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Abstract The relationship between sarcoplasmic reticulum 
phospholipid and  Ca2+ binding by sarcoplasmic reticulum mem- 
branes  was explored. Ca2+ bound in  the absence of ATP was 
defined as “ATP-independent Ca2+ binding,” and  the additional 
amount of CaZ+ bound in the presence of ATP was defined as 
“ATP-dependent Ca2+ binding.” The latter was found to be 
very sensitive to the loss of sarcoplasmic reticulum phospholipid; 
the  amount of Ca2+ bound was reduced when as little as 3% of 
the phospholipid was destroyed by phospholipase C.  Further 
destruction of membrane phospholipid up to a 40% loss caused 
little or no further reduction of this Ca2+ binding. However, 
when the destruction of phospholipid exceeded 40%, further loss 
of this Ca2+ binding occurred, and  there was an almost com- 
plete loss of this function when  more than 60% of the sarcoplas- 
mic reticulum phospholipid was destroyed. 

Supplementary key words phospholipase C . “ATP-dependent 
Ca’+ binding” . “ATP-independent Ca2+ binding” . “ATP-dependent, 
oxalate-promoted Ca2+ transport” 

The ability of SR to release and to sequester Ca2+ is 
basic to  the excitation-contraction process and to the re- 
laxation process of skeletal muscle (1) .  During  the past 10 
years, the Ca2+ sequestration has been  intensively  investi- 
gated by means of in vitro experiments utilizing SR ves- 
icles isolated from homogenates of skeletal muscle. In most 
studies, measurement of Ca2+ transport was made in sys- 
tems containing ATP, which energizes this transport, and 
oxalate, which promotes it.  Therefore, we call the process 
so studied “ ATP-dependent, oxalate-promoted Ca2+ 
transport,” and it is well established that this process  re- 
quires SR phospholipids to be functional (1) .  

However, SR also has the capacity to bind Ca2+ to the 
membrane structure,  a function that first received careful 
attention in a research report published by Carvalho and 
Leo (2). Surprisingly,  the Ca2+ binding function has been 
less  extensively studied than Ca2+ transport; moreover, the 
results reported from various laboratories (3-6) have  not 
been entirely consistent i n  regard to the number of classes 
of binding sites and  the values of the  apparent association 
constants. 

Carvalho and Leo (2) also reported that  at certain pCa 

values ATP promotes the binding of Ca2+ by SR mem- 
branes in exchange for other cations. As will be presented 
below, we have  confirmed this finding and have obtained 
further  support for the conclusion that it is due to en- 
hanced Ca2+ binding to the SR membrane structure  rath- 
er than  to  the intravesicular sequestration of free Ca2+. 

Phospholipid and protein are the predominant chemical 
substances of which SR membranes are composed (7). It is 
therefore likely that one or both of these substances pro- 
vide the sites to which Ca2+ is bound. Cohen and Selinger 
(3) reported that hydrolysis of the SR phospholipids by 
treatment with phospholipase C did  not  influence Ca2+ 
binding (studied in the absence of ATP) by these. mem- 
branes, a finding that implies that  the protein provides the 
sites  to which Ca2+ is bound. 

Because phospholipids have been shown to be so impor- 
tant  in “ATP-dependent, oxalate-promoted Ca2+ trans- 
port,” we decided  to further explore possible relationships 
between SR phospholipid and Ca2+ binding by SR mem- 
branes; in  particular,  the effect of destroying the mem- 
brane phospholipid on the ability of ATP to selectively 
promote Ca2+ binding by SR was investigated. In this 
study we have  defined as “ATP-independent Ca2+ bind- 
ing” that Ca2+ bound in  the absence of ATP and as 
“ATP-dependent Ca2+ binding” the additional amount of 
Ca2+ bound in the presence of ATP. 

METHODS 

Preparation of fragmented SR vesicles 
The following  modification of the  method of Ebashi and 

