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Abstract: The most common inherited disease in European populations is cystic fibrosis. Mutations 

in the gene lead to loss of function of the cystic fibrosis transmembrane conductance regulator 

protein (CFTR). CFTR is a member of the ATP-binding cassette family of membrane proteins that 

mostly act as active transporters using ATP to move substances across membranes. These proteins 

undergo large conformational changes during the transport cycle, consistent with an inward-facing to 

outward-facing translocation mechanism that was originally proposed by Jardetzky. CFTR is the 

only member of this family of proteins that functions as an ion channel, and in this case ATP and 

phosphorylation of a regulatory domain controls the opening of the channel. In this article we 

describe the inward-facing conformation of the protein and show it can be modulated by the presence 

of a purified recombinant NHERF1-PDZ1 domain that binds with high affinity to the CFTR C-

terminal PDZ motif (-QDTRL). ATP hydrolysis activity of CFTR can also be modulated by 

glutathione, which we postulate may bind to the inward-facing conformation of the protein. A 

homology model for CFTR, based on a mitochondrial ABC transporter of glutathione in the inward-

facing configuration has been generated. The map and the model are discussed with respect to the 

biology of the channel and the specific relationship between glutathione levels in the cell and CFTR. 

Finally, disease-causing mutations are mapped within the model and discussed in terms of their 

likely physiological effects.  
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1.  Introduction 

Cystic fibrosis is an inherited disease that arises due to defects in the cystic fibrosis 

transmembrane conductance regulator (CFTR) [1]. This membrane protein functions as an ATP-

regulated anion channel although it is also a member of the ATP-binding cassette transporter    

family [2]. Despite the cftr gene being identified and sequenced several decades ago [3], work on the 

purified protein has lagged behind. Loss of CFTR activity in cystic fibrosis sufferers results in many 

detrimental effects, the most serious being the production of highly viscous mucus [4,5,6] leading to 

chronic lung infections. By far the most common CF-causing mutation is the deletion of 

phenylalanine at position 508 (F508del) in the CFTR protein that is thought to lead to misfolding or 

its destabilization and to cause its degradation by the cell’s quality control machinery [7–10]. It is 

thought that the mutation extenuates the intrinsic instability of the wild-type CFTR protein, a 

significant proportion of which is also degraded before reaching the plasma membrane [8,9,10]. 

These properties have hampered the purification and biochemical characterization of the wild-type 

protein, whilst even obtaining detectable levels of the F508del version has been challenging. These 

problems need to be overcome in order to understand the role of CFTR in the progression of the 

disease and to develop new therapeutic strategies to address the basic defect. 

Murine and human CFTR orthologs have been shown to be expressed at moderate levels in the 

yeast S. cerevisiae, with about 80 μg purified protein obtained per litre of cell culture [11,12,13]. 

Yeast may be a useful system for CFTR expression as it can be grown rapidly at temperatures around 

20 °C where even the F508del version of CFTR is known to be comparatively stable. At these 

temperatures, mammalian CFTR will also have much reduced channel activity, which may be crucial 

because unregulated anion flux could be toxic to the host cell at the high CFTR expression levels 

needed for purification purposes. Unlike bacterial expression systems, yeast is able to carry out most 

of the post-translational modifications of CFTR, and it carries out a more limited (core) 

glycosylation that may be advantageous in terms of monodispersity. Purification of CFTR from yeast 

membranes has previously been described using the lyso-phosphatidyl glycerol detergent LPG14. 

With this negatively-charged detergent, CFTR can be efficiently extracted from the membranes and 

purified to homogeneity [11–14]. Although lyso-lipid detergents have been shown to be very 

effective for some membrane proteins [15], for other proteins they seem to cause significant 

destabilization and loss of biochemical activity [16]. Moreover charged and zwitterionic detergents 

are often considered to be relatively harsh compared to uncharged detergents [17,18]. The detergent-

solubilisation of membrane proteins often causes their destabilization [19], hence there will be a 

delicate balance between the efficiency of extraction of a given membrane protein and retention of 

its biochemical activity. For example, sodium dodecyl sulphate could be employed to purify most 

membrane proteins, but the resultant products would probably be biochemically inactive. In line with 

other studies, LPG14-purified CFTR has low ATPase activity. Ion flux has been reported with such 

LPG-solubilised preparations [12,14] (after CFTR reconstitution with lipid and removal of the 
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detergent). However quantitation of this activity is difficult. Even a very small percentage of the 

CFTR molecules retaining a native configuration could account for the measured flux of ions, and 

similarly, single channel measurements arise from just one active CFTR molecule.  

