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Abstract
Mitochondria play a principal role in metabolism, and mitochondrial respiration is 
an important process for producing adenosine triphosphate. Recently, we showed the 
possibility that the muscle-specific protein myoglobin (Mb) interacts with mitochon-
drial complex IV to augment the respiration capacity in skeletal muscles. However, 
the precise mechanism for the Mb-mediated upregulation remains under debate. The 
aim of this study was to ascertain whether Mb is truly integrated into the mitochon-
dria of skeletal muscle and to investigate the submitochondrial localization. Isolated 
mitochondria from rat gastrocnemius muscle were subjected to different proteinase K 
(PK) concentrations to digest proteins interacting with the outer membrane. Western 
blotting analysis revealed that the PK digested translocase of outer mitochondrial 
membrane 20 (Tom20), and the immunoreactivity of Tom20 decreased with the 
amount of PK used. However, the immunoreactivity of Mb with PK treatment was 
better preserved, indicating that Mb is integrated into the mitochondria of skeletal 
muscle. The mitochondrial protease protection assay experiments suggested that Mb 
localizes within the mitochondria in the inner membrane from the intermembrane 
space side. These results strongly suggest that Mb inside muscle mitochondria could 
be implicated in the regulation of mitochondrial respiration via complex IV.

K E Y W O R D S

myoglobin, proteinase K, skeletal muscle, submitochondrial localization

1  |   INTRODUCTION

Mitochondria are essential organelles for cellular energy 
metabolism, and their respiration is an important process 

that requires oxygen (O2) to convert the energy stored in 
macronutrients into adenosine triphosphate (ATP). The 
molecular machinery required for mitochondrial respi-
ration is the electron transport chain (ETC), which is an 
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assembly of electron donors and acceptors (Yu et al., 2013). 
The ETC mainly consists of four complexes, complex I, II, 
III, and IV, which are embedded in the inner mitochon-
drial membrane (IMM). O2 serves as a substrate for com-
plex IV, the terminal oxidase of the ETC, during oxidative 
phosphorylation.

Myoglobin (Mb), a member of the globin superfamily, 
is mainly expressed in oxidative skeletal muscle myofibers 
and cardiomyocytes (Kanatous & Mammen, 2010; Ordway 
& Garry, 2004). Since Kendrew et al. (1958, 1960) deter-
mined the three-dimensional structure of Mb, many studies 
have been focused on its roles in O2 storage, buffering in-
tracellular O2 concentrations, and facilitation of O2 diffusion 
(Ordway & Garry, 2004). Mb is treated as cytoplasmic pro-
tein in reviews of Mb biochemistry (Kanatous & Mammen, 
2010; Ordway & Garry, 2004; Postnikova & Shekhovtsova, 
2018). However, several previous studies have suggested that 
Mb is not only localized in the cytosol but is also closely 
associated with mitochondria. Taylor et al. (2003) reported 
in a human heart mitochondrial proteome study that Mb was 
identified in isolated mitochondria, and Mb was released by 
washing mitochondria with 150 mM KCl, suggesting that Mb 
is located on the surface of the outer mitochondrial mem-
brane (OMM). Subsequently, two studies revealed that Mb 
interacts with the OMM during heme uptake by apomyoglo-
bin and its deoxygenation (Postnikova et al., 2009; Vernier 
et al., 2007). Interestingly, in skeletal muscle, we have also 
shown that Mb is co-localized in mitochondria using western 
blotting, immunohistochemistry, and electron microscopy 
(Yamada et al., 2013). In addition, a co-immunoprecipitation 
(Co-IP) analysis revealed that a portion of the Mb present in 
muscle binds cytochrome c oxidase subunit IV (COX-IV), a 
component of mitochondrial complex IV at the IMM. These 
findings suggest that Mb would be integrated into the mi-
tochondria and would interact with complex IV in muscle 
cells. Furthermore, we found that overexpression of Mb in 
cultured rodent muscle cells improved mitochondrial respira-
tion through up-regulation of complex IV activity, suggesting 
that Mb inside mitochondria might directly regulate respira-
tion by interacting with complex IV and augmenting its activ-
ity (Yamada et al., 2016). However, questions remain about 
the precise mitochondrial localization of Mb. Differential 
centrifugation alone cannot remove proteins anchored in the 
OMM (Yamada et al., 2013), and previous studies cannot 
confidently exclude possible Mb interactions at the OMM 
(Postnikova et al., 2009; Taylor et al., 2003; Vernier et al., 
2007), which would alter the interpretation of Co-IP results 
indicating Mb binding to COX-IV. Even if Mb is integrated 
into mitochondria, the submitochondrial localization remains 
unclear. However, the observation that Mb interacts with the 
IMM protein COX-IV (Yamada et al., 2013) suggests local-
ization either in the intermembrane space (IMS) side or the 
matrix side of the IMM. More detailed knowledge of the 

submitochondrial localization is needed to clarify the precise 
mechanism underlying the role of Mb in the regulation of mi-
tochondrial respiration. Therefore, this study aimed to inves-
tigate whether Mb is truly integrated into the mitochondria of 
skeletal muscle and its submitochondrial localization.

