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Abstract

Transverse tubular (TT) vesicles from rabbit skeletal muscle were incorporated into planar lipid bilayers to characterize the chloride
channel. The single channel conductance of the channel was 40 pS in choline-Cl solution (cis, 300 mM /100 mM, trans). The gating rate
of the channel does not depend on membrane voltage. The channel was blocked by stilbene derivatives (DIDS and SITS), which are
known as inhibitors of voltage-dependent Cl1~ channels of the Torpedo electric organ, from both sides of the membrane. An inhibitor of
voltage-dependent C1~ channels of skeletal muscles, 9-anthracene carboxylic acid (9-AC) inhibited the channel from the cis side of the
membranes, which corresponded to the cytoplasmic space. Ethacrynic acid (EA), which is reported to inhibit CI~ conductance of the
kidney and trachea, decreased the open probability of the TT Cl~ channel concentration dependently. Indanyloxyacetic acid (IAA), which
is also reported to be an inhibitor of kidney and trachea CI~ channels, decreased the single channel current without affecting open

probability of the TT CI~ channel.
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1. Introduction

Chloride channels are found in the plasma and the
intracellular membrane of most cells, where they play a
variety of roles, e.g., control of cell volume, intracellular
pH, and membrane potential. The importance of Cl1~
channels is illustrated by diseases resulting from mutations
in the channels. In cystic fibrosis, the cystic fibrosis trans-
membrane conductance regulator (CFTR) CI~ channel is
mutated, and protein kinase A and C are unable to open
the channel [1,2]. Genetic alteration of a Cl~ channel of
skeletal muscle results in the reduction of chloride conduc-
tance, which leads to the disease myotonia [3,4].

Steinmeyer et al. [4] cloned a gene encoded C1™ chan-
nel of skeletal muscle by homology to the structure of a
Cl~ channel in the electric organ of the marine ray Tor-
pedo californica. Recently, Weber-Schurholz et al. [5] used
the blocker indanyloxyacetic acid (IAA) to enrich C1~
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channels from rabbit skeletal muscle sarcolemma. They
reported that two specific IAA-binding proteins (110-120k
and 60k by reducing SDS-PAGE) were identified. The
110-120k protein has the size of the Cl~ channel subunit
deduced from the rat CIC-1 cDNA.

An electrical impulse from the motor nerves is trans-
ferred through the muscle fiber surface to the transverse
tubules (TT) which is the interface between depolarization
of the membrane potential and Ca’* release from the
sarcoplasmic reticulum (SR). It has been known that L-type
Ca’" channels [6] and Ca’*-activated K* channels [7]
exist in the TT membrane. In previous studies [8], we
found a ‘background type’ of ClI™ channel in the TT
membrane of rabbit skeletal muscle and investigated the
basic properties of the channel incorporated into the planar
bilayers. In this study, the channel has been further charac-
terized pharmacologically in a planar lipid bilayer system.

2. Materials and methods
2.1. Materials

Asolectin, proteinase inhibitors, and ethacrynic acid
(EA) were purchased from Sigma, 9-anthracene carboxylic
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acid (9-AC) from Aldrich, 4,4'-diisothiocyanostilbene-
2.2'-disulfonic acid (DIDS) from Pierce, and 4-acetamide-
4'-isothiocyanostilbene-2,2'-disulfonic acid (SITS) from
Nacalai Tesque. Indanyloxyacetic acid (IAA) was kindly
given by Dr. Landry, Columbia University. All other
chemicals were commercial products of analytical grade.

