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Abstract. We have characterized a voltage-sensitive 
chloride channel from cardiac sarcoplasmic reticulum 
(SR) following reconstitution of porcine heart SR into 
planar lipid bilayers. In 250 mM KC1, the channel had a 
main conductance level of 130 pS and exhibited two 
substrates of 61 and 154 pS. The channel was very se- 
lective for C1- over K + or Na + (PK+/Pcl- = 0.012 and 
P~a+/Pcl- - 0.040). It was permeable to several anions 
and displayed the following sequence of anion perme- 
ability: SCN- > I-  > NO 3 - Br- > C1- > F- > HCOO-. 
Single-channel conductance saturated with increasing 
C1- concentrations ( K  m = 900 mM and Ymax = 488 pS). 
Channel activity was voltage dependent, with an open 
probability ranging from -1.0 around 0 mV to -0.5 at 
+80 inV. From -20  to +80 mV, channel gating was 
timeqndependent. However, at voltages below -40  mV 
the channel entered a long-lasting closed state. Mean 
open times varied with voltage, from -340 msec at -20  
mV to -6  msec at +80 mV, whereas closed times were 
unaf fec ted .  The channe l  was not Ca2+-depen - 
dent. Channel activity was blocked by disulfonic stil- 
benes, arylaminobenzoates, zinc, and cadmium. Single- 
channel conductance was sensitive to t r a n s  pH, ranging 
from -190 pS at pH 5.5 to -60  pS at pH 9.0. These 
characteristics are different from those previously de- 
scribed for C1- channels from skeletal or cardiac mus- 
cle SR. 
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Introduction 

In heart, as in skeletal muscle, contraction is triggered by 
a rapid increase in intracellular free calcium concentra- 
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tion. This transient rise in calcium is initiated by a de- 
polarization of the surface membrane which leads to cal- 
cium release from the sarcoplasmic reticulum (SR), dur- 
ing the excitation-contraction (E-C) coupling process. In 
heart muscle, SR Ca 2+ release depends on the influx of 
extracellular calcium through L-type calcium channels 
(Fabiato, 1983). In contrast, skeletal muscle E-C cou- 
pling is independent of extracellular calcium, and is 
thought to occur by a mechanical coupling mechanism 
involving a direct interaction between L-type calcium 
channels and calcium-release channels located in the SR 
(Rfos & Pizarro, 1991). In both types of muscle, re- 
leased calcium then activates the contractile proteins of 
the myofibrils. Muscle relaxation occurs when calcium 
is pumped back into SR through a Mg2§ Ca 2§ 
ATPase. 

In addition to being permeable to calcium, the SR 
membrane also allows the movement of small monova- 
lent ions, including K +, Na +, H +, and CI- (Miller, 1978; 
Meissner & McKinley, 1982; Meissner, 1983). Al- 
though a physiological role for these permeation path- 
ways is not clear, it has been proposed that they permit 
rapid ionic movements across the SR membrane to 
counter electrogenic calcium fluxes during calcium re- 
lease and uptake (Meissner, 1983; Garcia & Miller, 
1984). Miller (1978) first reported the observation of 
single K + and CI- channels from SR after incorporation 
of SR vesicles into planar lipid bilayers. 

Since this first report, several SR CI- channels from 
skeletal and cardiac muscle have been identified after 
reconstitution of SR into bilayers or in direct patch clamp 
studies. Tanifuji, Sokabe, and Kasai (1987) reported a 
skeletal SR CI- channel with a conductance of 200 pS in 
100 naM CI-. Rousseau, Roberson, and Meissner (1988) 
reported a smaller CI- channel, 95 pS in 260 mM CI-, 
from skeletal muscle. Palade and coworkers used a di- 
rect patch clamp technique to study SR channels and 
observed large, voltage-sensitive C1- channels (505 pS in 
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Table 1. Membrane marker analysis 

C. Townsend and R.L. Rosenberg: Cl- Channel from Cardiac SR 

Membrane SERCA-2 immunoreactivity Ryanodine binding Na+/K + ATPase activity CI- channel incorporation 
preparation (% maximum) (pmol/mg) (p.mol/mg/min) (% of experiments) 

Sarcolemma 51.08 0.177 3.237 29.0 
SR I 100.00 2.044 0.215 52.5 
SR II 48.11 0.822 0.027 22.0 

Values for SERCA-2 immunoreactivity, ryanodine binding, and Na+/K + ATPase assays are from one membrane preparation. Values for channel 
incorporation are from 3 preparations. SR I, light sarcoplasmic reticulum fraction; SR II, heavy sarcoplasmic reticulum fraction. 

200  mM C1-) f r o m  skele ta l  m u s c l e  SR (Hals,  Stein,  & 

Palade,  1989). R o u s s e a u  (1989)  r epor t ed  the  obse rva -  

t ion  o f  CI -  c h a n n e l s  f rom cardiac  SR. These  c h a n n e l s  

h a v e  a c o n d u c t a n c e  o f  55 pS in 260  n ~  C I -  and  are 

s e n s i t i v e  to  m e m b r a n e  v o l t a g e .  L a r r a l d e  a n d  N a s i  

(1989)  desc r ibed  the  proper t i es  of  a 140 pS C1- channe l  

(in 200  rnM CI-)  f r o m  toad  ske le ta l  m u s c l e  SR. In addi-  

t ion,  Ide  et  al. (1991)  de sc r ibed  the  pur i f i ca t ion  and  re- 

cons t i tu t ion  of  a 115 pS CI-  c h a n n e l  ( in 300  mM C1-) in 

SR m e m b r a n e s  f r o m  rabb i t  skele ta l  musc le .  M o r e  re- 

cent ly ,  K a w a n o  and  coworke r s  p u b l i s h e d  the  resul t s  o f  

b i l aye r  s tudies  on  a 116 pS C1- c h a n n e l  ( in 500  mM C1-) 

f r o m  ca rd i ac  SR ( K a w a n o  e t  al., 1992;  K a w a n o  & 

Hi raoka ,  1993). This  c h a n n e l  is vo l t age - in sens i t i ve  and  

is r egu la ted  by  p ro te in  k inase  A and  Ca2+-calmodul in .  

W e  n o w  repor t  the  obs e r va t i on  o f  a CI -  c h a n n e l  

f r o m  card iac  SR wi th  charac te r i s t i cs  d i f fe rent  f r o m  those  

o f  p rev ious ly  de sc r ibed  SR an ion  channe l s .  T he  goal  of  

the p re sen t  s tudy was  to desc r ibe  the  b iophys i ca l  and  

p h a r m a c o l o g i c a l  p roper t i es  o f  this  c h a n n e l  af ter  incorpo-  

ra t ion  of  card iac  s a r cop la smic  r e t i cu lum m e m b r a n e s  into 

p l ana r  l ip id  bi layers .  W e  d e t e r m i n e d  its c o n d u c t a n c e  in 

var ious  C1- concen t ra t ions ,  e x a m i n e d  its ionic  select iv-  

ity, vo l tage  dependence ,  and  sens i t iv i ty  to p H  and  vari-  

ous  CI -  c h a n n e l  b lockers .  A p r e l i m i na r y  repor t  of  some  

o f  t h i s  w o r k  h a s  b e e n  p r e s e n t e d  in  a b s t r a c t  f o r m  

( T o w n s e n d  & Rosenbe rg ,  1994).  

