
Physiological and pharmacological characterization of the 
N1303K Mutant CFTR

Samantha DeStefano1,2, Maarten Gees3, Tzyh-Chang Hwang1,2

1.Dalton Cardiovascular Research Center, University of Missouri, Columbia, MO 65211

2.Department of Medical Pharmacology and Physiology, University of Missouri, Columbia, MO 
65211

3.Galapagos NV, Mechelen, Belgium

Abstract

Background: N1303K, one of the common, severe disease-causing mutations in the CFTR gene, 

causes both defective biogenesis and gating abnormalities of the CFTR protein. The goals of the 

present study are to quantitatively assess the gating defects associated with the N1303K mutation 

and its pharmacological response to CFTR modulators including potentiators VX-770 and 

GLPG1837 and correctors VX-809, and VX-661.

Methods: Gating behavior and pharmacological responses to CFTR potentiators were assessed 

using the patch-clamp technique in the excised, inside-out mode. We also examined the effects of 

GLPG1837, VX-770, VX-809 and VX-661 on N1303K-CFTR surface expression using Western 

blot analysis.

Results: Like wild-type (WT) CFTR, N1303K-CFTR channels were activated by protein kinase 

A-dependent phosphorylation, but the open probability (Po) of phosphorylated N1303K-CFTR 

was extremely low (~0.03 vs ~0.45 in WT channels). N1303K mutants showed abnormal 

responses to ATP analogs or mutations that disrupt ATP hydrolysis and/or dimerization of CFTR’s 

two nucleotide-binding domains (NBDs). However, the Po of N1303K-CFTR was dramatically 

increased by GLPG1837 (~17-fold) and VX-770 (~8-fold). VX-809 or VX-661 enhanced 

N1303K-CFTR maturation by 2 – 3 fold, and co-treatment with GLPG1837 or VX-770 did not 

show any negative drug-drug interaction.

Conclusion: N1303K has a severe gating defect, reduced ATP-dependence and aberrant 

response to ATP analogs. These results suggest a defective function of the NBDs in N1303K-

CFTR. An improvement of channel function by GLPG1837 or VX-770 and an increase of Band C 

protein by VX-809 or VX-661 support a therapeutic strategy of combining CFTR potentiator and 

corrector for patients carrying the N1303K mutation.
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1. Introduction

Cystic Fibrosis (CF) is an autosomal recessive genetic disease caused by mutations in the 

gene for the Cystic Fibrosis Transmembrane conductance Regulator (CFTR), a 

phosphorylation-activated but ATP-gated anion channel predominantly expressed in 

epithelial cells [1, 2]. CFTR regulates the balance of salt and water across epithelial cells 

lining the exocrine glands, such as the submucosal glands in the lungs, the pancreatic ducts 

and the sweat glands. N1303K (asparagine-to-lysine mutation at position 1303) is a 

common, severe CF disease-causing mutation in the CFTR gene (Cystic Fibrosis Foundation 

Patient Registry 2016 Annual Data Report). As the newly resolved human CFTR structure 

has shown [3], N1303 is at the equivalent position, but in the opposite half of the CFTR 

molecule, as F508, deletion of which (F508del) constitutes the most common pathogenic 

mutation in CF. Like F508del, N1303K is a Class II folding defect mutation, which results in 

a reduced number of N1303K channels in the cell membrane [4–6]. Both of these common, 

Class II folding defect mutations also show gating defects once they reach the cell 

membrane [7–10]. For mutations with both trafficking and gating defects, one therapeutic 

strategy is to use a combination of CFTR correctors (e.g., VX-809 or Lumacaftor, [11] that 

increase the number of channels in the cell membrane and CFTR potentiators (e.g., VX-770 

or Ivacaftor, [12]) that enhance the activity or open probability (Po) of the CFTR channel.

Although the FDA approved the use of Orkambi (Lumacaftor plus Ivacaftor) for the 

treatment of patients homozygous for the F508del mutation [13], the clinical benefits are 

somehow limited partly due to the undesirable drug-drug interaction: Chronic application of 

Ivacaftor dampens the effects of Lumacaftor [14, 15] and the mechanisms are complex and 

may be mutation-specific [16–18]. While clinical trials for use of ivacaftor in combination 

with other first- and next-generation correctors for F508del heterozygotes bearing a minimal 

function mutation (e.g. N1303K) on their second allele are ongoing, in vitro results 

establishing effects of potentiator VX-770 on the N1303K mutation have not been 

published. In addition, prior to the discovery of efficacious CFTR potentiators, functional 

studies of CFTR mutants may have underestimated the severity of gating defects associated 

with these mutations (see ref. [19] for example). Thus, although Berger et. al (2002) showed 

a PO of ~0.1 for N1303K [7], this should be considered as a maximal value before more 

thorough studies are possible.

