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The effect o f -pH and temperature on the dena- 
turation of myosin A in glycerol-treated fiber 
bundles prepared from rabbit psoas muscle was in- 
vestigated by measurements of adenosine-tri- 
phosphatase activity and extractability with 
modified Hasselbach-Schneider solution. Myosin 
A in glycerol-treated fiber bundles, when placed 
in the medium a t  3” and pH 5.5, shows little 
change either in its ATPase activity or in its 
extractability, whereas isolated myosin A and B 

under the same condition undergoes denatura- 
tion. When heated at 25” and pH 1.0, extractabil- 
ity of myosin A in the glycerol-treated fiber bun- 
dles becomes progressively less, and the proper- 
ties of the extracted myosin A do not differ much 
from the ones before heating. The rate of the de- 
crease in extractability is, however, much slower 
than that in the enzmyic activity of isolated my- 
osin A under the same condition. 

Hashimoto et (11. (1959) reported that the quality of 
meat products depended greatly on the state of myosin in 
the raw material. Fukazawa et al. (1961) indicated that 
myosin A was art essential component of muscle in the 
development of the water-holding capacity of meat. In the 
field of muscle biochemistry, myosin A, which occupies 
more than 50% 01’ the myofibrillar protein in the skeletal 
muscle of vertebrates, is known to play an important role 
as part of the contractile machine in living muscle. It is of 
interest that  the essential protein for muscle contraction 
in living muscle still holds its importance in dead muscle 
(meat) as an essential factor for maintaining the prefera- 
ble quality of meat and meat products. It is, therefore, ev- 
ident that  information on the denaturation of myosin A 
under various conditions will give a fundamental under- 
standing on how t o  control the quality of meat and meat 
products. 

The isolated myosin A has been known to be unstable 
and its enzymic ilctivity easily destroyed by various fac- 
tors (Blum, 1960; Ljubimova and Engelhardt, 1939; Ouel- 
let e t  al., 1952; Pelletier and Ouellet, 1961; Penny, 1967; 
Shikama, 1963; Takahashi e t  al., 1962; Yasui and Hashi- 
moto, 1966; Yasui et al., 1958, 1960). At a fixed concen- 
tration of KC1, the denaturation of myosin A has been 
shown to depend on temperature and pH, and consisted of 
pH-independent 1;hermal denaturation and temperature- 
independent acid or alkaline denaturation (Pelletier and 
Ouellet, 1961; Penny, 1967; Takahashi e t  al., 1962; Yasui 
et al., 1958, 19681. The latter reaction has been found to 
proceed even a t  low temperatures (Takahashi e t  al , 1962; 
Yasui and Hashimloto, 1966). 

In normal muscle, with an initially high glycogen con- 
tent, the pH falls from about 7.0 to 5.4 during the course 
of rigor, but the rate of fall is usually so slow that the 
muscles on a cai-cass will have cooled well below body 
temperature before the ultimate value is attained. Despite 
the fact that  the internal environment of the cell of the 
dead muscle favors the occurrence of denaturation of my- 
osin A, it is such muscle that produces various meat prod- 
ucts of acceptable qualities. 

I t  has been accepted that the addition of F-actin to my- 
osin A stabilizes myosin-ATPase, owing to the formation 
of actomyosin complex. The morphology of actomyosin 
complex in solution or in suspension is, however, entirely 
different from that in muscle in situ; i e ,  the former 
being the arrowhead structure and the latter being well- 
defined thick and thin filaments (Huxley, 1963). 

To learn what happens to myosin A in the intact mus- 
cle during rigor, it is desirable to use a highly organized 
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muscle model whose structural feature is similar to that of 
the intact muscle. For +his reason, it was decided as a 
first attempt to study the denaturation of myosin A in 
glycerol-treated fiber bundles in which the morphological 
features are maintained as they were in the intact muscle 
(Huxley, 1963; Reedy et al. ,  1965). 

In this study, the effect of pH a t  low temperature and 
temperature at neutral pH during storage on the denatur- 
ation of myosin A in glycerol-treated fiber bundles, which 
are fixed to application rods at rest length, has been in- 
vestigated by using extractability with modified Hassel- 
bach-Schneider solution and adenosinetriphosphatase 
(ATPase) activity of the extracted myosin A as criteria. 
The results indicated that myosin A in glycerol-treated 
fiber bundles was far more stable a t  pH 5.5 and 3” than 
isolated myosin A, and was fairly stable a t  pH 7.0 and 25 
and 35“, compared with the isolated ones, suggesting that 
the protein organized in the specific architecture of muscle 
cells was stabilized and became more resistant to dena- 
turation than isolated molecules under severe environ- 
mental conditions. 

