
J. Membrane Biol. 106, 47-55 (1988) The Jour.II of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1988 

Gating Behaviors of a Voltage-Dependent and Ca2+-Activated Cation Channel of Yeast 
Vacuolar Membrane Incorporated into Planar Lipid Bilayer 

Manabu Tanifuji*, Masayuki Sato, Yoh Wada+, Yasuhiro Anraku?, and Michiki Kasai 
Departmeni of Biophysical Engineering, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan, and 
tDepartment of Biology, Faculty of Science, University of Tokyo, Hongo, Tokyo 113, Japan 

Summary. A voltage-dependent and CaZ+-activated cation chan- 
nel found in the vacuolar membrane of the yeast, S a c c h a r o -  

m y c e s  cerev i s iae ,  was incorporated into planar lipid bilayer and 
its gating characteristics were studied at the macroscopic and 
single-channel levels. The open-channel probability at steady 
state, which was estimated by the macroscopic current measure- 
ment, gave a maximum value at - 10  mV and decreased in a 
graded fashion as the voltage became more positive or more 
negative. The steady-state voltage dependence was explained by 
assuming two independent gates, which had different rate con- 
stants and opposite voltage dependence. The fast-responding 
gate opened when the voltage of the cis  side (the side to which 
the vesicles were added) was made more negative and the slow- 
responding gate behaved in the opposite direction. Relatively 
high concentrations of Ca 2+, about 1 raM, were required on the 
cis  side for opening the slow gate in a voltage-dependent manner. 
DIDS increased the open-channel probability of the fast gate 
when added to the cis  side, but was ineffective on the slow gate. 

Key Words vacuole �9 lipid bilayer �9 K-channel �9 single chan- 
nel �9 DIDS . yeast �9 S a c c h a r o m y c e s  ce rev i s iae  �9 Ca 2. activation 

Introduction 

In an earlier paper (Wada et al., 1987), we found 
that a cation-selective channel exists in vacuolar 
membranes ~ of the yeast, Saccharomyces cerevi- 
siae. We discussed that the vacuolar channel seems 
to be important for the vacuolar functions, espe- 
cially in relation to several transport systems in the 
vacuolar membrane including an H+-ATPase (Ka- 
kinuma, Ohsumi & Anraku, 1981). Particularly, the 
gating properties were very interesting because of 
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their uniqueness. The open-channel probability was 
dependent on applied voltage, and the gating fluctu- 
ation was completely suppressed by decreasing 
Ca 2+ concentration on the cis side (the side to which 
vesicles were added). The macroscopic conduc- 
tance decreased as the voltage of the cis side be- 
came more positive, while the channel was acti- 
vated when C a  2+ concentration was increased. 
When the interaction of ions with voltage depen- 
dent gates is studied, the relation between the effec- 
tive side of ions and the direction of voltage depen- 
dence is important. For example, the open-channel 
probability of the CaZ+-activated K + channels in- 
creased when positive voltage was applied to the 
Ca2+-added side (Barrett, Magleby & Pallotta, 1982; 
Latorre, Vergara & Hidalgo, 1982; Moczydlowski 
& Latorre, 1983). In this case, Ca 2+ binding to the 
channel raised the open-channel probability (Moc- 
zydlowski & Latorre, 1983). A similar interpreta- 
tion was made for the voltage-dependent blockage 
of the channel by ions (Woodhull, 1973; Coronado 
& Miller, 1979). In the case of the vacuolar mem- 
brane channel, however, the direction of the volt- 
age dependence was opposite to the Ca2+-effective 
side. Therefore, the relation between voltage de- 
pendence and Ca 2+ requirement could not be inter- 
preted by the above mentioned model in our case. 

