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Abstract 

The enzymatic characterization of sarcoplasmic reticulum membrane fragments from rabbit skeletal muscle presented in this 
paper shows that glycogen phosphorylase, as well as other enzymes (e.g., creatine kinase, myokinase, phosphorylase kinase, 
glycosidase, AMP-deaminase, phosphoglucomutase) are associated with these membrane preparations. Amongst these enzymes, 
the highest activity associated with sarcoplasmic reticulum membranes is that of glycogen phosphorylase, which is mostly (at least 
95%) in its b form (dephosphorylated form), since its activity in sarcoplasmic reticulum membranes is largely dependent upon 
AMP. A protocol is presented to quantify the amount of phosphorylase bound to sarcoplasmic reticulum membranes from 
fluorimetric measurements of the content of its coenzyme, pyridoxal 5'-phosphate. The content of phosphorylase ranged from 
0.03 to 0.37 mg phosphorylase per mg of membrane protein, in sarcoplasmic reticulum membrane preparations made following 
several of the protocols most commonly used and also depending upon the length of the starvation period of the animal before 
killing. We also show that dilution of sarcoplasmic reticulum membranes to 0.1-0.2 mg protein per ml in a buffer containing 50 
mM Tes-KOH (pH 7.4), 0.1 M KCI and 0.25 M sucrose removes at least 95% of glycogen phosphorylase from these membrane 
fragments, as well as other enzymes like myokinase and glycosidase. On these grounds, we suggest to introduce a final dilution 
step as indicated above in protocols of sarcoplasmic reticulum membrane preparations. 
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I.  Introduct ion 

Several laboratories have noticed that sarcoplasmic 
reticulum (SR) membranes  contain enzymes not di- 
rectly implicated in the control of cytosolic calcium 
concentration in the muscle cell. These can be split 
into two groups: (i) enzymes of glycogen metabolism, 
and (ii) other enzymes relevant to purine and hexose 
metabolism in skeletal muscle. The contaminants usu- 
ally present  in isolated SR membranes  are enzymes 
like creatine kinase [1,2], myokinase [3,4], phospho- 

Abbreviations: EGTA, ethylene glycol bis(/3-aminoethyl ether)- 
N,N'-tetraacetic acid; IU, /~mol product per rain per mg protein; 
LDH, lactate dehydrogenase; phosphorylase, glycogen phosphorylase 
b; PK, pyruvate kinase; PLP, pyridoxal 5'-phosphate; SDS-PAGE, 
sodium dodecylsulfate polyacrylamide gelelectrophoresis; SR, sarco- 
plasmic reticulum. 
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rylase b kinase and glycogen synthase [5-7], protein 
kinases and phosphatases [8-11], and glycogen phos- 
phorylase that is the most cited as a contaminant 
protein in SR membranes  prepared following different 
protocols [4,12-14]. Glycogen phosphorylase plays a 
key role in the control of glycogen metabolism, and in 
the cell is partially bound to the glycogenolytic parti- 
cles [15,16], which in turn associate with the sarco- 
plasmic reticulum membrane  [16-18]. It has been 
shown from different laboratories that these enzymes 
are present  in SR membranes  prepared  following dif- 
ferent protocols. No particular effort has been made to 
quantify the amount of phosphorylase bound per mg of 
membrane  protein in the preparat ions of fragmented 
SR, although a priori this question is of particular 
relevance to many studies with SR membranes.  

In this paper  we present further experimental  evi- 
dence showing the presence of glycogen phosphorylase, 
as well as other enzymatic activities, in SR membrane  
fragments prepared following standard protocols. Fur- 
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thermore, we report here methods to quantify and 
remove the glycogen phosphorylase bound to SR 
preparations. 

2. Materials and methods 

Unless stated otherwise SR membranes and phos- 
phorylase have been prepared from male rabbit (New 
Zealand white) skeletal muscle as indicated in Gutier- 
rez-Merino et al. [19] and Gutierrez-Merino et al. [20], 
respectively. In addition, for comparative purposes SR 
membranes have been prepared as well following the 
protocols outlined in Warren et al. [21] and in Cham- 
peil et al. [22]. 

SDS PAGE has been performed following the 
method of Laemmli [23]. 

The protein concentration was determined using the 
method of Lowry et al. [24] with bovine serum albumin 
as standard. 

