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Trypsin Increases Availability and Open Probability of Cardiac
L-Type Ca®* Channels Without Affecting Inactivation
Induced by Ca?*

R. Schmid, K. Seydl, W. Baumgartner, K. Groschner,* and C. Romanin

Institute for Biophysics, University of Linz, A-4040 Linz, and *Institute of Pharmacology and Toxicology, University of Graz, A-8010 Graz,
Austria

ABSTRACT The patch-clamp technique was employed to investigate the response of single L-type Ca®** channels to the
protease trypsin applied to the intracellular face of excised membrane patches from guinea pig ventricular myocytes.
Calpastatin and ATP were used to prevent run-down of Ca2* channel activity monitored with 96 mM Ba®** as charge carrier
in the presence of 2.5 uM (—)-BAYK 8644, Upon application of trypsin (100 ng/ml) channel activity was enhanced fourfold
and remained elevated upon removal of trypsin, as expected of a proteolytic, irreversible modification. The trypsin effect was
not mediated by a proteolytic activation of protein kinases, as evidenced by the insensitivity of this effect to protein kinase
inhibitors. Trypsin-modified Ca®* channels exhibited the usual run-down phanomenon upon removal of calpastatin and ATP.
In ensemble average currents trypsin-induced changes of channel function are apparent as a threefold increase in peak
current and a reduction in current inactivation. At the single channel level these effects were based on about a twofold
increase in both Ca®* channels’ availability and open probability. Neither the actual number of channels in the patch nor their
unitary conductance as well as reversal potential was changed by trypsin. The Ca®*-induced inactivation was not impaired,
as judged by a comparable sensitivity of trypsin-modified Ca?* channels to intracellular Ca®*. Similarly, trypsin treatment did
not affect the sensitivity of Ca2* channels to phenylalkylmine inhibition. The observed alterations in channel function are

discussed in terms of possible structural correlates.

INTRODUCTION

Voltage-dependent Ca®* channels serve as signal transduc-
ers in muscle as well as nerve cells. Depolarization leads to
the opening of Ca®>" channels, which thereafter inactivate
by voltage- and Ca®>*-dependent mechanisms (Eckert and
Chad, 1984; Carbone and Swandulla, 1989; McDonald et
al., 1994). L-type Ca®* channels are constituted of five
subunits, a,, a,, B, ¥, and 8, of which the «, 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). The «, subunits of muscle-type Ca**
channels show large homology in their primary sequence,
with the highest 93-95% homology between cardiac and
smooth muscle «; (Biel et al., 1990; Koch et al., 1990).
Whereas intramembrane domains serve as pore region and
voltage sensor, several mechanisms of channel regulation
such as phosphorylation, inactivation, drug binding and
interaction with subunits apparently involve intracellular
domains (Varadi et al., 1995). Hence, intracellular applica-
tion of proteases (Armstrong et al., 1973) may allow us to
directly observe how modification of accessible channel
protein domains affects channel function.

Thus far, there have been two main whole-cell studies of
protease effects on cardiac and smooth muscle L-type Ca”*
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channels (Hescheler and Trautwein, 1988; Obejero-Paz et
al., 1991). Both investigators reported an increase in peak
inward Ca®>" currents and a decrease in current inactivation.
In cardiac Ca®* channels this decrease has been proposed
to be due to a removal of Ca’>*-dependent inactivation
(Hescheler and Trautwein, 1988), whereas in smooth
muscle cells it has been related to an impairment of
voltage-dependent rather than Ca*>*-dependent inactivation
(Obejero-Paz et al., 1991).

In the present study we investigated the effect of the
protease trypsin on cardiac Ca** channel activity stabilized
in the excised inside-out patch. Alterations of channel func-
tion apparent in ensemble average currents were interpreted
at the single-channel level. Furthermore, damage of specific
intracellular protein domains was examined by testing for
sensitivity of trypsin-modified Ca®>* channels to phenylal-
kylamines and intracellular Ca>".

MATERIALS AND METHODS
Materials

Calpastatin (P-0787) and trypsin (T-8128) were purchased from Sigma
(Vienna, Austria). Calpastatin was dialyzed overnight versus bath solution
(see below). Trypsin (10 mg/ml) was dissolved in aqua bidest. and stored
at —25°C. H-7 (1-(5-Isoquinolinesulfonyl)-2-methylpiperazine dihydro-
chloride, H-121) and KN-62 ((1-(¥,O-bis-(5-Isoquinolinesulfonyl)-N-
methyl-L-tyrosyl)-4-phenylpiperazine) were supplied by Research Bio-
chemical International (Vienna, Austria) and Calbiochem (Vienna,
Austria), respectively. The phenylalkyamine derivatives D600 and D890
were kindly provided by Fa. Knoll (Ludwigshafen, Germany). Stock so-
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lutions (10 mM) of protein kinase inhibitors and D600 were prepared with
dimethyl sulfoxide, D890 (100 mM) was dissolved in bidisti water.

