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The pore-forming component of voltage-gated calcium channels, α1 subunit, contains four structurally conserved
domains (I–IV), each of which contains six transmembrane segments (S1–S6). We have shown previously that a
Gly residue in the S2–S3 linker of domain III is completely conserved from yeasts to humans and important for
channel activity. The Gly residues in the S2–S3 linkers of domains I and II, which correspond positionally to the Gly
in the S2–S3 linker of domain III, are also highly conserved. Here, we investigated the role of the Gly residues in the
S2–S3 linkers of domains I and II of Cav1.2. Each of theGly residueswas replacedwithGluorGln to producemutant
Cav1.2s; G182E, G182Q, G579E, G579Q, and the resulting mutants were transfected into BHK6 cells. Whole-cell
patch-clamp recordings showed that current–voltage relationships of the four mutants were the same as those of
wild-type Cav1.2. However, G182E and G182Q showed significantly smaller current densities because of
mislocalizationof themutant proteins, suggesting thatGly182 indomain I is involved in themembrane traffickingor
surface expression of α1 subunit. On the other hand, G579E showed a slower voltage-dependent current
inactivation (VDI) compared to Cav1.2, although G579Q showed a normal VDI, implying that Gly579 in domain II is
involved in the regulationof VDI and that the incorporationof a negative charge alters theVDI kinetics. Ourfindings
indicate that the two conserved Gly residues are important for α1 subunit to become functional.
D,α1-interaction domain; VDI,
nactivation
e contacted at Department of
oho University, 5-21-16 Omori-
1x2361; fax:+8135493 5413.
rsity, 4-1-1 Nukui kita-machi,
7517.

achi-Akahane),

ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Voltage-gated calcium channels (VGCCs) regulate Ca2+ influx
required for various cellular functions, including muscle contraction,
neurotransmitter release, and gene expression [1]. VGCCs are
composed minimally of α1, β, and α2/δ subunits [2]. α1 subunit is
the major voltage-sensitive and pore-forming component of VGCCs
and contains four structurally conserved domains (I–IV). Each domain
contains six transmembrane segments (S1–S6) and a membrane-
associated loop between the S5 and S6 segments (called the P-loop).
The S4 segments form the voltage sensor and P-loops form the Ca2+-
selective pore (see Fig. 1A).

The auxiliary subunits, β and α2/δ, play prominent roles in the
functional expression of α1 subunits and in the regulation of channel
function, including increases in current density as well as activation
and inactivation of the channel [3]. In particular, it is proposed that β
subunits bind to the α1-interaction domain (AID) within the
cytoplasmic I–II linker region and is crucial for the functional
regulation of α1 subunits [4,5]. Crystal structural analysis has shown
that β subunits contain multiple protein-interacting modules,
suggesting it to be a multi-functional protein [6]. In addition to
these auxiliary subunits, several molecules such as G proteins and
synaptic proteins have been reported to be involved in the function
and surface expression of α1 subunits [3]. It has been speculated that
cytoplasmic regions ofα1 subunits, including N-terminal and C-terminal
regions and linkers between the domains, constitute the binding/
recognition sites for the auxiliary subunits and second messengers.
Although a number of regions in α1 subunits important for interaction
with auxiliary subunits or regulatory molecules have been identified
[4,7–10], little is known about themolecularmechanisms underlying the
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surface expression and the functional regulation of α1 subunits from a
structural point of view.

Previously, we have revealed that the Gly residue in the S2–S3
linker of domain III is completely conserved in the VGCC family from
yeasts to humans and bears essential roles in the maintenance of
channel activity [11]. Here, we show that the Gly residues in the S2–S3
linkers of domains I and II, which correspond positionally to the Gly
residue in the S2–S3 linker of domain III, are also highly conserved
during evolution. Cav1.2 is a member of the L-type VGCC α1 subunit
family, and its activity was successfully analyzed following transfec-
tion of its cDNA into baby hamster kidney BHK6 cells expressing
rabbit β1a andα2/δ1 subunits. In this study, we employed this cell line
to investigate the roles of the two conserved Gly residues (Gly182 and
Gly579 in Cav1.2). We found that the substitution of Glu or Gln for
Gly182 resulted in a loss or reduction of peak current density because
of the mislocalization of the mutant proteins, suggesting that the
Gly182 residue in the S2–S3 linker of domain I is involved in the
surface expression of the α1 subunit. The substitution of the
negatively charged Glu for Gly579 slowed voltage-dependent current
inactivation (VDI), though no such effect was observed upon
substitution of the uncharged Gln for Gly579, indicating that Gly579

in the S2–S3 linker of domain II is involved in the regulation of the
gating kinetics of CaV1.2. Our findings indicate that the conserved Gly
residues in the S2–S3 linkers of domains I and II play important roles
in maintaining the function of VGCCs.