The phosphorylase activity of SR membranes (30-50 
/xg protein/ml) has been measured in the direction of 
glycogen degradation as indicated in Cuenda et al. [14]. 
The ATPase activity was measured using the coupled 
enzyme system pyruvate kinase (PK)/lactate dehydro- 
genase (LDH) [21], as indicated elsewhere [19,25] with 
the following assay mixture: 100 mM Tes-KOH (pH 
7.4), 100 mM KC1, 0.1 mM CaCI 2, 5 mM MgC12, 7.5 
IU PK, 18 IU LDH, 0.25 mM NADH, 0.42 mM phos- 
phoenolpyruvate ,  2.5 mM ATP and 10 /xg SR protein 
per ml. The Ca 2+ independent ATPase activity was 
measured in the presence of 3.5 mM EGTA. This assay 
medium was used to determine other enzymatic activi- 
ties assayed in SR membrane preparations: myokinase 
(in the presence of 1 mM AMP), creatine kinase (in 
the presence of 25 mM creatine) and hexokinase (in 
the presence of 2 mM glucose). 

The phosphorylase b to phosphorylase a conversion 
by the endogenous phosphorylase kinase activity in SR 
membrane preparations was monitored assaying the 
phosphorylase activity in the presence of 2 mM ATP, 1 
mM CaC12 plus 50 #M P1PS-di(adenosine-5')penta- 
phosphate (to inhibit the myokinase activity) and 5 IU 
PK and 2 mM phosphoenolpyruvate  (to regenerate 
ATP). 

The AMP-deaminase activity of SR membrane 
preparations was determined from measurements of 
the AMP concentrations at different times as in Ent- 
man et al. [18], with the following assay mixture: 10 
mM glucose 1-phosphate, 0.45 gl -l glycogen, 0.1 mM 
AMP, 1 mM EGTA, 150 mM KC1, 10 mM Tes-KOH 
(pH 7.4), with a SR membrane concentration ranging 
from 1 to 8 mg protein per ml. The concentration of 
AMP was determined using PK (7.5 IU), LDH (18 IU) 
and myokinase (5 IU) in a reaction medium containing 
0.25 mM NADH, 2 mM phosphoenolpyruvate ,  2.5 mM 

ATP, 1 mM EGTA, 5 mM MgC12, 100 mM Tes-KOH 
(pH 7.2) at 25 and 37°C. The spectrophotometric de- 
crease of absorption at 340 nm was calibrated by 
addition of known concentrations of AMP, and was 
corrected for the AMP contamination of ATP solu- 
tions (< 1% w/w). 

The phosphoglucomutase and glycosidase activities 
of SR membrane preparations were measured using 
glucose-6-phosphate dehydrogenase as coupled enzyme 
with the following assay mixture: 10 mM Tes-KOH (pH 
7.4), 100 mM KCI, 0.45 gl 1 glycogen, 0.1 mM AMP, 
0.5 mM NADP +, 10 IU glucose-6-phosphate dehydro- 
genase and SR membranes (200-400 /~g SR protein/ 
ml), plus either 10 mM glucose 1-phosphate, 50 ~M 
glucose 1,6-bisphosphate for phosphoglucomutase ac- 
tivity measurements, or 5 mM MgC12, 2.5 mM ATP, 10 
IU hexokinase in the glycosidase activity assay medium. 

The glycogen content of SR preparations has been 
measured following the phenol sulfuric method [26], 
using glycogen as standard. 

The type of polysaccharide produced (a-amylose or 
amylopectin) under experimental conditions of phos- 
phorylase activity, in the direction of glycogen synthesis 
[14], was revealed using the I2 / I -  method described by 
Krisman [27]. The ratio between the absorption at 500 
and 700 nm (As00 and A700, respectively) was taken as 
a branching index of glycogen synthesized by glycogen 
phosphorylase bound to SR membranes. 

