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ABSTRACT
Bartter syndrome type IV is an inherited human condition characterized by severe renal salt wasting and
sensorineural deafness. The causal gene, BSND, encodes barttin, an accessory subunit of chloride
channels located in the kidney and inner ear. Barttin modulates the stability, cell surface localization, and
function of ClC-K channels; distinct mutations cause phenotypes of varying severity. For definition of the
molecular basis of this diversity, the functional consequences of six disease-causing mutations (R8L,
R8W, G10S, Q32X, G47R, and E88X) on ClC-K channel properties were studied by heterologous
expression in renal cell lines, electrophysiology, confocal imaging, and biochemical analysis. Three
missense mutations (R8L, R8W, and G10S) eliminated the function of ClC-K/barttin channels but did not
prevent the insertion of the channels into the surface membrane. Another mutant that produces a mild
renal phenotype (G47R) was capable of performing all functions of wild-type barttin but bound to ClC-K
channels less effectively. The nonsense mutation E88X affected epithelial sorting, leading to equal
amounts of barttin inserting into the basolateral and apical membranes, contrasting with the preferential
apical insertion of wild-type barttin. Last, the nonsense mutation Q32X allowed barttin to associate with
ClC-K channels but prevented surface membrane insertion and channel activation. These results demonstrate that Bartter syndrome type IV can be caused by various derangements in the function of barttin,
likely contributing to the diversity of observed phenotypes.
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Hypokalemic salt-losing tubulopathies (Bartter
syndromes)1 are a group of clinically and genetically distinct renal diseases, characterized by renal
salt wasting, hypokalemic metabolic alkalosis, and
elevated renin and aldosterone levels. Five different
types of Bartter syndrome can be distinguished and
correlated to different disease genes.2,3 Among
them, Bartter syndrome type IV usually exhibits a
severe phenotype. Fetal polyuria causes maternal
polyhydramnios,4,5 and, postnatally, salt wasting
and polyuria occur as consequences of impaired tubular reabsorption. In some patients, renal failure
occurs at a young age. In addition to the renal phenotype, patients experience sensorineural deafness.4
The disease gene of Bartter type IV, BSND, encodes barttin, an accessory subunit of a subclass of
J Am Soc Nephrol 20: 145–153, 2009

ClC channels, the ClC-K channels.6 – 8 Barttin mutations impair chloride absorption in various sections of the nephron as well as potassium secretion
in the stria vascularis and the vestibular labyrinth.6,9
For several disease-causing mutations, the effect on
ClC-K channel functions has been previously evaluated.6 – 8 In some cases though, the observed barttin dysfunction, studied using either amphibian ooReceived January 25, 2008. Accepted June 25, 2008.
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Figure 1. Disease-causing barttin mutations
result in decreased amplitudes of ClC-Ka/
barttin and ClC-Kb/barttin anion currents. (A
through D) Representative currents from cells
expressing ClC-Ka (A and B) or ClC-Kb (C and
D) without (A and C) or with (B and D) barttin.
(E and F) Current-voltage relationships from
cells expressing ClC-Ka (E) or ClC-Kb (F) either with or without barttin (n ⬎ 4). (G and H)
Mean isochronal current amplitudes determined at voltage steps to ⫺135 mV from
cells expressing ClC-Ka (G) or ClC-Kb (H) with
various pathogenic barttin mutations (n ⱖ 3).
**P ⬍ 0.01, *P ⬍ 0.05 versus WT barttin.

cytes6,7 or rat ClC-K channels,7,8 did not predict alterations of
transepithelial transport that were sufficient to explain the disease symptoms. We therefore decided to reconsider four
pathogenic missense mutations—R8L,10 R8W,10 G10S,10,11
and G47R12—and to evaluate two novel nonsense mutations—Q32X13 and E88X14—studying their effects on human
ClC-Ka and ClC-Kb channels in mammalian cells. We used
various experimental approaches to assess possible alterations
of all known functions of barttin. For each disease-causing
mutation, our analysis defines particular changes of function
that correlate with the severity of disease.

