
36 Biochimica etBiophysicaActa 904 (1987) 36-44 
Elsevier 

BBA73740 

U p t a k e  of  Ca 2+ mediated by the (Ca  2+ + M g 2 + ) - A T P a s e  

in reconst i tuted ves ic les  

G . W .  G o u l d ,  J .M.  M c W h i r t e r ,  J .M.  Eas t  and  A . G .  Lee  

Department of Biochemistry, University of Southampton, Southampton (U.K.) 

(Received 10 March 1987) 
(Revised manuscript received 23 July 1987) 

Key words: ATPase, (Ca 2+ + Mg2+)-; Calcium ion transport; Phospholipid; Reconstitution; Sarcoplasmic reticulum; 
(Rabbit muscle) 

The (Ca2+ + MgZ+)-ATPase was purified from skeletal muscle sarcoplasmic reticulum and reconstituted 
into sealed phospholipid vesicles by solution in cholate and deoxycholate followed by detergent removal on a 
column of Seplmdex G-50. The level of Ca 2+ accumulated by these vesicles, either in the presence or 
absence of phosphate within the vesicles, increased with increasing content of phosphatidylethanolamine in 
the phospholipid mixture used for the reconstitution. The levels of Ca 2+ accumulated in the absence of 
phosphate were very low for vesicles reconstituted with egg yolk phosphatidyicholine alone at pH 7.4, but 
increased markedly with decreasing pH to 6.0. Uptake was also relatively low for vesicles recoltstituted with 
dimyristoleoyl- or dinervonylphosphatidylcholine, and addition of cholesterol had little effect. The level of 
Ca 2+ accumulated increased with increasing external K + concentration, and was also increased by the 
ionophores FCCP and valinomycin. Vesicle sizes changed little with changing phosphatidylethanolamine 
content, and the sidedness of insertion of the ATPase was close to random at all phosphatidylethanolamine 
contents. It is suggested that the effect of phosphatidylethanolamine on the level of Ca 2+ accumulation 
follows from an effect on the rate of Ca 2+ efflux mediated by the ATPase. 

Introduction 

The most detailed information about the nature 
of the interactions controlling membrane function 
has come from studies of simplified, reconstituted 
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membrane systems. One of the best understood of 
these systems is the (Ca 2÷ + Mg2+)-ATPase puri- 
fied from skeletal muscle sarcoplasmic reticulum 
and reconstituted into phospholipid bilayers of 
defined composition. Under conditions of recon- 
stitution where sealed vesicles are not produced, 
ATPase activity is uncoupled from accumulation 
of Ca z+, and the full ATPase activity of the 
ATPase is expressed. In such systems it has been 
shown that the phospholipid supporting maximal 
activity is dioleoylphosphatidylcholine (DOPC), 
with phospholipids containing either different fatty 
acyl chains or different headgroups supporting 
lower activities [1-11]. 

