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between C-Terminal CaV1.3 Isoforms
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ABSTRACT Voltage-dependent calcium (CaV) 1.3 channels are involved in the control of cellular excitability and pacemaking
in neuronal, cardiac, and sensory cells. Various proteins interact with the alternatively spliced channel C-terminus regulating
gating of CaV1.3 channels. Binding of a regulatory calcium-binding protein calmodulin (CaM) to the proximal C-terminus leads
to the boosting of channel activity and promotes calcium-dependent inactivation (CDI). The C-terminal modulator domain (CTM)
of CaV1.3 channels can interfere with the CaM binding, thereby inhibiting channel activity and CDI. Here, we compared single-
channel gating behavior of two natural CaV1.3 splice isoforms: the long CaV1.342 with the full-length CTM and the short
CaV1.342A with the C-terminus truncated before the CTM. We found that CaM regulation of CaV1.3 channels is dynamic on a
minute timescale. We observed that at equilibrium, single CaV1.342 channels occasionally switched from low to high open
probability, which perhaps reflects occasional binding of CaM despite the presence of CTM. Similarly, when the amount of
the available CaM in the cell was reduced, the short CaV1.342A isoform showed patterns of the low channel activity. CDI also
underwent periodic changes with corresponding kinetics in both isoforms. Our results suggest that the competition between
CTM and CaM is influenced by calcium, allowing further fine-tuning of CaV1.3 channel activity for particular cellular needs.
INTRODUCTION
Voltage-dependent calcium (CaV) channels conduct calcium
ions into excitable cells upon membrane depolarization.
From the family of closely related L-type CaV channels
(CaV1.1–CaV1.4), CaV1.3 channels activate at most nega-
tive voltages, making them suitable to operate at threshold
potentials (1). CaV1.3 channels are expressed in central
neurons, endocrine cells, atria and the sinoatrial node of
the heart, and cochlear hair cells, in which they regulate
spontaneous firing, hormone secretion, pacemaking, and
sensory function (2,3).

Loss of CaV1.3 function in humans and animal models
leads to cardiac rhythm disturbances (4–7) and congenital
deafness (4,7). Moreover, CaV1.3 knockout mice show
deficiencies in some functions of the amygdala and hippo-
campus (8–10).

Gain of CaV1.3 function is associated with pathological
conditions, such as Parkinson’s (11,12) and Alzheimer’s
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diseases (13), prostate and other cancers (14), some cases
of aldosteronism (15,16), autism spectrum disorders, and
epilepsy (17–20).

The function of CaV1.3 channels is tightly regulated by
protein interactions with its C-terminus (21–23). Fig. 1
schematically depicts CaV1.3 channels and their C-terminal
domains. A proximal part of the C-terminus comprises seg-
ments critical for calcium-dependent inactivation (CDI) of
the channels: EF-hand and PreIQ-IQ domains. The current
view is that, in CDI, local intracellular calcium concentra-
tion is sensed by a small protein calmodulin (CaM) attached
to PreIQ-IQ domains of the channel (24). CaM consists of
two lobes, each containing two EF-hands with high affinity
for Ca2þ (25). Binding of calcium to CaM reduces channel
open probability (26) caused by the reallocation of CaM on
the proximal C-terminus with reattachment of one of its
lobes to the low-affinity CaM-binding site in the N-termi-
nus, NSCaTE (27). The EF-hand motif upstream from the
CaM-binding sites in the channel C-terminus was proposed
to be required for a transmission of CaM motions into CDI
(28).

Here, we focus on the interaction between the distal
C-terminus and CaM regulation of the channel. The distal
C-terminus of CaV1.3 channels contains a C-terminal
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FIGURE 1 Schematic representation of CaV1.3 N- and C-terminal do-

mains involved in CDI and gating regulation by CaM. Two CaV1.3 naturally

occurring splice variants (CaV1.342 and CaV1.342A) differ in the length of

the C-terminus.

Interaction of CaV1.3 Isoforms and CaM
modulator domain (CTM). In L-type Ca2þ channels, CTM
reduces current density and shifts the activation to more pos-
itive potentials (29–33). Furthermore, CTM hinders voltage-
dependent facilitation of CaV1.3 channels (34,35). Finally,
in CaV1.3 and CaV1.4 channels, CTM inhibits CDI
(32,33,36–39). As the underlying mechanism, it was pro-
posed that intramolecular binding of CTM to the proximal
C-terminus competitively hinders the binding of CaM
(32,33,40). In particular, charge interactions between the
conserved distal C-terminal regulatory domain (DCRD) in
the CTM and the proximal C-terminal regulatory domain
(PCRD) in the proximal C-terminus downstream from the
IQ domain are important (32,33).

Several splice variants of CaV1.3 C-terminus are ex-
pressed simultaneously in brain, heart, and other tissues
(33,37,38). At least eight isoforms were found in the com-
plementary DNA library of the rat brain, which were
different regarding the presence of IQ domain, PCRD, and
DCRD (38). Such a diversity of CaV1.3 channels may be
involved in the fine-tuning of calcium influx and signaling
for cell requirements (41–43).

