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Alkaline pH Block of CLC-K Kidney Chloride Channels Mediated by a Pore
Lysine Residue
Antonella Gradogna and Michael Pusch*
Istituto di Biofisica, Consiglio Nazionale delle Ricerche, Genoa, Italy
ABSTRACT CLC-K chloride channels are expressed in the kidney and the inner ear, where they are involved in NaCl reab-
sorption and endolymph production, respectively. These channels require the beta subunit barttin for proper function. Mutations
in ClC-Kb and barttin, lead to Bartter’s syndrome. Block of CLC-K channels by acid pH was described in a previous work, and we
had identified His-497 as being responsible for the acidic block of CLC-K channels. Here, we show that ClC-K currents are
blocked also by alkaline pH with an apparent pK value of ~8.7 for ClC-K1. Using noise analysis, we demonstrate that alkaline
block is mediated by an allosteric reduction of the open probability. By an extensive mutagenic screen we identified K165, a high-
ly conserved residue in the extracellular vestibule of the channel, as the major element responsible for the alkaline pH modula-
tion. Deprotonation of K165 underlies the alkaline block. However, MTSmodification of the K165Cmutant demonstrated that not
only the charge but also the chemical and sterical properties of lysine 165 are determinants of CLC-K gating.
INTRODUCTION
CLC-K channels belong to the family of CLC proteins
comprising both Cl� channels and Cl�/Hþ antiporters.
Members of this family are found in several tissues and or-
gans where anion transport is important.

In humans, CLC-K channels comprise ClC-Ka and ClC-
Kb (in rodents they are called ClC-K1 and ClC-K2). They
were isolated from kidney by sequence homology with other
CLC proteins (1,2). The human CLC-Ks have 90% identity
to each other and 80% identity to rodent CLC-Ks (1). The
combined action of the Na-K-ATPase, the apical Naþ-Kþ-
2Cl� cotransporter NKCC2, the apical Kþ channel
ROMK, and the basolateral chloride channel ClC-Kb/bart-
tin, leads to NaCl reabsorption in the thick ascending limb
(TAL) of Henle’s loop (3,4). CLC-Ks were identified also
in the inner ear in the basolateral membrane of the marginal
cells of the stria vascularis and in the dark cells of the vestib-
ular organ (5). Both isoforms contribute to the maintenance
of the high Kþ concentration and the positive potential of
the endolymph (5–7). Both in the kidney and in the inner
ear, CLC-Ks coassemble with the b-subunit, barttin, which
affects the trafficking and the function of these channels
(5,8–10). Mutations in the NKCC2 transporter, the ROMK
channel, or the ClC-Kb channel cause different forms of
the same renal disease, Bartter’s syndrome, which demon-
strates the common role of these proteins in NaCl reabsorp-
tion (11–13). Another form of Bartter’s syndrome that
includes deafness arises from mutations of barttin or from
simultaneous mutations of ClC-Ka and ClC-Kb (8,14).

The regulation of CLC-K channels by various extracel-
lular ligands has been the subject of several previous publi-
cations (15–22). External Ca2þ and protons have been found
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to modulate these channels in the physiological concentra-
tion range (5,23–25). Currents are activated by extracellular
Ca2þ, whereas high [Hþ]ext (acidic pH) completely blocks
CLC-Ks. Previously, a detailed biophysical analysis of the
Ca2þ and proton effect on the human ClC-Ka showed that
Ca2þ and protons affect the open probability of the channel
via independent mechanisms and binding sites (25). An
extensive mutagenic screen performed on ClC-Ka allowed
us to identify four acidic residues, E259, E261, D278, and
E281, that likely form an intersubunit Ca2þ-binding site
(25,26). Modulation by protons is a characteristic found in
most CLC proteins, both in Cl�/Hþ antiporters and in
CLC channels. Since protons are one of the substrates of
the antiporters, it is not surprising that the Cl�/Hþ exchange
is influenced by varying the Hþ concentration (27–31). In
most CLC channels, a highly conserved glutamate, the
gating glutamate, has been found to be responsible for pro-
ton modulation (32–44). For example, in the ClC-0 channel,
extracellular protons bind the gating glutamate and increase
the open probability (36,38). Interestingly, intracellular
acidic pH also activates ClC-0. Intracellular protons binding
to the same glutamate lead to a shift of the voltage depen-
dence of the open probability to more negative voltages
(32,40–42). The effect of external protons on the gating is
seen at acidic pH, whereas ClC-0 currents do not change
from neutral to alkaline conditions (36). The gating of the
ClC-1 channel, similar to that of ClC-0, is affected both
by external and internal pH (33,45). Interestingly, the pH
regulation of the ClC-2 channel is quite different from
that of ClC-0. First, intracellular pH has only small effects
on the open probability (44), but the channel shows a
biphasic response to extracellular pH, with block both at
alkalinization and at acidification (34,37,39,43,44). Activa-
tion and inhibition arise from the protonation of two
different residues: the protonation of the gating glutamate
http://dx.doi.org/10.1016/j.bpj.2013.05.044
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activates the channel (39), whereas the protonation of an off-
pore extracellular histidine inactivates the channel (43).

