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Enhancement of ionic current and charge movement by
coexpression of calcium channel /1A subunit with alc subunit

in a human embryonic kidney cell line
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Johns Hopkins University, Baltimore, MD 21205, USA

1. Coexpression of the ,f subunit with the a,, subunit of the cardiac L-type Ca2+ channel has
been shown to increase ionic current. To examine the mechanism of this increase, ionic and
gating currents were measured in transiently transfected HEK293 cells.

2. 418A subunit coexpression increased the maximal whole-cell conductance (Gmax) measured in
10 mm Ba2+ from 91 + 11 to 833 + 107 pS pF-' without a change in the voltage
dependence of activation (V :-6-1 + 1.1 and -6-6 + 0 9 mV, respectively).

3. Gating currents were smaller in cells expressing only the alc subunit (only four out of
eleven cells exhibited gating currents above the limits of detection, whereas eight out of
eight flA coexpressing cells had measurable gating currents). The gating currents were
integrated to measure the intramembrane charge movement (Q). The ON charge movement
(Qon) could be described by a Boltzmann distribution reaching a maximal value of Qonmax.

4. The mean ratio of Gmax: Qonmax increased from 99 + 6 to 243 + 30 pS fC -' with f4lA
coexpression, demonstrating that the 41A subunit changes the gating of a,c channels to
favour the opening of the channels. However, this 2-5-fold change in the Gmax: Qon ma ratio
explains less than half of the 9x2-fold increase in Gmax with 41A subunit coexpression. The
major effect is due to a 3-7-fold increase in Qonmax, demonstrating that flIA subunit
coexpression increases the number of functional surface membrane channels.

Voltage-dependent Ca2+ channels are multi-subunit protein
complexes in which the a, subunit forms the trans-
membrane pore. At least six different mammalian genes
encode a, subunits, with the aic subunit being the isoform
expressed in cardiac muscle (Zhang et al. 1993). Auxiliary
subunits have been identified in a variety of tissues,
including a cytoplasmic , subunit and a membrane-
inserted a2-& subunit, as well as a y subunit in skeletal
muscle (Isom, De Jongh & Catterall, 1994). The 4lA subunit
from skeletal muscle was the first to be identified (Ruth
et al. 1989), and now four distinct f subunit genes with
multiple splice variants are known (Isom et al. 1994).

Coexpression of the auxiliary subunits with the a, subunit
can dramatically alter the properties of the expressed Ca2+
channels. Studies using Xenopus laevis oocytes to express
the alc subunit demonstrated that coexpression of the 4t1A
subunit resulted in a large increase in ionic current as well
as changes in the kinetics and voltage dependence of the
current (Singer, Biel, Lotan, Flockerzi, Hofmann & Dascal,
1991; Neely, Wei, Olcese, Birnbaumer & Stefani, 1993).

Expression in oocytes of a variety of a, and , isoforms
have typically shown a significant increase in maximal
current with f subunit coexpression (Mori et at. 1991;
Williams et al. 1992). Experiments using mammalian cells
to express the alc subunit have also demonstrated
significant increases in peak current with ft subunit
coexpression, as well as changes in the kinetics of the
currents (Perez-Garcia, Kamp & Marban, 1995, and
references therein).

The mechanism of the increase in ionic current mediated
by fl subunit coexpression remains uncertain. There are
several possible explanations: an increase in the number of
functional channels; a greater probability of the channels
being open; an increase in single-channel current; or a
combination of these effects. Data from others argue
against changes in single-channel current with ft subunit
coexpression (Wakamori, Mikala, Schwartz & Yatani,
1993). Equilibrium binding studies using radiolabelled
dihydropyridines in transfected mammalian cells have
shown an increase in the number of binding sites with
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/? subunit coexpression without a change in affinity (Perez-
Garcia et al. 1995). One interpretation of this finding is
that fi subunit coexpression results in an increase in the
number of functional channels at the surface membrane.
Alternatively, a study of gating currents using the cut-open
oocyte technique concluded that there was no change in
total intermembrane charge (Qmax) with A2A coexpression,
which suggested that there was no change in the number of
functional channels (Neely et al. 1993). An increase in the
ratio of maximal whole-cell conductance (Gmax) to maximal
charge movement (Qmax) was demonstrated, and so changes
in coupling of the voltage sensor to channel gating were
proposed to underlie the /J2A-induced increase in ionic
current (Neely et al. 1993).

