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Abstract. The cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein contains a
canonical ATP-binding cassette (ABC) signature
motif, LSGGQ, in nucleotide binding domain 1
(NBD1) and a degenerate LSHGH in NBD2. Here,
we studied the contribution of the conserved residues
G551 and G1349 to the pharmacological modulation
of CFTR chloride channels by phloxine B using io-
dide efflux and whole-cell patch clamp experiments
performed on the following green fluorescent protein
(GFP)-tagged CFTR: wild-type, delF508, G551D,
G1349D, and G551D/G1349D double mutant. We
found that phloxine B stimulates and inhibits chan-
nel activity of wild-type CFTR (K = 3.2 £ 1.6 um,
K; = 38 + 1.4 um) and delF508 CFTR (K = 3 +
1.8 uMm, K; = 33 = 1 um). However, CFTR chan-
nels with the LSGDQ mutated motif (mutation
G551D) are activated (Kg = 2 = 1.13 pm) but not
inhibited by phloxine B. Conversely, CFTR channels
with the LSHDH mutated motif (mutation G1349D)
are inhibited (K; = 40 £ 1.01 pum) but not activated
by phloxine B. Finally, the double mutant G551D/
G1349D CFTR failed to respond not only to
phloxine B stimulation but also to phloxine B inhi-
bition, confirming the importance of both amino acid
locations. Similar results were obtained with geni-
stein, and kinetic parameters were determined to
compare the pharmacological effects of both agents.
These data show that G551 and G1349 control the
inhibition and activation of CFTR by these agents,
suggesting functional nonequivalence of the signa-
ture motifs of NBD in the ABC transporter CFTR.
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Introduction

The cystic fibrosis (CF) transmembrane conductance
regulator (CFTR) chloride channel belongs to the
ATP-binding cassette (ABC) transporters, a large
evolutionarily conserved family of integral mem-
brane proteins that catalyze the active transport of a
variety of solutes across biological membranes cou-
pled to hydrolysis of nucleotides as a source of en-
ergy (Riordan et al., 1989; Vankeerberghen,
Cuppens & Cassima, 2002). CFTR belongs to sub-
family C and is coded ABCC7 in the ABC classifi-
cation (http://nutrigene.4T.com/humanabc.htm).
CFTR protein is composed of two repeated units
joined by a long sequence called the regulatory (R)
domain, the phosphorylation of which regulates
channel activity (Tabcharani et al., 1991; Gadsby &
Nairn, 1999; Ostedgaard, Baldursson & Welsh
2001). Each part has a membrane-spanning domain,
including six transmembrane o-helices and a globu-
lar domain, the nucleotide binding domain (NBD),
containing an adenosine triphosphate (ATP)-binding
site. NBD contains highly conserved Walker A and
B motifs in common with a variety of ATP-binding
proteins (Walker et al., 1982; Gadsby & Nairn,
1999). The LSGGQ motif (also named ABC signa-
ture sequence) is located in the primary structure
between the two Walker A and B motifs and shows
remarkable conservation in NBDs of all ABC
transporters except for CFTR, in which the signa-
ture sequences, although symmetrical, are not
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equivalent — i.e., LSGGQ in NBD1 and LSHGH in
NBD2 (Walker et al., 1982) — and except the
transporter associated with antigen processing
(TAP), containing a canonical LSGGQ motif in
TAP1 but a degenerate LAAGQ motif in TAP2
(Chen, Abele & Tampe, 2004).

