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ABSTRACT
The voltage-gated calcium channel is composed of a pore-
forming �1 subunit and several regulatory subunits: �2�, �, and
�. We report here the identification of a novel �2� subunit,
�2�-4, from the expressed sequence tag database followed by
its cloning and characterization. The novel �2�-4 subunit gene
contains 39 exons spanning about 130 kilobases and is co-
localized with the CHCNA1C gene (�1C subunit) on human
chromosome 12p13.3. Alternative splicing of the �2�-4 gene
gives rise to four potential variants, a through d. The open
reading frame of human �2�-4a is composed of 3363 base pairs
encoding a protein with 1120 residues and a calculated molec-
ular mass of 126 kDa. The �2�-4a subunit shares 30, 32, and

61% identity with the human calcium channel �2�-1, �2�-2, and
�2�-3 subunits, respectively. Primary sequence comparison
suggests that �2�-4 lacks the gabapentin binding motifs char-
acterized for �2�-1 and �2�-2; this was confirmed by a
[3H]gabapentin-binding assay. In human embryonic kidney 293
cells, the �2�-4 subunit associated with CaV1.2 and �3 subunits
and significantly increased CaV1.2/�3-mediated Ca2� influx.
Immunohistochemical study revealed that the �2�-4 subunit
has limited distribution in special cell types of the pituitary,
adrenal gland, colon, and fetal liver. Whether the �2�-4 subunit
plays a distinct physiological role in select endocrine tissues
remains to be demonstrated.

Voltage-gated calcium channels mediate Ca2� influx in
excitable cells. Upon depolarization of the plasma membrane,
a calcium channel undergoes a series of conformational
changes initiated by the charge movement, which results in
the opening of a pore or conductance pathway selective for
the influx of calcium ions. Calcium channels are a diverse
class of proteins that, based on their electrophysiological and
pharmacological properties, have been traditionally classi-
fied into types L, T, N, P, Q, and R (for review, see Catterall,
2000). Except for the T-type calcium channel, which is a
low-voltage–activated channel, the L-, N-, P-, Q-, and R-type
are all high-voltage–activated channels, which are normally
activated above �40 mV. A calcium channel is a multisub-
unit protein complex (Catterall, 2000) that is composed of a
pore-forming �1 subunit (Perez-Reyes et al., 1989) and three
regulatory subunits: �2�, �, and �. All of these subunits from
rabbit have been characterized by molecular cloning (Tanabe
et al., 1987; Ellis et al., 1988; Ruth et al., 1989; Jay et al.,
1990). The �2� and � subunits regulate almost all aspects of
channel properties and increase the functional channel den-
sity on the cell surface (Lacerda et al., 1991).

To date, at least 10 different types of calcium channel �1
subunits (Catterall 2000), four types of � subunits (for re-
view, see Birnbaumer et al., 1998), three types of �2� sub-
units (Ellis et al., 1988; Klugbauer et al., 1999; Gao et al.,

2000), and five types of � subunits (Jay et al., 1990, Letts et
al., 1998, Klugbauer et al., 2000) have been cloned and char-
acterized. However, pharmacological and electrophysiologi-
cal studies have identified more subtypes of voltage-gated
calcium channels in excitable cells than the type of �1 sub-
units currently known. Therefore, either more �1 subunits
and/or their splicing variants are present or the �2�, �, and �
subunits also contribute to the pharmacological and electro-
physiological diversity of calcium channels. In the later case,
the diverse calcium channels are formed from different com-
binations of �1, �2�, �, and � subunits.

The calcium channel �2� subunit is a heavily glycosylated
protein that is encoded by a single gene and post-translation-
ally cleaved to yield �2 and � subunits linked by a disulfide
bond (De Jongh et al., 1990) with a single transmembrane
segment (Gurnett et al., 1996; Wiser et al. 1996; Felix et al.,
1997). The �2� subunit regulates many functional aspects of
calcium channels, such as gating, regulating voltage depen-
dent kinetics, and increasing functional channel density on
the plasma membrane (Shistik et al., 1995; Bangalore et al.,
1996; Qin et al., 1998; Shirokov et al., 1998; Sipos et al.,
2000). In addition to its regulatory functions, the �2� subunit
is also a site for ligand binding. Recently, the novel anticon-
vulsant drug, gabapentin (1-aminomethyl cyclohexane acetic
acid), was shown to bind with high affinity directly to the
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calcium channel �2�-1 subunit (Gee et al., 1996; Brown and
Gee, 1998). This binding affects neuronal excitability by mod-
ifying calcium channel activity (Rock et al., 1993), which may
be the drugs’ underlying mechanism in controlling neuro-
pathic pain (Field et al., 2000).

Analyses of the Drosophila melanogaster genome have re-
vealed four �1, three �2�, one �, and � subunit for calcium
channels (Littleton and Ganetzky, 2000). Based on the ratio
of �1 to �2� (4 to 3) in D melanogaster, we proposed that more
than three types of �2� subunits must exist in mammals,
although several alternative splicing variants of �2�-1 and
�2�-2 subunits have been identified (Kim et al., 1992; Gilad et
al., 1995; Angelotti and Hofmann 1996; Klugbauer et al.
1999; Hobom et al., 2000). In addition, no regulatory subunits
of T-type channels (�1G to �1H) have yet been identified,
further suggesting that additional calcium channel regula-
tory subunits may exist (Lacinova et al., 1999). Here, we
report the molecular cloning of a putative novel �2� subunit,
�2�-4. The �2�-4 gene contains 39 exons spanning about 130
kb and is colocalized with a calcium channel �1 CaV1.2 gene
on human chromosome 12. Alternatively spliced products
were identified by molecular cloning and confirmed by
genomic sequence analysis. Studies of tissue distribution by
Northern analysis and immunohistochemistry suggest that
the �2�-4 subunit is highly expressed in some endocrine cells.

