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Introduction 

The role of the sarcoplasmic reticulum ( S R )  in con- 
trolling muscle contraction and relaxation by releas- 
ing or sequestering Ca+2 ions has been well estah- 
lished ( Marsh, 1952; Marsh, 1966; Newbold, 1966). 
The structure of the SR and the associated T-tubule 
system has been described in great detail using both 
light and electron miscrosccpy ( Peachey, 1966). In 
spite of the detailed amount of information on the 
rolt. of SK on muscle contraction and relaxation, only 
circumstantial evidence indicates that Ca+2 ions may 
be involved in cold-shortening ( Weiner and Pearson, 
1962; Pearson el al., 1973). Only recently have at- 
temfpts been made to unravel the evidence as to the 
part that the SH plays in cold-shortening (Kanda et 
ul., 1977a, b ) .  Ruege and Marsh (1975) have sug- 
gested that mitochordria may release Ca4z ions under 
post-mortem, pre-rigor anaerobic conditions, and 
thus, be responsible for initiating cold-shortening. 

Thus, the present review will first deal with the 
nature of the SK in rabbit and bovine muscle and 
then discuss the effects of pH and temperature upon 
uptake and release of Ca+2 ions by SR. Finally, we 
will present some preliminary data from our lahora- 
tory upon the influence of pH and temperature upcn 
CaL2 ion uptake and relcase by isolated mitochondria. 

Structure of SR 

Isolated SR was prepared by homogenizing skeletal 
muscle in isotonic solution using a modificaticn of 
the method of hleissner and Fleiwher (1971). Fig. 1 
schematically outlines the procedure follcwed using 
bovine sterncmaiidibularis muscle as the source of 
material. Some 3 ml of the crude SR preparation was 
layered on tap of a discontinuous grahent  of 5 m A I  
HEPES buffer (300 mhl sucrose and 10 mM K-2-hy- 
droxyethylpiperazine-hT'-2-ethansulfonic acid-pH 7.4) 
with different percentages of sucrose in the layer as 
shown in Fig. 2. The sucrose concentration in percent 
(w/w)  was adjusted with a Valentine refractometer. 
After adding the crude SR, the tubes were spun for 
2.5 hr at  23,500 rpm in a SB 283 rotor of an IEC- 
preparative ultracentrifuge. 

The SR vesicles were removed carefully with a 
pipette. The 3.9 ml fraction was diluted with 2 vol- 
umes of 5 nihl HEPES buffer (pH 7.4),  which was 
added in four equal parts over a period of 30-45 min 
tu avoid csmotic shock. The fraction was then centri- 
fuged for 1 hr at 35,000 rpm using an IEC-prepara- 
tive centrifuge equipped with a SR-283 rotor. The 
pellet was resuspended in a solution containing 300 
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1 1 1 . 7  2 . ;  

FIGURE 2 
Sucrase step gradient procedure far purifying SR vesicles. 

inhf sucrose and 2.5 m;\l HEl'ES liiiffcr ni id  ,tored 
at 0°C until used. 

Figure 3 show5 the density gradient prcfiles of SH 
from fresh miiscle and from colcl-shortened muscle 
It is evident that the profiles for f r e h  and colcl- 
shortened muscle are the same except for a marked 
reduction in the width of the lower band from cold- 
shortened muscle. However, the density gradient pro- 
files for vc,sicle5 p r e p a i d  from muscle held for 23 Or 
at 15°C exhibited the same banding pattern <is cold- 
shortened muscle, thus suggesting that post-mortem 
holding times rather than cold-shortening are respon- 

sucrose,  % 
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Sucrose density gradient profiles of the SR froni fresh (1) 
and cold-shortened (2) muscle. 

s i l k  for the difference, apparently as a result of au- 
tolysis. 

Purity of SR Preparations 

The SR preparation3 were tested for mitochondrial 
contarnination by the method of Tisdale (1967), for 
sarcolemnal contamination by the piocedure of 
Mitchell and Hawthorne ( 1965) and for lys.osoma1 
enzyme contamination using the Sigma acid phos- 
phatase kit. 