The fluorescein derivative phloxine B (PhlxB) has
been used as a probe for various ATPases (Skou &
Esmann, 1981; Mitchinson et al., 1982; Muallem &
Karlish, 1983; Farley & Faller, 1985) and as a blocker
of the activity of pancreatic Katp channels
(de Weille, Muller & Lazdunski, 1992; Dickinson
et al., 1997; Loffler-Walz & Quast, 1998). Due to
structural and pharmacological analogies between
CFTR and Ktp, PhixB has also been evaluated on
the CI” current associated with the expression of hu-
man CFTR in Xenopus oocytes (Bachmann et al.,
2000). Results showed a bell-shaped concentration
dependence with midpoints at 45 and 1600 nm for the
stimulatory and inhibitory phases, respectively
(Bachmann et al., 2000). Then, similar effects with
delF508 CFTR expressed in C127 mouse mammary
epithelial cells have been shown (Cai & Sheppard,
2002), leading to the hypothesis that the drug could
stimulate CFTR by interaction with the ATP-binding
site of NBD2 to slow the dissociation of ATP from
NBDI. A bell-shaped response is referred to as non-
Michaelis-Menten behavior, a mechanism described
for the effect of the isoflavone genistein on CFTR and
for many enzymes and receptors (Derand, Bulteau-
Pignoux & Becq, 2002; Melin et al., 2004). Such a
mechanism could be explained in terms of the
resulting interaction of stimulatory and inhibitory
components involving two binding sites, one being
the activator and the other being the inhibitor
(Rovati & Nicosia, 1994; Bronnikov et al., 1999;
Derand et al., 2002; Atkins, 2005).

The goal of this study was to investigate the
contribution of the two conserved glycine residues
G551 (LSGGQ) and G1349 (LSHGH) of the ABC
signature motifs to the modulation of CFTR CI™
channels by PhlxB. By comparing the pharmacolog-
ical behavior of various constructs, our study high-
lighted their role in the control of inhibition (G551)
and activation (G1349) of CFTR by PhlxB.

Materials and Methods
ConsTRUCTION OF CFTR MUTANTS AND TRANSFECTION

The pEGFP-C1-CFTR mammalian expression vector, allowing
fusion of green fluorescent protein (GFP) to the N terminus of
CFTR, was generously provided by K. H. Karlson (Dartmouth
College, Hanover, NH). Individual delF508, G551D and G1349D
mutations were created by site-directed mutagenesis as previously
described (Melin et al., 2004). Double mutant G551D/G1349D
(named 2GD-CFTR) was derived from pEGFP-G551D-CFTR.
COS-7 cells were transfected 12-24 h after seeding, using cationic
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lipids (JetPEI™; Qbiogene, Illkirch, France) with 1 pg/ml of
plasmid for iodide efflux experiments or 0.5 pg/ml for the patch-
clamp method. The medium was refreshed 24 h posttransfection.
COS-7 cells were cultured as described (Melin et al., 2004) and used
72 h after transfection for iodide efflux experiments and 2448 h for
electrophysiological measurements. Cells expressing CFTR proteins
were visually identified in the patch-clamp setup by green fluores-
cence emission detected by the CKX41 culture microscope, supplied
by the Olympus (Tokyo, Japan) Reflected Fluorescence System.

ELECTROPHYSIOLOGY

Ionic currents were measured 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) rela-
tionships were built by clamping the membrane potential to
—40 mV and by pulses from —100 to +100 mV in 20-mV incre-
ments. Pipettes were prepared by pulling borosilicate glass capillary
tubes (GCL150-TF10; Clark Electromedical, 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—5 MQ). Pipette capaci-
tance was electronically compensated in cell-attached mode.
Membrane capacitance and series resistances were measured in the
whole-cell mode by fitting capacitance currents, obtained in re-
sponse to a hyperpolarization of 10 mV, with a first-order expo-
nential, 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 microcomputer equipped
with an analog/digital-digital/analog conversion board (Digidata
1200 interface; Axon Instruments, Burlingame, CA). Results were
analyzed with pPCLAMP version 6.03 software (Axon Instruments).
The external bath solution contained (in mm) 145 NaCl, 4 CsCl,
1 CaCl,, 1 MgCl,, 10 glucose and 10 tetradecyl sulfate (TES) ti-
trated with NaOH to pH 7. The osmolarity was 315 + 5 mOsmol.
The intrapipette solution contained (in mm) 113 L-aspartic acid,
113 CsOH, 27 CsCl, 1 NaCl, 1 MgCl,, 1 ethyleneglycoltetraacetic
acid, 3 MgATP (ex temporane) and 10 TES (titrated with CsOH to
pH 7.2). The osmolarity was 285 + 5 mOsmol. The pipette solu-
tion was always hypotonic (with respect to the bath solution) to
prevent cell swelling and activation of the volume-sensitive chloride
channels. All experiments were conducted at room temperature
(20-25°C). The calculated chemical equilibrium potential for
chloride (E¢") is —42 mV. All currents traces shown in the figures
are single traces.