The goal of the present work was to examine charge
movement associated with heterologously expressed Ca2+
channels in the mammalian HEK293 cell line, which we
had previously used to demonstrate marked changes in
dihydropyridine binding and current density with 361A
coexpression (Perez-Garcia et al. 1995). Initially, we
established the utility of this mammalian heterologous
expression system to study charge movement associated
with the expressed Ca2+ channels. Secondly, the ionic
currents and gating currents were examined in HEK293
cells transiently transfected with the czc subunit with or
without 41A (aiC ± 41A) subunit coexpression.

METHODS
HEK293 cell transfection
HEK293 cells (a human embryonic kidney cell line) were
transiently transfected as previously described (Perez-Garcia et al.
1995). Briefly, the rabbit Ca2+ channel a,xc (Slish et al. 1989) and
fllA subunits (Pragnell, Sakamoto, Jay & Campbell, 1991) were
subcloned into pGWIH, an expression vector with a cyto-
megalovirus promoter (British Biotechnology Ltd, Oxford, UK).
HEK293 cells were transiently transfected in 35 mm plates using
the calcium phosphate precipitate method with 2-3 jug of DNA
encoding the alc subunit + 41A subunits (1: 1 molar ratio), SV40
T-antigen and /6-galactosidase. Mock-transfected cells were
transfected with 2 ,ug of DNA encoding /6-galactosidase. Cells were
studied 1-2 days after transfection.

Electrophysiology
Whole-cell patch clamp. The whole-cell configuration of the
patch clamp technique (at 20-22 °C) was used to identify
transfected HEK293 cells as previously described (Perez-Garcia
et al. 1995). The composition of the internal solution was (mM): 120
CsCl, 5 MgATP, 10 EGTA and 10 Hepes (pH adjusted to 7'20
with CsOH). A dish of cells was mounted on the stage of an
inverted microscope and perfused with (mM): 10 BaCl2, 125 CsCl
and 10 Hepes (pH 7 40 adjusted with CsOH). The bath solution
was connected to ground via a 3 M KCl-agar bridge and a
Ag-AgCl electrode. Whole-cell currents were recorded using a
patch clamp amplifier (Axopatch 200, Axon Instruments, Inc.),
sampled every 20-50 4as and filtered at 2-5 kHz (-3 dB, 4-pole
Bessel filter). After establishing the whole-cell configuration,
capacity transients were analogue-compensated, and series
resistance was compensated by 60-80%. Currents were recorded
following 25 ms test depolarizations repeated every 5 s to a family

of potentials (-50 to +40 mV) from a holding potential of -60 or
-80 mV. Data were leak-subtracted on-line using a P/-4 protocol
from -60 mV preceding the test pulses. Where indicated, the data
were fitted to a two-state Boltzmann distribution:

I= ( Vm - Vrev) X Gmax/{l + exp(( V, -Vm)/k))
where I is the measured peak current, Vm is the test membrane
potential, Vrev is the extrapolated reversal potential, Omax is the
maximal whole-cell conductance, V4 is the mid-point potential
and k is the slope factor.

