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Background: Barttin is an accessory subunit of renal and inner ear chloride channels.
Results: Tryptophan insertion at multiple barttin residues results in non-functional CLC-K/barttin channels with normal

intracellular trafficking.

Conclusion: Gating of CLC-K/barttin channels is more sensitive to tryptophan insertion in barttin than intracellular trafficking.
Significance: Understanding the molecular basis of CLC-K modification by its accessory subunit barttin.

CLC-K chloride channels are expressed in the kidney and in
the inner ear and require the accessory subunit barttin for
proper function and membrane insertion. Barttin exerts multi-
ple functions on CLC-proteins: it modifies protein stability and
intracellular trafficking as well as channel activity, ion conduc-
tion, and gating. So far, the molecular determinants of these
distinct barttin functions have remained elusive. Here we per-
formed serial perturbation mutagenesis to identify the sequence
determinants of barttin function. Barttin consists of two trans-
membrane helices followed by a long intracellular carboxyl ter-
minus, and earlier work demonstrated that the transmembrane
core of barttin suffices for most effects on the a-subunit. We
individually substituted every amino acid of the predicted trans-
membrane core (amino acids 9 -26 and 35-55) with tryptophan,
co-expressed mutant barttin with hCIC-Ka or V166E rCIC-K1,
and characterized CLC-K/barttin channels by patch clamp tech-
niques, biochemistry, and confocal microscopy. The majority of
mutations left the chaperone function of barttin, i.e. the effects
on endoplasmic reticulum exit and surface membrane insertion,
unaffected. In contrast, tryptophan insertion at multiple posi-
tions resulted in impaired activity of hCIC-Ka/barttin and
changes in gating of V166E rCIC-K1/barttin. These results dem-
onstrate that mutations in a cluster of hydrophobic residues
within transmembrane domain 1 affect barttin-CLC-K interac-
tion and impair gating modification by the accessory subunit.
Whereas tight interaction is necessary for functional modifica-
tion, even impaired association of barttin and CLC-K suffices for
normal intracellular trafficking. Our findings allow definition of
a likely interaction surface and clarify the mechanisms underly-
ing CLC-K channel modification by barttin.

CLC-K channels are members of the CLC family of voltage-
gated chloride channels and transporters that are exclusively
expressed in epithelial cells (1). Distinct CLC-K channels have
been identified from rat (rCIC-K1 and rCIC-K2) (2, 3), mouse
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(mCIC-K1 and mCIC-K2) (4), and humans (hCIC-Ka and
hCIC-Kb) (5) and have been shown to be essential for sensory
transduction in the inner ear and for normal urinary concen-
tration. They mediate CI™ efflux in the thin ascending limb
(CIC-K1/CIC-Ka; Refs. 6 and 7) and in the thick ascending limb
of Henle’s loop (CIC-K2/CIC-Kb; Ref. 8) necessary for the
countercurrent multiplier mechanism and extracellular NaCl
and urea accumulation in the renal medulla. In the stria vascu-
laris of the inner ear, both isoforms cooperate in mediating
basolateral Cl~ efflux and secondary active K™ secretion into
the endolymph by marginal cells (9).

When expressed alone in Xenopus oocytes or mammalian
cells, neither hCIC-Ka nor hCIC-Kb/K2 forms functional chan-
nels (5). Co-expression of CLC-K with barttin, the product of
the disease gene BSND of Bartter syndrome IV (10), results in
the occurrence of functional channels (11-14). Barttin acts as
an accessory subunit that stabilizes the CLC-K protein and pro-
motes its insertion into the plasma membrane (11-15). More-
over, barttin switches human CLC-K channels from a non-con-
ductive into an active conformation (14, 16, 17). Whereas the
transmembrane core of barttin is sufficient for fulfilling the
effects on channel stability and intracellular trafficking, addi-
tional amino acids in the carboxyl terminus are required for
normal function of CLC-K/barttin channels (14, 17).

The molecular determinants of these different functions of
barttin are insufficiently understood. The functional analysis of
disease-associated mutations found in patients with Bartter
syndrome IV revealed that many mutations did not modify the
different functions of barttin in a similar way. Some abolished
hCIC-Ka/barttin and hCIC-Kb/barttin functions but left intra-
cellular CLC-K/barttin trafficking unaltered (15), whereas
another one exclusively impaired surface membrane insertion
(18). To identify amino acids crucial for the different functions
of barttin, we individually substituted each residue within the
predicted transmembrane core of barttin by tryptophan (19—
24) and studied the effects of these mutations by heterologous
expression and functional as well as biochemical analyses.
Using this approach we identified residues important for the
stability of barttin or for its intracellular trafficking and func-
tional interaction with CLC-K channels.
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Experimental Procedures

Mutagenesis and Heterologous Expression—To express tryp-
tophan-substituted mutant barttin, point mutations were
introduced into a pcDNA3.1(+) expression construct encoding
a WT barttin-mCEFP fusion protein (14) using the QuikChange
site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA).

To study the effects of mutant barttin on intracellular traf-
ficking or on channel expression and function we used hetero-
logous expression in two different cell lines, MDCKII and
HEK293T cells (14-16, 18). CLC-K/barttin function and sub-
cellular distribution are comparable in both systems (14, 25).
However, higher expression levels make HEK293T cells less
suited for studying intracellular distribution as MDCKII cells.
In contrast, robust expression in HEK293T cells permits even
functional characterization of channel mutants with significant
alterations in function or cellular distribution.

