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Abstract

Calumenin is a multiple EF-hand Ca2+-binding protein located in endo/sarcoplasmic reticulum of mammalian tissues. In the present
study, we cloned two rabbit calumenin isoforms (rabbit calumenin-1 and -2, GenBank Accession Nos. AY225335 and AY225336, respec-
tively) by RT-PCR. Both isoforms contain a 19 aa N-terminal signal sequence, 6 EF-hand domains, and a C-terminal ER/SR retrieval
signal, HDEF. Both calumenin isoforms exist in rabbit cardiac and skeletal muscles, but calumenin-2 is the main isoform in skeletal
muscle. Presence of calumenin in rabbit sarcoplasmic reticulum (SR) was identified by Western blot analysis. GST-pull down and co-
immunoprecipitation experiments showed that ryanodine receptor 1 (RyR1) interacted with calumenin-2 in millimolar Ca2+concentra-
tion range. Experiments of gradual EF-hand deletions suggest that the second EF-hand domain is essential for calumenin binding to
RyR1. Adenovirus-mediated overexpression of calumenin-2 in C2C12 myotubes led to increased caffeine-induced Ca2+ release, but
decreased depolarization-induced Ca2+ release. Taken together, we propose that calumenin-2 in the SR lumen can directly regulate
the RyR1 activity in Ca2+-dependent manner.
� 2006 Elsevier Inc. All rights reserved.
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The Ca2+-binding CREC family including Cab45 [1],
reticulocalbin [2], ERC-55 [3], calumenin [4–7], and cro-
calbin [8] has multiple EF-hands and a C-terminal ER
retention signal. Unlike other EF-hand proteins, the
CREC family possesses a low Ca2+ affinity with dissoci-
ation constants in millimolar range [5]. Calumenin iden-
tified first in mouse cardiac SR has 315 aa containing a
N-terminal signal sequence, 6 EF-hands, and a unique
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q Abbreviations: aa, amino acid(s); Con-A, concanavalin A; 2-DE, two-
dimensional electrophoresis; ECC, excitation-contraction coupling;
DHPR, dihydropyridine receptor; ER, endoplasmic reticulum; GP,
glycogen phosphorylase; GST, glutathione S-transferase; HRC, histi-
dine-rich Ca2+-binding protein; MALDI-TOF, matrix-assisted laser
desorption ionization-time-of-flight; PCR, polymerase chain reaction;
PFK, phosphofructokinase; RT, reverse transcription; RyR, ryanodine
receptor; SERCA, sarcoplasmic/endoplasmic reticulum ATPase; SR,
sarcoplasmic reticulum.

* Corresponding author. Fax: +82 62 970 3414.
E-mail address: dhkim@gist.ac.kr (D.H. Kim).
C-terminal ER/SR retention signal, HDEF [4]. Mouse
and human calumenins were expressed ubiquitously in
all tested tissues but were especially enriched in heart
and lung [4,5,7]. In spite of the retrieval signal, HDEF
for ER/SR, the localization of calumenin was less strict
[9]. Although several results have been reported to sug-
gest the possible relationship of calumenin with disease
states [10–18], the functional roles of calumenin in ER/
SR are largely unknown.

The excitation–contraction (E–C) coupling of skeletal
muscle is a series of events in which a depolarization of
plasma membrane permits a conformational change of
dihydropyridine receptor (DHPR), which in turn release
Ca2+ through RyR1 from SR and muscle contraction
[19]. The sequential relaxation is initiated by re-uptake
of intracellular Ca2+ through the action of sarcoplas-
mic/endoplasmic reticulum Ca2+-ATPase (SERCA) [19].
Several integral membrane proteins, triadin and juntin,
and the intraluminal Ca2+-binding protein, calsequestrin,

mailto:dhkim@gist.ac.kr


D.H. Jung et al. / Biochemical and Biophysical Research Communications 343 (2006) 34–42 35
were proposed to form a Ca2+ release complex with
RyR1 and may regulate the functions of RyR [20–23].
Evidence also shows that the histidine-rich Ca2+-binding
protein (HRC) in the SR lumen could participate in the
association with triadin and regulate the Ca2+ release
process [24,25]. Recently, junctate, another high capacity
Ca2+-binding protein, has been cloned and identified as
an integral SR luminal protein [26,27]. However, the
functional role of junctate in the SR is largely
unknown.

