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A B S T R A C T   

Calpains are calcium-dependent cysteine proteases activated by intracellular Ca2+. Although calpains mainly 
exist in the cytosol, calpain-13 is present in the mitochondria in mouse brains; however, the enzymatic properties 
and physiological functions of calpain-13 remain unknown. Hence, in this study, we predicted and evaluated the 
enzymatic properties of calpain-13. Based on our bioinformatic approaches, calpain-13 possessed a catalytic triad 
and EF-hand domain, similar to calpain-1, a well-studied calpain. Therefore, we hypothesized that calpain-13 
had calpain-1-like enzymatic properties; however, calpain-13 was not proteolyzed in C57BL/6J mouse brains. 
Subsequently, cerebral ischemia/reperfusion (I/R) injury caused proteolysis of mitochondrial calpain-13. Thus, 
our study showed that mitochondrial calpain-13 was proteolyzed in the mitochondria of the I/R injured mouse 
brain. This finding could be valuable in further research elucidating the involvement of calpain-13 in cell sur-
vival or death in brain diseases, such as cerebral infarction.   

1. Introduction 

Calpains, calcium-dependent cysteine proteases, are activated by 
increased intracellular Ca2+ concentrations and are involved in various 
intracellular pathways [1–4]. Although most calpains are present in the 
cytosol, five isoforms of calpain (calpains-1, -2, -5, -10, and -13) exist in 
the mitochondria [5–9]. Recently, we reported that mitochondrial 
calpain-13 was present in the cerebral cortex and hippocampus of the 
mouse brain [9]. 

For most calpains, the binding of Ca2+ to the penta EF domain is 
essential for activation. Calpains-1 and -2 are “classical” calpains that 
are activated at micromolar and millimolar concentrations of Ca2+, 
respectively [2,4]. The activated mitochondrial calpain-1 and calpain-2 
co-operatively induce apoptosis [6], which is involved in oxytosis in 
mouse hippocampal HT22 cells [10]. Mitochondrial calpain-5 is acti-
vated during endoplasmic reticulum (ER) stress [11] and ischemia/r-
eperfusion (I/R) injury, resulting in the activation of inflammatory 
caspase-4/11 [12,13]. Calpain-10 induces mitochondrial dysfunction 
via the cleavage of ND6 and NDUFV2, two electron transport chain 
complex I subunits [7]. However, unlike other mitochondrial calpains, 

enzymatic properties and physiological functions of calpain-13 are yet 
to be elucidated. 

Cerebral I/R is a model for assessing the marked increases in intra-
cellular Ca2+ concentrations that follow cerebral ischemia. Failure to 
clear excitatory amino acids induces depolarization and Ca2+ overload 
in neuronal cells after cerebral ischemia. Glutamate receptors and ER 
stress are triggers of intracellular Ca2+ influx [14–16], which involves 
mitochondrial calpain activation [17]. 

Therefore, in this study, we aimed to clarify the enzymatic properties 
of cytosolic and mitochondrial calpain-13 in vitro. Furthermore, we 
examined the involvement of calpain-13 in I/R injury of the mouse 
brain. This study could provide novel insights into the enzymatic 
properties of calpain-13. 

2. Materials and methods 

2.1. Animals 

C57BL/6J mice (age: 8–10 weeks, body weight: 22–28 g) were used 
for preparing samples for an in vitro calcium assay and establishing an in 
vivo cerebral I/R mouse model. The animal experiments were approved 
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by the Committee for the Ethics of Animal Experimentation of Iwate 
University (approval number: A202326). 

2.2. Antibodies 

Anti-mouse calpain-13 and anti-mouse cytochrome c oxidase subunit 
4 (COX IV) antibodies were prepared by Scrum Inc. (Tokyo, Japan). The 
antigen sequences were as follows; calpain-13, Cys-FKNQDFRTLRD-OH; 
COXIV, Cys-FPTYADRRDYPLPD-OH. Commercially available antibodies 
used in this study were anti-adenylate kinase 2 (anti-AK2, sc-28766, 
Santa Cruz Biotechnology), anti-β-actin (sc-47778, Santa Cruz Biotech-
nology), horseradish peroxidase-conjugated polyclonal goat anti-rabbit 
immunoglobulins (P0448, Dako, Carpinteria, CA, USA), and horse-
radish peroxidase-conjugated polyclonal rabbit anti-mouse immuno-
globulins (P0260, Dako). 

