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SUMMARY 

Highly purified sarcoplasmic reticulum vesicles were isolated from rabbit  
muscle by sucrose gradient fractionation followed by a wash with 0.5 M LiBr. The 
purity of the vesicles was tested by loading with calcium oxalate and separating on a 
sucrose gradient the vesicles which accumulated more calcium oxalate. The more 
active fraction with regard to calcium oxalate accumulation had the same composition 
as that  of the more poorly loaded vesicles or the entire preparation. 

Phospholipids were more than 9 ° % of the total lipid and more than 35 % of 
the total membrane weight. Phosphatidylcholine (73 % of total lipid P), phosphatidyl- 
ethanolamine (14 %) and phosphatidylinositol (9 %) were the major phospholipids. 
Triglycerides accounted for about 4 % and cholesterol and free fa t ty  acids for less 
than 2 % each of the total lipid. 

A protein profile was obtained by gel electrophoresis of sarcoplasmic reticulum 
vesicles having full Ca 2+ uptake capacity. The molecular weights of the major proteins 
of sarcoplasmic reticulum vesicles were estimated to be > 200000, approx. 200000, 
140000, 115000, 60000 and 50000. The phosphoprotein intermediate of the Ca 2+ 
pump was identified on acid gels. The steady-state concentration of the 32p-labelled 
phosphoprotein was approx. 4.5 nmoles 32p per mg protein and it had a molecular 
weight of about 115000. This 32p-labelled phosphoprotein accounted for approx. 
50 % of the total membrane protein of purified sarcoplasmic reticulum vesicles. 

I N T R O D U C T I O N  

The sarcoplasmic reticulum of skeletal muscle is a highly specialized membrane 
which regulates the Ca 2+ distribution and thus contraction and relaxation inside mus- 
cle cells 1-s. In the initiation of muscle contraction, Ca z+ is released from the sarco- 
plasmic reticulum. Muscle relaxation requires removal of Ca 2+ energized by ATP 
through rapid and active pumping back into the sarcoplasmic reticulum. Isolated 
sarcoplasmic reticulum vesicles rapidly accumulate Ca 2÷ from the medium and contain 
a Ca ~+ stimulated ATPase 4-6. The splitting of ATP occurs through a covalently- 
linked phosphoprotein intermediate 7-9. Since the regulation of Ca 2+ distribution 

Abbreviations: EGTA, ethyleneglycol-bis-(fl-aminoethyl ether)-N,N'-tetraacetic acid; 
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid. 
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appears to be the only function of sarcoplasmic reticulum, one may  expect that  this 
specialized membrane has a relatively simple lipid and protein composition. A simple 
membrane composition is ideal for studying the arrangement and function of the mem- 
brane components and their role in active transport. 

This study characterizes a highly purified preparation from rabbit  skeletal 
muscle of sarcoplasmic reticulum vesicles which are capable of actively transporting 
Ca~+. 

MATERIALS AND METHODS 

Preparation of sarcoplasmic reticulum vesicles 
Sarcoplasmic reticulum vesicles were prepared using a procedure somewhat 

modified from that  of SERAYDARIAN AND MOMMAERTS 10. Albino rabbits, about 3 kg 
each, were used. A rabbit  was killed by injecting an overdose of nembutal  (60 mg/kg 
rabbit), and the leg and back muscles were excised, chilled in ice, freed of fat, and pas- 
sed through a meat  grinder. All operations were carried out at 0-4 °. Ground muscle, 
50 g, was homogenized in 15o ml of homogenization buffer (0.3 M sucrose and IO mM 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH 7.4)) for 30 sec 
in a Waring blendor. The homogenate from six blendings was centrifuged in six 
bottles for 20 min at 7000 rev./min in a GSA Rotor in a Sorvall centrifuge. The super- 
na tant  was poured through five layers of cheesecloth and a crude sarcoplasmic re- 
ticulum vesicle fraction was obtained by centrifugation for 75 min at 27000 rev./min 
in a Spinco 30 rotor. The supernatant was poured off and the pellets were resuspended 
in a total volume of 30 ml of homogenization buffer using a 5o-ml glass-Teflon 
homogenizer. The crude fraction was placed on top of a step gradient (three tubes) 
containing 5 mM H E P E S  (pH 7.4) and different percentages of sucrose in each layer. 
The "percent sucrose" (w/w) was adjusted using a Bausch and Lomb refractometer 
at 25 °. The gradient consisted of 12 ml 37.2 %, IO m] 33.9 %, 8 m131.6 %, 8 ml 29.1%, 
12 ml 26. 4 % sucrose. After application of a Io-ml sample, it was spun for 2.5 h at 
24000 rev./min in the Spinco SW 25.2 rotor. 

Vesicle fractions were taken off the gradient by pumping in heavy sucrose 
(50 %) from the bot tom to displace the fractions through the top. The top 13 ml were 
discarded and fractions of 6 ml (Fraction I), 12 ml (Fraction 2), 8 ml (Fraction 3) 
and 5 ml (Fraction 4) were successively collected (cf. Fig. i). The fractions were diluted 
with 2 vol. of 5 mM H E P E S  (pH 7.4) added in three parts over a period of 30-45 
min as a precaution to minimize osmotic shock, and then were centrifuged for I h 
at 45 ooo rev./min in a Spinco 5o.1 rotor. The pellets were resuspended in a solution 
containing 0.3 M sucrose, 2.5 mM H E P E S  (pH 7.4) and lO-2O mg protein per ml, 
quick-frozen using liquid N~ and stored at - -7  °° in a low-temperature freezer. These 
preparations were stable for several months when stored in this manner. 

To remove varying amounts of contaminating protein the preparation was 
extracted with a salt wash. Fractions 2 and 3 were thawed at 37 o, combined, diluted 
to a protein concentration of I mg/ml in a solution containing 0.25 M sucrose, 0. 5 M 
LiBr and IO mM histidine (pH 7.3) and kept on ice for I h. The vesicles were recovered 
by sedimentation at 45000 rev./min for I h in a Spinco 5o.1 rotor. The pellet was 
resuspended to a protein concentration of lO-2O mg protein per ml in 0.3 M sucrose 
containing 2.5 mM H E P E S  (pH 7.4). Aliquots of washed sarcoplasmic reticulum 
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vesicles were quick-frozen using liquid N 2. They were stable for several months when 
stored a t - - 7  o°. Unless otherwise specified only these salt extracted sarcoplasmic 
reticulum vesicles were used in our experiments. 

Enzymic assays 
32P-labdled phosphoprotein formation. Sarcoplasmic reticulum vesicles (I mg 

protein) were incubated in 0.95 ml of a medium containing O.lO5 M KC1, 5.25 mM 
MgC12, O.lO5 mM CaCI~ and lO.5 mM histidine (pH 7.3) at o or 32 °. The reaction was 
started by the addition of 50/~1 of 2 mM [z~PIATP (ioZ-io 5 counts/min per nmole 
ATP) with rapid stirring and was stopped after 6 sec at o ° or 3-4 sec at 32 ° by addition 
of 25 ml ice cold 4.25 % trichloroacetic acid containing 0.5 mM ATP and i mM Pi  

(ref. II).  The suspension was centrifuged at 20000 × g for 15 min and the pellet was 
washed twice with 25 ml of 2 % trichloroacetic acid and once with IO ml of 5 % trich- 
loroacetic acid by resuspension and centrifugation. The final pellet was resuspended 
in I ml of o.I M NaOH containing 2 To Na2CO~ and heated at Ioo ° for IO min. Control 
samples were incubated with I mM ethyleneglycol-bis-(fl-aminoethyl ether)-N,N'- 
tetraacetic acid (EGTA) in place of CaCl~. Aliquots were taken for protein and radio- 
activity determination. A o. I-ml sample was dissolved in o. 2 ml Protosol (New England 
Nuclear, Boston, Mass.) and then 5 ml of a toluene solution containing 4 g 2,5-di- 
phenyloxazole and 0.3 g 1,4-bis-(2-phenyloxazolyl)benzene per 1 were added. Counting 
was carried out in a Packard Tri-Carb liquid scintillation spectrometer, using mini 
vials and adapters (Nuclear Associates, Westbury, N.Y.). 

A TPase assay. Sarcoplasmic reticulum vesicles (o.o3-o.1 mg protein) were pre- 
incubated for 5 min at 32 ° in 2 ml of a mixture containing o.I M KCI, 5 mM MgC12, 
o.I mM CaC12 and IO mM histidine (pH 7.3). The reaction was started by addition of 
50 #1 of o.I M ATP and stopped after 5 or IO min with 0. 7 ml 1.5 M HC10 4. Inorganic 
phosphate was determined on I ml of the protein-free supernatanO ~ using Elon as 
a reducing agent. 

