
J. Biochem. 132,417-^25 (2002)

Myonase is Localized in Skeletal Muscle Myofibrils
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A novel chymotrypsin-like proteinase termed myonase was previously purified from
MDX-mouse skeletal muscle [Hori et aL (1998) J. Biochem. 123, 650-658]. Western blots
and immunohistochemical analyses showed that myonase was present within myocytes
of both MDX-mouse and control mouse, and subcellular fractionation showed that it was
associated with myofibrils. No significant difference was observed on Western blots
between the amounts of myonase in myofibrils of MDX-mouse and control mouse, but
the amount of myonase recoverable as a pure protein was 5-10-fold more when MDX-
mouse was the source of the skeletal muscle. Myofibrils also possessed an endogenous
inhibitor of myonase, whose inhibitory activity at physiological pH (pH 7.4) depended
on salt concentration, stronger inhibition being observed at a low salt concentration.
Inhibition at alkaline pH (pH 9) was weak and independent of salt concentration. Myo-
nase in myofibrils was partially released at neutral pH by a high salt concentration (>0.6
M NaCl). However, even at 4 M NaCl, more than 80% of myonase remained within the
myofibrils. Under alkaline conditions, release of myonase from myofibril was more ex-
tensive. At pH 12, myonase was almost completely present in the soluble fraction. Re-
lease of myonase under these conditions coincided with the solubilization of other myo-
flbrillar proteins.
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Molecular events during progressive muscular dystrophy substrates at restricted locations rather than causing
include myofibrillar degeneration followed by progressive wholesale muscle proteolysis (7, 11). Furthermore, the fact
muscle atrophy and weakness (1, 2). The cascade of phe- that loss of p94-calpain causes limb girdle muscular dystro-
nomena involved in this myofibrillar degeneration should phy in humans suggests that the enzyme has a regulatory
include the activation of intracellular and extracellular pro- role in muscle function and/or development {10), possibly
teinases for degrading myofibrillar proteins (see Refe. 3 and related to early events in muscular dystrophy pathogenesis.
4). Possible pathways of proteolysis related to degradation Lysosomal proteinases degrade many membrane-bound
of myofibrillar proteins include Ca2+-dependent cysteine proteins such as cell surface receptors in lysosomes after
proteinases (calpains), lysosomal cysteine proteinases endocytosis, or soluble intracellular proteins and some or-
(cathepsins), ATP/ubiquitdn-dependent proteinases (protea- ganellar proteins also in lysosomes by an analogous non-
somes), and serine proteinases (chymases) (3-6). selective process, macroautophagy, whereby cellular con-

It has been suggested that calpains may have an impor- tents are engulfed and sequestered within membrane-
tant role in the pathogenesis of muscular wasting diseases bound structures that ultimately fuse with lysosomes (6).
including muscular dystrophy (7-9). However, with the An ATP/ubiquitin-dependent proteasome pathway also has
exception of a study of degradation of myofibrillar proteins an important role in myofibrillar degeneration (3, 5). The
during molt-induced atrophy in crustacean skeletal muscle ATP/ubiquitin-dependent proteolysis is activated during
(10), no data have been obtained in vivo that permit assess- muscle atrophy (6, 10, 12), but the dissociation of free myo-
ment of the importance of proteolysis by calpains in the fibrillar proteins from the contractile filaments is primarily
muscle-wasting process (7). Calpains preferentially cleave required for this pathway (13), and soluble myofibrillar pro-

teins can be readily ubiquitinated and degradated by pro-

'To whom correspondence should be addressed. Tel: +81-3-5841- teasomes to small fragments or amino acids (14, 15). For
3496, Fax; +81-3-5689-2704, E-mail: hori@bio.m.u-tokyo.acjp these reasons, myofibrillar degeneration would require
Abbreviations: HRP, horseradish peroxidase; MDX-mouse, X-chro- other factors to dissociate myofibrillar proteins from the
mosome linked muscular dystrophic mouse (C57BL/10ScSn-mdx); structure of contractile apparatus prior to the action of
me, idiopathic dilated cardiomyopathy t h r e e ^^ce i iu la r proteolytic pathways: Ca2+-dependent
Enzymes: Horseradish peroxidase [EC 1.11.1.7]; cathepsm B [EC , i • , i ± I • j ti. ATT>A U- •*,-
a . S ] ; cathepsin L [EC 3.4.22.15]; chymase [EcT4.2i.39]; P^tedysjs, lysosomal proteolysis and the ATP/ubiquitin-
calpains [EC 3.4.22.17]. dependent proteasome pathway. The dissociation of myo-

fibrillar proteins may be induced in vitro by increasing
© 2002 by The Japanese Biochemical Society. ionic strength (16, 17) and pyrophosphate (16, 18). Alkaline
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pH also stimulates the dissociation of myofibrillar proteins
(16). It is unclear, however, how dissociation by ionic
strength, pyrophosphate and pH can relate to muscle struc-
tures in viva

