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Ca2+-dependent inactivation of the class C L-type Ca 2+ channel is a 
property of the subunit 
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Abstract The stably expressed Ca 2÷ channel a~c-~ and a~C-b 
subunit were used to investigate the molecular basis for Ca 2÷- 
dependent inactivation of the L-type current. The Ba 2÷ current 
(I~) of both channels had similar kinetics and inactivated with 
one time constant of about 400 ms at +20 mV, whereas the Ca 2÷ 
current (Ic,) could be fitted only with a hi-exponential function. 
The fast (%) and the slow (~'~) time constant were about 20 ms and 
400 ms, respectively. The inactivation of Ic, strongly depended 
on the entry of Ca 2÷ as shown by prepulses and variation of the 
intracellular Ca 2÷ chelator. Coexpression of the a~c subunits with 
the auxiliary ~2/6 and/] subunits accelerated the voltage-depend- 
ent but not the CaZ÷-dependent inactivation of the channels. These 
results suggest that the a~c subunit of L-type Ca 2÷ channels itself 
mediates the Ca2÷-dependent inactivation of the current. 

K e y  words." Ca2+-dependent inact ivat ion;  L-type Ca 2+ channel ;  
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1. Introduction 

Ca :+ entry  t h rough  vol tage-gated L-type Ca 2+ channels  pro- 
vides in m a n y  cells the intracel lular  Ca  2+ ([Ca2+]i) and  triggers 
thereby m a n y  physiological  funct ions  such as con t rac t ion  or 
neuro-secret ion.  The  open ing  of  these channe ls  is t ightly con- 
t rol led to prevent  over load  of  the cell wi th  Ca 2+. These channels  
inact ivate  rapidly in response  to depolar iza t ion  and  an  increase 
in [Ca2+]i. This  voltage- and  Ca2+-dependent inac t iva t ion  is an  
i m p o r t a n t  negat ive feedback mechan i sm to prevent  Ca 2+ over- 
load and  cell death.  

Despi te  its impor tance  and  the fact tha t  Ca2+-dependent in- 
ac t iva t ion  of  Ca 2+ channels  [1] has  been discovered nearly 20 
years ago, the molecular  basis of  the Ca2+-dependent inactiva- 
t ion remained  controversial .  Voltage-gated L-type Ca 2+ chan-  
nels are he te ro te t ramers  consis t ing of  three subunits ,  named  ~1, 
a J 8 ,  and  ft. The  aj subuni t  forms the funct ional  Ca 2+ conduct-  
ing uni t  [2]. The  a f t6  and  fl subuni ts  are auxil iary subuni ts  
which increase the cur ren t  ampl i tude  and  affect the voltage- 
dependen t  ac t iva t ion  and  inact iva t ion  of  Ca  2÷ channels  [3-6]. 
There  is no  agreement  whe ther  or  no t  the Ca2+-dependent inac- 
t ivat ion requires the presence o f  auxil iary subuni ts  in addi t ion  
to the cq subunit .  Tanabe  and  coworkers  [7,8] repor ted tha t  
Ca2+-dependent inac t iva t ion  required the coexpression of  the 
~ subuni t  with  the o ther  auxil iary subunits ,  especially tha t  of  
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the fl subunit .  In contras t ,  o ther  groups  [9-12] observed Ca 2+- 
dependen t  inac t iva t ion  of  the expressed rabb i t  cardiac L-type 
elC subuni t  in the absence of  the auxiliary subunits .  To s tudy 
the Ca2+-dependent inac t iva t ion  of  L-type ~1c channels,  we 
invest igated the Ca 2+ (/Ca) and  Ba 2+ (IB,) currents  of  cardiac 

(Cqc.a) and  smoo th  muscle (~lC-b) subuni ts  stably expressed in 
Chinese hams te r  ovary  (CHO)  and  h u m a n  embryonic  kidney 
( H E K  293) cells in the absence and  presence of  the auxiliary 
subunits .  Both  channels  showed Ca2+-dependent inact ivat ion in 
the absence of  the expressed auxiliary subunits .  

