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Abstract. The cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein is encoded by the gene
that is defective in cystic fibrosis, the most common
lethal inherited disease among the Caucasian population.
CFTR belongs to the ABC transporter superfamily,
whose members form macromolecular architectures
composed of two membrane-spanning domains and two
nucleotide-binding domains (NBDs). The experimental
structures of NBDs from several ABC transporters have
recently been solved, opening new avenues for under-
standing the structure/function relationships and the con-
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sequences of some disease-causing mutations of CFTR.
Based on a detailed sequence/structure analysis, we pro-
pose here a three-dimensional model of the human CFTR
NBD heterodimer. This model, which is in agreement
with recent experimental data, highlights the specific
features of the CFTR asymmetric active sites located at
the interface between the two NBDs. Moreover, additio-
nal CFTR-specific features can be identified at the sub-
unit interface, which may play critical roles in active site
interdependence and are uncommon in other NBD
dimers. 

Key words. ABC transporter; cystic fibrosis; CFTR; MRP1; SUR1; disease-causing mutation; molecular modeling;
hydrophobic cluster analysis.

Introduction

Cystic fibrosis (CF), the most common severe inherited
disease among the Caucasian population, is caused by
mutations in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene [1, 2]. This gene encodes a
protein of 1480 amino acids, which acts as an epithelial
selective chloride ion channel [3, 4]. Phosphorylation of
the CFTR protein regulates its channel activity, whereas
its ATPase activity (ATP binding and hydrolysis) is pre-
sumed to provide the energy required for channel gating
[4]. Evidence now exists that CFTR also has other func-
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tions, including the transport of other ions, such as HCO3
–

and regulation of the activity of other channels such as the
epithelial sodium channel [5–7]. CFTR (ABCC7) be-
longs to subfamily C of the ATP-binding cassette (ABC)
transporter family [8, 9]. Other ABC proteins of subfam-
ily C are involved in human disease processes, and in-
clude multidrug resistance-associated protein 1 (MRP1/
ABCC1) and the sulfonyl urea receptor 1 (SUR1/
ABCC8), which are involved in multidrug resistance and
persistent hyperinsulinemic hypoglycemia, respectively.
A further disease-associated member of the ABC protein
family (subfamily B) is the multidrug resistance (MDR)
P-glycoprotein. Despite mediating the translocation of a
wide variety of solutes across membranes, ABC trans-
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porters share the same basic architecture, with two nu-
cleotide-binding domains (NBDs), which are relatively
well conserved among transporters and two membrane-
spanning domains (MSDs) characterized by greater se-
quence and structural diversity. In prokaryotes, the four
domains often comprise separate polypeptide chains,
whereas in some prokaryotic and most eukaryotic trans-
porters, the different domains are contained within a sin-
gle polypeptide chain. In CFTR, the four domains are
provided by a single chain, with two structurally homolo-
gous halves each containing an MSD followed by an
NBD. The two halves are linked by a regulatory domain
(R domain) that contains phosphorylation sites [3].
The presence of ABC transporters in all kingdoms of life
and their involvement in human diseases highlights the
need to understand their structures and associated func-
tions. High-resolution structures of NBDs from several
ABC transporters have been solved over the last 5 years
[see refs 10–12 for reviews]. The first structures reported
were those of the nucleotide-binding component of the
Escherichia coli high-affinity ribose transport system
(RbsA) [13] and Salmonella typhimurium histidine per-
mease (HisP) [14], which revealed the canonical fold of
the ABC-type ATPase domains. This fold consists of
three subdomains: an F1-ATPase-like catalytic core do-
main, which contains most of the residues that contact the
phosphate moiety of ATP [Walker A (or P-loop), Q-loop,
Walker B, and switch motifs] and two ABC-specific sub-
domains. The first specific subdomain corresponds to a
small peripheral b sheet (ABCb subdomain), which is in-
volved in binding of the ribose and base of the nucleotide,
whereas the second, which is mainly helical (ABCa sub-
domain) contains the ABC signature motif or C-loop.
Several other structures (with ATP-bound, ADP-bound or
empty active sites) have been solved more recently, show-
ing in particular that g-phosphate release during ATP hy-
drolysis leads to the withdrawal of the glutamine of the Q-
loop from the active site and to a coupled large movement
of the ABCa subdomain relative to the NBD core [15,
16]. The cooperativity in ATP hydrolysis observed in bio-
chemical and genetic studies of ABC transporters has
clearly indicated that NBDs work in pairs, either as ho-
modimers or heterodimers [9, 17]. In the solved struc-
tures of ABC transporters, distinct dimeric arrangements
were observed. The identification of biologically relevant
dimers remained controversial until recently, complicated
by the fact that isolated ABC NBDs appear not to form
dimers in solution, without additional subunits [reviewed
in refs 11, 12]. The ‘head-to-tail’ orientation of the Rad50
[18] and MutS dimers [19, 20], two proteins related to the
ABC transporter ATPase domains, appears to be the most
physiologically consistent with the observed cooperativ-
ity in ATP hydrolysis and the presence of a highly con-
served ABC signature motif, with key residues of each
monomer participating in ATP binding and sensing. Ac-

