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A B S T R A C T 

Mild acid treatment or incubation in the presence of Ethylene 

glycol bis (p -aminoethyl ether) - N,N' - tetraacetic acid 

inactivates calcium transport by sarcoplasmic reticulum mem

branes but does not inhibit calcium stimulated ATPase activity. 

This inactivation is apparently irreversible. The purpose of 

the present study was to determine whether lipid-protein inter

actions, imposed by the transmernbrane nature of the (Ca 2 +,Mg 2 +) -

ATPase contributed towards the irreversible nature of the in

activation. This was determined by studying the possibility of 

reactivating calcium transport in acid-inactivated sarcoplasmic 

reticulum vesicles by means of membrane reconstitution studies. 

Calcium transport activity was reconstituted in control and 

acid-inactivated sarcoplasmic reticulum vesicles by deoxycholate 

solubilisatio11 and subsequent slow dialysis at room temperature. 

Reconstituted control sarcoplasmi~ reticulum had an average 

specific activity of O, 38 , .. ur.ol calcium transported /minute /mg of 

protein. Acid-inactivated sarcoplasmic reticulum vesicles, in 

which calcium transport had been inactivated to 0.2 ~mcl Calcium 

transported/minute/mg of protein (10% of the original transport 

activity) were studied by reconstitution methods. Followii.1g re

constitution the isolated, reformed vesicles regained up to 1,5-

fold transport activity when compared with the original aci<l

inactivated vesicles, indicating that acid-inactivation was par

tially reversible. 

Protein composition of reconstituted control and reconstituted 

acid-inactivated sarco~lasmic reticulum vesicles was studied by 

SDS-gel electrophoresis. Both preparations showed that the M55 

protein was incorporated into reconstituted vesicles whereas 

there was a preferential loss of the M45 calcium binding pro

tein (calsequestrin). The removal of deoxycholate into the dia·

lysate was studied by means of (Carboxyl-C14
) -deoxycholate. 

The kinetics of removal indicate that approximately 0,15 mg 

DOC remained associated per mg of protein even after exhaustive 

dialysis. Calcium efflux from reconstituted vesicles was fol~ 

lowed by release of calcium into Ethylene glycol bis (p- amino

ethyl ether) -N, N' -tetraacetic acid following active uptake 

in/ •.. 
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in the presence of precipitable phosphate anions. Calcium 

efflux was slower fyom reconstituted vesicles than from ori

ginal sarcoplasmic reticulum. The ability of acid-inactivated 

sarcoplasmic reticulum to bind Ca 2 ~ or adenine nucleotides 

tightly was investigated. The capacity to bind calcium tightly 

was decreased from 1. 43 nmol ca2 +/mg_ protein in control to 

0,96nmol ca 2 +/mg protein in acid inactiva~ed sarcoplasmic reti

culum. Similarly, the capacity to bind adenine nucleotides 

t{ghtiy ~ecreased from 0,20 mol nucleotides/mol ATPase in 

control vesicles to 0,07 mol nucleotides /mol ATPase in acid in

activated vesicles. Following reconstitution the capacity £or tight 

binding of calcium and adenine nucleotides increcsed to 

2,4 nmol Ca2 +/mg protein and 0,24 mol nucleotides/mol A~Pase 

respectively indicating that the capacity to bind both calcium 

and adenine nucleotides tightly is closely related to transport 

activity but not to calcium dependent ATPase activity. 

These studies indicate that the protein - lipid interaction 

restrains the acid-inactivated sarcoplasmic reticulmn from 

returning to its native conformat~on. Release of these con

straints by deoxycholate followed by its removal results i~ re

versal of the conformational change to that of the coupled 

native sarcoplasmic reticulum membrane. 
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I N T R O D U C T I O N 

1.1. Brief overview and aim of the study 

In muscle cells, the interactio~s of the contractile proteins 

with each other 

of free ionised 

The cytopJ.asmic 

and with ATP are r egu.latea by the concentration 

c alcium in the cytoplasm {Ebashi et al, , 1969). 
. 2+ 

concentration of free Ca , in turn, is regu-

lated by the sarcoplasmic reticulum (SR}, a network of mem

branes which surrounds the muscle fibrils (Porter, 1961}. 

When the muscle is stimulated, Ca 2 
.. stored inside the sarco

plas~ic reticulum is released into the cytoplasm, increasing 

the iree Ca
2

+ concentration and producing contraction (Inesi, 

1972). At the termination of the stimulus, Ca
2

+ is removed 

from the cytoplasm by an active transport mechanism and stored 

aqain within the SR. Hasselbach (1964i found the depletion of 

cytoplasmic Ca 
2 

+ by the sarcoplasmj.c reticuluM to be Ca 
2 

+, Mg
2 

+ 

• 2 + 2 + 
and ATP dependent and suggested that the (Ca , Mg ) ·- AI'Pase 

(EC 3.16.:3 ATP phosphorylase) is the active transport mechanism 

since ATPase activity and Ca
2

+ transport intc the SR were re

lated under various experimental conditions. 

Active transport cf calcium across the memcranes of sarcoplas

mic reticulum has received much attention fo r the past several 

years since this membrane system provides a simple and effec

tive way of gaining an insight into the molecular basis of 

energy transduction ( see Tada e i; al ., 1978 for a review) . 
I - - --

Sarcoplasmic reticulum has been characterised with respect 

to its protein and lipid content (Section 1.2. ) as well as 

its ability to store Ca
2

+ (Section 1.3 .). The major protein 

of the sarcoplasrnic reticulum, the (Ca
2
+, Mg

2
+) ATPase, con

stitutes 70 - 80 % of tota l membrane protein and has been un

equivocally established as the calcium pump through reconsti

tution experiments pioneered by Racker (197 2) who first repor

ted the formation of particulate liposomes from purified Ca -

ATPase (Se~tion 1.5.). 

ATP hydrolysis in intact sarcoplasmic reticulum is coupled to 

calcium transport in a molar ratio of 1:2. Tight coupling 

of/ .. 



3 

of ATP hydrolysis and calcium transpor t depends on the in

tegrity of the membrane and an apparent uncoupling can be 

induced by a number of agents which do not inhibit the 

ATPase activity but wh~ch cause increased passive permea

bility of SR vesicles to Ca
2

+ (Section 1.6.) . These agents 

include diethyl ether (Inesi et al., 1967) phospholipase A 

(Feihn and Hasselbach, 1970) and EDTA at alkaline pH (Duggan 

and Martonosi, 1970). Evidence f0r proton-induced uncoupling 

of ATPase activity and calcium transport was presented by 

Berman et al. (1977), following brief exposure of sarcoplasmic 

reticulum membranes to mild acid conditions. The characteris

tics of the inactivation including stabilization via the high · 

affinity calcium binding sites and large entropic and enthal

pic contributions suggested a partial unfolding of the ATPase. 

The reasons for this irreve~sibility are not obvious since 

there is no evidence for covalent modification of the ATPase. 

The aim of this study is to determine whether the restraints 

imposed by protein-lipid interactions contribute to an i r rever

sible conformational change in the protein by means of recon

stitutions experiments . Solubilization of the ATPase in <le

tergent solutions, by abolishing protein-lipid interactions 

may allow the ATPase to resume its native conformation. This 

form of the ATPase should, when reconstituted with native sar

coplasmic reticulum lipids, be able to translocate Ca
2

+ ions, 

coupled to ATP hydrolysis. 

The rest of the introduction reviews the literature and dis

cusses the functional roles of the various components of the 
2+ 

sarcoplasmic reticulum, the mechanism of Ca accumulation 

and release by the sarcoplasmic reticulum, as well as a review 

o f the methods of reconstitution, protein-lipid interactions 

and the effects of detergents on biological membranes. In 

Chapter 2, the different experimental procedures used in the 

c ourse of this study are described. Chapter 3 presents the 

results obtained from the reconstitution experiments employed 

and these are discussed with reference to previous work in 

the field in Chapter 4. 

1.2./ ... 
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1.2. Structure and orientation oi sarcoplasmic reticulum 

The s arcotnbular system of skeletal muscle closely surrounds 

the myof ibrils and consists of two main parts, riamely the 

transverse tubules (T-tubules) and sarcoplasmic reticulum 

(SR). The sarcoplasmic reticulum consists of a membranous 

network of continuous vesicles, tubules and cisternae which 

surr ound the myofibrils as well as forming enclosed compar~

ments within muscle cells (Bennet and Porter, 1953; Porter 

and Pallade, 1957; Franzini - Armstrong et al., 1975.). The 

T-system is essentially invaginations of the sarcolemma having 

smaller dimensions than and never being continuous with the 

content of the sarcoplasmic reticulum (Franzini - Armstrong 

and Porter, 1964; Peachey, 1965). On both sides of each T

tubule, at the level of the A - I junction, two terminal r•is

ternae are situated in close association with the T-~ubules 

forming a triad. There is no direct communication between the 

different parts of the triad. The T-tubule and terminal cis-
o 

ternae arc separated by a gap of 120 - 140A (Franzini - Arm-

strong, 1970). 

Podolsky and Constantin (1964) provided evidence that the re

lease of in~racellular Ca
2

+ and the release of Ca
2

+ at the level 

of the triad (i . e. the A - I junction) is essentiaJ. for muscle 

contraction. It is generally accepted that the inward spread 

of the action potential along the T-tubule results in the re-
2 + 

lease of Ca from the sarcoplasmic reticulum at the level of 

the triadic junction. Calcium diffuses fra.""TI the sarcoplawic reticulum 

to the contractile proteins of the myofibril resulting in muscle 

contraction (see Fuchs, 1974 for a review on the possible mecha

nisms involved in excitation - contraction coupling). 

1 . 2 . 1. Protein composition of SR membrane 

Ostwald and Mac Lennan (1974) have isolated seven proteins from 

the sarcoplasmic reticulum. This raises doubts as to the purity 

of their SR preparation since studies on highly purified pre

parations show that only three protein components are present 

in/ •.. 
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ti yof i bri Is 

Termina, 
cisterna 

Transverse 
tubuie 

Schematic representation of the sarco

tubular system of mammalian skeletal 

muscle (Redrawn from Peachey, 1965). 

The transverse or T-tubules are invaginations of the 
sarcolemma and are in close association with the ter
minal cisternae of the sarcoplasmic reticulum forming 
triadjc junctions at the union of the A and I bands. 
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in any significant amounts (Meissner et al., 1973; Meissner, 

1974; Inesi and Scales, 1974; Eletr and Inesi, 1972). These 

three proteins are the ATPase p r otein (Mac Lennan, 1970; Ine si, 

1972) calcium - binding protein and calsequestrin (Hae Le nnan 

and Wong, 1971; Os twald and Mac Lennan, 1974). The prcteins 

of the sarcoplasmic reticulum can be classified as either ex

trinsic and intrinsic membrane proteins. The calcium binding 

proteins and calsequestrin constitute the extrinsic group which 

are loosely associated membrane proteins and easily removed by 

EGTA or EDTA washes at slightly alkaline pH (Duggan and Mar

tonosi, 1970; Meissne r et al., 1973). The(Ca2 +, Mg
2

+) ATPase 

constitutes the intrinsic group of proteins which together with 

the phospholipid form the primary structure of the membrane. 

These proteins require rather harsh physical conditions for 

solubilization (Meissner et al., 1973). 

1.2.1.1. 
2+ 2+ 

The (Ca , Mg ) ATPase 

The proteins of the sarcoplasmic reticulum were first separated 

successfully on SDS - . polyacrylamide gel electrophoresi s by 

Martonosi (1969) and Martonosi and Halpin (1971). Without cor

relative data from purified proteins it was impossible to state 

unequivocally that all the proteins were of sarcoplasmic re

ticular origin but three proteins of mol. wts 100 000, 60 000 

and 50 000 constituting about 50% of the total protein were 

clearly of major content. The 100 000 mol wt protein was de-
3 2 3 2 ] 

duced to be the ATPase since P from [r - P ATP was incor-

porated exclusively into this component (Martonosi and Halpin, 

1971). 

Mac Lennan (1970) first succeeded in isolating the ATPase en

zyme with a two-fold increase in its activity. The enzyme was 

isolated as a phospholipid - protein complex containing small 

amounts of low molecular weight proteolipid following solubili

zation with sodium deoxycholate and subsequent ammonium acetate 

precipitation. Less perturbing detergents like cholate, lys

olecithin and Triton XlOO have subsequently been used to purify 

the ATPase (Peterson et al., 1978; Ikemoto~ al., 1971; 

Meissner/ ... 
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Meissner and Fleisher 1971; Le Mc:2ire et al., 1976). 

Deamer and Baskin (1969) have used electron microscopy to 

investigate the concave faces of freeze fractured SR vesicles. 
0 

They found . 90 A particles which Tillack et al. (1974) later 

claimed to appear in parallel with ATPase activity in the 

SR of developing muscle. Furthermore, while freeze-fracture 
0 

faces of lipid vesicles are smooth, 90 A particles are noted 

in vesicles reconstituted from lipids and purified SR ATPase 
0 

(Packer et al., 1974). It is thu~ apparent that the 90 A · 

particles correspond to i:he ATPase protein (Scales and Inesi, 

1976). 

A further ultrastructural detail of sarcoplasmic reticulum 

vesicles was noted by electron mlcroscopy on negatively stained 
0 

preparations, which revealed the presence of 35 A projections 

on the outer surfaces of the vesicles (Ikemoto et tl·, 1968; 
0 

Inesi and Asai, 1969). The outer projections,like the 90 A par-

ticles, appear in parallel with ATPase activity in the SR of 

developing muscle (Sarzala et al., 1975) . Hardwicke and GreeE 
0 

(1974) showed the presence of 35 A projections in vesicles re-

constituted with purified SR ATPase. These projections disappear 

after digestion with trypsin under conditions in which extensive 

cleavage of th~ ATPase protein may be demonstrated (Stewart and 

Mac Lennan, 1974; Inesi and Scales, 1974) . . Inesi and Scales 

(1974) showed that the removal of the minor protein components 

of SR vesicles (i.e . calsequestrin and calcium binding protein) 

by dialysis against EDTA did not result in the removal of either 
0 0 

the 90 A or the 35 A particles, suggesting that they are both 

related to the ATPase protein. Deamer and Baskin (1969) observed 
0 

a discrepancy between the number of 90 A particles and the more 
0 

numerous 35 A projections. This was later confirmed by Scales 
0 

and Inesi (1976) who found 3 to 4 times more 35 A projections 
0 

than 90 A particles. They suggested that the discrepancy is 

due to oligomer formation by the i1ydrophobic ends of the mole

cules in the membrane while the hydrophillic, polar regions o~ 

the surface of the membrane, remained distinct (Scales and Inesi, 

1976). While the discrepancy could also be ascribed to variable 

penetration/ ... 
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penetration . into the membrane of the polypeptide chain of 

the ATPase, the suggestion is supfX)rted firstly by evidence 

that the fully active, detergent - solubilised ATPase has 

a minimal molecular weight of approximately 40 000, cor

responding to a trimer or ~etramer (Le Maire et al., 1976) 

and secondly by the cross-linking data of Murphy (1976) who 

observed epecies of mol. wt 4 x 16 on SDS polyarylamide gels 

after cupric-phenanthroline cross-linking. In addition, 

Mu.rphy observed no change in the electrophoretic mobilities 

of the . calcium binding protein and calsequestrin as well as 

an absence of species relating to dimeric, trimeric or 

pentameric forms of the ATPase (Murphy, 1976) . 

1.2.1.2. Calsequestrin or M45-protein 

Calsequestrin was first isolated and characterised by Mac 

Lennan and Wong (1971). The molecular weight of calseguestrin 

is estimated at between 44 000 and 55 000 (Mac Lennan and Wong, 

1971; Meissner et al., 1973; Inesi and Scales, 1974; Margreth 

et al., 1974). Calsequestrin is an acidic protein with a high 

capacity for binding Ca 2 + and it constitutes 5 - 10% of the total 

SR protein (Mac Lennan and Wong , 1971; Meissner et al., 

1973). In the presence of lOOmM KCl calsequestrin has a high 

capacity for binding Ca2 + (850 nmoles ca2 +/mg) and low affinity. 