RADIOTRACER EFFLUX EXPERIMENTS

Chloride channel activity was assayed by measuring the rate of
iodide (*°I) efflux from a population of transfected COS-7 cells
72 h posttransfection, as previously described (Derand et al., 2002;
Melin et al., 2004). Briefly, the fraction of initial intracellular '*’I
lost during each time point was determined and time-dependent
rates (k, min~") of '?°I efflux were calculated according to k = In
('25111/'25112)/&1 — tp), where 1251, is the intracellular '*°I at time t
and t; and t, are successive time points. Concentration-dependent
activation curves were constructed by plotting £ vs. time. To
compare different sets of data from separate experiments, we cal-
culated the relative rates 7 = Kpeak - Kpasal (min™"). In all experi-
ments, the peak rate (kpeak) corresponds to the maximum value of
the rate of efflux whereas the basal rate (kp,sa) represents the third
point on the graphs. For concentration-dependent inhibition
curves, data were normalized using the relative rate without
inhibitor as 100%. The non-Michaelian parameters K; and K; were
determined as described (Derand et al., 2002). The half-maximal
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effective inhibitory concentrations (ICsy) were estimated after fit-
ting results by a nonlinear regression.

CHEMICALS

Forskolin and genistein were from LC Laboratories (PKC Phar-
maceuticals, Woburn, MA). All other products were from Sigma
(St. Louis, MO). Stock solutions were prepared at 30 and 100 mM in
dimethyl sulfoxide (Me,SO) for genistein and PhlxB, respectively.
Dilution of stock solution allowed preparation of fresh solution at
the final concentrations indicated in the text. The vehicle for drugs
(final Me,SO concentration 0.1%) has no effect on either basal io-
dide efflux, even at 1% (Melin et al., 2004), or currents.

STATISTICS

Results are expressed as mean + standard error of the mean (SEm)
of n observations. Data were compared with Student’s ¢-test. Dif-
ferences were considered statistically significant at P < 0.05. All
statistical tests were performed using GraphPad Prism version 4.0
for Windows (GraphPad Software, San Diego, CA). Dose-re-
sponse curves were compared posttest following two-way analysis
of variance applying the Bonferroni correction.

Results
ProPERTIES OF G1349D-CFTR CHLORIDE CURRENT

Individual delF508, G551D and G1349D and double
G551D/G1349D (named 2GD-CFTR) mutations
were created by site-directed mutagenesis and in-
serted into the pEGFP-CI-CFTR mammalian
expression vector, allowing fusion of GFP to the N
terminus of CFTR as previously described (Melin
et al., 2004). Figure 1 indicates the location of the
LSGGQ and LSHGH domains in NBD1 and NBD?2
(Fig. 14), together with the location of G551 and
G1349 within these sites (Fig. 1B). Transient trans-
fection in COS-7 cells was performed, and the CFTR
chloride channel activity was analyzed by patch-
clamp recordings and iodide efflux. The basal whole-
cell current (mean current density of 14 + 4 pA/pF
at +40 mV, n = 3) was not significantly affected by
the expression of G1349D-CFTR (mean current
density of 12 £ 3 pA/pF at +40mV, n =17,
Fig. 24 and D). The class III mutation G1349D, like
G551D, impaired activation of CFTR channels by
the adenylate cyclase activator forskolin (Fsk). The
corresponding mean current densities are 11 + 4
pA/pF for GS551D-CFTR and 9 £ 4 pA/pF for
G1349D-CFTR at +40 mV in the presence of 10 pum
Fsk (n = 3). Using iodide efflux experiments, we
tested increasing concentrations of Fsk from 0.1 to
100 pm but failed to stimulate any iodide efflux in
G1349D-CFTR-expressing cells (n = 4 for each
concentration, not shown). However, these class 111
mutant CFTR channels are activatable by a cocktail
composed of 10 pm Fsk and 100 um of the phos-
phodiesterase inhibitor 3-isobutyl-1-methylxanthine
(IBMX) (Melin et al., 2004; Becq & Mettey, 2005).
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The presence of Fsk/IBMX in the extracellular bath
activated a current (mean current density of 88 + 13
pA/pF at +40 mV, n = 4; Fig. 2B) that reversed at
—40 mV (Fig. 2D), a value close to the theoretical CI
equilibrium potential imposed in our conditions
(Eci” = —42 mV), confirming its CI- nature. The
cyclic adenosine monophosphate (cAMP)-activated
G1349D-CFTR CI™ current was completely inhibited
by 100 pm glibenclamide (Fig. 2C and D) (Sheppard
& Welsh, 1993). Using iodide efflux experiments, we
determined the concentration dependence of the ef-
fect of glibenclamide on G1349D-CFTR and G551D/
G1349D (noted 2G D) in cells activated by 10 um Fsk
+ 100 pm IBMX. We calculated ICsy values of
83 £ 1.06 um for G1349D-CFTR (n = 4; black
symbols, Fig. 2F) and 5.5 £ 1.13 um for 2GD-
CFTR (n = 4; open symbols, Fig. 2F). Differences
between the two curves were not statistically signifi-
cant (P < 0.05) using analysis of variance followed
by a Bonferroni post hoc test.

