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Abstract

Malfunction of cystic fibrosis transmembrane conductance regulator (CFTR), a member of the
ABC protein superfamily that functions as an ATP-gated chloride channel, causes the lethal
genetic disease, cystic fibrosis. This review focuses on the most recent findings on the gating
mechanism of CFTR. Potential clinical relevance and implications to ABC transporter function are
also discussed.

lon channels and active transporters are integral membrane proteins ubiquitously expressed
in every living cell. They allow trafficking and communications between the intracellular
and extracellular environments that would be otherwise isolated by the plasma membrane.
Traditionally, channels and transporters are thought to be completely different entities. For
ion channels, it can be as simple as a tunnel-like structure embedded in the lipid bilayer with
the addition of a regulatable gate to control the patency of the tunnel. On the other hand, an
active transporter must be equipped with an energy-harvesting machine that utilizes some
sorts of free energy input to drive the transport cycle in a preferred direction to translocate its
cargos against a concentration gradient. Furthermore, it was generally believed that an active
transporter must not form a channel-like conformation that grants access from both sides of
the membrane; otherwise the cargo would flip through the concentration gradient and hence
ruin all its efforts (30).

Despite these apparent differences in the mechanism of action, phylogenic analysis revealed
several closely related ion channels and transporters clustered in two distinct families of
membrane proteins: the CLC protein family and ATP binding cassette (ABC) protein
superfamily (review in Ref.18). These surprising findings apparently break the long-held
boundary between channels and transporters but at the same time open an unprecedented
opportunity for us to get a glimpse of the evolutionary relationship between these two
important classes of membrane proteins. Evidently, breakthroughs in the past two decades in
solving high-resolution crystal structures of membrane proteins have also called for
reexamining the similarities and differences between channels and transporters. For
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example, the crystal structure of an eukaryotic CLC transporter (28) clearly shows how a
channel-like structure can actually effect the function of CI7/H* exchange (an example of so-
called secondary active transporter).

On the other hand, ABC protein superfamily contains mostly primary active transporters that
utilize ATP hydrolysis as the source of free energy to move substrates into (importers) or out
of (exporters) the cell. Members of the ABC protein family carry out a broad spectrum of
functions, including uptake of nutrients (25, 29), exporting metabolic wastes (33), regulating
ion channel function (17), and enabling multidrug resistance in cancer cells (66). Among
them, CFTR is a unique member in that, instead of functioning as an active transporter, it is
a bona fide ion channel (11). Moreover, malfunction of CFTR constitutes the fundamental
cause of a common lethal genetic disease, cystic fibrosis (64). Therefore, studying the
structural mechanism of CFTR function is expected to not only elucidate the channel-
transporter relationship but also bear significant clinical relevance. Extensive understanding
in how pathogenic mutations cause dysfunction of CFTR and how these functional defects
can be mitigated by small pharmaceutical reagents may serve as a foundation for developing
new strategies in CF treatment (15, 67, 74, 77).

CFTR-An ATP-Gated Chloride Channel Evolved From Transporters

Like other members in the ABC protein superfamily, CFTR contains the four canonical
domains: two transmembrane domains (TMDs) that form the ion-conductive pathway and
two nucleotide binding domains (NBDs) where ATP binds. In addition to these four
domains, CFTR also has a unique regulatory domain (R domain) that is not found in other
ABC proteins. The R domain harbors multiple serine and threonine residues that can be
phosphorylated by protein kinase A (PKA). NMR studies suggested that the R domain
assumes a disordered structure, and its conformation and interdomain interactions change in
accordance with the phosphorylation level (10). In its native form, the R domain is known to
mainly inhibit channel activity, and this inhibition is released after phosphorylation by PKA,
since removal of the R domain renders the CFTR channel phosphorylation independent
while it mostly retains its ATP-dependent gating properties (12, 21). Since this review will
be focused on how interactions of ATP with NBDs control opening/closing of the gate in
TMDs (a step following phosphorylation of the R domain), interested readers are referred to
more extensive reviews on R domain function (3, 31, 58).