Similar to the case for ClC-2, CLC-K channels are also
blocked by acidic pH (5,24,25,46), and in fact, they share
the histidine residue (H497, corresponding to H532 of ClC-
2), which was found to be responsible for Hþ-induced block
of ClC-Ka (25). In contrast, CLC-K channels lack the gating
glutamate, whose deprotonation underlies the inactivation of
ClC-2 currents at alkaline pH. Here, we found that despite
this, CLC-K channels are strongly blocked by alkaline pH
via a reduction of the open probability. By an extensivemuta-
genic screen and cysteine modifications, we identified a pore
lysine,K165,whose deprotonation likelymediates this block.
MATERIALS AND METHODS

Molecular biology

Mutants of ClC-Ka and ClC-K1 were obtained by recombinant PCR as

described previously (47). All new constructs were sequenced and coex-

pressed with the barttin mutant Y98A (5). The cRNA of CLC-K constructs

was prepared using the AmpliCAP SP6 Message Maker kit (Biospa, Italy)

after linearization with MluI, whereas the cRNA of Y98 barttin was tran-

scribed by the mMessage mMachine T7 kit (Life Technologies, Italy) after

linearization with NotI. All wild-type (WT) cDNA constructs were kindly

provided by T. J. Jentsch.
Electrophysiology

The cRNA of CLC-K and barttin constructs was coinjected in defolliculated

Xenopus oocytes, which were incubated at 18�C in the maintaining solution

containing (in mM) 90 NaCl, 2 KCl, 1 MgCl2, 1 CaCl2, and 10 Hepes

(pH 7.5). One to five days after the injection, voltage-clamp measurements

were performed at room temperature using the custom acquisition program

GePulse (available at http://users.ge.ibf.cnr.it/pusch/programs-mik.htm)

and a Turbo TEC-03X amplifier (npi electronics, Tamm, Germany). The

standard bath solution contained (in mM) 112 NaCl, 10 Ca-Gluconate2, 1

MgSO4, and 10 HEPES (pH 7.3) (osmolarity, 227 mOsm). HEPES was re-

placed by MES buffer in solutions at pH<7, Bis-tris propane in solutions at

pH 9, and CAPS in solutions at pH >9.

The membrane was kept at a holding potential corresponding to the

resting membrane potential (~�30 mV). To evaluate CLC-K currents at

different voltages, a stimulation protocol was applied as follows (IV-pulse

protocol). A prepulse to �100 mV for 100 ms was followed by voltages

ranging from �140 to 80 mV with 20-mV increments for 200 ms. Pulses

ended with a tail to 60 mV for 100 ms. The effect of the different pH values

was monitored by applying 200-ms pulses to 60 mVonce per second. The

records were taken under continuous perfusion with the desired solution un-

til steady state was reached. The stability of the currents was verified by

applying the standard bath solution at the end of the experiment, while

endogenous currents were estimated by using a solution containing (in

mM) 100 NaI, 5 MgSO4, and 10 Hepes (pH 7.3) that inhibits only CLC-

K channels (20). The effect of pH was quantified by the ratio of the current

measured at a specific pH to that in standard bath solution. Leak currents

(i.e., residual currents in iodide) were subtracted.
Modification of K165C ClC-K1 by
methanethiosulfonate reagents

Methanethiosulfonate (MTS) reagents (Biotium, Hayward, CA) and dithio-

threitol (DTT) were dissolved in the standard bath solution immediately
before use and kept on ice during the experiments. For 2-hydroxyethyl

methanethiosulfonate (MTSEH), a 1 M stock solution was prepared in

dimethyl sulfoxide (DMSO) and stored at �80�C. A typical experiment

involving MTS modification was performed in several stages. Before modi-

fication, ClC-K1 K165C currents were measured at various pH values (from

7.3 to 11). Then the oocyte was removed from the set-up and incubated in a

solution containing 1 mM MTS reagent. Incubation time was 10 min for 2-

aminoethyl methanethiosulfonate (MTSEA), 15 min for MTSEH, and

60 min for 2-(trimethylammonium) ethyl methanethiosulfonate (MTSET).

Finally, the oocyte was placed back in the recording chamber and currents

were measured at various pH values. For experiments with MTSEA and

MTSEH, the recordings ended with the perfusion of 10 mM DTT, followed

by a washout using the standard solution. For experiments with MTSET,

which did not induce a change of currents, modification efficiency was veri-

fied by an additional treatment with 1 mM MTSEA.

The experiments to determine the reaction rate of K165C ClC-K1 with

MTSEA or MTSEH were performed under continuous perfusion of

1 mM MTSEA or MTSEH. The current was monitored by repetitive 200-

ms pulses to 60 mVonce per second. The speed of perfusion was estimated

by the speed of iodide block and found to be faster than ~2 s, significantly

faster than the speed of modification by MTS reagents at 1 mM.

MTS modification was quantified as the ratio of the current measured in

standard bath solution after MTS treatment to that measured before incuba-

tion. Leak currents were subtracted.
Noise analysis

Patch-clamp measurements were performed in the inside-out configuration.

