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Ca 2� channel � subunits regulate cell-surface expression and gating of voltage-dependent Ca 2� channel �1 subunits. Based on primary
sequence comparisons, � subunits are predicted to be modular structures composed of five domains (A–E) that are related to the large
family of membrane-associated guanylate kinase proteins. The crystal structure of the � subunit core B–D domains has been reported
recently; however, little is known about the structures of the A and E domains. The N-terminal A domain differs among the four subtypes
of Ca 2� channel � subunits (�1–�4) primarily as the result of two duplications of an ancestral gene containing multiple alternatively
spliced exons. At least nine A domain sequences can be generated by alternative splicing. In this report, we focus on one A domain
sequence, the highly conserved �4a A domain. We solved its three-dimensional structure and show that it is expressed in punctate
structures throughout the molecular layer of the cerebellar cortex. We also demonstrate that it does not participate directly in Cav2.1
Ca 2�channel gating but serves as a binding site in protein–protein interactions with synaptotagmin I and the LC2 domain of
microtubule-associated protein 1A. With respect to �4 subunits, the interactions are specific for the �4a splice variant, because they do not
occur with the �4b A domain. These results have strong bearing on our current understanding of the structure of alternatively spliced
Ca 2� channel � subunits and the cell-specific roles they play in the CNS.
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Introduction
Alternative splicing of neuronal genes has evolved as a mecha-
nism for fine tuning many cell functions, including axonal mi-
gration and neurotransmitter release (Lipscombe, 2005). Alter-
native splicing of voltage-gated Ca 2� channel �1 and � subunits
has been shown to alter gating, current density, pharmacology
(Bourinet et al., 1999; Helton et al., 2002; Bell et al., 2004), and
responsiveness to signaling proteins, such as syntaxin (Kaneko et
al., 2002) and Ca 2�-calmodulin (Chaudhuri et al., 2004). The
structural consequences of these splicing events are poorly
understood.

Ca 2� channel � subunits (subtypes 1– 4) are members of the
membrane-associated guanylate kinase family of proteins and are
composed of five modules, A–E (Hanlon et al., 1999). Hypervari-

able A, C, and E domains are connected by Src homology 3 (SH3)
(B) and guanylate kinase (GK) (D) folds. The crystal structure of
core domains, B–D, has been reported recently (Chen et al., 2004;
Opatowsky et al., 2004; Van Petegem et al., 2004). Little is known,
however, about the structures of the A and E domains. The main
objective of this study was to determine the structure, distribu-
tion, and function of the �4a subunit A domain (�4a-A).

We showed previously that alternative splicing of the �4 sub-
unit A domain created two functionally distinct proteins, �4a and
�4b (Helton and Horne, 2002) and, in a recent report (Vendel et
al., 2006), revealed the solution structure of the �4a-A. In the
present study, we show that the structure of the �4a-A fits cor-
rectly with the crystal structure of the core B–D domains and that
the structure has been highly conserved throughout vertebrate
evolution. Our electrophysiological experiments demonstrate
that removal of the A domain does not impact expression or
voltage-dependent gating of Cav2.1 Ca 2� channels. This is in
contrast to our previous results with the �4b splice variant, with
which we showed that mutating key residues in the �4b-A had
significant effects on activation and inactivation of Cav2.1 (Hel-
ton et al., 2002). The immunocytochemistry studies in our
present report show that �4a is widely expressed in punctate struc-
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tures throughout the molecular layer of the cerebellar cortex. In
contrast, �4b is expressed in Purkinje cell bodies and Bergmann glia,
and �3, which is similar in sequence to �4a, is found in basket cell
structures surrounding Purkinje cells. Yeast two-hybrid screening
identified synaptotagmin I (Syt I) and microtubule-associated pro-
tein 1A (MAP1A) as potential binding partners for the �4a-A; Syt I,
but not MAP1A, also interacted with �3-A. The �4b-A did not inter-
act with either protein. Pull-down experiments confirm the �4a-A–
Syt I interaction and show that the interaction is reversed in the
presence of Ca2�. We propose that the �4a-A is not directly involved
in the gating of Cav2.1 Ca2� channels but has a cell-specific interme-
diary role in regulating Ca2� channel function through protein–
protein interactions.

Materials and Methods
Protein expression and purification. Detailed methods for �4a A domain
expression and purification have been described previously (Vendel et
al., 2006). Briefly, the human �4a-A (residues 1–58 of the full-length
sequence) was cloned into a 6His-expression vector (pET-15b; Novagen,
Madison, WI) and expressed in Escherichia coli strain BL21-
CodonPlus(DE3)-RIL (Stratagene, La Jolla, CA). 6His–�4a-A was puri-
fied by Ni 2� affinity chromatography, thrombin cleaved to remove the
6His-tag, and further purified by anion exchange chromatography
(Mono Q; Amersham Biosciences, Piscataway, NJ). Identical procedures
were used to purify human �3-A (residues 1–59 of the full-length se-
quence). The human �4b-A (residues 1–92 of the full-length sequence)
was cloned into a glutathione S-transferase (GST) expression vector
(pGEX6P1; Amersham Biosciences) and expressed in E. coli strain BL21-
Rossetta-pLysS (Novagen). GST-�4b-A was purified by glutathione af-
finity chromatography, preScission protease cleaved (Amersham Bio-
sciences) to remove the GST tag, and further purified by cation exchange
column chromatography (Mono S; Amersham Biosciences). To purify
synaptotagmin I, nucleotides coding for the C2A and C2B domains (res-
idues 140 – 420), were amplified from a human full-length cDNA
(MHS1010 –9205762; Open Biosystems, Huntsville, AL) and cloned into
the pET-15b bacterial expression plasmid (Novagen). The N-terminal
His-tagged fusion protein (6His–C2AC2B) was expressed in E. coli strain
Codon� BL21 (DE3) pLysS (Stratagene). Cells were grown at 37°C to an
OD600 of 0.7 and induced with 0.5 mM isopropyl-�-D-
thiogalactopyranoside for 3 h. Cells were harvested by centrifugation and
lysed by sonication in 50 mM sodium phosphate, 300 mM NaCl, and 10
mM imidazole, pH 8 (Ni 2�-load buffer). The 6His–C2AC2B protein was
removed from the soluble fraction by Ni 2�-NTA resin affinity chroma-
tography (Novagen) and washed extensively with Ni 2�-load buffer to
remove contaminants. Bound protein was eluted with 50 mM sodium
phosphate, 300 mM NaCl, and 1 M imidazole, pH 8 (elute buffer). The
6His–C2AC2B protein was dialyzed against 50 mM sodium phosphate
and 5 mM EDTA, pH 6.5, overnight at 4°C. Additional purification of
6His–C2AC2B was accomplished by fast protein liquid chromatography
using a CM52 cation exchange column (Amersham Biosciences). Iden-
tity of all purified proteins was confirmed by electrospray mass spec-
trometry. Preliminary assessment of proper protein folding was deter-
mined by circular dichroism (CD) spectroscopy.