Materials and Methods
Rapid Amplification of cDNA Ends Coupled to Polymerase

Chain Reaction. To clone the full-length human calcium channel
�2�-4 subunit, RACE-PCR followed by Nest-PCR was used. For both
5� and 3� RACE-PCR, several primers were synthesized based on the
sequence of expressed sequence tag clone AA001473. Reverse prim-
ers, A2-4-9 (5�-CAG GGG CTG GGC TGC ACT GTG GTG GTG-3�)
and A2-4-10 (5�-CTC TCG GGA CCT CTT GGA GAT CAG AAT-3�)
were used for RACE-PCR of the 5� end, and forward primer, A2-4-42
(5�-AGC ATG GGG GTG TTC AGC CAA GTG ACT-3�) was used for
RACE-PCR of the 3�-end. Primary RACE-PCR was performed in a
50-�l final volume. The reaction mixture contained 5 �l of Marathon-
Ready human brain cDNA purchased from BD Clontech (Palo Alto,
CA), 5 �l of 10 � reaction buffer, 200 �M dNTP, 200 nM AP1 primer
(BD Clontech), 200 nM specific primer A2-4-9, and 1 �l of 50 �
Advatage2 DNA polymerase mixture (BD Clontech). The thermal
cycler parameter for RACE-PCR was: initial denaturing at 94°C for
30 s, five cycles of 94°C/5 s and 72°C/4 min, five cycles of 94°C/5 s and
70°C/4 min, and 20 cycles of 94°C/5 s and 68°C/4 min. After RACE-
PCR reaction, the nest PCR was performed to further enhance the
amplification. The reaction mixture (in 50-�l final volume) con-
tained: 5 �l of the RACE PCR product, 5 �l of 10� reaction buffer,
200 �M dNTP, 200 nM AP2 primer (BD Clontech), 200 nM specific
primer A2-4-10, and 1 �l of 50� Advantage2 DNA polymerase mix-
ture (BD Clontech). The thermal cycler parameters for the nest PCR
reaction were identical to that of RACE-PCR. The nested PCR prod-
uct was then subcloned with a TA Cloning kit (Invitrogen, Carlsbad,
CA) and sequenced.

The second round of RACE-PCR and nest PCR were identical to
the first round with specific primers based on the sequences obtained
from the previous RACE-PCR. The specific primers were A2-4-16
(5�-CAG GCT CTG AGC CTG CGA GCT GAG-3�) and A2-4-17 (5�-
ATG TCG TGG TCG TGG TTG ATG ACC AT-3�). The 3�-end was
cloned by one round of RACE-PCR with primer A2-4-42, and the
product was directly subcloned with a TA cloning Kit without further
nest PCR. The full-length sequence was confirmed by reverse tran-
scription-PCR with specific primers based on RACE-PCR results.

Assembly of Full-Length Human Calcium Channel �2�-4
Subunit. The full-length human calcium channel �2�-4 subunit was

assembled and subcloned into pAGA3 vectors (Qin et al., 1997)
according to standard molecular biology methods. Briefly, a 1.26-kb
N-terminal fragment was subcloned into the pAGA3 vector. Two
C-terminal fragments were first assembled in pBlueScript KS�

(Stratagene, La Jolla, CA), and the resulting 2.1-kb DNA fragment
excised was then subcloned into pAGA3 containing the N terminus of
h�2�4 to generate the full-length human calcium channel �2�-4 sub-
unit, pAGA3/h�2�-4. The final construct was confirmed by DNA
sequencing. For expression in mammalian cells, the full-length
cDNA was also subcloned into pcDNA3.1 expression vector (Invitro-
gen).

Generation of Polyclonal Antibodies. Two peptide sequences
derived from the human calcium channel �2�-3 and �2�-4 subunits
were selected to raise polyclonal antibodies in rabbits. The peptides
were: Ac-KVSDRKFLTPEDEASVC-amide for �2�-4 (737–752 amino
acids) and Ac-QLTNQDFLKAGDKENI-amide for �2�-3 subunit
(745–760 amino acids). The peptides were synthesized, and antibod-
ies were raised and purified by BioSource International, Inc. (Cam-
arillo, CA). The antibodies were tested by ELISA against the antigen
peptides and affinity purified with the same peptides. The affinity-
purified antibodies were used for immunoanalysis.

Northern Blot Analysis of the Human Calcium Channel
�2�-4 Subunit Expression. The cDNA fragment encoding residues
1–270 of the human �2�-4 subunit was used as a probe. To label the
probe, 25 ng of the DNA fragment was denatured in a final volume
of 45 �l at 99°C for 4 min. The denatured DNA probe was incubated
with 5 �l of [�-32P]dCTP at 6000 Ci/mmol (Amersham Biosciences,
Piscataway, NJ) and then transferred to the tube containing a
Ready-To-Go DNA Labeling Bead (-dCTP) (Amersham Biosciences)
and incubated at 37°C for 30 min. The labeled probe was then
separated from free [�-32P]dCTP using a MicroSpin G-50 column
(Amersham Biosciences). The labeled probe was denatured at 99°C
for 4 min and immediately placed on ice before being added to the
hybridization solution.

A human multiple-tissue Northern blot was purchased from BD
Clontech. The blots were prehybridized with 5 ml ExpressHyb Solu-
tion (BD Clontech) at 65°C for 4 h, and then hybridized in the
presence of 2 � 106 cpm/�l of probe at 65°C overnight. The blot was
washed twice with 200 ml of 0.2� standard saline citrate/0.1% SDS
solution at 65°C for 2 h. Finally, the blots were exposed to X-ray film
in a �80°C freezer for 1 to 3 days. A 2.0-kb cDNA fragment encoding
human �-actin was used as a control probe. The same blots were
stripped with 0.5% SDS solution at 90°C for 10 min and then used for
hybridization under the same condition.

In Vitro Translation. The full-length cDNA of human calcium
channel �2� subunits were first subcloned into a pAGA3 vector,
which were engineered for high efficiency of in vitro transcription
and translation as described in Qin et al. (1997). In vitro translation
of the human calcium channel �2� subunits were performed with
TnT T7 Quick Coupled Transcription/Translation System (Promega,
Madison, WI) following the vendor-recommended protocol. Briefly,
0.5 �g of �2� constructs were added to 40 �l of TNT Quick Master
Mix with 1 �l of [35S]methionine (1000 Ci/mmol at 10 mCi/ml) in a
final volume of 50 �l. The reaction mixtures were incubated at 30°C
for 90 min. Reaction mixture (5 �l) was mixed with an equal volume
of SDS/PAGE loading buffer and subjected to 4 to 12% SDS/PAGE
analysis. After electrophoresis, the gels were dried for radioautogra-
phy or transferred to nitrocellulose for further Western blot analysis.