2.3. Subcellular fractionation 

Subcellular fractionation was performed as previously described [9]. 
Mice were euthanized via cervical dislocation, and the mouse brain was 
soaked in a homogenizing buffer (20 mM Tris-HCl, 250 mM sucrose, pH 
7.4). Each tissue sample was homogenized with 20 strokes and centri-
fuged at 600×g for 10 min, and the supernatant was centrifuged at 12, 
000×g for 15 min. Subsequently, the supernatant was centrifuged at 
105,000×g for 30 min to obtain the cytosolic fractions, excluding the 
microsome fractions, and the pellet was resuspended in homogenizing 
buffer and centrifuged at 12,000×g for 15 min to obtain a pellet con-
taining mitochondria. The pellet was solubilized in TEM buffer (20 mM 
Tris-HCl, pH 7.4) containing 1 % Triton X-100, and incubated for 1 h. 
Mitochondrial fractions were obtained from the supernatant after 
centrifuging the suspension at 105,000×g for 30 min. The homogenizing 
buffer and TEM buffers used in the in vivo assay included 1 mM ethyl-
enediaminetetraacetic acid (EDTA) and 1 mM ethylene glycol tetra-
acetic acid (EGTA). All procedures of subcellular fractionation were 
performed at 4 ◦C. 

2.4. In vitro Ca2+-dependency of calpain-13 

We performed an in vitro proteolysis assay to determine the mini-
mum calcium concentrations required for the activation of cytosolic and 
mitochondrial calpain-13. Following the aforementioned subcellular 
fractionation procedure, we isolated the cytosolic and mitochondrial 
fractions. To identify the essential Ca2+ concentrations for the activation 
of cytosolic and mitochondrial calpain-13, different Ca2+ concentrations 
(final concentration range 0–1000 μM) were added to each sample of 
cytosolic and mitochondrial fractions, followed by incubation at 37 ◦C 
for 1 h. Moreover, we investigated whether the activation of calpain-13 
was inhibited by calpeptin, which was added to the two fraction samples 
at a final concentration of 10 μM, followed by preincubation at 4 ◦C 
overnight. After the incubation, Ca2+ was added to each sample at a final 
concentration of 1 mM, followed by incubation at 37 ◦C for 1 h. 

Thereafter, EDTA and EGTA were added to the samples at final con-
centrations of 1 mM each to stop the reaction, and the resulting solutions 
were then boiled at 90 ◦C for 3 min. Proteolysis of calpain-13 was 
examined using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and western blot analysis. 

2.5. In vitro time-dependency of calpain-13 

We performed a proteolysis assay by changing the reaction time to 
chronologically evaluate the calcium sensitivity of cytosolic and mito-
chondrial calpain-13. After separating cytosolic and mitochondrial 
fractions, Ca2+ at a final concentration of 1 mM was added to each 
cytosolic and mitochondrial fraction sample, followed by incubation at 
37 ◦C for 0–60 min. Additionally, calpeptin was used to inhibit calpain- 
13, and the samples were preincubated as described above. Next, Ca2+ at 
a final concentration of 1 mM was added to the sample, which was then 
incubated at 37 ◦C for 60 min. After stopping the reaction using a 
chelating agent, the mixture was boiled at 90 ◦C for 3 min. Proteolysis of 
calpain-13 was examined using SDS-PAGE and western blot analysis. 

2.6. Establishment of cerebral I/R mouse model 

Bilateral common carotid artery occlusion was performed according 
to the method described by Wahul et al. [18]. Male mice were intra-
peritoneally injected with a triple anesthetic (0.3 mg/kg medetomidine, 
Kyoritsu, Tokyo, Japan; 4 mg/kg midazolam, Sandoz, Tokyo, Japan; and 
5 mg/kg butorphanol, Meiji Seika Pharma, Tokyo, Japan). After 
ensuring that the anesthesia had set in, the neck was incised and the 
bilateral common carotid artery was exposed. The bilateral common 
carotid arteries were occluded with clips for 15 min, and reperfusion 
was conducted for 3, 6, 12, and 24 h. Then, the incisions were occluded 
using soft tissue bonding adhesive (Aron Alpha A, 34,164,100, Sankyo, 
Tokyo, Japan). After the reperfusion, the mice were euthanized by 
cervical dislocation, and their brains were sampled. Sham control mice 
were prepared by exposing the bilateral common carotid arteries. The 
evaluation of brain tissue samples was performed using SDS-PAGE and 
western blot analysis. 

