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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a Cl� channel physiologically important in fluid-
transporting epithelia and pathologically relevant in several
humandiseases.Here,we show thatmutations in theC terminus
of the first nucleotide binding domain comprising the latest �
strands (�c5 and �c6) influence the trafficking, channel activity,
and pharmacology of CFTR. We mutated CFTR amino acids
located in the �c5-�c6 hairpin, within the �c5 strand (H620Q),
within the �-turn linking the two � strands (E621G, G622D), as
well as within (S623A, S624A) and at the extremity (G628R) of
the �c6 strand. Functional analysis reveals that the current den-
sity was largely reduced for G622D and G628R channels com-
pared with wt CFTR, similar for E621G and S624A, but
increased for H620Q and S623A. For G622D and G628R, the
abnormal activity is likely due to a defectivematuration process,
as assessed by the augmented activity and mature C-band
observed in the presence of the trafficking corrector miglustat.
In addition, in presence of the CFTR activator benzo[c]quinol-
izinium, the CFTR current density compared with that of wt
CFTR was abolished for G622D and G628R channels, but simi-
lar for H620Q, S623A, and S624A or slightly increased for
E621G. Finally, G622D and G628R were activated by the CFTR
agonists genistein, RP-107, and isobutylmethylxanthine. Our
results identify the C terminus of the CFTR first nucleotide
binding domain as an important molecular site for the traffick-
ing of CFTR protein, for the control of CFTR channel gating,
and for the pharmacological effect of a dual activity agent.

Mapping ligand binding sites within ionic channel structures
is important to understand themechanism of action of channel
modulators (i.e. activators and inhibitors), to identify regions
required for selective interaction with modulators, and to
design more selective and more potent agents. Such mapping,
called pharmaco-topology, has been performed for the sulfonyl-
urea receptor (SUR) regulatory subunits of KATP channels

(reviewed in Ref. 1), which are members of the ATP-binding
cassette (ABC)3 transporter superfamily (2). The drug binding
sites for several modulators (benzopyran, cromakalim; pyri-
dine, pinacidil; sulfonylurea, glibenclamide, tolbutamide; ben-
zothiadiazine, diazoxide) have been mapped to different pre-
dicted transmembrane segments within SUR1 and SUR2A (3).
More recently, the analysis of the experimental three-dimen-
sional structure of P-glycoprotein, another ABC transporter, in
an inward-facing conformation revealed a large internal cavity
formed from two bundles of six transmembrane helices, which
may accommodate several compounds simultaneously (4).
For chloride (Cl�) channels in general and for the cystic

fibrosis transmembrane conductance regulator (CFTR) pro-
tein in particular, such pharmaco-topology is missing. CFTR
(ABCC7) also belong to the ABC transporter superfamily (2)
and forms a Cl� channel whose gating depends on the intracel-
lular equilibrium of cAMP and ATP amounts (5–8). Further-
more, there is a complex and fine tuned regulation between the
phosphorylation/dephosphorylation of the unique regulatory
(R)-domain and the fundamental ABC regulationmode byATP
binding/hydrolysis occurring on NBDs (nucleotide binding
domains 1 and 2). Because mutations of the CFTR gene caused
cystic fibrosis (CF), several studies have been conducted aiming
at identifying original, selective, potent, and therapeutically
active small molecules. Despite the fact that numerous and
diverse chemical scaffolds are now available, no pharmacoph-
ore has been identified, and surprisingly, very few drug binding
sites have beenmapped on the CFTR protein. However, studies
with the CFTR activator isoflavonoid genistein highlighted the
contribution of glycine residues Gly551 and Gly1349 of NBD1
and NBD2 domains, respectively, to the pharmacological mod-
ulation of CFTR by genistein (4, 9). Mechanism of inhibition of
CFTR activity by glibenclamide or CFTRinh-172 are associated
with a positive charge of amino acids located on the third
intracellular loop (Lys918) and pore-forming transmembrane
domains (Arg347) respectively (4, 10).

