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Identification of sites responsible for the
potentiating effect of niflumic acid on ClC-Ka
kidney chloride channelsbph_822 1652..1661
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Farmacobiologico, Via Orabona 4, Università di Bari, Bari, Italy

Background and purpose: ClC-K kidney Cl– channels are important for renal and inner ear transepithelial Cl– transport, and
are potentially interesting pharmacological targets. They are modulated by niflumic acid (NFA), a non-steroidal anti-
inflammatory drug, in a biphasic way: NFA activates ClC-Ka at low concentrations, but blocks the channel above ~1 mM. We
attempted to identify the amino acids involved in the activation of ClC-Ka by NFA.
Experimental approach: We used site-directed mutagenesis and two-electrode voltage clamp analysis of wild-type and
mutant channels expressed in Xenopus oocytes. Guided by the crystal structure of a bacterial CLC homolog, we screened 97
ClC-Ka mutations for alterations of NFA effects.
Key results: Mutations of five residues significantly reduced the potentiating effect of NFA. Two of these (G167A and F213A)
drastically altered general gating properties and are unlikely to be involved in NFA binding. The three remaining mutants
(L155A, G345S and A349E) severely impaired or abolished NFA potentiation.
Conclusions and implications: The three key residues identified (L155, G345, A349) are localized in two different protein
regions that, based on the crystal structure of bacterial CLC homologs, are expected to be exposed to the extracellular side of
the channel, relatively close to each other, and are thus good candidates for being part of the potentiating NFA binding site.
Alternatively, the protein region identified mediates conformational changes following NFA binding. Our results are an
important step towards the development of ClC-Ka activators for treating Bartter syndrome types III and IV with residual
channel activity.
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Introduction

ClC-K proteins (ClC-Ka and -Kb in humans, and their rodent
orthologues ClC-K1 and -K2) (Uchida et al., 1993; Adachi
et al., 1994; Kieferle et al., 1994) are Cl– channels forming a
distinct branch of the CLC protein family (Zifarelli and Pusch,
2007) that are expressed in the kidney and the inner ear
(Jentsch, 2005; Uchida and Sasaki, 2005). They both
co-express with an auxiliary b subunit, barttin (Estévez et al.,
2001), which regulates their plasma membrane localization

and modulates their functional properties (Estévez et al.,
2001; Waldegger et al., 2002; Scholl et al., 2006).

From the insurgence of diabetes insipitus in ClC-K1 knock-
out mice (Matsumura et al., 1999; Akizuki et al., 2001), it has
been inferred that ClC-Ka is a crucial component in the coun-
tercurrent system that preserves a correct urine concentration,
even though, to date, no mutation in ClC-Ka has been
reported to cause a defect in the ability to concentrate urine in
humans. Loss-of-function mutations in ClC-Kb result in
Bartter syndrome type III (Simon et al., 1997), characterized
by massive salt loss due to impaired NaCl reabsorption in the
thick ascending limb. In the inner ear, ClC-K channels are
important for K+ secretion into the scala media (Rickheit et al.,
2008). This is the reason why patients affected by Bartter
syndrome type IV, caused by loss-of-function mutations in
barttin, present both renal dysfunction (more severe than in
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Bartter syndrome type III) and deafness (Birkenhäger et al.,
2001). This also occurs in patients in which both ClC-K iso-
forms are non-functional, but this is very rare (Schlingmann
et al., 2004).

