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Because intracellular [Na�] is kept low by Na�/K�-ATPase,
Na� dependence is generally considered a property of extracel-
lular enzymes. However, we found that p94/calpain 3, a skeletal-
muscle-specificmember of theCa2�-activated intracellular “mod-
ulator proteases” that is responsible for a limb-girdle muscular
dystrophy (“calpainopathy”), underwent Na�-dependent, but not
Cs�-dependent, autolysis in the absence of Ca2�. Furthermore,
Na� andCa2� complementarily activated autolysis of p94 at phys-
iological concentrations. By blocking Na�/K�-ATPase, we con-
firmed intracellular autolysis of p94 in cultured cells. This was fur-
ther confirmed using inactive p94:C129S knock-in (p94CS-KI)
mice as negative controls. Mutagenesis studies showed that much
of thep94molecule contributed to itsNa�/Ca2�-dependent autol-
ysis, which is consistent with the scattered location of calpainopa-
thy-associated mutations, and that a conserved Ca2�-binding
sequence in theproteaseactedasaNa� sensor.Proteomicanalyses
using Cs�/Mg2� and p94CS-KImice as negative controls revealed
that Na� and Ca2� direct p94 to proteolyze different substrates.
We propose three roles for Na� dependence of p94; 1) to increase
sensitivity of p94 to changes in physiological [Ca2�], 2) to regulate
substrate specificity of p94, and 3) to regulate contribution of p94
as a structural component in muscle cells. Finally, this is the first
example of an intracellular Na�-dependent enzyme.

Na� is essential for all life. Its extracellular concentration is
relatively high (�145 mM), and a number of enzymes, such as

blood coagulation proteases, are regulated by the [Na�] (1–3).
The relative intra- and extracellular concentrations ofNa�, K�,
and Cl� constitute the basis of the membrane potential, which is
especially important for excitatory cells such asmuscle cells (4, 5).
Depolarization of the muscle cell membrane caused by the open-
ing of acetylcholine receptors results in the cell excitation-coupled
contraction. Intracellular [Na�] ([Na�]i) is maintained at rather
low levels (�15 mM). To achieve this, cells express Na�/K�-AT-
Pases on their cytoplasmic membrane and pump Na� out of the
cell in exchange for K� (6). Therefore, it has been believed that all
Na�-dependent enzymes are extracellular.

Ca2�, like Na�, is essential for life, and the calpains consti-
tute a superfamily of Ca2�-activated intracellular modulator
proteases that regulate various cellular functions, such as signal
transduction, autophagy, and apoptosis (7–10). However, the
most abundant and ubiquitous calpains (�-calpain and m-cal-
pain, the “conventional” calpains) require Ca2� concentrations
that are much higher (10 �M � 1 mM) than the physiological
intracellular [Ca2�] ([Ca2�]i, �100 nM) making them almost
inactive in the cytosol (7, 10). On the other hand, skeletal mus-
cle-specific calpain, p94/calpain 3 (11, 12), is unique in that
when generated by in vitro translation, it undergoes very rapid
(t1⁄2 � 10min) autolytic degradation even in the absence of Ca2�

(13).When expressed in cultured cells, such as COS7 cells, p94,
but not an active site-inactive mutant (p94:C129S), also autoly-
ses extensively,without stimulation, almost disappearing from the
cell (13). These findings indicate that the physiological intracellu-
lar ionic environment is sufficient for p94 to be activated, unlike
conventional calpains. It should be noted, however, that rapid
autolytic activity of p94 is suppressed in skeletal muscle cells in
vivo, probably by its binding to connectin/titin, a gigantic elastic
protein connecting the Z-band and theM-line (14, 15).
p94 and the conventional calpains are expressed in skeletal

muscle. However, the fact that p94 is a product of the gene,
CAPN3, responsible for limb-girdle muscular dystrophy type
2A (also called calpainopathy) (12, 16, 17) clearly indicates that
p94 plays roles that are distinct from those of the conventional
calpains but more critical for skeletal muscle function. One
intriguing feature of calpainopathy is that pathogenic missense
mutations have been located along the entire p94molecule (18,
19) (see supplemental Fig. S1), which makes it difficult to
explain what kind of defects in this protease lead to calpainopa-
thy.We have shown that the impairment of proteolytic activity
of p94 by gene mutations is an essential cause of calpainopathy
(20). Thus, unique autolytic activity of p94 must be related to
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FIGURE 1. Na�-dependent autolysis of p94. A, partially purified p94:N358D protein was incubated for 0 h (lanes 1 and 7) or 15 h (lanes 2– 6 and 8 –12) at 4 °C
at the indicated [NaCl] or [KCl]. B, p94:N358D (ND, upper) or the inactive p94:C129S/N358D double mutant (ND/CS, lower; negative control) was incubated at the
indicated [CaCl2] (pCa � �log[CaCl2]) at 37 °C for 30 min. C, p94:N358D was incubated at 37 °C for the indicated times with 150 mM NaCl or 10 mM CaCl2. Note
that the autolysis induced by NaCl or CaCl2 at these concentrations proceeded at similar speeds but resulted in slightly different autolytic fragment patterns.
Closed and open arrowheads indicate the full-length and autolytic fragments of p94, respectively, detected by Western blotting using an anti-pIS2 antibody.
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the pathogenic mechanisms of calpainopathy. However, the
nature of this relationship remains elusive, especially at the
molecular level.
One of the largest stumbling blocks for the analysis of p94 is

that its rapid autolysis makes biochemical experiments almost
impossible to conduct. To address the relevance of autolysis of
p94 to the pathogenesis of calpainopathy, we used an activity-
attenuated mutant, p94:N358D, in which one of the active-site
residues, Asn-358, is replaced by Asp. In contrast to wild-type
(WT)5 p94, which autolyses quickly in the absence of Ca2�,
p94:N358D expressed in Sf-9 cells can be partially purified and,
contrary to our expectation, shows aCa2�-dependent autolysis,
unlike p94:C129S (15). p94:N358D is very unstable in solutions
with high salt concentrations. Therefore, we examined the rela-
tionship between autolysis and the salt concentration. We
found that p94 is activated by Na�, making it the first example
of an intracellular Na�-dependent enzyme. This finding helps
to explain some of unique features of p94 and calpainopathy.
This report characterizes Na� dependence of p94, focusing on
the possibility that the coordinated sensitivity of p94 to Na�

and Ca2� enables its regulation to be quite sophisticated and
that it governs a multiplicity of p94 functions.

