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ABSTRACT In many neurons, transmitter release from
presynaptic terminals is triggered by Ca2* entry via dihydro-
pyridine-insensitive Ca2* channels. We have looked for cDNAs
for such channels in the nervous system of the marine ray
Discopyge ommata. One cDNA (doe-2) is similar to dihydro-
pyridine-sensitive L-type channels, and two cDNAs (doe-1 and
doe-4) are more similar to the subfamily of dihydropyridine-
insensitive non-L-type channels. doe-4, which encodes a pro-
tein of 2326 aa, most closely resembles a previously cloned
N-type channel. doe-1, which encodes a protein of 2223 aa, is
a member of a separate branch of the non-L-type channels.
Northern blot analysis reveals that doe-1 is abundant in the
forebrain. doe-4 is more plentiful in the electric lobe and,
therefore, may control neurotransmitter release in motor nerve
terminals. These results show that the familial pattern of
Ca?*-channel genes has been preserved from a stage in evolu-
tion before the divergence of higher and lower vertebrates
>400 million years ago. The cloning of these channels may be
a useful starting point for elucidating the role of the Ca*
channels in excitation—secretion coupling in nerve terminals.

Delineation of the molecular diversity of voltage-gated Ca2*
channels is essential for understanding how these channels
control a wide spectrum of cellular functions ranging from
secretion and contraction to metabolism and gene expres-
sion. Several types of voltage-gated Ca2* channels (L, T, N,
and P types) have been distinguished by functional criteria
and show different tissue distributions and differential sen-
sitivity to modulators and drugs (1, 2). Much of the known
diversity among Ca?* channels may arise from the existence
of multiple forms of the a; subunit (3-10), which are large
(200-260 kDa) transmembrane proteins and are responsible
for Ca?*-channel voltage dependence, selectivity for Ca2*,
and sensitivity to pharmacological modulation.

Two structural subfamilies of a; subunits have emerged
from molecular cloning of mammalian cDNAs (11, 12). The
first subfamily includes a3 cDNAs originally derived from
skeletal muscle (3, 13), heart (4), aorta (14), lung (15), and
brain (7, 8). Expression of these channels demonstrated that
they are responsive to 1,4-dihydropyridines (DHPs) and may
thus be classified as L-type channels. The second a; sub-
family consists so far of cDNAs derived from mammalian
brain. The individuals within this subfamily show upward of
60% identity with each other but only ~45% with members
of the first subfamily (5, 6, 9, 10), and, when expressed, lack
the characteristic DHP response of L-type channels (5, 10).

We chose the marine ray Discopyge ommata as a source
for additional neuronal Ca?*-channel cDNAs. The electric
organ of marine rays has served as a valuable model system
for studying the biochemical properties of synaptic proteins.
The nerve terminals within the electric organ of D. ommata
are the richest known source of receptors for the cone snail

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

3787

doe-1
rbB

IGMOLFGNIGLODHTE INRENNFETFENALMLLFREATGESWQ
IGMQVFGNIALDDGT&INRaNNFRTF&QA&”LLFRSATGEAWS
N IR
Lj (skel) IGMQMFGKIALVDGTQINRNNNFQTFPQAVLLLFRCATGEAWQ
Ly (card) IGMQV¥FGKIA ;TEINRNNNFQTFPQAVLLLFRCATGEAWQ
L3 (neur) IGMQMFGK¥ NNQINRNNNFQTFPQAVLLLFRCATGEAWQ
doe-2 IGMOV¥FGKIANVDGTQINRNNNFQTFEQAVLLLFRCATGEAWQ

FiG. 1. PCR-derived Ca2*-channel fragments from D. ommata
fall into both subfamilies of high-voltage-activated channels. The
fragments are from the region after IVSS. The sequences encoded by
the oligonucleotides for PCR are marked with arrows; the position of
the detection oligonucleotide is marked with a dashed line. Residues
that differ from the sequence of the skeletal muscle L; channel are
shaded. doe-1is grouped with the DHP-insensitive rbB channel from
rat brain (9, 11); doe-2 is grouped with the DHP-sensitive L-type
channels (3-8).

toxin w-conotoxin GVIA (16), a selective probe for N-type
Ca?* channels. Here we report the molecular cloning of two
full-length .¢cDNAs that encode putative Ca?*-channel a;
subunitsY that are differentially expressed in the forebrain
and in the electric lobe that innervates the electric organ.