Immunohistochemistry. Commercial human checkerboard tis-
sue slides (DAKO, Carpinteria, CA; Biomeda, Foster City, CA; No-
vagen, Milwaukee, WI) were deparaffinized, hydrated, and processed
for routine immunohistochemistry as described previously
(D’Andrea et al., 1998). Briefly, slides were microwaved in Target
buffer (DAKO), cooled, placed in distilled water and then treated
with 3.0% H2O2 for 10 min. Afterward, the slides were rinsed in
phosphate-buffered saline (PBS), pH 7.4, processed through an avi-
din-biotin blocking system according to the manufacturer’s instruc-
tions (Vector Labs, Burlingame, CA), and then placed in PBS. All
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subsequent reagent incubations and washes were performed at room
temperature. Normal blocking serum (Vector Labs) was placed on all
slides for 10 min. After briefly rinsing in PBS, primary antibody
(affinity-purified anti-human �2�-4 polyclonal antibodies, 1:1000 di-
lution) was placed on slides for 30 min. The slides were washed and
a biotinylated secondary antibody, goat anti-rabbit was placed on the
tissue sections for 30 min (Vector Labs). After rinsing in PBS, the
horseradish peroxidase–avidin-biotin complex reagent (Vector Labs)
was added for 30 min. Slides were washed and treated twice with the
chromogen 3,3�-diaminobenzidine (Biomeda) for 5 min each, then
rinsed in dH2O and counterstained with hematoxylin. A monoclonal
antibody to vimentin, the widely conserved, ubiquitous intracellular
filament protein, was used as a positive control to demonstrate tissue
antigenicity and control reagent quality. The negative controls in-
cluded replacement of the primary antibody with preimmune serum
or with the same species IgG isotype nonimmune serum (Vector
Labs).

Transient Transfection and Cell Membrane Preparation.
COS-7 cells were cultured in DMEM with 10%FBS at 37°C in 5%
CO2 incubator. One day before transfection, about 5 � 106 COS-7
cells were seeded on 150-mm culture dishes. The cells were trans-
fected with 20-�g DNA constructs using SuperFect transfection re-
agent (QIAGEN, Valencia, CA) following the protocol provided by the
company. Membrane preparation was carried out at 4°C. Forty-eight
hours after transfection, cells were washed with PBS and suspended
in lysis buffer (10 mM HEPES, pH 7.4, and proteinase inhibitor
cocktail). The cells were incubated on ice for 30 min followed by brief
sonication. The cell debris was removed by centrifugation at 1,000g
for 10 min, and the resulting supernatant was centrifuged for 30 min
at 50,000g. The pellet was resuspended in the lysis buffer and kept
at �80°C for Western blot analysis and gabapentin binding assay.

Tissue Preparation and Protein Extraction. The tissue prep-
aration and protein extraction were carried out by ResGen. Approx-
imately 220 mg of each sample was finely chopped and placed in a
microcentrifuge tube. Radioimmunoprecipitation assay buffer (150
mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.5% SDS, and 50
mM Tris, pH 8.0) with protease inhibitors was added, and each
sample was homogenized until the mixture was of a uniform consis-
tency. Each sample was heated at 100°C for 10 min. Each sample
was then centrifuged at 10,000 rpm for 10 min. The supernatants
were removed and placed in clean tubes. The supernatants were
centrifuged at 13,200 rpm for 30 min. The total protein concentration
was determined by absorption at 280 nm.

Western Blot. Proteins in the gel were transferred to nitrocellu-
lose membrane at 25 V for 60 min. After being blocked with 2% fat
dry milk in 0.5% Tween 20, 100 mM NaCl, and 10 mM Tris-HCl, pH
7.4, for 1 h at room temperature, the blot was then incubated with
primary antibodies in 2% fat dry milk/0.5% Tween 20, 100 mM NaCl,
and 10 mM Tris-HCl, pH 7.4, at 4°C overnight. The following pri-
mary rabbit polyclonal antibodies were used: anti-�2�-1 (1:200 dilu-
tion) and anti-�1C (1:200) purchased from Alomone Labs, anti-�3

(1:200) purchased from Sigma, anti-�2�-3 (1:200 dilution), and anti-
�2�-4 (1:500 dilution; see Generation of Polyclonal Antibodies). Sec-
ondary goat anti-rabbit IgG conjugated with horseradish peroxidase
1:10,000 (from Pierce) was incubated for 1 h at room temperature.
Finally, the signals were visualized on X-ray film using the ECL Plus
kit (Amersham). Because Anti-HA monoclonal antibody (Roche Di-
agnostics) was conjugated with peroxidase, the blot was directly
treated with ECL-plus kit without using secondary antibody.

Coimmunoprecipitation. Coimmunoprecipitation was carried
out with cell lysates from transiently transfected HEK 293 cells by
CaV1.2 (�1C), �3, and �2�-4 tagged with HA epitope constructs. Two
days after the transfection, the cells (from two 150-mm plates) were
harvested and washed with PBS. The cells were then resuspended in
2 ml of detergent extraction buffer: 1% (v/v) Nonidet P-40, 0.5%
deoxycholate, 150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, pH 8.0,
and 20 �l of protease inhibitor cocktail (Sigma), followed 10 passages
each through 20- and 26-gauge needles. Cell extracts were cleared by

centrifugation. Coimmunoprecipitation was carried out with 500 �l
of the cell lysates in the presence of either 50 �l of anti-HA (rat
monoclonal antibody) Affinity Matrix (Roche Diagnostics, Indianap-
olis, IN) or 50 �l of anti- CaV1.2 polyclonal antibody (Alomone Labs,
Jerusalem, Israel)/50 �l of protein A Sepharose CL-4B (Pharmacia,
Peapack, NJ). After overnight incubation at 4°C, the beads were
precipitated by a brief centrifugation, and washed three times with
1 ml of lysis buffer. Finally, an equal volume of 2� SDS loading
buffer was added, and 20 �l was subjected to 4 to 20% SDS. The
coprecipitated subunits were then analyzed by Western blot with the
indicated antibodies.

