activation and the lag time between drug addition
and the next time point read did not allow us to comment on the
kinetics of activation, but we observed a significantly decreased
total membrane potential change after forskolin stimulation for
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both S768A and A760-780 mutants lacking the possibility of
phosphorylation at residue 768, strongly indicative of a direct in-
teraction. Interestingly, the rank order of reported IBMX dose-
dependent data on serine-to-alanine mutants (29) matches within
error to our R-region phosphorylation kinetic results (Fig. 4), with
the exception of phosphorylation at 660 that was reported to have a
small effect but for which we see rapid phosphorylation. This dif-
ference may be due to NBD1 in full-length CFTR restricting access
to the 660 site for PKA. The interpretation of the negative cor-
relation between the rate of phosphorylation of a given residue
(5768 > S660 > S737 > S700, S712, S795 > S813) and the importance
in IBMX dose-dependent activation of the same residue (S768 <
S737 < S700 < S660, S795 < S813) (29) is not obvious based on
the current knowledge that exists on the role of R region in CFTR
channel regulation (10, 11, 14) and requires further investigation.

Considering the importance of calcium signaling in the regulation
of airway fluid secretion (4) and the fact that CF patients with im-
paired CFTR function have altered calcium concentration regula-
tion (40), it is not surprising that calcium signal-activated CFTR and
CFTR-regulated calcium signaling were recently the targets of many
studies (6, 8, 41). No publication, however, has reported this direct
calmodulin-CFTR interaction previously. Inactive, but basally
phosphorylated, CFTR that is incompatible with calmodulin binding
may dominate in other cellular systems, preventing observation of a
direct effect of calcium signaling on CFTR activation. However, in
BHK cells, CFTR was shown to be activated by carbachol, an agonist
of M3 muscarinic acetylcholine receptor causing elevated calcium
levels, even after the removal of 15 PKA and 9 PKC sites (6). Al-
though the data presented in that study support tyrosine phos-
phorylation as a major player in CFTR activation, wild-type CFTR
displayed only a 30% decrease in activity upon exposure of PP2A
and Src inhibitors. Interestingly, the 15SA-CFTR mutant lacking the
ability to be PKA-phosphorylated demonstrated no residual activity
under the same conditions (6). In the present study, we showed that
serine-to-alanine mutation at residue 768 results in decreased cal-
modulin binding, suggesting that the absence of 15SA-CFTR activity
could be also explained by reduced calmodulin binding.

Calmodulin Regulates Microdomain Assembly. A fascinating aspect
of the interaction between calmodulin and its substrates is the
different consequences of its two distinct binding modes. A number
of membrane channels and transporters in close proximity to
CFTR have been reported to interact with calmodulin using the
alternative binding mode in which calmodulin reversibly cross-links
two protein ligands (18, 23). These include Orail (25), the sodium
channel Nay1.5 (26), and the potassium channel Kv7.1 (27). This
cross-linking is expected to play a significant role in functional
regulation and in macromolecular complex assembly (23). The
finding that individual lobes give rise to identical NMR signal
perturbation as full-length calmodulin indicates that a single lobe
of calmodulin is sufficient to regulate CFTR and provides evidence
for CFTR using the alternative calmodulin-binding mode. More-
over, the measured binding affinity for this interaction is in good
agreement with other alternative binding mode substrates, but not
with canonical ligands (25). As a consequence, calcium signaling is
predicted to have a significant role in the regulation of CFTR
microdomain assembly by physically cross-linking channels and
transporters to CFTR (Fig. 8). In a recent study, KCa3.1 has been
shown to interact with CFTR in a calcium-dependent manner in-
volving calmodulin, supporting this model (17). These interactions
are likely part of a network among the membrane proteins within
the microdomain, either involving direct calmodulin interactions or
increased contacts due to the close and fixed proximity. A central
component of this network is the intrinsically disordered R region
of CFTR responsible for almost all of the regulatory intermolecular
protein interactions of CFTR (Fig. 8). Regulatory signals from
various sources converge on R region (1) and calmodulin in-
teraction may be one of the ways this information is distributed
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within the macromolecular complex to control and synchronize
ion channel and transport functions. Although activation of non-
phosphorylated F508del mutant CFTR by calmodulin was similar
to wild type, phosphorylated channels displayed completely oppo-
site responses in our VX-809—treated HEK-293 overexpressing cell
system. These results indicate altered phosphorylation and ac-
cessibility and therefore different interactions of R region in the
mutant protein. PKA phosphorylation completely decouples
calcium signaling from wild-type CFTR, but not the F508del
mutant, potentially enabling stimulation of other membrane
protein channels. For instance, this additional stimulus can in-
crease activity of the apical calcium channels, leading to an el-
evated local calcium concentration (23) that is associated with
the constant inflammation seen in CF patients (42, 43).

