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Calpain-3 (CAPN3) is a non-lysosomal cysteine protease that is necessary for normal muscle function, as
mutations in CAPN3 result in an autosomal recessive form of limb girdle muscular dystrophy type 2A. To
elucidate the biological roles of CAPN3 in skeletal muscle, we performed a search for potential substrates
and interacting partners. By yeast-two-hybrid analysis we identified the glycolytic enzyme aldolase A
(AldoA) as a binding partner of CAPN3. In co-expression studies CAPN3 degraded AldoA; however, no
accumulation of AldoA was observed in total extracts from CAPN3-deficient muscles suggesting that
AldoA is not an in vivo substrate of CAPN3. Instead, we found CAPN3 to be necessary for recruitment of
AldoA to one specific location, namely the triads, which are structural components of muscle responsible
for calcium transport and excitation–contraction coupling. Both aldolase and CAPN3 are present in the
triad-enriched fraction and are able to interact with ryanodine receptors (RyR) that form major calcium
release channels. Levels of triad-associated AldoA and RyR were decreased in CAPN3-deficient muscles
compared with wild-type. Consistent with these observations we found calcium release to be significantly
reduced in fibers from CAPN3-deficient muscles. Together, these data suggest that CAPN3 is necessary
for the structural integrity of the triad-associated protein complex and that impairment of calcium transport
is a phenotypic feature of CAPN3-deficient muscle.

INTRODUCTION

Limb girdle muscular dystrophy type 2A (LGMD2A) caused by
mutations in the non-lysosomal cysteine protease calpain-3
(CAPN3), is one of the most frequently occurring forms of
LGMD, a disease characterized by high genetic and clinical varia-
bility (1). It is often assumed that enzymatic activity of CAPN3 is
essential for its physiological function. However, pathogenic
mutations are not concentrated only in the catalytic domain of
CAPN3 but are spread along the entire length of the protein (1).
In a recent study, it was estimated that about one-third of the
LGMD2A biopsies had normal levels of CAPN3 proteolytic
activity suggesting that CAPN3 serves other physiological roles
besides that of a protease (2). It has been demonstrated that at
least some mutations which do not affect proteolytic activity,
decrease the ability of CAPN3 to interact with titin, an established

CAPN3-binding partner (3). The anchorage to titin occurs at two
places, at the N2-line and the M-line regions of titin (4,5). Inter-
estingly, mutations at both of these regions of titin cause muscle
disease in humans and mice (6–8).

In order to further elucidate physiological roles of CAPN3
and gain insight into mechanisms of LGMD2A, we used
several approaches to identify additional substrates and
binding partners, and validated the candidates in CAPN3-
deficient (C3KO) mice described previously (3). As a result of
these assays, in the present study we identified the metabolic
enzyme aldolase A (AldoA) as a binding partner of CAPN3.
This isoform of aldolase is expressed only in skeletal muscle
and erythrocytes (9). Aldolase catalyzes the conversion of
fructose-1,6-bisphosphate into glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate in glycolysis. Glycolytic enzymes
are abundant, ubiquitous proteins present in all types of cells;
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however, in muscle a fraction of these enzymes has been shown
to be associated with specialized subcellular structures called
triads (10). Triads are the anatomical structures where the
T-tubules (which are sarcolemmal invaginations), and the term-
inal cisternae of the sarcoplasmic reticulum (SR) interface. At
this site, a close contact is made between voltage-sensitive
calcium channels (dihydropyridine receptors, DHPR) in the
T-tubule, and calcium release channels (ryanodine receptors,
RyR) in the SR that allows for coupling neural excitation
with calcium release and contraction in muscle (11) (see
Fig. 3A for the schematic of triad structure). Association of gly-
colytic enzymes with triads may provide compartmentalized
adenosine triphosphate (ATP) production necessary for
calcium uptake into the SR after excitation (12). However, gly-
colysis also modulates energy-independent calcium release
during excitation (13); moreover, some glycolytic enzymes
physically interact with calcium channels present in the
T-tubule and SR membranes. AldoA, in particular, interacts
with the RyR and can modulate RyR activity in vitro (14). Inter-
estingly, mutations in AldoA cause muscle disease, however,
mechanisms of the disease are not known (15,16).