EXPERIMENTAL PROCEDURES

Experimental Animals—All procedures using experimental
animals were approved by the Experimental Animal Care and
Use Committee of Rinshoken, and the animals were treated in
accordance with the committee guidelines. C57BL/6mice were
purchased fromNihonCLEA Inc.Cre-recombinase-expressing
Tg mice were provided by The Jackson Laboratory. p94CS-KI
mice (Capn3C129S/C129S) were generated by introducing a mis-
sensemutation corresponding toC129Sby gene targeting using
129S ES cells and the Cre-loxP system so that only mouse p94-
C129S, instead ofWT p94, was expressed in these mutant mice
under the normal transcriptional regulation of Capn3, which
will be described elsewhere.6
Biochemical Experiments—Pellet (Ppt) and supernatant

(Sup) fractions from the gastrocnemius (GC) of WT and
p94CS-KI mice were prepared as described previously (21) but

without adding the calpastatin peptide. The p94-N358D and
p94-C129S/N358D proteins were partially purified as
described previously (15). Partial purification of rat wild-type
p94 was performed as follows; 150 mg of rat GC was homoge-
nized in homogenization buffer (10 mM Tris/Cl (pH 8.0), 1 mM

EDTA/KOH (pH 7.5), 1mM dithiothreitol) containing protease
inhibitors, in this case (20 �g/ml soybean trypsin inhibitor
(Sigma), 28 �M E64 (Peptide Institute Inc.), 0.5 mM 4-(2-amin-
oethyl)benzenesulfonyl fluoride (Sigma), 0.05 mg/ml calpasta-
tin (Takara), and 2mM phenylmethylsulfonyl fluoride (Sigma)).
The Sup obtained by centrifugation (12,500 � g, 15 min, twice)
was applied to a DEAE-Toyopearl (Tosoh) column (6.3ml) and
separated into 4-ml fractions eluted by 0–0.4 M CsCl in 10 mM

Tris/Cl (pH 7.5), 1 mM EDTA/KOH (pH 7.5), and 1 mM dithio-
threitol (see supplemental Fig. S2). The fractions were sub-
jected toWestern blot analysis, and the fraction containing the
most abundant p94 (�0.15 M CsCl elution) was concentrated
40-fold by ultrafiltration using a Millipore Microcon YM-10
(10-kDa cut) and used for the autolysis (incubation) assay.
The autolysis assay was performed by incubating partially

purified p94-N358D or p94-C129S/N358D protein (�10 ng/�l
for the 94-kDa band) (Fig. 1), the pellet and supernatant frac-
tions from WT and p94CS-KI mouse GC (prepared as above)
(Fig. 2A), a partially purified ratwild-type p94 fraction prepared
as above (�1 ng/�l) (Fig. 2B), or the lysates of the cells express-
ing p94 mutants (Fig. 4; see below) in 20 mM Tris/Cl (pH 7.5)
and 1mM dithiothreitol for the indicated times at the indicated
temperatures with the indicated concentrations of salts (0�300
mM NaCl, KCl, or CaCl2, or 2 mM EDTA/KOH (pH 8.0)). For
CaCl2, 2�Ca2�/EGTAbuffer (40mMPIPES/KOH(pH7.2), 4mM

MgCl2, 2mMCaCl2, and 10.0, 5.00, 2.30, 2.01, 1.95, 1.80, 1.40, and
0.00mMEGTA/KOH (pH 7.2) for pCa�∞, 7, 6, 5, 4.5, 4, 3.5, and
3, respectively; see Ref. 22) was used. The intensities of the bands
detectedbyWesternanalysisusing thep94-specific anti-pIS2anti-
body (21)werequantifiedbyPhotoshopCS2 (Adobe).The relative
activities were calculated by normalization in which the back-
ground intensity and band intensity at [NaCl] � [CaCl2] � 0
(shown in Fig. 2B, lane 1) are set to 0 and 100%, respectively. The
lysates of the cells expressing p94 mutants were prepared by
homogenizing the cells in 20 mM Tris/Cl (pH 7.5), 1 mM EDTA/
KOH (pH 8.0), and 1mM dithiothreitol (Fig. 4).
For intramolecular autolysis assay, they were incubated in the

presence of 2mMEDTA/KOH (pH 8.0), 10mMCaCl2, or 150mM

NaCl at 37 °C for40min (Figs. 4,B, rightpanel, andD).Toevaluate
“intermolecular autolytic” activity of IS1 deletion mutants, 1⁄10 of
theamountof the lysateprepared fromcells expressingp94:C129S
mutant was added before the incubation (Fig. 4A).

5 The abbreviations used are: WT, wild type; [Ca2�]i, intracellular [Ca2�]; CBS-
IIa, Ca2�-binding site in dIIa; CBS-IIb, Ca2�-binding site in dIIb; dI–VI,
domain I–VI; FXa, factor Xa; GC, gastrocnemius; IS1/2, insertion sequence
1/2; [Na�]i, intracellular [Na�]; p94CS-KI mouse, p94:C129S knock-in
mouse; Ppt, pellet; SR, sarcoplasmic reticulum; Sup, supernatant; PIPES,
1,4-piperazinediethanesulfonic acid.