2  |   MATERIALS AND METHODS

2.1  |  Ethical approval

All experimental procedures were conducted under the 
Guide for the Care and Use of Laboratory Animals of the 
Physiological Society of Japan. This study was also approved 
by the Ethics Committee on Animal Experimentation of 
Kanazawa University (Protocol #: AP-10187).

2.2  |  Animals

Adult male Wistar rats (282–375 g) were obtained from Japan 
SLC Corporation. Experimental animals were housed in an 
air-conditioned room under laboratory environmental condi-
tions (12:12 light/dark cycle; room temperature, 23 ± 2°C; 
humidity, 55 ± 5%). A standard diet (MF; Oriental Yeast) 
and water were provided ad libitum.

2.3  |  Sampling

Animals were anesthetized with medetomidine (0.3  mg/
kg-BW i.p.; Nippon Zenyaku Kogyo Co., Ltd.), midazolam 
(4 mg/kg-BW i.p.; Maruishi Pharmaceutical Co., Ltd.), and 
butorphanol (5  mg/kg-BW i.p.; Meiji Seika Pharma Co., 
Ltd.). The gastrocnemius muscles of both hindlimbs were 
removed and washed in ice-cold saline. After removing the 
connective tissue, fat, and nerve, the muscles were weighed, 
clamp-frozen in liquid nitrogen, and then stored at −80°C 
until subsequent analyses.

2.4  |  Preparation of mitochondria

Crude mitochondria were isolated from a deep portion 
of the gastrocnemius muscle according to the modified 
method of Hashimoto et al. (2006) and van Vlies et al. 
(2007). Briefly, the tissue was homogenized in 19 volumes 
of ice-cold Solution A (250  mM sucrose, 5  mM NaN3, 
2  mM EGTA, 20  mM HEPES-Na, pH 7.4) with thirty 
strokes of a Teflon pestle in a Potter-Elvehjem glass tis-
sue homogenizer at 1,000 rpm. The homogenate was cen-
trifuged at 600 g for 10 min at 4°C to remove nuclei and 
debris. The supernatant was further centrifuged at 16,000 g 
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for 30 min at 4°C, and the pellet was collected as the crude 
mitochondrial fraction. The crude mitochondrial pellet 
was washed twice in Solution A and then re-suspended in 
Solution A. The protein concentration of the re-suspension 
was determined by the method of Bradford (1976), using a 
protein assay kit (Bio-Rad Laboratories). The crude mito-
chondrial re-suspension was adjusted to a final concentra-
tion of 2 mg mitochondrial protein/ml with Solution A and 
then used for the following assays (Figure 1a).

2.5  |  Treatment with different 
concentrations of proteinase K

Treatment with different concentrations of proteinase K was 
performed according to the modified method of Tammineni 
et al. (2013). The crude mitochondrial suspension was di-
vided into six equal aliquots of 200 µl and were centrifuged 
at 16,000 g for 30 min at 4°C. Since few studies have exam-
ined the appropriate PK concentration in detail for skeletal 
muscle mitochondria, we have set the PK concentration to 
0–80 μg/ml based on the previous studies on other cell types 
(Izumikawa et al., 2017; Tammineni et al., 2013). The pel-
lets were re-suspended in 500  µl of Solution A containing 
proteinase K (PK; P2308; Sigma-Aldrich) at a final concen-
tration of 0–80 µg/ml and incubated on ice for 10 min. After 
incubation, an equal volume of 20% (w/v) trichloroacetic acid 
(TCA) in Solution A was added to each tube and incubated 
on ice for 15 min to terminate the PK activity. All six tubes 
were then pelleted by centrifugation at 10,000 g for 15 min at 
4°C. The resultant mitochondrial pellets were washed twice 
with acetone and centrifuged at 10,000 g for 10 min at 4°C. 
After centrifugation, the pellets were air-dried at room tem-
perature for 60 min to completely remove the acetone from 
the pellet (Figure 1b). The final pellets were solubilized in 
400 µl of sodium dodecyl sulfate (SDS) sample buffer. The 
samples were incubated at 95°C for 5 min and then used for 
western blotting.

