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ABSTRACT The CaV1.2 L-type calcium channel is a key conduit for Ca2þ influx to initiate excitation-contraction coupling for
contraction of the heart and vasoconstriction of the arteries and for altering membrane excitability in neurons. Its a1C pore-form-
ing subunit is known to undergo extensive alternative splicing to produce many CaV1.2 isoforms that differ in their electrophys-
iological and pharmacological properties. Here, we examined the structure-function relationship of human CaV1.2 with respect to
the inclusion or exclusion of mutually exclusive exons of the N-terminus exons 1/1a and IS6 segment exons 8/8a. These exons
showed tissue selectivity in their expression patterns: heart variant 1a/8a, one smooth-muscle variant 1/8, and a brain isoform
1/8a. Overall, the 1/8a, when coexpressed with CaVb2a, displayed a significant and distinct shift in voltage-dependent activation
and inactivation and inactivation kinetics as compared to the other three splice variants. Further analysis showed a clear additive
effect of the hyperpolarization shift in V1/2inact of CaV1.2 channels containing exon 1 in combination with 8a. However, this ad-
ditive effect was less distinct for V1/2act. However, the measured effects were b-subunit-dependent when comparing CaVb2a with
CaVb3 coexpression. Notably, calcium-dependent inactivation mediated by local Ca2þ-sensing via the N-lobe of calmodulin was
significantly enhanced in exon-1-containing CaV1.2 as compared to exon-1a-containing CaV1.2 channels. At the cellular level,
the current densities of the 1/8a or 1/8 variants were significantly larger than the 1a/8a and 1a/8 variants when coexpressed
either with CaVb2a or CaVb3 subunit. This finding correlated well with a higher channel surface expression for the exon
1-CaV1.2 isoform that we quantified by protein surface-expression levels or by gating currents. Our data also provided a deeper
molecular understanding of the altered biophysical properties of alternatively spliced human CaV1.2 channels by directly
comparing unitary single-channel events with macroscopic whole-cell currents.
INTRODUCTION
Voltage-gated Ca2þ channels play a pivotal role in excitable
cells, where they transduce electrical signals into a large
spectrum of cardiovascular and neurophysiological func-
tions such as excitation-contraction coupling in muscles,
hormone secretion in endocrine cells, and excitation-
transcription coupling in neurons (1–8). The functional
CaV1.2 channel is a heteromultimeric protein complex con-
sisting of the pore-forming a1C submit in association with
the a2d and the b subunits. The auxiliary subunits regulate
surface membrane expression and channel kinetics (9–12).
The inactivation of CaV1.2 calcium channels is a dy-
namic and fast (milliseconds) intrinsic regulatory process,
composed of voltage and time-dependent components, that
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serves to tightly control the amount of Ca2þ entering a
cell during membrane depolarization. Apart from this
intrinsic nature of the CaV1.2 channel to activate and inac-
tivate upon sensing membrane depolarization, alternative
splicing can modify channel properties and fine-tune Ca2þ

entry to affect membrane excitability (13,14). Altered or de-
railed regulation of the splicing machinery of the CaV1.2
subunit has been shown to result in severe phenotypes
with life-threatening cardiovascular disorders (15–17). To
date, it has been reported that at least 20 out of 56 exons
encoding the human CaV1.2 channel undergo alternative
splicing (18–24). However, the biological and phenotypic
consequences attributed to each alternative splicing event
are not well understood. In previous works by our
group and others, we have demonstrated the diversifica-
tion of CaV1.2 pharmacological and electrophysiological
properties by alternative splicing and have related their rele-
vance and importance to vasotone and cardiac arrhythmia
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(21,25–29). Recently, we reported for the first time the se-
vere in vivo consequences of the altered CaV1.2 channel
biophysical property arising from the exclusion of cassette
exon 33 and suggested its role in the pathomechanism of hu-
man heart failure (14). In this report, we aimed to evaluate
the functional consequences underlying alternative splicing
within the N-terminus and domain I of the human CaV1.2
calcium channel. It has been shown that alternative splicing
at exon 1 of the N-terminus of CaV1.2 affects channel regu-
lation and its surface expression (30–33). On the other hand,
there exists tissue-selective distribution of CaV1.2 tran-
scripts of the predominant heart 1a/8a and one smooth-mus-
cle 1/8 isoform (19). To date, combinations of 1a/8a, 1a/8,
1/8a, and 1/8 have been described, but they have neither
been characterized together nor by single-channel record-
ings for careful analysis (24).

Here, we report that voltage-dependent inactivation,
inactivation kinetics, membrane surface expression, and
local Ca2þ-sensing calmodulin (CaM) N-lobe regulation
of CaV1.2 channels are influenced by the N-terminus and
domain I composition, with particular attention focused on
exons 1/1a and exons 8/8a. By using an electrophysiological
approach and a direct comparison of micro- and macrocur-
rents, the 1/8a-CaV1.2 isoform was characterized to display
a clearly distinguishable inactivation kinetic that is more
accelerated as compared to the 1a/8a splice variant. These
results suggest that both the N-terminus and IS6 have a
different impact on voltage and/or inactivation kinetics.
Although exon 1a produced modest NSCaTE (34) effects
involving local Ca2þ-sensing by the N-lobe of CaM
(N-lobe calcium-dependent inactivation (CDI)), exon 1
modulates N-lobe CDI to a larger extent (f300 at 0 mV) as
it was more enhanced. Overall, exon-1-containing CaV1.2
channels displayed significantly larger Ba2þ and Ca2þ cur-
rents, which correlated well with a higher channel surface
expression that we quantified by a biotinylation approach
and by examining voltage segment movements (Qon).
A direct comparison of all isoforms showed a much
larger ion movement across the cell surface membrane
upon depolarization for the exon-1-containing CaV1.2 chan-
nels, whereas the single-channel gating properties remained
unaltered. Our data reveal interesting and unexpected infor-
mation about CaV1.2 channel gating kinetics underlain by
alternative splicing of the N-terminus and domain I.
MATERIALS AND METHODS

