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Abstract
Episodic ataxia type 2 (EA2) is an autosomal dominant disorder arising from CACNA1A
mutations, which commonly predict heterozygous expression of Cav2.1 calcium channels with
truncated α12.1 pore subunits. We hypothesized that α12.1 truncations in EA2 exert dominant-
negative effects on the function of wild-type subunits. Wild-type and truncated α12.1 subunits
with fluorescent-protein tags were transiently co-expressed in cells stably expressing Cav auxiliary
β subunits, which facilitate α1-subunit functional expression through high-affinity interactions
with the alpha interaction domain (AID). Co-expression of wild-type subunits with truncations
often resulted in severely reduced whole-cell currents compared to expression of wild-type
subunits alone. Cellular image analyses revealed that current suppression was not due to reduced
wild-type expression levels. Instead, the current suppression depended on truncations terminating
distal to the AID. Moreover, only AID-bearing α12.1 proteins co-immunoprecipitated with Cav β
subunits. These results indicate that Cav β subunits may play a prominent role in EA2 disease
pathogenesis.
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INTRODUCTION
The dominantly-inherited paroxysmal disorder episodic ataxia type 2 (EA2) results from
mutations in the CACNA1A gene, which encodes the pore-forming α12.1 subunit of Cav2.1
voltage-gated calcium channels (Ophoff et al., 1996). The Cav2.1 calcium channel subtype
regulates neurotransmission throughout the nervous system, but is predominantly expressed
within cerebellar Purkinje cells (Usowicz et al., 1992; Stea et al., 1994; Westenbroek et al.,
1995). Not surprisingly, cerebellar dysfunction is the primary feature of EA2 attacks, as
patients experience bouts of symptoms such as ataxia, migraine and vertigo, in response to
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emotional, physical or pharmacological stressors (Ptacek, 1998; Jen, 2000; Jen et al., 2004).
Although episodic neurological disorders can be characterized by a wide range of
symptoms, including epileptic seizures, paroxysmal dyskinesias or periodic paralysis, many
also arise from mutations within ion channel genes (Jen, 1999; Ptacek, 1999). Thus,
studying the pathophysiological mechanisms of individual diseases such as EA2 may be
useful in the development of treatment strategies for episodic channelopathy disorders in
general.

Voltage-gated calcium or Cav channels regulate an array of physiological processes
including muscle contraction, hormone secretion, neurotransmission, and gene expression.
This diversity in function is mainly due to the expression of 10 genetically distinct α1
subunit subtypes that may make up the calcium channel pore (Ertel et al., 2000; Catterall et
al., 2005). However, high voltage-activated (HVA) Cav channels are also composed of at
least two auxiliary subunits, β and α2δ, which modulate channel kinetics (Singer et al., 1991;
Arikkath and Campbell, 2003; Catterall et al., 2005). The auxiliary β subunits also play a
crucial role in the functional expression of Cav channels. These non-membrane-spanning
subunits promote translocation of α1 subunits from the endoplasmic reticulum (ER) to the
plasma membrane through a high affinity association with the alpha interaction domain,
AID, which is evolutionarily conserved in all α1 subunit subtypes (Pragnell et al., 1994; De
Waard et al., 1996; Bichet et al., 2000).

Functional expression studies involving EA2 mutations have firmly established that non- or
hypo-conductive α12.1 subunits cause the disorder (Guida et al., 2001; Jen et al., 2001;
Jouvenceau et al., 2001; Wappl et al., 2002; Imbrici et al., 2004; Spacey et al., 2004; Imbrici
et al., 2005; Wan et al., 2005b; Jeng et al., 2006), which is largely but not exclusively
associated with expression of α12.1 truncation mutants (Ophoff et al., 1996; Yue et al.,
1998; Battistini et al., 1999; Denier et al., 1999; Jen et al., 1999; Denier et al., 2001; van den
Maagdenberg et al., 2002; Wappl et al., 2002; Subramony et al., 2003; Jen et al., 2004;
Mantuano et al., 2004; Eunson et al., 2005; Spacey et al., 2005; Wan et al., 2005a; Wan et
al., 2005b; Scoggan et al., 2006). However, the molecular mechanisms by which non-
functional α12.1 pores generate disease in EA2 are still debated. Although some studies have
suggested that the loss of channel function in EA2 simply induces a haplo-insufficiency of
Cav2.1 currents (Wappl et al., 2002; Imbrici et al., 2004; Imbrici et al., 2005), substantial
evidence argues that non-conductive α12.1 mutants in EA2 actually suppress the functional
contributions of Cav2.1 channels composed of wild-type subunits through a dominant-
negative mechanism (Jouvenceau et al., 2001; Raghib et al., 2001; Arikkath et al., 2002;
Page et al., 2004; Jeng et al., 2006). Studies have suggested that impaired translation or
stability of wild-type α12.1 subunits contributes to EA2 pathogenesis (Raghib et al., 2001;
Page et al., 2004), while other evidence implicates the interactions between non-conductive
α12.1 mutants and auxiliary β subunits in the dominant-negative suppression of wild-type
α12.1 subunit function (Arikkath et al., 2002; Jeng et al., 2006).

