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Abstract

Ankyrin B (AnkB) is an adaptor and scaffold for motor proteins and various ion channels that is ubiquitously
expressed, including in the brain. AnkB has been associated with neurological disorders such as epilepsy and
autism spectrum disorder, but understanding of the underlying mechanisms is limited. Cav2.1, the pore-forming
subunit of P/Q type voltage gated calcium channels, is a known interactor of AnkB and plays a crucial role in
neuronal function. Here we report that wildtype AnkB increased overall Cav2.1 levels without impacting surface
Cav2.1 levels in HEK293T cells. An AnkB variant, p.S646F, which we recently discovered to be associated with
seizures, further increased overall Cav2.1 levels, again with no impact on surface Cav2.1 levels. AnkB p.Q879R, on the
other hand, increased surface Cav2.1 levels in the presence of accessory subunits α2δ1 and β4. Additionally, AnkB
p.E1458G decreased surface Cav2.1 irrespective of the presence of accessory subunits. In addition, we found that
partial deletion of AnkB in cortex resulted in a decrease in overall Cav2.1 levels, with no change to the levels of
Cav2.1 detected in synaptosome fractions. Our work suggests that depending on the particular variant, AnkB
regulates intracellular and surface Cav2.1. Notably, expression of the AnkB variant associated with seizure (AnkB
p.S646F) caused further increase in intracellular Cav2.1 levels above that of even wildtype AnkB. These novel
findings have important implications for understanding the role of AnkB and Cav2.1 in the regulation of neuronal
function in health and disease.
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Introduction
Ankyrin B (AnkB) is a scaffolding adaptor protein that
plays a variety of roles in multiple systems including the
brain, heart, and pancreas [1–6]. In neurons, it acts as
an adaptor for the dynactin complex and phosphoinosi-
tide 3-phosphate vesicles, and serves as a scaffold for
multiple ion channels including Na+/K+ ATPase (NKA),
Na+/Ca2+ exchanger type 1 (NCX1), inositol-trisphos-
phate receptor type 1 (IP3R), and T-type voltage gated
calcium channels (VGCC) to the spectrin cytoskeleton
network [7–10]. In humans, AnkB variants can lead to
AnkB syndrome, which is characterized by a spectrum
of cardiac dysfunction [11, 12]. AnkB has also been

associated with neurological disorders such as autism
spectrum disorder and epilepsy [13–15]. A recent study
by our group identified a genetic variant resulting in an
amino acid substitution in the membrane binding do-
main, AnkB p.S646F, which is associated with seizures in
addition to cardiac symptoms [16]. The putative molecu-
lar and cellular mechanisms underlying neurological
symptoms associated with AnkB variants are unknown.
AnkB interacts with Cav2.1, the pore-forming subunit

of P/Q type VGCCs, in brain tissues isolated from adult
mice [17]. Cav2.1 is detected pre- and post- synaptically,
with multiple isoforms (ranging from 160 to 230 kDa, in-
cluding a 190 kDa dominant isoform) expressed in brain
[18, 19]. Cav2.1 plays a role in calcium-triggered neuro-
transmitter release at the presynaptic membrane, where
it interacts with vesicle fusion machinery proteins, such
as syntaxin 1A [20–22]. Cav2.1 is also found at the
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postsynaptic density where it interacts with AMPA re-
ceptors [23]. Additionally, Cav2.1 is present on intracel-
lular membranes and is crucial for the fusion of
lysosomes to endosomes and autophagosomes [24].
Cav2.1 loss of function mutations lead to several disor-
ders, including episodic ataxia as well as cognitive im-
pairment and epilepsy [25, 26]. In contrast, Cav2.1 gain-
of-function is associated with forms of familial migraine
[27]. In summary, Cav2.1 plays an important role in
maintaining proper neurological function.
Considering the interaction between Cav2.1 and AnkB

and the overlap in neurological disorders caused by vari-
ants in their respective genes, we explored the relation-
ship between Cav2.1 and AnkB at the subcellular level
using transient expression in HEK293T cells and AnkB
cortex-specific (Emx1-Cre) heterozygous knockout mice.
We found that AnkB and AnkB p.S646F increased over-
all Cav2.1 expression levels, but did not affect surface
Cav2.1 levels in HEK293T cells. Conversely, AnkB
p.Q879R increased surface Cav2.1 levels in the presence
of accessory subunits α2δ1 and β4, while AnkB p.E1458G
decreased surface Cav2.1 in the absence and presence of
accessory subunits. In cortical tissues from juvenile mice
(postnatal day 30), AnkB KO led to decreased overall
Cav2.1 expression levels but no change in synaptosome
fraction expression levels. Taken together, our work sug-
gests that AnkB and AnkB variants differentially main-
tain intracellular and surface pools of Cav2.1.

