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Primary structure and distribution of a novel ryanodine receptor/calcium
release channel from rabbit brain
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The complete amino acid sequence of a novel ryanodine receptor/calcium release channel from rabbit brain has been deduced by cloning and

sequence analysis of the cDNA. This protein is composed of 4872 amino acids and shares characteristic structural features with the skeletal muscle

and cardiac ryanodine receptors. RNA blot hybridization analysis shows that the brain ryanodine receptor is abundantly expressed in corpus

striatum, thalamus and hippocampus, whereas the cardiac ryanodine receptor is more uniformly expressed in the brain. The brain rvanodine
receplor gene is transcribed also in smooth muscle,
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1. INTRODUCTION

Cytoplasmic free Ca®* plays important roles in the
regulation of various cellular functions, and Ca** re-
lease from intracellular stores is a major source of cyto-
plasmic Ca**, Ca*" can be released from the endoplas-
mic reticulum (ER) via two types of calcium release
channel: the inositol 1,4,5-trisphosphate (IP,;) receptor
and the ryanodine receptor, the latter being activated by
cytoplasmic Ca?* (Ca*"-induced Ca** release, caffeine
and ryanodine [1-3]. The ryanodine receptor is abun-
dantly present in skeletal muscle. The ryanodine recep-
tor in skeletal muscle forms a homo-tetrameric complex
with the ‘foot’ structure, which spans the gap between
the transverse-tubule (T-tubule) and sarcoplasmic retic-
ulum (SR) membranes [4]. The skeletal muscle ryan-
odine receptor releases Ca** from SR following deporal-
ization of the T-tubule membrane, although the molec-
ular mechanism of this coupling remains to be eluci-
dated [1,3]). Cloning and sequence analysis of cDNAs
have revealed the primary structure of the ryanodine
receptor from skeletal muscle {5,6] as well as from heart
(7,8]. Expression of the cDNAs in Chinese hamster
ovary cells [9] or Xenopus oocytes [7] directs the forma-
tion of functional calcium release channels.
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Several lines of evidence suggest that the ryanodine
receptor is involved in Ca?* signalling also within neu-
rons [10-12]. RNA blot hybridization analysis and clon-
ing and sequence analysis of partial cDNAs have sug-
gested that the cardiac ryanodine receptor is expressed
in the brain [7}, but existence of other types of ryanodine
receptor was not known. We report here the complete
amino acid sequence of a novel type of ryanodine recep-
tor/calcium release channel of rabbit brain deduced
from the cDNA sequence. The tissue distribution of the
brain ryanodine receptor mRNA, together with that of
the skeletai muscle and cardiac ryanodine receptor
mRNAs, has been studied by blot hybridization analy-
sis,

2. MATERIALS AND METHODS

2.1. Cloning and sequencing of cDNAs

An oligo(dT)-primed, size-selected (> ~2.5 kilobase pairs (kb))
¢DNA library 13], constructed in phage AZAPII (Stratagene) using
poly(A)” RNA isolated from adult rabbit whole brain [14,15), was
sereened (~3.0 x 10° plaques) with the Smal(13290)/Si1al(15181) frag-
ment from 4 skeletal muscle ryanodine receptor cDNA clone pRR616
[8]), to isolate ABRR110; restriction endonuclease sites are identified
by numbers (in parentheses) indicating the 5'-terminal nucleotide gen-
eraled by cleavage; nucleotide residues are numbered in the 5’-to-3'
direction, beginning with the first residue of the ATG triplet encoding
the putative initiating methionine. Another oligo(dT)-primed, size-
selected (>~2.5 kb)cDNA library, consirucied in phageAgtiQasin [16],
was screened (~4,0x 16° plaques) with the 2.1-kb EcoR1(13354)
EcoRI(vector) fragment derived from ABRR110 to vicld ABRRS. A
randomly primed, size-selected (>~2.5 kb) cDNA library, constructed
in phage Agil0, was screened (~4.0 x 10° plaques) seven times with
different probes: the 0.7-kb EcoRI(vector)/ EcoR1(13354) fragment
from ABRRO vielded 2 clones including ABRR6); the 1.0-kb
EcoRI(vector)/Rsal(12963) iragment from ABRR.G1 yielded 3 clones
including ABRR7] and ABRR74; the 0.9-kb EceRI(vector)
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Rsal(10596) fragment from ABRR74 yiclded 2 clones including
ABRR92; the 1.0-kb EcoRI(vector)/PwIi(9188) fragment f{rom
ABRR92 yielded 3 clones including ABRR10S and ABRRI12]; the
2.5-kb EcoRI(vectory Pwul1(8101) fragment from ABRR105 yielded 4
clones including ABRR133; the 0.4-kb EcoRI(vector)/PstI (4590) frag-
ment from ABRRI133 yielded ABRR142; the 0.6-kb EcoRI(vector)/
Ps11(4590) fragment from ABRR142 yielded 2 clones including
ABRRI51. A synthetic primer complementary to nucleotide residues
24922521 was elongated by the procedures described previously [5]
and the resulling clones were selected with the 0.4-kb EcoR1(vector)/
HindIT1(2538) fragment from ABRR1SI to yield 5 clones including
ABRR331 and ABRR341. All cDNA inserts were subcioned inlo the
EcoRlI site of pBluescript SK(-) (Stratagene). Nested deletions were
made and DNA sequencing was carried out on both strands [17]. The
¢DNA clones used for nucleotide sequence analysis were as follows:
ABRR331 (carrying nucleotides —50 to 2426), ABRR341 (~69 to 131;
residues downstream not sequenced), ABRRIS1 (2184 to 4339),
ABRR133 (4205 10 §972), ABRR142 (4012 to 5304; residues 4212 to
5104 not sequenced), ABRR121 (5938 to 8289), ABRRI105 (5578 to
8934; residues 6395 to 7299 not sequenced), ABRR92 (8241 to 10,024),
ABRR74 (9721 to 12,184), ABRR7!l (11,834 to 13,353), ABRR6I
(12,000 to 13,353), ABRR9 (12,692 to 14,673) and ABRR110 (13,354
to 15,472).

