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Abstract The cystic fibrosis transmembrane conductance

regulator (CFTR) protein is a member of the ATP-binding

cassette (ABC) transporter superfamily that functions as an

ATP-gated channel. Considerable progress has been made

over the last years in the understanding of the molecular

basis of the CFTR functions, as well as dysfunctions causing

the common genetic disease cystic fibrosis (CF). This review

provides a global overview of the theoretical studies that

have been performed so far, especially molecular modelling

and molecular dynamics (MD) simulations. A special

emphasis is placed on the CFTR-specific evolution of an

ABC transporter framework towards a channel function, as

well as on the understanding of the effects of disease-

causing mutations and their specific modulation. This in

silico work should help structure-based drug discovery and

design, with a view to develop CFTR-specific pharma-

cotherapeutic approaches for the treatment of CF in the

context of precision medicine.

Keywords ABCC7 � ABC transporte � Ion channel �
Cystic fibrosis � Modulators � Mutations

Introduction

The cystic fibrosis transmembrane conductance regulator

(CFTR) protein belongs to the large ABC superfamily,

which is characterized by a typical ATP-binding cassette

(ABC) [1, 2]. This cassette, also designated as nucleotide

binding domain (NBD), contains a number of specific

sequences (the Walker A (P-loop) and Walker B motifs, the

C-motif (also known as the signature sequence) and the A-,

D-, Q- and H-loops). The vast majority of ABC proteins

are transmembrane proteins, which function as ATP-de-

pendent active transporters. Although the NBDs from ABC

transporters share highly conserved structures, the mem-

brane-spanning domains (MSDs) are much more diverse

and thus form distinct families, distinguishing between

importers and exporters.

CFTR, also called ABCC7, is a large protein comprising

1480 amino acids. It shares the typical and unique archi-

tecture of ABC exporters, referred to as the B-family ABC-

exporter fold, which is made of two MSDs, each composed

of six transmembrane helices and each followed by an

NBD [3, 4]. The two halves (MSD1–NBD1 and MSD2–

NBD2) are fused together to produce a heterodimeric

organization. The CFTR protein is however unique in the

ABC superfamily as it is the only known member that

functions as a channel and is not believed to mediate active

transport [5, 6]. The CFTR protein is indeed an ATP-gated

chloride channel, the opening of which is directly linked to

ATP-driven tight dimerization of the NBDs [7, 8]. The

CFTR protein also possesses a unique additional domain

(*195 amino acids), called the regulatory (R) region,

linking the two halves of the protein, as well as N-terminal

and C-terminal extensions (*65 and 33 amino acids,

respectively). The R region contains multiple phosphory-

lation sites, which are the target of Protein Kinase A (PKA)
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and Protein Kinase C (PKC), and control the gating and

trafficking of the chloride channel [9–12]. Most impor-

tantly, mutations in the CFTR protein cause cystic fibrosis

(CF), one of the most common lethal autosomal recessive

diseases in the Caucasian population [13–15].

Hence, considerable research has been undertaken to

understand the normal function of CFTR and how CF

mutations cause CFTR dysfunctions, with the ultimate goal

of developing specific therapies targeting the root cause of

disease [16]. In particular, there have been tremendous

efforts to characterize the experimental 3D structure of the

full-length CFTR protein, which is however difficult to

express at high levels, purify and reconstitute in an active

form [17]. In addition to the difficulties generally

encountered for crystallizing membrane proteins, CFTR

certainly suffers from the high flexibility of its R domain,

which is commonly described as intrinsically disordered

and acts as a hub for phosphorylation-dependent intra- and

inter-molecular interactions [18]. So far, published infor-

mation about the full-length protein was limited to low-

resolution 3D structures [17, 19–24] and crystal structures

at atomic resolution have only been obtained for individual

NBDs, generally with the help of solubilizing mutations

[25–29]. NMR studies have also been reported, focusing on

the effects of perturbations (such as mutations and ligand

binding), on the conformational fluctuations and interac-

tions of isolated NBD1, as well as on the phosphorylation-

dependent interaction landscape of the isolated NBD1 and

R region [11, 18, 30–34]. Small angle X-ray scattering

(SAXS) techniques have also been used to unveil structural

changes occurring within the NBDs and the R region

[35–37], as well as within detergent–CFTR complexes

[38]. Detailed descriptions of most of these experimental

studies have already been provided elsewhere (for reviews

see [17, 39]).

In this context, where critical experimental information

is still missing, several theoretical studies have been per-

formed in order to gain insight into the structure and

dynamics of the CFTR channel. Molecular modelling

studies have been performed to understand the complex,

multi-domain architecture of the CFTR protein, some of

which have been coupled to molecular dynamics simula-

tions for refining the proposed models, evaluating their

stability and investigating conformational changes. Several

theoretical approaches have also specifically addressed the

dynamics of the individual NBD1 domain, which is

affected by the most common CF mutation (deletion of

F508). In an interesting review published 2 years ago [40],

Odolczyk and Zielenkiewicz have summarized most of

these molecular modelling studies already performed at

that time with a view to gain insight into various features of

the CFTR protein, especially as regards its 3D structure, its

dynamics and its interactions with partners, including drug-

like compounds. In particular, they emphasized the

importance of sequence alignments with various 3D pro-

tein templates (on which the relevance of the final CFTR

models depends quite largely) and they critically discussed

the major differences between the models obtained so far.

Since then, there were only a few theoretical studies that

have provided additional information about the general

MSD:NBD assembly [41–43] and about the dynamics of

the NBD1 domain in presence of several perturbations

[44].

Here, we have thus made the choice to concentrate on

the whole set of molecular modelling studies, including

molecular dynamics (MD) simulations, in light of specific

features. Our first aim (see ‘‘From ABC exporters to the

CFTR ion channel’’) is to describe how theoretical studies,

i.e. comparative modelling and MD simulations, allowed to

gain insight into the CFTR protein 3D structure in terms of

its specific evolution towards a channel function starting

from an ABC-exporter framework. Next (‘‘Disease-causing

mutations: prediction of their impact and searching for

modulators’’), we also describe how these theoretical

studies allowed estimation of the impact of disease-causing

mutations, as well as prediction of potential 3D sites that

can be targeted for correcting functional or folding defects.

For the discussion of these different points, we took into

account the CF literature (but obviously not in an

exhaustive manner given its huge size) and combined our

descriptions with numerous references to various experi-

mental data that could provide support to the predictive

studies or that were inspired by the modelling work. We

believe that this last point is critical for assessing the

quality of the theoretical studies, as the modelling of

membrane proteins is generally a challenging task, due to

the general low sequence identity observed with the tem-

plates used for modelling and the large conformational

changes at play in the activity of such proteins.