For biochemical experiments or confocal imaging ap-
proaches HEK293T (barttin expression) or MDCKII cells (gly-
cosylation of CLC-K, surface insertion of barttin or CLC-K)
were transfected either with 2 ug of pcDNA3.1(+) barttin-
mCFP alone or together with 1 ug of pcDNA3.1(—) YFP-
hCIC-Ka using calcium phosphate precipitation (16) or
Lipofectamine 2000 (Invitrogen). For electrophysiological mea-
surements, HEK293T cells were transiently co-transfected with
4 g pcDNA3.1(+) barttin-mCFP together with 2 ug of
pcDNA3.1(—) YFP-hCIC-Ka or 1-2 ug of pRcCMV YFP-
V166E rCIC-K1 using calcium phosphate precipitation (16).
We usually transfected 2—4-fold larger DNA amounts of bart-
tin-encoding plasmids to ensure overabundant barttin expres-
sion and saturation of all barttin binding sites within the CLC-K
proteins.

Electrophysiological experiments were performed typically
one (hCIC-Ka) or two days (V166E rCIC-K1) after transfection.
Only cells for which visual inspection revealed higher mCFP
(barttin) than YFP (CLC-K) fluorescence were used for electro-
physiological analysis.

Confocal Microscopy—Live cell confocal imaging was per-
formed on transiently transfected MDCKII cells on a Leica DM
IRB inverted microscope with a TCS SP2 AOBS scan head in
63X magnification. Subcellular distribution of barttin-mCFP
was investigated using 405-nm excitation wavelength and fluo-
rescence detection within the range of 450 -500 nm, whereas an
excitation wavelength of 514 nm and fluorescence detection at
520-600 nm was used for imaging YFP-hCIC-Ka channels.
LCS software (Leica, Wetzlar, Germany) was used for image
acquisition, and Image]J/Fiji software (Wayne Rasband, Na-
tional Institutes of Health) for image processing.

Protein Biochemistry—HEK293T or MDCKII cells were lysed
by incubation in 1% Triton X-100 in the presence of protease
inhibitors (Sigma, Hamburg, Germany). Cleared lysates were
denatured for 15 min at room temperature in Laemmli buffer
containing SDS and DTT and electrophoresed in parallel with
fluorescent mass markers (Dual Color, Bio-Rad) on 12% SDS-
polyacrylamide gels. Fluorescence-tagged proteins were visual-
ized by scanning the wet PAGE gels with a fluorescence scanner
(Typhoon, GE Healthcare, Miinchen, Germany). Individual
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bands were quantified with the ImageQuant software (GE
Healthcare, Miinchen, Germany). Expression levels are given as
relative values after normalization to WT protein fluorescence
determined in the same series of experiments.

Surface biotinylation was performed 36 —40 h after transfec-
tion by incubating MDCKII cells with 0.375 mg EZ-link Sulfo-
NHS-SS-Biotin (Thermo Scientific, Rockford, IL) in 1.5 ml of
PBS for 30 min as described (26). After washing with PBS and
quenching with 100 mwm glycine in PBS, cells were lysed, 1 mg of
lysate was incubated with 150 ul of High Capacity NeutrAvidin
Agarose Resin (Thermo Scientific) for at least 2 h, and biotin-
labeled proteins were eluted with 100 ul of Laemmli buffer
containing SDS and DTT. Cleared lysates and elution fractions
were denatured at room temperature in Laemmli buffer, elec-
trophoresed in parallel with fluorescence mass marker (Dual
Color; Bio-Rad, Miinchen, Germany; Broad Range, Thermo
Scientific, Darmstadt, Germany) on a 12% SDS-polyacrylamide
gel and visualized using a fluorescence scanner (Typhoon, GE
Healthcare). Gels were blotted on nitrocellulose membranes
(Bio-Rad), developed with mouse-a-GAPDH and HRP-a-
mouse IgG, and detected with SuperSignal™ West Pico Chemi-
luminescent Substrate (Thermo Fischer). Results were taken
only from experiments in which no GAPDH was detected in
purified membrane fractions and are given as relative values
compared with WT barttin data that served as control in each
experiment.

Electrophysiology—Standard whole-cell patch clamp record-
ings were performed using an Axopatch 200B amplifier (Molec-
ular Devices, Sunnyvale, CA) as described (16, 27). Pipettes
were pulled from borosilicate glass and had resistances between
1.0 and 2.2 megaohms. For noise analysis, pipettes were covered
with dental wax to reduce their capacitance. More than 80% of
the series resistance was compensated by an analog procedure,
resulting in calculated voltage errors of <5 mV. Between test
sweeps, cells were clamped to 0 mV for at least 5X the duration
of one individual sweep. The standard extracellular solution
contained 140 mm NaCl, 4 mm KCl, 2 mm CaCl,, 1 mm MgCl,,
and 5 mm HEPES, pH 7.4. The standard intracellular solution
contained 120 mm NaCl, 2 mm MgCl,, 5 mm EGTA, 10 mm
HEPES, pH 7.4. Currents were filtered at 5 kHz and digitized
with a sampling rate of 20 kHz. hCIC-Ka/mutant barttin chan-
nels that resulted in current amplitudes below 500 pA at +105
mV in transfected cells together with the absence of the char-
acteristic hook-shaped I-V-plot were interpreted as non-func-
tional. Stationary noise analysis was performed as described
(18). For this purpose, currents were filtered at 10 kHz and
digitized with a sampling rate of 50 kHz. The data were ana-
lyzed with a software combination of pClamp 8/9/10 (Molecu-
lar Devices) and Sigma Plot (Jandel Scientific, San Rafael, CA).
Isochronal current amplitudes were measured after capacitive
current relaxation, usually 0.5 ms after the voltage step. Activa-
tion curves of hCIC-Ka/barttin (Fig. 3E) were obtained from
dividing steady-state current amplitudes by the electrical driv-
ing force and two unitary channel parameters obtained from
noise analysis, i.e. the unitary current conductance, and the
number of channels (Fig. 3, D-G) (16, 18).