METHODS

PCR and Molecular Cloning. Phage template DNA was
isolated from plate lysates (17) of an oligo(dT)-primed Agt10
cDNA library (kindly provided by F. Rupp and R. Scheller,
Stanford University). Forty cycles of PCR (95°C for 1 min,
52°C for 2 min, and 72°C for 1 min) were performed using
standard conditions (17). PCR products were separated
through a 1.2% agarose gel, transferred to Hybond mem-
branes (Pharmacia), and hybridized with a 32P-end-labeled
degenerate oligonucleotide probe (see Results). Positive
DNA fragments were gel-purified, blunt-ended with T4 DNA
polymerase, phosphorylated with T4 polynucleotide kinase,
and ligated into the Sma I site of pBluescript SK+ (Strata-
gene). Plasmid DNA was purified and sequenced by the
dideoxynucleotide termination method (18). Ca2?*-channel
cDNAs were isolated from the oligo(dT)-primed Agt10 library
from electric lobe and additional randomly and specifically
primed forebrain and electric lobe cDNA libraries in AZAP 11
(Stratagene). Libraries were probed with the PCR-derived
clones or successive cDNA isolates. DNA sequencing was
performed by creating nested deletions on both strands
(Promega Erase-A-Base) and with specifically synthesized
primers. Sequence analysis was carried out using GCG
software (19).

Isolation of RNA and Northern Blot Analysis. Poly(A)*
RNA was isolated from either forebrain or electric lobe
regions of D. ommata by using the guanidinium isothiocya-

Abbrevnatnon DHP, dihydropyridine.
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FiG. 2. (Figure continues on the opposite page.)
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FiG. 2. Alignment of the deduced amino acid sequences of doe-1 and doe-4 with representative mammalian clones of the non-L subfamily
[rbB (9) and BI-2, the longer variant of the BI type (5)]. Dots represent gaps introduced by the BESTFIT program (GCG) to optimize alignment.
When two or more residues at a position are identical, they are boxed. If two pairs of boxes are possible at a single position, the pair is boxed
that includes the doe-4 sequence. The predicted positions of transmembrane (S1-S6) and pore-forming (HS) regions in each of the homologous
repeats (I-IV) are indicated by brackets below. The position of an insert encountered in some doe-4 clones is indicated by a solid triangle.
Predicted glycosylation sites in either doe-1 or doe-4 are indicated by open triangles. Potential sites for phosphorylation are marked by solid
circles ((AMP-dependent protein kinase), open circles (protein kinase C), and plus marks (multifunctional Ca2*/calmodulin-dependent protein

kinase).

nate method and selection on oligo(dT) resin (17). Poly(A)*
RNA (3 ug) from each tissue was electrophoresed through a
1% agarose/0.8% formaldehyde gel and transferred to a
nylon membrane for hybridization (17).

RESULTS AND DISCUSSION

Molecular Cloning. We used PCR to amplify candidate
Ca?*-channel cDNA sequences from a cDNA library derived
from the electric lobe of D. ommata. Degenerate primers
were synthesized based on amino acid sequences, IGMQ-
(V/M)FG and ATGEAW(Q/H), flanking 29 aa in the region
between transmembrane domains IVSS and IVS6 (Fig. 1). To
identify putative Ca2*-channel sequences, the PCR products
were probed with an oligonucleotide based on a sequence,
INR(N/H)NNF, within the predicted amplified region. DNA
sequencing of positive clones yielded two distinct 128-bp
fragments [D. ommata-1 (doe-1) and doe-2]. Sequence align-
ment indicates that doe-2 is as homologous to Ca2* channels
from skeletal muscle or heart as these L-type channels are to
each other. Within this limited region of 29 aa, the doe-2
fragment differs from the skeletal muscle sequence at only 3
aa positions (Fig. 1).

In contrast, the doe-1 fragment is less closely related to
L-type channels and much more similar to a Ca2*-channel
clone from rat brain (rbB; ref. 11). Starting with the doe-1

PCR fragment, we isolated overlapping cDNAs encoding the
complete open reading frame (Fig. 2). The screening proce-
dure also led to isolation of a distinct class of cDNA encoding
doe-4, an additional putative Ca2* channel. The doe-1 se-
quence consists of an open reading frame of 6669 bp, encod-
ing a protein of 2223 aa with a calculated molecular mass of
251.8 kDa. doe-4 consists of an open reading frame of 6978
bp, corresponding to a protein of 2326 aa and a calculated
molecular mass of 264.5 kDa. Like other Ca?*-channel a;
subunits (3), doe-1 and doe-4 consist of four largely hydro-
phobic repeats (I-IV), separated by largely hydrophilic link-
ers. Each repeat includes an HS region, which is thought to
line the conduction path, and six putative transmembrane
segments (S1-S6).