MATERIALS AND METHODS 
Reagent. The disodium salt of ATP (Kyowa Hakko 

Co., Japan) was used throughout these experiments. Its 
concentration was determined by absorption a t  260 mF in 
a Hitachi spectrophotometer. All inorganic and organic 
salts except for ATP were commercial products of the best 
reagent grade available. 

Myosin A. Myosin A was prepared from rabbit leg and 
back muscle according to the method described by Perry 
(1957). In this paper this is referred to as “isolated myosin 
A.” 

Myosin B (Natural  Actomyosin). Myosin B used was 
extracted from rabbit leg and back muscle for 24 hr with 
Weber-Edsall solution and purified by triple precipitation 
a t  0.1 or 0.2 M KC1 and dissolution in 0.6 M KC1 (Szent- 
Gyorgyi, 1951). In this paper this preparation is called 
“isolated myosin B.” 

Glycerol-Treated Fiber Bundles. A fiber bundle about 
1-1.5 mm in diameter was separated from rabbit psoas 
muscle and tied a t  both ends with strings to a bamboo 
stick (1 mm in diameter) which had been washed twice in 
boiling double-distilled water before use. Then the muscle 
was cut out; thus the fiber bundle was fixed to the stick 
a t  rest length. The fiber bundles fixed to the rod were 
placed in 50% glycerol solution containing 20 mM phos- 
phate buffer (pH 7.0) a t  0”. The next day the fluid was 
exchanged for fresh and precooled 50% glycerol solution 
with the buffer, and then it was transferred to the freezer 
a t  -20” and stored for approximately 3 months or longer 
before use. 
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Glycerol-treated muscle fiber bundles about 1-1.5 mm in diameter 
(A) Remove glycerol by overnight immersion of fiber bundles 

in 300 ml of 0.1 M KC1 solution and changing the solution 
twice. 

(B) Detach fiber bundles from the sticks, and add 5 vol of 
modified Hasselbach-Schneider solution (0.6 M KC1,O.Ol 
M NarPz07, 0.1 M phosphate buffer, pH 6.4, 1 mM 
MgCM. 

(C) Blenderize for 15 sec at  17,000 rpm. 
(D) Stir gently for 20 min. 
(E) Centrifuge a t  10,OOO rpm for 20 min. 

I 
Sediment I Supernatant 1 

(A) Add 5 vol of the modified Hasselbach-Schneider solution. 
(B) Stir gently for 20 min. 
(C) Centrifuge a t  10,000 rpm for 20 min. 

Sediment (discard) Supedatan t  2 Supernatant 1 + 2 
(A) Add H20 until p = 0.04 is reached. 
(B) Let solution stand for 2-3 hr a t  3". 
(C) Centrifuge a t  12,000 rpm. 

Supernataht (discard) Sediment (crude myosin A pieparation 
contains actomyosin) 

(A) Dissolve in 0.3 M KC1. 
(B) Centrifuge at  30,000 rpm for 1 hr. 

I 

Sedime'nt (actomyosin, discard) Supernhant  

Dialysis against 0.5 M KC1 
exhaustively at  3". 

Myosin A preparation. 
Figure 1. Extraction of myosin A from glycerol-treated fiber 
bundles. 

Extraction of Myosin A from Glycerol-Treated Fiber 
Bundles. The extraction procedure is shown in Figure 1 
and this myosin A preparation is designated extracted 
myosin A from (glycerol-treated) fibers. 

Huxley and Hanson (1957) and Hanson and Huxley 
(1957) succeeded in selective extraction of A-band materi- 
al (myosin A) from glycerol-treated muscle fiber, and 
their results were shown qualitatively by using interfer- 
ence microscopy and chemical analysis. However, the my- 
osin A fraction thus obtained demonstrated the superpre- 
cipitation phenomenon a t  low ionic strength and in the 
presence of ATP (Figure 2), indicating the presence of a 
small amount of F-actin in the preparation. This contami- 
nated F-actin which actually formed actomyosin in the 
preparation could be eliminated by centrifuging the crude 
preparation in 0.3 M KCl a t  30,000 rpm for 1 hr (Figure 1) 
and the resulting preparation no longer exhibited a sign of 
superprecipitation upon addition of ATP (Figure 2) .  Tur- 
bidimetric test for superprecipitation has been the reading 
of absorbance changes in myosin A suspension upon addi- 
tion of ATP. This was done in 1-cm cells, in the optical 
path of the Hitachi E P  2-type spectrophotometer, a t  25". 
The electrolyte medium is specified in the legend of Fig- 
ure 2. 

