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ABSTRACT 

A microsomal fraction was isolated from rabbit psoas muscle by a modification of Musca- 
tcllo's mcthod. The fraction containcd a Mg-dcpcndent ATPase which had a pH optimum 
of 7.5. Activl W was further stimulated by addition of Na or K or other monovalent cations 
to the reaction mixturc, but synergistic activation by Na and K, and ouabain inhibition, 
could not be demonstrated. The enzyme hydrolyzed only ATP (adcnosinc triphosphate) 
and ITP (inosinc triphosphate) at apprcciable rates, but Na or K stimulated activity only 
when ATP was used as substrate. Activity was inhibited by Ca and by low concentrations of 
Na deoxycholatc, and was sensitive to inhibition by thiol group reagents. The enzyme could 
be distinguished from another enzyme, also present in the fraction, which was Ca-activated, 
and which exhibited a wider substratc specificity, different pH activation characteristics, 
lower specific activity, lack of stimulation by Na or K, and less sensitivity to inhibition by 
deoxycholate and by thiol group rcagcnts. These findings formed the basis for demonstration 
of the Mg-depcndent ATPase in situ. 

Numerous physiological studies have suggested 
that in skeletal muscle, as in other tissues, the 
maintenance of internal high K and low Na con- 
centrations depends on the operation of active 
transport processes (1-3). The transport system 
fails when the energy stores of the muscle become 
low after prolonged incubation in vitro (4), and 
may be inhibited by metabolic poisons (5). In 
addition, the extrusion of Na and the influx of K 
are inhibited by ouabain (6, 7). This glycoside 
also inhibits stimulation of Na influx by external 
K (8), or by lactate and insulin (5), but does not 
affect the concentration of ATP 1 in the muscle 
fiber (9). 

1 Abbreviations used: ATP, adenosine triphosphate; 

Although the sarcolemma is both an obvious 
and likely site for active transport to occur, the 
sarcotubular system (sarcoplasmic reticulum and 
T system) may also be involved. A growing body 
of evidence suggests that ionic gradients are 
maintained within the muscle fiber as well as at 
its surface. In some muscles, membranes of the 

ATPase, adenosine triphosphatase; ITP, inosine tri- 
phosphate; CTP, cytidine triphosphate; UTP, uri- 
dine triphosphate; ADP, adenosine diphosphate; 
IDP, inosine diphosphate; AMP, adenosine mono- 
phosphate; GTP, guanosine triphosphate; NEM, N- 
ethyl maleimide; PCMB, p-hydroxymercuriben- 
zoate; DOC, deoxycholate; EGTA, ethylene glycol 
bis (fl-aminoethylether)-N, N'-tetraacetic acid 
EDTA, ethylene diaminetetraacetic acid. 
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T system have been shown to be in direct morpho- 
logical continuity with the sarcolemma (10), and 
and the ingress of ferritin from externally applied 
solutions (11) suggests that the T system may be 
regarded as an inward extension of the extracellu- 
lar space. Physiologically, the T system appears 
to be the site of transverse impulse conduction 
(12). This, in turn, implies the existence of a po- 
tential gradient across its membranes during the 
inactive state, and the restoration of this potential 
during recovery. 

I t  seems increasingly likely that, following trans- 
verse impulse conduction, Ca is released from the 
interior of the sarcoplasmic reticulum into the 
sarcoplasm to initiate contraction (13, 14). How- 
ever, nothing is known about the distribution of 
cations other than Ca between the sarcoplasm and 
sarcoplasmic reticulum during the resting state. 
Nor is it known what the electrical position of the 
sarcoplasmic reticulum is with respect to the T 
system and the sarcoplasm. The extent to which 
the sarcoplasmic reticulum may be involved in the 
electrical events of activation and the way in 
which depolarization of the T system effects Ca 
release are not yet clear. 

A differential distribution of monovalent  cations 
between the T system, the sarcoplasmic reticulum, 
and the sarcoplasm might  be due simply to the 
effects of the Donnan equilibrium or also to the 
operation of active transport processes. If  the 
sarcotubular system were a site of active transport, 
then a cation-activated ATPase might also be 
associated with it. Cation-activated ATPases were 
were first characterized by Skou (15, 16) in micro- 
somes from crab nerve, as Mg-dependent  ATPases 
exhibiting synergistic, ouabain-inhibitable stimu- 
lation by Na or K of Mg-dependent  activity, and 
were subsequently demonstrated in whole homog- 
enates of a number  of tissues (17), as well as in 
microsomal fractions of cerebral cortex (17-20), 
liver (17), kidney (20-23), and cardiac muscle 
(24-25). Similar activity was studied extensively 
in the erythrocyte membrane (26-31). Because of 
the close parallelism between the properties of the 
enzyme and those of the active transport system 
in the erythrocyte, it was suggested that the en- 
zyme constituted part of the enzymatic basis for 
transport activity (26-33). 

In  1962, Skou briefly noted that Na-K-s t imu-  

lated ATPase activity was present in rat skeletal 

muscle microsomes, but stated that only low Na- 

K-act ivat ion ratios could be obtained (20). The  

presence of such activity was also noted by Bont- 
ing in frog skeletal muscle homogenates (17). 
Jgrnefel t  reported that, in rat skeletal muscle 
microsomes isolated from a medium containing 50 
mM KC1, some activation of the Mg-dependent  
enzyme could be obtained with Na alone (34). 

Recently, several reports have appeared con- 
cerning ATPases in muscle sensitive to stimula- 
tion by monovalent  cations. Samaha and Gergely 
reported the presence of a synergistically activated 
ATPase in microsomal fractions of human cadaver 
muscle isolated in the presence of DOC,  histidine, 
and E D T A  (35). Maximal  activation ratios were 
seen in the presence of Na azide, although this 
agent also reduced the total activity of the frac- 
tion. 

Other  investigators have described, in micro- 
somal fractions of rabbit  and frog skeletal muscle, 
a Mg-dependent  ATPase which was stimulated 
independently by Na and K (36, 37). No syner- 
gistic activation by these cations was noted, and 
ouabain did not inhibit the Na- or K-stimulated 
activity. In  other respects the enzymes studied 
resembled the Mg-dependent  ATPase described 
by Muscatello et al. (38). 