To obtain the relative probabilities of V166E rCIC-K1/bart-
tin channel openings, isochronal current amplitudes 0.5 ms
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after stepping to —125 mV were plotted versus the voltage of a
preceding 300 — 600-ms pulse (Fig. 4, A—F) and normalized to
maximum values obtained from the Boltzmann fit. To deter-
mine the voltage dependence of the slow gate open probability
in V166E rCIC-K1, we inserted a short step to +180 mV (5 ms)
that fully activated the fast gate (16). Fast activation curves were
determined by dividing relative probabilities of channels to be
open by open probabilities of the slow gate. All activation
curves were fit with a modified Boltzmann equation exhibiting

a voltage-independent minimum open probability (P,,;,) and a
voltage-dependent term,
P X P i
P(V) = "2 "0+ Pr (Eq. 1)
1+e #/r
with ze, being the apparent gating charge, P, . the maxi-

mum open probability, and V|, 5 the midpoint of activation.
For all barttin mutations, the midpoint of fast gate activation
(Fig. 4H) and the voltage-dependent component of slow gat-
Ing APgow gate = Prmaxsiow ~ Pminsiow (Fig. 41) were deter-
mined. All values are given as the mean * S.E.

Results

Barttin’s Chaperone Function Is Not Affected by the Majority
of Single Tryptophan Substitutions—When expressed alone
barttin inserts into the surface membrane of mammalian cells.
In contrast, a large percentage of CLC-K channels remains in
the endoplasmic reticulum in the absence of barttin. Co-ex-
pression of CLC-K and barttin results in improved insertion of
CLC-K into the surface membrane, a barttin function we will
refer to as chaperone function of barttin. To investigate the
effects of tryptophan insertion on this particular function, we
first tested whether tryptophan substitution of single amino
acids of the predicted transmembrane helices TM1 or TM2
interferes with correct folding of barttin. We resolved lysates
from HEK293T cells transfected with plasmids encoding WT
or mutant barttin-mCFP fusion proteins by SDS-PAGE. For
WT as well as for the majority of mutant barttins, a predomi-
nant band at 63 kDa was observed in such experiments. Only
transfection with plasmids encoding F24W or M26W barttin
resulted in the expression of proteins with lower molecular
mass than WT barttin, indicating misfolding and/or degrada-
tion of the protein (Fig. 14). M40W, G41W, and V45W barttin-
mCFP could be detected as full-length protein but with rel-
ative expression levels below 12% of WT barttin (Fig. 15;
visible upon overexposure in the lower panel). We found six
additional mutations (G35W, 146W, G47W, G48W, 149W,
and S52W) that reduced expression levels significantly but
moderately to ~70% (Fig. 1C). Because such moderate
reductions still permit barttin expression in excess over
CLC-K, we did not separate these mutations from those with
normal expression levels. Confocal imaging of MDCKII
transfected with plasmids encoding WT or mutant barttin
alone demonstrated that all mutant barttins that express at
levels comparable with WT barttin-mCFP were localized
within or in close proximity to the plasma membrane (Fig.
1D). Fig. 1E summarizes the results on barttin stability and
expression in a topology model.
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CLC-K subunits exhibit two potential glycosylation sites (5)
and can exist in non-, core-, or complex-glycosylated forms (14,
15). CLC-K is mainly non- or core-glycosylated in the absence
of barttin. The accessory subunit barttin promotes CLC-K
complex-glycosylation which stimulates surface membrane
insertion of CLC-K and protects against protein degradation
(14, 15). Complex-glycosylation of the channel thus permits a
simple quantitative parameter to test whether mutant barttin
functionally interacts with the pore-forming subunit. We co-
transfected MDCKII cells with plasmids encoding YFP-
hCIC-Ka and WT or mutant barttin-mCFP and studied the
effect of barttin on the glycosylation of hCIC-Ka (Fig. 2A). Fig.
2B provides a quantitative analysis of hCIC-Ka glycosylation
when co-expressed with tryptophan-substituted barttin. With
the exception of L18W, every barttin mutant that expresses at
levels comparable to WT caused a significant increase of hCIC-
Ka complex-glycosylation as compared with cells expressing
the pore-forming subunit alone (Fig. 2, A and B). These results
demonstrate that insertions of individual tryptophans do not
abolish association of barttin to CLC-K.

Whereas hCIC-Ka resides mostly in the endoplasmic reticu-
lum when expressed alone, co-expression with WT barttin
causes predominant localization of the channel in or close to
the plasma membrane (14). Confocal images of MDCKII cells
expressing hCIC-Ka without or with mutant barttin provide
qualitative insights into modification of CLC-K channel traf-
ficking by barttin and into interaction between barttin and
hCIC-Ka. For the majority of tryptophan-substituted barttins,
we observed a hCIC-Ka distribution similar to cells expressing
WT barttin. Fig. 2C provides examples of cells co-expressing
hCIC-Ka with WT or mutant barttin.

To quantify the fraction of channels inserted into the plasma
membrane, we labeled surface membrane integrated proteins
with biotin from the extracellular side and separated them from
proteins of intracellular compartments by precipitation with
NeutrAvidin-coated beads (15, 26). The number of channel
subunits in the surface membrane was determined by measur-
ing the fluorescence intensity of eluted biotin-labeled barttin-
mCFP or YFP-hCIC-Ka fusion proteins after SDS-PAGE gel
analysis (Fig. 2D). In all experiments the integrity of cells was
tested by biotinylation of the endogenous intracellular protein
GAPDH. We only analyzed results from experiments in which
no biotin-labeled GADPH could be identified by Western blot
analysis. In the absence of barttin, CLC-K channels were
inserted in the surface membrane mainly in their non- (Fig. 2D,
O) or core-glycosylated form (Fig. 2D, @) (15). Co-expression of
WT and mutant barttin increased the fraction of complex-gly-
cosylated protein (Fig. 2D, #), but there were also non- and
core-glycosylated channels present in the plasma membrane.
These experiments confirm earlier studies which demonstrated
that CLC-K proteins can be inserted into the surface membrane
without complex-glycosylation (15), possibly bypassing the
Golgi apparatus (28). Similar results have been reported also for
other membrane proteins (29 -31).

