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A high-affinity calcium-dependent ATPase (Ca2+-ATPase) was identified in a crude plasma membrane 
fraction from Entamoeba invadens (IP-1 strain). The Ca2+-ATPase activity was solubilized from the 
membrane by utilizing the non-ionic detergent octylglucoside. The activity had an apparent half maximal 
saturation constant of 0.4 _+ 0.05/~M for free calcium. The calcium activation of ATPase activity followed a 
cooperative mechanism (Hill number of 2.3 + 0.13) which suggests that two interacting sites were involved. 
The high-affinity Ca 2 +-ATPase appeared to be magnesium-independent, since by lowering contaminant free 
magnesium with trans-cyclohexane-l,2-diamine-N,N,N',N'-tetraacetic acid did not modify the activity ob- 
served with Ca 2+. The apparent K m of the enzyme for ATP was 31 /tM. The observed activity had an 
optimum pH of 8.8. The enzyme was insensitive to various agents such as Na +, K +, ouabain, dicyclohexyi- 
carbodiimide, KCN, NAN3, mersalyi, quercetin, ruthenium red and vanadate. Only lanthanum (0.5 mM) 
inhibited 100% the enzymatic activity. Calmodulin and trifluoperazine at the concentrations tested did not 
modify the Ca2+-ATPase activity. 

Introduction 

It has been shown that variations in the cyto- 
plasmic Ca z+ concentration induced by various 
extracellular stimuli play a critical role in many 
cellular processes such as metabolism, exocytosis, 
contraction, vision, cell division, differentiation 
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Investigaciones en Fisiologia Celular, Universidad Nacional 
Aut6noma de Mrxico, Apartado Postal 70-600, 04510 De- 
legacirn de Coyoacan, D.F., Mrxico, Mrxico. 

Abbreviations: CDTA, trans-cyclohexane-l,2-diamine- 
N,N,N',N'-tetraacetic acid; EGTA, ethylene glycol bis(/3- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid; DCCD, di- 
cyclohexylcarbodiimide; octylglucoside, octyl-/3-D-gluco- 
pyranoside; PMSF, phenylmethylsulfonyl fluoride; Tris, 2- 
amino-2-hydroxymethylpropane-l,3-diol; Triton X-100, oc- 
tylphenoxypolyethoxyethanol. 

and fertilization. Inside the cell the role of Ca 2 + as 
a trigger is mediated by a set of structurally re- 
lated, yet functionally distinct, receptor proteins 
[1]. This implies an accurate control of the basal 
cytoplasmic Ca 2 ÷ level by the cell. The Na +/Ca 2+ 
exchange and the ATP-driven Ca2+-pump activi- 
ties are the two known mechanisms for the extru- 
sion of Ca 2 ÷ through the plasma membranes. The 
latter system has been extensively studied in several 
cells, and it is well known that the CaZ+-extrusion 
pump of erythrocyte plasma membrane is a 
Ca2+-ATPase [2]. This enzyme is stimulated by 
micromolar concentrations of Ca 2÷ and calmodu- 
lin [3], and according to some authors the true 
substrate for the purified enzyme is Ca-ATP [4]. 
Recently a high-affinity Ca2+-dependent ATPase 
which is fully active in absence of exogenous Mg 2÷. 
has been reported in the plasma membrane of 
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various cells: alveolar macrophage [5], adipocyte 
[6], hepatocyte [7-9], corpus luteum [10], and 
Ehrlich ascites tumor cell [11]; the above enzymes 
have been proposed to be Ca 2 +-pumping ATPases. 

In Entamoeba histolytica a high specific activity 
membrane Ca2+-ATPase without requirement of 
exogenous Mg 2+ has been reported [12,13]. In 
Entamoeba invadens an amoeba belonging to the 
same genus, the presence of a membrane bound 
Mg2+-stimulated ATPase of low specific activity 
has been described [14,15]. In this communication 
we report the characterization of an E. invadens 
plasma membrane-associated Ca2+-dependent 
ATPase which does not require Mg 2+. 

Materials and Methods 

Culture and harvesting of cells 
Entamoeba invadens, strain IP-1, was employed 

throughout this study. Amoebae were cultivated 
axenically as described previously [16], in Di- 
amond's TYI-S-33 medium [17]. Cultures were 
inoculated with 3 .104 cells per ml. Cells were 
grown for 7-10 days at 22°C, cultures were chilled 
in ice bath for 5 rain and cells collected by centri- 
fugation at 500 × g for 10 min and washed twice 
with ice-cold 50 mM Tris-HC1 (pH 7.4), contain- 
ing 50/~M PMSF, 2 mM dithiothreitol (buffer A) 
and also 10% sucrose. 