The intracellular (bath) solution contained (in mM) 100 N-methyl-D-gluc-

amine-Cl (NMDG-Cl), 2 MgCl2, 1 EGTA, and 10 HEPES (pH 7.3). An

intracellular solution in which Cl� was replaced by glutamate was used

to evaluate endogenous and leak currents. The extracellular solution con-

tained (in mM) 92 tetraethylammonium chloride (TEA-Cl), 10 CaCl2,

and 10 HEPES (pH 7.3) or, alternatively, 92 TEA-Cl, 10 CaCl2, and 10

CAPS (pH 10). Pipettes were pulled from borosilicate glass capillaries (Hil-

genberg, Malsfeld, Germany) and had resistances of 1–2 MOhm in the

recording solutions. To estimate the single-channel current by noise anal-

ysis, the following stimulation protocol was applied 50–100 times: a pre-

pulse to 60 mV was followed by a pulse to �100 mV for 500 ms. Pulses

ended with a tail at 60 mV for 200 ms. Currents were recorded at 50 kHz

after filtering at 10 kHz with an eight-pole Bessel filter. Data analysis

was performed at two potentials,�100 mVandþ60 mV. The mean current,

I, was first calculated. The variance, s2, was estimated from the averaged

squared difference of consecutive traces with the background variance at

0 mV subtracted. The variance-mean plot was assembled by binning as

described previously (48). Finally the variance-mean plot was fitted by

s2 ¼ iI – I2/N, with the single-channel current, i, and the number of chan-

nels, N, as free parameters (49).
RESULTS AND DISCUSSION

Alkaline pH blocks CLC-K channels

In our previous work (25), we examined how high [Hþ]ext
affects CLC-K channels, and found that the protonation of
an extracellularly facing histidine, H497, is responsible for
the block of CLC-K-mediated currents at acidic pH (25).
Here, we investigated the effect of alkalinization on the cur-
rents of human ClC-Ka and ClC-Kb and of rodent ClC-K1,
extending the pH range examined to include values from pH
5 to pH 11. Interestingly, alkaline pH blocks all CLC-K
channels, with remaining currents at pH 11 being <~6%
Biophysical Journal 105(1) 80–90
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of the currents recorded in control conditions (pH 7.3,
10 mM Ca2þ) for ClC-Ka and ClC-K1 (Fig. 1 A), and
with a strong block of ClC-Kb also (Fig. S1 A in the Sup-
porting Material). The observation that ClC-Ka, ClC-Kb,
and ClC-K1 show the highest current levels at different
pH values (Fig. 1 A and Fig. S1 A) could be due to different
degrees of block by acidic pH, alkaline pH, or both. The
lines in Fig. 1 A are derived from a quantitative model dis-
cussed below.

The drastic block by alkaline pH is further highlighted by
the current traces evoked by the IV-pulse protocol (see Ma-
terials and Methods) at different pH values from oocytes ex-
pressing ClC-Ka (Fig. 1 B), ClC-K1 (Fig. 1 C), or ClC-Kb
(Fig. S1 B). These data show that low [Hþ]ext reduces the
current density without dramatically modifying the kinetics
of the currents.
FIGURE 1 Effect of alkaline pH on WT ClC-Ka and WT ClC-K1. (A)

Mean currents of ClC-Ka (n R 11; solid circles) and ClC-K1 (open dia-

monds; n R 7) at 60 mV recorded at pH values between 5 and 11 were

normalized to the current measured in standard bath solution and plotted

versus pH. The lines represent the best fit of WT ClC-Ka currents (dashed

line; fit parameters, pK ¼ 8.9, pL ¼ 11.3, and R ¼ 0.02) and WT ClC-K1

(solid line; fit parameters, pK ¼ 8.7, pL ¼ 11.8, and R ¼ 0.07) obtained by

Eq. 1, as described in Results. Error bars indicate the SD. (B and C) Typical

current traces of WT ClC-Ka (B) and WT ClC-K1 (C) evoked by the IV-

pulse protocol (see Materials and Methods) at pH 7.3, 9, and 11.

Biophysical Journal 105(1) 80–90
An important question is whether alkaline pH has a direct
effect on the ion permeation or whether it acts indirectly by
modulating the open probability. Because preliminary sin-
gle-channel recordings performed on WT ClC-K1 at
pH 7.3 had a very flickery behavior (data not shown), we
estimated the single-channel conductance at neutral and
alkaline pH using nonstationary noise analysis. This
approach also allowed us to discriminate small changes of
current by varying external pH. These inside-out patch-
clamp experiments were performed on ClC-K1 because of
its higher functional expression compared to human CLC-
Ks. Using extracellular (pipette) solutions at pH 7.3 or
pH 10, repetitive pulses to 60 mV were applied after a pre-
pulse to �100 mV. Mean current and variance were evalu-
ated (Fig. 2, A and B, left), and the single-channel current
FIGURE 2 (A and B) Nonstationary noise analysis of WT ClC-K1 at

pH 7.3 (A) and pH 10 (B). (Left) Mean current (upper) and variance (lower)

are shown as a function of time. (Right) Variance (symbols) is plotted versus

the mean current and fitted with a parabola (line), as described in Materials

and Methods. (C) Bars represent the mean single-channel current at

different pH values and potentials. *P < 0.05; **P < 0.005 (unpaired Stu-

dent’s t-test). Error bars indicate the SD.
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was estimated by the best fit of a parabola to the variance as
a function of the mean current (Fig. 2, A and B, right), as
described in Materials and Methods. The data cover only
the initial linear part of the parabola due to the small open
probability. Nevertheless, the fit provides a robust estimate
of the single-channel current. Results are summarized in
Fig. 2 C: in depolarizing conditions (þ60 mV), the single-
channel current at pH 10 is ~60% of the current at pH 7.3;
similarly, at �100 mV, the current is ~70% of that at
pH 7.3. This relatively small reduction of the conductance
at pH 10 is not able to explain the reduction of macroscopic
currents (at pH 10, ClC-K1 currents are ~12% of those at
pH 7.3). Thus, we conclude that alkaline pH acts mainly
by an allosteric reduction of the open probability.
FIGURE 3 Mapping the mutants on the homology model of ClC-Ka. (A)