An oligo(dT)-primed, size-selected (>~0.3 kb) cDNA library was
constructed in Agtl0 using poly(A)” RNA from adult rabbit aorta
(TimeSaver, Pharmacia), The library was screened (~1.5 x 10° plaques)
with the EcoRI(11834)/ EcoR1(13354) fragment from ABRR71 to yield
AARRI, AARR2and AARR3. Both ends of the cDNA inserts of these
clones (AARRI: residues 11,146 to 11,257 and 15,370 to 15,472,
AARR2: 11,074 10 11,193 and 15,300 to 15,472. AARR3: 8558 10 8695
and 15,434 to 15,472) were sequenced by the dsDNA cycle sequencing
sysiem (Bethesda Research Laboratories). The cDNA inserts were
subcloned into the Mo site of pBluescript SK(~) and analysed with
restriction endonucleases EcoRI, PsiI and Hinell.

2.2, RNA blot hybridization analysis

Total RNA was extracted from rabbit tissues by the LiCl-urea
method [18]. In brief, tissues were homogenized in a solution contain-
ing 3 M LiCl and 6 M urea with a blender on ice and RNA was
precipitated. The procedures used for RNA blot hybridization were
essentially the same as described previously [19], excepl that 1.2%
agarose gels were used and that the filters were washed at 50°C with
(.3 % SSC containing 0.1% SDS. Because probes derived from partial
¢DNAs of the brain ryanodine receptor gave only [aint signals,
pNRR42 carrying the entire protein coding sequence of the brain
ryanodine receptor cDNA was constructed, which contains the follow-
ing fragments: 2,5-kb Kprl(on pBluescript SK(-))/ Dral(2395) derived
from ABRR331, Dral(2395)/PmaCl(4299) from ABRRISI,
PmaCl(4299)/Apal(5917) from ABRRI133, Apal(5917)/Kpni(6249)
from ABRRIO0S, Kpul(6249)HindII1(7523) from ABRRI2l,
Hindl11(7523)/ Xbal(8405) from ABRRI105, Xbal(8405) Psti(9788)
from ABRR92, Psil(9788)/EcoRI  (11834) (rom ABRR74,
EcoRI(11834)/EcoRI(13354) from ABRR71, EcoRI(13354) Hincll
(14656) from ABRR 110, 25-base-pair EcoRV/Xfiol from pBluescript
SK(-) and 2.9-kb Xhol/Kpul from pBluescript SK(-). The probes
used for RMA blot hybridization analysis were the 14.8-kb
Xhol(vector) Xhiol(vestor) fragment of pNRR42 for the brain ryan-
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odine receptor mRNA, an equimolar mixture of the 3.8-kb
EcoRI{vector)/EcoRI(vector) fragment rom pHIRR160 and the 3.2-
kb EcoRI(vector)/EcoRI(10073) and the 2.4-kb EcoRI1(10073)/
EcoRI(vector) fragment from pHRRGO for the cardiac ryanodine re-
ceplor mRNA {7), and an equimolar mixture of the 0.9-kb
EcoRI(vector)/EcoRI(2296) and the 21-kb  EcoRI(2296)
EcoRI(vector) frugment from pRR229, the 2.3-kb ([ragment
Sacl(vector)/ Xhol(6467) from pRR72 and the 1.0-kb EcoRI(vector)/
EcoR1(11636) and the 0.8-kb EcoRI(11636)/ EcoRI(vector) fragment
from pRR451 for the skeletal muscle ryanodine receplor mRNA [5].
The probes were labelled by the random primer method with
[e-*P]dCTP [20]. The presence of equivalent amounts of rRNAs (18
S and 28 S) on euch lane was confirmed by ethidium bromide staining
of the gel, Dehybridization and rehybridization experiments with dif-
ferent probes were carried out for each blot in order to verify the
uniformity of the three blots.