Electrophysiological measurements

Single-channel tight-seal patch-clamp recordings (Hamil et al., 1981) were
obtained from freshly isolated guinea pig ventricular myocytes (Romanin
et al., 1991) with a List L/M EPC 7 amplifier. Soft glass patch pipettes had
resistances between 1.4 and 2.0 MQQ after filling with a solution containing
(mM): 0.0025 (—)-BAYK 8644, 96 BaCl,, S HEPES/Na, pH 7.35. Bath
solution consisted of (mM): 110 aspartic acid, 20 KCl, 2 EGTA, 2 MgCl,,
20 HEPES/K, pH 7.4. In some experiments employing Li* instead of Ba®*
as the charge carrier pipette solution contained (mM): 0.0025 (—)-BAYK
8644, 140 LiCl, 5 EDTA, 5 HEPES/Li, pH 7.6. L-type Ca?* channel
activity was stabilized in the inside-out patch (Romanin et al., 1991; Seydl
et al., 1995) with Sigma (2 U/ml) calpastatin and ATP/Na, (1 mM), which
both were perfused into the bath chamber before patch excision. Inclusion
of BAYK 8644 in pipette solutions enabled persistent Ca?* channel
stabilization for at least 20 min. Single-channel activities were recorded
first in the cell-attached patch (c.a.), and then after patch excision in the
inside-out (i.0.) configuration during repetitive (0.25 Hz) depolarizations
for 1.45 s from a holding potential of —45 mV to 0 mV. Steady-state
voltage-dependent inactivation was not observed at the usually applied
holding potential of —45 mV, as its lowering to —80 mV did not result in
a significant increase in Ca®* channel activity. Current-to-voltage relation-
ships were obtained either by depolarizing voltage steps from —30 mV to
40 mV at 10-mV intervals or by voltage ramps from —45 mV to 80 mV.
With Li* as charge carrier the voltage protocol for Ca®* channel activation
was shifted by —40 mV, producing depolarizations from —85 mV to —40
mYV (Hess et al., 1986). Single channel traces were filtered at 500 Hz (—3
dB 2-pole bessel filter) and digitized at 1.5 kHz.

Evaluation of trypsin modification of Ca®* channel activity was pri-
marily based on the time course of average channel activity (N-p) deter-
mined for each depolarizing voltage pulse (Seyd! et al., 1995). Further-
more, ensemble average currents (average of usually 10—50 current traces)
were used to evaluate trypsin effects on peak inward current (/) and
inactivation. Inactivation (in percent) was calculated by [100 X (1 —
Laso/Ipear)] With Iiys, as the ensemble average current measured 1450 ms
after the onset of depolarization. Modification of single-channel charac-
teristics was judged by unitary current-to-voltage relationships, channel
availability (P,), and open probability (p). P, was defined by the ratio
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(X100 in percent) of depolarizing sweeps with channel activity to the total
number of sweeps, and p represents the channel’s open probability in
non-blank sweeps. To allow estimation of these parameters also from
experiments with more than one single channel, a procedure was developed
enabling determination of the number of channels present in the patch (n),
their P, and p (see Appendix). Calculation of ensemble average currents
and of all point amplitude histograms were performed employing pClamp
5.72 and 6.0.2 software of Axon Instruments. Average currents were
constructed from capacity- and leak-corrected single-channel traces by
subtraction of traces showing no channel openings. Thus, the baseline is
identical to the zero current level indicated by the dashed line. Mean = SD
values are presented throughout the paper.

