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Abstract

Many high voltage-activated ca®* channels are modulated by G4-coupled M; muscarinic
acetylcholine receptors. Cay2.3 currents are known to be increased by M, receptor activation, and
the increase in the Cay2.3 currents is mediated by phosphorylation of Cay2.3 channel via the
activation of protein kinase C (PKC). Here, we report that M; muscarinic receptors can also inhibit
Cay2.3 currents when the channels are fully activated by PKC. In the whole-cell configuration of
tsA201 cells, phorbol 12-myristate 13-acetate (PMA), a PKC activator, potentiated Cay2.3 currents
by ~ 2-fold. We found that after the PMA-induced potentiation of Ca,2.3 currents, application of the
M; receptor agonist oxotremorine-M (Oxo-M), decreased the currents by 52%. We examined if the
hydrolysis of plasma membrane phosphoinositides (Pls) were involved in the muscarinic
suppression of Cay2.3 currents. We used two methods to deplete PI(4,5)P,; voltage-sensing
phosphatase (VSP), and rapamycin-induced translocatable pseudojanin (PJ) system. Activation of
VSP suppressed Cay2.3 current by 38%. PJ system could directly dephosphorylate 4- and 5-
phosphates from both PI(4)P and PI(4,5)P, the plasma membrane. After the addition of rapamycin
Cay2.3 currents were dramatically and irreversibly decreased by 66% compared to the initial level.
Taken together, our results suggest that Cay2.3 currents are modulated by M; receptor in a dual
mode; potentiation by PKC activation and suppression by poly-Pl depletion. Activation of M;
receptors can solely decrease Cay2.3 currents in the PKC-activated cells. PJ-induced inhibition of
Cay2.3 currents demonstrates that poly-Pls are important in the maintenance of Cay2.3 channel
activity.

Keywords: Cay2.3 channel, M; muscarinic receptor, phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2)
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1. Introduction

As a signaling molecule, Ca?" ions mediate various physiological events; exocytosis, muscle
contraction, metabolism, gene transcription, fertilization, proliferation (1). Ca?* signaling is triggered by
transient increase in intracellular Ca%* concentration. Cytosolic Ca?* concentration is low when cell is
resting state (approximately 100 nM). However, when an appropriate stimulus arrives, cytosolic Ca?*
concentration is suddenly elevated up to 500 nM or more, which is responsible for a change in cellular
activities (Figure 1). Voltage-gated calcium channels (VGCCs) deliver extracellular Ca?* ions into
cytosol along concentration gradient, and the accumulation of these ions begins a lot of calcium
signaling (2). Therefore calcium channels are key transducers of membrane potential changes into

intracellular Ca?* transients.

VGCCs are expressed in excitable cells. They induce Ca?* influx in response to membrane potential
changes. There are ten VGCCs (Figure 2A). They are classified into two groups depending on its
depolarization voltage: high-voltage activated (HVA) and low-voltage activated (LVA) calcium
channels. HVA calcium channels have an activation threshold at membrane voltage positive to -20 mV
while LVA calcium channels are activated at a membrane voltage positive to -70 mV. In addition, HVA
calcium channels are also divided into two groups by sequence homology of al subunit. One is L-type
channels (Cavl1.1, Cavl1.2, Cavl1.3, and Cavl1.4). The other is neuronal type channels (Cav2.1, Cav2.2,
and Cav2.3). LVA channels are T-type channels (Cav3.1, Cav3.2, and Cav3.3). VGCCs are composed
of four subunits: a1, B, a2d, and y (Figure 2B). a1 subunit forms the voltage-sensitive, Ca?*-selective
pore. This subunit has four homologous domains and each domain has six transmembrane segments
(Figure 2C). N-terminus, loop connecting domains, and C-terminus have binding sites with molecules
such as GBy subunits and calmodulin. B, a2d, and y subunits are auxiliary subunits. These subunits
are able to alter the biophysical properties of the channel, voltage-dependences, rates of activation-

inactivation, and increase the trafficking of alpha 1 subunit to the plasma membrane (3-4).

Cav2.3 channels are distributed to the central nervous system specifically localized to presynaptic
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terminal. Their major role is neurotransmitter release. When action potential is delivered to axon
terminal, Cav2.3 channel is opened and calcium influx through this channels triggers neurotransmitter
release. Cav2.3 channels are widely expressed in the brain such as hippocampus, amygdala,
olfactory bulb, and frontal cortex (5-7). In addition they are also expressed in dorsal root ganglia (DRG)

and sensory neuron. Hence, alE-/- mice showed abnormal pain response and enhanced fear (8-10).

Even though a1 subunits of Cav2 family have high sequence homology, Cav2.3 channels have
different kinetic properties and pharmacological characteristics from Cav2.1 and Cav2.2 channels.
Cav2.3 channels are activated at a lower voltage than other Cav2 channels. Besides, activation and
inactivation of Cav2.3 channels are faster than Cav2.2 channels. In a pharmacological aspect, Cav2.3
channels are insensitive to Cav2.1 and Cav2.2 channel blockers such as w-agatoxin-IVA or w-

conotoxin GVIA (6-7).

