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Abstract. We describe herein an atomic model of the
outward-facing three-dimensional structure of the
membrane-spanning domains (MSDs) and nucleo-
tide-binding domains (NBDs) of human cystic fibrosis
transmembrane conductance regulator (CFTR),
based on the experimental structure of the bacterial
transporter Sav1866. This model, which is in agree-
ment with previous experimental data, highlights the
role of some residues located in the transmembrane
passages and directly involved in substrate transloca-
tion and of some residues within the intracellular

loops (ICL1–ICL4) making MSD/NBD contacts. In
particular, our model reveals that D173 ICL1 and
N965 ICL3 likely interact with the bound nucleotide
and that an intricate H-bond network (involving
especially the ICL4 R1070 and the main chain of
NBD1 F508) may stabilize the interface between
MSD2 and the NBD1 F508 region. These observations
allow new insights into the ATP-binding sites asym-
metry and into the molecular consequences of the
F508 deletion, which is the most common cystic
fibrosis mutation.
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Introduction

The cystic fibrosis transmembrane conductance reg-
ulator (CFTR/ABCC7) protein is a phosphorylation-
dependent chloride channel [1], which is present at the
apical membrane of epithelial cells and belongs to the
ATP-binding cassette (ABC) superfamily. More than

a thousand naturally occurring CFTR mutations have
been reported that lead to cystic fibrosis (CF), the
most common fatal recessive genetic disease affecting
Caucasian populations [2]. Most of them induce
alterations in protein biosynthesis or lead to defective
channel function [3]. The most common CF-causing
mutation, a deletion of the phenylalanine residue 508
(DF508), is responsible for a majority (~70 %) of the
CF cases and affects the folding and trafficking of the
protein, resulting in its premature degradation.* Corresponding author.
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Full-size ABC transporters have two membrane-
spanning domains (MSDs) that allow the transport
of compounds across the membrane and two cyto-
plasmic nucleotide-binding domains (NBDs), which
bind and hydrolyze ATP, the energy of which is
required for substrate transport. Many eukaryotic
ABC exporters like CFTR have all four domains
expressed as a single polypeptide chain, whereas
bacterial exporters form homo- or heterodimers of
“half-transporters”, each consisting of an MSD fused
to an NBD. A specific feature of CFTR is the presence
of a large regulatory (R) domain, which lies between
the first NBD (NBD1) and the second MSD (MSD2)
and stimulates the ATPase activity and channel gating
when phosphorylated by protein kinase A (PKA) [4].
In our previous modeling work, based on the
experimental data of well-characterized NBDs
from ABC transporters, we described the “head-to-
tail” 3-D arrangement of the CFTR NBD1/NBD2
heterodimer, with the two ATP-binding sites located
at the interface between the two subunits [5, 6].
Figure 1A shows the principal features of this NBD1/
NBD2 heterodimer, within the model of the
MSDs:NBDs presented here. Only one ATP-binding
site (the NBD2 ATP-binding site, also termed the
“canonical” ATP-binding site), which includes the
Walker A (P-loop) and Walker B motifs of the second
NBD (NBD2) and the signature motif (C-loop) of
NBD1, was predicted to be enzymatically active. The
non-canonical ATP-binding site (or NBD1 ATP-
binding site) lacks the catalytic glutamate in the
NBD1 Walker B motif and contains highly modified
motifs. Of note, a large loop containing helical
extensions (called the b1�b2 loop or the A loop
[7], and, in the case of CFTR, also termed the
“regulatory insertion” [8]) was found to be located
between the two first b-strands of the NBD1 ABC-
specific b sub-domain, and it was suggested that it
might cover the non-canonical NBD1 ATP-binding
site. Our NBD1/NBD2 heterodimer model and the
concomitant resolution of NBD1 3-D structures [8, 9]
have also revealed that the F508 side chain was
exposed at the NBD1 surface, in a position allowing
interactions with the MSDs (Fig. 1A). Such a role is
in agreement with experimental studies, which have
shown that DF508 disrupts the packing of the CFTR
TM segments [10]. This likely reflects a direct
interaction between NBD1 and an MSD, rather
than an indirect effect on NBD1/NBD2 association
[11], although F508 has been shown to be required
for the correct folding of NBD2 [12].
Until recently, modeling of full-length structures of
CFTR and other eukaryotic ABC transporters has
been slowed down for several reasons. First, in
contrast to NBDs for which several high-resolution

structures have been published, structural informa-
tion for MSDs is scarce. Moreover, the sequence,
topology and number of transmembrane (TM) helices
vary considerably from one transporter to another
[13]. The only two structures available until recently
were: (i) that of the outward-facing conformation
(where the TM pore is accessible from the extracel-
lular side) of the E. coli vitamin B12 importer BtuCD,
which has ten TM spans per MSD [14], and (ii) those
of the MsbA exporters from E. coli, V. cholerae and S.
typhimurium, which, like CFTR, have six TM spans
per MSD [15–18]. These latter structures were,
however, proven incorrect and consequently with-
drawn [19, 20]. It was thus only in 2006 that a correct
crystal structure of a full ABC exporter was published.
It was that of the multi-drug transporter Sav1866 from
S. aureus [21] in its outward-facing conformation, and
it was quickly recognized that it may serve as a
template for modeling the outward configuration of
other ABC exporters, including CFTR. Indeed, sim-
ilarly to Sav1866, these exporters have six long TM
helices (per MSD). These largely protrude into the
cytoplasm. The resulting intracellular loops (ICLs)
contain short �coupling helices” which run parallel to
the plane of the membrane and provide the bulk of the
contacts with the NBDs. In particular, a Sav1866-like
architecture has been proved, by cysteine mutagenesis
and chemical cross-linking experiments, to be main-
tained in the CFTR-related P-glycoprotein (ABCB1)
[22]. Two other structures of full bacterial ABC
transporters have also recently been published, but
they correspond to inward-facing configurations of
importers. The first (H. influenzae HI1470/1 [23]) has,
like BtuCD, ten TM spans per MSD, whereas the
second (A. fulgidus ModBC-A [24]) has six TM spans
per MSD, but with a topological arrangement distinct
from that of Sav1866 (for a review see [13]). Finally,
corrected structures of E. coli/V. cholerae MsbA,
trapped in different conformations, were recently
republished [25]. Interestingly, while the outward-
facing conformation of nucleotide-bound MsbA was
found to be quite similar to that of Sav1866, the
observed inward-facing conformations were signifi-
cantly different, a fact allowing new insights into the
putative conformational changes occurring upon
nucleotide hydrolysis.
The second fact hindering homology modeling is that
it is difficult to align the ABC transporter TM regions
with great accuracy, due to the low levels of con-
servation between prokaryotic and eukaryotic se-
quences. It should be stressed here that, in the recent
modeling studies of various ABC transporters (in-
cluding very recently CFTR) performed using
Sav1866 as template [26–30], the sequence alignments
were generally performed solely using automatic tools
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and were adapted, for consistency purposes, by
comparing the observed and predicted secondary
structures and/or TM segments. Although such strat-
egies can lead to accurate alignments within the most
conserved regions (e.g., in the NBDs or in the ICLs,
which are better conserved than the TM segments of
MSDs), they are prone to misalignments in the TM
segments, where the very low sequence identities do
not provide valuable anchors.
Thus, to perform a refined (as far as possible) align-
ment of the CFTR MSDs with the Sav1866 sequence,
we used here the hydrophobic cluster analysis (HCA)
method, which has already allowed us in the past to
refine the alignment of the CFTR NBD1 N-terminal
region, in particular to correctly align the aromatic
residue (CFTR W401) involved in p�p stacking
interactions with the adenine ring of the bound
nucleotide [5, 6] (Fig. 1A). Our prediction, which
was validated by the resolution of the experimental
structure of CFTR NBD1 [8, 9], implied that a large
insertion (which was termed the “regulatory inser-
tion” [8]) has to be made between the two first b-
strands of the NBD1 ABC-specific b sub-domain.
Such a level of refinement is generally not attainable
by automatic alignment procedures, which indeed led
to mispredictions of this essential residue of the so-
called A-loop (see for example the prediction made in
[7]). The greater sensitivity of HCA, relatively to
other methods, results from the fact that it takes into
account the conserved topological features of secon-
dary structures in globular domains, but also within
TM segments [31–33]. HCA is widely used to analyze
and compare sequences of soluble proteins, by ex-
ploiting the fundamental dichotomy between hydro-
phobic and non-hydrophobic residues, which governs
their folds. In polytopic membrane proteins, HCA can
reveal another essential dichotomy (and associated
features at the 2-D level), between hydrophobic and
small residues. The latter appear to play a key role in
the packing of TM segments [34]. The HCA potential
for accurate alignment of highly divergent TM seg-
ments has recently clearly been demonstrated by the
modeling of the Rh proteins on the basis of the
experimental structures of bacterial ammonium trans-
porters [35, 36].
In the present work, we have used (i) the outward-
facing configuration of the Sav1866 experimental
structure as template and (ii) an HCA-based refined
alignment of the MSDs and NBDs, to construct a
homology model of the human CFTR
MSD1:NBD1:MSD2:NBD2 assembly, its accuracy
being evaluated by comparing its features with
available physiological and mutagenesis data. More-
over, the contact regions between the MSDs and
NBDs were carefully compared with those of the

