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Chloride channel gating and trafficking of the cystic fibrosis transmem-
brane conductance regulator (CFTR) are regulated by phosphorylation.
Intrinsically disordered segments of the protein are responsible for phos-
pho-regulation, particularly the regulatory (R) region that is a target for
several kinases and phosphatases. The R region remains disordered follow-
ing phosphorylation, with different phosphorylation states sampling vari-
ous conformations. Recent studies have demonstrated the crucial role that
intramolecular and intermolecular interactions of the R region play in
CFTR regulation. Different partners compete for the same binding seg-
ment, with the R region containing multiple overlapping binding elements.
The non-phosphorylated R region interacts with the nucleotide binding
domains and inhibits channel activity by blocking heterodimerization.
Phosphorylation shifts the equilibrium such that the R region is excluded
from the dimer interface, facilitating gating and processing by stimulating
R region interactions with other domains and proteins. The dynamic con-
formational sampling and transient binding of the R region to multiple
partners enables complex control of CFTR channel activity and trafficking.

Introduction

The cystic fibrosis transmembrane conductance regula-
tor (CFTR) is a chloride channel in the apical mem-
brane of epithelial cells [1]. Mutations in CFTR result
in impaired chloride conductance across the plasma
membrane and are the basis of the genetic disease cys-
tic fibrosis [2]. Almost 90% of patients contain at least
one allele with a missing codon for Phe508 (F508del)
located in the first nucleotide binding domain (NBD1).
CFTR is regulated by phosphorylation primarily on
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its regulatory region (R region), which is an ~200-resi-
due, disordered segment of the protein [1,3]. While
CFTR is a chloride channel, it is a member of the
ABC family of transporters with significant homolo-
gies in the transmembrane domains and NBDs; the R
region, in contrast, is unique to CFTR. The following
minireview is not intended to be a comprehensive sum-
mary of the extensive and at times contradictory R
region literature. Instead, we focus on specific papers
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that highlight and enrich a mechanistic understanding
of how phosphorylation affects regulation of CFTR
by the R region.

R region structure

The N-terminal boundary of the R region is not pre-
cisely defined, due to lack of clarity for the C-terminal
boundary of the immediately N-terminal NBDI. Split
CFTR constructs lacking the R region (1-634, 838-
1480) traffic to the plasma membrane and conduct
chloride, suggesting that they contain a complete func-
tional NBDI1, and thus the N-terminal boundary of
the R region is ~N635 [4]. This is consistent with
NMR data demonstrating that the C-terminal residues
of an NBDI construct ending at G646 comprising
helix H9 (637-646) are in exchange with unfolded
states and that an NBDI1 construct ending at residue
L636 displays stable folding [5]. However, alignment
of NBD sequences from homologous ABC transport-
ers such as HisP and MalK to NBDI suggests that the
domain ends at residue S642 for an N-terminal R
region boundary of ~K643 [3]. The C-terminal bound-
ary of the R region is more defined (about D835), due
to confidence in predicting the start of the immediately
C-terminal membrane-spanning domain 2 (MSD2) [3].

The approximately 200 residues of the R region
spanning these boundaries have an amino acid compo-
sition that markedly differs from the rest of CFTR,
with more hydrophilic and charged residues. These
features led to early recognition that the R region may
be an intrinsically disordered region [6]. Since then,
CD spectroscopy [6-8], small angle X-ray scattering
(SAXS) [9] and NMR spectroscopy [10] have con-
firmed that the isolated R region does not have a sta-
ble three-dimensional fold or even stably formed
secondary structure. Disorder prediction software
shows definitive disordered segments separated by seg-
ments that are on the discrimination limit for folded
and disordered segments [9,11]. CD data agree on a
large fraction of random coil (30-95%) [6] with differ-
ent amounts of a-helical (5-46%) and P content. Dif-
ferent construct boundaries and experimental
conditions contribute to the inherent uncertainty; con-
structs with earlier N-terminal boundaries have more
a-helical content. SAXS can be used to discriminate
between folded, partially folded and random coil struc-
tures, and data for the R region indicate a substantial
component of random coil with some partial structure
[9], incompatible with totally random coil structure
[12].