The present study was carried out to examine the
roles of calumenin in rabbit skeletal SR. Our results
show that calumenin-2, the major isoform in rabbit skel-
etal muscle interacts with RyR1 in millimolar Ca2+ con-
centration range. In addition, the over-expression of
calumenin-2 in C2C12 cells altered RyR1-mediated
Ca2+ transients. Therefore, we propose that calumenin-
2 located in the skeletal SR lumen can directly regulate
the activity of RyR1.
Fig. 1. cDNA cloning and analysis of the deduced aa sequences of rabbit calu
start (ATG) and stop (TGA) condons in both calumenins (A: rabbit calumen
boldface. (C) Hydropathy plots calculated by the algorithm of Kyte-Doolittle sh
(solid line) without any visible transmembrane sequence.
Experimental procedures

cDNA cloning of rabbit calumenins. Total RNAs from rabbit heart (left
ventricle) and skeletal muscles (fast twitch muscles of the hind-limbs) were
isolated using Invisorb Spin Tissue RNA Mini Kit (Invitek), and subse-
quently cDNAs were synthesized using random hexamer/oligo(dT) and
Omniscript reverse transcriptase (Qiagen). To clone rabbit calumenin
cDNAs, two oligonucleotide primers were designed based on the highly
conserved mouse and human calumenins (Figs. 1A and B). The forward
primer was 5 0-CCGGAATTCATCATGGACCTGCG-3 0 (EcoRI site,
CCGGAATTCATC plus calumenin nucleotide, 1–11) and the reverse
primer was 5 0-CCGCTCGAGAGCTCAGAACTCATCATG-3 0 (SacI
site, CCGCTCGAGAGC plus calumenin nucleotide, 934–948). PCR was
performed with 35 cycles of 94 �C for 30 s, 60 �C for 60 s, and 72 �C for
120 s, with a GeneAmp2700 thermal cycler (Applied Biosystems). The
PCR products were cloned into pCR�2.1-TOPO vectors (Invitrogen) and
were sequenced on both strands by automated DNA sequencing using the
ABI 3700 sequencer (Applied Biosystems).

Isolation of rabbit skeletal SR vesicles. Longitudinal and junctional SR
vesicles were isolated from the predominantly fast twitch muscles of rabbit
hind limbs and back by sucrose density gradient ultra-centrifugation as
described previously [28].
menin genes. (A,B) The deduced aa sequences of rabbit calumenins. The
in-1; B: rabbit calumenin-2) and the first methionine residues (M) are in
ow that both calumenins have a typical amino-terminal signaling sequence
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GST fusion proteins and GST-pull-down assay. All GST fusion pro-
teins were generated using pGEX 4T-1 by the bacterial expression
system [23]. For GST-pull-down assay, the junctional SR preparations
were solubilized for 0.5 h at room temperature at a protein concen-
tration of 2 mg/ml in 10 mM Tris–HCl (pH 7.4), 1.5% Triton X-100,
0.1 M NaCl, 1 mM dithiothreitol, and the protease inhibitor cocktail
(Sigma–Aldrich) (solubilizing buffer) containing 2.5 mM CaCl2, and the
supernatant was taken after centrifugation at 40,000 rpm in 45 Ti rotor
(200,000g, Beckman) for 5 min to remove unsolubilized vesicles and
precipitates. The supernatant was further incubated with glutathione–
Sepharose beads for 1 h at 4 �C to remove non-specific beads binding
materials. The supernatants were then incubated with native or trun-
cated forms of GST-calumenin-2 (originally cloned from and substan-
tially expressed in skeletal muscle cDNA, Fig. 2C) bound affinity
matrices for 0.5 h at room temperature. The incubation and the fol-
lowing washing steps were done with 10 mM Tris–HCl (pH 7.4), 0.15%
Triton X-100, 0.01 M NaCl, 1 mM dithiothreitol, and the protease
Fig. 2. Alignment of mammalian calumenins, predicted six EF-hand domains,
calumenin-1 (RA-Calu-1, GenBank Accession No. AY225335) and rabbit cal
with mouse calumenins (MO-Calu-1 and -2), human calumenins (HU-Calu-1 a
aa N-terminal signal sequence (solid line), predicted six EF-hand domains (R
HDEF (boxed). The vertical arrow indicates one N-glycosylation site (aa 131).
first two EF-hand regions (aa 74–138). (B) The predicted 6 EF-hand domain
aligned with the consensus sequences. (C) The isoform specific expression level
and -2 (lanes 2 and 3) specific primers and rabbit skeletal (lanes 1 and 3) and car
agarose gel with size marker (M).
inhibitor cocktail (Sigma–Aldrich) containing the indicated concentra-
tion of CaCl2 or EGTA.