Ca 2+ uptake capacity of sarcoplasmic reticulum vesicles (o.o3-o.1 mg protein) 
was measured in 3 ml of a mixture containing o.I M KC1, 5 mM MgC12, o.I mM 45CaC1~, 
5 mM ATP, 5 mM potassium oxalate, and io mM histidine (pH 7.3). The uptake reac- 
tion was carried out at 23 ° for 8 min and was terminated by pressing the mixture 
through a millipore filter (either HA 0.45/~m or GS 0.22/~m) in a syringe adapter lz. 
A control mixture without added sarcoplasmic reticulum vesicles was used to deter- 
mine the zero time concentration of 45Ca. Samples of the filtrate (0.2 ml) were counted 
in 4 ml of scintillation fluid containing 60 g naphthalene, 4.2 g 2,5-diphenyloxazole, 
18o mg 1,4-bis-(2-(5-phenyloxazolyl)) benzene and 7 ° ml water in 900 ml of dioxane. 

Contamination with other organelles was monitored using succinate-cyto- 
chrome c reductase 14 and monoamine oxidase 15 activities for mitochondrial inner and 
outer membrane respectively, 5'-nucleotidase activity 16 for sarcolemma and acid 
phosphatase activity for lysosomes 1~. 

Electron microscopy 
Samples for electron microscopy were prepared by fixation of a pellet with 

i % OsO 4 in 28 mM veronal-acetate buffer (pH 7.2) containing 2.4 mM CaCI~ and 
12o mM NaCI, overnight in the cold.The pellet was block stained with uranyl acetate, 
dehydrated, embedded in Araldite and treated as described previously 18. In checking 
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for contamination oriented thin pellets were embedded. The section was cut across 
the pellet so that  the whole cross-section from the top to the bottom could be observed. 

Negative staining with phosphotungstic acid was carried out as described 
previously TM. 

Chemica l  assays  

Protein was determined by the procedure of LOWRY et al. 19 using bovine plasma 
albumin as a standard. 

Total phosphorus was measured as an estimate of lipid phosphorus using a 
modification *° of the method of CHEN et al. ~1. Two methods were used to show that  
this was a good approximation. When sarcoplasmic reticulum was extracted with 
0.8 M HC10 4 at room temperature for io min, only 2-3 % of the total phosphorus 
was solubilized. Lipid was extracted from sarcoplasmic reticulum vesicles with 
chloroform-methanol (2:1, v/v) containing I #g butylated hydroxytoluene per ml 
and the extract was then passed through a Sephadex G-25 column *2,~s to separate 
phospholipid from other water-soluble phosphorus containing substances. Greater 
than 95 % of the total P was recovered in the phospholipid fraction (chloroform- 
methanol (19 : I, by vol.) saturated with water. 

Phospholipid analysis was carried out as described by ROUSER and co- 
workers~0, 22-24 The lipids of the chloroform-methanol (19 : i, by vol.) phase of a Se- 
phadex G-25 column 22 were separated by two-dimensional thin-layer chromato- 
graphy **. 

Two solvent combinations were used: System (i) chloroform-methanol-28 % 
aq. ammonia (65 : 35 : 5, by vol.), followed by chloroform-acetone-methanol-acetic 
acid-water (5 : 2 : x : I : o. 5, by vol.) ; and System (ii) chloroform-methanol-water 
(65:25:4, by vol.) followed by i-butanol-acetic acid-water (6o:2o:2o, by vol.). 
Lipids were visualized by spraying with cone. H2SO4-3o % formaldehyde (97:3, 
by vol.) followed by heating at I8o °. The phospholipid distribution was determined 
by measuring the phosphorus content of the spots 24. The phospholipids were identified 
by their relative migration. In addition, phosphatidylethanolamine and phosphatidyl- 
serine were confirmed by their ninhydrin-positive reaction, phosphatidylinositol 
and sphingomyelin by cochramotography with standards. System (i) was used 
routinely for phospholipid quantitation. System (ii) gave a complete separation of 
sphingomyelin and phosphatidylinositol and was used to obtain the phospholipid 
content of these two lipids. 

Neutral lipids were isolated by passing the total lipid extract over a silicic 
acid column in chloroform (Unisil-Clarkson Chemical Co., Williamsport, Pa.). The 
chloroform eluate was defined as neutral lipids. The neutral lipid was analyzed by 
one-dimensional thin-layer chromatography using the solvent mixture n-hexane- 
diethyl ether-acetic acid (7 ° : 3o : I, by vol.). The neutral lipid fraction was also used 
to quantitate cholesterol according to SEARCY et a l3  s and free fat ty  acid using the 
nSNi distribution method of Ho 26. The weights of the neutral and total lipids dried 
i n  vacuo were determined using a Cahn Electro Balance. 

To determine the cytochrome content, difference absorption spectra were re- 
corded using a split-beam spectrophotometer designed at the Johnson Research 
Foundation (Univ. of Pennsylvania, Philadelphia). The concentration of cytochrome 
b 5 was calculated using a difference extinction coefficient of 21.o cm-l-mM -x at 
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557-567 nm; cytochrome a + a3 was calculated using a difference extinction coefficient 
of 16.o cm-l .mM -~ at 605--630 nm. To determine cytochrome P-45o, a difference 
spectrum was obtained between the sample treated with CO and reduced with dithio- 
nite versus the sample oxidized by shaking with air 27. 

Electrophoresis 
The protein profile of sarcoplasmic reticulum vesicles was obtained by po- 

lyacrylamide-gel electrophoresis using the following conditions unless otherwise 
described: 

(I) Electrophoresis in the presence of sodium dodecyl sulfate was carried out 
using the gel formulation of LENARD 2s. Gels containing 6 % acrylamide, I og sodium 
dodecyl sulfate and o.I M sodium phosphate (pH 7.0) were prepared in glass tubes 5 
mm in diameter and IO cm in length. Samples were dissolved in a solution containing 
4 M urea and 3 % sodium dodecyl sulfate. To reduce disulfides 2 % 2-mercaptoethanol 
was added and the mixture was heated for 5 rain at IOO °. The sample (25/~g protein 
in up to o.I ml) was layered on top of the gel and electrophoresis carried out for 
the first 30 min at I.O mA per tube. The current was then increased to 2.0 mA per tube 
and electrophoresis was continued for 15 11. Gels were stained and destained according 
to  LENARD 28. 

(2) Acid gels were prepared by a modification 29 of the method of TAKAVAMA 
et al. ~°. 

(3) Soaked, acid gels were prepared as described by MACLENNAN 31 with the 
following modifications: Polyacrylamide gels were prepared as described by 
ZAHLER et al. 29. After tlle preelectrophoresis step the gels were removed from the 
glass tubes and soaked for 3 11 in a solution containing 50 g phenol, 25 ml glacial 
acetic acid and 25 ml 8 M urea (soaking solution). The gels were sucked back into the 
same tubes with the aid of a water aspirator, overlayered with soaking solution and 
stored at room temperature for 12 h. Samples were dissolved in soaking solution and 
20 /~g protein in up to o.I ml was layered on top of the gel. In some cases samples 
were reduced with 2 % 2-mercaptoethanol in the presence of 4 M urea by heating 
for 5 rain at IOO ° or treated with performic acid overnight at o ° (ref. 32) prior to 
the addition of soaking solution. Sucrose was removed from the sample by precipit- 
ation with 5 % trichloroacetic acid prior to performic oxidation. The pellet was 
resuspended in an excess of performic acid solution (I mg protein/o. 4 ml) and tile 
mixture was finally diluted with 5 vol. of soaking solution. Electrophoresis was carried 
out at 4 ° with IO % acetic acid as upper and lower chamber buffer. A current of 0. 5 mA 
per tube was passed through the gels for the first 30 rain after which the current 
was increased to I mA per tube for 5 9 h. Gels were stained with Coomassie Brilliant 
Blue (0.25 % in 7 % acetic acid) for 2 h and destained by soaking for several days 

o~ acetic acid. Some acid gels were stained with Amido in several changes of 7 /o 
., o~ acetic acid) for 2.5 tl and destained in the same manner as Schwartz (I % in 7 .'o 

for Coomassie Blue. 
When working with the 32P-labelled protein intermediate, all of the steps 

including solubilization of the sample, staining and destaining of the gels were carried 
out at 4 °. For localization of radioactivity on polyacrylamide gels, the gels were sliced 
into approx. 2-ram segments and soaked overnight in 0.2 ml Protosoh Radioactivity 
was determined after the addition of 5 ml of toluene scintillation solution (see above). 
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Densitometry tracings of gels were obtained using a Photovolt Corp. densitometer, 
Model 52-C, modified according to PRIVETT et al. 33. The mobility of standards and 
sarcoplasmic reticulum proteins relative to ovalbumin (RM) was determined using 
densitometry tracings. 

Mater ia ls  

"Ultrapure" grade sucrose from Mann Research Laboratories (New York) 
was used throughout the experiments. [7-32pIATP was prepared according to POST 
AND SEN 3~ and was a generous gift of Dr. Robert Post (Dept. of Physiology, Vander- 
bilt University). Non-radioactive ATP was purchased from P-L  Biochemicals, 
(Milwaukee, Wisc.). 