Pyridoxal 5'-phosphate (PLP) was removed from 
glycogen phosphorylase following the method of 
Strausbauch et al. [28] with minor modifications, and 
PLP was taken as a measurement of phosphorylase 
content of SR membranes. Briefly, to remove PLP 
from phosphorylase, the enzyme is treated with 0.6 M 
perchloric acid, and after 30 min incubation at 30°C 
under mild stirring the sample is centrifuged for 30 min 
at 15 000 × g. The concentration of PLP in the super- 
natant has been determined using two methods: 
(i) From measurements of the intensity of fluorescence 

(with excitation and emission wavelenghts of 335 
and 410 nm, respectively): the samples were treated 
with sodium bisulfite (1 mg/ml) to enhance fluores- 
cence intensity [29], and allowed to stand for 30 min 
to obtain a steady fluorescence reading. 

(ii) From absorbance measurements at 410 nm of the 
PLP-phenylhydrazone derivative (e = 3" 104 
M i cm-1) following Strausbauch et al. [28]. Briefly, 
1 vol. of sample was mixed with 1/20 vol. of 2% 
phenylhydrazine in 5 M N H2SO4, then allowed to 
stand for 30 min before absorbance reading. 
Fluorescence measurements have been carried out 

at 25°C using a Hitachi/Perkin-Elmer model 650-40 
spectrofluorimeter operating in ratio mode. 

Rabbit polyclonal antibodies were raised against 
glycogen phosphorylase following the protocol indi- 
cated by Johnstone and Thorpe [30] and tested using 
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ELISA plates. Readings were taken with a Titertek 
Multiscan Plus. 

2.1. Chemicals 

Bovine serum albumin, AMP, ATP, EGTA, phos- 
phoenolpyruvate, protein molecular weight markers, 
/3-mercaptoethanol, sodium dodecyl sulfate, glucose 1- 
phosphate, glucose 6-phosphate, Tris (TRIZMA base) 
and Tes were obtained from Sigma. Glycogen, NADH, 
NADP +, calcimycin, P1PS-di(adenosine-5')pentaphos- 
phate, PK, LDH, phosphoglucomutase and glucose-6- 
phosphate dehydrogenase were purchased from 
Boehringer Mannheim. All the other chemicals used in 
this study were obtained from Merck. 

3. Results 

3.1. Characterization of relevant enzymatic activities 
bound to SR membranes 

Table 1 lists the most relevant enzyme activities 
measured in SR membrane preparations obtained by 
different protocols (see Materials and methods). These 
results show that the largest activity of non-transmem- 

Table 1 
Enzyme activities a of preparations of fragmented sarcoplasmic retic- 
ulum membranes from rabbit skeletal muscle 

p~mol p roduc t /  
min per mg SR protein 

Creatine kinase 
Myokinase 
Phosphorylase kinase 
Glycosidase 
AMP-deaminase 
Phosphoglucomutase 
Glycogen phosphorylase b 

Mg2+_ATPase Ca2+_independent c 
Ca2+_dependent d 

Hexokinase 

0.045 +_ 0.026 
0.073 _+ 0.036 
( + )  

(1.33_+0.05).10 3 
(9.05 _+ 5.00)" 10- 3 
(0.86-+ 0.33)" 10 3 
0.30-0.75 e 
0.60-1.00 f 
0.75-2.00 g 
0.17+_0.08 
3.60 _+ 0.40 
(-) 

a The activities listed have been measured at 25°C and with the assay 
medium indicated in Materials and methods. 
b Total glycogen phosphorylase activity measured in the presence of 
1 mM AMP. 
c The Ca2+-independent Mg2+-ATPase activity was measured in the 
presence of 4% (w/w)  ionophore calcimycin (A23187), plus 3.5 mM 
EGTA. 
d The Ca2+-dependent Mg2+-ATPase activity was measured in the 
presence of calcimycin, as indicated above, substracting the Ca 2+- 
independent Mg2+-ATPase activity from total CaZ+,Mg2+-ATPase 
activity. 
e SR prepared as in [19]. 
f SR prepared as in [21]. 
g SR prepared as in [22]. 

i O 

5 rain 
I ,  I 

.2 0.0. 

