Pflugers Arch - Eur J Physiol (2014) 466:2191-2204
DOI 10.1007/500424-014-1490-6

ION CHANNELS, RECEPTORS AND TRANSPORTERS

CIC-1 and CIC-2 form hetero-dimeric channels with novel

protopore functions

Gabriel Stolting - Martin Fischer « Christoph Fahlke

Received: 17 February 2014 / Accepted: 19 February 2014 /Published online: 19 March 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract CLC-type chloride channels exhibit a unique
double-barreled architecture with two independently function-
ing ion conduction pathways, the so-called protopores. There
exist gating processes that open and close individual
protopores as well as common processes that jointly mediate
slow opening and closing of both protopores. Different iso-
forms exhibit distinct voltage dependences and kinetics of
gating. Whereas opening of the individual and common gate
of homo-dimeric CIC-1 is promoted by membrane depolari-
zation, CIC-2 is closed at positive potentials and opens only at
negative voltages. To characterize the functional interaction of
protopores we engineered a concatameric construct linking
the coding regions of CIC-1 and CIC-2 in an open reading
frame, expressed it in mammalian cells and measured anion
currents through whole-cell and single channel patch
clamping. In the hetero-dimeric assembly, each protopore
displayed two kinetically distinct gating processes. Fast gating
of the CIC-1 protopore closely resembled fast protopore gat-
ing of homo-dimeric channels. The voltage dependence of
CIC-2 fast gating was shifted to more positive potentials by
the adjacent CIC-1 protopore, resulting in open CIC-2
protopores at positive voltages. We observed two slow gating
processes individually acting on CIC-1 and CIC-2 protopores,
with distinct time and voltage dependences. Single channel
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recordings demonstrated that hetero-dimerization additionally
modified the unitary conductance of CIC-2 protopores. Our
findings suggest that inter-subunit interactions do not only
affect common gating, but also ion permeation and gating of
individual protopores in hetero-dimeric CIC channels.

Keywords CLC chloride channel - Single channel recording -
Channel gating

Introduction

CLC-type chloride channels and chloride—proton exchangers
exhibit a unique, evolutionarily conserved double-barreled
architecture with two ion conduction pathways, each formed
by a single subunit [10, 30]. This peculiar architecture is the
basis of two structurally distinct gating processes: fast opening
and closing of individual protopores as well as slow cooper-
ative gating steps that act on both protopores together [30].
Whereas the molecular basis of protopore gating is rather well
understood [2, 6, 11, 12, 19, 35], little is known about the
interaction between subunits during cooperative gating.

One tool to study such interactions is the functional char-
acterization of hetero-dimeric channels consisting of two
functionally distinct CLC subunits [15, 26, 29, 42]. CIC-1
and CIC-2 chloride channels differ profoundly in the voltage
dependence of fast and slow gating. Whereas fast and slow
opening of CIC-1 is stimulated by membrane depolarization
[2, 16, 17, 23], individual and common gates of CIC-2 open
upon membrane hyperpolarization [9, 20, 39]. We here ana-
lyzed gating and permeation of CIC-1-CIC-2 hetero-dimeric
channels using heterologous expression in mammalian cells
and whole-cell and single channel patch clamp recordings. To
ensure a homogenous population of hetero-dimeric channels
we generated a concatameric expression construct linking one
CIC-1 and one CIC-2 subunit in one open reading frame.
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CIC-1-CIC-2 hetero-dimer channels might also exist in
native human cells. CIC-1 is the predominant chloride channel
in adult skeletal muscle, and a recent study reports expression
of CIC-1 also in the central nervous system [7]. Since CIC-2 is
ubiquitously expressed and the spontaneous formation of
hetero-dimeric channels was already demonstrated [28],
CIC-1-CIC-2 hetero-dimers possibly assemble in both tissues
under physiological conditions. This biophysical characteri-
zation might help understanding possible functional roles of
such hetero-dimeric channels.

Methods

Construction of expression plasmids, mutagenesis,
and heterologous expression

To generate an expression plasmid encoding concatenated
CIC-1-CIC-2 dimers the coding region for human CIC-1
and human CIC-2 were linked via a covalent linker [14, 15]
and subcloned in the pSVL vector [22]. We constructed ex-
pression plasmids for both orders of the two coding regions,
pSVL-CIC-1-CIC-2 (Fig. 1) and pSVL-CIC-2—CIC-1.
Expression of the CIC-2—CIC-1 construct resulted in currents
that differ in time and voltage dependences from currents in
cells expressing the CIC-1-CIC-2 hetero-concatamer in a
deactivating component even without prior hyperpolarization
(Supplemental Fig. 1). Single channel recordings, however,
demonstrated channels with the same properties for either
order of subunit concatenation. We therefore concluded that
the expression of pSVL-CIC-2—CIC-1 resulted in the addi-
tional occurrence of homo-dimeric CIC-1 or CIC-2 channels
(Supplemental text). Since expression of pSVL-CIC-1-CIC-2
appears to better constrain the formation of hetero-dimers than
the reverse pSVL-CIC-2-CIC-1 we exclusively used
pSVL-CIC-1-CIC-2 for analyzing functional properties
of hetero-dimeric channels. Transient transfections in
HEK293 cells were performed with 0.5-2 pg of plasmid
DNA using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). For single channel experiments, CIC-1-CIC-
2 concatameric constructs were subcloned into the
pcDNAS/FRT/TO vector and stably transfected into
Flp-In T-Rex 293 cells (Invitrogen, Carlsbad, CA,
USA) as described [21]. Experiments on Flp-In T-Rex—
CIC-1-CIC-2 cells were performed with or without in-
duction using up to 1 pg/ml tetracycline [38].