cording to such a ‘head-to-tail’orientation, NBD subunits
are aligned side by side in a way that juxtaposes the ABC
signature motif of one subunit to the P-loop of the other,
thus placing the nucleotide-binding site at the interface
between the two opposing NBDs. A ‘head-to-tail’ orien-
tation was also recently observed within the crystal struc-
ture of an isolated ABC ATPase domain of an archaebac-
terial ABC transporter (MJ0796) [21], which forms a sta-
ble but hydrolytically inactive dimer due to the mutation
of the Walker B catalytic base, as well as within the crys-
tal structure of the complete E. coli vitamin B12 importer
BtuCD [22]. This last dimeric structure is all the more
consistent as it was constrained by the presence of dimers
of MSD. In addition to BtuCD, the structure of another
full-length ABC transporter has also recently been
solved, that of the lipid flippase MsbA from E. coli [23],
confirming the dimeric arrangement inferred from sev-
eral previous studies. The MsbA and BtuD MSDs differ,
however, as they are composed of six and ten transmem-
brane a helices, respectively. In both structures, loops or
regular secondary structures connecting the MSD trans-
membrane helices make contacts with the NBDs. The
high resolution achieved for the BtuCD structure allowed
the identification of contacts between the MSD and NBD,
indicating the crucial role of the Q-loop and the first two
helices of the ABC a-specific subdomain. The same
NBD region appears to be involved in the MSD-NBD
contacts in MsbA [24], although no high-resolution
structure is available for the NBD of this last structure
and the MSD regions involved in contact differ. 
Despite this overwhelming amount of data, no detailed
model of CFTR NBDs has yet been reported using as
templates the high-resolution structures of ABC trans-
porters described above. This clearly hampers a compre-
hensive analysis of the active sites and mutations of
CFTR. A few predictions have, however, been made for
the structural consequences of a limited number of dis-
ease-associated missense mutations [see e.g., ref 25],
but none has addressed these issues in details. In addi-
tion, although NBD sequences are generally well con-
served as a whole, some regions of the CFTR NBDs are
difficult to align accurately with other ABC transporters,
in particular within structurally variable regions. This re-
sults in ambiguity in sequence alignments and conse-
quently hampers the making of relevant predictions
and/or models. We therefore aimed at building an accu-
rate three-dimensional model of the CFTR NBD dimer
structure by taking into account the evolutionary infor-
mation from ABC transporter NBDs of known three-di-
mensional structure. In addition to the HisP [14], BtuCD
[22] and MJ0796 [15, 21] structures indicated above, we
also considered all other available experimental struc-
tures, solved at atomic resolution: MJ1267 [16], an ABC
transporter of Thermotoga maritima [R. Zhang, A.
Joachimiak, A. Edwards, A. Savchenko and S. Beasley,



unpublished results], TAP1 [26] and MalK [27]. For this
purpose, we took advantage of the high sensitivity of the
hydrophobic cluster analysis (HCA) method [28, 29; and
30, 31 for recent typical applications] to decipher struc-
tural and functional information within distantly related
sequences. First, an in-depth analysis of the aforemen-
tioned three-dimensional NBD structures combined with
associated structure-based alignments allowed the iden-
tification of crucial conserved residues/motifs, which
served as anchor points for the alignment of the CFTR
NBD sequences. The MJ0796 NBD dimer [21] was then
used for modeling the CFTR NBD heterodimer struc-
ture, as it appears particularly relevant from a physiolog-
ical transporter function perspective (see above) and be-
cause its three-dimensional structure has been solved in
the presence of ATP. Indeed, in MJ0796, mutation of the
Walker B glutamate residue (into a glutamine) induces
the formation of a stable dimer, which is, however, un-
able to hydrolyze the ATP molecules trapped in the ac-
tive sites [21]. In addition, research in the last few years,
has revealed that the CFTR NBD heterodimer is charac-
terized by both a functional and sequence asymmetry of
its nucleotide-binding sites, one site being canonical
with consensus sequences, whereas the other has a
highly modified, degenerated sequence [11, 32, 33].
Thus, we also undertook a detailed analysis of the asym-
metric nucleotide- binding sites in order to highlight the
particular properties of the unconventional site which
may account for its specific biochemical properties.
Here, our model allowed the identification of critical
residues, among which several had not yet been de-
scribed, and suggests how naturally occurring mutations
in these regions may affect the structure and/or func-
tion(s) of CFTR. 

Materials and methods

Structural alignments of the ABC transporter ATPase do-
mains were taken from the FSSP database [34] and were
refined after manual superimposition of the three-dimen-
sional structures. The following structures were consid-
ered: E. coli BtuCD (complexed with vanadate; pdb iden-
tifier 1l7t) [22]; the Mg-ADP-bound and nucleotide-free
forms of M. jannaschii MJ1267 (pdb1g6h and 1gaj, re-
spectively) [16]; the branched-chain amino acid ABC
transporter from T. maritima (in complex with ATP; pdb
1ji0) [R. Zhang et al. unpublished results]; S. typhimurium
HisP (in complex with ATP; pdb identifier 1b0u) [14]; 
human TAP1 (in complex with ADP; pdb 1jj7) [26]; 
T. litoralis MalK (pdb 1G29) [27]; the Mg-ADP-bound
(pdb 1f3o) [15] and Na-ATP-bound forms (pdb 1l2t) [21]
of M. jannaschii MJ0796. The MsbA sequence was also
taken into account, although no atomic resolution is avail-
able for its solved three-dimensional structure [23]. Struc-
tures of P. furiosus Rad50 (pdb 1f2t and 1f2u) [18] and E.

coli MutS (pdb 1e3m) [20] were considered for compari-
son purposes. The human CFTR sequence [swissprot (sw)
CFTR_HUMAN], as well as other members of the ABC
transporter superfamily were aligned with the multiple
alignment of ABC transporter ATPase domains (or NBDs)
using the HCA method [28, 29]. Basically, the HCA bidi-
mensional representation of protein sequences adds infor-
mation about secondary structures to the comparison of
the one-dimensional structure. Indeed, the hydrophobic
clusters defined in this way are statistically centered on
secondary structures, which are much more conserved
than amino acid sequence [35, 36]. PSI-BLAST [37] was
also used to identify some anchor points of the alignment
relative to other ABC transporters. Three-dimensional
modeling of the human CFTR NBD heterodimer was
done with Modeller [38], using as template the experi-
mental structure of MJ0796, in complex with ATP and
solved at 1.9-Å resolution [21]. This stable ATP-bound
MJ0796 dimer was obtained using a form in which the hy-
drolytic glutamate Glu171 has been substituted by a glut-
amine residue and in which the active site cofactor was
Na+ rather than Mg2+. Modeling of the CFTR heterodimer
was performed in the presence of ATP, cofactor ion and
different numbers of water molecules (2047, 2049, 2066,
2087, 2110, 2270) within the active sites. Coordinates
were checked using Verify 3D [39]. Three-dimensional
structures were manipulated using Swiss-PdbViewer [40].
Solvent-accessible surfaces of residues were calculated
using DSSP [41].

