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Two distinct voltage-sensing domains control voltage sensitivity
and kinetics of current activation in Cay1.1 calcium channels
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Alternative splicing of the skeletal muscle Cay1.1 voltage-gated calcium channel gives rise to two channel variants
with very different gating properties. The currents of both channels activate slowly; however, insertion of exon 29
in the adult splice variant Cay1.1a causes an ~30-mV right shift in the voltage dependence of activation. Existing
evidence suggests that the S3-54 linker in repeat IV (containing exon 29) regulates voltage sensitivity in this volt-
age-sensing domain (VSD) by modulating interactions between the adjacent transmembrane segments IVS3 and
IVS4. However, activation kinetics are thought to be determined by corresponding structures in repeat |. Here, we
use patch-clamp analysis of dysgenic (Cay1.1 null) myotubes reconstituted with Cay1.1 mutants and chimeras to
identify the specific roles of these regions in regulating channel gating properties. Using site-directed mutagen-
esis, we demonstrate that the structure and/or hydrophobicity of the IVS3-S4 linker is critical for regulating volt-
age sensitivity in the [V VSD, but by itself cannot modulate voltage sensitivity in the | VSD. Swapping sequence
domains between the | and the IV VSDs reveals that IVS4 plus the IVS3-S4 linker is sufficient to confer Cay1.1a-like
voltage dependence to the | VSD and that the 1S3-54 linker plus 1S4 is sufficient to transfer Cay1.1e-like voltage
dependence to the IV VSD. Any mismatch of transmembrane helices S3 and S4 from the | and IV VSDs causes
a right shift of voltage sensitivity, indicating that regulation of voltage sensitivity by the IVS3-S4 linker requires
specific interaction of IVS4 with its corresponding IVS3 segment. In contrast, slow current kinetics are perturbed
by any heterologous sequences inserted into the | VSD and cannot be transferred by moving VSD | sequences
to VSD IV. Thus, Cay1.1 calcium channels are organized in a modular manner, and control of voltage sensitivity
and activation kinetics is accomplished by specific molecular mechanisms within the IV and | VSDs, respectively.

INTRODUCTION

Voltage-gated calcium channels (Cay’s) control numer-
ous important functions of excitable cells, including
muscle contraction, hormone and neurotransmitter se-
cretion, and activity-dependent gene regulation. Ac-
cording to this variety of cell functions, the different
Cay isoforms and splice variants greatly vary in their
voltage dependence and current kinetics (Lipscombe
et al., 2013). Of all the Cay isoforms, the adult splice
variant of the skeletal muscle calcium channel (Cayl.1a)
has the most depolarized voltage dependence and the
slowest current kinetics. In contrast, the embryonic
splice variant Cayl.le, which lacks the alternatively
spliced exon 29, activates at much less depolarized
membrane potentials (Tuluc et al., 2009).

In skeletal muscle, Cayl.1 primarily functions as the
voltage sensor of excitation-contraction (EC) coupling
(Melzer etal., 1995). For this signaling process, calcium
influx through the Cayl.1 channel is dispensable, and it
is questionable whether in the duration of a brief skele-
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tal muscle action potential calcium influx through
Cayl.la is activated at all (Armstrong et al., 1972; Rios
and Brum, 1987). In fact, calcium influx during skeletal
muscle EC coupling may even be harmful, as aberrant
expression of the embryonic, calcium-conducting
Cayl.le isoform in adult mice and humans is linked to
muscle weakness and disease (Tang etal., 2012; Santoro
et al., 2014; Sultana et al., 2016). Therefore, the molec-
ular mechanisms regulating calcium currents in Cayl.1
are of high physiological and pathological importance.

The pore-forming Cay «; subunits are the prod-
uct of a single gene composed of four homologous
repeats (I-IV), each containing six transmembrane
helices (S1-S6; Catterall, 2011). S5, S6, and the con-
necting pore loop of the four repeats together com-
prise the channel pore with the selectivity filter and
the activation gate. S1 through S4 of each repeat
make up the voltage-sensing domains (VSDs). The
S4 helices contain four to five positive charges (argi-
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nines and lysines) that in response to membrane de-
polarization move across the membrane and thereby
initiate the allosteric opening of the channel pore. In
analogy with the more in-depth-studied VSDs of potas-
sium and sodium channels, it is assumed that during
the gating process the positively charged amino acids
in S4 sequentially interact with two negatively charged
(aspartate and glutamate) and one polar amino acid
(phenylalanine) in the S2 and S3 helices, called the
charge transfer center (Tao et al., 2010). The move-
ment of these voltage sensors upon depolarization
determines the activation properties of voltage-gated
cation channels, and drugs interfering with the volt-
age sensor movement modify channel gating (Gur et
al., 2011; Wang et al., 2011).

Recently, we discovered the molecular mechanism
by which the voltage dependence of channel activation
is regulated in Cayl.1 (Tuluc et al., 2016). Incorpora-
tion of the alternatively spliced exon 29 into the ex-
tracellular loop connecting transmembrane helices S3
and S4 of the IV VSD shifts the voltage dependence
of activation by ~30 mV in the depolarizing direction
(Tuluc et al., 2009). This inhibiting action of exon 29
critically depends on the two outermost arginines (R1
and R2) in IVS4 and on an aspartate (D4) near the
extracellular side of the IVS3 helix (Tuluc et al., 2016).
Based on structure modeling and mutagenesis data, we
proposed a model according to which transient inter-
actions of R1 and R2 with the counter charge D4 are
important for regular voltage sensing of the IV VSD
of Cayl.le, and inclusion of exon 29 in the IVS3-S4
linker in Cayl.la somehow interferes with this interac-
tion, causing the observed reduction of voltage sensi-
tivity (Fig. 1 B).

