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Abstract

cGMP is a second messenger widely used in the nervous system and other tissues. One of the 

major effectors for cGMP is the serine/threonine protein kinase, cGMP-dependent protein kinase 

(PKG), which catalyzes the phosphorylation of a variety of proteins including ion channels. 

Previously, it has been shown that the cGMP-PKG signaling pathway inhibits Ca2+ currents in rat 

vestibular hair cells and chromaffin cells. This current allegedly flow through voltage-gated 

CaV1.3L-type Ca2+ channels, and is important for controlling vestibular hair cell sensory function 

and catecholamine secretion, respectively. Here, we show that native L-type channels in the 

insulin-secreting RIN-m5F cell line, and recombinant CaV1.3 channels heterologously expressed 

in HEK-293 cells, are regulatory targets of the cGMP-PKG signaling cascade. Our results indicate 

that the CaVα1 ion-conducting subunit of the CaV1.3 channels is highly expressed in RIN-m5F 

cells and that the application of 8-Br-cGMP, a membrane-permeable analogue of cGMP, 

significantly inhibits Ca2+ macroscopic currents and impair insulin release stimulated with high K
+. In addition, KT-5823, a specific inhibitor of PKG, prevents the current inhibition generated by 

8-Br-cGMP in the heterologous expression system. Interestingly, mutating the putative 

phosphorylation sites to residues resistant to phosphorylation showed that the relevant PKG sites 

for CaV1.3 L-type channel regulation centers on two amino acid residues, Ser793 and Ser860, 

located in the intracellular loop connecting the II and III repeats of the CaVα1 pore-forming 

subunit of the channel. These findings unveil a novel mechanism for how the cGMP-PKG 

signaling pathway may regulate CaV1.3 channels and contribute to regulate insulin secretion.
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1. Introduction

Voltage-gated Ca2+ (CaV) channels are Ca2+-conducting proteins in the cell membrane that 

in response to a depolarization undergo a conformational change from a non-conducting 

state to a transiently high Ca2+ permeable state [1–3]. This allows extracellular Ca2+ to 

rapidly enter the cytoplasm where it serves as a second messenger to trigger a myriad of 

cellular responses including neurotransmitter and hormone release, muscle contraction and 

gene expression, among many others [1–3]. Therefore it comes as no surprise that 

malfunction of CaV channels resulting from mutation, altered expression or regulation may 

lead to disease [3,4].

Multiple subtypes of Ca2+ channel currents have been defined by physiological and 

pharmacological criteria. In some cell types, Ca2+ currents are characterized by their high 

voltage of activation, large conductance, and specific inhibition by antagonist drugs 

including dihydropyridines [1,3]. These currents that also show slow voltage-dependent 

inactivation are named L-type (long-lasting), are present in endocrine cells where they 

initiate the hormone release process, and in neurons where they are important in the 

integration of the synaptic input and the regulation of gene expression [1,3].

L-type CaV channels are multisubunit complexes formed by one of four distinct ion-

conducting CaVα1 subunits, now called CaV1.1 to CaV1.4, that co-assemble with ancillary 

CaVβ, CaVα2δ, and in some cases CaVγ subunits [1–5]. The CaVα1 subunit comprises four 

homologous repeats each consisting of six transmembrane helices and a pore lining domain. 

These repeated domains are linked via cytoplasmic loops and flanked by intracellular N- and 

C-termini [1–5]. CaV1.1 and CaV1.4 channels are predominantly expressed in skeletal 

muscle, pituitary cells and the retina, whereas CaV1.2 and CaV1.3 are broadly distributed 

throughout the central nervous system, endocrine cells, cardiac myocytes and sinoatrial node 

cells [3,7]. These channels are substrates for phosphorylation by different protein kinases, 

which is believed to be of substantial physiological importance, mediating the effects of 

several hormones and intracellular messengers [6–8].

In particular, L-type channels are regulated by a mechanism originated in the NO-cGMP-

PKG signaling pathway. In rat vestibular hair cells it has been reported that NO donors 

inhibit the macroscopic Ca2+ that flows presumably through L-type of the CaV1.3 class in a 

voltage-independent manner [9]. The membrane-permeant cGMP analogue 8-Br-cGMP 

mimicked the inhibitory action of NO donors and KT-5823, a selective inhibitor of cGMP-

dependent protein kinase (PKG), prevented the inhibition of the current caused by NO 

donors and 8-Br-cGMP [9], supporting the idea that NO inhibits the Ca2+ current by the 

activation of the cGMP-signaling pathway.

These data agree with results obtained in chromaffin cells where application of the 

membrane-permeable cGMP analogue 8-pCPT-cGMP significantly decreased L-type 
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channel activity and disfavored catecholamine release [10–12]. Interestingly, L-type 

channels in these cells can be also modulated by the cAMP-PKA signaling cascade but in an 

opposite direction (i.e., upregulation). Both PKG and PKA appear to affect CaV1.3, as well 

as CaV1.2 channels, to the same extent both under basal conditions and in response to 

maximal stimulation [12]. Analogously, experimental evidence supports the idea that PKA 

may phosphorylate CaV1.3 channel pore-forming α1 subunit at serine residues 1743 and 

1816 [13], but nothing is known regarding the phosphorylation sites of PKG.

