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I. INTRODUCTION 

The sarcoplasmic reticulum of cross-striated muscle is a highly 
differentiated intracellular network of membrane-bound tubules and 
cisternae [1-6] which serves as a link between excitatory stimulus and 
contractile response [7]. The various elements of the sarcoplasmic 
reticulum are in intimate morphological and functional relationship 

* The work on this review was supported in part by Research Grants GB 7136 from the 
National Science Foundation, NS 07749 from the National Institutes of Health, USPHS, 
and a Grant-In-Aid from the American Heart Association, Inc. The review was completed 
in January 1970. 
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with invaginations of the surface membrane [8-10], which conduct the 
excitatory stimulus into the cell interior [11-13], and with the system 
of contractile proteins located in the myofibrils [14]. 

Sarcoplasmic reticulum fulfills its physiological role by the regulation 
of the Ca 2 + concentration of the sarcoplasm upon which the contractile 
function of myofibrillar proteins and the activity of other enzymes 
(phosphorylase, etc.) depends [7]. In this process two distinct membrane-
linked functions of sarcoplasmic reticulum are involved. 

1. The ATP-mediated accumulation of Ca 2 + , which, by lowering the 
free ionized C a 2 + concentration in the sarcoplasm, inhibits the ATPase 
activity of myofibrils and causes muscle relaxation [15-18]. 

2. The release of Ca 2 + from sarcoplasmic reticulum, triggered by 
the action potential, which, by increasing the sarcoplasmic Ca 2 + con
centration, activates the contractile system and initiates muscle con
traction. 

In this review a brief summary of recent data on the C a 2 + transport 
and permeability of sarcoplasmic reticulum membranes is presented in 
an attempt to integrate structural and biochemical information into a 
realistic picture of the operation of the Ca pump. Several aspects 
omitted from the discussion are treated in other recent reviews on the 
subject [7,15-18]. 

II. REGULATION OF THE CONTRACTION-RELAXATION CYCLE 
BY SARCOPLASMIC RETICULUM. A HISTORIC OUTLINE 

The first indication of the existence of a system in skeletal muscle 
that regulates the contraction-relaxation cycle was obtained by Marsh 
[19], who found that crude muscle homogenates contained a "relaxing 
factor" which prevented the contraction of myofibrils in the presence 
of ATP and M g 2 + and inhibited their ATPase activity. The inhibitory 
effect of the sarcoplasmic factor was abolished by the addition of Ca 2 + . 
In subsequent studies the relaxing activity was shown to be associated 
with the microsomal fraction* of the muscle extract sedimenting at 
8000-30,000 g [20,21] which consisted of membrane-bound vesicles 
[22-25] and contained the Mg-activated ATPase earlier described by 
Kielley and Meyerhof [26-28]. On the basis of morphological evidence 
the sarcoplasmic reticulum was suggested as the origin of the micro
somal particles [23,24]. 

Ebashi discovered that sarcoplasmic reticulum fragments bind Ca 2 + 

with high affinity in the presence of ATP and M g 2 + [24,29,30]. The 

* The terms fragmented sarcoplasmic reticulum, muscle microsomes, and sarcoplasmic 
reticulum fragments will be used interchangeably. 
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ATP-mediated C a 2 + binding was attributed by Hasselbach and Makin-
ose [31-35] to a Ca 2 + transport system which derives its energy from 
the hydrolysis of ATP through a transport ATPase, that is similar in 
many respects to the Na + K-activated ATPase of various cells [36-38]. 
Hasselbach proposed that the Ca transfer occurs through a carrier 
mechanism in which an enzyme-bound, high energy phosphate inter
mediate plays a central role [15]. The existence of such an intermediate 
was recently demonstrated [39-44]. 

The Ca-binding ability of fragmented sarcoplasmic reticulum satis
factorily accounts for its relaxing effect [7,16]. The contractile activity 
of myofibrils and the amount of myofibril-bound C a 2 + are similar 
functions of the free C a 2 + concentration whether they are measured in 
the presence of chelating agents or muscle microsomes [45]. 

The application of these observations to the conditions of living 
muscle is in rapid progress, and the data obtained so far are in agree
ment with the general view that during relaxation Ca is sequestered in 
the sarcoplasmic reticulum and contraction is initiated by the release of 
accumulated Ca into the sarcoplasm. 

The estimated concentration of free ionized Ca in the sarcoplasm of 
resting muscle is less than 10" 6 M, as micro injection of Ca or Ca-
EGTA buffer solution into muscle fibers in amounts sufficient to raise 
the C a 2 + concentration of the sarcoplasm to values close to 10~6 Μ 
elicits contraction [46,47]. According to Hellam and Podolsky, skinned 
muscle fibers of frog semitendinosus muscle develop full tension at 
10" 6 M C a 2 + concentration [48]. 

When aequorin [49-52] or murexide [53] were used as intracellular 
Ca indicators, a dramatic increase in sarcoplasmic Ca concentration 
was observed immediately following excitation, which preceded the 
development of contractile response. 

In single fibers of Balanus nubilis (acorn barnacle) the peak of Ca 2 + 

transient initiated by a depolarizing pulse of 200 msec duration coin
cided with the maximum rate of rise of tension [51]. A particularly 
significant aspect of these observations is that the Ca transient returns to 
resting level at peak tension and remains at resting level throughout the 
process of relaxation. One explanation offered by the authors for this 
behavior is that tension may be maintained by the contractile system 
even after the activating calcium has been reaccumulated in the sarco
plasmic reticulum. It is not certain, however, whether the relationship 
between light emission and in vivo calcium concentration is linear over 
the whole range of calcium concentrations encountered in a contraction-
relaxation cycle or whether aequorin records C a 2 + concentrations 
occurring in that region of the cell which defines the contractile state 
of myofibrils. 
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Ca 2 + accumulation was demonstrated by electron microscopy in 
the terminal cisternae and longitudinal tubules of sarcoplasmic retic
ulum [35,54-56]. 

The autoradiographic studies of Winegrad [57-60] on the distribu
tion of Ca in stimulated and resting muscles provide a strong support 
for the postulated role of sarcoplasmic reticulum in the regulation of 
the free Ca concentration of the sarcoplasm. In frog toe muscles during 
the peak of tetanus an estimated 0.2 jumole of Ca/gm tissue was localized 
in the region of thin muscle filaments, consistent with the maximum 
activation of contractile material [60]. The remaining 0.4-0.5 //mole of 
exchangeable Ca/gm tissue appeared confined to the longitudinal 
tubules of sarcoplasmic reticulum, and during tetanus the terminal 
cisternae contained very little Ca 2 + . By contrast in resting muscle most 
of the exchangeable Ca 2 + was in the terminal cisternae and the I-band 
portion of myofibrils contained practically no 4 5 Ca. These findings are 
consistent with the general idea that during contraction Ca released 
from the terminal cisternae activates the contractile material. It appears 
that on relaxation Ca 2 + is first absorbed into the longitudinal tubules of 
sarcoplasmic reticulum, and it moves subsequently to the terminal 
cisternae with a half-time of about 9 seconds at room temperature. 
This movement is independent of the polarization of surface membrane 
and has an approximate Q10 of 1.7, in contrast to the value of 2.5-3.0 
obtained for the Ca uptake of isolated reticulum [61] and for the relaxa
tion of intact muscle [62]. Therefore, the rate of relaxation is probably 
controlled by the rate of Ca uptake into the longitudinal tubules. 

III. TRANSPORT OF Ca2 + BY FRAGMENTED SARCOPLASMIC 

RETICULUM 

A. Molecular Mechanism and Energetics of Ca2 + Transport 

Fragmented sarcoplasmic reticulum membranes accumulate Ca 2 + in 
the presence of M g 2 + and a suitable energy donor that may be ATP 
[24,31,63], other nucleosidetriphosphates [64-66], acetylphosphate 
[67-70], or carbamylphosphate [69,70]. 

