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Intracellular Ca2+ Inactivates L-Type Ca2+ Channels with a Hill
Coefficient of -1 and an Inhibition Constant of -4 ,uM by Reducing
Channel's Open Probability
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ABSTRACT The patch-clamp technique was used to characterize the mechanism of Ca2+-induced inactivation of cardiac
L-type Ca2+ channel alc-a + f33 subunits stably expressed in CHO cells. Single Ca2+ channel activity was monitored with 96
mM Ba2+ as charge carrier in the presence of 2.5 ,tM (-)BAYK 8644 and calpastatin plus ATP. This enabled stabilization of
channel activity in the inside-out patch and allowed for application of steady-state Ca2+ concentrations to the intracellular
face of excised membrane patches in an attempt to provoke Ca2+-induced inactivation. Inactivation was found to occur
specifically with Ca2+ since it was not observed upon application of Ba2 . Ca2+-dependent inhibition of mean Ca2+ channel

activity was characterized by a Hill coefficient close to 1. Ca2+ binding to open and closed states of the channel obtained
during depolarization apparently occurred with similar affinity yielding half-maximal inhibition of Ca2+ channel activity at -4
,M. This inhibition manifested predominantly in a reduction of the channel's open probability whereas availability remained
almost unchanged. The reduction in open probability was achieved by an increase in first latencies and a decrease in channel
opening frequency as well as channel open times. At high (12-28 ,uM) Ca2+ concentrations, 72% of inhibition occurred due
to a stabilization of the closed state and the remaining 28% by a destabilization of the open state. Our results suggest that
binding of one calcium ion to a regulatory domain induces a complex alteration in the kinetic properties of the Ca2+ channel
and support the idea of a single EF hand motif as the relevant Ca2+ binding site on the a1 subunit.

INTRODUCTION

Ca2+ entry through voltage-activated Ca2+ channels plays a
crucial role in the transmembrane signaling of cellular pro-
cesses such as muscle contraction and neurotransmitter se-
cretion (Eckert and Chad, 1984; Carbone and Swandulla,
1989; McDonald et al., 1994). Elevation of intracellular
Ca2+ due to opening of L-type Ca2+ channels inhibits Ca2+
entry. This process, termed Ca2+-induced inactivation,
serves as an important, negative feedback mechanism by
speeding Ca2+ channel inactivation.
As molecular mechanisms initiating inactivation direct

binding of Ca2+ to the channel or to an associated regula-
tory protein (Sherman et al., 1990) as well as Ca2+-medi-
ated dephosphorylation (Chad and Eckert, 1986; Arm-
strong, 1989) have been proposed. Recent studies favor
direct binding of Ca2+ to a cytoplasmic domain (Yue et al.,
1990; Imredy and Yue, 1992, 1994; Haack and Rosenberg,
1994). L-type Ca2+ channels are constituted of five sub-
units, a1, a2, f3, y, and 8, of which the a1 is as yet best
characterized in terms of structure-function relationships
(DeFelice, 1993; Hofmann et al., 1994; Isom et al., 1994;
Varadi et al., 1995). Expression of the cardiac al subunit
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alone has been found sufficient for channel activity with
apparent Ca2+-sensitive inactivation (Neely et al., 1994;
Zong and Hofmann, 1996). An EF hand motif characteristic
for Ca2+ binding in proteins has been localized in the
carboxyl tail close to the IVS6 of the al subunit of the Ca2+
channel (Babitch, 1990). Recently, molecular evidence has
been presented (DeLeon et al., 1995) suggesting that the EF
hand Ca2+ binding motif of the cardiac alc subunit pro-
vides the Ca2+ binding site that is responsible for Ca2+-
sensitive inactivation. This has been elegantly demon-
strated, in particular, by a chimeric a1 subunit in which 51
amino acids containing the EF hand motif of the cardiac
alC-a subunit have been substituted by the corresponding
sequence of the brain al E subunit, which lacks Ca2+-in-
duced inactivation (DeLeon et al., 1995). As a consequence,
the resultant chimera has lost Ca2+-sensitive inactivation. A
lower or even lacking Ca2+ affinity of the conferred EF
hand motif might be one possible explanation for this find-
ing. Thus, determination of the inhibition constant (Ki) for
Ca2+ channel inactivation by Ca2+ would significantly con-
tribute to the molecular understanding of the role of EF
hand motifs in mediating inactivation.