The C-terminal region of CFTR consists of hydrophilic and charged amino acid residues and 

with the last four residues (-DTRL
1480

) representing a well-characterised PDZ-binding motif. The 

latter is able to bind to NHERF1 and NHERF2 proteins in the cell via their PDZ domains. The main 

role of the NHERF family is the formation of a multiprotein complexes to regulate the activities of 

other proteins. Each PDZ domain within NHERF proteins has a length of 80–100 amino acids [20] 

and regulates protein-protein interactions by binding to short peptides, most often, but not 

exclusively in the carboxy- terminii of target proteins [21,22]. To date, six PDZ proteins (NHERF1, 

NHERF2, NHERF3, NHERF4, Shank2 and CAL) have been reported to interact with the C-terminus 

of CFTR. The first five proteins are proposed to interact with CFTR in the apical membrane of 

epithelial cells, while separate data suggest that CAL (CFTR-associated ligand) interacts with CFTR 

in the Golgi [23,24]. A short carboxyl-terminal peptide of CFTR (QDTRL) fused at the C-terminus 

of NHERF 1 PDZ1 was expressed in BL21 (DE3) E.coli cells and its structure was solved [21]. 

NHERF family proteins have been proposed to regulate CFTR in several ways [25]. The 

mechanism by which a simple binding to a flexible region is able to regulate the protein is not clear, 

however. Recent in-vitro studies on interactions between purified CFTR C-terminus peptide and 

purified CFTR regulatory region imply that phosphorylation may be an important additional factor in 

this process [26]. Independent of mechanism however,  NHERF proteins appear to be a potential 

therapeutic target for the treatment of CF. For example Guerra and co-workers, [27] found that 

mouse NHERF1 (but not NHERF2) overexpression increased F508del-CFTR plasma membrane 

expression and activity in human bronchial epithelial cell. Similarly, Bossard and co-workers [28] 

reported that F508del-CFTR apical plasma membrane expression and chloride channel activity were 

restored by human NHERF1 overexpression.  

Structural analyses of CFTR have been carried out on isolated soluble domains as well as the 

full length protein. For the latter, electron cryomicroscopy (cryo-EM) with single particle analysis 

has been employed [29,30] as well as electron crystallography of two-dimensionally ordered     

arrays [31]. Whilst the former studies were carried out on dimeric particles isolated by size exclusion 

chromatography, the two dimensional crystals were formed by monomeric CFTR particles organised 

in a double layered arrangement. In both cases, the structural data for CFTR was interpreted as 

showing an outward-facing configuration of the protein, similar to some ABC transporter    

structures [32,33]. However, the CFTR outward-facing configuration was detected in the absence of 

nucleotide. In contrast a recent cryo-EM study of CFTR expressed in HEK cells and then purified in 

facial ampiphile detergents and with 1mM ATP revealed monomeric CFTR particles [34] and these 

were interpreted as being in an inward-facing conformation.  Hence some plasticity in the tertiary 

and quaternary structure  of CFTR is observed in the detergent micelle and with counter-intuitive 

behaviour in the presence of ATP. 
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2.  Materials and Methods 

2.1. Expression and Purification of proteins
 

A GST-tag vector (pGEX-2TJL1) containing NHERF1 PDZ 1
(+)

 (residues (after thrombin 

cleavage) GSSRM-11–94 and the carboxyl-terminal extension N95DSLL99 that corresponds to 

residues 409–413 of human β2AR) was expressed in BL21 (DE3) E.coli cells. 0.1 mM IPTG was 

used for induction. Sonication, wash and elution buffers were respectively, (140 mM NaCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, 0.1% TritonX-100, 100mg/ml Lysozyme), (140 mM NaCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4), (33 mM Glutathione in 50 mM Tris-HCl pH 8). Glutathione resin 

(Clontech) was used. After collection of unbound material and a wash step, the protein was eluted by 

cleavage from its GST-tag by thrombin in 50 mM Tris-HCl pH 7.7, 300 mM Potassium Acetate, 7 

mM Magnesium Acetate, 10% (v/v) Glycerol (at 4 °C overnight). After purification, the protein was 

concentrated using Centricon Centrifugal Filter Units (Millipore) by collecting  the filtrate passing 

through a 50 kDa cut-off filter, and then concentrating this with a 3 kDa cut-off filter. Expression 

and purification levels were determined by SDS-PAGE. Gel filtration using a Superdex 200 column 

was used as a polishing step with 100 mM NaCl, 50 mM Tris pH 7.5, 0.01% Sodium Azide (NaN3), 

1 mM 2-Mercaptoethanol, 1 mM EDTA running buffer. Mass and purity were confirmed by SDS-

PAGE and MALDI-TOF [35]. Various full-length CFTR orthologs were expressed in yeast and 

purified as described in [36]. CFTR samples were also expressed and purified in lyso-phosphatidyl 

glycerol (LPG, 0.05% w/v) as described in [11,36]. For reconstitution with lipid and cholesterol, 

procedures were as described in [36]. Samples of the reconstituted CFTR samples were also assessed 

by negative stain electron microscopy. Full-length human CFTR was also expressed in BHK cells 

and purified in dodecyl maltoside (DDM) as described in [29].  