2.6  |  Mitochondrial protease 
protection assay

Mitochondrial protease protection assay was performed ac-
cording to the modified method of Badugu et al. (2008). The 
crude mitochondrial suspension was divided into six equal 
aliquots of 200 µl and were centrifuged at 16,000 g for 30 min 
at 4°C. Three mitochondrial pellets were subjected to the fol-
lowing treatments: (1) a pellet was re-suspended in 500 µl of 
Solution A and incubated on ice for 10 min (untreated mito-
chondria); (2) a pellet was re-suspended in 500 µl of Solution 
A containing 20 µg/ml of PK and incubated on ice for 10 min 
(surface-exposed OMM proteins’ digestion); and (3) a pellet 

was re-suspended and incubated with 400  µl of 1% (v/v) 
Triton X-100 (Tx-100) in Solution A on ice for 20 min and 
then incubated with 500 µl of Solution A containing 20 µg/
ml of PK on ice for 10 min (all mitochondrial proteins’ diges-
tion). The other three were subjected to osmotic shock (OS) 
by re-suspension in 250 µl of a hypotonic solution (5 mM 
HEPES, 5 mM sucrose, 1 mM EGTA, pH 7.4) and then in-
cubated on ice for 10 min to disrupt the OMM. After incuba-
tion, an equal volume of a hypertonic solution (750 mM KCl, 
80 mM HEPES, 1 mM EGTA, pH7.4) was added to the three 
tubes to re-establish isotonic conditions. The suspension was 
centrifuged at 3,000 g for 15 min at 4°C to obtain mitoplasts 
(pellet). The supernatant was further centrifuged at 220,000 g 
for 60  min, and the final supernatant was collected as the 
IMS fraction and the remaining pellet contained fragments of 
OMM and IMM. The three mitoplast pellets were subjected 
to the following treatments: (4) a pellet was re-suspended in 
500 µl of Solution A and incubated on ice for 10 min (intact 
mitoplast); (5) a pellet was re-suspended in 500 µl of Solution 
A containing 20 µg/ml of PK and incubated on ice for 10 min 
(surface-exposed OMM/IMM proteins’ digestion); and (6) 
a pellet was re-suspended and incubated with 400 µl of 1% 
(v/v) Tx-100 in Solution A on ice for 20 min and then in-
cubated with 500  µl of Solution A containing 20  µg/ml of 
PK on ice for 10 min (all mitochondrial proteins’ digestion). 
Following the last incubation of each treatment, TCA pre-
cipitations of each treatment were collected and solubilized 
with 400 µl of SDS sample buffer using the same process as 
for the PK treatments described above (Figure 1c,d).

2.7  |  Western blotting

Western blot analysis was performed according to the modi-
fied method of Yamada et al. (2013). Proteins were resolved 
by 12–16% SDS polyacrylamide gel electrophoresis, and sepa-
rated proteins were electrophoretically transferred onto polyvi-
nylidene difluoride membranes (Clear Blot Membrane-P plus; 
ATTO, Tokyo, Japan) using a semi-dry system (WSE-4045 
HorizeBLOT 4  M; ATTO). The membranes were washed 
with Tris-buffered saline (150  mM NaCl, 25  mM Tris-HCl, 
pH 7.4) containing 0.1% (v/v) Tween-20 (TBS-T) for 10 min 
and blocked with 4% (w/v) Block Ace [for translocase of outer 
mitochondrial membrane 20 (Tom20)] or TBS-T contain-
ing 5% (w/v) skim milk (for other proteins) at room tempera-
ture for 1 h. The membranes were then incubated with rabbit 
polyclonal antibodies against pyruvate dehydrogenase (PDH; 
1:2,000; 18068-1-AP; Proteintech), Mb (1:1,000; sc-25607; 
Santa Cruz Biotechnology), and Tom20 (1:1,000; sc-11415; 
Santa Cruz Biotechnology), and mouse monoclonal antibody 
against cytochrome c (Cyt c; 1:5,000; sc-13156; Santa Cruz 
Biotechnology) and MICOS complex subunit Mic60 (Mic60/
Mitofilin; 1:1,000; ab110329; Abcam) at room temperature 
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for 1 h. These antibodies were diluted in TBS-T containing 5% 
(w/v) bovine serum albumin and 0.02% (w/v) NaN3. After three 
washes with TBS-T, the membranes were reacted with alkaline 
phosphatase (AP)-conjugated anti-rabbit IgG (1:3,000; #7054; 
Cell Signaling Technology) or anti-mouse IgG secondary anti-
body (1:3,000; #7056; Cell Signaling Technology) in 4% (w/v) 
Block Ace or TBS-T containing 5% (w/v) skim milk for 1 h at 
room temperature. Following three washes with TBS-T, pro-
tein signals were visualized by the chemiluminescence detec-
tion method using the Immune-StarTM AP Chemiluminescence 
Kit (Bio-Rad Laboratories) and captured with MicroChemi 
(Berthold Technologies). Immunoreactivities were quantified 
using the Image J software (NIH). Immunoreactivity of un-
treated mitochondria was set as 100%.