Experiments in which the ATPase has been 
reconstituted into sealed vesicles to study Ca 2+ 
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transport as well as ATPase activity have given 
much less clear cut results. Early work on the 
sarcoplasmic reticulum by Martonosi et al. [12] 
showed that after phospholipase digestion of up to 
60% of the total sarcoplasmic reticulum phos- 
pholipid, ATPase activity and Ca 2÷ uptake could 
be restored by addition of sonicated dispersions of 
phospholipid. Racker [13] demonstrated that re- 
constitution of the purified ATPase with mixed 
soyabean phospholipids gave vesicles that would 
accumulate Ca 2+ if a Ca2+-precipitating agent 
such as phosphate was trapped within the vesicles. 
Warren et al. [14] demonstrated that uptake was 
possible in reconstituted systems containing just 
the ATPase and DOPC if the vesicles contained 
oxalate, whereas reconstitution with a mixture of 
lipids extracted from SR membranes allowed up- 
take in the absence of a Ca2+-precipitating agent. 
Racker and Eytan [15] reported that efficient up- 
take of Ca 2÷ was achieved only if the vesicles 
contained both the ATPase and a small proteo- 
lipid of molecular weight 12000. However, more 
recent studies [16,17] have confirmed the observa- 
tions of Warren et al. [14] that the ATPase alone 
can function as a Ca 2+ pump. Still unclear, how- 
ever, is the role of phospholipid in Ca 2÷ uptake. 
Although Warren et al. [14] and Navarro et al. [18] 
observed Ca 2÷ uptake when the ATPase was re- 
constituted by cholate dialysis into vesicles of 
phosphatidylcholine if the vesicles contained 
trapped oxalate or phosphate, Knowles and Racker 
[19] and Zimniak and Racker [20] failed to ob- 
serve uptake unless the phospholipids used to 
reconstitute the vesicles included phosphatidyl- 
ethanolamine. Zirnniak and Racker [20], however, 
did report uptake in vesicles of phosphatidylcho- 
line alone in the presence of a Ca2+-precipitating 
agent if reconstitution was carried out by the 
freeze-thaw-sonication method. What is not in 
doubt, however, is the considerably greater levels 
of Ca 2÷ uptake observed for vesicles reconstituted 
with mixtures of phosphatidylcholine and phos- 
phatidylethanolamine compared to those recon- 
stituted with phosphatidylcholine alone [1,18-21]. 
Navarro et al. [21] also showed that the effect of 
phosphatidylethanolamine could be mimicked by 
other phospholipids capable of forming hexagonal 
II phase structures, such as phosphatidylglycerols. 
Wakabayashi and Shigekawa [22] reported very 
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high levels of Ca 2+ uptake in vesicles recon- 
stituted with crude soyabean phosphatidylcholine 
Type II-S obtained frm the Sigma Chemical Com- 
pany, but this lipid preparation is, in fact, listed as 
containing only 10-20% phosphatidylcholine, so 
that the interpretation of these experiments is 
unclear. 

It is the aim of this paper to explore the effects 
of phospholipids on Ca 2÷ uptake in reconstituted 
systems in more detail, and to compare effects on 
uptake with previously reported effects on ATPase 
activity. 

Materials and Methods 

Egg yolk phosphatidylcholine (egg PC), egg 
yolk phosphatidylethanolamine (egg PE) and di- 
oleoylphosphatidylcholine (DOPC) were obtained 
from Lipid Products, dimyristoleoylphosphati- 
dylcholine (DMPC) and dinervonylphosphati- 
dylcholine (DNPC) were obtained from Avanti 
Polar Lipids and monogalactosyldiacylglycerol was 
obtained from Sigma. Arsenazo III was obtained 
from Sigma. Cholic acid and deoxycholic acid 
were also obtained from Sigma and were recrystal- 
lised as potassium salts from methanol/diethyl 
ether before use. Ionophore A23187 was from 
Calbiochem, valinomycin and carbonyl cyanide- 
p-trifluoromethoxyphenylhydrazone (FCCP) were 
from Sigma and alamethicin was from Upjohn. 

(Ca 2÷ + Mg2+)-ATPase was purified from hind 
leg muscle of rabbit as described by East and Lee 
[5], and was more than 97% pure by Commassie 
blue staining [23]. The final preparation contained 
30 phospholipid molecules per ATPase, assuming 
a protein molecular weight of 110000. Recon- 
stituted vesicles containing the ATPase were pre- 
pared using methods analogous to those of Karlish 
and Pick [24] and Penefsky [25]. Phospholipid (10 
mg) was dried onto the sides of a 3 ml glass test 
tube and then dispersed into 600 ~tl of the buffer 
of choice (usually 0.4 M potassium phosphate (pH 
7.4)) by vortex mixing for 15-30 s. An aliquot of 
10% (w/v) potassium cholate in buffer (40 mM 
Hepes-KOH/100 mM KC1 (pH 7.2)) was then 
added to give the required cholate:lipid ratio, 
usually 1 mg cholate to 1 mg lipid. The suspension 
was sonicated to clarity under nitrogen using a 
Branson bath sonicator. An aliquot (3-10 /~1) of 
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10% (w/v)  deoxycholate in buffer (40 mM Hepes- 
KOH (pH 8.0)) was added to an aliquot of the 
purified ATPase (0.3-1.0 mg protein in 15-50 btl 
buffer) to give a final deoxycholate to ATPase 
ratio of 0.6:1.0 (mg:mg).  The mixture was 
vortexed for 5 s and then spun at 10000 × g in a 
microfuge for 5 rain to remove any unsolubilised 
aggregates. The lipid and protein samples were 
then mixed to give the required lipid to protein 
ratio. The detergent was removed using the 
centrifugation method of Penefsky [25]. 5 ml plas- 
tic syringes were filled with a boiled deaerated 
suspension of Sephadex G-50, which was then 
washed with the buffer of choice (usually 0.4 M 
potassium phosphate (pH 7.4)). The syringes were 
placed in plastic centrifuge tubes and spun at 
200 × g in a bench-top centrifuge for 30 s. The 
l ip id /pro te in /de te rgen t  mixture was applied to 
the column (100/xl per ml of Sephadex), 200/~1 of 
buffer was added and the columns were spun at 
200 × g for 20 s. The resulting column eluate was 
then applied to a second column in the same way. 
The final eluate was a cloudy suspension of re- 
constituted vesicles, containing 70-90% of the ini- 
tial protein. Samples were kept on ice for no more 
than 4 h before use. Samples were also re- 
constituted removing detergent by dialysis for 24 
h. 

