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Depolarization-induced signaling to the nucleus by the L-type voltage-
gated calcium channel Cav1.2 is widely assumed to proceed by
elevating intracellular calcium. The apparent lack of quantitative
correlation between Ca2+ influx and gene activation suggests an alter-
native activation pathway. Here, we demonstrate that membrane de-
polarization of HEK293 cells transfected with α11.2/β2b/α2δ subunits
(Cav1.2) triggers c-Fos and MeCP2 activation via the Ras/ERK/CREB
pathway. Nuclear signaling is lost either by absence of the intracellular
β2 subunit or by transfecting the cells with the channel mutant
α11.2

W440A/β2b/α2δ, a mutation that disrupts the interaction between
α11.2 and β2 subunits. Pulldown assays in neuronal SH-SY5Y cells and
in vitro binding of recombinant H-Ras and β2 confirmed the impor-
tance of the intracellular β2 subunit for depolarization-induced gene
activation. Using a Ca2+-impermeable mutant channel α11.2

L745P/
β2b/α2δ or disrupting Ca2+/calmodulin binding to the channel using
the channel mutant α11.2

I1624A/β2b/α2δ, we demonstrate that
depolarization-induced c-Fos and MeCP2 activation does not depend
on Ca2+ transport by the channel. Thus, in contrast to the paradigm
that elevated intracellular Ca2+ drives nuclear signaling, we show that
Cav1.2-triggered c-Fos or MeCP2 is dependent on extracellular Ca2+

and Ca2+ occupancy of the open channel pore, but is Ca2+-influx in-
dependent. An indispensable β-subunit interaction with H-Ras, which
is triggered by conformational changes at α11.2 independently of Ca2+

flux, brings to light a master regulatory role of β2 in transcriptional
activation via the ERK/CREB pathway. This mode of H-Ras activation
could have broad implications for understanding the coupling of mem-
brane depolarization to the rapid induction of gene transcription.
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Activation of voltage-gated calcium channels (VGCCs) during
membrane depolarization induces gene expression in neu-

ronal and muscle cells in a process called excitation-transcription
(ET) coupling. In particular, Cav1.2, a member of the L-type
Cav1 channels, has been shown to activate a large number of
different neuronal-specific genes as well as the classic Fos and
Jun immediate-early genes (1–5).
Mechanisms that regulate Cav1.2 activity-dependent tran-

scription of Fos are attributed to a transient increase in in-
tracellular calcium {[Ca2+]i}, mainly through Ca2+ activation of
calmodulin (CaM) (Ca2+-CaM) (6). They include Ca2+-CaM
activation of local cytosolic pools of kinases such as CaMKII (5),
Ca2+-CaM binding to the isoleucine-glutamic acid motif (IQ) at
the COOH terminus of Cav1.2 (7, 8), and nuclear translocation
of Ca2+-CaM, activating the nuclear protein kinase Ca2+-cal-
modulin kinase IV (CaMKIV) (9). Other proposed pathways
involve the calcium-regulated phosphatase calcineurin (9–12)
and the activation of the Ras/mitogen-activated protein kinase
(MAPK) signaling pathways (8, 13–15). More recent studies
have shown that Cav1.2 acts locally with β-calmodulin (CaM)
kinase II (βCaMKII) and calcineurin, while γCaMKII acts as a
carrier for transporting Ca2+/CaM from the surface membrane
to the nucleus and activates CaMKK and CREB kinase (16).
Although the primary role of Cav1 channels is to conduct Ca2+

into the cells, depolarization-induced conformational changes in
Cav1.2 trigger excitation-secretion (ES) coupling in excitable

cells (17–20), or excitation-contraction (EC) coupling in neonate
cardiac myocytes (21), independently of Ca2+ influx. These studies
highlight a metabotropic role of Cav1.2, which similar to mem-
brane receptor, is activated by Ca2+ that binds as a selective ligand
at the channel pore. It was proposed that membrane depolariza-
tion elicits transition from a closed-single Ca2+-occupied pore to
the open-double Ca2+-occupied pore, transducing signaling before
Ca2+ entry. A direct functional and physical interactions of the II–
III linker of the α11.2 subunit with the exocytotic machinery or
with RyR2 were shown to trigger ES coupling, or EC coupling,
respectively (reviews in refs. 22–24). The Ca2+ sensitivity of this
conformational-coupled signaling is imparted by the obligatory
Ca2+ double occupancy of the channel pore, which depends on
voltage and extracellular Ca2+ concentrations.
ET coupling induced by Cav1.2 is highly effective in cultured

cortical neurons and in superior cervical ganglion cells. Despite the
relatively minor contribution to synaptic calcium transients, Cav1.2
appears to dominate transcriptional events in cortical neurons of
mature cultures (2) (review in ref. 25). This apparent lack of
correlation between gene activation and Ca2+ influx have led to
proposing that signaling by CaV1 is mediated through elevated
Ca2+ at the mouth of the channel (24, 25). Earlier studies have
shown that local Ca2+ signals are conveyed from the aperture of
Cav1.2 to the nucleus via the Ras/MAPK pathway (8, 13, 14) It was
also suggested that Ca2+ entry and subsequent binding to cal-
modulin might be responsible for gene activation through Ras (8).
For better understanding the role of Ca2+ in depolarization-

triggered gene activation, we examined Cav1.2-mediated ET
coupling via the ERK/CREB pathway.
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We used Cav1.2-transfected HEK293 cells, which enabled us to
monitor Cav1.2-mediated nuclear signaling activity in the absence of
other VGCCs. Membrane targeting of the channel was determined by
the high-resolution photoactivated-localization microscopy (PALM)
using the Dronpa-tagged α11.2 subunit, a reversibly switchable
tetrameric photoactivatable fluorescent protein.
Cav1.2 and its Ca2+-impermeable Cav1.2L745P mutants pro-