2.2. ATPase activity 

The CFTR-specific ATPase activity was determined using a Chifflet assay in a 96-well plate 

format [37,38,39]. Any residual activity of extraneous P-, F- and V-type ATPases was minimised by 

adding a cocktail of 10 μM Sch28080, 10mM NaSCN and 25 μM oligomycin [39] which have been 

shown to have no effect on CFTR gating [40]. 

2.3. CFTR interaction assay 

Full-length CFTR was bound to Talon metal affinity chromatography (IMAC) resin equilibrated 

with 15 μL of buffer (150 mM NaCl, 40 mM Tris pH 7.5, 0.01% sodium azide (NaN3), 0.05% n-

dodecyl- β- D- maltoside (DDM), 5 mM 2-mercaptoethanol). For LPG-purified CFTR the buffer was 

50 mM NaCl, 20 mM HEPES pH 7.5, 0.05% LPG. After washing to remove unbound CFTR, 

purified NHERF1 PDZ1 was added to the resin (15 μL) and incubated for 2 hr with gentle rotation. 

The resin was washed 6 times with 15 μL of buffer (DDM or LPG containing buffers as above). 

Elution was with two washes with the same buffer plus 400 mM imidazol. Residual protein 

remaining bound to the beads, if any, was detected with a 1% w/v SDS final wash step. All steps 
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were performed at 4 °C. SDS-PAGE gels were Silver-stained (Thermo, FERMENTAS). For 

reconstituted CFTR the same procedure was carried out, but with centrifugation as above to separate 

bound from unbound NHERF1 PDZ1. 

2.4. Single Particle Analysis (SPA) Electron Microscopy 

Procedures followed those described in [30]. Images of negatively-stained samples were 

recorded on a FEI Biotwin transmission electron microscope at different defocus values in the range 

0.1 μm to 0.5 μm and under low dose mode with 1 second exposures and with 100 kV accelaration 

voltage. A live FFT from a nearby area of the grid was used to check for astigmatism drift and 

defocus. SPA was performed using the EMAN2 software package [41]. Homogenous particles that 

were not overlapping or in close contact with other particles were interactively selected using a box 

size of (48 × 48 pixel) and Å/pixel of 5.2 (negatively stained samples). Sets of reference-free class 

averages were generated representing different characteristic views or orientations of single particles. 

20 to 30 characteristic views of the classes representing top, side and partial views were selected and 

used for the reconstruction of a preliminary 3D model with C2 symmetry applied on the basis of 

previously published studies [42,43]. Further rounds of refinement where the symmetry was relaxed 

were included for monomeric CFTR particles. The relative orientations of the characteristic views 

were determined using a Fourier common-lines routine, and the resulting averages were combined to 

generate the preliminary 3D model. Initial 3D structures were refined subsequently using 6 rounds of 

iterative projection matching with each refinement evaluated by examining the convergence by 

comparison of the Fourier shell correlation (FSC) of the 3D model generated with the previous 

iteration. The final 3D structures were low pass Gaussian-filtered to the resolution indicated by the 

shell corresponding to a correlation coefficient of 0.143 [44] in the FSC plot calculated between two 

structures, each calculated from half the dataset (often termed the even-odd resolution test). 

2.5. Molecular modelling  

Sequence alignment was performed with CLUSTALW for each half of CFTR against  

Atm1 [45]. Modifications of the PDB file were performed utilizing the PDB cleaner routine[46]. The 

alignment was then utilized by the Modeller 9.11 program [47] for the generation of multiple 

structural models and the best was selected [48]. Energy minimization was carried out using MMTK
 

running within the Chimera software suite
 
using 1000 steps of steepest descent, step size 0.002 nm, 

followed by 10 steps of conjugate gradient minimization (step size 0.002 nm) with no atoms fixed, 

hydrogen atoms included and charged residues assigned [49].  

