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ABSTRACT Currents through maxi K + channels were recorded in inside-out 
macro-patches. Using a liquid filament switch (Franke, C., H. Hatt, and J. Dudel. 
1987. Neurosci. Left. 77:199-204) the Ca ~+ concentration at the tip of the patch 
electrode ([Ca2+]i) was changed in < 1 ms. Elevation of [Ca2+]i from < 10 nM to 3, 
6, 20, 50, 320, or 1,000 I~M activated several maxi K + channels in the patch, 
whereas return to < 10 nM deactivated them. The time course of Ca~+-dependent 
activation and deactivation was evaluated from the mean of 10-50 sweeps. The 
mean currents started with a ~ 10-ms delay that was attributed to diffusion of Ca 2+ 
from the tip to the K + channel protein. The activation and deactivation time courses 
were fitted with the third power of exponential terms. The rate of activation 
increased with higher [Ca2+]i and with more positive potentials. The rate of 
deactivation was independent  of preceding [Ca2+]i and was reduced at more positive 
potentials. The rate of deactivation was measured at five temperatures between 16 
and 37°C; fitting the results with the Arrhenius equation yielded an energy barrier 
of 16 kcal/mol for the Ca ~+ dissociation at 0 mV. After 200 ms, the t ime-dependent 
processes were in a steady state, i.e., there was no sign of inactivation. In the steady 
state (200 ms), the dependence of channel openness, N'Po, on [Ca2+]i yielded a Hill 
coefficient of ~ 3. The apparent  dissociation constant, KD, decreased from 13 IxM at 
- 5 0  mV to 0.5 IxM at +70 inV. The dependence of N'Po on voltage followed a 
Boltzmann distribution with a maximal Po of 0.8 and a slope factor of ~ 39 mV. The 
results were summarized by a model describing Ca 2+- and voltage-dependent 
activation and deactivation, as well as steady-state open probability by the binding of 
Ca 2÷ to three equal and independent  sites within the electrical field of the 
membrane at an electrical distance of 0.31 from the cytoplasmic side. 
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I N T R O D U C T I O N  

CaZ+-activated maxi K + channels with conductances of > 100 pS have been described 
in many cells. Because of their fast activation by depolarization or by an increase in 
cytosolic calcium concentration ([Ca2+]i), they are thought to carry outward currents 
that serve to repolarize the action potential (for references, see Latorre, Coronado, 
and Vergara, 1984). For the sustained changes in [Ca2+]i there are numerous single 
channel analyses that have yielded detailed models with several open and closed 
conformations. Despite this knowledge, the discussion of whether Ca z+ binding is 
voltage dependent and rate limiting for the time course of activation is still 
controversial (Methfessel and Boheim, 1982; Magleby and Pallotta, 1983a, b; Moc- 
zydlowski and Latorre, 1983; Latorre et al., 1984; McManus and Magleby, 1989). 

This controversy is partially due to a scarcity of experiments analyzing the time 
course of CaZ+-dependent activation and deactivation. In this study, this information 
was obtained from analyzing mean currents through Ca2+-activated K + channels in 
inside-out macro-patches that were exposed to fast (millisecond range) Ca 2+ concen- 
tration jumps ("liquid filament switch," Franke, Hatt, and Dudel, 1987). In the 
plasma membrane of  urinary bladder myocytes, the channels are grouped in clusters 
of more than two, making single channel analysis almost impossible. The situation, 
however, is well suited for studying the time course by mean currents obtained from 
10-50 individual sweeps. The relaxation kinetics of these mean currents upon 
sudden [Ca2+]i jumps provided clear evidence that a jump in Ca 2+ concentration 
activates the channel within milliseconds and that the activation time course is rate 
limited by the binding of Ca 2+. The results were consistent with a model describing 
Ca 2+- and voltage-dependent activation, deactivation, and open probability by the 
binding of Ca 2+ to three equal and independent binding sites within the electrical 
field of the membrane. 

Some of the results have been previously reported in abstract form (Markwardt and 
Isenberg, 1990, 1991). 

M A T E R I A L S  A N D  M E T H O D S  

Myocytes were isolated enzymatically from the urinary bladder of 300-g guinea pigs according 
to the method of Kl6ckner and Isenberg (1985). The isolated cells were stored at 4°C in a "KB 
medium" (Isenberg and Kl6ckner, 1982) composed of (raM): 60 KCI, 30 K2HPO4, 1 EGTA, 5 
MgCI~, 5 K-pyruvate, 5 creatine, 20 taurine, 20 glucose, 5 succinic acid, 5 glutamic acid, and 1 
g/liter fatty acid free albumin, adjusted with ~40 mM KOH to a pH of 7.2. A drop of KB 
medium containing the cell suspension was placed in the experimental chamber (volume ~ 0.1 
ml). After the cells had settled down, the chamber was perfused at a rate of ~ 5 ml/min with a 
physiological salt solution (PSS) composed of (mM): 150 NaCI, 5.4 KCI, 1.2 MgC12, 0.2 CaCl2, 
20 glucose, and 5 HEPES, adjusted with NaOH to pH 7.4. 

Patch pipettes (5-20 MI'I) were filled with a solution containing (raM): 150 KCI, 1 MgCI~, and 
10 HEPES, adjusted with KOH to pH 7.2. After a high resistance seal had formed (5-30 GO), 
the patch was excised and positioned ~ 5 I~m from the border of a liquid filament. The filament 
was the laminar stream of solution flowing out of the glass pipette in the same direction as the 
bath perfusion. The filament solution was composed of (raM): 150 KCI, 1 EGTA, and 10 
HEPES, adjusted with KOH to pH 7.4. The filament glass pipette was mounted to a piezo 
ceramic (Physik Instrumente, Waldbronn, Germany). Computer-controlled application of 80-V 
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pulses shifted the filament by ~ 20 p,m perpendicular to the flow direction. During this "switch" 
the tip of the patch pipette and thereby the cytosolic side of the patch were exposed to the 
filament solution. The rate of solution exchange of each individual patch was determined by 
measuring the shift of the open channel K + current as a result of changes in [K +] between PSS 
and the filament solution. 

For the studies of Ca~+-dependent activation, the patch was held continuously in the filament 
solution, and the bath was perfused by one of the test solutions listed in Table I. Different test 
solutions were applied to the cytosolic side of the patch by switching the filament away from the 
patch for 200 ms. Most experiments were performed at room temperature (22 --- 2"C). In 
another series of experiments a temperature-controlled chamber was used to study the 
influence of changes of temperature between 16 and 37°C. 