Experiments on homo-dimeric CIC-1 were performed on
HEK?293T cells transiently expressing pSVL-hCIC-1 whereas
the characterization of homo-dimeric C1C-2 was performed on
a stable cell line, generated by selecting Flp-In-T-Rex
293 cells (Invitrogen) transfected with pcDNAS/FRT/TO
hCIC-2 [20].
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Fig. 1 Anion channels in cells expressing the CIC-1-CIC-2 concatamer
show activation upon hyperpolarization and are active at positive poten-
tials. a Fluorescence scan of an SDS-PAGE demonstrating expression of
complete CIC-1-CIC-2 hetero-concatamers without visible formation of
CIC monomers or proteolytic fragments. b Schematic representation of
the CIC-1-CIC-2 hetero-dimer, pulse protocol, and representative current
traces for CIC-1-CIC-2 hetero-dimeric channels expressed in HEK293T
cells. ¢ Normalized steady-state currents at voltage steps between —140
and +40 mV from cells (n=5) expressing CIC-1-CIC-2 hetero-dimeric
channels, indicating open channels at positive potentials

Biochemical analysis

CIC-1, CIC-2, or CIC-1-CIC-2 was expressed in HEK293T cells
as fusion proteins with yellow fluorescent protein (YFP) cova-
lently linked to the carboxy-terminus of the channel proteins.
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This method has been previously applied to homo-dimeric CIC-1
and CIC-2 without changes of biophysical properties [20, 22].
After lysis with 0.4 % n-dodecyl B-D-maltoside in the presence of
protease inhibitors (Roche Complete Cocktail, Roche
Diagnostics Deutschland, Mannheim, Germany) cleared lysates
were denatured for 15 min at 37 °C in SDS sample buffer
containing 100 mM dithiothreitol. Samples were loaded on
8 % SDS polyacrylamide gels and run for approximately 1 h.
Fluorescent samples and mass markers (Dual color; Bio-Rad,
Miinchen, Germany) were visualized using a fluorescence scan-
ner (Typhoon; GE Healthcare, Miinchen, Germany).

Whole-cell patch clamp and data analysis

Whole-cell patch clamp recordings were performed using an
EPC10 amplifier (HEKA Elektronik, Lambrecht/Pfalz,
Germany) as previously described [23, 38]. Standard solutions
contained (in mM): NaCl (140), KCl1 (4), CaCl, (2), MgCl, (1),
and HEPES (10) on the extracellular and (in mM): NaCl (115),
MgCl, (2), EGTA (5), and HEPES (10) on the intracellular
membrane side. To avoid contributions of endogenous potassi-
um channels to whole-cell currents Na" was chosen as main
internal cation instead of K'. For experiments with variable
[CI'], CI" was substituted on an equimolar basis by gluconate.
All solutions were adjusted to pH 7.4. The cells were clamped
to 0 mV between test sweeps. Junction potentials were calcu-
lated using JPCalc (Dr. P. Barry, University of New South
Wales, Sydney, Australia) and corrected for accordingly.

Data were analyzed using Pulse/Pulsefit (HEKA
Elektronik; Lambrecht/Pfalz; Germany), pClamp (Molecular
Devices, Sunnyvale, CA, USA) and SigmaPlot (Systat, San
Jose, CA, USA). All values are given as mean = SEM. Time
constants of activation or deactivation were either obtained by
fitting mono- or bi-exponential functions to the time depen-
dence of current amplitudes [23] or of values obtained from
envelope protocols [2]. Such protocols were used to determine
slow activation time constants (Fig. 7) and consisted of a
hyperpolarizing pulse of varying duration followed by a fixed
2 ms step to +200 mV and a following step back to the
preceding potential were used. The duration of the voltage
step to +200 mV was chosen to concur as closely as possible
with the steady-state conditions of the CIC-1 fast gate without
significantly affecting the other gates controlling the two
protopores. Isochronal current amplitudes were determined
200 us after a voltage step to +200 mV or to the subsequent
negative voltage and plotted against the duration of the hyper-
polarizing step. Monoexponential fits to the so-obtained time
courses provided time constants of slow activation.

To obtain the voltage dependence of relative open probabil-
ities of the protopore gates, isochronal current amplitudes were
determined 200 us after a voltage step to —120 mV following
prepulses to various voltages, normalized by their maximum
value, and plotted against the preceding potential. Unless

otherwise stated, durations of the prepulses were adjusted to
allow steady-state activation. To determine the voltage depen-
dence of slow gate opening of CIC-2, a short pulse to —180 mV
[9, 20] was inserted before the test step to —100 mV to fully
activate the fast gate at this potential. The duration of this pulse
was set to 15 ms as determined by extrapolation of the fast gate
time constants in Fig. 6b to —180 mV. The relative open prob-
abilities of the fast gate (Pf) were calculated by dividing the
voltage dependence of the relative open probability (Po) by the
open probability of the slow gate (Ps).

CLC channels are double-barreled, and the macroscopic
CIC-1-CIC-2 currents thus consist of current components
conducted by CIC-1 and CIC-2 protopores.

Iconcatamer = IClC-l + 1C1C-2 ( 1 )

Individual protopore currents (Zprotopore) ate given by the
open probabilities of fast and slow gates open (Pg,s; and P,
respectively) multiplied by the number of channels (V) and the
voltage-dependent single channel amplitude (i()).