From ABC exporters to the CFTR ion channel

Comparative modelling of the CFTR protein

The NBD1:NBD2 heterodimer

Comparative modelling could be applied for CFTR as

experimental 3D structures, which may be used as reliable

templates, had been solved. The first major milestone in

this context was the publication in the early 2000s of

several experimental 3D structures of ABC NBD dimers, in

a head-to-tail conformation [45]. A first model of the CFTR

NBD1:NBD2 architecture was then proposed [46, 47],

based on the experimental 3D structure of theMethanoccus

jannaschii ABC transporter MJ0796, solved in presence of
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two ATP-bound molecules [48]. This ATP-bound config-

uration was made possible via a mutation of the catalytic

glutamate of the Walker B motif into glutamine (E-to-Q

mutation), a change preventing activation of water for

hydrolytic attack on ATP, whilst preserving high-affinity

binding (see [17] for a review). Beyond the description of

the global architecture of the heterodimer, the main lesson

learned from this model was the description, at the atomic

level, of the composite ATP-binding sites of CFTR at the

interface of the dimer (with the Walker A and Walker B

motifs and switch (H-loop) of one NBD and the ABC

signature motif of the other NBD), one nucleotide binding

site being canonical and the other one being non-canonical,

degenerated (Fig. 1a). Experiments with purified and

reconstituted NBD1 and NBD2 have provided direct evi-

dence of a heterodimerization of the two domains, required

for optimal catalytic activity [49]. Moreover, in vivo cross-

linking has also demonstrated that NBD1 and NBD2

interact in a head-to-tail configuration [50]. Several other

experimental studies have shown that the canonical ATP-

binding site is catalytically competent, while ATP

hydrolysis at the degenerated site is weaker, or even null

[51–56]. This functional asymmetry of the ATPase site

motifs is a common feature of several mammalian ABC

transporters, such as TAP and MRP1 [57].

In the model of the CFTR NBD1:NBD2 heterodimer,

the large regulatory insertion (RI) of about 35 amino acids,

which is located between the two first b-strands of NBD1
and contains a phosphorylatable serine residue (S422),

covers, like a cap, the degenerated ATP-binding site,

suggesting that it may reinforce its non-canonical feature

and help to limit dissociation of the heterodimer. This

hypothesis is consistent with the results of two independent

studies that have suggested that the NBD dimer interface

remains formed around the non-canonical binding site,

throughout several gating cycles [58, 59]. Existence of the

RI at this location in the primary structure was correctly

identified through the sequence analysis underlying the

model construction and was validated by the experimental

3D structure of individual NBD1, in which it is highly

disordered [26, 27]. As positioned in these experimental 3D

structures, the CFTR RI as well as its regulatory extension

(RE) (located at the extremity of NBD1 and likely corre-

sponding to the first segment of the R region) might

prevent the association of NBD1 with NBD2, as they

occupy the interface in the modelled NBD dimer. Inter-

estingly, it has been shown that removal of the RI strongly

stabilizes the NBD1 in vitro [60, 61] and improves bio-

genesis of F508del-CFTR in cells [62]. Even though no

data at atomic resolution is yet available for the CFTR

NBD1:NBD2 assembly (only the homodimeric structure of

NBD1 has been reported [25]), SAXS data have shown that

the shape of the heterodimer (in solution and in presence of

ATP) does well fit the conformation predicted from mod-

elling studies, whilst in absence of ATP, the heterodimer

has a bi-lobular arrangement [35, 36, 39], similar to that

proposed in a model of the closed form of CFTR (vide

infra). Such a configuration has also been supported by

experimental 3D structures of full ABC transporters (vide

infra). According to this scheme, ATP binding to both sites

was thought to promote dimerization and conformational

changes leading to channel opening, whereas hydrolysis of

the nucleotide at the conventional site precedes channel

closing [52].

Similar models of the NBD1:NBD2 heterodimer were

subsequently built using (i) an hybrid strategy (models of

Fig. 1 3D structure models (ribbon representations) of the CFTR

NBD1:NBD2 heterodimer in a head-to-tail configuration. These were

modelled from the experimental 3D structure a of MJ0796 (pdb

1L2T, 1.9 Å resolution) [46] and b and c of Sav1866 (pdb 2HYD, pdb
3 Å resolution) before (b) and after (c) short MD simulations [43].

NBDs are composed of three distinct subdomains: the catalytic core

a/b subdomain, a a-helical subdomain and a b-sheet subdomain. The

positions of the coupling helices of ICL1 to ICL4 from MSD1 and

MSD2 are shown on the Sav1866-based models, as well as the RI. A

particular plasticity of the NBD1 a-subdomain was observed during

these MD simulations (c), resulting in new contacts between F508 and

ICL4. Figures were prepared using UCSF Chimera [200]
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the individual NBDs build on the mouse NBD1 template

[26] and then fitted onto the MJ0796 dimeric conforma-

tion) [63] or (ii) a protein–protein docking approach,

without any a priori knowledge of the dimeric architecture

[64]. These two models were subsequently used for dock-

ing of activators (vide infra).

The MSD:NBD assembly

A second turning point in the ABC-exporter knowledge

was reached in 2006, when the Locher’s group published

the experimental 3D structure of the Sav1866 ABC

exporter from Staphylococcus aureus, obtained at 3.0 Å

resolution in an outward-facing conformation [65, 66]. This

solved the uncertainties regarding the previously published

3D structures of the bacterial MsbA proteins, which were

proven to be misinterpreted and were subsequently cor-

rected [67]. These first 3D structures of ABC exporters

have thus provided templates for the first homology mod-

elling studies of the CFTR MSD:NBD assembly [68–70].

The first 3D models built by two independent groups using

the Sav1866 3D structure as a template [68, 70] were in

adequacy with the general topology of ABC exporters, in

which domain swapping is observed in the MSDs (Fig. 2a).

Indeed, for crossing the membrane, the MSDs form two

bundles of six transmembrane helices (TM), in which the

two first TMs of one MSD are in close association with the

four last TMs of the other MSD. As in ABC exporters, four

of the six TMs largely protrude into the cytosol (by

approximately 25 Å) to form intracellular loops (ICLs),

which end by short coupling helices running parallel to the

plane of the membrane and contacting the NBDs. ICL1

(located between TM2 and TM3) and ICL3 (between TM8

and TM9) contact the NBDs at the level of the ATP-

binding sites (the non-canonical and canonical ones,

respectively), whereas ICL2 (between TM4 and TM5) and

ICL4 (between TM10 and TM11) bind in a groove located

at the surface of NBD2 and NBD1, respectively (Figs. 1b,

2a). The inner helices of ICLs associate together into a

compact four-helix bundle. Even though the modelling

procedures followed by Mornon et al. [68] and Serohijos

et al. [70] were both based on the Sav1866 architecture,

there were however substantial discrepancies between the

two models, because of (i) alignment differences in the

MSDs (that are particularly difficult to align due to the low

levels (*10–15 %) of sequence identity with the template)

and (ii) the use of either the sole Sav1866 template [68] or

multiple templates (Sav1866 and experimental CFTR

Fig. 2 3D structure model

(ribbon representation) of the

CFTR MSD:NBD assembly.

a 3D structure model, in a lipid

bilayer, of a possible open form

of the CFTR MSD:NBD

assembly, built using the

Sav1866 experimental 3D

structure as template and refined

by short MD simulations [43].

One of the lateral cytoplasmic

openings is clearly visible

(asterisk). b Longitudinal cross-

section of the model, illustrating

the global shape of the pore,

with the inner and outer

vestibules, separated by a

narrow constriction formed as

TM6 (green) and TM12 (red)

are close to each other. The

channel is open over its whole

length. c Transversal view at the

level of the inner vestibule,

highlighting two perpendicular

tunnels at the level of the ICLs,

allowing access from the

cytoplasm through lateral

portals
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NBD1 [70]), the result being a different topology of the

ICLs:NBDs interfaces. All the discrepancies observed

between the different models (these first ones and the fol-

lowing other ones) and their sources were described in

details elsewhere [40]. Among all the CFTR models pub-

lished so far, only the two first ones tentatively proposed

distinct models of the R region, which were constructed

ab initio [70] or based on hydrophobic cluster analysis

(HCA) [68]. These R models were however very divergent

and did not match all the available experimental data. Low-

energy conformations of the isolated R domain were

explored later using computational methods, generating an

ensemble of accessible R region conformations [71].