CD and nuclear magnetic resonance spectroscopy. For �4a-A CD, 30 �M

protein samples were prepared in 20 mM NaPO4 and 50 mM NaCl and
adjusted to pH 5, 6, or 7. CD spectra were acquired at 5°C with an Aviv
202 spectrometer (Aviv Biomedical, Lakewood, NJ). For 6His–C2AC2B
CD, 10 �M protein samples were prepared in 50 mM NaPO4, 300 mM

NaCl, 10 mM imidazole, 1 mM DTT, and 2 mM EGTA, pH 7.0, at 25°C. CD
spectra were acquired at 25°C. For nuclear magnetic resonance (NMR),
the �4a-A samples were prepared in 50 mM sodium phosphate, 150 mM

NaCl, 10% D2O, and 100 �M sodium azide, pH 5.5. NMR spectra were
acquired with a Varian (Palo Alto, CA) Unity Inova spectrometer oper-
ating at 500.1 MHz for 1H NMR. Data were processed with NMRPipe
(Delaglio et al., 1995) and analyzed with NMRView (Johnson and
Blevins, 1994). Structural calculations were performed using Crystallog-
raphy and NMR Systems (Brunger et al., 1998). Detailed methods for

sequence specific backbone and side-chain assignments, nuclear Over-
hauser effect constraints, and structure determination have been de-
scribed previously (Vendel et al., 2006).

Construction of BCDE cDNA. Full-length �4a cDNA (Helton and
Horne, 2002) was used as template to amplify a BCDE PCR fragment
using the Expand High Fidelity PCR System (Roche Products, Indianap-
olis, IN) and the following primers: forward, 5�-CGGGATCCCGCCAC-
CATGGTAGCATTTGCCGTG; reverse, 5-TATCTCGAGCTATCA-
AAGCCTATGTCG. The PCR product was digested with BamHI and
XhoI and cloned into pBluescript II SK � (Stratagene) in two steps. The
BamHI/XhoI digest of the PCR product yielded two cDNA fragments, a
219 bp BamHI/BamHI fragment and a 1087 bp BamHI/XhoI fragment.
The larger fragment was cloned into BamHI/XhoI-digested pBluescript II
SK � to create construct 1. The smaller fragment was cloned into BamHI-
digested construct 1 to create the final BCDE construct.

Electrophysiology. cRNAs were synthesized using the mMessage mMa-
chine capped RNA transcription system (Ambion, Austin, TX). To char-
acterize the effects of removing the �4a-A, full-length �1 and �2�-1
cRNAs were injected into Xenopus laevis oocytes at equimolar ratios
along with different amounts of �4a or BCDE. The �4a and BCDE cRNAs
were coinjected at 1:1, 1:4, and 1:12 molar ratios relative to �1A (5.6 ng of
�1A, 2.4 ng of �2�-1, and 1.8, 7.4, or 22 ng of �4a or BCDE in 46 nl). Ca 2�

channel currents were recorded at 24°C 1– 6 d later by standard two-
electrode voltage clamp (OC-725B amplifier; Warner Instruments,
Hamden, CT). Currents were recorded in 5 mM Ba(OH)2, 5 mM HEPES,
85 mM tetraethylammonium-OH, and 2 mM KOH, pH adjusted to 7.4
with methanesulfonic acid. Data were collected and analyzed using
pClamp8 software (Molecular Devices, Palo Alto, CA). The leak and
capacitive currents were subtracted on-line using a standard P/4 proto-
col. Statistical analysis was performed with a Student’s two-sample
equal-variance t test with a two-tailed distribution. Data are presented as
mean � SEM.

Affinity-purified polyclonal antibody production. The following amino
acid sequences were submitted for peptide synthesis (Macromolecular
Resources, Fort Collins, CO): �4a-A, CGGYDNLYLHGIEDSE; �4b-A,
CGGYAKNGTADGPHSPT. The identity of each peptide was confirmed
by matrix-assisted laser desorption/ionization reflector time-of-flight mass
spectrometry. Peptides were conjugated to keyhole limpet hemacyanin be-
fore rabbit immunization. Final bleeds were performed �90 d after initial
injection. Antibodies (1450, anti-�4a-A; 1448, anti-�4b-A) were affinity pu-
rified using purified recombinant �4a-A or �4b-A protein coupled to Affi-
Gel 15 Gel (Bio-Rad, Hercules, CA) for the 1450 antibody or Affi-Gel 10 Gel
(Bio-Rad) for the 1448 antibody, respectively.

Western blot analysis. Proteins were separated by SDS-PAGE and
transferred at 30 V to Immun-Blot polyvinylidene difluoride membranes
(Bio-Rad) overnight at 4°C. Membranes were blocked with TBS/Tween
20/5% milk (Blotto) and incubated with rabbit polyclonal primary anti-
body overnight at 4°C [anti-�4aA-1, 1:000 –1:10,000 depending on ex-
periment; anti-�4bA, 1:1000; anti-�3 (Chemicon, Temecula, CA),
1:1000; or anti-6His (Abcam, Cambridge, MA), 1:1000]. Membranes
were washed three times with Blotto before a 2 h incubation with alkaline
phosphatase-conjugated goat anti-rabbit IgG (1:2000) at 26°C. Mem-
branes were washed four times with Blotto and two times with 150 mM

NaCl and 50 mM Tris, pH 7.5, before development with bromochloroin-
dolyl phosphate/nitro blue tetrazolium (Novagen) at 26°C.