While the R region is clearly disordered, it has frac-
tional structure and clear functional roles that lead to
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some degree of sequence conservation among CFTR
proteins of different species, from fish to human [13].
Disordered protein sequences lacking a three-dimen-
sional fold are not under evolutionary pressure to
maintain a constrained structure; consequently disor-
dered regions like the R region are much more vari-
able than folded protein domains such as the NBDs.
Nonetheless, not only are kinase recognition sequences
conserved in the R region [3], but the distances
between phosphorylation sites (i.e. relative positions in
the sequence) are also conserved [11]. This conserva-
tion, together with the identification of a number of
cystic-fibrosis-causing mutations within the R region
(www.genet.sickkids.on.ca), highlight the importance
of the R region for CFTR function and regulation,
including phosphorylation and potential conserved
interaction segments.

NMR is the most useful technique for providing res-
idue-specific information on intrinsically disordered
proteins [14]. Chemical shifts are sensitive to the local
electrochemical environment, with o and B carbon res-
onances particularly responsive to secondary structure.
R region secondary structure propensity estimated on
the basis of chemical shifts indicates transiently popu-
lated secondary structure elements (Fig. 1) [10]. The
highest propensities for the a-helix reach 30-40%, sug-
gesting that segments 648-670, 755-778 and 801-818
sample a-helical conformation up to 30-40% of the
time. The flexible and dynamic features of the R
region make crystallization of the R region impossible
and no single structural representation can capture the
R region conformational ensemble. However, X-ray
structures of NBD1 containing some N-terminal resi-
dues of the R region (called the regulatory extension
or RE) provide snapshots of the structural heterogene-
ity of this portion of the R region [15,16] and confirm
the helical propensity of the N-terminal segment
observed by secondary structure propensity (Fig. 1).
The orientation of the RE with respect to the NBDI1
and the helical boundaries differs in the crystal struc-
tures (1R0X, 1XMI) (Fig. 2) while the core NBDI
structure remains nearly unchanged [15,16].

These studies demonstrating disorder in the isolated
R region are relevant to understanding the R region
within the context of full-length CFTR. Electron
microscopy of CFTR [17] has no discrete density for
elements other than the MSDs and NBDs homologous
to Sav1866, a bacterial ABC transporter, supporting
the disordered nature of the R region. Attempts to
computationally model the R region within the context
of homology models of CFTR have been confounded
by its disordered nature. Two published models have
completely distinct conformational predictions [18,19]
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Fig. 1. Key elements of CFTR R region in (A) the non-phosphorylated and (B) the phosphorylated states. Bar graphs represent the
secondary structure propensity (SSP). Positive values correspond to helical structure sampling, while negative values refer to extended
conformations. Horizontal bars represent R region binding segments to NBD1 and 14-3-3 [10,58]. The lengths of 14-3-3 interaction
segments are set to six residues to match mode | binding to 14-3-3. Kinase phosphorylation sites of PKA (star), PKC (circle) and AMPK
(triangle) are marked. Both the secondary structure and binding experiments were carried out on non-phosphorylated (open symbols) and

PKA-phosphorylated (solid symbols) isolated R region (654-838).

for the R region. While these structures are potential
conformations that the disordered R region might
sample, they are wunlikely to represent a stable
structure populated for a significant fraction of the
time. Importantly, the sequence characteristics and
functional role as a target for post-translational
modification and as a binding partner for multiple