Usually, Ca2+-sensitive inactivation is demonstrated by
comparison of the inactivation observed with Ca2+ versus
Ba2+ as charge carrier. This experimental design, which
measures channel inactivation as a direct consequence of
Ca2+ permeation, renders determination of the Ki of Ca2+-
induced inactivation rather impracticable. This would in-
stead require application of steady-state Ca2+ concentra-
tions to the inner face of Ca2+ channels.
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Therefore, this study used an alternative experimental
approach previously established with native Ca2+ channels
(Romanin et al., 1992) to characterize in detail the effect of
intracellular Ca on expressed cardiac Ca2' channel alca +
,B3 subunits in CHO cells. Specifically, single Ca2+ channel
activity was monitored with Ba2+ as charge carrier enabling
application of defined Ca2+ concentrations to the cytoplas-
mic side of an inside-out patch containing functionally
active Ca2+ channels. Our results suggest a 1:1 interaction
of Ca2+ and the Ca2+ channel with a Ki of -4 ,uM leading
to channel inactivation by a reduction in open probability
rather than availability.

MATERIALS AND METHODS

Materials

Calpastatin (P-0787) was purchased from Sigma (Vienna, Austria) and was

dialyzed overnight versus bath solution (see below). HAM's F12 medium,
penicillin/streptomycin, and histidinol were obtained from Gibco BRL
(Vienna, Austria). Geneticin (G-418) was from Sigma (Vienna, Austria).

Cell preparation, transfection, and culture

Guinea-pig ventricular myocytes were prepared as described (Romanin et
al., 1991) and were used for electrophysiological measurements within
12 h. The construction and selection of the CHOCa1f33 cell line (clone 8),
which contains the entire protein coding region of the rabbit cardiac a1C-a
subunit (Biel et al., 1991) together with the coding region of the 133 subunit
(Hullin et al., 1992) have already been described (Welling et al., 1993;
Lacinova et al., 1995). CHO cells were cultured in HAM's F12 supple-
mented with 10% FCS, penicillin/streptomycin, 0.48 g/l histidinol, and
0.178 g/l geneticin in a humidified atmosphere at 37°C and 5% CO2.

Electrophysiological measurements

Single channel patch-clamp recordings (Hamil et al., 1981) were obtained
from guinea-pig ventricular myocytes or CHOCal, 3 cells using a List L/M
EPC 7 amplifier. Borosilicate glass patch pipettes had resistances between
3.8 and 6.3 Mfl after filling with a solution containing (in mM): 0.0025
(-)-BAYK 8644, 96 BaC12, 5 Hepes/Na, pH 7.35. Bath solution consisted
of (in mM): 110 aspartic acid, 20 KCl, 2 EGTA, 2 MgCl2, 20 Hepes/K, pH
7.4. L-type Ca2+ channel activity was stabilized in the inside-out patch
(Romanin et al., 1991; Seydl et al., 1995) using Sigma (2 U/ml) calpastatin
and ATP/Na2 (1 mM), which both were usually perfused into the bath
chamber before patch excision. Inclusion of BAYK 8644 in pipette solu-
tion enabled persistent Ca2+ channel stabilization for at least 30 min. In the
absence of BAYK 8644, stabilization of Ca2+ channel activity by calpasta-
tin is much less efficient (Romanin et al., 1991) and experiments of such
kind are extremely difficult to obtain. Single channel activities were

recorded first in the cell-attached (c.a.) patch, and then after patch excision
in the inside-out (i.o.) configuration during repetitive (0.25 Hz) depolar-
izations for 1.45 s to 0 mV. The holding potential was -45 mV and -80
mV in experiments with ventricular myocytes and CHO cells, respectively.
The holding potential of -45 mV in ventricular myocytes was used to

prevent T-type Ca2+ channel activation and is not expected to significantly
alter single channel activity compared to -80 mV (Cavalie et al., 1986).
Single channel traces were filtered at 0.5 kHz (-3 dB 2-pole Bessel filter)
and digitized at 1.5 kHz. Alternatively, a fast-pulse protocol was employed
in experiments used for accurate determination of single channel charac-
teristics (see below) with repetitive depolarizations (0.66 Hz) applied for

0.475 s from a holding potential of -80 mV to 0 mV. These single channel

traces were filtered at 1 kHz and digitized at 4 kHz. With both types of

pulse protocols Ca2+-dependent reduction of mean channel activity (N * p)
exhibited a similar concentration dependence.