2.8  |  Statistical analysis

All data are presented as the mean ± SD. One-way ANOVA 
was used to evaluate western blot data for treatments with 
different PK concentrations and mitochondrial subfractiona-
tion. When a significant difference was revealed, Bonferroni's 
post hoc test was conducted. Differences in mean values be-
tween untreated and OS treated mitochondria were tested by 
an unpaired t test. The significance was set at p < 0.05.

3  |   RESULTS

3.1  |  Treatment with different 
concentrations of PK

It is necessary to examine the presence of Mb in mitochon-
dria without proteins on the OMM surface in order to clarify 
if Mb is completely integrated into the mitochondria. PK is 
a protease that cannot penetrate the intact OMM and IMM 
under isotonic conditions (van Vlies et al., 2007). It is as-
sumed that the PK treatment can degrade the proteins on the 
OMM surface without disrupting the isolated mitochondrial 
structure. Therefore, in this experiment, isolated mitochon-
dria were treated with different PK concentrations to ascer-
tain whether Mb is integrated into the muscle mitochondria. 
Images of the immunoreactivity for all analyzed proteins are 
shown in Figure 2a, and the quantification data of the immu-
noreactivities are shown in Figure 2b–e.

At PK concentrations of 5–10  μg/ml, Mb immunoreac-
tivity showed no significant change compared to untreated 
mitochondria. At PK concentrations of 20–40 μg/ml, the Mb 

immunoreactivity was significantly reduced compared to 
untreated mitochondria (p < 0.05) and the immunoreactiv-
ity was maintained at more than 68.4% (Figure 2a,b). At a 
PK concentration of 80 μg/ml, the Mb immunoreactivity was 
significantly reduced compared to untreated, 5 μg/ml PK and 
10 μg/ml PK treated mitochondria (p < 0.05), with an immu-
noreactivity of 59.4% (Figure 2a,b).

Tom20, which has a large cytosolic domain, was used as an 
OMM protein marker. At a PK concentration of 5 μg/ml, the 
Tom20 immunoreactivity was significantly reduced compared 
to untreated mitochondria (p < 0.05), and the immunoreactivity 
was 38.7% (Figure 2a,c). The Tom20 immunoreactivity at a PK 
concentration of 10 μg/ml was significantly reduced compared 
to untreated mitochondria and 5 μg/ml PK treated mitochon-
dria, and the immunoreactivity was 27.5% (Figure 2a,c). At PK 
concentrations of 20–80 μg/ml, the Tom20 immunoreactivity 
was significantly reduced compared to untreated mitochon-
dria and 5 μg/ml PK and 10 μg/ml PK treated mitochondria 
(p < 0.05), and the immunoreactivity was <8.9% (Figure 2a,c).

Mic60/Mitofilin, which has a large IMS domain, was used 
as an IMM protein marker. The Mic60/Mitofilin immunore-
activity decreased with PK treatment, although these changes 
did not reach significance (Figure 2a,d). However, Mic60/
Mitofilin immunoreactivities were maintained at more than 
51.3% (Figure 2a,d).

PDH was used as a matrix protein marker. The PDH im-
munoreactivity showed no significant change at PK concen-
trations of 0–20 μg/ml, whereas the PDH immunoreactivity 
at PK concentrations of 40–80  μg/ml was significantly re-
duced compared to 10 μg/ml PK and 20 μg/ml PK treated 
mitochondria (p < 0.05); however, the mean value was higher 
than 76.5% (Figure 2a,e).

In summary, these data demonstrate that the proteins lo-
cated on the OMM surface (Tom20) are almost completely 
digested by PK treatment; however, Mb, IMM protein 
(Mic60/Mitofilin), and matrix protein (PDH) are resistant to 
PK treatment. Thus, it is assumed that Mb is truly integrated 
into the muscle mitochondria.

