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Abstract

Cystic fibrosis (CF) is a common lethal genetic disease caused by autosomal recessive mutations of the cystic fibrosis transmembrane

conductance regulator (CFTR) chloride channel that belongs to the ATP-Binding Cassette (ABC) family of transporters. The class III CF

mutations G551D and G1349D are located within the ‘‘signature’’ sequence LSGGQ and LSHGH of NBD1 and NBD2, respectively. We

have constructed by site-directed mutagenesis vectors encoding green fluorescent protein (GFP)-tagged wild-type (wt) CFTR or CFTR

containing delF508, G551D, G1349D and G551D/G1349D to study their pharmacology after transient expression in COS-7 cells. We

show that IBMX and the benzo[c]quinolizinium derivative MPB-91 stimulates the activity of G1349D-, G551D- and G551D/G1349D-

CFTR only in the presence of cAMP-promoting agents like forskolin or cpt-cAMP. Similar half-maximal effective concentrations (EC50)

of MPB-91 (22–36 mM) have been determined for wt-, G551D-, G1349D- and G551D/G1349D-CFTR. The isoflavone genistein

stimulates wild-type (wt)- and delF508-CFTR channel activity in a non-Michaelis–Menten manner. By contrast, the response of G1349D-

and G551D-CFTR to genistein is dramatically altered. First, genistein is not able to stimulate G1349D- and G551D/G1349D-CFTR.

Second, genistein stimulates G551D-CFTR without any inhibition at high concentration. We conclude from these results that whereas

G551 in NBD1 is an important molecular site for inhibition of CFTR by genistein, the symmetrical G1349 in NBD2 is also one major site

but for the activation of CFTR by genistein. Because both mutations alter specifically the mechanism of CFTR channel activation by

genistein, we believe that the signature sequences of CFTR act as molecular switches that upon interaction with genistein turn on and off

the channel.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

ATP-binding cassette (ABC) transporters are members

of a large family of membrane proteins that catalyse the

active transport of a variety of solutes across biological

membranes [1]. ABC tranporters are composed of two

repeated units joined by a linker region [1]. Each part has

six transmembrane segments and a hydrophilic domain

containing an ATP-binding site, the nucleotide binding

domain (NBD). NBD contains highly conserved Walker A

and B motifs in common to a variety of ATP-binding

proteins [2]. The LSGGQ motif (also named ‘‘linker

peptide’’ or ‘‘signature sequence’’) shows remarkable con-

servation in NBDs of all ABC transporters and is inter-

posed between the two Walker domains [1]. The function

of this sequence is still largely unknown. Recent studies

revealed however that the conserved sequence in each

NBD interacts with the Walker A consensus nucleotide-

binding domain in the opposite NBD [3–9].

The cystic fibrosis transmembrane conductance regula-

tor (CFTR), the protein product of the CFTR gene, is an

ABC transporter (ABCC7) with unique properties of

cAMP-regulated chloride channel [10]. Cystic fibrosis
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(CF), one of the most common lethal autosomal recessive

genetic disease, is caused by mutations of the CFTR gene at

the origin of defective Cl� transport across the affected

epithelium [11,12]. CFTR mutations (http://www.genet.-

sickkids.on.ca/cftr) can be assigned to one of five classes of

mutations [13], leading to a protein which chloride channel

function is altered (classes III and IV) or lacking (classes I,

II and V) at the apical membrane. The glycine-to-aspartic

acid missense mutations G551D and G1349D are class III

mutations located within the signature sequence LSGGQ

in NBD1 and LSHGH in NBD2, respectively [13–15].

G551D is one of the five most frequent CF mutation with a

frequency of 2–5% depending of the population of origin.

