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Abstract Nucleotide binding domains (NBD1 and

NBD2) of the cystic fibrosis transmembrane conductance

regulator (CFTR), the defective protein in cystic fibrosis,

are responsible for controlling the gating of the chloride

channel and are the putative binding sites for several can-

didate drugs in the disease treatment. We studied the effects

of the application of 2-pyrimidin-7,8-benzoflavone (PBF), a

strong potentiator of the CFTR, on the properties of

recombinant and equimolar NBD1/NBD2 mixture in solu-

tion. The results indicate that the potentiator induces

significant conformational changes of the NBD1/NBD2

dimer in solution. The potentiator does not modify the ATP

binding constant, but reduces the ATP hydrolysis activity of

the NBD1/NBD2 mixture. The intrinsic fluorescence and

the guanidinium denaturation measurements indicate that

the potentiator induces different conformational changes on

the NBD1/NBD2 mixture in the presence and absence of

ATP. It was confirmed from small-angle X-ray scattering

experiments that, in absence of ATP, the NBD1/NBD2

dimer was disrupted by the potentiator, but in the presence

of 2 mM ATP, the two NBDs kept dimerised, and a major

change in the size and the shape of the structure was

observed. We propose that these conformational changes

could modify the NBDs–intracellular loop interaction in a

way that would facilitate the open state of the channel.
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Introduction

Cystic fibrosis transmembrane conductance regulator

(CFTR) is a cAMP-activated anion channel expressed in

the apical membrane of epithelial cells. CFTR belongs to

the ATP-binding cassette transporter super-family and is

composed of five distinct parts: two membrane-spanning

domains, two nucleotide-binding domains (NBDs), and a

regulatory region. The channel is activated by cAMP-

dependent phosphorylation of the regulatory domain, and

ATP binding and hydrolysis at the NBDs are responsible

for CFTR pore gating.

Mutations in the gene coding for CFTR cause CF,

among the most common and severe hereditary diseases.

More than 1,500 mutations have been described, distrib-

uted along the entire CFTR gene. The most frequent CF

mutation, present in at least one allele in about 50–90 % of

CF patients, is the deletion of phenylalanine 508, DF508.

This mutation, classified as class II mutation [1], causes a

defect in CFTR maturation and targeting to the cytoplasmic

membrane that produces the premature degradation of the

mutant protein. Other mutations, such as the relatively

frequent mutation G551D, severely impair CFTR gating

(class III), reducing the ion transport. Of note, the DF508

mutant presents both a maturation (class II) and a gating

(class III) defect.

A pharmacological correction of CFTR defect seems

particularly appropriate for classes II and III mutations.

Small-molecule therapies for CF caused by the DF508

mutation (class II mutations) are under development.

Efforts have focused on correctors, which rescue defective

DF508CFTR cellular processing and promote plasma

membrane expression [2, 3]. There are several possible

mechanisms by which DF508-CFTR trafficking may be

corrected. The folding machinery of cells, including
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endoplasmic reticulum recognition, or degradation mech-

anisms, could be modified by the corrector to favour the

traffic of DF508-CFTR to the cell surface. As these

mechanisms alter the balance of such biological pathways

within the cell rather than DF508-CFTR itself, such cor-

rectors have been termed ‘‘proteostasis’’ regulators [4].

Another possibility is that correctors could bind directly to

DF508del-CFTR, acting as a chaperone, facilitating the

targeting of the protein to the plasma membrane.

Benzo[c]quinolizinium–MPB compounds have been sug-

gested to correct through their binding to the NBD1;

however, the effective concentrations required for correc-

tion are very high [5, 6]. There is evidence of direct

interaction with CFTR with corrector VRT-325, which

induces conformational changes of NBD1 [7]. This is

consistent with the effect of VRT-325 on the intrinsic

ATPase activity of partially purified F508del-CFTR [8]. It

has been proposed that the inhibition caused by VRT-325

binding may reflect competition of VRT-325 for ATP

binding to the core of NBD1, or alternatively VRT-325

binding to an allosteric site may lead to conformational

change, which modifies the functional interaction of ATP

binding to NBD1 or NBD2 [7]. Interactions of intracellular

loops with NBDs, probably involved in CFTR channel

gating [9, 10], has also been suggested as putative binding

sites for potentiators [11, 12].

An increasing number of compounds able to activate

class III CFTR mutants have been identified by high

throughput screening programs [13–16] or by individual

search of better derivatives/analogues of known active

compounds [17–19]. These compounds have been called

potentiators for their ability to increase the response of the

channel to cAMP-dependent phosphorylation. Several

lines of evidence, based on protein–drug interactions,

suggest that most CFTR potentiators act through the same

mechanism. In fact, competition has been described

between genistein and benzimidazolones [20], 7,8-ben-

zoflavones and benzimidazolones [21], and genistein and

capsaicin [22]. Potentiators probably act by binding at the

NBDs to favour the chloride permeable state of the pro-

tein. This hypothesis is supported by the observation that

mutations in conserved residues of the NBDs, such as

G551D and G1349D, exhibit a shift in the affinity for

potentiators [14, 23–25]. It is worth mentioning that sev-

eral severe CF mutations occur within the NBDs. With the

aim of identifying the activating binding site of potenti-

ators, we modelled the NBD dimer [25], and compared the

theoretical binding-free energy of several compounds

docked on the model, with the experimental binding-free

energy obtained from dissociation constants from wild-

type, G551D, and G1349D proteins. We found a good

correlation between these two parameters for a putative

binding site located in the interface of the NBD1–NBD2

dimer, embedded in a cavity on NBD1, and also inter-

acting with the NBD2 surface. Single point mutation

experiments were designed based on the predictions of the

theoretical model [26, 27]. These data have provided

experimental support to the hypothesis of a potentiator

binding site on the NBDs. Here, we attempted to provide

physical–chemical and structural evidence of the interac-

tion between CFTR-potentiators and the NBDs. Using a

recombinant protein preparation, we analysed the struc-

tural modifications of the NBD1/NBD2 dimer in solution

in the presence of 2-pyrimidine-7,8-benzoflavone (PBF;

UCCF-029), which is among the most potent of the CFTR

potentiators [17, 21, 28]. We report here that CFTR-poten-

tiator PBF induces a significant conformational change of

the NBDs.