Using patch-clamp electrophysiology, here we report for the first time that these currents are 

directly targeted and inhibited by the cGMP-PKG signaling cascade in insulin-secreting 

RIN-m5F cells. Furthermore, insulin secretion by these cells may be also affected by 8-Br-

cGMP and KT-5823 application. Subsequent work using a heterologous expression system 

and site-directed mutagenesis identified two serine residues (Ser793 and Ser860) in the 

intracellular loop connecting the II and III repeats of the CaV1.3α1 pore-forming subunit of 

the channel whose phosphorylation leads to down-regulation of the channel complex.

2. Materials and methods

2.1. Cell culture and transfection

The rat insulin-producing RIN-m5F cells (CRL-11605; ATCC) were grown as monolayers 

in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum, 110 

mg/L sodium pyruvate, 2 mM L-glutamine, 100 units/L penicillin, and 100 μg/L 

streptomycin. Likewise, HEK-293 cells (CRL-1573; ATCC) were grown also as monolayers 

in DMEM-high glucose medium (Sigma-Aldrich) supplemented with 10% fetal bovine 

serum, 110 mg/L sodium pyruvate, 2 mM L-glutamine, 100 U/L penicillin, and 100 μg/L 

streptomycin. Cell cultures were maintained at 37 °C in 5% CO2, and 95% air humidified 

atmosphere.

After splitting, HEK-293 cells were seeded at 60% confluence and one day after were 

transfected using the Lipofectamine Plus reagent (Invitrogen) with 1.0 μg of each plasmid 

cDNA encoding L-type channel pore-forming subunit CaV1.3α1 (GenBankTM accession 

number AF370009), cloned into the pcDNA6 vector (Invitrogen), and auxiliary subunits 

CaVβ3 (M88751), and CaVα2β-1 (M86621) cloned into the pcDNA3 vector (Invitrogen). 

For electrophysiological recording, 0.6 μg of a plasmid encoding the green fluorescent 

protein (Green-Lantern; Invitrogen) was used to identify transfected cells.

2.2. RNA extraction, reverse transcription and PCR amplification

Total RNA was extracted from RIN-m5F cells by using TRI-zol (Invitrogen). Reverse 

transcription was performed using 1 μg of total RNA by the SuperScript III first strand 

system for RT-PCR (Invitrogen). The sequences of the primers used for PKG amplification 

were 5′-AAGATTCTCATGCTCAAGGA-3′ and 5′-CAGCTCCAAGTTCTTCATGA-3′, 

forward and reverse, respectively. β-actin, used as a control, was amplified using a sense 

primer 5′-AAGATGACCCAGATCATGTT-3′ and an antisense primer 5′-

GAGTACTTGCGCTCAGGAGG-3′(Suppl Table S1). End-point PCR was carried out in 50 

μl (total volume) containing 5 μl cDNA, 1× PCR buffer, 200 μM each deoxynucleotide 
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triphosphate, 200 nM each primer, 1.5 mM MgCl2, and 2.5 units of Taq DNA polymerase on 

a thermal cycler for 30 cycles. Denaturation, annealing and elongation were carried out at 

94 °C for 45 s, 55 °C for 30 s, and 72 °C for 60 s, respectively. PCRs were performed using 

Taq DNA polymerase (Invitrogen) with a 200 nM concentration of each primer.

2.3. RNA extraction, and quantitative PCR

Total RNA was isolated from dry pellets of RIN-m5F cells stored at −80 °C using the 

Ambion RNaqueous4PCR kit (Applied Biosciences) according to the manufacturer’s 

recommendations. Quantity and quality of total RNA was assessed using a 

spectrophotometer. cDNA was synthesized from 2 μg total RNA using the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). Amplification efficiency was 

determined by reducing the template amount in the cDNA synthesis reaction to 200, 20 and 

2 ng and calculated using the formula, Ex = (−1/slope) −10, where Ex is the amplification 

efficiency. The quantitative polymerase chain reaction was performed using a StepOne Plus 

PCR System and gene-specific FAM- and VIC-labeled Taqman gene expression assays 

(Applied Biosystems, see Suppl. Table S2) using a total reaction volume of 20 μl, and the 

equivalent of 50 ng total RNA (0.5 μl) transcribed to cDNA per well. Rat β-actin was used 

as endogenous control. In order to obtain standard curves, genomic sequences of 200 bp 

length N- and C-terminal of the Taqman probe were amplified using standard PCR 

protocols, cloned into a pUC18 cloning vector (Fermentas) and verified by sequencing. We 

performed quantitative gene expression analysis and data was exported and plotted in Prism 

Software (GraphPad Inc). Statistical significance was determined using analysis of variance 

(ANOVA) with Student-Newman-Keuls post-hoc test.