3. RESULTS

3.1. ¢DNA cloning and protein structure

Fig. 1 shows the amino acid sequence of the rabbit
brain ryanodine receptor as predicted from the cloned
c¢DNA (for cloning procedure, see Materials and Meth-
ods). The primary structure of this protein was deduced
by using the open reading frame corresponding to the
amino acid sequences of the rabbit skeletal muscle and
cardiac ryanodine receptors [5,7]. The nucleotide se-
quence GAGCCATGG surrounding the translational
initiation codon agrees reasonably well with the consen-
sus initiation sequence CCA(G)CCATGG (21}, The 3'-
noncoding region of the cDNA. is 856 nucleotides long
(excluding the poly(dA) tract); the polyadenylation sig-
nal AATAAA [22] is found 13 nucleotides upstream
from the poly(dA) tract. The rabbit brain ryanodine
receptor is composed of 4872 amino acid residues, its
calculated M, (including the initiating methionine)
being 551,901, Amino acid sequence comparison of the
brain, cardiac and skeletal muscle ryanodine receptors
reveals 70%, 67% and 67% identities between the brain/
cardiac, brain/skeletal muscle and skeletal muscle/car-
dizc pairs, respectively. The hydropathicity profile of
the brain ryanodine receptor is similar to those of the
skeletal muscle and cardiac counterparts in that there
are four highly hydrophobic segments (referred to as
M1, M2, M3 and M4) in the carboxy-~terminal tenth of
the molecule, that the remaining region is largely hydro-
philic and that there is no hydrophobic amino-terminal
sequence indicative of the signal sequence. The carboxy-

Fig. 1. Amino acid sequence (in one-letier code) of the rabbit brain ryanodine receptor (top), deduced from the cDNA sequence, and its alignme_>nt
with those of the rabbit cardiac [7) (riddle) and the rabbit skeletal muscle [5] (boltom) ryanodine receptor. The sets of three identical residues at
one position are enclosed with solid lines, and sets of three identical or conservative residues with broken lines [39]. Gaps (=) have been inserted
to achieve maximum homology and a continuous stretch of gaps was counted as one subslitulion regardless of its length. Amino acid residues are
numbered from the initiating methionine. The putative transmembrane segments M 1-Ms« arc indicated; the termini of each segment are 1entatively
assigned by comparison with the rabbil skeletal muscle and cardiac ryanodine receptlors. Four repeated sequences oceurring in two tandem pairs
are bounded by arrows, Two stretches of amino acid residues which are highly conserved between the ryanodine receptor and the IP, receptor are
underlined.
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terminal region that encompasses the M3 and M4 seg-
ments is highly conserved in all ryanodine receptors. On
the other hand, there are rather divergent regions, for
example, the region around the amino acid residue 1300
where some hundred residues are deleted in the brain
ryanodine receptor and the region immediately preced-
ing the M1 segment. The brain ryanodine receptor con-
tains four repeated sequences occurring in two tandem
pairs (amino acid residues 840-953, 954-1069, 2602~
2713 and 2714-2823), as described for the skeletal mus-
cle [6] and cardiac [7] counterparts.