The average amount of extracted myosin A was 17 f 
2.2% (standard deviation) of the total protein in glycerol- 
treated fiber bundles, which was considerably less than 
the value (37% of total protein in glycerol-extracted mus- 
cle) reported by Hanson and Huxley (1957). However, it  
can be reasonably considered that the procedure to  re- 
move actomyosin as shown in Figure 1 was responsible for 
this difference between the two values. 

To  extract myosin A from myofibrils prepared from 
fresh skeletal back and leg muscle and psoas muscle, the 
following two methods were employed. 

Method I. Samples were ground once with a laboratory 
grinder. About 10 g of each mince was blenderized for 15 
sec a t  17,000 rpm with 5 vol of 0.1 M KCl containing 39 
m M  borate buffer (pH 7.1) and 5 mM EDTA. The blen- 
derized residue was collected by cetrifugation (3") a t  3000 
rpm for 15 min. The sediment was washed again with the 
above solution and centrifuged under the same condition. 
About 70% of the myofibrils thus obtained were in a re- 
laxed state when examined under the light microscope. 
The sediment was dispersed in 5 vol of modified Hassel- 
bach-Schneider solution and the subsequent procedure 
was carried out according to that indicated in Figure 1. 

Method ZZ. The muscle mince was blenderized for 15 sec 
a t  17,000 rmp with 5 vol of 0.1 M KC1. The residue was 
collected and washed as in the case of Method I with 0.1 
M KC1. Almost all myofibrils obtained by this procedure 
were found to be in a contracted state under the micro- 
scope. The residue was dispersed in 5 vol of modified Has- 
selbach-Schneider solution and the subsequent procedure 
was the same as in Method I. 

Measurement of ATPase Activity. The ATPase activi- 
ty was measured a t  25" in the presence of 0.5 M KC1, 5 
mM CaC12, 20 mM tris-maleate buffer (pH 7.0), and 1 
mM ATP. The reaction mixture was incubated a t  mea- 
sured intervals of time, and the reaction was stopped by 
the addition of 10% trichloroacetic acid. The phosphate 
liberated was measured by the method of Martin and 
Doty (1949), using a Hitachi EPU-2A spectrophotometer. 

Ultracentrifugal Analysis. Sedimentation studies were 
performed in a Hitachi UCA-1A ultracentrifuge a t  55,430 
rpm and 20". After the maximum speed of rotation was 
reached, photographs were taken a t  regular time intervals. 

Protein Concentration. Protein concentration was de- 
termined by the micro-Kjeldahl method or the biuret pro- 
cedure standardized with Kjeldahl nitrogen determina- 
tion. Ultraviolet absorption a t  280 mp (ODl,,ls 5.5) was 
also employed. The protein preparation was stored in a 
refrigerator maintained at 0" for no longer than 2 weeks 
before use. 

Denaturation. The denaturation of isolated myosin A 
and B was studied by incubating a solution of the enzyme 
in a Suffer of the required pH (5.5 and 7.0), ionic strength 
( p  = 0.1 and 0.5), and temperatures (3, 25,  and 35") and 
following its loss of activity with time (Yasui et al., 1968). 
The denaturation of myosin A in the glycerol-treated fiber 
bundles was studied by incubating fiber bundles fixed to 
application rods from which glycerol had been removed by 
overnight immersion in 0.1 M KC1 solution as described 
in Figure 1, in a buffer of the required pH (5.5 and 7.0) 
and temperatures (3, 25, and 35") a t  p = 0.1. 

At measured intervals of time, fiber bundles were cut 
out of the sticks and myosin A was extracted by following 
the procedure shown in Figure 1. Changes in ATPase ac- 

I 
0 5 10 15 20 

Time ( m i n )  