The mechanism of C a 2 + accumulation was described by Hasselbach 
[15] as active transport against a Ca 2 + activity gradient which derives 
its energy from the hydrolysis of ATP through a M g 2 + + Ca2 +-activated 
ATPase enzyme that is tightly linked to the microsomal membrane. 

According to Ebashi [7] and Carvalho [71-73] the ATP-dependent 
accumulation of C a 2 + results from the binding of C a 2 + to membrane-
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linked C a 2 + binding sites which were made available by the interaction 
of microsomes with ATP. In this view, the C a 2 + transfer across the 
membrane occurs down the gradient of C a 2 + concentration, and the 
ATP hydrolysis, which accompanies the process, has no specified role 
in the transport mechanism. Although the transmembrane potential 
and the intravesicular ionized C a 2 + concentration prevailing during 
C a 2 + transport are unknown, convincing indirect evidence favors an 
active transport mechanism. 

A plausible synthesis of these two opposing viewpoints is achieved 
by assuming subsequent binding of actively transported C a 2 + to mem
brane-linked cation binding sites [16]. 

One of the most important lines of evidence in favor of an active 
transport mechanism is that the accumulation of C a 2 + by sarcoplasmic 
reticulum membranes is accompanied by ATP hydrolysis [31]. The 
transport ATPase requires M g 2 + for activity, and in the presence of 
5 mM Mg the rate of ATP hydrolysis is markedly activated by low 
concentrations of free C a 2 + in the medium [31-35,63,64]. 

For the hydrolysis of each mole of ATP, approximately 2 C a 2 + atoms 
are transported [32,61,64]. The constancy of the Ca 2 + /ATP ratio over 
a wide range of C a 2 + concentrations [61] arises from a similar depen
dence of the rate of ATP hydrolysis and C a 2 + transport on the free 
C a 2 + concentration [33,61]. Half-maximum activition of both processes 
is reached at about 10" 7 Μ free Ca 2 + . 

In addition to ATP, other nucleoside triphosphates [64-66], acetyl-
phosphate [67-70], and carbamylphosphate [69,70] may also serve as 
energy donors for C a 2 + translocation. Nucleoside triphosphates and 
acetylphosphate are probably hydrolyzed at the same active site, as 
suggested by competitive inhibition of acetylphosphate hydrolysis with 
ADP and by the occurrence of an acetylphosphate-ATP exchange 
reaction [69,70]. The Km of the transport phosphohydrolase for ATP is 
about 10" 6 Μ and for acetylphosphate about 10" 3 Μ [70], suggesting 
that ATP is the physiologically important energy donor for C a 2 + 

transport. 
Mg may be replaced by Mn and Zn with only relatively minor change 

in the rate of ATP hydrolysis and C a 2 + transport [64,74]. The Ca pump 
has slightly smaller affinity for S r 2 + than for C a 2 + [61,75], while Ba2 + 

is not transported. M g 2 + and C a 2 + are bound to distinct sites on the 
enzyme as M g 2 + even in 104 to 105-fold excess over Ca does not inhibit 
C a 2 + transport. In contrast to the absolute requirement for the presence 
of Mg and Ca in the hydrolysis of ATP, the binding of nucleoside-
phosphates does not require M g 2 + [76], and the amounts of ATP and 
ADP bound to microsomes in the presence of 5 mM Mg, or 0.1 Μ 
EDTA are similar (1.5-3 /imoles/gm microsomal protein). 
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Microsomes catalyze a transphosphorylation reaction between ATP 
and ADP [77-79]. The dependence of the rate of transphosphorylation 
on the free Ca 2 + concentration is similar to that of the ATPase activity 
and Ca 2 + transport, suggesting that ATP-ADP exchange involves a 
partial reaction of the ATP hydrolysis. The maximum rate of ATP-
ADP exchange is usually greater than the rate of ATP hydrolysis [78], 
and both processes are inhibited by SH group reagents [78] or by 
treatment of microsomes with phospholipase C [80,81]. Transphos
phorylation reactions were also observed between ATP and various 
nucleoside diphosphates [79] and between acetylphosphate and ADP 
[69,70]. 

The connecting link among ATPase activity, ATP-ADP exchange, 
and Ca 2 + transport may be the recently discovered phosphoprotein 
intermediate [39-44]. The formation of a similar phosphoprotein from 
acetylphosphate-32P was also reported [69-70]. 

The intermediate was demonstrated, after incubation of microsomes 
with 3 2P-ATP or 32P-acetylphosphate, as protein-bound 3 2 P in the 
microsomal membranes. The acid stability and alkali lability of the 
denatured phosphoprotein as well as its sensitivity to hydroxylamine 
suggest that it is an acylphosphate, although no conclusive evidence 
is available. The nature of the phosphoprotein bond in native and 
denatured microsomal membranes may be different, as inhibition of 
ATPase activity by hydroxylamine is readily reversed upon removal of 
the reagent by washing the microsomes [44]. Possible hydrolysis of the 
postulated hydroxamate during washing has not been excluded. The 
acylphosphate character of the postulated intermediate is not supported 
by the observation that the reaction of 14C-methylhydroxylamine 
(1 mM) with microsomes was not dependent upon the presence of 
ATP [44]. As the concentration of hydroxylamine used in these experi
ments is 100-500 times less than that required for inhibition of ATPase 
activity, it is unlikely that significant reaction of those groups that are 
involved in ATP hydrolysis would have occurred. 

In conclusion, although the ATPase activity, C a 2 + transport, and 
phosphoprotein formation are inhibited by 1 Μ hydroxylamine [42], 
the mechanism of this inhibition is unknown and so far only indirect 
evidence is available relating the phosphoprotein intermediate to Ca 2 + 

transport [39]. 
In the presence of 5 mM MgCl2 the steady state concentration of 

phosphoprotein intermediate displays a similar dependence upon the 
concentration of free Ca 2 + , as the rate of ATP hydrolysis or Ca 2 + 

transport, maximum steady state concentration (3-5 /mioles/gm of 
microsomal protein) being reached at about 10 ~ 6 Μ free Ca 2 + concen
tration [39,41,43,44]. The relative insensitivity of the system to low 
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Ca 2 + concentrations in our earlier report [42] is attributable to unfav
orable experimental conditions. Maximum levels of intermediate are 
obtained also with 5 mM CaCl2 in the absence of Mg 2 + , although 
under these conditions the ATP hydrolysis is nearly completely inhib
ited [42,43]. 

Hydrolysis of 32P-labeled, lipid-free microsomal membrane proteins 
with pepsin at pH 2.0, followed by high voltage electrophoretic [42] or 
column chromatographic [43,82] separation of the resulting peptides, 
revealed the presence of a single radioactive peptide band, opening the 
way for the characterization of the amino acid composition and 
sequence of the active center of ATPase. 

Energization of the transport system by the formation of a high 
energy intermediate prominently figures in hypothetical transport 
schemes attempting to relate ATPase activity to Ca 2 + translocation. 
Two types of schemes, both accessible to experimental test, were pro
posed. 

In the scheme originally suggested by Hasselbach [15] formation of 
an intermediate from ATP generates high affinity Ca binding sites on 
the external surface of microsomes. The Ca-bound form of the carrier 
undergoes conformational change, with the translocation of Ca 2 + 

from the external to the internal membrane surface, where the protein-
bound phosphate is hydrolyzed, the affinity of the Ca binding site is 
lowered, and C a 2 + is released together with inorganic phosphate into 
the vesicle interior. The low affinity form of the carrier returns to the 
outside membrane surface and the cycle is repeated. The principal 
steps of this sequence are illustrated in Scheme 1, where E* represents 
a conformationally altered form of the carrier. 