3.2  |  Mitochondrial protease 
protection assay

Based on the previous results, we performed mitochondrial 
protease protection assays to determine whether Mb is present 
in either the IMS side or the matrix side of the IMM. OS treat-
ment is the technique of causing a disruption of the OMM. It is 
hypothesized that Mb is almost disappeared when the mitoplast 

F I G U R E  1   Schematic representation of biochemical approaches in the present study. (a) Scheme for isolating mitochondria from rat 
gastrocnemius. (b) Scheme for performing the treatment with different PK concentrations. (c–d) Scheme for performing the mitochondrial protease 
protection assay. IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; OS, osmotic shock; PK, proteinase K; TCA, 
trichloroacetic acid; and Tx-100, Triton X-100.
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is treated with PK (OS + PK treatment) if Mb is localized in the 
IMS side of the IMM. Images of the immunoreactivity for all 
analyzed proteins are shown in Figure 3a, and the quantifica-
tion data of the immunoreactivities are shown in Figure 3b–e.

The Mb immunoreactivity in PK, Tx-100  +  PK, OS, 
OS  +  PK, and OS  +  Tx-100  +  PK treated mitochondria 
was significantly reduced compared to untreated mitochon-
dria (Figure 3a,b; p  <  0.05). The Mb immunoreactivity in 
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Tx-100 + PK, OS + PK, and OS + Tx-100 + PK treated mi-
tochondria was significantly reduced compared to PK treated 
mitochondria (Figure 3a,b; p < 0.05). The Mb immunoreac-
tivity in Tx-100 + PK, OS + PK, and OS + Tx-100 + PK 
treated mitochondria was significantly reduced compared to 
OS treated mitochondria (Figure 3a,b; p < 0.05). Importantly, 
The Mb immunoreactivity was almost completely eliminated 
by Tx-100+PK, OS+PK, and OS+Tx-100+PK treatment (< 
14.5%) (Figure 3a,b).

The Tom20 immunoreactivity in PK, Tx-100 + PK, OS, 
OS + PK, and OS + Tx-100 + PK treated mitochondria was 
significantly reduced compared to untreated mitochondria 
(Figure 3a,c; p < 0.05). The Tom20 immunoreactivity in PK, 
Tx-100  +  PK, OS  +  PK, and OS  +  Tx-100  +  PK treated 
mitochondria was significantly reduced compared to OS 
treated mitochondria (Figure 3a,c; p  <  0.05). The Tom20 
immunoreactivity was almost completely eliminated by PK, 
Tx-100 + PK, OS + PK, and OS + Tx-100 + PK treatment 
(<5.7%) (Figure 3a,c).

The Mic60/Mitofilin immunoreactivity in PK, Tx-
100 + PK, OS, OS + PK, and OS + Tx-100 + PK treated mi-
tochondria was significantly reduced compared to untreated 
mitochondria (Figure 3a,d; p < 0.05). The Mic60/Mitofilin 
immunoreactivity in Tx-100 + PK, OS + PK, and OS + Tx-
100  +  PK treated mitochondria was significantly reduced 
compared to PK treated mitochondria (Figure 3a,d; p < 0.05). 
The Mic60/Mitofilin immunoreactivity in Tx-100  +  PK, 
OS + PK, and OS + Tx-100 + PK treated mitochondria was 
significantly reduced compared to OS treated mitochondria 
(Figure 3a,d; p < 0.05). These results are similar to those for 
Mb, and the Mic60/Mitofilin immunoreactivity was also al-
most completely eliminated by Tx-100 + PK, OS + PK, and 
OS + Tx-100 + PK treatment (<6.6%) (Figure 3a,d).

The PDH immunoreactivity in OS  +  PK treated mito-
chondria was significantly reduced compared to untreated 
mitochondria (Figure 3a,e; p  <  0.05). The PDH immuno-
reactivity in Tx-100 + PK and OS + Tx-100 + PK treated 
mitochondria was significantly reduced compared to un-
treated, PK, OS, and OS+PK treated mitochondria (Figure 
3a,e; p < 0.05). The PDH immunoreactivity was almost com-
pletely eliminated by Tx-100 + PK and OS + Tx-100 + PK 
treatment (<14.7%) (Figure 3a,e).

In summary, these data demonstrate that Mb, as well as 
Mic60/Mitofilin, is almost eliminated by OS + PK treatment, 
suggesting that Mb is localized in the IMS side of the IMM.