Among the modulators of CFTR, some benzo[c]quinoliz-
inium compounds (MPBs), such as the 5-butyl-6-hydroxy-10-
chlorobenzo[c]quinolizinium chloride (MPB-91), are dual* This work was supported by grants from Vaincre La Mucoviscidose,

MucoVie, and ABCF2.
□S The on-line version of this article (available at http://www.jbc.org) con-

tains supplemental Tables 1–3.
1 Supported by a studentship from the Ministère de l’Enseignement

Supérieur et de la Recherche.
2 To whom correspondence should be addressed: Institut de Physiologie et
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activity compounds able to rescuemisprocessedCFTRmutants
at the apical membrane (11) and to stimulate the Cl� channel
activity of CFTR selectively (12). MPB-91 prevented the degra-
dation of a polypeptide comprising NBD1 and the R-domain of
F508del CFTR (13). These findings indicate that MPB-91 influ-
ences protein trafficking and stimulates the opening of CFTRCl�
channels. Although a direct interaction between the two has not
yet beendemonstrated, these findings suggest that themechanism
of action is associated with some putative sites or amino acids
locatedmost probably on the cytoplasmic domains of CFTR.
The alignment of the NBD sequences of human CFTR with

those of various ABC transporters revealed conserved amino
acids in this region, outside those belonging to motifs involved
in ATP binding and hydrolysis (14). Among them there are two
glycine residues in position 622 and 628 located at the C termi-
nus of NBD1, within a � hairpin formed by the two latest �
strands (�c5 and �c6, c indicating the participation of these two
� strands into the NBD1 � sheet core) of the domain (Fig. 1).
Interestingly, when individually mutated, these amino acids
cause CF (15). We have mutated these two glycine residues in
aspartic acid (G622D) and arginine (G628R) and considered
other mutants in their neighborhood (H620Q, E621G, S623A,
and S624A). To understand better the importance of this
region, the activity and pharmacology of wild-type (wt) and
mutated CFTR proteins were explored.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium � GlutaMAX (Invitrogen) with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
BHK-21 cells were cultured in Dulbecco’s modified Eagle’s
medium/F-12 (Invitrogen) with 5% SVF and 1% penicillin/

streptomycin. Both cell lines were grown in standard condi-
tions (37 °C, 5% CO2).
CFTRMutagenesis—Mutationswere introducedbyPCRusing

the oligonucleotide-directedmutagenesis system (QuikChangeXL
Site-directedMutagenesis kit; Stratagene, La Jolla, CA) into the
pEGFP CFTRwt (human cDNA) (16) as described previously
(9). Mutagenesis primers are depicted in supplemental Table 1.
Mutations in individual clones were verified through plasmid
sequencing on both strands using the ABI PRISM Big Dye
TerminatorTM Cycle sequencing Ready Reaction kit (Applied
Biosystems, Courtaboeuf, France). Reactions were run on an
ABI PRISM 310 automatic sequencer.
Transient Transfection of Mutant CFTR—HEK293 cells

(for patch clamp andWestern blot analysis) andBHK-21 cells (for
iodide efflux experiments) were transfected with the correspond-
ing cDNA construct using cationic lipids (JetPEI; QBiogene
Illkirch, France) with 0.2 �g/ml plasmid for the patch clamp
method, 0.5 �g/well for iodide efflux, and 1 �g/ml plasmid for
Westernblot analysis.Mediawere replaced24hafter transfection.
Western Blot Analysis—HEK293 cell lysates (50 mM Tris-

HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 1% Triton X-100, 20
�M leupeptin, 10 �M pepstatin, 0.8 �M aprotinin, 2.1 mM 4-(2-
aminoethyl) benzensulfonyl fluoride hydrochloride (AEBSF)
were separated 48 h after transfection by 5% SDS-PAGE (50 �g
of protein/lane). Membrane was incubated overnight at 4 °C in
phosphate-buffered saline 0.1% Tween 20 with 4 �g/ml mouse
anti-CFTR monoclonal antibody (clone MAB3480; Chemi-
con International, Millipore Bioscience Research Reagents,
Temecula, CA). Horseradish peroxidase-conjugated sheep
anti-mouse IgG (1:10,000; Amersham Biosciences) was used as
secondary antibody and revealed with ECL Western blotting
detection reagent (Millipore).
Patch Clamp Experiments—Ionic currents weremeasured in

the broken-patch, whole cell configuration of the patch clamp
method using an EPC-7 amplifier (List Electronic, Darmstadt,
Germany). The holding potential was �40 mV in all whole cell
experiments. Current/voltage (I/V) relationships were built by
clamping the membrane potential to �40 mV and by pulses
from �100 to �100 mV in 20 mV increments. Pipettes were
prepared by pulling borosilicate glass capillary tubes (GC150-
TF10; Clark Electromedical Inc., Reading, UK) using a two-step
vertical puller (Narishige Tokyo, Japan). They were connected
to the head stage of the patch clamp amplifier through an Ag-
AgCl pellet (pipette resistance of 3–5M�). Pipette capacitance
was electronically compensated in cell-attached mode. Mem-