Recent development of new CFTR potentiators provides powerful tools that afford more 

accurate assessment of the gating abnormalities caused by CFTR mutations. For example, 

Yeh et al. (2017) showed that the potentiator GLPG1837 is ~3-fold more efficacious than 

VX-770 (ivacaftor) on G551D-CFTR [20], the third most common pathogenic mutation with 

distinct gating defects [21]. Interestingly, the same report also provided evidence that 

GLPG1837 and VX-770 share a similar mechanism of action perhaps by binding to the 

same binding site. Despite its lower potency than VX-770, the high efficacy of GLPG1837, 
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if also true for the N1303K mutation, should make this compound particularly valuable for a 

more accurate quantification of the gating defect associated with N1303K-CFTR.

In this present study, we used the CFTR potentiator GLPG1837 as a tool to estimate a 

maximal PO of ~0.03 for N1303K. This gating defect likely is caused by dysfunction of 

CFTR’s NBDs as N1303K-CFTR responds to ATP and ATP analogs very differently from 

WT channels. Furthermore, mutations disrupting ATP hydrolysis or NBD dimerization fail 

to affect N1303K channel gating. However, CFTR potentiators such as GLPG1837 and 

VX-770 dramatically improved the gating function of N1303K-CFTR, suggesting a clinical 

usefulness of these reagents. Furthermore, we showed that the surface expression of 

N1303K-CFTR can be enhanced by CFTR correctors VX-809 or VX-661. Therapeutic 

strategy of combining CFTR potentiator and corrector for patients carrying the N1303K 

mutation, and the potential structural mechanism for the gating defects caused by the 

mutation will be discussed.

2. Materials and Methods

2.1 Cell culture and transfection

Chinese hamster ovary (CHO) cells were grown in 5% CO2 at 37°C in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum. The cDNA construct of 

N1303K-CFTR was co-transfected with pEGFP-C3 (Clontech Laboratories, Inc.) encoding 

the green fluorescence protein using PolyFect transfection reagent (QIAGEN) according to 

the manufacturer’s instructions. The transfected CHO cells were plated on sterile glass chips 

in 35-mm tissue culture dishes and incubated at 27°C for 2 – 6 days before patch-clamp 

experiments.

2.2 Western Blot Analysis

CHO cells, in 35mm dishes, were transfected with various DNA construct using X-

tremeGENE (Roche). Six hours after transfection, drugs were added to the medium to 

desired concentrations. Cells were lysed 18 hours post drug treatment using 1×SDS loading 

buffer. Cell lysates were sheared by pushed through 18G needles. Whole cell lysate were 

separated in 4~20% gradient gels (Bio-Rad Laboratories) and transferred onto nitrocellulose 

membranes. The membranes were blocked with 5% milk in TBST buffer (20mM Tris, 

137mM NaCl, 0.1% Tween 20) at 4°C overnight. The membranes were then probed with 

anti-CFTR antibody (1:3000 dilution) (AB596 from Cystic Fibrosis Foundation 

Therapeutics) and anti-Vimentin antibody (1:3000 dilution) (Santa Cruz Biotechnology) at 

room temperature for two hours. The membranes were washed with TBST five times and 

then incubated with anti-mouse IgG, HRP linked antibody (Cell Signaling Technology) at 

room temperature for one hour. The membranes were washed three times with TBST and 

developed with chemiluminescence reagent (Thermo Scientific). The luminescence was 

detected by a Molecular Image Chemi Doc (Bio-Rad Laboratories).

2.3 Electrophysiological experiments

Details of patch-clamp experiments were described in our previous publication [22]. The 

pipette solution contained (in mM): 140 NMDG chloride (NMDG-Cl), 2 MgCl2, 5 CaCl2, 
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and 10 HEPES, pH 7.4 with NMDG. Cells were perfused with a bath solution containing (in 

mM): 145 NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 5 glucose, 5 HEPES, and 20 sucrose, pH 7.4 

with NaOH. After the establishment of an inside-out configuration, the patch was perfused 

with a solution containing (in mM): 150 NMDG-Cl, 2 MgCl2, 10 EGTA, and 8 Tris, pH 7.4 

with NMDG.

