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ABSTRACT The properties of the gating currents (nonlinear charge movements) of human cardiac L-type Ca2+ channels
and their relationship to the activation of the Ca2+ channel (ionic) currents were studied using a mammalian expression
system. Cloned human cardiac a1 + rabbit a2 subunits or human cardiac a1 + rabbit a2 + human 133 subunits were transiently
expressed in HEK293 cells. The maximum Ca2+ current density increased from -3.9 ± 0.9 pA/pF for the a1 + a2 subunits
to -11.6 ± 2.2 pA/pF for a1 + a2 + /33 subunits. Calcium channel gating currents were recorded after the addition of 5 mM
Co02, using a -P/5 protocol. The maximum nonlinear charge movement (Qmax) increased from 2.5 ± 0.3 nC/,F for a1 + a2
subunit to 12.1 ± 0.3 nC/,uF for a1 + a2 + 133 subunit expression. The QON was equal to the QOFF for both subunit
combinations. The QON-Vm data were fit by a sum of two Boltzmann expressions and ranged over more negative potentials,
as compared with the voltage dependence for activation of the Ca2+ conductance. We conclude that 1) the ,B subunit
increases the number of functional a1 subunits expressed in the plasma membrane of these cells and 2) the voltage-
dependent activation of the human cardiac L-type calcium channel involves the movements of at least two nonidentical and
functionally distinct gating structures.

INTRODUCTION

Cardiac L-type Ca2+ channels perform a central role in the
electrical and contractile function of the heart, and their
properties and regulation have been the focus of intensive
investigation over the last several decades. Biochemical
studies have revealed that the cardiac L-type Ca2+ channel
is a heterotetrameric complex composed of a,, a2/6, and ,B
polypeptide subunits (Catterall, 1988; Kuniyasu et al., 1992;
De Waard et al., 1994; Pragnell et al., 1994; Varadi et al.,
1995). Recently the molecular structure of the human al
subunit, which forms the pore and contains the voltage-
sensing structures of the cardiac L-type Ca2+ channel, has
also been elucidated (Schultz et al., 1993). It has been
proposed that the accessory subunits of the L-type calcium
channel may regulate the gating kinetics and the density of
calcium channel expression (see Isom et al., 1994). In
addition, it was shown that the ,3 subunit binding site is
conserved for all calcium channel al subunits and is located
in the I-II cytoplasmic linker region (Pragnell et al., 1994).
Similarly, the interaction site was mapped on the ,3 subunit
(De Waard et al., 1994), and it has been assigned to a
30-amino acid conserved domain at the amino terminus of
the ,3 subunit.
The Ca2+ channel subunits can be expressed in mamma-

lian cell lines (Lory et al., 1993; Welling et al., 1993;
Hofmann et al., 1994; Perez-Garcia et al., 1995) in which
the cardiac Ca2+ channel currents can be studied by the
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application of the patch voltage-clamp method (Hamill
et al., 1981). Using these methods it is possible to record
ionic currents flowing through the cloned cardiac L-type
Ca2+ channels. More importantly, the gating charge move-
ments that govern the opening and closing of voltage-
dependent L-type Ca2+ channels can be quantified, as has
previously been demonstrated for native cardiac myocytes
(Bean and Rios, 1989; Hadley and Lederer, 1989, 1991;
Josephson and Sperelakis, 1992). Here we report the prop-
erties of the gating charge movements (gating currents) of
human cardiac L-type Ca2+ channels composed of a1 +
a2 or al + a2 + (3 subunits and their relationship to the
activation of the Ca2+ conductance.

MATERIALS AND METHODS

Cloning and cell transfection

Isolation of the Hb3 cDNA clone

Polymerase chain reaction was used to isolate a clone encoding the f33
subunit from human cardiac mRNA (Klockner et al., 1995). The sequence
was found to be identical to that published by Collin et al. (1994).