Surface representation of the ClC-Ka model (26) based on the bacterial

EcClC homodimer (Protein Data Bank accession no. 1KPK (50)) viewed

from the extracellular side. The two subunits are colored gray and light

gray. The residues of ClC-Ka selected for mutation are shown in pink

and light blue in the two subunits. The two residues that are involved in

CLC-K modulation by pH, H497 and K165, are colored in green and red,

respectively. Several residues of ClC-Ka (K355, R351, H357, H365, and

H386) are not included in the homology model, because they are contained

in portions of the channel that are not present in EcClC. (B) Enlargement of

the region containing K165 is shown in cartoon representation. K165 (R147

in EcClC) and the neighboring V166 (E148 in EcClC) are represented as

sticks and colored in red and blue, respectively. (C) Alignment of sequences

around K165.
Scanning mutagenesis identifies a pore lysine as
the most likely candidate to mediate the effect of
alkaline pH

Since histidine 497, responsible for the acidic block of CLC-
K currents (25), is not involved in the alkaline inhibition of
these channels (data not shown), other residue(s) had to be
implicated in this process. To identify these residues, we
used the same strategy employed successfully in our previ-
ous work (25): based on the crystal structure of the homol-
ogous bacterial EcClC (38,50), we chose and mutated all
titratable residues of ClC-Ka for which deprotonation at
alkaline pH is plausible (C, H, K, R, and Y) and which
are accessible from the extracellular side of the pore
(Fig. 3 A). In general, the mutations inserted neutralized
charged residues and/or replaced titratable with nontitrat-
able residues. The 29 selected residues are colored in pink
and light blue in the surface representation of the two sub-
units of a homology model of ClC-Ka (26) (Fig. 3). All con-
structs were coexpressed with barttin in Xenopus oocytes
and tested for their response to alkaline pH. Alkaline pH in-
hibited all ClC-Ka mutants tested, but few of them showed a
weakened sensitivity (Fig. 4, A–C). Our focus was on mu-
tants in which a titratable residue was replaced by a nonti-
tratable residue and whose response to alkaline pH was
strongly modified. In case such mutants did not express,
we also considered mutants in which a titratable residue
was exchanged with another titratable amino acid and which
exhibited a slight alteration of the pH dependence. Based on
these criteria, the mutants chosen were K355A, Y520A,
K268Q, and K165R. These mutants were examined in
further detail, and when the data were not conclusive
because of low current expression, the mutations were in-
serted in the background of ClC-K1, which shows larger
expression than ClC-Ka. The pH sensitivity of K355A
seems to be shifted, given that the currents recorded at
pH 8 and 9 are fourfold larger than those at pH 7.3 (Fig. 4
B), which renders unlikely a direct involvement of K355
in alkaline block. Since also niflumic acid (at 200 mM) is
more effective on K355A than on WT, with a twofold larger
potentiation compared to WT (see Fig. 3 of Zifarelli et al.
(21)), it seems that mutating K355 to alanine renders ClC-
Ka more sensitive to potentiation factors, suggesting that
the mutant somehow alters the gating properties of the chan-
nel. Y520A ClC-Ka (Figs. 4 C and S2) is only slightly
affected at pH 10, but is blocked at pH 11. Y520 corre-
sponds to Y512 of ClC-0 and Y445 of EcClC, a residue
that is accessible to the intracellular solution and is involved
in the coordination of pore chloride ions in the bacterial
CLC homolog (47,50–52). In ClC-Ka and in ClC-K1 (data
not shown), the mutant induces the appearance of very large
currents that lack typical WT kinetics (Fig. S2 B). Thus, the
relative insensitivity up to pH 10 likely reflects an indirect,
unspecific effect of the mutant on gating. This phenotype,
combined with the exposition of the residue to the intracel-
lular (but not extracellular) solution, safely excludes depro-
tonation of Y520 as the process underlying the effects of
alkaline external pH. The small currents of K268Q ClC-
Ka made the effect of alkaline pH very difficult to evaluate
properly (Fig. 4 B). However, in the context of ClC-K1, cur-
rents of mutant K268Q were similar to the WT in magnitude
Biophysical Journal 105(1) 80–90



FIGURE 4 Effect of alkaline pH on all ClC-Ka

mutants. To facilitate the data representation, the

mutants were grouped by chemical properties of

the mutated residues. The diagrams collect the

data resulting from the mutations of histidine (A),

lysine and arginine (B), and cysteine and tyrosine

(C). The currents acquired at 60 mV were normal-

ized to those measured at pH 7.3 (n R 3). Mutants

R184G and H480N did not yield functional expres-

sion. Data and fit for WT ClC-Ka are the same as in

Fig. 1 A. Data for K165R ClC-Ka are shown in all

three groupings. Some variability in the response

to alkaline pH is caused by different levels of func-

tional expression of the mutants. Error bars indi-

cate the SD.
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and pH sensitivity (Fig. S3, A and B), excluding this residue
also as responsible for mediating the block at alkaline pH.