vided insight into the Ca2+ dependency of the depolarization-
triggered ERK/RSK/CREB pathway. Subsequent transcriptional
activation of c-Fos and methyl-CpG-binding protein 2 (MeCP2)
tested regulation of gene expression by a series of protein–pro-
tein interactions. A selective mutation within the alpha-inter-
acting domain (AID) of α11.2, which is known to interfere with
intersubunit signaling of α11.2 and β2b, was used to monitor
signal transduction from α11.2 via β2b and onto H-Ras. Cell-free
binding of recombinant proteins and pulldown assays were used
to show a physical interaction of the β2 subunit with H-Ras and
Ras-GRF1 exchange protein in HEK293 cells or N-Ras in hu-
man neuronal SH-SY5Y cells. The data underline the ability of
Cav1.2 to rapidly induce gene transcription in response to extra-
cellular stimuli through propagating protein–protein interactions
through β2b onto H-Ras. These interactions are independent of
Ca2+ entry and provide insight into the role of the Ca2+-bound
channel pore in triggering ET coupling. Furthermore, these re-
sults extend our previous work implicating Ca2+ binding at the
channel open pore during membrane depolarization as the signal
for ES coupling (26) and EC coupling (21).

Results
Voltage-Gated CaV1.2 Channels Activate the ERK1/2–CREB Pathway.
To assess the impact of Cav1.2 subunits on nuclear signaling, we
monitored Ras/ERK/CREB activation in HEK293 cells trans-
fected with cDNA consisting of the three channel subunits of
Cav1.2: α11.2, the pore-forming subunit; α2δ, the auxiliary pe-
ripheral membrane subunit; and β2b, the cytosolic subunit (Fig.
1). Cells were also transfected with different combinations of
channel subunits: α11.2/α2δ and α11.2/β2b. Seventy-two hours
after transfection, the cells were treated with either 2.5 mM KCl
(basal) or depolarized by 70 mM KCl (70K) (dep) for 3 min.
Membrane depolarization triggered ERK1/2, RSK, and CREB

phosphorylation in cells transfected with α11.2/β2b/α2δ (Fig. 1).
Net activation was calculated as the difference in activity induced
by 70K (dep) and the basal activity (Fig. 1B,Upper). Strikingly, while
cells expressing α11.2/β2b (without α2δ), exhibited only a reduction
in ERK1/2, RSK, and CREB phosphorylation, 60%, 50%, and
50%, respectively, compared with α11.2/α2δ/β2b transfected cells,
the ERK1/2 and CREB phosphorylation was virtually abolished
in cells transfected with α11.2/α2δ (without the β2b). These results
indicate a crucial role of β2b in Cav1.2-driven gene activation (Fig.
1 A and B, Lower).
We then examined whether the absence of activity in cells

expressing α11.2/α2δ resulted from changes in Ca2+ influx. Eleva-
tion of intracellular calcium {[Ca2+]i} in response to membrane
depolarization was recorded using the calcium fluorophore 4
(Fluo-4). No significant change in [Ca2+]i rise was observed in cells
expressing α11.2/α2δ, α11.2/β2b, or α11.2/β2b/α2δ (SI Appendix, Fig.
S1A). This is consistent with α2δ’s ability to compensate for the
β-subunit in α11.2 trafficking to the membrane (27–29).
Channel targeting to the membrane was shown by the high-

resolution PALM imaging technique (30) in the total internal
reflection (TIRF) mode. It allowed visualization of the photo-
activated Dronpa-tagged α11.2 subunit at the plasma membrane
of a single cell, in close proximity to the coverslip (up to
∼100 nm). Self-clustering distributions of Cav1.2 (α11.2/α2δ/
β2b), α11.2/α2δ, or α11.2/β2b were similar (SI Appendix, Fig.
S1B). Channel expression was also monitored by confocal mi-
croscopy using Dronpa fluorescence of Dronpa-tagged α11.2 (SI
Appendix, Fig. S2A). We detected no significant fluorescence

changes in cells transfected with Dronpa-tagged α11.2 + α2δ or
Dronpa-tagged α11.2 + β2b.
Thus, the ERK/RSK/CREB signaling pathway, which is syn-

chronized with channel openings (depolarization), requires ex-
tracellular Ca2+ (SI Appendix, Fig. S3), but is not correlated with
elevated levels of intracellular Ca2+.

MEK Inhibition Partially Blocks CREB Phosphorylation in Neuronal SH-
SH5Y Cells. We showed inhibition of the ERK/CREB signaling by
the dominant-negative mutant of H-Ras (RasS17N) and by se-
lective inhibitors PLX4720 (0.5 μM), an inhibitor of the Ras-
activated Raf serine/threonine kinase, and PD184,352 (2 μM),
an inhibitor of MAPK/ERK kinase (MEK1/2) protein kinase (SI
Appendix, Fig. S4A).
The complete blockade of the ERK/CREB pathway by PD184,352

in Cav1.2-transfected HEK293 cells indicates that nuclear signal-
ing can be triggered largely through the Ras/MEK/ERK pathway.
Neuronal cells harbor a variety of VGCCs, CaV1 channels that
contribute to nuclear signaling at more negative potentials, −19 mV
corresponding to 40 mM KCl (40K), or CaV2 channels at −9 mV
corresponding to 60 mM KCl (60K). The effects of MEK inhibition
on 40K- and 70K-triggered ERK1/2 and CREB phosphorylation
were tested in human neuroblastoma SH-SY5Y cells (Fig. 2). Sim-
ilar to HEK293 cells, ERK phosphorylation was completely blocked
by PD184,352, while CREB phosphorylation was partially inhibited
45% in 40K and 65% in 70K (Fig. 2). Hence, CREB phosphoryla-
tion in neuronal cells expressing both Cav1 and Cav2 appears to be
triggered both by a Ras/ERK-dependent and -independent signaling
pathway (24). The complex nature of the neuronal cell, however,
points out the difficulties in examining the Cav1.2-specific contribu-
tion to the molecular mechanism of nuclear signaling in these cells.