It is usually assumed that, through its interaction with titin,
CAPN3 is associated with the sarcomere in skeletal muscle.
However, we found previously that in myogenic cells there is
a pool of CAPN3 associated with the membrane (17). In the
present investigation we show that in mature adult muscle
there is also a pool of membrane-associated CAPN3 which
links to triads. Loss of CAPN3 in vivo results in decreased
recruitment of AldoA and RyR to triads and leads to reduced
calcium release during muscle activation. Both proteins were
shown to be binding partners of CAPN3. Thus, these studies
identify a novel cellular function for CAPN3 in calcium trans-
port and demonstrate that in this context CAPN3 serves a struc-
tural, rather than a proteolytic, role. The data also suggest that
calcium transport abnormalities may be one of the mechanisms
that lead to dystrophy in CAPN3-deficient muscles.

RESULTS

Identification of AldoA as a binding partner for CAPN3

To investigate the biological functions of CAPN3, we searched
for new binding partners of CAPN3 using the Cytotrap
(Stratagene) yeast-two-hybrid screening assay that detects
protein–protein interactions in the cytoplasm. Several proteins
were identified, including the M-line fragment of titin (4), as
well as a novel CAPN3 partner, the glycolytic enzyme AldoA.
In order to confirm the interaction between CAPN3 and
AldoA, the proteolytically inactive mutant of CAPN3-C129S
(18) and AldoA were expressed as recombinant fusion proteins
with glutathione-S-transferase (GST) and calmodulin-binding
peptide, respectively. A solid-phase binding assay using GST
as a negative control was performed, and the interaction
between the two proteins was confirmed (Fig. 1A).

To determine if AldoA is a substrate for CAPN3 proteolytic
activity, insect cells were transfected with equal amounts of
baculoviral vector, carrying AldoA cDNA, either alone or
together with vectors expressing active CAPN3 or inactive
CAPN3-C129S. Figure 1B shows that the concentration of
AldoA was significantly reduced if it was co-expressed with

active CAPN3. Thus, CAPN3 is able to degrade AldoA when
the two proteins are co-expressed in a heterologous system.
However, when total extracts from C3KO and wild-type
(WT) muscles were blotted for AldoA, no difference in its con-
centration was found (Fig. 1C) suggesting that either AldoA is
not an in vivo substrate of CAPN3, or CAPN3 regulates AldoA
at a specific subcellular location and these changes are not
detectable in total extracts. Previously we showed that this
was the case for CAPN3’s regulation of b-catenin at the cell
membrane (but not the cytoplasm) during myogenesis (17).

CAPN3 is necessary for proper localization of AldoA

In order to test the hypothesis that CAPN3 regulates AldoA
at a specific subcellular location, we first used immunohisto-
chemistry of frozen sections of muscle to verify sites of
AldoA accumulation. It was shown previously that CAPN3
immunostaining appears as a striated pattern, presumably corre-
sponding to two sites of CAPN3–titin interaction at the N2-line
and M-line (the schematic structure of the sarcomere is shown in
Fig. 2A) (4,5,19). Based on previous biochemical observations
showing that AldoA can interact with the RyR (14), AldoA
was expected to be concentrated at the triads. As shown in
Figure 2A, there are two triads per sarcomere located at either
side of the Z-disk near the N2-line epitope of titin. Immuno-
staining showed that AldoA is concentrated at both sides of
the Z-disk and co-localizes with the N2-line epitope of titin
(Fig. 2B). Because the distance between two adjacent fluor-
escent bands is very short for light microscopy, the staining is
more often visualized as a single broad band (as in Fig. 2C).
Thus, AldoA immunolocalization data are in agreement with
previously published results based on biochemical association
of AldoA with triad components (14). To see if localization of
AldoA is affected by the absence of CAPN3, C3KO muscles
were stained with anti-AldoA antibody. This experiment
showed that the striated pattern of AldoA immunostaining was
lost in the absence of CAPN3 (Fig. 2D). To verify that the
structural integrity of the sarcomere was intact in the tissue
sections, the muscles were co-immunostained for the Z-disk
protein a-actinin (Fig. 2D, left panels). These results demon-
strated that CAPN3 is required for proper localization of AldoA.

Based on previous studies that AldoA is associated with
membranous structures, triads, and the observation that
AldoA is mislocalized in C3KO muscles, we sought to bio-
chemically verify the subcellular localization of CAPN3 in
mature muscle. Previous studies that showed an interaction
between CAPN3 and titin have led to the assumption that
CAPN3 would be primarily associated with myofibrils. Follow-
ing biochemical fractionation of total muscle extracts, it was
observed that CAPN3 is not only concentrated in the myofibril-
lar fraction but that a significant amount of CAPN3 is also
present in the membrane and cytosol fractions (Fig. 2E).
Thus, immunolocalization and subcellular fractionation studies
suggest that CAPN3 and AldoA may co-localize at the triads,
and that CAPN3 is necessary for proper localization of AldoA.