Materials and Methods 

was anesthetized, and following a median sternotomy, the heart was 
rapidly excised and placed in ice-cold 0.3 M sucrose. All following 
steps were done at 4~ The entire ventricle (-100 g) was trimmed of 
large fatty deposits, minced, and homogenized in 10 volumes of (in 
raM) 0.3 sucrose, 0.5 EDTA, 20 Tris-Hepes, pH 7.4, containing a 
mixture of protease inhibitors (100 nM aprotinin, 2 gM leupeptin, 1 gM 
pepstatin A, 1 mM benzamidine, 1 mM iodoacetamide, and 0.2 m/vI 
PMSF) in a Waring blender (2 bursts of 30 sec). The homogenate was 
centrifuged for 20 min at 5,000 rpm in a GSA rotor (3,600 x gma• 
The resulting supernatant was filtered through two layers of cheese- 
cloth and centrifuged for 60 min at 33,000 rpm in a Beckman 45 Ti 
rotor (122,000 x gmax)' After resuspension of the pellets in 60 ml of 0.6 
M KC1, 0.1 rnM MgC12, 0.1 rnM EGTA, 50 gM CaC12, 10 mM K-Pipes, 
pH 7.0 containing 1 gM leupeptin and 0.2 mM PMSF, membranes were 
placed at the top of a discontinuous sucrose gradient (20, 30, and 40% 
w/w sucrose in the 0.6 M KC1 buffer described above) and centrifuged 
overnight at 26,000 rpm in a SW28 rotor (126,000 x gmax)" Mem- 
branes at the 20-30% and 30-40% sucrose interfaces (light and heavy 
SR, respectively) were collected, diluted with 2 volumes of deionized 
water, and sedimented by centrifugation for 45 rain at 33,000 rpm in a 
Beckman 45 Ti rotor (120,000 x gmax)" The resulting pellets were 
resuspended in 0.3 M sucrose, 10 mM K-Pipes, pH 7.0, frozen in liquid 
nitrogen, and stored at -80~ for up to 6 months. 

PREPARATION OF CARDIAC SARCOLEMMAL MEMBRANES 

Porcine hearts were obtained from animals killed at a local slaughter- 
house. Membranes were prepared from left ventricular muscle by ho- 
mogenization, differential centrifugation and a one-step sucrose density 
gradient fractionation as described (Rosenberg, Hess, & Tsien, 1988). 
These membranes were frozen in liquid nitrogen and kept at -80~ for 
up to 6 months. 

CHEMICALS AND SOLUTIONS 

1-Palmitoyl-2-oleoyl-phosphatidylethanolamine and 1-palmitoyl-2- 
oleoyl-phosphatidylserine were from Avanti Polar Lipids (Alabaster, 
AL). Leupeptin, pepstatin A, PMSF (phenyl methyl sulfonyl fluoride), 
and aprotinin were from United States Biochemical (Cleveland, OH). 
DNDS (dmitrostilbene disulfonic acid) was from Pfalz and Bauer 
(Waterbury, CT). NPPB was kindly provided by Dr. R. Greger 
(Freiburg, FRG). Stocks solutions of DNDS and NPPB were prepared 
in dimethylsulfoxide. All other chemical were from Sigma Chemical 
(St. Louis, MO). 

PREPARATION OF CARDIAC SARCOPLASMIC 

RETICULUM MEMBRANES 

Cardiac SR membranes were prepared from pig left ventricle as de- 
scribed (Anderson et al., 1989; Darling, Lai, & Meissner, 1992). A pig 

MEMBRANE MARKER ANALYSIS AND 

CHANNEL LOCALIZATION 

C1- channels were reconstituted from the two membrane preparations 
described above. In our initial experiments, the sarcolemmal mem- 
brane preparation was used. Because C1- channels were readily incor- 
porated into brayers from these membranes, we initially thought that 
they were located at the cell surface (Townsend & Rosenberg, 1994). 
However, although our sarcolemmal membrane preparation was highly 
enriched in surface membrane markers (e.g., -80-fold enrichment in 
Na+/K + ATPase activity over crude homogenate), membrane marker 
analysis showed that it did contain some SR membranes (Table l). 
SERCA-2, the Ca2+-ATPase that is localized in the cardiac SR, and 
ryanodine receptor (the Ca2+-release channel of the SR) were used as 
markers for SR membranes, and ouabain-sensitive Na+/K + ATPase was 
used as a cell surface marker. SERCA-2 immunoreactivity was as- 
sessed by immunoblot analysis with monoclonal antibodies to 
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SERCA-2 as described (Jorgensen et al., 1988; Waldo et al., 1991). 
To quantify the immunoreactivity, Western blots were first scanned 
with a ScanMaker IIXF scanner (Microtek) and the scanned blots were 
then analyzed with ImageQuant (Molecular Dynamics). Ryanodine 
binding activity was determined as described (Darling et aI., 1992) 
except that the binding reaction was done at 10~ for -15 hr. Ouabain- 
sensitive Na+/K + ATPase activity was determined as described by For- 
bush (1983). Protein concentrations were assayed with a BCA protein 
assay (Pierce, Rockford, IL). 

The results from Table 1 show that the sarcolemma preparation 
contains a substantial amount of SR membranes, as SERCA-2 immu- 
noreactivity was fairly abundant and some ryanodine binding sites were 
detected. Also, fusion of membrane vesicles from the sarcolemma 
preparation occasionally resulted in the incorporation of SR K + chan- 
nels. In addition, C1- channels were observed after fusion of heavy SR 
membranes which are virtually devoid of surface membrane, as the 
Na+/K + ATPase activity for this membrane fraction is very low. Taken 
together, these observations suggest that the channels are located in 
the SR. 

PLANAR LIPID BILAYERS RECORDINGS 

Bilayers composed of a mixture of 20 mg/ml lipids in decane (15 
mg/ml 1-palmitoyl-2-oleoyl-phosphatidylethanolamine, and 5 mg/ml 
1-palmitoyl-2-oleoyl-phosphatidylserine) were formed over a 100 gm 
hole in a polyvinyldifluoride partition. Bilayer formation was moni- 
tored by eye. At the time of bilayer formation, the aqueous solution on 
both sides of the membrane contained 50 mM saline (e.g., KC1), 10 r r~  
HEPES, pH 7.0. After the bilayer formed, 200 mM saline and vesicles 
(light SR, heavy SR, or sarcolemma, 20-40 gg proteirdml) were added 
to the cis chamber. The presence of an osmotic gradient across the 
bilayer was necessary for channel incorporation, but no additional cal- 
cium was required. In order to facilitate fusion, the bilayer was then 
broken and immediately reformed. Channel incorporation usually oc- 
curred within the next 5 min. If needed, addition of ions, drugs, or 
other molecules was done by adding an aliquot of a stock solution to 
the cis or trans compartment. 

DATA ACQUISITION 

Data acquisition was as previously described (Rosenberg & C h e n ,  
1991) with an 80486-based computer running AxoBasic (Axon Instru- 
ments, Foster City, CA). The voltage was defined as cis relative to 
trans (cytoplasmic relative to lumenal, assuming standard fusion of 
outside-out SR vesicles). Currents flowing from cis to trans (i.e., CI- 
flowing from trans to cis) are shown as upward transitions. Unless 
otherwise specified, currents were filtered at 200 Hz (-3 dB, 8-pole 
Bessel lowpass), digitized at 1 kHz, and stored in computer memory for 
later analysis. 

For open- and closed-times analysis, single-channel currents were 
recorded on videotape, and later filtered and digitized. To minimize 
the detection of false events, the filter frequency was chosen as a 
function of the standard deviation (on) determined from the Gaussian 
distribution of the filtered baseline noise, so that or, was 10-20% of the 
single-channel amplitude (Colquhoun & Sigworth, 1983). The fil- 
tered data were then digitized at 25 times the -3  dB frequency (Ma- 
gleby, 1992). 

DATA ANALYSIS 

Data were analyzed with an in-house AxoBasic analysis program. 
Unitary current amplitudes were determined by eye with computer- 

drawn lines that fit the closed and open channel levels. Open proba- 
bility was calculated on a sweep-by-sweep basis by integrating the 
current for each sweep and normalizing it to that value expected for a 
channel open for 100% of the time. Open- and closed-times were 
determined automatically with a threshold set at 50% of the single- 
channel current. Recordings with transitions to the 60 pS substate 
(-50% of the main conductance level) were excluded from this anal- 
ysis. 

