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The v-agatoxin-IVA-sensitive P/Q-type Ca21 channel
s predominantly expressed in the nervous system. To
issect the molecular mechanisms underlying the
euron-specific expression of the P/Q-type channel, we
ave isolated and characterized the 5*-upstream re-
ion of the mouse a1A subunit gene. A transcription
tart site appeared to exist at 2269 bp upstream from
he start codon as found by 5* RACE analysis. The
roximal promoter of the a1A subunit gene lacks a
ypical TATA box, but contains several transcription
actor binding sequences, including two Sp1 sites.

hen linked to a placental alkaline phosphatase
PLAP) reporter gene to examine the promoter activ-
ty, the 6.3-kb (26,273 to 1269) 5*-upstream region, but
ot a smaller 3.0-kb construct (23,021 to 1269), was
ble to drive the reporter gene in neuron-like PC12
ells. In contrast, neither of these constructs enhanced
he PLAP expression in fibroblast NIH3T3 cells. The
equence between 6.3 and 3.0 kb of the 5*-upstream
egion did not show promoter activity in either of the
ell lines, but enhanced TK promoter activity in PC12
ells, though not in NIH3T3 cells. These results suggest
hat neuron-specific elements of the a1A subunit gene
re likely to be located in the distal upstream regions
26,273 to 23,021) of the 5*-upstream sequence. © 1999

cademic Press

High voltage-sensitive Ca21 channels regulate Ca21

ntry into cells and thereby contribute to various phys-
ological functions including membrane excitability,
ene expression, neurotransmitter release and synap-
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ic plasticity in the nervous system (1). Several types of
a21 channels (L, N, P, Q and R) have been identified
ased on their pharmacological and physiological prop-
rties (2, 3, 4, 5). These Ca21 channels have been re-
orted to be composed of at least three subunits, a1,
2-d, and b subunits (6). The a1 subunit is a pore-

orming component, functions as the voltage-sensor,
nd is capable of generating Ca21 channel activity in
eterogeneous expression systems (7). Molecular clon-

ng studies have revealed that a1S/a1C/a1D, a1A, a1B and
1E genes encode the a1 subunits of the dihydropyridine

DHP)-sensitive L-type channels, v-agatoxin-IVA (v-
ga-IVA)-sensitive P/Q-type channel, v-conotoxin-GVIA

v-CgTx-GVIA)-sensitive N-type channel and DHP/
-Aga-IVA/v-CgTx-GVIA-insensitive R-type channel,
espectively (7, 8, 9, 10).
A non-L-type subfamily, unlike the L-type subfam-

ly, is predominantly expressed in the nervous system
8, 9, 10). In addition, distinct expression patterns of

1A, a1B, a1C, a1D and a1E subunit genes in the nervous
issues have been demonstrated (11). Considering that
he nervous tissues are composed of highly heteroge-
eous cell populations with distinct functional fea-
ures, it is important to understand the molecular
echanisms that regulate the temporal and spatial

xpression patterns of a1 subunit genes. Recent studies
ave provided information about the transcriptional
echanisms for the rat L-type a1D (12) and human
-type a1B (13) subunit genes, but little is known about

he P/Q-type a1A subunit gene. Because of the specific
xpression patterns, it is of interest to examine the
olecular mechanisms of P/Q-type a1A subunit gene

xpression and to compare them with those involved in
-type a1D and N-type a1B subunit gene expression.
ere we describe the isolation of an 8.4-kb genomic
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lone containing the 59-upstream region of mouse a1A

ubunit gene and the functional characterization of a
.3-kb upstream promoter region in terms of its tran-
criptional control of the P/Q-type Ca21 channel a1A

ubunit gene.

ATERIALS AND METHODS

Genomic library screening and identification of a1A subunit
enomic clones. Approximately 9 3 105 recombinant phages from a
T2 cell genomic DNA library (14) were screened with two rabbit a1A

ubunit cDNA probes, 601 bp HindIII-NotI fragment and 222 bp
alI-HincII fragment from the plasmid pSPCBI-2 (9). A 13.5-kb
lone TT2-5 was isolated, subcloned and sequenced. A bacteriophage
ibrary, CBA genomic DNA library, was constructed by cloning CBA

ouse liver genomic DNA into the ZAP expression vector (Strat-
gene). Approximately 2.4 3 104 recombinant phages from the CBA
enomic DNA library were screened with a probe, 760 bp BamHI-
paI fragment from TT2-5, and a 8.4-kb clone CBA-104 was isolated.
8,397 bp BglII-EcoRI fragment from CBA-104 was subcloned into

he BamHI-EcoRI site of pBluescript II KS- (Stratagene) to yield
BS104. The nucleotide sequence of the 8,397 bp BglII-EcoRI frag-
ent from CBA-104 will appear in the EMBL and GenBank data-

ases under the Accession Number AB025352.