Figure 2. Response to ATP of myosin A preparations extracted 
from glycerol-treated fiber bundles. 0, myosin A preparation 
which contains actomyosin shown in Figure 1 ;  0 ,  myosin A 
preparation shown in Figure 1.  Reaction mixture: 0.05 M KCI, 
1.0 mM MgCIz, 0.1 mM CaC12, 20 mM Tris-maleate (pH 7.0), 
0.5 mg/ml of protein, and 1 mM ATP at 25". 
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tivity, extractability, and qualitative hydrodynamic prop- 
erty by ultracentrifugal analysis of each sample were then 
examined. To study the effect of pH and temperature sep- 
arately, acid denaturation was performed a t  p H  5.5 and 3" 
since a t  this temperature the rate of thermal denaturation 
was found to be very slow and only temperature-indepen- 
dent acid denaturation proceeded (Takahashi et al., 1962; 
Yasui and Hashirnoto, 1966). Contrary, when the p H  was 
in the neutral region, the rate constants of the denatura- 
tion were proportional to zero power of [H+], and only 
pH-independent thermal denaturation played a dominant 
role (Takahashi et al., 1962). The effect of temperature on 
the denaturation, therefore, was carried out a t  pH 7.0 and 
25 and 35". In the case of incubation a t  high temperatures 
such as a t  25 and1 35", sodium dehydroacetate (DHA) of a 
final concentration of 2 m M  was added to inhibit bacterial 
growth. The reagient in this amount had no known influ- 
ence on the properties of myosin A (Yasui et al. ,  1960). 

All samples for initial activity measurements were 
preincubated for 5 min under the conditions mentioned 
above, unless otherwise noted. 

RESULTS 
Effect of Storage of Fiber Bundles in 50% Glycerol So- 

lution on the ATPase Activity of the Extracted Myosin 
A. When fiber bundles were stored in 50% glycerol solu- 
tion and myosin A was prepared from the fiber bundles as 
in Figure 1, ATPase activity of the prepared myosin A 
maintained a constant value over 14 weeks storage (Figure 
3). I t  should be mentioned that the specific activity'& the 
enzyme (0.2-0.3 pmol of Pi/min/mg of protein) was al- 
ways found to be lower than that reported on myosin A 
isolated from rabbit skeletal muscle (0.3 to 0.4 pmol of Pi/  
min/mg of protein). This difference may be attributed to 
the source of the muscle used as materials, though it still 
leaves the question unanswered as to whether or not glycerol 
treatment affects the ATPase activity. 

Direct extraction of myosin A from myofibrils prepared 
from fresh skeletal back and leg muscle and psoas muscle 
was performed to compare the ATPase activities of my- 
osin A from different muscles. As shown in Table I, the 
activity of myosin A from the mixture of leg and back 
muscle always showed higher values (which agreed with 
those routinely observed in our laboratory) than that of 
the psoas muscle, which was very close to the values indi- 
cated in Figure 3. It is to be noted that the state of myofi- 
brils before extraction ( i  e ,  contraction or relaxation of 
myofibrils) exerts, little influence over ATPase activities of 
myosin A from back and leg muscle and from psoas mus- 
cle. It may, therefore, be concluded that lower activity of 
myosin A from psoas muscle cannot be ascribed to the 
glycerol treatment, but to  the psoas muscle itself. 

Changes in ATPase Activity and Extractability of 
Myosin A during Storage of Glycerol-Treated Fiber 
Bundles at pH 5.5 and 3". As shown in Figure 4, the in- 
activation of isolated myosin A-ATPase proceeded accord- 
ing to the first-order law until the activity disappeared, 
and it was found that myosin A a t  high ionic strength (0.5 
M KC1) denatured more rapidly than a t  low ionic strength 

0.3r  

15 
0.21 

0 5 I O  
Time ( w e e k )  

Figure 3.  Effect of storage of fiber bundles ir; 50% glycerol solu- 
tion at pH 7.0 a n d  -20' on the ATPase activity of extracted 
myosin A .  

0 

k l  

, 
0 18 36 54 7 2  (0) 

Figure 4. Changes in ATPase activity of isolated myosin A dur- 
ing storage at pH 5.5 and 3". Incubation: 0.5 M (0) and 0.1 M 
(0 )  KCI, 10 mM Tris-maleate buffer ( p H  5 .5) ,  and 1 mg of pro- 
tein/ml. Reaction mixture for ATPase assay: 0.5 M KCI, 5 m M  
CaCI2, 50 m M  Tris-maleate (pH 7.0), and 0 . 2  mg of protein/ml 
at 25'. Inset: logarithm of the activity of myosin A as a function 
of time. 

T I M E  ( h o u r )  

(0.1 M KC1). The apparent first-order rate constants of 
inactivation were 4.7 x sec-1 and 3.9 x sec-1 
in 0.5 M KC1 and 0.1 M KC1, respectively. 

