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Transient-state kinetics of phosphorylation and dephosphorylation of the Ca2+-ATPase of sarcoplasmic reticulum 
vesicles from rabbit skeletal and dog cardiac muscles were studied in the presence of varying concentrations of 
monovalent and divalent cations. Monovalent cations affect the two types of sarcoplasmic reticulum differently. 
When the rabbit skeletal sarcoplasmic reticulum was Ca 2+ deficient, preincubation with K + (as compared with pre- 
incubation with choline chloride) did not affect initial phosphorylation at various concentrations of Ca 2+, added 
with ATP to phosphorylate the enzyme. This is in contrast to preincubation with K + of the Ca2+-deficient dog 
cardiac sarcoplasmic retieulum, which resuRed in an increase in the phosphoenzyme level. When Ca 2+ was bound 
to the rabbit skeletal sarcoplasmic reticulum, K ÷ inhibited E ~ P formation; but under the same conditions, E ~ P 
formation of dog cardiac sarcopiasmic reticulum was activated by k + at 12 gM Ca 2+ and inhibited at 0.33 and 1.3 
/~M Ca 2+. Li +, Na + and K + also have different effects on E ~ P decomposition of skeletal and cardiac sareoplasmic 
reticulum. The latter responded less to these cations than the former. Studies with ADP revealed differences 
between the two types of sarcoplasmic reticulum. For rabbit skeletal sarcoplasmic reticulum, 40% of the phos- 
phoenzyme formed was 'ADP sensitive', and the decay of the remaining E ~ P was enhanced by K + and ADP. Dog 
cardiac sarcoplasmic reticulum yielded about 40-48% ADP-sensitive E ~ P, but the decomposition rate of the 
remaining E ~ P was close to the rate measured in the absence of ADP. Thus, these studies showed certain quali- 
tative differences in the transformation and decomposition of phosphoenzymes between skeletal and cardiac 
muscle which may have bearing on physiological differences between the two muscle types. 

Introduction 

The Ca2+.ATPase activity of sarcoplasmic reti- 
culum provides energy for the active transport of 
cytoplasmic calcium into the sarcoplasmic reticulum 
lumen, which results in muscle relaxation [1,2]. 
Several approaches have been useful in studying the 
relationship between sarcoplasmic reticulum proper- 
ties and twitch characteristics of a muscle. For 
example, Heilmann and Pette [3] have recently 
shown that stimulation (for 75 days) of the fast- 
twitch tibialis anterios muscle of the rabbit with a fre- 

quency pattern similar to that of a motor neuron 
which innervates a slow muscle brings about parallel 
time courses of changes in contractile properties of 
the muscle and changes in molecular and functional 
properties of the sareoplasmic reticulum. The stimu- 
lated fast-twitch muscle was converted into a slow- 
twitch type and the sarcoplasmic reticulum resem. 
bled that isolated from the slow-twitch soleus. 

Our approach focuses on measurements of tran- 
sient-state kinetics of the formation and decomposi- 
tion of phosphorylated enzymes (E ~ P )  under 
various ligand conditions, using sarcoplasmic reti- 
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culum isolated from fast- and slow-twitch muscles 
[4-6]. We have previously found that the longer the 
half-life of isometric relaxation of a muscle, the 
slower are two reaction steps in the transient phase of 
ATP hydrolysis by sarcoplasmic reticulum isolated 
from the muscle. These two steps include phos- 
phorylation of Ca2+-deficient sarcoplasmic reticulum 
(E + Ca 2÷ + ATP ~ E ~ P) and decomposition of the 
phosphorylated protein (E ~ P + E + Pi) [4]. There- 
fore, it is conceivable that certain ligands that may be 
involved in regulating sarcoplasmic reticulum activi- 
ties may exert their influence primarily on these two 
differentiating reaction steps. 

This paper illustrates differences in effects of 
monovalent cations, K ÷ in particular, on the kinetic 
properties of rabbit skeletal and dog cardiac sarco- 
plasmic reticulum. 

Methods 

Materials. [?-a2P]ATP (1 mCi in 0.03/~mol) was 
purchased from New England Nuclear. ADP 
(disodium salt) was obtained from Siena and ATP 
(disodium salt) from Boehringer Mannheim. All other 
chemical reagents were of analytical grade and stock 
solutions were prepared in distilled deionized water. 