A Physical Interaction of the β2 Subunit with H-Ras and Ras/GRF1.
The importance of β2b for ERK/RSK/CREB phosphorylation
(Fig. 1) suggests a direct association of β2 with H-Ras and led us
to explore whether β2b feeding into H-Ras could activate the
ERK/CREB signaling pathway.
The possibility of a physical interaction between the β2 subunit

and H-Ras was tested in cell-free binding. Purified His6-β2a
(2 μg/mL) was immobilized onto Ni beads and mixed with the
recombinant purified GST/Ras (1 μg/μL). GST/Ras was eluted
from the His6-β2a-loaded Ni beads, but was significantly less in
the eluant of the Ni beads without His6-β2a (Fig. 3A). Similarly,
GSH-beads loaded with the recombinant protein GST/H-Ras
(1 μg/μL) revealed bound recombinant His6-β2a, whereas GSH-
beads without GST/H-Ras displayed no binding (Fig. 3B).
These demonstrate the ability of β2b to physically bind to the
GDP form of H-Ras. A similar interaction of Cavβ with members
of the H-Ras superfamily Rem, Rad, Rem2, and Gem/Kir (called
RGK superfamily of Ras-related small GTPases), was previously
reported (16, 31), and has been shown to affect long-term gene
signaling (32).
Ras is activated by a Ras-specific guanine nucleotide exchange

factor (Ras/GRF1), a protein that exchanges GDP with GTP (33).
For testing whether the H-Ras activation is mediated through β2a
interaction with the Ras/GRF1, human neuronal SH-SY5Y cell
lysates were incubated with recombinant His6-tagged β2a (see
above). Ras/GRF1 identified by CDC25 antibodies (34) was pulled
down by His6-tagged β2b upon adding Ni beads, while no Ras/
GRF1 was found in cell lysates exposed to Ni beads free of His6-
β2a (Fig. 3C). H-Ras pulled down β2a (Fig. 3D), and β2a pulled
down N-Ras, the dominant Ras isoform in these cells (Fig. 3E).
Altogether, the pulldown experiments in neuronal cells show

the capability of β2b to interact directly with H-Ras and also with
Ras/GRF1. The physical interaction of β2a with H-Ras, and/or
Ras/GRF1 suggests that Cav1.2-driven ET coupling is likely
governed by a series of protein–protein interactions, initiated
during membrane depolarization in α11.2. These findings open
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Fig. 1. The β-subunit is required for ERK/CREB activation in Cav1.2 expressed in HEK293 cells. (A) HEK293 cells transiently transfected with Cav1.2 channel
subunits α11.2/α2δ/β2b (black), α11.2/α2δ (violet), or α11.2/β2b (green), as indicated. After 72 h, the cells were treated with 2.5K (nondepolarizing) or 70K
(depolarizing; dep) solutions for 3 min. The cells were harvested, and proteins in cell extracts were resolved by SDS/PAGE and analyzed by Western blot
analysis (Materials and Methods). Transfection efficiency was monitored using anti-α2δ antibodies. (B) Quantification of ERK1/2, RSK, and CREB phosphor-
ylation was performed by Western blot analysis, densitometry, and plotted with a linear regression program. Net phosphorylation was calculated by sub-
tracting basal phosphorylation observed in cells treated with a nondepolarizing solution (basal) from phosphorylation triggered by depolarizing solution
(dep) in triplicates. The values shown are averages (±SEM) of three independent experiments normalized with the corresponding nonphosphorylated protein.
Student’s t test (two populations) was performed. *P < 0.05, **P < 0.01, ***P < 0.005.
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more questions as to the GTP/GDP dependency of the in-
teraction, whether GTP binding disrupts H-Ras–β2 associations,
and how the Cav1.2–β2 interaction results in Ras activation.

Nuclear Signaling via Cav1.2 Requires Crosstalk Between α11.2 and
β2b. The physical and functional interaction of β2b with H-Ras
and Ras/GRF1 led us to propose a model in which the coordi-
nated phosphorylation of the ERK1/2–CREB pathway originates
at α11.2 and is conveyed to H-Ras through β2b. The β-subunit
has been shown to modulate calcium channel kinetic parame-
ters through a high-affinity interacting binding domain at the
α1 subunit (AID), located in the I–II linker of α11.2 (35–37).
A single point mutation W440A within the AID consensus se-
quence (Fig. 4A) strongly mitigates α11.2 interaction with β, in-
creasing current amplitude (28, 29). We used the α11.2W440A mutant
that disrupts the interaction between α11.2 and β2b, testing the im-
pact of crosstalk between these two channel subunits on nuclear
activation (Fig. 4). Channel expression was monitored by confo-
cal microscopy using the photoactivated Dronpa fluorescence of

