Cell. Mol. Life Sci. (2015) 72:1377-1403
DOI 10.1007/s00018-014-1749-2

Cellular and Molecular Life Sciences

RESEARCH ARTICLE

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

Jean-Paul Mornon - Brice Hoffmann -
Slavica Jonic - Pierre Lehn - Isabelle Callebaut

Received: 5 May 2014 /Revised: 28 September 2014/ Accepted: 29 September 2014/ Published online: 7 October 2014

© Springer Basel 2014

Abstract In absence of experimental 3D structures, sev-
eral homology models, based on ABC exporter 3D
structures, have provided significant insights into the
molecular mechanisms underlying the function of the
cystic fibrosis transmembrane conductance regulator
(CFTR) protein, a chloride channel whose defects are
associated with cystic fibrosis (CF). Until now, these
models, however, did not furnished much insights into the
continuous way that ions could follow from the cytosol to
the extracellular milieu in the open form of the channel.
Here, we have built a refined model of CFTR, based on the
outward-facing Sav1866 experimental 3D structure and
integrating the evolutionary and structural information
available today. Molecular dynamics simulations revealed
significant conformational changes, resulting in a full-open
channel, accessible from the cytosol through lateral tunnels
displayed in the long intracellular loops (ICLs). At the
same time, the region of nucleotide-binding domain 1 in
contact with one of the ICLs and carrying amino acid F508,
the deletion of which is the most common CF-causing
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mutation, was found to adopt an alternative but stable
position. Then, in a second step, this first stable full-open
conformation evolved toward another stable state, in which
only a limited displacement of the upper part of the
transmembrane helices leads to a closure of the channel, in
a conformation very close to that adopted by the Atml
ABC exporter, in an inward-facing conformation. These
models, supported by experimental data, provide signifi-
cant new insights into the CFTR structure—function
relationships and into the possible impact of CF-causing
mutations.

Keywords CFTR - ABC exporters - Chloride channel -
Molecular modeling - Molecular dynamics

Introduction

Cystic fibrosis transmembrane conductance regulator
(CFTR) is a member of the ATP-binding cassette (ABCC7)
family of transmembrane (TM) proteins that functions as a
phosphorylation-regulated, ATP-gated C1™ channel [1, 2].
Mutations in CFTR cause Cystic Fibrosis (CF), one of the
most common inherited disease in the Caucasian popula-
tion. Over the last years, significant efforts have been made
to identify compounds that could restore mutant CFTR
function, either by increasing the mutant’s biosynthetic
processing efficiency and cell-surface density (correctors)
or the channel activity itself (potentiators) [3]. In this
context, 3D structure information can be useful not only for
getting insights into the molecular basis of CFTR function
but also for understanding, at the molecular level, the
mechanism of action of compounds that would directly
target the mutated CFTR protein, as well as for identifying
new CFTR-specific active compounds. CFTR, like the
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other members of the ABC exporter family to which it
belongs, is composed of two membrane-spanning domains
(MSDs), consisting each of six helices, and two soluble
nucleotide-binding domains (NBDs). As learned from
experimental 3D structures [4], the particularity of ABC
exporters, versus importers, is that the TM helices do lar-
gely protrude (~42 A) into the cytoplasm and thereby
form long intracellular loops (ICLs). The tips of the ICLs
are made of short coupling helices, running parallel to the
membrane plane and making transmission interfaces with
the NBDs. CFTR is, however, a unique case among ABC
exporters as it is the only known member that behaves as
an anion channel, whereas ABC exporters are generally
involved in the transport of much larger substrates. CFTR
channel pore opening is mediated by the phosphorylation
of its large cytoplasmic regulatory (R) domain and by ATP
binding at the NBDs, which induce conformational chan-
ges within the MSDs allowing anions to flow. Probably, the
CFTR cycle involves complex sequences of multiple steps,
associated with different sub-conductance states and lead-
ing then to a stable, full-open state of the channel [5].

In the absence of experimental 3D structures at atomic
resolution for the entire CFTR protein, homology models
have been built for the MSD-NBD assembly, providing
significant insights into its specific structural and functional
features. The two first models [6, 7] have been constructed
using as template the experimental 3D structure of Staph-
ylococcus aureus Sav1866 [8], which was obtained at good
resolution (pdb 2hyd, 3.0 A) in an outward-facing con-
formation. This conformation was assumed to be a
reasonable template for modeling the open form of the
CFTR channel, as the two NBDs are tightly associated in a
head-to-tail conformation, with the nucleotides bound at
the interface between the two NBDs. Here, the ICLs cluster
in a compact structure, characterized by a four-helix bundle
core, at the basis of which an acido-basic couple plays a
key role in the channel function [9]. Subsequently, a model
of a possible closed form of the CFTR channel has been
constructed [10], using as template the experimental
“closed-apo” structure of the inward-facing conformation
of Vibrio cholerae MsbA (pdb 3b5x, 5.5 A) [11]. The
comparison of the open and closed CFTR models showed,
in particular, that a “ball-and-socket” joint [12], consisting
of the ICL2 and ICL4 coupling helices and docking into a
cleft of the NBD surface, was maintained during confor-
mational transitions, while the overall four-helix compact
ICLs core is lost. The conserved coupling interface con-
tains the amino acid residue Phe508 (F508), the deletion of
which is the most common CF-causing mutation and leads
to a misfolded protein, which is retained in the endoplas-
mic reticulum and diverted to degradation by the
proteasome [13]. In the models reported until now, the
nucleotide-binding domain 1 (NBDI1)-located Phe508
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makes critical contacts not only with several aromatic
amino acids of ICL4 (F1068, Y1073, and F1074), but, most
importantly, also with the side chain of R1070. The models
thus emphasize the crucial role played by F508 in the
interactions of NBD1 with other CFTR domains and sta-
bilizing the whole CFTR assembly [14, 15]. In addition, the
absence of F508 has also been demonstrated to alter the
thermodynamic stability of NBDI1 itself [16, 17]. Accord-
ingly, research now focuses on the identification of
combinations of correctors, which would target the multi-
ple conformational defects of F508del [18, 19].
Pharmacological rescue of F508del will probably also
require the use of a potentiator, as the mutated F508del
protein has abnormal channel gating activity [13].

This initial modeling work has been enriched with a few
studies combining modeling and molecular dynamics
approaches. These studies, which were based on Sav1866-
derived models and focused on the MSD assembly, allowed
the description of a possible architecture of the anion con-
duction path, exhibiting a “hour-glass” shape, with a clear
“bottleneck” [20, 21] or a clear narrowing of the pore [22]. A
more recent study has also explored the transition from the
inward- to outward-facing conformation [23], the starting
point being here a mouse P-glycoprotein-derived model
[24]. This transition involves a rapid NBD dimerization,
driven by the attractive interaction between the ATP adenine
ring and the ABC signature motif, with formation of a MsbA
“closed-apo”-like conformation. This simulation suggested
that ATP-binding constitutes the power stroke which allows
the subsequent conformational change in the MSDs. Very
recently, another dynamics study investigated the possible
conformational changes underlying the gating transition in
CFTR, starting from experimentally derived constraints to
build 3D models on the Sav1866 and P-glycoprotein tem-
plates and using targeted molecular dynamics [25].
Importantly, most of these studies used several experimen-
tally derived data (mainly distance restraints) as constraints
to guide the dynamics of the considered models and, con-
sequently, these imposed elements persist in the models
finally obtained. Also importantly, these models generally do
not show clear entrance to the transmembrane pore from the
cytoplasmic end.

Since the initial modeling studies discussed above, sev-
eral new experimental 3D structures of ABC exporters have
been published. All of them concern inward-facing con-
formations, which were obtained with better resolution than
the first 3D structures of MsbA, and in which the separation
of the NBDs varies from (1) full or moderate dissociation
(P-glycoprotein from mouse: pdb 3g5u (3.80 A) and 3g60
(4.40 A) [24], pdb 4ksb (3.80 A) [26], from Caenorhabditis
elegans: pdb 4f4c (3.40 A) [27], and a P-glycoprotein
homolog (ABCB1) from Cyanidioschyzon merolae: pdb
3wme (2.75 A) and 3wmf (2.40 A) [28]) to (2) partial
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dissociation (human ABCB10: pdb 3zdq (2.85 A); 4ayt
(2.85 A), 4ayx (2.90 A), and 4ayw (3.30 A) [29]; Atml
from yeast: pdb:4myc (3.06 A) and 4myh (3.38 A) [30] and
from Novosphingobium  aromaticivorans:  pdb:4mrn
(2.50 A), 4mrp (2.50 A), 4mrr (297 A), 4mrs (2.35 A), and
4mrv ((2.50 A) [31] and Thermotoga maritima “TM287/
288”: pdb 3qf4 (2.9 A) [32]). The “TM287/288" structure
has, as CFTR, asymmetric NBDs, with one degenerate and
one consensus nucleotide-binding sites. Accordingly, and in
agreement with experimental data obtained for CFTR [33,
34], ATP remains bound to the degenerate site during the
entire transport cycle, whereas it is hydrolyzed at the
canonical site. While this manuscript was under revision,
the experimental 3D structure of yet another, symmetric
ABC exporter (McjD) has been published in a new, outward
occluded conformation [35].

In the present work, we first considered the whole set of
evolutionary and structural information available today, to
generate highly accurate sequence alignments and conse-
quently, models with improved accuracy. Such an analysis
led to very few but likely important variations in the crucial
MSD regions in comparison with our previously published
alignment [6, 10]. The Sav1866-based model of the CFTR
MSD:NBD architecture, built on this refined alignment and
in the absence of any experimental constraint, was further
explored using molecular dynamics (MD) simulations,
again without considering any experimental constraint.
Analysis of the MD frames in several independent replica
led to highlight first, very rapidly, a full-open conformer of
the CFTR protein, in which the salt bridge between R352
and D993, as reported by Cui et al. [5], is well formed and
in which opening of large lateral tunnels may allow the
passage of ions and small molecules from the cytosol to the
channel. Remarkably, the onset of this full-open confor-
mation is linked to a switch of the NBD1 region bearing
F508 toward an alternative position that, to our knowledge,
has not yet been observed in ABC exporter 3D structures.
This full-open channel model then evolved toward a closed
form, after local movement of the upper part of the trans-
membrane helices, the rest of the structure being
essentially unchanged. These results, supported by exper-
imental 3D data, are in favor of relatively localized
conformational changes for opening and closing a gate in
the transmembrane pore [1] and underline a possible
important role of the F508 region in this mechanism.

Materials and methods

Sequence alignments

Sequence alignments have been performed using a com-
bination of standard programs, hydrophobic cluster

analysis (HCA) [36, 37] and human expertise. This com-
bination generally plays key role when considering remote
relationships (very low levels of sequence identities), for
which automated bioinformatics tools, even very sensitive,
may lead to locally false alignments. Refinements of
alignments are made possible by adding information on the
2D structure of the proteins, which is much more con-
served. This strategy has already led to accurately align the
sequence of the first B-strand of NBD1 with those of NBDs
of other ABC exporters, which was otherwise misaligned
using automatic procedures due to the presence of a large
regulatory insertion separating it from the rest of the
domain [38]. This prediction was supported by the X-ray
structure of NBD1 [39]. Here, for the alignment of the
MSDs, the strategy includes visual inspection of the
superimposed 3D structures, to define the structural
invariants, which can be used to guide the alignment of all
the sequences of the family in regions where very low level
of sequence identity (if any) is observed. The anchor points
of the alignments, shown in Online Resource 1, are
described in details in Online Resource 2 and examples of
the structural analysis are given in Online Resource 3.