2.4. Electrophysiology

Electrophysiological recordings were performed according to the whole cell variant of the 

patch clamp technique [14] at room temperature (~22 °C). The bath solution contained (in 

mM): 10 or 5 BaCl2 (for RIN-m5F and HEK-293, respectively), 125 TEA-Cl, 10 HEPES, 

and 10 glucose (pH 7.3). Patch pipettes were filled with a solution containing (in mM): 120 

CsCl, 10 HEPES, 10 EGTA, 5 MgCl2, 4 ATP, and 0.1 GTP (pH 7.3). The osmolarity was 

adjusted to ~280 mOsm/L and 300 mOsm/L for the internal and external solutions, 

respectively. Recordings were performed using an Axopatch 200 B amplifier (Molecular 

Devices) and filtered at 2 kHz (internal four-pole Bessel filter). Currents were acquired at a 

frequency of 5.71 kHz by means of a DigiData 1320A digitizer (Molecular Devices) and 

analyzed using the pCLAMP (Molecular Devices) and SigmaPlot (Systat) software 

applications. Linear capacitative currents were canceled using the amplifier and by 

subtraction using a P/4 protocol. Membrane capacitance (Cm) was determined as described 

previously and used to normalize currents [15]. Series resistance values were typically 2–10 

MΩ, and recordings where the voltage error (Ver = Imax × Rs) was >5 mV (at its maximal 

value) were not subjected to further analysis. Currents were recorded by applying 140 ms 

pulses, between −70 and 50 mV in the case of RIN-m5F cells and from −70 to 30 mV in the 

case of HEK-293 cells, in 5-mV increments from a holding potential (Vh) of −80 mV. 

Current-voltage (I–V) relationships were generated from the peak current obtained during 

the pulses and were fitted with an equation of the form I = (Vh − Vrev)/[(1 + exp (V0.5 − 

Vh)/k]) where, I is the peak current density (in pA/pF) at a given Vh, V0.5 is the voltage at 
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which half of the channels are activated, Vrev is the reversal potential, and k is the slope 

factor [16].

2.5. Insulin secretion

RIN-m5F cells were washed with PBS and preincubated with Krebs-Ringer buffer 

consisting of (in mM) 25 HEPES, 115 NaCl, 24 NaHCO3, 5 KCl, 1 MgCl2, 2.5 mM CaCl2 

and 0.1% BSA for 5 min at 37°C in 5% CO2, and 95% air humidified atmosphere. The 

preincubation buffer was removed and replaced with Krebs-Ringer buffer containing 40 mM 

KCl for 10 min at 37 °C. Insulin secretion was assessed by the enzyme-linked 

immunosorbent assay (ELISA) using the rat insulin ELISA kit (Alpco) according to the 

manufacturer’s recommendations.

2.6. Site directed mutagenesis

The cDNA encoding the L-type channel pore-forming CaV1.3α1 subunit cloned into the 

pcDNA6 expression vector was used as a template. The point mutations were introduced 

with ~40-mer synthetic oligonucleotides using the Quik-Change XL-mutagenesis kit 

(Stratagene). Initially, single amino acid mutations changing separately two serine residues 

to alanine (Ser793Ala and Ser860Ala) were created. Next, a double phosphorylation mutant 

(DPM) was generated by mutating the Ser793Ala cDNA using the Ser860Ala primers. 

cDNAs of all mutant channel CaV1.3α1 subunit were sequenced on an automated sequencer 

(ABIPrism310; Suppl Fig. S1C).

2.7. In vitro phosphorylation assay

The loop connecting the II and III repeats of the CaV1.3 WT or S793A/S860A double 

mutant constructs were incubated with 150 U of bovine lung PKG, Iα (Millipore) and 1 mM 

cGMP in kinase reaction buffer (20 mM Tris-HCl, pH 7.5, 1 mM MgCl2) in a final volume 

of 30 μL for 30 min at 37 °C. The reaction was stopped by adding 6 μL (6X) SDS sample 

buffer, and subsequently boiled for 5 min at 96 °C. Samples were separated by 15% SDS-

PAGE and gel bands transferred to nitrocellulose membranes for Western blotting using a 

mouse anti-phosphoserine monoclonal antibody (Sigma–Aldrich; dilution 1:500).