Poly(A)1 RNA preparation and RACE analysis. The 59-end of
ouse a1A subunit cDNA was isolated by means of a 59 RACE

xperiment using a 59 RACE System for Rapid Amplification of
DNA Ends kit (Gibco BRL). The 59 RACE procedure was carried out
ccording to the manufacturer’s instructions. Briefly, an oligonucle-
tide, GSP3 (59-CGGCTGCTGTTGCTGCGGCGA-39, Fig. 1) was
sed as a primer to synthesize first-strand cDNA from CBA mouse
rain poly(A)1 RNA. Poly(A)1 RNA was isolated with a FastTrack
.0 kit (Invitrogen) according to the manual. After the hydrolysis of
NA with RNaseH, cDNA was purified with a GlassMax DNA iso-

ation spin cartridge (Gibco BRL) and subjected to oligo-dC tailing
eaction. Polymerase chain reaction (PCR) of dC-tailed cDNA was
arried out with a 59 RACE abridged anchor primer (59-GGCCAC-
CGTCGACTAGTACGGGGGGGGGG-39) and a1A subunit gene-

pecific primer GSP3 under the following conditions; 30 cycles of
4°C for 1 min, 55°C for 1 min and 72°C for 2 min, and a final
xtension of 72°C for 7 min. An aliquot of this reaction mixture was
sed as a template for a second PCR reaction using an abridged
niversal amplification primer, AUAP (59-GGCCACGCGTCGACT-
GTAC-39) and the nested primer GSP5 (59-TGCTCAGGCTGGC-
GGGCTGT-39, Fig. 1). The reaction product was subcloned into
T7Blue(R)T-Vector (Novagen) and sequenced with a Dye Termi-
ator Cycle Sequence kit (Applied Biosystems) using U19 and T7
rimers with an ABI Prism 377 DNA sequencer (Applied Biosys-
ems). The computer analysis of potential transcription factor bind-
ng sites was carried out using GENETYX software (Soft Develop-

ent, Tokyo).

Reverse transcription (RT)-PCR. First strand cDNA was synthe-
ized with 1 mg of poly(A)1 RNA by using a SuperScript preamplifi-
ation system (Life Technologies Inc.). Following the first strand
DNA synthesis, PCR reactions were carried out for 35 cycles of 94°C
or 1 min, 55°C for 1 min and 72°C for 2 min, and a final extension
f 72°C for 7 min. The primers used are as follows: forward 59-
AGATGATGGCCATTTGGCCCAAC-39 (15,484 to 15,508, Gen-
ank Accession Number, U76716); reverse 59-TCAGAGATGGTAC-
GAGGTCA-39 (16,041 to 16,062).

Plasmid constructions. Plasmids for transient expression assay
o identify transcriptional regulatory element(s) in the mouse Ca21

hannel a1A subunit gene were constructed by utilizing the placental
lkaline phosphatase (PLAP) reporter gene vector, pUG-BGH-PLAP,
hich was essentially described previously (15). To construct a
55
he plasmid pBS104. The pBS104HH vector was made by inserting a
indIII linker into the translational start site at 1269 relative to the

ranscriptional site in pBS104H, using polymerase reaction (PCR)-
ased mutagenesis. The plasmid pa1A6.3-PLAP was constructed by
nserting the HindIII-HindIII fragment of pBS104HH into the
indIII site of pUG-BGH-PLAP. The plasmid pa1A3.0-PLAP was

onstructed by inserting the EcoRV-EcoRV fragment of pa1A6.3-
LAP into the EcoRV site of pBluescript II KS-. p6-3BS104 was
ade by removing the EcoRV-EcoRV fragment from pBS104. To

onstruct pTK-PLAPI, which contains the thymidine kinase (TK)
romoter driving a PLAP reporter gene, a XhoI linker was inserted
nto the XbaI site of pTK-PLAP (15). The plasmid p6-3a1ATK-PLAP
as generated by inserting the SpeI-XhoI fragment of p6-3BS104

nto the SpeI-XhoI site of pTK-PLAPI. The plasmid p6-3a1APLAP
as generated by removing the HindIII-XhoI fragment from p6-
a1ATK-PLAP.