RESULTS

In an attempt to study the effect of the protease trypsin on
L-type Ca®* channels in the inside-out patch, ran-down of
channel activity, which is usually observed upon patch
excision (Cavalie et al., 1983), was prevented by calpastatin
and ATP (Romanin et al., 1991; Seydl et al., 1995). Ca*
channel activity was monitored with Ba* as charge carrier
to predominantly observe voltage-dependent inactivation
during long depolarizations (1.45 s) to 0 mV (Yue et al,,
1990a; Giannattasio et al., 1991). Application of trypsin
(100 pg/ml) to the intracellular face of the membrane patch
induced a profound effect on L-type Ca®* channel currents,
as exemplified in Fig. 1. About a fivefold increase in chan-
nel activity (determined by N-p) occurred within 3 min after
trypsin application and was followed by a slight decrease in
its continuous presence (Fig. 1 A). Washout of trypsin as
well as calpastatin plus ATP resulted in a complete run-
down of trypsin-modified Ca** channel activity, as simi-
larly observed with native Ca** channels (Romanin et al.,
1991). Ensemble average currents as shown in Fig. 1 B were
then used for a further characterization of the observed
increase in N-p. Whereas channel activity in the cell-
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attached patch was quite similar to that after patch excision
(compare c.a and i.o. trace in Fig. 1 B), the augmentation of
Ca** channel activity induced upon trypsin was caused by
two effects, as clearly evident from the third trace (i.0. +
trypsin) in Fig. 1 B, i.e., an increase in peak average current
and an attenuation of inactivation. The latter effect is obvi-
ous from the lowest panel of Fig. 1 B, where control average
current in the inside-out patch was scaled up by a factor of
2.7 to match peak average current after trypsin treatment.
The time course of trypsin effect on both peak inward
current and inactivation (Fig. 1 C) shows that a change in
these parameters occurred initially in parallel at our time
resolution of about 0.7 min. In the prolonged presence of
trypsin we observed a moderate decrease in peak average
current, which was dramatically speeded up upon washout
of calpastatin, ATP, and trypsin. In contrast, inactivation
remained quite constant during this run-down of channel
activity (Fig. 1 B, fourth trace, and Fig. 1 C). Thus, activity
of trypsin-modified Ca®>* channels in the inside-out patch
(see below Fig. 3 A) is still dependent on the presence of
calpastatin plus ATP.

Statistics of trypsin effects on Ca®*
channel activity

Fig. 2 presents an overview of trypsin effects evaluated
from ensemble average currents. In 28 of 32 experiments
performed as shown in Fig. 1, trypsin produced a significant
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FIGURE 2 Statistics of trypsin ef-
fects. (A) Increase in Ca®* channel
activity (N'p) after trypsin applica- 14
tion. (B) Correlation of peak average
current before (I,,.,,) and after trypsin
(100 p1g/mt) application (Ipcax, weypsin-)
Dashed lines represent 95% confi- 0,1

Np
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increase in average Ca®>" channel activity. Among these 28
experiments five yielded an average current that was too
noisy to allow for an accurate measurement of peak current
as well as inactivation. Three experiments were impaired by
an overlaid run-down of channel activity, and two experi-
ments showed almost no inactivation of average currents
already in the inside-out patch. Thus, 18 experiments were
further analyzed. After trypsin application the maximal ef-
fect was observed on average within 3.4 min (earliest, 1
min; latest, 10 min). The logarithmic plot in Fig. 2 A
demonstrates how consistently trypsin produced an increase
in N'p. Comparison of Ca®* channel activity before and
after trypsin revealed a fourfold augmentation of N'p (n =
18). The trypsin-induced increase in peak average current
could be fitted by a linear correlation with a slope of about
3 (Fig. 2 B). A significantly positive current at the intersec-
tion of the fitted line with the ordinate might indicate
recruitment of previously silent channels upon trypsin treat-
ment. However, calculation of 95% confidence limits re-
vealed no significance for a fit delineating from zero. Tryp-
sin consistently produced a reduction in inactivation from
50 * 16% before to 17 = 11% (n = 18) after its application
(Fig. 2 C). Inactivation of control Ca®>* channels showed
large variations from about 20% to 70%, in accordance with
previous reports (Cavalie et al., 1986; Haack and Rosen-
berg, 1994). The amount of inactivation was not positively
correlated with the magnitude of peak average current, as
shown in Fig. 2 D to be consistent with voltage- rather than
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current (Ba®*)-dependent inactivation (Mazzanti et al.,
1991). Accordingly, substituting Li* as charge carrier for
Ba®* to completely eliminate divalent-induced Ca®* chan-
nel inactivation (Hadley and Hume, 1987) trypsin applica-
tion resulted in a similar 46% reduction of inactivation
concomitant to about a fivefold increase in peak average
currents (data not shown).