Isolation of crude plasma membranes 
The crude plasma membrane fraction was iso- 

lated by the method described by Van Vliet et al. 
[15]. All operations were carried out at 0°C. The 
cells were resuspended in buffer A plus 10% sucrose 
and homogenized with 15 strokes in a tight fitting 
Potter-Elvehjem Teflon-glass homogenizer. The 
homogenate was centrifuged at 500 × g for 10 
min, and the pellet (nuclei, cell debris, and un- 
broken amoeba cells) was discarded. The super- 
natant was centrifuged at 4500 × g for 10 min. 
The top layer (mainly phagolysosomes), was dis- 
carded and the remaining supernatant centrifuged 
at 15 000 × g for 20 min. The pelleted material was 
washed twice by resuspending and centrifuging in 
buffer A plus 10% sucrose. The resulting pellet 
(crude plasma membrane fraction) was resus- 
pended in buffer A, and was the starting material 
for further fractionation. 
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Preparation of calmodulin-free plasma membranes 
Crude plasma membranes were washed three 

times with 1 mM Tris-HC1 (pH 7.4) containing 1 
mM EDTA, 1 mM EGTA, followed by two wash- 
ings with the same buffer minus EGTA. The mem- 
branes were then resuspended in buffer A and 
washed twice. This treatment has been reported to 
induce depletion of calmodulin from erythrocytes 
[181. 

Solubilization of Ca: +-A TPase 
In order to remove loosely bound membrane 

proteins from the crude plasma membrane frac- 
tion, this fraction was incubated in a solution 
containing 0.6 M KC1 in buffer A for 1 h at 0°C 
and then centrifuged at 75 000 × g for 30 rain. The 
supernatant was removed by aspiration, and the 
pellet was extracted once more with the 0.6 M KC1 
solution. The resulting pellet was resuspended in 
buffer A to a final protein concentration of 4 mg 
per ml. The above fraction was mixed with 2.5% 
(w/v)  octylglucoside and 2 mg protein per ml and 
the mixture was incubated for 1 h at 0°C. After 
centrifugation at 175000 × g for 90 min, the su- 
pernatant fraction was collected by aspiration and 
the pellet was resuspended in buffer A up to the 
starting supernatant volume. The resultant protein 
fractions were divided into small aliquots and 
stored under liquid N 2. 

Ca 2 +-A TPase assay 
The Ca 2 +-ATPase activity was assayed employ- 

ing a reaction mixture containing 150 #mol Tris- 
HC1 buffer (pH 7.4), 0.75 #mol ATP (disodium 
salt), pH 7.4, 6 #mol EGTA and CaC12 to give the 
indicated concentration of Ca 2 + [19], and the crude 
plasma membrane fraction or the solubilized en- 
zyme (10 to 40 /tg protein) in a total reaction 
volume of 3 ml. The reaction was started by 
adding ATP, and carried out at 25°C. After 10 
min incubation, the reaction was stopped by the 
addition of 300 #1 of 5 M H2SO 4. The inorganic 
phosphate (Pi) released from ATP was determined 
colorimetrically [20]. Ca2+-ATPase activity was 
calculated by subtracting the values obtained in 
the presence of EGTA alone (control) from those 
obtained with Ca2+-EGTA buffer, and are ex- 
pressed as nmol Pi released from ATP per mg 
protein per minute at 22°C. 
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Calcium and magnesium buffers 
The concentration of free calcium (Ca 2+) and 

free magnesium (Mg 2+) was adjusted in the mi- 
cromolar range by utilizing the ligands EGTA and 
CDTA. Free metal ion concentrations were calcu- 
lated employing a computer program based: on 
the absolute stability constants for each ligand 
[19,23-26], on the pH value, and on the competi- 
tive effects of Mg 2+, Ca 2+, Na + and ATP, as 
described by Fabiato and Fabiato [19]. The stabil- 
ity constants for the interactions of EGTA, CDTA, 
and ATP with H +, Ca 2+ and Mg 2+ employed are 
given in Table I. 

