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Summary. An anion channel of sarcoplasmic reticulum vesicle
has been incorporated into planar lipid bilayers by means of a
fusion method and its basic properties were investigated. Analy-
sis of fusion processes suggested that one SR vesicle contained
approximately one anion channel. The conductance of this chan-
nel has several substates and shows a flickering behavior. The
occupation probability of each substate was voltage dependent,
which induced an inward rectification of macroscopic currents.
Further, the anion channel was found to have the following prop-
erties. (1} The single-channel conductance is about 200 pS at 100
mM Cl=. (2) The channel does not select among monovalent
anions but SO~ hardly permeates through the channel. (3) SO}~
added to the cis side (the side to which SR vesicles were added)
inhibits Cl- current competitively in a voltage-dependent man-
ner. (4) An analysis of this voltage dependence suggests that the
binding site of SO} is located at about 36% of the way across the
channel from the cis entrance.
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Introduction

Ca?* release and uptake of sarcoplasmic reticulum
(SR) have been studied by many researchers for
understanding the mechanism of excitation contrac-
tion coupling (reviewed by Martonosi, 1984). Asso-
ciated with these investigations it has been shown
that SR membrane is permeable for monovalent cat-
ions and anions (Kasai & Miyamoto, 1976;
Meissner & McKinley, 1976). Although physiologi-
cal role of these pathways for monovalent ions is
not clear, there is a possibility that they make some
contributions to Ca?* release and/or uptake mecha-
nisms. From this point of view it is necessary to
characterize each of them. Permeability of SR
membrane was initially studied by the tracer
method (Kasai & Miyamoto, 1976; Meissner &
McKinley, 1976; Kasai, 1981). However, various
important jions such as Na*, K* and CI~ permeate
so fast that their time courses could not be fol-
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lowed. Although the turbidity method applied to SR
vesicles enabled us to measure fast permeation pro-
cesses comparable with that of water (Kometani &
Kasai, 1978), the data suggested the existence of
faster permeation processes of cations and anions
which could not be followed by these methods (Ka-
sal et al., 1985).

Miller and Racker (1976) made it possible to
measure the current through channels in SR vesi-
cles by an incorporation of them into planar bilay-
ers. This method allows us to measure faster perme-
ation processes and to observe single-channel
behaviors in SR vesicles. Miller (1978) found that
the K+ and Cl~ conductances increased with the
incorporation of SR vesicles into planar bilayers,
and that K* current fluctuated between conducting
and nonconducting states which was regarded as
open and closed states of a single channel. He and
his co-workers have studied the properties of K*
channel in detail (Coronado, Rosenberg & Miller,
1980; Labarca, Coronado & Miller, 1980; Coronado
& Miller, 1982). On the other hand, little is known
concerning the CI~ current induced by SR vesicles.
In this paper, to characterize the Cl~ channel of SR,
we have studied the Cl~ current in detail. We made
clear the single-channel behavior and basic channel
properties, such as voltage dependence, ionic selec-
tivity, and conductance-concentration relationship.
We also found that SO;~ having low conductance
blocked the channel in an asymmetric and a volt-
age-dependent manner. Although the physiological
function of the channel is not known at present, our
results should contribute to understanding its role in
SR membranes.

Materials and Methods

BIOCHEMICALS

SR vesicles were prepared from rabbit white dorsal and leg mus-
cle by the method of Miller and Rosenberg (1979) with slight
modification. Muscle was homogenized in 0.18 M sucrose, S mm
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Fig. 1. Time course of conductance increase of planar bilayers
after addition of SR vesicles. Both sides of the membrane con-
tained 100 mM cholineCl, 5 mm HEPES-Tris, pH 7.2, and hold-
ing potential was —50 mV. (4) Cl~ conductance increase in stair-
case fashion. The rising phase of each step reflected fusion of a
single vesicle. In this case five or six vesicles fused with a planar
bilayer sequentially. (B) Single-channel conductance fluctuation
observed after the first vesicle fused. In each trace the ordinate
was graduated for the unit of conductance (200 pS)

HEPES-KOH, pH 7.5. The homogenates were adjusted to pH
7.0 with KOH, and were centrifuged at 900 X g for 7 min. The
supernatant was centrifuged at 9,000 x g for 12 min and its
supernatant was centrifuged at 53,000 x g for 60 min. The pellet
was suspended in 0.4 M sucrose, S mmM HEPES-KOH, pH 7.5,
and the suspension was centrifuged at 5,000 X g for 10 min. The
supernatant was then centrifuged at 53,000 X g for 60 to 90 min
and the pellet was suspended in 0.4 M sucrose, 5 mm HEPES-
KOH, pH 7.5, to a protein concentration of 25 to 50 mg/ml. This
preparation was stored in small aliquots at —70°C.