In analyzing doe-4 cDNA, we repeatedly encountered a
variant of the loop that joins the first two homology domains,
a region that is otherwise well-conserved among this family
of channels. This variation is likely to arise from alternative
splicing and results in the insertion of a 20-aa sequence
(DGLGIIYEPEQKPEDIQSVY) at a position marked in Fig.
2. Potential sites for phosphorylation by protein kinases are
also marked. Because Ca?* channels undergo physiological
modulations by several second messenger systems (20, 21),
these sites are potentially significant.

Distribution of mRNAs. Northern blot analysis of the tissue
distribution of doe-1 and doe-4 mRNAs is illustrated in Fig.
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Fi1G. 3. Differential expression of doe-1 and doe-4 transcripts in
the central nervous system of D. ommata. Poly(A)* RNA (3 ug per
lane) from the forebrain (lanes FB) or electric lobe (lanes EL) were
probed with 32P-labeled cDNA from regions likely to be specific for
the individual gene (the S5’ untranslated region of doe-1 or the
cytoplasmic linker between repeats II and III of doe-4). Size stan-
dards from an RNA ladder (BRL) are indicated at the left.

3. doe-1, an 8-kb transcript, is much more abundant in
forebrain than in the electric lobe; in contrast, doe-4, a 12- to
13-kb transcript, is more plentiful in electric lobe than in
forebrain. Since the electric lobe consists largely of the
electromotor nucleus which innervates the electric organ,
this suggests that doe-4 may play an important role in
regulating transmitter release from motor nerve terminals.
Consistent with this hypothesis, neurotransmitter release in
the electric organ is blocked by w-conotoxin GVIA (16),
which also blocks the human homolog of clone rbB (10).

Relationships to Previously Described Ca2*-Channel Struc-
tures. Fig. 4 provides an overview of structural homologies
between doe-1 and doe-4 and mammalian Ca?*-channel
cDNAs (see below). The tree diagram is based on sequence
homology, but it also appears representative of an emerging
pattern of functional differences. The upper branch consists
of three a; genes designated as L;, L,, and L3 (1, 12). To date,
the Ca2*-channel activity expressed from members of this
group has displayed responses to DHP antagonists and
agonists and other functional characteristics expected for
L-type Ca?* channels. Individual members of this L subfam-
ily display at least 60-70% amino acid identity with each
other.

Members of the second subfamily show only =40% amino
acid identity with members of the L subfamily but >60%
homology with each other. They are functionally distinct
from the L subfamily in several respects (1). Most notably,
they encode high-voltage-activated Ca2?* channels that are
not inhibited by DHP antagonists or stimulated by DHP
agonists (5, 10). By grouping the nearly identical genes from
different species, three types of mammalian channels can be
distinguished within this subfamily. They are represented by
clones BI (rbA, CaCh4) (5, 6, 11, 12) and BII (22), which were
isolated from rabbit brain, and rbB (CaCh5) (9-12), which
was cloned from rat brain. The BI cDNA encodes an a;
subunit with some key features expected for P-type Ca?*
channels, which are highly expressed in cerebellar Purkinje
cells and certain nerve terminals (5). The rbB cDNA encodes
an w-conotoxin-sensitive, DHP-resistant activity character-

Proc. Natl. Acad. Sci. USA 90 (1993)
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FiG. 4. Structural homologies of the mammalian and marine ray
Ca?*-channel o; subunits. Percent sequence identity, as determined
by the BESTFIT program using the full amino acid sequence, is
indicated. The subfamily of L-type channels is represented by L;
from rabbit skeletal muscle, L, from rabbit cardiac muscle, and L3
from human brain. doe-2 is not included because a comparable
percent identity could not be determined from the limited sequence
available. The subfamily of non-L channels includes doe-4, rbB (an
N-type channel from rat brain; ref. 9), and BI (a rabbit cerebellar
channel with some similarity to the P-type channel; ref. 5) and the
more distantly related doe-1. In the nomenclature for mammalian
brain channels of Snutch et al. (11), channels like L, are class C,
those like L3 are class D, those like BI are class A, and those like rbB
are class B.

istic of an N-type Ca?* channel (9, 10). The recently reported
BII channel has not been physiologically characterized (22).

doe-1 and doe-4 belong to the non-L subfamily. The degree
of homology to BI or rbB clones ranges between 60 and 72%
identity; in contrast, the homology between doe-1 or doe-4
and various L-type Ca?* channels is <45%. Some distin-
guishing structural features now emerge from a comparison
of the L and non-L subfamilies. In contrast to all known
L-type channels, for example, doe-1, doe-4, and BI or rbB
cDNAs encode proteins containing an extra positive charge
in repeat III (Fig. 5A) and a different pattern of spacing of
charged residues in repeat IV (Fig. 5B). Similar consider-
ations hold for the cytoplasmic loop between repeats III and
IV (Fig. 5C), a segment thought to be important for inacti-
vation (23, 24). doe-1, doe-4, BI, and rbB are highly homol-
ogous along this stretch but display significant differences
with respect to L-type channel cDNAs.