Analysis of electrophysiological data

Due to the paucity of experiments with one single channel, evaluation of
the effect of Ca21 on Ca21 channel activity was primarily based on the
time course of mean channel activity N - p (Seydl et al., 1995) determined
for each depolarizing voltage pulse (sweep). Single channel sweeps were
idealized using the 50% threshold method. The mean current during
depolarization (I) was determined and divided by the unitary current
amplitude (i) to yield N * p. Ca2'-induced inactivation of channel activity
was further judged by an alteration of the maximum number of channels
present in the patch (N), their channel availability (P.), and open proba-
bility (p.) employing a recently developed analysis method (Schmid et al.,
1995). Ps was defined by the ratio (x 100 in percent) of depolarizing
sweeps with channel activity to the total number of sweeps, and p0
represents a channel's open probability in non-blank sweeps. As ensemble
average currents in the presence of 5 ,uM Ca21 show moderate (-50%)
inactivation during 475-ms depolarizations, simulations were performed to
carefully test for applicability of our analytical methods, which ideally
would require steady state. According to a kinetic scheme as published for
the L-type Ca21 channel (Imredy and Yue, 1994), kinetic constants and
inactivation behavior were slightly modified to match experimental single
channel characteristics at S ,uM Ca21 leading to ensemble average currents
with an inactivation of -70%.

0.21 0.36 ms

C C = 0
0.28 1.2

It has been assumed that the inactive state can be reached from each state
in the scheme by the same rate (0.004 ms-') yielding -70% macroscopic
inactivation. The results presented in Table 1 revealed only minor errors
(<2%) in determination of p0 and Ps, and -5% error in the calculation of
mean first latency, indicating applicability of our analytical methods.
Furthermore, a new procedure was developed for calculation of the number
of available channels in each sweep (Baumgartner et al., 1997) in order to
allow for estimation of single channel parameters such as p0 and first
latency on a sweep to sweep basis. This was performed by calculation of
the posterior probability of the number of channels per sweep using a
Bayesian estimator. The posterior probability was used for calculation of
first latency distributions employing a maximum likelihood estimator
(Baumgartner et al., 1997). Alternatively, empirical distributions of first
latencies were obtained by multiplying the time to first opening by the most
likely number of channels for each sweep. This procedure, based on the
analysis of the number of functional channels in individual sweeps, cor-
rects for the effect of a limited Ca21 channel availability and yields a good
approximation in the case of two time constants as found with simulated
data (Baumgartner et al., 1997). As first latencies are long compared to the
sweep length, particularly in the presence of high Ca2+, T,, and T2 as well
as their respective proportions, were calculated as described for two-sided
censored data (Colquhoun and Sigworth, 1995). Mean first latencies cal-
culated for a finite sweep length under control conditions and in the
presence of high (12-28 ,uM) Ca21 were used for determination of the

TABLE I Programmed and calculated parameters of single
channel simulations yielding ensemble average currents with
-70% inactivation

Parameter Programmed Calculated Relative error (%)

pO 0.0493 0.0496 0.8
Ps 0.627 0.637 1.6
c, 0.60 0.57 5.0
T, 30 ms 31 ms 3.3
wT2 150 ms 132 ms 12.0
Tmean 78.0 ms 74.4 ms 5.0
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relative reduction in p0 due to the Ca2"-induced increase in first latency.
Mean first latencies calculated for a finite sweep length were also used for
correction of the opening frequency in order to separate the effect of Ca21
on first latency from that on the opening frequency. The opening frequency
was calculated by NUI(NS * N PS * SL), where NU, NS, N, Ps, and SL
refer to the number of upward deflections, total number of sweeps, total
number of channels, availability, and sweep length (475 ms), respectively.
A correction of opening frequency for first latency was performed by
dividing it through the effective sweep length obtained by 475 ms minus
mean first latency. Open times were determined from non-overlapping
channel openings. Since po was usually <10% and N C 3, open time
distributions are expected not to be biased. Distributions were corrected for
missed events by excluding events smaller than 1 ms.

A
CHOa1o _+0i3 (CHOaHB23KIOn8)

12 .

oA.

