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Abstract 

Sarcoplasmic reticulum (SR) K + channels from canine diaphragm were studied upon fusion of longitudinal and junctional membrane 
vesicles into planar lipid bilayers (PLB). The large-conductance cation selective channel (Ymax = 250 pS; K m = 33 raM) displays 
long-lasting open events which are much more frequent at positive than at negative voltages. A major subconducting state about 45% of 
the fully-open state current amplitude was occasionally observed at all voltages. The voltage-dependence of the open probability displays 
a sigmoid relationship that was fitted by the Boltzmann equation and expressed in terms of thermodynamic parameters, namely the free 
energy (AG i) and the effective gating charge (Z~): AG i = 0.27 kcal/mol and Z S = - 1.19 in 250 mM potassium gluconate (K-gluconate). 
Kinetic analyses also confirmed the voltage-dependent gating behavior of this channel, and indicate the implication of at least two open 
and three closed states. The diaphragm SR K + channel shares several biophysical properties with the cardiac isoform: g = 180 pS, 
AG~ = 0.75 kcal/mol, Z S = - 1.45 in 150 mM K-gluconate, and a similar sigmoid Po/VOltage relationship. Little is known about the 
regulation of the diaphragm and cardiac SR K + channels. The conductance and gating of these channels were not influenced by 
physiological concentrations of Ca 2+ (0.1 /zM-1 mM) or Mg 2+ (0.25-1 mM), as well as by cGMP (25-100 /xM), lemakalim (1-100 
/xM), glyburide (up to 10 p.M) or charybdotoxin (45-200 nM), added either to the cis or to the trans chamber. The apparent lack of 
biochemical or pharmacological modulation of these channels implies that they are not related to any of the well characterized surface 
membrane K + channels. On the other hand, their voltage sensitivity strongly suggests that their activity could be modulated by putative 
changes in SR membrane potential that might occur during calcium fluxes. 
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1. Introduction 

Cardiac and skeletal muscle contraction is initiated by a 
rapid release of Ca 2 ÷ ions from the SR which is triggered 
by an action potential propagated along the plasma mem- 
brane and the transverse tubules [1-3]. It has been pro- 
posed that Ca 2÷ release and uptake along contraction-re- 
laxation cycles may be modulated by the SR membrane 
potential, and that movements of  monovalent ions across 
the SR membrane would maintain electroneutrality [4-8]. 
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Monovalent ion channels specific for K +, Na +, H + and 
C1 have been reported in skeletal [9-11] and cardiac 
[12-14] SR membranes. The PLB fusion technique cou- 
pled to voltage-clamp measurements [15] has been used to 
characterize the skeletal [15-22] and the cardiac SR K + 
channels [14,23-26]. It has been shown that the properties 
of  ion channels reconstituted into artificial membranes are 
not significantly altered during the reconstitution proce- 
dure [27]. Considering the difficult task of  studying the 
electrophysiological properties of  intracellular membranes 
in situ, the PLB fusion technique represents an adequate 
way to analyse single-channel activities and to test specific 
factors suspected of being involved in their regulation [28]. 

To our knowledge, the diaphragm SR ionic channels 
have not yet been investigated. Mammalian diaphragm, 
which is anatomically and histologically classified as a 
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skeletal muscle, shares several functional properties with 
the cardiac tissue. For instance, they both contract rhyth- 
mically for life and must return at the end of each relax- 
ation phase to a relatively constant resting tension position. 
Furthermore, their relaxation properties are sensitive to 
load [29] and can be altered by ryanodine [30], a specific 
probe of the SR Ca 2+ channel [3,31,32]. Furthermore, in 
contrast to skeletal muscles, the excitation-contraction cou- 
pling (ECC) in diaphragm and cardiac muscles relies on 
extracellular calcium [33]. Consequently, it was of interest 
to investigate the electrical properties of the diaphragm SR 
membrane and to compare them with those of the cardiac 
SR. 

In this paper, we report for the first time the preparation 
and the ryanodine binding of canine diaphragm SR micro- 
somal fractions recovered from sucrose gradients. Using 
fractions enriched either in longitudinal or junctional SR 
membranes and the PLB fusion technique, we have 
recorded single- and multiple-channel activities indicating 
the presence of a large-conductance K + channel. Ionic 
selectivity, voltage dependency, thermodynamic and ki- 
netic analyses are reported. We have also tested several 
K ÷ channel modulators as well as divalent cations. Some 
properties of the diaphragm channel were compared to 
those of the cardiac SR K ÷ channel. Part of these results 
have been presented in abstract form elsewhere [34]. 

2. Materials and Methods 

2.1. Materials 

AMP (adenosine 5'-monophosphate), cGMP (guanosine 
3':5'-cyclic monophosphate), dithiothreitol and proteinase 
inhibitors were obtained from Sigma (St. Louis, MO). 
AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride) was 
obtained from Boehringer Mannheim and phospholipids 
were purchased from Avanti Polar-lipids (Alabaster, AL). 
Charybdotoxin was bought from Alomone Labs (Jerusa- 
lem, Israel), lemakalim from SmithKline-Beecham Phar- 
maceuticals (Worthing, UK) and glyburide from Hoertch 
(Montreal, Canada). [3H]Ryanodine was purchased from 
New England Nuclear (NEN-Dupont Canada) and cold 
ryanodine was kindly provided by Dr. L. Ruest, Depart- 
ment of Chemistry, University of Sherbrooke, Canada. 
Deionized water from a Millipore Ro-Milli-Q-UF system 
(18 +0 .2  MJ2/cm 2) was used for preparing all buffer 
solutions. All other chemicals were commercial products 
of analytical grade. 

