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Postmortem Changes in Regulatory Proteins of Rabbit Muscles•õ
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The procedures for complete extraction of regulatory proteins, particularly troponin and 

tropomyosin from the myofibrils of fresh and stored muscles were developed and the effect of 

postmortem storage of muscle on the properties of the regulatory proteins was studied. The 

ATPase enhancing ability and the sedimentation behavior of ƒ¿-actinin from post-rigor muscle 

did not differ from those of ƒ¿-actinin from prerigor muscle. The amounts of both troponin 

and tropomyosin decreased during the storage of muscle. Troponin decreased more rapidly 

than tropomyosin. These results were interpreted to support our hypothesis that the structural 

alteration of myofibril, which is mainly due to the change in the troponin-tropomyosin complex 

of thin filaments, proceeds during the postmortem storage of muscle.

Several workers' have reported that actin

myosin interaction is modified during the 

postmortem storage of muscle and suggested 

that this modification may be associated with 

meat tenderization proceeding on aging. How-

ever, the protein component responsible for 

this modification is still unknown.

Our previous study2) revealed that myofibril 

had a steric factor which depressed ATPase 

activity attributable to myosin and actin and 

that the effect of this factor decreased with the 

storage of muscle. It is conceivable that the 

steric factor derives from the regulatory pro

teins, i.e., ƒ¿-actinin and troponin-tropomyosin 

complex, because the regulatory proteins are 

built in the structure of myofibril and able to 

modify the actin-myosin interaction.3) Ara

kawa et al.4,5) have reported that postmortem 

storage does not affect the amount of ƒ¿-actinin 

or troponin-tropomyosin complex extracted 

from rabbit myofibrils and that postmortem

changes in ƒ¿-actinin and troponin-tropomyosin 

complex are not the primary cause of post

mortem modification in actinmyosin inter-

action, even though some alterations in their 

properties occur. On the other hand, we" 

have shown a clear difference in the response to 

trypsin treatment between myofibrils from 

fresh and aged muscles and suggested that some 

postmortem changes occur in thin filament of 

myofibril, mainly due to troponin-tropomyosin 

complex. Moreover, many researchers have 

indicated or suggested by the application of 

SDS-polyacrylamide gel electrophoresis that 

troponin and tropomyosin change during the 

postmortem storage of muscle.7)

To get more quantitative evidence for post

mortem change in troponin-tropomyosin com

plex and to obtain a reconciliation for the 

discrepancy between Arakawa et al.'s results 

and other researchers' ones, we have reex

amined the postmortem effect on the properties 

of the regulatory proteins in myofibril in the 

present study.

MATERIALS AND METHODS

Except where noted, preparations of all samples were 

performed at 4°C. All solutions used were prepared 

with the deionized distilled water.

Muscle and myofibril. The rabbit longissimus 

dorsi muscle was removed from a newly-killed rabbit,
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trimmed off of fat and connective tissue, and ground. 

 The ground meat was stored at 4°C for aging. Ten 

 milimolar sodium azide solution was sprayed on the 

 surface of meat and the container to prevent putrefac

tion. After aging, the surface of meat was trimmed off 

 and myofibrils were prepared, as described previously.')

Preparation of regulatory proteins from myofibril. 

Regulatory proteins were extracted according to the 

procedures described in Figs. 1 and 2. The subsequent 

fractionation with ammonium sulfate was performed 

essentially according to the procedures of Arakawa 

et al.") The supernatant containing regulatory 

proteins was collected and fractionated into 0-.10 %, 

1040% and 4075% ammonium sulfate saturation 

fractions. A fraction salted out between 10 and 40% 

ammonium sulfate saturation containing a-actinin was 

dialyzed against 2 mm NaHCO3 solution and the dial-

yzed protein solution was centrifuged at 5000 x g for 

 30 min. The resultant supernatant was refractionated 

with ammonium sulfate. The precipitate between 10 

and 25 % ammonium sulfate saturation was dialyzed 

against 2 mm NaHCO3 solution and centrifuged at 5000 

 x g for 30 min. The clarified supernatant was taken as 

ƒ¿-actinin .

A fraction salted out between 40 and 75 % ammonium 

sulfate saturation containing troponin and tropomyosin 

was dissolved in 0.15 M KCl and dialyzed against 0.1 M 

KCl-5 mm NaHCO3 solution. The dialyzed protein 

solution was centrifuged at 5000 x g for 30 min and the 

resultant supernatant was refractionated. A fraction 

salted out between 40 and 75Y. ammonium sulfate 

saturation was dissolved in 0.1 M KCl and dialyzed 

against 0.1 M KCl-5 mM NaHCO3 solution. The dialy

sate was clarified by centrifugation at 5000 x g and taken 

as troponin-tropomyosin complex.