Fig. 2. Heterogeneity of CFTR

R region:NBD1 interactions. N-terminus of
the R region (red, residues 638-671) in
different NBD1 crystal structures (A, TROX;
B, 1XMI) oriented to show the NBD
dimerization interface [15,16]. The core
NBD1 (surface representation) is colored as
a gold gradient reflecting the proximity to
atoms in the other NBD1 molecule within
the NBD1:NBD1 homodimer structure
(2PZE). The flexible regulatory insertion (RI)
of NBD1 that is in different conformations
in the two structures is shown as gray
helices and is not part of the surface
representation.
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intramolecular and intermolecular targets (see below)
all strongly point to the disordered nature of the R
region. Regulatory regions in proteins are often disor-
dered because they can easily adapt to different pro-
tein surfaces and are accessible to enzymes carrying
out post-translation modifications [20]. Thus they can
be sensitive to input from many partners and provide
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fine-tuning for signaling [21]. In the case of CFTR R
region, phosphorylation is a dominant regulatory
modification.

R region phosphorylation

Protein kinases and phosphatases play a crucial role in
the regulation of CFTR primarily via controlling the
level of R region phosphorylation. There is a signifi-
cant body of literature on R region phosphorylation,
reflecting the critical importance as well as the com-
plexity and lack of thorough understanding of the
phospho-regulatory effects, only a small subset of
which can be covered here. Several protein kinases,
including protein kinase A (PKA), protein kinase C
(PKC) and AMP-activated protein kinase (AMPK),
are known to phosphorylate the R region both in vitro
and in vivo. Of the 19 PKA recognition sites predicted
in the R region, 10 sites were confirmed in vitro (S660,
S670, S686, S700, S712, S737, S753, S768, S795, S813)
(Fig. 1) [1,10,22,23] and six of these sites (S660, S700,
S712, S737, S795, S813) were found to be phosphory-
lated on full-length CFTR purified from cells [2,23].
Most of these phosphorylation sites stimulate channel
activity in an additive/synergistic way; however, S737
and S768 were reported under certain conditions to be
inhibitory [24]. None of these sites individually seems
to be essential for CFTR regulation and mutating one,
two or three of them (S660, S737, S795, S813) has lit-
tle affect on chloride channel activity. In contrast, one
study showed that mutating these four sites abolishes
most of the cAMP-dependent response [6]. Other
studies showed that more sites had to be mutated to
abolish the full response [25], underscoring the multi-
valency of binding interactions, either intramolecular
or intermolecular, of the R region that are affected by
phosphorylation.

There are six PKC consensus sequences located in
the R region (T682, S686, S707, S790, T791, S809), of
which four have been phosphorylated in the isolated R
region in vitro (S660, S686, S700, S790) (Fig. 1) and
one (S686) was verified on the full-length protein as
well [23,26,27]. PKC phosphorylation on the R region
does not stimulate the channel activity but instead
enhances the effect of PKA phosphorylation. Interest-
ingly, high concentrations of free calcium (0.5 mm)
inhibit PKC phosphorylation of the isolated R region
[23], an effect that could be on the enzymatic activity
or possibly, indirectly, on the accessibility or structure
of the R region itself.

AMPK, the cellular energy level activated kinase,
phosphorylates the R region on two sites (S737, S768)
(Fig. 1) that were previously described as inhibitory
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sites [24], of which S768 has much greater impact than
S737 [28,29]. Phosphorylation of these residues, which
may fix CFTR in a state that is insensitive to PKA or
PKC phosphorylation [29], decreases the open proba-
bility of the channel by altering the channel opening
but not the closing, resulting in longer inter-burst
intervals but a similar length of each opening [30]. In
contrast, another study found that PKA phosphoryla-
tion could overcome the AMPK inhibitory effect [28].

No single phosphatase has been demonstrated to be
both necessary and sufficient to completely downregu-
late CFTR channel activity, suggesting that CFTR can
be dephosphorylated by multiple phosphatases, includ-
ing the protein phosphatase 2 (PP2) isoforms PP2A,
PP2B and PP2C and alkaline phosphatase [31]. Expos-
ing CFTR to PP2A, PP2C and alkaline phosphatase
reduces CFTR activity more than 90% [32]; however,
PP2C deactivates the most rapidly. The various rates
suggest that different phosphatases may act on func-
tionally distinct PKA sites [33]. PP2A and PP2C both
appear to be biologically relevant phosphatases. PP2C
can dephosphorylate CFTR in vitro [34], can bind
directly to the R region and to full-length CFTR and
can deactivate CFTR chloride channel [33,35]. PP2A
directly associates with CFTR segment 1451-1476 [31],
it can dephosphorylate the R region in vitro and a
direct interaction of its regulator subunit (RP65) with
the R region segment 672-855 has been demonstrated
[36].