Materials and methods

Protein production

Recombinant NBD1 (from residue 394 to residue 672) and

NBD2 (from residue 1,191 to residue 1,480) polypeptides

were produced as described before [29]. In brief, protein

synthesis was induced in transformed Escherichia coli

BL21 Rosetta strain (Stratagene, La Jolla, CA, USA) with

1 mM IPTG, and inclusion bodies were solubilised by

incubation in a buffer containing 8 M urea. The protein,

containing a hexa-histidine in the C-terminus, was purified

by nickel-affinity chromatography columns (HisTrap HP

Columns; GE Healthcare, Uppsala, Sweden), and subse-

quently purified by gel filtration in a Superdex 200 column

(GE Healthcare). Proteins were refolded by a three-step

dialysis procedure: (1) dialysis against a Tris buffer con-

taining 4 M urea and 500 mM arginine; (2) Tris buffer

containing 500 mM arginine; (3) phosphate buffer without

further additives (neither urea nor arginine). After dialysis,

the correct refolding of proteins was checked measuring

the fluorescence spectrum for tryptophan (excitation

295 nm), as for the two polypeptides, NBD1 and NBD2,

the emission peak shifts from about 365 nm for the dena-

tured state to about 340 nm for the folded protein. A

further control of the correct refolding of the proteins was

obtained by circular dichroism [29]. Refolded proteins

were then concentrated to about 2 mg/ml by ultra-filtration

(Amicon Ultra-10 K; Millipore, Bedford, MA, USA) and

frozen at -80 �C until use. All purification and refolding

procedures were done at 6–8 �C. For all successive

experiments, NBD1 and NBD2 were freshly thawed,

cleared with a 0.45-lm filter (Ultrafree-MC; Millipore) and

protein concentration was estimated by the absorbance at

280 nm. Experiments were done with an isomolar mixture

of NBD1 and NBD2.
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ATP Binding

Nucleotide binding was determined from the quenching of

the protein-intrinsic fluorescence upon ATP binding to the

refolded proteins [29–31]. Samples containing 1.8 nM of

an isomolar NBD1–NBD2 mixture in 100 mM Tris–HCl,

pH 8.0, 5 mM MgCl2, and 1 mM DTT, at 0–800 lM ATP

concentration, were excited with monochromatic light at

285 nm. Uncorrected emission spectra were collected from

310 to 400 nm. The apparent dissociation constant (Kd)

was calculated by non-linear regression of the data

according to the equation:

DF ¼ ATP½ �
Kd þ ½ATP� ð1Þ

where DF is the normalised fluorescence decrease and

[ATP] is the concentration of ATP.

Assay for ATP hydrolytic activity

To measure the ATP hydrolytic capacity of the NBD1/

NBD2 equimolar mixture, the formation of ADP coupled

to the enzyme pair pyruvate kinase and lactic dehydroge-

nase was monitored spectrophotometrically at 25 �C by

following the decrease in absorbance of NADH at 340 nm

[32]. The assay system contained 300 mM NaCl, 50 mM

Tris–HCl (pH 7.5), 5 mM MgCl2, 0.6 mM phosphoenol-

pyruvate, 0.3 mM NADH, 1.6 U of pyruvate kinase, 0.5 U

of lactic dehydrogenase, 25–40 lg of the NBD1/NBD2

mixture and increasing concentrations of ATP from 0 to

500 lM. The velocity of the reaction, v, was plotted against

the ATP concentration, and was fitted with:

v ¼ Vmax ATP½ �
Km þ ATP½ � ð2Þ

where Km is the Michaelis–Menten constant, and Vmax is

the maximum velocity of the reaction.

Guanidinium denaturation

A sample of the isomolar mixture of NBD1/NBD2 (0.2–

0.5 mg/ml), in 50 mM phosphate buffer (pH 8.0) with

1 mM DTT and 5 mM MgCl2, was supplemented with

12.5–200 nM of the potentiator PBF and 2 mM ATP.

Controls were done with the addition of DMSO. Samples

were diluted with buffer containing different concentra-

tions of guanidinium hydrochloride (Gd.HCl), yielding a

final concentration of Gd.HCl from 0 to 6 M. Fluorescence

emission spectra at wavelengths between 310 and 410 nm

were measured with an excitation wavelength of 290 nm.

The fraction of denaturated protein as a function of the

Gd.HCl concentration was estimated from the least square

fit of the spectra with:

F Gd:HCl½ �; kemð Þ ¼ XD � F 6M; kemð Þ þ 1� XDð Þ
� F 0; kð Þ ð3Þ

where F([Gd.HCl],kem) is the fluorescence intensity at a

given Gd.HCl concentration, [Gd.HCl]; F(0,kem) and

F(6M, kem) are the fluorescence spectra of the native and

the denatured protein obtained at 0 and 6 M Gd.HCl

concentration, respectively, and XD is the molecular

fraction of the unfolded protein. The apparent free energy

difference of the transition from the native to the

denaturated state at a given Gd.HCl concentration, DGd

can be defined as [33]:

DGd ¼ �RT In
XD

1� XD
ð4Þ

Thus, DGd versus [Gd.HCl] is fitted with [33]:

DGd ¼ DGðH2OÞ � m Gd:HCl½ � ð5Þ

where DGðH2OÞ is an estimate of the conformational sta-

bility of a protein that assumes that the linear dependence

continues to 0 M denaturant, and m is a measure of the

dependence of DGd on Gd.HCl concentration.