The dissociation constant is approximately 800 u M (Ostwald and 

Mac Lennan, 1974j. It has been suggested that calsequestrin 

may play a role in binding calcium ions which have been actively 

translocated into the lumen of the vesicle (Mac Lennan and Wong, 

1971; Jilka et al., 1975; Garcia et al., 1975) . In the presence 

of sarcoplasmic Ca 2 + concentrations of less than 1 u M, calse

questrin would not be expected to bind a significant amount 

of Ca 2 +. On the other hand the interior of the sarcoplasmic 

reticulum may contain Ca 2 + concentrations of 10 - 20 rnM 

(Mac Lennan and Wong, 1971.; Sandow, 1970}. If all intra sar

coplasmic reticular calcium was in the ionised form it would 

be more than sufficient to saturate the calcium binding site 

of calsequestrin (Mac Lennan and Holland, _ 1975). 

The location of calsequestrin with respect to the interior 

or I . •• 
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or exterior surface of the membrane is in doubt. Extraction 

data (Mac Lennan and Wong, 1971) indica~e that the protein 

is not on the external surface of the membrane. In intact 

vesicles calsequestr in is not read~ly cleaved by trypsin; 

degradation by trypsin only being observed in later stages 

of the digestive process (Stewart and Mac Lennan, 1974). In 

addition, antibodies raised against calsequestrin , fail to 

aggregate sarcoplasmic reticular membranes arguing against 
. . 

an exteiior location of calsequestrin (Mac Lennan and Holland, 

1975}. 

In opposition to the idea of an internal locatio~ for calse

questrin, Duggan and Martonosi (1970) prov~ded evidence for 

the extraction of calsequestrin with EDTA. While it could be 

argued that this provides evidence for an external location of 

calsequestrin it must be borne in mind that the EDTA extraction 

I;:ade the vesicles permeable to inulin and it is therefore probable 

that the experiment does not bear on localisation . Lactoperoxi

aase labelling of sarcoplasmic reticulum failed to throw any light 

on the location of calsequestrin since universal labelling of 

the proteins occurred \Mac Lennan et al., 1972; Thorley - Lawson 

and Green, 1973). 

In summary the localization of calsequestrin is uncertain but 

the weight of evidence is in favour of internal localization. 

1.2.1.3. Ca 2 + -binding or M55 protein 

A second acidic protein which binds Ca 2 + was first isolated by 

Mac Lennan et al. (1972). This protein has a molecular weight 

of 55 000 dal ton and binds Ca 2 + with · a high affinity but low capa

city (16-22n moles/mg) with a dissociation constant of between 

2,5 and 4,0 ~Min the presence of O,lM KCl (Ostwald and Mac 

Lennan, 1974). The localisation of the high affinity ca 2 + -

bind ing protein seems to be identical to that of calsequestrin. 

Although calsequestrin is more readily extracted with EDTA than 

is the high affinity Ca 2 + binding protein (Duggan and Martonosi, 

1970), both are ultimately extractable with EDTA. 

Lactoperoxidase/ 
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Lactoperoxidase - catalysed iodination, tryptic digestion 

and antibody tagging, suggest a similar localization of cal

sequestrin and high affinity Ca 2 + binding protein (Mac Len

na11 and Holland, 1975). It seems likely that their functions 

are related and it has been speculated by Jilka et al.(1975) 

that the t wo mino~ SR proteins may play a role in regulati.g 

membrane permeability. 

1.2.2. Lipid composition 

Phospholipids comprise about 80% of the total lipid on a molar 

basis. The remainder consists of neutral lipid of which 95% 

is cholesterol. Phospholipids of sarcoplasmic reticulu~ consists 

of phosphatidyJcholine (65 - 73%), phosphatidylethanulamine 

(12 - 19%), phosphatidylinositol (about 9%), phosphatidyJserine 

(about 2%), sphingomyelin (about 4 %) and cardiolipin (O,l - 0,3 %) 

(Martonosi e~ al., 1968; Meissner and Fleischer, 1971; Waku et al., 

1971; Owens et al., 1972). Although phosphatidylcholine alone 

was sufficient for the activation of ATPase activity, and phos-

phatidy~thanolamlne 
I 

was sufficient for the reconstitution of 

calcium transport activity (Knowles et al . , 1976; see section 

1 . 5 and 1.6.) it is not understood how the diversity of the 

phospholipids found in the native membrane account for the Ca 2 + 

transport function.Of the approximately 90 lipid molecules per 

molecule of ATPase in native sarcoplasmic reticulum, about 30 

are found in close associ&tion with the protein (see section 

1 . 5 and 1.6). 

1 . 2.3. Proteolipid 

Mac Lennan et al. (1972) isolated a proteolipid from sarcoplas

mic reticulum by sequential extraction with organic solvents. 

SDS polyacrylamide gel electrophoretic analysis showed the 

proteolipid to constitute a few percent of the total protein 

and/ ... 
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and indicated a molc:cular weight of 6000. Aminoacid anal.ysis, 

however, indicates a molecular weight of 12000. Racker and 

Eytan (1975) found that a heat- sta: le factor, resembling the 

proteolipid increased the coupling ratio for transport in 

particulate liposomes reconsti~uted from purified Ca - ATPase 

and exogenous phospholipids. The functio~ of the proteolipid 

has not been resolved. 

1.2.4. Proteolytic fragmentation of the ATPase 

The hydrophillic region of the ATPase (MW 100 000) is exposed 

to the exterior of the membrane while its hydrophobic r2gion 

interacts directly with boundary phospholipids (Stewart ~1 
al., 1976). Brief exposure of sarcoplasmic reticulum to tryp

sin in the presence of IM sucrose causes the ATPase protein 

to be degraded into two fragments of molecular weigh·c 55 c100 

and 45 OCO respectively (Inesi and Scales, 1974; Stewart and 

Mac Lennan, 1974; Thorley - Lawson and Green, 1973). The 

larger fragment (MW 55000) is phosphorylated by( ~ - 32 P)

ATP, indicating the presence of the phosphorylation site on 

this fragment (Thorley-Lawson and Green, 1973). The 45000 

molecular weight fragment appears more hydrophobic than the 

55 000 molecular weight fragment, having a larger percentage 

of nonpolar amino acids residues (Stewart et al., 1976). 

This is in agteement with earlier work by Stewart and Mac 

. Le~nan, (1974) who used antibodies to study the arrangement 

of the tryptic fragments in the membrane. They found that the 

55000 dalton fragment was more accessible to antibody than the 

45000 dalton fragment, suggesting that the former is ~ore ex

posed to the surface of the membrane while the latter is in

accessible (Stewatt· and Mac Lennan, 1974). 

Extensive tryptic digestion of the 55000 dalton fragment yields 

subfragments of 30 000 and 20 000 daltons (Thorley - Lawson 

and Green, 1973; Stewart et al., 1976; Mac Lennan et al., 1971). 

Labelling/ .... 
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Labelling of the active site with(!- 32 P]-ATP or (3 H)
N-ethyl - maleimide, prior to proteolytic cleavage, results 

in the incorporation of both labels into the 55 000 anJ 

30 000 dalton fragments, indicating that these contain the 

active site. Antigenic cross- reaction studies indicate 

that the 20 000 dalton subfragment is also derived from the 

55. 000 dalton fra gment (Stewart et al., 1976). Black lipid 

membrane conductanc~ assays have shown the 100 000 dalton 

ATPase, the 55 000 dalton fragment and the 20 000 dalton sub

fragment to exhibit ionophoric activity (Shamoo and Mac Len

nan, 1974; Thorley-Lawson and Green, 1973; 1975; Shamoo et 

al., 1977 a,b). The 20 000 dalton subfragment specifically 

requires Ca 2 + ions for expression of its ionophoric proper

ties and has a selectivity sequence of divalent cations con

sistent with the selecti vity of transport in intact sarco

plasmic reticulum (Shamoo et al., 1977 a). In addition, ru

thenium red and mercuric chloride, inhibitors of tra~sport in 

the intact system, inhibit the ionophoric activity of the 55000 

and 20000 dalton fragments while methylme rcury, an inhibitor of 

the ATPase site, does ~ot inhibit ionophoric activity (Shamoo 

and Mac Lennan, 1974). Shamoo et al., (1977 a) have postulat2d 

that the (Ca 2 +, Mg 2 +) - ATPase consists of a hydrophobic 

channel (45 000 fragment) spanning the membrane and that the 

hydrophilic portion (55 000 fragment) on the exterior cyto

plasmic surfaces contains both the 30 000 dalton phosphoryla

tion site and 20 000 dalton ionophoric site. They further 

postulated that the 20 000 dalton subfragment acts as a 'gate' 

partially buried in the hydrophobic interior at the head of 

the 45 000 dalton fragment. 

1.3. Calciu~ accumulation and release by SR 

1. 3 .1. Mechanism of calcium accumulation 

Calcium accumulation by SR vesicles, isolated f rom skeletal 

muscle is coupled s t oichiometrically to ATP hydrolysis by a 

membrane-bound (Mg 2 + , Ca 2 +) - ATPase. Hydrolysis of ATP 

and/ .. 



13 

and ca2 + translocation into vesicles involves the transfer 

of the t-phosphate of ATP to the enzyme to form an acid

stable phosphorylated intermediate (Makinose , 1969} . For

mation cf the phosphorylated enzyme intermediate, desig -

nated EP, requires both Ca 2 +ana Mg2 +. Hydrolysis of EP 

is activated by Mg 2 + but inhibited by high concentratio~s 

of Ca 2 + (Meissner, 1973). 

The membrane of the SR exhibits two types of ATP hydr olysis 

namely ca 2 +-independent and Ca 2 + -dependent hydrolys is. Both 

these ATPase activities require Mg 2 + for full activation. How

ever the Ca 2 + -independent activity also knrn·m as the basal 

ATPase, dces not require ca2 + for activation. The Ca 2 +~dep2n

dent or extra ATPase is absolutely dependent on Ca 2 + concen

trations between 0,01 and l 1.1 M (Hasselbach and Makinose, 1961 

as quoted by Tada et a~., 1978). Basal ATPase activity is 

abolished when the sarcoplasmic reticulum membrane is solubi

lized by detergents (Mc Farland and Inesi, 1970l Ca 2 + -activa

ted ATP hydrolysis also t e rmed 'extra ATP splitting' by Hassel-· 

bach and Makinose (1961), is coupled to the uptake of Ca 2 + by 

SR vesicles. When the extravesicular Ca 2 + concentration is 

reduced to less than O, 01 u M due to calcium uptake by the 

vesicles, ATP hydrolysis reverts to a state which is slightly 

greater than 1 basal' rate. If SR vesicles are made leaky by 

treatment with detergent (Mc Farland and Inesi, 1970) or EGTA 

at alkaline pH (Duggan and Martonosi, 1970), a high rate of 

Ca 2 + dependent ATP hydrolisis is maintained for a considerable 

time. The Ca 2 + -dependent ATPase activity is therefore close

ly related to calcium accumulation by SR vesicles. 

The energy required for the active transport of ca 2 + by SR is 

derived from the hydrolysis of ATP (Martonosi , 1971) acetylphos

phate (De Meis, 1969) or carbamyl phosphate (Puccel and Martonosi, 

1971). The hydrolysis of ATP or acetylphosphate occurs with the 

formation and decomposition of a phosphoprotein intermediate 

EP. The hydrolysis of EP and the subsequent production of phos

phate (Pi) occurs concommitantly with Ca 2 ~ accumulation and 

occurs as long as accumulation is supported by energy yielding 

phosphate compounds. Ca 2 + accumulation, coupled to extra ATP 

splitting, diminishes when the level of calcium is reduced to 

below/ ... 
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below 10 nM. For a number of energy yielding substrates, 

namely p-n i trophenyl phosphate, A·.rP and acetylphosphate, 

ca 2 + transport is coupled to calcium activated e;{tra split

ting with a 2:1 molar ratio. In agreement with the calcium 

transport ratio of 2, the dependence of calcium transport 

and ATP splitting on the concentration of ionised calcium is 

characterised by a Hill coeffici~nt of 2 (Hasselbach, 1978}. 

In 1976, Carvalho et al. proposed a reaction sequence of 

Ca 2 + accumulation based on accumulated evidence. In this 

reaction sequence, the Ca 2 + - dependent ATPase is represented 

in two different conforrr.~tions, E and E*. In the E form, the 

site which translocates Ca 2 + through the membrane faces o~t

wards from the surface of the membrane and has a high affinity 

for Ca 2 + with an apparent Kd ~ 1 - 3 ~M at pH7,0. In the E* 

conforma tion, the Ca 2 + binding site faces the vesicle lumen 

and has a low affinity for Ca 2 + with an apparent I-::d =:: 1 - 3 mM 

at pH 7,0. 

ATP 
Mg2+ 

E 

E* 

6 

Ca 2 + 

~.\_,... 
1 

.Mg2 + 

( 

Pi HOH 

Ca 
caE 

ATP ADP 

V. 
2 

2ca 2 + 

Scheme of Ca 2 + translocation in SR as 
proposed by Carvalho et al., 1976. 

~-

3 

Ca * 
caE -P 



It has been assumed t hat formation of the phosphoprotein 

occurs on the outside 0f t he vesicles (steps 1 - 2) . This 

is followed by the ._translocation of Ca 2 + to the membrane 

interior (step 3), release of Ca 2 + f r om the enzyme (step 4)r 

hydrolysis of the phosphoprotein (step 5) and interconversion 

of the enzyme from the E* to the E conformation with the high 

affinity ca 2 + binding site again facing the outside of the 

membrane (step 6l E* can be phosphorylated by Pi but not by 

ATP. The interconversion of E* to E (Step 6) is the slowest 

reaction of the sequence. ATP activates the interconversion 

of E* to E (Carvalho et al., 1976). The process of ca 2 + trans

port is fully reversible and ATP synthesis is coupled with the 

release of accumulated ca 2 + from the SR (Martonosi et al . , 1974). 

The synthesis of ATP is initiated by the phosphorylation of E* 

by Pi (Step 5). Masuda and de Meis (1973) demonstrated the 

reversibility of step 5 by measuring the disappearance of phos

phoenzyme when the Pi tonce~tration of the medium decreased. 

Boyer et al., (1977) demonstrated the reversibility of step 5 

by raeasuring the rate of the Pi~HOH exchange which represents 

dynamic reversal of step 5. Boyer and col]aborators also 3howed 

that the rate of interchange of phosphate between Pi of the me

dium and E*~ P under steady state conditions is rapid with a 

half-time for 50% substitution of the E*- P phosphate in the 

range of 30 to 50 msec. They further showed that both the phos

phorylation by Pi and the Pi~HOH exchange occur in the absence 

of a transmembrane Ca 2 + concentration gradient {Boyer et al., 1977). 

Phosphorylation of the enzyme by Pi requires that the outer sur

face of the vesicle membrane be exposed to a medium where the 

Ca 2 + concentration is very low. If the ca2 + binding site of 

high affinity is saturated (step 1), E* will be converted slowly 

into E(step 6) and the Pi unreactive form ~:E will accumulate 

(deMeis and Turne, 1977). de Meis and Turne (1977) postulated 

that each of the individual reactions involved in the synthesis 

of ATP is reversible and can flow backwards or forwards without 

the utilization of energy derived from a transmembrane ca 2 + con

centration gradient. The authors also conclude that the rate of 

either ATP synthesis or ATP hydrolysis in the presence of Mg 2 + 

depends/ ..• 
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depends on the asymmetrical binding o f c a lcium on the t wo 

sides of the membrane and on the re lative concentration s cf 

Pi, ADP and ATP in the medium. Whe n calcium binds only t o 

the site of low affinity, step 1 b ~come s irreversible and 

ADP plus Pi drive the react i on in the direction of ATP 

synthesis. Conversely when calcium b i nds only to the site 

of high affinity, step 4 becomes irrevers ible and ATP 

drives the reaction in the direction of ATP hydrolysis. When 

Ca 2 + binds to both the high and the low affinity sites, the 

enzyme simultaneously catalyses the synthesis and hydr olysis 

of ATP which leads to ATP¢ Pi excha nge. During this ATP .- Pi 

exchange reaction the ratio between hydrolysis a nd s y nthesis 

of ATP depends on the relative concentrations of ATP, ADP and 

Pi in the medium (Carvalho~~ al., 1976) . In sealed ves icles 

actively synthesising ATP , the large difference in Ca 2 + concen

trations across the membrane is there solely to meet the dif

ferences in affinities of the external and internal Ca 2 + -bin

ding sites . 