Calcium Influx Assay. HEK 293 cells were seeded in six-well
plates (1.5 � 105/well) the day before the transfection. The cells were
transfected with 1 �g of DNA constructs as indicated by using
Genejammer transfection reagent (Stratagene) following the proto-
col provided by the company. After 24 h, the transfected cells were
replated into a 96-well plate (2 � 103/100 �l/well) and incubated at
37°C/5% CO2 for another 24 h.

Calcium influx was measured with the Attofluor RatioVision real-
time digital fluorescence analyzer (Atto Bioscience, Rockville, MD).
The transfected HEK 293 cells were loaded with equal volume (100
�l) of Calcium Plus dye (Molecular Devices, Sunnyvale, CA) with 2.5
mM probenecid for 1 h at 37°C. The cells were depolarized by adding
50 mM KCl or the same volume of buffer as a negative control. The
[Ca2�] in extracellular medium was 1.6 mM. The Calcium Plus dye
was excited using a RatioArc High-Speed Excitor (Atto Bioscience) at
488-nm wavelength. Emitted light was transmitted through a
490-nm long-pass filter and collected to the Attofluor intensified
charge-coupled device camera. The fluorescence dye single wave-
length images were digitized, and analyzed, using Attofluor Ratio-
Vision software. Data from individual cells were collected from sev-
eral experiments and exported into Microsoft Excel for further
analysis.

Binding Assay. The gabapentin binding assay was based on the
protocol developed by Gee et al. (1996). The binding assay was
carried out in a final volume of 200 �l containing 40 �g of cell
membrane, 20 nM [3H]gabapentin (127 Ci/mmol), and 10 mM
HEPES buffer, pH 7.4. After incubation at room temperature for 1 h,
the reaction mixture was filtered onto prewetted GF/C membranes
and washed four times with ice-cold saline. The filters were then
dried and counted in a liquid scintillation counter.

Results
Identifying and Cloning A Novel Human �2� Sub-

unit. The key words “Calcium Channel” were used to search
the GenBank nonredundant DNA database. Twenty-nine
hits were identified as related to �2� subunits. Further se-
quence analysis led to the identification of two overlapping
expressed sequence tag clones that might encode a novel
human calcium channel �2� subunit, with GenBank acces-
sion numbers AA001473 (572 bp in length) and H86016 (306
bp in length). The two clones were almost 100% identical in
the 292-bp overlapping region, suggesting that they might
arise from the same gene. The amino acid sequence derived
from the longer clone, AA001473, was 40% identical to the
mouse calcium channel �2�-3 subunit over residues 839 to
977 (GenBank accession number AJ010949), 36% identical to
the human calcium channel �2�-2a subunit over residues 870
to 949 (GenBank accession number AF042793), and 34%
identical to the human calcium channel �2�-1 subunit from
residues 836 to 927 (GenBank accession number
NM_000722), suggesting that it may encode a novel �2�. We
used the RACE-PCR to clone its full-length cDNA and con-
firmed by reverse transcription-PCR.

Sequence analysis of the RACE-PCR products revealed the
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existence of two different amino termini and two different
carboxyl termini of the novel human �2� subunit. The differ-
ent amino and carboxyl termini resulted from the alternative
splicing (see next section); theoretically, therefore, there may
be four different combinations, or subtypes of �2�-4 subunits.
We named them �2�-4a through �4d. As shown in Fig. 1, the
first amino terminus (encoded by exon 1, Fig. 2) has a long 5�
untranslated region and several putative start codons down-
stream of the in-frame stop codon. The first ATG, 87 bp
downstream of the in-frame stop codon, is unlikely to be the
translational initiation site because it lacks the typical Kozak
sequence feature (5�-GCCA/GCCAUGG-3�, Kozak, 1991) at
its adjacent sequence (the bold, underlined characters indi-
cate the conserved Kozak sequence.) The second and third
ATGs are 288 and 336 bp downstream of the in-frame stop
codon, respectively. Comparison of the adjacent sequences of
the second ATG (GAGCTCATGG) and the third ATG
(CCCACCATGC) revealed that the third one is closer to a
perfect Kozak sequence. If the translation starts at the third
ATG, it will have a relatively long signal peptide (51 amino

acids), which is very similar in length to that of the human
�2�-2 subunit (61 amino acids). Therefore, the third ATG
most probably serves as the translational initiation site.
However, we should be aware that the ATG serving as a start
codon in tissues needs to be examined by further experi-
ments. The second type of amino terminus (encoded by exon
1B) contains a 190-bp 5� untranslated region and an in-frame
stop codon (TGA) at 30 bp upstream from the first ATG. The
adjacent upstream sequence (CAGGCCATGG, especially the
Gs at positions �3 and �4) of the first ATG confers the Kozak
sequence, suggesting that it is probably a site for transla-
tional initiation. However, this amino terminus does not
encode a typical signal peptide, which may result in a differ-
ent topology from other �2� subunits. Its biological signifi-
cance needs to be determined.

The two different types of carboxyl termini (Fig. 1) are also
encoded by two exons, 38 and 37L. Exon 37L is a longer
version of exon 37 with an in-frame stop codon (Fig. 2). Both
carboxyl termini contain a highly hydrophobic region that
may serve as a single transmembrane domain.

Fig. 1. Alternative splicing of amino and carboxyl termini of human �2�-4 subunit. A and B, nucleotide and deduced amino acid sequences of two
different amino termini. The amino terminus encoded by exon 1 (A) consists of a putative signal peptide, whereas the one encoded by exon 1B (B) does
not. C and D, nucleotide and deduced amino acid sequences of two different carboxyl termini encoded by exons 38 (C) and 37L (D). The putative
hydrophobic membrane-spanning domains are highlighted.
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The open reading frame of human �2�-4a is composed of
3363 bp encoding a peptide with 1120 amino acids. The
calculated molecular mass is about 126 kDa with pI � 5.16.
The derived protein has most of the features of the known �2�
subunits, including a putative signal sequence at the amino
terminus, a single transmembrane domain at the carboxyl
terminus or the � subunit, a conserved alanine residue at the
breaking point between the � and � subunit, and six putative
N-glycosylation sites, which is fewer than other �2� subunits
(16, 18, and 9 putative sites for �2�-1, -2, and -3, respective-
ly). In addition, there are up to 15 cysteine residues in the
protein that are conserved in all the known �2� subunits,
which are believed to play a critical role in associating � and
� subunits together to form a functional subunit. As shown in
Fig. 3, the primary sequence of �2�-4a is 30, 32, and 61%
identical to the human calcium channel �2�-1, �2�-2, and
�2�-3 subunits, respectively. The most conserved regions
across all four subunits are clustered in between amino acids
200 and 600 in the �2 subunit region; the longest stretch of
conserved fragment is 15 residues. The human �2�-4 subunit
also contains two putative protein kinase A phosphorylation
sites (at residues 107 and 680) and 15 protein kinase C sites,
similar to those contained in other known �2� subunits. How-
ever, like the �2�-3 subunit, no putative tyrosine kinase
phosphorylation site was identified on the �2�-4 subunit.
Based on these molecular signatures, we believe that this
novel protein belongs to the calcium channel �2� subunit
family.