Class III mutations disrupt activation and regulation of

CFTR at the plasma membrane and lead to a severe CF

phenotype [13,14,16]. However, class III CFTR channels

are fully glycosylated, correctly located at the apical

plasma membrane and normally phosphorylated at the R

domain by cAMP-dependent protein kinases [14–18]. The

most common CF mutation (delF508, class II), leading to a

severe CF phenotype, is a three base pair deletion resulting

in loss of a phenylalanine residue at position 508 in the

protein [10,11,13,14]. Trafficking of delF508 mutants from

the endoplasmic reticulum (ER) to the apical plasma

membrane of epithelial cells is extremely inefficient.

Therefore, cells expressing delF508-CFTR show severely

reduced Cl� channel activity compared to wt, since the

protein is incorrectly processed (no glycosylation) and

retained within the ER [10,11,13].

We have demonstrated recently that the glycine G551 in

the LSGGQ motif of CFTR is the key amino acid for

inhibition of CFTR chloride channel activity by high

concentration of genistein [19]. In this study, we used

site-directed mutagenesis and pharmacological analysis

of CFTR channel activity to search for the activatory

genistein binding site. Our results show that mutation of

the symmetrical glycine G1349 into aspartate in the

LSHGH motif of the second NBD abolished CFTR activa-

tion by genistein demonstrating that G1349 is part of the

activatory genistein binding site. The opposite role of both

symmetrical glycines of the signature sequences is dis-

cussed at the light of the recent model proposed for the

NBD dimerization of ABC transporters [3–9,20].

2. Materials and methods

2.1. Site-directed mutagenesis of CFTR

GFP-tagged CFTR expression was used. Mutations were

introduced into pS65T/EGFP-C1/wt-CFTR construct [21]

provided generously by K.H. Karlson (Dartmouth College,

Hanover, NH) by oligonucleotide-directed mutagenesis

using QuickChange1 XL Site-Directed Mutagenesis Kit

(Stratagene). The delF508, G551D and G1349D mutations

were created using the sense oligonucleotides 50-CAT-

TAAAGAAAATATCATTGGTGTTTCCTATGATG-30,
50-GGAATCACACTGAGTGGAGATCAACGAGCAA-

GAATTTCTT-30 and 50-GGCTGTGTCCTAAGCCAT-

GACCACAAGCAGTTGATGTGC-30, respectively, and

the corresponding antisense oligonucletotides. Double

mutant G551D/G1349D was derived from G551D. Muta-

tions 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). Reactions were run on an ABI

PRISMTM 310 automatic sequencer (Applied Biosystems).

2.2. Transient transfection of mutant CFTR

Subconfluent COS-7 cells (50,000 cells per well) were

transfected with the cDNA constructs with 0.5 mg of

plasmid using cationic lipids (JetPEI, Qbiogene). The

media was replaced 24 h post-transfection. COS-7 cells

were either transfected with empty pEGFP-C1 vector

(mock) or with expression vector encoding wild-type

GFP-tagged CFTR (wt-CFTR), or mutant forms of GFP-

CFTR: delF508, G551D, G1349 or the double mutant

G551D/G1349D (named 2GD-CFTR). Fluorescence was

detected using confocal laser scanning microscopy on a

Biorad MRC 1024.

2.3. Western blot analysis

COS-7 cell lysates (50 mM Tris–HCl, pH 7.5, 1 mM

EDTA, 100 mM NaCl, 1% Triton X-100, 20 mM leupeptin,

10 mM pepstatin, 0.8 mM aprotinin, 2.1 mM AEBSF) were

separated 48 h after transfection by 7% polyacrylamide

SDS-PAGE (30 mg protein per lane) and transferred to

nitrocellulose membrane (Sartorius). Membrane was incu-

bated overnight at 4 8C in Phosphate-Buffered Saline,

0.1% Tween 20, with 2 mg/ml of mouse anti-CFTR mono-

clonal antibody (clone M3A7, Chemicon International).

Horseradish peroxydase-conjugated sheep anti-mouse IgG

(1:3000; Amersham Pharmacia Biotech) was used as

secondary antibody and revealed with ECL Western Blot-

ting Detection Reagent (Amersham Pharmacia Biotech).