Interval histograms were constructed in an analysis program writ- 
ten in VisualBasic by Dr. Barry PaUotta (UNC, Pharmacology). In this 
program, open and shut durations are plotted on a logarithmically- 
binned time scale, and the square-roots of the number of events are 
plotted on the y-axis (Sigworth & Sine, 1987). This representation is 
useful for the display of rates that differ from several orders of mag- 
nitude. This program first corrects for sampling promotion error (Korn 
& Horn, 1988). The histograms are then fitted by the sum of expo- 
nentials that have the maximum likelihood of describing the data (Sig- 
worth & Sine, 1987; McManus & Magleby, 1988). 

For analysis of fast block, blocking and unblocking rate constants 
were derived from amplitude distributions as described by Yellen 
(1984). In this analysis, amplitude histograms of filtered current 
records are fit to the normalized beta distribution. 

fly) = y~-~ (1 - y)~l  (1) 

with 

a = a'c (2) 

and 

l, : ~ (3) 

where y is the range of normalized amplitudes between 0 (blocked) and 
1 (unblocked), a and ~ are the unblocking and blocking rate constants, 
respectively, and T is the effective time constant of the filter (equal to 
0.228/fc, where fc is the -3  dB cutoff frequency of the low-pass fiRer). 
This analysis assumes that block arises from a filtered, two-state 
(blocking-unblocking) process where the single channel current level 
of the blocked state is 0 pA and the current level of the unblocked state 
is the same as the open state. Equilibrium dissociation constants (KD~) 

were determined from the equation: 

K D = (ffJ[~) [blocker] (4) 

Amplitude histograms were constructed from partially blocked open 
channel events (200 Hz filter frequency, 1 kHz sample rate), normal- 
ized to the fully open amplitude previously determined for the un- 
blocked channel, and fit by eye with Eq. 1 convolved with the Ganssian 
distribution that describes the closed channel noise. 

R e s u l t s  

SINGLE C1- SELECTIVE CHANNELS FROM CARDIAC 

SARCOPLASMIC RETICULUM 

C1- selective channels were observed following the in- 
corporation of cardiac sarcoplasmic reticulum mem- 
branes into planar lipid bilayers. Figure 1A shows re- 
cordings from one of these channels at various mem- 
brane voltages in the presence of 350 InN KC1 cis and 
150 rr~ KC1 trans. Under these conditions, the reversal 
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Fig. L (A) Example of recordings of reconstituted C1- channels. Sin- 
gle-channel currents were recorded in 350 mM KC1 cis and 150 mM 
KC1 trans. Membrane voltages are indicated on the left. The dotted 
lines represent the closed levels. (B) Single-channel current-voltage 
relations in various trans C1- concentrations. Trans C1- was changed 
from 50 mM (O) to 150 (V), 250 (II), and 350 mM (A); eis C1- was 
350 mM. Data points are means _+ SO from 3 experiments. 

potential was very close to the equilibrium potential for 
C1- (Ere ~ - +20 mV and Ec1 = +19 mV), indicating that 
this channel was highly selective for C1-. 

To further test the C1- selectivity of  these channels, 
unitary C1- currents were recorded in the presence of  
different C1- concentrations in the trans chamber. Fig- 
ure 1B shows the current-voltage (I-V) relations from 3 
experiments where the trans C1- concentration was 
raised from 50 to 350 mM while the cis C1- concentration 
was maintained at 350 raM. In all ionic conditions, Ere v 
was within 1 mV of Ecc. For each condition, permeabil- 
ity ratios for K + (PK+/Pcv) were estimated from a form of 
the Goldman-Hodgkin-Katz (GHK) equation: 

RT (PK+/Pcl -) X [AK+]o q- [ac1-]i 

Erev = T In ipK./Pcl_) X [AK+]i + [Acl-]o 

where PK + and Pc1-, are the absolute permeabilities for 
K § and CI-, respectively, and AK+ and Acl- are the activ- 
ities of  K + and CI-, respectively (Robinson & Stokes, 
1968). The permeability ratios obtained for the 3 differ- 
ent experimental conditions with asymmetric KC1 con- 
centrations (50, 150, and 250 mM KC1 trans) were aver- 
aged. The mean permeability ratio for K +, PK§ -, was 
0.012, indicating that these channels are -80  fold selec- 
tive for CI- over K +. Similar experiments with NaC1 
instead of KC1 showed that PNa+/PcI - 0 . 0 4  (data not 
shown). 

A prominent feature of  these C1- channels was the 
existence of  two conductance substates. Transitions to 
these substates were observed in all our experiments 
(e.g., Fig. 1A, top record). Figure 2A shows single- 
channel recordings in symmetrical 250 mM KC1 with 
transitions to substates with conductances corresponding 
to -50  and 120% of the main open state (O). Transitions 
to the 50% substate ($1) occurred at all voltages and were 
generally initiated from the main open state. Their du- 
rations varied from a few msec to several hundreds of 
msec. Under asymmetrical conditions, when trans C1- 
varied from 50 to 250 mM, the 50% substate exhibited a 
selectivity for chloride that was similar to that of the 
main conductance level (data not shown). Transitions to 
the 120% substate ($2) also originated from the main 
conductance level and occurred at all voltages, but their 
durations were brief. The current amplitude histogram 
shown in Fig. 2B shows the amplitude of  the various 
conductance states, O, St, and S 2 in symmetrical 250 mM 
CI- at +60 mV. The histogram was fitted to the sum of 
3 Gaussian distributions. The calculated mean currents 
for C, S 1 and O were 0, 3.9, and 7.9 pA, respectively. 
Because transitions to S 2 were too brief to yield a good 
amplitude distribution, the histogram data corresponding 
to that substate was not fitted. Current-voltage relations 
for these 3 conductance states are shown in Fig. 2C. All 
relations were linear over the -20  - +80 mV voltage 
range. In symmetrical 250 mM CI-, the main open state 
conductance was 130 pS and the conductances of  the two 
substates were 61 and 154 pS. 

CONCENTRATION DEPENDENCE OF 

SINGLE-CHANNEL CONDUCTANCE 

To determine the affinity with which C1- interacts with 
the channel pore, and to provide a means to compare the 
conductance of these channels with others measured at 
other ionic conditions, single-channel conductance was 
measured in various C1- concentrations. Cis and trans 
C1- concentrations were raised from 200 mM to 2 M and 
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Fig. 2. Channel conductance states in symmetrical 250 mM KC1. (A) Typical single-channel recordings in symmetrical 250 mM KC1. The symbols 
(*) indicate transitions to the S 2 conductance substate. (B) Current-amplitude histogram, V = +60 mV; O, main conductance level, S 1 and $2, 
substates; C, closed level. Data were fitted to the sum of 3 Gaussian functions. (C) Current-voltage relations in symmetrical 250 mM KC1. (Ill) 61 
pS substate, (O); main open state, 130 pS; (A), 154 pS substate. Data from 1 experiment. 

s ingle-channel  current  ampli tudes were  measured  at var- 

ious vol tages  for each concentrat ion.  Channel  conduc-  500 
tance was de termined  f rom the slope of  the current- 

vol tage  curves  and plot ted vs. CI-  activity.  F igure  3 ~" , ~  400 
shows the results poo led  f rom 4 exper iments .  Conduc-  

e3 
tance increased with  CI -  act ivi ty and reached saturation N 300 
around 1 M. The  data  was wel l - f i t  by a Michae l i s -  +d 

Menten  equation,  with a K m of  543 mM activi ty (equiv-  
200 

alent to 900 mM in concentra t ion units) and a m a x i m u m  

conductance  of  488 pS. These  parameters  differ  f rom 100 
those reported for  o ther  SR C1- channels  ( see  Discus-  

sion). The  f inding of  conductance  saturation indicates 
that there is at least one saturable step in ion conduct ion,  

and is consis tent  with the presence  o f  at least one low-  
affinity ion-binding site in the conduct ion pathway.  