2.7. Western blot analysis 

Western blot analysis was performed as previously described by 
Ozaki et al. [10]. The samples were separated via SDS-PAGE and 
transferred to Immobilon®-P PVDF membranes (IPVH00010; EMD 
Millipore, Burlington, MA, USA). The membranes were then blocked 
with blocking buffer [10 mM phosphate buffer pH 7.4, 0.14 M NaCl, 1 % 
or 5 % skim milk containing 0.05 % Tween 20 (TW-PBS)] for 1 h at room 
temperature (approximately at 25 ◦C). The membranes were first incu-
bated with primary antibodies at 4 ◦C overnight and then incubated with 
secondary antibodies at 4 ◦C overnight. The antibodies were diluted in 
blocking buffer as follows: anti-β-actin (1:2000), anti-AK2 (1:2000), 
anti-calpain-13 (1:1000), anti-COX IV (1:2000), horseradish 
peroxidase-conjugated polyclonal goat anti-rabbit immunoglobulins 
(1:10,000), and horseradish peroxidase-conjugated polyclonal rabbit 
anti-mouse immunoglobulins (1:10,000). Immunopositive signals were 
developed with ECL solutions (A solution: 100 mM Tris-HCl, pH 8.5, 0.4 
mM p-coumaric acid, and 5 mM luminol; B solution: 0.04 % H2O2 and 
100 mM Tris-HCl, pH 8.5). Images were captured using a ChemiDoc XRS 
Plus luminescent image analyzer (1708265J1PC, Bio-Rad, Hercules, CA, 
USA). 

2.8. Amino acid sequence 

The sequences of mouse calpains-1 (UniProt ID: O35350) and -13 
(UniProt ID: Q3UW68) were obtained from the UniProt Knowledgebase. 
The sequences were compared using CLUSTALW and visualized using 
ESPript 3.0 [19]. The result was modified with domain information. The 
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sequence of mouse calpain-13 was analyzed using MitoFates (https://mi 
tf.cbrc.pj.aist.go.jp/MitoFates/cgi-bin/top.cgi) [20] for prediction of 
the mitochondrial transfer sequence. 

2.9. Prediction of calpain-13 structure 

The predicted structure of mouse calpains-1 (AF-O35350-F1) and -13 
(AF-Q3UW68–F1) were obtained from AlphaFold Protein Structure 

Database [21,22]. The predictions were visualized using EzMol [23]. 

2.10. Statistical analysis 

The expression of the proteolytic form of mitochondrial calpain-13 
was quantified using image lab software 6.0 (Bio-Rad). Each value 
was corrected using the values of expression of the loading control. The 
corrected value was analyzed using Statistical Package for the Social 

Fig. 1. Comparison of amino acid sequences between mouse calpain-1 (CAPN1) and -13 (CAPN13). The domains of CAPN1 are shown under the amino acid se-
quences. White characters in the red box indicate the completely conserved residues, whereas red characters in the blue box indicate similar residues. White ar-
rowheads indicate the three conserved residues in the active site. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Science 28.0 (IBM Corp., Armonk, NY, USA). Following pre-analysis 
using the Shapiro–Wilk test for normality and Levene’s test for homo-
geneity of variance, an unpaired t-test was adapted for analyzing the 
significance between sham control and I/R groups. 

3. Results 

3.1. Alignment of calpain-1 and calpain-13 in amino acid sequences 

To predict the enzymatic properties of calpain-13, we compared the 
amino acid sequences between mouse calpains-1 and -13 (Fig. 1). Three 
residues composing the catalytic triad (cysteine, histidine, asparagine) 
were completely conserved. Though calpain-1 has a mitochondrial tar-
geting sequence in the N-terminus [24], calpain-13 lacks the sequences. 

Fig. 2. Structural analysis of the catalytic core site and EF-hand domains of mouse calpains-1 and -13. (a and b) The predicted structure of mouse calpain-1 (CAPN1) 
and -13 (CAPN13). The catalytic triad is preserved in both calpains. (c) The calpain catalytic core site of calpains-1 and -13 is in the inner region of the structure. The 
red color indicates the calpain catalytic domain. Green, cysteine (C); yellow, histidine (H); blue, asparagine (N). (d and e) The EF-hand domain is in a similar position 
in calpain-1 and -13. The red color indicates the EF-hand domain 2 from 534F to 569C (d) and domain 4 from 632I to 665S (e) in calpain-13. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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MitoFate [20] indicated that the sequence was unlikely to exist in the 
amino acid sequence of calpain-13. 