SR ATP ~ "  j 

V AMP 

Fig. 1. Calcium dependence of glycogen phosphorylase a production 
in SR membranes. The reaction was carried out at 30°C in a medium 
containing 100/xg SR protein per ml, 20 mM Tes (pH 7.0), 10 mM 
magnesium acetate, 15 mM KH2PO4, 1 mM /3-mercaptoethanol, 50 
/zM glucose 1, 6 bisphosphate, 2. 5 mM phosphoenolpyruvate, 2.5 
g1-1 glycogen, 50 p~M PtPS-di(adenosine-5')pentaphosphate,  1 
#gm1-1 calcimycin, 0.5 mM NADP +, 7.5 IU PK, 5 IU phospho- 
glucomutase, 5 IU glucose-6-phosphate dehydrogenase, in the pres- 
ence of either 50 /xM CaCI 2 (continuous line) or 5 mM EGTA, no 
calcium added (dotted line). The onset of glucose 1-phosphate pro- 
duction by phosphorylase b to a conversion and phosphorylase b 
activity was initiated by addition of 2 mM ATP and 1 mM AMP, 
respectively, at the times indicated by arrows in the figure. 

brane enzymes, associated with SR preparations is by 
far the glycogen phosphorylase activity. 

Fig. 1 shows the phosphorylase a production in SR 
membranes. Immediately after addition of SR the 
phosphorylase activity is negligible in the absence of 
AMP. Addition of ATP to the assay medium produces 
the activation of glycogen phosphorylase, due to phos- 
phorylase b to phosphorylase a conversion by the 
kinase activity associated with SR membranes [5-7]. In 
the presence of EGTA (dotted line) phosphorylase a 
production is negligible. Therefore, the presence of 
Ca 2+ in the assay medium is required for phospho- 
rylase a production under these experimental condi- 
tions. These results show that the phosphorylase kinase 
activity present in SR membranes is calcium dependent 
(see Fig. 1), as expected since no cAMP was added and 
glycogen phosphorylase b kinase is activated by either 
Ca 2+ or cAMP (31,32), and that phosphorylase bound 
to SR membranes is mostly (> 95%) in its dephospho- 
rylated b form. 

To monitor the glycogen branching activity in SR 
membranes we have analysed the spectral character- 
istics of the complex of glycogen with I 2 / I -  by follow- 
ing the ratio Asoo/A7oo, in the presence of 1 mg SR 
protein per ml. As a result we have found no signifi- 
cant change - after 60 min incubation - in the ratio 
A s o o / A 7 o  o (data not shown). Therefore, the glycogen 
branching activity of SR membrane preparation ap- 
pears to be negligible. 

Glycogen has been shown to be involved in the 
stabilization of the association of phosphorylase with 
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the SR-glycogenolytic complex [15,16]. We have char- 
acterized the content of glycogen of preparations of SR 
membranes (n = 12), and we have found that on aver- 
age it amounts to 32 + 10 mg glycogen per g of SR 
membrane protein. The content of glycogen is reduced 
(approx. 2-fold) in SR membranes prepared from 
skeletal muscle of rabbits which were left 48 h starva- 
tion before sacrifice, and in these membrane prepara- 
tions the amount of phosphorylase is moderately de- 
creased as well (see below). 

3.2. Characterization and quantification of phosphory- 
lase bound to SR membranes 

Earlier we have noticed glycogen phosphorylase ac- 
tivity in sarcoplasmic reticulum membrane prepara- 
tions [12,14]. As indicated in Materials and methods we 
have prepared SR membranes from back and hind leg 
skeletal muscles using several protocols employed by 
research groups active in this field [21,22]. We have 
found that in all the preparations of SR membranes 
glycogen phosphorylase activity is detected, with activi- 
ties ranging from 0.3 to 2 Izmol glucose 1-phosphate 
released per rain per mg of membrane protein in the 

presence of 1 mM AMP (Table 1), data obtained with 
a pool of more than 28 preparations following different 
protocols. Following the protocol of MacLennan slightly 
modified as indicated in [19] and killing the rabbits 
after a 48 h starvation period, the range of total phos- 
phorylase activity associated to SR membranes (n = 20) 
is narrowed from 0.30 to 0.75 #mol glucose 1-phos- 
phate per rain per mg of membrane protein, similar to 
those reported elsewhere [12]. The presence of glyco- 
gen phosphorylase in SR membranes prepared as indi- 
cated above was confirmed by gel electrophoresis (Fig. 
2A) and further assessed using rabbit polyclonal anti- 
bodies (not shown). As it can be seen in SDS-PAGE 
the Ca2+-ATPase and phosphorylase b appear as bands 
of M r 110000 and 98000, respectively. Fig. 2B shows 
that glycogen phosphorylase activity is associated with 
SR membranes. In the absence of AMP the phospho- 
rylase activity observed is due to the a form and is 
negligible. The addition of 1 mM AMP, a non-covalent 
allosteric activator of the b form [33-35], produces a 
fast increase of the phosphorylase activity which is 
inhibited by 5 mM caffeine, an inhibitor of phospho- 
rylase b [16,36]. In conclusion, the phosphorylase activ- 
ity associated with SR membranes is mostly in the b 

A 1 2 3  

205 

6 6  
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97 

4 5  

caffeine 

SR 

o.,o.o. 