Calcium Cependent hydrolysis of ATP by SR vesicles r equires 

the presence of both c~2 + and Mg 2 + for full ~ctivati on. At 

Ca 2 + concentrations above 0,01 uM in the presence of saturating 

concentrations of Mg 2 + (equimolar to ATP), the rate of ATP hy

drolysis increases with increasing Ca 2 + concentration reaching 

maximal velocity at about 1 uMCa 2 +. Calcium at concentratio~s 

above lOOuM inhibits ATP hydrolysis (Tada et al. , 1978). Magne

sium has at least two important roles in ATP hydrolysis by sar

c oplasmic reticulum. One is to accelerate the decomposition 

of the phosphorylated intermediate formed during calcium trans

port and the other is to form an equimolar comolex with ATP 
' 4 

and serve as the true substrate of the ca 2 + -dependent 

ATPase (Vianna, 1975 ). Vianna (1975) demonstrated that the 

Lineweaver -Burk plot of the ca 2 + -dependent ATPase activity in 

the presence of equimolar concentrations of Mg 2 + and ATP was 

linear only when plotted against the reciprocal of the Mg ATP 

complex . 

The membranes of the sarcoplasmic reticulum catalyse a phosphate 

exchange between ADP and ATP in the presence of ca 2 + and Mg 2 + • 

Hasselbach and Makinose (1961) postulated that a high energy 

phosphoprotein/ ... 
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phosphoprotein was formed as an intermediate of the reactions 

during active transport of ca 2 + on the basis that the rapid 

exchange of phosphate exhibited the same dependence on Ca 2 + 

concentration as did ATP hydrolysis and calcium uptake by the 

same membranes. Phosphoprotein levels at the steady state 

depend on the concentrations of Ca 2 + and ATP and paralle~ 

those of ca 2 + -dependent ATPase activity. The pH profile of 

the _phosphoprotein is similar to that of the Ca 2 + -dependent 

ATPase activity (Tada et al., 197e) suggesting that the phos

phorylated protein is a true intermediate of the Ca 2 + -depen

dent ATPase reaction. When calcium is translocated from the 

outside to the insid~ of the membrane, it has to be released 

from the enzyme into the vesicular lumen. For ca 2 + to be trans

located into the vesiclar lumen a minimum of 3 steps are re

quired. ca 2 + should be bound with high affinity on the external 

surface o.f the vesicle, follrn\1ed by its translocation across the membrane 

and subsequent release · on the inside of the vesicle. To facili

tate this release the en~me should undergo a change in its af

finity for Ca 2 + i.e. from the high affinity binding on the out

side to low affinity binding on the inside. Such a cyclical 

behaviour of the calcium binding site has been ~eported. Using 

the technique of equilibrium di.alysis Ikemoto (1974;1975) has 

shown that the solubilised (ca2 + ,Mg2 +) ATPase binds Ca 2 + with high 

(uM) affinity. Phosphorylation of the enzyme is accompanied 

by a concoml tant decrease in the enzyme's affinity for calcium. 

Following dephosphorylation the ATPase once again binds Ca 2 + 

with high affinity. 

High (mM) concentration of calcium inhibit ATPase activity by 

preventing the dephosphorylation of EP (Martonosi, 1968) . De 

Meis and coworkers have postulated that binding of ca 2 + to the 

low affinity (mM) site prevents this dephosphorylation (de Meis 

and Carvalho, 1974; de Meis and Sorensen, 1975); an alternative 

explanation for the inhibition of ATPase activity by high con

centrations of Ca 2 + is that Ca 2 + inhibits the decomposition of EP 

by competi~g at the site where Mg 2 + accelerates this decom

position (Yamada and Tonomura, 1972). 

1.3.2./ ... 
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1.3.2. · Mechanisms of calcium release from SR. 

1.3.2.1. Activated calcium release 

Makinose et al. (1971) observed that a fast calcium release 

was induced by the addition of sodium or potassium phosphate 

to vesicJes loaded with calcium oxalate , if ATP was the energy 

donor~ Bar logie and collaborators (1971) also observed that 

phosphate was ineffective as a calcium - releasing agent after 

SR vesicles were loaded with calcium if acetyl phosphate was 

the energy donor instead of ATP. Also, the addition of ADP 

to acetyl phosphate loaded vesicles was found the restore the 

phosphate response. The phosphate - induced efflux of Ca 2 + 

from actively loaded vesicles therefore shows an ADP dependence 

suggesting reversal of ATP -dependant calcium uptake. In agree

roent with this concept, ADP - and phosphate-dependent calcium 

rel2ase require Mg 2 + as does the ATP - driven calcium uptake. 

1.3.2.2. Calcium release-coupled to ATP synthesis 

Makinose and Hasselbash (1971) have demonstrated calcium ef

flux-coupled to net synthesis of ATP thus confirming the con

cept of reversal of the pump. ATP synthesis can be demon

strated in SR vesicles passively loaded in solutions containing 

10 - lOOmM CaCl2 (Makinose, 1972) o r actively loaded with 

ITP or acetyl phosphate in the presence of the calcium precipi 

tating anions phosphate or oxalate (Barlogie et al., 1971}. 

The calcium load resulting from passive loading does not ex

ceed 50 - loo nmol/mg. This amount is released in approximately 

1 min, while the internal concentration of free ca2 + steadily 

declines. In contrast, a constant internal free calcium concen

tration is maintained after active calcium loading because in 

the presence of an appropriate and constant oxalate or phosphate 

concentration in the medium the internal calcium coricentration 

is constant as long as calcium precipitates are present inside 

the vesicles. In the presence of precipating anions , a calcium 

load of 800 - 1000 nmol Ca 2 +/ rrg can be achieved (Hasselbach, w. 
1978). Under these conditions the r e lease rate is strongly 

dependent on the concentration of p hosphate or oxalate in the 

medium/ ... 
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medium, with phosph&te giving considerably higher efflux 

rates th~n oxalate (Hasselbach, 1978). Calcium efflux-coup-

le~ synthesis of ATP occurs under conditions where calcium 

inside the vesicles (Cai) is high and calcium outside the 

vesicles (Cao) is low. Calcium release and concomntitant ATP 

synthesis therefore occurs in an assay medium containing 

phosphate (Pi), ADP, Mg 2 + and EGTA. The latter is included 

in order to reduce the level of ionised calcium below 0.1 uM. 

Release can be initiatea by the addition of any of the reagents 

to assay mediurnscontaining the other three obligatory reac

tants. This process, in which osmotic energy derived from the 

downhill flux of Ca 2
·~ is used to drive ATP synthesis (Barlogie, 

et al., 1971), is inhibited by high Cao and by high levels of 

ATP in the surrounding medium (Katz ~ al., 1977). Calcium re

lease and ATP synthesis cease when the external calcium level is 

raised from O,l to lJ..IM; the same concentration ~ange in which 

ATP-dependent transpoit is ~ctivated. This inhibition is pre

sumably caused by occupation of external calcium-binding sites 

which prevents calcium efflux and ATP synthesis (Hasselbach, 

1978). 

Calcium efflux and ATP synthesis are strictly coupled. For 

every two Ca 2 + ions that leave the vesicle, one phosphate group 

is transferred from ADP to ATP (Makinose and Hasselbach, !971). 

Neither azide nor 2,4-dinitrophenol and m-chlorocarbonyl-cyanide 

phenylhydrazone !CCCP) interfere with calcium efflux-coupled 

synthesis. The ionophores, gramicidin and valinomycin, which 

affect proton gradient-driven ATP synthesis or ion translocation 

in mitochondria are ineffective in interfering with efflux

coupled ATP synthesis. Apart from calcium ionophores , the only 

agent which effectively uncouples calcium gradient driven ATP 

synthesis is arsenate (Hasselbach et al., 1972). 

1.3.2.3. Passive efflux from SR vesicles. 

Liposomes as well as sarcoplasmic reticulum vesicles become 

highly permeable for calcium when lipophilic calcium ionophores 

like X537A and A23187 are incorporated into the membranes _(Scarpa 

and Inesi, 1972). Both X537A and A23187 act as divalent cation 

ionophores and their addition to previously-loaded SR vesicles 

leads/ ... 



20 

leads to immediate release of Ca 2 + (Entman et al., 1972), 

while neither ATPase inhibition nor structural damage to the 

vesicles is apparent (Scarpa and Inesi, 1972). 

1.4. The effects of detergents on biological membranes 

Deoxycholate is more effective than non-ionic detergents in 

removing protein bound lipid and has formed the basis for the 

purification of the (Ca 2 +,Mg 2 +} - ATPase (section 1.5). In 

reconstitution expAriments the. only criterion a detergent ~ust 

conform to is that its effect be reversible. The protein need 

not have its native conformation in the presence of the deter

gent but must be able to reacquire its conformation upon its 

removal. (Le Maire et al., 1976). 

Helenius and Simons (1975) have summarised the events that occur 

upon the addition of increasing concentrations of detergents to 

biological membranes. Briefly, when the molar ratio of deter

gent to lipid is low, the detergent is incorporated.into the mem

brane without disrupting it. Further addition of detergen~ may 

disrupt the membrane and lead progressively to soluble membrane 

fragments containing many protein molecules and/or protein-lipid

detergent complexes containing a single protein and/or lipid

free detergent-protein complexes (Helenius and Simons, 1975). 

These successive stages of solubilization may occur with some 

proteins without evident structural changes, for example micro

somal cytochrome b5 appears to retain its active site and other 

major structural features in lipid-free complexes with a number 

of mild detergents (Robinson and Tanford, 1975; Visser et al., 

19 7 5) . 

In contrast, the sarcoplasmic reticular (Ca 2 +, Mg 2 +) ATPase is 

more sensitive to its immediate e~vironment. Solubilization of 

the ATPase by sodium deoxycholate is accompanied by loss of 

enzymatic activity (Martonosi, . 1968) and if solubilization is 

accompanied by delipidation, the inactivation becomes irrever

sible (Hardwicke and Green 1974). Non-ionic detergents, e.g. 
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Triton XlOO, have been used to solubilize and purify the 

(Ca 2 + ,Mg2 +) - ATPasc (Mc Farland and Inesi, 1970; Ikemoto 

et al., 1971) The danger of irreversible inactivation appears 

to be much less with Triton XlOO than with Na-deoxycholat~ 

but since these detergents are used under varying conditions 

it is difficult to compare their effects (Warren et al., 1974 

a,b; Petersen et al., 1978). Removal of detergent from sol

ubilised protein, while lipid is present, results in the for

mation of vesicular pr.eparations which exhibit both ATPase 

and calcium transpo~t activity (Martonosi, 1968; Meissner et 

1973; Warren et al., 1974 a,b). 

, 
~·, 

The individual methods of reconstitution, the effects Qf de

tergent used as well as the characteristics of the reconstitu

ted vesicle will be discussed in more detail below (Section 1.5.). 

1.5. Reconstitution 

Sarcoplasmic reticulum membranes are composed of various kinds 

of lipids and proteins. It is interesting therefcre to define 

which components are essential for calcium transport by the 

intact membrane. Studies of the functions and properties of 

individual proteins and lipids led to the deveiopment of model 

membrane systems consisting of lipid bilayers into which single 

proteins of interest could be incorporated. 

f' The value of reconstituted membranes of ion-trc1nslocat.ing pro

teins lies beyond demonstrating that a given protein is indeed 

an ion-translocator. Proteins are integral components of bio

logical membranes and are intimately associated with the membrane 

lipids. Lipid-protein interactions are critical not only from 

a structural aspect but also from a functional one since the 

activity of the protein is dependent on physic-chemical charac

teristics . of its lipid environment (Warren et al., 1974; Hes

keth et al., 1976). 

Reconstitution/ ... 
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Reconstitution experiments have followed two general ap

proaches; (1) vesicles limited by a single or multiple lipid 

bilayer also referred to as lipos0mes (Racker et al., 1975). 

or (2) Black lipid membranes as described by Shamoo et al., 

1977) to study ionophoric activities of individual peptides 

isolated from the 102K dalton (Ca 2 +, Mg+) -ATPase by tryptic 

digestion. Liposomes are formed _by the simultaneous assembiy 

of protein and lipid. · Their formation requires removal, i11 

the presence of excess phospholipid of the detergent in which 

the protein has been solubilised. The phospholipid can either 

be exogenous in origin i~ which case a purified ATPase is used 

(Knowles and RackeL, 1975) or endogenous in origin (Repke et al., 

1976). Exogenously added lipid has been used in systems where 

the effect of specific lipids on ATPase and calcium transport 

activities has been investigated (Knowles and Racker, 1975). 

Detergents can be removed by slow dialysis (Kagawa and Racker, 

1971), dilution (Racker et al., 1975) or by sephadex G-25 

chromatography (Martonosi, 1968). The individual methods of 

reconstitution will be discussed below. 

1.5.1. Review of the methods of reconstitution 

Martonosi et al., (1968) presented evidence that selective de

gradation by phospholipase C of lecithin bound to SR membranes 

resulted in inhibition of ATPase activity and calcium transport 

function. Martonosi and coworkers were able to reconstitute 

both ATPase and calcium transport activity in lecithin depleted 

sarcoplasmic reticulum membranes by the addition of exogenous 

lipids. They found that the structural requirements for the 

activation of calcium transport and ATPase activity were con

siderably different. ATPase activity of phospholipase C

treated SR vesicles was reconstituted with synthetic lecithin, 

lysolecithin, phosphatidic acid ~nd nonionic detergents, such 

as Triton XlOO, Tween 20 and Brij -35. Reactivation of calcium 

transport in phospholipase C-treated sarcoplasmic reticulum re

quired lecithin, lysolecithin or phosphatidic acid. Detergents 

were/ ... 
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were found to be ineffective in the reactivation of phos

pholipase C-treated sarcoplasmic reticulum. The range of 

phospholipid concentration b1which activation occurs is 

sharply defined. High phospholipid concentratio~s caused 

inhibition of ATPase activity and calcium transport, accom

panied by solubiJisation of SR vesicles, especially in the 

case of high lysolecithin concentrations (Martonosi et al., 

1968). In an accompanying paper .Martonosi (1968) extended 

these findings to liposomes reconstituted from solubilised 

sarcoplasmic reticulum membranes. The membranes were solubi

lized with deoxycholate and spontaneously formed vesicles 

upon removal of the deoxycholate by Sepahdex G25 chromoto

graphy. Martonosi observed essentially the same results in 

the reconstituted vesicles as found in the native vesicles, 

namely that phospholipase C-treatment caused inhibition of 

ATPase activi~y and calcium transport which could be reversed 

by the addition of lecithin and lysolecithin. From these re

sults Martonosi concluded that the deoxycholate-reconstituted 

vesicles exhibited the same structural and physico·-chemical 

properties as their nativ8 counterparts. 

The purification of the major protein component of sarcoplasmic 

reticulum namely the (Ca 2 + , Mg 2 +)-ATPase was first achieved 

by ~ac Lennan (1970) who treated the sarcoplasmic reticulum mem

brane with 0.1 mg Deoxycholate/mg protein in the presence of 

lM KCl. The combined effect of the low deoxycholate concentra

tion and the high salt concentration served to eliminate most 

of the extrinsic and contaminating proteins. The ATPase protein 

remaining in the membrane was subsequently dissolved with higher 

concentrations of deoxycholate (0.5mg DOC/mg protein) and frac

tionated with ammonium acetate. Mac Lennan found that the spe

cific activity of the ATPase increased with protein purification. 

The enzyme, which was soluble by virtue of bound detergent, be

came insoluble when the deoxycholate was removed. Mac Lennan 

showed that both the insoluble and soluble forms of the enzyme 

were stable with respect to ATPase activity under appropriate 

storage conditions. Furthermore, the purified ATPase was found 

to exhibit all the features of the enzyme in the intact membrane. 

The amount of phospholipid bound to the enzyme was comparable 
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in amount to that found in intact membranes. ~he purified en

zyme catalysed an ATP.= ADP exchange and was phosphorylated by 

[t - p 32 ) -ATP . In addition, the rate of the ATP~ ADP ex-

change and the level of phosphorylation were both increased by 

a factor commensurate with the increase in ATPase activity. 

In agreement witP- the results of Martonosi (1968) and Mar

tonosi et al., (1968), Mac Lennan (1970) found that the ATPase 

activity of the purified ATPase was inhibited by phospholipase 

C digestion but that the inhibition could be reversed by ad

dition of phospholipid, thus impl~cating phospholipid in playing 

a major role in the functioning of the purified ATPase. 

Similar attempts at purifying the ATPase protein were made by 

Ikemoto et al. (1971a) who sblubilised SR membranes with Triton 

XlOO. The ATPase was subsequently purified by sephadex chroma

tography. Deoxycholate treatment was also used by M2issner and 

Fleischer (1971) and Warren et al. (1974 a). The method of 

Warren et al. (1974a) was time-and effort- saving and depended 

on the treatment of SR membranes with 10% DOC and subsequent 

purification of the {Ca2 +, Mg 2 +) ATPase by centri fugation 

through a sucrose-gradient. These authors reported a value 

of 0.3% DOC bound to the purified enzyme. 

