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Abstract. The use of substances that could activate the
defective chloride channels of the mutant cystic fibrosis
transmembrane conductance regulator (CFTR) has been
suggested as possible therapy for cystic fibrosis. Using
epithelia formed by cells stably transfected with wild-
type or mutant (G551D, G1349D) CFTR, we estimated
the apparent dissociation constant, K;,, of a series of CFTR
activators by measuring the increase in the apical mem-
brane current. Modification of apparent K, of CFTR
activators by mutations of the nucleotide-binding
domains (NBDs) suggests that the binding site might be

in these regions. The human NBD structure was predicted
by homology with murine NBD1. An NBDI1-NBD2
complex was constructed by overlying monomers to a
bacterial ABC transporter NBD dimer in the ‘head-
to-tail” conformation. Binding sites for CFTR activators
were predicted by molecular docking. Comparison of
theoretical binding free energy estimated in the model to
free energy estimated from the apparent dissociation
constants, K, resulted in a remarkably good correlation
coefficient for one of the putative binding sites, located in
the interface between NBD1 and NBD2.
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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a single-polypeptide product of a gene defec-
tive in cystic fibrosis (CF), a life-threatening disease [1].
CFTR belongs to the family of ATP-binding cassette
(ABC) transporters. All known ABC transporters seem to
require two, well-conserved, nucleotide-binding domains
(NBDs) and at least two less conserved transmembrane
domains (TMDs) to function normally [2, 3]. In the case
of CFTR, a single gene encodes all domains. Accord-
ingly, NH,- and COOH-terminal halves of CFTR both
contain a TMD followed by an NBD, and both parts are
linked by a cytoplasmic regulatory domain [for a review
see refs 4, 5]. CFTR, which has a key physiological role
in the apical membrane of various epithelia, forms a CI-
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channel activated by ATP following phosphorylation by
cAMP-dependent protein kinase.

Various CF-correlated mutations of CFTR produce an im-
pairment of the gating mechanisms of the chloride channel
(type III mutations; see www.genet.sickkids.on.ca/cftr/).
They result in a strongly decreased epithelial chloride
secretion due to a reduction in the open-channel proba-
bility. A pharmacological increase of CFTR-CI- current
by small organic molecules, called CFTR activators, has
been proposed as a therapeutic strategy [6]. Numerous
CFTR activators, belonging to different chemical fami-
lies, have been identified [7—13]. Several reports have
concluded that different CFTR activators work with
the same mechanism, probably binding at the NBDs
[12, 14-16]. Interestingly, many of the most severe
mutations that cause CF occur within the NBDs [17], and
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significant changes in the affinity of CFTR openers have
been observed when tested in cellular preparations express-
ing CF-related mutations in the NBDs of CFTR [18, 19].
The design of more adequate potentially therapeutic
drugs will be strongly facilitated by the availability of a
molecular model of the target protein. In the absence of a
three-dimensional structure of human CFTR, we have
attempted to construct a molecular model of each of the
NBDs of CFTR, based on the crystallized structure of
murine NBD1 [20]. The NBDs exhibit regions with a
high degree of sequence similarity across the ABC fam-
ily, implying a conserved structure and function [21].
According to the X-ray diffraction data from bacterial
NBD crystals, the functional conformation of the NBDs
would imply a close interaction between the two NBDs,
in the ‘head-to-tail’ conformation [3, 22-27]. Electro-
physiological [23] and biochemical [28-30] studies of
wild-type (WT) and single point mutants of NBDs of
CFTR support the idea that NBD1 and NBD2 interact
closely in a dimer-like conformation, similar to observa-
tions on other ABC proteins [22, 26, 27, 31, 32]. Hence,
we have modeled the human NBD dimer by arranging the
two monomers in positions equivalent to those of the
MIJ0796 NBD dimer [26, 27], an ABC transporter from
Methanococus jannaschi.

Binding sites for several CFTR activators to the model
were predicted by docking techniques, and empirical
binding free energy differences (AG,,.q) estimated from
models were compared to experimental free energy dif-
ferences (AG,,,) estimated from the apparent dissociation
curves obtained from apical membrane current. The good
correlation between the theoretical and experimental data
strongly suggests that CFTR activators bind to a position
in the NBD-NBD interface. This model may be used to
predict the affinity of novel CFTR activators in silico.

Materials and methods

Cell cultures

Fisher rat thyroid (FRT) cells expressing WT, G551D or
G1349D CFTR were cultured on 60-mm petri dishes with
Coon’s modified F12 containing 5% fetal bovine serum,
2 mM L-glutamine, 50 U/ml penicillin, 50 pg/ml strepto-
mycin and 600 pg/ml zeocin, as previously described
[18]. For Ussing chamber experiments, cells were seeded
at high density (5x10° cells/cm?) on Snapwell inserts
(Costar; Corning) and maintained at 37°C in a 5%
CO,/95% air atmosphere. Apical and basolateral media
were replaced every 48 h. Transepithelial resistance was
measured daily with an epithelial voltohmmeter (Milli-
pore-ERS; Millipore) using chopstick-like electrodes.
After 4-7 days, FRT monolayers developed a transep-
ithelial resistance in the range of 2-4 kQ cm?. Experi-
ments were done at days 68 after seeding.
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Electrophysiology