The predicted NBDs/ICLs interfaces revealed in the two

first models of the MSD:NBD assembly were verified by

cysteine cross-linking experiments, especially highlighting

the importance of clusters of aromatic amino acids, within

a highly dynamic network, which implicate multiple

regions in the NBDs [70, 72]. These first 3D models of the

CFTR MSD-NBD assembly, based on the outward-facing

Sav1866 3D structure, were thus proposed to correspond to

the open form of the channel, as NBDs are closely asso-

ciated in a head-to-tail configuration, similar to that

observed in the ATP-bound conformation of MJ0796 (vide

supra), although ADP was observed in the ATP-binding

sites of Sav1866 [65].

The inward-facing conformations observed in the cor-

rected MsbA 3D structures [67] were used shortly

afterwards for modelling a first, potential closed form of

the channel [69]. The experimental 3D structure chosen as

template was that of the closed-apo VcMsbA, in which the

NBDs are not fully separated. Transition from the open

configuration was obtained by a twisting of the trans-

membrane helices and a sliding motion of the NBDs, the

contact points between the ICLs coupling helices and the

NBDs remaining however unchanged. In the NBDs, the RI

was proposed to play the role of a ‘‘safety catch’’ which

hinders the complete disassembly of the NBDs. A similar

role in preventing the dissociation of the NBDs might be

hypothesized for the regulatory R region. The overall

configuration of the NBDs proposed at that time was

supported by the bi-lobular arrangement observed in SAXS

experiments performed for the NBD1:NBD2 heterodimer

[35, 36, 39].

From an ABC exporter to an ion channel

The prevailing model for active transport in ABC exporters

is the ‘‘alternating access’’ model, in which the pathway

defined by the membrane-spanning domains is alterna-

tively exposed to the internal and external sides of the

membrane, with large conformational changes being

involved in the translocation mechanism [73]. There is

however some controversy about this mechanism, as there

is substantial evidence suggesting that the separation of

ABC NBDs is limited, and that the large physical separa-

tion observed in crystal structures of ABC transporters

might be an artefact [74]. As discussed above, the first

models of the CFTR channel have been built based on the

assumption that the ATP-bound, outward-facing confor-

mation is likely to be similar to that adopted by CFTR

when the channel is open, whereas the inward-facing

conformation should correspond to the closed form of the

channel. However, the models built in this manner do not

match all the expected features of a channel-like structure,

comprising outer and inner vestibules linked by a narrow

region containing the selectivity filter [75]. Moreover, as

also mentioned above, experimental evidence exists for a

‘‘constant contact-like’’ model in which the CFTR

NBD1:NBD2 dimer interface remains formed around the

non-canonical binding site, throughout several gating

cycles [58, 59]. In fact, the CFTR protein shows rapid

transitions between open and closed states, with subcon-

ductance states, on a timescale much faster than the ATP

hydrolysis rate, suggesting that small conformational shifts

may occur, with conservation of an ATP-bound state

[76, 77]. Thus, an important question here is: if the alter-

nating access model does not really apply, what would then

be a correct model and what are the key structural features

that have enabled CFTR to evolve towards an ion channel?

Molecular dynamics performed on homology models as

well as the recently solved 3D structures of ABC exporters

that may be used as templates for new modelling studies

provided several insightful clues to address this important

issue.

Molecular dynamics simulations

Asymmetric hourglass conformation of the channel

Thus, molecular dynamics (MD) has been used to optimize

the channel pore architecture in the open conformation

[43, 78–80]. Indeed, if molecular modelling (which criti-

cally depends on the accuracy of the alignment with the

templates’ sequences) allows to get a starting conformer of

the 3D structure, MD simulations allow in relatively short

simulation times, not only to explore the short time scale

conformational stability of the model and refine it, but also

to sample potential conformational states that lie nearby the

starting point in the energy landscape. In particular, despite

differences in the sequence alignments and modelling

strategies that were already detailed elsewhere [40], all

these studies converged towards an asymmetric hourglass

conformation of the channel in the open conformation, with

a shallow outward-facing outer vestibule and a wide inner

vestibule, the two vestibules being linked by a narrow

Molecular modelling and molecular dynamics of CFTR 7
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bottleneck (Fig. 2b). Such a shape fits well with that of

two-dimensional CFTR crystals observed by electron

crystallography [21] and is also in good agreement with

experimental data, especially numerous substituted cys-

teine accessibility mutagenesis (SCAM) studies (reviewed

in [75]), as well as cross-linking studies [81, 82]. These

functional studies have precisely defined amino acids lin-

ing the pore and the extracellular vestibule in the different

conformational states and have indicated that TM6 and

TM12, but also TM1 and TM11 play a central role in the

CFTR continuous central chloride permeation pathway,

with evidence of an asymmetric channel pore

[78, 79, 83–98]. In contrast, other SCAM investigations

failed to identify key residues in either TM5 (analogous to

TM11 in MSD1) or TM7 (analogous to TM1 in MSD2)

[83]. The model of the ‘‘full-open’’ conformation of the

CFTR MSD:NBD assembly, observed after short MD [43]

may account for such an observed asymmetry. Indeed,

establishment of a salt-bridge between the residues R352

(TM6) and D993 (TM9), which is a key marker of the

‘‘full-open’’ conformation [99], resulted in a central narrow

pore, lined by TM1, TM3, TM6, TM12, TM11, TM12,

which excludes TM5, TM8, TM7, TM9 confined to a

pentagonal duct (formed together with TM6). The forma-

tion of this salt-bridge has also been reported in other

simulations [78, 79]. Worth noting here is the frequent

occurrence of salt bridges in the CFTR MSDs, which was

supported by different modelling studies [43, 78, 80, 100],

some of which having proved to play a key role in channel

gating [99, 101, 102]. A critical salt-bridge between E267

and K1060 was also highlighted in the four-helix bundle

formed by the ICLs internal helices [103, 104].

Location of the external gate

The boundary between the constriction of the pore and the

outer vestibule was suggested to determine the anion

selectivity filter of CFTR, which exhibits characteristics of a

lyotropic series [75, 105]. These features imply that anions

with the lowest free energy of hydratation tend to show a

higher permeability, i.e. are more likely to pass through the

channel. The model of a possible closed form of the CFTR

MSD:NBD assembly, obtained when starting from the

‘‘closed-apo’’ conformation of MsbA [69], as well as more

recent models (i) built starting from the TM287/288 3D

structure [42] (vide infra) and (ii) obtained after further MD

simulations of a refined Sav1866 3D model [43], support the

fact that this boundary may be a plausible location of the

gate, which controls the anion flow through the channel

[106]. The last model [43] is believed to correspond to a C2

state, where the NBDs are fully dimerized but the channel is

nevertheless still closed for conduction (as opposed to the

so-called closed C1 or C0 state, where one or both

nucleotide-binding sites are empty, respectively). Interest-

ingly, this suggests that it is possible that relatively small,

localized conformational changes within the MSDs might be

sufficient to open and close the CFTR channel. In all these

three models of closed forms, an aromatic amino acid, F337,

notably contributes to the closure of the gate, together with a

set of mainly hydrophobic amino acids from the different

transmembrane helices (Fig. 3a, b—bottom). Mutation of

this conserved F337 had gain-of-function (GOF) effects,

which were observed in the absence of any exogenous

activator (i.e. ATP or PKA), suggesting that the aromatic

cycle of this amino acid may help to stabilize the closed

form of the channel [107]. Interestingly, results of 30 ns MD

simulations made with both the MsbA-based and Sav1866-

based models of the closed and open forms [68, 69] sug-

gested that, in the closed conformation, the conserved

residue P355 in TM6 exists in a stable cis conformer within

a type IV b-turn and stabilized by the adjacent F354,

whereas in the open conformation, P355 exists in a trans

conformer [108]. P355 could thus constitute a stable element

also stabilizing the closed state of the channel, as assessed

again by GOF mutations at this particular location [108]. A

recent analysis of energetic coupling between residues

across the dimer interface in single CFTR channels with

GOF mutations (P355A and K978C) associated with spon-

taneous pore opening/closure showed that the NDB dimer is

formed when the pore spontaneously opens, demonstrating a

strict coupling between NBD and MSD movements [109].