2. Materials and methods

2.1. In vitro site-directed mutagenesis in Cav1.2 cDNA

In vitro site-directed mutagenesis was carried out on the cDNA of
a rat brain Cav1.2, rbCII, which had been subcloned into pBluescript II
SK(−) using the KOD-Plus-Mutagenesis Kit (Toyobo, Co., Osaka). The
1.3 kb KpnI–XhoI fragment or the 1.6 kb XhoI–SpeI fragment of the
cDNA was replaced with a sequence-verified DNA fragment mutated
at the position of the Gly182 or Gly579 residue of Cav1.2 and each full-
length cDNA carrying the site-directed mutations was then intro-
duced into pBCMS-EGFP as described previously [11].

2.2. Cell culture

BHK6 cells stably expressing rabbit β andα2/δ1 subunits [12]were
cultured in Dulbecco's modified Eagle's medium supplemented with
5% fetal bovine serum, 100U/ml of penicillin–streptomycin (Sigma)
and 600 μg/ml of G418 in a humidified 5% CO2/95% O2 incubator at
37 °C [13]. Cells were plated on coverslips coatedwith 0.5% gelatin and
transfected with a plasmid bearing Cav1.2 cDNA or its mutants using
Fugene HD Transfection Reagent following the manufacturer's
instructions (Roche Applied Science, Indianapolis, IN). Cells were
used for electrophysiological experiments 24–48 h after transfenction.

2.3. Whole-cell patch-clamp recording

Whole-cell currents were recorded using a Patch/Whole Cell
Clamp Amplifier Axopatch 200B (Axon Instruments, Foster City, CA)
and A/D converter (Digidata 1200, Axon Instruments) at room
temperature. Data acquisition was performed using PCLAMP7
software (Axon Instrumets). Capacitative components were electri-
cally compensated. Leak subtraction was performed by the P/N
method (N=4–6).

The resistance of recording pipettes was 2–3 MΩ when filled with
the pipette solution containing 120 mM CsMeSO4, 20 mM tetraethy-
lammonium chloride, 14 mM EGTA, 5 mM Mg-ATP, 5 mM Na2
creatine phosphate, 0.2 mM GTP, and 10 mMHEPES (pH 7.3, adjusted
with CsOH at room temperature). The external solution contained
137 mM NaCl, 5.4 mM KCl, 1 mM MgCl, 10 mM HEPES, 10 mM
glucose, and 2 mM BaCl2 (pH 7.4, adjusted with NaOH at room
temperature). In our experiments, 75–95% of cells transfected with
various plasmids were positive for the Ca2+ channel currents. The
liquid junction potential, calculated to be 16.3 mV, was not corrected
in this study because all of the experiments were carried out with the
same pipette solution and external solution.

2.4. Preparation of cell extracts and immunoblot analysis

BHK6 cells were transfected with a plasmid bearing Cav1.2 cDNA
or its mutants using Lipofectamine Plus following the manufacturer's
instructions (Invitrogen). Forty-eight hours after transfection, the
cells were washed with PBS, and lysed in lysis buffer (140 mM NaCl,
10 mM Tris–HCl [pH 7.4], 5 mM EDTA, 5 mM EGTA, 1% NP-40, and
3 mM pepstatin A). The protein concentration was determined by the
method of Lowry et al. [14] and 40 mg of protein in SDS-sample buffer
[15] was applied to an SDS-polyacrylamide gel (4–12%). The gel was
then subjected toWestern blotting. Detection of Cav1.2 and its mutant
proteins was performed using antibodies against Cav1.2 (rabbit anti-
CNC1; ACC-003, Alomone Labs, Jerusalem, Israel). The secondary
antibody was anti-rabbit immunoglobulin G conjugated with horse-
radish peroxidase (NA934V, GE Healthcare Bio-Sciences Corp., Piscat-
away, NJ).