Filters were mounted into a Ussing-like vertical diffusion
chamber (Corning; Costar). The apical chamber was
bathed with a low-Cl-containing solution (in mM): 65
NaCl, 65 Na gluconate, 1.5 KH,PO,, 2.7 KCl, 0.5 MgCl,,
2 CaCl,, 10 HEPES-Na and 10 glucose (pH 7.4). The
basolateral chamber was instead bathed with (in mM):
130 NaCl, 1.5 KH,PO,, 2.7 KCI, 0.5 MgCl,, 1 CaCl,, 10
HEPES-Na and 10 glucose (pH 7.4). The basolateral
membrane of FRT epithelia was permeabilized with 250
pg/ml amphotericin B and a transepithelial Cl- gradient
was applied as previously reported [18, 33]. Membrane
permeabilization was monitored measuring the current
response to a 10-mV stimulus. The resistance progressively
decreased and reached a stable value after 30—40 min. We
assume this is the condition for maximal permeabiliza-
tion. Experiments were done at 37°C and solutions were
bubbled with air. The transepithelial potential difference
(PD) was short-circuited at 0 mV with a voltage-clamp
amplifier (DVC-1000; World Precision Instruments)
connected to the chambers through Ag-AgCl electrodes
and agar bridges. CFTR activators were added only to the
apical side, and the short-circuit current (Isc) measured.
If not otherwise specified, currents were always mea-
sured in the presence of 20 pM 8-(4-chlorophenylthio)-
adenosine 3’5’-cyclic monophosphate (CPTcAMP).

Analysis of the effects of CFTR activators

We considered the effect of a given compound as the
current increase over the current elicited by CPTcAMP,
Isc(0). Hence, for each CFTR activator concentration,
current due to CPTcAMP was subtracted, and the dose-
response curves were fitted with:

1 1
pembe® I“‘“(H(KD/[CDH) (l I+ (KJ[C]))
where I, is the maximum stimulated current, [C] is the
CFTR activator concentration, K, is the concentration
that gives half of the maximal effect or the ‘apparent
dissociation constant’ for CFTR activation, n is the coop-
erativity coefficient and K; is the apparent dissociation
constant for the inhibitory effect. As for many substances,
besides activation, an apparent inhibition was also
observed, dose-response curves were fitted according to
a three-state hypothesis, assuming that two different sites
are occupied to activate and inhibit the Isc current
[34]. Data were fitted using the Levenberg-Marquardt
algorithm, a form of non-linear, least-squares fitting, as
implemented in IgorPro (Wavemetrics).

Molecular modeling

Molecular models for the WT or mutant NBDs of human
CFTR were done by homology to the mouse NBD1 [20]
using Modeller [35]. The dimeric conformation of the
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Figure 1. Chemical structure of the CFTR activators analyzed.

two NBDs was obtained fitting the NBD monomers on
the dimeric structure of the putative ABC transporter
MJ0796 cloned from an archeobacterium [26, 27], using
the McLachlan algorithm [36] as implemented in the pro-
gram ProFit (www.bioinf.org.uk/software/profit/). The
side chain of amino acids with problems was fixed choos-
ing the best rotamer browsing a rotamer library included
in the program SPDBYV [37], followed by intensive cycle
of energy minimization, applied to a region about 10 A
around the changed amino acid [38, 39]. Further energy
minimization of structures was done with the program
NAMD [40], using the Amber99 force field [41], to a
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convergence criterion for the energy gradient of 0.005
kJ/mol. Final models were obtained after an equilibration
of the system by a constrained molecular dynamics sim-
ulation. After an extensive energy minimization, models
were stepwise heated to 300 K, and equilibrated for at
least 500 ps at the final temperature. Backbone atoms
were constrained by a harmonic force of 1 kJ/mol per A2
during the simulation. The time step of the simulations
was 2 fs, non-bounded pairs were updated every 20 steps,
and cut-off for the non-bounded interactions was set
to 12 A. The shake [42] procedure was employed to
constrain all bonds connecting hydrogen atoms.

Table 1. Apparent dissociation constants (K,) for different CFTR activators.

Compound WT G551D G1349D
Apigenin® 3.1+£0.6(4) 19.6 £6.1 (3) -

Genistein @ 19.6 +2.5(15) 1142 +12(3) 3438 +2.21 (3)
UCCF-023® 0.5 £0.2(Q3) - -
UCCEF-029® 1.5 £0.5(4) 31.3+£3.5(3) 1.7 £3.1(5)
UCCF-030®™ 0.5 +£0.1(3) 47+13(Q2) -
UCCF-853® 1.17 (1) - -

C02®™ 32 £0.3(2) - -

C0o3®™ 1.2(1) 72+3(2) -

Act01© 0.4 +0.04 (5 - 0.6 +0.2(3)
Act03© 0.07 £0.02 (2) - -

Act04© 04 +0.08 (4) not active up to 20 pM -

Act05© 0.13+0.01 (4) not active up to 5 uM -

Act09@ 1.95+£0.7 (3) not active up to 50 uM -

Actl1@ 0.3 +0.08 (3) not active up to 20 pM -

Act]2@ 1.9 +1.3(3) - -

Act13@ 0.2 £0.03(3) not active up to 20 uM -

Act14@ 0.2 +0.04(2) - -

Actl7@ 1.1 +£0.5(6) - -

Data were obtained from measurements of Isc on FRT cell monolayers expressing WT or mutant (G551D or G1349D) CFTR. All cell
monolayers were pre-stimulated with 20 uM CPTcAMP. Data represent mean = SE, with the number of experiments in parentheses.
Origin of the substances: ® Sigma-Aldrich; ® Asinex; © ChemDiv; @ ChemBridge.
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Structural parameters and prediction quality of the mod-
eled structure were evaluated using the programs Whatif
[43, 44] and Procheck [45] from the Biotech web server
(biotech.ebi.ac.uk). Structures of CFTR activators were
optimized by molecular mechanics, using the UFF
method [46] implemented in ArgusLab (Planaria Soft-
ware). Atomic partial charges and van der Waals radius
were estimated with the Anterchamber module of Amber
[47].