RESULTS
Functional Consequences of Disease-Causing Barttin
Mutations

We expressed human ClC-Ka or ClC-Kb, either with or without barttin, in tsA201 cells and measured anion currents with
the patch-clamp technique (Figure 1). Whereas coexpression
of barttin resulted in large anion currents for both ClC-K isoforms (Figure 1, B and D), current amplitudes were indistinguishable from the background in the absence of barttin6,7,9,15
(Figure 1, A and C). ClC-Ka/barttin and ClC-Kb/barttin currents were independent of time and voltage (Figure 1, B and
D). The current-voltage relationship of ClC-Ka/barttin was
linear over a broad voltage range but decreased at very negative
potentials (Figure 1E). In contrast, the voltage dependence of
the ClC-Kb/barttin current amplitudes showed a slight bidirectional rectification with increasing conductances at very
negative or very positive potentials (Figure 1F). With the exception of E88X, all disease-causing mutations tested caused a
dramatic reduction of ClC-Ka and ClC-Kb anion currents
(Figure 1, G and H).
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Biochemical Characterization of ClC-K/Barttin
Interaction

The absence of macroscopic current amplitudes might be due
to an insufficient transcription/translation of mutant barttin, a
lack of surface membrane insertion of ClC-K/barttin channels,
or the loss of function of these channels. First we tested the
production of mutant barttin by expressing fusion proteins of
wild-type (WT) and mutant barttin covalently linked to cyan
fluorescent protein (CFP). All fusion proteins tested showed
good expression (Figure 2A). In SDS-PAGE, a predominant
band at 63 kD was observed for WT, R8L, R8W, G10S, and
G47R barttin, close to the calculated molecular weight of these
fusion proteins (Figure 2A). The two nonsense mutations,
E88X and Q32X, reduced the molecular weights of the fusion
proteins. For all barttins tested, additional fragments with
smaller molecular weights and lower intensities demonstrated
proteolytic cleavage by endogenous proteases. Carboxy-terminal fragments of such sizes15 can diffuse freely and would cause
a homogeneous staining of the cell and the nucleus of transfected cells. This is not the case for full-length barttin, indicating that proteolysis does not occur in intact cells (Figures 3 and
4). For Q32X and E88X barttin, proteolysis was more pronounced (Figure 2A), indicating reduced stability of truncated
barttin.
Next we resolved yellow fluorescent protein (YFP)-fusion
proteins of ClC-Kb channels, expressed either alone or together with WT or mutant barttin, by reducing SDS-PAGE
(Figure 2, B and C). YFP-ClC-Kb migrated as a doublefluorescence band, with molecular sizes of approximately 90
and 92 kD (calculated mass 103 kD). The higher molecular
weight band disappeared upon deglycosylation with EndoH
(Figure 2B), demonstrating that ClC-Kb is core-glycosylated in the absence of barttin. The differences between the
apparent and calculated molecular masses are most likely
J Am Soc Nephrol 20: 145–153, 2009
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Figure 2. Biochemical analysis of barttin and ClC-Kb.
(A) Fluorescence scan of an SDS-PAGE gel of CFPtagged WT and mutant barttin proteins heterologously expressed in tsA201 cells. (B) SDS-PAGE gel (6
to 15% polyacrylamide) showing the effect of Endo-H
and PNGase F on YFP-ClC-Kb glycosylation in the
presence and absence of WT barttin in MDCK cells.
The same gel was scanned at two different intensities
to show complex glycosylation (#, top) as well as coreglycosylated (F) or not glycosylated (E) protein. (C)
SDS-PAGE gel (6 to 15% polyacrylamide) of YFPClC-Kb either transfected alone or co-transfected with
WT or mutant barttin in MDCKII cells. (D) Ratio of the
intensities of complex glycosylated to total YFPClC-Kb fluorescence from cells coexpressing WT or
mutant barttin. Data are means ⫾ SEM from five or
more experiments. (E) YFP-ClC-Kb fluorescence from
cells coexpressing WT or mutant barttin from at least
seven experiments. For each experiment, fluorescence was normalized to YFP-ClC-Kb fluorescence in
the presence of WT barttin as indicated by the gray
line. **P ⬍ 0.01, *P ⬍ 0.05 versus WT barttin.