Construction of expression plasmids in pAGS-3 vector

The coding region of the human cardiac al clone (Schultz et al., 1993)
(human heart-1) was removed using Hindlll (5'-polylinker site) and HpaI
(8046) cleavages, whereas the pAGS-3 vector (Miyazaki et al., 1989) was
cut with NotI (polylinker) and filled in with the Klenow fragment of DNA
polymerase I to produce blunt ends then cut with HindIIl (polylinker). The
fragments were ligated and the construct was verified by restriction anal-
ysis. The skeletal muscle a2 clone (Ellis et al., 1988) as well as the Hb3
clone were transferred to pAGS-3 using HindIIIINotI sites. The resultant
expression plasmids were verified by restriction mapping.
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Transient expression

For the transient expression of the hHTcLl, a2, and Hb3 subunit, cDNA
expression plasmids were transfected by the Ca2+-phosphate method
(Chen and Okayama, 1987) into HEK293 cells in a molar ratio of 1:2:3,
respectively. Electrophysiological recordings were done 24-72 h after
transfection of the HEK293 cells.

Monitoring the efficiency of transient transfections

Transient transfections were done in HEK293 cells (CRL1573; ATCC,
Rockville, MD) using the Chen-Okayama procedure (Chen and Okayama,
1987). The efficiency of transfection was routinely monitored by cotrans-
fection with the E. coli galactosidase gene (pCH1 10 plasmid; Pharmacia,
Piscataway, NJ). The expression of the reporter gene was visualized either
by histochemical staining (Sanes et al., 1986) or by fluorescent substrate
according to the manufacturer's protocol (Molecular Probes, Eugene, OR).
The transfection efficiency was assessed as the percentage of transfected
cells and was found to be 41.1 ± 3.4% in 11 independently conducted
experiments.

Electrophysiological recording

Ionic and nonlinear capacity currents were recorded using methods de-
scribed previously (Josephson and Sperelakis, 1992). Single HEK293 cells
were voltage-clamped using the whole-cell configuration of the patch-
clamp technique (Hamill et al., 1981). Electrodes were fabricated from
thin-wall borosilicate glass (TW-150; WPI Instruments, New Haven, CT)
and filled with the following solution (in mM): CsOH, 120; glutamic acid,
120; MgCl2, 2; Na2 GTP, 0.2; Na2 ATP, 2; EGTA, 10; HEPES buffer, 10.
The pH was adjusted with HEPES to 7.25. The extracellular solution
contained (in mM) NaCl, 140; KCI, 5.4; MgCl2, 1; CaCl2, 1.8, glucose, 10;
HEPES, 10. The pH was adjusted to 7.4 with Trizma base. The electrode
resistances ranged from 1 to 3 Mfl when filled with the electrode solution.
Junction potentials were nulled before seal formation and no further
corrections were made during the experiment. The seal resistances ranged
between 10 and 50 gfl.

In experiments designed to examine nonlinear charge movement all
ionic currents were blocked. In addition to the internal Cs' solution, 5 mM
Cs' was added to the external solution (to block the delayed outward K+
currents). Tetrodotoxin (10 mM) was added to the external solution to
block a small endogenous sodium current (present in a small percentage of
the cells), and CoCl2 (5 mM) was added to block the calcium channels.

Membrane currents were recorded using an Axopatch IB patch clamp
(Axon Instruments, Burlingame, CA). Linear capacity current, due to the
charging and discharging of the cell membrane capacitance, was sup-
pressed by analog capacitance compensation. Careful attention to this
procedure was necessary to prevent amplifier saturation due to the large
amplitude of the capacity currents during rapid membrane charging. The
series resistance and capacitance compensation adjustments were periodi-
cally monitored during each experiment, and the experiment was termi-
nated if either parameter changed significantly (>5%).

Data acquisition and analysis

Data acquisition and analysis were performed using the PCLAMP pro-
grams (Axon Instruments) on an IBM AT computer. Membrane currents
were filtered at a corner frequency of 10 kHz, amplified ten times with an
eight-pole Bessel filter (Frequency Devices, Haverhill, MA), and digitized
at 12,us/point using a 12-bit A-D converter (Labmaster; Axon Instru-
ments). To remove the residual linear capacity and leakage current com-
ponents in the test current, five scaled, hyperpolarizing control voltage
steps (each one-fifth the magnitude of the corresponding test step) were
given from control subtracting holding potentials (SHPs) of -100 mV
(-P/5), and the resulting summed control currents were added to the test
currents. The linearity of the entire recording system was checked before

experimentation by using an RC cell model circuit, and the -P/5 protocol
yielded a zero current trace over the range of ±200 mV.