RESULTS 

Separation of the crude sarcoplasmic reticulum vesicle fraction on a sucrose 
gradient is shown in Fig. i. Three components can be distinguished, a broad contin- 
nuous band in the upper half of the gradient, a band at the 33-9/37-2 % sucrose 
interface and a pellet of varying size. Increasing the time of centrifugation shifts 
the upper broad band further down the gradient without significantly changing 
the overall distribution. Vesicle fractions were collected corresponding roughly to 
the material sedimenting in the 26. 4 % sucrose layer (fraction I), at and between 
interfaces 26.4/29.1% and 29.1/31.6 % (fraction 2), at interface 31.6/33.9 % (fraction3) 
and in the 33.9 % sucrose layer (fraction 4). Analysis of these fractions showed 
that  they all accumulated calcium oxalate, had the ability to form a phosphoprotein 
intermediate and contained a Ca 2+ stimulated ATPase (Table I). Fractions 2 and 3 
had the highest Ca 2+ uptake capacity and steady-state concentration of 32p-labelled 
phosphoprotein. These fractions were pooled for use in the experiments described 
below, except when noted otherwise. 

Markers for contaminating cell fractions reveal that  Fractions 2 and 3 had 
negligible contamination with sarcolemma and lysosomes and slight contamination 
with mitochondria. Monoamine oxidase and 5'-nucleotidase 35 activities were not 
detectable. Acid phosphatase activity was 0.002-0.005 #mole Pi per rain per mg 
protein, indicating negligible contamination of the fractions by lysosomes. Succinate- 
cytochrame c reductase in Fractions 2 and 3 varied from 0.005 to o.oi /,moles 
cytochrome e reduced per rain per mg protein. Assuming a rate for purified mito- 

% SUCROSE VOLUME 
(W/w) (ml) 

9.8 l0 SAMPLE 

26.4 12 

29.1 8 

51.6 8 

55.9 10 

37,2 t2 

FRACTION 

PELLET 

Fig. I. Fract ionat ion of the crude sarcoplaslnic reticululn fraction on a sucrose s tep gradient. 
The relative protein concentrat ion is indicated by  the degree of stippling. 
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T A B L E  I 

PROPERTIES OF SARCOPLASMIC RETICULUM VESICLES 

T h e  s a r c o p l a s m i c  r e t i c u l u m  v e s i c l e s  a r e  o b t a i n e d  f r o m  t h e  s u c r o s e  g r a d i e n t  in  F i g .  i .  F r a c t i o n  I 
i n d i c a t e s  s a r c o p l a s m i c  r e t i c u l u m  v e s i c l e s  o f  F r a c t i o n s  2 a n d  3 c o m b i n e d .  F r a c t i o n  I I  i n d i c a t e s  
F r a c t i o n  I w a s h e d  w i t h  0. 5 M L i B r .  C a  ~+ u p t a k e  c a p a c i t y ,  3 e P - l a b e l l e d  p h o s p h o p r o t e i n  f o r m a t i o n  
a t  o ° a n d  A T P a s e  a c t i v i t y  w e r e  m e a s u r e d  a s  d e s c r i b e d  in  MATERIALS AND METHODS. A T P a s e  
a c t i v i t y  w a s  a l s o  d e t e r m i n e d  in  a m e d i u m  w h i c h  c o n t a i n e d  i m M  E G T A  i n s t e a d  o f  o . i  m M  C a  2+. 

Fraction Yield Total Ca z+ uptake azP-labelled A TPase 
(No.) (mg protein/ phosphorus (#,moles Ca2+/ phosphoprotein (/*moles Pi/rng protein per rain 

300 g muscle) (t~g P/  mg protein) (nmoles P/  
mg protein) mg protein) With With 

I m M  EGTA o.I m M  Ca ~ 

I 33 ± IO* 16.7 i 4 .5* 2 .9  4- 1 .3 "  2. 4 ± 0 .6**  0 .06  4- 0 .03**  0 .40  ± o . I o *  
2 12o :t: 4 ° 18.8  ± 3.2 4 .0  4- 0 .8  3 .3  ± 0-4 0 .06  ± 0 .03  0 .50  + o .12  
3 3 ° ± 12 21 .2  ± 2.2 4 .2  ± o .8  3 .4  + 0 .5  o . 0 6  -4- o .o  3 0-55 i o .12  
4 18 :]: 5 21 .o  4- 1.6 3 .9  4- I.O 3 .0  - -  0. 7 0 .08  -¢- 0 .04  0 .60  4- o . i o  

I - -  19.5 4- 3 .0  4 .0  4- 0 .8  3 .4  4- 0 .5  0 .06  4- 0 .03  0 .52  ± o .12  
I I  - -  24 .0  4- 1. 4 3.7 :J: I.O 4.1 :i_ 0 .4  0 .08  ± 0 .05  0 .85  :~ o .15  

* M e a n  + S . D .  f o r  s ix  p r e p a r a t i o n s .  
** M e a n  :t= S . D .  f o r  t h r e e  p r e p a r a t i o n s .  

chondria of 0.5 this would indicate a contamination by mitochondria of 1-2 %. 
Fraction 4 was appreciably contaminated by mitochondrial fragments to the extent 
of 4-15 % and was therefore discarded. 

Difference spectra on salt washed sarcoplasmic reticulum vesicles (Fraction II 
of Table I) showed that  cytochromes typical of mitochondria were present con- 
firming our enzymic data that  a small amount of mitochondrial contamination is 
present. The cytochrome (a+aD) content was 0.033 nmole/mg protein. Vesicles 
prepared from bovine heart mitochondria gave a value of 1.26 nmoles/mg protein. 
Assuming a similar value for vesicles from rabbit skeletal muscle mitochondria, 
the contamination by mitochondria would be 2.6 %. 

F i g .  2 a.  
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The concentration of cytochrome b 5 was o.o76 nmole/mg protein• This value 
is appreciably less than that  obtained for liver microsomes, i.e. 1. 4 nmoles/mg protein 
and I . I I  nmoles/mg protein from bovine and rat liver, respectively 27. The cytochrome 
P-45o content was at the level of the "noise" and therefore negligible• 

Typical protein profiles of isolated sarcoplasmic reticulum are shown in Fig. 2 
using the three polyacrylamide gels described in MATERIALS AND METHODS• The 
proteins are best resolved in acid gels which were soaked in a mixture containing 

L,I 
U 
z 
< 
m 
n-  
O 
09 
rn 
< 

Gel I 
p - p  

i"~:t ch,.. 

Gel  7 
~ p - p  

I'0 " 

1.4--'P - P Gel 5 
ii, 

i 

11o 

G e l  8 

p - p  

0 1,0 0 

J 
o 

Ge l  6 

! ~ p - p  

/'+'__++:'.__+ 

i G e l  9 

,'o 

• R E L A T I V E  M O B I L I T Y  

Fig. 2. Separa t ion  of sa rcop lasmic  r e t i cu l um pro te ins  by  gel e lectrophoresis .  Sod ium dodecyl  
su l fa te  gels con ta ined  25/zg  sa rcop lasmic  r e t i cu l um protein.  Acid and  soaked,  acid gels con ta ined  
20 pg  sa rcop lasmic  r e t i c u l um prote in .  Gels were s t a ined  wi th  Coomass ie  Blue.  The  d e n s i t o m e t e r  
t r ac ings  of Gels i, 5 -9  are  also shown.  The  mobi l i ty  re la t ive  to  o v a l b u m i n  is p lo t t ed  on t he  absc issa  
in the  t rac ings .  P - P  refers to  3*p-labelled p h o s p h o p r o t e i n  and  Chym.  refers to  c h y m o t r y p s i n o g e n  A 
which  is added  as an  in t e rna l  s t a n d a r d  to  de t e rmine  rela t ive mobi l i ty .  3~P-labelled p h o s p h o p r o t e i n  
was identif ied by  re la t ive  mobi l i ty  and / o r  labell ing wi th  32p. The  a2p-labelled p h o s p h o p r o t e i n  
did  n o t  p e n e t r a t e  in to  t he  gel in Gels 3 and  4. 

Gel Gel system Sample 

Sod ium dodecyl  su l fa te  
Sod ium dodecyl  su l fa te  

3 Acid 
4 Acid 
5 Acid soaked  
6 Acid soaked  
7 Acid soaked  
8 Acid soaked  
9 Acid soaked  

F rac t ion  I (eft Tables  I and  II) 
S ame  as in Gel A b u t  in add i t i on  ex t r ac t ed  

wi th  0.5 M LiBr  (Frac t ion  I I  of Tables  I and  II) 
S ame  as in Gel I 
Same  as in Gel 2 
S ame  as in Gel i 
S ame  as in Gel 2 
Pel le t  F r ac t i on  l i b  I of Ca ~+ load ing  e x p e r i m e n t  
In te r face  F rac t i on  l i b  / (Table II) 
o. 5 M LiBr  ex t r ac t  of F r ac t i on  I (cf. Tables  I and  II) 
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phenol prior to electrophoresis (Gel 5). In agreement with earlier reports a6, an appre- 
ciable amount of protein stays on top of normal acid gels, i.e. those not presoaked 
in phenol (Gel 3). In sodium dodecyl sulfate gels (Gel I) all of the protein enters the 
gel, however, this gel system gives considerably poorer resolution of the sarcoplasmic 
reticulum proteins than soaked, acid gels. 