From a pharmacological point of view, ClC-K channels are
the only members of the CLC family for which a significant
advance has been achieved (Liantonio et al., 2002; 2004;
2006; 2008; Picollo et al., 2004; Pusch et al., 2007; Matulef
et al., 2008). The binding site for the ClC-Ka blockers DIDS,
3-phenyl-CPP and flufenamic acid (FFA), a fenamate deriva-
tive, has been identified as being close to N68 (Picollo et al.,
2004), located in the channel pore. Recently, niflumic acid
(NFA), a drug belonging to a class of fenamates used as non-
steroidal anti-inflammatory drugs, has been shown to have a
very peculiar effect on ClC-K channels. NFA potentiates
ClC-Ka currents at concentrations up to ~1 mM, whereas at
higher concentrations it has an inhibitory effect (Liantonio
et al., 2006). NFA is far from being a specific modulator of
ClC-K channels. In fact, NFA or other fenamates are able to
interact with both Cl– channels (Qu and Hartzell, 2001;
Coyne et al., 2007; Greenwood and Leblanc, 2007; Verkman
and Galietta, 2008) and Shaker-like cation channels (Busch
et al., 1994; Abitbol et al., 1999; Malykhina et al., 2002; Green-
wood and Leblanc, 2007; Fernandez et al., 2008; Cheng and
Sanguinetti, 2009; Foster et al., 2009). Detailed studies on
HCN hyperpolarization of activated cation channels sug-
gested an interaction of NFA with positive residues of the S4
segment, which leads to an alteration of voltage sensing
(Cheng and Sanguinetti, 2009), whereas an interaction motif
in the S3–S4 linker was found in eag K+ channels (Fernandez
et al., 2008). GABAA receptor Cl– channels are strongly acti-
vated by mefenamic acid (Coyne et al., 2007). Among Cl–

channels, Ca2+-activated Cl– channels are probably the most
sensitive to extracellular NFA (Qu and Hartzell, 2001; Green-
wood and Leblanc, 2007). The muscle CLC Cl– channel,
ClC-1, is blocked by intracellular NFA in a voltage-dependent
manner (Liantonio et al., 2007). However, of the CLC proteins
tested (ClC-1, ClC-5, ClC-K), only ClC-K channels have been
shown to be sensitive to extracellularly applied NFA (Lianto-
nio et al., 2006). Despite a high sequence conservation, the
three ClC-K channels that have been tested for NFA modula-
tion show a different response: rat ClC-K1 is blocked in a
dose-dependent manner; human ClC-Kb is activated at con-
centrations up to 2 mM (Liantonio et al., 2006); ClC-Ka is
potentiated at low concentrations (<~1 mM), but blocked at
higher concentrations (Liantonio et al., 2006; Picollo et al.,
2007). Such a different effect on channels that are highly
homologous (homology is 91% between –Ka and –Kb, and
83% between –Ka and –K1) argues for a very specific pharma-
cological profile. To explain the biphasic dependence of
ClC-Ka on NFA, Picollo et al. (2007) suggested the presence of
two distinct binding sites for NFA. The results from Cl– com-
petition experiments indicated that neither of the two sites is
located in the channel pore and, consistently, none of the
binding sites for NFA involve N68, the blocking site for FFA
and CPP derivatives.

The different action of NFA and FFA on ClC-Ka is related to
the different geometrical arrangement of the two aromatic
rings in the two molecules. A planar geometry, as in NFA,
favours potentiation, whereas a non-planar geometry,

endowed with a greater degree of flexibility (as found in FFA),
favours block (Liantonio et al., 2008).

In order to identify the NFA binding sites, we performed
extensive site-directed mutagenesis on ClC-Ka. Of the 97
mutations screened, only five eliminated the potentiating
effect of NFA. Two of these (G167A and F213A) drastically
altered the general gating properties, such that no conclusion
can be established about their role in NFA potentiation. The
three remaining mutations (L155A, G345S and A349E) greatly
reduced or abolished the potentiating effect of NFA without
affecting its blocking ability. L155 is located on the extracel-
lular side of helix E, whereas G345 and A349 are in the loop
connecting helices K and L. Based on the crystal structure of
the bacterial CLC homologs, these two regions are expected to
be exposed to the extracellular side of the channel, relatively
close to each other, and are thus good candidates for being
part of the potentiating NFA binding site or responsible for
conformational changes that follow NFA binding leading to
current potentiation.