SAXS data collection and processing

Protein samples of 1.2–1.8 mg/ml, containing an equimolar

mixture of NBD1 and NBD2, were prepared in 50 mM

phosphate buffer (pH 8.0) with 1 mM DTT. When

required, samples were supplemented with 2 mM ATP or

25 nM PBF. SAXS measurements were done at the ID14-

EH3 beam line of the European Synchrotron Radiation

Facility (ESRF), Grenoble. The sample-detector distance

of 1.83 m covered the range of momentum transfer

0.08 \ s \ 3.6 nm-1 (s = 4p sin (h)/k, where 2h is the

scattering angle and k = 0.093 nm is the X-ray wave-

length; the optical path of the X-ray through the sample is

about 1 mm). Data were collected at 10 �C. The compar-

ison of the 10 successive 30-s exposures of the same

protein solution indicated no changes in the scattering

patterns, i.e., no measurable radiation damage to the pro-

tein samples. For each sample, we recorded 10 spectra of

30 s each, for a total of 5 min of acquisition. The data were

normalised to the intensity of the transmitted beam, and the

scattering data from the buffer (with ATP or potentiator,

when necessary) without protein, done before and after

each sample measurement, was averaged and used to

subtract the background.

The forward scattering I(0) and the radius of gyration Rg

were computed using the Guinier approximation for

sRg \ 1.3. The distance distribution function P(r) was

calculated using the indirect Fourier transform method

implemented in the program GNOM [34]. Sample molec-

ular mass was estimated by comparing the extrapolated
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forward scattering I(0) to a reference solution made of

bovine serum albumin [35].

Multicomponent mixtures of monomers and dimers

were analysed with the program OLIGOMER [36, 37]. It

fits an experimental scattering curve I(s) to find the volume

fractions of each component in the mixture with:

I sð Þ ¼
X

vi � Ii sð Þ½ � ð6Þ

where mi and Ii(s) are the volume fraction and the scattering

intensity from the i-th component, respectively.

Ab initio modelling of the overall shapes

The overall shapes of the protein assemblies were restored

from the experimental data by the program DAMMIF [38].

The scattering profiles were used up to smax = 2.5 nm-1.

DAMMIF employs simulated annealing to build scattering

equivalent models fitting the experimental data Iexp(s) to

minimise discrepancy:

X2 ¼ 1

N � 1

X Iexp sj

� �
� cIcalc sj

� �

r sj

� �
" #

ð7Þ

where N is the number of experimental points, c a scaling

factor, and Icalc(sj) and r(sj) are the calculated intensity from

the model and the experimental error at the momentum

transfer sj, respectively. Twenty low-resolution models

obtained from different runs were compared using the pro-

gram DAMAVER [39] to give an estimate of the

reproducibility of the results inferred from the ab initio shape

calculation and to construct the average model representing

the general structural features of all the reconstructions filtered

by DAMFILT. The volume envelope of the three-dimensional

models, and the rigid and flexible docking of atomic models to

the volume envelope, were done with the program Situs [40].

Chemicals

The CFTR-potentiator PBF (2-pyrimidin-7,8-benzoflavone)

[17, 21, 28] was purchased from Asinex (Moscow, Russia).

The potentiator PBF was dissolved in DMSO, and small

amounts (\2 % of the total volume) were added to the assay

mixture. Potentiator-free DMSO was added in control

assays. All other reagents were purchased from Sigma-

Aldrich (Saint Louis, MO, USA).

Results

Characterisation of ATP-induced changes in intrinsic

fluorescence

We studied the changes in intrinsic fluorescence of the

NBD1/NBD2 isomolar mixture in solution in response to

ATP. Figure 1a shows a representative experiment where

protein fluorescence was quenched by successive increments

of ATP concentration. Saturating ATP concentrations

elicited an intrinsic fluorescence quenching up to about

30 % (Fig. 1a). Interestingly, the application of 25 nM

PBF also produces a fluorescence quenching of about 15 %

(Fig. 1b). However, increasing ATP concentration in a

sample containing the potentiator still induces a fluores-

cence quenching up of about 30 %, in addition to the

quenching already produced by the potentiator (Fig. 1b),

suggesting that the potentiator probably quenches a fluo-

rophore residue different to that of the ATP binding site, or

induces a conformational change in the protein, modifying

the interaction of the fluorophores of the protein.

The Langmuir isotherms for the ATP binding to the

NBD1/NBD2 equimolar mixture in control conditions (tri-

angles) and in presence of 25 nM PBF (diamonds) are

presented in Fig. 1c. The continuous line is the least-squares

fit with Eq. 1, showing that the ATP with an apparent dis-

sociation constant of the control NBD1/NBD2 dimer,

Kd = 93.0 ± 9.0 lM, did not change significantly compared

to that estimated in the presence of 25 nM of the CFTR

potentiator, Kd = 109.8 ± 7.6 lM. Further increase of PBF

to 200 nM does not significantly change the apparent disso-

ciation constant for ATP (Kd = 98.2 ± 16.3 lM; data not

shown).

ATPase activity of isolated CFTR-NBDs is inhibited

by potentiators

Isolated CFTR-NBDs exhibit very low levels of ATPase

activity, compared with the full-length CFTR protein [41].