PERMEABILITY TO ANIONS 

To de termine  which anions can permeate  this channel,  

permeabi l i ty  to var ious anions was tested. In some ex- 

per iments ,  the cis chamber  contained 250 rnM CI-  and the 
t rans  chamber  had the same concentra t ion o f  the test 
anion and no CI-.  In other  exper iments ,  because  of  bi- 
layer instabili ty or  because  channel  incorporat ion was 
diff icult  in the absence o f  t rans  CI-, the t rans  chamber  

Ymax = 488 pS 

0 
0.0 

m 543 m M  

I 
i! i t 

0.5 1.0 1.5 

Chloride Activi ty  (M) 

Fig. 3. Single-channel conductance in various symmetrical C1- con- 
centrations. Single-channel currents were recorded in symmetrical CI- 
concentrations ranging from 200 mM to 2 M. Conductance was obtained 
from individual current-voltage curves and plotted vs. CI- activity. 
Activity coefficients were obtained from Robinson and Stokes (t968). 
Results are from 4 experiments, with each symbol type representing 
data from one experiment. Data points were fitted to the Michaelis- 
Menten equation: Y = 7max/(l + Km/Acl-); where "/is the conductance; 
7ma~, the maximal conductance; and Kin, a measure of the affinity with 
which C1- interacts with the channel pore, corresponds to the CI- 
activity (Acl) at which 7 = Yma• The K~ of 543 mM (activity) cor- 
responds to 900 mM (concentration). 
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Fig. 4. Current-voltage relations showing SCN- and I- selectivity over 
CF. (A) Single-channel amplitudes were measured in the presence of 
250 mM NaC1 cis and 250 mM NaSCN trans. Ere ~ of -18 mV indicated 
that PscN-/P& = 2.15. (B) Single-channel amplitudes were first mea- 
sured in the presence of 250 mM NaC1 cis and 50 ms NaC1 trans (0 ) .  
Addition of 200 mM NaI trans (V) shifted Ere, ' from ~ +40 to - -5 mV, 
indicating that P~/P& = 1.31. Data points are means + SD from 3 
experiments. 

contained 50 mM CI-, and after channel  incorporation,  
200 mM of  the test anion was added to this chamber.  

In both cases, reversal  potentials and select ivi ty ratios 

were  determined f rom current-vol tage relations. Figure  

4A shows the I -V curve  obtained f rom pool ing  data f rom 
3 exper iments  with 250 mM C1- cis and 250 rnM thiocy- 

anate trans.  The reversal  potential ,  Ere v, was - - 1 8  mV,  
indicat ing that thiocyanate  was more  permeant  than CI-. 

F igure  4B shows the I -V curves  obtained f rom 3 exper-  

iments  wi th  250 mM CI-  cis and 50 mM C1- trans,  and 

after addit ion of  200 mM iodide trans.  Addi t ion  of  iodide 
shifted E ~  f rom - +40 m V  to - - 5  mV,  indicat ing that 
iodide was also more  permeant  than C1-. Permeabi l i ty  

ratios for hal ide anions and several  po lya tomic  anions 
were  calculated f rom reversal  potential  measurements  

and the G H K  equation.  Because  PK+/Pcr  and PN~+/Pcr 

were  very  small,  the permeabi l i t ies  of  K § and Na § were  

assumed to be  zero in our calculations.  The  sequence of  
re la t ive  permeabi l i t ies  for the tested anions is S C N -  
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Fig. 5. Channel open probability (Po) at different membrane voltages. 
(A) Single-channel currents were recorded in symmetrical 250 rnM KC1. 
(B) Each point represents the Po from -1 min of recording. Results 
from one experiment. Data were fitted to the Boltzmann distribution: 

P o /max 
P o -  

1 + e (z(vl/2 - V)F/RT) 

where Po, m,x is the maximum Po, z is the gating charge, V is the 
membrane voltage, and V~/2 the voltage at which Po = 0.5. The best fit 
gave Po . . . .  = 0.96, V1/2 = +82 mV, and z = 1.58. The means + standard 
deviations of Po, max, V~/2, and z values from eleven such analyses were 
0.985 -+ 0.026, +83.5 + 12.6 mV, and 1.37 + 0.57, respectively. 

(2.15) > I -  (1.31) > N O  3 (1.22) - Br -  (1.21) > C1- (1.00) 
> F -  (0.81) > H C O O -  (0.53). Larger  anions, such as ac- 
etate and propionate  were  not  permeant.  The  permeabi l -  
ity sequence suggests that permeant  ions interact with a 
cat ionic site of  low field strength within the channel  pore  
(Wright  & Diamond,  1977). 
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Fig. 6. Open (A) and shut (B) intervals distributions at +60 inV. Open 
and closed times intervals were obtained from single-channel record- 
ings filtered at 1 kHz and digitized at 25 kHz. The open-time distri- 
bution was well-fit by a single exponential function with a mean of 7.7 
msec. The closed-time distribution was best fit by the sum of 4 expo- 
nential functions with means equal to 0.3, 1.6, 5.8, and 38 msec. Data 
from one experiment. 

VOLTAGE DEPENDENCE OF SINGLE-CHANNEL GATING 

The recordings shown in  Fig. 2A suggest that transit ions 
be tween  the open and the closed state vary with mem-  
brane voltage. Around  0 m V  and at negat ive voltages 
the channel  was open most  of the time, and transit ions to 
the closed state were rare. In contrast, channel  gating 
was faster at large posit ive potentials (e.g., at +60 and 
+80 mV).  This behavior  is seen more clearly on a com- 
pressed t ime scale (Fig. 5A). To further characterize 
channel  sensit ivi ty to membrane  voltage, we examined  
channel  open probabil i ty  (Po), open times, and closed 
times as a funct ion of  membrane  voltage. 

Figure 5B shows the relat ion be tween  channel  Po 
and membrane  voltage. Po was high (Po.max - 1) f rom 
- 2 0  to +40 mV, and decreased to -0 .5  at +80 mV. Fit-  
t ing the data to a Bo l t zmann  distr ibution (see figure leg- 
end) revealed a m a x i m u m  value for Po (Po . . . .  ) of  0.96, 
a voltage at which Po is ha l f -maximal  (V~/2) of  +82 mV, 
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log Open Duration (s) 
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- - - + 2 0  m V  
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Fig. 7. Open (A) and shut (B) intervals distributions at various holding 
potentials. Intervals were obtained from single-channel recordings fil- 
tered at 200 Hz (-20 and +20 mV), 500 Hz (+40 mV), or 1 kHz (+60 
and +80 mV) and digitized at 25 times the filter frequency. Open and 
closed times histograms were scaled to the same maximum. (A) Each 
histogram could be fitted to a single exponential distribution. Mean 
open times were: 4.3 msec (+80 mV), 7.7 msec (+60 mV), 51 msec 
(+40 mV), 110 msec (+20 mV), and 323 msec (-20 mV). (B) Each 
distribution could be fitted by the sum of several exponential functions 
(see previous figure). Data from 1 experiment (same experiment in A 
and Fig. 6). 

and indicated that the transi t ion from the closed to the 
open state was a conforrnational  change involv ing  - 1  
gat ing charge (z = 1.58). Similar  analysis  for 11 exper- 
iments  gave P . . . . .  = 0.985 _+ 0.026, Vt/2 = +83.5 _+ 12.6 
mV, and z = 1.37 _+ 0.57 (mean + SD). Open  probabil i ty 
of these channels  was independent  of ca lc ium levels in 
the cis or trans chambers  (10 nM to 1 mM, data not 
shown). 