On the other hand, ATPase activity of isolated myosin 
B decreased similarly to that of myosin A to about 70% of 
its initial value during the stirring a t  p H  5.5 and 3", and 
maintained the constant value thereafter (Figure 4). The 
loss of Ca2+-activated ATPase activity of myosin B has 
long been studied by many (Pelletier and Ouellet, 1961; 
Penny, 1967; Yasui et al., 1958, 1968). Yasui et al. (1968) 
pointed out that the reaction departed from the typical 
first-order behavior in that the rate decreased as the reac- 
tion proceeded. The extent of this effect varied greatly 
with the amont of F-actin added to the system and slight- 
ly with pH and ionic strength. The results shown in Fig- 
ure 5 were consistent with those reported by Yasui et al. 
(1958, 1968). 

The loss of ATPase activity of myosin A extracted a t  
regular time intervals from glycerol-treated fiber bundles 
incubated in the same denaturing medium was found to 
be very slow, and about 90% of its initial activity still re- 
mained even after 72 hr of storage (Figure 5 ) .  As shown in 
Figure 6, the loss of extractability of myosin A indicated a 
similar trend to that of ATPase activity. It was not clear, 
however, whether the mechanism through which inactiva- 
tion of ATPase occurred was the same as that for the de- 
crease in extractability of myosin A from the glycerol- 
treated fiber bundles. 

Changes in ATPase Activity and Extractability of 
Myosin A under Thermal Treatment of Glycerol-Treat- 
ed Fiber Bundles. In Figures 7 and 8 inactivation curves 
of myosin-ATPase prepared by different methods during 
the storage a t  pH 7.0, p = 0.1, and a t  25" (Figure 5 )  and 
35" (Figure 6) are illustrated. The inactivation of isolated 
myosin A proceeded until its enzymatic activity disap- 
peared, while that  of myosin B proceeded as rapidly as 