2. Materials and methods 

2.1. Cell transfection and culture 
CHO and HEK 293 cells were transfected stably with the coding 

region of the Cqc. a [13] and Cqc_ b [14] subunit, respectively, as described 
in Zong et al. [15]. The HEK 293 cell line was used to express transiently 
the ~216 and t2 [16] subunit. The properties of the AC1733 HEK 293 
cell line have been described [17]. Media, sera and fetal calf serum were 
obtained from Gibco, Eggenstein. Cell culture was carried out by com- 
mon standard procedures. 

2.2. Electrophysiological recording 
The patch pipettes with resistances 2 to 3 MI2 were filled with intra- 

cellular solution containing in raM: 102 CsC1, 10 tetraethylammonium 
chloride (TEA-CI), 1.0 MgCI2, 3.0 Na~-ATP, 5.0 4-(2-hydroxyethyl)-l- 
piperazine-ethane-sulphonic acid (HEPES), 10 ethylene bis (oxonitrilo) 
tetraacetate (EGTA), pH 7.4 adjusted with CsOH. In some experi- 
ments, EGTA was replaced by 20 mM 1,2-bis(2-aminophenoxy) eth- 
ane-N,N,N',N'-tetra acetic acid (BAPTA) and CsC1 was reduced to 92 
mM. The low chloride pipette solution contained in mM: 140 N-methyl- 
D-glucamine, 2.0 MgC12, 3.0 Na2-ATE 5.0 HEPES, 10 EGTA, pH 7.4 
adjusted with methanesulphonic acid. A double-barrelled pipette 
placed 200 ¢tm away from the cell was used to switch the superfusion 
from bath solution containing Ca 2+ (Ca 2÷ Tyrode's solution) to that 
containing Ba 2÷ (Ba 2+ Tyrode's solution). Ca z÷ or Ba 2+ Tyrode's solu- 
tion contained in raM: 82 NaCI, 10 CaCI2 or BaC12, 5.0 CsC1, 30 
TEA-C1, 1.0 MgCl2, 10 HEPES, 5.0 glucose, pH 7.4 adjusted with 
NaOH. The chloride free bath solution contained in mM: 100 TEA- 
OH, 10 Ca(OH)2 or Ba(OH)2 , 5.0 4-aminopyridine, 10 HEPES, 10 
glucose, pH 7.4 adjusted with methanesulphonic acid. 

Whole cell currents were recorded using a List EPC 7 amplifer and 
pCLAMP software (Axon Instruments) running on a IBM compatible 
computer. Data were digitized at 10 kHz, filtered at 2 kHz and analysed 
with AUTESE Capacitative transients and leak currents were sub- 
tracted using linearly scaled currents elicited by a step from -80 to -90 
mV. All experiments were done at room temperature (20°C-23°C). If 
not stated otherwise, the holding potential (HP) was -80 mV and test 
pulses were to +20 mV for 500 ms at 0.1 Hz. The average of the current 
measured between 10 and 15 ms after the depolarization step was taken 
as individual peak current. The inactivation trace of individual currents 
was fitted using a mono-exponential function: I( t)= a + b ~-~), or a 
bi-exponential function: l(t) = a+b ~ '/~f~ + c~-'% ~, where I(t) is the inacti- 
vating current as a function of time, a is the current amplitude at t = co, 
b and c are the amplitudes of the time-dependent components, rf and 
r~ are the fast and slow time constant of inactivation, respectively. The 
parameters in the equations were determined by a least-squares fitting 
routine described by Marquardt [18]. All values are given as 
mean + S.E.M. 
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3. Results and discussion 

