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SUMMARY

Voltage-gated calcium channels (CaV) regulate
numerous vital functions in nerve and muscle cells.
To fulfill their diverse functions, the multiple mem-
bers of the CaV channel family are activated over a
wide range of voltages. Voltage sensing in potassium
and sodium channels involves the sequential transi-
tion of positively charged amino acids across a ring
of residues comprising the charge transfer center.
In CaV channels, the precise molecular mechanism
underlying voltage sensing remains elusive. Here
we combined Rosetta structural modeling with site-
directed mutagenesis to identify the molecular
mechanism responsible for the specific gating prop-
erties of two CaV1.1 splice variants. Our data reveal
previously unnoticed interactions of S4 arginines
with an aspartate (D1196) outside the charge transfer
center of the fourth voltage-sensing domain that are
regulated by alternative splicing of the S3-S4 linker.
These interactions facilitate the final transition into
the activated state and critically determine the
voltage sensitivity and current amplitude of these
CaV channels.

INTRODUCTION

Voltage-gated calcium (CaV) channels contribute to the excit-

ability of nerve and muscle cells and are the exclusive molecular

agents to convert membrane depolarization into calcium-medi-

ated cellular functions like muscle contraction, secretion of neu-

rotransmitters and hormones, and gene regulation (Catterall,

2011). Inmammals, CaV channels constitute a family of ten genes

each with multiple splice variants. These give rise to functionally

diverse channels, which activate at greatly different membrane

potentials, precisely tuned to the specific requirements of the

cell function they regulate (Lipscombe et al., 2013). Whereas

voltage sensing in voltage-gated potassium (KV) and sodium

(NaV) channels is well studied, the molecular details of the

voltage-sensing mechanism in CaV channels are still elusive.
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CaV a1 subunits are polypeptides of more than 1,800 amino

acids folded into four homologous repeats (I–IV) with six trans-

membrane segments each (S1–S6). Segments S1–S4 of each

repeat form the voltage-sensing domains (VSD), while segments

S5 and S6 with the connecting P loop form the channel pore and

selectivity filter (Figure 1A). The S4 transmembrane segments of

CaV channels contain four to five positively charged amino acids

(arginines or lysines) spaced at three-amino acid intervals that

serve as the actual voltage sensors of the voltage-dependent

gating mechanism (Bezanilla, 2000; Bezanilla et al., 1991; Cat-

terall, 2010; Kontis and Goldin, 1997; Noceti et al., 1996; Papa-

zian et al., 1991; Seoh et al., 1996). In response to membrane

depolarization, the S4 segments translocate toward the extra-

cellular side of the membrane, inducing a conformational

change of the S5 and S6 segments that leads to the opening

of the channel pore (Ahern and Horn, 2004; Catterall and

Yarov-Yarovoy, 2010; Yarov-Yarovoy et al., 2006a). To facilitate

the movement of the S4 segments through the dielectric interior

of the plasma membrane, the S1–S3 helices of the VSD contain

several negatively charged and polar residues that stabilize the

positive charges of S4 (Bezanilla, 2000; Catterall, 2010; Lacroix

et al., 2014; Pless et al., 2014). In KV and NaV channels, three

highly conserved residues have been identified as a ‘‘gating

charge transfer center’’ (CTC) including a phenylalanine in S2

and negatively charged residues in S2 and S3 (Payandeh

et al., 2011, 2012; Tao et al., 2010). These residues form tran-

sient hydrogen bond (H-bond) pairs with the positive gating

charges of S4 as they sequentially pass through the CTC

(Cheng et al., 2013; Lin et al., 2011; Tao et al., 2010; Yarov-Yar-

ovoy et al., 2012). In the VSD of CaV channels, corresponding

residues are also highly conserved.

Previously we described a splice variant of CaV1.1 (CaV1.1e,

a1S-DE29) lacking exon 29, which encodes 19 amino acids in

the extracellular linker connecting transmembrane segments

S3 and S4 in the fourth VSD (Figure 1A) (Flucher and Tuluc,

2011; Tuluc and Flucher, 2011; Tuluc et al., 2009). The shorter

IVS3-S4 linker of CaV1.1e confers the channel a�30-mV left shift

in voltage sensitivity and a �6-fold increased current amplitude

compared with the long IVS3-S4 linker of CaV1.1a. This indicates

that, in the full-length CaV1.1a channel, the VSD of the fourth

repeat is limiting for voltage sensitivity and current amplitude.

Since similar alternative splicing of the IVS3-S4 linker is found

in most CACNA1 genes, regulation of gating properties by the
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Figure 1. Structural Modeling of the IVS3-

S4 Loop in Different Conformational States

Depicts a Higher Variability of CaV1.1a

Loop Compared with CaV1.1e

(A) Transmembrane topology of the a1 subunit of

the voltage-gated calcium channels consisting of

four repeats with six transmembrane domains

each. The red mark indicates the position of exon

29 in the extracellular loop connecting IVS3 and

IVS4. The sequence alignment of IVS3, the IVS3-

S4 extracellular loop, and IVS4 of the two CaV1.1

splice variants shows the position of the 19 amino

acids encoded by exon 29 in the IVS3-S4 linker,

the positions of the positive charges in IVS4 (blue)

and potential negative counter charges in IVS3

(red). Note that the colors of the bar above the

sequences match the ribbon models below

(green, S3; gray, exon 29; orange, S4).

(B) Predicted conformations of both CaV1.1a and

CaV1.1e IVS3-S4 loops in the resting state, inter-

mediate states 1 and 2, and in the activated state.

Gray highlights the extra 19 amino acids encoded

by exon 29 present in the CaV1.1a loop, while the

short IVS3-S4 linker of CaV1.1e is depicted in yel-

low. Note the substantial conformational changes

of the CaV1.1a IVS3-S4 loop during gating and

between different clusters, but less for theCaV1.1e

IVS3-S4 loop. The images were generated using

UCSF Chimera (Pettersen et al., 2004).
fourth VSD may be a general principle for the specific gating

properties of CaV channels (Liao et al., 2005; Lipscombe et al.,

2013).