In this paper voltage dependence of gating was 
extensively studied. We found a slow decreasing 
phase of open-channel probability at negative volt- 
ages. This result suggests the existence of two kinds 
of gates with different rate constants and opposite 
voltage dependence. The fast-responding gate 
closed when the voltage of the C a  2+ side was made 
more positive, while the slow-responding gate be- 
haved in the opposite direction (that is, the slow- 
responding gate opened with positive voltages). The 
slow gate, which resembled the gate of the C a  2+- 
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Fig. 1. Current increase of a planar bilayer after the addition of 
VM vesicles. (A) Both sides of membrane contained 300 mM KCI 
and 5 mM HEPES-tris (pH 7.2), and in addition, the cis side 
contained 1 mM CaCI2. Holding potential was -10 mV. The ar- 
rows in the trace show sudden current increases that correspond 
to fusion events. Single-channel current fluctuations are seen 
between the two arrows. Current increase was upward. (B) Sin- 
gle-channel fluctuations observed under the same solution condi- 
tion except that 15 mM HEPES-tris (pH 7.2) was used. Holding 
potential was +40 inV. Channel opening is upward. Trace A is 
the same as used in the previous paper (Wada et al., 1987) 

activated K + channels, required C a  2+ for opening, 
and the gating was consistent with voltage-depen- 
dent activation. Further, the fast gate was found to 
be locked in the open state by DIDS, a K + channel 
opener (Inoue, 1986; Sokabe, 1986), whose effect 
was independent of the Ca z+ requirement for Open- 
ing the channel. From these results, the gating 
mechanism of the channel appears to be based on 
two independent gates coexisting in series: Ca 2+- 
activated slow-responding gate and DIDS-sensitive 
fast-responding gate. 

Materials and Methods 

CHEMICALS 

The vacuolar membrane (VM) vesicles from yeast, a haploid 
strain of S. cerevisiae X2180-1A, were prepared as described 
previously (Ohsumi & Anraku, 1981). They were resuspended in 
0.4 M sucrose, 5 mM HEPES-Tris, at p[I 7.2 and stored at 
-80~ Before use, the VM vesicles were thawed at room tem- 
perature. Asolectin (Type II-S) was purchased from Sigma 
Chemical Co., USA, which contained some amounts of anionic 
lipids required for the vesicle fusion with bilayers. EGTA was 

purchased from Dojindo Laboratories (Kumamoto, Japan), and 
was neutralized by NaOH or KOH. Other reagents were com- 
mercial products of analytical grade. 

ELECTRICAL 

Planar bilayers were formed from an asolectin solution (14.7 rag/ 
ml in n-decane), and VM vesicles were fused into the mem- 
branes. The electrical conductance of the membranes was mea- 
sured by a current-to-voltage converter under voltage-clamp 
conditions and was recorded with a pen-recorder (VP-6537, Na- 
tional, Japan), which limited the time resolution of the system to 
about 10 Hz. Details of the system and the fusion process of 
membrane vesicles were shown previously (Tanifuji, Sokabe & 
Kasai, 1987). The solutions used were composed of 300 mM KC1 
buffered with 5 mM HEPES-Tris, at pH 7.2, unless otherwise 
specified. 

The number of channels incorporated into planar bilayers 
were controlled by the amount of VM vesicles added to the 
solution. When 10-50 channels were incorporated into the mem- 
brane, the macroscopic measurement was carried out. On the 
contrary, the single-channel current fluctuations were observed 
when one or two channels were incorporated. The cis side of the 
membrane was defined as the side to which VM vesicles were 
added, and the trans side was defined as the opposite side. The 
voltage across the membrane was defined with respect to the 
trans side. Experiments were carried out at room temperature 
(25 -+ 2~ 