NoON-MICHAELIAN MODULATION BY PHLXB OF
WIiLD-TYPE- AND DELF508-CFTR CHANNELS

The fluorescein derivative PhixB has been described as
an allosteric blocker of wild-type (wt)-CFTR CI™
channels (Bachmann et al., 2000; Cai & Sheppard,
2002). We explored the effect of PhlxB on the CI™
channel activity of the following CFTR mutants:
delF508, G551D, G1349D and 2GD. We first com-
pared the pharmacological behavior of wt- and
delF508-CFTR in the presence of the drug. To over-
come the processing defect of delF508 mutation and
promote its delivery to the cell membrane, COS-7 cells
transfected with delF508-CFTR were cultured for 24 h
at 27°C (Denning et al., 1992; Melin et al., 2004).
Figure 3A presents the iodide efflux measured in
response to increasing concentrations of PhIxB
in the presence of 0.5 um Fsk for wt-CFTR- and
delF508-CFTR-expressing cells. Fsk was used in all
experiments because PhIxB alone is inefficient on
nonphosphorylated CFTR CI” channels expressed in
COS-7 cells (data not shown) or other cells (Cai &
Sheppard, 2002). We obtained bell-shaped concentra-
tion-response curves (Fig. 3A), typical of non-Micha-
elis-Menten behavior, as described earlier for the
isoflavone genistein (Derand et al., 2002; Melin et al.,
2004). For concentrations of 1-10 um, we found
marked stimulation of wt- and delF508-CFTR channel
activity  (Fig. 3A).  For  concentrations  of
10-100 um PhlxB, the chloride channel activity of
CFTR was inhibited (Fig. 3A). Table 1 presents the
corresponding kinetic parameters for activation (Kj)
and inhibition (K;) by PhixB of wt-CFTR and delF508-
CFTR. Importantly, the K and K; values calculated
for wt-CFTR are not significantly affected by the
delF508 mutation of CFTR. However, with delF508-
CFTR-expressing cells, the overall magnitude of the
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response to PhlxB is smaller compared to that of wt-
CFTR (Fig. 3A), as previously shown for genistein
(Melin et al., 2004). These results confirm the existence
of two opposite effects of PhlxB on wt- and delF508-
CFTR activities, i.e., stimulation at low concentrations
and inhibition at high concentrations.

ErrecTs oF PHLXB oN G551D, G1349D AnND
G551D/G1349D CHANNELS

In the next series of experiments, we examined the
consequence of the glycine-to-aspartic acid mutations
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Fig. 1. Location of G551 and G1349 in the
LSGGQ/LSHGH motifs of CFTR.

(A4) Ribbon representation of the model of
the CFTR NBD1/NBD2 head-to-tail
heterodimer (Callebaut et al., 2004; Eudes
et al., 2005). The ABC signatures (LSGGQ
and LSHGH) are shown in atomic details
together with the ATP molecules.

