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Abbreviations

APV D-2-amino-5-phosphonovalerate

BayK BayK-8644

CaMKII Calcium/calmodulin-dependent protein kinase Il
CaMKill-sh shRNAs targeting CaMKlla and CaMKIIB

CNQX 6-Cyano-7-nitroquinoxaline-2,3-dione disodium
E-T coupling excitation-transcription coupling

GFP enhanced green fluorescent protein

GST Glutathione-S-transferase

HA Hemagglutinin

ICQ intensity correlation quotient

iHA intracellular HA-tag

LTCC L-type calcium channel

Nssh nonsense-shRNA

PDZ domain PSD95/DIgA/Zo-1 domain

pCREB Ser133 phosphorylation of CREB

ROI region of interest

SAM Sterile alpha motif

sHA extracellular HA tag

TIRF Total internal reflection fluorescence

TTX tetrodotoxin

WT wild type
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Abstract

Neuronal excitation-transcription (E-T) coupling pathways can be initiated by local increases of
Ca?* concentrations within a nanodomain close to the L-type voltage-gated Ca%* channel (LTCC).
However, molecular mechanisms controlling LTCC organization within the plasma membrane
that help creation these localized signaling domains remain poorly characterized. Here, we
report that neuronal depolarization increases Cav1.3 LTCC clustering in cultured hippocampal
neurons. Our previous work showed that binding of the activated catalytic domain of
Ca?*/calmodulin-dependent protein kinase Il (CaMKIl) to an RKR motif in the N-terminal
cytoplasmic domain of Cay1.3 is required for LTCC-mediated E-T coupling. We tested whether
multimeric CaMKlla holoenzymes can bind simultaneously to co-expressed Cav1.3 al subunits
with two different epitope tags. Co-immunoprecipitation assays from HEK293T cell lysates
revealed that CaMKlla assembles multimeric Cay1.3 LTCC complexes in a Ca?*/calmodulin-
dependent manner. CaMKII-dependent assembly of multi-Cav1.3 complexes is further
facilitated by co-expression of the CaMKII-binding LTCC 2a subunit, relative to the B3 subunit,
which cannot bind directly to CaMKII. Moreover, clustering of surface localized Cay1.3 al
subunits in intact HEK293 cells was increased by pharmacological LTCC activation, but only in
the presence of co-expressed wild-type CaMKlla. Moreover, depolarization-induced clustering
of surface-expressed Cav1.3 LTCCs in cultured hippocampal neurons was disrupted by
suppressing the expression of CaMKlla and CaMKIIB using shRNAs. The CaMKII-binding RKR
motif is conserved in the N-terminal domain of Cay1.2 al subunits and we found that activated
CaMKlla promoted the assembly of Cay1.2 homomeric complexes, as well as Cay1.3-Cay1.2
heteromeric complexes in vitro. Furthermore, neuronal depolarization enhanced the clustering
of surface-expressed Cav1.2 LTCCs, and enhanced the colocalization of endogenous Cay1.2
LTCCs with surface-expressed Cay1.3, by CaMKIll-dependent mechanisms. This work indicates
that CaMKII activation-dependent LTCC clustering in the plasma membrane following neuronal
depolarization may be essential for the initiation of a specific long-range signal to activate gene
expression.

Introduction

Voltage-gated calcium channels are multi-subunit protein complexes consisting of a pore-
forming al subunit and auxiliary B, a2, and & subunits. The auxiliary subunits modulate the
intrinsic biophysical and regulatory properties of the al subunit, and influence cell surface
targeting (Richards et al. 2004; Voigt et al. 2016; Birnbaumer et al. 1998). The primary neuronal
LTCC al subunits are Cav1.2 and Cay1.3, which exhibit highly overlapping expression patterns
(Striessnig et al. 2014) and are often co-expressed in the same neuron. Although Cay1.3 is
activated preferentially with more modest membrane depolarization (Koschak et al. 2001; Xu &
Lipscombe 2001), Cav1.2 and Cav1.3 appear to regulate similar neuronal processes, such as
excitation-transcription (E-T) coupling (Hetzenauer et al. 2006).

Learning and long-term memory require new gene transcription, which can be stimulated by
many neurotransmitters. More specifically, LTCC-dependent E-T coupling links neuronal
depolarization to the activation of several transcription factors that increase gene transcription
(Ma et al. 2023), and can be initiated by locally elevated calcium concentrations near these
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channels without requiring global calcium increases in the cytosol or nucleus (Wheeler et al.
2012). Single LTCCs can create local calcium nanodomains (Tadross et al. 2013; Nakamura et al.
2018) and it seems intuitive that the size and temporal dynamics of calcium nanodomains might
be an important determinant of their biological function. However, the molecular mechanisms
controlling LTCC calcium nanodomains are unclear. Previous studies revealed that LTCCs form
clusters in the neuronal plasma membrane, and that clustering can facilitate the cooperative
opening of some LTCC variants (Dixon et al. 2012; Moreno et al. 2016). Indeed, the cooperative
opening of clustered LTCCs may substantially modify the characteristics of calcium
nanodomains (Pfeiffer et al. 2020). Consequently, elucidating the molecular basis of LTCC
clustering should provide new insights into the formation and function of calcium
nanodomains.

LTCCs possess an intrinsic ability to form clusters (Moreno et al. 2016; Dixon et al. 2012).
However, clustering may also be modulated by additional proteins that have been shown to
interact with al or B auxiliary subunits to modulate LTCC intracellular trafficking and/or calcium
influx (Weiss & Zamponi 2017), such as Shank3 or densin, postsynaptic scaffolding proteins
(zhang et al. 2005; Jenkins et al. 2010). Prior studies have also shown that calcium/calmodulin-
dependent protein kinase Il (CaMKII), a highly abundant postsynaptic protein kinase, can
interact directly with multiple intracellular domains of the Cay1.2 or Cay1.3 al subunits
(Hudmon et al. 2005; Wang et al. 2017; Simms et al. 2015), with B1 or B2a subunits (Grueter et
al. 2008; Abiria & Colbran 2010), and also with densin (Strack et al. 2000; Jiao et al. 2011;
Walikonis et al. 2001) and Shank3 (Perfitt et al. 2020; Cai et al. 2021) often facilitating calcium
entry. Moreover, dodecameric CaMKII holoenzymes are capable of binding simultaneously to
several other proteins, forming larger multi-protein complexes (Robison et al. 2005).
Pharmacological and molecular studies have provided robust evidence that CaMKIl is required
for LTCC-dependent E-T coupling (Wheeler et al. 2008; Ma et al. 2014; Wang et al. 2017), at
least in part by binding of activated CaMKIl to RKR motifs in the N-terminal domain of Cayv1.3
and in a central domain of Shank3 (Wheeler et al. 2008; Ma et al. 2014; Wang et al. 2017,
Perfitt et al. 2020). Our recent work has shown that Shank3 can promote the clustering of
neuronal Cay1.3 al subunits under basal conditions (Yang et al. 2023), but the specific role of
CaMKIl in LTCC clustering remains unknown.

Here, we show that CaMKII facilitates homo- or hetero-meric clustering of Cay1.3 or Cay1.2
complexes in an activation-dependent manner in vitro and on the membrane of HEK cells. This
LTCC clustering requires direct interaction of CaMKIl with Cay1.3 or Cay1.2 and is facilitated by
B2a auxiliary subunits. Our data also indicate that neuronal depolarization promotes Cay1.3 and
Cav1.2 LTCC membrane clustering in cultured hippocampal neurons, and that this clustering, as
well as neuronal Cay1.3/Cav1.2 co-clustering, is disrupted by suppressing CaMKIl expression.
Collectively, our findings indicate that multimeric assembly of LTCCs following membrane
depolarization, orchestrated by activated CaMKIl, contributes to the initiation of E-T coupling
mechanisms.
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Method

DNA constructs

The original sources of all DNA constructs are provided in the Key Resources Table. All
constructs were confirmed by DNA sequencing.

HEK cell culture and transfection

HEK293 and HEK293T cells (purchased from ATCC) were cultured and transfected as previously
described (Yang et al. 2023). Briefly, cells were grown in high glucose DMEM at 37°C, 5% CO2,
and passaged every 3-4 days. Cells (< 20 passages) were transfected using Lipofectamine 2000
after reaching approximately 70% confluence. Tagged Cav1.3 or/and Cay1.2 al subunits were
always co-expressed with a26 and either B3 or 2a with a FLAG tag (FLAG-B3 or -f2a) auxiliary
subunits, together with pcDNA vector (empty or encoding CaMKlla). The ratio of al: a2é: FLAG-
B:pcDNA was set at 3:1:1:1.2. Co-transfections with N-terminal intracellular HA-tagged Cay1.3
(iHA-Cay1.3): and either mCherry-Cay1.3 or GFP-Cay1.2 used a DNA ratio of 1:1.5. Co-
transfections involving GFP-Shank3 or CaMKII, or a combination of GFP-Shank3 and CaMKilla,
with LTCC subunits were performed using a DNA ratio of 3:1:1:1:0.5 (al:a26:FLAG-
B2a:CaMKIl:Shank3). When GFP-Shank3 or CaMKlla was expressed individually, empty pCDNA
or GFP vector was incorporated to maintain the same overall DNA quantity as co-transfection
with GFP-Shank3 and CaMKlIla. For co-immunoprecipitation experiments, HEK293T cells were
transfected with a maximum of 10 ug DNA per 10-cm dish and harvested ~48 hours later. For
immunostaining experiments, HEK293 cells were transfected with a maximum of 2 ug DNA per
well of 6-well plates, and re-plated onto coverslips in 24-well plates ~24 hours later. Coverslips
were used for experiments after another 24-36 hours and then fixed.