SCHEME 1 

1. Ε + ATP Ε ~ Ρ + ADP Outside 

2. E ~ P + 2 C a Ε ~ 
Ca 

.Ca 
3. Ε* ~ Ρ Ε* + P, + 2 Ca Inside 

^ C a 

4 . Ε* " Ε 

According to the mechanism in Scheme 1, C a 2 + enters into the 
reaction sequence after the phosphorylation of the membrane is com
pleted. This is in apparent conflict with the marked increase in the steady 
state concentration of phosphoprotein produced by 10" 6 to ΙΟ"5 Μ Ca, 
which is accompanied by an activation of ATP hydrolysis [39,41,43,44]. 
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The requirement for C a 2 + in the formation of phosphoprotein 
inferred from these experiments may not be absolute. Accumulation 
of phosphoprotein to levels of 2-3 moles /10 6 gm protein was observed 
on lipid-depleted microsomes in the presence of 5 mM MgCl 2 and 
0.5 mM EGTA. This finding implies that the rate of phosphoprotein 
formation is significant even at C a 2 + concentrations much below the 
level required for activation of A T P hydrolysis [43]. 

In alternative schemes the nonphosphorylated carrier (Scheme 2a) 
or its ATP complex (Scheme 2b) are assumed to have high affinity for 
C a 2 + [40,41,76,83]. The bound C a 2 + activates the phosphate transfer 
from ATP, leading to the formation of phosphoprotein intermediate, 
followed by the transport of C a 2 + from the outside to the inside mem
brane surface. C a 2 + release from the low affinity form of the carrier, 
followed by the hydrolysis of phosphoprotein, completes the cycle. 
The main features of these models are illustrated in Schemes 2a and 2b. 

SCHEME 2 a 

1. Ε + 2 Ca «. EC Outside 

/ C a .Ca 
2 . EZ + A T P ^ = U E ~ P + A D P 

Ca ^ C a 

P a 

3. Ε* ~ Ρ Ε* + Ρ,· + 2 Ca 
C a Inside 

4. Ε* , Ε 

1. E h A T P 

SCHEME 2b 

* Ε - A T P 

,Ca 
2 . Ε — A T P + 2 C a : E ^ - A T P 

Ca 

Ca 
3. E f - A T P : 

Ca 
: Ε ~ Ρ + A D P 

Ca 

Outside 

4 . E * ~ P 
Ca 

Ca 
: E * + P . + 2 Ca 

Inside 

5. E* 
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These schemes accommodate the known C a 2 + requirement for the 
formation of phosphoprotein intermediate, as Ca binding to the enzyme 
is postulated to occur before the formation of phosphoprotein. 

Binding of Ca to solubilized microsomes in the absence of ATP [83] 
may indicate that M g 2 + and ATP potentiate the C a 2 + transport of 
intact microsomes by promoting the translocation of C a 2 + without 
affecting its interaction with the carrier. It is of significance that the 
binding of ATP or ADP to the microsomal membrane apparently does 
not require added divalent metal ions [76]. 

In most hypothetical mechanisms the initial reaction of ATP with 
the membrane occurs on the outside surface of microsomes. This is 
supported by the experiments of Hasselbach and Elfvin [84] who 
demonstrated with the use of Hg-phenylazoferritin that the SH groups 
involved in the hydrolysis of ATP are located on the outside microsomal 
surface. The deposition of lead phosphate on the internal membrane 
surface, when ATP is hydrolyzed in the presence of lead salts, may 
indicate the release of inorganic phosphate into the vesicle interior [85], 
provided it is not the consequence of active lead transport [86]. 

The stoichiometric relationship between ATP hydrolysis and Ca 2 + 

translocation may be explained in terms of either scheme provided 
that (a) no C a 2 + activated ATP hydrolysis occurs independently of 
Ca 2 + transport; (b) all transported C a 2 + is retained by the microsomes; 
(c) the mobile Ca carrier complex has a fixed stoichiometry with respect 
to the phosphoprotein, and (d) each phosphorylation-dephosphoryla-
tion cycle is accompanied by C a 2 + transfer. 

As no convincing evidence is available on any of these points, the 
experimentally observed stoichiometry of 2 atoms of Ca 2 + transported 
per mole of ATP hydrolyzed should be considered a minimum value. 
It is especially doubtful that all transported C a 2 + would be retained 
by the microsomes, since electron dense Ca deposits appear only in a 
fraction of microsomal particles after incubation with Ca in the presence 
of Mg, ATP, and oxalate [15,84,85]. 

B. State of Calcium within the Microsomes 

The maximum amount of C a 2 + accumulated by microsomes in the 
absence of Ca-precipitating agents is about 0.2 μιτιοΐβ of Ca/mg protein. 
If a microsomal water space of 5 μΐ/mg protein [83,87] is assumed, with 
all transported C a 2 + remaining free, the corresponding C a 2 + concen
tration in the vesicle interior is about 4 χ 10" 2 Μ. At a free C a 2 + con
centration of 10" 6 to 10" 8 Μ in the medium, this results in an apparent 
C a 2 + concentration gradient of 4 χ 104 — 4 χ 106 across the mem
brane. As such a gradient is unlikely on energetic grounds, it was 
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assumed that part of the accumulated C a 2 + becomes bound in the 
vesicle interior [61]. Experimental evidence for the existence of non
specific cation binding sites on microsomal membranes was provided 
by Carvalho [71-73]. A likely explanation for the binding of accumu
lated Ca 2 + to the microsome membrane is that ATP-induced active 
transport raises the intravesicular C a 2 + concentration to levels at which 
the nonspecific cation binding sites of microsomal proteins and phos
pholipids become saturated with Ca 2 + . Passive penetration of Ca 2 + 

into microsomes at high medium Ca concentrations (2-10 mM) pro
duces a similar eifect. The C a 2 + capacity of microsomes (0.2 /xmole/mg 
protein) is comparable to the concentration of nonspecific cation 
binding sites (0.35 μΕς/η^ protein) suggesting that a major part of the 
accumulated C a 2 + may be bound to membrane constituents. Proteins 
are presumed to play an important role in this C a 2 + binding [88], 
although the participation of phospholipids is not excluded. 

As the intravesicular C a 2 + concentration increases during Ca 2 + 

transport, both the C a 2 + flux and ATPase activity are progressively 
inhibited [33,61]. The degree of inhibition is greater at low (10 μΜ) 
than at high (1 mM) free ATP concentration [61]. The inhibition of the 
Ca pump by accumulated Ca is a potentially important regulatory 
aspect of the system, which may be related to the previously known 
inhibition of the Mg-activated ATPase of intact microsomes [23,26, 
27,63] and "solubilized" preparations [83] at medium Ca concentra
tions exceeding 10" 4 M. The physiological significance of this eifect 
cannot be evaluated, as the free Mg and ATP concentrations in the 
environment of sarcoplasmic reticulum in the living muscle are un
known, and no accurate information is available on the amount of Ca 2 + 

stored by the sarcoplasmic reticulum during relaxation. This amount 
may range from 0.1 μιηοίε of Ca/gm muscle, the amount of Ca 2 + 

required for maximum activation of the contractile material, to about 
1 μιηοΐε^ιη muscle, representing the total Ca concentration of the tissue. 
Indirect estimates by Winegrad suggest [60] that in frog toe muscle 
during rest nearly all exchangeable Ca (0.6-0.7 μηιοΐε^ηι tissue) is 
confined to the sarcoplasmic reticulum, which may represent nearly 
maximal saturation. 