In this work, we utilized single-channel resolution to
better understand the mechanism by which CaV1.3 CTM
variants differ in their gating (27,37). We compared the
two most distinct splice variants after the expression in
HEK-293 cells: the long CaV1.342 with the full-length C-ter-
minus and the short CaV1.342A with the C-terminus trun-
cated shortly after the IQ domain (Fig. 1).
MATERIALS AND METHODS

Plasmids

Vectors containing human CaV1.342, CaV1.342A, rat CaVb3, and rabbit

CaVa2d-1 were described previously (33,37). pcDNA3 plasmid with the

wild-type rat CaM was described in Peterson et al. (25). BSCaMIQ, a fluo-
rescent reporter derived from neuromodulin, which binds CaM with high

affinity via its IQ motif, was expressed in pcDNA3.1 vector (40,44).
Cell culture and transfection

HEK-293 cells were cultured as described previously (37). For single-chan-

nel measurements, CaV1.3 channels were transiently expressed in HEK-293

cells. Complementary DNA was delivered into the cells using Effectene

transfection (QIAGEN, Hilden, Germany) or calcium phosphate precipita-

tion (45). Plasmid mixtures contained the following: 1) 2 mg CaV1.342 or

CaV1.342A a1, 1 mg CaVb3, 1.5 mg CaVa2d-1, and 0.5 mg green fluorescent

protein (GFP) (Effectene transfection); 2) 1 mg CaV1.342 or CaV1.342A a1,

0.5 mg CaVb3, 0.75 mg CaVa2d-1, 1 mg CaM, and 0.5 mg GFP (calcium

phosphate precipitation); or 3) 1 mg CaV1.342 or CaV1.342A a1, 0.5 mg

CaVb3, 0.75 mg CaVa2d-1, 1 mg BSCaMIQ, and 0.5 mg GFP (calcium phos-

phate precipitation). GFP plasmid was added to visualize the transfections

(37).
Single-channel patch-clamp recordings

CaV1.3 currents were recorded at room temperature in the cell-attached

patch-clamp configuration from GFP-positive cells 48–72 h after transfec-

tion as described previously (37). Depolarizing bath solution contained (in

mM) 120 potassium glutamate, 25 KCl, 2 MgCl2, 10 HEPES, 2 EGTA,

1 CaCl2, 1 Na2ATP, and 10 dextrose (pH 7.4 with KOH). For experiments

with a calcium agonist, the bath solution additionally contained 1 mM

(S�) Bay K 8644. Patch pipettes made from borosilicate glass were coated

with Sylgard and typically had a resistance of 7–10MU. The pipette solution

contained (in mM) 15 BaCl2 or 15 CaCl2, 105 tetraethanolamine-Cl, and

10 HEPES (pH 7.4 with tetraethanolamine-OH). The clamped patches

were hold at �100 mV. Depolarizing test potentials were applied for

150 ms at a frequency of 1.67 Hz. Single-channel currents were filtered at

2 kHz (�3 decibel, four-pole Bessel) and sampled at 10 kHz. For Ba2þmea-

surements, some results from five of seven experiments with CaV1.342 and

six of seven experiments with CaV1.342A were published previously (37).

However, this article presents a more detailed analysis of the data.

For every test potential, data were recorded over a period of at least 108 s

(180 sweeps). The number of channels was estimated by the highest level of

stacked openings. The recorded experiments contained one channel, except

experiments with overexpression of CaM (two of six patches contained two

channels as judged by the stacked openings) and BSCaMIQ (1 of 12 patches

contained two channels). Single-channel gating analysis was performed as

reported previously (46). In the following, tO denotes open time either from

an individual event or the mean value as specified in the context. Similarly,

PO denotes open probability either from an individual sweep or the mean

value as specified. Mean active PO refers to the mean open probability

calculated from nonblank (active) sweeps.

For the CDI analysis, each sweep was split in early and late win-

dows (0–50 and 50–150 ms, respectively). CDIPO values were defined as

1–PO 50–150 ms/maximal (PO 0–50 ms, PO 50–150 ms), where PO can be a value

from an individual sweep or a mean or smoothed value as specified in point.

In particular, to reduce the noise, the Gaussian filtering was applied to

PO diaries before CDIPO calculations. Note, we did not perform any

smoothing or averaging of CDIPO values; all operations were performed

with PO values, and then they were used for CDIPO calculations.
Segmentation of open probability and CDI diaries

The per sweep open probability diaries were segmented into clusters with

statistically different single-channel activity using a bottom-up merging

strategy as described previously (47). The segmentation procedure stopped

when the mean channel PO of neighboring clusters were distinct (p < 0.05)

by the permutation test. The clusters were classified as belonging to the
Biophysical Journal 116, 836–846, March 5, 2019 837
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low- or high-PO state, depending on the mean active PO of a given cluster.

