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ABSTRACT: The chloride/proton exchangers CIC-3, CIC-4 and CIC-5
are localized in distinct intracellular compartments and regulate their
luminal acidity. We used electrophysiology combined with fluorescence pH
measurements to compare the functions of these three transporters. Since
the expression of WT CIC-3 in the surface membrane was negligible, we
removed an N-terminal retention signal for standard electrophysiological H
characterization of this isoform. This construct (CIC-3;;_;94) mediated
outwardly rectifying coupled CI”/H" antiport resembling the properties of
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CIC-4 and CIC-S. In addition, CIC-3 exhibited large electric capacitance,

exceeding the nonlinear capacitances of CIC-4 and CIC-S. Mutations of the proton glutamate, a conserved residue at the internal
side of the protein, decreased ion transport but increased nonlinear capacitances in all three isoforms. This suggests that
nonlinear capacitances in mammalian CIC transporters are regulated in a similar manner. However, the voltage dependence and
the amplitudes of these capacitances differed strongly between the investigated isoforms. Our results indicate that CIC-3 is
specialized in mainly performing incomplete capacitive nontransporting cycles, that CIC-4 is an effective coupled transporter, and
that CIC-S displays an intermediate phenotype. Mathematical modeling showed that such functional differences would allow
differential regulation of luminal acidification and chloride concentration in intracellular compartments.
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IC-3, CIC-4, and CIC-S belong to the superfamily of CLC

channels and transporters. The functional importance of
these proteins has been established based on hereditary diseases
and mouse models. They all reside in intracellular organelles
and regulate luminal pH, but fulfill distinct physiological
functions.' Within the nervous systems, CIC-3 is highly
expressed in hippocampus® and regulates synaptic transmission
and luminal pH in synaptic vesicles,>* but the mechanisms of
this regulation are still debated. Clcn3 knockout mice undergo
severe neurodegeneration,” but CIC-3 is also expressed in and
might be involved in the volume regulation of heart muscle
cells.%” CIC-4 transport affects copper metabolism® and
transferrin receptor function.” However, knockout of the
Clcn4 gene in mice does not produce a clear pathophysiological
phenotype. Mutations in CLCNS cause Dent’s disease, a
hereditary renal disorder."® Mouse model investigations show
that knockout of CIC-5 results in impaired endocytosis,
enc}(l)s?inal acidification, and vesicular chloride homeosta-
sis.

In contrast to the well established specialization of CIC-3,
CIC-4, and CIC-5 in subcellular and tissue distribution, little is
known about the possible functional differences between the
isoforms. CIC-4 and CIC-§ medlate coupled CI”/H" exchange
across biological membranes.">'® For CIC-4 and CIC-S, a
sufficient fraction of transporters inserts into the surface
membrane allowing the application of standard electro-
physiological techniques for functional studies. In contrast,
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surface expression of CIC-3 is too low'”'® to allow

unambiguous characterization of its transport characteristics.
A variety of very different functional phenotypes have been
assigned to CIC-3. For example, CIC-3 was initially thought to
be the molecular correlate of the volume activated anion
conductance'® observed in most mammalian cells. Later, CIC-3
was reported to represent a CamKII activated anion channel,”
and recently (uncoupled) CIC-3 transport was linked to a
proton activated anion conductance,”"* that is endogenous to
a variety of mammalian cells.”* ¢

Many of the described CIC-3 currents were suspected to
represent endogenous currents.” The persisting controversy
surrounding the functional properties of CIC-3, thus, likely
originates from the lack of unambiguous functional markers
that can be used to separate the CIC-3 conductance from
endogenous conductances. Recently, prominent gating currents
and nonlinear capacitances that result from incomplete
transport cycles and do not contribute to electrogenic CI~/
H* antiport were described in CIC-5.>""* Capacitive gating
currents are often observed in a variety of membrane ionic
channels, motor proteins, transporters, and pumps,**—>* and
represent an important biophysical characteristic of these
proteins. Here, we used this feature to separate CIC-3 transport
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Figure 1. Cellular localization and functional properties of CIC-3. (a) Representative P/4 leak subtracted patch-clamp whole-cell recordings from an
untransfected and a cell expressing WT CIC-3, elicited by voltage pulses between —115 and +175 mV. The insets show enlarged the capacitive
currents at the end of the voltage pulse. (b) Confocal and DIC images of cells cotransfected with CIC-3 WT and the lysosomal marker protein
Lamp-1. (c) Representative whole-cell recording from a cell expressing CIC-3,5_;94. (d) Confocal and DIC images of cells cotransfected with CIC-
313_104 and the membrane marker EGFP-mem. (e) Representative whole-cell recording from cell expressing the proton glutamate mutations CIC-3
E281Q and CIC-3 E281H. (f) Mean current amplitudes versus voltage for cells expressing WT and various mutant CIC-3 constructs obtained from
recordings as shown in (a), (c), and (e) (CIC-3;5_195 7 = 12 and CIC-3 WT n = 8, CIC-3 E281Q n = 6, CIC-3 E281H n = S, untransfected n = 7).
Significantly different current amplitudes are marked with a star. (g) Voltage dependence of the apparent gating charge movements for WT and
various mutant CIC-3 constructs obtained from integrating the surface under the nonlinear capacitive currents at the end of the voltage steps. Lines
represent nonlinear fits to the data with standard Boltzmann function. Summarized fit parameters are enlisted in Table 1.

from other conductances. This allowed us to provide the, to our
knowledge, first unambiguous functional description of this
isoform as CI”/H" exchanger. As a consequence, we were able
to directly compare the properties of the three mammalian CIC
transporters CIC-3, CIC-4 and CIC-5 and to demonstrate that
they exhibit pronounced functional specializations.