The specific activity for ruccinatc cytochrome c 
reductase was C.07 pM of cytochrome c reduced:' 
min/mg protein. Using '1 reducing rate for purified 
mitochondria of 0.5 pLM/min/mg protein as reported 
by hleissner and Fleischer ( 1971 ), the specific activ- 
it!7 indicated only 1.43 contamination from mitochon- 
dria in the present study. Acid phosphatase activity 
for the SR preparations was 0.015 phf/Pi/min/mg/ 
protein, which can be compared to values of 0.002 
to 0.003 pJI/Pi;min/mg of - Iirotein for rabbit SK as 
riported by hleissner and Fleischer (1971). Results 
indicated that the SR preparations in this study were 
slightly contaminated with lysosomes. The amount of 
5'-nucleotidase activity in our preparations was neg- 
ligible, indicating there w-as virtually no contamina- 
tion from the sarcolemma. 

Elcctron M i c i  oscop!; of SR Vesicles 

SH vesicles from fresh and cold-shortened sterno- 
mandibularis bovine muscle were fixed for 2 hr i i i  

S3 glutaraldehyde in 0.1 A 1  phosphate buffer ( p H  
7.0) .  After washing with several changes of 0.1 hl 
phosphate buffer ( p H  7.0), the vesicles were fixed 
in 2% osmium tetraoxide for 1 hr. The samples were 
dchydratcd by taking up through the alcohol series 
and embedded in epon. The embedded blocks were 
sectioned, stained and examined with a Phillips EM- 
300 electron microscope at 60 Kv. 

Fig. 4 shows a thin section of SH vesicles from 
fresh muscle, while Fig. 5 depicts SR vesicles from 
cold-shortened muscle. There was no apparent dif- 
ferences in the structurc. of the vchsiclcs for fresh (con- 
trol) and cold-shortened muscle that would account 
for their different behavior. 

SDS-Gel Electrophoresis of SR Proteins 

MacLennan ( 1975) has characterized the Caf2- 
transport system of rabbit SR and has identified 
ATPase with molecular weight of 102,000 as the 
major protein. In addition, he also isolated a high 
affinity Ca++ binding protein with a molecular 
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FIGURE 4 

Electron microqroDh showina thin section of SR vesicles 
from fresh (control-immediatel; after death) bovine muscle. 
X44,600. 

FIGURE 5 

Electron micrograph showing thin section of SR vesicles from 
cold-shofiened bovine muscle ( Q O C  far 24 hr.1. X44,60Q. 

weight of 5S,OOO, calsequestrin at a molecular weight 
of 44,000, and a proteolipid at about 12,000 daltons. 
The SR membranes also contained minor amounts 
of proteins at molecular weights of 20,000 and 30,000. 

Calsequestrin appears to be the major Ca+2 bind- 
ing protein since it will bind 40 moles of Ca+2 per 
mole, whereas, thc high affinity Ca+2 binding pro- 
trin l inds 2S moles of Ca+2 per mole ( MacLennan, 

1975). The 20,OOO and 30,000 dalton proteins from 
rabbit SR appear to be breakdown products (Mac- 
Lennan, 1975). MacLennan et a!. (1972) have pro- 
posed the structure shown in Fig. 6 for the SR mern- 
hrane. This structure places calsequestrin and the 
high affinity Ca+2 binding protein on the interior of 
the niembrancb where they act as the binding pro- 
teins for C a t 2  ions. T h t  ATPase appears to be an 
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amphipathic molecule with the relatively nonpolar 
half of the molecule being largely inaccessible to 
protein probes while the more polar portion of the 
molecule constitutes the outer surface of the mem- 
brane ( MacLennan, 1975). The polar or external 
surface contains the active site for ,4TP hydrolysis, 
while the ionophoric site for Ca+2 is in the nonpolir 
region or internal surface. Mg+2 ions appear to be 
pumped across the membrane in the opposite direc- 
tion of Ca+2 ions, serving as a counter ion for Ca+2 
transport. 