2.5. Immunofluorescence microscopy

BHK6 cells transfected with a plasmid bearing Cav1.2 cDNA or its
mutants were prepared as described above. Forty-eight hours after
transfection, the cells were washed with PBS, fixed with 4%
formaldehyde for 10 min, permeabilized with methanol for 3 min,
and blocked with PBS-T solution (3.2 mM Na2HPO4, 0.5 mM KH2PO4,
135 mM NaCl, 1.3 mM KCl, and 0.05% Tween20, pH 7.4) containing
5 mg/ml of bovine serum albumin for 30 min at room temperature.
The primary antibody, anti-CNC1, was visualized with a secondary
antibody labeled with Alexa Fluor498 (Invitorogen). Nuclei were
labeled with Hoechst 33342 (Molecular Probes, OR, USA). Images
were acquired with a laser-scanning confocal microscope (LSM-510
META, Carl Zeiss, Inc., Oberkochen, Germany).

2.6. Co-immunoprecipitation

tsA201 cells co-transfected with a plasmid bearing Cav1.2 or its
mutants, either β1a or β2c and α2/δ1 subunits were prepared as
described above. Forty-eight hours after transfection, to prepare cell
lysates, the cells were washed with PBS, collected with a rubber
policeman in TNE buffer (140 mNaCl, 10 mM Tris–HCl [pH 7.4], 5 mM
EDTA-3Na, 5 mM EGTA, 1% NP-40, and 3 μM pepstatin) containing a
protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany, Cat, no. 04 693 159 001) added at a ratio of one tablet of the
cocktail to 10 ml of TNE buffer, and lysed by homogenization.
Antibodies against Cav1.2 (rabbit anti-CNC1; ACC-003, Alomone
Labs) were added to the cell lysate and the mixture was incubated
with rotation for 16 h at 4 °C. Dynabeads protein G (Invitrogen Dynal,
Oslo, Norway) was used to precipitate antibody–protein complexes.
Co-precipitated proteins were identified by Western blotting with a
primary antibody against the β subunit that detects both β1a and β2c

subunits (mouse anti-CACNB2; H00000783-M05, Abnova Coporation,
Taipei, Taiwan) and a secondary anti-mouse immunoglobulin G
conjugated with horseradish peroxidase (NA9310V, GE Healthcare
Bio-Sciences).

2.7. Statistical analysis

All data are presented as the mean±SEM, and statistical signif-
icancewas determined using the unpaired Student's t test with a value
of pb0.05 required for significance.
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3. Results

3.1. Gly residues in the S2–S3 linkers of domains I and II are highly
conserved

Since VGCCs contain four structurally conserved domains, we
predicted that a Gly residue, which corresponds positionally to the Gly
residue in the S2–S3 linker of domain III described in our previous
study [11], is conserved in the S2–S3 linkers of other domains of
various VGCCs from various species. A multiple amino acid sequence
alignment revealed that the Gly residue was also completely
conserved in the S2–S3 linker of domain I, and highly conserved in
the S2–S3 linker of domain II (Fig. 1B). The relative positions of these
Gly residues are shown in Fig. 1A, based on conventional membrane
topology. The Gly residue in domain II of yeast VGCC homologues was
found to be replaced with a hydrophobic amino acid residue, such as
Leu, Phe or Ala (Fig. 1B). In addition, we found that the Gly residue in
domain IV was not conserved in animal L-type VGCCs, including
Cav1.2 (see below). We, therefore, focused on the Gly residues in
domains I and II of Cav1.2 in this study.
Fig. 1. Highly conserved Gly residues. (A) Location of the highly conserved Gly residues in t
linkers of domains I–III of VGCC α1 subunits are shown with red circles (analyzed in this stu
represent four homologous domains and the Arabic numerals 1–6 represent putative tran
segments in domains I–IV, containing repeated motifs of a positively charged residue followe
the cytoplasm. (B) Multiple amino acid sequence alignment of the S2–S3 linkers of domai
alignment was performedwith ClustalW (http://align.genome.jp/). Highly conserved Gly re
based on Jan and Jan [48] and underlined. The full names of the species are (from top to
pombe; Candida albicans; Ashbya gossypii; and Saccharomyces cerevisiae.
3.2. Effect of substituting Glu or Gln for Gly182 and Gly579 on peak current
density and the current–voltage relationship

We have shown previously that changing Gly to Glu in the domain
III S2–S3 linkers of Cav1.2 and yeast Cch1 results in a complete loss of
function [11]. Here, to investigate the roles of Gly182 and Gly579 in
domains I and II of Cav1.2, respectively, we replaced them with Glu to
produce the mutant Cav1.2, G182E and G579E. Since Glu has a
negative charge and the Gly to Glu substitution may cause a drastic
structural change of Cav1.2 and/or an artificial protein–protein
interaction due to ionic bonding, we also replaced them with Gln
that has no chargewith almost the same residue volume as that of Glu.
The resulting mutant CaV1.2s were named G182Q and G579Q,
respectively. These mutant Cav1.2s were transfected into BHK6 cells
stably expressing rabbit β and α2/δsubunits.