Chymotrypsin-like serine proteinase, chymase, has been
proposed as another proteinase that may be related to myo-
fibrillar degeneration in muscular dystrophy (4). In dystro-
pbic muscle, it was reported to localize mainly in invading
cells such as macrophages and mast cells (4). This implies
that it may not be related to the initial event in degrada-
tion of myofibrillar proteins. However, there are two hy-
potheses concerning its origin in muscle. One proposes that
it derives from invading mast cells (19-21), from which it is
released and attaches to myofibrils (20). Mast cells appear
in the skeletal muscle of genetic muscular dystrophy in
human, dog and mouse (21), and this observation supports
the first hypothesis. The second hypothesis is that the pro-
teinase is an endogenous intrinsic proteinase in myocytes
(22, 23). If the proteinase is directly involved in the initial
event of the dissociation of myofibrillar proteins, this hy-
pothesis might be reasonable. During muscle atrophy by
disuse/denervation, myofibrillar proteins may be degraded
at different rates in slow and fast muscle-fibers (24, 25).
Even under steady-state conditions, there is rapid turnover
of the contractile apparatus. Half-lives of 5.4 days for car-
diac actomyosin (26) and 10 days (27) for skeletal actomyo-
sin have been reported. Under these conditions, it seems
unlikely that the proteinase is released from the mast cells
which localize around myocytes and penetrates into myo-
cytes to dissociate myofibrillar proteins from the structure
of the contractile apparatus.

Recently, alkaline serine proteinases have been purified
from mouse skeletal muscle [myonase (28)] and hamster
skeletal muscle [mekratin (29)]. These proteinases have
chymotrypsin-like activities and a similar primary struc-
ture to mast cell proteinase (28, 29). In the present study,
we report that myonase is localized in myofibrils as an
inactive form in both normal and MDX-mouse, and that
mRNA of myonase is present in the myocyte itself We also
propose a physiological role for myonase in skeletal muscle.

MATERIALS AND METHODS

Materials—Lima bean trypsin inhibitor-conjugated aga-
rose (LBTI-agarose) was purchased from Sigma-Aldrich.
Pharmalyte was obtained from Amersham-Pharmacia Bio-
tech. Diphenyl (l-((((6-(5-nuoresceinyl (thiocarbamoyl) ami-
no) caproyl) phenylalanyl) leucyl) amino)-2-phenylethyl)
phosphate (FITC-aca-phe-leu-phe^OPh^) was a generous
gift from Dr. J.C. Powers. Polyclonal anti-myonase IgG
from rabbit and monoclonal anti-myonase specific peptide
IgG were produced by Iatron Lab., Tokyo. All other re-
agents were of analytical grade or higher.

Purification of Myonase—Myonase was extracted and
purified as previously described (28). Briefly, skeletal mus-
cle was homogenized in 0.6 M NaCl/10 mM Tris-HCl, pH
7.8. The precipitate formed by centrifugation at 10,000 xg
for 20 min was washed by repeating two cycles of homoge-
nization and centrifugation. The final suspension of the
precipitate was passed through a nylon cloth to remove
fibrous materials before centrifugation. The resulting pre-
cipitate was suspended in 2 M NaCl/10 mM Tris and the
pH was adjusted to pH 10.3. This suspension was then cen-

trifuged at 356,000 xg for 20 min. The extraction process
was then repeated once. The pooled supernatant containing
the solubilized myonase was passed through a pulp-sheet
using a Buchner funnel under gentle suction to eliminate
fatty materials. The filtrate was then subjected to affinity
column-chromatography on two LBTI-agarose columns
(each 16 mm i.d. x 4 mm) connected in series that had been
pre-equilibrated with 2 M NaCl/10 mM Tris-HCl, pH 9.
After application of the crude myonase sample and wash-
ing with the equilibration buffer, bound myonase was
eluted with 2 M NaCl/10 mM HC1 solution. The eluate was
collected manually in a tube containing 1 M sodium ace-
tate, pH 4.3 (final concentration 0.1 M) and bovine serum
albumin (BSA; final concentration 0.1 mg/ml). The protein-
ase activity of each fraction was then assayed. The active
peaks were pooled and dialyzed overnight against 1 mM
sodium acetate, pH 4.3. All procedures were performed at
4°C. The dialyzate was stored at -80°C until use.

Assay of Myonase Activity—Enzyme activity was mea-
sured by hydrolysis of the synthetic peptide suc-leu-leu-val-
tyr-AMC. The reaction mixture containing proteinase, 50
mM Tris/50 mM glycine, pH 9.0, 2 M NaCl and 30 JJLM SUC-
leu-leu-val-tyr-AMC in a final volume of 100 \il was incu-
bated at 30'C for 20 min. The proteinase reaction was
stopped by adding 1.4 ml of 2 M NaCl/0.1 M sodium ace-
tate, pH 4.3. A fluorescence spectrophotometer model F-
2000 (Hitachi Inc.) was used to monitor the production of
free AMC ( A ^ ^ 380 nm, A ^ ^ 460 nm). One unit of pro-
teinase activity was denned as the quantity of proteinase
that would produce one nmole of AMC per min