The threshold for the separation between the low- or high-PO states was set

manually as described in Fig. 3.

CDI diaries were calculated from CDIPO values, where PO values were

calculated either from individual sweeps or from PO diaries smoothed by

the long-pass Gaussian filter with a cutoff frequency of 0.33 Hz. For the seg-

mentation procedure, however, PO 0–50 ms and PO 50–150 ms diaries were

used. The bottom-up merging of the sweeps proceeded until the CDIPO
values of the neighboring clusters calculated using mean PO 0–50 ms and

PO 50–150 ms were distinct (p < 0.05) by the permutation test. The clusters

were classified as belonging to the low- or high-CDI state, depending on

the CDIPO calculated with mean PO values of a given cluster. The threshold

for the separation between the low- or high-CDI states was set manually as

described in Fig. 5.
Calculation of lifetimes

Lifetimes of low- or high-PO (CDI) states were calculated as the total obser-

vation time of the respective type of the channel activity divided by the

number of transitions from the given type of the channel activity to a

different channel activity (from low to high or from high to low). Corrected

observation times and the number of transitions for the two-channel exper-

iments were calculated as described in the Supporting Materials and

Methods. SEs of the logarithm of the lifetimes were estimated by the jack-

knife method (this corresponds to the geometric mean 5 SE factors of the

mean lifetimes). The logarithms of the lifetimes were statistically compared

using an exact permutation test. We did not perform corrections for the

missed transitions in our lifetime calculations.
RESULTS

Dynamic competition between CTM and CaM

CaV1.342 and CaV1.342A splice variants differ in the length
of their C-terminus (Fig. 1). As we have shown previously,
the long C-terminus CaV1.342 isoform has markedly
reduced single-channel open probability as compared with
the short C-terminus CaV1.342A isoform (37). In these ex-
periments, single-channel currents (Fig. S1) were evoked
by stepping from the holding potential of �100 mV to the
various test potentials with 15 mM Ba2þ as a charge carrier.
However, sweep-by-sweep inspection of the open probabil-
ity (PO) diaries revealed that CaV1.342 occasionally
switched from the low- to the high-open-probability gating,
similar to the typical activity of CaV1.342A (Fig. 2, A and B).

It was previously proposed that high activity of CaV1.342A
is because of the binding of CaM with no Ca2þ ions bound
to it (apoCaM) to the channel’s C-terminus, and the low ac-
tivity of CaV1.342 corresponds to its basal activity in the
absence of CaM because the intramolecular binding of
CTM to the proximal C-terminus hinders the attachment
of CaM (27). Our data suggest a dynamic competition be-
tween CTM and CaM binding on a minute timescale. To
substantiate this hypothesis, we performed experiments
with an altered availability of the intracellular CaM. Over-
expression of the wild-type CaM with CaV1.342 resulted in
a slight increase of the single-channel open probability as
compared to the experiments with endogenous CaM (37)
(Fig. 2, C and E, exemplary recordings shown in Fig. S1).
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Consistently, the reduction of the freely available endoge-
nous CaM by the coexpression of the CaM-binding
BSCaMIQ (44) led to a decrease of the activity of
CaV1.342A and the appearance of switching between periods
of high and low open probability (Fig. 2,D and F, exemplary
recordings shown in Fig. S1).

To quantify the rates of the transitions between high-PO
(bound-CaM-like) and low-PO (no-CaM-like) states, we
needed quantitative boundaries for the definition of high
and low channel activity. Therefore, we built histograms
of the logarithm of the channel open probability in individ-
ual sweeps. For CaV1.342 channels, we observed a large
peak at low-PO values and a small peak at high-PO values
(Fig. 3 A), confirming the presence of two separate gating
states. For CaV1.342A channels, PO distributions were domi-
nated by a peak at high values (Fig. 3 B). For CaV1.342 þ
CaM and CaV1.342A þ BSCaMIQ experiments, PO distribu-
tions were broad, covering both high and low values (data
not shown). The threshold between high and low channel ac-
tivity was manually set in the minimum between the low-PO
peak of CaV1.342 and the high-PO peak of CaV1.342A. Then,
PO diaries were split in time clusters with statistically
distinct channel open probability (Fig. 3, C and D), in which
mean active PO (i.e., mean PO of all but blank sweeps) was
used to categorize clusters as belonging to the high- or low-
PO states. Time clusters of PO also confirmed the visual
impression that high- and low-PO states were likely
comprised from multiple substates with distinct channel ac-
tivity. However, because the data did not allow us to separate
substates from each other by a threshold approach, the clus-
ters were fused together to yield periods of continuous resi-
dence in the high- and low-PO states.

The survival curves of high- and low-PO periods decayed
monoexponentially (Fig. 3, E and F), confirming sufficiency
of single aggregate high- and low-PO state definitions in the
model and appropriate homogeneity of the data.