Results and discussion

Modeling of the human CFTR NBD dimer:
general considerations
CFTR NBD sequences 1 and 2 were aligned with a struc-
ture-based sequence alignment of ABC NBDs for which
three-dimensional structures were available (fig. 1). The
latter alignment was deduced from automatic structure
superimposition, and refined manually within the most
divergent regions. Such a structure-based alignment
made possible the identification of conserved residues
that are crucial for the protein fold and can serve as criti-
cal ‘anchor points’ for alignment of the CFTR sequences.
Amino acid locations which are critical for the fold cor-
respond mainly to buried positions within regular sec-
ondary structures and are most often occupied by hy-
drophobic amino acids or residues which can substitute
them (represented with a green background in fig. 1).
Such hydrophobic positions, which may be termed ‘topo-
hydrophobic’ [42], represent, in general, approximately
half of the total number of hydrophobic residues in the
sequence of a globular domain. A careful analysis was
performed on particular regions that were difficult to
align (see below). Finally, the MJ0796 NBD dimer was
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Figure 1. Alignment of the two NBD sequences of human CFTR with those of ABC transporters of known three-dimensional structure.
The sequences of the ABC transporters were first aligned following three-dimensional superimposition of their structures. The two CFTR
NBD sequences were subsequently aligned using the HCA method, and taking into particular account the anchor points highlighted via the
structure-based alignment (residues shown with a green background, see below). The four regions which were difficult to align are boxed
(boxes with dark-blue, salmon, red and gray contours) and were studied with particular attention (see text and fig. 3). The positions and la-
beling of the regular secondary structures observed in the MJ0796 structure are indicated below its sequence. Subscripts in the secondary
structure labels indicate the concerned subdomain (e.g., babcb1 stands for b strand 1 from the ABC-specific b subdomain). When consid-
erable structural variation occurred between the different sequences, the various positions of observed regular secondary structures were
boxed (small boxes with white backgrounds and black contours). Positions which are always (or most often) occupied by hydrophobic
amino acids (V, I, L, M, F, Y, W) or residues which are often substituted for them (such as A, C, T, S) are shaded green (‘topohydrophobic’
positions). These positions are often buried, as assessed by calculation of solvent accessibility for the different experimental structures.
Black backgrounds indicate residues which are identical in most of the sequences analyzed. Residues mutated in CF patients are depicted
white on a green background (‘topohydrophobic’ positions) or are shaded in yellow (other positions on the CFTR sequence). D indicates
amino acids which have been found deleted in CF patients. The orange star indicates the position of the conserved aromatic residue in-
volved in adenine stacking. PDB identifiers are indicated in blue at the end of each sequence. Note that the atomic coordinates of MsbA
were not used, because the resolution of its crystal structure was too low.



used for modeling the CFTR heterodimer structure as in-
dicated in Materials and methods. Such a strategy al-
lowed us to construct a reliable three-dimensional model,
which is presumed to define critical features of the CFTR
NBD heterodimer and is further supported by recent ex-
perimental data (see below). However, we must stress
here that, given the low levels of sequence identity in
some regions, the model may be locally incorrect. Our
predictions, therefore, which can provide a basis for fu-
ture structure/function analysis of CFTR and related pro-
teins, await experimental verification and refinement. 
According to the alignment given in figure 1 and the re-
sulting model shown in figure 2, the CFTR NBDs consist
of an ‘F1-ATPase-like’ core characterized by a six-
stranded b sheet {with strands labeled according to the
MJ0796 labeling [21] and from one side to the other:
bcore2 (bc2, yellow), bcore3 (bc3, pink), bcore4 (bc4, brown),
bcore1 (bc1, light blue), bcore5 (bc5 dark gray), bcore6 (bc6,
light gray)}, surrounded by a helices [acore1-2 (light
blue), acore3-4 (pink), acore4-5 (brown)]. A small periph-
eral b sheet constitutes the ABCb subdomain, which is
composed of strands babcb2 (bb2, blue), babcb1 (bb1, vio-
let), babcb3 (bb3, green), babcb4 (bb4, salmon) and the helix
aabcb4+ (ab4+, salmon). However, the ABCb subdomain
of the first CFTR NBD is highly modified when com-
pared with canonical ones as it has a large insertion be-
tween strands babcb1 and babcb2 and lacks strand babcb4 and
helix aabcb4+ (see below). The helical ABCa subdomain
[aabca1 (aa1, yellow), aabca2 (aa2, orange), aabca3 (aa3,
red)], which contains the ABC signature or C loop, is pre-
dicted to interact with the MSD and the cell membrane,
according to the BtuCD complex [22]. Of note, residue
Phe508, whose deletion accounts for more than 70% of
CF cases, is located at the end of helix aabca1, where it is
clearly exposed outwards (fig. 2A, B). When superim-
posing the modeled human CFTR NBD1 and NDB2 with
the MJ0796 NBD subunits, root mean square (rms) devi-
ations on Ca positions of 0.48 Å and 0.51 Å were ob-
served, respectively (204 and 217 Ca, respectively). Ac-
cording to the MJ0796 dimer [21], the CFTR NBDs can
be aligned side by side in a way that juxtaposes the ABC
signature motif of one subunit with the P-loop of the
other, thus placing the nucleotide-binding sites at the in-
terface between the two opposing NBDs (fig. 2). Super-
imposition of the whole CFTR heterodimer with the
MJ0796 dimer resulted in rms deviation in Ca positions
(421 atoms) of 0.52 Å. The CFTR dimer also fits quite well
with the dimeric arrangement of the BtuD structure [22],
the greater rms value (1.50 Å for only 191 Ca positions)
partially accounting for the relative displacement of the
ABCa subdomains with respect to the NBD cores. The
buried interface between the two CFTR subunits, to
which the two nucleotides make a major contribution, is
similar to that observed for the MJ0796 [21] and BtuD
dimers [22] and is rather small for a specific dimer con-
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tact [22, 43]. Such an arrangement provides an obvious
structural basis for the observed cooperativity between
the two NBDs of CFTR. In particular, one of the two nu-
cleotide-binding sites of CFTR formed by such an
arrangement (site B in fig. 2) fits well the general char-
acteristics of canonical ABC NBD active sites, whereas
the other is strikingly modified and may be termed the
‘non-canonical’ or ‘unconventional’ site (site A in fig. 2).
The features of the two active sites A and B are described
in detail below.

