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Murphy RM, Mollica JP, Beard NA, Knollmann BC, Lamb
GD. Quantification of calsequestrin 2 (CSQ2) in sheep cardiac muscle
and Ca2�-binding protein changes in CSQ2 knockout mice. Am J
Physiol Heart Circ Physiol 300: H595–H604, 2011. First published
December 3, 2010; doi:10.1152/ajpheart.00902.2010.—Calsequestrin
2 (CSQ2) is generally regarded as the primary Ca2�-buffering mol-
ecule present inside the sarcoplasmic reticulum (SR) in cardiac cells,
but findings from CSQ2 knockout experiments raise major questions
about its role and necessity. This study determined the absolute
amount of CSQ2 present in cardiac ventricular muscle to gauge its
likely influence on SR free Ca2� concentration ([Ca2�]) and maximal
Ca2� capacity. Ventricular tissue from hearts of freshly killed sheep
was examined by SDS-PAGE without any fractionation, and CSQ2
was detected by Western blotting; this method avoided the �90% loss
of CSQ2 occurring with usual fractionation procedures. Band inten-
sities were compared against those for purified CSQ2 run on the same
blots. Fidelity of quantification was verified by demonstrating that
CSQ2 added to homogenates was detected with equal efficacy as
purified CSQ2 alone. Ventricular tissue from sheep (n � 8) contained
24 � 2 �mol CSQ2/kg wet wt. Total Ca2� content of the ventricular
tissue, measured by atomic absorption spectroscopy, was 430 � 20
�mol/kg (with SR Ca2� likely �250 �mol/kg) and displayed a linear
correlation with CSQ2 content, with gradient of �10 Ca2� per CSQ2.
The large amount of CSQ2 bestows the SR with a high theoretical
maximal Ca2�-binding capacity (�1 mmol Ca2�/kg ventricular tis-
sue, assuming a maximum of �40 Ca2� per CSQ2) and would keep
free [Ca2�] within the SR relatively low, energetically favoring Ca2�

uptake and reducing SR leak. In mice with CSQ2 ablated, histidine-
rich Ca2�-binding protein was upregulated �35% in ventricular
tissue, possibly in compensation.

excitation-contraction coupling; sarcoplasmic reticulum; calcium con-
tent; calcium buffering; catecholaminergic polymorphic ventricular
tachycardia; calsequestrin 2 knockout mice

CALSEQUESTRIN 2 (CSQ2) is the sole calsequestrin isoform
present in the sarcoplasmic reticulum (SR) in cardiac muscle
(2, 6, 9) and is thought to be predominantly localized to the
junctional SR (11, 14, 44). CSQ2 can bind up to �35–40 Ca2�

per CSQ2 molecule (30), or perhaps more (34), with an
apparent dissociation constant of �0.5 mM in typical in vitro
conditions (30, 39). CSQ2 is widely regarded as the principal
Ca2�-buffering molecule present within the SR in adult cardiac
muscle cells, although other Ca2�-binding proteins are also
present (6). Acute or chronic overexpression of CSQ2 results
in an increase in SR Ca2� content (21, 43), and conversely
acute reduction in expression of CSQ2 by gene silencing
results in a decrease in SR Ca2� content (43), although the

relative contributions of alterations in SR Ca2� storage capac-
ity and in Ca2� leakage out of the SR are uncertain. Ablation
of CSQ2 in mice caused catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) (25). Surprisingly, the complete
loss of cardiac CSQ2 in this mouse model resulted in only an
apparently minor reduction in SR Ca2� content in basal con-
ditions (as measured by rapid application of caffeine), with the
only evident compensation being an �50% increase in total SR
volume (11, 25). These findings were interpreted as showing
that the contribution of CSQ2 to SR Ca2� storage and release
during excitation-contraction coupling is largely dispensable,
raising major questions about the assumed importance of
CSQ2 in buffering Ca2� within the SR (24).

In deciding whether or not CSQ2 is likely to have a major
role in SR Ca2� buffering and movements in cardiac muscle,
one important consideration has to be how much CSQ2 is
actually present (3, 18). However, this has not been determined
previously, and, to date, there are only inexact estimates of the
amount of CSQ2 in cardiac muscle (see page 171 in Ref. 3).
These estimates (�80–160 mg/kg wet wt) are extrapolations
from measurements of CSQ2 in isolated SR preparations (7),
based on the assumption that the yield of total CSQ2 was
25–50% (3). However, even with such assumptions, this pre-
sumed CSQ2 content could only bind a maximum of �140
�mol Ca2�/kg, which is threefold lower than some estimates
of the maximal SR Ca2� content (�400 �mol Ca2�/kg wet wt)
(3, 20, 38).

In the present study, we first show that SR preparations
actually contain a much lower proportion of the total CSQ2
than assumed in previous calculations (3). We then use our
recently developed quantitative Western blotting technique
(31, 32) to determine the absolute amount of CSQ2 present in
adult cardiac muscle using unfractionated samples of ventric-
ular tissue. Finally, we demonstrate that, when unfractionated
samples are examined, the histidine-rich Ca2�-binding protein
(HRC) is upregulated �35% or more in cardiac SR from CSQ2
knockout (KO) compared with wild-type (WT) mice. Our key
finding, that there is a comparatively large absolute amount of
CSQ2 present in normal adult cardiac muscle, strongly sug-
gests that CSQ2 is indeed likely to be the predominant Ca2�

buffer in the SR, and likely substantially influences the intralu-
minal SR free Ca2� concentration ([Ca2�]) and Ca2� uptake
and release.

