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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a unique ion channel in that its gating is coupled to
an intrinsic enzymatic activity (ATP hydrolysis). This enzy-
matic activity derives from the evolutionary origin of CFTR as
an ATP-binding cassette transporter. CFTR gating is distinct
from that of a typical ligand-gated channel because its ligand
(ATP) is usually consumed during the gating cycle. However,
recent findings indicate that CFTR gating exhibits allosteric
properties that are common to conventional ligand-gated
channels (e.g. unliganded openings and constitutive muta-
tions). Here, we provide a unified view of CFTR gating that
combines the allosterism of a ligand-gated channel with its
unique enzymatic activity.

CFTR and ABC Transporters

CFTR2 is an essential anion channel whose dysregulation
causes multiple disorders (1–3). It is the only known ion
channel that links an enzymatic activity (ATP hydrolysis) to
opening and closing of the pore (channel gating). CFTR owes
this property to its origin as an ABC transporter, many oth-
ers of which are active transport ATPases or pumps (4–6).
The fact that CFTR consumes its ligand (ATP) by hydrolysis
during the gating cycle makes it a unique ion channel. How-
ever, recent findings indicate that CFTR gating by ATP also
exhibits features of an allosteric activation mechanism that
are characteristic of more conventional ligand-gated chan-
nels that reversibly bind their ligands. Our main goals in
writing this minireview are (i) to compare those features of

CFTR gating that are unique to its origin as an ABC trans-
porter with those that are shared with other ligand-gated
channels, (ii) to propose a conceptual model of CFTR gating
that merges the allosterism of a ligand-gated channel with its
enzymatic activity, and (iii) to illustrate the importance of
considering allosteric principles when interpreting CFTR
data.
Fig. 1 illustrates the basic operating principles of an ABC

transporter. The crystal structures of the bacterial MsbA
exporter are shown for reference (7). The core structural
components include two TMDs that form the permeation
pathway and two NBDs that mediate the ATP hydrolysis that
fuels active substrate transport. Two ATP molecules bind in
pockets at the interface of an NBD dimer; each binding
pocket is lined with residues from both NBDs (i.e. Walker A
and B sequences from one NBD and an ABC signature
sequence from the opposite NBD). ATP binding to both sites
creates or stabilizes the NBD dimer with an associated rear-
rangement of the translocation pathway by a proposed twee-
zer-like mechanism (7, 8). For an exporter, this involves a
shift from an inward-facing conformation with high sub-
strate affinity to an outward conformation with low sub-
strate affinity. Long cytosolic loops connect the NBDs to the
TMDs and mediate the coupling between ATP binding and
structural rearrangements of the TMDs. The transporter is
reset to the inward-facing conformation following ATP
hydrolysis at one or both sites. Like this generic ABC trans-
porter, CFTR also possesses two TMDs and two NBDs (1, 9),
binds two ATP molecules at the interface of an apparent
NBD dimer (10, 11), and exhibits ATPase activity (12), albeit
predominately at one site (13, 14). The difference for CFTR
is that this enzymatic activity is coupled to a cycle of channel
opening and closing rather than to substrate transport
through the translocation pathway.

Accepted View of the CFTR Gating Mechanism

A simple scheme that illustrates the well accepted features of
CFTR gating is shown in Fig. 2 (see also Refs. 15–17). Channel
opening is normally associated with ATP binding at both com-
posite sites, which promotes or stabilizes an NBD1-NBD2
dimer that can be detected functionally (10) or biochemically by
cysteine cross-linking (11). What makes CFTR different from
typical ligand-gated channels is the exceptionally slow rate of
ATP unbinding (koff � 0.2 s�1), which is due presumably to the
tightness of the NBD1-NBD2 dimer. This is where the enzy-
matic activity of CFTR comes in; ATP hydrolysis and subse-
quent product release destabilize the dimer and increase the
probability of channel closure.
The link between ATP hydrolysis and channel closing has

