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Summary. Human erythrocyte Ca2+-translocating ATPase was 
solubilized from calmodulin-depleted membranes using the de- 
tergent Triton X-100, and subsequently purified by calmodulin- 
affinity chromatography. The purified enzyme was reconstituted 
in artificial phospholipid vesicles using a cholate-dialysis method 
and various phospholipids. The reconstituted enzyme was able 
to translocate Ca z+ inside the vesicles, both in the absence and in 
the presence of the Ca2+-chelating agent, oxalate, inside the vesi- 
cles. The tightness of coupling between ATP hydrolysis and cat- 
ion translocation was investigated by the use of different 
ionophoretic compounds. The efficiency of Ca 2+ transloeation 
was measured by the ability of the ionophores to stimulate ATP 
hydrolytic activity of the reconstituted enzyme. It was found that 
the maximum stimulation of the ATP hydrolytic activity was 
induced by the electroneutral Ca2H2H + ionophore A23187 (9 to 
10-fold). A Ca 2+ ionophore unable to translocate H +, CYCLEX- 
2E, was less efficient in stimulating the activity of the reconsti- 
tuted enzyme (two- to threefold). However, the combined addi- 
tion of CYCLEX-2E plus protonophores further increased the 
ATP hydrolytic activity (around fourfold), whereas, the pro- 
tonophores did not further stimulate ATP hydrolysis in the pres- 
ence of A23187. Furthermore, in the absence of Ca 2+ ionophore, 
the electroneutral K+(Na+)/H + ionophoretic exchanger, nigeri- 
cin, or the electroneutral Na+(K+)/H + ionopboretic exchanger, 
monensin, stimulated the rate of ATP hydrolysis in the reconsti- 
tuted enzyme two- or threefold, respectively. These results sug- 
gest that the Ca2+-ATPase not only translocates Ca 2+ but also H + 
in the opposite direction. 
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Introduction 

The plasma membrane Ca2+-translocating ATPase 
is responsible for the extrusion of calcium ion from 
the red blood cell against a steep electrochemical 
Ca 2+ gradient (Schatzmann, 1966). This enzyme is 
thought to be primarily responsible for the attain- 
ment of a low concentration of free Ca 2+ in the cyto- 
plasm in the order of 10 -7 to  10 -8 M. The low con- 
centration of free calcium ion in the cytoplasm of 
most cells allows efficient use of this ion for the 
transduction of various extracellular stimuli in the 

activation/inactivation of given biochemical pro- 
cesses. For efficient modulation of cellular function 
the cytoplasmic free concentration of Ca 2+ should 
oscillate in the range of the affinity constants of 
C a  2+ for its specific target reactions. However, the 
electrical membrane potential (negative inside) 
across the plasma membrane, maintained by the 
electrogenic 3 Na+/2 K+-ATPase (Skou, 1965) and 
selective cation channels, create an energetic bar- 
rier preventing sufficient efflux of the doubly posi- 
tive charged Ca 2+ cation, that already must sur- 
mount transport against an external concentration 
of this ion in the order of 10 -3 M. This problem 
could be partially overcome by countertransport of 
other positively charged species by the enzyme 
mechanism cycle. In fact, several recent reports 
have indicated that H + may participate in such a 
countertransport mode of operation of the enzyme, 
both in inside-out membrane vesicles (Smallwood et 
al., 1983) and in proteoliposomes (Niggli et al., 1982; 
Villalobo & Roufogalis, 1984). The present report 
examines the effects of different ionophores of 
known mechanism of action on the ATP hydrolytic 
activity of the CaZ+-ATPase reconstituted in artifi- 
cial phospholipid vesicles. The stimulation of Ca z+ 
translocation by ionophoretic agents able to selec- 
tively collapse various ion gradients suggests in- 
deed, that ATP hydrolysis is mechanistically cou- 
pled to the exchange of Ca 2+ for H +. However, the 
question of electrogenicity versus electroneutrality 
of the transport mechanism remains to be further 
clarified. 

Materials and Methods 

CHEMICALS 

Soybean L-a-phosphatidylcholine (types II-S and IV-S), egg yolk 
t-a-phosphatidylcholine (type X-E), rabbit muscle lactate dehy- 
drogenase, EC 1.1.1.27 (types II and XI), rabbit muscle pyruvate 
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kinase, EC 2.7.1.40 (types II and II1), bovine brain phosphodies- 
terase 3',5'-cyclic nucleotide activator-Agarose gel, Triton X- 
100, cholic acid (sodium salt), dithiothreitol, Hepes ~, ATP (diso- 
dium salt and magnesium salt), EGTA,/3-NADH, CCCP, FCCP 
and phosphoenolpyruvate were purchased from Sigma Chemical 
Co. (St. Louis, MO). Asolectin was obtained from MCB Manu- 
facturing Chemical Inc. (Cincinnati, OH). Bovine brain calmodu- 
lin, monensin, nigericin and A23187 were purchased from Cal- 
biochem Behring Corp. (La Jolla, CA), EDTA from BDH 
(Toronto) and valinomycin was obtained from Boehringer Mann- 
heim (Dorval, Quebec). Samples of CYCLEX-2E were kindly 
supplied by Dr. Charles M. Deber from the Research Institute 
Hospital for Sick Children, Toronto, Ontario. All other chemi- 
cals used in this work were of analytical grade. The various 
pfiospholipids employed for the reconstitution procedure were 
used without further treatment or purification. 

PREPARATION OF CALMODULIN-DEPLETED 
ERYTHROCYTE MEMBRANES 

AND SOLUBILIZATION AND PURIFICATION 
OF THE Ca2+-TRANSLOCATING ATPase 

The methods used in this work for the preparation of calmodulin- 
depleted human erythrocyte plasma membranes and the solubili- 
zation and purification of the enzyme have been described in 
detail recently by us (Villalobo et al., 1986). 

INCORPORATION OF PURIFIED 
Ca2+-TRANSLOCATING A T P a s e  

IN PHOSPHOLIPID VESICLES 

For the reconstitution procedure a cholate-dialysis method de- 
rived from the original method by Kagawa and Racker (1971) 
was employed. A typical procedure was as follows: a 5-ml sus- 
pension of 1.5% (wt/vol) phospholipids was prepared by sonica- 
tion in 100 mM KCI, 20 mM K-Hepes, 5 mM MgCl2, 2 mM DTT 
and 50 p,M CaCI2 at pH 7.4 and in the presence of 1% (wt/vol) 
sodium cholate. The sonication was carried out at room tempera- 
ture at 90 to 95 watts of power in a sonicator equipped with a 
microprobe, with alternate 30-sec periods on and 30-sec periods 
off. In order to prevent overheating, the suspension of phospho- 
lipids was maintained on ice during the intervals between sonica- 
tion bursts. The procedure was carried out about 20 times until 
total clarification of the suspension was attained. The sonicated 
mixture was cooled on ice once more and 1 ml of purified enzyme 
(30 to 70 txg protein) was added and mixed gently. The enzyme- 
phospholipid mixture was settled on 1 cm diameter dialysis bags 
(prehydrated), and dialyzed at 4~ for 26 to 28 hr against 1 liter 
dialysis buffer of the same composition as described above. The 
dialysis buffer was changed five times. The above method was 
modified depending on the required ionic composition of the 

~Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid; CCCP, carbonylcyanide-m-chlorophenyl- 
hydrazone; FCCP, carbonyl cyanide-p-trifluoromethoxyphenyl- 
hydrazone; EGTA, ethyleneglycol bis (fl-aminoethyl ether) 
N,N,N',N'-tetraacetic acid; EDTA, ethylenediaminetetraacetic 
acid; DNP, 2,4-dinitrophenol; CYCLEX-2E, cyclo[Glu(OBz)- 
Sar-Gly-(N-cyclohexyl)Gly]2; EPR, electron paramagnetic reso- 
nance. 

outer media in the proteoliposomes (see legend of Tables and 
Figures) or the amount of proteoliposomes used. When a differ- 
ent composition was required on the inner space of the proteoli- 
posomes, a second dialysis was performed to change the medium 
on the outer side of the proteoliposomes. 

ANALYTICAL PROCEDURES 

The rate of ATP hydrolysis was followed by measuring the 
amount of inorganic phosphate released to the medium by a col- 
ormetric method (Raess & Vincenzi, 1980) or by coupling the 
rate of ADP production to an ATP-regenerating system (pyru- 
vate kinase/lactate dehydrogenase) and following the rate of 
NADH oxidation at the wavelength pair of 340 and 360 nm with an 
SLM/Aminco DW-2C dual-wavelength spectrophotometer. Cal- 
cium ion transport was followed with a Ca2+-selective electrode 
(Radiometer, model F2110 Ca) using as a reference a pH glass 
electrode (Fisher) in a 3.5 ml tbermostated chamber. The elec- 
trode outputs were amplified up to 1000-fold through a home- 
made amplifier and fed into a three-channel recorder (Soltec, 
model 1234). Known amounts of standard solutions of CaCI2 
were added to calibrate the Ca2+-.electrode response in each ex- 
periment. Protein concentration was determined by the method 
of Lowry et al. (1951) after the protein was precipitated in a final 
concentration of 10% (wt/vol) trichloroacetic acid at room tem- 
perature. Bovine serum albumin was used as a standard. All 
stock solutions of ionophores were prepared in ethanol or N,N'- 
dimethylformamide. The final concentration of each solvent in 
the assay system was never higher than 1% (vol/vol) and the 
same concentration of solvents was always added to the controls 
in the absence of ionophore; they were found not to produce any 
significant increase in the rate of ATP hydrolysis (less than 1%). 

Results 

DEGREE OF COUPLING AND C a  2+ TRANSPORT 

BY THE RECONSTITUTED Ca2+-ATPase 

In the first series of experiments we reconstituted 
the CaZ+-translocating ATPase in phospholipid ves- 
icles of different phospholipid types. In order to 
establish both the degree to which the enzyme is 
incorporated into the vesicles and the degree of per- 
meability of the phospholipid membranes we tested 
the effect of the CaZ+/2H + electroneutral exchanger 
A23187 on the ATP hydrolytic activity of the recon- 
stituted enzyme. Table 1 shows the rate of ATP 
hydrolysis in the absence and in the presence of 
A23187 in various proteoliposomes, as well as in the 
nonreconstituted enzyme. In addition, the ATP hy- 
drolysis control ratio (ratio of the rate of ATP hy- 
drolysis in the presence versus the absence of the 
ionophore) is also included in the same Table. From 
these data it was possible as well to calculate the 
degree of coupling (q) between the ATP hydroly- 
sis and the Ca 2+ translocation. Applying nonequili- 
brium thermodynamic formalisms (Rottenberg, 



A. Villalobo and B.D. Roufogalis: Proton Transport by the Erythrocyte CaZ+-ATPase 

Table 1. Degree of coupling of the reconstituted Ca-'+-ATPase in different phospholipid vesicles" 
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Phospholipid vesicles ATPase activity 
(nmol - min ~ �9 mg prot t) 

-A23187 +A23187 

ATP hydrolysis Degree of 
control ratio coupling (q) 

Nonreconstituted 2331 • 84(2) 2274 -+ 73(2) 1.0 + 0 (2) 0 (2) 
Asolectin (soybean) 245 -+ 36(5) 2150 + 309(2) 8.8 • 0.4(5) 0.94 • 0.003(5) 
L-a-phosphatidylcholine (soybean, type II-S) 78 -+ 6(2) 821 -+ 96(2) 10.7 + 2.0(2) 0.95 • 0.01 (2) 
c-a-phosphatidylcholine (soybean, type IV-S) 37 (I) 345 (I) 9.3 (1) 0.94 (1) 
L-~e-phosphatidylcholine (egg yolk, type X-E) 39 (1) 227 (1) 5.8 (I) 0.91 (1) 

d The ATPase activity was assayed at 37~ for 1 hr in a total volume of 1 ml in a reaction mixture as follows: nonreconstituted enzyme 
(2.2 Ixg protein), 124 mM KCI, 50 mM K-Hepes pH 7.4, 5 mM MgCI,, 160 tXM CaCI~, 160 IxM EDTA, 2 p,g �9 ml t calmodulin, 2 mM DTT, 
1 m g � 9  ml -~ asolectin, 0.5% (wt/vol) Triton X-100, and 2 mM ATP (sodium salt) in the absence and in the presence of 10 txg �9 ml 
A23187; reconstituted enzyme (2.2 to 4.5 mg of the indicated phospholipids plus 1.5 to 2.3/xg protein), 30 or 115 mM KCI, 25 or 75 mM 
K-Hepes pH 7.4, 3.8 or 5.7 mM MgCI2, 57 or 200/xM CaCI2, 0.6 or 2 t*g �9 ml ~ calmodulin, 0.3 or 0.6 mM DTT and 2 mM ATP (sodium 
salt) in the absence or in the presence of 10 or 50/xg. ml ~ A23187. The change of concentration of the different reagents as indicated 
above did not modify significantly the degree of coupling of the proteoliposomes. The reaction mixture in all cases contains 0.5 to 1.0% 
(vol/vol) ethanol or N,N'-dimethylformamide. The proteoliposomes were prepared in: 100 mM KCI, 50 mM K-Hepes pH 7.4, 5 mM 
MgCI_,, 2 mM DTT and 50 txM CaCI2. The inorganic phosphate released to the medium was determined as described in Materials and 
Methods. The ATPase activity is the mean • SEM of the number of preparations indicated in parentheses. The ATP hydrolysis control 
ratio is the ratio of the activities in the presence versus the absence of A23187. The degree of coupling (q) was calculated according to 
Eq. (1) in the Results section. 

