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Summary. We have investigated the effect of the skeletal muscle 
relaxant succinyl choline (SC) on the conduction of potassium 
ions through a monovalent cation-selective channel present in 
the cardiac muscle sarcoplasmic reticulum membrane (CSR). 
This channel has been studied under voltage-clamp conditions 
following the fusion of purified CSR membrane vesicles with 
preformed planar phospholipid bilayers. The channel assumes a 
fixed orientation in the bilayer and displays two conducting 
states (B. Tomlins, A.J. Williams & R.A.P. Montgomery, 1984, 
J. Membrane Biol. 80:191-199). SC blocks potassium conduc- 
tance through the channel in a voltage-dependent manner. Block 
occurs from both sides of the channel, in both conducting states 
and is resolved as discrete "flickering" events. Although SC is 
capable of blocking potassium conductance from both sides of 
the membrane, block is asymmetric. The zero-voltage dissocia- 
tion constant for block from the cis side of the membrane is 
approximately threefold lower than that from the trans side. 
Block from the cis side displays a linear dependence on SC con- 
centration for both open states and is competitive with potassium 
ions at saturating potassium activities, consistent with a single- 
site blocking model. The degree of SC-induced block is also 
influenced by membrane surface charge. SC block differs from 
that previously described for bis quaternary ammonium (bis Qn) 
compounds such as decamethonium in that SC blocks preferen- 
tially from the eis side of the channel. 
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Introduction 

The sarcoplasmic reticulum membranes  of  mamma-  
lian skeletal muscle  (Miller, 1978; Coronado et al., 
1980; Laba rca  et al., 1980; Miller, 1982a), amphib- 
ian skeletal muscle  (Labarca  & Miller, 1981) and 
mammal ian  cardiac muscle  (Tomlins et al., 1984) 
contain vol tage-gated monovalen t  cation-selective 
channels.  Although the exact  physiological role of  
these permeabi l i ty  pa thways  remains to be estab- 
lished it seems probable  that  they serve as charge- 
compensat ing mechanisms during the calcium ion 
fluxes associated with exci tat ion-contract ion cou- 

piing (McKinley & Meissner,  1977; Meissner  & 
McKinley,  1982; Garcia  & Miller, 1984). 

Macroscopic  and single-channel propert ies  
have been studied under  vol tage-clamp conditions 
following the fusion of purified SR membrane  vesi- 
cles with planar phospholipid bilayers (Miller, 1978; 
Tomlins et al., 1984). Such exper iments  have re- 
vealed that channels f rom mammal ian  skeletal and 
cardiac muscle  SR share many  fundamental  charac- 
teristics including their selectivity and permeabil i ty 
sequences for monovalen t  cations. In addition, the 
potass ium conductance  of  both species of  channel 
is b locked by bis Qn compounds  such as decame-  
thonium (Coronado & Miller, 1980; Miller, 1982a; 
Tomlins et al., 1984). These and other  organic cat- 
ion blockers  have been used as structural probes  of  
the skeletal muscle  SR channel. Extensive  studies 
by Miller (Coronado & Miller, 1982; Miller, 1982a) 
have revealed the trans opening of  the skeletal mus- 
cle SR channel to consist  of  a large mouth region 
which narrows to a short constriction approxi-  
mately  1 nm in length at which ion selectivity oc- 
curs. A common  blocker  binding site exists approxi-  
mately  65% of the voltage drop across the channel 
f rom the t rans  face. 

Although a fairly detailed picture of  the t rans  

opening of  the skeletal muscle SR channel has been 
constructed,  little or no information is available on 
the structure and dimensions of  the mouth region or 
voltage drop f rom the cis face of  the channel. The 
demonstra t ion that potass ium conductance  through 
the CSR channel may be blocked when bis Qn com- 
pounds are added to the cis side of  the channel 
(Tomlins et al., 1984) should enable us to carry out a 
systematic  analysis of  this region of  the channel. 
These  studies are currently under  way. 

Here ,  we repor t  the results of  studies of  potas- 
sium conductance  block by SC (I), a bis Qn com- 
pound of  similar dimensions to decamethonium (II) 
but differing in the composi t ion of the "hydrocar -  
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bon" chain linking the two ammonium groups. The 
presence of oxygen and carbonyl groups in the 
chain make this region of SC less hydrophobic than 
the methylene chain of decamethonium. 

SC blocks the potassium conductance of the 
CSR monovalent cation channel from both the cis 
and trans sides of the channel. In contrast to deca- 
methonium and related compounds, SC blocks pre- 
dominantly from the cis side of the channel causing 
well-resolved "flickering" events. 
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Materials and Methods 

ISOLATION OF RABBIT CARDIAC 

AND SKELETAL S R  MEMBRANES 

The isolation of cardiac muscle SR was based on the procedure 
of Jones and Cala (1981), as described previously (Tomlins et al., 
1984). In the experiments described here, only Fraction III (oxa- 
late-loaded material) was used. 

Skeletal muscle SR was isolated as described by Garcia and 
Miller (1984). 

INCORPORATION OF MEMBRANE VESICLES INTO 

PLANAR PHOSPHOLIPID BILAYERS AND THE 

MEASUREMENT OF SINGLE-CHANNEL ACTIVITY 

Both skeletal and cardiac SR membrane vesicles were incorpo- 
rated into planar phospholipid bilayers by fusion (Miller, 1978). 
Bilayers were formed from decane solutions of purified phospho- 
lipids. Neutral bilayers contained 100% phosphatidyl ethanol- 
amine (PE) (30 mM) and charged bilayers contained either 70% 
PE, 30% phosphatidyl serine (PS) or 30% PE, 70% PS (30 raM). 
The bilayer separated two aqueous chambers, one of which, des- 
ignated trans, was held at virtual ground while the other, desig- 
nated cis, could be clamped at a range of holding potentials rela- 
tive to ground. Current flow through the bilayer was monitored 
using an operational amplifier as a current-voltage converter 
(Miller, 1982b). The output of the amplifier was displayed on an 
oscilloscope, stored on FM tape, digitized and analyzed using a 
Z-80 based microcomputer. 

