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Calumenin is amultiple EF-handCa2�-binding protein local-
ized in the sarcoplasmic reticulum (SR) with C-terminal SR
retention signal HDEF. Recently, we showed evidence that calu-
menin interactswithSERCA2 in rat cardiac SR (Sahoo, S.K., and
Kim, D. H. (2008) Mol. Cells 26, 265–269). The present study
was undertaken to further characterize the association of calu-
menin with SERCA2 in mouse heart by various gene manipula-
tion approaches. Immunocytochemical analysis showed that
calumenin and SERCA2 were partially co-localized in HL-1
cells. Knockdown (KD) of calumenin was conducted in HL-1
cells and 80% reduction of calumenin did not induce any ex-
pressional changes of other Ca2�-cycling proteins. But it
enhancedCa2� transient amplitude and showed shortened time
to reach peak and decreased time to reach 50% of baseline. Oxa-
late-supported Ca2� uptake showed increased Ca2� sensitivity
of SERCA2 in calumenin KD HL-1 cells. Calumenin and
SERCA2 interaction was significantly lower in the presence of
thapsigargin, vanadate, or ATP, as compared with 1.3 �M Ca2�,
suggesting that the interaction is favored in the E1 state of
SERCA2. A glutathione S-transferase-pulldown assay of calu-
menin deletion fragments and SERCA2 luminal domains sug-
gested that regions of 132–222 amino acids of calumenin and
853–892 amino acids of SERCA2-L4 are themajor binding part-
ners. On the basis of our in vitro binding data and available
informationon three-dimensional structure ofCa2�-ATPases, a
molecularmodelwasproposed for the interactionbetween calu-
menin and SERCA2. Taken together, the present results suggest
that calumenin is a novel regulator of SERCA2, and its expres-
sional changes are tightly coupled with Ca2�-cycling of
cardiomyocytes.

Sarco(endo)plasmic reticulum Ca2�-ATPase (SERCA)2 is a
major player in muscle relaxation of mammalian heart (2).
Tight regulation of SERCA activity is important for normal

Ca2� homeostasis in heart, and altered activity could lead to
impaired excitation-contraction (E-C) coupling and cardiac
diseases (3). SERCA2a is the predominant isoform in mouse
heart, compared with SERCA2b (4). SERCA2a and SERCA2b
are identical up to 994 amino acids. However, the C terminus of
SERCA2b contains additional 50 amino acids, as compared
with only 4 amino acids in SERCA2a (5). Structural and bio-
chemical studies have shown that SERCA2 contains 10 trans-
membrane segments (M1–10), and the large globular cytoplas-
mic part is composed of three domains: the � strand domain
between M2 and M3, the phosphorylation domain attached to
M4 at one end, and the nucleotide binding domain at the other
end. The nucleotide binding domain contains a hinge domain,
which is connected to the M5 segment (6). The luminal side
contains five luminal domains connecting the following seg-
ments M1 and M2, M3 and M4, M5 and M6, M7 and M8, and
M9 and M10, respectively (6–8).
Recent studies have shown that a number of proteins interact

with SERCA2 and regulate its stability and activity. Among
them phospholamban (PLN) is the most extensively studied
molecule (9). PLN interacts with SERCA2 and decreases appar-
ent affinity of SERCA2 for Ca2�, and this inhibition can be
disrupted by phosphorylation of PLN or by elevation of cytoso-
lic Ca2�, which leads to reversal of the inhibition (10). PLN is
the important regulator of SERCA activity and contractility in
heart (11). Other proteins related to the apoptotic pathway
such as Bcl2 (12) and Hax1(13) interact with SERCA2 in the
cytosolic side of SERCA2 and regulate SERCA2 protein level
and stability. EF-hand protein S100A1 interacts with SERCA2
in the cytosolic side and regulates contractility in heart (14).
Recent studies have suggested that SR luminal proteins such as
calreticulin (15), ER protein 57 (16), sarcalumenin (17), histi-
dine-rich Ca2�-binding protein (HRC) (18), and calumenin (1)
interact with SERCA2. HRC binds to SERCA2 in a Ca2�-de-
pendent manner, and its overexpression could inhibit SERCA2
activity and Ca2� cycling in cardiomyocytes (18, 19). Sarcalu-
menin also interacts with SERCA2, which may consequently
increase the tendency of its retention in the SR lumen and
increase the SERCA2 protein stability (17).
Calumenin is a multiple EF-hand Ca2�-binding protein and

is found to have unique C-terminal SR retention signal HDEF
(20, 21). Calumenin is associated with the ryanodine receptor
(RyR) in rabbit skeletal muscle, and its overexpression shows
decreased depolarization-induced Ca2� release in C2C12myo-
tubes (22). Recently we showed that calumenin interacts with
SERCA2 in rat SR, and its overexpression in rat neonatal cells
showed decreased SR Ca2� uptake and decreased fractional
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Ca2� release (1). However, the detailed biochemical nature of
the interaction between calumenin and SERCA2 and precise
role of calumenin in E-C coupling remains to be clarified.
In the present study, both biochemical and physiological

experiments were conducted to identify the nature of interac-
tion between calumenin and SERCA2. In this study, we showed
evidence that the interaction between calumenin and SERCA2
could dynamically change during the Ca2�-cycling process,
suggesting calumenin as an important regulator of SERCA2
during E-C coupling in mouse heart.

EXPERIMENTAL PROCEDURES

Materials—All enzymes for DNA restriction digestion and
ligation were purchased from New England Biolabs. All
enzymes for PCRamplificationwas purchased fromStratagene,
and protein-A Sepharose and GST-Sepharose 4B beads were
purchased from Amersham Biosciences. HL-1 cells derived
from theAT-1murine atrial cardiomyocytes tumor lineage (23)
were obtained as a kind gift from Dr. W. Claycomb (Louisiana
State University Medical Center). All chemicals were pur-
chased from Sigma-Aldrich Co. unless otherwise mentioned.
Cell Culture of HL-1 Cells—HL-1 cells were maintained as

described previously (23). Briefly, cells were cultured on gelatin
(0.02%, w/v)/fibronectin (10 �g/ml)-coated plates. The cells
were maintained in Claycomb medium (JRH Biosciences) sup-
plemented with 10% fetal bovine serum (JRH Biosciences), 2
mM L-glutamine, 0.1 mM norepinephrine, 100 unit/ml penicil-
lin, and 100 �g/ml streptomycin (Invitrogen). The culture
medium was changed with fresh medium every 24 h. The cells
were grown at 37 °C in an atmosphere of 5%CO2 and 95% air in
an incubator.
Immunofluorescence Studies—HL-1 cells were grown on