Immunocytochemistry. Adult (�2 months) C57BL/6 mice anesthe-
tized with xylazine (4 mg/kg) and ketamine (21 mg/kg) were transcardi-
ally perfused with 10 ml (5 ml/min) of heparanized saline (0.9%), fol-
lowed by 25 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.5. For synaptotagmin detection, 1% acrolein was included in the
perfusion buffer. For light microscopy, brains were removed and post-
fixed overnight in the same fixative at 4°C. Brains were washed repeatedly
in 0.1 M PB, pH 7.5. Cerebellums were isolated, embedded in 5% agarose,
sectioned at 50 �m with a vibratome [Leica (Nussloch, Germany)
VT1000S; E. Licht, Denver, CO], and collected into PBS, pH 7.5. Sections
were subjected to the following antigen retrieval procedures before anti-
body treatments (Jiao et al., 1999): 30 min soak in 0.1 M glycine in PBS,
followed by three washes in PBS at 4°C; 15 min soak in 0.5% sodium
borohydride in PBS, followed by four washes in PBS at 4°C; 60 min soak
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in 0.05 sodium citrate, pH 8.6, at 26°C; and 30 min soak in 0.05 sodium
citrate, pH 8.6 at 80°C, followed by 30 min slow cool to 24°C and three
washes in PBS. Cerebellar sections were blocked with PBS containing 5%
normal goat serum (NGS), 0.5% Triton X-100 (TX), and 1% hydrogen
peroxide at 4°C. Sections were incubated for 36 h at 4°C with the follow-
ing dilutions of primary affinity-purified polyclonal antibodies: rabbit
anti-�4a, 1:1000; rabbit anti-�4b, 1:500; rabbit anti-�3, 1:500; rabbit anti-
calbindin, 1:500 (Sigma, St. Louis, MO); or mouse anti-synaptotagmin
(Chemicon MAB5202), 1:1000. After incubation with primary antibody,
sections were washed four times with PBS and then incubated with
biotin-conjugated donkey anti-rabbit or donkey anti-mouse (1:2500;
Jackson ImmunoResearch, West Grove, PA) in 1% NGS and 0.5% TX for
2 h at 24°C. Immunoreactions were detected using a Vectastain Elite kit
(Vector Laboratories, Burlingame, CA). For preabsorption experiments,
5 �g of anti-�4a, anti-�4b, or anti-�3 antibodies were incubated for 2 h at
26°C with 5 �g of purified recombinant �4a-A, �4b-A, or �3 control
antigen (Chemicon), respectively, before making the above dilutions.
For fluorescence microscopy, brains were stored at 4°C overnight in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.5, containing 30%
sucrose and sectioned at 40 �m on a sliding microtome equipped with a
freezing stage (Physitemp Instruments, Clifton, NJ). Sections were col-
lected in PB and processed as described above, with the exception that sec-
tions were not subjected to antigen retrieval and the secondary antibody used
was Alexa Fluor 488 conjugated (1:2000; Invitrogen, Carlsbad, CA). Fluores-
cence immunolabeling was analyzed by laser scanning confocal microscopy
(LSM Meta 510; Zeiss, Thornwood, NY).

Yeast two-hybrid screening. Yeast strain AH109 (Clontech, Palo Alto,
CA) was used in yeast two-hybrid experiments. The bait vector was cre-
ated by cloning the �4a-A into the Gal4 DNA-binding domain vector
pGBKT7 (Clontech) to yield pGBKT7-�4a-A. A human cerebellum
cDNA library was generated from poly(A �) mRNA (Clontech) using the
BD Matchmaker Library Construction and Screening kit (Clontech).

AH109 cells were transformed with pGBKT7-
�4a-A, the cerebellum library, and the Gal4 ac-
tivation domain (AD) vector pGADT7-rec
(Clontech). Target vectors (pGADT7-rec with
incorporated cDNAs) were thus generated by
in vivo homologous recombination. Yeast two-
hybrid screens were accomplished by plating
cells onto agar made in minimal media lacking
tryptophan, leucine, adenine, and histidine
(QDO plates). Bait and target vectors were res-
cued from surviving colonies with the Yeast-
maker plasmid isolation kit (Clontech) according
to the instructions of the manufacturer. Interact-
ing targets were isolated from bait vector by
transformation into E. coli XL1-Blue cells and
plating onto agar containing 50 �g/ml ampicillin.
The identity of target cDNAs was determined by
fluorescence-based DNA sequencing. Interac-
tions were confirmed by another transformation
of AH109 cells with pGBKT7-�4a-A and individ-
ual target vectors. Cells were grown in selection
media, and a 10-fold serial dilution series was cre-
ated. As a final step, 10 �l of each dilution was
spotted onto agar plates that were supplemented
with 30 mM 3-aminotriazole (3�-AT) (Sigma) but
lacking in tryptophan, leucine, adenine, and his-
tidine (3�-AT-QDO plates).

Ni2�-NTA bead pull-down experiments. Pu-
rified, lyophilized 6His–C2AC2B (�1 mg) was
resuspended in 50 mM sodium phosphate, 300
mM NaCl, and 10 mM imidazole, pH 7.5 (pull-
down buffer) and incubated with 150 �l of
Ni 2�-NTA beads for 30 min at 4°C. The 6His–
C2AC2B beads were washed once in 500 �l of
pull-down buffer and then incubated with ei-
ther 50 nmol of purified �4a-A or �4b-A in 500
�l of pull-down buffer for 2 h at 4°C. For
Ca 2�-dependence experiments, 10 mM CaCl2

was included in the pull-down buffer at this stage. The beads were washed
with pull-down buffer (three times, 500 �l) to remove any unbound
protein. 6His–C2AC2B and associated proteins were eluted with 50 mM

sodium phosphate, 300 mM NaCl, and 1 M imidazole, pH 8 (elute buffer).
Load, wash, and elute fractions were analyzed by 4 –15% gradient PAGE
and Coomassie blue staining. Elute fractions were evaluated by Western
blot analysis.

Results
Structure of the �4a A domain
Alignment of human �4a-A amino acids, 1–58, with a zebrafish
homolog demonstrates that the �4a-A has been conserved
throughout vertebrate evolution (Fig. 1A). Alignment with the
human �3-A shows that the exons coding for the A domains of
�4a and �3 have evolved from a common ancestor. With the
exception of two homologous substitutions, human and ze-
brafish �4a are identical up to amino acid 36. In contrast, the
human �3-A contains nonhomologous substitutions in the very
N-terminal region predicted to be an � helix and an insertion
between two predicted � strands. Compared with human �4a and
�3, the zebrafish homolog contains a four amino acid insertion in
a predicted loop structure. All three � subunit A domains share a
highly conserved C-terminal � helix. This analysis suggests that
the sequences of �4a-A and �3-A have been selected to perform
similar functions; however, the histidine to proline substitution
at the eighth residue of �3 likely disrupts the formation of the first
helix. This could represent a mechanism for fine-tuning the func-
tion of Ca 2� channel � subunit A domains.

