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N-ethylmaleimide at low concentrations is known to interact specifically with 2

sulfhydryl residues in myosin heavy chain. Calpain, a Ca2+-dependent neutral
protease isolated from chick skeletal muscle, was found to preferentially degrade the
alkylated protein but much less significantly the unmodified protein. Exposure of
myosin to KMnO,4, which is also known to interact with sulfhydryl groups, also

caused the rapid degradation of the myosin heavy chain. Furthermore, treatment of

each agent with increasing concentrations results in a greater loss of the myosin
ATPase activity, indicating that the modification occurred at the reactive site
sulfhydryl residues. These results suggest that the covalent modification at the
reactive site sulfhydryl residues in the myosin heavy chain may mark the protein for

degradation by intracellular proteases such as calpain.

KEY WORDS: Calpain, Myosin Heavy Chain, KMnO,, N-ethylmaleimide

Oxidative modification has been suggested to be
an important mechanism triggering the
breakdown of critical cell proteins such as
glutamine synthetase in E. coli (Stadtman and
Oliver, 1991). Several mammalian proteolytic
enzymes, including calpain and 20S proteasome,
have been shown to preferentially degrade the
glutamine synthetase that was irreversibly
inactivated by a mixed function oxidant system
(Rivett, 1985a, 1985b). Proteases Re and So in
E. coli have also been demonstrated to degrade
rapidly this damaged enzyme but not the native
protein (Park et al., 1988; Lee et al., 1988). In
addition, we have recently shown that
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sarcoplasmic reticulum Ca2+/Mg2+-ATPase, which
is oxidatively modified at its reactive site sulfhydryl
(SH) residues using KMnQy, is preferentially
degraded by calpain (Chung et al., 1990). Various
other types of covalent modification have also
been implicated as marking steps that render
proteins more susceptible to proteolytic attack
(Rivett, 1986), and they include formation of
mixed disulfides, oxidation of methionine residues
or iron-sulfur centers, and phosphorylation
(Horowitz and Bowman, 1987; Pontremoli et al.,
1987).

A myosin molecule contains over 40 SH
residues, of which 12 or 13 reside on each of the
two myosin heads (Lowey et al., 1969). However,
only a few of them are readily available for
alkylation under mild conditions. Two SH residues,
SH1 and SH2 located on myosin heavy chain,
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have been extensively studied, since their
modifications dramatically affect the ATPase
activity of myosin (Sekine and Kielly, 1964).
Among the different SH reagents used for the
modification, the reaction of N-ethylmaleimide
(NEM) with myosin from skeletal muscle is
particularly well documented and the peptide
fragments containing the modified SH residues
have been isolated and sequenced (Yamashita et
al., 1974). In addition, cross-linking of SH1 and
SH2 groups with bifunctional SH reagents has
been demonstrated that the SH residues involve in
noncovalent trapping of adenine nucleotides,
presumably at the active site (Wells and Yount,
1979). Therefore, we have examined if the
covalent modification of the specific SH residues
may render myosin molecules more susceptible to
degradation by intracellular proteases.

Calpain has been implicated as an important
protease involving in muscle protein turnover and
degradation of proteins that were marked by
covalent modifications, such as mixed function
oxidation and phosphorylation (Rivett, 1986;
Reddy et al., 1975; Pontremoli et al., 1987).
Therefore, we chose this protease to test if myosin
heawy chain, whose reactive site SH residues are
modified by NEM or KMnQy, is selectively
degraded by the enzyme. The results of this study
show that calpain from chick skeletal muscle
specifically hydrolyzes the covalently modified
myosin heavy chain.

Materials and Methods

Materials

Calpain was purified from adult chick skeletal
muscle as described previously (Chung et al.,
1990). Purification of myosin from chick breast
muscle was carried out by following the procedure
of Margossian and Lowey (1973). All reagents
used were of analytical grade and purchased from
Sigma, unless otherwise indicated.

Chemical Modifications

The purified myosin (1.4 mg/ml) was alkylated
by incubating with NEM for 50 min at 30°C in 4-
(2-hydroxyethyl)-1-piperazine ethane sulfonic acid
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(HEPES) buffer (pH 7) containing 100 mM KCl, 5
mM MgCl, and 50 uM CaCl, as described
(Kawakita et al., 1980). Myosin was also
oxidatively modified by treating KMnO,4 at 22°C
for 50 min in 30 mM 3-(N-morpholino)propane
sulfonic acid (MOPS) buffer (pH 6.9} containing
100 mM KCl and 125 mM sucrose as described
(Ariki and Shamoo, 1983). After the incubations,
the reactions were terminated by adding 2-
mercaptoethanol to a final concentration of 5
mM. The protein was also oxidized by a metal-
catalyzed mixed oxidation system (i.e., using
Fe3+/0y/ascorbate) as described previously (Lee
et al., 1988).

Assays

The ATPase activity of myosin was assayed by
incubation at 30°C for 1 h with 25 mM Tris-HCI
buffer (pH 7.5) containing 1 mM ATP, 5 mM
CaCly, and 0.5 M KCI. After the incubation, the
reaction was stopped by adding 2% (w/v) sodium
dodecyl sulfate (SDS) and the release of inorganic
phosphates was assayed colorimetrically as
described previously (Hwang et al., 1988).

Proteolysis

The modified myosin was incubated at 30°C
with 1 ug of the purified calpain in 50 mM Tris-
HCI buffer (pH 8) containing 5 mM CaCl, and 15
mM 2-mercaptoethanol. After the incubation for
appropriate periods, the reaction was terminated
by adding 2% SDS and the resulting samples were
electrophoresed on 8% (w/v) polyacrylamide slab
gels containing SDS (Laemmli, 1970). Protein
bands were visualized by staining with Coomassie
R-250.