Comparative modeling

A model of the MSD:NBD assembly [amino acids 65-649
(MSD1:NBD1), including the regulatory insertion
(403-435), and amino acids 845-1,446 (MSD2:NBD2),
including the linker insertion (1,182-1,202)], was built
using Modeller 9.10 [40], on the basis of the alignments
described above. This model (called initial model in the
“Results” section) does not include the R domain, for
which no valuable 3D template can be found for modeling
it with a similar accuracy. The overall stereo-chemical
quality of the model was assessed using Procheck [41].
Swiss-PdbViewer [42], Chimera [43], and VMD [44] were
used as visualization programs. The POCASA program
was used for highlighting internal cavities [45].

MD protocol

The protein was embedded in a lipid bilayer consisting of
319 POPC molecules (160 and 159 lipids in the extracel-
lular and the cytoplasmic leaflets, respectively), and
solvated with water molecules and 15 mM NaCl. The
resulting simulation system contains about 210,000 atoms.
The dimension of the simulation box is 125 x 125 x
170 A3. The PPM server was used to calculate rotational
and translational positions of the protein 3D structure in the
membrane [46].

The system has been built using the VMD software [44].
The membrane plugin was used to build the membrane, the
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Solvate plugin to add the water molecules and the Autoi-
onize plugin to add ions.

The simulation protocol was inspired from [47]. We first
performed a short minimization before a 2 ns simulation in
which all atoms except lipid tails are kept fixed, to induce
the appropriate disorder of a fluid-like bilayer. This step is
followed by a 2 ns simulation with the protein fixed,
releasing the water, ions, and lipid head groups. As sug-
gested in [47], water molecules were kept outside of the
membrane during this phase, for preventing hydration of
the membrane—protein interface during equilibration.

These two steps guided the system to the nearest local
energy minimum in configuration space, with the protein
constrained, allowing the environment to relax first. The
protein was then released of any constraints and water
molecules were not anymore kept outside the membrane.
We performed a short minimization prior to a molecular
dynamics of the entire system lasting 10-30 ns.

Molecular dynamics simulations were performed using
NAMD 2.9 [48] with the CHARMM?22 protein force field
[49], including the @/ cross-term map (CMAP) correction
for the proteins [50], and CHARMM27 lipid force field
[51]. Waters were modeled using TIP3P [52]. Non-bonded
and electrostatic interactions were calculated every time
steps, with a cutoff of 12 A. The SHAKE algorithm [53]
was used to constrain the lengths of bonds involving
hydrogen atoms. The particle mesh Ewald summation [54]
was used to calculate Coulomb interactions. Temperature
was kept constant using Langevin dynamics and a Nose—
Hoover Langevin piston [55] was used for pressure control
(NPT, 1 bar and 310 K).

Coordinates of the two models

The coordinates of the two models described here [open and
closed forms (conformers 1 and 2, respectively)], as well as
those of the initial model, before MD, are available at http://
www.impmc.upmec.fr/ ~ callebau/CFTR_2014.html.

Results

Refined alignment considering structural data
and evolutionary information, including the symmetry
between the two ABC exporter subunits or halves

We compared a large number of sequences from the ABC
exporter family using HCA (see [6, 10]), to define struc-
tural invariants and thereby refine our alignment in the
most divergent regions (i.e., the MSDs) (Online Resource
1). To that aim, we also took into account the symmetry
existing between the two different subunits (A and B) of
each ABC protein (or the two halves, when the two
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subunits are fused into a single polypeptidic chain, as in
CFTR and P-glycoprotein), except for proteins for which
the two subunits are identical (true dimers, shaded gray).
We also considered in this alignment the sequences of all
the experimental 3D structures of ABC exporters published
so far (Staphylococcus aureus Sav1866, T. maritima
“TM287/288”, Vibrio cholerae MsbA, mouse P-glyco-
protein, C. elegans P-glycoprotein, human ABCB10). The
recently published 3D structures of Atml from Saccharo-
myces cerevisiae and N. aromaticivorans and ABCBI1 from
C. merolae were added afterward. The sequence of E. coli
McjD, whose 3D structure was published while this man-
uscript was under revision [35], can be well aligned with
the sequences shown here. Consideration of these experi-
mental information allowed us to assess the reliability of
our alignment of the CFTR sequence with those of known
3D structures by comparing the HCA-based alignment of
the sequences of these known 3D structures to that directly
deduced from their superimposition. In this context, we
noted that our alignment perfectly agrees with that recently
realized by [28], who used the PROMALS3D program with
manual adjustment. This supports the reliability of the
alignment of CFTR with all these sequences, sharing
similar levels of sequence identity.

As the experimental 3D structures are in different con-
formations, these were compared through a rigid block
approach, which considered, as independent structural
elements, sequence stretches for which the 3D structure as
a whole does not dramatically change between the different
conformations (outward- and inward-facing conforma-
tions). Thus, these rigid blocks either correspond to whole
domains (NBDs) or limited parts of domains (MSDs), only
including a few regular secondary structures. Hence, we
observed that the MSDs can be divided in four blocks of
three consecutive helices, based on an internal symmetry
we detected within these domains (Online Resource 4), i.e.,
TM1-3 (Block 1, highlighted in blue), TM4-6 (Block 2,
green), TM7-9 (Block 3, yellow), and TM10-12 (Block 4,
red). Remarkably, the conformational transition between
extreme (outward- and inward-facing) conformations of
ABC exporters can be modeled by rotation of these four
rigid three-helix blocks (Online Resource 4). Such a kind
of analysis of the alternating conformations of ABC
exporters in terms of structurally conserved elements has
already been performed by other groups, but considering
different blocks (TM4-5 and TM1-2-3/6 [11] and TM1-2,
TM4-5, and TM3/TM6 [31]).

The structural analysis of positions for which striking
amino acid conservation is observed (boxed and colored) is
detailed in Online Resource 2. A few of these positions are
illustrated in Online Resource 3. Outside the NBDs, the
coupling helices of the four ICLs obviously constitute
strong anchor points for assessing the reliability of the
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alignment. A limited number of insertions/deletions are
observed in MSDs, but their precise positions are particu-
larly hard to define (Online Resource 1). Relative to our
previous alignment [6, 10], there are only a few but
important differences which are as follows: (1) the N-helix
(amino acids 65-76) is shifted upstream (toward the N
terminus) by four positions, (2) the presence, in Sav1866
TM2, of two consecutive proline residues (amino acids 75
and 76) induces upstream a m-turn (R74 NH---169 O,
H-bond of 2.94 A). Thus, relative to all the other sequences
of the family, an insertion has to be made in the Sav1866
sequence at position 69 [Online Resource 3(A)]. Accord-
ingly, the CFTR segments 113-129 (TM2) and 899-923
(TMB) are also shifted upstream by one position. However,
of note, such a shift does not systematically occur when
there are two consecutive proline residues within a o-helix
(e.g., positions 164-165 in “TM287”, 264-265 in
“TM288”, 740-741 in mouse P-gp, 1,009-1,010 in C.
elegans P-gp, and 323-324 in ABCB10).

To allow comparison, Online Resource 5(A) illustrates
the main characteristics of models of the CFTR MSD:NBD
assembly that were previously published, including those
which were analyzed by MD studies. Online Resource
5(B) indicates the shifts observed between the corre-
sponding sequence alignments. In the MSDs, the
differences range from 0 to 8 amino acids, depending on
the considered secondary structure. Although relatively
small, they may lead to large 3D discrepancies, especially
due to a ~90° rotation per amino acid along the entire
considered long alpha-helical path. As noted before, our
alignment was remarkably in agreement with the structural
alignment of ABC exporters reported recently [28] and
differs by only one deletion introduced in TM2 by the P75-
P76 motif (see above).

This consolidated alignment was next used as the basis
for reconstructing a new homology model of the CFTR
MSD:NBD assembly, without the R domain for which no
3D structure is available to model it with a similar accu-
racy. Two ABC exporter structures (Sav1866 and MsbA)
are now available in a highly similar outward-facing con-
formation. Here again, we used Sav1866 as a template
because of its higher resolution (3.0 A, against 3.7 A for
MsbA). This refined Sav1866-based homology model of
CFTR has then been considered as the starting point for
molecular dynamics simulations.

Model of the open form of the CFTR channel,
generated by molecular dynamics

General features of the model

The initial structure of the present Sav1866-based model
(left panel in Figs. 1, 2) is topologically very close to the

template and to our previously published model [6]. This
initial model, in an outward-facing conformation, possesses
a channel-like structure, but this one is closed at the
cytosolic side, with no possible entrance for ions from the
cytoplasm. We next run molecular dynamics (MD) simu-
lations in an appropriate environment for (1) exploring the
short time scale conformational stability of the model, (2)
refining it, and (3) possibly sampling other potential con-
formational states of the protein that lie near the starting
point in the energy landscape.

To that aim, the locally minimized model of the 3D
structure, with ATP molecules and magnesium ions in the
two ATP-binding sites, was first embedded in a hydrated
phospholipid bilayer, as described in details in the
“Materials and methods” section. Then, the model was
subjected to an unrestrained molecular dynamics (MD1)
simulation at 310 K, over a period of 10 ns. We chose to
work at 310 K (37 °C) as wild-type CFTR conductance is
temperature sensitive and is enhanced at this physiological
temperature compared to 28 °C [56]. The stability of the
molecular assembly was monitored by following the
internal energy of the protein and trend of the root-mean-
square deviations (RMSD) of the Ca atoms positions as a
function of time. These data, supporting the reliability of
the simulation, are described in Online Resource 6(A) and
6(B). As in MD studies performed by another group on
CFTR models, with similar relatively short simulation
times [20, 21], the RMSD increased rapidly in the first
nanosecond, before reaching equilibrium. This MD simu-
lation was repeated three times (10 ns, each), to evaluate its
robustness.

Analysis of the MD frames, in the different replica,
showed that significant conformational changes rapidly
occurred, resulting in a full-open channel, accessible from
the cytosol. This transition is illustrated here with one
particular frame of the first MD simulation (conformer 1,
full-open channel, middle panel in Figs. 1, 2), reached as
soon as 2.8 ns. Alternative rotamers have been considered
in this conformer for a few amino acid side chains (the
backbone being unchanged) that belong to the lateral tun-
nels, allowing an optimal description of these ones (see
below).