In  this combined biochemical and histochemi- 
cal study, we have attempted to establish whether 
or not cation-activated ATPase activity could be 
demonstrated in association with the relatively 
intact isolated membranes of a sarcotubular frac- 
tion, and with the sarcotubular system of muscle 
in situ. A vesicular fraction of rabbit psoas muscle 
was prepared which contained a Mg-dependent,  
Ca-inhibited ATPase, further stimulated by mono- 
valent cations. This enzyme was found to differ 
in its properties from a Ca-activated ATPase also 
present in the fraction. In  the following paper 
(39) the histochemical localization of the Mg- 
dependent  enzyme is reported. 

M E T H O D S  

A sarcotubular fraction of rabbit psoas muscle was 
prepared using a slight modification of Muscatcllo's 
procedure (38). Adult rabbits were killed by a blow 
on the head or by a lethal dose of Nembutal. The 
psoas muscles were quickly excised, blotted with 
filter paper, weighed, and then thoroughly minced 
with razor blades on a glass plate in the presence of 
a small volume of 0.88 M sucrose. This and all sub- 
sequent steps were carried out at 0°-4°C. The mince 
was further diluted with 0.88 M sucrose and homoge- 
nized in a Potter-Elvehjem homogenizer chilled with 
ice. The volume of the homogenate was adjusted to 
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approximately 10 times the weight of the muscle 
with 0.88 ~ sucrose. This was centrifuged twice at 
70,000 g for 40 min in a Spinco Model L centrifuge 
and the sediments (fractions 1 and 2) were usually 
discarded. The supernatant was then centrifuged for 
60 rain at 105,000 g. The pellet thus obtained (frac- 
tion 3) was suspended in 1.5 ml of ice cold 0.25 M 
sucrose per gram of muscle, and was gently rehomog- 
enized in a Potter-Elvehjem homogenizer to give a 
protein content, as determined by the Lowry method 
(40), of 0.2 to 0.3 mg/ml. Enzyme assays were car- 
ried out on aliquots of this suspension either immedi- 
ately or after storage at --20°C for periods not ex- 
ceeding 10 days. However, only fresh suspensions 
were used when the effects of Ca were studied, Since 
occasional batches of sucrose contained trace amounts 
of Ca, deionized sucrose free from Ca was used in the 
experiments reported here. 

For morphological studies, pellets of the three 
fractions were doubly fixed in 6.25% glutaraldehyde 
(41) and osmium tetroxide, dehydrated in graded 
alcohols, and embedded in Epon, The blocks were 
oriented in such a way that  the depth of the pellet 
was included in each section. Thin  sections of the 
embedded material were stained with lead hydroxide 
(42) and examined in a Siemens Elmiskop I. In  addi- 
tion, negative staining procedures with phospho- 
tungstic acid were carried out on fractions 2 and 3, 
usually in the cold (43, 44). 

ATPase activity was assayed at 37°C in a 1 ml 
test system containing 25 m~ Tris-maleate buffer 
(pH 7.5 or as stated), 5 mM Tris-ATP (Sigma Chemi- 
cal Corporation, St. Louis, Mo.), 4 mM MgCI 2 (or as 
stated), with NaC1, KC1, or other chloride salts 
added as stated. 0.9 ml of the reaction mixture with- 
out the enzyme and the enzyme suspension were in- 
cubated separately in a metabolic shaker. After 
thermal equilibration for 10 rain, the reaction was 
started by addition of 0.1 ml of the enzyme suspen- 
sion to the reaction mixture. The reaction was termi- 
nated, usually after 20 min, by addition of 0.1 ml of 
1 M perchloric acid, and the inorganic phosphate 
content determined by the Fiske-SubbaRow method 
(45). When lead nitrate was also present in the final 
reaction mixture, the concentration of Tris-maleate 
buffer was increased to 125 mM and the inorganic 
phosphate released was assayed by the method of 
Mart in  and Doty (46). 

: R E S U L T S  

JJlorphological Evaluation of the Fractions 

Sections of fract ion 1 revealed the presence of 

masses of myofibrils, in tac t  and  f ragmented mito- 

chondria ,  glycogen particles, nuclei, and  cellular 

debris, as well as scattered vesicular structures. 

Fract ion 2 also conta ined a few myofibrils, mito- 
chondria ,  and  recognizable mi tochondr ia l  frag- 
ments,  bu t  consisted in large pa r t  of smooth- 
surfaced vesicles (600 to 800 A in diameter) .  
Fract ion 3 consisted almost exclusively of vesicu- 
lar  mater ia l  of similar dimensions (Fig. 1). These 
vesicles appeared  as spherical or ~a t tened struc- 
tures bounded  by  a single cont inuous membrane ,  
and  often contained mater ia l  of variable,  low 
electron opacity. At  times, these were closely 
apposed, forming small stacks or " rou leaux"  of 
two to six vesicles. O t h e r  vesicles consisted of 
several (2 to 4) i r regular  or circular  concentr ic  
membranes  conta in ing amorphous  mater ia l  of 
somewhat  greater  electron opacity. Al though it  
was possible tha t  sections perpendicular  to the 
long axis of the vesicles, or parallel  to f lat tened 
vesicular stacks, could have accounted for some 
of the double-contoured vesicles, this seemed 
unlikely in view of the relative frequency wi th  
which  they were observed. 

Negative staining of the two l ighter fractions 
(2 and  3) revealed morphological  detail  not  ap -  
pa ren t  in sectioned material .  A large propor t ion  
of the vesicles seen in fraction 2 were associated 
wi th  characterist ic mi tochondr ia l  e lementary  
particles (44, 48-50),  and  hence could be pre- 
sumed to represent  f ragmented mitochondria .  In  
contrast,  vir tual ly none of the vesicles in  fraction 
3 had  the substructures associated wi th  mito-  
chondr ia  or thei r  derivatives. Some of the vesicles 
and  tubules in fraction 3 had  a f n e l y  g ranu la r  
center  wi th  a per iphery of similar granulari ty.  
O t h e r  vesicles or tubules had  a darker  interior  of 
nearly the same density as the surrounding phos- 
photungst ic  acid (Fig. 2). The  outer  side of bo th  
types of tubules and  vesicles bore innumerab le  
small projections abou t  20 A wide and  40 A long 
(Fig. 3). Some, bu t  not  all, vesicles of bo th  types 

appeared  to arise as dilated ends of a nar rower  

tubule  (Fig. 2). 