Methods
Plasmids
Wildtype ANK2 (NCBI accession number NM_
020977.3), subcloned into pAcGFP backbone, encodes
for the 220 kDa AnkB isoform. ANK2 c.1937C > T
(p.S646F), c.2636A > G (p.Q879R), and c.4373A > G
(p.E1458G) point mutations were created using Quik-
Change II site-directed mutagenesis (Agilent). Con-
structs were confirmed by DNA sequencing of the entire
coding region (Eurofins Genomics). CACNA1A (Cav2.1)
(NM_012918.3), CACNA2D1 (α2δ1) (NM_012919.3), and
CACNB4 (β4) (NM_001105733.1) in pcDNA3.1 plasmid
were a kind gift from Dr. Terry Snutch (University of
British Columbia) [28].

Cell culture and transfection
Human Embryonic Kidney 293 T (HEK293T) cells from
American Type Culture Collection were cultured in
Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 μg/mL streptomycin (all from Gibco/Thermo
Fisher Scientific). Cells were transfected with 7.5 mM
linear polyethylenamine (Polysciences) at a ratio of
1 μg of DNA to 10 μL of PEI, and collected 48 h post-
transfection.

Protein lysate and analysis
HEK293T were washed twice in PBS before addition of
cell lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1% IGEPAL CA-630, 5% glycerol) supplemented
with 10 μL/mL of protease inhibitor cocktail (Millipore
Sigma), 0.2 mM PMSF, and 10 μM sodium orthovana-
date. Whole cortex, whole hippocampus, and whole
cerebellum from C57BL/6 J mice were homogenized in
brain lysis buffer (9.1 mM Na2HPO4, 1.7 mM NaH2PO4,
150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate) with the same sup-
plements. Lysate was incubated on ice for 30 min and
then centrifuged at 12,000 rpm for 20min. Supernatants
were collected and used for analysis. HEK293T lysates
were mixed with sample buffer and reducing agents and
stored at -80 °C before running on SDS-PAGE gel. Brain
samples with sample buffer and reducing agents were
heated to 70 °C for 10 min. Either homemade SDS-PAGE
or TGX Stain-Free™ (Bio-Rad) gels was used and trans-
ferred overnight onto 0.2 μm pore-size PVDF membrane
(Bio-Rad) for Western blotting. Membranes were
blocked with 5% skim milk in PBS with 0.1% Tween-20,
and probed with primary antibodies. Blots were quanti-
fied using ImageJ (http://imagej.nih.gov/ij/).

GFP immunoprecipitation
GFP Dynabeads™ were prepared by adding 2.5 μg of
anti-GFP mouse monoclonal antibody (Roche/Millipore
Sigma) to 25 μL of Dynabeads™ Protein G (Invitrogen/
Thermo Fisher Scientific) in PBS-T (2.7 mM KCl, 10
mM NaH2PO4, 1.8 mM KH2PO4, 137 mM NaCl, 0.02%
Tween 20) and incubated at room temperature on a ro-
tator for 30 min. Beads were washed 2x in conjugation
buffer (20 mM sodium phosphate (pH 7.4), 150 mM
NaCl), cross-linked by resuspending in 5 mM of BS3

(Thermo Fisher Scientific) in conjugation buffer, and in-
cubated at room temperature on a rotator for 30 min.
Reaction was quenched by adding Tris-HCl (pH 7.5) to a
final concentration of 50 mM and incubated at room
temperature on a rotator for 15 min. Beads were washed
3x in PBS-T. HEK293T lysates were added to the
washed beads and incubated at 4 °C for 2 h on a rotator.
Beads were then washed 3x in cell lysis buffer, eluted in
1x sample buffer, and stored at -80 °C before running on
SDS-PAGE gel.

Endogenous immunoprecipitation
As with GFP immunoprecipitation, Dynabeads™ were
prepared by adding anti-AnkB antibody (Thermo Fisher
Scientific) or mIgG (Jackson ImmunoResearch) to Dyna-
beads™ at a ratio of 1 μg of antibody to 10 μL of dyna-
beads™. Mouse cortex was homogenized in IP buffer
(9.1 mM Na2HPO4, 1.7 mM NaH2PO4, 150 mM NaCl,
0.32M sucrose, 2 mM EDTA, 0.1% Triton X-100, 0.1%
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sodium deoxycholate, and 0.1% sodium dodecyl sulfate).
Cortex lysates were precleared by incubating with 75 μL
of mIgG-Dynabeads™ for 1 h at 4 °C on a rotator. Lysates
were removed from the mIgG-Dynabeads™ and added to
either 40 μL of AnkB- or mIgG- Dynabeads™ and incu-
bated for 2 h at 4 °C on a rotator. Beads were then
washed 3x with IP buffer, eluted with 1x sample buffer
with reducing agents and heated at 70 °C for 10 min be-
fore running on SDS-PAGE gel.