Rigid docking was done with a geometric recognition
algorithm, implemented in the program Gramm [48].
The program performs an exhaustive six-dimensional
search through the relative translations and rotations of
a rigid ligand molecule. The prediction was done with
parameters designed for high-resolution structure [48].
Flexible docking was done using the genetic algorithm
implemented in the program Gold (Cambridge Crystal-
lographic Data Centre, UK), using the ChemScore
scoring method [49, 50]. This algorithm performs an
automated docking with full acyclic ligand flexibility,
partial cyclic ligand flexibility and partial protein
flexibility in the neighborhood of the protein active site
[51, 52].

The electrostatic contribution to the molecule interaction
energy (AGg,.) was calculated using the generalized
Born model [53, 54]. The non-polar (hydrophobic)
contribution to the intermolecular energy was calculated
as AGy = a ASASA + y [55-57], where SASA is the
solvent-accessible surface area, calculated with the
program NAccess [58], a = 0.00226 kJ/mol A2, and y =
3.84 kJ/mol.

Materials

Zeocin was from Invitrogen. Fetal bovine serum was from
Gibco. Except when specified, all chemicals were pur-
chased from Sigma. The chemical structure of the 18
CFTR activators tested is shown in figure 1. The identifi-
cations of the test compound series ‘UCCF’ [11, 59] and
‘Act’ [10] were kept as originally reported. The origin of
compounds is indicated in table 1.

Results

Electrophysiology

We compared the effect of different CFTR activators on
the WT and on mutations of the signature sequences of
CFTR, the NBD1 mutant G551D, and the mirror NBD2
mutant G1349D. To this end, we used FRT cells stably
transfected with CFTRs and measured on polarized
epithelia the effect of activators as apical membrane
short-circuit current (Isc) increase. After treating WT
CFTR with different concentrations of the membrane-
permeable cAMP analogue CPTcAMP, we obtained
dose-response curves for genistein with a lower apparent
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Figure 2. Effect of phosphorylation levels on the affinity of WT
CFTR to activators. Dose-responses to genistein of WT-CFTR
at different concentrations of CPTcAMP. The first point at 0 pM
genistein is the response to CPTcAMP added to both hemicham-
bers. The concentrations of CPTcAMP are indicated. Genistein was
added only to the apical side. Each point is the mean of four to six
experiments in different preparations and vertical bars represent the
SE. Note the shift to the left of the activation curve with increasing
CPTcAMP concentrations.

dissociation constant (K;,) after higher levels of phospho-
rylation obtained by application of higher CPTcAMP
concentration (fig. 2). For example, the fit of dose-
response curves yielded apparent Kps for genistein of
5.840.7 and 29.1+3.8 uM after stimulating cells with 100
and 10 uM CPTcAMP, respectively. To compare the
effect of various CFTR activators on Isc, we used condi-
tions as homogeneous as possible. Epithelia were always
pre-stimulated with 20 uM CPTcAMP, a concentration
that permitted successive activation of relatively high
currents with CFTR activators on both WT and mutant
CFTRs (fig. 3A).

Our data indicated, as already observed in previous
experiments [18], that the genistein dose-response curve
on G551D epithelia was shifted to the right with respect
to WT protein (fig. 3A, B). We found that genistein also
caused an Isc increase on the G1349D mutant (fig. 3A).
The dose-response curve for the G1349D mutant was
shifted to the right with respect to WT cells, but to a lesser
extent than that of G551D (fig. 3B). We examined the
affinities of other CFTR activators, such as UCCF-029,
recently identified by high-throughput screening, and the
flavone apigenin. In all cases, the affinities for the G551D
mutant were significantly shifted to the right with respect
to the WT protein, and the affinities for G1349D were
in-between (fig. 3C, D). Table 1 lists apparent K;;s for 18
compounds (see fig. 1) on the three CFTR-proteins
obtained in similar experiments.
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Figure 3. Effect of different CFTR activators on polarized epithelial preparations expressing WT or CFTR mutants (G1349D and G551D).
(4) Short-circuit currents measured on FRT permeabilized epithelia expressing WT or mutant CFTR. Increasing concentrations of genis-
tein on the apical membrane after phosphorylation of the channel with 20 pM CPTcAMP cause a dose-dependent increase in current. Note
that the lowest concentration that inhibited CFTR currents was 100 pM for WT and 200 uM for G1349D, while 200 uM still stimulated
G551D. (B—D) Normalized dose-response relationships of FRT cells expressing WT (closed circles), G1349D (open triangles) and G551D
(open squares) CFTR to genistein (B), UCCF-029 (C), and apigenin (D). The affinity shift in the mutants was extremely reproducible in
all preparations. The apparent K, values are indicated in table 1. Symbols are the mean + SE of 3—13 measurements with a single com-

pound in different preparations.

NBD model

Modeling of the human NBDs was done by homology to
murine NBD1. The sequences corresponding to the
NBDs of the human CFTR (SwissProt accession number
P13569) were aligned to the sequence of murine NBD1
(PDB ids 1R1, 1R0Z, 1R0Y, 1R0X, 1ROW and 1Q3H)
solved by X-ray crystallography [20]. The crystalline seg-
ment of murine NBD1 was defined from residue 390 to
residue 660. The human counterpart, defined in the same
residue interval (390-660), had a homology of 96.3%,
and 79% identity. Human NBD2, defined from residues
1180 to 1456, has a lower homology to murine NBD1
(56%), and 25% identity (see fig. 4). The homology be-
tween murine NBD1 and both human NBDs is largely

above the requirement for a safe structural prediction by
molecular homology (=35%) [60]. Resulting NBD
monomer structures were extensively minimized before
proceeding to the next modeling step.

Dimerization of NBDs seems to be a common feature of
the ABC family, either in prokaryotes with functional
proteins assembled by TMD and NBD domains encoded
by independent polypeptides, or in some prokaryotes and
most eukaryotes where ABC transporters are formed by a
unique polypeptide with two TMD-NBD halves [2].
Dimerization of the NBDs is required for ATP binding
and hydrolysis in all ABC transporters [2, 24, 61]. Several
different dimeric conformations have been obtained by
crystallization of bacterial NBDs [for a review, see ref.
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MJ0796 NBD and the homology models of hNBDs. Numeration of helices and sheets was done according to Lewis et al. [20]. Conserved
NBD signature sequences are indicated by black background. Gray characters indicate regions of hNBDs excluded from the dimeric model.