been deduced from two sorts of experiments: (i) adding poorly
hydrolyzable ATP analogs to channels that first have been
opened by ATP, which greatly prolongs channel openings (the
former are ineffective for opening the channel per se) (18, 19),
and (ii) mutagenesis of key residues for ATP hydrolysis at com-
posite site 2 (e.g. Lys-1250 in NBD2) (10, 20), which also stabi-
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lizes channel openings (mean open times of�10 s).3 The strong
effect of site 2 mutations on channel closing argues that this is
the important site for promoting channel closure. This conclu-
sion is supported by biochemical evidence that site 1 bindsATP
very tightly and has a very low hydrolytic rate, whereas hydro-
lysis at site 2 occurs more rapidly (13, 14). The overall ATP
turnover rate of purified CFTR reconstituted in liposomes
occurs within the same time domain as channel gating (i.e.
approximately one ATP molecule hydrolyzed per s versus gat-
ing cycles of similar duration) (12, 16). Presumably, this rate
reflects primarily the turnover rate at site 2.
Channel closing is enhanced by the dissociation of the

hydrolysis products (ADP and phosphate or Pi) from site 2
rather than hydrolysis per se. The best evidence for this point is
the large stabilizing effect of phosphate analogs (e.g. orthovana-
date) on open channel bursts, which presumably form stable
complexes with ADP following Pi release (21). In sum, the best
available data indicate that most channel openings occur when
ATP has bound to both sites. The great majority of closings
follow ATP hydrolysis and product release at site 2 (estimated
to be �95% by Csanády et al. (16)).
An important feature of CFTR gating that is not addressed in

Fig. 2 is the phosphorylation dependence of channel activity.
The main physiologic stimulus of CFTR activity is phosphory-
lation of multiple sites within its large cytosolic R domain by
PKA (23–25). How CFTR channel activity is optimized by

3 Although the terms “channel openings” and “open channel bursts” are
often used interchangeably, the latter term is correct. ATP binding pro-
motes a burst of channel openings that are punctuated by short closings
(e.g. see Ref. 22). Hydrolysis and subsequent product release terminate
these bursts (Fig. 2).

FIGURE 1. Transport mechanism of an ABC exporter. Upper, schematic view. Lower, crystal structures of the bacterial exporter MsbA in the nucleotide-free
state (left; Protein Data Bank code 3B5W) and the AMP-PNP-bound state (right; code 3B60). Structures were downloaded from www.ncbi.nlm.nih.gov/structure
(see also Ref. 7).

FIGURE 2. Scheme illustrating well accepted features of CFTR gating.
Upper, the model assumes ATP turnover at site 2 only and highly phosphory-
lated channels. Middle, corresponding gating scheme. Lower, ATP binding
promotes open channel bursts that are terminated by hydrolysis and product
release. The essential role of magnesium ions as cofactors for ATP binding and
hydrolysis is omitted for simplicity. Note that ATP binding promotes a burst of
channel openings that are punctuated by short closings (see text and Foot-
note 3).
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phosphorylation of the R domain, which is located between
NBD1 and TMD2, is still unclear. NBD1-NBD2 dimerization,
as monitored by cysteine cross-linking, is enhanced by PKA
phosphorylation (11, 26). Conceivably, the unphosphorylated R
domain limits channel activity by precluding the NBD dimer,
but this cannot be the only mechanism (discussed below).