In our laboratory, SDS polyacrylamide gel electro- 
phoresis of the purified SR proteins from both rabbit 
and bovine muscle was carried out according to pro- 
cedure of Porzio and Pearson (1977). Although we 
have not studied the exact function of the different 
proteins, we have been able to compare the proteins 
from the two sources by molecular weights. 

Molecular weights were estimated from a plot of 
11 different standard proteins on SDS gels, which 
are shown in Fig. 7. The plot shows biphasic line- 
arity with an increase in slope at a molecular weight 
from 100,OOO to 200,000, which is in essential agree- 
ment with results reported by Yu et d. (1976). 

Fig. 8 shows profiles of SR proteins isolated from 
rabbit and bovine muscle in relationship to some 
standard proteins. The major component in rabbit 
SR (Fig. 8-A) has a molecular weight of approxi- 
mately 105,000 and was identified as Ca+Z-adtivated 
ATPase (MacLennan et al., 1971, Meissner and 
Fleischer, 1971 ) . Ca+Z-aotivated ATPase also appears 
to be the major component in beef muscle SR (Fig. 
S-C) as shown by the fact the major protein has a 
molecular weight of 105,OOO. A broad opalescent 
band at approximately 10,000 daltons was present 
on gels from both rabbit and bovine SR (although 
it is difficult to see in the photo) and was identified 
as the proteolipid component ( MacLennan et al., 
1972). 

0 * ATPase 
- - proteolipid 
E phospholipid 
( - calsequestrin 
I * 54,000 
9 . acidic proteins 

FIGURE 6 
A hypothetical scheme for the structural arrangement of  

the proteins and lipids in SR vesicle membranes. (Courtesy 
MacLennan et al., 1972). 

5.50r 

- 
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Relative Mobil I t y 

FIGURE 7 

Standard plot of the log molecular weight versus relative 
mobiiity on 1 0 %  polyacrylamide SDS gels with 0 .10% 
cross-linker. The protein standards and their molecular weights 
are as follows: (1) myosin-200,000; (2) y-globulin-un- 
reduced-160,000; (3) skeletal muscle C-protein-140,000; 
(4) B-galactosidase-130,000; (5) ~-octinin-102,000; (6)  
Bovine serum albumin-68,000; (7) catalase--60,000; (8) 
ovalbi~min-43,000; ( 9 )  glyceraldehyde dehydrogenase- 
36,000; (1 0 )  myokinase-21,500; (1 1) hemoglobin--15,500. 

Rabbit SR contained four other prcteins in smaller 
amounts with molecular weight5 of 93,000, 75,000, 
60,000 and 53,000 daltans (Fig. 8-A). Extraction of 
the SR vesicles with 0.6 AI KC1, 0.30 AI sucrose and 
2.3 mM HEPES buffer (pH 7.40) removed the 93,000 
daltan component, which had a molecular weight 
identical to phosphorylase a. Since this protein was 
not positively identified, it is also possible that it is a 
h j  drclytic breakdown product of SR ATPase. Yu et 
al. (1976) also observed a similar component in SR 
from rat muscle. The 93,000 dalton component was 
not present in bovine SR protein (8-C). 

The peptide bands with molecular weights of 
75,000, 60,000 and 53,000 daltons (Fig. 8-A)  are be- 
lieved to be intrinsic to rabbit SR. The two lower 
molecular weight protein bands (60,000 and Fj3,OOO 
daltons) agree reasonably well with the 60,000 and 
50,000 components isolated from rabbit SR by Meis- 
sner and Fleischer (1971), but do not agree closely 
with the 55,000 value for the high affinity Ca+2-bind- 
ing protein or the value of 44,000 for calsequestrin 
as reported by MacLennan ( 1975). Although these 
t ~ 7 o  bands were not positively identified, they are 
assumed to be the high affinity Ca+2 binding protein 
and ealsequestrin on the basis of their location. The 
75,000 dalton component of rabbit SR was not iden- 
tified, although it was consistently present in our 
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- -Myosin 200,000 

- -6-Gal. I30,OOO - -Phosp.A 94,000 
-8SA 68,000 
-CAT 60,000 
-OVA 43,000 - -GAD 36,000 

-Hgb. 