2.4. Examination of distribution of GFP-CFTR by

confocal microscopy

COS-7 cells were washed 72 h after transfection, in TBS

(NaCl 157 mM, Tris 20 mM, 300 mOsmol, pH 7.4) and

fixed in paraformaldehyde (3% in TBS). Nuclei were

stained with TOPRO-3 iodide (1:1000 in TBS, Molecular

Probes). Coverglasses containing cells were mounted in

appropriate medium (Vectashield1, Vector Laboratories).

Images were acquired using a reversed microscope (Olym-

pus IX 70) equipped with a laser scanning confocal unit

(model MRC-1024, BioRad), a 15 mW krypton-argon

laser, and a �60 water immersion objective. GFP fluor-

escence was excited using the 488 nm laser line and

2188 P. Melin et al. / Biochemical Pharmacology 67 (2004) 2187–2196

http://www.genet.-
http://sickkids.on.ca/cftr


collected using a standard fluorescein isothiocyanate filter

set (522 � 32 nm). Fluorescence associated with TOPRO-

3 iodide was excited using the 647 nm laser line and

collected using a filter set (680 � 32 nm). Double fluores-

cence images were generated simultaneously.

2.5. Iodide efflux experiments

CFTR chloride channel activity was assayed by measur-

ing the rate of iodide (125I) efflux versus time from COS-7

cells at 72 h post-transfection. All experiments were per-

formed at 37 8C and analysed as previously described [19].

Iodide efflux curves were constructed by plotting rate (k,

min�1) of 125I versus time. Concentration-dependent acti-

vation curves were constructed by plotting the maximal

value for the time-dependent rate (peak rates) excluding

the third point used to establish the baseline (noted k peak-k

basal, min�1) [19]. The benzo[c]quinolizinium compound

MPB-91 (5-butyl-6-hydroxy-10-chlorobenzo[c]quinolizi-

nium chloride) was prepared as described previously

[22] by Dr Y. Mettey (Laboratoire de chimie organique,

Poitiers, France). DIDS (4,40-diisothiocyanatostilbene-

2,20-disulfonic acid) was from Sigma Chemicals. All other

products were from Sigma. All compounds were dissolved

in dimethylsulfoxide (DMSO, final concentration: 0.1%).

2.6. Statistics

Results are expressed as mean � S:E:M: of n observa-

tions. Sets of data were compared with either an analysis of

variance (ANOVA) or Student’s t test. Differences were

considered statistically significant when P < 0:05. Non

significant (ns) difference, �P < 0:05, ��P < 0:01,
���P < 0:001. All statistical tests were performed using

GraphPad Prism version 3.0 for Windows (GraphPad Soft-

ware).

3. Results

To study the pharmacology of CFTR, we have intro-

duced green fluorescent protein (GFP)-tagged CFTR pro-

teins into COS-7 cells, i.e. wt-CFTR and four CFTR

mutants i.e. delF508, G551D, G1349D and the double

mutant G551D/G1349D (named 2GD). The glycines, con-

served throughout ABC transporters [3], lie within the

signature sequence LSGGQ in NBD1 and LSHGH in

NBD2 (Fig. 1A). GFP-CFTR proteins were detected by

western blot analysis using CFTR NBD2 C-terminal anti-

bodies (Fig. 1B). Control experiments were performed

using either non-transfected or mock-transfected COS-7

cells (Fig. 1B, lanes 1 and 2, respectively). GFP-wt-CFTR

from cell lysates migrated as two bands at 210 and 240 kDa

(lane 3) corresponding to the core-glycosylated band B and

mature-glycosylated band C, respectively [21]. Western

blot analysis of GFP-delF508 mutant shows the absence of

the band C (lane 4), as expected for a protein having an

altered trafficking [10,13]. GFP-G1349D (lane 5), GFP-

G551D/G1349D (lane 6) and GFP-G551D (lane 7)

appeared with a similar pattern like the non-mutated form

of CFTR (lane 3). Confocal fluorescence microscopy

confirmed the membrane location of the different con-

structions (Fig. 1C) except for GFP-delF508 that was

found restricted to intracellular compartments with cells

cultured at 37 8C.