To determine whether  open and closed intervals  
vary with voltage, open and shut interval  distr ibutions 
were constructed from data acquired at different holding 
potentials.  Examples  of  open and closed times distribu- 
tions at +60 m V  are shown in Fig. 6. The open interval 
distr ibution (Fig. 6A) was wel l-descr ibed by a single ex- 
ponent ial  (z o - 8 msec),  bu t  fitting the closed intervals 
distr ibutions (Fig. 6B) required four exponent ial  compo-  
nents,  indicat ing that the channel  entered at least four 
closed states. To compare interval  distr ibutions obtained 
at different voltages, open and closed times histograms 
were scaled to the same m a x i m u m  and superimposed 
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Table 2. Mean open and shut intervals at various holding potentials 

C. Townsend and R.L. Rosenberg: CI- Channel from Cardiac SR 

Time constant -20 mV +20 mV +40 mV +60 mV +80 mV 

"c o 338.0 +21.2 155.3 _+66.0 47.9 +17.1 12.0 + 6.0 5.8 _+ 1.8 
"c~s .38 + .02 .65+ .01 .41 + .08 .24_+ .05 .27+ .05 
zr 2.10_+ 2.8 3.15_+ .07 1.82+ .75 1.25-+ .4 1.19-+ .35 
z~a 19.1 -+11.1 18.5 -+ 2.1 10.2 _+ 5.3 5.6 + 1.41 6.41+ 1.37 
"cc4 103.5 _+ 30.4 55.5 _+ 39.8 53.8 _+28.4 

Mean open ('co) and closed times (Z~s_4) were derived from fits of open and shut intervals distributions, see  text and Figs. 6, 7. Data shown are means 
+ sD from 3-5 experiments. 

(Fig. 7). Superimposing the open interval distributions 
for different voltages shows that open durations varied 
greatly with membrane voltage, with mean open times 
ranging from 323 msec at -20  mV to 4.3 msec at +80 
mV (Fig. 7A). On the other hand, closed durations did 
not seem to be significantly affected by voltage (Fig. 
7B). The results from 3-5 similar experiments are sum- 
marized in Table 2. Mean open times varied substan- 
tially with voltage, from -340 msec at -20  mV to -6  
msec at +80 mV. Because channel transitions to the 
closed state were less frequent around 0 mV and because 
long closing events were rare at all voltages, shut inter- 
vals distributions at +20 and -20  mV were best fit by the 
sum of 3 exponential components. Although there was a 
trend towards shorter closed durations as the voltage was 
made more positive, the changes were not monotonic or 
significant. Therefore, the change in Po observed be- 
tween -20  and +80 mV (Fig. 5B) can be solely explained 
by a change in channel open time. 

V = -40 mV 

2 p a l  
O l s  

Fig. 8. Example of recordings at negative voltages. Channel activity 
was recorded in symmetrical 250 mM KC1 immediately after a voltage 
step from 0 to -40 inV. The channel shut after -3.4 sec at -40 mV. The 
broken line represents the closed level. 

Although channel gating at voltages from -20 to 
+80 mV was stationary, we found that at -40  mV or 
below, channel activity was usually very high for a few 
seconds, and then the channel entered a long-lasting 
closed state. Most of the time, activity could be recov- 
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Fig. 9. Single-channel recordings at different concentrations of DNDS in the t rans  chamber (A). Single-channel currents were recorded in 
symmetrical 250 mM CI-, V = +40 inV. The broken lines represent the closed levels. (B) Current amplitude histograms for the different [DNDS] 
shown in (A). Continuous lines represent fits to the beta distribution (see Materials and Methods). (C) DNDS concentration dependence of blocking 
(11) and unblocking ( 0 )  rate constants. The lines represent the least-squares fit of the data. Values are means + so from 3 experiments. 
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Fig. 10. Single-channel recordings at various concentrations of NPPB 
trans (A). Single-channel currents were recorded in symmetrical 250 
mM CI-, V = +40 mV. The broken lines represent the closed levels. (B) 
NPPB concentration dependence of reciprocal open time constants. 
Data pooled from 6 experiments. For open time analysis, the filter 
frequency was 500 Hz and the sample rate I2.5 kHz. The lines repre- 
sent the least-squares fit of the data. 

ered by stepping to large positive potentials (+60 or +80 
mV). Figure 8 shows an example of  this behavior. 
After  stepping from 0 to - 4 0  mV, channel Po was high 
for -3 .4  sec, and then the channel entered a long-lasting 
closed state. The channel did not reopen for the next 15 
sec, until the voltage was changed to +80 inV. Channel 
activity then reappeared within 20 msec and the Po re- 
turned to a stable level of  0.5. In several experiments, 
however, once the channel entered the long-lasting close 
state at - 4 0  mV or below, its activity was never recov- 
ered again at any voltage. Because of this phenomenon, 
we could not evaluate stationary Po or dwell times at 
voltages below - 2 0  mV. 

CHANNEL BLOCK BY DISULFONIC STIBENES, 
ARYLAMINOBENZOATES, AND DIVALENT CATIONS 

To compare the pharmacological  properties of these volt- 
age-sensitive channels with those of other CI-  channels, 
the effects of  various CI-  channel blockers were tested. 

A 
Control 

(a) 1.2 mM Zn cis 

(b) 2 mM HEDTA cis 
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Fig. 11. Reversible block of CI- currents by zinc. (A) Single-channel 
recordings under control conditions, and (a) immediately after addition 
of zinc cis, (b) after chelating Zn 2+ with HEDTA cis. Single-channel 
currents were recorded in symmetrical 250 mM CI-, V = +40 inV. (B) 
Channel open probability, same experiment, V = +40 InV. 

Figure 9 shows the effect on single-channel behavior of  
a disulfonic stilbene, DNDS, on the trans side. DNDS 
decrease single-channel current ampli tude is a dose- 
dependent manner. This block was observed at all volt- 
ages. Blocking and unblocking rate constants were ob- 
tained from fits of amplitude histograms with a beta dis- 
tribution (Fig. 9B, see Methods). Figure 9C shows the 
concentration-dependence of these rate constants. The 
blocking rate increased with DNDS concentration from 
- 1 0  to - 8 0  msec -1 whereas the unblocking rate remained 
almost constant around 10 msec -~. The equilibrium dis- 
sociation constant (KD) calculated from these rate con- 
stants was 415 ~tM. A similar value for DNDS block was 
obtained from the analysis of  heavily-fi l tered single- 
channel current amplitudes (K i = 570 gM, not shown). 
These results suggest that DNDS acts as a fast open 
channel blocker. Similarly, channel activity was blocked 
by other disulfonic stilbenes, including DIDS and SITS 
(not shown). 

As shown in Fig. IOA, the arylaminobenzoate NPPB 
caused a dose-dependent increase in the frequency of  
current transitions between the open and closed state 
when added to the trans chamber. Kinetic analysis re- 
vealed that NPPB caused a dramatic decrease in channel 
mean open time, with an on rate (kon) of  5.04 ~I.M - 1  - s e c  -1  

(Fig. 10B). Because of  the complexity of  the shut inter- 
vals distributions (3--4 exponential components),  no clear 
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Fig. 12. Changes in pH trans affect single-channel 
conductance. (A) Single-channel events were 
recorded in symmeU'ical 250 rnM CI-, 10 mM 
Bis-Tris-propane-MES, pH 7.0 at +50 mV. Trans 
pH was changed by addition of HC1 or NaOH in 
the trans chamber, cis pH was constant at 7.0. (B) 
Current-voltage relations at trans pHs of 5.5 (O), 
6.0 (E3), 6.5 (&), 7.0 (~) ,  7.5 (*), 8.0 (Q)), 8.5 
(11), and 9.0 (V). (C) Single-channel conductance 
at various trans pH values. (D) pH-dependent 
change in single-channel conductance. 
Conductance was normalized to the maximal 
increase in conductance and plotted vs. trans [H+]. 
Data points were fitted to the Hill equation (see 
text). Data from one experiment. 

effect of NPPB on closed times could be directly ob- 
served, and the off rate for NPPB could not be directly 
determined. NPPB decreased channel open probability 
with a K i of 52.6 ~XM (not shown). Assuming simple 
bimolecular block by NPPB of the channel, and equiv- 
alence between K i and K D, we estimate the off rate of 
NPPB block to be around 265 sec -1. Related com- 
pounds, anthracene-9-carboxylic acid and diphenyl- 
amine-2-carboxylate also blocked channel activity in a 
similar fashion, with Kis of 1500 and 707 BM, respec- 
tively (determined from open probability, not shown). 