Standard 
Proteins 

i 5,500 

Beef SR 
FIGURE 8 

SDS qels of rabbit and beef SR proteins in relation to some standard proteins. Abbreviations were used as follows: B-Gal. = 
P-galactosidase; Phosph. A = phosphorylase 0;  BSA = bovine swum dbumin; C A T  = catalase; OVA = ovalbumin; GAD = 
glyceraldehyde dehydrogenase; and Hgb = hemoglobin. 

preparations. It could be a product of proteolysis of  
rabbit SH ATPase, since Yu et al. (1976) showed 
that rat SR ATPase was cleaved by trypsin into two 
fragments with molecular weights of 6S,000 and 
56,000. 

Beef SH also contains several proteins in addition 
to thc ATPase and protcolipid components, with oth- 
er peptide bands having molecular weights of 80,000, 
66,OOO, 63,000, 50,000 and 45,000 (Fig. 8-C).  Al-  
though none of these bands were positively identi- 
fied, at  least two of them are presumed to  function 
i n  Ca+2 binding by hovinc SR. The components with 
molecular weights from 45,000 to 63,OOO seem most 
likely to be the ionophoric proteins, but conflicting 

values on the molecular weights for the Ca+2 bind- 
ing proteins for the SR proteins from other species 
makes it impossible to identify them (Ostawald and 
MacLennan, 1974; h4eissner and Fleischer, 1971; Y u  
el al., 1976). The higher molecular weight compo- 
nents were probably breakdown products from hy- 
drolysis of bovine SR ATPase as shown by Yu et a!. 
(1976) for rat SR ATPase. 

Overall results indicate that both rabbit and bovine 
SR contain ATPase, a proteolipid component and 
two Ca+*-binding proteins. However, the SDS-gels 
show distinct differences between the protein bands 
from rabbit and bovine SR. Research needs to be 
carried out to resolve the differences. 
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Ca+2 Accuniulation and Release by Bovine SR 

Accumulation and release of Ca+2 were measured 
using a reaction mixture containing 100 mhl KC1, 10 
i n M  hIgCl2, 5 mM ATP, 10 mM histidine and 0.1 mM 
CaC12. The reaction mixture was adjusted to pH 7.3 
and 45CaCI2 was added to give a final count of 80,000 
cpm/ml. Accumulation of Ca+2 was determined by 
placing 3 ml of the reaction mixture in a test tube 
and adding 0.1N HC1 to adjust the pH to either 6.6, 
6.2, 5.8, 5.6 or 5.0. The reaction mixture was then 
equilibrated to 38, 15 or 0°C. The reaction was ini- 
tiated by adding 40-80 pg of SRiml of the mixture. 
The reaction was allowed to proceed for 3 min and 
then terminated by filtering through a Millipore filter- 
typc 6s  with dn average pore size of 0.22 ,M-as de- 
scribed by Martono5i and Feretos (1964). Ca+2 ac- 
cumulation was calculated hy the difference In 
radioactivity between the reaction mixture without 
added SK (conltrol) and that containing added SR. 

Ca+2 release was determined on two tubes con- 
taining 3 ml of reaction mixture equilibrated at 38°C. 
The reaction was initiated by adding 40-80 pg/ml of 
SR protein and allowed to continue for 3 min at 38°C. 
The reaction was terminated by passing one tube 
through a Millipore filter as described earlier, where- 
as, the other tube was transferred from 38°C to ei- 
ther a 15 or 0°C constant temperature water bath and 
incubated for 10 min. After incubation, the reaction 
was stopped by passing the reaction mixture through 
the Millipore filter. CaS2 release was calculated from 
the amount of Ca+2 bound bv the SR vesicles before 
and after changing the pH and/or temperature. 