FIGURE 1. �5c/�6c hairpin within the model of the three-dimensional
structure of human CFTR. A, global view of the model of human CFTR in an
outward-facing conformation (open channel) in which the �5c/�6c hairpin (in
pink) discussed here is circled. B, focus on the �5c/�6c hairpin and on the
amino acids, which are mutated in this study. His620, Glu621, Gly622, and Ser623

are the four residues (i to i�3) of the � turn, with His620 and Ser623 making two
hydrogen bonds between their NH and O atoms (dashed green lines). Neigh-
bors of His620 (Ser459) and Glu621 (Gln1330) are also shown. C, focus on the
Gly628 position, which was mutated in the three-dimensional model in an
arginine residue (G628R), highlighting the steric clashes (orange lines), which
would be associated with this mutation.

FIGURE 2. Western blot analysis of wt and mutant CFTR channels. Western
blot shows the EGFP-CFTR expression detected with CFTR NBD2 C-terminal
antibody. B-band, core-glycosylated EGFP-CFTR; C-band, mature-glycosy-
lated EGFP-CFTR.
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brane capacitance and series resis-
tances were measured in the whole
cell mode by fitting capacitance
currents, obtained in response
to a hyperpolarization of 40 mV,
with a first-order exponential and
by integrating the surface of the
capacitance current. Voltage clamp
signals, allowing the membrane
potential to be held at different
values, were recorded via a micro-
computer equipped with an analog/
digital-digital/analog conversion
board (Digidata 1200 interface;
Axon Instruments, Burlingame,
CA). Results were analyzed with
pCLAMP version 9 software (Axon
Instruments). The external bath
solution contained 145 mM NaCl, 4
mMCsCl, 1mMCaCl2, 1mMMgCl2,
10 mM glucose, and 10 mM tetrade-
cyl sulfate (titrated with NaOH to
pH7.4). The osmolarity was 315� 5
mOsmol. The intrapipette solution
contained 113 mM L-aspartic acid,
113 mM CsOH, 27 mM CsCl, 1 mM

NaCl, 1mMMgCl2, 1mM ethyleneg-
lycoltetraacetic acid, 1 mM tetrade-
cyl sulfate, and 3 mM MgATP (ex
temporane) (titrated with CsOH to
pH7.2). The osmolarity was 285� 5
mOsmol. The pipette solution was
always hypotonic (with respect to
the bath solution) to prevent cell
swelling and activation of the vol-
ume-sensitive chloride channels.
All experiments were conducted at
room temperature (20–25 °C). The
calculated chemical equilibrium
potential for chloride (ECl�) is �42
mV. Cells expressing GFP-CFTR
proteins were visually identified on
the patch clamp setup by green fluo-
rescence detected by the CKX41
microscope supplied by the Olympus
(Tokyo, Japan) Reflected Fluores-
cence system.
Iodide Efflux Experiments—CFTR

chloride channel activity was assayed
by measuring the rate of iodide (125I)
efflux versus time from BHK-21 cells
at 72 h after transfection. All experi-
ments were performed and analyzed
as described previously (17). Iodide
efflux curves were constructed by
plotting rate (k, min�1) of 125I versus
time. All comparisons were based on
maximal values for the time-depen-
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dent rate (k � peak rates, min�1), excluding the point used to
establish the baseline (kpeak � kbasal, min�1).
Chemicals—All MPB compounds were synthesized in our

laboratory as described previously (12, 18). We used MPB-91
(5-butyl-10-chloro-6-hydroxybenzo[c]quinolizinium chloride),
MPB-95 (10-chloro-6-hydroxy-5-isobutylbenzo[c]quinoliz-
inium chloride), and MPB-97 (10-chloro-6-hydroxy-5-pentyl-
benzo[c]quinolizinium chloride). Forskolin (Fsk) was pur-
chased from LC Laboratories (PKC Pharmaceuticals, Woburn,
MA). CFTRinh-172 (19) was from Calbiochem. All other prod-
ucts were from Sigma. Stock solutions of MPB and Fsk (100
mM), CFTRinh-172 (10 mM) were prepared in dimethyl sulfox-