Manipulations with the intracellular CaM concentration
altered mean lifetimes of the high- and low-PO states in
agreement with the hypothesis of the competition between
CTM and CaM. Overexpression of CaM led to the increase
and overexpression of BSCaMIQ led to the decrease of the
low-PO (no-CaM-like) state lifetimes, whereas mean life-
times of the high-PO (bound-CaM-like) state remained unaf-
fected (Table 1). Furthermore, lifetimes appeared to be
voltage independent (data not shown).
CTM effects on CDI

CDI is a negative feedback mechanism to cease a potentially
toxic Ca2þ influx on a millisecond timescale. Local Ca2þ is
sensed by a CaM molecule tethered to the C-terminus of the
channel. It was proposed that upon the binding of Ca2þ ions
to CaM, CaM changes its position on the channel C-termi-
nus, inducing different channel gating (48). To study CTM
effects on CDI, we performed single-channel experiments



FIGURE 2 At equilibrium, single CaV1.3 chan-

nels experience fluctuation of the channel activity

depending on the CaM accessibility. 15 mM Ba2þ

was used as a charge carrier. Depolarizing voltage

steps from a holding potential of �100 mV to

test potentials of�20,�10, and 0 mVwere applied

for 150 ms every 600 ms. (A–D) Exemplary single-

channel PO diaries for CaV1.342 (A), CaV1.342A (B),

CaV1.342 þ CaM (C), and CaV1.342A þ BSCaMIQ

(D) are shown. Each of the two inserts in (A) shows

five consecutive sweeps of current recordings at

different time points of the same experiment. One

sweep corresponds to one point in the PO diary.

The first inset demonstrates low channel activity

at 0.6 min, whereas the second inset highlights

high activity at 1.3 min (Scale bars, vertical is

2 pA and horizontal is 20 ms. Black triangle arrows

indicate closed- and open-state current levels).

Shown examples were obtained at 0 mV test poten-

tial. (Pictograms in (A)–(D)) Channels with long

and short C-termini symbolize CaV1.342 and

CaV1.342A, respectively. The black oval in the

channel’s proximal C-terminus depicts CaM-bind-

ing sites (PreIQ-IQ domains). Light and dark

two-lobe proteins represent endogenous and trans-

fected CaM molecules, respectively. Crossed-out

CaM molecules depict CaM bound to BSCaMIQ.

(E) Overexpression of CaM with CaV1.342 chan-

nels resulted in a slight increase of the channel

open probability. Gray bars and hatched bars

show means 5 SE from recordings with

CaV1.342 (n ¼ 7) and CaV1.342 þ CaM (n ¼ 6),

respectively. *p < 0.05 for comparing CaV1.342
and CaV1.342 þ CaM by Student’s t-test. (F) Overexpression of BSCaMIQ with CaV1.342A channels led to a marked suppression of high channel activity.

White bars and hatched bars show means 5 SE from recordings with CaV1.342A (n ¼ 7) and CaV1.342A þ BSCaMIQ (n ¼ 12), respectively. * and

***p < 0.05 and p < 0.001, respectively, for comparing CaV1.342A and CaV1.342A þ BSCaMIQ by Student’s t-test.

Interaction of CaV1.3 Isoforms and CaM
with 15 mM Ca2þ as a charge carrier. Exemplary recordings
are shown in Figs. 4 A and S2 A. CDI was visible as a
decline of the channel activity and, respectively, decay of
the average current at the end of the test pulse (Figs. 4 A
and S2, A and B). Furthermore, CDI manifested itself as
the reduction of the channel open time during the test pulse
(Fig. 4 B) (26,49).

At 0 mV test voltage, single CaV1.342 showed markedly
reduced current inactivation compared to CaV1.342A
channels, reflecting CDI inhibition by CTM (Fig. 4 C). Sur-
prisingly, the difference in CDI between CaV1.3 isoforms
disappeared at more negative potentials (Fig. S2 B). How-
ever, these data have to be interpreted with caution because
of very low current amplitudes. Therefore, we focused on
the analysis of CTM effects on CDI at 0 mV. Every sweep
was split into two windows: an early window from 0 to
50 ms, containing the current peak, and a late window
from 50 to 150 ms, in which the current is inactivated by
CDI. For both CaV1.3 isoforms, mean PO and open time
were lower in the late window as in the early window,
but for CaV1.342A, the reduction was more pronounced
and statistically significant (Fig. 4 D). An advantage of
the window-statistics analysis of CDI over the peak-to-
plateau decay analysis is the use all events for the statistical
analysis and that all calculations are additive.