Preparation of  sarcoplasmic reticulum vesicles. The 
methods were the same as our previously reported 
procedures for preparing sarcoplasmic reticulum 
vesicles from dog cardiac and rabbit back skeletal 
muscles [5] with slight modification [7]. For the 
experiments carried out in the presence of K ÷, the 
final sarcoplasmic reticulum preparation was sus- 
pended in 10 mM Tris-maleate (pH 6.8) containing 
I00 mM K ÷, and for those carried out in the absence 
of K ÷, the sarcoplasmic reticulum preparation was 
washed in a K+-free buffer at 143 000 × g for 45 min 
and the isolated sarcoplasmic reticulum vesicles were 
suspended in 30 mM Tris-maleate (pH 6.8). Protein 
was determined by the biuret method, using bovine 
serum albumin (Sigma) as standard. All preparations 
were stored on ice and used within 20 h. The stabfli- 
ity of the sarcoplasmic reticulum Ca2+-ATPase pre- 
pared by this procedure was high. The skeletal sarco- 
plasmic reticulum stored at 0°C for 1 week and 
cardiac sarcoplasmic reticculum for 3 days did not 
significantly lose the Ca2+-ATPase activity. Electron 
micrographs showed vesicular structures of these 

sarcoplasmic reticulum preparations. Sarcolemmal 
contamination was low as judged by biochemical 
markers. For example, the cardiac sarcoplasmic reti- 
culum preparation bound a maximum of 10 pmol 
ouabain/mg protein while a relatively purified dog 
cardiac sarcolemmal preparation bound about 200 
pmol/mg protein (Adams, R., personal communica- 
tion). 

Transient-state experiments. Rapid-mixing experi- 
ments were carried out using chemical quench-flow 
apparatus described previously [4-6,8]. The proce- 
dure for isolation of the acid-stable intermediate for 
a2p counting was the same as previously described 
[5]. The concentration of free calcium was calculated 
from an apparent EGTA-calcium binding constant of 
6.93 • l0 s M -t [9]. The vehicle solution used for the 
sarcoplasmic reticulum and substrate contained 3 mM 
MgC12, 5 mM NAN3, and 20 mM Tris-maleate (pH 
6.8). The temperature was controlled at 20°C. 

Effects o f  monovalent cations on phosphorylation of  
sarcoplasmic reticulum 

Ca2+-deficient sarcoplasmic reticulum. Rabbit 
skeletal and dog cardiac sarcoplasmic reticulum was 
studied under the same conditions. Calcium-deficient 
sarcoplasmic reticulum vesicles were preincubated 
with or without monovalent cations before phos- 
phorylation with ATP and Ca 2+. In the former case, 
the enzyme syringe contained 1 mg/ml of sarco- 
plasmic reticulum in the standard vehicle solution 
including 100 mM K + and 100/.tM EGTA; the sub- 
strate syringe contained 100 mM choline chloride, 20 
/.tM ATP (including 20/.tl of [?-a2P]ATP/25 ml), 100 
/.tM EGTA, and 40, 100 or 200/.tM CaC12 (to give a 
final free [Ca 2+] of 0.33, 1.3, or 12/.tM); and the per- 
chloric acid syringe contained 9% perchloric acid and 
1% sodium polyphosphate. When the sarcoplasmic 
reticulum was not preincubated with K ÷, the 'sarco- 
plasmic reticulum syringe' contained choline chloride 
instead of KC1 and the choline chloride in the 'sub- 
strate syringe' was replaced with KC1. The final con- 
centration of KC1 and choline chloride in both cases 
was 50 mM. 

Ca2+-bound sarcoplasmic reticulum. The pre- 
viously described experimental procedures [4] for the 
calcium-preloaded sarcoplasmic reticulum were used. 
Both enzyme and substrate syringes contained 100 
mM K +, Na+, or choline chloride and also 100 ~M 



EGTA and 20, 50 or 100/aM CaC12 (to give a final 
free [Ca 2+] of 0.33, 1.3 or 12/aM). 