B RESULTS

Heterologous Expression and Functional Properties
of CIC-3. Whole cell recordings of cells transfected with WT
CIC-3 yielded only very small ionic currents (Figure 1a, f), as
expected form the predominant intracellular localization of the
protein (Figure 1b). The fluorescence pattern of CIC-3-mRFP
overlapped, as demonstrated before,*® with coexpressed Lamp-
1-YEP, a specific lysosomal marker.’® However, closer
observation of leak subtracted current traces revealed that in
contrast to untransfected cells, cells expressing WT CIC-3
exhibited small but pronounced capacitive transients upon
depolarizing voltages (Figure la). Integrating the area under
the capacitive transients provided the apparent charge moved
across the transmembrane electric field and revealed
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Boltzmann-type voltage dependence for CIC-3 (Figure 1g).
Based on these findings, we considered the possibility that the
capacitive transients in transfected cells are mediated by
voltage-dependent gating transitions in CIC-3.

To test this hypothesis, we performed two different
experiments. Mutations of the so-called proton glutamate
E268, a conserved residue at the intracellular side of the
protein,®”*® dramatically increased the magnitude of the CIC-5
capacitive currents””*® (Supporting Information Figure S1).
We therefore introduced the analogous mutations into CIC-3
that completely (E281Q) or partially (E281H) prevent
protonation of the side chain at this position and observed
much larger capacitive currents (Figure le) with voltage
dependence that closely resembles the voltage dependence of
the gating charges observed in WT CIC-3 (Figure 1g).
Moreover, cells transfected with the “partially competent”
mutant E281H CIC-3 ** exhibited at depolarized voltages also
conductances, significantly larger than in untransfected cells
(Figure 1f), suggesting that WT CIC-3 also mediates
electrogenic transport.
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Table 1. Voltage Dependence of CIC-3, CIC-4, and CIC-5“

cell expressing CIC-3 CIC-33_10a CIC-4 CIC-5
WT Vo5 (mV) 74.8 + 2 61 +1 78 £7 129 +2
z (&) -1.7 £ 0.1 -1.1+0.1 -1.0 £ 0.1 -13+0.1
n S 12 8 7
E281H/E268H Vo5 (mV) 77.8 +2 89 +2 90 + 2 121 +1
z (eg) -1.7 £ 02 —11+0.1 —-11+01 —13 +0.1
n 5 14 8 6
E281Q/E268Q Vo5 (mV) 80.5 +3 61 +1 81+ 1 109 + 1
z (ep) —1.6 + 0.1 -12 + 0.1 -1.1+0.1 -14 + 0.1
n 6 8 7 7

“Fit parameters describing the voltage dependence of the off-gating charges or nonlinear capacitances for various constructs. V; 5 represents the half-
maximal voltage of activation, the charge (z) denotes the apparent number of elementary charges (¢,) displaced over the membrane electric field, and
n denotes the number of cells.
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Figure 2. Transport properties of CIC-3;5_;44. (a) Representative voltage-dependent changes of internal pH in cells expressing CIC-3;3_j44. Lines
represent linear fits to the data. (b) Summarized rates of intracellular pH changes (ApH/At) plotted against the voltage (CIC-3,3_;95, # = 6). The
rates were obtained from the slope of the linear fits in (a). Red line represents the current—voltage dependence of the ionic currents for the cell
depicted in (a). (c) Representative recording demonstrating the acidification in untransfected cells upon inward directed transmembrane proton
gradient. The experimental conditions are schematically depicted between panels (c) and (d); the internal [Cl~] was reduced in these experiments to
10 mM. (d) Representative recording of alkalinization in HEK293T cells expressing CIC-3,5_,4 demonstrating the transport of protons against their
diffusion gradient (n = S). The dashed line visualizes the zero-slope behavior. (e) Schematic representation of the experimental ionic conditions and
representative recordings in HEK293T cells expressing CIC-3,5_9, elicited with 30-ms pulses with voltages between —115 and +135 mV. Cells were
perfused sequentially with external solution containing 166 mM [CI~] (upper part) and 16 mM [Cl~] +150 mM [gluconate™] (lower part). (f) Ionic
transport at +135 mV (steady-state current) and rates of intracellular alkalinization (ApH/At) at +120 mV for the conditions depicted in (e) and
normalized to the corresponding value measured at 166 mM. Data were obtained from cells sequentially perfused with both external solutions (n =
6).