Isolation of Myofibrils from Skeletal Muscle—Myofibrils
were prepared as previously described (30). Briefly, normal-
mouse skeletal muscle (8.5 g wet weight tissue) stored at
-80°C was homogenized in 20 volumes of buffer I [39 mM
sodium borate buffer, pH 7.1/25 mM KC1/5 mM EGTA/1
mM dithiothreitol (DTTyprotease inhibitors] using a Car-
tridge Mill (Ikeda Scientific) for 15 s, twice. The cocktail of
protease inhibitors in the above homogenization step com-
prised 1 mM benzamidine, 1 mM iodoacetamide, 1 m^ml
trypsin inhibitor (ovoinhibitor), 2 fig/ml leupeptin, 1 (xg/ml
pepstatin A, and 0.2 mM phenylmethanesulfonylfluoride.
The resulting homogenate (177.5 ml) was centrifuged at
1,500 xg for 12 min. The pellet was re-extracted once with
buffer I by repeating a cycle of homogenization and centrif-
ugation. The pellet was resuspended in 20 volumes of
buffer II (39 mM sodium borate buffer, pH 7.1/25 mM KC1/
5 mM EGTA/l mM DTT). The suspension was then centri-
fuged at 1,500 xg for 12 min. The resulting pellet was
washed once with buffer II by repeating a cycle of homoge-
nization and centrifugation. The pellet was next extracted
for 30min with Triton X-100 buffer (39 mM sodium borate,
pH 7.1/25 mM KC1/1 mM DTT/1% Triton X-100). This sus-
pension was then filtered through a nylon cloth before cen-
trifugation at 1,500 xg for 12 min. The pellet was re-ex-
tracted once with Triton X-100 buffer by repeating a cycle
of homogenization and centrifugation. The pellet was then
washed with suspension buffer (10 mM Tris-HCl, pH 7.1/
100 mM KC1/1 mM DTD by carrying out two cycles of
homogenization and centrifugation. Finally, the pellet con-
taining myofibrils was resuspended in low-salt buffer (10
mM Tris-HCl, pH 7.1/100 mM KC1/1 mM DTT/20% glyc-
erol) at a final protein concentration of 9.3 mg/ml.

Preparation of Endogenous Inhibitor—The myofibril
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preparation was treated with 0.1 M HC1, and the endoge-
nous inhibitor was recovered in the supernatant by centrifi-
gation (1,500 xg for 12 min). The supernatant was dialyzed
against 5 mM HC1. The dialyzed supernatant did not con-
tain myonase activity, but had an inhibitory activity of
myonase.

Protein Content Determination—Protein concentration
was determined by the Bradford method (31) using pre-pre-
pared reagents (Bio Rad Lab.). The BioRad DC protein
assay kit (Bio Rad Lab.) was also used to assay protein con-
centration following solubilization with detergent or NaOH.
BSA was used for reference.

SDS/PAGE Analysis and Western Blotting—Protein was
dissolved in SDS-treatment mixture (2% SDS/5% p-mer-
captoethanol/62.5 mM Tris-HCl, pH 6.8/10% glycerol/
0.002% bromophenol blue). Subsequent separation was car-
ried out on discontinuous SDS/PAGE mini-Blah gels [sepa-
ration gel; 7 (W) x 8 (H) cm] according to the method of
Laemmli (32). The separation gels contained either 12%
acrylamide or a gradient of 5-12% acrylamide in 0.375 M
Tris-HCl, pH 8.8/0.882% SDS. The 5-12% acrylamide gra-
dient gels were stained by the picrate-Coomassie Brilliant.
Blue R250 method (33). Samples on the 12% acrylamide
gels were electroblotted onto a nitrocellulose membrane
(Nitro PlusTM 2000, Micron Separation) in transfer solu-
tion (48 mM Tris/39 mM glycine/1.3 mM SDS/20% metha-
nol). The blotted protein was treated with polyclonal anti-
myonase IgG from rabbit or monoclonal anti-myonase spe-
cific peptide IgG and detected using goat anti-(rabbit IgG +
IgL) or goat anti-mouse IgG conjugated with HRP by the
method of Towbin et al. (34).

Two-dimensional Gel Electrophoresis (TDGE)—The im-
proved isoelectric focusing technique designed to isolate
quantitatively muscle proteins with MMs in the 10-2,000
kDa range has been described elsewhere (35). Briefly, the
sample was first dialyzed against a urea solution (5 M
urea/1 M thiourea/0.17% (3-mercaptoethanol/lO mM sodi-
um pyrophosphate). A 1% agarose gel containing Pharma-
lyte cocktail in 10% sorbitol/5 M urea/1 M thiourea/1.6%
NP-40 was prepared using a glass tube of dimensions 2.5
mm x 260 mm (36). An aliquot of dialyzate was applied to
this gel and subjected to isoelectric focusing. After electro-
phoresis for 25 h at 500 V, the gel was fixed with a 10%
TCA/5% sulfosalicylic acid solution. Electrophoresis in the
second dimension was by SDS-PAGE. The fixed gel was
placed along the top of a 5-12% acrylamide gradient slab
gel [separation gel; 21 (W) x 11 (H) cm]. After electrophore-
sis, the gel was stained with Coomassie Brilliant Blue R250
as described above.

Conjugation of Monoclonal Anti-Myonase Specific Peptide
IgG with HRP—Monoclonal anti-myonase specific peptide
IgG was conjugated to HRP using the EZ-linkTM maleim-
ide activated HRP kit (Pierce). Briefly, 1 ml of IgG solution
[1 mg/ml in PBS (0.01 M sodium phosphate, pH 7.2/0.85%
NaCl)] was mixed with 100 JJLI of maleimide conjugation
buffer containing 6 jxl of P-mercaptoethanol. This solution
was then incubated for 90 min at 37'C to reduce all -SH
groups within the IgG. The sample (1.1 ml) was then ap-
plied to a pre-equilibrated desalting column (polyacryla-
mide; 10 ml bed volume) and eluted with the same maleim-
ide conjugation buffer. EZ-linkTM maleimide activated
HRP (4 mg) was added to the reduced IgG fractions (1.5 ml,
0.5 mg protein/ml) and these were left to incubate over-

night at room temperature. The resulting monoclonal anti-
myonase specific peptide IgG^conjugated with HRP (1.2 ml)
was dialyzed against PBS. Finally, after addition of 2.4 ml
of the super freezeTM peroxidase conjugate stabilizer
(Pierce), anti-myonase specific peptide IgG conjugated with
HRP was stored at -20'C.