The lipid phosphorus to protein ratio (#g total P per mg protein) varied 
somewhat from preparation to preparation averaging 18-21 #g P per mg protein 
for Fractions 2 and 3 (cf. Table I, Fraction I). Part of the protein could be removed 
by extraction with either 0.6 M KC1 (ref. 37) or 0.5 M LiBr. We preferred 0.5 M 
LiBr, since the purification was more reproducible and one treatment was usually 
sufficient. One of the major protein bands, with a mobility relative to ovalbumin 
of 0.60 (mol. wt IOO ooo), was almost completely removed form the original vesicle 
protein (cf. Gels 3 and 4 or Gels 5 and 6) and was the predominant protein in the 
extract (Gel 9 of Fig. 2). The protein profile in Gel 9 and the amount of protein 
extracted varied somewhat from preparation to preparation. When the phosphorus 
to protein ratio was low, salt extraction removed more protein. The phosphorus to 
protein ratio of the extracted vesicles reached 23-25/~g P per mg protein (cf. Table I, 
Fraction II). Sonication in LiBr solution or increase of LiBr concentration up to 
1.8 M removed additional protein, but did not selectively remove additional bands. 
This treatment also decreased Ca 2+ uptake capacity and a2p-labelled phosphoprotein 
concentration. 

Electron microscopy of the salt-washed sarcoplasmic reticulum showed essen- 
tially closed membranous vesicles. The trilaminar arrangement of the membrane 

Fig. 3. E l ec t ron  mic rog raph  of sa rcoplasmic  r e t i cu lum vesicles i so la ted  on a sucrose g rad ien t  
fol lowed by  a wast l  w i t h  0. 5 M LiBr.  Sample  was fixed in i OJ/o OsOa, e m b e d d e d  and sect ioned.  
Magnif ica t ion 14o00o × .  
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Fig. 4. Negatively-stained sarcoplasmic ret iculum vesicles, a. Interface Fraction IIb. b. Pellet 
Fraction IIb of Ca2*-loading experiment  (see Table II). Arrows indicate calcium oxalate deposits 
in pellet fraction. Magnification 14oo0o ×.  
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is clearly visible (Fig. 3). Electron microscopy did not reveal any lysosomes or mito- 
chondria, although 2 % mitochondrial contamination was detected chemically. Hence 
the contamination was probably in the form of submitochondrial vesicles. 

As a further test of homogeneity, sarcoplasmic reticulum preparations were 
incubated with 0.25 mM Ca 2+, 5 mM ATP and 5 mM oxalate, which allowed accu- 
mulation of calcium oxalate by intact vesicles, and only intact vesicles. They were 
then placed on a sucrose gradient and centrifuged. Two fractions were obtained. 
One fraction had a higher density than the starting material and sedimented through 

T A B L E  I I  

PROPERTIES OF SARCOPLASMIC RETICULUM VESICLES PURIFIED BY CALCIUM OXALATE ACCUMULATION 

Sarcop la smic  r e t i c u l u m  vesicles no t  e x t r a c t e d  (I) and  e x t r a c t e d  (II) w i th  o. 5 M LiBr  were used. 
As a p r e c a u t i o n  aga in s t  e x t r a n e o u s  dense mate r ia l ,  the  sa rcoplasmic  r e t i cu lum vesicles were 
p r e s p u n  b y  p lac ing  io  mg  p ro t e in  in 0. 5 ml  of 0. 3 M sucrose plus 2. 5 mM H E P E S  (pH 7-4) on 
t op  of 4 ml  of 35 % sucrose c o n t a i n i n g  5 mM h i s t id ine  (pH 7.3)- The g rad i en t  was spun for 2 h 
a t  48000 r ev . /min  in the  Spinco SW-5o rotor .  A smal l  pe l l e t  was  discarded.  2 m g  p ro te in  of the  
vesicle f rac t ion  co l lec ted  in the  t op  3.5 ml of the  sucrose g r a d i e n t  was  i n c u b a t e d  as usual  in 
5 ° m l  Ca 2+ u p t a k e  so lu t ion  excep t  t h a t  the  Ca 2+ c o n c e n t r a t i o n  was  o.25 mM. A b o u t  7 ° °J o of 45Ca~+ 
was t a k e n  up by  the  vesicles.  45 ml of the  suspens ion  were layered  on t op  of sucrose layers  con- 
s i s t ing  of 6 ml  2 8 %  and  6 ml  4 0 %  sucrose in 5 mM h i s t id ine  (pH 7.3). Af ter  cen t r i fuga t ion  in 
the  Spinco SW-25.2 ro to r  for i h a t  24000 rev . /min ,  two  f rac t ions  were ob ta ined ,  one which  
a c c u m u l a t e d  h igh  a m o u n t s  of ca lc ium oxa l a t e  a nd  s e d i m e n t e d  to  the  b o t t o m  of the  gradien t ,  
and  a second one which  t o o k  up l i t t l e  or no ca lc ium oxa la t e  and  b a n d e d  a t  the  28/40 ° o sucrose 
in terface .  A b o u t  5 ° % of the  p ro te in  was recovered  in these  expe r i men t s ;  50-75 % of the  recovered  

o/ of the  p ro te in  was  recovered  in the  pe l le t  when  ATP p ro t e in  was in the  pel le t .  Less t h a n  2 /o 
was  omi t t ed .  The pe l le t  a nd  the  in ter face  f rac t ions  con ta ined  29-33 and  24-27/~g P / rag  pro te in ,  
respec t ive ly ,  when  the  i ncuba t ion  was carr ied  ou t  in  the  presence of ATP. The phosphorus  to  
p ro t e in  ra t ios  shown are those  ob t a ined  af ter  acid e x t r a c t i o n  of the  vesicles to  r emove  soluble  
phospha te .  Values  are averages  of two  p repara t ions .  

Total phosphorus 
(#g P/mg protein) 

32p-labelled 
phosphoprotein 
(nmoles P/mg protein) 

I. Sarcoplasnl ic  r e t i c u l u m  vesicles* 19.2 3.9 
Ca 2+ loading experiment 
(a) A T P  omitted 

(i) In te r face  f rac t ion  23.2 4.3 
(2) Pe l le t  No sa rcoplasmic  

r e t i cu lum vesicles - -  
(b) A T P  added 

(i) In te r face  f rac t ion  23-7 4.4 
(2) Pe l le t  24. 7 4.0 

I I .  Sarcoplasmic  r e t i cu lum vesicles 
e x t r a c t e d  w i t h  0. 5 M LiBr* 23-5 4.3 

Ca 2+ loading experiment 
(a) A T P  omitted 

(i) In te r face  f rac t ion  24.I 4.6 
(2) Pe l le t  No sa rcop lasmic  

r e t i cu lum vesicles - -  
(b) A T P  added 

(i) In te r face  fract ion*,  ** 25.0 4.75 
(2) Pellet*,  ** 26.1 3.3 

* P ro te in  profiles of these  f rac t ions  are shown in Fig. 2. 
** E lec t ron  mic rographs  of these f rac t ions  are shown in Figs. 4 a and  4 b. 
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both 28 and 4 ° % sucrose layers and pelleted. These were the relatively intact vesicles. 
The second fraction sedimented to the 28/40 % interface and therefore had a density 
similar to that  of the starting material. This interface fraction consisted of relatively 
leaky vesicles and possibly other material. In the absence of ATP, all of the sarco- 
plasmic reticulum vesicles banded at the 28/4 ° % interface. Electron micrographs 
of both fractions showed the same appearance, namely, mainly sacs and tubules 
(Figs. 4 a and 4b). About 30 % of the vesicles in the pellet fraction contained electron 
opaque granules, similar to those identified as calcium oxalate deposits by previous 
workers 38. No deposits were found within the vesicles of the interface fractions. 

To test the homogeneity of the original preparation, the composition and 
activity of the fractions were compared. Furthermore the test was done on vesicles 
before or after they were washed with LiBr. There was no difference between the 
interface fractions and the pellet fractions with respect to the ratio of total phos- 
phorus to protein, the ratio of a2P-labelled phosphoprotein to protein, or the distri- 
bution of protein into bands by gel electrophoresis (Table II and Fig. 2, Gels 7 and 8). 
Actually the 3~p -labelled phosphoprotein to protein ratio was lower in the pellet 
fraction. This is probably due to the damaging effects of the large amounts of calcium 
oxalate during handling of the loaded vesicles. Because the two fractions were basi- 
cally the same, it was concluded that  they differed only in the leakiness of the vesicles 
and that  the original preparation was homogeneous in other respects. With respect 
to vesicles tested before washing with LiBr, the test itself purified the vesicles to 
the same extent as did the wash with LiBr. There was no such further purification 
in vesicles which had already been washed with LiBr (Table II). 