CFTR model recently proposed by Serohijos et al.
[31], to highlight important features of these inter-
faces that have not yet been reported, especially in the
vicinity of the F508 residue. In addition, our model
also reveals original features of the channel pore
formed by the CFTR MSDs. Our Sav1866-based
CFTR model allows novel insights into the molecular
mechanisms underlying CFTR functioning and it may
also help to design future work aiming at a better
experimental characterization of this ABC trans-ACHTUNGTRENNUNGporter.

Methods

Global strategy
The underlying rationale was to construct our model
on the basis of the alignment of the human CFTR
sequence (MSDs and NBDs) with the S. aureus
Sav1866 sequence, to preserve the main interface
features between the different domains. Indeed,
although the overall features of the crystal structure
of the isolated human CFTR NBD1 [8] are highly
similar to our Sav1866-based NBD1 model, construct-
ed within the context of the whole MSD:NBD
assembly, we have deliberately chosen not to use the
crystal structure data, as they may not account for the
structural plasticity locally observed at domain inter-
faces (see Supplementary data 1 for a comparison of
both structures; the supplementary data can be down-
loaded from http://www.impmc.jussieu.fr/~callebau/
CFTR.html). Moreover, the orientation of the ABC-
specific a subdomain relative to the a/b core in the
crystal structure of the isolated human CFTR NBD1 is
slightly different from that observed in the Sav1866-
based model, which allows an optimal interaction with
the MSDs. Finally, artificial contacts between side
chains of NBD1 surface residues may exist in the
crystal structure of the isolated human CFTR NBD1,
which are no longer allowed in the whole assembly
(see Discussion).
The model was constructed as a whole using Modeller
(release 9v2; [37]) and was further refined on the
energetic level using the SwissPDBViewer tools [38].
For comparative purposes, it should be noted here that
the recent model proposed by Serohijos et al. [39]
(called herein the “hybrid” model) was built by
superimposing a NBD1-NBD2 dimer {consisting of
the CFTR NBD1 crystal structure (pdb 2bbo) [8] and
our previous homology model of human CFTR NBD2
[5, 6]} on the Sav1866 structure [21], which was
considered as a template only for modeling of the
MSDs. Thus, it is not surprising that such different
approaches lead to significant differences in the
models proposed, especially as regards the
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MSDs:NBDs interfaces (see the Results and Discus-
sion section below).

Nucleotide-binding domains
The alignment of the two CFTR NBDs sequences with
the Sav1866 NBD sequence is shown in Supplemen-
tary data 2 (http://www.impmc.jussieu.fr/~callebau/

CFTR.html). This alignment was performed accord-
ing to our previously reported alignments of the two
NBD sequences of human CFTR with those of several
ABC transporters of known 3-D structures [5, 6]. In
that previous work, a first alignment had permitted an
accurate alignment of the aromatic residue (W401)
located at the end of NBD1 strand b1, provided that a

Figure 1. Sav1866-based model of the MSD1:NBD1:MSD2:NBD2 assembly of human CFTR. (A) NBD1:NDB2 heterodimer viewed from
the membrane. Left: Ribbon representation. The figure shows the two NBDs (NBD1 in light blue and NBD2 in orange), as well as the
coupling helices of the MSD intracellular loops (MSD1 in dark blue and MSD2 in red). Bound ADP molecules [as modeled from the
Sav1866 structure and designated N(1) and N(2)] are also shown, the two aromatic residues located at the beginning of the A loops and
interacting with the nucleotide adenine rings being indicated. The conserved ABC motifs are depicted for the NBD2 conventional ATP-
binding site. The large insertion (termed regulatory insertion) in the b1�b2 loop of the NBD1 ABC-specific b sub-domain, taken from the
murine NBD1 experimental structure (pdb 1r0w; [9]), is shown in green (see also Supplementary data 2; http://www.impmc.jussieu.fr/
~callebau/CFTR.html). Right: Solvent-exposed surface, highlighting the MSD/NBD interfaces. The ribbon representations of MSD1 ICLs
are shown in blue, those of the MSD2 ICLs in red, whereas the solvent exposed surfaces of aromatic residues forming a groove between the
core and the ABC-specific a subdomain are shaded green (with F508 in yellow). Inset: Cartoon depicting the positions of the MSD/NBD
interfaces. NBD1 and MSD1 ICLs are shown in light and dark blue, respectively, while NBD2 and MSD2 ICLs are shown in orange and red,
respectively. Relevant NBD structures are also indicated. (B) Two orthogonal views of the MSD1:NBD1:MSD2:NBD2 assembly (ribbon
representation). MSD1 and NBD1 are shown in blue, MSD2 and NBD2 in red/orange. The regulatory insertion is shown in green.
MSD: membrane-spanning domain; NBD: nucleotide-binding domain; CFTR: human cystic fibrosis transmembrane conductance
regulator; ABC: ATP-binding cassette; core, a and b : core, ABC-specific a and b subdomains; P: P-loop; S: signature motif.
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large insertion (the regulatory insertion) was made in
the CFTR sequence [5]. The resulting NBD1 model,
constructed using as template the MJ0796 experimen-
tal structure [40], superimposed well with the exper-
imental structure of mouse CFTR NBD1, which was
published concomitantly [8]. This initial alignment
was afterwards refined by taking into consideration an
additional experimental structure (human TAP1,
[41]) for modeling the ABC-specific a subdomain.
This refinement led to a better fit with the exper-
imental structure in the X-loop region preceding the
ABC signature [6]. The X-loop region was defined
after the experimental structure of Sav1866, in which
it plays a key role in cross-linking the ICLs [21].
In the present work, the CFTR NBD1:NBD2 hetero-
dimer model was constructed on the basis of its
sequence alignment with the S. aureus Sav1866
sequence, which is characterized by a higher sequence
identity level and tolerates less indels. The human
CFTR NBD1 and NBD2 share, respectively, 25.6%
and 26.5% sequence identity with the Sav1866 NBD.
As previously reported, the CFTR NBD1 Walker A
and Walker B motifs as well as the NBD2 signature
sequence are highly modified relative to canonical
ABC sequences [5, 6]. The CFTR NBD1/NBD2
heterodimer presents a head-to-tail orientation, with
the two ATP-binding sites located at the interface
between the two NBDs (Fig. 1A). The CFTR-specific
large loop located between the strands b1 and b2
(regulatory insertion, in green in Fig. 1A) of NBD1
was modeled (with no indels), using as template the
experimental 3-D structure of the isolated mouse
CFTR NBD1 ([8], pdb 1r0z) for which only six amino
acids in the middle of the loop are not seen in the
crystal structure. This low number allows complete
modeling of this long insertion {see Supplementary
data 3 (http://www.impmc.jussieu.fr/~callebau/
CFTR.html) for details of the loop building and for
comparison with the regulatory insertion of the
“hybrid” model of Serohijos et al. [39]}. In contrast,
other NBD1 structures (e.g. 1r0w) are more limited
and restricted to the N- and C-terminal parts of the
loop, although they are completely coherent with the
1r0z structure. The structure of the NBD1:NBD2
heterodimer model was afterwards further energeti-
cally refined, in the context of the whole NBD:MSD
assembly.
This Sav1866-based NBD heterodimer model shown
in Figure 1A superimposes well with the Sav1866
experimental structure, as well as with our previous
MJ0796/TAP1-based model of the NBD heterodimer
[root mean square deviation (rmsd) 0.68 � (450
superimposed Ca atoms) and 1.41 � (397 superim-
posed Ca atoms), respectively]. The Sav1866-based
model of human CFTR NBD1 also superimposes well