Yamanouchi (8) for the isolation of fragmented SR from 
~ 
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skeletal muscle was used. 140 g of hindleg muscle  was 
dissected  from retired male breeders of Sprague-Dawley 
rats (purchased from Charles River Laboratories) imme- 
diately after decapitation by means of a guillotine. The 
muscle was further processed at 4°C as follows.  Excess 
adipose tissue and connective tissue were trimmed off and 
discarded, and  the muscle was minced with scissors  before 
being suspended in 280 ml of 15 mM  NaHC03.  The sus- 
pension  was  homogenized in  a  Waring blender (full  speed 
for 35 sec), and  the resulting homogenate was  centrifuged 
at 9000 g for 20 min. Throughout  the isolation procedure 
the pH of the system was maintained within the range of 
6.7-7.3. The supernatant was filtered through Whatman 
no. 1 paper,  and the filtrate was  centrifuged at 23,000 g 
for 1 hr. The pellet was collected and suspended in 0.6 M 
KC1 buffered with 20 mM Tris-maleate (pH  7.0), and 
the suspension was allowed to stand for 1  hr before  being 
centrifuged at 105,000 g for 1  hr. The pellet was collect- 
ed, suspended in 50 mM KC1  buffered with 20 mM  Tris- 
maleate (pH 7.0), and either used within 24 hr or stored 
in the frozen state for subsequent use in Ca2+ binding ex- 
periments. Just prior to  such  use, the suspension was di- 
luted to the approximate concentration of SR fragments 
desired and centrifuged at 6000 g for 10 min. The resul- 
tant  supernate, called the “SR suspension,” was utilized 
in the Ca2+ binding studies. 

Procedure for measuring Ca2+ binding 
The following procedure, a modification of the method 

of Carvalho and Leo (2), was used for measuring Ca2+ 
binding by SR membranes. An aliquot of SR suspension 
containing approximately 5 mg  of protein was transferred 
to a centrifuge tube and centrifuged at 80,801 g for  35 
min. The supernate was discarded and the pellet  was 
grQund in the centrifuge tube with a glass  pestle until 
finely suspended in 5 ml of medium containing 5 pmoles 
of MgC12, an amount of CaClz needed to obtain the pCa 
desired, 5 pmoles of EGTA, 50 pmoles of KCl, and  49.5 
pmoles of imidazole buffer; the final pH of the system  was 
7.0. After a 10-min incubation at room temperature, the 
suspension was centrifuged at 80,801 g for  35  min at  a 
temperature ranging from 0 to 5°C. If the effect of ATP 
on binding was to be determined, 0.17 ml of a 30 mM di- 
sodium ATP solution (adjusted to pH 7.0 with 2 M Tris 
base) was added to the suspension immediately before  cen- 
trifuging along with additional CaC12 to maintain the de- 
sired pCa. This provides a concentration of ATP in the 
binding assay  system of 1 mM. 

After centrifugation the supernate was discarded, and 
the centrifuge tube containing the pellet was carefully 
rinsed with distilled, deionized water. The pellet  was then 
suspended in 5 ml of 0.25 M sucrose by grinding with the 
glass pestle. This suspension was allowed to stand at room 
temperature for 20 min before  being  centrifuged at 80,801 
g for  35 min. The supernate was discarded, and  the test 
tube containing the pellet was rinsed with 0.25 M sucrose. 

The pellet was suspended in 3.75 ml of water from 
which two 0.05-ml aliquots were used  for protein analy- 
sis. To the remaining 3.65 ml, 0.5 ml of 50% trichloro- 
acetic acid was added, and after 20 min the system  was 
centrifuged at 80,000 g for 10 min. The supernate was 
removed and neutralized with Tris base, and  its Ca2+ 
and Mg2+ content was measured by atomic absorption 
spectrophotometry. 

Analysis of SR phospholipid and protein content 
The content of phospholipid in the fragmented SR sus- 

pension was determined by the method of Sanslone et al. 
(7),  a method that extracts more than  99.5% SR lipid. 
The protein content of the fragmented SR suspension was 
estimated as described by Yu, DeMartinis,  and  Masoro 

Use of these methods to measure the phospholipid con- 
tent of six individual aliquots taken from the same mem- 
brane  preparation yielded the following data: mean, 
17.831 pg of lipid phosphorus/mg of protein; standard 
deviation, 0.472; standard  error, 0.192; 95% confidence 
level  for the mean, f 0.494; and 95% confidence level 
for a single determination, X f 1.214. 

Treatment of fragmented SR with phospholipase C 
The procedure of Yu, DeMartinis, and Masoro (10) 

was used for the treatment of SR membranes with phos- 
pholipase C with the exception that various concentrations 
of Ca2+ were added as described in the footnotes and leg- 
ends of the relevant tables and figures. The amount and 
the  nature of the phospholipase C  preparations employed 
are also described in the relevant tables and figures. 