Sarcoplasmic reticulum vesicles contained approx. 0.65 mg lipid per mg 
protein (Table Il l) .  Phospholipids accounted for 93 %, and total neutral lipids for 
about 7 %. The neutral lipid pattern was quite simple (Fig. 5). Triglyceride, choleste- 
rol a n d  free fat ty  acid were the main components and accounted for approx. 60, 
25 % and 15 % by weight respectively. Cholesterol esters were detected only as a 
trace component. Coenzyme Qlo was not detectable in our preparation indicating 
its absence from sarcoplasmic reticulum vesicles. Two-dimensional thin-layer chroma- 
tograms of the phospholipids of sarcoplasmic reticulum vesicles are shown in Figs. 6a 

T A B L E  I I I  

LIPID COMPOSITION OF SARCOPLASMIC RETICULUM VESICLES 

T h e  l i p i d  p h o s p h o r u s  t o  p r o t e i n  r a t i o  of s a r c o p l a s m i c  r e t i c u l u m  v e s i c l e s  w a s  2 3 .5 /Lg P / m g  p r o t e i n .  
F a t t y  a c i d s  a n d  c h o l e s t e r o l  w e r e  q u a n t i t a t e d  d i r e c t l y  on  t h e  n e u t r a l  l i p i d  f r a c t i o n .  T h e  t r i g l y c e r i d e  
v a l u e  is o b t a i n e d  b y  d i f fe rence .  T h e  t r i g l y c e r i d e  v a l u e  is s o m e w h a t  i n f l a t e d  s ince  a s m a l l  a m o u n t  
of r e s i d u a l  h u t y l a t e d  h y d r o x y t o l u e n e ,  a d d e d  d u r i n g  t h e  e x t r a c t i o n  p r o c e d u r e ,  is  p r e s e n t  in  t h e  
n e u t r a l  l i p i d  f r a c t i o n .  V a l u e s  a re  a v e r a g e s  of t w o  s a r c o p l a s m i c  r e t i c u l u m  ves i c l e  p r e p a r a t i o n s .  

% (w/w) % o/total lipid 
(wlw) 

P r o t e i n  60.5 - -  
L i p i d  39.5 - -  
P h o s p h o l i p i d  - -  92.8 
T o t a l  n e u t r a l  l i p i d  - -  7.2 

C h o l e s t e r o l  - -  1.9 
F a t t y  a c i d s  - -  i .o 
T r i g l y c e r i d e s  - -  4.3 
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and 6b and the phospholipid composition is shown in Table IV. The major phos- 
pholipid is phosphatidylcholine which accounts for 73 % of the total lipid phosphorus. 
95 % of the lipid phosphorus is in phosphatidylcholine, phosphatidylethanolamine 

Fig. 5. Th in - l aye r  c h r o m a t o g r a p h y  of neu t ra l  l ipids of sa rcoplasmic  re t iculuni .  Neut ra l  lipids were 
c h r o m a t o g r a p h e d  in a so lven t  con ta in ing  n -hexane  e t h e r - a c e t i c  acid (7o :3o : i ,  by  vol.). 65 pg  
lipid were spo t t ed  (Colunin 3) and  compared  wi th  a s t a n d a r d  con ta in ing  38/*g (Column 0 ,  76/*g 
(Column 2) and  15 /Lg (Column 4) to ta l  lipid. The  s t a n d a r d  m i x t u r e  con ta ined  equal  a m o u n t s  of 
cholesterol ,  pa lmi t ic  acid, t r i pahn i t i n  and  cholesterol  pa l mi t a t e  in the  sequence  from origin to  
f ront .  Co lumn  5 con ta ins  io Mg coenzyme  Qi0" The  sample  con ta ins  five visible bands ,  cholesterol ,  
f a t t y  acids,  t r iglycerides,  b u t v l a t e d  h y d r o x y t o l u e n e  and  a t race of cholesterol  ester.  The  bu ty l a t ed  
h y d r o x y t o l u e n e  is no rma l l y  n o t  p re sen t  b u t  is added  dur ing  the  lipid ex t r ac t i on  to  p reven t  lipid 
pe rox ida t ion .  The  p la te  was char red  a t  18o ° for 3 ° m i n  af te r  sp ray ing  wi th  H2S() ~ 3 ° o forni-  
a ldehyde  (97:3,  by vol.). 

Fig. 6. Separa t ion  of sarcoplasni ic  re t iculunl  phosphol ip id  by two-di inens ional  th in - layer  chro- 
m a t o g r a p h y .  Solvent  c o m b i n a t i o n s  in (a) : ch loroform m e t h a n o l - w a t e r  (65:25:4 ,  hy  vol.) fol- 
lowed by  I -bu t ano l  acetic acid water  (6o:2o:2o,  by vol.), in (b): chloroform mcthanol-28c?~} 
aq. a m m o n i a  (65:35:5 ,  by  vol.) followed by chloroform ace tone  m e t h a n o l - a c e t i c  acid water  
(5 :2 :  I : 110.5, by  vol.). 7 /*g lipid P was applied to the  plates.  I n (a) two spo t s  are out l ined  by  dots .  
This  indica tes  the  n inhydr in -pos i t i ve  niaterial .  PC, phospha t idy lcho l ine ;  PE,  p h o s p h a t i d y l e t h a n o l -  
amine ;  PI ,  phospha t idy l inos i to l ;  PS, phospha t idy l se r ine ;  Sp, sph ingomye l in ;  CL, cardiolipin;  
PA, phospha t id i c  acid;  NL,  neut ra l  lipid; X, unident i f ied  lipid. 
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or phosphatidylinositol. The data of MARTONOS113 are included for comparison 
(Table IV). 

Since the Ca 2+ pump is a major component of sarcoplasmic reticulum vesicles, 
optimal conditions for formation of a2p-labelled phosphoprotein were studied. 
At 0 ° the amount of ~2p -labelled phosphoprotein was nearly independent of moderate 
changes in ATP, Ca 2+ or Mg 2+ concentration (Fig. 7). The concentrations of Ca 2+ 
(O.I mM) and Mg ~+ (5 mM) were those in the ATPase assay mixture. At o ° the a~p_ 
labelled phosphoprotein concentration was constant between 2 sec and 2 min (Fig. 8). 
At room temperature, the 3ep-labelled phosphoprotein concentration decreased 
after 15 see incubation, probably because of hydrolysis of the ATP. The addition 
of I mM EGTA in place of o.I mM Ca 2+ decreased a2p-labelled phosphoprotein forma- 

T A B L E  IV 

P H O S P H O L I P I D  C O M P O S I T I O N  O F  S A R C O P L A S M I C  R E T I C L I L U M  

Percent of total lipid phosphorus 

J/Iean ± S.D. of 8 thin-layer 
chromatography plates from 
two different sarcoplasmic 
reticulum preparations 

Values reported 
by ~IARTONOS113 

P h o s p h a t i d y l c h o l i n e  72,7 ~ 1. 4 
P h o s p h a t i d y l e t h a n o l a m i n e  13.5 ~ o.9 
P h o s p h a t i d y l i n o s i t o l  8.7 ± 0.9 
P h o s p h a t i d y l s e r i n e  1.8 -± 0. 3 
Sph ingomye l in  i .o -~ 0.2 
Cardio l ip in  0. 3 ~ 0.2 
P h o s p h a t i d i c  acid 0.2 ± o, i  
Unident i f i ed  phosphol ip ids  1.8 
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Fig. 7. Dependence  of s ip - l abe l l ed  phos phop ro t e in  f o r m a t i o n  on the  c o n c e n t r a t i o n  of ATP, Mg 2+ 
or Ca 2+. Sa rcop lasmic  r e t i c u l u m  vesicles  (i mg  p r o t e in  per  ml) were i n c u b a t e d  a t  o ° in o.95 ml 
of the  s t a n d a r d  m e d i u m  c o n t a i n i n g  O.lO 5 M KC1, 5.25 mM Mg 2+, O.lO 5 mM Ca 2+, lO. 5 mM h i s t id ine  
(pH 7.3). The r eac t ion  was s t a r t e d  by  a d d i t i o n  of 5 °/~1 2 mM [a2p]ATP and  s t opped  a f te r  6 sec 
by  a d d i t i o n  of 25 ml  cold t r i ch loroace t ic  acid so lu t ion .  To ob ta in  the  th ree  sepa ra te  curves,  the  
c o n c e n t r a t i o n s  of ATP ( 0 - -  0 ) ,  Ca2+ ( A A) or Mg 2+ ( © - -  G) were i n d i v i d u a l l y  var ied  from 
the  s t a n d a r d  cond i t i ons  as shown. S t a n d a r d  cond i t i ons  are shown by  the  arrows. 

Fig, 8. Time course of the  s t e a d y - s t a t e  c o n c e n t r a t i o n  of the  a2P-labelled phosphop ro t e i n  inter-  
med i a t e  a t  o ° and  23 °. Sa rcop lasmic  r e t i c u l u m  vesicles (i mg/ml)  were i n c u b a t e d  in o.95 ml of 
a m i x t u r e  c o n t a i n i n g  O.lO 5 M KC1, 5.25 mM Mg e+, O.lO 5 mM Ca 2+, and  lO. 5 mM h i s t id ine  (pH 7-3) 
and  the  reac t ion  was s t a r t e d  w i t h  the  a d d i t i o n  of 5 °/~1 2 mM [a2P]ATP. The reac t ion  was  s topped  
wi th  t r i ch loroace t ic  acid so lu t ion  a t  the  ind ica t ed  t ime.  
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tion to less than o.o5 nmole P per mg protein, indicating that  Ca 2+ is required for 
formation. To compare 3sp-labelled phosphoprotein formation with other tests for the 
presence of sarcoplasmic reticulum vesicles detergents were added. Triton X-Ioo, 
deoxycholate, or oleate did not affect 3sP-labelled phosphoprotein formation but 
prevented Ca s+ uptake and increased ATPase activity several fold (Table V). These 
concentrations of the detergents did not appreciably clarify the solutions. The level 
of 3sp-labelled phosphoprotein seems to be a better  index of the amount of Ca2+-pump 
enzyme in preparations of sarcoplasmic reticulum than ATPase or Ca z+ uptake 
capacity. 