glass coverslips coated with gelatin and fibronectin at low con-
fluence. After 24 h, cells were fixed with 4% paraformaldehyde
for 10 min at room temperature, and washed three times with
PBS. Cells were permeabilized with 0.1% Triton X-100 for 10
min at room temperature followed by washing three times with
PBS. Cells were blockedwith 10% bovine serum albumin in PBS
for 30 min at 37 °C. The cells were incubated with respective
primary antibodies in 3% bovine serum albumin in PBS over-
night at 4 °C. The following day cells were washed six times
in PBS and incubated with respective secondary antibodies
in 3% bovine serum albumin in PBS for 1 h at 37 °C. After
incubation cells were washed six times and mounted on
slides using Vectashield mounting medium (Vector Labora-
tories). Mouse anti-SERCA2 and rabbit anti-calumenin pri-
mary antibodies were used for staining SERCA2 and calume-
nin, respectively. Alexa Flour 488-conjugated anti-mouse
and Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular
Probes) secondary antibodies were used for detection of
SERCA2 and calumenin, respectively. The slides were exam-
ined with an LSM 700 confocal laser scanning microscope
(Carl Zeiss, Jena, Germany).
siRNA Design and Transfection—The siRNA oligonucleo-

tides and transfection reagents were purchased from Dharma-
con, Inc. (Lafayette, CO). The predesigned ON-TARGETplus
SMARTpool for mouse calumenin gene, containing a mixture
of four targeting siRNA oligonucleotides, was used for knock-

down. An ON-TARGETplus Non-Targeting pool, containing
four nonspecific siRNA oligonucleotides, was used as control.
For detection of successfully siRNA-transfected cells, siGLO
green transfection indicator from Dharmacon was used. The
fluorescence signal was specifically localized to the nucleus as a
sign of siRNA transfection in the cells. For siRNA transfection,
HL-1 cells were cultured in culture plates overnight and trans-
fected with control or calumenin siRNA oligonucleotides with
siGLO green transfection indicator using DharmaFECT trans-
fection reagent according to the manufacturer’s instruction.
The medium was changed with fresh culture medium in every
24 h, and cells were used for physiological and biochemical
experiments after 72 h of siRNA transfection.
SDS-PAGE and Western Blot Analysis—For Western blot

analysis, siRNA-transfected HL-1 cells were washed in cold
PBS and lysed in radioimmune precipitation assay buffer with
protease inhibitor mixture (Roche Applied Science). Protein
concentration was measured by Bradford assay kit (Bio-Rad).
Cell lysates solubilized in 2� sample buffer (24) were separated
by electrophoresis on 6–15% gels and transferred to nitrocel-
lulose membranes. The membranes were incubated with 5%
skim milk in Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween
20 (TBST) for 1 h at room temperature. After washing with
TBST themembranes were incubatedwith one of the following
antibodies overnight at 4 °C: anti-calumenin rabbit polyclonal
antibody as described previously (1); SERCA2, calsequestrin
(CSQ), PLN, and RyR2 (Affinity Bioreagents); Na�-Ca2�

exchanger and dihydropyridine receptor (Abcam); phospho-
2809-RyR2 (Badrilla); Ser16-phosphorylated PLN (Upstate),
and glyceraldehyde-3-phosphate dehydrogenase (Abfrontier,
Korea). After primary antibody incubation, membranes were
washedwithTBST and further incubatedwith appropriate per-
oxidase-conjugated secondary antibody. Western blot band
signal was detected by using a SuperSignal West Pico chemilu-
minescence kit (Pierce). Western blot band intensities were
measured by using ImageJ software.
Co-immunoprecipitation of Calumenin from Cardiac Homo-

genates after Treatment with ATP, Vanadate, Thapsigargin,
and/or Ca2�—Co-immunoprecipitation with anti-calumenin
antibody was performed after addition of different ligands to
mouse cardiac samples, as described previously with some
modifications (10). Briefly, mouse cardiac homogenates (0.3
mg) in 50 �l of 0.25 M sucrose, 10 mM Tris-HCl, pH 7.5, 20 �M

CaCl2, 3 mM 2-mercaptoethanol, and 150 mM KCl were mixed
with 50 �l of reaction mixture containing 280 mM KCl, 10 mM

EGTA, 50mMPIPES-NaOH, pH7.0, and 300mM sucrose in the
presence or absence of 10 mM ATP, 800 �M sodium vanadate,
20 �M thapsigargin, and 8.6 mM CaCl2 ([Ca2�]free � 1.3 �M

aftermixing). After 5-min incubation at room temperature, 100
�l of lysis buffer containing 40 mM HEPES-NaOH, pH 7.5, 300
mM NaCl, 4 mM phenylmethylsulfonyl fluoride, and 1% Tween
20 was added to the reaction mixture and vortexed for 30 s
followed by centrifugation at 16,000 � g for 30min at 4 °C. The
supernatant was pre-cleared with protein-A-Sepharose beads
and incubated overnight with anti-calumenin antibody. After
incubation, protein-A-Sepharose beads were added for 4 h to
make the immune complex and washed in the wash buffer con-
taining 20 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 1 mM
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EDTA, and 0.5%Tween 20 for three times at 4 °C. Sampleswere
solubilized in 2� sample buffer and analyzed by SDS-PAGE.
Protein was transferred into nitrocellulose membrane, and
probing was done with anti-SERCA2 and anti-calumenin
antibody.
Generation and Purification of Recombinant Proteins—GST