Genomic Structure and Splicing Variants of Human
Calcium Channel �2�-4 Subunit. The full-length cDNA
sequence of the human calcium channel �2�-4 subunit was
used for a blast search of the GenBank human genome da-
tabase. The result revealed that the gene CACNA2D4 encod-
ing the human �2�-4 subunit is localized at chromosome
12p13.3, about 400 kb away from the locus of CACNA1C the
gene of the human L-type calcium channel CaV1.2 (�1C) sub-
unit (Soldatov, 1994). As shown in Fig. 2 and Table 1, the
gene encoding the human calcium channel �2�-4 subunit is

composed of 36 invariant exons (exon 2-exon 37) and 4 alter-
native exons (exon 1, 1B, 37L and 38) spanning about 130 kb
of the human genome. Exon 37L is continuously extended
from exon 37 with an in-frame stop codon. The genomic
sequence confirms the RACE-PCR results in regard to alter-
native splicing. The human calcium channel �2�-4a subunit
is encoded by exon 1 through exon 38, while human �2�-4b is
encoded with the alternative exon 1B and exon 2 to 38. Two
additional putative splicing variants are �2�-4c (exons 1–36
and exon 37L) and �2�-4d (exon 1B and exons 2–37L).

Tissue Distribution of Human �2�-4 Subunit. North-
ern blot analysis using a human �2�-4 N-terminal specific
probe (1–810 bp) showed that the human �2�-4 transcript is
about 7 kb and is most abundant in human heart and skel-
etal muscle (Fig. 4). The message level was very low in other
tissues including brain, placenta, lung, liver, kidney and
pancreas. The expression pattern of �2�-4 was different from
that of human �2�-3, which was predominantly expressed in
brain (Klugbauer et al., 1999).

To analyze the �2�-4 protein expression, a specific anti-
�2�-4 polyclonal antibody was generated and affinity-purified
with a unique peptide corresponding to the residues 737–752
of �2�-4a subunit. Ab specificity was determined by Western
blot with in vitro translated �2� subunits. Figure 5A-5C show
that the anti-�2�-4 Ab specifically recognized the �2�-4a sub-
unit without cross-reacting with any other type of �2� sub-
units.

Immunohistochemical study with the affinity purified anti-
human �2�-4 specific antibody revealed differential expres-
sion of the �2�-4 subunit in human tissues. Prominent im-
munolabeling was observed in the Paneth cells of the small
intestines (Fig. 6A), which was not observed in the preab-
sorption control experiments of similar tissues (Fig. 6B).
Positive �2�-4 immunolabeling was also observed in the
erythroblasts (arrowheads) in the fetal liver (Fig. 6C), in the
cells of the zona reticularis (arrowheads) of the adrenal gland
(Fig. 5D), and in the basophiles (arrowheads) of the pituitary
(Fig. 6E). Consistent with the Northern blot result, the im-

Fig. 2. Human �2�-4 subunit gene (CACNA2D4) structure. Human CACNA2D4 gene is composed of 36 invariant exons (exons 2–37) and four
alternative exons (exons 1, 1B, 37L, and 38) that span about 130 kb of human chromosome 12p13.3. Exon 37L is continuously extended from exon 37
with an in-frame stop codon. Exons 1 and 1B both have an in-frame start codon, and exon 38 has an in-frame stop codon, indicating that there are
four possible alternative splicing variants. The human calcium channel �2�-4a subunit is encoded by exons 1 and 38 with 37 invariant exons (2–37),
whereas human �2�-4b is encoded with alternative exons 1B and 2 to 38. Another two putative splicing variants are �2�-4c (exons 1–37L) and �2�-4d
(exons 1B and 2–37L).
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Fig. 3. Comparison of four types of human �2� subunits. A, amino acid sequences alignment of human �2�-1 (GenBank accession number NM_000722),
human �2�-2 (GenBank accession number AF042793), human �2�-3 (GenBank accession number AF516696) and human �2�-4 (GenBank accession
number AF516695). Regions that are identical and highly homologous in all four subunits are shaded. All 15 conserved cysteine residues in four
subunits and breaking point between �2 and � subunits are indicated by asterisks or an arrow, respectively. Four regions of �2�-1 subunit required
for gabapentin binding are boxed. B, phylogram. The human �2�-4 subunit is 30, 32, and 61% identical to human �2�-1, �2�-2, and �2�-3 subunits,
respectively.
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TABLE 1
Gene structure of human �2�-4 subunit
In the Location column, upper and lower numbers indicate the beginning and ending site of each exon on the cDNA and the deduced peptide sequences, respectively.