The ATP-dependence of ATPase activity by equimolar

mixture of CFTR-NBDs is shown in Fig. 2. Fitting of

reaction velocity data against the ATP concentration yields

a Km of 3.31 ± 0.39 lM estimated in control conditions,

without potentiator, that increases to 7.10 ± 0.85 and

9.64 ± 2.08 lM with 12.5 and 25 nM of PBF, respec-

tively. The maximum enzymatic activity, Vmax, decreases

from 0.732 ± 0.015 nM of ATP/min/nM of protein, to

0.465 ± 0.012 in the presence of 12.5 nM PBF, and to

0.143 ± 0.007 nM of ATP/min/nM of protein with 25 nM

potentiator. Further measurements at 200 nM PBF yielded

a no detectable ATPase activity.

Thermodynamic stability of NBDs

The Gd.HCl-induced unfolding of the equimolar NBD1/

NBD2 mixture is shown in Fig. 3a, b. In the absence of

ATP, the Gd.HCl concentration to denature half of the

proteins, Cm, is about 2.2 M. A smaller Gd.HCl concen-

tration, 1.4 M, is needed to produce the same effect upon

the application of 25 nM of PBF (Fig. 3a). Addition of
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2 mM ATP does not significantly change Cm, but further

treatment with increasing concentrations of PBF reduces

Cm to less than 1.4 M (Fig. 3b).

Figure 3c, d show DGd calculated at each Gd.HCl con-

centration with Eq. 4. Plotting these data with Eq. 5, we

obtain DGd
(H20) indicating the thermodynamic stability of the

protein. Binding of ATP does not produce a significant

change on the protein stability (Table 1). The addition of PBF

has different effects on the stability of the NBD1/NBD2

complex, reducing significantly in DGd
(H20) in the absence of

ATP (p \ 0.03), but leaving the thermodynamic stability

almost unchanged at PBF concentrations up to 200 nM when

2 mM ATP is present (Table 1).

The cooperativity of the transition reflected in the

m values (the slope in Eq. 4, i.e. dGd/d[Gd.HCl]), indicates

the change in solvent-accessible surface area during the

denaturation process. In the absence of ATP, m does not

change by the application of the CFTR-potentiator. How-

ever, when the NBD1/NBD2 mixture is in the presence of

ATP, there is a PBF concentration-dependent increase of

m, indicating a different defolding pathway (Table 1).

SAXS measurements

Figure 4 shows SAXS spectra of the isomolar mixture of

NBD1/NBD2 in solution, without ATP (Fig. 4a) and with

2 mM ATP (Fig. 4b). As previously demonstrated [29], in

the absence of ATP, NBD1 and NBD2 in solution form a

dimer. We hypothesise that the presence of mixture of

heterodimers is excluded, since, in the absence of ATP, the

sole NBD1 or NBD2 in solution does not form dimers [29].

The isomolar mixture of NBD1/NBD2 becomes tighter in

the presence of 2 mM ATP. In Table 2 is shown that the

dimensions of the NBD1/NBD2 complex are reduced by

the presence of ATP [29]. Notice that NBD1 forms

homodimers in the presence of ATP [29]. However, if

NBD1 formed dimers, the excess NBD2 would be mono-

meric, as ATP does not induce NBD2 to dimerise [29].

Therefore, the SAXS spectra of the isomolar mixture of

NBD1/NBD2 with 2 mM ATP (Fig. 4b) would be well

described by Eq. (6) as the combination of the three

expected molecular species: NBD1/NBD1 dimer, NBD2

monomers, and NBD1/NBD2 dimers. Attempting to adjust

the spectra in Fig. 4b yielded a zero volume fraction for the

NBD2 monomer. Therefore, as we concluded before [29],

we can assume that the isomolar mixture of NBD1/NBD2

Fig. 1 ATP-induced changes in intrinsic fluorescence of the isomolar

NBD1/NBD2 mixture in solution. a Fluorescence spectra of the NBD1/

NBD2 mixture measured at different ATP concentrations. Extreme

concentrations, 0 and 800 lM ATP, are indicated. Other intermediate

concentrations are 25, 50, 100, 200 and 400 lM. b Spectra measured in

control conditions (0 ATP an absence of potentiator) and at 0 and

800 lM ATP in the presence of 25 nM PBF. Notice that the

fluorescence decay elicited by the CFTR potentiator does not impede

to observe the ATP-induced quenching. c Fluorescence change, DF, as

a function of the ATP concentration. DF was calculated as the

normalised change of fluorescence between the 0 ATP and a saturating

ATP concentration. Triangles correspond to the control experiments,

and diamonds are data in the presence of 25 nM ATP. Data represent

the average of 6 experiments in each condition, and error bars the

standard error of the mean. The continuous line is the best fit with Eq. 1

Fig. 2 The ATP-dependence of ATPase activity by equimolar

mixture of CFTR-NBDs. Experiments were done in the absence of

potentiators (circles), or with 12.5 nM (squares) and 25 nM (trian-
gles) PBF. Data represents the average of at least, 3 different

experiments, and error bars the standard error of the mean. The

continuous lines are the best fit of data with the Michaelis–Menten

equation

Potentiator-induced conformation in CFTR-NBDs 3705

123



in the presence of 2 mM ATP form a heterodimer. Indeed,

the molecular mass, MM, of NBD1/NBD2 estimated from

the extrapolation of the scattering intensity to s = 0,

either without or with ATP, is very near to that of the sum

of the MM of each monomer (NBD1 32.2 kDa, NBD2

33.6 kDa), that may exclude the presence of NBD

monomers.