1979) the  d e g r e e  o f  coup l ing  (q) m a y  be  ca l c u l a t e d  
us ing  the  fo l lowing  e x p r e s s i o n :  

q = I i  (JATP)Jca2+-O ]1/2 (1) 
( JATP)A,ECa2+  = 0 A 

w h e r e  (JarP)Jc~2+=0 is the  ra te  o f  A T P  h y d r o l y s i s  in 
s ta t ic  h e a d  c o n d i t i o n s  [ i .e . ,  w h e n  the  net  ra te  o f  
c a l c ium ion  t r a n s p o r t  (Jca2+) b e c a m e  zero .  I ts  va lue  
equa l s  the  r a t e  o f  A T P  h y d r o l y s i s  at  equ i l ib r ium,  in 
the  a b s e n c e  o f  A23187].  (JATP)Agc~2+= 0 is the  ra te  o f  
A T P  h y d r o l y s i s  w h e n  the  e l e c t r o c h e m i c a l  Ca  2+ po-  
t en t i a l  d i f f e r ence  (2~fi-Ca2+) a c r o s s  the  m e m b r a n e  is 
ze ro .  I t s  va lue  shou ld  equa l  the  ra te  o f  A T P  hydro l -  
ys is  in the  p r e s e n c e  o f  A23187,  a s s u m i n g  the  e lec t r i -  
cal  p o t e n t i a l  d i f f e r ences  a c r o s s  the  m e m b r a n e  (A0) 
is negl ig ib le .  This  las t  a s s u m p t i o n  is w a r r a n t e d  be-  
c ause ,  as  w e  will  s h o w  in T a b l e  2, the  p r e s e n c e  in 
the  a s s a y  s y s t e m  of  AtO-collapsing agents  in add i t i on  
to  A23187 d o e s  no t  fu r the r  m o d i f y  s ignif icant ly  the  
ra te  o f  A T P  h y d r o l y s i s  in the  r e c o n s t i t u t e d  e n z y m e  
(see below). The  d e g r e e  o f  coup l ing  (q) e x p e c t e d  
will  o sc i l l a t e  b e t w e e n  the  va lue  o f  0 (no coup l ing  
a n d / o r  to ta l  p e r m e a b i l i t y )  and  the  va lue  o f  1 (pe r -  
fec t  coupl ing) .  T a b l e  1 s h o w s  tha t  the  degree  o f  
coup l ing  (q) b e t w e e n  the  Ca  2+ t r a n s p o r t  and  the 
A T P  h y d r o l y s i s  was  v e r y  high (0.91 to  0.95) in all 
the  t y p e s  o f  ves i c l e s  t e s t ed ,  wi th  d i f f e rences  de-  
p e n d i n g  on  the  p h o s p h o l i p i d s  used .  M o r e o v e r ,  as  
e x p e c t e d ,  the  n o n r e c o n s t i t u t e d  e n z y m e  y ie lds  a 
va lue  o f  q equa l  to  ze ro ,  s ince  no vec to r i a l  Ca  2+ 
m o v e m e n t  c o u l d  t ake  p lace .  

T a b l e  1 a lso  shows  tha t  the  A T P  h y d r o l y t i c  ac-  

t iv i ty  o f  the  e n z y m e ,  when  net  Ca  2+ u p t a k e  is pre-  
v e n t e d  (in the  p r e s e n c e  o f  A23187),  va r i es  g rea t ly  
d e p e n d i n g  on  the  p h o s p h o l i p i d s  used  t o  p r e p a r e  the  
ves ic les .  The  h ighes t  ac t iv i ty  was  found  with aso-  
lec t in  ves ic l e s  ( ave rage  va lue  2150 nmol  �9 rain - j  �9 
mg p ro t  1), a p p r o a c h i n g  95% of  the  a v e r a g e  va lues  
o f  the  n o n r e c o n s t i t u t e d  e n z y m e  (2274 nmol  �9 rain-~ �9 
mg p ro t  1) (bo th  in the  p r e s e n c e  o f  ca lmodu l in ) ,  In  
a n o t h e r  ser ies  o f  e x p e r i m e n t s  (see, for  e x a m p l e ,  
Fig .  4), the  r e l a t ive  ac t iv i ty  o f  the  r e c o n s t i t u t e d  en-  
z y m e  in a so lec t in  in the  p r e s e n c e  o f  A23187 r e a c h e d  
on ly  65 to 70% of  the  ac t iv i ty  o f  the  n o n r e c o n s t i t u -  
t ed  e n z y m e .  C o m m e r c i a l  g r ade  s o y b e a n  L-c~-phos -  
p h a t i d y l c h o l i n e  ( type  I I -S)  s igni f icant ly  d e c r e a s e d  
the  e n z y m a t i c  ac t iv i ty  in t hese  e x p e r i m e n t a l  cond i -  
t ions  (821 nmol  �9 rain -1 � 9  p r o t - I ) .  T h e  d e c r e a s e  in 
ac t i v i t y  was  m o r e  p r o n o u n c e d  w h e n  h ighly  pur i f ied  
s o y b e a n  L-c~-phospha t idy lchol ine  ( type  IV-S)  or  egg 
yo lk  L-c~-phospha t idy lchol ine  ( type  X-E)  was  em- 
p l o y e d  (345 and  227 n m o l  �9 min  -1 . mg p ro t  -1, re-  
spec t ive ly ) .  T w o  f ac to r s  cou ld  c o n t r i b u t e  to these  
resu l t s :  i n a c t i v a t i o n  o f  the  e n z y m e  dur ing  the  re-  
c ons t i t u t i on  p r o c e d u r e  a n d / o r  r a n d o m  inc o rpo ra -  
t ion o f  the  e n z y m e  such  tha t  on ly  pa r t  of  the  A T P  
ca t a ly t i c  s i te(s)  is e x p o s e d  to  the  o u t e r  s ide o f  the  
ves i c l e s .  A t  this  po in t  w e  d e c i d e d  to p e r f o r m  the  
s u b s e q u e n t  e x p e r i m e n t s  on ly  in a so l ec t in  or  L-a-  
p h o s p h a t i d y l c h o l i n e  ( T y p e  I I -S)  ves ic les .  