X 0.6-

z
O4-

02o

Determination of free Ca2+ concentrations

Total Ca2+ and Ba21 concentrations required for desired free divalent
cation concentrations were calculated (Fabiato, 1988) employing the ap-
parent stability constants for Ca2+-EGTA (1.244 x 107) and Ba2+-EGTA
(3.545 x 104) at pH = 7.35 and 22°C. In addition, Ca2+ concentrations as
indicated here were directly measured by a calcium macroelectrode as
described (Romanin et al., 1992). The free Ca2+ concentration of bath
solution containing calpastatin and ATP without any additions of Ca2+ was
estimated as <20 nM (Romanin et al., 1992). Addition of Ba2+ to bath
solution yielding 28 ,uM free Ba21 concentration was estimated not to
increase free Ca2+ concentration above 20 nM.
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RESULTS

Ca2+ channel activity of expressed a, and f63
subunits is sensitive to cytoplasmic Ca2' but not
to Ba2+

Mean Ca2+ channel activity (N - p) of aIC-a and 3 subunits
stably expressed in CHO cells exhibited a run-down upon
patch excision (Fig. 1) similar to that of native cardiac Ca21
channels (Romanin et al., 1991; Seydl et al., 1995). Appli-
cation of calpastatin and ATP to the intracellular side of the
membrane patch resulted in almost complete recovery of
Ca2+ channel activity, which remained stable for at least 30
min. This finding enabled us to examine for the effect of
intracellular Ca2+ in an attempt to provoke Ca2+-induced
inactivation of Ca2+ channel activity. A typical experiment
is shown in Fig. 2. Elevation of the Ca2+ concentration at
the intracellular side of the membrane from <20 nM to 23
,AM Ca2+ induced a dramatic decrease in Ca2+ channel
activity, which recovered upon wash-out of Ca2+. The
decrease was a specific effect of Ca2+ in this concentration
range, since Ca2+ channel activity remained unchanged
upon elevation of the intracellular Ba2+ concentration to 28
,AM, as shown in Fig. 3. This result demonstrated that the
observed inhibition exhibited a typical feature of the Ca2+_
induced inactivation process and encouraged us to examine
this inactivation in more detail.