Sequences of test potentials were applied at a frequency of 0.5 Hz. This
frequency allowed for complete recovery of charge, using the protocols
described (determined by comparison of individual current recordings with
the first recording in the average), and the current signals at each potential
were averaged four times to improve the signal-to-noise ratio. Series of
runs were bracketed (i.e., the original protocol was repeated) to ensure the
stability of the currents over time, and the currents were not analyzed if a
significant change (>5%) had occurred in either their magnitude or time
course.

Steady-state integration measurements were performed on the ON and
OFF currents (IgON and IgOFF). The ON and the OFF currents were
integrated over the entire 5.4-ms voltage step using a baseline calculated
from the mean (zero) current at the end of the trace (from 4.4 to 5.4 ms).
In some experiments, the first few digitized points (30-150 ,s) after the
voltage step were imperfectly subtracted and they were not included in the
charge integral. The voltage dependence for the charge movement (inte-
grated at each test potential) was fitted with a sum of two Boltzmann
expressions.

The currents are displayed after digital filtering in the figures. All
experiments were conducted at a temperature of 20-23°C. Grouped data
are presented as means ± SE, unless otherwise noted. A Student's t-test
was used to determine whether the group data were significantly different.

RESULTS

Human cardiac calcium channel ionic currents

Representative examples of calcium channel currents (with
a physiological concentration of Ca2+ ions (1.8 mM) as the
charge carrier) recorded from HEK293 cells that were tran-
siently transfected with the human cardiac calcium channel
a1 and rabbit a2 are illustrated in Fig. 1 (left) or with the
human a1I, rabbit a2, and human 133 subunits (Fig. 1, right).
Voltage steps were applied from a holding potential of
-100 mV to a test potential of +20 mV, at which the peak
inward calcium currents were recorded. A major difference
between the two subunit combinations was a severalfold
increase in the calcium current magnitude with cotransfec-
tion of the,3 subunit.
As shown in the averaged current-voltage relationship

(Fig. 2), both subunit combinations resulted in calcium
channel currents that were activated at test potentials posi-
tive to -30 mV, and they reached a maximum near +20
mV. The peak current density was -3.9 ± 0.9 pA/pF for
the a1, a2 subunit combination (n = 8) and -11.6 ± 2.2
pA/pF for the a,, a2, and 13 subunit combination (n = 9).
The high-voltage activation threshold and the relatively
slow inactivation of these currents identify them as being
conducted through L-type calcium channels.
The voltage dependence for the activation of the calcium

channel conductance (Fig. 3) was estimated by measuring
the peak tail current amplitude (after subtraction of the
gating current) after the repolarization of a brief test step
(5.4ms) to potentials of -80 through + 80 mV (see inset for
examples). For each cell, the absolute value of the corrected
peak tail current amplitude was then normalized by the cell
input capacitance (to yield pA/pF). Plots of the voltage
dependence for the averaged calcium channel conductance
for the two different subunit combinations (Fig. 3) revealed
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FIGURE 1 Calcium channel (ionic)
currents recorded from HEK293 cells
transfected with human cardiac L-type
Ca channel subunits. (Left) (labeled
al + a2) A Ca2' current recorded
after transfection with human a, and
rabbit a2 subunits. (Right) (labeled al
+ a2 + 13) A Ca2+ current recorded
after transfection with human a,, rab-
bit a2, and human 03 subunits. Both
currents were recorded from a holding
potential of -100 mV, to a test volt-
age of +20 mV. The external solution
contained 1.8 mM Ca21 ions. The cell
input capacitance was 22 pF and 24 pF
for (a, + a2) and (a, + a2 + (33)-
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that the ,3 subunit increased the maximum average calcium
channel tail current severalfold, from 8.6 ± 0.1 pA/pF (n =
10) to 32.1 ± 1.2 pA/pF (n = 14). Fig. 4 displays the same
averaged data as Fig. 3, but each data set has been normal-
ized to its maximum value, so that the voltage dependence
for the activation of the conductances for the two subunit
combinations may be directly compared. The voltage de-
pendencies are quite similar, suggesting that the expression
of the ,3 subunit did not significantly alter the voltage
dependence for calcium current activation.

'Ca (pA/pF)
2 -

It has previously been demonstrated that the single cal-
cium channel current amplitude (i) is unchanged by the
addition of the (3 subunit (Wakamori et al., 1993), which
suggests that the expression of the (3 subunit increases the
probability of Ca channel opening and/or the number of
functional calcium channels. The following experiments
provide evidence that supports the latter hypothesis.