The chloride channel activity of these proteins have been

studied by radiotracer flux analysis after transient expres-

sion in COS-7 cells. We began our functional comparison

by examining several basic pharmacological properties. As

shown Fig. 2A, only the transport activity of GFP-wt-

CFTR channels was stimulated by 10 mM forskolin (n ¼ 4)

as previously reported for wt-CFTR without GFP tag

[19,21]. The two mutated channels G1349D- and 2GD-

CFTR, like G551D-CFTR, did not respond to forskolin

stimulation (n ¼ 4 for each construct, Fig. 2A), as expected

from class III CF mutations [13,19]. However, when a

cAMP cocktail composed of forskolin, IBMX and cpt-

cAMP was used instead of forskolin alone, the chloride

channel activity of G1349D and 2GD mutants was stimu-

lated, indicating that both proteins have functional cAMP-

dependent chloride channel activity (n ¼ 4, Fig. 2B and C)

like G551D-CFTR (data not shown and [19]). The phar-

macological profile for inhibition of these mutants was

then compared using different chloride channel inhibitors,

i.e. the sulfonylurea drug glibenclamide and the stilbene

disulfonate derivative DIDS. These agents have been

chosen because previous studies demonstrated that glib-

enclamide but not DIDS inhibits CFTR channel activity

[reviewed in [10]]. We were able to confirm this typical

signature using 100 mM glibenclamide and 500 mM DIDS.

Only glibenclamide inhibited the chloride channel activity

of G1349D- and 2GD-CFTR (Fig. 2B and C). Note that the

vehicle DMSO has no apparent effect on the iodide efflux

(Fig. 2D) A summary of the data obtained with glibencla-

mide and DIDS is presented Fig. 2E for wt-, G1349D- and

2GD-CFTR stimulated by cAMP cocktail.

In a second set of experiments, we used the benzoqui-

nolizinium drug MPB-91, a CFTR pharmacological agent

already shown to activate wt and G551D-CFTR [22]. Fig. 3

presents concentration-dependent activation for the differ-

ent constructs. We found that MPB-91 stimulated the

iodide efflux with similar EC50 of 29 � 1:4, 22 � 1:4,

22 � 1:3 and 36 � 1:1 mM for wt-, G551D-, G1349D

and 2GD-CFTR, respectively (n ¼ 4 for each concentra-

tion). We also found that G1349D and the double mutant

2GD could be stimulated by forskolin and 100 mM IBMX

(not shown) as previously reported by others [23,24].

The response to genistein of wt-CFTR was then com-

pared to that of the mutated proteins at glycine residue. In

the presence of genistein, the pharmacological behaviour

of wt-CFTR is characterized by a non-Michaelis–Menten

behaviour [19]. We first verified this property with GFP-
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Fig. 1. Expression of wt- and mutant CFTR channels. (A) alignment of Walker A, Walker B and signature sequences for NBD1 and NBD2 of the human

CFTR protein with the amino-acid positions. The glycine G551 and G1349 are underlined in bold. (B) western blot analysis of the GFP-CFTR expression

detected with CFTR NBD2 C-terminal antibody. On the right is indicated the position of bands B and C; band B, 210-kDa core-glycosylated GFP-CFTR and

band C, 240-kDa mature-glycosylated GFP-CFTR. Lane 1: non transfected COS-7 cells; lane 2: mock-transfected cells; lane 3: GFP-wt-CFTR, lane 4: GFP-

delF508-CFTR; lane 5: GFP-G1349D-CFTR; lane 6: GFP-2GD-CFTR; lane 7: GFP-G551D-CFTR. (C) confocal imaging showing plasma membrane

localization of wt-CFTR, G551D-, G1349D- and 2GD-CFTR. The delF508 mutant at 37 8C (bottom left) is restricted to intracellular compartments whereas

at 27 8C (bottom, right) it becomes localized at the plasma membrane. Scale bar is 10 mm.
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wt-CFTR. Cells were stimulated by 500 nM forskolin and