with the crystal structure of the isolated human CFTR
NBD1 [pdb 2bbo; 1.54 � (276 superimposed Ca

atoms)]. No fundamental differences were observed,
although solubilizing mutations were introduced into
NBD1 to allow the crystal structures to be obtained.
These mutations are actually located outside the
NBD1 structure core, in the regulatory insertion
(F409L, F429S, F433L) and extension (R667H), or in
the signature sequence region (G550E, R553Q,
R555K), whose local conformations in the crystal
structure and in our model are perfectly superimpos-
able. Small local differences can, however, be ob-
served in the solvent-accessible surface, in particular
in regions participating in the NBD1:NBD2 and
NBD1:MSDs interfaces, as well as in the relative
orientation of the ABC-specific a�subdomain versus
the a/b core (Supplementary data 1).

Membrane-spanning domains
The sequences of the human CFTR MSDs were
aligned with those of several transporters of the
ABCC (e.g., MRP1 and SUR1) and ABCB (e.g. ,
MDR) families, as well as with those of Sav1866 and
MsbA (Fig. 2). Most of the current modeling studies
(e.g., [26–30]) used TM segments and/or secondary
structure predictions as main constraints for the
alignments of these regions, which cannot be only
based on sequence identity/similarity criteria. Here, in
addition to these criteria, we used HCA [31–33],
which allows the simultaneous consideration of pri-
mary and secondary structures. Although it is gener-
ally applied to globular domains, in which the
secondary structures match well with the hydrophobic
clusters delineated by the method, HCA has recently
be proved to also be efficient for the alignment of TM
segments of polytopic membrane proteins; in this
case, typical large hydrophobic clusters contain small
residues (alanine, glycine, threonine), playing an
important role in the packing of the TM segments.
This dichotomy and the associated topological fea-
tures that can be deciphered on the 2-D HCA plot can
be used to accurately align highly divergent sequences
of TM segments (e.g. [34]; see the modeling of Rh
proteins, based on the experimental structure of E.
coli AmtB [35] and largely supported by the recent
crystal structure of Nitrosomonas europaea Rh50
[36]).
In the case of the ABC transporters MSDs, anchor
points for the alignment are furnished by the ICLs, as
well as by the N-terminal and C-terminal helices,
which are also on the cytoplasmic side of the
membrane (Supplementary data 4; http://
www.impmc.jussieu.fr/~callebau/CFTR.html). These
regions possess hydrophobic clusters that are typical
of globular domains and whose shapes are relatively
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well conserved between the compared sequences [see
the clusters (green) and the associated sequence
identities in Supplementary data 4]. The TM segments
form large hydrophobic clusters (boxed in Supple-
mentary data 4), which can be aligned relative to the
previously identified anchor points. This analysis led
to the alignment presented in Figure 2, in which the
TM segments are boxed. The human CFTR MSD1
and MSD2 sequences share 13.7% and 11.7% of
sequence identity with the Sav1866 MSD, respectively.
It can be noted that sequence identities are sometimes
higher in the ICLs than in the TM segments [16.3%
(ICL1), 16.9% (ICL2), 10.4% (ICL3) and 11.9%
(ICL4)]. The resulting 3-D model is shown in Fig-
ures 1 and 3 (rmsd with Sav1866 0.67 � – 632 super-
imposed Ca atoms). In Figure 3, the TM segments are
colored according to Figure 2: the corresponding
helices have the same color, but the MSD1 helices
are dark-colored and the MSD2 helices light-colored.
When compared to the model proposed by Serohijos
et al. [39], our CFTR MSD model presents the
following shifts in the TM helices : MSD1: TM1:
shift of three CFTR amino acids towards the right
(+3 aa); TM2: shift of two CFTR amino acids towards
the left (–2 aa); TM3 : +1 aa; TM4: –1 aa; TM6 :
–4 aa; MSD2: TM7: +3 aa; TM8: –8 aa; TM12: –6 aa.
Only the alignments of TM5, TM9, TM10 and TM11
are identical between the two models. There are also
significant differences in the alignments of the ICLs.
In particular, the ICL1 coupling helix is shifted, as
TM2, by two residues towards left (–2 aa) in our model
relative to that of Serohijos et al. , whereas the
ascending helix towards TM3 is shifted of one residue
towards right (+1 aa), as TM3. The descending helix
from TM8 in ICL3 is also shifted of six residues
towards left (–6 aa), TM8 being shifted of eight
residues. In this helix, we propose a two-amino acid
deletion at positions occupied in the multiple align-
ment by loop-forming residues, to satisfy the exper-
imental constraint of an electrostatic interaction
between R347 (TM6) and D924 (TM8) (see below).
Finally, because of the shifts in the TM segments,
discrepancies between the two models also exist in the
extracellular loops (ECLs).
Our Sav1866-based model can be downloaded from
http://www.impmc.jussieu.fr/~callebau/CFTR.html.

Results and discussion

General features of the MSD1:NBD1:MSD2:NBD2
assembly of human CFTR
According to our modeling strategy (see above), the
MSDs of CFTR are expected to be arranged similarly
to those of the Sav1866 homodimer (Fig. 1B). One of

the most striking features of the Sav1866 MSD
homodimer, in its outward-facing configuration, is
the highly intricate association of the two half trans-
porters, which involves the bundles of TM helices
diverging into two wings, each containing the two first
helices (TM1 and TM2) of one subunit and the four
following ones (TM3 to TM6) of the other (a
phenomenon termed swapping). It is, however, pos-
sible that the opening of this outward-facing config-
uration is more limited with CFTR than with Sav1866,
because of the different nature of the substrates
transported across the membrane. As discussed below,
it may also be expected that the homologous helices of
the two CFTR MSDs make rather asymmetric con-
tributions to the pore, at least in the inward-facing
conformation.
The helices of the MSD TM segments largely protrude
into the cytoplasm to form ICLs, which possess at their
most intracellular positions short helices (called
“coupling helices”) that run parallel to the plane of
the membrane and physically interact with the NBDs
(Fig. 1B). Of note, the above-discussed swapping of
the TM helices leads to the interaction of the coupling
helix of the second ICL (ICL2 in Sav1866, ICL2 and
ICL4 in CFTR) with the NBD of the opposite subunit,
while the coupling helix of the first ICL (ICL1 in
Sav1866, ICL1 and ICL3 in CFTR) interacts with both
NBD subunits (Fig. 1A). Finally, it is worth noting that
the NBDs in the Sav1866 structure exhibit the
conformation of the ATP-bound state, although
ADP, rather than ATP, is bound [21].