We first tested the peak current density of the transfected cells using
awhole-cell patch-clampwith 2 mMBa2+ as a charge carrier.When the
cells were depolarized from a holding potential of−80 mV to−10 mV,
the peak current density of Cav1.2 used as a control was −516 pA/pF
(n=23) (Fig. 2A). By contrast, no current was detected in some
he S2–S3 linkers of VGCC α1 subunits. The Gly residues highly conserved in the S2–S3
dy) and a green circle (analyzed in our previous study [11]). The Roman numerals I–IV
smembrane segments (S1–S6). P represents the putative pore loop. The putative S4
d by two hydrophobic residues, are colored yellow. The N- and C-termini are located in
ns I and II of various VGCC α1 subunits and candidates. Multiple amino acid sequence
sidues are colored red. The putative transmembrane segments S2 and S3were predicted
bottom): Rattus norvegicus; Halocynthia roretzi; Cyanea capillata; Schizosaccharomyces

http://align.genome.jp/


Fig. 2. Effect of substituting Glu or Gln for Gly182 and Gly579 on current density and current–
voltage relationships. (A) Peak current density of BHK6 cells expressing Cav1.2 or itsmutants.
Whole-cell currents were recorded with 100ms depolarization to −10mV from a holding
potential of−80mVwith 2 mM Ba2+. (B) Current–voltage relationships for the channels of
Cav1.2 (open circle), G182E (open triangle), G182Q (closed triangle), G579E (open square),
andG579Q (closed square). Error bars represent themean±S.E.M. The number of BHK6 cells
tested is indicated in parentheses. *, pb0.001 vs. Cav1.2 (control).
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populations of cells expressing G182E or G182Q, and the peak current
density of detectable cells was −25±4 pA/pF (n=23) for G182E and
−24±2 pA/pF (n=8) for G182Q, each significantly smaller than that
of Cav1.2 (pb0.001). G182Q channel currents were observed in
approximately 75% of the patch-clamped cells, whereas in wild-type
CaV1.2, the currentswere recorded in about 95%of the cells.On theother
hand, no significant difference in peak current density between the
Gly579 mutants (G579E,−64±9 pA/pF [n=18]; G579Q,−53±6 pA/
pF [n=8]) and Cav1.2 was observed (Fig. 2A). These results demon-
strate that the substitution of Glu or Gln for Gly182 decreases the peak
current density of Cav1.2 and that this decrease is independent of the
charge of the substituted amino acid.

To examine whether the substitution of Gly182 or Gly579 with Glu
or Gln alters the voltage-dependence of current activation, we
investigated the current–voltage (I–V) relationships. As shown in
Fig. 2B, Cav1.2 and its mutants showed a maximum current at
approximately −10 mV and the I–V relationship of Cav1.2 was not
significantly changed by the G182E, G182Q, G579E and G579Q
mutations. These results indicate that the Gly to Glu or Gln
substitution in the S2–S3 linker of domains I and II does not perturb
the voltage-sensing and activation properties of Cav1.2.
3.3. Effect of substituting Glu or Gln for Gly182 or Gly579 on the stability
and localization of the mutant proteins

To search for the cause of the loss or decrease of peak current
density produced by the amino acid substitutions described above, we
examined the stability and subcellular localization of the G182E and
G182Q mutant proteins. Western blot analysis showed that the
amounts of G182E and G182Q were essentially the same as the
amount of Cav1.2 (Fig. 3A). Using immunofluorescence microscopy
with an antibody specific to the II–III loop of Cav1.2, we observed that
the Cav1.2 proteins were localized to the plasma membrane (Fig. 3B,
panel a). However, the majority of the G182E and G182Q proteins
appeared to be present in the cytoplasm (Fig. 3B, panels b and c).
These results indicate that the substitution of Glu or Gln for Gly182 did
not affect the expression of the mutant proteins, but resulted in their
mislocalization. Thus, it is likely that the absence of current or low
peak current density of cells expressing G182E or G182Q is due to the
mislocalization of these mutant proteins.