Ca2+ channel inactivation is characterized by a
1:1 interaction of Ca2+ with a binding site of an
affinity of -4 IuM
Ca2+-induced inactivation of Ca2+ channel activity was
dependent on the concentration of intracellular Ca2+ as

~~~~~~~~~ 1 -1 r
Wn

3p

3Onu

FIGURE 1 Run-down of Ca2+ channel activity of alC-a + ,33 subunits
expressed in CHO cells is reversed by calpastatin + ATP. (A) Diary plot
of mean channel activity (N * p) in the cell-attached (c.a.) patch and
following patch excision in the inside-out (i.o.) patch. Application of
calpastatin + ATP is indicated. (B) Corresponding single channel traces in
the c.a. configuration and in the i.o. patch before and after addition of
calpastatin + ATP.

depicted in Fig. 4. In the examined range of 1-22 ,uM Ca2+,
the Ki for Ca2+-induced inactivation of expressed Ca2+
channels was estimated as 4.4 ,uM (solid line) which was
similar to that of native cardiac Ca2+ channels (Ki = 3.0
,uM). A Hill plot analysis revealed a Hill coefficient close to
1 as depicted in the inset in Fig. 4, which suggests a 1:1
molecular interaction of Ca2+ with a site mediating inacti-
vation, both in expressed and native Ca2+ channels. In order
to allow for a mechanistic interpretation as to how intracel-
lular Ca2+ reduces channel activity, we examined next
whether Ca2+ affected the total number of channels (N),
their availability to open (Ps) or/and the open probability of
available channels (p4) Since almost all experiments were
performed with multi-channel patches, estimation of the
above channel parameters was carried out by a recently
established analysis method based on a maximum likeli-
hood estimator (Schmid et al., 1995).
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FIGURE 2 Intracellular Ca21 induces a reversible inactivation of Ca21
channel activity of expressed aIC-a + (33 subunits. (A) Diary plot of mean
Ca2+ channel activity (N - p) in the c.a. and i.o. patch. Application of
calpastatin + ATP as well as 23 ,uM Ca2+ is indicated. (B) Corresponding
single channel traces recorded in the i.o. patch show a prominent decrease
in channel activity following addition of 23 ,uM Ca2 . After its removal,
channel activity completely recovered.

Ca2+-induced inactivation is caused by a
reduction in p0 rather than Ps
While N was not affected by intracellular Ca2+, Fig. 5

shows the dependence of Ps and po on increasing Ca2+
concentrations (Fig. 5 A, filled symbols, solid lines) together
with single channel traces and their corresponding ensemble
average currents at three Ca2+ concentrations (Fig. 5 B, 1,
5, and 12 ,uM Ca2+). Under control conditions in the
inside-out patch (<20 nM Ca2+), Ca2+ channel Ps and po
were determined as 62 9% and 9 + 6% (n = 16, mean
SD), respectively. Upon increasing Ca2+ within the concen-

tration range from 1 to 28 ,uM, Ca2+ channel po was

strongly reduced, while Ps was moderately affected. An
effect on Ps would be overestimated, if channel first latency
is longer than the actual sweep length. A significant increase
in channel first latency has been indeed reported for native
Ca2+ channels subjected to Ca2+-induced inactivation (Im-
redy and Yue, 1994). To take this into account we devel-

1001 I '1g I 1-l
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FIGURE 3 Intracellular Ba2' fails to induce inactivation of Ca2' chan-
nel activity of expressed alCCa + (3 subunits. (A) Diary plot of mean Ca2'
channel activity (N * p) in the i.o. patch stabilized by calpastatin + ATP.
Application of Ba2+ is indicated. (B) Corresponding single channel traces
evidencing a lack of effect of 28 ALM Ba2+ on Ca21 channel activity.

oped a new method required for analysis of multi-channel
data yielding an estimation of the number of available
channels in each sweep (Baumgartner et al., 1997; see

Materials and Methods). This enabled us to calculate p0 and
first latency for each sweep as shown in Fig. 6. Diary plots
from a typical experiment demonstrating the effect of 12
,uM Ca2+ on N * p, po, and first latency (Fig. 6, A-C,
respectively) revealed that po determined for each sweep

was significantly reduced in the presence of Ca2+ and first
latencies were clearly prolonged. Hence, Ps was corrected
for the amount of sweeps with first latencies longer than the
actual sweep length as determined from corresponding first
latency distributions. The distribution determined under
high (12-28 ,uM) Ca2+ has a proportion of 19.2%, which is
above the sweep length of 475 ms (see Fig. 8 A). This means
that in 19.2% of the sweeps the channel will not open within
the sweep due to the Ca2+ effect on first latency, although

0.
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0Q
z

0
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FIGURE 4 Ca21 induces inactivation
of native as well as expressed Ca21
channels in a 1:1 interaction with a KD
of -4 ,uM. The dependence of mean
Ca21 channel activity (percent of con-
trol) on the intracellular Ca21 concen-
tration is shown for native and ex-
pressed Ca2 channels. The lines were