By comparing the crystal structures of CFTR’s two NBDs (Ref. 49 and PDB no. 3GD7)
with those in other ABC transporters (7, 26, 38, 40, 51, 82), one concludes that the overall
architecture of the NBDs is well conserved during evolution. For CFTR as well as other
ABC proteins, the NBD serves as an engine that harvests the free energy of ATP hydrolysis
to drive the transport/gating cycle. Early functional studies provided compelling evidence for
a role of ATP binding and hydrolysis in controlling CFTR gating (41, 76, 84), but the
structural basis for gating motion is largely unknown until the seminal work by Vergani et al.
(75). Inspired by the high-resolution structures of ABC proteins that show a characteristic
“head-to-tail” dimer of their NBDs (7, 26, 38, 40, 51, 82) (FIGURE 1), Vergani et al. (75)
took a novel bioinformatics approach to demonstrate that CFTR’s two NBDs also dimerize
upon ATP binding. By comparing the sequences of >10,000 ABC proteins, they found that
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two residues co-evolve as a pair that likely forms a hydrogen bond at the NBD dimer
interface. The specific interaction between these two residues in CFTR was elegantly
confirmed by rigorous mutant cycle analysis. Detailed single-channel kinetic studies
convincingly showed that the formation of a NBD dimer is a prerequisite for gate opening
(75). The importance of NBD dimer formation in CFTR gating was reinforced by results
showing robust ATP-independent channel activity upon cross linking CFTR’s two NBDs
(53).

Unlike the NBDs that are well conserved among ABC proteins, the TMDs share little
sequence homology. In fact, the number of transmembrane helixes per TMD also varies
[e.g., 20 for BtuCD and HI11470/1 (40, 51, 59), 14 for maltose transporter (57)]. This is
perhaps not surprising since the substrates for ABC transporters diverge enormously.
Furthermore, in many ABC importers, the substrate is bound to an accessary protein before
it is docked to the external end of the TMDs (26, 38, 40, 57), whereas the substrate of an
exporter from the intracellular side can bind directly without the assistance of a partner
protein. Such diversity thus makes it hard to predict the structure of CFTR’s TMDs based on
the existing structures of ABC proteins (see Refs. 6, 56).

Although it is generally accepted that the two TMDs of CFTR form the ion conductive
pathway, the pore architecture of CFTR remains poorly understood. The pore structure and
its conformational change during gating are of particular interest since they might shed light
on how a transporter can be morphed into an ion channel. Interestingly, although the
topology of TMDs in ABC importers exhibits a great variety, all ABC exporters seem to
preserve a “6 + 6” symmetry, with each TMD consisting of six transmembrane helices. The
available crystal structures of ABC exporters also reveal that the last transmembrane helix
from each TMD (TM6 and 12) lines the cargo translocation pathway (7, 26, 82). Although
the exact molecular motion for a transport cycle is unclear, the “inward-facing”
configuration of the apoform (7, 38, 59, 82) and the “outward-facing” conformation (26, 40,
51, 57, 82) of the ATP-bound form of ABC transporters have lent support to the long-held
alternating access mechanism (62): an internal and an external gate open alternatively to
enact an unidirectional flow of the substrate across the translocation pathway. For ABC
exporters, which likely bear an evolutionary relationship with CFTR, the cargo from the
intracellular side binds to the inward-facing TMDs of an apoprotein, wherein the internal
gate is open but the external gate is closed. Subsequent ATP-induced NBD dimerization
triggers the TMDs to flip to an outward facing configuration in which the internal gate is
closed but the external gate is open, allowing the cargo to dissociate to the extracellular
space. For some active transporters such as Na-K-ATPase, to prevent a “leakage” of the
cargo, it is known that one gate closes before the opening of the other gate, creating an
occluded state whose ion translocation pathway is not accessible from either side of the
membrane (30). However, so far there is no evidence pointing to the existence of such an
occluded state in the transport cycle for ABC transporters. Instead, it was proposed that each
TMD/NBD complex moves synchronously as a rigid body during the transport cycle. Thus
the closing of one gate and the opening of the other gate occurs simultaneously (44, 48).

Does CFTR employ a similar structural mechanism to enact the function of a gated pore?
Recently, by using substituted cysteine accessibility method (SCAM), three groups have
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provided experimental evidence identifying indeed transmembrane helices (TM) 6 and 12 as
pore lining for CFTR (8, 9, 27, 60) (cf. Refs. 56, 79). Interestingly, the pore-lining residues
in both TM6 and TM12 are readily accessible to cytoplasmic applications of a large thiol
reagent of 13 A in width in the closed state but not in the open state (9), suggesting that the
internal entrance of the pore is wider in the closed state but narrows down in the open state,
a surprising observation for an ion channel, and yet is in agreement with the idea of a flip-
flop motion in the TMDs during an opening/closing transition of CFTR.

