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Allosteric inhibition of CFTR gating by
CFTRinh-172 binding in the pore

XiaolongGao 1 ,Han-I Yeh 1,2,3, ZhengrongYang4,ChenFan 5,6, Fan Jiang4,
Rebecca J. Howard 5,6, Erik Lindahl 5,6, John C. Kappes4,7 &
Tzyh-Chang Hwang 1,2,3

Loss-of-functionmutations of the CFTR gene cause the life-shortening genetic
disease cystic fibrosis (CF), whereas overactivity of CFTRmay lead to secretory
diarrhea and polycystic kidney disease. While effective drugs targeting the
CFTR protein have been developed for the treatment of CF, little progress has
been made for diseases caused by hyper-activated CFTR. Here, we solve the
cryo-EM structure of CFTR in complex with CFTRinh-172 (Inh-172), a CFTR
gating inhibitor with promising potency and efficacy. We find that Inh-172
binds inside the pore of CFTR, interacting with amino acid residues from
transmembrane segments (TMs) 1, 6, 8, 9, and 12 throughmostly hydrophobic
interactions and a salt bridge. Substitution of these residues lowers the
apparent affinity of Inh-172. The inhibitor-bound structure reveals re-
orientations of the extracellular segment of TMs 1, 8, and 12, supporting an
allosteric modulation mechanism involving post-binding conformational
changes. This allosteric inhibitory mechanism readily explains our observa-
tions that pig CFTR, which preserves all the amino acid residues involved in
Inh-172 binding, exhibits a much-reduced sensitivity to Inh-172 and that the
apparent affinity of Inh-172 is altered by the CF drug ivacaftor (i.e., VX-770)
which enhances CFTR’s activity through binding to a site also comprising TM8.

In the human body, the chloride channel Cystic Fibrosis Transmem-
brane conductance Regulator (CFTR) mediates chloride transport
across the cellmembrane inmultiple epithelial-liningorgans, including
intestines, biliary ducts, pancreas ducts, respiratory airways, and sweat
ducts1–4. This trans-epithelial movement of chloride through CFTR
plays a critical role in the secretion or absorption of salt and water in
these organ systems; malfunction of CFTR channels causes human
diseases. Specifically, loss-of-function mutations of the CFTR gene are
the root cause of cystic fibrosis (CF)5; conversely, numerous studies
have linked upregulated CFTR activity to secretory diarrhea and

polycystic kidney disease, resulting from excessive salt/water trans-
port into the intestinal lumen and kidney cysts, respectively6–9.

Topological analysis of CFTR places it in the ATP-binding Cassette
(ABC) transporter family, which harnesses the energy from ATP
hydrolysis to move substrates across cell membranes10–12. Structurally,
ABC proteins possess two transmembrane domains (TMDs) forming
the substrate translocation pathway and two cytosolic nucleotide-
binding domains (NBDs) that recruit and hydrolyze ATP as the energy
source. While many ABC proteins retain two catalysis-competent
NBDs, only one of the ATP binding sites (i.e., site 2) in CFTR can
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hydrolyze ATP, with site 1 being hydrolysis-incompetent13–16. Unique to
CFTR is a regulatory domain (R domain) that sits between the two
TMD/NBD complexes, hence preventing ATP-binding induced NBD
dimerization. Activation of CFTR is achieved by spontaneous dis-
lodgement of the R domain from the inhibitory position, followed by
protein kinase A (PKA)-dependent phosphorylation of multiple serine
residues in the R domain that prevents the R domain from returning to
the inhibitory position17–21. Once the R domain is phosphorylated, ATP-
binding induced NBD dimerization and subsequent hydrolysis of ATP
in site 2 are coupled to the opening and closing of the CFTR pore,
respectively12,22,23.

Decades of research on CFTR biochemistry, physiology, and
pharmacology have led to the successful development of reagents that
directly target the dysfunctional CFTR protein in CF patients24–29.
Mechanisms of such CFTR modulators, namely CFTR correctors and
potentiators, have also been extensively studied30–45. On the other
hand, the possibility of using small molecules to inhibit hyper-
activated CFTR in diseases like secretory diarrhea and polycystic kid-
ney disease has not been as rigorously exploited46–49. To date, two
types of CFTR inhibitors have been reported: one that blocks the ion-
conducting pathway and is hence named CFTR blockers (e.g.,
glibenclamide50,51 and GlyH-10152), and the other that inhibits CFTR
gating (e.g., Inh-17247). Although our previous study suggests that Inh-
172 inhibits CFTR gating by inducing conformational changes that
obstruct the pore53, where Inh-172 binds and what conformational
changes take place following Inh-172 binding are not known.

Here, we report a cryo-EM structure of CFTR in complex with Inh-
172. Structure and molecular dynamics (MD) simulations support
stable binding of the drug in the pore through hydrophobic interac-
tions and a salt bridge between the carboxylate in Inh-172 and the side

chain of lysine 95. Mutagenesis and electrophysiological studies show
that substitution of residues involved in the binding decreases the
apparent affinity of Inh-172. Compared to the control structurewithout
Inh-172, this inhibitor-bound structure shows major re-orientations of
the extracellular parts of three transmembrane segments (TMs 1, 8,
and 12), supporting an allosteric modulation mechanism involving
binding-induced conformation changes in the TMDs. This allosteric
mechanism underlying the gating modulation by Inh-172 is further
corroboratedby studieswith pigCFTRwhichpreserves all the residues
for binding and with the CFTR potentiator VX-770 that decreases the
inhibitory potency of Inh-172.

Results
Determination of the structure of E1371Q-CFTR
Previous cryo-EM studies of both the human54,55 and zebrafish CFTR20,21

utilized theBacMamsystem for the protein expression56. In the current
study, an engineered CFTR construct in a lentiviral vector developed
by Yang et al.57 was used for our cryo-EM studies. This expression
system produces a robust yield of thermally stable CFTR proteins in
both HEK-293 and Chinese hamster ovary (CHO) cells57 (see Methods
formore details of the construct), and the engineered CFTR protein so
expressed is fully functional58. To verify that the CFTR proteins we
produced maintain all the structural properties reported before55, we
first determined the molecular structure of phosphorylated E1371Q-
CFTR in the presence of ATP because the additional E-to-Q mutation—
an effective strategy used previously—abolishes ATP hydrolysis at
CFTR’s site 2 and thus locks the channel into a uniform conformation
with a stable NBD dimer23,59.

As shown in Fig. 1a, the yield of the E1371Q-CFTR mutant is high,
ensuring that the sample canbe effectively concentrated for cryo-grids
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Fig. 1 | Quality assessment of purified CFTR proteins for cryo-EM structural
determination. a Elution of E1371Q-CFTR in detergents on Superose 6 Increase
column at 15ml position. b, c SDS-PAGE gels showing the purity of CFTR for E1371Q
and E1371Q plus Inh-172, respectively. The band positions correspond to the right
molecular weight of mature deglycosylated CFTR; n= 10 for both experiments.
Uncropped gels are provided as a Source Data file. d Negative staining image of

E1371Q-CFTR demonstrating notable mono-dispersity on the carbon film. Note the
correct size of particles indicated by the scale; n=4 for the experiment. eCryo-image
of E1371Q-CFTR proteins deposited on cryo-grids depicting similar mono-dispersity
as seen in (d). fOverlay of the E1371Q-CFTR structure determined in the currentwork
(pink) with the previously published E1371Q-CFTR (gray, PDB code: 6MSM) showing
virtually identical molecular composition and overall conformation.
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freezing and that abundant protein particles can be imaged for cryo-
EM structure determination. The sharp and symmetric elution peak of
E1371Q-CFTR proteins from size exclusion chromatography (SEC)
indicates that the sample has high purity and homogeneity, both of
which are characteristics ideal for cryo-EM studies. The protein is
eluted at ~ 15ml position on the Superose 6 Increase column and the
SDS-PAGE gel indicates a molecular weight (MW) of ~ 150kDa of the
eluted protein, which is the right MW for our CFTR construct (Fig. 1b).
When E1371Q-CFTR was copurified with Inh-172, the compound was
added during both cell culture and protein purification (seeMethods).
Because of the small MW of Inh-172, the position of the band for the
E1371Q-CFTR/Inh-172 complex was not altered on the SDS-PAGE
gel (Fig. 1c).

Before the purified proteins were subjected to single-particle
cryo-EM studies, we evaluated their dispersity with negative staining
under a transmission electron microscope. The negative staining
images of E1371Q-CFTR, in which individual intact CFTR protein
molecules can be readily discerned, show that the proteins are mono-
dispersed and not prone to aggregate at room temperature (Fig. 1d).
Upon deposition on cryo-grids, the mono-dispersity of E1371Q-CFTR
protein particles is maintained (Fig. 1e), which facilitates later particle
picking and processing. With this high-quality sample, the electron
density map of E1371Q-CFTR was determined at an overall resolution
of 3.4 Å where densities of the side chains for most amino acids are
clearly defined (Fig. S1). Overlay of our molecular model of E1371Q-
CFTR with previously published structure55 shows negligible differ-
ences between the two structures with an RMSD of 1.1 Å for all paired
Cα (Fig. 1f). Thus, the mutations introduced to stabilize the CFTR
protein (see Methods) do not disturb the overall structure of the
E1371Q-CFTR protein.