CFTR channel currents in inside-out patches were recorded at room temperature with an 

EPC-10 patch clamp amplifier, filtered at 100 Hz with an eight-pole Bessel filter (Warner 

Instrument Corp.) and captured onto a hard disk at a sampling frequency of 500 Hz. The 

membrane potential was held at −30 or −50 mV and the inward current was inverted for 

clear data presentation. CFTR was first activated by cytoplasmic application of 25 U ml−1 

PKA catalytic subunit (Sigma) plus 2 mM ATP until the current reached the steady-state 

(~30 mins.) before changing the cytoplasmic solutions.

2.4 Data analysis and statistics

We used Igor-Pro (WaveMetrics) to measure steady-state mean currents (IM) for 

macroscopic analyses. For microscopic analyses, recordings with less than 5 visible 

simultaneously-opening steps in the presence of potentiator were further filtered off-line at 

50 Hz with a digital filter and used for single channel kinetic analysis using a program 

developed by Dr. Csanády [10, 23]. The inverse of the resulting kinetic parameters, mean 

burst time (τb) and interburst time (τib), correspond to the closing and opening rate of 

CFTR, respectively. For the sake of convenience, investigators in the field have used τo and 

τc to represent these kinetic parameters [22, 24, 25]. Of note, because of the uncertainty in 

assigning the number of active channels in the patch, this method inevitably underestimates 

the number of functional channels in the patch, hence results in an overestimation of the Po. 

Therefore, the reported Po value for N1301K-CFTR should be considered as the maximal 

Po.

Data are presented as means ± SEM. ANOVA and Student’s t test were performed for 

statistical analysis using Microsoft Excel. p < 0.05 was considered significant.

2.5 Reagents

Mg-ATP, PKA and 2’-deoxy ATP (2’-dATP) were purchased from Sigma (Saint Louis, MO, 

USA). N6–(2-phenylethyl)-ATP (P-ATP) was purchased from Biolog Life Science Institute 

(Bremen, Germany). VX-770 and VX-661 were purchased from Selleck Chemicals 

(Houston, TX, USA). VX-809 was purchased from AOBIOUS INC (Gloucester, MA, USA). 

GLPG1837 was provided by Galapagos/AbbVie.

3. Results

3.1 Pharmacological responses of N1303K to the CFTR potentiator GLPG1837

Moderate gating defects have been reported for the few N1303K channels that reach the cell 

membrane [7, 8]. Here, we used the CFTR potentiator GLPG1837 to quantify the gating 

defects associated with N1303K-CFTR. WT-CFTR data (Fig. 1A, C and D), reported in Yeh 

et al. (2017) [20], were presented for comparison. Although 3 μM, a saturating concentration 
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of GLPG1837 for WT-CFTR, increased ATP-induced currents of phosphorylated WT-CFTR 

by ~ 2-fold (Fig. 1A, D), the N1303K channels showed a lower sensitivity to GLPG1837 as 

seen in Fig. 1B: Increasing [GLPG1837] from 1 to 6 to 20 μM resulted in an incremental 

increase of the macroscopic N1303K-CFTR currents. A return of the macroscopic currents 

to the baseline level after application of the selective CFTR inhibitor CFTRInh-172 ensures 

that the macroscopic currents observed are from CFTR. Fold increase in macroscopic 

currents was calculated as the ratio of steady-state currents (IM) with potentiator GLPG1837 

to IM without potentiator. In contrast to a maximal 2-fold increase of WT-CFTR current by 

GLPG1837, macroscopic N1303K-CFTR currents increase 16.8 ± 1.8 (n = 6) fold in the 

presence of 20.0 μM GLPG1837 (summarized in Fig. 1C). This ~17-fold increase of the 

macroscopic N1303K-CFTR currents sets an upper limit of PO at 0.06 (1/17) in the absence 

of the potentiator.

The fold increase of N1303K-CFTR currents by various concentrations of GLPG1837 was 

normalized to the effect at the saturating dose (20.0 μM), and subsequently fitted with the 

Hill equation yielding a K1/2 of 0.9 μM (Fig. 1D; cf. 0.2 μM for WT-CFTR) and a Hill 

coefficient of 0.92. Of note, our previous studies demonstrated a state-dependent binding of 

GLPG1837 on CFTR: open states bind GLPG1837 more tightly than closed states [20]. 

Thus, a rightward shift of the dose response relationship for the N1303K mutation is 

consistent with the idea that the Po of N1303K-CFTR must be very low.