Potential ligand binding sites were analysed using the
proposed consensus amino acid sequences. A sequence
that bears some resemblance to the EF-hand [23] is
found (residues 3934-3945), and this region is relatively
well conserved in the skeletal muscle and cardiac ryan-
odine receptors. One potential calmodulin-binding site
(residues 3472-3495), made up from an amphipathic
helix with two clusters of positive charges separated by
a hydrophobic region [24), is found, being particularly
well conserved in both the skeletal muscle and cardiac
counterparts. There are four copies of the nucleotide-
binding consensus sequence GXGXXG [25] (residues
697-702, 699-704, 2238-2243 and 2526-2531), one of
which (2238-2243) is conserved in both the skeletal
muscle and cardiac counterparts. Using the consensus
sequence RXXS/T [26], there are twenty-one potential
phosphorylation sites for Ca?*/calmodulin-dependent
protein kinase, four of which (serine residue 2711 and
threonine residues 130, 290 and 4163) are conserved in
the skeletal muscle and cardiac counterparts. There are
two potential cyclic AMP-dependent phosphorylation
sites (threonine residues 1243 and 4156), defined as
KRXXS/T or RRXS/T [26], but they are not conserved
in the skeletal muscle or cardiac counterparts. All of
these potential ligand binding sites described are located
on the putative cytoplasmic side according to our trans-
membrane model [5]. Arginine residue 613, substitution
of cysteine for whose equivalent residue in the skeletal
muscle ryanodine receptor has been found to be associ-
ated with malignant hyperthermia of swine [27] and
human [28)], is conserved in three types of ryanodine
receptor.

Alignment of the amino acid sequences reveals a sig-
nificant similarity between the ryanedine receptor and
the IP; receptor [29-31]. Especially, the carboxy-termi-
nal region of the ryanodine receptor, including the M3
and M4 segments, shows a remarkable amino acid se-
quence similarity to the corresponding region of the IP,
receptor. Furthermore, two stretches of highly con-
served amino acid residues are found between the ryan-
odine receptor and the IP; receptor; RFLQLLCEGHN
(residues 3739-3749; glycine is replaced by asparagine
in the 12, recepior) and LTEYIQGPC (residues 3818~
3826; isoleucine is replaced by cysteine in the IP, recep-
tor). Interestingly, two regions which encompass the
four repeats occurring in two tandemn pairs of the ryan-

FEBS LETTERS

November 1992

odine receptor (627-1583 and 2346-3615; see above) are
missing in the IP; receptor.

3.2. RNA blot hybridization analysis

Total RNA was extracted from rabbit brain and
other rabbit tissues and was subjected to blot hybridiza-
tion analysis with cDNA probes of the rabbit brain,
cardiac and skeletal muscle ryanodine receptors. A
RNA species hybridizable with a brain ryanodine recep-
tor cDNA probe is found abundantly in restricted areas
of the brain (corpus striatum, thalamus and hippocam-
pus), and at a much lower level in midbrain (superior
and inferior colliculi), pons and medulla oblongata (Fig.
2A), Its estimated size is ~16 kb. On the other hand, no
hybridization signalis observed with RNA preparations
from cerebral cortex and cerebelium, although faint sig-
nals are detected in these lanes by Image Analyzer (Fuji
Film Inc.) (data not shown). A RNA species hybridiza-
ble with cardiac ryanodine receptor cDNA probes is
distributed throughout the brain except pituitary (Fig.
2B). Interestingly, the cardiac ryanodine receptor
mRNA is relatively abundant in cerebellum, where the
level of the brain ryanodine receptor mRNA is low, and
only small amounts of the cardiac ryanodine receptor
mRNA are detected in corpus striatum and thalamus,
where the brain ryanodine receptor mRNA is abun-
dant. The skeletal muscle ryanodine receptor mRNA is
detected only in skeletal muscle (Fig. 2C), as was re-
ported in [8].

QOutside of the brain, a RNA species hybridizable
with a brain ryanodine receptor cDNA probe is de-
tected in tissues containing smooth muscie, such as
aorta, esophagus, taenia coli, urinary bladder, ureter
and uterus (Fig. 24,D). The size of the RNA species in
smooth muscle is ~16 kb, same as in the brain. Faint
signals in skeletal muscle and heart may suggest exis-
tence of the brain ryanodine receptor mRNA (Fig. 2D),
but they may result from cross-hybridization with the
skeletal muscle and cardiac ryanodine receptor mRNAs
because these mRINAs are present in a huge amount in
skeletal muscle and heart (Fig. 2B,C).