24]. Among them, the head-to-tail conformation is most
consistent with ATP hydrolysis [25, 62—66]. Hence, we
have hypothesized that the functional conformation of
CFTR NBDs is dimeric in the head-to-tail conformation.
Therefore, we used the structure of the putative ABC
transporter from M. jannaschi, MJ0796 (PDB entry
1L2T), as a template for modeling the CFTR NBD dimer
[26, 27]. The structure of the MJ0796 NBD dimer was
obtained from a mutant where a glutamate in the C
terminal of the Walker-B motif was substituted by gluta-
mine, resulting in a phenotype that binds ATP but does
not hydrolyze it. Consequently, the solved structure con-
tains two ATP molecules in its binding site [26]. Models
of human NBD1 and NBD2 were aligned to MJ0796 (see
fig. 4), taking into account the conserved motifs of the
NBDs and the secondary-structure conservation. Succes-
sively, NBD1 and NBD2 were fitted to the MJ0796
dimer. No significant differences in the dimeric CFTR
NBDs were found by fitting NBD1 and NBD2 into
chains A and B of the MJ0796 structure, respectively, or
B and A, respectively. Data presented here correspond to
the fitting of NBD1 and NBD2 into chains A and B,
respectively. Two ATP molecules were added to the model
in positions equivalent to those of the nucleotide in the
MJ0796 dimer.

Fitting of human CFTR NBDI and NBD2 into the
MJ0796 dimer produced two clash regions, as observed
by Lewis and collaborators when they attempted to con-

struct a murine NBD1 dimer [20]. The N terminal of each
NBD forms a loop that occupies the same place as
the LSGGQ signature of the complementary NBD. The
second conflict is found in the C-terminal regions, where
the loops between helices H9 and H9b are superposed.
The incompatibility of the N terminal with the NBD
dimer model should be important, as it relates to the ATP-
binding sites. In the crystalline murine NBD1 structure,
ATP is bound between the Walker-A domain and the N
terminal of the same polypeptide [20]. We propose that
this position of the N terminal is artifactual, as NBDI
in the crystal does not form dimers. One possibility is
that the monomeric crystal ‘forced’ the position of the
N terminal to substitute the missing LSGGQ signature of
the complementary NBD to complete the ATP-binding
site. Indeed, when ATP is removed from the model and a
free molecular dynamic simulation is applied, the N-ter-
minal region acquires a very high mobility, and different
conformations can be observed (data not shown). The N-
terminal strand and loop region that is in conflict with the
NBD-NBD association may be important for CFTR func-
tion, as it contains some potential protein kinase A (PKA)
phosphorylation sites. This region has been suggested to
bridge the NBD and the transmembrane domain [66—68].
The C-terminal helix, which corresponds to the begin-
ning of the regulatory domain, may also be involved in
PKA regulation of CFTR. A second possibility is that a
conformational change occurring upon ‘dimerization’
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dimeric configuration. ATP molecules, bound in their sites at the
NBD-NDB interface, are represented as van der Waals spheres.
Conserved regions of each NBD are indicated in the figure.

may move out clashing regions.These clashing segments
might also be displaced when phosphorylated on sites in
the S1-S2 loop and in the H9b helix, promoting and main-
taining NBD1-NBD2 association [20]. This is in agree-
ment with the poor definition of the structure of H1b and
S2 in the murine NBD1 template. Hence, we removed the
first 38 residues from the NBD1 model and the first 37
residues from the NBD2 model. The resulting dimer
shows that the ATP-binding sites are formed by the
Walker-A domain of one NBD, and the LSGGQ signature
of the complementary NBD (fig. 5).

After construction of the NBD dimer, including the two
ATP molecules and equilibration to 300 K by molecular
dynamics, structural parameters of the model were
checked by the programs Procheck and Whatif. The
Ramachandran plot indicated that only five residues
(1.3%, excluding glycine and proline) lie in disallowed re-
gions. As expected for well-minimized models, no bad
contacts or clashes were present, and a small value (3.3
kJ/mol) was estimated for the standard deviation of the
overall hydrogen bond energy. Analysis for distortion of
the backbone, y angles of side chains, atomic volume
analysis and molecule packing yielded scoring factors cor-
responding to allowed conformations, and distributions of
bond length and angles were within the accepted values for
protein structures. The overall evaluation indicated that the
model of CFTR NBDs ranked as an acceptable structure.

The final model, containing the fingerprint regions of the
ABC transporters, is represented in figure 5. Of interest