Specific features of human CFTR
MSD1:NBD1:MSD2:NBD2 assembly
Our previous work on the modeling of the CFTR
NBD1:NBD2 heterodimer has demonstrated the
amino acid residues that are essential for ATP binding
and hydrolysis, and those involved in the heterodimer
interface [5, 6]. Similarly, we first focus the present
analysis on residues belonging to the TM segments
within the MSDs, which may play a role in the
functioning of the CFTR channel pore. Next, we focus
on residues participating in the highly critical trans-
mission interfaces between MSDs and NBDs; the role
of NBD residues, for which new data have been
obtained in the present modeling study, are therefore
also discussed.

Membrane spanning domains

General features of the outward-facing conformation
model. Previous CFTR mutagenesis studies per-
formed to identify, within the TM helices, the residues
lining the channel pore have revealed the important
role of TM1, TM5, TM6 and TM12 ([42, 43] and
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references therein). As shown in Figure 3, these
experimental data support a Sav1866-like overall
organization of the CFTR membrane spanning seg-
ments, with a substrate translocation pathway lined at
the outer leaflet of the membrane by TM1, TM3 and
TM6 and their counterparts (TM7, TM9 and TM12) in
MSD2.
It is worth noting here that, as already indicated above,
the homologous helices of the MSDs may be expected
to make rather asymmetric contributions to the
channel. This hypothesis is based on the fact that (i)
TM7 and TM11 seem to be less critical for the channel
properties than TM1 and TM5 (references therein),
and (ii) mutations in TM12 have fewer effects than
those in TM6 [44]. Obviously, the CFTR model
presented herein cannot account for such an asym-
metry as it is based on the template of the Sav1866
symmetric transporter (Figs 1, 3). It should, however,
be stressed that our model represents only one

dynamic state of the transporter, its ATP-bound
outward-facing configuration. This configuration like-
ly maintains the overall symmetry observed in
Sav1866, as the asymmetry in CFTR is supposed to
be related to the lack of hydrolysis at one of the two
ATP-binding sites (the NBD1 or non-canonical ATP-
binding site). As a consequence, the presumed asym-
metry of the CFTR MSDs might manifest itself during
the conformational change following ATP hydrolysis
at the canonical ATP binding site (NBD2 ATP-
binding site), a change expected to lead to the return
of the transporter to an inward-facing conformation
[21]. This inward-facing conformation should thus
lead to a greater participation of MSD1 than MSD2
helices in the channel functioning.
To further validate the accuracy of our model, we also
analyzed the positions occupied by charged amino
acid residues in the TM helices. It is noteworthy that,
as expected for charged residues, the side chains of

Figure 3. TM helices and ECLs viewed from the extracellular side (left) and from the membrane plane (right). (A) Residues highlighted by
cysteine mutagenesis and disulfide cross-linking studies, as well as acidic and basic residues (labeled red and blue, respectively) that are
likely to form electrostatic interactions. (B) Residues involved in channel structure and function. Residues are colored according to their
physicochemical properties (blue = R, K; red = D, E; green = hydrophobic (I, L, F); pink = S, T, N, Q). Note the important length of ECL4,
which contains N-glycosylation sites (Fig. 2).
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most of them are indeed oriented towards the channel
pore (E92 and K95 in TM1, R314 in TM2, R352 in
TM6, E873 in TM7, D933 in TM9). Some residues are
located at the inner border of the membrane, a
position that allows them to expose their side chains
on the cytoplasmic side of the bilayer (R242 at the end
of TM4, R303 at the beginning of TM5, R933 at the
end of TM8, R1097 at the beginning of TM11)
(Fig. 3A). In addition, R347 in TM6 might form an
electrostatic interaction with D924 in TM8, as well as
with E873 in TM7 (see below). R1030 (TM10) may
contact S1150 (end of TM12), whereas E1104 (TM11)
might form a hydrogen bond (2.9 �) with R134
(TM2).

Comparison with experimental data: disulfide cross-
linking and channel function studies. The proximity of
TM6 and TM12 was experimentally demonstrated by
cysteine mutagenesis and disulfide cross-linking stud-
ies [10]. Interestingly, it appears that all the CFTR
mutants for which disulfide cross-linking was detected
(M348C in TM6 and T1142C in TM12; T351C in TM6
and T1142C in TM12; W356C in TM6 and W1145C in
TM12) line the chloride channel pore and face each
other (Fig. 3A). The conformational change leading to
an inward-facing configuration might bring them
sufficiently close to each other to allow a direct
interaction. Although it has been reported that these
constraints were also satisfied in the recent CFTR
model proposed by Serohijos et al. (Fig. 6 in [39]), a

Figure 4. ICL1 and ICL3. View of
the interface contacts between
the NBD subunits and ICL1
(MSD1) or ICL3 (MSD2).
MSD1 and NBD1 are colored
dark and light blue, respectively,
whereas MSD2 and NBD2 are
colored red and orange, respec-
tively. The NBD1 regulatory in-
sertion is shown in green. The
bound nucleotide is also indicat-
ed. S422* indicates the phos-
phorylated serine residue in the
regulatory insertion. For compar-
ison, one of the symmetrical
ICL1/NBD contacts in S. typhi-
murium MsbA (pdb 3b60) is
represented on the left.
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close comparison of the two models shows, for
example, that the W356 side chain is well-oriented
towards the channel pore in our model (Fig. 3A),
while it is in a more buried position in the other model.
Next, in light of our outward-facing, ATP-bound
symmetrical model of CFTR, we examined the
location of specific residues that have been shown to
be involved in the functioning of the channel. We
focused our analysis on residues from TM1, TM5,
TM6 and TM12, which have been found to play a
highly critical role. We therefore do not discuss
mutagenesis experiments involving residues of other
TMs (mainly TM3 residues [45]), although their
results were generally also in good agreement with
our model.

TM1 residues. In a study using a substituted cysteine
accessibility method, residues G91, K95 and Q98 in
TM1 were identified as lining the channel [46].
Moreover, mutation of K95 altered the permeability
and/or conductance ratio for halides, suggesting that
this residue is involved in the anion selectivity and
permeation of the channel [1, 47]. A more recent
study has confirmed and extended these results by
indicating the role of K95 and Q98 in anion binding
and that of K95, Q98 and P99 in unitary conductance
and macroscopic current properties [43]. K95 has also
been shown to attract permeant anions and open-
channel blockers, such as glibenclamide [48]. In
agreement with these observations, our model shows
that the three aforementioned residues (G91, K95 and
Q98) clearly line the channel, with the side chain of
K95 protruding into the pore (Fig. 3B). Residue P99,
which has been shown to contribute directly or
indirectly to the channel function and also found
mutated in CF [49], is also oriented in our model
towards the pore, at the extremity of TM1 (Fig. 3B).