Apart from increasing the amplitudes of nonlinear kinetics is due to the small amplitude of these signals. The
capacitances (Figure le), we set out to improve the plasma superposition of random noise and gating charge movements
membrane density of CIC-3. Recently, a dileucine acidic cluster obscures the real time course of the traces. This is a common
was identified as retention signal and its removal shown to problem associated with the P/N leak-subtraction procedures
permit surface membrane insertion. '* We drew on this finding that obligatory increase the noise-to-signal ratio of the
and mutated all amino acids in the cluster to alanine. For recordings. We concluded therefore that the major effect of
conciseness, we will henceforth refer to this construct as CIC- the 13—19A amino acid substitution in CIC-3;5_j94 is an
313-19a- CIC-315_195 partially colocalized with pEGFP-mem, a increase in the surface abundance of CIC-3.
plasma membrane marker (Figure 1d) and mediated much CIC-3 Mediates Coupled Anion/Proton Antiporter
larger outwardly rectifying ionic currents (Figure lc, 1f) with Unitary Transport Rates Similar to CIC-4 and CIC-
resembling CIC-4 and CIC-5 transport investigated under the 5. The ionic currents mediated by CIC-3; 9, are large enough
same experimental conditions.”®*” Again, an integration of the to permit reliable investigation of the transport properties of
surface under the off-gating capacitive currents provided the CIC-3. It is well established that CIC-4 and CIC-5 mediate
voltage dependence of the gating charge which was similar to coupled anion/proton antiport.">'® We therefore performed
the one obtained for WT CIC-3, but also for the mutants simultaneous voltage-clamp and fluorescence pH measure-
E281H and E281Q CIC-3 (Figure lg). There were no ments in transfected cells, a methodology that we have
differences in the apparent electric charge moved during the previously applied to describe CIC-4 and CIC-$ transport.”*>’
transition and only moderate differences in the midpoint of Upon depolarization, significant alkalinization was observed in
activation of the gating charge movements (Figure 1g, Table 1). cells expressing CIC-3,5_195 (Figure 2a). The observed pH
We encountered slightly slower off-gating charge kinetics for changes and the current amplitudes demonstrated closely

WT and E281H CIC-3 (Figure la and 1d) than for CIC-3;;_;04 similar voltages dependence and rectification (Figure 2b),
and E281Q CIC-3 We believe that this apparent change in suggesting that they reflect thermodynamically coupled trans-
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Figure 3. Variance analysis of CIC3,;_0,. (a) Schematic representation of the experimental ionic conditions. (b) Voltage protocol applied to activate
CIC-3,3_19x. The data were acquired at +135 mV after filtering with 10 kHz Butterworth filter and digitization at 100 kHz. (c) Mean current
obtained by averaging 300 current traces. (d) Calculated current variance for the cell depicted in (c). (e) Variance-current plot for CIC-3,3_,94 for
the cell presented in (c) and (d). Line represents fit with a parabolic equation to the data.

port. To provide further evidence that CIC-3 mediates coupled
anion/proton exchange, we investigated whether protons can
be moved across the membrane against their electrochemical
gradient. Measurements in untransfected HEK293T cells
display relatively high proton permeability and cells perfused
with a high-pH intracellular solution (pH 8) and subsequently
exposed to a low-pH extracellular solution exhibited
pronounced acidification (+80 mV, Figure 2c). However,
significant alkalinization was observed under such conditions in
cells expressing CIC-3,3 195, upon depolarization to +80 mV
(Figure 2d). This voltage is well below the equilibrium
chemical potential for protons under these conditions,*!
suggesting that proton transport is coupled to the electro-
chemical gradient of other ions. Finally, we established that the
rates of intracellular pH changes are reduced upon reduction of
the external Cl~ concentration (Figure 2e and f) showing that
CIC-3 proton transport is coupled to the electrochemical
gradient of CI.

We next performed nonstationary noise analysis™ with
SCN~ in the bath solution, a condition that was previously
reported to uncouple anion from proton transport*’ and to
result in a channel-like behavior in mammalian CIC trans-
porters.® In addition, we used intracellular I" to slow down the
time course of activation and increase the resolution of the
analysis.** The current variance of CIC-3;_4, varied with the
amplitude of the ionic current (Figure 3b). The slope of the
current-variance plot (Figure 3c), which corresponds to the
unitary transport current, provided a value of 80 + 10 fA (n =
6) for CIC-3,;_,94. Similar values were reported previously for
the two other isoforms CIC-4 and CIC-5.>*°**** Nonsta-
tionary noise analysis can also be used to determine the number
of proteins in the membrane and the apparent open probability
of the investigated channels.** Unfortunately, in the case of
CIC-3, the current variances depended linearly on the current
amplitudes (Figure 3c). Such behavior is characteristic for
channels, with very low open probability, and prevents the
accurate determination of the number of proteins.*® Translating
this finding to the voltage-dependent behavior of CIC
transporters, these findings suggest that CIC-3 exhibits a low
overall transport probability, that is, that the probability that a
CIC-3 protein mediates a transporting cycle associated with ion
transport is low.