Methods

Molecular biology and heterologous expression
Mutations were introduced by recombinant PCR as previously
described (Accardi and Pusch, 2003). All constructs were in
the pTLN vector (Lorenz et al., 1996) and were co-expressed
with the barttin mutant Y98A which increases expression
(Estévez et al., 2001). RNA was prepared using the mMessage
mMachine SP6 and T7 kits (Applied Biosystems Italia, Monza,
Italy) and injected into Xenopus oocytes as previously
described (Pusch et al., 2000).

The ion channel nomenclature used conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2008).

Electrophysiology
Voltage clamp data were acquired at 21–25°C using the
custom acquisition program Gepulse (available at http://
www.ge.cnr . it / ICB/conti_moran_pusch/programs_pusch/
software-mik.htm) and a TURBO TEC-03X amplifier (npi
electronic, Tamm, Germany). Currents were recorded in a
bath solution containing 90 mM NaCl, 1 mM MgCl2, 10 mM
CaCl2 and 10 mM HEPES at pH 7.3. Different NFA concentra-
tions were prepared by dissolving NFA in dimethyl sulphox-
ide (DMSO) and diluting the resultant solution in the bath
solution. Final DMSO concentration was �0.2%. DMSO alone
had no effect on ClC-Ka-mediated currents at this concentra-
tion. NFA and all other reagents were purchased from Sigma-
Aldrich (Milan, Italy). Pulses were elicited from a holding
potential corresponding to the resting membrane potential
(–30 to –50 mV). The acute effect of NFA was evaluated by
applying repetitive pulses to 60 mV of 100 ms duration, and
calculating the ratio between the current measured in the
presence of NFA and that in control conditions. ClC-K chan-
nels are efficiently blocked by extracellular iodide (Liantonio
et al., 2002). This was exploited to estimate the contribution
of endogenous currents and leak by replacing extracellular
chloride by iodide and by removing extracellular calcium at
the end of the protocol (this solution contained 100 mM NaI,
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5 mM MgSO4, 10 mM HEPES, pH 7.3). Outward currents in
the presence of iodide were taken as being purely endog-
enous. The estimated leak currents were subtracted from the
control currents in the absence and presence of NFA to cal-
culate the ratio I(c)/I(0), where c is the concentration of NFA.

Non-stationary noise analysis
For patch clamping, the intracellular solution contained (in
mM): 100 N-methyl-D-glucamine-Cl (NMDG-Cl), 2 MgCl2, 10
HEPES, 2 EGTA, pH 7.3, whereas the extracellular solution
contained 90 NMDG-Cl, 10 CaCl2, 1 MgCl2, 10 HEPES, pH 7.3.
Patch pipettes were pulled from aluminosilicate glass capillar-
ies (Hilgenberg, Malsfeld, Germany) and had resistances of
1–2 ¥ 106 ohm in the recording solutions. Recordings were
performed in the inside-out configuration. Currents were
recorded at 50 kHz after filtering at 10 kHz with an eight-pole
Bessel filter. For noise analysis, 30–100 identical pulses to –100
or –140 mV were applied, and the mean response, I, was
calculated. The variance, s2, was calculated from the averaged
squared difference of consecutive traces. Background variance
at 0 mV was subtracted, and the variance–mean plot was
fitted by s2 = iI – I2/N, with the single-channel current, i, and
the number of channels, N, as free parameters (Pusch et al.,
1994). The maximal open probability, Pmax, was estimated by
Pmax = Imax/(N * i), where Imax is the maximal current.

Statistical analysis
Each mutant screened was expressed and analysed in at least
two batches of oocytes, and measurements were performed
for at least three oocytes. For all injections, control measure-
ments were performed for wild-type (WT) ClC-Ka. Statistical
analysis was performed using Student’s unpaired t-test. The
five mutants mentioned in the Abstract had a highly signifi-
cantly different response to NFA at 200 mM compared to WT
(P < 0.01), whereas none of the other mutants was signifi-
cantly different (P > 0.05).

