Correction

AGRICULTURAL SCIENCES. For the article “Role of calpain in skel-
etal-muscle protein degradation” by Jing Huang and Neil E.
Forsberg, which appeared in number 21, October 13, 1998, of
Proc. Natl. Acad. Sci. USA (95, 12100-12105), the authors wish
to correct the primer sequence used to generate the calpastatin
inhibitory domain as follows: AGCCAGAAGCCAGGCGTC-
CCCAAGGGCTCC.
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ABSTRACT Although protein degradation is enhanced in
muscle-wasting conditions and limits the rate of muscle
growth in domestic animals, the proteolytic system responsi-
ble for degrading myofibrillar proteins in skeletal muscle is
not well defined. The goals of this study were to evaluate the
roles of the calpains (calcium-activated cysteine proteases) in
mediating muscle protein degradation and the extent to which
these proteases participate in protein turnover in muscle. Two
strategies to regulate intracellular calpain activities were
developed: overexpression of dominant-negative m-calpain
and overexpression of calpastatin inhibitory domain. To ex-
press these constructs, L8 myoblast cell lines were transfected
with LacSwitch plasmids, which allowed for isopropyl f-D-
thiogalactoside-dependent expression of the gene of interest.
Inhibition of calpain stabilized fodrin, a well characterized
calpain substrate. Under conditions of accelerated degrada-
tion (serum withdrawal), inhibition of m-calpain reduced
protein degradation by 30%, whereas calpastatin inhibitory
domain expression reduced degradation by 63%. Inhibition of
calpain also stabilized nebulin. These observations indicate
that calpains play key roles in the disassembly of sarcomeric
proteins. Inhibition of calpain activity may have therapeutic
value in treatment of muscle-wasting conditions and may
enhance muscle growth in domestic animals.

Two proteolytic systems have been studied with regard to their
role in muscle protein wasting: calpains and the proteasome.
Calpains are calcium-activated cysteine proteases, which were
originally identified in porcine muscle (1, 2). Two ubiquitous
isoforms are well characterized (u- and m-calpain), and several
tissue-specific isoforms have also been reported (3). Calpains
are regulated by a variety of factors, including a 30-kDa small
subunit (3), calcium and phospholipids (3-6), and calpastatin,
awidely distributed calpain-specific inhibitor (7-15). Calpasta-
tin possesses four inhibitory domains that contain a consensus
inhibitory sequence (TIPPEYR), which, in itself, is able to
inhibit calpain specifically (8, 11-15).

Evidence that calpains mediate degradation of the myofi-
brillar apparatus is compelling. In vitro, calpains initiate di-
gestion of individual myofibrillar proteins, including desmin,
filamen, C-protein, tropomyosin, troponin T, troponin I, titin,
nebulin, vimentin, gelsolin, and vinculin (16-25). However,
calpains do not degrade a-actin, a-actinin, or myosin heavy
chain (23, 24). Calpains tend to be concentrated in the Z disk
(26), the site where disassembly begins (27). Calpains are
activated by calcium, and treatment of purified myofibrils with
calcium causes rapid and complete loss of the Z disk (28).
Calpains are also activated in conditions of muscle wasting,
including vitamin E deficiency (29), Duchenne muscular dys-
trophy (30), and fasting (31). Calpain mRNA concentrations
are increased markedly during fasting (32). The course of
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changes in calpain activity over time corresponds to morpho-
logical changes in muscle (33). Based on these data, Goll et al.
(23, 24) have proposed that calpains play a significant role in
myofibrillar protein degradation, especially in the disassembly
of the myofibril during early stages of turnover.

Despite this, some reports have shown that the proteasome
is also involved in myofibrillar protein degradation (34-39).
The proteasome, a large, ubiquitous ATP- and ubiquitin-
dependent proteolytic system, is able to degrade actin and
myosin in vitro (35). A recent study by Solomon et al. (35)
indicated that the proteasome degrades intact monomeric
myofibrillar proteins, except when they are associated with
other myofibrillar proteins.