5 min 

B 

Fig. 2. (A) SDS-PAGE of SR membranes. Lane 1, molecular weight markers: myosin (205 000),/3-galactosidase (116 000), glycogen phosphorylase 
b (97400), bovine serum albumin (66000) and ovalbumin (45000). Lane 2, 3 Izg of purified glycogen phosphorylase b. Lane 3, 7/~g of SR 
membrane proteins, with a contamination of 0.15 + 0.02 mg phosphorylase per mg of total SR protein. (B) Glycogen phosphorylase activity in SR 
membranes. The assay mixture contained: 50 mM imidazol (pH 6.9), 10 mM magnesium acetate, 12 mM KH2PO4, 0.63 mM NADP +, 5 IU 
phosphoglucomutase, 5 IU glucose-6-phosphate dehydrogenase plus 35-50 tzg SR protein per ml. Temperature 30°C. The addition of 1 mM 
AMP initiates the onset of rapid glucose 1-phosphate production due to phosphorylase b activity, since it is inhibited by addition of 5 mM 
caffeine at the time indicated by an arrow. 
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form (> 95%), because it requires AMP to be ex- 
pressed and is inhibited by caffeine. 

Activity measurements does not allow to correctly 
quantify the amount of phosphorylase bound to the SR 
membranes, because there is ample experimental evi- 
dence showing that this enzymatic activity is modulated 
by a large variety of effectors [34,37], and even by its 
association with this membrane [14]. In addition, direct 
estimation of the phosphorylase/Ca 2+, MgZ÷-ATPase 
from readings of the optical density of SR SDS-PAGE 
stained with Coomassie blue is uncertain, because of 
the much higher staining of phosphorylase than of 
ATPase (see, Figs. 2 and 6 of this paper) and also 
because of partial overlapping of bands of these pro- 
teins in the gels. 

Therefore, we looked for a simple and reliable alter- 
native approach to measure the phosphorylase content 
of this membrane, and to this end we have measured 
their content of PLP following the protocols described 
in the Materials and methods. PEP is the prosthetic 
group of glycogen phosphorylase, which is required for 
the activity of this enzyme and is covalently bound to 
the protein. Native glycogen phosphorylase contains 1 
mol of PLP per enzyme monomer. This prosthetic 
group can be removed from phosphorylase [28]. Using 
solutions of known concentrations of purified glycogen 
phosphorylase and solutions of known concentrations 
of PLP (prepared by weighing), we have assessed that 
PLP is completely removed from the enzyme using the 
treatment indicated in the Materials and methods (Fig. 
3). Fig. 4 shows the fluorescence emission spectra 
(excitation wavelength 335 nm) of bound and free PLP. 
It can be observed that the fluorescence of PLP bound 
to the native enzyme has a band centered at 520 nm, 
while the emission band of free PEP is about 410 nm, 
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Fig. 3. Calibration lines of solutions of increasing PLP concentra- 
tions, prepared by weighing (©) or from resolution of purified 
glycogen phosphorylase b in the absence (o) and in the presence ( zx ) 
of 5 mg SR protein per ml. (A) From measurements of the intensity 
of fluorescence (Aex c 335 nm and Aem 410 nm). (B) From absorbance 
measurements at 410 nm of the PLP-phenylhydrazone derivative 
prepared as indicated in Materials and methods. 
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Fig. 4. Emission spectra of PLP (Ae× c 335 nm). The spectra shown 
correspond to PLP bound to purified glycogen phosphorylase (a) and 
commercial free PLP (b, ) in 10 mM Tris-acetate (pH 7.4); 
and free PLP removed as indicated in Materials and methods from 
purified glycogen phosphorylase (c, - - - )  and from SR membrane 
protein (d, • • -) in 10 mM Tris-acetate (pH 7.4) plus 0.6 M perchlo- 
ric acid. 