SR vesicles were induced to fuse with negatively charged 
bilayers as previously described (Tomlins et al., 1984). Mem- 
brane vesicles were incorporated into neutral bilayers in the 
presence of an osmotic gradient but with no added calcium in the 
cis chamber. The final concentration of membrane protein in the 

cis chamber was 1 to 10/zg/ml. Following channel incorporation 
unfused vesicles were perfused out. All experiments were car- 
ried out at room temperature (20 to 22~ Unless otherwise 
indicated experiments were carried out with symmetrical 150 mM 
K + solutions (as sulphate salt), 5 mM HEPES, ~ pH 7.2, in the cis 
and trans chambers. Potassium activities were calculated ac- 
cording to Tamamushi and Goto (1970). When SC was present it 
was added symmetrically to the cis and trans chambers. 

Phospholipids were purchased from Avanti Polar Lipids, 
Alabama. Succinyl choline chloride was purchased from Sigma 
Chemical Company. 

ANALYSIS OF CHANNEL CONDUCTANCE 

IN THE PRESENCE OF S C  

SC block of K + conductance is resolved as "flickering." While 
the absolute single-channel conductance remains unaltered, the 
time-averaged conductance (3') is reduced due to channel flicker- 
ing. In order to evaluate the time-averaged conductance, data 
stored on FM tape was low-pass filtered at 100 Hz and sampled 
every 8 msec using an 8-bit analogue-to-digital converter. A 
channel opening could then be displayed on the monitor. A level 
is set and any samples having a value above this level are taken 
as open, and any with values below are taken as closed. This 
results in a clear trace allowing only two states, open (un- 
blocked) and blocked. As the samples represent equal time inter- 
vals the time-averaged conductance (y) can be determined by 
counting the number of open samples (nO) and the total number 
of samples in the channel opening (nT). The time-averaged con- 
ductance is then given by (nO/nT) x Yo, where Yo = the control 
(unblocked) conductance. 

Results 

C S R  CHANNEL ACTIVITY 

IN PLANAR PHOSPHOLIP1D B1LAYERS 

Figure la illustrates the discrete conductance fluc- 
tuations normally observed in K+-containing media 
following the fusion of CSR membrane vesicles 
with a neutral planar phospholipid bilayer. Fusion 
events generally incorporate between 2 and 4 chan- 
nels. However, the data described for SC block 
were obtained in experiments in which only a single 
channel was incorporated into the bilayer. Channel 
activity can be described in terms of a three-state 
scheme, in which there is a well-defined closed state 
(zero conductance) and two open states designated 
o~ and fl (Tomlins et al., 1984). Typically, the a-state 
conductance is 60 to 70% of the B-state conduc- 
tance and is always resolved as a much "noisier" 
state. In addition, the De state displays a considera- 

i Abbreviations: HEPES, N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid; decamethonium, decamethylenebis (tri- 
methyl) ammonium bromide; Succinyl choline, 2,2'-[(l,4-dioxo- 
1,4-butanediyl) bis (oxy)] bis [N,N,N,-trimethylethanaminium] 
di-chloride. 
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Fig. 1. (a) Current fluctuations of cardiac SR channels illustrat- 
ing the three conductance states, closed (O), c~ and/3; at a hold- 
ing potential of  +50 mV (top trace) and - 5 0  mV (bottom trace). 
Traces were low-pass filtered at 400 Hz. The switch from +50 to 
- 5 0  mV produces a large capacitative spike and an increased 
probability of  channel closing. At positive holding potentials in- 
creased current  flow is indicated by an upward deflection while 
increased current flow is indicated by a downward deflection at 
negative holding potentials. (b) Single-channel current-voltage 
relationship for a (O) and/3 (0)  states. Channel fluctuations were 
recorded after incorporation into a neutral (100% PE) bilayer 
with symmetrical solutions of  75 mM K2504, 5 mM HEPES,  pH 
7.2. Each point represents  the mean of  five to 10 separate deter- 
minations at the indicated holding potential. Lines were drawn 
by eye. a-state single-channel conductance = 100 pS. /3-state 
single-channel conductance 184 pS 

bly more variable conductance than the /3 state. 
Analysis of single-step transition probabilities has 
revealed that there is no requirement for the chan- 
nel to enter the a state during transitions between 
the closed and/3 states (Tomlins et al., 1984). This is 
not the case for the amphibian skeletal muscle SR 
channel (Labarca & Miller, 1981). 

Both mammalian skeletal and cardiac muscle 
SR monovalent cation-selective channels show 
voltage-dependent gating. Positive holding poten- 
tials favor the opening of the channel, while nega- 
tive holding potentials increase the probability of 
channel closing. The single-channel conductance is 
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Fig. 2. Conductance-activity relationship in neutral membranes.  
Channel conductance of c~ (O) and/3 (0 )  states were determined 
as described in Fig. lb, using K2504 solutions ranging in concen- 
tration from 5 to 300 mM, all containing 5 mM HEPES,  pH 7.2. 
Each point represents  a single-channel conductance (y) obtained 
from the slope of  a current-voltage relationship (as in Fig. lb). 
All plots were linear over  the range +- 70 mV and at all K + 
activities studied. K + activity was calculated according to Tama- 
mushi and Goto (1970). The solid curves were drawn according 
to the equation "//Ymax = aK (aK + Kd), where 7max(a) = 124 pS, 
and Ymax(/3) = 204 pS. For  both states Kd = 12 mM 

voltage-independent over the holding potential 
range -70 to +70 mV (Fig. lb) as has previously 
been demonstrated in negatively charged bilayers 
(Tomlins et al., 1984). 