CFTR, the three kinases PKA, PKC and AMPK
and at least two phosphatases, PP2A and PP2C, are
part of a large macromolecular complex anchored to
the cytoskeleton at the apical membrane. The catalytic
subunit of AMPK tightly interacts with another disor-
dered CFTR segment, residues 1420-1457, through a
region of the kinase that normally binds the two
AMPK regulator subunits [32,37]. Deleting this CFTR
C-terminal segment has not been found to affect the
biosynthesis of the channel, despite the fact that it
contains two important endocytosis motifs [38]
required for the interaction with AMPK [32]. The B
regulatory subunit of PP2A interacts with CFTR resi-
dues 1451-1476 [31], which contain a highly conserved
acidic cluster [38]. The extreme C-terminal PDZ motif
of CFTR (1477-1480) anchors it within the NHERF
(Na®/H" exchanger regulatory factor)-ezrin—actin
cytoskeleton complex [39] via PDZ-domain-containing
NHERFs. A fraction of cellular PKA is co-localized
with CFTR via ezrin, an A kinase anchoring protein
(AKAP) [39]. Disruption of PKA-AKAP interactions
dramatically reduced the ability of wild-type (WT)
CFTR to respond to cAMP modulation. The RACK1
(receptor for activated C kinase) scaffold protein

4410 FEBS Journal 280 (2013) 4407-4416 © 2013 The Authors. FEBS Journal published by John Wiley & Sons Ltd on behalf of FEBS



Z. Bozoky et al.

co-localizes with CFTR, interacting with both the
PDZ1 domain of NHERFI1 and the activated PKCe
on two distinct sites [40]. Moreover, RACKI1 is part of
the PKCe-RACKI-NHERF1 dimer-tubulin complex
directly connected to the tubulin cytoskeleton.
Although cell-specific CFTR targeting of PP2B has
not been shown, the localization and expression of
AKAP79, a scaffold protein that binds PP2B, PKA
and PKC, support the importance of PP2B in CFTR
regulation [41]. In addition to ensuring that PKA and
PKC are in close proximity to CFTR, both the
NHERFI1-ezrin—actin and the RACKI-NHERFI1
dimer—tubulin complexes may function to stabilize
CFTR surface expression [42,43].

R region structural changes upon
phosphorylation

Investigations by SDS/PAGE, fluorescence, CD, FTIR
and NMR spectroscopy provide evidence for the R
region becoming generally more flexible and less struc-
tured upon phosphorylation, although conflicting
results have been published. Data on the hydrody-
namic properties include decreased R region mobility
on SDS/PAGE following PKA phosphorylation [23]
interpreted as an apparent molecular weight that is
greater than that expected from the addition of the
extra phosphates and pointing to a more random and
expanded structure. The R region (654-838) contains
almost identical numbers of positively (28 K/R/H) and
negatively (29 D/E) charged residues, but phosphoryla-
tion increases the number of negative charges and
results in charge repulsion by the increased amount of
negative charge. The change in the charge balance
alone, however, does not explain the absence of mobil-
ity shift upon PKC phosphorylation [23] or S768 phos-
phorylation or the major shift in response to S737
phosphorylation [44]. Whilst computational studies
[11] and the previously mentioned SDS/PAGE data
[23] suggest an increase in R region size following
phosphorylation, SAXS data [9] point to a decrease in
the radius of gyration.