Effects o f  monovalent cations on E ~ P decomposi- 
tion under various conditions 

E u p  formation in 100 m M  Li + and decomposi- 
tion in 67 m M  Li  + plus 33 mM Li +, Na +, or K +. The 
enzyme syringe contained 1 mg/ml sarcoplasmic reti- 
culum, 100 mM LiCI, 100 /aM EGTA and 100/aM 
CaC12 (free [Ca :+] 12/aM); the substrate syringe con- 
tained 20/aM ATP (including [7-a2p]ATP), 100 mM 
LiC1, 100/aM EGTA and 100/aM CaC12; the EGTA 
syringe contained 6 mM EGTA and 100 mM LiCI, 
NaC1 or KC1. All the above ligands were dissolved in 
the standard vehicle solution. The reaction of sarco- 
plasmic reticulum with ATP proceeded for 116 ms 
before quenching free Ca :+ with EGTA to initiate 
E ~ P  decomposition. The time course of E ~ P  
decomposition was measured from 0 to 277 ms. A 9% 
perchloric acid solution including 1% sodium poly- 
phosphate was used to quench the reaction. The 
entire sequence of reaction was carried out at 20°C. 

Effect  o f  ADP. The experimental procedure were 
the same as described above for the E ~ P decom- 
position with the EGTA syringe containing 4 mM 
ADP. Formation of E ~ P was quenched with EGTA 
and ADP at 20.5 ms and the time courses of the sub- 
sequent E ~ P disappearance were measured from 0 
to 277 ms at 20°C. 

R e s u l t s  

Effects o f  K + on E ~ P formation in Ca2+-deficient 
sarcoplasmic reticulum 

The Ca:÷.deficient rabbit skeletal sarcoplasmic 
reticulum, whether or not preincubated with 100 mM 
KC1, gave the same E + P level in the initial phase 
( 0 4 0  ms) of  phosphorylation by ATP and Ca 2+ 
(Fig. 1). In each case the f'mal concentrations of all 
ligands in the reaction medium were kept identical. 
The care-deficient dog cardiac sarcoplasmic reticulum, 
on the other hand, was activated by K +. At a fmal 
concentration of 12/aM Ca :+ (added with ATP), the 
K+-incubated sarcoplasmic reticulum gave an E + P 
level (at 10 ms) about 32% higher than the choline 
chloride-preincubated sarcoplasmic reticulum. In 1.3 
/IM Ca :+, the difference was only 23%. In 0.33/aM 
Ca :+ , no significant difference was observed. 
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Fig. 1. Time courses of the initial formation of the phos- 
phorylated enzyme, E ~ P, from calcium-free saxcoplasmic 
reticulum preincubated with choline chloride or KCI. A, rab- 
bit skeletal saxcoplasmic reticulum; B, dog cardiac sarco- 
plasmic. The phosphoryiation reaction was carried out at 
20°(2. Sarcoplasmic reticulum was preincubated with 100 mM 
choline chloride (open symbols) or K + (solid symbols with 
C a  :+  a n d  K + o r  C a  :+ and choline chloride added together 
with ATP. The final concentrations were: 0.5 mg/ml sazco- 
plasmic reticulum, 10 /zM ATP, 3 mM MgCl2, 5 mM NAN3, 
50 mM K +, 50 mM choline chloride, 20 mM Tris-maleate (pH 
6.8), and 0.33 /~M (o a and • "), 1.3 gM 
(z~ ~andA A) or 12/zM (o oand¢ e) 
Ca :+. 

Effects o f  K + and Na ÷ on E ~ P formation in Ca 2+- 
bound sarcoplasmic reticulum 