Radioactivity due to 45Car2 was measured on a 
soinltillation counter, while the concentration of Ca+2 
in the reaction mixture and the endogenous Ca+2 
were determined by atomic absorption spectrometry 
(Kanda et al., 1977a; Duggan and Martonosi, 1970). 
The protein concentration was measured by the meth- 
od of Lowry et al. (1951) using 1 ml of appropriately 
diluted SR preparation and comparing to a standard 
curve made with serum albumin. 

Table 1 shows the yield of SR vesicles from beef 
and rabbit muscle. It is obvious that there was over 
a 10-fold greater yield of SR from rabbit than from 
beef muscle, that could be due in part to the greater 
amount of connective tissue in beef sternomandibu- 
laris muscle, which may trap the SR vesicles thereby 
reducing the efficiency of removal from bovine mus- 
cle. Another possible reason for the difference in 
yields could be the fact that rabbit muscle being 
largely white fibers would have more extensively de- 
veloped SR, whereas, the red sternomandibularis be- 

TABLE l 
YIELD OF SR VESICLES FROM BEEF A N D  RABBIT MUSCLE 

Source and treatment Yield in p g / g  

Beef muscle1 - fresh 42 

Beef muscle1 - cold-shortened - 0°C 25 

Beef muscle1 - 24 hr post-mortem - 15°C 16 

Rabbit muscle2 - fresh 380 

1Sternomandibularis muscle 
ZLongissimus muscle 

ing composed of a greater proportion of red fibers 
would have less SR (Peachey, 1970). 

Although the yield of SR vesicles was less for cold- 
shortened than for fresh bovine muscle, cold-short- 
ening per se was not responsible since beef muscle 
held for 24 kr post-mortem at 15°C gave an even 
lower yield. The lower yield Qf the latter preparation 
suggests that there was more proteolysis at 15 than 
at 0°C. 

The relationship between protein concentration and 
accumulation of Ca+2 by SR is shown in Fig. 9. The 
graph demonstrates that Ca+2 accumulation by the 
SR is linear between 16 and 80 pg proteiniml of re- 
action mixture. Since the amount of Ca+2 accum- 
ulated was approximately proportional to protein con- 
centration between 40 and 80 pg, all measurements 
of Ca+2 accumulation and release were carried out 
within this range. 

Several investigators ( Ebashi and Lipmann, 1962, 
Lee et al., 1965; Eleter and Inesi, 1972) have shown 
that SR vesicles isolated from muscle immediately 
post-mortem lose their activity at 0°C and neutral 
pH (7.0-7.4). Fig. 10 sho'ws that isolated bovine SR 
vesicles were fairly stable for 90 min at 0°C in 0.3 

I O  2i 30 3 0  5 0  6 0  7 0  80 90 

S R p ro te in  p g  / ml 01 reac t i o r .  m i r l b r e  

FIGURE 9 

Ca+z accumulation by SR vesicles as a function of protein 
concentration carried out in HEPES buffer (pH 7.4) at  0°C. 

- 160- 



AMERICAN MEAT SCIENCE ASSOCIATION 
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FIGURE 10 

Stability of SR vesicles in 0.3 M sucrose and HEPES buffer 
(pH 7.4) a t  0°C. 

A i  sucrose and 2.5 7nhf HEPES buffer. T ~ L I S ,  these 
storage conditions were used in all subsequent 
studies. 

Fig. 11 shows the stability of SR vesicles during 
storage at  -20°C. I t  is apparent that stability declines 
rapidly after the first day. Thus, Ca+2 release and 
accumulation by bovine SR was measured immedi- 
ately following isolation. 