Modeling binding of CFTR activatores to NBDs

is that all the conserved domains contribute to form the
surface of contact between the two NBDs (fig. 5). The sig-
nificant reduction of the SASA (=3117 A2, =16% of the
total SASA) by dimerization of NBD1-NBD2 indicates
that hydrophobic energy (AG,; = —66.6 kJ/mol) plays an
important role in the inter-domain interactions. The elec-
trostatic energy contribution to the inter-domain interac-
tions also seems to favor the dimerization (AGg,, =—17.2
kJ/mol). The dimer is well stabilized by 28 hydrogen
bonds, 22 of them involving residues of the Walker-A mo-
tif near to ATP-binding sites. Indeed, when AG,;; and AG-
rec are calculated in the presence of ATP, these two terms
become more negative (—98.4 kJ/mol and —23.9 kJ/mol re-
spectively). This could indicate that the presence of ATP
stabilized the NBD1-NBD2 dimer (table 2).
ATP-binding sites in human CFTR NBDs occur in the
mutual interface of the dimer conformation, in which two
ATP molecules are sandwiched between the Walker-A
motif of one subunit and the C-loop motif of the other
subunit. Binding sites are named site 1 (Walker-A from
NBD1, and LSGGQ signature and switch-II domains
from NBD2) and site 2 (Walker-A from NBD2, and
LSGGQ signature and switch-II domains from NBDI).
When ATP is bound in the NBDs, it is stabilized by
hydrogen bonds to nine residues in site 1 and to eight
residues in site 2. To compare the properties of ATP bind-
ing in each site, we attempted an empirical calculation of
free energy of binding (AGy;,,) to the NBD dimer, includ-
ing the electrostatic, the hydrophobic and entropic energy
terms [69]. The difference of AG,,,, in site 1 and AG,;,4 in
site 2, AAGy;,4, 1s —2.78 kJ/mol, consistent with a differ-
ent ATP affinity at the two sites, and corresponding to a
higher affinity for ATP in site 1 (table 3) [28, 70-72].
Molecular models of mutants contain several differences
compared to the WT model. The two mutations studied,
G551D and G1349D, are located in the LSGGQ signature
of NBD1 and NBD2, respectively. Neither of the mutated

Table 2. Hydrophobic (AGy) and electrostatic (AG,,.) contribu-
tions to interaction between NBD1 and NBD2 from WT and the
mutants G551D and G1349D.

WT G551D G1349D

NBDI + NBD2

AGHB (kJ/mol) —66.1 —68.4 -69.3
Giee (KJ/mol) -17.2 -125 -13.1

NBDI + NBD2 + 2 ATP

AGyy; (kJ/mol) -98.4 -98.44 ~101.05

AG,. (kJ/mol) ~28.9 233 243

Data were calculated from the interaction of NBDs in the absence
of ATP, NBD1-NBD2, and from NBDs interacting in the presence
of ATP, NBD1-NBD2-2 ATP.
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Table 3. Comparison of the binding free energy differences, AGy;,q
estimated for ATP-binding sites 1 and 2, for WT and the mutants
G551D and G1349D of human CFTR.

WT WT-G551D WT-G1349D
AAG;, (kJ/mol)  AAGy,;,, (kJ/mol)
Site 1 1.83 11.06
Site 2 12.98 33
Sitel-site 2 -2.78 13.92 -4.99

Changes are expressed as differences in AGy;,; (AAG,;,), calculated
at different conditions.

residues is directly involved in the NBD-NBD interac-
tion, but the mutations modify several hydrogen bonds in
the contact regions near the binding sites. The hydropho-
bic contribution to the interaction energy is slightly im-
proved in the mutants (AGys = —68.4 kJ/mol for G551D,
and AGyz = —69.3 kJ/mol for G1349D), but electrostatic
terms of energy are significantly increased (AGp =
—12.5 kJ/mol for mutant G551D, and AGy,. = —13.1
kJ/mol for mutant G1349D), with a net increase in the in-
teraction energy of 2.9 kJ/mol and 1.4 kJ/mol for G551D
and G1349D, respectively (table 2). This would indicate a
possible general destabilization of the NBD-NBD dimer
by these mutations. Major modifications are observed in
the ATP-binding sites of the mutants (table 3). For mutant
G551D, there is a reduction in the affinity for ATP in
site 2 (AAGy;,q = 13 kJ/mol), but ATP-binding site 1 is
almost unaffected (AAGy;,s = 1.83 kJ/mol). Conversely,
for mutant G1349D, the affinity for ATP is reduced in site
1 (AAGy;,q = 11.1 kJ/mol), with a smaller effect on site 2
(AAGy;,q = 3.3 kJ/mol).

CFTR activators docking

A geometrical docking algorithm implemented in the
program Gramm undertook initial prediction of possible
binding sites for CFTR activators in the NBD dimer. It
performs an exhaustive search of configurations that
maximize the contact area of the ligand in the NBD
model surface [48]. This initial step was done docking
two compounds, genistein and apigenin, to the WT
NBD1-NBD2 model, including two bound ATP mole-
cules. The 20,000 configurations obtained by the docking
were considered for the analysis. To search the possible
binding sites, the NBD dimer was divided by a 4-A grid,
and an empirical binding energy term, calculated as the
sum of raw electrostatic and hydrophobic energy contri-
butions, was calculated for each cell of the grid. The
probability of forming a binding site was calculated as
proportional to the exponential of the empirical binding
energy term. The analysis yielded several minima for
each ligand. We selected three positions, named site 1,
site 2 and site 3, which were shared by the two ligands
tested and displayed the lowest energy values. Results ob-
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tained for genistein are shown in figure 6. The color scale
of polypeptide residues in the figure represents the aver-
age empirical binding energy for the ligands in the grid
cell near each amino acid. Observe the three distinct
positions of the genistein baricenter, indicated by small
green spheres. The putative binding site 1 includes the N
terminal of sheet S6, helix H5 and the loop between
helices H3 and H4 of NBD2. Site 2 is a gap between
NBD1 and NBD2, which includes residues of the Q-loop
of NBD2, and Q-loop, part of the LSGGQ signature and
switch-II of NBD1. Site 3 is near to the ATP bound in site
1, the C terminal of the LSGGQ signature of NBD2, and
Q-loop and the N terminal of the LSGGQ signature of
NBD1.