ide. Miglustat was from Toronto
Chemical Research and was dis-
solved in water (20).
Statistics—Results are expressed

as means � S.E. of n observations.
To compare activation rate of chan-
nels, the slope of each I/V relation-
ship was calculated. Data were
compared using Student’s t test.
Differences were considered statis-
tically significant at p � 0.05. All
statistical tests were performed
using GraphPad Prism version 4.0
for Windows (GraphPad Software).

RESULTS

Expression of the NBD1 C-termi-
nal CFTRMutants—Wehave intro-
duced EGFP-tagged CFTR proteins
into HEK293 cells, wt CFTR and six
CFTR mutants, i.e. H620Q, E621G,
G622D, S623A, S624A, and G628R.
EGFP-CFTRproteinswere detected
byWestern blot analysis using anti-
bodies directed against the CFTR
NBD2 C terminus (Fig. 2, lanes
1–7). Control experiments were
performed using nontransfected
HEK293 cells (Fig. 2, lane 8). For
the expression of CFTR mutants
H620Q, E621G, S623A, and S624A,
the profiles of core-glycosylated and
mature-glycosylated forms were
similar to that of the wt protein.
However, no mature-glycosylated
C-band form for G622D and G628R
was detected (Fig. 2, lanes 6 and 7).
Functional Analysis of the NBD1

C Terminus CFTR Mutants—We
explored the chloride (Cl�) channel
function for each mutated CFTR

protein using the whole cell configuration of the patch clamp
technique. Fig. 3A shows representative whole cell current
traces recorded in HEK293 cells expressing either wt or CFTR
mutants as indicated. Voltage pulse protocols were applied in
the basal conditions, in presence of 10�MFsk or 10�MFsk� 10
�MCFTRinh-172. The thiazolidinone blocker CFTRinh-172was
used systematically to selectively inhibit CFTR channels (19).
Except for F508del (Fig. 3A, bottom traces), 10�MFsk elicited

a time- and voltage-independent current for all other mutated
proteins and was fully blocked by CFTRinh-172 (Fig. 3). How-
ever somedifferences could be observed, and the comparison of

FIGURE 3. Effect of Fsk and CFTRinh-172 on the whole cell Cl� currents recorded for each CFTR mutant. A, representatives traces of whole cell Cl� currents
elicited by stepping from holding potential of �40 mV to a series test potentials from �100 to �100 mV in 20-mV increments. B, corresponding current
densities (pA/pF) obtained by current-voltage relationships normalized by cell capacitance (‚, basal; �, 10 �M Fsk; F, 10 �M Fsk � 10 �M CFTRinh-172). Schemes
on the right side indicate the position of each amino acid and its substitution on the �5c/�6c hairpin. Error bars, S.E. The bottom traces were recorded in
F508del-expressing cells.

FIGURE 4. Effect of the CFTR corrector miglustat on G622D and G628R. A, upper, Western blot showing
wt-CFTR, G622D-, and G628R-CFTR expression with or without pretreatment with miglustat (100 �M) and
detected with CFTR NBD2 C-terminal antibody. Band B, core-glycosylated and band C, mature-glycosylated.
Lower, representative traces of whole cell Cl� currents elicited by stepping from holding potential of �40 mV to
a series test potential from �100 to �100 mV in 20 mV increments (left) and histograms of the corresponding
current densities at �40 mV (right). Error bars, S.E. B, bar chart showing 10 �M Fsk � 30 �M Gst and 100 �M