Identification of an Inh-172 binding site in CFTR’s ion
permeation pathway
Using the above phosphorylated, ATP-bound E1371Q-CFTR, we next
determined the cryo-EM structure of the E1371Q-CFTR/Inh-172

complex to an overall resolution of 3.6Å (Fig. S2). A comparison of the
Inh-172 free and Inh-172 boundelectrondensitymaps revealed an extra
density, located inside the pore of CFTR (circled green density in
Fig. 2a), matching the size of Inh-172. The density sits right below the
narrowest region, a place long conjectured as CFTR’s gate and selec-
tivity filter60–63. When we fitted the structure of Inh-172 into the iden-
tified density, we found that the density could accommodate Inh-172
assuming either of the two binding poses: one with its carboxylate
facing TM8 (pose 1, Fig. 2b) and the other facing TM1 (pose 2, Fig. 2c).
We thus turned to MD simulations to determine which binding pose is
energetically more favorable. When the compound was built into its
density with its trifluoromethyl group pointing towards the nearby
M348 inTM6andK95 in TM1 (Fig. 2b, left), highly fluctuating dynamics
were observed in two out of four MD simulations, each over 400ns
(Fig. 2b, right, red and blue). In one replicate, Inh-172 moved drama-
tically away from its density even within the first 50ns, as indicated by
the RMSD of Inh-172 relative to its original position (red curve in
Fig. 2b, right), suggesting an unstable binding of Inh-172 in this pose. In
contrast, a consistent, more stable interaction (<3Å RMSD in all
replicate simulations) was seen in pose 2, in which the trifluoromethyl
group of Inh-172 interacts with TM8 (Fig. 2c) and TM12. Figure 2d
summarizes MD simulation results supporting that binding pose 2
represents a more likely orientation of Inh-172 in the binding pocket.

Based on pose 2, MD simulations further revealed that Inh-172
interacts with its site particularly through hydrophobic and salt bridge
interactions (Fig. 3a). The hydrophobic trifluoromethyl phenyl head of
Inh-172 is wedged into a crevice formed mainly by TMs 8, 9, and 12,
involving hydrophobic side chains including V920, A923 and L927
from TM8, I1000 and A1104 fromTM9, and I1139 from TM12 (Fig. 3a–c
and Fig. S3). In addition, the central thiazolidine ring of Inh-172 makes
contact with three aromatic amino acids F310, F311, and W1145. At the
other end of the compound, the 4-carboxyphenyl ring of Inh-172 is
coordinated by the side chain of M348 from TM6 through a hydro-
phobic interaction and the indole ring ofW1145 fromTM12 through aπ
stacking interaction.
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Fig. 2 | Localization of the Inh-172 binding site on CFTR andMD simulations to
determine drug orientation. a Cross section of the cryo-EMmapof E1371Q-CFTR/
Inh-172 complex showing density corresponding to Inh-172 (green density in
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poses. Only TMs 1, 6, and8 are shown.Rights: Inh-172RMSDs in its respective poses,
calculated from MD simulations. Four replicates (colored separately) were per-
formed for each pose. A comparison of Inh-172 dynamics at the binding pocket
indicates that pose 2 in (c) ismore stable in CFTR’s pore. d Violin plot summarizing
Inh-172 RMSDs during simulations in each pose.

Article https://doi.org/10.1038/s41467-024-50641-1

Nature Communications |         (2024) 15:6668 3



In addition to the hydrophobic and aromatic interactions descri-
bed above, pose 2 also enables a salt bridge between the carboxylate in
Inh-172 and the ammonium group of K95 in TM1 (Fig. 3b–d). During all
four replicate MD simulations in this pose, this charge-pair distance
(measured between the nitrogen zeta of K95 and the center of mass of
Inh-172’s carboxylate oxygen atoms) fluctuated around 3.5 Å and 5.5 Å,
corresponding to direct contact or water-mediated salt bridge
(Fig. 3d). The importance of this salt bridge for Inh-172 binding was
further validated by our electrophysiological experiments, in which
0.5 µM Inh-172 inhibited K95A-CFTR current by only ~40%, while 80%
WT-CFTR current was inhibited by the same concentration of Inh-172
(Fig. 4a, b). Quantitative dose-response measurements show that the
K95A mutation increases the IC50 of Inh-172 by 10-fold (from 0.08 ±
0.01 µM to 0.85 ± 0.05 µM), presumably due to the breaking of this salt
bridge (Fig. 4e, Table 1). Similarly, other binding site mutants tested in
this work, including M348K-, T1142A-, T1142I-, W1145A-, W1145L- and
W1145Y-CFTR, all demonstrate various degrees of increased IC50 for
Inh-172 (i.e., rightward shift of the dose-response curves, Fig. 4 and S4,
Table 1), corroborating their roles in the binding of Inh-172. Of note, all
electrophysiological experiments on the binding site mutations were
carried out in the wild-type background formore straightforward data
interpretation, rather than in the E1371Q background, as this mutation
dramatically increases the potency of Inh-172 via a state-dependent
effect on binding proposed previously53.

TMD2plays a key role in the inhibition of CFTRgating by Inh-172
We next superimposed the structures of phosphorylated ATP-bound
E1371Q-CFTR with and without Inh-172 to look for Inh-172-induced
conformational changes proposed previously53. The measured global
RMSD between these two structures is 1.5 Å for all paired Cα with a
smaller RMSD of 1.1 Å for all paired Cα in their NBDs, indicating the
existence of some but limited global conformational changes upon
Inh-172 binding to the E1371Q-CFTRand thepreservationof a canonical
NBD dimer in the Inh-172 bound state (Fig. 5a). Comparing the posi-
tions of the residues directly involved in the binding of Inh-172 (Fig. 3a)
between drug-free and drug-bound structures, we observed negligible
changes of their positions with an RMSD of 1.1 Å (Fig. 5b). Since the
identified binding site is located immediately below the narrowest
region of the pore, the bulky Inh-172 molecule could in theory inhibit
CFTRbydirectly obstructing the chloride permeationpathway just like
other CFTR channel blockers50,52,64. However, we found Inh-172-
induced conformational changes in the extracellular mouth of the
channel. When the extracellular parts of CFTR’s two TMDs were
aligned for the Inh-172 bound and Inh-172 free structures (Fig. 5c), it
became clear that in the drug-bound structure, the extracellular seg-
ment of TM12 (from V1129 to L1143) wedges into the central axis for
30°, while extracellular segments of TM1 (from V93 to Y109) and TM8
(from T910 to L926) tilt away from the central axis for 10° and 13°,
respectively, resulting in a closed pore conformation. The calculated
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RMSD for these three segments between the two structures is 4.3Å.
Interestingly, the position of TM8 in the CFTR/Inh172 complex of the
current study resembles, but is not identical to, the position of TM8 in
the unphosphorylated, ATP-free CFTR structure where the NBDs are

separated54. Such structural differences suggest that the Inh-172-
induced closed state is a closed conformation that is different from the
closed state determined before in ref. 54. The same observations were
also made by Young et al.65.

The unique rearrangements of TM1, TM8, and TM12 in the
inhibitor-bound structure distant to Inh172’s binding site suggest an
allosteric inhibitorymechanism involving post-binding conformational
changes. An allosteric modulation mechanism dictates that the sensi-
tivity of the channel to Inh-172 is determinedby thebinding equilibrium
as well as by the equilibrium of the conformational change reaction
following binding. It has long been established that CFTR orthologs
fromdifferent species showdifferent sensitivities to Inh-17266,67, but the
mechanism behind such difference remains unknown. Taking the
identified binding site into consideration, we were puzzled by the fact
that pig CFTR has a much-reduced sensitivity to Inh-172 despite its
100% conservation of those residues involved in Inh-172 binding and
~92% overall sequence homology to human CFTR (Fig. S5). As shown in
Fig. 6a, f, pigWT-CFTRhas a ~ 20-fold higher IC50 of Inh-172 thanhuman
WT-CFTR (1.86 ±0.12 µM vs. 0.08 ±0.01 µM, Table 1). Interestingly,
when the TMD2 of human CFTR was replaced with pig CFTR’s TMD2
(pTMD2), the dose-response relationship of Inh-172 for the chimera
channel (h-pTMD2-h-CFTR) drastically shifts to the right (Fig. 6b, f,
green curve vs. black curve; Table 1), supporting the idea that the TMD2
outside the Inh-172 binding site also plays a role in determining the
apparent affinity of Inh-172. Furthermore, when the TMD2 of pig CFTR
was replaced with human CFTR’s TMD2, the resulting chimera channel
(p-hTMD2-p-CFTR) assumes a similar Inh-172 sensitivity to humanCFTR
(Fig. 6c and f, blue curve vs. black curve; Table 1). In contrast, swapping
TMD1 between these two orthologs did not alter their respective
apparent affinity (Fig. 6d–f, red curve vs. black curve and orange curve
vs. purple curve; Table 1). As the amino acid sequence of the Inh-172
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Table 1 | IC50s of Inh-172 and Hill coefficient values for all
CFTR constructs