The robust expression of CIC-3;;_j94 also permitted
repetition of previous pharmacological tests. CIC-3 was
reported to be blocked by MTSES.*' We repeated this
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experiment but did not observe any modification (Supporting
Information Figure S2).

Quantitative Description of Nonlinear Capacitances
in CIC-3. CIC-3 differs from CIC-4 and CIC-S in the
prominent capacitive peaks observed at beginning and end of
applied voltage steps (Figures 1 and 4a). We quantified and
compared the ratio between capacitive charge movements and
transport currents in the different isoforms. For this purpose we
used lock-in impedance analysis that revealed large bell-shaped
voltage-dependent nonlinear capacitances for CIC-3; 9,
(Figure 4d, inset). Such capacitances have not been
documented in untransfected cells but were previously reported
for CIC-5*® and we therefore decided to use them to
additionally corroborate the specificity of the observed CIC-3
currents. To this end, we again mutated the so-called proton
glutamate in CIC-3,3_19, (mutations E281H and E281Q).
Similarly to the observations in CIC-5, these mutations
increased the gating currents but reduced electrogenic transport
(Figure 4a—c) without dramatically altering the voltage
dependence of the nonlinear capacitance (see Table 1).
Normalizing the nonlinear capacitances to the transport current
at +135 mV revealed an inversely proportional dependence
between these two parameters (Figure 4d). The surface area
under the off-gating currents (enlarged in Figure 4a—c) yields
the off-gating charge (Q,;) moved during the voltage
dependent transition and is proportional to the nonlinear
capacitance. For all constructs, Q ¢ was linearly proportional to
the measured ionic current, with both parameters correspond-
ing to the surface expression of the protein (Figure 4e).
However, the slopes of the line differed for the different
constructs. It is small for CIC-3;;_;94 and very large for CIC-
313-10a E281Q (Figure 4e). This phenotype is consistent with
our findings on CIC-5 (Supporting Information Figure S$1)**
and provides additional evidence that the here described CI™/
H* antiport and the nonlinear capacitances are mediated by
CIC-3.

CIC-4 Also Exhibits Nonlinear Capacitances and
Gating Charge Movements. In previous experiments, we
could not detect gating currents in CIC-4.>* We observed
tiny capacitive transients (see Figure Sa); however, their small
amplitudes made them hard to interpret. We mutated the
proton glutamate in this isoform to histidine or glutamine
(E281H and E281Q) (Figure Sb, c). The largest nonlinear
capacitances and gating charge movements were observed for
the glutamine mutant (E281Q) while mutation E281H that still

dx.doi.org/10.1021/cn400032z | ACS Chem. Neurosci. 2013, 4, 994—1003
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Figure 4. Proton glutamate E281 regulates transport and nonlinear
capacitances in CIC-3. (a—c) Voltage protocol and representative
recordings of CIC3,3 19y, CIC3,3_194 E281H, and CIC3,;_j95 E281Q.
The insets represent enlarged the off-gating currents at the end of the
voltage pulses. (d) Normalized nonlinear capacitance for CIC-3;3_9s,
CIC3,3_,94 E281H, and CIC3,;_,95 E281Q. Inset shows enlarged the
nonlinear capacitance of CIC-3;3_j9s. Lines represent nonlinear fits to
the data with the first derivative of a standard Boltzmann function. Fit
parameters are presented in Table 1. (e) Current amplitudes of
individual cells plotted against the corresponding off-gating charge Q.¢
(both at +135 mV) for CIC-3,5_94 WT, CIC-3,5_;94 E281H, and CIC-
315-104 E281Q (1 = 8—13). Lines represent linear fits with zero origin
to the data.

permits protonation and deprotonation exhibited an inter-
mediate phenotype (Figure 5d, e). These findings demonstrate
that CIC-4, similar to CIC-3 and CIC-S, is also capable of
mediating nonlinear capacitances. Moreover, the proton
glutamate E281 seems to play similar role in CIC-4 as in
CIC-5*® and to regulate the injection of protons from the
internal aqueous solution into the protein.

In our functional studies of CIC-3, we used a modified
construct in which a putative clathrin binding site at positions
L13 to E19 was mutated (CIC-3;;_j94). To exclude the
possibility that this alteration by itself might increase nonlinear
capacitances, we generated the analogous construct: CIC-
413_04 carrying a cluster of seven alanines at positions 13—19.
This construct behaved similar to CIC-4 WT (Supporting
Information Figure S3).