Generation of cardiac- and brain-specific CaV1.2
calcium channel isoforms

The various human splice variants we generated from the reference

clone 77WT isoform (1/8/D9*/22/32) that was kindly provided by

Dr. Roger Z€uhlke. For subclonings, 77WT was digested with Xba I

and Afe I, and the respective fragments containing 1a/8a, 1/8a, and

1a/8 were substituted into 77WT. All constructs were verified by DNA

sequencing.
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Cell culture and transient transfection

HEK 293 cells were transiently transfected with equimolar amounts (1.5 mg

cDNA) of a1c isoforms, rat b2a or b3, and a2d1 (kind gifts of Dr. Terry P.

Snutch, UBC, Canada) and 0.25 mg T-antigen plasmid using the calcium

phosphatemethod. ForNSCaTECDI experiments, 1 mg of CaM3,4 was addi-

tionally co-transfected. Cells were then incubated at 37�C, 5% CO2 for 48–

72 h before patch-clamp electrophysiological experiments were performed.
Whole-cell patch-clamp recordings

Ba2þ currents (IBa) of humanCaV1.2 isoformswere recorded from transiently

transfectedHEK293 cells in thewhole-cell or cell-attached configuration. For

whole-cell recordings, the external solution contained (inmM): 140 tetraethy-

lammoniummethanesulfonate (TEA), 10 HEPES, 5 BaCl2 or 5 CaCl2 with a

pH adjusted to 7.4 (CsOH), and an osmolarity of 310–330 (Glucose). The in-

ternal pipette solution contained (inmM): 138 Cs-MeSO3, 5 CsCl, 0.5 EGTA,

1MgCl2, 10HEPES, and2mg/mLMg-ATP, pHadjusted to7.3 (CsOH),milli-

osmole 290–330 (Glucose). ForNSCaTECDI experiments, 0.5mMEGTAor

10 mM BAPTA (A4926; Sigma-Aldrich, St. Louis, MO) was used in the in-

ternal pipette solution. Pipette resistance of borosilicate pipettes was usually

1.5–2.5 MU. The series resistance (usually<8 MU) and the cell capacitance

was directly taken from a MultiClamp 700B Amplifier (Molecular Device,

San Jose, CA) and compensated to its maximal extension (�70%) to avoid

current oscillation. Barium currents were sampled at 10 kHz and low-pass-

filtered at 1 kHz. Raw data acquisition was obtained with pClamp 10 and

stored in a common CPU. Data analysis and curve fitting were performed

by using GraphPad Prism IV software (San Diego, CA). The current-voltage

(I-V) relationshipwas obtained fromaholdingpotential (HP)of�100mVand

pulsed for 900 ms to various testing potentials (TP) starting from �60

to þ50 mV (D10 mV increments). The elicited currents (IBa) were then

normalized over all TP to its peak maximal currents. The I-V relationship

was fitted with a modified Boltzmann, respectively:

I ¼ Gmax � ðV � ErevÞ
1þ exp½ðV � V0:5Þ=kact�; (1)

where Gmax is the maximal slope conductance, Erev is the reverse potential,

V0.5 is the half-maximal activated potential, and k is the slope factor. The
steady-state inactivation was obtained from an HP of �100 mV stepping to

a normalizing pulse of 10mVfor 30ms, followed by a series of 15 s. Prepulses

went from�120 to 20 mV. Finally, a 104-ms-long test pulse toþ10 mVwas

recorded. Data were fitted with a single Boltzmann, respectively:

I ¼ Imin þ ðImax � IminÞ
1þ exp½ðV0:5 � VÞ=kinact�; (2)

where I is the normalized current, Imin and Imax are the current extremes, and

V0.5 is the half-maximal inactivation. The steady-state activation kinetics was
determined by tail currents, in which cells were depolarized by a 20-ms test

pulse of a series of activating potentials starting from�60 toþ120 mV. Tails

were thenmeasured after repolarization to�50mVfor 10ms, and the normal-

ized currents were fitted with a dual Boltzmann function, respectively:

G

Gmax

¼ Flow

1þ exp½ðV0:5;low � VÞ=klow�
þ 1� Flow

1þ exp
��
V0:5;high � V

��
khigh

�; (3)

withG as the tail current andGmax as the peak tail current.Flow is the fraction

of the low-threshold component;V0.5,low,V0.5,high, klow, and khigh are the half-

activation potentials and slope factors for the low and high threshold compo-

nents; and V1/2act was determined when G¼ 0.5Gmax. Whole-cell data were

leak- and capacity-corrected with an onlineP/4 protocol. The liquid junction

potential was not corrected in the experiment.