Cell culture, transient transfection and PLAP assay. PC12 cells
ere maintained in Dulbecco’s modified Eagle’s medium (DMEM)

upplemented with 10% fetal calf serum (FCS) and 5% horse serum.
IH3T3 cells were grown in DMEM with 10% FCS. All culture
edia were supplemented with 100 units/ml of penicillin and 100
g/ml streptomycin To examine the activity for expression of the
ouse a1A subunit gene, we carried out transient expression assay

sing undifferentiated PC12 cells and NIH3T3 cells. The cells were
lated at a density of 1 3 105 cells in a collagen-coated 6-well dish.
wenty-four hours after the seeding, the culture was washed exten-
ively to remove non-adherent cells and the medium was replaced.
n the second day, transfection was carried out with FuGENE 6

ransfection reagent (Boehringer Mannheim, Mannheim, Germany)
ccording to the manual. One microgram of the plasmid containing
he mouse a1A subunit gene promoter region fused to the PLAP
eporter gene and 1 mg of the pSV-bb-galactosidase control vector
Promega, Madison, WI) were co-transfected into the cells. Twenty-
our hours after the transfection, the medium was replaced and
ulture was continued for an additional 24 h. The culture superna-
ant was drawn from each sample and the PLAP activity was deter-
ined as described previously (15). Data represent the means and

tandard deviations from three independent experiments.

ESULTS

loning and Nucleotide Sequence of the 59-Upstream
Region of Mouse a1A Subunit Gene

A 13.5-kb clone TT2-5 was isolated from a TT2 cell
enomic DNA library which was established from an
1 embryo between C57BL/6 and CBA mice (14) by
creening with two rabbit a1A subunit cDNA probes.
outhern blot and sequence analyses revealed that the
3.5-kb TT2-5 clone was identical to the CBA, but not
he C57BL/6, mouse genome (data not shown). An
.4-kb clone CBA-104 was then isolated from the CBA
ouse genomic DNA library with a probe from TT2-5.
wo overlapping clones, TT2-5 and CBA-104, taken
ogether, contained 6.3kb of the 59-upstream region,
he first exon and 13.0 kb of the first intervening se-
uence. The 8,397 bp BglII-EcoRI fragment from the
lone CBA-104 was subcloned, and sequenced, and a
art of the sequence is shown in Fig. 1.

apping of the 59 End of Mouse a1A Subunit cDNA

The region of the mouse a1A subunit gene in which
ranscription was likely to be initiated was determined
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y comparing the sequence of the 59 RACE product
ith that of the corresponding genomic DNA. The com-
arison indicated that the transcription start site was
t 2269 bp upstream from the translation start site,
rbitrarily indicated as 11 (Fig. 1). We also performed
everse-transcription PCR (RT-PCR) experiments to
onfirm this transcription start site. The predicted 333
p fragment was amplified with primer 2 (Fig. 1) and
SP2 (Fig. 1), but the predicted 516 bp fragment was
ot amplified with primer 1 (Fig. 1) and GSP2 (data not
hown). These results suggest that the transcription
tart site is located between primer 1 and primer 2.
he 8,397 bp sequence from clone CBA-104 contains
,272 bp of the 59-upstream region, 566 bp of the first
xon (269 bp of the 59-untranslated region and 297 bp
f coding region) and 1,559 bp of the first intron. The
equence within the putative promoter region of 500 bp
pstream from the first exon lacked a typical TATA
ox. But the region proximal to the transcription start
ite contained two Sp1 sites (250 to 243 and 249 to

FIG. 1. Nucleotide sequence of the 59-upstream region of the mo
9 RACE product is indicated as bold T and arbitrarily designated as
f the first exon is indicated by italic letters in bold. The primers use
nd NRSE-like site are double-underlined.
56
42), which are likely to be important for the basal
ranscriptional machinery in TATA-less promoters
16). A CAAT box-like sequence (266 to 263) was
resent in the opposite strand. In addition, the follow-
ng binding sites were located: E2F (261 to 253), AP-2
299 to 292), E1A (2247 to 2241), AP1 (2631 to
625), NF-kB (2747 to 2738) and NF1 (2848 to 2837).