TM5 residues. Here, it was reported that mutations of
G314 and V317 affect both anion permeation and
channel gating [50, 51]. These residues are also
orientated towards the pore, although the TM5 helix
is rather distant from it (data not shown). Residue
R303, whose side chain also protrudes into the
channel pore (at its intracellular mouth as shown in
Fig. 3B), has been reported to play an active role in the
regulation of anion conduction via its positive charge
[52] and to participate in a second open-channel
blocker-binding site [53].

TM6 residues. Several mutagenesis studies have
focused on the TM6 helix. Their results indicate that
TM6 plays different key roles in the pore structure and
function (unitary Cl– channel conductance, anion
selectivity, anion binding and channel gating; e.g., [1,

44, 50, 54–64]). This helix contains several basic
residues (R334, K335, R347 and R352), mutations of
two of them (R334W and R347P) being associated
with mild CF characterized by altered pore properties
[63]. In our model, R334 and K335 are exposed in the
outer vestibule, with the R334 side chain clearly
protruding towards the mouth of the pore (Fig. 3B).
R334 constitutes an important determinant of an
anion-binding site in the extracellular mouth of the
transporter [65]. The R352 side chain also projects
well into the translocation pore (Fig. 3B). Only R347
appears to not directly participate in the pore, as it is
oriented towards the MSD2 helices TM7 and TM8
(Fig. 3A). Accordingly, R347 mutations have been
shown to destabilize the pore, but lead to a chloride
flow similar to that of wild-type CFTR, suggesting that
R347 does not interact directly with the permeating
ions [66]. Subsequent mutagenesis work involving
acidic residues located in different TM helices has
shown that the D924R mutation could complement
the R347D mutation, suggesting that these two
residues may form a salt bridge. Our model satisfies
this additional constraint and further indicates that
R347 might also interact with the side chain of E873 in
TM7 (Fig. 3A). Experimentally, R334 [63], K335 [64],
R347 [63, 64] and R352 [52, 55] have been shown to be
involved in Cl– channel conductance, as well as F337
[55], T338 [59] and S341 [62]. It should be stressed
here that the most dramatic effects were actually
observed with these three last residues, which were
thus believed to be located in a very narrow region of
the pore. Here, Figure 3B shows that the side chains of
F337, T338 and S341 are oriented towards the channel
pore and might thus constitute a strangling in the
channel, especially in its inward-facing configuration.
In contrast to chloride channel conductance, which
involves a whole series of amino acid residues, it was
reported that anion selectivity (i) was mainly deter-
mined by two residues, F337 and T338, and (ii) could
be modified by two other ones, R334 and S341 [57, 59,
67, 68]. Similarly to R334 [65], F337, T338 are also
directly involved in the anion binding properties of
CFTR [60]. Two mutations involving these residues
(F337A and T338A) also significantly weakened the
glibenclamide-mediated blocking of the channel [69],
suggesting a direct interaction between the inhibitor
and this region of the pore. Experimental work also
showed that cysteine residues substituting for a series
of TM6 residues (I331, L333, R334, K335, F337, S341,
I344, R347, T351, R352, Q353) reacted with meth-
anethiosulfonate (MTS) reagents, suggesting that
these residues were water accessible [54, 70]. As
regards the few residues that were not discussed
above, it may be worth mentioning that Q353 appears
well exposed within the pore (Fig. 3B). I331 and L333
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are also found exposed, but rather lie within the
extracellular loop 3 (ECL3).

TM12 residues. Investigating the functional impor-
tance of TM12, Gupta et al. [44] found that three
mutations, affecting T1134, M1137 and S1141, signifi-
cantly disrupted anion binding within the pore. These
three residues project into the translocation pore of
our CFTR model (Fig. 3B). There is a particularly
good exposition of the M1137 side chain, which, on the
contrary, is in a more buried configuration in the
Serohijos model [39]. Mutations of T1134 and M1137
were found to also affect channel gating. However, in
contrast to what was observed for TM6 residues, all
the TM12 mutations studied had little effect on anion
selectivity and unitary Cl– conductance, suggesting
asymmetric contributions of TM6 and TM12 to the
pore functions [44]. Specific involvement of TM12 in
CFTR gating suggests that this helix might be affected
by a conformational change upon ATP-binding and
hydrolysis at the canonical NBD2 site [44]. The fact
that the CF-causing mutations M1137V, I1139V,
D1152H and D1154G also interfere with the proper
gating of the chloride channel [71] is in good agree-
ment with such an hypothesis. In our model, the side
chain of M1137 appears well exposed in the pore, as is
also the case for D1152 (Fig. 3B), but this last residue
belongs actually to the �C-helix� helical extension
(Fig. 2). Finally, two mutations of TM12 residues that
also project towards the pore (N1138A and T1142A,
Fig. 3B) were reported to significantly strengthen the
glibenclamide block and to abolish its dependence on
the extracellular Cl– concentration [69], suggesting
that these mutations may alter interactions between
glibenclamide and Cl– ions within the pore.

Residues within extracellular loops ECLs. The argi-
nine R117 residue in ECL1 has been found to
influence the channel properties and, accordingly,
the well-known R117H mutation, which is generally
associated with mild clinical disease, leads to reduced
single-channel properties and open probability [63].
Interestingly, this residue lies exposed at the extrac-
ellular surface of the CFTR channel, but not at the
entry of the pore (Fig. 3B). However, the rather long
ECL1 is relatively close to ECL6 (~15 � between
R117 Ca and T1195 Ca), and it is thus possible that a
direct interaction may occur between R117 and its
neighboring ECL6, which, together with TM12, is
probably the segment that moves the most during the
conformational change leading to an inward confor-
mation (J. P. Mornon et al. , in preparation). Alter-
natively, R117 may be involved in critical relationships
between CFTR and interacting proteins.

ICLs and MSDs:NBDs interfaces

ICL1:ICL3 and NBD ATP- binding sites / X-loops.
According to our SAV1866-like architecture, the
MSD1 ICL1 and MSD2 ICL3 interact with both
NBDs (Fig. 1). First, an interaction can be observed
between ICL1 or ICL3 and the P-loop region of the
same NBD subunit (i.e. , NBD1 and NBD2, respec-
tively), in a close proximity to the nucleotide ring. Our
model suggests that the side chain of D173 in ICL1
may in fact directly interact with the N6 atom of the
ATP adenine ring in the non-canonical NBD1 site
(Fig. 4). A similar interaction can be observed be-
tween the corresponding N965 residue in ICL3 and
the ATP adenine ring in the canonical NBD2 active
site (Fig. 4). However, as regards the NBD1 ATP-
binding site, it should be emphasized that an addi-
tional bond can be formed between the ATP N1 atom
and the E402 glutamic acid, which is located in the
beginning of the large regulatory insertion covering
this non-canonical ATP-binding site and directly
follows the tryptophan residue (W401) presumed to
provide a stacking interaction with the ATP adenine
ring (Fig. 4). Meanwhile, D173 and E402 may also
directly interact with each other, as well as with S169
O (D173) and R170 O (E402). Such an interaction
between ICL1 and the bound ATP molecule does not
exist in Sav1866, as the amino acid corresponding to
D173/N965 is an alanine (A113) (Fig. 2). An aspartic
acid (D117) is also found in this position in S.
typhimurium MsbA ICL1, but it is farther from the
ATP ring and makes a hydrogen bond with the NBD
Y393 of the same subunit (Fig. 4). Such an alternative
bonding cannot exist in CFTR, as the CFTR residues
equivalent to MsbA Y393 are leucines (L475 and
L1261) (Fig. 4).
ICL1 and ICL3 also interact with the signature motif
region of the opposite subunit, i.e. , NBD2 and NBD1,
respectively (Fig. 1). Our model suggests that the main
chain of ICL1 I175 and ICL3 A969 may indeed form a
hydrogen bond with the lateral chain of an acidic
residue located in the X-loop (located just before the
signature sequence) of the opposite subunit, i.e. ,
D1341 in NBD2 and E543 in NBD1, respectively
(Fig. 4). Note that an additional H bond can be formed
between main chain atoms of D173 (O) and D1341
(N). A similar interaction with a conserved acidic
residue of the X-loop is found in MsbA and Sav1866
(MsbA E476; Fig. 4) and has been proposed to allow
transmission of the conformational changes occurring
upon NBD ATP hydrolysis [21].