Figure 2. Three-dimensional model of the human CFTR NBD het-
erodimer. (A): Ribbon representation of the overall CFTR het-
erodimer structure, as modeled on the basis of both the MJ0796 ex-
perimental structure [21] and the sequence alignment shown in fig-
ure 1. The bound cation-ATP molecules are shown in space-filling
representations, with the cation cofactor (Na+, as in MJ0796) as a
yellow dot. The putative hydrolytic water molecules are shown as
red dots. The locations of consensus motifs (P-loop, Q-loop, Walker
B, switch and ABC signature) are indicated on the left for one of the
NBDs, whereas labeling of the secondary structures (colored and
numbered as in fig. 1) is shown on the right. The large insertion be-
tween strands babcb1 and babcb2 of CFTR NBD1 is symbolized by a
gray star. The heterodimer model is viewed from the MSDs, along
the molecular pseudo two-fold axis, as predicted from the BtuCD
structure [22]. (B) Orthogonal side view of the heterodimer, with
the molecular pseudo two-fold rotation axis running vertically. The
membrane bilayer, with which F508 (shown in yellow) likely inter-
acts, is predicted to be located on top of the NBD heterodimer, ac-
cording to the BtuCD structure [22], 
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Modeling of the human CFTR NBD dimer:
critical points of the sequence alignment
Particular attention was paid to four regions, which were
difficult to align and/or for which variations occur in the
experimental three-dimensional structures. These regions
are boxed in figure 1 and concerned mainly the ABC-spe-
cific subdomains. As these subdomains are involved in
nucleotide binding, their accurate alignment is critical for
a precise definition of the active sites, in particular the
‘non-canonical’ site largely formed by residues from the
first NBD of CFTR (see below). 
First, we focused on strand babcb1 of CFTR NBD1, which
was very difficult to align relative to the NBDs of known
three-dimensional structures. We thus also took into ac-
count additional sequences from eukaryotic ABC trans-
porters to help us align the CFTR sequence with the
babcb1 strands of known structures (fig. 3A). We used the
HCA method to identify clusters, which may correspond
to this strand having clear, conserved topological fea-
tures. It allowed us to identify, in the CFTR NBD1 se-
quence, a hydrophobic cluster (ranging from amino acids
392 to 401 and located after the MSD) whose shape was
very similar to that of canonical babcb1 strands, all of the
‘topohydrophobic’ positions being represented (fig. 3A).
This alignment, however, implies the presence of a large
insertion (loop) between strands babcb1 and babcb2 (sym-
bolized by a star in figs 2 and 3A), which includes two hy-
drophobic clusters that might form regular secondary
structures (a helices) outside the core of NBD1. Of note,
such an insertion is also found between the same strands
of the yeast bile pigment transporter BPT1 (fig. 3A). In
several NBD structures, such as those of MJ0796 [21]
and HisP [14] as well as for CFTR NBD2 (this study),
there is a critical aromatic amino acid in strand babcb1 (of-
ten a tyrosine residue as in CFTR NBD2; violet back-
ground in fig. 3A) which is involved in stabilization of
ATP through stacking interactions with adenine. In CFTR
NBD1, residue Trp401 might play a similar role, al-
though the presence of a large insertion just after strand
babcb1 in proximity to the nucleotide-binding site might
disturb its interaction with adenine. Worth noting here is
that in the structures of the related MutS [20] and Rad50
[18] NBDs, the aromatic residues contacting the ATP
adenine are located in other regions, within strand babcb2
and just before the ABC signature of the opposite subunit,
respectively. From these different locations, one may de-
duce that the ATP adenine ring could have a variable ori-
entation within the active site (data not shown). Thus also
possible is that an aromatic amino acid located elsewhere
in the CFTR sequence, in particular in the babcb1-babcb2 in-
sertion which contains five phenylalanine residues, could
be involved in the non-canonical ATP-binding site of hu-
man CFTR. Our alignment differs from the previous,
contradictory ones performed in an automatic way with
NBD sequences from resolved three-dimensional struc-