CaV1.2 N-Terminal and Domain I Variants
Cell-attached patch-clamp recordings were recorded using an Axopatch

200B amplifier (Axon Instruments, Foster City, CA). Data were filtered at

2 kHz (�3 dB, four-pole Bessel) and sampled at 10 kHz. Cells were depolar-

ized (in mM) with 110 BaCl2 and 10 mM HEPES (pH 7.4) (TEA-OH) for

150 ms from an HP of �100 mV to its maximal resolvable TP of

usually þ10 mV. Pulse frequency was 1 kHz to fully allow for recovery of

the channels in the patch. To collapse the membrane potential, a potassium-

rich bath solution was used containing (in mM): 120 K-glutamate, 25 KCl, 2

MgCl2, 10 HEPES, 2 EGTA, 1 CaCl2, 1 Na2-ATP, and 10 dextrose (pH 7.4)

(KOH). Thermal noisewas reduced by heavy elastomeric-coated pipettes (bo-

rosilicate glass, 6–7MU) using Sylgard184 (DowCorning,Midland,MI). The

pClamp10 softwarepackagewasused for data acquisition and analysis.All ex-

periments were carried out at room temperature (21–23�C). Raw data single-

channel events were detected using the half-height criterion (35) and digitally

leak- and capacity-corrected. The filter rise time (tr) of our system was calcu-

lated to approximately at 166 ms, based on tr¼ 0. 3321/fc, where fc represents

the cutoff frequency at 2 kHz. Consequently, events<166 ms were not consid-

ered as channel events, as they were more likely to be of systemic artificial

origin. The number of channels in the patch was estimated by the occurring

number of staged openings recorded over several minutes at depolarizing

TP.Usually patcheswithmore than three channelswere not considered for sta-

tistical analysis because of an overinterpretation of channel open probability

(Popen). Channel correction and number were adopted from previous publica-

tions (36,37). For a sufficient statistical analysis, a minimum of 180 traces was

recorded for eachexperiment.Themeanensemble average currentwasderived

from180 idealized traces,whereas the localmaximum(Ipeak)was estimated by

using a simple smoothening algorithm (fast Fourier transform) to abolish high-

frequency noise. The fraction of active sweeps (availability) was calculated by

the number of active traces (Mactive) divided by the total number of sweeps

(M0). Dwell-time histogram binning was performed according to Sigworth

and Sine (38) and fitted with a mean simplex method.
Surface protein biotinylation assay

For surface biotinylation of CaV1.2 channels transfected into HEK 293 cells,

CaV1.2 proteins were biotinylated using an EZ-Link Sulfo-NHS-Bio-

tinylation Kit (Thermo Fisher Scientific, Waltham, MA). Briefly, cells

were incubated with 0.5 mg/mL biotin for 1 h at 4�C. Unbound biotin

was removed in quenching buffer by incubating for 20 min, and the proteins

were washed with phosphate-buffered saline buffer. After the measurement

of protein concentration, NeutrAvidin (Pierce, Appleton, WI) was used to

pull down the biotinylated surface proteins by incubating with cell lysates

overnight. Avidin-bound proteins were eluted by boiling in 2� sample

loading buffer and then loaded on SDS-PAGE gel.
Statistics

Data are given as pooled data with their mean values with standard

error, respectively (mean 5 SE). Statistical comparison of several groups

was performed by a one-way analysis of variance (ANOVA) and subsequent

Bonferroni correction if not stated otherwise. Additionally, an unpaired

t-test was performed to compare partner groups. Data were considered as

statistically significant based on a 95% confidence interval.
RESULTS

Whole-cell electrophysiological recordings of
N-terminal alternatively spliced CaV1.2 isoforms
revealed changes in current density and channel
kinetics

The expression of the human heart CaV1.2 isoform has
been described to be regulated by a distinct 50 regulatory
element employing a promoter for tissue-specific expression
(39,40). The N-terminal exon 1 can be alternatively spliced
by utilizing alternative 50 promoters to produce exon 1a,
which is predominantly expressed in cardiac muscle cells;
exon 1, which is predominantly expressed in smooth muscle
cells; or exon 1c, which is highly expressed in resistance and
cerebral arteries (26,31,32,41). We and others have eluci-
dated the presence of multiple splice variants in rats and
rabbits, and these variants showed distinct electrophysiolog-
ical and pharmacological properties and modulatory sites
(19,20,24,42,43). Notably, exon 1c is mainly expressed in
arterial myocytes and to a lesser extent in cardiac myocytes
(31). By using the traditionally known and narrowly defined
cardiac-muscle- (exons 1a/8a) specific and one smooth-
muscle- (exons 1/8) specific CaV1.2 isoforms (25), which
differ only in the N-terminus and domain 1, we have charac-
terized their macroscopic and microscopic currents. To fully
characterize the four permutations of exons 1/1a in combi-
nation with mutually exclusive exons 8/8a, we generated
the two other constructs containing either 1a/8 or 1/8a of
CaV1.2 by simply substituting them into the reference
77WT clone that Z€uhlke et al. (44) reported (Fig. 1, A–C).
The brain 1/8a splice variant was isolated in rats, but the pre-
dominant combinatorial splicing pattern in the brain is less
well defined (45). To determine the I-V, the splice variants,
with CaVb2a and CaVa2d1, transfected into HEK 293 cells
were depolarized for 900 ms from a HP of �100 mV to
various TP (starting from �60 to þ50 mV, D10 mV incre-
ments). Representative current traces of comparable cell
size (Fig. 2 A) showed larger maximal IBa that appeared to
be three- to fourfold larger for the 1/8a isoform in compar-
ison to all other isoforms. The currents, obtained after fitting
with a Boltzmann-Ohm function (Eq. 1), indicate a potential
change in activation/inactivation kinetics, of which the 1/8a
was most pronounced (Fig. 2 B). In corroboration, the half-
maximal activation potential (V1/2) for 1/8a was shifted by
up to �5.0 mV to more hyperpolarized potential, which is
significantly more negative as compared to the isoforms
1a/8a, 1/8, and 1a/8 (Fig. 2 B; Table 1). Furthermore, an
obvious increase in current density, which was observed
over a range of depolarizing TP, could be detected for the
exon 1 isoform (Fig. 2 C; Table 1). On average, the current
density of the 1/8a isoform was increased with a maximal
conductance (Gmax) of more than 100% as compared to
the 1a/8a isoform. To further test for relevance in the
smooth muscle context, we performed experiments coex-
pressing the isoforms with the smooth-muscle-expressing
b3-subunit instead of the previously used b2a-subunit
(Fig. S1, A–C; Table S1). Overall, the data clearly indicate
that the exon-1-containing isoforms have bigger current
densities as compared to exon-1a-containing splice variants
and that this effect is b-subunit independent. These results
suggest that higher channel surface expression could be
associated with channels expressing the shorter N-terminal
exon 1.
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FIGURE 1 (A) Topology of the CaV1.2 channel