Ca 2+ uptake by the reconstituted vesicles was 
followed by dual-wavelength spectrophotometry 
using arsenazo III to monitor the external Ca 2÷ 
concentration. Reconstituted vesicles were added 
to buffer (usually 40 mM Hepes-KOH/100  mM 
KC1/5 mM MgSO4) containing 50 #M calcium 
chloride and 50 ktM arsenazo III, to give a final 
protein concentration of 20-40 #g /ml .  Ca 2÷ up- 
take was initiated by addition of an aliquot of 
ATP in buffer at pH 7.2, to give a final concentra- 
tion of 0.5 raM. Uptake of Ca 2 ÷ was followed by 
measuring the change in absorbance at 675-685 
nm, using a Shimadzu UV3000 dual-wavelength 
spectrophotometer. Samples were stirred with a 
'Cell-spinbar' magnet (Bel-Art Products) in the 
sample cuvette, and ATP was injected directly 
into the cuvette using a Hamilton syringe. All 
uptake experiments were performed at 30 ° C. A 
calibration curve was established by addition of 
aliquots of known Ca 2+ concentration to the sam- 
ple prior to initiation of uptake. At the Mg 2+ 

concentration used here, binding of Ca 2 + to ATP 
is negligible, so that the decrease in external Ca 2+ 
concentration observed following addition of ATP 
can be attributed to uptake of Ca 2÷ by the vesicles. 

Vesicle populations were analysed by gel per- 
meation chromatography.  Vesicles were re- 
constituted with egg yolk phosphatidylcholine 
containing phosphatidyl[N-methyl-3H]choline at a 
molar ratio of lipid to protein of 3000:1 as de- 
scribed above, except that the buffer was 40 mM 
Hepes-KOH/100  mM NaC1 (pH 7.4). Samples 
were run at 5 m l / h  at 4 ° C  on a column of 
Sepharose 2B-300 (60-200 #m pore size), equi- 
librated and eluted with the buffer used for re- 
constitution. Fractions were assayed for lipid con- 
tent by scintillation counting in Tritoscint, and for 
protein content by measuring intrinsic protein flu- 
orescence (excitation and emission wavelengths 
280 and 340 nm, respectively) using a Spex Fluo- 
rolog fluorimeter. The same column was used to 
determine the diameters of reconstituted vesicles. 
The column was equilibrated with 40 mM Hepes- 
KOH, 100 mM NaC1, 2% (w/v)  Triton-X100 and 
1 m g /m l  bovine serum albumin (pH 7.2), and 
calibrated using polystyrene beads of known di- 
ameter (Polysciences). The column was subse- 
quently re-equilibrated with 40 mM Hepes-KOH, 
100 mM NaC1 and 1 m g / m l  bovine serum al- 
bumin (pH 7.2), and vesicle fractions were applied 
to the column in volumes less than 1% of the 
column volume. A column flow rate of 5 m l / h  
was used and fractions were assayed for phos- 
pholipid as described above. Void and column 
volumes were determined with blue dextran and 
potassium dichromate respectively. 

Vesicle diameters were also determined using 
electron microscopy. Vesicles prepared as de- 
scribed above were applied to Formvar-coated 
grids and stained with 1% (w/v)  uranyl acetate. 
Vesicle diameters were determined using a trans- 
ect sampling procedure to minimise subjective er- 
rors on an IBASS computer image analysis sys- 
tem. 

ATPase activities were determined using the 
coupled enzyme assay described in Froud et al. 
[11]. When used, ionophores were added as solu- 
tions in methanol. 