RNA Expression of Ca21 Channel a1A Subunit
in Cultured Cell Lines

To examine the endogenous expression of a1A sub-
nit gene, RT-PCR analysis was performed for neuron-

ike PC12 cells, which are reported to possess the P/Q-
ype Ca21 channel (17), and fibroblast NIH3T3 cells.
he PCR of mRNA, without reverse transcription, was
erformed as a negative control (data not shown). RT-
CR yielded an amplified product corresponding to the
redicted size from PC12 cells but not from NIH3T3

P/Q-type Ca21 channel a1A subunit gene. The first nucleotide of the
. Putative transcription factor binding sites are boxed. The sequence
or 59 RACE and RT-RCR analyses are underlined. The GGT repeat
use
11
d f
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ells (Fig. 2). Sequencing of these PCR products con-
rmed the a1A cDNA sequence (data not shown).

ctivity of a1A Subunit Promoter in Cultured
Cell Lines

To address whether the 6.3-kb of 59-upstream region
f the mouse a1A subunit gene includes the regulatory
equences utilized in PC12 cells or NIH3T3 cells, we
ade fusion gene constructs, pa1A6.3-PLAP (26,273 to
269) and pa1A3.0-PLAP (23,021 to 1269) (Fig. 3).
he promoterless construct pUG-BGH-PLAP (basic-
LAP) served as a background control and the pTK-
LAP construct as a positive control. PLAP activity
as measured after transient transfection. Figure 4

hows that the pa1A6.3-PLAP construct, but not the
a1A3.0-PLAP construct, could efficiently drive PLAP
xpression in PC12 cells. In NIH3T3 cells, the two
usion gene constructs have no promoter activity. To
xamine whether the sequence between 6.3 and 3.0 kb
f the 59-upsream region (26,273 to 23,021) contrib-

FIG. 2. RT-PCR analysis of the endogenous P/Q-type Ca21 chan-
el a1A subunit gene. The first strand cDNA was reverse-transcribed
sing poly(A)1 RNA from each cell or tissue and amplified with a
pecific a1A subunit gene primer. The PCR products were electropho-
esed on a 1.5% agarose gel.

FIG. 3. Plasmid constructions used in transient transfecti
57
tes to PC12-specific expression and lacks promoter
ctivity, we conducted a transient expression assay
sing p6-3a1ATK-PLAP and p6-3a1APLAP (Fig. 3).
igure 5 shows that the activity of the TK promoter
as enhanced by the presence of the sequence between
.3 and 3.0kb of the 59-upstream region (26,273 to
3,021) in PC12 cells, but not in NIH3T3 cells. The
romoterless p6-3a1APLAP construct did not show pro-
oter activity in either of the cell lines.

ISCUSSION

We have cloned and molecularly analyzed the 6.3-kb
9-upstream region of the mouse P/Q-type Ca21 chan-
el a1A subunit gene. The predicted promoter region
as sequences for two putative Sp1 sites (250 to 243
nd 249 to 244) and a CAAT box-like sequence (266 to
63), but lacks a typical TATA box. The rat a1D and
uman a1B subunit genes also lack a typical TATA box
12, 13). Thus, TATA-less promoters may be a common
eature of the Ca21 channel a1 subunit genes. Another
haracteristic sequence of at 2611 to 2590, found (Fig.
) by computer-assisted analysis, is homologous to the
euronal-restrictive silencer element (NRSE) identi-
ed in neuron-specific genes such as SCG10 gene (18).
transcription factor, NRSE-binding factor, binds to

he 21-bp NRSE site in the 59-upstream region of
euron-specific genes to repress selectively the tran-
cription of these genes in non-neuronal cells (19). The
RSE-like sequence found in the a1A subunit gene was

omposed of 22 bp, not 21 bp, but 16 bp of its 59
equence showed 69% sequence identity and 5 bp of its
9sequence showed 80% identity to the corresponding
equences from SCG10 gene. To assess whether the
oregoing putative 22-bp silencer site can negatively