Results

Application of NFA from the extracellular side of the mem-
brane leads to a rapid potentiation of ClC-Ka (Liantonio et al.,
2006; Picollo et al., 2007) (Figure 1). Therefore, the NFA
binding site(s) involved in this potentiating effect are most
likely accessible from the outside. Thus, in order to identify the
residues involved in NFA binding, we selected several amino
acids which are predicted to be accessible from the extracellu-
lar side, based on the crystal structure of the bacterial ClC-ec1
(Dutzler et al., 2002; 2003). This model has been useful in
previous studies of drug-binding sites on human CLC channels
(Estévez et al., 2003; Picollo et al., 2004). We applied several
different criteria to select amino acids to mutate. Because
ClC-K1 is only blocked by NFA, whereas ClC-Ka and ClC-Kb are
both potentiated, we first identified amino acids that are
conserved in ClC-Ka and ClC-Kb, but not in ClC-K1. However,
because the homology between all ClC-K channels is very
high, it is possible that ClC-K1 presents nevertheless a ‘vesti-
gial’ potentiating site. Therefore, in addition, we selected

further residues based on their exposure to the extracellular
side. In general, charged residues were neutralized, and if
uncharged residues in ClC-Ka corresponded to charged resi-
dues in ClC-K1, such a mutation was introduced into ClC-Ka.
Furthermore, if uncharged residues conserved in ClC-Ka and
-Kb corresponded to a different uncharged residue in ClC-K1,
the corresponding mutation was introduced into ClC-Ka. The
residues selected are coloured in Figure 2A,B, which shows that
we covered a relatively large portion of the surface-accessible
part of the protein. Triggered by a recent publication on the
effects of NFA on cation channels (Fernandez et al., 2008), we
also mutated two residues that corresponded to a signature
sequence of NFA binding, even though these residues are
localized on the intracellular side (R182G and R184G, the latter
of which did not yield functional expression).

WT ClC-Ka is robustly activated by more than twofold by
200 mM NFA (Figure 1) (Liantonio et al., 2006). Thus, to screen
the mutations for a possible alteration of NFA-mediated
potentiation, we applied 200 mM NFA to all mutants that
could be functionally expressed in Xenopus oocytes. Currents
were recorded using a test pulse to 60 mV once per second.
After a stable baseline had been established in the absence of
NFA, 200 mM NFA was continuously perfused, and after a
steady state had been reached, we calculated the ratio of the
current produced in the presence of NFA and the initial
current induced in control conditions (see Figure 1 for a
typical recording). Mean values of this ratio are shown in
Figure 3. Most mutations only slightly altered the NFA-
induced potentiation, the effect being non-significant.
However, five mutations abolished the NFA-induced poten-
tiation: L155A, G167A, F213A, G345S and A349E (shown as
red bars in Figure 3).

The lack of potentiation by NFA in the presence of these
mutations in principle suggests that these residues are con-
tributing to the activating NFA binding site and/or are
involved in conformational changes following NFA binding.
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Figure 1 Typical response of WT ClC-Ka to the application of
200 mM NFA. A 60 mV test pulse of 100 ms duration was applied
about once per second, and the average current is plotted as a
function of time. The current remaining after the application of
100 mM iodide was used as an estimate of endogenous/leak
currents.
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However, further analysis is needed before such a conclusion
can be reached. First of all, it has to be kept in mind that NFA
potentiates ClC-Ka by increasing its open probability (Picollo
et al., 2007). Thus, we first have to exclude that the lack of
potentiation is due to an intrinsic modification of the gating
properties brought about by the mutation. In fact, two of the
positive hit mutants, G167A and F213A, probably affect the
NFA potentiation by this mechanism.