Concentration of triad-associated AldoA is decreased
in C3KO muscles

To further confirm that CAPN3 and AldoA are co-localized at
the triads and that CAPN3 is necessary for the recruitment of
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AldoA to traids, we isolated microsomes from C3KO and WT
muscles and subjected them to sucrose gradient centrifugation
to obtain triad-enriched fractions (20). The schematic structure
of the triad is shown in Figure 3A. Western blot analysis with
triad-specific antibodies revealed that the triads were primarily
present in fraction-2 (Fig. 3B). Fraction-2 contained the DHPR
(a voltage-sensitive Ca2þ channel present in the T-tubules), the
RyR (a calcium release channel present in the membrane of
the terminal cisternae of the SR), and b-calmodulin kinase II,
previously shown to be associated with triads (21,22).
Importantly, both CAPN3 and AldoA were concentrated in
the triad-enriched fraction of WT muscles. In agreement with
the immunolocalization studies, a decreased concentration of
AldoA was observed in fraction-2 of C3KO muscle. Levels
of another glycolytic enzyme, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), were equal in triad fractions from
C3KO and WT muscles (Fig. 3B) thereby showing that the
reduction is specific to AldoA. If AldoA were a CAPN3 sub-
strate, one would expect to see accumulation of AldoA in the
absence of CAPN3. However, western blot analysis and immu-
nostaining showed an unexpected decrease of AldoA in triads
from C3KO muscles. These data substantiate the hypothesis
that in this context, CAPN3 acts not as a protease but rather
as a structural protein that is necessary for proper localization
of AldoA to triads.

Concentration of RyR is decreased in C3KO muscles

Examination of triad-containing fractions by western blotting
(Fig. 3B) revealed that AldoA was not the only protein
reduced in C3KO triads. The levels of other proteins associated
with the terminal cisternae of the SR, such as RyR and
b-calmodulin kinase II (but not the T-tubule component
DHPR) were also reduced in triad fraction isolated from the
pooled C3KO muscles compared with WT muscles (Fig. 3B).
In order to further investigate if the absence of CAPN3 and
reductions in AldoA affect the RyR in C3KO muscle, we
stained longitudinal sections and membrane fractions of C3KO

and WT muscles with anti-RyR antibody. Figure 4A shows
that, unlike AldoA, the expected striated pattern of RyR staining
was well preserved in C3KO muscles. However, the concen-
tration of the RyR in the membrane fractions isolated from
C3KO muscles was decreased compared with WT (Fig. 4B)
further confirming our earlier observation (Fig. 3B). To rule out
the possibility that the decreased RyR concentration was caused
by reduced transcription of the RyR gene, we performed real-time
RT–PCR. As shown on Figure 4C, no difference was found in the
expression level of RyR gene in C3KO versus WT muscles. Thus,
these data suggest that the observed decrease in concentration of
the RyR in C3KO muscle was not due to a change in transcription
level of the corresponding gene and could be due to abnormal
triad protein complex stability in C3KO muscle.

As we found in this research, AldoA is a binding partner of
CAPN3, but AldoA was also shown previously to interact with
the RyR (14), and thus may provide a link between CAPN3 and
RyR. CAPN3 may also directly interact with RyR. In any case,
one would expect CAPN3 and RyR to be co-purified from the
same protein complex. To check this possibility we first
attempted to co-immunoprecipitate CAPN3 and RyR from the
membrane fraction of WT muscle. Unfortunately, at the end
of the experiment essentially all CAPN3 was autolysed to an
�55 kDa product which co-migrated exactly with the
anti-RyR antibodies that were used for immunoprecipitation,
thus making it impossible to detect CAPN3 (data not shown).
As an alternative approach we expressed CAPN3 as a GST
fusion protein, and performed a GST pull-down assay using
muscle membrane fractions as a source of RyR. As shown
in Figure 4D (left upper panel), RyR binds to CAPN3-GST-
containing beads with much higher affinity than to control
GST-containing beads even though the concentration of
CAPN-GST bound to the beads was lower than GST alone
(Fig. 4D, left lower panel). Thus, our results demonstrate
that CAPN3 co-fractionates together with triad components
(Fig. 3B) and was able to interact with AldoA and RyR
in vitro (Figs 1A and 4D). Moreover, CAPN3 is necessary for
proper recruitment of these proteins to the triads since their