Data on changes in secondary structure include CD
experiments demonstrating an increased random coil
character for the isolated R region upon PKA phos-
phorylation [45] and FTIR measurements indicating
no secondary structure change in the context of full-
length CFTR [46]. In contrast, Marasini and cowork-
ers showed a reduction in random coil character and
highly increased o-helical content in isolation using
CD [9]. Drawing conclusions from the data is compli-
cated by the different kinases and targeted phosphory-
lation sites on the R region. PKC phosphorylation has
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been reported to have no measurable effect on second-
ary structure [45]. The finding that S737 phosphoryla-
tion has a very large effect while S768 has no impact
on the secondary structure propensity of nearby seg-
ments explains the different consequences of phosphor-
ylation of the two sites for SDS/PAGE mobility.
Likewise, that PKC phosphorylation of S686 and S790
has little effect on the amount of secondary structure
is consistent with the comparable CD signals of the
non-phosphorylated and PKC-phosphorylated R
region [45]. Residue-specific and phosphorylation-site-
specific information from NMR on the secondary
structure of the highly PKA-phosphorylated isolated R
region indicates an overall reduction in helical struc-
ture with an increase in B content, potentially due to
the repulsion between the phosphate and the partially
negatively charged C-termini of helical elements
(Fig. 1) [10]. Clarification of the consequences on
structural propensities and hydrodynamic behavior
may rely on future site-specific structural data from
NMR on samples phosphorylated by different kinases
at defined sites.

R region interactions

Intramolecular interactions

The R region is much longer than required to bridge
the distance between NBDI! and MSD2 and the
absence of a compact fold enables the R region to
reach any part of CFTR and into the space around
the channel to contact other proteins (Fig. 3). This
allows CFTR to have a large interactome, with the R
region functioning as a protein interaction hub. The R
region has been reported to interact with all intracellu-
lar portions of CFTR including the N-terminus [47],
intracellular domains [48], NBD1 [10], NBD2 and the
C-terminus [49] in a phosphorylation-dependent man-
ner. The different phosphorylation states of the R
region have distinct functions during channel gating
and trafficking. The non-phosphorylated R region
generally acts to inhibit chloride channel activity,
probably by sterically blocking NBD heterodimeriza-
tion [10]. NMR binding experiments showed that
helical segments of the non-phosphorylated R region
interact with NBD1 and that phosphorylation drasti-
cally reduces the affinity of these interactions [10]. One
site of R region interaction with NBDI, based on crys-
tal structures of NBDI containing the RE [15,16], is
across the heterodimer interface (Figs 1 and 2), point-
ing to phosphorylation being required for unhindered
NBD  heterodimerization and channel gating.
Constructs that lack the R region segment 760-783,

FEBS Journal 280 (2013) 4407-4416 © 2013 The Authors. FEBS Journal published by John Wiley & Sons Ltd on behalf of FEBS 4411



CFTR complexity is encoded in R region dynamics Z. Bozoky et al.

Fig. 3. Schematic models of (A) non-phosphorylated/closed channel and (B) PKA-phosphorylated/open channel states of CFTR. Shown are
the N-terminal segment (blue), membrane-spanning domains (dark green), the intracellular domains (yellow-green), NBD1 (yellow), NBD2
(gold), R region (red) and the C-terminal segment (purple). Disordered elements (N-terminus, R region and C-terminus) are shown as a
superposition of multiple possible conformations. Helix 9 of NBD1 (residues 635-643, yellow) and the C-terminal elbow helix (residues 842—
855, green) are also not in a fixed position to demonstrate that they can sample multiple conformations and may be considered part of the
R region. The dashed line (in B) schematically illustrates the open channel pore, the membrane is represented as a gray bar and the R
region sampled space is colored as a gradient (red of various intensities). PKA phosphorylation sites are not marked. R region sampling in
the two phosphorylation states is similar, although the phosphorylated R region samples space farther from the core of CFTR as it is

excluded from the NBD interface.

which samples helical conformations and contains the
S768 phosphorylation site, were constitutively active
(i.e. PKA independent) [50]. However, the open proba-
bility and the chloride current of split channels lacking
R region segments 760-783 or 708-835 are only
30-40% of the WT channel [50], suggesting additional
regulatory mechanisms.