We calculated RMSD between the initial model and the
full-open channel model (conformer 1), to appreciate the
structural differences between the canonical ABC exporter
frame (that of the Sav1866 crystal structure, represented by
the initial model) and the CFTR model at equilibrium in
the open conformation. Mean RMSD, calculated over the
whole MSD:NBD assembly, is moderately important
[4.85 A on 1187 Ca, Online Resource 6(C)] and is within
the range of those observed for previous simulations [22,
23]. However, there were clear structural evolutions of
specific domains/regions, as deduced from RMSD made
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A
Initial model Conformer 1 Conformer 2
Before MD Full-open channe Closed channel
(5 Channel closure
9 at the extracellular side
MSD1

MsD2  block1

block 4

< SHEMSD
i Block 2

MSD1
block 2

Initial model

Conformer 1

Ct;nformer 2

Fig. 1 Comparison of the Sav1866-based CFTR model, before and
after MD. A The MSD:NBD assembly. The CFTR model (encom-
passing aa 65-649 and 845-1,446) does not include the N-terminal,
C-terminal and R regions, for which there is no template in the
Sav1866 experimental 3D structure. The position of the lipid bilayer
is symbolized in gray. The path of the polypeptidic chain can be
followed with ribbons, colored according the architecture into
domains (NBD1 light blue, NBD2 orange) or into blocks for the
MSD (block 1 blue, block 2 green, block 3 yellow, block 4 red). ATP
molecules are shown with solid spheres. At left the CFTR model
before MD, closed at its cytosolic side (initial model). At the center
full-open model of the CFTR channel (conformer 1). A ~15 A
upward movement of the region including F508 (shown in solid
spheres) is observed, together with the creation of a large lateral
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tunnel, just under the membrane. A chloride ion is shown in green for
illustration, at one of the entrances of this lateral tunnel, which is fully
open and runs parallel to the membrane plane, from one side of the
protein to the other (distance 47 A). This lateral tunnel gives access to
the main channel, which goes upward, perpendicularly to the
membrane plane. At right closed form of the CFTR channel (closure
at the extracellular part, conformer 2). B Ribbon representation of the
MSD assembly. View of the same three conformers, which shows the
four three-helix blocks of the MSDs from the extracellular side along
the pseudo-binary axis and illustrates their displacement during MD.
Positions 220 and 1,013 indicate the connections between blocks 1
and 2 and blocks 3 and 4, respectively. MSD1 runs from amino acid
65 to amino acid 381 and MSD2 from amino acid 845 to amino acid
1,177
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after specific superimposition of those domains, although
the global structure remained quite similar (Figs. 1, 2;
Online Resource 7). We indeed observed a narrowing
(~5 A) and a twist at the level of the MSDs correlated
with an expansion (also ~5 A) at the level of the NBDs.
The main changes observed indicate a movement of the
transmembrane helices relative to each other (Figs. 1, 2;
Online Resource 8). Contrasting with the RMSD for the
whole MSD1:MSD2 assembly, much weaker RMSD val-
ues were observed when superimposing the structurally
conserved elements of the MSDs described before (i.e., the
blocks of three MSD consecutive helices TM1-3 (Block 1,
highlighted in blue in Figs. 1, 2; Online Resource 8),
TM4-6 (Block 2, green), TM7-9 (Block 3, yellow), and
TM10-12 (Block 4, red) [Online Resource 6(C)]. Thus, the
positions of the four three-helix blocks remarkably moved
and twisted with respect to one another without drastically
modifying their internal arrangement. The structural con-
servation of these elements is thus consistent with the
invariance observed for these four three-helix blocks in the
MSDs of crystallized ABC exporters, between outward and
inward conformations (see before).

As reported previously in another MD study [21], the
pore is characterized by a narrow bottleneck linking the
outer vestibule to a large inner cavity, which, however,
appeared larger than that observed in other MD studies
(Fig. 3). These changes relative to the initial model are
associated with the formation of a perfect salt bridge
between R352 and D993, as experimentally observed by
Cui et al. [5] (Figs. 3Bc, 5). Remarkably, in contrast to
other MD simulations, we observed here lateral tunnels
displayed within the ICLs, which allows access to the inner
vestibule from the cytosol (Figs. 1, 2, 3Be, Bf). Also
noteworthy is a shift (~ 15 A) of the F508-containing helix
within NBD1, associated with a correlated movement of
ICL4 [Fig. 4; Online Resource 6(C)]. Although being a
constant feature of MDI and the three replica, which
appeared once an energetic barrier has been overpassed, the
amplitude of this shift is varying from one simulation to
another one (Fig. 4).

Conformer 1 remains essentially stable until the end of
the simulation (10 ns), with only slow evolution [Online
Resource 6(A)]. The same behavior is observed in the three
replica of MDI. In particular, the shape of the pore
appeared highly similar between the different simulations
(Online Resource 9).

The channel and lateral tunnels

Analysis of the MD trajectories of the different replica
showed that a ~5 A upward movement of TM11 and of
the two helices TM10 and TM12 (corresponding to block
4) and a tilting were observed during the very early steps.

These were associated with a whole, concerted twist and
displacement of MSD1 and MSD2 (Online Resource 8). In
other words, there was a clear tilting, first of the fourth
three-helix block (in red, TM10-TM12) and next of the
three other three-helix blocks. These changes were asso-
ciated with the establishment of an almost perfect salt
bridge between R352 (TM6) and D993 (TM9), the distance
between the side chain NH2 and O atoms decreasing
from ~11to 3 A (Figs. 3Bc, 5). The existence of this salt
bridge was reported to be a key marker of CFTR in its
“full-open” conformation [5] and its establishment here
thus supports the fact that this conformer obtained during
MD (conformer 1) may represent a rather good approxi-
mation of the CFTR conformation in its “full-open”
conformation. The movement of these two residues toward
each other has also been reported in a previous MD sim-
ulation [20], leading to transient formation of a salt bridge
(9 ns frame [21]). Here, the salt bridge appears to be quasi-
permanent, once formed [see red line—52 value on the
y axis in Online Resource 10(C)]. In addition, many other
salt bridges between amino acids that are distant in the
sequence (>7 aa) are also present in our model, at a level
similar to that observed in the experimental 3D structure of
Sav1866 (Online Resource 10).

The conformational rearrangement of the MSD clearly
revealed the existence of a continuous channel able to carry
ions (C17, I7), small charged compounds (e.g., Au(CN),,
HCO;7, SCN™, glutathione) as well as molecules such as
urea, from the cytosol toward the extracellular milieu.
Green balls were used here in several figures for repre-
senting chloride ions within the channel. However, this has
to be considered only for illustration purpose, to better
visualize the conduction path through their volumes. Thus,
these views do not take into account the repulsive effect
between ions, which should be attenuated by water mole-
cules, as well as do not attempt to define precise anion-
binding sites. Remarkably, our model unambiguously
revealed that the channel could be accessed via two cyto-
plasmic lateral tunnels, which run roughly parallel to the
membrane plane and are located at the top of the ICLs, just
beneath the lipid bilayer (Figs. 2, 3Be, Bf, 6). One of these
lateral tunnels, which can be viewed as the main one, has a
diameter similar to that of the main channel, whereas the
second one, oriented at ~77° relatively to the former, is
characterized by a more limited opening. Moreover, these
two lateral tunnels and the lower part of the channel fuse
together to constitute a large cavity (~15 x 6 A), with a
height perpendicular to the membrane plane of approxi-
mately 22 A (Figs. 2, 3). This cavity likely corresponds to
the widest part of the inner vestibule, which extends 14 A
below the membrane and 8 A into the membrane space, up
to the level of W356 (TM6) and S1149 (TM12), which face
each other (Fig. 3; Online Resource 11). More upward, the
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«Fig. 2 The channel and its cytosolic access routes—global views.
A Solid representation of the CFTR MSD:NBD assembly of the initial

model, before MD (at left), conformer 1 (at the center, full-open

channel) and cgnformer 2 (at right, closed channel). The main lateral
tunnel (~47 A long) is visible below the membrane, through its

TM11/TM2 entrance in conformer 1. The position of the lipid bilayer
is symbolized in gray. B Ribbon representations of the MSD

assembly (four three-helix blocks) of the three same models,

encircling the water-filled cavity constituting the ion channel (in

solid, colored in blue green). The transition between the initial model

(at left) and conformer 1 (at the center) gives rise to a well-defined
channel and, importantly, to cytoplasmic lateral tunnels allowing

access from the cytosol and merging with the channel. Note that the
channels are arbitrarily cut at the extracellular sides, as they reach

there the solvent. C Orthogonal view of the cytosolic end of the
channel and of the lateral tunnels. These are labeled according to the
TM helices participating in their formation. There are only two

cytosolic entrances in conformer 2

channel is narrowed over a substantial part of its length

(~14 A), from R352 to 1344 (TM6) and from N1148 to
N1138 (TM12), due to a particular configuration of some
side chains of TM6 and TM12, which fill the central space
(Fig. 3; Online Resource 11). These side chains are those
of the two amino acids (R352 and D993) forming the

critical salt bridge, as well as those of M348 (TM6) and

W1145 and S1141 (TM12). A clear narrowing in this

region was also observed in other MD studies [21, 22]. As a
consequence of the crossing bridges, we observed here that

the central, narrow pore (called “hexagonal” path as it is

lined by 6 helices: TM1, TM3, TM6, TM12, TM11, and
TM2), is accompanied by a narrower, parallel duct (called

“pentagonal” duct, as it is lined by 5 helices: TMS, TMS,
TM7, TM9, and TM6). This secondary duct, which is
separated from the main pore by the central bridge
described above, has apparently not been observed in the

other MD studies [21], principally as the movement of

helices lining this pentagonal duct tends to occlude it.

Closer to the top, the pore is widening over ~ 10 A to form

an almost rectangular architecture, with a narrowing
(~20 x 6 A) at the level of the upper side of the hydro-
phobic membrane, involving at its corners amino acids
L100, 11131, T338, and V880, and at its center amino acids
F337, G1130, and T1134. The amino acids that line this
region are mainly hydrophobic (A96, P99, L100, F337,

T338, S341, F342, V879, V880, 11131, T1134, and

M1137) (Fig. 3; Online Resource 12). Noticeably, T and S
might establish H-bonds with carbonyl atoms of the heli-

ces, therefore, masking their polarity. This rectangular part

of the channel pore is constituted, for its two large sides, by

the protein itself, and for its two small ones, by the
hydrophobic parts of membrane lipids, over a length of

~8 A (cross-sections 23-30, Online Resource 11).

Finally, the size of the pore increases, leading to an
extracellular vestibule of ~15 A diameter, accessible from

the extracellular space (Fig. 3; Online Resource 11).

The channel itself involves 10 of the 12 TM helices
and the two remaining ones (TM4 and TM10) contribute
to the formation of the secondary lateral tunnel (Figs. 2,
3). A hundred amino acids participate in the channel/
tunnels structure (~40 for the main lateral tunnel, 25 for
the secondary one and 45 for the channel itself). They are
of miscellaneous nature (22 % basic residues, 24 % acidic
or acidic-like residues, 16 % of P, G, T, or S and the
remaining 38 % are hydrophobic) (see Table 1 for a list
of essentially polar amino acids participating in the
channel and lateral tunnels). The size of the channel itself
is quite constant (surface between 50 and 90 AZ). The
main lateral tunnel is larger than the secondary one
(Fig. 6).