Figure 1. Interaction between CAPN3 and AldoA: (A) CAPN3 binds AldoA in a solid-phase protein interaction assay. CAPN3-C129S inactive mutant was
expressed as a GST-fusion protein. In the ELISA-based binding assay, GST was used as a negative control and anti-GST antibody was used to detect the inter-
action between AldoA and CAPN3; (B) AldoA is a substrate for CAPN3 in co-expression experiments. Equal amounts of AldoA-expressing baculoviral con-
structs were used to infect insect cells alone and together with active CAPN3, or its inactive C129S mutant as a negative control. AldoA was greatly reduced in
cells expressing active CAPN3. The lower panel shows an identical western blot stained for CAPN3 to ensure its expression and activity. Proteolytically active
CAPN3 undergoes autolysis to produce a 55 kDa band while inactive C129S runs as a 94 kDa band; (C) AldoA concentration is not different between WT and
C3KO in total muscle extracts. Western blot was performed using four diaphragm muscle extracts for each genotype.
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Figure 2. CAPN3 is necessary for proper subcellular localization of AldoA: (A) Schematic representation of sarcomere structure. A sarcomere spans between
two adjacent Z-disks. Triads are located at both sides of the Z-disk (two triads per sarcomere). CAPN3 was shown to interact with two fragments of titin that are
located at the N2-line and M-line of the sarcomere; (B, C) Immunostaining of WT muscles showed accumulation of AldoA at both sides of the Z-disk which is
consistent with its association with triads. Longitudinal sections of tibialis anterior muscles from WT mice were co-immunostained with anti-AldoA and
anti-N2-line titin antibodies. The latter was used because the N2-line and triads have a similar location adjacent to the Z-disk. The distance between two adjacent
bands located at the N2-line/triad is difficult to resolve by light microscopy and very often two adjacent bands coincide to produce a broad band in the vicinity of
the Z-disk as can be seen in panel (C); (D) Mislocalization of AldoA in C3KO muscles. Co-immunostaining of longitudinal sections of WT and C3KO muscles
with anti-AldoA and anti-a-actinin (marker of Z-disk) antibodies showed loss of the normal striated pattern of AldoA immunostaining in C3KO muscles; (E)
CAPN3 is present in membrane fractions of WT muscle. Cytosolic, membrane and myofibrillar fractions from WT and C3KO muscles were stained for CAPN3
in order to determine the subcellular localization of CAPN3. To ensure proper fractionation, an identical blot was stained with antibodies to the membrane
protein caveolin-3. Asterisk shows non-specific bands recognized by anti-CAPN3 antibody in myofibrillar extracts; arrows identify MyHC (myosin heavy
chain) and actin, the major constituents of myofibrils. Semi-quantitative analyses of western blots showed that the ratio of CAPN3 to the protein content in
each fraction was 0.113 for myofibrillar, 0.069 for cytosolic and 0.208 for membrane fraction.
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concentrations in the triad were significantly reduced in
CAPN3-deficient muscles. Taken together, the data suggest
that CAPN3 acts as a structural component of the triad-
associated protein complex and is important for complex
formation and/or stability.

Calcium release is decreased in C3KO muscle fibers

RyRs form calcium channels that allow calcium release from
the SR upon muscle activation. A reduced number of RyRs at

the triads may lead to decreased calcium release in C3KO
muscles. Recent studies have shown that glycolysis also
modulates calcium release even though this process is not
energy-dependent (13). On the other hand, association of
glycolytic enzymes with the SR may be important for compart-
mentalization of energy production for ATP-dependent calcium
re-uptake. To address the question of whether decreased
triad-associated AldoA, and RyR affects calcium transport,

Figure 3. CAPN3 is necessary for recruitment of AldoA to triads: (A) Sche-
matic representation of the interface between the T-tubule and SR in triads. A
large number of proteins are located at this interface (only proteins that are
important for this study are shown). Many of them interact with DHPR (a
voltage sensor and Ca2þ channel at the T-tubule) and RyR (Ca2þ release
channel at the SR membrane). Glycolytic enzymes are known to be associated
with the SR and interact with Ca2þ receptors. The CaMKII (Ca2þ/calmodulin-
dependent protein kinase II) is also recruited to the triads where it assembles
with the glycolytic enzyme complex (21,22); (B) AldoA and CAPN3
co-localize in the triad fractions and CAPN3 is necessary for recruitment of
AldoA to these fractions. After sucrose gradient centrifugation fractions
were collected and analyzed by western blotting using antibodies against
triad components shown in (A). Fraction-2 was identified as a triad-enriched
fraction because it contained T-tubule components (b-subunit of DHPR) as
well as terminal SR proteins (RyR and CaMKII). CAPN3 also was detected
in this fraction from WT muscles. AldoA was significantly reduced in
fraction-2 that was isolated from C3KO muscles (the gel loading control for
this blot is shown below the antibody staining). This reduction is specific
for AldoA since another glycolytic enzyme GAPDH was equally represented
in both WT and C3KO fractions.

