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Abstract 
 

High voltage-gated
 
Ca

2+ 
(CaV)

 
channels are protein complexes containing α1, , and α2δ subunits. 

Although α1 subunit determines primarily gating property of CaV channels and their 

pharmacological response, as one of auxiliary subunits,  subunit is key regulator for CaV 

channel gating and receptor modulation. In particular, their subcellular localization is important 

for regulation of current inactivation and lipid-sensitivity of CaV channels. Most of the  subunit 

isoforms are cytosolic proteins, whereas two isoforms 2a and 2e subunits are localized in the 

plasma membrane. 2a is expressed in the plasma membrane via palmitoylation on two cystein 

residues of N-terminal region whereas membrane targeting mechanism of 2e remains unclear. 

Here we investigated how 2e is associated with the plasma membrane and what mechanism 

triggers reversible translcoation of 2e. Furthermore, we explored how such features have an 

influence on properties of CaV channels in terms of pore gating and lipid modulation. Through 

mutagenesis and liposome binding assays, we determined that the N-terminus, which contains 

seven basic residues and a hydrophobic residue, is responsible for this membrane tethering via 

electrostatic interaction with the plasma membrane. Particularly, we found that Lys2 (K2) and 

Trp5 (W5) proximal to N-terminus play a pivotal role in membrane association of 2e.  
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Using rapamycin-inducible dimerization system, 2e exhibited cytosolic distribution when 

membrane phosphatidylinositol 4-phosphate (PI(4)P) and phosphatidylinositol 4,5-bisphosphate 

(PIP2) were simultaneously depleted by membrane recruitment of PJ, which is consisting of 4-

phosphatase (sac) and 5-phosphatase (INPP5E). Additionally, in M1 muscarinic receptor (M1R) 

expressing cells, muscarinic stimulation induced translocation of 2e. In consistent with dynamic 

location change of 2e, in current recording, CaV channels displayed accelerated inactivation 

when 2e was localized in the cytosol. In experiments with Danio rerio voltage-sensitive 

phosphatase (Dr-VSP) for PIP2 depletion, out data show that current inhibition with K2A or W5A 

was 19% by PIP2 depletion. In addition, a double mutation in the N-terminus of 2e (K2A/W5A) 

increased the PIP2 sensitivity of CaV2.2 and CaV1.3 channels by ~2-fold. The results suggest that 

membrane targeting of the 2e subunit is mediated by nonspecific electrostatic insertion and 

dynamically regulated by receptor stimulation. Together, the phospholipid-protein interaction 

observed here provides structural insight into general principles for membrane-protein 

association and regulatory roles of phospholipids in ion channels.  

Next, we investigated the involvement of second messengers, such as protein kinases and 

calmodulin (CaM), in translocation of 2e to the cytosol since GPCR activation triggers various 

signaling molecules such as calmodulin and protein kinases. Using diverse approaches, our 

findings indicates that rise in cytosolic Ca
2+

 induces translocation of the β2e, and such shuttling is 

directly regulated by Ca
2+

 rather than other second messengers such protein kinases and CaM due 

to Ca
2+

 mediated screening effect. In addition, membrane dissociation of the β2e by rise in 

cytosolic Ca
2+

 accelerated inactivation of CaV channel even in the presence of Ca
2+

-insensitive 

CaM and augmented PIP2 sensitivity to CaV channel. Thus, we suggest that Ca
2+

 is a determinant 
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for dynamic translocation of the β2e and profoundly affects gating property of CaV channels via 

dynamics regulation of the β2e. These results reveal a role of Ca
2+

 on ionic protein-lipid 

interaction and provide a novel regulatory mechanism of CaV channels. Collectively, we show for 

the first time that Ca
2+

 ions directly regulate the CaV channel gating through the control of 

membrane tethering of 2e subunit and the dynamic interplay between 2e subunit and cytosolic 

Ca
2+

 constitutes a novel feedback mechanism for the regulation of CaV channels. 

Keywords: β2e subunit, electrostatic interaction, phosphoinositides, Danio rerio voltage-sensing 

phosphatase, calmodulin
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Ⅰ. INTRODUCTION  

 

This paper concerns the localization and actions of a regulatory subunit of voltage-gated calcium 

(CaV) channels. Calcium ions are ubiquitous second messengers that engage in controlling of 

virtually all cellular processes (Berridge et al., 2003; Clapham, 2007). The elevation in Ca
2+ 

concentration in the cytosol
 
eventually triggers multitude responses including neurotransmitter 

release, muscle contraction, mitochondrial metabolism, gene expression and cell growth and 

proliferation. In excitable cells including cardiac cell, endocrine cell, and neuron, voltage gate-

calcium (CaV) channels govern Ca
2+

 entry in response to depolarization of membrane potential in 

excitable cells. (Catterall, 2000). CaV channels, which are multi-protein complexes made up of at 

least three types of subunit named 1,  and 2δ, are major machinery for Ca
2+

 influx (Fig. 1) 

(Catterall, 2000; Ertel et al., 2000). The β subunits are intracellular proteins directly associated 

with the large pore-forming α1 subunits (Bichet et al., 2000). They tune the electrophysiological 

and kinetic properties of the channel (Fig. 2) (Buraei and Yang, 2010; Waithe et al., 2011). 

Equally important, they act as chaperones to traffic 1 subunits to the plasma membrane and 

confer functional complexity on CaV channels (Bichet et al., 2000; Altier et al., 2011). Unlike  

subunits that are expressed in the cytosol, the 2a subunit is post-translationally palmitoylated at 

two cysteines of the N-terminus and is localized on the plasma membrane (Chien et al., 1996; 

Qin et al., 1998; Hurley et al., 2000; Chan et al., 2007). CaV channels with 2a display slow 

inactivation while CaV channel with cytosolic  show accelerated inactivation. In modulation by 

phosphatidylinositol 4,5-bisphosphate (PIP2), with other cytosolic (non-lipidated) subunits, CaV 

channels can be inhibited by phosphatidylinositol 4,5-bisphosphate (PIP2) depletion, but with the 

lipidated 2a subunit, channels are much less sensitive to PIP2 depletion (Fig. 3) (Heneghan et al., 

http://endic.naver.com/search.nhn?sLn=kr&query=multitude
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2009; Suh et al., 2012; Keum et al., 2014). This is consistent with the notion that subcellular 

distribution of  subunit is a major determinant for regulation of CaV channels.  

Similar to the 2a subunit, the 2e subunit is localized in the plasma membrane even in the 

absence of 1 subunit, and it slows the inactivation of CaV channels (Takahashi et al., 2003). The 

β2e subunit is a splice variant of a single β2 gene (Massa et al., 1995; Colecraft et al., 2002; Link 

et al., 2009) and is expressed broadly in excitable tissues, such as brain, heart, lung and kidney, in 

rodents and human (Massa et al., 1995; Colecraft et al., 2002; Link et al., 2009). However, 

membrane targeting underlying mechanism remains to be explained. In a present study, Using a 

series of experimental approaches including site-directed mutagenesis, in vitro binding assays 

between peptides and liposomes, and rapamycin-inducible dimerization, we revealed a molecular 

mechanism how the 2e subunit is anchored on the plasma membrane through a nonspecific 

electrostatic interaction between a cluster of basic residues of the N-terminus and anionic 

membrane phospholipids and found that the membrane-localized β2e subunit attenuates the 

inactivation of CaV2.2 channels and the CaV current inhibition by depletion of phosphoinositides. 

Our results suggest that the β2e subunit regulates CaV current inactivation and PIP2 sensitivity 

although using a different membrane-targeting mechanism from that of 2a subunit. These 

findings would be important for better understanding of the structure-based molecular mechanism 

of direct interaction between phospholipids and peripheral proteins as well as ion channel 

regulation by membrane lipid dynamics.  

In addition to PIs involvement in membrane targeting of β2e, we further explored the 

involvement of signaling molecules in shuttling of the 2e subunit and the effect of it on activity 

of CaV channel. In fact, polybasic proteins, such as the 2e subunit, which are electrostatically 

associated with the plasma membrane, can be major targets for signaling molecules, such as 
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protein kinases and CaM, mainly via a simple alteration of the charge property. Phosphorylation 

by kinases introduces negative charges to target proteins, while negatively charged CaM 

competes with anionic membrane phospholipids or directly binds to basic proteins, resulting in 

the detachment of positively charged proteins from the plasma membrane. For example, 

myristoylated alanine-rich C kinase substrate (MARCKS), a substrate for PKC, is tethered to the 

plasma membrane through the effector domain via electrostatic interaction (McLaughlin et al., 

2005). In addition to PKC, through the crosstalk between MARCKS and CaM, the subcellular 

distribution of MARCKS is reversibly regulated in the cells (Arbuzova et al., 1998).  

In recent studies, our findings show that the fluctuation of intracellular Ca
2+

 ions 

dynamically and directly controls the subcellular localization of the 2e subunit. The data show 

that regardless of the sources of Ca
2+

, the increase of cytosolic Ca
2+ 

concentration results in the 

transient dissociation of the 2e subunit from the plasma membrane and the acceleration of 

CaV2.2 channel inactivation. Interestingly, the Ca
2+

 effects were not prevented by expressing 

dominant-negative CaM (DN-CaM). Thus, our experimental results demonstrate that Ca
2+

, as a 

direct regulator of 2e subunit tethering to the plasma membrane, controls CaV channel gating 

properties and phosphatidylinositol 4,5-bisphosphate (PIP2) regulation, providing a novel Ca
2+

-

mediated feedback mechanism for CaV channels. Taken together, we suggest that Ca
2+

 acts as a 

modulator of the 2e subunit and dynamic regulation of the 2e subunit by Ca
2+

 controls gating 

of CaV channels.  
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Fig. 1. Structure of voltage-gated calcium channel.  

(A) Voltage-gated calcium channel α1 subunits have 24 transmembrane α-helices, organized into 

four homologous repeats, which each contains six transmembrane segments (S1–S6) and a 

membrane-associated loop between transmembrane segments S5 and S6. (B) Illustration of CaV 

channel based on cryo-electron microscopy. (C) Structure of the β subunit with the α-interaction 

domain (AID). Coordinates are for the β2a–CaV1.2 AID complex with SH3 (green) and NK (GK, 

blue) domains are indicated. V1, V2, and V3 show the locations of the three variable domains.  
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Fig. 2. Biophysical property of voltage-gated calcium channels. 

(A) Current trace of CaV2.2 with different β subunits elicited by voltage steps from –40 to +40 

mV in 10 mV intervals. (B) I-V relation of CaV channel with β3 subunit in whole-cell recording 

normalized to the maximum current. (C) Top, representative current traces evoked by a 

depolarization to +10 mV, showing the kinetics of voltage-dependent inactivation. Middle, 

voltage dependence of activation of P/Q-type CaV channels containing β1b, β2a, β3, or β4 or no β. 

Bottom, voltage dependence of inactivation. 
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Fig. 3. Structure of PIP2 and the role of PIP2 on regulation of ion channels. They include: Kir, 

inward rectifier K
+
 channel; Kv, voltage-gated K

+
 channel; HERG, human ether-à-go-go-related 

gene K
+
 channel; HCN channel, hyperpolarization-activated, CNG, cyclic nucleotide-regulated 

channel; Cav, voltage-gated Ca
2+

 channel; TRP, transient receptor potential; TrpL, TRP-like; 

CNG, cyclic nucleotide-gated channel; ENaC, epithelial Na
+
 channel; NCX, Na

+
-Ca

2+
 exchanger; 

NHE, Na
+
-H

+
 exchanger; NME, Na

+
-Mg

2+
 exchanger; PMCA, plasma membrane Ca

2+
 ATPase. 

Activation means increase of open probability, prevention of run down, or recovery from 

desensitization. Shift g-V means that the conductance-voltage relation is shifted along the voltage 

axis by PIP2.  
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Materials and methods  

cDNAs  

The following calcium channel subunits were used: rat 2a (M80545) (from William A. Catterall, 

University of Washington, Seattle, WA); rat β2aC(3,4)S (from Joyce Hurley, Indiana University, 

Bloomington, IN); 1B (AF055477), rat 1D (AF370009), rat 3 (NM_012828) and rat 2δ-1 

(AF286488) (from Diane Lipscombe, Brown University, Providence, RI); Lyn-3-YFP, RFP-

Dead, RFP-Sac1, RFP-INPP5E, RFP-PJ and calmodulin (AI256814) and dominant-negative 

camdodulin (from Bertil Hille, University of Washington, Seattle, WA); GFP-Lact-C2 (from 

Deok-Jin Jang, Kyungbook National University, Sangju, Korea); IP3KA (NM_031045)_ and 

IP3KA-GFP (from Hyun Kim, College of Medicine, Korea University, Seoul, Korea).  

Mouse 2e cloning 

Mouse brain cDNA library was isolated from 2-month-old C57 male mice. This PCR product of 

brain cDNA library was amplified by PCR using the primers of β2b (AF423193) and 2e 

(XM_006497319) subunits: β2b forward primer, 5′-CGCTAGCAGCATTCTGCACCCTGTTG-

3′, reverse primer 5′-CGGATCCCCTTGGCGGATGTATACATCCCTG-3′; β2e forward primer, 

5′-CGCTAGCATGAAGGCCACCTGGATCAGGCTT-3′; reverse primer, 5′-

CGGATCCCCTTGGCGGATGCGGATCCCCTTGGCGGATGTATACATCCCT-3′. The cDNAs 

encoding the mouse 2 subunits were TA-cloned into T-easy vector (Promega) and cloned in 

pCDNA3.1, pEGFP-N1 (Clonetech), and mCherry-N1 (Clonetech). For 2e/3 chimeric construct, 

N-terminal region (69 base pairs) of 2e subunit was amplified by PCR using mouse 2e subunit 

and the following primers: Forward primer, 5’-CCGGTACCATGAAGGCCACCTGGAGGCTT-

http://www.ncbi.nlm.nih.gov/nuccore/399498520
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3’, and reverse primer, 5’-CCGGTACCACAGATGTCCGAACTCTTCAGC-3’. For insertion of 

N-terminus of 2e in 3, Kpn1 site was generated in the N-terminal region of 3 using point 

mutagenesis using the following primer: Sense, 5’-

GGTACCGTCGACTGCAGAATTCGAAGCTTG-3’, and antisense, 5’-

TAGGAGTCGGCGGTACCCGCCTCCGAGTC-3’. Constructs were subsequently inserted into 

N-terminal region of 3 for expression. For 2e/3-GFP construct, N-terminal PCR product was 

cloned into pEGFP vector using Nhe1 and BamH1. For a deletion construct, N-terminal region 

deleted construct of 2e subunit was amplified by PCR using the following primers: forward 

primer, 5’-GCCATGGTTGGTTTTCGGCAGACTCCTACACCAG-3’, and reverse primer, 5’-

CGGATCCCCTTGGCGGATGTATACATCCC-3’. Point mutants were obtained by PCR using 

mutagenesis kit (QuikChange site-directed mutagenesis kit; Stratagene) and mutant constructs 

were verified by using sequencing.  