Constructs
Values

IC50 (µM) Hill Coefficient

Human WT 0.08 ±0.01 0.88±0.09

K95A 0.85±0.05 0.98±0.05

M348K 0.52 ± 0.06 0.90±0.10

T1142A 0.27 ± 0.01 0.81 ± 0.02

T1142I 1.49± 0.07 1.12 ± 0.05

W1145A 0.88 ±0.09 1.08±0.12

W1145L 0.64±0.06 0.82 ± 0.07

W1145Y 0.87 ± 0.03 0.92± 0.03

Pig WT 1.86±0.12 0.83 ±0.04

h-pTMD1-h 0.11 ± 0.01 0.98±0.10

p-hTMD1-p 2.21 ± 0.07 1.03 ±0.03

h-pTMD2-h 4.02 ±0.28 0.69 ±0.04

p-hTMD2-p 0.06±0.02 0.54 ±0.08

h-pTM8-h 0.64±0.02 0.80±0.02

p-hTM8-p 0.72 ± 0.09 0.84 ±0.10

Human WT
+ 200nM VX-770

0.25 ± 0.02 1.07 ± 0.10

Human WT
+ 1 µM VX-770

0.42 ± 0.01 0.98±0.02
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binding site is the same for both human and pig CFTR, these results
suggest that conformational changes of TMD2 outside Inh-172’s bind-
ing site contribute to the overall inhibition of CFTR currents by Inh-172.
Interestingly, just changing three amino acids in TM8 of pig CFTR
(highlighted in yellow, Fig. S5) to those of human CFTR shifted the
dose-response curve toward that of human CFTR (Fig. 7a, c). Similarly,
humanCFTRwith those three aminoacids replacedwithpig’s sequence
has a dose-response relationship closer to that of pig CFTR (Fig. 7b, c).
As themotionof TM8 is critical to CFTR’s gating21, andmutations at this
region alter the potency of Inh-172 (Fig. 7), we next tested the effect of
the CFTR potentiator VX-770, which, contrary to the Inh-172, binds on
the external side of the TM8 kink32, on the sensitivity of WT-CFTR to
Inh-172. If the binding of Inh-172 in the pore solely accounts for the
inhibitory effects of Inh-172, the increased open probability with a
prolonged open time by VX-77030 is expected to shift the dose-

response relationship of Inh-172 to the left53. Contrary to this predic-
tion, the presence of VX-770 shifts the dose-response relationship of
Inh-172 to the right (Fig. 8). This result can be readily explained by the
idea that the CFTR potentiator VX-770 and inhibitor Inh-172 compete
for TM8 for activated or inactivated state, respectively, as they bind to
the opposite side of TM8 (see Discussion for more details).

Discussion
The current study reported two cryo-EM structures of E1371Q-CFTR
proteins produced by a lentiviral expression system. The E1371Q-CFTR
proteins soproducedshowhighlyuniformconformationsowing to theE-
to-Qmutation abolishingATPhydrolysis at CFTR’s site 222,68. Our cryo-EM
analysis of the E1371Q-CFTRmutant reachedanoverall resolutionof 3.4Å
and revealed a conformation closely resembling the previous structure
obtained using the BacMam system55, affirming the compatibility of the
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lentiviral expression systemwith the BacMam system in producing high-
quality CFTRproteins for cryo-EM studies.Moreover, the Inh-172 binding
site identified in our work is virtually identical to that reported by Young
et al. using the BacMam vector65. Mutagenesis studies at the binding site
also support this common finding as both studies show that K95A and
T1142Imutations lower the potency of Inh-172. Of note, the E1371Q-CFTR
construct was used for structural determination in both reports, and
similar conformational changes at the extracellular region of TMDs were
observed uponbinding of Inh-172: the extracellular segments of TM1 and
TM8 move away from the pore and the extracellular segment of TM12
tilts into thepore.WhileYounget al. proposebindingof Inh-172 alters the
ATP turnover rate in theNBDs, our data support an allostericmodulation
nature of Inh-172’s action on CFTR most likely via conformational chan-
ges in the TMD2.

Binding of Inh-172 in the CFTR pore was first proposed by Caci
et al. based on the observation that mutations at R347, a residue in the
pore-forming TM6, lower the apparent affinity of Inh-17269. However,
R347 does not contribute to the identified binding site in the struc-
tures of the CFTR/Inh-172 complex. One possible explanation for Inh-
172’s lowered apparent affinity observed by Caci et al. with mutations

at R347 is that by breaking the pore-stabilizing salt bridges of R347-
D924 and R347-D99370,71, those mutations alter the pore’s structural
integrity and hence affect the binding of Inh-172 and/or the sub-
sequent Inh-172 induced conformational changes, a possibility also
raised by Young et al.65.

Our previous functional studies suggested that Inh-172, unlike
classical pore blockers50–52, works as a gating inhibitor53: conforma-
tional changes following Inh-172 binding lead to an “inactivated” state
of CFTR. The same study also implicated a state-dependent binding of
Inh-172 by showing that the apparent affinity of Inh-172 is increased
when the open state is stabilized. More specifically, maneuvers (e.g.,
E1371S mutation or pyrophosphate) that stabilize the NBD dimer and
lock open the channel increase the apparent affinity of CFTR for Inh-
172. Thus, using a similar mutant CFTR with an even longer open time
(i.e., E1371Q in this work) is an ideal strategy to identify the binding site
for Inh-172 and the conformation of the “inactivated” state. Indeed, the
structure of E1371Q-CFTR with Inh-172 bound provided the answer for
both inquiries (Figs. 2 and 5).

Since the identified Inh-172 binding site is located in the pore, in
theory, the binding of bulky Inh-172 could inhibit CFTR current by
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simply obstructing the pore72, but our cryo-EM structure of E1371Q-
CFTR/Inh-172 complex also reveals important conformational differ-
ences between inhibitor-bound and inhibitor-free states (Fig. 5c).
Compared to the inhibitor-free structure, the onewith inhibitor bound
shows significantmovements of the extracellular ends of TMs 8 and 12,
and a minor shift of the extracellular end of TM1. These structural
changes induced by Inh-172 binding have several implications. First,
the observation supports the proposition that Inh-172 acts through an
allosteric modulation mechanism53. Second, the new orientations
of both TM8 and TM12 in the Inh-172 bound structure are not the
same as what was observed in the unphosphorylated, ATP-free
conformation54,65—hence the CFTR conformation with this newly
arranged TMs 8 and 12 is a closed state different to what has been
reported before. However, during normal ATP-dependent gating, this
state is seldom visited and/or rather unstable in the absence of Inh-172;
otherwise, one should have observed frequent long-lasting closed
events in single-channel recordings of WT-CFTR. Third, the fact that
the extracellular portions of TM8 and TM12 can assume at least three
different positions indicates that these two segments are flexible and
mobile, a required property for serving as an important gating appa-
ratus for CFTR. A similar idea was previously proposed21.

If we accept the idea that the modus operandi of Inh-172 is allos-
teric in nature, the classic mechanism modulating ion channel (or
enzyme) function predicts a tighter binding of Inh-172 to the “inacti-
vated” state than to the open state73,74. Previous functional studies
indeed showed an extremely stable “inactivated” state of Inh-172
bound E1371S-CFTR53, and the current structural data also indicate the
predominance of an Inh-172 bound structure distinct from the Inh-172
free conformation. One would expect to see structural differences in
the binding site between Inh-172 bound and Inh-172 free E1371Q-CFTR
structure as each should represent the inactivated state and the open
state, respectively. We were thus surprised to find that those amino
acid residues involved in coordinating Inh-172 binding were not visibly
alteredwhenwealigned their positions in E1371Q-CFTR structureswith
and without Inh-172 (Fig. 5b). Therefore, we caution our readers that
the proposed allosteric inhibition mechanism for Inh-172 is based on
the observation that binding of Inh-172 induces conformational
changes of TM1, 8 and 12 that are distant to the binding site (hence the
term allosteric). Since no significant structural changes were observed
within the binding site upon Inh-172 binding, our allosteric inhibition
mechanism diverges from the classical allosteric model, where con-
formational changes within themodulator binding site typically follow
modulator binding.

