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The effect of caesium on the cation transport system in sarcoplasmic reticulum vesicles has been analysed 
kinetically through Tris + influx. The Tris + influx was measured by following the change in K + diffusion 
potential due to the mutual diffusion between K ÷ and Tris + in the presence of valiomycin using a potential 
probe; 3,3'-dipropylthiadicarbocyanine iodide. The main results were as follows. (1) Tris ÷ influx increased 
when membrane potential became inside-negative. This suggests that Tris + permeates through the channel 
which has a voltage-dependent gate. (2) Cs + reacted with the cation transport system only from the outside 
of  the vesicle and inhibited Tris + influx. The inhibition follows a single-site titration curve with a 
voltage-dependent dissociation constant of 18 mM at - 6 0  inV. The inhibition can be explained by assuming 
that Cs + binds to a site located about 45% of the way through the membrane from the outside of the vesicle 
in the open state of the channel. These results are in good agreement with those reported by Coronado and 
Miller (Coronado, R. and Miller, C. (1979) Nature 288, 495-497),  which were gained electrically by using 
sarcoplasmic reticulum vesicles incorporated into an artificial planar phuspbolipid bilayer. 

Introduction 

Miller and his collaborators [1-3] demonstrated 
by an electrical method that there exists a voltage- 
gated cation channel in sarcoplasmic reticulum 
vesicles which were incorporated into an artificial 
phospholipid bilayer. Of these works, that by 
Coronade and Miller [2] demonstrated that Cs" 
blocked the K + conductance of this channel. The 
blockade followed a single-site titration curve with 
a voltage-dependent dissociation constant of 18 
mM at - 5 0  mV. In the previous paper [4], we 
characterized the passive cation transport in intact 
sarcoplasmic reticulum vesicles by measuring 
choline influx in terms of a light-scattering method 
[5] and found that the nature of choline transport 

Abbreviation: Mes, 2-(N-morpholino)ethanesulfonic acid. 
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in the vesicles was very similar to that of the K + 
conductance reported by Miller and co-workers 
[1-3] with respect to for example, pH and temper- 
ature dependence. In particular, choline + influx 
was also inhibited by Cs + . Thus, we suggest that a 
quaternary ammonium ion such as choline + also 
permeates through the same cation channel as K +. 
However, we have little biochemical information 
about the voltage-dependent cation channel in in- 
tact sarcoplasmic reticulum vesicles, since the elec- 
trical method can measure properties only of those 
vesicles which can be incorporated into the artifi- 
cial bilayer. 

The present work is an attempt to elucidate the 
relationship between the cation transport in 
sarcoplasmic reticulum vesicle and membrane 
potential in vitro by using a fluorescent cyanine 
dye. The fluorescent cyanine dye, 3,3'-dipro- 
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pylthiadicarbocyanine iodide, is a well char- 
acterized potential probe which is able to follow 
cation flux by measuring membrane potential [6,7]. 
By this method, we performed a kinetic analysis of 
the reversible inhibition of the net cation flux by 
Cs ~. For this purpose, however, a standard mono- 
valent cation, K #, is unsuitable because its per- 
meation is too fast to be measurd by the usual 
tracer method [1,5,8,9]. We employed a quaternary 
ammonium ion, Tris +, because the permeability 
for Tris ÷ is as small as choline and its movement 
can be measured by the light-scattering, potential- 
probe and tracer methods [5,9]. The Tris ~ influx 
was measured by following the change in K -  
diffusion potential. The K '  diffusion potential 
was formed by diluting the vesicles incubated in a 
potassium-gluconate medium into a Tris-gluconate 
medium, and was monitored by using the cyanine 
dye. Since the Tris ÷ influx is rate-limiting in the 
mutual diffusion process between K ~ and Tris ~, 
we could evaluate the rate constant of Tris ~ influx 
in addition to the magnitude of change in mem- 
brane potential. 

As a result, we found that both Tris '  influx 
and its Cs + blockade were voltage-dependent. 
These data suggest that Tris ~- permeates through 
the same voltage-gated cation channel as K ÷. 
Thus, we could study the properties of the cation 
channel by the biochemical technique. 