K165, the only other residue from our experimental data
(Fig. 4 B and Fig. S4) that emerged as possibly responsible
for the channel’s sensitivity to alkaline pH, is highly
conserved in CLC proteins (53). This lysine is located in
the E-F loop in the extracellular pore vestibule of the chan-
nel, next to V166, the residue corresponding to the gating
glutamate that is shared by all CLC proteins except CLC-
K channels (Fig. 3, A–C). The effect of alkaline pH on the
K165R mutant is weakened compared to the WT (Fig. S4,
A and B). The slight impairment is caused by the conserva-
tive mutation of lysine to arginine, which does not prevent
deprotonation at this site. A stronger effect could be ex-
pected by substituting a nontitratable residue for K165. Un-
fortunately, the other mutations inserted in this position of
ClC-Ka (K165A, K165C, K165H, and K165Q) did not
show functional expression.

The lysine of ClC-1 and ClC-0 that corresponds to K165
of ClC-Ka has been the subject of previous studies (54,55).
Lin and Chen (55) found that the nonfunctional K165C/
C212S ClC-0 channel could be activated by reaction with
Biophysical Journal 105(1) 80–90
MTSEA, which confers a positive charge and changes the
side chain of the cysteine to one that is lysinelike. The other
MTS reagents tested, MTSET and 2-sulphonatoethyl MTS
(MTSES), did not induce currents (55). Since ClC-0 is
~39% identical to ClC-K channels (2), we hypothesized
that the MTSEA reagent could also reactivate the dormant
K165C ClC-Ka. Before testing this idea, we verified that
MTSEA does not affect WT ClC-Ka currents by interacting
with native cysteine residues (data not shown). When we
applied MTSEA to K165C ClC-Ka-expressing oocytes,
however, the currents elicited were too small to allow an
easily quantitative investigation (data not shown). Also, as
found for ClC-0, K165C ClC-Ka was not activated by the
positively charged MTSET and the negatively charged
MTSES (data not shown).
MTS-modified K165C ClC-K1 confirms the
involvement of K165 in CLC-K modulation by
alkaline pH

To obtain measurable currents from a nonconservative
mutant of the K165 residue, we tried to insert the mutation
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K165C in the background of the rat WT ClC-K1 channel,
which has higher functional expression than WT ClC-Ka.
Fortunately, the mutant K165C ClC-K1 channel shows
functional expression even without activation by MTSEA.
The currents are much smaller than those of WT ClC-K1
(Fig. 1 C), and the typical current kinetics of the channel
are almost absent at pH 7.3 and just perceptible at pH 8
and 9 (Fig. 5 A). It is important to note that K165C ClC-
K1 shows a modified sensitivity to alkaline pH compared
to WT. For WT ClC-K1, maximal currents are measured
at pH 7.3, and at pH 9, for example, they are only ~36%
of those in control conditions (Fig. 5 B). Instead, for
K165C, currents peak at pH 9, where they are more than
twofold larger than those at pH 7.3. The current at pH 11
is comparable to that at pH 7.3 (Fig. 5, A and B), strongly
suggesting that K165 is indeed involved in alkaline pH
block (the lines in Fig. 5 B were derived from a quantitative
model, discussed below). To investigate in more detail the
pH sensitivity of K165C ClC-K1, we used the MTS reagents
on this mutant. The MTS modification allowed us to obtain
higher functional expression of the mutant and enabled us to
study the effect of varying the charge and the titratability of
the side chain at position 165. We used the positive, titrat-
FIGURE 5 K165C ClC-K1 shows reduced sensitivity to alkaline pH. (A)

Voltage-clamp traces in response to the IV-pulse protocol (see Materials

and Methods) from the same oocyte under three different pH conditions.

The small currents of K165C recorded before MTSEA activation were ob-

tained by injecting ~2.5 ng of cRNA, whereas only ~0.1 ng of WT ClC-K1

cRNAwas injected. (B) Effect of [Hþ]ext on WT ClC-K1 (solid circles; n ¼
10) and K165C ClC-K1 (open diamonds; nR 23). Currents at 60 mV were

normalized to the value recorded in standard bath solution (pH 7.3) and

plotted versus pH. The dashed line represents the best fit of Eq. 2 to the

K165C ClC-K1 currents (pL ¼ 10.8). Data and fit for WT ClC-K1 are

the same as in Fig. 1 A. Error bars indicate the SD.
able MTSEA, the neutral MTSEH, and the positive, nonti-
tratable MTSET. None of these reagents had an effect on
WT ClC-K1 currents (data not shown).

Because MTSEA and MTSEH modification cause an in-
crease of the currents mediated by K165C ClC-K1, we
could directly follow their modification of C165 (Fig. S5).
MTSET was excluded from these measurements, because
MTSET modification of K165C ClC-K1 was not accompa-
nied by a change of the current level. From such experi-
ments, in which the MTS reagent was continuously
applied, we could estimate the time constant, t, of modifica-
tion (Fig. S5). From t, we calculated the reaction rate, k, as
k ¼ t�1/1 mM. For MTSEA, we obtained t ¼ (4.95 1.0) s
and k ¼ (206 5 40) s�1 M�1 and for MTSEH, t ¼ (8.9 5
1.8) s and k ¼ (1125 23) s�1 M�1 (all errors are expressed
as the mean 5 SD). These parameters provide a hint of the
external accessibility of a residue. The reaction rate of
K165C CLC-K1with MTSEA is smaller than that found
by Lin and Chen (55) for the analogous mutation K165C
in ClC-0 (4.6 � 103 s�1 M�1), indicating that this residue
is less accessible from the extracellular side in ClC-K1
than in ClC-0.