2.2. Preparation of sarcoplasmic reticulum vesicles 

Microsomal fractions enriched in SR vesicles were 
prepared from canine diaphragm using a method derived 
from the procedure initially proposed by Meissner and 
Henderson [35]. Canine diaphragms were obtained from 
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mongrel dogs anesthetized with pentobarbital ,(40 mg/kg,  
i.v.) in accordance with canadian and international stan- 
dards for animal use. They were homogenized in a buffer 
containing (/zM): 100 NaCI, 5 Tris-maleate, 5 K-EGTA, 
0.05 AEBSF, 2 dithiothreitol, 1 ascorbic acid, plus 1 /zM 
pepstatin, 1 /xM leupeptin and 2.5 UI /ml  aprotinin (pH 
6.8), and centrifuged at 7 500 rpm (6000 × g) for 20 min 
at 4°C in a Type 16 rotor (Beckman). The supernatant was 
filtered through two layers of cheesecloth and centrifuged 
at 33000 rpm (90000 × g )  at 4°C for 1 h 20 min in a Ti 
35 rotor (Beckman). The pellet was resuspended in a 
buffer containing (raM): 300 sucrose, 600 KCI, 1 K-EGTA, 
5 K-Pipes (pH 7.0). This crude fraction was either stored 
at -85°C or centrifuged overnight at 24000 rpm (80000 
× g) through a discontinuous 25-45% (w/w)  sucrose 
gradient at 4°C in a SW 28 rotor (Beckman). Six iso- 
volumic fractions were recovered from the sucrose gradi- 
ent, diluted in 1.5 volume of 0.4 M KCI, 5 mM K-Pipes, 
0.1 mM EGTA, 0.1 mM CaCI 2 (pH 7.0) and sedimented 
by centrifugation at 40000 rpm (120 000 × g) for 1 h 20 
min at 4°C in a 42.1 Ti rotor (Beckman). The pellets were 
resuspended in 300 mM sucrose and 5 mM K-Pipes (pH 
6.8), frozen in liquid nitrogen and stored at -85°C [36]. 

2.3. Biochemical assays 

Protein concentrations were determined by the Lowry 
method [37] using bovine serum albumin as a standard. 
Ryanodine binding assays were performed using the proce- 
dure previously described [31] with slight modifications. 
Briefly, SR vesicles (100 p,g of protein) from each fraction 
were incubated in the presence of [3H]ryanodine (with or 
without nonradioactive ryanodine) for 90 min at 37°C in 
the presence of 50 /~M free Ca 2÷ and 5 mM AMP. The 
mixture was then centrifuged twice and pellet radioactivity 
was determined by liquid scintillation. Specific 
[3H]ryanodine binding was calculated by subtracting non- 
specific binding (5 nM [3H]ryanodine + 5 /xM ryanodine) 
from total binding (5 nM [3H] ryanodine alone). Free Ca 2+ 
concentrations were calculated using an apparent stability 
constant of 1.543. 10 -7  (pH 7.4) for Ca-EGTA buffers, 
along with computer programs published by Fabiato [38]. 

2.4. Bilayer formation and vesicle fusion 

The planar lipid bilayers (PLB) were formed at room 
temperature from a lipid mixture containing phosphatidyl- 
ethanolamine, phosphatidyiserine and phosphatidylcholine 
in a ratio of 3:2:1 [14]. The final lipid concentration was 
25 mg/ml  dissolved in decane. A 250 /xm diameter hole, 
drilled in a Delrin cup, was pretreated with the same lipid 
mixture dissolved in chloroform. Using a Teflon stick, a 
drop of the decane lipid mixture was gently spread across 
the aperture in order to obtain an artificial membrane. 
Membrane thinning was assayed by applying a triangular 
wave test pulse. Typical capacitance values were 150-300 
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pF. Aliquots of SR vesicles (10-60 /zg of protein) were 
added to the cis chamber in proximity of the bilayer. The 
cis and trans chambers contained 250 and 50 mM K-glu- 
conate, respectively, 1 mM CaC12 and 20 mM Tris-Hepes 
(pH 7.2), unless specified otherwise. The fusions were 
either spontaneous, or encouraged by applying negative 
holding potentials across the bilayer [13]. Following a 
fusion event resulting in single or multiple channel incor- 
poration, subsequent fusions were prevented either by 
lowering the free [Ca2+]cc ~ to 10 /zM (by addition of 
Tris-EGTA, pH 7.2) or by neutralizing the K-gluconate 
gradient. 