structure with the four transmembrane spanning

domains I-IV. Relevant alternative splicing sites

are highlighted in black. (B) A schematic represen-

tation of the splicing profile of CaV1.2 isoforms

1/8, 1a/8, 1/8a, and 1a/8a is shown. (C) The amino

acid alignment of the long-form exon 1a and the

short-form exon 1 of CaV1.2 is given.
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We further examined the steady-state inactivation prop-
erty of the various isoforms and found that the 1/8a showed
faster voltage-dependent inactivation during depolarization
to maximal Vmax than 1a/8a (Fig. 3 A, left), and the percent-
age of Ba2þ inward currents was significantly reduced
at 0.3, 0.6, and 0.9 s pulses to Vmax by more than 40%
(Fig. 3 C, left). However, this trend was not observed
when comparing 1/8 with 1a/8 isoforms (Fig. 3, A and C,
right). This demonstrates that voltage-dependent inactiva-
tion is primarily determined by the shorter exon 1 as
compared to 1a and in the context of 8a. However, exons
8/8a coding for domain IS6 seemed to be additionally
involved in the modulation of channel inactivation, with
8a producing a larger amount in inactivation. We then eval-
uated the time course of inactivation (t-values) that we ob-
tained from monoexponential fits. The t-values for the
isoforms containing exons 1/8a and 1a/8a were significantly
faster at 0 mV as compared to 1a/8 and 1/8 (Fig. 3 B, two-
way ANOVA, Tukey’s multiple comparison, ***p < 0.001
and **p < 0.001). The faster time course in channel inacti-
vation clearly determines the involvement of segment IS6 in
CaV1.2 channel inactivation.
Local Ca2D-sensing N-lobe regulation of CaV1.2
by CaM is modulated by exon 1 alternative
splicing

Global and local Ca2þ levels within a cell have been
described to be selectively sensed through a distinct
mechanism involving the N- and C-lobes of Ca2þ/CaM-
modulating CaV calcium channels (46–48). Additionally,
N-terminal spatial Ca2þ selectivity has been reported to un-
dergo modulation via the N-lobe of CaM and the N-terminal
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spatial Ca2þ transforming element (NSCaTE) of L-type
CaV1.2 and CaV1.3 calcium channels (34).

To examine whether alternative splicing of exon 1 may
affect N-lobe CDI, we co-transfected CaM34, in which
the two C-lobe EF hands are mutated, with the various
CaV1.2 splice variants and performed whole-cell recordings
in either 0.5 mM EGTA or 10 mM BAPTA. Here, we report
that N-lobe CDI was manifested by a stronger accelerated
decay of ICa against IBa currents for the 1/8a isoform
(Fig. 4 C) over the 1a/8a isoform (Fig. 4 A) in 0.5 mM
EGTA, whereas in 10 mM BAPTA, there was no significant
difference (Fig. 4, B andD). Although global Ca2þ buffering
by 0.5 mM EGTA resulted in significantly more robust CDI
for the 1/8a splice variant as compared to the 1a/8a variant,
in local Ca2þ buffering conditions (10 mM BAPTA) the ef-
fect was not significantly different (Fig. 4 E, unpaired t-test
*** p < 0.001, 0 mV).

Overall, the data showed that although exon 1a supports a
modest N-lobe CDI, the inclusion of exon 1 produces more
than a 70% increase in CDI triggered by local Ca2þ-sensing
by the N-lobe.
CaV1.2 channel inactivation and activation
kinetics are influenced by the N-terminus and IS6
segment

To further determine the changes in biophysical gating
properties, we analyzed the kinetics of inactivation and
activation under steady-state conditions (Figs. 5 and 6).
To examine CaV1.2 channel inactivation kinetics, HEK
293 cells were held for 15 s at various potentials, a
short test pulse before and after the prepulse was re-
corded, and the remaining currents were normalized to



FIGURE 3 Inactivation kinetics of CaV1.2 isoforms. (A) A comparison

of superimposed traces normalized to the maximal current for 1/8a_

1a/8a (left) and 1/8_1a/8 (right) is shown. (B) The voltage-dependent

inactivation (Tau inactivation values) was determined with a monoexpo-

nential fit at TP of 0, 10, 20, and 30 mV. (C) The percentage of channel

inactivation was determined at time points 0.3, 0.6, and 0.9 s. The statis-

tical significance was determined by a Student’s t-test (B), *p < 0.01,

**p < 0.001, and ****p < 0.0001, and (C), statistical significance

among groups for each TP was obtained by a two-way ANOVA, fol-

lowed by a Tukey’s multiple comparisons test, ***p < 0.001, **p <

0.01, and n ¼ 8–18 cells.

FIGURE 2 Current-voltage (I-V) relationships of N-terminal-spliced

CaV1.2 isoforms determined by electrophysiological recordings in 5-mM

Ba2þ. (A) Representative current traces recorded at a holding potential

(HP) of �100 mV and stepped to various depolarizing test potentials

(TPs) of �60, �30, �10, 0, and 30 mV are shown. (B) An ensemble of

normalized I-V relationships of N-terminal-spliced isoforms is shown.

The I-V relationships were fitted with a modified Boltzmann-Ohm function.