Here we addressed the molecular mechanism by which differ-

ences in the IVS3-S4 linker control the voltage sensitivity and

amplitude of the two functionally distinct CaV1.1 channel vari-

ants. Using the Rosetta-Membrane method (Yarov-Yarovoy

et al., 2006a, 2006b, 2012), we predicted the structure of the

S3-S4 loop and the gating transitions of the VSD in both

CaV1.1 channel splice variants. The structural models indicate

that, in CaV1.1e but not in CaV1.1a, H-bonds are forming be-

tween D1196 (in IVS3) and R1 and R2 (in IVS4) during the final

steps of the gating charge movement. Using site-directed muta-

genesis, we confirmed that the D1196 negatively charged resi-

due in IVS3 is critical for electrostatic compensation of S4

charges and therefore determines the channel voltage sensi-

tivity. Inclusion of exon 29 in the IVS3-S4 linker or mutation of

D1196 (in IVS3) weakens the H-bonds between S4 charges

and D1196 thus inducing a rightward shift in the voltage sensi-

tivity of CaV1.1a.

RESULTS

Structure Prediction of the Fourth VSD of Cav1.1a and
Cav1.1e Channels
We generated structural models of the fourth VSD of Cav1.1a

and Cav1.1e channels using the Rosetta-Membrane method to

reveal the structural basis for the critical role of the IVS3-S4 linker

in determining voltage sensitivity (Yarov-Yarovoy et al., 2006a,

2006b, 2012). In order to identify the critical gating transition

affected by the IVS3-S4 linker lengths (with and without the

exon 29 sequence), the position of the S4 segment in relation
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to the CTC was modeled in four different conformational

states (resting, intermediate 1, intermediate 2, and activated)

as described in the Experimental Procedures. After several steps

of selection and refinement, the top 10% of the best scoring

models of the VSD in each conformational state are clustered

and chosen for further visual evaluation and analysis. Although

we observed a certain degree of variability between the different

top clusters, a common feature of all top cluster models of the

long CaV1.1a IVS3-S4 linker is that the exon 29 sequence further

extends the alpha helix of IVS3 toward the extracellular side of

the membrane (Figure 1B). In the resting and intermediate states

1 and 2, all top cluster models show the CaV1.1a IVS3-S4

linker orientated toward the outer vestibule of the VSD, while

in the activated state, the IVS3-S4 linker bends away from the

vestibule. Theoretically, these structural differences between

the S3-S4 loops of the two CaV1.1 splice variants could alone

alter the position or restrict the movement of the VSD trans-

membrane segments and thus explain the differences in voltage

sensitivity.

RelaxedHomology StructureModels Reveal Differences
in Packing and H-Bond Formation of the CaV1.1a and
CaV1.1e VSDs
In order to test if the structurally divergent IVS3-S4 linkers

differentially affect the VSD structure, and thus the voltage

sensitivity of the two CaV1.1 splice variants, we relaxed the

backbone and side-chain atoms in our homology models of

the fourth VSD with the short and long IVS3-S4 linker. After

full-atom relax, the VSD models of both splice variants in

each conformational state reach similar low energy levels, indi-

cating that the IVS3-S4 linker does not restrict the S4 move-

ment. Previously it has been demonstrated that gating of
ights reserved



Figure 2. Homology Rosetta Modeling of

the CaV1.1 Splice Variants Fourth Repeat

VSD Gating States

(A) Superimposed structures of CaV1.1a and

CaV1.1e VSD at the resting state, intermediate

states 1 and 2, and the activated state. S1–S3 are

shown as ribbons while the S4 transmembrane

domain is shownas licorice to facilitate observation

of similarities and differences in the structures of

CaV1.1a and CaV1.1e. The phenylalanine ‘‘cap’’

is shown to indicate the position of the CTC. In

the fourth VSD of CaV1.1, the CTC comprises a

phenylalanine (F1161=F) andaglutamate (E1164=

E2) in IVS2, and an aspartate (D1186 = D3) in IVS3.

S4 positively charged arginines are highlighted in

blue, while the negatively charged amino acids that

could participate to the charge transfer are high-

lighted in red. The extra 19 amino acids encoded

by exon 29 in Cav1.1a are shown in gray.

(B) Distance measurements between the Ca

atoms of IVS4-charged amino acids and the Ca

atoms of F and E2 in IVS2, D3, and D4 (D1196) in

IVS3. Only S2, S3, and S4 of CaV1.1e are shown

for clarity. Black dotted lines indicate that the

distances are the same in CaV1.1a and CaV1.1e in

a given state, green dotted lines indicate that the

distance is larger in CaV1.1e compared with

CaV1.1a, while red dotted lines indicate that the

distance is larger in CaV1.1a compared with

CaV1.1e by at least 0.2 Å. Distances in the CTC

differ in the intermediate state 2 and the activated

state, whereas S3-S4 distances near the IVS3-S4

linker (as indicated by D4 to the closest arginine in

S4 substantially differ in all states. Distances are

measured using UCSF Chimera (Pettersen et al.,

2004) and the values are presented in Table 1.
Shaker potassium channels requires the formation of salt

bridges of the basic residues in S4 with several acidic residues

in the transmembrane helices S1, S2, and S3. These residues

are E1 (E283) and E2 (E293) in the transmembrane helix S2

and D3 (D316) in the transmembrane helix S3 (Ma et al.,

2006; Pless et al., 2011; Seoh et al., 1996). In CaV channels,

the key residues of the CTC (E2, F, and D3) are conserved

with those previously described for KV (Lacroix et al., 2014;

Tao et al., 2010) and NaV channels (DeCaen et al., 2008,

2009, 2011; Yarov-Yarovoy et al., 2012), but in the fourth VSD

of CaV1.1 channels, the counter charge corresponding to

Shaker E1 is missing. The sequential movement of the positively

charged S4 residues past the negative counter charges (E2, D3)

and over the hydrophobic cap (phenylalanine) of the CTC is

considered essential for the voltage-sensing process (Lacroix

et al., 2014; Tao et al., 2010; Yarov-Yarovoy et al., 2012).