Asolectin (Type II-S) used for artificial planar bilayers was
purchased from Sigma Chemical Co., USA. This Asolectin al-
ready contained some amounts of anionic lipids which were nec-
essary for the SR vesicle fusion with bilayers. Other reagents
were commercial products of analytical grade. CholineClO,,
choline,SO,, and Tris,SO, were prepared by neutralization of
base solutions with acid solutions.

ELECTRICAL

Planar bilayers were formed by the method of Mueller and Rudin
(1969). Asolectin solution (14.7 mg/ml in n-decane) was applied
to a hole (about 500 um in diameter) on a polypropylene or
polystyrene partition which divided a polyvinylchloride trough
into two aqueous chambers. Each chamber was filled with about
4 ml of buffer solutions. Detail of the system was almost the
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Fig. 2. Histogram of conductance height of fusion steps. Con-

ductance increases caused by SR vesicle fusion were measured

as in Fig. 1 for 70 fusion events

same as Miller’s (Miller & Rosenberg, 1979). The solutions used
were composed of choline®, Li*, or Tris* salt of various anions
buffered with 5 mm HEPES-Tris, pH 7.2. These solutions were
chosen to avoid the contamination of cation conductance (Cor-
onado et al., 1980; Coronado & Miller, 1982).

Each chamber was connected to an Ag/AgCl electrode via a
glass salt bridge, and the electrical conductance of planar bilay-
ers was measured by a current-to-voltage converter under voit-
age-clamp conditions. Experiments were carried out at room
temperature, 25 = 2°C.

FusioN oF SR VESICLES

Fusion of SR vesicles with planar bilayers occurred under appro-
priate conditions, i.e., anionic lipid in the artificial membrane,
Ca?* in aqueous medium, and an osmotic gradient across SR
membranes (Miller & Racker, 1976). After thinning of the mem-
brane, CaCl, (1 to 4 mM final concentration) and SR vesicles (10
to S0 mg/ml final concentration) were added with stirring to one
side of the membrane. Within a few minutes the membrane con-
ductance began to increase in discrete steps which reflected fu-
sion of SR vesicles with the planar bilayer. Allowing enough time
to pass, fusion would stop as the dissipation of osmotic gradient
across SR vesicles, and the membrane conductance reached a
constant value defined as the ‘‘macroscopic level.”” Single-chan-
nel currents were measured by controlling the amount of Ca?*
and/or SR vesicles added so as to decrease fusion events. The cis
side of the membrane was defined as the side to which SR vesi-
cles were added; and the frans side was defined as the opposite
side. The voltage across the membrane was defined with respect
to the trans side.
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Fig. 3. Single-channel current traces at
different voltages. (A) Current fluctuations
recorded at the holding potential of either
+50 or —50 mV, with a symmetrical
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Results

INSERTION OF ANION CHANNELS

Figure 1(A) shows a typical conductance increase
caused by SR vesicle fusion with a planar bilayer in
100 mm cholineCl buffer. Since K* channels of SR
vesicles do not carry choline® (Coronado & Miller,
1982), the conductance increase should be the result
of SR vesicles fused with a planar bilayer containing
Cl~ channels. In fact, as shown later, a reversal
potential measurement confirmed that the current
was carried by Cl~. The conductance increased in
discrete steps, each of which seems to correspond
to the fusion of a single vesicle. Since each step did
not show the same size, individual vesicles seem to
contain different numbers of C1~ channels. The step
size in Fig. 1(A) suggests that there exists a unit size
conductance, 200 pS. Figure 2 shows a histogram of
conductance height up to 500 pS. The distribution
of conductance step has two well-defined peaks.
One peak has the amplitude of about 200 pS, and
the other had twofold amplitude, 400 pS. In the case
of conductance steps higher than 500 pS, the size
had amplitudes of integral multiples of 200 pS, while
peaks having amplitudes between the multiples or
lower than 200 pS were hardly observed. From
these results, we can conclude that the unit step
size corresponds to the single-channel conductance
of the Cl~ channel, about 200 pS at 100 mm Cl-.
The mean number of channels in a single vesicle
can be estimated from the analysis of fusion pro-
cesses. The histogram of conductance height of fu-
sion steps shows that the peaks are seen at 200 and
400 pS (Fig. 2). The events which fell in the range of
100 to 300 pS and those in the range of 300 to 500 pS
were counted as the vesicles containing one channel