Rabbit skeletal sarcoplasmic reticulum vesicles 
containing bound Ca 2+ gave E ~ P levels in 100 mM 
K ÷ or Na ÷ that were lower than the E ~ P levels in 
100 mM choline chloride. This decrease in E ~ P level 
by K ÷ and Na ÷ was dependent on the Ca 2+ concentra- 
tion in the medium. In 12/aM Ca 2+, the E ~ P levels 
obtained (at 10 ms) in the presence of K ÷ and Na ÷ 
were 75 and 65%, respectively, of that obtained in 
choline chloride. However, in 1.3/aM Ca 2+, the per- 
centage of the E ~ P level obtained in K ÷ decreased 
to 55% of that obtained in choline chloride and, in 
Na ÷, the percentage decreased to 38%. In 0.33 /aM 
Ca 2+, 18 and 13% were obtained, respectively (Fig. 2). 
For the Ca2+-bound dog cardiac sarcoplasmic reti- 
culum vesicles, K ÷ or Na ÷ enhanced the E ~ P forma- 
tion at high [Ca 2+] and inhibited it at low [Ca2+]. In 
12/aM Ca 2+, the E ~ P levels obtained in 100 mM K ÷ 
and Na + were 180 and 150%, respectively, of that ob- 
tained in 100 mM choline chloride. In 1.3/aM Ca :+, 
the percentages decreased to 90% in K ÷ and 70% in 
Na ÷ and, in 0.33/aM Ca :+, to 60% in both K ÷ and Na ÷ 
( F i g .  3 ) .  
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Fig. 2. Effects of Na + and K + on the initial phosphorylation 
of rabbit skeletal sarcoplasmic reticulum at various Ca 2+ con- 
centrations: A, 0.33 t~M; B, 1.3 ~M; C, 12 #M. Other reac- 
tion conditions were: 0.5 mg/ml sareoplasmic, 10 /iM ATP, 
3 mM MgC12,5 mM NAN3, 20 mM Tris-maleate (pH 6.8), and 
100 mM choline chloride (o o), Na + (z~ ~) or K + 
(•  ~). 

Effects o f  monovalent cations on E ~ P  decomposi- 
tion 

The phosphorylated enzyme, E ~ P, formed in 
100 mM Li ÷, decomposed at different rates in the 
presence of Li ÷, Na ÷ or K ÷. For the skeletal E ~ P, 
there was a slow, initial phase of E ~ P decomposi- 
tion in the presence of 100 mM Li ÷, whereas for the 
cardiac E ~ P, induction periods were observed for 
2 0 - 3 0  ms in 100 mM Li ÷ or in 67 mM Li ÷ and 38 
mM Na ÷ (Fig. 4). The rate constant for decomposi- 

tion of the major portion for the skeletal E ~ P was 
greater than that for cardiac E ~ P under identical 

0.2 

\ 

~ o.I 

¢ 

o 2O 

f 
i i i 

o 2o 

TIME, msec 

¢ 

/ 
I L I 

0 2o 40 

Fig. 3. Effects of Na + and K + on the initial phosphorylation 
of dog cardiac sareopiasmic retieulum at various Ca 2+ concen- 
trations: A, 0.33 #M; B, 1.3 uM; C, 12 #M. Choline chloride 
(o o), Na + (zx :,), and K + (o •). Reaction 
conditions were as in Fig. 2. 
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Fig. 4. Semilogarithmic plots of E ~ P decomposition with 
respect to time. A, rabbit skeletal sareoplasmic reticulum; 
B, dog cardiac sarcoplasmic reticulum. E ~ P  was formed at 
20°C in 20 mM Tris-maleate buffer (pH 6.8) containing 10 
/~M ATP, 12 /~M Ca 2+, 3 mM MgC12, 5 mM NaN3 and 100 
mM Li ÷. At 116 ms a buffer solution containing 3 mM MgC12, 
5 mM NaNa, 6 mM EGTA and 100 mM Li ÷, Na ÷ or K + was 
added to initiate E ~ P decomposition. Final concentrations 
of monovalent cations in the decomposition medium were; 
• A, 100 mM Li+; "~ % 67 mM Li + and 38 mM 
Na+; • ~, 67 mM Li ÷ and 33 mM K +. 

conditions: 3.8 vs. 1.8 s -t in 100 mM Li+; 5.7 vs. 
4.0 s -t in 67 mM Li + and 38 mM Na+; and 9.4 vs. 
7.8 s "1 in 67 mM Li + and 33 mM K +. 