Actually, if CTM was able to almost completely prevent
CaM tethering to the channel C-terminus as it occurred with
Ba2þ as charge carrier, we would expect only small CDI for
CaV1.342 isoform. To gain more insight into the dynamic of
CTM interaction with Ca2þ as a charge carrier, we plotted
sweep-by-sweep diaries of CDI (Fig. 5, A and B). As a
measure of CDI, we introduced CDIPO ¼ 1 � PO, late/
max(PO, early, PO, late). However, generally low open proba-
bility with Ca2þ as a charge carrier means a low number of
events in each sweep and thus high noise of CDIPO. To cope
with this problem, we smoothed PO diaries using a low-pass
Gaussian filter and then calculated CDIPO from those
filtered data (blue lines in Fig. 5, A and B). The diaries of
the smoothed CDIPO revealed that CaV1.342 channels were
fluctuating between high and low CDI, whereas CaV1.342A
channels showed predominantly high CDI (Fig. 5, A and
B). Similarly to the analysis of Ba2þ data, we built pooled
histograms of smoothed CDIPO to define a threshold be-
tween high and low CDI (Fig. 5, C and D). Remarkably,
the fraction of sweeps with high CDI for CaV1.342 from
Ca2þ data (0.59 5 0.15, n ¼ 5) was larger than the fraction
Biophysical Journal 116, 836–846, March 5, 2019 839



FIGURE 3 Exemplary analysis of the lifetimes

of high- and low-PO states at 0 mV test potential.

(A and B) Pooled histograms of log10(PO)

were used to define a threshold separating high

and low PO. It was manually set at the minimum be-

tween a low-PO peak of CaV1.342 (A) and a high-PO
peak of CaV1.342A (B). Nsweeps denotes the number

of sweeps. (C and D) An agglomerative clustering

procedure was applied to PO diaries to identify pe-

riods with distinct channel activity. (C) and (D)

display results of the clustering for the examples

shown in Fig. 2 A (CaV1.342) and Fig. 2 B

(CaV1.342A), respectively. Red stepped lines show

the mean active PO of the resulted clusters. Clusters

with the mean active PO above the threshold belong

by our definition to the state of the high PO, and,

vice versa, clusters with mean active PO below

the threshold belongs to the state of the low PO.

(E and F) Survival curves of the low- and high-

PO states for CaV1.342 (E) and CaV1.342A (F) fit

well to a monoexponential function. Black stepped

lines are Kaplan-Meier estimations from the pooled

data. Blue crosses indicate censored observations.

Red smooth lines are exponential curves with

decay constants equal to the calculated lifetimes

of the high- and low-PO states (Table 1).

Kuzmenkina et al.
of sweeps with high PO from Ba2þ data (0.115 0.09, n¼ 7,
p ¼ 0.012). This suggests that the CTM competition with
CaM can be attenuated by Ca2þ ions.

To assess whether CaM association or dissociation rates
were affected, we analyzed lifetimes of high- and low-
CDI states. We applied a clustering procedure to split CDIPO
diaries into segments with statistically different CDIPO and
then categorized them as belonging to high- or low-CDI
TABLE 1 Lifetimes of the High- and Low-PO States for CaV1.3 Chann

CaV1.342 CaV1.342A

High-PO state 0.47�/1.2 0.55�/1.2

Low-PO state 3.7�/2.3 0.17�/1.4**

Lifetimes were calculated from the pooled data based on the clustering of the PO d

after ‘‘times or divided by’’ symbols. The numbers of cells were 7, 7, 6, and 1

experiments, respectively. Statistical significance was checked by an exact perm

for comparing CaV1.342A or CaV1.342 þ CaM with CaV1.342. ## denote p < 0.
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states using the threshold (red lines in Fig. 5, A and B).
We did not detect deviations from the monoexponential
behavior in the survival curves of the high- and low-CDI
states (Fig. 5, E and F).

For CaV1.342, the lifetime of the high-CDI state (Table 2)
was similar to the lifetimes of high-PO states for CaV1.342
and CaV1.342A isoforms when Ba2þ as a charge carrier
was used (Table 1). For CaV1.342A, the lifetime of the
els with 15 mM Ba2D as a Charge Carrier at 0 mV Test Potential

Lifetime (min)

CaV1.342 þ CaM CaV1.342Aþ BSCaMIQ

0.20�/1.5 0.43�/1.3

1.3�/2.3 1.7�/1.6##

iaries (see Fig. 3,C andD). Respective geometric mean SE factors are given

2 for CaV1.342, CaV1.342A, CaV1.342 þ CaM, and CaV1.342A þ BSCaMIQ

utation test applied to the logarithm of the lifetimes. ** denote p < 0.01

01 for comparing CaV1.342A and CaV1.342A þ BSCaMIQ.



FIGURE 4 CDI of single CaV1.3 channels at

0 mV test potential. 15 mM Ca2þ was used as a

charge carrier. The voltage protocol was the same

as for Ba2þ measurements. (A) An example of sin-

gle CaV1.342A channel currents at 0 mV test voltage

is shown. Five consecutive sweeps are shown.

Black triangle arrows indicate closed- and open-

state current levels. The lowest trace (AVG) is the

average current of all 300 consecutive sweeps at

0 mV for this cell. The vertical scale bar is 2 pA

for the sweeps and 20 fA for the average current.