Immunohistochemical Procedure—A frozen tissue section
(10 UJD thick) of mouse femoral muscle on a silane-coated
slide was fixed with chilled acetone and pre-treated with
0.3% H2O2 in PBS to remove the endogenous peroxidase
The tissue section was blocked with BSA (1% in PBS) and
then washed three times with PBS (each time for 3 min).
Rabbit anti-myonase IgG (final concentration 0.3 mg/ml ;
taking ODjg^ of 10 mg/ml IgG as 13.8) was then applied
to the tissue section. To another tissue section was added a
diluted solution of control rabbit IgG which had been pre-
pared from serum prior to immnni7ring a rabbit with myo-
nase. Both slides were placed in a moist chamber over-
night, then removed, washed three times with PBS (each
time for 3 min) to remove the excess IgG, and treated for 30

Fig. 1. Presence of myonase in myofibrils. A: Coomassie blue
staining of SDS/PAGE gel loaded with muscle fractions obtained
during the isolation of myofibrils. SDS/PAGE separation of myofibril
proteins was performed using a separating gel with a 5-12% acryla-
mide gradient. The volume of each fraction was adjusted to produce
the same final volume. By this method, each lane was loaded with an
equal volume corresponding to 1 mg wet weight tissue. Lane 1, hc-
mogenate (H); 2, supernatant (SI) of the homogenate (buffer I wash);
3, pellet (PI) of the homogenate; 4, supernatant (S2) of the buffer II
wash; 5, pellet (P2) of the buffer II wash; 6, supernatant (S3) of the
Triton X-100 buffer wash; 7, pellet (P3) of Triton X-100 buffer wash;
8, the isolated myofibrils (MF) washed with the suspension buffer
Molecular mass standards used were myosin (MH) (211 kDa), otj-
macroglobulin (170 kDa), 6-galactosidase (116 kDa), transferrin (76
kDa), and glutamic dehydrogenase (53 kDa). The mobility of myosin,
a-actinin and actin is indicated. B and C: Immunoblots obtained fol-
lowing electrotransfer onto nitrocellulose of myofibril proteins sepa-
rated by SDS/PAGE on a 12* acrylamide gel. Panel B, rabbit anti-
myonase IgG (0.3 mg protein/ml); Panel C, monoclonal anti-myonase
specific peptide IgG (0.3 mg protein/ml).
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min with a 1:100 dilution of goat anti-rabbit IgG conju-
gated with HRP. Finally, the slides were washed three
times with PBS (each time for 3 min). In a similar immuno-
histochemical study, a 1:100 dilution of monoclonal anti-
myonase specific peptide IgG conjugated with HRP was
applied to tissue sections. As a control, monoclonal anti-
myonase specific peptide IgG conjugated with HRP was
absorbed with myonase specific peptide (final concentration
3.8 mM) prior to treatment (1:100 dilution) of another tis-
sue section. After incubation overnight in a moist chamber,
the slides were washed as previously described. All tissue
sections were developed by incubation for several minutes
in a solution of 50 mM Tris-HCl, pH 7.86/1.3 mM 3,3'-

diaminobenzidine tetra-hydrochloride dehydrate (DAB)/3
mM Hf)2. The slides were then washed with PBS. The sec-
tions on a glass slide were protected with a glass cover slip
that was mounted with Entellan neu (Merck). Finally, the
slides were observed under a microscope (Zeiss, Axioskop
50).

Histochemical Analysis with FITC-Aca-Phe-Leu-PheP-
(OPh)2—A frozen section (10 ^jn thick) of mouse femoral
muscle on a silane-coated slide was fixed with chilled ace-
tone as previously described. The slides were then blocked
with BSA (1% in PBS). FITC-aca-phe-leu-phePtOPh^ in
PBS/1% BSA was applied to the tissue sections at a final
concentration of 1 \JM. AS a control, FITC in PBS/1% BSA

Fig. 2. Immunohistochemical and histochemical localization of
myonase in muscle. A, B, E, F, I, J: femoral rectal muscle from MDX-
mouse; C, D, G, H, K, L: femoral rectal muscle from control mouse. A,
C: immunostaining with rabbit anti-myonase IgG; B, D: staining with
control rabbit IgG; E, G: imTnnnoshnining with monoclonal anti-myo-

nase specific peptide IgG conjugated with HRP; F, H: immunostaining
with monoclonal anti-myonase specific peptide IgG conjugated with
HRP, which was absorbed with myonase-specific peptide; I, K; stain-
ing with FITC-aca-phe-leu-phe pCOPWjj J, L: staining with FITC.
Original magnifications x200. bar = 50 |xm.

Amourti oJ Endogenous Inhtottor {^g prortln )

Fig. 3. Inhibitory activity of the endogenous inhibitor. The en-
dogenous inhibitor was solubilized from myofibrils with 0.1 M HCl,
then dialyzed against 5 mM HCl. A: Inhibition of myonase activity by
the endogenous inhibitor. The activity of myonase was assayed in the
presence of various amounts of the endogenous inhibitor (0-3 |xg pro-
tein/100 pi) at pH 7.4 in the absence of NaCl. The activity is repre-
sented relative to the activity of myonase in the absence of the
endogenous inhibitor. B: Effects of pH and salt concentration on inhi-