Effects o f  ADP on E ~ P decomposition 
In the medium containing 100 mM choline 

chloride, ADP added after E ~ P formation reacted 
rapidly with about 40% of the total skeletal E ~ P 

formed, and the remaining E ~ P  decomposed 
biphasically with rate constants of 23 and 7.3 s "t for 

the first and the second phase, respectively. Under 
the same conditions, 40% of the cardiac E ~ P also 
reacted rapidly with ADP, but  the remaining E ~ P 
decomposed monophasicaUy within 277 ms with a 
relatively small rate constant of 1.5 s -t (Fig. 5). In the 
medium containing 100 mM K ÷, the fraction of total 
E ~ P  in the skeletal sarcoplasmic reticulum that 
reacted rapidly with ADP was the same and, when K ÷ 
was substituted for choline chloride, the decomposi- 
tion of the remaining E ~ P was enhanced by 1.3 mM 
ADP with the rate constant of the initial phase 
increasing from 23 s -t in choline chloride to ~'bout 

58 s -t in K ÷. In the cardiac sarcoplasmic reticulum un- 

der the same conditions, the fraction of the total 
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Fig. 5. Semilogarithmic plots of E - P decay with respect to 
time: effects of ADP in the presence of choline chloride. 
E ~ P was formed at 20°C in 20 mM Tris-maleate buffer (pH 
6.8) containing 10 /zM ATP, 12 /JM Ca 2÷, 3 mM MgC12, 
5 mM NaN 3 and 100 mM choline chloride. At 20.5 ms, a 
buffer solution containing 3 mM MgC12, 5 mM NAN3, 100 
mbl choline chloride, 6 mM EGTA, and 4 mM ADP was 
added to initiate E ~ P decay. Final concentrations of ADP 
was 1.33 mM. Dog eaxdiae saxcoplasmic reticulum, • • ;  
rabbit skeletal sarcoplasmic reticulum, • e. 
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Fig. 6. Semilogarithmic plots of E ~ P decay iwth respect to 
time; effect of ADP in the presence of K +. E ~ P was formed 
at 20°12 in 20 mM Tris-maleate buffer (pH 6.8) containing 10 
/zM ATP, 12/zM Ca 2+, 3 mM MgC12, 5 mbl NaNs and 100 
mm K÷.At 116 ms, a buffer solution containing 3 mM MgC12, 
5 mM NAN3, 100 mM K +, 6 mM EGTA and 4 mM ADP was 
added to initiate E ~ P decay. Final concentration of ADP 
was 1.33 raM. Dog cardiac sarcoplasmic reticulum, • • ;  
rabbit skeletal sarcopiasmic reticulum, ¢ =. 
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E ~ P that reacted rapidly with ADP was about 48%, 
and the rate of the decomposition of the remaining 
E ~ P increased from 1.5 s -1 in choline chloride to 
11 s "t in K ÷. In choline chloride or K ÷, ADP enhanced 
the E ~ P decomposition in the skeletal sarcoplasmic 
reticulum, as compared with decomposition in the 
absence of ADP. The cardiac E "-P appeared to be 
not affected by ADP; the rate of the decomposition 
in choline chloride or K ÷ was close to that obtained in 
the absence of ADP (data not shown). 

Discussion 

IntraceUular concentrations of K ÷ in skeletal and 
cardiac muscle cells are high (about 150 mM [I0])  
and probably change very little during the excitation- 
concentration-relaxation process. Thus, from the 
viewpoint of beat-to.beat regulation of cardiac sarco- 
plasmic reticulum or stimulation activity of skeletal 
sarcoplasmic reticulum, K ÷ may appear unimportant 
in its regulatory functions. However, one may assess 
the possibility of 'K ÷ regulation' by studying different 
responses of sarcoplasmic reticulum of different 
muscle types from normal and diseased muscles to 
the same K ÷ concentrations. On the other hand, the 
effects of K ÷ we have observed may reflect fundamen- 
tal aspects of sarcoplasmic reticulum structure that in 
itself may be representative of a specific muscle type. 

These differences between K ÷ effects on skeletal 
and cardiac sarcoplasmic reticulum can be tabulated 
in several ways. The skeletal sarcoplasmic reticulum 
Ca2÷-ATPase does not appear to require K ÷ for its 
maintenance of the activity for E ~ P formation 
when the enzyme is in a Ca2*-deficient state. How- 
ever, the ATPase activity of the Ca2÷-deficient cardiac 
sarcoplasmic reticulum is enhanced by K ÷. The results 
suggest that K ÷ in skeletal muscle cells may not regu- 
late the rate of the conversion of the sarcoplasmic 
reticulum Ca2÷-ATPase from the Ca2÷-deficient state 
(presumably 'relaxation state' in the contraction- 
relaxation cycle) to the Ca2÷-bound state ('contrac- 
tion state'). K ÷ in cardiac muscle cells, on the other 
hand, may increase the rate of the conversion. 
Furthermore, the inhibitory effects of K ÷ on the 
Ca2+-bound skeletal and cardiac sarcoplasmic reti- 
culum, especially at low [Ca2÷], indicate that K ÷ may 
participate in lowering the Ca 2÷ pump activity at low 
[Ca 2÷] to prevent excessive decrease in Ca 2÷ near the 