Iprotopore = Nl( V)'PfaSI(V)'PSIOW(V) (2)

To determine the open probability of the CIC-1 slow gate,
we used a pulse protocol consisting of long pulses to various
voltages that were interrupted by a fixed short step to +200 mV
to activate the fast gate of CIC-1 (Fig. 5¢). The current through
the CIC-1 protopore preceding the short step to +200 mV is
given by Eq. 2 while the instantaneous current following this
jump is given by a modification of this equation:

]CIC-l instantaneous — N'i(V)'Pfast(+200 mV)’Pslow(V) (3)

The fast gate of homo-dimeric CIC-1 is fully opened
(Pgst=1) [23] by a short depolarization to +200 mV.
Although we could not determine absolute open proba-
bilities of the CIC-1 protopore during such a short
depolarization, due to the similar relative open proba-
bilities and fast time constants of gating (Fig. 5) we
assumed that the CIC-1 protopore within the hetero-
dimeric assembly is opened to the same absolute value
during the short depolarization regardless of the preced-
ing voltage (Ppg=constant). The deactivating current
amplitude (Al) (Fig. 5c) therefore equals to:

Al = ]CIC—l instantaneous ( V)_[CIC—l late ( V)

4
= (N'i(V)'PleW(V)>_(N'i(V)'Pfast(V)'P510W(V)) ( )

with N and P (+200 mV) being constant, the change in
current is thus proportional to Pgjq.y.

Al

Psow = Sy TP (7)) (5)
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Division of measured amplitudes by the known voltage-
dependent conductance of homo-dimeric CIC-1 yields relative
open probabilities [18].

For experiments with 9-anthracene carboxylic acid (9-
AC; Sigma-Aldrich, Taufkirchen, Germany) [5] a 0.1-M
stock solutions of 9-AC was prepared in DMSO. 9-AC
was then dissolved in extracellular solution at concen-
trations of either 125 or 500 uM. The DMSO content
of the final solution was kept below 0.1 %. The on- and
offset of 9-AC block was recorded separately for the
mean steady-state current or the amplitude of the
hyperpolarization-dependent deactivation seen as in
Fig. 2 and fit by mono-exponential functions. 9-AC is
known to block CIC-1 channels by binding within the

state and a closed, 9-AC bound state, the determined
time constants are defined as:

1
kon [97/4 ?] + koff

Ton =

Toff =

kofr

These equations were solved for the rate constants kg,
and k., and the apparent dissociation constant was
calculated as

conduction pathway of each protopore separately [13].  k, = ot
Assuming a simple transition between an open, unbound Kon
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Fig.2 Hetero-dimerization results in channels with novel gating properties. a, b, ¢ Current responses of three representative cells expressing either C1C-
1-CIC-2 concatameric channels, or homo-dimeric CIC-1 or CIC-2 to indicated pulse protocols
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Noise analysis

We employed non-stationary noise analysis to determine uni-
tary current amplitudes of homo-dimeric hCIC-1 at positive
potentials (Supplemental Fig. 2). For this, we initially deter-
mined the unitary current amplitude i and the number of
channels at —155 mV as described previously [19, 41]. We
then used the so determined number of channels () to calcu-
late single channel amplitudes at other voltages by measuring
the steady-state variance (0°) and mean macroscopic current
(/) and solving the variance—current relationship taking previ-
ously published fast gate open probabilities (Pg,g) [41] into
account:

0% = (1 + Ppg)-i{l)— (%)

Single channel patch clamp and data analysis

Inside-out patches [38, 41] were drawn from Flp-In T-Rex 293
cells expressing CIC-1-CIC-2 hetero-concatamers. We used
borosilicate pipettes with pipette resistances between 8 and 25
M(2, and symmetrical bath and pipette solutions containing
(in mM): NMDG-C1 (130), MgCl, (5), EGTA (5), and HEPES
(10), adjusted to pH 7.4. Recordings were filtered using a
1 kHz Bessel filter. Analysis of single channel recordings
was performed using the QuB Software (SUNY, Buffalo,
NY, USA) after applying digital filtering at 300 Hz and a
notch filter for the line frequency of 50 Hz. We chose 18 out
of 194 successful inside-out patches for further analysis of the
CIC-1-CIC-2 hetero-concatameric construct. The criteria for
inclusion were recordings that were low unitary amplitude (all
channels smaller than 1 pA at —100 or +100 mV) and suffi-
cient stability throughout the recording. Out of these 18
patches, five could only be stably measured at —100 mV, eight
at +100 mV, and five patches at both potentials. Statistical
comparisons were performed in SigmaPlot (Systat, San Jose,
CA, USA) using Student’s ¢ test.

Results
Expression of hetero-dimeric CIC-1-CIC-2 channels

We engineered a concatameric CIC-1-CIC-2 expression con-
struct by covalently linking one CIC-1 and one CIC-2 coding
sequence in a single reading frame using a short (20 amino
acid) hydrophilic linker [15, 20, 22, 25, 37, 40, 41]. We first
analyzed the concatameric CIC-1-CIC-2 expression construct
after expression as YFP-fusion protein in mammalian cells.
Reducing SDS-PAGE of the cell lysate (Fig. 1a) revealed a
single band of the calculated size of the concatamer

(approximately 250 kD), without indication for the formation
of monomers. Figure 1b shows representative current re-
sponses to voltages between —120 and +40 mV, each followed
by a fixed step to =120 mV from a HEK293T cell expressing
the concatameric construct. CIC-1-CIC-2 currents exhibit
slow activation upon hyperpolarization and maintain a signif-
icant conductance at positive potentials (Fig. 1c). These prop-
erties differ from macroscopic currents conducted by homo-
dimeric CIC-1 and CIC-2 since CIC-1 exhibits a strongly
rectifying current voltage relationship [23, 34] whereas CIC-
2 is closed at voltages positive to the chloride reversal poten-
tial and only slowly activates upon steps to negative potentials
[20, 38].