Human cardiac calcium channel gating currents

Gating currents (nonlinear charge movements) were subse-
quently recorded from those HEK293 cells in which cardiac
L-type Ca2+ currents were observed, after the addition of 5
mM Co2+ to the external solution and using the -P/5
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FIGURE 2 The current-voltage relationships for the peak inward L-type

cardiac Ca21 current density (pA/pF) recorded from HEK293 cells
transfected with a1 + a2 subunits (U, n = 8), or a1 + a2 + (33 subunits
(-, n = 9). The mean Ca21 current density ± SD is given; the data from
each cell were normalized by the cell input capacitance.

FIGURE 3 The voltage dependence for the conductance of human L-
type cardiac Ca21 channels composed of a1 + a2 subunits (U, n = 10), or
a I + a2 + (33 subunits (-, n = 14). The conductance was estimated by
measuring the peak tail currents after repolarization to -100 mV after
5.4-ms test steps. The OFF gating current was subtracted from the peak tail
current amplitude. The resulting absolute value of the ionic tail current
amplitude was normalized to the cell input capacitance before averaging.
The inset shows examples of the time course of the tail currents (a1 + a2 +
(33 subunits) in response to voltage steps to -80 through +60 mV.
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FIGURE 4 The normalized voltage dependence for the Ca21 channel
conductances. Same data as in Fig. 3, but each data set was normalized to

its maximum value for comparison.

protocol for subtraction of the linear capacitive and leakage
currents, as displayed in Fig. 5. As a control, no significant
nonlinear charge movements could be recorded at any test
potential from transfected cells that did not express L-type
Ca currents, thus ruling out the possible contribution of
other endogenous charge-sensing molecules in the mem-

brane of HEK293 cells. In addition, it was necessary to set
both the holding potential and the subtraction holding po-

tential to -100 mV, so that the control subtraction currents
would be obtained over a voltage region (i.e., negative to
-100 mV) in which only linear capacity current was elic-
ited. The linearity of the leakage currents in this subtraction
voltage region is demonstrated in the inset of Fig. 5 A.

Fig. 5 A displays examples of a family of cardiac L-type
Ca2+ channel gating currents recorded after transfection of
HEK293 cells with human cardiac a1I and rabbit a2 subunits
(Fig. 5 A, left) or after transfection with the human a1,

rabbit a2, and human 13 subunits (Fig. 5 A, right). The
gating currents were recorded at test potentials positive to
-80 mV, at the onset of the test voltage step (IgON) and
after the termination of the voltage step (IgOFF). Both
IgON and IgOFF increased in magnitude with increasing
test potential. The apparent rising phase of IgON was prob-
ably (at least in part) the result of the limited ability to
instantaneously charge the cell membrane capacitance
through the series resistance, although a true rising phase of
the gating current cannot be ruled out at present. Neverthe-
less, the rapid activation of IgON always preceded the
activation of the Ca2+ channel ionic currents.

In comparing the sets of gating currents displayed in Fig.
5 A, the most obvious feature is the severalfold increase in
the current magnitude with the expression of the ,B subunit.
The time course of individual gating currents at selected test
potentials (with the ,3 subunit) is shown in Fig. 5 B. Note
that these currents decay to a zero baseline at the end of the

voltage step, indicating the absence of either inward or
outward ionic current contamination.
The amount of charge moved during the ON (QON,filled

circles) and OFF (QOFF, open circles) components of the
gating currents as a function of the test potential (QON-Vm
and QOFF-Vm) is presented in Fig. 6. The gating current
records from each cell were integrated (as described in
Materials and Methods) to measure the amount of charge
moved at each test potential, normalized to the cell input
capacitance, and then averaged (expressed in units of nC/
,F). Fig. 6 A displays QON and QOFF measured from the
ai + a2 cells, and Fig. 6, B and C, displays QON and QOFF
with cotransfection of the 13 subunit.
A direct comparison of QON with QOFF is presented in

Fig. 6 C. The means and the standard error bars of QON
(filled circles) and the absolute value of QOFF (open cir-
cles) are plotted, and the symbols above the data indicate
that these QON and QOFF values were not significantly
different at the p < 0.05 (asterisks) or p < 0.005 (stars)
level. The QON values were fit with a sum of two Boltz-
mann functions (solid line). In addition, also plotted are the
99% confidence levels of the Boltzmann fit. It is clear that,
at all test potentials, QOFF was nearly equal to QON, so
that there was a conservation of charge. This equality dem-
onstrates that there was no immobilization of the Ca channel
gating charge, as expected, given the brief pulse duration
employed.
A comparison of the voltage dependence for the averaged