Previous studies are limited by being performed in vitro with
nonspecific protease inhibitors. To assess the function of
calpains in living muscle cells, we developed two genetic
strategies to regulate calpain activity: overexpression of dom-
inant-negative (DN) m-calpain and overexpression of calpasta-
tin inhibitory domain (CID). Our expectation was that specific
regulation of calpains in living muscle cells would reveal
calpain function. Our data indicate that calpains play signifi-
cant roles in L8 muscle-cell protein degradation and partici-
pate in the degradation of nebulin. These data indicate that
inhibition of calpains may effectively slow myofibrillar protein
digestion in vivo.

MATERIALS AND METHODS

Plasmid Construction. Site-directed mutagenesis of rat m-
calpain. Rat m-calpain ¢cDNA was supplied by John Elce
(Queen’s University, Kingston, ON, Canada). Site-directed
mutagenesis was performed with the Kunkel method and
Muta-Gene T7 Enzyme Refill Pack Version 2 (Bio-Rad; ref.
40) to introduce a codon that encoded alanine in place of
cysteine in the m-calpain active site. An oligonucleotide (5'-
AGCCAGAAGCCAGGCGCTCCCAAGGGCTCC-3', syn-
thesized by the Central Services Lab, Oregon State Universi-
ty), was phosphorylated with T4 kinase (Promega) as a primer
for synthesis of a cDNA strand. Successful mutation at 105
amino acid (cysteine — alanine) was verified first by Hgal
restriction-enzyme digestion (a new restriction site generated
after mutation) and sequencing. The DN-m-calpain gene,
digested with Ncol and Sall, was subcloned with NorlI linkers
into pOP13CAT (Stratagene) expression vector after removal
of the chloramphenicol acetyltransferase (CAT) gene. This
plasmid was designated pOP13DN. Correct orientation of the
insert was confirmed by sequencing and restriction-enzyme
digestion.

Construction of CID. The CID nucleotide sequence (Fig. 14)
was deduced from peptide EKLGERDDTIPPEYRELLEKK-
TGV (8) with standard mammalian codon usage. A translation
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A. CID nucleotide sequence:

gagaagetgggcegagagegacg gegagetgetgg geegte

B. CID construct:
TGCGGCCGCCATGgagan———gcgtgTGAGCGGCCGCA

Fic. 1. CID construct. (4) Complete CID nucleotide sequence.
(B) CID construct containing CID nucleotide sequence (lowercase
letters in the middle), Kozak sequence (bold italic), translation start
codon ATG (underlined), translation stop codon TGA (underlined),
and NotI sites (5' and 3').

start codon (ATG), Kozak sequence, and NotI site were added
sequentially to the 5’ end. A translation stop codon (TGA) and
Notl site were added at the 3’ end (Fig. 1B). This 97-bp
full-length single-stranded CID expression construct was syn-
thesized. Double-stranded full-length CID expression con-
struct was generated by PCR with a forward primer P1
(5'-TGCGGCCGCCATGGAGAAGCT-3") and a reverse
primer P2 (5'-TGCGGCCGCTCACACGCCGGT-3'). Dou-
ble-stranded CID cDNA was subcloned into pOP13CAT ex-
pression vector and designated pOP13CID. Correct orienta-
tion of the insertion was confirmed by sequencing.

Cell Culture. Rat L8 myoblasts and transfectants were
cultured in DMEM (GIBCO) with addition of 1000 mg/liter
D-glucose, 584 mg/liter glutamine, 110 mg/liter sodium pyru-
vate, 4 mg/liter pyridoxine hydrochloride, 3.7 g/liter sodium
bicarbonate, 100 units/ml penicillin-streptomycin (GIBCO),
and 10% fetal bovine serum (HyClone). When cells reached
90-95% confluence, the medium was changed to complete
DMEM containing 2% horse serum medium (HyClone) to
obtain fully differentiated myotubes. The medium was
changed every other day for either myoblast or myotubule
maintenance.