Isoelectrie separation of troponin-tropomyosin com

plex. Isoelectric separation of troponin-tropomyosin 

complex was performed according to the procedure of 

Ebashi and Kodama.9)

A TPase activity measurement. The reaction mix

ture composed of myofibril (0.25 mg/ml) or actomyosin 

(0.125 mg(ml), 1 MM MgCl2, 1 mm ATP, 25 nM Tris-

HCl buffer (pH 8) and KCl at concentrations lower 

than 0.15 M was incubated at 25°C for 5 min. The 

reaction mixture containing 1 mm EGTA was also 

incubated when necessary to measure Ca-sensitivity. 

The reaction was stopped by the addition of trichloro

acetic acid (final concentration of 4 %) and the liberated 

phosphorus was determined by the modified Allen's 

method.") ATPase activity was expressed as ƒÊmoles 

of P, liberated by 1 mg protein for 1 min.

Ultracentrifugal analysis. Ultracentrifugal analysis 

was performed with a Hitachi UCA analytical ultracen-

trifuge.

Protein concentration estimation. Protein con
centration was determined by the biuret method which 
was standardized by micro-kjeldahl method.

RESULTS

Extraction of regulatory proteins
One procedure used in the present work to 

extract regulatory proteins from myofibrils was 
essentially the same as that of Arakawa et al.,''8> 
as depicted in Fig, 1. However, the myo
fibrils used as starting materials were prepared 
as described previously" and some modifi
cations were made. While Arakawa et al.'s 
method consists of eight steps between step I 
and 8, other steps between step 9 and 13 were 
added, and at step 6 the standing for overnight 
in 2 mm NaHCO3 was used instead of a short-
time washing with water to obtain a complete 
extraction. We collected all the supernatants 
except one at step 16, while Arakawa et al. 
used only two supernatants at step 7 and 8.

The procedure consisted of successive wash
ings the myofibril with water, dilute bicarbo
nate solution and Tris-HCl buffer, and ex
tracting the desensitized actomyosin from the 
swollen, washed mass. To obtain regulatory 

proteins, all the supernatants indicated to be 
saved in Fig. 1 were collected and salted out 
by ammonium sulfate, as described in 
MATERIALS AND METHODS. That neither myo
fibril obtained at step 10 nor actomyosin at 
step 13 had Ca-sensitivity (not shown in Figure) 
indicated that the complete extraction of 
troponin-tropomyosin complex from myo
fibril was accomplished by this procedure.

Another procedure for the extraction of 
regulatory proteins was designed in the present 
work and shown in Fig. 2. It was a modifi
cation of the procedure of Perry et al.,1 who 
found that treatment of myofibril with a weak 
alkaline solution could eliminate the troponin-
tropomyosin complex. The main modifi
cation was that repeating of short-time washing 
with NaHCO3 was used instead of a 48 hr-
standing in Tris-HCl buffer. The super
natants indicated to be saved in Fig. 2 were 
collected and salted out with ammonium 
sulfate, as described in Materials and Methods
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Fin. 1. Preparation Scheme for Desensitized Actomyosin and Supernatants Containing Regulatory Proteins.
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FIG. 2. Preparation Scheme for Desensitized Actomyosin and Supernatants Containing Regula

tory Proteins.
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to obtain regulatory proteins. When tested, 
well washed actomyosin obtained by this pro
cedure also had no Ca-sensitizing protein 
factor (not shown in Figure). It was thus 
concluded that both procedures presented in 
Figs. 1 and 2 were desirable enough to elimi
nate troponin-tropomyosin complex from 
myofibril.

Effect of postmortem storage of muscle on the 
 sedimentation behavior of desensitized acto
myosin
The sedimentation patterns of the desensiti

zed actomyosins obtained by the procedure of 
Fig. 2 are shown in Fig. 3. Both actomyosins 
from 0-MF and 8-MF gave almost the same 

patterns consisting of three peaks of 21.2, 
17.5 and 5.6 S for the former, and 20.8, 17.8 
and 5.6 S for the latter, respectively. Ac-
cording to the value of S20,w of rabbit myosin 
reported by many workers,"' the slowly-
sedimenting component of 5.6 S was identified 
to be myosin released from actomyosin in 
0.6 M KCl and other two components, to be 
actin-myosin complexes. As compared with 
the result on natural actomyosins from fresh 

and aged muscles reported by Okitani et al.,'11 

the amount of the released myosin of desen

sitized actomyosin was remarkably greater 

than those of the two fast-sedimenting com

ponents. Since this difference may be caused 

by the elimination of regulatory proteins from 

actomyosin, the elimination of regulatory pro

teins seems to weaken the interaction between 

myosin and actin.