2.2. Preparation of transverse tubular (TT) vesicles

TT vesicles were prepared from rabbit skeletal muscle
as follows. Dorsal and leg muscles were homogenized with
4 volumes of 0.1 M NaCl, 2.5 mM EGTA, and 5 mM
Tris-maleate (pH 7.0) using a Waring blender for 2 min.
The homogenate was centrifuged at 4000 X g for 30 min.
The supernatant was centrifuged at 10000 X g for 30 min
to remove the mitochondria. The pellet was homogenized
with 0.6 M KCl and 5 mM Tris-maleate (pH 7.0) using a
glass-Teflon homogenizer and then centrifuged at 10000
X g for 30 min. The supernatant was centrifuged at
150000 X g for 60 min. The pellet was homogenized with
0.1 M KCl, 10% sucrose, and 5 mM Tris-maleate (pH 7.0)
and layered on the top of a discontinuous sucrose density
gradient. The density gradients were prepared using the
method of Rosemblatt et al. [9]. This was centrifuged at
60000 X g for 12 h. TT vesicles were collected at the
interphase of the 26% and the 15% sucrose layers. The
suspension was centrifuged for 60 min at 150000 X g after
dilution with 0.1 M KCI and 5 mM Tris-maleate (pH 7.0).
The pellet was resuspended with 0.1 M KCl, 10% sucrose,
and 5 mM Tris-maleate (pH 7.0) and stored at —80 C. The
proteinase inhibitors (0.5 mg/ml aprotinin, 1 mg,/ml leu-
peptin, | mg/ml pepstatin, and 1 mg/ml antipain) were
included in all solutions used throughout the preparation.

2.3. Bilayers and vesicle incorporation

Planer bilayers of the Mueller-Rudin type [10] were
formed across a 0.5 mm hole in a polypropylene cup. In all
experiments, the cis chamber is defined as the side to
which the TT vesicles are added, and the opposite side is
referred to as the frans chamber. Recordings were made in
the presence of 300 mM choline-Cl, 5 mM Hepes-Tris (pH
7.1), cis, and 100 mM choline-Cl, 5 mM Hepes-Tris (pH
7.1), trans. Applied voltages are defined with respect to
the trans chamber held at ground. Within a few minutes
after the addition of the vesicles, a step-like vesicle-bilayer
fusion event was observed. TT vesicles were found to
insert into the bilayers in oriented fashion such that the cis
chamber corresponded to the cytoplasmic space [11]. Cur-
rent fluctuations were recorded on a VTR tape recorder.
For analysis, the records were taken from a VTR tape,
filtered at 300-1kHz, and digitized by a 12 bit A/D
converter at an appropriate sampling rate. Analysis was
carried out using a microcomputer (PC-9801V, NEC).

3. Results

In previous experiments, we have found that the Ca’*
activating site of the TT K* channels reconstituted into the
bilayers is always at the cis side of the membrane. This
indicates that the TT vesicles insert into the bilayers in
oriented fashion such that the cis chamber corresponded to
the cytoplasmic space and the frans to the extracellular
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Fig. 1. (A) Single channel recordings of the TT Cl~ channel. Applied
voltages are indicated at the left of each trace. Arrows show the baseline
current. (B) Relationship between applied voltage and single channel
current. The slope of the line is the single channel conductance, vy, of 40
pS. The equilibrium reversal potential is 10 mV, corresponding to the
permeability ratio (Pey / Pyonine) Of 2.5.
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space; i.e., the ClI~ channel transferred to the planar
bilayer from the TT membrane always has the same
polarity.

Fig. 1A shows current fluctuations recorded when the
channel was present in the bilayers at the indicated volt-
ages. The channel was slightly voltage-dependent. In the
trace, the open probability, P,. increased from 0.48 to 0.66
when the membrane voltage was raised from —60 mV to
30 mV. From the relationship between membrane voltage
and single-channel current, the single-channel conduc-
tance, vy, of the TT CI™ channel was determined to be 40
pS (Fig. 1B).

The current traces in Fig. 2 show an effect of 9-AC,
which is known as an inhibitor of the voltage-gated Cl1~
channel of the skeletal surface membrane [12], on the TT
Cl1~ channel. In the trace 2A, 200 uM 9-AC was added to
the cis chamber. 10 min after the addition, the channel was
completely inhibited and no resolvable open channel event
was observed. The trace in Fig. 2B is a single-channel
current record taken in the presence of 550 uM trans

A
control

9-AC. The gating behavior of the channel was not affected
at this concentration as long as we observed. However,
trans 9-AC inhibited the channel at a much higher concen-
tration, 10 mM (data not shown).