The alternating access model for transporter function also dictates that two gates are
required to function efficiently (30), whereas, as an ion channel, CFTR could work with just
one gate. The popular “degenerated transporter” hypothesis states that the cytoplasmic gate
of a primordial ABC exporter was removed during evolution, resulting in only one external
gate to regulate ionic flow in CFTR’s ion permeation pathway (1, 18, 30). This hypothesis
has been speculative until a recent study showing that residues deep inside the pore can be
readily accessed by hydrophilic thiol reagents applied from the intracellular side of the
membrane in both open and closed state (9), as if there does not exist an internal gate in the
pore of CFTR (cf. Ref. 60).

Role of ATP Hydrolysis in CFTR Gating

Active transporters pump cargo against a concentration gradient. Such a process is not at
equilibrium since the transport cycle is driven constantly in one direction by an input of free
energy. For ABC transporters, ATP hydrolysis provides the energy source to drive such a
transport cycle. On the other hand, gating of most ion channels is regarded as an equilibrium
process. The notion that CFTR may exploit ATP hydrolysis to drive its conformational
changes during gating transitions places this intriguing protein in a unique position in
transport physiology.

The hydrolytic activity is known to be preserved in one of the two ATP binding sites in
CFTR (68). Early research has also concluded that ATP hydrolysis plays a critical role in
facilitating gate closure since the open time is drastically prolonged in hydrolysis-deficient
mutant channels (13, 16, 76, 84). Therefore, it had been proposed that CFTR inherits the
canonical machinery from ABC proteins, by which ATP hydrolysis evokes an irreversible
conformational change that inevitably leads to gate closure. This idea is known as
irreversible gating model, which is also supported by a previous report showing two distinct
open states with asymmetrical gating transitions between them (34).

On the other hand, robust channel openings can still occur in hydrolytic-deficient mutants or
WT channel gated by non-hydrolyzable ATP analogs (4, 13, 16, 35, 41, 71, 76, 84). As a
result, an equilibrium model was proposed, suggesting that the free energy harvested from
ATP hydrolysis simply shifts the thermodynamic equilibrium to favor the closed state, but
the transition between the open and closed states is still at equilibrium. This is known as the
reversible gating model that has been used as a framework for several publications (2, 4, 5).

This decade-long debate was tentatively settled recently as Csanady and colleagues (23)
showed a bimodal distribution of the open time histogram with a paucity of short opening
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events, a critical piece of single-channel kinetic evidence supporting that closing of the gate
involves at least one irreversible step presumably associated with ATP hydrolysis. This latest
report effectively refutes the reversible model wherein the closing process is simply the
backward reaction of the one-step opening process. Mathematical analysis (20) based on the
irreversible gating scheme also disapproves the practice of using the rate equilibrium free-
energy relationship (REFER) for interpreting hydrolysis-driven CFTR gating (5).

Fitting their open dwell time distributions with a simple four-state model, Csanady et al. (23)
also concluded that the ATP hydrolysis cycle and the gating cycle are tightly coupled. This
strict coupling hypothesis has been implicated in many previous studies. For example, it is
known for nearly two decades that the open time is dramatically prolonged in hydrolysis-
deficient CFTR mutants or in CFTR gated by non-hydrolysable ATP analog (16, 35, 41, 71).
Moreover, the asymmetrical gating transitions demonstrated by Gunderson and Kopito (34)
also imply a strict coupling between ATP hydrolysis and channel closure. Nonetheless, for
hydrolysis-deficient mutants such as E1371S- and K1250A-CFTR, ATP is still capable of
activating these channels and the open probability (7,) of these hydrolysis-deficient mutants
is even higher than that of WT-CFTR, suggesting that, under an equilibrium condition when
ATP hydrolysis is absent, CFTR can still function fairly well. So what exactly is the role of
ATP hydrolysis in gating? Does it trigger an irreversible conformational change by
redirecting the channel to a pathway that is fundamentally different from that in equilibrium
gating? It seems hard to envisage this is the case since there is no evidence that the CFTR
protein undergoes any covalent modifications during gating transitions. Alternatively,
perhaps ATP hydrolysis simply offers a fast track that accelerates the closing process that is
normally present even under an equilibrium condition. It has been difficult to tackle this sort
of questions directly because ATP hydrolysis is “invisible” in electrophysiological
recordings, but some recent technical developments described below bestow an opportunity
to address these pertinent biophysical issues.