T

conductance, pS

deflection. (B) Amplitude histograms
obtained from the traces. Conductance is
shown at the abscissa and the height
represented the occupation frequency of
each conductance level in arbitrary units.
At least five peaks shown by arrows could
be discriminated in this case, and their
occurrence at two voltages were different

10t 1 1200

and those containing two channels, respectively.
Assuming the Poisson distribution of the number of
channels in each vesicle, we obtained 0.69 for the
mean number of channels in a single vesicle.

On decreasing the amount of Ca?* and/or SR
vesicles applied, the conductance fluctuations fol-
lowing a single vesicle fusion could be observed, as
shown in Fig. 1(B). Some conductance levels and
rapid disruption of conductance were observed.
The fluctuation which has a maximum conductance
of 200 pS was regarded as a single-channel current
fluctuation (fluctuation of the single channel itself).
The single-channel current fluctuations showed
voltage dependence as shown in Fig. 3(A). Figure
3(B) shows the histogram of the current fluctua-
tions. The current fluctuation has two well-defined
features: (1) existence of several states which have
different conductance levels, and (2) rapid disrup-
tion of current. At least four sublevels can be dis-
criminated between open and closed states in this
case. Unfortunately, since the number and ampli-
tude of sublevels were variable from membrane to
membrane, we could not determine the precise na-
ture of the substates. The reasons why the distribu-
tion of conductances in Fig. 2 did not fit to a sum-
mation of two Gaussian distributions and the peaks
shown in Fig. 2 were not so sharp may be attribut-
able to the existence of sublevels.

VOLTAGE DEPENDENCE

As shown in Fig. 4, the maximum current through
the single channel is a linear function of potentials,
but macroscopic current becomes sublinear in a
positive potential region. Figure 3 shows that the
maximum current is almost the same at —50 and
+50 mV, but that the occupation frequency of each



106
107 /
S8
/
o e
n S
— /A
- 1’
— / o
- A hd
g /
20571 / o
A ’ Y
3 e
(%) /2 [
o /
R <
— )
L]
hd
-30 R . .
— + + + + + + )
+50

voltage, mV

o T '0.5

lao

Fig. 4. Current-voltage relationships for single-channel currents
and for macroscopic currents. Both sides of membrane con-
tained 100 mM cholineCl, 5 mm HEPES-Tris, pH 7.2. Relative
current indicates I/1_s, where I is the current at the holding po-
tential and I_s, is that at —50 mV. Macroscopic currents (@).
Maximum current (A) and time-average current (O) obtained
from single-channel recordings

substate is quite different at —50 and +50 mV. The
occupation frequency of relatively large substates
at —50 mV decreases at +50 mV. This implies that
the voltage dependence of macroscopic current is
originated from the voltage dependence of occupa-
tion probability of sublevels in the single channel.
Actually, the time-averaged current through the sin-
gle channel at respective potentials well predicts the
voltage dependence of the macroscopic current
(Fig. 4).

IoN SELECTIVITY

Selectivity for anion over cation was estimated with
reversal potential measurement under asymmetric
concentration of LiCl. Using 300 and 100 mm LiCl
in a cis and a trans chamber, the single-channel
currents were reversed at +20 mV. From this value
the permeability ratio of Li* to Cl~ was estimated
by the Nernst equation to be 0.15. Selectivity
among anions were estimated from conductance ra-
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Fig. 5. Single-channel conductance fluctuations in various an-
ions. Channel fluctuations were recorded with symmetrical solu-
tion containing anions indicated by each trace (in millimolar con-
centration). The solid line in each trace indicates the
zero-current level. Holding potential was +50 mV for all traces