Of note, we observed in this CFTR conformer 1 a
partial unwinding of the helical path over short portions
of TMS, on one side of the lateral tunnel main entrance
TM5-TM8 (H939-T943) and of TM9 (D979-D985) (an
unwinding initiated in the Sav1866 between V128 and
D133), as well as of TM2 (L.145-1148), on the side of the
other main entrance TM2-TMI11. This unwinding at
critical positions of the channel/tunnels ensemble is
reminiscent of that recently observed in the P-glycopro-
tein homolog ABCBI, solved at high resolution (2.4 A).
Indeed, the ABCB1 TM4 segment, encompassing amino
acids G277 to G286 and likely constituting one lateral
border of the entrance for large hydrophobic molecules
within the transmembrane region, displays partial
unwinding and weak electron density. These features are
suspected to allow the flexibility necessary for opening
lateral tunnels.

The results of previous experimental studies analyzing
the accessibility status of predicted pore-lining residues by
mutagenesis and substituted cysteine accessibility muta-
genesis (SCAM) are in good agreement with our present
model of the full-open channel (conformer 1). This can be
appreciated by analyzing Table 2, which reports the
SCAM results obtained using both channel-permeant and
channel-impermeant probes, as reported in [21]. These
experimental results were compared to our predictions for
TM6 and TM12, the two helices that are the major con-
tributors to the anion conduction pore [1]. Logically, the
periodicity of the helical path is well observed in the
accessibility pattern observed either theoretically or
experimentally, while most of amino acids within ECLs
are accessible to solvent (e.g., the four contiguous posi-
tions L333, R334, K335, and 1336, discussed in [57]—
Table 2). Noteworthy is that, at the level of the central
bridge within the channel, all the exposed residues that
are reactive toward thiol-directed reagents when substi-
tuted with a cysteine are located within the “hexagonal”
main pore, except one: T1142. R347 and T351 are indeed
exposed within the secondary, “pentagonal” duct, but are
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Fig. 3 The channel and its
cytosolic access routes—cross-
sections of the molecular
surface of conformer 1.

A Longitudinal cross-section of
conformer 1 illustrating the
global shape of the pore, with
inner and outer vestibules,
separated by a narrow
constriction formed as TM6
(green) and TM12 (red) bring
together. The inner vestibule is
viewed at its narrowest point.
The channel is open over its
whole length, the crossing
bridges observed at the level of
R352 (salt bridge with D993)
and M348 leading to its
constriction. B Transversal
views all along the channel,
from the extracellular (a) to the
intracellular (f) sides. The
positions of these views, labeled
a—f, are also shown in A
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not reactive to thiol-directed reagents (Online Resource
13). T1142, also exposed but reactive to thiol-directed
reagents, is located at the very upper part of the pentag-
onal duct, suggesting that it may nonetheless may be
accessible from the top of the pore, as S1141 (Online
Resource 13). Altogether, these observations indicate that
the residues from the “hexagonal” main pore are acces-
sible to bulky cysteine-reactive reagents, while those of
the secondary, “pentagonal” duct should not. This may
suggest that the main “hexagonal” pore also constitutes
the major way for ion conduction, while the “pentagonal”
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path should consist in a small bypass, or even as a buffer
in the gating process, and therefore should play a less
important role. This hypothesis is, however, difficult to
test, as the impact of mutations in this region has gener-
ally minor effects (reviewed in [1]), except that of K95,
which is located just up to the main hexagonal pore
(Fig. 3Bb, see below). Noteworthy is that in the confor-
mation adopted by conformer 1, the R347 side chain is
free, and thus not forming a bridge with either D924 in
TMS8 [58] or D993 in TM9 [5]. This indicates that other
conformations have probably to be sampled to understand
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A

Fig. 4 Movement of the F508 region. A Superimposition of the
NBDI1 a-subdomain (S489-D567) from the initial model, before MD
(light blue and yellow) and conformer 1 (dark blue and orange). F508
is shown in yellow and orange, respectively. The RMSD between the
Co. of the 63 amino acids shown in blue is 1.64 A. B Focus on the
F508 region, after a global superimposition of the CFTR 3D structure
models (initial model, before MD—ICL4/ND1 interface colored
yellow (labels in light brown); MD1 conformer 1—orange and a
representative conformer of the MDI replicas—pink). The nearly
unchanged ICLI is in blue at right. The MSDs + NBDs domains

the exact role of this amino acid in the CFTR gating
behavior.

The major role played by the “hexagonal” main pore is
furthermore supported by the fact that TM1 and TM11
(lining the “hexagonal” pore) have been ascribed as pore-
lining based on functional and SCAM results [59-65], in
contrast to the symmetric TM7 and TMS5 [65], which line
in the “pentagonal” duct. The particular, bridged archi-
tecture of the pore described here may thus particularly

were considered for superimposition, except for RI (aa 403-436),
ECL4 (aa 888-910) and LI (aa 1,178-1,202). The RMSD (1,186 Ca
atoms) are 4.85 A (initial model and MDI replica) and 3.26 A
(conformer 1 and MD1 replica). A clear movement (~5 1&) of ICL4
upward and to the left occurred for the conformer 1/replica ensemble,
associated with a large upward shift of the NBD1 500-515 region.
This striking concerted movement, together with the establishment of
the R353-D993 salt bridge might represent key markers for the
activation of a functional channel, as illustrated here with the CFTR
conformer 1

well account for the asymmetry observed for the CFTR
channel, with a central main and narrowed pore lined by
TM1, TM6, TM11, and TM12 [65] (Fig. 3Bc). Our model
is also consistent with the fact that TM11 and TM6 appear
to make similar but distinct contributions to the CFTR
pore, as S1118 is less accessible than T338, according to
the functional effects of their mutations [65] (Online
Resource 14). Outside of TM6 and TM12, other predicted
pore-lining residues, such as K95 (Fig. 3Bb), Q98 and P99
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A '
MsD y\

block 1

«hexagonal»
channel
(TM 12/11/2/1/3/6)

MSD
block 4

Fig. 5 The R352-D993 salt bridge. A longitudinal cross-section of
the molecular surface of the CFTR conformer 1, perpendicularly to
the channel axis highlights crossing bridges within the pore, leading
to observe a narrowed ‘“hexagonal” pore channel (involving TM12/
11/2/1/3/6), as well as a smaller pentagonal duct (involving TM6/5/8/

(TM1) [64] (upper part of the pore), L102 and R104 [66]
(ECL1) (Online Resource 15) and R303 [65] (ICL2, inner
vestibule, Fig. 3Bd) are also found accessible in the model
obtained after MD. Finally, our model is also in good
agreement with additional SCAM results [21] that sug-
gested that TM3 and TM9 also contribute to the
cytoplasmic portion of the pore: K190, D192, E193, G194,
A196, 1197, and F200 are indeed well exposed in the inner
vestibule as are 1.989, P988, and L986 (Online Resource
16).

From Table 2, it can be noted that only a few positions
disagree between our predictions and SCAM results. For
instance, as in other MD simulations [21], there are several
positions at the TM6 and TM12 N-termini (thus within
ECL3 and ECL6, respectively) that are not reactive,
although accessible on our model. Several hypotheses can
be ruled out to explain such a discrepancy: a different local
conformation might indeed exist due either to experimental
artifact (possible effect of the substitution with a cysteine
on the conformation) or modeling artifact (flexibility of
some regions (loops) or conformations not explored by the
MD simulation). We, however, note that SCAM results
from independent studies, as well as mutagenesis studies,
can sometimes be conflicting for a same position, possibly
reflecting different experimental conditions. An example of
such a disagreement is 11139 (TM12), which is reactive in
the SCAM results reported by [21] but not in the SCAM
results reported in two other, independent studies [66, 67].
The results of these last studies are thus in agreement with
the buried position of this amino acid in our model
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MsSD
block 2

«pentagonal»
duct
(TM 6/5/ )

7/9). The two pores of the CFTR channel are filled, for illustration,
with chloride ions (in green). Ten TM helices surround the channels,
while TM6 is more largely participating in both pores than TM12.
The two remaining helices (TM4 and TMI10) line the secondary
lateral tunnel (see Fig. 2)

(Table 2). Another example is T339 (TM6), which is
reactive in the SCAM results reported by [21] but is not
exposed in our model (Table 2; Online Resource 14). This
buried position is, however, supported by the fact that
several mutations of T339 resulted in a lack of functional
channel expression and apparent misprocessing of the
protein [68].

Finally, we note that 16 out of the 18 residues described
in [25] as pore-lining residues, based on experimental data,
are indeed exposed here to the aqueous conduction pore.
This is significantly more than other previously published
models of the open forms, including ours [6, 7, 21, 22, 25].
These 16 residues (K335, F337, T338, S341, 1344, V345,
M348, R352, T1134, NI1138, S1141, T1142, Q1144,
W1145, V1147, and N1148), have been discussed with
respect to Table 2. Of note, four residues (out of those 16),
which are located on TM12 (S1141, T1142, Q1144, and
V1147), were initially (before MD) only poorly (or even
not) accessible and became accessible during the MD-dri-
ven close-up of TM6 and TM12. The two residues still
buried in our model are M1140 and V350. All the pub-
lished models [6, 7, 21, 22, 25] agree with the buried
position of M 1140, whereas this residue could be modified
by methanethiosulfonate (MTS) reagents, but only after
channel activation [66]. The role of this specific residue in
the pore awaits thus further investigations. A similar dis-
crepancy exists for V350, which was reported by all the
models as buried (Online Resource 17), but for which
mutations have been associated with decreased sensitivity
to open channel blockers [69]. However, in this last case,
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A Main tunnel

2/11 entrance 5/% entrance

4L

glutathione

chloride/HCO,

B Secondary tunnel

10/12 entrance

10/12 region

2/11 entrance

glibenclamide

4/6 entrance

chloride

C Main tunnel
2/11 entrance

chloride

Fig. 6 Channel access from the cytosol. A The two entrances (9 by
5.5 A) of the main lateral tunnel (entrances between TM5 and TMS,
and between TM2 and TM11), passing through the protein via a linear
path (length ~47 A), from one side to the other. At left, a chloride
ion is depicted in green and superimposed with a bicarbonate ion. Of
note, the size of urea (CO(NH,),) (not shown) is very similar to that
of a bicarbonate ion. At the center is shown a molecule of glutathione.
At right, a CFTR channel blocker (glibenclamide) is inserted,
highlighting its widest part. B The two roughly circular entrances

) g
¢ |
nA

5/¢ entrance

chloride

(diameter ~7 10\) of the secondary lateral tunnel, with a chloride ion
(yellow) at left and right. The middle view shows the more constricted
part of this lateral tunnel, at the level of two salt bridges linking
R1048 to E1044 and to E979. The main and secondary lateral tunnels
join the channel at the center, forming a large cavity, just below the
cytoplasmic side of the membrane bilayer (see Fig. 2). C Up to three
chloride ions have room to be theoretically inserted within the two
entrances of the main lateral tunnel
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Table 1 Main (essentially polar) amino acids participating in the
channel and in the lateral tunnels

Channel

Y84, E92, K95, R134, Y301, R303,
R347, R352, Q353, W356, Q359,
E873, H939, D984, D985, D993,
Q996, Y1092, Q1100, N1138,
N1148, S1149, S1141, Q1144,
W1145, D1152

Essentially hydrophobic region between
TM6 K335 to R347 (no basic (R, K)
or acidic (E, D) residues)

2/3 lower part

Upper part (cross- .
sections 23-32—14.5 A
long)

Lateral tunnels

Main tunnel

TM5/8 K190, R248, R251, E292, K294, S945,
K946, H949, D984
TM2/11 H146, H147, R153, D192, H1085,

W1089
Secondary tunnel

TM10/12 R975, K978, D979, Q1042, S1045,
R1048, R1162, K1165
TM4/6 N186, N187, N249, N369, K370

other experimental data confirmed the non-accessible
character of this amino acid (Table 2, [21]). Furthermore,
our structural analysis gave further predictive insights into
the specific behavior of this region of TM6 (Online
Resource 17).

