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1. Introduction 

Phosphorylase kinase is a Ca’+-dependent protein 
kinase obtained in soluble form from rabbit skeletal 

muscle [l-3]. Phosphorylase kinase activity is detect- 
able in preparations of sarcoplasmic reticulum (SR) 
[4] and addition of purified phosphorylase kinase to 

such membrane suspensions is associated with func- 
tional changes of the Ca’+-transport ATPase [5]. 
Evidence obtained from phosphorylase kinase-defi- 
cient mice [6] led to the conclusion that SR mem- 
branes contain a Ca2+-stimulated protein kinase dis- 
tinct from phosphorylase kinase. This kinase activity 
may in part be attributable to calsequestrin [7]. How- 
ever, there has been no direct biochemical evidence 
for a physical association of phosphorylase kinase 
with these membrane fractions which could be of 
physiological significance. 

During experiments directed towards the analysis 
of adsorption phenomena of proteins on interfaces 
[8,9] it was found that purified non-activated phos- 
phorylase kinase, which appears to be more hydro- 
phobic than phosphorylase b [lo], can be adsorbed 
to SR vesicles in the presence of calcium [lo]. This 
paper describes detqils of the adsorption and desorp- 
tion of a Ca2+-dependent protein kinase on biological 
membrane fractions as a function of the Ca2+ signal. 

2. Materials and methods 

Phosphorylase b (1.3 pkat/mg) [ 111, phosphoryl- 
ase kinase (115-133 nkat/mg at pH 8.2; activity ratio 
pH 6.8/pH 8.2 - 0.02-0.05) [ 1 ,121 and sarcoplasmic 
reticulum (Ca’+-transport ATPase in the presence of 
oxalate: 20-30 nkat/mg) [13] isolated at pH 7.0 
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[5] were prepared from rabbit skeletal muscle. SR 
prepared by the above method [ 131 is practically free 
of nuclei, sarcolemma, mitochondria and myofibrils 

[ 14,151. However these preparations (crude vesicles) 
may be contaminated with endogenous enzymes of 
glycogen metabolism together with glycogen [ 161. 
The approximate composition and some endogenous 
enzyme activities of SR as employed in this work 
were as follows: protein 40-50 mg/ml; Ca2+-transport 
ATPase in the presence of oxalate 0.8-l .5 pkat/ml 

(activity ratio [4] t oxalate/-oxalate -2.5); phos- 
phorylase b 0.6-4.2 pkat/ml; phosphorylase kinase 
(pH 8.2) l-3 nkat/ml (activity ratio -0.13); glycogen 
2-4 mg/ml. 

Anti-phosphorylase kinase [4,16] was partially 
purified by (NH4)2S04 precipitation (40% satura- 

tion) followed by dialysis against Hz0 (removal of 
euglobulins). Before use, shell-fish glycogen (Merck, 

Darmstadt) was purified according to [ 171. a-Amyl- 
ase (Bacillus subtilis) was obtained from Boehringer, 

Mannheim. 
Phosphorylase b [ 181, phosphorylase kinase (final 

cont. Ca” in assay: 0.1 mM) [ 191 and the Ca2+-trans- 
port ATPase [4,13] were measured as described. 
Protein [20] was determined on an AutoAnalyzer 
(Technicon) employing bovine serum albumin as 
standard. Antibody inhibition of phosphorylase 
kinase [4] was measured in the automated assay 
[19]. Glycogen was determined [21] after removal 
of protein with 5% Trichloroacetic acid and ethanol 
precipitation (66%) of the glycogen. 

Analytical gel filtration on Sepharose 2B (Pharma- 
cia) at 5°C overnight on a column (1 cm i.d. X 60 cm, 
bed ht 40-50 cm, sample vol. 0.9-I .2 ml, fraction 
vol. 1.2-l .4 ml, flowrate 5 ml/h) was performed as 
in [ 10,221. The gel was either equilibrated with 
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buffer A (50 mM sodium fl-glycerophosphate, 0.5 mM 
ethylene glycol-bis (2-aminoethyl e~er~~~~‘~’ 
tetraacetic acid (EGTA), pH 7.0 or with buffer B 
(buffer A f 0.5 mM CaCla). The free [Ca”] of 
buffers A and B was -10 nM and -10 HM, respec- 
tiveiy. fCa2*] of the solution were checked by cal- 
cium determinations [23 ]_ 

For control and reconstitution experiments crude 
vesicles were either digested with trypsin (0.1 mg/ml, 
30 s, 2O’C) followed by addition of trypsin inhibitor 
as in 1241 or with a-amylase (0.1-0.15 mg/ml, 
10 min, 3O’C). The amylase digested crude vesicles 
(5: 1 vol.) were further purified by dilution in 14 vol. 
0.1 M Tris-HCl (PH 7.0) 0°C and gentle homogeniza- 
tion in a Potter-Elvehjem homogen~er. The SR vesi- 
cles were then centrifuged at 5°C for 35 min 
170 000 X g into a cushion of 0.5 vol. 2 M sucrose 
(= purified vesicles). 