ssay. Construction is described in Materials and Methods.
on a
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egulate a different promoter irrespective of sequence,
s would be expected if it functions analogously to the
ilencer present in SCG10 gene, we placed the SmaI-
maI fragment (2854 to 211), which contains the pu-
ative 22-bp silencer site, in front of the TK promoter
riving a luciferase reporter gene. When introduced
nto NIH3T3 cells, the SmaI-SmaI fragment (2854 to
11) did not inhibit transcriptional activity of the TK
romoter (data not shown). This result suggests that
he 22-bp NRSE-like site is not functional and the
maI-SmaI fragment (2854 to 211) may not contain
ther negative cis-regulatory elements to confer
euron-specific expression of genes.
The transcription of the rat a1D subunit gene is re-

orted to be regulated by a positive cis-regulatory ele-
ent for neuron-specific expression that consists of an

ATG)7 trinucleotide repeat in the coding region of the
rst exon (12). Mouse a1A subunit gene also contains
he (GGT)7 trinucleotide repeat with a GGC interrup-

FIG. 4. Promoter activity of the 59-upstream region of the mouse
/Q-type Ca21 channel a1A subunit gene. PLAP activity of different
eletion constructs is shown relative to that of the vector pTK-PLAP.
ll values are normalized to the pSV-b-galactosidase vector, which
as co-transfected into cells. Results represent the mean relative
ctivities 6 standard deviations of three independent experiments.

FIG. 5. Element analysis for the cell-specific expression of the
eletion constructs are expressed relative to the vector pTK-PLAP. A
o-transfected into the cells. Results represent the mean relative ac
58
ion before the last GGT in the 59-untranslated region
Fig. 1). However, it is unlikely that the (GGT)7 trinu-
leotide repeat of the a1A subunit gene is a functional
lement for transcription, because pa1A3.0-PLAP could
ot efficiently drive PLAP expression in PC12 cells.
he activity of the human a1B subunit gene proximal
romoter was apparently expressed in neuronal and
on-neuronal cells (13), but such an expression pattern
as not detected in the case of the mouse a1A subunit
ene. In addition, deletion analysis of the human a1B

ubunit gene revealed the existence of a negative cis-
egulatory element for neuron-specific expression in
he distal upstream region (23,992 to 21,788), while
he mouse a1A subunit gene contained a positive cis-
egulatory element in the distal upstream region
26,272 to 23,019). These different expression mech-
nisms for the a1 subunit genes are likely to contribute
o the diversity in expression patterns of Ca21 channels
n the nervous system.

To dissect the mechanisms for the expression of a1A

ubunit gene, an analogy can be drawn with the case of
he Kv3.1 potassium channel gene (20). When fused to
he chloramphenicol acetyltransferase reporter gene,
.3 kb of the 59-upstream region of the Kv3.1 potassium
hannel gene was active in driving the reporter gene in
C12 cells, but not in NIH3T3 cells. Within this region,
cyclic AMP (cAMP) response element (CRE) motif
as demonstrated to be responsible for the cell-specific
xpression. Our computer-assisted analysis indicated
hat the distal upstream region of the a1A subunit gene
ontains two putative CRE motifs (24,023 to 24,019
nd 23,330 to 23,326). The CRE motif, known to play
crucial role in the expression of multiple neuronal

roteins, has been shown to be present in several
enes, such as the dopamine b-hydroxylase gene (21).
n the 6.3-kb 59-upstream region of the a1A subunit
ene, the CRE motif was identified only in this region
26,272 to 23,019). It is likely that the CRE motif of

-type Ca21 channel a1A subunit gene. PLAP activities of different
alues are normalized to the pSV-b-galactosidase vector, which was

ties 6 standard deviations of three independent experiments.
P/Q
ll v

tivi
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he a1A subunit gene also contributes to specific expres-
ion of the a1A subunit gene in the nervous system.
In summary, we have identified a region in the 59-

pstream part of the mouse P/Q-type a1A subunit gene
26,272 to 23,019) that contains a positively cis-acting
egulatory element likely to be responsible for the
euron-specific expression of the a1A subunit gene. Fur-
her studies, including deletion analysis and produc-
ion of transgenic mice, should help to clarify in detail
he mechanism of expression of the mouse P/Q-type a1A

ubunit gene.
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