3.2. Structural prediction of calpain-13 compared with calpain-1 

In the predicted conformation of mouse calpain-13, the ordinarily 
catalytic triad was present in calpain-13 as well as mouse calpain-1 

(Fig. 2a and b, Table 1). Additionally, calpain-1 and -13 showed a cal-
pain catalytic domain, which internally contains the catalytic triad 
(Fig. 2c). In addition to the calpain catalytic domain, we compared the 
EF-hand domains, which interact with Ca2+ [25]. According to the 
UniProt online database, calpain-13 has two EF-hand domains; thus, the 
EF-hand domains 2 and 4 (Fig. 2e and d) were compared. Both domains 
of mouse calpain-13 showed two alpha-helix structures and a linker 
region, similar to that observed in mouse calpain-1. 

3.3. Ca2+-and time-dependency of cytosolic and mitochondrial calpain- 
13 

Cytosolic and mitochondrial calpain-13 were evaluated using a 
proteolysis assay followed by western blot analysis to reveal the mini-
mum Ca2+ concentrations essential for their activation. The proteolytic 
products of neither cytosolic nor mitochondrial calpain-13 were detec-
ted at 1 mM Ca2+ in vitro (Fig. 3a and b). To investigate the calcium 
sensitivity of cytosolic and mitochondrial calpain-13, we performed a 

Fig. 2. (continued). 

Table 1 
Predicted distance between each residue in the ordinarily catalytic site of 
calpain-1 and -13.   

Residue 1 Residue 2 Distance (Å) Area (Å2) 

CAPN1 272H 115C 5.21 18.335 
272H 296N 7.04 
115C 296N 8.85 

CAPN13 247H 91C 5.17 18.276 
247H 271N 7.07 
91C 271N 8.76  
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proteolytic assay followed by western blot analysis. No proteolytic 
fragments were observed with either cytosolic or mitochondrial calpain- 
13 60 min after Ca2+ addition (Fig. 3c and d). 

3.4. Activation of cytosolic and mitochondrial calpain-13 in a cerebral I/ 
R mouse model 

To reveal the enzymatic properties of cytosolic and mitochondrial 
calpain-13 in vivo, western blot analysis was performed using samples 
from a cerebral I/R injury mouse model. Cytosolic calpain-13 showed no 
activation, regardless of reperfusion time (Fig. 4a). By contrast, the 
expression of the proteolytic products of mitochondrial calpain-13 
significantly increased after 3–24 h of reperfusion (Fig. 4b and c). 

4. Discussion 

To our knowledge, this study is the first to reveal the enzymatic 
properties of calpain-13 in the mouse brain. Both cytosolic and mito-
chondrial calpain-13 were not proteolyzed at 1 mM Ca2+ in vitro; how-
ever, following cerebral I/R, mitochondrial calpain-13 produced its 
proteolytic products. These findings suggest that mitochondrial calpain- 
13 is involved in the responses associated with glutamate receptors and 
ER stress. 

The amino acid sequences indicated that calpain-13 had a calpain 

catalytic triad (Fig. 1). Additionally, the predicted structure of calpain- 
13 showed that the residues formed a triangle similar to that observed in 
calpain-1 (Fig. 2a and b, Table 1). The positions of each triangle were 
embedded in the calpain catalytic domains (Fig. 2c). Considering that 
calpain-13 contained an EF-hand structure that interacted with Ca2+

(Fig. 2d and e), the reasonable hypothesis was that calpain-13 worked as 
a Ca2+-activated protease, similar to calpain-1. 

In general, calpain-1 receives calcium signals, followed by its 
autolysis and cleavage of substrates [26]. Hence, we performed an in 
vitro assay for cytosol and mitochondria. Contrary to our prediction, 
calpain-13 showed no proteolysis/autolysis in vitro (Fig. 3). This 
discordance between the prediction and in vitro results might be 
attributed to the in vitro environment. In particular, our in vitro system 
disrupted the mitochondrial structure. The association between calpain 
activation and membrane interaction has been explored previously [27, 
28]. Given the observation of proteolysis of mitochondrial calpain-13 in 
vivo (Fig. 4b), our in vitro results suggest that mitochondrial membrane 
structure contributes to the proteolysis of calpain-13. 