Hetero-dimeric CIC-1-CIC-2 channels exhibit novel gating
properties

Figure 2 shows current responses of CIC-1-CIC-2 as well as
homo-dimeric CIC-1 and homo-dimeric CIC-2 to pulse proto-
cols that were developed to separate fast and slow gating of
CIC-1 and CIC-2 homo-dimers [2, 9, 20, 43]. Hetero-dimeric
channels maintain a significant number of open channels at the
holding potential of 0 mV and further activate upon prolonged
membrane hyperpolarization (Fig. 2a). Homo-dimeric CIC-1
are deactivated upon such voltage steps whereas homo-dimeric
CIC-2 activate on a slower time course with nearly zero open
probability at 0 mV. We reasoned that the CIC-1 pore of hetero-
dimeric channels might be closed at a holding potential of 0 mV
and thus inserted a very short depolarization (10 ms) to +
200 mV during the voltage step to —140 mV (Fig. 2b). This
pulse protocol indeed elicited deactivating current component
in cells expressing the hetero-concatamer. Homo-dimeric CIC-
1 channels were activated by this short pulse, whereas homo-
dimeric CIC-2 currents were only slightly modified by this
short depolarization. Clamping the cells to +100 mV before
the short step to +200 mV (Fig. 2¢) did not result in such visible
deactivation of CIC-1-CIC-2 hetero-concatamers. Homo-di-
meric CIC-1 responded to these voltage steps with robust
deactivation, whereas homo-dimeric CIC-2 activated at compa-
rable time courses from a holding potential of 0 mV or after this
series of prepulses (Fig. 2c¢).

These experiments demonstrate that current responses of
cells expressing CIC-1-CIC-2 hetero-dimeric channels do not
result from mere superpositions of currents conducted by
homo-dimeric CIC-1 and CIC-2. We conclude that hetero-
dimerization results in the formation of channels with novel
gating properties.

Single channel recordings reveal CIC-1-CIC-2 unitary
currents with only one conductance state

Macroscopic currents by CIC-1-CIC-2 hetero-dimers exhibit
a significant conductance at positive voltages (Fig. 1b and c).
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This is a specific property of hetero-dimeric channels, since
homo-dimeric CIC-1 as well as CIC-2 currents are pro-
nouncedly inwardly rectifying [9, 16, 20, 31]. For homo-
dimeric CIC-1, rectification is based on a pronouncedly
voltage-dependent unitary conductance (Supplemental
Fig. 2) [8, 33]. In contrast, homo-dimeric CIC-2 single chan-
nels exhibit a constant conductance; however, there is no
macroscopic outward current since all channels are closed at
positive potentials [20, 38].

We performed single channel recordings to identify the
unitary events underlying outward current by hetero-dimeric
channels. For these experiments we used a cell line that
expresses the hetero-concatameric construct in a tetracycline
inducible manner and thus allows a tight control of channel
density in the plasma membrane. As homo-dimeric channels
from the CLC family exhibit two identical conduction path-
ways, “double-barreled” channels with two subconductance
states are usually obtained in single channel recordings [19,
30, 36, 38]. We observed only one conductance state in
recordings from CIC-1-CIC-2 heteroconcatamers, with cur-
rent amplitudes similar at both voltages (Fig. 3a and b; 0.18=+
0.01 pAat—100mV, n=10;0.17£0.02 pA at +100 mV, n=13;
P=0.57). Single channel recordings from the same inside-out
patch revealed higher activity and thus open probabilities at -
100 mV relative to +100 mV. This behavior nicely corre-
sponds to the hyperpolarization-induced activation in macro-
scopic recordings. However, because of the low absolute
number of open events it was impossible to accurately count
the number of channels within the membrane patch, and we
could therefore not determine absolute open probabilities.

The single conductance state in CIC-1-CIC-2 hetero-di-
mers might either be conducted by the CIC-1 or the CIC-2
protopore. The indistinguishable single channel amplitudes at
positive and at negative voltages follow the voltage-
independent conductance of homo-dimeric CIC-2. We there-
fore conclude that the protopore observed in single channel
recordings on CIC-1-CIC-2 hetero-dimers likely represents an
altered CIC-2 protopore. However, single-channel current
amplitudes of CIC-1-CIC-2 hetero-dimers differ from report-
ed amplitudes for homo-dimeric CIC-2 (Fig. 3c and d; —0.23+
0.02 pA at =100 mV [38], n=6, P=6x10"*) as well as for
homo-dimeric CIC-1 (Fig. 3e and f; —0.13 pA+0.01 pA at
=100 mV [41], n=5, P=0.02).

We might have missed single CIC-1 protopore currents
because of their small unitary current amplitude. However,
earlier experiments have demonstrated that single channel
recordings are feasible also for WT CIC-1 [36, 41], and
we successfully repeated such experiments in this study
(Fig. 3e and f). We thus conclude that the CIC-1
protopore of the hetero-concatamer must be closed under
steady-state conditions. Experiments which repeated the
protocols for macroscopic currents in Fig. 2a to test a
putative second protopore did not unambiguously reveal
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a second conductance state, most likely because
capacitative artifacts and the low open probability of
CIC-1-CIC-2 channels masked short events of the fast
deactivating process.

Taken together, these experiments indicate that hetero-di-
merization affects gating and also anion conduction of indi-
vidual protopores.

Separation of CIC-1 and CIC-2 protopores by 9-anthracene
carboxylic acid

Single channel recordings suggest that the CIC-2 protopore
carries most of the steady-state currents in macroscopic re-
cordings. To further verify this assignment we used 9-
anthracene carboxylic acid (9-AC) which blocks CLC chan-
nels by binding within the ion conduction pathway at different
Kps for homo-dimeric CIC-1 (13 uM) and CIC-2 (620 uM)
[13].