Co-immunoprecipitation. The junctional SR vesicles were solubilized in
the solubilizing buffer containing 2.5 mM CaCl2 (see above). After cen-
trifugation at 40,000 rpm in 45 Ti rotor (200,000g, Beckman) for 5 min to
remove unsolubilized vesicles and precipitates, the supernatant was further
cleared with protein A or G–agarose beads for 1 h at 4 �C. With anti-
RyR1 (Affinity BioReagents) plus protein G–agarose beads or purified
anti-calumenin antibodies and protein A agarose beads, the co-immuno-
precipitation (co-IP) was carried out as previously described [24].

Preparation of GST-calumenin-2 deletion mutants. To prepare all GST
fusion proteins having progressively deleted EF-hand Ca2+-binding
domains, we cloned the calumenin-2 mutant cDNAs into pGEX 4T-1 and
purified according to the manufacturer’s manual (Amersham Biosciences).

Cell culture, preparation of recombinant adenovirus, and intracellular

Ca2+ measurement in a single cell. C2C12 myoblasts derived from mouse
skeletal muscle were used as described previously [29]. The Adeno-X
and the isoform specific RT-PCR. (A) The deduced aa sequences of rabbit
umenin-2 (RA-Calu-2, GenBank Accession No. AY225336) were aligned
nd -2), and rat crocalbin (RT-Crocalb). All aligned calumenins show a 19
oman numerals on dashed lines), and a unique ER/SR retention signal,

Note that each isoform of calumenins shows the maximum difference in the
s of rabbit calumenin-1 (upper alignment) and -2 (lower alignment) were
s of PCR products were analyzed using rabbit calumenin-1 (lanes 1 and 2)
diac (lanes 2 and 4) cDNAs. The 194 bp RT-PCR products were run on 1%



Fig. 3. Calumenin is enriched in the junctional rabbit skeletal SR
preparation. (A) Coomassie blue staining of longitudinal (lane 1) and
junctional rabbit skeletal SR (lane 2) proteins (20 lg) separated by 10%
SDS–PAGE. The arrows indicate the bands of SERCA (upper) and
calsequestrin (lower). (B) Western blot experiment for the longitudinal
(lane 1) and junctional SR (lane 2) was conducted using the antibodies
againt RyR1, triadin, calumenin, and FKBP12 and NC blots electrically
transferred from duplicated PAGE gel. Note that calumenin was enriched
in the junctional SR preparations.
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expression system kit (Clontech) was used to generate rabbit calumenin-2
(AdCalu-2) and b-galactosidase (AdLac-Z) overexpressing adenoviruses
[25]. Three days after infection with AdCalu-2 or AdLac-Z, intracellular
Ca2+ transients in C2C12 myotubes were measured by addition of 10 mM
caffeine or 20 mM KCl on coverslips after incubating for 45 min at 37 �C
in a balanced salt solution (BBS) (140 mM NaCl, 2.8 mM KCl, 2 mM
CaCl2, 2 mM MgCl2, and 10 mM Hepes, pH 7.2) containing 5 lM Fura 2-
AM as described previously [29].