Co-immunoprecipitation

Transfected HEK 293T cells were lysed and used for co-immunoprecipitation using HA antibody
or GFP antibody and magnetic Dynabeads Protein A beads as previously described (Yang et al.
2023). Where indicated, lysates were supplemented with 2 mM CacCl, and/or 1 uM calmodulin
(Ca?*/calmodulin), either alone or with 50 uM calmidazolium (Figure S2), prior to incubation.

Western blotting

Co-immunoprecipitation samples were separated on either 7.5% (Figures 2, 10 and S1) or 10%
(Figures 3-4, S2, and S7) SDS-PAGE gels, followed by transfer to nitrocellulose membrane as
previously described (Yang et al. 2023). Membranes were stained with Ponceau-S to confirm
protein transfer and loading, and digitally scanned before being incubated in blocking buffer
(5% nonfat milk in Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST)) for one hour at room
temperature. Primary antibodies (rabbit anti-HA, mouse anti-CaMKII, and rabbit anti-Shank3
were diluted 1:8000; all other primary antibodies were diluted 1:4000) in blocking buffer, and
incubated with membranes overnight at 4°C. After washing three times (10 minutes per wash)
with TBST, membranes were incubated with IR dye-conjugated secondary antibodies (donkey
anti-rabbit 680LT diluted 1:8000 and donkey anti-mouse 800CW diluted 1:4000) in blocking
buffer for one hour at room temperature. After two further washes, membranes were scanned
using an Odyssey system and images were quantified by Odyssey Image Studio Software.
Identically sized rectangles were drawn to select a specific protein band for quantification
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across all the lanes on a gel and the background was subtracted using the median background
method. Specifically, the area used to compute background is taken from a three-pixel border
around top and bottom sides of each rectangle.

HEK cell stimulation and immunocytochemistry

HEK293 cells expressing iHA-Cay1.3 LTCCs with pcDNA vector or CaMKII (WT or V102E) were
pre-incubated in Ca?*-free HEPES buffer (150 mM NaCl, 5 mM KCI, 2 mM MgClz, 10 mM HEPES
pH 7.4, 10 mM Glucose) for 10 min, and then transferred to HEPES buffer supplemented with
10 uM BayK-8644 (BayK) and/or 2.5 mM CaCl; for 5-10 min. DMSO (0.02% v/v) was added to
incubations lacking BayK as a vehicle control. Cells were then fixed using ice-cold 4%
paraformaldehyde containing 4% sucrose in 0.1 M Phosphate Buffer (pH 7.4) (4% PFA) for 10
min at room temperature, washed three times (5 min per wash) with PBS, and then
permeabilized with PBS containing 0.2% Triton X-100 for 8 min. Subsequently, cells were
incubated with blocking solution (1X PBS, 0.1% Triton X-100 (v/v), 2.5% BSA (w/v), 5% Normal
Donkey Serum (w/v), 1% glycerol (v/v)) at room temperature for 1 h, then incubated with
primary antibodies (rabbit anti-HA diluted 1:1000 and mouse anti-CaMKII diluted 1:2500) in
blocking buffer overnight at 4°C. After three washes with PBS containing 0.2% Triton X-100 (10
min each), cells were incubated for one hour at room temperature with secondary antibodies
(donkey anti-rabbit Alexa Fluor 647 and donkey anti-mouse Alexa Fluor 488), each diluted
1:2000 in blocking buffer. After three additional washes with PBS, coverslips were mounted on
slides using Prolong Gold Antifade Mountant and then stored at 4°C for subsequent imaging.

Total internal reflection fluorescence (TIRF) microscopy and quantification

A Nikon Multi Excitation TIRF microscope with 488 nm and 640 nm solid-state lasers was used
as described (Yang et al. 2023). The automatic H-TIRF module was used for 488 laser and the
manual TIRF module was used for 640 laser. Calibration of the incident angle and focus for
achieving TIRF was conducted individually for each module. Images were then acquired using
NIS-Elements. Consistency was maintained by using the same exposure time of 80-150 ms for
both channels, alongside laser power at 5-8% for 488 nm laser and 10-12% of 640 nm laser.
These imaging parameters remained uniform across all cover slips within the same biological
replicate. Images were processed in Fiji software (ImageJ, NIH) to quantify cluster density and
intensity of surface localized iHA-Cay1.3, as well as to assess colocalization between iHA-Cay1.3
and CaMKII. Specifically, cells positive with both iHA and CaMKII signal were selected to be
quantified, using freehand selections. These ROIs were then consistently applied to the iHA-
Cav1.3 channel after background subtraction. A threshold for the HA signal was established
using the mean intensity of HA signal plus 1.5 times the standard deviation. The “Analyze
Particles” function was used to calculate the intensity, area, and count of iHA-Cay1.3 clusters
surpassing the threshold within each ROI. Cluster density was derived by dividing the cluster
count by the area of the respective ROI. For colocalization analysis, both CaMKIl and HA
channels underwent automated thresholding before evaluating the intensity correlation
guotient (ICQ). The metric quantifies colocalization on a scale from -0.5 to +0.5, delineating the
extent from complete segregation to perfect overlap, as previously described (Li et al. 2004;
Perfitt et al. 2020; Yang et al. 2023).
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Primary hippocampal neuron cultures and depolarization

Dissociated hippocampal neurons were prepared from E18 Sprague Dawley rat embryos, as
previously described (Shanks et al. 2010) resulting in cultures containing an approximate 50:50
mix of neurons from male and female embryos. At 14 days in vitro (DIV), neurons on coverslips
in 12 well plates were co-transfected using Lipofectamine 2000 (Thermo Fisher Scientific) and 1
ug DNA, in accordance with the manufacturer's directions, to express Cay1.3/Cay1.2 al subunit
with a N-terminal intracellular HA tag (iHA-Cay1.3) or an extracellular HA tag (sHA-Cay1.3/sHA-
Cav1.2), FLAG-B2a or -B3, and GFP-nonsense shRNA (nssh) or GFP-CaMKIla-shRNA and GFP-
CaMKIIB-shRNA (GFP-CaMKIl-shRNA) at an al: B: GFP ratio of 3:1:1.2. After a further 7 days,
neurons were pre-incubated in 5K Tyrode’s solution (150 mM NaCl, 5 mM KCl, 2 mM CacCly, 2
mM MgClz, 10 mM glucose and 10 mM HEPES pH 7.5 (~313 mOsm)) with inhibitors (1 uM TTX,
10 uM APV, and 50 uM CNQX) for 2 hours at 37°C and 5% CO; to inhibit the intrinsic neuronal
activity. Neurons were then incubated with either 5K or 40K Tyrode’s solution (adjusted to 40
mM KCl and 115 mM NacCl, with inhibitors present) for 90 seconds and then quickly fixed in ice-
cold 4% PFA for 10 minutes at room temperature, followed by three PBS washes. For surface
sHA-Cay1 staining, neurons were blocked in non-permeabilizing blocking buffer A (1X PBS, 5%
(w/v) bovine serum albumin (Sigma)) for 1 hour. Primary anti-HA antibody (rabbit or mouse,
diluted 1:200 in blocking buffer A) was applied overnight at 4°C. After three PBS washes (10 min
per wash), neurons were incubated with secondary antibodies (donkey anti-rabbit or anti-
mouse Alexa Fluor 647, diluted 1:200 in blocking buffer A) for 1 hour at room temperature.
Following three additional washes with PBS, neurons were permeabilized by PBS containing
0.2% Triton X-100 for 8 min, then blocked using blocking buffer B (1X PBS, 0.1% Triton X-100
(v/v), 2.5% BSA (w/v), 5% Normal Donkey Serum (w/v), 1% glycerol (v/v)) for 1 hour. For the
following staining for rabbit anti-pCREB (dilution: 1:1000) or mouse anti-CaMKII (dilution:
1:2000), the process was the same as the permeabilized immunostaining in HEK293 cells.

Neuronal imaging and quantification

Neuronal imaging was conducted using Zeiss LSM 880 microscope with a 63x/1.4 Plan-
APOCHROMAT oil lens as previously described (Yang et al. 2023). Transfected neurons were
identified through GFP signals under a binocular lens. Conventional confocal mode was used in
Figures 1, 7 and S5. For whole cell imaging (Figures 1C and S5A), Z-stack images were captured
with a step size of 0.3 um and a range of 1.8-2.7 um. Z-stack images were then processed in Fiji
software to create a maximum intensity projection for subsequent analysis. To collect pCREB
images, the DAPI channel was used to adjust the focus of nucleus. In Figures 8, 9, 11, and S9 the
Airyscan mode was used to maximize sensitivity and resolution for the collection of surface
localized sHA-Cay1.2/sHA-Cay1.3 and endogenous CaMKIl/Cay1.2 images, collecting single focal
plane images (73.51 x 73.51 um) (Yang et al., 2023).