The amount of endogenous Ca-2 bound by the SR 
was 16 nhl/mg protein for fresh beef sternomandibu- 
laris muscle, which compares fairly well with 35 iihl 
mg of protein for rabbit SR reported by Meissner et 

al. (1973), but is far less than the value of 500 nM/ 
mg of protein repcrted by Chevallier and Butow 
(1971) for rabbit SR. The variation may be associ- 
ated with the cliff erences in the isolation procedures 
md/or  species. 

Fig. 12 shows CaS2 accumulation by SR as a func- 
tion of reaction time and temperature. The plot shows 
that Cat2  accumulation begins immediately upon 
addition of SR and is completely saturated by 1 min. 
At both 0 and 15"C, the accumulated Ca+2 is grad- 
ually released with time, so that by 20 min approxi- 
mately 8 and 15% of the accumulated Ca+2 were re- 
leased, respectively. At 38"C, however, the SR ves- 
icles lost 50% of the accumulated Ca+2 within 10 min. 
This agrees with a report by Inesi et u Z .  (1973) which 
showed that raising the temperature above 35°C 
caused a marked decline in Ca+2 accumulation by 
SR. CaS2 saturated SIX is very unstable at  tempera- 
tures in the range of 30-50°C (Johnson and Inesi, 
1969; Sreter, 1969), which may be responsible for 
the prerigor shortening phenomenon in bovine mus- 
cle observed at temperatures higher than 30°C (Lock- 
er and Daines, 1975). 

Table 2 summarizes Ca+2 accumiilatioii by SR ves- 
icles prepared from fresh arid from cold-shortened 
muscle and fiom muscle held at 24 hr at 15°C. Fresh 
muscle SR vesicles accumulated 50.7 nhl img pro- 
tein, whereas, SR from cold-shortened muscle took 
up only about 75% of that cf fresh muscle. SR ves- 
icles stored for 24 hr at 15°C completely lost the 
ability to bind Ca+2 ions. The decreased ability for 
SK to accumulate C a t 2  with increasing post-mortem 
time agrec's with earlier reports by Greaser et (11. 
(1967) and Go11 e t  (11. (1971). 

Fig. 13 shows the pH changes in bovine sterno- 
mmdibularis muscle held at 0°C. During the first 3 

1 2 3 4 5 

T i m e  , d a y  

FIGURE 11 

Stability of SR vesicles during storage a t  -20°C. 

1 3 5  1 (1 2 0  30 

nr;c:loi Time mlr 

FIGURE 12 

Ca+z accumulation by SR vesicles as a function of reaction 
time. 
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TABLE 2 I 
Coz+ ACCUMULATION OF SR VESICLES FROM FRESH 

STORED FOR 24 HR A T  15°C 
MUSCLE, COLD-SHORTENED MUSCLE A N D  MUSCLE 

SR Source 

Fresh muscle 50.7 f 2 . 6  

Cold-shortened muscle 39.0 * 1.3 

Muscle stored 2 4  hr 0 

Accumulated Co2+ -nM/mg proteina 

a t  15°C 

aCa2+ determinations were performed for 3 minutes, a t  p H  
7.10 and 38°C. Each value represents the overage of 4 de- 
terminations for 2 different muscle preparations. 

to 4 hours post-mortem, pH declined rapidly to about 
6.4 and then dropped slowly to 5.8 by 24 hr. The 
rapid decline in pH coincident with a fast decline in 
temperature may cause release of Ca+2 ions and 
trigger muscle shortening ( Pearson et al., 1973). 

The effect of pH upon Ca+2 accumulation by the 
SR at 0, 15 and 38°C is shown in Fig. 14. At pH 7.3, 
the SR vesicles accumulated only about 25 and 75% 
as much Ca+2 at 0 and 15°C as was the case at 38°C. 
However, at pH 5.0, Ca+2 accumulation was only 10 
nM/mg protein at all three temperatures. As the pH 
was increased, the diff erences between temperatures 
became greater with maximum Ca+Z accumulation 
(50 nM/Ca+Z/mg protein) occurring at pH 7.3, 
which is equivalent to the pH of living muscle (Bate- 
Smith, 1918). On the other hand, Sreter (1969) re- 
ported maximum Ca+2 accumulation for rabbit mus- 
cle to occur at pH 5.6-6.5, with values being about 
5-fold higher than the values found for beef stemo- 
mandibularis muscle in our laboratory. 