by increasing concentrations of genistein from 3 to 300 mM

(n ¼ 4 for each concentration, Fig. 4A). For concentrations

up to 30 mM, genistein stimulated GFP-wt-CFTR (Fig. 4A,

left traces) but for higher concentrations, i.e. 300 mM

genistein, an inhibition of the channel activity was evi-

denced (Fig. 4A, right traces). Note that even at 100 mM

genistein the stimulation of wt-CFTR was attenuated

(although not statistically different from that obtained with

30 mM). The corresponding bell-shaped relationship is

presented Fig. 4E and shows the existence of the two

opposite effects of genistein as described elsewhere

[19]. Fig. 4B shows that the G551D mutation altered the

non-Michaelis–Menten behaviour of GFP-wt-CFTR in

such a way that the inhibitory effect of genistein at high

concentration was abolished (Fig. 4B, right traces). The

corresponding concentration-dependent activation rela-

tionship is presented Fig. 4E (superimposed to that of

wt-CFTR for comparison). The calculated half-maximal

effective concentration EC50 was 13 � 1:25 mM (n ¼ 4), in

perfect agreement with the value of 11 mM determined in

our previous study using CHO cells stably expressing
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Fig. 2. Functional expression and pharmacology of GFP-tagged wt-, G551D-, G1349D- and 2GD-CFTR. (A) time-dependent iodide efflux curves showing

the stimulation of CFTR channels by 10 mM forskolin (noted Fsk). B and C, analysis of the expression of G1349D-CFTR (B) and 2GD-CFTR (C) mutants in

COS-7 cells. The cAMP agents are 10 mM forskolin, 500 mM IBMX and 500 mM cpt-cAMP. Note that 100 mM glibenclamide but not 500 mM DIDS inhibited

the cAMP-dependent activation of iodide efflux for both proteins. (D) effect of the vehicle DMSO used at 1% in this study as indicated for the different

constructs. (E) summary of the % of maximal activation in the presence of glibenclamide and DIDS for wt-, G1349D and 2GD-CFTR, as indicated. Data are

presented as mean � S:E:M: n ¼ 4 for each experimental condition. ���P < 0:001; ns: non significant difference. Some error bars are smaller than the

symbol. Horizontal bar above traces in A–D indicates the presence of agonists, inhibitors or vehicle.
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G551D-CFTR [19]. On the contrary, analysing the effect of

genistein on the channel activity of the LSHGH mutant

G1349D and of the double mutant 2GD demonstrated their

inability to be stimulated even in the presence of 10 mM

forskolin and 300 mM genistein. Evidence for that is

provided Fig. 4C–E. Lack of response given by

G1349D-expressing cells was observed in the presence

of six different concentrations of genistein (with 10 mM

forskolin) and was not statistically different from the

control, i.e. with forskolin but without genistein. Similarly,

with the double mutant 2GD, 30 mM genistein and 10 mM

forskolin added together did not stimulate iodide efflux

(Fig. 4D). The corresponding concentration-dependent

activation relationships for wt, G551D and G1349D are

superimposed on the same graph in Fig. 4E. When com-

pared to the response given by wt-CFTR, the mutation of

G1349 abolished the activatory phase while mutation of

G551 abolished the inhibitory phase. Since there is no shift

to the right of the curve for G1349D, we concluded that the

mutant CFTR was fully refractory to genistein stimulation.