The superimposed structural models (Figure 2A) show that the

different size IVS3-S4 linkers do not dramatically change the

general position of the IVS4 helix relative to the other helices

of the VSD. However, especially in the intermediate state 2

and in the activated state, the outer parts of the IVS3 and

IVS4 helices are displaced in CaV1.1a relative to CaV1.1e, indic-

ative of the impact of the IVS3-S4 linker on the structure of the

VSD. Two morphs were generated to facilitate the visualization

of the structural changes in the fourth VSD of CaV1.1 variants

during gating (see Movies S1 and S2 related to Figure 2).
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To quantitatively describe differences in the structure of the

CTC of CaV1.1a and CaV1.1e, we measured the distances be-

tween the Ca atoms of the positive charges in IVS4 relative to

F, E2, and D3 in all four conformational states (Figure 2B and

Table 1). In the resting and intermediate state 1, the intramolec-

ular distances within the CTC were similar for both CaV1.1 splice

variants. In intermediate state 2, the distances from F and E2 to

R3were shorter, while D3 to R3 was longer in CaV1.1e compared

with CaV1.1a. Because the effect of the IVS3-S4 linker was more

pronounced near the extracellular side of the VSD, we also

measured the distance between the R1, R2, and R3 charges

and a negatively charged residue (D4 = D1196) further outside

in IVS3. Here the models show an increase of the distance in

the resting state and in both intermediate states and a reduced

distance in the activated state of CaV1.1e relative to CaV1.1a.

The increased variability between clusters of the same variant

and between variants are expected to alter the transient

H-bond formation between IVS4-positive charges and potential

counter charges in IVS2 and IVS3 during the sequential steps of

the voltage-sensing process.

In the resting state of both CaV1.1 variants (Figure 3A), the

outer arginines of IVS4 (R1 and R2) reside in the CTC forming

H-bonds with D3. A smaller number of H-bonds and distances

>2 Å indicate weaker interactions in CaV1.1a. The outer aspar-

tate D4 resides near arginine (R0) at the extracellular end of the

IVS4 helix, and three of the five top model clusters indicate an
1–271, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 263



Table 1. Distance Measurements between Ca of S4 Charged Amino Acids and Different Amino Acids from S2 and S3 during Gating

F-R1 E2-R1 D3-R1 D4-R0

Resting state CaV1.1a 10.63 ± 0.00 12.44 ± 0.00 6.23 ± 0.00 7.50 ± 0.30a

CaV1.1e 10.63 ± 0.00 12.44 ± 0.00 6.23 ± 0.00 8.01 ± 0.37a

F-R2 E2-R2 D3-R2 D4-R0

Intermediate State 1 CaV1.1a 10.55 ± 0.30 12.13 ± 0.45 6.39 ± 0.40 5.52 ± 0.33a

CaV1.1e 10.47 ± 0.24 12.08 ± 0.29 6.23 ± 0.00 6.23 ± 0.47a

F-R3 E2-R3 D3-R3 D4-R1

Intermediate State 2 CaV1.1a 10.86 ± 0.36b 12.73 ± 0.67b 6.61 ± 0.21a 6.81 ± 0.68a

CaV1.1e 10.64 ± 0.08b 12.17 ± 0.15b 6.83 ± 0.20a 7.24 ± 0.76a

F-K4 E2-K4 D3-K4 D4-R1

Activated State CaV1.1a 10.29 ± 0.17 12.05 ± 0.24 5.83 ± 0.18a 5.89 ± 0.16b

CaV1.1e 10.21 ± 0.34 11.86 ± 0.60 6.04 ± 0.24a 5.67 ± 0.22b

All distances are expressed in Ångström (Å) ± SD. The exact amino acid in the fourth VSD of CaV1.1 are: F=F1161, E2= E1164, D3=D1186, D4=D1196,

R0=R1229 (CaV1.1a) or R1210 (CaV1.1e), R1=R1236 (CaV1.1a) or R1217 (CaV1.1e), R2=R1239 (CaV1.1a) or R1220 (CaV1.1e), R3=R1242 (CaV1.1a) or

R1223 (CaV1.1e), K4=K1245 (CaV1.1a) or K1226 (CaV1.1e).
aThe difference in distance (of at least 0.2 Å) if the distance is larger in CaV1.1e compared with CaV1.1a.
bThe difference in distance (of at least 0.2 Å) if the distance is larger in CaV1.1a compared with CaV1.1e.
H-bond between R0 and D4 in CaV1.1e. In the intermediate state

1 (Figure 3B), the number and length of the H-bonds of R0, R1,

and R2 and partners in IVS2 and IVS3 are very similar in both

splice variants. However, in the intermediate state 2 (Figure 3C),

the changed distances between the transmembrane helices of

CaV1.1a or CaV1.1e profoundly affect H-bond formation espe-

cially between D4 and R1. Whereas in CaV1.1a only two of the

top five clusters form H-bonds between R1 and D4 in IVS3, the

CaV1.1e models indicate stronger interactions between these

two residues (Table S1 related to Figures 3 and 4). In three of

the top five analyzed clusters, R1 forms two H-bonds with D4

and, in one cluster, one H-bond. In the activated state of both

CaV1.1e and CaV1.1a (Figure 3D), D4 forms H-bonds with the

next arginine of the IVS4 helix, R2. However, overall the number

of D4-R2 H-bonds is higher and their distance shorter in the

models of CaV1.1e compared with CaV1.1a, consistent with

stronger interactions in CaV1.1e. In addition, in two of the five

top CaV1.1e clusters, also the interaction between R1 and D4

is maintained in the activated state. This is not found in any of

the CaV1.1a models, in which R0 and R1 form several H-bonds

with different acceptors in IVS3. Collectively our modeling indi-

cates that, in CaV1.1e stronger, R1-D4 interactions in the inter-

mediate state 2 may facilitate the transition toward activation,

thus increasing the voltage sensitivity. The multiple interactions

of both R1 and R2 with D4 may stabilize the voltage sensor of

CaV1.1e in the activated state, possibly causing the increased

CaV1.1e channel current amplitude. Therefore, we hypothesize

that the aspartate D1196 (D4) is a critical residue for voltage

sensing of CaV1.1 channels, potentially involved in facilitating

the transition from intermediate state 2 to activation, and in sta-

bilizing the activated state of the CaV1.1e splice variant.