Single channel currents were recorded with an RK 300 patch amplifier (Biologic, Echirolles, 
France). A PDP 23 minicomputer (Digital Equipment Corp., Maynard, MA) generated the 
command signals and controlled the timing of the liquid filament switch. The currents were low 
pass filtered at 1 kHz, sampled at 50 or 5 kHz, digitized, and stored in records of 2,000 points. 
150 data points were sampled before, 1,000 during, and 850 after exposure to the test solution. 

TABLE I 

Co~osition ~ the Test Solu~ons 

Added Free 
KCI EGTA HDTA HEPES CaCi~ [Ca 2+] 

mM mM mM mM laM 0214 
150 1 0 10 955 3 
150 0 1 10 835 6 
150 1 0 I0 994 20 
150 0 1 10 440 20 
150 0 0 10 45 50 
150 0 0 10 316 320 
150 0 0 10 1,000 1,000 

The pH of each solution was adjusted to 7.2 with KOH. Added CaC12 was calculated 
according to the program of Fabiato (1988), and the resulting free [Ca 2÷] was 
measured and adjusted with a Ca ~+ electrode system if necessary. 

Mean currents were averaged from an adequate number of records (between 10 and 100). In 
the plots, data points represent the mean ± SE from 4-12 patches. Theoretical curves were 
fitted with the Levenberg-Marquard nonlinear least-squares algorithm (Brown and Dennis, 
1972), and statistical significance was verified by Student's t test (P < 0.05). 

R E S U L T S  

Speed of Solution Exchange 

The  speed of the solution change  is critical for the in tended  type of kinetic analysis. It 
was tested in a first set of exper iments  studying the effect of  K + concentra t ion  j u m p s  
on the open  channel  current .  In  PSS conta in ing  5.4 mM K +, the m e m b r a n e  was 
c lamped to the calculated K ÷ equi l ibr ium potent ial  (+80  mV in the whole cell 
convention).  The  j u m p  from PSS to the f i lament solution conta in ing  150 mM KCI, 
0.2 mM CaCI2, and  10 mM HEPES (pH 7.2) induced an outward current  which 
decayed u p o n  re tu rn  to PSS (Fig. 1, A and  B). The  time course of the onset  of the 
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outward current  was fitted with 

I(t) Imax'(1 exp tdel°n -- /) = - (1 )  
T o n  

for t >_ tdelon and the time course o f  the offset was fitted with 

I(t) = Imax'exp ( tdel°ff -- t / (2) 
\ "ro~ / 

for t > tdelo~ (see Fig. 1 C). The  fits o f  the mean  currents yielded time constants (%n, 
"rofr) between 0.2 and 1 ms and delay terms (tddon, td,lofr) between 1 and 5 ms. 

A s_p_J~ 25p A D ~ t  ~ .  s,ml ~°~ 

0 ~  i i 
o lo 20 

. . . . .  CVLL[ 
3'o 1(~) 

i(~a) 0I 20 F! 
0 - ~ . ,  . L  _%. 

0 1'0 20 3'0 tim) 

FIGURE l. Test of the speed of solution exchange. To an inside-out multi-channel patch, a 
liquid filament switched the K ÷ concentration from 5.4 to 150 mM ( ~' ) and back to 5.4 mM 
( ,L ) at 0 and 20 ms, respectively. Records A-C are from a different patch than records D-F. 
Filament solution contained 0.2 mM Ca 2+ in A-C, but 1 mM EGTA in D-F. Bathing solution 
was PSS and holding potential was +80 mV. B and E show traces A and D on an expanded time 
scale. C and F show the mean currents fitted according to Eq. 1 and 2. The time constants %, 
and %~were 0.17 and 0.11 ms in C, and 0.41 and 0.46 ms in F. 

Before each Ca z+ activation experiment,  the speed of  the solution change was 
tested by a 20-ms switch from the PSS (5.4 mM K +, 0.2 mM Ca 2+) to the Ca2+-free 
filament solution (150 mM K +, 1 EGTA) that was used th roughout  the experiment.  
Fig. 1, D-F,  shows two effects of  this switch. The  initial rapid rise in outward current  
is attributed to the change in the K + driving force. The  later and slower decay is 
attributed to the Ca 2+ removal that induces the closure (deactivation) o f  the maxi K + 
channels. T he  parameters  of  Eqs. 1 and 2 depended  on the position of  the 
electrode's tip relative to the border  o f  the liquid filament. This position was adjusted 
manually for minimizing these parameters.  For the studies o f  Ca2+-dependent  
activation o f  maxi K + channels, only those patches were accepted where tdelo, and 
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td¢lofr were < 5 ms and  where  bo th  t ime constants  ('ton and  'roff) were < 1 ms. T h e  
response  to a changed  [K ÷] was always faster  than  the response  due  to a c ha nge d  
[Ca2+]i . For  example ,  the  switch f rom [Ca2+]i = 200 I~M to [Ca2+]i < 10 nM (EGTA) 
r e d u c e d  the K + cur ren t  at  a ra te  that  was slower than  the effects of  e levated [K +] by at 
least  one  o r d e r  of  magn i tude  (see Fig. 1, D - F ) .  T h e  difference in t ime course 
suggests  a di f ferent  m o d e  o f  action. I t  is most  likely that  the  effects o f  changed  [K ÷] 
become  steady as soon as the  new elect rochemical  g rad ien t  has been  es tabl ished at 
the t ip o f  the  e lect rode.  T h e  [Ca2+]i response  requires  add i t iona l  t ime due  to 
diffusion f rom the tip to the  inner  side of  the  o m e g a - s h a p e d  m e m b r a n e  pa tch  and  

A C 

~ m  
! I 

~ lCO 

0 ~00 200 ~0 t (ms) 0 100 200 3oo t(ms) 0 100 200 3(I0 t (ms) . 