To verify predicted secondary structure and to determine the

Figure 1. Structure of the human �4a A domain. A, Alignment of human and zebrafish �4a and human �3 N-terminal A
domains. Identical residues and conservative substitutions are shaded blue and red, respectively. �4a-A predicted secondary
structure shown as tubes (� helix) and arrows (� strand) (Protein Sequence Analysis server, http://bmerc-www.bu.edu/psa)
(White et al., 1994). Numbers refer to �4a-A residues. B, Circular dichroism spectra of the purified �4a-A at pH 5 (�), 6 (�), and
7 (E). C, Solution structure of the �4a-A determined to a root mean square deviation of 0.73 Å. The structure contains two � helices
(�1, �2) and two � strands (�1, �2) connected by three loops (L1–L3). The structure has been deposited in the Protein Data Bank
(code 2D46). D, Combined �4a-A solution structure and �2a B–D crystal structure (Van Petegem et al., 2004). The figure is labeled
as follows: A, A domain; SH3, Src homology 3, B domain; Linker, sequence connecting SH3 and GK domains, C domain; GK,
guanylate kinase, D domain; AID, Ca 2� channel �1 subunit interaction domain; C-terminal Domain, beginning of the C-terminal
domain (structure unknown). The software program “O” (version 8.0.11) was used to perform the merger of the two structures
(Jones et al., 1991). PyMOL molecular graphics software version 0.96 was used to generate structure figures.
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tertiary structure of the �4a-A, we set out
to solve its structure using methods in
NMR spectroscopy. As a first step, we per-
formed CD spectroscopy to determine
whether the purified protein had an orga-
nized fold. Figure 1B shows three overlap-
ping CD spectra acquired at pH 5, 6, and 7,
with prominent signal at 222 and 208 nm.
The minima at 222 and 208 nm are indic-
ative of � helical structure; the plateau
from 212 to 218 nm suggests that the pro-
tein may possess �-strand structure. The
fact that the minima at 208 nm are shifted
toward 200 nm indicates that they also
contain some random coil elements.
These results gave us the first indication
that the �4a-A folds independently of the
rest of the �4 subunit and that it contains a
mixture of secondary structures. The pur-
pose of performing the CD spectra at dif-
ferent pH values was to demonstrate that
the structure is pH stable and thus amena-
ble to NMR studies at lower pH (improves
signal by reducing amide-solvent proton
exchange). The NMR solution structure
obtained at pH 5.5 is shown in Figure 1C.
The experimental details involved in solv-
ing the solution structure have been pub-
lished previously (Vendel et al., 2006). The
figure shows that the �4a-A consists of a
short N-terminal � helix (�1) orthogonal
to a longer C-terminal � helix (�2), three
loops (L1, L2, and L3), and a pair of short,
anti-parallel � strands (�1 and �2). The �2
helix of the A domain is conserved in all �
subunits and is the most N-terminal helix
present in crystal structures of truncated
�2a and �3 subunits (Chen et al., 2004;
Opatowsky et al., 2004; Van Petegem et al.,
2004). Merging the NMR-derived struc-
ture of the �4a-A with the x-ray crystal
structure of the core domains of �2a [Pro-
tein Data Bank code 1T0J (Van Petegem et
al., 2004)] reveals that the A domain is ori-
ented away from and at an angle to the
SH3 fold and SH3-GK linker (Fig. 1D).
The crystal structures show that residues
of the �2 helix make contacts with the dis-
tal surfaces of the RT loop, the hydrophobic core, and the distal
loop of the SH3 domain. Amino acids E44, A47, Q50, L51, A54,
and K55, conserved in all � subunits, are the principal residues
involved in packing against the SH3 domain. These interactions
are likely important for stabilization and proper orientation of
the A domain away from the core SH3 and GK domains. The
positioning of the A domain away from the �1 subunit interac-
tion domain (AID) suggests that it is not directly involved in
gating.

The �4a A domain is not essential for Ca 2� channel gating
To determine whether or not the �4a-A was necessary for channel
gating, we created a truncated cRNA construct (BCDE) lacking
exons 1 and 2 that code for the A domain and studied its proper-
ties when coinjected with �1 (Cav2.1) and �2�-1 cRNAs in Xe-

nopus oocytes. Because others have shown that � subunits have
concentration-dependent effects on gating (Canti et al., 2001;
Yasuda et al., 2004), we compared the properties of full-length
�4a and BCDE at three different cRNA concentrations (1.8, 7.4,
and 22.0 ng/oocyte; labeled 1X, 4X, and 12X in Fig. 2A, inset)
while maintaining �1 and �2�-1 amounts constant. We also
characterized the effects of �1 and �2�-1 alone on each gating
parameter examined. Figure 2A displays current size plotted
against time after cRNA injection. It shows that increasing in-
jected amounts of either �4a or BCDE has a marked effect on the
time after injection that currents can be measured. To reach 0.5
�A requires 5– 6 d in the absence of a �4 construct and 3– 4 or 1–2
d at low and high levels of �4a or BCDE, respectively. Represen-
tative normalized current traces resulting from varying the
amounts of �4a and BCDE injected per oocyte are shown in Fig-

Figure 2. Electrophysiological comparison of full-length �4a and BCDE. A, Cav2.1 current size as a function of time after
injection of no � (X), �4a (filled symbols), or BCDE (open symbols) cRNA. Inset, RNA gel showing �1, �2/� mixtures with
increasing amounts of �4 constructs (�4 to �1 ratios: squares, 1:1 �4 molar ratio relative to �1; diamonds, 4:1 ratio; circles, 12:1
ratio). B, Representative Cav2.1 current traces in the absence (dashed line on top of gray trace) and presence of �4a (black traces)
or BCDE (gray traces). Effects of increasing injected amounts (in nanograms) of �4 constructs on rate of inactivation are indicated
by arrows. C, Effects of increasing injected amounts (in nanograms) of �4a (top) and BCDE (bottom) on Cav2.1 activation. D, Effects
of increasing amounts (in nanograms) of �4a (top) and BCDE (bottom) on Cav2.1 closed-state inactivation. Symbols represent
mean values, and lines serve to connect data points.
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ure 2B. The rate of open-state inactivation for low concentrations
of �4a or BCDE is similar to that seen in the absence of �4 cRNA.
However, as the concentration of the �4 cRNA is increased, the
rate of inactivation progressively slows; the degree of slowing is
similar for both �4a and BCDE. Similar changes are observed
when examining the voltage dependence of activation (Fig. 2C)
and closed-state inactivation (Fig. 2D). At the lowest concentra-
tion of �4a, activation occurs over a voltage range identical to that
of �1 and �2�-1 alone; however, with increasing concentrations
of �4a, the I–V curves shift progressively to more hyperpolarized
potentials (Fig. 2C, top). The V1/2 values for activation are as
follows: �1/�2�-1, �4.70 � 0.05 mV (n � 10); 1.8 ng of �4a,
�4.25 � 0.03 mV (n � 12); 7.4 ng of �4a, �9.05 � 0.06 mV (n �
10); 22.0 ng of �4a, �13.25 � 0.04 mV (n � 10). Similar activa-
tion results were obtained with increasing concentrations of
BCDE (Fig. 2C, bottom). The V1/2 values for activation are as
follows: 1.8 ng of BCDE, �4.69 � 0.04 mV (n � 10); 7.4 ng of