SDS-polyacrylamide (10%) gel electrophoresis 
was performed according to [25]. 

3. Results and discussion 

kinme 
The paired analytical gel filtration experiment in 

fig.1 shows that in the presence of -10 r&I free Ca’+ 
(fig. 1A) only -7% of the exogenously added purified 
phosphorylase kinase elutes together with the Ca2+- 
transport ATPase ( Fe/V0 - 1.2) and SR protein; the 
major portion (85-90%) elutes in soluble form 
(VJV, - 2.1). Endogenous phosphorylase b elutes 
with a major activity peak together with soluble phos- 
phorylase kinase and tails forward into the region of 
the Ca2+-transport ATPase. 

In contrast at -10 FM free Ca2+ in the buffer 
(fig,lB) >50% of the exogenously added purified 
phospho~lase kinase elutes ( Fe/V0 - 1.2) complexed 
to the vesicles of SR (SR-kinase complex) as indicated 
by the Ca2+-transport ATPase activity and vesicle 
protein. The ratio of phosphorylase kinase protein 
(calculated from a specific activity of 133 nkat/mg) 
to SR protein is -0.032. About 60% of the endog 
enous phosphorylase b activity now elutes together 
with the Ca2+-transport ATPase activity, the remainder 
tailing backwards to the soluble phosphorylase kinase 
peak (VJV, - 2.1). 

The chro~to~ap~c ~strjbution of endogenous 
phospho~la~ b correlates with the dist~bution of 
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Fig.1. Adsorption of phosphorylase kiise to vesicles of 
sarcoplasmic reticulum at - 10 nM free Ca2+ (A) and - 10 $vf 
free Ca’+ (B). (A) Analytical gel filtration of a mixture of 
purified phosphorylase kinase and crude vesicles of SR on 
Sepharose 2B in buffer A. (B) Analytical gel filtration of an 
identical sample (see below) in buffer B. The sample (1.2 ml) 
consisted of: 34 mgfml crude vesicles, 1.4 mgfml purified 
phosphorylase kinase, 16 mM sodium p-glycerophosphate, 
0.3 mM EDTA, 0.3 mM dithioerythritol, 0.5 mM EGTA, 
66 mM Tris-HCl (pH 7.0) and in (B) additionally OS mM 

‘1, CaCl,. The activity of the Ca*‘-transport ATPase was deter- 
mined in the presence of oxalate [4,13]. For further details 
see text. 

endogenous glycogen and not with the elution of the 
purified enzyme ( Ye/V0 - 2.6) (cf. [26]). In the frac- 
tions containing the SR-kinase complex values for 
~yc~gen ranged from O-10 and 5-20 &ml SR 
protein at ~10 nM and -10 PM free Ca2*, respec- 
tively, depending on the run (for further details on 
the effect of glycogen see section 3.4.). 

SDS-Polyacrylamide gel electrophoresis (fig.2) 
demonstrates that the intact subunits (especially o, QI’ 
and 0) of phosphorylase kinase are detectable in the 
SR-kinase complex obtained at -10 E.~M free Ca” 
(see fig.1 B). From densitometer tracings (not shown) 
of the gels (fig.2A) the molar ratio of (~(~‘10 is 
0.76 + 0.1 in the fractions 23-25. This value is not 
si~~c~tly different from the subunit ratio (4.8) 
of the enzyme prior to ~cubation with SR [27]. 
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Fig.2. IdenW~tion of adsorbed phosphozylase kiuati in vesicIe fractions by SDS gel ebxtrophoresk?. (A) 20 d of fractious 
obtied from a run under the conditions of f&lB (- 10 pM free Ca’+) was applied to the top of a gel with sample buffer in 70 4 
total vol. This corresponds to 80-l 10 lip protein in the SR peak fractions 1 l-15. l’hosphoryiase kinase (Ph b l&ase) as co&xol 
was applied at j fig. (B) As control phosphorytase kinase was applied at 32 tug to demonstrate the &s&us& and crude vesicks 
(SR) were applied at 60 &gd. Mr indicates the apparent relative mokular mass I3,27 J of the s&units of phosphorylase k&se. 
The total poiyacrylamide concentration was 1056, For fnrthez &a& see text. 