Primer list for mutagenesis 

Primer (5'→3') 

 Sense Anti-sense 

K2A CAGATCCGCTAGCATGGCGGCCACCTGGATCAGG CCTGATCCAGGTGGCCGCCATGCTAGCGGATCTG 

K2R GTCAGATCCGCTAGCATGAGGGCCACCTGG CCAGGTGGCCCTCATGCTAGCGGATCTGAC 

W5A GCTAGCATGAAGGCCACCGCGATCAGGCTTCTGAAAAG CTTTTCAGAAGCCTGATCGCGGTGGCCTTCATGCAGC 

W5F GCTAGCATGAAGGCCACCTTCATCAGGCTTCTGAAAAGA CTCTTTTCAGAAGCCTGATGAAGGTGGCCTTCATGCTAG 

W5Y GCTAGCATGAAGGCCACCTATATCAGGCTTCTGAAAAGA CTCTTTTCAGAAGCCTGATATAGGTGGCCTTCATGCTAG 

R7A GAAGGCCACCTGGATCGCGCTTCTGAAAAGAGCC GGCTCTTTTCAGAAGCGCGATCCAGGTGGCCTTC 

K10A CCTGGATCAGGCTTCTGGCAAGAGCCAAGGGAGGAA TTCCTCCCTTGGCTCTTGCCAGAAGCCTGATCCAGG 

R11A CCACCTGGATCAGGCTTCTGAAAGCAGCCAAGGGAGG CCTCCCTTGGCTGCTTTCAGAAGCCTGATCCAGGTGG 

K13A GGCTTCTGAAAAGAGCCGCGGGAGGAAGGCTGAAGA TCTTCAGCCTTCCTCCCGCGGCTCTTTTCAGAAGCC 

R16A AAAAGAGCCAAGGGAGGAGCGCTGAAGAGTTCGGAC GTCCGAACTCTTCAGCGCTCCTCCCTTGGCTCTTTT 

K18A CCAAGGGAGGAAGGCTGGCGAGTTCGGACATCTGTG CACAGATGTCCGAACTCGCCAGCCTTCCTCCCTTGG 

K2A/W5A GCATGGCGGCCACCGCGATCAGGCTTCTGA TCAGAAGCCTGATCGCGGTGGCCGCCATGCC 

R7A/K10A TCCTCCCTTGGCTCTTGCCAGAAGCGCGATCCAG CTGGATCGCGCTTCTGGCAAGAGCCAAGGGAGGA 

K13A/R16A CTTCAGCGCTCCTCCCGCGGCTCTTTTCAGAAGC GCTTCTGAAAAGAGCCGCGGGAGGAGCGCTGAAG 

R17A/R18A CGAACTCGCCAGCGCTCCTCCCTTGGCTCT AGAGCCAAGGGAGGAGCGCTGGCGAGTTCG 
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RNA isolation  

For analysis of mRNA expression profile, cortex, cerebellum, hippocampus and hypothalamus 

were removed from 2-month-old C57 male mice, based on animal handling with national and 

international standards of animal welfare. Total RNA from each brain tissues was extracted from 

homogenized brain tissues using RNAgents total RNA isolation system (Promega, Madison, WI). 

The total RNA of brain tissues was used to generate double-strand cDNA using SuperScriptⅢ 

reverse transcriptase (Invitrogen, Carlsbad, CA).    

Quantitative SYBR Green real-time RT-PCR assay 

The relative abundance of β2a and β2e subunits was determined using CFX96 Touch Real-Time 

PCR machine (Bio-Rad, Hercules, CA), using SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad, Hercules, CA). The following primers were used for qRT-PCR of fragments of β 

subunits and β-actin using cDNA from various mouse brain tissues: β2a forward primer, 5’-

ATGCAGTGCTGCGGGCTGGTACAT-3’, and reverse primer, 5’-CATGCCAGG 

CACCGGAACGTCAT-3’; β2a forward primer, 5’-TGAAGGCCACCTGGATCAGGCTTC-3’; 

as a control, β-actin forward primer, 5'-TGTTTGAGACCTTCAACACC-3', and reverse primer: 

5'-TAGGAGCCAGAGCAGTAATC-3'. The qRT-PCR was set up in a 20 μl reaction volume 

containing 10 μl of 2×SsoAdvanced Universal SYBR Green Supermix, 1.5 μl of cDNA (100 ng), 

1 μl (10 μM) of each primer and 5.5 μl nuclease free water. The optimized cycling conditions 

were as follows: initial denaturation at 95
◦
C for 30 s, followed by 40 cycles of denaturation at 

95
◦
C for 5 s, primer annealing at 60

◦
C for 30 s, and extension at 72

◦
C for 20 s. A melt curve 

analysis was performed following amplification to verify the specificity of the amplified products. 

Melting curve analysis consisted of 65
◦
C for 15 s, and followed by temperature from 55°C to 



  

 

- 10 - 

 

96°C in increments of 0.5°C with continuous reading of fluorescence. Each sample was 

quantified by determining the cycle threshold (Ct), and triplicate qRT-PCR reactions were done 

for β2a and β2e subunits. For evaluation of concentration of β2a, β2e and β-actin in brain tissues, 

Gene Expression Module of CFX manager software (Bio-Rad, Hercules, CA) was used.  

FLAG IP and western blotting  

For FLAG IP, transfected cells were lysed with a buffer containing 1% Triton X-100, 50 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, and protease inhibitor cocktails (Roche). Resulting cell lysates 

were equally separated and added to 2 mM CaCl2 and 5 mM EGTA. The cell lysate was 

incubated with 10 μl of mouse anti- FLAG M2-agarose beads (Sigma) at 4℃ for 2 h. Beads were 

washed three times with the lysis buffer. Beads were incubated with 100 μM 3xFLAG peptides 

(Sigma) containing lysis buffer for an additional 30 min at 4℃. Finally, the supernatant for 

3xFLAG-hCaM IP was mixed with 5X SDS sample buffer and analyzed by Western blotting. 

For Western blotting, proteins separated on 10% gels were transferred to a 0.45 μm nitrocellulose 

membrane. The membrane was blocked with 5% non-fat milk and incubated with the primary 

antibody in TBST buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.01% Tween 20) 

containing 5% non-fat milk. The bound primary antibodies were detected using a goat anti-mouse 

or a goat anti-rabbit IgG-horseradish peroxidase conjugate and an ECL detection system 

(Millipore). The intensity of the protein bands was quantified using the ImageJ program 

(National Institutes of Health).The rabbit polyclonal anti-IQGAP1 antibody was purchased from 

Santa Cruz Biotechnologies. The rabbit polyclonal anti-GFP antibody was purchased from 

Invitrogen. The mouse anti-FLAG M2 antibody was obtained from Sigma. 

Cell culture and transfection  
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TsA201 cells were maintained in DMEM (Hyclone, Thermo scientific) containing 10% fetal 

bovine serum and 0.2% penicillin/streptomycin at 37°C with 5% CO2. For transfection, cells were 

plated in 3.5 cm culture dishes at 50-80% confluency. For CaV channel expression, cells were 

transiently transfected using Lipofectamine 2000 (Invitrogen). The transfected DNA mixture 

consisted of plasmids encoding 1,  and 2δ-1 at a 1:1:1 molar ratio. When needed, enhanced 

GFP was also included in DNA mixtures. Cells were plated on poly-L-lysine-coated chips the day 

after transfection. Currents were recorded within 2 days after transfection.  

Preparation of liposomes 

All lipids were purchased from Avanti Polar Lipids except for N-[5-(dimethylamino) 

naphthalene-1-sulfonyl]-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (dansyl-PE), 

which was purchased from Invitrogen. Liposomes consist of PC (L-α-phosphatidylcholine), PE 

(L-α-phosphatidylethanolamine), PS (L-α-phosphatidylserine), cholesterol, dansyl-PE, and PIP2, 

and (44:10:15:25:5:1 mole percent). In case of no PIP2 or both PIP2 and PS, the PC content was 

adjusted accordingly. Briefly, the lipid mixture was dried under a gentle stream of nitrogen in the 

hood, thereby generating a lipid film. The film was then dissolved with 100 µL buffer containing 

150 mM KCl, 20 mM HEPES/KOH pH 7.4, and 5% sodium cholate. Size exclusion column was 

applied to remove detergent (Sephadex G50 in 150 mM KCl and 20 mM HEPES, pH 7.4). 

Liposomes were collected as eluted (~400 µL); note that liposomes were easily detected by UV 

because of dansyl-PE. 

Assay for peptide-liposome binding 

Binding of peptide to liposomes was monitored using FRET measurements in which dansyl-PE 
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incorporated in liposomes quenches the fluorescence of tryptophan in the peptide (Nalefski and 

Falke, 2002). All measurements were carried out in a Fluoromax (Horiba Jobin Yvon) and 

performed at 37°C in 1 ml of buffer containing 150 mM KCl and 20 mM HEPES-KOH (pH 7.4). 

The peptide (750 nM) contains one tryptophan residue. Tryptophan was excited at 280 nm (slit 

width of 5 nm) and emission spectra were recorded from 320 nm to 420 nm (slit width of 5 nm) 

with the peak at 355 nm. FRET was normalized as F0/F, where F0 and F represent the 

fluorescence intensity at 355 nm before and after liposome addition, respectively. Peptide-

liposome interaction increases FRET (F0/F) as a result of tryptophan quenching.  

Patch-clamp recording 

Whole cell Ba
2+

 currents or Ca
2+

 currents were recorded at room temperature (20-24°C) using a 

HEKA EPC-10 amplifier with pulse software (HEKA Elekronik, Lambrecht (Pfalz) Germany). 

Electrodes were pulled from glass micropipette capillary (Sutter Instrument Co., Novato, CA) to 

yield pipettes with resistances of 2-2.5 MΩ. Series-resistance errors were compensated >60% and 

fast and slow capacitance were compensated prior to the applied test-pulse sequences. Voltage-

clamp records were acquired at 10 kHz and filtered at 3 kHz.  For all recordings, cells were held 

at -80 mV. All data presented here are leak- and capacitance-subtracted before analysis. The 

external Ringer’s solution contained 150 mM NaCl, 10 mM BaCl2, or CaCl2, 1 mM MgCl2, 10 

mM HEPES and 8 mM Glucose; pH was adjusted to 7.4 with NaOH. The internal solution of the 

pipette consisted of 175 mM CsCl, 5 mM MgCl2, 5 mM HEPES, 0.1 mM 1,2-bis (2-

aminophenoxy)ethane N,N,N’,N’-tetraacetic acid (BAPTA), 3 mM Na2ATP and 0.1 mM Na3GTP; 

the pH was adjusted to 7.5 with CsOH. Reagents were obtained as follows: CsOH, BAPTA, 

Na2ATP and Na3GTP (Sigma) and other chemicals (MERCK).  
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Confocal imaging 

TsA201 cells were imaged 24-48 h after transfection on poly-L-lysine coated coverslips with a 

Carl Zeiss LSM 700 confocal microscope. Cell images were scanned by using a 40 X (water) 

apochromatic objective lens at 1024 X 1024 pixels using digital zoom. For time courses, 524 X 

524 pixels were used. During time course experiments, images were taken every 5 s in ZEISS 

ZEN imaging software. Analysis of line scanning and quantitative analysis of the cytosolic or the 

plasma membrane fluorescence of target genes were performed using the “profile“ and the 

“measure“ tools, respectively in ZEN 2012 lite imaging software for region of interest (Carl Zeiss 

MicroImaging). All confocal images were transferred from LSM4 TIFF formats and raw data 

from time course was processed with Microsoft Office Excel 2012 and summarized in Igor Pro 

(Wavemetrics, Inc).  

Chemicals 

2-Bromopalmitic acid and 2-hydroxymyristic acid were prepared as 100 mM stock solutions in 

DMSO and stored at -20°C. To make working concentrations of 100 μM, working solutions were 

made by diluting the stock 1:1000 with Ringer’s solution. Oxotremorine-M (Oxo-M) was 

dissolved in sterilized water to make 10 mM stock solution and was diluted further 1:1000 in 

Ringer’s solution for a working solution. Rapamycin was dissolved in DMSO to make 1 mM 

stock solution and was diluted 1:1000 in Ringer’s solution. Thapsigargin and ionomycin were 

prepared as 1 mM stock in DMSO and stored at -20°C, and working solutions were diluted in 

standard Ringer`s solution. All chemicals were purchased from Sigma-Aldrich.  
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Results  

The 2e subunit is localized on the plasma membrane and is widely expressed in various 

brain tissues 

Without α1 subunits to bind to, most  subunits are cytosolic proteins, whereas due to 

palmitoylation of two cysteines, the 2a subunit expresses at the plasma membrane (Fig. 4, A and 

B). Similarly, as shown in Fig. 4, B and C, the 2e subunit shows a membrane distribution and 

slows inactivation of CaV2.2 channels whether with Ba
2+

 (10 mM) or Ca
2+

 (10 mM) in the 

Ringer’s solution. In the Ca
2+

 Ringer's solution, inactivation of CaV2.2 current is faster with all 

types of  subunits than in Ba
2+

 (Fig. 4B, bottom), probably through Ca
2+

-dependent inactivation 

(CDI) via interaction of its C-terminus with calmodulin (Liang et al., 2003; Wykes et al., 2007). 

Even in the presence of Ca
2+

 ions, a slower inactivation is detected in channels with 2a and 2e 

subunits (Fig. 4C, bottom).  

We then investigated relative mRNA expression profiles of 2e subunits in different mouse 

brain tissues. Previous studies showed that all  subunit isoforms are expressed in the central 

nervous system (Ludwig et al., 1997; Dolphin, 2003; Schlick et al., 2010). Using quantitative 

real-time PCR (qRT-PCR), we observed that like the 2a subunit, the 2e subunit is expressed in 

cortex, cerebellum, hippocampus and hypothalamus (Fig. 4D). Notably, in cerebellum, the 2e 

subunit was expressed at a 4-fold higher level compared to the 2a subunit, whereas 2a is highly 

expressed in the rest of brain tissues (Fig. 4E). The results indicate that the 2e subunit is 

localized at the plasma membrane in the presence or absence of α1 subunits and is expressed 

widely in the brain.  
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Fig. 4. Subcellular localization of various  subunits in tsA201 cells and mRNA expression 

of 2a and 2e subunits in brain tissues.  