Results

cDNA cloning and analysis of the primary sequences

of rabbit calumenins

cDNA sequences and genomic organization of mouse
and human calumenin isoforms have been characterized
recently [7]. In the present study, we attempted to clone
rabbit calumenin cDNAs by RT-PCR using total RNA
obtained from rabbit cardiac and skeletal muscles, as
described previously [7]. Two types of calumenin cDNAs
were identified and the aa sequences were predicted on
the basis of their cDNA sequences (Figs. 1 and 2). We have
named the two isoforms as rabbit calumenin-1 (Fig. 1A,
GenBank Accession No. AY225335) and rabbit calumen-
in-2 (Fig. 1B, GenBank Accession No. AY225336), respec-
tively. Both rabbit calumenins showed 92% identity and
95% homology to each other and were 315 aa long with
the calculated MW of 37,055 and 37,096 and pI of 4.26
and 4.24, respectively. The hydropathy plots indicate that
both isoforms have a typical N-terminal signal sequence
(solid lines), but no membrane anchoring domain
(Fig. 1C). Despite a major difference in aa sequence rang-
ing from 74 to 137, where the first two putative EF-hand
domains reside (Fig. 2A), both rabbit calumenins have a
19 aa N-terminal signal sequence (Fig. 2A, solid line), puta-
tive 6 EF-hands (Fig. 2A, Roman numerals on dashed
lines), a N-glycosylation site at 131 aa (Fig. 2A, arrow),
and a 4 aa C-terminal ER/SR retention sequence, HDEF
(Fig. 2A, boxed) (predicted by two computer software pro-
grams, InterPro, http://www.ebi.ac.uk/interpro/ and Pfam,
http://www.sanger.ac.uk/Software/Pfam/).

The consensus sequence predicting the aligned six puta-
tive EF-hand domains in the rabbit calumenin isoforms is
shown in Fig. 2B. Except for the substitutions of Leu for
Gly (aa 169) in the Ca2+-binding loop of both third EF-
hands, most residues in the loops resemble the consensus
(Fig. 2B). Although isoform specific RT-PCR showed that
the rabbit calumenin-1 and -2 were simultaneously present
at rabbit skeletal (Fig. 2C, lanes 1 and 3) and cardiac
(Fig. 2C, lanes 2 and 4) tissues, rabbit calumenin-2 origi-
nally cloned from skeletal muscle cDNA was the major
form of calumenin in rabbit skeletal muscle and was used
for further studies.

Identification of calumenin in skeletal SR membranes

In light of the evidence that calumenin has a C-terminal
ER retention signal [4–7], we examined the presence of
calumenin in two fractions of rabbit skeletal SR represent-
ing the longitudinal and junctional SR fractions by Wes-
tern blot analysis. The 52.5 kDa calumenin was identified
in the junctional SR fraction (Fig. 3B, lane 2), where
RyR1, triadin, FKBP12 (Fig. 3B, lane 2), and calsequestrin
(Fig. 3, the 2nd arrow) are enriched.