We determined the fraction of channel subunits in the sur-
face membrane by dividing fluorescence intensities of eluted
fusion proteins (Fig. 2D) by the fluorescence intensity of the
corresponding proteins in the cleared lysate. Ratios were nor-
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FIGURE 1. Tryptophan substitutions at most transmembrane residues leave expression and surface membrane insertion of mutant barttin unaf-
fected. A and B, fluorescence scan of SDS-PAGE gels of total lysates of HEK293T cells expressing mCFP fusion proteins of WT or selected mutant barttin. In Bthe
same gel is scanned at two different intensities (the lower panel corresponds to longer exposure time to visualize bands of M40W, G41W, and V45W barttin). C,
relative expression levels of mutant barttins normalized to WT barttin. Student’s t test; *, p < 0.05; **, p < 0.01; ***, p < 0.001. n = 3-16. All data are mean
values = S.E. D, representative confocal images of MDCKII cells expressing WT or mutant barttin-mCFP. Scale bar = 10 nm. E, topology model of barttin that
summarizes the effects of tryptophan substitutions on barttin stability and expression.

malized to values obtained from cells expressing WT barttin in
the same series of experiments (Fig. 2E). With the exception of
misfolded or low expressing mutants, every tryptophan-substi-
tuted barttin mutant was inserted into the plasma membrane to
acomparable extent as WT barttin (Fig. 2E; upper panel). How-
ever, six mutants failed to effectively promote surface mem-
brane insertion of the hCIC-Ka subunit (I12W, G15W, A20W,
G48W, S52W, and Q55W) and resulted in significant reduction
of the fraction of CLC-K protein accessible to biotinylation (Fig.
2E, lower panel, blue bars). The effects of barttin tryptophan
substitution on CLC-K trafficking are summarized in Fig. 2F
with positions that affect hClIC-Ka/barttin trafficking marked
in blue. Because no unambiguous conclusions about changes in
barttin or CLC-K/barttin trafficking can be made for barttin
mutations that severely affect barttin stability or expression,
these positions are depicted as transparent circles in the barttin
topology model.
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Effects of Tryptophan Scanning Mutagenesis on hCIC-Ka/
Barttin Channel Function—Human CLC-K channels are non-
conducting in the absence of barttin, and association with the
accessory subunit switches these channels into an active state
(14, 16). Many tryptophan insertion mutations caused dramatic
changes in the function of hCIC-Ka/barttin channels (Fig. 3).
Fig. 3A shows representative whole-cell current recordings
from cells expressing hCIC-Ka either alone or together with
WT, F11W, or F37W barttin. Expression of hCIC-Ka alone
does not result in any measurable chloride current. When co-
transfected with WT barttin, robust anion currents are
recorded that instantaneously rise upon voltage steps and deac-
tivate at negative potentials on a very fast time scale (15, 16, 18).
This particular gating results in a characteristic hook-shaped
current-voltage relationship for hCIC-Ka/barttin whole-cell
currents (Fig. 3B).
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FIGURE 2. Effects of tryptophan mutations on post-translational modification and trafficking of hClIC-Ka/barttin. A, fluorescent SDS-PAGE gels of whole
cell lysates from cells expressing hCIC-Ka (upper panel) together with WT or selected mutant barttin (lower panel). For all samples total protein concentrations
were adjusted to the same level. In SDS-PAGE gels, three hCIC-Ka bands are visible that correspond to non-glycosylated (O), core-glycosylated (@), and
complex-glycosylated (#) channel protein. B, ratio of complex-glycosylated to total YFP-hCIC-Ka fluorescence intensities from cells co-expressing WT or mutant
barttin (n = 3-49). All data are mean values = S.E. Student’s t test versus hCIC-Ka with/without barttin; black bars, p > 0.05). C, representative confocal images
of barttin-mCFP mutants (green) co-expressed with YFP-hCIC-Ka (red) in MDCKII cells. D, fluorescent SDS-PAGE gels of the surface membrane exposed fraction
(eluates) from cells expressing hCIC-Ka (upper panel) together with WT or selected mutant barttin (middle panel). Non-glycosylated (O) and core-glycosylated
(@) as well as complex-glycosylated (#) channel proteins were surface-biotinylated. For all samples total protein concentrations were adjusted to the same
level. Western blot analysis of the gel using anti-GAPDH antibodies (WB, lower panel) validates exclusive biotinylation of surface membrane proteins. E, relative
surface membrane fraction calculated as the ratios of normalized eluate and lysate band intensities for cells expressing WT and mutant barttin (upper bar chart)
together with hCIC-Ka (lower bar chart; n = 3-29. All data are the mean values = S.E. Student’s t test versus values obtained with WT barttin. *, p < 0.05; **, p <
0.01; ***, p < 0.001). Horizontal lines in B and E provide glycosylation and surface membrane insertion levels obtained with WT barttin. F, consequences of
tryptophan substitutions on barttin stability and intracellular trafficking of hCIC-Ka are summed in a topology model. Misfolded/degraded mutant barttins or
barttins that express at low levels are depicted as transparent circles.