Site-Directed Mutagenesis Confirms the Importance of
D1196 for Determining the Voltage Sensitivity of
CaV1.1e
To test the hypothesis that D4 is a critical determinant of the

distinct voltage sensitivities and current amplitude of CaV1.1

variants, we neutralized the charge of the aspartate D1196 by
264 Structure 24, 261–271, February 2, 2016 ª2016 Elsevier Ltd All r
mutating it to asparagine in both splice variants. We expressed

wild-type and mutant GFP-tagged CaV1.1a or CaV1.1e con-

structs in dysgenic (CaV1.1-null) myotubes and analyzed their

current properties using whole-cell patch-clamp recording.

Wild-type CaV1.1e showed a 6- to 8-fold increased calcium cur-

rent amplitude and a 26-mV left shift in the voltage dependence

of current activation compared with full-length CaV1.1a, as pre-

viously described (Tuluc et al., 2009) (Figures 4A–4C; Table 2).

Consistent with the structural modeling predictions, neutralizing

the negatively charged D4 in CaV1.1e (CaV1.1e-D4N) reversed

the effects of exon 29 exclusion almost completely. Its voltage

dependence of activation was right shifted by 19 mV, and the

peak amplitude was reduced to about the same level as that of

CaV1.1a. In contrast, the identical mutation in the full-length

CaV1.1a (CaV1.1a-D4N) had no effect on voltage dependence,

and only a small effect on the current amplitude. Thus, D1196

(D4) is essential for the characteristic gating properties of the

CaV1.1e channel by acting as counter charge for IVS4 gating

charges, but it does not contribute substantially to the gating

of CaV1.1a.

To examine whether the negative charge or the predicted

H-bonds of the D1196 are critical for the leftwards shift in the

voltage sensitivity of CaV1.1e, we generated a second mutant

in which the aspartate was substituted by the negatively charged

but longer side-chain glutamate (CaV1.1e-D4E). Interestingly,

this mutation (CaV1.1e-D4E) also reduced the voltage sensitivity

and current amplitude to values near those of CaV1.1a (Figures

4D–4F). Evidently the presence of the negatively charged

carboxyl group at D4 is not sufficient to left shift the voltage

sensitivity of CaV1.1e, but it also has to be positioned at the exact

distance from the protein backbone to properly interact with the

basic side chain of the arginines in IVS4.

To further examine this possibility, we modeled CaV1.1e-D4E

in the four different conformational states and compared it with

CaV1.1e. Indeed, structural modeling indicated that mutating

the aspartate to glutamate at position 1196 in CaV1.1e may

well reduce the H-bonds transiently formed with R1, especially

in the intermediate state 2 (Table S1 and Figure S2 related to
ights reserved



Figure 3. Structural Differences in the

Fourth VSD of CaV1.1e and CaV1.1a Affect

the Number and Strengths of H-bonds

Sequentially Formed During Gating

(A) In the resting state, R1 and R2 of CaV1.1e form

several H-bonds with D3 with distances %2 Å,

while CaV1.1a R1 and R2 interaction with D3 re-

sults in less and weaker H-bonds. An additional

arginine on the extracellular side of IVS4 (R0) forms

one H-bondwith an IVS3 aspartate (D4) in CaV1.1e

but not in CaV1.1a.

(B) H-bonds in intermediate state 1 are similar in

both splice variants.

(C) In intermediate state 2, R1 of CaV1.1e interacts

with D4, and R2 with E2 and T, while in CaV1.1a,

both R1 and R2 interact exclusively with E2 and T.

(D) The activated state of CaV1.1e is characterized

by multiple interactions of R1 and R2 with D4,

while R0, R1, and R2 of CaV1.1a form interactions

with different H-bond acceptors from IVS3 (D4,

D4, S2). The H-bonds and their distances are

illustrated using UCSF Chimera (Pettersen et al.,

2004). Relevant H-bonds <2.0 Å are colored in red

while distances >2.0 Å are shown in gray.
Figures 3 and 4). Whereas in CaV1.1e four of five clusters R1 in-

teracted with D4 (three clusters two H-bonds and one cluster

one H-bond) in CaV1.1-D4E, the number of clusters showing in-

teractions between R1 and E1196 was reduced to one with two

H-bonds plus two with a single H-bond. Such a drop in the num-

ber of H-bonds and in the fraction of model clusters where these

bonds occur is consistent with the experimentally observed shift

of the voltage sensitivity toward more depolarizing potentials.

Together these mutagenesis experiments and related structural

models suggest that D4 facilitates voltage-sensitive transitions

by interacting with positive IVS4 charges. This raises the ques-

tion as to which interactions of D4 with which of the arginines

represents the limiting gating transition for current activation?

The Interactions of R1 and R2 with D4 Determine the
Voltage Sensitivity of CaV1.1e
Our structural modeling (Figure 3) indicated that R0, R1, and R2

differentially interact with D4 in CaV1.1e compared with CaV1.1a.