G protein-coupled receptors (GPCRs) are known as modulator of VGCC. Two modulatory pathways
are involved in this regulation; the “fast” pathway and the “slow” pathway. The “fast” pathway is
mediated by heterotirmeric Gio protein coupled receptor, for example type 2 muscarinic receptor
(M2R). GBy subunit dissociated from receptor suppresses Cav2-type VGCCs by binding to calcium
channel a1 subunit directly. The “slow” pathway is mediated by Gg11 protein coupled receptor, for
instance type 1 muscarinic receptors (M1R) (Figure 3). In this pathway, when receptor is activated by
its agonist, Gaq subunit activates phospholipase C (PLCB) embedded in plasma membrane. In turn,
PLCB hydrolyzes plasma membrane PI(4,5)P: to diacylglycerol (DAG) and inositol 1,4,5-triphosphate
(IP3). DAG recruits and activates cytosolic protein kinase C (PKC) and PKC phosphorylates its target
proteins, for example ion channels, transcription factors, and scaffold proteins. IPs is translocated to
cytosol and binds to IPs receptor in endoplasmic reticulum (ER). Ca?* ions stored in ER are released

to cytosol (11-12).

As mentioned before, despite high sequence homology of a1 subunits between Cav2-type VGCC,
Cav2.3 channels differ from Cav2.1 and Cav2.2. The significant difference between Cav2.3 channel
and the other Cav2 channels is the modulatory effects of M1 muscarinic receptor (M1R) activation. As
a Gq protein-coupled receptor, MiR activation results in hydrolyzation of plasma membrane
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phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P2). According to the previous studies, Cav2.3 channels
were potentiated by MiR activation. The enhancement of Cav2.3 currents occurred through the
activation of Ca?*-independent protein kinase C (PKC) by M:R activation (13-15). On the other hand,
Cav2.1 and Cav2.2 currents were suppressed by M1R activation. This suppression was turned out due

to GBy and PI(4,5)P2 depletion (16-21).

At first, PI(4,5)P2 was paid attention as a substrate of PLC. Now, many studies said PI(4,5)P: is
regulator of ion channels and transporters. There are several regulatory mechanisms. Firstly,
PI(4,5)P2 directly binds to ion channels and stabilizes them in a certain state. For instant, PI(4,5)P2
stabilizes the transient receptor potential V1 (TRPV1) in the closed state (22). Secondly, PI(4,5)P2
induces membrane insertion or endocytosis of ion channel (23-24). These mechanisms are mediated
by many proteins involved in exocytosis and endocytosis, respectively. Lastly PI(4,5)P2 regulates ion

channel through the cytoskeleton (25).

To investigate whether PI(4,5)P2 depletion also affect Cav2.3 channel modulation, we tested the
P1(4,5)P2 sensitivity of Cav2.3 channels. PI(4,5)P2 depletion by MiR activation generates several
secondary molecules. Hence, we employed voltage-sensitive phosphatase from zebrafish (Dr-VSP)
and chemically-induced dimerization (CID) system to selectively dephosphorylate P1(4,5)P2in plasma
membrane. By using these methods, we observed that Cav2.3 channels were also regulated by
membrane PI(4,5)P2. In addition, we tested sensitivities of Cav2.3 channels to phosphatidylinositol 4-
phosphate (P1(4)P), another plasma membrane phosphoinositides. As a result, we suggest that PI(4)P

in the plasma membrane is indirectly involved in suppression of Cav2.3 channels.



2. Materials and methods

2.1 Materials

The following cDNAs were gifted to us: rat a1E (accession number NM_019294) from Terrance P.
Snutch, University of British Columbia; rat a1B (accession number NM_001195199), B3 (accession
number NM_012828), and a2d1 (accession number NM_012919) from Diane Lipscombe, Brown
University, Providence, RI; rat Mi-muscarinic receptor (accession number NM_080773) from Neil N.
Nathanson, University of Washington, WA; Dr-VSP with EGFP from Yasushi Okamura, Osaka
University, Osaka, Japan; Lyni1-FRB, PJ-Dead, PJ-Sac, INPP5E, PJ, and PH-PLC®-GFP from Bertil

Hille, University of Washington School of Medicine, Seattle, Washington.

2.2 Cell culture

tsA201 cells (human embryonic kidney cells) were maintained in Dulbecco Modified Eagle Medium
(DMEM; Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS; Invitrogen) and 0.2%
penicillin/streptomycin (Invitrogen) in 100 T culture dishes (Falcon). Cells were grown at 37 C in a
CO2 (5%) incubator. Passage was performed every 3 to 4 days to a new dish as cell density reached
70%. To detach the cells from culture dish, 1 ml of Ca?*-free Dulbecco’s Phosphate-Buffered Saline
(DPBS; Life Technologies) was treated and cells were incubated at 37 C for 1 min 30 s. Detached
cells were transferred to 15 ml conical tube (Falcon) and centrifuged at 1000 rpm for 1 min 30 s.
Pellet was resuspended using 1 ml culture media and moved to new culture dish as cell density

reached 20%.