MATERIALS AND METHODS

Purification of CSQ2. Sheep cardiac SR vesicles were isolated as
described in Laver et al. (26), as approved by the Australian National
University Animal Ethics Committee. CSQ2 was purified by gel
elution from large vertical slab SDS polyacrylamide gels (46), with
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minor changes. In brief, sheep cardiac SR was loaded on a 10% SDS
polyacrylamide gel and separated electrophoretically. Bands of CSQ2
(resolving at � 50 kDa) were excised and eluted from the gel matrix
by resuspension in a buffer containing 20 mM MOPS and 150 mM
NaCl (pH 7.4) for 24–36 h at either room temperature or 37°C, with
gentle agitation. Purification was enhanced by immunoselection with
anti-CSQ.

Protein assay. Protein content of the purified sheep CSQ2 was
measured using both Bradford and Lowry protein assays against
standard curves of BSA. For the former, 1 ml of Bradford reagent
(catalog no. B6916; Sigma) was added to a cuvette with 25 �l of
CSQ2 sample, and absorbance was read at 595 nm. Concentration was
calculated by comparing with a standard curve of known amounts of
BSA (0–250 �g). For the Lowry assay, a microplate was used, and 25
�l of DC protein assay Reagent A (catalog no. 500–0110; Bio-Rad,
Hercules, CA) were added to a well with 5 �l of CSQ2 sample. After
mixing, 200 �l of reagent B (Folin’s reagent) were added, and
following 15 min incubation at room temperature the absorbance was
read at 650 nm. The estimate of the CSQ2 concentration was slightly
higher using the Lowry assay (0.44 mg/ml) compared with the
Bradford assay (0.34 mg/ml). The value obtained using the Bradford
assay was used for consequent calculations, which, if anything, would
result in underestimation of the amount of CSQ2 present. CSQ2
protein content was also further verified by using silver staining (see
below) to directly compare the purified sheep CSQ2 with a range of
known amounts of human recombinant CSQ2 (e.g., see Fig. 2D).

Silver staining. The amount and purity of the sheep cardiac CSQ2
was assessed by silver staining, resolving samples of purified CSQ2
on 8 or 10% SDS polyacrylamide gels and detecting proteins with the
GelCode SilverSNAP Stain Kit II (Pierce) as described previously
(45) and per the manufacturer’s instructions. Molecular mass stan-
dards used were PageRuler protein ladder (catalog no. SM0661;
Fermentas, Burlington, Canada).

Ventricular homogenates. Whole hearts from freshly killed adult
sheep (n � 8, 10–12 mo old) were obtained from an abattoir and
placed on dry ice while still warm. A portion (�200 mg) of the
ventricular tissue was cut into small pieces and homogenized (1:10
wt/vol) in buffer 1 (Na-EGTA solution) consisting of (in mM) 165
Na�, 50 EGTA, 90 HEPES, 1 free Mg2� (10.3 total Mg2�), 8 total
ATP, 10 creatine phosphate, pH 7.10, with addition of protease
inhibitor cocktail (PIC, COMplete; Roche Diagnostics, Sydney, Aus-
tralia). Homogenates were further diluted 1:40 with buffer 1 and
incubated on ice for 40 min. They were then subsequently added (2:1
vol/vol) to SDS loading buffer (0.125 M Tris·HCl, 10% glycerol, 4%
SDS, 4 M urea, 10% mercaptoethanol, and 0.001% bromophenol blue,
pH 6.8) to give a final concentration of �1.7 �g muscle/�l. Prepa-
rations were stored at �20°C until analyzed by Western blotting.

In the case of the rat ventricular tissue, with approval of the La
Trobe University Animal Ethics Committee, male Long-Evans
hooded rats (�5–8 mo old) were killed by overdose with isoflurane
(4% vol/vol), the heart was rapidly excised, and a portion of the
ventricular muscle was homogenized using the same protocol as
above.

Homogenate fractionation procedures. Crude SR preparations
were obtained from rat ventricular tissue, but, importantly, fractions
that are typically discarded were collected to establish how much
CSQ2 was present in those fractions. Muscle was homogenized (1:10
wt/vol) in buffer 2 containing (in mM) 300 sucrose and 2.5 NaOH,
and two aliquots of equal volume were taken. The first aliquot was
immediately prepared for Western blotting (1:2 vol/vol with SDS
loading buffer), whereas the matching second aliquot was instead
subjected to the fractionation procedures. It was first centrifuged
(10,000 g, 3 min); the resulting pellet was resuspended for Western
blotting (in a volume equal to that of the whole homogenate in SDS
loading buffer), whereas the supernatant was further centrifuged
(14,100 g, 30 min). The supernatant was collected for Western
blotting (again in the same final volume as for the whole homogenate

in SDS loading buffer), and the pellet (crude SR) was resuspended in
a solution containing (in mM) 150 KCl and 20 MES and centrifuged
(14,100 g, 30 min). Last, both the supernatant and the final pellet
(crude SR) were prepared for Western blotting, again each in the same
final volume as for the whole homogenate in SDS loading buffer. This
procedure allowed direct comparison of CSQ2 band intensities for the
various fractions and total homogenate (see Fig. 1).

Additionally, portions of sheep ventricular tissue were homoge-
nized and then fractionated using each of three different types of
buffer to test whether the buffer composition affected the CSQ2 yield
[buffer 1 (as above): Na-EGTA solution but without PIC; buffer 2 (as
above): 0.3 M sucrose and 2.5 mM NaOH; or buffer 3: 10 mM
NaHCO3, 50 mM NaF, and 5 mM Na4P2O7 at pH 7.4]. In each case,
one or more aliquots of whole homogenate that had not been subjected
to any centrifugation was prepared (1:2 vol/vol) in SDS loading
buffer. A separate equal volume of whole homogenate was centri-
fuged at 10,000 g for 20 min. The supernatant and pellets were
separated and collected into a volume of SDS loading buffer equal to
the final volume of that used for the whole homogenate sample. Equal
volumes of each sample were loaded on SDS-PAGE for Western
blotting.