G167 is a highly conserved residue adjacent to V166
(Figure 2C), a residue of paramount importance for the gating

of all CLC proteins (Zifarelli and Pusch, 2007). The current
level of G167A was significantly enhanced compared to WT:
whereas WT expressed microampere-sized currents 3 days
after injection, G167A-injected oocytes expressed currents
after 1 day and the RNA had to be diluted at least fivefold
(compared to WT) in order to obtain an expression level
below 10 mA (data not shown). Moreover, the currents medi-
ated by G167A lacked the time-dependent relaxations that
characterize WT currents, consistent with a drastic effect on
channel gating (Figure S1).

Figure 2 Location of mutants mapped on the structure of ClC-ec1. (A) A surface representation of the bacterial ClC-ec1 (pdb entry 1OTS)
viewed from the extracellular side. The central glutamate residue (E148) is coloured in green indicating the pore. The residues corresponding
to those selected for mutation are shown in colour. In the left subunit, the residues that emerged as the most interesting ones are coloured
in pink (L139 corresponding to L155 of ClC-Ka), orange (T312 corresponding to G345 of ClC-Ka) and yellow (G316 corresponding to A349
of ClC-Ka) respectively. (B) A zoom of the region comprising the extracellular side of helix E and the extracellular loop between helices K and
L is shown in cartoon representation with the four residues L139, E148, T312, G316 highlighted as stick with colouring as in (A). An NFA
molecule is shown close to the putative binding site. In (C), alignments of sequence stretches comprising the five residues (shown in bold) that
affected NFA potentiation are shown.

Niflumic acid interacting site on ClC-Ka
G Zifarelli et al 1655

British Journal of Pharmacology (2010) 160 1652–1661



CLC-Ka

N142A
I123A
H89Q
S88G
D87N
E84Q
Q79K
H78N
E72G
F69L
N68D
M54V
Y51H

CLC Ka

B

G158L
T157A

A156W
L155A
T154A
C153A
S152A
L151A
G150A
V149A
V148L
N143A
N142A

E

E259D
A254G
A215W
F213A
T211A
P191T
R182G
P168A
G167A
V166E
K165R

L161I
S159A
G158L

F

G
I

V344A
G343A
P342G
P341G
D278N
D274N
S270R
L266V
I263L

T262S
E261Q
Q260A
E259D

.

.

J

K

Q356E
K355A
M354A
S353A
L352A
R351A
S350A
A349E
A349N
L348M
F347A
H346D
G345S.

.

L

H393Q
Y392C
E390Q
W389L
H386N
D383N
L382P
E381Q
E380Q
Q372R
H365N
D363E
D359N
Q356E

L
.
.

M

011

E450Q
P428A
K409A
K409E
H393Q

I(200 µM NFA)/I(0)

N

Figure 3 Mutational analysis of NFA-mediated potentiation. The ratio of currents in the presence of 200 mM NFA and in control solution at
60 mV is plotted for the mutations that resulted in significant functional expression (n � 3; error bars indicate SEM). Mutants L155A, G167A,
F213A, G345S and A349E were significantly different from WT (P < 0.01), whereas the remaining mutants were not significantly different (P
> 0.05) (see Methods for statistical analysis). The red line indicates the value for WT; the black line indicates the value ‘1’ (i.e. implying no effect
of NFA on current magnitude). The mutants E281D and E442D showed very small expression not allowing a quantitative assessment of NFA
effects. The following mutants showed no expression above background: T55A, Y56C, C73R, R184G, V212A, A214W, A214T, E259Q, E281Q,
D363N, G424A, M427A, E442Q.

Niflumic acid interacting site on ClC-Ka
1656 G Zifarelli et al

British Journal of Pharmacology (2010) 160 1652–1661



F213 is also a highly conserved residue (Figure 2C). Similar
to G167A, the currents mediated by F213A are much larger
than those for WT and exhibit much less voltage-dependent
gating relaxations (Supporting Information Figure S1).