2.3 Transfection

In all experiments, for calcium channel expression the a1B or a1E of Cav, 3, and a201 subunits were
transiently transfected into tsA201 cells in a 1:1:1 ratio. In some cases 1000 ng Mi muscarinic
receptor (M1R) or 1000 ng Dr-VSP was co-transfected. For the rapamycin-inducible dimerization
experiment 200 ng Lynu-FRB and 300 ng translocatable enzymes (PJ-Dead, PJ-Sac, INPP5E, and
PJ) were co-transfected. Also, for the confocal experiment, 200 ng PH-PLCO-GFP were co-
transfected. The tsA201 cells were allowed to grow on 35 m culture dish and transfection was
performed when the confluency of cells reached 60-70%. 10 pyl of Lipofectamine 2000 (Invitrogen, CA)
was added to 250 yl DMEM and wait for 5 min. cDNA were applied with another 250 yl DMEM. Both
solutions were mixed and incubated for 15 min in dark space then the transfectant mixture was added
to cells. After 4 h, fresh culture media containing FBS and antibiotics exchanged. Transfected cells
were plated onto to the poly-L-lysine (0.1 mg/ml, Sigma-Aldrich, MO) coated chip 48 h later for

electrophysiological experiment and 24 h later for the confocal experiment after transfection.

2.4 Solution

The bath solution used to record Ba?* currents contained (in mM): 10 BaClz, 150 NaCl, 1 MgClz, 10
HEPES, and 8 glucose (adjusted to pH 7.4 with NaOH). The pipette solution contained (in mM): 175
CsClz, 5 MgClz, 5 HEPES, 0.1 1,2-bis(2-aminophenocy)ethane N,N,N’,N’-tetraacetic acid (BAPTA), 3
Na2ATP, and 0.1 NasGTP (adjusted to pH7,4 with CsOH). The external solution for confocal imaging
contained (in mM): 160 NacCl, 2.5 KCl, 2 CaClz-H20, 1 MgClz, 10 HEPES, and 8 glucose (adjusted to
pH7.4 with NaOH). The bath solutions were stored in 4 C refrigerator. The pipette solution was
stored in the -20 C freezer. The following reagents were obtained: BAPTA, Na2ATP, NasGTP, CsOH,

BaCl. were obtained (Sigma-Aldrich, MO), HEPES (Calbiochem, CA), and other chemicals (Merck,

Germany).



2.5 Chemicals

Oxotremorine-M (Oxo-M, Sigma-Aldrich, MO) was dissolved in H20 to make 10 mM stock. Both
phorbol 12-myristate 13-acetate (PMA, Enzo life sciences, NY) and rapamycin (LC Laboratories, MA)
were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO) to make 100 uM and 5 mM stock,

respectively. All chemicals were stored at -20 ‘C freezer. They were diluted with the bath solution

before applied to cells.

2.6 Current recording

All currents were obtained at room temperature (22-25 ). Patch pipettes (1-4 MQ) were pulled from

borosilicate glass micropipette capillaries (1.5 mm outer diameter; 1.10 mm inner diameter; and 10
cm length) (Sutter Instrument). The whole-cell configuration was used to record Ba?* currents. In cell
attached mode, gigaohm seal was formed, and plasma membrane was ruptured by negative pressure.
Series resistance was 3.6-6 MQ and was compensated by 60%. HEKA EPC-10 amplifier with pulse
software (HEKA Elektronik) was used for currents recording. Ba2* currents were recorded with a
membrane holding potential of -80 mV and 100-ms test pulse (+10 mV for Cav2.2 channels and 0 mV
for Cav2.3 channels) was applied every 4 s. For Dr-VSP experiments, following protocol was used.
First, test pulse a (+ 10 mV for Cav2.2 channels and 0 mV for Cav2.3 channels) was applied for 10 ms.
This current became the baseline. Then +120 mV was generated for 1 s to activate Dr-VSP and to
deplete PI(4,5)P2. Following the large depolarizing pulse, -150 mV hyperpolarizing pulse was applied
for 400 ms to remove calcium channel inactivation. At last, test pulse b was applied. Current a and b,
before and after PI(4,5)P2 depletion by Dr-VSP activation, was compared to calculate the ratio of

currents inhibition.

2.7 Confocal imaging

Confocal images were obtained with the Carl Zeiss Inverted LSM 700 confocal microscope (Carl
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Zeiss AG, GFP by argon-ion laser and mRFP by blue diode laser) at room temperature (22-25 C). In

time course, images were obtained by scanning cells with a 40X (water) objective lens at 512X512
pixels, and were taken every 10 s, for 5 min. For the single image, cells were scanned with a 40X
(water) objective lens at 1024X1024 pixels, and were transferred to JPEG format. Cytosolic
fluorescence intensity was measured by using ZEN2010 and was processed with Microsoft Office

Excel 2010 (Microsoft) and Igor Pro (WaveMetrics, Inc.).