Both conductance states of the CSR channel 
saturate with increasing K + activity in neutral phos- 
pholipid bilayers (Fig. 2). Conductance follows a 
simple saturation curve (Kd = 12 +- 2 mM for both 
conducting states), indicating, as has previously 
been demonstrated for the skeletal muscle SR chan- 
nel (Coronado et al., 1980), that the channel can be 
occupied by no more than one ion at a time. 

BLOCK BY S C  

Following the addition of 1 mM SC to both the cis 
and trans chambers, the channel can be seen to un- 
dergo rapid transitions between the open states and 
a blocked state (channel flickering) (Fig. 3). The 
blocked state conductance level is indistinguishable 
from the normal closed state but the mean blocked 
and closed ,times are obviously quite different. 

Channel flickering occurs in both the o~ and/3 
open states, although flickering appears less com- 
mon in the oz state (Fig. 3). The rate of channel 
flickering is greater at positive holding potentials 
than negative holding potentials (Fig. 3). Thus SC is 
more effective when acting from the cis side of the 
channel. This is in contrast to the action of the bis 
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Fig. 3. SC-induced channel flickering of cardiac SR channel. 
Holding potential is +40 mV (top trace) and -40 mV (bottom 
trace). Note the reduced frequency of flickering at negative hold- 
ing potentials. A single cardiac SR channel was i~corporated into 
a neutral bilayer and fluctuations analyzed in 75 mM K2SO4, 5 
mM HEPES, pH 7.2, containing 1 mM- SC. These traces should 
be compared with data obtained in the absence of SC (Fig. la) 

Qn compounds such as decamethonium which 
block more effectively from the trans side of both 
the skeletal and cardiac SR channels (Coronado & 
Miller, 1980; Miller, 1982a; Tomlins et al., 1984). 

A quantitative analysis of channel flickering 
yields data on time-averaged conductance and 
hence the degree of  channel block (see  Materials 
and Methods). The degree of  K + conductance  block 
by SC increases with applied voltage, as is shown in 
Fig. 4a, in which normalized blocked conductance 
7/70 (where y = time-averaged conductance in the 
presence of  the blocker and yo control conductance) 
is plotted against applied holding potential. The 
voltage-dependent nature of  the block from both cis 
and trans sides of  the channel implies some interac- 
tion between the charged blocker molecule and a 
site or sites situated within the voltage drop of the 
channel. For  a voltage-dependent block of  this type 
the time-averaged conductance (y) is given by 
(Woodhull, 1973) 

~/ = 3,o[1 + (B/KbO) e x p ( z S F V / R T ) ]  -J (1) 

where B,  KbO and z are the concentration, zero 
voltage dissociation constant and valence of the 
blocker, respectively. 8 is the portion of the total 
voltage-drop (V) across the membrane experienced 
at the site of the blocking reaction. 3'0 is the control, 
unblocked conductance and F, R and T have their 
usual meanings. The quantity z8 is usually termed 
the effective valence of  the blocking reaction (Cor- 
onado & Miller, 1979). A linearized form of Eq. (1) 
may be used to obtain the blocking parameters KbO 
and z8 by determining 7 as a function of  V at con- 
stant B (Coronado & Miller, 1979) (Table 1). The 
data shown in Fig. 4a is replotted in the linearized 
form in Fig. 4b. The asymmetric nature of  the block 
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Table 1. Blocking parameters from cardiac and skeletal SR 
channels obtained in the presence of 1 mM succinyl choline ~ 

Conductance Kb(O) mM Z~3 r 
state 

(a) Cardiac SR 
cis block 

trans block 
(b) Skeletal SR 

cis block 

trans block 

25.70 0.95 0.98 
t3 20.70 1.17 0.98 
/3 70.60 -0.86 0.96 

c~ 34.00 0.89 0.95 
/3 19.72 1.05 0.98 
/3 58.00 -0.73 0.91 

a Blocking parameters obtained in the presence of 1 mM SC as 
described in Fig. 4 for cardiac SR. z8 values are expressed as a 
distance into the voltage drop from the side of the membrane to 
which the drug is added. 'r' values represent the correlation 
coefficients derived from the least-squares plots of the data. 

Data for skeletal SR are taken from four different experi- 
ments, and measurements were made over the potential range 
-+80 mV, exactly as described for cardiac SR (Figs. 1 & 4). 
Control current/voltage relationships were linear over this range 
and values for 3'0 a state = 95 -+ 3.2 pS, and for 3"~/3 state = 176 
--- 5.4 pS (n = 4 --_ SD). 

The results described above were obtained from lines 
drawn by least-square regression and contained 15 different po- 
tential measurements for cis block, while for trans block five 
different potential measurements were used. For each potential 
between five and 15 separate determinations were made of chan- 
nel block. The standard deviation for all the data was between 5 
and 11%. 

by SC, depicted qualitatively in Fig. 3 is confirmed 
by this data. The /3  state KbO for cis block being 
approximately threefold lower than that obtained 
for t rans  block. Although we have only limited data 
on t rans  block in the a state, preliminary evidence 
indicates a value for KbO well in excess of 100 mM 
and we, therefore, feel justified in suggesting that 
SC block in the a-conducting state is also asymmet- 
ric. In addition to the asymmetric nature of  the SC 
block, differences exist between the KbO values of  
the two conducting states. The affinity for the 
blocker in the a state being some 30% lower than 
that for the/3 state. 

