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from the intracellular stores in sea
urchin eggs leads to formation of a fertilization membrane and subsequent developmental processes (52).
Recent studies have shown three distinct Ca2⫹ release
pathways in these eggs, which are triggered by inositol
1,4,5-trisphosphate (IP3), nicotinic acid adenine dinucleotide phosphate, and cyclic ADP-ribose (cADPR)
(22). The cADPR-induced Ca2⫹ release was potentiated
by divalent cations (Ca2⫹ or Sr2⫹) and caffeine and
blocked by ruthenium red, Mg2⫹, and ryanodine (13,
23), all of which are well-known modulators of Ca2⫹induced Ca2⫹ release (CICR) (7) through the ryanodine
receptor (RyR), a Ca2⫹ release channel in the endoplasmic reticulum (ER) (10, 31, 44). These findings strongly
suggest that the cADPR-induced Ca2⫹ release is mediated by an RyR-like molecule and that the cADPR

sensitizes the molecule to Ca2⫹ to activate the channel
(22). It was found that cADPR-induced Ca2⫹ release
requires calmodulin (CaM) for its activation (24, 48). In
addition, photoaffinity labeling of the 32P-labeled
cADPR analog identified 100- and 140-kDa proteins as
the putative cADPR receptor (51). It is therefore speculated that the RyR-like molecule may form a Ca2⫹
release channel complex with such accessory proteins
(22). To understand the molecular mechanisms of
cADPR-induced Ca2⫹ release, it is essential to identify
these molecules.
RyR has been identified in various animals by molecular cloning for its cDNA. In mammalian cells, there
are three genetically distinct isoforms of RyR: RyR1,
RyR2, and RyR3 (15, 29, 47). Homologs to mammalian
RyRs have also been isolated in nonmammalian vertebrates, e.g., frog (34), chicken (33), and fish (9). RyRs in
invertebrates, including Drosophila melanogaster (46)
and Caenorhabditis elegans (40), were recently cloned
and sequenced. All the known RyRs showed common
characteristics in their primary structure of a hydrophobic transmembrane domain at the COOH terminus
and a large NH2-terminal hydrophilic domain (47). The
COOH-terminal domain is predicted to contain at least
four transmembrane segments and to form the pore of
the Ca2⫹ release channel; the NH2-terminal domain
extends into the cytoplasm to constitute the “feet”
structure and may regulate the channel activity (31,
44). cADPR-induced Ca2⫹ release through RyR was
also reported in mammalian tissues, although it is
controversial in some tissues (11, 32). The cADPRinduced Ca2⫹ release was reported with limited isoforms of RyR2 and RyR3 (22).
Several attempts have been made to identify the
RyR-like molecule in sea urchin eggs (25, 28, 35). Using
anti-skeletal muscle RyR antibody, McPherson et al.
(28) detected an ⬃380-kDa immunoreactive protein in
the cortices of eggs. This indicates that the RyR-like
molecule may be localized at the cortical ER, a Ca2⫹
release site, on fertilization. Single-channel recording
studies using planar lipid bilayers displayed cADPRsensitive high-conductance cation channel currents in
egg microsomes (25, 35). These currents were activated
by Ca2⫹ and blocked by ruthenium red (35) or modified
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2001.—Unfertilized eggs of sea urchins (Hemicentrotus pulcherrimus) demonstrated cyclic ADP-ribose (cADPR)-induced
Ca2⫹ release and caffeine-induced Ca2⫹ release, both of
which were considered to be mediated through the ryanodine
receptor (RyR). We cloned cDNAs for sea urchin egg RyR
(suRyR), which encode a 597-kDa protein of 5,317 amino
acids. suRyR shares common structural features with known
RyRs: the well-conserved COOH-terminal domain, which
forms a functional Ca2⫹ channel, and a large hydrophilic
NH2-terminal domain. suRyR shows amino acid sequence
identity (43–45%) similar to the three mammalian RyR isoforms. Phylogenetic analysis indicates that suRyR branched
from three isoforms of vertebrates before they diverged, suggesting that suRyR may be the only RyR isoform in the sea
urchin. Four in-frame insertions were found in suRyR
cDNAs, one of which was novel and unique, in that it had a
cluster of serine residues. The transcripts with and without
these insertions were found in the egg RNA. These results
suggest that suRyR may be expressed as a functional Ca2⫹induced Ca2⫹ release channel, which might also be involved
in cADPR-induced Ca2⫹ release.
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MATERIALS AND METHODS