Currents were elicited over various TPs for 900 ms. (C) The current den-

sities were normalized to the cell capacitance (pA/pF). The number of re-

corded cells and kinetic constants are tabulated in Table 1.

CaV1.2 N-Terminal and Domain I Variants
the initial current (Fig. 5 A). The half-maximal inac-
tivation (V1/2inact) of 1/8a was shifted by more than
�10 mV to more hyperpolarized potentials (Fig. 5 B;
*p < 0.05, one-way ANOVA, Table 2), whereas the
half-maximal activation (V1/2act.) kinetics only changed
marginally but significantly by �2 mV (Fig. 6, A and B,
one-way ANOVA, *p < 0.05, Table 3). Overall, the slope
factors remained similar for steady-state inactivation and
the lower component of GV curves (Klow) across all four
TABLE 1 I-V Relationship of CaV1.2 Isoforms in 5 mM Ba2D

Parameters/Splice Isoform V1/2 (mV) k

1a/8 �12.9 5 0.5a �7.0 5 0.3

1a/8a �14.4 5 0.5b �6.3 5 0.4

1/8 �15.2 5 0.7a �6.0 5 0.5

1/8a �18.4 5 0.7a,b �5.4 5 0.5

Pooled data are fitted with a combination of a Boltzmann fit and a linear regressio

maximal activation, slope k, and the reverse potential are calculated from the b

density. All data are represented as mean 5 SE. Significance was analyzed b
b/bp < 0.001, c/cp < 0.01, d/dp < 0.001, e/ep < 0.05.
isoforms. On the higher component (Khigh), a much larger
discrepancy in slope was observed and at the same time
with a much bigger standard error. Besides CaVb2a, we
also tested CaVb3 to evaluate changes in the biophysical
properties of the CaV1.2 splice variants for relevance of
their functions in smooth muscle and brain tissues (32).
In a direct comparison of kinetic activation and inactiva-
tion, parameters were affected, although to a much weaker
Erev (mV) n Gmax (pA/pF) n

45.5 5 0.5 9 0.47 5 0.06d,e 14

46.9 5 0.6 11 0.67 5 0.07c 19

47.0 5 1.0 7 0.93 5 0.12e 23

45.4 5 0.5 13 1.2 5 0.1d,c 17

n either after normalization to its maximal currents or cell capacitance. Half-

est fit model. The maximal conductance Gmax is derived from the current

y a one-way ANOVA, Bonferroni corrected, a/ap < 0.05, a/ap < 0.0001,
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FIGURE 4 Inclusion of alternative exon 1a or 1 influences the extent of NSCaTE-mediated Ca2þ-dependent inactivation. (A) The splice variant 1a/8a was
co-transfected with CaM3,4, and the currents were recorded in the presence of low-buffering 0.5 mM EGTA in the internal solution. The top shows example

traces in Ca2þ (gray) and Ba2þ (black). The current bar refers to the Ba2þ trace, and the Ca2þ trace is normalized to the Ba2þ peak. The bottom gives the

average CDI; r300 refers to the ratio of current at 300 ms of voltage step as compared to the peak current, and f300 to the same at 0 mV. The results are means5

SE; cell numbers are shown in parentheses. (B) The results for 1a/8a CDI, high-buffering 10 mM BAPTA, are shown in the same format as in (A). (C) The

results for 1/8a CDI, low-buffering, are shown in the same format as in (A). (D) The results for 1/8a CDI, high-buffering, are shown in the same format as in

(A). (E) A bar chart reporting the statistics for the f300 values is shown. ***p< 0.001; ns, nonsignificant as compared to the vector control (Student’s unpaired

t-test).
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extent and with a notable and significant change in steady-
state activation involving CaVb3 (Figs. S2 and S3; Tables
S2 and S3).

In summary, the observed kinetic effects are most prom-
inent on exon-1-containing CaV1.2 channels and are, how-
ever, to some extent b-subunit-dependent, with CaVb2a
showing a larger effect on steady-state inactivation, whereas
CaVb3 clearly showed a stronger effect on channel activa-
tion potentials.
Alternative splicing of N-terminus and domain I of
CaV1.2 did not affect unitary basic gating
properties

The macroscopic nature of voltage-gated ion currents (I) can
be approximately described by I ¼ n � i � factive � popen,
where n represents the ‘‘channel number,’’ i is the ‘‘unitary
conductance’’ of a single ion channel, f the channel ‘‘avail-
ability,’’ and p represents the channel’s ‘‘open probability’’
(36). An increased current density can be explained either
by an elevated number of functional channels or by
increased channel open probability. For further evaluation,
we investigated whether the increased current density of
the 1/8a isoform was due to altered single-channel open
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probability (popen) or to an increased number of channels
(n) inserted in the cell surface membrane. We compared uni-
tary currents of all four isoforms in cell-attached patches,
with 110 mM Ba2þ in the pipette solution (HP �100 mV,
TP þ10 mV). Fig. 7, A and B shows 10 consecutive exem-
plary traces with their respective ensemble average currents
of single CaV1.2 isoforms 1a/8, 1a/8a and 1/8, 1/8a. Basic
gating properties such as slow and fast kinetics were not
altered by alternative splicing (Table 4). Besides, a quantifi-
cation of channel open- and closed-state live time did not
uncover any alteration in fast CaV1.2 gating properties
(Fig. S4, A–H; Table S4). Our conclusion regarding the un-
altered single-channel gating properties of all four isoforms
suggests that the observed effect in a higher-current density
for the exon 1 isoform could be due to a higher channel sur-
face expression.
Larger gating currents of isoform 1 revealed an
increase in channel surface expression

Ion channel surface expression can be either determined
by a biochemical method or by analyzing the current density
based on a gating current analysis (Qon) (49,50). The
capacitive voltage-sensor movement of voltage-gated ion



FIGURE 5 Differences in steady-state inactiva-

tion of CaV1.2 isoforms in HEK 293 cells.