Results and Discussion

To examine if calpain preferentially hydrolyzes
the covalently modified form of myosin, the
protease was incubated with the purified myosin
that had been alkylated with NEM. As shown in
Fig. 1, calpain hydrolyzed to greater extents the
myosin heavy chain that had been treated with
higher amounts of NEM. Under the same
condition, however, calpain showed insignificant
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Fig. 1. Hydrolysis of the NEM-modified myosin heavy
chain by calpain. The purified myosin preparation {20
ug each), that had been treated with 0 (lane b), 0.1 (c),
0.2 (d) or 0.3 mM NEM (e}, was hydrolyzed by
incubation with 1 ug of calpain for 1 h at 30°C as
described in Materials and Methods. The untreated
myosin was also incubated without calpain as a control
(lane a). The samples were then electrophoresed in the
presence of SDS and stained with Coomassie R-250.

activity against the myosin light chain (data not
shown) or actin molecules (indicated by the arrow),
which were copurified with the myosin
preparation. These results clearly suggest that the
covalent modification by NEM appears to occur
specifically to the myosin heavy chain and results
in preferential degradation of the alkylated protein
by calpain. Of particular interest is the finding that
gel electrophoretic pattern of the cleavage
products of the alkylated myosin heavy chain
(lanes b-e) is very similar to that of the untreated
protein (lane a), although the extent of proteolysis
was much less in the latter case. Thus, it appears
that the alkylation of myosin heavy chain may
increase its susceptibility to the target protease.
Calpain was also found to selectively hydrolyze
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the myosin heavy chain that had been oxidatively
damaged by treatment with KMnO, (Fig. 2). It is
also noteworthy that the oxidative modification of
the myosin light chain {data not shown) or the
copurified actin does not affect its susceptibility to
calpain (shown by the arrow). Since NEM and
KMnO, are known to interact with SH residues
(Ariki and Shamoo, 1983; Kawakita et al., 1980),
the chemical modification (i.e., alkylation or
oxidation) of SH residues may be responsible for
the recognition and degradation by calpain.
However, the KMnOy-oxidized form of myosin
heavy chain was degraded more extensively by
calpain than the NEM-modified protein. Thus, it
appears that KMnO,4 and NEM have different
accessibility to the SH residues in the myosin
heavy chain molecules.

To define more clearly the selectivity of the
covalently modified form of the myosin heavy

o
t

Fig. 2. Hydrolysid of the KMnOj4-oxidized myosin heawy
chain by calpain. The purified myosin preparation (20
1g each), that had been treated with O (lane b), 50 (c},
100 (d) or 200 uM KMnQy4 (e}, was hydrolyzed by
incubation with 1 ug of calpain for 1 h at 30°C. The
untreated myosin was also incubated without calpain as a
control (lane a). The samples were then electrophoresed
and stained as in Fig. 1.
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chain over the unmodified polypeptide in
proteolysis, calpain was incubated with these
proteins for varying periods. As shown in Fig. 3,
both the NEM-modified and KMnOy4-oxidized
forms are degraded at much higher rates than the
untreated myosin heavy chain. Thus, it is at least
clear that calpain preferentially degrades the
myosin heavy chain that were chemically modified
at its SH rasidues.

To determine whether the chemical
modifications occur at the SH residues near or at
the reactive site or other structural locus of the
myosin heavy chain, the ATPase activity of myosin
was measured in the presence of increasing
concentrations of NEM and KMnOy. Fig. 4 shows
that treatments of higher amounts of the agents
cause greater reductions in the ATP hydrolysis. On
the other hand, the myosin preparation that had
been exposed to a mixed oxidant system (i.e.,
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Fig. 3. Time-dependent hydrolysis of the NEM-modified
and KMnOg-oxidized myosin heavy chain by calpain.
The purified myosin preparation (20 ug each), that had
been treated with 200 uM NEM (e) or 50 uM KMnO,
(A), was incubated with 1 ug of calpain at 30°C for
various periods. The protein was also incubated without
calpain (0). The samples were then electrophoresed and
stained as in Fig. 1. The bands corresponding to the
myosin heavy chain were scanned using a densitometer,
and the intensity disappeared by the incubation with
calpain was expressed as the percent of that shown by
the incubation in its absence.
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Fig. 4. Dose-response effects of NEM (@) and KMnO,
(4) on the ATPase activity of myosin. The purified
myosin preparation (1.4 ug) was assayed for its ATPase
activity in the presence of increasing amounts of each
agent as described in Materials and Methods. ATP
hydrolysis shown in the absence of the reagents was
expressed as 100% activity.

Fe3+/0y/ascorbate) was neither inactivated nor
degraded by calpain (data not shown). The mixed
oxidant system has been reported to alter a single
histidine residue but not SH groups in glutamine
synthetase (Levine, 1983). These results suggest
that the irreversible inactivation by the covalent
modification correlates well with susceptibility to
proteolytic attack and that the modifications by
NEM and KMnOy occur specifically at the reactive
site SH residues of the myosin heavy chain.

Thus, it appears possible that calpain may
involve within cells in the selective hydrolysis of
the oxidized or covalently modified proteins such
as myosin. Nevertheless, the physiological
significance of this process is perplexing, because
the majority of calpain molecules in chick skeletal
muscle require millimolar concentration of Ca2+
(Kwak et al., 1993). Neither is clear about the
mechanism how the modified proteins are
recognized by calpain, although specific, undefined
alteration(s) in the structure of the proteins can be
an easy explanation for it.
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