BCDE, �11.48 � 0.10 mV (n � 8); 22.0 ng
of BCDE, �11.28 � 0.06 mV (n � 12).
The V1/2 values at the lowest and highest
concentrations of �4a and BCDE are not
statistically different. At the lowest con-
centration of �4a, closed-state inactivation
occurs over a voltage range identical to
that of �1 and �2�-1 alone; however, in-
creasing �4a concentrations shifts the in-
activation curves in a stepwise manner to
more hyperpolarized potentials (Fig. 2D,
top). The V1/2 values for inactivation are as
follows: �1/�2�-1, �21.07 � 0.09 mV
(n � 7); 1.8 ng of �4a, �21.80 � 0.03 mV
(n � 10); 7.4 ng of �4a, �31.72 � 0.05
mV (n � 7); 22.0 ng of �4a, �30.55 � 0.05
mV (n � 9). Like �4a, increasing concen-
trations of BCDE resulted in a progressive
shift to more hyperpolarized potentials
(Fig. 2D, bottom). The V1/2 values for in-
activation are as follows: 1.8 ng of BCDE,
�27.80 � 0.05 mV (n � 10); 7.4 ng of
BCDE, �37.19 � 0.04 mV (n � 8); 22.0 ng
of BCDE, �35.43 � 0.05 mV (n � 11). In
this case, the V1/2 of inactivation of BCDE
is shifted 5– 6 mV to the left relative to the
V1/2 of �4a, but the difference is not statis-
tically significant ( p � 0.124). These re-
sults indicate that the �4a-A is not required
for Cav2.1 complex assembly and plasma
membrane insertion and that it does not
play a role in concentration- or voltage-
dependent effects on gating.

Cell-specific expression of � subunits in
the cerebellar cortex
As a step toward determining the function
of the �4a-A, we next compared the cellu-
lar distribution of the �4a subunit, the
N-terminal �4 splice variant, �4b, and the
�3 subunit in mouse cerebellar cortex. We
generated polyclonal antisera directed to-
ward N-terminal peptide sequences of �4a

and �4b (Fig. 3A, highlighted sequences)
and affinity purified the splice variant-
specific antibodies using purified recom-

binant �4a-A and �4b-A protein. Because the sequence of �3 is
similar to �4a in the region used to generate the �4a antibody (Fig.
3A), it was important to examine the distribution of �3 to be sure
that the �4a antibody did not cross-react. Western blots per-
formed with affinity-purified antibodies reveal that all three an-
tibodies label single 52–55 kDa protein bands in purified cerebel-
lar membrane preparations (Fig. 3B). Supplemental Figure 1
(available at www.jneurosci.org as supplemental material) shows
by Western blot analysis that the �4a and �4b antibodies label
their respective purified recombinant A domains and do not
cross-react. Moreover, the �4a-A antibody does not cross-react
with recombinant �3-A protein. The �3 antibody used in these
studies is directed toward a �3 subunit-specific C-terminal se-
quence and does not cross-react with either �4a-A or �4b-A. In
Figure 3C, calbindin-labeled Purkinje cells in sections of cerebel-
lar cortex serve to define the orientation of the molecular layer,
Purkinje cell layer, and granule cell layer in subsequent panels.

Figure 3. Distribution of � subunit subtypes in mouse cerebellum. A, Splice variant-specific antibodies were created against
unique �4a and �4b sequences (highlighted). B, Western blot showing that �4a-, �4b-, and �3-specific antibodies recognize
52–55 kDa proteins in sucrose step gradient-purified mouse cerebellar membranes. Numbers to the left indicate molecular mass
in kilodaltons. C, Purkinje cells labeled with anti-calbindin antibody (scale bar, 20 �m) serve to distinguish the molecular (ML),
Purkinje cell (PCL), and granule cell (GCL) layers (for orientation in D–G). D, E, Punctate labeling of the �4a subunit in the molecular
layer of the cerebellum: D, confocal microscopy, 1-�m-thick image; E, light microscopy, 50-�m-thick section. F, The �4b subunit
is expressed in Purkinje cell bodies and Bergman glia. G, The �3 subunit is expressed in basket cell structures surrounding Purkinje
cell bodies and in granule cell layer puncta. Inset, Higher-power image (scale bar, 10 �m) of basket cell labeling (supplemental Fig.
2, available at www.jneurosci.org as supplemental material).
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Figure 3, D and E, reveals that the affinity-purified �4a antibody
selectively labels punctate elements in the molecular layer. Dis-
crete puncta are seen in a �1-�m-thick confocal image using a
fluorescent-tagged secondary antibody (Fig. 3D). The same
punctate labeling can also be seen when DAB-nickel reaction
product is viewed in 50-�m-thick sections (Fig. 3E). With this
method, lines of dark puncta are seen forming the outlines of
Purkinje cell dendrites. Some punctate labeling is also seen in the
granule cell layer. Overall, this pattern of immunoreactivity sug-
gests that the �4a subunit is expressed primarily at synapses in the

molecular layer. The distribution pattern of the �4b subunit is
strikingly different from that of �4a. Immunoreactive �4b is de-
tected in Purkinje cell bodies and throughout the fibers of Berg-
mann glia traversing the molecular layer (Fig. 3F). The granule
cell layer appears to be devoid of �4b labeling. Although �3 and �4

subunits have clearly evolved from a common ancestor, the dis-
tribution pattern of �3 in cerebellum differs completely from that
of �4a and �4b. Labeling is seen primarily in the Purkinje cell and
granule cell layers (Fig. 3G), with the most striking labeling seen
in the large basket cell synapses that surround individual Purkinje
cells (Fig. 3G, inset). Compared with �4a and �4b, there is signif-
icantly more punctate �3 labeling in the granule cell layer. Sup-
plemental Figure 2 (available at www.jneurosci.org as supple-
mental material) shows that preincubation of �4a, �4b, and �3

antibodies with corresponding recombinant A domain protein in
the case of �4a and �4b and peptide immunogen in the case of �3

blocks the immunoreactivity seen with each of the antibodies.