The Nonlinear Capacitances of CIC-3, CIC-4, and CIC-5
differ Significantly in Size and Voltage Dependence and
Might Be Directly Involved in the Regulation of Luminal
Acidification in Intracellular Compartments. Figures 1, S1,
4, and 5 show that the gating charge movements and nonlinear
capacitances previously described for CIC-5>"*% appear to be a
characteristic feature for all mammalian CIC transporters.
Figure 6b depicts a comparison of the relative nonlinear
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Figure 5. Gating charge and nonlinear capacitances of CIC-4. (a)
Voltage protocol and representative current traces of CIC-4 WT and
mutants. (b) CIC-4 E281H and (c) CIC-4 E281Q. Insets represent
enlarged the corresponding off-gating currents at the end of the
voltage pulses. (d) Normalized nonlinear capacitance for CIC-4 WT
and E281H and E281Q. Lines represent nonlinear fits with the first
derivative of a standard Boltzmann function. Fit parameters are
presented in Table 1. (e) Ratio between CIC-4 off-gating charge (Q,)
and ionic currents at +135 mV (n = 7-8).

capacitances of CIC-3, CIC-4 and CIC-S normalized to their ion
transport amplitudes at +135 mV. Nonlinear capacitances were
very small in CIC-4, but much bigger for CIC-3 and CIC-5.
Whereas CIC-3 and CIC-4 displayed similar voltage depend-
ences with a half-maximal voltage of activation (Vy5 ~ +60
mV), the nonlinear capacitance of CIC-S was shifted to more
depolarizing potentials (Vo5 ~ +110 mV) (Figure 6b).

To further illustrate the impact of the different voltage
dependences, we employed a so-called envelope protocol
(Supporting Information Figure S4) and quantified the
mobilization of the gating charge in the E-to-Q exchanged
proton glutamate mutants. All three isoforms exhibited similar
kinetics (Figure 6c). However, at +90 mV only ~15% of the
maximum charge could be mobilized for CIC-5, whereas the
values for CIC-4 and CIC-3 were ~65% and ~82%,
respectively. As a consequence, at less depolarized voltages,
much higher capacitance changes are observed for CIC-3 than
for the two other isoforms.

To estimate the effects of the membrane capacitance on
vesicular acidification, we simulated intravesicular pH, [CI~]
and the potential difference across the vesicle membrane for
CIC proteins that are effective transporters such as CIC-4 or
mainly capacitors as CIC-3. The calculations were performed
closely following the methodology introduced by Rybak et al.*’
It uses a numerical solution of the equations describing the
ionic distribution at equilibrium and is independent of the
number of transporters and pumps in the vesicular membrane
(see the Supporting Information). The endosomes are modeled
as lipid spheres with different diameter and incorporated ATP-
ases that pump protons into the vesicle lumen (Figure 62). The
proton pumps are the only primary active transport protein in

dx.doi.org/10.1021/cn400032z | ACS Chem. Neurosci. 2013, 4, 994—1003



ACS Chemical Neuroscience

Research Article

a b c
H* Cytosol: —_ e CIC-3119n = CIC-3119a E281Q
: Z <
ATP B o 3 g 08 CIC-4 E281Q
L T 06
pH 4 2 2 e
60 mM CI @) = 0.4
H = 1 g 0.2 CIC-5 E268Q
2Cl S 0} 9 () o..se ‘ ‘ .
75 0 75 150 225 01 1 10 100
voltage (mV) time (ms)
d e f
S 200 <
E 0.5 pF/cm? % 300
% 150 = 200
) L
= 100 1 pF/em O, 100
> = -
T 0
5 w - B R
I= 000 025 0.50 0.00 0.25 0.50 § 0 10 20 30
£ =

vesicle radius (um)

vesicle radius (um)

cytosolic [CI"] (mM)

Figure 6. Functional specialization in mammalian CIC transporters (a) Schematic representation of the model system used for calculating
intraendosomal pH and [Cl~] depicting an intracellular vesicle with the corresponding ionic conditions and a CIC transporter that is operating either
as coupled anion/proton exchanger or as capacitor. (b) Voltage dependence and amplitudes of the nonlinear capacitances of CIC-3,5_94, CIC-4, and
CIC-5 normalized to the corresponding ionic transport at +135 mV. (c) Kinetics of gating charge mobilization estimated using envelope protocols
(Suppl. Figure S4) for the proton glutamate E-to-Q mutations in CIC-3,5_19,, CIC-4, and CIC-S. The off-gating charge (Q,g) following prepulses at
+90 mV with different duration is normalized to the gating charge elicited by a reference pulse to +150 mV. (d, e) Estimated effects of the membrane
capacitance on intravesicular potential and pH, respectively. Calculations were performed as described by Rybak et al.*” with simulation parameters
provided in the Supporting Information. (f) Dependence between intravesicular and cytosolic [Cl”] calculated for vesicular CIC transporters

functioning exclusively as capacitors or coupled exchangers.

the system and all passively built concentration gradients are
coupled to the pH gradient established by this electrogenic
transport process. As a consequence, the cumulative electro-
chemical gradient for all ions is limited by the energy provided
by the hydrolysis of one molecule of ATP. */