Experimental data on affinity obtained from LSGGQ sig-
nature mutants indicate that position 551 strongly affects
the apparent dissociation constant of most CFTR activa-
tors, while it is less affected by a mutation in position
1349 (see table 1). These observations favor the choice of
site 2 and 3, as both putative binding sites for the CFTR
activators are near to the LSGGQ signatures of both
NBDs. Putative site 1 does not seem to involve any of the
LSGGQ signatures. To decide between putative sites 2
and 3, we compared the apparent dissociation constant
evaluated experimentally and the empirical energy inter-
action obtained from the model. Calculations were also
done for putative binding site 1 for comparison. The
apparent dissociation constant K, is the result of a series
of events including the process of binding the CFTR

Figure 6. Putative binding sites for the CFTR activators at the
NBDs. The structure of the NBDs is draw with a color scale (blue-
white-red) proportional to the probability of forming a binding site
(proportional to the exponential of the mean empirical binding
energy term). Green spheres indicate the baricenter position of
the ligand (genistein) near to each high-probability (low-energy)
region. ATP molecules are represented as yellow space-fill.
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activator and the conformational changes that cause
channel opening. Here we simply hypothesized that
differences in the molecular structure of the CFTR acti-
vators, or modifications of their binding site, would
change primarily the binding energy of these substances.
Consequently, the main contribution to the apparent
dissociation constant changes is due to these local
changes in the binding affinity of the CFTR activators.
Hence, we calculated ‘the free energy’ from the apparent
dissociation constants estimated experimentally, K,,, as
AG, . = RT In(K/1M), where R is the gas constant and
T is absolute temperature.

We attempted the docking of the 18 CFTR activators, for
which we have studied the apparent dissociation constant,
to the WT NBD dimer including two ATP molecules.
Docking to mutant models was also calculated for those
compounds that were studied experimentally. We used a
flexible docking method using the genetic algorithm
implemented in the program GOLD. Scoring of the pos-
sible conformations was done according to ChemScore.
Docking was attempted for all three putative binding
sites, starting in the baricenter of each site, and explor-
ing a region with a radius of 15 A. We repeated the pro-
cedure 100 times, with 100,000 permutations of an initial
100 member population. The advantage of ChemScore is
that it also provides an empirical calculation of the bind-
ing free energy, AG,,.q. [50]. The mean value of AG,,, 4
from 100 docking runs for each ligand at each putative
binding site was compared with AG,,,, obtained from
experimental data. Comparison of experimental and the-
oretical free energies is shown in figure 7. Data obtained
for all three putative binding sites are shown in the inset.
The Pearson correlation coefficient of AG,,,4, versus
AG,,,, yielded values of —0.07 and —0.46 for the putative
sites 1 and 3, respectively. The regression lines for site 1
had a slope non-different from zero, and for site 3, the
slope was negative. The slope values and the low Pearson
correlation coefficient indicate that AG,,,, calculated
from the docking results in the putative sites 1 and 3 is
not correlated with the experimental results. Conversely,
the slope of the regression line of AG, 4 versus AG,y,,
for the site 2 was 0.71+0.09, and the Pearson correlation
coefficient 0.83, indicating a good correlation. Thus,
values of AG,, . estimated for different ligand-NBD
dimer complexes would allow prediction of the affinity
of CFTR activators. As an example, we calculated the
affinity of the compound UCCF339 [59] for the WT
CFTR. The AG,,.; estimated from the docking of this
substance to the NBD dimer model was —28.1 kJ/mol,
which corresponds to AG,,,,, of =31.3 kJ/mol. This bind-
ing energy corresponds to a dissociation constant of 3.6
uM, not very different from the K, obtained experimen-
tally (1.7 uM) by fluorescence measurements [59]. Sim-
ilarly, we estimated the K, for some of the compounds
for which the affinity for the mutant G551D was too low
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AG, oo (KJIMoI)

45 40 35 30 25 20  -15
AGeyper (KJ/Mol)

Figure 7. Correlation between the binding free energy difference
calculated from experimental measures of the apparent dissociation
constant, AG,,,,,, and from the docking theoretical models, AG,,4q-
Filled symbols represent data obtained docking the CFTR-activator
to the WT model, open triangles are from G551D, and open circles
are from G1349D. A continuous line represents the linear fit.
The inset of the figure shows the fitting of data for the three puta-
tive binding sites 1 (solid circles), 2 (solid squares) and 3 (solid
triangles). Fitting results for putative site 1 yielded: intercept a =
25.1+4.1 kJ/Mol, slope b = —0.05+0.13, and Pearson’s correlation
coefficient, r = —0.07 (dashed line); for site 2: a = —6.0£3.0,
b=0.7140.09, r = 0.83 (continuous line); for site 3: a =—-32.9+4.5,
b=-0.33+0.14, r =—0.46 (dotted line).

to be measured experimentally (see table 1). For example,
for Act05, Act09 and Actl1 we obtained AG, 4, 0f —22.2,
—22.4 and —13.3 kJ/mol, respectively, corresponding to
apparent K;, values of 103 puM, 93 uM and 15 mM,
respectively.

We conclude that, in our model, the region identified as
putative site 2 has the properties to be considered the pos-
sible binding site for the CFTR activators that bind to the
NBD dimer. As mentioned before, site 2 is located in a
cavity at the interface between NBD1 and NBD2 (see
fig. 6). Part of the ligand is inserted in a cavity within
NBDI, and the interface surface of NBD2 (fig 6). The
CFTR activator bound in site 2 forms close hydrophobic
and hydrogen bond contacts with Walker-A, LSGGQ sig-
nature and Walker-B domains of NBD1, and to a lesser
extent with the LSGGQ signature of NBD2 (fig. 8). Sim-
ilar compounds seem to accommodate in the binding site
2 with the same orientation (fig. 8), indicating that a more
careful comparative analysis of the conformation of dif-
ferent ligands will allow good pharmacophore character-
ization of the CFTR activators.