In summary, trypsin increased cardiac Ca®* channel ac-
tivity, which results in enhancement of peak inward current
concomitant to a reduction of inactivation. Because the
macroscopic current (J) is related to microscopic parameters
by I = nPip (Klockner and Isenberg, 1994), where n, P, i,
and p refer to the number of channels in the patch, their
availability, the single-channel amplitude, and the open
probability, respectively, an increase in / might be caused
by an increase in any of these parameters. In the following,
microscopic parameters were determined to further charac-
terize the basis of the aforementioned trypsin effects.
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Trypsin does not change the permeability
characteristics of single Ca?* channels

Fig. 3 shows a typical trypsin experiment with a resolution
of single Ca®" channels enabling a comparison of unitary
conductance and reversal potential before and after trypsin
application. The expected irreversibility of trypsin effect
was confirmed here, as evident from the time course in Fig.
3 A showing persistance of enhanced channel activity (N'p)
after trypsin removal. Comparison of single-channel ampli-
tudes determined from amplitude histograms (Fig. 3 C) of
respective single-channel traces (exemplified in Fig. 3 B)
did not reveal a significant change after trypsin treatment.
Furthermore, neither single-channel conductance (25.5 pS
in control and 25.3 pS in trypsin-modified channels) nor
reversal potential (in both cases, 63 mV) was altered. Thus,
the trypsin-induced augmentation of Ca®* channel activity
is apparently caused by alterations of n, P, and p. In the
following, P, was defined by the ratio (as a percentage) of
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FIGURE 3 Trypsin did not affect Ca®>* channel permeation. (A) Time course of Ca?* channel activity (N'p) in the cell-attached (c.a.) and inside-out (i.0.)
patch. Trypsin (100 pg/ml) was applied between 11.1 min and 18.0 min. In the time periods showing no activity unitary current-voltage relationships were
recorded. (B) Corresponding single channel traces recorded consecutively at the indicated times. (C) Amplitude histograms constructed from 10-15 traces.
Below histograms one single channel trace of B (i.0. + trypsin, lower trace) is shown with an expanded time scale and seven open channel levels indicated
by dashed lines. (D) Unitary current-voltage relationships determined before and after trypsin application. All data are from one experiment.
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depolarizing sweeps with channel activity to the total num-
ber of sweeps (Ochi and Kawashima, 1990), and p was
calculated for non-blank sweeps.

Trypsin increases Ca®* channel availability and
open probability

An analysis method (see Appendix) was developed enabling
refined estimation of P and p from membrane patches with
n (n < 9) channels. Fig. 4 summarizes the results as to how
trypsin affected microscopic parameters n, P, and p. Al-
though experiments with one single Ca®* channel were
extremely difficult to perform because of a lower efficency
of calpastatin plus ATP in channel stabilization, we suc-
ceeded in three experiments to largely prevent the run-down
of channel activity over a time scale of about 25 min. The

A
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time course of the trypsin effect on one single Ca** channel
(Fig. 4 A) and corresponding single channel traces (Fig. 4 B)
revealed an increase in both P and p. However, no signif-
icant change in the number of channels as estimated in these
three single-channel and in further three multi-channel ex-
periments indicated that trypsin might not recruit previously
silent channels. Comparison of P and p calculated for the
inside-out patch before and after trypsin application re-
vealed an increase from 42 + 9% to 89 * 10% and from 19
* 4% to 44 *= 13%, respectively (Fig. 4 C). For the
cell-attached patch similar values of P (47 = 3%) and p (19
* 10%) were calculated as for the inside-out patch, sub-
stantiating the efficiency of calpastatin plus ATP in stabi-
lizing Ca®™ channel activity after patch excision.

In conclusion, an equal (twofold) increase in both channel
availability and open probability apparently accounts for the

1,0

FIGURE 4 Trypsin increased Ca®* channel
activity by increasing the channel‘s availability
and open probability. (4) Time course of Ca**
channel activty (N'p) as shown in Fig. 1 A with
one single Ca”* channel in the patch. (B) Corre-
sponding single channel traces recorded consec-
utively at 1 min (c.a.), 3.3 min (i.0.), and 17.1 min
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before and after trypsin. Results are from six
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observed fourfold enhancement of Ca®* channel activity
(N'p) determined from ensemble average currents.

