








gluconate shifted the reversal potential to positive values (data
not shown). Replacing chloride with other anions revealed a
Cl� � NO3

� � I� conductance sequence (supplemental Fig. 3).

The lowmagnitudes of the currents and their rectification pre-
cluded a reasonably accurate determination of reversal poten-
tials and permeability ratios. No currents could be elicited by
the proton glutamate mutant E267A (Fig. 4A) and the gating
glutamate mutant (E200A) yielded currents with a roughly lin-
ear current-voltage relationship (Fig. 4B), agreeing with the
behavior of the equivalent ClC-5mutant (10). The combination
of two mutations in the bacterial EcClC-1 (E148A and Y445S)
led to large, uncoupled anion currents (34). These mutations
are thought to remove an external gate embodied by the gating
glutamate and an internal gate represented by a Cl�-coordinat-
ing tyrosine. When we inserted equivalent mutations into
GFP-ClC-6, the resulting mutant, GFP-ClC-6(E200A, Y576S),
yielded currents that were about three times larger than those
of the single gating glutamate (Fig. 4B), further supporting the
notion that the observed currents aremediated byClC-6. These
currents showed both slight inward and outward rectification
like those observed previously with gating glutamatemutations
in ClC-4 and -5 (35). Extracellular application of the anion
transport inhibitor DIDS (1 mM) nearly abolished the out-
wardly rectifying currents elicited by GFP-ClC-6 (Fig. 4C). As
expected for a Cl�/H� exchanger and similar to results
obtained previously for ClC-4 and ClC-5 (35), extracellular
alkalinization increased (Fig. 4D), whereas extracellular acidifi-
cation decreased (Fig. 4E) GFP-ClC-6 currents. As expected
with an uncoupling “gating glutamate” mutation, currents of
the GFP-ClC-6(E200A, Y576S) were insensitive to changes in
pHo (Fig. 4F). We neither detected proton transport with the
Fluorocyte device when this mutant was expressed in Xenopus
oocytes (data not shown). Unfortunately, the conductance of
the outwardly rectifying GFP-ClC-6 was close to background
conductance at the voltages where reversal potentials may be
determined. We were therefore unable to reliably determine a
shift in reversal potential with changes in extracellular pH,
which is expected for Cl�/H� exchangers (2). Although trans-
fected CHO cells were suited to measure GFP-ClC-6-induced
currents, our method to measure pHi changes with BCECF in
cells depolarized using perforated patch-clamp technique (4)
proved to be too insensitive to yield reliable results for
GFP-ClC-6.
However, the increased currentmagnitudes of theGFP-ClC-

6(E200A,Y576S)mutant allowedus tomeasure similar currents
also in Xenopus oocytes (Fig. 5A). Ion substitution experiments
revealed an NO3

� � Cl� � I� conductance sequence (Fig. 5A).
In the presence of nitrate, the mutant protein showed outward
rectification at positive potentials (Fig. 5, A and B). A similar
change in rectification with nitrate had been observed previ-
ously in a gating glutamate mutant of ClC-5 (35). As expected
for a pure anion conductance, substituting extracellular chlo-
ride for impermeable gluconate shifted the reversal potential to
positive values according to the Nernst potential (Fig. 5C). To
further substantiate that these currents weremediated byGFP-
ClC-6(E200A,Y576S), we changed the Cl�-coordinating serine
157 to proline. Equivalent mutations in ClC-5 (11, 36), ClC-0
(11), and EcClC-1 (37) increased their preference for nitrate,
whereas the inverse mutation decreased the relative nitrate
conductance of the plant Cl�/H� exchanger AtClC-a (11). The

FIGURE 3. Characterization of GFP-ClC-6- and ClC-6-mediated proton trans-
port. A, voltage-driven H� transport in oocytes expressing GFP-ClC-6 is chloride-
dependent, as shown by the lack of alkalinization after replacing chloride with
gluconate in the external solution. The rate of fluorescence (indicative of H�

transport) change was 0.355 � 0.084%/min with Cl� and �0.004 � 0.049%/min
with gluconate (n � 7; p 	 0.001), and 0.239 � 0.030 after returning to Cl� (p 	
0.01 compared with gluconate). B and C, dependence of proton transport by
GFP-ClC-6 on other extracellular anions replacing chloride (B) and on the extra-
cellular pH (pHo) (C). Similar effects were seen in n �8 oocytes for ion substitution
experiments similar to the one in B and n � 20 oocytes in C. Compared with
values at pHo � 7.5, fluorescence changes were 54.7 � 11.6% (n � 12, p 	 0.005)
and 145.2 � 22.6% (n � 5; not significant) for pHo � 5.5 and 8.5, respectively (S.E.,
paired t test). Depolarization-driven proton transport was supported by chloride,
iodide, and nitrate, but the low sensitivity of these qualitative measurements did
not allow us to rank their potency in anion/proton exchange. All data (A–C) were
recorded with oocytes superfused continuously with different external solutions.
Depolarizing pulse trains (depol.) are represented by black bars; external solution
exchange is represented by rectangles.
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triple mutant (S157P,E200A,Y576S) was compared with the
starting construct GFP-ClC-6(E200A,Y576S) after transfection
in CHO cells (Fig. 5, D and E). Patch clamp measurements in

the presence of different extracellu-
lar anions indeed showed that the
S157P mutation increased the
nitrate/chloride conductance ratio.

DISCUSSION

ClC-6 Is a Cl�/H� Antiporter—
We have recorded for the first time
the transport activity of ClC-6.
Using a fusion protein with en-
hanced surface expression and
pointmutations that changed trans-
port properties in a manner that is
typical for other CLC exchangers,
we obtained compelling evidence
that ClC-6 acts as an electrogenic
anion/proton exchanger.Mutations
of the gating and proton glutamates
resulted in changes in charge and
H� transport that were similar to
those found in other eukaryotic
CLC exchangers (3, 4, 10, 11, 19).
Moreover, the S157P mutant in-
creased nitrate conductance of an
uncoupled ClC-6 mutant. Taken
together, the effects of these muta-
tions very strongly bolster the con-
clusion that we have measured the
transport activity of ClC-6 rather
than transporters endogenous to
the expression system.
To reach this conclusion, we had

to resort to two different expression
systems. Xenopus oocytes proved to
be superior for the detection of
small changes in pHi resulting from
proton transport, whereas ex-
changer currents could only be
detected in transfected CHO cells.
The detection of Cl� currents in
Xenopus oocytes is hampered by
their large Ca2�-activated Cl� con-
ductance. Because the Fluorocyte
measures pHi close to the plasma
membrane, the large volume of the
oocytes does not preclude sensitive
measurements of plasma mem-
brane proton transport. Although
the volume of CHO cells is much
smaller than that of oocytes, even
the perforated patch clamp tech-
nique we have used previously (4)
does not totally prevent an equili-
bration of pHi with the pH of the
patch pipette.

In most cases, we examined a GFP-ClC-6 fusion protein that
yielded larger transport rates because of increased surface
expression.We are confident that themeasured transport qual-

FIGURE 4. GFP-ClC-6-mediated currents in CHO cells. A, steady-state current/voltage curves and representative
traces of GFP-ClC-6(E267A)-, GFP-ClC6- or ClC-5-transfected cells. In the I/V curve (left), GFP-injected oocytes are
shown as an additional control. The mean � S.E. of the current densities at �100 mV were 4.0 � 0.5 pA/pF (n � 20,
for GFP), 6.1�1.2 pA/pF (n�13, for GFP-ClC-6(E267A), 20.0�1.8 pA/pF (n�31, for GFP-ClC-6) and 39.8�1.3 pA/pF
(n � 5, for ClC-5). Inset, the voltage-clamp protocol consisted of 20-mV steps to voltages between �100 and �100
mV for 2.2 s for ClC-6 constructs and 0.7 s for ClC-5. B, I-V curves and representative current traces of the gating
glutamate mutant GFP-ClC-6(E200A) and the double mutant GFP-ClC-6(E200A,Y576S), which contains the addi-
tional mutation of the anion-coordinating tyrosine, in comparison with GFP-ClC-6 data (same as in A). The mean �
S.E. of the current densities at�100 mV were 29.2�5.8 pA/pF (n�13, for GFP-ClC-6(E200A)), 70.6�10.8 pA/pF (n�
23, for GFP-ClC-6(E200A,Y576S)). C, effect of DIDS (1 mM) on currents elicited by GFP-ClC-6. Averaged currents from
n � 7 cells before and after application of DIDS. D and E, pH dependence of GFP-ClC-6-mediated currents. Current-
voltage relationships of individual transfected cells were measured with extracellular pH of 7.5, which was then
changed to pH 8.5 (D, n � 6 cells) or pH 5.5 (E, n � 9 cells). The differences at voltages more positive than 40 mV were
significant at the p 	 0.05 level in paired t tests. F, currents mediated by GFP-ClC-6(E200A,Y576S) are insensitive to
pHo. The data represent mean � S.E. of current densities for 16 cells.
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itatively reflects that of native ClC-6 because a) we did not
observe changes in ClC-5 transport properties when it was
tagged with GFP at its amino terminus,3 and b) we could