Fig. 3C compares macroscopic hCIC-Ka/barttin current L21W, G22W, T23W, F24W, L25W, M26W, T36W, G41W,
amplitudes at +105 mV for WT and mutant barttin. A large M44W, V45W, G48W, and C54W barttin) or reduced (yellow
number of tryptophan insertions abolished (Fig. 3C, black bars,  bars, F37W, M40W, G47W, and Q55W barttin) hCIC-Ka/bart-
G10W, 112W, V13W, L14W, G15W, F17W, L18W, A20W, tin currents. To test whether these reduced macroscopic cur-
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FIGURE 3. Functional consequences of barttin tryptophan substitution on hCIC-Ka/barttin currents. A and B, voltage protocol, representative
current traces (A) and current-voltage relationships (B) of whole cell recordings of HEK293T cells expressing hCIC-Ka together with WT or representative
barttin mutants. C, comparison of mean current amplitudes at +105 mV with regular (white) and significantly reduced (yellow) or absent (black) chloride
currents. D, representative noise analyses for hCIC-Ka co-expressed with WT or F37W barttin. Steady-state variances at different voltages were normal-
ized by the product of current amplitude and driving force and plotted versus the macroscopic conductance. In this plot, the y axis intercept of the linear
regression corresponds to the unitary conductance, and the slope corresponds to the number of active channels in the membrane. E, voltage depen-
dence of absolute open probabilities for hCIC-Ka co-expressed with WT and F37W barttin. F and G, unitary conductance (F; pS, picosiemens) and
absolute open probability p,,e, at =5 mV (G) of hCIC-Ka/barttin for WT and mutant barttin (n.d. = not determinable). All data in B-G (except D) are the
mean values * S.E. Student’s t test versus WT barttin. n = 4-32. %, p < 0.05; **, p < 0.01; *** p < 0.001). Horizontal lines in C, F, and G give mean current
amplitude, unitary conductance, or absolute open probability obtained with WT barttin. H, the effects of barttin tryptophan insertion on hCIC-Ka/barttin
mapped onto the topology model of barttin. Misfolded mutant barttins or barttins that express either at low levels or impair CIC-K insertion into the
surface membrane are depicted as transparent circles.

rent amplitudes are caused by changes in the function of indi-
vidual CLC-Ka/barttin channels, we performed stationary
noise analysis.

Fig. 3D depicts representative noise analyses for hCIC-
Ka/WT barttin and hCIC-Ka/F37W barttin. Stationary current
variances at voltages between —245 and 0 mV were normalized
by the product of the mean current amplitude (/) and the elec-
trical driving force (V — V,.,) and plotted versus the macro-
scopic conductance (32). A linear fit to these data provides the
unitary current conductance as y axis intercept and the number
of channels as inverse slope factor (16, 18, 32). From these two
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parameters, the absolute open probability can be calculated
from steady-state current amplitudes at various potentials (Fig.
3E). Noise analysis reveals unchanged unitary current ampli-
tudes and absolute open probabilities of hCIC-Ka/F37W
barttin.

For 4 of 18 mutations within TM1 and 14 of 20 mutations
within TM2 hCIC-Ka/barttin current amplitudes were large
enough for noise analysis. None of these barttin mutations
altered unitary channel properties (Fig. 3, F and G). Mutations
that reduced mean current amplitudes (F37W, M40W, G47W,
and Q55W barttin) left single channel conduction and open
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probability unaffected and reduced the number of active chan-
nels. For M40W and Q55W these findings can be explained by
the reduced surface insertion probability of hCIC-Ka/mutant
barttin channels (Fig. 2E). However, unchanged numbers of
hCIC-Ka/barttin in the surface membrane have been deter-
mined for F37W and G47W barttin (Fig. 2). This apparent con-
tradiction can be explained by the different detection methods.
Whereas biochemical and microscopic methods cannot dis-
tinguish between active and inactive channels, noise analysis
only detects channels that open or close during the observa-
tion time. The unaltered subcellular distribution together
with the reduced current amplitudes thus suggest gating pro-
cesses in hCIC-Ka/mutant barttin channels that are too slow
to be observed by noise analysis. Such gating processes will
cause the closures of a fraction of the channel for long time
periods and result in an apparent reduction of active chan-
nels determined by noise analysis. One possible mechanism
would be that the hCIC-Ka slow gate, which is fully opened in
hCIC-Ka/WT barttin channels (16), dwells in long-lasting
closed states in channels associated with mutant barttin.
Alternatively, tryptophan insertion at certain positions
might impair proper maturation of CIC-Ka channels, so that
a percentage of channels is not switched into a conducting
conformation.

These scenarios also provide possible explanations for vari-
ous mutant barttins that abolish hCIC-Ka/barttin currents,
without affecting their surface membrane insertion (G10W,
V13W, L14W, F17W, L18W, L21W, G22W, T23W, L25W,
T36W, M44W, and C54W barttin). We conclude that a large
number of tryptophan insertion mutants affect the function of
hCIC-Ka/barttin channels but leave their subcellular distribu-
tion unaffected.

In the topology model that summarizes the effects of trypto-
phan substitutions on distinct channel properties (Fig. 3H), we
distinguish a tryptophan insertion that reduces the number of
active channels (marked in yellow) from those that completely
abolish channel function (marked in black). For barttin muta-
tions that alter barttin expression and/or CLC-K/barttin traf-
ficking (transparent circles), we cannot make clear conclusions
about effects on channel function and, therefore, excluded
them from this analysis.

Tryptophan Insertions Modify Gating of rCIC-KI1/Barttin—
In contrast to human hCIC-Ka and hCIC-Kb and rat rCIC-K2,
which are only functional in the presence of barttin, rCIC-K1
channels are conductive also in the absence of barttin (2, 14,
33). Similar to other CLC channels (34 -39), CLC-K chloride
channels exhibit two ion conduction pathways that are
opened and closed either individually by fast gating or jointly
by slow cooperative gating processes (16). Barttin modifies
voltage-dependent gating of rCIC-K1 by constitutively acti-
vating the slow common gate of these channels (16). Barttin-
induced changes in rCIC-K1 gating are particularly promi-
nent and easy to quantify for V166E rCIC-K1. In this
mutation a neutral valine within a conserved motif
(GK®/,,GP) at the amino terminus of the F helix (40) was
substituted by glutamate.