Figure 4a shows current responses from a cell expressing
the CIC-1-CIC-2 hetero-dimer upon perfusion with solutions
containing either 125 or 500 uM of 9-AC. Currents through
CIC-1 as well as through CIC-2 protopores were elicited by
repetitive voltage steps to —140 mV interrupted by a short
10 ms pulse to +200 mV. Whereas the transient deactivating
current component upon the voltage step back to =140 mV
was completely blocked at 125 uM 9-AC, steady-state cur-
rents at negative and at positive potentials were little affected
by this concentration. Even a concentration of 500 uM 9-AC
was not sufficient to completely block this current component.
Figure 4b depicts the time course of the transient deactivating
current component (filled circles) as well as of the steady-state
current component (open circles) versus the time after appli-
cation of 9-AC and during the wash-out of the compound.
Because of the different dissociation constants blocking kinet-
ics were studied at a 9-AC concentration of either 125 um for
the transient current or 500 uM for the steady-state current
component (Fig. 4b). Kp values were calculated individually
and—for the transient deactivating current component—
found to be similar to homo-dimeric CIC-1 (Kp=14+£3 uM,
n="T) and—for the steady-state current amplitude—to be sim-
ilar to homo-dimeric CIC-2 (Kp=452+59 uM, n=6).
Furthermore, most of the current at positive potentials seems
to be carried by the CIC-2 protopore as a significant reduction
in amplitude at +200 mV was only observed upon application
of the higher concentration of 9-AC.

To exclude effects of concatenating subunits on the affinity
towards 9-AC, we also determined K, values for the homo-
concatameric CIC-1-CIC-1 construct for the same voltage
protocol yielding indistinguishable values (Supplemental
Fig. 3; Kp=13+1 uM, n=5; P=0.45). The pharmacological
block using 9-AC therefore assigns steady-state currents upon
hyperpolarization and at positive potentials to the CIC-2 and
the transient current component upon stepping back to
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—140 mV from the short voltage step to +200 mV to the CIC-1
protopore.

Gating of the CIC-1 protopore

We next compared kinetic properties of the deactivating cur-
rent component with homo-dimeric CIC-1 channels. We took
advantage of the distinct time and voltage dependences of
CIC-1 and CIC-2 to separate fast gating of the CIC-1
protopore from other gating processes of hetero-dimeric chan-
nels (Fig. 5a). The protopore gate of homo-dimeric CIC-1

Amplitude (pA)

channels exhibit time constants between 0.1 ms at positive
and 10 ms at negative voltages [1, 23], as compared to values
between 10 and 50 ms in WT CIC-2 channels [20, 38]. A
hyperpolarizing conditioning pulse to open the slow gate
allows observation of protopore opening and closing by the
fast gate. To separate fast gates of the CIC-1 and CIC-2
protopores, short (2 ms) interpulses to variable voltages were
inserted. To obtain the fast gate activation curve of the CIC-1
protopore the deactivating current component at a consecutive
step to —120 mV was plotted against the prepulse potential
(Fig. 5b). Since measured current amplitudes represent sums
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Fig. 4 9-Anthracene carboxylic

acid blocks the CIC-1 and CIC-2 a 200 mv
protopore with different affinity. a omVv H
Voltage protocol and representative T

current responses in the presence of -140 mV-

0, 125, or 500 uM 9-AC. b Repre-
sentative time courses of the nor-

malized transient deactivating cur-

rent component (filled symbol) up- =
on application of 125 uM 9-AC

7

and the subsequent wash-out phase, \

—
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b wash-in

1.0 ®

05

® CIC-1 Protopore, 125 pM 9-AC
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and of the normalized steady-state
current (open symbol) at =140 mV

0.0 -,

125 uM

upon and after application of
500 uM 9-AC

2nA|

50 ms

of CIC-1 and CIC-2 current components this plot only pro-
vides changes of the relative open probability with voltage.

Separation of CIC-1 and CIC-2 requires that voltages steps
are short enough to prevent large changes of the open proba-
bility of the CIC-2 protopore. This restriction leads to prepulse
durations that were not long enough to allow determination of
steady-state activation of the CIC-1 fast gate at all voltages. To
allow a comparison of fast gate activation in homo- and
hetero-dimeric channels, we additionally determined acti-
vation curves of WT CIC-1 channels with the same pulse
protocol used for hetero-dimeric channels. Voltage depen-
dences of fast activation in homo- and hetero-dimeric
channels were compared at three external [Cl ], as fast
activation depends on the extracellular [C1] [33]. For
[CI'], of 1 and 10 mM, CIC-1 protopores showed identi-
cal behavior in homo- and hetero-dimeric assemblies
(Fig. 5b, Table 1). For [Cl ]y of 150 mM, the activation
curve of WT channels is slightly less steep than the
corresponding curve of hetero-dimeric channels. This dif-
ference is most likely due to the fact that slow gating of
WT channels is faster than in hetero-dimeric channels, so
that the slow gate might already incompletely activate or
deactivate during the short pulses used. The kinetic anal-
ysis further supported the notion that the deactivating
current component of hetero-dimer currents is conducted
by the CIC-1 protopore.

To determine the voltage dependence of slow activation of
the CIC-1 protopore we measured current responses to long
steps of variable potentials that were interrupted by a 2-ms
step to +200 mV (Fig. 5c). Since the absolute open probability
of the fast gate of CIC-1 changes during the short interpulse to
a constant value above zero [23], the amplitude of the
deactivating current component (A/) after the depolarizing
step (Fig. Sc, arrow) depends on the steady-state fast gate
open probability at the test potential as well as on the open
probability of the slow gate. Assuming independence of fast
and slow gates, Al is a function of the open probabilities, the
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number of channels and the unitary current amplitude normal-
ized by the unitary conductance as described in Eq. 5 in the
“Methods” section. This calculation provides a voltage depen-
dence of slow gate activation curve that is inverted and shifted
towards more negative values relative to the values from
homo-dimeric CIC-1 (Fig. 5d).