tures (e.g., MJ0796 [16, 21], HisP [14], BtuD [22]). It is,
however, in agreement with experimental data from site-
directed mutagenesis studies involving the three pheny-
lalanines (F429, F430 and F433) located in the babcb1-
babcb2 insertion considered as potential candidates for the
critical aromatic residue. Substitution of a cysteine for
these residues and its subsequent covalent modification
showed that the phenylalanines were in fact not important
for nucleotide binding [44]. However, no firm conclusion
can be made here, because the precise location of these
Phe residues remains speculative because of the uncer-
tainties of the model in this region (no direct template for
insertion modeling; data not shown). Our analysis also
helps to clarify the actual boundaries of the CFTR NBDs,
for which there is still controversy in the literature. In-
deed, NBD1 and NBD2 of CFTR were initially defined as
going from F433 to I586 and from Y1219 to R1386, re-
spectively [1]. Refinements based on structural models
constructed using NBD structures from non-ABC pro-
teins [45–47], by functional approaches [48], and by evo-
lutionary data [49] [reviewed in ref. 49] led to the defini-
tion of new boundaries, NBD1 extending from P439 to
G646 and NBD2 going from A1225 to P1443. These lim-
its exclude, however, sequences that we could align with
strand babcb1 of several NBD structures from ABC trans-
porters. Thus, our analysis clearly shows that the CFTR
NBD1 N-terminal limit is located upstream of residue
Val392, the first hydrophobic amino acid of the likely
NBD1 strand babcb1. For NBD2, the corresponding
residue is Met1210 (figs. 1, 3A). Accordingly, Tyr1219,
which is presumed to be involved in ATP adenine bind-
ing, is present at the C-terminal end of the NBD2 strand
babcb1. A Y1219C mutant has been shown to exhibit chlo-
ride channel activity but is more rapidly inactivated by [2-
(triethylammonium)ethyl] methanethiosulfonate (cova-
lent modification of cysteine) than wild-type CFTR [44],
a finding highlighting the critical role of this tyrosine
residue. 
Second, as indicated in figure 1, considerable structure
variation occurs within the ABC-specific b subdomain in
the region between strands babcb3 and bcore2, which in-
cludes a helix (named aabcb4+) in most of the known
three-dimensional structures (except for MalK [27]
where the corresponding region is a coil). As shown in
figure 3B, this highly variable region extends from strand
babcb3 (green) to strand bcore2 (yellow), with the helix
aabcb4+ represented in salmon. A short b strand (babcb4,
shown in salmon) is also often present just after strand
babcb3 except in TAP1 [26]. This strand is even longer in
HisP [14] and MalK [27] where it is followed by an addi-
tional strand (shown in gray in figure 3B). Careful analy-
sis of all these various structures, after their superimposi-
tion, allowed us to align with accuracy (where possible)
the corresponding sequences. Here, an outstanding fea-
ture of the first NBD domain of CFTR is the absence of
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Figure 3. Critical points of the alignment. (A) Strand babcb1. To the left is shown alignment of babcb1 strands of the two CFTR NBDs. babcb1
strands of ABC NBDs from known experimental structures were aligned using the HCA method with several babcb1 strands of eukaryotic
ABC transporter NBDs that make intermediate links between CFTR and cognate NBDs. By this route, strand babcb1 of the first NBD of
human CFTR was found to probably correspond to a cluster located between amino acids 392 and 401, a prediction implying the presence
of a large insertion between it and strand babcb2, symbolized here with a gray star (note: NBD1 of the yeast bile pigment transporter BPT1
also has a large insertion in this location). Hydrophobicity is conserved within ‘topohydrophobic’ positions (shown with a green back-
ground; see text). The aromatic amino acid involved in the stacking interaction with the ATP adenine ring in several ABC transporters (such
as HisP and MJ0798, but with the exception of BtuD), is shaded violet. Amino acids with high propensities to form coil structures (P, G,
D, N, S) [29] and encircling the babcb1 strands are indicated in orange. Sequences of experimental structures (shown at the top of the align-
ment) are the same as in figure 1, whereas the other sequences are designated by their swissprot identifiers. On the right are ribbon repre-
sentations of the three-dimensional structures of strands babcb1, babcb2, bcore1 and helix acore1 of four ABC NBDs, after superimposition of
their P-loops. The experimental structures of MJ0796 (bound to ATP) and BtuD (complexed with vanadate) are compared to the two CFTR
NBD models. Like MJ0796, CFTR NBD2 has a tyrosine (Y1219) that contacts the ATP adenine ring. In contrast, CFTR NBD1 has a tryp-
tophan in this position (W401) which is followed by a large insertion (symbolized as a star) which can modify the position of the adenine
ring in the ATP-binding site. The lysine and threonine (serine in CFTR NBD1) residues of the P-loop are shown in atomic detail, as are the
three hydrophobic amino acids which are buried within strand babcb1. Amino acids mutated in CF are underlined. (B) ABCb subdomain.
The variability within this subdomain is illustrated for four experimental structures, with which the models of the two CFTR NBDs are
compared. The structures were superimposed relative to strand bcore2, at the end of which is located the Q-loop (the conserved glutamine
being represented in atomic detail). (C) ABCa subdomain. The structures were superimposed relative to strand/extended segment b¢¢. The
glutamine of the Q-loop and the glutamine (histidine in CFTR NBD2) of the ABC signature are shown in a ball-and-stick representation.
Phe508 in CFTR NBD1 is also shown. Note the different orientation of the a helix aabca2 (orange) in MJ1267, the structure of which has
been solved in the presence of ADP, relative to that in MJ0796 (solved bound to ATP); this illustrates the rotation of the a-helical subdo-
main coupled to the loss of contact between the ATP g-phosphate and the invariant glutamine of the Q-loop during ATP hydrolysis.