fusion protein constructs were generated from mouse cardiac
cDNA using PCR. PCR-amplified products were digested with
EcoRI/XhoI and subcloned into EcoRI/XhoI cloning sites of
pGEX 4T-1 vector (Amersham Biosciences). The following
primer sets with attached restriction enzyme sites at the 5�-end
were used for generation of fusion proteins: 5�-GAATTCATG
GAC CTG CGT CAG TTT-3� and 5�-CTC GAG AAC GTA
GCCGTAGGTGGC-3� for calumenin-A (1–137 aa), 5�-GAA
TTC GCC ACC TAC GGC TAC GTT-3� and 5�-CTC GAG
CCCATCATGACTGTACAT-3� for calumenin-B (132–222
aa), 5�-GAA TTC ATG TAC AGT CAT GAT GGG AAT-3�
and 5�-CTCGAGTCAGAACTCATCATGTCG-3� for calu-
menin-C (217–315 aa), 5�-GAA TTC ATG GAC CTG CGT
CAG TTT-3 and 5�-CTC GAG CCC ATC ATG ACT GTA
CAT-3� for calumenin-AB (1–222 aa), 5�-GAATTCGCCACC
TAC GGC TAC GTT-3� and 5�-CTC GAG TCA GAA CTC
ATC ATG TCG-3� for calumenin-BC (132–315 aa), and
5�-GAA TTCATGGACCTGCGTCAGTTT-3� and 5�-CTC
GAG TCA GAA CTC ATC ATG TCG-3� for calumenin full
(1–315 aa). The following luminal regions of SERCA2 were
amplified and subcloned into pGEX 4T-1 vector: SERCA2-L1
(74–90 aa) connecting M1 and M2, SERCA2-L2 (275–295 aa)
connecting M3 and M4, SERCA2-L3 (779–786 aa) connecting
M5 andM6, SERCA2-L4 (853–892 aa) connectingM7 andM8,
and SERCA2-L5 (951–960 aa) connecting M9 and M10. The
following primer sets with attached restriction enzyme sites at
the 5�-endwere used: 5�-GAATTCGTTTTGGCTTGGTTC
GA-3� and 5�-CTC GAG CTC TAC AAA GGC TGT A-3� for
SERCA2-L1 (74–90 aa), 5�-GAA TTC AAC ATT GGG CAT
TTC AA-3� and 5�-CTC GAG GTA GTA GAT GGC ACC
CC-3� for SERCA2-L2 (275–295 aa), 5�-AAT TCG CCC TTG
GGT TTC CTG AGG CTT TAC-3� and 5�-TCG AGT AAA
GCC TCA GGA AAC CCA AGG GCG-3� for SERCA2-L3
(779–786 aa), 5�-GAA TTC TGG TGG TTC ATC GCT
GCT-3� and 5�-CTC GAG GGA CTC AAA GAT TGC AC-3�
for SERCA2-L4 (853–892 aa), and 5�-AAT TCC CTT TGC
CGC TCA TTT TCC AGA TCA CAC CGC-3� and 5�-TCG
AGC GGT GTG ATC TGG AAA ATG AGC GGC AAA
GGG-3� for SERCA2-L5 (951–960 aa). For the generation of
SERCA2-L3 and SERCA2-L5, sense and antisense primers
were allowed to anneal at 90 °C for 3 min followed by incu-
bation for 1 h at 37 °C in 1� annealing solution (Ambion
Inc.). After annealing the DNA fragments were ligated to the
EcoRI- and XhoI-digested pGEX 4T-1 vectors. In other con-
structs, PCR-amplified segments were digested with EcoRI
and XhoI and subcloned into EcoRI- and XhoI-digested
pGEX 4T-1 vectors. Correct clones with desired inserts were
confirmed by direct sequencing and fusion protein expres-
sion. GST fusion proteins were expressed in Escherichia coli
(BL21) cells after induction with 0.5 mM isopropyl-�-D-thio-
galactopyranoside for 2 h at 30 °C. Cells were harvested and
washed with cold STE buffer composed of 10 mM Tris-HCl,

pH 8.0, 150 mMNaCl, and 1 mM EDTA. Fusion proteins were
purified following an Amersham Biosciences fusion protein
purification procedure (25).
Site-directedMutagenesis—Point mutations (F866A, Y867A,

L869A, and L873A) within the SERCA2-L4 region were gener-
ated using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instruction. The
following primer sets were used for mutagenesis: 5�-GCGGTC
CAAGAG TCT CCG CCT ACC AGC TGAGTC ATT-3� and
5�-AAT GAC TCA GCT GGT AGG CGG AGA CTC TTG
GACCGC-3� for SERCA2-L4-F866A, 5�-GGTCCAAGAGTC
TCCTTCGCCCAGCTGAGTCATTTCCT-3� and 5�-AGG
AAA TGA CTC AGC TGG GCG AAG GAG ACT CTT GGA
CC-3� for SERCA2-L4-Y867A, 5�-AAG AGT CTC CTT CTA
CCA GGC GAG TCA TTT CCT ACA GTG T-3� and 5�-ACA
CTG TAG GAA ATG ACT CGC CTG GTA GAA GGA GAC
TCT T-3� for SERCA2-L4-L869A, and 5�-CTA CCA GCT
GAG TCA TTT CGC ACA GTG TAA GGA GGA CAA C-3�
and 5�-GTT GTC CTC CTT ACA CTG TGC GAA ATG ACT
CAG CTG GTA G-3� for SERCA2-L4-L873A. The presence of
all mutations was confirmed by direct sequencing, and fusion
proteins were expressed as described previously (25).
GSTPulldownAssay—GSTpulldown assays were performed

as described previously with minor modifications (26). Briefly,
mouse hearts were homogenized in protein extraction buffer

FIGURE 1. Localization of SERCA2 and calumenin in cardiomyocytes. HL-1
cells (A) and adult rat ventricular myocytes (B) were stained with mouse anti-
SERCA2 and rabbit anti-calumenin antibodies. SERCA2 was detected using
Alexa Fluor 488-conjugated anti-mouse secondary antibody (first panels), and
calumenin was detected using Alexa Fluor 594-conjugated anti-rabbit sec-
ondary antibody (second panels). The merged figure of SERCA2 and calumenin
staining is also shown (third panels). The lower panels show the magnified
views of the marked region in each upper panel.
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containing 50mM potassium phosphate, pH 7.4, 10mM sodium
fluoride (NaF), 1mM EDTA, 300mM sucrose, and 0.5mMDTT,
and protease inhibitor mixture. The homogenates were solubi-
lized for 30 min on ice in buffer containing 3% CHAPS, 1 M

NaCl, 1 mMDTT, 20 mM Tris-HCl, pH 7.4, and protease inhib-
itor mixture. Solubilized proteins were obtained by centrifuga-
tion and diluted with 20 mM Tris-HCl, pH 7.4, 1 mM DTT, and
protease inhibitor mixture to reduce high salt and detergent
concentration. Solubilized proteins were pre-cleared with 50%
slurry of glutathione-Sepharose 4B beads for 2 h at 4 °C. The
pre-cleared supernatantwas incubatedwith equivalent amount
of GST fusion proteins coupled to glutathione-Sepharose 4B
beads for 16 h at 4 °C. After the incubation, the fusion protein-
Sepharose 4B complexes were collected by centrifugation and
washed five timeswithwash buffer containing 20mMTris-HCl,
pH 7.4, 0.15 M NaCl, and 0.3% CHAPS. The bound proteins
were solubilized in 2� SDS-PAGE sample buffer, and the
solubilized proteins were analyzed by SDS-PAGE and immu-
noblotting with anti-calumenin or anti-SERCA2 antibody, as
described previously.
Measurement of Ca2� Transient—Ca2� transients in HL-1

cells were measured as described previously (1). Briefly, trans-

FIGURE 2. Calumenin knockdown in HL-1 cells. HL-1 cells were transfected
with siRNA-control or siRNA-calumenin oligonucleotides. A, 72 h after trans-
fection, protein sample was prepared, and immunoblotting was done using
anti-calumenin and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies. B, band intensities were measured and presented as a
percentage of siRNA-control cells. Data represent means � S.E., n � 3 and ***,
p � 0.001 versus siRNA-control.