2.8. Chemicals and drugs

8-Br-cGMP (Cat. # B1381), SNP (Cat. # 71778), CPTIO (Cat. # C221), and H-89 (Cat. # 

B1427) were obtained from Sigma-Aldrich, prepared as stock in distilled water, aliquoted 

and stored at −20 °C. KT5823 (Cat. # K1388) and Calyculin A (Cat. # C5552) were 

prepared as stock in dimethyl sulfoxide (DMSO). The final concentration of DMSO in the 

bath recording solution was <0.05% (vol/vol). All other chemicals were of reagent grade and 

obtained from different commercial sources.
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3. Results

3.1. The cGMP-PKG signaling pathway regulates native L-type CaV channels and insulin 
release in RIN-m5F cells

It has been reported that L-type CaV channels can be regulated by the NO-cGMP-PKG 

pathway in chromaffin cells from mouse and bovine [7,9,12], and in hair cells of the inner 

ear from rat and frog [11,17]. Likewise, there is growing evidence for the presence of this 

signaling cascade in pancreatic β-cells, though there are only a few reports concerning the 

action mechanism of NO in these cells [18–20].

Therefore, we first investigated the functional consequences of the cGMP-PKG pathway 

activation on the regulation of L-type CaV channel activity in the insulin-secreting cell line 

RIN-m5F. To this end, end-point RT-PCR and real-time quantitative PCR were used as 

methods to analyze the expression of PKG and different subunits that compose the L-type 

CaV channel complexes in the RIN-m5F cells. By using specific primers (see Suppl Table 

S2), conspicuous RNA signals for PKG were consistently observed in both the RIN-m5F 

cells and the whole mouse brain used as control tissue (Fig. 1A). In addition, given that 

RIN-m5F cells co-express CaV1.2 and CaV1.3 L-type as well as non-L-type (CaV2.2) 

channels [21], we performed mRNA copy number analysis for the three pore-forming 

subunits of these channels, as well as two genes encoding the CaVβ auxiliary subunits. The 

copy number of β-actin mRNA was used as normalization control. As can be seen in Fig. 

1B, CaV1.3α1 and CaVβ3 were the predominant subunits in the RIN-m5F cells and were 

expressed about five- to nine-fold higher compared to the other corresponding subunits 

analyzed. Interestingly, the CaV1.2 transcripts accounted only ~20% of the L-type channels 

expressed in these cells.

To assess the potential involvement of PKG in the regulation of L-type CaV channel activity, 

we next analyzed the effect of 8-Br-cGMP, a membrane-permeable analogue of cGMP, on 

the whole-cell currents in RIN-m5F cells incubated at room temperature (~22 °C) for 10 min 

before electrophysiological recordings. To enhance the effects of PKG activation, this study 

monitored whole cell currents in the presence of 10 mM Ba2+ as charge carrier, and 

Calyculin A, an inhibitor of protein phosphatases, which by itself do not modify Ca2+ 

current density. In these conditions, a robust voltage-dependent inward current was 

observed, and according to the results in the preceding section they may be carried mostly 

by CaV1.3/CaVβ3 channels. The currents decayed with a slow time course (τ= 31.1 ± 2.3 

ms) and the average current density-voltage relationships (peak current amplitude 

normalized by Cm reached a maximum at about 0 mV (Fig. 2A and B). Notably, the 

application of 8-Br-cGMP significantly decreased the whole cell current in RIN-m5F cells to 

about 55% of its control value at 0 mV (n = 12–14 cells). We next investigated the 

physiological impact of the activation of PKG by 8-Br-cGMP on L-type CaV channel 

activity by assessing insulin secretion from RIN-m5F cells. Interestingly, release of insulin 

triggered by Ca2+ influx in response to high K+-induced membrane depolarization (40 mM 

K+; 10 min) was significantly reduced (~20%) in cells treated with 8-Br-cGMP at a 2 mM 

concentration. Conversely, application of the specific PKG antagonist KT-5823 increased 

(~30%) insulin release triggered by depolarization with high K+ (Fig. 2C). Altogether, these 
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data stresses the importance of L-type CaV channel regulation by cGMP-PKG signaling 

pathway for fine tuning insulin release.

3.2. The cGMP-PKG signaling pathway regulates recombinant L-type CaV1.3 channels

We next investigated the regulation of CaV1.3 channels by the NO-cGMP-PKG pathway 

using recombinant channels in the HEK-293 cell line, a heterologous expression system that 

does not express endogenous CaV channels [15,16]. Hence, the CaV1.3α1 channel pore-

forming subunit together with the CaVβ3 and the CaVα2δ-1 auxiliary subunits were 

transiently co-transfected in HEK-293 cells and electrophysiological recordings were 

performed 48 h after transfection. In an initial series of experiments, we confirmed the 

endogenous expression of PKG in the HEK-293 cells by RT-PCR experiments (Fig. 3A). 