The lack of a clear disease model for EA2 may be due in part to important differences
between methods of Cav channel functional expression in the laboratory. Therefore, to
further test the hypothesis that α12.1 mutants in EA2 exert dominant-negative effects on
Cav2.1 function, we utilized a strategy designed to reliably record whole-cell Cav2.1
currents from channels composed of auxiliary β and α2δ subunits and mixed populations of
α12.1 subunits, containing both wild-type isoforms and truncation mutants. We found that
non-conductive α12.1 truncations, including those associated with EA2, severely suppressed
Cav2.1 currents when co-expressed with wild-type α12.1 subunits. Current suppression was
observed despite abundant expression of wild-type α12.1 subunits, demonstrating that these
effects were not due to wild-type protein instability. Furthermore, of the several α12.1
truncation mutants tested, only those terminating distal to the AID suppressed Cav2.1
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currents. These results are consistent with a dominant-negative model of EA2 disease
pathogenesis and further implicate the involvement of Cav β auxiliary subunits in EA2
pathophysiology.

METHODS
Design of full-length and truncated α12.1 subunit cDNAs

Single nucleotide mutations were engineered using the Quickchange mutagenesis PCR
method (Stratagene, Cedar Creek, TX) and verified by nucleotide sequence analysis. Wild-
type α12.1 subunits N-terminally tagged with cyan or yellow fluorescent protein (CFP-Wt or
YFP-Wt) were generated by subcloning an 8 kb Bgl II/BamH I fragment containing a rabbit-
human α12.1 subunit chimeric cDNA (Restituito et al., 2000) into the pECFP or pEYFP
cloning vectors (Clontech, Paulo Alto, CA). As described previously (Restituito et al.,
2000), this chimeric α12.1 cDNA encodes the rabbit brain BI-1 isoform (Genbank accession
# X57476) fused to the human α12.1 extended C-terminus, which was cloned from human
cerebellum. This full-length α12.1 chimeric cDNA clone translates proteins bearing 93%
identity to the full-length human clone AF004884. The EA2 mutation 1443X (Denier et al.,
1999) was generated by inserting a point mutation into the YFP-Wt construct using forward
primer CGAGTTTCACTAGGACAACGTGCTGTGG and reverse primer
CCACAGCACGTTGTCCTAGTGAAACTCG. The 612X mutation, similar to a reported
EA2 mutation (van den Maagdenberg et al., 2002) was generated by sublconing a 1.8 kb Bgl
II/Sca I digested fragment from the full-length α12.1 cDNA into the pEYFP cloning vector.
Point mutations were introduced into this construct to express α12.1 subunits truncated
proximal (384X) and distal (402X) to the reported alpha interaction domain, AID (Pragnell
et al., 1994), using forward and reverse primers
GAAGCTGCGGCGGTAGCAGCAGATTG and
CAATCTGCTGCTACCGCCGCAGCTTC, respectively for YFP-384X, and
GGTGATCCTCGCATAGGACGAGAGACCGACG and
CGTCGGTCTCGTCCTATGCGAGGATCACC for YFP-402X. The 330X mutation
(Subramony et al., 2003) was constructed via subcloning a BssH1 (site 1282) BamH1
fragment of the full-length α12.1 cDNA into the pEYFP cloning vector.

Cell culture
β1-HEK cells (Rock et al., 1989; Piedras-Renteria et al., 2001; Barrett et al., 2005; Cao et
al., 2005), which stably express human β1c (Genbank accession # U86960; personal
communication, Erika Piedras-Renteria, Loyola University, Chicago) and rabbit α2δ
subunits (Genbank accession # M21948; Rock et al., 1989) were grown in low-calcium
DMEM/F12 media (10% fetal bovine serum, 1% L-glutamine, 0.05% Gentamicin, 1% non-
essential amino acids) and transfected with equimolar amounts of wild-type and mutant
α12.1 subunit cDNAs using Lipofectamine (Invitrogen, Carlsbad, CA). Cells were plated
onto poly-D lysine coated cover slips at low-density approximately 48 hrs post-transfection
and recorded or imaged 2–4 hours later.