Stable Cotransfection. Calcium phosphate transfection (40)
was used for preparation of cell lines. A day before transfec-
tion, one 10-cm plate of myoblasts at 80-90% confluence was
split into four 10-cm plates. On the day of transfection, cells
were fed with 9.0 ml of fetal bovine serum medium 4 h before
calcium phosphate precipitation. Plasmids were purified by
CsCl gradient centrifugation (40). Antibiotic selection with
hygromycin B (200 pg/ml; GIBCO) was used for selection of
cells containing the p3’SS repressor plasmid, and geneticin
(400 pg/ml; GIBCO) was used for selection of the cells
transfected with pOP13CAT, pOP13CID, or pOP13DN.
When the clones were large enough to be visualized without a
microscope, each clone was transferred from the original plate
and cultured sequentially in a 24-well plate, a 12-well plate, a
6-well plate, a 5-cm plate, and finally, a 10-cm plate. We
selected 20 clones of each cotransfectant.

The clones cotransfected with p3’SS (repressor plasmid;
Stratagene) and pOP13CAT (expression vector) were named
L8/PC (plasmid control cell line). The clones cotransfected
with p3’SS and pOP13DN were named L8/DN (dominant
negative cell line). The clones cotransfected with p3’SS and
pOP13CID were named L8/CID (CID cell line). The ability to
differentiate was tested for each transfectant. Only the trans-
fectants that were able to differentiate fully were used for
further experiments.

Reverse Transcription-PCR (RT-PCR). RT-PCR assays
were used to study expression of the various constructs in
cultured cells. RNA was isolated by using the guanidinium-
extraction method (40). RT-PCR was performed in two sep-
arate steps: reverse transcription to generate the single-
stranded cDNA and PCR to amplify the cDNA. RNA used for
the RT reaction was treated with RQ1 DNase (RNase-free,
Promega) to minimize genomic DNA contamination. Oli-
¢o(dT) 18-mer primers were used for the RT reaction.

PCR. The m-calpain RT-PCR consisted of 2 ul of RT
reaction as a template, 1 ul of forward primer RT-anti-P
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(5'-GATGAAACTGGCCAAAGA-3"), and 1 ul of reverse
primer m-P2 (5'-AGCTCCTCTGGGACCTCATAGATG-
3"). The reaction mixture in this and in all other PCRs also
contained 1.5 mM MgCl, 0.2 mM 2’'-deoxyribonucleoside
5'-triphosphate, 1 X Tag DNA polymerase buffer, and 0.5 ul of
Taq DNA polymerase (Promega). The cycle used in this and
in other PCRs was 30 cycles at 94°C for 1 min, 55°C for 1.5 min,
and 74°C for 1 min. pOP13DN was used as the template in one
reaction as a positive control.

The CID RT-PCR included 10 ul of RT reaction as a
template, forward primer P1 (5'-CATGGAGAAGCT-
GGGCGA-3'), and 1 ul of reverse primer P2 (5'-TCA-
CACGCCGGTCTTCTT-3"). pOP13CID was used as the tem-
plate in one reaction as a positive control.

The CAT RT-PCR (positive control for induction of iso-
propyl B-D-thiogalactoside; IPTG) included 10 ul of RT
reaction as a template, 1 ul of forward primer CAT1 (5'-
ATGGAGAAAAAAATCACTGGATAT-3'), and 1 ul of
reverse primer CAT2 (5'-TTACGCCCCGCCCTGCCACT-
CAT-3"). pOP13CAT was used as a template in one reaction
as a positive control.

The Lacl RT-PCR included 6 wl of RT reaction as a
template, 1 ul of forward primer lacP1 (5'-TGTCGATGG-
TAGAAGGAAG-3'), and 1 ul of reverse primer lacP2 (5'-
GTGGTTTTTCTTTTCACCAG-3"). p3'SS was used as the
template in one reaction as a positive control. All of the
primers were 50 pmol/ul.

Products from each PCR (15 ul) were used for gel electro-
phoresis. A 1% TAE agarose gel was used for the 1100-bp
m-calpain RT-PCR product, the 680-bp CAT gene RT-PCR
product, and the 600-bp lacI RT-PCR product. A 2% TAE
agarose gel was used for the 80-bp CID RT-PCR product.