Purification of phospholipase C 
A method of purifying phospholipase C based on the 

procedures of Diner (1 1)  and Macchia and  Pastan (12) 
was developed.  All procedures were carried out at 4°C. 1 
g of phospholipase C, purchased from  Sigma Chemical 
Co. and prepared by the method of MacFarlane  and 
Knight (13), was the starting material. It was  suspended 
in 628 ml of 10  mM  Tris base and  5 mM CaClz (pH of 
system, 7.6). To this, solid (NH4)2S04 was  added until 
the solution was 33%  saturated with this salt. The  pH 
was adjusted to 7.6, and after 1.5  hr  the system was cen- 
trifuged at  10,400 g for 5 min. The supernate was re- 
moved,  to it sufficient  solid (NH4)2S04 was added  to 
reach a  50%  saturation with this salt,  and the pH was 
adjusted to 7.6. After 15 hr, the system  was centrifuged at 
10,400 g for 5 min. The precipitate was suspended in 
22.5 ml of 0.01 M Tris buffer (pH 7.6) and dialyzed for 
18  hr against two 4-1 changes of this buffer. The dialysate 
was then treated with calcium phosphate gel for 45 min, 
and the system was centrifuged at 3900 g for 5 min. The 
precipitate was suspended in 30 ml of 25 mM sodium 
phosphate buffer (pH 7.5) and centrifuged at 3900 g for 5 
min, and the pellet was collected and resuspended in the 

(9). 
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Fig. 1. Effect of pCa on  calcium binding. Calcium binding measure- 
ments were carried out as described in the Methods section,  except 34.25 
pmoles of MgC12 was added rather  than 5 cmoles. Open triangles refer 
to calcium binding in the absence of ATP, and closed triangles to bind- 
ing in the presence of 1 mM  ATP. 

phosphate buffer. This step was repeated five times. The 
pellet then was mixed  for 50 min with 20 ml of 1 M 
(NH4)2S04  (pH 7.5) and centrifuged at 3900g for 5 min, 
and the supernate was  collected. The pellet  was’treated  in 
a similar fashion two  more times,.and the three supernates 
were pooled and dialyzed  for 18 hr against two 4-1  vol- 
umes of a solution containing 10  mM Tris-HC1 (pH 7 .6 )  
and 5 mM CaC12. This dialysate was concentrated and 
layered  on a Sephadex G-100 bead  column. The eluate 
was collected in 2-ml fractions, which were analyzed for 
protein and phospholipase C activity. Those containing 
the phospholipase C activity  were  pooled. Phospholipase 
C activity was assayed by the method of Ottolenghi (14). 
The eluate was also assayed  for neuraminidase activity by 
the method of Macchia and Pastan (12) and for proteolyt- 
ic  activity by the method of Cohen and Hirsch (1 5). 

This purification procedure yielded a phospholipase C 
preparation with a specific  activity  5.4-fold greater than 
the commercial preparation used as the starting material. 
The specific  activity of neuraminidase was  reduced  to 
20% of that of the commercial preparation, an activity 
that represents a negligible quantity in terms of the 
amount of enzyme preparation used to hydrolyze the 
membrane phospholipids. The purified preparation con- 
tained no detectable proteinase activity. 

RESULTS 

The aim of the initial experiment was the establishment 
of those conditions under which maximal “ATP-depen- 
dent Ca2+ binding” by fragmented SR  occurs. To this 
end, an investigation of the effect of pCa on Ca2+ binding 
by SR was carried out. In these experiments the desired 
pCa was obtained by choosing appropriate concentrations 
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Fig. 2. Stability of the ATP-induced increment in calcium content of 
SR during suspension in 0.25 M sucrose. “ATPdependent CaZ+ bind- 
ing” at  pCa 5 was carried out as described in the Methods section. SR 
membranes were collected  by centrifugation after exposure to the  ATP- 
containing calcium binding medium. The resulting pellet of SR was 
then suspended in 0.25 M sucrose as described in the Methods section 
and allowed to remain in suspension for the times  noted  on the x axis, 
after which the membranes were  collected  by centrifugation and ana- 
lyzed  for  calcium as described in the Methods section. a and b refer to 
experiments carried out with two  different preparations of SR frag- 
ments. They axis refers to “ATP-dependent Ca2+ binding.” 

of CaClz and EGTA; all other solutes were  added in 
amounts noted  in  .the Methods section, with the exception 
that 19 pmoles of MgC12 was  added. As shown in Fig. 1, 
the maximal “ATP-dependent Caz+ binding’’ (i.e., the 
increment in Ca2+ binding caused by the addition of 
ATP) occurs at pCa 5; therefore, this pCa value  was used 
in all  further experiments. At pCa 5, the addition of ATP 
was  found  to  cause approximately as much Mg2+ to be 
lost  from SR membrane binding sites as it caused Ca2+ to 
be bound  (not  shown in Fig. 1). Experiments were con- 
ducted  for the purpose of determining the amount of 
MgC12 that results in maximal “ATP-dependent Ca2+ 
binding” at pCa 5. Over a range ‘of added MgCl2 of 
from 0 to 34.25 pmoles, the “maximal ATP-dependent 
CaZ+ binding” was  found to occur with the addition of 5 
pmoles of MgC12. Thus, this amount of MgClz was used 
in all subsequent experiments. 