Cell surface biotinylation
Transfected HEK293T cells were washed twice with bio-
tinylation buffer (137 mM NaCl, 2.7 mM KCl, 1.8 mM
KH2PO4, 10 mM Na2HPO4, 0.5 mM MgCl2, 1 mM
CaCl2) and incubated in biontinylation buffer with and
without 0.25 mg/mL EZ-Link™ Sulfo-NHS-SS-Biotin
(Thermo Fisher Scientific) for 30 min at 4 °C on a
rocker. Biotinylation reaction was quenched by adding
glycine to the plate to a final concentration of 100 mM
(quenching buffer). Cells were then washed twice and
then incubated with quenching buffer for 15 min at 4 °C.
Cells were then lysed in TBS lysis buffer (50 mM Tris,
150 mM NaCl, 1% IGEPAL CA-630), incubated on ice
for 30 min, and spun at 12,000 rpm for 20min. Lysate
was preclear in 50 μL of iminobiotin agarose beads
(Pierce/Thermo Fisher Scientific) for 1 h at 4 °C on rota-
tor. Precleared lysate was then added to 50 μL of Neu-
trAvidin™ agarose beads (Pierce/Thermo Fisher
Scientific) for 2 h at 4 °C on rotator. Beads were then
washed 4x with TBS lysis buffer, 4x with high salt TBS
lysis buffer (50 mM Tris, 300mM NaCl, 1% IGEPAL
CA-630), and finally 2x in 50mM Tris. Beads were
eluted by incubating in 1x sample buffer with reducing
agents and stored at -80 °C before running on SDS-
PAGE.

Electrophysiology
Whole cell patch clamp recordings were performed 72 h
after transfection using an Axopatch 200B amplifier
linked to a computer with pCLAMP 9.2 software. Cur-
rents were recorded using the external solution (5 mM
BaCl2, 137.5 mM CsCl, 1 mM MgCl2, 10 mM HEPES
and 10 mM Glucose, pH 7.4) and internal pipette solu-
tion (130 mM CsCl, 2.5 mM MgCl2, 10 mM HEPES, 5
mM EGTA, 3mM ATP, 0.5 mM GTP, pH 7.4). The
current/voltage (I/V) relationship was obtained by apply-
ing 250 ms pulses from a holding potential of − 100 mV.
Test pulses ranged from − 50 mV to + 50 mV in 5mV
increments. Current density was determined by dividing
the peak current by whole cell capacitance and the I/V
currents were fitted with a modified Boltzmann equa-
tion: I = Gmax × (Vm −Vr)/(1 + exp.(−(Vm −V1/2)/k)),
where I is the peak current, Vm is the membrane poten-
tial, V1/2 is the voltage for half activation, Vr is the

reversal potential, and k is the slope factor. Data were
analyzed using the Clampfit 10.3 software (Molecular
Devices).

Experimental animals
The animal protocol was approved and the experiments
were performed in accordance to the ethical standards
set by the University of Victoria’s Animal Care Commit-
tee. AnkBflox/flox mice were a kind gift from Dr. Peter
Mohler (Ohio State University) and were back-crossed
in-house for 5 generations onto a C57BL/6 J background
(000664, The Jackson Laboratory) [29]. AnkBflox/wt were
crossed with Emx1IRES-cre (#005628, The Jackson La-
boratory) to generate control (CTL; AnkBwt/wt: Emx1IR-
ES-cre) and conditional heterozygous knockout
(AnkBglut+/−; AnkBflox/wt: Emx1IRES-cre) littermates. This
Emx1IRES-cre drives recombination only in cells that give
rise to excitatory neurons and glia of the cerebral cortex
and recombination has been shown to occur as early as
embryonic day 10.5 [30]. Emx1-Cre turns on in precur-
sors of glutamatergic neurons and glial cells (where
AnkB is also expressed; refer to the transcriptome data-
base for cerebral cortex cell by Zhang et al. [31]). Of
note, Cav2.1 and syntaxin 1A express at markedly higher
levels in neurons than in glial cells, although we still
cannot rule out the possibility of indirect effects on
neuronal Cav2.1 and syntaxin 1A through partial AnkB
KO in astrocytes. Male and female mice were used in
the present study; weaning was carried at postnatal day
21. All animals were housed under a 12-h light/dark
cycle with water and food ad libitum.

Synaptosome preparations
Synaptosomes were prepared as previously described
[32]. Briefly, P14 and P30 cortices were homogenized in
Syn-PER™ (Thermo Fisher Scientific) and a small frac-
tion was saved for analysis. The homogenate was spun
at 1200 g for 10 min. The supernatant was transferred to
a new tube and spun at 15,000 g for 20 min. The synap-
tosome pellet was washed by resuspending with Syn-
PER™ with 5% DMSO. Sample was stored at -80 °C until
needed. Frozen synaptosomes were thawed and spun
again at 15,000 g for 20 min. The pellet was then resus-
pended in Syn-PER™, mixed with sample buffer and re-
ducing agents, heated to 70 °C for 10 min, and analyzed
by SDS-PAGE.

Antibodies
Primary antibodies used included anti-Cav2.1 (1:500,
Alomone Labs), anti-GFP rabbit polyclonal (1:2000, Invi-
trogen/Thermo Fisher Scientific), anti-GAPDH (1:3000,
Novus Biologicals), anti-transferrin receptor (1:1000,
Invitrogen/Thermo Scientific), anti-CACNA2D1 (1:1000,
Abcam), anti-Cavβ4 (1:1000, Neuromab), anti-AnkB (1:
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500, Thermo Fisher Scientific), and anti-syntaxin 1A (1:
5000, Millipore Sigma). Secondary antibodies used in-
cluded horseradish peroxidase (HRP)-conjugated Affini-
Pure donkey anti-rabbit immunoglobulin and donkey
anti-mouse IgG (all at 1:4000; Jackson ImmunoResearch).