In  a s u b s e q u e n t  se r ies  o f  e x p e r i m e n t s  we  s tud-  
ied  the  t ime  c o u r s e  o f  A T P  h y d r o l y s i s  o f  the  r econ-  
s t i tu t ed  e n z y m e  bo th  in the  a b s e n c e  and in the  
p r e s e n c e  o f  A23187. F igu re  1 s h o w s  the  resu l t s  o f  
e x p e r i m e n t s  p e r f o r m e d  us ing  a so l ec t in  and  s o y b e a n  
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Fig. 1. Time course of ATP hydrolysis in the presence and ab- 
sence of A23187 by the nonreconstituted and reconstituted en- 
zyme. (A) The nonreconstituted Ca2+-ATPase (24.5/lg protein) 
was assayed at 37~ in a total volume of l0 ml of the following 
medium: 112 mM K(~I, 50 mM Na-Hepes pH 7.4, 5 mM MgCI2, 85 
~M CaCI2, 80/xM EDTA, 0.6/xg �9 ml -~ calmodulin, 0.1 mM oua- 
bain (not necessary), 0.05% (wt/vol) Triton X-100, 0.1% (wt/vol) 
asolectin, 2 mM DTT and 2 mM ATP (sodium salt) in the absence 
(open squares) or in the presence of 10/zg . ml -~ A23187 (filled 
squares). The reconstituted enzyme (18 mg phospholipids plus 12 
txg protein) was assayed at 37~ in a total volume of 8 ml of the 
following medium: 115 mM KC1, 50 mM Na-Hepes pH 7.4, 5.7 
mM MgC12, 57/zM CaCI2, 0.6/~g �9 ml -I calmodulin, 0.3 mM DTT 
and 2 mM ATP (sodium salt) in the absence (open symbols) or in 
the presence of 10 p.g �9 ml -~ A23187 (filled symbols). At indicated 
times I ml of the reaction mixture was withdrawn and assayed 
for inorganic phosphate, as indicated in Materials and Methods. 
All the preparations contain 0.5% (vol/vol) ethanol. The proteoli- 
posomes were prepared in 100 mM KCI, 50 mM K-Hepes pH 7.4, 
5 mM MgC12, 2 mM DTT and 50 /xM CaC12: nonreconstituted 
enzyme (squares), enzyme reconstituted in asolectin (circles) 
and enzyme reconstituted in L-o~-phosphatidylcholine (II-S type) 
(triangles). (B) The reconstituted Ca2+-ATPase (45 mg L-c~-phos- 
phatidylcholine type II-S plus 33/xg protein, traces b and c) was 
assayed at 37~ in a total volume of 3.1 ml of the following 
medium: 100 mM KCI, 20 mM K-Hepes pH 7.4, 1 mM MgCIz, 32 
NM CaC12, 1.6/xg �9 ml -t calmodulin, 2 mM DTT, 3.9 mM phos- 
phoenolpyruvate, 44 units pyruvate kinase, 112 units lactate de- 
hydrogenase and 0.1 mM NADH. Where indicated, 32 tzg �9 ml 
A23187 and 16/J,M MgATP was added. Trace a is an experiment 
performed in the same medium in the absence of proteolipo- 
somes. The proteoliposomes were prepared in (mM): 100 KCI, 20 
K-Hepes pH 7.4, 2 DTT and 1 MgCIz. The rate of ATP hydroly- 
sis was determined by following the rate of NADH oxidation at 
the wavelength pair of 340 and 360 rim. 0.06% (vol/vol) N,N'- 
dimethylformamide was added with A23187 

L-c~-phosphatidylcholine (type I1-S) and with nonre- 
consti tuted enzyme.  The rate of  inorganic phos- 
phate released to the medium was measured colori- 
metrically in Fig. 1A as described in the Materials 
and Methods section. Near  maximum rate of ATP 
hydrolysis was obtained with the enzyme reconsti- 
tuted in asolectin in the presence of A23187, ap- 
proaching values of  the activity of the nonreconsti- 
tuted enzyme.  It was expected,  however,  that in the 
absence of  A23187, after a brief  period of active 
ATP hydrolysis coinciding with the buildup of  a cal- 

cium ion concentrat ion gradient, the rate of ATP 
hydrolysis would slow down to a point where the 
rate of Ca 2+ uptake will be compensated by the rate 
of Ca 2+ leaking out of the vesicles. The limitation 
in the colorimetric determination of very small 
amounts of inorganic phosphate,  however,  limited 
the detection of this transient fast initial rate of ATP 
hydrolysis.  The transient initial phase of  rapid ATP 
hydrolysis was expected to be very short, since the 
small inner volume of the proteoliposomes will 
result in a very fast buildup of  a near maximum Ca 2+ 
concentrat ion gradient across the proteoliposome 
membrane in a short period of time. Cons.equently, 
we measured the rate of ATP hydrolysis using an 
ATP regenerating system (pyruvate  kinase/lactate 
dehydrogenase) and following the initial rate of 
NADH oxidation spectrophotometrically at the 
wavelength pair of 340 and 360 nm. Figure I B 
shows the result of these experiments.  It can be 
seen that in the absence of  A23187 (trace b) the 
initial rate of ATP hydrolysis slows down with time, 
as expected,  from 193 to 78 nmol - min ~ �9 mg 
prot t. In the same trace b (Fig. IB) it is seen that a 
further addition of  A23187 increases the rate of  ATP 
hydrolysis to the same level as that when A23187 
was in the assay before the addition of ATP (trace 
c). A control (trace a) in the absence of proteolipo- 
somes shows a small transient NADH oxidation in- 
duced by addition of ATP, due to a small amount 
(5% by molarity) of contaminating ADP in the stock 
solution of  ATP. The numbers along the traces indi- 
cate the actual rate of  NADH oxidation (ATP hy- 
drolysis) expressed in nmol �9 min-~ �9  prot -~. 

The capability of the proteoliposomes to ac- 
tively transport  Ca 2+ across the proteoliposome 
membranes was directly confirmed by measuring 
Ca 2+ uptake with a selective Ca 2+ electrode to mon- 
itor changes in free Ca 2+ concentrat ion in the outer 
media. Several  typical traces of Ca 2+ uptake are 
presented in Fig. 2. Trace B shows Ca 2+ uptake in 
proteoliposomes in the absence of any Ca2+-chelat - 
ing agent inside the vesicles, and trace C shows 
Ca 2§ uptake in oxalate-loaded proteoliposomes.  In 
contrast,  experiments performed on proteolipo- 
somes previously treated with A23187 (trace A) 
show that A23187 totally prevents net Ca z+ uptake 
in the vesicles. The number along the traces indi- 
cates the initial rate of Ca 2+ uptake in ng-ions Ca z+ �9 
min- ~ �9 mg prot-  ~. 