Measurement of Total Protein Degradation. After 6 days of
differentiation, cells were supplied with 2 Ci/ml of [*H]ty-
rosine (NET-127, DuPont/NEN), and 5 mM IPTG was added
to one-half of the plates. After 24 h, the plates were washed
with DMEM containing 2 mM tyrosine (chase) and refilled
with DMEM containing 2 mM tyrosine. At that time, 1.5 ml
of medium was taken from each plate, and radioactivity was
measured by scintillation counter. This measurement was
designated as the radioactivity present at time zero. Time zero
plates from cultures not treated with IPTG were described as
Ty, whereas time zero plates from cultures treated with IPTG
were described as Tor. The rest of the plates were cultured for
an additional 6 or 12 h. Of these, half continued to be treated
with IPTG. After 6 (T or Ter) or 12 h (Tyz or Tyz1), 1.5 ml of
medium from each plate was taken, and radioactivity was
measured. From these measurements, protein degradation (D)
at 6 (Dg or Dgp) or 12 h (D12 or Dya1) and the percentage
reduction of protein degradation caused by addition of IPTG
were calculated.

Protein Extraction and Western Blotting. The methods used
in this study for recovery of cell protein were similar to those
reported by Wang et al. (41). The protein concentration was
measured with a protein assay kit (Bio-Rad). Standard tech-
niques (40) were used for electrophoresis and transfer of
proteins to Optitran membranes (Schleicher & Schuell) and
for blotting. A 4-12.5% gradient gel with a 100:1 ratio of
acrylamide to bisacrylamide with no stacking gel was used for
nebulin protein separation. A 7.5% separating gel and 5%
stacking gel were used for m-calpain and Lacl protein sepa-
ration. A 4-20% gradient gel and 4% stacking gel were used
for fodrin protein separation.

The blots were rinsed with 50 mM Tris-base, pH 7.5, and 150
mM NaCl (TBS), blocked by 5% skim milk in TBS plus 0.05%
Tween-20 (TTBS) for 1 h, and probed with nebulin (1:5000,
A-9891, Sigma), LacI (1:1000, Stratagene), m-calpain (1:2000),
and spectrin antibodies (1:1000, Chemicon) for 2.5 h. After
antibody probing, the blots were washed with TTBS for 30 min
and transferred into a secondary antibody solution with 1:5000
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dilution of either anti-rabbit or anti-mouse IgG (Bio-Rad)
conjugate for at least 30 min. After another 30-min wash, the
blots were developed with either an enhanced chemilumines-
cence (Amersham) or a LumiGLO (Kirkegaard & Perry
Laboratories) detection system.

Production of m-Calpain Antibody. An antipeptidic anti-
body against the amino-terminal 18-mer segment of preau-
tolysis m-calpain was developed by using a synthetic peptide
(42), AGIAAKLAKDREAAEGLGC, conjugated to keyhole
limpet hemocyanin and affinity-purified with Imject Activated
Immunogen Conjugation Kits (Pierce). A female, 12-week-old
New Zealand White rabbit was injected with the immunogen.
Antiserum m-calpain was collected 4 weeks after injection and
was purified with Sulfolink coupling gel (Pierce).

Statistical Analysis. Raw data from a single time point (6 or
12 h) were analyzed with SIGMA PLOT 3.0. A Student’s ¢ test or
ANOVA was used to evaluate differences among the control
and treatments. A significance level of 5% was used for all
comparisons (43).

RESULTS

Overexpression of the DN-m-Calpain and CID: Detection at
the mRNA Level. To verify that cell lines expressed constructs
as desired, several confirmation studies were completed. In the
first of these (Fig. 2), we assessed effects of IPTG treatment
(at 12 and 24 h) on CAT, m-calpain, and Lacl mRNAs by
RT-PCR in the L8/PC (Fig. 24), L8/DN (Fig. 2B), and
L8/CID (Fig. 2C) cell lines. In L8/PC cells, IPTG induced
expression of CAT without affecting m-calpain or Lacl mR-
NAs (Fig. 24). In L8 /DN cells, IPTG increased expression of
m-calpain mRNA but did not affect Lacl (Fig. 2B). The signal
for m-calpain shown in Fig. 2B represents both the endogenous
and DN-m-calpain; our interpretation is that the increase in
signal is caused by synthesis of DN-m-calpain. We also assessed
effects of IPTG on CID, m-calpain, and Lacl mRNAs (Fig.
2C). IPTG increased CID mRNA but did not affect m-calpain
and Lacl mRNAs. The signal for CAT (Fig. 24) and CID
mRNAs (Fig. 2C) in the absence of IPTG indicates the
“leakiness” of the LacSwitch expression system. These results
show that exogenous-gene mRNA was inducible by IPTG and
stable for at least 24 h.