Results 

FUSION OF VACUOLAR MEMBRANE VESICLES 

WITH PLANAR BILAYERS 

Figure 1A shows a current increase observed when 
the vesicles were added to the cis side. Each side of 
the membrane contained 300 mM KC1 and an extra I 
mM CaCI2 was added to the cis side. The current 
trace consists of open-close fluctuations of the 
channel and current increases induced by fusion 
events. The fusion events could be discriminated 
from current fluctuations by their sudden occur- 
rence as shown by the arrows, the amplitude of 
which reflects the number of channels in a single 
vesicle. As shown in Fig. 1, a single vesicle seemed 
to contain a few channels. The open-close fluctua- 
tions of the channel could be observed when a small 
number of channels were incorporated into planar 
bilayers as in the trace between the two arrows. 
Such single-channel traces could be easily obtained 
by decreasing the amount of vesicles applied to the 
solution (Fig. 1B). Figure 1B shows current fluctua- 
tions between the multiples of a unit size. The unit 
size, which is referred to as single-channel current, 
was linearly related to applied voltages, and the sin- 
gle-channel conductance was 435 pS as previously 
shown (Wada et al., 1987). 
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Fig. 2. Macroscopic current response to 
voltage jumps. Relaxation processes of 
currents were followed after sudden changes 
in voltage from +40 mV to the voltages 
indicated in B-G. Before the voltage jumps, 
the membrane was held at +40 mV for 2-5 
min. In trace A the voltage was held at -40  
mV and switched to +40 inV. Current 
increase is upward for positive voltages and 
downward for negative voltages. The arrow in 
each trace shows the zero-current level. 
Solutions were the same as in Fig. lB. Traces 
A, B, D and F are the same as used in the 
previous paper (Wada et al., 1987) 

VOLTAGE DEPENDENCE 

OF THE CHANNEL GATING 

In the previous paper (Wada et al., 1987), we 
showed that this channel was characterized by two 
unique properties: i) the macroscopic conductance 
was regulated by voltage across the membrane and 
ii) channel opening required Ca 2+ on the cis side. 
Since as previously shown the single-channel con- 
ductance remained constant when voltage or Ca 2+ 
concentration was changed (see Figs. 3 and 7), 
these properties were not due to the modification of 
the conductance pathway, but due to the modifica- 
tion of the gating properties. Thus, the macroscopic 
currents could be proportional to the open-channel 
probability. Figure 2 shows typical traces of macro- 
scopic currents. The voltage was first held at +40 
mV for 2-5 min, a time long enough to achieve 
steady state, and then turned to the voltage de- 
scribed in each trace (traces B-G).  In the case of 
trace A, the voltage was held at -40 mV and then 
switched to +40 mV. In trace A, the conductance 
rapidly decreased to zero level from a large value. 
When the voltage was switched to a negative value 
from a positive one, the channels opened (traces C- 
F). These results suggested that the channels are 
closed at the positive voltage and open at the nega- 
tive voltage. When the voltage was held at a large 
negative value (trace G), the rapidly increasing 
phase of the conductance was followed by a slow 
decrease, and then the current reached a steady- 
state level. This slowly decreasing phase became 
more marked as the voltage was set at more nega- 

Fig. 3. Voltage dependence demonstrated at the single-channel 
level. The upper trace was obtained when the voltage was 
switched to +40 mV after having been held at -40 mV for about 
30 sec, which was enough to reach the maximum conductance. 
The lower trace shows the current fluctuations when the voltage 
was switched to -40  mV after having been held at +40 mV for 2 
rain. Since these traces were obtained from the same membrane, 
the same number of channels should be present. The arrows 
indicate zero-current level, and current increase was upward in 
the upper trace and downward in the lower trace. Solution was 
the same as in Fig. 1B 

tive values as shown in Fig. 2. These two character- 
istics of voltage-dependent gating were also ob- 
served at the single-ch~mnel level (Fig. 3). When the 
applied voltage was changed from a positive to a 
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Fig. 4. G - V  relationship of  peak current. Macroscopic currents 
were obtained from experiments similar to that shown in Fig. 2. 
(A) Amplitudes of  the maximum currents at each trace were 
determined and the conductances were plotted against the volt- 
ages. The conductances were normalized to the value at -4{1 
mV. Filled circles show the means -+ sD obtained from at least 
six measurements ,  and open circles show the data from single 
measurements .  (B) A semilogarithmic plot of  1/G - 1 against the 
voltage 
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Fig. 5. Steady-s ta te  G - V  relationship. Exper iments  similar to 
those in Fig. 2 were carried out. The s teady-state  conductance  
was measured  after holding at each voltage for 15-20 min, which 
was enough to reach the s teady state. Conductance  G indicates 
the normal ized value to the conductance  at - 1 0  mV. Filled cir- 
cles show the means  -+ SD obtained from at least four measure-  
ments ,  and open circles show the data f rom single measure-  
ments .  Solution was the  same as in Fig. 1B 

negative value, open-close fluctuations increased 
and then decreased, and when turning to the oppo- 
site direction the fluctuation disappeared immedi- 
ately. Figure 3 also clearly demonstrates that the 
single-channel current was kept constant and only 
the open-channel probability changed with the 
change in voltage. 