6 Ojima, K., Kawabata, Y., Nakao, H., Nakao, K., Doi, N., Kitamura, F., Ono, Y., Hata, S.,
Suzuki, H., Kawahara, H., Bogomolovas, J., Witt, C., Ottenheijm, C., Labeit, S.,
Granzier, H., Toyama-Sorimachi, N., Sorimachi, M., Suzuki, K., Maeda, T., Abe, K.,
Aiba, A., and Sorimachi, H. (2010) J. Clin. Invest. 120, in press..

FIGURE 2. Na�- and Ca2�-dependent autolysis of intact p94. A, Ppt (lanes 1–16) and Sup (17–32) fractions of skeletal muscle extracts from WT and p94CS-KI
(CS) mice were incubated with 2 mM EDTA (CaCl2, �), 4 mM CaCl2 (CaCl2, �), and/or 150 mM NaCl (NaCl, �) at 37 °C for 0 (incubation, �) or 40 min (incubation,
�). Asterisks denote nonspecific signals (bands around 110 and 44 kDa were derived from SERCA and actin, respectively; the three other nonspecific signals in
the Sup were from the secondary antibody). B, partially purified WT p94 protein from rat skeletal muscle extract (see supplemental Fig. S2) was incubated with
various combinations of NaCl and CaCl2 as indicated at 37 °C for 10 min. The asterisk denotes a nonspecific signal from an antigen that was concentrated in this
partially purified fraction. C, intensities of the p94 bands (B, closed arrowhead) were quantified, and the relative activities were plotted as a function of [NaCl] at
a given [CaCl2]. The [NaCl] that gave half-maximal activity (Ka(Na�)) at [CaCl2] � 100 nM was �15 mM. D, skeletal muscle primary culture cells from WT (lanes 1–7)
or p94CS-KI (8 –10) mice were grown in differentiation medium for 6 days to form myotubes (24) and incubated without (lanes 1 and 8) or with 1 �M (lane 2), 5
�M (lane 3), or 10 �M (lanes 4 and 9) monensin or 10 �M (lane 5), 100 �M (lane 6), or 1 mM (lane 7 and 10) ouabain. Cells were harvested after 1 h. anti-pIS2 and CBB
under the panels indicate detection was by Western blot analysis using anti-pIS2 and by Coomassie Brilliant Blue staining, respectively. Closed and open
arrowheads indicate the full-length and autolytic fragments of p94, respectively, detected by an anti-pIS2 antibody.
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Spontaneous autolysis of p94 and fodrinolysis by p94 were
detected byWestern analysis of the cell lysates without incuba-
tion using an anti-pIS2 antibody (for all except for C-terminal
deletion mutants, which do not contain the antigen region), an
anti-p94-dI antibody (Abcam, ab38960; forC-terminal deletion

mutants), and an anti-Gly-Met-Met-Pro-Arg (GMMPR) anti-
serum, which was raised for this study using the penta-peptide
(NH2-GMMPR-COOH) corresponding to the N-terminal
sequence of calpain-proteolyzed fodrin as previously described
(23) (Figs. 4, B, left panels, and C).

FIGURE 3. Regions responsible for the Na� dependence of p94. A, alignment of the amino acid sequences of nine typical human calpains is shown. Parts of
the protease subdomains IIa and IIb, which include the residues responsible for Ca2� binding (indicated by #; named CBS-IIa and CBS-IIb, respectively) are
shown. The residues shown in gray on a black background were mutated in subsequent experiments. Residues conserved among more than seven sequences
are shown on a black background. Residue numbers for �CL/calpain1 are given above the sequences. Residue numbers for p94/calpain3 and calpainopathy-
related mutations (from Leiden Muscular Dystrophy pages) are shown below the alignment (see also supplemental Fig. S1). B, summary of mutants used in this
study and the dependence of their autolysis on Na� and Ca2� (see Fig. 4). For �IS mutants corresponding to splicing isoforms, �ex6, �ex15,16, and �ex6,15,16,
the dependence was evaluated by their proteolytic activity against p94:C129S (*, see Fig. 4A). The dependence of the �(IS2�dIV) mutant was determined by
comparing its level of expression and fodrinolytic activity with those of the �(IS2�dIV)/C129S double mutant (**, see Fig. 4B). Note that �IS2, but not
�(IS2�dIV), can be detected by anti-pIS2 as �IS2 retains a part of the antigen region for anti-pIS2.
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Construction of p94 Mutant Expression Vectors (Figs. 3B and
4)—IS1 and/or IS2 deletion mutants were produced using
human WT p94 cDNA, as previously described (15). Missense
mutants were produced as previously described (20). C-termi-
nal deletion mutants were produced by introducing a termina-
tion codon into Ser-581 or Val-573 using the same mutation
protocol as for the missense mutants. These cDNAs were
inserted into a pSRD vector and expressed in COS7 cells as
previously described (21).