Studies on sarcoplasmic reticulum up to this stage (i.e. 1971) were 

performed on intact membranes or membranes solubilised with de

tergent and subsequent reconstitution with endogenous lipids. 

Since then the isolated and purified (Ca 2 +, Mg 2 +)-ATPase has 

been incorporated into single bilayer phospholipid vesicles. 

These reconstituted Ca ATPase liposomes carry out both ca 2 + -

and Mg 2 + - dependant ATP hydrolysis as well as ATP-dependent 

transport of Ca 2 + ions thus demonstrating that the Ca ATPase 

is an energy dependent ca 2 + translocator (Korenbrot, 1977). 

In 1972, Racker first reported the formation of Ca-ATPase lipo

somes using a cholate dialysis procedure. The Ca-ATPase was 

previously purified and added to a sonicated suspension of soy

bean phospholipid in cholate. The chelate was subsequently 

removed by slow dialysis and vesicles, capable of calcium 
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transport, ATP hydrolysis and Pi ~ ATP exchange, were formed. 

The efficiency of Ca transport, measured as the mole ratio 

of Ca transported to ATP hydrolysed in these liposornes has 

been found to be generally less than those in native sarco

plasmic reticulum membranes. In 1973 Racker described a 

method for the rapid reconstitution of biologically active 

phospholipid vesicles without the use of detergents. The 

method involved the suspension of dried phospholipids in salt 

solution containing the membrane proteins to be studied. The 

whole mixture was then subjected to sonic oscillation for 

varying lenghts of time. Using this method Racker (1973) was 

able to reconstitu~e Pie:. ATP exchange in mitochondria, cyto

chrome oxidase vesicles exhibiting respiratory control and ca-ATPase 

liposomes exhibiting ATPase activity and calcium transport. 

The method could thus be applied to a number of systems. 

Meissner and Fleischer (1973) introduced a new approach in the 

reconstitution of Ca ATPase liposomes. Sarcoplasmj_c reticulum 

membranes were dissolved with deoxycholate. The solubilized 

protein contained endogenous lipid of the same concentration 

and composition as intact sarcoplasmic reticulum. The soluble 

fraction, i.e. the supernatant resulting from the removal of 

insoluble . protein at 200 000 xg, was reconstituted into par

ticulate liposomes by removal of the deoxycholate by slow dia

lysis at room temperature. The resulting vesicles had a den

sity and structure similar to that of native vesicles and 

showed the same rate of formation of phosphorylated interme

diate. However the ATP hydrolytic activity became uncoupled 

from Ca 2 + transport. The Ca 2 + -dependent ATPase activity was 

four-fold that of native membranes whereas ca 2 + transport in 

the presence of oxalate was only half that of native sarcoplas

mic reticulum. Repke et al. (1976) used a similar procedure 

to that of Meissner and Fleischer (1973). They used lower 

salt and DOC concentrations than those used by Meissner and 

Fleischer and retained more than 85% of the 55K and 18 % of 

the 45K dalton Ca 2 + binding proteins. Up to 90% of the calcium 

storage capacity measured in the absence of calcium precipi

tating anions was retained. In contrast, Meissner and Fleischer 

. (1973) using higher salt and DOC concentrations recovered only 
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25% of the calcium storage capacity in reconstituted 

vesicles. Loss of the ca 2 + storage capacity coincided 

with loss of most of th8 larger (i.e. 55 000 fraction) 

of the calcium binding proteins. 

Recovery of a tightly coupled calcium pump in reconstitu-

ted sarcoplasmic retic_ulum depends on conditions during 

both solubilization and reconstitution. DOC concentrations 

greater ~han 5mM solubilize virtually all of the protein but 

yield less active vesicles. The absolute concentration o[ 

DOC as well as the ratio of DOC to protein influences the 

properties of reconstituted vesicles. Inclusion of KCl during 

DOC treatment increases the amount of protein solubilized but 

like th8 higher detergent concentrations, high KCl concentra

tions reduce calcium t~ansport of reconsituted vesicles (Repke 

~t a 1. , 19 7 6 ) • 

A chelate-dilution technique was developed by Racker et al. 

(1975) for the reconstitution of Ca ATPase liposomes. This 

method involves the sonication of phospholipids either in 

the presence or absence of chelate and mixing of the soni~ated 

suspension with the membrane proteins at a final concentration 

of 0.7% chelate. After an optimal time of incubation (usually 
0 

20 min at 4 c) the sample is diluted 25 fold into an assay 

mixture. The major advantage of the chelate - dilution pro

cedure as described by Racker et al. (1975) is rapidity and 

reproducibility. In this method protein is added to soni

cated phospholipid suspension instead of the protein

phospholipid mixtures being sonicated together . The 

latter method (Racker, 1973) is prone to variability caused 

by difficulties in controlling sonication (Racker, 1975). 

Whereas isolated sarcoplasmic reticulum (Hasselbach and Makin

ose,1961) or vesicles re-formed from their original components 

(Meissner and Fleischer, 1974; Repke et al., 1976) accumulate 

large quantities of calcium in the presence of oxalate or phos

phate, vesicles reconstituted with purified ca 2 +-ATPase and 
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added phospholipid require internally trapped phosphate or 

oxalate (Racker, 1972; Racker and Eytan, 1973). Such vesi

cles reconstituted with exogenous l ipid as described by Knowles 
14 

and Racker (1975) were found to be ~mpermeable to C oxalat e, 

3 H-or 32 P-labelled ATP or 32 Pi and only transported Ca 2
~ when 

reconstituted in the presence of the calcium sequester ing 

agents oxalate or inorganic phosphate. When these vesicles 

were assayed for ATP-independent transport activity, high val-
. 2-1 . 

ues'of Ca uptake, proportional to the concentration of the po-

tassium buffers used (up to 0.4 M KPi), were found. Since an in

crease in the potassium concentration of the assay me dium marked

ly decreased the ATP-independent Ca 2 + uptake, it seemed likely 

(Knowles and Racker, 1975) that Ca 2 + uptake in the absence of 

ATP was a manifestation of a potassium gradie nt created by dif

ferences in intra- and extravesicular ion concentrations. 

Warren et al. (1974 a,b) found that endogenous lipid can be de

creased from the Ca-ATPase in the original 80:l phospholipid: 

protein mole ratio in native SR to a 30:l ratio without loss of 

ATPase activity. Below a 30:l ratio, enzymatic activity de

creases linearly with decrease in the value of this ratio u~til 

activity is irreversibly lost at a ratio 15:1 (phospholipid: 

protein). Warren (1974b) suggested that the functional stabili

ty of the ATPase only at mole ratios higher than 30: l is the 

result of the structural need of the protein to be surrounded in 

the membrane by a bilayer of phospholipid one molecule in thick

ness. Warren and collaborators (1974a,b) developed a method for 

phospholipid exchange which allows complete control of the lipid 

environment of the protein without depletion of the lipid around 

the protein. The method depends on the equilibration of endoge

nous lipid with a pool of excess added lipid in the presence of 

chelate and subsequent recovery of the ATPase/lipid complex by 

centrifugation into a sucrose gradient. Using this method, over 

99% of the endogenous lipid can be substituted by known lipid. 

Warren et al. found that ATP hydrolysis by the ATPase is regu

lated by specific interactions between protein and phospholipid. 

These interactions were found to be specified by the fatty acid 

moiety of the phospholipid and not by the polar head groups. 

Thus dioleoyl lecithin and diole oyl phosphatidylethanolamine 
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have about the same effect on the ATPase. Dioleoyl phospha

tidyl choline (di 18: 1) was more effective in supportj_ng ATPase 

activity than distearoy: phosphatidy]choline (di 18:0) ann 

both were more effective than dimiristoyl lecithin (di 14:0). 

The nature of the fatty acid moiety with respect to chain 

length and degree of saturation thus plays a role in the sup

port of ATPase activity. Korenbrot (1977) states that the 

fatty acid must be unsaturated, be at least 14 carbons long 

and have a double bond more or less in the middle of the chain 

to effec~ively restore ATPase activity. 

The effect of phospholipids 0n Ca 2 + -transport activity is less 

well defined. Warren et al. (1974 a) reported that Ca-ATPase 

liposomes formed from dioleoyl phosphatidylcholine (OOPC) trans

port calcium in the presence of ATP but Racker et ~1.(1975) and 

Knowles and Racker (1975a) did not obtain similar results. 

Using a preparation of Ca ATPase with endogenous lipid, Knowles 

et al. (1975b) found that Ca ATPase liposomes transport Ca 2 + 

only when formed with soybean phosphatidylethanolamine (PE) 

and that acetylation of PE led to inhibition of Ca 2 + transport. 

Transport could then be reactivated by adding stearylamine or 

oleylamine and less effectively by the addition of myrist0y

lamine or laurylamine. Knowles et al. (1975) also found that 

phosphatidylethanolamine was more effective than phosphatidyl-

choline in restoring Ca 2 + transport activity, even though native 

sarcoplasmic reticulum contains about 65% phosphatidy1choline 

and 14% phosphatidy]ethanolamine (Knowles et al., 1975). 

Surprisingly vesicles with Ca 2 + transport activity could be 

reconstituted with PE alone whereas vesicles reconstituted from 

PC alone possessed no ca 2 + transport activity. This is in 

contrast with earlier results (Racker and Eytan, 1973) where 

both PC and PE were required for ca 2 + transport activity when 

vesicles were formed by the sonication procedure. 

Knowles et al. (1976) have used delipidated ca 2 + ATPase and 

purified phospholipids to reconstitute vesicles capable of 

translocating Ca 2 +. In agreement with their earlier results 

(Knowles/ ... 
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(Knowles et al., 1975) they found that phosphatidylethanol-

amine alone was suffic~ent .in restoring Ca 2 + transport acti·· 

vity whereas phosphatidylcholine alone was not. Phosphatidyl

choline however was sut f icient in reactivating adeno sine 

triphosphatase activity in the delipidated Ca 2 + ATPase. In 

order to test the effect of phospholipid headgroup structure 

on the activity of the ATP-dependent calcium pump, Bennet et 

al. (1978) replaced the lipid associated with purified Ca-

ATPase with defined synthetic dioleoyl phospholipids. These 

assays were performed at 37°C, well above the liquid/ crystal

line to crystalline phase transition for these lipids. Bennet 

and coworkers found ~hat the zwitterionic phcspholipids, dioleoyl 

phosphatidyl choline and dioleoyl phosphatidylethanolamine (OOPE), sup

ported the highest ATPase activity while dioleoyl phosphatidic 

acid with two negative charges supported on activity twenty 

times lower. Dioleoyl phospholipids with single net negative 

charges supported an intermediate ATPase activity, not affected 

by the precise chemical structure of the phospholipid headgroup. 

The charge structure of the phospholipid headgroup was thus 

interpreted as being the dominant factor in determining the. 

phospholipid headgroup specificity of the Ca 2 + pump. The authors 

also determined whether the lipid specificity for Ca 2 + translo

cation was the same as that for the Ca 2 + -depe.ndent ATPa.se ac..:. 

tivity. Purified Ca-ATPase was reconstituted into vesicles com

prising different phospholipids using an adaptation of the chelate 

dialysis procedure of Racker (1972). They found that while all 

the test lipids supported significant ATPase activity, three of 

them namely dioleoyl phosphatidylethanolamine, N-acetyl dioleoyl 

phosphatidic acid and 0-Methyl dioleoyl phosphatidic acid were 

unable to support calcium accumulation. Furthermore the inabi

lity to accumulate calcium could not be correlated with the 

· chemical structure or charge on the phospholipid headgroup. 

For example, dioleoyl phosphatidylethanolamine having the same 

headgroup charge as dioleoyl phosphatidylcholine, did not 

support calcium accumulation at all while dioleoylphosphatidyl 

choline supported calcium accumulation of the order of 

0,84 ~rnol/min.ng at 25°C. Electron microscopy of the re

constituted vesicles revealed that those phospholipids, unable 
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to support Ca 2 + accumulation, did not form closed vesicles 

but when mixed with dioleoyl phosphatidylcholine these lipids 

were able to form sealed vesicles. These result3 of Bennet 

et al. (1978) are in contrast with those of Racker and co-

workers who observed calcium uptake in reconstituted vesicles, 

comprising phosphatidylethanolamine from soya lipids, whereas 

phosphatidyl choline was ineffective. The results of Bennet 

et al. do however agree with those of Racker and coworkers 

(1975) who found that mixtures of phosphatidylethanolamine 

and phosphatidylcholine were more effective than phosphatidyl

ethanolaIT.ine alone and that calcium uptake was not observed 

in vesicles reconstitued with N-acetyl phosphatidylethanola

mine (Knowles et al., 1975). 

The action of lysolecithin, Triton XlOO and chelate on the 

calcium trans~ort ATPase of lobster SR was investigated by 

Petersen~~· (1978) who found that lysolecithin was effec

tive in releasing the ATPase for subsequent purification but 

did not promote the exchange of membrane lipid classes. This 

was in contrast to the action of Triton XlOO and chelate which 

promoted the exchange of membrane phospholipids. High concen

trations of Triton and chelate were found to inhibit the ATPase 

activity but the effect could be YeverseG by the addition of 

phospholipids or fatty acids directly to the mixture. Petersen 

et al. showed that under their conditions reactivation de

pended on the presence of lipid acyl chains rather than speci

fic headgroups. Particulate liposomes able to transport ca 2 + 

were formed by passing Triton XlOO solubilized protein through 

a hydrophobic bead column. 

It would appear from the above review of the methods of recon

stitution that the conditions for the reconstitution of ATPase 

activity and calcium transport activity are essentially dif-

ferent with specific lipid-protein interactions determining 

the correct conformation of the ATPase for both ATP dependent 

calcium transport activity and Ca 2 + -dependent ATPase activity. 

The succeeding section (1.6) will review current concepts of 

lipid-protein interactions and will illustrate the role of lipid 

-protein interactions in the functioning of the (Ca 2 + ,Mg 2 +)ATPase. 

1. 6 / •..• 
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1. 6. Lipid-protein iriteractions j_n the SR membrane 

The present view of biomembrane structure is that of a lipid 

bilayer forming the ba~ic matrix into which various proteins 

are fitted. In most cases the lipid matrix is in a fluid 

condition with all the lipids essentially above their Tc 

transition temperature and able to diffuse along the bilayer 

length (Chapman et al., 1979). T~e presence of intrinsic pro

teins in biornembranes raises questions concerning the degree 

and type of perturbations which such proteins exercise on their 

surrounding lipid environment and vice versa (Fernandez et al., 

l979). 

The Ca-ATPase molecule is amphiphilic and simultaneously in

teracts with the hydrophobic core of the lipid bilayer and the 

aqueous environment o{ the membrane. The amphiphilic charac

teristic of the enzyme is fundamental to its function, the en

zyme being active only when it finds itself in its proper am

phiphilic environment . . In the sarcoplasmic reticulum membrane, 

cholesterol, phospholipids and fatty acids define the amphiphilic 

environment of the Ca-ATPase. They are required to maintnin the 

integrity of the membrane since membranes made leaky to Ca 2 + by 

mild treatment with diethylether (Inesi et al., 1967) or with 

phopholipase A (Fiehn and Hasselbach, 1970) show Ca-dependent 

ATPase activity without net Ca 2 + transport. In other words 

sarcoplasmic reticular membranes can only exhibit ca 2 + transport 

if they are cabable of maintaining a permeability barrier to 

Ca 2 +. Depletion of phospholipid of SR membranes by treatment 

with organic solvents (Martonosi et al., 1968) or detergents 

such as Triton XlOO (Walter and Hasselbach, 1973) and chelate 

under certain conditions (Meissner et al., 1973) leads to irre

versible inactivation of the Ca-ATPase. On the other hand con

trolled depletion of phospholipids produces complete but re

versible loss of ATPase activity (Feihn and Hasselbach, 1970; 

Hasselbach et al., 1975; Martonosi et al., 1968). In intact 

sarcoplasmic reticulum, phospholipids comprise a large part of 

the total lipid (about 80%), the remainder being neutral lipid 

mainly cholesterol). Although the bilayer forms the basic 
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framewor~ of the membrane, phospholipids tightly bound to the 

ATPase protein may also exist (Tada et al., 1978). Although 

this concept has recently been questioned (Chapman et al., 

1979). 