Lateral cytoplasmic portals towards the channel

The electrodiffusional transmembrane movement of ions in

a channel implies that the protein in the open state has a

continuous pathway between the intracellular and extra-

cellular solutions. However, an important unanswered issue

of all the models published before 2015 was the features of

the cytoplasmic entrance to the central pore, the chloride

permeation pathway seeming indeed sealed on the cyto-

plasmic side of the membrane at the level of the ICLs.

According to Gadsby et al. [110], the cytoplasmic-side gate

of CFTR should have become atrophied or at least

uncoupled from the outer gate, making CFTR a ‘‘broken’’

ABC exporter. The recent MD simulation performed on a

refined model of the MSD:NBD assembly, based on the

Sav1866 3D structure, has suggested that chloride ions

enter the central pore via at least one and potentially sev-

eral lateral portals that are displayed at the level of the

ICLs (between TM2 and TM11, TM5 and TM8 (principal

lateral tunnel), TM4 and TM6, TM2 and TM11 (secondary

lateral tunnel)) and communicate with the inner vestibule

[43] (Figs. 2c, 4a). Such horizontal lateral cytoplasmic

portals have already been observed in several other ion

channels [111, 112] and seem also to be present in CFTR,

8 I. Callebaut et al.
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as suggested by electron crystallography [21]. Multiple

positively charged residues line these putative lateral por-

tals and may play a role in attracting negatively charged

ions towards the pore. The existence of such portals, at

least that formed between TM4 and TM6 (Figs. 2c, 4a)

(and perhaps TM10 and TM12), was supported by recent

experimental data using cysteine substitutions and in situ

modifications by negatively and positively charged

methanethiosulfonate (MTS) reagents [113, 114]. K190,

R248, R303 and K370 (TM4/TM6 entrance), as well as

K1041 and R1048 (TM10/TM12 entrance) may contribute

to the electrostatic attraction of cytoplasmic Cl- ions to the

pore. Worth noting is that a similar cytoplasmic portal

between TM4 and TM6 has been also highlighted in a

recent model of the CFTR open channel based on the McjD

3D structure [42] (vide infra). Lateral portals also tend to

be formed in order to allow to reach an internal cavity

(inner vestibule), when the role of ATP binding as a driving

force for NBD dimerization was analysed by 100 ns MD

simulations, starting from a model constructed on the basis

of an inward-facing configuration (multi-template-based

model, combining the global architecture of mouse

P-glycoprotein (PgP) and crystal structures of NBDs

[115]). In this study, it was shown that ATP binding was a

driving force not only for NBD dimerization, which

occurred within only 10 ns and was similar that observed

in the closed-apo model of MsbA [67], but also for NBD–

MSD concerted motions (although the pore did not reach

an open form at the end of this MD simulation). Rahman

et al. [100] have also explored the conformational transi-

tion between a model of the CFTR open channel, built on

the Sav1866 template, and a model of the CFTR closed

channel, built on the mouse PgP, using targeted molecular

dynamics. Here, a progressive conformational wave was

observed during opening transition, but no clear entrance

from the cytoplasmic milieu could be detected in the model

of the open form.

New experimental 3D structures that might be used

as templates

A second set of data is based on very recent experimental

3D structures of type 1 ABC exporters, which revealed

highly original features related to the MSD and NBD

Fig. 3 3D structure models (ribbon representations) of two possible

closed forms of the CFTR MSD:NBD assembly. a Sav1866-based

model, after short MD simulations, leading to a possible model of the

C2 form [43], b TM286/287-based model [42]. These models were

compared to the experimental 3D structure of ATP-free PCAT1 (pdb

4RY2, [117]) (c). Near the extracellular surface, hydrophobic amino

acids form similar closed gates, which involve (i) in CFTR: I106

(TM1, blue), F337 (TM6, green), L883 (TM7, yellow), G1130 and

L1133 (TM12, red) and (ii) in PCAT1 : F194 (TM1 and TM10, blue
and yellow) and L426 (TM6 and TM60, green and red)
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assemblies and may thus be considered for further mod-

elling of the CFTR-specific structure.

The first important observation deduced from three

recent crystal structures is the occurrence of a new con-

formation of the MSDs, called nucleotide-bound outward

occluded, which has similarities with both the outward-

facing and inward-facing conformations. This conforma-

tion was first observed in the Escherichia coli exporter

McjD (bound to the ATP analogue AMP-PNP [116]), and

then in the Clostridium thermocellum PCAT1 (ATPcS-
bound [117]). A similar, but ADP-bound, outward-oc-

cluded form has also been observed in the Campylobacter

jejuni flippase PlgK [118]. These transition intermediates

may thus represent realistic frameworks for the confor-

mation of the CFTR channel, in agreement with what was

observed after molecular dynamics simulations (see

above). In line with these arguments, Corradi et al. [42]

suggested, after structural analysis of models based on

different templates, that a McjD-based model could indeed

account at best for the open state of the CFTR channel.

Of note, an interesting feature of the intermediate con-

formations observed in the PCAT1 3D structure in absence

of ATP is that lateral openings of the TM pathway are

observed at the level of ICLs, onto which the N-terminal

peptidase domain of this ABC exporter docks and which

perfectly superimpose with the lateral portals which were

previously described before in the CFTR open channel

model obtained after short MD [43] (Fig. 4b). This

observation thus provides additional support to the plau-

sible existence of such structures in CFTR, a likelihood

which was already suggested by electron crystallography

data [21]. Such a lateral opening was also recently

observed in the subnanometric 3D structure of TrmA

observed by electronic microscopy [118].

Interestingly, the closure of these experimental 3D

structures in the vicinity of the extracellular surface does

also provide additional support to the models of the closed

forms that were published so far (MD refined Sav1866-

based [43], closed-apo MsbA-based [69], TM287/288-

based [42] (vide infra)). Indeed, rings of hydrophobic

residues, displayed by both MSDs, are formed through van

der Waals contacts, forming closed gates. These rings, as

well as the positions of the transmembrane helices are

strikingly similar to those observed in the CFTR models, in

which F337 plays a critical role (see top and bottom of

Fig. 3c).