Muscle Cell Cultures—The prep-
aration of mouse skeletal muscle
primary cell cultures, and their
transfection were carried out as
previously described (24). They
were incubated with or without
the indicated concentrations of
monensin or ouabain. The cells
were harvested after 1 h and sub-
jected to Western blot analysis
using the anti-pIS2 antibody (Fig.
2D). For real-time observation of
the p94 autolysis (supplemental
Videos S1 and S2), the full-length
human WT p94 cDNA and its pro-
tease-inactive form, p94-C129S,
were cloned into the pEGFP vector
(Clontech). Four days after switch-
ing to differentiationmedium,myo-
cytes were subjected to analysis. To
increase the [Na�]i, 1 mM ouabain
was added to the culture medium.
Images were scanned and recorded
using an LSM510 confocal micro-
scope (Zeiss) equipped with an
incubation system (37 °C, 5% CO2;
Tohkaihit Co.).
Proteomic Analysis (Figs. 5–7)—

Skeletal muscle (GC) extracts from
WT and p94CS-KI mice (two mice
for each species) were prepared by
homogenizing them in 20 mM tri-
ethylammonium bicarbonate, 1 mM

EDTA/K�, 1 mM Tris-(2-carboxyl-
ethyl) phosphine, and 1 mM phen-
ylmethylsulfonyl fluoride, as
described previously (21). The pro-
tein concentrations were deter-
mined for each sample, and equal
amounts of two WT samples were
mixed and used for further analysis.
The p94CS-KI samples were treated
similarly, so that both the WT and
p94CS-KI samples had the same
protein concentration (final 7.5
mg/ml). They were then incubated
at 37 °C for 10 min with 150 mM

NaCl or CsCl with 1 mM EDTA/
KOH (pH 8.0) or 2 mM CaCl2 or

MgCl2 with 0.15mg/ml calpastatin (to suppress the activities of
the conventional calpains; Takara). After the incubation, the
Sup and Ppt fractions were obtained by centrifugation
(20,000 � g, 30 min, 4 °C). Each fraction was then completely
digested by trypsin (37 °C, 15 h) followed by labeling with
iTRAQTM 8-plex reagent (ABI) according to the manufactur-
er’s instructions. The samples were then analyzed using two-
dimensional-liquid chromatography tandemmass spectometry
as previously described (25). Peptides and proteins were iden-

FIGURE 4. Western blot analysis of p94 mutants expressed in COS7 cells. Where indicated, the lysates of the
cells expressing p94 mutants were incubated with 2 mM EDTA (E), 10 mM CaCl2 (Ca), or 150 mM NaCl (Na) at
37 °C. Vc indicates the negative control using an empty vector. Closed and open arrowheads indicate the
full-length and autolytic fragments of the p94 mutants, respectively, detected by an anti-pIS2 or anti-p94-dI
antibody, as indicated. Note that plural autolytic sites exist in the IS1 and IS2 of p94, and the Mr of the autolytic
fragments varies depending on mutations (15). A, IS deletion mutants, �ex6 (� �IS1), �ex15, 16 (� �IS2), and
�ex6, 15, 16 (� �(IS1�IS2)), were incubated in the absence (Substrate (C129S), �) or presence (Substrate
(C129S), �) of p94:C129S as an intermolecular autolytic substrate. This is because IS1 deletion almost com-
pletely suppressed the intramolecular autolysis (lanes 7 and 8). Note that �(IS1�IS2) compromised the Na�,
but not Ca2�, dependence of the mutant (lanes 27 and 28). Gray arrowheads indicate the full-length of the
substrate p94:C129S (94 kDa). B, the spontaneous autolytic and fodrinolytic (lower panel) activities of p94
C-terminal deletion mutants, �(IS2�dIV) and �(dIII�IS2�dIV), were compared with those of p94 WT (lane 2)
and their C129S double-mutant versions (lanes 4 and 6). Qualitative evaluations of autolysis and fodrinolysis are
indicated by � and �. Although �(dIII�IS2�dIV) showed neither spontaneous autolysis nor fodrinolysis, it
showed Ca2�- but not Na�-dependent autolysis (lanes 8 and 9), which was also blocked by EDTA (lane 7) as in
the case of �(IS1�IS2) (A, lanes 25–28)) (28). C, involvement of CBS-IIa in activation of p94 by Na� and Ca2� was
examined using a series of p94 mutants as in B. None of the single mutants in CBS-IIa or -IIb (lanes 3– 6) showed
substantially compromised activities of spontaneous autolysis and fodrinolysis, strongly suggesting that they
retained both their Na� and Ca2� dependence, which could not be examined further by incubation due to the
low signal level as in the case of WT. In contrast, the double mutant in CBS-IIa, D120A/E199A (lane 7), lost both
the activities, but that in CBS-IIb (E364A/D371A, lane 8) did not. D, shown is Ca2� and Na� dependence of the
autolysis in D120A/E199A and E364A/D371A compared with that of p94:C129S and p94:N358D. Again, D120A/
E199A completely lost both its Ca2� and Na� dependence (lanes 13 and 4), but E364A/D371A retained them
though very weak (lanes 17 and 18).
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tified by ProteinPilotTM Version 3 using a confidence value of
0.7 (80%). Ratios were calculated from quantified iTRAQTM

signals: RWT-Na � iTRAQTM113/iTRAQTM118, RCS-Na � 119/
121, RWT-Ca � 114/115, RCS-Ca � 116/117, RNa � RWT-Na/
RCS-Na � 113/118/(119/121), RCa �RWT-Ca/RCS-Ca � 114/115/
(116/117), RCs � 118/121. Candidates for substrates were
selected as those showing a significant decrease (RWT-Na � 0.8,
RWT-Ca � 0.8) after incubation with NaCl or CaCl2 compared
with the negative control (CsCl or MgCl2, respectively) only
for WT but not for p94CS-KI (RCS-Na � 0.8, RCS-Ca � 0.8, or
RWT-Na/RCS-Na � 0.7, RWT-Ca/RCS-Ca � 0.7). (see Fig. 5A). The
activation and autolysis of p94 was confirmed byWestern anal-
ysis of each fraction (before separation by centrifugation) using
the anti-pIS2 antibody and Super Signal West Dura detection
(Thermo) (Fig. 5B). The rationale for selecting candidates for in
vitro and in vivo substrates is shown schematically in Fig. 5C.