Stilbene derivatives, DIDS and SITS, are known as
inhibitors of Cl~ channels [13,14]. Fig. 3A shows the
effect of cis DIDS on the single channel current. DIDS
was added to the cis chamber to a final concentration of
50 uM. In this trace, 6 min after the addition of DIDS, the
channel activities were completely inhibited. In Fig. 3B, 50
uM DIDS was added to the frans chamber. 20 min after
the addition, the channel was blocked and no resolvable
open event was observed after that. The effect of DIDS
was irreversible. The channel activity was not restored by
perfusion with fresh buffer. Fig. 4A represents the gating
behavior in the presence of SITS. Addition of SITS pro-
duced channel flickering and a decrease in the single
channel current. In Fig. 4B, a plot of the single channel
current vs. membrane voltage shows that the effect of
SITS was not noticeably voltage dependent and the single
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Fig. 2. Effect of 9-anthracene carboxylic acid (9-AC) on the TT C1~ channel. Current records were made at — 10 mV.
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Fig. 3. Effect of DIDS on the channel. S0 uM DIDS was added to the cis
(A) or the trans (B) chamber. Single channel records were made at — 10
mV.

channel conductance decreased from 40 pS to 20 pS when
25 puM SITS was added to the trans chamber. As shown
in the figure, because the equilibrium reversal potential
was not changed by the addition of SITS, the ionic selec-
tivity, Pe/Popoiine» Was not changed. cis SITS inhibited
the channel in the same manner as trans (data not shown).

Ethacrynic acid is known as a diuretic agent that in-
hibits chloride conductance of the kidney and trachea [15].
The current traces in Fig. 5A illustrate the channel gating
behavior when various concentrations of EA were added to
the cis chamber. In each case, the membrane potential was
held at —15 mV. The TT CI™ channel in the bilayers is
inhibited by increasing cis EA. In the figure, when EA
was raised from O to 100, the open probability, P,,
decreased from 0.57 to 0.01. The half inhibition constant,
ICs,, was determined to be 13 + 3.4 uM (n=3 £ S.D.).

It is reported that several IAA derivatives inhibited C1~
transport of the membrane vesicles from the kidney cortex
and trachea [15]. In this study, we investigated the effects
of the IAA 94 /95 racemate on the TT C1~ channel. Fig. 6
illustrates effect of cis IAA on the TT C1~ channel. The
control record in Fig. 6A shows a single channel current
fluctuation before the addition of the drug. 50 uM IAA
was added to the cis chamber and the solution was stirred.
About 5 min after the addition, the single open current
decreased to 50% of that determined before addition as
shown in the middle trace. When the cis IAA concentra-
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Fig. 4. Effect of SITS on the TT C1~ channel. (A) SITS was added to the
trans chamber. Membrane potential was held at — 15 mV. (B) Relation-
ship between single channel current and membrane voltage in the absence
(@) or the presence (O) of trans 25 uM SITS.
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tion was raised to 100 uM, the open current decreased to
40%. The single-channel conductance, y, was decreased
by cis IAA, whereas the open probability, P,, was not
noticeably affected. Fig. 6B is a blocker-titration curve
constructed from current traces in Fig. 6A. Hill plots were
generated from which a Hill coefficient of 0.80 was deter-
mined at —15 mV. Given one site for IAA binding,
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Fig. 5. (A) Single channel records in the presence of ethacrynic acid
(EA). EA was added to the cis chamber. Displayed recordings were made
at — 15 mV and were from the same bilayer. (B) Effect of EA concentra-

tion on the channel open probability ( P,). The entire plot is constructed
from current recordings shown in (A).
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Fig. 6. (A) Effect of indanyloxyacetic acid (IAA) on the TT C1~ channel.
TAA was added to the cis chamber. The holding potential was — 15 mV.
Base-line current is indicated to the right of each trace. (B) Relationship
between relative single-channel current and IAA concentration. JAA
inhibition fit to a single-site titration curve of the form I/1, =(1+ cis
IAA/Ky) ! with Ky =58 uM.

dissociation constant, K; of 58 uM was determined from
the single-channel current vs. concentration curve.