k&use 
If the peak fractions of a chromatographic run at 

-10 @I free Cal+ (e.g., frg.IB) containing the SR- 
kinase complex are pooled and a&pats are imrnedi- 
ately rechromatographed at -10 nM and -10 @vl free 
Ca2* the profiles of fig.3 are obtained. At -10 nM 
free Ca2+ (tig3A) up to 30% of the pre-adsorbed 
phospborylase kinase can be desorbed. IIowever only 
-7% of the adsorbed activity is released at -10 @l 
free Ca2+ (fig3B). 

As shown in table I the activity ratio of pizoe 
phorylase kinase does not change signikkantly durirq 
the adsorption run at -10 nM free Ca2+ {see fip;.lA); 
the Caz4-transport Al&se however loses its capability 
to be stimulated by oxalate {activity ratio -1 .a). 
During adsorption at -lOti free Ca2+ (see tIg.lB) 
the activity ratio of adsorbed phosphorykse kinase 
increases -2-fdd to 0.1 I3 in comparison to the ratio 
of solubfe enzyme; the Ca2*-transport ATPam r&ins 
its oxalate sensitivity. During the desorption runs 
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F&J, Desorption of phosphorylase kmase from vesicles of 
s~c~~~~ic reticulum at - 10 nM free Caz* (A) and - 10 FM 
free Ca*” (B). (A) Analytical gel f&ration of the SR-kinase 
complex in buffer A on Sepharose 23. (B) Ar~alyticai gel 
filtration of identical SR-kinase complex in buffer B. The 
sample (0.9 mi) obtained from a run under the conditions of 
fii.lB contained: 4.7 mg prote~/ml, pho~ho~lase kinase 
activity (pH 8.2) 24 nkat/ml (activity ratio: O&78), Ga”- 
transport ATPase activity (+ oxalate 200 nkat/ml (activity 
ratio: 7.0). To the sample run in buffer A 5 ~1 EGTA (0.2 M) 
was added. For further details see text and fi8.l. 

(table I, fig.3) the Ca’+-transport ATPase loses its sen- 
sitivity towards oxalate at both -10 r&f and -10 EM 
free Ca2*. The activity ratio of soluble p~osphorylase 
kinase released from SR at -10 n&I free Nazi (figdA) 
corresponds to the ratio observed for the free native 
enzyme. Thus the increase in activity ratio of phos- 
phorylase kinase absorbed to SR is reversed by desorp- 
tion and could be explained by the action of lipid 
membrane components [28]. 

Both the adsorbed and soluble form of phos- 
phorylase kinase (fig.1) can be inhibited to -97% by 
anti+phosphorylase kinase (not shown); half maximal 
i~ibition of the enzyme (100 pkatjml, pR 8.2) occurs 
at 23 and 34 Erg ~tibody~ml for the two forms, 
respectively. Thus the ~at~ytica~y si~i~ca~t seg- 
ments of the adsorbed enzyme appear to be in a state 
readily available to the ~tibodies and indis~~i~- 
able from the soluble enzyme. The effective i~ib~tion 

Table 1 
Activity ratios of phosphory~se kinase (pH fr.l)/pH 8.2) and 

of the Ca’+-transport ATPase (~~~ate~-ox~te) after 
analyticaL gel filtration under various conditions 

Peak fraction PhosphoryIase ATPase act. 
kinase act. +oxalate/ 
pH 6.8/pH 8.2 -oxaWe 
ratio ratio 

Adsorption 
SR + Kinase-Ca2” 

ATPase f V&f0 - 1.2) 0.042 l”1 
SOL Kinase (Ye/V, - Z.lj 0.052 

SR + Kinase f Ca’+ 
ATPase f V,/Y, - 1.2) 0.113 4.5 
sol. Kinase (Ve/Vo - 2.1) 0.054 

Desorption 
SR . Kinase-Ca”+ 

ATPase (Ve/Vo - 1.2) 0.081 0.9 
sol. Kinase (Ve/Vo - 2.1) 0.021 

SR . Kinase + Ca2* 
ATPase (V&f, - 1.2) 0.180 1.0 
sol. Kinase (V&V, - 2.1) O-219 

The data are taken from the peak fractions of fii.1 and 3. 
Buffer A is denoted by -Ca’* and buffer B by +Ca’*. The 
non~dsorbed, soluble phosphory~se kinase is denated by 
‘sol. kinase’. For further details see fig.l,3 and text 

of the adsorbed enzyme by antibodies again indicates 
a native state of phosphorylase kinase [6]. 