Table I. Specific ATPase ActivityQ of Myosin A from Skeletal 
and Psoas Muscle 

Skeletal muscle Psoas muscle 
~~~~ ~~ ~ 

Method I b  0.32, 0.30 0.21, 0.25 
Method I I C  0.37. 0.35 0.24, 0.25, 0.26 

a Activity = pmol of Pi/min/mg of protein. b , c  See Materials and Meth- 
ods section. 
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0 24 48 72 
Time ( hour ) 

Figure 5. Changes in ATPase activity during storage in 0.1 M 
KCI at pH 5.5 and 3" of isolated myosin A (0), myosin 5 (e), 
ad myosin A extracted from glycerol-treated fiber bundles ( A ) .  
Conditions for incubation and ATPase assay were the same as 
in Figure 4, except that the fiber bundles fixed to the application 
rods were placed in the incubation mixture. 

myosin A at  the beginning of the reaction, and the curves 
showed a definite tendency t o  approach linearity after the 
initial curved portion. The results are consistent with 
those already reported in earlier studies (Yasui et al., 
1958, 1968). 

It was rather striking that  myosin A extracted from 
glycerol-treated fiber bundles incubated under the same 
conditions indicated a great stability against thermal 
treatment. After 72 hr of incubation, ATPase activity still 
exhibited about 85% of the initial activity a t  25" and 
about 80% even at  35" (Figures 7 and 8). On the other 
hand, unlike incubation at  low pH value and temperature, 
the extractability of myosin A from glycerol-treated fiber 
bundles decreased with the length of time of incubation 
(Figure 6), though the rate of decrease in extractability 
was much slower than that of inactivation of isolated my- 
osin A-ATPase; viz., half-life time of the former being 60 
hr a t  25" and 48 hr a t  35", but that of the latter being 10 
hr a t  25" and 1.3 hr a t  35". Thus, it can be presumed that 
the denaturation of isolated myosin A examined was not 
directly associated with the decrease in extractability of 
myosin A located in the glycerol-treated fiber bundles, 
and that the rate of denaturation of myosin A in the fiber 
bundles was much slower than that of myosin A in solu- 
tion or suspension. I t  is, therefore, likely that the major 
part of myosin A extractable from the fiber bundles was 

0 

Time ( hour ) 

Figure 6. Change in extractability of myosin A extracted from 
glycerol-treated fiber bundles during storage at pH 5.5 and 3" 
(0) ,  pH 7.0 and 25' (e), and p H  7.0 and 35" (0) .  The fiber 
bundles fixed to t h e  application rods were placed in the incuba- 
tion mixture. Extraction was performed according to the proce- 
d u r e  indicated in Figure 1. 

1 I 
0 12 a, 4 8  72 

Tim I haw ) 

Figure 7. Changes in ATPase activity during storage in 0.1 M 
KCI at pH 7.0 and 25' of isolated myosin A ( O ) ,  myosin 5 (e), 
and myosin A extracted from glycerol-treated fiber bundles (A). 
Conditions for incubation and ATPase assay were the same as 
in Figure 5, except pH and temperature. 

composed of the native molecules even after 72 hr of stor- 
age of fiber bundles a t  25" and pH 7.0. 

Ultracentrifugal Analyses. There are suggestions that 
a loss of ATPase activity was accompanied with aggrega- 
tion (Yasui et al., 1958, 1960). Although the aggregation 
process was slow in rabbit skeletal muscle myosin A a t  O", 
the process was accelerated by thermal treatment, for the 
fact that peaks sedimented faster than the myosin mono- 
mer was recognized in the sedimentation pattern after 1-2 
hr of incubation a t  25". After limited exposure to this 
temperature, Lowey and Haltzer (1957) and Johnson and 
Rowe (1961) have reported that the S O Z O , ~  of aggregated 
material was 10.0 and this value was in good agreement 
with the calculated value for a dimer formed by side to 
side aggregation. An attempt was then made to investi- 
gate, by using an ultracentrifugation, the difference be- 
tween the myosin A samples extracted from glycerol- 
treated fiber bundles before and after incubation at pH 
5.5, p = 0.1 and 3", or a t  pH 7.0, p = 0.1 and 25". By the 
ultracentrifugal analysis, the degree of aggregation could 
be measured more unequivocally than by any other tech- 
nique, since shape factors and the presence of a small 
amount of very large aggregates do not interfere as in light 
scattering. 

As illustrated in Figure 9, little difference can be ob: 
served between the myosin A samples extracted from the 
fiber bundles before and after incubation, and the extract- 
ed myosin A revealed a sharp single peak without a sign of 
aggregation of high molecular weight. Sedimentation coef- 
ficients for myosin A samples examined are listed in Table 
11. All values are in the same order of magnitude, 5.33- 

"i 
0 

lime f hour I 

Figure 8. Changes in ATPase activity during storage in 0.1 M 
KCI at pH 7.0 and 35" of isolated myosin A (0), myosin 5 (e), 
and myosin A extracted from glycerol-treated fiber bundles ( A ) .  
Conditions for incubation a n d  ATPase assay were t h e  same as 
in Figure 4 ,  except pH and temperature. 
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in Coefficients of Myosin A Extracted from 
r Bundles before and alter Incubation 

S2W ATPase activityb 

5.36 0.28 
5.60 0.29 

Y 5.33 0.28 
4 5.60 0.27 

a 1. Extracted myosin A before incubation. Protein Concentration was 
2.0 mg/ml. 2. Extracted myosin A before incubation. Protein concentra- 
tion was 1.7 mg/rnl. 3. Extracted myosin A alter 72 hr of incubation at pH 