The Ca 2 + accumulated by microsomes in the absence of Ca 2 + pre
cipitating anions freely exchanges with 4 5 C a 2 + added to the medium 
[61,64] and is released from the microsomes in the presence of salyrgan 
[64] or on the removal of M g 2 + or ATP [61], suggesting that it is in 
equilibrium with free Ca. 

Oxalate [31], pyrophosphate [89], inorganic phosphate [89], and 
fluoride [64] increase the amount of C a 2 + accumulated by sarcoplasmic 
reticulum fragments. The increased C a 2 + uptake results from the pre-
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cipitation of the Ca salts of the different anions in the vesicle interior 
when their concentration exceeds the solubility product due to the 
accumulation of free Ca [32,33]. In the presence of 5 mM oxalate the 
intravesicular free C a 2 + concentration is maintained at a relatively low 
level (0.5 mM), irrespective of the total amount of Ca 2 + accumulated, 
the excess C a 2 + being precipitated as Ca oxalate within the microsomes. 
As the microsomal membrane is freely permeable to oxalate, C a 2 + 

accumulation and ATP hydrolysis continue at a high rate until the 
maximum saturation of 6-8 /imoles of Ca 2 + /mg protein is reached. 
Interestingly, even when C a 2 + accumulation stops at high levels of 
C a 2 + saturation, the ATPase activity remains elevated, provided that 
the free C a 2 + concentration of the medium is kept above 10~7 Μ [61,63]. 

The uptake of C a 2 + in the presence of oxalate is accompanied by the 
uptake of a nearly equimolar amount of oxalate [32,64]. The oxalate 
uptake is dependent upon the presence of Ca 2 + , ATP, and M g 2 + in 
the medium and passively follows the lowering of oxalate concentra
tion in the vesicles due to the precipitation of Ca oxalate. The C a 2 + 

accumulated in the presence of oxalate is not readily exchangeable with 
4 5 C a 2 + added to the medium and is only slowly released on treatment 
of microsomes with salyrgan, an SH group reagent that inhibits the 
Ca pump [64]. 

The potentiation of the C a 2 + uptake of fragmented sarcoplasmic 
reticulum by oxalate provides important evidence in favor of the 
active transport mechanism of Ca accumulation. Based on estimates 
of the activity product of Ca during Ca uptake in the presence of 
oxalate [32] the calculated osmotic work may be as high as 4500-5000 
cal/mole of transported Ca [33]. The ratio of Ca transported/ATP 
hydrolyzed remains constant over a wide range of activity gradients [61]. 

C. Rate of Ca2 + Uptake 

The maximum rate of C a 2 + transport by microsomes isolated from 
white skeletal muscle may be as high as 2-3 /mioles/mg protein/minute 
[15,61], which is within an order of magnitude of the estimated physio
logical requirement [7]. Considering the membrane damage caused by 
homogenization and the rapid decay of isolated particles, this difference 
is not sufficient to question the dominant role of sarcoplasmic reticulum 
in the regulation of sarcoplasmic C a 2 + concentration. The rate of 
Ca 2 + uptake by microsomes originating from tonic red muscle [90,91], 
heart [92-98], or uterus [99] is slower but, in view of the slower rate of 
contraction and relaxation of these muscles, it may still be sufficient to 
account for the physiological demand. 

In view of their powerful Ca 2 + transport system and large quantity, 
mitochondria may contribute to the regulation of sarcoplasmic Ca 
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concentration, especially in red and cardiac muscles where the Ca trans
port function of sarcoplasmic reticulum is less prevalent [100-102]. 
The coordination of mitochondrial Ca transport activity with the con
traction-relaxation cycle is difficult to visualize, as no structural con
tinuity exists between T-system tubules and the membranes of mito
chondria. 

Ebashi proposed [7,30,103,104] that the energized uptake of Ca by 
sarcoplasmic reticulum fragments is not active transport but reflects 
an ATP-induced increase in the affinity of membrane-linked cation 
binding sites present on the outside surface of the microsomes. For the 
binding of 1 mole of ATP the uptake of 70-100 atoms of Ca was demon
strated [24]. Among arguments adduced in favor of this interpretation 
are [7] the exceptionally high initial rates of Ca uptake (60 /mioles of 
Ca/mg protein/minute) measured by rapid mixing technique using 
murexide as Ca indicator [105,106]; these high rates occurred with 
Ca/ATP ratios much greater than 2 [90,107-109]. 

However, the initial rate of Ca uptake measured by Harigaya et al [91] 
and by Ogawa [110], using a rapid mixing apparatus with murexide as 
the Ca indicator, is considerably lower than that reported earlier by 
Ohnishi and Ebashi [106] and close to values obtained by conventional 
methods. 

Recent experiments by Worsfold and Peter [111] provide detailed 
evidence for an essentially Michaelis-Menten type of kinetic behavior 
of the Ca transport system of fragmented sarcoplasmic reticulum from 
rabbit, rat, and human muscles. The relationship between the reciprocal 
of the initial rate of Ca uptake calculated with appropriate correction 
for Ca leakage and the reciprocal of the total Ca concentration of the 
medium was linear down to about 0.3 μΜ total Ca, with a Km of 3-12 μΜ 
for the Ca substrate and a Vm of 0.28-2.8 //moles of Ca/mg protein/ 
minute, in reasonable agreement with earlier observations [33,61]. 

Although in these experiments no attempt was made to relate trans
port velocity to the concentration of free ionized Ca 2 + , it was reason
ably assumed that the free ionized Ca 2 + , represented a constant 
fraction of the total C a 2 + concentration. 

In summary, recent evidence supports the postulate that C a 2 + is 
transported into the interior of sarcoplasmic reticulum vesicles by an 
essentially Michaelis-Menten type of mechanism, where it may remain 
largely as free Ca, or if the intravesicular C a 2 + concentration is suffici
ently elevated it may bind to the low affinity cation binding sites of the 
microsomal membrane. There is no definite evidence supporting primary 
binding of Ca to the microsomal membrane in amounts required to 
trigger muscular contraction. 
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D. Release of Ca2 + from Sarcoplasmic Reticulum 

The nature of the structural change of the membrane connected with 
the increase in ion permeability on stimulation is one of the most 
important and least investigated aspects of sarcoplasmic reticulum 
function today. Measurement of sarcoplasmic C a 2 + concentration with 
aequorin or murexide as C a 2 + indicators showed that the rate of C a 2 + 

release from storage sites in electrically stimulated barnacle [49-51] or 
frog muscles [53] is a rapid process which is nearly complete before 
tension development begins. The calculated rate, assuming the release 
of 0.1-1 jumole of Ca 2 + /gm muscle in 2 mseconds, is about 300-3000 
jumoles of Ca 2 + /mg sarcoplasmic reticulum protein/minute, suggesting 
that during excitation a major increase in the C a 2 + permeability of 
sarcoplasmic reticulum membranes occurs which is similar in magni
tude to the change in the Ca permeability of the surface membrane 
[112]. In contrast, the rate of Ca release from Ca-loaded microsome 
preparations in vitro into a Ca-free medium containing Mg and ATP is 
only 0.02-0.03 jumole of Ca/mg protein/minute [61,64]. The calcium 
outflow is increased on the removal of Mg and ATP from the medium 
[61], or on the addition of salyrgan [33,61,64] and caffeine [110,113, 
114], but even under these conditions rarely exceeds 1 μπιοΐβ of Ca/mg 
protein/minute. These observations indicate that the passive perme
ability of microsomal membrane to Ca is limited. 