YFP-ClC-Kb in MDCKII cells (Figure 2, C and E). Whereas
Q32X and G47R significantly reduced the number of ClC-Kb
channels, similar amounts of ClC-K were detected for WT,
R8L, R8W, G10S, and E88X barttin (Figure 2E).
Subcellular Distribution of Mutant Barttin

Figure 3. Subcellular distribution of WT and mutant barttin. (A
through G) Fluorescence confocal images of living MDCK cells
expressing WT or mutant barttin-CFP fusion proteins. Bar ⫽ 5 m.

due to anomalous migration.16 Coexpressing barttin resulted in an additional fluorescence band (molecular weight
approximately 107 kD) that was sensitive only to PNGase F
and thus represents complex-glycosylated ClC-Kb. Oligosaccharide side chains are sequentially processed from a
high mannose form in the endoplasmic reticulum (ER) to
the complex-glycosylated form in the Golgi apparatus, so
glycosylation analysis allows quantification of the ability of
barttin to promote ER exit of ClC-K channels. All mutant
barttins tested yielded complex glycosylation of ClC-Kb
(Figure 2, C and D). We observed comparable fractions of
complex glycosylated ClC-Kb when coexpressed with WT,
R8W, or G10S. Whereas R8L, Q32X, and G47R barttin impaired complex glycosylation, E88X seemed even to stimulate ER exit of ClC-K/barttin channels (Figure 2D).
WT barttin was shown to increase the number of ClC-K
proteins by improving the protein stability.8 We compared
the effect of WT and mutant barttin on the number of
J Am Soc Nephrol 20: 145–153, 2009

We studied the subcellular distribution of barttin and ClC-K
using confocal imaging of cells expressing fluorescent fusion
proteins (Figures 3 and 4). Whereas WT (Figure 3A), R8W
(Figure 3C), G10S (Figure 3D), and E88X (Figure 3G) were
predominantly present in the plasma membrane, cells expressing R8L (Figure 3B), Q32X (Figure 3E), or, to a lesser extent,
G47R (Figure 3F) barttin exhibited an increased staining of
intracellular compartments.
Co-transfecting ClC-Kb with WT barttin resulted in a redistribution of chloride channels to the surface membrane8,15
(Figure 4). Co-localization of YFP and CFP fluorescence confirmed effective binding of YFP-ClC-Kb and WT (Figure 4A)
as well as G10S (Figure 4D) and E88X (Figure 4G) barttin-CFP.
In contrast, Q32X abolished the redistribution of ClC-K (Figure 4E), whereas co-transfection with R8L (Figure 4B) or G47R
(Figure 4F) barttin resulted in ClC-K channel insertion into
the plasma membrane. In all of these cases, a variable fraction
of ClC-K channels was found in intracellular compartments,
and ClC-K and mutant barttins did not fully co-localize. R8W
barttin exhibited less intense intracellular staining, co-localization with ClC-Kb, and effective surface membrane insertion of
ClC-Kb (Figure 4C).
Surface biotinylation of transfected MDCK cells allows
quantification of the effects of BSND mutations on membrane
insertion of ClC-Kb. Surface membrane proteins were labeled
with biotin, precipitated with avidin-coated beads, and analyzed by SDS-PAGE and fluorescence imaging (Figure 4H). To
Barttin Dysfunctions in Bartter Syndrome Type IV
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Figure 4. Effects of disease-causing barttin
mutations on the localization of ClC-Kb/barttin
channels in living MDCKII cells. (A through G)
Representative confocal images of cells expressing YFP-ClC-Kb together with CFP
tagged WT (A), R8L (B), R8W (C), G10S (D),
Q32X (E), G47R (F), and E88X (G) barttin. CFP is
shown in green, and YFP is shown in red. This
color code results in an orange coloring of regions where both proteins overlap. Individual
YFP and CFP fluorescences are added to demonstrate co-localization of WT barttin and ClCKb. Bar ⫽ 5 m. (H) Fluorescence scan of an
SDS-PAGE gel of YFP-ClC-Kb present in the
total cleared lysate and the purified surface
proteins, when expressed alone or in the presence of WT or mutant barttin. (I) Membrane
surface insertion of ClC-Kb by mutant barttin
was quantified by dividing the fluorescence of
surface-biotinylated YFP-ClC-Kb by the fluorescence of the total cleared lysate and normalization to the ratio found in the presence of WT
barttin. Data are means ⫾ SEM from three experiments. **P ⬍ 0.01.