Next, we evaluated the action of the nitric oxide (NO) donor sodium nitroprusside (SNP), as 

well as 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO), a 

specific scavenger of NO, on the whole cell Ba2+ currents through recombinant channels 

heterologously expressed in the HEK-293 cell line. The application of 100 μM SNP 

significantly decreased current amplitude through recombinant CaV1.3 channels in 

HEK-293 cells (~33 ± 5%; n = 14 cells; P < 0.01) with no significant effects on the current 

activation or inactivation rates (Fig. 3B). A similar decrease in current amplitude was 

observed after the application of 1 mM SNP. The inhibitory action of SNP (100 μM) on the 

currents was significantly reduced (to ~10 ± 3%; n = 6 cells; compared with the ~33% 

caused by SNP alone; P < 0.01) in the presence of CPTIO (500 μM). These results suggest 

that the currents through CaV1.3/CaVβ3/CaVα2δ-1 channels heterologously expressed in 

HEK-293 cells may be modulated by NO.

In order to investigate whether the current inhibition produced by NO was mediated by an 

increase in the levels of cGMP and the activation of PKG, we next carried out a series of 

experiments in the presence of 8-Br-cGMP and KT-5823, a specific inhibitor of PKG. As 

can be seen in Fig. 3C, the application of 0.4 and 1 mM of 8-Br-cGMP significantly 

decreased current amplitude through recombinant CaV1.3 channels in HEK-293 cells (~20 

and ~35%, respectively; n = 3–10 cells; P < 0.01) with no significant effects on the current 

activation or inactivation rates. Interestingly, co-application of 0.4 mM 8-Br-cGMP and 

KT-5823 (1 or 30 μM) significantly prevented the inhibitory action of 8-Br-cGMP (Fig. 3C). 

These results suggest that the effects induced by 8-Br-cGMP on the CaV1.3/CaVβ3/

CaVα2δ-1 channel currents could be mediated by the activation of PKG.

Superimposed traces in Fig. 4A show that 8-Br-cGMP at a concentration of 1 mM 

significantly decreased the whole cell current after ~10 min of incubation (to ~52% of the 

control value at −30 mV; n = 22 cells; P < 0.01), mimicking to some extent the action of 

SNP. Boltzmann fitting shown in the I–V relationships (Fig. 4B) indicated that the V0.5 of 

current activation was slightly shifted (by <5 mV) in the presence of 8-Br-cGMP and 

changes in the slope parameter were also not statistically significant. On the other hand, the 

inhibitory effect of 8-Br-cGMP on the currents was fully prevented by the use of the PKG 

inhibitor KT-5823 (10 μM), indicating that the inhibition produced by 8-Br-cGMP is 

mediated by the activation of the PKG.
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3.3. Identification of the sites of cGMP-dependent phosphorylation in the CaV1.3α 1 

subunit

Having shown that CaV1.3 channel modulation by NO implies the participation of PKG, we 

next searched for the presence of the consensus sequence for PKG phosphorylation in the 

pore-forming CaVα1 channel subunit sequence using the database publicly available at the 

URL http://gps.biocuckoo.org/. We identified several sites in the CaV1.3α1 sequence as 

potential PKG substrates with high score, including Thr455, Ser697, Ser793, Ser860 and 

Ser1581 (Suppl Fig. S1A). The first site was located in the I–II loop of the CaVα1 subunit, 

other three were present in the II–III loop, and one more in the C-terminal of the protein. 

However, serine residues 793 and 860 were identified as the main sites of PKG 

phosphorylation because they were conserved among species and exhibited the highest 

scores (Suppl Fig. S1B).

To determine whether these sites were indeed phosphorylated by PKG, we next generated 

two individual and one double mutation in which these serine residues were substituted with 

alanines by site-directed mutagenesis, and then we tested them in whole cell patch-clamp 

recordings. First, a construct encoding the full-length CaV1.3α1 along with the auxiliary 

subunits (CaVβ3/CaVα2δ-1) cDNAs were transiently transfected into HEK-293 cells. It is 

worth mentioning that the recombinant channels showed satisfactory levels of expression 

and generated typical current waveforms expected from L-type CaV1.3 channels. 

Unexpectedly, current density was larger in cells transfected with CaV1.3 channels harboring 

the Ser793 mutation at most of the voltages tested (Fig. 5A), but no differences in current 

kinetics were evident. The corresponding I–V relationship showed a significant ~1.5-fold 

increase in current density in the control, however in cells treated with 8-Br-cGMP (Fig. 5B) 

there was a decrease similar to that observed for the wild-type channels.

Given that PKG, PKA and PKC phosphorylation sites are distinct, these data suggest that the 

cGMP-PKG pathway may be already active at basal resting conditions, and down-regulate 

the channels by phosphorylating the CaV1.3α1 at position Ser793. However, it has been also 

recognized that the existence of distinct phosphorylation sites for PKG and PKA does not 

rule out the possibility that they may mutually interfere on channel gating [7]. For this 

reason, we next decided to test the actions of the PKA blocker H-89 on the whole-cell 

currents through wild-type channels. It is acknowledged that the cGMP-PKG-mediated 

down-regulation of CaV1.3 L-type channels may exert an opposite action to the cAMP/PKA-

mediated up-regulation. In this scenario, we hypothesized that if serine residue at position 

793 was a regulatory target of PKA, then currents through wild-type channels were going to 

be increased when PKA activity was blocked by H-89. However, the application of H-89 