RESULTS

An Activity-attenuated Mutant of Skeletal Muscle-specific
Calpain, p94/Calpain 3, ShowedNa�-dependent Autolysis—In
contrast to conventional calpains, whose autolysis is sup-
pressed by high salt concentrations (26), autolysis of p94:
N358D was NaCl-dependent (Fig. 1A). Surprisingly, KCl did
not cause significant autolysis (Fig. 1A), indicating that the p94
autolysis was specifically dependent on Na� and was not a gen-
eral response to high salt concentrations. This explains the pre-
vious in vitro translation results showing that WT p94 under-
goes autolysis in the absence of Ca2� and the presence of NaCl
(13). As described above, p94:N358D also shows Ca2�-depen-
dent autolysis (Fig. 1B) (15). Ten millimolar CaCl2 and 150 mM

NaCl were similarly effective (Fig. 1C). Notably, the autolysis
patterns of p94 were different when induced by Ca2� or Na�,
suggesting that p94:N358D assumed distinct conformations
when activated by the two ions. The [Na�] and [Ca2�] required
for autolytic activitywere�100mMand100�M, respectively, in
the absence of other ions (Fig. 1, A and B).
Native WT p94 Also Showed Na�-dependent Autolysis—We

next examined whether nativeWT p94 showed the same activ-
ity profile. As a control, we used p94:C129S “knock-in” (p94CS-
KI) mice, which have a missense mutation corresponding to
C129S inCapn3 exon 3 and express a protease activity-null p94
mutant p94:C129S in place of WT p94.6 Total lysates of the
skeletalmuscles fromWTandp94CS-KImicewere prepared in
the absence of Ca2� and Na� and separated to Sup and Ppt
fractions by centrifugation. Comparable levels of the 94-kDa

pre-autolytic bandwere detected in both preparations and both
fractions (Fig. 2A, lanes 1, 2, 17, and 18). When incubated with
Ca2� or Na�, the p94 expressed in WT muscle, but not the
p94:C129S expressed in p94CS-KI muscle, autolyzed (lanes
3–8 and 19–24). When the incubations were carried out with
both ions at varying concentrations using WT p94 partially
purified from rat GC (supplemental Fig. S2), the ion effects
were additive; that is, the [Na�] required for half-maximal
autolytic activity was 15mM at [Ca2�]� 100 nM, indicating that
physiological cytosolic concentrations of Na� and Ca2� can
activate WT p94 (Fig. 2, B and C).
As a more physiological condition, primary cultures of skel-

etal muscle cells from WT and p94CS-KI mice were treated
with monensin or ouabain. Monensin is an ionophore specific
for monovalent metal ions (Na� �� K� � Rb�) (27), and oua-
bain is a specific inhibitor of the Na�/K�-ATPase (16). Thus,
both drugs increase [Na�]i, but by different mechanisms.
Whenmyocyteswere incubatedwith either drug, p94was auto-
lyzed in the WT cells but not in the p94CS-KI cells (Fig. 2D).
This indicated that p94 is activated by a small increase in [Na�]i
under nearly physiological conditions. The increase in [Na�]i
also caused increased [Ca2�]i, and it is also possible that the
combined increase of [Na�]i and [Ca2�]i caused the autolysis of
WT p94.
To investigate this phenomenon in real time, green fluores-

cent protein-fusedWT p94 or p94:C129S was expressed in dif-
ferentiated myocytes (myotubes) fromWT or p94CS-KI mice,
respectively, and time-lapse imaging was performed. The exog-
enous green fluorescent protein-p94s (both WT and p94:
C129S) were predominantly observed at theM-line (24).When
ouabain was added to the medium, the green fluorescent pro-
tein signals of p94WT, but not those of p94:C129S, disappeared
within 30 min, indicating the rapid autolysis of p94 in the
cell was stimulated by the increase in [Na�]i (see the
supplemental videos and Fig. S5, A and B).
One of the Ca2�-binding Sites in the p94 Protease Domain Is

Required for Na�-binding—To determine the region of p94
responsible for its Na�-dependent activation, we constructed
various mutants (Fig. 3) and examined their Na�-dependent
activities. The domain structure of p94 is typical of the conven-
tional calpains (domains I to IV; dI�dIV, see Fig. 3B and
supplemental Fig. S1), and the sequences of its Ca2�-binding
sites are well conserved (Fig. 3A). In addition, alternatively
spliced exon 6 and exons 15–16, respectively, encode two inser-

FIGURE 5. Scheme for the differential proteome analysis to determine p94 substrates specific for the activating ions. A, total extracts from the GC
muscles of WT and p94CS-KI mice were incubated in the presence of NaCl or CsCl and EDTA or of CaCl2 or MgCl2 and calpastatin. The samples were spun to
obtain the Sup and Ppt fractions, digested by trypsin, and labeled with iTRAQTM 8-plex reagent. The labeled samples were mixed and analyzed by two-
dimensional/tandem mass spectometry, and peptides/proteins were identified by ProteinPilotTM. Candidates for substrates were selected as those showing a
significant decrease after incubation with NaCl or CaCl2 compared with the negative control (CsCl or MgCl2, respectively) only for WT but not for p94CS-KI, as
indicated in the equations. B, shown is a Western blot analysis of the above samples using anti-pIS2. The above samples (total extracts before centrifugation)
before (lanes 1– 4) or after (lanes 5–12) incubation with CsCl (lanes 5 and 7), NaCl (lanes 6 and 8), MgCl2 (lanes 9 and 11), or CaCl2 (lanes 10 and 12) were examined
by Western blot analysis using the anti-IS2 antibody. The upper and middle panels show 30-s and 3-min exposures. Asterisks denote nonspecific signals. The
lowest panel, the 210-kDa myosin heavy chain stained by Coomassie Brilliant Blue (BBC), shows that each sample had a different protein concentration before
the incubation (the second WT sample was especially skewed). The amounts of p94 in the WT and p94CS-KI mouse muscle were roughly equal (see Fig. 2A).
C, theoretical signal patterns for p94 substrates that were recognized in a Na�-specific (1), Ca2�-specific (2), or Na�/Ca2� (3) manner (for a list of substrates, see
Fig. 6 as indicated). If substrates were constitutively proteolyzed in vivo, their amounts should be lower in WT than in p94CS-KI muscle without in vitro p94
activation. Therefore, they should be lower in WT-CsCl than in p94CS-KI-CsCl (4�6). For candidate in vivo substrates, those identified by only a single kind of
peptide were eliminated to avoid false positives (for a list, see Fig. 7). The numbers in the right-hand column indicate the number of proteins in each fraction (Sup
or Ppt) that showed the corresponding patterns.
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tion sequences in p94, IS1 and IS2,
that are responsible for rapid autol-
ysis of p94 (11, 13, 28, 29).
We first examined the autolysis of