Finally, similar experiments were conducted with CFTR

chloride channels having the class II CF mutation delF508

because this mutation belongs to a different class of

mutation but causes, like G551D and G1349D, a severe

CF phenotype. The expression of the mutant protein in

COS-7 was verified by western blot analysis (Fig. 1B, lane

4). The delF508 channel activity was studied after 24 h

incubation of cells at 27 8C; a protocol known to alter the

intracellular processing of delF508, re-directing the mutant

protein towards the plasma membrane [25]. The membrane

location of delF508 proteins was then verified by confocal

imaging (Fig. 1C). With cells cultured at 27 8C, the addi-

tion to the bath of genistein, in the presence of 500 nM

forskolin, restored delF508 channel activity as shown in

Fig. 5A. Interestingly, with increasing concentrations of

genistein, delF508-CFTR behaves like wt-CFTR, i.e. with

a non-Michaelis–Menten behaviour. Inspection of concen-

tration-dependent relationships presented in Fig. 5B indi-

cates however that the magnitude of the response of

delF508-CFTR to genistein was reduced compared to that

of wt-CFTR.

Inconclusion,wehavestudiedthepharmacologyofCFTR

chloride channel and the consequence of the three severe

CF mutations, delF508, G551D and G1349D. We found a

dramatic modification of the pharmacological behaviour of

CFTR only with the class III mutations G551D and G1349D

that appears to be restricted to genistein. The mechanism of

activation (and inhibition) by genistein is apparently not

altered by the NBD1 CF mutation delF508.

4. Discussion

This study shows for the first time how two symmetrical

CF mutations modify the pharmacological properties of

CFTR. We found that glycine G1349 located in the sig-

nature sequence LSHGH of NBD2 is a key molecular site

for genistein leading to stimulation of the CFTR chloride

channel activity. The glycine-to-aspartic acid missense

mutation at codon 1349 (class III) causes a severe cystic

fibrosis [13,14] and abolishes the pharmacological activa-

tion of the chloride channel activity of CFTR by the

isoflavone genistein but not by the xanthine IBMX nor

by the benzo[c]quinolizinium MPB-91. Recent studies

from our group described an unexpected and singular

property of CFTR, the non-Michaelis–Menten behaviour,

pointing out to the existence of one activatory site and one

inhibitory site for genistein [19]. Our previous study on

G551D, the symmetrical glycine mutation located in the

LSGGQ signature sequence of NBD1, showed that the

mutation abolished only the inhibitory genistein effect

[19]. Therefore, the results presented here further empha-

sise the crucial role played by the two signature sequences

of CFTR in the regulation of its channel activity.

The class II CF mutation delF508 produced a protein

that is functional after its insertion into the plasma mem-

brane [10]. Using the low-temperature protocol we were

able to correct the abnormal trafficking defect in delF508-

expressing COS-7 cells. Indeed, we found that delF508,

like wt-CFTR, behaves in a similar way with respect to

the stimulation by genistein, i.e. with a non-Michaelis–

Menten behaviour. The magnitude of the response with

delF508 was reduced, however, compared to that of wt-

CFTR, an observation in agreement with previous reports

demonstrating alteration of kinetic parameters of the

mutant channel [26]. However, we found that the maximal

stimulation of delF508 was obtained at the same concen-

tration of genistein than with wt-CFTR, i.e. 30 mM. Thus,

deleting the phenylalanine at position 508, which alters the

gating mechanism of the channel and the intracellular

trafficking process of the protein, has no apparent effect
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Fig. 4. Effect of genistein on GFP-tagged wt-, G551D-, G1349D- and 2GD-CFTR chloride channel activity. Iodide efflux curves calculated in response to

forskolin and various concentrations of genistein with COS-7 cells transiently expressing GFP-CFTR channels: wt- (A), G551D- (B), G1349D- (C) and 2GD-

(D). Note that for wt-CFTR 500 nM forskolin was used whereas for the mutants 10 mM forskolin was required. The bar above traces indicates the presence of

agonist and its concentration. Data are presented as mean � S:E:M:, n ¼ 4 for each experimental condition. (E) Concentration-response curve for each GFP-

tagged CFTR construct as indicated. For each concentration the relative rate was calculated as kpeak � kbasal. Note that only for wt-CFTR a bell-shaped

relationship was obtained. Some error bars are smaller than the symbol.
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on the mechanism of activation at low concentration nor on

the mechanism of inhibition at high concentration of

genistein.