(100 nM) significantly decreased current density (~22 ± 6% at −30 mV; n = 5, P = 0.05; 

Suppl. Fig. S2B) through wild-type channels, indicating that indeed PKA phosphorylate 

different serine sites of the CaV1.3α1 subunit. On the other hand, the second and most 

convincing evidence in favor that the CaV1.3 channels are phosphorylated at rest by the 

cGMP-PKG pathway comes from experiments using the PKG blocker KT-5823. As can be 

seen in Fig. 4B, application of KT-5823 alone causes a significant increase in current density 

through wild-type CaV1.3 channels which is similar to the up-regulation observed for the 

Ser793Ala channel currents (Fig. 5A and B).
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In sharp contrast, substitution of serine 860 by alanine produced mutant CaV1.3 channels 

refractory to modulation by PKG (Fig. 5C and D), supporting the unique importance of this 

amino acid residue in the CaV1.3α1 channel subunit as a direct regulatory target of PKG. 

Last, as observed in currents recorded through Ser860Ala mutant CaV1.3 channels, the 

magnitude of the currents through CaV1.3 harboring the double phosphorylation mutation 

was not different from that observed with the wild type channels, both in the absence and 

presence of 8-Br-cGMP (Fig. 6). As in all cases, no differences in voltage dependence or 

current kinetics were also apparent. These data are consistent with the results of an in vitro 
phosphorylation assay in which a HIS fusion protein containing the region of interest (the 

loop connecting the II and III repeats in CaV1.3α1) was generated using the pRSET A 

expression vector (Invitrogen), and then expressed in BL21 cells. Western blot analysis 

using an anti-phosphoserine monoclonal antibody showed that PKG phosphorylated the 

wild-type II–III loop of the CaV1.3α1 HIS fusion protein, whereas the double 

phosphorylation mutant construct displayed negligible levels of phosphorylation (Suppl. Fig. 

S2C).

4. Discussion

L-type CaV channels are regulatory targets for a range of second messengers in different 

tissues. These modulatory effects are generally mediated through G protein signaling 

cascades linked to protein kinases [3,6,7,22–24]. In this context, functional studies in rat 

vestibular hair cells and chromaffin cells have documented an inhibitory effect of PKG on L-

type CaV1.3 channels [7,11,12]. These observations raised the possibility that CaV1.3 

channel activity in other cell lines and tissues, for example insulin-secreting cells, may be 

also inhibited by PKG. In this report, we present electrophysiological observations 

supporting the view that a membrane-permeable analogue of cGMP may effectively 

modulate L-type CaV channels through classical PKG signaling in the clonal RIN-m5F cell 

line. Consistent with this idea, blockade of PKG using a specific inhibitor attenuated the 

ability of 8-Br-cGMP to inhibit L-type CaV channels in the RIN-m5F cells. These results are 

the first to suggest that L-type channels in insulin-secreting cells are directly targeted by 

cGMP signaling through PKG (Fig. 7).

Given that in clonal insulin-secreting cell lines and pancreatic islets from different species, 

L-type CaV channels are coupled to glucose-stimulated insulin secretion [25], it was 

expected that PKG-mediated channel inhibition may also affect hormone release. The 

present study reveals that indeed this regulation significantly reduced insulin secretion 

triggered by Ca2+ influx in response to high K+-induced membrane depolarization, 

demonstrating the importance of L-type channel regulation by cGMP-PKG cascade for fine 

tuning hormone release. Here it is worth mentioning that insulin secretion in mice depends 

mainly on the activity of CaV1.2 channels, but in rats and humans it has been shown that it 

relies mainly on the activity of the CaV1.3 channels [25–27].

Previous studies have also documented the regulation of L-type CaV1.3 channels by post-

translational modifications including phosphorylation by different protein kinases. For 

example, it has been observed that protein kinase C (PKC) phosphorylates CaV1.3α1 

channel subunit at serine residue 81 located at the N-terminal of the protein and that this 
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phosphorylation decreases Ca2+ current amplitude in tsA201 cells expressing recombinant 

channels [28]. On the other hand, phosphorylation of CaV1.3 channels by cAMP-dependent 

protein kinase (PKA) results in an increase in current density through native and 

recombinant channels [12,29,30].

Interestingly, Carbone and colleagues (2012) determined in chromaffin cells that L-type 

CaV1.3 and CaV1.2 channels are regulated with the same effectiveness, but with opposite 

effects, by PKA and PKG phosphorylation. Hence, phosphorylation by PKA causes an 

increase in Ca2+ currents, whereas PKG phosphorylation results in a decrease in Ca2+ 

current amplitude. These authors reported that the effects of these protein kinases on channel 

activity are independent and may also participate in the regulation of catecholamine release. 

However, the specific sites of such phosphorylation events were not established [7,9,12].