FIGURE 2. Ca2+-dependent activation of maxi K ÷ channels. All traces were recorded from the 
same patch. Before the start of the Ca switch ( ~', 0 ms) [Ca2+]i was < 10 nM. At time zero 
[Ca2+]i was switched to 3, (A), 20 (B), and 1,000 o,M (C), respectively. After 200 ms ( ~, ) [Ca2+]i 
was returned to < 10 nM. Membrane potential was +30 mV. At the bottom, mean currents of 
30 (A) or 10 (B, C) sweeps were fitted according to Eqs. 12 and 13. The fitted activation time 
constant (%) and deactivation time constant (Td)were (A, 3 I~M) % = 18.7, "r d = 44.2 ms; (B, 20 
v,M) 'ra = 5.2 ms, *d = 45.6 ms; and (C, 1,000 wM) % = 2.0 ms, *d 47.7 ms, respectively. 

due  to the  react ions  following the b ind ing  of  Ca 2+ ions to the prote in .  T h e  different  
na tu re  may just ify the  p r o c e d u r e  of  Eqs. 1 and  2; that  is, the  subtract ion o f  the delay 
terms o f  the  f i lament  switch (tdelo., tdelofr) f rom the t ime course o f  the  activation and  
deact iva t ion  o f  maxi  K + channels .  

Time Course of  Ca2+-dependent Activation of Maxi K + Channels 

Fig. 2 shows five individual  cur ren t  t racings toge the r  with the  mean  currents  u n d e r  
the  influence o f  the  [Ca2+]i switch. Before the switch [Ca2+]i was < 10 nM. Dur ing  the 
switch [Ca2+]i rose to 3 I~M (Fig. 2 A ) ,  20 ~M (Fig. 2 B),  and  1,000 ~M (Fig. 2 C), 
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respectively. During the switch the channels started to open after a short delay which 
was insensitive to the different [Ca2+]i (see also Fig. 8A). Activation was complete 
within 10 (1,000 p,M [Ca2+]i) to 100 ms (3 IxM [Ca2+]i), and then the currents 
remained constant; i.e., they did not inactivate during the 200-ms switch. Comparing 
the switch to 20 p~M with the one to 3 p,M shows that the time course of  activation 
became faster and the sustained current larger with the higher [Ca2+]i (cf. Fig. 2 B 
and Fig. 2 A ). The  switch to 1,000 p,M activated the current with an even faster time 
course; the sustained current, however, had an amplitude lower than during 
activation by 20 ~M Ca 2+. 

At the end of the 200-ms switch, during return of [Ca2+]i to < 10 nM, the current 
deactivated. The time course of  deactivation was independent of  the preceding 
[Ca2+]i (see als0 Fig. 9 B). However, the switch from the preceding 20 or 1,000 I~M 
[Ca2+]i induced an initial transient increase in outward current before deactivation. 
Both peaks in outward current had the same absolute amplitude; hence, it was more 
obvious after 1,000 p,M than after 20 p,M [Ca2+]i. Later in this paper  a fast open 
channel block by high [Ca2+]i and its removal upon return to < 10 nM [Ca2+]i will be 
discussed as an underlying mechanism. 

Fig. 3 shows the time course of  activation and deactivation for 200-ms switches to 
20 o,M [Ca2+]i at patch membrane potentials of -50 ,  - 10, and +50 mV. Comparison 
of the mean K + currents reveals that more positive potentials accelerate Ca 2+ 
activation and decelerate deactivation of  maxi K + channels (compare - 5 0  mV [panel 
A ] with +50 mV [panel C] in Fig. 3). The activation and deactivation time course was 
studied over a wide range of membrane  potentials at six different [Ca2+]i in > 50 
patches. Later in this paper  the dependence of the time constants on membrane 
potential is fitted by a model. 

Amplitude of Open Channel Current 

The amplitude of the open channel current was evaluated from amplitude histo- 
grams to which multiple Gaussian distributions were fitted (Fig. 4). The indepen- 
dence of individual channel openings was tested by binomial distributions fitted to 
the peaks of the histograms (Barrett, Magleby, and Pallotta, 1982). In addition, the 
fit yielded the number  of  individual channels, N, in the patch and the single channel 
current, i. Once N was known, the steady-state (maximal) open probability, Po, was 
determined by 

Im£tx 

P° = N. i  (3) 

For the actual membrane  potential and Ca 2+ concentration, the single channel 
current, i, was taken from the mean values of  Fig. 5, whereas the Imax was the actual 
steady-state value of the fit through the mean current (e.g., Fig. 3). The well-defined 
peaks in the amplitude histogram (Fig. 4) did not change to higher i with increasing 
[Ca2+]i, proving that the enlargement of  K + current by Ca 2+ was not due to a change 
of the single channel conductance. Instead, the increase in mean current could be 
attributed to a higher open probability, Po (i.e., to a [Ca~+]i-activated channel gating). 

Fig. 5 shows the dependence of open channel current on membrane  potential with 
[Ca2+]i as parameter.  Between - 9 0  and +10 mV, all data followed a linear 
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current -vol tage  relation with a slope conductance o f  274 pS and an intercept of  - 7 . 8  
mV. At very negative potentials ( -  110 mV) the conductance  was slightly diminished. 
At positive potentials, Ca 2+ concentrat ions o f  320 and 1,000 I~M reduced the single 
channel  conductance  (open channel  block) below the values measured at 3, 6, or  20 
tLM. The  curves had a reversal potential  o f  - 8  mV, which is attributed to the junct ion 
potential;  the system was zeroed in PSS before the giga-seal was formed.  For 
purposes  of  clarity, this junct ion potential will not  be subtracted. 

A -,50 mV B - l O  mV C +50 rnV 

i II~ltt, l l t lL __= 

15o , 

-20 ' ~  
-4O 
-6O 
-8O 

0 100 200 300 t (ms) 0 100 200 300 t (ms) 300 t (ms) 

/l 
O|l--' ' ' I ~' 

0 100 2OO 

FIGURE 3. Influence of membrane potential on activation of maxi K + channels by 20 p.M 
[Ca2+]i. Patch holding potential was -50  mV (A), - 1 0  mV (B), and +50 mV (C), respectively. 
For further details see Fig. 2. (Bottom) Mean currents of 10 tracings each. The fitted activation 
(%) and deactivation time constants ('rd)were (A, - 50  mV) % = 6.4, "re = 8.1 ms; (B - 1 0  mV) 
% = 9.5, "r d -- 10.3 ms; and (C +50 mV) % = 2.8 ms, ~d = 18.8 ms, respectively. 