We used experiments on V166E rCIC-K1 to quantify the
effects of tryptophan insertion mutagenesis on gating mod-
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ification by barttin. For V166E rCIC-K1, fast and slow gating
can be separated by voltage step protocols in which a 5-ms
voltage step to +180 mV is inserted between a variable pre-
pulse and a test step to a fixed potential of —125 mV (16).
The short depolarization fully opens the fast gate without
significant alteration of slow common gating so that the
isochronal tail current amplitudes depend only on the rela-
tive open probability of the slow gate. Dividing the total open
probability of the channel by the slow gate open probability
provides the activation curve of the fast gate (Fig. 4A4). Bart-
tin modifies the time course of V166E rCIC-K1 currents by
constitutively opening the slow gate and shifting the fast gate
activation curve to more negative potentials (Fig. 4B) (16).

Fig. 4, C-F, shows representative current recordings from
cells co-expressing V166E rCIC-K1 with tryptophan-substi-
tuted barttins. Whereas V43W barttin exerts similar effects
on V166E rCIC-K1 gating as WT barttin (Fig. 4C), gating of
V166E rCIC-K1/T36W barttin (Fig. 4D) resembles the
behavior of channels expressed without barttin. Cells co-ex-
pressing V166E rCIC-K1 with A39W barttin (Fig. 4E) display
anion currents that resemble a superposition of channels
with and without barttin. I12W and G15W cause a dramatic
reduction of V166E rCIC-K1/barttin current amplitudes
(Fig. 4F).

To quantify the effects of barttin tryptophan insertion, we
compared macroscopic current amplitudes of cells express-
ing V166E rCIC-K1/barttin at +125 mV and —155 mV (Fig.
4@G),themidpointoffastactivation(Fig.4H),andthevoltage-de-
pendent component of slow gating for all barttin substitu-
tions (Fig. 41). Tryptophan insertions modified V166E rCIC-
K1/barttin macroscopic current amplitudes (Fig. 4G) at
similar, but not identical residues, as hCIC-Ka/barttin (Fig.
3C). Separation of fast and slow gate activation demon-
strated distinct effects of barttin mutations on fast and on
slow gating. Besides L14W, all mutations within TM1 either
left fast gating unaffected or resulted in voltage-independent
fast gating that prevented determination of the midpoint of
activation (Fig. 4H). Within TM1 and TM2, tryptophan
insertion at the majority of residues resulted in voltage-de-
pendent changes in slow gating of V166E rCIC-K1/barttin,
indicating that these mutations impaired constitutive acti-
vation of the slow gate as a function of WT barttin (Fig. 41).
These changes in fast and/or slow gating do not predict the
observed changes in absolute current amplitudes (Fig. 4G).
For some mutations, current amplitudes were dramatically
reduced, suggesting much lower absolute open probabilities
of V166E rCIC-K1 associated with tryptophan-inserted bart-
tin than for barttin-free channels.

We used the three functional parameters (Fig, 4, G-I) to
sort the tryptophan substitution mutations into different
groups. The first group consists of tryptophan insertion
mutations that left V166E rCIC-K1/barttin in all gating
aspects unaffected (L16W, L19W, G35W, F37W, Y38W,
V43W, 146W, I50W, and M53W). These mutations are
marked as white circles in the topology model in Fig. 4/.
Mutations that led to missing regulation of V166E rCIC-K1
gating (red; T36W and M44W barttin) represent a second
group. The lack of gating modification by these two barttin
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FIGURE 4. Tryptophan substitutions alter the voltage dependence of V166E rCIC-K1/barttin. A-F, whole cell current recordings and activation
curves from HEK293T cells expressing V166E rCIC-K1 without (A) or with WT (B) or selected mutant (C-F) barttin. G-I, comparison of steady-state mean
current amplitudes. Data are the mean values = S.E.n = 4-15. Student’s t test for values at +125 mV versus WT barttin. *, p < 0.05; **, p < 0.01; ***, p <
0.001) (G), midpoint of fast gate activation Vg 5 ¢, (H), and Ap, ., gate () of V166E rCIC-K1 co-expressed with WT or mutant barttin. H-/, data are the mean
values = S.E. n = 4-15. Two separate Student’s t tests reveal significant differences to values obtained in the absence or presence of WT barttin as
indicated by the color-coded bars. p < 0.05). Horizontal lines (G-I) provide levels obtained with or without WT barttin. J, topology model of barttin
summarize the results of barttin tryptophan substitution on V166E rCIC-K1 gating. Misfolded/degraded mutant barttins or barttins that express at low

levels are depicted as transparent circles.

mutants is probably not due to abolished interaction with
CLC-K channels as demonstrated by increased complex-gly-
cosylation (Fig. 2B) and surface membrane insertion (Fig.
2E) of hCIC-Ka. Barttin mutants that alter gating of V166E
rCIC-K1/barttin either by affecting the voltage dependence
of fast (Fig. 4H) or slow gating (Fig. 4/) were classified in a
third group (marked in yellow). A last group encompasses
barttin mutants that result in very low macroscopic current
amplitudes upon depolarization and hyperpolarization
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(<1.7 nA at +125 mV and <—1 nA at —155 mV; marked as
black circles in Fig. 4)).

Discussion

Barttin is an accessory subunit that is necessary for normal
function and subcellular localization of CLC-K channels. The
high physiological importance of CLC-K channel regulation by
barttin is illustrated by naturally occurring barttin mutations
found in patients with sensorineural deafness, in most cases
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combined with impaired urinary concentration, hypona-
tremia, hypovolemia, and hypotension (10, 15, 18, 41-43).
At present, the CLC-K-barttin interaction is sufficiently
understood at neither the mechanistic nor the structural
level. Multiple functions of barttin have been described, but
it is still unclear how an accessory subunit can modify intra-
cellular trafficking and protein stability as well as ion chan-
nel gating and conduction.