(A) Amino acid multi-alignment of the N-terminal region of various  subunits. Arrow heads 

indicate two cysteine residues responsible for the palmitoylation and membrane binding of the 

2a subunit. (B) Confocal images showing subcellular distribution of  subunits in the absence 

(Upper) or presence of α1B and α2δ-1 subunits in tsA 201 cells (Middle). Current inactivation of 
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CaV2.2 channels with different β subunits (Bottom) was recorded during 500-ms test pulse at +10 

mV. Blue and black curves indicate Ca
2+

 currents and Ba
2+ 

currents, respectively. Scale bar, 10 

µm. (C) Summary of current inactivation of Ba
2+

 currents (Upper) and time constant () for 

current inactivation of Ca
2+

 currents (Bottom). Current inactivation (I/Io) was calculated as 

current amplitude (I) divided by initial peak amplitude (Io). For Ba
2+

 currents, 2a (n=5), 

2a(C3,4S) (n=5), 2b (n=5), 2e (n=6) or 3 (n=6); for Ca
2+

 currents, 2a (n=4), 2a(C3,4S) 

(n=6), 2b (n=5), 2e (n=5) or 3 (n=5). * P<0.05; ** p<0.01; *** p<0.001, compared with 2a; 

error bar:  SEM. (D) mRNA expression of 2e subunit in cortex, cerebellum, hippocampus and 

hypothalamus. mRNA expression of  actin was used as a positive control. (E) qRT-PCR mRNA 

expression profile for 2e and 2e subunits in cortex (n=3), cerebellum (n=3), hippocampus (n=3) 

and hypothalamus (n=3). mRNA expression levels of 2a and 2e subunits were normalized to 

the mRNA level of  actin. n=3. ** p<0.01; *** p<0.001, compared with 2a; error bar:  SEM. 
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Membrane targeting of β2e subunit is independent from lipid modification 

Several previous studies showed that lipidation of the β2a subunit can be blocked by inhibitors 

such as 2-bromopalmitate and tunicamycin, leading to a cytosolic distribution of the protein and 

restoring fast inactivation to the channels (Hurley et al., 2000; Webb et al., 2000). In addition to 

palmitoylation, it has been reported that myristoylation can target peripheral proteins to 

membranes (Boutin, 1997). For example, membrane binding of Fyn and Lck kinases which 

belong to the Src family depends on dual lipidations such as palmitoylation and myristoylation 

(Webb et al., 2000). Thus we hypothesized that like β2a, those lipidations may involve in 

membrane association of 2e subunit. 

Accordingly, we began by testing whether lipidation accounts for membrane localization of 

the 2e subunit using two types of inhibitors: 2-bromopalmitate for palmitoylation and 2-

hydroxymyristate for myristoylation. As a positive control, we employed a chimeric Lyn-3-YFP 

construct known to be localized on the plasma membrane through both palmitoylation and 

myristoylation (Inoue et al., 2005; Suh et al., 2012). The confocal images for this Lyn control 

show that when it was expressed alone in the cells, treatment with either lipidation inhibitor or 

both inhibitors together induces a cytosolic distribution of Lyn-3-YFP, indicating that both 

lipidations were disrupted by inhibitors (Fig. 5A).To further quantify the localization of  

subunits in the plasma membrane, we sampled cells expressing Lyn-3-YFP and the membrane 

PIP2 probe PH-RFP in a blinded manner and calculated colocalization coefficients. The analysis 

shows that colocalization of two proteins decreases slightly in cells treated with 2-

bromopalmitate (2-BP) or 2-hydroxymyristate (2-HM) and more in cells treated with both 

inhibitors (Fig. 5C), confirming that Lyn targeting to the plasma membrane uses both 

myristoylation and palmitoylation. The 2a subunit was localized to the cytoplasm only when 2-
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BP was added, as predicted, but not 2-HM (Fig. 5, B and C). Additionally, inactivation of CaV 

channels was dramatically accelerated in cells treated with 2-BP or both inhibitors, reminiscent of 

the previous study that the breakdown of two cysteine residues of 2a N-terminus for 

palmitoylation induced fast inactivation of CaV channel (Fig. 5, D and E, upper). On the other 

hand, with the 2e subunit, no combination of inhibitors had any effect on the subcellular 

distribution or the current inactivation (Fig. 5, B-E, bottom). These results suggest that unlike the 

membrane localization of the 2a subunit, membrane targeting of the 2e subunit does not 

depend on lipid modification. 
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Fig. 5. The N-terminal 23 amino acids determine the plasma membrane localization of the 

2e subunit.  

(A) Confocal images of Lyn-β3-YFP expressed cells. The PIP2 probe PH-PLCδ-RFP (PH-RFP) 

was co-transfected as a marker of the plasma membrane. Lyn-β3-YFP expressed cells were 

preincubated with inhibitors for 12 h after transfection. confocal Images were taken by confocal 

microscope in the presence of vehicle (0.2% DMSO), a palmitoylation inhibitor 2-

bromopalmitate (100 µM, 2-BP), a myristoylation inhibitor 2-hydroxymyristate (100 µM, 2-HM) 

or both 2-BP and 2-HM. Scale bars, 5 µm. (B) Effect of lipidation inhibitors on subcellular 

localization of β2a (upper) and β2e subunits (bottom). Cells expressing β2e subunit or β2e 
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subunit were preincubated in the absence or presence of 100 µM 2-BP, 100 µM 2-HM, or both 

and were imaged by confocal microscope 24 h after transfection. Note that β2e location was not 

affected by the inhibitors. Scale bars, 5 µm. (C) Quantification of membrane localization of Lyn-

β3 (n=8), β2a (n=10) and β2e (n=10) subunits compared with PH-RFP. The colocalization 

coefficients were obtained from merged images of Lyn-β3 and PH-RFP, β2a and PH-RFP or β2e 

and PH-RFP as shown in A and B. *** p<0.001, compared with DMSO; error bar:  SEM. (D) 

Effect of lipidation inhibitors on current inactivation of CaV2.2 channels with β2a (upper) or β2e 

subunits (bottom). Currents were measured during 500-ms test pulses to +10 mV. (E) Summary 

of current inactivation with β2a (upper) and β2e (Bottom) subunits. n=4-6 for β2a; n=4-5 for β2e. 

*** p<0.001, compared with DMSO; error bar:  SEM. 
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The N-terminal 23 amino acids determine the plasma membrane localization of the 2e 

subunit  

As the 2 subunit splice variants differ only in their N-terminal region (Fig. 4), we examined 

whether the N-terminus of the 2e subunit is a major determinant for membrane localization. To 

test it, we engineered a chimeric  subunit construct. The 23 N-terminal residues 

(MKATWIRLLKRAKGGRLKSSDIC) of the β2e subunit replaced the N-terminus of the 

cytosolic 3 subunit (2e/3). In the absence of α1, the chimeric constructs now expressed, in part, 

on the plasma membrane. However, they were also present in the cytoplasm and nucleus (Fig. 

6A). This incomplete targeting led us to consider that other domains of 2e also contribute to the 

membrane localization. Localization analysis indicated that the colocalization coefficient of 

2e/3 subunit is intermediate between that of 3 and 2e subunits and significantly different from 

either (Fig. 6B). Furthermore, the chimeric β2e/3 subunit attenuated inactivation of CaV2.2 

current about four-fold compared to the cytosolic β3 subunit (Fig. 6, C and D). Previously, it has 

been reported that membrane anchoring of β subunits shifts the voltage dependence of 

inactivation to more depolarized voltages whereas cytosolic β subunits shift to more 

hyperpolarized voltages (Buraei and Yang, 2010). Indeed, our results show that the midpoints 

(V50, inact) of steady state inactivation with β3 and β2e subunits are -15.9  0.5 mV and 5.1  0.5 

mV, respectively, and V50, inact of chimeric β2e/3 subunit is -7.7  0.6 mV (Fig. 6E). Collectively, 

those results indicate that N-terminal region of β2e subunit determines membrane localization 

and gating property of CaV channel. 

In addition to the inactivation,  subunits regulate the PIP2 sensitivity of CaV channels (Suh 

et al., 2012). Previously, membrane PIP2 was well known for precursor of signaling molecules 
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such as IP3 and PKC. However, since 90’s, it has been highlighted as a modulator for various ion 

channels and transporter. To investigate lipid modulation, we depleted PIP2 using the voltage-

sensitive lipid phosphatase Dr-VSP, which can convert PIP2 to PI(4)P during depolarizing voltage 

pulses (Yeung et al., 2008; Suh et al., 2010). We asked whether the membrane-targeted chimeric 

2e/3 subunit reduces the sensitivity to membrane PIP2 depletion using Dr-VSP. With Dr-VSP, 

PIP2 depletion by a +120 mV-depolarizing pulse inhibited CaV2.2 current with the chimeric 2e/3 

subunit by 24  3%, less than with the cytosolic 3 subunit (43  3%), but more than with β2e 

subunit (10  1%) (Fig. 6, F and G). This result suggests that the N-terminal region of β2e 

subunit determines not only membrane targeting and slow inactivation but also low PIP2 

sensitivity. Such data are consistent with our previous finding that localization of the  subunit is 

a key determinant both for the inactivation kinetics of CaV channels and for regulation by PIP2 

depletion (Chan et al., 2007). 
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Fig. 6. Subcellular localization of β subunits affects inactivation and PIP2 sensitivity of CaV 

channels.  

(A) Confocal images of cells expressing β3-GFP, chimeric β2e/3-GFP (β3 subunit containing β2e 

N-terminal 23 amino acids), and β2e-GFP with membrane PIP2 probe PH-PLCδ-RFP (PH-RFP). 

Scale bars, 5 µm. (B) Quantification of plasma membrane localization of β3-GFP, chimeric 
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β2e/3-GFP, and β2e-GFP subunits. *** p<0.01 compared with β3 (C) Effect of membrane-

anchored β2e/3-GFP on the inactivation of CaV2.2 currents. Currents were measured during 500-

ms test pulses to +10 mV in cells expressing CaV2.2 channels with β3, β2e/3-GFP, or β2e 

subunits. (D) Summary of time constant () for CaV2.2 current inactivation with β3 (n=4), β2e/3 

(n=4) and β2e (n=5) subunits. ** p<0.01, *** p<0.001 compared with β3; error bar:  SEM. (E) 

Voltage-dependence of normalized steady-state inactivation for CaV2.2 channels with β3 (n=5), 

chimeric β2e/3 (n=6), and β2e (n=6) subunits. Normalized data were plotted against the 

conditioning potential. (F) Test protocol for depolarizing pulse and current inhibition of CaV2.2 

channels with β3, β2e/3 and β2e subunits by Dr-VSP. The currents before (a) and after (b) a 

depolarizing pulse to +120 mV were superimposed in control and Dr-VSP transfected cells. (G) 

Summary of CaV2.2 current inhibition by membrane depolarization in control and Dr-VSP-

expressing cells. For control, β3 (n=5), β2e/3 (n=4) or β2e (n=5); for Dr-VSP, β3 (n=4), β2e/3 

(n=4) or β2e (n=5). * p<0.05, *** p<0.001, compared with control; error bar:  SEM. 
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Basic and hydrophobic residues of the N-terminus affect subcellular distribution of the 2e 

subunit 

Multi-alignment of the N-terminus of several mammalian β2e subunits shows near identity (Fig. 

7A), suggesting that membrane targeting would be conserved. Prominent is a group of basic 

amino acids in the N-terminus compared with other β2 variants that might contribute to 

recruitment of β2e subunits to the plasma membrane. It has also been reported that aromatic 

residues (Trp, Tyr and Phe) play key roles in membrane incorporation of peripheral proteins. In 

deed, recently, it has been reported that electrostatic and hydrophobic interactions are key 

determinants for membrane targeting of the β2e subunit. We also tested if the presence of charged 

residues and the Trp residue at position 5 of the β2e subunit might be a key factor for the 

membrane association. We cloned a series of point-mutated constructs in which basic or aromatic 

residues were substituted by Ala. The single-point mutagenesis analysis showed that when 

expressed alone, Lys at position 2 of the N-terminus was particularly important for membrane 

association, but the other basic residues were not significantly involved (Fig. 7B).  

We also examined whether these mutants have any effects on current inactivation of CaV2.2 

channels. As expected, K2A mutant displays the fast inactivation compared with other mutants 

(Fig. 7, B and C). Although like N-terminal deletion construct (N-del), the K2A mutant is 

expressed in the cytosol, the current inactivation with K2A has a rate only half of that for N-del, 

raising the possibility that other residues are still required for membrane association of β2e 

subunit. However, mutation of R7A, K10A, R11A, K13A, R16A, or K18A in the β2e subunit had 

no appreciable effect in current inactivation (Fig. 7, B and C). In addition to basic residues, we 

tested the involvement of the hydrophobic residue of the N-terminus in membrane targeting. A 

construct (W5A) with Trp replaced by Ala displayed a cytosolic distribution and resulted in 
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increased inactivation of CaV2.2 channels, as anticipated (Fig. 7, D and E). When Trp was 

replaced with Phe (W5F), but not Tyr (W5Y), membrane targeting was preserved possibly 

through the side chain hydroxyl group. We also tested a few doubly mutated β2e subunits. First, 

double mutant (K2A/W5A) accelerated current inactivation even more than K2A or W5A 

mutants (Fig. 7D). R7A/K10A also showed a cytosolic distribution, whereas K13A/R16A and 

R16A/K18A were localized on the plasma membrane despite slight faster inactivation compared 

to the wild type (Fig. 7, D and E). These results suggest that basic residues following Met1 play 

more critical roles in membrane targeting of the β2e subunit and that the basic amino acids are 

cooperative in stable interaction with the plasma membrane.  

We also tested the distribution of cytosolic mutants in the presence of the α1 subunit (Fig. 7F). 

With the α1 subunit, cytosolic mutants were expressed on the plasma membrane, consistent with 

previous reports that β subunits are tightly associated with the α-interacting domain (AID) within 

the I-II linker of the α1 subunit (Bichet et al., 2000). Overall, our findings suggest that basic and 

aromatic residues of the proximal N-terminus of the β2e subunit target this subunit to the plasma 

membrane indicating that electrostatic interation mechanism mediates membrane binding of β2e . 
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Fig. 7. Point-mutation of Lys2 (K2) or/and Trp5 (W5) to Ala results in a cytosolic 

distribution of β2e subunit.  