Materials and Methods 

Preparation 
Sarcoplasmic reticulum vesicles were isolated 

from rabbit dorsal and hind leg muscle as a micro- 
somal fraction by the method of Weber et al. [10] 
with slight modification [11]. The final pellet was 
suspended in 20 mM potassium-Mes (pH 6.8), 
washed once, and stored at 0°C. The prepared 
vesicles were used within 1 week after isolation. 
The protein concentration of the vesicles in this 
suspension was usually 15-20 mg protein/ml.  The 
protein concentration was estimated by means of 
the biuret reaction using bovine serum albumin as 
a standard. 

Reagents 
Potassium-gluconate and Tris-gluconate were 

made up as 1 M stock solutions, treated with 

activated charcoal, and filtered. The fluorescent 
cyanine dye, 3,Y-dipropylthiadicarbocyanine io- 
dide (NK-2241), was purchased from Japanese 
Research Institute for Photosensitizing Dyes Co., 
Ltd, Japan. [ 14C]Choline was purchased from CEA, 
France. Other reagents were commercial products 
of analytical grade. 

Fluorescence measurements 
Measurements of the fluorescence intensity of 

the cyanine dye to monitor the K ' -d i f fus ion  
potential in sarcoplasmic reticulum vesicles were 
carried out by the methods described earlier [6,7]. 
The fluorescence intensity was measurd with a 1 
cm square cell by using a fluorescence spectropho- 
tometer (Union FS-501, Japan). The excitation 
and emission slits were set to give half-bandwidths 
of 7 nm. Fluorescence emission was recorded at 
670 nm with excitation at 620 nm. Temperature 
was maintained at 23°C with a temperature con- 
trolling apparatus (Lauda-K2R, F.R.G.). 

Determination of the rate constant of Tris -~ influx. 
A typical experiment for measurement of Tris + 

influx was as follows. Sarcoplasmic reticulum 
vesicles were preincubated in 10 mM Tris-Mes 
(pH 6.8)/200 mM potassium-gluconate/5 mg pro- 
te in/ml at 0°C overnight. A 20 ~1 aliquot of the 
suspension was diluted 100-fold into 2 ml of a 
medium containing 200 mM Tris-gluconate/10 
mM Tris-Mes (pH 6.8)/2/~M cyanine d y e / l  ~M 
valinomycin and change in fluorescence was 
recorded. A rapid decrease in fluorescence (not 
recorded) took place due to the formation of an 
inside-negative potential in the vesicles caused by 
the K + gradient, and recovery of the fluorescence 
then followed (see curve A in Fig. 1). The later 
decrease in K ÷ diffusion potential is due to a 
decrease in the intravesicular K + concentration, as 
the extravesicular K ÷ concentration is constant. 
The intravesicular K" concentration may decrease 
through the mutual diffusion between K ÷ and 
Tris ÷ and through the co-diffusion with gluco- 
na t e - .  However, since the fluorescence change in 
Fig. 1A was not affected when an inhibitor of the 
gluconate transport was applied [7], we neglected 
the effect of anion transport in the following anal- 
ysis. Thus, since the permeability for Tris ~ is 
much smaller than that for K ~, Tris ~ influx is 
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rate-limiting and the following equation must hold; 

dtKl, - d[T-risl~ -__ kT,,,tTris]o ( I )  
dt  d t  

where [K]i, [Tris]i, and [Tris],, are the concentra- 
tions of intravesicular K ÷ and intravesicular and 
extravesicular Tris + , respectively, and k.rn s is the 
rate constant of Tris ÷ influx. Since membrane 
potential (E~)  is given by 

Rrln [K], 
E=-- - T [~o (2) 

and the extravesicular K ÷ concentration ([K]o) is 
constant, the following equation is obtained: 

dE,. = -  R T .| _d[K]~ (3 )  
dt  F [K]i dt  

where F, R and T and Faraday's constant, the gas 
constant and absolute temperature, respectively. 
Now, the change in the fluorescence intensity 
( A F / F )  is proportional to that of the membrane 
potential; the rate constant of the fluorescence 
change (k F) is thus given by: 

d / d t (  A F/  F ),=o = (dEm/dt ),= 0 
kF= (AF/F).=o ( E . , ) . = o  (4) 

where the subscript t = 0 shows the values at zero 
time. From Eqns. 1-4, the initial rate constant of 
Tris ÷ influx can be calculated from the initial 
slope of the fluorescence change according to: 

k ~([K]"'= °/[K]°) 
k~,,= v [Trislo/lKk,=o 

(5) 

The magnitude of change in membrane potential 
can be calculated by the percentage change in the 
fluorescence intensity corresponds to a 1.4 mV 
change in membrane potential [6] unless otherwise 

stated. 