EFFECTS OF DIFFERENT IONOPHORES ON THE 

ACTIVITY OF THE RECONSTITUTED Ca2+-ATPase 

As shown previously,  the electroneutral Ca2+/2H + 
exchanger  A23187 induces a strong stimulation of  
the rate of  ATP hydrolysis by the reconsti tuted en- 
zyme. Since this ionophore not only will collapse a 
generated Ca 2+ gradient but a generated proton gra- 
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Fig. 2. Time course of Ca ~+ uptake by the reconstituted Ca z+- 
ATPase. Ca 2+ movement was recorded with a Ca2+-selective 
electrode at 37~ in a total volume of 3.1 ml in the following 
medium: reconstituted enzyme (45 mg asolectin plus 31 /xg pro- 
tein), 100 mM KCI, 20 mM K-Hepes pH 7.4, 2 mM DTT, 1 mM 
MgCI2, 32 /xM CaCI2, 6 /xg �9 ml ~ calmodulin, 3.9 mM phos- 
phoenolpyruvate, 94 units pyruvate kinase and 7 mM (NH4)2SO4. 
Where indicated, 16/xM MgATP was added. The system in trace 
A contains, in addition, 6.4/xg . ml ~ A23187. The proteolipo- 
somes were prepared in 100 mM KCI, 20 mM K-Hepes pH 7.4, 2 
mM DTT and 1 mM MgCI2 (traces A and B) and the same medium 
plus 100 mM potassium oxalate (trace C). The oxalate was re- 
moved from the outer medium by a second dialysis against the 
same medium without oxalate before the experiment was per- 
formed. Known amounts of CaC12 where used as a standard to 
calculate the response of the Ca2+-selective electrode 

d i e n t  ( A p H )  as  we l l ,  w e  d e c i d e d  to  u s e ,  in  a d d i t i o n ,  

a s e r i e s  o f  o t h e r  i o n o p h o r e s  to  i n v e s t i g a t e  t h e  p o s s i -  

b i l i t y  o f  t h e  e n z y m e  b e i n g  i n v o l v e d  in  H + t r a n s l o c a -  

t i o n  a n d  to  s t u d y  t h e  a l t e r n a t i v e  e l e c t r o n e u t r a l  v e r -  

s u s  e l e c t r o g e n i c  m o d e  o f  o p e r a t i o n  o f  t h e  p u m p .  

T a b l e  2 s h o w s  t h r e e  t y p i c a l  e x p e r i m e n t s  in  w h i c h  

t h e  e f f e c t  o f  c o m b i n i n g  d i f f e r e n t  i o n o p h o r e s  o n  t h e  

r a t e  o f  A T P  h y d r o l y s i s ,  a s  w e l l  as  t h e  A T P  h y d r o l y -  

s is  c o n t r o l  r a t i o  (as  d e s c r i b e d  a b o v e )  is e x a m i n e d  

u s i n g  t h e  r e c o n s t i t u t e d  e n z y m e .  I t  is s e e n  t h a t  t h e  

e l e c t r o p h o r e t i c  K + u n i p o r t ,  v a l i n o m y c i n  ( in  t h e  

p r e s e n c e  o f  K +) p r o d u c e d  a s i g n i f i c a n t  i n c r e a s e  (80 

to  9 0 % )  in  t h e  r a t e  o f  A T P  h y d r o l y s i s  w i t h  r e s p e c t  

to  t h e  c o n t r o l  in  t h e  a b s e n c e  o f  i o n o p h o r e s ,  p r o b a -  

b ly  b y  c o l l a p s i n g  t h e  e l e c t r i c a l  m e m b r a n e  p o t e n t i a l  
d i f f e r e n c e  a c r o s s  t h e  p r o t e o l i p o s o m e  m e m b r a n e .  

T h e  e f f e c t  o f  v a l i n o m y c i n  w a s  f o u n d  c o n s i s t e n t l y  in  
al l  o f  t h e  p r e p a r a t i o n s  t e s t e d .  V a l i n o m y c i n  s t i m u -  

l a t e d  t h e  r a t e  o f  A T P  h y d r o l y s i s  o f  t h e  r e c o n s t i t u t e d  

e n z y m e  a t  al l  c o n c e n t r a t i o n s  o f  p o t a s s i u m  i o n  ex -  

a m i n e d  f r o m  I0  t o  100 m M  (results not shown). A 
s i m i l a r  e f f e c t ,  a l t h o u g h  to  a l e s s e r  e x t e n t  (20 to  

Table 2. Effects of different ionophores on the activity of the 
reconstituted Ca2+-ATPase a 

Experiment Addition ATPase ATP 
activity hydrolysis 
(nmol . min ~ control ratio 
�9 mg prot ~) 

None 293 
Val 539 1.8 
CCCP 365 1.2 
FCCP 395 1.3 
Nig 683 2.3 
Mon 1072 3.7 

A23187 2713 9.3 
A23187 + Val 2672 9.1 
A23187 + CCCP 2779 9.5 
A23187 + FCCP 2539 8.6 
A23187 + Nig 2588 8.8 
A23187 + Mon 2641 9.0 

None 168 
CCCP 225 1.3 
FCCP 194 1.2 
DNP 296 1.8 
A23187 1442 8.6 

None 247 
Val 461 1.9 
CCCP 291 1.2 
Nig 555 2.2 
Mon 852 3.4 

CCCP + Val 351 1.4 
CCCP + Nig 540 2.2 
CCCP + Mon 842 3.4 
Val + Nig 640 2.6 
Val + Mon 916 3.7 
Nig + Mon 1110 4.5 
A23187 2464 10.0 

a The ATP activity was assayed at 37~ for 1 hr in a total volume 
of 1 ml in a reaction mixture as follows: Experiments 1 and 3: 
proteoliposomes (2.2 mg asolectin plus 1.5/~g protein), 115 mM 
KC1, 57 mM K-Hepes pH 7.4, 5.7 mM MgCb_, 57 p~M CaC12, 0.6 
txg �9 ml -t calmodulin, 0.3 mM DTT and 2 mM ATP (sodium salt) 
in the presence of the indicated ionophores: 10/xg �9 ml ' valino- 
mycin, 25 p~M CCCP, 25 txM FCCP, 10 p~g ' ml ~ nigericin, 10 txg �9 
m1-1 monensin and 10/xg �9 ml ~ A23187. Experiment 2: proteoli- 
posomes (3.8 mg asolectin plus 3.8/xg protein), 100 mM KC1, 26 
mM K-Hepes pH 7.4, 3.5 mM MgC12, 115 /xM CaCI~, 2 p,g �9 ml 
calmodulin, 0.6 mM DTT and  2 mM ATP, in the presence of the 
indicated ionophores: 25 txM CCCP, 25 k~M FCCP, 1.5 mM DNP 
and 20 txg �9 ml ~ A23187. The reaction mixture in all cases con- 
tains 1% (vol/vol) ethanol. The proteoliposomes were prepared 
in: 100 mM KCI, 50 mM K-Hepes pH 7.4, 5 mM MgCI_,, 2 mM 
DTT and 50/zM CaCI2. The inorganic phosphate released to the 
medium was determined as described in Materials and Methods. 
The ATP hydrolysis control ratio is the ratio of the activities in 
the presence versus the absence of the ionophores. 