To assess a possible effect on gating parameters directly, we
used non-stationary noise analysis to estimate the single-
channel conductance and the absolute open probability
(popen) (Sigworth, 1980). However, preliminary single-channel
recordings indicated that the single-channel behaviour of
ClC-Ka is very flickery (Pusch, unpubl. results). Such flickery
behaviour might interfere with the standard noise analysis if
the fast transitions are not resolved. We therefore investi-
gated, firstly, the influence of the filter frequency on the
results. The power spectrum at –140 mV could be well fitted
by the sum of three Lorentzian components (Supporting
Information Figure S2A) with corner frequencies of 6.6 Hz,
208 Hz and 2.3 kHz respectively. The latter, high-frequency
component, however, had a very small amplitude compared
to the other two components (see legend of Supporting Infor-
mation Figure S2A). Most importantly, the filter frequency did
not seem to exert a large effect on the estimate of the single-
channel conductance, as the largest difference for this param-
eter obtained at the most extreme filter frequencies tested
(250 and 9000 Hz, respectively) was less than 30% (Support-
ing Information Figure S2B). Thus, non-stationary noise
analysis appears to be a valid method to be applied to the
ClC-Ka channel. WT ClC-Ka is characterized by a single-
channel conductance of ~18 pS and a popen that is very small
under the experimental conditions tested (i.e. 10 mM exter-
nal calcium, pH 7.3) (Figure 4A; Table 1). In fact, if the popen is
less than ~0.1, noise analysis is not suitable for determining
the absolute value. Moreover, the application of this tech-
nique is somehow problematic for F213A and even more so
for G167A, as the lack of current kinetics (Figure 4B,C; left
panels) only allows a very limited range of the parabola in the
variance–mean plot to be resolved (Figure 4B,C; right panels),
rendering the independent estimate of popen and of the single-
channel current unreliable. Nevertheless, the noise analysis is
compatible with a single-channel conductance similar to that
of WT ClC-Ka and a greatly increased popen � 0.5 (fits in
Figure 4B,C; Table 1). Thus, although not conclusive, several
pieces of evidence suggest that G167A and F213A have altered
gating properties and a drastically increased popen compared to
WT. This thwarts any kind of conclusion about the modifica-
tion of NFA action on these mutants.

Currents elicited by the mutant L155A were found to be
similar to WT with respect to both magnitude and kinetics
(Figure 5A,B), suggesting that the overall gating characteris-
tics are similar. In fact, non-stationary noise analysis indicated
that this mutant is characterized by an open probability that
is significantly smaller than 0.1, similar to WT (Figure 4C;
Table 1); 200 mM NFA decreased the current in this mutant
(INFA/Icontrol = 0.43). L155 is located on the extracellular side of
helix E and is very much conserved among CLC proteins
(Figure 2C). Interestingly, several other mutations in helix E
(L151A, S152A, A156W; see Figure 2) appeared to reduce the
NFA-mediated potentiation of the current, but this effect was
not significant.

G345 and A349 are located on the extracellular loop con-
necting helices K and L, and they are also conserved, although

to a lesser extent compared to the other residues analysed
(Figure 2C). The currents elicited by G345S were smaller than
those in WT, and the current relaxations that characterize the
WT were almost completely absent (Figure 5C). Also for this
mutant, 200 mM NFA had a blocking rather than a potentiat-
ing effect (Figure 5C). The currents mediated by the mutant
A349E were very similar to WT (Figure 5D) and were unaf-
fected by 200 mM NFA (Figure 5D). Unfortunately, the levels
of the currents of the mutants A349E and G345S were too
small to allow noise analysis using the patch clamp
technique.
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Taken together, the lack of a potentiating effect to NFA in
the L155A, G345S and A349E mutants indicates that the
interaction between these mutants and NFA is drastically
altered compared to that in the WT. However, the results

could, in principle, be attributed to an enhanced block rather
than a reduced potentiation. We therefore tested the response
of these mutants to different NFA concentrations (Figure 6).
In contrast to the biphasic response of WT ClC-Ka (Liantonio
et al., 2006), all three mutants show monotonic NFA-induced
inhibition with sub-millimolar EC50 (see legend of Figure 6).
Most importantly, 50 mM NFA, a concentration that leads to a
significant potentiation of the WT, had only a small inhibi-
tory effect on the mutants. These results confirm that the
mutants specifically ablate the potentiating effect of NFA, but
leave the NFA-induced block intact.