obtained by fitting the data to (N * P)ca/
(N -p)contro = 1/(1 + Ca2+/K,), where
(N * P)cal(N * P)controi refers to the prob-
ability of Ca2+ channels to remain open
in the presence of intracellular Ca2 .
Thus, (N * P)Cal(N P)contro X 100 cor-
responds to percent of mean Ca2+ chan-
nel activity with 100% under control
conditions (<20 nM Ca2+). The inset
contains the corresponding Hill plots
with the Hill factors nH (mean + SD)
calculated by linear regression of the
logarithmically transformed data. The
dashed line in both plots represents the
fit to data from native cardiac Ca2+
channels. Results with expressed as well
as native Ca21 channels were obtained
from 13 experiments in each case. A
lack of response to Ca2+ was observed
only in two experiments (5 and 8 ,LM
Ca2+) with expressed channels.

it would be available. Therefore, Ps under high (12-28 ,uM)
Ca was corrected for this first latency effect. In the
presence of lower Ca2+ concentrations a correction of Ps
was not necessary. Consequently, open probability at high
(12-18 ,uM) Ca2+ concentrations was also adjusted, such as

the overall activity N * Ps - po remained constant. Introduc-
ing these corrections in Fig. 5 (open symbols, dashed lines)
suggested that Ca2+ exerted its inhibitory effect predomi-
nantly by a reduction in channel pO. A fit to the corrected p0
values (smooth, dashed line) yielded a K. of 3.4 + 1.4 ,uM
Ca2 , which is in good agreement with the Ki of 4.4 ,uM
determined in Fig. 4 for the inhibition of N * p.

Interestingly, we observed a large variation of Ca2+ chan-
nel p0, but not of Ps, under control conditions. Therefore,
we analyzed whether the effect of Ca2+ might depend on
the channel's p0, which could reveal a potential difference
in the Ca2+ affinity of closed and open states obtained by
the Ca2+ channel during depolarization. It is clearly evident
in Fig. 7 that a severalfold difference in p0 did not signifi-
cantly affect the amount of Ca2+ channel inactivation in-
duced by three ranges of Ca2+ concentrations. Consistently,
we did not observe a dependence of the Ca2+ effect on po
when po was varied by different test potentials (n = 2, data
not shown). Hence, binding of Ca2+ to the closed as well as
open states of the channel during depolarization occurs
apparently with similar affinity. Summarizing, Ca2+-in-
duced inactivation is predominantly caused by a reduction
in po rather than Ps, involving a site with a Ki of -4 ,uM.
Next, we analyzed in detail how Ca2+ affected single chan-
nel kinetics leading to the diminished po.

o CHOoLa nHI-1.23*0.16
o native nH=-1.16±0.34

Ca2+ (p.M)

Reduction in p0 is due to an increase in first
latencies and a decrease in opening frequency as
well as mean open times

For detailed analysis of the effect of Ca21 on po we focused
on Ca2+ concentrations in the higher range (12-28 ,uM)
which reduce pO to a similar extent of -20% of control. In
particular, we determined the effect of high intracellular
Ca2+ on first latency, the frequency of the channel to open
and on its mean open time. A summary of these results is
shown in Fig. 8. First latency distribution under control
conditions (<20 nM Ca2+) exhibited two characteristic
time constants, both of which were prolonged under high
Ca2+ together with a moderate promotion in the proportion
of the longer time constant (Fig. 8 A). Furthermore, the
opening frequency of a channel within a depolarizing pulse
was clearly reduced in the presence of high Ca2+. This
decrease was still prominent when the opening frequency
was corrected for first latencies (Fig. 8 B, see Material and
Methods). High Ca2+ also affected mean open times as
shown in Fig. 8 C. Under control conditions (<20 nM Ca2+)
open time distribution was fitted by a biexponential function
yielding two time constants, both of which were reduced in the
presence of high Ca2+. Fig. 8 D presents an overview regard-
ing the extent by which an increase in first latency and a
decrease in opening frequency as well as mean open time
contributes to the reduction in po by high Ca2+. The mean first
latency calculated for a finite sweep length was increased from
68.6 ms under control conditions to 143.6 ms in the presence
of high (12-28 ,uM) Ca2+, yielding a relative reduction in po

Hofer et al. 1861
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A

FIGURE 5 Ca21 induces inactivation
of Ca21 channel activity of expressed
O'lC-a + 133 subunits by a reduction of the
channel's open probability rather than
availability. Filled symbols depict the de-
pendence of open probability as well as
availability on the intracellular Ca2+ con-
centration. Open symbols connected by
dashed lines represent values for open
probability and availability, both cor-
rected for long first latencies as described
in the text. The smooth, dashed line cor-
responds to a fit (described in Fig. 4) of
corrected values of open probability
yielding a K, of 3.4 + 1.4 ,uM as derived
from Hill plot analysis. Means + SD are
shown from two to four experiments at
each Ca2+ concentration. (B) Single