Materials. Sea urchins (Hemicentrotus pulcherrimus) were
obtained from the Marine Biosystems Research Center,
Chiba University (Amatsu-Kominato, Japan). cADPR was
enzymatically synthesized from NAD⫹ by Aplysia ADP-ribosyl cyclase and purified using a Dowex AG1-X2 resin according to the method of Jacobson et al. (17). A contaminating
Ca2⫹ was removed through a Dowex 50-X8 resin. The purified cADPR was ⬎98% pure by HPLC.
Ca2⫹ release measurement from sea urchin egg homogenates. Ca2⫹ uptake by and release from Ca2⫹ stores was
monitored in egg homogenates by fluorometrically determining free Ca2⫹ concentration ([Ca2⫹]) in the medium (23).
Unfertilized eggs from H. pulcherrimus were homogenized in
4 vol of a medium containing 250 mM potassium gluconate,
250 mM N-methylglucamine, 20 mM HEPES, and 1 mM
MgCl2, pH 7.2, according to the method of Clapper and Lee
(4). The homogenate (150 l) was added to a fluorometer
cuvette containing 1.5 ml of the above medium supplemented
with 5 mM phosphocreatine, 2 U/ml of creatine kinase, and 3
M fluo 3. Exogenous CaM was not necessary for Ca2⫹
release by cADPR with this system, suggesting that a sufficient amount of CaM may be contained in this homogenate.
The cuvette was set in a Hitachi F-4500 fluorescence spectrofluorometer and incubated at 30°C. Fluo 3 fluorescence
was measured with excitation and emission wavelengths of
488 and 525 nm, respectively. Because [Ca2⫹] in the cuvette
reached ⱖ10 M in the presence of the homogenate, no extra
Ca2⫹ was added. Ca2⫹ uptake was started by addition of 1
mM Mg-ATP and reached the steady state in 5–10 min. At
this point, cADPR or caffeine was added and the time-dependent changes in fluo 3 fluorescence were monitored.
Isolation of total and poly(A)⫹ RNA. Total RNA was extracted from the unfertilized eggs of several H. pulcherrimus
by the guanidine isothiocyanate-cesium chloride method (3),
and poly(A)⫹ RNA was isolated through an oligo(dT)-cellulose column (Amersham Pharmacia Biotech). For Northern
blot analysis, poly(A)⫹ RNA was similarly prepared from
bullfrog skeletal muscle.
Cloning of suRyR cDNA. A combination of RT-PCR and
cDNA library screening was carried out to isolate the cDNA
encoding suRyR. The first-strand cDNA was generated from
poly(A)⫹ RNA by a Superscript II cDNA kit (GIBCO BRL)
with oligo(dT) and random primers according to the manufacturer’s instructions. The PCR step was performed with the
degenerate primers that were designed on the basis of the
published cDNA sequences of various vertebrate and invertebrate RyRs. Seven PCR products corresponding to the
suRyR cDNA sequence were obtained: R1 (402–1587), R2

(1451–1841), R3 (2983–3719), R4 (8637–9420), R5 (9247–
9536), R6 (13510–14942), and R7 (14985–15804).
Oligo(dT) and randomly primed cDNA libraries were prepared from poly(A)⫹ RNA and constructed in ZAP II vector
(Stratagene). These cDNA libraries were screened with the
above PCR fragments, and a positive insert was subcloned
into a pBluescript SK(⫺) vector. Two cDNA clones, P5
[13910–3⬘-untranslated region (UTR)] and P7 (14176–3⬘UTR), were obtained from the oligo(dT) cDNA library; 13
cDNA clones, P1 (2223–4168), P2 (8807–11679), P3 (⫺669–
746), P4 (9114–14291), P6 (989–2532), P14 (⫺651–459), P17
(8142–11321), P19 (⫺533–2923), P20 (892–3202), P21
(2496–5243), P24 (⫺17–1573), P26 (⫺629–1172), and P27
(7258–9987), were obtained from the randomly primed cDNA
library. Six additional clones, P28 (5776–7717), P29 (6566–
9143), P30 (5124–6747), P31 (3741–5732), P32 (7181–9086),
and P33 (6515–7748), were obtained by screening the randomly primed library with the 0.5-kbp EcoRV fragment
(4728–5243) derived from P21 and the 0.8-kbp SacI fragment
(7258–8063) from P27. These clones overlapped each other
and covered the entire coding region and part of the 5⬘- and
3⬘-untranslated regions of suRyR cDNA (see Fig. 2).
Northern blot analysis. Poly(A)⫹ RNAs from H. pulcherrimus eggs and bullfrog skeletal muscle (25 g each) were
electrophoresed on 0.5% agarose-formaldehyde gels and
transferred onto Hybond-N⫹ nylon membranes (Amersham
Pharmacia Biotech). cDNA inserts of 3⬘ regions, P7 and
p␤FRR01 (34), were used as probes for suRyR and bullfrog
␤-RyR, respectively. The transferred membranes were hybridized for 16 h at 42°C with the 32P-labeled probe, and the
positive bands were detected by autoradiography.
RT-PCR assay for detection of insertion/deletion variants.
The first-strand cDNA was generated from 3 g of total RNA
with oligo(dT) primer (GIBCO BRL) and used as a template
for the PCR. Within the range of the linear relationship
between the initial template and the amplified product, a
small amount of the template (1 nl) was used. PCR was
carried out with a specific primer pair for each insertion/
deletion site using standard protocol of 30 cycles at an annealing temperature of 65°C. The PCR products were electrophoresed on a 2% agarose gel and stained with ethidium
bromide. The intensity of the bands was determined with a
MasterScan densitometer.
Analysis of cDNA and protein sequences. Nucleotide sequences from individual clones were assembled into a fulllength contig with the AssemblyLIGN (version 1.0), and the
cDNA and protein sequences were analyzed with MacVector
(version 7.0) software (IBI, Kodak). Nucleotide residues are
numbered, with the adenine residue in the first initiation
codon being expressed as 1. All the possible insertions were
included in the full-length cDNA and protein sequences. The
hydropathy profile was calculated by the method of Kyte and
Doolittle (21) using a window of 19 amino acids. Alignment of
RyR sequences was performed by the ClustalW with initial
pairwise alignment using the BLOSUM 30 weight table
(open and extended gap penalties of 10 and 0.1, respectively).
A phylogenetic tree was inferred on the basis of the neighborjoining method (39), and the probabilities that two lineages
are joined at their node to form a single cluster have been
estimated by the bootstrap method as a standard procedure
with 1,000 resamplings (8). The aligned sequences from 11
RyRs, except for the 3 divergent regions (D1–D3) of less
similarity, were used for the phylogenetic analysis, where a
type 1 IP3 receptor was adopted as the out group.
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by ryanodine (25), suggesting the existence of RyR-like
channels in sea urchin eggs.
In this study, we attempted to identify RyR in sea
urchin eggs by cloning and sequencing its cDNA. Homogenates of unfertilized sea urchin eggs demonstrated cADPR-induced Ca2⫹ release and caffeine-induced Ca2⫹ release, both of which were considered to
be mediated through RyR. A combination of RT-PCR
and cDNA library screening isolated a group of cDNAs
for sea urchin RyR (suRyR) from the eggs . The cDNAs
encode a 5,317-amino acid protein, which shares common structural features with known RyRs. Our results
suggest that sea urchin eggs express RyR as a functional CICR channel, which might also be involved in
the cADPR-induced Ca2⫹ release.