CSQ2 KO mice. CSQ2 KO mice used have been described previ-
ously (25). The mice are bred on a background of C57BL/6 and were

Fig. 1. Loss of calsequestrin 2 (CSQ2) during fractionation when preparing
crude sarcoplasmic reticulum (SR). A: Western blot of whole homogenate
samples of sheep cardiac ventricular tissue (lanes 1 and 6-9, loaded with 120,
60, 40, 20, and 10 �g of tissue, respectively) and fractions (lanes 2-5) collected
at each step during production of crude SR vesicles from another 120-�g
sample of the same whole homogenate. Each fraction was made up to the same
final volume as for the 120-�g whole homogenate in lane 1, enabling direct
comparison of band intensity between lane 1 and lanes 2-5. More than 60% of
the total CSQ2 was lost in the first pellet (lane 2), and only 5% of the total
CSQ2 was recovered in the final crude SR preparation (lane 5). Homogeni-
zation was performed in buffer 1 (Na-EGTA solution). Myosin heavy chain
(MHC) in the posttransferred gel was detected with Coomassie blue staining
and used to verify the relative amount of muscle tissue loaded in each lane. Of
the total MHC, 78% was found in the first pellet (lane 2) and �2% was found
in the crude SR preparation (lane 5). Molecular mass markers are shown in
position on left (see MATERIALS AND METHODS). B: calibration curve derived by
plotting CSQ2 band intensity (in arbitrary units) vs. the amount of whole
homogenate loaded for lanes 1 and 6-9 in A, with the linear regression (y �
mx � c) and the r2 value for the line of best fit indicated. Such calibration on
the same gel is required to accurately relate the band intensity for a given
fraction sample to the proportion of CSQ2 present. P, pellet; S, supernatant.
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3–4 mo of age. CSQ2 KO and WT mice of either sex were killed by
exsanguination under general anesthesia with isoflurane vapor at
Vanderbilt University as approved by the Vandrbilt University Ani-
mal Care and Use Committee, and the hearts were excised and sent
frozen on dry-ice to La Trobe University, Australia. Western blotting
was used to assess the relative content of HRC protein in cardiac
tissue from CSQ2 KO (n � 7) and WT (n � 4) mice. Portions
(�15–20 mg) of ventricular tissue from different KO and WT mice
were homogenized individually in Na-EGTA solution (buffer 1,
above, 1:20 wt/vol). Unfractionated samples were added (2:1 vol/vol)
to SDS loading buffer at a final concentration of �5 �g muscle/�l.
Preparations were stored at �20°C until analyzed in their entirety by
Western blotting. For Western blotting, equal volumes of ventricular
preparations from KO and WT mice were mixed together and used to
generate a signal calibration curve on each gel.

Western blotting. Entire ventricular homogenates (5–60 �g muscle
tissue), and subfractions where required, were analyzed for CSQ2
and/or HRC protein contents by Western blotting using a similar
protocol to that described previously (32). Protein from muscle
preparations, as well as pure CSQ2 protein samples, was separated on
8% SDS-polyacrylamide gels or 10% Criterion Stainfree gels (Bio-
Rad) and probed with antibodies against CSQ2 (1 in 2,000, rabbit
affinity isolated polyclonal, ab 3516; Abcam) or HRC [1 in 1,000,
rabbit polyclonal (15, 22), kindly provided by Dr. Woo Jin Park] both
diluted in 1% BSA in PBS with 0.025% Tween. In some circum-
stances, following transfer, the SDS polyacrylamide gel was stained
with BioSafe Coomassie Stain (Bio-Rad) for detection of myosin
heavy chain (MHC). Although this staining step had to be performed
following transfer due to Coomassie staining interfering with Western
blotting, we have previously shown it to be a valid indicator of the
relative amount of protein loaded when only small amounts of muscle
are loaded on a gel, e.g., in fiber segments (32). In some circum-
stances, samples were loaded on a new formulation of gel that allows
a digital image of the SDS polyacrylamide gel to be collected after
electrophoresis where the proteins are observed following ultraviolet-
induced modification of tryptophan residues present in the proteins
(Bio-Rad Criterion Stain Free system, Bio-Rad tech note 5782). The
relative amounts of myosin and actin present in the samples were
determined following activation of the gels, collection of the image,
and analyses, all using Image Lab software (Bio-Rad), and used as an
indicator of the amount of protein loaded. Following image collection,
proteins were transferred to nitrocellulose, and Western blotting
continued as described above. Chemiluminescent substrate (SuperSig-
nal West Femto; Pierce) was applied to the membrane, and Western
blot images were taken with ChemiDoc XRS fitted with a CCD
camera using Quantity One software (Bio-Rad). With the membrane
position unchanged, the white light source was switched on to obtain
an image of the prestained molecular mass markers on the membrane,
and this image was then overlayed in its correct position on the
Western blot image (i.e., Figs. 1A, 2A, and 5A, left). Densitometry was
performed with the Quantity One software.

Staining of Ca2�-binding proteins. Stains-all is a cationic carbo-
cyanine dye that stains Ca2�-binding proteins blue or red depending
on the conditions (8). Homogenate samples with 1.5 mg muscle wet
weight of sheep or rat ventricle or rat soleus muscle and 3 �g of sheep
purified CSQ2 were separated in different lanes on an 8% SDS
polyacrylamide gel and, following washes in 25% isopropanol to
remove SDS (4 	 30 min), exposed to Stains-all solution (0.025%
Stains-All, 7.5% formamide, 25% isoproponal, 30 mM Tris base, pH
8.8) overnight in a container protected from light. Following staining,
the gel was washed extensively in 25% isopropanol to destain.
Stains-all-stained gels were photographed with a digital camera (Pa-
nasonic Lumix).