Dependence of Po on [Ca2+]i and Membrane Potential 

Since the CaZ+-activated current  did not  inactivate dur ing the 200-ms [Ca2+]i switch, 
peak Po and steady-state open  probability (Po) were equal. Fig. 6 shows the plot o f  
steady-state Po versus pCa = - l o g  ([Ca2+]i) for membrane  potentials o f  - 5 0 ,  - 1 0 ,  
and + 10 mV. First approximat ions  yielded Hill coefficients between 2 and 3; hence, 
we postulated that three Ca ~+ binding sites are involved in the activation o f  maxi K + 
channels. We postulated that the three Ca z+ binding sites were equal and indepen-  
dent. Therefore ,  we fitted the dependence  o f  Po on [Ca2+]i with 

P0([CaZ+]i) = P0,max/(1 + KD/[Ca2+]i) 3 (4) 
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(see Fig. 6). In case of  cooperat ive Ca 2÷ binding, Po would be 

P0([Ca2+]i) = P0 . . . .  /[1 + (Ko/[Ca~+]i) s} (4a) 

(see Adam,  L~iuger, and Stark, 1988). Po was always < 1.0; a maximal  open  
probabil i ty Po,m~, of  0.8 - 0.02 (at all [Ca2+]i's) was obta ined which was utilized for all 
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o 20 40 8'o " go i(pA) 

Nr/ain 
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120" 

80. 

B 

o S ~ ;J 
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~'z i(pA) 
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0 ~ -- ; - ' ,  - "  , - 
0 3 O  6 0  

+50 mV 

g'o 1 ~o i (pA) 

FIGURE 4. Amplitude histo- 
grams for the patch shown in 
Fig. 3. Data points for each 
histogram are from the corre- 
sponding 10 traces used for cal- 
culation of mean currents in 
Fig. 3. Gaussian fit (not shown) 
and binomial approximation of 
the histogram peaks (arrow- 
heads) revealed six channels in 
the patch. Amplitude of single 
channel current, i, and channel 
open probability, Po, were (A 
- 5 0  mV) -13.0 pA and 0.18; 
(B - 1 0  mV) 1.6 pA and 0.65; 
and (C +50 mV) 16.8 pA and 
0.81, respectively. 

subsequent  calculations (see Figs. 6 and 7). T h e  appa ren t  dissociation constant  Ko 
decreased with more  positive potentials  (see inset o f  Fig. 6). This  voltage dependence  
suggests that  the Ca 2+ binding sites are localized within the electrical field of  the 
m e m b r a n e  0Noodhull,  1973). Hence,  the voltage dependence  of  Kr) was fitted by 

KD(V ) = KD(O)'exp[-~-V'(z'F/R'T) ] (5) 
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FIGURE 5. Voltage depen- 
dence of currents through sin- 
gle Ca2+-activated maxi K ÷ 
channels. The linear fit re- 
vealed a slope conductance of 
274 pS and a reversal potential 
of -7 .8  mV. Each point repre- 
sents mean values of 3-15 
patches at a Ca ~+ concentration 
of 3 ~M (filled triangles), 20 ~M 
(empty triangles), 320 p.M (filled 
circles), and 1,000 tzM (circles). 
The data at 6 and 50 ~M 
[Ca2+]i (not shown) are not sig- 
nificantly different from the 
data at 3 and 20 v.M. 

where  V, z, F, R, and  T are  the  m e m b r a n e  potent ia l ,  the  equivalence charge  (2), the  

Faraday  constant ,  the  gas constant ,  and  the absolute  t e m p e r a t u r e  (251 K), respec-  

tively. For  22°C, the  t e rm ( z 'F /R 'T)  had  a value of  12.7 mV. For  V = 0 mV, the 
a p p a r e n t  dissociat ion cons tan t  was es t imated  at  KD(0) = 2.3 v,M. T h e  Ca 2+ b ind ing  

was d e t e r m i n e d  to occur  inside the  electr ical  field at  an  electr ical  d is tance ~ = 0.29 
f rom the inner  side the  membrane .  By subst i tut ion of  Eq. 5 into Eq. 4, one  obtains 

the  genera l  form that  descr ibes  bo th  Ca 2+ and  vol tage d e p e n d e n c e  of  the  o p e n  

probabi l i ty :  

P0([Ca2+]i, [/') = 0.8"{1 + (KD(0)/[Ca2+]i)'exp(2"$'V'F/R'T)} -3 (6) 

1.0. 

1 
0 . 8  [ ]  - : . . = . . :  . . . . . . . . .  

• ~ 0 . 6  
o t~ 

o.4J 
0 

0.2- / /  

• .. / " - ' ~ o  ' - ~ o  : + i o  : +5o  " 

0.0 .... ~ V (mV) 

6 5 4 3 

pCa 

FIGURE 6. Dependence of the open probability of maxi K + channels on [Ca2+]i at steady state 
(200 ms). Data were measured at a membrane potential of - 5 0  mV (circles), - 1 0  mV (triangles), 
or +50 mV (squares) and were fitted according to Eq. 4. The inset shows the voltage 
dependence of the apparent KD fitted according to Eq. 5. 
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(filled triangles), 50 ~ M  (open 
triangles), 320 txM (filled circles), 
or  1,000 o~M (open circles). Data  
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Eq. 6 can fit the experimental  data reasonably well for [Ca2+]i  _< 50 ~M (see Fig. 7). 
From the fit with Eq. 6 the parameters  KD(0) and 8 were evaluated. The results show 
that [Ca2+]i has no systematic influences on them (see Table II A). 

Eq. 6 is based on the assumption (Eq. 4) that the three Ca 2+ binding sites are 
independent.  This assumption is necessary for the consistency of the model. For 
comparison, modeling with cooperativity (Eq. 4a) was tried. In such a case, the fit of 
Eq. 6 to the data of  Fig. 6 yielded ~ values of ~0.1 A Ca 2+ binding at 8 = 0.1, 

T A B L E  I I  

Parameters for the Description of P~(V,[Ca 2 +10 

(A) Evaluation of steady-state data. The  apparent  dissociation constant for Ca 2+ at 
0 mV KD(0) and the electrical distance of the Ca 2+ binding sites from the cytoplas- 
mic side of the membrane  8 were deter-mined by fit of Eq. 6 to the experimental 
data shown in Fig. 7. From these KI) and 8 the value ct(0) was derived from tx(0) = 
Kn/fi and ~ = b - ~6 using 13(0) = 27 s -l  and g0 = 0.15. 