QON data from the a, + a2 and from the a1I + a2 + 1
subunit combinations is presented in Fig. 7 A. When nor-
malized to the cell capacitance, it is apparent that the
averaged Qmax for the 13-expressing cells (12.1 ± 0.3 nC/
,uF; n = 8) was severalfold larger than for a, + a2 alone
(2.5 ± 0.3 nC/,uF; n = 7). Each of these QON data sets was
then normalized to its Qmax value and plotted in Fig. 7 B.
This figure demonstrates that the voltage dependence for
QON was not substantially altered by the expression of the
(3 subunit.
A fundamental mechanistic question that we wished to

address in this study is the relationship between the activa-
tion of the gating charge movement and Ca2+ channel
opening and ion conduction. The calcium channel conduc-
tance (G-Vm curve) was obtained by subtracting the OFF
gating currents (recorded after the addition of Co2+) from
the total tail currents (ionic plus gating current) recorded
before the addition of Co2+. This step was necessary be-
cause the OFF calcium channel gating current was a signif-
icant fraction of the total tail current (see Hadley and
Lederer, 1991), especially in these experiments using a low
concentration of divalent charge carrier. The resulting cal-
cium channel ionic tail currents were then normalized to the
maximum ionic tail current. To compare the voltage depen-
dence of the G-Vm curve with the QON-Vm curve the
amount of surface charge shift produced by the additional
divalent ion concentration (5 mM Co2+ ions), present in the
charge movement experiments, was experimentally deter-
mined by comparison of the voltage dependence for the
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A

FIGURE 5 The gating currents (nonlinear charge
movements) recorded from HEK293 cells transfected
with human cardiac L-type Ca2 channel subunits. In
A, the left panel displays gating currents from a cell
transfected with the human cardiac a, and rabbit a2,
alone (labeled a, + a,). The right panel displays
gating currents from a cell transfected with human
cardiac L-type a,, rabbit a2, and human (3B Ca2>+
channel subunits (labeled a, + a, + ,3). As described
in Materials and Methods, 5 mM Co2+ was used to
block permeation through the Ca2+ channels, and the
linear capacitance and leakage currents were sub-
tracted by a -P/5 protocol. The holding potential was
-100 mV, and test voltage steps were applied to -80
through +60 mV. The cell input capacitance was 25
pF and 35 pF for (a, + a,) and (a, + a, + 34). The
inset (left) presents a demonstration of the linearity of
the leakage currents. Voltage steps were applied to
-O00 mV and -140 mV from -120 mV (top), and
the resulting currents summed to zero (below). (B) The
time course of individual gating currents (a, + ca2 +
(3 subunits) at selected test potentials (-60 through
+80 mV), as indicated. The current calibration is 250
pA/division.
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peak amplitude and time course of the ON gating currents
recorded before and after the administration of cobalt, and
that value (+20 mV) was added to the G-Vm data to com-

pensate for the shift. It was possible to employ this proce-

dure only in cells with a very high channel expression in
which large gating currents but relatively small Ca currents
were recorded, perhaps due to Ca current rundown. In these
cells, because of the relatively slow activation of a small-
magnitude Ca current, the time course of the initial portion
of the gating current was not obscured by the ionic current.
An example of this procedure, applied over a wide range of

-60 mV

O 2 4 6 8 10 12
msec

potentials, is shown in Fig. 8 A. It was therefore possible to
determine the surface charge shift produced by cobalt by
comparing the peak magnitude and time course of the ON
gating currents before and after cobalt.
A comparison of the voltage dependence for the activa-