ConcwTtratton o l N a d ( M )

bition of the endogenous inhibitor. The activity of myonase was as-
sayed in the presence of the endogenous inhibitor (1.2 jig protein) at
various concentrations of salt (0-1 M NaCl) and at pH 7.4 and 9.0.
The activity is represented relative to the activity of myonase in the
absence of the endogenous inhibitor under the same conditions. In the
experiments performed at pH 7.4,50 mM sodium phosphate was sub-
stituted for 50 mM Tris/50 mM glycine. Otherwise, reaction condi-
tions were as described in "MATERIALS AND METHODS."
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was also applied to a tissue section at a final concentration
of 1 (JLM. The slides were placed in a moist chamber for 60
min, then washed three times with PBS/1%~BSA~ (each
time for 3 min). The tissue sections on a glass slide were
protected with a glass cover slip that was mounted with
Mounting Medium for fluorescent microscopy (Kirkegaard
& Perry Lab.) and viewed immediately under a fluores-
cence microscope (Zeiss, Axioskop 50).

Cell Culture of Myoblast—Mouse myoblasts (cell line
C2C12; ATCC) were cultured in 10% fetal calf serum/DMEM
according to standard protocol. Differentiation to myotube
was carried out by culturing the cells in 2% horse serum/
DMEM.

mRNA Isolation—Extraction of total RNAs from cul-
tured myoblasts and poly (AY RNA selection were per-
formed using the mENA isolation kit (Stratagene).

Rapid Amplification ofcDNA Ends (RACE) and Sequenc-
ing—3TIACE and 5TIACE of poly(A)+ RNA extracted from
mouse myoblasts were carried out using either the 3TIACE
system or 5TIACE system kit (Life Technologies). The re-
sulting first-strand cDNA was amplified by PCR between
the gene-specific primer and the abridged universal ampli-

fication primer (AUAP). The gene-specific primer for
3TtACE (5'-ATT ATT_GGT GGT GTTJJAG TCT AGA-30
was deduced from the N-terminal amino-acid sequence of
myonasa The gene-specific primer for 5TIACE (5'-GGC
TGA GGA CAG GCC GGG GG-30 was in turn deduced
from the sequence determined by 3TIACE. The products of
PCR were separated by electrophoresis. The band compris-
ing a fragment of the expected size was excised and puri-
fied using the Prep-A-Gene purification kit (Bio Rad Lab.).
The nucleotide sequence was determined with an Applied
Biosystem model 373 A DNA Sequencer using the ABI
PRISM dye terminator cycle sequencing core kit.

RESULTS

Subcellular Fractionation Reveals that Myonase is Asso-
ciated with the Myofibrillar Fraction—The subcellular frac-
tions of mouse skeletal muscle were isolated as described in
"MATERIALS AND METHODS." SDS-PAGE analysis of protein
composition in each fraction is shown in Fig. 1. The muscle
homogenate (H, lane 1) was centrifuged to obtain a super-
natant fraction (SI, lane 2) and a pellet (PI, lane 3). The

1 2 3 4 5 6 7 8 9 10 11 12 Fig. 4. Effect of NaCl on solubility of myonase in myofibrils. (1)
SDS/PAGE and Western blotting: Myofibrils (1.2 mg protein) were
incubated in buffer (50 mM sodium phosphate buffer, pH 7.4) con-
taining various concentrations of NaCl (0, 0.5, 1, 2, 3, and 4 M). Fol-
lowing incubation, the volume of each sample was adjusted to pro-
duce a final volume of 500 p.1. The samples were then centrifuged at
250,000 xg for 25 min. After decanting, 100 JJJ of 7 M guanidine HC1
was added to both the precipitate and the supernatant. The precipi-
tate and supernatant fractions were then dialyzed against urea so-
lution (5 M urea/lM thiourea/0.17% p-mercaptoethanol/10 mM sodi-
um pyrophosphate) in the first instance and then against SDS-treat-
ment mixture. Finally, after adjusting the volume of each fraction to
560 fil with SDS-treatment mixture, a 10-jJ aliquot was subjected to
SDS/PAGE for analysis. A: Coomassie blue staining of myofibril pro-
teins separated by SDS/PAGE on a 5-12% acrylamide gradient gel.
B and C, Immunoblots obtained following electrotransfer onto nitro-
cellulose of myofibril proteins separated by SDS/PAGE on a 12%
acrylamide gel. Panel B, rabbit anti-myonase IgG (0.3 mg protein/
ml); Panel C, monoclonal anti-myonase specific peptide IgG (0.3 mg
protein/ml). Lanes 1, 2, 3, 4, 5, and 6 represent the supernatant frac-
tions at 0, 0.5, 1, 2, 3, and 4 M NaCl, respectively, while lanes 7, 8,
9, 10, 11, and 12 represent the corresponding precipitate fractions.
(2) SolubOizatdon of FTTC-aca-phe-leu-phe p(OPh)2 labeled myonase.
D: Myofibril (3.7 mg protein) was suspended in reaction buffer (10
mM Tris-HCl, pH 7.1/1 mM DTT) containing 1 (JLM FTTC-aca-phe-
leu-phe p(OPh)2 in a final volume of 2 ml. The suspension was then
centrifuged at 1,500 Xg for 12 min. After two cycles of washing by
suspension in reaction buffer (2 ml) and centrifugation, the precipi-
tate was suspended in 2 ml of reaction buffer. A 50-n-l aliquot of the
suspension (0.093 mg protein) was then incubated in 50 mM sodium
phosphate buffer, pH 7.4 containing various concentrations of NaCl
(0, 0.5, 1, 2, 3, and 4 M). The volume of each suspension was ad-
justed to produce a final volume of 500 (J. A 200-JJLI aliquot of this
suspension was centrifuged at 250,000 Xg for 25 min, then 50 (J of 1
M NaOH was added to both precipitate and supernatant fractions.
For comparison, 50 p.1 of 1 M NaOH was also added to another 200-
jxl aliquot of suspension. The volumes of suspension, supernatant
and precipitate were then adjusted to 1.5 ml with 2 M NaCl/100 mM
NajCO3-NaHCO3, pH 10.5. The fluorescence intensities of the sus-
pension, supernatant and precipitate fractions were estimated