Figure 4. Concentration of RyR is decreased in C3KO muscles: (A) RyR
localization was not altered in C3KO muscles. Co-immunostaining of
C3KO and WT muscles with anti-RyR and anti-AldoA revealed that, unlike
AldoA staining, the striated pattern of RyR immunostaining was retained in
C3KO muscles; (B) Levels of RyR in membrane fractions from C3KO
muscles were decreased compared with WT muscles. Membrane fractions
from C3KO and WT mice were used for immunoblotting and staining with
anti-RyR antibody. Corresponding cytosolic fractions were used as a control
to ensure that fractionation was carried out successfully; (C) The transcription
level of RyR gene does not vary between C3KO and WT muscles. Real-time
PCR was performed using cDNAs isolated from three C3KO and three WT
muscles. Data from each sample were normalized by dividing the quantity
of target gene cDNA (RyR) by the quantity of a house-keeping gene cDNA
(GAPDH) to correct for variability in the individual samples; (D) GST pull-
down assay showing that CAPN3 interacts with the RyR. CAPN3-GST or
GST alone were bound to glutathione sepharose and were incubated with
muscle membrane extracts. Upper left panel shows that RyR binds to
CAPN3-GST with much higher affinity than to GST even though a much
higher concentration of GST protein (identified by open arrowheads) than
CAPN3-GST (asterisks) was bound to the beads (left lower panel, ponceau
staining). Middle and right panel show immunostaining of eluates with
anti-CAPN3 and anti-GST antibodies, respectively.
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we performed calcium imaging studies in isolated fibers from
C3KO (n ¼ 28) and WT (n ¼ 24) muscles. A significant
decrease in calcium release but not in the rate of calcium
uptake was observed in fibers isolated from C3KO muscles
(Fig. 5). Thus, lack of CAPN3 affects the structural integrity
of triad-associated protein complex that includes RyR and
AldoA, and impairment of this complex leads to decrease in
calcium release upon muscle activation. Taken together, our
results identify a new role of CAPN3, particularly membrane-
associated pool of CAPN3, in the maintenance of a protein
complex regulating calcium release in skeletal muscle.

DISCUSSION

In these studies we have described a novel role of CAPN3 in
the protein complex that regulates calcium release in skeletal
muscle. In summary, we showed that CAPN3 is present in
triad-enriched membrane fractions and that it is necessary
for proper recruitment of other components of the triads,
namely the glycolytic enzyme AldoA and the calcium
release channel RyR. In the absence of CAPN3, the concen-
tration of both proteins in triad fractions is reduced. In agree-
ment with these observations, a significant decrease in calcium
release upon activation was found in isolated fibers from
C3KO muscles, suggesting that CAPN3 is critically necessary
to sustain the integrity of this complex in skeletal muscle. It is
tempting to speculate that impairment of calcium transport
may be one factor contributing to the clinical phenotype of
LGMD2A. Decreased calcium release likely impairs the
force generating capacity of the muscle; indeed LGMD2A
patients are characterized by muscle weakness.

A surprising finding of this study is that in the context of the
CAPN3 relationship with triad components, CAPN3 serves a
structural role rather than a proteolytic one. We cannot
exclude the possibility that cleavage of yet another unidenti-
fied component of triad-associated protein complex by
CAPN3 may be required for AldoA and RyR association
with triads, however, there are no data in the literature that
would support this scenario. We demonstrated that CAPN3
is necessary for proper localization of a fraction of AldoA to
triads, and in the absence of CAPN3, the concentration of
AldoA at the triads is decreased. The concentration of the
RyR is also decreased in C3KO muscles, which is a result
that opposes the expected outcome if CAPN3 were acting as
a protease, controlling turnover of these proteins. Even
though it was suggested a long time ago, based on the bio-
physical properties of calpains that they may act as structural
proteins (23), to the best of our knowledge this is the first
report elucidating such a role. This situation may not be
unique, however. Intriguing observations of reciprocal second-
ary reduction were reported for CAPN3 and dysferlin, a
membrane protein, mutations in which cause LGMD type
2B (24,25). A direct interaction between CAPN3 and dysferlin
was demonstrated in co-immunoprecipitation experiments
(26). Although dysferlin was shown previously to play a role
in membrane repair (27), no such role has been found for
CAPN3. However, recent studies have also implicated dysfer-
lin in T-tubule formation during myogenesis (28). Moreover, a
fraction of dysferlin has been shown to be associated with