Measurement of the efflux rate of choline 
The efflux rate of choline was measured by the 

Millipore filtration technique as described before 

[41. 

R e s u l t s  

Effect of Cs ~ on Tris + influx 
Fig. 1 shows a typical result of experiments 

designed to investigate the effect of Cs ~- on the 
permeation rate of Tris = influx. After incubation 
in 10 mM Tris-Mes (pH 6.8) and 200 mM potas- 
sium gluconate, sarcoplasmic reticulum vesicles 
were diluted 100-fold into a medium comprising 
10 mM Tris-Mes (pH 6.8)/200 mM Tris-gluco- 
ha te /2  gM cyanine dye/1  gM valinomycin, and 
the change in fluorescence intensity was followed 
(curve A). According to previous papers [6,7], the 
initial rapid decrease in fluorescence (not recorded) 
is due to the formation of an inside-negative mem- 
brane potential in the vesicles and the later re- 
covery in fluorescence is due to a decrease in 
membrane potential as a result of the mutual 
diffusion between K + and Tris + . As described in 
'Materials and Methods', the initial rate constant 
of Tris + influx can be calculated from the initial 
slope of the fluorescence change using Eqn. 5. k F 
and kTris w e r e  about 1.95 • 10 - 2  S-I and 8.54" 10 - 2  

s- I ,  respectively. This corresponds to a Tris-  in- 
flux of 89.7 nmol /mg per s at 23°C on the as- 
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Fig. 1. Time course o! fluorescence change in a voltage-sensi- 
tive cyanine dye caused by change in the K + diffusion poten- 
tial. A 20/~1 aliquot of a suspension of sarcoplasmic reticulum 
vesicles (5.0 m8 prote in /ml)  incubated with 10 mM Tris-Mes 
(pH 6.8)/200 mM potassium gluconate was diluted 100-fold 
into 2 ml of a medium comprising 2 #M 3,Y-dipropylthiadi- 
carbocyanine iodide/10 mM Tris-Mes (pH 6.8)/1 #M 
val inomycin/200 mM Tris-81uconate in the absence (A) or 
presence (B) of 10 m M  Cs + . The temperature was kept a! 
23°C. The ordinate shows the percentage change in fluores. 
cence intensity. Cs + was added at the time indicated by the 

arrow ( t = 8 s). 
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sumpt ion  that  the int ravesicular  water  space of the 
vesicles is 5 # l / m g  [12,13]. 

When  Cs ÷ (10 mM)  was added  to the di lut ion 
medium,  the influx of Tris  + was slowed signifi- 
cant ly  (curve B). It is clear that  C s t  d id  not  affect 
the magni tude  of  the ini t ial ly formed membrane  
potent ia l  when Tris ~ influx was reduced by more 
than 50% (compare  A and B in Fig. 1). Because the 

pe rmeabi l i ty  for K ÷ is much higher  than that  for 
Tris  ÷ or C s -  in the presence of val inomycin,  the 
reduct ion of  the Tr is*  pe rmea t ion  by Cs ~ did  not 
affect the K ~ diffusion potent ial .  