5.5 and 3O. Protein concentration was 2.0 rng/mi. 4. Extracted myosin A 
after 72 hr of incubation at pH 7.0 and 25'. Protein Concentration was 1.7 
mg/ml. ATPase activitv = pmol/min/mg of prc 

5.60, irrespective of the pretreatment I 3. 
The plot of 1 / S z 0 , ~  against concentritrluu ui tnylnm A 
gives a nearly linear function, and the following equation 
was proposed (Godfrey and Harrington, 1970): 1/S20,~ = 
0.165 + 0.0169 Ci (mg/ml). 

The values in Table Il fall in line with that of native 
myosin A already reported, when we intrapolate them to 
the curve of 1/S20,, us. protein concentration described 
above. Furthermore, ATPase activity of myosin A extract- 
ed from the fiher hundles showed little change either he- 
fore or after incubation in the denaturation medium 
(Table H). 

DISCUSSION 
Our investigations have confirmed the difference in spe- 

ciiic activity between myosin A samples extracted from 
rabbit skeletal muscle consisting of leg and hack muscle 
and the one from rabbit psoas muscle (Table I). Recent 
studies (Barany, 1967; Barany et al., 1965) have estab- 
lished that the skeletal muscle can he classified into two 
types, red (slow) and white (fast) muscles, and that the 
specific ATPase activity of myosin A from the former is, 
generally, lower than that from the latter. Our results, 
therefore, may stem from the fact that  the ratio of red fi- 
bers to white fihers in psoas muscle was higher than that 
in the mixture of back and leg muscles. 

Nevertheless, it was of interest that  the ATPase activity 
of myosin A in glycerol-treated muscle fiber was found to 
keep its initial activity unchanged over 3 months of stor- 
age in 50% glycerol solution a t  pH 7.0 and -20" (Figure 
3), thus reconfirming the importance of glycerol-treated 
muscle fibers as muscle model. 

It has heen tacitly recognized that contractile proteins 
in muscle model such as glycerol-treated fiber bundles 
were relatively stable in comparison with the isolated my- 
osins. The results shown in Figures 3-8 present the clear- 
cut evidence for this, as far as  myosin A in the fiher 
bundles was concerned. The myosin A extracted from the 
fiber bundles a t  certain time intervals under the denatur- 
ing conditions behaved quite differently from the isolated 
myosin A and B in solution or suspension (Figures 4, 5, 7, 
and 8). 

As reported hy Takahashi et al. (1962) and Yasui et al 
(1958), a t  neutral pH region the effect of temperature-de- 
pendent denaturation was dominant, while a t  low pH and 
temperature, temperature-independent acid denaturation 
played a dominant role. From this point of view, it was 
presumed that the data shown in Figures 5 and 6 corre- 
spond with acid denaturation and those in Figures 6-8 
correspond with thermal denaturation. 

Myosin A in the fiber bundles appeared to he stable a t  
pH 5.5 and 3" and showed a slight decrease in its extract- 
ability as well as in ATPase activity, even after 72 hr of 
siorage. I t  was, however, fairly sensitive to temperature, 
and its extractability decreased to 30-40% of its initial 
level after 72 hr of storage a t  25 and 35" (Figure 6). The 

Figure 9. Sedimentation of myosin A extractea trom glycerol- 
treated fiber bundles before and after 72 hr of incubation. (A) 
Plain: 2 mg/ml of myosin A in 0.5 M KCI extracted from glyc- 
erol-treated fiber bundles of psoas muscle. Wedge: 2 mg/ml Of 
myosin A in 0.5 M KCI extracted from glycerol-treated fiber 
bundles of psoas muscle incubated for 72 h r  in 0.1 M KCI and 20 
mM Tris-maleate (pH 5.5) at 2-3'. Pictures were taken at 15(1), 
39(2). and 72(3) min after the speed of 55,430 rpm was 
reached at 20". Angie was 65". (6) Plain: 1.7 mg/ml of myosin 
A in 0.5 M KCI extracted from glycerol-treated fiber bundles.of 
psoas muscle. Wedge: 1.7 mg/mi of myosin A in 0.5 M KCI ex- 
tracted from glycerol-treated fiber bundles of psoas muscle in- 
cubated for 72 hr  in 0.1 M KCi. 2 mM DHA, and 20 mM Tris- 
maleate (pH 7.0) at 25'. Pictures were taken at 12(1), 39(2), 
and 57(3) min after the speed of 55,430 rpm was reached at 
20". Angie was 65", 

specific ATPase activity of extractahle myosin A, in this 
case, maintained more than 80-85% of its initial value 
(Figures 7 and E), showing a sharp contrast to changes in 
activity of the isolated myosin A and B studied under the 
same experimental conditions. 

The extractability, in M-KCI, of the actomyosin from 
pale watery meat was less than 50% of that meat allowed 
to go into rigor a t  lower temperatures (Bendall and Wis- 
mer-Pedersen, 1962). It has heen suggested that this arose 
because of the deposition of denatured sarcoplasmic pro- 
teins on the myofilaments, without necessarily involving 
the denaturation of actomyosin itself (Bendall and Wis- 
mer-Pedersen, 1962). Later, Scopes (1965) showed that in 
watery meat most of the proteins retained their native 
form except for the specific protein. 

Although this idea was an attractive hypothesis, there 
still remained the question whether or not the myosin B 
and myosin A of watery meat were denatured. Unfortu- 
nately this cannot he directly investigated hy heating the 
washed myofibrils (sacoplasm-free) under identical condi- 
tions, because the fibrils then tend to clump together into 
ill-defined aggregates of different sizes. Penny (1967) 
studied the denaturation of myosin A itself under the con- 