The positively charged side chain of the lysine residue
K95 occupies a central place in the channel, just above the
“hexagonal” main pore, making it able to interact with
permeant and blocker anions, i.e., inhibitors that act by
directly blocking chloride movement through the open
channel pore [70]. Accordingly, the charge of K95 is
supposed to be involved in the attraction of the chloride
ions into the pore, as its mutation causes outward-rectifi-
cation of the current-voltage relationship [63] and
dramatically reduce single channel conductance [62, 71].
Introduction of positive charges at positions that are here
predicted to line the conduction path (amino acids
belonging to the upper part of the pore (S341, 1344, V355,
and M348), lining the “hexagonal” pore (A349), or
accessible on the upper part of the inner vestibule (R352
and Q353) (Table 2) indicated that the exact location of the
charge is not crucial to support high conductance, although
K95 plays a leading role [72]. Mutation of K95 also
weakens the blocking effect of organic anions [63, 71],
such as sulfonylureas (glibenclamide), which are able to
reach the pore through the lateral main tunnel (Fig. 6), and
then bind tightly at the level of K95 (Online Resource 18).
Facing K95 are side chains of TM12 residues (e.g., M1140,
V1147, and N1148) [69, 73], whose mutations also alter
blockage by the glibenclamide and which may thus

@ Springer

participate in its binding site. This one, also involving the
stabilizing role of the W1145 indole ring, has been sup-
ported by a docking study performed on another CFTR
model [22]. Other amino acids, such as R303 [74], have
been reported to also participate in glibenclamide binding
(reviewed in [70]). Binding to the site including R303
located within the inner vestibule, beneath the access to the
“pentagonal” secondary duct, would block the passage of
ions before the crossing bridge, while binding to K95
closes the upper part of the pore, just above the “hexago-
nal” main pore (Online Resource 18). The charged side
chain of K978, located in ICL3, was also reported to be
important for the mechanism of action of glibenclamide
[75]. This one is located at the level of the floor of the inner
vestibule, and thus participates in the main tunnel allowing
access from the cytoplasm. K978 is thus likely playing a
key role for the access of permeant and blocker anions to
the pore, as other charged amino acids.

To that respect, it is noteworthy that the lateral tunnels
concentrate the three-quarters of the basic amino acids,
whereas the channel only contains one quarter (see Table 1
for the detailed composition of amino acids participating in
the channel and lateral tunnels).

Some basic residues, such as K294, K946, K1165, and
R1162 are located at the entrance of the tunnels, whereas
other ones, such as R251, K190, K978, R1048, and R153
occupy inner positions (Fig. 3Bf). This distribution would
ensure an efficient relay in the anion conduction path.
Worth noting is that the very large organic anion suramin
cannot be accommodated by the lateral tunnels due to its
very large size. Accordingly, experimental data indicated
that this compound occupies the entrance of the cytoplas-
mic pore, thus blocking the access for chloride ions [70,
74]. We observed that one of the sulfonate groups of the
suramin head may firmly bind R303 through three salt
bridges, while other interactions may also exist at the main
tunnel entrance TM5/TM8 with R297 and K294 [Online
Resource 19(A) and 19(B)]. This is again in agreement
with experimental data, which demonstrated the critical
role of R303 in binding suramin sulfonate groups [70, 74].
At the opposite entrance (TM2/TM11) of the same main
tunnel, a similar situation may occur, with three salt
bridges established with R153 and a H-bond with N1083
[Online Resource 19(C) and 19(D)].

Insights into the F508 region

Remarkably, in MDI1, the global rearrangement of the
whole set of transmembrane helices was accompanied by
the shift of the NBD1 aal helix, at the extremity of which
lies the residue F508 (Fig. 4a). The evolution of this region
of the NBD1 o-subdomain appeared to be driven by the
change of direction of the ICL4 coupling helix relative to
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Table 2 Comparison of the accessibility of amino acids from TM6 and TM12, deduced from our simulation (SIM) and from experience (EXP)

TM6 TM12
aa Position SIM EXP aa Position SIM EXP

G330 Extra ) -
1331 Extra . .
1332 Extra o - G1125 extra . -
L333 Extra . ) E1126 extra . -
R334 ExV . . G1127 extra . .
K335 ExV . o R1128 extra SB
1336 b - o V1129 ExV ) .
F337 ExV . o G1130 ExV . -
T338 ExV o . 11131 ExV o .
T339 b - (1) 11132 b
1340 b - o L1133 b
S341 UpP . o T1134 UpP ) .
F342 UpP . o L1135 UpP o .
C343 b - - A1136 b
1344 UpP . o M1137 UpP ) .
V345 UpP . o N1138 UpP o .
L346 b - - 11139 - - *(2,3)
R347 5 o - M1140 - -
M348 UpP+5+6 . o S1141 UpP+6 . .
A349 6 . ) T1142 UpP+5 . .
V350 - - - L1143 - - -
T351 5 o - Q1144 6 . .
R352 Inv+5 . . W1145 Inv+6 . .
Q353 Inv+6 . ) Al146 b
F354 b - - V1147 InV o .
P355 InV o o N1148 InV o .
W356 InV . . S1149 InV o .
A357 b - - S1150 b
V358 b - - 11151 InV
Q359 b - - D1152 InV o .
T360 InV . o V1153 b - -
W361 b - - D1154 b SB .
Y362 b - - S1155 InV . -
D363 InV . o L1156 InV o .
S364 b - - M1157 b -
Y365 b - - R1158 b SB

51159 InV . -

Experimental results correspond to those obtained by cysteine scanning using channel-permeant and channel-impermeant probes, as described in
[21]. Amino acids are predicted or observed to be (e) or not to be (—) accessible. SB stands for involved in salt bridge. In bold and italics are
indicated positions with discrepancy. Positions within the limits of the crossing bridge are shaded gray. The references of conflicting results
obtained by other, independent experimental studies are labeled 1: [68], 2: [66] and 3: [67]. Position indicates the position of the amino acids

within the model of the 3D structure

b buried, Extra extracellular loop, ExV extracellular vestibule, UpP upper part of the pore, 5 secondary, “pentagonal” duct, 6 main “hexagonal”

pore, InV inner vestibule

the ICL1 one, from an initial configuration where they are
parallel to each other (Fig. 4b). In the different replica, the
amplitude of this global movement is variable, with inter-
mediate states observed between the initial conformation
and that adopted in conformer 1 (Fig. 4b). The magnitude
of the shift of the NBD1 ool helix was actually the most
important of the whole MSD:NBD assembly. Compara-
tively, P1306, the residue corresponding to F5S08 in NBD2,
was only displaced by less than 4 A (Online Resource 20).
The regulatory insertion (RI), initially immersed in the
solvent, appeared subjected to a more limited movement

(max. 10 A), stacking to NBD2 and to the non-hydroly-
sable ATP. The large extracellular loop ECL4 also showed
only relatively limited movements. Altogether, these
observations thus suggested that, relatively to the position
of F508 before MD, this alternative position of F508 can
only be reached if an energetic barrier of the energy
landscape can be crossed and/or if a rearrangement of the
MSD occurs toward a full-open channel conformation.
This other conformational state of the protein, with an
alternative position of F508, may constitute a key deter-
minant for the functioning of wild-type CFTR.
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After shift, the segment bearing F508 was still in
contact with ICL4 but within a highly modified environ-
ment (Fig. 4). F508 is now in front of T1076 and L1077
(two amino acids belonging to the N-terminal extension
of TM11, within ICL4), approximately 15 A upward of
its initial position. Moreover, a salt bridge between K1080
and E504 likely contributes to the stabilization of this
assembly. F508 is now also in close proximity of Y1073
(Fig. 4). Of note, a perfect theoretical disulfide bridge in
the double mutant FS508C/Y1073C should be possible in
this particular conformer [Online Resource 21 (B)]. The
existence of the alternative position of FS08 was further
supported by the fact that the modification of F508C by
benzyl-methanethiosulfonate (MTSBn), conserving the
F508 aromatic character and restoring gating activity (lost
for the FSO8C mutation in the open state-locked E1371S
variant) [76], can be accommodated in both the initial and
MD-generated models of CFTR [Online Resource 21
(A)].

The energy levels of the NBD1 o-subdomain (amino
acids 489-567) calculated before and after shift were,
respectively, —2,956 and —2,858 kJ/mol. In line with this,
the energies of the concerned ICL4 segment (amino acids
1,053-1,180) were —726 and —871 kJ/mol, respectively,
whereas they were, respectively, —3,892 and —3,863 kJ/
mol, for the combined NBDI + ICL4 segments. This
suggested that the two positions have a similar stability.
This was also in agreement with the very early onset of the
F508 shift during MD and its subsequent stability during
MD further supported this observation.

We further analyzed the sequence of the CFTR NBD1
a-subdomain, trying to better decipher the features that
may underlie this conformational change. In ABC trans-
porters, two short B-strands (B and B’) are present before
the o-subdomain ool and oo2 helices, which can be
viewed as the “arms of a nutcracker” and may play a
critical role in signaling as they follow and precede the Q
and X-loops, respectively [38] (Online Resource 1 and
Online Resource 20). It is noteworthy here that, while
present in CFTR NBD2, the small B-f’ B-sheet appears
disorganized in CFTR NBDI. Indeed, the segment
encompassing G500-T501-I502 appears to rotate and thus
lose contact with its partner (I539-V540-L541), around a
pivot constituted by P499 and G500 (Online Resource 20).
Moreover, F508 is immediately followed by a glycine
(G509), which at the difference of Y1307 (its corre-
sponding residue in NBD2), cannot provide a side chain
helping to stabilize the o-subdomain hydrophobic core.
Altogether, all those specificities of NBD1 might account
for the intrinsically less stable character of its
o-subdomain.
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Other regions

Finally, we also examined the evolution of other regions of
the CFTR MSD:NBD assembly. Here, we first studied the
four-helix bundle architecture, found at the basis of ICLs
and possibly playing a role in the tight assembly of the
CFTR cytoplasmic domains in the open form of the
channel. We have indeed previously highlighted the func-
tional importance of amino acids E267 (ICL2) and K1060
(ICL4), which are likely to form a salt bridge involved in
the tight association of the ICLs [9]. When comparing our
initial and full-open (conformer 1) models, we observed
that the electrostatic interaction between E267 and K1060
remained conserved, although the four-helix bundle was
slightly distorted (Online Resource 22).