From sequence analysis, we suggest that doe-1 and BII,
which are 68% identical, represent a distinct branch of the
non-L subfamily. The deduced amino acid sequence of doe-1
shows somewhat less identity to BI and rbB than they do to
each other. The overall identities are 60% for doe-1 and rbB,
63% for doe-1 and BI, and 68% for BI and rbB. The most
striking sequence divergence between doe-1 and the other
branch of the non-L subfamily occurs in the cytosolic loop
between repeats II and III.

doe-4 can more easily be grouped with BI and rbB than
with doe-1 and BII (68, 72, 61, and 61% identities, respec-
tively). In particular, where the subfamily shows the greatest
divergence, some regions of doe-4 appear especially similar
to rbB. This is most striking in the C termini of the channels:
rbB and doe-4 extend, respectively, 174 and 185 aa beyond
the end of BI and are identical to each other at 110 of these
residues. Similar comparison can be made in the cytoplasmic
linker between domains II and III.

CONCLUSIONS

From a comparison of sequences, the doe-1 channel reported
here and the mammalian BII clone (22) can be recognized as
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Fi1G. 5. Comparison of motifs between representatives of the L and non-L subfamilies. (A) I1IS4. (B) IVS4. (C) III/1IV linker. (A and B) The
positively charged repeating residues have been shaded to highlight the additional charge in IIIS4 and the shifted spacing in IVS4 that appear
to distinguish members of the non-L family from the L family. (C) The sequence of doe-1 and any matches to its sequence have been shaded
to illustrate the structural similarities of the non-L family that diverge from the L-type channels.

a distinct branch of the non-L subfamily of Ca2* channels.
We have also cloned a Ca?* channel (doe-4) that is likely to
play a role in transmitter release from terminals in the electric
organ and is likely to correspond to the w-conotoxin binding
protein that we (25) and others (16) have studied. The electric
organ channel is of special interest because of the high
density of synapses in this tissue. The sequence of a channel
that may be a component of the presynaptic release site in this
organ (16) will be a useful tool in the purification of presyn-
aptic plasma membranes and for elucidating the role of the
Ca2* channels in vesicle docking and fusion (26).

Analysis of the marine ray Ca?* channels has provided
some evolutionary perspectives on Ca2*-channel diversity.
Marine rays are cartilaginous fish and diverged from animals
with bony skeletons >4 X 108 years ago. doe-2 represents a
Ca?* channel homologous to members of the mammalian
L-type subfamily, whereas doe-1 and doe-4 fit within the
non-L subfamily. Evidently, L-type and non-L-type subfam-
ilies separated before the divergence between cartilaginous
and higher vertebrates, hundreds of millions of years ago.
Interestingly, homology analysis of Na* channels points
toward the opposite relationship; the electric-eel Na* chan-
nel appears to have branched away from the mammalian
genes before the major division of mammalian Na* channels
into muscle types and neuronal types (27). Among K*
channels, divisions into subgroups appear to be very ancient;
classes have been conserved between Drosophila and mam-
mals (28). Physiologic studies indicate that the division of
Ca?* channels may also be that old; both DHP-sensitive and
DHP-insensitive Ca2* channels have been described in Apl-
ysia and Drosophila (29, 30).

Sequence comparisons of doe-1, doe-4, and mammalian
clones have provided information regarding the structural
properties of voltage-gated Ca?* channels. These compari-
sons highlight structural domains, both conserved and diver-
gent, that could play key roles in providing functional diver-
sity among Ca?*-channel subtypes. For example, the pres-
ence of an extra positive charge in the III S4 region of non-L
type channels may be related to findings of a steeper voltage
dependence of activation of expressed channels. By analogy
to excitation—contraction coupling in skeletal muscle, which
depends critically on the II-III loop (31), variability in the
II-III loop and the C-terminal tail of neuronal structures
might allow the various Ca?* channels to play distinct roles
in excitation-secretion coupling.
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This work was supported by National Institutes of Health Grants
GM42376 (T.L.S.) and NS24067 (R.W.T.) and gifts from Miles,
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