Dronpa-tagged α11.2. No significant changes in fluorescence
were detected in cells transfected with either Dronpa-tagged
α11.2 or Dronpa-tagged α11.2W440A (SI Appendix, Fig. S2B,
Left). To determine membrane targeting of the mutated channel
(α11.2W440A/β2b/α2δ; Xam1.2w440A) we applied the TIRF mode of
the high-resolution PALM imaging technique, using the Dronpa-
tagged α11.2W440A (30). Self-clusters of Cav1.2W440A were dis-
tributed on the cell membrane Fig. 4B, similar to WT Cav1.2
cluster distribution.
We then compared depolarization-triggered ERK/RSK/CREB

activation in cells expressing Cav1.2W440A and Cav1.2W440A. The
W440A mutant nearly abolished (>90%) the 70K (dep)-induced
ERK1/2, RSK, and CREB activation compared with the WT
channel (Fig. 4C).
The loss of ERK/CREB phosphorylation by disrupting a

functional interaction between α11.2 and β2b confirms the lack of

Fig. 2. CREB phosphorylation in SH-SY5Y cells is triggered by membrane
depolarization via ERK-dependent and -independent pathways. (A) SH-SY5Y
cells treated with or without the 5 μM PD184,352 inhibitor were depolarized
by 40mM (40K; dep) or 70 mMKCl (70K; dep) and phosphorylation of ERK and
CREB was monitored by Western blot analysis. (B) Quantification of the basal
phosphorylation of ERK1/2 and CREB, 40K, and 70K (Left). One-way ANOVA
was used to determine statistically significant differences. *P < 0.05, **P <
0.01, ***P < 0.001. Net phosphorylation was calculated by subtracting basal
phosphorylation (Right). The values shown are averages (±SEM) of triplicates
carried out in three independent experiments using different cell batches,
normalized with the corresponding nonphosphorylated protein; Student’s
t test (two populations) was performed. *P < 0.05, ***P < 0.005.

Fig. 3. The Cavβ2a binds H-Ras in in vitro studies. (A) Cell-free binding of
GST/Ras fusion protein with His6β2a protein immobilized on Ni-NTA beads or
(B) His6β2a protein binding to H-Ras immobilized on GSH–Sepharose beads
performed as indicated (Materials and Methods). (C) Pulldown of Ras/
GRF1 with His6β2a in neuronal human SH-SY5Y cells. (D) Pulldown of β2a by
GST/H-Ras in SH-SY5Y cells and (E) pulldown of N-Ras by His6β2a in SH-SY5Y
cells. Each experiment was repeated three times using different batches of
SH-SY5Y cells. *P < 0.01.
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activation observed in the absence of β2b (Fig. 1). It strongly
supports the idea that depolarization-induced conformational
changes at α11.2 drives ET coupling via the β2b subunit. Since
the W440A mutation does not interfere with Ca2+ influx (28, 29),
these results further indicate that Ca2+ entry during depolariza-
tion is not sufficient for triggering nuclear activation. A prec-
edent for such a mechanism using the β-subunit was demonstrated
when a signal was conveyed from the voltage-sensing regions of
the skeletal α11.1 to the pore region of the ryanodine receptor by
means of β1b (38). Also, members of the Ras superfamily, such as
RGKs (Rem, Rad, Rem2, and Gem/Kir), which exhibit conserved
structural features that distinguish them from the other Ras pro-
teins, have been shown to modulate Cav1 activity through binding
to the β-subunit (16, 32, 39).

The Role of CaM in ERK/CREB Activation. To further investigate the
Ca2+ dependency of CaV1.2-mediated Ras/ERK/CREB path-
way, we examined CaM inhibitors and Ca2+/CaM binding to the
IQ motif at the C terminal of α11.2 (SI Appendix, Fig. S5A).

We showed that trifluoperazine, a Ca2+/CaM inhibitor, or
selective CaN inhibitors cyclosporin A (CsA) and FK506, dis-
played no significant reduction in Cav1.2-driven ERK, RSK, or
CREB phosphorylation. The channel mutant α11.2I1624A/β2b/α2δ
that prevents Ca2+/CaM binding to the mutated IQ motif
exhibited a small reduction in ERK1/2 phosphorylation com-
pared with WT Cav1.2-expressing cells, and no effect on RSK, or
CREB phosphorylation (SI Appendix, Fig. S5C). These results
negate a significant impact of Ca2+-activated pathways such
as Ca2+/CaM-dependent kinase on ET coupling in Cav1.2-
transfected HEK293 cells.

ET Coupling Is Triggered by a Sequential Series of Protein–Protein
Interactions Initiated by Ca2+ Binding at the Open Channel Pore.
Cav1 channels are responsible for the majority of depolarization-
induced gene expression, yet they account for a small fraction of
bulk calcium flux in neurons (25). For clarifying the need of Ca2+

entry through Cav1.2 in triggering nuclear signaling, we used a
Ca2+-impermeable Cav1.2 mutant. Separating the Ca2+-binding
function at the open pore from Ca2+ entry allowed us to assess