MPB-91 dependent iodide efflux in BHK transfected cells treated or not during 4 hours with 100 �M miglustat.
n � 4 for each. ns, nonsignificant difference; *, p � 0.05; **, p � 0.01. Error bars, S.E.
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current densities highlights three types of responses. First, Cl�
currents recorded for wt CFTR, E621G, and S624A CFTR
mutants were not significantly different (mean current densi-
ties for each construct are reported in supplemental Table 2).
Second, with the twomutations introduced on both sides of the
� turn, H620Q and S623A, we recorded an increased (p �
0.001) Cl� current (supplemental Table 2) compared with wt
CFTR. Third, the current densities for G622D and G628R,
although not abolished, are both significantly reduced (p �
0.001) compared with wt (supplemental Table 2).
Some mutations of CFTR generated proteins with abnormal

trafficking along the biosynthesis pathway. This is the case for
F508del which trafficking is arrested in the endoplasmic retic-
ulum, and subsequently the abnormal protein is conducted in
the ubiquitin/proteasome degradation pathway (21). To over-
come this traffic jam, correctors are in development (22).
Among them, miglustat partially restored the abnormal loca-
tion of F508del CFTR in epithelial cells (20, 23). Because we
observed a pronounced reduction of the current density for the
mutants G622D andG628R, we incubated transfected HEK293
and BHK-21 cells with this corrector and analyzed the corre-
sponding CFTR activity. For both mutants, the Cl� current
density measured in HEK293 cells was significantly increased
by a treatmentwith the corrector (Fig. 4A). Similarly in BHK-21
cells the iodide efflux responses stimulated by Fsk and genistein
was significantly increased for G622D and G628R after treat-
ment with the corrector (Fig. 4B). This observation indicates
that the diminution of cAMP-induced Cl� current is probably
due to the diminution or to the absence of a mature form of
G622D and G628R mutants. In support of this hypothesis,
Western blot analysis of cells treated with miglustat shows
enhanced mature C-band for G622D and G628R mutants
(Fig. 4A).
For each CFTR construct we calculated the I/V slope, which

reflects the global conductance. Results confirmed the differ-
ence of Cl� current densities observed previously (Fig. 5A).
Concerning the activation kinetics, only the twoCFTRmutants
with an increased Cl� transport activity (H620Q and S623A)
also present a faster time course of activation (Fig. 5B). We
calculated the time to obtain 50% of the maximum activation
level (T50) after addition of 10 �M Fsk. T50 of the two mutated
channels (T50 � 124.45 � 8.8 s for H620Q, n � 8 and T50 �
114.63 � 8.8 s for S623A, n � 8) were significantly different
compared with wt (T50 � 164.85 � 10.2 s, n � 8). Our results
indicated that H620Q and S623A channels could be activated
more rapidly than the other CFTR mutant channels studied.
Pharmacological Analysis of the NBD1 C-terminus CFTR

Mutants—In a second series of experiments, we testedMPB-91
onwt protein and on each individual CFTRmutant. Represent-
ative whole cell current traces recorded in basal condition, in
the presence of 50 �M MPB-91, or 50 �M MPB-91 � 10 �M

CFTRinh-172, and the corresponding I/V curves are presented
Fig. 6. As expected, wt CFTR channels activated by MPB elic-
ited a linear and CFTRinh-172-sensitive Cl� current. However,
in the presence ofMPB the current density ofwtCFTR (31.54�
4.69 pA/pF at �40 mV, n � 6; supplemental Table 3) was 2.5-
fold less than the cAMP-activated Cl� current (see Fig. 3 and
supplemental Table 2). Interestingly, although the level of cur-

rent for H620Q and S623A was greater than the response of wt
channels (Fig. 3), both mutated CFTRs were activated by
MPB-91 to a level similar to that of wt CFTR (Fig. 6) (at 40 mV,
current densities were: H620Q, 27.86 � 4.2 pA/pF, n � 5;
S623A, 30.83� 3.4 pA/pF, n� 6). On the contrary, a significant
increase of I/V slope (Fig. 7A) in presence of MPB-91 was
observed for E621G CFTR channels compared with wt (I/V
slope of wt, 0.390 � 0.014, n � 6; E621G, 0.628 � 0.018, n � 8).
No statistically significant difference was observed concerning
the activation kinetics (Fig. 7B). MPB-91 stimulated the Cl�
current for each CFTR mutants studied except the glycine
mutants G622D and G628R (Fig. 6 and supplemental Table 3).
For them, comparison of the corresponding IV slope (Fig. 7A)
did not reveal significant differences between basal condition
(I/V slope of G622D, 0.032 � 0.001, n � 7; G628R, 0.046 �
0.002, n � 5) and in presence of 50 �M MPB-91 (I/V slope of
G622D, 0.037 � 0.001, n � 7; G628R, 0.053 � 0.003, n � 5)
indicating the absence of a response of the two mutated chan-
nels to that agent.
We have also tested MPB-91 on CFTR channels after phos-

phorylation of the R-domain promoted by 1 �M Fsk. Results in
Fig. 8 show a potentiation of the cAMP-dependent Cl� current
by MPB-91 for wt channels but neither for G622D nor G628R