Gating currents. Gating currents were measured after blocking
ionic currents with the following solutions (mM): 0.1 CdCl2, 10
BaCl2, 125 CsCl and 10 Hepes (pH 7 40 with CsOH) or 2 CdCl2, 0.1
LaCl3, 8 BaCl2, 125 CsCl and 10 Hepes (pH 7 40 with CsOH). Data
were acquired as described above, with the exception that series
resistance compensation was not used as it introduced high-
frequency noise into the relatively small current signal. The linear
leak and capacitative currents were subtracted digitally by scaling
the mean of four leak pulses (PI-4) from -60 mV which preceded
the test pulse. This leak subtraction protocol was chosen because it
produced only linear capacitative currents and minimal linear leak
currents. For cells with relatively small gating currents, i.e. most
cells expressing only the a,, subunit (aic-alone cells), two methods
were employed to help resolve the gating currents. First, the linear
capacitative current determined as above was fitted to a two- to
three-exponential process before subtraction and secondly,
multiple families (2-8 cycles) of identical depolarizing pulses were
averaged. Changes in Vm approached completion in 200-300 Ps
after a change in command voltage, and data collected from this
period were not displayed or analysed as indicated. Using the
steady-state current as a baseline, the gating currents were then
integrated to determine charge movement (Q). The relationship of
charge movement (Q) as a function of Vm was fitted to a two-state
Boltzmann distribution as follows:

Q = Qmax/{1 + exp(( V -V.)k)),
where Qmax is the maximal whole-cell charge movement, V4 is the
mid-point potential and k is the slope factor.

Statistics
Pooled data are expressed as the means + S.E.M. Statistical
comparisons were performed using Student's two-tailed t test, and
values of P< 0-05 were considered statistically different. Both
linear and non-linear regression analysis were employed to fit the
data as indicated in the text.

RESULTS
Comparison of Ca2+ channel activation and charge
movement
Transient transfection of HEK293 cells with cDNA
encoding the a,,c ± fAA subunits of the Ca2+ channel has
previously been demonstrated to result in the expression of
functional L-type Ca2+ channels (Perez-Garcia et al. 1995).
Figure 1A demonstrates inward currents elicited by 25 ms
depolarizing test pulses from a holding potential of
-60 mV using 10 mm Ba2P as the charge carrier in a cell
transfected with the aiC + /1lA subunits. Closer inspection
of the current records in Fig. 1A demonstrates a small
initial outward current preceding the prominent inward
current, suggesting the presence of detectable gating
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currents associated with activation of the channels. In
order to measure gating currents in this cell, the ionic
current was blocked with 0-1 mm Cd2+ (Fig. 1B); however, a
large inward tail current persisted. These ionic conditions
were similar to those of Ertel, Smith, Leibowitz & Cohen
(1994), who demonstrated that ON charge movement (Qo0)
measured in the presence of 0-1 mmiv Cd2+ was quite similar
to that measured in the presence of the Ca2+ channel toxin
w-agatoxin IIIA (w-Aga IIIA) in intact guinea-pig atrial
myocytes. The large inward tail currents have been
described by others and suggested to be a combination of
gating current and voltage-dependent relief of block of
ionic current (Chow, 1991; Ertel et al. 1994). By increasing
the external Cd2+ to 2 mm and adding 041 mm
La3+ (Fig. 1 C), all ionic current was blocked over a range of
potentials up to 20 mV and Q0o (M) was equal to Qoff (0)
(Fig. 2).
In order to confirm that the measured gating currents
arise from the heterologously expressed Ca2+ channels,

A B

measurements were made in ,-galactosidase-transfected
HEK293 cells using the same ionic conditions (0O1 mm
Cd2+). Figure ID shows a representative mock-transfected
cell which underwent the same voltage protocol as the
alC + .1A transfected cell (Fig. lA-C). No detectable gating
currents were observed in this cell or in any of three other
mock-transfected cells tested. This finding is consistent
with our previous demonstration of the absence of
endogenous IBa or Ica in these cells (Perez-Garcia et al.
1995), although endogenous Ca2+ currents have been
reported by others in HEK293 cells (Berjukow, Doring &
Hering, 1995). The presence of endogenous Ca2+ currents
may be related to differences in the HEK293 cells
propagated in different laboratories. Thus, this heterologous
expression system allows the study of gating currents
associated only with the expressed Ca2+ channels, obviating
the need for subtraction protocols or depolarized holding
potentials to discriminate gating from a variety of other
channel types (Bean & Rios, 1989; Hadley & Lederer, 1991;
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Figure 1. Ionic and gating currents in an HEK293 cell transfected with alc and /1A subunits of
the Ca2O channel (A-C) compared with a control cell transfected with /-galactosidase (D)
A, ionic currents resulting from 25 ms depolarizations to the indicated test potentials carried by 10 mm
Ba2+. B, Cd2+ (0' 1 mM) blocks ionic current during the test pulse isolating the ON gating current. C, Cd2+
(2 mM) and La3+ (0.1 mM) block ionic current, isolating both ON and OFF gating currents. D, current
records using the same pulse protocol as in A-C, but in a control HEK293 cell transfected with
,6-galactosidase in 041 mM Cd2+. Holding potential,-60 mV.
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Ertel et al. 1994). In addition, the use of these relatively
small cells allows for more rapid and uniform voltage
control compared with adult cardiac myocytes with their
extensive t-tubule system.