Next, we studied two other regions that were not
included in the Sav1866 MSD:NBD template, but corre-
spond to short regions which were afterward modeled.
First, the Regulatory Insertion (RI, from E403 to L435),
between NBD1 strands B1 and 52, was modeled similarly
than previously reported [10]. During MD, the RI moved to
come in a large direct contact with NBD2 and the non-
hydrolysable ATP. Noticeably, three of the five phenylal-
anine groups of this long insertion interact with two
phenylalanine groups of NBD2 [Online Resource 23(A)],
and thereby constitute an aromatic cluster, which covers
the ATP purine, opposite to W401. Such close contacts
may reinforce the stability of ATP within the non-canoni-
cal ATP-binding site. One can also note that K413
establishes a salt bridge with E410 (E410 (3.1/4.2 A) and
contacts N416 (5.0 A). Pseudo-symmetrically, K420
makes a salt bridge with D426 (2.9/3.8 A) and contacts
N417 (3.8 A). In addition, the phosphorylable S422 is, in
the conformer 1 structure, close to NBD2 K1334, the only
basic amino acid in this region; the phosphate group and
K1334 may thus form a salt bridge. Noticeably, a proline at
this 422 position in chicken CFTR is thought to be asso-
ciated with an increasing thermodynamic stability of the
F508del protein [77]. Second, the Linker Insertion region
(LI, from Y1182 to D1202) located upstream of NBD2
strand B1 is in a pseudo-symmetric position relatively to
RI. It is shorter than RI and possesses, in its middle part,
four successive hydrophobic amino acids (V1190 to
11193), which should favor the formation of a B-strand. In
the hydrophobic cluster dictionary established on the basis
of experimental 3D structures [78], a cluster formed by
four consecutive hydrophobic amino acids (Binary code
1111, Peitsch code 15) is indeed associated at 86 % with
extended (B-strand) structures. Taking into account the LI
N- and C-terminal positions (defined by the Sav1866
template) and the neighboring NBD2 region, we hypothe-
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sized that a small P-sheet might be formed between
Y1219-T1220 and the LI middle part (V1190 to 11193).
This hypothesis was supported by MD [Online Resource
Resource 23(B)], which showed that perfect N-H---O
bonds linked E1221 and K1189, as well as M1191 and
Y1219 (2.88 and 2.87 A, respectively). Such a local
structure is likely important for the functioning of CFTR,
as it includes Y1219, the aromatic amino acid which stacks
the purine cycle of the hydrolyzable ATP molecule in the
canonical ATP-binding site. In this site, LI K1189 side
chain also contacts the S962 (5.7 10\) located in the ICL3
coupling helix.

CF-causing missense mutations

Finally, we analyzed the full-open channel model of CFTR
(conformer 1) in light of the data available on the “Clinical
and Functional TRanslation of CFTR” (CFTR2) website
(http://www.cftr2.org; [79]). The CFTR2 database provides
information about how CFTR mutations affect the clinical
outcome (genotype—phenotype correlation), the mutations
being classified into the three following categories: CF-
causing, of varying clinical consequence and non-CF-
causing. Thus, we analyzed here a large series of specific
mutations listed in the CFTR2 database and involving
positions which can be mapped on our model of the open
form of CFTR (amino acids 65-649 and 845-1,446). The
model contains 43 out of the 46 missense mutations
reported to be CF-causing, all the 11 missense mutations of
varying clinical consequence, the two CF-causing deletions
1507del and F508del, as well as 9 out of the 11 non-CF-
causing mutations [Fig. 7; Online Resource 1 (positions
underlined in green)]. Interestingly, the mutations studied
are not distributed randomly, but they appear clustered
around several hot spots.

First, almost all CF-causing mutations involving resi-
dues located in the MSD transmembrane segments are
encountered in MSD1 and generally concern positions
lining the pore (G85E, E92K, D110H, P205S, R334W,
1336K, T338I, S341P, R347H/R347P, and R352Q)
(Fig. 7a). Such an asymmetry in natural CF-causing
mutations is reminiscent of that observed for artificial
mutations introduced into TM6 and TM12 with a view to
test the accessibility of pore-lining residues (reviewed in
[1], see above and Table 1). In addition, L206W and
H199Y are situated nearby P205S, orientated toward the
lipid bilayer. P67L lies in the loop between the N-terminal
segment and the N-helix. R74W (which is reported to be of
varying clinical consequence) is located in the vicinity of a
large aromatic cluster, including F77, F78, W79, F81, F§83,
and Y84; the substitution of this arginine by a tryptophan
might thus destabilize the local geometry. As already
hinted to above, only two mutations are observed in MSD2,

L927P, and M1101K, which both might disturb the con-
formation and behavior of the transmembrane helices
within the lipid bilayer. Interestingly, amino acid R117,
which is involved in the mutations R117C and R117H and
is located in the first extracellular loop (ECL1) at the very
beginning of TM2, can make a salt bridge with E1124 in
ECL6 (distances of 5.5 and 5.8 A) and might thus, among
others, participate in the stabilization of the open form of
the channel (Fig. 7b). The R117H mutation (varying clin-
ical consequence) appears less severe than R117C (CF-
causing), as histidine probably retains part of the attraction
with the glutamate E1124 situated at 7.9 A. Finally, two
CF-causing mutations involve amino acids which are
implied in salt bridges: (1) D110 in TM2 (mutation
D110H; salt bridge with R1128, distances of 4.0 and 5.0 A)
and (2) R334 in ECL3 (mutation R334 W, salt bridge with
D891, distances of 3.8 and 4.4 A) (Fig. 7b).

Second, CF-causing mutations in the ICLs involve res-
idues located at the base of the four-helix bundle
assembling the four internal ICL helices (symmetric posi-
tions in ICL1 (G178E G178R) and ICL3 (G970R), which
cannot be substituted by any other amino acid because of
steric hindrance reasons (Fig. 7c; Online Resource 2).
S945L lies within the main lateral tunnel, and might thus
impair access to the pore. Moreover, a large “hot spot”
region for natural CFTR mutations is located at the
NBD1:ICL4 interface, involving (1) six ICL4 positions
(H1054D, G1061R, L1065P, R1066H/R1066C, F1074L,
and L1077P), which line the path followed by F508 during
the MD1 conformational transition from its initial to its
final position, and (2) seven positions in NBD1 (S492F,
1507del, F508del, V520F, AS559T, R560K/R560T, and
AS561E) (Fig. 7c). Some other CFTR mutations of varying
clinical consequences, such as F1052 V, G1069R, and
R1070W/R1070Q complete the list in this region.

Third, at the level of the NBD1:NBD2 heterodimer, CF-
causing mutations are concentrated within the canonical
ATP-binding site (S549N, S549R, G551D/G551S,
G1244E, S1251N, and S1255P) (Fig. 7d).

The effects of remaining mutations listed in CFTR2
database can also be well understood in light of our
structural data: (1) A455E has indeed no room to be well
adapted, (2) G1244E (mentioned above) also occurs in a
well conserved position (position 23 in Online Resource
2), (3) L467P might disturb the helix in which it is
included, (4) G1349D is in the non-canonical ATP-bind-
ing site and, alike its corresponding G551D, has no room
to be well adapted in presence of ATP, and finally (5)
N1303K might disturb the large Q-loop of the NBD2 a-
helical subdomain (position 42 in Online Resource 1 and
Online Resource 2).

Finally, the eight missense mutations reported as non-
CF-causing, which can be examined in our model, are
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Block 2

Fig. 7 CFTR2 missense mutations mapped onto the CFTR 3D model
(full-open channel, conformer 1). A View from the top (extracellular
side) of the mutations lying on the MSDs. B Salt bridges between the
long ECLs: ECL1-ECL6 = D110-R1128 (4.0 and 5.0 A) and R117-
E1124 (5.5 and 5.8 A); ECL3-ECL4 = R334-D891 (3.8 and 4.4 A).
The side chains of D891 and R1128 may adopt alternative positions
and form a salt bridge, as this is possible in the closed form of the
channel (conformer 2). Note that a salt bridge between ECL3 and
ECL4, in a nearly symmetric position to R117-E1124, could not be
present since there is no basic—acidic couple in this region. However,

located in regions where there is large room, with no
crucial neighbors. 11027T faces lipids, but its hydroxyl
group likely hides its polarity by establishing a H-bond
with the V1024 carbonyl group, within the same helix.

Of note, in contrast to the CF-causing missense
mutations, the 43 mutations leading to a stop codon (out
of a total of 45), which are all CF-causing, are almost
uniformly distributed on the 3D model as this may be
expected.
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in addition to these salt bridges, Y109 (TM1) is H-bonded to to T1122
(TM11) and Y914 (TMS8) is H-bonded to K929 (TMY), reinforcing the
interactions between TMs. These contacts are nearly all conserved in
conformer 2 (channel closed at the extracellular end), since the
extracellular extremities of TMI1-TM2 and TMI11-TMI12 move
together (see Fig. 8). C Focus on the NBD1:ICL4 interface mainly
lining the transition path of FS08 from the initial model, before MD,
to its final position in conformer 1 (see Fig. 4). D Focus on the
NBD1:NBD2 interface, at the level of the canonical ATP-binding site

In conclusion, our MD-generated model (conformer 1)
showed a continuous conduction pathway composed of a
true well-formed channel. A crossing bridge forms a con-
striction over a limited part of its length. At the basis of the
wide inner vestibule, two lateral tunnels, orthogonal to the
channel, contain multiple positive charges and make pos-
sible the transfer of anions and small molecules from the
cytosol toward the extracellular milieu. Our simulation also
indicated the possibility of an alternate conformation of the
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F508 region, which might play an as yet unexplored role in
CFTR inter-domain interaction and dynamics. This simu-
lation has furthermore been enriched by the modeling of
the regulatory insertion (within NBDI1) and the linker
insertion (between MSD2 and NBD2) and by reporting on
the 3D model positions of mutations stored in the CFTR2
database. These appeared clustered in a few hot regions,
within the pore and at the interfaces between domains.