account for effects of barttin on the abundance of ClC-K protein, we divided fluorescence intensities from surface proteins
by the YFP fluorescence of the full lysate. These ratios were
normalized to data obtained with WT barttin (Figure 4I) to
determine the capability of mutant barttin to insert ClC-K
channels into the surface membrane. R8L, R8W, G10S, G47R,
and E88X barttin increased relative amounts of ClC-K in the
surface membrane to the same extent as WT barttin. Of all
tested barttin mutants, only Q32X reduced the percentage of
ClC-K in the surface membrane.
The plasma membrane of epithelial cells is divided into an
apical and a basolateral domain with distinct transporters and
channels, making transepithelial vectorial transport possible.
E88X does not affect macroscopic ClC-K currents and thus
might exclusively affect epithelial sorting. We first studied epithelial sorting for WT and E88X barttin in MDCK cells grown
on filters. Confocal sections of cell lines stably expressing WT
or E88X barttin-CFP allowed separation of barttin in basolateral and apical membranes (Figure 5). Whereas WT barttin
sorts predominantly to the basolateral membrane (Figure 5A),
there is a much more pronounced apical staining of E88X barttin-CFP (Figure 5B). To quantify this alteration of epithelial
sorting, we performed surface biotinylation in confluent
monolayers of MDCK cells grown on filters (Figure 5, C and
D). Figure 5C displays the fluorescence scan of an SDS-PAGE
gel with purified membrane–inserted ClC-Kb. Figure 5D
shows the relative amounts of biotinylated ClC-Kb after biotin
application to the apical or the basolateral site. Whereas ClCKb/WT barttin preferentially inserted into the basolateral
membrane, E88X resulted in equal amounts of ClC-Kb in the
apical and the basolateral membranes.
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Figure 5. Epithelial sorting of ClC-Kb by WT and mutant barttin.
(A and B) Confocal images of polarized MDCK cells stably expressing WT (A) or E88X (B) barttin-CFP. Cells were grown on
filters and fixed before imaging. x-y projections (front view) are
given in the upper part, x-z projections (side view) in the lower
part. Bar ⫽ 5m. (C) Fluorescence scan of an SDS-PAGE of
YFP-ClC-Kb purified by surface biotinylation from basolateral and
apical membranes of MDCK cells expressing WT or mutant barttin together with YFP-ClC-Kb. (D) Relative amounts of ClC-Kb
channels in the apical and the basolateral membrane. YFP-ClC-Kb
surface-biotinylated from the apical or the basolateral membrane
was quantified by YFP fluorescence, adjusted for actin amounts,
and then given as relative amount of the total surface fluorescence. Data are means ⫾ SEM from five experiments. **P ⬍ 0.01.
J Am Soc Nephrol 20: 145–153, 2009
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Figure 6. Pathogenic missense mutations
affect the function of ClC-K/barttin channels. (A through D) Representative current
recordings from cells expressing hClC-1
alone (A), ClC-Kb with barttin (B), concatameric hClC-1-ClC-Kb without barttin
(C), or together with barttin (D). (E) Voltage
dependence of the normalized instantaneous current amplitude from cells expressing hClC-1-ClC-Kb concatamers alone or
together with WT or mutant barttin. Data
are means ⫾ SEM from between two and
seven cells.