[Ca2+]i KD(0) $ ~(0) ~a 

~ /  ~4 ~M-q -I 
3 3.7 0.23 7.3 0.08 
6 1.9 0.33 14.2 0.18 

20 1.7 0.34 15.9 0.19 
50 1.2 0.39 22.5 0.24 

320 5.7 0.33 4.7 0.18 
1,000 8.5 0.41 3.2 0.26 

(B) Activation parameters from kinetic analysis, a(0) was estimated from the activa- 
tion time constant v~ according to Eq. 17.8 ,  was obtained by approximation of the 
voltage dependence a(V) to Eq. 8. 

[CaS+]i or(0) 8a 

~M ~M-ls -t 

3 6.6 0.21 
6 5.0 0.14 

20 5.3 0.14 
5O 1.5 0.10 

320 0.5 0.15 
1,000 0.4 0.17 
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however, predicts a voltage dependence that is incompatible with the observed 
steady-state data (Figs. 6 and 7) and the time constants of activation and deactivation 
(Fig. 9 and Eq. 10; see below). 

A Kinetic Model o f  IK(c~) 

I1 

R + Ca 2+ ~ RCa 2+ (7) 

describes Ca 2+ binding to a site R with association and dissociation rate constants et 
and [3, respectively. According to ViUarroel, Alvarez, Oberhauser, and Latorre (1988), 
the voltage dependence of ct and 13 is given by: 

and 

with 

and 

et(V) = or(0) • exp (25~.V.F/R.T)  

13(V) = [3(0)- exp ( - 2 5 ~ . V . F / R . T )  

(8) 

(9) 

KD = [3/a (1 1) 

The strong influence of [Ca2+]i on the activation time course (Fig. 2) implies that it is 
the binding of  Ca z+ that is the rate-limiting state in the activation. Eq. 6 postulates 
that the voltage dependence of Po resides mostly in the Ca2+-binding steps. Eq. 6 
predicts that for [Ca2+]i >> KD the influence of positive membrane potential on Po 
becomes insignificant. The  results of Figs. 6 and 7 support this prediction for [Ca2+] i  
>_ 50 IzM and positive potentials (low KD). According to Eq. 4, we describe the time 
course of the activation of the K + current by a cubic power function: 

I~(ca)(t) = N'i'n3"0.8 (12) 

with 

n = n(t) = n® - (n~ - n0)'exp{-(t - tdel)/ 'r} (13) 

for t >_ tdev In the steady state n approaches n®, which is given by 

e t ' [Ca2+] i  

n~, - w[Ca2+]i + [3 (14) 

whereas the time constant "r is defined by 

1 
"r -- o t . [Ca2+]i  + [3 (15 )  

Eqs. 12-15 coincide with the scheme proposed by Hodgkin and Huxley (1952). 
Although n(t) rises exponentially from zero, the cubic term contains mixed contribu- 
tions; that is, n 3 rises along an S-shaped curve, imitating the sigmoidity in the C a  2+ 

= ~ + 8~ (10) 
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activation. During deactivation, n relaxes toward n® = 0; that  is, Eq. 13 simplifies to 
n(t) = no'exp ( - ( t  - tde0/*} and the cubic function o f  In(t)] s falls exponentially. 

As a result o f  the maximal open  probability being 0.8, non-rate- l imit ing steps a 
and b had to be introduced into the calculation (a/(a + b) = 0.8). Then,  the following 
reaction scheme for the Ca2+-activated K + channel  was obtained: 

3cx,[Ca2+]i 2ov[Ca~+]i ~x[Ca2+]i a 
C1 ~ C2 ~ -  C3 ~ C 4 ~ O  (16) 

fl 2fl 3 1 3  b 
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FIGURE 8. The delay preced- 
ing channel activation (A: ta~l~) 
and channel deactivation (B: 
tde~) as a function of membrane 
potential with a [Ca2+]i of 3 p~M 
(filled squares), 6 v.M (open 
squares), 20 t~M (filled triangles), 
50 ~M (open triangles), 320 p~M 
(filled circles), or 1,000 ~M 
(open circles). 

T he  hypothesis that  three CaZ+-binding sites are involved in the activation o f  IK(Ca) is 
based on three arguments.  First, the dependence  of  steady-state Po on [Ca2+]i yielded 
Hill coefficients o f  2-3 .  Second, the activation time course o f  Ig(ca) was mode led  best 
(Horn, 1987) when a Hodgkin-Huxley exponent  of  3 was used in Eq. 12. Finally, Eq. 
15 shows that the activation time constants "ra = {g + a'[CaZ+]i} -1 must  always be 
smaller than the deactivation time constants "rd = B -1 (Eq. 15 with [Ca2+]i = 0). With 
the constraint "ra < ~a, fits of  Eqs. 12 and 15 to the experimental  data were possible 
only if the exponent  in Eq. 12 was > 3. 
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T he  rate constants cx and [3 were evaluated by fitting Eq. 12 to the activation and 
deactivation time course o f  the mean  currents (bottom panels in Figs. 2 and 3). For 
this fit, there was a problem with the delay between the j u m p  in Ca 2+ concentrat ion 
and the change in mean  current  (already demonst ra ted  in Figs. 2 and 3). The  delay 
before activation (tdeh) was not  significantly different f rom the delay before deactiva- 
tion (tdeld). The  data are scattered between 2 and 20 ms and a clear dependence  on 
voltage or  [Ca2+]i was not  indicated (Fig. 8). tdela and tdeld were several times longer 
than the delay terms /delon and ta~loff, evaluated from jumps  in [K+]; hence, the 

A 50. 

40, 

"~E 30, 

B 
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1 o  

I 

I I I I : 
-go -so -lo ~ io 

V (mV) 

[] Ill 

: oga 0 " 

'21 I I I i I I I I I I 
- g o  - 5 0  - 1 0  3 0  70 
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FIGURE 9. Influence of mem- 
brane potential and [Ca2+]i on 
(A) time constants of activation 
(%) and (B) time constants of 
deactivation (xa). [Ca2+]i was 3 
~M (filled squares), 6 ~M (open 
squares), 20 ~M (filled triangles), 
50 ~M (open triangles), 320 I~M 
(filled circles), or 1,000 I~M 
(open circles). Data were evalu- 
ated by approximation of mean 
currents by Eqs. 11 and 12. (B) 
For the fit of*d(V) according to 
Eqs. 14 and 9 *d values from 
experiments with different 
[Ca2+]i were lumped together, 
yielding B(0) = 27 s -l and 813 = 
0.15. 

subtraction o f  the time of  the K + concentrat ion change only incompletely corrected 
for the delay measured dur ing Ca 2+ concentrat ion jumps .  Below we will discuss 
differences in the diffusional access o f  K + and Ca 2+ from the electrode's tip o f  the 
maxi K + channel  in the membrane  of  the inside-out patch. 