In conclusion, the results we described on the cross-talk between
calcium and cAMP signaling in CFTR channel function and reg-
ulation provide a detailed view of this interaction. Although no
evidence of the direct interaction between calmodulin and CFTR
has been described previously, differences in basal phosphorylation
patterns at the three interaction segments in various cell types and
under various conditions may provide an explanation. Importantly,
differences in phosphorylation patterns between wild type and
F508del may enable targeting of this interaction with small mole-
cules that prevent mutant CFTR from calmodulin binding. Based
on the ability of calmodulin to couple CFTR to other membrane
channels and transporters, including those in the ER accessible
even to CFTR that does not reach the plasma membrane, this
could modulate calcium signaling to reduce inflammation and
provide significant therapeutic benefits for patients.

Materials and Methods

A summary of the methods is provided here. Details are found in S/ Materials
and Methods.

Protein Expression and Purification. Human CFTR R region (654-838, F833L)
was expressed and purified as in ref. 31. Calmodulin full-length (149 resi-
dues) and N-terminal (1-80) and C-terminal (81-149) calmodulin lobes were
expressed in DB21 (DE3) CodonPlus RIL cells.

R-region Phosphorylation by PKA. Phosphorylation by the catalytic subunit of
cAMP-dependent protein kinase was monitored by mass spectrometry.

NMR Binding Experiments. R-region interaction measurements in the presence
or absence of full-length, N-lobe, and C-lobe calmodulin were carried out
using 'H'3C"*N-labeled R region and unlabeled partner at 1:2 molar ratio
with HSQC and HNCO spectra. Calmodulin interaction measurements in the
presence or absence of nonphosphorylated and PKA-phosphorylated R re-
gion were carried out using 'H'°N-labeled calmodulin and unlabeled part-
ner at 1:2 molar ratio using HSQC spectra.

Affinity Measurements. The Octet RED 96 system to obtain BLI data was used for
measuring kon, and ko rates between calmodulin and the R region of CFTR.

Phosphorylation Kinetics Measurements. R-region phosphorylation by PKA in
the presence and absence of calmodulin was followed using 'H'*C'*N-labeled
R region at 10 °C by measuring 10-min HSQC spectra.

FLIPR Membrane Potential Assay. CFTR functional studies were executed on
96-well plates according to Molinski et al. (35).

Multilayer Confocal Imaging. Primary bronchial epithelial cells as air-liquid
interface cultures were obtained from the lowa CF culture facility (44). Mouse
monoclonal anti-CFTR antibody and rabbit polyclonal anti-calmodulin anti-
body were used to probe the cells following fixing. Multilayer confocal scan
imaging (0.1 pm per layer) was performed using an Olympus 1X81 inverted
fluorescence microscope.

Live-Cell Imaging. CFTR knockout human bronchial epithelial cells 16HBE140—
(45) were transfected with eGFP-human calmodulin (46) and mCherry-CFTR
(47). Images were acquired using a Zeiss AxioVert 200M spinning disk
confocal microscope.
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Patch Clamp. Electrophysiological recordings were made on 16HBE140—
cells using Axopatch 200B amplifier and Digidata 1440A digitizer
(Molecular Devices).
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