Electrophysiology
Whole-cell barium currents were recorded and captured using the patch-clamp technique
with an Axopatch 200B amplifier, Digidata 1320A converter, and pCLAMP6 software
(Axon instruments, Foster City, CA). Borosilicate micropipettes of 2–4 MΩ resistance were
filled with (in mM): 125 CsCl, 5 EDTA, 2 MgCl2, and 5 Glucose (pH 7.2 with CsOH and
275 mOsm with glucose). The recording solution was (in mM): 2.5 BaCl2, 10 HEPES, 110
TEACl, and 30 TEAOH (pH 7.4 with methane sulfonic acid and 300 mOsm with glucose).
Cells were viewed at 60x under oil immersion, on an Axiovert S100TV inverted microscope
(Zeiss, Jena, Germany), and with CFP and YFP excitation/emission epifluorescence filter
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sets (Chroma Technology, Rockingham VT). Cells were clamped at −80 mV, and
recordings initiated after compensating for capacity transients and series resistance (70%).
Linear leak was subtracted using the P/4 method and current records filtered using a 5kHz
low-pass Bessel filter. Currents were evoked using 150 ms voltage steps from −60 to 60 mV
at intervals of 10 seconds. Peak current density (Peak J, pA pF−1) was measured at 0 mV.
Whole-cell current density data for individual cells were fitted with the modified Boltzmann
equation: Peak J = G (V−Vrev)[1 + exp (V0.5−V)−k]−1 to compare Cav2.1 channel open
probability, where G = relative conductance, V = voltage, Vrev = reversal potential, V0.5 =
the voltage of half maximal activation, and k = the slope factor. Rates of activation and
inactivation were measured from raw whole-cell current traces at 0, 10, and 20 mV step
pulses, with Ipeak = the time to reach the peak current and Ir50 = the % peak current
remaining at 50 ms. To control for wild type or mutant isoform expression level bias, dual-
fluorescing cells were randomly selected for physiological recordings. To control for
potential changes in the β1-HEK cell line following several passages during this study,
recordings of control cells transfected with CFP-Wt constructs were obtained throughout for
each transfection. Recordings from control cells resulted in robust currents in each case.
Only cells surviving through the entire I/V experiment and expressing detectable levels of
currents were used for kinetic measurements.

Fluorescence microscopy
Images of randomly-selected β1-HEK cells expressing CFP-tagged wild-type α12.1 subunits
and YFP-tagged truncations were captured using an Olympus 1X70 inverted light
microscope (Melville, NY) equipped with a Spot RT digital camera (Diagnostic Instruments,
Sterling Heights, MI). Cells were treated identically to those used for electrophysiological
experiments. Average CFP and YFP pixel intensities of several samples from individual
cells imaged during the same sitting were calculated and analyzed following background
subtraction using the MetaMorph acquisition and analysis software package (Molecular
Devices Corporation, Sunnyvale, CA). Values expressed represent mean relative
fluorescence intensities for each group of cells.

Immunoblot and immunoprecipitation
Immunoprecipitation and western blot experiments were performed essentially as previously
reported (Restituito et al., 2000). Due to the availability of high quality commercial β3
subtype-specific antisera (Alomone Labs, Israel), co-immunoprecipitation studies were
carried out in β3-HEK cells stably expressing rat β3 and α2δ subunits (Kordasiewicz et al.,
2006). Briefly, approximately 48 hours post-transfection, HEK cells stably expressing β3
and α2δ subunits (β3-HEK) were lysed with ice-cold buffer (M-PER; Pierce Biotechnology,
Rockford, IL) supplemented with 10mM EDTA, 10mM EGTA and protease inhibitors
(Complete Mini EDTA-free; Roche, Indianapolis, IN). For western blots, 30 µg of total
lysate were subjected to SDS-PAGE on 8% tris-glycine gels (Invitrogen, Carlsbad, CA).
Immunoprecipitation was performed by incubating 40 µL of staphylococcus protein A
agarose beads (SPA; Invitrogen) with 5 µg of monoclonal anti-GFP (Roche) and 100 µg
lysate. To remove unbound proteins, preparations were washed with TBS containing 1%
Tween-20 (TBS-t) and then with TBS-t containing 10 mM tris base. Bound proteins were
freed from SPA beads by boiling and denaturing followed by SDS-PAGE. For all
immunoblots, proteins were transferred to nitrocellulose membranes, which were incubated
with monoclonal anti-GFP (western blot) or polyclonal anti-β3 (immunoprecipitation) and
species-specific secondary antibodies. Chemiluminescent signals were developed using the
ECL western detection kit (Roche).
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Statistical analysis
Data expressed as means ± SEM and were statistically analyzed with ANOVA and a post
hoc Bonferroni correction using a statistical software package (Statview, SAS Institute).