R e s u l t s  

The (Ca2++Mg2+)-ATPase  can be recon- 
stituted into sealed vesicles by mixing the ATPase 
in deoxycholate with excess phospholipid in 
cholate followed by removal of detergent on a 
column of Sephadex G-50. We have found that 
the most convenient procedure to follow Ca 2+ 
uptake is using arsenazo III as a Ca2÷-sensitive 
dye; comparable results were also obtained using 
murexide as dye or following changes in the fluo- 
rescence of chlortetracycline (Stefanova and Lee, 
unpublished observations). Where comparisons 
can be made, our measurements of accumulation 
of Ca 2÷ are very similar to those made by Navarro 
et al. [21] using 45Ca2+. 

As shown in Fig. 1, if vesicles are reconstituted 
in the presence of 0.4 M potassium phosphate and 
then diluted into a medium free of phosphate so 
that the vesicles contain a high internal concentra- 
tion of phosphate, a high level of accumulation of 
Ca 2÷ is observed. Further, as reported by Navarro 
et al. [21], the level of Ca 2÷ accumulated increases 
with increasing content of phosphatidylethanol- 
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Fig. 1. The effect of egg PE o n  C a  2+ accumulation (nmol/mg 
protein) by vesicles reconstituted with the (Ca 2+ +Mg 2+ )- 
ATPase in the presence of 0.4 M potassium phosphate (pH 7.4) 
at a molar ratio of lipid to ATPase of 3000: 1. Calcium 
accumulation measured in a medium containing 40 m M  
Hepcs-KOH/100 mM KCI/5 mM MgSO4/50/zM CAC12/50 
/~M arsenazo III (pH 7.4), 30 o C. Accumulat ion of  Ca 2+ was 
initiated by addition of 0.4 mM ATP. Molar ratios PE:PC 

from egg yolk: *,0:1; ×,0.5:1; O, 1:1; and v, 4:l. 
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amine in the phospholipid mixture used in the 
reconstitution (Fig. 1). 

We studied the degree of insertion of the 
ATPase into reconstituted vesicles using gel filtra- 
tion. As shown in Fig. 2, the gel filtration profile 
indicates quite a wide range of sizes for the recon- 
stituted vesicles, but the identical distribution of 
lipid and protein suggests complete mixing in the 
reconstitution process. Fig. 2 also demonstrated 
that essentially all of the ATPase is reconstituted 
into the lipid vesicles. Similar profiles were ob- 
tained for vesicles reconstituted with various mix- 
tures of egg yolk phosphatidylcholine (egg PC) 
and egg yolk phosphatidylethanolamine (egg PE), 
but shifted to smaller elution volumes with in- 
creased egg PE content. 

Columns were calibrated with polystyrene beads 
of known diameter and used to calculate the ves- 
icle diameters given in Table I. Negatively stained 
vesicles were also sized by electron microscopy, 
giving comparable results (Table I). 

The level of Ca 2+ accumulated decreases with 
decreasing molar ratios of lipid to protein (data 
not shown), presumably because of smaller vesicu- 
lar volumes per mg of protein. Navarro et al. [21] 
reported that, for vesicles reconstituted by dialy- 
sis, effects of monogalactosyldiacylglycerol  
(MGDG) were comparable to those of phos- 
phatidylethanolamine. We also find that levels of 
Ca 2+ accumulation are greater for vesicles recon- 
stituted by the column method with mixtures of 
M G D G  and egg PC than for egg PC alone (data 
not shown). Fig. 3 shows that levels of Ca 2+ 
accumulated are comparable for vesicles recon- 
stituted with egg PC or dioleoylphosphatidylcho- 
line (DOPC), but that phosphatidylcholines with 
shorter (C14, DMPC) or longer (C24, DNPC) 
fatty acyl chains support lower levels of accumula- 

TABLE I 

DIAMETERS OF RECONSTITUTED VESICLES AT A 
LIPID : PROTEIN MOLAR RATIO OF 3000 : 1 

Molar ratio PE: PC Diameter (nm) 

(from egg yolk) gel chroma- electron 

tography microscopy 

0:1 53.0 + 15.0 56.0 + 28.0 
1 : 1 60.0+12.8 72.0+38.4 
4 : 1 69.0 4-17.2 71.2 4- 28.4 



40 

1{30 

o 

80 

c 

60 

D 
L 

~ 40 

x~ 20  (13 
.o 

C3 
O2 

0 

/ 
I 

i 

I - 

I I 

80 i00 120 140 160 180 200 

ELUATE VOLUME (ml.) 