Addi t ional  studies were carr ied out  to assess 

the degree of mi tochondr ia l  con tamina t ion  of 

fraction 3. W h e n  this fraction was assayed mano-  

metrically for cytochrome oxidase and  succinic 

dehydrogenase activities wi th  Pot ter 's  method  

(47), it was found to be free from suceinic dehy- 

drogenase activity and  to possess only negligible 

cytochrome oxidase activity (0 to 14 ~1 of oxygen 

per  mil l igram of protein per  hour).  Ol igomycin 

inhibi ted A T P  splitt ing less than  5 % at  a concen- 
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tration of 1 # g / m l  (10 # g / m g  protein), and 15% 
at a concentration of 10 #g/ml .  

Liberation of Inorganic Phosphate 
Incubation of fraction 3 in the presence of A T P  

but in the absence of added inorganic cations, at 
either pH 6.5 or 7.5, resulted in release of 5 to 20 
#moles of inorganic phosphate per milligram of 
protein per hour. This activity varied considerably 
from preparation to preparation, but could be 
abolished by dialysis of the enzyme suspension 
against 0.25 M sucrose for 16 to 24 hr, at 4°C. 
However,  suspensions of fraction 3 were not 
usually subjected to dialysis, since this procedure 
rendered the enzyme suspension unstable and 
resulted in subsequent rapid loss of the cation- 
activated ATPase activity. 

When the enzyme suspension was incubated in 
the presence of M g  at either pH  6.5 or 7.5, con- 
siderably more inorganic phosphate was released, 
and this activity was still further increased when 
either Na or K was added to the medium. Under  
all these conditions the rate of phosphate libera- 
tion over a 20 rain period was proportional to 
the amount  of enzyme protein added, between 
0.015 and 0.15 mg of protein per milliliter of final 
reaction mixture, and was linear with time over 
a 30 rain incubation period in a reaction mixture 
containing 0.055 mg of protein per milliliter. 

Influence of pH on ATPase Activity 

In  the presence of 4 mM M g  the enzyme ap- 
peared optimally active between pH 7.5 and 8 
(Fig. 4). A T P  splitting was further enhanced by 

the addition of either Na or K, or both, without 
appreciable change in the pH optimum, although 
the relative stimulatory effects of Na or K were 
slighdy greater at pH 6.5 than at 7.5. 

Effects of Mg 

At pH 7.5 (Table I), half maximal stimulation 
of ATPase activity occurred at M g  concentrations 
of less than 1 mM, maximal  stimulation at 4 to 6 
mM ( M g / A T P  = 0.8 to 1.2), while Mg  levels 
between 8 and 16 mM slightly inhibited activity. 
At  pH 6.5 (Table II) ,  half maximal  stimulation 
of activity occurred at M g  concentrations of 1 mM 
and maximal stimulation at 16 m~  ( M g / A T P  
= 3 . 2 ) .  

Effects of Added Na and K on the Mg-Depen- 
dent Enzyme at pH 7.5 

In  the absence of Mg, neither Na nor K, added 
together or separately, enhanced the liberation of 
inorganic phosphate. The  effects of added mono- 
valent cations were markedly dependent on the 
Mg  concentration (Table I, Figs. 5 and 6), and 
in general the relative stimulatory effects of Na 
and /o r  K were highest at Mg  concentrations of 
2 to 4 mM ( M g / A T P  = 0.4 to 0.8). In  the pres- 
ence of 16 rnM M g  there was little or no further 
stimulation of enzyme activity by added Na or K. 

The  addition of 1 rn~ K, at M g  concentrations 
of 1 to l0 mM, resulted in a significant increase in 
ATPase activity (Fig. 5). Hal f  maximal  stimula- 
tion occurred at K concentrations bctwccn 1 and 
5 raM. When more than l0 mM K was present, 

FIGURE 1. Section of pellet of fraction 3, doubly fixed in glutaraldehyde and osmium 
tetroxide. The fraction contains vesicles of variable size and shape, some of which have a 
moderately electron-opaque content. A number of double-contoured vesicles are present, 
and some of the vesicles have aggregated into stacks or rouleaux. X ~6,000. 

FIGURES ~ and 8 were prepared by negative staining of fraction 3 with ~% phosphotung- 
stic acid, pH 7.0, at 4°C. 

I~GUaE $. At the bottom of the figure a cluster of tubules and vesicles is seen, whereas 
a few isolated ones appear at the top. The majority of tubules and vesicles seen in the 
fraction after negative staining were aggregated into clusters such as this. Many of the 
tubules and vesicles have finely granular centers; others surround a more electron-opaque 
interior. Some, but by no means all, vesicles appear as expanded ends of a longer tubule. 
X 76,000. 

FIGURE 3. Vesicles which have not aggregated. The vesicles have small (ca. S0 to 40 A) 
projections attached to the outer aspect of the membrane (arrows). X ~7,000. 
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I?IGURE 4 Effects of pH on ATPase activity in the 
presence of various cations. The compositions of the 
incubation media are indicated in the text. Values 
relative to cations indicate their concentration (raM/li- 
ter) in the final reaction mixture. 

s t imulat ion of ATPase  activity by  this cat ion 
gradual ly  diminished,  and  little fur ther  stimula- 
t ion by K occurred when  more t han  100 rn~ had  
been added.  

In  the presence of 1 to 8 mM Mg,  the addi t ion 
of 10 mM Na st imulated activity only slightly 
(Fig. 6). Hal f  max imal  s t imulat ion occurred a t  
Na  concentra t ions  between 10 and  100 rr~.  Com- 
parison of the effects of Na and  K shows that ,  
wi th  8 mM M g  or less, Na was m u c h  less effective 
t han  K in s t imulat ing ATPase  activity. 

W h e n  vary ing  amounts  of Na and  K were 
added  together  th rough  a wide range of concen- 
trations, a t  M g  levels of 1 to 16 raM, the com- 
bined s t imulat ion produced by the two cations 

was always less t han  the sum of thei r  separate 
effects. In  the presence of 50 mM K, addi t ion of 
more than  50 mt~ Na caused ei ther  no fur ther  
s t imulat ion or inhib i t ion  of enzyme activity (Table  
I). This  effect was found at  all M g  levels, bu t  was 
more  marked  at  lower M g  concentrat ions.  