Application of 25 nM PBF to the isomolar mixture

NBD1/NBD2 caused a significant change in the SAXS

spectra (Fig. 5). The extrapolation of the initial part of the

spectrum to s = 0 with the Guinier approximation yielded

a Rg of 1.92 nm, that is significantly smaller than that of the

NBD1/NBD2 mixture without potentiator. Also, the MM

was significantly reduced, with a value of 32.49 kDa,

which is about the expected mass of a monomer, either

NBD1 or NBD2. Therefore, we concluded that the CFTR-

potentiator PBF disrupts the dimeric conformation of the

isomolar mixture NBD1/NBD2.

To test the possibility to have a mixture of mono-

meric/dimeric conformations, we fitted the experimental

data with Eq. 6. Hence, data were fitted with a weighted

sum of the curves shown in Fig. 5b, corresponding to the

monomeric NBD1 and NBD2 as measured before [29],

and the curve of the putative dimeric conformation

shown in Fig. 4. These curves are the reciprocal space fit

of scattering computed for the P(r) function calculated

for each set of data. This procedure allowed to signifi-

cantly reduce the noise of experimental data. The

volume fraction, m, for NBD1, NBD2 and the NBD1/

NBD2 dimer are 0.477, 0.517 and 0.006, respectively.

The resulting curve is the continuous line drawn over the

experimental data in Fig. 5a. Notice that, even if we

have obtained a reasonably good fit, the theoretical

spectra show some deviation from the experimental data.

This could be due to the fact that we have used SAXS

data obtained in the absence of the potentiator to fit the

experimental data obtained in the presence of PBF, and

perhaps the structure of these components are slightly

modified by the potentiator.

Fig. 3 Guanidinium denaturation curves of the isomolar mixture of

NBD1/NBD2. The molar fraction of the denaturated protein, calcu-

lated according to Eq. 3, is plotted against the Gd.HCl concentration.

a Data obtained from ATP-free proteins, in absence of PBF

(diamonds) and with 25 nM PBF (triangles). b Result deriving from

from experiments done in the presence of 2 mM ATP, showing

control data (diamonds) and data obtained in the presence of the

potentiator at a concentration of 12.5 nM (inverted triangles), 25 nM

(triangles) and 200 nM (circles). c, d plots of DGd at each Gd.HCl

concentration, calculated with Eq. 4 from data shown in (a, b),

respectively. Data points are the average of different experiments, and

error bars the standard deviation of the mean. The continuous lines
were calculated from Eq. 5. The results of the fitting are shown in

Table 1

Table 1 The conformational stability of the isomolar mixture of

NDB1/NDB2, and the dependence of DGd on Gd.HCl concentration,

m, measured without and with ATP, and at different concentrations of

the potentiator PBF

(kcal/M) m (kcal/mol/M) n

Control 0 ATP 6.86 ± 0.34 3.16 ± 0.16 4

PBF 25 nM 4.81 ± 0.68 3.43 ± 0.27 7

2 mM ATP 5.72 ± 0.79 2.68 ± 0.32 3

PBF 12.5 nM ? 2 mM ATP 4.92 ± 0.55 3.43 ± 0.22 1

PBF 25 nM ? 2 mM ATP 5.04 ± 0.11 4.37 ± 0.28 4

PBF 200 nM ? 2 mM ATP 5.63 ± 0.05 5.00 ± 0.12 1

Data represent the results of the fit ± SD of the mean of data shown

in Fig. 3 with Eq. 5
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The presence of 2 mM ATP significantly modifies the

effect of 25 nm PBF on the equimolar mixture NBD1/

NBD2. The SAXS spectrum in these conditions, shown in

Fig. 6a, is significantly different to that obtained with the

potentiator but without ATP (Fig. 5). In this case, the

molecular mass estimated from the extrapolation of

the intensity to s = 0 is consistent with a dimer, but the

dimension of the scattering particle is significantly bigger

(Table 2). The gyration radius, Rg, of 2.1 nm measured for

the NBD1/NBD2 dimer with ATP increases to 3.1 nm

upon addition of 25 nM PBF. This is consistent with about

4 nm increase of the maximum distance, Dmax, in the

distance distribution function. Figure 6b shows the

P(r) calculated from the SAXS spectra obtained in 2 mM

ATP and 25 nM PBF (magenta). Comparing with P(r) of

the NBD1/NBD2 dimer with ATP (blue), we can conclude

that the potentiator has induced a significant change in the

complex. The CFTR-potentiator induces a change in the

shape of the NBD1/NBD2 complex, which is compact and

about spherical in the presence of ATP, becoming elon-

gated, and with a molecular mass corresponding to that of

the two domains.

The shape of the NBD1/NBD2 and the effect

of the CFTR potentiator

As we have described elsewhere [29], the three-dimen-

sional reconstruction of the shape of the equimolar mixture

of NBD1/NBD2 resulted in a bi-lobular structure for the

NBDs complex in the absence of ATP (Fig. 7a), which

becomes compact and quasi-spherical when 2 mM ATP is

added to the solution (Fig. 7b). As shown above, when

ATP was absent, addition of PBF seems to produce a

monomerisation of the NBD1/NBD2 complex. Therefore

the possibility to reconstruct the three-dimensional shape

of the molecules is prevented by the difficulties to obtain

the spectra for each component of the mixture. However,

taking the advantage of the homology between NBD1 and

NBD2, and the relatively low concentration of the NBD1/

NBD2 dimer (\3 %) we could still consider the protein

solution as monodisperse. Hence, observing the Kratky plot

in Fig. 7c (red), we could conclude that the NBD1 and

NBD2 are mono-globular, and no disorder has been

Fig. 4 SAXS data from an equimolar mixture of CFTR NBD1/

NBD2. SAXS patterns were obtained in the absence of ATP (a) and in

the presence of 2 mM ATP (b). Data represent the intensity as a

function of the momentum transfer, s. Bars standard deviations. The

solid line represents the reciprocal space fit of scattering computed

from P(r) function to data. The insets are the Gunier plots [I(s) versus

s2], where solid line is the extrapolation of data to s = 0, for

sRg \ 1.3. by the Guinier approximation

Table 2 Structural parameters of the CFTR nucleotide binding domains in solution, obtained from SAXS experiments