GST-calumenin-2 interacts with RyR1 in the presence

of millimolar Ca2+

In order to identify calumenin-binding proteins in the
junctional SR, GST-pull down assay was conducted using
GST-calumenin-2 and Triton X-100-solubilized junctional
SR proteins in various Ca2+ concentrations, and the
GST-calumenin-2 binding fractions were run on 10%
SDS–PAGE gel (Fig. 4B). Mainly, three proteins having
molecular weights of approximately 500, 100, and
87.5 kDa (Fig. 4B, arrows) were identified as GST-calu-
menin-2 interacting proteins. The 500 kDa protein was
identified as RyR1 by immunoblotting with anti-RyR1
antibody in 6% SDS–PAGE (Fig. 4A). The 100 and
87.5 kDa proteins shown by the 2nd and 3rd arrows in
Fig. 4A were identified as glycogen phosphorylase (GP)
and phosphofructokinase 1 (PFK-I), respectively, by
MALDI-TOF mass spectroscopy [30] (data not shown).

Co-immunoprecipitation of calumenin-2 with RyR1

To confirm the interaction between calumenin-2 and
RyR1 as shown by GST-pull down assay (Fig. 4), co-IP
of RyR1 with calumenin-2 was also conducted using

http://www.ebi.ac.uk/interpro/
http://www.sanger.ac.uk/Software/Pfam/


Fig. 4. Identification of GST-calumenin-2 binding proteins in the junc-
tional SR by GST-pull down assay. (A) Western blot result showing the
interaction between GST-calumenin-2 and RyR1. 1.5% Triton X-100-
solubilized junctional SR proteins (lane 1), solubilized junctional SR
proteins bound to glutathione–Sepharose beads (lane 2), solubilized
junctional SR proteins bound to GST immobilized on glutathione–
Sepharose beads (lane 3), and the solubilized junctional SR proteins
bound to GST-calumenin-2 immobilized glutathione–Sepharose beads in
the presence of 10 mM EGTA (lane 4), 5 mM EGTA (lane 5), 1 mM
EGTA (lane 6), 0.1 mM EGTA (lane 7), no EGTA (lane 8), 0.01 mM
CaCl2 (lane 9), 0.1 mM CaCl2 (lane 10), 1 mM CaCl2 (lane 11), 2.5 mM
CaCl2 (lane 12), and 5 mM CaCl2 (lane 13) were separated in 6% SDS–
PAGE and electrically transferred to NC membrane. Western blot
experiment was conducted using anti-RyR1 antibody. (B) Coomassie
blue-stained gel to show the GST-calumenin-2 binding proteins in the
junctional SR. The same GST-pull down products as shown in (A) were
separated in 10% SDS–PAGE and stained by Coomassie blue. The arrows
indicate the GST-calumenin-2 interacting 500 kDa RyR1 verified by
Western blot as shown in (A), and 100 kDa GP and 87.5 kDa FPK-1
proteins which were identified by MALDI-TOF mass spectroscopy,
respectively. The interactions between GST-calumenin-2 and each of the
three proteins were markedly enhanced by increased Ca2+concentration.
The asterisk verifies that the same amount of GST-calumenin-2 was used
for the experiment.

Fig. 5. Co-immunoprecipitation of calumenin-2 and RyR1. Triton X-100-
solubilized junctional SR proteins (20 lg) (lane 1), immunoprecipitated
proteins with preimmune serum (mouse and rabbit preimmune serums for
A and B, respectively) (lane 2) and immunoprecipitated proteins with anti-
RyR1 (A) or anti-calumenin (B) antibodies in the presence of 2.5 mM
CaCl2 (lane 3) were separated either in 6% (for RyR1 IP) or 10% (for
calumenin IP) SDS–PAGE. (A) Immunoprecipitated proteins with anti-
RyR1 antibody were probed with anti-RyR1 (A, upper panel) or with
anti-calumenin antibody (A, lower panel). (B) Immunoprecipitated
proteins with anti-calumenin antibody were probed with anti-calumenin
(B, upper panel) or with anti-RyR1 (B, lower panel) antibodies. Asterisks
indicate a non-specific immunoreactive band formed by rabbit IgG against
the anti-calumenin antibody.
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anti-calumenin and anti-RyR1 antibodies with Triton
X-100-solubilized junctional SR proteins in the presence
of 2.5 mM CaCl2 (Fig. 5). Calumenin was immunoprecipi-
tated by anti-calumenin antibody as well as by anti-RyR1
antibody (Fig. 5A). RyR1 was also immunoprecipitated
by anti-RyR antibody as well as by anti-calumenin anti-
body (Fig. 5B). It is interesting to note that the interactions
were completely abolished in the presence of 2.5 mM
EGTA (data not shown).