Several C1- channels are blocked by the divalent 
cations zinc and cadmium (Bretag, 1987). When added 
cis or trans, -1 m~ zinc caused a complete block of 
channel activity (Fig. 11). This effect could be readily 
reversed by the addition of a chelator, HEDTA, cis or 
trans. Similar results were obtained with cadmium (not 

shown). 

PH DEPENDENCE OF SINGLE-CHANNEL CONDUCTANCE 

To test channel sensitivity to pH over a wide range of pH 
values, single-channel currents were recorded in the 
presence of 10 mM Bis-Tfis-propane buffered to pH 7.0 
with MES (2-[N-morpholino]ethanesulfonic acid), pH 
was decreased or increased by addition of either 1 N HC1 
or 3 M NaOH cis or trans. Changing the pH in the cis 
chamber from 5.5 to 9.0 did not have any effect on 
single-channel behavior (not shown). However, altering 
the pH on the trans side had a large impact on the single- 
channel conductance. Figure 12 shows the results from 
an experiment where trans pH was changed over the 

range from 5.5 to 9.0. As shown in Fig. 12A, when trans 
pH was lowered from 7.0 to 5.5, unitary C1- current 
amplitudes increased from 6.4 pA to 9.6 pA. The sub- 
sequent increase in pH to 9.0 caused a decrease in unitary 
current amplitudes to 2.8 pA. This effect was com- 
pletely reversible and returning to pH 7.0 caused single- 
channel current amplitudes to return to -7  pA. Single- 
channel currents were measured at various voltages to 
construct current-voltage curves (Fig. 12B). Channel 
conductance was determined from the slope of these 
curves and plotted as a function of trans pH (Fig. 12C). 
Conductance was high at acidic pHs (-190 pS at pH 5.5), 
and decreased to -60 pS at pH 9.0. The pH dependent 
change in single-channel conductance was normalized to 
the maximal change in conductance and plotted vs. trans 
[H +] (Fig. 12D). It was then fitted to the Hill equation: 

( ~ t -  "~min)/(~/max -- ~tmin) = 1/(1 + ( K D / I O - P H )  ~) 

where y is the conductance; 7min the conductance at pH 
9.0; 7max, the conductance at pH 5.5; KD the [H +] at the 
half-maximal increase in conductance; and n, the Hill 
coefficient. The relationship between [H +] and the 
change in conductance was fitted by the equation with a 
Hill coefficient of 0.82 and a KD corresponding to pH 
7.4. The values for n and K D resulting from pooling 3 
such experiments were 0.76 and 5.73 x 10 -8 g (pH 7.24), 
respectively. 

Although there does appear to be an effect of pH on 
single-channel gating at pH 9.0 (Fig. 12A), no changes in 
open probability, open-times, or closed-times could be 
detected from a detailed analysis of the data at trans pHs 
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ranging from 5.5 to 8.5. At pH 9.0, the single-channel 
currents were small and channel openings were not well 
resolved, so a quantitative analysis of the changes in 
gating observed at this pH could not be done. Given the 
lack of effect on gating at pH 5.5-8.5, we conclude that 
the channel gating is not sensitive to pH, except possibly 
at the extremes. 

Discussion 

We report here the single-channel properties of a novel 
type of CI- channel from cardiac sarcoplasmic reticulum. 
We have examined its permeation properties, its voltage 
dependence, and its sensitivity to chloride channel block- 
ers and pH. 

CONDUCTANCE AND SELECTIVITY 

In many regards, C1- channels constitute a very hetero- 
geneous family of ion channels. Their single-channel 
conductance varies between 1 and 500 pS, and they have 
been classified by some as low, intermediate, and high 
conductance (or maxi) C1- channels based on their con- 
ductance in 150 mM CI- (Fahlke, Zachlke, Zachar, & 
Rudel, 1992). Low conductance anion channels include 
channels with a conductance smaller than 30 pS, while 
intermediate conductance channels are those with a con- 
ductance between 30 and 200 pS, and maxi CI- channels 
correspond to 200-500 pS channels. The channels re- 
ported here have a single-channel conductance of 130 pS 
in symmetrical 250 mM CI- and o f - 8 0  pS in 150 mM CI-. 
Therefore, they belong to the intermediate conductance 
group of CI- channels. Other intermediate conductance 
SR CI- channels have been reported. A 95 and a 55 pS 
channels have been observed in SR from skeletal and 
cardiac muscle, respectively (Rousseau et al., 1988; 
Rousseau, 1989). In addition, Kawano and coworkers 
(1992) reported a 71 pS C1- channel from cardiac SR. 
Other groups reported the observation of large conduc- 
tance SR channels from rabbit skeletal muscle, including 
a 505 pS and a 200 pS channel in 200 and 100 rnM CI-, 
respectively (Hals et al., 1989; Tanifuji et al., 1987). 
We did not observed any one of these previously de- 
scribed C1- channels in our experiments. 

Like most ion channels, the channels reported here 
exhibit conductance substates. The two prominent sub- 
states have conductances around 50 and 120% that of the 
main conductance level. They follow the same ionic se- 
lectivity as the main conductance state. No transition to 
either substate was observed after the channel entered a 
long-lasting closed state, when the voltage was held be- 
low -40 mV. In addition, all 3 conductance states were 
observed in all of our experiments, and transitions to 
either substate were almost always initiated from the 

main conductance level. These observations support the 
idea that the 50 and 120% conductance levels are not 
distinct channels, but represent substates of the same 
channel protein. 

Channel conductance increased with increasing C1- 
concentrations, reaching a maximum of -500 pS around 
2 M C1-. The data were well-described by a Michaelis- 
Menten relationship, with a maximal conductance, Ymax, 
of 488 pS and a K m of -900 mM concentration (543 rnM 
in activity units). This indicates that there is a saturating 
step in ion conduction and that CF interacts with at least 
one binding site in the pore. The K m value indicates that 
C1- ions have a very low affinity for the channel pore. 
These values for 7max and K m a r e  similar to those re- 
ported for a platelet C1- channel, with a K m of 1008 mM 
and a Ym,x of 503 pS, although the channel described in 
this report has distinct properties from the platelet chan- 
nel (e.g., the platelet channel has a rectifying current- 
voltage relation and is insensitive to zinc; Manning & 
Williams, 1989). However, these parameters are differ- 
ent from those reported for other SR C1- channels. For 
rabbit skeletal muscle SR anion channels, Tanifuji et al. 
(1987) reported a maximal conductance of 700 pS and a 
K m of 265 rnM. Rousseau et al. (1988) reported a Ymax of 
154 pS and a K m of 125 rnM. Hals et al. (1989) described 
a 7m~x of 617 pS and a K m of 77 rnM. 

The channel is very selective for C1- over small 
cations, but it is not especially selective among the an- 
ions tested. It displayed an anion conductivity sequence 
of SCN- (2.15) > I- (1.31) > NO~ (1.22) - Br- (1.21) > 
C1- (1.00) > F- (0.81) > HCOO- (0.53). The permeabil- 
ity ratios for halides follow Sequence 1 of Eisenman, 
namely I- > Br- > C1- > F-, indicative of a low field 
strength cationic binding site (Eisenman, 1965; Wright & 
Diamond, 1977). The selectivity sequence reported here 
is similar to the partial sequence reported for a C1- chan- 
nel from skeletal muscle SR (NOj (1.3) > Br- (1.2) > CI- 
(1.0); Tanifuji et al., 1987). But it differs from that re- 
ported by Hals et al. (1989) for a channel that is also 
from skeletal muscle SR (NOj (1.53) > SCN- (1.45) > I- 
(1.39) > Br- (1.00) = C1- (1.00)). It is similar to the 
sequences reported for some CI- channels from muscle, 
a neuronal CI- channel, and GABA A- and glycine- 
receptor channels (Bormann, Hamill, & Sakmann, 1987; 
Franciolini & Nonner, 1987; Soejima & Kokubun, 1988; 
DeBin et al., 1994), but is different from those reported 
for some epithelial CI- channels, CFTR, and the Cl- 
channel from T o r p e d o  electroplax (Alton et al., 1991; 
Goldberg & Miller, 1991; Fuller & Benos, 1992; Preston, 
Calenzo, & Dubinsky, 1992; Wilk Blaszczak, French, & 
Man, 1992). 