Effects of  N a  and K on the Mg-Dependent  

E n z y m e  at p H  6.5 

At pH 6.5, again, addi t ion of ei ther  Na or K 
enhanced  activity of the Mg-dependen t  ATPase  
(Table  I I ) .  Al though Na was relatively less effec- 
tive t han  K in s t imulat ing enzyme activity, maxi-  
mal  s t imulat ion by ei ther  ion was a t ta ined  at  
concentra t ions  between 50 and  100 mM. T h e  
relative st imulat ion produced by Na or K was 
highest a t  M g  concentra t ions  of 1 to 2 rrtu ( M g /  
A T P  = 0.2 to 0.4), and  declined progressively at  
h igher  M g  concentrat ions,  though to a lesser 
extent than  at  pH 7.5. Again, no concentrat ion 
of Na or K could be found at  which the combined 
st imulat ion by the two ions was greater  than  the 
sum of their  separate effects. In  the presence of 50 
mM K (Table  II) ,  addi t ion of more than  20 mM 
Na resulted in ei ther  no fur ther  stimulation, or in 
inhibi t ion,  of ATPase  activity. This  inhibi tory  
effect was more marked  at  lower M g  concentra-  
tions and  was greater  at  pH 6.5 than  at  pH 7.5. 

Effects of  other Monovalent Cations on the 

Mg-dependent A TPase  

In  the presence of 4 n ~  Mg, increased enzyme 
activity was observed when  up to 100 mM NH4, 

T A B L E  I 

Effects at pH 7.5 of Varying Mg Concentrations on A TPase Activity Alone or in the Presence of 50 rr~ Na or K, 
and 50 mM K plus Varying Concentrations of Na 

Cations present in addition to magnesium 

K, 50 mM + 

Mg, 
mM -- Na, 50 mg K, 50 mM Na, 10 mM Na, 20 rnM Na, 50 mu Na, 100 m~l Na, 150 mM 

- -  2 1  2 1  

1 99 141 (1.42) 170 (1.71) 186 (1.88) 170 (1.71) 170 (1.71) 156 (1.57) 144 ( 1 . 4 5 )  

2 106 174 (1.64) 186 (1.75) 193 (1.82) 193 (1.82) 192 (1.81) 174 (1.64) 174 (1.64) 
4 106 180 (1.70) 189 (1.78) 192 (1.81) 188 (1.77) 192 (1.81) 183 (1.73) 193 (1.83) 
5 118 167 (1.42) 170 (1.44) 173 (1.47) 181 (1.53) 193 (1.63) 188 (1.59) 181 (1.53) 

16 101 122 (1.21) 94 (0.92) 99 (0.98) 97 (0.96) 96 (0.95) 96 (0.95) 96 (0.95) 

Unbracke ted  figures indicate  #M of inorganic phosphate  released per  mil l igram of protein per hour. 
Bracketed figures represent  activity ratios obtained by dividing each activity by tha t  observed in the 
presence of magnesium only. Other  exper imental  conditions are indicated in the text.  
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T A B L E  II  

Effects at pH 6.5 of Varying Mg Concentrations on A TPase Activity Alone or in the Presence of 50 rn~ Na or K, 
and 50 mM K plus Varying Concentrations of Na 

C a t i o n s  p r e s e n t  i n  a d d i t i o n  t o  m a g n e s i u m  

K ,  5 0  m M  -~- 

M g ,  

r a ~  - -  N a ,  5 0  m M  K ,  5 0  r a m  N a ,  l 0  m M  N a ,  2 0  m M  N a ,  5 0  m M  N a ,  100  m M  N a ,  150  m M  

- -  14 14 16 
1 69 143 (2.08) 155 (2.25) 183 (2.66) 178 (2.58) 133 (1.93) 115 (1.67) 106 (1.53) 
2 88 172 (1.95) 176 (2.00) 175 (1.99) 174 (1.98) 169 (1.92) 153 (1.74) 130 (1.48) 
4 103 177 (1.72) 188 (1.83) 189 (1.84) 185 (1.80) 182 (1.77) 174 (1.69) 155 (1.51) 

10 102 171 (1.68) 189 (1.85) 191 (1.87) 190 (1.86) 188 (1.84) 170 (1.67) 148 (1.45) 
16 120 179 (1.49) 167 (1.41) 169 (1.41) 165 (1.38) 168 (1.40) 162 (1.35) 150 (1.25) 

Unbracke ted  and bracketed figures have the same meaning as in Tab le  I. Other  exper imental  conditions 
are indicated in the  text. 
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FmURE 5 Effects of varying concentrations of Mg 
and K on ATPase activity at  pH 7.5. Values relative 
to cations indicate their concentrations (raM/liter) in 
the final reaction mixture. 

Cs, Rb,  or Li (as chloride salts) was present  in 
the react ion mixture  (Table  I I I ) .  Progressive 
act ivat ion of enzyme activity was observed which 
was maximal  wi th  100 mM NH4, 50 mM Cs, and  
10 mM of ei ther  R b  or Li. T he  relative st imulat ing 
effect of these cations depended  on the concen- 
t ra t ion  added:  if 10 mM were added, the order was 
R b  > NFI~ > Cs = Li; if 100 mM were added,  
i t  was NH4 > Cs = R b  > Li. I f  more than  10 
mM Li were added,  enzyme activity was progres- 
sively reduced to the level seen wi th  M g  alone. 
In  the absence of Mg, the rate of inorganic phos- 
pha te  release was not  significantly st imulated by 
addi t ion of these cations. 
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FIGURE 6 Effects of varying concentrations of Mg 
and Na on ATPase activity at  pH 7.5. Other experi- 
mental conditions are indicated in the text. Values 
relative to cations indicate their concentrations (m~/li- 
ter) in the final reaction mixture. 

E n z y m e  Ac t i v i t y  in  the Presence of  

Di f ferent  Substrates 

In  the presence of 4 mM Mg,  considerably less 
enzyme activity was seen if ITP,  CTP,  or U T P  
replaced A T P  as substrat¢, wi th  activity decreasing 
in tha t  order  (Table  IV).  In  contrast  to the effects 
seen wi th  ATP,  fur ther  addi t ion of 50 mM Na 
a n d / o r  K did not  enhance  enzyme activity wi th  
other  nucleoside t r iphosphate  substrates. W i t h  
ADP as substrate in the presence of Mg, a rela- 
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T A B L E  I I I  

Effect of Other Monovalent Cations on Mg-Dependent ATPase 

Mg, 4 rnM -~ Monovalent Cation 

Monovalent cation 
mM Mg, 4 mM NH4 Cs Rb Li 

- -  1 2 4  

1 1 7 9  ( 1 . 4 4 )  - -  1 8 4  ( 1 . 4 9 )  - -  

10 193 (1.55) 158 (1.27) 205 (1.65) 158 (1.27) 
20 216 (1.74) 169 (1.36) 207 (1.67) 148 (1.19) 
50 247 (1.99) 207 (1.67) 197 (1.59) 147 (1.18) 

100 268 (2.16) 203 (1.64) 200 (1.61) 128 (1.03) 

U n b r a c k e t e d  and  b racke ted  figures have the  same mean i ng  as in Tab le  I. O the r  expe r imen ta l  condi t ions  
are  ind ica ted  in the  text .  