To obtain information on the relative position of  
the blocker binding site within the channel voltage 
drop it is necessary to have a value for z, i.e. the 
valence of the blocker or, more precisely, the 
charge carried by the molecule within the voltage 
drop. For  SC this will obviously depend on the con- 
formation of  the molecule within the channel and 
this question will be considered in detail in the dis- 
cussion. 

It has previously been demonstrated that the 
cardiac muscle SR monovalent  cation channel 
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Fig. 4. Voltage dependence  of  SC block. (a) Single-channel K § conductance  was measured  for both a (�9 and fl (0 )  s tates  as descr ibed 
in Fig. 1, using neutral phospholipid bilayers in symmetr ica l  solutions of  75 mM K:SO4, 5 mM HEPES,  pH 7.2, containing 1 mM SC. 
~,/~,,, - the fraction of the total conduc tance  remaining in the presence of the blocker,  y = reduced K + conductance  measured  in the 
presence of  1 mM SC, determined as described in Materials and Methods.  y,, open-s ta te  conductance  in the absence  of  blocker (185 
pS for the fl state, 109 pS for the a state). Each point represents  the mean  value (_+ so)  of  up to 30 separate determinat ions  at the 
indicated holding potential.  Symbols  without  error bars have a SD smaller than the diameter  of  the symbol .  Data  was obtained f rom 
eight different exper iments  in each of  which the bilayer contained only a single channel .  The solid curves  were drawn a s sumin g  a 
si tuation in which SC enter ing the channel  from either the cis or trans chamber  binds to an identical site within the voltage drop of  the 
channel ,  but  with different dissociation constants .  A formal express ion of  the vol tage-dependent  block by SC, for both the a and fi 
s tates ,  from both the cis and trans sides of  the channel  follows from Eq. (1) and can be written as (Coronado & Miller, 1979; Labarca  & 
Miller, 1981): 

[ . FV]I 
[scl,.,s (z~ -fir Kb(O),r,,,,~ RrJ Y/Yo = 1 + ~ .  exp F V )  + [SC],r,,,s exp(z(6 - 1)) (2) 

where  z, the valence of  the blocker is a s sumed  to be 2 for both the c~ and fi states.  The lines have been drawn with the blocking 
parameters  listed in Table I. Note that ~ values are those measured  from the cis side of the channel .  In the ~ state this is 0.47 (z~ = 
0.945) and for the fl state this is 0.59 (z6 = 1.17). (b) Linearized plot of  Eq. (l) for the data in Fig. 4a. Error bars have been omit ted for 
clarity and the data  for trans block of  the c~ state have not been included. Lines were drawn by least-squares  regression and the blocking 
parameters  obtained from these  plots are listed in Table I 

shares many characteristics with the skeletal mus- 
cle SR channel (Tomlins et al., 1984). It was, there- 
fore, of interest to determine if SC blocked K + con- 
ductance through the Skeletal SR channel in a 
similar manner. By employing identical conditions 
to those used for cardiac SR, we have obtained very 
similar blocking parameters for the skeletal SR 
channel. These parameters are given in Table 1 for 
comparison. 

I N F L U E N C E  OF M E M B R A N E  S U R F A C E  C H A R G E  

The data presented in the preceding sections were 
obtained following the incorporation of channels 
into neutral (100% PE) bilayers. An interesting ob- 

servation is that the presence of a negatively 
charged phospholipid (PS) alters the degree of block 
by SC in a manner suggesting that the negatively 
charged head groups in the bilayer are causing an 
increase of the local concentration of the blocker. 
The concentration of SC "sensed" by the channel 
is then higher than that in the bulk solution. The cis 
blocking parameters determined for negatively 
charged membranes, with symmetrical 1 mM SC are 
shown in Table 2. A similar effect of surface charge 
has been reported for trans block of the skeletal 
muscle SR channel by another quaternary ammo- 
nium compound "bis Q 11" (Bell & Miller, 1984). 

It is apparent from Tables 1 and 2 that the zero- 
voltage dissociation constant for SC is lower in neg- 
atively charged membranes than neutral mem- 



90 M.A. Gray et al.: Cardiac SR K § Channel 

a sc  (mM) 

- - 2-_22~ 

0.25 1,0q 

0.5 

o.75 O. 5 

~ l O p A  
1$ 

b 

I I 1 I ;o 2 , e 8 
[ s c ]  ( r~M)  

Fig. 5. SC titration of single-channel conductance. (a) Representative channel openings at a holding potential of +50 mV in the absence 
or in the presence of a series of concentrations of SC. Channel fluctuations were monitored following the incorporation of channels into 
planar bilayers containing 70% PE, 30% PS. Cis and trans chambers contained 75 mM K2SO4, 5 mM HEPES, pH 7.2, and the 
appropriate concentration of SC. (b) Single-channel conductance measurements were made under the conditions described in Fig. 5a 
for both a (O) and /3 (0) states. Holding potential was +50 mV. SC was present in both (:is and trans chambers, ranging in 
concentration from 0.01 to 10.0 raM. 7/3'o is the fraction of the total conductance remaining in the presence of the blocker as described in 
Fig. 4. Each point represents the mean (-+ SD) of between 15 and 45 determinations taken from three separate experiments. Symbols 
without error bars have so less than the diameter of the symbol. The solid curves were drawn according to: 