Fishing the “Invisible” Kinetic States

For decades, ion channel researchers have been empowered by two unparalleled advantages
inherent in electrophysiological techniques, namely the acquisition of data at a single-
molecule level and real-time recording with an exceptional temporal resolution. But the
major limitation of such technique is that it only detects electrical signals coming from an
open channel, and thus only the status of the gate is unveiled. Any other conformational
changes during gating, as long as the conductance is not affected, will be overlooked. For
example, electrophysiological recordings of CFTR currents only reveal channel opening and
closing, whereas events involving ATP hydrolysis and conformational changes in the NBDs
remain invisible. However, based on the theory that CFTR opens into a conformation
wherein its two NBDs form a head-to-tail dimer with its ligand ATP sandwiched in between
(42, 75), experiments can be designed to distinguish the status of NBDs because the
accessibility of the ligand-binding sites depends on whether the two NBDs are associated or
dissociated. Lately, by applying hydrolyzable or non-hydrolyzable ATP analogs at a given
time for a given duration, two novel functional states with unequivocal information about the
status of NBDs were identified (46, 71). New mechanistic insights have subsequently
emerged.
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It has been known for years that, upon applying non-hydrolyzable ATP analogs such as
pyrophosphate (PPi) and adenylyl-imidodiphosphate (AMP-PNP) with ATP, opening bursts
of WT-CFTR channels (~400 ms) are significantly prolonged to tens of seconds, as if the
channels are locked in the open state (16, 35, 41). This locked-open state was interpeted as
the result of PPi (or AMP-PNP) binding to NBD2 since a similar locked-open phenotype
was seen with ATP as a ligand in mutations that abolish ATP hydrolysis in NBD2 (8, 13, 16,
76, 84).

Interestingly, when these non-hydrolyzable ATP analogs, e.g., PPi, are applied alone, their
effects depend on the timing of the application. When applied seconds after ATP washout,
they are still capable of lock-opening the CFTR channel with considerably high efficacy
(71). However, such robust effect of PPi vanishes if the same concentration of PPi is applied
minutes after ATP washout. These results suggest that ATP can somehow prime the CFTR
channel for a better responsiveness to subsequent PPi application, as if the channels retain
the “memory” of being activated by ATP. This time-dependent responsiveness of CFTR to
non-hydrolyzable ATP analogs effectively distinguishes two different closed states: the C2
state, emerging soon after channel closure upon ATP washout, responds to PPi/AMP-PNP
robustly, whereas the C1 state appears much later after ATP removal and responds to the
same ligand poorly. Since the lifetime of the C2 state is shortened by mutations that
presumably weaken ATP binding in ABP1 formed by the head subdomain of NBD1 and the
tail subdomain of NBD2, Tsai et al. (71) proposed that the priming effect of ATP is due to
ATP binding to ABP1. The fact that the C2 state is long-lasting then suggests a tight binding
of ATP in ABP1.

The configurations of these two closed states were further determined by ligand exchange
experiments wherein ATP was switched rapidly to a high-affinity, hydrolyzable ATP analog,
AB-phenyl-ethyl-ATP. At the single-channel level, the 7, of WT-CFTR increases upon ligand
swap in two steps (an immediate increase of the /~, due to a shortening of the closed time
and a delayed increase caused by a prolongation of the open time for tens of seconds), as if
two bound ATP molecules are replaced with two distinct time courses (70). Since mutations
in both the head subdomain of NBD1 and the tail subdomain (i.e., the signature sequence) of
NBD?2 affect the rate of the slower, second-phase ligand exchange, it is concluded that the
tight binding of ATP is due to a stable engagement of these two subdomains that form
ABP1. A simple model for CFTR gating was proposed from this series of work (FIGURE
2). In essence, after ATP hydrolysis takes place in ABP2 formed by the head subdomain of
NBD?2 and the tail subdomain of NBD1, the channel will first enter a closed state with a
partially separated NBD dimer (the C2 state in FIGURE 2). Such partial dimer is extremely
stable; it lasts for tens of seconds before the partial NBD dimer eventually dissociates (the
Cl1 state in FIGURE 2). This model was also supported by a report employing an
independent approach. By studying the energetic coupling between different residue pairs
located around ABP1, Szollosi et al. (69) found that the coupling energy between these
residue pairs does not change throughout the gating cycle. Since each pair tested includes
one residue in the head of NBD1 and the other in the tail of NBD2, these results indicate that
interaction of two NBDs around ABP1 remains static during gating. (69). Of note, like
CFTR, many members in the ABC protein family contain only one catalysis-competent site
(32, 39, 52, 72). For these ABC transporters with asymmetrical NBDs, hydrolysis of one
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ATP in the catalysis-competent site is sufficient to drive the transport cycle. Lately, a crystal
structure of such ABC transporter revealed a partial dimeric NBD configuration (37). This
structural study leads to a model of the transport cycle very similar to the one proposed by
Tsai et al. (70), suggesting that CFTR is not an exception in the ABC protein superfamily;
instead, mechanistic insights uncovered in CFTR research may be applicable to other
members of ABC proteins. Taken one step further, for those ABC proteins with two
catalysis-competent sites, one has to ask: Is hydrolysis of two ATP molecules required to
drive a transport cycle? A recent molecular dynamic study indeed raised the possibility that
hydrolysis of ATP in one of the two sites is sufficient to break the NBD dimer (36). Further
studies are needed to verify this interesting hypothesis.