(B) Detailed view of the two ATP-binding
sites, which were superimposed. Amino
acids from the different conserved motifs
are shown.

in NBD1 and NBD2 on the response to PhlxB in the
presence of Fsk. A classical sigmoidal concentration-
response relationship describes the effect of PhlxB on
G551D (Fig. 3B, black triangles). These results indi-
cate a complete loss of inhibition at high PhIxB
concentrations (>10 um) of G551D-CFTR com-
pared to wt-CFTR (see Fig. 34). The calculated

=2+ 1.13 um (n = 4) shows that PhlxB is a
potent activator of G551D channels (Table 1). Then,
we examined the response to PhIxB of G1349D
channels also in the presence of Fsk. Contrary to the
previous results with the NBD1 mutation G551D, we
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Fig. 2. Activation by cAMP cocktail and
inhibition by glibenclamide of G1349D-
CFTR channels. Representative whole-cell
current traces for CFTR are shown before
(A4) and after (B) application of cAMP
cocktail (Fsk 10 pm + IBMX 100 pm) and
following application of 100 pum
glibenclamide (Glib, C). (D) Step protocol
consisted of 400 ms voltage steps from —100
to +100 mV from a holding potential of
—40 mV. Capacitance of the cell is 15 pF.
Vm, membrane voltage; (E) Concentration-
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1004 ns cells transfected with GFP-G1349D-CFTR
and 2GD after maximal activation with
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E 501 ns calculated as described in Materials and
e Methods and normalized to the relative rate
=25 ns with cAMP cocktail, without
glibenclamide. I1Cs, values calculated in
0 r6 r5 z these conditions are for G1349D channels,

Log [glibenclamide] (M)

found no evidence for stimulation of G1349D chan-
nels by increasing concentrations of PhlxB despite the
presence of Fsk (Fig. 3B, black squares). The double
mutant, carrying G551D and G1349D mutations, is
also refractory to PhlxB stimulation (Fig. 3B, open
squares). These data show, first, that mutation of
glycine 551 in NBD1 abolished the inhibition, but not
the activation, of CFTR by PhlxB and, second, that
mutation of glycine 1349 in NBD2 (single or double
CFTR mutant) abolished the activation of CFTR by
PhixB.

ErrecT oF PHLXB WHEN G1349D-, G551D- AND
2GD-CFTR-EXPRESSING CELLS ARE STIMULATED BY
Fsk/IBMX

Because the mutant G1349D can be activated by
Fsk/IBMX but not by Fsk/PhlxB, we took advan-
tage of this difference to investigate whether PhIxB
could nevertheless inhibit the mutant channel after
its activation by Fsk/IBMX, like the wt-CFTR
channels. In the following experiments, we per-
formed whole-cell patch-clamp experiments on COS-
7 cells expressing G1349D-CFTR stimulated by Fsk/
IBMX and subsequently challenged by application
of 10 um PhlxB into the bath. A representative time
course of the amplitude of the current density is

8.3 = 1.06 um, and for 2GD channels,
5.55 + 1.13 pM. ns, nonsignificant.

illustrated Fig. 44. The current amplitude (pA)
measured between +40 and —40 mV (see insert
Fig. 44) was plotted as a function of time and
normalized by cell capacitance (pF) to allow com-
parison between cell densities (pA/pF). Addition of
10 um Fsk + 100 pm IBMX in the bath medium
induced a significant increase of ClI™ current (Fig. 44
and B). After stable activation of the G1349D-
CFTR current, addition of 10 um PhIxB (in the
continuous presence of Fsk/IBMX) inhibited
G1349D-CFTR currents (Fig. 44 and B). In
approximately 2 min, the current returned to the
basal level. Further application of 100 pum gliben-
clamide in the extracellular bath had no additional
inhibitory effect (Fig. 44), confirming that the
G1349D-CFTR current was totally inhibited by
PhixB. Averaged values and statistical analysis for
the different experimental protocols described are
given (Fig. 4C and D).