T A B L E  IV  

Inorganic Phosphate Release in the Presence of 
Different Substrates 

T A B L E  V 

Effects of Na Deoxycholate on Mg-Dependent 
A TPase Activity 

Mg, 4 mM + Mg, 4 mM -I- 
Na DOC Mg, 4 mM K, 150 rnM 

Na. 50 
mM + 

Mg, Na, K, K,50 
Substrate 4 mM 50 mM 50 mM mi~ 

A T P  52 93 112 105 
I T P  23 22 24 21 
C T P  12 10 l l  10 
U T P  7 7 8 - -  
A D P  59 71 73 71 
I D P  2 1 2 1 
A M P  2 1 1 1 

~-g lycerophospha te  0 0 0 0 

Figures  ind ica te  #M inorganic  phospha te  released 
per  mi l l ig ram of  p ro t e in  per  hour .  T h e  p H  of  the  
incuba t ion  m e d i a  was 6.5. T h e  concen t ra t ion  o f  
each  subs t ra te  in the  final r eac t ion  mix tu re  was 
5 mM. A T P  was a d d e d  as the  Tr is -sa l t ;  the  o ther  
subst ra tes  as the  N a  salts. 

t ively h igh  ra te  of  inorgan ic  p h o s p h a t e  release 
was  observed,  and  the  fu r the r  add i t i on  of  Na  
a n d / o r  K increased  act ivi ty  by a p p r o x i m a t e l y  
20%.  This  act ivi ty could be  accoun ted  for by  
gene ra t ion  of A T P  f rom A D P  by  myokinase ,  and ,  
in fact,  assay of  the  f ract ion for myokinase  ac-  
t ivi ty a t  37°C,  by the  m e t h o d  of  Colowick (51), 
showed it to possess sufficient myokinase  act ivi ty 
to fo rm 88 I~M A T P  pe r  mi l l ig ram of p ro te in  pe r  
h o u r  in the  p resence  of  op t ima l  A D P  concen t ra -  
tions. I D P ,  A M P ,  and  /3-glycerophosphate  w e r e  
hydro lyzed  at  negl igible  rates. 

% 

- -  8 4  1 1 2  

0.0125 56 (0.67) 57 
0.0250 50 (0.59) - -  
0.0500 43 (0.51) 43 
0.1000 18 (0.21) - -  
0.2000 10 (0.12) 6 

U n b r a c k e t e d  figures indica te  #M of inorganic  
phospha t e  re leased per  mi l l ig ram of  p ro te in  per  
hour .  Bracketed  figures are ob ta ined  by d iv id ing  
each act ivi ty by  tha t  observed  in the  absence of  N a  
D O C .  O t h e r  e x p e r i m e n t a l  condi t ions  are ind ica ted  
in the  text.  

Effects  in  inhibi tors  of  enzyme  act ivi ty  

NA DEOXYCHOLATE 

A d d i t i o n  of  Na  deoxycho la t e  to the  final reac-  
t ion mix tu re  in concen t ra t ions  of  0.0125 to 0 . 2 %  
caused  progressive inh ib i t ion  of act ivi ty  in the  
presence  of  M g  or  M g  and  K (Tab le  V) .  Fifty 
per  cen t  inh ib i t ion  was ob ta ined  wi th  approx i -  
ma t e l y  0.05 % N a  deoxychola te ,  whi le  s t imula t ion  
of  act ivi ty  by  m o n o v a l e n t  cat ions  was  lost w h e n  
the  concen t r a t ion  of  deoxycho la te  exceeded  
0 .0125%.  

R E A G E N T S  FOR TI-IIOL GROUP 

N-ETHYL MALEIMIDE (NEM) : P r e incuba -  
t ion cf  f ract ion 3 wi th  N E M ,  10 -3 M, for 1 to 10 
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FIGURE 7 Effects of preineubation with NEM (1 X 
10 -3 ~) on ATPase activity. 

rain (Fig. 7) caused progressive and  approxi-  
mate ly  parallel  inhibi t ion of the ra te  of inorganic 
phosphate  release when  the  fract ion thus t reated 
was added to react ion mixtures  conta in ing 4 mM 
Mg,  4 mM M g  and  150 rnM Na, and  4 mM M g  
and  150 mM K. In  each case the ra te  of enzyme 
inhibi t ion was greatest  du r ing  the first minu te  of 
pre incubat ion,  and  5 min  of pre incubat ion  re- 
sulted in approximate ly  50 % inhibi t ion of enzyme 
activity. 

P C M B :  Pre incubat ion  wi th  PCMB,  1 X 10 -6 
M, for l, 5, and  l0 min  resulted in 23, 31, and  
55 % inhibi t ion  of the ra te  of inorganic phosphate  
release when  the fraction thus t reated was added 
to react ion mixtures  conta ining 4 mM Mg. The  
Mg-d ependen t  enzyme activity was totally in- 
hibi ted,  and  the s t imulat ing effects of Na or K 
were lost, after  a 1 min  pre incuba t ion  wi th  5 X 
l0 -6 M PCMB.  However,  after a l0  min  preincu-  
bat ion wi th  cysteine, 1 X l0 -2 M, added to the 
system conta in ing 5 X l0 -6 M PCMB,  the rates 
of inorganic  phosphate  release in react ion mix- 
tures conta in ing  4 mM M g  and  150 mM K were 
76 and  78 % of those observed when  the  fraction 
was p re incuba ted  in sucrose. 

L E A D  N I T R A T E  

The  addi t ion of increasing concentrat ions of 
lead ni t ra te  caused progressive inhibi t ion of inor- 
ganic phosphate  release in systems conta in ing 
ei ther  4 naM Mg, or 4 mM M g  and  150 mM K 
(Fig. 8). In  the presence of 1 mM Pb, activity of 
the Mg- dependen t  enzyme was reduced by 8 5 ~ ,  

tw 
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FIGURE 8 Effects of increasing concentrations of lead 
nitrate on ATPase activity at  37°C, pH 7.5. 

bu t  fur ther  s t imulat ion by K of inorganic  phos- 
pha te  release could still be detected. W h e n  the 
concent ra t ion  of Pb  was increased to 2 raM, the  
Mg-dependen t  activity was reduced by 90 % and  
no  K st imulat ion could be detected. 