T-tubule-enriched fractions from adult muscle, and to
co-immunoprecipitate with DHPR (29). Thus, it is possible
that both CAPN3 and dysferlin are components of the
triad-associated complex and, based on a secondary reciprocal
reduction in LGMD2A and LGMD2B patients, these two
proteins may also relate as binding partners rather than as a
protease and a substrate. Additional support for a structural
role for CAPN3 comes from genetic and biochemical analysis
of pathogenic CAPN3 mutations. LGMD2A is characterized
by extreme genetic variability; .280 different pathogenic
mutations have been identified to date, according to the
Leiden Muscular Dystrophy database. The majority of these
mutations (�60%) are missense mutations, and they are
spread along the entire length of the gene rather than only
being concentrated in regions responsible for proteolytic
activity (1,30). Furthermore, it was shown that not all
mutations affect proteolytic activity of CAPN3 (31). The
most recent studies revealed that about one-third out of 79
tested LGMD2A biopsies showed a normal level of CAPN3
autolytic activity (2). All these data strongly support the
hypothesis that CAPN3 not only functions as an intracellular
protease, but also serves a structural role.

Since the discovery that mutations in CAPN3 cause
LGMD2A, numerous attempts have been made to uncover
molecular mechanisms of the disease, and yet these mechanisms

Figure 5. Ca2þ release is significantly reduced in C3KO muscles. Calcium
imaging using Fura 2FF/AM fluorescent dye was performed in individual
muscle fibers isolated from FDB. A total of 24 and 28 fibers were examined
for WT and C3KO, respectively: (A) A typical Ca2þ transient recording
from C3KO and WT FDB fibers. Note that the baseline Ca2þ level and
speed of Ca2þ re-uptake are similar between C3KO and WT, whereas the
amplitude of Ca2þ release is significantly reduced in the C3KO fiber; (B)
The ratio of Ca2þ-bound to Ca2þ-unbound fluorescence at the peak that fol-
lowed muscle activation, was used as a measure of Ca2þ release; (C) The
time of fluorescence decay from 90 to 10% of its peak was used to measure
Ca2þ uptake. The P-value was calculated using a two-tailed t-test.
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remain unclear. In studies from different laboratories, CAPN3
has been implicated in such diverse processes as apoptosis,
cytoskeletal and sarcomere rearrangements, myogenesis and
sarcomere formation (3,17,19,32–34). To add to this complexity
we have described a new role for CAPN3 in the protein
complex that regulates calcium release in skeletal muscle.

There are several plausible explanations for why CAPN3
might have so many different functions. CAPN3, like other
members of the calpain family, does not have a consensus
cleavage site and is able to cleave multiple substrates (35),
potentially influencing many different cellular processes. Con-
sistent with this idea it has been shown in several different
studies that many proteins are cleaved by CAPN3 in vitro or
when the proteins are co-expressed in heterologous cell cul-
tures (3,17,19,36). The problem, however, is that very few
potential substrates have been validated as bona fide in vivo
substrates, using C3KO mice or cells, which is a necessary
step to draw a conclusion about the physiological significance
of any CAPN3–substrate relationship. In the current studies,
we showed that CAPN3 can cleave AldoA upon co-expression
of these two proteins in a heterologous system but we did not
find any evidence that AldoA is a physiological substrate for
CAPN3 proteolytic activity in vivo.

Besides having multiple substrates, CAPN3 has been shown
to localize to different subcellular compartments. First,
through its association with titin, CAPN3 is anchored to the
sarcomere of mature skeletal muscle where it may regulate
myofibrillar and cytoskeletal protein turnover (37). Secondly,
in previous studies CAPN3 was detected in myonuclei by
immunostaining, although no nuclear substrates have been
identified (32). Previously, we showed that in primary myo-
tubes, CAPN3 is present at the membrane and is necessary
for regulation of the membrane-associated M-cadherin–
b-catenin complex during myogenesis (17). Here, we demon-
strate that in mature skeletal muscle, there is also a pool of
membrane-associated CAPN3, specifically in triads (Figs 2E
and 3). Thus, pools of CAPN3 are present in cytosolic,
membrane, myofibrillar and possibly, nuclear fractions of
mature skeletal muscles. It is reasonable to suggest that in
different locations CAPN3 may have different substrate/
binding partners and may serve different roles. Our finding
that triad-associated CAPN3 is necessary for proper localiz-
ation of other triad components and for normal calcium trans-
port supports the notion that CAPN3 can perform numerous
cellular roles, likely specified by its subcellular location.