These observations suggest the existence of 
two types of gating processes: a rapidly closing pro- 
cess at positive voltages and a slowly closing one at 
negative voltages. To analyze the gating processes 
precisely, the peak currents and the steady-state 
currents were determined from macroscopic experi- 
ments similar to that shown in Fig. 2. The steady- 
state current was attained by waiting for 15-20 min- 
utes at each voltage. Figure 4 shows the voltage 
dependence of the peak currents, where the con- 
ductance is high at negative voltages and decreases 
in a graded fashion as the applied voltage becomes 
more positive. A slight decrease in conductance is 
seen at -50  mV, which might be due to the effect of 
the slowly decreasing phase, remarkable at large 
negative voltages (Fig. 2G). 

The voltage dependence shown in Fig. 4 can be 
analyzed by a model, assuming charge movement in 
the transition between a single open state and a sin- 
gle closed state (Ehrenstein & Lecar, 1977). Ac- 

cording to the model, the equilibrium constant for 
open and closed states, K(V), is given by 

K(V) = K(O) exp( - zFV/RT)  (1) 

where z is the number of charge moves from the 
trans side to the cis side when the channel opens, 
and K(0) is the equilibrium constant at zero voltage. 
The equilibrium constant was determined experi- 
mentally by using the following relation 

K ( V )  -1 = 1 / G -  1 (2) 

where G is the relative conductance. Figure 4B 
shows that the result satisfies the above assump- 
tion, and the values for z and K(0) were 2.42 and 
0.91, respectively. 

The voltage dependence of the steady-state 
conductance is shown in Fig. 5, which was attained 
with a relatively slow time course as previously 
shown in Figs. 2 and 3. In addition to the decreasing 
phase at positive voltages, decrease in conductance 
at negative voltages appeared. As a result, the G - V  
relationship of the steady-state conductance gave a 
bell shaped curve, the peak of which appeared at 

- 10 mV. 
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Fig. 6. Effect of DIDS on the steady-state 
G - V  relationship. Experiments similar to 
those in Fig. 2 were carried out. Twenty txl of 
20-mM DIDS (final concentration about 0.1 
mM) was added to the cis side, and the 
steady-state conductance was measured at 
various voltages. Solution was the same as in 
Fig. lB. Relative conductance, G, indicates 
the normalized value to the conductance at 
+ 10 mV, which gave the maximum 
conductance. Filled circles were obtained 
from a single measurement. The conductance 
trace shows the effect of DIDS on the 
single-channel level. Addition of DIDS is 
shown by the arrow. Holding potential was 
+40 inV. Other conditions were the same as 
in the macroscopic measurements. The arrow 
heads indicate zero-conductance level 

EFFECT OF D I D S  ON GATING 

For further characterization of the two gates, sev- 
eral drugs that may modify the gates were used. 
One of the stilbene derivatives, DIDS, selectively 
modified one of the gates (Fig. 6). When 0.1 mM of 
DIDS was added to the cis side, rapidly closing 
channels began to open in a staircase fashion with- 
out a change in the single-channel conductance at 
the holding potential of +40 mV (Fig. 6 inset). At 
the negative voltage range, however, such an effect 
of DIDS was not observed. This observation indi- 
cated that DIDS raised the open-channel probability 
or locked the channel in the open state at the posi- 
tive voltage. Figure 6 shows the steady-state G - V  
relationship in the presence of DIDS, which is a 
monotonous function of voltage. Comparing this 
with the G - V  relationship without DIDS (Fig. 5), it 
is clear that the macroscopic conductance was obvi- 
ously raised by DIDS at positive voltages, but re- 
mained unchanged at negative voltages. The obser- 
vation suggests that only the rapidly closing process 
characterized by Fig. 4 was modified by DIDS. 
When DIDS was added to the trans side, no effect 
was observed (data not shown). 