Atomic absorption spectroscopy. When determining total Ca2�

content, ventricular samples from the different hearts were all pre-
pared and run in parallel. Portions (�1 g) of frozen sheep ventricular
tissue were cut into small pieces and sat at room temperature �15 min

to fully thaw. Pieces were then blotted onto filter paper, weighed
accurately, and placed in an oven at 70°C for �64 h. Samples then
underwent nitric acid/perchloric acid (PCA) digestion where 7.5 ml of
acid solution (4 parts nitric acid to 1 part PCA, analytical grade) were
added to each sample, and the samples went through a series of
heating stages (4.5–230°C) for various time periods (20 min to �3 h).
Following digestion, 10 ml reverse osmosis water were added to each
sample, and they were vortexed vigorously, heated �100°C for 5 min,
and vortexed again until PCA was fully dissolved. Ca2� standard
solutions in the [Ca2�] range 0–5 �g/ml were used. Following the
addition of 0.5 ml of a 20 mg/ml Sr2� solution to 5 ml of all samples
and standards, [Ca2�] was determined by atomic absorption spectros-
copy using a Varian AA-1475 series instrument and Ca2� lamp at
422.7 nm with 0.2 nm slit and an air-acetylene reducing flame.

Statistical analyses. Differences between CSQ2 KO and WT ani-
mals were analyzed using a Student’s t-test (unpaired, 2-tailed). To
compare differences between the amount of CSQ2 in tissue from
mouse, rat, and sheep, a one-way ANOVA was performed, with
Newman-Keuls post hoc analysis. Statistics and linear regression
equations were calculated using GraphPad software version 4.01.
Data are expressed as means � SE. Statistical significance was
accepted if P � 0.05.

RESULTS

Loss of CSQ2 during fractionation. We first examined the
effects of tissue fraction on the yield of CSQ2. We determined
the percentage retention of CSQ2 in the various fractions
produced during the preparation of crude SR vesicles by
typical methods (9, 23, 42). Ventricular muscle was homoge-
nized in one of three different buffers (see MATERIALS AND

METHODS), with similar results found irrespective of the buffer
used. Western blotting was used to quantify the amount of
CSQ2 present in the whole homogenate and in fractions of that
homogenate. The surprising result, as seen in Fig. 1, is that the
great majority of the CSQ2 is actually lost to the pellet during
the initial spin typically used to remove nuclei, mitochondria,
and cell debris (�10,000 g for 20 min). In the case where
samples prepared in each of the three types of buffer were
compared on the same gel, the proportion of total CSQ2 found
in the first pellet was 84, 92, and 90% for buffers 1 to 3,
respectively. After the usual further centrifugation and frac-
tionation steps, the final crude SR preparation was found to
contain only �5% of the CSQ2 that had been present in the
original ventricular tissue (e.g., compare lane 5 with lane 1 in
Fig. 1A). Thus it is clear that the CSQ2 amount present in
ventricular muscle needs to be quantified using whole homog-
enates rather than SR vesicles or other subfractions.

Measurement of absolute amounts of CSQ2 present in ven-
tricular homogenates. The absolute amount of CSQ2 present in
sheep ventricular tissues was determined by comparing the
Western blot band intensities for homogenate samples with
those for a range of amounts of purified CSQ2 obtained from
sheep heart (Fig. 2). Silver gels were used to verify that this
sheep CSQ2 was relatively pure and in its full-length 55-kDa
form (e.g., Fig. 2E). Also, comparing sheep CSQ2 and recom-
binant human CSQ2 by silver staining gave similar density
values when putatively the same amounts of CSQ2 were
loaded side by side (Fig. 2E). For accurate quantification of the
CSQ2 in the homogenate samples, it was crucial to make
comparison of Western blot signals between homogenate sam-
ples and purified CSQ2 present on the same gel; such direct
comparison was done for every measurement reported in the
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present study. Furthermore, it was crucial to use relatively
small samples of tissue to avoid possible saturation problems
and also to examine the Western blot signals over a whole
range of purified CSQ2 amounts to obtain a full and accurate
calibration curve for converting the band intensity values of the
homogenate samples to CSQ2 amounts (31). Finally, it was
vital to demonstrate the fidelity of the quantification method by

verifying that purified CSQ2 added to homogenate samples
was detected with equal efficacy as when purified CSQ2 was
run in lanes by itself. An example of this is shown in Fig. 3 by
the fact that band intensities for the homogenate sample with
added CSQ2 increased in parallel with the calibration curve for
CSQ2 alone; similar results were seen on four separate West-
ern blots. Thus one can have confidence that the overall

Fig. 2. CSQ2 in sheep cardiac ventricular muscle.
A: Western blot of CSQ2 in homogenate samples of
sheep cardiac ventricular tissue (5–60 �g tissue,
lanes 1–5) compared with purified sheep cardiac
CSQ2 (60–5 ng, lanes 6–10) and with homogenate
samples (10 �g of tissue) with added purified CSQ2
(5–40 ng, lanes 11–14). B: MHC and actin were
identified in gels before transfer (see MATERIALS AND

METHODS) to verify relative loading in each lane.
Band intensities for CSQ2 (Western blot, C) and
actin (pretransfer, D) in homogenate samples (lanes
1–5 in A and B, respectively) are shown with linear
regressions (y � mx � c), and r2 values for lines of
best fit are indicated. E: silver gels showing a single
band for recombinant human CSQ2 and CSQ2 puri-
fied from sheep heart. Gels also compare the same
amounts (5 and 20 ng) of CSQ2 purified from sheep
hearts and from cells recombinantly expressing hu-
man CSQ2.
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procedure provides an accurate estimate of the absolute CSQ2
content of the ventricular tissue.