and therefore it confirms that PLP has been efficiently 
removed from glycogen phosphorylase. Since the cali- 
bration line obtained with solutions of known concen- 
trations of purified glycogen phosphorylase b is unaf- 
fected by the presence of a relatively high concentra- 
tion of SR membranes (5 mg protein per ml), with low 
content of glycogen phosphorylase (see also Fig. 3), it 
follows that no other component of the SR membranes 
interferes with this assay. The concentration of PLP 
per mg of SR protein has been calculated from the 
slope of regression lines fitted to data like those shown 
in the Fig. 5, and interpolation in the calibration lines 
shown in Fig. 3. 

The results obtained indicate that there is a rela- 
tively large variation of the content of phosphorylase in 
membrane preparations made following different ex- 
perimental protocols, i.e., from 0.03 to 0.37 mg phos- 
phorylase per mg of membrane protein. In particular, 
following the protocol currently employed in this labo- 
ratory [19], e.g., basically that of MacLennan [38], the 
content of glycogen phosphorylase ranged from 0.03 to 
0.1 mg phosphorylase per mg membrane protein. The 
lowest content in phosphorylase were systematically 
found in SR membranes prepared from rabbits killed 
after 48 h starvation. From these results and activity 
measurements we obtain specific phosphorylase activi- 
ties of 12 _+ 6 IU (n = 20). This specific activity is 
clearly lower than that reported for soluble and puri- 
fied enzyme (25-30 IU [33], and Cuenda, A. and 
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Fig. 5. Dependence  upon membrane  concentration of the fluores- 
cence intensity (A~×~ 335 nm and A~m 410 rim) and absorbance at 410 
nm of samples treated with (1.6 M perchloric acid to remove PEP 
from glycogen phosphorylase copurifying with SR membranes:  (e) 
before and (o )  after 100-fold dilution in 50 mM Tes -KOH (pH 7.4), 
0.1 M KCI and 0.25 M sucrose followed by centrifugation for 30 min 
at 78000× g. Other  experimental details as indicated in Materials 
and methods.  

Gutierrez-Merino, C. unpublished results), and is con- 
sistent with the low activity of phosphorylase in the 
SR-glycogenolytic complex [18]. 