In o rder  to ob ta in  the in format ion  about  the 
Cs ÷ permeabi l i ty ,  the change in membrane  poten-  
tial was followed when the vesicles incubated  in a 
200 mM Cs2SO 4 medium were di luted 100-fold 
in to  200 m M  (Tris)2SO 4. Because no f luorescence 
change  was observed under  this condi t ion ,  the 
pe rmeab i l i ty  for Cs ÷ must  not  be higher  than that  
for Tris"  (da ta  not  shown). Al though  extravesicu-  
lar Cs ÷ inhibi ted  the influx of  Tris  ~ , intravesicu- 
lar  Cs * up to  50 m M  did not  affect the influx of  
T r i s "  (da ta  not  shown). Thus, the react ion site for 
Cs ÷ of the ca t ion t ranspor t  system was suggested 
to be located outs ide  the sarcoplasmic  ret iculum 
vesicle. These results are in agreement  with those 
ob ta ined  from the measurement  of K '  conduc-  
tance by C o r o n a d o  and Mil ler  [2]. 

In order  to invest igate the effect of  cyanine  dye 
on the pe rmeabi l i ty  for Tris  ' , exper iments  s imilar  
to those shown in Fig. 1 were carr ied out  with 
a l te ra t ion  in dye concentra t ion .  As a result,  it was 
found that  the cyanine  dye in the present  experi-  
ment  did  not  affect Tris  + permeabi l i ty .  

Dose-response of the inhibition of Tris + influx by 
Cs ÷ 

In order  to s tudy the effect of  ext raves icular  
Cs ~ on Tris ÷ influx quant i ta t ively ,  exper iments  
s imilar  to those in Fig. 1 were carr ied out  at differ-  
ent  Cs ÷ concentra t ions .  The magni tude  of mem- 
brane  potent ia l  formed at the beginning  was main-  
ta ined  at - 1 1 0  mV, ca lcula ted  by  Eqn. 2. As 
shown in Fig. 2, the inhibi t ion of  Tris  ~ influx by  
Cs ~ follows a single-si te t i t ra t ion curve. The  half- 
m a x i m u m  inhib i t ion  of Tris  ÷ influx occurred at 
abou t  4.8 m M  (apparen t  inhibi t ion  constant) .  
However ,  the max imum inhibi t ion  did not  reach 
100%, but  rather,  80%. This result suggests that  
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Fig. 2. Inhibition of Tris + influx as a function of Cs + 
concentration. Experments similar to those in Fig. I were car- 
ried out by changing the Cs + concentration. Tris- influx was 
measured as described in 'Materials and Methods'. Fractional 
inhibition (i) was defined as ( I -  k/k,,), where k and k,, are 
the initial rates of Tris + influx measured with and without 
Cs ~, respectively. The initial value of membrane potential in 
the vesicles was - 110 mV from Eqn. 2. 

two types of  vesicle exist in our  p repa ra t ion :  one 
type (80%) has channels  which can be blocked by 
C s "  and the o ther  (20%) has no such channel .  This 
idea  is also suppor ted  by  the results of McKin ley  
and Meissner  [9]. 

Voltage-dependent Cs- inhibition of choline efflux 
In o rder  to conf i rm the above  result  by other  

methods ,  the efflux rate of cho l ine* ,  which is an 
organic  ca t ion s imilar  to Tris  + , was measured  by 
using radioact ive  t racer  under  condi t ions  s imilar  
to those descr ibed  in Fig. 1 in the absence and 
presence of  m e m b r a n e  potent ia l .  The  reason for 
our  using chol ine ins tead of Tris  ÷ is that a radio-  
active t racer  of chol ine was easily available.  As 
shown in Fig. 3A, the chol ine efflux was l i t t le 
affected by 10 m M  C s '  in the absence of  mem- 
brane  potent ia l .  On the contrary ,  the chol ine ef- 
flux was inhibi ted  by 50% in the presence of  an 
ins ide-negat ive m e m b r a n e  potent ia l  of  - 1 1 8  mV 
(Fig.  3B). The magni tude  of  the inhibi t ion of  
chol ine* efflux by Cs ÷ was s imilar  to that  of  
Tris  ÷ influx measured by f luorescence technique 
(compare  Fig. 1 and Fig. 3B). These results show 
that  the f luorescence  me thod ,  by using a 
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Fig. 3. Time course of choline efflux and its voltage-dependent 
inhibition by C s ' .  Choline efflux was measured by using 
radioactive tracer under conditions similar to Fig. 1. A 40 ~1 
aliquot of the vesicles incubated in 10 mM  Tris-Mes (pH 6.8), 
l0 mg prote in/ml ,  ] m M  choline chloride +[14Clcholine chlo- 
ride and 200 mM potassium gluconate was diluted 100-fold 
into 4 ml of the dilution medium containing 10 mM Tris-Mes 
(pH 6.8), 1 mM choline CI and either 200 mM  potassium 
gluconate (A) or 200 mM Tris-gluconate (B) in the absence (O)  
and presence (0 )  of 10 mM Cs ~ . Membrane potentials were 
calculated to be 0 mV in A and - 118 mV in B. 