3.1. The stably expressed c~c subunit channel inactivates in a 
Ca:+-dependent manner 

The ~lC-, subunit  channel was stably expressed in CHO cells. 
As shown in Fig. 1, the peak current amplitude of the cz~c_~, 
channel was reduced to less than one fourth if the charge carrier 
was changed from Ba 2+ to Ca 2+ (21.7 + 3.4%; n = 3). This re- 
duction in amplitude is probably the result of  a smaller con- 
ductance for Ca 2+ than Ba 2+ [19]. The I - V  curve for lc~, was 
shifted by 10 to 20 mV to positive potentials compared with that 
of IB, (Fig. 1C). Most likely this shift was caused by the differ- 
ence in surface potential [20]. The corresponding inactivation 
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Fig. 1. IB, and Ic.~ of the a~c_., subunit inactivate differently. The cz~_~ 
subunit was expressed stably in a CHO cell. The traces of IB~ (A) and 
Ic. ~ (B) were evoked by depolarizing steps from a holding potential of 
-80 mV to -30 to +50 mV in 10 mV increments. Both currents were 
measured in the presence of 1/aM Bay K 8644 because Ic-~ was to small 
to yield reliable fits for the inactivation traces. C: The / -V relation of 
1B~ (O) and Ic:~ (e) (n = 3 cells). 

traces of IBa could be fitted very well by a mono-exponential  
function with a time constant  (r~) of 404 + 26.7 ms (n = 3) at 
+20 mV. In contrast, the inactivating traces of /Ca could be 
fitted only by a bi-exponential function with a fast (rf) and a 
slow (rs) time constant  at all potentials between -20  and +50 
inV. The rf and rs at +20 mV were 18.3 + 2.8 ms (n = 3) and 
396 + 18.3 ms (n --- 3), respectively. The time constants rf and 
r~ may represent Ca 2+- and voltage-dependent inactivation of 
Ica, respectively, whereas IB~ appeared to inactivate only by a 
voltage-dependent mechanism. 

To test the generality of these results, similar experiments 
were carried out with the stably expressed czlc_ b subunit. This 
cell line had higher Ica densities which allowed a detailed anal- 
ysis of the inactivation kinetics in the absence of the Ca 2+ 
channel agonist Bay K 8644. Fig. 2 shows the voltage- and 
Ca2+-dependent inactivation of ¢zlc_ b channels stably expressed 
in HEK 293 cells. Like the ¢Z~c_,~ channel, the/Ca and IBa of the 
cz~c_ b channel inactivated with a bi- and a mono-exponential  
function, respectively (Fig. 2A). The time constant  of IB~ inac- 
tivation was almost identical to the slow time constant  of Ica 
inactivation and had similar voltage-dependence (Fig. 2B). The 
lc,  inactivated additionally with a fast phase (Fig. 2A,C). The 
voltage-dependence of the zf of Ic, can be explained by a volt- 
age-dependent Ca 2+ entry through the L-type Ca 2+ channels 
[21]. These experiments suggested that the ~Z~c_ b channel like the 
~1c-~ channel possesses the property of CaZ+-dependent inacti- 
vation. 

3.2. Ca:+-dependent &activation depends on Ca 2+ entry 
In order to determine the [Ca2+]i dependence of the inactiva- 

tion of the (z~c_ b channel, a double pulse protocol was used in 
which the effect of a prepulse and the intracellular Ca 2+ buffer 
on IB, and lea of the following test pulse was investigated (Fig. 
3). A 50 ms prepulse, which is to short to induce steady state 
inactivation of the channel, should decrease the magnitude of 
lc,  during the following test pulse, since [Ca2+]i increases during 
the prepulse. The same prepulse should not  affect the size of 
IBa during the test pulse. The experiments shown in Fig. 3 
support this prediction, i.e. a prepulse to +20 mV, a membrane 
potential at which/ca  of the prepulse is activated maximally 
(Fig. 3A), inact ivated/ca of the test pulse by more than 60% 
(Fig. 3B). The prepulse to +20 mV, however, had only a small 
effect on IBa of the test pulse. As predicted, the I - V  relation of 
the prepulse current (Ipp) was inversely correlated with that of 
the test pulse current (Itp), if C a  2+ w a s  used as charge carrier, 
i.e. the Ipp at +20 mV prepulse was maximal but  the I~p at same 
prepulse was minimal (Fig. 3B). This inverse relation is a strong 
argument [21] that Ca 2+ entry induced inactivation of the a~ c 
channel. In contrast, the I~p of IBa inactivated maximally by 22% 
even if the prepulse was positive to +40 mV supporting the 
prediction that the short prepulses did not  induce significant 
voltage-dependent steady state inactivation of the channel (see 
below). 