Proton pumping automatically leads to an increase of the
concentration of positive charges (protons) into the vesicular
lumen and to more positive luminal electric potential. This
creates a negative feedback loop that opposes efficient proton
pumping by the V-type ATP-ases. The currently assumed role
for CIC transport is to provide an electrical shunt and alleviate
this effect by allowing negatively charged anions to pass the
vesicular membrane and to decrease the positive potential of
the vesicular lumen.! The observed large capacitance-to-
transport proportion raises the question whether CIC-3 might
modify vesicular acidification operating as a capacitor.
Capacitance is the ability of a body to store electric charge
and the charge that is stored in a capacitor is proportional to
the applied voltage. Therefore, it is expected that larger
membrane capacitances will result in lower intraendosomal
voltage for a given pH gradient. To illustrate this
interdependence, we modified the specific membrane capaci-
tance in the mathematical model of vesicular acidification
introduced above. Since we often observed nonlinear
capacitances mediated by CIC proteins that exceeded the
linear capacitance of the lipid membrane, we assumed that a 2-
fold increase in vesicular capacitance is possible also under
physiological conditions. The calculation predicted that such
increase of the specific membrane capacitance (see Figure 6b)
also leads to a reduction of the predicted positive intravesicular
potential (Figure 6d). The lower electrical barrier for protons
supports the acidification and result in lower steady-state
luminal pH (Figure 6e). Therefore, CIC transporters can
directly support acidification of intracellular compartments
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even when they function exclusively as capacitors. However,
coupled transporters and capacitors have different effects on
luminal chloride concentration (Figure 6f). [Cl™] rises
excessively when the CIC transporter function as Cl7/H*
antiporter, whereas an increased membrane capacitance
without chloride conductance is expected to enhance
exclusively luminal acidification.

B DISCUSSION

Functional Properties of CIC-3. Our data present
functional description and direct comparison of CIC-3, CIC-
4, and CIC-5 and reveal significant similarities between these
closely related isoforms. We showed that CIC-3 mediates
coupled exchange of anions and protons across biological
membranes, similarly to CIC-4 and CIC-5."5® We also found
that the three investigated isoforms exhibit at positive potentials
nonlinear voltage dependent-capacitances. Moreover, we
measured unitary transport rates for CIC-3 that are comparable
to the unitary transport rates of CIC- 4 and CIC-5.** The
nonstationary noise analysis revealed also that CIC-3, similarly
to CIC-5, but not CIC-4, exhibits low transport probability.

The functional description of CIC-3 was accompanied with
significant difficulties. For CIC-4 and CIC-5, heterologous
expression results in surface insertion of a sufficient number of
these transporters allowing functional characterization. '” CIC-6
and CIC-7 can be studied electrophysiologically after removal
of specific retention signals.*** In contrast to the mentioned
isoforms, conflicting functional data on CIC-3 have been
published by several groups. The discrepancies are probably
encountered because overexpression of CIC-3 does not result
in insertion of a substantial number of transporters, but is
rather associated with up-regulation of endogenous proteins.
To overcome this problem, we increased the surface expression
by mutating a previously identified retention signal or increased
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the nonlinear capacitances of CIC-3 by neutralizing the proton
glutamate E281. The proton glutamate mutants,””>%373
resulted in defined alteration of CIC-3 function that closely
resembled the effects of the homologous mutations in CIC-4
and CIC-S (Figures 1, 3, and S1). The nonlinear capacitances
obtained in this way do not occur in untransfected cells and in
addition differ biophysically from the capacitances of the closely
related CIC-4 and CIC-5. Therefore, they can be used to
unambiguously discriminate currents by heterologously ex-
pressed CIC-3 from endogenous conductances and provide a
compelling evidence that the here presented transport is
mediated by this isoform. To finally ensure that the introduced
N-terminal alternations in CIC-3,;_94 do not increase
nonlinear capacitances per se, we inserted homologous
mutations into CIC-4 but did not see such effects (Supporting
Information Figure S3).

Two previous manuscripts report a functional description of
CIC-3*"*° that differ significantly from our results presented
here. We suspect that recordings in these earlier papers might
show currents generated by endogenous proton-activated anion
conductance for the following reasons. In both publications,
current amplitudes measured in untransfected and in CIC-3-
transfected cells seem to be nearly identical. Second,
endogenous proton activated currents in untransfected cells
are also blocked by MTSES®' but we did not observe such
block for CIC-3,3_195. Third, the capacitance of the cells shown
in the experiments that have undergone silencing procedures™'
appears to be very high (~100 pF), which suggests that these
procedures might have led to severe morphological changes.
Large cell capacitances might have originated from enlarged cell
surface which might strongly affect modification by MTS
reagents. Finally, the authors used reversal potential measure-
ments to determine the coupling stoichiometry of CIC-3.
However, here measured chord conductances®' did not differ
between transfected and untransfected cells, indicating that
reversal potential are substantially affected by endogenous
transport proteins rendering equilibrium potential measure-
ments for CIC-3 (but probably also for CIC-4 and CIC-S)
unreliable.

Such reinterpretation of the results of the aforementioned
two papers implies that CIC-3 might be required for the proper
targeting of the ubiquitous proton-activated channels. Based on
this hypothesis and on the effects on volume regulation,” one
might postulate an important role of CIC-3 for the trafficking
and cellular targeting of a variety of membrane proteins.