Here, we used site-directed mutagenesis and domain
swapping between the I and IV VSDs to address the
question as to whether exon 29 by itself has the poten-
tial of curtailing Cayl.1 currents, whether the proposed
D4-R1/R2 interaction is specific to the IV VSD or can
also function in the I VSD, and how regulation of volt-
age dependence of activation relates to regulation of
activation kinetics. Our results extend and refine our
original model by demonstrating that IVS4 is funda-
mentally different from the voltage sensor in the I re-
peat, such that IVS4 critically requires the transient
interactions with the additional counter charge D4.
This sophistication of the IV VSD makes it receptive to
modulation by alternative splicing of IVS3-S4 linker.
However, neither the IVS3-S4 linker containing exon
29 nor the IVS3 helix containing D4 by themselves or
together have the potential to regulate voltage depen-
dence of activation. Moreover, our data demonstrate
that regulation of voltage dependence and kinetics of
current activation are spatially separated in the I and
IV repeats, respectively, and are functionally indepen-
dent of each other.
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MATERIALS AND METHODS

Expression plasmids

The Cayl.1 channel chimeras were generated using
splicing by overhang extension PCR into the GFP-ays,
GFP-0;5—AE29, or GFP-a ¢ plasmids previously described
(Tuluc et al., 2007, 2009) and verified by sequencing
performed by Eurofins Genomis. For the chimeras
where sequences of the IVVSD were transferred into the
I'VSD, a three-fragment PCR was generated with flanking
primers downstream of the Sall enzyme restriction site
and upstream of the EcoRI restriction site. The obtained
PCR fragments were cloned into the GFP-o;s—AE29-con-
taining plasmid using Sall and EcoRI restriction sites.
The same restriction sites were used to clone the cardiac
S3 and S3-S4 linker into Cayl.1a or Cayl.1e variants. For
the chimeras containing sequences of the I repeatin the
IV repeat or for the Cayl.la-Ljojo/11915N chimera, a
three-fragment PCR or two-fragment PCR, respectively,
was generated with the flanking primers upstream of the
Xhol site and downstream of the BglII site. The same
sites were used to clone the obtained PCR fragment into
the GFP-oys— or GFP-os~AE29-containing plasmids.
Table SI contains the full list of the cloning primers used
to generate the PCR fragments.

Myotube cell culture and transfection

Myoblasts of the dysgenic (mdg/mdg) cell line GLT
were transfected 4 d after plating using FUGENE-HD
transfection reagent (Roche). Transfected myotubes,
identified by GFP fluorescence, were analyzed between
8 and 10 d in culture (Tuluc et al., 2007). GLT myo-
tubes endogenously express the auxiliary agd-1, Pia,
and v, calcium channel subunits as well as STAC3 and
the ryanodine receptor, enabling proper functional
incorporation of the channel constructs in the triad
junction (Rios and Brum, 1987; Tanabe et al., 1988;
Flucher et al., 2005).

Electrophysiology and data analysis

Calcium currents were recorded with the ruptured
whole-cell patch-clamp technique in voltage-clamp
mode using an Axopatch 200B amplifier (Axon In-
struments). Patch pipettes (borosilicate glass; Har-
vard Apparatus) were filled with (mM) 145
Cs-aspartate, 2 MgCly, 10 HEPES, 0.1 Cs-EGTA, and
2 Mg-ATP (pH 7.4 with CsOH) and had a resistance
between 1.5 and 3 MQ. For the recording of the cal-
cium currents, the myotubes were bathed in solution
containing (mM) 10 CaCly, 145 tetraecthylammonium
chloride, and 10 HEPES (pH 7.4 with tetraethylam-
monium hydroxide). Data acquisition and command
potentials were controlled by pCLAMP software (ver-
sion 8.0; Axon Instruments); analysis was performed
using Clampfit 8.0 (Axon Instruments) and Sigma-
Plot 8.0 (SPSS Science) software. The current-voltage
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Table 1.

Voltage of half-maximal activation (V) and current density at maximal activation (I e.x)

Constructs Vi, (mV) Lpear (PA/PF) N
Mean SD SEM P Mean SD SEM P
Cayl.la 34.8 4.9 0.9 na,"" 1.8 0.7 0.1 na," 31
Cayl.le 6.7 5.7 1.0 #HE na 10.5 4.3 0.7 #HE na 30
Cayl.la-Lygjo 195N 23.0 5.1 1.5 ko T 4.8 2.4 0.7 ns,ns 12
Cayl.le-L, 11.7 4.5 0.9 kot T 12.5 6.6 1.3 HEE g 25
Cayl.le-L4; 36.4 8.3 3.1 ns, 't 0.6 0.2 0.1 ns, 7
Cayl.le-3L, 12.4 3.8 1.4 X ng 5.8 2.3 0.8 ns,ns 7
Cayl.1a-CS; 31.3 4.0 1.1 ns, 2.3 1.8 0.5 ns, T 12
Cayl.le-CS; -1.6 6.4 2.1 sk T 12.0 8.3 2.7 wkk g 9
Cayl.le-L-3Lyy 36.1 5.7 1.5 ns, ' 2.1 1.2 0.3 ns, 14
Cayl.le-Li-L4y 5.2 3.3 0.9 #HE g 9.6 4.3 1.2 kg 12
Cayl.le-LiLy 21.2 7.3 1.7 sk T 7.0 3.1 0.7 HEE g 18
Cayl.le-Li-3L4yy 10.6 5.3 2.0 wEE g 8.7 4.5 1.7 #E N 7