2.8 Data analysis

For data acquisition and analysis, HEKA EPC-10 amplifier (HEKA Elektronik) was used. Additional
data processing accomplished with Igor Pro (WaveMetrics, Inc.) and Microsoft Office Excel 2010
(Microsoft). The time constants were measured by exponential fit. All quantitative data were
expressed as the mean £ SEM. Student’s t-test was used for comparisons between two groups. One-

way ANOVA was used for comparisons among more than two groups.



3. Result

To record calcium channel currents, we expressed a1B for Cav2.2 currents or a1E for Cav2.3 currents.
As auxiliary subunits, 33 having the highest sensitivity to PI(4,5)P2 and 0281 were co-transfected.
Whole-cell currents were recorded with barium. We used Ba?* as charge carrier instead of Ca?* to rule
out calcium-dependent inactivation (CDI) (26) and other unexpected events triggered by Ca2* ions. In
all experiments, we used Cav2.2 channels as a control because they are the well noted to be inhibited
by MiR activation. Peak voltages, + 10 mV for Cav2.2 and 0 mV for Cav2.3 channel, were applied to

generate Ba?* currents.

3.1 Cay2.3 currents are suppressed as well as stimulated by M1 muscarinic receptor

Most high voltage-activated (HVA) calcium channels are known to be inhibited by MiR activation, but
Cav2.3 channels are activated by MiR activation (13, 27). TsA201 cells were co-transfected with MiR
and either Cav2.2 or Cav2.3 channels. Test pulse was generated every 4 s for 100 ms, and each
current was recorded. The external solution containing 10 uM of Oxotremorine-M (Ox0-M), muscarinic
receptor agonist, was perfused for 60 s. Cav2.2 (N-type) currents were rapidly decreased in response
to Oxo-M by 55 + 2% (n=13, Figure 4A and 4C). In contrast, Cav2.3 (R-type) currents were increased
by 83 £ 7% (n=9, Figure 4B and 4C). These results were consistent with previous studies (13, 20, 27-

28).

According to the previous studies, phosphorylation of Caval subunits, by protein kinase C (PKC)
activates Cav2.3 channels (29-33). Based on these studies, we decided to verify the effect of PKC on
both Cav2.2 and Cav2.3 currents. The bath solution containing 1 uM Phorbol 12-myristate 13-acetate
(PMA) which is a DAG analogous recruiting PKC to plasma membrane was perfused for 120 s. Then
Oxo-M was co-applied with PMA for 60 s in MiR-expressing cells. While Cav2.2 currents were not

significantly changed by PMA application, Cav2.3 currents were increased almost 2-fold (Figure 5A
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and 5B). Interestingly we found that after full-activation of Cav2.3 channels by PKC activation, Cav2.3
currents were decreased by 52 + 8% (n=5) as like Cav2.2 currents (47 £ 5% n=9) (Figure 5C). Time
constants for Oxo-M-induced inhibition of Cav2.2 currents and Cav2.3 currents were 4 + 0.3 s (n=9)
and 12 £ 2 s (n=5), respectively (Figure 5D). Collectively, our results showed that Cav2.3 channels

were also inhibited by M1iR activation like Cav2.2 channels after full-activation of PKC.

3.2 Cay2.3 currents are decreased by Dr-VSP activation

Muscarinic inhibition of VGCCs is known to be due to PI(4,5)P2 depletion by PLC, so we decided to
test the effect of PI(4,5)P2> depletion on Cav2.3 channels. Dr-VSP was used to transiently
dephosphorylate PI(4,5)Pz in plasma membrane and to prevent generation of the secondary signaling
molecules by M1R activation. The protocols used for activating Dr-VSP were represented in Figure 6A.
In tsA201 cells expressing both Cav2.2 channels and Dr-VSP, Cav2.2 currents were decreased by 40
+ 4% (n=9) after 1 s of depolarizing pulse. In contrast, there was no significant change in the control (-
Dr-VSP) cells (Figure 6B left and 6C). Similarly, Cav2.3 channels were inhibited by Dr-VSP activation
like Cav2.2 channels. The Cav2.3 currents in cells expressing Dr-VSP were decreased by 38 + 1%
(n=6) in response to PI(4,5)P2 depletion while the control cells were not (Figure 6B right and 6D).
These results suggest that the depletion of PI(4,5)P2 by Dr-VSP activation inhibited both Cav2.2 and

Cav2.3 channels.