To determine whether our modification of the method 
of assaying Ca2+ binding by SR developed by Carvalho 
and Leo (2) measures binding alone or binding plus intra- 
vesicular sequestration of free Ca2+, the following experi- 
ments were done. The SR vesicles were incubated at pCa 
5 with and without ATP; they  were  isolated by centrifu- 
gation and then suspended in 0.25 M sucrose. As is evi- 
dent  from Fig. 2, the ATP-induced increase in Ca2+ con- 
tent of the SR fragments suspended in this sucrose  medi- 
um  for 5 min  is a-hut the same as in those  suspended in 
this way  for 37, 80, 130, or 2880 min. Since Duggan and 
Martonosi (1 6 )  found that intravesicularly sequestered 
Ca2+ is rapidly released (time course ranging from sec- 
onds to minutes), these data provide strong evidence that 
the Ca2+ remaining with the membranes after suspension 
for 5 min  in 0.25 M sucrose probably represents a bound 
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Fig. 3. Effects of destruction of SR phospholipid with phospholipase C 
on “ATP-independent Ca2+ binding.” The line refers to amount of 
Ca2+ bound at pCa 5 by SR not treated with phospholipase C and ex- 
pressed  on y axis as 100%. Closed triangles refer to amount of Ca2+ 
bound after treatment with commercial phospholipase C, and open tri- 
angles  refer to amount of CaZ+ bound after treatment with purified 
phospholipase C, both  expressed as percentages of that obtained with 
the same SR preparation not treated with phospholipase C. A range of 
0.13-0.39 units (0.027-0.080  mg/mg of SR protein) of commercial 
phospholipase C (C. welchii; type 1, Sigma  Chemical Co.), a range of 
0.067-0.134 units (0.005-0.010  mg/mg of SR protein) of purified  phos- 
pholipase C ,  and a range of 0-1 mM [Ca2+] were  used to obtain the 
broad range of phospholipid destruction noted  on the x axis. 

form rather  than free Ca2+ stored intravesicularly  against 
a concentration gradient. In light of these results, in all 
subsequent experiments  the SR membranes were suspend- 
ed in sucrose for 20 min before assaying for bound Ca2+. 
(The 20-min suspension in 0.25  M sucrose was also uti- 
lized in  the pCa  and  [Mg2+] studies described above.) 

The effect of treating the SR vesicles with phospholi- 
pase C on “ATP-independent Ca2+ binding” is shown in 
Fig. 3. The destruction of phospholipid by the commercial 
or the purified phospholipase C preparation usually, but 
not invariably, causes a small decrease in  “ATP-indepen- 
dent Ca2+ binding”;  there was no relationship between 
the  extent of phospholipid destruction and the  extent of 
reduction of Ca2+ binding. These findings are similar to 
those reported by Cohen and Selinger (3). 

In contrast,  “ATP-dependent Ca2+ binding” by SR is 
consistently decreased by treatment  with  the commercial 
or the purified phospholipase C preparation (Fig. 4). The 
extent to which “ATP-dependent Ca2+ binding” is de- 
creased by loss of SR phospholipid did not change be- 
tween 3 and 40% phospholipid destruction. Statistical 
analysis of the binding data in  this  range of phospholipid 
loss revealed “ATP-dependent CaZ+ binding” to be sig- 
nificantly reduced by both the commercial preparation (P 
< 0.005) and the purified preparation ( P  < 0.001). At 
greater than 40% destruction of SR phospholipid there is 
a further marked fall in “ATP-dependent Ca2+ binding,” 
with an almost total loss with 60% or more destruction of 
phospholipid. 