FIGURE 3. Effect of calumenin knockdown on expression of Ca2�-cycling proteins in HL-1 cells. Western blot analysis for Ca2�-cycling proteins in HL-1 cells
transfected with siRNA-control or siRNA-calumenin oligonucleotides. A, cells transfected with oligonucleotides were harvested 72 h after transfection, and cell
lysates was prepared as described under “Experimental Procedures.” After immunoblotting, the blots were probed with RyR2, phospho-RyR2, SERCA2,
Na�-Ca2� exchanger, CSQ, dihydropyridine receptor, PLN, and Ser16 phospho-PLN antibodies. B, band intensities of proteins were normalized to the siRNA-
control Western bands. Data represent means � S.E., n � 3– 4.
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fected HL-1 cells on glass coverslips were incubated with
Fura-2 AM (Molecular Probes) in Tyrode solution (10 mM

HEPES-NaOH, pH 7.4, 135 mM NaCl, 4.0 mM KCl, 1.0 mM

MgCl2, 1.8 mM CaCl2, and 10 mM glucose) for 30 min and
washed in dye-free Tyrode solution. The cells were placed in a
circulating bath with Tyrode solution held at 37 � 1 °C under
an inverted microscope. Cells exhibiting visible unresponsive-
ness or showing ectopic beats during 1-Hz pulsing were
excluded from analysis. A dual-beam excitation spectroflu-
orometer setup (IONOPTIX) was used to record fluorescence
emissions (505 nm) elicited from exciting wavelengths of 340
and 380 nm. Ca2� transient amplitude measured as fluores-
cence ratio (340:380 nm), time required to reach 50% of base-
line (T50), and time to reach peak of Ca2� transients were
acquired. Total SR Ca2� content was estimated by rapid appli-
cation of 20 mM caffeine in Ca2�-free Tyrode solution. Data
were analyzed using Ion Wizard software (IONOPTIX).
Ca2� Uptake Measurement—Ca2� uptake rate was meas-

ured in HL-1 cells using a Millipore filtration method as
described previously (27). Briefly, cell lysates were prepared in
protein extraction buffer containing 50 mM potassium phos-
phate, pH 7.0, 10 mM NaF, 1 mM EDTA, 300 mM sucrose, 0.5
mM DTT, 0.3 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture, and Ca2� uptake was measured by the Mil-
lipore filtration technique. HL-1 cell lysates (80 �g/ml) were

incubated in Ca2� uptake medium containing 40 mM imidaz-
ole, pH 7.0, 100 mM KCl, 5 mM MgCl2, 5 mM NaN3, 5 mM

potassium oxalate, 0.5 mM EGTA, and various concentrations
of CaCl2 to yield 0.03–10 �M free Ca2�. To inhibit Ca2� release
by RyR2, 1 �M Ruthenium Red was added immediately prior to
the addition of samples. The reaction was started by the addi-
tion of 5 mM ATP and terminated at different time intervals by
filtration. The membrane was washed two times, and radioac-
tivity was measured by scintillation counting. The Ca2� con-
centration required for half-maximal velocity for Ca2� uptake
(EC50) was determined by non-linear curve fitting using Origin
6.0 software.
StructuralModel Building—The comparative modeling pro-

gram MODELLER v8 (28) was used to generate the model for
calumenin-B and SERCA2-L4 complex structure. Among 12
EF-hand domain structures complexedwith their ligands in the
Protein Data Bank, troponin C (pdb id 1OZS, 99–161 aa)
showed highest sequence homology (53%, 30% identity) to
calumenin-B domain (158–220 aa), and therefore used as a
template for the calumenin-B domain modeling. The structure
of SERCA2-L4 (853–892 aa) was modeled based on the
SERCA1-L4 structure in E1 state (pdb id 1SU4, 854–893 aa)
having 86% sequence homology (58% sequence identity). Dock-
ing of calumenin-B and SERCA2-L4 was performed based on
the interaction of hydrophobic residues (Phe866, Tyr867, Leu869,

FIGURE 4. Electrically evoked Ca2� transients in calumenin knockdown HL-1 cells. 72 h post transfection, HL-1 cells were incubated with Fura-2 AM for 30
min, and Ca2� transients were measured as described under “Experimental Procedures” at 37 °C. A, representative traces of Ca2� transients in siRNA-control
and siRNA-calumenin-transfected HL-1 cells. B, Ca2� transient amplitude in siRNA-control and siRNA-calumenin-transfected cells (Fura-2 ratio, 340/380 nm).
C, time to reach peak of Ca2� transient in siRNA-control and siRNA-calumenin-transfected cells. D, T50 (time to 50% of baseline) of Ca2� transient in siRNA-
control and siRNA-calumenin-transfected cells. n � 44 for siRNA-control cells and n � 58 for siRNA-calumenin cells. Data represents means � S.E. and ***, p �
0.001 versus siRNA-control.
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and Leu873) in SERCA2-L4 and hydrophobic surface of calume-
nin-B. The HADDOCK program (29) was used for calume-
nin-B and SERCA2-L4 complex docking. The best model was
kept and further refined by energy minimization using the pro-
gram CNS (30).
Statistics—The experimental values are represented as

means � S.E. Significance was determined by using Student’s t
test or analysis of variance. A value of p � 0.05 was used as
criteria for statistical significance.

RESULTS

Co-localization of SERCA2 and Calumenin in Cardiomyo-
cytes Examined by Immunofluorescence Image Analysis—HL-1
is the only available mouse cardiac cell line showing the func-
tional properties of adult cardiomyocytes (23, 31). In the pres-
ent study, we used HL-1 cells to examine the role of calumenin
in mouse cardiomyocytes. The possible in vivo localization of
SERCA2 and calumenin was determined by dual confocal
imaging analysis in HL-1 cells and adult rat ventricular car-
diomyocytes using mouse anti-SERCA2 and rabbit anti-calu-
menin antibodies (Fig. 1). The results showed that both
SERCA2 (green) and calumenin (red) molecules were widely
expressed in the lateral areas of HL-1 cells (first and second
images, Fig. 1A). Their merged images (yellow, third image)
showed significant co-localization of SERCA2 and calumenin

molecules especially in the lateral
region of the cells (Fig. 1A). Adult
rat ventricular cardiomyocytes were
also stained for visualization of
SERCA2 and calumenin molecules
(Fig. 1B). SERCA2 (green) was
stained in both junctional and longi-
tudinal regions of cardiomyocytes
(first image), whereas calumenin
(red) showed clear localization only
in the junctional region of SR
along with the Z-line (second image,
Fig. 1B). Their merged images (yel-
low) showed co-localization mainly
along the Z-line (third image, Fig.
1B). Our immunofluorescence re-
sults also support the previous evi-
dence of luminal localization of
calumenin and its association with
SR (20).
CalumeninKD inHL-1Cells Does