RESULTS
Truncated α12.1 subunits suppress Cav2.1 currents in a length-dependent fashion

To directly test for a dominant-negative effect of truncated α12.1 subunits on Cav2.1 channel
function, we assembled a series of cDNA constructs designed to express wild-type and
truncated α12.1 subunits, N-terminally tagged with cyan or yellow fluorescent protein,
respectively (CFP and YFP; Figure 1A) and transiently expressed them in human embryonic
kidney cells stably expressing Cav β and α2δ auxiliary subunits (β1-HEK cells; Piedras-
Renteria et al., 2001). Untransfected β1-HEK cells expressing only the Cav auxiliary
subunits failed to exhibit currents at any potential (Figure 1B). In contrast, whole-cell
currents from voltage-clamped β1-HEK cells expressing CFP-fluorescing wild-type α12.1
subunits (CFP-Wt) were easily obtainable (Figure 1B, Figure 2), and exhibited a mean peak
current density of −75.5 ± 7.9 pA pF−1 at 0 mV (n = 16; Table 1). Consistent with all
previous reports, none of the YFP-tagged α12.1 truncations tested here conducted detectable
Cav2.1 currents (not shown).

In several cases, co-expression of wild-type and truncated α12.1 subunits resulted in
significantly reduced whole-cell Cav2.1 current densities. Interestingly, the density of
currents in co-transfected cells depended on the length of truncated isoform co-expressed.
Co-expression of CFP-Wt subunits with either of the YFP-612X or YFP-1443X truncations,
similar to mutants predicted from two distinct nonsense mutations associated with EA2
(Denier et al., 1999; van den Maagdenberg et al., 2002), resulted in severe reductions in
Cav2.1 currents across all voltages compared to control (Figure 1B, Figure 2A). Cells
exhibited mean peak current densities of −24.5 ± 3.9 (n = 12, p < 0.0001) and −27.8 ± 7.1 (n
= 9, p < 0.001) pA pF−1 at 0 mV, when co-expressing CFP-Wt subunits with YFP-612X or
YFP-1443X truncations, respectively (Table 1). In addition, co-expression of YFP-612X
truncations caused a slight but statistically-significant hyperpolarizing shift in channel
activation relative to control (Figure 2B, Table 1).

In contrast, currents from cells co-expressing YFP-330X truncations, which corresponds to
one possible outcome of a CACNA1A splice-site mutation reported by our group
(Subramony et al., 2003), were similar in appearance (Figure 1B) and magnitude (Table 1)
to those obtained from control cells expressing CFP-Wt subunits alone, with a mean peak
current density of 71.8 ± 12.8 pA pF−1 at 0 mV (n = 13, p > 0.5). There were no significant
kinetic changes associated with co-expression of YFP-330X truncations (Table 1, Figure 2).
The lack of effects associated with YFP-330X co-expression indicates that the reported
CACNA1A splice-site mutation may not encode an α12.1 truncation. Instead, recent studies
propose that similar splice-site mutations associated with EA2 result in aberrantly-spliced
α12.1 isoforms with unusual domain compositions (Eunson et al., 2005; Wan et al., 2005a).
These results demonstrate that some but not all α12.1 truncations perturb Cav2.1 function
when co-expressed with wild-type subunits.

Dominant-negative Cav2.1 current suppression by α12.1 truncations requires AID
We hypothesized that the inability of YFP-330X mutants to affect Cav2.1 currents was
related to their termination prior to the alpha interaction domain, AID, as all of the reported
truncations associated with EA2 predict termination distal to its location (Denier et al., 1999;
Jen et al., 1999; van den Maagdenberg et al., 2002; Jen et al., 2004). Membrane
translocation and functional expression of Cav α1 subunits depend on β subunit binding to
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the AID, a 20 amino-acid sequence with 9 conserved residues, located within the α1-subunit
domain I–II cytoplasmic loop (Pragnell et al., 1994; Bichet et al., 2000). To determine if
α12.1 truncations require the AID to suppress Cav2.1 currents from wild-type subunits, we
designed two additional cDNA constructs intended to express mutants terminating directly
proximal (YFP-384X) or distal (YFP-402X) to the AID (Figure 1A). Co-expression of
YFP-384X truncations with CFP-Wt subunits had no effect on the size of Cav2.1 currents
relative to control (Figure 1B, Figure 2A), resulting in a mean peak current density of −85.8
± 11.2 pA pF−1 at 0 mV (n = 7, p > 0.1; Table 1). However, co-expression of YFP-402X
truncations with CFP-Wt subunits caused severely reduced currents across all voltages
(Figure 1B, Figure 2A), with a mean peak current density of 25.2 ± 5.9 pA pF−1 at 0 mV (n
= 7, p < 0.001; Table 1), similar to the mean current densities following co-expression of the
AID-bearing YFP-612X or YFP-1443X truncations. Therefore, co-expression of α12.1
truncations with wild-type subunits was associated with Cav2.1 current densities which were
suppressed to less than 40% of control exclusively when truncations contained the AID.