3.3. Glycogen phosphorylase remoual from SR mem- 
branes 

The association of phosphorylase with SR mem- 
branes is largely reversed (90-95%) by simple dilution 
into a buffer containing 50 mM Tes-KOH (pH 7.4), 100 
mM KC1, 0.25 M sucrose, and then centrifugation for 
30 rain at an average 78000 × g, as shown by (i) the 
large decrease (>  95%) of PLP content of SR mem- 
branes (Fig. 5), (ii) the loss of more than 90% of initial 
phosphorylase activity in the membranes pelleted after 
dilution, (iii) the presence of glycogen phosphorylase 
activity in the supernatant (Fig. 6A) and (iv) by the gel 
electrophoretic pattern of the supernatant (Fig. 6B). 
Owing to its methodological relevance it is to be noted 
that no CaZ+-dependent ATPase activity was found in 
the supernatants after the centrifugation step, and 
within experimental errors all the initial SR Ca 2+- 
ATPase activity (measured in the presence of 4% (w/w) 
calcymicin) was recovered in the pellet. Therefore, SR 
membranes were well precipitated by the centrifuga- 
tion step. Moreover, phosphorylase was indeed acti- 
vated upon dissociation from the SR membrane, reach- 
ing specific activities in the supernatant of 20-27 IU, 
values that are identical within experimental errors to 
those determined under the same experimental condi- 
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Fig. 6. Dissociation of glycogen phosphorylase from SR membranes  by dilution. (A) Dependence of the phosphorylase activity of SR membranes  
upon dilution in 50 mM Tes-KOH (pH 7.4), 0.1 M KCI and 0.25 M sucrose (100-fold dilution correspond to a final SR protein concentration of 
0.2 mg per ml). The phosphorylase activity of pellet (e) and of supernatant  (o )  after dilution and centrifugation for 30 min at 78 000 x g, was 
measured in the direction of glycogen phosphorolysis with the assay medium indicated in Fig. 2. The phosphorylase activity of the pellet is given 
as percentage of total activity of SR membranes  before the dilution step. Total units in the supernatant  are given in /zmol  product per rain per 18 
mg SR protein. (B) SDS-PAGE of purified glycogen phosphoryalse (3 ~g)  prepared as indicated in Materials and methods (lane 2); 3 p.g of 
ATPase purified following the protocol of MacLennan (1970) (lane 3); 6 /~g of SR membranes  prepared as indicated in Materials and methods 
(lane 4); and 6 fig of pellet proteins (lane 5) and 6 /zg of supernatant  proteins (lane 6) from SR membranes  diluted 100-fold in the buffer 
indicated in the Panel A and then centrifuged for 30 min at 78000Xg .  Lane 1, major molecular weight markers: myosin (205000), 
/3-galactosidase (116 000), glycogen phosphorylase b (97 400), bovine serum albumin (66 000) and ovalbumin (45 000). The arrow and double arrow 
at the right indicate the bands of ATPase  and phosphorylase, respectively. The results shown in Fig. 6B have been obtained using a SR 
membrane  preparation containing approx. 0.27 mg phosphorylase per mg of total SR protein. 
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tions with purified glycogen phosphorylase (data not 
shown). Wanson and Drochmans [16] showed that the 
polysaccharide of glycogen particles plays a major role 
in maintaining the association of SR membranes with 
these particles. It is to be noted, however, that about 
5% of initial phosphorylase remained bound to the SR 
membrane even after a combined treatment with a- 
amylase (0.5%, w/v) and dilution of the SR membrane 
to a final concentration lower than 0.2 mg/ml. This 
phosphorylase activity remaining bound to the SR 
membranes (approx. 3-5% of total activity of un- 
treated SR membranes) was not eliminated even by 
additional treatment with solutions of high (non- 
physiological) ionic strength, 1 M KC1. 

In addition to glycogen phosphorylase, myokinase 
and glycosidase are also more than 90% dissociated by 
dilution to 0.1-0.2 mg SR protein per ml in the buffer 
indicated above. Nevertheless, it is to be noted that as 
inferred from the PLP content (in nmol PLP per mg 
protein) more than 95% of the protein of the super- 
natant is glycogen phosphorylase (data not shown). In 
both cases, dissociated myokinase and glycosidase are 
fully active, as shown by activity measurements of the 
supernatant. Fig. 6B also shows that the band of ap- 
proximate M r 145000-155000 of SR membranes is 
largely reduced after dilution, and consistently it is 
readily seen in the SDS-PAGE of the supernatant. It is 
worth-noting here that McIntosh et al. [39] have no- 
ticed that treatment of SR membrane with 1 /~g/ml 
a-amylase removes from these membranes a protein of 
approximate M r 140000. Since the presence of muscle 
contratile proteins contamination in SR membrane 
preparations was already noticed by MacLennan [38], it 
is likely that this band is mostly reflecting the presence 
of residual traces of these proteins. However, neither 
phosphorylase b kinase nor AMP deaminase are signif- 
icantly dissociated from SR membranes by dilution to 
0.1-0.2 mg protein per ml. 

4. Discussion 

The results presented in this paper confirm previous 
observations (see the Introduction) that preparations 
of SR membrane are contaminated with glycogen phos- 
phorylase, and with other enzymes like phosphorylase 
kinase, myokinase, creatine kinase, glycosidase, AMP- 
deaminase and phosphoglucomutase. To the best of 
our knowledge the presence of AMP-deaminase and 
phosphoglucomutase activities in SR membrane prepa- 
rations is first described in this paper. Glycogen phos- 
phorylase bound to SR membranes is mostly (at least it 
is 95%) in its b form (dephosphorylated form), since 
the activity of this enzyme in SR membranes is de- 
pendent upon AMP (Fig. 2). The content of phospho- 
rylase varies from 0.03 to 0.37 mg phosphorylase per 