To determine which of these putative interactions are important

for the �26-mV left shift in the voltage sensitivity of CaV1.1e, we

mutated R0, R1, or R2 to alanine and analyzed their current prop-

erties. According to structural modeling, the outermost arginine

R0 forms an H-bond with D4 of CaV1.1e but not of CaV1.1a in the

resting state. Mutation of R0 in CaV1.1e (CaV1.1e-R0A) caused

a slight increase in current density and only a 7-mV right shift

of the voltage dependence of activation (Figures 5A–5C). These

modest effects are very different from the properties of CaV1.1a

or from the changes effected by mutations of D4. Therefore the

R0-D4 interaction is not the major determinant for the specific

voltage sensitivity and current amplitude of CaV1.1e.

Our structural models further predicted that, in the intermedi-

ate state 2, R1 forms more H-bonds with D4 in CaV1.1e, but not
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in CaV1.1a, and that this interaction is maintained in the activated

state. Thus, the R1-D4 interaction might facilitate the final transi-

tion toward activation in CaV1.1e and then contribute to the sta-

bilization of the activated state. Consistent with its importance

for voltage sensing, mutating R1 in CaV1.1e (CaV1.1e-R1A)

caused a substantial right shift (35 mV) of the voltage depen-

dence of activation to even higher voltages than CaV1.1a (Fig-

ures 5A–5C). Also, the CaV1.1e-R1A channel shows a decreased

current amplitude compared with CaV1.1e. However, CaV1.1e-

R1A currents are still higher than in CaV1.1a and about half of

the decline can be explained by the decreased driving force

at the higher activation voltages. Overall, neutralizing R1 iden-

tifies the R1-D3 interaction as a major determinant of the voltage

sensitivity of CaV1.1e and reveals a differential role of this inter-

action in determining the voltage dependence and current ampli-

tude of CaV1.1.

Finally, our structural modeling indicated that, in the activated

state, R2 forms a greater number of H-bonds with D4 in CaV1.1e

compared with CaV1.1a. These H-bonds may facilitate the tran-

sition to the open state and stabilize the voltage sensor in the

activated state, thus shifting the voltage sensitivity toward lower

potentials and increasing the amplitude. Indeed, mutation of R2

in CaV1.1e (CaV1.1e-R2A, Figures 5A–5C) reduced the current

density and right shifted the voltage dependence by 30 mV

adopting current properties identical to those of CaV1.1a, con-

firming the importance of the R2-D4 interaction for determining

the gating properties of CaV1.1e.

If R1A and R2A mutations in CaV1.1e reverse the facilitating

effects of exon 29 deletion, then the corresponding mutations

in CaV1.1a should not have an additional effect on its current-

voltage dependence. Indeed, R1A and R2A mutations in

CaV1.1a (Figures 5D–5F) did not affect the voltage dependence
1–271, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 265



Figure 4. Aspartate at Position 1196 Is Critical in Determining the Voltage Sensitivity of CaV1.1 but Not CaV1.1a

(A–C) Representative calcium currents recorded frommyotubes expressing CaV1.1a (blue), CaV1.1e (red), CaV1.1a-D4N (green), andCaV1.1e-D4N (wine) during a

200-ms step depolarization to the maximum current amplitude (A). The CaV1.1e splice variant has a �6-fold higher current amplitude and �26 mV left shift in

voltage dependence compared with CaV1.1a. Mutating the negatively charged aspartate (D4) at position 1196 to the neutral asparagine (CaV1.1e-D4N, wine)

reverts CaV1.1e calcium current properties to those of CaV1.1a, as illustrated by (B) the I/V curve and (C) voltage dependence of current activation. Mutating the

same amino acid in CaV1.1a (CaV1.1a-D4N, green) has no effect on voltage sensitivity but slightly reduces the current amplitude.

(D–F) Mutating the CaV1.1e aspartate (D4) to a glutamate results in the same reduction in amplitude (CaV1.1e-D4E, purple) and shift in the voltage dependence as

observed for the aspartate to asparagine mutation. All data are presented as means ± SEM. Currents were analyzed as previously described (Tuluc et al., 2007)

and the calcium current parameters and statistics are given in Table 2.
of activation. This also excludes the possibility that the effects

observed with the corresponding mutations in CaV1.1e simply

resulted from the reduced number of total charges in the voltage

sensor. Only if the voltage sensitivity of the CaV1.1a R1A muta-

tion had also been right shifted compared with the wild-type

would this have been an indication that R1 interactions with other

counter charges besides D4 were responsible for the voltage

sensitivity. But this was not the case.

As it stands, the strikingly similar effects of mutating D4, R1, or

R2 identify these oppositely charged residues in IVS3 and IVS4

as interaction partners that determine the �26-mV leftward

shift in the voltage sensitivity and the high current amplitude of

CaV1.1e splice variant. Thus, structure modeling and mutagen-

esis experiments indicate that inclusion of exon 29 in the IVS3-

S4 linker of CaV1.1a perturbs interactions between D4 in IVS3

and the two outer IVS4 arginines R1 and R2. This possibly in-

creases the energy necessary for the transition between inter-

mediate state 2 and the activated state and reduces the stability

of the activated state.

DISCUSSION

Here we used structural modeling, site-directed mutagenesis

and electrophysiology in a native cell system to identify amino

acid interactions responsible for charge transfer in the CaV chan-

nel VSD, which critically determine the gating properties of CaV
channels. Our study elucidates the role of the extracellular
266 Structure 24, 261–271, February 2, 2016 ª2016 Elsevier Ltd All r
IVS3-S4 linker on the gating mechanism responsible for the dra-

matic difference in the voltage sensitivity and current amplitude

of two naturally occurring CaV1.1 channel splice variants. The

gating behavior of the long CaV1.1a splice variant has been a

conundrum in the ion channel field for over three decades,

because the voltage dependence of its gating currents and of

excitation-contraction coupling occurs at about 30 mV lower

voltage than the voltage sensitivity of its ionic conductance.