Ligand-gated Channels and Allosteric Activation
Mechanisms

Other ligand-gated channels do not consume their ligands to
promote channel closing. Unbinding occurs sufficiently fast to
permit reversible gating under equilibriumconditions. The gat-
ing of a typical ligand-gated channel (e.g. a nicotinic acetylcho-
line receptor (27, 28)) obeys allosteric principles that date back
40–50 years to the prescient writings of J.-P. Changeux, S. J.
Edelstein, and colleagues (e.g. the classic MWC model) (29–
31). The relevant concepts were originally developed for multi-
meric proteins, but it is now clear that monomeric proteins
exhibit similar allosteric properties (32, 33). The first principle
of an allosteric activation scheme for a typical ligand-gated
channel is the concept that the open pore conformation is
accessible in the absence of the ligand although usuallywith low
single channel open probability (Po) (27–31, 34). Ligand bind-
ing shifts the equilibrium between closed and open states to
favor the latter. This shift in equilibrium occurs in part because
ligand binding stabilizes the open state, a process termed con-
formational selection (34, 35). Fig. 3 illustrates this type of acti-
vation scheme for a hypothetical channel with one agonist (A)-
binding site. The closed-to-open transitions of this channel are
described as isomerizations with equilibrium constants L
(number of closed channels (C)/number of open channels (O);
terminology from Ref. 31). Closed-to-open isomerizations can
occur in the absence of agonist (termed unliganded openings)
(27) but with lower Po values for the unliganded channel than
for the agonist-bound channel (L � LA).

Such cyclic allosteric schemes, in which all open states are
connected to corresponding closed states through isomeriza-

tion reactions, have provided good approximations of the
behaviors of numerous proteins and ligand-gated channels
(27–38). Of course, this macroscopic view is oversimplified in
that the liganded and unliganded active conformers (or open
channels) cannot be structurally identical. Ligand bindingmust
have some effect on protein structure, but in those few cases
where detailed structural information is available, the primary
effect is local or small-scale, i.e. in the vicinity of the binding site
(39). Conversely, the conformational changes that underlie
protein activation are sufficiently large-scale to be possible even
without ligand binding. More nuanced views of agonist activa-
tion that combine an initial conformational selection step fol-
lowed by secondary structural changes that are induced by
ligand binding (a secondary “induced fit” step) have appeared in
the recent literature motivated largely by the results of detailed
NMR structural studies (e.g. of the PBX1 homeodomain DNA-
binding protein) (35, 40). For a ligand-gated channel, this more
nuanced view would predict that the open state conformations
in the presence and absence of agonist binding are similar but
not identical. To what extent such structural differences influ-
ence the properties of the pore (conductance, selectivity,
blocker sensitivity) is largely unexplored andmay vary between
channel types.
The important aspect of the type of ligand activation mech-

anism illustrated in Fig. 3 is that it predicts features of channel
regulation that are not obvious for sequential, strict coupling
mechanisms (see Refs. 31, 32, 34, and 41 for comparisons of
cyclic and sequential activation schemes). The first point is that
a cyclic allosteric scheme that permits unliganded gating pre-
dicts that the open state of a ligand-gated channel must have a
higher agonist affinity than the closed state (27, 32, 38). The
disparate affinities of the open and closed state conformations
in this reversible system are easily derived mathematically (Fig.
3) (32, 41). The consequences of these disparate affinities are
significant. Notably, any factor that promotes ligand-free
isomerization (decreases L) and thereby biases the equilibrium

FIGURE 3. Simplest allosteric activation scheme for a conventional ligand-gated channel. This hypothetical channel binds one agonist molecule (A). L
represents isomerization equilibrium constants (L � C/O, and LA � CA/OA). K represents equilibrium constants for agonist binding to the closed and open states
(e.g. O/OA � KO

A/[A]). For this reversible system, the equilibrium constants for agonist binding (K) to the open and closed states must vary in proportion to the
asymmetry in isomerization equilibrium constants (where L � LA).
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toward the open state concomitantly increases agonist sensitiv-
ity. This is the classic reciprocity principle that holds for all
cyclic allosteric activation schemes (27–32, 37, 38). The func-
tional consequence of this reciprocity is a high degree of syn-
ergy between regulatory inputs, i.e. varying one input (e.g. phos-
phorylation) affects the sensitivity to all other inputs (e.g.
agonist sensitivity) (see Ref. 37 and below for examples perti-
nent to CFTR). Another feature of such an activation scheme is
the possibility of mutations that increase Po in the absence of
ligand (termed constitutive mutations in Ref. 31). A number of
such mutations have been produced for the well studied neu-
rotransmitter-gated channels (e.g. the acetylcholine (27) and
GABAA (38) receptors). These constitutive mutations often
localize to the interfaces between channel subunits and/or to
the symmetry axis that links the ligand-binding site to the chan-
nel gate (27, 31, 32, 38) apparently becausemutations heremost
strongly impact the free energy difference (�G) between the
unliganded open and closed states. By definition, constitutive
mutations decrease the isomerization constant L; thus, they
also should increase agonist sensitivity in accord with the reci-
procity principle above (42). This prediction has been con-
firmed for a number of constitutivemutations in typical ligand-
gated channels (27, 38).