Identifying RyR1 interacting domain in calumenin-2

To identify the putative RyR1 binding domain in GST-
calumenin-2, six EF-hand domains were progressively
deleted (Figs. 6A and B), and GST-pull down assay was
conducted using Triton X-100-solubilized SR vesicles,
and RyR1 binding was examined by Western blot assay
using anti-RyR1 antibody. Densitometric scanning
(Fig. 6D) of the Western blot results shown in Fig. 6C
revealed that the interaction between GST-calumenin-2
and RyR1 increased markedly by the presence of the sec-
ond EF-hand domain (71% of the maximal binding),



Fig. 6. Effects of deletion-mutation on the interactions between GST-
calumenin-2 and RyR1. (A) Progressive deletion of EF-hand domains
from the direction of C-terminal end was conducted in GST-calumenin-2
fusion proteins. RS stand for the retention signal and the Roman numerals
indicate the predicted six EF-hand domains. (B) GST control (lane 1),
GST-calumenin-2 without entire EF-hand domains (lane 2), and GST-
calumenin-2 mutants having different number of EF-hand (lanes 3–8) were
expressed and purified from Escherichia coli (BL21), and were separated in
10% SDS–PAGE gel. (C) Triton X-100-solubilized junctional SR proteins
(lane 1), solubilized junctional SR proteins bound to glutathione–
Sepharose beads (lane 2), solubilized junctional SR proteins bound to
GST immobilized on glutathione–Sepharose beads (lane 3), solubilized
junctional SR proteins bound to GST-calumenin-2 without the EF-hand
domains immobilized on glutathione–Sepharose beads (lane 4), and
solubilized junctional SR proteins bound to mutant GST-calumenin-2
having different number of EF-hand domains (lanes 5–10) immobilized on
glutathione–Sepharose beads as shown in (B) were separated in 6% SDS–
PAGE and were subjected to immunoblotting with anti-RyR1 antibody.
All the interactions were conducted in the presence of 5 mM CaCl2. (D)
Relative RyR1 binding of the serially EF-hand deleted GST-calumenin-2
as shown in (C) was analyzed by densitometric scanning and background
subtraction. The averaged values from three different experiments are
shown as means ± SD in a bar graph. * denotes the difference from GST-
calumenin-2 having only first EF-hand domain at P < 0.05; ** denotes the
difference from GST-calumenin-2 having the first two EF-hand domains
at P < 0.05 according to ANOVA analysis.
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suggesting that the RyR1 binding site in calumenin-2
resides in the 2nd EF-hand region. However, the result of
further increase of binding by the 5th and 6th EF-hand
domains (Fig. 6D) implies that the structural integrity of
calumenin formed by the six EF-hands is important for
the full binding affinity between calumenin-2 and RyR1.