Not Alter the Expression of Ca2�-
handling Proteins—We previously
reported that overexpression of
calumenin led to prolonged relax-
ation time, increased SR Ca2� load,
and decreased fractional Ca2�

release in rat neonatal cells (1). In
the present study, we knocked down
calumenin in HL-1 cells using
siRNA oligonucleotides targeted to
calumenin. Cells transfected with
calumenin siRNA showed 80%

reduction of calumenin (Fig. 2). We further examined whether
calumenin knockdown (KD) affected otherCa2�-handling pro-
teins (Fig. 3). As shown in Fig. 3, the expression levels of
RyR2, phospho-RyR2, dihydropyridine receptor, Na�-Ca2�

exchanger, SERCA2, CSQ, PLN, and Ser16 phospho-PLN did
not change significantly between the two groups. These results
suggest that there is no compensatory effect on the expression
of above Ca2�-handling proteins. Also it does not affect the
phosphorylation levels of RyR2 and PLN, which could alter the
Ca2� release and uptake activity of Ca2� transients, respec-
tively (9, 32).
Altered Ca2� Transients in Calumenin KD HL-1 Cells—We

further examined whether Ca2� transients were affected by
calumeninKD inHL-1 cells. Fura-2AM-loaded cellswere stim-
ulated at 1-Hz electrical stimulation, and Ca2� transients were
recorded (Fig. 4). The transient peak height was significantly
larger in calumenin KD cells than the control cells (Fura-2 flu-
orescence ratio (340/380 nm): siRNA-control cells, 0.81� 0.03,
n � 44 versus siRNA-calumenin cells, 1.00 � 0.02, n � 58; p �
0.001) (Fig. 4B), whereas time to peak of Ca2� transients
decreased significantly (time to peak (seconds): siRNA-control
cells, 0.107 � 0 .003, n � 44 versus siRNA-calumenin cells,
0.093 � 0.001, n � 58; p � 0.001) (Fig. 4C). These results sug-
gest that the sensitivity of RyR2 for luminal Ca2� was increased
in calumenin KD cells (33, 34). Time to reach 50% baseline of

FIGURE 5. Caffeine-evoked Ca2� transients in calumenin knockdown HL-1 cells. 72 h post-transfection
with oligonucleotides, HL-1 cells were incubated with Fura-2 AM for 30 min, and Ca2� transients were meas-
ured at 37 °C. Cells were stimulated at 1 Hz for 1 min, the electrical stimulation was stopped, and 20 mM caffeine
was added rapidly. A, representative tracing of caffeine-evoked transient in siRNA-control and siRNA-calume-
nin transfected cells. B, peak amplitude of caffeine-evoked Ca2� transient in siRNA-control and siRNA-calume-
nin-transfected cells (Fura-2 ratio, 340/380 nm). n � 17 for siRNA-control cells and n � 19 for siRNA-calumenin
cells.
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Ca2� transient, which shows the relaxation phase, decreased
significantly in calumenin KD cells (T50 (seconds): siRNA-con-
trol cells, 0.235 � 0.006, n � 44 versus siRNA-calumenin cells,
0.172 � 0.005, n � 58; p � 0.001) (Fig. 4D). It appears that
calumenin KD significantly enhances SERCA2 activity which is
an important player for relaxation (35). The SRCa2� load in the
lumen was examined by applying 20 mM caffeine (Fig. 5A). The
SR Ca2� load did not change significantly by calumenin KD
(Fura-2 fluorescence ratio (340/380 nm): siRNA-control cells,
2.0 � 0.1, n � 17 versus siRNA-calumenin cells, 2.1 � 0.1, n �
19; p value is not significant) (Fig. 5B). This result suggests that
calumenin KD has no significant effect on the storage function
of the SR.However, the fractional Ca2� releasewas increased in
calumenin KD cells, due to the increased transient amplitude
and unaltered SR Ca2� load (data not shown) (36).
EnhancedCa2�UptakeActivity inCalumeninKDHL-1Cells—

To determine whether the reduction in calumenin protein lev-
els led to altered SR Ca2� uptake function, the initial rates of
oxalate-supported Ca2� uptake were assayed in HL-1 cell
lysates after treatmentwith siRNA-control and siRNA-calume-
nin oligonucleotides. Ca2� uptake assay results showed signif-
icant leftward shift in the sigmoid curve measuring the Ca2�

dependence of Ca2� uptake in KD cells (Fig. 6). The EC50 of
SERCA2 for Ca2� was significantly decreased in calumenin KD
cells (EC50 (micromoles of Ca2�): siRNA-control cells, 0.30 �
0.02, n � 3 versus siRNA-calumenin cells, 0.24 � 0.01, n � 4;
p � 0.05). However, the maximum velocity of Ca2� uptake
(Vmax) of SERCA2 did not change between the two groups
(Vmax (nanomoles of Ca2�/mg of protein/min): siRNA-control
cells, 65.5 � 6.3, n � 3 versus siRNA-calumenin cells, 58.4 �
3.6, n � 4; p value is not significant). This result suggests that
calumenin KD enhances Ca2� sensitivity of SERCA2 support-
ing the faster relaxation of the Ca2� transients (Fig. 4D).
Interaction between Calumenin and SERCA2 Is Higher in the

E1 State of SERCA2—Our study shows that calumenin KD
significantly increased SERCA2 activity in siRNA-calumenin-
treated cells, and this supports our previous observation of a
direct interaction between SERCA2 and calumenin in rat
heart and its inhibitory effect on Ca2� cycling in calumenin-
overexpressing rat neonatal cardiomyocytes (1). The inter-
action between SERCA2 and calumenin was further studied
considering that SERCA2 undergoes kinetic cycles for its
active Ca2� transport activity. A previous report by Asahi et
al. (10) showed that SERCA2 interaction with PLN was
affected by the presence of ATP, vanadate, and thapsigargin.
Thapsigargin and vanadate are the compounds that stabilize
SERCA2 into the E2 state, and ATP is known to induce a
conformational change of SERCA2 in the absence of Ca2�

(10, 37–39). To determine the conformational state of
SERCA2, which is more favorable for interaction with calu-
menin, the cardiac whole homogenates were treated with
400 �M vanadate, 10 �M thapsigargin, or 1.3 �M free Ca2� in
the presence or absence of 5 mM ATP and subjected to a
co-immunoprecipitation assay (Fig. 7). The co-immunopre-
cipitation assay by anti-calumenin antibody carried out in
the presence of 400 �M vanadate, 10 �M thapsigargin, or 5
mM ATP did not show any alterations in the interaction
between calumenin and SERCA2 (Fig. 7). On the other hand,

the level of interaction between calumenin and SERCA2 was
significantly increased when 1.3 �M Ca2� in the absence or
presence of ATP was present in the reactions. This result
suggests that the presence of Ca2�, which makes SERCA2
into the E1 state, shows stronger association with calumenin
in comparison to the E2 state.
CalumeninContaining EF-hand3and4RegionMainly Inter-

acts with SERCA2—To determine the region of calumenin that
interacts with SERCA2, a pulldown assay was performed
using GST fusion proteins, containing different regions of
calumenin (Fig. 8A). Calumenin contains six EF-hands
(21, 22), and we prepared different GST fusion proteins of
the following regions, calumenin-A (1–137 aa) containing
EF-hands 1 and 2, calumenin-B (132–222 aa) containing EF-
hands 3 and 4, calumenin-C (217–315 aa) containing EF-
hands 5 and 6, calumenin-AB (1–222 aa) containing
EF-hands 1–4, calumenin-BC (132–315 aa) containing EF-
hands 3–6, and full calumenin (1–315 aa). The estimated
approximatemolecular sizes of the proteinswere�42.0,�37.0,
�38.0, �52.0, �48.0, and �63.0 kDa, respectively (Fig. 8B).
Equivalent amounts of the different GST fusion proteins bound
to glutathione-Sepharose 4B beads were incubated with solubi-
lized mouse cardiac whole homogenates. Western blotting of
the pulldown samples with anti-SERCA2 antibody showed that
mainly calumenin-B, calumenin-AB, calumenin-BC, and full-
length calumenin protein interacted with SERCA2, whereas
calumenin-A, calumenin-C, or control GST did not show
major interaction with SERCA2 (Fig. 8C). This result suggests

FIGURE 6. Initial rates of ATP-dependent, oxalate-supported Ca2� uptake
rates at various Ca2� concentrations in calumenin knockdown HL-1 cells.
HL-1 cell lysates transfected with siRNA-control or siRNA-calumenin oligonu-
cleotides were prepared as described under “Experimental Procedures.” Ca2�

uptake rates were measured by using the samples derived from three or four
independent transfections. Vertical lines show the point of calculated EC50
values, and siRNA-calumenin-treated cells show leftward shift of curve in
comparison to siRNA-control cells. Values are expressed as percentage of
maximum uptake rates in each group. n � 3 for siRNA-control cells and n � 4
for siRNA-calumenin cells.
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that the calumenin-B region contains the binding site for inter-
action with SERCA2.
SERCA2-L4 Region Interacts with Calumenin—Calumenin is

localized to the SR lumen and interacts with SERCA2 through
the calumenin-B region (132–222 aa) (Fig. 8C). We further
examined the region of SERCA2, which predominantly inter-
acts with the calumenin molecule. It has been reported that
SERCA2 molecule has five luminal loops (Fig. 9A) (5, 18). The
GST fusion peptides of the five SERCA2 luminal loops were
purified and used for pulldown assay with cardiac homoge-
nates. The predicted approximate sizes of the GST fusion
peptides of L1–L5 were �28.0, �28.3, �26.8, �30.6, and
�27.0 kDa, respectively (Fig. 9B). Equivalent amounts of
different GST fusion proteins bound to glutathione-Sepha-
rose 4B were incubated with solubilized mouse cardiac
homogenates. Western blotting with anti-calumenin anti-
body showed that SERCA2-L4 was the only site for calume-
nin interaction (Fig. 9C).

Prediction of Amino Acids in
SERCA2-L4 Important for Interac-
tion with Calumenin—GST pull-
down study using cardiac homoge-
nates showed that calumenin-B
region was critical for binding with
the SERCA2-L4 region (Figs. 8C and
9C). Hydrophobic residues of the
SERCA2-L4 region were well con-
served among all SERCA isoforms
(Fig. 10A), and alanine mutations of
Phe866, Tyr867, Leu869, and Leu873
abolished calumenin-B binding
(Fig. 10, B and C). To have a struc-
tural insight for the calumenin-B
and SERCA2-L4 interaction, we
generated two structures using
homology modeling method. The
structure of calumenin-B domain
(158–220 aa) wasmodeled based on
the structure of the C-terminal EF-
hand domain of troponin C (pdb id
1OZS), and the structure of the
SERCA2-L4 region (853–892 aa)
was modeled based on the structure
of SERCA1-L4 in E1 state (pdb id
1SU4). Docking of calumenin-B
domain and SERCA2-L4 was per-
formed based on the interaction of
hydrophobic residues (Phe866,
Tyr867, Leu869, and Leu873) of the
SERCA2-L4 structure and the
hydrophobic surface of calume-
nin-B (Fig. 10, D and E). Consistent
with the conventional hydrophobic
interaction between EF-hand do-
main and ligand, �-helices 1, 2,
and 4 in calumenin-B create hy-
drophobic surface to accommo-
date hydrophobic residues in the

SERCA2-L4 region. Collectively, these results suggest that the
four hydrophobic residues (Phe866, Tyr867, Leu869, and Leu873)
in SERCA2-L4 are critical for the interaction with calumenin.

DISCUSSION

Our previous study in rat neonatal cardiac cells showed
decreased SR Ca2� uptake in calumenin-overexpressed cells
(1). On the basis of the above observation, we hypothesized that
calumenin could inhibit Ca2� cycling in murine cardiomyo-
cytes through inhibition of SERCA2. In the present study, we
further characterized the hypothesis by siRNA-mediated calu-
menin knockdown using HL-1 cells. We found that the electri-
cally evoked Ca2� transients showed faster Ca2�-cycling in KD
HL-1 cells. Furthermore calumenin KD in HL-1 cells led to
increased Ca2� affinity of SERCA2 without any significant
change in themaximal Ca2� uptake velocity. Further biochem-
ical study suggests that calumenin interaction with SERCA2 is
enhanced in the E1 conformation of SERCA2.