All image quantifications were performed in Fiji software. For endogenous CaMKII analysis,
CaMKll signal in the soma was designated as regions of interest (ROIs) in both GFP-positive or -
negative neurons. Background was subtracted, and the mean intensities of CaMKII signal in the
ROIs were measured. For pCREB analysis, ROIs were assigned based on DAPI signals, and pCREB
intensities in these ROIs from GFP-positive or -negative neurons were measured. For LTCC
cluster analysis, ROIs were selected based on the GFP channel. Somatic ROIs were selected
similarly to that in HEK293 cells, while dendritic ROIs were selected followed rules outlined
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previously (Yang et al. 2023). Background was then subtracted, sHA signals were thresholded,
and the Analyze Particles function was used, as in HEK293 cell analyses. For colocalization
between sHA-Cay1.3 and endogenous Cayl.2, soma and dendritic ROIs were identified based on
GFP signals. Following background subtraction, the average intensities of sHA-Cay1.3 (X1.3) and
Cav1.2 (X1.2) in ROIs were measured. We then defined new ROIs based on sHA staining and
separately measured the intensity of sHA-Cay1.3 and Cav1.2 in these ROls. After normalizing
sHA signal to X1.3and normalizing Cav1.2 signal to X1.,, the ratio of normalized Cav1.2 to
normalized sHA intensity in somatic and dendritic ROIs were used as a measure of endogenous
Cav1.2 colocalization with sHA-Cay1.3. The experimenter was blind to the experimental
conditions when analyzing (i/s)HA-Cay1.3/ sHA-Cay1.2 clusters in Figures 1, 5-6, and 8-9.

Statistical analysis

All data are shown as mean + SEM, and sample sizes shown as n refer to the number of cells or
independent biological replicates (experiments) as indicated in figure legends. All statistical
tests were performed in GraphPad Prism 8 software (GraphPad). Differences were considered
significant if p < 0.05. For comparisons between two groups, unpaired Student's t-test (two-
tailed) was used. For comparisons between three or more groups with two independent
variables, two-way ANOVA followed by the post hoc tests recommended by Prism was used.

Results

Neuronal depolarization increases Cay1.3 LTCC clustering

We recently reported that Shank3-dependent Cav1.3 clustering in vitro and in HEK293 cells is
disrupted by Ca?* (Yang et al, 2023), leading us to hypothesize that depolarization would
decrease Cav1.3 LTCC clustering in cultured hippocampal neurons. Therefore, neurons
expressing N-terminal intracellular HA-tagged Cay1.3 (iHA-Cav1.3), 26, and FLAG-B2a. (DIV21;
7 days post-transfection) were briefly (90 s) depolarized using a well-established 40 mM KCl
(40K) protocol in the presence of APV, CNQX and TTX to block NMDA receptors, AMPA
receptors, and voltage-dependent sodium channels, respectively. This stimulation paradigm
triggers ET coupling in DIV14 hippocampal neurons, as measured by phosphorylation of the
CREB transcription factor and by expression of the c-fos immediate early gene (Wheeler et al.
2008; Wang et al. 2017; Perfitt et al. 2020) (Figure 1A). Similarly, the 40K treatment robustly
increases nuclear CREB phosphorylation in DIV21 neurons (Figure 1B). In parallel, the 40K
treatment significantly increased the intensity and significantly decreased the density of
dendritic iHA-Cay1.3 clusters relative to the control 5K treatment (Figure 1C-D). These results
indicate that neuronal depolarization to initiate E-T coupling also induces Cay1.3 LTCC
clustering, inconsistent with our initial hypothesis.

Activated CaMKII assembles complexes containing multiple Cay1.3 LTCCs

Recruitment of activated CaMKII by the N-terminal domain of Cay1.3 LTCC al subunits is
required for E-T coupling (Wheeler et al. 2012; Ma et al. 2014; Wang et al. 2017). Therefore, we
tested the hypothesis that activated CaMKII holoenzymes might play a role in Cay1.3 LTCC
clustering by simultaneously binding to multiple al subunits. Lysates of HEK293 cells co-
expressing iHA- and mCherry-tagged Cav1.3 al subunits, the FLAG-tagged 32a or B3 subunit
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and the a26 subunit, with or without CaMKIlla, were immunoprecipitated using an antibody to
the HA epitope. Under standard lysate conditions (with EDTA present: termed basal), the HA
antibody co-immunoprecipitated either of the FLAG-tagged B subunits, but negligible amounts
of the mCherry-tagged a1 subunit or CaMKlla. However, Ca%*/calmodulin addition to cell
lysates significantly increased the co-immunoprecipitation of mCherry-Cayv1.3 al subunit with
the HA-antibody, but only in the presence of co-expressed CaMKlla (Figure 2A-B). Notably,
significant amounts of CaMKlla co-immunoprecipitated with iHA-Cav1.3 only following the
addition of Ca?*/calmodulin. These data indicate that CaMKII activation can promote not only
CaMKlla association with Cayv1.3, as previously observed, but also the assembly of complexes
containing multiple Cay1.3 al subunits.

Prior studies found that activated CaMKIlla also binds to the LTCC 31 and 2a subunits, but not
to B3 or B4 subunits (Grueter et al. 2008; Abiria & Colbran 2010). We found that co-expression
of FLAG-B2a substantially enhanced the co-immunoprecipitation of mCherry-Cay1.3 and
CaMKlla with iHA-Cay1.3 in the presence of Ca?*/calmodulin relative to the amounts co-
immunoprecipitated with FLAG-B3 co-expression, even though the cells expressed higher levels
of FLAG-B3 than FLAG-B2a, as measured by the anti-FLAG immunoblot (Figure 2A-B). These
data indicate that f2a subunits can further enhance the assembly of complexes containing
activated CaMKIl and multiple Cay1.3 al subunits.

Requirements for CaMKIl-dependent Cay1.3 complex assembly

To determine whether both Ca?* and calmodulin are required for CaMKlla-dependent
formation of multimeric Cayv1.3 complexes, we tested whether Ca?* alone or calmodulin alone
would support complex formation in HEK cell lysates using the co-immunoprecipitation assay.
Consistent with Figure 2A, negligible levels of mCherry-Cay1.3 associated with iHA-Cay1.3 in the
absence of CaMKlla under any conditions. Moreover, in contrast to the effect of adding both
Ca?* and calmodulin, neither Ca%* nor calmodulin alone enhanced the co-immunoprecipitation
of mCherry-Cav1.3 with iHA-Cay1.3, even in the presence of CaMKlla (Figure 3A-B). A similar
result was obtained in the presence of FLAG-B3 (Figure S1). To further investigate the
Ca?*/calmodulin requirement, we tested the effects of calmidazolium (50 pM), a widely used
calmodulin antagonist, on co-immunoprecipitations from HEK293T cell lysates containing iHA-
Cavl.3, mCherry-Cayl1.3, 026, FLAG-B2a, and CaMKlla (Figure S2A). Calmidazolium essentially
abrogated the Ca?*/calmodulin-dependent association of mCherry-Cay1.3 and CaMKlla with
iHA-Cav1.3 (Figure S2B). Taken together, these data indicate that the combined actions of both
Ca?* and calmodulin are required for CaMKlla-dependent formation of multimeric Cay1.3
complexes.

CaMKIl-dependent assembly of multi-Cay1.3 complexes in the presence of Shank3

We previously reported that basal Shank3-dependent assembly of multimeric Cav1.3 complexes
is disrupted by Ca%*/calmodulin (Yang et al. 2023). Therefore, we investigated the impact of
Shank3 on Ca?*/calmodulin- and CaMKII-dependent assembly of Cay1.3 complexes. Lysates of
HEK293T cells co-expressing iHA-Cav1.3, mCherry-Cav1.3, a2, and FLAG-B2a with CaMKlla or
GFP-Shank3, or both CaMKIlla and GFP-Shank3, were immunoprecipitated using HA antibodies
under basal conditions (EDTA) or following Ca®*/calmodulin addition (Figure 4A). As seen
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previously, Shank3 alone associated with iHA-Cav1.3 enhancing co-immunoprecipitation of
mCherry-Cay1.3 al subunits under basal (EDTA) conditions, but not following Ca?*/calmodulin
addition (Yang et al. 2023). Conversely, CaMKlla co-expression enhanced the association of
mCherry-Cay1.3 and FLAG-B2a with iHA-Cay1.3 only after Ca?*/calmodulin addition, as seen in
Figure 2. However, in the presence of both CaMKlla and GFP-Shank3, substantially more
mCherry-Cay1.3 co-immunoprecipitated with iHA-Cay1.3 from basal (EDTA) cell lysates, even
though there were no significant changes in the levels of co-precipitated iHA-Cav1.3 or GFP-
Shank3 (relative to lysates lacking CaMKlla), and no significant co-precipitation of inactive
CaMKII (Figure 4B). Moreover, the addition of Ca?*/calmodulin to cell lysates containing
CaMKlla and GFP-Shank3 significantly increased the recruitment of CaMKlla into the iHA-Cav1.3
complex in parallel with an increased precipitation of iHA-Cay1.3 itself, but there was no further
increase in the levels of co-precipitated mCherry-Cay1.3. Moreover, similar levels of GFP-
Shank3 were present in iHA-Cav1.3 complexes in the presence of CaMKIlla. Notably, the ratio of
mCherry-Cay1.3 to iHA-Cay1.3 was significantly higher under both EDTA and Ca?*/calmodulin
conditions in the presence of both GFP-Shank3 and CaMKlla than it was under basal conditions
with GFP-Shank3 alone, or Ca?*/calmodulin conditions with CaMKlla alone (Figure 4). These
findings indicate that, in the presence of both Shank3 and CaMKlla, Shank3 is predominantly
responsible for the assembly of multi-Cay1.3 complexes under basal conditions, but that in the
presence of CaMKlla, Shank3 is retained following the addition of Ca?*/calmodulin, further
enhancing Cayv1.3 LTCC complex formation.