0 38°C 
15°C 

A 0°C 

1 
5.0 6.0 7.0 8.0 

P H  
FIGURE 14 

Ca+z accumulation of SR vesicles os o function of pH and 
temperature. 

The influence of pH and temperature upon C d 2  
release by fresh bovine muscle SR are shown in Fig. 
1s. The graph shows that temperature did not in- 
fluence the release of Ca+2 ions at physiological pH 
( 7.3) .  .4t pH 6.6, however, lowering the temperature 
from 38 to 0°C resulted in the relea5e of about 46% 
of the bound Ca+z. At the same pH (6.6),  lowering 
the temperature from 38 to 15°C resulted in the re- 
lease of only about 12% of the total bound Ca+2. 
Thus, rerults demonstrate that both pH and temper- 
ature influence Ca+2 release from SN. 

Table 3 shows the influence of simultaneously 
changing pH and temperature on  the release of Ca+2 
by SR vesicles. Results suggest that lowering of pH 
and temperature simultaneoudy increases Ca+Z re- 
lcme from SR, and in effect should be equivalent to 
what happens during cold-shortening of muscle. 
However. the amount of Ca+2 released from iwlated 

TABLE 3 

CALCIUM RELEASE FROM SATURATED SR VESICLES O N  
SIMULTANEOUSLY CHANGING pH AND TEMPERATUREa 

m p H  Temperature Released Co2+ - nM/rng protein 

6.6 3 s  + 0 ° C  9.3 i 6.3 

5.6 3 3  + 0°C 23.2 i- 0.1 

5.0 38 --> 0°C 29.3 +- 5.6 
Changes in pH in beef sternomandibularis muscle post- ahtura ted  S? vesicles had 50.7 3: 2.6 nM Cazt /mg pro- 

mortem at  0°C. tein. 
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50  - 
Fg, 
d4 3 8 O C  Satura t ion  

0 38°C - 1 5 O C  
.............. .............. :. ................ 
............... ................ 
........ ........ ........ ........ ........ ....... ........ 

0°C ........... 38°C - ........ . . . . . . . .  

7 . 3  6.6 5.6 
PH 

FIGURE 15 

Graph showing release of  Ca+2 from saturated SR vesicles. 

5 . 0  

SR was less on simultaneously lowering pH and tem- 
peralture than when either pH or temperature were 
lowered independently. 

The amount of Cat2  released on lowering the 
temperature from 38 to 0°C was least at pH 6.6, but 
increased with each succcwive drop in pH. This clear- 
ly shows that lowering the pH accelerates the release 
of Ca+2 from SR. Since some 825% of the Ca+2 was 
released upon low-cring the temperature from 38 to 
0°C at pH 5.0, it seems probable that both pH and 
temperature are responsible for spilling of Ca+2 by 
SR, and thus, triggering cold-shortening in bovine 
muscle, 

accumulating capacity of rabbit mitochondria at all 
temperatures. With beef mitochondria, however, only 
the higher temperature (38°C) caused a marked de- 
crease in Ca+2 accumulation. On the other hand, iso- 
lated SR from both rabbit and bovine muscle showed 
2. marked decline in Ca+2 accumulation with both 
pH and temperature appearing to contribute to thr  
drop. These results suggest that SR from rabbit and 
bovine muscle lose their ability to accumulate Ca+2 
at low temperatures (15 and 0°C) with this effect 
being more marked at lower pH values. 