Because the purified phospholipase C preparation is  not 
a totally pure enzyme preparation (see Methods section), 
the question arose as to whether  the effects noted above 
were actually due to phospholipid destruction or to some 
other action of the enzyme preparation used. Several an- 
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Fig. 4. Effects of destruction of SR phospholipid with phospholipase C 
on “ATP-dependent Ca2+ binding.” The line refers  to amount of Ca2+ 
bound at pCa 5 by SR not treated with phospholipase C and expressed 
on y axis as  100%. Triangles refer to amount of Ca2+ bound after 
treatment with commercial phospholipase C, and circles  refer to amount 
of Ca2+ bound after treatment with purified phospholipase C, both  ex- 
pressed as percentages of that obtained with the same SR preparation 
not treated with phospholipase C. A range of 0.13-0.39 units (0.027- 
0.080 mg/mg of SR protein) of commercial phospholipase C (C. wel- 
chii; type l ,  Sigma  Chemical Co.), a range of 0.067-0.134 units 
(0.005-0.010 mg/mg of SR protein) of purified phospholipase C, and a 
range of  0-1 mM [CaZ+] were  used to obtain the broad range of phos- 
pholipid destruction noted  on the x axis. 

cillary studies, presented below, suggest that phospholipid 
destruction is the factor responsible for this loss of “ATP- 
dependent Ca2+ binding.” 

A  known  contaminant that  the purification procedures 
did not totally remove from the commercial phospholipase 
C preparation is neuraminidase.  Therefore, the effect of 
neuraminidase on Ca2+ binding by SR was studied. From 
the  results in Table 1, it seems evident that levels of neur- 
aminidase much higher than could be present in  the 
phospholipase C preparation do not affect “ATP-depen- 
dent Ca2+ binding” or cause sialic acid to  be released 
from the SR preparation. 

Phospholipase C is a  heat-stable enzyme. As shown in 
Table 2, the amount of “ATP-dependent Ca2+ binding” 
is the  same in SR membranes  in which 30-50% of the 
phospholipid is destroyed by heat-treated commercial 
phospholipase C as in membranes  in which the same 

TABLE 1. Effects of neuraminidase  on  “ATP-dependent 
calcium  binding” 

Time Incubated with  Not Treated with Treated with 
Neuraminidasea  Neuraminidase  Neuraminidase 

min pcq CaZi boundlg SR protein 

30 80 77 
80 76 78 

a Neuraminidase  (Sigma  type V; sp  act, 100 nmoles of sialic  acid 
released/mg of protein/min,  assayed  by  the  method of Macchia 
and  Pastan [I21 ) was  added  at a concentration of 0.067 mg/mg of 
SR protein.  This  represents  about  one  order of magnitude of 
neuraminidase  activity  above  that  present  in  the  commercial 
phospholipase C used in  the  experiments  presented  in Figs. 3 and 
4 and  Table 2, and  more  than  two  orders of magnitude of neur- 
aminidase  activity  above  that  present  in  the  purified  phospholipase 
C used in  the  experiments  presented  in Figs. 3 and 4 and  Table 2. 
The  “ATP-dependent  calcium  binding”  was  measured a t   pCa  5. 
Under  conditions used for phospholipase C treatment,  neuramini- 
dase  did  not  release  sialic  acid  from  the SR. 
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amount of SR phospholipid was destroyed by either the 
commercial phospholipase C or by the purified phospholi- 
pase C, which were not heat-treated. These results are 
consistent with phospholipase C being the material in the 
enzyme preparation responsible for inhibiting “ATP- 
dependent Ca2+ binding.’’ 

It seemed  possible that  the action of phospholipase C on 
Ca2+ binding by SR membranes could  be the result of the 
solubilization of SR protein; i.e., the loss of a particular 
protein could  be the reason for the changes in Ca2+ bind- 
ing induced by this enzymatic treatment. Experiments de- 
signed to test this revealed that  treatment with sufficient 
phospholipase C to markedly inhibit “ATP-dependent 
Ca2+ binding” did not induce solubilization of SR mem- 
brane proteins. The methods used  would  have  detected a 
0.5% solubilization of SR protein by phospholipase C if it 
had occurred. 

Moreover, as stated in  the  Methods section, the purified 
phospholipase C preparation is free  from protease activity. 
Therefore, this enzyme preparation is not  likely  to  have 
caused proteolysis of SR protein. 

To  examine the possibility that the phospholipase C 
preparation affects Ca2+ binding because of the presence 
of some toxic contaminant,  the following experiment was 
done. Phospholipase C was added to the SR vesicles at a 
temperature of O”C, and  the  mixture was immediately di- 
luted 10-fold with ice-cold medium. The system  was 
quickly centrifuged, and the SR vesicles were collected and 
tested  for Ca2+ binding activity. This treatment did  not 
affect Ca2+ binding. Therefore, purified phospholipase C 
does  not contain toxic agents that  alter Ca2+ binding by 
rapidly combining with ‘the SR membranes. This conclu- 
sion is further strengthened by the fact that Clostridium 
welchii antitoxin, which is known to inhibit the activity of 
this phospholipase C, when added to the SR preparation 
along with phospholipase C prevented both the destruction 
of SR phospholipids and the inhibition of “ATP-depen- 
dent Ca2+ binding.” 