Eq. 15 predicted that the deactivation time constant "rd is independent  o f  [Ca2+]i. 
The  results suppor ted  this prediction. When the deactivation time constants "to were 
correlated with - l o g  ([Ca2+]i) the correlation coefficient was 0.08, which is not  
significantly different f rom zero. Fig. 9 B shows the voltage dependence  o f  Td for 
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different [Ca2+]i as a parameter; again the influence of [Ca2+]i is not significant. 
Hence, all 13 values for 0 mV membrane potential and different [Ca2+]i were pooled 
and Eqs. 9 and 15 were fitted, and this fit yielded 27 s -1 for 13(0) and 0.15 for Bp. 

The activation time constants, "r~, clearly depended on both voltage and [Ca2+]i 
(see Fig. 9A). From ~(V, [Ca2+]i), using Eqs. 3, 12, 14, and 15, the corresponding 
rate constants et(V) were calculated by 

3/ (Po /0 .8 )  
0t(V) = V,ra.[Ca2+]i (17) 

i 1.o. 
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FIGURE 10. Predictions of a 
model for Ca2+-dependent acti- 
vation of maxi K + channels 
with three noncooperative volt- 
age-dependent Ca 2+ binding 
sites. (A) Dependence of open 
probability o n  [Ca2+]i at differ- 
ent membrane potentials (solid 
line, - 5 0  mV; dot-dashed line, 
- 1 0  mV; dashed line, +50 mV). 
(Inset) Voltage dependence of 
the apparent KD. See Fig. 6 for 
comparison. (B) Dependence 
of open probability on mem- 
brane potential at various levels 
of [ C a 2 + ] i  . See Fig. 7 for com- 
parison. (C) Dependence of the 
activation time constant % on 
membrane potential at differ- 
ent levels of [Ca2+]i. See Fig. 
9 A for comparison. In B and C, 
different [ C a 2 + ] i  is marked by 
the line pattern: solid (3 I.tM), 
dashed (6 ~M), dot-dashed (20 
~M), short-dashed (50 ~M), dot- 
dot-dashed (320 ~M), and dotted 
(1,000 I.~M). 

v (my) 



MARKWARDT AND ISENBERG Ca-dependent Gating of Maxi K + Channels 855 

The fit of  with Eq. 8 to a(V) yielded a(0) and ~ for each used Ca 2+ concentration; the 
results are given in Table I IB  with [Ca2+]i as parameter. 

Table IIA compares the parameters 0t(0) and ~ that were evaluated from 
steady-state data with those evaluated from the activation time course (Table II B). 
According to the fit of KD(V) using Eq. 5 and the values listed in Table II, we 
estimated that KD(0) = 3 I~M, 8 = 0.31, ct(0) = 9 i~M-ls -1, and 8a = 0.16, 
respectively. Systematic differences were found for [Ca2+]i > 20 t~M where the a(0 
mV)'s from kinetic analysis (Table II B) were distinctly lower than their counterparts 
from steady state. Apart from this discrepancy, the model adequately predicts the 
influence of [Ca2+]i and voltage on open probability, Po, activation, and deactivation. 
The predictions are summarized in Fig. 10. Although the predicted voltage depen- 

A 

I 20pA 

i(pA) i(pA) 
0 . -  0 

- 1 0  

F 

-20 
0 100 200 300 t(ms) 

-10 

-20 

B 

0 100 200 3o0 t (ms) 

FIGURE 11. Influence of temperature on activation and deactivation of maxi K + channels. 
Activating Ca 2+ concentration, 200 ~M; patch membrane potential, -50  mV. Bath tempera- 
ture, 16°C (A) and 37°C (B). For further details see Fig. 2. The time constants of activation (va) 
and deactivation (%) were (A: 16°C) % = 35.5 ms, ~d = 42.1 ms and (B: 37°C) % = 5.5 ms, "rd = 
8.3 ms, respectively. 

dence of the activation time constants % (Fig. 10 C) can be compared with the 
voltage dependence of the ra from kinetic analysis (see Fig. 9 A for 3, 6, and 20 I~M 
[Ca2+]i), there is a wide range of experimental error. The variability in temperature 
by approximately _+ 2°C could be a reason. 

Free Energy of Ca 2+ Binding and Ca 2÷ Dissociation 

The free energy of Ca 2+ binding and Ca 2+ dissociation determines the time course of 
both activation and inactivation of maxi K + channels. For the binding energy (AG) at 
0 mV, -7 .5  kcal'mol-1 was estimated from a KD(0 mV) of 3 ixM. Dissociation of Ca 2+ 
from the binding site requires the unbinding energy, AG', which can be calculated 
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from the rate constant  o f  deactivation 13(0) by 

f3(O) = k . T / h ' e x p ( A G '  / R T )  (18) 

where h is the Planck constant  and k ' T / h  is the molecular vibration period (Hille, 
1984). For g(0 mV) = 27 s -1, a value of  15.3 kcal 'mol - t  was calculated for AG'.  To  
dissociate f rom their binding sites, the Ca 2+ ions must  overcome this energy barrier. 