2.5. Recording instrumentation and statistical analyses 

The currents were recorded using a low noise amplifier 
(Dagan 3900), then filtered (cut off frequency 5 kHz) and 
recorded on a digital audiotape recorder through a pulse 
code modulation device (75 ES-SONY, Unitrade). The 
currents were simultaneously displayed on-line on a chart 
recorder (DASH II MT, Astro Med.) and an oscilloscope 
(Kikusui, 5020A). Current recordings were played back, 
filtered at 500 Hz and sampled at 2 kHz for storage on 
hard disk and for further analyses using a DTK-FEAT-5030 
computer with programs kindly provided by Dr. M. Nel- 
son, University of Vermont. The open probability values 
(Po) were determined from data stored in 60 to 120 s 
duration files unless specified otherwise, and the half- 
threshold discriminator method was used. Applied voltages 
were defined with respect to the cis chamber, which was 
held at virtual ground. All bilayer experiments were per- 
formed at room temperature (22 + 2°C). The average val- 
ues are given as means + S.E. and n represents the num- 
ber of measurements. Regression curves were calculated 
by the least square method using the Windows version of 
the Sigma Plot program from Jandel Scientific. 
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Fig. 1. [3H]Ryanodine binding in the various vesicle populations of 
canine diaphragm recovered from 25-45% sucrose gradients. The F] 
fraction ( ~  16% sucrose) was recovered on top of the gradient. The 
fractions Fll-Fvi contain each sucrose interface for average sucrose 
densities of 30%, 33%, 37%, 40% and 43%, respectively. The highest 
level of [3 H]ryanodine was collected in fraction Flv. The values represent 
the mean+ S.E. of 7 experiments performed in duplicate on different 
membrane preparations. 

multiple determinations (n = 7 )  indicate that the di- 
aphragm ryanodine receptors are more abundant in the Fiv 
(37% sucrose) fraction, followed by the Fii t (33% sucrose) 
fraction (Fig. 1). The present ryanodine binding profile is 
almost identical to the profile we previously reported for 
the canine cardiac SR [40]. These enrichment profiles 
differ slightly from those of the skeletal SR, where the 
highest ryanodine binding was collected on 40% sucrose 
(F v fraction) [36], despite the use of the same protocol. All 
the following experiments were conducted either on the 
Fil I o r  the FIV fractions which are believed to be enriched 
in longitudinal or junctional SR membranes, respectively. 

3.2. Identification of the canine diaphragm SR K ÷ chan- 
nel 

3. Results 

3.1. Characterization of the diaphragm SR membrane 
vesicles 

Diaphragm muscle microsomal fractions were separated 
on a 25-45% sucrose gradient [39]. The F I fraction ( = 16% 
sucrose) was recovered on top of the gradient and was 
shown to consist of a heterogeneous population of vesicles, 
membrane ghosts and lipid droplets [36]. Fractions Fn-Fvt 
contained each sucrose interface, for average sucrose den- 
sities of 30%, 33%, 37%, 40% and 43%, respectively. 
More than 50% of the protein content was recovered in the 
FIII-FIv s u c r o s e  fractions. The microsomal fractions were 
further characterized using [3H]ryanodine as a specific 
ligand for the SR Ca 2+ release channel [3,31,32]. The 
ryanodine receptors were preserved by the addition of 
proteinase inhibitors. Our experimental results, based on 

Either single or multiple SR K + channel activities were 
recorded upon fusion of SR vesicles into PLB. Despite the 
fact that 85% of the fusions resulted in multiple channel 
recordings, it was possible to record single channel activi- 
ties. Fig. 2A shows current fluctuations of a single channel 
as a function of the voltage applied across the bilayer in 
symmetrical 250 mM K-gluconate buffered solutions. At 
positive voltages, the channel displayed long-lasting open 
events, whereas negative voltages generated much fewer 
events, detected as downward deflections (lower trace). 
Such behavior has been reported for skeletal [41] and 
cardiac [14] SR K ÷ channels. Well resolved subconducting 
states at 45% the current amplitude of the fully-open state 
were occasionally observed at all voltages. The amplitude 
histogram analysis (Fig. 2B) allowed the determination of 
the mean current values of the conducting states, as well as 
the open probability (Po), which represents the fraction of 
time spent by the channel in the fully-open and subcon- 
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ducting states. For instance, at + 60 mV, the Po was equal 
to 0.81. The first peak corresponds to the zero-current 
level of the channel in its closed state. The small peak 
corresponds to the presence of subconducting states, with a 
mean gaussian amplitude of 7 pA, while the large peak 
corresponds to the current generated by the channel in its 
fully-open state, with a mean gaussian amplitude of 12.5 
pA. At positive voltages, the fully-open and subconducting 
states predominated, whereas at negative voltages, the 

A 
+60mV 

+ 40 mV 

+ 20 mV 

- 60 mV 

B 

r~ 1 6 -  

12- 
r ~  

8-  
O 

~ 0 '  
Z 

C 

Is  

20 
HP = + 60 mV J [  

Po = 0.81 l ~ 10 F.- 
, . z , o  

. 