In addition to the passive C a 2 + release, a carrier-mediated outflux 
of Ca also occurs [61]. The rate of this process is negligible in Ca-free 
media and increases with the medium Ca concentration until the 
transport system is saturated. It is doubtful that the release of C a 2 + 

from sarcoplasmic reticulum in stimulated muscle is a carrier-mediated 
process, as its calculated rate is 102 to 103 times greater than the maxi
mum rate of Ca uptake in vitro. (See also Section ΙΙΙ,Ε.) 

Adrian et al. suggested [115] that the release of the physiological 
activator of muscle contraction, presumably Ca 2 + , shows some of the 
characteristics of a regenerative process. The activation of Ca release 
from the sarcoplasmic reticulum of skinned muscle fibers by sarcoplas
mic C a 2 + may provide the explanation for the essentially all or none 
character of the activation process [116,117]. 

E. Use of Conformational Probes in the Study of Sarcoplasmic Reticulum 
Membranes 

Change in ion permeability on depolarization may result from the 
perturbation of a few membrane subunits, which spreads in a coopera
tive manner through the excitable structure [118-121]. Fluorescence, 
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birefringence, and light scattering changes during passage of action 
potential through the surface membranes of muscle cell [122] and in 
giant squid axon [123-125] were interpreted as indications of such 
conformational change. The theoretical basis and practical application 
of fluorescence probes to the study of the structure and dynamics of 
biological membranes in general [126] and of mitochondria in particular 
[127,128] are rapidly expanding. 

Various techniques (fluorescence, EPR spectroscopy, X-ray diffrac
tion, and circular dichroism) were employed to detect structural changes 
in sarcoplasmic reticulum which may be linked to some phase of the 
operation of the Ca 2 + transport system. 

1. FLUORESCENCE TECHNIQUES 

The enhancement of the fluorescence of 8-anilinonaphthalene-l-
sulfonic acid (ANS) by muscle microsomes is dependent upon the 
cation concentration of the medium [129]. 

Accumulation of C a 2 + by sarcoplasmic reticulum fragments in the 
presence of ATP, ITP, acetylphosphate, or carbamylphosphate as 
energy donors was accompanied by enhanced ANS fluorescence 
[130,131]. The fluorescence was reduced parallel with the release of 
previously accumulated C a 2 + from sarcoplasmic reticulum fragments, 
on addition of salyrgan or after depletion of ATP. Similar fluorescence 
changes occurred when Ca was replaced with Sr, but not with Mn, Cd, 
or Ba. Addition of 3 mM oxalate to Ca-loaded microsomes decreased 
the intensity of ANS fluorescence. These results are consistent with the 
view that the enhancement of ANS fluorescence during Ca transport 
results from changes in the environment of the dye caused by the 
binding of actively transported Ca to the membrane. In addition to 
changes in the hydrophobic character of the environment, the effect 
of divalent metal ions on the binding of ANS must also be considered, 
as the increased fluorescence of ANS-microsome systems caused by 
divalent cations correlates well with the increased binding of ANS to 
the microsomal membrane [132]. 

The relative contribution of proteins and phospholipids to the en
hancement of fluorescence in native membranes is difficult to assess, as 
the conditions required for the separation of phospholipids from pro
teins may themselves induce changes in the fluorescence by altering 
the state of both membrane consitutents. It appears, however, that the 
contribution of phospholipids to the fluorescence enhancement is 
significant and under certain conditions may be dominant. This is 
suggested by the observation that the fluorescence of ANS in suspen
sions of phospholipid micelles or skeletal muscle microsomes is similar 
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under a variety of conditions (pH, temperature, ion composition, 
antibiotics, and local anesthetics), and treatment of microsomes 
with phospholipase C {Clostridium welchii) or phospholipase A 
(Crotalus terrificus terrificus) decreases the intensity of ANS fluorescence 
[132]. The negative findings of Hasselbach and Heimberg with phospho
lipase A [133] may be attributable to contamination by serum albumin. 

The intensity of ANS fluorescence in the presence of microsomes or 
phospholipids shows a characteristic temperature dependence which 
may be related to the temperature-dependent change in membrane 
conformation, resulting in the marked increase in the permeability of 
microsomal membranes to Ca and inulin in the range 30-40°C [134]. 

While the fluorescence changes that accompany C a 2 + transport may 
become useful for measuring the initial rate of Ca transport and 
release, so far, there is no indication that they are connected with the 
postulated conformational transitions of the transport protein during 
the transport cycle. 

The site of attachment of the fluorescent probe on the membrane 
defines the nature of the response. On this ground it is expected that 
the response of variously substituted anilinonaphthalene sulfonates 
(1-8 ANS, 1-7 ANS, etc.) and 2-/?-toluidinyl-6-naphthalene sulfonate 
(TNS), dansylsulfonamide, /7-nitrophenylanthranylate, ethidium bro
mide, etc., will be different, enabling one to select probes that may be 
less sensitive to changes in the lipid environment than ANS, and that 
may indicate primarily protein behavior. Some of the most promising 
probes in this regard are chromophoric or fluorescent analogs of ATP, 
which are expected to react with the active site of the transport system, 
recording selectively changes related to active transport. Of these 
probes, a 6-SH analog of ATP [135] was successfully used on myosin 
ATPase by Murphy and Morales [136]. Fluorescent triphosphate analogs 
of formycin, 2-aminopurine ribonucleoside, and 2,6-diaminopurine 
ribonucleoside, described recently by Ward et al [137], might prove 
useful as site-specific fluorescent probes on sarcoplasmic reticulum 
membranes. 

In view of the large amount of transport protein in skeletal muscle 
microsomes, the fluorescence of tryptophan residues of the transport 
ATPase may also be a sensitive index of enzyme conformation during 
C a 2 + transport. 

2. EPR SPECTROSCOPY 
The EPR spectra of sarcoplasmic reticulum membranes covalently 

labeled with the paramagnetic probes 2,2,6,6-tetramethyl-4-isothio-
cyanate piperidine-l-oxyl (isothiocyanate nitroxide) or 2,2,6,6-tetra-
methyl-4-amino (N-iodoacetamide) piperidine-l-oxyl (iodoacetamide 
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nitroxide) were studied by Landgraf and Inesi [138,139], The reaction 
of 2 -5 moles of spin label/106 gm protein provided good signal without 
inhibition of Ca transport or ATPase activity. The EPR spectrum of 
sarcoplasmic reticulum membranes labeled with iodoacetamide nitrox
ide was not influenced by MgCl2 (1 -5 mM), CaCl 2, or chelating agents. 
ATP ( 0 . 5 - 1 0 mM) altered the ratio of amplitudes of weakly and tightly 
immobilized components without line width modification. Similar 
effects were observed with ITP and ADP. Inorganic pyrophosphate, 
AMP, and cyclic AMP were without effect. 

It is unlikely that the effect of ATP is related to the C a 2 + transport 
or ATPase activity, because the presence of Mg and Ca is not required 
and the dependence of the EPR spectrum on ATP concentration is 
different from the concentration dependence of ATPase activity and 
Ca 2 + transport. 

The spectrum of sarcoplasmic reticulum labeled with isothiocyanate 
nitroxide was insensitive to ATP, but increasing temperature between 
8 and 40°C produced a reversible increase in the amplitude of weakly 
immobilized component, indicating increased rotational freedom of the 
label. These changes may be related to the increased permeability of 
sarcoplasmic reticulum membranes to Ca and inulin at elevated temper
atures [134,139,140]. 

No satisfactory labeling was obtained with 2,2,5,5-tetramethyl-
3-carboxy-pyrroline and 2,2,6,6-tetramethyl-4-amino (4JV-maleimide) 
piperidine nitroxide. 

Although the observations made so far do not indicate a relationship 
of probe response to either C a 2 + uptake or ATPase activity, the speci
ficity of the response with various probes offers promise that EPR 
spectroscopy may provide useful information on the conformational 
aspects of the C a 2 + transport process. 