Effects of Overexpressing DN-m-Calpain on m-Calpain at
the Protein Level. To determine whether DN-m-calpain would
be expressed at the protein level, Western blot analysis was
performed (Fig. 3). As expected, in L8/PC and L8/CID cell
lines (Fig. 3 Top and Middle), addition of IPTG did not affect
m-calpain or LacI concentrations. However, in the L8 /DN cell
line (Fig. 3 Bottom), total m-calpain protein was increased
after addition of IPTG at 8 h. This increase indicates that
DN-m-calpain was expressed at the protein level.

Effects of Overexpressing CID and DN-m-Calpain on Fo-
drin Degradation. Fodrin, a nonerythroid spectrin and a
multifunctional protein, is a major component of the cortical
cytoskeleton of most eukaryotic cells (44, 45). Calpains cleave
fodrin into 150- and 145-kDa fragments after addition of
A23187 (Ca?" ionophore) and maitotoxin; this addition stim-
ulates calcium influx in both excitable and nonexcitable cells
in SH-SYSY neuroblastoma cells and cerebrocortical cultures
(41, 46). Because fodrin is a well characterized calpain sub-
strate, we compared its hydrolysis to the hydrolyses of the cell
lines developed in this study to determine whether they
provided good models for control of calpain activity.

To study the impact of overexpression of CID and DN-m-
calpain on endogenous calpain activity, we examined fodrin
breakdown after addition of A23187 to culture. In L8 /PC cells,
fodrin was cleaved into 145- and 150-kDa fragments after
addition of 10 uM and 20 uM A23187, respectively, within a
1-h incubation period (Fig. 4 Upper). In L8/CID and L8/DN
cell lines, fodrin breakdown, after addition of 20 uM A23187
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FiG.2. IPTG induction of exogenous gene expression in different cell
lines by RT-PCR assay. All of the transfectants were grown to 90-100%
confluence, after which IPTG (5 mM) was added to half of the plates and
incubated for 12 or 24 h. RT-PCR was performed as described in text. (4)
L8/PC cell line. (B) L8/DN cell line. (C) L8/CID cell line.

within a 2-h incubation period, was reduced by addition of
IPTG (Fig. 4 Lower, lanes b and d). Specifically, IPTG caused

abcdef g
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FiG. 3. Effect of overexpression of various constructs on calpain
concentration in transfectants. Myoblasts were cultured to 90-100%
confluence, after which IPTG (5 mM) was added to each plate. The
plates (except lane a) were cultured for an additional 8 h (lane b), 1
day (lane c), 2 days (lane d), 3 days (lane e), 4 days (lane f), or 5 days
(lane g). Western blots were prepared and polyclonal rat m-calpain
antibody and polyclonal LaclI antibody were used to probe the blots as
described in the text. (Top) L8/PC cell line; (Middle) L8 /CID cell line;
(Bottom) L8/DN cell line.
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F1G. 4. Inhibition of fodrin-breakdown product by reduction of
calpain activity in various cell lines. (Upper) Fodrin degradation in
L8/PC cell line: no A23187 treatment (lane a), A23187 (10 uM) for
1 h (lane b), and A23187 (20 uM) for 2 h (lane c). (Lower) Fodrin
degradation in the presence and absence of IPTG in the cell lines
L8/CID and L8/DN exposed to A23187 (20 uM) for 2 h. Monoclonal
spectrin antibody (nonerythroid) was used for Western blotting.

intact fodrin to accumulate and reduced production of fodrin
fragments. These results show that endogenous calpain activity
is reduced by overexpression of DN-m-calpain or CID.