CaMKlla and Ca?* influx enhances plasma membrane Cay1.3 clustering in intact cells

We next tested the hypothesis that assembly of complexes containing multiple Cav1.3 al
subunits by activated CaMKII enhances the clustering of cell surface Cay1.3 LTCCs in intact
HEK293 cells. We co-expressed iHA-Cay1.3, a26, and FLAG-B2a subunits with or without wild
type CaMKlla. Cells were pre-incubated in a Ca%*-free HEPES buffer for 10 minutes and then in
HEPES buffer with or without BayK (10 uM), an LTCC agonist, in the presence or absence of 2.5
mM Ca?* for 5-10 minutes, prior to fixation and permeabilization. After immunolabeling for HA
and CaMKlla, we used total internal reflection fluorescence (TIRF) microscopy to detect
immunofluorescent labels residing within ~100 nm of the cover slip. As seen previously (Yang et
al. 2023), iHA-Cay1.3 was readily detected on, or near, the cell surface under all experimental
conditions (Figure 5A), and we quantified the intensity (Figure 5B) and density (Figure 5C) of the
puncta. In the absence of co-expressed CaMKlla, the addition of Ca?* and/or BayK had no
significant effect on the iHA-Cay1.3 puncta intensity. Co-expression of CaMKlla significantly, if
modestly, increased the puncta intensity in the absence of Ca?* and/or BayK. However,
inclusion of both Ca?* and BayK significantly increased the iHA-Cay1.3 puncta intensity.
Moreover, CaMKlla co-expression modesty reduced iHA-Cav1.3 cluster density independent of
the cell treatment conditions (Figures 5 and S3). These data indicate that Ca?* influx via Cay1.3
LTCCs induces Cav1.3 al subunit clustering in the plasma membrane of intact HEK293 cells via a
CaMKIIl-dependent mechanism.

To further investigate the requirements for CaMKII- and Ca?*/BayK-dependent increases in iHA-
Cavl.3 puncta intensity in the plasma membrane, we co-expressed of iHA-Cay1.3 LTCCs with
either WT CaMKlla (CaMKII-WT) or a V102E CaMKlla mutant (CaMKII-V102E), which selectively
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disrupts binding to the N-terminal domain of Cay1.3 al subunits (Wang et al. 2017). HEK293
cells were treated with either Ca?*-free HEPES buffer (0 Ca?*) or HEPES buffer supplemented
with 2.5 mM Ca?* and BayK (Figures 6 and S4). As seen in Figure 5, in the presence of CaMKII-
WT the intensity of surface-localized iHA-Cay1.3 clusters was significantly increased following
Ca?*/BayK incubation, in parallel with a decrease in cluster density (Figures 6B, S4A, and S4B).
However, Ca?*/BayK-induced changes in iHA-Cay1.3 clustering were not observed in cells
expressing the CaMKII-V102E mutant. Concurrently, we assessed CaMKlla colocalization with
iHA-Cav1.3 using the ICQ method (Figures 6B and S4C). Under basal conditions, ICQ scores for
cells co-expressing CaMKII-WT (~0.25) and CaMKII-V102E (~0.23) were similar. However,
following the Ca?*/BayK incubation, there was a significant increase of the ICQ score in cells
expressing CaMKII-WT (~0.31), that was not detected in cells co-expressing CaMKII-V102E.
Taken together, these findings indicate that binding of activated CaMKII to the Cav1.3 N-
terminal domain is required for Cay1.3 clustering in the plasma membrane of HEK293 cells.

Activity-dependent clustering of Cay1.3 in hippocampal neurons requires endogenous CaMKiII
To test the role of CaMKIl in neuronal Cav1.3 LTCC clustering, we transfected hippocampal
neurons at DIV14 to express Cayl.3 tagged with an extracellular HA epitope (sHA-Cav1.3) and
FLAG-B2a with either a nonsense shRNA (nssh) or specific shRNAs targeting CaMKlla and
CaMKIIB (CaMKIl-sh) (both with a soluble GFP marker). Neurons expressing control nssh
contained somatic and dendritic pools of CaMKIl, with no significant change in intensity
compared to adjacent non-transfected neurons (Figure S5A-B). In contrast, the intensity of
CaMKIl staining in neurons expressing the CaMKII-sh was significantly reduced by about 77%
relative to nearby non-transfected neurons (Figure S5B-B’). Thus, the shRNAs effectively
suppressed CaMKIl expression under the current experimental conditions.

To assess the biological impact of sHA-Cay1.3 over-expression in neurons and confirm the role
of CaMKII under these conditions, we depolarized neurons using 40mM KCl for 90 seconds (as
in Figure 1A), fixed the neurons and then labeled surface-localized sHA-Cay1.3. Neurons were
then permeabilized and labeled for Ser133 phosphorylation of CREB (pCREB) (Figure 7A). The
depolarization of neurons expressing sHA-Cay1.3 with control nssh shRNA robustly increased
CREB phosphorylation, and to a slightly, but significantly, greater extent compared to nearby
non-transfected neurons (Figures 7B and S6A). However, depolarization of neurons expressing
sHA-Cav1.3 and the CaMKII-sh shRNA resulted in significantly ~43% lower levels of nuclear CREB
phosphorylation compared to nearby non-transfected neurons (Figures 7C and S6B). Taken
together, these data indicate that E-T coupling in DIV21 neurons overexpressing sHA-Cav1.3
was partially CaMKII-dependent, as seen in DIV14 neurons expressing only endogenous LTCCs
(Wheeler et al. 2008; Wang et al. 2017).

Next, we collected super-resolution images of surface-expressed sHA-Cay1.3 LTCCs using the
Airyscan mode of a Zeiss LSM880 microscope and quantified sHA-Cayv1.3 puncta intensity and
density with or without neuronal depolarization (Wu & Hammer 2021; Yang et al. 2023). In
neurons expressing control nssh shRNA, depolarization significantly increased sHA-Cay1.3
puncta intensity in both the soma and dendrites compared to 5K treatment (Figure 8A-C),
consistent with changes in total iHA-Cav1.3 puncta observed in Figure 1B. However, in neurons
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expressing CaMKII-sh shRNA, depolarization resulted in a significant decrease in sHA-Cav1.3
puncta intensity in both the soma and dendrites (Figure 8D-F). There was no significant effect of
depolarization on the density of somatic or dendritic puncta with or without CaMKIIl knockdown
(Figure 8B-C and 8E-F). Taken together, these data indicate that CaMKIl is important for
increased clustering of surface localized Cay1.3 LTCCs following a brief depolarization under
conditions that initiate E-T coupling.

CaMKII-dependent clustering of neuronal Cay1.2 following depolarization

We previously showed that the N-terminal domain of the closely related Cay1.2 LTCC al
subunit also contains a conserved CaMKII-binding motif that binds activated CaMKIl (Wang et
al. 2017). Therefore, we tested the hypothesis that depolarization also regulates the surface
distribution of sHA-Cay1.2 al subunits using a similar approach (Figure 9). In neurons
expressing the control nssh shRNA, depolarization significantly increased the intensity of sHA-
Cavl.2 puncta in both the soma and dendrites, without affecting puncta density (Figure 9B-C).
However, puncta intensity was significantly decreased in the soma, but not the dendrites of
neurons expressing CaMKIll-sh shRNAs following depolarization (Figure 9E-F). Depolarization
also increased sHA-Cay1.2 puncta density in the soma, but not the dendrites, of CaMKlI-sh-
expressing neurons. Taken together, these data show that neuronal depolarization induces a
CaMKIlI-dependent increase in the clustering of Cav1.2 LTCCs, similar that observed for Cav1.3.

CaMKII-dependent assembly of Cay1.2-Cay1.3 complexes in vitro.