The second observation deduced from recent crystal

structures is that the NBDs are not necessarily disengaged

Fig. 4 Lateral portals. a 3D structure model (ribbon and surface

representation) of the possible open form of the CFTR MSD:NBD

assembly, also shown in Fig. 2 [43]. The two portals are clearly

visible on the two views, rotated by *90�. b Comparison of the

modelled CFTR TM4/TM6 lateral cytoplasmic portal with that

observed in the ATP-free PCAT1 experimental 3D structure (pdb

4RY2 [117]), onto which the peptidase domain docks and which

allows the substrate to access the central cavity. Cl- and an amino acid

(alanine) are shown at the level of the openings. These two lateral

portals occupy nearly the same position in the two structures
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or twisted in inward-facing conformations, in contrast to

what was first observed in experimental 3D structures of

MsbA (from Vibrio cholerae and Escherichia coli) [67],

and later in the experimental 3D structures of the mouse,

Caenorhabditis elegans and Cyanidioschyzon merolae PgP

[119–123], of the Saccharomyces cerevisiae and

Novosphingobium aromaticivorans Atm1 [124, 125], of the

human mitochondrial ABCB10 [126] and of the Campy-

lobacter jejuni PlgK [127]. In fact, it is at present generally

admitted that inward-facing conformations without NBD

contact are not likely to be physiological [4].

This was first evidenced in the heterodimeric TM287/

288 ABC exporter from Thermotoga maritima [128, 129]

which, like CFTR, has a degenerate ATP-binding site and

in which a separation of the coupling helices ICL2 and

ICL4 by 15 Å is sufficient to open the substrate-binding

cavity, without complete NBD dimer disengagement.

These 3D structures, solved in an apo (nucleotide-free)

form and with AMP–PNP bound at the degenerate catalytic

site, respectively, have evidenced the critical importance of

D-loops, running antiparallel between the ATP-binding

sites [130], for association of the NBDs, as well as for

allosteric communication between the two asymmetrical

ATP-binding sites. These structures may thus provide

reliable 3D templates for modelling the CFTR NBD het-

erodimer in the closed form, in agreement with

experimental data showing little separation between the

NBDs [58, 59]. A 3D model of a fully closed form of the

CFTR channel, based on this TM287/288 3D structure, has

recently been proposed by Corradi et al. [42] (Fig. 3b, top).

Worth noting here is that such a limited dissociation of the

NBD dimer was also highlighted in the nucleotide-free, but

homodimeric 3D structure of Clostridium thermocellum

PCAT1, with inter-domain contacts also mediated by the

conserved D-loop [117] (Fig. 3c, top).

Disease-causing mutations: prediction of their
impact and searching for modulators

Prediction of the impact of CFTR mutations

More than 2000 CF mutations have been described, con-

ferring a wide range of phenotypes, with variable disease

severity [15]. Six major classes are currently defined,

according to the observed primary biological defects [13].

A refinement of this widely used classification is however

at present proposed in order to take into account the

complex molecular and cellular phenotypes of the various

CFTR alleles [15]. Moreover, mutations can also be

described in light of their responsiveness to drugs, thereby

defining ‘‘theratypes’’ [16] and paving the way to person-

alized medicine. In this context, information gained by

structural biology, either at the experimental level or from

in silico modelling studies, should be useful to better

understand the molecular basis of the mutation-caused

defects and also to identify or design specific therapeutic

approaches. Over the last decades, extensive efforts have

been made with a view to identify small-molecule CFTR

modulators, which include activators, potentiators and

correctors, developed for treating CF, as well as inhibitors

(blockers), which may be used for treating enterotoxin-

induced diarrhoea and autosomal dominant polycystic

kidney disease (ADPKD) [15, 131, 132]. Whereas CFTR

activators stimulate the channel functions by increasing

intracellular cAMP/cGMP levels, CFTR potentiators and

correctors act by increasing the channel gating activity and

the amount of protein at the cell surface, respectively.

Current approaches are based on high-throughput screening

(HTS), but they provide little information on the molecular

mechanisms in which the identified molecules are

involved. Consideration of structural data may thus provide

useful information not only for understanding these

mechanisms and eventually improving the activity of the

identified molecules, but, most importantly, also for

rational structure-based design of novel CFTR modulators,

in order to target specific mutations.

Several theoretical studies have addressed the impor-

tant question of the consequences of the most common

CF mutation, the deletion of F508, a phenylalanine

residue located in the NBD1 alpha-subdomain. Most of

the F508del mutant protein is misfolded and targeted to

the endoplasmic reticulum-associated degradation path-

way, whereas the few F508del molecules escaping

degradation suffer from a lower activity and a lower

membrane stability ([133] for a review). Moreover, the

silent codon change for isoleucine 507 (ATC ? ATT),

caused by the three nucleotide deletion responsible for

the F508del variant, alters the F508del CFTR mRNA

structure, with a reduction of translation efficacy [134].

Comparison of a series of static crystal structures of

isolated NBD1 [25–29, 135] showed very localized dif-

ferences between the wild-type (wt) and F508del

constructs, primarily localized to the F508 region,

whereas NMR studies of murine NBD1 highlighted non-

local differences in the dynamic profiles of the structures

in solution [30]. On the other hand, the first models of

the CFTR MSD:NBD assembly have indicated that the

side and main chains of F508 interact with amino acids

from ICL4 [68, 70]. Accordingly, the F508del mutation

compromises both the NBD1 thermodynamic stability

and domain assembly [29, 60, 81, 135–141]. While two

independent studies [136, 137] have indicated that an

optimal correction might require both the stabilization of

F508del NBD1 and the restoration of its interactions

with ICL4, a more recent study has suggested that the

Molecular modelling and molecular dynamics of CFTR 11

123



restoration of the thermal stability might be sufficient to

promote CFTR maturation [142]. However, the current

correctors, including VX-809, appear unable to restore

thermodynamic stability, while allowing however global

conformational maturation [143].

The dynamics profiles of isolated wt and F508del NBD1

have been thoroughly analysed using MD simulations. A

first study used classical, short (2 ns) MD simulations on

models (based on the X-ray structures of mouse NBD1) of

the human wt and mutated NBD1 [144]. It permitted to

observe substantial differences in the dynamics properties,

differences which were smaller when F508del NBD1 is in

complex with the small ligand CPX (8-cyclopentyl-1,3-

dipropylxanthine), bound in the ATP-binding site. Next, a

second study using a slightly different approach, consid-

ering longer MD simulation times (20 ns), confirmed the

existence of an increased conformational freedom of the

mutated NBD1, with a disruption of the conformation of

the linker between the ABCa and ABCb subdomains

[145]. In contrast, Bisignano and Moran observed no sig-

nificant difference after shorter MD simulations (5 ns) at

room temperature, with no change in enthalpy or entropy

[146]. A slight variation in the energy of interaction with

the solvent was observed, as well as a decreased affinity for

ATP. The effect of the deletion of the RI has also been

investigated and a reduction of the fluctuations of the

F508del NBD1 was observed, a finding consistent with the

rescue effect observed experimentally [62]. Besides these

studies focusing on the fluctuations observed between wt

and mutated domains, another work has indicated that

F508del alters the folding dynamics and kinetics of NBD1

[147]. By showing that meta-stable intermediate states

appearing along the wt and mutant folding pathways were

differently populated, these authors identified sensitive

regions in NBD1 in which rescue mutations were designed

to increase folding propensity. Graph theoretical methods

applied to the study of dynamic couplings also identified

S492 as a key residue for understanding the allosteric

interactions between RI and the F508del and I507del

mutations [148]. Finally, Replica Exchange MD (REMD)