Using these procedures, the CSQ2 content in ventricular
samples from eight different adult sheep was found to be 1.1 �
0.1 ng/�g wet wt of tissue (mean � SE, n � 8, with each
sample run 2–6 times across 6 Western blots). Based on a
deduced MW of 45,269 Da (36), this equates to 24 � 2 �mol
of CSQ2/kg ventricular tissue.

Ca2� content of ventricular samples. The total Ca2� content
in other portions of the same eight ventricular samples was
found by atomic absorption spectroscopy to be 430 � 20
�mol/kg tissue (mean � SE). Total water content of the
samples was 73 � 2% (mean � SD, n � 8, range 70–76%).
The Ca2� content values were plotted against the matching
CSQ2 content for the same ventricular samples (Fig. 4). Linear
regression analysis indicated a linear correlation between total
Ca2� content and CSQ2 content in the samples, with a gradient
of �10 Ca2� per CSQ2 molecule and an intercept of �200
�mol Ca2�/kg tissue (r2 � 0.72, P � 0.01). There was no such
linear relationship between the Ca2� contents and the relative
amounts of MHC (r2 � 0.34, P � 0.13), indicating that the
correlation between CSQ2 and Ca2� content was not just the
result of differences in myocardial cell density in the different
samples.

Comparison of HRC protein content in cardiac muscle from
CSQ2 KO and WT mice. Western blotting was also used to
assess the relative content of HRC protein in ventricular tissue
from CSQ2 KO (n � 7) and WT (n � 4) mice to test whether
any upregulation of this SR Ca2�-binding protein could be
detected in the KO mice tissue if total samples were examined
rather than fractionated samples as in a previous examination
(25). Samples were analyzed in their entirety (see MATERIALS

AND METHODS), with samples from all the animals compared
together on each of three separate Western blots (e.g., see
Fig. 5A). It was readily apparent from the Western blots that
there was substantially more HRC in the CSQ2 KO tissue than
in the WT tissue. The HRC measurements for the samples from
WT mice all fell within the range where the HRC band density
was close to directly proportional to the amount of tissue
loaded (see values for calibration standards run on same gel;
Fig. 5B). Some of the HRC measurements for the CSQ2 KO
mice, however, fell in the range where the HRC band intensity

seemingly deviated below such proportionality (see Fig. 5B).
Rather than attempt any interpolation of the calibration data in
that range (i.e., for HRC density for samples between 10 and
30 �g), we calculated the amount of HRC present in the CSQ2
KO tissue samples assuming the proportional relationship still
held, which likely slightly underestimated the amount of HRC
actually present in the KO samples. This analysis indicated that
the ventricular tissue of the CSQ2 KO mice on average
contained �35% more HRC protein than that of the WT mice
(Fig. 5C), which might reflect compensatory upregulation of
HRC to provide additional Ca2� buffering in the absence of
CSQ2.

Comparison of rat, mouse, and sheep ventricular homo-
genates. It was not possible to make a precise estimate of the
amount of CSQ2 in rat cardiac tissue using the quantitative
Western blotting method because sufficient amounts of appro-
priately purified CSQ2 could not be obtained from rat hearts.
To address the question of whether the amount of CSQ2 is
similar between rat, sheep, and mouse cardiac muscle, whole
ventricular preparations were examined side by side by West-
ern blotting and also by Stains-all staining. These approaches
were undertaken because a limitation of the Western blotting
approach is that it could not be assumed that the CSQ2
antibody would detect rat, mouse, and sheep CSQ2 with equal
efficacy. A major limitation of the Stains-all approach is that
quantitative analysis is not possible due to nonlinearity and
nonspecificity of the staining. Nevertheless, useful data could
be obtained using a combination of the two methods. Taking
into account the relative amounts of tissue loaded (as indicated
by densities of actin and MHC on Stainfree gel; Fig. 6A, top),
analysis of the Western blotting band intensities suggests that
the amount of CSQ2 present in ventricular muscle was broadly
similar in rat and mouse but that it was significantly lower in
sheep than in rat (Fig. 6, A and B). The Stains-all staining had
to be performed on whole homogenate samples despite the
problems with background staining and the relatively low
intensities of the relevant bands, owing to the major uncon-
trolled loss of CSQ2 occurring when attempting any subfrac-
tionation or purification of the preparation (Fig. 1). Even in
partially purified preparations, Stains-all staining of CSQ2 may
appear purple or even dark red rather than blue (e.g., see Fig.
3D in Ref. 32). If it is assumed that the staining band at �55
kDa in lanes 3 and 4 in the Stains-all image in Fig. 6 is

Fig. 4. Correlation of total Ca2� content and CSQ2 content in ventricular
samples from hearts of 8 sheep. Ca2� content was measured by atomic
absorption spectroscopy, and CSQ2 content was measured by Western blotting
as in Fig. 2; values/kg wet wt of muscle. Linear regression was performed, and
r2, P value, and the line of best fit are indicated. The fit values were 10 � 2.5
(slope) and 198 � 60 (y-intercept).

Fig. 3. Validation of directly comparing signals for purified CSQ2 and
homogenate samples. Western blot CSQ2 band intensities for various amounts
of purified CSQ2 (lanes 6–10 in Fig. 2A, closed triangles) and for 10 �g
ventricular homogenate samples with added CSQ2 (lanes 11–14 in Fig. 2A,
open triangles). CSQ2 present in the homogenate samples was detected with
similar efficacy as purified CSQ2 by itself. Linear regressions for lines of best
fit are y � 0.73x � 4.0, r2 � 0.995 (pure CSQ2) and y � 0.66x � 15.5, r2 �
0.999 (pure CSQ2 � homogenate). Similar results were obtained on 4 separate
Western blots.
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predominantly due to CSQ2, it again appears that rat ventric-
ular tissue (lane 3) contained more CSQ2 than sheep ventric-
ular tissue (lane 4). In addition, a blue band was apparent at
�120–130 kDa [most prominent in the rat heart homogenate
(lane 3); Fig. 6C, arrow on top], which is probably HRC (22)
(see Fig. 5A). If this is the case, comparison of its intensity with
the purified CSQ2 band at 55 kDa (lane 5) suggests that the
amount of Ca2� binding to HRC is quite appreciable, at least
in the rat ventricular tissue.