tion of the charge movement (QON-Vm curves, closed cir-
cles) with the voltage dependence for the activation of the
Ca2+ conductance (G-Vm curves, open circles) is presented
in Fig. 8. As displayed in Fig. 8 B (a, + a2 subunits) and
Fig. 8 C (a, + a2 + ,B subunits), the Ca2+ channel con-
ductance was activated at test potentials positive to -20
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FIGURE 6 The QON-Vm and QOFF-Vm curves for the human cardiac
L-type Ca2+ channels composed of a, + a2 subunits (A, n = 7) and for the
a, + a2 + (3 subunits (B and C; n = 8). QON and QOFF were obtained
by integration of the ON (0) and OFF (0) Ca2' channel gating currents.
C is a plot of QON (0) and the absolute value of QOFF (0) for direct
comparison. The mean QON data were fit (solid line) by a sum of two
Boltzmann expressions, with the following parameters: Qmaxl, 2.74 (0.82)
nC/,LF; VI, -34.8 (6.4) mV; K1, 14.3 (2.9) mV; and Qmax2, 9.96 (1.1)
nC/,uF; V2, 32.6 (2.4) mV; K2, 18.4 (2.2) mV. Also plotted are the 99%
confidence limits for the Boltzmann fit (dotted lines). The asterisks and
stars above each set of symbols indicate the statistical probabilities that the
QON and QOFF are different; asterisks indicate p < 0.05, and stars
indicate p < 0.005. In A, B, and C the charge data from each cell were

normalized to the cell input capacitance and then averaged to give values
in units of nC/,LF. The data points are the means ± SE.

FIGURE 7 A comparison of the voltage dependence of QON for the a,
+ a2 (U) and ca1 + a2 + 33 (0) subunit combinations. (A) Comparison of
QON for the two subunit combinations. (B) Same data as shown in A, but
each data set was normalized to its Q.. value.

mV, and its voltage dependence was well described by a
single Boltzmann function. It is apparent that the G-Vm
curve ranged over more positive potentials than did the
QON-Vm curve for both the a1 + a2 and the a, + a2 + (3
combinations. Moreover, a significant fraction of the total
ON charge was activated at potentials more negative than
those that activated the Ca2+ conductance. This finding
suggests that at these negative potentials there was a volt-
age-dependent closed-state transition that did not result
directly in Ca2+ channel opening and ion conduction. Fur-
thermore, for both the a1I + a2 and al + a2 + (3 subunit
combinations the QON-Vm data were better fit by a sum of
two, rather than by a single Boltzmann function, suggesting
that at least two distinct voltage-dependent processes con-
tributed to Ca2+ channel activation. The apparent valences
for these processes, derived from the steepness of each
Boltzmann fit, were similar for the two components (- 1.6
e-) and for the two subunit combinations. However, for
both subunit combinations, the charge component with the
more negative voltage midpoint (-39 mV (B) and -32 mV
(C)) included approximately one-quarter of the total charge,

. . . . . . .

f I
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using a tail current method, after the subtraction of the OFF gating currents. The Boltzmann fits (solid lines) were calculated using the data from -80 to
+80 mV and were drawn using the following parameters: for A: G-Vm: Gmax, 1.0 (0.1); V, 34.5 (0.7) mV; K, 15.8 (0.6) mV; and for QoN-Vm: QmaxI

0.25 (0.2); V,, -38.8 (12.5) mV; K,, 15.9 (3.5) mV; and Qmax2, 0.81 (0.1); V2, 29.9 (1.1) mV; K2, 13.1 (1.8) mV; for B: G-Vm: Gm., 1.0 (0.1);
V, 39.1 (0.5) mV; K, 14.5 (0.4) mV; and for QON-Vm: Qmaxi, 0.24 (0.1); V1, -32.1 (12.2) mV; K,, 15.7 (4.5) mV; and Qmax2, 0.79 (0.1);
V2, 26.9 (3.3) mV; K2, 15.1 (2.2) mV.

whereas the component with the more positive voltage

midpoint (+30 mV (B) and +27 mV (C)) included approx-

imately three-quarters of the total charge.

DISCUSSION

These results are the first demonstration of the properties of

the gating currents (nonlinear charge movements) associ-
ated with the activation of cloned human cardiac L-type
calcium channels expressed in a mammalian system. We
found that the concomitant expression of the subunit with

the al and a2 subunits of the calcium channel not only
increased calcium current density but also produced a four-
fold augmentation of the amount of gating charge (Qma) as

compared to that produced by expression of the oil and a2

subunits alone. This result may be interpreted to mean that
the number of a, subunits expressed with functional gating
and permeation properties was also increased to a compa-
rable extent. In addition, the electrophysiological measure-

ment of a1 expression is consistent with previous findings
of an increased binding capacity of dihydropyridine antag-
onists to the a, subunit of the calcium channel with the
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coexpression of the ,B subunit (Varadi et al., 1991; Welling
et al., 1993).
The present findings of (3 subunit-induced augmentation