tios and permeability ratios obtained from single-
channel conductance and reversal potential under
bi-ionic conditions. Figure 5 shows fluctuations of
single-channel conductance in symmetrical solu-
tions of 100 mmM Cl-, NO;3, Br—, I-, ClOys, and 50
mM SO3~. Two common features of the current
fluctuations, sublevels and flickering behavior, can
be seen, while the amplitude of single-channel con-
ductances is different among those anions. Al-
though the single-channel conductance for Cl- was
estimated only from fusion steps in Fig. 1, here the
single-channel conductance will be estimated more
precisely. The conductance of planar bilayer itself
was estimated from the lowest current level at +50
mV where the channel could be regarded as being at
the completely closed state. The difference of con-
ductances between maximum and minimum levels
was employed as the single-channel conductance.
The single-channel conductance for Cl- was calcu-
lated to be 198 pS (100 mm C17), which was consis-
tent with the value obtained from the fusion steps in
Fig. 1.

Permeability ratios for various anions versus
C1- were obtained from reversal potentials accord-
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Fig. 6. Conductance-concentration relationship. Conductances
obtained from the single channel (@) and macroscopic (O) mea-
surements were normalized with the values at 100 mM cholineCl.
Single-channel conductances were obtained from the fusion
height in symmetrical solutions indicated on the abscissa. Mac-
roscopic conductances were measured by adding the appropriate
amount of cholineCl to both sides of the membrane. All sets of
points were obtained from a single membrane. Each solution also
contained S mM HEPES-Tris, pH 7.2 and 1 to 4 mM CaCl, on the
cis side. Holding potential was —50 mV. The curve was drawn
according to Eq. (1), where K, = 265 mM and gpmay is 3.50-fold of
the conductance at 100 mMm CI~. These values were determined
by the method of least squares for the data above 50 mm Cl~

ing to the Goldman equation. The reversal poten-
tials, at which the direction of the currents reversed,
were obtained from macroscopic and microscopic
measurements under bi-ionic conditions. In the Ta-
ble, single-channel conductances, their ratio versus
the single-channel conductance of Cl-, and the per-
meability ratios are summarized. Both single-chan-
nel conductance ratio and permeability ratio of
monovalent anions were almost the same. It is also
shown that monovalent anions are almost equally
permeable, but SO~ is quite less permeable.

CoNDUCTANCE-CONCENTRATION RELATIONSHIP

Figure 6 shows the conductance-concentration rela-
tionships of Cl~ conductance. Conductances were
measured at symmetric Cl- concentrations except
that the cis solution contained 1 to 4 mm CaCl,. At
Cl~ concentrations lower than 50 mM, CaCl, in the
cis side should have some contribution on the con-
ductances, and the conductances might be overesti-
mated at the holding potential of —50 mV where CI~
flows from the cis side to the trans. At concentra-

107
Table. Selectivity of SR anion channel?
lon(X™) ¥x (pS) yxlva Px/Pg
Cl- 198 1.0 1.0
NO3 208 1.1 1.3
Br- 209 1.1 1.2
I- 179 0.9 —
ClOy 140 0.7 1.2
SO 15 0.08 0.04

2 Single-channel conductances yy were determined from differ-
ences between maximum and minimum conductance levels as in
Fig. 4. The ratios of single-channel conductances yy/yc were
calculated from the average values of single-channel conduc-
tances. Reversal potentials were measured at asymmetric ionic
compositions, that is, 100 mM X~ (or 90 mm X~ and (0 mm C17)
on one side of the membrane and 100 mm Cl~ (90 mm Cl- and 10
mM X -) on the other side. Exceptionally in the case of SO}, 50
mMm SO3™ on one side of the membrane and 100 mm Cl- on the
other side were used. The permeability ratios, Px/P¢, were cal-
culated from reversal potentials according to the Goldman equa-
tion. In all experiments, Li*, Tris* and/or choline* were used as
counter-ions of salt solutions. The mean values obtained from at
least two membranes are shown here except the single-channel
conductance of NOj, I, and SO; ™, which were obtained from
single membranes.

tions above 50 mM Cl~ the data could be fitted with
a simple saturation curve,

g=—" (1)

where K, is the dissociation constant for C1-, and
Zmax 18 the maximum conductance (Fig. 6). Their
values obtained by curve fitting were: K; = 265 mM
and guax 1S 3.50-fold of the conductance at 100
mm CI™.