Protein kinases are not involved in trypsin effects
on Ca2?* channels

An increase in P and p of the cardiac Ca** channel activity
is also known to occur in response to stimulation of PK-A
activity (Ochi and Kawashima, 1990; Yue at al., 1990b;
Hirano et al., 1994). As trypsin has been reported to activate
adenylate cyclase (Cros et al., 1985) and consequently pro-
tein kinase A, the protein kinase inhibitor H7 (Inagaki et al.,
1984; Kawamoto and Hidaka, 1984) was used to resolve an
involvement of protein kinases in the observed trypsin-
induced modifications of Ca®* channel activity. Fig. 5
shows a typical experiment where H7 (20 M) was applied
after Ca®" channel stabilization and was continuously
present during trypsin application. Neither the time course
of N'p (Fig. 5 A) nor ensemble average currents (Fig. 5 B)
exhibited an effect of H7 on control as well as trypsin-
modified Ca®* channel activity. Similarly, the activation
maximum of channel activity determined from current re-
sponses to voltage ramps was not altered by trypsin (Fig. 5
C). In three experiments protein kinase inhibition by 20~
100 uM H7 did not significantly affect stabilized Ca®*
channel activity, which was, however, enhanced upon tryp-
sin application by a factor of 3.9 * 1.9. Similar results were
obtained in the additional presence of KN-62 (Tokumitsu et
al,, 1990), an inhibitor of Ca2+/calmodulin-dependent ki-
nase (data not shown). Thus, protein kinases are apparently
not involved in the trypsin-induced enhancement of Ca**
channel activity. L-type Ca®* channel activity was here

A
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additionally confirmed by its complete inhibition upon ap-
plication of the dihydropyridine (=) PN 200 110 (20 uM).

Ca?*-induced inactivation is not impaired in
trypsin-modified Ca?* channels

Intracellular perfusion of trypsin in whole cell experiments
has been reported to impair the Ca**-induced inactivation
process of cardiac Ca®* currents (Hescheler and Trautwein,
1988). Use of Ca®* as charge carrier instead of Ba** to
monitor Ca®>* channel activity was unfortunately not appli-
cable, because under this condition Ca®* channel activity
could not be sufficiently stabilized in the inside-out patch.
Therefore, in an attempt to resolve the efficacy of intracel-
lular Ca®* to promote inactivation of trypsin-modified Ca®*
channels, we used a recently established experimental ap-
proach (Romanin et al., 1992), monitoring the effect of
defined intracellular Ca*>* concentrations on Ba®>* currents
through Ca®* channels. Fig. 6 presents the results of such a
typical experiment. Specifically, Ca®* channel activity was
first subjected for control to an increase in the intracellular
Ca®* concentration from about 20 nM to 15 uM. Then,
after lowering Ca®* again to 20 nM, trypsin was applied to
augment Ca®* channel activity, which was subsequently
reexposed to 15 uM Ca?*. The time course of Np is
depicted in Fig. 6 A. It is clearly evident that control as well
as trypsin-modified Ca®* channel activity was sensitive to
the elevation of intracellular Ca®* to 15 uM. Ca®* channel
activity (N-p) of control and of trypsin-modified channels
was reduced to 10 = 4% (n = 3) and 15 * 11% (n = 5),
respectively, upon exposure to 15 uM intracellular Ca2*.
Respective ensemble average currents as exemplified in

calpastatin +ATP

60 H7 20uM

FIGURE 5 Protein kinase activity

is not involved in the trypsin-induced 40
increase in Ca®* channel activity. (A)
Time course of Ca* channel activity
(N'p) in the inside-out (i.0.) patch 20
followed by application of the protein

kinase inhibitor H7 (20 uM) and

trypsin (100 pg/ml). Ca** channel 0
activity was finally completely C
blocked by (+) PN 200 110 (20 uM).
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(B) Ensemble average currents deter-
mined under the various experimen-
tal conditions as indicated. (C) Mean
current responses to slow (2.44 s)
voltage ramps from —45 mV to 80
mV recorded under the indicated
conditions.
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Fig. 6 B indicate an effect of Ca*>* elevation on both peak
inward current and inactivation as previously reported (Ro-
manin et al., 1992). Both parameters were affected on a
similar time scale and to a similar extent in control as well
as trypsin-modified Ca®>* channels (Fig. 5 C). Inactivation
as well as peak inward current were reduced by a compa-
rable amount before and after trypsin treatment (Fig. 5 D).
Specifically, elevation of intracellular Ca®* to 15 uM in-
hibited peak inward Ba** current to 33 * 22% (n = 3)
before and after trypsin application to 23 * 13% (n = 5).
Inactivation amounted to 49 * 4% (n = 3) in control and 18
* 10% (n = 5) in trypsin-modified channel activity and was
enhanced in the presence of 15 uM Ca®* t0 88 = 7% (n =
3) before and 50 * 23% (n = 5) after trypsin application.
Thus, we conclude that trypsin apparently did not impair
Ca”*-dependent inactivation.