Then, similar experiments were performed with
G551D-CFTR-expressing cells. As expected from io-
dide efflux experiments, a significant increase of CI™
current was recorded in G551D-expressing cells stim-
ulated by 10 um Fsk + 100 um IBMX (Fig. 54 and
B). However, contrary to G1349D-CFTR, PhixB did
not inhibit G551D-CFTR currents after stable acti-
vation of G551D (compare left and right whole-cell
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Table 1. Kinetic parameters for activation (K;) and inhibition (X;)
of CFTR by PhlxB and genistein®

PhixB Genistein
Construct K K; K K;
wt-CFTR 32 + 1.6 38 + 14 10 + 1° 106 + 1°
delF508 3+18 33+1 9.8 + 1° 107 + 1°
G551D 2+ 113 ¢ 13 + 1.25° -
G1349D - 40 + 1.01° - 121 + 1.14°
2GD - - - -

# All data (in pm) are n = 4.

® Data from Melin et al., 2004.
¢ With activation by Fsk/IBMX.
4 No effect.

traces, Fig. 5B). PhlxB did not potentiate G551D-
CFTR currents due to maximal stimulation of the
current by Fsk/IBMX (Fig. 54 and C). Further
application of 100 uMm glibenclamide in the extracel-
lular bath fully inhibited the currents (Fig. 54 and C),
confirming that G551D-CFTR is refractory to inhi-
bition only by PhlxB but not by glibenclamide. Aver-
aged values and statistical analysis for the different
experimental protocols described above are given
(Fig. 5C and D). We also noted two differences be-
tween G551D and G1349D-CFTR channels stimu-
lated by Fsk+IBMX. First, the time to maximal
current stimulation with G551D-CFTR, 120 + 9 s
(n = 4), was significantly faster (P < 0.01) than that
for G1349D (194 + 8 s, n = 4). Second, the current
density measured at +40 mV was 26 = 5 pA/pF
(n = 6) for G551D construct, a value approximately
threefold smaller (P < 0.001) than the current density
measured for G1349D, 88 + 13 pA/pF (n = 4).
Finally, we determined the concentration-
dependent inhibitory effects of PhixB and genistein
on G1349D and 2GD-CFTR channels after stimu-
lation by Fsk/IBMX (Fig. 6). CFTR activity was
normalized (as percent of maximal activation) with
respect to the relative rate prior to addition of PhixB
or genistein. We calculated the K; for PhixB on
G1349D (40 + 1.01 um, n = 4 for each concentra-
tion; Fig. 6A, black symbols). For 2GD-CFTR
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Fig. 3. Effect of PhlxB on wt-CFTR chloride channels and CF-
associated mutants. (4) Concentration-response curves of
PhixB on COS-7 cells transiently transfected with GFP-wt-
CFTR and delF508 (after cell exposure at 27°C for 24 h) in the
presence of 0.5 pum Fsk. The relationships are bell-shaped, with
an inflection point at 10 pm of PhlxB. Note that the amplitude
of delF508-CFTR activity channels is less important than for
wt-CFTR. (B) Concentration-response curves of PhlxB on
COS-7 cells transiently transfected with GFP-CFTR with the
following mutations: G551D, -G1349D and -2GD. Note that
10 pm Fsk is required for these mutants. ns, nonsignificant; *P
< 0.05, **P < 0.01.

channels, no inhibition occurred; the calculated rel-
ative rates in the presence or absence of PhIxB or
genistein were not statistically different (Fig. 6A and
B, open symbols). With genistein, the calculated K;
was 121 £+ 1.14 pm for G1349D channels (n = 4 for
each concentration; Fig. 6B, black symbols). Table 1
gives all the kinetic parameters determined in this
study.

Discussion

In the present study, we investigated the pharmaco-
logical properties of wt-CFTR and CFTR mutated in
the ABC signature domains of both NBD1 and NBD?2
expressed in COS-7 cells challenged by PhlxB. At low
concentrations, the fluorescein derivative PhlxB
stimulates wt- and delF508-CFTR but also inhibits
both channels at higher concentrations. With the
LSGGQ motif mutated at the G551 location (i.e.,
LSGDQ), CFTR can be activated but not inhibited by
PhlxB or genistein. With the LSHGH motif mutated
at G1349 (i.e., LSHDH), CFTR channel activity can
be inhibited but not stimulated by PhlxB or genistein.
The combination of two aspartic substitutions has
additive effects; i.e., with both mutated glycine resi-
dues (i.e., LSGDQ/LSHDH), PhixB, like Gst, is un-
able to activate and inhibit CFTR channel activity,
demonstrating nonequivalent and complementary
roles for each single glycine. Thus, interaction of the
pharmacological agents PhIxB and genistein with
glycine G551 in LSGGQ triggers inhibition of CFTR
channel activity and with glycine G1349 in the
LSHGH motif allows channel activation.