Statistical analysis
Bar graphs display means with standard error of the
mean. Analysis used either one-way or two way ANOVA
as appropriate. Corrections for multiple comparisons are
indicated in figure legends. Data was analyzed using
GraphPad Prism version 6.01, with significance denoted
as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001
(****).

Results
Wildtype AnkB and AnkB variants increase overall Cav2.1
expression levels in HEK293T cells
We first investigated the impact of AnkB expression on
overall Cav2.1 expression levels. We performed Western
blotting with lysates from HEK293T cells transiently co-
expressing Cav2.1 along with wildtype AnkB-GFP or
AnkB p.S646F, and two other AnkB variants, p.Q879R
and p.E1458G (Fig. 1a). The human variant AnkB
p.Q879R was selected for comparison, because the vari-
ant resides within the linker region required for proper
AnkB localization [33, 34]. In addition, AnkB p.E1458G
(referred to as E1425G in previous literature) was se-
lected for its well-characterized cardiac abnormalities as
well as loss of binding to NKA, NCX1, and IP3R [9, 35].
Overall Cav2.1 levels increased significantly in cells co-
expressing wildtype AnkB-GFP (Fig. 1aii). This effect of
AnkB on Cav2.1 levels was even greater in AnkB
p.S646F-expressing cells, and cells expressing the other
two variants revealed similar effects on Cav2.1 (albeit
with differences in statistical significance), suggesting
Cav2.1 levels are up-regulated by expression of AnkB as
well as its variants. It is important to note that wildtype
AnkB-GFP and AnkB-GFP variants were expressed at
similar levels (Fig. 1aiii).

AnkB variants do not alter AnkB-Cav2.1 binding affinity
To investigate whether the increase in overall Cav2.1 ex-
pression levels observed with AnkB variants was due to
changes in variant binding affinity, we immunoprecipi-
tated AnkB-GFP from HEK293T cells co-expressing
Cav2.1 and wildtype AnkB-GFP or an AnkB-GFP variant
(Fig. 1b). The quantity of Cav2.1 co-immunoprecipitating
with AnkB-GFP or its variants corresponded closely with
the overall expression levels in whole cell lysates. As such,
no significant differences in co-precipitation of Cav2.1 was
observed following normalization to Cav2.1 input levels
(Fig. 1bii), suggesting neither AnkB p.S646F nor any of the
other variants altered the AnkB-Cav2.1 binding affinity.

Wildtype AnkB and AnkB variants differentially impact
cell surface Cav2.1 levels
To determine if the increase in Cav2.1 expression by
AnkB led to an increase in cell surface expression, we
performed cell surface biotinylation in HEK293T cells
transiently expressing Cav2.1 and GFP control, wildtype,
or mutant AnkB-GFP. Although AnkB-GFP increased
overall Cav2.1 expression levels (Fig. 1a), surprisingly, it
did not impact surface Cav2.1 levels (Fig. 2a). Similarly,
AnkB p.S646F and AnkB p.Q879R had no significant ef-
fect on surface Cav2.1 levels. Conversely, AnkB
p.E1458G led to a slight decrease in surface Cav2.1
levels. In addition, we were able to capture cytoplasmic
proteins co-precipitating with surface proteins, including
a pool of surface-associated AnkB-GFP, by using a gentle
lysis buffer in our cell surface biotinylation protocol. We
detected a surface associated pool of wildtype AnkB-
GFP; however, none of the AnkB variants exhibited a
significant surface-associated pool.

AnkB variants modulate crosstalk between AnkB, Cav2.1,
and accessory subunits
Trafficking and regulation of Cav2.1 is affected by
accessory α2δ and β subunits, which affect expression
levels, ER exit, and surface localization of the pore-form-
ing Cav subunit [36, 37]. To determine if these accessory
subunits impact AnkB regulation of overall and surface
Cav2.1 expression levels, we performed surface biotinyl-
ation on HEK293T expressing AnkB, Cav2.1 as well as
α2δ1 and β4 (Fig. 3a). In the presence of α2δ1 and β4,
only wildtype AnkB increased overall Cav2.1 levels (Fig.
3aii). In addition, both overall α2δ1 and β4 levels were
dramatically increased in the presence of wildtype AnkB
and AnkB variants. Conversely, overall AnkB p.Q879R
and p.E1458G levels decreased in the presence of α2δ1
and β4. There was still no effect of wildtype AnkB or
AnkB p.S646F on surface Cav2.1 levels in the presence
of α2δ1 and β4, and AnkB p.E1458G continued to de-
crease surface Cav2.1 levels (Fig. 3aiii). Conversely, AnkB
p.Q879R increased Cav2.1 surface levels in the presence
of α2δ1 and β4. Moreover, α2δ1 and β4 expression pro-
moted surface-association of AnkB p.S646F and
p.Q879R variants, which did not occur in the absence of
accessory subunits. Furthermore, wildtype AnkB in-
creased α2δ1 surface levels, whereas AnkB variants did
not. Together these results suggest that AnkB variants
modulate crosstalk between AnkB, Cav2.1 and accessory
subunits.