(A) Amino acid multi-alignment of N-terminal region of β2e subunits among human, rat and 

mouse. Positively charged Lys and Arg residues and a hydrophobic Trp residue are highlighted in 

yellow and blue, respectively, and conserved domains among 2e subunits are highlighted in 

block. (B) Confocal images of cells expressing point-mutated β2e subunits where each basic 

residue of N-terminus was replaced with Ala (Top). Scale bar, 10 µm. Current inactivation of 

CaV2.2 channels with mutant β2e subunits (Bottom). Currents were measured during 500-ms test 
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pulse to +10 mV. (C) Summary of current inactivation in cells expressing single basic mutant β2e 

subunits (n=5-6). Current inactivation (I/Io) was calculated as current amplitude (I) divided by 

initial peak amplitude (Io). *** p<0.001, compared with wild type; error bar:  SEM. (D) 

Confocal images of cells expressing singly- or doubly-mutated β2e subunits where hydrophobic 

(Trp) and double-mutated residues of N-terminus were replaced with Ala residues (Top). Scale 

bar, 10 µm. Current inactivation of CaV2.2 channels in cells expressing mutant β2e subunits 

(Bottom). Currents were measured during 500-ms test pulse to +10 mV. (E) Summary of current 

inactivation in cells expressing single hydrophobic (n=5-6) and double-mutated β2e subunits 

(n=5-6). * p<0.05; *** p<0.001, compared with wild type; error bar:  SEM. (F) Confocal 

images of cells expressing cytosolic mutants in the presence of α1B subunit. Scale bar, 10 µm. 
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Wild-type and mutants of the β2e subunit show differential effects on inhibition of CaV 

current by PIP2 depletion 

In addition to the molecular mechanism of subcellular distribution of 2e subunit, we examined 

the effects of PIP2 depletion on the regulation of CaV channels with wild type and mutated 2e 

subunits. Serveral studies have shown that  subunits regulate the PIP2 sensitivity of CaV 

channels. To investigate the lipid modulation, we depleted PIP2 using the voltage-sensing lipid 

phosphatase Dr-VSP, which can convert PIP2 to PI(4)P during depolarizing voltage pulses. First, 

we tested the effects of K2A, W5A and K2A/W5A on channel modulation by PIP2 depletion. We 

used both wild type and the membrane-anchored R7A mutant as controls since they showed 

similar inactivation patterns. We also examine the effects of cytosolic N-del mutant. When 

CaV2.2 channels were co-transfected with wild type 2e subunit or point-mutated R7A, inhibition 

by PIP2 depletion was modest (Fig. 8A). It was stronger with the other point mutants. Thus with 

either K2A or W5A the inhibitions rose to 19 ± 1% and 19 ± 1%, respectively, with K2A/W5A it 

was 30  3% (Fig. 8B), and with the N-del mutant it was similar, 34  2%. 

 In addition to CaV2.2 channels, we tested the current inhibition by PIP2 depletion for CaV1.3 

channels (Fig. 8C). The inhibitory patterns for CaV1.3 channels by PIP2 depletion was similar to 

those for CaV2.2 channels (Fig. 8D). These results confirm that localization of  subunits is a 

major determinant in the gating of CaV channels (Suh et al., 2010; Keum et al., 2014). 

Collectively, these data indicate that increased PIP2 sensitivity of channels is the result of decreased 

affinity for the membrane by changes in β2e's electrostatic and hydrophobic interactions with 

phospholipids following N-terminal mutagenesis. 
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Fig. 8. Wild-type and mutants of β2e subunit show differential effects on CaV2.2 and CaV1.3 

current inhibition by PIP2 depletion.  

(A) Current inhibition of CaV2.2 channels with mutant 2e subunits by Dr-VSP activation. The 

currents in test pulses to +10 mV for 10 ms before (a) and after (b) the depolarizing pulse (+120 

mV) were superimposed in non-transfected cells (control) and Dr-VSP transfected cells. (B) 

Summary of CaV2.2 current inhibition (%) by Dr-VSP. For control, n=4-5; for Dr-VSP, n=4-5. * 
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p<0.05; ** p<0.01; *** p<0.001, compared with wild type; error bar:  SEM. (C) Inhibition of 

CaV1.3 currents with different mutant β2e subunits by Dr-VSP. The currents in test pulses to -10 

mV for 10 ms before (a) and after (b) the depolarizing pulse (+120 mV) were superimposed in 

non-transfected cells (control) and Dr-VSP transfected cells. (D) Summary of current inhibition 

of CaV1.3 channel by Dr-VSP-induced PIP2 depletion. For control, n=3-5; for Dr-VSP, n=4-5. * 

p<0.05; *** p<0.001, compared with wild type; error bar:  SEM. 
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Phospholipids determine the binding affinity of peptides to liposomes 

Our findings indicate that positively charged residues of N-terminus is important for membrane 

binding of the 2e subunit. We reconstituted N-terminal region in liposomes which incorporate 

with positively charged phospholipids and analyzed interaction between N-terminus of the 2e 

subunit and liposome composed of anionic phospholipid. In general, FRET is a widely utilized 

spectroscopic tool that provides proximity results that can be fitted to obtain the energetics of a 

system. Several FRET-based methods provides the quantification of protein–lipid selectivity. 

In order to test it, a peptide-to-liposome fluorescence resonance energy transfer (FRET) assay 

was employed and a 23-residue peptide of the N-terminus of the 2e subunit 

(MKATWIRLLKRAKGGRLKSSDIC) was synthesized (Fig. 9A). Liposome binding of peptide 

was monitored using FRET measurements, in which the dansyl-PE incorporated into the 

liposome quenches the tryptophan residues of the peptide. We first measured FRET with 

liposomes lacking anionic phospholipids (no PS). When liposomes were added to the peptide, the 

intensity of Trp fluorescence showed only a minor attenuation, possibly indicating a weak 

hydrophobic peptide-liposome interaction (Fig. 9B, left). However, when 15% PS was present in 

the liposome membranes, there was a marked decrease of Trp fluorescence (Fig. 9B, right), 

indicating strong binding of N-terminal peptides to these liposomes (Fig. 9C) (Yeung et al., 2008). 

Next, we examined the effect of PIP2 on interaction between liposomes and peptides. Application 

of PIP2 to PS further enhances FRET (F0/F) signal in a dose-dependent manner. These results 

suggest that both PS and PIP2 are involved in the membrane binding of β2e (Fig. 9D). Next, 

using two lipid-specific probes to scavenge PS or PIP2, we examined lipid requirement for 

binding of the 2e subunit to membranes. In cells overexpressing the PS-scavenging probe GFP-
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Lact-C2, the 2e subunit was mostly redirected in the cytosol, whereas in cells overexpressing 

the PIP2-scavenging probe PH-PLCδ-GFP it was still located in the plasma membrane (Fig. 9E).  

Additionally, CaV2.2 current inactivation in the presence of the PS scavenger was 

significantly increased compared to cells expressing PIP2 scavenger (Fig. 9, E, F and G). Thus 

negatively charged PS, which comprises 20-30% of the plasma membrane, plays an important 

role in recruitment of the 2e subunit to cell membranes (Yeung et al., 2006). Together, the 

results suggest that electrostatic and hydrophobic interactions between basic amino acids and 

anionic phospholipids are key for membrane targeting of the 2e subunit, consistent with a 

previous report (Miranda-Laferte et al., 2014). 
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Fig. 9. N-terminal affinity of liposomes is augmented in the presence of PS. 

(A) Cartoon of FRET analysis. Binding was tested using FRET between peptide containing Trp 
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(W) (donor) and liposomes labelled with dansyl-PE (acceptor). The initial spectrum of Trp was 

determined in the absence of liposomes (F0) and the subsequent spectrum was recorded after 

liposome addition (F). (B) Fluorescence of Trp in the absence (black trace) or presence (red 

traces) of liposomes with 15% PS. A.U., absorbance units. FRET is presented as F0/F at 355 nm. 

(C) Summary of FRET changes with different lipid compositions on the liposomes. FRET is 

presented as F0/F at 355 nm. n=3; ** P<0.05, compared with PS free liposome; error bar:  SEM. 

(D) FRET (F0/F) signals in the presence of PS and/or PIP2. FRET (F0/F) are represented as a 

function of concentration of lipids. (E) Confocal images of cells expressing PIP2 probe PH-

PLCδ-GFP and 2e subunit tagged with mCherry (Upper) or PS probe Lact-C2-GFP and 2e 

subunit tagged with mCherry. Scale bar, 5 µm (F) Effects of transfected PS probe or PIP2 probe 

on the inactivation of CaV2.2 currents with the 2e subunit. PS masking by Lact-C2 accelerates 

inactivation of CaV2.2 current. Currents were measured during the 500-ms test pulses to +10 mV. 

Current traces with 2e subunit and Lact-C2 or PH-GFP are scaled to the peak amplitude of 

currents with the 2e subunit only (control). (G) Summary of current inactivation (n=4-5). * 

P<0.05, compared to control; error bar:  SEM. 
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Depletion of poly-PIs induces cytosolic translocation of 2e subunits and fast channel 

inactivation 

In recent studies with rapamycin-translocatable enzyme systems, it was reported that membrane 

recruitment of a lipid 4-phosphatase (Sac), a lipid 5-phosphatase (INPP5E), or pseudojanin (PJ) 

(which has both Sac and INPP5E) can trigger the dissociation of peripheral membrane proteins 

from the plasma membrane inner surface (Hammond et al., 2012). Thus PI(4)P and/or PIP2 

function as anchors recruiting proteins to the membrane. We applied these tools to observe 

whether a direct depletion of poly-PIs can cause the dissociation of the 2e subunit from the cell 

membrane. For convenience, we will call these translocatable phosphatases RF-Sac, RF-INPP5E, 

and RF-PJ. We first verified the PI specificity of each translocatible enzyme and lipid probe (Fig. 

10A). As expected, recruitment of RF-Sac and RF-INPP5E to the plasma membrane by 

rapamycin evoked dissociation of the PI(4)P probe Osh1-GFP and of the PIP2 probe PH-PLCδ-

GFP from the membrane, respectively (Fig. 10B, upper). Previously, it was proposed that Osh1 

can also bind to PIP2 as well as to PI(4)P (Roy and Levine, 2004). Indeed, membrane recruitment 

of RF-INPP5E also caused a slight movement of Osh1-GFP to the cytosol whereas Sac 

recruitment did not affect the PH-PLCδ-GFP (Fig. 10B, bottom). Using these constructs, we 

examined whether lipid depletion can change the binding properties of 2e to the membrane in 

the absence of α1 subunits. Fig. 10C shows confocal images of 2e-GFP and RF-enzymes before 

and after a 2-min application of 1 µM rapamycin. The results show that membrane translocation 

of either RF-INPP5E or RF-Sac alone is not enough to trigger the dissociation of 2e subunits 

from the plasma membrane (Fig. 10C, upper). However, when the RF-PJ was recruited to the 

membrane, it evoked a strong movement of 2e to the cytosol (Fig. 10, C and D), suggesting that 

2e subunits use both PI(4)P and PIP2 as plasma membrane anchors.  
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In addition to measuring the cytosolic fluorescence intensity of 2e subunits, we also 

analyzed the plasma membrane distribution of 2e before and after rapamycin application. Fig. 

11A shows that recruiting PJ to the plasma membrane by rapamycin application simultaneously 

induces a robust increase of fluorescence intensity of RF-PJ at the plasma membrane and a 

decrease of fluorescence of 2e-GFP. Indeed, only the PJ but not the other translocatable 

enzymes decreased the presence of 2e at the plasma membrane (Fig. 11B). Next, we tested the 

effects of poly-PI depletion on regulation of CaV2.2 channels coexpressed with the 2e subunit. 

As shown in Fig. 11C, depletion of PI(4)P or PIP2 by RF-INPP5E and RF-Sac systems had no 

significant effect on CaV2.2 current inactivation. In contrast, depletion of both lipids by the 

translocatable PJ system resulted in a stronger and faster current inactivation (Fig. 11, C and D). 

With the inactive enzyme PJ-Dead, V50,inact of steady-state inactivation of CaV2.2 channel 

was 7.1  0.4 mV. Depletion of both PI(4)P and PIP2 by PJ shifted the voltage dependence of 

inactivation to more negative voltages (V50,inact = -7.8  0.3 mV), and depletion of PI(4)P or PIP2 

shifted somewhat less (V50,inact = 1.8  0.3 mV and -0.5  0.4 mV, respectively) (Fig. 11E). We 

also tested the effects of depleting poly-PI on gating of CaV1.3 channels. Only PJ accelerated the 

inactivation of CaV1.3 channel significantly (Fig. 11, F and G). Like the voltage dependence of 

inactivation for the CaV2.2 channel, depletion of both PI(4)P and PIP2 caused the voltage 

depedence of inactivation to be more negative (V50,inact = -14.1  0.7 mV) compared to that of 

Dead (V50,inact = -4.8  0.5 mV). The depletion of PI(4)P (V50,inact = -8.7  0.9 mV) or PIP2 

(V50,inact = -7.7  0.7 mV) was intermediate (Fig. 11H). These results suggests that PI(4)P and 

PIP2 together determine current inactivation of CaV2.2 and CaV1.3 channel with the 2e subunit.  
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Fig. 10. Depletion of PI(4)P and PIP2 induces the dissociation of 2e subunit from the 

plasma membrane. 



  

 

- 39 - 

 

(A) Schematic diagram of a depletion of PI(4)P or PIP2 by 4- or 5-phosphatases. (B) Confocal 

images and full time courses of cytosolic fluorescence change in cells transfected with LDR, PH-

PLCδ-GFP, Osh-1-GFP, RF-INPP5E, and RF-Sac. Translocation of RF-INPP5E or RF-Sac to the 

plasma membrane by rapamycin depletes PH-PLCδ-GFP (PIP2 probe) or Osh1-GFP (PI(4)P 

probe), respectively n=3, for INPP5E; n=3, for Sac. Bottom images show that plasma membrane 

translocation of RF-INPP5E or RF-Sac by rapamycin has no effect on depletion of Osh1-GFP or 

PH-PLCδ-GFP probes, respectively. n=3 for INPP5E; n=3 for Sac. Time courses were taken 

every 5 s by confocal microscope. Scale bar, 10 µm. (C) Confocal images and full time course of 

cytosolic fluorescence change in cells transfected with LDR, β2e-GFP and RF-Dead (RFP-

FKBP-dead form of pseudojanin or PJ), RF-INPP5E, RF-Sac, and RF-PJ. Confocal images show 

the subcellular distribution of β2e-GFP and translocatable RF-phosphatases before and after 

rapamycin (1 μM) application for 2 min. n=4, for Dead; n=3 for INPP5E; n=3 for Sac; n=4 for PJ. 