A closed channel, obtained in two successive stages
(conformer 2)

Then, we choose to reinitiate a new MD simulation (MD2)
from this outstanding model of the full-open channel
(conformer 1). Figure 8 illustrates the conformation chan-
ges at the level of the whole 3D structure along the MD
frames, whereas Online Resource 24 shows the evolution
of distances between F337, a key amino acid of TM6 and
amino acids from other TM helices located at the same
level. Conformer 1 remains nearly unchanged over 6.3 ns
and then evolve toward a new conformer (intermediate
conformer i) notably differing from the former by the
concerted tilting of the upper (extracellular side) part of the
TM1-TM2 and TM11-TM12 transmembrane helices of
about 5 A toward TM5 and TM?7, which remained nearly
fixed (Fig. 8c; Online Resource 24). This conformer i
remained open at both sides of the channel and retained the
alternative position of the F508 region unchanged, as
observed in conformer 1 (Online Resource 25), as well as
the R352 and D993 salt bridge. Then, after 18 ns from the
beginning of MD2, a new stable conformer (conformer 2)
appeared (Fig. 8d; Online Resource 24). Closure of the
channel at its extracellular side was now observed, after the
tilting of the upper parts of TM5-TM6 and TM7-TM8
by ~4 A toward TM1 and TMI12 (closed channel, right
panel in Figs. 1 and 2). Again, the alternative position of
the F508 region and the R352 and D993 salt bridge
remained nearly unchanged. This conformer remained
stable until the end of the simulation (30 ns). It is com-
pletely closed at the extracellular side, at the level of F337,
but still partially open at the cytoplasmic side, through the
main lateral tunnel entrance TM5/TMS and the secondary
one TM6/TM4 (the 2 other lateral tunnels entrances TM10/
TM12 and TM2/TM11 are closed). Of note is the transient
onset of conformer 2 within the conformer i region (Online
Resource 24). Indeed, a conformer highly similar to con-
former 2 (closed at the extracellular side) was observed at
10.89 ns during ~ 100 ps, preceded (at 10.23 ns) and fol-
lowed (at 11.36 ns) by two intermediate conformers, with
open channels at the extracellular side. Although this
unique onset is not enough to be associated with a
reversible event, it is tempting to hypothesize that this may
corresponding to a flickering event, which may occur

within burst of channel openings, but which make insig-
nificant impact on overall chloride transport, in contrast to
inter-burst closures. More work should, however, be per-
formed to analyze further such a possibility.

The hypothesis that conformer 2 may correspond to a
possible closed state of CFTR was further supported by
comparison with recently published experimental 3D
structures of ABC exporters obtained in inward-facing
conformations. Indeed, we compared our models obtained
by MD (conformers 1 and 2) to the experimental 3D
structures of two orthologs of the heavy metal detoxifica-
tion ABC exporter Atml1 [30, 31], both in inward-facing
conformations and showing how glutathione binds to these
proteins. Interestingly, the NBDs are only slightly sepa-
rated, their two long symmetrical C-terminal helices
interacting with each other, probably preventing for a part
their large dissociation.

First, our full-open conformer of CFTR (conformer 1)
shares with Atml (pdb 4mrs) the following features,
highlighted after superimposition of the whole
MSD1:MSD2 assembly (548 Ca atoms, RMSD 5.35 A):

1. A “lateral” tunnel in a similar position as the CFTR
secondary tunnel, induced in the ABC exporters by the
separation of NBDs (Online Resource 25),

2. Similar pores within the channel, with only marked
differences in the upper part, as Atml in its inward-
facing conformation is closed at the extracellular side,

3. Similar cavities at the level of the CFIR inner
vestibule, occupied in Atm1 by the oxidized glutathi-
one, which thus perhaps may also be accommodated
by CFTR at a similar position (Online 27).

Second, the MSDs of our post-open, closed conformer
of CFTR (conformer 2), shares with Atm1 the following
striking features, in addition to those reported before and
highlighted this time after superimposition of transmem-
brane segments of the MSD1:MSD2 assembly (114 Co
atoms, RMSD 2.55 A):

1. Similar 3D structures, although the initial CFTR model
was build on the basis of an outward-facing confor-
mation, and not on an inward one (as Atml) (Fig. 9;
Online Resource 28),

2. Similar closures of the pore. This last feature is
ensured in Atml by the two symmetric side chains of
Val302 (V376 in S. cerevisiae Atml), whereas the
corresponding amino acids in CFTR are F337 (MSD1)
and G1030 (MSD2). The superimposition leads to a
quasi-perfect coincidence of these amino acids, as well
as of the helices TM6 and TM12, to which they belong
(Fig. 9). The structural importance of F337 is sup-
ported by experimental observations, indicating that
this amino acid plays a key role in anion conductance
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Fig. 8 Transition toward the closed form of the CFTR channel:
comparison of the MSDs from the different conformers along the MD2
simulation. A Global lateral view. Conformers 1 (0 and 5 ns),
conformers i (10 and 15 ns) and conformers 2 (20 and 30 ns). B Focus
(lateral view) on the membrane portions of TM1-TM2 (blue), TM5-
TM6 (green), TM7-TM8 (yellow), and TM11-TM12 (red). Dark
colors are associated with conformers 1 (0 and 5 ns), whereas
conformers i (10 and 15 ns) and conformers 2 (20 and 30 ns) are
represented with light colors. C Extracellular view of the superimpo-
sition of conformer 1 (0 ns, dark colors) with conformer i (10 ns, light
colors). TM1-TM2 and TM11-TM12 couples of helices move about
5/6 A toward TM6 and TM7, while TM5-TM6 and TM7-TMS are

and selectivity [80, 81]. F337 and its close neighbors

ensure a perfect closure of the conformer 2 channel at
its extracellular side (Online Resource 29).
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Conformeri: 10 ns

86A 714

only slightly displaced. The channel, whose pore is shown, is still
open. Of note is the onset during MD2 of a small B-sheet between
successive hydrophobic amino acids (within the sequence) belonging
to ECL3 (G330, 1331, and 1332) and ECL4 (A904, V905, and 1906),
which may reinforce the interaction between the four TM5-TM6 and
TM7-TMB8 helices. D A similar extracellular view of the superimpo-
sition of conformer 1 (0 ns, dark colors) with conformer 2 (30 ns, light
colors). TM1-TM2 and TM11-TM12 couples of helices have nearly
completed their movements toward TM6 and TM7, whereas TM5—
TM6 and TM7-TM8 moved toward the center for about 3.7 A, leading
to the complete closure of the channel. The side chains of F337, 1106,
and L1133, taken as examples, are in close contact

In conclusion, this closed form of the CFTR channel
(conformer 2) supports the hypothesis that channel closure
occurred through relatively localized conformational
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Fig. 9 Comparison of the
model of CFTR conformer 2
(closed channel, 30 ns) and the
experimental 3D structure of N.
aromaticivorans Atml (inward-
facing conformation). Amino
acids from the 12
transmembrane helices (TM)
included in the membrane space
were superimposed (114 Ca
atoms, RMSD 2.55 A). The
coordinates of the N.
aromaticivorans Atml were
taken from pdb:4mrs (2.35 A
resolution). A Lateral views of
the MSD1 block 2 (green) and
MSD2 block 4 (red). CFTR and
Atml1 ribbons are colored dark
and light, respectively. Two
amino acids that are very close
to each other in TM6 and TM12
are shown at right (V302 (pink
and green) for Atml, F337 and
G1130 for CFTR, also see
Online Resource 29). B A view
of the superimposition from the
extracellular side, focusing at
the level of the tight closure of
the channel [as observed in

Atm1
A V302
CFTR CFTR

Extracellular

Cytosolic

ICL2 1}}‘

CFTR

Atml (pink and green) and B

predicted for CFTR (F337 and

G1130)]

changes on the upper part of the transmembrane domains,  Discussion

which are sufficient for closing an extracellular gate, in

which F337 is a central player. This conformation, in  Although CFTR shares the common overall architecture of
which the NBDs are still associated, is very close to those ABC exporters as well as some functional features, it is
observed within some experimental 3D structures of ABC  unique, primarily as it functions as an ATP-gated chloride
exporters in inward-facing conformations, displaying lim-  channel. In ABC proteins, ATP-induced dimerization of

ited separation of the NBDs.

the NBDs and subsequent hydrolysis-triggered domain

@ Springer



1398

J.-P. Mornon et al.

separation are coupled to large movements of the trans-
membrane domains, leading to a wide opening toward the
extracellular (outward-facing) or the intracellular (inward-
facing) milieu, respectively. In this mechanism, also called
the “switch model” [82], the two gates are alternatively
closed to block the access to the corresponding side of the
membrane. The situation is different for CFTR as it has
been hypothesized that it evolved from a primordial ABC
exporter by removing or atrophying its cytoplasmic gate
[57, 67], behaving as a “degenerated transporter” or a
“broken pump” [83-85]. The hypothesis of the lack of an
internal gate in CFTR has been afterward supported at the
experimental level, as residues deep inside the pore have
been shown to be readily accessed by hydrophilic thiol
reagents from the intracellular side of the membrane in
both open and closed states [66, 67].

According to the analogy with ABC transporters, a
channel open burst is initiated by the ATP-driven
NBD1:NBD2 heterodimer formation and terminated by
dimer dissociation [86]. However, because of the asym-
metry at the ATP-binding sites [17, 18], there is now
support for a model in which the catalytically inactive
composite NBD1 (or site A) site remains closed throughout
the gating cycle [34]. This mechanism, also referred to as
the “constant contact model” [82], is now supported by
several recent 3D structures of ABC exporters in inward-
facing conformations, but with non-separated NBDs. The
case of the heavy metal detoxification ABC exporter Atm1
[30, 31] has been discussed in details in the “Results”
section of this article, but other recent structures now
extend the reliability of such a model. Indeed, the recent
3D crystal structure and double electron resonance of
TM287/TM288 in an inward-facing conformation high-
lights the quasi-invariance of contacts between the NBDs,
even in the absence of nucleotides, the D-loop at the
degenerated nucleotide-binding site linking the NBDs
together [87]. On another hand, the 3D structure of an
antibacterial peptide exporter (McjD) in a novel outward-
occluded state [35] shares similarities with both inward-
open MsbA and outward-open Sav1866, with the two
NBDs are in the ATP-bound state.

The MD simulations we made here, using a refined
model of the MSD:NBD assembly, well accounts for the
specific properties of the CFTR channel versus ABC
exporters. First, like for MD simulations performed by
other groups, our model of the CFTR open channel (con-
former 1) clearly shows the typical architecture defined
from experimental data, as the outward-facing conforma-
tion deduced from the Sav1866 3D structure, used as
template for modeling, fast evolved toward an architecture
of an open channel with a wide inner vestibule, a narrow
constriction and a smaller external vestibule (Fig. 3). This
architecture is supported by various experimental data,
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including SCAM results provided by different groups, even
though a few of them are conflicting, as well as binding
sites for open channel blockers (see “Results”). Remark-
ably, as regards to other published MD simulations, our
model of an open CFTR channel gives, at the atomic level,
a structural view of a continuous and consistent path for ion
conduction from the cytoplasm to the extracellular milieu.
This path involves lateral tunnels that are displayed within
the ICLs, which are described here (to our knowledge) for
the first time at the atomic level on a structural point of
view. Only Furukawa and colleagues [23] have mentioned
a potential, but limited cytosolic portal, induced by the
NBD dimerization, but which very likely differs from the
one described here. The structural view presented here is in
line with the previous observations of cytoplasmic portals
based on electron microscopy (EM) [88] and functional
data (ICL3 residues [89]). In particular, it was suggested
from EM data that a cytoplasmic portal could be located at
the level of TM11 (TMS) helices [88], a hypothesis con-
sistent with our current model, in which these two helices
participate in the main tunnel entrances (Fig. 2).