Fig. 2. Elution profile from a Sepharose 2B column of the (Ca 2+ + Mg 2+ )-ATPase reconstituted with a molar ratio of 3000 : 1 of egg 
PC to ATPase (solid line). Protein (v) was detected by intrinsic fluorescence and lipid ( * )  using egg [3H]PC. Also shown (broken 

line) is the elution profile for the ATPase solubilised in the absence of added phospholipid. 

tion: these phospholipids have also been shown to 
support  lower ATPase activities than D O P C  [11]. 

The importance of the concentration of phos- 
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Fig. 3. The effect of phosphatidylcholine structure on Ca 2+ 
accumulation (nmol /mg  protein). Vesicles were reconstituted 
in the presence of 0.4 M potassium phosphate and Ca 2+ 
accumulation was measured as in the legend to Fig. 1, with: O, 
dimyristoleoylphosphatidyleholine; *, dinervonylphosphati- 
dylcholine; n,  dioleoylphosphatidyleholine; × ,  egg PC; v, 

1 : 10 molar ratio of cholesterol to egg PC. 

phate trapped within the vesicles is shown in Fig. 
4. Reducing the level of phosphate present during 
the reconstitution considerable reduces the level of 
Ca 2+ accumulated. That this effect is due to phos- 
phate  and not due to potassium (which is known 
to have significant effects on the ATPase [26]) was 
shown by the comparable levels of Ca 2÷ accu- 
mulated by vesicles reconstituted in the presence 
of either 0.4 M potassium phosphate or 0.4 M 
choline phosphate: 0.4 M choline chloride had no 
effect on the level of Ca 2÷ accumulation (Fig. 5). 
Fig. 5 does show, however, that the concentration 
of potassium in the external medium has a large 
effect on the level of Ca 2+ accumulation. Fig. 6 
shows that accumulation of Ca 2÷ is markedly 
dependent on pH,  and that comparatively high 
levels of Ca 2+ accumulation are observed at p H  
6.0 for vesicles reconstituted in the absence of 
phosphate. 

To investigate the possible importance of mem- 
brane potentials built up across the membrane as 
a result of Ca 2+ transport, the effects of 
valinomycin and FCCP were studied. As shown in 
Fig. 7, addition of valinomycin and FCCP to 
vesicles reconstituted in the presence of 0.4 M 
potassium phosphate with either egg PC or a 1 : 1 
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Fig. 4. The effect of phosphate on Ca 2+ accumulation 
(nmol/mg protein). The ATPase was reconstituted in the pres- 
ence (A) or absence (B) of potassium phosphate (50 raM) with 
molar ratios of PE: PC from egg yolk of: ×, 0 : 1; n, 1 : 1; and 
*, 4:1. Ca 2+ accumulation was measured in the medium 
described in the legend to Fig. 1, all other conditions also 

being as given in that legend. 

mix ture  of  egg PC and  egg PE resul ts  in increased  
Ca  2÷ accumula t ion ,  the effect be ing  pa r t i cu la r ly  
m a r k e d  for  the sys tem con ta in ing  no  egg PE. 
Effects  of  F C C P  and  va l inomyc in  a lone  are  
c o m p a r a b l e  to those  of  a mix ture  of  the two (da t a  
no t  shown).  

Discussion 

A var ie ty  of  p rocedures  have  been  pub l i shed  
for  the recons t i tu t ion  of  the ( C a 2 + + M g 2 + )  - 
A T P a s e  into  sealed p h o s p h o l i p i d  vesicles [1,6,3, 
17-22].  The  p rocedu re  we have p resen ted  here  is 
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Fig. 5. The effect of external K + on Ca 2+ accumulation 
(nmol/mg protein). In (A) vesicles were reconstituted with an 
(egg yolk) PE: PC molar ratio of 4 : 1 in the presence of 0.4 M 
choline phosphate and in (B) with an (egg yolk) PE: PC molar 
ratio of 1 : 1 in the presence of 0.4 M choline chloride, under 
the conditions described in Fig. 1 except that the external K + 
concentration in the uptake medium was; O, 50 mM; n, 100 

mM; and ©, 200 raM. 