CMLS, Cell. Mol. Life Sci.  Vol. 62, 2005

Discussion

We recently studied the effect of some CFTR activators
on cells expressing either the WT or G551D mutant
CFTR [18]. We found that the genistein dose-response
curve in G551D cells was shifted with respect to WT
CFTR so that higher concentrations were required to
observe activation. This result strongly indicated that the
G551D mutation is near a binding site for genistein.
Although various studies have reported the effects of
different CFTR openers, each has usually dealt with a
single compound in a different cell preparation using
different protein mutants and with different assays and
conditions (single-channel and whole-cell Cl- currents,
transepithelial CI- transport, I~ efflux, room temperature
and 37°C, etc). This lack of experimental consistency
makes it difficult to compare the results obtained in the
different studies. This is important, because we and other
authors have observed that the apparent affinities of
several compounds depend on the phosphorylation status
of the protein [34, 73].

Here we studied the pharmacological properties of a
series of 18 different CFTR activators. Two of them,
genistein and apigenin, have been extensively character-
ized in the literature, while the other 16 are the results
of a previous high-throughput screening of chemical
libraries [10, 11, 59]. We evaluated the apparent dissoci-
ation constant of the CFTR activators, K, for the activa-
tory binding site from dose-response curves obtained by
measuring the Isc increase upon application of the activa-
tor. We defined K, as the concentration that produces half
the maximum increase in current. This definition, inde-
pendent of the model to interpret the system, would
represent an equilibrium condition. Experiments were
done with conditions as homogeneous as possible, to
permit comparison of results between different CFTR
activators and from data obtained on WT and mutant
CFTR. The first important observation is that mutations
in the NBDs lead to a reduction in the affinity of the
CFTR activators. Similar results have already been
reported for genistein on the mutation G551D [18] and
for genistein and two benzimidazolone analogs with the
mutation dF508 [19]. Now, we extend these observation
to five substances tested on mutant G551D and three
tested on mutant G1349D. Interestingly, there is a decrease
of affinity for every CFTR activator tested on the mutants,
the reduction being more marked for mutant G551D than
for mutant G1349D (table 1). These data are in good
agreement with the hypothesis that NBDs are a target for
CFTR activators [12, 14—16]. Therefore, we further elab-
orated this hypothesis by developing a molecular model
of the CFTR NBDs, and attempting the docking of CFTR
activators to the model.

The affinity of CFTR activators was dependent on CPT-
cAMP concentration in the WT but not in the mutants

Research Article 455

(data not shown). The choice of 20 uM CPTcAMP was
arbitrary, to maximize the current measured in mutant
CFTRs which was negligible in the absence of CPT-
cAMP. Affinities determined at zero CPTcAMP may
have yielded higher apparent K, values for the WT and,
hence, less negative AG,,,, values, resulting in an even
stronger correlation between AG,,,4 and AG,,,.. However,
we assume that although WT affinities measured at 20
pM CPTcAMP may be slightly higher than in the absence
of CPTcAMP, the error introduced is small enough to be
disregarded within the context of the whole study.
Molecular modeling of CFTR-NBDs is facilitated by the
wide biological distribution of ABC transporter proteins.
ABC transporters share the same basic architecture, with
two NBDs, which have relatively well-conserved topo-
logical motifs among all members of the family [24, 32,
74-76]. Moreover, data on the molecular structure of the
murine CFTR NBDI1 have allowed modeling of the
human counterparts to be undertaken with a good confi-
dence level. ABC transporter mechanisms are strongly
linked to ATP binding (and in most cases, hydrolysis) to
the NBDs. For CFTR also, gating of the chloride channel
has been shown to depend on binding of ATP in the NBDs
[4, 5]. A well-supported model for the CFTR activation
mechanism proposes the channel gating to be coupled to
NBD dimerization [16, 77]. As binding of ATP favors the
dimerization of NBDs in various ABC transporters [26], a
similar mechanism in CFTR would explain in part the
coupling between ATP binding and channel gating [77].
Therefore, we presume that the functional active configu-
ration of the CFTR NBDs is dimeric. By comparison with
other ABC transporter proteins, the most probable config-
uration of the NBD dimer would be the ‘head-to-tail’ con-
figuration, where the Walker-A domain of each NBD in-
teracts with the LSGGQ signature of its counterpart [24,
61]. The validity of this configuration as functional has
been confirmed for NBDs of Rad50 [25], HisP[3],
MalFGK2 [78], P-gp [22] and MJ0796 [26, 79].

We modeled the human NBD1-NBD2 dimer using the
structure of MJ0796 as a template. To solve the structure
of MJ0796 NBDs, mutation E171Q, which abolishes the
hydrolysis of the bound nucleotide, was introduced in the
polypeptide [26, 27]. It allowed crystallization of the
MJ0796 NBD dimer with two ATP molecules bound in
their sites. Thus, we used in our model a relative position
of ATP similar to that of MJ0796. Similar models, but
based entirely on the MJ0796 structure, have been pro-
posed previously [76, 80]. These models share the same
general properties as those shown in the model presented
here.

The structures of CFTR NBD1 and NBD2 are character-
ized by a strong asymmetry. Indeed, identity between
NBD1 and NBD2 (27%) is lower than the identity of both
CFTR NBDs and an NBD of another member of the ABC
transporter family (for example, with NBDs of human
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multidrug resistance protein-1, there is an identity of 42%
and 40% for NBD1 and NBD2, respectively). ATP-
binding sites are identified in the NBD-NBD interface,
with a contribution of residues from both domains
(fig. 5). One functional consequence of the structural
asymmetry is a large difference between the two ATP-
binding sites. Biochemical evidence suggests that ATP
site 1 is a site of slow turnover, whereas site 2 is a cat-
alytically more active site [28, 70—72]. Thus, ATP binding
at both sites would drive opening, while unbinding at site
2 would drive closure of the CFTR CI- channel [4, 71, 77].
From the estimations of the binding free energy differ-
ence for each ATP site, we found a AAG,;,, of —2.8 kJ/mol
that is consistent with a higher affinity of ATP for site 2.
Mutations analyzed here are in the LSGGQ signature of
each NBD. Consequently, we expect that these mutations
would affect the ATP binding, and this effect would be
the primary cause for the strong current reduction of
cells expressing CFTRs carrying these mutations. Indeed,
comparing the empirical estimations of the binding free
energy difference, we found that AAG,;,, for mutant
G551D is consistent with a strong reduction in ATP affin-
ity at site 2, where the mutated residue is more directly
involved, and a smaller reduction in ATP affinity for site
1. Similarly, as site 1 is more directly affected by muta-
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tion G1349D, a more severe reduction in ATP affinity is
observed than in site 2. These results are in agreement
with direct measurements of ATP binding done in NBDs
of multidrug resistance protein-1 [31], where mutations
G771D and G1433D of LSGGQ signatures, equivalent to
G551D and G1349D in CFTR NBDs, produced similar
effects on ATP-NBD interactions.