simulations were also applied to a series of NBD1 con-

structs from which the RI was removed and including

F508del as well as some mutations (tested or not in the

F508del background) which are known to partially rescue

the folding and function of F508del CFTR [44]. The

REMD-generated root mean square fluctuations (RMSF)

profiles consistently indicated the higher fluctuations of the

CFTR F508del NBD1, with both local and non-local dif-

ferences in the dynamic profile, within a dynamically

coupled network; these local and non-local fluctuations,

which highlight the high allostericity of the NBD1 domain,

were proposed to affect the thermostability, the maturation

and the function of F508del CFTR by increasing the

aggregation propensity (exposure of hydrophobic amino

acids such as V510 and W496), by reducing the ATP

binding capacity (enhanced flexibility in the vicinity of the

ATP-binding site) and by impairing interactions with other

domains (enhanced flexibility of regions in contact with

ICL1, ICL2 and ICL4). These REMD simulations have

also permitted to gain insight into the rescuing mechanism,

as suppressor mutations (V510D [149]) and Teem muta-

tions (G550E, R553Q, R555K [135]) reduce the

fluctuations in multiple areas of NBD1, both in the vicinity

of the mutation and in remote regions. This effect has also

been observed when introducing proline residues at key

positions in NBD1 [150]. Overall, all these MD studies

performed on isolated NDB1 have thus provided insightful

information that cannot be derived from its static 3D

structures, especially by defining fluctuating regions, that

can be targeted for designing specific therapeutic approa-

ches (vide infra). Most of the MD simulations applied to

models of the CFTR MSD:NBD assembly were focused on

the study of the channel pore and the conformational

transitions between the open and closed forms; they have

thus not addressed the dynamics properties of the NBD1

(either in the wt form or with the F508del mutation) in this

particular context of the MSD:NBD assembly

[43, 78–80, 100, 115].

Recent work of the Oscar Moran group [41] has however

specifically focused on the properties of the NBDs in wt

constructs of the NBD:MSD assembly, as well as in the

context of F508del and G551D mutations. Of note, the

G551D mutation is the third most common mutation in CF;

it impairs the gating mechanisms of CFTR and can be res-

cued by the potentiator VX-770 [151]. The authors have

performed MD simulations on a previously published model

of the MSD:NBD assembly [68, 69], from which the RI was

removed. Analysis of the MD trajectories (over simulation

times of 15–20 ns) indicated that, although no significant

conformational transitions were observed for the NBDs or

the MSDs, the NBD1–NBD2 interactions were however

severely affected in both mutants. Higher internal energy

was observed in the F508del mutant, with increased contacts

between NBD1 and NBD2; as regards the G551D construct,

no modification of the internal energy was observed relative

to the wt construct, but there was a significant reduction of

close NBD1–NBD2 contacts. A modification of the interface

between NBDs and ICL2–ICL4 was also observed, which

could affect channel gating. Interestingly, one may also want

to put these results in the context of NMR studies of an

F508del NBD1 construct, which suggested that NBD

dimerization may be inhibited, highlighting the importance

of the NBD dimer interface [33].

Finally, our own recent MD work has also suggested

that the part of the NBD1 a-subdomain containing the

residue F508 exhibits a particular structural plasticity,
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which appears to be driven by rearrangements at the MSD

level and to be associated with the full-open channel con-

figuration [43]. The segment bearing F508 remains in

contact with ICL4, but within a modified environment,

involving contacts with T1076 and L1077, as well as a salt-

bridge between K1080 and E504, which contributes to

stabilize this conformation (Fig. 1c).

It should also be stressed here that this analysis of this

MD-refined 3D model of the MSD:NBD assembly [43]

indicated that the well-characterized missense mutations

reported in the Clinical and Functional Translation of

CFTR (CFTR2) database (http://www.cftr2.org/) tend to

cluster around host spots. Mutations encountered in the

MSDs mainly affect residues lining the pore (G85E, E92K,

D110H, P205S, R334W, I336K, T338I, S341P, R347H/

R347P, R352Q). Some mutations affect residues involved

in the assembly of the ICL bundle (G178E/G178R,

G970R), whereas a large hotspot is located at the

NBD1:ICL4 interface (S492F, I507del, F508del, V520F,

A559T, R560K/R560T, A561E, H1054D, G2061R,

L1065P, R1066H/R1066C, F1074L, L1077P). Finally, a

last hotspot is found within the canonical ATP-binding site

(S549N, S549R, G551D/G551S, G1244E, S1251N,

S1255P). G551D, the third most common CF mutation,

disrupts the canonical ATP-binding site normally involved

in ATP-dependent gating, converting it into an inhibitory

site [152].

In silico studies and CFTR modulators

In silico studies were performed for identifying potential

binding sites of CFTR modulators, the assumption here

being that modulators directly bind to the CFTR protein. In

general, there is however only indirect evidence and very

few experimental studies have demonstrated a direct

binding of modulators [153, 154]. Even though limitations

of in silico approaches can be mentioned [such as (i) lim-

ited resolution and accuracy of the 3D models, (ii) limited

consideration of the conformational flexibility and plas-

ticity of the interfaces, and (iii) consideration of the folded,

but not intermediate states], these may nevertheless allow

rational structure-based discovery of small modulators,

with increased hit rates when compared to the high-

throughput screening (HTS) campaigns.

The first structure-based study was performed by Moran

and colleagues [63], who have used a model of the

NBD1:NBD2 heterodimer for predicting the binding sites

of CFTR potentiators by molecular docking. This model

was built on the basis of experimental 3D structures of

NBD1, fitted into the MJ0796 dimer. A blind rigid-docking

strategy was used, which revealed three hotspots with low

interaction energy, two (sites 2 and 3) being compatible

with the experimental results. Binding of genistein to site 2,

at the NBD1:NBD2 interface, was particularly relevant,

when comparing the theoretical binding free energy in the

model to that estimated from the apparent dissociation

constants KD. The genistein binding site was also predicted

in an independent study, starting from a model of the

NBD1:NBD2 dimer built using a protein–protein docking

approach [64]. This study identified five putative binding

sites, located at the ATP-binding sites, on NBD1 and

NBD2 and at the NBD1:NBD2 interface.

To the best of our knowledge, there is yet no published

data about structure-based predictions of the binding site of

the well-characterized hydrophobic potentiator VX-770

(Ivacaftor) [155, 156], which is already used for the

treatment of CF patients with the G551D mutation [157]

and other class III mutations [158]. Some indirect evidence

(such as hydrophobic nature of the compound, kinetics

data, chemical modification of engineered cysteine in

TM6; reviewed in [155, 156, 159]) have led to the

hypothesis that it may be located at the interface between

the TMDs and the lipid core of the membrane bilayer. The

VX-770 binding site is likely to be distinct from that of

some permeant anions (nitrate), which also modulate gat-

ing and should bind the pore [159], in agreement with the

gating properties also observed with some channel blockers

[160–162].

Structure-based studies (based on experimental 3D

structures of isolated NBD1 and models of MSD:NBD

architecture) were also performed with a view to identify

potential binding sites for correctors of the F508del defect.

It can indeed be hypothesized that small molecules that

bind to and stabilize NBD1 and/or inter-domain regions of

CFTR may promote increased maturation of the F508del

protein.