(A) Representative Ba2þ traces (5 mM) after 15 s

conditioning pulses elicited at TP of �120, �90,

�60, �40, or �20 mV are shown. (B) The mean

ensemble of the steady-state inactivation kinetics

is shown. The plots are derived from currents

normalized to its maximum and fitted with a single

Boltzmann function. Data are presented as mean5

SE. The kinetic parameters are listed in Table 2.
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channels can be observed based on channel activation
through various depolarizing potentials, whereas the net
ionic inward and outward currents were observed at the
reverse potential (Erev). At the reversal potential, no ionic
current was present, as the net IBa was zero, and only the
small gating currents remained (Fig. 8 A). Fig. 8 A (lower
right panel) shows significantly larger Qon for isoforms con-
taining the exon 1 variant over the exon 1a variant, as shown
for 1/8 over 1a/8 and 1/8a over 1a/8a (unpaired t-test, *p <
0.05, ***p < 0.001).

We additionally quantified our observed increase in cur-
rent density (pA/pF) from Fig. 2 C by plotting the tails
versus the activation potential and normalizing it to the
cell capacitance (Fig. 8 B). Owing to the inherent property
of ion channels to inactivate over time, a tail current proto-
col was used for a more defined analysis of ion conductance
GV, as the number of active channels directly correlates with
the measured tail currents. Again, isoform 1/8a clearly sur-
passed all the other isoforms in supporting a very large cur-
rent density. However, an expected increase in current
density was not observed for the 1/8 isoform as it was in
our I-V experiments. Based on our results and with respect
to CaVb2a modulation, we conclude that 1/8a-CaV1.2 chan-
nels are expressed at a higher level on the plasma membrane
to produce substantially larger gating currents.
Higher surface expressions of exon-1-containing
CaV1.2 splice variants

To validate the gating current results, we used a biochemical
method to detect surface expressions of all the four CaV1.2
splice variants coexpressed with CaVb2a. The membrane-
bound channels were biotinylated, pulled down with
NeutrAvidin, and subjected to Western blot analyses
to detect CaV1.2 protein expressions, and we found
that exon-1-containing CaV1.2 channels were expressed
�2-fold higher than exon-1a-containing channels (Fig. 8 C).
DISCUSSION

Here, we have demonstrated that alternative splicing of the
N-terminus and domain 1 of the CaV1.2 calcium channel
Biophysical Journal 114, 2095–2106, May 8, 2018 2101



FIGURE 6 Activation kinetics of N-terminal-spliced CaV1.2 isoforms.

(A) Tail currents were evoked by repolarizing pulses of 10 ms at

�50 mV after a series of depolarizing TP of �40, 0, 40, or 90 mV.

(B) The mean ensemble average of steady-state inactivation kinetics is

shown. The plot was fitted with a dual Boltzmann function. Data are pre-

sented as mean 5 SE. The kinetic parameters are listed in Table 3.

TABLE 3 Steady-state Activation Kinetics of the Four

Analyzed CaV1.2 Isoforms Obtained in 5 mM Ba2D

Parameters/

Splice Isoform V1/2act. (mV) klow khigh n

1a/8 �3.0 5 1.0a 11.8 5 1.2 52.6 5 32.9 15

1a/8a �3.5 5 1.1b 10.1 5 1.2 63.1 5 22.7 11

1/8 �5.5 5 1.0a,b,c 10.0 5 1.2 28.9 5 26.1 8

1/8a �5.5 5 1.1c 8.4 5 1.5 33.3 5 14.0 9

Half-maximal activation was determined by a dual Boltzmann function

when G ¼ 0.5Gmax. Slope factors (k) are given for the low and high

threshold components of the function. All data are represented as

mean 5 SE. For statistical significance, a one-way ANOVA was applied.

Data were Bonferroni corrected, a/ap < 0.001, b/bp < 0.0001, c/cp <0.001.

Bartels et al.
generated different biophysical properties that differ strik-
ingly in channel inactivation and channel surface expres-
sion. We compared the predominant human heart isoform
1a/8a/D9*/22/32/33 with one human smooth-muscle iso-
form 1/8/D9*/22/32/33 (51). In addition to these isoforms,
TABLE 2 Steady-State Inactivation Currents of CaV1.2

Obtained in 5 mM Ba2D

Parameters/ Splice Isoform V1/2inact. (mV) k n

1a/8 �30.9 5 0.7 �7.6 5 0.6 10

1a/8a �36.0 5 0.9a,c �7.8 5 0.8 10

1/8 �37.2 5 0.9b �7.8 5 0.8 11

1/8a �43.1 5 0.7a,b,c �8.0 5 0.7 9

The half-maximal inactivation (V1/2inact.) was calculated from the normal-

ized currents after a single Boltzmann fit was applied. The slope factor is

given as the k-value, and n represents the number of experiments. Data

are given as mean 5 SE. Significance testing was done by a one-way

ANOVA, Bonferroni corrected, a/ap < 0.01, b/bp < 0.05, c/cp <0.0001.
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we constructed 1/8a/D9*/22/32/33, which depicts a sub-
population of 23% in rat hearts (19) and that was reported
as the rat brain isoform (45), and 1a/8/D9*/22/32/33, which
so far has not been reported to our knowledge. Signifi-
cantly, the 1/8a isoform shows the most distinct difference
in gating patterns with respect to voltage-dependent activa-
tion and inactivation, N-lobe CDI, and, to a smaller extent,
channel activation. On a macroscopic scale, Ba2þ and Ca2þ