MTSEA treatment increases currents approximately five-
fold (Fig. 6, A and B). Moreover, the MTSEA-modified
K165C ClC-K1 partially recovers the time-dependent relax-
ations that characterize WT ClC-K1 (Fig. 6 A, right). It is
interesting that the pH sensitivity of the MTSEA-modified
mutant is different from that of both the unmodified
K165C and the WT (Fig. 6 C). Slight akalinization beyond
pH 7.3 reduces currents to a relative level of ~0.5 compared
to the currents at pH 7.3, with a further reduction at pH 11.
This phenotype indicates the presence of two distinct pH-
dependent processes, which will be described in a quantita-
tive model below. The strong qualitative effect of MTSEA
modification on the pH dependence of K165C strengthens
the conclusion that K165 is involved in at least one of these
processes. MTSEA modification was reversible upon addi-
tion of 10 mM DTT: after perfusion with DTT, the current
amplitude was restored to the phenotype before MTSEA
treatment (Fig. 6 B). MTSEA converts C165 to a lysinelike
residue with respect to charge and pK.

We next tested the neutral MTSEH. As for MTSEA,
MTSEH modification increases current levels of K165C
approximately threefold (Fig. 7, A and B). This indicates
that the open probability is determined not only by the
charge at position 165, but also by the general chemical
and steric properties of the residue at this position. It is
important to note that the sensitivity to alkaline pH is
strongly reduced compared to that of WT ClC-K1 (Fig. 7
C), displaying a reduction of currents only at values beyond
pH 10. The insensitivity of the MTSEH-modified K165C
mutant at pH values %10 is again consistent with the idea
that deprotonation of residue K165 underlies the major
part of the alkaline pH dependence of CLC-K channels.
Since MTSEH is not titratable, the reduction at pH 11 likely
Biophysical Journal 105(1) 80–90



FIGURE 6 MTSEA-modified K165C ClC-K1 partially recovers the WT

sensitivity to alkaline pH. (A) Current traces of K165C ClC-K1 evoked by

the IV-pulse protocol (see Materials and Methods) from the same oocyte.

The currents were recorded in the standard bath solution before (left) and

after (right) incubation in 1 mMMTSEA. The chemical formula of MTSEA

is shown. (B) Bars represent the normalized currents in standard bath solu-

tion under three different conditions: before MTSEA treatment (control),

after incubation in 1 mM MTSEA (n ¼ 6), and after a subsequent wash

in 10 mM DTT (n ¼ 3). Currents were normalized versus the current re-

corded at pH 7.3 before incubation in MTSEA. Error bars indicate the

SD. (C) Mean currents at 60 mV from WT ClC-K1 (solid circles; n ¼
10), untreated K165C ClC-K1 (open diamonds; n R 23), and K165C

ClC-K1 after incubation in 1 mM MTSEA (open triangles; n R 5) were

normalized to the current at pH 7.3. The dot-dashed line represents the

best fit of MTSEA-modified K165C currents obtained by Eq. 1, as

described in Results. The fit parameters are pK ¼ 7.6, pL ¼11.1, and

R ¼ 0.37. Data and fit for WT ClC-K1 are the same as in Figs. 1 A and 5

B, those for K165C ClC-K1 are the same as in Fig. 5 B. Error bars indicate

the SD.

FIGURE 7 MTSEH-modified K165C ClC-K1 loses most of its sensi-

tivity to alkaline pH. (A) Current responses to the IV-pulse protocol from

an oocyte expressing K165C ClC-K1 before (left) and after (right) incuba-

tion in 1 mM MTSEH. The chemical formula of MTSEH is shown. (B)

Mean values of currents before MTSEH treatment (Control), after incuba-

tion in 1 mMMTSEH (n¼ 16), and after a subsequent wash in 10 mMDTT

(n¼ 10) were normalized to those recorded in standard bath solution before

MTSEH perfusion. Error bars indicate the SD. (C) Mean currents measured

at 60 mV at pH values ranging from 7.3 to 11 from WT ClC-K1 (solid

circles; n ¼ 10), untreated K165C ClC-K1 (open diamonds; n R 23),

and K165C ClC-K1 after incubation in 1 mM MTSEH (open triangles; n

R 15, except at pH 10, where n ¼ 8) normalized to the current at pH

7.3. The dot-dashed line represents the best fit of Eq. 2 to the MTSEH-

modified K165C currents with pL ¼ 10.9. Data and fit for WT ClC-K1

are the same as in Figs. 1 A, 5 B, and 6 C; those for K165C ClC-K1 are

the same as in Figs. 5 B and 6 C. Error bars indicate the SD.
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reflects an additional process of deprotonation, unrelated to
K165. DTTonly partially reversed the MTSEHmodification
(Fig. 7 B).