Summary 

Procedures for isolating and studying the SR pro- 
teins from skeletal muscle have been dewribed. Al- 
though a higher yield of SR vesicles was obtained 

Compari.solL Of Ca+2 Accumtllution l>!/ 
SR !and L41itochondria 

In order to determine the relative roles of SR and 
mitochondria on Ca+2 accumulation, mitochondria 
were isolated by the procedure of Ernster and Nor- 
derbrand ( 1967). The isolated mitochondria were 
then subjected to the same procedures utilized for 
determinating Ca+2 accumulation for isolated SR 
except that oxalate was utilized i n  the reaction mix- 

from fresh ( immediately post-mortem) than from 
cold-shortened (0°C for 24 hr) bovine muscle, auto- 
lysis rather than cold-shortening per se seemed to 
be responsible. Ultrastructural differences between 
frerh and cold-shortened SR vesicles were not appar- 
ent upon examination of thin sections with the trans- 
mission electron microscope. SDS polyacrylamide gel 
electronharesis revealed that bcth bovine and rabbit 

ture. 1. 

SR contained a proteolipid component and SR- 
ATPase at molecular weights of about 10,OOO and 
105,OOO, respectively. Although the high affinity Ca+2- 
binding protein and calsequestrin were identified on 

Table 4 shows Cafz accumulatian of  both beef 
and rabbit muscle SK and mitochondria. Results in- 
dicate that low pH values (pH 5.0) lower the Ca t2  
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TABLE 4 

EFFECTS OF pH AND TEMPERATURE UPON Ca2+ ACCUMULATION BY 
MITOCHONDRIA AND SR FROM BOVINE AND RABBIT MUSCLE' 

Mitochondria Sarcoplasmic Reticulum 
Temperature pH Rabbit Bovine Rabbit Bovine 

3 8 ~  7.3 0.2 17 0.592 0.146 0.030 

6.8 0.478 0.582 0.162 2.075 

6.2 0.724 1.164 0.616 1.990 

5.5 0.675 0.595 0.851 1.639 

5.0 0.148 0.050 0 0.567 

15°C 7.3 0.249 0.407 0.024 0.174 

6.8 0.245 0.265 0.000 0.390 

6.2 0.221 0.393 0.591 0.237 

5.5 0.1 16 0.313 0 0 

5.0 0.056 0.208 0 0.069 

0°C 7.3 0.100 0.333 0.1 16 0 

6.8 0.100 0.895 0 0.05 1 

6.2 0.076 0.208 0 0 

5.5 0.019 0.205 0 0 

5.0 0.100 0.319 0 0 

Ka+z occumulation in p M / r n g  protein during 8 min reaction time. 

thc gels from rabbit SK preparations, exact identifi- 
cation was not possible for bovine SR proteins. Nev- 
ertheless, it was assumed that some of the proteins 
from bovine SR were the active sites for Ca+z-bind- 
ing. 

I t  was demonstrated that the Ca+2-accumulating 
ability of fresh bovine SR vesicles decreased with the 
lowering of pH (7 .3,  6.6, 6.2, 5.8 and 5.0) at all tem- 
peratures (0, 15 and 38°C).  Lowering the tempera- 
ture from 38 to 0°C at pH 6.6 resulted in the release 
of 488 of the total accumulated Ca+2, whereas, the 
value upon lowering the temperature from 38 to 15°C 
was only 12%. Thus, low temperatures were shown 
to stimulate the release of Ca+2 by bovine SR. Simul- 
taneously lowering of pH and temperature also stim- 
ulated Ca+2-release by SR, but the amount of Ca+2 
released was less than occurred upon lowering pH 
and temperature independently. 

Finally, results suggesting that both rabbit and bo- 
vine SR vesicles lose their ability to accumulate 
at lower temperatures (15 and 0°C)  are presented. 
Mitochondria from bovine and rabbit muscle seemed 
to maintain their ability to aeaimulate Ca+2 ions at 
all temperatures, except for those from bovine mus- 

cle at 33°C and pH 5.0 which was virtually zero. Thc 
question of the relative role of SR and mitochondria 
in cold-shortening must still be  resolved. 
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