AnkB and AnkB variants increase Cav2.1-based VGCC
peak current density
We next investigated the impact of wildtype AnkB and
AnkB variants on Cav2.1-based VGCC properties. We
measured peak current density using whole-cell patch
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clamp in HEK293T cells expressing wildtype AnkB-GFP
or AnkB-GFP variants along with Cav2.1, and accessory
subunits (α2δ1 and β4). Expression of wildtype AnkB and
AnkB variants all resulted in an increase in peak current
density, with the greatest increase by AnkB p.Q879R
(Fig. 4a). Neither wildtype nor mutant AnkB significantly
affected the voltage dependence of activation of Cav2.1
channels (Fig. 4b).

AnkB alters a non-synaptic pool of Cav2.1
To further investigate the role of AnkB in the regulation
of Cav2.1 expression in mouse brain, we first determined
their postnatal developmental expression profiles from
postnatal day 7 (P7) to P60 in wildtype mice (Fig. 5a). In
the cortex and hippocampus, both AnkB and Cav2.1 ex-
pression levels increased markedly between P7 and P14.
Conversely, in the cerebellum, AnkB levels increased

gradually over postnatal development, while Cav2.1
levels were high from P7 onwards. Cav2.1 is known to
interact with AnkB in adult mouse cortex [17]. To deter-
mine whether Cav2.1 and AnkB also interact during
early postnatal development, we immunoprecipitated
AnkB from P14 wildtype mouse cortex (Fig. 5b). Our re-
sults confirmed that AnkB interacts with Cav2.1 in P14
mouse cortex. We also examined syntaxin 1A, an im-
portant SNARE protein that interacts with the synaptic
protein interaction (synprint) site within the Cav2.1 II-
III linker which is also the locus of the AnkB interaction
[17, 20], and discovered that syntaxin 1A was also
immunoprecipitated by AnkB.
Based on the coordinated developmental increase in

AnkB and Cav2.1 levels and the early postnatal AnkB-
Cav2.1 interaction, we next investigated the impact of
AnkB KO on Cav2.1 levels in cortical tissue. To do this

Fig. 1 AnkB mutations increased expression of Cav2.1 without altering its binding affinity. (ai) Representative Western blots of whole cell lysates
of HEK293T cells transfected with Cav2.1 and GFP control or wildtype or mutant AnkB-GFP. (aii) Quantification of Cav2.1 normalized to GAPDH
and expressed as a percentage of control (CTL). One-way ANOVA followed by Sidak’s multiple comparison, N = 5, F (4, 20) = 15.59, p < 0.0001. (aiii)
Quantification of GFP normalized to GAPDH and expressed as a percentage of wildtype. One-way ANOVA, N = 5, F (3, 16) = 1.408, p = 0.2770. (bi)
Representative co-IP Western blots of transfected HEK293T cells. (bii) Quantification of Cav2.1 co-IP normalized to GFP IP and Cav2.1 input and
expressed as a percentage of wildtype. One-way ANOVA, N = 3, F (3, 8) = 0.9381, p = 0.4662. This data is included in the MSc thesis of CSWC,
University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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we used cortical tissue isolated from control mouse
(CTL; AnkBwt/wt: Emx1IRES-cre) and AnkB conditional
heterozygous knockout (AnkBglut+/−; AnkBflox/wt:
Emx1IRES-cre) littermates and performed synaptosome
fractionation (Fig. 6a) yielding homogenates (H; consist-
ing of whole cortical lysate) and synaptosomes (Syn).
Confirming successful partial deletion of ANK2, AnkB
levels were lower in AnkBglut+/− than control cortical tis-
sue homogenate (Fig. 6b). We validated synaptic com-
partment enrichment in the synaptosome fractions using
an antibody against post-synaptic density protein 95

(PSD95), a key excitatory post-synaptic scaffold [38]. We
compared Cav2.1 expression in synaptosome and hom-
ogenate fractions from P14 and P30 cortices using West-
ern blot analysis. The levels of AnkB and Cav2.1 were
enriched in control and AnkBglut+/− synaptosome frac-
tions at P14 and P30, confirming localization to synaptic
compartments (Fig. 6c) [18, 39–41]. AnkB levels were
lower in AnkBglut+/− synaptosomes than control synapto-
somes, whereas Cav2.1 levels were unchanged, suggest-
ing that the Cav2.1 synaptic pool remained unaffected.
However, Cav2.1 cortical homogenate expression levels