Physiological Importance of the Nonlinear Capaci-
tances in Mammalian CIC Transporters. The functional
characterization of CIC-3 revealed considerable similarities but
also profound differences to CIC-4 and CIC-S. CIC-3, CIC-4,
and CIC-S all mediate coupled chloride/proton exchange and
nonlinear capacitances (Figures 1—3).'>'%*7?® In contrast, the
voltage dependence, the transport probabilities and the size of
nonlinear capacitances deviate strongly between the isoforms
(Figure 6). These differences are unlikely to be caused by
dramatically different underlying voltage sensing mechanisms,
because the apparent unitary gating charge of the three proteins
is very similar (Table 1). We recently demonstrated gating
processes in CIC-S that transform active into inactive
transporters and vice versa. *% Since nonlinear capacitances
arise from incomplete transport cycles, CIC-3, CIC-4, and CIC-
S appear to differ in this particular gating process. Whereas a
larger percentage of CIC-3 performs nontransporting cycles,
CIC-4 appears to be specialized in mainly mediating ion
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transport. The specialization of the CIC isoforms might
represent functional optimization in order to fulfill specific
physiological requirements in distinct intracellular compart-
ments. The capacitance of a cellular organelle determines the
number of charges necessary to establish a certain membrane
potential,” and thus plays crucial roles in shaping basic
physiological processes like action potential generation and
propagation. Computational analysis (Figure 6) suggests that
insertion of a CIC protein into the membrane will increase the
capacitance and thus limit the electrochemical barrier for
protons and accordingly support luminal acidification. More-
over, expression of transport-incompetent CIC proteins will
leave the luminal [CI™] unaffected and permit differential
regulation of luminal [CI”] and [H'], for which distinct
physiological roles have been demonstrated. "

CIC-3, CIC-4, and CIC-5 are localized in organelles with
distinct properties (for a review see Jentsch'). Our data suggest
that the different isoforms are also functionally specialized
according to this distribution. CIC-3 is localized in very acidic
organelles, like lysosomes and synaptic vesicles. Clcn3 knockout
mice exhibit reduced GABA-ergic synaptic transmission,* and
hippocampus degeneration likely due to increased glutamate
release.® Vesicular neurotransmitter transporters exhibit differ-
ent dependencies on the chemical and electrical components of
the H" electrochemical gradient. Whereas vesicular glutamate
transporters are mainly driven by the vesicular membrane
potential, GABA transporters utilize the chemical potential for
protons to accumulate GABA.’> In addition, vesicular
physiology is strongly dependent and correlates to luminal
[CI7].*7° Our model predicts different effects on these three
parameters (proton gradient, luminal potential and [Cl7]) for
different CIC transporters. CIC-3 acting as Cl”/H" antiporter
would result in high internal [Cl7] and consequently in
excessive glutamate loading. On the contrary, CIC-3 acting
predominantly as capacitor would permit effective acidification
without profound chloride accumulation. It would therefore
allow effective GABA accumulation, but restrict glutamate
loading. CIC-S resides mainly in endosomes, moderately
acidified vesicles, and therefore might participate in both ion
transport and electrical coupling. Cl™ accumulation in endo-
somes indeed depends on CIC-S and is important for proper
endocytosis."> CIC-4 may be localized to the endoplasmic
reticulum,*® characterized with neutral pH and absent proton
electrochemical gradient. As a consequence, CIC-4 might be
specialized mainly in ion transport in order to support ion
homeostasis. All these considerations suggest that the here
described functional specializations of CIC transporters provide
flexible mechanisms for the differential regulation of luminal
chloride concentration and pH in various intracellular compart-
ments.

B METHODS

Functional Expression. The DNA encoding the short guinea pig
CIC-3 isoform (GeneBank U83464) with fused fluorescent protein
mRFP at the C-terminus was inserted into the p156rrL vector using
standard PCR. Similarly, human CIC-4 (GeneBank AB019432)
together with an internal ribosome entry site (IRES) and a CDS$
protein encoding sequence were inserted into the pPRcCMV expression
vector. A fluorescently tagged CIC-4 was also used, consisting of the
monomeric fluorescent protein mCFP fused to the CIC-4 N-terminus
into the pRcCMV vector. The construction of WT' CIC-S with the
fluorescent protein mCherry fused to its C-terminus into the
mammalian expression vector pRcCMV was described previously.”®
To remove the putative clathrin binding sites in CIC-3 and CIC-4, we
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mutated all amino acids numbered from 13 to 19 to alanine using
overlap extension PCR reaction. The point mutations E281Q, E281H
in CIC-3 and CIC-4 and E268Q and E268H in the CIC-S proteins
were generated using QuikChange site-directed mutagenesis (Agilent
Technologies). All mutants were verified by sequencing. HEK293T
cells were cultured in DMEM medium (Invitrogen), supplemented
with 10% fetal bovine serum (Biochrom AG) and 2 mM L-glutamine
and SO units/ml penicillin/streptomycin (Invitrogen). Cells were
transiently transfected using Lipofectamine 2000 (Invitrogen).