Lately, another novel state was identified by taking advantage of a fast solution exchange
system that allows ligand switches within milliseconds (4). Instead of applying PPi after
complete ATP washout, ATP was replaced with PPi for different durations in an attempt to
capture short-lived state(s) that emerges right after ATP hydrolysis. This experimental
protocol indeed reveals two distinct populations of channels: the previously identified C2
state and a new transient state [named sfafe X'in (46)] that responds to PPi at a
distinguishably faster rate. The fact that stafe X readily responds to PPi or AMP-PNP
indicates that its NBDs must have been separated at least to the size of AMP-PNP and that
the hydrolytic products in ABP2 have dissociated. By switching the ligand directly from
ATP to PPi when the channel stays in an opening burst in recordings with one single CFTR,
Jih et al. (46) were able to show that the channel can slip from the open state to a locked-
open state without visiting the C2 closed state. Thus, contrary to what the strict coupling
mode (FIGURE 2B) would predict, within an opening burst, there exists a state (i.e., state X)
that can respond to a new ligand, hence indicating that ATP has been hydrolyzed and the
hydrolytic products dissociated with a disengaged ABP2 in an opening burst.

If we assume that the stafe Xis an open state, these results would imply that, when the NBD
dimer separates, the gate has not closed yet. In other words, there would be a delay in signal
transduction from the NBDs to the gate. If another ATP molecule kicks in at this juncture,
binds to the vacant ABP2, and induces NBD dimer formation before the gate closes, then the
channel would go through two ATP hydrolysis cycles in one opening burst, a violation of
one-to-one stoichiometry between ATP consumption and an opening/closing cycle.
However, to substantiate this provocative supposition, one needs to demonstrate a true open
state with clear responsiveness to a new ligand because of the well known existence of short-
lived closed events buried in an opening burst (marked in FIGURE 2B).

Removing the Invisibility Cloak

The idea that ATP hydrolysis provides the free energy source for conformational changes
leading to gate closure means that gating of CFTR is not an equilibrium process. Since ATP
hydrolysis happens within an opening burst, there must exist kinetic step(s) that violates
microscopic reversibility. An excellent example of non-equilibrium gating was reported by
Richard and Miller (63) for CLC-0 chloride channel. In this particular case, it is the chloride
ion gradient that serves as the energy source to drive gating in a cyclic manner (cf. Ref. 50).
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Similar asymmetrical gating transitions for CFTR were first reported by Gunderson and
Kopito (34). In their heavily filtered WT-CFTR single-channel recordings, they found two
open states that can be distinguished by their distinct conductance levels (named O1 and 02
by the authors). More importantly, the gating transition follows a preferred order: C — O1
— 02— C = C — 02 — 01 — C. Such time asymmetry in gating transitions indicates a
violation of microscopic reversibility and requires an input of free energy, in this case from
ATP hydrolysis, to drive the O1 — O2 transition. In theory, this report could set the stage to
address the role of ATP hydrolysis in CFTR gating as each observed O1 — Q2 transition
reports hydrolysis of one ATP molecule (i.e., ATP hydrolysis becomes “visible” in single-
channel recordings). However, several technical issues have prevented a wide application of
this method. First, even after heavy filtering (10 Hz), the O1 and O2 states are still barely
distinguishable (34, 43), which thus precludes more rigorous kinetic analysis. Second,
clearly resolvable O1 and O2 states are not regularly found in the subsequent literatures.
Third, despite carrying out experiments under similar conditions reported by Gunderson and
Kopito (34) and Ishihara and Welsh (43), we did not find unambiguous O1 and O2 states in
WT-CFTR (unpublished data).