In agreement with these previous reports, in the present work we observed a down-

regulation of CaV1.3 channel activity (specifically of the CaV1.342A isoform) by PKG in 

HEK-293 cells, and that this regulation is mediated by phosphorylation in two serine 

residues located at position 793 and 860 in the intracellular loop that connects the II and III 

repeated domains of the pore-forming CaVα1 subunit of the channel complex (Fig. 6). These 

might actually be phosphorylated in the cellular context, as no apparent changes in the 

electrophysiological properties of the mutant channels were observed.

An interesting finding of our work is that PKG seems to affect CaV1.3 differentially 

depending on the phosphorylation site. As mentioned earlier, alanine substitution of 

CaVα1.3 serine at position 860 fully prevented the PKG-mediated inhibition consistent with 

the premise that phosphorylation at this residue site may be responsible for the decrease in 

CaV1.3 current amplitude after exposure to 8-Br-cGMP and Calyculin A. As mentioned 

earlier, Calyculin A by itself does not modify current density (Suppl Fig. S2A). Interestingly 

however, current density in basal conditions was larger in cells transfected with the 

Ser793Ala mutant channels, which represented an indication that the cGMP-PKG pathway 

may be active at basal resting conditions, in agreement with previous reports [12], and 

down-regulate the channels by phosphorylating the CaV1.3α1 subunit at this serine residue. 

In support of this interpretation, application of the PKG blocker KT-5823 caused an increase 

in current density through wild-type CaV1.3 channels similar to the up-regulation observed 

in the case of the Ser793Ala mutant channels. In this scenario, a concerted action of the two 

phosphorylation sites might have a cumulative effect when both sites are phosphorylated to 

produce maximal values of L-type currents inhibition.

It should be mentioned here that previous studies have shown differential effects on several 

CaV channels by the NO-cGMP-PKG signaling pathway. These reports suggest a down-

regulation of the N-type CaV channels in human neuroblastoma cells IMR32 [31], and in 

dorsal root ganglia neurons [32]. Likewise, it has been observed that NO donors decrease 

Ca2+ currents through T-type channels in rat cerebral arterial smooth muscle cells [33], and 

P/Q-type CaV channels in rat cortical neurons [34].

However, in cortical neurons the activation of the NO-cGMP-PKG cascade had no effect on 

currents through N- and L-type channels [34]. In addition, it has been reported also that 
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activation of the NO signaling cascade actually enhances L- and P/Q-type current in mouse 

neurons of the medial nucleus of the trapezoid body [35]. Though the reason for these 

discrepancies are presently unknown, they may lie in the fact that some NO effects are 

mediated via cGMP, but some others depend on the ability NO to generate free radicals or 

produce peroxynitrite leading to protein S-nitrosylation or nitrotyrosination [36]. Indeed, 

redox-modulation of L-type channels has been reported in cardiac myocytes, hippocampal 

neurons and vestibular hair cells [11,37,38]. However, in our experiments this may not be 

the case because the inhibitory effect of the NO donor SNP was almost fully blocked by the 

NO scavenger CPTIO. In addition, it should be further noted that CaV1.3 channels are 

associated with CaVβ and CaVα2δ auxiliary subunits which may also be subject to post-

translational modifications. In line with this, previous studies have shown that the regulation 

of L-type CaV1.2 channels by PKG depends also on phosphorylation of the CaVβ2 auxiliary 

subunit [25]. This finding could help explaining the variations observed regarding the 

regulation of L-type CaV channels by PKG.

In all, the results obtained in the present work show that the repertoire of PKG down-

regulation of L-type Ca2+ channels may extend to CaV1.3 channels in both a heterologous 

system and in a cellular model that natively expresses these channels, and also show 

additional evidence of the functional effect this regulation may have on hormone secretion. 

By using a site-directed mutagenesis approach we have pinpointed the residues within the 

CaV1.3α1 pore-forming subunit, which are modulated by the cGMP-PKG signaling 

pathway. Likewise, given the low-threshold of activation and slow rate of inactivation of 

CaV1.3 channels, they could carry sufficient inward current at subthreshold potentials to 

activate K+ channels which contribute to determine the membrane resting potential, as well 

as the action potential shape and frequency during spontaneous firing or sustained 

depolarizations [39,40]. Therefore, the findings described here also suggest that PKG 

phosphorylation could play important roles in the regulation of numerous cellular processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Expression of PKG and CaV channel subunits in RIN-m5F cells. A) RT-PCR analysis of 

PKG cDNA expression in RIN-m5F cells. Total RNA from mouse whole brain was used as a 

positive control. Actin was used as an internal control. Primer sequences are indicated in 

Supplemental Table S1. B) Levels of different CaV channel subunit mRNAs expressed in 