Scale bar, 10 µm. (D) Change in cytosolic intensity of β2e subunit (2e) to cytosolic intensity 

of each translocatable enzyme (PJs) before and after rapamycin application and expressed as 

percentage with Dead (n=5), Sac, (n=5), INPP5E (5) and PJ (n=6). *** p<0.001, compared with 

Dead; Error bar:  SEM. 
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Fig. 11. Depletion of PI(4)P and PIP2 accelerates current inactivation of CaV2.2 channels.  

(A) Analysis of plasma membrane fluorescence intensity of PJ and β2e. Left and right images 

show the plasma membrane distribution of RFP-PJ and 2e-GFP respectively, before and after 
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rapamycin addition for 2 min. Bottom and right plots indicate the fluorescence intensity of region 

of interest (ROI) in RFP-PJ expressing cells and the intensity of ROI in β2-GFP expressing cells 

respectively, before and after rapamycin addition. (B) Summary of plasma membrane 

fluorescence intensity of the β2e subunit. Plasma membrane fluorescence Intensity of β2e subunit 

for Dead, INPP5E, Sac and PJ was normalized against the plasma membrane fluorescence 

intensity before rapamycin addition. For Dead, n=7; for INPP5E, n=7; for Sac, n=8; for PJ, n=8; 

*** p<0.001, compared with Dead; error bar:  SEM. (C) Current inactivation of CaV2.2 

channels with various translocatable systems were measured during 500-ms test pulse at +10 mV. 

Current traces before (black trace) and after (red trace) rapamycin application are scaled to the 

peak current amplitude (I0) and superimposed. Dashed line indicates zero currents. (D) Summary 

of inactivation of CaV2.2 currents before and after rapamycin addition in cells expressing 

different translocatable dimerization constructs (n=4-5). * p<0.05, compared with Dead; error bar: 

 SEM. (E) Voltage-dependence of normalized steady-state inactivation for CaV2.2 channels with 

Dead (n=4), Sac (n=4), INPP5E (n=5) or PJ (n=5) after rapamycin addition. (F) Effect of various 

translocatable systems on inactivation of CaV1.3 channels. CaV1.3 currents were measured during 

500-ms test pulse to -10 mV. (G) Summary of inactivation of CaV1.3 currents before and after 

rapamycin addition in cells expressing different translocatable dimerization constructs (n=4-5). 

*** p<0.001, compared with Dead; error bar:  SEM. (H) Voltage-dependence of normalized 

steady-state inactivation for CaV1.3 channels with Dead (n=4), Sac (n=5), INPP5E (n=5) or PJ 

(n=5) after rapamycin addition. 
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Both β2e and MARCKS are tethered to the plasma membrane through electrostatic 

interaction 

Besides the involvement of PI(4)P and PIP2 in membrane binding of β2e, we also tested whether 

neutralization of a whole inner leaflet of the plasma membrane induces cytosolic distribution of 

β2e. As a positive control, we made use of MARCKS which electrostatically binds to the plasma 

membrane via its effect domain (Arbuzova et al., 1998). As shown in Fig. 12 A and B, both β2e 

and MARCKS have a group of basic residues and hydrophobic residue(s) and are localized in the 

plasma membrane in the exogenously expressed cells. We first examined whether reduction of 

membrane electric charges induces the changes in their subcellular distributions. For this, we 

used antimycin and sphingosine which diminish membrane anionic charges. When antimycin was 

applied to decrease the charges through the depletion of membrane PIs, both of β2e and 

MARCKS exhibited cytosolic distributions (Yeung et al., 2006). Likewise, neutralization the 

negative charges of membrane phospholipids by addition of sphingosine, which has +1 charge, 

caused the cytosolic localization of them (Fig. 12B) (Yeung et al., 2008). Furthermore, both drugs 

promoted the current inactivation in CaV2.2 channels with β2e (Fig. 12C). Those results suggest 

that disruption of charge-charge interaction between β2e and membrane phospholipids resulted in 

dissociation of β2e from the plasma membrane and induces fast inactivation of CaV current, 

which is consistent with the previous reports that membrane tethering of β subunits in cells is 

important in regulating the CaV channel gating (Keum et al., 2014). 
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Fig. 12. Membrane tethering of β2e and MARCKS was antagonized by reduction of negative 

charges in the inner leaflet of the plasma membrane. (A) Sequences of N-terminal region of 

β2e and effector domain of MARCKS (upper) and schematic representations of membrane-bound 

β2e and MARCKS (bottom). Blue minus-signs and red plus-signs indicate acidic lipids and basic 

amino acid residues, respectively. Hydrophobic residues and myristoylation are represented by 

hexagons and brown colored signs (MARCKS), respectively. (B) Confocal images of cells 

expressing PH-PLCδ-GFP (PH-GFP) and β2e-mCh (mCherry) or PH-GFP and MARCKS-mCh 

in response to 200 nM antimycin/10 mM deoxyglucose or 75 µM sphingosine. The cells were 

pretreated with the drugs for 40 min. Bar, 5 μm. (C) Effect of antimycin and sphingosine on 

current inactivation of CaV2.2 channels. Currents were recorded during 500-ms test pulses to +10 

mV. Dashed line indicates the zero current. For quantification, n=4-5. 
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M1 receptor activation results in fast inactivation of CaV current by eliciting transient and 

reversible translocation of β2e subunit from membrane to cytosol  

Activation of Gq protein-coupled receptors (GqPCRs) including M1 muscarinc (M1R) or AT1a 

angiotensin receptors depletes both PI(4)P and PIP2 in the plasma membrane via the activation of 

PLC (Horowitz et al., 2005; Balla et al., 2007). Based on experiment in Fig. 11, we examined 

whether M1R activation has any effect on localization of the 2e subunit in the absence of α1 

subunits. When the M1R is activated by Oxo-M, the PH-PLCδ-RFP probe but not the lipidated 

2a subunit migrated to the cytosol (Fig. 13A). Hence, even when PIP2 and PI(4)P are depleted 

by M1R, the 2a subunit stays in the membrane through its palmitoylation. However, in 2e-

transfected cells, M1R activation induced strong translocation of both PH-PLCδ-RFP and 2e-

GFP, simultaneouly (Fig. 13B). We also tested the speciticity of GPCRs using M2-muscarinic 

receptors (M2R), which are Gi/o protein-coupled (Fig. 13C). Activation of M2R by Oxo-M had no 

effect on translocation of the 2e subunit, indicating that its translocation is specific for Gq/11 

protein-coupled GPCR. Overall, these results suggest that in agreement of experiment with PJ 

construct, membrane binding of the β2e subunit relies on PI(4)P and PIP2 in the plasma 

membrane and that PI depletion by activation of M1R suffices for reversible translocation of the 

β2e subunit. 

In addition to involvement of PI(4)P and PIP2 in membrane association of the 2e subunit, 

we investigated the effect of the 2e subunit on the modulation of CaV2.2 channel gating by M1R. 

Previous studies showed that muscarinic stimulation inhibits current of CaV2.2 channels in a -

subunit-dependent manner through PLC-mediated PIP2 depletion pathway (Heneghan et al., 2009; 

Suh et al., 2012; Keum et al., 2014). As shown in Fig. 14A, membrane-anchored 2a and 2e 
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subunits show similar weak muscarinic suppression of the currents (34  2% vs 32  4% for 2a 

and 2e, respectively), whereas two cytosolic 3 and N-terminus-deleted (N-del) subunits show a 

stronger muscarinic suppression (69  4% vs 59  3% for 3 and N-del, respectively) (Fig. 14, A 

and C). Finally, we tested the effect of M1R on inactivation of CaV channels. Oxo-M treatment 

potentiated inactivation of CaV2.2 current in cells with the 2e subunit somewhat but 

significantly, whereas Oxo-M treatment had no significant effect on current inactivation in 2a, 

3 and N-del subunits expressing cells (Fig. 14), consistent with an M1R-induced translocation of 

2e subunit to the cytosol (Fig. 14, B and D). Together, these results suggest that the subcellular 

redistribution of 2e subunits when GqPCRs deplete PI(4)P and PIP2 changes the gating of 

CaV2.2 channels . 
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Fig. 13. Activation of M1R induces reversible translocation of the β2e subunit.  

Confocal images and full time courses of PH-PLCδ-RFP (PH-RFP) and β2a-GFP (A and B) or 

PH-RFP and β2e-GFP (C and D) before, during, and after Oxo-M (10 μM) application in M1R 

expressing cells. Time courses were taken every 5 s by confocal microscope. (E and F) 

Subcellular distributions and a full time course of PH-RFP and β2e-GFP in M2R expressing cells. 

For analysis of time course, n=4-5. Scale bar: 10 µm. 
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Fig. 14. M1 muscarinic stimulation induces fast inactivation of CaV2.2 current by eliciting 

transient and reversible translocation of the β2e subunit from membrane to cytosol. 

 (A) Current inhibition of CaV2.2 channels by M1R activation with Oxo-M and current 

inactivation of CaV2.2 channels before Oxo-M and during Oxo-M addition in cells expressing 

2a, 3, 2e, or N-del. Current traces for before (a) and during (b) Oxo-M addition were 

superimposed (inset). Currents was measured every 40 ms at + 10 mV. Dashed lines represent 

zero current. While current inhibitions with 2a and 2e were about 30 %, channel currents with 

3 and N-del were inhibited by 60 % indicating that current inhibition with 2e subunit is similar 

to it with 2a subunit. (B) Current inactivation with various  subunits was recorded during 500-
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ms test pulse at +10 mV. Current traces before (black trace) and during (red trace) Oxo-M 

applications were scaled to the peak current amplitude (I0) and were superimposed. Dashed line 

indicates zero currents. Current inactivation with 2e subunit was minor but significantly 

enhanced during muscarinic activation by Oxo-M application. (C) Summary of CaV2.2 current 

inhibition in response to M1R stimulation in cells expressing 2a (n=4), 3 (n=6), 2e (n=8), or 

N-del (n=9). *** P<0.001, compared with 2a and 2e, respectively; error bar:  SEM. (D) 

Summary of current inactivation before and during Oxo-M application in cells expressing 2a 

(n=6), 3 (n=5), 2e (n=5), or N-del (n=5). * P<0.05, compared with control; error bar:  SEM.  
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Activation of endogenous Gq type GPCRs gives rise to translocation of β2e subunit without 

PIP2 depletion  

As shown in Fig. 12, in M1R transfected cells, we observed depletion of both β2e and PH-RFP in 

response to Oxo-M application. We asked if subcellular distribution of β2e in M1R overexpressed 

cells is different from it in endogenous cells. To test it, since tsA201 derived from HEK293 cells 

endogenously expresses several types of GqPCR including muscarinic and purinergic receptors, 

we took advantage of endogenous GPCR in tsA201 cell (Atwood et al., 2011). It has been known 

that the membrane tethering of β2a results from palmitoylation on two cysteines of the N-

terminus, while β2e is tethered to the membrane through both electrostatic interaction between 

the polybasic residues of the N-terminus and acidic phospholipids and the hydrophobic insertion 

of tryptophan residue to the plasma membrane.  

Base on different binding property of two β subunits, when Oxo-M was added, β2e, but not 

β2a was translocated. Interestingly, there was no depletion of PH-RFP used as PIP2 probe while 

intracellular Ca
2+

 was elevated as monitored as Fluo4-AM (Fig. 15, A and B) (Luo et al., 2001). 

In the same condition, location change of β2e was also examined using ATP to activate 

endogenous purinergic receptors (Schachter et al., 1997). The results showed a same alteration as 

it from muscarinic stimulation (Fig. 15, C and D). These experiments showed that β2e is able to 

be dissociated from the plasma membrane even in the absence of PIP2 depletion. This finding led 

us to the notion that membrane binding of β2e requires for PIs such as PIP2 whereas reversible 

translocation of β2e may be mediated by other factors.  

    Since elevation of intracellular Ca
2+

 level was detected in response to receptor stimulations, 

we concerned that increased Ca
2+

 level may directly or indirectly involve in translocation of β2e.  
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To investigate the effect of Ca
2+

 on translocation of β2e, IP3-KinaseA (IP3K-A) was employed to 

prevent IP3 dependent Ca
2+

 release from ER (Tang et al., 2003). Using Fluo4-AM, intracellular 

Ca
2+

 level was monitored in non-transfected and IP3K-A transfected cells. Intriguingly, in IP3K-

A expressing cells, muscarinic activation did not induced fluorescent change of Fluo4-AMa and 

translocation of β2e (Fig. 16, A-C). On the other hand, in control experiment, strong change of 

fluorescence of Fluo4-AM and β2e was detected. Experiments with ATP addition were identical 

to results of them from muscarinic stimulation (Fig. 16, D-F). These results indicated that with 

receptor activation, Ca
2+

 release from ER influences on subcellular localization of β2e.  
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Fig. 15. Endogenous Gq type GPCRs cause shuttling of β2e but not β2a in tsA201 cells.  

(A and B) Confocal images and time courses of β2a, β2e and PH-RFP before, during (30 s) and 

after muscarinic stimulation with 10 μM Oxo-M in cells loading Fluo4-AM. Fluo4-AM was used 

as calcium indicator to monitor increase in cytosolic Ca
2+ 

and receptor activity. Cells were loaded 

with Fluo4-AM for 10 min before imaging. Images of PH-RFP and β subunits were taken every 5 

s while images of Fluo4-AM was taken every 3 s. n=5. Scale bar: 10 µm.  

(C and D) Confocal images and time courses of β2a and β2e before, during (30 s) and after 

purinergic stimulation with 50 μM ATP in cells loading Fluo4-AM. Cells were loaded with 

Fluo4-AM for 10 min before imaging. Images of PH-RFP and β subunits were taken every 5 s 

while them of Fluo4-AM was taken every 3 s. n=5. Scale bar: 10 µm. 
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Fig. 16. Inhibition of Ca
2+

 release from ER prevents translocation of β2e subunit.  