The [CaZ÷]i-dependent inactivation of the channel should be 
reduced by dialysing the cell with BAPTA, a faster Ca 2+ chela- 
tor than EGTA. The increase in the intracellular CaZ+-buffer 
concentration from 10 mM EGTA to 20 mM BAPTA had only 
a slight effect on the ~ V relations of/ca and Isa (Fig. 3C), but 
reduced remarkably the decrease in /Ca amplitude induced by 
Ca 2+ entry (Fig. 3D). The inactivation o f / c a  was still more 
pronounced than that of  IRa (Fig. 3D). Interestingly, the 
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Fig. 2. Voltage- and Ca2+-dependent inactivation the of ~C-b subunit stably expressed in a HEK 293 cell. (A) The traces of lB, (left pannel) and Ic, 
(right pannel) were elicited by depolarizing steps from a holding potential of -80 mV to the potentials indicated. The continuous lines show the fits 
with mono-(IBa ) and bi-exponential (Ic,) functions. (B,C) Voltage-dependence of the inactivation of IB, and Ic,. r :  time constant of IB, inactivation. 
¢'~ and rr: slow and fast time constant of lc, inactivation (n = 6). 

decrease in/Ba amplitude induced by prepulses positive to +20 
rnV was also markedly reduced by 20 m M  BAPTA (Fig. 3D) 
suggesting that the decrease in /Ba observed in the presence of  
10 m M  E G T A  (Fig. 3B) was caused by a Ca 2+ contamination 
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of  the Ba2+-Tyrode's solution. The experiments of  Fig. 3D 
indicated further that the increase in the intracellular Ca 2÷ 
buffering capacity prevented only partially the Ca2+-dependent 
inactivation of  the channel in agreement with the idea that the 
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Fig. 3. Ic, inactivation depends on Ca 2+ entry through the ~lC-b channel. Relations between the currents (©, IBa; e, Ic,) and prepulse potential (Vpp) 
in the cells dialysed with the pipette solution containing 10 mM EGTA (A and B) or 20 mM BAPTA (C and D). Ivp and Itp were the currents elicited 
by the pre- and test pulse, respectively. The currents were normalized to the maximal current induced by the prepulse in A and C and to the current 
induced by a test pulse without prepulse in B and D. The inset in D shows the double pulse protocol. 
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increase of  the local Ca 2+ concentrat ion near or within the 
channel pore is more important  for the Ca2+-dependent inacti- 
vation of  L-type Ca 2+ channels than the increase of  total [Ca2+]~. 

A potential  pitfall of  the above experiments could be the 
presence of  outward chloride currents in these cells since they 
could mask the inactivation of  Ic~. To exlude this possibility, 
a chloride free bath solution and a low chloride pipette solution 
(4 m M  chloride) was used. Under  these conditions, the reversal 
potential of  IBa and/Ca was shifted to more positive membrane 
potentials without  affecting significantly the membrane poten- 
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Fig. 4. Ca2+-dependent inactivation of the ~z~c_ b channel is not masked 
by chloride currents. (A,B) ~ V  curves of IBa (G) and lc~ (o) recorded 
in cells perfused with the chloride containing (A, n = 6) and chloride 
free (B, n = 7) bath and pipette solution. (C) 1B~ and lc~ traces recorded 
in the cell perfused with the chloride free solutions depolarised to +20 
mV. The Ic~ was normalized with a factor of 2.2. The continuous lines 
show the fits: r,, 281ms; rr, 22.2 ms and r~, 220 ms. 
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Fig. 5. Ca2+-dependent inactivation does not require auxiliary subunits. 
A: Current traces recorded in the HEK 293 cell stably expressing the 
~lC-b subunit and transiently transfected with the f12, subunit. IB~ was 
evoked at +20 mV. "r i was 228 ms. /ca was evoked by a pulse to +20 
mV and normalized with a factor of 3.3. rf and r~ were 23.2 ms and 239 
ms, respectively. The continuous lines show the fits. (B) IB~ and Ic~ 
recorded in the HEK 293 cell transfected transiently with the ~C-a, ~Jg 
and fl2u subunit. /Ca was normalized with a factor of 2.5, r~: 212 ms; ~'f: 
21.5 ms; ~'~: 223 ms. 