channel traces and their ensemble average
currents (bottom trace) are shown for
control conditions and in the presence of
Ca2+ (1, 5, and 12 ,uM).
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to 81%. This value was further corrected to account for the
proportion of first latencies (19.2%, Fig. 8 A) longer than the
sweep length resulting in an overall reduction in p0 to 64% of
control caused by the relative increase in first latency. The
decrease in the opening frequency corrected for mean first
latencies as given above corresponded to a relative reduction in
p0 to 45%. Comparison of mean open times under high Ca2+
(1.1Ims) and control conditions (1.7 ms) yielded a reduction in
po to 64% of control. In total, the sum of kinetic alterations
induced by Ca2+ was calculated by 0.64 X 0.45 X 0.64
leading to a calculated p0 of 18% of control, which is in close
agreement with the determined p0 at high Ca2+, as shown in

Fig. 5, corroborating our analysis method. Hence, a relative
proportion of 36:55:36 for the effect of first latency, opening
frequency, and mean open time is responsible for a 82%
suppression in po. Of this 82% suppression in p0, 23% is due
to an increase in first latency, 36% results from a decrease in
opening frequency, and 23% occurs by a reduction in mean
open time.

DISCUSSION

The main results presented here are that Ca2+ channel
activity of expressed alC-a + f33 subunits, as well as of
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FIGURE 6 An increase in first latency contributes to the decrease in
open probability by intracellular Ca2 . (A) Diary plot of mean Ca2+
channel activity (N * p) and corresponding plots of (B) open probability and
(C) first latency, in the i.o. patch and following application of 12 ,uM Ca21
as indicated. (B) and (C) were determined after calculation of the posterior
probability of the number of channels in each sweep. The open probability
in each sweep was calculated by dividing the respective channel activity
through the estimated number of channels in this sweep. First latency in a
sweep was corrected to that anticipated for a single channel by multiplying
the time to first channel opening by the estimated number of channels in
this sweep.

native Ca2+ channels, is suppressed by Ca2+ in a 1:1
molecular interaction with a binding site that exhibits a K~
of -4 ,M. This inactivation occurs mainly due to a reduc-
tion of the channel's po rather than Ps achieved by an
increase in first latency and a decrease in opening frequency
and mean open time.

Functional aspects of Ca2+-induced inactivation
Our experiments demonstrated that intracellular Ca2+ in the
AM range is able to inactivate Ca2+ channel activity with-
out permeating the channel. Consistently, Ca2+-dependent
inactivation of unitary Ba2+ currents has been found with
reconstituted cardiac Ca2+ channels at Ca2+ concentrations
of 10-15 ,uM (Haack and Rosenberg, 1994). The observa-
tion that intracellular Ba2+ failed to mimic the effect of
Ca2+ to induce inactivation unequivocally proved the spec-
ificity of the inactivation process for Ca2+. Thus, the ob-
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FIGURE 7 The extent of Ca2+-induced inactivation does not depend on
the preceding channel's po. The effect of three ranges of Ca21 concentra-
tions (1-2, 3-5, and 12-29 ,uM) is depicted in dependence of control p0
determined in the absence of Ca2 . Ca2+-induced inactivation is measured
by the effect on po and is expressed in percent of control pO. In the high
concentration range (12-29 ,tM Ca21) po was corrected for the first latency
effect on Ps as in Fig. 5.

served inhibitory effect is mediated by a binding site that
exhibits selectivity for Ca2+ over Ba2+. Binding of Ca2+ to
this site apparently occurs with a similar affinity to the open
as well as closed states of the channel during depolarization
(O mV) resulting in half-maximal inhibition at -4 ,tM
Ca2+. The significant (50%) inactivation observed in en-
semble average currents in this concentration range might
be explained if the closed state reached during hyperpolar-
ization (-80 mV) exhibits a lower Ca2+ affinity than the
closed as well as open states obtained during depolarization.
Inactivation manifested predominantly in a decrease in p0
rather than Ps substantiating separate mechanisms for Ca2+-
and voltage-dependent inactivation (Cavalie et al., 1986;
Hadley and Lederer, 1991). In accordance, a Ca2+-induced
shift of channel gating from high to low open probability
without an effect on channel availability has been recently
proposed (Imredy and Yue, 1994) to yield a specific mode
Ca2+ in native cardiac Ca2+ channels. Ca2+ in contrast to
Ba2+ has been found (Imredy and Yue, 1994) to induce a
more than 100-fold reduction of entry rate to the open state
manifested by an additional, slow component in the first
latency distribution and by a lower pedestal of the condi-
tional open probability (P00). Correspondingly, a Ca2+_
induced increase in first latency and a decrease in the