Since activated CaMKlla can assemble complexes containing multiple Cay1.3 al subunits, and
CaMKll is required for depolarization-induced Cav1.2 and Cay1.3 cluster formation in neurons,
we hypothesized that CaMKII can assemble protein complexes containing both Cay1.2 and
Cav1.3. To test this hypothesis, lysates of HEK293T cells co-expressing iHA-Cay1.3, GFP-Cay1.2,
a26, and FLAG-B2a with or without wild type CaMKlla were immunoprecipitated using an HA
antibody under basal conditions (with EDTA) or following Ca%*/calmodulin addition (Figure 10A).
Under basal conditions, minimal levels of GFP-Cay1.2 were detected in HA immune complexes
in the absence or presence of co-expressed CaMKlla. However, the addition of Ca?*/calmodulin
to lysates containing CaMKlla significantly increased the levels of GFP-Cay1.2, CaMKlla and
FLAG-B2a in the iHA-Cayv1.3 complex (Figure 10B). In lysates lacking CaMKlla, the addition of
Ca?*/calmodulin induced a small, but significant increase in the association of GFP-Cay1.2 with
iHA-Cay1.3. In a second series of experiments, we found that the CaMKlla-V102E mutation,
which disrupts CaMKIlla binding to both Cay1.3 and Cay1.2 (Figure S7), failed to support the
assembly of Cay1.2-Cav1.3 complexes in the presence of Ca?*/calmodulin (Figure 10C-D). Taken
together, these data support the hypothesis that direct interactions of the activated CaMKlla
catalytic domain with N-terminal domains of the LTCC a1l subunits can assemble complexes
containing Cay1.2 and Cav1.3 al subunits in vitro.

The colocalization of Cay1.3 and Cay1.2 LTCCs in cultured neurons

We next examined the potential co-clustering of Cav1.3 and Cay1.2 LTCCs in cultured
hippocampal neurons, and investigated the impact of knocking down CaMKII expression.
Neurons were co-transfected with sHA-Cay1.3, FLAG-B2a, and either nssh or CaMKII-sh at DIV
14, and after 7 days (DIV21) they were depolarized with 40mM KCl for 90 seconds and fixed.
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Immunostaining was performed for the sHA tag (without permeabilization) on Cay1.3 and
endogenous Cavl.2 (following permeabilization) (Figure 11A-B). Regions of interest (ROls) were
defined based on the sHA-Cav1.3 signal and the amount of endogenous Cay1.2 staining within
each ROl was quantified. The ratios of endogenous Cav1.2 intensity to sHA-Cayv1.3 intensity
within each ROl were quantified separately in the soma (Figure 11C and Supplemental Figure
S8A) and the dendrites (Figure 11D and Figure S8B). This approach allows us to quantify Cay1.2
signals derived predominantly from transfected neurons and not nearby non-transfected cells.
Thus, the intensity ratio is proportional to the degree of co-localization between Cay1.2 and
sHA-Cav1.3. We found that the eCay1.2/sHA-Cay1.3 staining ratio was relatively low in both the
soma and dendrites under basal (5K treatment) conditions (mean normalized to 1.0), and was
unaffected by CaMKIl knockdown. However, depolarization resulted in a significant increase in
the eCay1.2/sHA-Cay1.3 staining ratio in the soma and dendrites of neurons expressing nssh but
not following CaMKII knockdown. Since depolarization increases the clustering of both Cav1.3
and Cavl.2 individually, we interpret the depolarization-induced increased Cav1.2 to sHA-Cay1.3
staining ratio as representing co-clustering of Cay1.2 with sHA-Cay1.3. Furthermore, closer
qualitative examination of these images indicated that a subfraction of the endogenous Cav1.2
appeared to be localized to dendritic spines, whereas sHA-Cay1.3 staining, and the co-clustered
channels were mostly localized to dendritic shafts (Figure S9). Overall, these data demonstrate
that neuronal depolarization induces the plasma membrane co-clustering of Cay1.2 with Cav1.3
via a CaMKII-dependent mechanisms.

Discussion

This research provides novel insights into molecular mechanisms that contribute to clustering
neuronal LTCCs that are major initiators of E-T coupling. Using a series of co-
immunoprecipitation and fluorescence microscopy experiments, we found that CaMKI|
assembles homo- or hetero-meric Cay1.3 or Cay1.2 LTCC complexes in an activity dependent
manner in vitro and in the plasma membrane of HEK cells. This clustering is facilitated by co-
expression of the CaMKII-binding LTCC B2a subunit relative to the B3 subunit. Additionally,
clustering is disrupted by a V102E mutation within CaMKII catalytic domain. We found that
neuronal depolarization increased the clustering of both Cayv1.2 and Cay1.3, as well as the co-
clustering of these channels, and that shRNA-mediated knockdown of CaMKII expression
impaired (co-)clustering. Since these depolarization conditions increase nuclear CREB
phosphorylation and c-fos expression in neurons, and these increases are blocked by LTCC
antagonists or by disrupting CaMKII interactions with the LTCC, the current findings suggest
that CaMKII-dependent clustering of LTCCs is linked to E-T coupling.

Clustering of L-type Ca?* channels

It is well established that LTCCs have a propensity to form clusters in the plasma membrane.
These clusters can contain other ion channels and modulate action potentials in neurons and
neuroendocrine cells (Vivas et al. 2017; Cox 2014; Marcantoni et al. 2010; Vandael et al. 2010;
Plante et al. 2021). For example, neuronal plasma membrane clustering of Cay1.2 with voltage-
gated Kv2.1 potassium channels in the soma and proximal dendrites facilitates additional
interactions with ryanodine receptors (RyRs) in the endoplasmic reticulum membrane,
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facilitating Ca?* release from the endoplasmic reticulum (Vierra et al. 2019). Disruption of
Cav1.2-Ky2.1 clustering interferes with E-T coupling (Vierra et al. 2021). LTCCs can form clusters
containing an average of approximately eight al subunits in both adult ventricular myocytes
(Cav1.2) and cultured hippocampal neurons (Cay1.3) (Dixon et al. 2015; Moreno et al. 2016).
Notably, this clustering facilitates the functional coupling of Cay1.2 and Cay1.3s (isoform with a
short C-terminal domain), enhancing Ca?* influx following depolarization (Fallon et al. 2009;
Dixon et al. 2015; Moreno et al. 2016). Interaction of the two lobes of Ca?*/calmodulin with a1
subunit C-terminal domains appears to be important for this functional coupling (Moreno et al.
2016; Dixon et al. 2015). However, the Cay1.3, isoform used in the current studies, which
contains the full-length C-terminal domain including the Ca?*/calmodulin-binding site, forms
similar sized clusters but without any functional coupling. Taken together, these prior studies
indicate that the molecular basis for physical clustering and functional coupling of LTCCs
remains poorly understood.

Proteins that interact with the LTCC intracellular domains also may play a role in clustering,
particularly if these proteins dimerize or multimerize. For example, the PDZ domain of Shanks3,
a synaptic scaffolding protein, directly interacts with the C-terminal motif of Cay1.3. to facilitate
synaptic surface expression (Zhang et al. 2005; Zhang et al. 2006). Shank3 homo-multimerizes
via interactions between C-terminal SAM domains (Sheng & Kim 2000), and we recently
reported that Shank3 clusters multiple Cay1.3 LTCCs under basal (low Ca?*) conditions in vitro,
in HEK293 cells, and in cultured hippocampal neurons (Yang et al. 2023). However, knockdown
of Shank3 expression had no effect on the clustering of neuronal Cay1.2 LTCCs, which cannot
bind to the Shank3 PDZ domain. Interestingly, we found that Ca%*/calmodulin disrupts Shank3
dependent clustering of Cay1.3 in vitro and in HEK293 cells in parallel with the dissociation of
Shank3 from the complex (Yang et al. 2023), in contrast to our current findings showing
neuronal depolarization enhances LTCC clustering.

Activity-dependent clustering of LTCCs by CaMKIlI

CaMKIl was reported to interact with the C- and N-terminal domains of the LTCC Cay1.2 al
subunit to modulate their biophysical properties or intracellular trafficking, respectively
(Hudmon et al. 2005; Simms et al. 2015). We recently identified an “RKR” motif in the N-
terminus of the Cay1.3 al subunits that selectively binds to activated CaMKIl and showed that
this interaction is required for neuronal LTCC-dependent E-T coupling (Wang et al. 2017).
Notably, the RKR motif is conserved in the N-terminal domain of Cay1.2 but is not contained
within the N-terminal CaMKII-binding domain identified by Simms et al (2015). While reasons
for these discrepancies are unclear, the current data provide new insights into the role of
CaMKIl binding to N-terminal domains of both Cay1.2 and Cay1.3. A combination of in vitro co-
immunoprecipitation assays, fluorescence microscopy in heterologous cells, and shRNA-
knockdown of CaMKII expression in cultured hippocampal neurons revealed that activated
CaMKIl is responsible for clustering multiple Cay1.3 and/or Cay1.2 LTCCs in response to
neuronal depolarization. Notably, a V102E mutation in the catalytic domain of CaMKlla, which
disrupts interactions with the N-terminal domain RKR motif and interferes with E-T coupling,
prevents activity-dependent LTCC clustering. These data indicate that clustering is due to
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interactions of multiple activated CaMKII catalytic domains within a single CaMKII holoenzyme
with the N-terminal domains of distinct LTCC al subunits.