ICL2:NBD2 and ICL4:NBD1 interfaces. ICL2 and
ICL4 make contacts with their opposite NBD sub-
units, the resulting ICL2:NBD2 and ICL4:NBD1
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interfaces involving the NBD groove located between
the a/b core and ABC-specific a sub-domain (Figs 1,
5). The main topology of these MSD:NBD interfaces
appears actually to be conserved between Sav1866
and MsbA (Fig. 6), despite different atomic details.
Key for these contacts are NBD1 F508, and its NBD2
counterpart, P1306 (Figs 5, 6).
As concerns the NBD1 F508 region, it is noteworthy
that a very tight hydrogen bonding network may link
the three side chain N atoms of ICL4 R1070 to (i) the
oxygen atoms of the F508 and G509 main chain
carbonyl groups, and (ii) the S511 side chain hydroxyl
group (Fig. 5 and Supplementary data 5; http://
www.impmc.jussieu.fr/~callebau/CFTR.html). The
fact that a basic residue occupies this position in
ICL4 is a specific feature of CFTR when compared to
other transporters (see Fig. 2 where CFTR ICL4
R1070 is shown circled with a blue background), and
it might thus represent a highly critical factor in the
CFTR MSD:NBD interface. In addition, the aromatic
side chains of other ICL4 residues (F1068, Y1073 and
F1074) clearly also participate in this interface
(Fig. 5). The ICL4 tryptophan W1063, which appears
to be specific of CFTR (Fig. 2), may also participate in
the ICL4/NBD1 interface (Fig. 5).
To gain some insights into how this ICL4/NBD1
interface may be modified upon F508 deletion, we
superimposed the NBD1 structure of our Sav1866-
based model with the experimental structure of DF508
NBD1 (pdb 1xmj; [9]) and locally substituted the
C491-I521 segment. We then refined the entire model
(Fig. 6). When F508 is deleted, most of the ICL4
R1070 hydrogen bonds with NBD1 disappear and
only the I507 carbonyl group still favorably contacts
the R1070 side chain NH2 atom. In addition, the
shortening of the polypeptidic chain also displaces
V510 and S511 and, consequently, Y1073. Interest-
ingly, it was very recently shown that the V510D
mutation in the DF508 protein promotes its matura-
tion [72]. This might be explained by the fact that the
V510D mutation may restore the ICL4/NBD1 con-
tacts missing in DF508. Indeed, as shown in Supple-
mentary Data 6 (http://www.impmc.jussieu.fr/~calle-
bau/CFTR.html), our refined model suggests that two
novel, nearly symmetrical contacts [R1070 NH1 –
D510 OD1 (3.0 �); R1070 NH1 – D510 OD2 (3.3 �)]
may appear in V510D DF508. Along these lines, it is
noteworthy that a folding defect similar to that of
CFTR DF508 probably occurs in the case of the P-
glycoprotein (P-gp or MDR1), where the DY490
deletion may also affect folding via a lack of ICL4/
NBD1 contacts. However, the MDR1 position corre-
sponding to CFTR R1070 is occupied by a glutamine
residue (Q912, Fig. 2), which can make only one H
bond with the F508 homolog in the NBD1 region

[Y490 O (2.8 �)], due to the chemical nature of its side
chain (data not shown).
As regards the ICL2/NBD2 interface, it is worth
noting that, similarly to the ICL4/NBD1 interface, the
NBD2 residue (P1306) corresponding to F508 is in
close proximity with the ICL2 W277 residue, which is
the MSD1 counterpart of R1070 (data not shown).
This ICL2/NBD2 interaction is reinforced by the
contact between ICL2 Y275 and NBD2 Y1307.
Finally, it should be emphasized that Y1307, together
with NBD2 aromatic residues (F1294 and F1296) and
NBD1 aromatic residues (F508 and W496) constitute
an aromatic groove at the surface of the NBD1/NBD2
heterodimer (Fig. 1A, right panel), as previously
described in our NBD1/NBD2 model [6]. Thus, in
light of the MSDs:NBDs model presented here, one
may conclude that this aromatic groove, which also
includes F490 and F494 (as highlighted in this study),
defines the NBD binding sites of ICL2 and ICL4.

Naturally occurring mutations affecting ICL residues.
The critical role of ICLs in the structure and function
of CFTR is emphasized by the effects of naturally
occurring mutations in these regions.
G178R (involving ICL1) and G970R (involving ICL3)
are two CF-causing mutations. The G178R mutant
exhibits impaired anion translocation capacity [73]
and the G970R mutant is probably involved in
obtaining or maintaining the open state of the trans-
porter [74]. Interestingly, only glycine residues are
found in the position occupied by these two equivalent
residues in MSD1 and MSD2 (position highlighted
with a black background in Fig. 2). This strictly
conserved glycine residues appear to allow, because
of their small size, a tight interaction of (i) ICL1 with
ICL2 in the case of G178 and (ii) ICL3 with ICL4 in
the case of G970 (Fig. 7). Indeed, in our CFTR model,
substitution of G178 by any other residue results in a
steric hindrance with the ICL2 main chain (3.5 �
between the Ca atoms of G178 and V260), while
G970A is the only substitution that might be accom-
modated without steric incompatibility with ICL4
(4.7 � between the Ca atoms of G970 and F1052)
(Fig. 7).
Other CF-associated mutations of interest in ICL1
and ICL3 are (i) E193K, a mutation of an ICL1 residue
that exhibits, similarly to G178R, impaired anion
translocation capacity [73], and (ii) S945L, H949Yand
G970R, which affect ICL3 residues and are probably
involved (as G970R) in obtaining or maintaining the
open state of the transporter [74]. These residues are
located in the ascending helices leading to TM3 and
TM9, respectively, and they are all oriented towards
the translocation pore (Fig. 4). On the other hand, it is
also interesting to note that K978 in ICL3, which is
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also located in the ascending helix leading to TM9 and
is oriented towards the translocation pore, was shown
to be involved in CFTR inhibition by glibenclamide
[75] (Fig. 4).
Naturally occurring mutations affecting ICL4 amino
acids involved in contacts with the NBD1 F508 region
have also been reported. Among these, several mis-
sense mutations have been observed for the critical
R1070 residue (R1070W, R1070Q, R1070P; http://
www.genet.sickkids.on.ca/cftr/), but no functional
data are available for them. Functional information
is only available for naturally occurring mutations of
R1066, which generally disrupt either protein biosyn-
thesis or channel gating [76, 77]. This basic amino acid
residue R1066, which is highly conserved in the
multiple alignments shown in Figure 2, interacts with
the sequence linking MSD1 to NBD1 (data not
shown).