Disease-Causing Mutations Affect the Ability of
Barttin to Switch ClC-Kb into an Anion-Conducting
State

The results presented so far indicate that the tested missense
mutations impair membrane insertion of ClC-Kb/barttin only
moderately. The main effect of these mutations must therefore
be a loss of barttin’s ability to switch ClC-K into an anionconducting mode.15 We studied this function by measuring the
currents conducted by an hClC-1-ClC-Kb concatamer, linking
ClC-Kb covalently to the human muscle isoform hClC-115
(Figure 6). Because ClC channels are double barreled,17,18 the
expression of this construct results in the insertion of heterodimeric channels with one hClC-1 and one ClC-Kb protopore into the surface membrane. In the absence of barttin, only
the hClC-1 protopore is functional15 (Figure 6, A and C). Cotransfection of barttin resulted in the addition of a voltageindependent component, thus indicating conversion of
ClC-Kb protopores, which are attached to ClC-1 and therefore
present in the surface membrane, into an active state (Figure 6,
B and D).
To quantify the relative numbers of functional ClC-1 and
ClC-Kb protopores, we measured the instantaneous current
amplitudes at a fixed voltage step to ⫺120 mV, after prepulses
to various voltages. If none of the ClC-Kb protopores are functional, then the voltage dependence of this current will resemble the activation curve of ClC-1.19 An increasing number of
functional ClC-Kb results in an increased voltage-independent
current component. E88X barttin activated ClC-Kb protopores as effectively as WT barttin. G47R barttin exhibited an
intermediate phenotype. All other naturally occurring mutations did not activate ClC-Kb (Figure 6E).
Modification of rClC-K1 Gating by Mutant Barttins

Whereas ClC-Ka or ClC-Kb require the accessory subunit to
become anion conducting, rat ClC-K1 is functional without
barttin, and barttin modulates only channel gating.15 The barttin-induced changes of gating are particularly prominent for a
J Am Soc Nephrol 20: 145–153, 2009

mutant rClC-K1 channel carrying a glutamate instead of a valine at position 166.15 Without barttin, V166E rClC-K1 channels were activated by membrane hyperpolarization (Figure
7A), whereas co-transfection of barttin inverted the voltage
dependence of activation (Figure 7B). Expression of Q32X barttin did not result in changes of the time and voltage dependence of V166E rClC-K1 (Figure 7C). In contrast, all other
mutant barttins tested yielded an inversion of the voltage dependence of gating (Figure 7D).
The effect on V166E rClC-K1 gating allows a quantitative
description of the interaction of ClC-K and mutant barttin.
Figure 7 shows representative nonstationary variance analyses
from tsA201 cells coexpressing V166E rClC-K1 channels with
WT or G47R barttin. Variances (2) were plotted versus the
corresponding mean current amplitude (I; Figure 7, E and F),
and numbers of channels and absolute open probabilities (Figure 7G) were obtained by fitting variance-mean current plots
with 2 ⫽ iI ⫺ I2/N15,19,20 from these experiments and from
comparable ones on R8L, G10S, and E88X.
G47R and R8L yield increased minimum absolute open
probabilities and decreased maximum open probabilities. The
changes of gating in V166E rClC-K1 induced by G47R or R8L
barttin are fully consistent with a fraction of channels lacking
the accessory subunit, indicating impaired binding of R8L or
G47R barttin. In contrast, ClC-K channels associated with
G10S or E88X barttin exhibited absolute open probabilities
similar to WT.

DISCUSSION

We evaluated the functional consequences of four missense
and two nonsense mutations in the BSND gene found in patients with Bartter syndrome type IV. R8L, R8W, G10S, and
Q32X abolished epithelial anion conductance by affecting barttin’s ability to activate human ClC-K channels. Q32X and
G47R decreased the number of ClC-K/barttin channels. E88X
Barttin Dysfunctions in Bartter Syndrome Type IV
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Figure 7. Modification of V166E rClC-K1 by
WT or mutant barttin. (A through D) Representative current recordings from cells expressing V166E rClC-K1 channels, without
barttin (A) or with WT (B), Q32X (C), or G47R
(D) barttin. (E and F) Time dependences of
the mean current amplitudes and variances
on the given pulse protocols, and plots of
variances versus mean current amplitudes for
V166E rClC-K1 channels, with WT (E) or G47R
(F) barttin. The solid lines are fits of the function 2 ⫽ iI(t) ⫺ I(t)2/N. (G) Voltage dependence of the absolute open probabilities of
V166E rClC-K1/mutant barttin channels. Data
are means ⫾ SEM from at least seven cells.