 4o- 

I ' I ' I ' I ' [ ' - 20  

J 
, ' I ' I 

S 
I I 

-5 0 5 10 15 -100 -50 50 100 
CURRENT (pA) POTENTIAL (mV) 

Fig. 2. Unitary currents of diaphragm SR K + channels as a function of 
the voltage. (A) Steady state current traces recorded at various holding 
potentials in symmetrical 250 mM K-gluconate + 1 mM CaCI~ + 20 mM 
Tris-Hepes at pH 7.2. Cis to trans K + currents are shown as upward 
deflections. Triangles on the right indicate the fully-open ( ~ )  and the 
closed states (41), and arrows indicate subconducting states. (B) Ampli- 
tude histogram from a current trace obtained at +60 mV. Po =0.81 
represents the fraction of time spent by the channel in the fully-open and 
subconducting states. The first peak corresponds to the zero current level 
of .the channel in its closed state. The small peak corresponds to the 
subconducting state, with a mean current amplitude of 7 pA, and the large 
peak corresponds to the fully-open state, with a mean current amplitude 
of 12.5 pA. (C) Current/voltage relationships for the fully-open (Q)  and 
subconducting (©)  states of the diaphragm SR K + channel in symmetri- 
cal 250 mM K-gluconate, corresponding to conductances of 210 pS and 
97 pS, respectively. 
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Fig. 3. Unitary conductances of diaphragm SR K + channels in symmetri- 
cal K-gluconate. (A) Mean current/voltage relationships for symmetrical 
K + concentrations ranging from 25 to 250 mM (n = 4 to 8). Subconduct- 
ing current levels as well as error bars were omitted from this graph for 
clarity. The latter never exceeded 7% of the mean values. (B) Average 
unitary conductance values as a function of the K + concentrations for the 
fully-open (O)  and subconducting (O)  states. (Inset) Rearrangement of 
the data in the form of a Lineweaver-Burk plot indicates a maximal 
conductance of 250 pS and a K m of 33 mM K +. 

closed and fully-open states predominated. The overall 
contribution of the subconducting state represented less 
than 5% (Po < 0.05) of the total open time. 

3.3. Channel conductances and selectici~' 

Fig. 2C demonstrates that the current/voltage relation- 
ships were ohmic for both levels of open state in the range 
_+ 80 mV. In symmetrical 250 mM K +, the unitary con- 
ductances were estimated at 210 pS and 97 pS for the 
fully-open and the subconducting states, respectively. A 
series of mean current/voltage relationships were built in 
symmetrical K-gluconate buffers, ranging from 25 to 250 
mM (Fig. 3A). A replot of each average unit conductance 
as a function of K-gluconate concentration demonstrates 
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that the conductance of the channel starts to saturate 
around 210 pS, corresponding to 200 mM K + (Fig. 3B). 
Rearrangement of the data in the form of a Lineweaver- 
Burk plot indicates that the maximal conductance of the 
SR K ÷ channel is 250 pS and the concentration of K ÷ 
needed to reach half the maximal conductance (K  m) is 33 
mM (Fig. 3B; inset). 

Asymmetrical K-gluconate buffer systems were used to 
study the diaphragm SR K + channel selectivity. The rever- 
sal potential, which was close to zero in symmetrical 
conditions, was shifted toward negative voltages in asym- 
metrical buffer systems (25 to 250 mM trans/250 mM), 
and shifted toward positive voltages when the gradient was 
inverted (350 to 450 mM trans/250 mM), which argues in 
favor of a K + selectivity for this cation-conducting chan- 
nel with respect to gluconate. Although the subconducting 
state was not included for clarity, the reversal potentials of 
the fully-open and the subconducting states were similar in 
each K-gluconate gradient, attesting that both states dis- 
play the same selectivity. Fig. 4B illustrates the semi-loga- 
rithmic plot of the experimental reversal potentials (RP) as 
determined in Fig. 4A and the theoretical equilibrium 
potentials (E  k) as a function of K + concentrations in the 
trans chamber. The E k values were calculated according 
to the Nernst equation. The two slope coefficients were not 
identical, suggesting that the large-conductance channel 
was not very selective for K + over gluconate. An alterna- 
tive explanation for this discrepancy would be that above 
100 mM K-gluconate, the activity of the dissociated K + 
would be significantly different from its concentration, 
whereas above 100 mM K +, the slope would be similar to 
the one of the theoretical curve. For instance, the ionic 
activity estimated from the activity coefficients was 80 
mM for a K + concentration of 100 mM (a  i = 0.80). 

Fig. 4C shows the current/voltage curves obtained for 
the diaphragm SR K + channel in asymmetrical KC1 buffers 
(filled symbols). The unitary conductances, 161, 178, 181 
and 197 pS for 50, 150, 250 and 350 mM trans/250 mM 
cis KC1, respectively, were comparable to those measured 
in K-gluconate buffers (see Fig. 3B, Fig. 4A). In symmet- 
rical conditions (250 mM KC1 trans/cis), the reversal 
potential was at 0 mV, while it was shifted toward nega- 
tive voltages, - 2 4  mV and - 9  mV in 50 mM trans/250 
mM cis and 150 mM trans/250 mM cis KC1, respec- 
tively. Conversely, the reversal potential was shifted to- 
ward positive voltages ( +  6 mV) when the gradient was 
inverted (350 mM trans/250 mM cis KC1). Moreover, the 
zero-current potential values determined in KC1 buffers 
were similar if not identical to the ones determined in 
K-gluconate buffers (see Fig. 4B). Consequently, the char- 
acteristics of the K + channel were not influenced by the 
anion species. Nevertheless, data analyses in KCI were 
restricted to the positive voltage range to minimize the 
putative contamination by anionic currents. As a matter of 
fact, the experiments performed in KC1 allowed to measure 
C1- conductances through the well characterized di- 
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aphragm SR C1 channel [34]. As shown in Fig. 4C (open 
symbols), the conductance of the C1- channel is lower 
than the conductance of the K ÷ channel, with 129 pS and 
119 pS in KC1 or CsC1, respectively. Similar conductances 
were reported for cardiac [42] and skeletal [43,44] SR CI- 
channels. Moreover, the reversal potentials in 50 mM 
trans/250 mM cis KC1 and CsCI were in the positive 
voltage range, with corresponding values of + 35 mV and 
+ 32 mV. 