Numerical values represent mean, SD, SEM, and number of samples (N). Statistical differences between mutants, chimeras, and Cayl.1a or Cayl.le were determined
with one-way ANOVA, followed by a Bonferroni multiple comparison test. Significant differences against Cayl.la are indicated as **, P < 0.001; ***¥ P < 0.0001.
Differences against Cayl.1e are indicated as t P <0.05; ", P<0.001; ", P < 0.0001. ns, not significant (P < 0.05); na, not applicable.

dependence was fitted according to I = G - (V-
Vo) /1(1 +exp(=(V=V,9)/k)), where, G, is the
maximum conductance of the L-type calcium cur-
rents, V., is the extrapolated reversal potential of the
calcium current, V; »is the potential for half maximal
conductance, and k is the slope. The conductance
was calculated using G = (-1%1000) /(V-V,,), and
its voltage dependence was fitted according to a
Boltzmann distribution: G = G ../ (1 +exp(-(V-
V1,9)/ k)). The statistical significance was calculated
using the Mann—Whitney U test (see Tables 1 and 2).

Online supplemental material

Our supplemental material provides a figure (Fig. S1)
displaying the relation between I, and Vi, of wild-
type and mutated Cayl.1 channels and a table (Table

Table 2. Time constants of current activation

S1) with the full list of the cloning primers used to
generate the PCR fragments. Online supplemental
material is available at http://www.jgp.org/cgi/content
/full/jgp.201611568/DC1.

RESULTS

The structure of the IVS3-54 linker is important

for the control of voltage sensitivity and current

density in Cay1.1a

Inclusion of the 19—amino acid sequence of exon 29 in
the extracellular linker between transmembrane heli-
ces IVS3 and IVS4 shifts the channel voltage sensitivity
of Cayl.l1 by ~30 mV in the depolarizing direction
(Tuluc et al., 2009). Recently, we demonstrated that a
hitherto unnoticed interaction of oppositely charged

Constructs Kinetics Time constant (ms) P N
Mean SD SEM

Cayl.la slow 43.3 25.8 4.7 na,'" 30
fast 7.4 3.6 0.6 na,ns

Cayl.le slow 22.6 13.9 3.1 % na 20
fast 4.4 2.3 0.5 ns,na

Cayl.1a-Ligo/1015N slow 16.5 7.4 2.6 s 8
fast 4.5 2.6 0.9 ns,ns

Cayl.le-L, 4.1 3.0 0.6 na 25

Cayl.le-L4, 2.7 1.3 0.5 ns 6

Cayl.le-3L,; 4.1 1.6 0.6 ns 7

Cayl.1a-CS; 3.3 0.9 0.3 ns 12

Cayl.1e-CS; mono 4.7 2.1 0.8 ns 7

Cayl.le-L-3Lyy 4.0 1.9 0.5 ns 14

Cayl.le-LrLdy 10.4 2.7 0.8 12

Cayl.le-Li-Lyy 4.1 1.6 0.4 ns 18

Cayl.le-Li-8L4y 2.6 0.7 0.2 ns 7

The activation of Cayl.la, Cayl.le, and Cayl.la-L;s9/1215N was fitted by a double-exponential function, whereas all other currents were best fitted with a mono-

exponential function. Numerical values represent mean, SD, and SEM. Statistical differences between mutants, chimeras, and Cayl.1a or Cayl.le were measured
with one-way ANOVA, followed by a Bonferroni multiple comparison test. Significant differences against Cayl.1a are indicated as ***, P < 0.0001. Differences against
Cayl.le are indicated as ™, P < 0.0001. For mono-exponential time constants, differences against Cayl.1e-L; are indicated as °°°, P < 0.0001. ns, not significant (P <

0.05); na, not applicable.
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residues in IVS3 and IVS4 is the critical determinant of
Cayl.1 voltage sensitivity and that alternative splicing of
the IVS3-S4 linker modulates this interaction (Fig. 1, A
and B; Tuluc et al., 2016). If the specific structure of the
IVS3-S4 linker causes the relative displacement of the
adjacent transmembrane helices and thus perturbs the
D4-R1/R2 interaction, changes of its structure should
exert strong effects on voltage sensitivity. This predic-
tion was tested by simultaneously mutating two leucines
in the middle of the Cayl.la exon 29 to asparagine
(L1212N and L1215N). Our original Rosetta models of
the IVS3-S4 linker (Tuluc et al., 2016) and additional
structure prediction tools (NPS@: Network Protein Se-
quence Analysis [Combet et al., 2000]) indicate that
these leucines impart secondary structure (a-helix or
B-sheet) and hydrophobicity to the extracellular loop,
both of which are abolished by the double mutation
(Fig. 1, A, G, and D).