Electrophysiology. Whole cell patch-clamp®” was performed
using an EPC-10 amplifier, software controlled by PatchMaster
(HEKA Elektronik). Borosilicate pipettes (Harvard Apparatus) were
pulled with resistances of 0.9—2 MQ. Series resistance compensation
and capacitance cancellation were applied, resulting in less than S mV
voltage error. P/4 leak subtraction with a baseline potential of —30 mV
was used to cancel linear capacitances. The standard external and
internal recording solutions contained (in mM) 160 NaCl, 15 HEPES,
4 K KGluconate, 2 CaCl,, 1 MgCl, and 105 NaCl, 15 HEPES, §
MgCl,, 5 EGTA, respectively. In all cases, 1% agar/3 M KCI salt
bridges were used to connect the Ag/AgCl electrodes to the patch-
clamp solutions.

Nonstationary Noise Analysis. Measurements were performed
as described elswhere.?® In brief, the external solution contained in
mM: 145 NaSCN, 15 HEPES, 4 KGluconate, 2 CaGluconate, 1
MgGluconate, 0.1 NaCl; the internal solution contained in mM: 120
Nal, 20 HEPES, 2 MgGluconate, S EGTA, 0.1 NaCl, both adjusted to
pH 7.4 with NaOH. Analysis was performed with PulseTools
(HEKA). Variances were binned, and statistical deviations were
superimposed as error bars. Background noise was measured at —40
mV and subtracted. Unitary transport rates (i) and the number of
transporters in the membrane (N) were determined by plotting
background-corrected variances (6®) against the mean current
transport current (I) and fitting the following function to the data:

IZ
Y=l - —

Measurements of Membrane Capacitance. Membrane capaci-
tance (C,,) was measured with the built-in software lock-in extension
of PatchMaster (HEKA Elektronik). We used the sine-plus-DC
technique®® that utilizes the real and imaginary part of a sine wave
signal plus the DC-conductance to determine the membrane
capacitance, membrane conductance, and access resistance. The
parameters used were as follows: sine wave at 800 Hz with 10 mV
amplitude. The voltage dependence of the cell capacitance was
measured by changing the voltage of the DC component. Nonlinear
capacitances were plotted against the voltage and fitted with the first
derivative of the standard Boltzmann function: **

2F oFF(V=Yos5)/RT)
mRT(l + e(zF(VfVO_S)/RT))Z

c(v) =-Q

with Q,, representing the maximum charge moved during the
transition and V5 being the half-maximal voltage of activation. In
addition, the charge (z) denotes the apparent number of elementary
charges (e,) displaced over the membrane electric field. The equation
contains in addition the universal gas constant (R), the Faraday
constant (F), and the temperature (T).

Fluorescent Measurements of Intracellular pH. Fluorescent
measurements of intracellular pH were performed as described
previously.”® Briefly, cells were loaded through the patch pipet with
the pH-sensitive dye BCECF (2',7'-bis-(2-carboxyethyl)-S-(and-6)-
carboxy-fluorescein, Invitrogen) at a concentration of 37.5 yuM. The
buffer concentration (HEPES) in the pipet solution was 0.25 mM
(osmolarity was adjusted by raising the [NaCl] to 120 mM).
Measurements were performed on an inverted IX71 microscope
(Olympus) equipped with UPlanSApo 60X/1.35 oil-immersion
objective. The dye was excited sequentially at 440 and 490 nm
using a Polychrome V fast-switching monochromator, and the
fluorescence was detected at 530 nm using a PMT-equipped
ViewFinder III (Till Photonics). Fluorescence ratios (F490/F440)
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were calculated and converted into absolute pH using a calibration
curve obtained ex situ.

Confocal Imaging. Images were acquired 48—72 h after
transfection at 1548 X 1548 pixels (145.30 X 145.3 nm), 16 bit
intensity resolution with a Carl-Zeiss LSM 780 inverted microscope
(Jena, Germany) using a 63x/1.40 DIC M27 oil immersion objective.
The EGPF and EYFP (enhanced green and yellow fluorescence
proteins) fluorophores were excited with a 488 nm argon laser; mRFP
(monomeric red fluorescence protein) was excited with a 561 nm
DPSS laser. The emitted signals were detected at 500—550, 520—560,
and 560—650 nm, respectively. Cells were maintained during live cell
imaging in PBS containing Ca** and Mg?* (GIBCO) at room
temperature (22—24 °C). Confocal images were assembled for
publications using Carl Zeiss Zen lite 2011 (Blue edition) software
(Carl Zeiss, Germany). In some cases, fluorescence images were
superimposed on differential interference contrast (DIC) images taken
simultaneously.

Data Analysis. Data analysis was performed using a combination
of FitMaster (HEKA), Origin (OriginLab), SigmaPlot (Systat
Software), and Excel (Microsoft) software. Summary data are
presented as mean + SEM.
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