3.  Results 

3.1. CFTR purification.  

Full-length CFTR expressed in S. cerevisiae was purified in detergent DDM or LPG. Examples 

of the degree of purity achieved with these procedures are shown in Supplementary Figures 1 and 2. 
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In general, purity is higher with the LPG detergent, although activity and thermal stability are lower 

(see below). The main contaminating protein in the presence of DDM was the yeast large ribosomal 

subunit L3, however this does not have any ATPase activity nor does it interfere with the thermal 

stability assay (Cant, N. 2014, University of Manchester PhD Thesis). 

3.2. CFTR reconstitution 

Full-length CFTR expressed in S. cerevisiae and purified in DDM was reconstituted overnight 

at 4 °C with E.coli lipids containing 20% cholesterol (w/w) [36,39]. Reconstitution was checked by 

SDS-PAGE and EM (Figure 1). The time allowed for reconstitution was crucial. An overnight (14 hr) 

incubation with the beads resulted in little loss of CFTR (Figure 1A) and electron microscopy 

showed that the reconstituted material was composed of a mixture of membrane sheets and smaller 

vesicles (Figure 1B), with no evidence of protein aggregates nor detergent-solubilised single 

particles [50,51]. However a further 24hr incubation with a fresh batch of adsorbent beads resulted in 

loss of most of the membranes to the beads (Figure 1A). The treatment of the beads with SDS 

released the membrane-bound CFTR (Figure 1A), but it migrated as large molecular mass SDS-

resistant aggregates.  

3.3. ATPase activity of purified and reconstituted CFTR 

Incubation of CFTR at 25
 
°C with 2 mM ATP over a standard 60 min period liberated inorganic 

phosphate due to ATPase activity (Table 1). Reconstitution of CFTR with lipid significantly 

increased the amount of phosphate (a lipid-only mock reconstitution was employed as control for 

these experiments). For DDM-purified material, the activity was increased 4.4-fold after 

reconstitution with lipid. In comparison CFTR purified in LPG had a lower ATPase activity (Table 1) 

which increased by 3 fold upon reconstitution. CFTR purified in DDM was also incubated with PKA 

and ATP and subsequently reconstituted. When compared with a mock-treated control or with 

untreated protein that was directly reconstituted, there were no significant differences in the ATP 

hydrolysis activity (Table 1). Others have shown stimulation of CFTR ATPase activity after PKA 

treatment [52]. However, in the yeast expression system, CFTR appears to be already phosphorylated 

(Supplementary Figure 3, [53]). We also tested some known modulators of CFTR channel activity 

for effects on the ATPase activity. Neither genistein, nor CFTR inhibitor-172 showed any significant 

effect on the ATPase activity (Table 1). However the presence of 10 mM glutathione resulted in a 

significant inhibition of the ATPase activity of the purified and reconstituted CFTR protein as 

reported previously [14,54]. 
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Figure 1. A. SDS-PAGE of CFTR reconstituted by detergent removal by Biobeads. 

DDM-purified CFTR was mixed with lipids (lane 1) and then incubated with 

Biobeads overnight (lane 2). A proportion of the material was transferred to fresh 

Biobeads and incubated for a further 24 hr (lane 3). Material associated with the 

Biobeads was denatured and released by the addition of SDS (lane 4). CFTR 

protein migrated as a monomer band (M), or as an SDS-resistant CFTR aggregate 

which was in the Biobead-bound material. B. Electron micrograph of negatively-

stained membranes after the 1
st
 Biobead addition (corresponding to lane 2 in Figure 

A). A mixture of larger liposomes of 150 nm diameter (red arrows) and smaller 

lipid patches around 20–30 nm (black arrows) were observed. 
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Table 1. Summary of ATPase activity experiments for CFTR. In each case, 

phosphate release was measured over 60 minutes using the Chifflet assay. Each 

condition was repeated 3 times and the mean and standard deviation are given. 

Three different batches of DDM-purified CFTR were employed, the second batch 

was employed in the phosphorylation experiments (5, 6), whilst the third batch was 

employed in the inhibitor experiments (rows 7–10). There were no significant 

differences in the ATPase activities of the 3 batches after reconstitution (rows 1,5,7). 