3.3 Cav2.3 currents are decreased by chemically-induced phosphoinositide depletion

To further examine the regulation of Cav2.3 currents by phosphoinositides, we employed CID system.
By using this method, we can selectively and consistently deplete the level of phosphoinositides in the
plasma membrane. Here, we executed recently developed Pseudojanin (PJ) system (34). In this
system, the phosphatase is conjugated with FK506 binding protein 12 (FKBP), one of the dimerization

protein. Following four constructs were used to dephosphorylate plasma membrane
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phosphoinositides: PJ-Dead, PJ-Sac, INPP5E and PJ (Figure 7A). PJ-Sac is 4-phosphatase from S.
cerevisiae sacl. This enzyme dephosphorylates PI(3)P, PI(4)P, and PI(3,5)P2 but PI(4,5)P2 is not its
substrate (35). INPP5E, inositol polyphosphate-5-phosphatase E, is 5-phosphatase, and their
substrates are PI(4,5)P2 and PI(3,4,5)P3 (36). In PJ, both PJ-Sac and INPP5E are active and this
translocatable enzyme can dephosphorylate both 4- and 5-phosphate at the same time. Opposite to
PJ, PJ-Dead is inactive for both phosphatases. Lynii, plasma membrane targeting motif (37), is fused
with FKBP-rapamycin binding protein (FRB). When rapamycin is added, FKBP and FRB form a
ternary complex with rapamycin. Hence, the phosphatase conjugated to FKBP is recruited to plasma

membrane and dephosphorylates its substrates (Figure 7B).

To monitor the movement of translocatable enzyme, we performed the confocal experiments. TsA201
cells were co-transfected with both Lynui-FRB and one of the following four translocatable enzymes
tagged with mRFP; PJ-Dead, PJ-Sac, INPP5E, or PJ. We also transfected PH-PLC3-GFP, PI(4,5)P:
probe. PH domain of PLC® binds to PI(4,5)P2 so we can detect plasma membrane PI(4,5)Pz in live
cell. Cells expressing both PH-PLC®-GFP (green) and translocatable enzymes (red) were shown in
Figure 8A. At first, PH-PLCd-GFP was localized to plasma membrane while each translocatable
enzyme, PJ-Dead (Figure 8B, upper left), PJ-Sac (Figure 8B, upper right), INPP5E (Figure 8B, lower
left), and PJ (Figure 8B, lower right), existed in cytosol. After application of 1 yM rapamycin, all of the
translocatable enzymes rapidly moved to plasma membrane (42 + 3% for PJ-Dead, n=4; 43 + 4% for
PJ-Sac, n=9; 49 + 4% for INPP5E, n=7; 57 + 3 % for PJ, n=9), and their time constant of decrease in
cytosolic intensity was similar (17 * 4s for PJ-Dead, n=4; 17 + 1s for PJ-Sac, n=9; 14 + 1s for INPP5E,
n=7; 16 * 2s for PJ, n=9) (Figure 8C left and 8D left). However, the movement of PH-PLC®-GFP from
plasma membrane to cytosol was different depending on the enzyme co-transfected with. Cytosolic
fluorescence intensity of PH-PLC®-GFP co-transfected with PJ-Dead was almost the same before
and after treatment with rapamycin (8 £ 2%, n=4). In cells expressing PJ-Sac, PH-PLC5-GFP was
dissociated from plasma membrane, and its cytosolic intensity was increased by 22 + 4% (n=9). The
increase in cytosolic PH-PLC3-GFP intensity by INPP5E (45 + 3%, n=7) and PJ (48 + 7%, n=9) was
greater than that of PJ-Sac (Figure 8C right). When PJ-Sac was transfected, time constant of

rapamycin-induced increase in cytosolic PH-PLC®-GFP intensity was 25 + 4 s (n=9), while that of

- 10 -



INPP5E and PJ was 17 £ 1 s (n=7) and 15 = 3 s (n=9), respectively (Figure 8D right). Our results
showed that PJ-Sac might be involved in PI(4,5)P> depletion, but the rate of PI(4,5)P2

dephosphorylation by PJ-Sac was slower than that of INPP5E or PJ.

Now, we measured Cav2.2 and Cav2.3 currents when translocatable enzymes moved to plasma
membrane and dephosphorylated their substrates. The tsA201 cells were transfected with Cav2.2 or
Cav2.3, Lynui-FRB, and one of the following phosphatase: PJ-Dead, PJ-Sac, INPP5E, and PJ. The
external solution containing 1 uM of rapamycin was perfused for 60 s. Cav2.2 currents in cells
expressing PJ-Sac were decreased by 39 + 5% (n=9), and the currents expressing INPP5E were
decreased by 37 + 3% (n=5). When the cells were co-transfected with PJ the currents were inhibited
by 56 + 4% (n=11). The recruitment of PJ-Dead had no significant effects on the currents (Figure 9A
and 9B). Currents were not recovered because rapamycin-induced dimerization was irreversible and
emzymes consistently dephosphorylated PI(4,5)P2. The inhibition of Cav2.2 currents by the
recruitment of PJ-Sac took more time (29 £ 2 s, n=9) than that of INPP5E (10 + 1 s,n=5)o0orPJ (7 £ 4

s, n=11) (Figure 9C).