The effect that phosphorylcholine, the major water-sol- 
uble product of phospholipase C action on SR mem- 
branes, has on Ca2+ binding was also examined. Phos- 

TABLE 2. Influence of heating phospholipase C on its 
effect on  “ATP-dependent  calcium  binding” 

Enzyme  Preparation Used to Treat SR 
Membranes Gal+ Bounda 

p q / g  SR frokin 

Commercial  phospholipase C 59 f 3 . 3  (n  = 8) 
Heated  commercial  phospholipase Cb 58 f 0.9  (n  = 3)  
Purified phospholipase C 62 f 8.1 (n = 6 )  

For each  enzyme  preparation  the  data  presented are those  in 
which  between 30 and 50y0 of the SR phospholipid is destroyed 
by  the  phospholipase C. The  “ATP-dependent  calcium  binding” 
was  measured at pCa 5. Values are means f SEM. 

*Heated for 8 min at 97OC in 10 m M  phosphate  buffer  (pH 
7.5) prior to use. 
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Fig. 5. Effect of treatment of SR membranes with phosphorylcholine 
on “ATP-dependent CaZ+ binding.” A phosphorylcholine  concentration 
of 480 aM would be the approximate concentration of phosphorylcho- 
line in the system if 100% of the SR membrane  phosphatidylcholine 
were  hydrolyzed by phospholipase C. The line  refers to amount d Caz+ 
bound at pCa 5 by SR to  which  phosphorylcholine  was  not  added  and 
expressed on the y axis as 100%. Triangles refer  to amount of CaZ+ 
bound  when  concentration of phosphorylcholine  indicated  on the x axis 
was added. 

phorylcholine at concentrations that might be  expected 
from the action of phospholipase C on SR membranes did 
not. inhibit “ATP-dependent Ca2+ binding” (Fig. 5) or 
“ATP-independent Ca2+ binding” (data now shown). 

The other product of phospholipase C action is diglyc- 
eride, which probably remains associated with the SR 
membrane. It is difficult to know what effect, if any,  the 
accumulation of this substance had  in  the experiments just 
presented. It is theoretically possible that a lipase present 
in either (a) the phospholipase C preparation or (b) the 
SR membrane converts  some of this diglyceride to FFA, 
which in turn competes with the SR for the available 
Ca2+. However, this is not a likely mechanism of inhibi- 
tion of “ATP-dependent Ca2+ binding” by phospholipase 
C because (a) no relationship was found between the 
amount of a phospholipase C preparation used and the 
extent of inhibition of Ca2+ binding when SR phospholip- 
id destruction ranged between 3 ’  and 40% and ( 6 )  al- 
though phospholipase C has been found to monotonously 
inhibit SR ATPase activity (10, 17), FFA stimulates this 
activity at low concentrations and inhibits it at high con- 
centrations (17). 

DISCUSSION 

Although much work has been done on the relationship 
between SR phospholipid and “ATP-dependent, oxalate 
promoted Ca2+ transport” by isolated SR vesicles (10, 
17), little has been done on the role of these phospholipids 
on Ca2+ binding by SR. Cohen and Selinger (3) did re- 
port that phospholipase C treatment did not influence 
“ATP-independent CaZ+ binding,” which is in contrast to 
our claim of a small but statistically significant loss of this 
SR activity. However, a review of their paper reveals their 
data and ours to be in agreement even if our conclusions 
differ somewhat. 
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The effect of SR phospholipid destruction on “ATP- 
dependent Ca2+ binding” has not  been  studied by other 
workers. Carvalho (18) did  some related work  on the ef- 
fect of phospholipases on the release of Ca2+ from  SR 
membranes that had been  bound to them by “ATP-de- 
pendent Ca2+ binding.” He reported that this bound 
Ca2+ could be released by treating these membranes with 
either phospholipase A or C; unfortunately, in these stud- 
ies the extent to which the SR membrane phospholipid 
had been destroyed by the enzymatic treatment was not 
measured. 