CFTR Sample/ 

Experiment 

nmol ATP 

hydrolysed/min/mg 

CFTR integrated over 

60 min (± SD) 

% of control 

(experiment 1) 

1. DDM 

purified/reconstituted 
13.2 ± 3.0 100 

2. DDM purified 3.0 ± 0.3 23 

3. LPG 

purified/reconstituted 
1.3 ± 0.4 10 

4. LPG purified 0.4  ± 0.1 3 

5. As 1 but mock PKA 

+ATP treatment 
13.1 ± 2.9 99 

6. As 5 after PKA 

+ATP treatment 
14.0 ± 2.8 106 

7. As 1 but mock 

inhibitor treatment 
13.6 ± 0.4 103 

8. As 7 + 10μM inh-

172 
13.4 ± 0.5 102 

9. As 7 + 0.1mM 

genistein 
13.5 ± 0.3 102 

10. As 7 + GSH 10mM 6.6 ± 2.5 50 

3.4. Kinetics of ATPase activity 

The ATP concentration-dependence of the phosphate release was measured for the reconstituted 

protein (Figure 2A) and it showed a saturable behaviour with a Km of 0.14mM ATP and a maximal 

phosphate release of 13.4 nmol/min/mg CFTR (averaged over the 1hr time period). However the 

time-course of phosphate release revealed a rapid tail-off at 25
 
°C, showing little or no further 

phosphate liberation after the standard incubation time (60 min) as shown in Figure 2B. The Vmax 

based on the rate of phosphate liberation over the first 5 mins was about 50–90 nmol Pi/min/mg 

CFTR for different batches of protein, equivalent to a kcat of 0.25 s
−1

. Gating measurements for BHK 
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cell-expressed chicken CFTR at this temperature are consistent with a mean interburst interval of 

about 4–6 seconds [55]. We also examined the concentration dependence of glutathione inhibition at 

2mM ATP, with an almost complete inhibition of activity at 20mM glutathione (Figure 2C). 

 

Figure 2. CFTR—dependent phosphate release as a function of: ATP concentration 

(A), time (B), and glutathione concentration (C). A. Phosphate release at 25 °C was 

fitted with the Michaelis-Menten relationship using non-linear regression in 

GraphPad Prism software. Error bars show the mean ± S.D. of triplicate 

experiments. B. The kinetics of phosphate release shows that CFTR ATPase activity 

is lost within 2 hours at 25 °C and already shows a significant run-down after 20 

min. C. Glutathione inhibits the activity, with 50% inhibition at 10mM glutathione 

(GSH). 

3.5. CFTR thermal stability  

We tested whether the rapid run-down of ATPase activity of CFTR was due to thermal 

instability of the protein. Figure 3A shows the ATPase activity of CFTR after a 5 min pre-incubation 

at various temperatures (average of two measurements). Approximately 35% of the activity was lost 

in a 5 min pre-incubation at 25 °C (the ATPase assay temperature), which is consistent with the 

kinetics shown in Figure 2B. At physiological temperatures (40 °C), about 50% of the ATPase 

activity is lost within 5 min. Studies of the isolated CFTR NBD1 thermal stability by differential 

scanning calorimetry suggested that very limited unfolding may occur at physiological    

temperatures [16], although the domain is significantly unstable in the presence of detergent at 

around 40 °C. The thermal stability of NBD2 (which is probably more important than NBD1 for 

ATPase activity) remains unknown at present. We tested the global unfolding of DDM-purified 

CFTR at increasing temperatures using two assays: In the first assay [56] fluorophore-binding was 

employed to detect a gradual exposure of buried Cysteine residues at increasing temperatures. This 

showed a maximum signal at about 65 °C and a midpoint for the transition at about 50 °C (Figure 

3A). In this assay, some unfolding of purified chicken CFTR is implied even at physiological 

temperatures as detected by exposure of previously inaccessible Cysteine residues. This is in 

approximate agreement with the temperature-dependent loss of ATPase activity of reconstituted 

CFTR (Figure 3A), although for the fluorophore-binding measurements, the presence of detergent 

(DDM) may cause additional destabilization [16]. A second assay was employed that detects the  
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Figure 3. A. ATPase activity of CFTR after incubation for 5 min at various 

temperatures (circles). Data shown are the average of two experiments. The dashed 

curve shows the fluorescence of a Cys-reactive fluorophore, CPM incubated with 

CFTR and as a function of temperature. The fluorescence shows a transition 

centred about 50 °C indicating protein unfolding and exposure of Cys residues to 

the fluorophore. B. Detection of CFTR unfolding by the formation of SDS-resistant 

species (A) and disappearance of the monomeric CFTR band (M). The lower graph 

shows quantitation of the relative intensity of the “A” band as a function of 

temperature for DDM-purified CFTR (circles) compared to CFTR in the presence 

of a harsher anionic detergent LPG(squares). Panels C and D show negatively-

stained specimens of CFTR before (C) and after (D) heating to 90 °C. Scale bars 

represent 100 nm. 