The first report was published by Kalid and colleagues

[163], who have considered several F508del models

[NBD1:NBD2, full cytoplasmic domains (ICLs ? NBDs)]

to perform structure-based virtual screening. This allowed

to identify three cavities, located at (i) the interface

between the two NBDs, (ii) at the interface between NBD1

and ICL4 and (iii) at the multi-domain interface between

NBD1, NBD2, ICL1, ICL2 and ICL4. Fifteen correctors

were identified out of the 496 candidate compounds

selected for in vitro testing, as well as compounds with

potentiator activity and compounds with a dual potentia-

tor–corrector activity. However, none of these hits were

potent enough to show corrector activity in human bron-

chial epithelial cells.

Another structure-based virtual screening was reported

[164], the starting point for molecular docking being here

the MD frame of the isolated F508del NBD1 which was the

most distinct from the wt NBD1 [145]. Two cavities were

identified, which were screened against the National Can-

cer Institute diversity set I (NCIDS). The underlying

Molecular modelling and molecular dynamics of CFTR 13

123

http://www.cftr2.org/


assumption here was that the small molecules identified

could prevent the interaction between the misfolded

F508del and housekeeping proteins, an interaction limiting

F508del CFTR delivery to the plasma membrane. The

selected compounds, which disrupted the interaction of

F508del CFTR with keratin8, induced functional expres-

sion in transfected HeLa cells, in human bronchial CF cells

in primary cultures and in the nasal epithelium of

homozygous F508del mice in vivo. The direct effect of the

compounds on NBD1 was supported by hydrogen–deu-

terium exchange reaction coupled with mass spectrometry

(HDex-MS). One of the two pockets identified (pocket 2),

in which the binding of the most promising molecule

(407882) was observed, is occupied by ICL4 in the model

of the MSD:NBD assembly [68], whereas the other one

(pocket 1) is localized in the deep interaction interface

between NBD1 and NBD2.

Several docking experiments were also performed on

F508del MSD:NBD assemblies, in order to identify puta-

tive binding sites for VX-809 (lumacaftor), which is now

used in combination with VX-770 (ivacaftor) in CF

patients homozygous for the F508del mutation [165, 166].

A flexible-receptor, flexible-ligand docking of VX-809

focused on the NBD1:ICL4 interface of the F508del

MSD:NBD assembly derived from the Serohijos model

[70]; it showed that this site was a possible binding pocket

for VX-809 [143]. A second study, in which the model was

build based on the Sav1866 architecture, combined with

NBD1 X-ray data, also highlighted the NBD1:ICL4 inter-

face as a plausible binding site for VX-809, whereas VRT-

325 appeared to be best accommodated within the ATP-

binding site and corr-4A would fit into none of the two

[167]. The likelihood of the VX-809 binding site at the

NBD1:ICL4 interface is further supported by the fact that

VX-809 also significantly restores folding of disease-re-

lated mutations in CFTR ICL4 [143]. Finally, a third

docking experiment of VX-809 onto several interfaces

(NBD1:ICL1, NBD1:ICL4, NBD1:NBD2) was performed

using two distinct models [70, 80]; it also suggested that

the NBD1:ICL1:ICL4 interface is a primary target for VX-

809 [168]. However, dissecting further the VX-809 binding

site using wt CFTR domain combinations suggested that

VX-809 targeting of MSD1 is a prerequisite for stabilizing

the domain interface composed of ICL1, ICL4 and NBD1

[168]. This suggestion was supported by other studies that

have shown that VX-809 stabilizes an N-terminal domain

of CFTR containing only the MSD1 [169, 170] and

therefore regulates in an allosteric manner the NBD1:ICL4

interface through interdomain communication. It should be

noted here that the relatively moderate effect of Orkambi, a

combinational treatment containing the corrector VX-809

and the potentiator VX-770, may be explained by the VX-

770-mediated destabilization of VX-809-rescued F508del

CFTR, as suggested by the observation that chronic

administration of these compounds destabilized the low

temperature (27 �C) and VX-809 corrected F508del

[171, 172]. This does obviously strongly invite to identify

new potentiators that do not interfere with correctors [173],

or new correctors that do not interfere with potentiators and

also which may act in a synergistic way [174], as well as

dual activity compounds, such as aminoarylthiazole

derivatives [175]. In this context, models of the F508del

MSD:NBD assembly can be used for the in silico design of

novel compounds which may fit the pocket at the interface

between NBD1 and ICL4, but also other pockets found

within the 3D structure (our unpublished results). Worth

noting is that class II correctors, such as the bithiazole

Corr-4 [176], which has an additive effect to VX-809

[177], appeared to bind NBD1–NBD2 and/or NBD2–

MSD1/2 interfaces, thus distinct sites from that targeted by

VX-809 (which has been classified as a class-I corrector),

as supported by both experimental and docking studies

[168]. However, there is still controversy about this Corr-

4a binding site, as other authors have reported that it should

rather bind to the MSDs [178–180]. Finally, complemen-

tary strategies are also be developed to stabilize F508del

CFTR, for instance by designing peptides inhibiting the

binding of the rescued F508del CFTR to components of the

cell surface protein quality control machinery [181].

Worth noting is that none of the small-molecule cor-

rectors of F508del CFTR identified so far in cell-based

screens appear to act on NBD1, a fact which is likely to

explain the lack of effect on thermal stability of the full-

length protein [142, 143]. Only chemical chaperones, sur-

rogates of class III correctors, are able to stabilize F508del-

NBD1 [168]. This contrasts with the effect of ‘‘revertant’’

mutations in NBD1 (such as deletion of the RI (amino

acids 405–436) or 3S mutants (F429S, F494N, Q637R)

[62, 135]), which are able to rescue both thermal instability

of NBD1 and decrease of trafficking toward the cell sur-

face. Interestingly, thermal stability of F508del NBD1 can

be increased by small compounds BIA (5-bromoindole-3-

acetic acid) and BEIA (5-bromo-3-ethoxyindole-acetic

acid), which bind to a specific site on NBD1 in co-crys-

tallization experiments (SGX Pharmaceuticals) [142] and

have an additive effect with VX-809. BIA is buried within

the NBD1 structure, between the a/b and a-subdomains,

and bound by H-bonds and cation–p interactions. REMD

simulations performed with an F508del NBD1 construct in

complex with BIA showed an overall attenuation of the

fluctuations observed in the F508del NBD1, similar to that

observed with rescuing mutations [44]. The BIA site is

distinct from that of the dual corrector/potentiator com-

pound CFFT-001, for which flexible docking or induced fit

procedures (conducted onto higher energy conformations

of NBD1 (F508del DRIDRE) accessed in replica exchange
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simulations) indicated multiple possible binding modes to

the surface of b-strands S3, S9 and S10, with a few specific

interactions [31]. Two classes of compounds, causing

chemical shift perturbations at the level of the BIA site and

CFFT-001 subdomains, were identified after NMR-based

binding screen performed against a fragment library of

approximately 2600 compounds using the 3S form (muta-

tions at F429S, F494N and Q637R) of F508 and F508del

NBD1. However, these NBD1 binders did not show suffi-

cient affinity, a fact obviously limiting the development of

such molecules [182]. Worth noting in this context is the

recent discovery of the dual corrector/potentiator activity

of rattlesnake PLA2CB, which binds with nanomolar

affinity to both NBD1 and F508del-NBD1 [183]. Docking

experiments revealed a putative PLA2CB binding site on

NBD1, which was supported by HDX-MS experiments.