a mutant p94 lacking the IS1 and/or
IS2 regions. Because the deletion of
IS1 eliminates the major autolytic
sites, p94:C129S was used as an
alternative intermolecular autolytic
substrate for the assay. In cultured
cells, not only p94 itself, but also co-
expressed p94:C129S is “intermo-
lecularly autolyzed” byWT p94 (15,
30). �IS2 but not �IS1 showed
a moderate reduction in Na�

dependence, and the Na�-de-
pendent autolysis of �(IS1�IS2)
was almost completely suppressed
(Fig. 4A, lanes 12, 20, and 28). On
the other hand, the expression of
a C-terminal deletion mutant,
�(IS2�dIV), showed spontaneous
autolysis and fodrinolysis, similar to
WT (Fig. 4B, lanes 2 and 3), i.e. at
physiological [Na�]i � [Ca2�]i.
Fodrin is one of in vivo substrates of
conventional calpains and is also a
good substrate for p94, and thus, the
endogenous fodrin is proteolyzed at
a specific position when p94 is
expressed in cultured cells (20, 23).
However, �(dIII�IS2�dIV), which
is 8 amino acids shorter than
�(IS2�dIV), lost both its autolytic
and fodrinolytic functions (Fig. 4B,
lanes 5 and 6). Incubation of
�(dIII�IS2�dIV) with Ca2�, but
not Na�, caused autolysis (Fig. 4B,
lanes 7–9). These results indicated
that dIV is dispensable for the Na�

binding of p94, and IS1, IS2, and dIII
are involved in Na� binding, with
IS2 playing the most essential role.
Next, we replaced several well

conserved Ca2� binding residues
with Ala (Fig. 3). Surprisingly, none
of the single mutations (D120A or
E199A, which correspond to the
Ca2�-binding site in dIIa (CBS-IIa)
or E364A or D371A in dIIb (CBS-
IIb)) substantially compromised
the spontaneous autolysis or
fodrinolysis of p94 (Fig. 4C and
supplemental Fig. S3). However,
the double mutation D120A/
E199A (in CBS-IIa) was insensitive
to both Na� and Ca2�, and E364A/
D371A (in CBS-IIb) showed weak
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Na�- and Ca2�-dependent activity (Fig. 4D and supple-
mental S3). These results (summarized in Fig. 3B) strongly sug-
gest that CBS-IIa is important for the p94 activity and that Na�

and Ca2� both act at CBS-IIa.
We also tested 37 missense p94 mutants (including the ones

described above), 3 of which corresponded to calpainopathy
causative mutations. None showed Na�-dependent, Ca2�-in-
sensitive autolysis (supplemental Fig. S4). This strongly sug-
gests that the effect of Na� is transduced via one of the Ca2�-
binding sites. Altogether, our data indicated that IS1, IS2, and
dIII contribute to the CBS-IIa-mediated Na�-dependence of
p94 (supplemental Fig. S3). The involvement of other Ca2�-
binding sites, however, cannot be completely eliminated. In any
case, our findings suggest that the Na� dependence of p94 is
achieved by the insertion of IS1 and IS2 in the p94 molecule,
which may change the relative conformations of dII, dIII, and
dIV.
Na� and Ca2� Give p94 Differential Substrate Specificities,

at Least in Vitro—Finally, to shed light on the physiological
meaning of Na� dependence of p94, we screened for p94 sub-
strates by differential proteomic analysis using iTRAQTM.
Extracts from WT and p94CS-KI skeletal muscles were incu-
bated with NaCl, CsCl, CaCl2, orMgCl2, and 996 proteins were
identified and quantified (Fig. 5A). Under the conditions used,
Na� andCa2� caused complete p94 autolysis, whereas Cs� and
Mg2� resulted in no and weak autolysis, respectively (Fig. 5B).
Among the proteins identified, candidates for substrates were
selected as those showing a significant decrease (��0.8) after
incubation with NaCl or CaCl2 compared with their negative
control (CsCl or MgCl2, respectively) in WT extract but not in
p94CS-KI extract (Fig. 5C, 1–3). Relatively few (11�29) pro-
teins were identified for each ion and fraction. Strikingly, there
was almost no overlap between the candidate substrates iden-
tified by incubation with Na� versus Ca2� (Fig. 6, A and B).
Although these proteins may not have in vivo relevance, our
data show that p94 has different substrate specificities in vitro
depending on whether it is activated by Na� or Ca2� and on
how these ions affect the substrates themselves.
Possible in Vivo Substrates for p94 Activated by Na� and/or