affected epithelial sorting, abolishing the preferential insertion
of ClC-K/barttin channels into the basolateral membrane.
Q32X truncates barttin after its first putative transmembrane domain and therefore is the most pronounced change of
primary sequence evaluated here. Coexpression of Q32X barttin with ClC-Ka or ClC-Kb did not result in anion currents in
heterologous expression systems (Figure 1) and abolished the
effect of barttin on surface membrane insertion (Figure 4).
R8L and R8W modify the subcellular distribution of barttin
(Figures 3 and 4), in agreement with previous reports.8 Nonetheless, the mutations do not prevent surface membrane insertion of ClC-Kb channels (Figure 4), so impaired trafficking
alone does not explain the virtual absence of anion current.
Coexpression of R8L or R8W barttin with the hClC-1-ClC-Kb
concatamer resulted in heterodimeric channels with only the
hClC-1 protopore active. R8L and R8W barttin are therefore
not capable of switching human ClC-K channels to an active
conformation. Another missense mutation, G10S, left surface
membrane insertion of ClC-K channels virtually unaffected in
our heterologous expression system (Figures 3 and 4)8 and
reduced the chloride conductance of epithelial cells solely by
affecting barttin’s ability to activate human ClC-K channels
(Figure 6). The absence of currents in cells coexpressing ClC-K
with G10S barttin contradicts previous results using Xenopus
oocytes.6 ClC-K channels are functionally different when expressed in oocytes or mammalian cells.6,7,15 Expression in renal
cell lines resembles the situation in native tissue better than
amphibian oocytes, and we thus conclude that G10S abolishes
plasmalemmal ClC-K/barttin currents in the human kidney.
G47R was the only missense mutation tested that did not
prevent the activation of ClC-Kb/barttin channels (Figure 6);
however, G47R impairs expression levels and complex glyco150
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sylation of ClC-Kb (Figure 2). All findings are fully explained
by a reduced binding of G47R barttin to ClC-K. A larger number of channels lacking barttin led to retention in intracellular
compartments (Figure 4), a less effective activation of ClC-Kb
(Figure 6), and the observed gating alterations of rClC-K1
(Figure 7). These changes effectively downregulated the cellular chloride conductance, resulting in dramatically reduced
macroscopic ClC-K/G47R currents (Figure 1). The effects of
E88X on epithelial sorting (Figure 5) will impair vectorial
transport in the thick ascending limb of Henle and in the stria
vascularis.
All of our experiments were done in a heterologous expression system, and it is possible that native cells might differ in
the expression of additional proteins that modify the functional effects of the disease-causing mutations; however,
MDCK cells are an established model system to study epithelial
transport and epithelial sorting, and we therefore are confident
that the effects of mutant barttin on channel function and
channel trafficking can be reliably studied in these cells. As in
native cells,6 ClC-Kb/barttin preferentially sorts to the basolateral membranes of MDCK cells (Figure 5). Moreover, heterologously expressed ClC-K channels functionally resemble native channels.21 The presentation of patients with Bartter type
IV shows remarkable variation, ranging from prenatal diagnosis with severe polyhydramnios and prematurity11 to diagnosis
at age 28.22 The good correlation between the mutation-induced functional alterations observed in heterologous expression systems and the severity of the disease is a strong argument
that our results predict the dysfunction of mutant barttin in
native cells.
ClC-K/barttin channels are nonfunctional when barttin
carries the mutations R8L, R8W, G10S, and Q32X. This fully
J Am Soc Nephrol 20: 145–153, 2009
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explains deafness and renal salt-wasting in affected patients.
G47R was reported in patients with an adult onset of renal
symptoms, and the less pronounced renal phenotype nicely
correlates to the preserved function of G47R barttin. The distribution of ClC-K/E88X barttin between the apical and the
basolateral membrane is dramatically changed compared with
ClC-K/WT barttin. Such an alteration will reduce transepithelial transport and predicts the hearing impairment and renal
symptoms.
Mutations leading to a loss of start codon seem to be associated with a severe course and early deterioration of renal
function.5,10 In contrast, renal function was preserved in all
patients carrying barttin mutations that do not prevent insertion into the surface membrane (i.e., homozygous patients with
R8L [Dr. Georges Deschênes, Hôpital Robert-Debré, Paris,
France; personal communication, January 29, 2008]), G10S,11
G47R,12,22,23 or E88X mutations.14 Clinical data for the R8W
mutation were not available. Clinical evaluation of the Q32X
mutant was limited to the compound heterozygous state with
another G47R allele13; however, compared with homozygous
G47R patients, this case was distinct for end-stage renal failure
at age 15. We cannot exclude that there are other functions of
barttin that are not well represented in our assays, such as
interaction with other membrane proteins potentially involved in the preservation of renal function; however, it occurs
to us that the residual insertion of barttin into the plasma
membrane we observed for most of the mutants studied—
even with severely impaired ClC-K function—might protect
from renal failure, potentially by an effect on currently unknown proteins and similar to the scaffolding function observed for ClC-K channels. Our observation is limited, however, to the small number of patients reported and a lack of
understanding of the molecular mechanisms. Certainly, further studies are needed to assess a potential role of barttin apart
from its effect on ClC channels.