Several previous studies demonstrated that the specific slow

speed of CaV1.1 current activation is determined by the S3

segment plus S3-S4 linker in the first repeat (Nakai et al., 1994;

Tanabe et al., 1991); nevertheless, the mechanism responsible

for the right-shifted voltage sensitivity of CaV1.1a ionic current

has not been identified. The characterization of the embryonic

CaV1.1e splice variant (Tuluc et al., 2009), which exhibits the

same voltage sensitivity as gating currents, excitation-contrac-

tion coupling, and ionic conductance, indicated that the limiting

voltage-sensitive step required for CaV1.1 channel gating occurs

in the VSD of the fourth repeat. Therefore, the naturally occurring

CaV1.1 splice variants represent an excellent model to study the

voltage sensor transitions responsible for the differential voltage

sensitivities of CaV channels.

How does the inclusion or exclusion of 19 amino acids en-

coded by exon 29 in the IVS3-S4 linker cause the striking differ-

ences in voltage sensitivity of the two CaV1.1 splice variants?

Conceptually, a very short IVS3-S4 linker in CaV1.1e could lock

this voltage sensor in the activated position, and consequently
ights reserved



Table 2. Calcium Currents Biophysical Properties

Ipeak (pA/pF) Vhalf (mV) Vhalf Significance Vrev (mV) kact (mV) n

CaV1.1e �10.4 ± 0.7 7.0 ± 1.1 – 79.2 ± 1.1 4.7 ± 0.2 27

CaV1.1e-D4N �1.6 ± 0.1 26.4 ± 1.0 <0.0001 75.8 ± 1.2 8.8 ± 0.4 16

CaV1.1e-D4E �1.9 ± 0.2 27.8 ± 1.7 0.0002 77.6 ± 2.9 9.3 ± 0.9 6

CaV1.1e-R0A �12.1 ± 2.3 14.8 ± 2.6 0.0288 83.8 ± 1.2 5.7 ± 0.6 9

CaV1.1e-R1A �3.4 ± 0.4 43.9 ± 0.8 <0.0001 82.8 ± 1.4 9.4 ± 0.7 10

CaV1.1e-R2A �1.4 ± 0.1 32.3 ± 1.4 <0.0001 72.1 ± 1.3 8.1 ± 0.7 8

CaV1.1a �1.9 ± 0.2 33.2 ± 0.8 – 79.8 ± 1.1 8.9 ± 0.3 21

CaV1.1a-D4N �0.9 ± 0.2 35.2 ± 1.9 0.4261 76.6 ± 1.9 7.8 ± 0.6 7

CaV1.1a-R1A �0.5 ± 0.1 34.8 ± 5.6 0.8614 77.5 ± 3.7 7.7 ± 1.7 3

CaV1.1a-R2A �0.4 ± 0.1 37.0 ± 3.9 0.4813 70.7 ± 2.4 7.8 ± 0.5 4

All data are presented as means ± SEM. The significance levels were calculated using the Mann-Whitney U test between each construct and the

original channel splice variant used as backbone.
the voltage sensitivity of the channel would be determined by the

other three voltage sensors. However, immobilizing one of the

four voltage sensorswould be expected to result in ameasurable

reduction of the gating charge currents (QON) in CaV1.1e

compared with CaV1.1a. This has not been observed in our

previous study where the voltage dependence and maximum

amplitude of the gating charge currents (QON) were found to be

identical for both splice variants, while the expression level

(determined by RyR calcium release) was equal (Tuluc et al.,

2009). Furthermore, here we show that neutralization of R1,

R2, or D4 in the fourth VSD of CaV1.1e similarly right shifted

the voltage dependence of current activation, which is inconsis-

tent with a model assuming a locked fourth voltage sensor.

Alternatively, our structural models of the long IVS3-S4 linker

indicate a substantial conformational change between the inter-

mediate state 2 and the activated state. Since voltage-sensing

transitions are expected to be very fast, the movement of the ex-

tra 19 amino acids encoded by exon 29 away from the outer ves-

tibule could affect the response speed of this voltage sensor and

therefore the current activation kinetics. Indeed, in our previous

study, we report that CaV1.1e currents activate faster than

CaV1.1a currents (Tuluc et al., 2009). Although we cannot

exclude that the structural rearrangement of the IVS3-S4 linker

might also increase the energy required to gate this VSD of

CaV1.1a, our experimental finding that mutations of D4 (D4N

and D4E) in CaV1.1e right shifts the voltage dependence in the

absence of exon 29 contradicts this possibility.

Another possibility is that inclusion of exon 29 in the IVS3-S4

linker causes displacement of IVS3 and IVS4 relative to each

other and consequently alters the intramolecular interactions

required for the transfer of the IVS4 gating charges upon depo-

larization. Indeed our structural models of the fourth VSD of

CaV1.1a and CaV1.1e reveal differences in the relative posi-

tioning of IVS2, IVS3, and IVS4. These differences dramatically

affect H-bond formation of several IVS4 arginines, particularly

in intermediate state 2 and the activated state. Our experimental

results showing that mutations of R1 and R2 in IVS4 or of the

pivotal aspartate in IVS3 (D4) of CaV1.1e revert voltage sensitivity

and current amplitude to values similar to those found in CaV1.1a

strongly support this model. In NaV and Kv channels, negatively

charged residues in the transmembrane helices S2 (E2) and S3
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(D3) and a non-polar residue in S2 (F) form the CTC, which sup-

ports the voltage-dependent transition of the positively charged

residues in S4 (Payandeh et al., 2011, 2012; Tao et al., 2010).

Here we show that the corresponding amino acids in the fourth

VSD of CaV1.1 channels appear to serve the same function but

are not much affected by the inclusion of exon 29. Instead we

identified a previously unnoticed negatively charged amino

acid in IVS3 (D1196), which is essential for proper gating of the

CaV1.1e channel. Our structural models predict that during the

gating process D1196 sequentially interacts with R1 and R2,

and that these transitions are dramatically altered by inclusion

of exon 29 in CaV1.1a. Our experimental analysis demonstrates

that mutation of D1196 to asparagine or glutamate in CaV1.1e re-

verts both the voltage sensitivity and the current density to that of

CaV1.1a. Thus, D1196 is the key determinant of the dramatically

different gating properties of the two CaV1.1 splice variants.