Fig. 4. Disruption of α11.2–β2b interaction by the W440A mutation at the AID motif obliterates Cav1.2-driven ERK, RSK, and CREB activation. (A, Left)
Schematic view of α11 subunit of CaV1 and the location of the AID within the I–II linker (marked in red). (A, Right) The W440A mutation at the highly
conserved AID consensus sequence of voltage-activated CaV1 α1 subunits. (B) PALM images of nontransfected HEK293 cells, and Cav1.2 W440A (Dronpa-tagged
α11.2W440A/β2b/α2δ)-expressing HEK293 cell. (Scale bar, 10 μm.) (C, Left) HEK293 cells transfected with WT Cav1.2 (α11.2/β2b/α2δ) or the mutated channel
Cav1.2W440A. Seventy-two hours later, the cells were stimulated with a nondepolarizing or depolarizing solutions for 3 min. Activation of ERK, RSK, and CREB
was detected using the corresponding phosphoproteins (see legend Fig. 1A). (C, Right) Phosphorylation was quantified by densitometry and plotted with a
linear regression program. The plotted values are averages (±SEM) of three independent experiments normalized to the corresponding nonphosphorylated
proteins, or α2δ subunit antibodies. All experiments were done in triplicate transfections and performed three times using different cell batches. Net
phosphorylations are averages (±SEM) of triplicates carried out in three independent experiments, normalized with the corresponding nonphosphorylated
protein. Student’s t test (two populations) was performed for 70K-treated cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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the impact of Ca2+ binding at the selectivity filter from the
ensuing Ca2+ influx. The Ca2+-impermeable channel was gen-
erated by a single point mutation introduced at the pore
forming subunit (L745P; α11.2L745P), corresponding to the
rabbit L775P mutation (20, 21, 40). Patch clamp studies in
single tsA-201 cells have shown targeting of the L775P imper-
meable channel mutant to the cell membrane (40). The rabbit
Cav1.2L775P mutant supports depolarization-induced secretion
of catecholamines in adrenal medullary cells and contraction in
neonate cardiomyocytes (20, 21).
We used PALM imaging in the TIRF mode, monitoring the

photoactivated Dronpa-tagged α11.2L745P to confirm membrane
targeting of α11.2L745P/β2b/α2δ in HEK293 cells. As shown in Fig. 5A,
distribution of Dronpa-tagged α11.2L745P self-clusters at the plasma
membrane was similar to Dronpa-tagged α11.2 (30). Also the ex-
pression of the L745P mutant and WT Cav1.2 was similar, as im-
aged by confocal microscopy of the Dronpa-tagged α11.2L745P mutant
(SI Appendix, Fig. S2B, Right).
To confirm, calcium impermeability of the Cav1.2L745P mutant

was determined by a calcium colorimetric assay, and confocal
imaging (Fig. 5 B and C). An increase in Fluo-4 fluorescence,
measured every 30 s for 5 min, was observed in WT Cav1.2-
transfected cells but not in Cav1.2L745P-transfected cells or in
the nontransfected cells (Fig. 5B). Similarly, confocal-imaging
showed an increase in Fluo-4 fluorescence in WT Cav1.2-
transfected cells, during depolarizing (dep), and no increase in
Fluo-4 fluorescence was detected upon depolarization of Cav1.2L745P-
transfected HEK293 cells, confirming Ca2+ impermeability of the
channel mutant (Fig. 5C).
Next we showed that without conducting Ca2+, the imperme-

able channel Cav1.2L745P, responded to membrane depolarization
and mediated a significant increase in phosphorylation of ERK1/
2, RSK, and CREB (Fig. 5 D and E). The extent of phosphory-
lation, however, was 40–60% smaller compared with the WT
channel (Fig. 5E). This result could indicate that maximal acti-
vation requires a Ca2+-dependent component (Discussion).
Similar to the WT channel, depolarization-induced phosphor-

ylation via Cav1.2L745P was virtually abolished by verapamil
(20 μM), a selective Cav1.2 blocker that binds at the aperture of the
open pore, or by Cd2+ (200 μM), a general VGCC pore blocker
that prevents CaV1.2 from Ca2+ conducting without affecting de-
polarization or voltage-dependent gating (41, 42) (Fig. 5 D and E).
Furthermore, FPL-64176 (1 μM), a Cav1 channel agonist, known
to increase the open probability of Cav1 channels, potentiated
both the WT and the impermeable channel-triggered phosphor-
ylation of ERK1/2, RSK, and CREB (Fig. 5 D and E).
These findings indicate that excitation-response coupling of

the ERK/CREB pathway engages a Ca2+-bound channel pore
in a conducting mode, but is Ca2+-influx independent. Future
experiments should clarify whether a rapid signaling in neurons
induced by conformational changes at Cav1.2 before Ca2+ influx
might be involved in switching on transcription already primed for
activation (43) and provide a selective signaling mode over Ca2+-
activating pathways.
Mutating the glutamate residues (EEEE motif) comprising the

Cav1.2 selectivity filter, disrupts Ca2+ binding and impairs ion
selectivity (42, 44, 45). If the open selectivity filter must be oc-
cupied by two calcium ions to achieve a conducting mode to
allow gene activation, we hypothesized that mutating the EEEE
motif would compromise the activity. A single point mutation
E363A (E/A), and a double point mutation E363A/E1115A (EE/
AA) were introduced at the EEEE motif of the Ca2+-imper-
meable pore-forming subunit (Cav1.2L745P; Fig. 6). Depolariza-
tion of cells expressing these mutants showed reduced levels of
ERK/RSK/CREB activation (>80%) by the single pore mutant
α11.2L745P/E363A/β2b/α2δ (EA), and virtually no activation by the
double pore mutant α11.2L745P/E363A/E1115A/β2b/α2δ (EE/AA)
(Fig. 6A). The loss of ET coupling by specifically restricting Ca2+

binding at the channel pore strongly supports our model in which
Ca2+ residing at the open EEEE motif is essential for nuclear
activation.
The impermeable and the two pore mutants also tested the

role of the Ca2+-bound channel in mediating transcription acti-
vation, by following the expression of CREB-regulated c-Fos
and MeCP2.
The expression of c-Fos (Fig. 6B) and MeCP2 (Fig. 6C) was

monitored 60 min after a 3-min stimulation period (dep). Both
WT and Cav1.2L745P elevated the expression of c-Fos and
MeCP2. The single E363A mutant of the impermeable channel,
α11.2L745P/E363A partially reduced, while the double mutant
α11.2L745P/E363A/E1115A virtually obliterated gene expression.
These data confirm the correlation between triggering gene
expression and Ca2+ binding at the channel pore as opposed to
Ca2+ influx.