Gel electrophoresis 
Non-denaturing polyacrylamide gel electro- 

phoresis was carried out according to Laemmli 
[21] in 6% polyacrylamide rods (0.4 x 10 cm). The 
gels were prepared with Tris-glycine buffer (pH 
8.9) (25 mM Tris/192 mM glycine/20% glycerol) 
and were prerun for 30 min. The electrode com- 
partments contained the same buffer present in 
the gel, but without the addition of glycerol. The 
octylglucoside solubilized preparation (50-100 #g 
protein) was applied to the gel and electrophoresis 

T A B L E  I 

A B S O L U T E  ( K )  A N D  A P P A R E N T  ( K ' )  S T A B I L I T Y  C O N -  

S T A N T S  F O R  T H E  L I G A N D S  E G T A ,  C D T A ,  A N D  A T P  

Ligand Cat ion  log K 1 log K 2 log K '  
( M -  1 ) (M - 1 ) ( pH  7.4) * 

(M 1) 

E G T A  H + 9.460 " 8.850 ~ - 

Ca  2+ 10.716 b 5.330 a 7.19 

Mg 2+ 5.210 a 3.370 ~ 2.10 

C D T A  H + 11.700 c 6.120 c 

Ca 2+ 12.354 b _ 8.032 

Mg 2÷ 10.320 d _ 5.998 

A T P  H ÷ 6.950 ~ 4.050 ¢ - 
Ca  z+ 3.982 e 1.800 c 3.85 

Mg 2+ 4.324 e 2.740 ¢ 4.19 

a Values were taken f rom Schwarzenbach  et al. [23]. 

b Values were taken f rom Allen et al. [26]. 

" Values were taken f rom Sillrn and  Martel l  [25]. 

a Value was taken f rom Chabere  and Martel l  [24]. 

Values were taken f rom Fabia to  and Fabia to  [19]. 

* A p p a r e n t  ( K ' )  values were calculated according to Fabia to  

and Fabia to  [19]. 

was performed at 2 mA per gel at 2-4°C until the 
bromophenol blue marker reached 1 cm from the 
end of the gel (about 2 h). The gels were then 
removed and either stained for protein with 
Coomassie brilliant blue R, and scanned at 550 
nm, or stained for Ca2+-ATPase activity using a 
modification of the method of Abrams and Baron 
[22]. Gels were incubated in a solution containing 
2 mM ATP, 3 mM CaC12 in 50 mM Tris-HC1 (pH 
7.4) at 22°C, for 5 min. The gels were then washed 
with distilled water and incubated in a mixture 
containing 10% ascorbate solution and 0.42% am- 
monium molybdate in 0.5 M H2SO 4 (1:6,  v /v)  at 
45°C, until the blue band showing the position of 
the enzyme was visible [20]. Gels were rinsed with 
distilled water and scanned at 750 nm with an Isco 
gel scanner. 

Protein determination 
Protein concentrations were measured by the 

method of Lowry et al. [27], employing bovine 
serum albumin as standard. 

Determination of kinetic parameters 
The kinetic constants for the Ca 2 +-ATPase ac- 

tivity were determined by fitting the Hill equation 
to experimental data according to the iterative 
method of Crabbe [28]. 

Chemicals 
ADP, ATP (disodium salt), bovine serum al- 

bumin, CDTA, EGTA, GDP, GTP, p-nitrophenyl 
phosphate, and Triton X-100 were obtained from 
Sigma. Dithiothreitol, PMSF, octylglycoside and 
bovine brain calmodulin were purchased from 
Calbiochem-Behring Corp. Other chemicals used 
were of the highest purity. 

Results 

In order to investigate the presence of C a  2+-  

ATPase activity in E. invadens extracts, this en- 
zymatic activity was assayed following the proce- 
dure described for E. histolytica [13], with some 
modifications as described in Methods. It was 
found that the crude homogenate contained a 
Ca2+-ATPase activity with a specific activity of 
45 + 5 nmol Pi per mg protein per min. The 
Ca2+-ATPase activity was found mainly (more 



than 90%) in the crude plasma membrane  fraction 
exhibiting an specific activity of  284 + 20 nmol  P~ 
per mg protein per min (data not  shown). 

Solubilization of  Ca: +-ATPase activity 
Since the Ca2+-ATPase activity was found to be 

associated with the crude plasma membrane  frac- 
tion, it was of  interest to at tempt the solubilization 
of  this activity in order to study its properties. 
When  this fraction was incubated with the non 
ionic detergents Tri ton X-100 (0.4%(w/v)) or oc- 
tylglucoside (1.25%(w/v)) in buffer A at pH  7.4, 
both  detergents caused an apparent  increase in the 
Ca2+-ATPase activity, which suggested a latency 
of  the enzyme since it required the presence of 
detergent to reach maximal expression (Table II). 
The results obtained for the solubilization of  the 
Ca2+-ATPase activity with octylglucoside are 
shown in Table III .  Control  experiments where 
crude plasma membrane  fraction was treated with 
0.6 M KC1 indicated that more than 90% of the 
Ca2+-ATPase remained sedimentable. The Ca 2+- 
ATPase  could be solubilized more than 90% after 
i n c u b a t i n g  the K C l - t r e a t e d  f r ac t ion  with 
1.25%(w/v) octylglucoside at 0°C for 60 min, and 
centrifuged and 175 000 × g for 90 min to remove 
insoluble material as described in Methods. The 
Ca2+-ATPase activity solubilized accounted for 
more than 90% of the total activity detected in the 
extract treated with detergent. 