Moreover, mutational analysis of the IVS4 arginines confirms

the importance of D1196 interactions with R1 and R2 in deter-

mining the leftward shift by 26 mV of CaV1.1e voltage sensitivity.

Thus, in CaV1.1 channels, an additional charged residue in IVS3

contributes to S4 charge compensation, and deviations of its

relative position to IVS4 accomplish dramatic changes of the

channel’s voltage sensitivity and current amplitude.

Our experimental data support amodel according towhich the

interactions of R1 and R2 with D4 contribute to the final steps of

the charge transfer to different degrees in CaV1.1a and CaV1.1e.

In the intermediate state 2 of CaV1.1a, both R1 and R2 form

H-bonds with a single residue in IVS2 (T). Although these interac-

tions might stabilize this state, our experimental data showing

that neutralization of R1 or R2 does not improve CaV1.1a gating

do not support this notion. In contrast, in the intermediate state 2

of CaV1.1e, the R1-D4 interaction (Figure 3C) most probably fa-

cilitates the final transition to the activated state as the mutation

of R1 in CaV1.1e shifts its voltage sensitivity to the right to poten-

tials even higher than CaV1.1a. The notion that CaV1.1a R1 and

D4 do not interact is supported by our data showing that, in

CaV1.1a, neutralization of R1 or D4 does not alter the voltage

dependence. In the activated state, R1 and R2 of CaV1.1a

form H-bonds with three separate IVS3 residues, whereas, in

CaV1.1e, both R1 and R2 form multiple H-bonds with D4 (Fig-

ure 3D). This convergence on a single residue most probably
1–271, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 267



Figure 5. R1 and R2 Are Functionally Relevant Interaction Partners for D4 in CaV1.1e but Not in CaV1.1a

(A) Representative calcium currents recorded during a 200-ms step depolarization to the maximum current amplitude frommyotubes expressing CaV1.1a (blue),

CaV1.1e (red), or CaV1.1e with arginine-to-alanine mutations of R0 (CaV1.1e-R0A, gray), R1 (CaV1.1e-R1A, black), and R2 (CaV1.1e-R2A, orange).

(B and C) Neutralizing R2 of CaV1.1e (CaV1.1e-R2A) converts the amplitude and voltage-dependence of CaV1.1e to that of CaV1.1a. R1 neutralization in CaV1.1e

(CaV1.1e-R1A) elicits an even further right-shifted voltage dependence compared with CaV1.1a. In contrast, R0 neutralization of CaV1.1e (CaV1.1e-R0A) shifts the

voltage dependence of CaV1.1e by only �7 mV to the right and slightly increases the current amplitude.

(D–F) Neutralizing R1 and R2 charges in CaV1.1a (CaV1.1a-R1A, black and CaV1.1a-R2A, orange) does not affect the voltage dependence, but results in reduced

calcium current amplitude. All data are presented as means ± SEM. The recording conditions and analysis were identical to those described in the legend of

Figure 4. The calcium current parameters and statistics are given in Table 2.
stabilizes the activated state resulting in the observed higher cur-

rent density of CaV1.1e. Our experimental data showing that, in

the absence of the R1-D4 interactions in CaV1.1e-R1A, the cur-

rent amplitude is substantially higher than that of CaV1.1a (Fig-

ure 5B) confirms that the stronger R2-D4 interaction in CaV1.1e

significantly contributes to the stability of the open state.

Our current and previous observation that the deletion of exon

29 dramatically alters the voltage dependence and amplitude of

CaV1.1a calcium currents demonstrates that voltage-sensitive

transitions in the fourth repeat VSD are necessary for CaV1.1

channel opening, but are not sufficient. As has been previously

shown, our data also support the idea that gating of the calcium

channel requires different contributions from all VSDs (Beyl et al.,

2012; Dirksen et al., 1997; Garcia et al., 1997; Hamid et al., 2006;

Hohaus et al., 2005; Kudrnac et al., 2009; Li et al., 2004; Nakai

et al., 1994; Pantazis et al., 2014; Tanabe et al., 1991; Wall-La-

celle et al., 2011). Recently published voltage-clamp fluorometry

experiments demonstrate that, in the CaV1.2 channel, VSD II and

III control the channel opening with no apparent contribution of

the fourth VSD (Pantazis et al., 2014). Nevertheless, this does

not exclude the possibility that alternative splicing in the fourth

VSD of CaV1.2 would change the contribution of this VSD to

channel gating. Our data support a gating model according to

which the transitions of the first three VSDs and the early transi-

tions of the fourth VSD are similar in both CaV1.1 variants, but, in

the CaV1.1a variant, the final transitions of the fourth VSD require

more energy and thus determine the voltage sensitivity of chan-
268 Structure 24, 261–271, February 2, 2016 ª2016 Elsevier Ltd All r
nel activation. The voltage dependence of channel gating in the

CaV1.1e variant is probably determined by the other VSDs simi-

larly to the CaV1.2 channel previously described (Pantazis et al.,

2014). The quantification of the slope factor (kact see Table 2) of

the Bolzmann fit to the voltage dependence of the conductance

(Bezanilla, 2000; Noceti et al., 1996) also supports our model that

the critical difference between CaV1.1 variants is the final gating

of the fourth VSD, because the slope factor of CaV1.1a mirrors

the movement of �3.2 charges, whereas the slope factor for

CaV1.1e channel mirrors the movement of �5.4 charges. Previ-

ous evidence supports a cooperative gating model for CaV
channels according to which the VSDs have different contribu-

tions to channel opening and affect each other (Beyl et al.,

2012; Demers-Giroux et al., 2013; Pantazis et al., 2014). Whether

the increased number of charges responsible for gating in

CaV1.1e reflect the biophysical changes in the fourth VSD alone

or altered gating of the other VSDs remains to be further studied.