The voltage dependence of activation of the expressed Ca2+
channels was determined by plotting the whole-cell
conductance (C) calculated from the peak ionic current (see
Methods) as a function of Vm. For the same cell as shown
in Fig. lA-C, the relationship of C vs. Vm is shown in
Fig. 2 (m) with the data fitted to a Boltzmann distribution
(Gmax = 4-3 nS; V% = -2-6 mV; k = 5.9 mV). To determine
the non-linear charge movement associated with the
activation of Ca2+ channels, the time integral of the ON
gating currents (QWm) in 0-1 mm Cd2+ was calculated and
plotted as a function of Vm (Fig. 2, A). Non-linear charge
movement can be fitted to a Boltzmann distribution
(maximal Qon value (Qon,max) = 87 fC; V = -20 mV;
k = 5.7 mV), which demonstrates charge movement
occurring over a more negative range of potentials than
activation of whole-cell IBa. These data are consistent with
the presence of voltage-dependent transition(s) which
precede the opening of the channel.

Figure 2 also shows the calculated ON (@) and OFF (0)
charge movement measured in 2 mm Cd2+, 0.1 mm La3+ for
this same cell. The Qon data are well fitted by a Boltzmann
distribution, but there are several remarkable differences
from the data in 041 mm Cd2+. Firstly, the voltage range

5

4 ~~~G
10 mM Ba2+

3

over which charge movement occurs in 2 mm Cd2+, 0.1 mM
La3+ is shifted to the right (V% = -12 mV) and the voltage
dependence of charge movement is altered as k is 11 mV.
Secondly, Qon max (62 fC) was reduced by 28% compared
with 0 1 mm Cd . Similar differences were seen in four
cells comparing non-linear charge movement in 041 mM
Cd2+ with 2 mr Cd2+, 0 1 mm La3+ from a holding potential
of-80 mV (AQon,max =-25 + 10%; AV% = 12 + 3-6mV;
Ak= 7-1 + 4 0 mV; not shown). These findings agree with
published results using 2 mm Cd2+ in guinea-pig atrial cells,
which demonstrated a decrease in the measured charge
movement relative to that obtained using w-Aga IIIA
(Ertel et al. 1994). In addition, previous investigations have
demonstrated that La3+ can have complex effects on the
Nae channel gating process, which cannot be explained by
simple surface charge effects (Armstrong & Cota, 1990).
Therefore, all of the following data used 0.1 mm Cd2+ to
isolate Qon as a measure of charge movement in the
transfected cells.

Effect of flA coexpression with alc on ionic and
gating currents
Figure 3 shows current records in 10 mm Ba2+ resulting
from a series of depolarizing command pulses for
representative cells expressing the a,,c subunit alone (A) and
the cziC + /11A subunits (B). A holding potential of -80 mV
was chosen as currents were stable at this potential,
whereas at -60 mV some cells exhibited a slow inactivation