Effect of postmortem storage of muscle on the 

property of ƒ¿-actinin

Some properties of the crude ƒ¿-actinin ex

tracted from myofibrils through the procedure 

of Fig. 1 were examined to investigate the 

effect of postmortem storage of muscle on 

ƒ¿-actinin . As shown in Fig. 4, the ATPase 

enhancing ability of ƒ¿-actinin from 8-MF did 

not differ from that of ƒ¿-actinin from 0-MF. 

The sedimentation patterns of ƒ¿-actinins from 

both 0-MF and 8-MF were almost the same, the 

S20,w of them being 6.0 S, as shown in Fig. 5. 

These two results in agreement with those of 

Arakawa et al." may indicate that little change 

has occurred in the property of ƒ¿-actinin during 

the postmortem storage of muscle.

Fin. 3. Sedimentation Patterns of Desensitized Actomyosins Obtained from Myofibrils of Fresh 
and Stored Muscles.

Desensitized actomyosin prepared by the procedure of Fig. 2 was ultracentrifuged at 55,430 rpm and 
10°C. Photographs were taken at 15, 20, 25 and 30 min (left to right) after reaching the full speed. 
Upper traces, actomyosin from 0-MF (4.3 mg/ml); Lower traces, actomyosin from 8-MF (6.2 mg/ 
ml) in 20 mM Tris-HCl (pH 8.0).
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FIG. 4. Effect of ƒ¿-Actinin on ATPase Activity of 

Desensitized Actomyosin.

ATPase assay: 0.125 mg/ml desensitized actomyosin 

obtained from 0-MF by the procedure of Fig. 1, 1 mM 

ATP, I MM M902, 25 mm Tris-HCl (pH 8.0) and KCl 

at the concentration cited on abscissa in the absence 

(triangles) or the presence (circles) of 0.05 mg/ml ƒ¿-

actinin. 0, ƒ¿-actinin from 0-MF; 0, ƒ¿-actinin from 

8-MF.

Effect of postmortem storage of muscle on the 
amount and the property of troponin-tro

pomyosin complex
It may be reasonable to consider that, if 

myofibrils are treated through the procedures 
of Figs. 1 and 2 until Ca-sensitivity of myo
fibrils is completely removed, the amount of 
troponin-tropomyosin complex extracted at 
that time would reflect the content of the com

plex in myofibrils. Thus, the contents of 
troponin-tropomyosin complex obtained by 
these procedures were measured and shown in 
Tables I and II. The results indicated that the 
content of troponin-tropomyosin complex de-
creased to 70 or 80 % of the initial one during 
8 days storage. Each content of troponin and 
tropomyosin in the complex can be deter-
mined by the isoelectric precipitation because 
at pH 4.6 troponin is soluble and tropomyosin 

precipitates." As shown in Tables I and II, 
the application of this method revealed clearly 
that troponin decreased more rapidly than 
tropomyosin during aging of muscle. About

FIG. 5. Sedimentation Patterns of ƒ¿-Actinins Obtained from Myofibrils of Fresh and Stored 

Muscles.ƒ¿

-Actinin prepared by the procedure of Fig
. I was ultracentrifuged at 60,000 rpm and 10°C. Photo-

graphs were taken at 10, 20, 30 and 50 min (left to right) after reaching the full speed. Upper 

traces, ƒ¿-actinin from 0-MF (3.2 mg/ml); Lower traces
, ƒ¿-actinin from 8-MF (3.1 mg/ml) in 

20 mm Tris-HCl (pH 8.0).

TABLE I. TROPONIN AND TROPOMYOSIN CONTENTS IN MYOFIBRILS FROM FRESH 

AND STORED MUSCLES DETERMINED BY THE PROCEDURE OF FIG . I
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TABLE 11. TROPONIN AND TROPOMYOSIN CONTENTS IN MYOFIBRILS FROM FRESH 

AND STORED MUSCLES DETERMINED BY THE PROCEDURE OF FIG. 2

FIG. 6. Sedimentation Patterns of Troponin-Tropomyosin Complex Obtained from Myofibrils 
of Fresh and Stored Muscles.