C a  2+ DEPENDENCE 

The effect of Ca 2+ on the gating behavior was also 
studied. Figure 7 shows a typical result of the effect 
of  Ca 2+. When the Ca 2+ concentration of the cis side 

was lowered from 1 mm to 0.3 raM, the open-chan- 
nel probability significantly decreased while the sin- 
gle-channel conductance was left unchanged. Ap- 
plication of Ca 2+ to the cis side showed recovery of 
open-channel probability, but such recovery could 
not be observed when Ca 2+ was added to the trans 
side (data not shown). An addition of Mg 2+ to the 
cis side could not recover the open-channel proba- 
bility, but further addition of Ca 2+ recovered it 
(Fig. 8). 

The concentration of Ca 2+ required for channel 
opening is shown in Fig. 9. Although the data are 
insufficient for detailed analysis, the result shows 
the requirement of relatively high concentrations of 
Ca 2+, about 1 to 2 raM. 

RELATIONSHIP BETWEEN C a  2+ REQUIREMENT 

AND D I D S  EFFECT 

It was shown that two types of voltage-dependent 
gating processes existed; the fast-responding one 
was locked at the open state by DIDS and Ca 2+ was 
required for opening it. Now the question is to clar- 
ify which types of gates require Ca 2+. To answer 
this question, the effect of Ca 2+ and DIDS on the 
voltage dependence was studied. Figure I0 shows 
the effect of Ca 2+ on the steady-state G - V  relation- 
ships in the absence (A) and presence (B) of DIDS. 
Before the addition of DIDS, Ca 2+ did not modify 
the G - V  relation in the positive voltage region, but 
did so in the negative region (Fig. 10A). In the pres- 
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Fig. 7. Effect  of  Ca > on gating. At  the  points shown in the 
figure, EGTA and Ca 2+ were added to the cis side. Their  concen- 
trations are indicated in millimolar; 0.7 mM E G T A  produced 0.3 
mM Of free Ca 2§ Fur ther  application of 3 mM CaClz produced 
about  3 mM of  free Ca a+. A pair of  s lashes in the trace means  that 
several  minutes  passed  where  no current  fluctuation was ob- 
served.  The  initial solution was the same as in Fig. lB. Holding 
potential  was - 1 0  mV. Channel  opening was upward 

ence of DIDS the channel becomes open at positive 
voltages (similar to the results in Fig. 6). Ca 2+ did 
not affect the gate at the positive voltage, but in- 
creased the open-channel probability at the negative 
voltage region (Fig. 10B). This result indicates that 
the channel opens only when two types of gates are 
open and that the fast-responding gate, which 
closes at the positive voltages, is locked in the open 
state by DIDS and the slow-responding gate, which 
closes at negative voltages, requires Ca 2+ for open- 
ing. When Ca 2+ concentration was decreased to mi- 
cromolar range, the channel closed completely even 
in the presence of DIDS (data not shown). These 
results indicate that the channel activation with in- 
creasing voltage observed in the negative voltage 
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Fig. 8. Effect of  Mg > demons t ra ted  at the single-channel level. 
As  shown  by the arrow, an addition o f  1 mM EGTA to the cis 
side resulted in closing the channels .  After  that  5 mM MgCI~ was 
added twice to the  cis side, but  no current  fluctuation was ob- 
served.  Fur ther  application of  1 mM CaC12 caused recovery of 
current  fluctuations and the G - V  relation was the same as in Fig. 
4. The initial solution was the same as in Fig. lB. Holding poten- 
tial is shown under  the current  trace. The arrows indicate zero- 
current  level, and channel  opening was upward at negative volt- 
age and downward  at positive voltage 
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Fig. 9. Dependence  of conduc tance  on Ca ~+. Free Ca z+ concen- 
tration in the cis solution was controlled by the addition of 
EGTA or CaCI> The  solution was initially the  same as in Fig. lB. 
Relative conductance  indicates the normalized value to the con- 
ductance  in the solution containing 1 mM CaCI2. Before changing 
Ca z+ concentrat ion,  the  m e m b r a n e s  were held at - 10 mV for i - 3  
rain, which was enough  to reach the s teady-state  value. Holding 
potentials were - 10 mV. Filled circles were obtained from mac- 
roscopic currents  and open circles were obtained from time-av- 
eraged single-channel  currents .  Potential  shifts induced by asym- 
metric addition of  Ca 2. were not taken into account  
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Fig. 10. Effect of  Ca 2+ and DIDS on s teady-s ta te  G - V  relationship. Exper iments  similar to those  in Fig. 5 were carried out  in the  
absence  and presence  of  DIDS. Ca 2+ was added to both sides of  the chamber  in order to remove  the effect of  surface potential:  (A) 1 
mM Ca 2+ and (O) 2 mM Ca 2+. Other  condit ions were the same as those  in Fig. 5. (,4) G - V  relation in the absence  of  DIDS.  Steady-s ta te  
conduc tances  without  DIDS were the mean  values taken for Fig. 5. Relative conductance ,  G, indicates the normal ized value to the  
conductance  aS - 1 0  mV. (B) G - V  relationship in the presence of DIDS on the cis side (final concentra t ion was 0.1 mM). Relat ive 
conductance ,  G, indicates the normalized value to the conductance  at + 10 mV 