DISCUSSION

This study provides the first direct measurement of the total
amount of CSQ2 present in cardiac ventricular tissue. The
amount found, �1.1 g/kg wet wt, is quite a high value given its
considerable Ca2�-buffering properties and makes it clear that
CSQ2 normally must have a major effect in buffering Ca2�

within the SR. The CSQ2 content measured here is much larger
than the only previous estimate in the literature (�80–160
mg/kg) (3); that estimate had been based on the assumption
that a relatively large percentage of the total CSQ2 present in
cardiac muscle is recovered in SR vesicle preparations. In
contrast to that assumption, it was shown here that only �5%
of the total CSQ2 is typically recovered in the crude SR vesicle
fraction (Fig. 1).

Maximum Ca2� capacity of CSQ2 and SR. The literature to
date on ventricular tissue contains a very wide spectrum of
estimates of maximum SR Ca2� content, and normal SR Ca2�

content and cycling (see Table 21 in Ref. 3), and it has been
unclear whether this large range solely reflects genuine differ-
ences between conditions and animal species, or in part also
reflects problems with the accuracy of different experimental
assays. The amount of CSQ2 found here in adult sheep ven-
tricular tissue (�24 �mol/kg) indicates that the maximum SR
Ca2� content is likely to be at the upper end of those previous
estimates. This CSQ2 could bind a theoretical maximum of
�960 �mol Ca2�/kg tissue if each CSQ2 molecule can bind up
to �40 Ca2� (30), but the maximum functional Ca2� capacity
of the CSQ2 must be somewhat lower than this theoretical
maximum because full saturation of CSQ2 with Ca2� only
occurs at very high levels of SR free Ca2� (30, 39), higher than
can be obtained even with optimal SR Ca2� pumping (3). The
maximum Ca2�-binding capacity of the CSQ2 implied by the
present findings is generally consistent with upper estimates of
the maximum Ca2� capacity of the SR in cardiac cells, such as
the value of �430 �mol Ca2�/kg wet wt found with rat
ventricular myocytes by Shannon and Bers (38). The latter
value in fact may well be an underestimate of the true maxi-
mum SR Ca2� capacity because Ca2� leakage out of the SR
through the pump itself was not blocked in those experiments.
Such Ca2� leakage may have been considerable because there
was no creatine phosphate present to help prevent local accu-
mulation of ADP, which is a potent stimulus to pump leakage,
at least in skeletal muscle (27, 28, 32).

It is assumed above that all or virtually all of the CSQ2
found in the ventricular homogenate samples here had been
present within the SR. Immunolocalization experiments in
normal mouse or rat ventricular cells found that the CSQ2
signal was predominantly colocalized with cardiac ryanodine
receptors, presumably inside the junctional SR (12, 37).

Fig. 5. Histidine-rich Ca2�-binding protein (HRC) is upregulated in ventricular
muscle from CSQ2 knockout (KO) mice. A: 10-�g samples of ventricular
muscle from CSQ2 KO mice (n � 7) and wild-type (WT) mice (n � 4) were
separated on 10% Stainfree gel (see MATERIALS AND METHODS). Calibration
curve was generated using 2.5, 5, 10, and 30 �g muscle (S1-S4) of a mixture
made from equal portions of all homogenates. Blot was cut at �72 kDa, and
separate parts were probed for HRC (top) and CSQ2 (middle). The relative
amount of protein loaded in each lane was apparent on the pretransfer Stainfree
image (bottom). B: band intensities for HRC and CSQ2 (Western blot) and
MHC (Stainfree gel) for homogenate standards (lanes S1, S2, S3, and S4),
normalized to respective amount in S3. Range of HRC densities in homogenate
samples for CSQ2 HRC KO and WT mice is indicated by vertical lines (WT
range: 0.59–1.02, solid line; KO range: 0.90–1.48, broken line). C: mean
(�SE) of HRC density in WT and KO homogenate samples; each HRC band
was normalized to density of corresponding MHC band, and the value is
expressed relative to the average of that for all WT samples on the same gel.
Ventricular tissue from KO mice had �35% more HRC protein than WT mice
(*P � 0.05, 2-tailed unpaired t-test, average of triplicate runs of same samples)
(see text).
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Normal SR Ca2� content and CSQ2 occupancy in sheep
ventricular tissue. The total amount of Ca2� present endog-
enously in the sheep ventricular tissue here was found to be
�430 �mol/kg wet wt. A substantial proportion of this total
Ca2� must have been located extracellularly rather than in the
ventricular cells themselves. The total water was found to be
73% of overall mass, and so if �20% of this was extracellular
fluid, with a free ionized [Ca2�] similar to that of plasma (1.2