3.4. Digestion and reconstitution experiments 
Incubation of crude SR vesicles with trypsin (see 

section 2) reduces the capacity of the vesicles to bind 
phospho~l~se kinase by 40-80% (not shown). This 
indicates that the integrity of s~~opl~~~ retiCulUm 
proteins is required for the Ca2*-dependent adsorp- 
tion of phospho~ia~ kinase. 

Amylase digestion of crude vesicles (see section 2) 
decreases the endogenous glycogen content by -80% 
to -I 5-20 ,ug/mg SR protein. Further purification of 
amylase digested SR (see section 2) reduces the 
endogenous glycogen content to -1-2 pg/mg SR 
protein. This value (see method of glycogen assay) is 
not corrected for possible glycoproteins which are 
not precipitated by acid protein denaturants [29,30] 
but precipitate with 66% ethanol f303. Endogenous 
phospho~lase b and phospho~~se kinase (pII 8.2) 
specific activity are reduced to 590 and 7 pkatjmg, 
respectively. 
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Fig.4. Reconstitution of purified vesicles of sarcoplasmic retic- 
ulum with glycogen at -10 PM free Ca”. (A) &K&'tiCd gel 

filtration of a mixture of purified phosphorylase kinase and 
purified (amylase digested) vesicles of sarcoplasmic reticulum 
on Sepharose 2B in buffer B. (B) Analytical gel filtration of 
an identical sample to which 0.5 mg/ml of purified shell-fish 
glycogen has been added (Sepharose 2B, buffer B). The 
sample (1 .l ml) consisted of 26 mg/ml of purified SR pro- 
tein, 1.1 mg/ml of purified phosphorylase kinase and the 
other constituents listed in the legend to fig.1 (A) and in 
addition glycogen (B). For further details see fig.1 and the 
text. 

Purified SR vesicles have lost the capacity to bind 
phosphorylase kinase at -10 PM free Ca2+ (fig.4A). 
The binding capacity can however be restored by 
reconstitution of purified SR with purified exogenous 
glycogen (fig.4B). Phosphorylase b (no activity 
detectable in the fractions) is without effect (not 
shown). In the peak fractions (figAA,B) the activity 
ratio of the Ca2+-transport ATPase is -2.5. The 
activity ratio of phosphorylase kinase is 0.093 and 
0.049 in the respective peak fractions of the adsorbed 
and soluble enzyme forms (figAB). Since soluble 
phosphorylase kinase does not form complexes with 
glycogen at V,/V, - 1.2 or at VJVo > 1.2 (figAB) 
[3 I], a simple aggregation mechanism can be excluded. 
In fig.4B the carbohydrate (glycogen) concentration 
in the fractions of the SR-kinase complex is very 
low (X0.3 pg/ml SR protein; mean value of 3 runs, 
-0.6 pg/mg SR protein). The amount of carbohydrate 
present in SR after reconstitution with glycogen and 
gel filtration is therefore not significantly higher than 
the initial endogenous carbohydrate content of puri- 

fled SR (see above). Thus the mechanism of action of 
glycogen in restoring the binding capacity of SR for 
phosphorylase kinase remains to be elucidated. Possi- 
bly the induction of a certain conformation of the 
phosphorylase kinase molecule may play a role. 

The results of the binding experiments described 
in fig. l-4 are in agreement with localization studies. 
Immunofluorescence analysis of skeletal muscle sec- 
tions with antibodies against the subunits of phos- 
phorylase kinase [32] indicate that this enzyme is 
localized in close proximity to SR and glycogen [33]. 
The results in fig.3 also offer an explanation for the 
difficulty of eliminating endogenous phosphorylase 
kinase in preparations of SR. 

From the data it may be concluded that 3 macro- 
molecular components (ternary system) must be 
present for the Ca2+-dependent formation of the SR- 
kinase complex: (1) recognition protein (on SR); 
(2) carbohydrate moiety (glycogen); and (3). Ca’+- 
dependent protein kinase (phosphorylase kinase). 
From the change in the activity ratio (table 1) of 
adsorbed phosphorylase kinase an interaction with 
membrane lipids [28] is also probable. Thus it appears 
that during evolution the cell has devised a very com- 
plex mechanism for the binding and regulation of a 
Ca2+-dependent protein kinase on biomembranes. 
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