Although the exact reason is unknown for the absence of Inh-172-
induced conformational changes within the binding site, and more
studies are needed to address this fundamental issue, here we offer
three possibilities. First, our structural analysis may not reveal the
presumed fine differences in binding interactions because of insuffi-
cient local resolution that could limit the accuracy of amino-acid side
chain assignment at the binding site in bothmaps. Second, Inh-172may
indeed act through a process different from the classical allosteric
modulationmechanism. Third, the structure of theATP-bound E1371Q-
CFTR is not an open state. Whereas the first two possibilities are
speculative and can be verified with structures of higher resolution
available in the future, the third is supported by the fact that none of
the structures solved so far under the E1371Q background show a
patent pore; their ion permeation pathways are all obstructed at the
narrowest segment of the pore21,32,33,45,55. This latter observation is
puzzling by itself and remains to be addressed, but it has been sus-
pected that the cryo-EM experimental conditions including the use of
detergent for solubilization of plasma membrane may affect the con-
formation of the channel21,75.

Despite the above-mentioned caveat, the structure of phos-
phorylated, ATP-bound E1371Q-CFTR does represent an “activated”
state close to the open channel conformation: a flickery closed state

buried in the opening burst21 or a quasi-open state coined by Simon
andCsanady76, respectively. In contrast to these structural insights of a
quasi-open state, the conformation of the closed state during ATP-
dependent gating of phosphorylated WT-CFTR is far from clear.
Structural and functional studies suggest the existence of many pos-
sible post-hydrolytic closed states with various degrees of NBD
separation77–82. At this juncture, the only structure approximating this
more physiologically relevant closed state is the unphosphorylated,
ATP-free WT-CFTR with separated NBDs (PDB code: 5UAK)54. By mea-
suring the distances between the amino acid residues involved in Inh-
172 binding to estimate the dimension of the binding site, we found
that the binding site ismore compact (i.e., the distances are shorter) in
Inh-172 bound structure than in the unphosphorylated, ATP-free
structure (Fig. S6). Assuming that Inh-172 binds to the same location
when NBDs are not in a dimeric configuration, we reasoned that Inh-
172 should bind more tightly to the site when the NBDs are dimerized.
In other words, this comparison suggests that the binding site is not as
fit when the two NBDs are separated—hence the binding of Inh-172 is
not as tight, a supposition supported by Kopeikin et al., (2010) show-
ing the closed WT-CFTR channel (in the absence of ATP) exhibits a
lower affinity to Inh-172. Also consistent with this interpretation is that
the recovery from inhibition upon washout of Inh-172 occurs more
slowly in the presence of ATP than in the absence of ATP53, presumably
because dimerized NBDs and closer TMDs maintain a tighter binding
site for Inh-172.

Besides state-dependent binding, another practical implication of
the allosteric modulation mechanism is that the measured affinity of
the ligand isdeterminedby not only the association/dissociationof the
compound but also the reaction of conformational changes following
binding73. This principle should apply to both allosteric gating
potentiators34 and inhibitors. Thus, our measured IC50 of Inh-172 will
be affected by both the Kd of the pure binding reaction that Inh-172
binds to the channel (O⇋OInh-172), and the equilibrium constant of the
reaction for conformational changes from Inh-172 bound open state to
the inactivated state (OInh-172 ⇋ IInh-172). In other words, the easier for
the channel to sojourn to the “inactivated” state after Inh-172 binding,
the lower the concentration of Inh-172 to reach the same degree of
inhibition—that is, a leftward shift of the dose-response curve (and vice
versa). This gating modulation mechanism, however, predicts two
distinct closed states in the presence of Inh-172 in single-channel
recordings. One possible reason for missing such observation is that if
the reaction rate of channel inactivation (i.e., OInh-172 to IInh-172) is higher
than the dissociation rate of Inh-172 (i.e., OInh-172 to O), electro-
physiological recording may not be able to capture the block/unblock
events (O ⇋ OInh-172) because upon Inh-172 binding the channels
immediately become inactivated.

While future studies using compoundswith a similar action as Inh-
172 may substantiate our proposed inhibitory mechanism, the princi-
ple of allostery may explain why the IC50 of Inh-172 for pig CFTR is
drastically shifted to the right (Fig. 6, Table 1) despite the 100% con-
servation of those amino acid residues involved in Inh-172 binding
(highlighted in green, Fig. S5). Moreover, because the major con-
formational changes occur in TM8 and TM12 (two TMs in TMD2) with
Inh-172 binding, it is also unsurprising that transplanting pig TMD2 to
human CFTR created a construct with a much-reduced sensitivity to
Inh-172 (and vice versa). Although our data won’t be able to allow us to
pinpoint the exact underlying cause of such sensitivity change, the
observation that switching three amino acids in TM8 between human
CFTR and pig CFTR can cause apparent affinity change for Inh-172
reinforces the importance of TM8 in CFTR’s gating. It is possible that
different side chains at the kink of TM8 introduce different dynamics
for this region, especially given that methionine and phenylalanine
(i.e., M929 and F931 in human CFTR’s TM8) are more likely to parti-
cipate in specific sidechain chemistry (e.g., methylthio- and π-orbital
interactions, respectively) than leucine (L929 and L931 in pig CFTR’s
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TM8) which is basically hydrophobic. Our analysis here provides a
conceptual framework for future studies of themechanismunderlying
the action of Inh-172 in different species.

Onefinal subjectworth discussing is to ask how the binding of Inh-
172 inside the pore promotes themotions of the TMs. The fact that the
phosphorylated, ATP-bound E1371Q-CFTR conformation is well con-
served regardless of the presence of various CFTR potentiators and
correctors suggests that this is a stable conformation representing an
activated CFTR channel. As discussed above, the extracellular seg-
ments of TM8 and TM12 in TMD2 can assume different positions and
thus are more mobile. We hence propose a chemico-mechanical
mechanism for the action of Inh-172: using the relatively immobile
TMD1 (especiallyTM1andTM6) asananchor, Inh-172drives themobile
TM8 and TM12 from the activated channel conformation along an
energetically favorable trajectory to form the inactivated channel
conformation with an obstructed pore. This hypothesis has two
immediate implications: First, Inh-172 works not only because of the
functional groups that can specifically interact with residues in TMD1
and TMD2, but the length of the compound is also critical so that the
two TMDs at the inhibitor binding site can be properly bridged.
Noticeably, Sonawane and Verkman carried out a structure-activity
relationship study with 58 Inh-172 analogs and found the most potent
CFTR inhibitor requires a trifluoromethyl group at position 3 of
the phenyl ring and a 4-carboxyphenyl ring at the other end of the
molecule83. These results are consistent with our cryo-EM structure
that shows a salt bridge between the carboxylate of Inh-172 and lysine
95 in TMD1 and the hydrophobic interactions between the tri-
fluoromethyl group and TM8/TM12 in TMD2. Second, as the observed
lateral motions of TM8 and TM12 constitute the Inh-172-induced con-
formational changes that lead to the “inactivated” state, reagents that
promote the activated state—that is, compounds that bind more
tightly to the activated channel conformation—may counteract
the action of Inh-172. Indeed, in Fig. 8, the presence of VX-770 reduces
the potencyof Inh-172. As VX-770 and Inh-172 bind to the opposite side
of TM8 almost in direct juxtaposition, the two drugs become each
other’s antagonist for CFTR’s gating. In other words, they are like
playing a tug of war by steering TM8 to the position representing the
activated or inactivated state of CFTR.

In conclusion, the current study identified the binding site of Inh-
172 in the inner vestibule of CFTR’s pore and the accompanied con-
formational changes in the extracellular segments of TMs 1, 8, and 12.
This structural result is consistent with an allosteric modulation
mechanism for Inh-172. A chemico-mechanicalmechanism is proposed
to guide future structure-based drug design targeting the identified
Inh-172 binding site.