Exon Length Location Acceptor Donor Intron Size

bp kb

Exon 1 �950 UTR–110 GAA AC(A) 2.85
1–59 E T

Exon 1B �200 UTR–35 GAC AG(A) 0.26
1–12 E R

Exon 2 81 111–192 A GTG AGG CAG AAG 1.71
60–86 V K Q K

Exon 3 116 113–308 AAG TAC GTC CAG 3.06
87–125 K Y V Q

Exon 4 59 309–368 AAT CTG CTG GTG 1.86
126–145 N L L V

Exon 5 162 369–531 TTC GAC AAC AAA G 0.30
146–199 F D Q K

Exon 6 131 532–663 (G)AC CCA TAT CCA G 20.36
200–243 D P Y P

Exon 7 61 664–725 (G)GT ATA GGC TGG 0.63
243–264 G I G W

Exon 8 147 726–873 TAC ATT ATC ATA G 0.18
265–313 Y I I I

Exon 9 76 874–950 (G)CG TAC CGA GAG 0.89
314–339 A Y R E

Exon 10 89 951–1040 CAT TTC AAG CAG 0.10
340–369 H F K Q

Exon 11 113 1041–1154 TTC CAA TGT AAG 0.44
370–407 F Q C K

Exon 12 78 1155–1233 GTC CGA AAC AAA G 1.24
408–433 V R N N

Exon 13 133 1234–1367 (G)GC TAC AGC AAG 2.98
434–478 G Y S K

Exon 14 77 1368–1445 CTC CTC GAA ACG 0.77
479–504 L L E T

Exon 15 80 1446–1526 CGA TCC TAC AAG 0.57
505–531 R S Y K

Exon 16 74 1527–1601 CTT GGA CCC CTG 3.98
533–556 L G P L

Exon 17 91 1602–1693 TAC AGA CTG AG(A) 0.57
557–587 Y R L R

Exon 18 66 1694–1760 A ACA GCC AAA GG(G) 14.40
587–609 T A K G

Exon 19 61 1761–1822 G AAG CGA TTC AG(T) 1.50
610–630 K R F S

Exon 20 67 1823–1890 T TTG GGG GAA GAA G 2.35
630–652 L G E E

Exon 21 46 1891–1937 (G)GC CTG GAC TGG 0.07
653–668 G L D W

Exon 22 96 1938–2034 ATC TAC CTG GAG T 1.96
669–700 I Y L E

Exon 23 94 2035–2129 (T)GT GAC TCC GAG 7.26
700–732 C D S E

Exon 24 94 2130–2224 TCT GAA GAC AG(G) 2.06
733–764 S E D R

Exon 25 127 2225–2351 G AAG TTC GGA CCA G 3.58
764–806 K F G P

Exon 26 80 2352–2432 (G)AA AGT GCT GCA G 26.49
806–833 E S A A

Exon 27 61 2433–2494 (G)CC GCG CGG CAG 1.07
833–854 A A R Q

Exon 28 46 2495–2541 TGC AGC GAC AGT G 0.20
855–869 S C D S

Exon 29 61 2542–2603 (G)AT CTG CGA GAG 8.63
869–890 D L R E

Exon 30 70 2604–2674 ACG GGA AGC CA(A) 0.46
891–914 T G S Q

Exon 31 75 2675–2750 A GTG ACT GTC AGC 0.60
914–939 V S V S

Exon 32 52 2751–2803 CCA ATT GTG CT(G) 0.30
940–957 P I V L

Exon 33 51 2804–2855 G TTC CTG GCC GAG 0.30
957–974 F L A E

Exon 34 21 2856–2877 GCC AAA CAT CAC T 2.14
975–981 A K H H

Exon 35 118 2878–2996 (T)CC CAC CAG AAG 1.64
981–1021 S H Q K

Exon 36 113 2997–3110 GTA TTT AAA TAT 0.28
1022–1059 V F K Y

Exon 37 80 3111–3191 AAT GCC CCA GAG 1.54
1060–1087 N A P E

Exon 37L �250 3111 AAT GCC 3’-UTR 1.36
1060–* N A

Exon 38 �930 3192 GAG AAT 3’-UTR
1088–* E N
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munostaining signal was weak in some brain regions such as
cerebellum (Fig. 6G) and cerebral cortex. In addition, immu-
nostaining by �2�-4 antibody was not detected in many other
tissues, such as tonsil (Fig. 6F).

The expression of the �2�-4 subunit in human tissues was
further confirmed by Western blot analysis (Figure 5D). As
shown in Figure 5D, an immunoreactive peptide with appar-
ent molecular mass of �160 kDa was detected in pituitary
and adrenal gland. A similar immunoreactive peptide,
present at a relatively lower level, was also detected in brain
tissue. The apparent difference between this result and the
immunohistochemical labeling shown in Figure 6G may de-
rive from the differing sensitivities of the two immunoassays
and of the use of samples from different brain regions in the
each assay. It is also notable that the relatively high mes-
senger RNA level of the �2�-4 subunit in human heart (Fig-
ure 4) was not paralleled by high protein levels evaluated by
immunohistochemical or Western blotting techniques.

Formation of Protein Complex in HEK293 Cells. Be-
cause the calcium channel is a multisubunit protein complex,
a functional �2�-4 subunit, like other known �2� subunits,
would be a component of the complex. Formation of a stable
complex of �2�-4 with other channel subunits was tested by
coimmunoprecipitation. The �2�-4a subunit was first tagged
with an HA epitope and cotransfected with CaV1.2 and �3

subunits into HEK cells. The cell lysates were immunopre-
cipitated by either immobilized anti-HA monoclonal Ab or
anti-CaV1.2 polyclonal Ab/Protein-A bead. The coprecipitated
subunits were then analyzed by Western blot. Figure 7 shows
that �2�-4a associated with CaV1.2 and �3 after cotransfec-
tion in HEK293 cells. The expression of all three subunits in
HEK293 cells was confirmed by Western blot (Figure 7A). In
addition, �2�-4a(HA) was detected by both anti-�2�-4 and
anti-HA Abs. In Figure 7B, �2�-4a(HA) was immunoprecipi-
tated from lysates with anti-HA Ab, and the presence of
CaV1.2 (lane 2), �2�-4a (lane 4), and �3 (lane 6) in the pre-
cipitates were tested by Western blot with anti-CaV1.2, �2�-4
and �3 polyclonal Abs. Under the same condition, no subunits
were immunoprecipitated from the cells transfected by only

vector, pcDNA3.1, (Fig. 7B, lanes 1, 3, and 5). A reciprocal
immunoprecipitation of CaV1.2 subunit from the same ly-
sates was performed by using anti-CaV1.2 Ab/protein-A
beads, and the presence of �2�-4(HA) was determined by
Western blot with anti-HA Ab (Fig. 7C). The specific co-
immunoprecipitation of �2�-4(HA) subunit was further con-
firmed by a negative control (Fig. 7C, lane 1), in which only
protein-A beads were added.