based  on solubi l i sa t ion  of  phospho l i p id  and  
A T P a s e  in mixtures  of  chola te  and  deoxycho la te  
fol lowed b y  passage  th rough  a co lumn of  Sep- 
hadex  G-50 to remove  detergent ,  a p rocedure  that  
we have found  to be  fast  and  reproduc ib le .  The  
gel-f i l t ra t ion results  (Fig.  2) a re  cons is ten t  wi th  
comple te  mix ing  of  the pur i f ied  A T P a s e  and  phos-  
pho l ip id  in the recons t i tu t ion  process ,  in agree-  
men t  with the results  of  A n d e r s e n  et al. [27] and  
W a k a b a y a s h i  and  Shigekawa [22]. 

The  results  r epo r t ed  here  (Figs.  1 and  4) con-  
f i rm earl ier  repor ts  [1,19-21] tha t  increas ing  the 
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Fig. 6. The effect of pH on Ca 2+ accumulation (nmol/mg 
protein) in the absence of phosphate. Vesicles were recon- 
stituted at pH 7.2 in the absence of phosphate with either (A) 
egg PC or (B) a molar ratio of (egg) PE:PC of 4:1. C a  2+ 

accumulation was measured in the medium given in the legend 
to Fig. 1, all other conditions also being as given in that legend. 
Uptake was mesured at pH values of: *, 6.0; n, 6.5; and ×, 

7.4. 

proportion of phosphatidylethanolamine in the 
phospholipid mixture used to reconstitute the 
vesicles up to a mole fraction of 0.8 phosphatidy- 
lethanolamine leads to increased uptake of Ca2+: 
attempts to reconstitute the ATPase into vesicles 
of pure phosphatidylethanolamine failed. As re- 
ported by Navarro  et al. [21], the effect is not 
specific for phosphatidylethanolamine but  is also 
shown with phosphatidylglycerols. The effect of 
phosphatidylethanolamine is surprising because it 
has been shown that phosphatidylcholines support  
higher ATPase activities than the corresponding 
phosphatidylethanolamines [51. 
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Fig. 7. The effect of  simultaneous addition of FCCP and 
valinomycin on Ca 2+ accumulation ( n m o l / m g  protein). 
Vesicles were reconstituted in the presence of 0.4 M potassium 
phosphate  with a molar ratio of (egg yolk) P E : P C  of either 
1 : 1 (O ,  ~ ) or 0 : 1 (n, I~ ), and accumulation was measured in 
the medium given in the legend to Fig. 1, all other conditions 
also being as given in the legend to Fig. 1. In parallel samples, 
accumulation of Ca 2+ was measured for 10 min either in the 
absence of any ionophore (O ,  O) or following addition of 
FCCP and valinomycin 2 rain after the addition of A T E  to 

give final concentrations of 30 /~g /ml  (@, m ). 

Before the effects of phosphatidylethanolamine 
observed in these systems can be assigned some 
interesting and biological significance, it is im- 
portant  to establish that they are not attributable 
to an artifact of the reconstitution procedure. First, 
it is necessary to establish that increasing the 
phosphatidylethanolamine content of the recon- 
stituted vesicles does not lead to a large increase 
in the internal volume of the vesicles per ATPase 
molecule, since this would result in increased ac- 
cumulation of Ca 2÷. Reconstituted vesicles were 
sized both by electron microscopy and gel filtra- 
tion, and both techniques gave comparable results 
(Table I). Internal volumes were calculated from 
the vesicle diameters given in Table I, assuming a 
membrane thickness of 6 nm. Volumes calculated 
from the gel chromatography data for the ATPase 
reconstituted with a 3000 : 1 molar ratio of lipid to 
protein are 39, 44 and 52 # l / m g  protein for molar 
ratios of egg PE to PC of 0 :1 ,  1 :1 ,  and 4 :1 ,  
respectively. Thus although internal volumes do 
increase with increasing content of phosphatidyl- 
ethanolamine, the increase in internal volume is 
small compared to the increase in Ca 2÷ accumula- 
tion (Fig. 1). A second reconstitution artifact that 
could potentially be important  is the sidedness of 
the ATPase molecules in the reconstituted vesicles; 