TABLE V 

THE EFFECT OF DETERGENTS ON THE FUNCTION OF SARCOPLASM1C RETICULUM VESICLES 

Samples were pre incubated  for 5 min at  32° in a medium containing o.i M KC1, 5 mM Mg 2+, 
o.i mM Ca 2+ and IO mM histidine (pH 7.3). The concentra t ion of sarcoplasmic ret iculum protein  
dur ing the pre incubat ion  was 1.25 mg/ml  except for the incubat ion with oleate where 0. 4 mg/ml 
was  used. Aliquots  were then taken for determining Ca 2+ uptake  capacity, ATPase activity, and 
32p-labelled phosphopro te in  format ion  at o and 3 2°. 

Detergent Ca 2+ uptake A TPase 
(ktmoles Ca~+/ (t~moles Pj/  
mg protein) mg protein 

per rain) 

32P-labelled phosphoprolein 
(nmoles P/rng protein) 

At  o ° At  3 2° 

- -  3.4 o.9o 3.75 3 .6 
Tr i ton  X- Ioo  (o.15%) o 3.3 3 .6 3 .1 
Deoxycholate  (0.05 %) o 3.5 3.65 3.25 
Oleate (0.6 raM) o 2.7 3-4 3.4 

For the characterization of the *sP-labelled phosphoprotein, the soaked, acid 
gel system is ideal since this labile intermediate is relatively stable under acid condi- 
tions. When trichloroacetic acid precipitates of a2P-labelled membranes were applied 
to soaked, acid gels, the same protein profile was found as for sarcoplasmic reticulum 
vesicles (Fig. 2, Gel 6). By running the electrophoresis at 0-4 ° and slicing the gels 
immediately after electrophoresis, 75-9 ° % of the asp was recovered from the gel. 
After staining and destaining the gels for 1-2 days in 7 % acetic acid at 4 °, 40-60 % 
of the asp label was still recovered. The latter procedure has the advantage that  the 
protein bands are visible and the asp-containing bands are accurately identified. In 
both procedures about 9 ° % of the recovered asp was associated with the main protein 
band (Rm : 0 .48 relative to ovalbumin, Gel I of Fig. 9), while the remaining 3sp 
stayed near the top of the gel. Sodium dodecyl sulfate gels were also used to charac- 
terize the 3sP-labelled phosphoprotein intermediate. 25-50 % of the asp was recovered 
in one band with a mobility of o.41 relative to ovalbumin (Gel 2 of Fig. 2). The ssp 
distribution in sodium dodecyl sulfate gels was very similar to that  reported by  
MARTONOSI n6. In these studies a current of 4 mA per tube was applied for 4-6 h. The 
gels were immediately sliced and slices were treated and analyzed as for the soaked, 
acid system. 

The molecular weights of the sarcoplasmic reticulum proteins were estimated 
by comparing their mobility to the mobility of proteins with known molecular weights 
using both sodium dodecyl sulfate and soaked, acid gels. Separation on the basis of 
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molecular  weight  has  been prev ious ly  es tab l i shed  in sod ium dodecyl  sulfate gels z~-41. 
The  usefulness of the  soaked,  acid  gels for molecular  weight  de t e rmina t ion  was also 
inves t iga ted  because  of the i r  super ior  resolut ion  of the  sarcoplasmic  re t i cu lum pro te ins  
a n d  accura te  ident i f ica t ion  of the  82P-labelled phosphopro te in .  In  Figs. I o a  and  
l o b  the  mob i l i t y  of a number  of p ro te ins  re la t ive  to ova lbumin  is p lo t t ed  aga ins t  the  
logar i thm of the i r  molecular  weight .  As expected ,  the  sodium dodecyl  sulfate sys tem 
(Fig. ioa)  y ie lded  a p p r o x i m a t e l y  a s t r a igh t  l ine over  the  molecular  weight  range from 
17 ooo to 14o ooo. In  the  soaked,  acid  sys tem (Fig. lob)  the  plot  was r easonab ly  l inear  
from 30000 to 160000, wi th  more  va r ia t ion  in the  po in ts  t han  for the  sodium dodecyl  
sulfate sys tem.  Table  VI presents  the  molecular  weights  of the  ma jo r  sa rcoplasmic  
re t i cu lum pro te ins  as e s t i m a t e d  f rom the  plots  in Figs.  I o a  and  lob .  The molecular  
weight  of the  ~2P-labelled phosphopro te in  was e s t ima ted  to be 115 ooo. A second majo r  
p ro te in  wi th  a molecular  weight  of a p p r o x i m a t e l y  IOOOOO was found in p repa ra t ions  
no t  washed  wi th  LiBr.  T r e a t m e n t  wi th  L iBr  r emoved  th is  band ,  as a l r e a dy  men-  
t ioned.  The three  ma jo r  bands  migra t ing  be tween the  82P-labelled phosphopro te in  
band  and  the  top  of soaked,  acid  gels showed inhomogeni t ies  ind ica t ing  t h a t  all  of 
t h e m  are composed of more  t h a n  one prote in .  The band  above  the  32P-labelled phos-  
phopro te in  (Rm = 0-37) was somet imes  c lear ly  resolved into  a double t .  Reduc t ion  
wi th  2 -mercap toe thano l  or performic  acid ox ida t ion  d r a m a t i c a l l y  changed the  profile 
of the  large molecular  weight  group (tool. wt.  > 13oooo) b y  comple te ly  removing  the  
double t  wi th  a molecular  weight  of 140o00 and  b y  s ignif icant ly  decreas ing the  in ten-  
s i ty  of the  bands  wi th  a molecular  weight  of approx.  200000 and  larger.  Two prote ins  
wi th  a molecular  weight  of abou t  50 ooo and  60 ooo s tood ou t  among several  pro te ins  
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Fig. 9. Separation of sarcoplasmic reticulum proteins on soaked, acid gels containing 7 % poly- 
acrylamide. Gels were stained with Amido Schwartz. The densitometry tracings ( - - - - )  and 
a2p distribution ( . . . . . .  ) of szp charged membranes are also shown for Gel i (untreated sample) 
and Gel 2 (sample oxidized with performic acid). Sample of Gel 3 was reduced with 2-mercapto- 
ethanol. The densitometry tracing of Gel 3 is not shown. Gels contained 16 /2g sarcopla,~mic 
reticulum protein. The relative mobilities of the phosphoprotein bands in Gels 1- 3 were 0.48, 
o.4o and 0.45 and were obtained using similar gels to which proteins of known molecular weight 
were added. 32p distribution was obtained by slicing gels into about 2-ram segments immediately 
after the electrophoresis run and counting the radioactivity of the slices. Each point represents 
one 2-mm slice so that the overlap with the densitometry tracing is within experimental error. 
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Fig. io. Semilog plot of molecular weight against  the distance relative to ovalbumin,  a. 6 % poly- 
acrylamide gels containing i o/.o sodium dodecyl sulfate, b. 7 O,.o polyacrylamide gels, soaked in 
a mixture  containing phenol.  Proteins  were reduced with 2-mercaptoethanol  except those where 
the symbol  (--) is added to the number .  The following proteins  were used (molecular weights 
are given in parentheses) :  i, Inyoglobin (172oo); 2, y-globulin, light chain (235oo); 3, chymo- 
t ryps inogen A (257oo); 4, carboxypept idase  A (346oo); 5, rabbi t  muscle aldolase (4oooo); 6, 
ova lbumin  (43ooo); 7, y-globulin, heavy chain (5oooo); 8, catalase (6oooo); 9, bovine serum 
a lbumin  (68ooo); io, conalbumin (86ooo); i i ,  fl-galactosidase (13oooo); 12, y-globulin (16oooo); 
13, g lu tamate  dehydrogenase (53 ooo) ; 14, yeast  alcohol dehydrogenase (37 ooo) ; 15, ribonuclease 
(13 7oo). 

T A B L E  VI 

E S T I M A T I O N  O F  T H E  M O L E C U L A R  W E I G H T  O F  T H E  M A J O R  P R O T E I N S  F R O M  S A R C O P L A S 1 V i l C  R E T I C U L U M  

U S I N G  G E L  E L E C T R O P H O R E S I S  

Mobilities relative to ova lbumin  (Rm) are shown in the first colunln for soaked, acid gels and in 
the four th  column for sodium dodecyl sulfate gels. They were obtained from dens i tometry  tracings 
of unreduced samples (Fig. 2). Reduced samples were run as well. Molecular weights were est imated 
using the plots in Figs. ioa and iob. The major  bands near  the top of the gel (Rm < o.4o) showed 
inhomogenit ies indicating tha t  each of them was composed of several proteins.  The molecular 
weight corresponding to the peak for each of these bands  is given. Values are averages of at ]east 
three determinat ions,  S.D. was + I O  ° o or less. 

Soaked, acid gels Sodium dodecyl sulfate gels 

R m Unreduced Reduced R m Unreduced Reduced 
3Iol. wt. 3Iol. wt. 3Iol. wt. 3Iol. wt. 