Co-expression of truncated isoforms does not result in wild-type protein instability
Findings from several other studies, including those reported here, indicate that mutant α12.1
subunits in EA2 likely inhibit the functional impact of wild-type subunits (Jouvenceau et al.,
2001; Arikkath et al., 2002; Jeng et al., 2006). However, previous reports also suggest that
α12.1 truncations could perturb Cav2.1 currents by impairing translation or stability of wild-
type subunits (Raghib et al., 2001; Page et al., 2004). Co-transfection of CFP-Wt and YFP-
truncated α12.1 subunit constructs resulted in an abundance of cells with dual CFP and YFP
fluorescence across all experiments, indicating ample expression of both the wild-type and
mutant isoforms (Figure 3). Nevertheless, to rule out a link between the reduced Cav2.1
current densities observed here and a decrease in wild-type α12.1 protein expression levels
previously reported by others, we performed image analyses to compare the relative CFP
fluorescence intensity (RF) individual β1-HEK cells treated identically to those used for
electrophysiological recordings. Compared to control cells expressing CFP-Wt subunits
alone, there was no decrease in mean CFP fluorescence intensity detected in any of the
groups co-expressing YFP-truncations (Table 2). In fact, mean CFP-Wt expression levels
were remarkably similar across all groups, except for cells co-expressing YFP-1443X
truncations, which actually exhibited significantly higher levels of CFP fluorescence
intensity (69.2 ± 5.8 RF, n = 17) compared to control cells (50.1 ± 3.8 RF, n = 27; p <
0.005). These results clearly demonstrate that the reduction in whole-cell Cav2.1 currents
caused by co-expression of AID-bearing α12.1 truncations with wild-type subunits cannot be
explained by a reduction of wild-type subunit translation or stability.

Truncation proximal to the AID prevents high-affinity Cav α12.1-β interactions
Although necessary for β subunit-mediated α1 membrane translocation, the region of the
AID is only one of several known to exhibit affinity for β subunit proteins (Pragnell et al.,
1994; De Waard et al., 1996; Brice et al., 1997; Walker et al., 1998; Walker et al., 1999;
Bichet et al., 2000; Cornet et al., 2002; Maltez et al., 2005). To examine the role of the AID
in facilitating Cav α1-β subunit associations, we tested preparations from HEK cells stably
expressing β3 and α2δ auxiliary subunits (β3-HEK) and transiently expressing YFP-384X,
YFP-402X, or CFP-Wt α12.1 isoforms for the presence of α12.1-β proteins complexes.
When immunoblotted with antisera to the α12.1 N-terminal fluorescent protein tag (anti-
GFP), lysates from cells expressing β subunits and either the wild-type or mutant α12.1
proteins were positive for only the expected α12.1 reactive species (Figure 4A). Similarly,
when these lysates were immunoblotted with anti-β3 sera, a single approximately 60 kD
species was detected, corresponding to the predicted β subunit molecular weight (Figure 4B,
left panel). Anti-GFP did not react with lysates prepared from untransfected cells (Figure
4A, left and right panels) nor did anti-β 3 react with lysates prepared from HEK cells not
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expressing β subunits (Figure 4B, left panel). To determine if the expressed α12.1 proteins
form detectable complexes with β subunits, we first immunoprecipitated lysates from
transfected cells with anti-GFP and staphylococcal protein A, and then transferred
immunoprecipitates to membranes following SDS-PAGE separation. Anti-β3 antibody
detected the same β subunit species in immunoprecipitates from cells expressing the CFP-
Wt or YFP-402X α12.1 isoforms, but failed to yield detectable levels of the β subunit protein
in preparations from cells expressing YFP-384X truncations, terminating proximal to the
AID (Figure 4B, right panel). These data suggest that formation of these α12.1-β complexes
is largely, if not exclusively, dependent on the amino acid residues contained within the
AID, and further implicate α1-β interactions in the suppression of Cav2.1 currents we
observed when wild-type α12.1 subunits and truncations terminating distal to the AID were
co-expressed.