3.2 Microscopic gating kinetics of N1303K-CFTR

While the macroscopic analyses described above (Fig. 1) provide a reasonable estimation of 

the maximally possible PO for N1303K channels in the absence of potentiator, kinetic 

analysis of microscopic current in patches containing fewer than 5 channels provides a much 

closer assessment of the actual PO for N1303K channels in the presence of potentiator. 

Figure 2A shows a representative recording of at least three N1303K-CFTR channels. In the 

absence of potentiator, only one opening event was seen in 30 seconds of the trace, making it 

virtually impossible to estimate the Po. However, application of 20.0 μM GLPG1837 

drastically increased channel activity thus increasing the probability of simultaneous channel 

opening events. This then allows us to more accurately estimate the number of functional 

channels in the patch. (Of note, although this method improves accuracy, the number of 

active channels may still be underestimated.) Kinetic analysis of data of at least 1 – 2 

minutes from such patches revealed a PO of 0.44 ± 0.04 (n = 4) in the presence of 20.0 μM 

GLPG1837 and 2 mM ATP (Fig. 2B). We then back-calculated the PO(app) of N1303K 

channels in the absence of potentiator by dividing the PO obtained in the presence of 

potentiator by the fold increase in mean current (IM) by GLPG1837 (17-fold) to yield a 

PO(app) of ≤ 0.03 for N1303K-CFTR in the absence of potentiator. Interestingly, in addition 

to a prolonged closed time (Fig. 2B), our analysis also revealed a paradoxical increase of the 

mean open time (τo) even without GLPG1837 (3.1 ± 0.8 s n = 6 in Fig. 2B; ~400 ms for 

WT-CFTR), consistent with results in a previous report for N1303K [7]. The mean open 

time was further prolonged to 9.1 ± 3.1 s (n = 4) by GLPG1837 (vs. ~850 ms for WT-

CFTR). Thus, the N1303K mutation causes a more severe gating defect than previously 

reported [7].
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3.3 Response of N1303K-CFTR to ATP and ATP analogs

N1303 is located in CFTR’s NBD2, which plays a critical role in controlling ATP-dependent 

opening and closing of the channel [1]. We therefore hypothesized that the gating defect 

associated with N1303K may be due to problems with how the mutant channel uses ATP as 

a ligand. We hence tested the N1303K mutant’s response to ATP and to ATP analogs 2’-

deoxy ATP (2’-dATP) and N6-(2-phenylethyl)-ATP (P-ATP) in the continuous presence of 

GLPG1837. (Of note, the constant inclusion of GLPG1837 in the system ensures 

macroscopic currents that afford more accurate quantification.) In Fig. 3A, washout of ATP 

in the presence of GLPG1837 resulted in a 35.5 ± 2.8% (n = 4) decrease in potentiated IM, a 

result in stark contrast to the response of WT-CFTR channels to ATP removal shown in Fig. 

1A. This observation indicates that N1303K channels do respond to ATP but the ATP 

dependence is much less than WT-CFTR. The hypothesis that the N1303K mutation results 

in an abnormal function of NBDs is further supported by the data shown in Fig. 3B and 3C. 

While it is known that d-ATP and P-ATP are more efficacious ligands than ATP for WT-

CFTR gating [22, 26] exchanging ATP for d-ATP (Fig. 3B) in the presence of GLPG1837 

does not increase the currents of N1303K. More strikingly, replacing ATP with the high-

affinity ATP analog P-ATP (Fig. 3C) actually decreases the N1303K currents by 39.0 

± 7.0% (n = 4). Interestingly, the effects of the ATP analogues d-ATP and P-ATP on 

N1303K-CFTR contrast with their actions on other CF mutants (e.g. G551D and G1349D 

[27] and F508del [10]).

3.4 Second-site mutations G551D, G1349D and E1371S have negligible effect on N1303K 
mutant’s prolonged open time

CFTR gating involves ATP binding, NBD dimerization, ATP hydrolysis and NBD/TMD 

coupling. We made several second-site mutations to further investigate the mechanism of 

gating defects in N1303K. To determine if N1303K’s prolonged open time is mediated by 

stable NBD dimerization, we introduced second-site mutations G551D and G1349D at the 

NBD heterodimer interface. Introducing a negatively charged aspartic acid into the signature 

sequence presumably impedes NBD dimerization via an electrostatic repulsion between the 

introduced negative charges and the bound ATP molecule. However, these second-site 

mutations G551D (Fig. 4A) and G1349D (Fig. 4B) did not affect the mean open time. We 

next mutated the conserved glutamate (E1371) at NBD2, which plays a critical role in ATP 

hydrolysis for WT-CFTR, under the N1303K background. However, the double mutant 

E1371S/N1303K shows a similar mean open time as N1303K (Fig. 4C).