Several reports have indicated that the auxiliary β subunit plays a
crucial role in membrane trafficking of the α1 subunit [7,16]. It is
possible that the G182E and G182Q mutations impaired the interac-
tion between α1 and β subunits, thus leading to the mislocalization of
α1 subunit. To examine this possibility, we performed immunopre-
cipitation experiments with antibodies against Cav1.2. We found that
the Gl82E and G182Q proteins were co-immunoprecipitated with the
β subunit, such as β1a and β2c subunit, and that the level of the
precipitated β subunit was comparable between the mutant proteins
and Cav1.2 on the immunoblots. Fig. 4 shows that the amount of the β
subunit immunoprecipitated with the G182E or G182Q protein was
essentially the same as that immunoprecipitated with Cav1.2,
suggesting that the G182E and G182Q mutations do not affect the
interaction between the α1 and β subunits.

We also examined effects of the G579E and G579Q mutations on
the expression and localization of the corresponding mutant proteins.
As shown in Fig. 3A, the amounts of the G579E and G579Q proteins
were the same as the amount of Cav1.2. The immunofluorescence
microscopy showed that the G579E proteins were localized to the
plasma membrane, like Cav1.2 (Fig. 3B, panel d). On the other hand,
although a certain amount of G579Q was observed in the cytoplasm,
the majority of this protein was localized to the plasma membrane
(Fig. 3B, panel e). These results indicate that the substitution of Gly579

with Glu or Gln had no serious effect on the expression and
localization of Cav1.2.

3.4. Effect of substituting Glu or Gln for Gly182 or Gly579 on the
voltage-dependent inactivation

To study whether the substitution of Glu or Gln for Gly182 or Gly579

produces any other effect on the electrophysiological properties of
Cav1.2, we analyzed VDI kinetics of cells expressing these substituted
proteins. VDI profiles of Cav1.2 and its mutants were resolved by a
2000 ms-depolarization step from a holding potential of −80 mV to
−10 mV in the presence of 2 mMBa2+ as a charge carrier (Fig. 5A–D).
Components and time constants of VDI kinetics were analyzed by
fitting the current trance with double exponential functions (Fig. 5E
and F). As for G579E, its constant component relative to the total
current was comparable to that of Cav1.2 (Fig. 5E). However, its fast
component was half as large as that of Cav1.2 and the slow component
was 1.7-fold larger than that of Cav1.2 (Fig. 5E). In addition, the fast
and slow time constants were 113±6 ms and 628±43 ms (n=6) for
Cav1.2, whereas they were 170±16 ms and 978±55 ms (n=6) for
G579E, respectively (Fig. 5F and G). These results indicate that the
G579Emutation slows the VDI kinetics of Cav1.2. In contrast to G579E,
the effects of the G579Q mutation were mild. The fast and slow
inactivation components were 0.7-fold smaller and 1.4-fold larger
than those of Cav1.2, respectively (Fig. 5E), and its fast and slow time
constants (99±9 ms and 603±39 ms, respectively) were essentially
the same as those of Cav1.2 (Fig. 5F and G). These results suggest that
the effect of the Gly579 to Glu substitution on VDI is brought about
principally by the negative charge of the substituted Glu.

Since the G182E and G182Q mutations had essentially the same
effect on peak current density and protein localization, we only
analyzed the VDI kinetics of the G182E mutant. The fast and slow



Fig. 3. Effect of substituting Glu or Gln for Gly182 and Gly579 on the expression and localization of the mutant proteins. (A) Expression of Cav1.2 and its mutant proteins. BHK6 cells
were transfected with the same amount of a plasmid bearing Cav1.2, G182E, G182Q, G579E, or G579Q cDNA. NC represents non-transfected cells as a negative control. Total cell
extract (40 µg) was subjected to an immunoblot analysis with antibodies to Cav1.2 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase), an internal control protein used for
examining the amount of protein applied. (B) Subcellular localization of Cav1.2 and its mutants. BHK6 cells were observed by confocal laser-scanning microscopy 48 h after
transfection with the same amount of plasmid bearing the following cDNA: Cav1.2 (a), G182E (b), G182Q (c), G579E (d), and G579Q (e). blue, nuclear staining with Hoechst 33342;
green, GFP; red, Cav1.2 and its mutants detected with antibodies to Cav1.2.
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components of G182E were not significantly different from those of
Cav1.2 (Fig. 5E), but the time constants of the fast and slow
components of G182E (887±63 ms and 152±9 ms, respectively)
were significantly larger than those of Cav1.2 (Fig. 5F).
3.5. Effect of the G579E mutation on steady-state inactivation