R729

SEA URCHIN RYANODINE RECEPTOR
RESULTS

cADPR-induced Ca2⫹ release and caffeine-induced
Ca2⫹ release from egg homogenates of H. pulcherrimus.
We initially examined whether the sea urchin eggs we
used for cDNA cloning actually show cADPR-induced
Ca2⫹ release. Figure 1 depicts changes in the fluo 3
fluorescence intensity in the medium containing homogenates prepared from H. pulcherrimus eggs. The
fluo 3 fluorescence, which reflects [Ca2⫹], rapidly declined on addition of 1 mM Mg-ATP and reached the
steady state within 5 min, indicating that a significant
amount of Ca2⫹ was actively loaded into Ca2⫹ stores in
the homogenates. At this point, 0.2 M cADPR pro-

duced a transient Ca2⫹ release (Fig. 1A, left). An increase in cADPR concentration up to 1 M increased
the amount of released Ca2⫹ with the accelerated rate
of rise (Fig. 1A, left, inset). The second application of
cADPR in the sequence, however, failed to release
Ca2⫹, showing “desensitization,” which was one of the
reported characteristics of cADPR-induced Ca2⫹ release (5). This is not due to depletion of Ca2⫹ in the
stores, because 0.2 M cADPR on the initial addition
was not the maximal dose. Results were similar with
addition of exogenous CaM; a sufficient amount of CaM
may be contained in this homogenate system. These
results suggest that cADPR definitely releases Ca2⫹
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Fig. 1. Cyclic ADP-ribose (cADPR)-induced Ca2⫹ release and caffeine (Caf)induced Ca2⫹ release from sea urchin
egg homogenates. Free Ca2⫹ concentration was monitored with 3 M fluo
3, and fluorescence intensity is expressed in arbitrary units. A: cADPRinduced Ca2⫹ release. Egg homogenates of H. pulcherrimus were actively
loaded with Ca2⫹ by addition of 1 mM
Mg-ATP (arrows). Left: application of
0.2 M (final concentration) cADPR
(open arrowheads) induced a transient
Ca2⫹ release. The second application of
cADPR in the sequence failed to release any Ca2⫹, showing “desensitization.” Inset: dose-dependent Ca2⫹ release with 0.2–1 M cADPR. The
Ca2⫹-releasing effect was maximum at
1 M, because ⱖ1 M cADPR showed
similar responses. Right: Ca2⫹ uptake
was observed even in the presence of
10 M cyclopiazonic acid (CPA) at a
much reduced rate. Ca2⫹ release by 1
M cADPR, in contrast, was completely lost. B: caffeine-induced Ca2⫹
release. Egg homogenates were similarly loaded with Ca2⫹ and stimulated
by various concentrations of caffeine
(closed arrowheads). Caffeine at ⱖ2
mM demonstrated a transient Ca2⫹ release in a dose-dependent manner
(left). Treatment with 10 M CPA
greatly inhibited Ca2⫹ release (right).
C: effect of caffeine on cADPR-induced
Ca2⫹ release. Application of the
threshold concentration of caffeine (1
mM, closed arrowheads) markedly potentiated the Ca2⫹ release by subsequent addition of 0.2 M cADPR
(right) compared with the control experiment (left).
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Table 1. Nucleotide substitution sites that cause
amino acid substitution in suRyR cDNA
Nucleotide
Position