Discussion
In the present study, we have demonstrated that the VGCC
CaV1.2 couples membrane depolarization to transcriptional ac-
tivation via the ERK/CREB pathway independently of Ca2+

entry. Activation requires Ca2+ binding at the pore and a direct
interaction of H-Ras with the Cavβ2 subunit. These findings
suggest that a highly concerted signal that originates during
membrane depolarization at α11.2 is conveyed to H-Ras via a
direct interaction with β2b. The binding of β2b to H-Ras facili-
tates gene activation via the Ras/ERK/CREB signaling pathway.
This conformational-triggered series of protein–protein inter-

actions underscores a mode of gene regulation by extracellular
signals and could have broad implications for understanding the
rapid induction of nuclear transcription factors primed for gene
activation (43, 46, 47).

Cav1 Channel Signaling to the Nucleus Is Driven by a Direct Interaction
of Cav1.2 β2 Subunit with H-Ras. Because membrane depolarization
causes Cav1.2 to introduce calcium into the cells, prior studies
have focused on the idea that genes are activated by elevated
[Ca2+]i. However, it was also shown that gene activation efficacy is
not directly correlated with Ca2+ influx (8, 25).
Given these apparent conflicting characteristics of the process

and the importance of VGCC-activating nuclear signaling, we
explored Cav1.2-driven ERK/CREB activation by brief de-
polarization of Cav1.2-transfected HEK293 cells.
The expression of α11.2/β2b/α2δ, the three channel subunits of

Cav1.2, exhibits a significant activation of the ERK/RSK/CREB
pathway. In contrast, activity is virtually abolished by excluding
the β2b subunit. The omission of β2b shows no change in either
global [Ca2+]i using Fluo-4 imaging, nor does it affect channel
distribution on the cell surface, shown by high resolution of
PALM imaging of Dronpa-tagged α11.2. These results highlight a
critical role of β2b in Cav1.2-mediated nuclear activation, em-
phasizing a conformational signaling role for Cav1.2, which is
independent of Ca2+ influx.
The cell-free binding of recombinant proteins revealed the ability

of β2b to bind to H-Ras. In complementary pulldown experiments
of human neuronal SH-SY5Y cells, β2b pulled down N-Ras, as well
as Ras/GRF1, the Ras GDP/GTP exchanger. This direct physical
interaction of β2b with H-Ras underscores the importance of β2b–
H-Ras interaction in transcriptional regulation in neuronal cells. A
functional association of β2b with RGKs, members of the super-Ras
family, has been previously described (39, 48–53).
The decrease in ERK/RSK phosphorylation caused by RasS17N,

the dominant-negative H-Ras mutant, further confirmed the cen-
tral role of H-Ras in mediating Cav1.2-triggered nuclear signaling
(8, 14). Consistent with the inhibitory effect of RasS17N, the oblit-
eration of depolarization-induced ERK/RSK/CREB phosphoryla-
tion by the selective Raf (MAPKKK), and MEK1/2 (MAPKK)
inhibitors, PLX4720 and PD184352, respectively, highlights the
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Fig. 5. The Ca2+-impermeable channel Cav1.2L745P activates the ERK/RSK/CREB signaling pathway. (A) PALM images of HEK293 cells transiently transfected
with WT Cav1.2 and Ca2+-impermeable channel Cav1.2L745P. A representative of a nontransfected HEK293 cell, a cell expressing WT Cav1.2 (Dronpa-tagged
α11.2/β2b/α2δ), or Cav1.2L745P (Dronpa-tagged α11.2L745P/β2b/α2δ) were taken 72 h after transfection. (Scale bar, 10 μm.) (B) Confocal imaging of Ca2+ elevation
in HEK293 cells performed using the D-Eclipse C1 imaging system. HEK293 cells transiently transfected with WT Cav1.2 or Cav1.2L745P were pulsed 72 h later
with nondepolarizing (basal) or depolarizing (dep) solutions for 3 min. Fluo-4 fluorescence in control and in stimulated cells is shown in exemplary cells. The
assay was performed in triplicate in three independent experiments. (C) Intracellular Ca2+ {[Ca2+]i} rise was measured by Fluo-4 AM kinetics (excitation:
490 nm; absorbance: 525 nm). HEK293 cells transiently transfected with WT Cav1.2 or Cav1.2L745P were stimulated as above. The reaction rate of Fluo-4 AM
kinetics was measured at 10 time points (every 30 s for 300 s). The values of net [Ca2+]i are averages (±SEM) of three independent experiments. ERK1/2, RSK,
and CREB phosphorylation was triggered as above in cells expressing WT Cav1.2 (D) and Ca2+-impermeable Cav1.2L745P (E), without or with Cd2+ (200 μM),
verapamil (Ver; 10 μM), or FPL-64176 (1 μM). Phosphorylation was quantified by densitometry and plotted with a linear regression program. Net phos-
phorylation was calculated (Fig. 1). The plotted values are averages (±SEM) of three independent experiments normalized to nonphosphorylated proteins
using the corresponding antibodies. Experiments were done in triplicate transfections and performed three times using different cell batches. One-way
ANOVA was used to determine statistically significant differences. *P < 0.05.
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major role of H-Ras in Cav1.2-induced ET coupling. Although
the pulldown of Ras/GRF1 by β2b in neuronal cells leaves open
the question concerning the nature the GDP/GTP exchange activity
required for H-Ras activation by β2b (7, 33), the dominant nega-
tive effects of RasS17N on nuclear signaling give further credence to
β2 functional association with the Ras GRF1/Ras exchange system,
schematically shown in Fig. 7. A detailed characterization of H-Ras
activation via β2b and its impact in various neuronal cell systems will
require further studies.
In SH-SY5Y cells, which express in addition to Cav1, neuronal