We evaluated empirically two main energetic contributions
to interactions to the NBD-NBD dimer, hydrophobic, AGy,
and electrostatic, AGg . Both energetic contributions
clearly indicate that dimerization is an energetically favor-
able conformation. Dimerization seems to be largely stabi-
lized by a series of hydrogen bonds between NBD1 and
NBD?2. Interestingly, most hydrogen bonds seem to occur
between Walker-A of one domain and the LSGGQ signa-
ture of the other NBD, where the ATP-binding site is
located. This may imply that ATP binding would play an
important role in the dimerization of CFTR NBDs [77].
Indeed, both electrostatic and hydrophobic contributions to
the NBD1-NBD2 interaction are strongly improved by the
presence of ATP in the dimer (table 2). This is consistent
with the idea that ATP binding favors the dimerization that,
in turn, would be coupled with the channel gating [16, 77].
Docking of CFTR activators was done with the hypothe-
sis that the binding site for these substances that activate

genistein

site3

Figure 8. Docking of genistein (4) and UCCFO030 (B) to the three putative binding sites. Positions of five conformations for each ligand
are represented as space-fills. NBD1 and NBD2 are represented as cartoons colored pink and light blue, respectively. ATP molecules are

represented as yellow space-fills.
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Figure 9. (4) Genistein molecule in the putative binding site
2. NBD1 and NBD2 are represented as pink and light-blue ribbons,
respectively. Residues with high probability (>56%) to form hydro-
gen bonds with the ligand are indicated. Positions of mutations
(G551 and G1349) are indicated in green. Observe that these
residues do not interact directly with the ligands, but the consecu-
tive amino acid. (B) Mean orientation of genistein (blue), UCCF023
(green), UCCF029 (red) and UCCF030 (cyan) in binding site 2.
Observe the good superposition of different molecules.

the Cl- currents may be located in the NBDs. We pro-
ceeded with a blind rigid-docking strategy, generating a
considerable number of possibilites (20,000) to be evalu-
ated. We used a rough approximation to the energy of
each configuration obtained, to reduce the calculation
times, and have a consistently high number of individual
configurations to be considered in the statistics. This
analysis resulted in three ‘hot spots’ with low interaction
energy, two of which, namely site 2 and site 3, being topo-
logically compatible with the experimental results
(fig. 6). Indeed, they are near the two LSGGQ signatures,
positions where mutations modify the CFTR activator
affinity. Thus, the subsequent analysis was done with the
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two putative sites, 2 and 3, to identify which was the most
probable CFTR activator-binding site, and also in site 1 as
a comparison for negative results.

The goodness of the correlation between AG,,,, and
AG,,,4q Will depend on having a wide enough range of
affinities to make a good regression line. However, the
CFTR activators that we could study have a small range
of dissociation constants. To overcome this inconve-
nience, we included the AG,, ., and AG,,,, data obtained
from CFTR mutants. This can be justified by the fact that
the apparent dissociation constant measured on mutants
would depend mostly on a local interaction of the CFTR
activator with the NBDs, and not on the intrinsic proper-
ties of gating of the channel that were modified by the
mutation. Even with this assumption, we were very fortu-
nate to find that, at least one of these putative sites, site 2,
showed a good correlation between AG,,,.,, calculated
from the dissociation constants measured electrophysio-
logically (table 1), and AG,,,4,, €stimated from the flexi-
ble docking runs for CFTR activators at each putative
binding site. The other two putative binding sites showed
anon-significant correlation and an almost-zero slope for
the fit of AG,,,4 versus AG,,,., (see fig. 7). We used the
advantage of estimation of the docking score based on
ChemScore implemented in the program Gold, for calcu-
lation of AG,,,4,;- ChemScore is based on a parameterized
calculation of the binding free energy that has proven to
be quite consistent for homogeneous systems [50, 81].
The remarkably good correlation coefficient of the fitting
shown in figure 7 for docking in the putative site 2
strongly suggests that it is the binding site for CFTR
activators.

The binding site for the CFTR activators hypothesized
here is located in the interface of the NBD dimer, strongly
interacting with NBD1, and to a lesser extent with NBD2
(figs. 8, 9). This position is consistent with the dimeriza-
tion of NBDs as a step for CFTR activation [16, 77]. As
suggested by Hwang and collaborators [16], when a
CFTR activator binds to its site in the NBD interface, it
would stabilize the dimer, increasing the activity periods
of CFTR, resulting in an increase in channel-open proba-
bility, with a consequent increase in Cl- transport. At the
moment, we have no direct evidence for this hypothesis,
but it can be considered an interesting working hypothe-
sis for further investigations. Of interest will be to exam-
ine whether CFTR activator dissociation constants can be
modified by mutations around the proposed binding site,
where channels express with measurable activities. Simi-
larly, a further docking trial, with new analog of known
affinities, would be important to identify the pharma-
cophore of the CFTR activators. The model presented
here is supported by several experimental observations.
Its predictive power, including the effect of two CF-
related mutations, indicates that it may be a good starting
point for in silico screening of potential CFTR activators.
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