Examination of the full-length CFTR model (our unpub-

lished data) indicated that binding of PLA2CB is possible

at the surface of the whole complex. Thus, the beneficial

protein–protein interaction observed in the PLA2CB:NBD1

complex may open new perspectives for the development

of modulators with dual activity and directly acting on

NBD1.

Docking experiments have also been performed for

predicting binding sites of small-molecule inhibitors,

which have potential interest for therapy of (i) enterotoxin-

mediated secretory diarrheas such as cholera and (ii) for

autosomal dominant polycystic kidney disease (ADPKD)

[184–186]. Docking of (R)-BPO-27 on the MD-refined

model of the CFTR MSD:NBD assembly in its closed

conformation [43] suggested several potential binding

sites, the best one (which showed a perfect consensus of

scoring functions) being located at the interface between

the two NBDs [187]. Such a location, which may lead to

interference with ATP-mediated gating in the NBDs, was

further supported by ATP competition studies with inside-

out membrane patches [187]. This probable binding site is

different from the chloride ion-binding sites, targeted by a

diverse group of organic ions, which occlude the pore and

inhibit thereby chloride transport.

Computational studies have suggested a binding site for

the glycine hydrazide GlyH-101 within the MSDs, near

F337, a result in agreement with experimental data [78].

GlyH-101 might thus directly occlude the CFTR pore near

its extracellular entrance. Docking of seven open channel

blockers (including the sulfonylurea glibenclamide) on a

model (built using a combination of restrained homology

modelling and ROSETTA refinement and introducing a

chloride column into the modelling scheme), revealed

highly overlapping blocking binding sites, involving ionic

interactions with K95 [80], in agreement with experimental

data [188]. All of the docked open channel blockers also

share an aromatic/hydrophobic interaction with W1145 and

a cation–p/hydrophobic interaction with R352. A second

blocker binding site in the inner pore vestibule identified

R303 as being involved in the binding of suramin, a larger

negatively charged organic molecule [189]. The binding

site of the thiazolidinone derivative CFTRinh-172 [190],

which does apparently involve the residue R347 [191],

remains relatively poorly characterized at the computa-

tional level. In addition to the basic residues that are

conserved among CFTR proteins from various species, it

has been shown that the local environment might also play

a critical role in the specificity of the channel to specific

inhibitors [192].

Concluding remarks

Over the last several years, substantial progress has been

made in the understanding of the molecular mechanisms

underlying the CFTR functions and dysfunctions by com-

bining experimental and theoretical studies. As shown

here, these last ones, including MD simulations, have been

instrumental in deciphering many functional features of the

CFTR protein, from the definition of the active sites within

the asymmetric NBD1:NBD2 heterodimer to the under-

standing of the shape and specific properties of the channel.

Moreover, even though they are by essence approximate,

molecular modelling and MD simulations may also provide

useful insights into the possible binding sites of CFTR

modulators. Such rational approaches, compared to ‘‘brute-

force’’ methods, may also be beneficial for developing new

CFTR-specific modulators [193].

However, it must be acknowledged that the intrinsic

dynamics of the large transmembrane CFTR protein, that

MD simulation can help to decipher, introduces an addi-

tional degree of complexity for developing specific

therapeutic approaches, as these approaches have to pre-

serve the CFTR functional features associated with this

intrinsic dynamics while correcting defects introduced by

CF mutations. Another challenging issue is related to the

understanding of the CFTR folding pathway, in particular

for the development of pharmacological chaperones that

might guide NBD1 on its way to a stable 3D structure. Of

note, only 20–40 % of the wt CFTR nascent chains attain

their native conformation, highlighting the complex,

cooperative folding behaviour of the protein

[133, 194, 195]. This cooperative folding mechanism

however offers multiple interfaces that could be targeted by

small molecules, but it also points out the probable

necessity of using a combination of several drugs for

efficient corrector therapy. Along these lines, it should be

stressed here that the targeting of transient conformations

encountered during the folding process represents an

important challenge for treating folding diseases in general.
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Regarding the modelling of the CFTR native 3D struc-

ture, there are still unresolved questions that need to be

addressed in the near future. In particular, a relevant model

of the full-length CFTR protein, including N- and C-termi-

nal extremities, as well as the R region, is still lacking; it

should allow to better understand the key role that these

regions play in the regulation of CFTR functions. This

cannot be made without taking into account the post-trans-

lational modifications (phosphorylations, palmitoylations,

etc.), which involve specific sites of the CFTR protein [196].

Even though this modelling is particularly tricky to achieve

in absence of relevant 3D templates and in the general

context of disordered regions, it should be recalled here that

the isolated R region retains a degree of secondary structure

organization, as assessed by SAXS and NMR data

[11, 18, 30, 34, 37]. By exploiting such experimental data

and using improved predictive tools, better new models of

these ‘‘extra’’ regions can now be built, providing new

hypotheses about their specific roles in CFTR functioning.

Finally, one can also hope that the recent significant

developments in high-resolution 3D structures of large

macromolecular complexes using cryo-electron microscopy

may also open new perspectives for the understanding of the

structure of the CFTR full-length protein, even though

CFTR lies at the lower limit of the macromolecular struc-

tures size recently obtained using such techniques

[197–199]. One can also expect that MD simulations per-

formed on longer time periods, as well as metadynamics

approaches, should allow to give further clues about the

different states of the CFTR protein during the gating cycle.

In conclusion, despite the fact that there are still many

unanswered questions, important information has already

be gained on the CFTR structure and dynamics, helping to

define working hypotheses that could be tested experi-

mentally and to effectively design CFTR-specific strategies

for the development of drug therapies for the treatment of

CF.
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36. Galfrè E, Galeno L, Moran O (2012) A potentiator induces

conformational changes on the recombinant CFTR nucleotide

binding domains in solution. Cell Mol Life Sci 69:3701–3713

37. Marasini C, Galeno L, Moran O (2013) A SAXS-based

ensemble model of the native and phosphorylated regulatory

domain of the CFTR. Cell Mol Life Sci 70:923–933

38. Pollock NL, Satriano L, Zegarra-Moran O, Ford RC, Moran O

(2016) Structure of wild type and mutant F508del CFTR: a

small-angle X-ray scattering study of the protein-detergent

complexes. J Struct Biol 194:102–111

39. Moran O (2014) On the structural organization of the intracel-

lular domains of CFTR. Int J Biochem Cell Biol 52:7–14

40. Odolczyk N, Zielenkiewicz P (2014) Molecular modelling

approaches for cystic fibrosis transmembrane conductance reg-

ulator studies. Int J Biochem Cell Biol 52:39–46

41. Belmonte L, Moran O (2015) On the interactions between

nucleotide binding domains and membrane spanning domains in

cystic fibrosis transmembrane regulator: a molecular dynamic

study. Biochimie 111:19–29

42. Corradi V, Vergani P, Tieleman DP (2015) Cystic fibrosis

transmembrane conductance regulator (CFTR): closed and open

state channel models. J Biol Chem 290:22891–22906

43. Mornon J-P, Hoffmann B, Jonic S, Lehn P, Callebaut I (2015)

Full-open and closed CFTR channels, with lateral tunnels from

the cytoplasm and an alternative position of the F508 region, as

revealed by molecular dynamics. Cell Mol Life Sci

72:1377–1403

44. Zhenin M, Noy E, Senderowitz H (2015) REMD simulations

reveal the dynamic profile and mechanism of action of delete-

rious, rescuing, and stabilizing perturbations to NBD1 from

CFTR. J Chem Inf Model 55:2349–2364
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