of human cardiac al expression are in agreement with those
obtained previously (Lory et al., 1993; Perez-Garcia et al.,
1995) which demonstrated that the ,B subunit enhanced
rabbit cardiac calcium channel currents expressed in mam-
malian cell lines. The present results using human heart
calcium channels may also be compared to those reported
previously (Neely et al., 1993) in which rabbit cardiac
calcium channels were expressed, and gating and ionic
currents were recorded using Xenopus oocytes. In the Xe-
nopus oocyte expression system, the coexpression of the a1
+ ,B subunits did not increase the gating current Qmax above
that obtained with the al alone, although the calcium cur-
rent density was increased severalfold (Neely et al., 1993).
To explain these results the authors (Neely et al., 1993)
suggested that the (3 subunit increased the coupling effi-
ciency between the charge movement and calcium channel
opening. Their interpretation also assumed that when the al
is expressed alone, a majority of the protein exists in a
dihydropyridine-insensitive form. The latter postulation has
not been substantiated by numerous studies (see Hofmann
et al., 1994; Varadi et al., 1995 and references therein),
although one recent study (Mitterdorfer et al., 1994) reports
that the affinity of the al for dihydropyridines increases by
two orders of magnitude when coexpressed with the (3
subunit. However, the possibility remains that the differ-
ences in the findings of Neely et al. and the present work
may be related to the different experimental conditions
employed (e.g., the presence of the a2 subunit and the
mammalian expression system employed). In the present
results, the increase in calcium current density by (3 subunit
expression appears to be a direct result of an increase in
Qmax (number of functional calcium channel al proteins),
although an additional effect of the (3 subunit on the cou-
pling between charge movement and channel opening may
also contribute to some extent. Our gating current data are
also consistent with those presented in a preliminary report
by Kamp et al., using rabbit cardiac a and (3 subunits (Kamp
et al., 1995, abstract).

There are several advantages in using the HEK293 ex-
pression system for the present experiments. First, the cal-
cium channel gating currents can be studied in isolation,
without additional procedures to eliminate the gating charge
movements of other types of channels. For example, in
native cardiac myocytes charge movements from Na+ chan-
nels must be separated from those of calcium channels on
the basis of steady-state (Bean and Rios, 1989; Hadley and
Lederer, 1989, 1991; Josephson and Sperelakis, 1992), ki-
netic (Josephson and Sperelakis, 1992; Josephson and Cui,
1995), or pharmacological (Josephson and Cui, 1994) meth-
ods. Second, the HEK293 is a mammalian cell line, so that
its genetic machinery and posttranslational processing more
closely match a human heart cell than does the Xenopus
oocyte expression system. Third, we can select which cal-
cium channel subunits we wish to express, so that we are

able to study the effects of the expression of specific cal-
cium channel subunit combinations. Fourth, we can study
calcium channel currents using the physiological cation
calcium, because calcium-activated chloride currents
(present in Xenopus oocytes) are absent.

It is widely believed that the highly conserved, positively
charged S4 segments of domains I-V of the a, subunit of
Na+, Ca2+, and K+ channels are involved in the voltage-
sensing function of these membrane proteins (Catterall,
1988). The present results reveal that there are two distinct
components of the steady-state charge movement of human
L-type Ca2+ channels, one with a more negative voltage
midpoint composing approximately one-fourth of the total
charge, and the other with a more positive voltage midpoint
composing approximately three-fourths of the total charge.
It is very tempting to speculate that the more negative
voltage component may arise from the movement (i.e., a
voltage-driven conformational change) of one of the S4
segments, and that the more positive voltage component
may arise from the movements of the three other S4 seg-
ments. If we assume in the simplest case that all of the S4
segments are equivalently charged it may be possible that
one of the S4 segments "senses" a different local environ-
ment, due to a difference in the charge groups of surround-
ing structures, and may therefore be more easily mobile
(i.e., over a lower voltage range) than the other S4s. Another
possibility is the presence of cooperative or allosteric inter-
actions between the different S4 segments and/or motifs.
Thus the movement of the first, lower-voltage S4s may
somehow alter the environment and energy barriers that the
other S4 segments "sense," thereby shifting their voltage
dependence to more positive potentials. Further gating cur-
rent exploration will be necessary to determine which, if
either, of these models is closer to the actual gating mech-
anism leading to Ca2+ channel opening.
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