* *  * * *  
o.o8 > 200 ooo 0.05 Approx.  200 ooo 
o.13 Approx.  200 ooo 0.09 Approx.  185 ooo 
o.37 Approx.  14 ° ooo 
0.48 115 ooo 125 ooo o.41 i i o  ooo I15 ooo 
0.60* 96 ooo 96 ooo 0.475* ioo ooo 1oo ooo 
0.86 62 ooo 63 ooo 0.83 58 ooo 60 ooo 
0.96 52 ooo 52 ooo 0.93 5o ooo 5 o ooo 

* This band is missing in prepara t ions  washed with o. 5 M LiBr. 
** Appreciably decreased or removed when samples were t reated with 2-mercaptoethanol  or 

performic acid. 
*** Appreciably decreased when sanlples were t reated with 2-rnercaptoethanol.  
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with a molecular weight of less than 75 ooo and were retained after reduction with 
2-mercaptoethanol. 

Coomassie Brilliant Blue was especially useful for detecting minor bands. 
However, this dye was not taken up in proportion to the amount  of protein. Staining 
with Amido Schwartz provided better  quantitation of protein bands in sodium 
dodecyl sulfate gels 42. Preliminary studies showed that  the same was true for soaked, 
acid gels. Within a given run, when Amido Schwartz was used as a dye, the area of 
any individual band was proportional to the amount of sarcoplasmic reticulum protein 
(Io-3o/~g) applied to the gel. We found in densitometry tracings of soaked, acid gels 
stained with Amido Schwartz, that  35-50 % of the total  area under the curve was 
referable to the 32P-labelled phosphoprotein band (Rm = 0.48, Gel I of Fig. 9). 

\Vhen sarcoplasmic reticulum vesicles were reduced with 2-mercaptoethanol 
or oxidized with performic acid, the relative mobility of the most prominant  band was 
shifted from 0.48 to 0.45 or 0.40, respectively (Gels 1-3 of Fig. 9). In both cases the 
pat tern was simplified and several bands in the top of the gel disappeared. The ques- 
tion arises whether the protein of the 82P-labelled phosphoprotein band was still 
present. The decrease in Rm after performic acid t reatment  might be due to an increase 
in the negative charge on the protein. To resolve this point 32P-labelled sarcoplasmic 
reticulum vesicles were treated with performic acid overnight and then run on acid, 
soaked gels. About 50 % of the radioactivity of the 32P-labelled phosphoprotein was 
stable to the performic acid t reatment  and was found in the gel. The band with Rm 
= 0.4 ° contained about 50 % of the recovered radioactivity in gels which were sliced 
immediately as well as in those which were stained and destained in 7 % acetic acid. 
The remainder was spread between the origin and the band with Rm = 0.40 (Gel 2, 
Fig. 9). A comparison of the densitometry tracings in Fig. 9 showed that  the areas of 
the major band under the c u r v e  (Rm  = 0.48 in the original sample, and R m  = 0.40 
in the sample treated with performic acid) were approximately equal. These studies 
show that  the band with Rm = 0.40 contained the oxidized form of the 3-~P-labelled 
phosphoprotein. 

As shown above, several large molecular weight bands were removed or decreas- 
ed in intensity by the t reatment  with 2-mercaptoethanol or performic acid without 
an obvious appearance of new bands in 7 % gels run under standard conditions. To 
detect possible small molecular weight components such as "miniproteins"43, 44, 
samples, before and after t reatment  with 2-mercaptoethanol or performic acid, were 
applied to soaked, acid gels containing IO % polyacrylamide (Gels I 6, Fig. i i ) .  
Three of these six gels (Gels 1,3 and 5) also contained insulin, added as a marker for 
small molecular weight substances. We did not observe any appreciable bands in the 
region where the insulin migrated. This was true whether Coomassie Blue or Amido 
Schwartz was used as dye. Electrophoresis with sarcoplasmic reticulum vesicles 

32 labelled with P and treated with performic acid showed that  no radioactivity migrat- 
ed into the small molecular weight region. Sodium dodecyl sulfate gels were also used 
to detect small molecular weight components. As in the soaked acid system, we observ- 
ed in sodium dodecy] sulfate gels a drastic decreased of the intensity of bands with 
R m  < 0.35 after reduction of sarcoplasmic reticulum vesicles with 2-mercaptoethanol. 
We looked for the appearance of small molecular weight components in samples, 
before and after t reatment  with 2-mercaptoethanol on sodium dodecyl sulfate gels 
containing IO % polyacrylamide. Gels of both unreduced and reduced samples (Gels 
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Fig. I I. Separa t ion  of sa rcoplasmic  r e t i cu lum pro te ins  on soaked ,  acid and  s o d i u m  dodecyl  sul fa te  
gels con t a in ing  io  ~o po lyac ry lamide .  Gels 1-6 in the  soaked ,  acid s y s t e m  were p repared  and  run  
as descr ibed in MATERIALS AND METHODS wi th  t he  except ion  t h a t  a io~o ac ry lamide  solut ion 
was used  in s t ead  of a 7~o solut ion.  Gels I and  2 con ta ined  u n t r e a t e d  samples ;  Gels 3 and  4~ 
s amp le s  t r ea t ed  wi th  2 -mercap t oe t hano l ;  and  Gels 5 and  6, s amples  t r ea ted  wi th  per formic  acid. 
Gels were s t a ined  wi th  Coomass ie  Blue.  All gels con ta ined  20 Pg sarcoplasmic  r e t i cu lum protein.  
In  add i t ion  8 pg  insul in  was  added  to  Gels I, 3 and  5; the  insul in  b a n d  is ind ica ied  by  an  arrow. 
P - P  refers to ~2P-labelled phosphopro te in .  S od i um dodecyl  sul fa te  gels (Gels 7 -1 i )  con ta ined  in 
add i t i on  to the  po lyac ry lamide ,  4 M urea,  o. i  ~o s o d i u m  dodecyl  sul fa te  and  o. i  M p h o s p h a t e  
(pH 7.0). Gels were run  for 3 ° m i n  a t  I m A / t u b e  and  t h e n  for 7 h a t  4 m A / t u b e s .  T h e y  were fixed 
in 20 o~ sulfosalicylic acid overn igh t ,  s t a ined  wi th  0.25 ~o Coomass ie  Blue in 7 ~o acetic acid foI 
4 h and  t h e n  des t a ined  in 7 O//o acetic acid. Samples  were d issolved in a m i x t u r e  con ta in ing  1% 
s o d i u m  dodecyl  su l fa te  a n d  IO mM  p h o s p h a t e  (pH 7.0) and  e i ther  d i rect ly  applied to the  gels 
(Gel 7) or  d ia lyzed  for 24 h a t  25 ° aga ins t  a buffer  con t a in ing  io h im  p h o s p h a t e  (pH 7.0) and  
o. i  °/o s o d i u m  dodecyl  sul fa te  (Gel 8). In  Gels 9 and  io, t he  s ample  was dissolved in a m i x t u r e  
con t a in ing  i ~ s o d i u m  dodecyl  sul fa te ,  i % 2 -mercap t oe t hano l  and  io mM p h o s p h a t e  (pH 7.o) 
i ncuba t ed  for 3 h a t  37 ° (Gel 9) or for  5 rain a t  ioo ° (Gel io) and  t h e n  dia lyzed for 24 h a t  25 ° 
aga in s t  a buffer  con t a in ing  io m M  p h o s p h a t e  (pH 7.o), o. i  °/o s o d i u m  dodecyl  su l fa te  and  o.i  ~o 
2-mercaptoethano143. Gels 7-1o con ta ined  60 pg  sarcoplasmic  r e t i cu lum prote in ,  Gels 7 and  i i  
con t a ined  IO/~g r ibonuclease  (unreduced) ,  and  Gel i I con t a ined  8 pg  insul in  (unreduced) .  Insu l in  
is ind ica ted  by  an  arrow and  r ibonuclease  is ind ica ted  by  a double  arrow. 

7-11, Fig. I I) ,  contained a band in the region where insulin migrates. Coolnassie ]Blue 
or Amido Schwartz was used as dye in these experiments. However, the intensity of 
the fast moving band was not appreciably changed by  the t reatment  with 2-mercap- 
toethanol and was less than that  of the insulin band containing 8 pg protein. The gels 
contained 60/ ,g  sarcoplasmic reticulum protein. 

DISCUSSION 

A highly purified preparation of vesicles which actively transport  Ca ~+ has been 
prepared from sarcoplasmic reticulum of skeletal muscle and characterized. The 
isolation procedure includes a sucrose step gradient and a salt wash. We estimate that  
more than 9 ° % of our salt-washed preparation was derived from sarcoplasmic re- 
t i c u l u m .  T h i s  c o n c l u s i o n  i s  b a s e d  o n  e s t i m a t i o n  o f  e n z y m e s  m a r k i n g  c o n t a m i n a t i n g  ce l l  

f r a c t i o n s ,  c y t o c h r o m e  a n a l y s i s ,  a c r y l a m i d e - g e l  e l e c t r o p h o r e s i s  of  m e m b r a n e  p r o t e i n s ,  

3 ~ P - l a b e l l e d  p h o s p h o p r o t e i n  f o r m a t i o n  a n d  e l e c t r o n  m i c r o s c o p y .  I n  a d d i t i o n  f u n c t i o n a l  
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vesicles were isolated by  Ca 2+ loading. The procedure was designed to isolate sarco- 
plasmic reticulum vesicles rather  than specific components such as the Ca2+-ATPase 31. 