Ouabain and Synergistic Activity 

Fract ion 3 was pre incuba ted  wi th  l0 -4 M 
ouaba in  for 30 min  and  the ra te  of A T P  splitting 
measured in a react ion mixture  containing 1 X 
l0 -4 M ouaba in  and  (a) l, 2, 4, 10, or 16 mM Mg;  
(b) 4 mM M g  and  5, 10, 20, 50, 100, or 150 mM 
Na or K;  and  (e) 4 mM Mg,  20 mM K, and  100 
mM Na. These experiments  failed to demonst ra te  
any inhibi t ion of A T P  splitting when  the results 
were compared  wi th  those of parallel  experiments  
in which  the fract ion was not  exposed to ouabain .  

In  other  experiments  the effects of some var ia-  
tions in the isolation med ium were investigated. 
Parallel  postmitochondria l  and  microsomal frac- 
tions from rabb i t  psoas muscle and  rabb i t  kidney 
were prepared in media  conta in ing 0.88 M sucrose, 
30 mM histidine, and  5 mM EDTA,  pH 6.8. 2 T h e  
fractions were suspended in 0.95 M sucrose con- 
ta ining 30 mM histidine and  1 m ~  EDTA,  pH 6.8, 
and  each fract ion from ei ther  muscle or kidney 
was then  incuba ted  in media  conta ining (a) 4 mM 

The fractions examined in these experiments were 
prepared as follows: the initial homogenate was cen- 
trifuged at 15,000 g for 15 min and the pellet was 
discarded. Subsequent fractions were collected after 
further centrifugation for 45,000 g for 40 rain, 70,000 g 
for 40 n-tin, and 105,000 g for 60 rain. 
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T A B L E  VI  

hzhibition by Ca of Mg-Dependent ATPase Activity 

Mg, 4 m~a -~- 

Ca added Mg, 4 m~ Na, 50 m~ K, 50 rr~ Na, 50 xr~ --[- K, 50 rax~ 

- -  108 160 (1.48) 168 (1.55) 193 ( 1 . 7 9 )  
5 X 10 -~ 102 152 (1.49) 157 (1.57) 187 (1.83) 
1 X 10 -4 97 129 (1.33) 142 (1.46) 172 (1 .77 )  
2 )< 10 -4 84 103 (1.23) 121 (1.44) 144 (1.72) 
5 X 10 -4 68 75 (1.10) 102 (1.50) 86 (1.26) 
1 X 10 -3 52 63 (1.21) 64 (1.23) 66 (1 .27)  
2 X 10 -a 44 47 (1.07) 54 (1.23) 58 (1.32) 

Unbracke ted  figures indicated #M of inorganic phosphate  released per mil l igram protein per  hour. Brack- 
eted figures were obta ined  by dividing each activity by tha t  observed in the presence of Mg and the same 
concentra t ion  of Ca. Other  experimental  conditions are indicated in the text. 

Mg ;  (b) 4 mM M g  and  100 mM Na;  (c) 4 mM M g  
and  20 m u  K;  and  (d) 4 m M Mg, 100 m u  Na, 
and  20 n ~  K;  with or wi thout  the addi t ion of 
1 X 10 -3 u ouabain.  These experiments  failed to 
demonst ra te  in the muscle fractions the presence 
of an  ATPase  character ized by synergistic, 
ouaba in- inh ib i tab le  s t imulat ion by Na and  K of 
its M g- dependen t  activity, a l though such an  
enzyme could readily be demonst ra ted  in each 
of the kidney fractions. 

Effects of Ca 

In  media  conta in ing 4 mM M g  with or wi thout  
added Na  or K, the addi t ion of Ca in concentra-  
tions ranging  from 5 × 10 -~ M to 2 × 10 -3 M 
caused progressive reduct ion of A T P  splitting 
(Table  VI) .  A 50 % inhibi t ion of activity in the 
presence of M g  was obta ined with Ca levels of 5 
>( 10 -4 M to 1 × 10 -3 M. Some act ivat ion by Na 
or K was retained in the presence of up to 2 X 
10 -3 ~t, bu t  relative act ivat ion by these cations 
progressively declined wi th  increasing Ca concen- 
trat ion.  W h e n  the free Ca of the incubat ion  mix- 
ture  was var ied by addi t ion of E G T A - C a  buffers 
(14) (total EGTA,  3 raM), activity in the presence 
of 4 m_~ M g  declined from 105 #M Pi per  milli- 
g ram of prote in  per  hour  a t  pCa 6 to 72 #M Pi 
per  mil l igram of protein per  hour  at  pCa  8. A 
parallel  decrease in activity was observed in the 
presence of 4 mM M g  and  50 n ~  K (165 to 110 
/~M Pi per  mil l igram of protein per  hour).  How- 
ever, even at  pCa 8, h igh specific activity re- 
mained,  and  no effect of decreasing free Ca levels 
on N a - K  act ivat ion ratios could be observed. 

W h e n  the effects of increasing concentrat ions of 

Ca alone were studied (Fig. 9), progressive stimu- 
lat ion of inorganic  phosphate  release was observed 
in the absence of M g  as the Ca concentra t ion  was 
increased from 10 -5 to 10 -2 M. W h e n  the effects 
of Ca alone were compared  wi th  its effects in 
the presence of 4 mM Mg, at  Ca concentra t ions  
of 2 × 10 -3 M or more, vir tual ly all A T P  split t ing 
in the presence of M g  could be accounted for by 
Ca-dependen t  activity. No st imulat ion of inorganic 
phosphate  release was noted if Na or K were 
added to systems conta ining Ca alone, and  this 
was consistent wi th  the loss of such st imulat ion in 
the presence of M g  and  high Ca concentrat ions.  

I t  was possible tha t  the Ca-st imulated ATPase  
activity was due to con tamina t ion  by myofibrils 
or myofilaments and  their  associated ATPase.  To 
assess this possibility, the fraction was twice ex- 
t racted for 2 hr  a t  4°C in 0.6 M KC1 conta in ing 1 
m ~  Tris-HC1, p H  7, and  recentrifuged for 2 hr  
at  105,000 g (52). The  extracted mater ia l  aga in  
showed a response to added Ca (Fig. 9). St imula-  
tion was noted as the Ca concentra t ion  was in- 
creased above 1 N 10 -5 M, with max imal  activity 

at  1 N 10 - 2 M C a .  