(B) A scatter plot of the event open times versus la-

tency demonstrates the shortening of the open time

during the test pulse as a result of CDI. Individual

data symbols represent one opening event. The

black line is the moving average of 50 events.

The data are shown for the same example as in

(A). (C) The inactivation of the average single-

channel Ca2þ currents at 150 ms for CaV1.342
(gray bars, n ¼ 5) and CaV1.342A (white bars,

n ¼ 7) channels at 0 mV is shown. The behavior

of the isoforms was significantly different

(***p < 0.001 by Student’s t-test). Data are re-

ported as mean 5 SE. (D) A test potential of

0 mV was used to study CDI of isoforms in more

detail. For CaV1.342A channels (white bars), the

mean PO was higher, and the mean open time was

longer at the beginning (0–50 ms) than at the

end (50–150 ms) of the test pulse. For CaV1.342
channels (gray bars), the difference between the

beginning and the end of the test pulse appeared to be smaller and did not reach statistical significance. ** and ***p < 0.01 and p < 0.001, respectively,

for comparing mean values at the beginning (0–50 ms) and end (50–150 ms) of the test pulse by paired Student’s t-test.

Interaction of CaV1.3 Isoforms and CaM
high-CDI state appears to be increased but this may be an
artifact due to missed low-CDI events.

By contrast, the lifetime of the low-CDI state of CaV1.342
channels was less than the lifetime of the low-PO state of
CaV1.342 channels with Ba2þ as a charge carrier. For
CaV1.342A channels, however, lifetimes of the Ca2þ low-
CDI and Ba2þ low-PO states were similar (Tables 1 and
2). Thus, our results suggest that, in the presence of calcium
ions, CTM becomes less effective in hindering the CaM as-
sociation. In agreement with this hypothesis, the application
of the calcium agonist (S�) Bay K 8644 further minimized
the difference between the single-channel calcium currents
of the CaV1.3 isoforms (Fig. S3).
CDI mechanism

Until recently, CDI was explained as relocation of CaM
upon calcium binding from its silent preassociation site to
Ca2þ/CaM effector sites, leading to a channel state with
reduced openings (48). However, in the view of new find-
ings that apoCaM association is not a silent process but re-
sults in the strongly increased channel activity (27), a novel
hypothesis of CDI mechanism has emerged: Upon binding
of calcium ions, CaM changes its conformation or attach-
ment position and the channel returns to its original low ac-
tivity; when calcium concentration drops and the attached
CaM loses calcium ions, the channel becomes strongly
active again (27). We investigated whether our data are
consistent with this hypothesis. Therefore, we compared
the level of the channel activity from the sweeps with low
CDI and the level of the channel activity of the sweeps
with high CDI. Indeed, the open probability of high-CDI
sweeps at the beginning of the test pulse was higher than
the open probability of low-CDI sweeps (Fig. 6). This is
in line with the assumption that the main effect of apoCaM
association is the boosting of the channel activity not only
for Ba2þ but also for Ca2þ as a charge carrier. At the end
of the test pulse, the open probability of the high-CDI
sweeps fell to approximately the same level as in the chan-
nels with the low CDI (Fig. 6). The reduction of the open
time as a result of CDI can be explained similarly. Open
time in high-CDI sweeps at the end of the test pulse dropped
to the open-time values of low-CDI (no-CaM) sweeps
(Fig. 6). Thus, our data are consistent with the postulated
mechanism of CDI.
DISCUSSION

Dynamic competition between CaM and CTM

Alternative splicing of the C-terminus of CaV1.3 channels
results in channels with strikingly different gating properties
(33,37,38). Yue and co-workers revealed that both the
Biophysical Journal 116, 836–846, March 5, 2019 841



FIGURE 5 Analysis of the lifetimes of high- and

low-CDI states at 0 mV. (A and B) Exemplary sin-

gle-channel CDIPO diaries for CaV1.342 (A) and

CaV1.342A (B) are shown. CDIPO was defined as

1�PO 50–150 ms/max(PO 0–50 ms, PO 50–150 ms). Black

noisy lines are CDIPO calculated from individual

sweeps. Dark-blue smooth lines are CDIPO calcu-

lated after a Gaussian filtering of PO diaries with

a cutoff frequency of 0.33 Hz. Red stepped lines

show CDIPO resulting from the agglomerative clus-

tering procedure. (C and D) Pooled histograms of

CDIPO calculated from the Gaussian-filtered data

were used to define a threshold separating high

and low CDIPO peaks of CaV1.342 (C) and

CaV1.342A (D) channels. Nsweeps denotes the num-

ber of sweeps. (E and F) Survival curves of the

low- and high-CDI states for CaV1.342 (E) and

CaV1.342A (F) fit well to a one exponential func-

tion. Black stepped lines are Kaplan-Meier estima-

tions from the pooled data. Red smooth lines are

exponential curves with decay constants equal to

the calculated lifetimes of the high- and low-CDI

states (Table 2).