B2a subunit facilitate CaMKIl mediated LTCC clustering

Four variants of the B auxiliary subunits play unique roles in modulating the biophysical
properties of LTCCs and their trafficking to the plasma membrane (Buraei & Yang 2010; Dolphin
2003; Jarvis & Zamponi 2007). Our biochemical data indicate that LTCC B subunits may also
modulate CaMKII-dependent LTCC clustering. We previously reported that activated CaMKII
selectively binds to the B1 and B2a subunits, but not to B3 or B4 subunits (Grueter et al. 2008),
enhancing CaMKII association with Cay1.2 LTCCs (Abiria & Colbran 2010). Furthermore,
mutation of B2a to prevent CaMKIl binding also disrupts CaMKII-dependent facilitation of
Cav1.2 LTCCs in cardiomyocytes (Koval et al. 2010). Although the present biochemical studies
demonstrated the Ca%*/calmodulin and CaMKIl-dependent assembly of multi-LTCC complexes in
the presence of either f2a or B3 subunits, complex assembly was substantially enhanced with
B2a relative to B3 (Figure 2). It will be interesting to investigate the potential role of B2a
palmitoylation in LTCC (co-)clustering, since this modification has been show to enhance plasma
membrane targeting of Cav1.2 and Cay1.3 (Gao et al. 1999).

Modulation of LTCC clustering by Shank3

Shank3 also directly interacts with both Cay1.3 and activated CaMKII and disruption of either
the Shank3-Cav1.3 or the Shank3-CaMKIl interactions interferes with LTCC-mediated E-T
coupling in cultured hippocampal neurons (Perfitt et al. 2020). Moreover, we found that Shank3
enhances both the formation of multimeric Cay1.3 complexes under basal conditions in vitro,
and the clustering of Cav1.3 in HEK293 cells, but the formation of these Cav1.3
complexes/clusters is disrupted by Ca?*/calmodulin in vitro or by Ca?* influx via the LTCC in
HEK293 cells (Yang et al. 2023). Consistent with these observations we previously reported that
suppression of Shank3 expression in cultured hippocampal neurons decreased the basal
clustering of Cay1.3 LTCCs, but had no effect on basal clustering of Cay1.2 (which does not bind
to Shank3). Given these prior findings, we were initial surprised that depolarization enhanced
neuronal Cav1.3 clustering (Figure 1), leading us to uncover critical roles for CaMKIl in
depolarization-induced clustering of both Cay1.3 and Cav1.2 reported here. Moreover, we
found that the suppression of neuronal CaMKIl expression uncovered a significant
depolarization-induced decrease in Cayv1.3 clustering (Figure 8D-E), as might be predicted based
on our prior in vitro and HEK293 studies of the Cay1.3-Shank3 interaction. These observations
raise questions about the role of Shank3 in Cay1.3 clustering following depolarization, especially
in CaMKIl-expressing neurons.

Our in vitro experiments revealed that the formation of multimeric iHA-Cayv1.3 complexes under
basal conditions is surprisingly enhanced in the presence of both CaMKlla and Shank3
compared to the presence of either CaMKlla or Shank3 alone (Figure 4), even though inactive
CaMKlla is not associated with immunoprecipitated basal complexes in the presence or
absence of Shank3. Ca%*/calmodulin addition to cell lysates containing both CaMKlla and
Shank3 enhanced CaMKlla association with iHA-Cay1.3 complexes to a greater extent than
observed when only CaMKlla is present. Moreover, Shank3 remained associated with Cay1.3
complexes following the addition of Ca%*/calmodulin in the presence of CaMKIla, in contrast to
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the dissociation of Shank3 that was observed in the absence of CaMKlla. Taken together, these
observations indicate that Shank3 and CaMKIl have complex interacting roles in modulating the
formation of multimeric Cay1.3 complexes under basal conditions and following CaMKII
activation. However, the precise biochemical mechanisms underlying these effects are unclear
and further studies are required to more fully investigate cooperative roles of Shank3 and
CaMKIl in modulating LTCC clustering.

Potential roles of Cay1.2 and Cav1.3 co-clustering

As noted above, homomeric clustering of Cay1.2 and Cay1.3 al subunits enhances functional
coupling between the channels (Dixon et al. 2015; Moreno et al. 2016), and LTCC clustering
with other ion channels has important physiological roles (Vivas et al. 2017; Cox 2014;
Marcantoni et al. 2010; Vandael et al. 2010; Plante et al. 2021; Vierra et al. 2019; Vierra et al.
2021). Cay1.2 and Cay1.3 are the most closely homologous LTCC al subunits, and are co-
expressed at varying ratios in neurons across many brain regions (Striessnig et al. 2014), where
they appear to be preferentially localized to the soma, dendritic shafts, and dendritic spines
(Folci et al. 2018; Stanika et al. 2016). Under some conditions, E-T coupling is mediated by a
wave of dendritic LTCC activation, initiated at dendritic spines and propagating to the soma,
that appears to be independent of sodium channel activity (Wild et al. 2019). It is remarkable
that loading neurons with BAPTA to chelate intracellular Ca?* blocks LTCC-dependent E-T
coupling, but E-T coupling is preserved in neurons loaded with the slow Ca?* chelator, EGTA
(Deisseroth et al. 1996; Ma et al. 2012). These observations suggest that E-T coupling can be
initiated by Ca?* signaling events in a nanodomain in close proximity to the LTCC, that can be
blocked only by BAPTA, without requiring global Ca?* increases, that are blocked by both BAPTA
and EGTA. Subsequent studies showed that CaMKII recruitment to the LTCC Ca?* signaling
nanodomain is required to initiate E-T coupling (Wheeler et al. 2008; Ma et al. 2014; Wang et
al. 2017).

Cav1.2 and Cav1.3 are highly homologous, yet have distinct biophysical properties and can be
regulated via distinct mechanisms, yet it has proven challenging to identify unique physiological
roles for these two channels. Perhaps most significantly, Cay1.3 is more sensitive to membrane
depolarization than Cayl.2, presumably underlying previous observations that Cay1.3 channels
play a more dominant role in initiating neuronal E-T coupling in response to modest membrane
depolarization (20-45 mM KCl), whereas the generally more abundant Cay1.2 channels are
dominant only with more robust depolarization (90 mM KCl) (Zhang et al. 2006). The combined
use of transgenic mouse manipulations with administration of LTCC agonists or blockers in vivo
revealed important roles for both Cay1.3 and Cay1.2 in neuronal E-T coupling, although the two
channels have relatively dominant roles in E-T coupling in distinct brain regions (Hetzenauer et
al. 2006). Our studies found that a brief (90 s) modest (40 mM KCI) depolarization that initiates
E-T coupling increases endogenous Cavl.2 co-localization with over-expressed plasma
membrane sHA-Cay1.3 in hippocampal neurons. Although we could not differentiate surface
expressed vs. intracellular pools of endogenous Cayv1.2 in the co-clusters, these data suggest
that Cavl1.3 and Cay1.2 channels may “collaborate” to regulate downstream signaling under
some circumstances.
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We posit that co-clustering facilitates the collaboration of Cay1.3-Cay1.2 channels to initiate E-T
coupling. We suggest that more modest (physiological) depolarizing stimuli selectively activate
Cav1.3 (since it is a more sensitive voltage-sensor) to trigger an initial influx of Ca%*. This Ca?*
influx activates CaMKII, resulting in its recruitment to an initial Cay1.3 LTCC nanodomain that
reinforces CaMKII activation. Activated dodecameric holoenzymes bound to Cay1.3 then serve
as scaffolding proteins to recruit Cay1.2, forming multimeric Cay1.2-Cav1.3 co-clusters. LTCC
activation within the larger LTCC co-cluster would create more substantial Ca%* signals (higher
concentrations and/or larger spread) that might be required to initiate transmission of a long-
range signal from dendrites to the nucleus to activate transcriptional responses (Figure 12).
Clearly, much more work will be needed to test various aspects of this proposed model.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER or
GENBANKACCESSION#

Antibodies

Rabbit anti-Phospho-CREB Cell Signaling Cat# 9198

(Ser133) (87G3)

rabbit monoclonal anti-HA Cell Signaling Cat# 3724S

(C29F4)

mouse monoclonal anti-HA.11 BioLegend Cat# 901502

mouse monoclonal anti-mCherry | Novus Biologicals Cat# NBP-96752

(1¢51)

mouse monoclonal anti-Flag M2 | Sigma Cat# F3165
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mouse monoclonal anti-CaMKlla | Invitrogen Cat# MA1-048
(6G9)

p-CaMKlla (Thr 286)-R Santa Cruz Cat# sc-12886-R
rabbit monoclonal anti-Shank3 Cell Signaling Cat# 64555

(D5K6R)

mouse anti-GFP (clone 1C9A5)

Vanderbilt Antibody and Protein Resource

rabbit anti-GFP

Invitrogen Cat# A11122

mouse anti-CaV1.2

Almone Cat#t ACC003

IR dye-conjugated donkey anti-
mouse 800CW

LI-COR Biosciences Cat# 926-32212

IR dye-conjugated donkey anti-
rabbit 680LT

LI-COR Biosciences Cat# 926-68023

donkey anti-mouse Alexa Fluor

Thermo Fisher Cat#t A-31571

647 Scientific
donkey anti-mouse Alexa Fluor Thermo Fisher Cat# A-10036
546 Scientific

donkey anti-mouse Alexa Fluor
488

Thermo Fisher Scientific

donkey anti-rabbit Alexa Fluor
647

Thermo Fisher Scientific

donkey anti-rabbit Alexa Fluor

Thermo Fisher Cat#t A-10040

546 Scientific
Purified proteins

calmodulin homemade
CaMKlla homemade

DNA constructs

CaVvl.3al

Rattus norvegicus AF370010

PCGNH (N-terminal HA tag)