mmol/l) (47), it would account for �180 �mol/kg of the total
Ca2�. Furthermore, an appreciable amount of total Ca2� was
likely to have been bound on the outside of the sarcolemma.
However, the precise amount bound is uncertain, since the only
value seemingly available in the literature is for sarcolemmal
vesicles from cultured neonatal heart cells (4), which is un-
likely to be directly comparable with the adult tissue here.
Even ignoring the contribution of such sarcolemmal-bound
Ca2�, as well as any Ca2� present within the mitochondria
[which is likely to be a comparatively low amount in healthy
cells (19)], it is apparent that the total Ca2� actually within the
SR in the tissue here was almost certainly less than �250
�mol/kg wet wt. Thus, given that some of the Ca2� within the
SR was presumably bound to other binding molecules such as
HRC and sarcalumenin (6, 15), and that a small portion of the
total SR Ca2� remains free, it can be concluded that the CSQ2
present in the ventricular tissue here on average must have
been loaded with at most �10 Ca2�/CSQ2 molecule. This
would mean it was loaded at �25% of its maximum capacity
if the saturating levels are indeed �40 Ca2� per CSQ2 (30) or
higher as in the most recent estimate (34). It may be possible,
nevertheless, that the CSQ2 in the junctional SR has a higher
level of Ca2� occupancy than any CSQ2 located in the longi-
tudinal SR; the value calculated here is simply the overall
average, and local luminal factors in the various regions of the
SR may differentially affect CSQ2 polymerization and Ca2�

binding.
In the context of the preceding calculations, it is interesting

to note that the total amount of Ca2� in the different ventricular
samples was correlated to the CSQ2 content of those samples
(Fig. 4). One interpretation of the linear relationship seen in
Fig. 4 is that the extrapolated intercept with the ordinate axis
(�200 �mol Ca2�/kg tissue) indicates the total of all non-SR
Ca2� present in the ventricular samples (likely predominantly
being the Ca2� from extracellular fluid, including that bound to
the outside of the ventricular cells) and that the slope of the
relationship indicates that on average there were �10 Ca2�

bound on each CSQ2 molecule. These values are quite similar
to those estimated independently above from comparison of the
total Ca2� and CSQ2 content. These estimates of the number
of Ca2� per CSQ2 molecule (�10, which is �25% of the

Fig. 6. Comparison of CSQ2 amounts in sheep, rat, and mouse ventricular
muscle. Homogenized ventricular samples (without any fractionation) sepa-
rated on 10% (A) or 8% (C) SDS-PAGE. A: pretransfer Stainfree image of gel
(top) and corresponding Western blot of CSQ2 (bottom) for indicated amounts
(�g wet wt muscle) of ventricular tissue from sheep (lanes 1–3), rat (lanes
4–6), and mouse (lanes 7 and 8). B: relative amount of CSQ2 in ventricular
tissue of different species found by Western blotting. CSQ2 band density for
a given sample was first normalized to amount of tissue loaded (gauged by
density of corresponding actin band on Stainfree image) and then expressed
relative to the average for all mouse samples run on the same gel. Mean data
were derived from 3 gels. *P � 0.05 different from rat, 1-way ANOVA,
Newman-Keuls post hoc analyses. C: gel of separated proteins stained with
Stains-all (see MATERIALS AND METHODS). Purified CSQ2 was seen as a single
dark band at �55 kDa (arrowhead in lane 5); a band was apparent at the same
molecular mass in sheep and rat ventricular tissue and also in rat soleus muscle
tissue. The blue band at �120–130 kDa (long arrow), most apparent in rat
ventricular tissue (lane 3), is likely to be HRC. CSQ1 is seen as a dark band
in soleus muscle at �63 kDa (thick arrow in lane 2). Molecular mass markers
are on left (lane 1). An equal amount of unfractionated muscle tissue (1.5 mg
wet wt) was loaded in lanes 2, 3, and 4, and 3 �g pure CSQ2 prepared from
sheep heart were loaded in lane 5.
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theoretical maximum) should represent the peak occupancy of
the CSQ2 during diastole, when most of the Ca2� has been
returned to the SR, and the level of occupancy during systole
would be even lower.

CSQ2 polymerization and Ca2� buffering. Based on in vitro
measurements (34), it appears that cardiac CSQ2 exists pri-
marily in its monomeric form when it has �10 Ca2� bound. If
those findings apply to the CSQ2 inside the SR in situ, it would
mean that CSQ2 normally remains in its monomeric form right
through the entire excitation-contraction coupling cycle, as the
occupancy values discussed above represent the peak occu-
pancy during diastole when virtually all of the Ca2� is back in
the SR. It is possible that there is some advantage to having
CSQ2 normally remaining primarily in its monomeric form at
all times, such as faster or more homogeneous binding or
unbinding of Ca2�. This might be one reason why CSQ2
content is relatively high in cardiac muscle. Another possible
reason of course could be that it bestows the SR with a
relatively high maximum Ca2�-binding capacity, which would
enable the SR to cope more easily with periods of vigorous
activity where there is a large net influx of extracellular Ca2�.
Furthermore, the relatively high CSQ2 amounts would keep
the free [Ca2�] within the SR comparatively low during normal
activity, reducing any background and spontaneous SR Ca2�

leak and energetically favoring Ca2� reuptake during diastole
while still providing a large pool of releasable Ca2� for systole.

In skeletal muscle, where the CSQ is primarily or exclu-
sively the CSQ1 isoform (2, 32), electron microscopy of the
junctional SR reveals structures consistent with the presence of
CSQ polymers (14). The electron microscopic evidence for the
existence of such CSQ2 polymers in normal cardiac muscle,
however, is less clear, with it being clearly seen only with
overexpression of CSQ2 or associated SR proteins (14, 44). As
discussed recently (46), the material condensed near the junc-
tional SR membrane in normal cardiac muscle may be primar-
ily due to CSQ2 monomers accumulating near the membrane
rather than reflecting the presence of CSQ2 polymers. It is
significant that in vitro experiments attempting to cross-link
calsequestrin in solutions with normal ionic strength and a free
[Ca2�] close to the reported normal SR levels (�1 mM) (3, 10,
16) found clear evidence of CSQ1 polymer formation but little
or no indication that the CSQ2 was polymerized under those
conditions (46). This also agrees with other studies using light
scattering, which found CSQ2 polymerization occurred appre-
ciably only at a free [Ca2�] of �3 mM and above (34, 35),
suggesting that it only occurs when the SR is loaded with Ca2�

substantially above normal levels. Nevertheless, it is worth
reiterating that such in vitro experiments may not accurately
mimic all the conditions pertaining inside the SR in situ.
Further in this regard, we note that, since the SR volume is only
�3% of the total cardiac cell volume (3), the relatively high
CSQ2 content of ventricular tissue found here (�24 �mol/kg
tissue) equates to the CSQ2 being present within the SR at a
concentration of �800 �M, much higher than the concentra-
tion examined in in vitro experiments, and at a level that may
well affect its polymerization and other properties.