a greater proportion of ATPase molecules oriented 
with their ATP binding sites facing outward in 
vesicles containing phosphatidylethanolamine 
could explain the increased Ca 2÷ accumulation in 
the presence of phosphatidylethanolamine. We 
have estimated the percentages of ATPase mole- 
cules oriented with their ATP binding sites facing 
outward and inward by measuring ATPase activi- 
ties in the presence of A23187, which makes the 
membrane permeable to Ca 24, and in the presence 
of alamethicin which makes the membrane per- 
meable to both ATP and Ca 2+ [28]. Activities 
measured in the presence of A23187 are 40-50% 
of those measured in the presence of alamethicin 
for the ATPase reconstituted with either egg PC or 
mixtures of egg PC and egg PE, consistent with a 
close to random incorporation of the ATPase 
across the membrane. We conclude, therefore, that 
simple reconstitution artifacts cannot account for 
the observed effects of phosphatidylethanolamine. 

Navarro et al. [21] suggested that phosphatidyl- 
ethanolamines could affect directly the ratio of 
ATP hydrolysed to Ca 2÷ transported by the 
ATPase. We believe, however, that the effect of 
phosphatidylethanolamine on Ca 2÷ accumulation 
follows from an effect on Ca 2+ leak from the 
reconstituted vesicles. This is suggested by the 
observation that the levels of Ca 2+ accumulated 
by the reconstituted vesicles are low unless the 
vesicles contain a Ca2+-precipitating agent such as 
phosphate (Fig. 4): the observation of equal stimu- 
lation of uptake by potassium phosphate and 
choline phosphate, with choline chloride having 
no effect, confirm that the effect is attributable to 
the phosphate anion (Fig. 5). The possibility that 
the (Ca 2÷ + Mg:+)-ATPase can provide a specific 
pathway for Ca 2÷ efflux is demonstrated directly 
in the following paper [29]. 

The effect of pH on the level of Ca 2÷ accu- 
mulated is particularly noticable (Fig. 6). If accu- 
mulation of Ca 2÷ were being limited by a rapid, 
non-specific leak of Ca 2÷, then decreasing pH 
from 7.4 to 6.0 would be expected to lead to 
reduced accumulation, since ATPase activity 
decreases with decreasing pH in this range [26]: in 
fact, accumulation of Ca 2+ is observed to increase 
with decreasing pH. These effects of pH are more 
consistent with Ca 2÷ leak being mediated by some 
specific protein carder, with protons and Ca 2+ 
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competing for binding sites on the carrier. In the 
following paper [29] we will argue that this is 
indeed the case, with Ca 2÷ leak being mediated by 
the (Ca 2÷ + Mg2+)-ATPase. 

In previous papers we have presented a detailed 
kinetic model for the ATPase [26] and in the 
following paper [29] we present a kinetic model 
for Ca 2+ efflux mediated by the ATPase. Unfor- 
tunately, it is not possible at present to combine 
these two models to account for the level of Ca :+ 
accumulation seen in the reconstituted system, 
largely because of the lack of data concerning the 
effects of membrane potentials generated by Ca 2÷ 
fluxes. Zinmiak and Racker [20] and Navarro and 
Essig [18] have reported that the generation of 
membrane potentials can have important effects 
on Ca 2+ accumulation in these reconstituted sys- 
tems. We have confirmed these observations and 
have found, for example, that addition of 
valinomycin and FCCP results in a considerable 
increase in the level of Ca 2÷ accumulated (Fig. 7). 
In native sarcoplasmic reticulum vesicles addition 
of either FCCP or valinomycin has no effect on 
uptake of Ca 2÷, presumably because of the pres- 
ence of ion channels which can maintain electrical 
neutrality across the membrane. Membrane poten- 
tials generated as a result of Ca 2÷ fluxes in the 
reconstituted systems will have very marked ef- 
fects on the rates and extent of Ca 2+ uptake. 
However, the observation of Ca 2÷ accumulation 
in the absence of added ionophore shows that 
some counter-ion movement must occur during 
Ca 2÷ uptake, presumably mediated by the ATPase 
itself - the nature of this ion movement is un- 
known. 