3.3  |  Presence of Mb in the supernatant and 
pellet fractions following OS treatment

We examined whether Mb is partially localized in the IMS 
using the supernatant and pellet fractions following OS treat-
ment. Mb and Mic60/Mitofilin immunoreactivities in OS 
treated mitochondria showed significantly reduced values 
compared to untreated mitochondria (p  <  0.05), with im-
munoreactivities of 42.8% and 64.7%, respectively (Figure 
4a,b,d). These results are similar to the above results. By 
contrast, the immunoreactivity of Cyt c in OS treated mito-
chondria was significantly reduced compared to untreated 
mitochondria (p < 0.05) with an immunoreactivity of 12.1% 
(Figure 4a,c). Furthermore, after OS treatment, both Mb and 
Cyt c were detected in both the supernatant and pellet, while 
Mic60/Mitofilin was detected in the pellet only (Figure 4e). 
These data suggest that a portion of Mb inside mitochondria 
is localized in the IMS.

4  |   DISCUSSION

Previous studies suggested that Mb is closely associated with 
mitochondria (Postnikova et al., 2009; Taylor et al., 2003; 
Vernier et al., 2007; Yamada et al., 2013). However, whether 
Mb is integrated into muscle mitochondria remains under de-
bate. Furthermore, the submitochondrial localization of Mb 
also remains unknown. To the best of our knowledge, this 
study is the first to report that Mb is truly integrated into the 
mitochondria of skeletal muscle and that it localizes in the 
IMM from the IMS side.

4.1  |  Mb is integrated into the mitochondria

Isolated mitochondria were treated with PK to ascertain 
whether Mb is integrated into the muscle mitochondria. An 
appropriate concentration of PK cannot penetrate the intact 
OMM and IMM under isotonic conditions. Therefore, the PK 
treatment is commonly used as a biochemical approach to as-
certain whether a protein localizes inside the mitochondria by 
digesting proteins on the surface of the OMM (Badugu et al., 
2008; Boengler et al., 2009; Lechauve et al., 2012; van Vlies 
et al., 2007). First, we examined the appropriate concentra-
tion of PK to digest proteins on the OMM surface without 

F I G U R E  2   Mb is localized inside the mitochondria of skeletal muscle. (a) Western blotting was performed with antibodies for Mb, Tom20, 
Mic60/Mitofilin and PDH on isolated mitochondria treated with different PK concentrations. (b–e) Quantification of the immunoreactivities of all 
analyzed proteins in PK treated mitochondria (n = 3 from separate rats). The immunoreactivities of proteins of untreated mitochondria were set 
as 100%. The values are means ± SD. Significant differences were assessed using one-way ANOVA and Bonferroni's post hoc test. *, †, §, and ¶ 
indicate significantly different from untreated, 5 μg/ml PK, 10 μg/ml PK, and 20 μg/ml PK treated mitochondria, respectively (p < 0.05). IMM, 
inner mitochondrial membrane; Mb, myoglobin; Mic60/Mitofilin, MICOS complex subunit Mic60; OMM, outer mitochondrial membrane; PDH, 
pyruvate dehydrogenase; PK, proteinase K; and Tom, translocase of outer mitochondrial membrane.
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disrupting the skeletal muscle mitochondrial structure. In 
this study, we used Tom20 as an OMM marker to confirm 
whether the PK treatment could digest the proteins located on 
the OMM surface since Tom20 has a large cytosolic domain. 
The Tom20 immunoreactivity decreased with increasing 
PK concentrations, and it was almost completely eliminated 

at PK concentrations of 20–80 μg/ml, indicating that a PK 
treatment of 20 μg/ml or more could sufficiently digest pro-
teins located on the OMM surface. The immunoreactivity of 
Mic60/Mitofilin, which has a large IMS domain, decreased 
with PK treatment. This suggests that part of the OMM was 
damaged in the process of mitochondrial isolation; thus, it 

F I G U R E  3   Mitochondrial protease protection assay. (a) Western blotting was performed with antibodies for Mb, Tom20, Mic60/Mitofilin 
and PDH on isolated mitochondria treated with OS, Tx-100 and/or PK. (b–e) Quantification of the immunoreactivities of all analyzed proteins in 
PK treated mitochondria (n = 3 from separate rats). The immunoreactivities of proteins of untreated mitochondria were set as 100%. The values 
are means ± SD. Significant differences were assessed using one-way ANOVA and Bonferroni's post hoc test. *, †, §, and ¶ indicate significantly 
different from untreated, PK treated, OS treated, and OS + PK treated mitochondria, respectively (p < 0.05). IMM, inner mitochondrial membrane; 
Mb, myoglobin; Mic60/Mitofilin, MICOS complex subunit Mic60; OMM, outer mitochondrial membrane; OS, osmotic shock; PDH, pyruvate 
dehydrogenase; PK, proteinase K; Tom, translocase of outer mitochondrial membrane; and Tx-100, Triton X-100.