We also examined the Cav2.3 channel regulation by the translocation of Pseudojanin constructs. The
tendency of decrease in Cav2.3 current was similar to Cav2.2 channel. The translocation of PJ-Dead
had no significant effect on the Cav2.3 currents (3 £ 5%, n=3). The recruitment of PJ-Sac decreased
the Cav2.3 currents by 37 + 4% (n=5) while that of INPP5E decreased the currents by 53 + 3% (n=6).
Lastly, PJ induced the strongest decrease in Cav2.3 current (66 + 3%, n=7) (Figure 10A and 10B).
Like Cav2.2 currents, translocation of PJ-Sac took more time (39 + 3 s, n=5) than that of INPP5E (11
+1s,n=6) or PJ (9 £1s, n=7) for decreasing the Cav2.3 currents (Figure 10C). These results

suggested that Cav2.3 currents were suppressed by depletion of PI(4,5)P:2 in the plasma membrane.
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4. Discussion

Even though PI(4,5)P2z is known as a crucial regulator of many other ion channels and transporters
(40-42), we have not known whether PI(4,5)P2 in plasma membrane can regulate Cav2.3 channels.
Our results indicate that Cav2.3 channels are suppressed by plasma membrane PI(4,5)P2 depletion
only after they were fully activated by PKC (Figure 5B). Cav2.3 current inhibition was proved by
selective dephosphorylation of PI(4,5)P2 in the plasma membrane by using Dr-VSP (Figure 4) and

CID system (Figure 9 and Figure 10).

Actually PKC activation itself is enough to potentiate Cav2.3 channels. However in the elevation of
Cav2.3 currents by MiR activation, PI(4,5)P2 seems more important factor than PKC because
P1(4,5)P2 hydrolysis produces DAG which recruits and activates PKC. When M1R is activated by Oxo-
M application, Cav2.3 currents are slightly decreased then gradually increased. That is the
potentiating effect of PKC on Cav2.3 currents is stronger than the inhibitory effect of PI(4,5)P2
depletion. Why is PKC effect on Cav2.3 channels stronger than other Cav2 family? That may be due
to various potential phosphorylation sites in the a1 subunit of Cav2.3 channel. As mentioned in the
introduction, Cav2.3 channels were potentiated by PKC activation. Actually, previous studies showed
that both Cayv2.2 and Cav2.3 currents were increased by PKC activation via application of PMA (40-
41). Phosphorylation sites by PMA are embedded in I-1l loop of a1 subunit (30-32). Except for I-1l loop
Cav2.3 channels have more phosphorylation sites than Cav2.2 channels in their II-11l loop. Indeed, the
sequence of II-1ll loop between Cav2.3 channels and Cav2.1 or Cav2.2 channels show much different
(8). Therefore application of acetyl-B-methylcholine (MCh), another PKC activator, induced

phosphorylation in 1l-11l loop and further increase in Cav2.3 currents (31, 33).

Both Dr-VSP and PJ dephosphorylate PI1(4,5)P2 but inhibition ratio of PJ is higher than that of Dr-VSP
(Figure 6, Figure 9, and Figure 10). The difference between Dr-VSP and PJ is that Dr-VSP transiently
dephosphorylates PI(4,5)P2 while PJ consistently dephosphorylates both PI(4)P and PI(4,5)P2. PI(4)P

is substrate of PI(4,5)P2 so when PI(4,5)Pz is depleted by Dr-VSP, PI(4,5)P2 is rapidly replenished.
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However since PJ dephosphorylates both PI(4)P and PI(4,5)P2, current inhibition is strong.

According to our results, the inhibition ratio of Cav2.2 and Cav2.3 currents by the translocation of PJ
was greater than that of INPP5E (Figure 9B and 10B) but the time constants of inhibition by INPP5E
and PJ are similar (Figure 9C and 10C). This might be due to the rapid turnover between PI(4)P and
P1(4,5)P2 (38-39). In the plasma membrane, PI(4,5)P2> was continuously and rapidly generated by
phosphatidylinositol 4-phosphate 5-kinase from PI(4)P (38, 45). Since both INPP5E and PJ directly
dephosphorylated PI(4,5)P2, the time constants of inhibition in Cav2.2 or Cav2.3 current were similar
(Figure 9C and 10C). However, INPP5E kept PI(4)P which is precursor of PI(4,5)P2 intact and
PI(4,5)P2. was more rapidly synthesized and was replenished in the plasma membrane. Thus, the

inhibition ratio of INPP5E seemed to be lower than that of PJ.