1 100
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-60 -40 -20 0 20 40
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Figure 2. Voltage dependence of whole-cell conductance (G) and charge movement (Q) for the
cell shown in Fig. lA-C
G (0) calculated from the peak current was fitted by a Boltzmann distribution (Gmax = 4.3 nS;
V = -2-6 mV; k = 5.9 mV). Q0n (A) in 0'1 mM Cd2+ calculated from the time integral of the ON gating
current could be fitted by a Boltzmann distribution (Qon,max = 87 fC; V½=-20 mV; k= 5X7 mV). Qon (X)
and Qoff (0) calculated from the ON and OFF gating currents in 2 mm Cd2+ and 0-1 mm La3+ are plotted,
and Q0n could be described by a Boltzmann distribution (Qonmax = 62 fC; V4 = -12 mV; k = 11 mV).
Holding potential, -60 mV. Whole-cell capacitance, 11 pF.
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Figure 3. Comparison of ionic and gating currents of aic and ac1 + /81A transfected cells
A and B, ionic currents (10 mm Ba2+) are displayed at the indicated test potentials for representative cells
expressing aic or axlc + /61A subunits. C, whole-cell conductance (G) is plotted as a function of membrane
potential (Vm) for the alc (O) and alC + #/1A (0) expressing cells. Boltzmann distributions were fitted to
the data and Gmax = 0 16 and 1P35 nS pF-1, V½= -6-8 and -6-5 mV and kl= 7-6 and 5-7 mV,
respectively. D and E, ON gating currents in 0-1 mm Cd2+ for the same two cells expressing aic or

xlC + #1A subunits. F, intramembrane charge movement determined from the gating currents displayed
in D and E are plotted as a function of Vm for the a,, (A) and alc + #,1A (A) expressing cells. Boltzmann
distributions were fitted to the data and Qon,max = 16 and 7-3 fC pF-', V,, = -31 and -33 mV and
k= 7'8 and 4 0 mV, respectively. Holding potential, -80 mV.
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of IBa. As has been previously described, the ionic currents
are larger with /41A coexpression, and the brief 25 ms
depolarizations clearly reveal the slowing of activation
kinetics with flA coexpression (Perez-Garcia et al. 1995).
The G-Vrelationships (Fig. 3C) demonstrate greater whole-
cell conductance in the cell with the 418A subunit co-
expressed. The averaged data from a holding potential of
-80 mV demonstrate a 9l2-fold increase in the normalized
Gmax with 41A coexpression (91 + 10 vs. 833 + 107 pS pF-',
P< 0 0001) (Fig. 4B). The voltage dependence of channel
activation occurs over a similar range of potentials, and
average data comparing olc-alone (n = 23) with alC + flIA
(n = 24) cells showed mid-potentials for activation of
-6-1 + 1P1 and -6-6 + 0-8 mV, respectively.
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The same two cells were studied in the presence of 0 1 mM
Cd2+ to enable a comparison of gating currents in the alc
expressing cell (Fig. 3D) and acC + /1IA expressing cell
(Fig. 3E). The gating currents and their time integrals (Qo0)
(Fig. 3F) were markedly larger with 41A subunit co-
expression. The gating currents in the alc-alone cell were
detectable but quite small. In seven out of eleven alc
transfected cells with small but definite ionic currents
measured in 10 mm Ba2+, the gating currents were so small
as to be below the resolution of the system (< 5 pA peak
gating current) (Fig. 4A). In contrast, eight out of eight
transfected cells with alc + /61A subunits which were
examined for both ionic and gating currents demonstrated
easily resolvable gating currents. The voltage dependence
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Figure 4. Gmax and Qon,max comparison of alc VS. aic + /B1A transfected cells studied from a
holding potential of -80 mV
A, for each cell studied, Gmax and Qon,max are plotted comparing alc (O) with aiC + /?IA (0) expressing
cells. For seven out of eleven a1c-alone cells with clear ionic currents, gating currents were below the limits
of detection and are indicated by o plotted on the ordinate. Linear regression analysis of the remaining
four alc cells revealed a slope of 92 pS fCW. Linear regression of the alC + /?1A cells revealed a slope of
189 pS fC-'. B, mean Gmax determined from the Boltzmann fits of all twenty-three zlc cells (LI) compared
with the mean Gmax for all twenty-four alc + /lIA expressing cells (U). C, the mean ratio of Gmax Qon,max
comparing four aic expressing cells (O) with eight a1C + fAIA expressing cells (O). Error bars represent
S.E.M.
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of charge movement was similar comparing alc with
a1C +,81A expressing cells (V% = -26-5 + 2-3 and
-21-1 + 2-3 mV; n = 4 and 8, respectively).
We next examined the relationship between the voltage
sensors and channel opening by comparing the measured
charge movement (Qon,max) and whole-cell conductance
(Gmax) for each cell tested (Fig. 4A). If Qon,max is directly
proportional to the number of channels expressed, then the
relationship between Gmax and Qon max should be linear and
pass through the origin. This predicted linear relationship
has not been observed in native tissue, presumably due to
the fact that ionic currents run down while charge
movement does not (Bean & Rios, 1989; Hadley & Lederer,
1991). While IBa does occasionally run down in transfected
HEK293, these cells were studied soon after access was