Kuzmenkina et al.
difference in the channel activity and CDI of the channel
isoforms are governed by the altered affinity of CaM to
the proximal C-terminus (27). They also performed single-
channel experiments with Ba2þ as a charge carrier and
observed that apoCaM increases the channel open probabil-
ity in a quantized manner. Whereas CaV1.342A and CaV1.342
showed single distributions of the channel open probability
at high and, respectively, low values, overexpression of CaM
with CaV1.342 or using CaV1.342Awith an edited CaM-bind-
ing site led to the presence of two discrete peaks in PO histo-
grams, suggesting the binding and unbinding events of
CaM.

In this work, we applied a different voltage clamp pro-
tocol to allow for a time resolution of 600 ms in single-
842 Biophysical Journal 116, 836–846, March 5, 2019
channel PO diaries compared to 12 s in the study
mentioned above. By this, we were not only able to
confirm the discrete nature of PO regulation by CaM
but also to quantify the lifetimes of putative CaM-bound
(high-PO) and CaM-absent (low-PO) states. Furthermore,
we detected sporadic CaM-binding events even in the
presence of CTM (CaV1.342 isoform) at basal calcium
and CaM concentrations (Ba2þ as a charge carrier). The
overexpression of CaM together with CaV1.342 channels
and the scavenging of the endogenous CaM by the
coexpression of BSCaMIQ together with the CaV1.342A
isoform shortened and, respectively, prolonged the life-
times of the low-PO state in agreement with the law of
mass action.



TABLE 2 Lifetimes of the High- and Low-CDI States for CaV1.3 Channels with 15mMCa2D as a Charge Carrier at 0 mV Test Potential

Lifetime (min)

CaV1.342 clusters CaV1.342A clusters CaV1.342 Gaussian filter CaV1.342A Gaussian filter

High-CDI state 0.70�/1.4 1.8�/1.3* 0.64�/1.7 2.3�/2.4

Low-CDI state 0.66�/1.6x 0.13�/1.3* 0.44�/1.4 0.13�/2.0

Lifetimes were calculated from the pooled data. Two ways of calculations (based on the clustering or Gaussian filtering of the PO diaries) are presented.

Respective geometric mean SE factors are given after ‘‘times or divided by’’ symbols. The numbers of cells were 5 and 7 for CaV1.342 and CaV1.342A, respec-

tively. Statistical significance was checked by an exact permutation test applied to the logarithm of the lifetimes. *denotes p < 0.05 for comparing CaV1.342
and CaV1.342A. x denotes p < 0.05 for comparing CaV1.342 low-CDI Ca

2þ and low-PO Ba2þ (see Table 1) lifetimes.

Interaction of CaV1.3 Isoforms and CaM
Our estimated lifetime of the CaM-absent state in the
presence of the functional CTM of a few minutes is in
remarkable agreement with the time by which a rapid in-
crease of local CaM concentration led to an increase of
the current amplitude and CDI in whole-cell experiments
of Yue and co-workers (27). By contrast, for the short
CaV1.3 channel isoform with attenuated CaM affinity, the
induction of the current amplitude and CDI followed the
time course of the increase of the local CaM (within a min-
ute) (27).

In our single-channel experiments, CaV1.342 channels
spent �10% of the time in the high-PO state under basal
conditions. Assuming 10% of all plasmalemmal CaV1.342
FIGURE 6 Mean open probability and mean open time (tO) of sweeps

with high- and low-CDI at 0 mV. The parameters were calculated separately

for the beginning (0–50 ms) and end of the test pulse (50–150 ms). Error

bars are SEM.
channels to hold CaM (i.e., to cause an about sevenfold
higher peak current then the remaining 90% of the channels
and to show a CDI value of �0.7 (27,37,50,51)), one calcu-
lates an apparent CDI of 0.3 for the whole ensemble of
CaV1.342 channels. This agrees with the published values
(27,33,37,38) explaining the only moderate inhibition of
CDI by CTM in contrast to a nearly complete inhibition
of CDI by CTM of CaV1.4 channels (32).

Our single-channel experiments with Ca2þ as a charge
carrier also confirmed dynamic competition between CaM
and CTM on a minute timescale. Visual inspection of CDI
diaries at 0 mV constructed from PO values from individual
sweeps and statistical analysis of CDI diaries constructed
from PO values averaged over a few sweeps revealed that
CaV1.342A channels are predominantly in a high-CDI state,
whereas CaV1.342 channels fluctuate between a high-CDI
and a low-CDI state.