Cav2 channels, CREB activation persists, even if the MEK/ERK
pathway is completely repressed by a selective inhibitor. These
results are consistent with previous studies, demonstrating that
CREB phosphorylation in neuronal cells could be triggered via
other channels and through other biochemical pathways such as
the calcium-CaMKII system (24).
To further explore the role of β2b in translating stimulus fea-

tures of α11.2 into activity-dependent gene induction, we disrupted
the interaction between these two channel subunits. Functional
and structural studies have shown that α11.2 binds β2b at the

highly conserved AID domain (35–37, 54). We introduced a single
point mutation W440A within the AID helix. This mutation is
known for disrupting the crosstalk of α11.2 with β2b without af-
fecting Ca2+ influx (28). Upon membrane depolarization, cells
expressing Cav1.2W440A mutant failed to activate the ERK/RSK/
CREB pathway. These results highlight β2b as a molecular linker
in Cav1.2-mediated nuclear signaling. There is precedent for this
concept. Targeting of β4 subunit to neuronal nuclei has been
suggested to be responsible for coupling neuronal excitability to
gene expression (55). Also β1b direct interaction with RyR1 has
been found essential for the CaV1.1–RyR1 coupling mechanism
(56, 57). Taken together, our results delineate a mechanism of
gene activation, in which a signal is transmitted from the α11.2 to
the β2b subunit, reminiscent of EC coupling in skeletal muscle.

Depolarization-Driven Activation of the ERK/RSK/CREB Pathway Is
Dependent on Ca2+ Occupancy of the Open Channel Pore. The
Cav1-type channel, in contrast to the neuronal type Cav2, domi-
nates the majority of depolarization-induced gene expression in
neurons, even though it accounts for a small fraction of total

Fig. 6. Mutating Ca2+-binding site of Ca2+-impermeable Cav1.2L745P pore prevents nuclear activation. (A) WT Cav1.2 (α11.2/β2b/α2δ) or Cav1.2L745P (α11.2L745P/β2b/
α2δ) and the two pore mutants α11.2L745P/E363A/β2b/α2δ, and α11.2L745P/E363A/E1115A/β2b/α2δ were pulsed with nondepolarizing (basal) or depolarizing (70K; dep) so-
lutions for 3 min. Phosphorylation of ERK1/2, RSK, and CREB was monitored by Western blot analysis and quantified (Lower). The plotted values are averages (±SEM)
of three independent experiments normalized to nonphosphorylated proteins using the corresponding antibodies. Student’s t test (two populations) was performed
for 70K-stimulated cells. *P < 0.05, **P < 0.01, ***P < 0.005. (B) The WT Cav1.2 and Cav1.2L745P and the pore-mutants channels α11.2L745P/E363A/β2b/α2δ- and
α11.2L745P/E363A/E1115A/β2b/α2δ-expressing cells were pulsed as indicated above (A). Expression of c-Fos (B) and MeCP2 (C) was monitored by Western blot analysis and
quantified according to α2δ expression. All experiments were done in triplicate transfections and performed three times using different cell batches. One-way
ANOVA was performed to determine statistically significant differences for K70-stimulated cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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calcium entry. This apparent lack of correspondence between
Ca2+ influx and transcriptional activation (25) has been previously
explained by the intrinsic gating advantage of Cav1 and the Ca2+

nanodomain interaction with locally recruited CaMKII (24).
Therefore, we sought to analyze these long-standing contra-

dictory characteristics of Ca2+-dependent gene activation.
To distinguish between ET coupling induced by Ca2+ binding at

the channel pore or by Ca2+ influx, we used a Ca2+-impermeable
channel mutant, α11.2L745P (40). Upon membrane depolarization,
this channel, which retains voltage sensitivity and Ca2+ binding at the
open selectivity filter (20), induced ERK, RSK, and CREB phos-
phorylation. The mutant channel also elevated the expression of
CREB-regulated transcription factors c-Fos and MeCP2. These re-
sults provide strong evidence for the impact of Ca2+ occupancy of
the open pore in triggering ET coupling. We observed no effect of
trifluoperazine, a Ca2+/CaM inhibitor, or calcineurin inhibitor on
Cav1.2-triggered ERK/CREB activation, and no change in activation
from WT channel was observed by expressing the IQ motif mutant
Cav1.2I1624A that does not bind calmodulin (SI Appendix, Fig. S5).
Hence, more studies are required to understand the contribution of
the β-subunit, CaMK, and CaMKII activation to ET coupling.
Support for Ca2+ influx-independent ET coupling has been

demonstrated also in vivo (32). In these studies, the dendritic
retraction relies on long-term effects of Ca2+ flux-independent
gene activation in the Timothy channel. Activation is triggered
by conformational changes induced during membrane de-
polarization, activating the RhoA signaling via the small G
protein Gem (32). These studies give additional credence to our
proposed conformational coupling model that triggers gene ac-
tivation via a cascade of protein–protein interactions.
Our proposed Ca2+-influx independency of β2b-mediated ET

coupling is reminiscent of EC coupling in the skeletal muscle in
which the convergence of conformational coupling between the
CaV1.1 and RyR1 via β1a, is also Ca2+-influx independent (38,
57–61). Ca2+ binding or transition through the pore of α11.1 was
suggested to alter the skeletal CaV1.1 conformation to modulate
intracellular signal transduction events (62).