The existence of a restricted lipid annulus in the neighbour

hood of an intrinsic ~rotein was first described by Jost et al. 

·(1973) for beef heart mitochondrial cytochrcme oxidase. Com

plexes of the membrane with varying amounts of mitochondrial 

lipid were probed by electron spin resonance spectroscopy and 

the resulting spectra were shown to be consistent with the 

co-existence of both a rigid and 'bulk' lipid environment. 

Jost and collaborators interpreted their findings to indicate 

that a single layer of protein bound phospholipids is essential 

in maintaining the activity of the cytochrome o;{idase as iso

lated f~om beef heart mitochondria. They further suggested 

that an annular layer of phospholipids in direct contact with 

the hydrophobic region of the protein provided a boundary 

between the 'bulk' lipid of the membrane and the protein itself, 

thus helping to maintain the protein in its proper conformation. 

The existence of a boundary lipid in the membrane of sarcoplas

mic reticulum was first suggested by Warren and coworkers 

(1974 a,b) who found that approximately 30 mol of lipid were 

tightly bound per rnol of ATPase forming a annulus surrounding 

the protein. When the purified ATPase having more than 30 mol 

lipid per mol was delipidated Ly increasing amounts of deoxy

cholate, full ATPase activity was maintained only above a molar 

ratio of 30:1. At lower ratios there was an irreversible loss 

of activity reaching negligible levels at about 15 lipid mole

cules for each mol of ATPase (Warren et al., 1974b). Choles

terol normally is excluded from the lipid annulus of the ATPase 

in the intact membrane, and the presence of cholesterol in the 

extra-annular environment does not affect ca 2 + -dependent 

ATPase activity as shown by Warren et al. (1975). Warren and 

coworkers (1975) further found that the presence of a high 

concentration of deoxycholate allowed cholesterol to replace 

the annular lipid causing complete but reversible inactivation 

of ATPase activity. Complete loss of activity was observed 
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at 15 mol of cholesterol replacea per mol of ATPase (Warren 

et al., 1975). These findings suggest that abou~ 30 lipid 

molecules interact directly with the hydrophobic part of 

each ATPase molecule to suppo~t full enzymic ac ~ivity. 

Warren and coworkers (1975) interpret the reversible inactiv

ation of ATPase nctivity by cholesterol as a function of the 

inability of cholesterol to meet the requirements of the pro

tein for specific chemical structures in the annu lus: for 

example ~-hydroxybutyrate dehydrogenase specifically requires 

lecithin to bind the NAD+ coenzyme (Houslay et al., 1975) . · 

Another interpretation forwarded by Warren et al. (1975) is 

the possibility that the very rigid interaction which occurs 

between cholesterol and the hydrophobic surface of the protein 

could also account for the inhibition of ATPase activity. This 

interpretation supports earlier work by Warren and coworkers 

(1974b) who s~owed that the rigid interaction which occurs 

between ATPase complexes and saturated lecithins at or below 

their thermal phase transitions is sufficient to completely 

inhibit the ATPase. The inhibition by both cholesterol and 

saturated lecithins can be partially relieved by perturbing 

agents, such as short chain alkyl alcohols which fluidise the 

lipid environemt of the protein (Warren~ al., 1975). 

Inesi and coworkers (1973) were the first to relate the tem

perature dependence of ATPase activity and calcium transport 

to the fluidity of the membrane bilayer lipid. They showed 

that the transition temperature of the temperature-activity 

profiles of calcium transport and ATPase activity of the 

sarcoplasmic reticulum was in good agreement with that of lipid 

and protein spin labels. They interpreted the observed tem

perature profile as representing a dual function of the phase 

transition of the bilayer phospholipids and the temperature 

dependence of the ATPase activity. This is in contrast to 

later findings by Hesketh et al. (1976) who found that 

ATPase activity was determined largely by the phase transition 

of the protein - bound annular lipid which was different from 

the bulk phospholipids in the fluid bilayer . . 
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Hesketh and coworkers {1976) studied the temperature profile 

of the ATPase activity and lipid spin label in an ATPase pre

paration in which the endo0enous lipid was replaced to varying 

degrees by dipalmityl lecithin (DPL). Pure complexes of DPL 

with the ATPase retained significant ATPase activity down to 

about 30°C, well below the transition temperature of pure 
0 

DPL at 41 C. Above the minimal lipid requirements the com-

plexes showed very similar dependence of the ATPase activity 

0 

above 30 C. Spin - label studies demonstrated no DPL phase 

transition in the range of temperature between 30 and 48°C 

in complexes containing less than 30 DPL/ATPase, above which 
0 

ratio a phase t~ansition occurred at about 41 C. Hesketh 

et al. interpreted breaks in the Arrhenius plots of the ATPase 

activity occuring at 27 - 32°C and 38° C to indicate some co

operative structural properties of the interaction of the an

nular DPL molecules with the ATPase . These findings led them 

(Hesketh et al., 1976) to suggest that the annular phospholipids, 
- - . 

by tight binding to the enzyme, exhibit a conformational property 

much altered from their inherent .1ature and that such an inter

action of the ATPase protein with the annular lipias, but not 

with bilayer lipids, has a predominant effect in determining the 

form of the temperature - activity profiles (Hesketh~~ a~., 1976). 

Hidalgo et al. (1976) studied ATPase activity and mobility of 

spin-labelled stearic acids incorporated into ATPase enzymes 

containing either dioleyllecithin or dipalmitoyllecithin. They 

found ATPase activity and Ca 2 + transport activity to be related 

to the fluidity of the membrane lipid reflected in the mobility 

of the spin labels; decreased fluidity of the lipid resulted in 

decreased ATPase activity. Studies on the formation and de- · 

composition of phosphoenzyme showed that phospholipids affect 

primarily the dephosphorylation reaction. Replacement of en

dogenous phospholipids with dipalmitoyllecithin, resulted in 

strong inhibition of the rate of ATP hydrolysis at temperatures 

at which the mobility of the dipalmitoyllecithin molecules were 

severely restricted while the rate of phosphorylation was un

affected (Hidalgo et al., 1976). This is in agreement with 

earlier studies of Martonosi et al. (1968; 1971) and Meissner 
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and Fleischer (197 2) who examined the effects of delipida

tion by phospholipases A and C and found that the formation 

of the p~osphoprotein intermediate was not affected by de

lipidation, whereas A'rP hydrolysis and calcium transport were 

markedly inhibited by aelipidation. These results suggested 

that the decompostion of the phosphorylated intermediate of 

ATPase required the presence of phospholipids. In contrast, 

Feihn and Hasselbach ("1970) reported decreased phosphoenzyme 

formation phospholipase A treated membranes. The observation 

of Martor.osi et al. (1968) and Meissner and Fleischer (1972) - -
were supported by those of Nakamura. M. and Ohnishi (1975) 

who reported that delipidation by phospholipase A caused com

mensurate losses cf both ATPase activity and phospholipid con

tent with no effect on phosphoenzyme levels. 

Hardwicke and Green . (1·974) and Knowles et al. (1976} showed 

that complete delipidation of the purified ATPase resulted in 

complete loss of ATPase a~tivity and phosphoenzyme formation. 

However, up to 50% of these activities were restored when the 

delipidated enzyme was recombined with phospholipids from 

various sources (Knowles et al., 1976). 

Nakarr.ura.H. and coworkers (1976) and Hidalgo et al. (1976) 

demonstrated that in an ATPase preparation whose phospholipids 

were substituted by synthetic phospholipids the decomposition 

of the phosphoprotein intermediate was influenced significantly 

by the nature and fluid state of the protein bound annular 

lipids whereas the formation of the phosphoprotein was not 

affected by these factors. 

The results of Nakamura M. and Ohnishi (1975) suggest that 

the loss of ATPase activity was related to the loss of the fluid 

bilayer lipid. On the other hand Hesketh et al. (1976) inter

pret these results as modulation of ATPase activity by the an

nular li?id with bulk lipid playing a lesser role. Some diffi

culty exists in correlating the results of the two groups since 

Hesketh et al. (1976) failed to determine whether the decreased 

ATPase activity was due to a decrease in the formation or de

composition of the phosphorylated intermediate. 
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In reviewing the methoos of reconstitution and protein-lipid 

interactions a distinct , feature of the (Ca 2 + ,Mg 2 +) ATPase 

becomes apparent. The conditions for reactivating Ca 2 + -de

pendent ATPase activity and ATP-dependent calcium transport 

activity are essentially different. ATPase activity appears 

to be dependent on the micro-environment of the protein. 

This has led to the formulation of two schools of thought, 

one favouring an annulus concept where the annular phospho

lipid determines the micro-environment and hence the ATPase 

activity (Warren et al., 1975; Hesketh et al., 1976), and 

another implicating the bulk phase phospholipids in regulating 

ATPase activity (Hidalgo et al.,1976; Inesi et al.,1973; 

Nakamura and Ohnisi, 1975). 

In contrast the role of annular and/or bulk phospholipids 

in calcium transport is less defined. In addition conflicting 

evidence has been presented concerning the nature of the phos

pholipids able to support transport activity (Knowles et al., 

1976; Bennet et al.,1978). A pre~equisite of calcium transport 

activity is the ability of the SR vesicle to maintain a perme

ability barrier to Ca 2 +. In contrast to ATPase activity, cal

cium transport activity depends on the integrity of the mem

brane. It is therefore probable that most of the phospholipids 

able to transport ATPase activity but not calcium transport 

activity do so by virtue of their inability to form closed 

vesicles. 



2 ~0. MATERIALS AND M E T H O D S 



38 

2. MATERIALS A N D M E T H O D S 

2.1. Isolation and Purjfication of Sarcoplasmic Reticulum 

The method employed is a slight modification of the method des

cribed by Eletr and Inesi (1972). Sarcoplasmic reticulum was iso

lated from white skeletal muscle excised from the hind legs of 

a New Zealand white cros3ed with ct commercial hybrid strain male 

rabbit. Immediately after excision the tissue was washed and 

cooled in O.lmM EDTA, pH 7.0. 150g of trimmed muscle was homo

genised in 450 ml of Medium I: lOmM Histidine, 10% sucrose, 

O.lmM EDTA , pH 7.0 15 s every ·5 min for lh. During this proce

dure the pH was adjusted with a few drops of 5% (W/v) NaOH when 

necessary. The homogenate was centrifuged at 15000xg for 20 min, 

the supernatant collected and filtered through several layers of 

glass wool washed in Medium I to remove low-density lipid aggre

gates. The filtered suspension was centrifuged at 40 OOOxg for 

90 min and the sediment resuspended in 55ml of Medium 2: lOmM 

Histidine, 0.6MKC1, pH 7.0. After 40 min incubation at 2 - 4°C 

the suspension was centrifuged at 15000xg for 20 min and the super

natant collected and recentrifuged at 78000xg for 60 min. This 

final sediment was resuspended in 20 ml of a buffer containing 

lOmM Histidine, pH7.4 and 30% Sucrose. Stock suspensions of 

SR vesicles (at approximately 25mg/ml) were stored for up to 4 

days at 0°C. The calcium transport activity remained stable 

during this period and varied between 1,5 and 2.1 1-lffiOl ca2+ trans

ported/ min/mg protein at 25°C. 

2.2. Reconstitution of Sarcoplasmic Reticulum vesicles 

The method used is essentially as described by Repke and co

workers (1976). Except as otherwise noted sarcoplasmic reticulum 

was solubilized at a protein concentration of 4mg/ml and a deo

xycholate concentration of 0,55 mg per mg of protein. The solu

bilization step was performed at 0-4°C in the presence of a 

solubilization mixture containing 0,15M KCl , 20 mM Tris-Cl at pH 

7.25, 2mM Mg Cl2, ImMEDTA and lmM dithiothreitol . The solubilized 

mixture/ ... 
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mixture was centrifuged immediately for lh at 176 OOOxg. Con
trol sarcoplasmic reticulum was incubated in a similar solubili
zation mixture and the step of centrifugation omitted. All 
protein suspensions were made 0.4 Min sucrose ~efore dialysis. 
Contrcl and deoxycholate - solubilized sarcoplasmic reticulum 
were dialysed separately in 1 cm diameter dialysis bags which 
were previously boiled for lh in O,lM EDTA. Deoxycholate was 
removed from the solubilized protein by dialysis at 21 - 22°C 
for 21h again s t several changes of a medium containing 0.45MKC1, 
20rru.\1 Tris-Cl at pH 7.25, 2mM Mg Cl 2 , lmM EDTA, lmM dithiothrie
tol and 0,4M sucrose. S~bsequent , to dialysis, both the control 
and reconstituted sarcoplasmic reticulum preparations were centri
fuged for lh at 176000xg. The pellets were suspended in 0.4M 
sucrose and 20mM Tris-Cl at pH 7.25 and used immediately for as
says. Dialysis of DOC from solibilized protein was monitored 
with (Carboxyl- C14

) - deoxycholate. The amount of protein solubi
lized was calculated from the amount of insoluble protein recovered 
in the pellet after the reaction mixture containing deoxycholate 
was cent1.ifuged. 

2.3. Acid inactivation of sarcoplasmic reticulum 

Acid inactivation of calcium transport activity in isolated 
SR vesicles was followed at 37°C in a continuously stirred ves
sel. Inactivation was initiated by diluting stock suspensions 
of SR (18,5 mg protein/ml) with 40mM ammonium acetate buffer, 
pH 5.6 containing lmM dithiothrietol to a final concentration of 
2mg protein per ml. The pH of the suspension was maintained at 
5.6 using a glass electrode and O.lN HCl added from a Hamilton 
syringe . Inactivation was terminated by diluting the incubation 
medium 3 fold with ice-cold lOOmM Tris-Cl buffer, pH 7.6 contain
ing 35mM sucrose. 
This method is a modification of the method described by Berman 
et al. { 19 7 7) . - -
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2.4. Calcium uptake assays 

ATP -dependent calcium uptake activity was measured at 25°C 
in 50mM potassium phosphate, 0.12MKC1, 40mM histidii1e, pH 6.8, 
0.5mM EGTA, 0.5mM 45caC12 and 5mM Mg ATP. Calcium uptake was 
initiated by the addition of SR protein to a final concentration 
of 50 ~g per ml. The initial rate of uptake was taken as the 
linear part of the slope of the calcium uptake plot based on 
four measurements taken between 0,5 sand 2 ~in. All samples 
were filtered through Type HA Millipore filters of 0.45 ~ po!e 
size. The filters w9re dissolved in Instagel scintillatio~ 
cocktail (Packard) before being read in a Beckman LS-233 liquid 
scintillation spectrophotometer. 

The method is essentially that described by Martonosi and Feretos 
(1964). 

2.5. EGTA - induced Ca 2 + release 

Calcium release was measured after SR vesicles were loaded to 
a predetermined level in the presence of 50mM potassium phosphate. 
ca 2 + efflux was induced by the addition of an aliquot of lOOmM 
EDTA to a final concentration of 3.3mM. The amount of Ca2+ re
maining in the vesicles was determined by filtration as before. 

2.6. Assay of ATPase activities 

ATPase activity was measured by the NADH- coupled method as 
described by Horgan et al. (1972). Absorbance changes were mea
sured on a Varian Techtron spectrophotometer at 30°C. Assays 
were performed on 2. 57 ml samples at a final concentration of 2QnM 
histidine at pH 6.8, 50mM KCl, 5mM Mg Cl 2 , 0.5mM EGTA, 2.5mM 
phosphoenolpyruvate and O.lmM NADH. Pyruvate kinase and lac
tate dehydrogenase were added to a final concentration of 8units/ 
ml . The final concentration of SR protein was approximately 
O.Olmg/ml. The reaction was initiated by the addition of l,OmM 
ATP and the change in absorbance per minute of basal ATPase 

activity/ ... 
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activity recorded. Ca 2 + -dependent ATPase activity was in
itiated by the addition of 0,5mM Ca Cl 2 and the change in 
absorbance for the (Ca 2 +, Mg 2 +) - ATPase recordee. The ac
tivity (u mol Pi released/mg protein/min) was calculated using 
a molar extinction coefficient of 6.22 for NADH. Extra ATPase 
activity was calculated by subtracting the Mg2+ -ATPase ac
tivity from the (Ca 2 + 1 _Mg2+) -ATPase activity. 