Thus, we highlight here that ICLs are important not only
for contacting the NBDs but also for providing gateways to
the conduction pore. Such lateral accesses to central pores
have already been observed in other membrane systems,
such as in the pore domain of the AcrB peristaltic pumps
[90] or in ATP-gated channels of the P2X receptor family
[91].

As described in the “Results” section, the lateral tunnels
and the lower part of the channel (up to the two-third of the
membrane bilayer) are abundantly lined by polar amino
acids, including basic (R, K, H) and acidic (D, E) ones.
These may ensure an efficient relay for anion conduction.
More extensive experimental investigations are clearly
needed to evaluate the importance of each of these amino
acids at the floor of the inner vestibule and within the
lateral tunnels. In the upper part of the channel (over a
length of ~14 A), this polar character gives way to mainly
hydrophobic amino acids within the channel constriction.
The extracellular vestibule is then again largely occupied
by polar amino acids. This asymmetry along the path of
conduction suggests that anions present in the cytosol are
attracted by the numerous basic amino acids which line the
lateral tunnels, finding a well polar environment before
reaching a hydrophobic region in the last part of the
transmembrane channel, which may accelerate their exit.
Such an asymmetry along the conduction path is reminis-
cent of that described for a gated mechano-sensitive
pentameric ion channel along its central pore [92].

Second, our relatively short MD simulations have also
led to observe a closed conformation of the channel (con-
former 2), in which ATP molecules are still associated with
the NBDs, but perhaps more loosely at the level of the
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canonical binding site. Indeed, the general conformational
change leading to the evolution of the pores and lateral
tunnels of CFTR does not significantly modify the tight
head-to-tail association of the NBDs, as assessed by the
small variations of the ATP-binding site and of the
experimentally observed bond between R555 (NBD1) and
T1246 (NBD2) [93] (~2 A for Co between the initial
model and conformer 2). These small variations are within
the range suspected for this couple of amino acids to occur
between open and closed channels [93]. However, as
illustrated on Fig. 1, a continuous displacement of NBDs
relatively to each other occurred between the different
conformations. It is tempting to hypothesize that the con-
formation of the closed channel observed here (conformer
2) corresponds to the inter-burst C2 state of the linear
three-state model [94, 95], interrupting channel openings
(O) and contrasting with the long-closed state (Cl1),
occurring following ATP hydrolysis and in which the NBD
heterodimer could be completely dissociated. In the con-
tinuous presence of ATP, the channel should rarely visit
this C1 state [95], which is not observed in the present
modeling study.

This closed, “C2-like” conformation (conformer 2)
essentially differs from the first full-open conformer by the
compaction of the membraneous parts of TMI1-TM2,
TMI11-TM12, TM5-TM6, and TM7-TMS, all the upper
part of the helices being in close contact to each other and
causing the closure of the channel on its extracellular side
(Fig. 8; Online Resource 28). This result strongly supports
the existence of an extracellular gate at the level of the
critical amino acid F337. The limited movements allowing
CFTR to jump from a full-open to a channel closed at the
extracellular side (C2-like conformation) appear consistent
with the high frequency of inter-burst closures during
gating, the main part of the C2-like conformation remain-
ing close to the full-open conformation (conformer 1).
Remarkably, the transmembrane region of this closed
channel conformer has a 3D structure very similar to the
corresponding region of the N. aromaticivorans Atml
exporter in an inward-facing conformation, solved at high
resolution. This striking similarity provides strong support
to our simulation and suggests that the different degrees of
separation of the ICLs, and of the associated NBDs, do not
significantly modify the final 3D state of such a channel
closure. Indeed, between the CFTR conformer 2 and the
inward-facing conformation of Atml, the ICL2-ICL4 dis-
tance increases by approximately 20 A.

Finally, we also compared our conformer 2 with our
previous model of the closed form of the channel we built
on the basis of the inward-facing, “closed-apo” conformer
of V. cholerae MsbA (pdb 3b5x) [10] (Online Resource
30). Interestingly, this “closed-apo” model also approxi-
mates, as N. aromaticivorans Atml, the CFTR conformer

2, but to a slightly lesser extent (RMSD 2.98 A instead of
2.55 A). In the three cases, helices TM1, TM6, TM7, and
TM12 are nearly identically positioned around the pseudo-
binary axis of the 3D structure. In conclusion, through MD
simulation starting from an open form of the channel, we
confirmed here the global architecture of a closed form that
was anticipated by the recent 3D structures of ABC
exporters in inward-facing conformations.

It remains still unclear, especially at the structural level,
how the CFTR channel evolves during the gating cycle.
From a simple situation, where it switches between “fully”
open to “fully” closed state, more complexes scenario have
been built, in which CFTR exhibits multiple states of sub-
conductance in addition to a fully open state [5]. Two salt
bridges, between R352 and D993 and between R347 and
D924, have been proposed to contribute to the maintenance
of the open pore architecture [58, 96]. Our MD simulation
clearly had the effect of bringing forward the two helices
TM6 and TM12, leading to the establishment of a critical
salt bridge between R352 (TM6) and D993 (TM9), typical
of the full-open channel conformation [5]. We did not
observe here the D924-R347 or the triangular D924—
R347-D993 salt bridges, which have been described as
typical of early events in channel opening (s2 state [5]). In
our model, at this level of the pore, TMO is indeed sepa-
rated from TM6 by TMS. Besides the fact that improving
the quality of models in this region of high sequence
divergence may still be possible, a plausible hypothesis is
that the conformation specific of these early events has not
been reached by the MD simulations presented here, and
that more extensive exploration of the dynamic behavior of
the CFTR channel is needed to further explore additional
states. Of note is that in the initial model (before MD), the
TM6 and TMS helices are positioned in such a way that the
salt bridge can be observed between R347 and D924
(Online Resource 31). This suggests that this particular
topology should be considered in future investigations. It
should also be noted that all the MD simulations were
performed here without the presence of the R domain, for
which no template still exists for classical homology
modeling but which plays a critical role in the gating
process [97]. Adding these critical regions in MD simula-
tions should certainly give more insight into the subtle,
different states of channel opening and gating mechanisms.

The R352-D993 salt bridge, together with amino acids
in its vicinity (M348, W1145), locally constitutes a cross-
ing bridge within the pore. The topological analysis we
made here clearly indicates a protuberance of TM6 within
the channel, consistent with its key role in conduction and
the accessibility of cys-substituted residues to thiol
reagents. In the full-open channel conformation generated
by the MD simulation, TM6 has indeed ~ % of its cir-
cumference exposed to the channel pore, subdivided for a
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part of its length into a narrowed main pore and a minor
duct, in which TM6 participates. This structural feature
particularly well accounts for the fact that six amino acids,
belonging to two distinct thirds of the helix circumference
(on the one hand 1344, M348, and R352 and on the other
hand S341, V345, and Q353) are all reactive to intracel-
lularly applied probes when mutated in cysteine [57]. It has
also been observed that channel gating is, however,
affected through modification by positively charged
MTSET of only one face, bearing 1344, M348, and R352
[57], suggesting that TM6 undergoes helix rotation during
gating of the CFTR pore. Examination of our model shows
that 1344, M348, and R352 are clearly orientated toward
(or within) the “pentagonal” secondary duct, while S341,
V345, and Q353 are at the end or within the “hexagonal”
main pore. Thus, the observed structural dichotomy, cor-
relating with functional properties, suggests that rotational
movements of TM6, as proposed by [57], are not the only
mechanism that can be proposed for switching between one
state to another one. This hypothesis is supported by very
recent data on the possible movements of TM helices
during channel gating [98]. These experiments, gained
using metal (Cd*") bridges, shows that the key confor-
mational changes that cause channel pore to open and close
involve lateral separation and convergence of TM helices,
rather than rotations and/or translations. Our models are in
good agreement with these experimental data, as they
shows that distances consistent with the formation of Cd**
bridges are observed between TM6 and TM12 in the closed
form of CFTR (and not necessarily in the open form—
Online Resource 32).

Our modeling study also suggests that intrinsic flexi-
bility within the membrane spanning domains is likely to
play critical role in the channel function and gating
mechanism. Indeed, the sequence alignment partly made
with experimental 3D structures, which can be used as
templates, clearly evidenced the presence of a m-bulge in
CFTR TM6 (Online Resource 1), generated by a one-
amino acid insertion relative to templates. m-bulges are
often found in functional hot points of proteins [99, 100],
and we hypothesized it is also the case here in the M348-
P355 region of CFTR (also see Online Resource 17), as
well as in TM2/TMS, in which such irregularities are also
likely to occur. The importance of this position is further
stressed out, as in TM6 of MRP4, the closest sequence
neighbor of CFTR, phenylalanine F368, corresponding to
the one-amino acid insertion (Q353 in CFTR), plays a
crucial role in the substrate specific activity, as MRP4
W995 (aligned with CFTR W1145, which faces R352) and
R998 [101]. Worth noting is that MRP4 and CFTR share a
relatively high level of sequence identity (~36 % over the
whole protein sequences, also including the N-terminal
region, Online Resource 1), implying that their respective
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3D structures are likely closely related, despite different
functions (transport of large molecules and ion channel,
respectively). This observation thus provides support to the
fact that different functions can be ensured using a same
3D template.

Despite its variable amplitude in our MD simulations,
the overall movement of the F508 region in NBD1 might
possess structural as well as functional roles in the context
of its interaction with other domains of CFTR. The func-
tional role, possibly corresponding to the stabilization of an
open conformer through the associated movement of ICL4,
is especially supported by the results of an extensive
mutagenesis study, which showed that while the aromatic
side chain of F508 is not essential for the CFTR folding, it
is important for the ion channel function [76]. This again
emphasizes the importance of this region, which also plays
a critical role in other ABC proteins, such as for yeast
YORI1p [102] and human ABCG2, involved in urate
transport and for which a F508del mimicking mutation
impacts on its processing and stability [103]. Of note is that
YORI1p, aligned here with the CFTR protein sequence
(Online Resource 1) possesses as CFTR a long R region
(51 aa), which moreover shares sequence similarities in the
N-terminal part of the CFTR R domain [10]. Also of note is
that the overall movement of the helix bearing FS08 makes
accessible the bi-phosphorylable SYDE motif located
downstream of F508 [104].

In conclusion, the molecular dynamics simulation pre-
sented here illustrates, in a relatively short period of time,
the rapid evolution of an initial, Sav1866-based model in
an outward-facing conformation toward a full-open chan-
nel (conformer 1), stable for about 6 ns and then more
slowly evolving toward an extracellular-closed channel
(conformer 2). This transition takes place without clear
separation of the NBDs, although numerous local move-
ments are observed. These features are in agreement with
the expected behavior of CFTR, for which opening and
closing of the channel do not necessitate, in principle, large
changes in the global 3D structure [1].

Thus, these models give new interesting insights into the
MSD:NBD assembly behavior. However, an open question
is still how the complex regulation of CFTR, mediated
among others by the three other regions of CFTR (the N-
and C-terminal extremities and the R domain), as well as
by ATP hydrolysis, can be expressed in this context.
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