VOLTAGE DEPENDENCE 

C1- channel activity was stable at voltages ranging from 
-20 to +80 inV. Channel open probability varied be- 
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tween -1.0 around 0 mV and 0.5 at +80 mV. The volt- 
age-dependence of Po could be described by a Boltz- 
mann distribution, with a maximal Po of 1.0, a V~/2 - +80 
mV, and a gating charge, z, of 1.37. This value for z is 
much smaller than those reported by Palade and cowork- 
ers for a CI- channel from rabbit skeletal muscle SR (z = 
12) or for a muscle surface membrane CI- channel (z = 
4.3) (Hals et al., 1989; Woll et al., 1987). It is similar to 
that reported by Hanke and Miller (1983) for the double- 
barreled chloride channel from Torpedo electroplax (z = 
1.1). 

Stepping to voltages more negative than -20  mV 
caused the channel to enter a long-lasting closed state 
within seconds. Po, however, remained high (-1) until 
the channel entered the long-lasting closed state. Some- 
times the channel could be reactivated by stepping to 
large positive potentials (+60 or +80 mV), but entry into 
the long-lasting closed state at negative voltages was not 
always reversible. A similar channel has been observed 
for other C1- channels, although this asymmetry in the 
voltage-dependence of Po is uncommon. For example, 
Blatz and Magleby (1983) reported the observation of a 
C1- channel from myotubes that was active at 0 mV but 
inactivated within seconds after voltage steps to either 
positive or negative voltages. This phenomenon, how- 
ever, was fully reversible upon returning to 0 mV. 

Open and shut interval analysis revealed that the 
channels can enter at least one open state and four closed 
states. Interestingly, open times but not closed times 
were significantly affected by membrane voltage. Open 
times varied from -6  msec at +80 mV to several hun- 
dreds of msec at -20  inV. For most voltage-sensitive C1- 
channels, however, an increase in closed intervals dura- 
tion is usually observed when Po decreases. For exam- 
ple, Rousseau (1989) described a C1- channel from car- 
diac SR with an at tenuated bel l -shape  vol tage-  
dependence where the observed change in Po was due to 
changes in the duration of both long closed times and 
open times. 

BLOCK 

micromolar to millimolar concentrations of disulfonic 
stilbenes can block C1- fluxes across the SR membrane 
as well as several SR CI- channels (Kasai, 1981; Smith, 
Coronado, & Meissner, 1986; Rousseau et al., 1988; 
Rousseau, 1989; Kawano et al., 1992). 

We tested the effect of compounds belonging to 
other classes of anion channels blockers. The arylami- 
nobenzoates NPPB, A-9-C, and DPC effectively blocked 
channel activity, inducing rapid transitions between open 
and closed levels. NPPB was the most potent blocker, 
with a Ki of 52.6 g~. Cromolyn, an antiallergic drug, 
was reported to block C1- channels from colonic carci- 
noma cells, with an Ki of 19 gM (Reinsprecht et al., 
1992). In our studies, higher concentrations of cromolyn 
(> 100 gM trans) were required to partially block channel 
activity (not shown). Niflumic acid, a well-known 
blocker of calcium-dependent C1- channels (White & 
Aylwin, 1990), did not have any effect on channel ac- 
tivity (up to 1 mM cis and trans, not shown). The channel 
was also insensitive to the scorpion venom toxin chlo- 
rotoxin (up to 800 nM cis and 600 nM trans; DeBin, 
Maggio, & Strichartz, t993). 

Several divalent ions such as zinc or cadmium can 
also act as C1- channel blockers (Bretag, 1987). Milli- 
molar concentrations of zinc or cadmium completely 
blocked channel activity when added cis or trans. This 
effect was reversed when Zn 2+ or Cd 2+ were chelated 
with HEDTA. There is no other report of the effect of 
these cations on SR C1- conductance. But both cations, 
especially zinc, have been reported to reversibly block 
C1- conductance in various tissues, including channels 
from skeletal muscle (Hurter & Warner, 1967), smooth 
muscle (Kokubun, Saigusa, & Tamura, 1991), liver mi- 
tochondria (Selwyn, Ng, & Choo, 1993), and hippocam- 
pal GABA channels (Legendre & Westbrook, 1991). 
Studies on zinc-dependent enzymes indicate that cys- 
teine and histidine residues may be involved in zinc 
binding. On the frog muscle C1- channel and on the 
lobster GABA channel, histidine residues were proposed 
as zinc binding sites, based on pH sensitivity (Hutter & 
Warner, 1967; Smart & Constanti, 1982). 

In this study, the effects of several types of C1- channel 
blockers were studied in order to characterize the chan- 
nel pharmacologically. There are several classes of CI- 
channel blockers. They include inorganic blockers such 
as the anions I-, SCN-, I-, Br-, NO~, and C104, and the 
cations Zn 2+, Cd 2+, and Cu 2+, as well as various organic 
compounds, including disulfonic stilbenes derivatives, 
arylaminobenzoates,  and phenoxyacetates (Bretag, 
1987). 

We tested the effects of three disulfonic stilbene 
derivatives on single-channel activity. DIDS, SITS, or 
DNDS partially blocked the channels in the 100-1500 
btM range. This is consistent with the observation that 

pH DEPENDENCE 

Channel conductance was very sensitive to trans pH. 
When trans pH was changed from 7.0 to 5.5, single- 
channel current was increased by -50%, and when pH 
was increased to pH 9.0 (from 7.0), the current was de- 
creased by -50%. Changes in cis pH did not have any 
effect. These results can be interpreted as an effect on 
the protonation state of a specific amino acid that is 
accessible from the trans side only. Fitting the data to a 
Hill relation revealed an apparent pK a around pH 7.2, 
which does not correspond to any pK a reported for amino 
acid side chains. This is expected, since in a complex 
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Table 3. Conductance and voltage-dependence of known SR chloride channels 
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Reference SR source Conductance and substates Voltage dependence 

Tanifuji et al., 1987 rabbit skeletal muscle 200 pS in 100 naM C1, at least 4 yes, but not characterized in detail 

Rousseau et al., 1988 

Rousseau, 1989 

Hals et al., 1989 

substates Ym~x = 700 pS, K,,, = 

265 mM 
95 pS in 260 mM C1, some sub- 

states Y,,,ox = 154 pS, K m = 125 

55 pS in 260 mM C1, some sub- 

states 
505 pS in 200 mm Tris-C1, 266 and 

125 pS substates Ymox = 617 pS, 
K,~ = 77 mM 

490 pS in 150 mM C1, numerous no 
substates 

400 pS in 200 mM C1 

Larralde and Nasi, 1989 

rabbit skeletal muscle 

dog heag 

frog skeletal muscle 
(sarcoballs) 

rabbit skeletal muscle 
(liposomes) 

frog skeletal muscle 
(liposomes) 

toad skeletal muscle 

Ide et al., 1991 rabbit skeletal muscle 
(purified protein) 

Kawano et al., 1992 pig heart 

This report pig heart 

140 pS in 200 mM C1, one substate 

115 pS in 300 mM C1 

116 pS in 500 mM CI and 71 pS in 
250 mM C1 

130 pS in 250 mM Ct, 60 and 155 

pS substates Ymo~ = 488 pS, K m = 

900 mM 

attenuated bell shape, Po = 0.6 to 
0.95 for -60 < V < +60 mV 

bell shape, P . . . . .  at +10 mV 

bell shape, Po -1 at 0 mV, 0.05 at 
+25 mV 

not determined 

high Po around 0 mV, longer closed 
times and inactivation at positive 
voltages 

not determined 

no (-60 to +100 mV 

asymmetric, Po = 1.0 around 0 mV, 
and 0.5 at -+80 mV. 

macromolecule with multiple charges and electrostatic 
influences, a given acid-base group may have a pK a that 
varies by as much as several pH units from its expected 
value. Further studies with specific amino acid modifi- 
ers (e.g., histidine modification by diethylpyrocarbonate) 
would be necessary to identify the amino acid(s) in- 
volved in this phenomenon. Alternatively, the effect of 
pH on single-channel conductance can be interpreted as 
block of C1- currents by OH- ions, with a K i of 0.174 gM. 