Control 0 ATP ?PBF 25 nM 2 mM ATP 2 mM ATP ? PBF 25 nM

Rg (nm) 2.71 ± 0.03 1.92 ± 0.07 2.11 ± 0.01 3.06 ± 0.05

I(0) 38,705 ± 33 19,958 ± 133 41,873 ± 86 28,818 ± 230

c (mg/ml) 1.68 1.72 1.80 1.23

MM (KDa) 64.50 ± 0.05 32.49 ± 0.23 65.13 ± 0.13 65.59 ± 0.52

Rg* (nm) 2.78 ± 0.01 1.83 ± 0.01 2.20 ± 0.07 3.14 ± 0.03

Dmax (nm) 7.81 5.30 6.24 10.12

MM molecular mass calculated from the experimental data obtained from the extrapolation of the Guinier plot to the origin, I(0), and the protein

concentration, c, relative to the scattering of 4.5 mg/ml bovine serum albumin [I(0) = 1,078,000]. Rg gyration radius estimated from the slope of

the Guinier plot. The maximum length of the particle Dmax was estimated from the distance distribution function, P(r), with an estimated gyration

radius Rg* obtained from the function
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introduced to the system. A clear difference can be

observed with respect to the NBD1/NBD2 dimer without

ATP (Fig. 7c, black). There, the main peak is to the left,

denoting a higher size of the particle, and the shape of the

Kratky plot is bi-lobular, in accordance with the three

dimensional reconstruction of the complex.

More difficult is the interpretation of the three-dimen-

sional reconstruction of the isomolar mixture of NBD1/

NBD2 with 2 mM ATP, in the presence of 25 nM PBF.

The shape obtained is elongated, and it is still possible to

see two domains (Fig. 7d). However, a more detailed

reconstruction, or a fitting of atomic resolution models in

this shape, is not possible. In the Kratky plot of the NBD1/

NBD2 dimer with ATP and without potentiator (Fig. 7e,

blue), it is still possible to see a bi-lobular shape, although

the second peak is relatively far from the major one, con-

sistent with the very short distance (practically attached)

between the two domains. Conversely, in the Kratky plot

corresponding to the NBD1/NBD2 dimer with ATP and

with PBF (Fig. 7e, magenta), two peaks are also obser-

vable. However, the peaks are quite attached, meaning that

the domains are very separate, as also observed in the

Fig. 5 SAXS data from an equimolar mixture of CFTR NBD1/NBD2

in presence of 25 nM PBF. a SAXS pattern was obtained in the

absence of ATP and in the presence of the CFTR potentiator. Data

represent the intensity as a function of the momentum transfer,

s. Bars are the standard deviations. The insets are the Gunier plots

[I(s) versus s2], where solid line is the extrapolation of data to s = 0,

for sRg \ 1.3. by the Guinier approximation. The solid line is the

fitting of experimental data with the SAXS spectra of the isolated

NBD1 and NBD2 [29] and that of the NBD1/NBD2 dimer in absence

of ATP, using Eq. 6. b Individual spectra used to fit the experimental

data, and the resulting fitted spectra. Curves were displaced in the

ordinate for clarity

Fig. 6 SAXS data from an equimolar mixture of CFTR NBD1/NBD2

in presence of 2 mM ATP and 25 nM PBF. a Data represent the

intensity as a function of the momentum transfer, s. Bars standard

deviations. The solid line is the reciprocal space fit of scattering

computed for final P(r) function to data. The insets are the Gunier

plots [I(s) versus s2], where solid line is the extrapolation of data to

s = 0, for sRg \ 1.3. by the Guinier approximation. b Distance

distribution function, P(r), calculated from SAXS experimental data

for the mixture of NBD1/NBD2 in presence of 2 mM ATP, and with

25 nM PBF (magenta) and without the potentiator (blue). P(r) were

normalised by their maximum for better comparison
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three-dimensional reconstruction of the shape (Fig. 7d).

Moreover, in the presence of the potentiator, the NBD1/

NBD2 dimer with ATP seems to become disordered, as

apparent from the rising phase of the last part of the Kratky

plot.

Discussion

Potentiators of the CFTR channel activity constitute a suc-

cessful therapeutic strategy for the treatment of CF. This has

recently been demonstrated after the completion of the third

phase of the clinical trial for the CFTR potentiator, VX-770

(Ivacaftor, Kalydeco), that it can ameliorate most clinical

parameters of CF patients carrying mutation G551D, the

third most abundant in the world [42–46]. However, very

little is known about the molecular mechanism of these

substances. It has been proposed that the potentiators bind

the CFTR in a site located in the interphase between NBD1

and NBD2 [25]. The validity of this hypothesis was suc-

cessively supported by site-directed mutation experiments

[26, 27]. Therefore, we attempted to obtain further experi-

mental data to unravel the structural basis of the interaction

of CFTR-potentiators and the NBDs.