Also, we found that in cells expressing PJ-Sac with either Cav2.2 or Cav2.3 channels, the currents
were decreased by translocation of PJ-Sac to the plasma membrane (Figure 9B and 10B). However,
the time constants of currents inhibition by PJ-Sac were greater than when INPP5E or PJ were
translocated (Figure 9C and 10C). As shown in the confocal experiments, we observed that four
enzymes translocated to the plasma membrane immediately after application of rapamycin. We also
observed that the increase in cytosolic PH-PLCO-GFP intensity by PJ-Sac was lower than that of
INPP5E or PJ (Figure 8C right), but the time constants by PJ-Sac was higher than that of INPP5E or
PJ (Figure 8D right). These data indicated that the translocation of PJ-Sac was also able to induce
P1(4,5)P2 depletion. Here, we suggest that PJ-Sac dephosphorylates PI(4,5)P2 via continuous
turnover between PI(4)P and PI(4,5)P2 for maintaining the equilibrium. In the plasma membrane, the
amount of PI(4)P and PI(4,5)P2 maintains almost 1:1 ratio by inositol polyphosphate 5-phosphatases
such as oculocerebrorenal syndrome of Lowe 1 phosphatase (OCRL 1) (46). Altogether, PI(4,5)P2

seems key factor regulating Cav2.3 currents.

Another regulator of HVA channels is Cavp subunits. They regulate the physiological properties and
expression level of HVA channels. They also regulate the channel sensitivity to PI(4,5)P2, but, the
sensitivity is different depending on the types of Cav3 subunits and their subcellular localization. For
example, in cells expressing both Cav2.2 channels and Dr-VSP, currents with B3 subunits were
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markedly decreased, but currents expressing $2a subunits showed little effect (47). Therefore, it is
meaningful to test the effect of Cav subunits on the regulation of Cav2.3 channels by PI(4,5)P2 for

better understanding the regulation mechanism of Cav2.3 channels.

In summary, our study is the first report showing the regulation of Cav2.3 channels by plasma
membrane PI(4,5)P2. Unlike previous studies, we revealed that Cav2.3 channels were inhibited by
PI(4,5)P2 depletion like other HVA channels (Figure 11). This study might contribute to extending our

knowledge about regulation of Cav2.3 channels by phosphoinositide.
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5. Figure legends

Figure 1. The role of voltage-gated calcium channels in calcium signaling

At resting state, concentration of calcium ions is higher in extracellular region. When depolarizing

pulse activates VGCCs, extracellular calcium ions move to cytosol and calcium signaling begin.

Figure 2. Voltage-gated calcium channel (VGCC)

(A) Classification of VGCC. (B) The structure of VGCC. (C) Membrane topology of a1 subunit.

Figure 3. MiR signaling pathway

M1R signaling pathway is started when agonist binds to the receptor. Then Gga11 protein is activated
and the Gqq subunit activates phospholipase C (PLC). Activated PLCs hydrolyze PIP: into IPs and
diacylglycerol (DAG). IP3 increases the cytosolic Ca?* level and DAG activates DAG activates PKC,
respectively. PKCs phosphorylate their target protein such as ion channels, transcription factors, and

scaffold proteins.

Figure 4. Differential modulation of Cay2.2 and Cay2.3 currents by MR activation

TsA201 cells were co-transfected with M1 muscarinic receptor (M1R) and either Cav2.2 or Cav2.3
channels. 10 uyM of Oxotremorine-M (Oxo-M) was perfused for 60 s. (A) Left, time course of Cav2.2
currents. Right, Protocol generating Cav2.2 currents (Upper) and selected currents indicated in left
graph (Lower). (B) Left, time course of Cav2.3 currents. Right, Protocol generating Cav2.3 currents
(Upper) and selected currents indicated in left graph (Lower). (C) Summary graph of % inhibition by

Oxo-M in Cav2.2 (n=13) and Cav2.3 (n=9) channels. Data are mean * SEM.
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Figure 5. Both Cay2.2 and Cay2.3 currents are suppressed by M;R activation after full-
activation of PKC

1 uM of phorbol 12-myristate 13-acetate (PMA) was applied for 2 min in tsA201 cells expressing MiR
and either Cav2.2 or Cav2.3 channels. Oxo-M was co-applied with PMA for 60 s. Normalized currents
of (A) Cav2.2 channels (n=9) and (B) Cav2.3 channels (n=5). (C) Summary graph of % inhibition by
Oxo-M of Cav2.2 (n=9) and Cav2.3 (n=5) currents. (D) The time constant for Oxo-M-induced inhibition

of Cav2.2 (n=9) and Cav2.3 (n=5) currents. Data are mean + SEM.

Figure 6. PI(4,5)P, depletion by Dr-VSP decreases both Cay2.2 and Cay2.3 currents

TsA201 cells were co-transfected with Dr-VSP and either Cav2.2 or Cav2.3 channels. (A) Standard
protocol for measuring Dr-VSP activation of Cav2.2 and Cav2.3 currents. (B) Left, Cav2.2 currents in
cells expressing Dr-VSP (n=9) or not (n=8). Right, Cav2.3 currents in the absence (n=6) or presence
(n=5) of Dr-VSP. (C) Summary graph of % inhibition by depolarization in Cav2.2 currents. (D)
Summary graph of % inhibition by depolarization in Cav2.3 currents. Data are mean £ SEM. *** P <

0.001, compared with - Dr-VSP.