3 0 % ) ,  w a s  o b s e r v e d  w i t h  t h e  p r o t o n o p h o r e s  C C C P  
a n d  F C C P ,  a l t h o u g h  2 , 4 - d i n i t r o p h e n o l  w a s  m o r e  ef- 

f e c t i v e  a n d  s t i m u l a t e d  a b o u t  8 0 % .  T h e  r e s u l t s  c o u l d  

b e  i n t e r p r e t e d  as  i n d i c a t i n g  t h e  p r e s e n c e  o f  a n  e l e c -  

t r i c a l  m e m b r a n e  p o t e n t i a l  a c r o s s  t h e  m e m b r a n e  fol-  
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Fig. 3. Effects of  different concentra t ions  of A23187 and 
CYCLEX-2E  on the ATPase  activity of  the reconst i tuted en- 
zyme.  Reconst i tuted Ca2+-ATPase (4.5 mg asolectin plus 3.7/~g 
protein) was assayed  at 37~ for 1 hr in a total volume of  1 ml in 
the following medium: 100 mM KCI (triangles) or 100 mM NaCI 
(circles), 26 mM K-Hepes  (triangles) or 26 mM Na-Hepes  (cir- 
cles), 3.5 mM MgCI2, 115 /~M CaCI2, 2 /zg  . ml i calmodulin,  0.6 
mM DTT and 2 mM ATP (sodium salt). The proteol iposomes 
were prepared in: 100 mM KCI (triangles) or 100 mM NaCI (cir- 
cles), 20 mM K-Hepes  (triangles) or 20 mM Na-Hepes  (circles) 
pH 7.4, 5 mM MgCIz, 50/~M CaCI2 and 2 mM DTT. A23187 (filled 
symbols)  or  CYCLEX-2E  (open symbols)  at the indicated con- 
centrat ion was added to the assay  sys tem.  1% (vol/vol) ethanol 
or  N ,N ' -d imethy l fo rmamide  were also included in all the tubes.  
Inorganic phosphate  was determined as indicated in Materials 
and Methods  

cin or monensin, resulted in a further increase in 
the rate of ATP hydrolysis when compared with the 
addition of each ionophore individually. However, 
substitution of valinomycin by CCCP did not pro- 
duce the same results (experiment 3, in Table 2). 
Table 2 also shows that the combined addition of 
nigericin plus monensin was more efficient than the 
addition of each ionophore separately. All the 
ionophores employed were used at concentrations 
able to induce maximum rate of stimulation of the 
reconstituted enzyme, except for the cases of ni- 
gericin and monensin. We found that although both 
nigericin and monensin increased the rate of ATP 
hydrolysis in a concentration-dependent manner, a 
plateau was difficult to reach, most probably be- 
cause of dimerization of the ionophores in the mem- 
brane, which could result in the formation of non- 
specific channels if excessively high concentrations 
are used. Moreover, it was shown that the activity 
of the enzyme before reconstitution was not stimu- 
lated by valinomycin, nigericin, monensin, CCCP, 
FCCP, 2.4-dinitrophenol or A23187. However, va- 
linomycin (10/~g �9 m1-1) and 2,4-dinitrophenol (1.5 
mM) produce a 7 and a 10% inhibition, respectively 
(results not shown). 

USE OF CYCLEX-2E PLUS PROTONOPHORES 
TO F U R T H E R  D E M O N S T R A T E  H + T R A N S L O C A T I O N  

BY T H E  R E C O N S T I T U T E D  Ca2+-ATPase 

lowing Ca 2+ transport. However, it was observed 
that the combined addition of A23187 plus pro- 
tonophores did not produce a significant change in 
the rate of ATP hydrolysis. Consequently, it could 
be reasonably assumed that the suspected mem- 
brane potential, if present, is of a very low magni- 
tude. On the other hand, 1 mM SCN- or 1 mM NO~- 
did not stimulate the rate of ATP hydrolysis (results 
not shown), possibly due to their low permeability 
across the artificial proteoliposome membrane, in 
contrast to the high permeability observed in natu- 
ral biological membranes. 

The addition of either the electroneutral 
K+(Na+)/H+ exchanger, nigericin, or the electro- 
neutral Na+(K+)/H + exchanger monensin, induces 
a strong increase in the rate of ATP hydrolysis (2.3- 
and 3.7-fold, respectively) (Table 2). These results 
were taken as convincing evidence of the transport 
of H + during Ca 2+ translocation by the reconsti- 
tuted enzyme. Furthermore, the effect of nigericin 
or monensin is not additive to the effect of A23187, 
as expected, further suggesting that the effect of 
those ionophores results from the collapse of the 
generated ApH. Conditions designed to collapse the 
ApH plus At0, namely, the combined addition of va- 
linomycin and the electroneutral exchanger nigeri- 

Since A23187 should collapse both a Ca 2+ and a H + 
gradient in an electroneutral fashion, it was not pos- 
sible, by the use of this ionophore alone or in combi- 
nation with other ionophores, to unequivocably de- 
cide whether or not H + translocation takes place, 
although as discussed above the stimulatory effects 
induced by nigericin or monensin made this a strong 
possibility. However, it could not be excluded that 
the countertransported species could be K + rather 
than H +. In order to solve this problem, we chose to 
use a Ca 2+ ionophore that does not cotransport pro- 
tons, but rather exchanges Ca 2+ for monovalent cat- 
ions. The synthetic cyclic peptide ionophore, 
CYCLEX-2E, meets these requirements (Deber, 
1980; Deber et al., 1980; Diobries & Deber, 1982). 
In the experiments of Fig. 3 is shown a comparison 
between the concentration requirement of A23187 
and CYCLEX-2E for stimulation of the rate of ATP 
hydrolysis in the reconstituted enzyme, both in a 
KCI- and a NaCl-containing medium. Inhibition by 
CYCLEX-2E at concentrations higher than 250/~g �9 
m1-1 is observed. This inhibition by high concentra- 
tions of CYCLEX-2E was also observed on the 
nonreconstituted enzyme (results not shown). Con- 
sequently, an appropriate concentration of this 
ionophore was carefully chosen in the next series of 
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T a b l e  3. Combined effects of  CYCLEX-2E  plus proton-con- 
duct ing ionophores  on the activity o f  the reconst i tuted Ca > -  
ATPase  ~, 

Proton-conduct ing 
ionophore 

ATPase  activity 
(nmol - m i n r  . mg prot ~) 

- C Y C L E X - 2 E  + C Y C L E X - 2 E  

None  180 492 
CCCP 200 711 
DNP 200 786 
Nig 296 746 
Mon 574 1330 
A23187 1537 1663 
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a The  ATPase  activity was as sayed  at 37~ for 1 hr  in a total 
volume of  1 ml in a react ion mixture  as follows: proteol iposomes 
(3.6 mg asolectin plus 3 /zg protein), 100 mM KCI, 26 mM K- 
Hepes  pH 7.4, 3.5 mM MgCt2, 2 / zg  - ml ~ calmodulin,  0.6 mM 
DTT and 2 mM ATP  (sodium salt) in the presence  of  the indicated 
ionophores:  25/xM CCCP,  1.5 mM DNP,  20/xg �9 ml ~ nigericin, 
20 /xg �9 ml t monens in ,  20 /xg �9 m1-1 A23187, 500 /zg �9 ml 
CYCLEX-2E .  The react ion mixture  in all cases  contains 1% 
(vol/vol) e thanol  plus 0.5% (vol/vol) N,N ' -d imethy l formamide .  
The proteol iposomes were prepared in: 100 mM KC1, 20 m g  K- 
Hepes  pH 7.4, 5 mM MgC12, 2 mM DTT and 50/xM CaCI2. The 
inorganic phospha te  re leased to the medium was determined as 
described in Materials  and Methods .  