Interestingly, within CFTR, the two LSGGQ motifs are

different. In NBD1, the signature sequence LSGGQ is

strictly conserved, while in NBD2 the symmetrical

sequence LSHGH is degenerated. Indeed, CFTR is unique

among the ABC transporters because it is an ionic channel

and because the two NBDs are thought to play a major role

in the channel gating, i.e. opening and closing [20,27–30].

Until recently, most of the attention has been paid to the

ATP-dependent gating of CFTR through patch-clamp and

mutagenesis analysis of amino acids at Walker A domains,

arguing for functional interdependence between NBD1 and

NBD2 [20,23,24,27,28]. This suggested that ATP hydro-

lysis at NBD1 contributes to channel opening, while

hydrolysis at NBD2 leads to closing [28]. However, recent

biochemical studies indicated differential interactions of

nucleotides at the two NBDs, and that nucleotides bind

stably and dissociate slowly from NBD1, while NBD2

rapidly hydrolyses nucleotides [29,30]. A more general

mechanism of regulation of CFTR and other ABC trans-

porters by the LSGGQ motif recently emerged from

analysis of the crystallographic structures of HisP and

other nucleotide-binding proteins. Jones and George in

1999 [3] made the attractive hypothesis that the conserved

signature sequence in each NBD may interact with the

Walker A site in the opposite NBD. Later, experimental

data collected from numerous studies of Rad50 [4], HisP

[5], MalFGK2 [6], P-gp [7], MJ0796 [8] and Mdl1p [9]

ABC transporters supported this model.

From our results, we propose a plausible mechanism of

action of genistein as an intermediate for the cross-talk

between the LSGGQ motif and the Walker A domain of the

opposite NBDs of CFTR. The first step corresponds to the

binding of genistein at G1349 favouring the interaction of

LSHGH with the Walker A domain at NBD1 and resulting

in MgATP-dependent opening of CFTR chloride channels

according to current gating model [20,27,28]. A second

molecule of genistein could then binds at G551. The

LSGGQ motif triggers the closing of CFTR channels

through interaction with the Walker A domain at NBD2.

With the G551D mutant, the glycine G1349 being still free

to accept a molecule of genistein, the channel can be

activated without inhibition at high concentration (because

the inhibitory glycine at position 551 has been mutated into

aspartate). This may be explained by an interaction of the

LSGGQ domain with the Walker A at NBD2 that might

controls the inhibition of CFTR channels. On the contrary,

with the mutant G1349D the activation of CFTR was

abolished. This is an indication of an interaction between

LSHGH and the Walker A of NBD1 that controls the
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Fig. 5. Non-Michaelis–Menten behaviour of delF508-CFTR chloride channel activity in response to genistein. (A) Iodide efflux curves calculated in

response to 500 nM forskolin with various concentrations of genistein for COS-7 cells transiently expressing GFP-delF508-CFTR channels. The bar above
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activation of CFTR channels. In support for our hypothesis,

an elegant study on P-gp recently suggested that drug-

stimulated ATPase activity of P-gp could bring the Walker

A and LSGGQ sites closer enough so that ATP hydrolysis

occurs at a faster rate [31]. Whether a similar mechanism

occurs for CFTR is not known but is certainly attractive

although additional experiments will be required.

In conclusion, our study reveals that the symmetrical

(but not equivalent) LSGGQ and LSHGH signature motifs

control the inhibition and activation of CFTR chloride

channels possibly by acting like molecular switches able

to turn on and off CFTR via interaction of genistein with its

high affinity activatory site located at G1349 in NBD2 and

with its low affinity inhibitory site located at G551 in

NBD1. Our results also reveal a novel possibility for the

development of LSHGH-targeted activators or LSGGQ-

targeted inhibitors of CFTR. Although it remains to deter-

mine how interaction of genistein with the two glycines

interferes with binding and/or hydrolysis at NBD1 and two

to promote opening and closing of CFTR channels, our

results may fit to the dimer ‘‘head-to-tail’’ hypothesis for

ABC transporter [3–9,20].
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