2.7. SDS -Polyacrylamide gel electrophoresis 

· 2.7.1. Preparation of polyacrylamide gels 

Polyacrylamide gels were prepared according to the method des
cribed by Weber and Osborn (1969) . Gel buffer was prepared to 
contain 7.8 g NaH2P0 4 •H20, 38.6g of Na 2 HP04 ·7H20 and 2g 
sodium dodecyl sulphate per litre. A 10% acrylamide solution 
was prepared by dissolving 22.2g o~ acrylamide and 0,6g of 
methylene bis-acrylamide in 100 ml double distilled water. In
soluble material was removed by filtratio~ through Whatman No 1 
filter paper and the solution kept in the dark at 4°c. For a 
typical run of 12 gels, 15ml of gel buffer was deaerated and 
mixed with 13,5 ml of the acrylamide solution. Subsequent to 
further deaeration, 1,5ml of freshly prepared ammonium persul
phate solution (15mg / ml) and 45 Ul of TEMED were added. Af
ter mixing, gels were prepared by filling clean glass tubes 
(10cm long and 6mm in diameter) with 2ml of the solution. Be
fore the gel hardened a few drops of water were layered on top 
of the gel solution. An interface formed within 10 to 20 min 
upon hardening of the gel. Protein solutions were dissolved 
in _phosphate buffer A containing O.OlM sodium phosphate, 
0.1% SDS and 0.1% ~ mercapto-ethanol to a final concentration 
of 0.6 mg protein per ml. For each 10 ~ of tracking dye 
(0.05% bromphenal blue in water), 1 drop of glycerol, 5 ul 
mercapto-ethanol and 50ul of phosphate buffer A were mixed 
in a small test tube. 10 -50 w. of the protein sample was ad
ded and after mixing the protein solutions were applied to the 

gels/ ... 
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gels. The tubes were filled py carefully layering gel buffer 
diluted 1:1 on top of the samples. Electrophresis was perfor
med at a constant current of 8mA ner gel with th 0 positive 
electrode in the lower chamber. Under our condit~ons the marker 
dye migrated through the gel in 6 to 8h. 

After electrophoresis the gels were removed from the tubes 
by forcing water between the gel and glass wall by means 0£ a 
syringe. Gels were stained with a staining solution containing 
1.25 g coomassie brilliant blue in 454 ml of 50% methanol ind 
46ml glacial acetic acid. Staining was perf0rmed at room tem
perature for 2 - 4 h. After staining the gels were rinsed with 
distilled water prior to being electrophoretically destained in 
a solution containing 75ml acetic acid, 50ml methanol and 875ml 
water. 

2.7.2. Recovery of protein from acrylamide gels 

Protein was recovered from polyacrylamide gels according to the 
method described by Djondurov and Holtzer (1979). The stained 
bands containing protein were cut out of the gels using a razor 
blade and each put in a 4ml glass-teflon homogeniser. The gel 
slices were completely homogenised in 1ml of cold l0%TCA - 30% 
ethanol solution. The homogenates were transferred to tubes and 
centrifuged at 163000xg for 10 min. The supernatants were dis
carded and the same procedure repeated four more times. After 
the last centrifugation, the pellets of completely decolorised 
gels were treated with 1ml of O.lN NaOH and shaken for 2h at 
37°C, recentrifuged for 10 min at 23300xg and the supernatants 
carefully collected with Pasteur pipettes. It was possible to re
cover about 0,85ml of the original volume used. The recovered 
volumes were returned to 1ml with O.lN NaOH and tested for 
protein. 

2.8./ .•• 
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2.8. Determination of tightly bound ca 2 + in SR membranes 

Vesicles WP.re reconstitued as described above. ~fter concen
tration at 176000xg the vesicles were suspended in 20mM Imida
zole buffer pH7. 2 containing 80mMKCl and 2, SmM Mg Cl 2 • An aliquot 
of isotopically l~belled lOOmM Ca Cl 2 was added to the prote i n 
to a final concentration of SmM Ca Cl 2 • The vesicles were 
equilibrated for 2h on ice and subsequently dilut~d 30fold in-
to an efflux medium containing 20mM Imidazole at pH 7.2, 80mM 
KCl, 2.SmM Mg Cl 2 , lmM EGTA. 1ml aliquots of the efflux medium 
were filtered on 0,45u Millipore filters at given time intervals. 
Each filter was washed with 3 x 5ml aliquots of a washing buffer 
containing 20mM Imidazole at pH 7. 25, 80mM KCl, 2. 5ml'1 Mg Cl 2 , 

0.066mM Ca Cl 2 • The filters were dissolved in 200 ul deionised 
water and 5 ml Instagel before being read in a Beckman LS -233 
Scintillation spectrophotometer. 

2.9. Determination cf th2 tightly-bound nucleotide content 
of SR membranes. 

2.9.1. Enrichment of SR membranes with tightly bound nucleotides. 

SR vesicles (lmg/ ml) were enriched in nucleotide content by 
incubation at 30°C for 3 min in a medium containing SOmM his
tidine, pH 7.0, SOmM KCl, SmM MgC1 2 , SmM EGTA , 4.7 mM CaCl 2 

(free Ca
2 

+ ions ~ 5 u M), SmM PEP, 30 uni ts /ml pyruvate ki
nase and SmM ATP. The reaction was initiated by the addition 
of SR vesicles and the reaction terminated by incubation at 
0-4°C. Loosely-bound nucleotides were removed from the SR 
membrane by passage through a Dowex-I column (2.9.2.). 

2.9.2. Removal of loosely-bound nucleotides from SR membranes. 

Loosely-bound nucleotides were removed from SR membranes by pas
page over a column of the anion exchange resin, Dowex-I x 8 -200. 

Do.vex/ •••• 
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Dowex was regenerated by stirring iOO ml of Dowex I with 21 
of lM NaOH for 15 min at room temperature, following which the 
suspension was allowed to settle, the NaOH decanted and thP 
suspension washed 10 times with l,St of doubled-distilled de
ionised water. After the final wash 200 ml IN formic a~id 
was added to the resin which was stirred for 15 min at room 
temperature. The acid was decanted and the resin washed 10 
times with l,Sl deionised water until neutral. Imidazole 
lOmM, pH 7.4 (ll) was added to the neutral resin, the suspen
sion stirred for 15 min, the resin allowed to settle and the 
buffer decanted. The resin was stored in 500ml lOmM Imidazole 
pH7.4 for up to one week at 0-4°C. 
Columns (7cm) of Dowex were formed in Pasteur pipettes the out
lets of which had been loosely packed with glass wool. Dis
posable 5ml plastic syringes were attached to the tops of the 
columns as reservoirs · and the columns equilibrated with 10ml 
of lOmM Imidazole buffer, pH7.4 containing 0,25M sucrose. The 
whole procedure was performed at 0-4°C. 
Samples (5ml) were passaged through the columns followed by 2ml 
of lOmM imidazole, pH7.4 and 0,25M sucrose. Sc~ples were col
lected, concentrated at 105 000 x g and resuspended in lOmM 
Imidazole, pH 7.4 and 0.25M sucrose. Total nucleotide content 
was determined by taking 50 ·u1 SR protein into 15ml Instagel 
(Packard) and the radioactivity read in a Beckman LS 233 scin
tillation spectrophotometer. 

2.10. Determination of protein concentrations. 

Protein concentrations were determined according to the method 
of Lowry et al. {1951). Protein samples (201-.ll containing 15 -4CUg 
protein) were mixed with Soul 10% sodium deoxycholate to a final 
volume of 200 ul in distilled water. Alkaline copper sulphate 
solution (1ml) containing 0.015% cupric sulphate, 0.05% sodium 
tartrate, 2% sodium carbonate and O,lM sodium hydroxide was ad
ded to the protein suspension and the mixture allowed to stand 
for lOmin. Folin - Ciocalteu reagent (100 ~1) was added with 
rigorous mixing and the colour allowed to develop for 30 min. 
Protein concentrations were determined from changes in the 

op:ical/ ..• 
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optical density at 750nm using bovine serum albumin standards. 



3.0. RESULTS 
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3. RESULTS 

3.1. Solubilization and reconstitution of isolated sarco

plasmic reticulum vesicles. 

SR vesicles were reconstituted from the supernatant obtained 

after centrifugation of SR solubilized in deoxycholate {see 

'Materials and Methods')~ Using the standard procedure for 

reconstituion, as described by Repke et al. (1976), 40% of 

the SR protein was solubilized at a deoxycholate concentration 

of 0,55 mg DOC/mg protein compared to a value of 73% obtained 

by Repke and coworkers. The recovery of r2constituted vesicles 

expressed as a percentage of the total amount of protein solu

bilized was 10.4% at 0.55 mg DOC/mg pro~ein. 

The time course for caJ.cium transport in reconstituted vesicles, 

compared with the transport activity measured in original SR 

vesicles is shown in Figure 1. The transpor~ activity, as mea

sured in reconstituted vesicles and expressed as a ratio of the 

activity measured in original vesicles was 10%, compared to a 

figure of 87% obtained by Repke and collaborators. 

3 . 1.1. The effect of sucrose on the reconstitution of SR 

membranes. 

Deoxycholate - solubilized SR protein was dialysed in the pre

sence and absence of 0.4M sucrose to determine the effect of 

. the presence of sucrose during slow .dialysis on the reconsti

tution of Ca 2 + transport activity. The data for ATP-depen

dent calcium transport activity in vesicles reconstituted in 

the presence and absence of sucrose are presented in Figure 2. 

In agreement with the results of Repke et al. (1976), we found 

that the presence of sucrose during dialysis was beneficial but 

not essential for the reconstitution of ca 2 + transport activity 

in DOC-solubilized SR. 
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Time course of calcium transport activity in 

original (e) and reconsituted SR vesicles (o). 

Vesicles were reconstituted from the 176 000 x g super
natant of DOC - solubilized protein. Protein was solu
bilized at a deoxycholate concentration of 0.55 mg DOC/ 
mg protein and dialysed at 21°C in the presence of su
crose. Vesicles were loaded in the presence of 50mM 
potassium phosphate as described under 'Materials and 
Methods'. 
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FIGURE 2 The effect of sucrose during dialysis on 

calcium transport in original and reconsti

tuted vesicles. 

Vesicles were solubilized in the presence of 0.15MKC1, 
20mMTris- Cl, pH 7.25, 2mM MgCl 2 , lmM EDTA and lmM di
thiotrietol at a protein concentration of 4mg protein/ 
ml and deoxycholate concentration of 0.55mg DOC/mg pro
tein. Control SR was diluted with the above medium to 
a concentration of 4mg protein/ml and the deoxycholate 
omitted. Both the control and the solubilized protein 
were dialysed i n the presence and absence of 0.4M su
crose at 21°C 

KEY ._... control vesicles (+ sucrose) 
.._. control vesicles (- sucrose) 

1::,,...-./). reconstituted vesicles ( + sucrose) 

0-0 reconstituted ves i c les (- suc rose ) 
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3.1.2. The effect of oxalate on calcium transport in 

reconstituted vesicles. 

Racker and collaborators (Racker, 1972; Racker and Eytan, 

1973) reconstitute particulate Ca - ATPase liposomes in , 

the presence of a buffer containing the calcium sequestering 

anions, oxalate or phosphate, which become trapped inside the 

reconstituted vesicles. 

In order to determine the effect of oxalate during dialysis 

on the quality of the reconstituted vesicles, the solubiliza

tion and dialysis buffers as described by Repke et al. (1976; 

Materials and Methods) were modified to contain 20mM Tris

oxalate, pH 7.25. 

The effect measured (Fig 3) is contrary to that found by 

Racker and coworkers since vesicles reconstituted in the ab

sence of oxalate displayed higher initial rates of uptake than 

those reconstituted in the presence of oxalate. The reasons 

for this discrepancy are not obvious. 
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FIGURE 3 The effect of oxalate on calcium transport in 

reconstituted vesicles. 

DOC-solubilized SR protein (0.55mg DOC/mg protein) was 
dialysed in the presence and absence of 20mM Tris-oxalate, 
pH 7.25. Vesicles reconstituted in the presence of oxalate 
were dialysed against a buffer containing 20mM Tris-oxalate, 
pH7. 25, O. 4M sucrose, O. 45MKC1, 2rnM .MgC1 2 , lm1'i EDTA and 
lrnM dithiothrietol. Control vesicles and vesicle recon
stituted in the absence oxalate were dialysed as described 
under 'Materials and M::!thods'. Original SR vesicles were 
kept on ice in o.4M sucrose and 20rnM Tris-cl, pH 7.25. 

KEY 0---0 Original SR 

D-0 Control SR 

lr-b Vesicles reconstituted in the absence 
of oxalate 

A-A Vesicles reconstituted in the presence 
of oxalate 
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The effects of varying deoxycholate concentr ations 

during solubilization on reconstitution. 

Sarcoplasrnic reticulum vesicles are not completely solubilized 

at 0.55 mg DOC/mg protein. Meissner and Fleischer (1974) claim 

70 - 80% solubilization at 0.48 mg DOC/mg protein ; under our 

conditions we solubilized 40% of the protein at 0.55 mg DOC/mg 

protein as measured by protein determinations of the 176 OOOxg 

pellet. Three deoxycholate concentrations i.e. 0.55, 0.66 

and 0.77 mgDOC/mg protein were employed to determine the optimal 

deoxycholate concentration for ou~ conditions. Increased amounts 

of protein were solubilized with increasing decxycholate concen

trations, although optimal transport activity was obtained at 

0.66 mg DOC/mg protein (Table 1). Deoxycholate, at a concentra

tion of 0,77 mg DOC/mg _protein solubilized about 60% of the pro

tein but calcium transport activity at that concentration was 

approximately half that obtained at 0,66 mg DOC/mg protein. 
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TABLE 1 Effect of increasing de0):ycholate concentrations 

on the solubilization of SR proteins. 

DOC concentration Protein solubilized Calcium 1.1ptake 
{mg DOC/mg protein) (% of total) umol/rnin/mg 

0,55 40 o, 20 

0,66 51 0,45 

0,77 62 0,23 

I 

SR protein was solubilized in the absence of sucrose in a buffer 

containing 0.15 MKCl, 20mM Tris-Cl, pH 7.25, 2mM MgC1 2 , lrnM EDTA 

and 1111M dithiothrietol. Deoxycholate was added from a 10% so

lution to final concentrations of 0,55, 0,66 and 077 mg DOC/mg 

protein. The amount of protein solubilized was determined by 

assaying the 176 000 x g supernatant as well as the 176 000 x g 

pellet for protein. Deoxycholate was removed from the solubilized 

protein by slow dialysis (Materials and Methods). 

I 
l 

I 
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3.1.4. Rate of dialysis of DOC from solutions of DOC -

solubilized protein. 

The rate of dialysis of deoxycholate from deterg~nt solubi
lized vesicles was monitored with (Carboxyl - C

14 
)-deoxy

cnolate. About 50% of the detergent dialysed from the dia
lysis bag within the first 2 - 3 h of dialysis (Fig 4). The 
final amount of deoxycholate associated with the vesicles af
ter 21h of dialysis at room temperature was found to be approx
imately 0.15 mg DOC/mg protein. 

In other words an amount of DOC equivalent to 0.15 mg/mg pro
tein appeared to be resistant to removal by dialysis. This 
residual DOC in reconstituted SR preparations has not been pre
viously conunented upon. 

3.1.5. Electron - microscopy of original and reconstituted 
vesicles. 

In order to detect any morphological differences in original 
and reconstituted vesicles, vesicles . were fixed in 1% Os04 

and subjected to electron microscopy. 
Reconstituted and original SR vesicles appear morphologically 
similar as viewed by electron microscopy (Fig. 5). However, 
in agreement with previous results {Meissner and Fleischer, 
1974; Rep]ce et al. 1976) the reconstituted vesicles appear 
larger than origina l vesicles. 
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FIGURE 4. Dialysis of deoxycholate from solubilized 

protein. 

The dialysis of deoxycholate from solubilized protein was 
monitored with (carboxyl-C 14 )-deoxycholate. Aliquots of 
solubilized protein were taken at intervals during the 
dialysis procedure and the radioactivity measured in the 
presence of the scintillant Instagel (Packard Instruments) 
in a Beckman LS - 233 liquid scintillation spectrophoto
meter. 
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Electron micrographs of original (le ft) 
and reconstituted (right ) vesicles (1 20 000 

x magnification). 

SR protein was solubilized with 0.66 mg DOC/mg and dia
lysed for 21h against several changes of a medium con
taining 0.45 MKCl , 20mM Tris-Cl, pH 7.25, 2mM MgC1 2 , 

lmMEDTA, lrnM. di thiothrietol and o. 4M sucrose. Recon
stituted vesicles were concentrated at 176 000 x g for 
lh, resuspended in 0.4M sucrose and 20mM Tris-Cl, 
pH 7 . 25 and iw~ediately fixed in 1 % Oso4 . 
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3.2. Reconstitution of Acid-inactivated sarcoplasmic Reti

culum. 