F I G U R E  4   Mb is partially unanchored 
in the IMS. (a) Western blotting was 
performed with antibodies for Mb, Cyt c, 
and Mic60/Mitofilin on untreated and OS 
treated mitochondria. (b–d) Quantification 
of the immunoreactivities of all analyzed 
proteins in PK treated mitochondria (n = 3 
from separate rats). The immunoreactivities 
of proteins of untreated mitochondria were 
set as 100%. The values are means ± SD. 
Significant differences were assesses using 
an unpaired t test. * indicates significantly 
different from untreated mitochondria 
(p < 0.05). (e) Presence of Mb in the 
supernatant and pellet fractions following 
OS treatment. Cyt c, cytochrome c; IMM, 
inner mitochondrial membrane; IMS, 
intermembrane space; M, mitochondria; 
Mb, myoglobin; Mic60/Mitofilin, MICOS 
complex subunit Mic60; OS, osmotic shock; 
P, pellet; and S, supernatant.
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is speculated that PK penetrated the OMM and a portion of 
the Mic60/Mitofilin present was degraded. However, the 
Mic60/Mitofilin immunoreactivity exceeded 51.3% under 
the PK treatment conditions, demonstrating that at least half 
of the mitochondria were structurally maintained under PK 
treatment conditions of 80 μg/ml or less. However, PDH im-
munoreactivity decreased with 40 μg/ml or more PK treat-
ment, although the immunoreactivity was better preserved 
(> 76.5%) compared to Mic60/Mitofilin immunoreactivity. 
This suggests that the PK treatment of 40  μg/ml or more 
may affect the structure of the mitochondrial matrix. From 
the results obtained in these experiments, it was decided that 
20 μg/ml PK was appropriate to digest the proteins on the 
OMM surface while minimizing disruption of the mitochon-
drial structure.

The Mb immunoreactivity at a PK concentration of 20 μg/ml 
was significantly reduced compared to untreated mitochondria. 
Several previous studies have reported that Mb is localized on 
the OMM surface (Postnikova et al., 2009; Taylor et al., 2003; 
Vernier et al., 2007); thus, Mb on the surface of the OMM was 
likely digested by PK, thereby decreasing its immunoreactivity. 
Furthermore, we observed that a portion of Mic60/Mitofilin 
was degraded by 20 μg/ml PK treatment, suggesting that OMM 
damage occurs in the process of mitochondrial isolation and 
that PK may affect proteins inside the mitochondria located at 
the IMS side. Therefore, it is a possible that Mb inside the mi-
tochondria may be partially digested by PK, thereby decreasing 
its immunoreactivity. However, the immunoreactivity was well 
preserved (77.7%), indicating that Mb is integrated into the mi-
tochondria of skeletal muscle.

4.2  |  Submitochondrial localization of Mb

We found that Mb is integrated into the mitochondria of skeletal 
muscle. Next, we performed mitochondrial protease protection 
assays using PK, based on a previous study, to investigate the 
submitochondrial localization of Mb (Badugu et al., 2008). In 
line with the previous results, the immunoreactivities of Mb and 
Mic60/Mitofilin in PK treated mitochondria were significantly 
reduced compared to untreated mitochondria; however, the im-
munoreactivities were relatively well preserved (Mb: 55.3%, 
Mic60/Mitofilin: 47.2%). Furthermore, although the Tom20 
immunoreactivity in PK treated mitochondria was almost com-
pletely eliminated, the PDH immunoreactivity was not changed 
compared to untreated mitochondria. Moreover, when the PK 
treatment was performed after dissolving the mitochondrial 
membranes with Tx-100, the immunoreactivities of all ana-
lyzed proteins containing Mb were greatly reduced. These re-
sults indicate that Mb is truly integrated into the mitochondria.