SO}~ INHIBITION

Since the permeability for SO;™ is quite low, as seen
in the Table, it was expected that SO3~ could inhibit
the Cl- current. As shown in the inset of Fig. 7,
when SO2™ was added to the cis side at the holding
potential of —50 mV, the single-channel current of
CI- was actually inhibited. The effect of SO5~ was
immediate and reversible (data not shown). On the
contrary, no inhibition was observed when SO3~
was added to the frans side at the holding potential
of either —50 or +50 mV.

Figure 7 shows the inhibition of conductance by
SO}~ at several Cl~ concentrations. The inhibition
depended on the Cl- concentration. Higher concen-
trations of SO}~ were required to get the same ex-
tent of inhibition at higher concentrations of Cl~. To
analyze these data, a competitive inhibition model
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Fig. 7. Inhibition of Cl- current by SOZ". Relative CI- conduc-
tances, normalized with the value obtained without SO, were
plotted against SO3~ concentrations. The aqueous solutions con-
tained 100 mM (@, #), 200 mMm (O), and 500 mM (A) of cholineCl
and 5 mm HEPES-Tris, pH 7.2 in both sides of the membrane.
Either Li,SO, or choline,SO, was added to the trans side (H) or
the cis side (@, O, A). Significant difference could not be found
whether cholineCl or LiCl were used. Holding potential was —50
mV for the addition of SO~ to the cis side and +50 mV for that
to the trans side. Furthermore, no effect was also observed at
—50 mV for the addition to the trans side. The continuous curves
were drawn according to Eq. (2) using the value of K, obtained
from Fig. 8. The trace of single channel shows the effect of 10
mM Li,SO,4 added to the cis solution. A horizontal line in the
trace represents zero-current level. It can be seen that conduc-
tance levels of substate with SO~ are lower than those without
SOZ". This implies that SO; ™ inhibits the conductance of sublev-
els as well as the maximum conductance, and our precise analy-
sis shows their rates of inhibition are equal (data not shown)

by SOi was considered. Neglecting the contribu-
tion of SO}~ current, the conductance in the pres-
ence of SO3 ™ is given by

80

g (SO1] (2)

1+

Kapp

where g is the conductance without SO; ™, and K,y
is the apparent dissociation constant for SOj.
When the reciprocals of the conductances are plot-
ted against the SO~ concentrations, linear relations
were obtained except for the data at 100 mm CI-
(Fig. 84). In the case of 100 mMm CI~ the data were
not fitted with a straight line. Probably the SOj~
current was not small enough to neglect compared
with the CI~ current at such low Cl~ concentra-
tions. If we assume that Cl~ conductance saturates
according to Eq. (1) and the competition between
SO;™ and ClI~ occurs at the C1~ binding site, Koy is
given by
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Fig. 8. Reciprocal plots of relative conductances versus SO3~
concentration. (4) The reciprocal of relative conductances, g/gq,
obtained in Fig. 7 were plotted against SO}~ concentrations. Cl-
concentrations were 100 mMm (@), 200 mM (O), and 500 mM (A).
Solid lines were drawn according to Eq. (2). The slope, the recip-
rocal of K, of each line was determined by the method of least
squares for all data except the case of 100 mm CI~. The slope for
100 mM CI- was calculated from the data below 30 mm SO, (B)
The K,,, obtained from (A) were plotted against C1~ concentra-
tions. The solid line was drawn according to Eq. (3). The inter-
cept and the slope of the line were determined by the method of
least squares and the dissociation constant for CI~ K; = 87.2 mm,
and the dissociation constant for SO}~ K, = 10.2 mM, were ob-
tained

2

Kapp = K2<1 + K,

©)

where K is the dissociation constant for C1~ and K,
is the dissociation constant for SO3™. The values of
K., were obtained from the slopes in Fig. 8(A) and
were plotted as a function of CI~ concentrations in
Fig. 8(B). The data were fitted with a straight line
and K, and K, are obtained to be 87.2 and 10.2 mM,
respectively. If the noncompetitive inhibition oc-
curred, the slope should be constant for any con-
centrations of Cl~. Thus the result precludes such a
possibility.