316
865
2150
2237
2518
2899
3775
10705

from H. pulcherrimus sea urchin eggs. In the presence
of 10 M cyclopiazonic acid (CPA), an inhibitor of ER
Ca2⫹-ATPase, Ca2⫹ uptake proceeded, but at a much
reduced rate (Fig. 1A, right). Because this uptake was
inhibited by 5 mM sodium azide, an inhibitor of mitochondrial Ca2⫹ uptake, it can be concluded that the
Ca2⫹ loading was mainly performed by mitochondria.
Under this condition, 1 M cADPR, which showed the
maximum Ca2⫹ release, failed to release Ca2⫹. Similar
results were obtained in the presence of 1 M thapsigargin (data not shown). Addition of 5 mM sodium
azide alone also retarded Ca2⫹ loading, but the
cADPR-induced Ca2⫹ release was definitely observed
(data not shown). Therefore, Ca2⫹ loading was primarily carried out by ER and mitochondria, but the
cADPR-sensitive Ca2⫹ store is the ER.
Caffeine is a well-known Ca2⫹-releasing agent that
potentiates CICR by activating RyR (31). Caffeine at
ⱖ2 mM induced a transient Ca2⫹ release from the egg
homogenates in a dose-dependent manner (Fig. 1B,
left). Ca2⫹ release was inhibited by treatment with 10
M CPA, indicating that the source of Ca2⫹ released by
caffeine is the ER. These results suggest that the egg
homogenates may have a CICR mechanism, which in
turn implies the presence of RyR.
In this egg homogenate system, ER is the source of
Ca2⫹ for cADPR-induced Ca2⫹ release and caffeineinduced Ca2⫹ release (Fig. 1, A and B). In addition,
application of the threshold concentration of caffeine
(1 mM) greatly potentiated the Ca2⫹ release triggered
by subsequent addition of cADPR (Fig. 1C, right) compared with the control experiment without caffeine
(Fig. 1C, left). Thus the cADPR-induced Ca2⫹ release
in H. pulcherrimus eggs shares common properties
with caffeine-induced Ca2⫹ release, suggesting that
the cADPR-induced Ca2⫹ release may be mediated
through RyR (22).
Cloning of suRyR cDNA. Cloning of cDNA for suRyR
was carried out in two steps. Initially, seven short DNA
fragments (PCR1–7) were obtained by RT-PCR with

Amino Acid
Substitution

AGC 3 GGC
CCC 3 GCC
GTT 3 GGT
CTC 3 CCC
CAC 3 GAC
CTG 3 ATG
ATG 3 TTG
ACT 3 GCT

S106 3 G
P289 3 A
V717 3 G
L746 3 P
H840 3 D
L967 3 M
M1259 3 L
T3569 3 A

Substituted nucleotides are indicated by an underline. The number of A in the initial methionine codon represents 1. Amino acids are
written in one-letter code with their position in the amino acid
sequence. suRyR, sea urchin ryanodine receptor.

the degenerated primers designed according to the
reported RyR sequences. Using these fragments as a
probe for cDNA library screening, we then isolated a
total of 21 overlapping clones (see MATERIALS AND METHODS). A set of cDNA clones contained a continuous
15,954-bp open reading frame (ORF) sequence, in addition to 669-bp 5⬘-noncoding and ⬃1.9-kbp 3⬘-noncoding regions (Fig. 2). A nucleotide sequence, CGACCATGG, that closely resembles the consensus initial
sequence CA(G/A)CCATGG (19) was found around the
initiation codon. A termination codon TAA existed 15
bp upstream from the first methionine codon. A typical
polyadenylation signal, AATAAA (36), was located 36
bp upstream of the polyadenylation site.
During sequencing of these clones, a number of nucleotide differences became apparent between overlapping clones. A total of 94 nucleotide substitution sites
were found in the ORF; only 8 disclosed amino acid
substitution, and the others were silent. The sites with
amino acid substitution are listed in Table 1. Because
of their majority (⬎90%), these silent substitutions
would be caused by polymorphism of the sequence,
which might be partly ascribed to some heterogeneous
RNA samples prepared from eggs of different sea urchins. Analysis of overlapping clones also revealed the
nucleotide stretches of tens or more nucleotides that
are missing in some clones. Such stretches were detected at four sites (IS1–IS4) in the ORF (Table 2). The
numbers of nucleotides are multiples of three in all the
stretches, indicating that they will not cause any frame
Table 2. Insertion/deletion sites in suRyR cDNA
cDNA Clones
Name

IS1
IS2
IS3
IS4

Nucleotide

Amino Acid

626–658 (33)
A209 –L219 (11)
5105–5164 (60)
I1702 –Q1721 (20)
11248–11574 (327) V3750 –T3858 (109)
14065–14121 (57) N4689 –M4707 (19)

With IS

Without
IS

P3, P24, P26
P21, P30
P2, P17
P5

P19
P31
P4
P4

Amino acids are written in one-letter code with their position in
the amino acid sequence. Numbers in parentheses represent length
of nucleotides or amino acids in insertion/deletion site.
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Fig. 2. Map of sea urchin ryanodine receptor (suRyR) cDNA clones.
Top row: full-length suRyR cDNA with the open reading frame (ORF)
as an open box. Four possible insertion/deletion sites (IS1–IS4) are
shown in black. Thin lines (P1-P33) represent isolated suRyR cDNA
clones, in which P5 and P7 were obtained from oligo(dT)-primed
cDNA library and the others were from the randomly primed library.
Bold lines (R1–7) indicate the cDNA fragments that were obtained
by RT-PCR and used as probes in screening the cDNA libraries.