tials inducing activation and maximal inward current (Fig. 
4A,B). The inactivating kinetics of  IBa and/Ca w e r e  not  changed 
by the chloride free solutions (Fig. 4C) supporting the notion 
that Ca2+-dependent inactivation of  the ~ c  channels was not 
obscured by a chloride conductance which may be present in 
H E K  293 cells. 

3.3. Ca2+-dependent inactivation does not require auxiliary 
subunits 

As previously described [3,4,15,22], the coexpression of  the 
ot2l~ and j72 subunit with the cqc subunit increased the current 
density and the inactivation of  the channels. Fig. 5 illustrates 
with two examples that the auxiliary subunits did not  affect 
grossly /Ca and IBa traces of  the two Cqc channels. The fast 
inactivation time constant rf of  /Ca was not changed by the 
auxiliary subunits. In contrast, the voltage-dependent inactiva- 
tion time constants (r~ and rs) were accelerated (Tab. 1). The 
fact that the auxiliary subunits had no effect on ~f supports 
strongly the not ion that they are not  required for CaZ+-depend - 
ent inactivation of  the channel. 

The results of  this paper clearly show that the ~lC subunit of  
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Table 1 
Summary of inactivation time constants 

125 

Channel composition n I~, ri (ms) Ic, 

~'r (ms) ~ (ms) 

I~a/I.a (%) 

0qc , 3 404 _+ 26.7 18.3 + 2.8 396 + 18.3 21.7 
(~lC-b 6 317 --+ 23.3 18.4 + 1.6 272 + 41.9 28.6 
~lC-b'~2a 4 213 + 55.4 19.2 + 2.8 154 + 30.9 34.0 
~lC-a" ~2 l£~ "fl2b 5 186 --+ 25.6 15.7 + 2.2 160 + 11.2 37.1 
AC1733 5 333 + 29.8 18.5 + 2.31 285 + 66.6 31.7 

The C%c_ a and Cqc_ b channels were stably expressed in CHO and HEK 293 cells, respectively. The other subunits were transiently expressed in HEK 
293 cells. The currents were elicited by pulses from a holding potential of -80 mV to +20 inV. The values are given in mean + S.E.M. For further 
details see text and legends to figures. 

the L-type Ca 2+ channel possesses the Ca2+-dependent inactiva- 
tion property. This signifies that the 0qc subunit not  only has 
a pore which selects for Ca 2+ but has also a Ca 2+ binding site 
that is responsible for CaZ+-dependent inactivation [23]. The 
latter site has not  been identified. The Ca 2÷ binding site must 
be located very close to the inner mouth  of  the channel pore 
because (a) even the strong intracellular Ca 2+ buffering by 20 
m M  BAPTA failed to abolish completely Ca2+-dependent inac- 
tivation and (b) the AC1733 aqc subunit, which was truncated 
at amino acid 1733 and lacked the last 438 amino acids of  the 

[Ca ]i-dependent inacti- carboxy-terminus [17,24] showed also 2+ 
vat ion (Table 1). It has been suggested that the CZlc subunit 
containes an EF-hand  domain  located almost directly after the 
last t ransmembrane segment IVS6 [25]. It is possible that this 
structure which is close to the innner mouth  of  the channel pore 
mediates Ca2+-dependent inactivation of  L-type Ca 2+ channels 

[121. 
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