observe very small, but similar
depolarization-induced alkaliniza-
tion in a few oocytes overexpressing
wild-type ClC-6.
In many respects, the transport

properties ofClC-6 resembled those
of other eukaryotic CLC exchang-
ers. GFP-ClC-6 transport depended
on the presence of anions. It dis-
played tight anion-proton coupling
as demonstrated by its ability to
transport protons against an elec-
trochemical gradient. Proton trans-
port could also be observed when
chloride was replacedwith iodide or
nitrate ions that partially uncouple
other CLC exchangers (10, 11, 38).
Unfortunately, the low surface ex-
pression levels even of GFP-ClC-6
precluded the determination of
coupling ratios. Therefore, we can-
not make any statement as to a par-
tial uncoupling of anion from pro-
ton fluxes with those ions. Like
other CLC exchangers and chan-
nels, ClC-6 displayed a higher con-
ductance with Cl� than with I�. In
contrast to mammalian ClC-4 and
-5 and to plantAtClC-a, nitrate con-
ductance did not seem larger than
chloride conductance. However,
this observation must be viewed
with caution because of the low
expression levels. Rather unexpect-
edly, we found that 1 mM DIDS
strongly inhibited GFP-ClC-6 cur-
rents. This contrasts with the insen-
sitivity of ClC-5 to that anion trans-
port inhibitor (32).
In addition to demonstrating that

the observed transport activity is
mediated by ClC-6, the present
mutations in the ClC-6 backbone
underpin the importance of certain
key residues for Cl�/H� exchange
activity and selectivity. Just as in
other CLC antiporters, neutralizing
the gating glutamate converted
ClC-6 into a pure anion conduct-
ance that was uncoupled from
protons. Likewise, this mutation
changed its voltage dependence to a
slight inward and outward rectifica-

tion like equivalent mutations in ClC-4 and -5 (4, 35). Neutral-
izing the proton glutamate suppressed both currents and H�

transport below detection limits, similar to equivalent muta-
tions inClC-4 and -5 (3, 4) but contrastingwith the correspond-
ing EcClC-1 mutant that displayed uncoupled Cl� transport3 G. Rickheit and T. J. Jentsch, unpublished data.

FIGURE 5. Biophysical characterization of GFP-ClC-6(E200A,Y576S) and GFP-ClC-6(S157P, E200A,Y576S)
in Xenopus oocytes and CHO cells. A, expression of GFP-ClC-6(E200A,Y576S) in oocytes induced linear
currents with an NO3

� � Cl� � I� conductance sequence. Currents of 9 –27 oocytes were normalized to the
amplitude at �80 mV in Cl� (with 2.69 � 0.52 �A). B, representative voltage-clamp traces of an oocyte
expressing GFP-ClC-6(E200A,Y576S) superfused with either Cl� (upper panel) or NO3

� (lower panel). C, GFP-
ClC-6(E200A,Y576S)-transfected CHO cells were recorded in the presence of different extracellular chlo-
ride concentrations. When corrected for liquid junction potentials, the shift of reversal potential (given in
mV) closely followed the calculated Nernst potentials: �6.9 � 1.3 for 126 mM [Cl�]o (VNernst � �6.8), 24 �
1.9 for 35 mM [Cl�]o (VNernst � 26.5), and 52.2 � 1.9 for 10 mM [Cl�]o (VNernst � 56.5). The data represent
mean � S.E. of current densities for 9 –10 cells. D, CHO cells transfected with GFP-ClC-6(E200A,Y576S) were
recorded in the presence of different extracellular anions. Current densities of 5–7 cells were normalized
to the value at �80 mV in Cl� (31.1 � 4.6 pA/pF). The normalized value for NO3