Trypsin-modified Ca®* channels are still sensitive
to phenylalkylamine inhibition

As the binding domain of phenylalkylamines is located
intracellularly at the carboxy tail close to the VIS6 of the
ay-subunit (Catterall and Striessnig; 1992), we examined
for a possible impairment of phenylalkylamine inhibition
upon trypsin treatment using the permanently charged com-
pound D890. Fig. 7 depicts two kinds of experiments which
revealed that inhibition of Ca®* channel activity by D890
occurred independently of the trypsin effect. The dose-
dependent inhibition of Ca®* channel activity by D890 (Fig.
7 A) was followed by the typical increase upon trypsin
application. Consistently, trypsin-modified Ca’* channel
activity was sensitive to inhibition by D890 (Fig. 7 B).
Qualitatively similar results were obtained with the phe-

300ms

nylalkylamine D600 (data not shown). Hence, the intracel-
lular binding domain for phenylalkylamines is apparently
not impaired by trypsin.

DISCUSSION

The major results presented here are that trypsin enhanced
single cardiac Ca>* channel activity by increasing the chan-
nel’s availability and open probability without modifying
the number of functional channels in the patch. Ion perme-
ation was apparently not affected, as judged by a lack of
trypsin effect on unitary conductance and reversal potential.
In ensemble average Ba®* currents trypsin-induced changes
are apparent as an increase in peak amplitude and a reduc-
tion of inactivation. Hence, voltage-dependent inactivation
is presumably impaired in trypsin-modified Ca>" channels,
whereas inactivation induced by intracellular Ca** was still
present. Similarly, channel activity remained sensitive to
phenylalkylamine and dihydropyridine inhibition.

Trypsin effects on cardiac and smooth muscle
L-type Ca®* channels

In a whole cell study on cardiac myocytes Hescheler and
Trautwein (1988) report about a threefold increase in peak
Ca** inward currents followed by a reduction in current
inactivation upon intracellular trypsin application. When
Ba®" is used as the charge carrier instead of Ca’*, the
amplitude-enhancing effect is equally apparent, whereas
inactivation is not diminished (Hescheler and Trautwein,
1988). This observation has led the above authors to suggest
that trypsin impairs the Ca®*-induced inactivation process.
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FIGURE 7 Trypsin-modified Ca** channels are sensitive to inhibition
by D890. (A) Time course of Ca®>* channel activity (N'p) in the inside-out
(i.0.) patch exposed to D890 (100, 300 uM) and additionally to trypsin
(100 pg/ml). (B) Time course of Ca®* channel activity (Np) in the
inside-out patch exposed first to trypsin (100 pg/mi) and subsequently to
D890 (100, 300 uM).

In the present study trypsin produced about a threefold
increase in peak ensemble average Ba>" currents, perfectly
matching the aforementioned results. However, concomi-
tant to this increase a clear reduction of inactivation of Ba®*
average currents was also observed. The latter finding con-
trasts with a trypsin effect on inactivation of Ca** but not
Ba’* whole cell currents, as reported by Hescheler and
Trautwein (1988). One reason for these divergent results
might be found in the inside-out patch configuration em-
ployed in the present study, where components possibly
affecting channel function would be lost upon patch exci-
sion. Alternatively, one may speculate that inactivation of
Ba®* average currents as observed in this study might in
part represent current-dependent inactivation (Mazzanti et
al., 1991). However, such current-dependent inactivation is
rather unlikely, because no positive correlation was found
between the peak of ensemble average Ba>" currents and
their inactivation. Furthermore, trypsin-modified Ca’*
channels still responded to an increase in intracellular Ca*

Volume 69 November 1995

by showing inactivation. As trypsin produced a similar
reduction of inactivation with Li™ as charge carrier, we thus
suggest that reduction of Ba>* current inactivation by tryp-
sin is apparently due to the proteolytic cleavage of intracel-
lular domains responsible for voltage-dependent inactiva-
tion. Partially consistent results have been very recently
reported in abstract form (Klockner at al., 1995), where
intracellular trypsin perfusion of transfected HEK 293 cells
expressing cardiac «, and 35 subunits together with skeletal
muscle a, has been found to affect whole-cell Ba*>* currents
by about a threefold increase in peak amplitude, with a
minor effect on inactivation.