Together our structural modeling and mutagenesis data iden-

tified a molecular mechanism in the fourth VSD of CaV1.1 chan-

nels that explains the specific current amplitude and voltage

sensitivity of this L-type CaV channel. The molecular mechanism

hinges on the newly discovered interaction between D4 and

two IVS4 arginines, and it is exquisitely sensitive to structural

rearrangements between the IVS3 and IVS4 helices imposed

by alternative splicing of the IVS3-S4 linker. Importantly, the

D4 aspartate is highly conserved in the fourth VSD of all high

voltage-activated CaV channels (Figure S1 related to Figure 1).
ights reserved



Because all but one CACNA1 gene encoding CaV channels also

contain a physiologically relevant alternative splicing site in the

extracellular IVS3-S4 linker of this domain (Lipscombe et al.,

2013), themolecular mechanism described heremay be relevant

for fine-tuning the voltage sensitivity throughout the CaV channel

family.

EXPERIMENTAL PROCEDURES

Structural Modeling

Homology, de novo, and full-atommodeling of the CaV1.1e and CaV1.1a VSDs

was performed using the Rosetta-Membrane method (Yarov-Yarovoy et al.,

2006a, 2006b, 2012) and NaVAb VSD structure (Payandeh et al., 2011) as a

template. For modeling of resting and intermediate states, we used multiple

alignments between S4 segments of CaV1.1e or CaV1.1a and NaVAb guided

by experimental data on specific pairwise interactions and positions of S4 ar-

ginines in different states of KV and NaV VSDs (Broomand and Elinder, 2008;

Campos et al., 2007; DeCaen et al., 2008, 2009, 2011; Henrion et al., 2012; La-

croix et al., 2014; Pathak et al., 2007; Starace and Bezanilla, 2004; Tombola

et al., 2005; Vargas et al., 2012; Yarov-Yarovoy et al., 2012). The S4 alignment

where R1 in CaV1.1 variants is aligned to R1 in NaVAb represents the activated

state. The intermediate state 2, intermediate state 1, and resting state were

modeled by aligning R1 in CaV1.1 variants to NaVAb R2, R3, and R4 respec-

tively. In the resting state, the CTC is occupied by R1 (CaV1.1a-R1236;

CaV1.1e-R1217); in the intermediate state 1 by R2 (CaV1.1a-R1239;

CaV1.1e-R1220), and in the intermediate state 2 by R3 (R1242-CaV1.1a;

CaV1.1e-R1223). In the activated state, K4 (CaV1.1a-K1245; CaV1.1e-

K1226) occupies the CTC. The S1-S2, S2-S3, and S3-S4 loops were built us-

ing Rosetta cyclic coordinate descent and kinematic closure loop modeling

applications (Mandell et al., 2009;Wang et al., 2007), and guided bymembrane

environment specific energy function (Barth et al., 2007; Yarov-Yarovoy et al.,

2012). A total of 10,000 models were generated for each state and ranked by

total Rosetta score (Barth et al., 2007; Rohl et al., 2004; Yarov-Yarovoy et al.,

2012). The top 10%of best scoringmodels are clustered (Bonneau et al., 2002)

using the root mean square deviation threshold, which generates at least 150–

200 models in the largest cluster. Models representing centers of the top 20

clusters were used as inputs for full-atom relax. Models representing five

largest clusters for each of the VSD states were chosen for further visual eval-

uation and analysis. All structural figures in the article were generated using

UCSF Chimera (Pettersen et al., 2004).

Mutagenesis and Electrophysiology

The point mutations were introduced using splicing by overhang extension

PCR into the GFP-a1S or GFP-a1S-DE29 plasmids previously described (Tuluc

et al., 2009). All mutants were verified by sequencing performed by Eurofins

Genomis. The plasmids were transfected in myotubes of the dysgenic (mdg/

mdg) cell line GLT using FuGene transfection reagent (Roche Diagnostics)

(Tuluc et al., 2007). This restores the normal composition of the channel with

auxiliary a2d-1, b1a, and g1 subunits enabling recording of the otherwise unde-

tectable CaV1.1a currents (Flucher et al., 2005; Rios and Brum, 1987; Tanabe

et al., 1988). Calcium currents were recorded with the ruptured whole-cell

patch-clamp technique in voltage-clamp mode using an Axopatch 200B

amplifier (Axon Instruments). Patch pipettes (borosilicate glass, Harvard Appa-

ratus) had a resistance of 1.5–3 MU when filled with 145 mM Cs-aspartate,

2 mM MgCl2, 10 mM HEPES, 0.1 mM Cs-EGTA, 2 mM Mg-ATP (pH 7.4 with

CsOH). The bath solution contained 10 mM CaCl2, 145 mM tetra-ethyl ammo-

nium chloride, 10 mM HEPES (pH 7.4 with tetra-ethyl ammonium hydroxide).

Data acquisition and command potentials were controlled by pClamp

software (version 8.0; Axon Instruments); analysis was performed using

Clampfit 8.0 (Axon Instruments) and SigmaPlot 8.0 (SPSS Science)

software. The current-voltage dependence was fitted according to:

I=Gmax,ðV � VrevÞ=1ð1+ expð�ðV � V1=2Þ=kÞÞ. The conductance was calcu-

lated using G= ð�I � 1000Þ=ðV � VrevÞ and its voltage dependence was fitted

according to a Boltzmann distribution: G=Gmax=ð1+ expð�ðV � V1=2Þ=kactÞÞ,
where Gmax is the maximum conductance of the L-type calcium currents,

Vrev is the extrapolated reversal potential of the calcium current, V1/2 is the

potential for half maximal conductance, and kact is the slope. The statistical
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significance was calculated using the Mann-Whitney U test, and the values

are present in Table 2.
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