Several other anion channels are affected by pH. 
Halm and Frizzell (1992) reported that increasing intra- 
cellular pH from 6.0 to 9.0 reduced the single-channel 
conductance of an epithelial CI- channel by 40%. Hals 
and Palade (1990) reported that increasing luminal pH 
from 7.0 to 8.0 reduced the single-channel conductance 
of the sarcoball CI- channel from 505 to 257 pS and that 
the conductance of this channel was constant (505 pS) 
over the 4.0 to 7.0 pH range. Extracellular acidification 
was shown to decrease the open probability of CFTR 
channels by 47% (Sherry, Cuppoletti, & Malinowska, 
1994) and to abolish the activity of CI- channels from 
gastric parietal cells (Cuppoletti, Baker, & Malinowska, 
1993). Rousseau (1988, 1989) reported that CI- chan- 
nels from skeletal and cardiac muscle SR were insensi- 
tive to changes in pH from 6.8 to 8.0 and 7.4 to 6.8, 
respectively. Yet it is unclear whether these were 
changes in cis or t rans  pH or whether conductance was 
one of the single-channel parameters examined under the 

different pH conditions. A change in t rans  pH from 6.8 
to 8.0 would result in a -30% decrease in conductance 
for the channel reported here. 

This pH effect on C1- channel conductance may be 
functionally important. An acidification of the lumen of 
the SR would increase SR CI- conductance, whereas 
alkalinization would reduce it. It is unclear what pH 
changes, if any, take place during SR Ca 2+ uptake or 
release. It is possible, however, that acidification may 
occur upon binding of Ca 2+ to the highly acidic SR Ca 2§ 
buffer protein calsequestrin (Yano & Zarain-Herzberg, 
1994). 

COMPARISON WITH OTHER e l -  CHANNELS 

Because the channel reported here has some unique bio- 
physical properties, including single-channel conduc- 
tance, voltage-dependence, and pH dependence, we 
believe that it is different from previously reported SR 
CI- channels. Table 3 summarizes the conductance and 
voltage-dependent properties of previously described SR 
CI- channels from various preparations. Focusing on 
cardiac SR, the CI- channel characterized in this paper 
differs from the CI- channel reported by Rousseau 
(1989) in its conductance (130 pS vs. 55 pS in -250 mM 
CI-), its voltage-dependence, and its pH sensitivity, as 
mentioned above. The CI- channel described in this pa- 
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per is also different from the channel described by 
Kawano et al. (1992) because of its conductance and 
voltage sensitivity (see Table 3). Regarding skeletal 
muscle, the CI- channel described here could be similar 
in conductance and gating to that from toad skeletal mus- 
cle SR (Larralde & Nasi, 1989; but see discussion be- 
low). It is substantially different from all of the other 
previously described CI- channels from skeletal muscle 
SR (see Table 3). These differences may arise from dif- 
ferences between skeletal muscle and cardiac muscle or 
may be attributed to the different species from which the 
SR was isolated. 

On the other hand, it is possible that the different 
biophysical properties described in the various reports 
mentioned above arise from different experimental con- 
ditions, such as different lipid compositions of the bilay- 
ers. The CI- channel described here has a single-channel 
conductance that is in the same range as some of the 
previously reported SR CI- channels (see Table 3), and it 
is possible that small differences in conductance could 
arise from differences in membrane composition or other 
experimental details. 

In addition, differences in the way data are analyzed 
may result in apparently different channel properties. 
For example, if we averaged channel open probabilities 
at negative voltages where the channel enters long- 
lasting closed states, we might observe a bell-shaped 
open probability vs. voltage relation (depending on the 
time spent at the negative voltages and the rate of enter- 
ing the long-lasting closed state). Also, Larralde and 
Nasi (1989) have described in an abstract a CI- channel 
that tends to inactivate at positive voltages and not at 
negative voltages, but it is unclear from their abstract 
how voltage was defined in their studies and it is possible 
that differences in the voltage dependence between the 
channels may arise from different voltage conventions. 

Because it is possible that this CI- channel comes 
from the surface membrane (but see the comments in 
Materials and Methods), it is useful to compare the prop- 
erties of the channel with surface membrane CI- chan- 
nels. In general, the C1- channel reported here differs 
from all cardiac surface membrane CI- channels de- 
scribed to date. These include CI- channels reconstituted 
from calf sarcolemma (Coronado & Latorre, 1982), large 
conductance CI- channels seen only in newborn rat myo- 
cytes (Coulombe et al., 1987), protein kinase A- and 
protein kinase C-activated CI- channels (Ehara & Ishi- 
hara, 1989; Collier & Hume, 1995), swelling-activated 
CI- channels (Coulombe & Coraboeuf, 1992), and out- 
wardly-rectifying C1- channels (Duan & Nattel, 1994). 
Specifically, it differs from the channels described by 
Coronado and Lattore (1982) and Duan and Nattel 
(1994) because these channels exhibit nonlinear current- 
voltage relations under symmetrical conditions. The CI- 
channels found in newborn rat myocytes (Coulombe et 
al., 1987) have larger conductances (200-250 pS and 

400-450 pS in -160 rnu C1-) than the one described 
here. Kinase-activated channels have a much smaller 
conductance (-10 pS in 150 mM C1-) and are insensitive 
to voltage changes or disulfonic stilbenes (Ehara & Ish- 
ihara, 1989; Collier & Hume, 1995). The channels de- 
scribed by Coulombe and Coraboeuf (1992), seen in 
blebs or after application of hyptonic media, also had a 
very large conductance (400 pS in symmetrical 150 rrku 
CI-) and multiple conductance substates. 

CONCLUSIONS 

We have characterized a novel C1- channel from cardiac 
sarcoplasmic reticulum. This channel has an intermedi- 
ate conductance, is very C1- selective, and is affected by 
membrane voltage and pH. It is likely to play an impor- 
tant role in the regulation of ion flow across the SR. It 
has been suggested that ionic fluxes through SR potas- 
sium and chloride channels may play a role during re- 
lease or uptake of calcium by the SR as a pathway for 
counter ion movements, allowing faster calcium tran- 
sients and a faster muscle contraction. 

For example, the release of Ca 2+ from the SR would 
tend to make the lumen of the SR negative with regard to 
the cytoplasm which would limit further rapid Ca 2+ ef- 
flux. The negative voltage in the lumen corresponds to a 
positive cytoplasmic voltage and a positive voltage as 
defined by our experimental conditions (where voltages 
are defined as cis relative to trans or cytoplasmic relative 
to lumenal, assuming standard fusion of SR vesicles). 
This positive voltage would tend to decrease the Po of the 
C1- channel described in this paper. However, the mid- 
point for the voltage dependence of Po is quite positive 
(-  +80 mV) and channel activity would still be substan- 
tial during effiux of Ca 2+. Furthermore, other channels 
besides this C1- channel are present in the SR (e.g., SR 
K + channels) and their action would attenuate the voltage 
changes due to the release of Ca 2+ and keep the trans- 
membrane voltage difference close to 0 inV. 

In addition, Ca 2+ uptake in the SR during relaxation 
could also be electrogenic and lead to a voltage gradient 
across the SR membrane (i.e., lumenal positive). This 
would correspond to a shift towards negative voltages 
under our voltage convention and could possibly turn off 
C1- channel activity due to the long-lasting inactivation 
process. However, other channels such as the SR K + 
channel would help keep the voltage away from ex- 
tremely negative voltages. Therefore, the action of the 
SR C1- channels described in this report is likely to be 
helpful in keeping voltage gradients across the SR mem- 
brane quite low to allow faster Ca 2+ release and uptake in 
the SR. 
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