This (Cayl.la-Ljs19/1915N) mutant and all other Cay1.1
constructs analyzed in the present study were expressed
in dysgenic (oys null) myotubes of the GLT cell line
(Powell et al., 1996). In these myotubes, Cayl.1 con-
structs are incorporated in functional channel com-
plexes of triads and peripheral couplings and
functionally reconstitute skeletal muscle EC coupling
(Flucher et al., 2000; Kugler et al., 2004). An N-termi-
nally fused eGFP aided in the selection of transfected
myotubes for patch-clamp analysis. Transfected myo-
tubes were voltage-clamped at a holding potential of
—80 mV, and series of currents were recorded during
200-ms test pulses to potentials between —50 and 80 mV,
increasing at 10-mV increments. Fig. 1 (E-G) shows rep-
resentative current traces at the maximal test potential,
the mean I-V curves, and the voltage dependence of
fractional activation for the two splice variants (Cayl.la
and Cayl.le) and for the Cayl.la-L;919,19:5N mutant. As
previously demonstrated (Tuluc et al., 2009; Benedetti
etal., 2015), the two wild-type variants differ in that the
embryonic splice variant Cayl.le lacking exon 29 acti-
vates at ~30 mV less depolarizing potentials and con-
ducts severalfold higher current densities compared
with the adult/classical Cayl.la. The different current
densities were independent of membrane expression of
the channels. Both the magnitudes of gating currents
and of depolarization-induced calcium transients were
identical in myotubes expressing either one of the
Cayl.1 variants (Tuluc et al., 2009). Mutation of the two
leucines in exon 29 (Cayl.la-Li919/1915N) resulted in a
2.5-fold increase of current density and an 11.8-mV left
shift of the voltage dependence of activation (P <
0.0001; Fig. 1, E-G; and Table 1). Therefore, interfer-
ing with the structure and hydrophobicity of the IVS3—
S4 linker changed these gating properties in Cayl.la
approximately half way in the direction of the splice
variant lacking exon 29 (Cayl.le). In contrast, the dou-
ble leucine mutation had little effect on activation ki-
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netics. As in the two wild-type splice variants (Cayl.la
and Cayl.le), current activation could best be fit with a
double-exponential function (Caffrey, 1994; Avila and
Dirksen, 2000; Obermair et al., 2005), and the time con-
stants of the slow and fast components of Cayl.la-
Lio19/1215N were similar to those of Cayl.le (Fig. 1, H
and I; and Table 2). Thus, mutation of leucines 1212
and 1215 in the IVS3-54 linker of Cayl.la qualitatively
reproduces the effects on channel gating of exclu-
sion of exon 29.

Control of voltage sensitivity and current amplitude can
be transferred from the IV to the | VSD
To examine whether the IVS3-54 linker including exon
29 by itself can modulate voltage sensitivity also in the
context of a different VSD that does not contain the
critical negatively charged amino acid (D4) in the trans-
membrane helix S3, we generated a channel chimera
in which we inserted the IVS3-54 linker including exon
29 into the corresponding position of the first repeat
(Fig. 2 A). As this chimera was constructed in the back-
ground of the Cayl.le splice variant, exon 29 is lacking
in the IV, butinstead is present in the I repeat (Fig. 2 B).
If intrinsic features of the IVS3-5S4 linker were sufficient
to limit current activation, the current properties of this
chimera would be shifted from those of Cayl.le toward
those of Cayl.la, i.e., showing right-shifted voltage sen-
sitivity of activation and reduced current amplitude.
However, transferring the IVS3—S4 linker sequence to
repeat I of Cayl.le (Cayl.le-L;) resulted in rapidly ac-
tivating and partially inactivating calcium currents with
otherwise unaltered gating properties (Fig. 2 C). The
mean amplitude of the early current peak was equal to
that of the starting construct Cayl.le (P = 0.2; Fig. 2 D),
and most importantly, the voltage dependence of cur-
rent activation was only minimally shifted relative to that
of Cayl.le (Fig. 2 E and Table 1). Half-maximal voltage
of activation (Vj,9) of Cayl.le-Lywas 11.7 £ 0.9 mV; that
is only 5 mV from that of Cayl.le (Vi9 = 6.7 £ 1.0 mV;
P < 0.05) but more than —20 mV from that of Cayl.la
(34.8 £ 0.9 mV; P < 0.0001). Thus, the IVS3-S4 linker
sequence, which regulates voltage sensitivity of the IV
VSD, does not exert a modulatory action on the I VSD.
To further examine whether also in the context of the I
VSD exon 29 requires the critical aspartate D4 in the S3
helix to exert its limiting effect on channel gating, we next
transferred the IVS3-S4 linker together with the entire S3
transmembrane helix into the first repeat (Cayl.le-
Cayl.1e-3L;). Recording currents from myotubes express-
ing this construct showed that the voltage dependence of
activation (Vy9=12.4+ 1.4 mV; P <0.0001) was only mar-
ginally right-shifted compared with the starting construct
Cayl.le (Fig. 2 E) but still more than —20 mV apart from
Cayl.la (P <0.0001). This indicates that in the context of
the I VSD D4-R1/R2 interactions are not critically in-
volved in voltage sensor movement.