Ca2�—It is reasonable to think that the normal in vivo sub-
strates for p94, if any, might be less abundant in muscle cells
expressing WT p94 than in those expressing p94:C129S. To
look for candidate in vivo substrates, we compared the levels of
proteins present in the negative controls (WT/CS in CsCl incu-
bation) to find those that were significantly reduced in muscle
from WT mice compared with p94CS-KI mice (WT/CS-
CsCl � 0.8 and NaCl/CsCl-WT � 0.8 for candidates for Na�;
WT/CS-CsCl � 0.8 and CaCl2/MgCl2-WT � 0.8 for candi-
dates for Ca2�, Fig. 5C, 4–6). This analysis yielded three can-
didate in vivo substrates for Na�-activated p94, three for Ca2�-
activated p94, and one for p94 activated by either ion (Fig. 7).
Notably, these candidates included several myofibrillar pro-

teins, such as tropomyosin, troponins T and I, and �-actinin-3,
suggesting roles for p94 in modulating the amounts of these
proteins and, hence, in myofibril quality control. It is also note-
worthy that calsequestrin-1, a Ca2�-binding/storing protein in
the SR, is a candidate substrate for p94 activated by either ion.
That calsequestrin probably has different conformations in the
absence and presence of Ca2� suggests p94 recognizes different
substrates depending onwhether it is activated byNa� orCa2�.
On the other hand, it is possible that tropomyosin and tro-
ponins, also Ca2�-binding proteins, show different proteolytic
patterns because they change their conformation depending on
the presence or absence of Ca2� rather than on a difference in
substrate recognition of p94.

DISCUSSION

Because conventional �- and m-calpains require �50 �M

and 1 mM Ca2�, respectively, for their activity (7, 10), they can
rarely be fully active in the cytosol, whichmay be a safetymech-
anism to prevent their overactivation. Although it is unclear
which is thecauseandwhichtheresult, thephysiological [Na�]i-
dependent lowCa2� requirement of p94 is a property that facil-
itates its responsiveness to physiological [Ca2�]i changes in
skeletal muscle. The rapid autolytic degradation of p94 (31), on
the other hand, probably serves as a blockade against its over-
activation. It is also possible that, at other times, a suppressor(s)
of p94, which includes the connectin/titin N2A region (21, 32),
attenuates p94 activity, enabling it to function immediately by
changing its conformation in response to alterations in [Na�]i
and/or [Ca2�]i without autolysis or the proteolysis of
substrates.
In this respect, it is noteworthy that p94 is present in the

SR (33). Although not generally high in the cell, the [Na�]i
increases transiently immediately beneath the sarcolemma,
during the depolarizing end-plate potential caused by the
neuromuscular transmitter acetylcholine. This depolariza-
tion leads to increased [Ca2�]i as Ca2� is released from the

FIGURE 6. Summary of proteins that showed a Na�- and/or Ca2�-dependent decrease in WT, but not p94CS-KI, mouse skeletal-muscle fractions.
A, Na�-dependent substrate candidates corresponding to those shown in Fig. 5C, 1 or 3. The lists were sorted by RWT-Na (the ratio of protein in NaCl to that in
CsCl for WT mice corresponding to iTRAQTM signals at 113 and 118 for WT (see Fig. 5A). WT/CS is the ratio of the values obtained for WT and CS by each
normalization (RWT-Na/RCS-Na and RWT-Ca/RCS-Ca, respectively). B, Ca2�-dependent substrate candidates corresponding to those shown in Fig. 5C, 2 or 3. Lists
were sorted by RWT-Ca. Red, orange, sky blue, or dark blue backgrounds indicate that the values were less than 1/1.5 (0.67) or 1/1.25 (0.8) or more than 1.25 or 1.5,
respectively. No. pep. indicates the number of kinds of peptides used to identify the corresponding protein.

FIGURE 7. Potential in vivo substrates for p94 differentially activated by
Na� and Ca2�. Candidate in vivo substrates are selected from Fig. 6. The
rationale for selecting candidates is shown schematically in Fig. 5C, 4 – 6. Black
and gray backgrounds indicate values �1/1.5 (0.67) and �1/1.25 (0.8), respec-
tively. No. pep. indicates the number of kinds of peptides used to identify the
corresponding protein.
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SR into the cytosol, but the excitation-coupled contraction is
not accompanied by the influx of Ca2� from outside the cells
in most skeletal muscles (34). Instead, the sarcolemmal
depolarization causes conformational changes in the skeletal
muscle-specific dihydropyridine receptor at the T-tubule
membrane, which interacts directly with the ryanodine
receptor (RyR) at the SRmembrane to elicit Ca2� efflux from
the SR (35, 36). However, it is largely unknown how depolar-
ization causes the dihydropyridine receptor to change its
conformation, and it is tempting to speculate that p94 at the SR
membrane could contribute by sensing fluctuations in the local
[Na�]i and/or [Ca2�]i. Indeed, p94 is predominantly expressed
in skeletal, and not heart, muscle (11), and p94-KO mice have
an impaired Ca2� efflux from intracellular stores, but the influx
of extracellular Ca2� is not impaired (33).