Methods
Cell culture and protein purification
The lentiviral vector for mammalian cell expression of stabilized
human CFTR variants was modified with His10-SUMO* and 901FLAG
affinity purification tags, and fused C-terminally with the enhanced
green fluorescent protein (EGFP)57. Our construct also includes an
amino acid deletion from F405 to L436 with six other mutations
(M470V, S492P, S495P, A534P, I539T, and R555K) to improve the
thermal stability of the protein, on top of the E1371Qmutation studied
in this work. The Chinese Hamster Ovary (CHO) cells expressing CFTR
were solubilized in Buffer W (20mM HEPES, 150mM NaCl, 10% gly-
cerol, 0.2mM TCEP, pH 7.5) containing 0.5% dodecyl-β-D-maltoside,
0.1% cholesteryl hemisuccinate (CHS), 2mM DTT and Roche cOm-
plete™ EDTA-free Protease Inhibitor Cocktail (Millipore-Sigma, St.
Louis, MO). The proteins were purified via a C-terminal STREP II tag
using Strep-tactin resin (IBA LifeSciences, Göttingen, DE). The solubi-
lizing detergents were replaced by 0.06% (w/v) digitonin via extensive
washing while the protein was bound to the resin. The tagged protein
was eluted in Buffer W containing 0.06% (w/v) digitonin and 4mM d-

desthiobiotin. The eluted protein was concentrated to ∼1mg/ml and
flash frozen. Following thawing, the purification tags were removed by
incubating the protein with TEV protease on ice for 16 h at a roughly
10:1 mass ratio. The protein was phosphorylated and deglycosylated
using PKA and PNGase F, respectively, during tag removal. The
resulting mixture was subjected to size exclusion chromatography
(SEC) on a Superose 6 Increase 10/300 GL (Cytiva, Marlborough, MA)
gel-filtration column in Cryo-EM buffer (20mM Tris, 200mM NaCl,
0.06% digitonin, 2mM DTT, pH 7.5) containing 0.2mM MgATP. The
CFTR peak center fractions were pooled, concentrated, and subjected
to another round of SEC using the same conditions. Peak center frac-
tions were again collected and supplemented with 2mM MgATP
before they were concentrated for cryo-EM grids preparation. The
preparation of samples containing Inh-172 was the same as above,
except that 10 µMInh-172was added into the cell culturemedia 2 hours
before harvesting, and the same concentration of the compound was
also included in all purification buffers. Additionally, the concentrated
sample was spiked with 100 µMof Inh-172 after protein concentration.

Cryo-EM grids freezing and data collection
The E1371Q-CFTR proteins collected from the SEC were concentrated
to 6mg/ml, and additional 6mM ATP was added. Before freezing,
3mM fluorinated Fos-Choline 8 was added to the sample for better
particledistribution. 3.5 µL samplewasdeposited to eachQuantifoil Au
1.2/1.3 400 mesh grid (Quantifoil, Großlöbichau, Germany) which was
frozen using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham,
MA) with the following conditions: 22 °C temperature, 100% humidity,
15 seconds wait time, 3 seconds blot time and 0 blot force. Data col-
lection for the E1371Q-CFTR sample was carried out on a 300 kV Krios
microscope (Thermo Fisher Scientific) equipped with a K3 camera
(Gatan, Pleasanton, CA) running in the super-resolution mode using a
pixel size of 0.529 Å. Each movie contains 40 frames with a total
exposure time of 2 seconds and a total dose of 53.36 e-/Å2. Defocus
range was −0.5 µm to −2.5 µm.

The Cryo-EM grids preparation for the E1371Q-CFTR sample with
Inh-172 (E1371Q/Inh-172) is similar to that for E1371Q proteins except
that the E1371Q plus Inh-172 sample was concentrated to 4mg/ml.
During data collection, K3 camera was also operated under the super-
resolution mode with a pixel size of 0.535 Å. Each movie contains 50
frames with a total exposure time of 2 seconds and a total dose of
65.69 e-/Å2. Defocus range was between -1 µm and -1.8 µm. Leginon84

and a 20 eV energy filter were used for both datasets collection.

Cryo-EM data processing
For the E1371Q dataset, after manual examination of all exposures,
10159 movies were imported into Relion 4.085 for processing. Super-
resolution micrographs were downscaled by a binning factor of 2
during motion correction. CTF estimation was carried out using
CTFFIND-4.186. Laplacian-of-Gaussian method was first used to pick
particles for template generation before reference-based particle
picking was performed on all images. Downscaled particles were
initially extracted for faster multiple rounds of 2D classification to
remove junk particles, which eventually resulted in 550,929 particles
that were re-extracted without downscaling. A few more rounds of 2D
classificationwereperformedon theseparticles to further remove low-
quality particles before 3D initial models were generated. Subse-
quently, two rounds of 3D classification were performed and a subset
of 261,806 particles was refined into a map which was subjected to
multiple rounds of CTF refinement and Bayesian polishing (Fig. S1).
The overall resolution of the final map reached 3.4 Å (FSC0.143).

Processing of the E1371Q/Inh-172 dataset with Relion is similar to
that of the E1371Q dataset. Motion correction was done with a binning
factor of 2 for 10700 manually curated super-resolution movies. CTF
estimation was done with CTFFIND-4.1. After multiple rounds of 2D
classification, 314,964 particles were subjected to 2 rounds of 3D
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classification without image alignment. Eventually, a group of 140,837
particles was refined into a map showing the drug density at a reso-
lution of 4.1 Å, which improved to 3.6Å (FSC0.143) aftermultiple rounds
of CTF refinement and Bayesian polishing (Fig. S2).

Model building
To build the E1371Q-CFTR model in this work, previously published
model (PDB code: 6MSM)55 was docked into our E1371Q map and
manually adjusted according to our electron density map in Coot87.
Deletion and point mutations (Δ(F405-L436) /M470V/S492P/S495P/
A534P/I539T/R555K) were introduced at the same time based on the
sequence differences between our construct and the previously pub-
lished one. Iterative refinement in PHENIX (1.20.1-4487)88 and manual
adjustment in Coot are performed for the model. The final model
consists of the following amino acid residues: 11-383, 389-400, 438-
635, 847-885, 908-1121, 1129-1171, 1207-1431.

To build themodel of E1371Q plus Inh-172, our own E1371Qmodel
and the structure of Inh-172 were fitted into the electron density map
of E1371Q plus Inh-172. Restraints of Inh-172 were generated using the
Grade Web Server (https://grade.globalphasing.org/cgi-bin/grade2_
server.cgi) using its SMILES string from PubChem. Multiple rounds
of refinement in PHENIX and manual adjustment in Coot were also
performed. The final model consists of the following amino acid resi-
dues: 3-404, 437-637, 846-885, 915-1120, 1129-1173, 1203-1440. All map
and model details are summarized in Table S1.

Molecular dynamics simulations
Cryo-EM structures of CFTR with different Inh-172 poses were used as
starting models for MD simulations. For the regions not built in the
structure, we connected short gaps (<20 residues) with loops by
SWISS-MODEL Server89 while leaving longer gaps disconnected. As a
result, the structure was split into three chains (chain A contains resi-
dues 3-637; chain B contains residues 846-885; chain C contains resi-
dues 915-1440). The simulation systemswere set up in CHARMM-GUI90.
The protein was embedded in a lipid mixture mimicking a mammalian
cell membrane, with the outer leaflet containing 168 POPC, 20 POPE,
and 80 cholesterol molecules and the inner leaflet containing 130
POPC, 50 POPE, 10 POPS, and 70 cholesterol molecules. The protein-
lipid complexwas subsequently solvatedwith TIP3Pwater, neutralized,
and set to 150mMwith sodium and chloride ions. The Amber FF19SB91

and GAFF2 force field92 were used to describe the protein and Inh-172.
Simulations were performed using GROMACS 2021.593 at a tem-

perature of 300K using the velocity-rescaling thermostat94 and
Parrinello–Rahman barostat95. The LINCS algorithm was used to con-
strain hydrogen-bond lengths96, and the particlemesh Ewaldmethod97

was used to calculate long-range electrostatic interactions. The sys-
temswere energyminimized and then equilibrated in three sequential
steps, with gradual release of position restraints on heavy atoms for
8 ns, backbone atoms for 8 ns, and Cα atoms for 16 ns. Unrestrained
production runs were simulated in four independent replicates, each
for >400ns.

For analysis, the MD simulation trajectories were aligned on the
Cα atoms of the pore residues (78-108, 332-376, 969-1110, 1129-1168)
using MDAnalysis98. Root mean square deviations (RMSDs) and salt-
bridge distances of Inh-172 were calculated in VMD99. Small molecule
interactions with the protein were quantified using ProLIF 1.1.0100.

Electrophysiology
CHO cells were grown at 37 °C in Dulbecco’s modified Eagle’s medium
supplemented with 10% (vol/vol) fetal bovine serum (Sigma-Aldrich, St.
Louis, MO). pcDNA plasmids carrying the desired CFTR construct were
transfected to CHO cells using PolyFect transfection reagent (Qiagen,
Hilden, Germany) together with green fluorescence protein (GFP) cDNA
(pEGFP-C3, Takara Bio, Shiga, Japan) that helps identify expression of
CFTR. Cells were first incubated with the transfection reagents at 37 °C

for 6-12 hours on sterile glass chips in 35-mm tissue culture dishes before
transferred to 27 °C for incubation for 2–7 days. Primers for mutations
were ordered from Integrated DNA Technologies (Coralville, IA) and
were summarized in Supplementary Data. All CFTR mutants were pre-
paredwithQuikChangeXLkit (Agilent, SantaClara,CA)andsequencedat
the DNA Core facility at University of Missouri-Columbia.