ditions of temperature and pH encountered in practice, 
that is, p H  from 5.3 to 6.1 and temperatures from 33 to 
43". He found that the loss of ATPase activity and solu- 
bility were both first-order and pH-dependent reactions. 
Myosin A, however, became insoluble only when heated 
within a narrow range of pH. Nevertheless, it  was not pos- 
sible to say from Penny's experiments how myosin A 
would behave in the muscle. 

Since our experiments have heen designed to extract 
myosin A itself from the fiher bundles from which a con- 
siderable amount of sarcoplasmic proteins had been elimi- 
nated, and to study temperature-independent acid dena- 
turation and pH-independent thermal denaturation sepa- 
rately, it may be said that results presented here can help 
develop the information bridging the gap between investi- 
gations on the biochemistry of muscle during the rigor and 
on the denaturation of myosin in uitro. In addition, the 
results in this paper indicate that only the native form of 
myosin A is extractable from the fiber bundles exposed to 
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the denaturing conditions (Figures 4-9 and Table 11). The 
condition of myosin A in the fiber can be judged by inves- 
tigating the loss of extractability. 

Although the rate of thermal denaturation of myosin A 
in the glycerol-treated fiber bundles was considerably 
slower than that observed in the isolated myosin A (Fig- 
ures 6 4 ,  it seemed to be more sensitive to temperature 
than to pH (Figures 5-8). It is a well-known fact that  pale 
watery meat occurs when the rate of postmortem pH fall 
is three or more times higher than the normal rate and 
the muscle is not allowed to cool below 38” before the pH 
falls below 6.0 (Briskey and Wismer-Pedersen, 1961; Wis- 
mer-Pedersen, 1959). The results mentioned above will 
give an important clue in explaining the change in the 
quality of pale watery meat. 

The greater stability of myosin A in the muscle over the 
isolated molecules was not fully determined. It is, how- 
ever, very likely that, in muscle undergoing rigor in condi- 
tions of high temperature and low pH, the highly orga- 
nized contractile proteins of myofibrils could be more re- 
sistant to environmental changes due to the restriction of 
thermal motion of the molecules. Fusion of molecules 
which caused aggregation and masking of active sites ob- 
served on myosin systems (Kawakami et al., 1971) would 
be expected to take place locally in the rigid built-in sys- 
tem (Huxley, 1963; Reedy e t  al., 1965) such as glycerol- 
treated fiber bundles. This expectation was borne out by 
the results in Figures 6-8, as well as Figure 9 and Table 
11, which show only that the native form of myosin A was 
extracted, in spite of the total decrease in extractability. 
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Model Studies Regarding the Internal Corrosion of Tin-plated Food Cans. 111. On the 
Binding of Tin(I1) Ions and Iron(I1) Ions by Sulfur-Containing Amino Acids 

Dieter W. Gruenwedel* and Hsien-Chung Hao 

Stability constants of chelates formed by tin(I1) 
and iron(I1) ions with I-cysteine hydrochloride 
and dl-penicillamine were determined by pH ti- 
trations a t  25“ and in 0.1 M KCl. With Fe(II), 
cysteine, as well as penicillamine, forms stable 
complexes of the type ML and ML2 a t  pH values 
above 6. With Sn(II), the ligands form only ML 
chelates; however, complex formation proceeds 

already a t  pH values above 2. Indications are 
that in all instances hydroxo complexes are 
formed at high pH values. However, these reac- 
tions were not investigated in any detail due to 
the onset of precipitation. The results are dis- 
cussed in relation to the well-known reversal in 
polarity of the tin-iron couple observed in cans 
containing low-acid, protein-rich food materials. 

It is generally believed that the protection offered by tin 
to steel a t  the interior surface of tin-plated food cans is a 
sacrificial one. Contrary to its position in the electro- 
chemical series of the elements, which would require tin 
to be cathodic to iron, the metal becomes the anode in the 
local electrolytic cells that  are set up when tin plate is in 
contact with the liquid medium of the food product. In 
such instances the protective coating (tin) will undergo 
slow even corrosion, whereas the base metal (iron), ex- 
posed under the pores or cracks that exist in the coating, 
acts as the local cathode (Hoar, 1934; Kohman and San- 
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born, 1928a,b,c; Lueck and Blair, 1928a,b; Mantel1 and 
King, 1927; Mantel1 and Lincoln, 1926). 

While there has been no exact agreement as to the 
cause of the observed change in polarity ( c f .  Hartwell, 
1951; Hoare e t  al. ,  1965; Koehler, 1961) it appears that 
one major contributing factor is the ability of the liquid 
medium to bind free stannous ions (Hoar, 1934). From 
simple thermodynamic considerations alone it can be 
readily shown that the electrode potential of tin has to 
become more negative than that of iron as soon as the 
ratio of the concentration of stannous ions to ferrous ions, 
[Sn2+]/[Fe2+], is smaller than the value 5 X 10-l1, L e . ,  
free Sn(I1) ions are present only in extremely minute 
amounts. This is of course a consequence of the concen- 
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