We assessed the steady-state voltage-dependence of current
inactivation of G579E in 2 mM Ba2+. The whole-cell currents were
recorded at −10 mV after a series of 5-s-conditioning pre-pulses
applied between −90 and +10 mV. Compared to Cav1.2, no shift of
Fig. 4. Co-immunoprecipitation of G182E and G182Q with β2c subunit. The same amount
of a plasmid carrying cDNA encoding Cav1.2, G182E, or G182Q was co-transfected with
that coding for β2c and α2/δ subunits into tsA201 cells. Antibodies against Cav1.2 were
added to cell lysates and after a 16-h incubation, antibody–protein complexes were
precipitated with Dynabeads protein G. Co-precipitated proteins were identified by
Western blottingwith primary antibodies againstα subunit, β subunit or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The negative control (NC) represents cells
transfectedwith an empty vector for Cav1.2 cDNA. Co-IP, co-immunoprecipitated samples.
the voltage-dependence of the steady-state inactivation curve was
observed in G579E (Fig. 6).

Since currents through the G182E and G182Q channels were small
and cells expressing the channels were faltering, we could not
estimate successfully their steady-state inactivation curves.

4. Discussion

In this study, we have focused on two highly conserved Gly
residues of the VGCC α1 subunit Cav1.2: one is Gly182 located in the
S2–S3 linker of domain I and the other, Gly579 in the S2–S3 linker of
domain II (Fig. 1). The reason for this focus is that the two Gly residues
have been highly conserved during evolution and correspond
positionally to Gly959 in the S2–S3 linker of domain III. Our previous
study has shown that the Gly959 residue is completely conserved from
yeasts to humans and essential for channel activity [11]. We,
therefore, addressed a question as to what are the roles of Gly182

and Gly579 in the functional regulation of Cav1.2.

4.1. Role of Gly182

Our studies have shown that the current–voltage relationships of the
G182E and G182Q mutants are similar to those of CaV1.2. However,
G182E and G182Q have little or no current density compared to Cav1.2
(Fig. 2). This phenotype isnot due to a loss of protein expressionbecause
the amount of each mutant in cells was essentially the same as that of
Cav1.2 (Fig. 3A). However, immunofluorescencemicroscopy has shown
that themajority of theG182EandG182Qproteins seemtobepresent in
the cytoplasm (Fig. 3B). Thus, the small current density of G182E and
G182Q suggests that only a limited amount of the mutant proteins,
which can be hardly detected byfluorescencemicroscopy, is localized to



Fig. 5. Effect of substitutingGluorGln forGly182 andGly579onVDI. Currentswere elicitedbyapplying stepdepolarizations to−10mV for2000ms fromaholdingpotential of−80 mV inBHK6
cells expressing Cav1.2 or its mutants with 2 mM Ba2+ as a charge carrier. (A) Cav1.2; (B) G579E; (C) G579Q; (D) G182E. Components and time constants of VDI were analyzed by fitting the
current trance with double exponential functions, I(t)=A1fast×exp(−t/tfast)+A2slow×exp(−t/tslow)+constant. (E) Comparison of components; (F) comparison of tfast; (G) comparison of
tslow. Error bars represent the mean±S.E.M. The number of BHK6 cells tested is indicated in parentheses. *, pb0.0001; **, pb0.05; ***, pb0.001 (vs. Cav1.2).

Fig. 6. Effect of the G579E mutation on steady-state inactivation. The voltage-
dependence of availability of each Ca2+ channels are expressed as relative amplitude
of Ba2+ currents through Cav1.2 (triangle) and G579E (diamond). The protocol is shown
in the inset. Ba2+ currents were measured with a test pulse to−10 mV following a 5-s-
conditioning pre-pulse to between−90 and 10 mV. The interval between each episode
was 60-s. Error bars represent the mean±S.E.M. The number of BHK6 cells tested is
indicated in parentheses.
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the plasma membrane and then becomes partially functional. The
charge of the substituted amino acid (Glu) is not the cause of the
mislocalization and small current density because theG182E andG182Q
mutants exhibit essentially the same phenotype. Alternatively, a large
residue volume of the substituted Glu or Gln could be a major cause of
these phenotypes. It is suggested that the Gly959 residue in the domain
III S2–S3 linker is important for a spatial arrangement of the S2–S3
segments [11]. Likewise, the Gly182 residue of domain I may be
important for the spatial arrangement of the S2–S3 segment and this
spatial rearrangement could be important for a proper surface
expression of Cav1.2.