Several proteases involved in blood coagulation have Na�-
dependent activity (1, 2). In particular, factor Xa (FXa) has one
Ca2�- and one Na�-binding site (see Fig. 8). These sites are
allosterically linked and have additive effects, although the con-
centrations required for activity of FXa are much higher than
that of p94 because FXa is equipped to respond to extracellular
conditions (apparent dissociation constant for [Na�] of FXa is

116 mM when [Ca2�] is 2.5 mM)
(37). FXa is a serine protease whose
primary structure has no similarity
to that of the calpain protease
domain (3, 38). Nevertheless, the
loops responsible for the Ca2�/Na�

binding are similarly positioned rel-
ative to the active-site cleft in these
two proteins (Fig. 8), which may be
informative about their evolution.
Because the metal ion radii of

Ca2� and Na� are almost identical,
a slight modification might enable a
Ca2�-binding site to bind Na�.
Indeed, Bonagura et al. (39, 40)
reported that artificial mutagenesis
of plural amino acid residues of
cytochrome c peroxidase (CCP)
makes CCP K�-, Na�-, or Ca2�-de-
pendent. Our mutagenesis study
(see Fig. 3) also strongly suggested
that p94 CBS-IIa acquired its Na�-
sensing ability by undergoing con-
formational changes induced not
only by IS1 and residues in the vicin-
ity of CBS-IIa but also by IS2 and
dIII. This suggests that a large por-
tion of the p94 molecule is involved
in making p94 Na�-dependent.
Therefore, various mutations along
the entire p94 molecule can poten-
tially destroy proper activity of p94,
leading to calpainopathy. This may
explain why calpainopathy patients
have missense mutations scattered
along the entire p94molecule rather

than clustered in the protease domain (18, 19) (see
supplemental Fig. S1).
The evolutional process that led to acquisition of Na� bind-

ing ability of p94 is unknown but interesting to contemplate.
Obviously, the insertion of IS1 and IS2 by the addition of exons
6, 15, and 16 represents one or more important events. All ver-
tebrates, but no other living organisms so far examined, have
highly conserved CAPN3 genes (supplemental Fig. S1
and Table S1). The deduced amino acid sequence identity
between the p94 paralogues of the most distant vertebrates,
humans, and puffer fish, is 61.6% (supplemental Table S2),
which is comparable with the interspecies identities of the rep-
resentative intracellular proteases cathepsin L (56.4%), caspase
3 (64.4%), and proteasome subunit�5 (71.0%) (41). This level of
sequence identity implies that p94 is indispensable in the skel-
etal muscles of all vertebrates. Strikingly, the N-terminal half of
the IS2 region, one of the characteristic p94 protein domains, is
highly conserved in all vertebrates (supplemental Fig. S1), and
three human calpainopathy-causative mutations (S606L,
R608K, and A609E) are found as a cluster in this region.
The protease domain (subdomains IIa�IIb) and domain III

are also highly conserved across vertebrate species, but subdo-

FIGURE 8. Three-dimensional structures of factor Xa and the �-calpain/calpain 1 protease domain. Cross-
eye stereo views were drawn by FiatLux MolFeat Version 4.5 using Protein Data Bank codes 2VVU for factor Xa
(A) and 1KXR for Ca2�-bound �-calpain (B). The active-site residues are indicated by the ball-and-stick drawings
in the orange circles. The blue and yellow balls represent Ca2� and Na�. The Ca2� binding residues of the
�-calpain protease domain and those corresponding to the ones used for the mutagenesis study (see Fig. 3)
are indicated by blue and pink ball-and-stick drawings, respectively. The position of the IS1 insertion in p94 is
indicated by the blue arrow.
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main IIb is slightly less conserved than the two others. In par-
ticular, IIa and IIb differ most in their Ca2�-binding sites; i.e.
five of eight residues constituting CBS-IIa are conserved in all
sequences, whereas two of seven are conserved in CBS-IIb
(supplemental Fig. S1). The importance of CBS-IIa is also sup-
ported by the fact thatThr-192 andLys-193 adjacent toCBS-IIa
are conserved in all p94s but not in any other vertebrate calpain
(supplemental Fig. S1) (42). Accordingly, calpainopathy-asso-
ciated mutations have been identified in four of the CBS-IIa
residues and Thr-192 (D120N, S194C, E199Q, W201R, and
T192I), but none has been found in the CBS-IIb residues
(supplemental Fig. S1).
Altogether, these findings support the importance of IS2,

CBS-IIa, and domain III for p94 function. On the other hand,
the IS1 sequences are rather divergent. Considering our finding
that p94:�IS1 had almost no effect on the Na�/Ca2� depen-
dence (see Figs. 3B and 4A) except for a loss of intramolecular
autolysis, IS1 probably provides the intramolecular proteolytic
sites that allow rapid autodegradation. In this sense, the amino
acid sequence itself may not be so important, and any unstruc-
tured oligopeptide may function as the IS1. Then, why did
vertebrates need an additional unique calpain, p94? Generally,
vertebrates are terrestrial and larger than invertebrates, and
thus, their skeletal muscles carry much higher loads/stress. It is
possible that p94 is involved in the stress response of vertebrate
skeletal muscles, e.g. by regulating stress-responsive proteins
such as heat-shock proteins.
In light of our results, we propose three functional roles for

Na� dependence of p94; 1) the Na� dependence could make
p94 more responsive than conventional calpains to physio-
logical changes in [Ca2�], 2) substrate specificity of p94
could be finely regulated by the balance between [Na�] and
[Ca2�], and 3) a conformational change in p94 upon its bind-
ing to Na�/Ca2� could be propagated through its interaction
with structural components. Our findings are important for
understanding how pathogenic/dystrophic situations are
normally circumvented in skeletal muscle, and they may
contribute to the development of novel therapeutic and
diagnostic strategies for muscular dystrophies. At a mini-
mum, our finding also provides the useful information that
patient muscle samples should be analyzed in Na�-free buff-
ers when a diagnosis of calpainopathy is suspected. Other-
wise, p94 is rapidly degraded, which can result in a misdiag-
nosis. On the other hand, comparison of incubations of
skeletal muscle extracts from patients in buffers with and
without NaCl will provide us with simple and accurate detec-
tion of p94 activity, i.e. diagnosis of calpainopathy, which has
been already suggested previously (43). Our results also
reveal a new essential function of Na� in the cytosol and
raise the possibility that Na� is involved in regulating other
cytosolic Ca2�-dependent enzymes.
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