Although the present results strongly support that CSQ2 has
a major role in the storage and buffering of Ca2� within the SR
in cardiac muscle, they in no way preclude CSQ2 from having
other important additional roles. In particular, other work
suggests that CSQ2 has a major role in sensing levels of SR

Ca2�, modulating activity of the cardiac ryanodine receptor
(RyR2) in response to changes in luminal Ca2� concentration
(17). CSQ2 seemingly aids in the high rate of Ca2� release
during systole by increasing the gain of RyR2 (46). The
physiological role of even subtle changes in CSQ2 protein are
illustrated by studies of heterozygous CSQ null mice, which
exhibit a 25% reduction in CSQ2 protein with no detectable
compensatory changes (e.g., no endoplasmic reticulum remod-
eling). The consequence of the 25% loss of CSQ was an
increased diastolic SR Ca2� leak, which occurred independent
of any change in intra-SR free [Ca2�]. These results illustrate
the need for accurate CSQ assessment in future studies.

Relation to CSQ2 ablation findings. Finally, the conclusion
here that CSQ2 must normally play a major role in buffering
Ca2� within the SR is by no means inconsistent with the
finding that complete ablation of CSQ2 in murine heart re-
sulted in an apparent reduction in total Ca2� content of only
�11% (25). First, we report an �35% increase in the content
of another SR luminal Ca2� binding protein, HRC, in ventric-
ular tissue from KO mice compared with WT mice. No
apparent compensatory upregulation of any other SR luminal
Ca2�-binding proteins (such as HRC and sarcalumenin) had
been noted previously in these CSQ2 KO mice (25). This could
have been due to loss of much of the HRC during the frac-
tionation procedures because that study examined SR vesicle
preparations, and it was found here that such fractionation
results in very considerable loss of CSQ2 itself (Fig. 1). A later
study on the same CSQ2 KO mouse model (11), using unfrac-
tionated ventricular samples as here, found no upregulation in
the adult tissue of calreticulin, an endoplasmic reticulum Ca2�-
binding protein expressed at high levels during embryogenesis.
The latter finding is in marked contrast to that of Song et al.
(41) in a different CSQ2 KO model, which used fractionated
samples. Another possible reason for the differences in find-
ings in the two CSQ2 KO models is that Song et al. (41)
studied older mice that exhibited significant cardiac hypertro-
phy. Thus the increased calreticulin may simply reflect evi-
dence of reexpression of fetal genes as part of the hypertrophic
gene program. Because calreticulin protein is present in very
low amounts in adult cardiac muscle (33) and calreticulin is not
present in the junctional SR (1), increased calreticulin expres-
sion is unlikely to provide significant compensation for the loss
of Ca2� buffering resulting from CSQ2 ablation. Accordingly,
SR Ca2� content was likely reduced to a similar degree in both
CSQ2 KO mouse models (25, 41).

Even though higher HRC levels were not observed to give
increased SR Ca2� content in HRC overexpression animals
where CSQ2 was still present (15), the increased levels of HRC
protein observed here in the CSQ2 KO mice could be expected
to have enhanced the SR Ca2� storage capacity above the level
that would have otherwise prevailed in the absence of all CSQ2
(22). However, full understanding of the functional signifi-
cance of the increase in HRC protein would require knowledge
of the absolute amounts present, which was not determined
here. If the blue band at �120–130 kDa in the Stains-all gel
(Fig. 6C) arises from HRC (6, 22, 32) (and see Fig. 5A), its
relative intensity would suggest that, at least in rat ventricular
tissue, the Ca2�-binding capacity of HRC is not insignificant
compared with that of CSQ2. We do not suggest, however, that
the observed HRC upregulation alone could have increased SR
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Ca2�-buffering capacity enough to compensate for the com-
plete loss of CSQ2.

A second reason why complete ablation of CSQ2 in murine
heart resulted in only a small apparent reduction in total Ca2�

content could be that the increased SR membrane area may
also have further increased the total intraluminal Ca2�-binding
sites; even though the �50% increase in SR volume occurring
in the CSQ KO mice would by itself provide only a negligible
increase in total Ca2� content, the SR membrane typically
contains a high proportion of negative phospholipids that can
bind Ca2� (13). Third, alterations in the properties of the SR
Ca2� pumps in the CSQ2 KO mice, or of the associated
modulatory proteins phospholamban and sarcolipin (5, 29),
may have increased the free Ca2� inside the SR, helping
reduce decline in the total SR Ca2�. Fourth, given that appli-
cation of 10 mM caffeine to cardiac cells may not necessarily
fully deplete the SR of all of its Ca2� content (40), it is possible
that the assay of total SR Ca2� content in the CSQ2 KO
myocytes was compensated to some extent by an increase in
the proportion of SR Ca2� released, because of the absence of
the normal modulation of the RyR2 occurring when CSQ2 is
present (17, 18, 46).

In conclusion, it should be stressed that, even with any
compensatory changes that did occur, the cardiac myocytes
from the CSQ2 KO animals were definitely far from normal,
and the mice were rendered susceptible to CPVT, emphasizing
the importance of CSQ2 to normal cardiac cell function.
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