Structural determinants of Cay1.1 gating | Tuluc et al.
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Figure 1. The S3-54 linker structure in the IV VSD controls voltage sensitivity and current density of Cay1.1a. (A) Transmem-
brane topology of Cay1.1 indicating the four homologous repeats (I-IV) with six transmembrane helices (S1-S6) each. The alterna-
tively spliced IVS3-S4 linker of the adult Cay1.1a splice variant containing exon 29 is depicted as a barrel, whereas the embryonic
Cay1.1e splice variant lacking exon 29 is a line. (B) Model describing the role of the S3-S4 linker in controlling the interaction of
R1 and R2 in IVS4 with the D4 countercharge in IVS3. (C) Sequence of the IVS3-54 linkers of Cay1.1a (blue) and Cay1.1e (red). The
two leucines mutated to asparagines are highlighted in yellow. (D) Secondary structure prediction of the IV VSD shows an increased
probability of B-sheet in the IVS3-S4 linker of Cay1.1a that is missing in Cay1.1e. Note that the mutation of two leucines (L1212N
and L1215N) abolishes the predicted structure. (E) Representative calcium currents at maximal activation of Cay1.1a, Cay1.1e, and
Cay1.1e-Liz12/1215N. (F and G) I/V curves and the fractional activation plot show large differences in current density and voltage
sensitivity between Cay1.1e and Cay1.1a and intermediate values for Cay1.1e-Ly212121sN. (H) Bar graphs showing the fractions of
the fast and slow components of the double-exponential function fitting the raising phase of calcium currents. (I) Time constants of
fast and slow activation components. Data in graphs represent mean + SEM. Numerical values, number of samples, and statistical
significance are reported in Tables 1 and 2.
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Figure 2. Control of voltage sensitivity and current amplitude can be transferred from the IV to the | VSD. (A) Transmembrane
topology of Cay1.1 indicating the segments transposed from the IV to the | VSD. (B) Amino acid sequence of S3, S3-54 linker (un-
derlined), and S4 in the | repeat. Blue represents sequences from the | repeat and red from the IV repeat. (C) Representative calcium
currents at maximal activation of Cay1.1a, Cay1.1e, Cayl.1e-L, Cay1.1e-3L,, and Cay1.1e-L4,. (D) I/V curves show that the current
density is strongly reduced in Cay1.1e-L4, but not in the other chimeras. (E) Fractional activation plots show that only for Cay1.1e-L4,
is the voltage sensitivity right-shifted to a similar extent as in Cay1.1a. (F) The activation kinetics of all chimeras is best described by
one exponential function unlike the activation kinetics of the parent Cay1.1e channel. (G) The time constants of the single activation
component of all chimeras resemble the fast component of Cay1.1e. Data in graphs represent mean + SEM. Numerical values, num-
ber of samples, and statistical significance are reported in Tables 1 and 2.

Finally, we transferred the IVS3-S4 linker together
with the transmembrane helix S4 into the correspond-
ing position of the I repeat (Cayl.le-L4;). If the pro-
posed D4-R1/R2 interaction depends on the specific
properties of S4 from the IV VSD, then transferring it
into the I VSD, which lacks D4, might impede the volt-
age sensor movement and consequently revert the cur-
rent properties of Cayl.le back to those of Cayl.la.
Indeed, the currents of this chimera (Cayl.le-1.4;) were
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small and activated only at much depolarized potentials
(Fig. 2, C-E; and Table 1). The small current density of
Cayl.le-L4;, (0.6 + 0.1 pA/pF) and the right-shifted volt-
age dependence of activation (V,,s = 36.4 + 3.1 mV) re-
sembled those of Cayl.la (P = 0.5), demonstrating that
the limiting effects of the IV VSD can be fully transferred
to the first repeat by transplanting the IVS3-54 linker
plus the adjacent IVS4 helix. The reduced current den-
sity was not caused by reduced functional membrane
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incorporation of Cayl.1le-L4; channels, as the amplitude
of the depolarization-induced calcium transients was
similar to that of Cayl.la channels (not depicted).
Interestingly, the repeat IV to repeat I chimeras also
affected the current kinetics. Whereas both wild-type
splice variants (Cayl.la and Cayl.le) are slowly activat-
ing and activation of both is composed of a slow and a
fast component, all three tested IV to I chimeras were
rapidly activating. Their activating phase could be fitted
with a single exponential function with the activation
time constants resembling the fast component of the
starting construct Cayl.le (Fig. 2, F and G; and Table 2).
The fact that the changes in activation kinetics, seen
with all IV to I chimeras, do not parallel the changes in
voltage dependence of activation, which was seen only
in Cayl.le-L4;, indicates that these activation properties
are determined by independent channel structures.

Insertion of Cay1.2 sequences into the | VSD alters
current kinetics without affecting voltage dependence
of activation of both Cay1.1 splice variants

Previously, it has been shown that the specific slow acti-
vation kinetics of the skeletal muscle Cay1.1 can be trans-
ferred to the cardiac/neuronal Cayl.2 isoform by
replacing the 1S3 helix plus the 1S3-54 linker in Cayl.2
with those of Cayl.1 (Nakai et al., 1994). The opposite
changes observed in all of our IV to I chimeras corrob-
orate the importance of 1S3, the IS3-54 linker, and 1S4
in determining activation kinetics of Cayl.1 channels. To
examine whether determination of activation kinetics
and voltage sensitivity are linked or independent of each
other, we generated chimeras in which IS3 and the 1S3-
S4 linker of both Cayl.1 splice variants were replaced by
the corresponding sequences of the rapidly activating
Cayl.2 channel isoforms (Cayl.1a-CS; and Cayl.1e-CSy;
Fig. 3, A and B). Indeed, this sequence exchange con-
ferred fast (Cayl.2 like) activation kinetics onto Cayl.la
as well as onto Cayl.le (Fig. 3 C and Table 2). Similar to
the changes observed in the IV to I chimeras (compare
with Fig. 2 [F and G]), both Cayl.1a-CS; and Cay1.1e-CS;
displayed a single activation component equal to or
faster than the fast activation component of the starting
constructs Cayl.la (P < 0.0001) and Cayl.le (P = 0.6;
Fig. 3, F and G; and Table 2). Importantly, the changes
in activation kinetics were not accompanied by signifi-
cant changes in voltage dependence of activation or of
currentdensity (Fig. 3, D and E). Although, both Cayl.1a-
CS;and Cayl.1e-CS; activated rapidly, the ~30-mV differ-
ence in voltage dependence of activation between the
two Cayl.1 splice variants was still maintained (Table 1).