DISCUSSION
Episodic ataxia type 2 (EA2) is a paroxysmal ion channel disorder or channelopathy arising
from one of several mutations within the CACNA1A gene, which encodes the pore-forming
α12.1 subunit of Cav2.1 channels (Ophoff et al., 1996). While attacks in patients with EA2
can be somewhat variable in character, it is not surprising that symptoms of cerebellar
dysfunction are the predominant feature (Ptacek, 1999; Jen, 2000; Jen et al., 2004), given
that cerebellar output through Purkinje cells relies heavily on the Cav2.1 channel subtype
(Swensen and Bean, 2003; Womack and Khodakhah, 2004; Walter et al., 2006). Study of
the electrophysiological consequences of EA2 mutations has consistently demonstrated that
the disorder is associated with a loss of Cav2.1 channel function (Guida et al., 2001; Jen et
al., 2001; Jouvenceau et al., 2001; Wappl et al., 2002; Imbrici et al., 2004; Spacey et al.,
2004; Imbrici et al., 2005; Wan et al., 2005b; Jeng et al., 2006), but the implications for
disease pathogenesis in EA2 are not so clear.

As previously reported for α12.1 subunits harboring EA2 mutations (Jouvenceau et al.,
2001; Raghib et al., 2001; Arikkath et al., 2002; Page et al., 2004; Jeng et al., 2006), we
routinely observed a dominant-negative suppression of Cav2.1 channel currents when non-
conductive α12.1 truncations were co-expressed with wild-type subunits. In the present
study we also observed that these effects occurred despite abundant levels of wild-type
subunit protein expression, adding to the growing evidence that non-conductive α12.1
mutants in EA2 exert dominant-negative effects on the functional impact rather than on the
translation or stability of wild-type subunits (Jouvenceau et al., 2001; Raghib et al., 2001;
Arikkath et al., 2002; Page et al., 2004; Jeng et al., 2006). The electrophysiological data
presented here are novel in that only a subset of the truncated α12.1 isoforms tested
suppressed currents from Cav2.1 channels which were composed of wild-type subunits.
Current suppression by truncations depended on whether or not they terminated distal to the
AID, implying that α12.1 subunit interactions with auxiliary β subunits were crucial for the
effect. This conclusion is supported by our demonstration that α12.1-β subunit heterodimers
were detectable by immunoprecipitation only in samples with full-length or truncated α12.1
proteins bearing the AID, which agrees with several previous studies characterizing the role
of the AID in the α12.1-β high-affinity interaction (Pragnell et al., 1994; De Waard et al.,
1996; Brice et al., 1997; Walker et al., 1998; Walker et al., 1999; Bichet et al., 2000).
Overall, our data suggest that AID-mediated interactions with β subunits permit truncated
α12.1 subunits in EA2 to perturb the function of normal Cav2.1 channels, a view consistent
with the fact that all of the reported EA2 nonsense mutations predict α12.1 subunit
truncations to terminate distal to the AID (Ophoff et al., 1996; Denier et al., 1999; van den
Maagdenberg et al., 2002; Jen et al., 2004).
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A model of EA2 pathophysiology involving Cav auxiliary β subunits is well supported by
the literature. The functional density of Cav channels depends on the availability of auxiliary
β subunits (Berrow et al., 1995; Gao et al., 1999), which in addition to normalizing channel
activity (Lacerda et al., 1991) facilitate α1 subunit membrane translocation by binding to the
AID and masking several endoplasmic reticulum (ER) retention signals residing within the
α1 subunit domain I–II intracellular loop (Bichet et al., 2000; Cornet et al., 2002). Similar to
our results, severely reduced Cav current densities have been observed in situ following
exogenous expression of membrane-targeted peptides bearing the AID (Cuchillo-Ibanez et
al., 2003). During the present study, we found no indication that expression of AID-bearing
α12.1 truncations affected wild-type subunit expression levels. However, the suppression of
Cav currents implies that the function of wild-type α12.1 subunits was reduced in β1-HEK
cells despite a stable pool of auxiliary β subunits. In agreement with this assessment,
titration experiments performed by others show that the concentration of β subunits required
to traffic α1 subunits to the plasma membrane is substantially less than that required to
modulate channel activity (Canti et al., 2001). Thus, α12.1 mutants in EA2 have the potential
to sequester a significant portion of the available pool of β subunits, reducing the overall
functional impact of Cav2.1 channels composed of wild-type α12.1 pores.