In the present study the effect of SR phospholipid’ de- 
struction on “ATP-dependent Ca2+ binding” was directly 
measured, and the results indicate that phospholipids play 
a role in “ATP-dependent Ca2+ binding” by SR  mem- 
branes. Indeed, they  suggest that this binding  activity is 
exquisitely  sensitive to the loss of membrane phospholipid, 
with the amount of Ca2+ bound  being  significantly  re- 
duced  when as little as 3% of the membrane phospholipid 
is destroyed. Moreover, almost complete loss of “ATP- 
dependent Ca2+ binding” occurs  when  more than 60% of 
the membrane phospholipid is destroyed. The mechanism 
by which phospholipid is  involved  in this binding has not 
been defined, but the fact that a 3% destruction of SR 
phospholipid causes as much loss as a 40% destruction 
provides an important base  for  such consideration. 

A simple and possible explanation is that  the SR  phos- 
pholipids most  accessible  to attack by phospholipase C are 
the sites of “ATPdependent Ca2+ binding.” A loss of 
3% of the membrane phospholipid is  sufficient  to  account 
for the observed  loss  in “ATP-dependent Ca2+ binding” 
by SR membranes. Although acidic phospholipids are the 
prime binders of Ca2+, Seimiya and Ohki (19) have  re- 
cently reported conditions under which  phosphatidylcho- 
line binds Ca2+. It should be noted that phospholipase C 
of C. welchii primarily, although not  exclusively, attacks 
phosphatidylcholine in SR membranes (17)  and that phos- 
phatidylcholine makes up about 70% of rat skeletal mus- 
cle SR phospholipid, with phosphatidylethanolamine and 
phosphatidylinositol making up most of the rest (7). In 
this explanation, it must be postulated that a specific  mor- 
phological compartment of phosphatidylcholine or one of 
the other phospholipid subclasses  present  is the site of 
“ATP-dependent Ca2+ binding.” Further experimental 
explorations by methods  such as analyses of hydrolysis 
products will  not  define this site morphologically. Nor 
since phosphatidylcholine is so abundant and so suscepti- 
ble to attack by phospholipase C would  such analyses be 
likely  to  provide  unequivocal information in regard to the 
phospholipid subclass  involved. 

An alternate and equally plausible explanation is that 
these phospholipid molecules  function as modulators of 
Ca2+ binding by SR protein binding sites and confer ATP 
sensitivity to the system. In support of this view is the 
abundance of literature that establishes that SR protein 
contains Ca2+ binding sites (5,20,21).  

It has been suggested that “ATP-dependent Ca2+ bind- 
ing” and “ATP-dependent, oxalate promoted Ca2+ trans- 
port”  are identical processes. However, the data presented 
in the present report and other unpublished data obtained 
in our laboratory strongly indicate that these  processes  dif- 
fer markedly, in certain characteristics at least. Although 
each  is disrupted by phospholipase C destruction of SR 
phospholipid, it requires a loss of more than 60% of the 
SR phospholipid before the Ca2+ transport  and its associ- 
ated ATPase are significantly  affected  (10, 17), while 
“ATP-dependent Ca2+ binding” is  significantly inhibited 
by the destruction of less than  10% of the membrane 
phospholipid. Indeed, no other SR  process thus far studied 
is as sensitive to phospholipase C destruction of membrane 
phospholipid as is the “ATP-dependent Ca2+ binding” 
function. Further evidence that the “ATP-dependent, oxa- 
late promoted Ca2+ transport” differs  from the “ATP- 
dependent Ca2+ binding” comes  from our unpublished 
research on the photoinactivation of SR membrane func- 
tions; kinetic analysis of these photoinactivation data by 
the method of Ray and Koshland (22) reveals “ATP-de- 
pendent, oxalate promoted Ca2+ transport” to be much 
more sensitive  to photoinactivation than “ATP-dependent 
Ca2+ binding,” the latter in this case  being  measured by 
the method of Ohnishi and Ebashi (23). 
This research was partially supported by grant no. AM 17476 
from the National Institutes of Health. 
Manuscript  received 11 January 1974; accepted 7 7 June  1974. 

REFERENCES 

1. Masoro, E. J., and B. P. Yu. 1971. Action of drugs on the 
Ca2+ transport system of sarcotubular membranes. In Top- 
ics in Medicinal Chemistry. Vol.  4. J. L. Rabinowitz and 
K. M. Myerson, editors. Wiley-Interscience, New  York, 

2. Carvalho, A. P., and B. Leo.  1967.  Effects of ATP on the 
interaction of Ca++,  Mg++, and K+ with fragmented  sarco- 
plasmic reticulum isolated  from rat skeletal  muscle. J. Gen. 
Physiol. 50: 1327-1352. 

3. Cohen, A., and Z. Selinger. 1969. Calcium binding proper- 
ties of sarcoplasmic reticulum membranes. Biochim.  Bio- 
phys.  Acta. 183: 27-35. 