formation of SDS-resistant aggregates at high temperatures [57,58] (Figure 3B). Formation of such 

aggregates is particularly associated with membrane proteins and probably relates to exposure of 

their transmembrane hydrophobic residues after denaturation. When analysed in this way, CFTR 

shows a strong cooperative effect that has a midpoint temperature of about 55 °C for the DDM-

purified protein. A harsher detergent such as LPG appears to broaden the unfolding transition and 

shifts it to lower temperature, consistent with the idea that this method is detecting the stability of the 

protein (Figure 3B). Negative stain electron microscopy of DDM-purified CFTR before and after 

thermal denaturation is displayed in Figure 3C and D. Denaturation does not cause aggregation of the 
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protein, but rather a change in the size and staining of the particles, presumably due to the complete 

unfolding of the polypeptide chain and loss of tertiary structure. We concluded from these various 

studies that CFTR expressed in yeast was folded and active after purification in DDM, with much 

less activity and stability when isolated in LPG. 

3.6. NHERF1-PDZ1/CFTR Interactions 

Co-expression of the CFTR C-terminal peptide (terminal 42 residues) and the NHERF1-PDZ1 

domain was carried out in E.coli and the peptide/protein complex was subsequently affinity-purified 

using an N-terminal hexa-Histidine tag on the peptide (Supplementary Figure 4A, [59]). The 

NHERF1-PDZ1 domain alone was also expressed in E.coli and the protein  was subsequently 

affinity-purified using an N-terminal GST tag. Following GST tag cleavage, the NHERF1-PDZ1 

domain was separated and then concentrated using 50 kDa and 3 kDa cutoff microconcentration 

devices respectively (Supplementary Figure 4B, [59]). Individual components and the peptide-

NHERF1-PDZ1 domain complex were all characterised by mass spectrometry (Supplementary 

Figure 5). Some evidence of post-translational or post-purification modification was apparent. The   

 

Figure 4. Interaction of NHERF1-PDZ1 domain with full-length CFTR as detected 

by SDS-PAGE and silver staining of the domain band. In the presence of LPG 

detergent, a rapid wash-out is observed (a) but in DDM wash-out is slower and 

significant levels of the domain remain bound (b). A similar effect is observed for a 

LPG-purified CFTR with a wild-type C-terminus (c). In this case, reconstitution 

was found to restore binding of NHERF1-PDZ1 (d). Similar behaviour was 

observed even when the PDZ-binding motif was internalised by a GFP tag (e, f). 
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purified NHERF1-PDZ1 domain alone was found to associate as a dimer of 20 kDa mass 

(Supplementary Figure 6), as detected by size-exclusion chromatography—multi-angle light 

scattering (SEC-MALS) and as predicted by structural studies of the domain which showed 

homodimers associating by mutual binding of their C-terminal residues [60]. Since co-expression of 

untagged NHERF1-PDZ1 domain with the His-tagged C-terminal peptide in E.coli allowed co-

purification of both components, we concluded that NHERF1-PDZ1 interacts more strongly with the 

42-mer C-terminal peptide of the human CFTR sequence than with its own C-terminus [59]. 

Theoretical calculations using the PISA server [61] also predict that the NHERF1-PDZ1-bound 

–DTRL C-terminal peptide will associate more strongly, with a dissociation free energy of +4.3 

kcal/mol versus −5.7 kcal/mol for the –DEQL sequence present in the NHERF1-PDZ1      

homodimer [60,62,63].  

We further studied the interaction of NHERF1-PDZ1 with the full-length CFTR protein, with 

the latter immobilised on Ni-NTA resin which was then incubated with purified NHERF1-PDZ1 

domain (Figure 4). NHERF1-PDZ1 domain was found to interact with the  full-length human CFTR 

protein expressed in BHK cells and purified in DDM, implying that the C-terminus is accessible, 

despite it being internalised by a poly-His purification tag (Figure 4b). The interaction with 

NHERF1-PDZ1 was noticeably less with full-length CFTR purified in LPG as indicated by a faster 

bleed out of the protein during wash steps and a much lesser degree of finally eluted material (Figure 

4 a,c,e). After removal of LPG detergent using polystyrene beads and reconstitution of the CFTR 

protein with lipid, the strong interaction of CFTR with NHERF1-PDZ1 was restored (Figure 4 d,f), 

implying that LPG in some way interferes with the interaction. 

3.7. Structure of CFTR with NHERF1-PDZ1 

Human CFTR expressed in BHK cells has previously been purified and studied by single 

particle electron microscopy. Dimeric complexes of the protein were isolated by size-exclusion 

chromatography and were interpreted as being in an outward-facing configuration [64] in the 

presence of both DDM and LPG detergents. We incubated the same protein in the presence of DDM 

and NHERF1-PDZ1 and carried out single particle analysis after negative-staining of the resultant 

complexes. Dimeric complexes were observed as before (Supplementary Figure 7), but after addition 

of the NHERF1-PDZ1 domain there appeared to be a much greater separation of density in a region 

assigned to the cytoplasmic NBDs (Figure 5), indicative of a conformational change for the CFTR 

protein.  