In a whole cell study (Obejero-Paz et al., 1991) on
smooth muscle-type cells (line A7r5), trypsin infusion has
been reported to increase peak Ba®" currents and to selec-
tively remove voltage-dependent inactivation, while pre-
serving the more rapid Ca”>*-dependent inactivation. The
latter study has further employed ensemble analysis to sug-
gest that the main effect of trypsin is to increase the number
of functional channels possibly with a smaller effect on their
open probability. The results obtained here for single car-
diac Ca®* channels are in clear accordance with those
proposed above for smooth muscle Ca®* channels. In ad-
dition, an abstract by Kléckner (1988) reports that in coro-
nary smooth muscle cells trypsin produces a fourfold in-
crease in peak amplitude of whole cell Ca®>* currents with
no effect on inactivation kinetics. Further analysis of single
Ca** channel currents from cell-attached patches with Ba**
as the charge carrier has assigned the trypsin effect to a
significant increase in channels’ availability, with a moder-
ate effect on their open probability.

In conclusion, cardiac and smooth muscle Ca*>* channels
apparently show a qualitatively similar response to trypsin
consistent with the 95% homology between the channel
types. Particularly, intracellular domains of both channels
are identical, except for small portions of the amino and
carboxyl termini as well as an insertion within the linker
between domain I and II in smooth muscle «; (Biel et al.,
1990; Koch et al., 1990).

As phosphorylation/dephosphorylation processes were
apparently not involved in the stabilization as well as tryp-
sin-induced stimulation of Ca®>" channel activity, a direct
effect of trypsin on the cardiac Ca®>* channel protein ap-
pears very likely.

Possible structures involved in the increase of
Ca?* channel availability

As most of the basic characteristics of Ca** channel func-
tion are found when the a, subunit is expressed alone, its
intracellular domains are considered first as targets for
trypsin. Because trypsin is able to cleave at the amino acids
arginine and lysin, about 160 putatively intracellular cleav-
age sites are present in the cardiac a-subunit. Cleavage at
the large carboxyl tail, which possesses 78 putative sites for
trypsin, might produce effects on channel function similar
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to those found in those mutants where various amounts of
the carboxyl terminus have been deleted (Wei et al., 1994).
Omittance of 46% to 70% of the carboxyl tail of cardiac
«;-subunits expressed in oocytes has been reported to result
in a three- to sixfold increase in peak Ba®* currents (Wei et
al., 1994). In a recent abstract, Kldckner et al. (1995)
reported that carboxy-terminal deletion mutants (deletion of
amino acids >1633), in contrast to the wild-type form of the
cardiac a;-subunit, no longer respond to trypsin application
by an increase in peak Ba>* currents. Thus, we suggest that
part of the carboxyl terminus is at least involved in the
regulation of cardiac Ca®" channel availability. Interest-
ingly, despite the proteolytic and thus irreversible enhance-
ment of Ca* channel currents, channel activation was still
dependent on the presence of calpastatin and ATP. Hence,
proteolytically accessible intracellular domains of the Ca*
channel protein are apparently not involved in the stabili-
zation of Ca®* channel activity.

Possible structures involved in voltage- and
Ca?*-dependent inactivation

Trypsin was found here to impair voltage-dependent inac-
tivation, whereas Ca®*-induced inactivation was obviously
not affected in trypsin-modified Ca®* channels. Thus, dis-
tinct sites are apparently responsible for these different
types of inactivation of the cardiac Ca** channel consistent
with the involvement of separate and independent mecha-
nisms (Hadley and Lederer, 1991). Voltage-dependent in-
activation as estimated from the inactivation rate of Ba*
currents during depolarizing voltage pulses has been found
(Zong et al., 1994) to occur to a similar extent upon expres-
sion of either cardiac wild-type or carboxy-terminal deletion
mutant Ca>* channels. Hence, trypsin modification of the
carboxyl terminus alone is apparently not sufficient to affect
voltage-dependent inactivation.

Ca®* binding sites have been located to an intracellular
EF hand motif close to IVS6 (Babitch, 1990; deLeon et al.,
1995) or in a cluster of negatively charged amino acids in
the loop connecting domains II and III of the @, subunit
(Tanabe et al., 1987), which when expressed alone is suf-
ficient to produce Ca®"-dependent inactivation (Neely et
al., 1994). As trypsin-modified Ca** channels were still
sensitive to an elevation in intracellular Ca®™, this putative
Ca** binding motif is apparently not accessible to trypsin
and might be located close to the membrane. The idea of a
role of the EF hand motif is in line with this result and is
further supported by the resistance of the adjacent phe-
nylalkylamine binding domain (Catterall and Striessnig,
1992) to proteolysis by trypsin.