[ [sc] 
 ,7o = l ,  + K--~VSI (3) 

where 3' is the channel conductance at a given SC concentration, y,, is the channel conductance in the absence of SC and Kb(V)  is the 
dissociation constant for SC at the applied holding potential (+50 mV). The curves were fitted with Kb(V)c~ = 3.12 mM and Kb(V)/3 = 
1.96 mM. These constants were obtained from the linear plot of the data in Fig. 5b 

branes. However, raising the PS content of the 
bilayer from 30 to 70% does not appear to reduce 
the value further. The downward trend of effective 
valence (zS) with increasing proportions of PS in the 
bilayer may be explained by the observations that 
near a charged surface, a molecule such as SC will 
not behave as a point-divalent charged particle. On 
the contrary, its valence (i.e. z) will be between 1 
and 2 and will decrease with increasing surface 
charge (Alvarez et al., 1983), and therefore 'z~' will 
decrease with increasing surface charge. 

CONCENTRATION DEPENDENCE OF S C  BLOCK 

Because SC blocks predominantly at positive hold- 
ing potentials (i.e. from the cis side of the bilayer) 
we have confined our investigation to studying 
blockade from this side. However, SC was added 
symmetrically to the cis and trans chambers in all 

experiments, thereby eliminating possible surface 
potential effects due to the binding of the blocker to 
the membrane (Donovan & Latorre, 1979). 

A one-site, one-blocker model predicts that at a 
constant K § concentration, increasing the concen- 
tration of the blocker should reduce the time-aver- 
aged conductance, which should, in turn, follow a 
single-site inhibition curve. That this prediction 
holds true for both a and/3 states is shown in Fig. 5. 
The apparent dissociation constants, measured at 
+50 mV, are 1.96 mM for the/3 state and 3.12 mM 
for the a state. This result confirms and extends the 
observation (Figs. 3 & 4) that the o~ state is less 
susceptible to SC block than the/3 state. 

COMPETITION OF S C  WITH K + 

Throughout this study we have assumed that SC 
blocks K § conduction through the channel by bind-. 
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ing to a site normally involved in K § translocation. 
If this is true, SC binding and hence conductance 
block, should be competitive with K +. The data pre- 
sented in Fig. 6 demonstrate that this is so for both 
the o~ and/3 states at a fixed SC concentration and a 
range of K + concentrations from 0.15 to 0.6 M. At 
these K + concentrations conductance is essentially 
saturated (see Fig. 2). The data is presented in the 
form of double-reciprocal plots for SC concentra- 
tions of 1.0 and 2.5 mM. 

It is evident that while the maximum channel 
conductance is independent of SC concentration, 
the apparent dissociation constant for K + varies 
with SC concentration, as would be predicted for a 
one-site competitive scheme. The apparent dissoci- 
ation constant for SC may be obtained from the 
slopes of these plots (see legend of Fig. 6). 

The pure competitive nature of the block by SC 
is further suggested by the fact that the apparent 
dissociation constants for K + (Kdapp.)  a r e  a linear 
function of SC concentration (Fig. 6c). The true dis- 
sociation constant for SC can be obtained from this 
plot (see legend of Fig. 6). For the/3 state this value 
is 0.38 mM and for the o~ state it is 0.75 mM. 

Discussion 

K + CONDUCTION 

The mechanisms of ion conduction and block of the 
K+-selective channel of mammalian skeletal muscle 
SR have been extensively characterized by Miller 
and his colleagues. These studies have established 
that the process of K + conduction through this 
channel is extremely simple and can, in fact, be 
described by a single-ion model (Lfiuger, 1973). In 
accordance with this model, the conductance path- 
way can be occupied by only one ion, either con- 
ducting or blocking, at a time. A wide range of large 
organic cations have been shown to block K + con- 
ductance through the channel, the blocking reaction 
being described by a simple competition between 
the conducting and blocking ions for binding sites 
normally involved in K + conduction (Coronado & 
Miller, 1980, 1982; Coronado et al., 1980; Miller, 
I982a). 

Using the methods of Miller, we have previ- 
ously demonstrated the existence of a similar mono- 
valent cation-selective channel in mammalian car- 
diac muscle SR (Tomlins et al., 1984). We have 
established that the two channels have the same 
selectivity sequence for monovalent cations and 

Table 2. Effect o f  lipid charge on blocking parameters  ~ 

Conduc tance  Kb(O) mM Z~ r 
state 

(a) 30% PS, 70% PE 
cis block 

(b) 70% PS, 30% PE 
cis block 

~x 11.64 0.83 0.83 
/3 11.00 1.12 0.96 

o~ 11.27 0.67 0.97 
/3 9.69 0.94 0.99 

a Blocking parameters  were obtained in the presence  of  I mM SC 
as descr ibed in Fig. 4, except  that  charged phospholipid bilayers 
were used (as indicated) instead of neutral  bilayers (100% PE). 
Al though only cis block was analyzed,  SC was also present  (I.0 
raM) in the trans chamber .  Resul ts  using neutral bilayers are 
il lustrated in Table 1. Data  for (a) 30% PS/70% PE were obtained 
from three separate  exper iments ,  and measu remen t s  were made 
over  the potential  range _+80 mV, exact ly as described for neu- 
tral bilayers (Figs. 1 & 4). Control current /vol tage relationships 
were linear over  this range,  and values for 3'0 c~ state = 137 -+ 5 
pS and for 7o/3 state  = 196 _+ 9 pS (n = 3 - SD). Resul ts  in the 
presence of  SC were taken from lines drawn by least-square 
regression and used 17 different potential  measu remen t s  be- 
tween 0 and +80 mV. For each potential be tween five and 30 
separate  determinat ions  of  channel  block were made.  