NMR studies of NBDI1 with the RE demonstrated
that interactions between the NBDI1 core and the regu-
latory elements, the regulatory insertion (RI) and RE
(N-terminal portion of the R region) are disrupted
upon phosphorylation [5S1]. The release of these ele-
ments upon phosphorylation for F508del NBDI1 with
the RE, however, is significantly smaller than for WT
NBDI, suggesting aberrant R region interactions in
the mutant CFTR that are ‘stickier’ and continue to
block heterodimerization [S51]. Recent NMR studies of
NBDI1 demonstrate that the mutant H620Q and
CFFT-001, a dual corrector-potentiator for CFTR [5],
both enhance release of helices H8 and H9 from the
NBDI1 core. H8 is immediately N-terminal to and H9
is arguably the beginning of the R region and both are
coupled to R region segments that interact with the
heterodimer interface. Release of H8 and H9 by
H620Q or CFFT-001 is thus expected to potentiate
CFTR activity, at least in part, by reducing NBD1:R
region interactions to promote NBD dimerization [52].

In addition to reducing the inhibitory effect of the
non-phosphorylated R region on channel gating,

phosphorylation of the R region appears to stimulate
chloride conductance. The location of the R region
within the protein is not critical, as moving it to the
C-terminus gives the same effect [50]. Phosphorylation
strongly increases the interaction of the R region with
other parts of CFTR, particularly within the portion
of the protein C-terminal to the R region [52,53].
These findings suggest that the mechanism behind
the phosphorylated R region stimulatory effect proba-
bly involves association of the phosphorylated R
region with other parts of CFTR, possibly the N- or
C-terminus of CFTR, the intracellular domains or all
of these regions.

Intermolecular interactions

Ko and coworkers reported reciprocal regulation
between the solute carrier 26A (SLC26A) family (A3,
A6) and CFTR [54]. SLC26A3, a chloride-bicarbonate
exchanger, co-localizes with CFTR at the apical mem-
brane, markedly increasing CFTR channel open prob-
ability, in a manner associated with direct interaction
between the R region and the STAS domain of the
SLC26A3. Binding of the STAS and R region is
enhanced by PKA-mediated phosphorylation of the R
domain [54], pointing to another stimulatory effect of
R region phosphorylation. One possible explanation
for the SLC26A3-mediated increase in CFTR activity
may be that the presence of the STAS domain shifts
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the R region binding equilibria towards association
with STAS and away from interactions with CFTR
NBDs that block productive ATP-dependent gating.

Since CFTR folding and processing is inefficient,
even most WT channels do not reach the plasma mem-
brane. F508del exacerbates the folding problem, so
that most F508del CFTR is retained in the endoplas-
mic reticulum (ER) and only a small portion of the
translated protein reaches the plasma membrane [55].
Although the PKA-phosphorylated F508del CFTR
has been reported in one study to have the same open
probability, its activation is at least seven times slower
and its half-life at the plasma membrane is much
shorter than that of WT [52,56]. Notably, pharmaco-
logically ER-trapped WT CFTR does not display the
same degradation pattern as F508del [57] suggesting
different intramolecular and intermolecular interac-
tions, affecting both gating and processing.

The R region interacts with other proteins during
transit of the channel from the ER to the plasma
membrane and the post-translational maturation of
CFTR is enhanced by phosphorylation [58]. CFTR
plasma membrane levels increase upon PKA stimula-
tion and can be blocked by the PKA inhibitor H-89.
These effects are associated with PKA-mediated phos-
phorylation of the R region and its interactions with
14-3-3 proteins [58]. 14-3-3 is a protein-interacting
adaptor molecule that regulates ER exit in a phos-
phorylation-sensitive manner. Although 14-3-3 prefers
to bind to short phosphorylated linear motifs, it can
also recognize non-phosphorylated substrates. All R
region PKA phosphorylation motifs seem to be
involved in regulation by 14-3-3 (Fig. 1) [58]. The
interaction between 14-3-3 and the phosphorylated R
region might also increase heterodimerization of the
NBDs through competition with the R region binding
equilibria, thereby increasing the folding stability of
CFTR and enhancing processing.