Mitoplasts were obtained by OS treatment to exam-
ine whether Mb is localized in the external side or the 
internal side of the IMM. Tom20 and Mic60/Mitofilin 

immunoreactivities decreased following OS treatment 
since not only proteins of the IMS but fragments of the 
OMM and IMM leak into the supernatant after the first 
centrifugation (Badugu et al., 2008). In contrast, the PDH 
immunoreactivity was not significantly changed following 
OS treatment. Thus, it is assumed that the structure of mi-
toplasts was not significantly disrupted by OS treatment. 
Although the Mb immunoreactivity in OS treated mito-
chondria decreased by approximately 60.0% compared 
with untreated mitochondria, the immunoreactivity was 
preserved to some extent (38.7%). However, when mito-
plasts were subjected to PK treatment, the immunoreac-
tivities of Mb, Tom20, and Mic60/Mitofilin were greatly 
reduced as with OS + Tx-100 + PK treated mitochondria, 
while the PDH immunoreactivity was similar to that in the 
OS treated mitochondria. Taken together, these data sug-
gest three possibilities: Mb inside mitochondria localizes 
in either or both the IMS side of the IMM and OMM. Our 
previous study has suggested that Mb binds complex IV at 
the IMM (Yamada et al., 2013); thus, it is plausible that, at 
a minimum, Mb is localized in the IMM from the IMS side. 
Since Mb can interact with phospholipids by electrostatic 
interaction (Basova et al., 2004; Postnikova et al., 2009), 
the protein may bind complex IV by its association with 
cardiolipin, a phospholipid contained in the complex by 
electrostatic interaction (Robinson, 1993).

4.3  |  Mb is partially unanchored in the 
intermembrane space

Since the Mb immunoreactivity was reduced to some extent 
by OS treatment, the possibility that a portion of the Mb in 
the IMS is not anchored and is released into the supernatant 
by OS treatment has emerged. First, we confirmed that the 
immunoreactivities of Mb and Mic60/Mitofilin decreased 
following OS treatment; however, these immunoreactivities 
were relatively well preserved (Mb: 42.8%, Mic60/Mitofilin: 
64.7%). The immunoreactivity of Cyt c was almost com-
pletely eliminated by OS treatment. It has been reported that 
Cyt c, which is an IMS protein, is lost from mitoplasts ob-
tained by OS treatment (Streichman & Avi-Dor, 1967), im-
plying that in this experiment unanchored Cyt c in the IMS 
is mostly released into the supernatant. Next, the supernatant 
collected by centrifugation at 3,000 g following OS treatment 
was subjected to ultra-centrifugation at 220,000 g to confirm 
the presence of Mb in the supernatant and pellet fractions. The 
supernatant contains unanchored proteins in the IMS, while 
the pellet contains fragments of the OMM and IMM. As a 
result, we found that Mb and Cyt c were detected in both the 
supernatant and pellet, while Mic60/Mitofilin was only de-
tected in the pellet. Since Cyt c and Mb interact with the IMM, 
at least under physiological conditions according to previous 
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studies (Cortese et al., 1998; Gorbenko, 1999; Nichols, 1974) 
and the finding in the present study, these results suggest that 
a portion of Mb is not anchored in the IMS and bound to the 
IMM. However, we cannot rule out the possibility that these 
proteins were aggregated during the ultra-centrifugation and 
contaminated the pellet. Further studies are needed to clarify 
the mechanism for Mb binding to the IMM.

4.4  |  Unresolved questions: The 
mechanism of Mb import into mitochondria

The mechanism by which Mb is imported into the mitochon-
dria remains unknown, although the present study positively 
demonstrated that Mb is integrated into mitochondria. Most 
mitochondrial proteins are produced as precursors on cyto-
solic ribosomes and transported into mitochondria (Becker 
et al., 2019; Wiedemann & Pfanner, 2017). The translocase 
of the outer membrane (TOM) complex is responsible for the 
initial translocation of approximately 90% of mitochondrial 
precursors from the cytosol to the IMS. Indeed, connexin 43, 
which is mainly localized at the sarcolemma, is translocated 
to the IMS side of the IMM via the TOM complex (Boengler 
et al., 2009; Rodriguez-Sinovas et al., 2006). Thus, it is pos-
sible that Mb is also imported into mitochondria through 
the TOM complex. The TOM complex mainly consists of 
the translocation channel Tom40, and the precursor recep-
tors Tom20 and Tom70. Mb could also be imported into mi-
tochondria through Tom40 with the guidance of Tom20 or 
Tom70. Further studies are needed to clarify the mechanism 
of Mb import into mitochondria.

5  |   CONCLUSIONS

The present study showed that Mb is integrated into the mito-
chondria of skeletal muscle. Furthermore, our data also sug-
gest that Mb localizes in the IMS side of the IMM. Therefore, 
the possibility that Mb inside mitochondria directly regulate 
respiration through up-regulation of complex IV is high 
(Yamada et al., 2016), although the precise mechanism is un-
known. Further studies are needed to clarify the function of 
Mb inside mitochondria.
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