CONCISE METHODS
Mutagenesis and Channel Expression
tsA201 and MDCKII cells were transfected with plasmid DNA encoding ClC-Ka,24 ClC-Kb,24 mutant rClC-K125 (pSVL-ClC-K or pRcCMV-ClC-K), human barttin10 (pcDNA3.1-barttin), or pcDNA3.1GFP-EAAT326 using a calcium phosphate precipitation method27 or
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Mutant barttins were
constructed by PCR-based strategies as CFP fusion proteins. For all
constructs, PCR-amplified sequences were verified by direct sequencing, and two independent mutant clones were used for expression
studies. For identification of transfected cells, barttin was co-transfected as CFP-fusion protein. Alternatively, a bicistronic vector containing the coding region of the respective ClC-K channel and of the
CD8 antigen (pRcCMV or pSVL-ClC-K-IRES-CD8) was used, or a
plasmid encoding the CD8 antigen was co-transfected. Cells were
incubated 5 min before use together with polystyrene microbeads
precoated with anti-CD8 antibodies (Dynabeads M-450 CD 8; Dynal,
J Am Soc Nephrol 20: 145–153, 2009
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Great Neck, NY),28 and only cells decorated with microbeads were
used for electrophysiologic recordings. CFP or YFP fusion proteins of
ClC-K channels and barttin were constructed as described previously.29 The percentage of cells that express only ClC-K but not barttin in
co-transfection experiments was obtained from confocal images of
cells coexpressing YFP-ClC-Kb and Barttin-CFP. Approximately 50%
of all cells expressed both proteins, whereas approximately 2% expressed only ClC-K. No differences in these numbers could be observed between WT and mutant barttin. Stable MDCK cell lines expressing WT or E88X barttin-CFP were generated by selection with
geneticin30 (Figure 5).

Electrophysiology
Whole-cell patch-clamp recordings were performed using an EPC10
amplifier (HEKA Electronics, Lambrecht, Germany). Pipettes were
pulled from borosilicate glass (Harvard Apparatus, Holliston, MA)
and had resistances of 1.0 to 2.2 M⍀. The series resistance was compensated 60 to 80% by an analog procedure, so the calculated voltage
error as a result of access resistance was always ⬍2 mV. The extracellular solution contained 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1
mM MgCl2, and 5 mM HEPES, whereas the intracellular solution
contained 120 mM NaCl, 2 mM MgCl2, 5 mM EGTA, and 10 mM
HEPES. Both solutions were adjusted to pH 7.4 with NaOH.
Data were analyzed by a combination of PulseTools (HEKA Electronics, Lambrecht, Germany) and SigmaPlot (Jandel Scientific, San
Rafael, CA). For determination of the absolute open probabilities of
V166E rClC-K1, nonstationary noise analysis was performed as described previously.15,19