The cause of cerebral ischemia is infarction due to an inadequate 
oxygen supply. Cerebral ischemia induces cytotoxicity owing to reactive 
oxygen and nitrogen species, which induces apoptosis and necrosis [29]. 
Reperfusion restores blood flow to ischemic tissues, damaging mito-
chondrial structure, enhancing cell death and tissue damage and 
involving the cytosolic and mitochondrial Ca2+ concentrations [30]. The 

Fig. 3. In vitro calcium assay of cytosolic and mitochondrial calpain-13 in the mouse brain. (a and b) In vitro assay for Ca2+ concentration-dependency for calpain-13 
in cytosol (a) and mitochondria (b). Each sample (cytosol, 20 μg/lane; mitochondria, 40 μg/lane) was incubated with 0–1000 μM Ca2+ concentrations for 60 min at 
37 ◦C. (c and d) In vitro assay for time-dependency for calpain-13 in cytosol (c) and mitochondria (d). Each sample (cytosol, 20 μg/lane; mitochondria, 40 μg/lane) 
was incubated with 1 mM Ca2+ for 0–60 min at 37 ◦C. β-Actin and Adenylate kinase 2 (AK2) were used as the cytosolic and mitochondrial loading control. M, 
molecular weight marker. “No incu.” indicates the untreated sample. 
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Ca2+ elevation induces calpain activation [31]. In this study, no prote-
olysis of cytosolic calpain-13 was detected even 24 h after reperfusion in 
vivo (Fig. 4a). However, the proteolysis of mitochondrial calpain-13 was 
confirmed within 24 h after reperfusion (Fig. 4b and c). The results 
suggest an unknown regulatory factor depending on the localization of 
calpain-13. 

The calculated molecular weight of intact calpain-13 is about 76 
kDa. We were able to detect the intact calpain-13. Meanwhile, a trun-
cated form (about 69 kDa) was consistently detected in the mitochon-
drial fraction (Figs. 3 and 4). The signal of this truncated form may be 
concealed from the cytosolic signal of calpain-13. Whether the truncated 
form of calpain-13 is a resident or activated form remains unclear. We 
previously reported that the intact and the truncated forms existed not in 
the mitochondrial soluble fraction but in the mitochondrial membrane 
fraction [9]. To examine the truncation of mitochondrial calpain-13, we 
suspected the elimination of mitochondrial transfer signals. The analysis 
using MitoFates [20] did not allow us to identify a mitochondrial 
transfer signal. However, these results did not disprove the notion that 
calpain-13 is transferred to the mitochondria followed by the cleavage of 
the signal sequence. To clarify this point, we should compare the 
structure and amino acid sequence between the two forms of calpain-13. 

The findings of this study should be interpreted taking into account 
several limitations. First, proteolytic forms of mitochondrial calpain-13 
have been identified in a cerebral I/R injury, but not in vitro, even at 1 
mM Ca2+. This might be because of the inability to completely repro-
duce in vivo conditions in an in vitro experimental system and the 
inability to completely inhibit the activation of calpain-13 at the time of 
sample collection. In particular, the presence of calpains in the mem-
brane fraction depended on some detergents [32]. In this regard, we 
should aim to clarify the factors that activate calpain-13 in addition to 
Ca2+. Second, the factor that leads to the proteolysis of calpain-13 re-
mains unclear. The autolysis of calpains-1 and -2 have unique features; 
the autolysis product of calpain-1 reflects weak and sustained activity, 
while the autolysis product of calpain-2 is inactive [33]. However, 
autolysis of the calpains is the post-activation event [26,34,35]. There-
fore, we proposed that the proteolysis product reflected calpain-13 ac-
tivity similar to the autolysis products of other calpains. Future 
experiments will focus on repurifying calpain-13 to identify its 
substrate. 

We showed that the calpain-13, which was predicted to possess 
enzymatic properties, was proteolyzed not in vitro but in the mito-
chondria of the I/R injured mouse brain. Following our previous study 
[36], we hope to use similar experimental methods to characterize the 
enzymatic properties of mitochondrial calpain-13 and elucidate its 
physiological functions in brain diseases in the future. 
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