3. X-RAY DIFFRACTION 

The low angle X-ray diffraction pattern of condensed and dried 
microsomal pellets is altered by trypsin treatment [141]. The diffraction 
changes follow with some delay the inhibition of Ca transport by trypsin 
[142-144] and may be related to the fragmentation of membranes 
caused by prolonged trypsin digestion [85,143] rather than to the subtle 
initial effects of trypsin which lead to the increased C a 2 + permeability 
of the membrane and to the activation of ATP hydrolysis [142]. 

4. CIRCULAR DICHROISM 

Circular dichroism measurements, so far, have not revealed any 
significant correlation between membrane conformation and Ca trans
port [145]. The interpretation of circular dichroism data obtained on 
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biological membranes presents considerable difficulty due to the gross 
optical inhomogeneity and light scattering effects associated with mem
brane suspensions [146]. For this reason most of the data obtained in 
various systems may be subject to reevaluation. Even after proper 
corrections conformational change may go undetected by this method 
if the structures involved in C a 2 + accumulation represent a small 
fraction of the material, if the change in protein conformation is re
stricted to nonhelical regions or to the lipid phase of the membrane, 
and if the duration of the transport-related conformational change is 
a very small fraction of the observation time. Consequently, circular 
dichroism measurements are not likely to contribute significantly to 
the elucidation of the conformational aspects of the C a 2 + transport in 
sarcoplasmic reticulum membranes. 

Clearly, future progress concerning functionally relevant structural 
changes of sarcoplasmic reticulum will require the development of 
new methods by which reversible changes in the ion permeability of 
isolated membranes can be induced and detected and the development 
of new probes that have greater specificity for the Ca-transport sites. 

F. Permeability of Fragmented Sarcoplasmic Reticulum Membranes 

The Ca release from sarcoplasmic reticulum on stimulation of muscle 
probably reflects the increased Ca permeability of the depolarized 
membrane, although release of an unspecified membrane-bound form 
of Ca is also considered. Indeed, if changes in membrane permeability, 
similar to those occurring on the surface membranes [112,147,148], are 
responsible for the Ca release, permeability studies on sarcoplasmic 
reticulum assume considerable importance. 

Fragmented sarcoplasmic reticulum membranes isolated from 
rabbit skeletal muscle are impermeable to 14C-inulin (M.W. 5000), 
and 14C-dextran (M.W. 15,000-90,000) in the pH range 7.0-9.0, yielding 
an excluded space of about 4-5 /diters/mg microsomal protein [134]. 
In the same pH range, urea, sucrose, CI, acetate, and citrate readily 
penetrated the FSR membrane. EDTA or EGTA increased the perme
ability of microsomes to inulin parallel with the lowering of the micro-
some-bound Ca content from initial levels of 20 nmoles/mg protein to 
1-3 nmoles/mg protein. The permeability changes caused by chelating 
agents result from the combined effect of high pH and the depletion of 
membrane-bound Ca. As inulin began to penetrate the membrane, 
there was an abrupt fall in the rate of Ca uptake and a rise in ATPase 
activity. 

At 40°C inulin penetration occurred at pH 7.0 with 1 mMEDTA and 
at pH 9.0 without EDTA, suggesting that the permeability of micro
somal membranes increases at elevated temperatures. This accords 
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with the increased rate of C a 2 + release from microsomes at tempera
tures over 30°C, where both ANS fluorescence [132] and EPR spectro
scopy [139] indicate the occurrence of structural changes in the micro
somal membrane. 

At alkaline pH in the presence of EDTA, selective solubilization of 
two microsomal membrane proteins accompanied the observed changes 
in inulin permeability. The relationship of the two proteins to the 
permeability changes is being investigated [82,134]. 

Treatment of microsomes with salyrgan or phospholipase C causes 
the rapid release of accumulated C a 2 + and a marked increase in inulin 
permeability [134], indicating that the permeability change caused by 
the removal of membrane lecithin or the blocking of certain sulfhydryl 
groups extends to molecules of fairly large molecular weight. N-Ethyl-
maleimide is much less effective than salyrgan in altering the permea
bility of microsomes. 

Permeability studies with neutral molecules of molecular weight 
500-4000 are necessary to obtain information about the region of pore 
sizes where physiologically relevant changes in membrane permeability 
could be registered. 

G. Role of Phospholipids in the ATPase Activity and Ca2 + Transport 

There is a clearly established requirement for phospholipids in the 
ATPase activity and C a 2 + transport of fragmented sarcoplasmic retic
ulum membranes [42,43,83,149-153]. Brief exposure of skeletal muscle 
microsomes to phospholipase C (C. welchii) inhibits the ATPase activity 
and C a 2 + transport parallel with extensive hydrolysis of membrane 
lecithin into diglycerides and phosphorylcholine [83,149,150]. Both 
hydrolysis products separate from the membrane, suggesting that the 
binding of phospholipids requires the cooperation of the hydrophilic 
and the hydrophobic portions of the molecule [25,149]. Significant 
restoration of the inhibited ATPase activity and C a 2 + transport of 
phospholipase C-treated microsomes occurred on the addition of mi-
cellar dispersions of lysolecithin and synthetic or natural lecithin prepar
ations of diverse fatty acid composition [149-150]. It appears unlikely 
that lecithin would serve as an intermediate during the course of ATP 
hydrolysis, as no 3 2 P incorporation into phospholipids was detected on 
exposure of microsomes to 3 2ATP. The requirement for phospholipids 
in the hydrolysis of ATP appears to be nonspecific, as phospholipids 
and neutral or acidic synthetic detergents are nearly equally effective in 
restoring the ATPase activity to lipid-depleted muscle microsomes [149]. 
On the other hand, the restoration of C a 2 + transport to phospholipase 
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C-treated microsomes specifically depends on phospholipids, and 
detergents are ineffective [149]. As microsomes rapidly release accumu
lated C a 2 + on treatment with phospholipase C, the specific requirement 
for phospholipids in C a 2 + transport may be related to their role as 
permeability barriers, preventing the leakage of accumulated C a 2 + [149]. 

The formation of phosphoprotein intermediate from ATP is relatively 
insensitive to treatment of microsomes with phospholipase C (C. 
welchii), which may suggest that the inhibition of ATP hydrolysis in 
lecithin-depleted microsomes is related to a lecithin requirement in a 
step involving the hydrolysis of phosphoprotein intermediate [42,43, 
151]. 

Essentially similar observations were made recently using two other 
enzymes of different specificity for the hydrolysis of membrane phos
pholipids, i.e. phospholipase C from Bacillus cereus and phospholipase 
A from Crot. ten. ten. [151]. 

The broad specificity of the phospholipase C from B. cereus permitted 
nearly complete degradation of membrane phosphatidylcholine, phos-
phatidylserine, and phosphatidylethanolamine, without considerable 
inhibition of the formation of phosphoprotein from 3 2 ATP, although 
the ATPase activity and C a 2 + transport were abolished. Similarly, no 
major inhibition of the formation of phosphoprotein was observed 
after treatment of microsomes with phospholipase A, in contrast to 
the observations of Fiehn and Hasselbach [153]. 

Phospholipase A treatment of microsomes causes the liberation of 
fatty acids and lysophosphatides, which are powerful inhibitors of 
C a 2 + transport. Removal of these products may be accomplished by 
washing microsomes with serum albumin, although temporary accumu
lation of free fatty acids at the reaction sites, causing irreversible changes, 
may be difficult to exclude. The inhibition of phosphoprotein formation 
by phospholipase A treatment observed by Fiehn and Hasselbach [153] 
may have resulted from inhibitor(s) present in the serum albumin used 
for washing microsomes. 