Contribution of Calpain to Total Protein Degradation.
Total protein degradation after serum withdrawal was mea-
sured with a tyrosine labeling experiment. IPTG did not affect
total protein degradation after serum withdrawal the in L8 /PC
cell line. However, in the L8/DN cell line, total protein
degradation was reduced by 30% (P < 0.05) by overexpression
of the dominant negative m-calpain for 12 h. In the L8/CID
cell line, total protein degradation was reduced by 63% (P <
0.05) after overexpression of CID for 12 h. IPTG also caused
a 33% reduction in degradation at 6 h in the L8/CID cell line.
These data indicate that a large portion of myotube protein
degradation is mediated by calpains.

Stabilization of Nebulin by Calpains. Nebulins, a family of
giant proteins with molecular masses of 600-900 kDa in
various skeletal muscle tissues (45, 47), are the sole constituent
of a set of long, inextensible, longitudinal filaments that span
the space between the Z disk and the distal region of a thin
(actin) filament (48). An entire nebulin filament consists of a
combination of 200-, 180-, 40-, 35-, and 23-kDa subfragments
(49). To determine whether the calpains degrade this impor-
tant structural protein, we assessed its degradation in our cell
lines.

L8/PC, L8/CID, and L8/DN cell lines were exposed to
IPTG for 24 h. At the end of treatment, all the cells were
changed to serum-free medium and incubated for 12 more
hours in the presence (Fig. 5, lanes ¢ and d) or absence (Fig.
5, lanes a and b) of IPTG. Western blotting was performed,
and monoclonal nebulin antibody was used as a probe. IPTG
did not affect nebulin in L8/PC cells. Based on scanning
densitometry, we determined that nebulin was stabilized by
20% after overexpression of DN-m-calpain and by 34.5% after
overexpression of CID. These results indicate that the calpain
system is involved in degradation of a key myofibrillar protein
in living cells.

DISCUSSION

Accumulation and maintenance of muscle mass depends on
control of both protein synthesis and protein degradation. In
recent years, interest has focused on degradation, because
typically this process is accelerated in a wide variety of
pathologic conditions. For example, degradation is enhanced
in cachexia (34), AIDS wasting (50), various endocrine disor-
ders (51), genetic muscular dystrophies (30), and in extended
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F1G.5. Stabilization of nebulin by reduction of calpain activity. The
three cell lines (L8/PC, L8 /DN, and L8/CID) were exposed to IPTG
(5 mM) for 24 h, after which nebulin concentration was assessed by
Western blotting. Lanes a and b are duplicates, as are lanes ¢ and d.
Nebulin was stabilized by 20% after overexpression of DN-m-calpain
and 33% after overexpression of CID.

bed rest (52). Degradation may also be a constraint to growth
in domestic animals (53). Reducing the rate of muscle protein
degradation in farm animals may represent a strategy that
could promote animal growth effectively and enhance effi-
ciency of growth.

The protease(s) that mediates degradation needs to be
identified, because it would provide a logical target for inter-
vention. In this regard, two proteolytic systems have been
studied: the proteasome and calpain. Several recent studies
point to the involvement of the proteasome in myofibrillar
protein degradation (34, 35-39); however, it is not clear
whether proteasome is the key rate-limiting protease or
whether it is simply one protease in the pathway of degrada-
tion. A recent study by Solomon et al. (35) indicated that the
proteasome can degrade monomeric (free) myofibrillar pro-
teins, except when they are associated with other myofibrillar
proteins. These data suggest that another protease must exist
upstream of the proteasome to provide it with monomeric
myofibrillar proteins as substrate.