Discussion and conclusions

ClC-K channels are essential components in the mechanism
of water diuresis and NaCl re-absorption in the kidney and for
the hearing process, and are involved in several human
genetic diseases (Jentsch, 2005; Uchida and Sasaki, 2005;
Zifarelli and Pusch, 2007). ClC-Kb polymorphisms have also
been implicated in high blood pressure (Jeck et al., 2004),
although recent publications contradict these findings
(Kokubo et al., 2005; Speirs et al., 2005). Thus, pharmacologi-
cal tools able to selectively modulate the activity of ClC-K
channels can be of great interest in the treatment of several
pathological conditions. Specific modulators of ClC-Ka may
regulate water diuresis without affecting osmotic diuresis,
mostly due to ClC-Kb (Picollo et al., 2004). In particular,
increased water diuresis due to ClC-Ka block can be beneficial
to reduce cardiac load, for example after heart failure (Fong,
2004). On the other hand, ClC-Ka potentiators might be
useful to treat patients with Bartter syndrome type III or type
IV, if residual channel activity is present.

NFA is a peculiar ClC-K ligand with unprecedented features;
it potentiates ClC-Ka at low concentrations, but blocks the
channel at high concentrations. On the basis of a kinetic
model, it has been proposed that the two opposite effects of

Table 1 Average values for the maximal open probability obtained
from non-stationary noise analysis

Construct Pmax

WT ClC-Ka <0.1 (n = 9)
F213A 0.50 � 0.1 (n = 4)
G167A 0.75 � 0.06 (n = 4)
L155A <0.1 (n = 5)

Fit values obtained for WT ClC-Ka and mutant L155A are <0.1 precluding a
determination of the true value using this method.

WT ClC-Ka

Ctrl

200 µM NFAA

L155ACtrl
200 µM NFA

B

G345SCtrl
200 µM NFA

C

A349E
200 µM NFACtrlD

Figure 5 Representative current traces for WT and the indicated
mutants in control solution and in 200 mM NFA. Horizontal scale bars
correspond to 50 ms; vertical scale bars correspond to 5 mA for WT
and 1 mA for the mutants. The pulse protocol comprised a prepulse to
60 mV followed by steps to values from –140 to 80 mV, and a tail
pulse to –100 mV and is depicted in (A) as an inset.
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Figure 6 Concentration dependence of the effects of NFA in WT
and in the indicated mutants. Lines are fits to the equation I([NFA])/
I(0) = 1/(1 + [NFA]/K) with the apparent dissociation constant K as the
fitted parameter, resulting in values of 230 mM (L155A), 220 mM
(G345S) and 460 mM (A349E) respectively.
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NFA on ClC-Ka are mediated by two distinct binding sites
(Picollo et al., 2007). N68, which is part of the blocking site for
FFA and CPP derivatives (Picollo et al., 2004), does not appear
to be part of the NFA binding site(s) (Picollo et al., 2007). This
suggests that NFA acts on ClC-Ka by a different mechanism
compared to FFA and CPP derivatives. The potentiation pro-
duced by NFA at low concentrations is caused by an augmen-
tation of the open probability. Thus, NFA can be clearly
classified as a gating modifier of ClC-K channels. Similar to its
effect on ClC-Ka, NFA and other fenamates potentiate several
types of cation channels (Busch et al., 1994; Abitbol et al.,
1999; Malykhina et al., 2002; Fernandez et al., 2008; Cheng
and Sanguinetti, 2009) modulating their open probability. On
the other hand, NFA blocks various Cl– channels by binding
to the ion-conducting pore, consistent with its negative
charge. This appears to be the case for Ca2+-activated Cl–

channels (Qu and Hartzell, 2001) and for ClC-1, which is
blocked from the intracellular side of the membrane (Lianto-
nio et al., 2007). For ClC-Ka, it is still unclear whether the
NFA-induced block at high concentrations reflects a pore-
blocking mechanism.