The presence of the time periods in which CTM is
released from the proximal C-terminus because of CaM
interference can permit effective interaction with other regu-
lating proteins binding to the C-terminus. On the contrary, it
is also possible that CTM provides an advantage to CaM
over other proteins, which have to wait until CTM will
be removed by the CaM binding. Of special interest
here are CaM-like calcium-binding proteins CaBPs, which
can bind concurrently with CaM and suppress CDI
(41,52–55). For example, Scharinger et al. found that a
disruption of the CTM function in cochlear inner hair cells
led to a CDI decrease, likely because of a permitted CaBPs
binding (41). Hence, CTM can allow dynamic fine-tuning of
CaV1.3 channel activity for particular cellular needs.
CDI mechanism

The detailed analysis of the channel gating with Ca2þ as a
charge carrier is in agreement with a new model of L-type
CaV channel regulation by CaM and, thus, supports the
interpretation that high-CDI states and high-PO states corre-
spond to the identical CaM-bound state (27,50,51). In this
model, simultaneous binding of both C- and N-lobes of
apoCaM to the proximal C-terminus of CaV1.3 channels is
required for the switching of the channel gating from the
basal low to the high-PO mode. Upon binding of calcium
to CaM, rearrangement of CaM occurs, and detachment of
Biophysical Journal 116, 836–846, March 5, 2019 843
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one or both CaM lobes from their initial position returns the
channel to its basal low-PO activity seen as CDI. Indeed, in
our experiments, initial PO and mean open time in the high-
CDI state were significantly higher than in the low-CDI
state, and they dropped to the respective levels of the low-
CDI state at the end of the test pulse.
Calcium and other factors, potentially influencing
CaM/CTM competition

Surprisingly, CaV1.342 channels spent �50% of the time in
the high-CDI state, which was considerably more than the
10% of the high-PO state with Ba2þ as a charge carrier.
Respectively, the lifetime of the low-CDI state was shorter
than the lifetime of the low-PO state with Ba2þ as a charge
carrier. It is tempting to propose that calcium can influence
the efficacy of the competition between CaM and CTM of
CaV1.3 channels. Moreover, at lower potentials or when us-
ing the calcium agonist (S�) Bay K 8644, the difference be-
tween isoforms was further reduced. This is in contrast to
previous studies that report that the difference in current
densities between Cav1.3 isoforms remained, regardless of
using Ba2þ or Ca2þ as a charge carrier (33,37,50). To
explain this discrepancy, we can speculate that differences
in the cell culture and/or single-channel conditions may
result in a different local environment of the channel.

For example, extracellular ATP can bind to endogenous
purinoreceptors in HEK-293 cells activating Gi-protein
and protein kinase C (56,57). Intracellular ATP influences
the behavior of closely related CaV1.2 channels through a
yet elusive interaction with CaM as well as an inhibition
of phosphatases, thus influencing channel phosphorylation
(58). In HEK-293 cells, basal phosphorylation of the C-ter-
minus of CaV1.2 channels by protein kinase A and Ca2þ/
CaM-dependent kinase II was shown (59,60). The phos-
phorylation of the sites in PCRD led to disinhibition of
the channels by the distal C-terminus, presumably by inter-
fering with PCRD/DCRD binding (59). For CaV1.4 chan-
nels, protein kinase A phosphorylation of a site in DCRD
also led to a decreased affinity between distal and proximal
C-terminus parts (61). Interestingly, CaV1.3 channels also
have phosphorylation sites in PCRD and DCRD (62),
which, depending on kinases and phosphatases status, may
affect CTM binding.

Another factor, which may be influenced by experimental
settings, is the concentration of available CaM (63) and
probably the optional involvement of a second CaM mole-
cule, which is either bound to the channel (64) or located
in its vicinity (65). Pull-down assays (24,66–68) and fluores-
cence energy transfer measurements in living cells (69)
show that more than one CaM molecule can bind to the
proximal C-terminus of closely related CaV1.2 channels at
high Ca2þ concentration.

Actually, Bock et al. reported that the difference between
CaV1.3 isoforms can depend on Ca2þ concentration: CDI of
844 Biophysical Journal 116, 836–846, March 5, 2019
CaV1.342A and CaV1.343S, containing a proximal part of the
C-terminus terminating shortly after PCRD, was similar at
15 mM Ca2þ but differed at 2 mM Ca2þ in extracellular
solution (37). The fact that CTM binding to the proximal
C-terminus can be antagonized by CaM in a Ca2þ-depen-
dent manner as appears in our experiments was also
shown for CaV1.2 channels by patch-clamp and pull-down
assays (70,71). Interestingly, Crump et al. showed that,
even though CTM inhibition was reversed by depolariza-
tion-induced high calcium influx, CTM still played an
essential role at low potentials in decreasing quiescent cyto-
solic Ca2þ level (70).
CONCLUSION

Summing up, our single-channel experiments with Ba2þ and
Ca2þ as a charge carrier demonstrate equilibrium fluctua-
tions between the CaM-bound and the CaM-absent state
of human CaV1.3 channels in the presence of the fully func-
tional CTM. The competition between intramolecular bind-
ing of CTM and CaM association occurs on a minute
timescale. Whether it can be calcium- and, thus, use-depen-
dent at some conditions requires further investigation.
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