Characterization of the quality of a vesicle preparation is difficult. In principle, 
Ca 2+ uptake should be the best test  because in living muscle Ca ~+ uptake from the 
cytoplasm is practically complete ~5. But  our preparations and probably those of others 
are heterogeneous in this respect. We attribute the heterogeneity to differential leak- 
iness of the vesicles. The heterogeneity of function was not reflected in any hetero- 
geneity of composition or structure as far as we could estimate. In principle, we 
could have used the sucrose gradient to isolate for s tudy only vesicles with the highest 
uptake, but a preliminary experiment gave such a low yield that  characterization in 
other respects would have been impractical. Furthermore, we were afraid that  accu- 
mulation of calcium oxalate might itself be injurious. For this reason it was necessary 
to include leaky vesicles in the preparation. Ca 2÷ uptake and Ca2÷-ATPase activities 
have been widely used to estimate the puri ty  of vesicles. These activities reflect in part  
the leakiness of the vesicles. Supplementation of the ATPase assay with detergent 
requires exact conditions to ensure complete leakiness without inhibition of activity. 
In our experience the best test was the formation of the 32p-labelled phosphoprotein 
of the Ca 2+ pump in conjunction with electrophoresis of the proteins in a soaked, acid 
gel. The ratio of total  phosphorus to protein was also useful as a preliminary test for 
changes in composition. The highest ratio in active preparations was 26 #g P per mg 
protein. 

The main contaminants in our preparation were from mitochondria and were 
probably mitochondrial vesicles. The succinate-cytochrome c reductase activity and 
analysis of cytochrome (a + a3) gave about 2-3 % contamination. Failure to detect 
5'-nucleotidase activity 35 showed absence of sarcolemma and insignificant acid phos- 
phatase activity showed negligible contamination with lysosomes. 

Treatment  with 0.5 M LiBr increased the phosphorus to protein ratio by  about 
20 % (to 23-2 5 /zg P per mg protein) almost completely removing a protein with a 
molecular weight of about I00000. This mild salt t reatment  did not appear to remove 
parts  of the membrane essential for accumulation since removal of the protein did not 
lower the Ca 2÷ uptake capacity. However, the ATPase activity was frequently 
increased (cf. Table I) which indicates a slight impairment  of membrane tightness. A 
clearly deleterious effect was observed at higher LiBr concentrations, with considerable 
loss of Ca 2+ uptake capacity and 32p-labelled phosphoprotein concentration. 

Other investigators have used a sucrose gradient for purification of sarcoplasmic 
reticulum vesicles 5, lo, 86. A direct comparison between their preparations and ours is 
difficult, since the two most reliable criteria for determining contamination by extra- 
neous proteins, 32p-labelled phosphoprotein formation and gel electrophoresis, have 
not been used consistently. MAKINOSE s reported a steady-state concentration of 2-  3 
nmoles 32p per mg protein for sarcoplasmic reticulum vesicles purified on a sucrose 
gradient. We find 3-4 nmoles 32p per mg protein (cf. Table I) for our preparations 
before the salt wash. 

Our salt washed preparations have a lipid phosphorus to protein ratio of approx. 
2 4/zg P per mg protein. This is the highest ratio reported and may  be compared with 
those of SERAYDARIAN AND MOMMAERTS TM, FIEHN AND HASSELBACH ~7 and Yu et al. ~s 
who report ratios of i i ,  18 and 19, respectively. No effort was made by  these authors 
to free the vesicles from extraneous proteins which may  have been present. Simple 
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differential centrifugation with subsequent KC1 washes yields low lipid phosphorus 
to protein ratios ( i i / , g  P per mg protein) la with a rather  low steady-state concentra- 
tion of 32P_labelled phosphoprotein of 1.3-3.o nmoles a2p per mg protein 49 compared 
with 3.5-4.5 nmoles 32p per mg protein in our preparation. 

The lipid content of the salt extracted sarcoplasmic reticulum vesicles is 39 °'/0 
by wt. Phospholipids alone account for 37 %. This is to be compared with 27 and 2 9 % 
reported by CARVALHO AND LEO 5° and I?IEHN AND HASSELBACH 4v, respectively. 
Sarcoplasmic reticulum has a unique and relatively simple lipid composition. It  has 
already been reported that  phosphatidylcholine is the major phospholipid accounting 
for 2/3 or more of the phospholipid 1°, 13,48,51. Phosphatidylethanolamine and phos- 
phatidylinositol are the other major phospholipids which together with phosphatidyl- 
choline account for 95 O//o of the phospholipid. 

Neutral lipids account for but 7 % of the lipid. This divided between fa t ty  acid 
(I %), cholesterol (2 %), and triglyceride (4 %). I t  may  well be that  the triglyceride 
is only a contaminant.  Our neutral lipid content is considerably lower than the 2o 
and 38 % reported by  FIEHN AND HASSELBACH 47 and CARVALHO AND LEO 5°, respec- 
tively. 

In agreement with INESI et al. 49 we find that  maximal levels of phosphoprotein 
are formed within a few seconds at o ° and low ATP concentrations. As previously 
shown, this formation is strictly dependent on Ca 2+. The a2P-labelled phosphoprotein 
intermediate was isolated at acid pH. At low pH it is rather stable 7 9, and it is there- 
fore possible to characterize the phosphoprotein using gel electrophoresis. These ex- 
periments have been previously carried out by MARTONOS136 using the acid gel system 
of TAKAYAMA et al. a° and sodium dodecyl sulfate gels. We repeated these studies. 
However, both gel systems have serious disadvantages. The acid system of TAKAVAMA 
el al. does not allow the a2p-labelled protein to enter the gel and sodium dodecyl 
sulfate gels do not clearly resolve sarcoplasmic reticulum proteins. The system also 
produces appreciable hydrolysis of the a2P-labelled phosphoprotein during electro- 
phoresis. Recently MAcLENNAX al reported that  the acid system can be significantly 
improved by soaking the gels in a solution containing phenol prior to electrophoresis. 
The soaking step allowed the ATPase enzyme of sarcoplasmic reticulum to migrate 
into the gel. We modified MAcLF~NNAN'S conditions to obtain a high resolution of 
sarcoplasmic reticulum proteins. Analysis of these soaked, acid gels showed that  more 
than 9 ° % of the a2p that  entered the gel was recovered in a major protein band having 
a molecular weight of approx. 115ooo. The molecular weight of the Ca'2+-stimulated 
ATPase has been previously estimated to be iooooo with respect to protein based on 
the number of sulfhydryl-groups essential for Ca 2+ transport 52 and to be 19oooo 
overall on the basis of radiation inactivation studies 5a. MCI:ARLAND AND IXESI a4 
have characterized an enriched Ca 2 ~-stimulated ATPase preparation by sedimentation 
and electrophoresis in Triton X-Ioo. The presence of proteins with a molecular weight 
of 8o ooo and nmltiples of this value were found ~4. However, the significance of these 
findings is uncertain, since the ATPase may not have been the only component present. 

Gel electrophoresis showed that  sarcoplasmic reticulum vesicles contained pro- 
teins in addition to the ATPase. In this regard, our studies agree with those of 
othersaa, a6, ~a. In contrast Y u  AND MASORO 4a report one major protein band in sarco- 
plasmic retieulum membranes accounting for about 9 ° % of protein. Yv AND MASORO a 
dissociated this protein into 65oo molecular weight units by reduction with fl-mer- 
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captoethanol in the presence of sodium dodecyl sulfate. LAICO et al. 44 claim that  a 
miniprotein is a major component of most membranes.  In our hands performic acid 
oxidation or reduction with 2-mercaptoethanol of sarcoplasmic reticulum protein 
removed several of the large molecular weight proteins but it is not clear to what 
molecular weight these proteins were converted. A low molecular weight component 
was not observed in soaked, acid gels but  was detectable as a minor component in 
sodium dodecyl sulfate gels whether or not sarcoplasmic reticulum vesicles were 
reduced with mercaptoethanol. I t  is significant that  the major band representing the 
ATPase was not dissociated by this treatment.  

Knowledge of the molecular weight of the 32P-labelled phosphoprotein allows 
us to estimate the lower limit of the fraction of protein in the vesicles referable to 
the Ca 2+ pump. Approx. 4.5 nmoles phosphorus were bound per mg sarcoplasmic 
reticulum protein (Table If). Using a molecular weight of 115 ooo (Table VI) for this 
component and assuming one phosphorylation site per enzyme molecule, we find 
that  at least 5 ° % of the protein of sarcoplasmic reticulum is made up of the Ca 2+ 
pump. By staining the soaked, acid gels with i % Amido Schwartz the area referable 
to a2P-labelled phosphoprotein was 35 50 % of the total which is in fair agreement 
with the first estimate of 50 %. These two independent estimates indicate that  the 
assumption of one phosphate binding site per molecule is valid. 
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