Finally, we examined the effect of the positive and nonti-
tratable MTSET reagent. MTSET treatment did not induce
an increase in the current amplitude, raising the possibility
that it does not react. To test this, we applied MTSEA after
incubation with MTSET. Our expectation was that if
MTSET did not react with C165, MTSEA treatment would
increase currents about fivefold. Instead, MTSEA increased
the current only ~1.6-fold, proving that most channels had
reacted with MTSET (Fig. 8 A). The fact that modification
by a positively charged reagent has, in the case of MTSET,
no effect on the current level shows again that a charge
at position 165 is not the only important parameter in
determining open probability. The pH dependence of
MTSET-modified K165C is very similar to that found after
modification with MTSEH: currents are barely affected by
pH values between 7.3 and 10, and at pH 11, MTSET-modi-
Biophysical Journal 105(1) 80–90
fied K165C currents are ~59% of those at pH 7.3 (Fig. 8 B).
However, keeping in mind that the MTSET-modified
K165C has a low level of current, these data have to be
considered cautiously. Nevertheless, we can conclude that
without the titratability of K165, the channel loses most of
its sensitivity to alkaline pH.
Modeling alkaline pH modulation of CLC-K
channels

The mutagenesis of residue K165 and the various MTS
modifications of K165C clearly establish that deprotonation
of K165 underlies the reduction in open probability at pH
values %10. However, an additional pH-dependent process
is revealed by the behavior of mutant K165C and by record-
ings of the mutant modified by nontitratable MTS reagents:
at pH values >10, currents decrease in all circumstances.

To test these hypotheses in a quantitative manner, we
invoke the simplest model incorporating these two pH-
dependent processes: protonation/deprotonation of K165



FIGURE 8 MTSET does not increase K165C current levels but strongly

decreases sensitivity to alkaline pH. (A) Normalized current amplitudes in

standard solution before modification by MTSET (Control), after incuba-

tion in 1 mM MTSET (n ¼ 8), and after a subsequent treatment in 1 mM

MTSEA (n ¼ 3). Currents are normalized to those recorded in control con-

ditions before treatment with MTS reagents. The chemical formula of

MTSET is shown in the middle of the diagram. Error bars indicate the

SD. (B) Voltage-clamp measurements at 60 mV of WT ClC-K1 (solid

circles; n ¼ 10), untreated K165C ClC-K1 (open diamonds; n R 23),

and K165C ClC-K1 after incubation in 1 mM MTSET (open triangles;

n ¼ 8) were normalized to the current in standard bath solution and plotted

versus pH. The dot-dashed line represents the best fit of Eq. 2 to the

MTSET-modified K165C currents with pL ¼ 11.1. Data and fit for WT

ClC-K1 are the same as in Figs. 1 A, 5 B, 6 C, and 7 C; those for K165C

ClC-K1 are the same as in Figs. 5 B, 6 C, and 7 C. Error bars indicate

the SD.
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(site K in Scheme 1), and protonation/deprotonation of an
unknown site, U.

The model is composed of four states, as shown in
Scheme 1. Deprotonation of site K and deprotonation
of the unknown site are considered as independent pro-
cesses governed by the dissociation constants K and L,
respectively.

Protonated and deprotonated states of site K are associ-
ated with open probabilities Pþ and P0, respectively (states
(Kþ; Uþ) and (K; Uþ)), whereas deprotonation of site U is
hypothesized to shut the channel completely. The latter
assumption is difficult to test, because it would require
exploration of pH values >11. However, it is also of little
relevance for the pH range considered here.

With these assumptions, for Scheme 1, the open probabil-
ity is given by the equation

P ¼ 1�
1þ L

½H�
�
0
B@Pþ½H�

K
þ P0

1þ H

K

1
CA; (1)

where ½H� is the extracellular proton concentration.
Moreover, we apply the definitions pK ¼ �log10ðKÞ,
pL ¼ �log10ðLÞ, and the ratio R ¼ P0=Pþ.

The lines in Fig. 1 A represent fits of Eq. 1 with the pa-
rameters reported in the legends. Eq. 1 describes well the
sigmoidal pH dependence of WT ClC-K1 and ClC-Ka
(Fig. 1 A), with pK ¼ 8.7, pL ¼ 11.8, and R ¼ 0.07 for
CLC-K1, i.e., deprotonation of K165 is predicted to reduce
the open probability to a value of 7% compared to the pro-
tonated state. For the unmodified K165C and the mutant
modified by MTSEH and MTSET, no biphasic pH depen-
dence is visible and the data can be well described by a sim-
ple blocking deprotonation process:

P ¼ 1�
1þ L

½H�
� (2)

(Figs. 5 B, 7 C, and 8 B), with pL ranging from 10.8 to
11.1, similar to the value found for WT ClC-K. The most
interesting case regards the pH dependence of MTSEA-
modified K165C. The biphasic pH dependence is very
well described by Eq. 1, with pK ¼ 7.6, pL ¼ 11.1, and
R ¼ 0.37 (Fig. 6 C). Again pL is similar to the other
cases, whereas pK is about one pH unit more acidic than
for WT ClC-K1. Most notably, R is significantly larger
than for WT, suggesting that deprotonation of the MTSEA
moiety has only a relatively small effect on the open
probability.
CONCLUSIONS

The kidney plays a pivotal role in pH regulation. In partic-
ular, the thick ascending limb of Henle’s loop, where ClC-
Kb is expressed, effectively participates in the maintenance
of the acid-base balance (56). Thus the pH dependence of
CLC-K channels is probably of physiological relevance
and represents an interesting topic of study. Here, we reveal
that CLC-K channels are inhibited at alkaline pH, resulting
in an overall biphasic pH dependence with a block of the
currents both at extremely acidic and at alkaline pH values.
A similar behavior was found in the ClC-2 channel
(34,37,39,43,44). Inhibition by acidic pH results from the
Biophysical Journal 105(1) 80–90
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protonation of a homologous histidine in both channels
(25,43). In contrast, a different mechanism underlies the in-
hibition of these channels by alkaline pH. ClC-2 is modu-
lated via deprotonation of the gating glutamate (39,43,44).
However, as this residue is a valine in CLC-K channels,
other mechanisms must underlie the block of CLC-K cur-
rents at alkaline pH.