the short babcb4 b strand and of helix aabcb4+, strand babcb3
being therefore directly connected to strand bcore2 (fig.
3B). In contrast, NBD2 of human CFTR has here a ‘stan-
dard’ configuration, with a babcb4 strand and a aabcb4+ he-
lix that can be accurately aligned with standard NBD
structures (compare CFTR NBD2 to TAP1 and MJ0796
in fig. 3B).
The challenge to align was the ABC-specific a subdo-
main, where the greatest sequence variation is observed.
This region includes helices aabca1 and aabca2 (shown in
yellow and orange, respectively, in fig. 3C). In human
CFTR, helix aabca1 carries Phe508, the deletion of which
accounts for 70% of CF cases (http://www.genet.sickkids.
on.ca/cftr), whereas, in general, the loop linking aabca1
and aabca2 is variable, sometimes with insertion of addi-
tional regular secondary structures, as in MJ1267 (fig.
3C). When considering different ABC transporters, an
important feature of this region that has not yet been
highlighted is the presence of two short b strands (b¢ and
b¢¢ – white in the MJ1267 structure in fig. 3C) or of ex-
tended regions (MJ0796 structure in fig. 3C) before
aabca1 and after aabca2, respectively, which can be viewed
as the ‘arms of a nutcracker’. These two short regular sec-
ondary structures may play a key role in NBD signaling
as they are preceded by the Q loop and followed by the
ABC signature, respectively (fig. 3C). Here, use of HCA
led to accurate alignment of helix aabca2 and careful con-
sideration and superimposition of experimental three-di-
mensional structures encompassing strand b¢¢ allowed us
to align this strand with accuracy before undertaking the
alignment of the CFTR sequences. Although character-
ized by strikingly different sequences, in particular within
the ABC signature, the overall structures of the two
CFTR ABC-specific a subdomains of NBD1 and NBD2
of human CFTR appear not to differ dramatically from
each other, in contrast to what is observed for the ABC-
specific b subdomains.
Finally, according to the experimental coordinates of the
MJ0796 structure, our two CFTR NBD models end at
strand bcore6 (light gray in figs 1 and 2). However, in most
cases (except for MJ0796), a small helix (acore6+) follows
the b strand hairpin formed by strands bcore5 and bcore6,
whereas the orientation of an eventual second helix
(acore6++) is highly variable (data not shown). Careful
analysis of the corresponding HCA plots leads us to sug-
gest that helix acore6+ may be present in both CFTR
NBDs, and that it could be followed by an additional he-
lix, as in BtuD (fig. 1 and data not shown). Such limits are
in fact in agreement with those defined previously (see
above). However, examination of the other experimental
structures clearly showed that these helices do not partic-
ipate in the domain cores, and consequently should have
less influence on modeling. Furthermore, studies with
deletion mutants of CFTR NBD2 have clearly indicated
that these elements are not required for photolabeling of

NBD2 by 8-azido-ATP or for NBD2-dependent channel
gating [50]. Nevertheless, one cannot finally rule out that
these elements may influence NBD functioning, and
might act as ‘caps’ on the active sites.

Features of the human CFTR NBD active sites:
general considerations
The dimeric arrangement observed in MJ0796 [21] as
well as in BtuD [22] showed that the two nucleotide-bind-
ing sites were located at the interface between the two op-
posing subunits, each site being composed of residues
from the two subunits (fig. 2). Examination of our CFTR
heterodimer model, which was constructed with ATP and
Na+, as well as with a variable number of water molecules
within the active sites (see Materials and methods), al-
lowed us to obtain new information about the precise
topological features of the nucleotide-binding sites and
the dimer interface. The sequence alignment data pre-
sented above already indicated that, in the CFTR het-
erodimer, there is considerable sequence degeneration
within one of the nucleotide-binding sites (called here
site A), which is formed by NBD1 motifs and completed
by the ABC signature belonging to NBD2 (fig. 2). In-
deed, the NBD1 ABCb subdomain differs strikingly from
canonical ones, because it has a large insertion within the
loop linking strands babcb1 and babcb2 (figs. 1, 3A) and
lacks two regular secondary structures (b strand babcb4
and helix aabcb4+) (figs. 1, 3B). Sequence analysis also
indicated that the hydrophobic cluster [amino acids
380–387; YKTLEYNL], typical of a b strand structure
and located upstream from strand babcb1, might partici-
pate in the ABCb subdomain, substituting the missing
strand babcb4 (data not shown). Moreover, these variations
are combined with sequence degeneration within consen-
sus active-site motifs (P-loop, Walker B, switch from
NBD1 and ABC signature from NBD2), leading, thereby,
to a highly singular site, whose features are discussed in
detail below together with some particular features of the
dimer interface. In contrast, the other ATP-binding site
(termed here site B), formed by NBD2 motifs and the
ABC signature of NBD1, is similar to canonical ones.
Thus, the two nucleotide-binding sites are clearly not
equivalent, active site A having highly particular features.

Features of the human CFTR NBD active sites:
contribution of NBD1 to active site A 
In the NBD1 P-loop participating in the ‘unconventional’
active site A, Thr465 and Ser466 are located at the posi-
tions of the highly and strictly conserved Ser and Thr
residues (Ser45 and Thr46 MJ0796 labeling), which
make hydrogen bonds through their side chain oxygen
with the b- and a-phosphates of ATP, respectively (figs.
1, 4A). In addition, in MJ0796, Ser45 makes a hydrogen
bond with the cofactor ion Na+. The NBD1 Walker B mo-
tif also differs from consensus sequences as a serine
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(S573) replaces the highly conserved glutamic acid (mu-
tated to Gln171 in the hydrolytically inactive MJ0796
structure) which normally forms a hydrogen bond with a
water molecule interacting with the g-phosphate of ATP,
whereas the aspartic acid residue preceding it and inter-
acting in other NBDs with the divalent cation remains un-
changed. Furthermore, in the NBD1 switch, the canoni-
cal histidine (His204 in MJ0796) is substituted by a ser-
ine (Ser605). Finally noteworthy is that the glutamine of
the Q-loop (Gln493) is conserved in active site A. Inter-
estingly, interaction of the side chain oxygen of that Q-
loop glutamine with the cofactor ion (Na+ in the stable
dimeric arrangement observed in MJ0798) positions the
nitrogen of the same glutamine to donate an H bond to the
putative hydrolytic water. Of note, as stated above, in the
inactive MJ0796, a second H bond is given to the same
water molecule by the side chain amide of Walker B
Gln171. By contrast, in the wild-type MJ0796 (with
Glu171 instead of Gln171), only the Q-loop glutamine
would be able to donate an H bond, while the other part-
ners would be acceptors, resulting in a hydrolytically ac-
tive molecule [see ref. 21 for details of the proposed
mechanism].