Transferring sequences from the | to the IV VSD modulates
voltage dependence but not kinetics of activation

So far the results of this study are consistent with the
notion that in Cayl.1 channels the I VSD controls
mainly activation kinetics, whereas the IV VSD controls
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voltage dependence of activation and current density.
Consequently, the individual VSDs of Cayl channels ap-
pear to be functionally and structurally distinct mod-
ules, and at least for the voltage sensitivity this
characteristic can be transferred between the repeats. If
this is also the case for the kinetic properties, slow,
two-component activation kinetics may be transferrable
from the I to the IV VSD. To test this possibility, we
chose as starting construct the chimera Cayl.le-L;
(Fig. 2 B) because it conducts sizeable calcium currents
with fast, single-component activation kinetics (com-
pare Fig. 2). Then we exchanged the corresponding se-
quences in repeat IV with the 1S3-S4 linker alone
(Cayl.le-L-Lyy) or together with the IS3 helix (Cayl.le-
Li-3Ly), with the IS4 helix (Cayl.le-Li-L4y), or with
both 1S3 and IS4 helices (Cayl.le-L-3L4yy) of repeat I
(Fig. 4, A and B). If any one of these I VSD sequences
independently determines the characteristic skeletal
muscle-like activation kinetics, we would expect chime-
ric channels to activate slowly with the activation kinet-
ics described by a two-component exponential function
like Cayl.le or Cayl.la.

The voltage sensitivities and current amplitudes of
these constructs were rather diverse and occupied the
full range between those of Cayl.la and Cayl.le
(Fig. 4, C-E; and Table 1). Interestingly, inserting the
IS3-S4 linker into the IV repeat (Cayl.le-Li-Ly) re-
duced voltage sensitivity (V9 = 21.2 mV) and current
density to intermediate levels (7.0 pA/pF). The char-
acteristics of Cayl.le-L-Liy were very similar to those
reported above for the Cayl.la-Ljsjo/1915N (compare
with Fig. 2 [D and E] and Table 1). Apparently, either
mutating the IVS3-S4 linker or replacing it by the cor-
responding linker of repeat I shifts the voltage depen-
dence of activation to a similar degree, although in
opposite directions. Thus, both alterations in the
IVS3-54 linker partially reproduce the effect of alter-
native splicing of exon 29 (see also Fig. SI1). Inserting
IS3 plus the IS3-S4 linker into the IV repeat (Cayl.le-
L;-3Ly) resulted in a current with small amplitude (2.1
pA/pF) and a right-shifted voltage dependence of ac-
tivation (V;,2 = 36.1 mV), as expected for an S3 helix
lacking D4. Both V;,s and current amplitude of this
construct Cayl.le-Li-3Ly were equal to those of
Cayl.la (P = 0.4, P =0.3). In contrast, insertion of the
IS3-S4 linker plus IS4 into the IV repeat (Cayl.le-L;-
L4p) resulted in currents with voltage dependence
and current density like Cayl.le (Vi,9 = 5.2 mV, P =
0.4; Ipecak = 9.6 pA/pF, P = 0.5). Apparently, with a het-
erologous S4 segment from the I repeat, the IV VSD is
no longer subject to modulation by D4 and the S3-S4
linker. Similarly, insertion of the entire sequence in-
cluding IS3, the 1S3-54 linker, and IS4 (Cayl.le-L-
3L4yy) did not change either voltage dependence of
activation or the current amplitude (V2 = 10.6 mV,
Lpeak = 8.7 pA/pF), suggesting that this module of the I
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VSD is functionally equivalent to that of the IV VSD  mined by the I VSD cannot be overcome by any of the

without exon 29 (Cayl.le; P=0.4,P =0.4). tested insertions of repeatI sequences into the IV repeat.
Although voltage dependence of activation and cur-

rent density were differentially affected by these I[toIV' ~ DISCUSSION

sequence exchanges, none of these chimeras repro-

duced the slow, two-component activation kinetics of  Previously, we demonstrated that in the IV VSD the in-

the wild-type Cayl.1 channels (Table 2). All I to IV chi- teraction between D4 (D1196) in IVS3 and R1 and R2

meras activated rapidly, activation could be fit with a  in IVS4 are critical for the voltage sensitivity of Cayl.1

single exponential, and time constants were compara-  calcium currents and that the alternatively spliced
ble with that of the starting chimera Cayl.le-L; IVS3-S4 linker modulates this critical interaction so
(Table 1). Apparently, the activation kinetics deter-  that the voltage dependence of current activation in the
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adult splice variant Cayl.la is right-shifted by ~30 mV  or substitution of the IVS3-54 linker modulates the volt-
compared with the embryonic Cayl.le splice variant  age sensitivity in the context of the IV VSD, whereas the
lacking exon 29 (Tuluc et al., 2016). Using point muta-  IVS3-S4 linker has no modulatory activity of its own
tions and multiple channel chimeras in which we when inserted into the I VSD; (b) the transmembrane
swapped sequence domains between the I and the IV~ helix IVS4 is functionally distinct from IS4 in that it spe-
VSD of Cayl.1, we demonstrate here that (a) mutation  cifically requires the interaction with its corresponding
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IVS3 (containing D4), whereas IVS3 functions in both
VSDs. Moreover, by analyzing current kinetics of the
chimeras, we demonstrate that (c) IS3, the 1S3-S4
linker, and IS4 are all necessary for slow, skeletal muscle
type activation, but neither separately nor combined
are these domains sufficient to effect slow activation in
the context of the IV VSD.