Fortuitously, this hydrolysis-dependent O1 —O2 transition was discerned in a CFTR
mutant, R352C. Single-channel recordings of R352C-CFTR revealed two distinguishable
conductance states: a smaller one (O1), about one-third of the WT conductance, and a larger
one (02), about one-half of the WT conductance (8). Interestingly, the transition between
these two open states follows a certain pattern (47). When the channel opens from the closed
state, it usually enters the smaller O1 state, whereas, when it closes, it usually departs from
the larger O2 state. Within an opening burst, there is usually a transition from O1 to O2
state, but very few O2 to O1 transitions are seen (FIGURE 3A). Such asymmetrical gating
pattern echoes the finding in Gunderson and Kopito (34). However, this mutant channel
affords a much better temporal resolution because of an ~40% difference in the single-
channel amplitude between the O1 and O2 states. The idea that the C —+ 01 — 02 — C
preferred transition is driven by ATP hydrolysis is supported not only by the time asymmetry
but also by the observation that the O1 —QO2 transition seen in an opening burst is abolished
when the hydrolysis-deficient mutation (E1371S) is engineered into the R352C background.

An even more intriguing observation made with the R352C mutant channel is that,
occasionally, there are opening events that consist of more than one O1 —O2 transition
(boxed in FIGURE 3). If the interpretation that O1 — O2 transition represents ATP
hydrolysis holds, this would imply that hydrolysis of >1 ATP molecule can occur within one
opening burst, i.e., a violation of one-to-one stoichiometry between the ATP hydrolysis cycle
and the gating cycle. Furthermore, there is a higher frequency of such opening events that
embody multiple rounds of ATP hydrolysis at higher [ATP], suggesting an ATP-dependent
pathway that allows the channel in the post-hydrolytic O2 state to “re-enter” the pre-
hydrolytic O1 state (02 — O2ATP — O1 in FIGURE 4).

The existence of the re-entry pathway also indicates that neither ATP hydrolysis nor the
separation of the NBD dimer per se closes the gate. A new model that features an
energetically coupled relationship between the NBDs and the TMDs is proposed to describe
CFTR gating (FIGURE 4). The basic concept of the energetic coupling model follows the
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classic idea of allosteric modulation (54). The whole scheme is divided into three reversible
steps: ligand binding/unbinding (two horizontal transitions on the left), NBD dimerization/
separation (two horizontal transitions on the right), and opening/closing of the gate (three
vertical transitions). This model states that both NBDs and TMDs hold a certain degree of
autonomy, but the conformational change in one domain facilitates the conformational
change in the other domain (i.e., dimerization of the NBDs facilitates the gate to open and
vice versa). Thus, in the absence of ATP hydrolysis, e.g., in E1371S-CFTR, the channel
works simply because ATP-induced dimerization of NBDs promotes gate opening and the
P, is exceedingly high because the channel is trapped in the stable O1 state. For WT
channels, ATP hydrolysis provides the free energy input to release the channel from the
absorbing state.

To our knowledge, there are no published results that contradict this new model of CFTR
gating. In fact, many of the puzzling data published previously may be explained by the
model. For example, compared with classic ligand-gated ion channels such as the nicotinic
acetylcholine receptor channel with a ligand-independent A2, that is 107 times lower than
ligand-dependent £, (45), CFTR is known to assume unusually high spontaneous, ATP-
independent gating activity that is ~100 times lower than ATP-dependent activity (12). In
fact, ATP-independent gating can be seen in a mutant whose NBD?2 is removed (24, 78).
Once the gate in TMDs is allowed to fluctuate between the open and closed conformations
(i.e.,, C2 + 02) without the obligatory motion of NBDs as the model depicts, some ATP-
independent openings are expected. The model actually predicts that this constitutive, ATP-
independent gating can be altered by maneuvers that perturb regions away from the NBDs.
Indeed, Wang et al. (80, 81) found mutations in the regions presumably connecting TMDs
and NBDs that can greatly enhance ATP-independent gating. Likewise in Bai et al. (8),
chemical modifications of an engineered cysteine (1344C or M348C) in TM6 drastically
increase ATP-independent activity to the level of ATP-dependent activity before
modifications. Furthermore, the model also predicts that, for a maneuver that stabilizes the
open state of spontaneous gating (i.e., the O2 state), the frequency of the re-entry events will
increase in the presence of ATP so that the opening burst duration will be prolonged.
However, unlike the hydrolysis-deficient mutants, in this case the prolongation of opening
bursts depends on continuously fueling the channel with ATP. Results shown in Fig. 12B in
Bai et al. (8) basically verify this prediction.