mg of membrane protein in SR preparations made 
following different experimental protocols, and we also 
show that upon simple dilution of SR membrane in a 
buffer solution containing 50 mM Tes-KOH, 0.1 M 
KC1, 0.25 M sucrose, 95% of glycogen phosphorylase as 
well as others enzymes like myokinase and glycosidase 
can be eliminated from SR vesicles. Several factors can 
account for the large variation observed in the content 
of glycogen phosphorylase associated with SR mem- 
branes prepared following different protocols. From 
the results reported in this paper it follows that the 
different dilutions during the preparation of SR mem- 
branes in different protocols is one of the most obvious 
cause of variations in the content of phosphorylase. 
However, as illustrated by the results obtained using 
MacLennan's protocols with minor modifications [19], 
the starvation period and any treatment producing 
glycogen depletion in skeletal muscle before killing 
(like the adrenergic shock) also tend to moderately 
decrease (2-4-fold) the content of phosphorylase of SR 
membrane preparations. 

Regarding the basic kinetic mechanism of the Ca 2+. 
Mg2+-ATPase catalysis, and the bioenergetics of the 
Ca 2+ pump, careful measurements of the rate of phos- 
phoenzyme formation and decomposition, and of phos- 
phoenzyme levels are of utmost importance [40]. Using 
SR preparations with a high 'contamination' of glyco- 
gen phosphorylase (approx. 0.25 mg phosphorylase per 
mg total SR protein) we have obtained values of 2.5-2.7 
nmol phosphoenzyme per mg of total SR protein, 
under assay conditions used in these type of studies. 
e.g., 100 mM Mes-Tris (pH 6.0), 20 mM MgC12, 0.25 
mM EGTA, 0.35 mM CaC12 and 25 /~M ATP (see 
[41]). After treatment of SR membranes to remove 
glycogen phosphorylase as indicated above, we have 
obtained values of 4.0 _+ 0.25 nmol phosphoenzyme per 
mg total SR protein. Values of nmol phosphoenzyme 
per mg of SR protein between 2.5 and 4.0 are currently 
reported in the literature (see, e.g., [42-44]). By itself, 
the highest steady state level of phosphoenzyme at- 
tained with SR membranes depleted of glycogen phos- 
phorylase excludes a significant contribution of glyco- 
gen phosphorylase a to the steady state level of phos- 
phoenzyme in SR membrane studies under these ex- 
perimental conditions. Because dephosphorylation of 
glycogen phosphorylase a is only partly achieved in 
handlings involving acid precipitation with 5% perchlo- 
ric acid and filtration through glass fiber filters (results 
not shown), this merely confirms that the activity of 
phosphorylase kinase of SR membrane preparations is 
low, as indicated by the data of Fig. 1. 

In addition, the presence of phosphorylase should 
also produce artifactual results both in differential 
scanning calorimetry, because the thermal denatura- 
tion of glycogen phosphorylase partially overlaps with 
that of the Ca2+,MgZ+-ATPase [45], and in proteolytic 
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studies of the Ca2+-ATPase in SR membranes. Fur- 
thermore, SR membranes to be used to raise mono- 
clonal and/or  polyclonal antibodies should be treated 
to largely remove glycogen phosphorylase to avoid pro- 
duction of antibodies against the latter enzyme. On the 
other hand, the presence of myokinase might also 
produce artifactual results in SR membrane prepara- 
tions to be used in functional studies aiming to ratio- 
nalize modulation of the ATPase by ADP, or the 
operation of the Ca 2+ pump in the reverse mode (e.g., 
in the direction of ATP synthesis coupled to Ca 2+ 
gradient dissipation). 

On these grounds, to avoid some of the problems 
described above, we suggest to introduce a dilution 
step to 0.1-0.2 mg protein per ml in the protocols of 
SR membrane preparations, followed by centrifugation 
at an average 78 000 × g in a buffer containing 0.25 M 
sucrose to prevent partial denaturation of SR mem- 
brane proteins by hydrostatic pressure, for example of 
Ca 2+, Mg2+-ATPase [46]. This treatment is better than 
treatment with a-amylase because of two major rea- 
sons: (i) commercial a-amylase is contaminated with 
glycosidase activity and several major components of 
SR membrane are glycoproteins [47,48], and (ii) since 
the activity of glycogen phosphorylase is inhibited by 
a-amylase, probably by competition for the substrate 
glycogen (not shown, Nogues, M., unpublished results), 
after this treatment the phosphorylase that remains 
associated with SR membranes cannot be accurately 
measured without further sample handlings. 
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