region was shifted to the right of the voltage axis 
when the Ca 2+ concentration was decreased. Fur- 
ther, these results were supported by single-channel 
observation (data not shown). 

Discussion 

Current traces, both in single-channel recordings 
(Fig. 3) and in macroscopic measurements (Fig. 2), 
suggested the existence of two types of gating pro- 
cesses: the gating process responding fast to applied 
voltages (type F) and the one responding slowly 
(type S). The voltage dependence of type F could be 
estimated from peak currents obtained in Fig. 2, 
since the time to reach the peak was short enough 
for type S not to respond. The voltage dependence 
of type S was estimated from the steady-state G - V  
relationship (Fig. 5). As a result, open-channel 
probability of the type F gate was found to decrease 
in a graded fashion as the voltage becomes more 
positive. Further, Fig. 4 suggested that voltage de- 
pendence of type F could be explained by Eq. (1). 
On the contrary, taking into account that the peak 
conductance did not change significantly in the neg- 
ative voltage region (Fig. 4), and assuming a monot- 
onous function for the G - V  relationship of type S as 
seen in the case of type F, it is suggested that the 
open-channel probability of type S increases as the 

applied voltage becomes more positive. Further 
characteristics of these gates are discussed below, 

E F F E C T  OF D I D S  ON G A T I N G  

In this study, one of the stilbene derivatives, DIDS, 
was found to act as the channel opener, as shown in 
the single-channel trace (Fig. 6). This kind of effect 
of stilbene derivatives has also been reported on 
some voltage-gated K + channels (Inoue, 1986; So- 
kabe, 1986). Sokabe (1986) showed that voltage- 
gated K + channels of sarcoplasmic reticulum, 
which shows the monotonous voltage dependence 
given by Eq. (1), lose their voltage dependence, as 
DIDS lock the channel in the open state at any volt- 
age. However,  in the case of the vacuolar mem- 
brane channel, the effect was complicated. When 
DIDS was added, the open-channel probability was 
raised in the positive voltage range, but not in nega- 
tive voltage range. The result suggested that DIDS 
locked only the type F gate in the open state (Fig. 
6), but not the type S gate. If so, the voltage depen- 
dence of the type S gate could be estimated by the 
G - V  relationship when DIDS existed (Fig. 6). The 
result was consistent with the voltage dependence 
of the type S gate postulated above from the steady- 
state voltage dependence. In some cases, flickering 
behavior was observed when DIDS was added 
(data not shown). This may attribute the scatter of 
the data at negative voltages in Fig. 6. 
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Fig. U .  A model for gating of the vacuolar membrane channel. 
(A) Voltage dependences of two types of gating processes are 
shown schematically, where F and S indicate type F and S gates. 
Multiplication of the open-channel probability of type F by that 
of type S gives the steady-state voltage dependence of open- 
channel probability shown by F x S. (B) Schematic representa- 
tion of the states of the channel. Because of two independent 
gates, the channel consists of four states, each of which is deter- 
mined by combination of the states of two gates, namely, open 
(O) or closed (C). The states are expressed as a matrix, whose 
elements mean the state of gate F (upper) and gate S (lower). The 
channel opens only when both gates are open 