CFTR Gating and Allosterism

Does CFTR gating by ATP exhibit allosteric properties that
are shared with other ligand-gated channels? Aleksandrov,
Riordan, and co-workers (43–46) argued for an allosteric
mechanismbased in part on a thermodynamic analysis ofCFTR
gating in synthetic lipid bilayers. Their conclusion that CFTR
gating is a thermodynamically reversible process and their use
of analytic approaches that depend on this assumption have
been challenged (47, 48).However, the notion thatCFTRgating
shares allosteric features with typical ligand-gated channels is
supported by three lines of evidence: (i) ATP-free CFTR open-
ings occur (17, 49–51); (ii) constitutivemutations that enhance
unligandedCFTR channel activity have been produced (17, 51);
and (iii) some of these mutations have pleiotropic effects on
CFTR channel regulation by ATP and by PKA, as predicted by
the reciprocity principle above (27–32, 51).
Regarding the first line of evidence, several groups reported

wild-type CFTR openings in excised patches in an ATP-free
bath that also included an ATP-scavenging enzyme to elimi-
nate contaminating ATP (with estimated Po values in the
absence of ATP ranging from 0.0003 (51) to �0.004 (49)).
Hwang and co-workers (50) also noted that channel openings
could be detected for a CF mutant form of CFTR that is com-
pletely unresponsive to ATP (G551Dmutation in NBD1 signa-
ture sequence). Also, Riordan and co-workers (52) and our
group (51, 53) observed that CFTR channels that lack one of the
two NBDs that are essential for ATP-dependent gating open
spontaneously at low frequency in excised patches or lipid
bilayers. In all of these cases, the unitary currents and blocker
sensitivities of the observed unliganded CFTR openings were
similar if not identical to those that are characteristic of open-
ings in the presence of ATP. Thus, it seems likely that the same
(or similar) open state can be achieved with or without ATP
binding (or NBD dimerization).

Concerning the second line of evidence, mutations in the
cytosolic loops (51) and in NBD2 (17) that increase ATP-inde-
pendent channel activity have recently been reported. These
mutants behave like constitutive mutants in the nomenclature
of Changeux and Edelstein (31), although the ATP-indepen-
dent activities of the cytosolic loopmutants remain sensitive to
PKA phosphorylation of the R domain (see below) (51). The
constitutive mutations in cytosolic loops 1 and 3 that we
reported localize near the presumed symmetry axis of the chan-
nelwhenmapped onto the available crystal structures of related
ABC transporters (see Fig. 1 for presumed location of residue
978 in CFTR loop 3, a hot spot for constitutivemutations, when
mapped onto the MsbA structure). This location is consistent
with the prediction of Changeux and Edelstein (31, 32) for con-
stitutive mutations in allosteric proteins and with the locations
of like mutations in ligand-gated channels such as the acetyl-
choline andGABAA receptors (27, 38). The conclusion that the
cytosolic loop mutations enhance unliganded CFTR Po is fur-
ther supported by their abilities to enhance the otherwise low
activities of CFTR-G551D and CFTR�1198 (NBD2 deletion
construct) channels when introduced into these ATP-insensi-
tive constructs (51). Some of the constitutive loop mutations
had large effects on the energetics of unliganded gating (3–5-
fold decrease in �G between ATP-free open and closed states),
which implies that the conformation of the cytosolic loops sub-
stantially retards spontaneous channel openings. In previous
work (51), we modeled the loops as a compression spring that
resists unliganded channel opening. ATP binding and NBD
dimerization would compress this normally stiff spring to
increase Po (see also Ref. 47). Certain loop mutations are imag-
ined to reduce the stiffness of this spring (e.g. by disrupting
loop-loop interactions) and thereby increase Po in the absence
of ATP. This heuristic model may be applicable to the confor-
mational switching of ABC transporters in general given that
large rearrangements of the cytosolic loops occur during the
switch from the inward-facing to outward-facing conforma-
tions of bacterial ABC transporters (7, 54).
Importantly, the constitutive loop mutations strongly in-