Several lines of evidence suggest that calpains may be the
rate-limiting proteases; however, this conclusion has not been
corroborated in living cells. To assess calpain function, we
developed two genetic strategies to manipulate endogenous
calpain activities: overexpression of DN-m-calpain and over-
expression of CID. Overexpression of DN-m-calpain was
expected to inhibit m-calpain activity specifically by competing
with endogenous m-calpain for substrate. Overexpression of
CID was expected to inhibit both u- and m-calpain activities,
because calpastatin has been shown to inhibit both calpain
isoforms (8, 11-15). To assess the utility of these approaches:
(i) calpain mRNA concentration was assessed by RT-PCR; (ii)
m-calpain concentration was assessed by Western blotting; and
(iii) fodrin degradation was assessed. For analysis of calpain
function in protein breakdown, we measured total protein
degradation and examined the concentration of nebulin, a Z
disk- and a-actin-binding protein. Our results showed that
exogenous genes (DN-m-calpain and CID) were overex-
pressed in an inducible manner at the mRNA level (Fig. 2 B
and C) and/or at the protein level (Fig. 3 Bottom).

To determine whether expression of DN and CID regulated
the calpain system as expected, we evaluated fodrin degrada-
tion. Fodrin is a well characterized calpain substrate (41, 46, 54,
55). In fact, specific calpain cleavage sites of fodrin have been
identified (56). Our data clearly show that overexpression of
our various constructs (Fig. 4) stabilized fodrin. Therefore,
these data provide compelling evidence of our ability to
control calpain activity in living muscle cells. Previously, the
study of protease function in tissues was carried out with the
use of protease inhibitors. However, their use has always been
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accompanied by concerns of nonspecificity. The strategies
outlined here successfully control protease activities in living
muscle cells and allow unequivocal identification of protease
function in muscle tissue.

Our data also indicated that calpains were involved signif-
icantly in total protein turnover during conditions of stimu-
lated degradation. The involvement was evaluated by release
of radiolabeled tyrosine into cell-culture medium from prela-
beled protein. Overexpression of CID caused a 63% reduction
in total protein degradation, whereas overexpression of DN
caused only a 30% reduction. Our expectation was that the
CID construct would inhibit both p- and m-calpain, whereas
the DN construct would specifically inhibit m-calpain by
competing with endogenous intact m-calpain for substrate. If
this expectation proves to be true, the difference in inhibition
caused by these two constructs may approximate the degra-
dation in L8 cells that is mediated by other calpains (i.e.,
p-calpain). A more direct means of assessing the role of
p-calpain in muscle cells would be to overexpress a dominant
negative u-calpain construct, similar to the one used in this
study.

Many believe that calpains are rate-limiting enzymes in
myofibrillar protein degradation, but other compelling data
suggest that the proteasome also participates in this process
(34-39). A recent article by Solomon et al. (35) indicated that
activity of the proteasome could be secondary to another
protease, because it was capable of degrading monomeric
myofibrillar proteins, not higher structures. We chose to
investigate the possibility that calpain degrades myofibrillar
protein by investigating nebulin. Whereas intact nebulin ap-
proaches 600 kDa, it undergoes autofragmentation into 200-,
180-, 40-, 35-, and 23-kDa subfragments in the presence of 0.1
mM Ca?" (49, 53). The 200-kDa fragment was the principle
nebulin fragment recovered from muscle preparations in our
experiment. We found that inhibition of calpain activity, by
overexpression of either CID or DN, stabilized the 200-kDa
fragment of nebulin. Although nebulin is known to be a calpain
substrate in vitro, inhibition of calpains in vivo only has small
effects on nebulin degradation. Further studies are needed to
examine the role that calpains play in degrading other key
structural proteins of the sarcomere.

Earlier studies with L8 cells (57) have documented that
serum withdrawal caused an ~20% increase in total protein
degradation. It is interesting to note that stabilization of
nebulin and of total proteins by overexpression of the calpain
system was detectable only under conditions of serum starva-
tion (i.e., accelerated degradation). These data indicate that
calpain may function in degrading proteins under stimulated
conditions.

Calpains play substantial roles in protein breakdown in
muscle cells. They degrade fodrin, a well characterized calpain
substrate in vivo, and account for a large proportion of total
protein degradation. Calpains degrade nebulin, an important
architectural protein of the sarcomere, and may be particularly
important to degradation during pathological conditions. Fur-
ther studies are needed to discover other substrates for cal-
pains in muscle and to elucidate roles of u-calpain as well.
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