The elevated concentration of phosphoprotein intermediate in micro
somes treated with phospholipase C (B. cereus or C. welchii) or phos
pholipase A is reduced to normal levels on the addition of lecithin or 
lysolecithin, parallel with activation of ATP hydrolysis [151]. 

Commercial preparations of phospholipase C (C. welchii) obtained 
from Sigma Chemical Company, St. Louis, Missouri, contain contam
inating protease and neuraminidase activities. No such contaminations 
were detected in the B. cereus phospholipase C prepared in our 
laboratory, or in the phospholipase A {Crot. ten. ten.) supplied by 
Boehringer-Mannheim Corp., New York, New York. As the three 
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phospholipase preparations produce similar effects on the ATPase 
activity and C a 2 + transport of fragmented sarcoplasmic reticulum, it is 
reasonably certain that the observed effects are due to phospholipid 
hydrolysis. 

Zakim [154] considered the possibility that the activating effect of 
phospholipids on liver glucose-6-phosphatase, inactivated by phos
pholipase C treatment, may be entirely due to stabilization of the 
enzyme by phospholipids without their involvement in the enzymatic 
activity. This possibility is excluded in the case of sarcoplasmic reticu
lum ATPase since successful reactivation with phospholipids may be 
achieved 7-10 days after inhibition of the enzyme with phospholipase C, 
indicating extraordinary stability in the absence of phospholipids. 
Furthermore, the inhibited ATPase activity of phospholipase C-treated 
microsomes is not reactivated by serum albumin, provided contamina
ting fatty acids are completely removed. 

Extraction of microsomes with 90% acetone : 10% H 2 0 irreversibly 
inhibited the ATPase activity and C a 2 + transport yielding an insoluble 
precipitate with few electron microscopically recognizable membrane 
elements [83], 

Fragmented sarcoplasmic reticulum preparations consist of vesicles 
and tubules of 600-1500 A diameter bounded by a single membrane of 
60-70 A thickness, which shows the characteristic three-layered 
arrangement of a unit membrane [23-25,84,85]. On negative staining 
with K-phosphotungstate the surface of the membrane appears covered 
by particles, of about 40 A diameter located 90 A apart, which occasion
ally appear in rows [85,143]. The hydrolysis of 80-90% of membrane 
lecithin representing more than half of the phospholipid content of 
microsomes causes a marked decrease in the average microsome dia
meter but leaves the unit membrane structure and the arrangement of 
surface particles unaltered [25,143]. 

H. Cholesterol Content of Sarcoplasmic Reticulum Membranes 

The cholesterol content of microsomal membrane is 0.02-0.03 mg 
of cholesterol/mg microsomal protein representing about 5-8 % of the 
total lipids [143,155,156]. The cholesterol-phospholipid molar ratio is 
1 : 6 - 1 : 3. About 10% of the cholesterol is esterified [143,156]. The 
cholesterol-phospholipid ratio of skeletal muscle microsomes is similar 
to that of microsomes isolated from pig heart [157], rat liver [158], 
and guinea pig liver [159]. Evidence is beginning to emerge implicating 
cholesterol in the definition of the permeability of microsomal mem
branes. 
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The inhibition of Ca transport by treatment of microsomes with 
diethyl ether [156,160,161] is accompanied by the loss of cholesterol 
esters from the membrane [156]. 

A class of steroids (represented by etiocholanolone, 5/?-pregnane-
dione, and 12a-hydroxycholanoate) was found to be effective in 
disrupting microsomal membranes as indicated by the inhibition of 
C a 2 + transport and uncoupling of microsomal ATPase [162]. Most of 
the effective compounds caused hemolysis in similar concentrations. 
The effectiveness in inhibiting C a 2 + transport appears to be related to 
the cis conformation of A and Β rings and to the presence of more than 
one hydrophilic center in the molecule. Ergosterol, stigmasterol, ^-sito
sterol, dihydrocholesterol, and cholesterol were ineffective in inhibiting 
C a 2 + transport under similar conditions. Further experiments are 
needed to decide whether the disruptive steroids infiltrate microsomal 
membranes in exchange with or in addition to cholesterol. Some of 
the steroids that inhibited C a 2 + transport are known to have pronounced 
anesthetic, hemolytic, antibacterial, and pyrogenic effects [163] and to 
induce marked changes in mitochondrial [164] and lysosomal [165] 
membranes. 

I. Partial Solubilization of Microsomal Membranes 

Microsomes "solubilized" by treatment with deoxycholate or 
Triton X-100 retain their ATPase activity although the C a 2 + transport 
function is completely lost [83,142,166]. The Mg + Ca-activated 
ATPase activity of " solubilized " microsomes is inhibited by EGTA, 
indicating that the C a 2 + sensitivity of the transport system is not 
dependent upon the integrity of membrane structure [83,142]. The 
marked inhibition of the ATPase activity of solubilized microsomes by 
C a 2 + in concentrations exceeding 1 0 " 4 M [83,142], is reminiscent of 
the inhibition of ATP hydrolysis observed with intact microsomes 
during Ca accumulation [33,61]. 

Ammonium sulfate fractionation of microsomes solubilized with 
cholate-deoxycholate in the presence of sucrose and KC1 [43,82,142] 
represents a simple procedure for the isolation of the transport ATPase 
enzyme of relatively high specific activity. Electrophoretic analysis of 
the floating layer obtained at 50-55% ammonium sulfate saturation, 
which contains most of the ATPase activity, shows the presence of a 
single protein band which was identified as the ATPase enzyme by 
specific labeling with 3 2 ATP [43,82]. Similar observations were reported 
recently by MacLennan under improved conditions using ammonium 
acetate instead of ammonium sulfate as precipitating agent [167]. 
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The preparations obtained by these methods share important simi
larities with native microsomes. Both preparations contain phospho
lipids in amounts comparable to intact membranes, and the inhibition 
of ATPase activity caused by treatment with phospholipase C is 
reversed by phospholipids [142,167]. The ATP-ADP exchange activity 
increases parallel with the ATPase activity on purification, and the 
formation of phosphoprotein intermediate was demonstrated upon 
incubation with 3 2P-ATP [167]. The specific activity of the preparation 
obtained with ammonium acetate is higher [167], but this may be due 
in part to differences in the temperatures at which the ATPase assays 
were performed [142,167]. As the ATPase enzyme probably represents 
at least 50 % of the microsomal membrane proteins (see Section III, J), 
the claimed 6-fold purification [167] is difficult to understand without 
secondary activation of ATPase activity. Once freed from bile acids, 
the preparations are reasonably stable. The extremely rapid inactiva-
tion of ATPase activity reported by Selinger et al [168] was observed 
only at high bile acid concentrations (1-2 mg/mg microsomal protein). 

The "solubilized" microsomal material spontaneously aggregates 
into spherical vesicular structures of 300-500 A diameter after removal 
of the solubilizing agent by dilution or by Sephadex G-50 column 
chromatography. If the deoxycholate concentration during solubiliza
tion did not exceed 0.2 mg/mg microsomal protein, partial restoration of 
C a 2 + transport accompanied the reaggregation process [142]. 

Although deoxycholate and Triton X-100 cause visible clearing of 
microsome suspensions, "solubilization" under these conditions may 
not result in a true molecular dispersion of membrane constituents, as 
70-75% of the microsomal membrane proteins do not enter into 
polyacrylamide gels, and analytical ultracentrifugation reveals the 
presence of relatively high molecular weight material [142]. Therefore 
the reaggregation of solubilized material into vesicles after the removal 
of detergent may represent reassociation of fairly large membrane 
fragments which were not disrupted by the deoxycholate treatment. No 
recovery of C a 2 + transport was observed if the solubilization was car
ried out with deoxycholate concentrations greater than 0.5 mg/mg 
microsomal protein. It is assumed that the irreversible inactivation of 
C a 2 + transport in the experiments of Selinger et al [168] was caused 
by much higher deoxycholate concentrations, which led to the formation 
of the 100-200 A particles observed by these authors. 