TABLE II 

EFFECT OF OCTYLGLUCOSIDE AND TRITON X-100 
ON Ca2 +-ATPase 

Ca2÷-ATPase activity in the crude plasma membrane fraction 
was assayed in the presence of 53 #M Ca 2+. Final concentra- 
tions of protein and detergent were: 2 mg/ml protein and 
1.25% octylglucoside or 2 mg/ml protein and 0.4% Triton 
X-100. Data represent the means + S.D. of three assays. 

Additions Activity Recovery of 
specific total activity 
(nmol/mg per min) (/~mol/min) (%) 

None 284 + 28 
Octylglucoside 

(1.25%(w/v)) 513 + 33 
Triton X-100 

(0.4%(w/v)) 454+ 31 

4.22 100 

7.83 186 

6.75 160 
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TABLE III 

SOLUBILIZATION OF Ca2÷-ATPase of ENTAMOEBA IN- 
VA DENS 

Fraction Total Activity 
protein total specific 
(mg) (#mol/min) (nmol/mg per min) 

Crude plasma 
membrane 39.7 13.20 332 + 17 

KCl-treated crude 
plasma membrane 23.4 9.85 421 _+ 24 

Octylglucoside 
supernatant a 16.4 12.85 784_+ 55 

Octylglucoside 
pellet a 6.02 0.48 80 + 7 

a KCl-treated crude plasma membrane fraction (2 mg 
protein/ml) was incubated with octylglucoside at a final 
concentration of 1.25%(w/v) for 1 h at 0°C, as described in 
Methods. After centrifugation at 175000× g for 90 rain, at 
0°C, the supernatant fraction was collected and the pellet 
was resuspended in buffer A up to the same volume of 
supernatant. Data represent the means + S.D. of three assays. 

The effect of  p H  on the Ca e +-A TPase activity 
The effect of p H  on the soluble Ca2+-ATPase 

activity was assayed in the presence of 150 /~M 
Ca z+. The Ca 2+ concentrat ion was adjusted with 
E G T A  for a given pH, using the method reported 
by Fabiato and Fabiato  [19]. The optimal p H  
value for the CaZ+-ATPase activity was 8.8 (Fig. 
1). A broad peak of activity was observed between 
p H  values of 5.0 to 6.0. Nevertheless, the activity 
observed between p H  5.0 to 6.0 could be inhibited 
more than 60% by N a F  500/~M, this suggests that 
in addition to the Ca2+-ATPase activity there are 
acid phosphatase and nucleotide diphosphatase 
activities present in the preparation, as reported in 
E. invadens and in E. histolytica [29,12]. On  the 
other hand the activity between p H  7.0 to 9.6 was 
not significantly inhibited by N a F  (less than 10%) 
suggesting that the results at alkaline pH reflected 
only Ca 2 +-ATPase activity. 

The effect of  Ca 2 + on Ca 2 +-A TPase 
The dependence of  Ca 2+ concentrat ion of  the 

enzyme was tested by using the Ca 2 +-EGTA buffer 
system to control  the free calcium (Ca 2+) con- 
centration in the assay mixture. The absolute sta- 
bility constants for CaZ+-EGTA complex given in 
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Fig. 1. pH effect on the Ca2+-ATPase activity of E. invadens. 
The Ca 2 +-ATPase activity was assayed in the presence of fixed 
concentrations of Ca 2+ at 100 /~M adjusted by Ca2+-EGTA 
buffer at various pH values as indicated. Apparent stability 
constants with ATP and EGTA for a given pH were calculated 
as reported previously [19]. Activities were assayed in the 
absence (e O), or in the presence of 500 /~M NaF 
(O O). Each point represents the mean of triplicate 
assays carried out on two different solubilized preparations. 