(A) Confocal images of cells expressing β2e-mCh or β2e-mCh and IP3K-A-GFP in response to 

muscarinic activation. Scale bar, 5 µm. (B) Time course of intensity of Fluo4-AM in non-

transfected and IP3K-A transfected cells in the presence of muscarinic activation. n=4. (C) Time 

course of cytoplasmic fluorescence. Fluorescent intensity changes of β2e in the in non-

transfected and IP3K-A transfected cells in the presence of muscarinic activation. n=4. (D) 

Confocal images of cells expressing β2e-mCh or β2e-mCh and IP3K-A-GFP in response to 

purinergic activation. Scale bar, 5 µm. (E) Time course of intensity of Fluo4-AM in non-

transfected and IP3K-A transfected cells in the presence of purinergic activation. (E) Fluorescent 

intensity changes of β2e in the in non-transfected and IP3K-A transfected cells in the presence of 

purinergic activation. For analysis, n=4.  
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Rise of Ca
2+

 causes translocation of β2e 

To further elucidate the functional effect of Ca
2+

 ions on the cytosolic translocation of the β2e 

subunit, we utilized thapsigargin (TG) and ionomycin to increase cytosolic Ca
2+

 concentration. 

TG discharges the Ca
2+

 store by inhibiting the sarco/endoplasmic reticulum Ca
2+

-ATPase 

(SERCA) pump and thus causes the accumulation of Ca
2+

 in the cytosol (Thastrup et al., 1990).       

As shown in Fig. 17, A and B, TG application gave rise to a sustained increase in intracellular 

Ca
2+

 and the cytosolic translocation of β2e. Internal Ca
2+

 responses to TG in the absence of 

extracellular Ca
2+

 were in agreement with those of previous studies conducted on HEK293 cells 

(Luo et al., 2001; Eylenstein et al., 2011). β2e translocation and internal Ca
2+

 increase occurred in 

two phases after TG application. In the first phase with Ca
2+

-free media, the intracellular Ca
2+

 

level was slightly increased and β2e was also partially translocated to the cytosol. In the second 

phase with 2 mM of Ca
2+

-containing medium, intracellular Ca
2+

 was strongly increased by influx 

from the extracellular medium and β2e robustly moved from the plasma membrane to the cytosol. 

Thus, the translocation pattern of β2e virtually corresponds to a trace of internal Ca
2+ 

change in 

response to TG. In the experiment with ionomycin as a Ca
2+

 ionophore, we also observed that 

ionomycin triggered translocation of β2e and rise in cytosolic Ca
2+

 (Fig. 17, C and D). It is 

important to note that higher concentration of ionomycin more than 5 μM also evokes PIP2 

depletion via the direct activation of PLCβ, which is stimulated by Ca
2+

 (Quinn et al., 2008; 

Szentpetery et al., 2009). Indeed, 2 μM ionomycin induced translocation of β2e without PIP2 

depletion, indicating that dissociation of β2e from the plasma membrane is sensitive to rise in 

cytosolic Ca
2+

. These results collectively provide that mechanism underlying β2e translocation is 

closely reliant upon fluctuation of cytosolic Ca
2+

. However, our data indicate that it is 

independent from the origin of Ca
2+

 ions whether it is from internal or external Ca
2+

 sources.  
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Fig. 17. Rise of intracellular Ca
2+

 level induces translocation of β2e.  

(A) Confocal image of cells expressing PH-RFP and β2e-GFP or loaded with Fluo4-AM in 

response to 2 μM TG. Black and red bars indicate the concentration of Ca
2+

 in external media. 

Scale bar, 5 µm. (B) Full time course of cytosolic fluorescent intensity changes in cells 

expressing PH-RFP and β2a-GFP or loaded with Fluo4-AM. For analysis, n=4. Arrowheads 
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indicate time points corresponding to images of A. Images were taken every 4 s in cells with PH-

RFP and β2a-GFP and every 3 s in cells with Fluo4-AM. (C) Confocal image of cells expressing 

PH-RFP and β2e-GFP or loaded with Fluo4-AM in response to 2 μM ionomycin (Iono) in the 

presence of 2 mM Ca
2+

 in external media. Scale bar, 5 µm. (D) Full time course of cytosolic 

fluorescent intensity changes in cells expressing PH-RFP and β2a-GFP or loaded with Fluo4-AM. 

For analysis, n=5. Arrowheads indicate time points corresponding to images of C. Images were 

taken every 4 s in cells with PH-RFP and β2a-GFP and every 3 s in cells with Fluo4-AM. 
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β2e translocation is independent of CaM and protein kinases  

Considering that cytosolic Ca
2+

 triggers various biological processes (Calpham, 2008; Li et al., 

2014), it is possible that second messengers, such as CaM and protein kinase, activated by Ca
2+

 

ions could be involved in the translocation of β2e. Indeed, CaM is highly negatively charged 

protein so that it competes with membrane PIP2 and can pull the basic group of protein off the 

plasma membrane (Clampam, 2008). In the case of PKC, phosphorylation of target molecules 

introduces negative charges and target molecules with basic group are neutralized leading to 

detachment of them from plasma membrane (Li et al., 2014).  

Therefore, we first tested the involvement of protein kinase C (PKC) in the β2e translocation 

(Codazzi et al., 2001; Fang et al., 2014). Additionally, N-terminal region of β2e have three 

potential phosphorylation sites (T4, S19 and S20) (Fig. 18A). Based on these sites, we generated 

two mutants (T4A and S19,29A), which was unable to be phosphorylated by protein kinases. Our 

data show that the ATP-induced cytosolic translocation of these mutants (T4A and S19,29A) was 

not different from that of wild-type β2e (Fig. 18, B and C) indicating that translocation of β2e is 

independent of phosphorylation.  

Next, we examined the involvement of CaM in the β2e translocation using i) Ca
2+

-

insensitive DN-CaM, which contains alanine substitutions in four EF-hand domains, and ii) co-

immunoprecipitation (co-IP) assay in the presence and absence of Ca
2+

. First, when β2e was co-

transfected with wild-type CaM (WT-CaM) or DN-CaM, which is incapable of binding to Ca
2+

, 

no significant difference in β2e translocation was observed in response to ATP application 

compared with non-transfected cells (Fig. 18, D and E). We then performed IP assay to identify 

direct binding between β2e and CaM. It was reported that using 3xFLAG-human CaM, two novel 
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CaM-binding sites in IQ motif-containing GTPase activating protein 1 (IQGAP1) were identified 

(Jang et al., 2011). Thus, we employed the method to identify if there was a CaM-β2e interaction. 

In the assay, IQ(1-4), which binds to CaM regardless of Ca
2+

 and N-del, which does not have an 

N-terminal region of β2e, was used as a positive control and a negative control, respectively. As 

shown in Fig. 18F, the IQ(1-4) control bound to CaM in the presence or absence of Ca
2+

, whereas 

β2e did not bind to CaM regardless of Ca
2+

, suggesting that CaM is not necessary for Ca
2+

-

mediated translocation of the β2e subunit. Collectively, these results suggest that CaM and PKC-

mediated phosphorylation reaction are not involved in the translocation of β2e. 
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Fig. 18. Protein kinases and calmdoulin are not involved in translocation of β2e. 

(A) N-terminal sequence of β2e. Possible phosphorylation sites are highlighted as red colors. (B) 

Confocal images of cells expressing WT and mutants (T4A and S19,20A) in response to 

purinergic stimulation. Scale bar, 5 μm. (C) Time course of WT and mutants in response to 

purinergic stimulation. n=4. (D) Confocal images of cell expressing β2e in the presence of 

calmodulin (CaM) or dominant-negative CaM (DN-CaM). Scale bar, 5 μm. (E) Time course of 

β2e in the presence of CaM or DN-CaM. n=4. (F) CaM binding of transfected β2e-GFP and N-

del-GFP in tsA201 cells using 3xFLAG-hCaM IP. IQ(1-4) was used as positive control. Bound 

proteins were visualized by immunoblotting using an anti-GFP antibody.  
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Divalent ions diminish FRET signaling between peptides and liposome 

As shown in Fig 9, we demonstrated that using peptide-to-liposome fluorescence resonance 

energy transfer (FRET) assay, the N-terminal peptide of the β2e subunit binds selectively to 

liposome membrane containing 15% PS and 1% PIP2, confirming that anionic phospholipids are 

essential for the binding of β2e to the membrane. 

   In the same condition of liposome incorporated with 15% PS and 1% PIP2, we asked whether 

Ca
2+

 addition directly disrupts the interaction between the peptide and liposome membrane. 

FRET assay between N-terminal peptide and liposome was performed, as described above. 

Briefly, Trp (W) in 23-residual peptide of the N-terminus of the β2e subunit 

(MKATWIRLLKRAKGGRLKSSDIC) served as the donor, and dansyl-PE in the liposome acted 

as the acceptor (Fig. 19A). The fluorescence intensity of the Trp donor was monitored in the 

presence of various concentrations of divalent ions. First, as shown in Fig. 19B, the addition of 

CaCl2 to a mixture of the N-terminal peptide and liposome containing PS and PIP2 led to the 

increment of fluorescence intensity at approximately 355 nm, suggesting that Ca
2+

 ions inhibit 

the interaction of the peptides with the liposome. To quantify the change of FRET signals, the Trp 

fluorescence (F) with various Ca
2+

 concentrations was normalized to the initial value without 

liposome addition (F0). The data showed that the increase of Ca
2+

 concentration led to the 

reduction of FRET signals (F0/F), which is presented as the increase in Trp fluorescence intensity 

at 355 nm, indicating that Ca
2+

 addition results primarily in the diminution of binding strength 

between the N-terminal peptide and anionic liposome membrane (Fig. 19C). We also examined 

the Ca
2+

 effect on N-terminal binding at various concentrations. As expected, Ca
2+

 addition 

increased the fluorescence in a concentration-dependent manner, with significant effects on the 
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hundred-micromolar level, indicating the reduction of binding affinity (Fig. 19D).  

Next, to determine whether a decrease in peptide binding to the liposome was due to 

membrane charge screening by Ca
2+

 ions, we utilized Mg
2+

 as another physiological divalent ion. 

We found that Mg
2+

 addition also decreased the peptide-liposome interaction, even though it is 

difficult to quantitatively compare the effect of the two ions on binding affinity (Fig. 19E). 

Notably, the screening effects of 0.1 mM CaCl2 or 3 mM MgCl2 were significant and showed an 

additive effect when applied together (Fig. 19F). Overall, these results demonstrate that Ca
2+

 

disrupts the interaction of the basic N-terminal peptide and acidic liposome. Thus, these data 

support the notion that in cells, cytosolic Ca
2+ 

directly triggers β2e translocation through Ca
2+ 

mediated membrane screening effect. 
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Fig. 19. Divalent ions interfere interaction between peptides and liposome. 

(A) Schematic digram of FRET analysis. Binding was tested using FRET between peptide 

containing Trp (W) (donor) and liposomes labelled with dansyl-PE (acceptor). The initial 

spectrum of Trp was determined in the absence of liposomes (F0) and the subsequent spectrum 

was recorded after liposome addition (F). (B) Fluorescence intensity of Trp based on peptide-to-

liposome in various Ca
2+

 concentrations. Liposome is consisted of PC, PE, PS, cholesterol, 

dansyl-PE, and PIP2. (C) Summary of FRET signalling in various Ca
2+

 concentrations. (D) Effect 

of Ca
2+ 

in binding between peptides and liposomes.
 
Normalized F is represented as a function of 

concentration of Ca
2+

 ion and solid lines indicate the fits of the F0/F signals to the Hill equation. 

(E) Fluorescence intensity of Trp based on peptide-to-liposome in various Mg
2+

 concentrations. 

(F) Summary of FRET signalling in various Mg
2+

 concentrations. 
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Ca
2+

 induces CDI of CaV channels with β2e regardless of CaM 

Given that β2e is localized to the plasma membrane via electrostatic interaction and such 

interaction is disrupted by Ca
2+

 ions due to membrane charge screening, we asked whether this 

regulatory mechanism has an impact on the CaV channel gating property. For this, Ca
2+

-

dependent inactivation (CDI) was tested in tsA201 cells transiently transfected with CaV2.2 

channels and WT-CaM or DN-CaM. Since CaM is a virtual Ca
2+

 sensor for CDI in most CaV 

channels and thus CDI can be abolished in cells expressing Ca
2+

-insensitive DN-CaM (Peterson 

et al., 1999; Liang et al., 2003), we assessed the effect of Ca
2+

/CaM-mediated inactivation in CaV 

channels with β2e. For reference, we first measured the CaV2.2 channel with β2a in cells co-

expressing WT-CaM or DN-CaM. As a quantitative index of CDI, the fraction of Ca
2+ 

current at 

300 ms after the peak during 500-ms depolarization (r300) was plotted as a function of voltage. 

The inactivation difference between the Ba
2+

 and Ca
2+

 currents was marked as an f value. As 

shown in Fig. 20, A and B, in cells expressing WT-CaM, the Ba
2+

 current showed slow 

inactivation and minor, monotonic decline of r300, whereas the Ca
2+

 current exhibited fast 

inactivation and U-shaped dependence as a typical hallmark of CDI. In contrast, in cells 

expressing DN-CaM, no difference between Ba
2+

 and Ca
2+

 relations was observed as indicated by 

the f value, reflecting the notion that CaM mediates the CDI in CaV2.2 channels with β2a. 

However, with β2e, we found that while the Ba
2+

 current exhibited a minor decrease of 

inactivation, the CDI of the Ca
2+

 current decayed significantly faster even in cells expressing DN-

CaM, as indicated in the increased f value (Fig. 20, B and D).  

In addition to the CaV2.2 channel, the CaV2.3 channel was tested in an identical setting. With 

β2e, the CaV2.3 channel also exhibited fast inactivation in DN-CaM-expressing cells (Fig. 21, A 
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and B). These results suggest that when Ca
2+

 is employed as a charge carrier, β2e, but not β2a, 

can mediate current inactivation in a CaM-independent fashion. Our finding that Ca
2+

 influx 

triggers the dissociation of β2e from the plasma membrane and such dissociation induces fast 

inactivation is reminiscent of previous studies showing that subcellular localization of β subunits 

is important for the inactivation of CaV channels.  