C a  2+ ACTIVATION 

Ca 2+ activation was observed at negative voltages 
in the absence or in the presence of DIDS (Fig. 
10A,B). Further, channels were completely closed 
when EGTA was added in both cases (data not 
shown). These results can be explained by assuming 
that the type S gate is regulated by Ca 2+, which is 
consistent with the effect of DIDS on the type F 
gate. It is still possible to imagine that besides the 
type S gate there is another gate that is regulated by 
Ca 2+ in a voltage-independent way. However, this 
is not the case because increasing concentrations of 
Ca 2+ shift the voltage dependence of the steady- 
state conductance (Fig. 10A). Furthermore, a simi- 
lar shift of voltage dependence by Ca 2+ was also 

observed when DIDS was added (Fig. 10B). Thus 
we can conclude that the type S gate is regulate d by 
Ca 2§ and increasing Ca 2+ concentration shifts the 
voltage dependence of this gate to negative voltage. 
Such a Ca2+-dependent shift of voltage dependence 
was observed in Ca2*-activated K + channels, and 
was precisely studied by several researchers (Bar- 
rett et al., 1982; Methfessel & Boheim, 1982; Wong 
& Lecar, 1982; Moczydlowski & Latorre, 1983). 
They observed that open-channel probability was 
raised when the potential of the side where Ca 2+ 
was added was made more positive. Further, the 
v.oltage dependence was shifted along the voltage 
axis when Ca 2+ concentration was changed. These 
gating behaviors were interpreted by the voltage- 
dependent binding of Ca 2+ to the channel (Moc- 
zydlowski & Latorre, 1983). In the present case, the 
behavior of the type S gate was similar to that of the 
CaZ+-activated K + channels. However, there were 
some differences: the concentration of Ca 2+ re- 
quired for channel opening was quite high, and the 
open-close fluctuations were slower than those of 
other Ca2+-activated K + channels. Further investi- 
gations, particularly of Ca z+ interaction with the 
channel, are required. 

CONCLUSION 

Our observation of the present channel leads us to 
the scheme shown in Fig. 11. The channel has two 
gating systems, type F and type S, located in series, 
whose properties are as follows. 

Type F: (i) The gate responds relatively fast to 
the voltage jump. (ii) Open-channel probability de- 
creases as the applied voltage becomes more posi- 

t ive (Fig. 4). (iii) Open-channel probability is raised 
by DIDS from the cis side. 

Type S: (i) The gate responds relatively slowly 
to the voltage jump: (ii) Open-channel probability 
increases as the applied voltage becomes more posi- 
tive. (iii) Ca 2+ is required for opening the gate from 
the cis side. (iv) When the Ca 2+ concentration is 
increased, the curve of voltage dependence shifts to 
the negative voltage direction, which is consistent 
with the notion of voltage-dependent binding of 
C a  2+. 

Recent investigation by patch-clamp techniques 
showed that Ca2+-dependent channels also exist in 
vacuolar membranes isolated from sugarbeet (He- 
drich & Neher, 1987). The gating characteristics, 
however, were not the same as the channels in the 
yeast. Particularly, the yeast channel required sig- 
nificantly higher concentrations of Ca 2+ to open the 
channel under the present experimental conditions 
compared with the cytoplastmic Ca 2+ concentra- 
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tion. This discrepancy can be explained by the pos- 
sibility that the lipid composition of bilayer is 
largely different from that of vacuolar membrane, 
that some modulators of the channel are not func- 
tional in the bilayer system, or that the potential 
across the vacuolar membrane is largely negative in 
vivo, where the required Ca 2+ concentration be- 
comes lower as suggested by Fig. 10. 
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