(A. 495 run and 520 run). In each experiment, 86.2-
104% of the suspension fluorescence was recovered in the superna-
tant and precipitate fractions.
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1 2 3 4 5 6 7 8 9 10 11 12

MM
kDa

211 -

170 -

116 -

76 -

53 -

12

pellet (PI) was washed extensively with bufiFer II to obtain
a second supernatant (S2, lane 4) and a second pellet (P2,
lane 5). This pellet (P2) was further extracted with Triton
X-100 to obtain a third supernatant (S3, lane 6) and a third
pellet (P3, lane 7). The final product represented isolated
myofibrils (MF, lane 8). The MF fraction predominantly
consisted of myosin (MH) (211 kDa) and actin (42 kDa).
Other cytoskeletal proteins, including a-actinin (105 kDa)
and desmin (55 kDa), were also present in this fraction.
The myonase content in each fraction was examined by
immunoblotting using antibodies directed against myo-
nase. Two gels loaded with samples identical to those
shown in Fig. 1A were electroblotted onto nitrocellulose
and immunostained with rabbit anti-myonase IgG (Fig. IB)
or monoclonal anti-myonase specific peptide IgG (Fig. 1C).
The pellets of each suspension and the isolated myofibrils
stained strongly for myonase (26 kDa) [Fig. 1, B and C,
lanes 3 (PI), 5 (P2), 7 (P3), and 8 (MF)]. In contrast, the
supernatant fractions stained only faintly for myonase [Fig.
1, B and C, lanes 2 (SI), 4 (S2), and 6 (S3)]. Furthermore,
the nonionic detergent Triton X-100 failed to extract a sig-

Fig. 5. Effect of pH on solubility of myonase in myofibrils. (1)
SDS/PAGE and Western blotting. Myofibrils (4.8 mg protein) were
incubated in a solution containing 10 mM sodium carbonate or 10
mM sodium phosphate at various pHs (7, 8, 9, 10, 11, and 12). The
solution pH was adjusted with 1 M NaOH or 1 M HC1, then the vol-
ume was adjusted to produce a final volume of 2,000 pi. After centrif-
ugation at 250,000 xg for 25 min, 400 pi of 7 M guanidine HC1 was
added to the precipitate and supernatant fractions. The fractions
were each dialyzed against urea solution, then against SDS-treat-
ment mixture, and their volumes were adjusted with SDS-treatment
mixture to produce a final volume of 2,240 p.1. A 10-|A1 aliquot of each
fraction was then subjected to SDS/PAGE for analysis. A; Coomassie
blue staining of myonbril proteins separated by SDS/PAGE on a 5-
12% acrylamide gradient gel. B and C: Immunoblots obtained follow-
ing electrotransfer onto nitrocellulose of myofibril proteins separated
by SDS/PAGE on a 12% acrylamide gel. Panel B, rabbit anti-myo-
nase IgG (0.3 mg protein/ml); Panel C, monoclonal anti-myonase
specific peptide IgG (0.3 mg protein/ml). Lanes 1, 2, 3, 4, 5, and 6
represent the supernatant fractions at pH 7,8, 9, 10, 11 and 12, re-
spectively, while lanes 7, 8, 9, 10, 11, and 12 represent the corre-
sponding precipitate fractions. (2) Solubilization of FITC-aca-phe-
leu-phe P(OPh)2 labeled myonase. D: All reaction conditions for the
labeling of myonase were as described in the legend to Fig. 4. A 200-
\tl aliquot of the suspension (0.368 mg protein) containing labeled
myonase was incubated in buffer at various pHs (7, 8, 9, 10, 11, and
12) in a final volume of 2 ml (as described above). The conditions
used for the isolation of supernatant and precipitate fractions were
also as described in the legend to Fig. 4. In each experiment, 94.1-
119.3% of suspension fluorescence was recovered in the supernatant
and precipitate fractions.

nificant amount of myonase from the pellet fraction [Fig. 1,
B and C, lane 6 (S3)]. Hence, the isolated myofibrils con-
tained a significant amount of myonase [Fig. 1, B and C,
lane 8 (MF)]. The same immunostaining pattern for myo-
nase was observed in three different myofibril preparations
irrespective of whether the source was MDX-mouse or con-
trol mouse. The results indicate that myonase is strongly
bound to the myofibril.

Immunohistochemical and Histochemical Localization of
Myonase—Muscle fibres of MDX-mouse and control mouse
were both stained by rabbit anti-myonase IgG (Fig. 2, A-
D). In addition, a number of small cells scattered around
the muscle fibre were also stained by rabbit anti-myonase
IgG. The muscle fibres of MDX-mouse and control mouse
were both also recognized by monoclonal anti-myonase
specific peptide IgG conjugating with HRP (Fig. 2, E-H).
However, this monoclonal antibody did not recognize the
small cells scattered around the muscle fibres that were
stained by the rabbit polyclonal antibody. When monoclonal
anti-myonase specific peptide IgG conjugated with HEP
was pre-incubated with myonase specific peptide, staining
was reduced (Fig. 2, F and H), indicating that monoclonal
anti-myonase specific peptide IgG conjugated with HRP
specifically bound myonase. The muscle fibres of MDX-
mouse and control mouse were both also recognized by
FTTC-aca-phe-leu-pheP(OPh)2 (Fig. 2, I and K). This fluo-
rescent derivative of an irreversible inhibitor of chymot-
rypsin (37) was shown to bind myonase. This inhibitor also
inhibited myonase activity (data not shown). These results
confirm that myonase is located inside the myocyte.