Augmentation of CaV1.2/�3-Mediated Ca2� Influx in
HEK293 Cells. One remarkable role of the �2� subunit is to
increase levels of functional channel on the plasma mem-
brane and thereby greatly enhance ionic current in the pres-
ence of the second regulatory subunit, the � subunit. To test
whether �2�-4 subunit plays a similar role, we compared the
CaV1.2/�3 mediated Ca2� influx in the presence and absence
of the �2�-4a subunit. The transfected HEK293 cells were
loaded with Calcium Plus dye and depolarized by adding KCl
to a final concentration of 50 mM. The changes in fluores-
cence intensity were measured with the Attofluor Ratio-
Vision. For analysis of the data, the fluorescence intensity

Fig. 4. Northern blot analysis of human �2�-4 subunit gene expression. A,
human multiple tissue blot (BD Clontech) hybridized with radioactively
labeled human �2�-4 subunit probe. B, same blot rehybridyzed with
human 2.4-kb �-actin probe (provided by BD Clontech) after stripping
�2�-4 subunit probe with 0.5% SDS at 90 °C for 15 min. Lane 1, heart;
lane 2, brain; lane 3, placenta; lane 4, lung; lane 5, liver; lane 6, skeletal
muscle; lane 7, kidney; and lane 8, pancreas.

Fig. 5. Characterization of anti-�2�-3 and anti-�2�-4 subunit polyclonal
antibodies. A to C, characterization of antibodies. SDS –PAGE and au-
toradiograph analysis of four different types of in vitro translated �2�
subunit (A), Western blot analysis of in vitro translated �2� subunits with
anti-�2�-3 (B), and anti-�2�-4 (C) antibodies. D, Western blot analysis of
�2�-4 subunit expression in selected human tissues. The blot was pur-
chased from ResGen (Invitrogen). Total proteins (100 �g) from each
tissue were subjected to 3 to 8% Tris-acetate gel. Lane 1, brain; lane 2,
pituitary; lane 3, adrenal gland; lane 4, pancreas; and lane 5, heart.
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changes were averaged from each individual cell regardless
of whether they were expressing all the inputting subunits.
However, we did exclude the cells lacking any KCl response,
because vector-only transfected cells showed very little re-
sponse to KCl activation (data not shown). As shown in
Figure 8, upon depolarization, the Ca2� influx in transfected
cells was mediated by a Nifedipine sensitive Ca2� channel,
presumably by over-expressed CaV1.2 L-type Ca2� channel.
The Ca2� influx in CaV1.2 transfected cells was significantly

increased (�3-fold) by co-transfection of �3 subunit. The ef-
fect was further increased to 6-fold in the presence of both �3

and �2�-4 subunits. This result suggests that �2�-4 subunit
may play a similar basic role in formation a functional chan-
nel.

Gabapentin Binding. Gabapentin is a novel anticonvul-
sant drug that is also used clinically for treatment of neuro-
pathic pain. A high-affinity gabapentin-binding site was
found in brain and skeletal muscle, subsequently identified

Fig. 6. Immunohistochemical analysis of �2�-4 subunit expression in human tissues. A, Paneth cells (arrowheads) of the small intestine. B, no �2�-4
immunolabeling was detected in the preabsorption control of the small intestine. Also, �2�-4 immunolabeling was detected in the fetal liver
erythroblasts (arrowheads) (C), in the cells of the zona reticularis (arrowheads) of the adrenal gland (D), and in the adrenal gland basophiles
(arrowheads) of the pituitary (E). No �2�-4 immunolabeling was detected in the tonsil (F) and cerebellum (G). Bar, 75 �m (A, B), 25 �m (D, F, G), or
100 �m (C, E).
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as the calcium channel �2�-1 subunit (Gee et al., 1996). More
recently, Marais et al. (2001) demonstrated that gabapentin
also interacted with the calcium channel �2�-2 subunit but

not with the �2�-3 subunit. To determine whether gabapen-
tin bound to the human �2�-4 subunit, we assessed specific
gabapentin binding of three different types of �2� subunit.
The �2�-1, �2�-3, and �2�-4 subunits were first overexpressed
in COS-7 cells by transient transfection. The membrane frac-
tions were made 48 h after transfection and incubated with
[3H]gabapentin at room temperature for 1 h. The membranes
were subsequently filtered, and gabapentin binding to the
membrane was quantified by scintillation counting. As
shown in Fig. 9, gabapentin bound to the �2�-1 subunit with
a relatively high affinity, but it failed to bind to either the
�2�-3 or �2�-4 subunits. This result is consistent with Marais’
observation (Marais et al. 2001) and further supports the
gabapentin binding pharmacophore characterized by Wang
et al. (1999), which is present in the �2�-1 and �2�-2 but not
in the �2�-3 and �2�-4 subunits.

Discussion
We report here the molecular cloning and characterization

of a novel human voltage-gated calcium channel �2�-4 sub-

Fig. 7. �2�-4 subunit associates with CaV1.2 and �3 subunits in HEK293 cells.
Reciprocal co-immunoprecipitation of CaV1.2, �3, and �2�-4 (HA tagged) sub-
units. The HEK392 cells were transiently cotransfected by mammalian expres-
sion construct of CaV1.2, �3, and �2�-4-HA. Two days after transfection, the cells
were lysed and expressed, and subunits were analyzed by Western blot (A). The
cell lysates were then immunoprecipitated with either anti-HA monoclonal
antibody (B) or anti-�1C polyclonal antibody (C), and immunoprecipitates were
analyzed by Western blots with indicated antibodies.

Fig. 9. Gabapentin does not bind to �2�-4. COS-7 cells were transiently
transfected �2� subunit expression constructs and parental vector,
pcDNA3.1, separately. After 48 h, transfected cells were collected and
membrane fraction was made. A, Western blot analysis of membrane
fractions. Membrane protein (50 �g) from each sample was subjected to 4
to 12% SDS-PAGE and transferred to nitrocellulose after electrophoresis.
The blots were probed with anit-�2�-1, -3, and -4 polyclonal antibodies,
respectively. Lanes 1, 3, and 5, cells transfected by pcDNA3.1; lane 2, by
�2�-1/pcDNA3.1; lane 4, transfected by �2�-3/pcDNA3.1; and lane 6, by
�2�-4/pcDNA3.1. B, [3H]gabapentin binding to the membrane fraction of
transfected cells. The assay was performed at room temperature with 40
�g of total membrane protein from each sample and 20 nM [3H]gabap-
entin in a final volume of 200 �l. Values are the means � S.D. of numbers
of experiments indicated on top of each bar.