Overexpression of calumenin-2 alters intracellular Ca2+

transients in C2C12 cells

To determine whether calumenin plays any role in the
intracellular Ca2+ transients, caffeine- and depolarization-
induced Ca2+ release was measured in the AdCalu-2-infect-
ed calumenin-2 overexpressing C2C12 myotubes. About
7.5-fold increase of calumenin-2 expression was obtained
3 days after infection with AdCalu-2 (Fig. 7E). The peak
amplitude of the caffeine-induced Ca2+ release was signifi-
cantly increased in the AdCalu-2-infected C2C12 myotubes
(2.88 ± 0.26, n = 14) than in the non-infected (1.83 ± 0.21,
n = 7) or AdLac-Z infected C2C12 myotubes (2.13 ± 0.22,
n = 12), suggesting that the SR Ca2+ storage capacity
increased in the AdCalu-2-infected C2C12 myotubes (Figs.
7A and C). In contrast to the caffeine-induced Ca2+ release
from the SR, the peak amplitude of the depolarization-in-
duced Ca2+ release in AdCalu-2-infected C2C12 myotubes
was slightly but significantly lower (2.15 ± 0.15, n = 13; in
2 cases out of 13 experiments the values were similar to
AdLac-Z-infected or non-infected C2C12 myotubes) than
in non-infected (2.41 ± 0.17, n = 9) or AdLac-Z-infected
C2C12 myotubes (2.46 ± 0.11, n = 14) (Figs. 7B and D),
suggesting that calumenin-2 has inhibitory effect on
RyR1 under the physiological stimuli.

Discussion

In the present study, we cloned two rabbit calumenin
isoforms (calumenin-1 and calumenin-2) having a 19 aa
N-terminal signal sequence and a 4 aa C-terminal ER/SR
retention sequence, HDEF. We have further studied the
role of calumenin in E–C coupling of rabbit skeletal SR.
The novel findings in this study are: (1) calumenin-2 can
directly interact with RyR1 in millimolar Ca2+ concentra-
tion range, (2) the binding site of RyR1 in calumenin-2 is
in the 2nd EF-hand region, and (3) calumenin-2 can influ-
ence RyR1-mediated Ca2+ release from SR. Therefore, we
postulate that calumenin-2 having relatively low Ca2+-
binding affinity (Kd � 0.6 mM) is located in the lumen of
junctional SR and regulates the physiological Ca2+ release
from the SR. Calumenin can be considered as a unique SR
resident protein [4–7] because of its multiple EF-hand
repeats unlike the other Ca2+-binding proteins in the SR,
e.g., HRC, sarcalumenin, calsequestrin, and calreticulin
[22].

Both mouse and human calumenin genes have high sim-
ilarities in the genomic organization resulting from the
alternative second exon transcription [7]. The restricted dif-
ference between the two rabbit calumenin isoforms also
resides in the first two EF-hand domains (Fig. 2A), sug-
gesting that the genomic organization of rabbit calumenin
genes is identical to that of mouse and human [7]. In
sequence analysis, although another primary sequence



Fig. 7. Altered intracellular Ca2+ transients in C2C12 myotubes overexpressing calumenin-2. (A) C2C12 myotubes were infected with either adenovirus
overexpressing b-galactosidase (AdLac-Z) or adenovirus overexpressing calumenin-2 (AdCalu-2) and were cultured for three more days. Intracellular
Ca2+ release was induced by 10 mM caffeine in the presence of 2 mM extracellular Ca2+. (B) Intracellular Ca2+ releases were induced by 20 mM KCl in the
presence of 2 mM extracellular Ca2+. (C,D) The averaged values of multiple experiments shown in A and B were presented as means ± SD in bar graphs,
respectively. According to ANOVA, significantly higher caffeine-induced but significantly lower depolarization-induced Ca2+ release in AdCalu-2 infected
C2C12 myotubes was identified (*P < 0.05 versus non-infected or AdLac-Z infected C2C12 myotubes). (E) The overexpression of calumenin in AdCalu-2
infected C2C12 myotubes (lane 3) was compared with non-infected (lane 1) or AdLac-Z infected (lane 2) C2C12 myotubes by immunoblotting with
purified anti-calumenin antibody. Densitometric scanning shows that �7.5-fold overexpression of calumenin-2 in AdCalu-2 infected C2C12 myotubes.
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region (aa 36–67) was speculated as an EF-hand domain in
both calumenin isofoms, we excluded the region from the
functional ones because of the two substitutions, Ala (aa
51) for Gly and Gly (aa 54) for one of the other preferred
residues in the Ca2+-binding motif. Interestingly, we found
a conserved substitution of Leu (aa 169) for Gly serving as
a hinge region in the Ca2+-binding motif from all tested
species (Figs. 2A and B). Structural explanations for the
relationship between the identified primary sequences and
the reported low Ca2+ affinity of calumenin [5] have
remained to be elucidated.