(X. Wang et al., 2017)

pmCherry-C1

Xiaohan Wang created in the lab (X. Wang et al., 2017)

PCGNO (external HA tag)

This construct was created according to (Altier et al.,
2002)

CaV a26 Oryctolagus cuniculus ‘ M21948
pCDNA (X. Wang et al., 2017)

CaV B3 Rattus norvegicus | M88751
pCMV-Flag (X. Wang et al., 2017)

CaV B2a Rattus norvegicus ‘ M80545
pCMV-Flag (X. Wang et al., 2017)

CaMKlla (WT and V102E) Mus musculus ‘ X14836.1

pCDNA

(X. Wang et al., 2017)
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Shank3 Rattus norvegicus ‘ a gift from Dr. Craig Garner
EGFP-C1 (Perfitt et al., 2020)

Cavl.2 al Rattus norvegicus a gift from Dr. Gerald Zamponi
EGFP-C1 Xiaohan Wang created

in the lab

PCGNO (external HA tag)*

Xiaohan Wang created i

n the lab

pLL3.7 (construct expressing
shRNA)

(Dittgen et al., 2004)

a gift from Dr. Luk Van Parijs

Nonsense shRNA

(Boudkkazi et al.,
2014)

5-TCGCTTGGGCGAGAGTAAG-3’

CaMKlla shRNA

(Wheeler et al., 2008)

5'-GAATGATGGCGTGAAGGAA-3'

CaMKIIB shRNA

(Wheeler et al., 2008)

5'-GAGTATGCAGCTAAGATCA-3'

Chemicals

TTX TOCRIS Cat# 1078
CNQX TOCRIS Cat# 1045
APV TOCRIS Cat# 0106
Bay K8644 TOCRIS Cat# 1544
DMSO Sigma D8418
Calmidazolium chloride TOCRIS Cat# 2561
Cell lines

Human: HEK293T ATCC CRL-3216
Human: HEK293 ATCC CRL-1573

*After these studies were mostly completed, we detected a mutation in the cDNA encoding
sHA-CaV1.2 which results in a Lys2055 mutation to Asn, 86 amino acids away from the C-

terminus.
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Figures and legends

Figure 1. Activity-dependent regulation of dendritic Cayv1.3 clustering in hippocampal
neurons.

A) Schematic of neuronal transfection and experimental protocols. Rat primary hippocampal
neurons were co-transfected with N-terminal intracellular HA-tagged Cav1.3 al subunit (iHA-
Cavl.3) and FLAG-B2a at 14 days in vitro (DIV 14). At DIV 21, neurons were pre-incubated in 5K
Tyrode’s solution for 2 h and then stimulated for 90 s with either 5K or 40K Tyrode’s solution.
Neurons were immediately fixed, permeabilized and stained as described below. Detailed
methods are provided in the Methods section.

B) Representative images of pCREB and DAPI staining in the soma. Scale bar, 10 um.

C) Representative images of iHA-Cay1.3 staining in whole neurons (above) and dendrites
(bottom) after 5K or 40K treatment. Scale bar, 20 um for whole cells and 10 um for enlarged
dendrites.

D) Quantification of relative iHA-Cay1.3 cluster density and cluster intensity, respectively, in
dendrites of n = 22 (5K) or 19 (40K) neurons from three independent cultures. Statistical
analysis performed using an unpaired t-test.
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Figure 2. CaMKlla-dependent assembly of Cay1.3 complexes after adding Ca?*/CaM to
HEK293T cell lysate.

A) Representative iHA, mCherry, CaMKIl, and FLAG immunoblots in the input and anti-HA
immunoprecipitations (IPs) from soluble fractions of HEK293T cells co-expressing iHA-Cay1.3,
mCherry-Cav1.3, a26, FLAG-B3 or -f2a subunits, with or without CaMKIla. Duplicate aliquots of
the same lysates were immunoprecipitated with no further additions (EDTA) or following
addition of Ca?*/calmodulin (Ca?*/CaM). Immunoblots were from the same replicate and
images for each protein were collected from the same gel/blot using identical detection
sensitivity.

B) Quantification of iHA-Cay1.3 and mCherry-Cay1.3 signals in HA-immune complexes from four
independent transfection replicates. For each replicate, iHA-Cay1.3 signals in the IP lanes were
normalized to the corresponding input (iHA-Cav1.3/input); mCherry-Cay1.3 signals were
normalized to iHA-Cav1.3 in the corresponding lane (mCh/iHA-Cay1.3). Ratios within each
replicate were then normalized to the “Ca?*/calmodulin/B2a + CaMKIl” condition to allow
pooling of the data from all replicates. Statistical analysis: two-way ANOVA with Siddk's post
hoc test.
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Figure 3. CaMKII-dependent assembly of Cay1.3/B2a complexes requires the addition of both
Ca?* and calmodulin.

A) Representative iHA, mCherry, FLAG-B2a, and CaMKIl immunoblots in the input and anti-HA
IPs from soluble fractions of HEK293T cells co-expressing iHA-Cay1.3, mCherry-Cay1.3, a2§, and
FLAG-B2a subunits, with or without CaMKII. Aliquots of the same lysates were supplemented
with the addition of nothing, Ca?* alone, calmodulin alone, or both Ca%* and calmodulin.

B) Quantification of iHA-Cay1.3 and mCherry-Cay1.3 signals in HA-immune complexes from
three independent transfection replicates. Immunoblot signals were normalized as described in
the legend to figure 2, relative to the Ca?*/calmodulin + CaMKIl condition within each replicate.
Statistical analysis: two-way ANOVA with Sidak's post hoc test (for comparisons without and
with CaMKII co-expression) or by Tukey’s post hoc test (for comparisons between four
conditions).
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Figure 4. CaMKII- and Ca?*/calmodulin-dependent assembly of Cay1.3/B2a complexes is
unaffected by Shank3.

A) Representative iHA, mCherry, FLAG, GFP, and CaMKIl immunoblots in the input and anti-HA
IPs from soluble fractions of HEK293T cells co-expressing iHA- and mCherry-Cay1.3, a26, and
FLAG-B2a subunits, along with GFP-Shank3/pcDNA or GFP/CaMKIl or GFP-Shank3/CaMKII. Half
of each lysate was supplemented with, Ca?*/calmodulin prior to immunoprecipitation.

B) Quantification of iHA- and mCherry-Cay1.3, CaMKIl, and GFP-Shank3 signals in HA-immune
complexes from four independent transfection replicates. Immunoblot signals were normalized
as described in the legend to figure 2, relative to the “Ca?*/calmodulin + GFP-Shank3 + CaMKII”
condition within each replicate. All data were analyzed using a two-way ANOVA followed by
Siddk's post hoc test (for comparisons without and with Ca*/calmodulin condition) or by
Tukey’s post hoc test (for comparisons of iHA and mCh signals between different transfection
conditions).
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Figure 5. Activity- and CaMKlla-dependent clustering of Cay1.3/B2a LTCCs in HEK 293 cells.
A) Representative iHA-Cay1.3, CaMKlla and merged TIRF microscope images of fixed HEK293
cells co-expressing iHA-Cav1.3, a26, and FLAG-B2a subunits, and either empty pCDNA vector or
CaMKilla. Cells were fixed after 5-10 minutes incubation with either no Ca?* or Ca?* buffer with
vehicle DMSO or BayK 8644 (BayK, 10 uM), as indicated (scale bar, 5 um).

B-C) Quantification of iHA-Cay1.3 puncta intensity (panel B) and density (panel C) from 8-13
cells per condition from 4 independent transfection (pCDNA: n = 43 for DMSO, 43 for BayK, 40
for Ca?*+DMSO, 45 for Ca?*+BayK; CaMKIl: n = 50 for DMSO, 42 for BayK, 45 for Ca?>*+DMSO, 47
for Ca?*+BayK). Data within each replicate were normalized to the mean of values in the
absence of Ca?* and BayK 8644. Statistical analyses: two-way ANOVA followed by Sidak's (for
comparisons between pCDNA and CaMKIl) or Tukey’s (for comparisons between different
conditions) post hoc tests.
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Figure 6. Cay1.3/B2a LTCC clustering: influence of CaMKII-al subunit interaction.

A) Representative TIRF images of iHA-Cay1.3 and CaMKIl in fixed HEK293 cells co-expressing
iHA-Cav1.3, a26, and FLAG-B2a subunits, with wildtype CaMKII (WT) or CaMKII V102E mutant
(V102E). Cells were incubated for approximately 5 min with zero Ca*(0 Ca?*) or 2.5 mM Ca**
and 10 uM BayK 8644 (Ca?*+BayK) prior to fixation. Scale bar, 5 um.