The �4a A domain is involved in protein–protein interactions
Results thus far suggest that the �4a-A is highly conserved and is
likely expressed at synapses but does not participate directly in
Ca 2� channel gating. Given its structure and positioning relative
to other � subunit domains, it is reasonable to assume that it
might serve as an interaction site for intracellular proteins. To test
this hypothesis, we used the yeast two-hybrid system to screen for
possible protein–protein interactions involving the �4a-A (resi-
dues 1–58, shown in Fig. 1A). We used the human �4a-A as bait to
screen for potential �4a-A binding partners in a human cerebel-
lum cDNA library. Three separate screens yielded 32 potential
protein–protein interactions, but only five of these survived on
media plates supplemented with 30 mM 3�-AT (used to reduce
leaky expression of the His3 gene) but lacking leucine, trypto-
phan, histidine, and adenine (3�-AT-QDO plates). Control ex-
periments in which the pGBKT7 vector alone was paired with
each of the five target constructs did not result in growth on plates
lacking leucine, tryptophan, histidine, and adenine (QDO) or
3�-AT-QDO plates (data not shown). This indicates that the tar-
get proteins were not interacting with the expressed pGBKT7-
binding domain. Four proteins were identified from the five tar-
get constructs: synaptotagmin I (two copies), MAP1A, the
magphinin � product of the trophinin gene, and an unidentified
bacterial artificial chromosome clone sequence. For the purposes
of the present manuscript, we further characterized the interac-
tions of synaptotagmin I and MAP1A with the A domains of �4a,
�4b, and �3 subunits. Figure 4A shows that the target amino acid
sequence for synaptotagmin I includes all of C2A and half of C2B
(residues 95–337); the target sequence for MAP1A includes the
entire LC2 domain of MAP1A (residues 2508 –2775). Figure 4B
summarizes the results of independent testing of nine bait–target
pairs. Column 1 shows that all nine pairs survived on plates lack-
ing leucine and tryptophan (DDO plates), indicating that both
bait and target vectors were present in the yeast colonies in each
case. To further test for false-positive protein–protein interac-
tions, the �4a-A, �4b-A, and �3-A were paired with the pGADT7
vector to test for interactions of bait protein with the expressed
Gal4 activation domain (Fig. 4B, top three rows). Figure 4B,
column 2, shows no yeast growth under these conditions, dem-
onstrating that the bait proteins do not interact with the Gal4
activation domain. When paired with the Gal4AD–Syt I fusion
protein, growth on 3�-AT-QDO did occur in the presence of
�4a-A and �3-A but not �4b-A (Fig. 4B, column 2, middle three
rows); when paired with the Gal4AD–MAP1A fusion protein,
growth on 3�-AT-QDO occurred only in the presence of �4a-A

Figure 4. �4a-A protein–protein interactions. A, Yeast two-hybrid screening of a human cere-
bellar cDNA library identified Syt I and MAP1A as proteins that interact with the �4a-A. The green
highlighted areas correspond to the protein regions encoded by the cDNAs isolated in the primary
yeast two-hybrid screens. The Syt I cDNA codes for amino acids 95–337 of the full-length Syt I protein;
the MAP1A cDNA codes for amino acids 2508 –2775, corresponding to the complete LC2 domain of
MAP1A. B, Characterization of �4a-A, �4b-A, and �3-A interactions with Syt I and MAP1A. Bait–
target pairs were tested under two conditions: column 1, plates lacking leucine and tryptophan (DDO
plates); column 2, plates lacking leucine, tryptophan, adenine, and histidine and supplemented with
30 mM 3�-AT. Growth of yeast colonies as shown in column 2 are indicative of interactions of �4a-A
and �3-A with Syt I (rows 4 and 6, respectively) and interaction of �4a-A with MAP1A (row 7).
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(Fig. 4B, column 2, bottom three rows). These results indicate
that, in yeast two-hybrid assays, both �4a-A and �3-A interact
with the synaptic vesicle protein synaptotagmin I but that inter-
action with MAP1A is specific for �4a-A.

To confirm the �4a-A–Syt I interaction (the MAP1A interac-
tion will be characterized in a subsequent manuscript), we de-
signed a 6His–Syt I fusion construct that lacked the N-terminal
transmembrane domain and encoded the soluble C2A and C2B
domains (6His–C2AC2B, residues 140 – 420 of the full-length
protein) for use in pull-down assays (Fig. 5). In addition, we
verified that synaptotagmin is expressed in the cerebellar cortex.
Figure 5A shows that a monoclonal antibody to synaptotagmin,
like the anti-�4a-A antibody, selectively labels punctate elements
in the molecular layer of the cerebellar cortex. In contrast to
�4a-A labeling, the Syt DAB-nickel reaction product does not
create noticeable outlines of Purkinje cell dendrites. This could be
attributable in part to the thickness of the section (compare with
�4a-A labeling in supplemental Fig. 2, available at www.jneurosci.
org as supplemental material) but may also be a result of the more
diffuse distribution of synaptic vesicles throughout the tissue
compared with �4a-A (which may be localized to active zones).
Another possibility is that the monoclonal antibody labels mul-
tiple synaptotagmin subtypes (the antibody used has not been

epitope mapped), whereas the �4a-A interaction is specific for
synaptotagmin I. Additional immunohistochemistry experi-
ments with synaptotagmin I-specific antibodies are required to
properly address this issue. The CD spectrum in Figure 5B shows
that purified recombinant 6His–C2AC2B has an ellipticity min-
ima near 216 nm, which is characteristic of a protein that is pri-
marily � sheet. This result is in agreement with the x-ray crystal
structure of synaptotagmin C2 domains (Sutton et al., 1995).
With assurance that the recombinant protein construct was
folded into a native-like structure, we then proceeded to charac-
terize the �4a-A– 6His–C2AC2B interaction in pull-down assays.

Preliminary experiments showed that, under the conditions
of the assay, neither �4a-A nor �4b-A bound to Ni 2�-NTA beads
alone (data not shown). Figure 5C, lanes 1 and 2 (Load), show
that approximately equal amounts of �4a-A and �4b-A protein
were incubated with 6His–C2AC2B immobilized on Ni 2�-NTA
beads in the first step of the assay. [Note that the �4a-A has a very
acidic pI (4.3) and runs anomalously high on SDS-PAGE gels.]
Lanes 3 and 4 (Wash) demonstrate that, after extensive washing,
there is no protein remaining in the flow through in the case of
either �4a-A or �4b-A. Therefore, in the next step, application of 1
M imidazole (Elute) to the Ni 2�-NTA beads would compete off
6His–C2AC2B and any associated proteins. Lanes 5 and 6 reveal
that �4a-A, but not �4b-A, elutes off the beads with 6His–C2AC2B
under these conditions. This is indicative of a specific interaction
between �4a-A and synaptotagmin, in agreement with our yeast
two-hybrid results. As a first step toward characterizing the Ca 2�

dependence of the interaction, we added Ca 2� to the assay either
before (PreW) or after (PostW) the wash step. Lane 7 (PreW)
shows that incubation of the �4a-A and 6His–C2AC2B beads with
Ca 2� before the wash step results in only 6His–C2AC2B being
present in the imidazole eluate. If Ca 2� is added to the assay after
the wash step (PostW) but before imidazole elution, the �4a-A
appears in the flow through, indicating that it has been competed
off of 6His–C2AC2B (lane 8). With subsequent elution with im-
idazole (Imid), the 6His–C2AC2B appears in the eluate (lane 9).
These results show for the first time that the N terminus of the �4a

subunit contains a protein binding domain that interacts with the
synaptic vesicle protein synaptotagmin I.