FIGURE 5. Analysis of the global Fsk-activated Cl� currents recorded for
each CFTR mutant. A, I/V slope of current/voltage relationships. Dotted line
corresponds to the wt level. B, upper, representatives time course of wt and
S623A mutant in the presence of 10 �M Fsk. Lower, histograms representing
mean of time (s) to reach 50% activation for each mutant. ns, nonsignificant dif-
ference; *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with wt. Error bars, S.E.
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mutants. These results were con-
firmed by the determination of the
mean current densities at 40 mV
(Fig. 8B) showing no significant dif-
ferences before or after addition of
MPB-91 to cells expressing the two
mutant proteins in the presence of
Fsk. We also tested analogues of
MPB-91 (12), but again for the
mutant G622D or G628R, the Cl�
channel function of CFTR was not
stimulated by MPB-95 andMPB-97
(Fig. 9A). Finally, we tested three
other compounds with a chemical
structure unrelated to that of MPB,
i.e. the isoflavone genistein (24), the
pyrrolo[2,3-b]pyrazine RP-107 (25),
and the xanthine derivative iso-
butylmethylxanthine (26). Impor-
tantly, all of these CFTR activators
stimulated the Cl� channel activity
of G622D and G628R CFTR, sug-
gesting the relative specificity of
the effect observed in the presence
of the benzoquinolizinium drugs
(Fig. 9B).

DISCUSSION

In the present workwe have iden-
tified the C terminus of NBD1 as an
important region with structural
features that are essential for CFTR
trafficking and amino acids that are
involved in the mechanism of acti-
vation of CFTR channels as well as
in the pharmacological effect of the
CFTR agonists andMPB dual activ-
ity compounds. The C-terminal
region of NBD1 and in particular
the fragment comprising amino
acids 622–634 have already been
shown to be crucial for the matura-
tion process of CFTR proteins (27).
Using Western blot analysis, we
now observed a strong decrease of
the mature-glycosylated form for
the two mutants G622D and G628R.
This suggests a defective matu-
ration process due to impairment of
the folding process or to a lower
stability of the folded protein and
highlights the importance of these
two amino acids for this process.
However, despite the defective mat-
uration, we recorded a cAMP-
dependent Cl� current, indicating a
plasma membrane expression of
these mutants.

FIGURE 6. Effect of MPB-91 and CFTRinh-172 on the whole cell Cl� currents for each CFTR mutant. A, rep-
resentatives traces of whole cell Cl� currents elicited by stepping from holding potential of �40 mV to a series
test potentials from �100 to �100 mV in 20-mV increments. B, corresponding current densities (pA/pF)
obtained by I/V relationships normalized by cell capacitance (‚, basal; �, 50 �M MPB-91; F, 50 �M MPB-91 � 10
�M CFTRinh-172). Error bars, S.E.
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Stabilization of C-terminal NBD1 Region and CFTR
Maturation—We considered the structural information pro-
vided by the models of the three-dimensional structure of
CFTR (14, 28, 29) to evaluate the possible impact of the muta-
tions studied herein (Fig. 1A). All of the mutated amino acids
belong to a�hairpin, formed by two adjacent� strands (strands
�c5 and �c6) (Fig. 1B). The two antiparallel � strands are linked
by a type I� � turn (defined as four consecutive residues allow-
ing the polypeptide chain folding back on itself; Fig. 1B).
Because of its unique �-� torsion angles, located in a charac-
teristic region on the Ramachandran plot, the third residue of a
type I� � turn is always a glycine; substitution of this glycine by
any other residue would cause steric hindrance. In CFTR, sub-
stitution of this third residue, Gly622 (� � 70°, � � 4°) by an

aspartic acid would thus perturb the local structure or even
affect the folding process itself.
AlthoughGly622 is located in a turn participating in the inter-