The elucidation of the three-dimensional struc-
tures of several NBDs from various ABC transport-
ers, including NBD1 of CFTR, has revealed their
specific architecture and, for some, their organization
into functional homo- or heterodimers into a ‘“head-
to-tail” configuration (Schmitt & Tampe, 2002;
Callebaut et al., 2004; Lewis et al., 2004). In this
configuration, each nucleotide is sandwiched between
the two NBDs and each nucleotide-binding site is
formed by the Walker A, Walker B, Q-loop and
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switch of one NBD and the signature sequence of the
other NBD. The CFTR NBDI1/NBD2 heterodimer
structure has been modeled (Callebaut et al., 2004;
Eudes et al., 2005) based on the head-to-tail archi-
tecture which has also been shown for CFTR to
produce optimal catalytic activity (Kidd et al., 2004).
An asymmetry of the two ATP-binding sites is ob-
served in the CFTR NBDI1/NBD2 heterodimer, as
shown in Figure 1, with highly degenerated sequences
of the different motifs surrounding the noncanonical
ATP-binding site. This asymmetry is supported by
experimental data (Aleksandrov et al., 2002; Basso et
al., 2003; Berger, Ikuma & Welsh, 2005) showing that
rapid ATP turnover occurs at a canonical site (named
site B or NBD2 ATP-binding site as it is formed by
the Walker A and Walker B motifs of NBD2 and the
nonmodified signature sequence LSGGQ of NBD1),
whereas ATP remains bound for a long time, in a
nonhydrolyzed form, at a noncanonical site (named
site A or NBD1 ATP-binding site, in which participate
the Walker A and Walker B motifs of NBD1 and the

nonsignificant; ***P < 0.001.

highly modified signature sequence LSHGH of
NBD2).

These observations are consistent with a general
model for the channel-gating mechanism, in which
channel opening and closing are driven by ATP
binding and hydrolysis at the NBD2 ATP-binding
site (conventional site B, Fig. 1), respectively,
whereas binding and (weak) hydrolysis at the NBD1
ATP-binding site (nonconventional site A, Fig. 1) is
only a prerequisite for channel opening (Gunderson
& Kopito, 1995). Interestingly our data show that
G1349D-CFTR elicited a larger CI” current than
G551D-CFTR, these two glycine residues being lo-
cated within the NBDI1 and NBD2 active sites,
respectively (Fig. 1B). These results are indeed in
agreement with recent studies that propose that
CFTR channel opening and closing occur predomi-
nantly at NBD2 (Aleksandrov et al., 2002; Basso
et al., 2003; Berger et al., 2005). In the current head-
to-tail model of CFTR organization, the active site
for ATPase activity involves Walker A and B of one
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Fig. 5. Effects of PhlxB on cAMP-
activated G551D-CFTR channels.
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(A) Representative time course of
G551D-CFTR amplitude current
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NBD plus the signature sequence of the opposite
NBD. Therefore, for ATPase activity of NBD2, the
LSGGQ sequence of NBD1 is required. According to
these data, we show that the LSGDQ mutated se-
quence (with G551D) drastically impairs activation
of CFTR CI™ channel activity by Fsk/IBMX com-
pared to the LSHDH mutated sequence (with
G1349D). The asymmetrical nature of the NBD
heterodimer further supports such a model.

Several reports have suggested that CFTR acti-
vators use different mechanisms. Drugs like genistein
and PhlxB are associated with direct binding at the
NBDs (Randak et al., 1999; Cai & Sheppard, 2002),
consistent with our observations that CFTR modu-
lation is altered by NBD mutations G551D and
G1349D. The pharmacological effects of other drugs
like benzoquinolizinium and IBMX are not altered
by these mutations (Melin et al., 2004), suggesting on
the contrary an effect, or binding if any, at a distance
from NBDs. For most of the activators, the molec-
ular mechanisms of their pharmacological effects re-
main unknown (Becq & Mettey, 2005). On the other
hand, it was expected that all CFTR channels studied

T
100

Time (ms)