obtained, and the HEK293 cells do not undergo any

isolation procedure which, in native cells, could result in
variable degrees of current run-down. The data for the
a1C + #IA expressing cells (i) can be well fitted by a line
through the origin (Fig. 4A). Most of the alc-alone cells (ol)
had gating currents below the resolution of this system, but
for the four cells which did display measurable gating
currents, a line through the origin provided a reasonable fit
to the data. The mean ratios of Gmax: Qon.max for a-ic
expressing cells was 99 + 6 compared with
243 30 pS fCEV (P < 0 01) for aiC + /I3A expressing cells
(Fig. 4C). This increased ratio of Gmax: Qonmax with 41A
subunit coexpression is consistent with the idea that the
, subunit changes the coupling of the voltage sensor to
channel opening, as observed using the Xenopus oocyte
expression system (Neely et al. 1993). However, the 2*5-fold
increase in the Gmax: Qon max ratio explains only a fraction
of the overall 9x2-fold increase in Gmax. The remaining
difference in Gmax must therefore be due to a 3x7-fold
increase in Qon,max with /31A subunit coexpression, which
indicates a 3-7-fold increase in the number of functional
channels.

In contrast, no change in Qon,max was observed in similar
experiments using Xenopus oocytes to examine the effect
of /32A coexpression (Neely et al. 1993). This discrepancy
could be explained by differences in the expression system
used, i.e. mammalian cultured cells compared with
amphibian oocytes. It is less likely to be due to differences
in the subunit coexpressed, as previous studies in oocytes
have demonstrated similar increases in macroscopic current
with the /31A and /32A subunits coexpressed with the alc
subunit (Singer et al. 1991; Hullin et al. 1992).
Furthermore, preliminary experiments using the /32A

subunit coexpressed in HEK293 cells have demonstrated
similar results to /3lA coexpression (data not shown).

DISCUSSION
HEK293 cells have been used to express the aC ±#81A
subunits of the L-type Ca2P channel. Coexpression of the
/1A subunit was demonstrated to increase IBa due to a 9-2-
fold increase in Gmax. The mechanism of this increase in IBa
can be attributed to both an increase in the probability of
the channels being open (2-5-fold increase in Gmax: Qon,max)
and to an increase in the number of functional channels
(3*7-fold increase in Qon,max) Possibly, the changes in gating
can be ascribed to changes in the modes of gating of the
channels. Single-channel studies will be needed to examine
this issue. The putative increase in the number of functional
channels may reflect changes in membrane trafficking by
the 3lIA subunit. Recent immunocytochemical studies using
HEK293 cells have demonstrated that /2A subunit
coexpression results in increased surface membrane
localization of the axc subunit without affecting the total
amount of expressed a,c subunit (Chien et al. 1995). The
mechanism of the /3 subunit effect on the membrane
trafficking of the alc subunit requires further investigation.
A role for auxiliary subunits in modifying not only the
gating, but also the membrane trafficking of channels, is
emerging as a common theme as similar conclusions have
been reached for Na+ channels (Nuss, Chiamvimonvat,
Perez-Garcia, Tomaselli & Marban, 1995).
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