potent ia l - sens i t ive  dye, is a useful tool to measure  
the Tris  ~ influx and  to analyse  the effect of  Cs ~ 
on  it. 

Voltage dependence of Tris 4 influx and the effect of 
Cs ~ 

In the previous  section, it was shown that  the 
inhib i t ion  of chol ine + efflux by  Cs ÷ is vol tage-de-  
pendent .  In  this section, the vol tage dependence  of 
Tr is  "~ influx and the effect of  Cs ~ are examined  in 
deta i l  by using f luorescent  cyanine  dye. M e m b r a n e  
poten t ia l s  of  various magni tudes  were formed by 
changing  the concen t ra t ions  of both  K ÷ and Tris  
in the d i lu t ion  medium.  The  results are  shown in 
Fig. 4. The Tris ~ influx increased when m e m b r a n e  
poten t ia l  became inside-negative.  For  example ,  
Tr is  ~ influx increased f rom 5.45 n m o l / m g  per  s to 
84.2 n m o l / m g  per  s when the m e m b r a n e  potent ia l  
was polar ized  toward  ins ide-negat ive  from - 1 8  
mV to - 1 1 8  inV. The  work of  McKin ley  and 
Meissner  on Tris + influx [9] was thus conf i rmed.  
This  vol tage dependence  of  Tris  ~ influx can par t ly  
be expla ined  by the fol lowing effect. Because Tris  ~ 
is a monova len t  cat ion,  the influx of  Tris  ~ is 
assumed to be inf luenced by electric field (mem- 
b rane  potent ia l )  accord ing  to the G o l d m a n -  
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Fig. 4. Voltage dependence of Tris' influx and the effect of 
Cs+. Experiments similar to those in Fig. 1 were carried out. 
The vesicles incubated in 10 mM Tris-Mes (pH 6.8), 5 mg 
protein/ml and 200 mM potassium gluconate were diluted 
100-fold into 200 mM mixture of potassium gluconate and 
Tris-gluconate to form various magnitudes of membrane poten- 
tial indicated on the abscissa in the absence (O) and presence 
(O) of 50 mM Cs +. The magnitude of membrane potential in 
the ab~nce of Cs ÷ was calculated from Eqn. 2 and that in the 
presence of Cs" was calculated from the fluorescence intensity 
when Cs + was added by using the relationship that a 1% 
change in fluorescence intensity corresponds to a 1.4 mV 
change in membrane potential [6]. The upper solid line is 
drawn according to Eqn. 10 described in 'Discussion', with 
L(0)=0.2, z = - 1.0 and Prns[Tris]o = 16.8 nmol/mg per s. 

H o d g k i n - K a t z  equat ion [14, i 5]: 

Jrri., = - PTns[Tris]o F E / R T  
l-exp(re/Rr) (6) 

where  PTm is the pe rmeab i l i ty  coefficient  for Tris  4. 
However ,  the magni tude  of  the increase in Tris  4 
influx by polar iza t ion  was far larger than that  
expected from this equat ion.  Eqn. 6 predic ts  that  
the influx of  Tris  ÷ will increase 3.4-times with 
po la r iza t ion  f rom - 1 8  mV to - 1 1 8  mV. It is 
p robab le  that  the ca t ion  t ranspor t  system media t -  
ing Tris + influx has a vo l tage-dependent  gat ing 
mechanism.  The gat ing mechanism may  work such 
a way that  equi l ibr ium between the closed and 
open  states shifts toward  the open state when 
m e m b r a n e  potent ia l  polar izes  to ins ide-negat ive 
(see "Discussion') .  