To obtain preliminary data regarding the molecular details of
the protein interaction site, we examined the three-dimensional
surface distribution of charged amino acids. Figure 6A–C exam-
ines the relative surface potential of the �4a-A in three orienta-
tions. In Figure 6A, the A domain is oriented similarly to that
shown in Figure 1D, such that the C-terminal portion of the �2
helix is directed toward the right. The positively charged surface
(blue) to the right of the illustration is formed by the arginines
and lysines in the �2 helix. The charged and hydrophobic sur-
faces to the left of the illustration are formed primarily by loop 3
residues. Amino acids E34 and R36 are shown for reference (Fig.
1A). In the middle view (Fig. 6B), the A domain has been rotated
180° in the horizontal plane relative to A. The very N terminus of
the domain is seen in the center of the illustration, with the pos-
itive charge being the result of a histidine residue remaining after
thrombin cleavage of the pET-15b– 6His fusion protein. In Fig-
ure 6C, the A domain has been rotated clockwise 90° in the hor-
izontal plane relative to B. Based on the predicted position of the
A domain relative to the remainder of the � subunit, it is easy to
speculate that this would be the surface most readily available to
serve as a site for protein interactions. Interestingly, there is a
single positively charged residue, R36, that protrudes from the
surface and is flanked by two strongly hydrophobic residues, L32
and I39. There also appears to be an outer “ring” of negative

Figure 5. Synaptotagmin I labeling of cerebellar cortex and �4a-A interaction with 6His–
C2AC2B in pull-down assays. A, Immunolabeling of mouse cerebellar cortex with anti-
synaptotagmin antibody (scale bar, 20 �m). ML, Molecular layer; PCL, Purkinje cell layer; GCL,
granule cell layer. B, CD spectrum of recombinant purified 6His–C2AC2B indicative of proper
folding into a �-sheet structure. C, Pull-down assays analyzed by SDS-PAGE, using Coomassie
blue-stained 5–15% polyacrylamide gels. Equal amounts (50 nmol each) of �4a-A and �4b-A
(lanes 1, 2) were incubated with 6His–C2AC2B–Ni 2�-NTA beads and washed until neither
�4a-A or �4b-A appeared in the flow through (lanes 3, 4). Bound 6His–C2AC2B and any asso-
ciated protein were eluted with 1 M imidazole. Lanes 5 and 6 show that �4a-A, but not �4b-A,
associates with 6His–C2AC2B in the absence of added Ca 2�. The interaction of �4a-A with
6His–C2AC2B does not occur when 10 mM Ca 2� is added before the wash step (PreW, lane 7).
Addition of 10 mM Ca 2� to the assay after the wash step but before the imidazole elution
competes off �4a-A (PostW, lane 8). Subsequent addition of 1 M imidazole elutes off 6His–
C2AC2B (Imid, lane 9).
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charge surrounding the R36 that is pro-
vided by amino acids E34, E37, and E42.
Of interest is the fact is that this surface is
generated primarily by the amino acids
that form loop 3. The similarities between
�4a and �3 in this region may help to ex-
plain the interaction observed in the yeast
two-hybrid experiment (Figs. 1A, 4B, col-
umn 2, row 6).

Discussion
The evolution of alternative splicing
mechanisms that target Ca 2� channel �
subunit genes has served to amplify the
structural diversity of these important
proteins well beyond the basic pattern
provided by four distinct gene classes (�1–
�4). As evidence for this, a recently re-
ported systematic reverse transcription-
PCR screen detected 18 different
alternatively spliced Cav� isoforms in hu-
man cardiac ventricle alone (Foell et al., 2004). Characterizing the
individual structural and functional properties that result from
these splicing events represents an important challenge for the
field. Our studies focus on the consequences of alternative splic-
ing of � subunit N-terminal exons that code for the region re-
ferred to as the A domain (Hanlon et al., 1999). Figure 7 illus-
trates that at least nine A domain variants arise from alternative
splicing of exons that are found in this region (Helton and Horne,
2002; Takahashi et al., 2003; Foell et al., 2004), all of which are
located upstream of the sequence that codes for the core SH3 (B)
domain. To date, seven exons have been clearly identified in this
region and, with subsequent tissue-specific investigations, more
are likely to emerge (exons in Fig. 7 are labeled 1–7 in order of
their 5� to 3� appearance in the �2 gene). The first exons of the �1

and �2 genes code for protein sequences sharing 28% identity,
indicating that they have evolved from a common ancestor. The
first exon of �4 does not appear to be related to exon 1 of either �1

or �2 but is arbitrarily labeled exon 1� because of its similarity in
length and gene location. Exon 2, coding for only 12 amino acids,
is thus far unique to the �2 gene, as are exons 5 and 6. Exon 3
appears in �1, �2, and �4 splice variants. It codes for �1 and �2

protein sequences that are �77% identical; �1 and �4 exon 3
protein sequences are 35% identical. The fourth exons of �3 and
�4 code for protein sequences (the first 15 residues in Fig. 1A)
that are 70% identical, indicating that they too have evolved from
a common ancestor. As with the �4 gene, exon 4 of �2 is a short
sequence located between exons 3 and 5 but is labeled exon 4�
because of lack of sequence similarity. Exon 7 is the most highly
conserved N-terminal exon across all four � subunit genes (75–
88% protein sequence identity) and appears in all splice variants.
Based on the structure of the �4a-A that we report herein, this
suggests that � strands 1 and 2 and the � helix (�2 in �4a) encoded
by this exon are critical to the function of all A domain splice
variants.

The main focus of this investigation has been a single A do-
main splice variant, �4a-A. It was first discovered while screening
a human spinal cord cDNA library (Helton and Horne, 2002) and
subsequently shown to be expressed throughout the CNS (Hel-
ton et al., 2002). Evolutionary conservation of the �4a-A suggests
that the splicing event that generates this variant has an impor-
tant functional outcome in neurons. We have shown previously
that its electrophysiological effects on Cav2.1 channels differ from

those imparted by the alternatively spliced variant �4b (Helton et
al., 2002). When injected into oocytes at equimolar cRNA con-
centrations relative to �1 and �2 subunits, Cav2.1 complexes
activate and undergo closed-state inactivation at depolarized po-
tentials relative to complexes expressed with equimolar concen-
trations of �4b. Our present results extend these findings to show
that the effects of �4a are concentration dependent. Increasing the
concentration of �4a shifts the voltage dependence of activation
and closed-state inactivation to more hyperpolarized potentials
and slows the rate of open-state inactivation. This is somewhat in
agreement with what has been reported for Cav2.2–�3 complexes
(Canti et al., 2001; Yasuda et al., 2004). Interestingly however, at
a holding potential of �80 mV, raising the concentration of �4a

increases rather than decreases current size as was reported for �3

(Yasuda et al., 2004), and raising the concentration of �4a slows
open-state inactivation of Cav2.1, whereas raising the concentra-
tion of �3 is without effect on open-state inactivation of Cav2.2