Nucleotide
Substitution
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shift. These stretches may be potential insertion/deletion sequences.
Analysis of suRyR sequence and comparison with
known RyRs. The suRyR cDNA encodes a sequence of
5,317 amino acids with molecular weight of 597,181
when four potential insertions are present. Deletion of
all the insertions will generate a 5,158-amino acid
protein (mol wt ⫽ 580,566). The structural features of
suRyR are demonstrated in Fig. 3. The hydropathy
profile revealed that there are four highly hydrophobic
segments (4845–4866, 4930–4953, 5118–5137, and
5194–5220) in one-tenth of the COOH terminus (Fig.
3A) and that the remaining large part is hydrophilic.
This characteristic is shared by all RyRs reported.
The predicted domain structure of suRyR, which is
also common among all RyRs reported, is shown in Fig.
3B. Alignment of suRyR with other RyRs showed two
regions (1312–1559 and 4549–4835) with markedly
low identity (⬍20%), corresponding to known divergent
regions, D2 and D1, respectively (43). The D3 region of
suRyR (2023–2032) was shorter than its counterpart
(40–50 amino acid residues) of the vertebrate RyRs (43).
The identities in the entire amino acid sequence
among vertebrate and invertebrate RyRs are listed in
Table 3. The scores of identity for suRyR were similar
(43–45%) to any one of the three rabbit RyR isoforms
(RyR1–3). Identities of suRyR with RyRs from D. melanogaster and C. elegans were 43 and 39%, respectively.
These scores were markedly lower than those among
genetically distinct RyR isoforms of vertebrates (65–
67%) or between corresponding isoforms of mammals
and frogs (ⱖ80%) (34). The identities of the restricted
regions of suRyR with the corresponding counterparts
of rabbit RyR2 and D. melanogaster RyR are shown in
Fig. 3C. The highest identity was observed in the

COOH-terminal region (59%). Two regions, the NH2
terminus and the stretch between D3 and D1, follow in
identity (49–52%), which is slightly higher than overall
identity (43–45%). In contrast, only 12–14% identity
was observed at D1 and D2. It is unlikely that suRyR is
much more similar to RyR2 or RyR3 than to RyR1 or
invertebrate RyRs.
It has been shown that most of the functionally
important domains of RyR reside in its COOH-terminal region (1). The COOH-terminal region of suRyR
was therefore compared with those of rabbit RyR1–3
(Fig. 4). Four highly hydrophobic segments shown by
hydropathy plots (Fig. 3A) corresponded to the four
putative transmembrane and channel-forming domains (M1–M4) proposed by Takeshima et al. (47)
and showed a high similarity to those of other
RyRs, especially in M3 and M4. A sequence motif,
GXRXGGGXGD, which has been shown to constitute
a part of pore-forming segments of the Ca2⫹ release
Table 3. Percent identities of the amino acid
sequences among RyRs

rRyR1
rRyR2
rRyR3
suRyR
dmRyR

rRyR2

rRyR3

suRyR

dmRyR

ceRyR

65

65
67

43
45
43

43
44
43
43

39
40
38
39
44

Percent identities between RyRs were calculated from pairwise
alignment of the entire amino acid sequences. A continuous stretch
of gaps that had been inserted to achieve maximum homology was
counted as one substitution regardless of its length. rRyR1–3, rabbit
RyR1–3; dmRyR, D. melanogaster RyR; ceRyR, C. elegans RyR. The
scores of identity for suRyR were of similar values (43–45%) with
rRyR1–3.
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Fig. 3. Analysis of suRyR structure. A: hydropathy profile of sea urchin egg RyR. The profile was made by the
algorithm of Kyte and Doolittle (21) with a window of 19 amino acids. Four highly hydrophobic segments are
indicated by arrowheads. B: domain structure of suRyR. Three divergent regions (D1–D3) (43) are indicated by the
gray box. The four hydrophobic segments (arrowheads in A), which correspond to putative transmembrane
segments (M1–M4) (47), are represented by numbered vertical bars, together with a pore-forming segment (P) (55).
The conserved glutamate residue involved in the Ca2⫹ sensor (2) is represented as C and 2 EF-hand motifs (53)
(bold vertical bar) as E. Four potential insertion sites (IS1–IS4) are also shown. C: amino acid sequence of suRyR
is aligned with sequences of rabbit RyR2 (29) and D. melanogaster RyR (46) for comparison. Calculated percent
identities in amino acid sequences segmented arbitrarily by D1, D2, and D3 are shown as suRyR vs. RyR2/suRyR
vs. D. melanogaster RyR.
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Fig. 5. Characteristic amino acid sequence of IS3 insertion in suRyR.
Serine residues are expressed as inversed. Putative phosphorylation
sites for Ca2⫹/calmoduliln (CaM)-dependent protein kinase II
(CaMK), cAMP-dependent protein kinase (PKA), and protein kinase
C (PKC) are indicated. Serine residues are clustered in the middle of
the sequence, and putative phosphorylation sites are located around
the cluster for the serine residues.