Features of the human CFTR NBD active site:
contribution of the dimeric arrangement to active site 
A – implication for the dimer interface 
All the changes occurring in the NBD1 consensus se-
quences (loop babcb1-babcb2, P-loop, Walker B, switch)
participating in the unconventional site A appear to be

correlated with modifications occuring in the ABC sig-
nature of CFTR NBD2, which faces the degenerated se-
quences of NBD1 and where the canonical LSGGQ mo-
tif is substituted by an LSHGH sequence. Thus, the
strictly conserved glycine normally present in the middle
of the ABC signature motif is replaced by a histidine
(His1348), which is exposed at the interface between the
two subunits, whereas the following histidine (His1350)
is substituted for the highly conserved glutamine, impli-
cated in ribose binding in conventional active sites. An-
other major specificity in the composition of the non-
canonical active site A, which has never been highlighted
before, is observed in the bcore3-acore3-4 loop of NBD2,
which in our three-dimensional model is close to the par-
ticular LSHGH signature sequence, at the interface of the
two subunits (fig. 4B). Important here is that in the
MJ0796 structure [21], the putative hydrolytic water
makes an H bond with the backbone carbonyl of Ala175
in this loop (in addition to the bifurcated one that it makes
with two oxygens atoms of the g-phosphate), whereas the
neighboring Asp177 interacts with Ser20 of the other
subunit. In other ABC transporters, a small residue (Ala,
Gly, Ser) is generally also located at the Ala175 position
in MJ0796 (fig. 1). In contrast, in both NBDs of CFTR
(and not only in NBD2 which directly participates in ac-
tive site A), a bulky amino acid is located precisely at that
position: a tyrosine residue (Tyr577) in NBD1 and a his-
tidine (His1375) in NBD2. Worth noting is that, although
located in the same bcore3-acore3-4 loop, the Walker B crit-
ical glutamine and the Ala175-Asp177 couple of the

Figure 4. Nucleotide-binding sites and subunit interface of the human CFTR NBD heterodimer. (A) Stereo view of the models of the two
asymmetric nucleotide-binding sites of the CFTR heterodimer structure. Site B can be compared to canonical ATP-binding sites, as ob-
served in the MJ0796 homodimer. Amino acid labels are colored according to their location in the structure (see figs. 1, 2). The nucleotide-
binding sites are formed by the P-loop, Q-loop, Walker B and switch sequences from one subunit and by the ABC signature and bcore3-
acore3-4 (D loop) of the opposite subunit. Critical amino acids within these sites are shown in ball-and-stick representations. Amino acids
that are mutated in CF are underlined. (B) Partial view of the nucleotide-binding sites and heterodimer interface, highlighting the particu-
lar properties of amino acids from loops bcore3-acore3-4 (D loop) and from the ABC signatures (see text).



MJ0796 sequence participate in opposite nucleotide-
binding sites (fig. 4B). In CFTR, the backbone carbonyl
groups of histidine from the NBD2 bcore3-acore3-4 loop
(His1375) and of tyrosine from the same loop in NBD1
(Tyr577) appear to make the expected H bond with the
catalytic water molecules of sites A and B, respectively.
Their side chains are also in position to interact with each
other through an additional H bond (fig. 4B). In addition,
the position of the imidazole ring of the NBD2 His1375
might be stabilized through interaction with the histidine
of the NBD2 modified ABC signature (His1348) or, al-
ternatively, His1348 might be in direct interaction with
Tyr577. This interaction between NBD1 Tyr577 and
NBD2 His1375 is likely to be crucial for the subunit in-
teraction, as well as for the interdependence of the two
nucleotide-binding sites. This model of interaction is fur-
ther supported by phylogenetic analysis of CFTR se-
quences [49], in which substitution of His1348 by Asn in
fish sequences (dogfish, salmon, and killifish) appears to
be correlated to substitution of Tyr577 by His. Finally,
one can hypothesize that in site A, the ATP adenine ring
might be mobile, and not necessarily in the configuration
shown in figures 2 and 4, owing to the influence of the
large insertion within the putative loop linking strands
babcb1 and babcb2. Thus, there may be no absolute con-
straint on the ribose-interacting residue of the ABC sig-
nature and, hence, a histidine (His1350) may be substi-
tuted for the glutamine residue of ‘canonical’ABC signa-
ture motifs. The exact role of this amino acid in this
context remains, however, to be determined. 

Conclusions and functional implications
The ‘head-to-tail’ heterodimer formed by the CFTR
NBDs is thus characterized by a highly unconventional
site A, in which hydrolysis is likely to be severely impaired
due to the absence of critical residues, coupled to a con-
ventional site exhibiting the canonical features of ATP-
binding sites. Might this sequence/structure non equiva-
lence of the two active sites therefore be the basis for their
different functional properties? CFTR chloride channel
activity was investigated via electrophysiological experi-
ments, as well as studies with non-hydrolyzable ATP ana-
logues and NBD mutants [for reviews, see refs 32, 51].
Chloride channel activity is dependent on phosphoryla-
tion of the R domain by protein kinase A and involves co-
ordinated action of ATP on the two NBDs. Several initial
studies established that nucleotide binding and hydrolysis
at both NBDs were important for channel gating, but the
two NBDs were soon assumed to have diverged function-
ally. Hwang et al. [52] proposed that ATP hydrolysis at
NBD1 is coupled to channel opening, while subsequent
binding and hydrolysis at NBD2 stabilizes the open con-
formation and triggers channel closing. This model is in
agreement with that of Zeltwanger and colleagues [51],
who suggested that nucleotide binding and hydrolysis at