3.2.1 . The :effect of acid exposure on Ca 2 + transport activity 

in native SR. 

The time course for acid inactivation of calcium transport in 

sarcoplasmic reticulum was followe d at 37°C and pH 5.65. Cal

cium transport activity decayed exponentially with increasing 

incubation times (Fig .6 ). 90% in~ctivation was a chieved after 

8 min under our conditions. These data are similar to those 

reported previously by Berman et. al. (1977). 

3.2.2. Reconstitution of original and acid-inactivated SR . 

Acid inactivated SR vesicles do not regain calcium ti:ansport 

activity if stored at room temperature or on ice for up to 72h 

(Berman et al. 1977). The possible reversal of inactivation by 

reconstitution of acid inactivated vesicles was studied. The 

results are shown in Fig 7. Original SR vesicles, subjected 

to DOC - solubilization and reconstitution regained approYimate

ly 65% of their original calcium transport activity, calculated 

on the basis of umol Ca 2 + transported per mg of SR proteir.. 

SR vesicles which had been inactivated by 90 % by acid treat

ment regained approximately 27% of their original activity and 

40% of the activity of reconstituted control vesicles. 

The recovery of total protein in the pellet, sedimented at 

176000 x g for 60 min from control and reconstituted vesicles was 
9,25 mg and 0,92mg respectively 

' 
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The effect of mild acid exposure on the 

calcium transport activity of isolated 
SR vesicles. 

Acid inactivation of calcium transport activity in 
isolated SR vesicles was followed at 37°C in a con
tinuously stirred vessel. Inactivation was initiated 
by diluting stock suspensions of SR protein with 40mM 
ammonium acelate buffer, pH 5.65 containing lmM dithio
thrietol. Inactivation was terminated by diluting the 
incubation medium 3 fold into lOOmM Tris-Cl, pH 7.60 
and 35mM sucrose 
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FIGURE 7 Calcium transport activity of reconstituted-
control(t..)and reconstituted acid inactivated SR(•). 

SR protein was acid inactivated as described in the legend 
to Fig. 6. Subsequent to inactivation, vesicles were con
centrated at 30 OOOr.p.m. in a 30 Type Rotor (Beckman) for 
30 min. _and resuspended in solubiliza tion mi x ture ( legend 
Figure 2; Materials and Methods) to a concentration of 4mg 
protein/ml . .Membrane suspensions were solubilized with 
0.55 mg DOC/mg protein a n d dialysed for 21h as describP. d 
above (legend fig. 3). 'Reconstituted control vesicle s' 
refers to vesicles reconstituted from non-acid inactivated 
(original) SR. 'Reconstituted acid inactivated vesicles' 
refers to vesicles reconstituted from acid inactivated SR. 

0 CONTROL SR 

e ACID-INACTIVATED SR 
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3 . 2.3. SDS gel electrophoretic analysis of or'ginal, 

control and reconstituted SR. 

Original SR vesicles contain predominantly ( ~ 80%) the 

102 000 dalton ATPase, M-55 (55 000 dalton) and calseques-

trin (45 000 dalton) proteins previously described (Martonosi , 

1969; Mac Lennan and Wong, 1971; Mac Lennan et al. 1972). 

In · addition a faint unidentified species migrating between the 

ATPase and M55 calcium binding protein (CBP) is evident. Phos

phorylase b (MW. = 90 000) is known to comigrate with the ATPase 

(Figures 8 and 9). This species appears to be lost in control 

and reconstituted vesicles. While the control vesicles retain 

amounts of calsequestrin and calcium binding proteiu compara

ble to original SR vesicles, DOC - solubilized vesicles appear 

to lose calsequestrin during reconstitution and retain most of 

the calclum binding protein. 

Table 2 summarises the value of total SR protein corresponding 

to each electrophoretic fraction as determined by densitometry 

and protein extraction (Materials and Methods). 

These data show an apparent enrichment of ATPase content in re

constituted vesicles with a corresponding loss of the 45K {Cal

sequestrin) fraction which cannot be attributed to the effects 

of acid inactivation and subsequent slow dialysis since both 

control vesicles show retention of the 55K and 45K fractions. 

Loss o f the 45K and retention of the 55K fraction was previous

ly shown by .Meissner and Fleischer (1973) and Repke et al. (1976). 
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FIGURE 8 Electrophoretic separation of original, 
control and reconstituted vesicles. 

Protein samples were dissolved in phosphate buffer con
taining O.OlM sodium phosphate, pH 7.0, 0.1% SDS and 
0,1%~ mercapto-ethanol to a final concentration of 0.6mg 
protein/ml. Gels were prepared as described under 'Ma
terials and Methods ' and electrophoresed at a current 
of 8mA per gel. 
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FIGURE 9 Densitometric scans of Coomassie Blue -

stained SDS gels. 

Gels were extruded from the glass tubes and stained 
with a solution containing 1.25 g Coomassie Brilliant 
Blue in 454 ml of 50% methanol and 46ml glacial acetic 
acid as described in 'Materials and Methods'. Gels 
were electrophoretically destained for 2h and the ab
sorption profiles measured at 600nm. 
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TABLE 2. Relative fractions of SR prote i Ls deter

mined by densitometry and protein extrac

tion. 

Protein band Original Control- Control Acid- Reconsti-
SR original inactivated tuted 

SR SR Control 
SR 

'ATPase -a 0,77 0,75 0,76 0,92 

-b 0,68 0,67 0,69 0,84 

UNIDENTI-
PIED -a 0,10 - - -

-b 0,09 - - -

CALCIUM 
BINDING 

I PROTEIN 
0,06 (MSS) -a 0,11 0,11 I 0,08 

-·b 0,10 0,13 0,14 0,16 

I 
CALSE-
QUESTRIN 
(M45) -a 0,07 0,14 0,13 -

-b 0,13 0, 20 0,17 -

Reconst i-
tuted 
acid- in-
activated 
SR 

0,91 

0,82 

-
-

0,09 

0,18 

-
-

a Fractional value determined by densitometry. 

b Fractional value determined by protein extraction. 

1. 'Original SR' refers to untreated SR stored at 0-4°C. 
2. 'Control original SR' refers to original SR dialysed at 

room temperature without DOC - or acid-treatment. 

3. 'Control acid-inactivated' SR refers acid inactivated SR 
dialysed at room temperature without DOC treatment. 

4. 'Reconstituted control SR' refers to vesicles reconstituted 
from non-acid inactivated SR. 

5. 'Reconstituted acid inactivated SR' refers to vesicles re
constituted from acid inactivated SR. 

I 
I 
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3.2.4. The effect of varying deoxycholate concentrations 

on calcium transport activity in reconstituted acid 

inactivated vesicles. 

Figure 10 shows the effect of increasing deoxycholate concen

trations on the calcium transport activity in reconstituted 

acid inactivated vesicles. In agreement with the results ob

tained for vesicles reconstituted from non-acid treated SR . 

(Table 1), maximal transport activity was obtai~ed from vesi

cles reconstituted from protein solubilized at a deoxycholate 

concentration of 0,66 mg DOC/mg protein. 

3.2.5. Properties of Reconstituted Acid-treated SR vesicles 

3.2.5.1. Comparison of the initial rates of calcium transp0rt 

in original, control and reconstituted vesicles. 

Original, control and reconst'tuted vesicles were compared 

with respect to their initial rates of ca1 + transport within 

the first 30 minutes after concentration at 176 000 x g fol

lowing slow dialysis at 21°C. The transport activity in re

constituted SR vesicles depended on the pretreatrrent and varied 

between 0,13 and 0,48 umol Ca27 transported/min/mg protein for 

reconstituted control vesicles and 0,075 and 0,440 umol ca 2 + 

transported /min/mgprotein for reconstituted acid inactivated 

SR vesicles. The transport activity of the control vesicles 

also showed considerable variation (Table 3). 



500 

-C 
>- (l) - -.2! 0 

400 ... - a. 0 cu C, - { ... 
8. C ,.,, 

~ 
300 t: 

ttl ... - N 

E cu 
:l 

(.) 

£ 0 200 cu E (.) C -
100 

FIGURE 10 

65 

D non acid treated 

~ acid treated 

0.55 0.66 0.77 

mg DOC/ mg protein 
.- -

The effect of increasing deoxycholate con

centrations on the reconstitution of acid 

inactivated SR. 

Acid inactivated and original SR were concentrated at 
30 000 r.p.m. (Legend fig. 7) and subsequently solu
bilized at 0,55 0,66 and 0,77 mg DOC/mg protein. De
oxycholate was removed from solubilized protein by slow 
dialysis at room temperature for 21h. 
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TABLE 3. Init i al rc:1te s of ca2 + t r a n s port activity in re
constituted, control and original SR Calcium 
transport activity i s ex~r e ssed a s umol Ca 2 + 

transported/min/rag prote in. 

EXPT. RECONSTITUTED RECONSTITUTED CONTROL CONTROL ORIGINAL 1 NO CONTROL SR ACID-INACTI - ORIGINAL AC I D SR 
VATED SR INACTI-

VATED SR 

1 0,48 0,44 0,76 0,090 1,50 

2 0,34 0,27 0,90 0,093 2,00 

3 0,14 0,075 0,29 
I 

0,035 1 , 57 

'1 0,21 0,115 0,46 0,082 2,12 

5 o,28 0,174 0,69 I o, 04 1,52 

The initial rates of transport were determined from the linear 
part of an uptake plot based on 4 values between 0,5 sec and 
2 min. Calcium transport studies were performed at 25°C at a 
protein concentration of 50 }..lg/.ul in a medium . containing 50mM 
KCl, 20mM histidine pH 6,8, 0,5mM EGTA, 0.5mM CaCl 2 and 50mM 
potassium phosphate. Calcium transport was terminated by fil
tration through 0 , 45 u Millipore filters. 

I 
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3.2.5.2. A comparison of the initial rates of Ca 2 + trans

port activity,ATPase a ct ivity and coup ling ratios 

in SR vesicles. 

ATPase dependent Ca 2 + ·transport activity, ATPase activity 

and Ca:ATPase coupling ratios of original, control and re

constituted vesicles are summarised in Table 4 . ATPase ac

tivity in control SR was elevated 4 - 6 fold above the ac

tivity in freshly isolated original SR vesicles. In contrast 

the ATPase activity of reconstituted vesicles decline d to a 

value of betwe en 11 and 33% of the value measured in freshly 

isolated original SR. ATP dependent Ca 2 + transport activity 

in the reconstituted vesicles were of similar order as ATPase 

activity leading to higher Ca:ATPase coupling ratios in re

constituted vesicles. The decreased ATPase activity of the 

reconstitute d vesicles is probably due to the prolonged expo

sure of the solubili zed (Ca 2 +, Mg 2 +) ATPase to solubilizing 

concentrations of DOC. 
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TABLE 4. Initial rates of Ca 2 + transport acti vity, ATPase 

activity and coupling rat ios in SR vesicles. 

VESICLE TYPE ea2+ Transport Activity ATPase Activity Ca A'l'Pas~ 
(umol/min/mg protein) (umol/min/mg ratio . 

protein) 

ORIGINAL SR 2 .o 1.18 1,7 

RECONSTITUTED 
CONTROL SR 0,33 0,29 1,1 

RECONSTITUTED 
ACID-INACTI-
IVATED SR 0,27 0,22 1,2 

CONTROL 
ORIGINAL SR 1,50 6,4 3 0,23 

CONTROL ACID-
INAC'rIVATED SR 0,18 7,41 0,02 

Vesicles were reconstituted, concentrated and resuspended in 

0.4M sucrose and 20mMTris-Cl, pH7.25~ Calcium ~ransport ac

tivity was determined within 30min of resuspension as des

cribed in the legend to Table 3. ATPase activities were de

termined immedj_ately afterwards by the NADH - coupled method 

(see Materials and Methods). 

I 

I 
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3.2.5.3. The effects of the calcium ionophore A23187 on 

ca2 + - ATPase activity of reconstituted acid in

activated SR vesicles. 

The effect of the calcium specific ionophore, A23187, on ATPase 

activity was investigated to determine whether the decreased 

ATPase activity observed in reconstituted vesicles was due to 

a tight coupling of Ca 2 + transport activity to ATPase activity. 

Basal, extra-splitting and ionophoric-stimulated rate3 of ATP 

hydrolysis are shown in Table 5. Although the Mg 2 + dependent 

ATPase activity in reconstituted vesicles also shows a degree 

of inhibition they are of the same order of activity as measured 

in control vesicles. The Ca 2 + -depencent ATPase activity of 

reconstituted vesicles shows considerable inhibition comoared 

to the Ca 2 + -dependent ATPase activity of the control vesicles 

in which there is 3-fold elevatio~ of activity above that of 

freshly isolated original SR vesicles. 

The ionophore-stimulated Ca 2 + -dependent ATPase activity in re

constituted vesicles was 1,5 times the non-ionophoric activity, 

compared to ionophore-stimulation of 1,8 and 1,1 to 1,3 in ori

ginal and control vesicles respectively. 
Even though the ionophoric stimulation of ca 2 +-dep~ndent 

ATPase activity in reconstituted vesicles is of the same order 

as that observed in control vesicles, the total ATPase activity 

is decreased which suggests that inhibition of the (Ca 2 +,Mg 2 +J 

ATPase has occured. 
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TABLE 5. Comparison of basal, extra-splitting and iono

phoric - stimulated rates of ATP hydrolysis in 

original, control and reconstituted vesic.l.es. 

ATPase activity (umol /mi n/mg protein) 

VESICLE TYPE Mg2 +-deJ?2ndent ca2 +-dependen.t +A 23187 (Mg2 + , ca2 +) 
acti7ity activity ATPase 

·-

ORlGINAL 0,276 1,43 2,65 1,15 

RECONSTITUTED 
CONTROL SR 0,140 0,32 0,46 0,18 

RECONSTITUTED 
ACID-INACTI-
VATED SR 0,114 0,23 0,34 0,112 

• 
CONTROL 
ORIGINAL SR 0,198 4.24 5,50 4,04 

I 

I 

CONTROL ACID-

_J INACTIVATED SR 0,171 4,79 · 4,94 4,62 

ATPase activity assays were performed a t 30°C in a medium con

taining 20rnM histidine, pH 6.8, 50mMKCl, SrnM MgC1 2 , O,SmM EGTA, 

2,SrnM phosphoenolpy ruvate, O,lrnM NADH and 8 units/ml (each) of 

pyruvate kinase and lactate dehydrogenase. SR protein was 

added to a final concentration of 0,01 mq/nl and the reaction 

initiated by the addition of l,OmM ATP (see Mater ials and Methods). 

Ionophoric stimulation of ATPase activity was achieved by the ad

dition of the calcium specific ionophore A23187 to a final con

centration of 40 ~M. 



71 

3.2.5.4. EGTA - induced efflux of Ca 2 + 

The EGTA - induced efflux of ca 2 + from control and reconstitu

ted vesicles is shown in Figure 11. The Ca 2 + efflux was bi

phasic and was initiated by the -addition of 3,3mM EGTA to 

vesicles which had been actively loaded for 10 minutes in the 

presence of ATP. The initial rates of Ca 2 + transport activity , 

the final amount accumulated after 10 minutes, the initial· 

rates of efflux and the final amount remaining in the vesicles 

afte= 6 minutes of efflux are presented in Table 6. The data 

presented in Figure 11 and Table 6 indicate that reconstituted 

vesicles do not efflux to the same extent as do control vesi

cles. This is in agreement with the results of Repke et al. 

(1976) who showed EGTA - induced calcium relea~e to be slower 

in reconstituted vesicles than in control vesicles. 

Control Vesicles effluxed to 40 - 50% of the total amount of 

Ca2 + present at the initiation of efflux compared to 60 - 70% 

in the reconstituted vesicles. 
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FIGURE 11 EGTA - induced efflux of Ca 2 + from 
actively loaded SR vesicles. 

SR vesicles were actively loaded for 10 min. in the 
presence of SOmM potassium phosphate, pH 6,8. Efflux 
was initiated by the addition of lOOmM EGTA to a final 
concentration of 3,3mM.Zero minutes indicates the ad
dition of EGTA. The temporal efflux of ca2 + was moni
tored by determining the amount of Ca2 + associated with 
the vesicles by the Millipore filtration method. 