Characteristics of Ca-Dependent Activity 

In  other  experiments,  activity in the presence of 
Ca alone was studied and  compared  with the Mg-  
dependen t  activity. At  37°C, pH 7.5, in the pres- 
ence of 2 X 10 -3 M Ca as the only act ivat ing 
cation, the inorganic  phosphate  released in- 
creased l inearly wi th  t ime over a 30 rain period 
in a reaction mixture  conta ining 0.029 nag of 
protein per  milliliter and  was proport ional  to the 
a m o u n t  of enzyme protein added between 0.009 
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present as a substrate (cf. Table IV). Although 
0.2% Na deoxycholate inhibited both Ca- and 
Mg-dependent enzymes almost completely, the 
Ca-stimulated activity was more resistant to low 
(0.1% or less) concentrations of Na deoxycholate 
(Table VIII).  This activity was also more resistant 
to the effects of thiol group reagents. Preincuba- 
tion of the fraction with 1 X 10 -6 ~ PCMB for 10 
rain resulted in 18 % inhibition of the rate of inor- 
ganic phosphate release when the fraction thus 
treated was added to reaction mixtures containing 
1 X 10 -3 M Ca. Preincubation of the fraction with 
1 X 10 -3 M NEM for 1, 5, and 10 rain resulted 
in a 34, 37, and 46% inhibition of ATPsplitting. 
Finally, the addition of 0.5, 1, and 4 mM Pb to a 
reaction system containing Ca resulted in much 
less inhibition of activity (16, 25, and 27%), com- 
pared with the effects of 0.5, 1, and 4 mM Pb 
added to a system containing Mg as activating 
ion (80, 85, and 90 %). 

DISCUSSION 

In several respects, the enzyme preparation ob- 
tained from rabbit muscle resembled that obtained 
from frog muscle by Muscatello et al. (38). 
Although Muscatello's isolation technique was 
the basis for that used in this study, with rabbit 
muscle two successive centrifugations at 70,000 g 

were required to obtain complete sedimentation 
of mitochondrial fragments from the homogenate. 
Fraction 3, obtained after further centrifugatlon 
at 105,000 g, was consistently free of mitochondrial 
and myofibrillar contamination when it was 
examined in the electron microscope. The virtual 
absence of mitochondrial contamination was 
further supported by biochemical studies, which 
showed that the preparation contained no succinic 
dehydrogenase activity and virtually no cyto- 
chrome oxidase activity. Lack of significant inhibi- 
tion by oligomycin at concentrations of 1 #g/ml 
and only slight inhibition at l0 /~g/ml lends 
further support to these findings. 

The choice of preparative technique .was dic- 
tated by the aims of the study: to explore the 
possibility that a cation-activated ATPase might 
be associated with chemically unaltered mem- 
branes of the sarcoplasmic reticulum. A high 
viscosity homogenizing medium was used to mini- 
mize contamination of the lighter fractions by 
fragmented mitochondria (53) or by myofilaments 
(38). Addition of electrolytes to the medium was 
avoided to prevent uptake of monovalent cations 

by the __membranes of the fraction, which might 
have obscured the effects of Na and K when these 
were added to the final reaction mixture (54). 
Although .some earlier studies demonstrating the 
presence of a "pump." enzyme of the Skou type, 
in microsomal fractions of rabbit and human 
muscle, have employed homogenizing media 
containing deoxycholate (20, 35), such media 
were avoided because of the dissolution of the 
sarcotubular membranes which may result from 
exposure to this compound (55). In two experi- 
ments carried out by us, in which 0.5% Na 
deoxycholate was added to the homogenizing 
medium, hegative staining of the resulting prepa- 
ration showed no recognizable sarcotubular struc- 
tures. Since the study was directed ultimately 
toward the in situ demonstration of the enzyme 
in intact sarcotubules, this precluded the use of 
deoxycholate in subsequent experiments. 

In conventionally fixed and embedded pellets, 
the sarcotubular fraction obtained from rabbit 
muscle was morphologically quite similar to 
analogous preparations from frog muscle (38). As 
noted, negative-staining techniques proved a 
useful adjunct to more conventional preparative 
procedures, and were particularly useful in the 
detection of mitochondrial fragments which were 
too small to retain a recognizable mitochondrial 
structure in sectioned material. The dimensions 
(70 X 90 A) and characteristic, stalked shape of 
mitochondrial elementary particles (48-50) clearly 
distinguished them from the small projections 
(20 X 40 A) observed on the outer surfaces of the 
membranes in negatively stained preparations 
of fraction 3. 

The Mg-dependent ATPase studied in these 
experiments had a pH optimum between 7.5 and 
8 in the presence or absence of added monovalent 
cations. At optimal pH, maximal stimulation by 
Mg was attained between 4 and 6 raM, At sub- 
optimal pH (6.5) considerably higher Mg con- 
centrations were required for maximal activity. 
Further addition of either Na or K led to further 
increases in ATPase activity, although the extent 
of the increase was affected not only by the quan- 
tity of monovalent cation added, but also by the 
pH and by the Mg concentration of the final 
reaction mixture. Either at suboptimal or at 
optimal pH, lower concentrations of K than of 
Na were required for half-maximal stimulation 
of the Mg-dependent ATPase activity, although 
the relative stimulating effect of either K or Na 
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and  0.029 m g / m l  of final reaction mixture  over 
a 20 re_in period. Activity in the presence of 2 mM 
Ca was found to differ from the Mg-dependen t  
activity in several respects. Activity in the presence 
of Ca had  a b road  p H  op t i m um  between p H  6.5 
and  7.5 (Table  VI I ) .  Relat ively more  activity 
was obta ined  with substrates other  than  A T P ;  
the rate of inorganic phosphate  release from 
ei ther  I T P  or U T P  as substrate was 58%;  wi th  
I D P  as substrate,  14%; and  wi th  /3-glycerophos- 

phate,  9 %  of the rate observed when  A T P  was 

T A B L E  V I I  

Effects of p H  A TPase Activity in the Presence of Ca 
as the Only Activating Cation 

pH 5 6 6.5 7 7.5 8 9 

QPi 14.3 19.6 23.2 23.4 23 21 14.5 

QPi indicates # ~  of inorganic phosphate  released 
per  mil l igram of prote in  per  hour. The Ca concen- 
t ra t ion  was 2 X 10 .3 M. Other  exper imental  con- 
ditions are indicated in the text. 