Fig. 2 Wildtype AnkB, AnkB p.S646F and AnkB p.Q879R do not impact Cav2.1 surface expression levels. HEK293T cells were co-transfected with
Cav2.1, and GFP control, wildtype, or mutant AnkB-GFP. (ai) Representative surface biotinylation Western blots of inputs and NeutrAvidin surface
fraction. GAPDH was used as a negative control to ensure intracellular proteins were not biotinylated. Transferrin receptor (TfR) served as a
positive pulldown control, (aii) Quantification of surface proteins normalized to surface TfR and expressed as a percentage of GFP control (CTL).
One-way ANOVA followed by Dunnett’s multiple comparison, N = 3–4, F (2, 8) = 1.222, p = 0.3443 (Cav2.1: WT,S646F); N = 3, F (2, 6) = 5.891, p =
0.0384 (Cav2.1: Q879R, E1458G); N = 3–4, F (2, 8) = 5.764, p = 0.0282 (GFP: WT, S646F); N = 3, F (2, 6) = 2.393, p = 0.1721 (GFP: Q879R, E1458G). This
data is included in the MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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Fig. 3 (See legend on next page.)
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were lower in AnkBglut+/− than control at P30. We also
investigated the consequences of partial AnkB KO on
the expression levels of syntaxin 1A. Similarly, syntaxin
1A cortical homogenate expression levels from P30
AnkBglut+/− were lower than control, whereas there was
no change in syntaxin 1A synaptosome levels between
groups. These decreases in Cav2.1 and syntaxin 1A ex-
pression were only seen at P30 but not at P14. Unlike
Cav2.1 or syntaxin 1A, AnkBglut+/− led to a higher level
of PSD95 in P30 synaptosome than wildtype control.

Discussion
Our results presented here build on our knowledge of
the relationship between the scaffold protein AnkB and
the neuronal, endothelial, and pancreatic Cav2.1 protein,
with important implications for understanding the
mechanisms of extra-cardiac disease resulting from
AnkB variants. Together our results suggest that AnkB
regulates an intracellular pool of Cav2.1, a pool that may
play an important role in neuronal homeostasis. Notably
our findings suggest that this role is modulated by ex-
pression of AnkB variants associated with disease.
Therefore dysregulation of Cav2.1 may present a pos-
sible mechanism for the pathogenicity of AnkB variants

in the context of nervous system symptoms, such as
seizure for AnkB p.S646F.
Taken together, our cellular expression system and

cortical tissue experiments point to a new role for AnkB
in the regulation of intracellular Cav2.1 levels. We found
that overall Cav2.1 expression levels were higher in
HEK293T cells transiently expressing AnkB than in con-
trol cells. Similarly, partial loss of AnkB in mouse cortex
(AnkBglut+/−) led to an overall decrease in Cav2.1 expres-
sion levels with no change in the synaptosome fraction.
Notably, although we observed reduced AnkB expression
in AnkBglut+/− in cortical homogenates at P14, we did
not observe a decrease in Cav2.1 until P30, suggesting
AnkB regulation of Cav2.1 changes over the course of
postnatal development. The precise role of AnkB in
regulating Cav2.1 levels is beyond the scope of this
study; for example, AnkB could regulate the produc-
tion of Cav2.1 through indirect mechanisms, or AnkB
could stabilize Cav2.1, protecting it from degradation.
A role for AnkB in regulating expression levels of
Cav2.1 is consistent with previous studies demonstrat-
ing it regulates the expression levels of other channel/
receptor proteins, like NCX1 and IP3R [42, 43]. Not-
ably, the p.E1458G variant led to loss of binding to

(See figure on previous page.)
Fig. 3 AnkB and its variants differentially impact Cav2.1 expression levels in the presence of auxiliary subunits. HEK293T cells co-transfected with
Cav2.1, α2δ1, β4, and GFP control, wildtype, or mutant AnkB-GFP (ai) Representative surface biotinylation Western blots of inputs and surface
fraction. (aii) Quantification of overall input proteins normalized to GAPDH and expressed as a percentage of GFP control (CTL). One-way ANOVA
followed by Dunnett’s multiple comparison, N = 6, F (2, 15) = 6.072, p = 0.0117 (Cav2.1: WT,S646F); N = 6, F (2, 15) = 0.5018, p = 0.6152 (Cav2.1: Q879R,
E1458G); N = 6, F (2, 15) = 0.8088, p = 0.4639 (GFP: WT,S646F); N = 6, F (2, 15) = 36.21, p < 0.0001 (GFP: Q879R, E1458G); N = 6, F (2, 15) = 125.6, p <
0.0001 (α2δ1: WT,S646F); N = 6, F (2, 15) = 32.05, p < 0.0001 (α2δ1: Q879R, E1458G); N = 6, F (2, 15) = 90.86, p < 0.0001 (β4: WT,S646F); N = 6, F (2, 15) =
30.48, p < 0.0001 (β4: Q879R, E1458G). (aiii) Quantification of surface proteins normalized to surface TfR and expressed as a percentage of GFP
control (CTL). One-way ANOVA followed by Dunnett’s multiple comparison, N = 3, F (2, 6) = 0.1117, p = 0.8961 (Cav2.1: WT,S646F); N = 3, F (2, 6) =
25.14, p = 0.0012 (Cav2.1: Q879R, E1458G); N = 3, F (2, 6) = 59.18, p = 0.0001 (GFP: WT,S646F); N = 3, F (2, 6) = 9.587, p = 0.0135 (GFP: Q879R, E1458G);
N = 3, F (2, 6) = 14.18, p = 0.0053 (α2δ1: WT,S646F); N = 3, F (2, 6) = 0.6860, p = 0.5392 (α2δ1: Q879R, E1458G). A portion of this data is included in the
MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053