The impact of Ca2+ binding at the channel pore on nuclear acti-
vation was further assessed using the Ca2+-pore mutants of the Ca2+-
impermeable mutant α11.2L745P/E363A or α11.2L745P/E363A/E1115A.
These mutants at the EEEE motif, which constitutes the Ca2+

Cav1.2-binding site at the pore and determines Ca2+ selectivity
(45), resulted in a significant decrease in ERK/RSK/CREB ac-
tivities. Crippling of the Ca2+-binding site of the Ca2+-imper-
meable channel by these mutants is also correlated with failure
to activate CREB-regulated c-Fos and MeCP2, lending further
support for the importance of multiple Ca2+ occupancy of the
open pore as the primary signaling event.
Structural studies have shown that the KcsA K+ channel se-

lectivity filter undergoes conformational change upon transition
from a closed to an open state, during which the selectivity filter
atoms are in direct contact with bound ions (63, 64). By analogy,
a conformational change during Ca2+ binding at the EEEE motif
could, via β2b and subsequently H-Ras, trigger signaling to the
nucleus. This transition from a nonconductive to the conductive
conformation during Ca2+ occupancy of the open channel has
previously been shown to trigger excitation secretion and exci-
tation contraction via conformational coupling through the II–III
linker of the α11.2 subunit (21–23, 26, 58, 59, 65).
In summary, these results provide evidence for the idea that

membrane depolarization couples Ca1.2 to gene activation by en-
gaging Ca2+-bound open pore to initiate a direct β2b interaction with
H-Ras. This series of protein–protein interactions represents a mode
of a Cav1.2 selective mechanism of gene activation with a potential to
give insight into rapid signaling in neuronal cells. The explicit impli-
cation of our results highlights Cav1.2 in its role as a calcium binding
protein and expands the repertoire of signaling induced by Cav1.2-
conformational changes prior to and independent of Ca2+ influx.

Materials and Methods
For a complete description of materials, transfection, expression of proteins,
protein purification, Western blot analysis, and colorimetric and fluorescent
measurements please refer to SI Appendix.

Cells. HEK293 cells were cultured in DMEM plus 10% FCS, 100 units/mL
penicillin, 3 mM glutamine–alanine, and 1 μg/mL streptomycin at 37 °C in a
humidified atmosphere with 5% CO2.

Human neuroblastoma SH-SY5Y cells were cultured in DMEM:F12 (1:1)
containing 10% FBS, 100 units/mL penicillin, 3 mM glutamine–alanine, and
1 μg/mL streptomycin at 37 °C with 5% CO2.

Constructs. The α-subunits of WT and α11.2 and α11.2 mutants, α11.2L745P

α11.2W440A, α11.2I1624A, α11.2L745P/E363A, and α11.2L745P/E363A/E1115A, were tagged
with Dronpa, a reversibly switchable photoactivatable fluorescent protein;
GFP-RasS17N.

Membrane Depolarization and ERK–RSK and CREB Activation. Before depolariza-
tion, the cells were starved for 2 h in DMEM supplemented with 2 mM L-alanyl
glutamine. Subsequently, an equal volume was added of either low potassium
2.5 mM (basal) (125 mMNaCl, 30 mM glucose, 1 mMMgCl2, 2 mM CaCl2, 40 mM
NaHCO3, 1 mM NaH2PO4) or depolarized by high potassium K70 (dep) (135 mM
KCl, 30 mM glucose, 1 mMMgCl2, 2 mM CaCl2, 40 mMNaHCO3, 1 mMNaH2PO4)
solutions for 3 min. After depolarization, the cells were lysed and cell pro-
teins were separated on SDS/PAGE (66). Phosphorylated ERK1/2, RSK, and CREB
were identified by immunoblotting, using the corresponding antibodies to the
phosphoprotein. The net stimulation under depolarization conditions (K70) was
quantified after subtracting a basal phosphorylation level at nondepolarizing
conditions and normalizing with the nonphosphorylated proteins (66).

Statistics. Net phosphorylation was calculated by subtracting the basal level
of phosphorylation observed in cells treated with a nondepolarizing solu-
tion (2.5K; basal) from phosphorylation triggered by depolarizing solu-
tion (70K; dep). The values shown are averages (±SEM) of triplicates carried
out in three independent experiments normalized with the corresponding
nonphosphorylated protein. Different mutations or selective inhibitors were
compared with the WT channel. Statistical significance between two groups
was evaluated with Student’s t test, and one-way analysis of variance (ANOVA)
determined statistically significant differences between the means of three

Fig. 7. Proposed model for depolarization-triggered activation of the ERK/
CREB pathway via a direct interaction of the intracellular β2b with H-Ras.
Upon neuronal stimulation by membrane depolarization, the α11.2 pore-
forming subunit of the L-type channel Cav1.2 conveys a concerted signal
from the multi-Ca2+ ion-bound pore to the β2 subunit. The β2 subunit in-
teracts directly with H-Ras and H-Ras/GRF1. Activated H-Ras initiates the
phosphorylation of Raf, and through the MEK/ERK/RSK/CREB pathway,
triggers signaling to the nucleus. α11.2, pore-forming subunit; α2δ, extra-
cellular subunit; β2, intracellular subunit.
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or more independent groups. Statistics were performed in GraphPad Prism
5. In the figures the criterion for statistical significance was set at *P < 0.05,
**P < 0.01, and ***P < 0.005.
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