I ndependen t  o f  Eq. 18, the free energy for Ca 2+ dissociation from the binding site 
can be evaluated from the temperature  dependence  o f  B. With an additional set o f  
experiments,  fl(V, T) was measured at five different temperatures  using concentra-  
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FIGURE 12. Temperature de- 
pendence of deactivation of 
IK<ca). Different temperatures 
are marked by symbols (open 
circles, 160C; filled circles, 22°C; 
open triangles, 26"C; filled trian- 
gles, 30°(;; open squares, 37°C). 
The deactivation time constants 
were evaluated using Eqs. 11 
and 12. The straight lines are 
the approximations according 
to Eq. (9). For the free energy 
of Ca 2+ dissociation, a AG' = 
16 kcal/mol was evaluated from 
the fit of the B(0) = ~a(0) -l- 
values, depicted in B, with B(0, 
T) = exp (C - AG'/RT),  where 
C is an arbitrary constant. 

t i on jumps  to 200 I~M [Ca2+]i. The  mean  currents o f  Fig. 11 indicate that an increase 
in the bath tempera ture  f rom 16 to 37°C accelerated the time course o f  both  
deactivation and activation (see legend to Fig. 12). The  voltage dependence  o f  the 
deactivation time constant ~d with temperature  T as a parameter  is shown in Fig. 
12 A. T he  temperature  does not obviously change the voltage dependence  of  "ra as 
verified by the ~p listed in Table III.  Fig. 12 B shows the temperature  dependence  of  
1/'rd = ~(0, T). From this temperature  dependence  the free energy for Ca 2+ ion 
dissociation is estimated to be AG* = 16 kcal/mol, which is close to the above 
calculated AG'  o f  15.3 kcal 'mol - l .  The  results measured at different temperatures  
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also provide information on some of the experimental  variability. Assuming that the 
uncontrolled room temperature would have fluctuated from 20 to 24°C, this would 
have increased g from 25 to 38 s -1 (Fig. 12) and reduced "ra = 1/g from 40 to 26 ms. 
Hence, temperature  fluctuations can easily account for the variability of  rd illustrated 
in Fig. 9. 

Consistency with Single Channel Recordings 

The test of the validity of  our model on the single channel level was hampered  
because the channels were found in clusters; only t of  ~ 100 patches contained a 
single channel. From all openings and closures during the increased [Ca2+]i a mean 
closed and a mean open time, as well as the waiting time to the first opening, were 
evaluated. Because of the limited number  of  events, the data were insufficient for the 
conventional histograms and fits by multi-exponential equations; as customary for 
single channel events, therefore, they were plotted as a function of Po. Po was 
evaluated during jumps  of [Ga2+]i to 6 or 50 ~M and at membrane  potentials 
clamped to values between - 7 0  and +50 inV. For an increase in Po from 0.05 to 0.7 

TABLE I I I  
Temperature Dependence of Deactivation of lx~ca) 

T ~(0) ~ 

o C S-I 

16 14.1 0.15 
22 35.0 O. 12 
26 40.7 O. 11 
30 69.0 0.10 
37 106.4 0.15 

Values were calculated from Eqs. 9 and 15. 

the mean closed time decreased by a factor of  five. Simultaneously, there was a 
fivefold increase in the waiting time to the first opening after the rapid increase in 
[Ca2+]i (first latency). This behavior is predicted by the model (Eq. 16) which 
attributes the rise of  Po to the increase in the association rate constant 0~. However, 
other models involving a Ca2+-binding step leading to channel isomerization could 
explain the behavior as well. There  was also a slight enlargement of  the averaged 
open time, confirming earlier reports (Methfessel and Boheim, 1982; Magleby and 
Pallotta, 1983a; Moczydlowski and Latorre, 1983), with the interpretation that a 
decrease in shut times causes an increased underestimation of closings and thereby 
an artificial rise in open times (Moczydlowski and Latorre, 1983). In conclusion, the 
limited single channel data are consistent with the proposed model for gating of the 
Ca2+-activated maxi K + channels. 

D I S C U S S I O N  

The channels of  this study belonged to the class of  "BK" or "maxi" K + channels 
because their conductance was 274 pS in symmetrical K + solution. From the same 
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inside-out patches we could record the currents without significant changes of the 
gating for 1 h or longer. Due to their high conductance and their stability, maxi K + 
channels have been analyzed in a variety of preparations (for a recent review, see 
Latorre, Oberhauser, Labarca, and Alvarez, 1989). In the literature, the dependence 
oflK(ca) on Ca 2+ and on the voltage has been well described for the steady state, and 
the results have led to gating schemes containing more than five closed and up to 
four open states (Magleby and Palotta, 1983a, b; McManus and Magleby, 1988). 
However, general agreement is missing with regard to two questions (see Latorre et 
al., 1984, 1989): (a) which of the steps in the gating scheme are rate limiting? and (b) 
Does the voltage dependence reside in the Ca e+ binding or in the following change 
of channel conformation? The questions may be answered by experiments analyzing 
the maxi K + channels during rapid changes in [Ca2+]i. Here we analyzed the effect of 
' lumps" in [Ca2+]i on the mean currents through macro-patches and obtained 
information on the kinetics of Cae+-mediated activation and deactivation of maxi K + 
channels. This information is complementary to that obtained from steady-state 
single channel analysis. 

Block of Single Channel Current 

At strong positive or negative potentials, the open channel conductance was reduced, 
probably due to a fast open channel block by divalent cations. The block could not be 
resolved by the present recording system. A fast flickering block of K + inward current 
by extracellular Mg 2+ has been reported by Christensen and Zeuthen (1987), and the 
block of K + outward current by intracellular Ca 2+ has been reported by Eisenman, 
Latorre, and Miller (1986). The open channel block by [Ca2+]i may be responsible for 
the reduction of the maximal outward current observed during the jumps of [Ca2+]i 
to 20 or 1,000 IxM, respectively (Fig. 2, B and C). Relief of the block on wash-out of 
[Ca2+]i may be responsible for the initial hump in outward current during the return 
from 1,000 or 20 I~M [Ca2+]i to < 10 nM (see Fig. 2 C). Our results indicate that the 
relief of open channel block is faster than the Ca2+-dependent deactivation (Fig. 
2 C); however, this comparison was not analyzed in detail. 

The Delay Term 

Upon a rapid jump in [Ca2+]i the mean currents did not change instantaneously but 
with a delay. Part of this delay could be attributed to the rate of solution exchange as 
indicated by the effects of K + concentration jumps (terms tdelon and taelo~); this part 
was subtracted (see above). A part of the delay remained (td¢1 in Eq. 13, ta~la and td~ld 
in Fig. 8). With the present method of  the liquid filament switch, the delay was 
between 5 and 15 ms, which is about one order of magnitude shorter than the 
100-ms delay measured with the concentration clamp method (Brett, Dilger, Adams, 
and Lancaster, 1986; Ikemoto, Ono, Yoshida, and Akaike, 1989). The dependence of 
the delays on membrane potential and [Ca2+]i was not statistically significant (Fig. 8). 
The delay may be attributed to [Ca~+]i-independent steps in Eq. 16. However, the 
delay could also arise from the limited rate of the change in Ca 2+ concentration at 
the patch of membrane; inside-out patches have been shown to invaginate the tip of 
the electrode for >_ 50 I~M (Ruknudin, Song, and Sachs, 1991). Since the space inside 
the electrode's tip is essentially unstirred, access to the cytosolic side of the 
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membrane  may be limited by the rate of  diffusion, provided that the solution 
exchange at the tip is fast. This property of  inside-out patches sets some limitations 
for the application of  the liquid filament method. 