The permeability ratio, Po/PK,  calculated for the di- 
aphragm SR K + channel from the Goidman-Hodgkin-Katz 
equation 

RT ( PK[K]o + Po[C1], ) 
Ere v = ---Fin pK[K]i+Pcl[C1] ° ( I )  

was equal to 0.12, which demonstrates that the diaphragm 
K + channel is not very selective compared to the skeletal 
SR K + channel ( P a /PK  = 0.02) [45]. 

3.4. Voltage dependence of the open probability 

The effect of transmembrane potential on the open 
probability of steady-state-activated channels was anal- 
ysed. The open probability (Po) of the diaphragm SR K + 
channel in symmetrical 250 mM K-gluconate was very 
high at voltages superior to + 40 mV, and dropped rapidly 
to less than 0.20 at negative voltages (Fig. 5). The cardiac 
isoform also presented a similar sigmoid Po/VOltage rela- 
tionship, with Po values decreasing rapidly at voltages 
below +40  mV (data not shown). Thermodynamically, 
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Fig. 5. Open probability as a function of the voltage for the diaphragm 
SR K ÷ channel. Open probabilities (Po) calculated from amplitude 
histogram analyses of single channel fusions recorded in symmetrical 250 
mM K-gluconate. Values represent the mean + S.E. of 7 fusion events. 
Note the voltage-sensitivity of the Po, (Inset) Linearization of the 
Po/voltage relationship using the Ehrenstein and Lecar equation: ln((I - 
Po)/Po)=(zx  G i + Z~FVm)/RT).  Effective gating charge (Z~) was ob- 
tained from the slopes (m) and the equation Z~ = toRT~F, whereas the 
free energy (zx Gi) was obtained from the Y intercept at 0 mV (b) and 
the equation zx G = bRT. 

open-channel probability (Po) can be expressed as a func- 
tion of membrane potential (V m) as follows [46]: 

eo = (1 '{- e x p ( ( / ~ a  i --{- Z s F V m ) / / g T ) )  -1 ( 2 )  

where AG~ refers to "internal free energy of opening', Z, 
refers to 'effective gating charge', and F, R and T are the 
Faraday's constant, the gas constant and the absolute tem- 
perature, respectively. Eq. (I)  can be rewritten as Eq. (2) 
in order to linearize the relationship: 

In ((1 - Po)/Po) = ( AG, + L FVm ) / R T  (3) 

Values of AG i and Z, can be determined from a plot of 
the left side of the equation vs. V m (Fig. 5, inset). Mean 
AG i was derived from the Y intercept at 0 mV (b) and the 
equation AG i = bRT, whereas mean Z, was obtained from 
the slope (m) and the equation Z, = m R T / F ,  at 22°C. For 
the diaphragm channels, AG~ was estimated at 0.27 
kcai/mol K +, and mean Z~ at - 1.19, which corresponds 
to an e-fold decrease in Po every 20 mV. For the cardiac 
isoform in symmetrical 150 mM K +, mean AG i was 
estimated at 0.75 kcal/mol K +, and mean Z, at -1 .45 ,  
for an e-fold decrease in Po every 18 mV. 

3.5. Channel kinetics 

Time analyses of single channel fluctuations were per- 
formed in symmetrical 250 mM K-gluconate solutions at 
various potentials in order to formulate a simplified but 
plausible kinetic scheme for the SR K * channel. Time 
distribution histograms for the open and closed events 
were constructed with the half-threshold discriminator 
method (Fig. 6A-D). The number of exponentials needed 
to fit these distributions indicates whether the distribution 
arose from a single population of events or from the 
combination of distinct populations [47]. For instance, in 
the positive voltage range, the open time histograms were 
best fitted with the sum of two exponentials, suggesting 
the presence of two open states (Fig. 6A), whereas one 
exponential was sufficient to describe the closed time 
histograms, suggesting the presence of one closed state 
(Fig. 6B). In contrast, at negative voltages, the open time 
histograms were best fitted with one exponential (Fig. 6C), 
whereas the closed time histograms were fitted with two 
exponentials (Fig. 6D). Since only open or closed events 
shorter than 25 ms were considered for these intraburst 
analyses, long closed events were excluded from the time 
distribution. Despite their low frequency occurrence, these 
closed events of several seconds duration (as illustrated in 
Fig. 2A) are probably responsible for the very low Po 
measured at negative voltages (see Fig. 5). Thus, the 
canine diaphragm SR K ÷ channel would enter at least two 
open states and three closed states. Analyses performed on 
the diaphragm channel over a wide range of potentials in 
symmetrical 250 mM [K + ] demonstrate that the first open 
time constant (Zo,) was basically voltage insensitive, 
whereas the second open time constant (%.2) increased by 
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2-fold at positive voltages (Fig. 7A). It was not possible to 
measure accurately the mean %.2 values in the negative 
voltage range because of the low Po and low occurrence of 
long open events. Similarly, the first closed time constant 
(%:)  was voltage insensitive, but the second closed time 
c o n s t a n t  (Tc. 2) increased with membrane hyperpolarization 
(Fig. 7B). The cardiac SR K + channel was also found to 
display a similar gating behavior, including at least two 
open states and two closed states of comparable durations. 
For instance, open time constants at + 30 mV in 400 
cis/50 trans mM K-gluconate were Zo. z - 0 . 8  ms, To, 2 = 