The Cay1.1 IVS3-54 linker specifically regulates voltage
sensing in the IV VSD

Mutations in Cayl.la expected to break the structure
and alter the hydrophobicity of the IVS3-S4 linker im-
proved the voltage sensitivity and increased the cur-
rent density of Cayl.la. Although this mutation did
not completely reverse the limiting effect of exon 29
inclusion, this result strongly supports the notion that
the structural integrity of the IVS3-54 linker is import-
ant forits role in determining the characteristic gating
properties of Cayl.la. As mutation of the two leucines
alters both the predicted structure (helix or p-sheet)
and the hydrophobicity of the IVS3-S4 linker, we can-
not say which of these properties is critical for modu-
lating the voltage sensor. However, because the
original length of the linker was maintained, we can
exclude the alternative explanation that simply the
length of the IVS3-S4 linker determines the voltage
sensitivity of Cay channels. This is different from the
situation in Ky channels where the lengths of the loop
alters the transition of the VSD (Priest et al., 2013)
and from Cayl.2 channel splice variants where the
length of the IVS3-54 linker correlates with the volt-
age dependence of activation (Tang et al., 2004).
Given the importance of the structure of the IVS3-54
linker, this domain might be sufficient to perturb the
movement of any VSD and thus cause the loss of volt-
age sensitivity. However, when inserted into the VSD of
the I repeat, the IVS3-S4 linker had no effect on volt-
age sensitivity or current amplitude. This clearly
demonstrates that the structural features of exon 29
are not sufficient to curtail voltage sensitivity in any
VSD. Apparently, other unique features of the IV VSD
are necessary for the IVS3-584 linker to modulate the
current properties.

The IV VSD but not the | VSD requires

the D4-R1/R2 interaction

When we examined which additional structural do-
mains are required to transfer right-shifted voltage sen-
sitivity from the IV to the I VSD, it turned out that IVS4,
but not IVS3, is needed in addition to the IVS3-S4
linker to precisely recapitulate the gating properties of
Cayl.1a. In the reverse set of chimeras, IS3 plus the 1S3—
S4 linker, but not the IS3-S4 linker plus IS4, right-
shifted the voltage sensitivity. Both chimeras that
resulted in right-shifted V;,» combine the S3 from the I
VSD with S4 from the IV VSD, suggesting that this mis-
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match is the primary cause of the observed loss of volt-
age sensitivity. This mechanism is independent of exon
29 in the IVS3-S4 linker, as it also occurs with the IS3—
S4 linker, which otherwise supports normal voltage
sensing in both repeats. Interestingly, the opposite mis-
match, S3 from the IV and S4 from the I VSD, did not
perturb voltage sensing. This demonstrates that IVS4
specifically requires IVS3 for normal voltage sensitivity,
but IVS3 functions perfectly well with the S4 helices
from either VSDs.

Together with our previous discovery of the essential
role of an intramolecular interaction of aspartate D4 in
the IVS3 helix with the two outermost arginines (R1 and
R2) in IVS4 (Tuluc etal., 2016), the current results sug-
gest the following model for the regulation of voltage
sensitivity in the Cayl.1 splice variants (Fig. 5). The S4
helix of the IV VSD is different from that of the I VSD in
that it specifically and critically requires additional tran-
sient interactions with D4 in the IVS3 helix for effective
voltage sensing. This interaction most likely facilitates
the final transition and stabilization of the VSD in the
activated state (Tuluc etal., 2016). At present, we do not
know what exactly constitutes this difference in IVS4,
but combining it with S3 helices lacking D4 consistently
results in loss of voltage sensitivity. Although D4 in the
S3 helix is of critical importance for the function of
IVS4, in combination with IS4, the presence of D4 does
not affect the voltage sensitivity. Thus, D4 functions ex-
clusively as an essential partner for IVS4.

The dependence of the voltage sensor on this addi-
tional intramolecular interaction near the extracellular
side of the IV VSD creates a mechanism enabling the
modulation of the voltage dependence of activation by
alternative splicing of the linker connecting the two
participating transmembrane helices. When the rela-
tive position of IVS3 and IVS4 is altered by insertion of
exon 29, voltage sensitivity is right-shifted by ~30 mV.
Consistent with this notion, mutation of exon 29 or re-
placing the entire linker with that of repeat I caused
partial shifts in voltage dependence of activation. This
also shows that this modulatory mechanism does not
necessarily function as an all or none switch but can
function in a graded manner. Our previous struc-
ture-function analysis of the IVS3-IVS4 interactions
predicted the participation of multiple transient hydro-
gen bonds between D4 and the two outermost arginines
RI and R2 in the last transition and the subsequent sta-
bilization of the voltage sensor in the activated state.
Therefore, it is intriguing to speculate that the partial
shift in voltage sensitivity observed here might be
caused by the selective loss of one or two of these bonds
while others might remain intact. A critical role of in-
teraction between S3 and S4 helices in controlling the
energetics of voltage sensor activation by stabilizing the
activated state has also been shown for the Shaker K*
channel (Xu et al., 2013).
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Figure 5. Voltage-gating model of the | and IV VSDs of wild-
type and mutated Cay1.1 channels. The three cylinders depict
the transmembrane segments S2, S3, and S4 with critical amino
acids indicated in single letter code. F, E1, and D3 represent
the charge transfer center through which the positively charged
amino acids of the S4 segment move in response to depolar-
ization. Depicted is the activated state with the innermost pos-
itive charge of IVS4 (K4) occupying the charge transfer center.
Purple bars represent proposed hydrogen bonds. The IV VSD
(red) but not the | VSD (blue) contains an additional counter
charge D4 in S3 (Tuluc et al., 2016). Any channel construct con-
taining IVS4 in combination with IS3 (without D4; Cay1.1e-L4
and Cay1.1e-L-3Ly) or in which the IVS3 segment (containing
D4) is displaced from IVS4 by insertion of exon 29 (Cay1.1e)
or the heterologous 1S3-5S4 linker (Cay1.1e-L-Ly) results in a
right-shifted voltage dependence of activation (red chevrons).
Conversely, a mutation that relaxes the structure and reduces
the hydrophobicity of exon 29 (Cay1.1e-Liz121121sN) partially
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The kinetic properties of Cay1.1 activation are
determined by the | VSD independently of the
regulation of voltage sensitivity