experiments. The experiment in Table 3 was de- 
signed to test the combined action of the Ca 2+- 
ionophore CYCLEX-2E and different agents able to 
permeabilize the membrane to H +. In all the cases 
studied, the combined addition of CYCLEX-2E 
plus one of the following compounds: CCCP, 2,4- 
dinitrophenol, nigericin or monensin, dramatically 
increased the rate of ATP hydrolysis when com- 
pared to the addition of each ionophore indepen- 
dently. Controls with A23187, and CYCLEX-2E 
plus A23187 are also shown for comparison. It be- 
comes clear that in order to attain maximum stimu- 
lation of the activity of the reconstituted CaZ+-trans - 
locating ATPase, it is necessary to prevent the 
buildup not only of a Ca 2+ concentration gradient 
but of a ApH as well. 

E F F E C T S  OF A C E T A T E  A N D  A M M O N I U M  ON THE 

A C T I V I T Y  OF T H E  R E C O N S T I T U T E D  Ca2+-ATPase 

Fig. 4. Effects of  acetate  and a m m o n i u m  on the ATPase  activity 
of  the nonreconst i tu ted and reconst i tuted Ca2+-ATPase in the 
absence  and presence of  Ca -'+ ionophores .  (A) The ATPase  activ- 
ity was determined at 37~ for 1 hr  in a l-ml volume.  The  nonre- 
const i tuted enzyme  (3.8/xg protein) (open squares)  was assayed  
as follows: 124 mM KCI, 25 mM K-Hepes  pH 7.4, 3.5 mM MgCI2, 
160 txM CaCI2, 160/xM EDTA,  2/~g ' ml ~ calmodulin,  0.05% (wt/ 
vol) Tri ton X-100, 0.1% (wt/vol) asolectin,  2 mM DTT, 2 mM 
ATP (sodium salt), and the indicated concentra t ions  of  potas- 
sium acetate.  The reconst i tuted enzyme (4.4 mg asolectin plus 
2.3/xg protein) was assayed  as follows: 100 mM KCI, 26 mM K- 
Hepes  pH 7.4, 3.5 mM MgCI_,, 115/zM CaCI,, 2/xg - ml -~ calmo- 
dulin, 0.6 mM DTT, 2 mM ATP (sodium salt), and the indicated 
concentra t ion o f  potass ium acetate: (open circles) no Ca -,+ 
ionophores ,  (filled circles) 250 p~g �9 ml i CYCLEX-2E,  (filled 
triangles) 20 p~g - ml i A23187 and (filled squares)  250 p,g �9 ml 
CYCLEX-2E  plus 20/zg �9 ml -~ A23187. All the tubes  contained 
1% (vol/vol) ethanol plus 0.5% (vol/vol) N,N ' -d imethyl form-  
amide. The  proteol iposomes were prepared in: 100 mM KCI, 20 
mM K-Hepes ,  pH 7.4, 5 mM MgCI: and 2 mM DTT. Inorganic 
phosphate  was determined as indicated in Materials and Meth- 
ods.  (B) The nonreconst i tu ted Ca2+-ATPase (3.6 /xg protein) 
(open squares)  was assayed  as follows: I00 mM NaCI, 24 mM 
KCI, 25 mM K-Hepes  pH 7.4, 3.5 mM MgCI2, 160/-~M CaCI2, 160 
/3,M EDTA,  2/xg - ml-1 calmodulin,  0.05% (wt/vol) Triton X-100, 
0.1% (wt/vol) asolectin,  2 mM DTT, 2 mM ATP (sodium salt) and 
the indicated concentrat ion of  a m m o n i u m  chloride. The reconsti-  
tuted enzyme  (3.9 mg asolectin plus 1.9/xg protein) was assayed  
as follows: 100 mM NaCI, 26 mM K-Hepes  pH 7.4, 3.5 mM 
MgC12, 115 ~t.M CaCI2, 2 /zg .  ml -I calmodulin,  0.6 mM DTT, 2 mM 
ATP (sodium salt) and the indicated concentra t ion of  a m m o n i u m  
chloride: (open circles) no Ca 2+ ionophores;  (filled circles) 250 
/xg. m[ t CYCLEX-2E;  (filled t r iangles )20/xg ,  ml -t A23187. All 
the tubes  contained 1% (vol/vol) e thanol  plus 0.5% (vol/vol) 
N,N ' -d imethyl formamide .  The proteol iposomes were prepared 
in: 100 mM NaCI, 20 mM K-Hepes  pH 7.4, 5 mM MgCI2, 50 poM 
CaCI2 and 2 mM DTT. Inorganic phosphate  was determined as 
indicated in Materials and Methods  

In Fig. 4A are shown the results of the progressive 
addition of potassium acetate on the activity of the 
reconstituted enzyme, in the absence and presence 
of Ca2---ionophores, and on the nonreconstituted 
enzyme. In the absence of any ionophore or in the 
presence of CYCLEX-2E, conditions that may 
result in the generation of a ApH (alkaline inside) 
during ATP hydrolysis, the presence of increasing 

concentrations of acetate increases progressively 
the rate of ATP hydrolysis, since buffering of the 
inner compartment of the proteoliposome is ob- 
tained by the continuous transport of the protona- 
ted form of acetate, inside the vesicles, as it is per- 
meable through the membrane. However, the same 
concentration of acetate produces little or no effect 
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in the reconstituted enzyme in the presence of the 
CaZ+/2H + electroneutral exchanger, A23187 or 
A23187 plus CYCLEX-2E, or with the nonreconsti- 
tuted enzyme, conditions in which no ApH is ex- 
pected to develop, even if the enzyme carries out an 
electroneutral Ca 2+ to H + exchange. A similar ex- 
periment using NH4CI instead of potassium acetate 
is presented in Fig. 4B. Intravesicular NH2 is ex- 
pected to dissociate to NH3 plus H +, during ATP 
hydrolysis so facilitating the extrusion of H + by the 
enzyme. However, in this case the stimulatory ef- 
fect of NH4C1 could be observed in the reconsti- 
tuted enzyme both in the absence and in the pres- 
ence of either CYCLEX-2E or A23187. However, 
no effect was observed in the nonreconstituted en- 
zyme. The pronounced effect of NH4C1 in the pres- 
ence of A23187 could be understood if it is assumed 
that the number of H + translocated out of the vesi- 
cles by the reconstituted enzyme is lower than the 
number of H + entering the vesicles via A23187 by 
exchange with Ca 2+. If that were the case, the re- 
versed ApH generated in this condition (acid inside) 
could be neutralized by the entry of ammonia (NH3) 
and the formation of NH2. This result agrees with 
the indication that perhaps the enzyme is able to 
t r ans loca te  Ca 2+ against one single H + in an electro- 
genic fashion, confirming the effects observed with 
the ionophores able to collapse an electrical gradi- 
ent (see Table 2). 