NBD1 was coupled to channel opening, but proposed that
the channel can close without nucleotide interaction. In
contrast, Gunderson and Kopito [53] proposed that chan-
nel opening and closing were driven by ATP binding and
hydrolysis at NBD2, respectively, while nucleotide bind-
ing and hydrolysis at NBD1 was only a prerequisite for
channel opening. This last model is in agreement with the
recent studies of Aleksandrov et al. [54] as well as Basso
et al. [55], who performed sophisticated photolabeling 
experiments to investigate the nucleotide interactions 
underlying channel gating. Basso et al. [55] observed 
that the nucleotide remained tightly bound at NBD1 for
many minutes, in the form of non-hydrolyzed nucleoside
triphosphate, a finding suggesting that CFTR channel
opening and closing results predominantly from binding
and hydrolysis of ATP at NBD2. These results are in
agreement with the recent work of Aleksandrov et al. [54]
with the Walker A lysine mutants K464A and K1250A,
with the finding that NBD2 is a site of rapid nucleotide
turnover, while NBD1 is a site of stable nucleotide inter-
action. Thus, our three-dimensional model, with its highly
unconventional nucleotide-binding site A and a standard
nucleotide-binding site B (mainly contributed by NBD1
and NBD2, respectively), provides a molecular basis for
these very recent experimental results: channel opening
and closing may occur through ATP binding and hydroly-
sis, respectively, at NBD2 (canonical active site B),
whereas ATP remains tightly bound, in an unhydrolyzed
form, for a long period at NBD1 (unconventional active
site A). These results are consistent with the observation
made with two other ‘asymmetric’ members from sub-
family ABC-C, SUR1 and MRP1. Indeed, in both cases,
experiments have shown that ATP hydrolysis occurred
predominantly at NBD2 [56–60]. Accordingly, sequence
alignment of SUR1 and MRP1 shows that their NBD1
Walker B motifs (with Asp instead of Glu) and NBD2
ABC signature (FSQGQ and LSVGQ, respectively) are
degenerated, a finding suggesting that the particular prop-
erties of unconventional sites are mainly contributed by
these two motifs (fig. 5). Also interesting to note is that the
glutamine residue of the NBD2 ABC signature is con-
served in SUR1 and MRP1, in contrast to CFTR NBD2
where it is substituted by His, suggesting that this gluta-
mine interacts with the ATP ribose in a ‘conventional’way.
This hypothesis is further supported by the correlated
presence of a ‘canonical’ strand babcb1 in NBD1 of these
proteins, with a ‘critical’ aromatic residue (Trp688 in
SUR1 and Trp653 in MRP1, corresponding to Trp401 in
CFTR NBD1) and without an insertion between strands
babcb1 and babcb2 (fig. 5). 
The present model does not take into consideration the R
domain and its probable influence on NBD function. In-
deed, phosphorylation of the R domain by protein kinase
A enables channel activation by nucleotide interactions at
the NBDs [61]. Both stimulatory and inhibitory effects of
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phosphorylated and unphosphorylated R domains, re-
spectively, have been proposed [61, 62]. Phosphorylation
was very recently suggested to act like an automobile
clutch that engages the NBD events to drive gating of the
transmembrane ion pore [55]. Thus, with a view to unify-
ing the concepts, one might hypothesize that the basic or-
ganization of the NBD dimer is likely similar for all ABC
transporters, which generally do not contain structures
analogous to the R domain. Accordingly, the R domain
might interact with the exposed surface of the NBDs
and/or with the MSDs. Such a hypothesis is actually sup-
ported by experimental data obtained by use of an over-
lapping peptide library spanning the intracellular regions
of CFTR [63].
Several mutations identified in CF patients are located
within the NBD active sites, and might thus be predicted
to affect either the dimerization and/or the ATP-binding/
ATP-hydrolysis processes. In the absence of an experi-
mental structure for the CFTR heterodimer, our model
might permit new insights into the genotype/phenotype
relationships of mutations affecting residues located di-

rectly in the active sites, as well as residues in other loca-
tions on the structure, especially class III and class IV
mutations which impact chloride channel regulation/gat-
ing and conductance, respectively [64]. For example
G551D, a class III mutation affecting the Gly residue lo-
cated within the NBD1 ABC signature and participating
in the ‘conventional’ active site B, should directly impair
the ATP-binding properties of that site, a finding which
has been demonstrated experimentally [65]. The G622D
mutant (class IV) should be associated with modified
properties of the ATP-binding pocket of the ‘unconven-
tional’ site A. In ongoing work, we are trying to correlate
the nature and location on our three-dimensional model
of CFTR mutations and their resulting CF phenotype.
Residue F508, the deletion of which affects protein mat-
uration (class II mutation) and accounts for more than
70% of chromosomes in CF patients, is not located in the
active site but is exposed at NBD1 surface and may there-
fore play an active role in the NBD interaction with the
MSD, as suggested by docking of our model onto the full
length ABC structures (data not shown). We should also

Figure 5. Alignment of the human CFTR sequences with those of MRP1 and SUR1 highlighting the properties of the ‘unconventional’
sites A. Amino acids which differ from consensus sequences are indicated by arrows (black when differences are found for all three se-
quences, white when the difference is specific to the CFTR sequence). The star indicates the position of the conserved aromatic residue
predicted to be involved in adenine stacking. Swissprot accession numbers of human MRP1 and human SUR1 are P33527 and Q09428,
respectively.



be able to gain interesting insights into the dynamic prop-
erties of the NBD heterodimer, which are probably cru-
cial for signaling the catalytic events to the MSDs. Pre-
liminary results, obtained by comparison of predicted and
observed secondary structures of ABC transporter NBDs
and supported by molecular dynamics simulations [66],
pinpoint regions within the ABC-specific a subdomain
which could be particularly mobile and which we have
undertaken to identify and study. Finally, our model may
be useful for the rational design of CFTR-specific drugs
for pharmacological treatment of CF. 
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