Another aspect of the SOz inhibition was its
voltage dependence. The inhibition by SO; ™~ at neg-
ative voltage was recovered when the voltage was
turned to positive value (Fig. 9 inset). As shown in
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Fig. 9. Voltage dependence of SO}~ blockade. Macroscopic cur-
rents were plotted against voltages. Choline,SO, was added to
the cis side. Both sides of the membrane contained 100 mm cho-
lineCl, 5 mm HEPES-Tris, pH 7.2. Currents were normalized
with the current at —50 mV before adding choline,SO,. The con-
tinuous curves were drawn by eye. Concentrations of cho-
1ine,SO, were 0 mm (@), 10 mMm (O), and 60 mM (A). Single-
channel recordings of SO;~ blockade at —50 and +50 mV are
shown in the inset. Additions of 30 mm Li,SO, to the cis side
were shown by arrows. Horizontal lines in the trace represent
zero-current level. Holding potentials are given in the trace

Fig. 9, the inhibition of macroscopic current was
dependent on the applied voltage when a small
amount of SO3~ was added to the cis side. At nega-
tive voltages SO; blocked strongly the Cl1~ current,
but at positive voltages SO~ was less effective on
the CI~ current. Although there is no unique inter-
pretation for this behavior, the simplest one as-
sumes that a blocking ion moves part of the way
across the membrane to form a blocking complex.
In such a condition, the electrical field acting on the
charged ligand would contribute to the standard
free energy of the binding reaction. Thus, K,p,(V),
the dissociation constant for the SO}~ binding reac-
tion, should vary exponentially with the voltage ac-
cording to

ZSFV) @)

Kapp(V) = Kapp(o) exXp <_ RT
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Fig. 10. Linearized plot of voltage dependence of SO3™ block-
ade. Macroscopic conductance was measured at various volt-
ages when 10 mM choline,SO, was added to the cis side. Both
sides of the membrane contained 100 mm cholineCl, 5§ mm
HEPES-Tris, pH 7.2, go/g — 1 was plotted against the voltage
according to Eq. (5), where g; and g were the conductance be-
fore and after the addition of SO3". The solid line was drawn
according to Eq. (5) using K,,,(0) = 53 mm and & = 0.36, which
were obtained by the method of least squares for the data. The
other two curves were drawn according to Eq. (6), assuming that
the values for 5(0)/4(0), K,;(0) and & are 0.1, 34 mm and 0.36
(-———) and 0.04, 42 mM and 0.36 (———— ), respectively

where K,;,(0) is the apparent dissociation constant
at zero voltage, 8 is the fraction of the total electri-
cal potential drop across the membrane found at the
SO;™ binding site, z is the valency of the blocking
ion (in this case z = —2), and F, R, and T have the
usual meaning. Combining Eq. (2) and Eq. (4), we
obtain

o) w2

According to this equation a plot of In(ge/g — 1) vs.
voltage should give a straight line. As shown in Fig.
10, the data were fitted with a straight line in the
range from —50 to +10 mV, and we could obtain §
= 0.36 and K,,,(0) = 53 mm. Thus, assuming a con-
stant intramembrane electrical field, we suggest that
the site of SO~ binding is about 36% of the way
across the channel from the cis entrance.

The experimental data, however, show slightly
low values from the straight line at —50 mV. Proba-
bly these deviations might arise from the penetra-
tion of SOy ions to the frans side at negative volt-
ages. In such a case, the following scheme can be
postulated.
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where X represents the site for SOF . From this
scheme we could obtain the following equation
(Woodhull, 1973):

£ ZSF[‘;SOi_] k:(0) Fvg- (0)
3 Kupp(0) €xp (7 o ){ B <_ﬁ)}

Assuming that the values of £,(0)/k;(0), K,p,(0) and
6 are 0.1, 34 mmM and 0.36 (for the upper dotted
curve) and 0.04, 42 mm and 0.36 (for the lower dot-
ted curve), respectively, a better fit than the straight
line could be obtained as shown in Fig. 10.

Discussion

It has been shown that SR membranes are highly
permeable for Cl~ as well as K+ (Kometani & Ka-
sai, 1978). However, it is difficult to measure such
Cl~ permeation processes directly by the conven-
tional photometric methods. In this paper we could
study the Cl- permeation process at the single-
channel level by using the bilayer technique. It has
become apparent that the SR membrane contains an
anion channel with a large conductance and weak
selectivity; the single-channel conductance is about
200 pS in 100 mm Cl-.