T A B L E  V I I I  

Effects of Na Deoxycholate on A TPase Activity in the Presence of Ca, 2 X 10 -~ M, as the Only Activating Cation 

Na DOC ~ - -  0.05 0.1 0.2 

Q~i 25 20 (0.79) 16.5 (0.65) 0.7 (0.03) 

Ql'i refers to ra te  of inorganic phosphate  release per  mil l igrmn of protein per hour and is shown in the  
unbracke ted  figures. The  bracketed figures are obta ined by dividing each activity by tha t  observed in 
absence of Na DOC. Tempera tu re  37°C, pH 7.5 Other  exper imental  condit ions are indicated in the 
text. 
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was greater at suboptimal than at optimal pH, 
and greater at suboptimal Mg levels. Regardless 
of Mg concentration and pH, no concentration 
of the two monovalent cations could be found 
at which their combined stimulation was syner- 
gistic, i.e., exceeded the sum of their separate 
effects. In  fact, in the presence of more than 50 
mM K, the further addition of 50 mM Na (pH 7.5) 
or of 20 mM Na (pH 6.5) resulted either in no 
further increase, or in a decrease, in ATPase 
activity. 

In addition, unlike the enzyme described in 
microsomal fractions of nerve, kidney, and cere- 
bral cortex (16-20), significant stimulation of the 
Mg-dependent enzyme was produced by the 
addition of NH4, Cs, or Rb, as chloride salts in 
the absence of added Na. This stimulation appeared 
to be determined by the cation rather than by the 
accompanying chloride anion, since, depending 
on the cation, a wide range of activation ratios 
could be obtained in the presence of identical 
chloride concentrations. These findings could be 
interpreted to indicate the presence of a single 
site on the enzyme which can be occupied by 
either Na or K, with higher affinity for K than 
Na, or occupied by other monovalent cations. 

The results might also suggest that the enzyme 
is not concerned with the active, linked transport 
of Na and K if such enzymes are invariably 
characterized by synergistic Na-K stimulation. 
The possibility that synergistic stimulation was 
present but was obscured by contamination of 
the original enzyme preparation with either Na 
or K seems unlikely, for addition of ouabain in 
high concentration did not inhibit activity in the 
presence of Mg, nor did it prevent stimulation of 
the Mg-dependent enzyme by either added Na or 
K. It is interesting that the Mg-dependent ATPase 
closely resembled the sonicated erythrocyte ATP- 
ase, in which cation activation was retained after 
sonication although synergistic stimulation and 
ouabain inhibition were lost (56). This raises the 
possibility that an originally ouabain-sensitive, 
Mg-dependent, sarcotubular ATPase might have 
been injured during the preparation procedure, 
or that the sarcotubular enzyme might be akin 
to that of the intact red cell but differ from it in 
its spatial orientation in the membrane. It  is also 
possible that the presence or absence of synergistic 
stimulation by Na and K may be a function of 
the isolation procedure used. To date, only those 
authors who isolated their fractions in media con- 

taining Na deoxycholate have reported such 
stimulation (20, 35). Other workers, who used 
isolation media which did not contain this agent, 
have consistently found independent stimulation 
by Na and K, but no synergistic effects of these 
cations (36, 37). 

The enzyme resembled other cation-activated 
ATPases in its dependence on free - - S H  groups. 
Activity in the presence of Mg or Mg plus mono- 
valent cations was reduced in parallel fashion 
after preincubations with NEM. This supports 
the interpretation that a single site on the enzyme 
was responsible for Na or K binding, or that 
the - -SH reagents were inhibiting allosterically. 

The inhibitory effects of Pb were studied because 
it was to be used as the capture reagent in subse- 
quent histochemical studies. Although this ion 
may combine with enzyme residues other than 
- -SH groups, it was of interest that in concentra- 
tions of 1 mM or less, it inhibited the Mg and Mg 
plus monovalent cation activities in an approxi- 
mately parallel manner. However, Pb in concen- 
trations as high as 4 mu had only a slight inhibi- 
tory effect on the Ca-dependent enzyme. 

Inhibition by Ca of inorganic phosphate release 
in the presence of Mg or Mg plus monovalent 
cation is in accord with the findings of Muscatello 
et al. (38), Fratantoni and Askari (36), and 
Duggan (37). In the presence of low Ca concen- 
trations, stimulation of activity by Na or K was 
retained, although with increasing Ca concentra- 
tion the relative activation by monovalent cations 
progressively declined. 

The failure of even 1.6 X I0 -~ M Ca to reduce 
ATPase activity in the presence of Mg to levels 
observed in the absence of other added cations 
suggested that another enzyme hydrolyzing ATP, 
stimulated by Ca, might also be present in the 
fraction. In fact, progressive stimulation of ATP 
hydrolysis could be demonstrated when Ca, as 
the only activating cation, was added to the final 
reaction mixture. The Ca-stimulated enzyme 
could be distinguished from the Mg-dependent 
one by its wider substrate specificity, lack of Na- 
or K-stimulation, and by its greater resistance to 
such inhibitors as Na deoxycholate, thiol group 
reagents, and to lead. 

It  was of particular interest that, in the presence 
of Mg, relatively high specific activity was retained 
at very low Ca concentrations produced by EGTA 
buffers, together with stimulation of activity by 
Na or K. Even at pCa 8, 71 /~M Pi per milligram 

A. G. ENGEL AND L. W. TICE Sarcotubular A TPases 485 



of protein per hour was released in the presence 
of Mg alone, and 110 gM Pi per milligram of 
protein per hour in the presence of Mg + 50 mM 
K. Comparison of these figures with the activity, 
at pCa 8, of fractions active in Ca uptake (<6  
#M/mg of protein per hour) (63) strongly suggests 
that, although the preparation contained some 
admixture of EGTA-inhibitable activity, most of 
the ATP splitting in the fraction could be attrib- 
uted to an enzyme not dependent on the presence 
of low levels of Ca for activity, and therefore pre- 
sumably not coupled to Ca transport (63). This 
suggestion is further supported by the relative 
specificity of the Mg-dependent enzyme for ATP 
and ITP, since Ca-accumulating activity and its 
accompanying phosphatase are active in the pres- 
ence of CTP, GTP, and UTP as well as ATP and 
ITP (59, 60). 

The capacity of the sarcoplasmic reficulum to 
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