We conclude that hetero-dimerization leaves fast protopore
gating of CIC-1 unaltered, but changes the voltage depen-
dence and kinetics of slow gating.

Gating of the CIC-2 protopore

To describe gating of the CIC-2 protopore within the hetero-
dimeric assembly without interference by a pharmacological
compound such as 9-AC, we took advantage of the distinct
rectification of currents through CIC-1 and CIC-2 protopores.
Homo-dimeric CIC-1 is inwardly rectifying with nearly zero
conductance at voltage positive to +100 mV [18, 24].
Although open channel rectification was suggested to be the
basis of inward rectification of macroscopic CIC-1 currents [8,
34], this has not been unambiguously demonstrated experi-
mentally. We used noise analysis to accurately determine the
absolute number of channels by non-stationary noise analysis
at —155 mV (Supplemental Fig. 2a). The number of
channels was then used together with the steady state
variance of macroscopic currents above —80 mV to
determine single channel amplitudes between —80 and
+100 mV (Supplemental Fig. 2b). Our results demon-
strate that the unitary conductance changes with voltage
and that this voltage dependence fully accounts for the
observed macroscopic inward rectification in WT CIC-1
(Supplemental Fig. 2c).

WT CIC-2 exhibits a linear unitary current—voltage rela-
tionship resulting in more than tenfold larger current ampli-
tudes at +200 mV than the corresponding value of CIC-1 [20,
38]. A plot of the instantaneous current amplitude at a test step
to +200 mV following steps to variable voltages therefore
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Fig. 5 Fast and slow gating of the CIC-1 protopore of CIC-1-CIC-2
hetero-dimeric channels. a Representative current traces and pulse proto-
cols used to calculate the relative open probability of the fast gate of C1C-
1. b Voltage-dependencies of the relative fast gate open probabilities of
CIC-1 protopores for three different external [C1 ]. Continuous lines give
fits to Boltzmann functions, and dashed lines give responses from homo-
dimeric CIC-1 currents to the same conditions. ¢ Representative current
traces and pulse protocols used to calculate the relative open probability
of the slow gate of CIC-1 and fast gate deactivation time constants. d
Voltage dependence of the CIC-1 slow gate activation in CIC-1-CIC-2
hetero-dimeric channels. The dashed line corresponds to slow gate open
probabilities from homo-dimeric CIC-1 channels

provides the voltage dependence of the open probability of
CIC-2 protopores in isolation.

Figure 6 gives pulse protocols to determine fast and slow
activation curves of the CIC-2 protopore of CIC-1-CIC-2
hetero-dimeric channels. Cells were subjected to 500 ms steps
to varying voltages between —140 and +100 mV followed by a
5 ms step to +200 mV (Fig. 6a, top). Currents at +200 mV were
normalized and plotted versus the preceding voltage, providing
the voltage dependence of the relative open probability of the
CIC-2 protopore. CIC-2 protopore activation curves can be fit
with Boltzmann distributions (Fig. 6¢, Table 2).

We then separated fast and slow gating using the method
developed by Accardi and Pusch [2, 20]. Assuming that fast
and slow gating are independent of each other, the probability
of the channel to be open (Po) is the product of the open
probabilities of both gates. Fast gating is one order of magni-
tude faster than slow gating so both can be separated tempo-
rally (Fig. 6b). To measure the relative open probability of the
slow gate (Pgpow) in isolation, a short (15 ms) pulse that
activates the fast gate was inserted prior to the test step in
the voltage protocol to measure open probabilities (Fig. 6a,
bottom). The duration of the test pulse was chosen to be
identical as in experiments separating fast and slow gating of
homo-dimeric channels [9, 20]. The relative open probability
of the fast gate (Pr,) Was calculated as the ratio of relative
open probabilities of the channel to the relative slow gate open
probability (Fig. 6¢). Open probabilities were then fit by a
Boltzmann equation resulting in half maximal activation
points for Py, and Pgg. The voltage dependence of fast as
well as of slow activation of the CIC-2 protopore is shifted in
hetero-dimeric channels to more positive potentials as com-
pared to homo-dimeric CIC-2 (Table 2). Moreover, hetero-
dimerization results in a minimal open probability of the fast
gate (Fig. 6¢) clearly above zero. This result is in full agree-
ment with the single channel activity observed in unitary
current measurements on CIC-1-CIC-2 hetero-dimers
(Fig. 3).

Taken together, these experiments demonstrate that fast as
well as slow gating of CIC-2 protopores is altered in CIC-1—
CIC-2 hetero-dimers as compared to CIC-2 homo-dimers.

CIC-1 and CIC-2 protopores differ in the voltage dependence
and kinetics of slow gating in hetero-dimeric assemblies

The analyses presented in Figs. 4 and 5 permit a direct
comparison of CIC-1 and CIC-2 slow gating in hetero-
concatameric channels (Fig. 7a). Slow gating of CIC-1 and
CIC-2 protopores differs in voltage dependence and in abso-
lute open probabilities. Whereas the CIC-1 protopore slow
gate is closed at positive potentials (Fig. 2), the CIC-2 slow
gate must be open to permit the observed single channel
activity (Fig. 3a). Moreover, the voltage dependence of slow
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Table 1 Midpoint of activation of fast CIC-1 gating for CIC-1 homo-
dimeric and CIC-1-CIC-2 hetero-dimeric channels

150 mM [CI ] 10 mM [C1] 1 mM [CI']

(mV) (mV) (mV)
hCIC-1 homodimer ~ —29.0+3.1 +28.4+4.5 +64.1+£2.6

n=4 n=4 n=3
hCIC-1/hCIC-2 -29.1+£2.5 +27.4+2.8 +69.2+2.4
concatamer n=11 n=4 n=>5

activation of the CIC-1 protopore is shifted to negative poten-
tials compared to the CIC-2 pore.