Endogenous Inhibitor of Myonase—The activity of myo-
nase was extensively inhibited by an endogenous inhibitor
within the myofibrils (Fig. 3A). However, this inhibition
was substantially diminished at alkaline pH (pH 9.0; Fig.
3B). Furthermore, at pH 7.4, but not pH 9.0, inhibition was
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Fig. 6. Degradation of myoflbrils with myonase. Myoflbrils (0.93
mg protein) and purified myonase (56.5 milliunite) were incubated
together in a final volume of 0.4 ml for 60 min. The digestion condi-
tions were otherwise as described for the myonase assay in "MATE-
RIALS AND METHODS." The reaction was stopped by the addition
of 0.808 g of solid guanidine HC1. As a control, 0.808 g of solid guani-
dine HC1 was added to an identical reaction mixture prior to incuba-
tion. Both samples were then dialyzed against urea solution (5 M
urea/1 M thiourea/0.17% B-mercaptoethanol/10 mM sodium pyro-
phosphate). A 90.6-JJJ aliquot of the dialyzate (1.22 ml) was subjected
to TDGE. A, control; B, myofibril degraded with myonase.

dependent on the concentration of NaCl (Fig. 3B). Indeed,
inhibition of myonase at pH 7.4 drastically changed at
physiological concentrations of salt (0.1-0.3 M). Upon fur-
ther investigation, the endogenous inhibitor was observed
to inhibit myonase activity non-competitively with syn-
thetic peptide substrate suc-leu-leu-val-phe-AMC (data not
shown). Thus, the endogenous inhibitor does not function
as a substrate of myonase.

Western Blotting of Myoblast—Using rabbit polyclonal
anti-myonase IgG and monoclonal anti-myonase specific
peptide IgG on Western blots of total cell extracts, myonase
protein was observed to be present in both C2C12 myoblasts
and differentiated myotubes derived from myoblasts.

mRNA of Myonase in Myoblasts—Total polytA^RNA
from mouse myoblasts and differentiated myotubes derived
from mouse myoblasts were extracted as described in "MA-
TERIALS AND METHODS." Using myonase-specific primers
for 3TIACE and 5TIACE, a cDNA fragment with the myo-
nase sequence was generated from the polytA^RNA. This

data confirms that myoblasts express myonase protein.
These results, together with the Western blot1data,j3uggest
that myonase accumulates within the myocyte.

Release of Myonase from Myoflbrils—Myonase in myo-
fibrils was gradually released at concentrations of NaCl
greater than 0.6 M (Fig. 4, B and C). The increase in salt
concentration also resulted in the solubilization of other
myofibril proteins (Fig. 4A). However, even at 4 M NaCl,
80% or more of the myonase remained within the myo-
fibrils (Fig- 4D). At alkaline pH (above pH 11), a consider-
able amount of the myonase in myofibrils was released
(Fig. 5, B and C). Again, these conditions resulted in solubi-
lization of other myofibril proteins (Fig. 5A). At pH 12, myo-
nase and other components of the myofibril were almost
exclusively found in the soluble fraction (Fig. 5, A, B, C, and
D). Accordingly, high pH and high concentrations of salt
were required in order to release myonase from myofibrils.
However, such conditions are clearly not a physiological
mechanism for myonase release in vivo.

Degradation of Myofibrils by Myonase—A number of the
protein components of myofibrils were degraded after incu-
bation with purified myonase in vitro (Fig. 6). Although
actin proved to be relatively resistant to myonase activity,
the C-protein was completely degraded and the myosin
heavy chain was partially degraded.

DISCUSSION

The present study is concerned with a triggering proteinase
for the cascade degradation of myofibrillar proteins during
muscle atrophy or necrosis which develops in various
pathological states of muscle including muscular dystrophy.
For the three proteolytic pathways involving (i) Ca2+-depen-
dent proteinases, (ii) lysosomal proteinases, and (iii) ATP/
ubiquitin-dependent proteolysis, many critical and funda-
mental questions arise if we try to relate them to the initial
event in the cascade of reactions involved in myofibrillar
degeneration.

Chymotrypsin-like serine proteinases have recently been
purified from MDX-mouse skeletal muscle (myonase) (28)
and from hamster skeletal muscle (mekratin) {29). These
proteinases have different physicochemical properties.
Mekratin could be solubilized with 0.47 M KC1 at pH 6.8
(29), but myonase could not: it was only partially solubi-
lized even with 2 M KC1 (or NaCl) at pH 10 (28). Mekratin
was not inhibited by 2.5% Triton X-100 (29), but myonase
was completely inhibited by a concentration of more than
1% (unpublished). Mekratin recovered its activity after
treatment with SDS (29), but myonase did not (unpub-
lished). Mekratin did not require high salt concentration
for its proteolytic activity (29), but myonase required a
remarkably high salt concentration for its optimum activity
[calculated salt concentration required for half of the maxi-
mum activity was 11.6 M NaCl or KC1 (28)]. Mekratin was
absent in myofibrils (29), but myonase present (Figs. 1 and
2). Myonase in myofibrils was inactive under physiological
conditions (0.15 M KC1 or NaCl, pH 7.4), but activity of
purified myonase could be detected under physiological
conditions (0.15 M KC1, pH 7.4), even though its activity
was only 10-20% of that at optimal pH (pH 9.0) and rela-
tively high salt concentration (2 M KC1 or NaCl). Extracts
of MDX-mouse skeletal muscle with 0.6 M NaCl/10 mM
Tris-HCl, pH 7.8, contained activity similar to myonase,
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Loss or Dec I m e of Load on Muscle
InrnobiIization of Muscle
Diseases such as Muscular Dystrophy.