opening frequency was found in the present study. Further-
more, the reduction in mean open times as determined here
might explain the more rapid decay as well as lower ped-
estal of PO.. The presence of BAYK 8644 in our experi-
ments might somewhat limit the relevance of the results
with respect to natural gating. Nonetheless, our experimen-
tal approach subjecting Ba2+ currents of expressed alca +
133 subunits to intracellular Ca2+ yielded qualitatively sim-
ilar results regarding ion channel kinetics as the approach by
Imredy and Yue (1994), who employed two pulse protocols
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FIGURE 8 An increase in first latency and a decrease in the channel's opening frequency as well as mean open time contribute to the attenuation of open
probability of expressed Ca2+ channels by intracellular Ca2 . (A) Empirical first latency distributions normalized under control conditions and in the
presence of Ca2+. First latencies were accumulated from four experiments each with -200 sweeps under control as well as Ca21 conditions. Smooth lines
represent first latency distributions obtained by a maximum likelihood algorithm yielding time constants and their relative proportions as indicated. (B)
Relative reduction of the channel's opening frequency by Ca2+ determined with respect to the whole sweep length (middle column) and corrected for mean
first latency (right column). (C) Normalized open time histograms for control conditions and under Ca2 , which was scaled up by a factor of 3.3. Smooth
lines were constructed by a biexponential fit of the data employing a maximum likelihood algorithm. Time constants and their relative proportions are
indicated. (D) Ca2+ reduces open probability to 18% of control. The relative proportion of the effect of Ca21 on first latency, opening frequency, and mean
open time is shown. Results depicted in A-C are pooled data from three to four experiments. Mean ± SE is shown in B.

to induce inactivation of native cardiac Ca2+ channels in the
absence of BAYK 8644.

Summarizing, Ca2+-induced decrease in p0 is accom-
plished by stabilization of the closed state(s) of the channel
and a destabilization of the open state(s), i.e., the Ca2+
channel opens less frequently and closes more rapidly. The
application of steady-state Ca2+ concentrations in the
present study enabled a quantitative evaluation of the pro-
portion by which kinetic alterations contribute to the inac-
tivation induced by Ca2 . Specifically, a 44% reduction in
the channel's opening frequency concomitant to a prolon-
gation of first latency as well as a reduction of mean open
time, both at a similar extent of 28%, contribute to the
reduction in p0 at high (12-28 ,uM) Ca2+ concentrations. In
conclusion, 72% of the Ca2+-induced inactivation is medi-
ated by a stabilization of the closed state(s) and 28% occurs
due to a destabilization of channel open state(s).

Structural aspects of Ca2+-induced inactivation

A similar Ki for the Ca2+-induced inactivation as deter-
mined for expressed alc-a + f33 subunits and native cardiac
Ca2+ channels demonstrated that the a2/8 subunit might not
significantly contribute to this process. The measured value
of -4 ,uM suggests a direct Ca2+ binding to the Ca2+
channel close to the channel's inner mouth, where such high
Ca2+ concentrations would be easily reached during Ca2+

entry (Llinas et al., 1992) and Ca2+ release from the sarco-
plasmic reticulum (Sipido et al., 1995). Two potential Ca2+-
binding domains have been proposed (Tanabe et al., 1987;
Hescheler and Trautwein, 1988; Babitch, 1990) on the cy-
toplasmic regions of the al subunit of the Ca2+ channel: an
ultranegative locus of consecutive aspartate and glutamate
residues in the linker between domains II and III, and an EF
hand motif on the carboxy terminal close to the IVS6. The
latter has been recently demonstrated (DeLeon et al., 1995)
as an essential domain for Ca2+-sensitive inactivation. Al-
though a fair amount of scatter in the data of Fig. 4 does not
allow to completely exclude Ca2+ binding to a second site,
Hill plot analysis suggested a 1:1 molecular interaction of
Ca2+ with its binding site, which would be in accordance
with only one EF hand motif localized in the alC-a subunit.
Consistently, EF hand-containing proteins become active as
the Ca2+ concentration increases to 1-10 ,uM (Ikura, 1996),
although most of the proteins usually contain at least two or
four EF hand motifs.
Our characterization of the Ca2+-induced inactivation

process of expressed wild-type Ca2+ channel subunits is a
prerequisite for a comparison with chimeric channels
(Wang et al., 1996) with a proposed attenuation or lack of
Ca2+-sensitive inactivation. Quantitative evaluation of this
inactivation based on determination of K1 and alterations of
single channel kinetics would clearly enhance our under-
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standing as to how Ca2+ affinity and selectivity are tuned in
the EF hand motif of the Ca2+ channel.
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