face between the two NBDs, Gly628 is located on the other side
of the domain, at the extremity of the last � strand (�c6), which
is immediately followed by the last helix of the domain (Fig. 1C).
Gly628 is buried within the NBD1 structure, and substitution of
this amino acid by an arginine, possessing a long side chain,
would lead to steric hindrance with the NBD1 last helix. Con-
sistently, the defect in the maturation process induced by the
G622DandG628Rmutations,which causes the retention of the
mutated CFTR protein, can be clearly explained by the key role
of these glycine residues at the structure level. However, muta-
tion of these glycine residues also affects theCl� function of the
channels. Although the trafficking of the mutated proteins was
improved by the correctormiglustat, the level of cAMP-depen-
dent Cl� current remained clearly below that of wt channels
under the stimulation by Fsk. Therefore, stabilization of this
region encompassing the Gly622 and Gly628 seems to be
required for correct trafficking and chloride channel functions.
On the contrary, mutations of the amino acids located on

both sides of the�hairpin type I� turn should not affect the local
structure or folding process, as assessed by the mature glycosy-
lated forms of the mutated proteins. Instead and interestingly,
some of these mutations impacted on the channel gating. In
particular, the cAMP-activated Cl� current densities elicited
by H620Q and S623A channels were increased compared with
wt. Moreover, the variation of the time to reach the maximum
activation level indicates that the mutated channels could be
activated more rapidly than wt. For H620Q mutant, this
increase could be explained by the reported increased of open
probability (15). These two amino acids correspond to the first
(i) and fourth (i�3) residues of the type I� turn and form
through theirmain chainN andO atoms the two first hydrogen
bonds of the antiparallel � strands (Fig. 1B). The change of the
lateral chain of one of them, resulting from their substitution by
another amino acid,might not, in principle, disturb these bonds
and should thus not destabilize the local structure of the � hair-
pin. According to the model of the CFTR three-dimensional
structure, the side chain of His620, however, is in tight contact
with Ser459, located in the walker A motif (P-loop) of NBD1,
participating in the noncanonical ATP binding site (Fig. 1B).
The H620Q mutation might thus disturb the contacts existing
between the � hairpin and the P-loop of NBD1 and thus might
result in a perturbation of the channel gating through an effect
on the ATP binding and/or hydrolysis in the noncanonical site.
One could hypothesize that an enhancement of ATP binding
and/or decrease of ATP hydrolysis at this site might favor
the open state of the channel. On the contrary, mutation of the
neighbor amino acids (Glu621 and Ser624) did not modify the
kinetic parameters of the mutated channels. Their side chains
do not establish any particular contacts with critical parts of the
molecule, and consequently, their mutation in another amino
acid should not alter CFTR function. Indeed, our recordings of
Cl currents supported by CFTR mutants E621G and S624A
were not different from the non-mutated channels stimulated
either by Fsk or by MPB agents.

FIGURE 7. Analysis of the global MPB-activated Cl� currents recorded
for each CFTR mutant. A, I/V slope of current/voltage relationships. Dot-
ted line corresponds to the wt level. B, upper, representatives time course
of wt and S623A mutant in presence of 50 �M MPB-91. Lower, histograms
representing the mean of time corresponding to 50% of activation for
each mutant. ns, nonsignificant difference. ***, p � 0.001 compared with
wt. Error bars, S.E.
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NBD1 C Terminus and Drug Interacting Sites—After having
explored the functionality of the mutated channel, we studied
the effect of MPB-91 on these mutants. As expected, MPB-91
was able to activatewtCFTR in presence or in absence of Fsk. In
addition, MPB-91 was also able to activate H620Q, E621G,

S623A, and S624A mutants. The
Cl� current densities elicited by
these mutants, except for E621G,
were similar to wt. Contrary to the
activation by Fsk, no difference of
kinetic parameters was detected
with the two mutants H620Q and
S623A. This suggests an activation
pathway independent of the cAMP-
activating pathway. In contrast, for
the twomutantsG622DandG628R,
no activation was recorded in the
presence of MPB-91 or other MPB
compounds. One could hypothesize
that the absence of response might
be due to a folding or stability
defect, according to the structural
key role of Gly622 and Gly628. Thus,
the lack of sensitivity of themutated
channels to MPB would be unspe-
cific, and in this case, we should
therefore have also observed a simi-
lar lack of effect with other CFTR
modulators. However, this is not
the case since xanthine (isobutyl-
methylxanthine), RP-107, or iso-
flavonoide (genistein) successfully
stimulated the channel activity of
G622D and G628R CFTR channels.
Therefore, one could hypothesize
that the mechanism of activation of
CFTR by MPB was itself affected by
the mutations G622D and G628R
and that the binding site of MPB
might be located, on the folded pro-
tein, in the vicinity of the last� hair-
pin of CFTR NBD1. However, the
perturbation induced by the G622D
andG628Rmutations on the overall
NBD1 structuremight be felt at long
range and thus influence potential
binding sites, which may be distant
at the three-dimensional level.
For theCFTRE621Gmutant, Cl�

current activated by MPB-91 was
increased compared with wt. Glu621
corresponds to the second residue
of the type I� � turn and participates
in the NBD heterodimer interface
(Fig. 1B). The head-to-tail confor-
mation of the two NBDs implies
that, in the open form of the CFTR
channel (outward-facing conforma-

tion) (14, 28), theATPbinding sites are formed by theWalkerA
and Walker B motifs of one NBD and the ABC signature
sequence of the other NBD. A sliding of the twoNBDs has been
predicted to occur when CFTR evolves toward a closed form of
the channel (inward-facing conformation) (29) in which,

FIGURE 8. Kinetic of activation of whole cell Cl� currents for wt, G622D, and G628R CFTR. A, representative
time course of whole cell Cl� current densities at 40 mV recorded in presence of 1 �M Fsk and 1 �M �50 �M

MPB-91. B, histograms of the corresponding means of global current densities. ns, nonsignificant difference; *,
p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.

FIGURE 9. Iodide efflux of G622D and G628R CFTR-expressing cells in the presence of different MPB
compounds or different activators. A, bar chart showing iodide efflux in BHK-21-transfected cells stimulated
by 10 �M Fsk � 30 �M genistein (Gst) or 100 �M MPBs. n � 4 for each. B, bar chart showing iodide efflux in
BHK-21-transfected cells stimulated by 10 �M Fsk, 10 �M Fsk � 100 �M RP-107, or 10 �M Fsk � 100 �M

isobutylmethylxanthine (IBMX). n � 4 for each. ns, nonsignificant difference; *, p � 0.05; **, p � 0.01. Error bars,
S.E.
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according to the conformation observed of a closed-apo con-
former in MsbA, the two Walker A/Walker B motifs face each
other. It is interesting to note that Glu621might interact with an
amino acid located in the NBD1 � subdomain (Gln1330; open
channel, Fig. 1B) or with a NBD2 P-loop residue (Arg1245;
closed channel, data not shown). Thus, one might hypothesize
that the E621Gmutationmay reinforce the effect ofMPB-91 by
acting on critical features of the NBD interface, for example by
contributing to reinforce it.
Dual Activity Pharmacological Agents—Development of

dual activity compounds is an attractive option for a pharma-
cological therapy in CF. Indeed a single molecule could be used
for rescuing CFTR misprocessed mutants at the cellular mem-
brane and for restoring its Cl� channel function once located at
the apical plasma membrane. The molecular mechanism of
action of dual activity compounds is unknowndespite the fact it
remains a major challenge for development of more active and
less toxic lead compounds. We showed that the dual activity
MPB compounds do not alter directly the intracellular levels of
cAMP or ATP (18) or modulate the ATPase activity of NBD
domains (30), findings suggesting that the effect of MPB could
be explained by a direct interaction with CFTR channel. We
also demonstrated that MPB-91 in an in vitro assay prevented
the degradation of proteins comprisingNBD1 and R-domain of
F508del CFTR (13). Contacts between the different domains of
CFTR are essential to the maturation and activity of CFTR. For
instance, the contacts established between the intracellular
loops of the membrane spanning domains and the NBDs (28,
31), in which Phe508 participates, are critical for the interdo-
main assembly and for the regulation of channel gating (31–33).
The dimeric organization of the two NBDs is also a key feature
for an optimal catalytic activity of CFTR (34). In view of the
present results concerning MPB and CFTR, it is tempting to
hypothesize that MPB might promote or stabilize these crucial
interdomain interactions. Altogether our findings that the �
hairpin, formed by two adjacent� strands (strands�c5 and�c6)
influences the trafficking and the channel activity of CFTR and
that the pharmacological effects of MPB are affected by mutat-
ing the � hairpin support the dual activity nature of these com-
pounds. This region of CFTR could thus be targeted to design
more selective andmore potent dual activityCFTRmodulators.
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