4. Chevallier, J., and R. A. Butow. 1971. Calcium binding to 
sarcoplasmic reticulum of rabbit skeletal muscle. Biochemis- 

5. Meissner, G., G. E. Conner, and S. Fleischer. 1973. Isola- 
tion of sarcoplasmic reticulum by zonal centrifugation and 
purification of Ca++ pump and Ca++ binding proteins. Bio- 
chim.  Biophys.  Acta. 298: 246-269. 

6. Katz, A. M., and D. I. Repke. 1973. Calcium transport by 
rabbit skeletal  muscle  microsomes  (fragmented sarcoplasmic 
reticulum). Biochzm.  Biophys.  Acta. 298: 270-278. 

7. Sanslone, W. R., H. A. Bertrand, B. P. Yu, and E. J. Ma- 
soro. 1972. Lipid components of sarcotubular membranes. J. 
Cell.  Physiol. 79: 97-101. 

8. Ebashi, F., and I. Yamanouchi. 1964. Calcium accumula- 
tion and adenosine-triphosphatase of relaxing factor. J .  Bio- 
chem. (Tokyo). 55: 504-509. 

97-144. 

t?. 10: 2733-2737. 

542 Journal of Lipid Research Volume 15, 1974 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


9. Yu, B. P., F. D. DeMartinis, and E. J,  Masoro. 1968. ID 
lation of Ca++-sequestering sarcotubular membranes from 
rat skeletal muscle. Anal. Biochem. 24: 523-530. 

10. Yu, B. P., F. D. DeMartinis, and E. J. Masoro. 1968. 
Relation of lipid structure of sarcotubular vesicles to Ca++ 
transport activity. J.  Lipid  Res. 9: 492-500. 

11. Diner, B. A. 1970. Purification and properties of Clostridi- 
um welchii phospholipase C. Biochim.  Biophys.  Acta. 198: 

12. Macchia, V., and 1. Pastan. 1967. Action of phospholipase 
C on the thyroid: abolition of the response to thyroid-stimu- 
lating hormone. J. Biol. L'hem. 242: 1864-1  869. 

13. MacFarlane, M. G.,  and B. C. J. G .  Knight. 1941. The lec- 
ithinase activity of Clostridium welchii toxins. Biochem. J. 
35: 884-m. 

14. Ottolenghi, A. C. 1969. Phospholipase C. Methods Enzy- 
mol. 14: 188-197. 

15. Cohen, Z. A., and J. G .  Hirsch. 1960. The isolation and 
properties of the specific  cytoplasmic granules of rabbit 
polymorphonuclear leucocytes. /. Exp.  Med. 112: 983- 
1004. 

16. Duggan, P. F., and A. Martonosi. 1970. Sarcoplasmic retic- 

514-522. 

ulum. IX. The permeability of sarcoplasmic reticulum 
membranes. J. Gen. Physiol. 56: 147-167. 

17. Martonosi, A., J. Donley, and R. A. Halpin. 1968. Sarco- 
plasmic reticulum. 111. The role of phospholipids in the 
adenosine triphosphatase activity and Ca++ transport. J. 
Biol. Chem. 243: 61-70. 

18. Carvalho, A. P. 1972. Binding and release of cations by 
sarcoplasmic reticulum before and after removal of lipid. 
Eur. J. Biochem. 27: 291-302. 

19. Seimiya, T., and S. Ohki. 1973. Ionic structure of phospho- 
lipid membranes, and binding of calcium  ions. Biochim. 
Biophys.  Acta. 298: 546-561. 

20. Bertrand, H. A., E. J. Masoro, T. Ohnishi and B. P. Yu. 
1971. Caz+-binding activity of protein isolated  from sar- 
cotubular membranes. Biochemistry. 10: 3679-3685. 

21. MacLennan,  D. H., and P. T. S. Wong. 1971. Isolation of 
a calcium-sequestering protein from sarcoplasmic reticulum. 
Proc. Nut. Acad. Sci. USA. 6 8 :  1231-1235. 

22. Ray, W. J., and D. E. Koshland. 1961. A method  for char- 
acterizing the type and numbers of groups involved in en- 
zymeaction. J.  Biol. Chem. 236: 1973-1979. 

23. Ohnishi,. T., and S. Ebashi. 1963. Spectrophotometrical 
measurement of instantaneous calcium binding of the relax- 
ing factor of muscle. /. Biochem. 54:  506-51  1. 

Steinberg, Masoro,  and Yu Calcium binding by sarcoplasmic reticulum 543 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