We employed serial perturbation mutagenesis to identify the
sequence requirements for the distinct barttin functions. We
inserted individual tryptophan residues at each position of pre-
dicted transmembrane domains (10, 11) and studied the effects
of these mutations on barttin biogenesis and trafficking as well
as on CLC-K glycosylation, trafficking, and function. Without
barttin, a large percentage of CLC-Kis retained in the endoplas-
mic reticulum, and barttin promotes surface channel mem-
brane insertion (13, 14). We tested the effects of tryptophan
insertion on barttin-mediated endoplasmic reticulum exit of
CLC-K channels by studying the glycosylation pattern, confocal
imaging, and surface biotinylation (Fig. 2) (14, 15). In the
absence of barttin, hCIC-Ka is non-conducting, and barttin is
required to convert it into a functional anion channel (14).
V166E rCIC-K1 is active also without barttin (2, 14), but barttin
modifies its voltage-dependent gating (14, 16). In the present
study the functional modification of CLC-K channels by
mutant barttin was studied by quantifying macroscopic chlo-
ride current amplitudes as well as voltage-dependent gating of
CLC-K/barttin channels using whole-cell patch clamp record-
ings in transfected cells (Figs. 3 and 4).

Barttin tolerates substitutions of most transmembrane
amino acids by tryptophan. The majority of mutant barttins
could be resolved as full-length protein in SDS-PAGE gels and
inserted into the plasma membrane as shown by confocal imag-
ing and biotinylation (Figs. 1 and 2). For F24W and M26W
barttin, the translated protein is misfolded and/or proteolyti-
cally degraded, and co-expression of these mutant proteins did
not modify trafficking or function of hCIC-Ka and V166E rCIC-
K1. Expression levels of M40W, G41W, and V45W barttin are
dramatically reduced. The five residues might be important for
protein biogenesis and/or stability, possibly by mediating the
interaction between TM1 and TM2.

For all tryptophan-substituted barttins that were correctly
folded, we could demonstrate functional interaction with
CLC-K channels either by increasing the percentage of com-
plex-glycosylated protein, by changes in the percentage of sur-
face-biotinylated CLC-K, or by modification of functional
properties of hCIC-Ka and/or V166E rCIC-K1. Even the three
mutant barttins that express only at very low levels, M40W,
G41W, and V45W barttin, modify channel function of hCIC-Ka
(Fig. 3, F and G) and/or V166E rCIC-K1 (Fig. 4, G—I), demon-
strating that these mutants interact with pore-forming CLC-K
subunits. Taken together, these results suggest that none of the
mutations abolishes association of barttin to CLC-K, most
likely because barttin binds to CLC-K via interaction of multi-
ple side chains.

We observed pronounced differences in the effects of indi-
vidual tryptophan insertions on CLC-K/barttin trafficking and
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function. The majority of the tryptophan insertions left traffick-
ing of CLC-K/barttin unaffected (Fig. 2), indicating that associ-
ation of barttin to CLC-K is sufficient for normal trafficking. In
contrast, many mutations affected hCIC-Ka/barttin and V166E
rCIC-K1/barttin functions, suggesting that specific interactions
of barttin with CLC-K, which can be impaired by single point
mutations, are required for functional channel modification.
Within TM1, nine tryptophan insertions abolish hCIC-Ka/
barttin currents by preventing channel activation. Within
TM2, two mutant barttins, F37W and G47W barttin, result in
reduced mean current amplitude of hCIC-Ka/barttin, and three
mutations, T36 W, M44W, and C54W, abolish hCIC-Ka activa-
tion despite normal trafficking of barttin or hCIC-Ka/barttin.
Barttin modifies specific gating properties of V166E rCIC-K1
(12, 14, 16), and we used this isoform to get further mechanistic
insights into the functional modification of CLC-K. We initially
quantified the functional modification of V166E rCIC-K1 by
barttin by separating fast and slow gating. Besides mutations
that either left gating modification of V166E rCIC-K1 unaf-
fected or completely abolished this barttin function, we
found several tryptophan insertion mutations that resulted
in specific alterations of the voltage dependence of fast
or/and slow gating. Moreover, there are barttin mutants that
dramatically reduce the whole-cell current amplitude even
below amplitudes recorded without barttin. This current
reduction is most likely due to a diminished absolute open
probability. All these inactivating mutant barttins resulted
from amino acid exchanges within TM1, thus further sup-
porting the notion that tryptophan insertions within TM1
result in more severe changes of function than substitutions
within TM2.

Fig. 5 shows helical wheel representations of the different
effects of tryptophan substitutions in barttin, i.e. function of
hCIC-Ka/barttin and V166E rCIC-K1/barttin (Fig. 5A4) or bart-
tin expression and intracellular CLC-K/barttin trafficking (Fig.
5B). Because the effects of tryptophan insertion on trafficking
cannot always be unambiguously separated from the effects in
function, we did not consider barttin mutants with much lower
expression levels or reduced CLC-K/barttin insertion in Fig.
5A. Within TM1 the majority of tryptophan insertions abol-
ishes hCIC-Ka/barttin function and modifies V166E rCIC-K1/
barttin gating (Fig. 5A). Assuming a helical arrangement of
TM1, a cluster of hydrophobic residues can be identified that
appears to be necessary for hCIC-Ka activation. Barttin func-
tion appears to be less sensitive to tryptophan insertion
mutagenesis within TM2 with only three tryptophan insertions
that abolish function of hCIC-Ka (T36W, M44W, and C54W).
For V166E rCIC-K1/barttin, several tryptophan insertions
within TM2 caused only mild changes in the voltage depen-
dence of fast and/or slow gating (A39W, S42W, G47W, 149W,
and C54W). The prominent effects of tryptophan insertions
within TM1 and the fact that many of these residues project
side chains in the same direction suggest that these amino acids
contribute to the binding interface with CLC-K. Tajima et al.
(44) demonstrated binding of barttin to isolated B and J helices
of CLC-K. The presence of multiple leucines and other hydro-
phobic domains within these channel helices together with the
dominance of hydrophobic amino acid side chains within TM1
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FIGURE 5. Helical wheel projection identifies a potential interface for interaction with CLC-K pore-forming subunits. A and B, schematic illustra-
tion of the two-tiered mechanisms of CLC regulation by barttin and helical wheel models for barttin assuming an a-helical (3.6 amino acids per turn)
organization of TM1 and TM2. Residues are color-coded corresponding to the results on hCIC-Ka activation and gating regulation of V166E rCIC-K1 in A
and barttin expression and chaperone function in B. Chaperone-deficient and low expressing or degraded barttin mutants are transparent in A.