homologous sequences in the protein database. Thus
the IS3 insertion is an entirely unique sequence in
suRyR.
Phylogenetic analysis of the RyR family. To learn the
evolutionary relationship between suRyR and the
other RyRs, we carried out phylogenetic analysis of the
RyR family (Fig. 6). A phylogenetic tree was obtained
as the result of an alignment of amino acid sequences
of 11 RyR species and the type 1 IP3 receptor as the out
group (see MATERIALS AND METHODS). The tree is presented in the form of a dendrogram and exhibits evolutionary divergence from a putative ancestral RyR
and subsequent ancestors (nodes), with branch length
indicating the degree of sequence divergence from the
predicted ancestor. It first branched into two nodes,
one of which included D. melanogaster and C. elegans,
which belong to protostomes, and the other for deuterostomes, including the vertebrates and sea urchins.
suRyR subsequently branched from the ancestors of
vertebrate RyRs. Branching of D. melanogaster and C.
elegans also seems to have occurred at about the same
time. Then the three vertebrate isoforms (RyR1, RyR2,
and RyR3) appear to have diverged. These results
agree well with the evolution of animals as predicted
by classical systematics. The fact that the three vertebrate isoforms diverged after branching of suRyR also
suggests the presence of a single isoform of RyR in the
sea urchin (i.e., suRyR only), as is the case with other
invertebrates (40, 46).
Analysis of suRyR transcripts in unfertilized eggs.
Northern blot analysis for the suRyR transcripts in
unfertilized sea urchin eggs is shown in Fig. 7A. Only
a large transcript signal was detected, which shows
lower mobility than for ␤-RyR from frog skeletal muscle (16.0 kbp; Fig. 7B). The size of the transcript was
estimated to be ⬎18 kbp, which agrees well with that
predicted by the full-length cDNA (18.5 kbp).

Fig. 4. Alignment of the COOH-terminal region of suRyR protein sequence with those of vertebrate RyRs. A
sequence of suRyR is aligned with sequences of RyR1 (47), RyR2 (29), and RyR3 (15) of rabbit (rRyR1–3). Putative
transmembrane segments (M1–M4) proposed by Takeshima et al. (47) are shown by thin lines; M1, M2, and
M5–M10 in parentheses represent those suggested by Zorzato et al. (56). A glutamate residue in (M2), which is
proposed to serve as the Ca2⫹ sensor (2), is indicated as inversed. Two EF-hand motifs aligned in tandem (EF1 and
EF2) (53) are also shown; residues corresponding to consensus EF-hand motif (20) are inversed. Conserved
residues for the putative pore-forming segments GXRXGGGXGD (55) around (M9) are indicated as inversed.
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channels (55), was well conserved (5170–5179), except a glycine residue at the ninth position (G5178)
was substituted by alanine. In addition, residues
corresponding to I4897, R4913, and D4917 of rabbit
RyR1, which were recently shown to play an important role in activity and conductance of the Ca2⫹
release channel (12), were conserved in suRyR. A
glutamate that is proposed to be involved in the Ca2⫹
sensitivity in rabbit RyR3 (E3885) (2) and RyR1
(E4032) (6) was also detected in suRyR (E4328). In
addition, motif search with the PROSITE library
found two EF-hand motifs placed in tandem in the
COOH-terminal region (4377–4389 and 4412–4424),
which was originally reported in lobster RyR (53).
A consensus sequence for the putative adenine ring
binding domain, Y[GAST][VG][KTQSN], which was reported with chaperonin protein GroES (26), was found
in two sites (1096–1099 and 4233–4236). The two sites
were well conserved in all known RyRs (31). A consensus sequence for the P-loop ATP/GTP-binding motif,
[GA]XXXXGK[ST] (41), was found in the NH2-terminal
region (1150–1157). An RGD motif corresponding to
R3499GD of rabbit RyR1, which was proposed to be
involved in excitation-contraction coupling in skeletal
muscle (31), was not conserved (P3684DG), although an
RGD was found in another site (1732–1734). A potential apo-CaM and Ca2⫹-CaM binding site was recently
identified in mammalian RyR1 (3614–3643 of rabbit
RyR1) (38, 54). The corresponding site was well conserved in suRyR (3911–3940). In addition, there were
five putative sites (267–279, 1090–1103, 3222–3235,
4617–4631, and 4995–5007) for consensus motifs for
Ca2⫹-dependent CaM binding (1-8-14 and 1-5-10 motifs) (37), but no IQ motif was found as a consensus for
Ca2⫹-independent CaM binding (37). Leucine/isoleucine zipper motifs in RyR, the occurrence of which has
been demonstrated (31), were recently proposed to be a
protein kinase and phosphatase binding domain via
kinase/phosphatase targeting proteins (27). Two of the
motifs (554–593 and 3218–3254) were well conserved
in suRyR, whereas one (1764–1803) was less homologous.
A notable feature of the suRyR sequence was found
in the IS3 insertion (3750–3858), located near onefourth of the distance from the COOH terminus. This
insertion was considerably large and characterized by
a cluster of serine residues (Fig. 5). Of 109 residues, 40
serine residues (37%) were found, and most of them
were located in the middle of the sequence. Several
consensus motifs for protein phosphorylation sites (18)
were observed around the serine cluster. The corresponding insertion sequence was not reported in any
other RyRs. Furthermore, BLAST search failed to find
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To determine the expression pattern of potential
insertion/deletion variants of suRyR in sea urchin egg,
we used specific primer pairs for each insertion site to
amplify the variant transcripts by RT-PCR. Figure 8A