FIGURE 7. The effects of thapsigargin, ATP, and vanadate on interaction between calumenin and
SERCA2. Mouse cardiac homogenates were treated with either 400 �M vanadate, 10 �M thapsigargin, or 1.3 �M

free Ca2� in the presence or absence of 5 mM ATP, as described under “Experimental Procedures.” After the
addition of Tween 20, solubilized supernatant was used for coimmunoprecipitation for calumenin and SERCA2
using anti-calumenin antibody. A, SERCA2 band was detected using anti-SERCA2 antibody. B, SERCA2 band
intensity was plotted as percentage of EGTA-treated band. Data represents means � S.E., n � 3 and **, p � 0.01
versus EGTA treated sample.
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The unique ER/SR retention signal HDEF in calumenin
should help its retention in the lumen ofmouse cardiac SR. The
partial co-localization of calumenin and SERCA2 (Fig. 1A) in
HL-1 cells may be due to the irregular morphology of HL-1
cells. In HL-1 cells, it is difficult to examine the sarcomere
structure and the difference between the junctional and longi-
tudinal regions of SR. On the other hand, staining of adult rat
ventricular cardiomyocytes showed clearer localization of
SERCA2 and calumenin along the Z-line of sarcomere (Fig. 1B).
This result suggests that calumenin is co-localized with
SERCA2 primarily in the junctional region of SR.
To characterize the physiological role of calumenin in car-

diomyocytes, we knocked down calumenin protein in HL-1
cells. Calumenin KD showed�80% decrease in calumenin pro-
tein level in HL-1 cardiomyocytes (Fig. 2). There was no signif-
icant change in protein expression of other Ca2�-cycling pro-
teins suggesting that calumenin KD does not affect the

expressional balance of other Ca2�-handling proteins in HL-1
cells (Fig. 3). Electrically stimulated Ca2� transient amplitude
was increased without change in the SR Ca2� load (Figs. 4 and
5). The negligible effect of calumenin KD on SR Ca2� loading
could be due to its lower amount in the SR than that of CSQ
(3:100)3 and its lower Ca2� binding capacity than that of CSQ
(7:45) (40, 41). The increased amplitude forCa2� transients and
the decreased time to reach peak of Ca2� transient upon calu-
menin KD (Fig. 4) suggest that calumenin inhibits the function
of RyR2. In a similar context, we previously found that calume-
nin overexpression decreased the size of fractional Ca2� release
in rat neonatal cells (1). Our preliminary results showing a
physical interaction between calumenin and RyR2 in mouse

3 S. K. Sahoo, T. Kim, G. B. Kang, J. G. Lee, S. H. Eom, and D. H. Kim, unpublished
data.

FIGURE 8. Region of calumenin interacting with SERCA2. A, schematic representation of mouse calumenin and the series of calumenin deletion construct.
B, GST, recombinant GST-calumenin-A (1–137 aa, �42.0 kDa), GST-calumenin-B (132–222 aa, �37.0 kDa), GST-calumenin-C (217–315 aa, �38.0 kDa), GST-
calumenin-AB (1–222 aa, �52.0 kDa), GST-calumenin-BC (132–315 aa, �48.0 kDa), and GST-calumenin (1–315 aa, �63.0 kDa) proteins were subjected to
SDS-PAGE and stained with Coomassie Blue. C, GST pulldown assays were performed using control GST, GST-calumenin-A, GST-calumenin-B, GST-calume-
nin-C, GST-calumenin-AB, GST-calumenin-BC, and GST-calumenin fusion proteins bound to Sepharose 4B by incubating with cardiac homogenates. The
pulldown samples were separated by SDS-PAGE and immunoblotted with anti-SERCA2 antibody.
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heart suggest a dual functional role of calumenin during exci-
tation-contraction coupling (Fig. 11).
The time to reach 50% baseline was significantly decreased

(27%), possibly due to the increased SERCA2 activity in calu-
menin KD cells. SERCA2 is the primary transporter of Ca2�

during relaxation, and the unchanged expression levels of Na�-
Ca2� exchanger protein suggest that calumenin KD enhanced
SERCA2 Ca2� uptake activity (42). The observed decrease in
EC50 value of SERCA2 Ca2� uptake in calumenin KD cells
(20%) without change in maximal velocity suggests that calu-
menin KD enhances SERCA2 affinity for Ca2� as seen in PLN
KD cells (43). Our present data supports the previous finding
that calumenin overexpression in rat neonatal cells led to
prolonged relaxation time (1). Our data also suggest that the
functional role of calumenin is somewhat similar to that of
another luminal Ca2�-binding protein, HRC, in cardiomyo-
cytes (19, 44).
The reaction cycle of SERCA2 is generally classified into two

major conformations, the E1 and E2 states (6, 8, 45, 46). The E1

state has high affinity for Ca2� binding sites, which faces the
cytoplasmic side, whereas the E2 state has low affinity for Ca2�

binding and releases Ca2� to the luminal side. Micromolar
Ca2� stabilizes the E1 conformation of the enzyme, whereas
vanadate or thapsigargin in the absence of Ca2� stabilizes the
E2 conformation (10). SERCA2-mediated Ca2� uptake in the
SR is therefore closely related with cytosolic free Ca2� concen-
tration. It has been shown that SERCA2 interaction with other
proteins (e.g. PLN) is also dependent on the intracellular Ca2�

level (10, 11, 46, 47). For the present study, the relationship
between the enzyme conformation and the binding between
SERCA2 and calumenin was tested under the various condi-
tions as shown in Fig. 7. The results show that the interaction
between the two proteins was maximal near pCa 6.0, which
favors the E1 conformation. However, under the conditions
where the E2 conformation is favored (vanadate or thapsigargin
in the absence of Ca2�) the degree of interaction was signifi-
cantly less. Considering the much higher Kd of calumenin EF-
hands for Ca2� (�600 �M) than that of SERCA2, the effects of

FIGURE 9. Region of SERCA2 interacting with calumenin. A, schematic representation of mouse SERCA2 and its five luminal loop region constructs. The loops
are marked by their amino acid positions, L1–L5 corresponding to mouse SERCA2 domains that face the luminal side of SR. B, GST and GST-SERCA2 fusion
proteins L1–L5 (predicted approximate molecular sizes �28.0, �28.3, �26.8, �30.6, and �27.0 kDa, respectively) were analyzed by SDS-PAGE and stained with
Coomassie Blue. C, pulldown assay was performed using equivalent amounts of control GST protein and GST-SERCA2 fusion peptides L1–L5 bound to
Sepharose 4B by incubating with cardiac homogenates. The pulldown samples were separated by SDS-PAGE and immunoblotted with anti-calumenin
antibody.
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cytosolic Ca2� on the interaction between the two proteins
must be on the SERCA2 side (40). In the present study, how-
ever, we did not find any major changes in the interaction

between calumenin and SERCA2
after addition of ATP in the
presence or absence of either vana-
date or thapsigargin (Fig. 7), sug-
gesting that ATP-induced struc-
tural changes of SERCA2 do not
affect calumenin binding (48). The
altered interaction between the two
proteins by the physiological Ca2�

level could further determine the
possible role of calumenin in car-
diac muscle.
Calumenin interaction with