27.7 ms, ~-:.~ = 0.6 ms and ~'c.2 = 4.2 ms. The fact that 
membrane depolarization increases the channel's open 
probability (Fig. 5) as well as the duration of open events 
(Fig. 7A), and that hyperpolarization produces the opposite 
effects, supports the view that the SR membrane potential 
could fluctuate during Ca 2+ cycling and thus regulate the 
counter-charge transport of monovalent cations. 

3.6. Time-dependent actiuation and deactication 

Most vesicle fusions in the PLB resulted in multiple 
channel recordings, as previously reported for skeletal [19] 
and cardiac [23,48] SR K ÷ channels. Consequently, square 
voltage steps were used to assess the time-dependent be- 
havior of the diaphragm SR K ÷ channels, when several of 
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them were fused to the bilayer. Fig. 8A illustrates a typical 
voltage- and time-dependent activation of diaphragm SR 
K + channels, as well as their deactivation. All channels 
opened when the voltage was brought from 0 to + 40 mV, 
with a mean half-time of 1.4 s (n = 15). They were then 
deactivated by a pulse from + 40 to - 40 mV with a mean 
half-time of 6.5 s (n = 15). Channel activation was sys- 
tematically faster than deactivation, which follows the 
offset of the voltage pulse. These properties were observed 
independently of the K ÷ concentration or the voltage pulse 
applied. The deactivation time courses were fitted with two 
exponentials corresponding to mean (n = 10) tau (~-) val- 
ues of 5 ms and 2300 ms (Fig. 8B). A similar behavior 
was observed with the cardiac SR K ÷ channel in asym- 
metrical buffer systems (250 trans/50 cis mM K-gluco- 
nate), with corresponding mean (n = 12) T values of 22 
ms and 1140 ms (data not shown). This type of time- and 
voltage-dependent channel gating behavior reinforces our 
proposition that these channels could be activated by a 
putative SR membrane depolarization and would become 
deactivated upon repolarization of the SR membrane. 
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3.7. Pharmacology o f  the SR K + channel 

The diaphragm and cardiac SR K + channels were not 
modulated by physiological concentrations of Ca 2* (0.1 
/zM to 1 mM) or Mg 2+ (10 /zM to 0.5 raM) added either 
to the cis or the trans chamber. However, at + 40 mV, 10 
mM Mg 2+ added to the cis chamber reduced the channels' 
current amplitude, and fully-open events were rarely ob- 
served (Fig. 9A). This effect was found to be concentra- 
tion-dependent between 1 and 10 mM (Fig. 9B). However, 
no inhibition was reported at - 4 0  mV, which suggests 
that the current reduction measured at +40  mV was 
caused by an asymmetrical blockage of the cation selective 
pore by mM [Mg2+],i. ~, as the K + diffused from the cis to 
the trans chamber. 

In an attempt to relate these large-conductance K- -  
selective channels to well characterized K + channels of 
the surface membrane, we have tested several compounds 
on the gating or the current amplitude. Lemakalim (100 
/zM), which is considered to be the most potent activator 
of ATP-activated K + channels [49-51], glyhuride (10 
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#M), a selective blocker of ATP-dependent K ÷ channels 
[52,53], charybdotoxin (45-200 nM), a known blocker of 
BK channels [54,55] and cGMP (25-100 /xM), added 
either on the cis or trans side, all failed to modify the 
diaphragm and cardiac SR K ÷ channels' properties (data 
not shown). 
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Fig. 8. Voltage-dependent deactivation of the diaphragm SR K ~ chan- 
nels. (A) Multiple channel recording in 250 mM symmetrical K-gluco- 
nate. The channels were activated when the voltage was brought from 0 
to +40 mV, and deactivated by a pulse at - 4 0  inV. The capacitive 
current was removed from the analysis. Note that activation was more 
rapid than deactivation. (B) The deactivation time-course was fitted with 
the sum of two exponentials, with corresponding tau (~') values of 6,67 

ms and 2754 ms. 

4. Discussion 

The existence of a large-conductance K + channel in SR 
membranes has been clearly demonstrated in skeletal [17- 
19,43] and cardiac [23,25,48] muscles, and tentatively 
purified [25,43]. To our knowledge, the diaphragm SR 
ionic permeabilities have not yet been investigated. In this 
study, we have established the existence of a large-conduc- 
tance K ÷ channel in the diaphragm longitudinal and junc- 
tional SR membranes. This study defines the conducting 
properties as well as the voltage- and time-dependent 
behaviors of the diaphragm channel. Some of these proper- 
ties are compared to those of the cardiac SR K + channel 
that we have previously partially described [14]. 