of barttin suggest that barttin binds via leucine zipper motifs to
CLC-K. Tryptophan insertion into this binding domain likely
modifies the interaction of barttin with the pore-forming
CLC-K subunit and alters channel function. One might specu-
late that mutations within TM2 modify the interaction of TM1
with CLC-K. Alternatively, TM2 might also bind to CLC-K or
even to other so-far not identified proteins that might be part
of the CLC-K/barttin complex. The subunit stoichiometry of
the CLC-K/barttin complex has not yet been determined. It
is, therefore, also possible that some of the contacts affected
by tryptophan insertion are between two different barttin
molecules.
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Our results provide first mechanistic insights into the differ-
ent effects of barttin on CLC-K trafficking and function. None
of the mutations in Fig. 54 impaired the association of barttin to
CLC-K in a way to prevent complex-glycosylation, endoplas-
mic reticulum exit, and surface membrane insertion. However,
there are several mutations that weaken the interaction suffi-
ciently to prevent functional modification of CLC-K. These
findings support a two-tiered regulation mechanism of CLC-K
by barttin. Tight interaction appears necessary to cause the spe-
cific functional barttin effects on CLC-K channels (16). How-
ever, even weakened interaction suffices for barttin’s effects on
channel glycosylation and trafficking.

JOURNAL OF BIOLOGICAL CHEMISTRY 18741



Molecular Determinants of Barttin Functions

There are other residues at which tryptophan insertion
impairs intracellular trafficking, with less pronounced effects
on function. Mutant barttins that affect intracellular transport
of hCIC-Ka (Fig. 5B, blue) are often close to the cytoplasmic
parts of barttin (I12W, G15W, S52W, and Q55W) and possibly
modify the interaction with targeting signals from cytoplasmic
proteins or cytoplasmic domains of membrane-inserted bind-
ing partners. Moreover, three TM2 positions at which trypto-
phan insertions affect channel trafficking project into the same
direction, indicating a potential binding pocket for other mem-
brane proteins involved in intracellular channel transport and
targeting.

Barttin exerts different effects on hCIC-Ka and rCIC-K1
function. Analysis of naturally occurring BSND mutations (15)
demonstrated that several mutant barttins failed to activate
hCIC-Ka but were still capable of modifying V166E rCIC-K1
gating. This finding suggested that these two functional effects
of barttin might be mediated by distinct protein regions. We
here exploited serial perturbation mutagenesis and the distinct
regulation of rCIC-K1 by barttin to address this question.
Because V166E rCIC-K1 does not require barttin to be func-
tional, we can separate the effects of barttin on CLC-K/barttin
maturation, intracellular transport, and CLC-K function. We
found every mutant that impairs hCIC-Ka function also affects
gating and/or absolute open probability of V166E rCIC-K1.
These results support the notion that barttin switches hCIC-K
channels from a non-conducting into an active form by modi-
fying gating. Because hCIC-Ka/barttin channels exhibit volt-
age-dependent protopore gating (16) and an open cooperative
slow gate and because barttin constitutively opens the slow gate
of rCIC-K1, we conclude that hCIC-Ka channels are closed by
the slow gate in the absence of barttin.

Dramatic differences in channel gating (16, 45) and pharma-
cology (25) have been reported between CLC-K/barttin chan-
nels expressed in Xenopus oocytes or in mammalian cells.
Whereas hCIC-Ka/barttin exhibits open probabilities close to 1
in mammalian cells (18), comparable measurements in Xeno-
pus oocytes reveal values too small to be accurately measured
(45). Moreover, whereas niflumic acid potentiates hCIC-Ka/
barttin currents in oocytes, such an effect is absent in mamma-
lian cells (25). These differences in channel properties in sepa-
rate expression systems suggest that additional factors, such as
yet unidentified subunits or modifying factors (37), might alter
gating of CLC-K/barttin channels. If there were additional sub-
units of the CLC-K/barttin complex, it appears possible that
some of the side chains identified in tryptophan scanning
mutagenesis might interact with these proteins. It will be inter-
esting to see the effects of the tryptophan scanning in the Xeno-
pus expression systems. The results of such experiments
together with those of the present study will provide novel
insights into the molecular basis of the functional differences of
CLC-K/barttin channels expressed in mammalian cells or
amphibian oocytes.

In summary, tryptophan scanning mutagenesis combined
with electrophysiological, biochemical, and microscopic analy-
sis permitted identification of residues that are essential for
distinct barttin functions. Our work identified a binding motif
within TM1 for a potential binding partner in the CLC-K B
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helix. Moreover, we could demonstrate a two-step modifica-
tion of CLC-K channels by barttin, with association conferring
endoplasmic reticulum exit and surface membrane insertion
and tight interactions of TM1 with yet to be defined regions
within CLC-K for functional modification.
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