SERCA2wasmapped to 132–222 aa
of calumenin, which contains the
EF-hands 3 and 4 (Fig. 8). The min-
imal domain in SERCA2 required
for interaction with calumenin lies
between the 853 and 892 amino
acids, which form the luminal loop
L4 (Fig. 9). Because our study used
the SERCA2 luminal loops in the
form of GST fusion proteins, the
possibility that other luminal loops
are also involved in the interactions
cannot be excluded completely. The
SERCA2-L4 is the longest luminal
loop in SERCA2 connecting trans-
membrane loops M7 and M8 (7).
The L4 loop of SERCA2 contains
two cysteine residues, which form a
disulfide bond and regulate the
luminal Ca2� balance by modulat-
ing SERCA2 activity (49). A previ-
ous study in Xenopus oocytes shows
that ER chaperone ER protein 57
interacts with SERCA2b in a Ca2�-
dependent manner and regulates
SERCA Ca2� uptake activity (16). It
has been also reported that calreti-
culin is associatedwith SERCA2a, in
response to oxidative stress (50).
Other luminal proteins like sarcalu-
menin and HRC interact with
SERCA2 and regulate its activity
(17, 18). HRC interacts with the
luminal loop L1 of SERCA2 and
inhibits SERCA2 activity in car-
diomyocytes, whereas the interac-
tion site of SERCA2 with sarcalu-
menin is not known yet (17). The
mechanism of interaction between
the L4 loop region and the counter-
part in calumenin (132–222 aa)may
be important for understanding the

role of calumenin as a regulator of SERCA2 activity. However,
because our study used the SERCA2 luminal loops in the form
of GST fusion proteins, the possibility that other luminal loops

FIGURE 10. Molecular modeling and characterization of the interaction between calumenin-B and
SERCA2-L4. A, the multiple sequence alignment of SERCA isoforms using the ClustalX program (53).
SERCA2-L4 region is shown in blue. Four hydrophobic residues of SERCA2-L4 involved in the interaction with
calumenin-B are indicated by arrows. The dashed line indicates the disulfide bond (Cys875–Cys887). B, Coomassie
Blue staining of the purified GST control, GST-SERCA2-L4, GST-SERCA2-L4-F866A, GST-SERCA2-L4-Y867A, GST-
SERCA2-L4-L869A, and GST-SERCA2-L4-L873A fusion proteins. C, pulldown assay was performed using equiv-
alent amounts of GST control protein and different GST-SERCA2-L4 fusion peptides bound to Sepharose 4B by
incubating with cardiac homogenates. The pulldown samples were separated by SDS-PAGE and immuno-
blotted with anti-calumenin antibody. D, molecular modeling of SERCA2 structure. The model for SERCA2
structure was built using the structure of SERCA1 in E1 state (pdb id 1SU4). The luminal region of SERCA2 model
structure contains five loops (L1–L5). L4 is colored blue. L1, L2, L3, and L5 are colored orange. More open
conformational state of SERCA2-L4 may be required upon calumenin binding (arrow). E, molecular surface
representation of the SERCA2-L4 binding site in calumenin-B. The residues (Phe866, Tyr867, Leu869, and Leu873)
of SERCA2-L4 involved in the hydrophobic interaction with calumenin-B are shown as ball-and-stick models.
The surface of calumenin-B binding to SERCA2-L4 is shown in yellow.
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are also involved in the interactions cannot be completely ruled
out.
To elucidate a structural aspect of SERCA2-L4 and calume-

nin interaction, we modeled calumenin-B and SERCA2-L4
complex structure (Fig. 10) based on the GST pulldown assay
(Fig. 10C) showing that the hydrophobic residues in
SERCA2-L4 were critical for the calumenin-B binding. In the
complex structure, four hydrophobic residues (Phe866, Tyr867,
Leu869, and Leu873) in SERCA2-L4 are involved in the hydro-
phobic interaction with calumenin-B, consistent with conven-
tional EF-hand domain-ligand interaction. In addition, we
modeled full-length SERCA2 structure based on the SERCA1
crystal structure in E1 state (pdb id 1SU4), and the docked com-
plex structure with calumenin-B domain (data not shown). In
this complex structure, minimal structural crashes were
observed between calumenin-B domain (helix2-loop2 region,
178–186 aa) and SERCA2 luminal regions (especially, the
SERCA2-L3 region), suggesting that the structural rearrange-

ment of luminal loop regions of SERCA2 into a more open
conformation would be necessary upon calumenin binding.
Collectively, these results suggest that conserved hydrophobic
residues in the SERCA2-L4 region are critical for its interaction
with calumenin.
Analysis of SERCA2 Ca2� uptake activity showed that there

was no significant change in the maximal Ca2� uptake, but the
affinity of SERCA2 for Ca2� was significantly increased in KD
cells (Fig. 6). The increased affinity for Ca2� suggests that calu-
menin association with SERCA2 in the luminal loop L4 region
regulates Ca2� binding. The Ca2� binding sites are present in
the SERCA2 transmembrane regions M4, M6, and M8. So the
loop L4 may regulate the Ca2� binding affinity of SERCA2
through the modulation of the binding pocket in M8 (8).
The expression of some ER luminal chaperone proteins is

regulated during development in the heart (51). In our studywe
found that the calumenin protein level was decreased in the
adult heart in comparison to the embryonic and neonatal stag-
es.3 A previous report showed that calumenin is expressed
ubiquitously, and its RNA expression is higher in the embry-
onic stages than the adult heart (20). The decreased calumenin
protein in the adult heart is similar to the trend seen in other ER
chaperone proteins such as calreticulin, protein disulfide
isomerase, ER protein 57, and glucose-regulated proteins,
which are highly expressed during the early embryonic stages
but decreased in the adult heart (51). Calumenin has been des-
ignated as an ER chaperone protein, and this phenomenon sup-
ports the hypothesis that the chaperonic effects of calumenin
are essential during the early stages of development similar to
other ER chaperon proteins like calreticulin, protein disulfide
isomerase, ER protein 57, and glucose-regulated protein (51).
Upon further development, SERCA2 activity is increased (52),
whereas calumenin expression is decreased gradually until it is
stabilized in the adult heart. Then calumeninmolecules remain
as an important regulator of SERCA2 activity during the
adulthood.
Fig. 11 summarizes a hypothetical model describing the

interaction of calumenin-B region with SERCA2-L4 and possi-
ble interaction with RyR2 in cardiomyocytes. KD of calumenin
results in enhanced Ca2� transient amplitude and shorter
relaxation time without any change in the luminal Ca2� con-
centration. This shows that calumenin inhibits the affinity of
SERCA2 for Ca2�. Therefore, KD of calumenin enhances its
Ca2� affinity. Calumenin KD may also enhance the Ca2� sen-
sitivity of RyR2; however this phenomenon still remains to be
elucidated in the future. The detailed mechanism concerning
the effect of calumenin on Ca2� affinity of SERCA2 in vivo
requires future studies perhaps using a genetically altered mice
model.
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