creased both the ATP and PKA sensitivities of CFTR gating in
addition to enhancing unliganded Po (decreasing L) (51). Such
“multiple phenotypes” of the constitutivemutants are expected
for an activation scheme in which channel gating, ligand bind-
ing, and other regulatory inputs (i.e. phosphorylation) are
reciprocally coupled (37, 38, 42). Of course, the reciprocity
between CFTR channel gating and ATP binding is more com-
plicated than that for a typical ligand-gated channel given that
most open channel bursts terminate following ATP hydrolysis
and product release rather than ligand unbinding. Still, as we
argue below, reciprocity between CFTR gating and nucleotide
occupancy can be expected for an activation mechanism that
permits unliganded gating.

Expanded CFTR Gating Schemes That Incorporate
Allosteric Principles Common to Ligand-gated Channels

The aforementioned findings indicate that CFTR channel
gating shares allosteric properties commonly ascribed to con-
ventional ligand-gated channels, notably (i) unliganded open-
ings, (ii) constitutivemutations that promote unliganded activ-
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ity, and (iii) pleiotropic effects of these mutations on CFTR
regulation by ATP and PKA. On the other hand, CFTR is a
special case in that it binds its agonist so tightly that ATP
hydrolysis normally is required to inactivate the channel on a
physiologically relevant (subsecond) time scale (as argued by
Csanády, Gadsby, and co-workers (16, 47, 48). Given this rela-
tionship between channel activity and ATP hydrolysis, wild-
typeCFTRgating is a slowprocess overall, with kinetics that are
orders of magnitude less than for typical ligand-gated channels
(see Ref. 55). The length of the gating cycle (open to closed to
open) is determined at least in part by the hydrolytic rate at site
2, but post-hydrolytic steps such as ATP/ADP exchange may
also slow the opening rate and limit CFTR channel activity at
maximal ATP concentrations. (In this regard, wild-type Po is
0.3–0.5 at maximal ATP and PKA activities (24).)
How do we reconcile these recently described features of

CFTR gating with its hydrolytic activity? Fig. 4A shows a gating
scheme for which the allosterism of a ligand-gated channel is
merged with the enzymatic activity of CFTR. We propose a
cyclic scheme in which all open states are connected to corre-
sponding closed states because such schemes describe well the
gating of typical ligand-gated channels (28, 37, 38), and they
predict reciprocal effects of constitutive mutations on ligand
sensitivity (as observed for certain cytosolic loop mutations in
CFTR) (51). Each vertical closed-to-open transition is quanti-

fied by an isomerization equilibrium constant (L for unliganded
openings). Fig. 4A assumes that the channels are highly phos-
phorylated (see below for consideration of phosphorylation as a
regulatory input). Fig. 4A also includes irreversible transitions
that correspond to ATP hydrolysis in red; thus, this is a non-
equilibrium gating scheme unlike those for conventional
ligand-gated channels.4
Fig. 4A predicts asymmetries in the nucleotide occupancies