In ICL2, the only missense mutation reported that was
characterized at the functional level (R297Q) had
little effect on the CFTR chloride channel activity
[73]. Accordingly, the side chain of this amino acid
does not participate in the channel and is exposed to
the solvent at the cytoplasmic side of the membrane
(data not shown).

General discussion and perspectives
The model of the MSD1:NDB1:MSD2:NBD2 assem-
bly of human CFTR presented here is in good
agreement with numerous experimental data avail-
able for this ABC transporter. This suggests that, in
spite of intrinsic limitations due to the use of the
Sav1866 structure as template (differences in sub-
strates, in membrane environment, etc.), it may
constitute a valuable basis for a better understanding
of the molecular mechanisms associated with CFTR

Figure 5. ICL2 and ICL4. Upper Left: View of the contacts established by the MSD2 ICL4 with NBD1 as well as with MSD1 ICL1 (viewed
from the NBD heterodimer interface). Upper Right: Focus on the immediate neighborhood of F508. Bottom: the same view is displayed in
a stereographical representation. Our model, built on the basis of the alignment shown in Figure 2 and in Supplementary data 1 (http://
www.impmc.jussieu.fr/~callebau/CFTR.html), leads to a close contact between ICL4 and the NBD1 F508 region. F508 itself (side chain) is
colored blue. One major feature of the NBD1:ICL4 interface is the presence of R1070, which is specific of CFTR (Fig. 2) and which is
readily linked to the main chain CO carbonyl group of F508 via two symmetrically favorable H bonds (R1070 Ne to F508 O: 3.0 �, Ne-H…O
1448 – R1070 NH2 to F508 O: 2.9 �, NH2-H

…O 1538). Moreover, also nearly in the plane of the R1070, NH1 of the guanidinium group
appears to establish a favorable H bond with the side chain of S511 (R1070 NH1 to S511 OG: 2.8 �, NH1-H…O 1398) and NH2 a close
contact with the G509 main chain carbonyl (R1070 NH2 to G509 O : 3.3 �). Interestingly, the three C-O bonds (F508 C=O, G509 C=O and
S511 C-OG) are nearly all parallel to each other and are distributed nearly perpendicularly to the R1070 guanidinium group, with their
oxygens very close to its plane. Moreover, one can note that I507 C=O is also nearly bisector of the R1070 NH2-CZ-NH1 plane (O…NH2
3.3 �, O…NH 3.9 �) and that R1070 is maintained in this position by a close contact of NH1 and CD atoms with the Y1073 CB (3.7 � and
4.0 �, respectively; see Supplementary Data 4; http://www.impmc.jussieu.fr/~callebau/CFTR.html). In addition, the F508 side chain can
establish favorable (~3.5 �) Van der Waals contacts with F1074 (green dots) but remains, however, more distant from the other ICL4
neighbors (>4.9 � for F1068, >6.0 � for Y1073, >6.6 � for T1064). Of note, F508 has also close contacts within NBD1 (~3.1 � with the
side chain of E504, ~3.3 � with the side chain of M498).
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functions and also be used as a guide for further
experimental characterization.

MSD:NBD interfaces
One of the fundamental differences between our
modeling strategy and the recent work by Serohijos et
al. [39], at least as regards the MSD:NBD interfaces,
lies in the fact that we have solely used the entire
Sav1866 structure [21] as template, whereas the
Serohijos model was constructed on a �hybrid� tem-
plate, obtained by joining together the experimental
structure of the Sav1866 MSDs [21], that of CFTR
NBD1 [8] and our previously published model of
CFTR NBD2 [5, 6]. It is indeed likely that the

interactions existing at the MSD:NBD interfaces may
be better estimated when one starts with an
MSD:NBD assembly already fully characterized
than with NBD1/NBD2 structures solved or predicted
in absence of the MSDs (see Supplementary data 1 for
a detailed comparison between the crystal structure of
the isolated NBD1 structure and our Sav1866-based
NBD1 model). Such a pure Sav1866-based modeling
strategy allows the probable structural plasticity of the
interface to be taken into account, while this is far
more difficult when starting from isolated domain
structures. It is thus not surprising that our model of
the ICL2/ICL4:NBDs interfaces differs significantly
from that of Serohijos et al. , although the two

Figure 6. In the vicinity of F508. Comparison of our Sav1866-based CFTR model with: (i) our Sav1866-based DF508 model, (ii) the
“hybrid” model of Serohijos et al. [39], (iii) a series of experimental structures (isolated mouse CFTR NBD1 [8], S. aureus Sav1866 [21] and
S. typhimurium MsbA [25]). Top Left : Wild-type Sav1866-based CFTR model. The vicinity of F508 in our full-length Sav1866-based model
of human CFTR is shown as in Figure 5. Top Middle: DF508. In order to unveil the structural modifications associated with F508 deletion,
we superimposed the NDB1 structure of our Sav1866-based model with the experimental structure of DF508 NBD1 (pdb 1xmj; [9]) and
locally substituted the C491–I521 segment of the wild-type model by that of the DF508 NBD1. We then refined the entire model. The
resulting human CFTR DF508 model fits with the region shown here of the wild-type model (54 Ca positions) with a root mean square
deviation (rmsd) of 1.53 �. In the DF508 structure, most of the R1070 H bonds with NBD1 have disappeared; only the I507 carbonyl group
still favorably contacts R1070 NH2 (3.1 �, NH2-H…O 1258). In DF508, shortening of the peptide chain also displaces V510 and S511 and,
consequently, Y1073. Top Right: “Hybrid” model [39]. The region of the polypeptidic chain shown here for this model fits our wild-type
CFTR model with a rmsd of 2.34 � (55 Ca positions). In this model, the main chains of NBD1 and ICL4 are clearly closer to each other and
the R1070 residue is positioned at nearly 1808 from its position in our model and is thus not in contact with NBD1. Also, some amino acids
are close to the F508 side chain (e.g., T1064 3.6 �, F1068 2.9 �, F1074 6.1 �, Y1073 5.1 �, M498 3.7 �). Bottom. Experimental structures.
(Left) Comparison of our Sav1866-based model with the experimental structure of an isolated NBD1 (mouse CFTR, [8]) shows major
differences at the interface, obviously because of the lack of the interacting MSD partner. In particular, the important “face to edge”
contact between W496 and F508 (~4.6 �) totally disappears in the MSD:NBD assembly, as W496 adopts a new orientation (the former one
being too close to T1064 (rmsd of 1.76 � with our Sav1866-based model calculated for 51 Ca atoms)). (Middle and Right). 3-D crystal
structures of the corresponding regions of S. aureus Sav1866, which has served as template for our modeling ([21]; pdb 2hyd; rmsd of 0.6 �
with our wild-type CFTR model – 55 Ca positions) and of S. typhimurium MsbA ([25]; pdb 3b60; rmsd of 1.51 � with our wild-type CFTR
model). In these crystal structures, there are one and two amino acids insertions, respectively, in the aa1- aa2 loop when compared to CFTR
(blue stars; see also Supplementary data 1; http://www.impmc.jussieu.fr/~callebau/CFTR.html). This leads to a shorter loop in CFTR,
allowing a positioning of the 507–509 main chain segment, which is adequate for interaction with R1070.
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sequence alignments were identical in this region. In
particular, the topological features of the ICL4 cluster
of aromatic residues (F1068, Y1073 and F1074), which
interact with the NBD1 F508 region are different
between our model and that of Serohijos et al. [39]
(Fig. 6). Our model also suggests that the interactions
of ICL4 R1070 with main chain carbonyl groups of the
NBD1 F508 region play a critical role in the ICL4/
NBD1 interface; this also differs from the Serohijos
model, in which the R1070 side chain was turned away
from the interface (Fig. 6). Such a direct interaction
between main chain atoms of the NBD1 F508 region
and MSD2 R1070 may also help to explain why DF508
has a greater impact on the biosynthesis and function
of CFTR than F508 missense mutations [78]. Thus, our
model is in good agreement with the experimental
work of Lewis et al. [9] showing that the deletion of
F508 leads only to minimal changes of the NBD1
conformation and highlighting the role of the MSD/
NBD interface in the folding deficiency of the DF508
protein. It is also worth noting here that the contacts
between residues located on the NBD1 surface differ
when NBD1 is analyzed as an isolated domain (wild
type or DF508) from those encountered in the
NBD:MSD complex (Fig. 6); this may explain the
folding differences observed between the isolated
domain and the whole complex [9, 78]. The tight
binding of the F508 region with ICL4 may be of crucial
importance during CFTR folding and its considerable
weakening in the DF508 protein may thus constitute
the mechanistic basis of the CFTR folding defect. This
hypothesis is supported by the restoration of DF508
maturation by the V510D mutation [72]. Interestingly,
a cavity can clearly be delineated at the NBD1:ICL4
interface of the DF508 protein, which is lined among