Figure 7. Pseudojanin system

(A) PI(4,5)P2 is dephosphorylated to PI(4)P by INPP5E. Sacl dephosphorylates PI(4)P and produce
Pl (upper). Four translocatable enzymes (lower). (B) Principle of PJ system. Dimerization protein,
FKBP and FRB for ternary complex with rapamycin and translocatable enzymes dephosphorylate

their target molecules.
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Figure 8. Plasma membrane PI(4,5)P, levels are reduced by translocation of PJ-Sac, INPP5E,
and PJ

TsA201 cells were co-transfected with Lynui-FRB, PH-PLC3-GFP, and one of the following four
constructs; PJ-Dead, PJ-Sac, INPP5E, or PJ. (A) Confocal images of cells expressing PJ-Dead
(upper left), PJ-Sac (upper right), INPP5E (lower left), or PJ (lower right) with PH-PLC3-GFP. Images
before (Upper) and after (Lower) the application of rapamycin (1 uM) for 180 s (Scale bar, 5 um). (B)
Time courses of cytosolic PH-PLC®-GFP, and translocatable enzymes intensity in cells expressing PJ-
Dead (upper left), PJ-Sac (upper right), INPP5E (lower left), or PJ (lower right). (C) Summary graph
of % decrease in the intensity of translocatable enzymes (left) and % increase in the intensity of PH-
PLC&-GFP (right) (D) Time constant of decrease in translocatable enzyme intensity (left) and time
constant of increase in PH-PLC3-GFP intensity by addition of rapamycin (n=4 for PJ-Dead; n=7 for

PJ-Sac; n=8 for INPP5E; and n=9 for PJ).

Figure 9. Cayv2.2 currents were suppressed by depletion of PI(4)P, PI(4,5)P>, and both PI(4)P
and PI(4,5)P;

TsA201 cells were co-transfected with Cav2.2 channels, Lynii-FRB (plasma membrane anchoring
protein), and one of the four constructs; PJ-Dead, PJ-Sac, INPP5E, or PJ. Rapamycin was applied for
60 s. (A) Time courses of Cav2.2 currents in cells expressing PJ-Dead, PJ-Sac, INPP5E, or PJ. (B)
Summary graph of % inhibition by rapamycin addition in Cav2.2 currents (n=6 for PJ-Dead; n=9 for
PJ-Sac; n=5 for INPP5E; and n=11 for PJ). (C) Summary graph of the time constant for rapamycin-
induced inhibition in Cav2.2 currents (n=9 for PJ-Sac; n=5 for INPP5E; and n=11 for PJ). Data are
mean £ SEM. *P < 0.05, *P < 0.01, and **P < 0.001, with one-way ANOVA followed by Bonferroni

post-hoc test.

Figure 10. Cay2.3 currents were suppressed by depletion of PI(4)P, PI(4,5)P;2, and both PI(4)P
and PI(4,5)P>

Cav2.3 channels were expressed in tsA201 cells with Lynu:-FRB and one of the four constructs; PJ-

Dead, PJ-Sac, INPP5E, or PJ. Rapamycin was added for 60 s. (A) Time courses of Cav2.3 currents in
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cells expressing PJ-Dead, PJ-Sac, INPP5E, or PJ. (B) Summary of % inhibition by rapamycin in
Cav2.3 currents (n=3 for PJ-Dead; n=5 for PJ-Sac; n=6 for INPP5E; and n=7 for PJ). (C) Summary
graph of the time constant for rapamycin-induced inhibition in Cav2.3 currents (n=5 for PJ-Sac; n=6
for INPP5E; and n=7 for PJ). Data are mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, with

one-way ANOVA followed by Bonferroni post-hoc test.

Figure 11. Modulation of Cay2.3 channel by M1R

P1(4,5)P2 depletion by M1R activation inhibits Cav2.3 channel. However, since the potentiation by PKC
is stronger than the suppression by PI(4,5)P2 depletion, Cav2.3 channels is opened and induce Ca?

influx.
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6. Figures

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

The role of voltage-gated calcium channels in calcium signaling

Voltage-gated calcium channels (VGCC)

MiR signaling pathway

Differential modulation of Cav2.2 and Cav2.3 currents by MiR activation

Both Cav2.2 and Cav2.3 currents are suppressed by M:R activation after full-activation of

PKC

PI(4,5)P2 depletion by Dr-VSP decreases both Cav2.2 and Cav2.3 currents

Pseudojanin-system

Plasma membrane PI(4,5)P2 levels are reduced by translocation of PJ-Sac, INPP5E, and

PJ

Cav2.2 currents were suppressed by depletion of PI(4)P, PI(4,5)P2, and both PI(4)P and

PI(4,5)P2

Figure 10. Cav2.3 currents were suppressed by depletion of PI(4)P, PI(4,5)P2, and both PI(4)P and

PI(4,5)P2

Figure 11. Modulation of Cav2.3 channel by MiR
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