Kinetic analysis of our channel chimeras is consistent
with earlier results suggesting that the characteristics
of Cayl.l activation—very slow time course composed
of two kinetic components—are determined by the
VSD of the I repeat (Nakai et al., 1994). Transfer of the
IS3 helix and the IS3-S4 linker from Cayl.2 into
Cayl.la and Cayl.le gave rise to channel chimeras
with fast, cardiac-like activation kinetics. But also any
insertion into the I VSD of sequences from the IV VSD
of Cayl.1 changed the activation kinetics in a similar
way. This indicates that the changes of channel kinet-
ics in the Cayl.1-Cayl.2 chimeras were not caused by a
gain of Cayl.2 function but by a loss of the specific
Cayl.1 function. Apparently, the specific kinetic prop-
erties of the I VSD of Cayl.1 are highly sensitive to any
changes, be it from a different channel isoform or
from a different VSD of the same channel isoform.
This notion is further supported by the finding that, in
contrast to the voltage dependence of activation, ki-
netic properties could not be transferred from one to
another VSD of the same channel. This is surprising
considering that transfer of the same sequences from
Cayl.1 to Cayl.2 was sufficient to confer slow activa-
tion onto the cardiac/neuronal channel (Nakai et al.,
1994). In contrast, this discrepancy further empha-
sizes the substantial difference of the VSD within a
Cayl channel. Apparently, the I VSDs of Cayl.1 and
Cayl.2 share more functional similarities with one an-
other than the I and IV VSD of Cayl.1.

Together, these results show that Cayl.1 is organized
in a modular way so that specific VSDs control dis-
tinct properties of L-type calcium current activation.
Distinct contributions of the different VSDs to chan-
nel gating have previously been described for Nayl.2a
VSDs transplanted into the Ky2.1 channel (Bosmans et
al., 2008). In our study, we demonstrate that repeat I is
responsible for determining the kinetics of activation,
whereas repeat IV is responsible for determining the
voltage dependence of activation and, at least in part,
the current density. Accordingly, the two aspects of ac-
tivation properties are not linked to each other and can
be modulated separately. Alternative splicing of exon
29 in the IV VSD does not affect current kinetics, and
conversely, acceleration of activation kinetics by inser-

recovers voltage sensitivity. However, there is no requirement
of D4-R1/R2 interactions in the absence of IVS4, as chimeras
containing IVS3 in combination with IS4 gate equally well with
and without the IVS3-54 linker (Cay1.1e-3L, and Cay1.1e-L-L4yy;
green chevrons). Because insertion of the IVS3-54 linker in the |
VSD (Cay1.1e-L)) does not alter voltage sensitivity, this extracel-
lular loop and its alternative splicing have no modulatory poten-
tial on VSDs lacking the D4-R1/R2 interactions.
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tion of heterologous sequences into the I VSD does not
correlate with changes in the voltage dependence of
activation. Moreover, also the molecular mechanisms
for the control of voltage dependence and kinetics of
activation are different. Regulation of voltage sensitivity
is accomplished by a structurally well-defined mecha-
nism entailing IVS3, the IVS3-54 linker, and IVS4. It
can be transferred from one VSD to another, suggesting
that it basically involves the control of S4 gating charge
movement through the IV VSD. In contrast, control of
current kinetics cannot be transferred from one to an-
other VSD, suggesting that it does not function by con-
trolling the speed of S4 movement in the VSD. Likely
it involves structures outside the I VSD that accomplish
the transduction of the VSD movement to opening of
the channel pore.

In voltage-gated sodium channels, distinct contri-
butions of the four VSDs to activation and inactiva-
tion have long been known (reviewed in Ahern et al.
[2016]). In this channel, the IV VSD is distinct from
VSDs I-III in that its movement is not necessary for
channel activation but is a prerequisite to inactivation.
Recently, voltage-clamp fluorometry was applied to
analyze the individual contributions of the four VSDs
of the Cayl.2 channel (Pantazis et al., 2014). Interest-
ingly, in this channel, the voltage sensitivity and acti-
vation kinetics of the VSD II and III best resembled
the ionic current properties, whereas VSD I contrib-
uted little and VSD IV not at all to channel gating.
Our data agree with the notion of a heterogeneity of
the four VSDs in Cay channels. However, they also sug-
gest that in Cayl.1—the primary function of which is
in activating RyR1—the specific roles of the individ-
ual VSDs are distinct from those in Cayl.2. Notably,
the observation that unique features of the IVS3-54
linker and IVS4 control voltage sensitivity in the IV
VSD and, when transplanted, also in the I VSD, indi-
cate that in Cayl.1 both of these VSD are essential for
channel gating.

Considering this evidence in support of a modular or-
ganization of the Cayl.1 calcium channel, it will be of
interest to also unravel the role of the remaining two
VSDs of the II and III repeats in Cayl.1. In addition to
their involvement in channel gating, these repeats are
likely important in the activation of EC coupling. Be-
cause EC coupling activates with faster kinetics and at
left-sifted voltages compared with Cayl.la current acti-
vation, we assume that the I and IV VSD are not involved
in this signaling process at all, but exclusively function in
channel gating. Sequence similarities between the I and
the III and between the II and the IV VSD of Cay chan-
nels suggest a twofold symmetry of the channel. The dis-
tinct voltage-sensing mechanisms reported here for
VSDs I and IV may be replicated in VSDs III and II, re-
spectively. However, this hypothesis remains to be tested
in future studies.
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