We also studied CFTR expressed in yeast cells and subsequently purified in DDM or LPG 

detergents. In this case, monomeric CFTR particles were predominant in the presence of DDM 

(Figure 6). As before, the addition of NHERF1-PDZ1 induced a wider separation of the NBDs 

interpreted as a switch to an inward-facing conformation (Figure 6b). Similar studies were carried 

out with CFTR in the presence of LPG and NHERF1-PDZ1 (Figure 7), but in this case, the addition 

of the NHERF1-PDZ1 domain led to the formation of linear oligomeric aggregates of CFTR that 

were not amenable to single particle analysis because of their variable length and overall curvature 

(Figure 7, right hand panel). Nevertheless, the stark change in the association behavior of CFTR after 
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addition of NHERF1-PDZ1 implied a major influence of the domain on the conformation of the full-

length protein. 

4.  Discussion 

Purified and reconstituted CFTR at 25 °C hydrolyses ATP about once every 4 seconds. This 

closely mirrors the frequency of channel opening and closing cycles for the chicken ortholog of 

CFTR at this temperature [55] and supports a model linking ATP binding with channel opening and 

ATP hydrolysis with closure [65]. CFTR channel blockers CFTRinh-172 and genistein did not affect 

the ATPase activity (Table 1) suggesting that these compounds simply block the channel rather than 

affecting the open probability via allosteric effects on the ATPase activity [66,67]. An effect of 

CFTRinh-172 on ATPase activity human CFTR purified in other detergents has been reported [52,68] 

suggesting that further comparative studies on this compound are merited.  CFTRinh-172 is able to 

significantly inhibit chicken CFTR-associated chloride currents in kidney proximal tubules [69], 

hence the differing effects of CFTRinh-172 on chicken and human CFTR are unlikely to be due to 

evolutionary divergence. 

 

Figure 5. Coulomb density maps derived from negatively-stained dimeric CFTR 

particles isolated in the detergent DDM (grey, light blue surfaces). The top row 

shows side-views of the particles, whilst the bottom row shows the same particles 

viewed from the bottom (assumed cytoplasmic facing region) after rotation around 

the x axis by 90
o
. For comparison, the X-ray structure of P-glycoprotein (PDB 

3G5U) is shown on the right using a space-filling model. Compared to control (grey 

surface), the addition of the NHERF1-PDZ1 domain caused a change in 

conformation with a greater separation of domains at the bottom of the complex 

(blue surface). 
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Figure 6. A: Top panel shows a classification of monomeric particles for negatively 

stained CFTR expressed in yeast and purified in DDM. The lower panel shows re-

projections of the final 3D structure and the corresponding raw particle averages. 

On the right is shown an estimate of the resolution of the final unsymmetrised map 

calculated by splitting the dataset into two and then calculating the Fourier shell 

correlation between each half dataset’s 3D map. B: Two views of the 3D map of 

CFTR in the absence of NHERF1PDZ1 domain (yellow mesh defines the expected 

molecular envelope). Fitted into the map is the bacterial Sav1866 structure (PDB 

2HYD) which is in the outward-facing conformation and fits to the CFTR map with 

little additional density and with a high correlation coefficient. The view on the 

right shows a central slice through the map. C: Similar two views of the 3D map of 

CFTR in the presence of the NHERF1PDZ1 domain. A greater separation of the 

two halves of the molecule is indicated. Fitted into the map is the mitochondrial 

ABCB10 transporter (PDB 4AYW). The model fits well into the CFTR map except 

for a lobe of density on one side indicated by the red surface. This may represent 

some localized density for the regulatory region of CFTR. 

The inhibition of CFTR ATPase activity by glutathione is intriguing and is unlikely to be due to 

redox processes as the CFTR samples already contain 2 mM dithiothreitol. The ABCC family, of 

which CFTR is a member, contains transporters of glutathione or glutathione-conjugated     

substrates [70,71]. Glutathione concentrations in the cytoplasm have been reported to be in the range 

0.5–10 mM [72], hence from the data in Figure 2C it would imply that this component of redox 

homeostasis will have an impact on CFTR ATPase activity in-vivo. High cytoplasmic concentrations 
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of glutathione and inhibition of ATP hydrolysis might prolong CFTR channel opening if its effect is 

simply on catalysis at the active site in the NBDs. This would lead to greater chloride (and 

glutathione diffusion) into the extracellular fluid [73] and provide a feedback mechanism to regulate 

intracellular glutathione concentrations. Interestingly, CF sufferers appear to have low glutathione 

concentrations in the airway surface liquid layer [74] which may pre-dispose them to oxidative stress 

during inflammation [75]. Polymorphisms associated with glutathione metabolism act as modifiers 

of CF severity in patients [76]. In line with the idea of CFTR acting as an important regulator of 

glutathione levels, CFTR inhibition has recently been shown to reduce intracellular oxidative stress 

due to cisplatin, an anti-cancer drug [77]. 