In the present work, we set out to identify the NFA binding
site on ClC-Ka that is responsible for the potentiating effect.
The rapid current increase suggests that the binding site for
potentiation is exposed to the extracellular side of the mem-
brane. Using the bacterial ClC-ec1 structure as a guide, we
screened 97 mutations and found that five mutations abol-
ished the NFA-mediated potentiation. Interestingly, none of
these mutations significantly reduced the block induced by
NFA at higher concentrations. This finding is consistent with
the idea that the potentiating and blocking effects are medi-
ated by different protein regions.

Two of the residues identified (G167 and F213) are unlikely
to contribute directly to the activating NFA binding site.
Noise analysis of the mutants G167A and F213A, although
not conclusive, is at least compatible with an increased open
probability compared to WT, consistent with the presence of
much larger currents. If this speculative interpretation holds,
NFA would not have any effect on these mutants even in the
presence of normal binding. However, in the absence of direct
binding data, no firm conclusion about NFA binding can be
drawn for these residues.

On the other hand, the fact that the mutants L155A, G345S
and A349E did not display an increased current expression
level, and, with the exception of G345S, exhibited similar
current relaxations to those of WT, supports the idea that they
specifically alter the NFA/channel interaction. However, an
unaltered popen could be directly assessed only for mutant
L155A, as this had a sufficient current expression level to
allow non-stationary noise analysis measurements. Impor-
tantly, from the dose–response analysis, we can safely con-
clude that these mutations specifically eliminate the
potentiating effect without significantly altering the blocking
effect of NFA. This is the first direct evidence that the poten-
tiating and blocking effects of NFA are mediated by distinct
protein regions. Further studies are required to identify the
blocking binding site.

Our results indicate that the extracellular side of helix E and
the extracellular loop connecting helices K and L (in particu-
lar residues G345 and A349) are critical for the occurrence of

the potentiating effect of NFA. In the bacterial ClC-ec1, these
regions are exposed to the outside and are relatively close to
each other. Given the molecular dimensions of NFA, which is
shown in Figure 2 close to the putative binding site, it is
possible that these residues contribute to the potentiating
binding site for NFA. Because the sequence conservation
between ClC-ec1 and ClC-K channels is very low (see e.g.
Figure 2), it is impossible to predict the precise spatial orien-
tation of the corresponding amino acids of ClC-Ka, and to
draw specific structural conclusions regarding the NFA
binding site.

Unfortunately, the NFA affinity associated with the current
potentiation is rather low rendering direct ligand binding
studies almost impossible. Thus, the possibility that the effect
of the mutations could be due to an alteration of conforma-
tional changes that follow NFA binding cannot be excluded.
Further studies are required to discriminate between these two
models. In this respect, it is interesting to note that in addi-
tion to L155A, several other mutants located towards the
interior helix E, reduced, but not significantly, the NFA-
mediated potentiation. It may be speculated that the extra-
cellular end of helix E is involved in direct NFA binding, while
a re-arrangement of the helix is involved in the transmission
of conformational changes that effectively increase the open
probability.

Our results identify a protein region of ClC-Ka specifically
responsible for the potentiating effect of NFA, and underscore
the physical separation of protein regions responsible for the
block and potentiation induced by NFA. They are fundamen-
tal for understanding the interaction between ClC-Ka and
NFA at a molecular level, and therefore strongly indicate that
CLC-K channels are suitable targets for drugs for the treat-
ment of Bartter syndrome.
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