Data  for (b) 70% PS, 30% PE, were obtained from two 
different exper iments ,  over  the potential range _+75 mV, exactly 
as described in Figs. 1 & 4. Control current/voltage relationships 
were linear over  this range and values  for 7o e~ state = 137 _+ 3 pS 
and for YoB state = 188 -+ 1 pS (mean of  two expts.) .  Resul ts  
were taken f rom lines drawn by least -square  regression and used 
11 different potential measu remen t s .  For each potential be tween 
five and 15 separate  determinat ions  of  channel  block were made.  
The s tandard deviat ion for all measu remen t s  made in the pres- 
ence  of  SC was be tween 5 and 13%. 

that K + conductance through the cardiac SR chan- 
nel may be blocked by bis Qn ions such as decame- 
thonium in a qualitatively and quantitatively similar 
manner to the skeletal SR channel. The data pre- 
sented here provide further evidence that the mech- 
anism of ion conduction is similar in the two chan- 
nels. As would be predicted for a single-ion model, 
channel conductance of the cardiac SR channel var- 
ies with K + activity according to a simple "Mi- 
chaelis-Menten" scheme (Fig. 2). Both conducting 
states saturate with increasing K + activity, half sat- 
uration occurring at approximaely 12 mM. There- 
fore, the mechanism for K + conduction appears 
identical for the cardiac and skeletal channels. 
However, these experiments do highlight one sig- 
nificant difference. Although the maximal conduc- 
tance of the two channels is very similar, the car- 
diac channel has a considerably higher affinity for 
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Fig. 6. Competitive block of K + conductance by SC. (a & b) 
Control K § conductance for both the (a) c~ state and (b)/3 state 
were measured in neutral phospholipid bilayers at different K § 
activities (SO24 salt) as described in Fig. 2a (11). For each K ~ 
activity, time-averaged channel conductance (3') was also deter- 
mined in the presence of 1.0 mM (0) or 2.5 mM SC (�9 present in 
both cis and trans chambers, at a holding potential of +50 mV. 
Each point represents the mean (--- SD) of between 5 and 25 
determinations, taken from seven separate experiments. Sym- 
bols without error bars have so less than the size of the symbol. 
Data obtained in this way are plotted in double-reciprocal form 
and the lines were drawn by eye. The data indicate that the block 
by SC is competitive with K + ions, since the maximal channel 
conductance is independent of SC, but the dissociation constant 
for K +, Kd(k) ,  varies with blocker concentration. From the slope 
of these lines in the presence of SC it is possible to obtain the 
apparent dissociation constants for SC (Ki), since for a competi- 
tive scheme: 

/ clSC~(gd(K)~ 
Slope = ~1 + 

\ (4) 

where aSC is the activity of SC, Ki  is the apparent dissociation 
constant for SC, Kd(K) is the apparent dissociation constant for 
K + in the absence of SC and Ym~x is the maximal channel conduc- 
tance. In these experiments Kd(K) for both a and/3 states is 13 
mM, while 3'max (a) = 132 pS and 3'max (/3) := 204 pS. Using these 
parameters we obtain Ki(SC) for the a state of 0.62 and 0.78 mM 
at 1.0 and 2.5 mM SC, respectively, and for the/3 state Ki(SC) 
values of 0.44 and 0.41 mM at 1.0 and 2.5 mM SC, respectively. 
(c) Plot of the apparent dissociation constants for K + for both c~ 
(�9 and/3 (0) states, against SC concentration. The intercept of 
the [SC] axis provides the true dissociation constant for SC 
since: 

Kd(K).  [SC] 
Kd(app) - Ki  + (Kd(K)). (5) 

For the a state this value is 0.75 mM and for the/3 state it is 
0.38 raM. Values for Kd(app) were obtained from the intercepts 
on the 1/activity axis in Fig. 6a & b 

K § than the skeletal SR channel (skeletal Kd = 54 
raM; Coronado et al., 1980). 

SC-INDUCED CHANNEL FLICKERING 

Block of K + conductance through the cardiac SR 
channel by SC can be described by a one-site one- 
blocker model in which the conductance pathway 
can accommodate either one K + ion or one SC ion 
at a time. In such a situation conductance fluctuates 
between the normal conducting level and a blocked, 
nonconducting level. The duration of the blocked 
state, i.e. the dwell time of the blocker in the chan- 
nel, is sufficiently long for it to be resolved as chan- 
nel flickering (Fig. 3). 

In previous studies of bis Qn block of the skele- 
tal SR channel (Miller, 1982a) two distinct forms of 
conductance block were observed. Bis Qn mole- 
cules with two to eight methylene groups caused 
smooth conductance block, i.e. blocking events of 
short duration which could not be resolved as indi- 
vidual events, but produced a time-averaged reduc- 
tion in channel conductance. Molecules with nine 
or more methylene groups induced well-defined 
channel flickering. Transition from smooth to flick- 
ering block was accompanied by a doubling in the 
effective valence of the blocking reaction and an 
apparent doubling of the dependence of binding af- 
finity on methylene chain length (Miller, 1982a). 
The demonstration that SC causes channel flicker- 
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ing under conditions in which it has a zero-voltage 
dissociation constant of > 70 mM (e.g. from the 
trans side of the bilayer) argues that the long dwell 
time of the blocker in the conduction pathway is not 
dependent on the affinity of the binding site for the 
blocker, but may be related to the conformation of 
the molecule within the channel. Miller (1982a) sug- 
gested that bis Qn molecules of n = 9 or more, 
block in a bent configuration with the two ammo- 
nium groups side by side in the channel, whereas 
shorter chain bis Qn compounds remain in a linear 
configuration within the channel. 