Fig. 7 Shape of the isomolar mixture of NBD1/NBD2 in different

conditions. Three-dimensional reconstruction of the NBD1/NBD2

dimer in the absence of ATP (a), with 2 mM ATP (b) and with 2 mM

ATP and 25 nM PBF (c). The ball model to the left is the

reconstruction done with DAMMIF with a smax = 2.5 nm-1. Atomic

molecular models were docked on the volume envelopes estimated

with the program Situs. The atomic model of the NBD1/NBD2 in the

closed channel and in the open channel conformations, according to

the molecular model of the whole CFTR proposed by the group of

Callebaut [9], were docked on the NBD1/NBD2 dimer in the absence

of ATP (a), with 2 mM ATP (b). The two NBD monomers were

flexible docked on the envelope corresponding to the NBD1/NBD2

with 2 mM ATP and 25 nM PBF with Situs. c The Kratky plot (s2I(0)

vs. s) of the isomolar mixture of NBD1/NBD2 without ATP, and

without potentiator (black) and with 25 nM PBF (red). d The Kratky

plot of the isomolar mixture of NBD1/NBD2 with 2 mM ATP and

without potentiator (blue), and with 25 nM PBF (magenta)

Potentiator-induced conformation in CFTR-NBDs 3709

123



ATP binding and hydrolysis

We used exactly the same recombinant protein preparation

we had previously used to describe the role of ATP on the

NBD1/NBD2 conformation in solution [29]. However, this

time, we concentrated on the equimolar mixture of NBD1/

NBD2, which forms heterodimers in solution [29]. First,

we measured the apparent binding constant of ATP. The

apparent affinity of the NBD1/NBD2 complex in solution

is significantly higher than that estimated in the whole

CFTR [41]. The apparent dissociation constant estimated

from the functional response to increasing concentrations

of ATP in transfected cells is 480 lM [28], while Kd

estimated on isolated NBD1/NBD2 is about 93 lM. This

difference could be caused by the influence of interaction

of the rest of the CFTR molecule with the NBDs in the

native whole preparation. However, as described for the

functional measurements in the whole protein [28], the

apparent dissociation constant for ATP is about constant at

concentrations of PBF between 0 and 200 nM. We inter-

pret this independence in terms of different sites for ATP

binding and CFTR potentiator binding.

Conversely, the Michaelis–Menten constant for the ATP

hydrolysis by NBDs, Km, increases significantly as the

concentration of PBF increases (Fig. 2). The Michaelis–

Menten constant is the combination of the substrate (ATP)

binding and unbinding rates, and the rate of the hydrolysis

of ATP when it is bound to the protein [47]. As the

apparent binding constant for ATP, Kd, is independent to

the potentiator concentration, we conclude that the

increase of Km elicited by the potentiator could be mainly

due to a decrease in the ATP-hydrolysis rate. Indeed, the

maximum enzymatic velocity, Vmax, which is proportional

to the catalytic rate, significantly decreases as the PBF

increases (Fig. 2). Note that the concentration-dependent

effect of the potentiator on the enzymatic activity of

NBD1/NBD2 is mono-modal, that is opposite to that

observed on the effect of PBF on functional measure-

ments of CFTR, where the potentiator activates the

channel at a low concentration and inhibits the transport

at high concentration [25–28].

In conclusion, the potentiator PBF seems not to modify

the binding of ATP to the NBDs, but reduces the enzy-

matic activity of this protein complex. Evidence indicates

that the channel undergoes burst activity when ATP is

bound to NBDs [48, 49]. Hence, a reduction of ATP

hydrolysis, and consequently an increase of the residence

time of ATP in the NBD1/NBD2 complex, would increase

the channel activity. This phenomenon has been described

for the corrector VRT-532, which potentiates the CFTR

ion transport inhibiting the ATPase activity [50]. How-

ever, this conclusion seems in contrast to that observed

measuring the ion channel activity of the whole CFTR

protein in a membrane patch [28]. In these functional

experiments, at concentrations at which PBF increases the

channel activity (\30 nM), the burst duration is not

altered, but the increase in open probability is obtained by

decreasing the inter-burst dwell time. We could hypoth-

esise that these differences may be due to the preparation

of isolated domains that may behave differently to the

total of proteins.

Structural stability of the NBD1/NBD2 dimer

Evidence on the conformational changes on NBDs

induced by the PBF potentiators comes from the fluores-

cence measurements. As shown in Fig. 1b, the application

of 25 nM PBF reduces the intrinsic fluorescence of the

equimolar mixture of NBD1/NBD2. Actually, there are

two possibilities to explain this fluorescence quenching.

The first is a direct quenching effect on tryptophan in

position 496, which, according to the molecular model of

potentiators binding [25], is part of the putative binding

site of the CFTR-potentiators. A second possibility is that

the potentiator induces a conformational change in the

NBDs, modifying the relative position of the intrinsic

fluorophores (tryptophanes and tyrosines) or their intrinsic

quenchers.

We measured the protein stability following the dena-

turation of the protein as a function of the concentration of

Gd.HCl, and the state of the equilibrium was expressed

according to Eq. 3, which assumes that the transition

between the native protein and the denatured product

obtained by the action of Gd.HCl is a two-state process.

There, the stability of the protein is estimated as the free

energy change, DG, for the reaction, native ? denaturated,

in the absence of denaturant, [33]. At the same time, the

parameter m (dDG/d[Gd.HCl]) in Eq. 3 indicates the

accessibility of the denaturant to the protein [33, 51]. The

first observation is that the presence of 2 mM ATP induces

the isomolar mixture NBD1/NBD2 to become less stable,

as it becomes smaller and a reduction of m is in agreement

with a more compact structure (Table 1). Conversely, the

PBF potentiator exerts a different effect on the NBDs

whether or not ATP is present. Application of 25 nM PBF

in the absence of ATP reduces significantly. On the other

hand, increasing concentrations of PBF, from 12.5 to

200 nM do not change significantly. But, independently of

the presence of ATP, the potentiator modifies the structure

of NBD1/NBD2 increasing the denaturant accessibility, as

revealed by the increment of the parameter m as the con-

centration of PBF increases. According to these results, it is

evident that the binding of the potentiator to the NBDs led

to a conformational change, which is in agreement to what

is proposed by the fluorescence quenching produced by the

potentiator.
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Structural effects of the potentiator on the NBD1/NBD2

dimer

As described before [29], the equimolar mixture of NBD1/

NBD2 in solution spontaneously forms a dimer, which

becomes tighter in the presence of 2 mM ATP. In fact, the

molecular mass of the scattering particle is consistent with

the mass predicted for the NBD1/NBD2 heterodimer, and

the dimensions reduce in the presence of ATP (Table 2).