Fig. 8. Estimate of the fraction of insertion/deletion variants of
suRyR by RT-PCR. Unfertilized sea urchin egg total RNA was
reverse transcribed using oligo(dT) primer and subjected to PCR
using a specific pair of primers for each insertion/deletion site. A:
result for IS3. PCR was also done with clones P2 and P4 as a
template for size control with and without insertion, respectively
(Table 2). Numbers in parentheses represent estimated size of PCR
product. Densitometric profile is shown on right. The ratio of intensity of each band to the total is indicated. Population of insertion
variant should be ⱕ6% of the total suRyR transcripts after correction
for the mass of products (562/235 bp). M, size standard (100-bp
ladder). B: results for IS1, IS2, and IS4. The ratio of intensity of each
band to total is shown on right.

Fig. 7. Northern blot analysis of suRyR RNA from unfertilized sea
urchin eggs. Poly(A)⫹ RNA (25 g each) from sea urchin eggs (A) and
bullfrog skeletal muscle (B) was separated on 0.5% formaldehydeagarose gels, transferred to nylon membranes, and hybridized with
32
P-labeled DNA probe for suRyR and ␤-RyR, respectively. Position and
size (in kbp) of markers are indicated at right. Hybridized band (arrow)
from sea urchin eggs showed a significantly smaller mobility than
16-kbp ␤-RyR mRNA (arrowhead) from bullfrog skeletal muscle, being
consistent with the large size (18.5 kbp) of the full-length cDNA.

shows the result for IS3. cDNA clones P2 and P4 were
used as a control for insertion and deletion variants,
respectively (Table 2). The egg total RNA gave rise to
two bands with mobilities that corresponded to those of
P2 and P4, respectively, indicating that these transcripts exist in sea urchin eggs. The intensity of the
band for the insertion variant was estimated to be 11%
of total (insertion ⫹ deletion) intensity. The population
of the insertion variant should be ⱕ6% of the total after
correction for the mass of products (562 vs. 235 bp).
Similar analysis was done for the other three sites (Fig.
8B). About two-thirds were insertion variants in IS1,
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Fig. 6. Phylogenetic tree of the RyR family. A phylogenetic tree was
obtained from the optimal alignment of 11 RyR sequences, with a
type 1 inositol 1,4,5-trisphosphate receptor adopted as the out group.
The 3 divergent regions were omitted from the alignment. Length of
horizontal lines is proportional to the number of amino acid substitutions. hRyR1–3, human RyR1–3; rRyR1–3, rabbit RyR1–3,
fRyR␣, frog ␣-RyR; fRyR␤, frog ␤-RyR; dmRyR, D. melanogaster
RyR; ceRyR, C. elegans RyR. suRyR branched from vertebrate RyRs
after their branching from D. melanogaster and C. elegans RyRs.
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and an equal number of both variants were expressed
for IS2. In contrast, the deletion variant was primarily
expressed for IS4; the ratio for the insertion variant
was only 3%.
DISCUSSION
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In the present study, we cloned and sequenced the
full-length cDNA encoding RyR from unfertilized eggs
of H. pulcherrimus. The corresponding transcripts of
several insertion/deletion variants were detected in the
mRNA from these eggs. The deduced amino acid sequence of suRyR showed a reasonable degree of identity with known RyRs along the whole molecule and
shares several common structural features. The sea
urchin egg homogenates demonstrated cADPR-induced Ca2⫹ release and caffeine-induced Ca2⫹ release,
both of which were considered to be mediated through
RyR. These results suggest that suRyR may form a
functional Ca2⫹ release channel, which might also be
involved in cADPR-induced Ca2⫹ release.
The immunologic approaches using anti-RyR antibody have detected a ⬃380-kDa protein (28) or a ⬃400kDa protein (25) as a putative RyR molecule in sea
urchin egg microsomes. These proteins showed considerably greater mobility on SDS-polyacrylamide gel
electrophoresis than rabbit RyR1. This seems inconsistent with our results that the predicted size of suRyR is
580–600 kDa, which is clearly larger than vertebrate
RyRs. It is unlikely that some smaller transcripts are
also generated in the eggs, because only a large (⬎18
kbp) transcript was detected by Northern blot (Fig. 7).
Possible explanations for the discrepancy might be as
follows: some posttranslational modifications, protein
degradation, and difference between species, Lytechinus (25, 28) and Hemicentrotus (this study).
The COOH-terminal region of RyR is thought to
constitute an ion channel with all the essential parts,
i.e., pore, gate, and ion-selective filter, since a functional Ca2⫹ release channel can be formed by ⬃1,000
COOH-terminal amino acids (1). Hydropathy profiles
revealed four highly hydrophobic segments, which correspond to the putative transmembrane domains (M1–
M4) (47) (Fig. 3A). The COOH-terminal region of
suRyR showed the highest identity (⬃60%) with the
counterparts of the other RyRs, e.g., rabbit RyR2 and
D. melanogaster RyR (Fig. 3C). Recent studies using
mutagenesis identified several functionally important
residues on the COOH-terminal sequences (2, 12, 55).
These residues were well conserved in suRyR (Fig. 4),
suggesting that suRyR may constitute a functional
Ca2⫹ release channel that is similar in basic behavior
to those of known RyRs. This is consistent with the
findings that single ryanodine- or ruthenium red-sensitive cation channel currents, which show gating and
conducting properties similar to known RyRs, were
recorded from sea urchin egg microsomes (25, 35).
We found several amino acid substitutions in the
suRyR sequence that may show polymorphism of the
gene (Table 1). In addition, four potential insertion/
deletion sites (IS1–IS4) were detected (Table 2). RT-