We believe that molecules which assume a bent 
configuration and these include SC, induce flicker- 
ing, while linear blockers do not. This mechanism 
appears to be independent of binding affinity. A 
speculative suggestion might then be that a confor- 
mational change is necessary for the blocker to 
leave the conduction pathway, for example the un- 
bending of the molecule, and it would be this re- 
quirement which produces long dwell times and 
hence channel flickering. 

ASYMMETRIC BLOCK OF K + CONDUCTANCE 

IN SR CHANNELS 

A large number of organic cations have been shown 
to block K + conductance of the skeletal muscle SR 
channel. In all cases block is considerably more ef- 
fective from the trans side of the membrane (Cor- 
onado & Miller, 1982; Miller, 1982a). We have pre- 
viously demonstrated that decamethonium blocks 
K + conductance through the cardiac SR channel 
from both sides of the bilayer, but again block is 
more effective from the trans side of the membrane 
(Tomlins et al., 1984). We have also obtained block- 
ing parameters very similar to those obtained with 
the cardiac SR channel for cis and trans block of the 
skeletal SR channel by decamethonium (data not 
shown). SC blocks K + conductance through both 
the cardiac and skeletal SR channels in both direc- 
tions. However, an unusual asymmetry is ob- 
served, block being more effective from the cis side 
of the membrane (Figs. 3 & 4, Table 1). 

Asymmetric blocker binding affinities are most 
probably related to differences in the chemical na- 
ture of the channel openings at the cis and trans 
faces of the membrane. Miller (1982a) suggested the 
presence of a "hydrophobic patch" in the trans 
opening of the skeletal muscle channel to explain 
the finding that the blocking affinity of the bis Qn 
compounds increases as the alkyl chain length in- 
creases. Our results are consistent with this picture. 
Decamethonium and SC are molecules of very simi- 
lar size and flexibility, differing only in the composi- 

tion of the chain linking the ammonium groups. Ox- 
ygen and carbonyl residues of SC make this region 
of the molecule more hydrophilic than the alkyl 
chain of decamethonium. We would suggest that 
this more hydrophilic chain decreases the likelihood 
of SC being stabilized by the hydrophobic patch of 
the trans opening of the channel, which, in turn, 
produces a lower binding affinity. 

We can extend our discussion to the cis opening 
of the channel. In both skeletal and cardiac chan- 
nels, the binding affinity for decamethonium at the 
cis side of the channel is lower than that at the trans 
side. This suggests that, either the cis opening has 
no hydrophobic area involved in blocker stabiliza- 
tion, or, more likely, a less hydrophobic region of 
interaction. This suggestion is supported by the na- 
ture of the asymmetric block by SC, with the more 
hydrophilic chain of SC being stabilized in the cis 
opening. 

In summary, we propose that both cis and trans 
openings of the cardiac and skeletal channels have 
hydrophobic regions involved in blocker binding 
and for this reason decamethonium is bound more 
tightly than SC on both sides of the membrane. 
However, we feel that the region of the cis opening 
is less hydrophobic than that of the trans opening. 

In addition to the binding affinity, the voltage 
dependence of SC block is also asymmetric (Fig. 4 
& Table 1). 8, the electrical distance at which the 
blocker binds within the voltage drop, may be deter- 
mined knowing z, the valence of the blocker. For a 
molecule such as SC this will obviously depend 
upon the conformation of the molecule. In the case 
of block of the/3 state from the cis side of the mem- 
brane, the effective valence data (Table 1) indicate 
that both charged groups are involved. Thus, w e  
can envisage the molecule in a horseshoe configura- 
tion so that both charged groups bind at the same 
electrical distance into the voltage drop, as has been 
postulated for long-chain bis Qn compounds (Cor- 
onado & Miller, 1980; Miller, 1982a; Tomlins et al., 
1984). Alternatively, the molecule may assume an 
"S"-shaped configuration, in which the carbonyl 
groups are situated in close proximity to the posi- 
tively charged tertiary ammonium groups. Again, 
both charged groups would bind at approximately 
the same electrical distance into the voltage drop. 
In the case of cis block, ~ would be approximately 
0.59, implying a blocker binding site approximately 
59% of the distance across the voltage drop from 
the cis side of the bilayer. 

If we assume that SC blocks in a similar bent 
configuration from the trans side of the channel, i.e. 
with z -- 2, it appears that the molecule is binding to 
an equivalent site to that accessible from the cis 
side of the channel, that is 43% down the voltage 
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drop from the trans side of the membrane (Table 1). 
The site of SC binding appears to be different to that 
previously described for bis Qn blockers in the skel- 
etal and cardiac muscle channels (Coronado & 
Miller, 1980; Miller, 1982a; Tomlins et al., 1984). 

Based on conduction saturation data (Fig. 2), 
we have concluded that K § conductance through 
the cardiac SR channel can be described in terms of 
a single ion scheme. This view is supported by the 
relationship between time-averaged conductance 
and blocker concentration, which follows a single- 
site inhibition curve (Fig. 5) and the simple competi- 
tive interaction of SC and K + at saturating K + activ- 
ities (Fig. 6). 