Discussion 

The first successful reconstitution of a purified 
erythrocyte plasma membrane Ca2+-translocating 
ATPase was performed by a freeze-thaw sonication 
procedure using an enzyme isolated from pig eryth- 
rocytes (Haaker & Racker, 1979). In this prepara- 
tion, however, the ionophore A23187 stimulated the 
rate of ATP hydrolysis only by about threefold. Us- 
ing a purified human erythrocyte enzyme prepara- 
tion and a cholate-dialysis method to perform 
the reconstitution, the same type of experiments 
yielded higher stimulation of the enzymatic activity 
by A23187, in the order of nine- to 10-fold (Niggli et 
al., 1982; Villalobo & Roufogalis, 1984). Using the 
same cholate-dialysis method we also have ob- 
tained highly coupled proteoliposomes exhibiting 
similar ATP hydrolysis control ratios induced by 
A23187 (see Table 1). The obvious advantage in the 
use of proteoliposomes over inside-out membrane 
vesicles for the study of the ionic species directly 
translocated by the enzyme is that we avoid second- 
ary translocation of other ions, which undoubtedly 
complicates the analysis of the data. 

In first generation swelling-type experiments in 
inside-out membrane vesicles, Rossi and Schatz- 

mann (1982) concluded that the enzyme is elec- 
trogenic, rather than supporting the alternative 
electroneutral Ca 2+ for 2H + exchange mode of 
operation. In apparent agreement with the electro- 
genic nature of the Ca 2+ transport, earlier experi- 
ments on the stimulatory effect induced by different 
anions on the Ca 2+ uptake were interpreted as evi- 
dence that the anion channel (band III) in the eryth- 
rocyte membrane translocates the anions in an 
electrophoretic mode, so compensating for the 
electrical charge imbalance (Waisman et al. 
1981a,b). However,  these experiments could 
equally be interpreted by assuming that the Ca 2+- 
translocating ATPase operates as a Ca2+/H + ex- 
changer and that the anion channel cotransports H + 
(or exchanges with OH-)  for the anions, resulting in 
a net accumulation of Ca 2+ plus the anions and re- 
cycling of H +. Direct measurement of electrical po- 
tential difference across the membrane (A+) in in- 
side-out membrane vesicles has been reported using 
different A~-sensitive probes (Gimble et al., 1981, 
1982). However, the time-course of the fluorescent 
signal generation of both Ate-sensitive probes used, 
l-anilino-8-naphthalenesulfonate (ANS) and 3,3'- 
d ip ropy l th iod i ca rbocyan ine  (Di-S-C3(5)) was very 
slow, taking as much as 20 min to attain equilib- 
rium. This time frame appears to be unusually high 
for generation of a Aq~, since it was shown that the 
translocation of the probes themselves was not a 
limiting factor in these experiments. In the same 
work, the time course for the development of the 
assumed At0 when using the At0-sensitive paramag- 
netic probe, a nitroxide derivative of triphenyl 
phosphonium, was not presented (Gimble et al., 
1982). Moreover, the sensitivity of the A~-sensitive 
probes used to changes in pH on the inside of the 
vesicles was not tested. Consequently, the possibil- 
ity remains that the observed signals were due to 
protonation/deprotonation of the probe. However, 
the same authors (Gimble et al., 1982) reported that 
ambiguous results were obtained when different 
ApH-sensitive probes were employed, although dis- 
tribution of [14C]methylamine and a ApH-sensitive 
EPR probe, indicated indeed increased alkaliniza- 
tion inside the vesicles during ATP hydrolysis. 

Our results suggest that a At0, perhaps of low 
magnitude, develops in the proteoliposomes during 
ATP hydrolysis, since valinomycin (in the presence 
of K § stimulated significantly the rate of ATP hy- 
drolysis. Although other authors have observed 
similar results, the observed effect was considered 
insignificant (Niggli et al., 1982). In contrast, we 
have found that this effect is statistically significant 
and consistently reproducible between experi- 
ments. When the Ca 2+ ionophore A23187 was 
present, valinomycin did not stimulate further the 
rate of ATP hydrolysis (see Table 2), indicating that 
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the collapse of the chemical Ca 2+ gradient accounts 
for a maximum stimulation of the reconstituted en- 
zyme. In addition, valinomycin at these concentra- 
tions of 10/xg �9 ml-~ slightly inhibits the solubilized 
enzyme (7%), preventing, perhaps, observation of 
the expected additional stimulation in the presence 
of A23187. Moreover, collapsing a Ark using CCCP, 
FCCP or DNP instead of potassium ion (+valino- 
mycin) also stimulated the rate of ATP hydrolysis 
(see Table 2), although CCCP and FCCP were less 
effective, perhaps because these compounds have 
been shown to interact directly with -SH groups in 
proteins (Kaback et al., 1974), thereby producing 
some inhibtion. In our experiments we have shown 
that high concentrations of CCCP or FCCP (75/XM) 
do indeed inhibit the reconstituted enzyme. 

Our results strongly suggest that the Ca 2+- 
ATPase is involved in H + translocation, since the 
maximum stimulation of activity in the reconsti- 
tuted enzyme was always obtained by the combina- 
tion of agents able not only to collapse chemical 
Ca 2+ gradients, but ApH as well, in agreement with 
previous results by others in inside-out membrane 
vesicles (Smallwood et al., 1983) and proteolipo- 
somes (Niggli et al., 1982). However, the ability of 
the enzyme to exchange 1 Ca 2+ for 1 H + in an elec- 
trogenic fashion, or to efficiently translocate Ca 2+ 
alone, in some conditions of the cell activation cy- 
cle cannot be disregarded at present. This electro- 
genicity could well represent an alternative mode of 
operation of the C a  2+ pump when the electrical 
membrane potential across the cell membrane is 
low. The alternative mode of operation could be 
attained by changing the stoichiometry of translo- 
cated H + per each ATP hydrolyzed. In support of 
this view other transport ATPases (Lee & BIostein, 
1980; Forgac & Chin, 1981; Gafni & Boyer, 1985; 
Cox & Helman 1986a,b) have been shown able to 
change the stoichiometric cation/ATP ratio, so per- 
haps making them more adaptable and capable of 
coping with demanding changes in physiological 
cellular metabolism. 
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