PCR analysis demonstrates the presence of transcripts
for these variants in sea urchin eggs (Fig. 8). Thus
suRyR has several variants that might show different
properties in Ca2⫹ release channel function and its
regulation. Among these variant sites, IS3 is notable
for its large size (109 residues) and sequence characteristic of a serine cluster (Fig. 5). This stretch is
entirely unique, because no homologous sequences
were detected in the database by BLAST search. The
ratio of IS3-positive variants was estimated to be only
6% of total transcripts in sea urchin eggs (Fig. 8).
Because IS3 is located near the COOH-terminal region, it is likely that this sequence may affect channel
function. Motif analysis found several potential phosphorylation sites around the serine cluster (Fig. 5). It is
possible that conformation of IS3 might change by
protein phosphorylation through some signal transduction cascades. Using a heterologous expression system, we are starting a functional study of these insertion/deletion variants of suRyR.
RyR is well known to release Ca2⫹ from sarcoplasmic
reticulum to induce muscle contraction in various vertebrate and invertebrate muscles (10, 31, 44). It is
reported that the radial muscle of Asthenosoma sea
urchins was contracted by caffeine (50). We also found
caffeine-induced contracture of the lantern muscle
from H. pulcherrimus sea urchins (data not shown).
Thus it is likely that muscle cells of sea urchins may
have functional RyR channels. Phylogenetic analysis
indicates only one isoform of RyR in sea urchins, as is
true of the other invertebrates (Fig. 6). The suRyR we
show here may be expressed as functional Ca2⫹ release
channels in H. pulcherrimus sea urchin muscle cells. It
will be interesting to learn whether compositions of the
insertion variants differ between eggs and muscles.
Although the cADPR-induced Ca2⫹ release in sea
urchin eggs shares many functional properties with
CICR through RyRs, there are also several differences
between them (22); one of the most striking is the
action of CaM. CaM is an essential factor for activation
of cADPR-induced Ca2⫹ release in sea urchin eggs: it
sensitizes egg microsomes to Ca2⫹ and acts synergistically with cADPR (24, 48). In contrast, the modulatory
effects of CaM on the vertebrate RyR channels depend
on Ca2⫹ concentrations: activating at a low [Ca2⫹] and
inhibiting at a high [Ca2⫹] (16, 49). Furthermore, desensitization is a unique property of cADPR-induced
Ca2⫹ release in which Ca2⫹ release in sequence application of the reagent is markedly reduced, even if Ca2⫹
stores possess an appreciable amount of Ca2⫹ (5) (Fig.
1A). Therefore, one would expect that there are some
unique structural features in suRyR that are linked to
such functional characteristics. Analysis of the sequence, however, uncovered no particular regions with
marked uniqueness in suRyR, except the IS3 insertion
and the two divergent regions (D1 and D2). Further
studies with chimeric channels of suRyR and other
RyRs will address this interesting question.
In mammalian cells, cADPR-induced Ca2⫹ release is
thought to be mediated by limited isoforms of RyR,
RyR2, and RyR3 (11, 14, 32, 42). This raises the pos-
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sibility that suRyR or its partial stretch may be more
similar to RyR2 or RyR3 than to RyR1. Amino acid
sequence identities of suRyR with the three mammalian RyR isoforms, however, were of similar magnitude
(43–45%; Table 3). Phylogenetic analysis clearly demonstrated that suRyR branched from the ancestral RyR
of vertebrates before branching the three isoforms of
vertebrate RyR (Fig. 6). Thus we have no evidence that
suRyR is more similar to RyR2 or RyR3 than to RyR1.
Some fundamental differences in the mechanisms of
cADPR-induced Ca2⫹ release between mammals and
sea urchin eggs have been pointed out (22). In rat
pancreatic ␤-cells, CaM is reported to act through
CaM-dependent protein kinase II (45), whereas CaMkinase II is not essential for CaM action in sea urchin
eggs (24). In addition, 100- and 140-kDa proteins,
which bind 8-azido-cADPR, were identified as the
“cADPR receptor” in the eggs (51), whereas 12.6-kDa
FK506-binding protein is proposed to bind cADPR in
the ␤-cells (30). The proteins in the eggs have not been
fully characterized and could also be proteolytic fragments of suRyR. Therefore, further studies are required to address whether the cADPR receptor is a
separate protein. Nevertheless, the molecular target
for cADPR of the eggs seems different from that of the
␤-cells. Identification of the RyR molecule from sea
urchin eggs provides a useful tool with which to explore
the detailed mechanisms of cADPR-induced Ca2⫹ release in eggs and mammalian cells.
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