NATURE OF THE SUB-CONDUCTANCE STATE, a 

The discussion up to now has dealt largely with the 
fully open, r ,  conducting state. We will now discuss 
the nature of the a-state conductance, drawing to- 
gether evidence from various experiments. Sub- 
conductance states have been documented for a 
wide range of channels, including the K+-selective 
channel of amphibian skeletal muscle SR (Labarca 
& Miller, 1981). Other multi-state channels include 
the acetylcholine receptor (Hamill & Sakmann, 
1981; Auerbach & Sachs, 1983), the Ca2+-activated 
K + channel of skeletal muscle sarcolemma (Moc- 
zydlowski & Latorre, 1983), of macrophages (Gal- 
lin, 1984) and of Hela cells (Sauv6 et al., 1983), the 
inward rectifier K + channel of cardiac ventricular 
cells (Sakmann & Trube, 1984), the chloride chan- 
nel of torpedo electroplax (Miller, 1982b; Hanke & 
Miller, 1983; Miller & White, 1984), neuronal 
GABA and glycine-activated chloride channels 
(Hamill et al., 1983) and the chloride channels re- 
cently described in Schwann cells (Gray et al., 
1984). 

In two cases, the torpedo chloride channel and 
the cardiac inward rectifier, it has been suggested 
that the sub-conductance states represent monomer 
conductance pathways of polymeric channels. Con- 
vincing evidence supports the theory that the tor- 
pedo chloride channel is a dimer (Miller, 1982b; 
Miller & White, 1984), whereas the cardiac inward 
rectifier may consist of four identical conductance 
sub-units (Sakmann & Trube, 1984). The nature of 
the sub-conductance states of the other channels 
listed above has not been documented. 

Previously, we have demonstrated that both 
conductance states of the cardiac SR channel dis- 
play the same monovalent cation selectivity se- 
quence and are blocked to a common, nonconduct- 
ing level by decamethonium, implying that they 
share a common conductance pathway. Addition- 
ally, we have established that transitions between 

the r ,  a and closed states are a random occurrence 
(Tomlins et al., 1984). In this report we have studied 
K + conductance and SC block of both the fi- and a- 
conducting states. Although the maximal conduc- 
tances are different, the two states have approxi- 
mately the same affinity for K + (Fig. 2) as one might 
expect for a common conductance pathway. 

The observation that the a state was always 
resolved as a much noisier state (Fig. 1), suggests 
the possibility that this state might represent a time- 
averaged conductance, generated by rapid conduc- 
tance fluctuations between the fully open (fl) state 
and the closed state. Thus, during the a state the 
channel would spend 30 to 40% of the observed 
open time in the closed state. The difference be- 
tween the conducting states would then be one of 
gating rather than conduction. What evidence do 
we have to support this claim? Consider conduc- 
tance block by SC. If as we suggest the a state is a 
time-averaged conductance during which the chan- 
nel is closed for 30 to 40% of the apparent open 
period, we would predict that, as the channel has to 
be open for SC to block conductance, the degree of 
block, observed in the a state, would be equiva- 
lently less than that seen in the fl state. An inspec- 
tion of a number of openings in the presence of SC 
gives qualitative support to this contention (Figs. 3 
& 5). Blocking events appear to be less common in 
the a state than the fl state. A quantitative analysis 
of this phenomenon adds further support. The num- 
ber of blocking events per unit time was determined 
for a and fl states at +50 mV in the presence of 150 
mM K + and 1 mM SC, over a total open time of 100 
sec. Under these conditions, we observed 15.9 
blocking events/sec in the a state and 24.3 blocking 
events/sec in the fl state. Therefore, the blocking 
rate in the a state is 64% of that seen in the fl state. 
The decreased probability of block in the a state 
relative to the fl state is reflected in the lower Kb(o) 
for SC in the a state than the fi state (Table 1) and 
the higher apparent and true dissociation constants 
for SC of the a state (Figs. 5 & 6). Our "gating" 
hypothesis does in fact predict that the ratio of the 
dissociation constants of SC in the a and/3 states 
should be the same as the ratio of the unblocked 
conductances, i.e. 

Kd'VKd~ y~o/T ~ 

The results in Table 1, and those in Figs. 5 and 6 
confirm this prediction. 

We feel that these findings support the sugges- 
tion that the sub-conductance state of the cardiac 
SR channel is adifferent gating state rather than a 
different conducting pathway. This hypothesis will 
be further tested using a range of blocking agents. 
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The effective valence parameters shown in Ta- 
bles 1 and 2 imply that the position of the SC bind- 
ing site within the voltage drop is different in the ~- 
and B-conducting states. Assuming a valence of 2, 
SC would bind at a site approximately 47% across 
the voltage drop from the cis side of the channel in 
the o~ state, while the binding site in the/3 state is 
approximately 59%. This difference could be due to 
a conformational change in the channel protein, 
leading to a displacement of the binding site within 
the voltage drop, rather than signifying two differ- 
ent SC binding sites in the two states. Alternatively, 
the difference may be the result of an alteration in 
the field configuration around the binding site dur- 
ing ~//3 transition (Labarca & Miller, 1981). 

What determines the conducting state of the 
channel? Although we have no firm evidence con- 
cerning this question, two observations may point 
to some electrostatic effect being important: (i) the 
likelihood of the channel being in the o~ state is 
higher in highly charged bilayers than in neutral bi- 
layers and (ii) in neutral bilayers, the likelihood of 
observing the o~ state decreases with increasing K + 
activity. However,  these observations are purely 
qualitative and await rigorous investigation. 
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support and to Dr. Barbara Tomlins for constructive criticism of 
the manuscript. 
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