3.3. Cloning of partial cDNAs from aorta

To identify the hybridizable RNA species present in
smooth muscle, we screened a ¢cDNA library derived
from poly(A)" RNA of rabbit aorta using a brain ryan-
odine receptor cDNA probe. Sequence analysis of three
c¢DNA clones showed that they carry the partial se-
quences of the brain ryancdine receptor cDNA. Restric-
tion endonuclease analysis showed that all these clones
yield fragments common to those derived from the
brain ryanodine receptor cDNA. These results indicate
that the brain ryanodine receptor gene is transcribed in
aorta, although the acrtic mRMA may not be identical
with the brain ryanodine receptor mRNA because tran-
scription may be initiated at different promoters and/or
because the transcription product may be subject to
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Fig. 2. Autoradiograms of blot hybridization analysis of RNA from
different regions of brain and different tissues of adult rabblt with
cDNA probes for the brain (A,D), cardiac (B) and skeletal muscle (C)
ryanodine receptor mRNAs. 30 mg (A-C) or 60 mg (D) of total RNA
was applied to each lane. Autoradiography was performed a1 ~70°C
for 4 days (A-C) and for 6 days (D) with an intensifying screen. The
size markers used were the HindlII cleavage products of phage A DNA
(sizes in kilobuses).

alternative splicing. The same may hold for the other
puiative smooth muscle ryanodine receptor mRNAs.

4. DISCUSSION

We have isolated and sequenced cDNA clones encod-
ing the brain ryanodine receptor. The structural similar-
ity suggests that the brain ryanodine receptor, like the
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skeletal muscle and cardiac counterparts, consists of
two main parts, the carboxy-terminal channel region
containing four putative transmembrane segments
(M1-M4) and the large cytoplasmic region, which cor-
responds to the foot structure. The ryanodine receptor
shows amino acid sequence similarity to the IP, receptor
[29-31], another type of calcium release channel on ER.
The sequence similarity is remarkable in the carboxy-
terminal region, which presumably contributes to form-
ing the channel pore. The ryanodine receptor and the
IP; receptor also share two stretches of highly homolo-
gous sequence (3739-3749 and 3818-3826). Since these
sequences are located close to the putative transmem-
brane segments, they may contribute to the Ca®* release
mechanism common to both receptors. Furthermore,
the regions encompassing the four repeats in two tan-
dem pairs found in the ryanodine receptor are missing
in the IP, receptor. This observation suggests that inser-
tion of a pair of tandem repeats into the IP; receptor
followed by duplication of the repeats contributed to
evolutionary divergence between the ryanodine recep-
tor and the IP, receptor.

Recently, evidence has been accumulated to suggest
the involvement of the ryanodine receptor in the Ca®*
signalling in neurons [10-12]. Rat brain microsome
membranes were found to contain high-affinity binding
sites for ryanodine {32}, and the purified ryanodine re-
ceptor protein has been demonstrated to function as a
caffeine-sensitive calcium release channel when it is in-
corporated into planar bilayers [33]. Analysis with anti-
bodies [33], RNA blot hybridization analysis and clon-
ing and partial sequence of cDNAs [7] have suggested
that the major species of the ryanodine receptor in brain
is the product of the cardiac ryanodine receptor gene.
In the present study, we show that while the cardiac
ryanodine receptor mRNA is rather uniformly distrib-
uted, the brain ryanodine receptor is expressed abun-
dantly in the specific regions of the brain, such as corpus
striatum, thalamus and hippocampus. This restricted
distribution may indicate that in these regions, Ca*"
regulation is different from that in other part of the
brain. Furthermore, since these regions roughly corre-
spond to the areas where “‘delayed neuronal death’ oc-
curs after hypoxia in the brain [34], this type of ryan-
odine receptor may be important in the pathological
state, Another possibility is that the brain ryanodine
receptor is coupled more directly with neuronal calcium
channels, as observed in skeletal muscle, being responsi-
ble for a rapid Ca®" release following membrane depo-
larization [3].

Qur present study has also provided evidence to indi-
cate that the brain ryanodine receptor is expressed in
smooth muscle. This result is in line with the recent
observaiion thai ihe ryanodine recepior isolated from
aorta is distinct from the skelctal muscle and cardiac
ryanodine receptors in single-channel conductance for
Ca? and K* [35].
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In neurons and smooth muscle cells, cytoplasmic
Ca®* is regulated in various manners, sorae cells show-
ing Ca® oscillation and others long-term Ca®" sig-
nalling {36,37]. Since the voltage-dependent calcium
channel, the 1P; receptor and the ryanodine receptor are
coexpressed in these cells and cooperatively play a
major role in the regulation of cytoplasmic Ca**, multi-
ple types of these components likely contribute to the
molecular basis of heterogeneity of Ca** signalling sys-
tems. Functional characterization and morphological
investigation of cellular and subcellular localization of
three types of ryanodine receptor will help us to under-
stand the Ca* regulation of brain and smooth muscle
in normal and pathological states.

While preparing this manuscript, a partial sequence
of a new type of ryanodine receptor from mink lung
epithelial cells was reported [38), which corresponds to
the carboxy-terminal one eighth of the rabbit brain ry-
anodine receptor and shows 94% amino acid identity.
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