We used an envelope pulse protocol to separate the time
courses of slow gating of CIC-1 and CIC-2 protopores
(Fig. 7b). Cells were hyperpolarized at the desired voltage
for various durations before being interrupted by a short pulse
to +200 mV and the return to the preceding voltage. The
number of open CIC-2 protopores was measured as the current
at +200 mV, whereas CIC-1 activation was measured as the
amplitude of the deactivating component (A) following the
constant activation of the fast gate at +200 mV. A plot of these
values versus the preceding pulse duration provides the time
dependence of activation of CIC-1 and CIC-2 protopores in
separation. Fitting a monoexponential functions provides slow
time constants for the activation of either CIC-1 or CIC-2
protopores with significantly different values across all volt-
ages studied (Fig. 7c and d, Table 3).

Our results suggest that hetero-dimerization abolishes com-
mon gating and results in separate slow gating processes of
individual CIC-1 and CIC-2 protopores.

Discussion

CLC channels and transporters are dimeric proteins with two
largely independent subunits. This concept was originally
based on the occurrence of two equally spaced and indepen-
dently gated conductance states in single channel recordings
of CIC-0 [29, 30]. The generation of artificial monomers of the
prokaryotic transporter ecCIC that fulfill normal transport
functions provided additional proof of this concept [32].
However, there are functional interactions between the two
subunits of a functional CLC channel or transporter. Single
channel recordings of CLC channels show joint opening and
closings of both protopores [19, 30, 36, 38], a behavior that is
currently interpreted by a common gate that opens and closes
both protopores together. Processes that gate individual
protopores are usually assumed not to interact with each other
[30].

To further characterize functional interactions between the
two subunits during individual and common gating processes
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Fig. 6 Fast and slow gating of the CIC-2 protopore of CIC-1-CIC-2
hetero-dimeric channels. a Representative current traces and pulse proto-
cols used to calculate the relative open probability and the relative open
probabilities of the fast gate and the slow gate (arrows) of CIC-2. b Time
constants of the activation (negative voltages) and deactivation (positive
voltages) kinetics of CIC-2 protopore currents obtained by bi-exponential
fits. Fast time constants were determined in the presence of 0.1 mM 9-AC
to block possible interference by the CIC-1 protopore. ¢ Voltage depen-
dencies of the relative combined as well as the separated fast and slow
gate open probabilities of CIC-2. Lines without symbols show respective
homodimeric CIC-2 open probabilities (solid line overall open probabil-
ities; dotted line fast gate; dashed line slow gate)

we performed single channel and whole cell patch clamp
recordings on hetero-dimeric CIC-1-CIC-2 channels. We gen-
erated a concatameric construct to express covalently linked
hetero-dimeric channels in mammalian cells without visible
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Table 2 Gating parameters of C1C-2 protopores for CIC-2 homo-dimeric
and CIC-1-CIC-2 concatameric channels

Overall (mV) Fast gate (mV) Slow gate (mV)
hCIC-2 homodimer —82.9+3.1 -61.3+3.9 —91.8+53

n=7 n=6 n=>5
hCIC-1/hCIC-2 —66.8+1.8 =51.6+3.9 ~74.4+53
concatamer n=6 n=6 n=6

Midpoints of activation were determined by Boltzmann fits to the voltage
dependence of relative open probabilities

formation of CIC-1 or CIC-2 monomers (Fig. 1a). This ma-
neuver resulted in macroscopic currents that activated upon
hyperpolarization and exhibited a significant conductance at
positive potentials unlike a superposition of homo-dimeric
currents (Fig. 2). A significant conductance at positive poten-
tials was also observed for spontaneously formed CIC-1-CIC-
2 hetero-dimers [28] suggesting close functional similarity
between spontancous and covalently linked hetero-dimers.
In single-channel recordings from cells expressing the
concatameric constructs, we observed single channels with
only a single conductance state (Fig. 3). The voltage-
independent conductance as well as the gating properties of
these unitary events resembled homo-dimeric CIC-2 single

Fig. 7 Slow gating of CIC-1 and
CIC-2 protopores in CIC-1-CIC-2
hetero-dimeric channels. a
Relative slow open probabilities
for CIC-1 and CIC-2 protopores
differ in voltage dependence. b
Representative current traces used
to determine slow activation time
courses of CIC-1 and CIC-2
protopores in hetero-dimeric
channels. Cells were
hyperpolarized to various

[V

Pmax -

Pmin L

channels and were thus assigned to the CIC-2 protopore
within the hetero-dimeric assembly. This assignment was
further supported by experiments with 9-AC that revealed
similar affinity for steady-state currents and for homo-dimeric
CIC-2 that differed significantly from transient deactivating
currents and homo-dimeric CIC-1 (Fig. 4, Supplemental
Fig. 3). We were unable to observe another conductance state
in single channel recordings in agreement with the CIC-1
protopore being closed at steady-state conditions.