The RyR1-binding site in calumenin-2 and the possible
involvement of the different EF-hand domains in the bind-
ing between RyR-1 and calumenin-2 were examined by the
serial deletion mutations shown in Fig. 6. There were large-
ly two transitions in the binding. The major one was the
�70% increase in the binding between calumenin-2 and
RyR1 when the 2nd EF-hand region was added to the
GST-construct (II). Therefore, the RyR1 binding site in
calumenin-2 is most likely in the 2nd EF-hand region.
The minor transitional increase (�30%) was seen when
the 5th EF-hand region was included in the GST-construct,
indicating that the 5th EF-hand region could be critical for
the full gaining of binding affinity between the two
proteins.

The GST-calumenin-2 also interacted with the
100 kDa GP protein in the Triton X-100-solubilized junc-
tional SR in Ca2+-dependent manner (Fig. 5B, middle
arrow). The functional roles of GP in the striated muscle
SR have not been well studied. However, it is interesting
to note that GP would be a reversible effector of mastop-
aran which affects the RyR1-mediating Ca2+ release pro-
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cess [31,32]. Therefore, it is temping to speculate that the
complex formation among calumenin-2, GP, and RyR1
may play a role in the regulation of Ca2+ release from
the skeletal SR (Fig. 4B). However, the study concerning
the role of GP in E–C coupling is beyond the scope of
this study.

The functional role of calumenin in the junctional SR
was further studied by examining caffeine or depolariza-
tion-induced Ca2+ release from SR in the control and
calumenin-overexpressed C2C12 myotubes (Fig. 7). There
was a significant increase in caffeine-induced Ca2+

release, but decrease in depolarization-induced Ca2+

release from the SR in the differentiated C2C12 myotu-
bes harboring overexpressed calumenin-2 (Fig. 7). The
increased caffeine-induced Ca2+ release upon calumenin-
2 overexpression was likely due to the increased Ca2+

storage capacity in the SR by overexpressed calumenin,
as shown in other luminal Ca2+-binding proteins such
as calsequestrin [33,34] and HRC [25,35]. On the other
hand, the apparent decrease of depolarization-induced
Ca2+ release may be due to: (a) a direct interaction of
RyR1 with the overexpressed calumenin-2; (b) increased
SR Ca2+-buffering capacity leading to lower intraluminal
free Ca2+ concentrations, which is associated with the
lower amounts of Ca2+ release. Similar observations were
reported previously in calsequestrin-overexpressed trans-
genic mice [31].

The implications of calumenin in cardiac pathogeneses
have been reported. An increased expression of calumenin
was reported to be proportional to the progress of human
idiopathic dilated cardiomyopathy (IDCM) [14]. IDCM
was characterized by a significant decrease in SR Ca2+

release even under the large amount of Ca2+ sustained in
the SR [36]. The abnormal gating mechanism of Ca2+

release channel/RyR in response to stimuli could lead to
about 50% decrease in contractility [36]. However, the
underlying mechanisms for the Ca2+ release dysfunction
in DCM are poorly understood. Observations of the sus-
tained Ca2+ overload caused by defects in RyR gating
[36] and the progressively increased calumenin expression
[13] along with our present finding showing the inhibitory
role of calumenin on depolarization-induced Ca2+ release
suggest that the Ca2+-dependent inhibitory role of calu-
menin to RyR2 may be the cause for the pathogenesis of
the disease.

In the present study, we show evidence that calumenin,
the six EF-hand protein located in the SR lumen, could
participate in the Ca2+ cycling via SR by the Ca2+-depen-
dent interaction with RyR1.
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