This new model could also potentially explain how pharmacological reagents work on CFTR
gating. One reagent of particular interest is Kalydeco (or Vx-770), discovered by high-
through drug screening (73). This FDA-approved drug for CF treatment (1, 61) has been
shown to increase the open time of both WT- and G551D-CFTR (73, 83), a baffling result
since, although WT channels are gated by ATP-induced NBD dimerization, the G551D
mutation abolishes ATP responsiveness, presumably because introducing a negatively
charged side chain at the signature sequence of NBD1 prevents NBD dimerization due to
electrostatic repulsion (14). Here, the new gating model offers a testable hypothesis that
Kalydeco works by promoting spontaneous ATP-independent gating (C2 <+ O2 transitions),
the part of the gating scheme likely preserved in G551D-CFTR. Future studies along this
line will not only shed light on how this clinically important drug acts but also provide clues
for rational design of new treatment for CF.
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Implication of the Energetic Coupling Model in ABC Transporter Function

An immediate implication of the energetic coupling model on the gating motion of ABC
proteins is that, at least for CFTR, the NBDs and the TMDs may not go through a rigid-
body-like motion as previously proposed (44, 48). If not rigid body motion, what would be
the alternatives? The data on R352C-CFTR support the notion that a partial separation of the
NBD dimer does not necessarily close the gate in the TMDs, but the fact that the O1 and 02
states exhibit different single-channel amplitudes indicates that ATP hydrolysis and/or
subsequent partial separation of NBDs must affect the conformation of the ion permeation
pathway in TMDs. Although more studies are needed to reveal the exact motion of TMDs
associated with ATP hydrolysis/NBD separation, one possible scenario is that partial
separation of the NBD dimer drags parts of the TMDs that are in proximity to the NBD-
TMD interface with it while the distal end of the TMDs remains relatively static. Such
bending of the helices in the TMDs would result in a molecular strain, the relaxation of
which subsequently causes gate closure. A similar idea was also proposed by Csanady et al.
(22) for gate opening following NBD dimerization.

If similar conformational changes do occur in ABC transporters, the C AD and the O2 states
in FIGURE 4 would represent an occluded state and a conductive state, respectively.
Although the presence of an occluded state for a transporter can be accepted at ease since
this conformation is thought to be a safeguard (30), the existence of a conductive state does
present a problem. For a transporter to operate effectively, a conductive state wherein the
cargo can flow through the translocation pathway freely is not allowed. However, this gold
standard was broken when a structure of a prokaryotic CLC transporter indicates the
existence of such a state (28). Interestingly, by limiting the rate of substrate flux in such a
transient conductive state, this protein is still a fairly efficient transporter (28). Therefore, we
speculate that even if the O2 state exists as a conductive state in ABC transporters, it may
not be a disaster in terms of transport efficiency. Notably, nearly all substrates for ABC
exporters are large organic molecules (62). Thus the pore in this conductive state may not be
wide enough for the large substrates to slip through at a fast rate to jeopardize the efficiency
of transport.

Another related issue concerning the efficiency of transport, from the perspective of energy
consumption, is that the energetic coupling model predicts, on average, more than one ATP
molecule consumed per gating cycle. For ion channels like CFTR, the energy utilization
remains efficient as the additional ATP molecules hydrolyzed are reflected in an increase of
the open time. However, when this idea is extrapolated to ABC transporters, futile ATP
hydrolysis that does not contribute to cargo translocation becomes an inevitable conclusion.
Surprising as it may seem, such slight imperfection in energy utilization can be found
elsewhere. It has been shown that there is futile ATP hydrolysis in kinesin motors that is not
coupled to a forward motion (19, 65). For CLC transporters, a deviation from perfect energy
efficiency was predicted as well (28). It has even been proposed that such “molecular slips”
may benefit the organism in some cases (55). Therefore, as long as it does not jeopardize the
survival of the organism, a slight deviation from ideal energy efficiency is likely well
tolerated. Of course, whether these provocative ideas out of recent biophysical work of an
“atypical” ABC protein are applicable to the majority of ABC transporters remains to be
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seen. Nonetheless, a wealth of recent data seems to suggest that CFTR and at least the
exporter members of the ABC transporters may simply be considered as two peas in a pod
(see above for details). Therefore, the unique nature of CFTR as an ion channel grants a
unique opportunity to tackle the mechanism of ABC proteins with unrivaled temporal
resolution. It is our belief that by combining electrophysiological, structural, and
biochemical data, a comprehensive understanding of how this important family of membrane
proteins works is within our reach.