Patch-clamp pipettes were made from borosilicate capillary glass
using a two-stage vertical puller (PP-81; Narishige, Amityville, NY). The
pipette tips were fire polished with a homemademicroforge to yield a
pipette resistance of 2–5 MΩ when filled with a pipette solution con-
taining (in mM): 140 NMDG-Cl (N-methyl-D-glucamine-chloride), 5
CaCl2, 2 MgCl2, and 10 HEPES, pH 7.4. For recordings, transfected cells
on glass chips were transferred into a continuously perfused chamber
on the stage of an inverted microscope (IX51; Olympus, Tokyo, Japan)
with the perfusing solution containing (inmM): 150NMDG-Cl, 2MgCl2,
10 EGTA, 8 Tris, and 10 HEPES, pH 7.4. The membrane patch was
excised to an inside-out configuration with a seal resistance >40 GΩ.
CFTR currentswere recordedwith anamplifier (EPC9;HEKA,Holliston,
MA), filtered through an eight-pole Bessel filter (LPF-8; Warner
Instruments, Hamden, CT) at 100Hz and digitized to a computer at a
sampling rate of 500Hz with Pulse software (version 8.53; HEKA). The
membrane potential was held at −30mV. Solution exchange was
achieved by a fast solution change system (SF-77B; Warner Instru-
ments). Inh-172 was obtained from the CFTR Chemical Compound
Program supported by the Cystic Fibrosis Foundation. All experiments
were performed at room temperature.

The steady state mean currents were measured in the Igor Pro
software (version 8.0; WaveMetrics). Themean baseline currents were
subtracted from the steady state mean currents before the data were
used to determine the degrees of inhibition. The degrees of inhibition
by CFTR inhibitor 172 were calculated based on the equation:

% inhibition = 1� IInh�172

I0

� �
X 100% ð1Þ

where I0 and Iinh−172 represent uninhibited and inhibited currents,
respectively. The IC50 and Hill coefficients were obtained by fitting
percent inhibition as a function of [Inh-172] with the Hill equation:

% inhibition=base + ðmax�baseÞ= 1 +
xhalf
x

� �rate
" #

ð2Þ

where max and base represent the minimum and maximum percent
inhibition by Inh-172, x represents the concentration of Inh-172, and
the rate is the Hill coefficient. The estimated IC50 (xhalf) and Hill
coefficients are listed in Table 1 as mean ± standard deviation. Each
patch-clamp recording was made from a separate cell.

Figure preparation
All figure panels are preparedwithMatplotlib101, ProLIF (1.1.0), Igor Pro
(version 8.0; WaveMetrics), and Chimera102 before integrated in Illus-
trator (Adobe).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM maps and models were deposited into Electron Micro-
scopy Data Bank (EMD-43011 for E1371Q and EMD-43014 for Inh-172
bound E1371Q) and Protein Data Bank (8V7Z for E1371Q and 8V81 for
Inh-172 bound E1371Q), respectively. The raw micrographs for both
datasets were deposited into Electron Microscopy Public Image
Archive (EMPIAR-12042 for E1371Q and EMPIAR-12044 for Inh-172
bound E1371Q). MD simulation trajectory, parameter files are available
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in Zenodo (https://doi.org/10.5281/zenodo.10407153). Source data are
provided with this paper.

References
1. Sood, R. et al. Regulation of CFTR expression and function during

differentiation of intestinal epithelial cells. EMBO J. 11,
2487–2494 (1992).

2. Regnier, A. et al. Expression of cystic fibrosis transmembrane
conductance regulator in the human distal lung.Hum. Pathol. 39,
368–376 (2008).

3. Kinnman, N. et al. Expression of cystic fibrosis transmembrane
conductance regulator in liver tissue from patients with cystic
fibrosis. Hepatology 32, 334–340 (2000).

4. Quinton, P. M. Chloride impermeability in cystic fibrosis. Nature
301, 421–422 (1983).

5. Riordan, J. R. et al. Identificationof thecysticfibrosis gene: cloning
and characterization of complementary DNA. Science 245,
1066–1073 (1989).

6. Davidow, C. J., Maser, R. L., Rome, L. A., Calvet, J. P. &Grantham, J.
J. The cystic fibrosis transmembrane conductance regulator
mediates transepithelial fluid secretion by human autosomal
dominant polycystic kidney disease epithelium in vitro. Kidney Int
50, 208–218 (1996).

7. Thiagarajah, J. R., Donowitz, M. & Verkman, A. S. Secretory diar-
rhoea: mechanisms and emerging therapies. Nat. Rev. Gastro-
enterol. Hepatol. 12, 446–457 (2015).

8. Moon, C. et al. Drug-induced secretory diarrhea: A role for CFTR.
Pharm. Res. 102, 107–112 (2015).

9. Hanaoka, K., Devuyst, O., Schwiebert, E. M., Wilson, P. D. &
Guggino, W. B. A role for CFTR in human autosomal dominant
polycystic kidney disease. Am. J. Physiol. 270, C389–C399
(1996).

10. Gadsby, D. C., Vergani, P. & Csanady, L. The ABC protein turned
chloride channel whose failure causes cystic fibrosis.Nature 440,
477–483 (2006).

11. Hwang, T. C. et al. Structural mechanisms of CFTR function and
dysfunction. J. Gen. Physiol. 150, 539–570 (2018).

12. Csanady, L., Vergani, P. & Gadsby, D. C. Structure, gating, and
regulation of the cftr anion channel. Physiol. Rev. 99,
707–738 (2019).

13. Hwang, T. C. & Sheppard, D. N. Gating of the CFTR Cl- channel by
ATP-driven nucleotide-binding domain dimerisation. J. Physiol.
587, 2151–2161 (2009).

14. Lewis, H. A. et al. Structure of nucleotide-binding domain 1 of the
cystic fibrosis transmembrane conductance regulator. EMBO J.
23, 282–293 (2004).

15. Aleksandrov, L., Aleksandrov, A. A., Chang, X. B. & Riordan, J. R.
The first nucleotide binding domain of cystic fibrosis transmem-
brane conductance regulator is a site of stable nucleotide inter-
action, whereas the second is a site of rapid turnover. J. Biol.
Chem. 277, 15419–15425 (2002).

16. Basso, C., Vergani, P., Nairn, A. C. & Gadsby, D. C. Prolonged
nonhydrolytic interaction of nucleotide with CFTR’s NH2-terminal
nucleotide binding domain and its role in channel gating. J. Gen.
Physiol. 122, 333–348 (2003).

17. Rich, D. P. et al. Regulation of the cystic fibrosis transmembrane
conductance regulator Cl- channel by negative charge in the R
domain. J. Biol. Chem. 268, 20259–20267 (1993).

18. Rich,D. P. et al. Effect of deleting theRdomainonCFTR-generated
chloride channels. Science (New York, N.Y) 253, 205–207 (1991).

19. Mihalyi, C., Iordanov, I., Torocsik, B. & Csanady, L. Simple binding
of protein kinase A prior to phosphorylation allows CFTR anion
channels to be opened by nucleotides. Proc. Natl Acad. Sci. USA
117, 21740–21746 (2020).

20. Zhang, Z. & Chen, J. Atomic structure of the cystic fibrosis trans-
membrane conductance regulator. Cell 167, 1586–1597.e1589
(2016).

21. Zhang, Z., Liu, F. & Chen, J. Conformational changes of CFTR
upon phosphorylation and ATP binding. Cell 170, 483–491
e488 (2017).

22. Vergani, P., Nairn, A. C. & Gadsby, D. C. On the mechanism of
MgATP-dependent gating of CFTR Cl- channels. J. Gen. Physiol.
121, 17–36 (2003).

23. Vergani, P., Lockless, S. W., Nairn, A. C. & Gadsby, D. C. CFTR
channel opening by ATP-driven tight dimerization of its
nucleotide-binding domains. Nature 433, 876–880 (2005).

24. Van Goor, F. et al. Rescue of CF airway epithelial cell function
in vitro by a CFTR potentiator, VX-770. Proc. Natl Acad. Sci. USA
106, 18825–18830 (2009).

25. Wainwright, C. E. et al. Lumacaftor-Ivacaftor in patientswith cystic
fibrosis homozygous for Phe508del CFTR. N. Engl. J. Med 373,
220–231 (2015).

26. Taylor-Cousar, J. L. et al. Tezacaftor-Ivacaftor in patients with
cystic fibrosis homozygous for phe508del. N. Engl. J. Med 377,
2013–2023 (2017).

27. Keating, D. et al. VX-445-tezacaftor-ivacaftor in patients with
cystic fibrosis and one or two Phe508del alleles. N. Engl. J. Med
379, 1612–1620 (2018).

28. Ramsey, B. W. et al. A CFTR potentiator in patients with cystic
fibrosis and the G551D mutation. N. Engl. J. Med 365,
1663–1672 (2011).

29. Middleton, P. G. et al. Elexacaftor-tezacaftor-ivacaftor for cystic
fibrosis with a single Phe508del allele. N. Engl. J. Med. 381,
1809–1819 (2019).