528 

end of relaxation [11] and to maintain the threshold 
of Ca 2÷ for contraction. K ÷ is inhibitory at low 
[Ca2÷], presumably because K ÷ may allosterically 
[12] affect the affinity of sarcoplasmic reticulum 
Ca2*-ATPase for Ca 2÷ and cause a significant decrease 
in the amount of Ca 2÷ bound to the enzyme. At 12 
#M  Ca 2÷, K ÷ enhances the activity of the Ca2+-bound 
cardiac sarcoplasmic reticulum Ca2+-ATPase. The 
enhancement may be due to an activation by K ÷ on 
sarcoplasmic reticulum similar to that which it does 
to the Ca2÷-deficient state of the enzyme when, at 12 
pM Ca 2÷, the Ca 2+ sites are occupied and not inter- 
fered with by K ÷. That K ÷ enhances the cardiac but 
not the skeletal sarcoplasmic reticulum Ca2÷-ATPase 
at 12 ~M Ca 2÷ suggests a greater amplification of 
sarcoplasmic reticulum activity in cardiac muscle due 
to its smaller density of Ca 2÷ pump sites. 

K ÷ may also regulate the activities of phospho- 
enzyme intermediates (E ~" P), suggesting a possible 
regulation of Ca 2+ translocation in the process [13]. 
The skeletal sarcoplasmic reticulum E ~ P decom- 
poses faster than the cardiac sarcoplasnaic reticulum 
E ~ P  in various, arbitrarily chosen media (E "~P 
formed in Li + and decomposed in Li +, Na ÷ or K~). 
Such differences reveal a possible regulatory point for 
K ÷. An examination of the E "~ P properties toward 
ADP also shows a difference between the skeletal and 
cardiac sarcoplasmic reticulum. After the initial, rapid 
consumption of E ~ P by ADP [14-16] (a common 
property for both types of sarcoplasmic reticulum), 
ADP enhances the disappearance of the remaining 
E ~ P in the skeletal sarcoplasmic reticulum but not 
in case of cardiac sarcoplasmic reticulum. Part of the 
influence, which ADP exerts on the skeletal sarco- 
plasmic reticulum E ~ P, may be in the reversed 
pump direction that is accompanied by release of 
Ca 2÷ from the sarcoplasmic reticulum vesicles [14-  
16]. In this regard, the observation that ADP has a 
greater influence on skeletal than on cardiac sarco- 
plasmic reticulum may suggest a physiological rele- 
vance. Since the skeletal sarcoplasmic reticulum is the 
maj or source of intracellular Ca 2÷ [ 17-19],  it may be 
important for the sarcoplasmic reticulum Ca2÷-ATP- 
ase to possess also a property responsive to ADP in 
the reversed pump action for the release of Ca 2÷ for 
muscle contraction. In cardiac muscle cells, since 
extracellular Ca 2÷ is required for contraction [ 17-19],  
the sarcoplasmic reticulum Ca2+-ATPase may be less 

responsive to ADP in its regulation of the reversed 
pump action for Ca 2÷ release. 

The above kinetic findings clearly show that the 
rabbit skeletal and dog cardiac sarcoplasrnic Ca 2+- 
ATPases have different properties towards K ÷ and 
ADP. Factors giving rise to these differences are un- 
known. Nevertheless, the remits allow us to speculate 
that changes in the factors characterizing each type of 
sarcoplasmic reticulum may bring about a change in 
the response of sarcoplasmic reticulum activities 
toward the environment. As a consequence, altered 
regulatory effects of the intracellular environment on 
the sarcoplasmic reticulum function can be expected. 
Thus, it is important to sort out those factors that 
differentiate sarcoplasrnic reticulum systems mani- 
fested in the kinetic properties. A knowledge of such 
factors is essential in understanding how the activities 
of the sarcoplasmic reticulum may be altered by phar- 
macological agents or muscle diseases. 
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