of the closed and open channels, as for other cyclic allosteric
activation mechanisms (see supplement data). In particular,
Fig. 4A predicts that the open channel should have a higher
affinity both for ATP and for the hydrolysis products, ADP and
Pi. This could explain the higher ATP sensitivities and the
slower deactivation rates upon ATP removal observed for con-
stitutive loop mutants (i.e. mutants that bias the equilibrium
toward the open channel) (51). Given that the macroscopic
deactivation rate of wild-type CFTR following ATP removal is
determined by the rate ofATPhydrolysis and subsequent prod-
uct release from site 2 (13, 14, 16, 21), the slower deactivation of
these constitutive mutants (51) could be due to a slower release
of ADP and/or Pi after hydrolysis. Conceptually, this can be
explained by recognizing that pore opening and NBD1-NBD2
interactions are reciprocally coupled such that mutations that
affect one (gating) must also bias the equilibrium toward the
other (NBD dimerization).
Fig. 4B is a related scheme that includes PKA phosphoryla-

tion as a distinct regulatory input in parallel with ATP binding/
hydrolysis. Treating phosphorylation as a separate input is
based on two considerations: (i) phosphorylation is a reversible
process like ligand binding and unbinding/hydrolysis, reversi-
ble in this case by the competing actions of kinases and phos-
phatases (see also Ref. 33); and (ii) recent evidence indicates
that R domain phosphorylation regulates CFTR gating inde-
pendently of ATP binding and NBD dimerization (50, 51, 53).
The strongest evidence for the latter is the observation that
CFTR channels that lack NBD2 but possess one of the consti-
tutive loop mutations (e.g. CFTR-K978C/�1198) are strongly
stimulated by PKA phosphorylation of the R domain even

4 Regarding Fig. 4A, it is important to note that we do not consider the open
pore conformation at the TMDs (whatever that looks like structurally) to be
strictly demanded by a tight NBD1-NBD2 dimer, nor do we consider the
closed pore conformation to be demanded by the absence of the NBD1-
NBD2 dimer. In this view, the pore can open occasionally even if the NBDs
have not dimerized, and it can close even in the presence of a tight NBD
dimer. Support for the former are the ATP-free openings of wild-type CFTR
and channels lacking NBD2 (51–53). Evidence for the latter is the bursting
behavior of ATP-activated channels for which open channel bursts are
punctuated by short closings (22, 56, 57). Some of these intraburst closings
may be caused by voltage-dependent pore block by bulky anions or by a
charged component of the CFTR protein itself (56), but brief intraburst
closings are evident at all voltages especially in single channel records that
are not heavily filtered (e.g. see Fig. 3 in Ref. 57). We suggest that some
intraburst closings reflect open-to-closed isomerizations of the ATP-
bound channel (LATP transition in Fig. 4A), i.e. fast intraburst gating versus
the slow gating controlled by ATP binding and hydrolysis. These consider-
ations are consistent with (indeed expected for) an allosteric gating
scheme in which the links between ATP binding/NBD dimerization and
channel opening/closing are probabilistic. The logical extension of these
considerations is that occasionally a closed channel can hydrolyze ATP, i.e.
when the pore has closed in the presence of the NBD dimer that is neces-
sary for ATP hydrolysis, and occasionally, an open channel can bind ATP
when that channel first opened spontaneously prior to ATP binding.

FIGURE 4. Expanded CFTR gating schemes that incorporate allosteric
principles. A, simplest cyclic scheme that combines unliganded gating and
closed-open isomerizations with irreversible hydrolytic (hyd) steps (trigonal
prism scheme). Channels are assumed to be highly phosphorylated. ATP turn-
over is assumed to occur at one site only (site 2). Note that the schematic
representations of the closed and open NBD dimer structures are shown only
to indicate that these structures have a higher probability to be associated
with the open and closed channel conformations, respectively (see text and
Footnote 4). B, phosphorylation (phos) is introduced as a distinct regulatory
input (cubic scheme). ATP turnover again is assumed to occur at one site only.
Predicted asymmetries in isomerization equilibrium constants are indicated.
See text and supplement data for details.
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though their activity is otherwise independent of ATP binding
(or, obviously, of NBD1-NBD2 dimerization) (51). This finding
does not rule out other roles of the R domain in regulating
CFTR gating such as effects on NBD dimerization. Of course,
the reported enhancement of NBD dimerization by PKA (11,
26) may be a secondary consequence of a primary effect of
phosphorylation on channel opening that is mediated by R
domain interactions elsewhere within the polypeptide. As
noted above, reciprocity between pore opening and NBD1-
NBD2 interactions is expected for a cyclic allosteric gating
mechanism.