currents seemed to be strongly influenced by the choice of
exons 1 or 1a. As reported in 2008, Ca2þ selectivity of the
N-lobe CaM regulation of CaV1.2 and CaV1.3 channels is
not invariably global but can be switched to local Ca2þ-
sensing via binding of the N-lobe on a NSCaTE, located
within the constitutive exon 2 of the N-terminus of
CaV1.2 (34). Although CDI due a to rise in local Ca2þ

has been solely attributed to the C-lobe of CaM (46,47)
and not to the N-lobe, here we show that on transfection
with the mutant CaM3.4 and in 0.5 mM EGTA, the
N-lobe exerted robust CDI upon 900-ms depolarizing
pulses. Of note and in this context, the shorter exon-1-con-
taining CaV1.2 variants responded with a more robust CDI
as compared to the longer exon 1a isoform. This result
implies that local Ca2þ-sensing N-lobe modulation of brain
and smooth-muscle exon-1-containing CaV1.2, being more
robust, will restrict Ca2þ entry. Such a customized CaV1.2
regulation could be beneficial for local Ca2þ entry in
neuronal cells, whose tight control is vital for long-term
synaptic plasticity (52–54), or in cardiac cells for ven-
tricular excitability (55). Interestingly, a human mutation,
A39V, has been identified in patients suffering from Bru-
gada syndrome, a cardiac disorder that exhibited CaV1.2
loss of function resulting in ventricular arrhythmia (56).
The alanine at position 39 of 1/8a isoform is 13 amino
acids away from W52, which is the tryptophan residue
that is critical for CaM binding (57). For the 1a/8a isoform,
the critical tryptophan residue (W) is at position 82 (W82)
(34). The A39V mutation attenuated N-lobe CDI, in which
the f300 index, a measure of CDI, is reduced by 50% (58).
However, in the report, the ‘‘neuronal’’ isoform of 1/8a was
used, and in our results, this isoform produced robust
N-lobe CDI as compared to the heart 1a/8a isoform. An



FIGURE 7 Exemplary single-channel traces of

recombinant CaV1.2 calcium channel isoforms.

HEK 293 cells were transiently transfected with

Cav1.2, a2d1, b2a, and GFP in equal molar ratios.

An illustration of the applied pulse protocol

(150-ms pulse length, HP of �100 mV, test pulse

to þ10 mV, interpulse time 1 Hz) is shown.

(A) Ten representative consecutive traces of at least

180 recorded sweeps per experiment are high-

lighted for each channel isoform. (B) The mean

ensemble average current derived from 180 traces

is shown. Scale bar is given in pA for single-chan-

nel events and in fA for averaged traces.
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attenuation of N-lobe CDI would have been a rather large
gain of function with regards to the 1/8a variant. However,
we speculate that if the 1a/8a isoform were characterized,
the gain of function would have been modest, and as
such, the A39V main loss-of-function effect could primar-
ily have arisen from lower surface expression of the mutant
channels (56), as the surface expression of the 1/8a-A39V
mutant channels was similar to wild-type (59). Taken
together, this may explain the seeming lack of overt neuro-
logical phenotype in Brugada patients.

Besides CaM binding to the N-terminus of CaV1.2,
calcium-binding protein (CaBP1) also binds to a region
more distal to the CaM binding site to influence function
(60,61). CaMKII that has been reported to be tethered to
the N-terminus of CaV1.2 is likely to work in tandem with
CaM binding to W52 (62). However, discovering how alter-
native splicing of the N-terminus may affect all these inter-
actions will require future work. For the CaV2 channels, the
N-terminus of CaV2.1 plays a role in the proper folding of
the protein, and the N-terminus of the truncated channel
plays a dominant negative role to downregulate the func-
TABLE 4 Synopsis of Single-Channel Parameter Derived from HEK

a2d1 and b2a

Parameters/Splice Isoform 1a/8 1a/8a

Availability (%) 68 5 10 (6) 60 5 7 (9)

Popen (%) 4.1 5 0.7 (6) 3.0 5 0.5 (9)

Iunitary (pA) 0.82 5 0.04 (6) 0.88 5 0.03 (9

Ipeak (fA) 48 5 9 (6) 48 5 8 (9)

Mean open time (ms) 0.44 5 0.04 (6) 0.35 5 0.04 (8

topen (ms) 0.32 5 0.03(6) 0.29 5 0.03(8

Mean close time (ms) 9.3 5 2.7 (6) 5.6 5 1.4 (6)

Unitary events were recorded with a 110-mM intracellular barium solution from

150 ms. Parameters were idealized after semiautomatic leak subtraction with pC

values. Tau values for mean close time could not be determined because of a too

sweeps (availability) and open probability (Popen) were corrected according to th

extreme of the maximal peak (Ipeak) was derived from mean-ensemble average cu

in parenthesis. Parameters are given as mean 5 SE. A one-way ANOVA was u

p > 0.05.
tional channels via the unfolded protein response and endo-
plasmic-reticulum-associated protein degradation (63,64).
However, a native CaV1.2 N-terminus splice variant that
contained exons 1 and 2, because of a premature stop codon
just upstream of exon 2, could not exert a dominant effect on
N-lobe CDI (34). For the CaV2.2 channel, three amino acids
(S48, R52, and R54) found within the N-terminus are crit-
ical for G-protein modulation (65).