Acknowledgements 

We thank Dr. R.L. Keene of Infectious Dis- 
eases Research, The Upjohn Company, for the 
generous gift of a sample of alamethicin and Dr. 
J.T.R. Fizsimons for the electron microscopy. We 
thank the Muscular Dystrophy Group of Great 
Britain and Northern Ireland, the SERC and the 
Wellcome Trust for financial support, and the 
MRC for a studentship (to G.W.G.). J.M.E. is a 
Wellcome Trust Lecturer. 



44 

References 

1 Warren, G.B., Toon, P.A., Birdsall, N.J.M., Lee, A.G. and 
Metcalfe, J.C. (1974) Biochemistry 13, 5501-5507 

2 Johannsson, A., Keightley, C.A., Smith, G.A., Richards, 
C.D., Hesketh, T.R. and Metcalfe, J.C. (1981) J. Biol. 
Chem. 256, 1643-1650 

3 Caffrey, M. and Feigenson, G.W. (1981) Biochemistry 20, 
1949-1961 

4 Moore, B.M., Lentz, B.R., Hoechli, M. and Meissner, G. 
(1981) Biochemistry 20, 6810-6817 

5 East, J.M. and Lee, A.G. (1982) Biochemistry 21, 4144-4151 
6 Higashi, K. and Kirino, Y. (1983) J. Biochem. (Tokyo) 94, 

1769-1779 
7 East, J.M., Jones, O.T., Simmonds, A.C. and Lee, A.G. 

(1984) J. Biol. Chem. 259, 8070-8071 
8 Lee, A.G. (1985) Proc. Nutr. Soc. 44, 147-156 
9 Lentz, B.R., Clubb, K.W., Alford, D.R., Hoechli, M. and 

Meissner, G. (1985) Biochemistry 24, 433-442 
10 Froud, R.J., Earl, C.R.A., East, J.M. and Lee, A.G. (1986) 

Biochim. Biophys. Acta 860, 354-360 
11 Froud, R.J., East, J.M., Jones, O.T. and Lee, A.G. (1986) 

Biochemistry 25, 7544-7552 
12 Martonosi, A.N., Donley, J. and Halpin, R.A. (1968) J. 

Biol. Chem. 243, 61-70 
13 Racker, E. (1972) J. Biol. Chem. 247, 8198-8200 
14 Warren, G.B., Toon, P.A., Birdsall, N.J.M., Lee, A.G. and 

Metcalfe, J.C. (1974) Proc. Natl. Acad. Sci. USA 71, 
622-626 

15 Racker, E. and Eytan, E. (1975) J. Biol. Chem. 250, 
7533-7534 

16 MacLennan, D.H., Reithmeier, R.A.F., Shosphan, V., 
Campbell, K.P. and LeBel, D. (1980) Ann. New York 
Acad. Sci. 358, 138-148 

17 Knowles, A., Zinmiak, P., Alfonzo, M., Zimniak, A. and 
Racker, E. (1980) J. Membrane Biol. 55, 233-239 

18 Navarro, J. and Essig, A. (1984) Biophys. J. 46, 709-717 
19 Knowles, A.F. and Racker, E. (1975) J. Biol. Chem. 250, 

3538-3544 
20 Zimniak, P. and Racker, E. (1978) J. Biol. Chem. 253, 

4631-4637 
21 Navarro, J., Toivio-Kinnucan, M. and Racker, E. (]984) 

Biochemistry 23, 130-135 
22 Wakabayashi, S. and Shigekawa, M. (1985) Biochim. Bio- 

phys. Acta 813, 266-276 
23 Gould, G.W., Colyer, J., East, J.M. and Lee, A.G. (1987) J. 

Biol. Chem. 262, 7676-7679 
24 Karlish, S.D. and Pick, U. (1981) J. Physiol. 312, 505-529 
25 Penefsky, H.E. (1979) Methods Enzymol. 56, 527-530 
26 Gould, G.W., East, J.M., Froud, R.J., McWhirter, J.M., 

Stefanova, H.I. and Lee, A.G. (1986) Biochem. J. 237, 
217-227 

27 Andersen, J.P., Skriver, E., Mahrous, T.S. and Moiler, J.V. 
(1983) Biochim. Biophys. Acta 728, 1-10 

28 Ritov, V.B. and Murzakhrnetova, M.K. (1983) Biochemistry 
(USSR), Engl. Trnsl. 48, 360-370 

29 Gould, G.W., McWhirter, J.M, East, J.M. and Lee, A.G. 
(1987) Biochim. Biophys. Acta 904, 45-54 