Conclusions

In just the past few years, significant progress was made in understanding the gating
mechanism of CFTR. New silent states have been caught by using non-hydrolyzable ATP
analogs as baits. A unique mutant channel that foretells ATP hydrolysis within an opening
burst was discovered. A wealth of ensuing data points to a new idea for the gating
mechanism of CFTR: during gating transitions, the motions in the NBDs and the TMDs are
energetically coupled, contrary to the long-held view that each TMD/NBD complex moves
concurrently as a rigid body. The energetic coupling model (FIGURE 4) predicts that both
the NBDs and TMDs hold a certain degree of autonomy. The nonstrict coupling between the
two domains allows ATP to capture the post-hydrolytic channel before the gate closes and
reshuffle it back to the pre-hydrolytic open state (the re-entry pathway), creating a
“molecular slip” that results in an non-integral stoichiometry between the ATP hydrolysis
cycle and the gating cycle. As a member of the ABC protein superfamily, such a
breakthrough in CFTR could bear a broader implication to the functional mechanism of
ABC transporters at large. Besides satisfying scientific curiosity, the re-entry pathway also
provides a new target for CFTR potentiators, since promoting such a pathway could increase
the activity of CFTR by prolonging the open time. In fact, Kalydeco, a novel CF drug that
significantly prolongs the open time of WT-CFTR as well as many disease-associated
mutant CFTR, likely achieves its function by promoting the re-entry pathway. Future studies
are expected to exploit this new mechanism of CFTR gating in designing strategies for CF
treatment.
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FIGURE 1. A modeled CFTR structure
Side views of a homology model of CFTR based on the prokaryotic ABC exporter, Sav1866

(54). Gray, TMDs; purple, NBD1; blue, NBD2. Three residues in TM6 mentioned in this
review (from fopto bottorr. 1344, M348, R352) are labeled in red. G551 in NBDL1 is labeled
in green. E1371 in NBD2 is labeled in red (courtesy of Dr. David Dawson).
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FIGURE 2. Traditional strict coupling model for CFTR gating
A: the strict coupling model demands a one-to-one stoichiometry between the ATP

hydrolysis cycle and the gating cycle. Notably, the rate of C2 — C1 transition is slow (~0.03
s1); therefore, in the continuous presence of ATP, the channel rarely visits the C1 state. B: a
cartoon that shows how the gating transitions described in A correspond to a WT-CFTR
opening event. The C1 is not included for the reason mentioned above. Also note those
briefly closed events known as flickers (marked by asterisk) within an opening burst.

c2
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FIGURE 3. Unique gating features of R352C-CFTR
Five representative traces from patches that contain only one R352C-CFTR in the presence

of 2.75 mM ATP. R352C-CFTR shows two distinct levels of open-state conductance: the
smaller O1 and the larger O2. When the channel opens, it usually opens to the smaller O1
state, whereas, when the channel closes, it usually departs from the larger O2 state. Within
each opening burst, there often is one O1 — O2 transition, but one rarely finds events
containing the 02 — OL1 transition. The blue box shows an opening event that consists of
more than one O1 — O2 transition (i.e., the channel going through the “re-entry” pathway
described in FIGURE 4). This figure is adapted from Ref. 47 (from the Journal of General
Physiology).

Physiology (Bethesda). Author manuscript; available in PMC 2016 July 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jih and Hwang

Page 20

|

(S
ADP + Pi
€ O ADP+Pi
D AtP
@
o’

FIGURE 4. Energetic coupling model for CFTR gating
The conformational changes in the TMDs and the NBDs are not strictly coupled, but the

conformational change in one domain will facilitate the conformational change in the other
domain. ATP hydrolysis, according to this model, simply provides a shortcut for the channel
to escape from the absorbing state (O1).
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