Thus, it seems very possible that CAPN3 does not have a
single cellular role but rather serves numerous roles. Therefore,
a loss of WT CAPN3 protein can result in abnormalities in
different physiological processes depending on the position of
the pathogenic mutation. Based on these studies, we can
suggest that some LGMD2A mutations may disrupt interaction
of CAPN3 with triad proteins and thus affect calcium transport.

MATERIALS AND METHODS

Yeast-two-hybrid screening and protein–protein
interaction assay

To identify new binding partners for CAPN3, the CytoTrap
system (Stratagene) designed to search for protein–protein

interactions in the cytoplasm, was used according to the
manufacturer’s instructions. Full-length proteolytically inac-
tive C129S-CAPN3 was cloned in frame with human SOS
protein and used as bait. A mouse skeletal muscle cDNA
cloned into pMyr plasmid (Stratagene) was screened.

For the protein–protein interaction assay, AldoA was
expressed with a calmodulin-binding peptide tag (pCAL-c
expression vector) and purified using the Affinity Protein
Expression and Purification System (Stratagene) as was
instructed by the manufacturer. CAPN3-C129S was expressed
as a GST-fusion protein in insect cells; recombinant GST was
used as a negative control. The ELISA solid-phase assay
system was used for binding experiments as was described
previously in detail (3). Briefly, recombinant AldoA was used
to coat the wells of ELISA plate (ImunoPlates with MaxiSorp
Surface, Nunc); CAPN3-GST fusion protein or GST were
added to the wells and incubated for 4 h at 48C. After
washes, bound proteins were detected with primary anti-GST
antibody followed by secondary antibody conjugated with
alkaline phosphatase. Chromogenic alkaline phosphatase sub-
strate pNPP (KPL) was added to the wells and kinetics of
color development was measured by absorbance at 405 nm.

Protein co-expression in insect cells

To test if AldoA is a substrate for CAPN3, both proteins were
co-expressed in a baculovirus system according to the manufac-
turer’s recommendations (BD Biosciences) as was described
previously (3). Briefly, insect cells were plated at 50–70% con-
fluence and infected with AldoA alone or together with active
CAPN3 or its proteolytically inactive mutant C129S using
high titer viral stocks. After 3 days, cells were collected and
analyzed by western blot using anti-AldoA antibody to detect
degradation or anti-CAPN3 12A2 antibody to ensure CAPN3
expression.

Tissue preparation, immunohistochemistry
and western blot analyses

Tissue preparation, immunohistochemistry and western blot
analyses were performed as described previously (3). Muscle
tissues from C3KO or WT mice were used for all experiments.
The following antibodies were used in these experiments:
anti-AldoA (Chemicon), anti-CAPN3 12A2 (Novocastra),
anti-N2-line titin antibody was a generous gift from Dr
Siegfried Labeit, anti-caveolin-3 (Transduction Lab), anti-a-
actinin (Sigma), anti-RyR (Affinity Bioreagent), anti-b-CaM
kinase II (Zymed), anti-GAPDH (Chemicon), and anti-DHPR
b-subunit were obtained from Developmental Studies Hybri-
doma Bank maintained by the University of Iowa, Department
of Biological Sciences.

All experimental protocols and use of animals were con-
ducted in accordance with the National Institute of Health
Guide for Care and Use of Laboratory Animals and approved
by the UCLA Institutional Animal Care and Use Committee.

Subcellular fractionation and isolation
of triad-enriched fractions

Isolation of myofibrillar fractions was performed as described
(38). For isolation of cytosolic and membrane fractions,
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muscles were homogenized in detergent-free buffer (0.2 mM

EDTA, 0.25 M sucrose and 10 mM Tris–HCl, pH 7.8) and sub-
jected to series of centrifugations at 2000g � 8 min, 12 000g �
15 min and 130 000g � 60 min at 48C. The first two centrifuga-
tions removed myofibrils, nuclei and mitochondria. After the
last centrifugation, the supernatant contained cytosolic proteins,
while the pellet was enriched in membranes.

Isolation of triad-enriched fractions was performed based on
a previously described method of sucrose gradient centrifu-
gation (20) with some modifications (39). Briefly, diaphragm,
soleus and gastrocnemius muscles were collected from five
mice of each genotype. Muscles were pooled and homogenized
in 0.3 M sucrose, 20 mM Trizma-maleate buffer, pH 7.0, with
protease inhibitor cocktail (Sigma). Homogenates were sub-
jected to subsequent centrifugations at 2800g � 10 min,
8700g � 30 min and 78 600g � 60 min at 48C. Pellets after
the last centrifugation were homogenized in the same buffer
and were loaded on 25–50% continuous sucrose gradients for
centrifugation at 131 500g � 18 h at 48C. After centrifugation,
fractions were collected and analyzed by western blotting.