Exons 8 and 8a moderated additionally voltage-
dependent inactivation and inactivation kinetics. Whole-
cell patch-clamp electrophysiological experiments clearly
showed that inactivation in all four isoforms was enhanced
in correlation with CaV1.2 molecular identity in the
following order in the presence of CaVb2a: 1/8a > 1a/8a
> 1/8 > 1a/8 (Table 2). Several direct and indirect mecha-
nisms have been proposed for channel inactivation, with
key contributions of the N-terminus of the b-subunit, the
IS6, I-II and II-III loops, and the C-terminus of the a1-sub-
unit (66–71). Human mutations in exons 8 and 8a of the
CACNA1C gene have been associated with the multiorgan
disorder Timothy’s syndrome (16,72). Although most
293 Cells Transiently Transfected with Human CaV1.2 Isoforms

1/8 1/8a p-value

61 5 9 (8) 52 5 11 (5) p > 0.05

6.0 5 0.7 (8) 4.2 5 0.8 (5) p > 0.05

) 0.78 5 0.04 (8) 0.79 5 0.03 (5) p > 0.05

46 5 9 (8) 53 5 16 (5) p > 0.05

) 0.35 5 0.04 (8) 0.36 5 0.05 (5) p > 0.05

) 0.29 5 0.03(8) 0.31 5 0.04 (5) p > 0.05

5.6 5 1.4 (6) 4.7 5 1.9 (5) p > 0.05

cells held at a holding potential (HP) of�100 mVand pulsed toþ10 mV for

lamp10. Mean open time and mean close time are given as arithmetic mean

-small number of real single-channel events (n ¼ 1). The fraction of active

e channel number (n). Iunitary was analyzed by visual estimation. The local

rrents (>180 sweeps) after smoothening. The recorded cell number is given

sed to determine statistical significance with a 0.05% confidence interval,
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FIGURE 8 Quantification of surface expressions

of CaV1.2 splice variants. (A) The Qon measured by

tail protocol from HEK 293 cells transfected with

CaV1.2 calcium channel isoforms is shown. Repre-

sentative traces (top panel) of step depolarizations

to the reversal potential (Erev) were elicited for

20 ms with a subsequent hyperpolarizing pulse of

�50 mV for 10 ms, during which the gating current

was measured. The movement of the total

charge, ON-gating (Qon), during depolarization,

was recorded in 5-mM Ba2þ. A magnification of

exemplary Qon currents (bottom, left panel) for iso-

forms 1/8a_1a/8 (left) and 1/8_1a/8a (right) is

shown. Qon was normalized to its capacitance

(pF). A box-plot for ON-gating currents is given

(bottom, left panel). Data show median, 25, and

75% percentiles, minimum and maximum. An un-

paired t-test was used for significance testing, *p <

0.05, **p< 0.01. (B) The GV relationship obtained

from tail currents that were normalized to their cell

capacitance is shown. (C) The surface protein

levels of N-terminal CaV1.2 splice variants in trans-

fected HEK 293 cells are shown. Representative

western blot and quantifications of biotinylated sur-

face 1/8a, 1/8, 1a/8a, and 1a/8 isoforms overex-

pressed in HEK 293 cells are shown (n ¼ 4; left

panel). An unpaired t-test was used for significance

testing, *p< 0.05 and p**< 0.01 (population data;

right panel).
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patients die of cardiac arrhythmia, they also display neuro-
logical disorders such as autism. In line with our findings, it
should be worthwhile to characterize these mutations in the
context of the combinatorial splicing patterns of the CaV1.2
channels as identified in various cell types that critically
contribute to phenotype (73).

We further analyzed the splicing-dependent gating prop-
erties on a microscopic scale by using single-channel
recordings. The basic gating properties of unitary CaV1.2
isoforms remained remarkably constant with regard to
slow and fast channel kinetics and with no significant differ-
ences, particularly in channel open probability, availability,
and unitary current amplitude. This finding, however, was in
good agreement in the CaV1.2 channel splice variant surface
expression that we confirmed by quantification of surface
protein levels and gating chargesQon on the membrane. Pre-
vious studies by our group revealed that the 1/8a isoform
2104 Biophysical Journal 114, 2095–2106, May 8, 2018
represents a small subpopulation of CaV1.2 channels in
the heart of Wistar-Kyoto rats, and this isoform could be
the predominant isoform in the human brain.

The physiological implications for the larger 1/8a-Cav1.2
cell surface expression and current density could be ad-
dressed via genetic targeting, such as replacing exon 8a
with exon 8 to produce only the 1/8 genotype. In 2007, a
novel N-terminal splice variant exon 1c was reported, and
this variant was found to be abundantly expressed in rat
myogenic arteries and to a lesser extent in cardiac muscles.
Interestingly, exon 1c is expressed in rats but not in humans
or mice. A comparison of the 1c isoform with the shorter
exon 1 isoform revealed a significant difference in channel
activation/inactivation property and inCa2þ-dependent regu-
lation in a b-subunit-dependent manner when evaluated in
cerebral arteries. Auxiliary CaV1.2 subunits, such as the
b- or a2d-subunit, are known to be involved in channel
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trafficking via interaction with the endoplasmic reticulum
retention or exit signals. However, although the idea iswidely
accepted that the N-terminus of CaV1.2 is essential for
plasma membrane trafficking and that this regulation is sub-
ject to b-subunit regulation, a thorough investigation using
various human b-subunit isoforms b1, b2a, b3, and b4 in com-
bination with the CaV1.2 1/1a/1c isoforms is lacking.

In summary, we directly compared the functional differ-
ences between the human CaV1.2 1/1a and 8/8a isoforms
at a macroscopic and microscopic level and found that the
N-terminal length decoded by exon 1 affects channel inacti-
vation and surface expression. Further work will be required
to determine whether various auxiliary subunits and/or
phosphorylation by protein kinase A and/or C could further
expand on the diversity of CaV1.2 function to customize to a
specific physiological response or pathological condition.
SUPPORTING MATERIAL

Four figures and four tables are available at http://www.biophysj.org/
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