The effects of  Cs ÷ on Tris ~ influx at var ious  
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magnitudes of membrane potential are also shown 
in Fig. 4. While the inhibition of Tris + influx was 
only 42% at - 4 1  mV in 50 mM Cs" , it reached 
83% at - 1 1 8  mV and the same Cs ~ concentra- 
tion. These results strongly indicate that the Cs ÷ 
inhibition is voltage-dependent. 

Effect of  membrane potential on the Cs '  inhibition 
of  Tris ~ influx 

As indicated in the previous section, the Cs ~ 
inhibition was voltage-dependent. In order to 
analyse this in detail, experiments similar to those 
in Fig. 2 were carried out at various magnitudes of 
membrane potential. As shown in Fig. 5, double- 
reciprocal plots of fractional inhibition against the 
concentration of Cs* were linear. The slope of the 
lines represents the apparent inhibition constant of 
Cs ÷ (the apparent K i). The apparent K i increased 
with increasing the membrane potential (depolar- 
ized). For example, K~ increased from 4.8 mM to 
62.5 mM when membrane potential was de- 
polarized from - 1 1 0  mV to - 3 1  mV. 

6 

4 

2 

Ct05 
, . I . . . .  I 

0.05 01 
I/[Cs'] (ram -)1 

Fig. 5. Double-reciprocal plot of fractional inhibition vs. Cs " 
concentration. The data were taken from experiments similar to 
those in Fig. 2. The lines were drawn by eye. Various magni- 
tudes of membrane potential were formed by changing the 
concentration of extravesicular K + as described in the legend 
to Fig. 4. The magnitude of membrane potential (mV) were as 
follows: C), - l l 0 ;  O, -86 ;  A, -59 ;  A, -46 ;  E3, -31 .  

Discussion 

In this paper, we have found that Tris + influx 
in sarcoplasmic reticulum vesicles is voltage-de- 
pendent. When membrane potential became in- 
side-negative from - 1 8  mV t o -  118 mV, Tris ~ 
influx increased more than 10-fold. Furthermore, 
we found Cs"  strongly blocked Tris-  influx and 
its inhibition was voltage-dependent. Thus, it is 
reasonable to assume that Tris ÷ permeates through 
the cation channel and its permeation is also 
controlled by the voltage-dependent gating process 
as reported by Labarca et al. [16]. Labarca et al. 
demonstrated that the cation channel has only two 
states, 'closed' and 'open',  and the equilibrium 
between the closed and open states is voltage-de- 
pendent. The gating process was described by the 
conformational transition scheme: 

closed ~ open (7) 
I.(E) 

where L ( E )  is the voltage-dependent equilibrium 
constant for channel opening. L ( E )  varied ex- 
ponentially with voltage according to: 

L(E)  = L(O) exp( zFE / RT ) (8) 

where L(0) is the equilibrium constant at 0 mV 
and z is the parameter  of the effective gating 
charge. Labarca et al. [16] showed that the value of 
L(0) ranged between 0.14 and 0.23 (calculated 
from the values of internal free energy at pH 7.0) 
and the value of z was about - 1.1. The voltage- 
dependent probability of any channel existing in 
the open state, p ( E ) ,  can be described as: 

? (E )=  L(O) exp(zFE/TR) (9) 
1 + L(O) exp(zFE/RT) 

We would like to apply this model to the present 
results. According to the above model, Tris ~ in- 
flux mediated by the channel can be described as 
the following equation from Eqns. 6 and 9; 

Jwr,~ = - Prr,~[Tris]o I (FE/RT)  - exp (FE/g r )  .p(E) (10) 

The upper solid line shown in Fig. 4 is drawn 
according to Eqn. 10 with L ( 0 ) =  0.2, z = -1 .0 ,  
and PT,~[Tris]o = 16.8 n m o l / m g  per s. Thus, it is 
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plausible that Tris ~ permeates through the cation 
channel and the premeation is regulated by the 
voltage-dependent gating process. 