Nonetheless, the mechanisms of EA2 pathogenesis remain controversial due to several
contradictory reports in the literature. Still under debate is whether EA2 arises from a simple
haplo-insufficiency of wild-type Cav2.1 channels (Guida et al., 2001; Wappl et al., 2002;
Imbrici et al., 2004), or if non-conductive α12.1 mutants cause disease by exerting
dominant-negative effects on the function of Cav2.1 channels composed of wild-type
subunits (Jouvenceau et al., 2001; Raghib et al., 2001; Page et al., 2004; Jeng et al., 2006).
The discrepancies in the EA2 literature may be related to the differences in Cav channel
heterologous expression systems and α12.1 isoforms employed by individual groups. As
demonstrated by Jeng et al, α12.1 truncation mutants are more pathogenic when co-
expressed with wild-type isoforms bearing extended C-termini, which are abundant in
cerebellum (Restituito et al., 2000; Jeng et al., 2006; Kordasiewicz et al., 2006). We
therefore devised a strategy to easily record whole-cell Cav2.1 currents from mammalian
cells expressing a reliably mixed population of mutant and wild-type α12.1 pores by voltage-
clamping cells stably expressing Cav auxiliary β and α2δ subunits and co-transfected with
fluorescent-tagged α12.1 subunit truncations and wild-type isoforms with extended C-
termini.

Including the findings presented here, of the eight known studies where non- or hypo-
conductive α1 subunit mutants were co-expressed with wild-type subunits, six report a
dominant-negative suppression of Cav currents (Jouvenceau et al., 2001; Raghib et al., 2001;
Arikkath et al., 2002; Wappl et al., 2002; Imbrici et al., 2004; Page et al., 2004; Jeng et al.,
2006). Moreover, of the five groups that describe current suppression, three, including our
own, found evidence implicating Cav auxiliary β subunits in the EA2 disease process
(Jouvenceau et al., 2001; Arikkath et al., 2002; Page et al., 2004; Jeng et al., 2006). Similar
to the findings presented here, Arrikkath et al. used a cell line stably expressing α12.1
subunits and auxiliary β subunits to co-express a two-domain α12.1 truncation, and observed
that the current-suppressing effects of the truncated isoform were completely abolished by
mutations to amino acid residues within the AID that are critical for the high-affinity α1-β
interaction (Pragnell et al., 1994; De Waard et al., 1996; Arikkath et al., 2002). More
recently, it was reported that the suppressive effects of EA2 truncations on exogenous
Cav2.1 currents from wild-type α12.1 subunits were significantly alleviated by increasing the
availability of β subunits (Jeng et al., 2006). However, the same approach failed to even
modestly reverse the dominant-negative effects exerted by EA2 missense mutants (Jeng et
al., 2006), which in addition to hypo-conduction exhibit defective intracellular trafficking
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(Wan et al., 2005b). These latter findings suggest that α12.1 missense mutants may be more
pathogenic than truncations.

While ample data argue for an EA2 model in which the disease process is facilitated by Cav
auxiliary β subunits, the behavior of α12.1 mutants in neurons in vivo is presumably more
complex than that suggested by studies performed in heterologous expression systems.
Recently, Cao et al reported that exogenous over-expression of wild-type α12.1 subunits in
neurons in situ increased Cav2.1 current density 5-fold without affecting synaptic
transmission, while expression of non-conductive α12.1 mutants under the same conditions
had no effect on the density of currents, but reduced the contribution of the endogenous
Cav2.1 currents to the release of neurotransmitter (Cao et al., 2005; Cao and Tsien, 2005).
These findings suggest that neurons, at least in culture, are able to functionally express α12.1
subunits much more densely than normal, but that expression of such a mixed population of
wild-type subunits and non-conductive mutants causes dominant-negative defects in
neurotransmission unrelated to whole-cell current density. Throughout the nervous system,
synaptic transmission relies heavily on the activity of Cav2.1 channels, a reliance that can be
a attributed in part to the targeted trafficking of α12.1 subunits to nerve terminals by Cav
auxiliary β subunits (Wittemann et al., 200; Brice and Dolphin, 1999; Mochida et al.,
2003a). However, Cav2.1 channel regulation of synaptic transmission also depends on the
high-affinity interactions between the SNARE proteins of the synaptic release machinery
and the synprint region of α12.1 subunits, located within the domain II–III cytoplasmic loop
(Martin-Moutot et al., 1996; Mochida et al., 1996; Mochida et al., 2003b). Similar to the
effects on Cav current density following the exogenous expression of membrane-targeted
AID peptides (Cuchillo-Ibanez et al., 2003), synprint peptides exogenously expressed in
neurons in situ cause a severe suppression of synaptic transmission (Mochida et al., 1996).
Therefore, the results presented here and elsewhere suggest that the same protein-protein
interactions which are crucial for α12.1 subunit trafficking and regulation of
neurotransmission may also permit α12.1 mutants to act as decoys, entrapping a portion of
the limited pool of regulatory proteins and decreasing the overall contributions of wild-type
Cav2.1 currents to the maintenance of normal neuronal function.