The unitary current amplitudes in CIC-1-CIC-2 are be-
tween values of homo-dimeric CIC-1 and CIC-2 channels
[23, 31, 36, 38, 41]. This finding is surprising since structural
data suggest two separate conduction pathways that are not in
close spatial proximity. Weinberger at al. recently demonstrat-
ed reduced current amplitudes in C277Y CIC-1 channels [41].
C277 is close to the dimer interface and has been implied to
play arole in common gating of CLC channels. It is located far
away from the conduction pathway [1, 27]. It is conceivable
that small changes in the electrostatic environment following
dimerization can lead to rearrangements of amino acid side
chains across the extensive interface between the two halves
of CLC channels. Taken together, our result suggests that
interactions between the two subunits can modify ion conduc-
tion also in CLC homo-dimers. In earlier studies on CIC-0—
CIC-1 or CIC-0-CIC-2 concatenated hetero-dimers [42], no
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Table 3 Slow time constants of CIC-1 protopore and CIC-2 protopore
activation in hetero-concatameric channels as determined by a bi-expo-
nential fit to data from envelope protocols

Voltage (mV)  CIC-1 protopore CIC-2 protopore P value
Slow time constant ~ Slow time constant
(ms) (ms)
—80 31.08+13.40 (n=3) 111.34+£8.68 (n=4) <0.01
-100 28.74+9.61 (n=5) 102.44+6.38 (n=5) <0.01
-120 31.14+4.61 (n=5) 70.46+5.83 (n=5) <0.01
—-140 29.24+3.87 (n=6) 64.35+7.06 (n=6) <0.01

changes in unitary current amplitudes of the protopores were
observed, indicating isoform-specific variation in this partic-
ular property.

In addition to the effects on conductance, single channel
recordings on CIC-1-CIC-2 show activity at +100 mV, where-
as homo-dimeric CIC-2 channels are fully closed by the fast
protopore gate at positive voltages [20, 38]. Activation curves
of the CIC-2 pore were shifted to more positive potentials as
compared to homo-dimeric assemblies and differed in voltage
dependence (Fig. 6). Hetero-dimerization thus alters two func-
tional properties of individual protopores, ion conduction, and
individual gating.

Fast gating of the CIC-1 protopore turned out to be similar
in both homo- and hetero-dimeric channels (Fig. 5). We
determined fast activation and deactivation time constants
and midpoints of activation for three different external [CI ],
without significant differences between WT CIC-1 and
hetero-dimeric assemblies. In contrast to the lack of effects
on fast gating, the adjacent CIC-2 protopore has dramatic
effects on slow gating of the CIC-1 pore. In CIC-1-CIC-2
hetero-dimers, the CIC-1 protopore can only be activated if the
membrane is hyperpolarized previously (Figs. 2 and 5). We
conclude that hetero-dimerization of CIC-1 and CIC-2 results
in the formation of a novel slow hyperpolarization-activated
gate that has to be open to permit current flow through the
CIC-1 protopore. The absence of any fast activation of CIC-1
without prior activation of this particular slow gate indicates
that this gate of CIC-1 is closed at positive voltages (Fig. 5).

At first glance, slow activation of the CIC-1 current com-
ponent (Fig. 2) could be interpreted as common gating upon
hyperpolarizing voltage steps. However, whereas slow gating
keeps the CIC-1 protopore closed at positive potentials, CIC-2
protopores are active at these potentials under steady-state
conditions. Moreover, slow gating of the CIC-1 and the CIC-
2 protopores differ in their voltage dependence as indicated by
the significantly shifted half-maximal activation and in slow
gate time constants (Fig. 7). We conclude that distinct slow
gates must act on each protopore separately in hetero-dimeric
CIC-1-CIC-2 channels (Fig. 7).
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Previous studies revealed the absence of the characteristic
slow gating of homo-dimeric CIC-0 in CIC-0—CIC-1 hetero-
dimers [42]. The effects of protopore and common gating
were not examined in detail in this study. CIC-0—CIC-1 differs
from CIC-1-CIC-2 hetero-dimers in both pores being active in
single channel recordings.

A recent study identified Y578 of CIC-1, corresponding to
Y553 in CIC-2, as critical in the process of common gating
[4]. The authors proposed that this tyrosine residue interacts
with the “gating glutamate” (GIu232 in CIC-1) as the “final
effector” of CIC-1 common gating. This hypothesis predicts a
critical role of protopore-specific amino acid side chains in the
final steps of common gating. Our results of different slow
gate kinetics for two separate protopores in a hetero-dimeric
channel might thus be explained by the different conforma-
tions and surroundings of those important side chains in the
respective monomers. This hypothesis explains our finding of
two separate “slow gates” within CIC-1-CIC-2-hetero-dimer-
ic channels as—at least—the final molecular gate is different
for each protopore.

Novel slow gating processes in mutant or hetero-
dimeric channels have often been interpreted as changes
in common gating [3, 40] The results on CIC-1-CIC-2
hetero-dimeric channels indicate that greater care has to
be applied to assign novel gating processes to individual
or common openings or closing in the future. In the
evaluation of disease-causing mutations in heteromeric
WT-mutant assemblies, these variants might not just cause
effects on the mutant containing protopore but also on the
adjacent one, not only through common gating but also on
the level of individual gating and pore properties. Our
results reiterate the importance of unitary current mea-
surements in assigning individual and common gating
processes to members of the CLC family.

In conclusion we have characterized gating of a hetero-
dimeric concatamer of CIC-1 and CIC-2. We found that
hetero-dimerization apparently resulted in abolished common
gating but retained individual slow gating for each protopore.
The decrease in the unitary current amplitude of the CIC-2
protopore from 0.23+0.02 pA (n=6) in homo-dimers to 0.18
+0.01 pA at =100 mV (n=10; P<0.01) in hetero-dimeric
channels and an open probability well above zero at positive
voltages implies a pronounced interaction of CLC subunits in
properties previously believed to be independent from the
adjacent protopore.
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