KEY Control original SR 
.__.. Acid inactivated control SR 

o-o Reconstituted control SR 

e-e Reconstituted acid inactivated SR 
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TABLE 6. Comparison of initial rates of active Ca 2 + 

uptake and EGTA - induced efflux in original, 

control and reconstituted vesicles. 

VESICLE TYPE Initial rate of Final arrount Efflux Final anount I 
uptake after 10 min. rate after 6 min. 
(urrol/min/mg) (urrol/mg) (urrol;inin/ (umol/mg) 

mg) 

CONTROL 
ORIGINAL SR o, 30 2,0 1,6 0,75 

CONTROL ACID-
INACTIVATED 
SR 0,04 0,19 0,07 0,08 

RECONSTITUTED 
CONTROL SR 0,15 0,95 0,15 0,53 

RECONSTITUTED 
ACID-INACTI-
VATED SR 0,08 0,40 0,03 0,30 

SR vesicles were actively loaded for 10 min in the presence of 

SOmM potassium phosphate, 0,12mMKCl, 40m!·1 histidine, pH 6.8, 

O,SmM EGTA, 0,5mM CaC1 2 and SmM ATP. Calcium efflux was ini

tiated by the addition of 3,3mM EGTA and the efflux monitored 

for 6 min (see Materials and Methods). 

' 
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3.2.5.5. Tightly bound Ca 2 + in sarcoplasmic reticulum . 

The ability of sarcoplasmic reticulum membranes to bind Ca 2 + 

tightly was previously shown in this laboratory (Diamond et al., 
unpublished obser vations) to be closely associated with ca 2 + 

transport activity in the same membranes. We have used this 
method to further characterise reconstituted acici. inactivated 

SR vesicles. 

Tightly bound ca 2 + was assayed in freshly isolated origin~l 
SR, control and reconstituted vesicles. Fig~re 12 shows the 

4,; efflux of ca 2 + from vesicles passively loaded with -cacl~ for 
2h at 0°C. Efflux was initiat'ed by diluting SR vesicles 30-
fold into an efflux medium containing lmM EGTA (Materials and 
Methods). A summary of the results obtained for 2 experiments 
as calculated from efflux curves similar to those ir. Figure 
12 is presented in Table 7. 

Reconstituted control SR bound Ca 2 + tightly of the same order 
as that cf freshly isolated original SR. Reconstituted SR 
vesicles bound Ca 2 + tightly to the same extent although the 
ca2 + transport activity in the reconstituted acid inactivated 
SR was approximately 52% that of the reconstituted control SR 
vesicles. Similarly control original vesicles, although exhi
biting double the transport activity of r2constituted vesicles, 
bound only 50% of the total amount of Ca 2 + bound by reconsti
tuted vesicle. 

It appears from this data that although the ability of SR mem
branes to bind Ca 2 + tightly appears to be linked to transport 
the degree of tight binding is not dependent directly on calcium 
transport activity. 
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FIGURE 12 Tightly bound calcium in SR membrahes. 

SR protein was solubilized and reconstituted as described 
above. After dialysis vesicles were ~oncentrated at 
176 000 x g after dialysis and resuspended in 20rnM Imida
zole pH 7.25, 80rnM KCl, 2,5 rnM MgC1 2 • 

45CaC1 2 was added to a final concentration of SrnM and the 
vesicles incubated for 2 hat 0°C. Efflux was initiated 
by diluting SR protein 30-fold into a medium containing 
20mM imidazole, 80mMKCl, l,Om!1 EGTA. Efflux of ca 2 + was 
monitored by the Millipore filtration method (Materials 
and Methods). 
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TABLE 7. Comparison o f tightly o ound Ca 2 + in original 

control and reconstituted vesicles. 

' -

l VESICLE TYPE Initial rate of Ca 2 + Tightly bound ca2 + 
(umol/min/mg) (nrnol Ca2 + /rngprc,tein) uptake 

j 

ORIGI NAL SR 1 1,57 2,75 

2 2,12 2,73 

RECONSTI TUTED 
I 

CONTROL SR 1 0,15 2,56 

2 0,20 2,37 
-

RECONSTITUTED 
ACID- INACTI-· 
VATED SR 1 0,075 2,39 

2 0,115 2,13 

CONTROL ORI-
GINAL SR 1 0,29 l f 23 

I 2 0,115 2,13 
I 

CONTROL ORI- I 
GINAL SR 1 0,29 1,23 

2 0,46 - 1,43 

CONTROL ACID-
INACTI VATED SR 1 0,04 0,96 

2 0,08 0,82 

The results for duplicate experiments are required. DOC-solu

bilized protein was reconstituted and suspended in 20mM imida

zole buffer pH 7.25 containing 80mM KCl and 2,5 mM MgC1 2 • lOOmM 
45caCl 2 was added to the protein suspension to a final concentra-

tion of 5mM. Vesicles were equilibrated for 2h on ice and the 

tightly bound Ca 2 + determined as described under 'Materials and 

Methods'. 
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3.2.5.6. Tightly bound Adenine Nucleotides 

Sarcoplasmic reticulum membranes have been shown to bind 

adenine nucleotides tightly and it has been suggested (Aderem 

et al., 1979) that these nucleotides may play a role in trans

port events of the (Ca 2 +,Mg 2 +) -ATPase. The ability of re

constituted acid inactivated SR to bind adenine nucleotide 

tightly has been investigated. Tight nucleotide content 

is summarised in Table 8. These data show that acid-inacti

vated SR regain the ability to bind nucleotides tightly fol

lowing DOC-solubilisation and slow dialysis at room tempera

ture. 
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TABLE 8. Tightly bound (total) adei-ime nucleotides in 

SR vesicles. 

VESICLE TYPE 

ORIGINAL SR 

CONTROL ORIGINAL SR 

ACID- INACTIVA'rED CON
TROL SR 

RECONSTITUTED CONTROL 
SR 

RECONSTITUTED ACID
INJI.CTIVATED SR 

Tightly bound nucleotides 
(mol/mol ATPase) 

0,20 

0,07 

0,34 

0,24 

SR vesicles (lmg/ml) were enriched in nucleotide content by 

incubation at 30°C for 3 min. in a ~edium containing 50mM 

histidine, pH 7.0, 50mMKCl, 5mM MgCl 2 , 5mM EGTA, 4,7rnM CaC1 2 , 

5mM PEP, 30 units/ml pyruvate kinase and 5mM ATP. The reac

tion was initiated by the addition of SR protein and . the 

reaction terminated by incubation at 0-4°C. Loosely-bound 

nucleotides were removed from the SR membrane by passage through 

a Dowex I column (see Materials and Methods). 
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4.0. DISCUSSION 

4.1. Solubilization and reconstitution of isolated sar co

plasmic reticulum: 

The numerous descriptions of methods for reconstitution of 

m~mbrane associated functions, in particularly transport 

phenomena, indicates that methods of reconstitution are not 

yet optimal or standardised. In this study calcium transport activity 

in reconstituted vesicles was lower than that obtained in the 

original description of Repke and collaborators (1976), on the 

basis of specific activity measurements. Several factors may 

have contributed to this discrepancy. For instance the ad

dition or exclusion of sucrose either during solubilization 

or in the dialysis period has apparent ly opposing effects. 

In both t h is study and that of Repke et al. (1976} the presence 

of sucrose during solubilization resulted in vesicles exhibi

~ing relatively low transport activities whilst addition of 

sucrose following solubilization and prior to dialysis resulted 

in 'tightly coupled' vesicles. Certain anomalies were also 

noted with the presence or absence of precipitating anions e.g. 

oxalate or phosphate (Racker, 1972). In this study oxalate 

did not augment transport activity as originally described by 

Racker (1972). 

However by all criteria, reconstitution of transport activity 

has been achieved and the characteristics of reconstituted SR 

vesicles are similar to those described in the literature. Re

constituted preparations would appear therefore to be valid 

models for further study. It is envisaged that some modifi

cation of deoxycholate concentrations,sucrose and rates of 

dialysis could lead to more active preparations. In this re

spect it is noteworthy that considerable amounts of deoxy

cholate remain associated with reconstituted material follo

wing prolonged dialysis (Fig 4). This result has not pre

viously been reported. Residual d e oxycholate, closely asso

ciated with SR membranes would be e xpected to have a dele

terious effect on transport activity. In thi s study only a 

restricted/ ... 
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restricted range of deoxycholate concentrations were tested 

for optimal conditions of solubilization. A mure extensive 

investigation should indicate optimal concentrations of 

deoxycholute for solubilization without adverselv affecting 

ATPase activity or transpo=t activity in reconstituted ma

terial. 

Electron-micrographs of reconstituted vesicles (Fig 5) show 

sealed vesicles which ~ppear to be somewhat larger than ori

ginal vesicles. This has previously been commented upon 

(Repke et al., 1976) and is indicated functionally by increased 

capacity of vesicles actively loaded in the rresence of ATP. 

An interesting facet of reconstituted studies concerns the 

protein profile of reconstituted vesicles as compared with 

original vesicles. SDS polyacrylamide gel electrophoresis 

of reconstitu~ed vesicles shows that there is a relative lack 

of calsequestrin but that the M55 protein becomes incorporated 

during reconstitution. Similar findings were noted by Repke 

~al. (1976). It is generally assumed (See Section 1.2.) 

that both the M55 anc. calsequestrin are situated on the in

side of the vesicles and chere is thus no reason to presuppose 

that there is differential solubilization during reconstitutio~ 

procedure. Possibly there is some association between the 

ATPase and M55 proteins which persists whcri the membrane is 

solubilized in the presence of deoxycholate and that there is 

weaker or no association between the ATPase and calsequestrin. 

4.2. Reconstitution of acid-inactivated SR. 

It has previously been shown in this laboratory ( Berman ~ ~-, 

1977) that acid-inactivation of calcium transport activity is irreversible 

and cannot be reversed by prolonged incubation at Q°C or at 

room temperature. This study, as originally conceived, was 

designed to investigate the possibility that the irreversibility 

of acid-inactivation was due to constraints imposed upon the 

ATPase polypeptide by phospholipid molecules in the membrane in 

close apposition to the hydrophobic surface of the transmembrane 

protein. This study has in fact shown that significant transport 

activity/ ..• 
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activity can be regained by acid-inactivated SR vesicles 

following reconstitution by DOC-solubilisation and subse

quent slow dialysis. 

Electrophoretic analysis of reconstituted control and re

constituted acid-inactivated vesicles show no obvious dif

ferences suggesting that reconstitution has been identical 

for both species. In -particular, the reconstituted vesic~es 

showed an apparent enhancement of ATPase content of the order 

of 20% as determined by protein extraction data and densi-. 

tometric traces of SDS-gels (Table 2). 

One possible explanation for the reconstitution of ca.lcium 

transport activity in solubilized acid-inactivated SR is that 

acid-inactivation results in an increased leakiness of the SR 

membra~e to ca 2 + and this leakiness is repaired in the recon

stitution process. Thus the apparent uncoupling of calcium 

transport activity induced by mild acid exposure can be re

versed by reconstitution. Previous studies however, also 

from this laboratory (Mc Intosch and Berman, 1978) have pre

sented strong evidence that the apparent uncoupling by acid 

is not due to increased permeability of the membrane to ca 2 +. 

The major evidence for this is that Ca 2 + binding to high af

finity sites identical with those on the exterior surface of 

the ATPase polypeptide chain and which activate transport 

specifically protect against acid-inactivation, i.e. protection 

is mediated via the ATPase protein itself and not via ca2 + 

binding to non-specific sites on the polar headgroups of phos

pholipids of the lipid portion of the membrane through which 
Ca2 + ions might passively permeate. 

Another possible explanation of the data is that reconstitution 
procedure selects out a specific population of original vesicles 

which have not been inactivated. In other words, in a typical 

experiment where for example 10% of the residual transport 

activity remain, SR vesicles isolated as reconstituted vesi

cles may represent this residual 10% active fraction. This 

possibility can be excluded by the fact that following DOC

treatment all material sedimertting within lh at 176 000 x g 

was discarded following solubilization, and only the soluble 

supernatant/ ... 
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supernatant containing solubilised protein and phospholipids 

was carried through the dialysis procedure. Reconstituted 

vesicles could only have arisen th~ough the reformation of 

membranes with associated protein from components in tLe 

soluble supernatant and subsequ~nt sealing off of intact 

vesicles. It is concluded therefore that there was an equal 

likelihood of inactivated and active protein being associa-

tea with lipid in the ieconstituted vesicles. If there were 

preferential incorporation of active protein into reconstituted 

vesicles (i.e. active with respect to intramolecular coupllng 

and transport) ,one would have expected the reco7ery of re

constituted vesicles to be 10 times greater for reconstituted 

control SR as for reconstituted acid-inactivated SR in which 

there was only 10% of residual transport. In fact the ~e

covery of protein in reconstituted control and reconstituted 

acid-inactivated preparations was idencical indicating no pre

ferential incorporation of uninactivated vs inactivated ATPase 

into reconstituted vesicles. 

Both Ca-dependent ATPase and ATP-dependent calcium transport 

activities were decreased in reconstituted control and recon-

stituted acid-inactivated vesicle~. In contrast control -

original and control acid-inactivated vesicles showed elevated 

Ca 2 +-dependent ATPase activities. However, the additive ef

fect of low ATPase and low calcium transport activities in re

constituted vesicles resulted in relatively good Ca:ATPase 

coupling ratios in both the reconstituted vesicles. Control

original vesicles, while exhibiting relatively high calcium 

transport activities exhibited even higher ATPase activities 

leading to low Ca:ATPase coupling ratios (Table 3,4). The 

Ca:ATPase coupling ratios as obtained for reconstituted vesi

cles is in agreement with results of Repke et al. (1976). 

Solubilization of SR protein and subsequent slow dialysis at 

room temperature leads to decreased Mg 2 +-dependent and ca 2 +

dependent ATPase activities, although the ca 2 +-dependent ATPase 

activity becomes more depressed (Table 5) suggesting that 

the Ca -dependent ATPase activity is more affected 

by/ ... 
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by solubilising concentrations of deoxycholat~. Neutralisation 

of the calcium gradient by incorporation of calcium specific 

ionophores into SR membrane r esults in ionophoric stimulation 

of the same order as observed in ncttive membranes (Table 5). 

This suggests that the low Ca 2 + - dependent ATPase activity 

observed in reconstituted vesicles (Table 4) is not a function 

of a tight coupling of calcium transport to ATPase activity 

but rather an inactivation of the (Ca 2 +,Mg 2 +) ATPase due to . . . 

prolongea dialysis ~t solubilisation concentrations of deo

xycholate. 

EGTA-indnced efflux of ca 2 + from SR vesicles actively loaded 

in the presence of ATP and SOmM potassium phosphate showed 

slower rates of efflux in both recon stituted-control and re

constituted acid-inactivated vesicles, (Ftg 11). The lower 

rates of Ca 2 + -induced efflux as well as the relatively high 

Ca:ATPase coupling ratios in reconstituted vesicles could 

reflect a low Ca 2 + permeability of the reconstituted sarco

plasmic reticulum. These results are in agreement with t:i1ose 

of Repke 2t al. (1976). 

The ability of sarcoplasmic retic~lar membranes to bind Calcium 

tightly was previously shown to be closely related to Ca 2 + trans 

port in the same membranes (Diamond et ~-, unpublished observa

tions). Original SR and acid-inactivated SR subjected to deo

xycholate solubilisation and slow dialysis at room temperature 

regain their ability to bind Ca 2 + tightly (Fig 12, Table 7). 

Acid-inactivated sarcoplasmic reticulum was shown to lose the 

ability to bind ca 2 + tightly. 

Similarly, acid-inactivated SR membranes have been shown to re

gain their ability to bind adeni~e nucleotides tightly (Table 8) 

following solubilization and reconstitution . It has been shown 

(Aderem et al~ 1979) that the ability of SR membranes to bind 

nucleotides tightly is correlated with the abili~y of the same 

membranes to transport Ca 2 + suggesting that these nucleotides 

play a role _in Ca 2 + transport. 

Acid-inactivation appears to change the conformation of the 

(Ca 2 +,Mg 2 +) ATPase leading to an inability of SR membranes 

to/:- .. 
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to transport calcium and a related inability to bind Ca 2 + 

or adenine nucleo tides tightly. The loss of these functions 

following acid-treatment could be a manifestation of a change 

in the micro-environment of tbe (Ca 2 +, Mg 2 + ) -ATPase, more speci

fically a change in the lipid-protein interactions around the 

ATPase. From these studies it would appear that DOC-solubili

sation removes the restraints placed on the inactivated pro

tein and allow it to reassume its native conformation. 
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