� was 1.7 � 0.2 at �80 mV
(current density 48.0 � 7.3 pA/pF). E, Current densities of 7–11 CHO cells transfected with GFP-ClC-
6(S157P,E200A,Y576S) were recorded in the presence of different extracellular anions and normalized to
the value at �80 mV in Cl� (25.9 � 5.0 pA/pF). The normalized value in NO3

� at �80 mV was 2.2 � 0.2
(current density 62.4 � 6.7pA/pF).
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(9). This loss of function could not be attributed to a decreased
plasma membrane expression. We additionally mutated both
the gating glutamate and a tyrosine that is involved in coordi-
nating a chloride ion in the central binding site of EcClC-1 (39).
These amino acids were hypothesized to form external and
internal gates that open alternatively during exchange cycles. In
support of this hypothesis, EcClC-1 showed largely increased
transport rates in the (E148A,Y445S) double mutant (34). We
tested this idea for the first time for a eukaryotic CLC
exchanger. In ClC-6, the combination of these mutations also
increased currents, albeit only by a factor of three compared
with the single gating glutamatemutant. Based on themoderate
increase in currents with the double mutant, we hesitate to call
it “channel-like,” as has been proposed for the equivalent
EcClC-1 mutant (34). Finally, we showed that in the back-
ground of this double mutant an exchange of the Cl�-coordi-
nating serine for proline increased its NO3

� conductance. This
result extends previous observationswithClC-5 (11, 36), ClC-0,
and AtClC-a (11) as well as EcClC-1 (37) that a proline
exchange at this position enhances nitrate selectivity. It also
agrees with the earlier observation that even the conservative
mutation of Ser123-to-Thr changed the halide selectivity of
ClC-0 (40). We conclude that this residue is a critical determi-
nant of ion selectivity in both CLC channels and exchangers.
Currents recorded from GFP-ClC-6-transfected CHO cells

were outwardly rectifying. Although the low signal-to-back-
ground ratio of these currents warrants a cautious interpreta-
tion, their rectification seemed less pronounced than those of
ClC-3 to ClC-5 (3, 4, 27, 32, 35). AtClC-a also shows less recti-
fication than those channels, both in plant vacuoles (7) and
upon heterologous plasma membrane expression in Xenopus
oocytes (11). No firm conclusion can be drawn about EcClC-1
and ClC-7 (2, 18, 19). The rectification of intracellular CLC
transporters is of critical importance for understanding their
role in intracellular organelles, which are mostly believed to be
inside-positive.
Cell Biological Implications—Intracellular CLCs are thought

to form functional modules with the vesicular H�-ATPase.
These vesicular CLCs may provide counterion conductances
for electrogenic proton pumping, thereby facilitating acidifica-
tion of the respective compartment. Indeed, ClC-3, -4, and -5
have been shown to be required for proper acidification of
endosomes (6, 22–24, 41). The severe reduction in renal endo-
cytosis observedwith a loss of ClC-5 functionmay be attributed
to reduced endosomal acidification (33) or Cl� accumulation
(6).
The disruption of ClC-6 or ClC-7/Ostm1 leads to lysosomal

storage disease in the presence of normal lysosomal pH, which
was carefully evaluated with ratiometric fluorescencemeasure-
ments (16, 19–21). After the surprising finding that ClC-4 and
ClC-5 actually mediate Cl�/H� exchange rather than pure Cl�
conductance (3, 4), it has been speculated that intracellular
CLCs in general may not only provide countercurrents for pro-
ton pumping but may increase the luminal chloride concentra-
tion in exchange for protons by secondary active transport.
Supporting this hypothesis, organellar nitrate accrual has
recently been shown for the plant CLC AtClC-a (7), and lyso-
somal Cl� accumulation has been shown for ClC-7 (19).

In the present work, we have provided compelling evidence
that ClC-6 functions as a Cl�/H� exchanger and have used
mutagenesis to show that its transport properties rely on cer-
tain key residues in a fashion similar to other CLC antiporters.
Together with previous work (3, 4, 19), the present results sug-
gest that all mammalian vesicular CLCs function as anion-pro-
ton antiporters and may have a dual role in vesicular acidifica-
tion and chloride accumulation. Similar to lysosomal Cl�
accumulation by ClC-7 (19), ClC-6 may raise late endosomal
Cl� by taking it up in exchange for H�. The lysosomal storage
disease of ClC-6 KO mice (20) might be due to a reduced Cl�
concentration in late endosomes.
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