Signal of Muscle Atrophy

Change of pH and Ionic Strength in Hyocytes

Release of Activated Kyonase from Uyofibrils

Degradation of HyofibriIlar Proteins

Degradation of Hyofibri Is

Muscle Atrophy

Muscle Regeneration

Reconstitution of Kyofibri Is
Including Incorporation of
Myonase with Its Endogenous
Inhibitor

t
Syntheses of Myofibri I lar
Conponents, Myonase and
Its Endogenous Inhibitor
by Translation of DNA

Signal of Muscle Regeneration

Increase of Load on Muscle

Fig. 7. Hypothesis for degeneration and re-
generation of myofibrils during muscle atro-
phy. Myofibrils contain a large amount of prc-
teinase, so-called myonase, stored in an inactive
form by binding with the endogenous inhibitor
Thus, the myofibril is protected from this myo-
nase activity. When the signal to degrade myo-
fibrils in developing muscle atrophy arrives in
the myocyte, myonase is released from the endog-
enous inhibitor and changed to its active form to
degrade the myofibril. Muscle atrophy results.
When the load on muscle is again increasing, the
signal to regenerate myofibrils appears in the
myocyte. The syntheses of myofibrillar compo-
nents, myonase and its endogenous inhibitor re-
sult from translation of DNA. Reconstitution of
myofibrils occurs, including the incorporation of
myonase with its endogenous inhibitor. This
mechanism is reasonable for the skeletal muscle
to keep its structure by the dynamic equilibrium
between degradation and reconstitution; unnec-
essary structures are rapidly degraded to remove
them from the myocyte and provide space for
new structures.

but washing of tissue with 0.6 M NaCl/10 mM Tris-HCl,
pH 7.8, was necessary to attain high purification of myo-
nase in our procedures. Chymotrypsin-like activity was
detected in the extract with 0.6 M NaCl/10 mM Tris-HCl,
pH 7.8, but Western blotting showed that the activity was
due to a proteinase of lower molecular mass than myonase
and that there was very little protein in the extract that
had the same molecular mass as myonase. These results
suggest that myonase released as an active form from myo-
fibrils is labile or is rapidly metabolized and remove from
the tissue.

The origin of chymotrypsin-like proteinases in muscle is
still unclear. However, our observations (Figs. 1 and 2)
show that myonase is present in myofibrils from normal
mouse skeletal muscle. Myoblasts (CjC^) from mouse had
developed mRNA of myonase. These results indicate that
myonase is synthesized in myocytes by translation from
DNA and locates in myofibrils. Furthermore, the amount of
myonase in normal mouse skeletal muscle is the same as
that in MDX-mouse skeletal muscle, although the recover-
able amount of active myonase as a pure protein was 5—10-
fold more when MDX-mouse was the source of the skeletal
muscle. These results indicate that myonase in myofibrils
of MDX-mouse skeletal muscle is more easily released than
that in myofibrils of normal mouse skeletal muscle.

The release of myonase from myofibrils in vitro depended
on the salt concentration (Fig. 4) and pH (Fig. 5). Even if
ionic strength and pH are regulatory factors of myonase
release in vivo, however, the high salt concentration and
pH required in vitro would not arise in vivo in response to
extracellular conditions. In addition, the extracellular pH
does not affect the intracellular pH (38). Although these
conditions of salt concentration and pH are unphysiologi-
cal, conditions approaching them might arise in a local area
or a specific intracellular compartment of myocytes in a
pathological state. More likely, however, is that the regula-
tory factor(s) involved in release from the myofibril and
activation of myonase in situ remain to be determined.

Myonase degraded structural proteins such as myosin
heavy chain, especially proteins with molecular mass

greater than 100 kDa, although the fast type C-protein
seems to be the most preferred as substrate. Actin was
resistant to the proteolysis by myonase (Fig. 6).

Our observations suggest a possible functional role for
myonase (Fig. 7). Myonase is synthesized in myocytes by
translation from its gene. The endogenous inhibitor and
other myofibril proteins are also synthesized in myocytes.
The contractile components of myofibrils, myonase and its
endogenous inhibitor are constructed into the myofibrillar
network. Under these conditions, myonase is inactive due
the presence of to its endogenous inhibitor, but it is acti-
vated under pathological conditions. This active myonase
triggers a cascade degradation of myofibril proteins associ-
ated with muscle atrophy. This mechanism may appear
dangerous for the survival of muscle structure, but it might
function for removal of unnecessary structures from muscle
as quickly as possible to enable regeneration. If this mecha-
nism can be shown to operate under physiological condi-
tions in muscle, novel methods for therapy or prevention of
muscle atrophy may suggest themselves.

We thank Dr. J.C. Powers for a gift of FTTC-aca-phe-leu-pheP-
(Oph)2 and Dr. G.E.Morris for reading the manuscript.
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