To determine whether low [Hþ]ext affects the ion perme-
ation of the channel or acts on the open probability, we esti-
mated the conductance of WT ClC-K1 at pH 7.3 and 10 by
noise analysis. At pH 10, the single-channel conductance
was only slightly smaller, showing that the alkaline block
mainly depends on an allosteric decrease of the open prob-
ability. Even if the reduction of conductance is not respon-
sible for alkaline block, it is significant. Thus, we might
speculate that deprotonation of K165 could weakly affect
Cl� permeation across the channel. However, it has to be
kept in mind that the noise analysis is complicated by the
fact that CLC proteins have two pores, each with a proper
gate and an additional common gate. Therefore, a consistent
apparent variability of the single-channel current (maxi-
mally by a factor of 2) can be caused indirectly by effects
on the relative contributions of single/double pore openings
to the noise, thus reflecting a gating rather than a conduc-
tance effect. Further investigation is required to resolve
this question.

Using the homology model of ClC-Ka (26), we identified
a pore lysine K165 that is involved in the modulation of the
channel by alkaline pH. Lysine 165 is highly conserved in
CLC proteins (50,53) and positioned next to valine 166,
which corresponds to the conserved gating glutamate in
CLC-Ks. Based on our extensive analysis of the pH depen-
dence of point mutants of K165 and the cysteine-modified
K165C variants in the background of ClC-K1, we can
conclude that deprotonation of K165, with a pK of ~8.7,
leads to dramatic inhibition of CLC-K channels. It is inter-
esting that the apparent pK of K165 is closer to the physio-
logical pH range than that of free lysine (pK ~10.5),
suggesting that the ability of K165 to inactivate CLC-Ks
in alkaline conditions could have a physiological relevance.

Furthermore, modification of K165C with nontitratable
MTS reagents uncovered an additional pH-dependent inhib-
itory process occurring at more alkaline pH values
(pH R11). In the absence of an investigation at pH values
>11, we can only speculate about the causes of this further
process. Plausible hypotheses are that this block could be
due to deprotonation of an unknown residue or to a direct
block of the pore by OH� ions. Finally, our results demon-
strate that a positive charge at position 165 is not the only
determinant of the open probability, but that the general
chemical and sterical properties of the residue are equally
important. In fact, modification of K165C by the uncharged
and nontitratable MTSEH leads to an increase in currents
similar to that observed with modification by MTSEA,
whereas modification by the positive MTSET does not in-
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crease the current amplitude. Previous studies have demon-
strated the involvement of K165 in mechanisms of gating of
CLC proteins. The mutation to alanine of the homologous
residue in ClC-1, K231, completely modifies the channel ki-
netics. In fact at hyperpolarizing potentials, K231A shows
activating currents instead of the peculiar deactivating ki-
netics observed in the WT (54). The mutant K165R of
ClC-0 exhibits inwardly rectifying currents, which demon-
strates that the conservative mutation of lysine to arginine
at position 165 is enough to modify deeply the gating of
ClC-0 (57). The less conservative mutant, K165C, in ClC-
0 lacks functional expression. However, it can be activated
by MTSEA modification (55). Taking advantage of this,
Lin and Chen (55) constructed homodimers and hetero-
dimers of this mutant and applied MTSEA modification to
these to understand how this residue is involved in the
gating of ClC-0 (55). They concluded that the mutation of
K165 affects both slow and fast gating of the channel
(55). An interesting finding in their study was that single-
channel recordings of unmodified K165C-K165 hetero-
dimers in the background of the C212S mutant of ClC-0
(55) displayed openings of a single pore (presumably the
K165 protopore). Since by definition the slow gate acts on
both pores simultaneously, this observation by Chen and
colleagues suggests that the drastic reduction of the open
probability of the K165C pore reflects an effect on the fast
gate, and that the slow gate is only indirectly affected. Mat-
ters are more complex for CLC-K channels, because in these
channels, the gating glutamate is substituted by a valine
(V166), and little is known about the mechanisms of
CLC-K channel gating. In fact, the alkaline pH effect might
provide a tool to gain more insight into these mechanisms.
Nevertheless, this residue is important for the gating of
both CLC channels bearing the gating glutamate (ClC-0)
and those lacking it (CLC-Ks). It will be interesting to
find out the details of the gating processes influenced by
K165 in CLC-K channels. Finally, another study (58) high-
lighted that the homologous lysine in ClC-5 (K210) can be
substituted by many different residues without gross impair-
ment of function, suggesting, however, that K210 plays a
role in the determination of the anionic specificity of this
transporter and stressing that this residue plays different
roles in different CLC proteins.

Our results also indicate that deprotonation of K165 in
WT ClC-K1 does not completely shut the channel. From
our quantitative model, we obtained a residual open proba-
bility of 7% of the value for the protonated lysine. The
model also nicely described the pH dependence of the
MTSEA-modified K165C mutant, for which the open prob-
ability of the protonated and deprotonated forms is predicted
to differ by less than a factor of 3.

In summary, we identify here the residue responsible
for alkaline block close to the physiological pH range.
In addition, we reveal that this residue is involved in the
gating of CLC-K channels. This information is quite
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surprising: CLC-Ks lack the gating glutamate, but the same
region of the protein determines their gating machinery.
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