30. Jih, K. Y. & Hwang, T. C. Vx-770 potentiates CFTR function by
promoting decoupling between the gating cycle and ATP hydro-
lysis cycle. Proc. Natl Acad. Sci. USA 110, 4404–4409 (2013).

31. Yeh, H. I. et al. Identifying the molecular target sites for CFTR
potentiators GLPG1837 and VX-770. J. Gen. Physiol. 151,
912–928 (2019).

32. Liu, F. et al. Structural identification of a hotspot on CFTR for
potentiation. Science 364, 1184–1188 (2019).

33. Fiedorczuk, K. & Chen, J. Mechanism of CFTR correction by type I
folding correctors. Cell 185, 158–168 e111 (2022).

34. Yeh, H. I., Sohma, Y., Conrath, K. & Hwang, T. C. A common
mechanism for CFTR potentiators. J. Gen. Physiol. 149,
1105–1118 (2017).

35. Eckford, P. D., Li, C., Ramjeesingh, M. & Bear, C. E. Cystic fibrosis
transmembrane conductance regulator (CFTR) potentiator VX-
770 (ivacaftor) opens the defective channel gate of mutant CFTR
in a phosphorylation-dependent but ATP-independent manner. J.
Biol. Chem. 287, 36639–36649 (2012).

36. Veit, G., Vaccarin, C. & Lukacs, G. L. Elexacaftor co-potentiates the
activity of F508del andgatingmutants of CFTR. J. Cyst. Fibros. 20,
895–898 (2021).

37. Shaughnessy, C. A., Zeitlin, P. L. & Bratcher, P. E. Elexacaftor is a
CFTR potentiator and acts synergistically with ivacaftor during
acute and chronic treatment. Sci. Rep. 11, 19810 (2021).

38. Laselva, O. et al. Rescue of multiple class II CFTR mutations by
elexacaftor+tezacaftor+ivacaftor mediated in part by the dual
activities of elexacaftor as both corrector and potentiator. Eur.
Respiratory J. 57, 2002774 (2021).

39. Veit, G. et al. Allosteric folding correction of F508del and rare
CFTR mutants by elexacaftor-tezacaftor-ivacaftor (Trikafta) com-
bination. JCI Insight 5, e139983 (2020).

40. Veit, G. et al. Some gating potentiators, including VX-770, dimin-
ish DeltaF508-CFTR functional expression. Sci. Transl. Med 6,
246ra297 (2014).

Article https://doi.org/10.1038/s41467-024-50641-1

Nature Communications |         (2024) 15:6668 11

https://doi.org/10.5281/zenodo.10407153


41. Kopeikin, Z., Yuksek, Z., Yang, H. Y. & Bompadre, S. G. Combined
effects of VX-770 and VX-809 on several functional abnormalities
of F508del-CFTR channels. J. Cyst. Fibros. 13, 508–514 (2014).

42. Cholon, D. M. et al. Potentiator ivacaftor abrogates pharmacolo-
gical correction of DeltaF508 CFTR in cystic fibrosis. Sci. Transl.
Med. 6, 246ra296 (2014).

43. Ren, H. Y. et al. VX-809 corrects folding defects in cystic fibrosis
transmembrane conductance regulator protein through action on
membrane-spanning domain 1. Mol. Biol. Cell 24, 3016–3024
(2013).

44. Loo, T. W., Bartlett, M. C. & Clarke, D. M. Corrector VX-809 stabi-
lizes the first transmembrane domain of CFTR. Biochemical Phar-
macol. 86, 612–619 (2013).

45. Fiedorczuk, K. & Chen, J. Molecular structures reveal synergistic
rescue of Delta508 CFTR by Trikafta modulators. Science 378,
284–290 (2022).

46. Yang, B., Sonawane, N. D., Zhao, D., Somlo, S. & Verkman, A. S.
Small-molecule CFTR inhibitors slow cyst growth in polycystic
kidney disease. J. Am. Soc. Nephrol. 19, 1300–1310 (2008).

47. Ma, T. et al. Thiazolidinone CFTR inhibitor identified by high-
throughput screening blocks cholera toxin-induced intestinal
fluid secretion. J. Clin. Invest 110, 1651–1658 (2002).

48. Tonum, K. et al. Pinostrobin inhibits renal CFTR-mediated Cl(-)
secretion and retards cyst growth in cell-derived cyst and poly-
cystic kidney disease rats. J. Pharm. Sci. 148, 369–376 (2022).

49. Li, H. & Sheppard, D. N. Therapeutic potential of cystic fibrosis
transmembrane conductance regulator (CFTR) inhibitors in poly-
cystic kidney disease. BioDrugs 23, 203–216 (2009).

50. Sheppard, D. N. & Robinson, K. A. Mechanism of glibenclamide
inhibition of cystic fibrosis transmembrane conductance reg-
ulator Cl- channels expressed in amurine cell line. J. Physiol. 503,
333–346 (1997).

51. Schultz, B. D. et al. Glibenclamide blockade of CFTR chloride
channels. Am. J. Physiol. 271, L192–L200 (1996).

52. Muanprasat, C. et al. Discovery of glycine hydrazide pore-
occludingCFTR inhibitors:mechanism, structure-activity analysis,
and in vivo efficacy. J. Gen. Physiol. 124, 125–137 (2004).

53. Kopeikin, Z., Sohma, Y., Li, M. &Hwang, T. C.On themechanismof
CFTR inhibition by a thiazolidinone derivative. J. Gen. Physiol. 136,
659–671 (2010).

54. Liu, F., Zhang, Z., Csanady, L., Gadsby, D. C. & Chen, J. Molecular
Structure of the Human CFTR Ion Channel. Cell 169, 85–95.e88
(2017).

55. Zhang, Z., Liu, F. & Chen, J. Molecular structure of the ATP-bound,
phosphorylated human CFTR. Proc. Natl Acad. Sci. USA 115,
12757–12762 (2018).

56. Goehring, A. et al. Screening and large-scale expression of
membraneproteins inmammalian cells for structural studies.Nat.
Protoc. 9, 2574–2585 (2014).

57. Yang, Z. et al. Structural stability of purified human CFTR is sys-
tematically improved by mutations in nucleotide binding domain
1. Biochim Biophys. Acta Biomembr. 1860, 1193–1204 (2018).

58. Hildebrandt, E. et al. A stable human-cell system overexpressing
cystic fibrosis transmembrane conductance regulator recombi-
nant protein at the cell surface. Mol. Biotechnol. 57, 391–405
(2015).

59. Simon, M. A., Iordanov, I., Szollosi, A. & Csanady, L. Estimating the
true stability of the prehydrolytic outward-facing state in an ABC
protein. Elife 12, e90736 (2023).

60. Gao, X. & Hwang, T. C. Localizing a gate in CFTR. Proc. Natl Acad.
Sci. USA 112, 2461–2466 (2015).

61. Cheung, M. & Akabas, M. H. Locating the anion-selectivity filter of
the cystic fibrosis transmembrane conductance regulator (CFTR)
chloride channel. J. Gen. Physiol. 109, 289–299 (1997).

62. Linsdell, P., Evagelidis, A. & Hanrahan, J. W. Molecular determi-
nants of anion selectivity in the cystic fibrosis transmembrane
conductance regulator chloride channel pore. Biophysical J. 78,
2973–2982 (2000).

63. McCarty, N. A. & Zhang, Z. R. Identification of a region of strong
discrimination in the pore of CFTR. Am. J. Physiol. 281, L852–L867
(2001).

64. Norimatsu, Y. et al. Locating a plausible binding site for an open-
channel blocker, GlyH-101, in the pore of the cystic fibrosis
transmembrane conductance regulator. Mol. Pharm. 82,
1042–1055 (2012).

65. Young, P. G., Levring, J., Fiedorczuk, K., Blanchard, S. C. &Chen, J.
Structural basis for CFTR inhibition by CFTR(inh)-172. Proc. Natl
Acad. Sci. USA 121, e2316675121 (2024).

66. Stahl, M., Stahl, K., Brubacher, M. B. & Forrest, J. N. Jr Divergent
CFTR orthologs respond differently to the channel inhibitors
CFTRinh-172, glibenclamide, and GlyH-101. Am. J. Physiol. Cell
Physiol. 302, C67–C76 (2012).

67. Liu, X. et al. Bioelectric properties of chloride channels in human,
pig, ferret, and mouse airway epithelia. Am. J. Respir. Cell Mol.
Biol. 36, 313–323 (2007).

68. Aleksandrov, A. A., Chang, X., Aleksandrov, L. & Riordan, J. R. The
non-hydrolytic pathway of cystic fibrosis transmembrane con-
ductance regulator ion channel gating. J. Physiol. 528,
259–265 (2000).

69. Caci, E. et al. Evidence for direct CFTR inhibition by CFTR(inh)-172
based on Arg347 mutagenesis. Biochem J. 413, 135–142 (2008).