Solubilization with sodium dodecylsulfate (SDS) results in complete 
dispersion of microsomes, permitting electrophoretic fractionation of 
several membrane proteins on polyacrylamide gel [43,82,169-172]. 
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Under these conditions the ATPase activity is completely lost and no 
membraneous aggregates are formed following the removal of sodium 
dodecylsulfate by dialysis. 

J. Protein Composition of Sarcoplasmic Reticulum Membranes 

The protein composition of sarcoplasmic reticulum membranes may 
undergo two types of change during isolation. 

1. Components originally not present in sarcoplasmic reticulum may 
be adsorbed to the membrane surface or trapped in the interior of the 
vesicles. It may also be difficult to exclude admixture of other types of 
membranes (surface membrane, T-system, nuclei, and mitochondria). 

2. Membrane constituents loosely linked to sarcoplasmic reticulum 
or present in the interior of tubules may be released and lost during 
homogenization and washing of microsomes. 

In view of the possibility of uncontrolled changes occurring during 
isolation, it may be difficult to define the accurate protein composition 
of sarcoplasmic reticulum from data obtained on isolated membrane 
material. 

Solubilized proteins of skeletal muscle microsomes were resolved by 
polyacrylamide gel electrophoresis into several distinct fractions 
[82,171]. The protein-bound radioactivity formed on incubation of 
microsomes with 3 2P-ATP or 32P-acetylphosphate was associated with 
a major protein band (M) representing more than half of the membrane 
proteins [171]. The Μ band material was tentatively identified as a 
component of the ATPase enzyme participating in Ca transport. Gel 
electrophoretically and ultracentrifugally homogeneous preparations of 
Μ protein were obtained by preparative electrophoresis on polyacryl
amide gel [82,172]. The purified transport protein is free of phospho
lipids and has no ATPase activity. Its molecular weight in the absence 
of reducing agents is about 106,000 in reasonable agreement with 
earlier indirect estimates of the weight of transport protein calculated 
from data on Ca binding to solubilized microsomes [83], radiation 
inactivation studies [173], the number of functionally important SH 
groups [84,174], the binding of ADP and ATP to microsomes [76], and 
the maximum level of phosphoprotein intermediate formed from 
ATP [39-44] and acetylphosphate [69,70]. Exposure of solubilized 
microsomes to β-mercaptoethanol or dithiothreitol causes the dissocia
tion of membrane proteins into subunits which may be readily separ
ated by Sephadex G-150 chromatography [82]. 

It is presumed that the subunits derived from Μ protein represent 
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the main components of the preparation isolated by Masoro and Yu 
using chromatography of solubilized microsomal proteins on a Sepha-
rose column [169]. This preparation is apparently not homogeneous, 
as indicated by the presence of a significant amount of unresolved 
protein material in front of and behind the main band on polyacryl-
amide gel electrophoresis [169]. 

Two fast-moving protein bands (Q and C 2) were selectively released 
from the membrane on treatment of microsomes with 1 mM EDTA at 
pH 8-9 [134,172]. Under these conditions the permeability of micro
some membranes to inulin increased markedly, parallel with activation 
of ATPase activity and inhibition of Ca transport. Restoration of inulin 
impermeability on the addition of C a 2 + to the EDTA-containing 
microsome suspensions was accompanied by reassociation of the re
leased proteins with the microsomal membranes [87,134]. The possible 
role of these proteins in the regulation of the permeability of microsomes 
and in the coupling of ATPase activity to C a 2 + transport is under 
investigation. 

The heterogeneity of the protein composition of sarcoplasmic reticu
lum membranes observed in various laboratories [82,142,167,171,172, 
175] may result in part from aggregation of proteins following solubil
ization. It seems however, reasonably certain that the main protein 
band (M) which contains the ATPase enzyme [82,171] and the Q and 
C 2 proteins [87,134] are unique entities. The characterization of these 
and other protein fractions is in progress in various laboratories. 

K. Developmental Changes in the Ca2 + Pump 

During development, marked changes were observed in the ATPase 
and Ca transport activities of microsome fractions isolated from rabbit 
and chicken muscles [176-179]. The Mg-activated ATPase activity of 
microsomes obtained from rabbit longissimus dorsi reached maximal 
values in animals 8-10 days old, followed by a slow decline of specific 
activity during later stages of development. The rate of Ca transport 
and Mg + Ca-activated ATP hydrolysis increased during 6-30 days of 
postnatal development with improving efficiency of Ca transport. The 
inverse relationship between the Mg-activated ATPase activity and the 
efficiency of the C a 2 + transport system suggested the existence of an 
as yet unidentified component which imparts Ca sensitivity on the Mg-
activated ATPase and couples ATP hydrolysis to Ca transport [179]. 

Coupling of ATP hydrolysis to Ca transport implies not only efficient 
utilization of ATP energy for Ca transfer but also the retention of 
accumulated Ca. On this ground the "coupling" may be achieved 
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through the synthesis of a specific component of the enzyme system 
which links ATP hydrolysis to Ca transfer, or it could be an expression 
of the development of the normal barrier function of microsomal mem
branes. Nothing is known about the developmental changes in the pro
tein, phospholipid, and sterol composition of sarcoplasmic reticulum. 

L. Structure of Sarcoplasmic Reticulum Membranes 

Biological membranes are usually described in terms of two structural 
concepts, which are frequently considered mutually exclusive [180-185]. 
They are the bilayer model of Danielli [186-188] and the more recently 
introduced subunit models [189-192]. 

The central feature of the Danielli model is a bimolecular layer of 
phospholipids interspersed with cholesterol. The polar ends of the 
phospholipids point toward the surface, the apolar ends toward the 
interior of the membrane, and the proteins form asymmetric layers on 
the interior and exterior surfaces in association with the polar groups 
of phospholipids. 

The subunit models feature lipoprotein globules as the structural 
and functional units in which lipids and proteins interact primarily by 
hydrophobic forces. 

The structure of sarcoplasmic reticulum membrane combines aspects 
of both models and may be best described as a mosaic, in which func
tional areas of the membrane containing the transport ATPase are 
interspersed with lipid phases arranged in bimolecular layers. A strong 
support in favor of this interpretation is provided by the freeze-etch 
electron microscopic study of Deamer and Baskin [193]. Their study 
shows globular structures penetrating across the thickness of sarco
plasmic reticulum membranes, which were tentatively identified as the 
Ca transport complex. The localization of the Ca transport system in 
the lipid phase of the membrane is consistent with the absolute depend
ence of ATPase activity on membrane phospholipids [149-151] and 
with the inaccessibility of the transport ATPase to proteolytic enzymes 
[142-144]. The frequency of the globular structures is in rough agree
ment with the calculated density of C a 2 + transport sites [83,84], and 
the combined area occupied by them represents a large fraction of the 
total surface area of microsomes. 

It was suggested earlier [83] on the basis of electron microscopic 
analysis of rat skeletal muscle microsome dimensions [25] that the 
phospholipid content of microsomal membrane assuming 80 A 2 

average molecular area is not sufficient to form a continuous bimolecu
lar lipid layer over the whole surface of microsomes. The combination 
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of subunit and bilayer elements into a mosaic structure in which con
tinuous lipid bilayers are restricted only to areas of the membrane not 
occupied by the transport system provides a satisfactory resolution of 
this problem. 
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