The results obtained here demonstrate a role of proteo-
Iytically accessible intracellular domains of the Ca?* chan-
nel protein as determinants of channel availability and volt-
age-dependent inactivation. This may provide a basis for
further studies with mutant Ca®** channels to identify the
protein structures responsible for the observed changes in
channel function.
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APPENDIX

Determination of the number of functional
channels in a patch, their availability,
and open probability

The availability (P,) of the Ca®* channel is defined as the chance to evoke
channel activity upon a depolarizing voltage pulse, i.e., the ratio of sweeps
exhibiting channel activity to all sweeps. In experiments with one single
Ca®" channel (n = 1), P and the open probability (p) can be easily
determined, whereas in multi-channel experiments these parameters are
more difficult to calculate. Therefore, a method was developed to allow for
an estimation of the number of channels n, P, and p from channel traces
with n < 9 channels, idealized using the L-filter algorithm (Pastushenko
and Schindler, submitted for publication). The following assumptions are
initially made:

i) The channels are identical and behave independently.

ii) The number of channels available in a sweep remains constant within
the duration of the sweep.

Thus, one can assume that the number of active channels (n,) obeys a
binomial distribution with » as the number of channels in the patch and P,
as their availability. Then, the probability p(n,) of finding n, channels
available is described by

p=(n) B a-prm

If n and the fraction of channels available to be opened in a sweep would
be known, the availability could be estimated by

2::,\=0 m(ny) * ny

iy n-M )

where m(n,) is the number of sweeps with n, channels available and M is
the total number of sweeps, which equals

M= 2 mny) 3

na=0

n and n, for each sweep could be reasonably calculated with a maximum
estimator (Horn, 1991) if n is small and p large. This estimator is biased.
Hence, a small p (<30%) and n > 3 might largely affect the result, because
the probability that all available channels would open concomitantly in a
sweep is low. In addition, a small availability (<30%) might lead to errors
in estimating n.

Therefore, a maximum likelihood estimator was set up for determina-
tion of n, P; and p, based on the following additional assumption.

iii) The process regulating channel gating within a sweep is with respect
to the number of sampling points in each conductance level distribution-
ergodic. Hence, the probabability of finding a sampling point in the kth
conductance level can be described by a binomial distribution with the
parameters n, and p.

p®0 =) p - @

Equation (4) and assumption iii) allow us then to determine the probability
for one sweep (Eq. 5) at given n, with the following variables defined as

n maximum number of channels in a patch
na; available channels in the ith sweep
tye number of sampling points in the kth conductance level in the
ith sweep
T; vector of 1, for the ith sweep

T matrix of all 7,
Toes number of sampling points in a sweep
Py availability
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14 open probability
M total number of sweeps
K; set of conductance level that occur in the ith sweep

The elements of T, that describe the ith sweep obey a multinomial distri-
bution (WeiB, 1987), and the probability of T; at a given n,; and p is
nai tik
!
Nai k —k Tges°
p(Ting, p) = {1 kP A—p™ Mo, it
k=0 kEK; Vik*

if n,; is higher than or equal to the highest conductance level in T;. If n,;
is smaller than the highest conductance level, then

p(Tilng, p) =0 (6)

Because of the binomial distribution of n,; (Eq. 1) the probability of T; at
given n, Pg, and p is

: n ,
p(TiIna Ps9p) = 2 p(TilnAbp) ° (nAi> * P;Al

™
L (1= Py

leading to the probability of T comprising all sweeps

p(Tin, P, p) = [1 p(Tiln, Ps, p) )

i=1

Using Eq. (8), a maximum likelihood estimator for n, P,, and p was
constructed by maximizing the probability of T.

In programmed current traces, which simulated the channel’s inactiva-
tion behavior as observed experimentally, we found that the total number
of functional channels (n) could be overestimated because assumption iii)
is not completely fulfilled. Nevertheless, the values calculated for p and Pg
were similar (within 10%) to the programmed values for the correct n. To
decide among possible values of n calculated by the maximum likelihood
estimator, a test was found, based on the maximum number of channels
that open in each sweep. The probability that n_,,, channels open in the ith
sweep is at given n,;

Tee
max n i N
P(nmwlna) = | 2| [P0 =y
k=0
)
Amax—1 Taes
Rail o nai—k
- E k p(1 — p)
k=0

and thus, the probability of n,,,, is

p(nmax) = 2 p(nmaxlnAi) ° (Yl’;) ¢ PgM * (1 - I:’S)n—nAi
e (10)

The theoretical distribution p(n,,,,) was first determined for the possible
values of n. Then, the empirical distribution of n,, was determined, and
the x* test (Papoulis, 1991) with n — 2 degrees of freedom (if n > 2) was
used to find the theoretical distribution that shows the best agreement with
the empirical distribution. The procedure can be reasonably applied for the
analysis of multi-channel data with n < 9, as established with programmed
current traces.
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