Real-time RT–PCR

Total RNA was isolated from diaphragms (three for each geno-
type) using Trizol reagent (Invitrogen) according to manufac-
turer’s protocol. Genomic DNA contamination was removed by
DNAase treatment for 30 min at 378C. To produce cDNA,
2 mg of DNA-free RNA was used for first-strand cDNA synthesis
with random hexamer primers and Superscript III reverse
transcriptase (Invitrogen). The resulting cDNAs were used
for PCR amplification of RyR cDNA fragment using the follow-
ing primers: sense 50-AGACAGAGCACACTGGTCAG-30

(nucleotide position 15129 to 15148) and antisense 50-AC
AGTCTCCAGCAGGGAAGA-30 (nucleotide position 15192
to 15211). Nucleotide positions are based on RyR1 mRNA
sequence (accession number NM_009109). Parallel reactions
were run with the same cDNA samples and GAPDH-specific
primers: sense 50-ACTCCACTCACGGCAAATTC-30 (nucleo-
tide position 193 to 212) and antisense 50-TCTCCATGGTGGT-
GAAGACA-30 (nucleotide position 344 to 363). Nucleotide
positions are based on GAPDH mRNA sequence (accession
number NM_008084). PCR amplification using these primers
resulted in the generation of single bands. All real-time reactions
were performed using IQTM SYBR Green Supermix PCR reagent
(Bio-Rad) and My IQTM Single Color Real-time PCR Detection
System (Bio-Rad). Optical System Software Version 1.0
(Bio-Rad) was used to analyze the results. Quantification utilized
standard curves made from serial dilutions of control cDNA
sample. Data from each sample were normalized by dividing
the quantity of target gene cDNA (RyR) by the quantity of
house-keeping gene cDNA (GAPDH) to correct for variability
in the individual samples.

GST pull-down assay

CAPN3 cDNA was cloned into pGEX2T vector to express
CAPN3-GST fusion protein in Escherichia coli. Cells expres-
sing CAPN3-GST or GST alone were resuspended in Bug
Buster HT Protein extraction reagent (EMD Biosciences)
containing protease inhibitor cocktail (Sigma). Lysates were

cleared by centrifugation and incubated with Glutathione
Sepharose (GE Healthcare) for 4 h at 48C with rotation.
After incubation, beads were washed extensively with PBS.
Membrane fractions were isolated from diaphragm muscles
as described in a previous section of Materials and Methods.
Pellet containing membrane-associated proteins was solu-
bilized in 0.1 M NaCl, 1% CHAPS, 20 mM Tris–HCl, pH 7.5
and protease inhibitor cocktail (Sigma), and equal amounts
of the extract were added to the CAPN3-GST or GST-carrying
beads. After overnight incubation at 48C, beads were washed
with PBS. Proteins bound to GST-containing beads or
CAPN-GST-containing beads were eluted with equal
volumes of reducing sample buffer (80 mM Tris–HCl, pH
6.8, 0.1 M DTT, 2% SDS and 10% glycerol with protease
inhibitors cocktail) and analyzed by western blotting.

Determination of Ca21 transients in single muscle fibers

Flexor digitorum brevis (FDB) fibers were enzymatically
dissociated as described previously (40). In short, FDB were
incubated for 80 min at 378C in mammalian Ringer solution
containing 2 mg/ml collagenase Type II (Worthington CLS2).
After incubation, muscles were washed with Ringer solution
and gently separated from tendons using a pipette. The disso-
ciated single muscle fibers were loaded with 4 mM ratiometric
calcium dye Fura 2FF/AM (Teflabs) for 45 min at 208C, trans-
ferred to the experimental chamber and allowed to adhere to the
glass bottom. The experimental chamber was mounted on the
stage of an inverted Olympus IX70 microscope equipped for
fluorescence. A 360/380 nm excitation wavelength pair was
used with a 510 nm emission filter (41). Fluorescence signals
were collected from an area of �20 � 20 mm using a photo-
multiplier system (IonOptix). Intact fibers were activated with
electrical field stimulation, and the change in the ratio of the
fluorescence measured at 380 and 360 nm excitation was
calculated to determine Ca2þ transients. The myosin inhibitor
N-benzyl-p-toluene sulphonamide (BTS, 10 mM) was used to
abolish force development (42) and prevent movement. The
data were analyzed using Ionwizard software (Ionoptix).
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