Surface expression of the L-type VGCC α1 subunit is regulated by
several factors. It is known that β subunits bind to the AID on the I–II
linker region of α1 subunits in the endoplasmic reticulum (ER) and
thus promotes the translocation of α1 subunits to the plasma
membrane [7,16]. α2/δ subunits appear to interact with an extracel-
lular loop of α1 subunits in the ER to transfer it to the cell surface and
stabilize its expression in the plasma membrane [17,18]. The RGK
family of small G proteins alters trafficking of α1 subunits to the
plasma membrane via the interaction with β subunits [19–21]. Our
immunoprecipitation experiments in vitro have suggested that the
G182E and G182Q mutations do not abolish the interaction between
α1 and β subunits (Fig. 4). Thus, it is likely that any structural change
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caused by the G182E and G182Q mutations does not affect the
interaction between α1 and β subunits in vivo but may alter other
factors involved in the membrane trafficking of VGCCs and/or the
maintenance of their surface expression. Several such factors have
been reported. For example, the postsynaptic scaffolding protein
AKAP79 mediates trafficking of α1 subunits [22]. Recent studies have
shown that PEST-mediated protein degradation plays a crucial role in
the regulation of the stability of the surface expression of VGCC [3,23].
Further study is necessary to elucidate a possible role of the Gly182

residue in the membrane trafficking of Cav1.2.

4.2. Role of Gly579

We have also shown that substitution of Gly579 with Glu or Gln
produces no obvious change in the expression, subcellular localiza-
tion, or current density of the mutant proteins G579E and G579Q
(Figs. 2 and 3). However, the substitution of Gly579 with a negatively
charged Glu (G579E) slowed VDI without affecting steady-state
inactivation, and this effect on VDI was not seen when an uncharged
Gln was substituted for Gly579 (G579Q) (Fig. 5). These results indicate
that Gly579 bears an important role for the regulation of the voltage-
dependent inactivation of the L-type Ca2+ channel.

The inactivation of channels provides a negative feedback loop to
control the degree of Ca2+ influx and prevents overloading of the cell
with Ca2+. In L-type VGCCs, two processes inactivate Ca2+ currents:
Ca2+-dependent inactivation (CDI) and VDI [24,25]. Several studies
have suggested that CDI and VDI are mediated by common
components [26,27]. The two processes can be separated by replacing
extracellular Ca2+ with Ba2+. It is well established that the linker of
domains I and II of α1 subunits interacts with β subunits and is
Fig. 7. Multiple amino acid sequence alignment of the S2-linker-S3 regions of voltage-gated
and Pro residues, which are two or three amino acids downstream from the S2 segment, are
other colors. The putative transmembrane segments S2 and S3 of various ion channels ex
transmembrane segments S2, S3A, and S3B of KvAP were based on the X-ray structure [36] a
AAA18905; Cch1, NP_011733; Nav1.1, NP_110502; Kv1.1, NP_775118; Shaker, CAA29917; K
essential for VDI [4,25–27]. In addition, multiple regions within α1

subunits, including pore-forming transmembrane segments [28,29],
the I–II and II–III linkers [10,30–32] and the C-terminal region [31,33],
have been shown to be involved in VDI. Several hypotheses have been
proposed for the importance of the structural change of multiple
regions of α1 subunits upon VDI. One is that the binding of β subunits
to the AID of α1 subunits located in the I–II intracellular loop slows
VDI by restricting the movement of the IS6 segment [34]. Also, it is
proposed that the distortion of the putative ‘teepee’ structure of pore-
forming S5 and S6 segments is important for gating inactivation [35].
Mutations in the pore-forming segments S5 and S6 may alter the
‘teepee’ structure, thereby impairing the transition between opening
and inactivation of the channel. Further, the domain linkers and the C-
terminal region may form part of separate inactivation gates and
mediate the inactivation via the occlusion of the inner channel mouth
[10,35]. Here we have shown that the mutation of Gly579 in the S2–S3
linker of domain II alters VDI gating, depending upon the charge of the
substituted amino acid. It is possible that the introduction of a
negatively charged amino acid residue impedes the conformational
change required or VDI.

In the present study,we did not analyze the reversal potential of Ca2+

channel currents because depolarization to potentials higher than
+40 mV activates endogenous outward currents that are also sensitive
to Cd2+ in BHK6 cells. Therefore, the effect of mutations on the ion
selectivity of the Ca2+ channel is to be studied in future experiments.