3.5 Pharmacological response of N1303K-CFTR to CFTR potentiators and correctors

We next tested if N1303K responds to VX-770, the only FDA approved CFTR potentiator 

for the treatment of patients with CF. A representative recording in Fig. 4A shows 200 nM 

VX-770 increased the channel activity of N1303K-CFTR. In Fig. 4B, the steady-state 

N1303K-CFTR IM did not increase when the concentration of VX-770 was raised from 200 

to 500 nM, suggesting 200 nM is the maximally effective concentration of VX-770 for 

N1303K-CFTR. Using the maximally effective concentrations of GLPG1837 and VX-770, 

we compared the potentiators in the experimental protocol shown in Fig. 4C. Once the 

GLPG1837-potentiated N1303K currents reached a steady-state, the perfusion solution was 
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switched to VX-770 + ATP. The steady-state IM in GLPG1837 decreased about 50% upon 

switching to VX-770, indicating that GLPG1837 is ~2-fold more efficacious than VX-770.

N1303K is classified as a Class II mutation due to a decrease in Band C yield in Western 

blot analysis [4–6]. Consistent with these previous reports, we found N1303K has decreased 

surface expression compared to WT-CFTR. However, this trafficking defect caused by the 

N1303K mutation can be partly rectified by treatment (18 h) of the cells with VX-809 (lane 

2 in Fig. S1) or VX-661 (lane 5 in Fig. S1). We also tested the effects of CFTR correctors in 

the presence of CFTR potentiators. Two CFTR potentiators, VX-770 and GLPG1837, were 

examined together with VX-809 or VX-661. Co-treatment with VX-770 or GLPG1837 did 

not appear to counteract the effect of the correctors on the N1303K mutation (Fig. S1), in 

striking contrast to the reported effect of co-treatment with potentiator on pharmacologically 

corrected F508del [14, 15].

4. Discussion

In this study, we have assessed the N1303K mutant’s pharmacological response to CFTR 

modulators GLPG1837, VX-770, VX-809 and VX-661. Specifically, we quantified the 

N1303K mutant’s gating defects and showed a more severe defect than reported previously. 

The N1303K mutant’s mostly ATP-independent channel activity and its abnormal response 

to ATP analogs P-ATP and d-ATP indicate the origin of its gating defects likely resides in 

CFTR’s NBDs. We also provided evidence that GLPG1837 is a more efficacious but less 

potent potentiator of N1303K-CFTR than VX-770, as was previously reported for G551D-

CFTR [17]. In this section, we will discuss the mechanism for the gating defects in N1303K-

CFTR and clinical implications of our results.

N1303 and F508 are located at equivalent but opposite positions within the CFTR protein 

structure (Fig. S2A). F508 sits in the interface between NBD1 and the fourth intracellular 

loop (ICL4), also known as the coupling helix of the CFTR’s second transmembrane 

domains (TMD2) [3, 28, 29]. N1303, on the other hand, resides in the interface between 

NBD2 and ICL2 [3], and is thought to stabilize the Q-loop of NBD2 [27]. These two domain 

interfaces play important roles in CFTR gating because they serve to relay signals from the 

cytosolic NBDs to trigger conformational changes in the TMDs to open and close the gate 

[30, 31]. Not surprisingly, both F508del and N1303K mutations cause gating defects [7–9]. 

What is surprising however is that the two interface mutations show distinct gating patterns.

Despite >15-fold reduction in Po mostly due to a lower opening rate, F508del retains ATP-

dependence [10, 32, 33]. The function of F508del can be improved by maneuvers that 

promote NBD dimerization [10, 32] or abolish ATP hydrolysis [33]. It was proposed that 

F508del’s low opening rate is due to a high enthalpy of the opening transition state 

reflecting strain at the NBD1-TMD interface [30]. Alternatively, ATP-binding induced 

dimerization of the NBDs in F508del is no longer tightly coupled to the opening of the gate 

in the TMDs. Although N1303K has about the same Po as F508del, the gating function of 

N1303K is mostly unresponsive to the two ATP analogs tested. In addition, the prolonged 

open time of N1303K-CFTR is not altered by mutations that disrupt ATP hydrolysis or NBD 

dimerization. This nearly complete uncoupling between NBDs and TMDs in N1303K-CFTR 
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may result from a disruption of the Q-loop in NBD2, which plays a critical role in aligning 

the bound ATP at site 2 (composed of the head of NBD2 and the tail of NBD1) for 

catalyzing NBD dimerization [34]. Thus, despite the apparently opposite locations for F508 

and N1303, mutations at these two positions result in similar but not identical dysfunction of 

the critical site 2 (see Fig. S2B & C for more detailed discussion).