 

Figure 7. Electron micrographs of negatively stained CFTR particles purified in 

LPG (left) and after addition of NHERF1-PDZ1 domain (right). Addition of the 

domain induces a change in the morphology of the particles which form short 

strings probably composed of 2–10 CFTR complexes. 

Although there is no experimental data on the binding site for glutathione in CFTR, a recent 

structure of a mitochondrial glutathione ABC transporter (Atm1) has revealed its substrate tightly 

bound to a site formed by 7 polar residues on the cytoplasmic ends of transmembrane helices 4,5 and 

6 of one of the polypeptides forming the homodimeric transporter [45]. A comparison of amino acid 

residues found in the same positions in human ABCC transporter sequences (Supplementary Figures 

8 and 9) shows some conservation in 6 of the 7 glutathione-binding residues in their TMD2 regions 

but no evidence for similar conservation in the TMD1 regions. This is not only the case for CFTR, 

but also for ABCC1, the archetypal glutathione-conjugate transporter in the family. Figure 8 shows 

residues in TMD2 that could form a glutathione binding site using a model of CFTR based on the 

Atm1 structure.  
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Figure 8. Homology model of CFTR based on the Atm1 structure showing a 

putative glutathione binding site formed by residues in transmembrane domain 2 

(left panel). Conserved or conservatively replaced residues in TM helices 10–12 of 

CFTR that form the glutathione binding site in Atm1 are indicated. Right hand 

panel shows the global location of the predicted site in the TMDs. Glutathione 

bound in this position could impede the closure of the TMDs via prevention of 

scissoring movement (arrows) of the “swinging arm” formed by TM helices 10 and 

11 (blue ribbons to the left). Formation of the NBD heterodimer needed for ATPase 

activity will thence be prevented. 

Although the details shown in Figure 8 must be treated with a suitable degree of scepticism, it is 

interesting that alanine scanning mutagenesis of CFTR transmembrane helix 12 from residues 1147–

1152 suggests a lack of helical structure, similar to the Atm1 structure [78]. Moreover, glutathione 

binding at this site in an inward-facing configuration of the CFTR structure would tend to block the 

rotation of transmembrane helices 10 and 11, needed to bring the NBDs into the catalytically-active 

heterodimer state (Figure 6, right panel, arrows). Glutathione in this hypothesis could prevent NBD1-

NBD2 dimerisation and ATP hydrolysis, hence could prolong channel open times [73].  

CF-causing mutations (http://www.genet.sickkids.on.ca/cftr/Home.html) have been documented 

and missense mutations cluster around the site shown in Figure 6. For example, D1152 when 

mutated to Histidine results in CF, whilst mutation of D1154 to either tyrosine or glycine results in a 

mild disease phenotype. In contrast, mutation of Q1100 to P in helix 11 and N1148 to lysine in helix 

12 both result in severe disease. Further work is needed in order to establish whether these mutations 

will affect the ATPase activity of CFTR or influence the modulation of the activity by glutathione. 

The work here also points to a possible mechanism by which NHERF1 can regulate the function 

CFTR by stabilising it in an inward-facing state that presumably lacks ATPase activity. Separate 

studies by NMR have shown that the isolated C-terminal peptide can interact with the regulatory 

region of CFTR which might also provide a mechanism by which NHERF1 could influence the 

activity, localisation and maturation of CFTR [79]. 
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5.  Conclusion 

Here we have shown that purified CFTR can adopt an inward-facing conformation when in the 

presence of NHERF1-PDZ1 domain. This conformation was predicted to exist for CFTR but had not 

been observed previously, even in the absence of nucleotide. The inward-facing conformation of 

CFTR could expose a binding site for glutathione, as predicted from homology modeling of the 

protein using the recent structure of a glutathione transporter. We find that glutathione can act as an 

inhibitor of the ATPase activity of CFTR. As ATP hydrolysis is thought to require the close 

association of the NBDs, a hypothesis where glutathione prevents the formation of such a 

configuration can be proposed and will be tested in future work. 
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