Additional studies are needed to discern the discreet molecular events leading to a
suppression of normal Cav2.1 function by mutant α12.1 subunits in neurons in EA2.
Moreover, a detailed analysis of the kinetic consequences of wild type and truncated α12.1
subunit co-expression may uncover additional insights regarding the severity of the
dysfunction. Furthermore, determining how a chronic reduction of Cav2.1 current magnitude
triggers compensatory changes in calcium homeostasis will elucidate the etiology of the
ataxic episodes in EA2. In turn, understanding the pathophysiology driving attacks in EA2
will have broader implications for a variety of other paroxysmal neurological disorders,
including migraine, dystonia and epilepsy.
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Figure 1. Design and co-expression of CFP-tagged wild-type α12.1 subunits with YFP-tagged
truncations
A. Schematic of CFP-tagged wild-type α12.1 subunits (Wt) and YFP-tagged truncations
indicates the amino-acid residue numbers and approximate length of each truncated isoform.
The alpha interaction domain, AID, between repeat domains I and II is also marked. B.
Current traces depicted were elicited with 0 mV depolarizing pulses from −80 mV holding
potentials following transient co-expression of truncations with Wt subunits in β1-HEK
cells. Traces from cells co-expressing truncations with Wt subunits are overlaid with those
obtained from control cells expressing Wt subunits alone.
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Figure 2. Whole-cell Cav2.1 currents from β1-HEK cells co-expressing α12.1 truncations with
wild-type subunits
Whole-cell currents were elicited with 150 ms step pulses from −60 to +60 mV at intervals
of 10 seconds from a hold of −80 mV. A. Mean peak current density responses (Peak J, pA
pF−1) plotted against voltage steps (mV) with error bars representing SEM. Current-voltage
plots of recordings from cells co-expressing CFP-tagged wild-type α12.1 subunits (Wt) and
YFP-tagged truncations terminating proximal to the AID are similar in magnitude to control
recordings from control cells expressing Wt subunits alone (Left panel). Current-voltage
plots of recordings from cells co-expressing α12.1 truncations terminating distal to the AID
reveal severely reduced current densities across all voltages compared to control cells (Right
panel). B. Whole-cell current data for individual cells were fitted with the modified
Boltzmann equation: Peak J = G (V−Vrev)[1 + exp(V0.5−V)−k]−1 to compare Cav2.1
channel open probability (Po) across all voltage steps. The mean of each group is expressed
with error bars representing SEM. Compared to currents from control cells expressing Wt
subunits alone, those from cells co-expressing truncations terminating proximal to the AID
in most cases exhibited normal Po profile across all voltages (Left panel). Most of the Po
profiles of currents from cells co-expressing truncations terminating distal to the AID reveal
minor deviations from control, except for currents from cells co-expressing YFP-612X
truncations, which appeared to activate at more positive voltages.
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Figure 3. Expression patterns of CFP-tagged wild-type α12.1 subunits and YFP-tagged
truncations co-expressed in β1-HEK cells
Representative epifluorescence images from cells treated identically to those used for
electrophysiological analyses. A. Transfecting β1-HEK cells with CFP-tagged wild-type
α12.1 subunit cDNA constructs (CFP-Wt) resulted in an abundance of cells with CFP
fluorescence distributed in patterns suggesting robust membrane expression. B. and C.
Compared to control cells expressing CFP-Wt subunits alone, no changes were discernable
to the levels or patterns of CFP fluorescence in cells co-expressing YFP-tagged truncations
terminating proximal (YFP-384X) or distal (YFP-402X) to the AID.
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Figure 4. Truncation proximal to the AID prevents α12.1-β subunit interactions
A. Western blotting lysates (Lys) from β3-HEK cells with GFP antibody (Ab) detects the
predicted α12.1 isoforms in cells expressing CFP-tagged wild-type α12.1 subunits (Wt) or
YFP-tagged 384X or 402X truncations, but GFP Ab does not react with lysates from
untransfected (Un) β3-HEK cells. B. Western blotting with β3 Ab (Beta) detects an
approximate 60 kD β3 subunit species in lysates from β3-HEK cells (B3) but not control
(Con) HEK cells (left panel). Western blotting with β3 Ab following immunoprecipitation
(IP) of lysates with GFP Ab detects the same β3 subunit species in preparations from β3-
HEK cells expressing CFP-tagged wild-type α12.1 subunits or YFP-tagged 402X truncations
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but not from cells expressing 384X truncations, which terminate proximal to the AID (right
panel).
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