4. Discussion

We did not completely eliminate contamination of non-
TT vesicle fragments, e.g., sarcoplasmic reticulum mem-
branes. However, when we use TT vesicle suspension,
channel activity characteristic of sarcoplasmic reticulum
have not been observed, while the C1~ channel studied in
this paper was frequently observed. This shows that the
Ci™ channel in this study was not originated from sarco-
plasmic reticulum. Further, it was often observed that the
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Ca’*-dependent K™ channel, which is known to present in
the membrane of TT [16], and the C1~ channel studied in
this paper were incorporated into a lipid bilayer at the
same time. This shows that these channels coexisted in the
membrane of a TT vesicle and the vesicle-bilayer fusion
resulted in two distinct conductances. Accordingly, it is
probable that the C1~ channel studied in the paper was
originated from TT membrane.

Blatz et al. [17,18] reported that there are two types of
Cl™ channel on the at skeletal surface membrane and that
their single channel conductances are 45 pS and 61 pS.
The value of the former is close to that of the C1~ channel
determined in this study. However, the channel of the
surface membrane is strongly voltage-dependent and is
blocked by 9-AC from the extracellular side of the mem-
brane, while the TT Cl™-channel is weakly voltage-depen-
dent and not affected by 9-AC from the trans chamber,
which corresponds to the extracellular space. Therefore,
the TT Cl -channel is thought to be a different type of
channel from that already reported. The channel is classi-
fied as a ‘background type’ of channel that show a signifi-
cant probability of being open at resting potential [19]. It is
supposed that it contributes to the stabilization of the
membrane potential and the rapid recovery of the mem-
brane from the depolarized state to the polarized state.

DIDS, which is known as a blocker of an electric organ
Cl~ channel [14], inhibited the TT Cl -channel from both
sides of the membrane. It suddenly closed the channel gate
without a preceding change in the gating rate, and it
usually exerted its effect 5~20 min after the addition. On
the other hand, SITS, a structure close to DIDS, increased
the gating rate concentration-dependently immediately af-
ter addition to the chamber. It also reduced a single
channel conductance, vy, as shown in Fig. 4. At 25 uM,
SITS decreased the single-channel open peak current to
one-half of its value measured without the drug. A Cl™-
channel of an electric organ, a so called double-barreled
Cl™-channel [20]}, is reported to be reduced in single-chan-
nel conductance to 1/2 by DIDS. It is thought that this
effect results from blocking of one of the two ‘proto-chan-
nels’ which open and close independently. However, the
TT Cl -channel is not double barreled judging from its
single-channel current records; therefore, the reduction of
v of the channel by SITS is thought to occur in a distinctly
different way from that of the electric organ channel. It is
presumed that the gating rate was increased much faster
than the resolution rate of our recording system, and the
resulting current was thus apparently reduced.

Landry et al. [15] reported that several IAA derivatives
inhibited the Cl™-channel activity of the kidney and tra-
chea, and they succeeded in purifying the channel proteins
by affinity chromatography on Sepharose 4B coupled to
IAA [21]. Recently, Weber-Schurholz et al. {5] found that
specific binding proteins of IAA exist in the skeletal outer
membrane. IAA has a structure analogous to that of EA. It
is interesting that an addition of these reagents results in a

different type of effect on the channel despite the structural
resemblance. EA decreased the open probability, P,, with-
out affecting the single channel conductance, y, whereas
TAA reduced y without affecting P,. A common struc-
tural part of these reagents may bind to the channel, and
different parts contribute to the different effects. IAA and
EA are thought to be effective in identifying the TT
channel protein.
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