B) Quantification of iHA-Cay1.3 puncta intensity and density, as well as colocalization between
iHA-Cav1.3 and CaMKII, respectively from three independent transfections. Data derived from n
=30 (0 Ca?*) and 32 (Ca?*+BayK) cells expressing WT CaMKII, and n = 26 (0 Ca?*) and 30
(Ca?*+BayK) cells expressing V102E CaMKII. The iHA puncta staining intensity and density values
were normalized to the mean WT value in the absence of Ca?* and BayK 8644 within each
replicate. Statistical analysis: two-way ANOVA with Sidak's post hoc test.
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Figure 7. CaMKIl is required for depolarization-induced CREB Ser133 phosphorylation in
neurons over-expressing sHA-Cav1.3.

Primary rat hippocampal neurons (DIV 14) expressing Cay1.3 with an extracellular HA tag (sHA-
Cav1.3) and FLAG-B3 or -B2a with either GFP-nonsense shRNA (nssh) or GFP-CaMKlla
shRNA/CaMKIIB-shRNA (CaMKIlI-sh) were incubated for 90 s with 40K/5K at DIV 21 and fixed
(see Figure 1). Neurons were immunostained for the HA tag without permeabilization and then
permeabilized for staining for DAPI and pCREB (see methods). Images were collected using
confocal microscopy.

A) Representative images of pCREB, DAPI, sHA, and GFP in neurons without (NT) or with
transfection (nssh or CaMKII-sh). Scale bar, 5 um.

B) Quantification of pCREB signal after 5K or 40K treatment in neurons with or without nssh
expression (NT: n = 129 for 5K and 141 for 40K; nssh: n = 41 for 5K and 40 for 40K).

C) Quantification of pCREB signal after 5K or 40K treatment in neurons with or without CaMKII-
sh expression (NT: n = 113 for 5K and 204 for 40K; nssh: n = 41 for 5K and 50 for 40K).

Data were collected from four independent transfections and normalized to the mean for non-
transfected neurons following the 40K incubation within each replicate. Statistical analyses:
two-way ANOVA with Tukey’s post hoc test.

A

pCREB
DAPI
sHA-Ca 1.3
GFP-sh
Stimulation:
B NT <0.0001
nssh CaMKil-sh ) 5001 <0.0001
I 10 1
2 41 <0.0001 2 47
‘n 1 i)
S 34 <0.0001 0.0006 S 34
el i
j= I I 1 =
m 2 m 24
y ° y °
Q 1= —— - Q 14 —a——
a a
e e 3
= 0 b= 0 e A
K K
[] [}]
o .4 T T o . T



https://doi.org/10.1101/2025.01.08.631979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.08.631979; this version posted January 9, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 8. Depolarization-induced Cayl.3 clustering in hippocampal neurons is disrupted by
CaMKIl knockdown.

Primary rat hippocampal neurons expressing sHA-Cay1.3 and FLAG-B2a with either GFP-nssh or
GFP-CaMKiII-sh (DIV 21) were incubated for 90 s with 40K or 5K and then fixed (see Figure 1).
Neurons were immunostained for HA prior to permeabilization and then permeabilized for
endogenous CaMKIl immunostaining (eCaMKIl) (see methods). Images collected using Airyscan
super-resolution confocal microscopy.

A) Representative images of sHA and CaMKII staining in soma and dendrites of neurons
expressing GFP-nssh. Scale bar, 5 um.

B-C) Quantification of sHA-Cay1.3 cluster intensity and density in soma (B) and dendrites (C)of n
=41 (5K) and 33 (40K) GFP-nssh expressing neurons.

D) Representative images of sHA and CaMKII staining in soma and dendrites of neurons
expressing GFP-CaMKII-sh. Scale bar, 5 um.

E-F) Quantification of sHA-Cay1.3 cluster intensity and density in soma (n = 34 (5K) and 28
(40K)) (E) and Dendrites (n = 33 (5K) and 27 (40K) (F) of neurons expressing GFP-CaMKII-sh.
Note that we detected only two secondary dendrites in one neuron in each condition so only
the soma was analyzed.

Data were quantified from 5 independent cultures/transfections and normalized to the mean
for non-transfected neurons following the 5K incubation within each replicate. All statistical

comparisons used unpaired t-tests.
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Figure 9. Hippocampal neuron depolarization also increases Cay1.2 LTCCs clustering by a
CaMKIl-dependent mechanism.

Primary rat hippocampal neurons expressing sHA-Cay1.2 and FLAG-B2a with either GFP-nssh or
GFP-CaMKII-sh (DIV 21) were incubated for 90 s with 40K/5K and fixed (see Figure 1). Neurons
were immunostained for HA prior to permeabilization and then permeabilized for endogenous
CaMKIl immunostaining (eCaMKIl) (see methods). Images collected using Airyscan super-
resolution confocal microscopy.

A) Representative images of sHA and CaMKII staining in soma and dendrites of neurons
expressing GFP-nssh. Scale bar, 5 um.

B-C) Quantification of sHA-Cay1.2 cluster intensity and density in soma (Panel B) and dendrites
(Panel C) of n = 24 (5K) and 27 (40K) neurons expressing GFP-nssh.

D) Representative images of sHA and CaMKII staining in soma and dendrites of neurons
expressing GFP-CaMKllI-sh. Scale bar, 5 um.

E-F) Quantification of sHA-Cay1.2 cluster intensity and density in soma (panel E) and dendrites
(panel F) of n =27 (5K) and 24 (40K) neurons expressing GFP-CaMKII-sh.

Data were quantified from 3 independent cultures/transfections and normalized to the mean
for non-transfected neurons following the 5K incubation within each replicate. All statistical
comparisons used unpaired t-tests.
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Figure 10. CaMKlla- and Ca?*/calmodulin-dependent assembly of Cay1.2/Cav1.3 complexes in
HEK293T cell lysates.

A) Representative immunoblots of iHA, GFP, FLAG, and CaMKlla in the input and anti-HA IPs
from soluble fractions of HEK293T cells co-expressing iHA-Cay1.3, GFP-Cay1.2, a2, and FLAG-
B2a subunits, with or without CaMKlla, and without or with Ca?*/calmodulin addition.

B) Quantification of iHA-Cay1.3, GFP-Cayv1.2, FLAG-B2a, and CaMKlla signals in HA-immune
complexes from three independent transfection replicates. Immunoblot signals were
normalized as described in the legend to figure 2, relative to the Ca?*/calmodulin condition with
CaMKII co-expression.

C) Immunobilots illustrating representative signals of iHA, GFP, FLAG, and CaMKlla in the input
and anti-HA IPs from soluble fractions of HEK293T cells co-expressing iHA-Cay1.3, GFP-Cav1.2,
a28, FLAG-B2a subunits, and CaMKlla (WT or V102E mutant) without or with Ca%*/calmodulin
addition.

D) Quantification of iHA-Cay1.3 and GFP-Cay1.2 signals in HA-immune complexes from four
independent transfection replicates. Immunoblot signals were normalized as described in the
legend to figure 2, relative to the Ca%*/calmodulin condition with CaMKII-WT co-expression.

All statistical analyses used a two-way ANOVA with Sidk's post hoc test.
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Figure 11. Depolarization-induced Cay1.3-Cav1.2 co-clustering is CaMKIl-dependent in
hippocampal neurons.

Primary rat hippocampal neurons expressing sHA-Cay1.3 and FLAG-B2a with either GFP-nssh or
GFP-CaMKII-sh (DIV21) were incubated for 90 s with 40K/5K and fixed (see Figure 1). Neurons
were immunostained for HA prior to permeabilization for endogenous Cay1.2 (eCav1.2)
staining. Neurons were imaged using an Airyscan super-resolution confocal microscopy.

A and B) Representative images of sHA staining, eCay1.2 staining, and merged images in soma
(A) and on dendrites (B) of neurons expressing GFP-nssh or CaMKII-sh. Scale bar, 5 um.

C and D) ROIs were defined based on sHA staining in order to measure the ratio of normalized
eCayl.2 intensity to normalized sHA intensity in somatic (C) and dendritic (D) Quantification of
eCay1.2 staining within sHA-Cay1.3 ROIs (see methods) in neurons from four independent
transfected cultures. n = 20 (5K) and 21 (40K) neurons expressing nssh; n = 20 (5K) and 22 (40K)
neurons expressing CaMKIl-sh. Data were normalized to the average eCay1.2/sHA-Cay1.3 ratio
in nssh neurons with 5K treatment for each transfection. Statistical analysis: two-way ANOVA
with Sidak's post hoc test.
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Figure 12. Proposed model for Ca?*-induced CaMKIl mediated co-clustering of Cay1.3 and
Cav1.2 in nanodomains.

Cavl.3 and Cay1.2 LTCCs are organized in separate clusters in the plasma membrane of
hippocampal neurons at hyperpolarized membrane potentials, but the clusters contain a
relatively small number of Cay1.3 and Cay1.2 LTCCs. Cayl.3 is selectively activated by weaker
membrane depolarization and the initial Ca?*influx activates CaMKII, recruiting it to Cay1.3 to
enlarge the clusters. This amplifies activation of CaMKIl dodecameric holoenzyme to serve as a
scaffolding protein that nucleates the assembly of multimeric Cay1.2-Cay1.3 co-clusters. The
collective Ca?* influx through clustered LTCCs creates a local Ca?* nanodomain (yellow gradient)
that initiates LTCC-dependent E-T coupling.
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