The diaphragm SR K * channel shares several biophysi- 
cal properties with the skeletal [17-19] and the cardiac SR 
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K + channels [14,23-26,48,56,57]. Each potential applied 
across the artificial bilayer generates long-lasting open 
events and a main subconducting state (Po < 0.05) of 
current amplitude at 45% that of the fully-open state. This 
subconducting state corresponds to the O 1 state, as defined 
by Hill et al. [23,48] in their previous report on the cardiac 
isoform. The channel exhibits an ohmic current/voltage 
relationship in the range _+ 80 mV, and a maximal unitary 
conductance of 250 pS, which is in the same range as 
reported for cardiac [22,23,25] and skeletal K + channels 
[20,56]. From the conductance/[K + ] relationship, we have 
also determined a K m value of 33 mM, which is about 
1 /4  of the intracellular K + concentration. These values 
are in agreement with the ones reported for mammalian 
skeletal SR K + channels, with '~max = 240 pS and K m = 54 
mM [20]. For the cardiac SR K + channels in 400 cis/50 
trans mM K +, we measured "/max and K m values of 200 
pS and 25 mM, respectively. Reversal potentials for the 
fully-open and the subconducting states were similar under 
various asymmetrical K-gluconate gradients, attesting that 
both states display the same selectivity. Similar conduc- 
tances and reversal potentials were measured in asymmet- 
rical K-gluconate and KC1 buffers. A permeability ratio, 
Pcl/PK, of 0.12 was calculated, indicating that this K + 
channel was less selective than its skeletal muscle counter- 
part [45]. 

Amplitude histogram analyses demonstrate that at posi- 
tive voltages, the fully-open and subconducting states pre- 
dominate, whereas at negative voltages, the closed and 
fully-open states predominate, as reported for other SR K + 
channels [58,59]. The diaphragm and the cardiac SR K + 
channels presented very similar sigmoid-shaped Po/VOlt- 
age relationships that were fitted with the Boltzmann 
equation. Our previous studies involving the analysis of 
cardiac SR channels allow us to point out that the Po/volt- 
age relationship of the CI channel [42] is inverted com- 
pared to the relationship determined for the K + channel. 
The C1- channel was found more active at negative than at 
positive voltages. The crossing-over between the two 
Po/VOltage curves occurs around 5 mV which, in the 
absence of direct electrophysiological measurements, cor- 
responds to the best estimate of the SR membrane poten- 
tial (EsR = 0 to 7 mV) reported for the skeletal muscles 
[4,60]. This complementarity in Po/VOltage relationships 
suggests that the role of monovalent ionic and cationic 
conductances in the SR could be to maintain the mem- 
brane potential away from the Ca 2+ equilibrium potential, 
and thus facilitate the rapid movements of Ca 2+ during 
contraction-relaxation cycles, via the Ca 2+ release chan- 
nels and the Ca 2+, Mg2+-ATPase. The putative functional 
cooperation between SR C1- and K + channels is currently 
being investigated in the canine diaphragm, in parallel with 
the immunological and biophysical study of the Ca 2+ 
release channel [61 ]. 

The thermodynamic gating parameters obtained from a 
transformation of the Po/VOltage curves according to 

Ehrenstein and Lecar formalism [46] are in agreement with 
those obtained previously for the skeletal SR K + channel 
by Labarca et al. [62]. They noticed that in symmetrical 
buffer systems, the AG i values were found to progres- 
sively decrease with increasing pH (values were as fol- 
lows: pH 6, + 1.56 kcal/mol;  pH 7, + 1.16 kcal/mol;  pH 
8, -0 .73  kcal/mol).  Our value of AG i determined at pH 
7.4 for the diaphragm was 0.27 kca l /mol  K +, which is in 
agreement with the trend. The effective gating charge, Z~, 
was found by Labarca et al. [62] to be independent of 
external variables such as pH (values ranged between 
- 0 . 8 0  and -0 .92) ,  and our value of - 1 .19  for the 
diaphragm channel is in the same order. Skeletal SR K* 
channels are also described by thermodynamic parameters 
which are in agreement with those of Labarca et al. [62]. 
For patch-clamp recordings of giant vesicle preparations of 
rabbit skeletal SR K + channels fused into planar mem- 
branes, AG i = 0.95 kca l /mol  K + and Z S = -0 .77  at pH 
7.2 [57]. The results we obtained for the canine cardiac SR 
K + channel in symmetrical 150 mM K + at pH 7.2 are 
AG i = 0.75 kcal /mol  K + and a Z~ = -1 .45 .  While the 
AG i value follows the predictions of Labarca et al. [62], 
the Z~ value is higher than expected. 