Fig. 4 AnkB and its variants increase peak current density. HEK293T cells were co-transfected with Cav2.1, α2δ1, β4, and GFP control, wildtype, or mutant
AnkB-GFP. (a) Peak current density was determined by dividing the peak current by whole cell capacitance. One-way ANOVA followed by Dunnett’s
multiple comparison, F(4,151) = 6.465, p< 0.0001 (b) Normalized G/Gmax vs. voltage curve fitted using Boltzmann’s equation. One-way ANOVA F(4, 50) =
0.0022, p> 0.9999. This data is included in the MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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Fig. 5 Both AnkB and Cav2.1 show similar increase in expression during early cortical development. (ai) Representative Western blots of AnkB and
Cav2.1 in mice cortex, hippocampus, and cerebellum from P7 to P60. (aii) Quantification of AnkB and Cav2.1 normalized to stain-free. One-way ANOVA
followed by Dunnett’s multiple comparison, N = 3, F (3, 8) = 12.52, p = 0.0022 (cortex, AnkB); F (3, 8) = 4.945, p = 0.0314 (cortex, Cav2.1); F (3, 8) = 28.89,
p = 0.0001 (cerebellum, AnkB); F (3, 8) = 0.9790, p = 0.4494 (cerebellum, Cav2.1); F (3, 8) = 15.70, p = 0.0010 (hippocampus, AnkB); F (3, 8) = 4.507, p = 0.0393
(hippocampus, Cav2.1). (bi-ii) Representative Western blots of inputs and control IgG or AnkB immunoprecipitation from P14 mouse cortex. N = 3. This
data is included in the MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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Fig. 6 Decreased Cav2.1 expression levels in whole cortex homogenate of P30 AnkBglut+/−. (a) Flow chart of synaptosome preparation procedure. (bi)
Representative Western blots of P14 and P30 homogenate (H) and synaptosome (Syn) fraction from control (CTL; AnkBwt/wt: Emx1IRES-cre) and AnkB
conditional heterozygous knockout (AnkBglut+/−; AnkBflox/wt: Emx1IRES-cre) cortices. (bii) Quantification of immunoblots normalized to stain-free and
expressed as a percentage of control homogenate. Two-way ANOVA followed by Sidak’s multiple comparison, N = 5, interaction F (1, 16) = 4.047, p =
0.0614, genotype: F (1, 16) = 59.15, p < 0.0001, fraction F (1, 16) = 332.4, p < 0.0001 (P14 AnkB); N = 5, interaction F (1, 16) = 0.7049, p = 0.4135, genotype: F

(1, 16) = 68.89, p < 0.0001, fraction F (1, 16) = 85.56, p < 0.0001 (P30 AnkB); N = 5, interaction F (1, 16) = 0.0269, p = 0.8716, genotype: F (1, 16) = 3.025, p =
0.1012, fraction F (1, 16) = 143.3, p < 0.0001 (P14 Cav2.1); N = 5, interaction F (1, 16) = 10.47, p = 0.0052, genotype: F (1, 16) = 0.6942, p = 0.4170, fraction F (1,

16) = 181.7, p < 0.0001 (P30 Cav2.1); N = 5, interaction F (1, 16) = 0.4101, p = 0.5310, genotype: F (1, 16) = 0.1144, p = 0.7396, fraction F (1, 16) = 29.99, p <
0.0001 (P14 syntaxin 1A); N = 5, interaction F (1, 16) = 3.163, p = 0.0943, genotype: F (1, 16) = 6.345, p = 0.0228, fraction F (1, 16) = 34.34, p < 0.0001 (P30
syntaxin 1A); N = 4, interaction F (1, 12) = 2.869, p = 0.1161, genotype: F (1, 12) = 0.013, p = 0.9108, fraction F (1, 12) = 514.9, p < 0.0001 (P14 PSD95); N = 4,
interaction F (1, 12) = 11.33, p = 0.0056, genotype: F (1, 12) = 0.2076, p = 0.6568, fraction F (1, 12) = 117.8, p < 0.0001 (P30 PSD95). This data is included in
the MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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NCX1, NKA, and IP3R [9], but retains its binding to
Cav2.1. NCX1 and IP3R binds to repeats 16–18 and
22–24 respectively, while Cav2.1 interaction has only
been narrowed down to the membrane binding do-
main [17, 42, 43]. Potentially, the p.E1458G variant
abolished binding to ankyrin repeats specific to the
NCX1 and IP3R interactions without affecting the an-
kyrin repeats involved in Cav2.1 binding. Overall,
these findings support a role for AnkB in regulating
non-synaptic Cav2.1 expression levels in neurons.
Regulation of Cav2.1 expression levels is likely critical