Implications for CFTR Gating

Earlier, we noted that cyclic allosteric activationmechanisms
have features that are not predicted by sequential, strict cou-
pling models. These features include the disparate ligand affin-
ities of the closed and open conformations and the consequent
reciprocity between gating, ligand occupancy, and other regu-
latory inputs. The “other regulatory inputs” can come in a vari-
ety of forms ranging from phosphorylation (as for CFTR) to
voltage (as for BK-type potassium channels gated by both cal-
cium and voltage) (37). The important functional consequence
of this reciprocity is strong synergy between regulatory inputs.
This synergy is illustrated by the common finding that varying
one regulatory input to an ion channel (e.g. calcium activity for
a BK channel) changes the sensitivity of that channel to all other
inputs (e.g. its voltage dependence). This probably explains the
pleiotropic effects of constitutive loop mutations on the sensi-
tivity of CFTR gating to ATP and PKA (51). It may also explain
an earlier report that PKA phosphorylation enhances the ATP
sensitivity of CFTR gating (58). Fig. 4B predicts that the con-
verse also should be true, i.e. factors or mutations that affect
ATP binding or NBD dimerization should also affect the phos-
phorylation state of the channel (i.e. by reciprocal coupling
between pore opening and R domain conformation). The latter
prediction has not been directly tested to our knowledge, but it
is interesting to note that Hwang and co-workers (59) reported
10 years ago that the most common CF mutation (�F508 in
NBD1)markedly decreases the PKA sensitivity of CFTR activa-
tion. It is now clear that the �F508 mutation substantially
reduces CFTR Po at maximally activating ATP and PKA con-
centrations probably by disrupting the structural link between
NBD1 and the cytosolic loops (i.e. disrupts gating) (60–62).
Thus, the low PKA sensitivity observed by Wang et al. (59)
could be due to reciprocal coupling between gating (channel
opening/closing) and R domain phosphorylation (i.e. the kinase
and phosphatase accessibilities of the PKA sites within this
domain). Of course, Fig. 4B is an oversimplification in that it
ignores the multiplicity of the phosphorylation sites within the
R domain. A more accurate scheme would include the phos-
phorylation of each site as a distinct regulatory input. All of
these inputs would be reciprocally coupled to each other and to
ATP binding and hydrolysis, leading to synergy at multiple lev-
els (including synergistic interactions between the different
phosphorylation sites).
Unfortunately, the reciprocity between regulatory inputs

that leads to this synergy also complicates the design and inter-
pretation of experiments. For example, if mutating a given res-

idue reduces the effects of a modulator (e.g. drug) on CFTR
activity, does that mean that this residue is near a binding site
for thatmodulator? Absolutely not, as has beenwell recognized
by pharmacologists formany years, mutating this residue could
indirectly affect modulator efficacy by “reciprocally” influenc-
ing other regulatory inputs (e.g. ATP binding/hydrolysis) or
ligand-free isomerization (L) (see also Ref. 41). Two other
examples were described above: the uncertainties in interpret-
ing the effects of PKA phosphorylation on NBD dimerization
(11, 26) and of the �F508 mutation on the PKA sensitivity of
activation (59). Deducingwhether these are primary or second-
ary effects is impossible without other data.
On a more positive note, the fact that unliganded CFTR gat-

ing can occur and be modulated by mutations (17, 51) or by
compounds (53) improves the prospect of CF therapies that
circumvent defects in ATP binding or NBD dimerization. The
rescue of CFTR-G551D function by constitutive mutations in
the cytosolic loops supports this concept (51). Someof the small
molecule activators of mutant CFTR channels such as G551D
that have been discovered recently (63, 64) may target the cyto-
solic loops or TMDs along the channel symmetry axis to pro-
mote unliganded activity. This area can be explored further as a
complement to other therapeutic approaches.
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