Fig. 8. The �2�-4 subunit increase CaV1.2/�3 mediated Ca2� influx in
HEK293 cells. Transfected cells by different combination of expression
constructs as indicated were loaded with Calcium Plus dye for 1 h at
37°C. The cells were then, depolarized by adding 50 mM KCl and the
intracellular [Ca2�] changes were measured in individual cells by fluo-
rescence videomicroscopy using the Attofluor Digital Imaging system.
The [Ca2�] in extracellular medium was 1.6 mM. To block Ca2� influx, 10
�M of nifedipine was added before the depolarization. A, time course of
average fluorescence intensity changes after depolarization. B, statistic
analysis of changes of peak fluorescence intensity after depolarization.
Each bar graph represented the means � S.E.M. of peak fluorescence
changes regardless whether all the subunits were expressed in an indi-
vidual cell but excluded the cells without KCl response. The number of
cells was indicated on each bar graph.
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unit and its amino and carboxyl terminal splicing variants.
We also characterized its gene structure and determined its
tissue distribution pattern by Northern blot analysis and
immunohistochemistry. We conclude that this novel protein
is a new member of the �2� subunit family based on the
following observations. First of all, the �2�-4 subunit shares
30, 32, and 61% identity with human calcium channel �2�-1,
�2�-2, and �2�-3 subunits, respectively. Secondly, the �2�-4
subunit possesses most of the known �2� subunits molecular
features. These include a potential signal sequence at the
amino terminus, a transmembrane domain at the carboxyl
terminus, 15 conserved cysteine residues, multiple glycosyl-
ation sites, and conserved regions clustered on the �2 portion.
Finally, when the �2�-4 subunit was expressed in HEK293
cells, it formed a protein complex with CaV1.2 and �3 sub-
units (Fig. 7), and increased Ca2� influx mediated by
CaV1.2/�3 channel (Fig. 8). Comparison of the primary se-
quences of all the �2� subunits (Fig. 3) also showed that the
�2�-1 and �2�-2 subunits belong to one subfamily, whereas
the �2�-3 and �2�-4 subunits belong to another subfamily.
Interestingly, although the �2�-4 subunit is most similar to
the �2�-3 subunit in primary sequence, its tissue distribution
pattern is quite different. The reported protein distribution of
the �2�-3 is predominately in brain tissue (Klugbauer et al.,
1999), whereas the �2�-4 subunit is in certain types of endo-
crine cells, suggesting that �2�-3 and �2�-4 may play regula-
tory roles in different tissues.

Like the �2�-2 subunit, one of the N-terminal isoforms of
the �2�-4 subunit (�2�-4a) consists of a potential signal se-
quence, whereas another (�2�-4b) does not. The isoform with-
out the potential signal peptide may not form a typical �2�
subunit membrane topology and will not be highly glycosy-
lated, which is believed to be critical for the regulatory ac-
tivity of �2� subunits. However, the existence and biological
function of the �2� subunit isoforms without a putative signal
peptide is still not understood. It will be interesting to see
whether the isoform with such different membrane topology
plays a different role in the regulation of calcium channel
activity.

The �2�-1 subunit is known to increase the number of
functional channels on the cell surface and to alter the bind-
ing of neurological and cardiovascular drugs to the ion chan-
nel pore-forming �1 subunit. Recently, it has been shown that
the calcium channel �2� subunit contains a binding site for
gabapentin (Gee et al. 1996). Gabapentin may control neu-
ronal excitability by modifying calcium channel activity
(Rock et al. 1993) providing its therapeutic role in epilepsy
and neuropathic pain. Recently, Wang et al. (1999) has iden-
tified four regions on �2� subunit that are required for gaba-
pentin binding. The similar binding motif may exist in the
�2�-2 subunit, but not in the �2�-3 and the novel �2�-4 sub-
units. In support of this notion, we found that �2�-3 and �2�-4
subunits do not bind to gabapentin. Obviously, gabapentin
might be a less safe medication if it bound to all subtypes of
�2� subunits and subsequently altered the activity of all
calcium channels. The finding that gabapentin binds neither
to the �2�-4 subunit (present study) nor to the �2�-3 subunit
(Marais et al., 2001) may partially explain why gabapentin
has certain clinical properties or alters only certain types of
calcium channel activities. At this point, we cannot exclude
the possibility that the effect of gabapentin may also depend

on the specific types of �1 and � subunits that are associated
with the gabapentin-binding �2� subunits (�2�-1 and �2�-2).

Because the gene encoding the �2�-4 subunit is colocalized
with the �1C subunit (CaV1.2) on human chromosome
12p13.3, with a distance of only about 400 kb, an obvious
question would be whether these two subunits associate to
form a functional channel in native tissue. It is well known
that the major subtypes of CaV1.2 (�1C) are predominantly
expressed in heart, smooth muscle and brain, a distribution
significantly different from that of the �2�-4 subunit reported
here (Fig. 6) in the pituitary, adrenal gland, small intestines,
and fetal liver tissue. This suggests that the �2�-4 subunit is
not a component of L-type channel in heart, brain, and
smooth muscle. Interestingly, the CaV1.2c (�1C-C, or rbC-I/
rbc-II), one of the splicing variants of the �1C subunit, is also
expressed in pituitary and adrenal gland (Snutch et al.,
1991), a localization consistent with that of the �2�-4 subunit.
In addition, several other types of �1 subunits, such as
CaV1.3, CaV2.1, and CaV2.3 are also expressed in pituitary.
Further study will be necessary to elaborate the physiological
role of calcium channel �2�-4 subunit. The limited expression
pattern of the �2�-4 subunit in normal human tissues also
includes possible roles in the processes of erythrogenesis as
the erythroblasts loose their nuclei. Also, the presence of the
�2�-4 subunit in the cells of the pituitary and adrenal glands
and in the Paneth cells of the small intestine suggests its
roles in calcium-mediated exocytosis.

While this article was in preparation, a partial cDNA se-
quence (GenBank accession number XM_052387) encoding
carboxyl terminal 378 residues of human �2�-4 subunit was
deposited by the National Center for Biotechnology Informa-
tion, National Institutes of Health. It was annotated as
“Homo sapiens similar to voltage-dependent calcium channel
mouse �2�-3 subunit.”
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