others by ICL4 F1068 and NBD1 M498. Here, it is
highly tempting to speculate that this cavity might be
filled by a small aromatic molecule allowing the
formation of novel hydrogen bonds between NBD1
and ICL4 (notably with R1070 NH2, T1064 OG1,
N505 O and I506 O), and the subsequent correction of
the CFTR folding defect.
The characteristics of the NBD interfaces with ICL1
and ICL3 also largely differ between our model and
that of Serohijos et al. [39]. Here, the discrepancy
probably originates from differences in the ICL1/
ICL3 sequence alignments with the Sav1866 template.
Interestingly, our alignment, which was refined using
HCA (see Methods), led to highlight the potential role
of an aspartic acid (D173) in ICL1 and of an
asparagine (N965) in ICL3 for establishing H bonds
with the ATP adenine rings (Fig. 4), as well as that of a
strictly conserved glycine, G178 in ICL1 and G970 in
ICL3, for forming tight contacts with ICL2 and ICL4,
respectively (Fig. 7).

MSDs and channel pore
Several differences between our alignment and that of
Serohijos et al. [39] are also observed in several TM
helices of the MSDs. Although alignments may still be
questionable in some regions, due to the very low
levels of sequence identity, our model is largely
supported by numerous experimental data available
for critical MSD residues (see Results). Thus, our
symmetric model of the outward-facing configuration
of the CFTR channel most likely represents a realistic
view of this state, as asymmetry is thought to be
associated with the conformational changes leading to
the inward-facing configuration. This outward-facing
configuration clearly shows the importance of pos-
itively charged amino acid side chains in channel
functioning. Accordingly, K95 in TM1 and R334 in
TM6, which lie exposed at opposite ends of the TM
segments (Fig. 3), probably play a critical role in
attracting Cl– into the channel pore [79]. As also
suggested by our model, several ion-binding sites are
present all along the pore (Fig. 3); this is in agreement
with the hypothesis that the mechanism of chloride
permeation may involve repulsive effects leading to
high rates of Cl– transport through the pore [79]. A
region involving exposed TM6 residues (especially
F337, T338, S341 [59, 67, 68]) was suggested to act as a
selectivity filter and bind permeant ions [43, 56, 60].
This region might indeed form the narrowest part of
the pore during the conformational change leading to
an asymmetric inward-facing conformation of the
MSDs. In addition, our study also permits to identify
other potentially important residues, which might play
a key role in CFTR channel functioning and have been
identified as such in other ABC transporters. For

Figure 7. Contacts between ICLs. View of the closest contacts
established by the MSD1 ICL1 with the MSD1 ICL2 (G178-V260)
and by the MSD2 ICL3 with the MSD2 ICL4 (G970-F1052).
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example, M348 in TM6, as well as W1145 in TM12 (the
latter having been identified in cysteine mutagenesis
and disulfide cross-linking studies [10]), appear well
exposed in the pore and correspond to key residues of
the MRP1 channel (F594 and W1246, respectively)
[80, 81].

NBD ATP-binding sites
It should also be stressed that the model presented
here does not only allow new insights into the
probable architecture of the CFTR TM channel and
the MSD:NBD interfaces, but also reciprocally per-
mits further characterization of special features of the
NBDATP-binding sites. Our previous modeling study
of the NBD1:NBD2 heterodimer has suggested that
channel gating was mainly directed by ATP-binding
and hydrolysis at the canonical NBD2 ATP-binding
site, whereas ATP remains tightly bound, in a non-
hydrolyzed form and for a long period, at the non-
canonical NBD1 ATP-binding site [5]. This was
consistent with different experimental studies per-
formed on CFTR [82–84] and other asymmetric
members of the ABC-C subfamily, such as MRP1
and SUR1 (reviewed in [5]).
Interestingly, the present model of the
MSD1:NBD1:MSD2:NBD2 assembly clearly
strengthens this asymmetrical behavior of the two
ATP-binding sites, as it suggests that the non-conven-
tional NBD1 ATP-binding site may actually be quite
firmly locked, allowing a tight binding of ATP and
preventing its release. This locking may indeed be
ensured not only by the long regulatory insertion in
the NBD1 ABC-specific b sub-domain, but also by
several interactions with the ICLs (Figs 1, 4). First, as
shown above, an acidic residue from ICL1 (D173) is
likely to form a critical interaction with the ATP
adenine ring, and possibly also with another acidic
residue (E402) of the NBD1 regulatory insertion
(Fig. 4). Main chain atoms of ICL1 residues, especially
the carbonyl oxygen of the very same D173, are also
likely to make hydrogen bonds with a conserved acidic
residue (D1341) of the NBD2 X loop (Fig. 4). Most
importantly, ICL1 also interacts with ICL4 and the
side chain of ICL4 R1070 may form two hydrogen
bonds with the carbonyl oxygen of NBD1 F508 (Fig. 5,
upper left). Altogether, such an intricate network of
interactions probably leads to a tight locking of the
nucleotide at its non-conventional binding site. More-
over, it also suggests that F508, in addition to be a
critical component of the NBD1:MSD2 interface, may
play a role in the ATP stability within the non-
conventional ATP-binding site.

Perspectives
The model described here should be of great help for
conceiving experiments to gain a better understanding
of the molecular basis of CF and for designing CFTR-
specific drugs for its pharmacological treatment.
Further advances that can yet be expected from
theoretical studies may concern the modeling of the R
domain, as well as that of the conformational changes
leading to the inward-facing configuration of the
transporter. In this last respect, the recent data on the
revised structures of MsbA in a closed, inward-facing
configuration [25] may help in gaining a better under-
standing of the mechanisms underlying this conforma-
tional change. It is likely that the asymmetry observed
in the NBD heterodimer functioning may propagate
towards the MSDs after ATP hydrolysis at the
enzymatically-active NBD2 ATP-binding site. Thus,
the conformational change leading to the inward-
facing configuration of the transporter may involve a
greater participation of MSD1 helices of the pore
(especially TM1, TM3 and TM6) than of MSD2
helices (according to the mutagenesis data described
above). On the other hand, the role of the R domain in
the global architecture and function of CFTR remains
to be further explored. Although the R domain is
described as unrelated to any other protein and
appears at first sight largely unstructured [85], our
ongoing work suggests that, using sensitive methods of
sequence analysis, it may be possible to find valuable
templates on which the CFTR R domain can be
modeled.
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