T T 1
200 300 400 recorded on G551D channels with
Fsk + IBMX (*) and with Fsk +
IBMX + PhIxB (**). (C) I/V
relationships for the G551D-CFTR
channels (mean + SEM)
normalized by cell capacitance.
(D) Summary of current
amplitudes (mean + SEM between
+40 and —40 mV) recorded on
cells transfected with GFP-G551D-
CFTR in various conditions: basal
(n = 10), Fsk + IBMX (n = 6),
Fsk + IBMX + PhIxB (n = 5),
Fsk + IBMX + PhIxB +
glibenclamide (Glib, n = 3).
ns,nonsignificant; **P < 0.01,
***p < 0.001.

ns 4

+ + +
-+ +
+

here would be inhibited by glibenclamide since recent
studies identified glibenclamide binding sites located
outside NBDs (Sheppard & Robinson, 1997,
Linsdell, 2005). The existence of multiple sites was
proposed to explain the effect of PhlxB on CFTR
(Bachmann et al., 2000; Cai & Sheppard, 2002), with
one site to stimulate CFTR located in NBD2 (which
we now propose to be G1349). Using single patch-
clamp recordings, Cai and Sheppard (2002) identified
one possible inhibitory site that would be only 4% of
the way through the transmembrane electric field
from the inside. However, these authors favored an-
other interpretation by suggesting that PhlxB might
block the channel pore by binding to one, two, or
more sites. In support of that, PhlxB has two negative
charges located on different parts of the molecule.
Therefore, G551 may be one of these sites, another
being located close to or within the pore. However,
using Xenopus oocytes expressing wt-CFTR,
Bachmann et al. (2000) concluded that PhlxB inhib-
ited CFTR currents by interfering with channel gat-
ing rather than by blocking the channel pore from the
inside. Therefore, although we clearly identified two
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Fig. 6. Comparison of inhibitory effect of PhlxB and genistein on
cAMP-activated G1349D- and 2GD-CFTR channels. Concentra-
tion-response curves of PhlxB (A4) and genistein (B). Data are ex-
pressed as percentage of maximal activation with Fsk + IBMX. ns,
nonsignificant; ***P < 0.001

important sites for activation and inhibition of CFTR
by PhixB, we certainly cannot exclude the possibility
that multiple inhibitory sites exist.

Based on molecular docking simulations (Moran,
Galietta & Zegarra-Moran, 2005), some potential
binding sites for CFTR activators were predicted in
the interface of the NBD dimer. The most probable
one strongly involves the participation of the NBD1
active site (nonconventional site A), in which G1349
1s included, and, to a lesser extent, the NBD2 active
site (conventional site B), including G551. A possible
mechanism suggested for the mechanism of CFTR
activators is stabilization of the heterodimer upon
binding of the drug to its site in the NBD interface,
resulting in an increase at the activity periods (Moran
et al., 2005). The effect of the mutations studied here
on the stimulatory and inhibitory effects of genistein
and PhIxB suggest that the corresponding amino
acids in wt-CFTR are directly involved in the drug
active sites. This hypothesis is therefore in agreement
with the proposal of drug binding site(s) located at
the interface of NBDs (Moran et al., 2005). The
activation site may directly involve the NBD1 ATP-
binding site as the amino acid G1349 appeared, as
shown by our study, to control the activation of
CFTR. This site may correspond to the site 2 de-
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scribed by Moran et al. (2005) as this one principally
involves amino acids of the NBD1 ATP-binding site.
Regarding this hypothesis, the drug would principally
acts as a stabilization factor of the heterodimer
interface, preventing its dissociation upon hydrolysis
of ATP. The inhibitor site would have an opposite
effect, thus promoting the heterodimer dissociation.
This site may directly involve the conventional NBD2
ATP-binding site as the amino acid G551 was clearly
shown in this study to control this inhibition.

In conclusion, although further studies will be
required to probe evidence of binding sites with these
agents, our data identified the conserved glycine res-
idues of the signature sequences of CFTR as molec-
ular determinants for activation (G1349) and
inhibition (G551) of CFTR by two chemically unre-
lated agents, phloxine B and genistein. These results
highlighted the important role of ABC signature
motifs in the pharmacological regulation of CFTR
chloride channel activity.
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