In order to compare the inhibition of Tr i s '  
influx by Cs ÷ with Cs ÷ blockade of the macro- 
scopic K '  conductance [2], the apparent Cs ~ in- 
hibition constant is plotted as a function of mem- 
brane potential formed in the vesicle membrane as 
shown in Fig. 6. Coronado and Miller [2] showed 
that the Cs ÷ blockades of both microscopic and 
macroscopic K ÷ conductance were voltage-depen- 
dent. The voltage-dependence was explained by 
assuming that C s -  bound to a site located about 
40% of the way through the membrane from the 
cis side (the side to which the vesicles were added) 
in the open state of channel. According to 
Coronado and Miller [2], the kinetic scheme can 
be expressed by: 

[Cs' 1 
closed ~ open ~ blocked (11) 

L(E) Kb(E) 

where K b ( E )  is the voltage-dependent dissociation 
constant for Cs + binding, and 'blocked' is a state 
of the channel which has no conductivity due to 
the Cs + binding. Here, Kb(E)  varies exponentially 
with the voltage according to: 

g b ( E )  = Kb(O ) exp(~$FE/RT) (12) 

where Kb(0) is the zero-voltage dissociation con- 
stant, 8 is the fraction of the total electrical poten- 

-t- 
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1( 

. . . .  I , , , , I , , 
o -5o -lOO 

F - r n  ( m V )  

Fig. 6. Voltage dependence of the apparent inhibition constant 
of Cs*,  K r The data were taken from Fig. 5. The solid line is 
the experimentally fitted curve and is drawn according to Eqn. 
13, with Kb(0)=40 raM, 8 =0.45, L(0)=0.2 and : = - 1.0. 

tial drop across the membrane found at the Cs ÷ 
binding site. Coronado and Miller [2] estimated 
Kb(0 ) and 8 to be 40 mM and 0.38, respectively. 
According to this model, the apparent inhibition 
constant of Tris" influx by Cs* can also be de- 
scribed by: 

K i = Kb(0) exp(SFE/RT)/p(E) (13) 

The parameters obtained from the plot in Fig. 6 
are 8 -- 0.45 and Kb(0) ---- 40 raM. These values are 
in good agreement with those obtained by 
Coronado and Miller [2]. Therefore, these results 
strongly indicate that Tris + influx was inhibited 
due to the binding of Cs + to the channel. Further, 
these results support the idea that the cis side is 
the outside of the vesicles [1-3]. 

As far as the absolute value of the permeability 
for Tris + is concerned, it was calculated to be 
1 . 4 . 1 0  7 c m / s  at - 1 1 0  mV from Fig. l in the 
absence of Cs ÷ under the assumption of the radius 
of sarcoplasmic reticulum vesicles to be 50 rim. 
This value is 2 orders larger than that obtained 
from the osmotic volume change measured by the 
light-scattering method [5,17]. One reason for this 
discrepancy is attributable to the difference in the 
experimental method. In the previous papers [5,17], 
an average value of the permeability over the 
different size of vesicle was obtained, while in the 
present paper, the permeability of the highly per- 
meable vesicles was obtained. Another reason is 
the contribution of the membrane potential. The 
above figure is the maximal value obtained when 
most of the channels are open. In this paper, 
however, further analysis has not yet been done. 

In the present study, we followed the behavior 
of the slowly permeable cations such as Tris +. 
This is the reason we could detect the same cation 
channel as that reported by Coronado and Miller 
[2]. When we followed the permeation of K + by 
the light-scattering method [5], we found that Cs ÷ 
did not inhibit the K + permeation and Cs ÷ also 
permeated as quickly as K ÷. This discrepancy 
may be attributable to the fact that K ~ permeates 
so fast that the time course of the fast component  
could not be followed even by the light-scattering 
method [5,18] and to the fact that K + and Cs + 
might permeate through the channel other than 
the voltage-gated one, such as Ca2~ -gated cation 
channel or Ca 2+ channel [19,20]. 
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Miller and his colleagues demonstrated the ex- 
istence of the voltage-gated cation channel in 
sarcoplasmic reticulum vesicles [1-3,16]. Thus, 
sarcoplasmic reticulum membrane is in a sense 
electrically excitable. In this paper, we have re- 
ported a study on the voltage-gated cation channel 
in vitro by using a potential-sensitive fluorescent 
dye. This method must be a useful tool for study- 
ing various electrically excitable membranes in 
vitro. 
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