Figure 6. Relative surface potential modeling of the �4a A domain. Three surface views of the �4a-A with blue, red, and white
surfaces corresponding to positive, negative, and neutral charge, respectively. PyMOL molecular graphics software, version 0.97,
was used to generate the figures. A, Side view with the C terminus positioned to the right, oriented approximately as shown in
Figure 1 D. Examples of negatively and positively charged residues, E34 and R36, respectively, are identified for orientation. B, The
�4a-A is rotated 180° in the horizontal plane relative to A. The N terminus is projecting outward, perpendicular to the plane of the
page. Note that the N terminus contains glycine, serine, and histidine residues remaining from the pET-15b thrombin cleavage
site. Two negatively charged residues, E34 and E37, are identified for orientation. C, The �4a-A is rotated 90° clockwise in the
horizontal plane relative to B. This view could represent the protein interaction surface as seen from inside the cell. A single residue,
R24, from loop 2, and another, R36, from loop 3, contribute positively charged surfaces. Three residues from loop 3, E34, E37 and
E42, contribute negatively charged surfaces. Potential hydrophobic surfaces are formed by four loop 3 nonpolar residues, V30, L32,
A38, and I39.

Figure 7. Alternative splicing of Ca 2� channel � subunit A domains. Splicing patterns of
exons identified to date that code for the A domains of � subunits 1– 4 (for review, see Taka-
hashi et al., 2003; Foell et al., 2004). The diagram indicates that multiple A domain splicing
variants have been identified for � subunits: �1, one variant; �2, five variants; �3, one variant;
and �4, two variants. Exons are numbered relative to the positions of the seven exons on the �2

gene (for additional explanation of the relatedness of each exon, see Discussion). The first three
amino acids (exons 1, 2, 4, 5, 6, and 7) or last two amino acids (exon 3) of individual exons are
specified. The coding sequences for the SH3 (B) domain begin downstream of exon 7.
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(Canti et al., 2001). These results emphasize the fact that � sub-
unit effects on gating are �1 subunit-subtype specific (Helton et
al., 2002). Of importance to this study is the fact that, for Cav2.1
complexes, in contrast to our previous findings with �4b (Helton
et al., 2002), the role of the �4a subunit in enhancing channel
expression and modifying gating does not require the presence of
a �4a-A.

Our immunocytochemistry results indicate that cell-specific
mechanisms that regulate gene transcription and protein trans-
lation contribute in a major way to the functional diversity of
Ca 2� channel � subunits. The data suggest that, in cerebellum,
�3-A and �4a-A have specialized roles at synapses and that �4b is
important to the function of Purkinje cells and Bergmann glia.
The punctate distribution of �4a in the molecular layer of the
cerebellum is very similar to that reported for the Cav2.1 �1 sub-
unit splice variant BI (Sakurai et al., 1996). Interestingly, the BI
antibody (NBI-2) used by Sakurai et al. also appears to have
labeled Bergmann glia. In this same report, an antibody (CNA3)
generated toward the Cav2.1 �1 subunit splice variant, rbA, pri-
marily labeled Purkinje cell bodies. This is similar to the pattern
of Purkinje cell labeling exhibited by the anti-�4b antibody that
we describe in this report. Together, these data further support
the idea that specific �1 and � subunit pairs are expressed in
different cell types to perform specialized functions. Additional
experiments will be required to determine unambiguously that
the �4a subunit is associated with Cav2.1 �1 subunits in molecular
layer synapses.

Our yeast two-hybrid and 6His–C2AC2B pull-down results
indicate that one role that the �4a-A, and perhaps �3-A, plays at
synapses involves a Ca 2�-dependent interaction with synapto-
tagmin. In pull-down assays, the �4a-A binds to 6His–C2AC2B in
the absence of added Ca 2�, whereas addition of Ca 2� prevents
the interaction. This raises the possibility that �4a-A is involved in
synaptic vesicle recruitment and/or docking before voltage-
dependent opening of active zone Ca 2� channels. Precisely how
this effects neurotransmitter release remains to be determined.
Synaptotagmin has also been shown to interact directly with a
“synprint” site in the II–III loop Ca 2� channel �1A subunits
(Kim and Catterall, 1997) and, in previous reports, has been
shown to have functional effects on channel gating when coex-
pressed with other � subunit subtypes lacking the �4a-A (Zhong
et al., 1999; Cohen et al., 2003). Thus, the �4a-A is not the only
means by which synaptotagmin can associate with Ca 2� channel
complexes. Of note, however, is the fact that not all �1 subunits
contain a synprint site (Zamponi, 2003). This is true for inverte-
brate and vertebrate Ca 2� channels. This raises the possibility
that the �4a-A substitutes for the synprint site in some Ca 2�

channel complexes, but additional experiments will be required
to determine whether this is the case.

The solution structure of the human �4a-A reveals that it has a
globular fold composed of two � helices and two anti-parallel �
strands. The first � helix contains five amino acids (DNLYL). The
LYL sequence packs against Y21 of the first � strand to form
the hydrophobic core of the domain. The DN motif packs against
the Q46 and Q50 residues of the second � helix. The first � helix
therefore is essential for coordinating the overall structure of the
domain. Amino acid substitutions in this region of �3 suggest
that the �3-A lacks this essential � helix and therefore likely has a
different structure. The two antiparallel � strands form a � sheet
that, when packed against the first � helix, determines the orien-
tation of loops 1–3. The second � helix is highly conserved among
all � subunit subtypes. Merging the structure of the �4a-A with
the �2a core structure indicates that, as described for the �2a core

crystal structure (Van Petegem et al., 2004), several residues of
this helix are important for interactions with the SH3 domain.
This constraint orients the A domain away from the core of the �
subunit, placing loop 3 residues �60 Å away from the AID. This
fits with our findings that the A domain is not directly involved in
Ca 2� channel gating and makes a strong case for loop 3 being the
primary site for protein–protein interactions.

Determining the solution structure of the �4a A domain opens
a new line of research that is relevant to splice variants of all four
Ca 2� channel � subunit subtypes. Although it is clear that the
core domains anchor � subunits to Ca 2� channel �1 subunits,
the data reported here suggest that the polypeptide regions out-
side the core may be involved in nongating functions that are
neuronal cell type specific. Our future experiments will be di-
rected toward examining some of these specialized functions in
more detail.
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