for the development and maintenance of proper neuronal
and pancreatic function. In neurons, Cav2.1 is localized
not only to nerve terminals for neurotransmitter release,
but also in dendrites and the cell body [18, 19, 44]. Previ-
ous work on related VGCCs in different systems points to
the possibility that intracellular Cav2.1 may serve as a re-
serve source, which under certain conditions or stimuli
could be transported to the plasma membrane. For ex-
ample, in bag cell neurons in Aplysia, Cav2 have been de-
tected in intracellular punctae trafficking to distal
lammellipodium upon PKC activation [45]. Similarly, a
pool of N-type calcium channels, another presynaptic
VGCC containing a synprint site [46], can be found on
secretory granules of IMR32 neuroblastoma cells that are

translocated to the plasma membrane upon stimulation
[47]. Intracellular Cav2.1 could additionally or alterna-
tively play a direct role in endomembrane compartment
regulation. For example, a recent report revealed lyso-
somal localization of Cav2.1 in cultured cerebellar neu-
rons, where it is required for lyso-endosome fusion/
autophagosomal maturation [24]. The authors of the study
proposed that lysosomal Cav2.1 enables calcium efflux
triggering SNARE mediated fusion of the lysosome to the
endosome. Notably, in the present study, we found that
the SNARE protein syntaxin 1A co-precipitates with
AnkB, suggesting that it interacts either directly or indir-
ectly through Cav2.1. We also found that partial loss of
AnkB had a similar effect on syntaxin 1A expression levels
as it did on Cav2.1 levels. Although it is possible that
AnkB interacts with syntaxin 1A separately from Cav2.1,
considering the closely linked functions of Cav2.1 and
syntaxin 1A, it is reasonable to speculate that AnkB, syn-
taxin 1A, and Cav2.1 form a complex. As AnkB is a well-
known scaffolding protein, it may also serve here to
stabilize Cav2.1 to the SNARE machinery. The interac-
tions between AnkB, Cav2.1, and syntaxin 1A could serve
to regulate intracellular Cav2.1 localization and function,
and the regulation of the intracellular pool of Cav2.1 may
be an important component of neuronal homeostasis.

Fig. 7 Working model of AnkB’s regulation of Cav2.1. In the absence of AnkB, Cav2.1 is expressed at a low level in the cell. In the presence of
wildtype AnkB, Cav2.1 may be protected from degradation and therefore has higher intracellular levels while maintaining low surface levels. With
the AnkB p.S646F variant, Cav2.1 is expressed at an even higher level intracellularly, but maintains the same surface expression levels. The AnkB
p.Q879R variant increases surface Cav2.1, while AnkB p.E1458G decreases surface Cav2.1 levels. AnkB wildtype, p.S646F, and p.Q879R all had a
surface-associated pool in the presence of Cav accessory subunits. There was no significant surface-associated pool with AnkB p.E1458G. This
figure is included in the MSc thesis of CSWC, University of Victoria, 2019 found at https://dspace.library.uvic.ca//handle/1828/11053
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In parallel to studying the effects of wildtype AnkB, as
discussed above, we also compared the effects of AnkB
p.S646F, p.Q879R, and p.E1458G, on overall and surface
Cav2.1 expression levels (Fig. 7). Notably we found that
each AnkB variant differentially affected surface Cav2.1
expression levels in the presence of accessory subunits:
AnkB p.E1458G caused a decrease, AnkB p.Q879R
caused an increase, while wildtype AnkB and AnkB
p.S646F had no effect. Unexpectedly, AnkB and AnkB
p.S646F, p.Q879R, and p.E1458G all increased Cav2.1
peak current density. While these findings are difficult
to reconcile, they suggest that AnkB and its variants im-
pact on channel activity via mechanisms that are inde-
pendent of the effects on trafficking. With the exception
of AnkB p.Q879R, neither wildtype nor the other AnkB
variants were able to increase Cav2.1 surface expression,
even in the presence of accessory subunits. Under our
experimental conditions, it is possible that we are ob-
serving a “ceiling” effect such as that observed for
Cav2.2 in rat superior cervical ganglion neurons, in
which there was a maximum surface expression ob-
served [48]. Intriguingly, expression of AnkB and AnkB
variants led to substantial increases in overall α2δ1 and
β4 expression levels, but again, paradoxically, were not
able to increase Cav2.1 surface expression, with the ex-
ception of AnkB p.Q879R. It is reasonable to speculate
that the increased current density associated with AnkB
or AnkB variant expression are due to as yet undeter-
mined effects on channel properties, although the pre-
cise mechanisms are beyond the scope of the current
study. Additionally, AnkB variants differentially affected
surface association of AnkB itself, but the significance of
these findings remains unclear. Overall, our results sug-
gest that complex interplay between AnkB variants,
Cav2.1, α2δ1 and β4, along with other, as yet unidentified,
components differentially regulate overall and surface
Cav2.1 expression levels and channel function.
Together our findings provide evidence that AnkB reg-

ulates an intracellular pool of Cav2.1 and that certain
AnkB variants can also alter surface Cav2.1 levels. This
discovery sheds new light on the complex regulation of
Cav2.1 necessary for proper neuronal function and will
be important for understanding nervous system manifes-
tations associated with AnkB variants.
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