In this study patches were accepted only if the preceding test of the solution 
exchange for K + ions completed with delay terms, tdelon, of < 2 ms. Usually a tdelo, of  
> 10 ms went together with a/del of 50 ms or longer. Thus, the delay terms tdelon upon 
[K +] jumps  and tdej upon [Ca2+]i jumps seem to be related, although their absolute 
values differ. At first, the diffusion coefficient for Ca 2+ in aqueous solutions was half 
of  that for K + (see Hille, 1984). Also, with EGTA buffering the change in Ca 2÷ 
concentration will be slower than that in K + because the new Ca 2+ solution has to 
saturate any of the buffer that is left. The  results obtained with EGTA ( < 10 nM or 3 
I~M [Ca2+]i), HDTA (6 and 20 p~M [Ca2+]i), or in the absence of buffers ([Ca2+]i > 20 
o.M) did not show systematic variations in the delay; hence, this influence might be 
small. Ca 2+ ions probably diffuse with binding to residual cytosolic proteins; hence, 
they may be "seen" by the Ca 2+ binding sites later than indicated by the effects of  the 
[K+]i jumps.  Diffusion of Ca 2+ was a severe problem when the activation time course 
was very fast (e.g., during the activation of IK(ca) by 50, 320, and 1,000 ~M [Ca2+]i, 
when the experimental  time constants -r~ [Fig. 9A ] were systematically above the 
predicted ones [Fig. 10 C]). 

The Model 

The model postulated that the activation of the maxi K + channels results from the 
noncooperative binding of three Ca z+ ions. Binding of more than one Ca 2+ ion has 
been deduced from the slope of Hill plots (for review, see Latorre et al., 1989; 
Haylett and Jenkinson, 1990); however, there is some uncertainty because the Hill 
coefficients are sensitive to such experimental parameters  as [Mg2+]i (Golowasch, 
Kirkwood, and Miller 1986) or temperature (Grygorczyk, 1987). In this study, the 
assumption of binding of three Ca 2+ ions was based on two additional arguments: 
(a) Binding of three Ca ~+ ions was required for the best description of the S-shaped 
activation time course of IK(ca) (Eq. 12). (b) Binding of three or more Ca 2+ ions was 
required to explain the result (Fig. 3) that deactivation could be faster than activation 
despite the constraint that the deactivation time constants ('rd = B -1) always had to be 
larger than activation time constants (*a = (g + ot'[Ca2+])-l). 

The idea that the voltage dependence resides in the binding of Ca 2+ ions was 
introduced by Moczydlowski and Latorre (1983). In the present model, this idea 
required that the membrane  potential had a stronger influence on the apparent  KD 
(Fig. 6, inset) than on the individual association and dissociation constants tx and [3 
(see Eqs. 5 and 8-10). As already pointed out, this requirement could be fulfilled only 
if the Ca 2+ binding to the three sites was assumed to be noncooperative. With these 
restrictions, the model yielded a KI)(0) of 3 ~M and a 5 of  0.31, values that are within 
the range of the Kr) and ~ values reported for other preparations (Latorre et al., 
1989, Marty 1989). In addition, this study yielded the rate constants of  Ca 2+ binding: 
the association constant, (x(0 mV), was 9 wM-ls - l  and the dissociation constant, B(0 
mV), was 27 s -l .  These values are similar to the rate constants (x = 20.5 ~M-ls  -1 and 
[3 -- 25 s -1 reported for the Ca2+-dependent activation of apamin-sensitive K + 
channels (Gurney, Tsien, and Lester, 1987), despite the fact that these channels have 
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different biophysical propert ies and that steps o f  [Ca2+]i were generated by a 
different technique (release o f  Ca ~+ f rom caged compounds) .  

The  model  predicted Ca2+-dependent  shifts in the dwell time distributions which 
are consistent with the literature. For example, the model  attributes the increase in 
Po mostly to the increase in 0t, which is equivalent to a reduct ion o f  the mean  closed 
time (Methfessel and Boheim, 1982; Magleby and PaUotta, 1983a; Moczydlowski and 
Latorre, 1983) and could be confirmed by our  own preliminary single channel  data. 
The  model  also predicts that the increases in Po and ~x should accompany shorter  
times to the first opening,  and this prediction was proven experimentally (see above). 
Unfortunately, the difficulty o f  gett ing patches with single channels hampered  
further analysis. 

The  model  could account  quantitatively for the Ca2+-dependent  activation of  the 
maxi K ÷ channel  when [Ca2+]i was varied between 2 and 20 ~M; however, for [Ca2+]i 
> 20 wM, systematic differences between measured and modeled  data were found. 
The  differences could suggest that  o ther  additional steps become rate limiting when 
the Ca z÷ concentrat ions are high, as indicated by the fast open  channel  block. 
However, with the limitations of  the present me thod  we cannot  exclude the possibility 
that the channel  activation at high [Ca2+]i was re tarded by the limited speed by which 
Ca 2+ exchanged  at the inner  side o f  the membrane.  

The  results of  this paper  clearly demonstra te  that changes in intracellular Ca 2+ 
concentrat ion can activate maxi K + channels within a millisecond time scale. In 
contrast to Ikemoto  et al. (1989), we conclude that the time course is sufficient for the 
Ca2+-mediated activation o f  maxi K ÷ channels dur ing the 20-ms action potential o f  
the smooth muscle cell. Hence, Ca 2+ activation o f  outward currents can contribute to 
the action potential  repolarization, at least in these cells. This idea is suppor ted  by 
the prolongat ion o f  the action potential  resulting from the pharmacological  block of  
IK~ca~ with low TEA concentrat ions (K16ckner and Isenberg, 1985). 
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