To further investigate the effect of β2e location on the inactivation of the CaV channel, we 

generated a fusion construct, Lyn-β2e, in which the membrane-targeting sequence, Lyn11, was 

tagged before the N-terminus of β2e since it is tethered to the membrane through lipidation (Suh 

et al., 2012). The results show that ionomycin application had no effect on the location of Lyn-

β2e (Fig. 22A). In the current recording, inactivation traces and the r300 value of CaV2.2 channels 

with Lyn-β2e were nearly identical to those formed by β2a, confirming that Ca
2+

-dependent 

current inactivation is caused by the membrane dissociation of β2e in DN-CaM-expressing cells 

(Fig. 22B). Next, to examine whether CaM is still involved in β2e-mediated CDI, we compared 

the inactivation of the Ca
2+

 current in WT-CaM and DN-CaM cells. To test this, we made use of 

N-del-β2e, in which the N-terminal region was deleted. As shown in Fig. 22, C and D, N-del-β2e 

is localized in the cytosol and the current showed fast inactivation. Ionomycin application had no 

effect on its location. In the Ca
2+

 current, inactivation of CaV2.2 with N-del-β2e was slightly 

increased in DN-CaM expressing cells, indicating the same behavior as β2a. However, 

inactivation of CaV2.2 in the Ca
2+

 current exhibited a minor difference between cells expressing 

WT-CaM and DN-CaM, but was significantly faster in WT-CaM-expressing cells (Fig. 22E). 

These results demonstrate that even though β2e-mediated CDI is predominant in Ca
2+

-triggered 

current inactivation, the regulatory effect of CaM is still weakly functional. 
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Fig. 20. β2e induces fast inactivation of CaV2.2 channels regardless of CaM.  

(A)  Ca
2+

-dependent inactivation (CDI) of CaV2.2 channels with β2a subunit. Top, voltage 

protocol and exemplar whole cell Ba
2+

 (black)
 
and Ca

2+
 (red) currents elicited by 500-ms 

depolarization step to +10 mV in WT-CaM (left) or DN-CaM (right) expressing cells. CaV2.2 

currents were measured in the presence of 2 mM BaCl2 or 2 mM CaCl2 in the external 

medium. Superimposed current traces were scaled to the peak amplitude. 

(B)  Top, fraction of current remaining after 300-ms depolarization (r300), plotted as a function 

of step potential (mV). f (inset) is the difference between r300 relations of Ba
2+

 and Ca
2+

 at +10 

mV and indicates the strength of CDI. Bottom, normalized I–VI-V relation taken from peak 

Ba
2+

 and Ca
2+

 currents evoked by voltage steps to the indicated potential (mV). n=6.  
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(C) Ca
2+

-dependent inactivation (CDI) of CaV2.2 channels with β2e subunit. Top, voltage 

protocol and exemplar whole cell Ba
2+

 (black)
 
and Ca

2+
 (red) currents elicited by 500-ms 

depolarization step to +10 mV in WT-CaM (left) or DN-CaM (right) expressing cells. Whole-

cell CaV2.2 currents were measured in the presence of 2 mM BaCl2 or 2 mM CaCl2 in the 

external medium. Superimposed current traces were scaled to the peak amplitude. Notably, 

CDI with β2e is independent of CaM-mediated CDI. 

(D)  (Top) fraction of current remaining after 300-ms depolarization (r300), plotted as a function 

of step potential (mV). f (inset) is the difference between r300 relations of Ba
2+

 and Ca
2+

 at +10 

mV and indicates the strength of CDI. (Bottom) normalized I–V relation taken from peak 

Ba
2+

 and Ca
2+

 currents evoked by voltage steps to the indicated potential (mV). n=6.  
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Fig. 21. β2e-mediated CDI is independent of CaM in Ca
V
2.3 channels. 

(A) Exemplar inactivation traces of Ca
V
2.3 with β2a during 500-ms depolarizing pulse to 

+10 mV (top). r
300

 was plotted as a function of indicated voltage (bottom). f (inset) 

represents the strength of CDI at +10 mV.  

(B) CDI of Ca
V
2.3 with β2e. Format is identical to (A). For analysis, n=5.   
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Fig. 22. Lipidation of β2e eliminates CDI of CaV2.2 channels. 

(A)  Confocal images and membrane colocalization quantification of cells expressing PH-PLCδ-

RFP and Lyn-β2e-GFP in response to 2 μM ionomycin. Scale bar, 5 µm. The colocalization 

coefficients were obtained from merged images of cells expressing Lyn-β2e and PH-RFP 

before or after ionomycin addition. For colocalization quantification, n=5. 
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(B)  CDI of CaV2.2 channels with Lyn-β2e in the presence of WT-CaM (left) and DN-CaM 

(right). The format used here is identical to those shown in Fig 19. For analysis, n=5.  

(C)  Confocal images and membrane colocalization quantification of cells expressing PH- 

PLCδ-RFP and N-del-β2e-GFP in response to 2 μM ionomycin. Scale bar, 5 µm. The 

colocalization coefficients were obtained from merged images of cells expressing N-del-β2e 

and PH-RFP before or after ionomycin addition. For colocalization quantification, n=4. 

(D)  Exemplar inactivation of CaV2.2 with N-del-β2e. Currents were measured during 500-ms 

test pulse at + 10 mV. Ca
2+

 current (red) was scaled up to Ba
2+

 current (black).  

(E)  Summary of inactivation time constants (τ) for CaV2.2 currents with Lyn-β2e (B) or N-del-

β2e (D). Data are means ± SEM. For analysis, n=4–6. * P < 0.01, *** P < 0.001, Student's t‐test. 
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Current inhibition by PIP2 depletion is predominant in the presence of Ca
2+

 in the medium  

Encouraged by a novel finding that Ca
2+

 influx induces the membrane dissociation of β2e and 

thus increases the inactivation of CaV channels in a CaM-independent manner, we tested the PIP2 

sensitivity of Ca
2+

 channels with β2e in the presence or absence of Ca
2+

 in the extracellular 

medium. Previous studies have shown that the subcellular distribution the β subunit is a key 

determinant for CaV channel regulation by PIP2 (Suh et al., 2012). In particular, the effect of PIP2 

depletion on inhibition of the CaV channel is minor compared with channels with cytosolic β 

subunits, since β2e normally interacts with membrane phospholipids in the channel complex 

(Heneghan et al., 2009). Given the membrane dissociation of β2e by Ca
2+

 influx, we asked 

whether in the Ca
2+

 current, PIP2 depletion alters the regulation of the CaV2.2 channel with β2e. 

To selectively remove membrane PIP2, we took advantage of the rapamycin (Rapa)-inducible 

dimerization system, consisting of Lyn11-FRB (LDR) and CFP-FKBP-INP54p (CF-Inp) (Suh et 

al., 2006; Suh et al., 2010). In cells expressing LDR, CF-Inp, and PH-GFP, Rapa application 

caused the membrane recruitment of CF-Inp and simultaneously induced the movement of PH-

GFP to the cytosol, indicating that CF-Inp translocation to the membrane depleted membrane 

PIP2 (Fig. 23A). We then tested the effect of PIP2 depletion on the CaV2.2 channel with β2e. In 

the Ba
2+

 current, Rapa application inhibited the current by 16%, whereas it suppressed the Ca
2+

 

current by 30% (Fig. 23, B and C). In the experiment with N-del, current inhibition by PIP2 

depletion in the Ba
2+

 current was nearly identical to that of the Ca
2+

 current (Fig. 23, B and C). 

Thus, these results indicate that the membrane dissociation of β2e by Ca
2+

 influx increases CaV 

channel sensitivity to PIP2 depletion. These finding findings are consistent with the notion that 

the cellular localization of the β subunit is important for the modulation of CaV channels by 

GqPCR-mediated PI metabolism.
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Fig. 23. PIP2 depletion-mediated current inhibition is predominant in the presence of Ca
2+

 

in the medium.  

(A)  Confocal images of a cell expressing CF-Inp, PH-PLCδ-GFP, and LDR in response to 1 

µM Rapa. Images before and after 1 µM Rapa addition. Scale bar, 5 µm.  

(B)  Ba
2+

 and Ca
2+

 current modulation by Rapa. CaV2.2 current with β2e (top) and N-del-β2e 

(bottom) in the presence of Ba
2+

 or Ca
2+

 as a charge carrier. Currents were recorded at +10 

mV every 4 s. Currents in insets indicate current traces before (a) and after (b) Rapa addition.  

(C)  Summary of current inhibition by PIP2 depletion. For analysis, Ba
2+

 current (n=9), Ca
2+

 

current (n=7) in β2e-expressing cells; Ba
2+

 current (n=6), Ca
2+

 current (n=5) in N-del-β2e-

expressing cells. Data are means ± SEM. *** P < 0.001, Student's t‐test. 
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Fig. 24. Schematic model of Ca
2+

-mediated feedback regulation of CaV channels with β2e. 

At the resting state, β2e is tethered to the plasma membrane via electrostatic interaction between 

N-terminal basic amino acid residues and anionic phospholipids. When the cells are depolarized 

or the Gq-coupled receptors are activated, Ca
2+

 ions influx from the extracellular medium through 

the CaV channels and then block β2e interaction with the plasma membrane by screening the 

phospholipid negative charges. The dissociation of β2e from the plasma membrane promotes the 

inactivation of CaV currents regardless of CaM and augments the PIP2 sensitivity of CaV channels. 
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Discussion  

In 1996, the palmitoylation and plasma membrane localization of the 2a splice variant of 2 

subunits were discovered (Chien et al., 1996). Those properties have functional consequences for 

CaV channels including slowing inactivation kinetics and decreasing regulation by membrane 

phospholipids (Qin et al., 1998; Chien et al., 1998; Hurley et al., 2000; Heneghan et al., 2009; 

Suh et al., 2012). Like 2a, 2e was found to locate to the plasma membrane and to slow 

inactivation of CaV channels in HEK293 cells (Takahashi et al., 2003). Recently, interaction of 

the N-terminal basic residues of 2e with membrane PS was reported to play a role in tethering of 

the 2e subunit (Miranda-Laferte et al., 2014). Those studies suggested electrostatic and 

hydrophobic interactions with the membrane. We anticipated that the interactions between the 

2e subunit and the membrane PI phospholipids might also be responsible for the dynamic 

regulation of CaV channels by GPCRs. 

First, analysis of confocal images and current measurements with site-directed mutagenesis 

of the N-terminus indicates that Lys (K2) and Trp (W5) are required for stable binding to the 

membrane. In contrast, the mutated forms, K2A and W5A, display a cytosolic distribution and 

induce fast inactivation and enhanced PIP2 sensitivity of CaV1.3 and CaV2.2 currents, whereas 

mutant forms in other basic residues of the N-terminus had little effect. From the perspective of 

lipid modulation, since Wu and colleagues reported that PIP2 is an important factor for regulation 

of CaV2.1 channels (Wu et al., 2002), a number of studies have been published to elucidate the 

precise regulatory mechanism of PIP2 on CaV channels (Michailidis et al., 2007). It seems that the 

action of PIP2 on CaV channels occurs by diverse modes depending on the circumstance of the 

microdomain. With cytosolic  subunits, PIP2 facilitates CaV channel function and arachidonic 
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acid inhibits it. Previous studies proposed that the lipids interact with CaV channels in two ways 

by now familiar (Robers-Crowley et al., 2009). One is a hydrophobic interaction between the 

fatty acyl chains of the lipid and transmembrane regions of the 1 calcium channel subunit. The 

other is a hydrophilic interaction between the head group of PIP2 and cytosolic gating domains of 

the 1 subunit. It has been suggested that when 2a is expressed with CaV channels, the 

palmitoyl fatty acid chains can compete with and replace fatty acid chains of PIP2 for binding to 

the channel hydrophobic binding sites thus replacing PIP2 in channel function (Hille et al., 2015; 

Heneghan et al., 2009; Striessnig et al., 2009). As a result, the competitive suppressive effects of 

arachidonic acid are diminished, since the lipid binding sites are already occupied by palmitoyl 

groups of the 2a subunit. We show that a simple electrostatic binding of the 2e subunit to 

several acidic lipid headgroups of the membrane suffices to reduce sensitivity of CaV channels to 

PIP2. Again the cytosolic versus membrane distribution of  subunits is a key determinant for 

regulation of CaV channels by lipids and GqPCRs (Keum et al., 2015). 

Our study concerns on the interaction between the 2e subunit and membrane poly-PIs and 

how this affects CaV channel gating and modulation in living cells. To test effect of interplay 

between 2e and poly-PIs on CaV channels gating, we took advantage of three rapamycin-

inducible dimerization tools containing lipid-phosphatases (Hammond et al., 2012). Binding of 

the 2e subunit to the membrane could be reversed by depleting poly-PI with the lipid 

phosphatases or with direct GqPCR activation. Recruiting either the 4- or 5-phosphatase alone to 

the membrane had little effect on 2e localization, but recruiting PJ, which combines both 

phosphatases, released the 2e subunit from the plasma membrane. Thus we infer that the 2e 

subunit binds PI(4)P and PIP2, and that depleting both lipids allows dissociation of the 2e 

subunit from the membrane. These results are reminiscent of findings that PI(4)P and PIP2 
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activate TRPV1 channels with similar potency (Hammond et al., 2012; Lukacs et al., 2013). 

Membrane PI(4)P can be involved in scaffolding, recruiting peripheral proteins to the membrane, 

activation of ion channels and as a precursor for PIP2 synthesis (Suh and Hille, 2008; 

Korzeniowski et al., 2009; Balla, 2013). Although membrane PI(4)P works together with PIP2 to 

recruit the intact 2e subunit to the plasma membrane, our FRET analysis using only the N-

terminal peptide and model liposomes shows that including sufficient PIP2 suffices for significant 

interaction between N-terminal peptide and the liposome. Additionally, Miranda-Laferte et al. 

(2014) showed that including PS augments 2e binding to liposomes compared to neutral 

(phosphatidylcholine) liposomes. It seems that PI(4)P and PIP2 play a major role in membrane 

targeting of the 2e subunit (Cho and Stahelin, 2005; Mulgrew-Nesbitt et al., 2006), but other 

anionic phospholipids can contribute as well--this might be called a nonspecific interaction. In 

addition to the rapamycin translocatable enzymes, we used activation of M1R whose well 

characterized pathway results in depletion of PI(4)P and PIP2 (Horowitz et al,, 2005; Balla et al., 

2008). The results showed a striking dynamic action on the 2e subunit. As shown in Fig. 7 with 

M1R, we found that receptor activation induces translocation of the 2e subunit, thus altering CaV 

channel gating dynamically. Again this shows that poly-PIs are essential to guarantee membrane 

localization in the cell. Since we cannot deplete PS acutely, we cannot rule out that PS also 

contributes an important component of the interaction.  