Regardless of the mechanism underlying the gating defect caused by the N1303K mutation, 

our results bear important clinical implications. Here, we report that VX-770 increases the 

Po of N1303K channels by ~ 8-fold. This, plus a ~3-fold improvement of N1303K 

biogenesis by either VX-809 or VX-661, and the absence of negative drug-drug interaction 

with potentiator co-treatment suggest that a combination of corrector and potentiator may be 

a viable therapeutic option for patients bearing the N1303K allele. Indeed, a Phase II clinical 

trial with a combination of VX-661 (tezacaftor), a second-generation corrector VX-440 and 

VX-770 (ivacaftor) reported favorable clinical outcomes for F508del heterozygotes carrying 

a minimal function mutation (e.g. N1303K) on their second allele [35]. Future work on other 

mutations with minimal function may provide more in vitro evidence supporting the 

strategies of using a combination of CFTR correctors and potentiators for CF treatment.

Supplementary Material
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Fig. 1. 
Macroscopic recordings of WT-CFTR (A) or N1303K-CFTR (B) showing response to 

potentiator GLPG1837. Channels were prephosphorylated with PKA + ATP and then 

exposed to GLPG1837. The bars indicate the presence of ATP, GLPG1837 and CFTRinh-172 

(Inh-172) in the intracellular solution and the dashed lines represent the baseline. N1303K 

channel currents increase 16.8-fold ± 1.8 (n = 6) in response to a saturating concentration of 

GLPG1837, indicating a PO for N1303K < 0.06. (C) Quantification of the fold increase in 

mean current (IM) in response to saturating concentrations of GLPG1837. (D) GLPG1837 

concentration response curves (n = 3 – 8 for each data point). The dose response curve is 

shifted to the right for N1303K-CFTR (K1/2 = 0.9 μM cf. 0.2 μM for WT). Note data on 

WT-CFTR are extracted from ref. [20].
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Fig. 2. 
(A) Microscopic recording of N1303K-CFTR in 2 mM ATP or 2 mM ATP + 20 μM 

GLPG1837. (B) Quantification of gating parameters PO (B) mean open time (τO) (C) mean 

closed time (τO) (D) in the presence of ATP or ATP + GLPG1837. Mean closed time in ATP 

was calculated based on PO = τO/(τO + τC).

DeStefano et al. Page 12

J Cyst Fibros. Author manuscript; available in PMC 2020 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Macroscopic recordings of N1303K-CFTR showing its response to ATP (A) or ATP analogs 

P-ATP (B) or d-ATP (C) in the continuous presence of GLPG1837. (D) Quantification of 

steady-state IM in 2 mM ATP, ATP-free solution, d-ATP or P-ATP presented as percent of IM 

in ATP.
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Fig. 4. 
Roles of NBD dimerization and ATP hydrolysis in N1303K-CFTR gating. Representative 

single channel recordings of G551D/N1303K (A), G1349D/N1303K (B) and E1371S/

N1303K at 2 mM ATP. Microscopic kinetic analysis revealed mean open times (τO) for 

G551D/N1303K, G1349D/N1303K and E1371S/N1303K are 3.0 ± 0.5 s (n = 3), 3.0 ± 1.1 s 

(n = 3) and 3.0 ± 0.3 s (n = 6), respectively. Note: τO = 3.1 ± 0.8 s for N1303K-CFTR (Fig. 

2).
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Fig. 5. 
(A) Microscopic recording of N1303K-CFTR in ATP or ATP + VX-770. VX-770 can 

increase the channel activity of N1303K-CFTR. In (B), steady-state IM potentiated with 200 

nM VX-770 does not increase when the concentration of VX-770 is increased to 500 nM. 

(C) Macroscopic recording of N1303K-CFTR exposed first to GLPG1837 and then to 

VX-770. GLPG1837-potentiated IM is reduced by 48.8 ± 4.8 % (n = 4), when the potentiator 

is switched to VX-770.
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