Troponin-tropomyosin complex prepared by the procedure of Fig. I was ultracentrifuged at 55,430 
rpm and 10°C. Photographs were taken at 30, 50, 75 and 105 min (left to right) after reaching the 
full speed. Upper traces, troponin-tropomyosin complex from 8-MF (3.0 mg/ml); Lower traces, 
troponin-tropomyosin ccmplex from 0-MF (3.6 mg/ml) in 0.15 M KCl-10 mM Tris-maleate (pH 7.0).

40 % of the initial content of troponin were lost 
whereas only 10 to 20 % of that of tropomyosin 
were lost in 8-day storage of muscle.

Figure 6 shows the sedimentation diagrams 
of troponin-tropomyosin complex from myo
fibrils. The S20,w values of the complex from 
0-MF were 4.6 S for the main peak and 2.6 S 
for the slowly-sedimenting one, while those of 
8-MF were 4.8 and 2.6 S, respectively. No 
significant difference in the sedimentation pat-
terns between 0-MF and 8-MF could be ob-
served, although there was a notable difference 
in the share of troponin content between them, 
as presented in Tables I and II.

DISCUSSION

The present study showed that the post
mortem storage of muscle decreased both 
troponin and tropomyosin contents in myo
fibril and that troponin decreased more rapidly 
than tropomyosin. This result contradicts the 
conclusion of Arakawa et al." who have indi
cated that postmortem storage does not affect 

the amount of troponin-tropomyosin complex 
extracted from rabbit myofibril. Such dis
crepancy might be accounted for by the differ
ence of the effectiveness of extraction proce
dures. In the present work, whether the ex-
traction was completely performed or not was 
always checked by measuring the Ca-sensitivity 
of washed myofibril. In order to detect the 
contamination of myofibrillar proteins other 
than troponin-tropomyosin complex in the 
fraction precipitated between 40 and 75 % am
monium sulfate saturation, properties of the 
fraction were examined by the measurement 
of ATPase activity. The result showed that 
neither actin nor myosin was contaminated in 
the fraction.

Maruyama et al."' have reported that the 
amount of troponin plus tropomyosin in 
muscle is about 8 % of the total myofibrillar 

proteins. The corresponding value obtained 
by us, 7.2 %, is in good agreement with that 
of Maruyama et al., considering some loss 
during the preparation. On the other hand, 
the value obtained by Arakawa et al." is far
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less than V Z.'. Such a low value might be 

caused by an incomplete extraction and/or 

large loss, in their procedure, because they did 

not check the Ca-sensitivity during the ex-

traction steps. Some properties examined by 

sedimentation analysis and ATPase assay 

indicated that major proteins in the fractions 

obtained by 10•`25% and 40-75% am

monium sulfate saturation were ƒ¿-actinin and 

troponin-tropomyosin complex, respectively. 

Several reasons described above led us to 

conclude that both procedures of Figs. 1 and 2 

applied in the present work were good improve

ments for determining the amount of troponin

- tropomyosin complex in myofibrils. Thus, our 

results provided an evidence for an post

mortem alteration of thin filament in myo

fibril due to the decrease of troponin and 

tropomyosin, being consistent with the results 

obtained by the electrophoretic studies."

Troponin and tropomyosin are distributed 

along the entire length of thin filament and both 

proteins regulate the interaction between actin 

and myosin in the living muscle, i.e., in the 

presence of ATP."' Drabikowski et a116) have 

shown that it is difficult to separate tropo

myosin from actin in the presence of troponin 

and that troponin therefore seems to have a 

cementing role in preventing the dissociation 

of tropomyosin from actin. The sedimen

tation analysis shown in Fig. 2 seems to 

indicate that the elimination of regulatory 

proteins weakens the interaction between actin 

and myosin. We are thus tempted to conceive 

that the postmortem decreases of troponin and 

tropomyosin contents may result in the modi

fication of the actinmyosin interaction, even 

in postmortem muscle, i.e., in the absence of 

ATP. However, contrary to our concept, 

Marston and Weber" ' reported that the dis

sociation constant (Kd) of the actin-heavy 

meromyosin subfragment-1 complex was not 

altered when the troponin-tropomyosin com

plex was bound on the actin. They measured 

Kd of the complex formed simply by mixing 

the components at low ionic strength. In 

postmortem muscle actin-myosin complex gets 

into a contraction stage with the decrease of 

ATP. The actin-myosin complex in such a 
stage may resemble superprecipitated actomyo
sin more than the complex used by them. 

Therefore, it is necessary to examine whether 
or not their result is common to the complex 

in postmortem muscle or-at high ionic strength 
such as 0.6 M KCl in order to clarify how the 

postmortem decreases of troponin and tropo
myosin influence the actin-myosin interaction.
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