Most disordered proteins with a significant role in
regulation contain molecular recognition elements
(MoREs), short segments that are important for recog-
nition of binding partners [59]. MoREs are enriched in
hydrophobic residues (W, L, F, Y) as well as charged
residues, especially arginine and aspartate [59]. The R
region contains many predicted MoREs with different
length distributions, with many related to the phos-
phorylation sites (almost all PKA sites contain leucines
or phenylalanines and arginines). Experimental results
show that the R region has three long and three short
interaction segments for NBD1 and nine short for
14-3-3 (Fig. 1), reasonably consistent with the MoRE
predictions. The observation that there are a larger
number of R region binding partners than interaction
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segments suggests interaction hot spots with non-exclu-
sive binding preferences. Different proteins probably
compete for the same segments with the phosphoryla-
tion status of the R region and the available partners
determining the actual interactions.

R region in action

An emerging picture of the R region is as a disordered
hub, sampling multiple conformations rapidly and
forming transient interactions with different parts of
CFTR and with other partners. By doing this, it
gathers, transduces and distributes information from
various sources. Phosphorylation events shift the
conformational ensemble equilibrium. There is likely
to be overlap in the conformational space that can be
sampled by non-, partially or highly phosphorylated R
region. Figure 3 demonstrates the conformational het-
erogeneity of the R region in a model of non-phos-
phorylated CFTR, representing a closed channel state.
In this state the NBDs are probably separated; there-
fore the N-terminus of the R region easily moves
between the NBDs and samples similar conformations
to those found in the NBD1 X-ray structures (Fig. 2).
This segment can also interact with other parts of the
NBDs or other partners farther from the dimerization
interface. The rest of the R region also samples a sig-
nificant volume of space with the ability to make con-
tact points with the NBDs. Figure 3 illustrates a
model of phosphorylated CFTR, representing an open
channel state, with the NBDs tightly associated. In a
highly PKA-phosphorylated state, the R region is
expected to sample a similar volume of space as in
non-phosphorylated CFTR, although it is probably
excluded from the NBD dimerization interface and
therefore can extend farther away from the core of
CFTR (Fig. 3). While this does not agree with hydro-
dynamic data from SAXS for the isolated R region,
the increased P character observed by NMR, the
reduction of its interactions with the NBDs and
increased binding for the SLC26A3/6 STAS domains
and 14-3-3 suggest that the phosphorylated R region
may sample more extended conformations within the
context of full-length CFTR.

That the R region can sample similar space in either
phosphorylation state and that in vivo CFTR has some
degree of basal phosphorylation suggest that most of
the binding partners interact with a variety of
phosphorylation states of the R region, but with
modulated affinities. One example is the interaction
with 14-3-3, which interacts more weakly with the
non-phosphorylated state and more strongly following
phosphorylation [58]. Thus, R region phosphorylation
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is not a sharp switch but rather functions to precisely
tune competing interactions.

Many CFTR interacting proteins at the plasma
membrane are located in the same subcellular
compartment as CFTR. Moreover, most of these are
components of the same macromolecular complex
anchored to the cytoskeleton. Activators, inhibitors,
modifiers and other members of the complex enable
CFTR to be readily responsive to different environ-
mental conditions. The proposed view of the R region
as a dynamic hub suggests that it plays a dominant
role, scanning the surrounding protein surfaces and
making transient interactions with affinities and life-
times dependent on its phosphorylation state. The
plasticity of this disordered region of CFTR is crucial
for the complex regulatory control of CFTR channel
activity and its other biological functions in maintain-
ing ion balance at the cell membrane.
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