70. Cui, G. et al. Two salt bridges differentially contribute to the
maintenance of cystic fibrosis transmembrane conductance reg-
ulator (CFTR) channel function. J. Biol. Chem. 288, 20758–20767
(2013).

71. Cotten, J. F. & Welsh, M. J. Cystic fibrosis-associated mutations at
arginine 347 alter the pore architecture of CFTR. Evidence for
disruption of a salt bridge. J. Biol. Chem. 274, 5429–5435 (1999).

72. Zhou, Z., Hu, S. & Hwang, T. C. Probing an open CFTR pore with
organic anion blockers. The. J. Gen. Physiol. 120, 647–662 (2002).

73. Colquhoun, D. Binding, gating, affinity and efficacy: the inter-
pretation of structure-activity relationships for agonists and of the
effects of mutating receptors. Br. J. Pharmacol. 125, 924–947
(1998).

74. Changeux, J. P. & Christopoulos, A. Allosteric modulation as a
unifying mechanism for receptor function and regulation. Cell
166, 1084–1102 (2016).

75. Aleksandrov, L. A., Aleksandrov, A. A., Jensen, T. J., Strauss, J. D. &
Fay, J. F. Conformational variability in ground-state CFTR lipo-
protein particle cryo-EM ensembles. Int J. Mol. Sci. 23, 9248
(2022).

76. Simon, M. A. & Csanady, L. Molecular pathology of the R117H
cystic fibrosis mutation is explained by loss of a hydrogen bond.
Elife 10, e74693 (2021).

77. Levring, J. et al. CFTR function, pathology and pharmacology at
single-molecule resolution. Nature 616, 606–614 (2023).

78. Wang, C. et al. Mechanism of dual pharmacological correction
and potentiation of human CFTR. bioRxiv, 2022.2010.2010.510913
https://doi.org/10.1101/2022.10.10.510913 (2022).

79. Jih, K. Y., Sohma, Y., Li, M. & Hwang, T. C. Identification of a novel
post-hydrolytic state in CFTR gating. J. Gen. Physiol. 139,
359–370 (2012).

80. Yeh, H. I. et al. Functional stability of CFTR depends on tight
binding of ATP at its degenerate ATP-binding site. J. Physiol. 599,
4625–4642 (2021).

81. Tsai, M. F., Li, M. & Hwang, T. C. Stable ATP bindingmediated by a
partial NBD dimer of the CFTR chloride channel. J. Gen. Physiol.
135, 399–414 (2010).

Article https://doi.org/10.1038/s41467-024-50641-1

Nature Communications |         (2024) 15:6668 12

https://doi.org/10.1101/2022.10.10.510913


82. Tsai, M. F., Shimizu, H., Sohma, Y., Li, M. & Hwang, T. C. State-
dependent modulation of CFTR gating by pyrophosphate. J. Gen.
Physiol. 133, 405–419 (2009).

83. Sonawane, N. D. & Verkman, A. S. Thiazolidinone CFTR inhibitors
with improved water solubility identified by structure-activity
analysis. Bioorg. Med Chem. 16, 8187–8195 (2008).

84. Suloway, C. et al. Automated molecular microscopy: the new
Leginon system. J. Struct. Biol. 151, 41–60 (2005).

85. Kimanius, D., Dong, L., Sharov, G., Nakane, T. & Scheres, S. H. W.
New tools for automated cryo-EM single-particle analysis in
RELION-4.0. Biochem J. 478, 4169–4185 (2021).

86. Rohou, A. & Grigorieff, N. CTFFIND4: Fast and accurate defocus
estimation from electron micrographs. J. Struct. Biol. 192,
216–221 (2015).

87. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr D. Biol. Crystallogr 66,
486–501 (2010).

88. Liebschner, D. et al. Macromolecular structure determination
using X-rays, neutrons and electrons: recent developments in
Phenix. Acta Crystallogr D. Struct. Biol. 75, 861–877 (2019).

89. Waterhouse, A. et al. SWISS-MODEL: homology modelling of
protein structures and complexes. Nucleic Acids Res 46,
W296–W303 (2018).

90. Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: a web-based
graphical user interface for CHARMM. J. Comput Chem. 29,
1859–1865 (2008).

91. Tian, C. et al. ff19SB: amino-acid-specific protein backbone para-
meters trained against quantum mechanics energy surfaces in
solution. J. Chem. Theory Comput. 16, 528–552 (2020).

92. He, X., Man, V. H., Yang, W., Lee, T. S. & Wang, J. A fast and high-
quality chargemodel for thenext generationgeneral AMBER force
field. J. Chem. Phys. 153, 114502 (2020).

93. Abraham, M. J. et al. GROMACS: high performance molecular
simulations through multi-level parallelism from laptops to
supercomputers. SoftwareX 1, 19–25 (2015).

94. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

95. Parrinello, M. & Rahman, A. Crystal structure and pair potentials: a
molecular-dynamics study. Phys. Rev. Lett. 45, 1196–1199 (1980).

96. Hess, B. P-LINCS: a parallel linear constraint solver for molecular
simulation. J. Chem. Theory Comput. 4, 116–122 (2008).

97. Essmann, U. et al. A smoothparticlemesh Ewaldmethod. J. Chem.
Phys. 103, 8577–8593 (1995).

98. Gowers, R. J. et al. in Conference: PROC. OF THE 15th PYTHON IN
SCIENCE CONF. (SCIPY 2016); 2016-07; Medium: ED; Size: 98
(United States, 2019). https://doi.org/10.25080/Majora-
629e541a-00e.

99. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph 14, 33-38–27-38 (1996).

100. Bouysset, C. & Fiorucci, S. ProLIF: a library to encode molecular
interactions as fingerprints. J. Cheminformatics 13, 72 (2021).

101. Hunter, J. D. 9 90-95 (IEEE Computer Society, 2007).
102. Pettersen, E. F. et al. UCSF Chimera–a visualization system for

exploratory research and analysis. J. Comput Chem. 25,
1605–1612 (2004).

Acknowledgements
The authors would like to acknowledgeMin Su and Rowan Fink from the
University of Missouri Electron Microscopy Core for their assistance in
grids preparation. Some of this work was performed at the National
Center for CryoEM Access and Training (NCCAT) and the Simons Elec-
tron Microscopy Center located at the New York Structural Biology

Center, supported by the NIH Common Fund Transformative High
Resolution Cryo-Electron Microscopy program (U24 GM129539,) and by
grants from the Simons Foundation (SF349247) and NY State Assembly.
We thank their staff Ed Eng, Eugene Chua, Huihui Kuang, and Kashyap
Maruthi for their help with grid screening and data collection. We thank
Shenghui Hu and Cindy Chu for their technical assistance in the con-
struction of CFTR mutants and some electrophysiology experiments.
The cluster used to analyze the Cryo-EM data is sponsored by NSF grant
OAC-1919789. MD simulations were performed using the computing
facilities of Swedish National Infrastructure for Computing (SNIC 2022/
3-40) and supported by BioExcel (EuroHPC grant no. 101093290). This
work is supported by fundings from Stockholm University (grant FV-
5.1.2-0523-19 to C.F.), from the Swedish Research Council and Swedish
e-Science ResearchCenter (2019-02433, 2021-05806 toR.J.H. and E.L.),
fromNIH (R01DK055835 to T.H.), fromNHRI (NHRI-EX112-11236SI to T.H.)
and from Cystic Fibrosis Foundation grants (HWANG22G0 to T.H. and
X.G.; KAPPES21XX0 to J.C.K.).

Author contributions
Conceptualization: X.G. and T.H. Molecular biology, cell culture, and
protein purification: Z.Y., F.J. and J.C.K. Cryo-EM data collection, analy-
sis, model building and visualization: X.G. Electrophysiology: H.Y. MD
simulation: C.F., R.J.H. and E.L. Funding acquisitions: X.G., E.L., J.C.K.,
and T.H. Writing: X.G., H.Y. and T.H. wrote the manuscript with inputs
from all other authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50641-1.

Correspondence and requests for materials should be addressed to
Xiaolong Gao or Tzyh-Chang Hwang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-50641-1

Nature Communications |         (2024) 15:6668 13

https://doi.org/10.25080/Majora-629e541a-00e
https://doi.org/10.25080/Majora-629e541a-00e
https://doi.org/10.1038/s41467-024-50641-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Allosteric inhibition of CFTR gating by CFTRinh-172 binding in the pore
	Results
	Determination of the structure of E1371Q-CFTR
	Identification of an Inh-172 binding site in CFTR’s ion permeation pathway
	TMD2 plays a key role in the inhibition of CFTR gating by Inh-172

	Discussion
	Methods
	Cell culture and protein purification
	Cryo-EM grids freezing and data collection
	Cryo-EM data processing
	Model building
	Molecular dynamics simulations
	Electrophysiology
	Figure preparation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