We must however mention that the equations derived 
by Ehrenstein and Lecar [46] to estimate the thermody- 
namic parameters assume the two-state (open and closed) 
model, which means that each channel has a single open 
and a single closed state [62]. The presence of subconduc- 
tance states is of no concern, since their occurrence 
amounted to less than 5% of the total recording open time. 
Nevertheless, from our results on cardiac and diaphragm 
SR K + channels, and from those of Stein et al. [63] on 
skeletal muscle SR K + channels, it is becoming evident 
that these SR channels enter more than one open and one 
closed states. Channel kinetic analysis has revealed that the 
diaphragm SR K + channel enters at least two open and 
three closed states. Despite the fact that we have not ruled 
out the possibility that this channel may jump from long 
open to long-lasting closed events, the following scheme is 
proposed to summarize the channel's kinetics. 

C 3 ~<-~--C2 ~ - C  1 ~ - 0 1  ~ - O  2 

where O1 and 02 represent fully-open states, and C~, C 2 
and C 3 the different closed states. This pattern does not 
take into account the low-occurrence subconducting state 
(Po < 0.05). Analyses of current fluctuations of the swine 
skeletal muscle SR K + channel indicate that the channel 
uses one open state and three closed states. The open time 
histograms were well fitted by a single exponential (~- = 36 
ms), while the closed time histograms were described by at 
least three exponentials with ~- values of 3 ms, 23 ms and 
the other one on the order of seconds [61]. These values 
are on the same order of magnitude as those presented for 
the diaphragm channel (Fig. 7). We have also shown that 
one of the open and one of the closed time constants 
describing this channel, 7o. 2 and ~'c,2, are voltage sensitive 
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(Fig. 7A,B), suggesting that putative changes in the SR 
transmembrane potential could modulate the gating behav- 
ior of this channel. To investigate this possibility, we 
applied square voltage pulses to multiple channel record- 
ings. All channels opened when the voltage was brought 
from 0 to + 40 mV, with a mean half-time of 1.4 s, and 
they were all deactivated by a pulse from +40  to - 4 0  
mV with a mean half-time of 6.5 s (n = 15). Channel 
activation was systematically faster than deactivation, in- 
dependently of the K ÷ concentration or the voltage pulse 
applied. This type of behavior suggests that this channel 
would inactivate upon repolarization of the SR membrane. 
The deactivation time courses were fitted with two expo- 
nentials corresponding to mean (n = 10) ~- values of 5 ms 
and 2300 ms (Fig. 8B). Similar results were obtained with 
the cardiac SR K ÷ channels in asymmetrical buffer sys- 
tems (250 trans/50 cis mM K-gluconate), with corre- 
sponding mean (n = 12) ~- values of 22 ms and 1140 ms. 

The conductance and gating of these channels were not 
influenced by physiological concentrations of Ca ,'+ (0.1 
/zM-1 mM) or Mg 2÷ (0.25-1 mM), as well as by cGMP 
(25-100 /xM), lemakalim (1-100 pM), glyburide (up to 
10 /.tM) or charybdotoxin (45-200 nM), added either to 
the cis or to the trans chamber. However, addition of 1 to 
10 mM Mg 2+ to the cis chamber reduced the channels' 
current amplitude. This inhibition was observed at + 40 
mV, but not at - 4 0  mV, suggesting that free cytoplasmic 
Mg 2+ might reduce the K + permeability of the SR. How- 
ever, in vivo intracellular free Mg 2+ concentrations are in 
the range of 250-600 pM. Considering that millimolar 
concentrations of Mg 2+ are required to block the K + 
current, this channel does not fall into the category of the 
inward rectifier K + channels, and Mg z+ is not expected to 
play a key role in the regulation of SR K + permeability. In 
contrast, Mg 2+ is known to modulate the gating behavior 
of the SR Ca 2+ release channel [36]. On the other hand, 
we have demonstrated that the gating of the diaphragm SR 
K + channel is voltage-sensitive. The fact that membrane 
depolarization increases the channel's open probability 
(Fig. 5) and the duration of open events (Fig. 7A), and that 
hyperpolarization produces the opposite effects, support 
the view that the K + channels could be regulated by 
fluctuations in SR membrane potential occurring during 
Ca 2+ cycling. These features, along with our previous 
studies on cardiac SR K + and CI-  channels, support the 
idea that the role of these monovalent cation selective 
channels, instead of preserving electroneutrality [4-8], 
would be to maintain the SR membrane potential away 
from the Ca 2+ equilibrium potential, and thus facilitate 
Ca 2+ fluxes across the membrane dunng contraction-re- 
laxation cycles. 

Because of their apparent lack of biochemical or phar- 
macological regulation, it is not possible to relate the 
diaphragm and cardiac SR K + channels to any of the 
known families of K ÷ channels. However, a polypeptide 
of 80 kDa was partially purified from canine cardiac SR 

membranes on sucrose gradient following CHAPS solubi- 
lization [25]. Upon reconstitution in the planar lipid bilayer 
system, this protein displayed the conductance and volt- 
age-dependent gating behavior of the native cardiac SR 
K + channel. Since the cardiac and the diaphragm SR K ÷ 
channels display similar biophysical properties, it might be 
postulated that the diaphragm SR K ÷ channel is a close 
isoform of its cardiac muscle counterpart. The protein 
composition and structure of the diaphragm SR K ÷ chan- 
nel could provide valuable information on the physio- 
logical role and biochemical regulation of channel in stri- 
ated muscles. 
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