SUBSTATES AND FLICKERING EVENT

Single-channel recordings showed that the current
fluctuation of the anion channel has two character-
istics: existence of four or five substates and flicker-
ing behavior. It is possible that these sublevels re-
flect the number of different or same kind of
channels incorporated into the planar bilayer at one
time. If so, we could observe current fluctuations
corresponding to each of such channels. But this
was not the case for the anion channel of SR. Re-
cently, several reports have shown the existence of
anion channels having substates and flickering be-
havior (Gray, Bevan & Ritchie, 1984; Nelson, Tang
& Palmer, 1984; Krouse, Schneider & Gage, 1986).
These studies also pointed out the large single-chan-
nel conductance and weak selectivity of the chan-
nels. There seemed to be a class of large conduc-
tance and weak selectivity anion channels having
substates and flickering events.
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VOLTAGE DEPENDENCE AT MACROSCOPIC AND
SINGLE-CHANNEL LEVEL

Voltage dependence of the SR anion channel was
inconsistent with that studied by Miller in his early
work with bilayers (1978). He described the voltage
independence of macroscopic Cl- conductance. On
the contrary, we found that the increase of macro-
scopic CI~ current was less than that expected from
linearity at positive potentials. This result was con-
firmed by the observation of voltage-dependent oc-
cupation frequency of substates of single anion
channels. The most frequently observed sublevels
were different at —50 and +50 mV, and the time-
averaged single-channel currents were consistent
with the macroscopic current-voltage relationship
(Figs. 3 and 4). Thus it is concluded that the channel
has obvious voltage-dependent property.

EFFECT OF SO} ON THE ANION CHANNEL

We found that SO~ hardly permeated through the
channel in contrast to monovalent anions, and that
cis SO3™ inhibited C1- current (Fig. 7). Since trans
SO3~ did not affect the C1~ conductance, effects of
ionic strength difference and a surface potential
change produced by the addition of SO3~ were ne-
glected. Precise study of SO3™ inhibition of Cl~ cur-
rent shown in Fig. 8 led us to the conclusion that
SOj~ blocks the channel with a single-site competi-
tive blocking model; SO3™ enters the channel from
the cis side, binds to the Cl~ binding site, prevents
the binding of CI~ to the site, and consequently
blocks the movement of Cl~ through the channel as
long as it occupies the site. The fact that no block-
ade was observed from the trans side indicates
asymmetric configuration of the channel. Further-
more the analysis of voltage-dependent blockade
shows that the site exists at 36% of the way across
the channel from the cis entrance (Fig. 10).

In the above discussion, SO}~ current was ne-
glected because of its low permeability. But actually
SOj™ could permeate through the channel a little
and its current caused the deviations from the
straight lines both in Fig. 8 and Fig. 10. The analysis
of SO%™ blockade, as well as the saturation experi-
ment, revealed the single occupancy for Cl-, but the
dissociation constant for Cl- was approximately
three times smaller than that obtained from the sat-
uration experiment (Fig. 6 and Fig. 8). One possible
reason for this discrepancy may arise from the sur-
face potential produced by anionic lipid in planar
bilayers. In a low salt concentration range surface
potential of bilayers should lower the salt concen-
tration at membrane-solution interface. In the case
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of SO; blockade, as the experiments were done at
relatively high Cl~ concentration (2 100 mm), such
effect should not be significant. However, the shape
of the curve in the saturation experiment at 0 to 50
mM Cl- concentration produces significant change
of the dissociation constant. As a result the value
obtained from the saturation experiment might be
overestimated.

DEeNsITY OF THE CHANNEL IN SR VESICLES

To suggest the functional role of the anion channel,
it is important to know the density of the channels
and their distribution in SR membrane. The mean
number of the anion channel in a single vesicle was
estimated to be 0.69 from the analysis of fusion
steps by assuming the Poisson distribution and the
equal probability of fusion. It has been estimated
that a single vesicle contains about four hundred
pump proteins (Martonosi, 1984) and at least ten K*
channels (Labarca et al., 1980). These numbers of
ion channels are consistent with the observation in
the reconstitution experiments (1.4 anion channels
and 19 cation channels per vesicle, Morimoto and
Kasai, 1986). Further, a fluorescence quenching ex-
periment also suggested the small number of anion
channels per vesicle (Nunogaki & Kasai, 1984). Re-
cently, we observed similar Cl~ channels in the
heavy fraction of SR vesicles. Thus the Cl- chan-
nel, as well as the pump proteins, is probably the
common channe!l in the SR membrane.
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