Biochemical Analysis
MDCKII cells were lysed by incubation in 1% Triton X-100, in the
presence of protease inhibitors (Sigma-Aldrich, Hamburg, Germany). Cleared lysates were denatured for 15 min at room temperature in SDS sample buffer containing 100 mM dithiothreitol and electrophoresed in parallel with fluorescence mass markers (Dual Color;
Bio-Rad, München, Germany) on 6 to 15% SDS polyacrylamide gradient gels. YFP-tagged proteins were visualized by scanning the wet
PAGE gels with a fluorescence scanner (Typhoon; GE Healthcare,
München, Germany). Individual bands were quantified with the ImageQuant software (GE Healthcare, Freiburg, Germany). For investigation of the glycosylation state of the proteins, samples were treated
for 4 h with either endoglycosidase H (EndoH) or N-glycosidase F
(PNGase F; New England Biolabs, Beverly, MA) in the presence of
reducing SDS sample buffer and 1% (wt/vol) NP-40 to counteract
SDS inactivation of PNGase F.
Cell surface expression of barttin and ClC-K channels was assayed
with a modification of cell surface biotinylation methods described
previously.30,31 MDCK cells, grown either nonconfluently on cell culture plates (Figure 4) or confluently on filters (Figure 5), were transfected with ClC-Kb alone or together with barttin fluorescence protein-fusion proteins. One day after transfection, the cells were
incubated with 1.5 mg of biotin (sulfo-NHS-LC-biotin or sulfo-NHSSS-biotin; Pierce, Rockford, IL) in PBS or triethanolamine buffer for 1
to 2 h. In experiments using filters, the side not incubated with biotin
was incubated with biotinylation buffer only. The reaction was
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quenched by repeated washing with quenching buffer (100 mM glycine in PBS). After washing with PBS, the cells were scraped in lysis
buffer (150 mM NaCl, 1% Triton X-100, and 5 mM EDTA with 50
mM Tris or 10 mM HEPES) and transferred to a tube. After 1 h on ice,
they were centrifuged at 14,000 ⫻ g for 10 min at 4°C, and the cell
lysate was collected. Cell lysates were incubated with Ultralink immobilized NeutrAvidin beads (Pierce) for 2 h. After washing with either
lysis buffer or high-salt wash buffer, the proteins on the beads were
released by incubation with SDS loading buffer containing 200 mM
dithiothreitol and 4.1% SDS. The proteins were separated on 6 to 15%
polyacrylamide gradient gels and visualized by scanning the wet SDSPAGE gels with a fluorescence scanner (Typhoon, GE Healthcare).
The gels were blotted onto polyvinylidene (Bio-Rad) and developed
with rabbit anti-actin (Sigma-Aldrich, Hamburg, Germany) and antirabbit Cy5 (GE Healthcare, Freiburg, Germany). Results were used
only from experiments in which no actin was detected in purified
membrane fractions. The amount of actin present in the cleared lysate
was used to adjust the obtained data to the number of lysed cells. For
biotinylation experiments on polarized MDCK cells, apical and basolateral fluorescences were added, and the amount of apical/basolateral
channels are given as fraction of the total surface channels. An apical
protein, GFP-EAAT3,30 was used as control protein; 89 ⫾ 3.7% (n ⫽
4) of GFP-EAAT3 inserted into the apical membrane.

Confocal Microscopy
Transiently or stably transfected MDCKII cells were either grown on
special confocal tissue culture treated dishes (80136; Ibidi, Martinsried, Germany) or on poly-L-lysine–treated glass coverslips and
scanned as living cells 1 to 3 d after transfection or grown on filters.
These filters were fixed in 4% paraformaldehyde before placement in
buffer in the previously mentioned dishes. Confocal imaging was carried out with a Fluoview 1000 (Olympus, Hamburg, Germany) or a
Zeiss LSM 510 confocal microscope (Carl Zeiss, Köln, Germany).

Statistical Analysis

Data are shown as means ⫾ SEM; n reflects number of cells. Unpaired
t test was used to compare mean values, and P ⬍ 0.05 or P ⬍ 0.01 was
used to indicate statistical significance.
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