Together, our findings suggest that plasma membrane poly-PIs contribute to membrane 

targeting of the 2e subunit through an electrostatic mechanism. The 2e subunit slows 

inactivation of CaV channels, but when poly-PIs are depleted by M1R activation, the 2e subunit 

shifts to the cytosol and channels show more inactivation. Such reversible membrane interaction 
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unique to the 2e subunit invites speculation that dynamic regulation of the 2e subunit by 

depletion of membrane lipids is another mechanism for regulating function of CaV channels (Kim 

et al. 2015b).  

In co-work with prof. Jang, we also suggested two modes for membrane targeting of 2e 

subunit: stretched binding mode and agglomerate binding mode. With a series of MD simulation, 

we showed that membrane binding of 2e subunit favors stretched binding mode for a strong 

electrostatic interaction with the plasma membrane. Furthermore, our data indicated that besides 

basic residues of N-terminal region, the first Met plays an important role in initial membrane 

recruitment of 2e subunit (Kim et al., 2015a).   

Considering that activation of GqPCR triggers downstream events in cells, it is highly 

possible that not only turnover of membrane PIs but also second messengers may involve in 

translocation of 2e. Furthermore, membrane-anchored ionic proteins such as 2e and MARCKS 

via the electrostatic mechanism are vulnerable to GqPCR downstream components, including 

protein kinases and CaM, due to a simple change of the charge property of target molecules or 

the modulation of the negativity of charged phospholipids (Clapham et al., 2008). Indeed, 

application of agonists, such as ATP or Oxo-M, to activate endogenously expressed receptors in 

tsA201 cells had no effect on the depletion of PIP2, monitored by the membrane-anchored PH-

PLCδ probe, which is consistent with recent report (Falkenburger et al., 2013). Nevertheless, the 

agonists triggered the translocation of the β2e subunit through the activation of endogenous 

receptors, suggesting that PI lipid depletion is not the cause of the translocation of β2e subunit. 

However, such translocation is independent of CaM and PKC which were proven by site-directed 

mutagenesis and IP assay.  
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These results turned our attention to the direct involvement of Ca
2+

 ions in the cytosolic 

translocation of plasma membrane β2e. Recently, a couple of studies regarding proteins regulated 

by electrostatic membrane-lipid interaction have shown that elevated intracellular free Ca
2+

 ions 

shield membrane anionic phospholipids via direct binding to the phosphate groups, giving rise to 

the change in the location of membrane proteins and thus regulate the physiological processes 

mediated by the proteins (Zilly et al., 2011; Shi et al., 2013). With blocking or augmentation of 

cytosolic Ca
2+

, our data suggest that fluctuation in the intracellular Ca
2+

 level reversibly regulates 

the subcellular localization of β2e. Furthermore, using peptide-liposome binding assays, Ca
2+

 and 

another physiological divalent ion, Mg
2+

, decrease FRET efficiency between the N-terminal 

peptide and liposome, thus supporting that dissociation of the β2e from the plasma membrane is 

primarily due to the phospholipid charge-screening property of divalent cations. This result is 

consistent with a previous report showing that the rise in cytosolic Ca
2+

 concentration plays a 

pivotal role in the modulation of protein–lipid interaction (Li et al., 2014). Although it is 

technically difficult to measure the direct interaction between Ca
2+

 and anionic phospholipids, 

they showed using NMR that Ca
2+

 ions influxed through the CRAC channel directly bind to the 

phosphate groups of phospholipids reversibly. These studies bolster our finding about the Ca
2+

-

induced screening effect on the interaction of β2e with membrane phospholipids.  

From the perspective of CaV channel inactivation, thanks to the great works of David Yue 

and colleagues, the mechanism by which the CDI of CaV channels is mediated through CaM as a 

Ca
2+

 sensor is well established (Budde et al., 2002; Halling et al., 2005; Ben-Johny et al., 2014). 

Even though the extent of CDI depends on various factors, such as Ca
2+

 buffering, cellular or 

tissue context, auxiliary β subunits, and type of CaV channel, common features of inactivation 

mediated by Ca
2+

/CaM are lobe-specific regulation, and CDI is determined by the binding 
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patterns of Ca
2+

 ions to the C-terminal or N-terminal lobe of CaM. Thus, the disruption of Ca
2+

 

binding to CaM fails to trigger the inactivation of CaV channels. In CDI studies, β2a, which is 

expressed in the plasma membrane via the palmitoyl groups, is utilized because it contains the 

non-inactivating property and provides a high resolution of inactivation (Liang et al., 2003). 

However, with β2e, our findings show that even in the nonfunctional condition of CaM, the CaV 

channels exhibit fast inactivation. This result suggests that robust Ca
2+

 influx through CaV 

channels breaks a stringent link between the plasma membrane and the inactivating portions 

bridged by electrically β2e. Fast inactivation induced by such breakdown is consistent with the 

previously proposed mechanism that disruption of the palmitoylation of β2a exhibits increased 

inactivation (Restituito et al., 2000).  

An interesting but puzzling aspect of the difference between Ca
2+

 and Ba
2+

 as charge carriers 

is that although both have an identical charge property, the disruption of the interaction between 

the plasma membrane and β2e is achieved by Ca
2+

, but not Ba
2+

. One plausible answer is that 

Ca
2+ 

influxed
 
through CaV channels more tightly binds to membrane anionic phospholipids than 

Ba
2+

 does. Consistently, previous studies have shown that Ba
2+

 was insufficient for screening a 

negative membrane and thus did not trigger inactivation of the CaV channel (Ganitkevich et al., 

1988; Smith et al., 1993). Indeed, our results in Fig. 20 show that in I–V relation curves, 

compared with Ba
2+

 current, the peak current with Ca
2+

 is obtained at a more depolarized voltage, 

indicating that Ca
2+

 reduces membrane negativity through stronger binding to the lipids and thus 

requires more depolarization to activate Ca
2+

 channels, consistent with a previous study showing 

that the current–voltage relationship can be influenced by the types of charge carriers (Wakamori 

et al., 1998). In addition to fast inactivation triggered by the location change of β2e, we tested the 

PIP2 sensitivity of the CaV channel in Ca
2+

 currents. As predicted, using a rapamycin-inducible 
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dimerization tool, the PIP2 sensitivity of Ca
2+

 channel activity was augmented with the Ca
2+

 ion 

used as a charge carrier. This result ties with previous findings that cytosolic forms of the β 

subunit increase the PIP2 dependence of CaV channel activity, whereas membrane-anchored β 

subunit attenuates it (Suh et al., 2012; Heneghan et al., 2009; Keum et al., 2014). 

From the neuronal perspective, CaV1 channels are predominantly expressed in postsynaptic 

membranes (Lipscombe et al., 2004) and CaV2 channels in presynaptic terminals (Reid et al., 

2006). Likewise, all  subunits are expressed in the central and peripheral nervous systems 

(Vacher et al., 2008; Obermair et al., 2009; Schlick et al., 2010; Frank, 2014) and thus can play 

pivotal roles in homeostatic synaptic plasticity via regulation of CaV channel complexes 

(Catterall and Few, 2008; Simms and Zamponi, 2014). Although all β subunits associate with α1 

subunits and share common features such as membrane trafficking of α1 and regulation of gating 

properties, the roles of β subunits in synaptic transmission depend on cellular context. Xie et al. 

reported a functional difference for β subunits in hippocampal neurons (Xie et al., 2007). They 

showed that β2a and β4b trigger synaptic vesicle depletion (depression) and paired-pulse 

facilitation, respectively. Because they slow inactivation, these β subunits enhance Ca
2+

 influx 

into the presynaptic nerve terminal, ultimately leading to change of transmitter release and 

synaptic plasticity. In parallel qRT-PCR analysis with the 2a subunit, the β2e mRNA is 

expressed in various brain tissues such as cortex, cerebellum, hippocampus, and hypothalamus. 

Therefore, given the abundance of expression of the 2e subunit in brain region, dynamic 

regulation of β2e location and differential regulation of current inactivation in CaV channels with 

β2a and β2e subunits by GqPCR-mediated PIP2 depletion ought to contribute a novel regulation 

of the synapse and of synaptic plasticity. 

    In addition to the crucial role of PIs in membrane targeting of 2e subunit, As described in 



  

 

- 80 - 

 

the model delineated in Fig 24, several lines of evidence suggest that Ca
2+

 ions directly modulate 

CaV channel gating through the subcellular re-distribution of β2e via the screening of the 

membrane phospholipids. Our findings that the subcellular localization of β2e is dynamically 

altered by cytosolic Ca
2+

 rise and such a location change affects the gating property and GPCR 

modulation of CaV channels provide the expanded regulatory mechanism of CaV channels by the 

β subunit. In particular, the direct control of CaV channels by Ca
2+

 ions
 
furnishes

 
simple but 

powerful Ca
2+

 feedback means for determining the gating property of the CaV channel. Future 

work should reveal this regulatory mode in native neurons and investigate the physiological 

consequence of neuronal CaV channels in synaptic plasticity.  
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요 약 문 

전압 의존성 칼슘 채널에서 β-subunit 의 세포막 결합 기작 규명 

 

생체 내에서 칼슘은 거의 모든 생리학인 과정에 참여하는 중요한 신호전달 

물질이다. 칼슘은 우리 몸에서 합성할 수 없기 때문에 세포들은 칼슘 채널을 

통해서 세포 안으로 전달이 된다. 이 때 칼슘 유입을 하는 주요 복합체가 전압 

의존성 칼슘 채널이다. 이 칼슘 채널은 칼슘 유입을 정교하게 조절함으로써 신경 

전달 물질과 근 수축에서 중요한 역할을 한다. 칼슘채널은 보조 단백질은 β-

subunit 에 의해서 조절된다. β-subunit 은 네 개의 동형 (Isoform) 유전자를 

가지고 있는데 대부분의 β-subunit 은 세포질에 존재한다. 하지만 β2a 와 β2e 는 

세포막에 존재한다. β2a 는 palmitoylation 이라는 지질 변형 (lipid 

modification)을 통해서 세포막에 고정된다. 이런 세포막의 위치는 칼슘 채널에 

독특한 변화를 야기시키는데 칼슘 채널 비활성을 감소시키며 또한 세포막에 

존재하는 채널 조절 물질인 세포막 PIP2 에 의해 조절 되는 정도가 줄어들게 만든다. 

하지만 β2e 의 세포막 결합 기작이 알려지지 않았다. 본 연구에서 β2e 의 세포막 

결합 기작을 밝혀내고 나아가 그런 기작 어떻게 칼슘 채널 조절에 영향을 

미치는지에 대해서 연구하였다. 본 연구에서 mutagenesis, liposome-peptide 

interaction 그리고 molecular dynamics simulation 을 통해서 β2e 의 N-말단 

분분이 세포막 결합에 중요한 역할을 하며, N-말단에 존재하는 양전하와 소수성 

곁사슬을 가진 아미노산이 세포막에 결합에 중요하다는 것을 밝혀냈다. 특히 두 
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번째 아미노산인 lysine 과 다섯 번째에 위치한 tryptophan 이 세포막 결합에 

중요하다. 실제로 공초점 현미경을 통해서 관찰된 두 개 아미노산을 각각 

alanine 으로 치환된 돌연변이들은 세포막이 아닌 세포질에 존재하였고 칼슘채널 

전류 측정에서 표준형에 비해서 비활성 정도 빨라지는 것을 관찰하였다. 그리고 

전압 의존성 탈인산화 효소를 이용한 실험에서 세포질에서 발현하는 돌연변이들은 

세포막에 존재하는 표현형 혹은 돌연변이 보다 PIP2 에 대한 민감도가 증가하였다. 

Rapamycin-inducible dimerization 시스템을 통해서 세포막을 구성하고 있는 

음전하를 뙨 인지질을 감소시켰을 때 β2e 가 세포질로 이동하는 것을 관찰하였다. 

또한 칼슘 채널의 비활성 측정에서도 비활성이 가속되는 결과를 확인하였다. 이런 

결과들은 β-subunit 이 세포질에 존재하면 비화설정도가 빨라지고 PIP2 에 대한 

민감도가 증가하는 반면에 세포막에 위치한 β-subunit 은 반대 효과를 나타낸다는 

것을 보여주는 이전 보고들과 일치한다. 결과적으로 이런 실험 결과들은 전기적인 

상호작용과 소수성 결합을 통해서 β2e 가 세포막에 결합한다는 것을 보여준다. 

세포막 인지질을 변화함으로써 β2e 이 역동적으로 조절이 되며 이런 현상은 

칼슘채널이 열고 닫히는 조절 기작에 있어서 새로운 모델을 제시한다.  

본 연구에서는 세포막 인지질의 변화가 β-subunit 세포 내의 변화에 영향을 

주는 기작 외에 세포내의 칼슘의 양이 증가하면 β2e 가 세포질로 이동하는 것을 

관찰하였다. 특히 세포 내에서 발현하는 Gq-type PCR 을 활성화시키면 β2e 가 

세포질로 가역적으로 이동하는 것을 관찰하였다. 특히 GPCR 은 세포 내에 다양한 

신호전달물질을 활성화시키는데 본 연구에서 그러한 신호전달 물질과 β2e 의 

위치변화와 어떤 상관관계가 있는지 조사하였다. Mutagenesis 와 Co-IP 실험 
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결과는 Calmodulin 이나 PKC 는 β2e 의 세포 내 위치변화에는 영향을 주지 

않는다는 것을 제시한다. 하지만 다양한 실험 기법들을 사용하여 본 연구에서 β2e 

가 세포 내의 칼슘의 양이 증가할 때 세포막으로 떨어진다는 것을 발견하였다. 

결과적으로 세포 내 칼슘 양의 증가는 음전하로 이루어진 세포막을 screening 하여 

β2e 를 세포막으로 떨어지게 만든다 (Ca2+-mediated membrane screening 

effect). 이런 현상을 칼슘 채널에 적용되었을 때, Ringer 용액에 바륨 (Ba2+) 대신 

칼슘을 사용한 비활성 측정 실험에서 칼슘 의존성 비활성 매개체로 알려진 

calmdoulin 이 기능하지 못하는 상황에서도 비활성이 빠르게 일어나는 것을 

관찰하였다. 본 연구는 이런 일련의 실험결과들을 바탕으로 β2e 가 칼슘 채널의 

조절자로 작용할 때 이전에는 보고 되지 않은 새로운 형태의 칼슘 채널 조절 

기작을 보여준다. 나아가 이런 현상을 신경 세포에서 적용함으로써 시냅스 

가소성에 어떠한 영향을 주는지에 대한 연구가 기대된다.   

 

핵심어: 전압 의존성 칼슘 채널, β2e 소단위체, 전압 의존성 탈인산효소, 정전기적 

상호작용, Calmodulin.  
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