4.3. Importance of Gly and Pro in the S2–S3 linker of ion channels

The present study on Cav1.2 shows the potential importance of the
VGCC S2–S3 linker that has received less attention than other linkers.
Ca2+, Na+, and K+ channels and a yeast Ca2+ channel homolog. Highly conserved Gly
colored red and pink, respectively. Other highly conserved amino acids are also colored
cept for KvAP were predicted based on Jan and Jan [48] and upperlined. The putative
nd hatched. Accession numbers of the channels listed here are as follows. Cav1.2 (rbCII),
vAP, NP_147625.
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The G–E and G–Q mutations in the domain I S2–S3 linker resulted in
themislocalization of Cav1.2, leading to a small current density (Figs. 2
and 3) and the G–E mutation in the domain II S2–S3 linker brought
about a slow DVI (Fig. 5). In addition, our previous study has shown
that the G–E mutation in the domain III S2–S3 linker causes a loss-of-
function of Cav1.2 [11].

To explore the significance of theGly residues of the S2–S3 linker,we
aligned the amino acid sequences of the S2-linker-S3 regions of various
VGCCs and structurally related Na+ and K+ channel (Fig. 7 and
Supplementary Figs. 1–4). Based on this alignment, it is evident that
Gly is completely conserved in the S2–S3 linkers of domains I, II, and III
of VGCCs that we searched. However, in L-type VGCCs, Gly is not
completely conserved in theS2–S3 linker of domains IV. It is noteworthy
that there is a rule: if Gly is absent, Pro is present at the next position.

In voltage-gated Na+ channels, Gly is also completely conserved in
the S2–S3 linkers of domains I and III (Fig. 7). Interestingly, the above
rule is applicable to the S2–S3 linker of domain II, where Pro is present
instead of Gly at the next position. Neither Gly nor Pro is present in the
S2–S3 linker of domain IV.

As for voltage-gated K+ channels, including Shaker, Pro is highly
conserved insteadofGly in theS2–S3 linkerof themostof theK+channels
we searched. The KCNQ family of the K+ channels has Gly at the position
corresponding to that of Gly in VGCCs, while the KCNH family has Pro at a
different position between the putative S2 and S3 segments.

What is the importance of the Gly or Pro residue in the S2–S3
linker? X-ray structure of KvAP voltage-gated K+ channel has
indicated that the conserved Gly is located in the turn connecting
the S2 and S3 segments [36]. As mentioned above, in most of other
voltage-gated K+ channels, including Shaker, this Gly corresponds to
the Pro residue, confirming the importance of a turn at this position.
Therefore, it is likely that the effect of the mutations that we made at
this position is to disrupt the tertiary structure of the voltage sensor
paddle, leading to the alteration of kinetics and functional expression
of Cav1.2. This idea is supported by studies in Shaker, where disruption
of the paddle alters surface expression [37].

There are a few examples showing the physiological relevance of
the S2–S3 linkers. In the Cav3.2 T-type VGCC, the Phe-Leu mutation in
the domain I S2–S3 linker results in an approximately 10 mV hyper-
polarizing shift in the half-activation potential without affecting gating,
thus mediating a gain-of-function effect on this channel [38,39]. This
mutation is associatedwith childhood absence epilepsy [40]. It was also
reported that the A–Dmutation in the domain III S2–S3 linker of Cav1.4
appears to exert no detectable changes in the activation, inactivation, or
conductance properties of the channel, but is associated with
incomplete X-lined congenital stationary night blindness [41]. The
authors of this report speculate that channel activity in intact
photoreceptors is very tightly regulated and thus photoreceptor
synaptic transmission becomes defective due to subtle, yet undetect-
able, changes in channel activity.

Although examples indicative of the importance of the VGCC S2–S3
linkers are limited, a considerable number of examples have been
reported for the S2–S3 linker of voltage-gated K+ channels [42–47].
These include a deficiency of surface expression and a change of the
gating kinetics of VGKCs. The above examples for VGCCs and voltage-
gated K+ channels suggest that the S2–S3 linkers have crucial roles in
the function and membrane trafficking of the channels.

In summary, our present and previous studies have shown that the
three Gly residues conserved in the S2–S3 linkers of domains I, II, and
III have different essential roles for channel function. These findings
should provide clues to a deeper understanding of the structure–
function relationship of VGCCs.
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