This is clear from the three-dimensional reconstruction of

the dimer, which is distinctly bi-lobular when ATP is

absent (Fig. 7a), and is a tight sphere upon the addition of

2 mM ATP (Fig. 7b).

In agreement with the differences in the accessibilities

to the denaturant described above, application of 25 nM of

the potentiator PBF produces different effects when it is

applied without or in the presence of ATP. In the absence

of ATP, the NBD1/NBD2 forms a dimer with a molecular

mass of about 63 kDa. When the potentiator is applied to

the NBD1/NBD2 dimer, the molecular mass of the scat-

tering particles is about 32 kDa, which is compatible with

the coexistence of two monomers instead of a heterodimer.

Indeed, fitting of the SAXS spectra with a sum of spectra

from NBD1 and NBD2 monomers and the NBD1/NBD2

dimer, yields partial volumes for each component com-

patible with about 3 % of dimer in the mixture, and all the

remaining represents about half of each monomer (Fig. 5).

In other words, the presence of the potentiator breaks the

NBD1/NBD2 dimer, as also confirmed from the Kratky

plot in Fig. 7c showing a globular scattering particle. In

this case, the presence of two, very similar, independent

particles in the system makes it impossible to attempt a

three-dimensional reconstruction of the molecules.

Also, in the presence of 2 mM ATP, we found a dra-

matic modification of the structural parameters of the

equimolar mixture NBD1/NBD2. In this case, the dimer is

maintained, as indicated by the molecular mass of the

system (Table 2), but the gyration radius is significantly

increased, from 2.11 to 3.06 nm in the presence of 25 nM

of PBF. The increase on Rg is consistent with an aug-

mentation of the maximum size of the particle to 10.1 nm,

as estimated from the distance distribution function

(Fig. 6b). This increase of the size of the NBD1/NBD2

complex with ATP and PBF, without a significant change

in the total mass of the system, can be explained with a

major conformational change. From the distance distribu-

tion function, it is possible to infer the shape of the NBD1/

NBD2 complex, which was an almost spherical dimer in

the sole presence of 2 mM ATP, and becomes elongated

when 25 nM PBF is added. Indeed, the three-dimensional

reconstruction of the isomolar mixture of NBD1/NBD2 in

the presence of ATP and CFTR-potentiator resulted in an

elongated volume (Fig. 7d). The Kratky plot in Fig. 7e

shows a double peak of NBD1/NBD2 with potentiator, in

coincidence with what is shown in the P(r) function

(Fig. 6b), indicating two high-density regions in the com-

plex. Moreover, the Kratky plot increases at high values of

s, indicating that there is an increase of the disorder in the

system.

The three-dimensional reconstruction of the isomolar

mixture of NBD1/NBD2 in the presence of ATP and

25 nM PBF shown in Fig. 7d does not fit with the crys-

talline structure of the isolated NBD1 and NBD2 solved at

atomic resolution. This is different to what is found for the

NBD1 or NBD2, or the mixture NBD1/NBD2 in solution,

where the atomic structures of these two domains fitted

very well [29]. Therefore, most probably, the CFTR

potentiator has introduced a strong molecular conformation

change to the NBD1/NBD2 dimer in solution.

The aim of this work was to study the effects of the

CFTR-potentiator PBF on NBDs, and to investigate whe-

ther its binding might affect the stability of NBD1/NBD2

dimer in solution. Our results indicate that the potentiator

does introduce important conformational changes on the

isomolar NBD1/NBD2 mixture, either without ATP, or in

the presence of 2 mM ATP. Analysing the molecular

structure of the recombinant NBD1/NBD2 dimers in

solution, we concluded that ATP modulates the interaction

between these two domains, and perhaps the detected

conformational changes are correlated with the closed and

open state of the CFTR channel [29]. This hypothesis was

supported by the homology models of the whole CFTR

protein based on other ABC-proteins [9] which show

NBD1/NBD2 conformations for the open and closed

channels that clearly resemble those found with ATP or

without ATP, respectively, obtained from the SAXS

experiments on recombinant proteins in solution ([29];

Fig. 7a, b).

Application of PBF to the NBD1/NBD2 in solution

seems to introduce a significant modification in the

molecular structure of the system. Although the ATP

binding seems not to be affected, the dimer hydrolysis is

inhibited, and a general change on the NBD1/NBD2

interaction seems to be caused by the potentiator. We could

hypothesise that the dimerisation of the NBDs is not as

relevant by itself for the channel gating, but the NBD-

intracellular loop interaction is the determinant step for the

channel gating. In this view, the modifications of the NBDs

conformation would favour such an interaction, in a way

that facilitates the open state of the channel. We have,

however, to consider the alternative possibility, that the

increased degrees of freedom of the NBDs in solution leads

to domain-to-domain interactions that are different to those

occurring in the whole CFTR system. Either way, our results

open the doors to a better understanding of the mechanism of

action of CFTR-potentiators. Future experiments with a more
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complex CFTR construct, containing other domains or,

perhaps, the whole molecule, are, however, required to

further investigate the action of potentiators on CFTR in

physiological conditions.
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