RIN-m5F cells estimated from gene quantitative RT-PCR data and expressed as a number of 

copies of β-actin mRNA expression.
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Fig. 2. 
PKG inhibit L-type CaV channels in RIN-m5F cells and contributes to determine insulin 

secretion. A) Representative traces of Ba2+ currents (IBa) through Ca2+ channels in RIN-

m5F cells in the control condition and after 8-Br-cGMP (1 mM) application. B) Average 

current density-voltage relationships for IBa recorded from RIN-m5F cells in the absence 

and presence of 8-Br-cGMP (1 mM). C) High K+-induced insulin secretion from RIN-m5F 

cells in the absence and the presence of 8-Br-cGMP as indicated. RIN-m5F cells were 

incubated with KRB buffer containing 40 mm KCl. Insulin content in the supernatants was 

measured by ELISA. The mean ± S.E. of four independent experiments is shown.
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Fig. 3. 
The NO-cGMP-PKG pathway inhibited recombinant L-type CaV 1.3 channel activity. A) 

RT-PCR analysis of PKG cDNA expression in the HEK-293 cell line. Actin was used as an 

internal control. Primer sequences are indicated in Supplemental Table S1. B) Bar chart of 

the percentage inhibition ± S.E. of IBa measured with test pulses to −30 mV at different 

concentrations of SNP alone, or after 500 μM CPTIO application. The number of recorded 

cells is indicated in parenthesis. C) Comparison of the of the percentage inhibition ± S.E. of 

IBa measured with test pulses to −30 mV at different concentrations of 8-Br-cGMP alone or 

in combination of KT-5823, as indicated.
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Fig. 4. 
PKG activation modifies current density through recombinant L-type CaV 1.3 channels. A) 

Representative superimposed current traces recorded in HEK-293 cells expressing CaV 

1.3/CaV α2 δ-1/CaV β3 channels in the absence and presence of 8-Br-cGMP (1 mM). 

Currents were evoked by 140-ms depolarizing pulses from a Vh of −80 to −30 mV. B) 

Average current density-voltage relationships for IBa recorded from HEK-293 cells 

expressing CaV 1.3/CaV α2 δ-1/CaV β3 channels in the absence and presence of 8-Br-cGMP 

(1 mM), Calyculin (10 nM) and KT-5823 (10 μM), as indicated.
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Fig. 5. 
Mutation of two serine residues (S763 and S860) to delete PKG-mediated phosphorylation 

sites in the CaV 1.3α1 subunit alters channel functional expression. A) Average current 

density-voltage relationships for IBa recorded from HEK-293 cells expressing the wild-type 

CaV 1.3 channel and its mutant variant (Ser793Ala) in the control condition and after 

incubation with 1 mM 8- Br-cGMP plus 10 nM Calyculin A (B). IBa density was calculated 

at a series of test pulses applied from a Vh of −80 mV in 5 mV steps between −70 and 30 

mV. C) Average current density-voltage relationships for IBa recorded from HEK-293 cells 

expressing the wild-type CaV 1.3 channel and its mutant variant (Ser860Ala) in the control 

condition and after incubation with 1 mM 8- Br-cGMP plus 10 nM Calyculin A (D).
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Fig. 6. 
Phosphorylation at sites S763 and S860 of CaV 1.3α1 subunit influences channel functional 

expression. A) Representative traces of Ba2+ currents recorded from HEK-293 cells 

expressing DPM mutant channels in absence and presence of 8-Br-cGMP (1 mM) plus 10 

nM Calyculin A. B) Average current density-voltage relationships for IBa from HEK-293 

cells expressing the wild-type CaV 1.3 channel and its double phosphorylation mutant 

(DPM) variant in the control condition and after incubation with 1 mM 8-Br-cGMP plus 10 

nM Calyculin A (C). IBa density was calculated at a series of test pulses applied from a Vh 

of −80 mV in 5 mV steps between −70 and 30 mV.
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Fig. 7. 
Schematic overview of the mechanisms involved in PKG-induced regulation of L-type CaV 

channel activity and insulin secretion. A) The L-type channel complex is composed of the 

pore-forming CaV α1 and auxiliary subunits (CaV α2 δ, CaV β, and CaV γ). The pore-

forming CaV α1 subunits consist of four transmembrane domains (I–IV) and the linker 

joining II and III encompasses the putative PKG phosphorylation sites (S793 and S860). B) 

NO is synthesized by the enzyme NO synthase (NOS) through the oxidation of L-arginine to 

NO and L-citrulline, with the assistance of cofactors. NO endogenously produced by NOS 

or released from exogenously applied NO donors (sodium nitroprusside, SNP) activates NO-

sensitive guanylate cyclase (GC) leading to increased synthesis of cGMP which activates 

PKG. The protein kinase catalyzes the phosphorylation of the L-type CaV channels which 

cause a decrease in Ca2+ influx through the cell membrane resulting in reduced release of 

insulin in RIN-m5F cells. The inhibitory action of PKG is blocked by the selective inhibitor 

KT-5823 and terminated by protein phosphatases (PPh). Calyculin A, is a serine/threonine 

phosphatase inhibitor.
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