T a b l e  I were  e m p l o y e d .  Since  E G T A  c a n n o t  be  

used  as e f fec t ive  Ca  2+ buf fe r  ou t s ide  the  r ange  of  

p H  6.2 to 7.5 [19], those  e x p e r i m e n t s  wh ich  re- 

q u i r e d  an accu ra t e  con t ro l  o f  the  Ca  2 ÷ c o n c e n t r a -  

t ion  were  ca r r i ed  ou t  at p H  7.40. C a 2 + - A T P a s e  

was  m e a s u r e d  ove r  a w ide  r ange  o f  Ca  2+ con-  

c en t r a t i on  f r o m  0.02 to 2 0 0 0 / z M .  

T h e  da t a  shown  in Fig.  2 i nd i ca t ed  tha t  are  
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Fig. 2. Effect of Ca 2+ concentration on ATPase activity. Solu- 
ble enzyme was incubated for 10 min in the presence of several 
amounts of Ca 2÷ using the Ca2+-EGTA buffer as desribed in 
Methods. The inset shows the best-fitting linear form of the 
Hill equation using data records between Ca 2+ concentrations 
of 0.1 and 1.7/~M. A Hill number of 2.3_+0.13 and a K0. 5 of 
0.4_+0.03 ktM were obtained with a correlation coefficient of 
0.98. Each point represents the mean of triplicate assays carried 
out on two different solubilized preparations. 

a p p a r e n t l y  two sepa ra t e  sa tu rab le  c o m p o n e n t s  wi th  

respec t  to C a  2÷ concen t r a t i on .  O n e  c o m p o n e n t  

exh ib i t ed  an  a p p a r e n t  h a l f - m a x i m a l  sa tu ra t ion  

c o n s t a n t  (K0.5) of  0.40 + 0 . 0 5 / ~ M  at p H  7.40 and  

a n o t h e r  c o m p o n e n t  wi th  a lower  a f f in i ty  for  Ca :  + 

wi th  K0. 5 a b o u t  180 ~tM at p H  7.40. The  Hil l  

n u m b e r  for  the  c o m p o n e n t s  were  2.3 + 0.13 and  

0.9, respec t ive ly .  

In  o rde r  to see if  the  two  c o m p o n e n t s  obse rved  

for  Ca  2÷ were  due  to the  p re sence  of  m o r e  than  

one  e n z y m a t i c  act ivi ty ,  the so lubi l ized  p l a s m a  

m e m b r a n e  f r ac t ion  was sub jec ted  to po lyac ry la -  

m i d e  gel e l ec t rophores i s  u n d e r  n o n - d e n a t u r i n g  

c o n d i t i o n s  and  s ta ined  for  Ca2+-ATPase  ac t iv i ty  

a n d  pro te in .  T h e  gel d e n s i t o m e t e r  t races showed  

tha t  at sa tu ra t ing  Ca  2+ c o n c e n t r a t i o n  a single peak  

of  C a 2 + - A T P a s e  ac t iv i ty  cou ld  be  de t ec t ed  (Fig.  

3b), whereas  m o r e  than  15 p ro t e in  bands  were  

d e t e c t e d  in gel w h e n  s ta ined  wi th  C o o m a s s i e  br i l -  

l i an t  b lue  R (Fig.  3a). T h e  s a m e  resul ts  were  

0 .2  ( 0 )  

mO 0,1 

< 

o . l ~  (b) 

o 
L 
< $ + 

I I I I 

2 4 6 8 I0 

DISTANCE (cm) 
Fig. 3. Gel densitometer traces of octylglucoside solubilized 
preparation subjected to electrophoresis on 6% non-denaturing 
polyacrylamide gels. 47/zg protein were applied to each gel. (a) 
Gel stained for protein and scanned at 550 nm. (b) Gel stained 
for Ca2+-ATPase activity and scanned at 750 nm. Arrows 
indicates the position of the bromophenol blue band. Condi- 
tions for electrophoresis and detection of protein and en- 
zymatic activity were as described under Methods. 



obtained when stained for CaZ+-ATPase activity at 
10/~M Ca 2+ concentration (data not shown). 

Effect of Mg e + on the Ca: +-A TPase actiuity 
To examine the Mg 2+ requirement of the en- 

zyme, increasing concentrations of Mg 2+ were 
tested in the presence of 53/~M Ca 2+ adjusted by 
the Ca2+-EGTA buffer system. The addition of 
increasing concentrations of Mg 2+ did not show 
any stimulatory effect on the enzyme activity; in 
fact it was inhibitory at Mg 2+ concentrations above 
100/~M, i.e. 50% inhibition was attained at 3 mM 
Mg 2+ (Fig. 4). To test the role of the endogenous 
Mg 2÷ present in the assay mixture on the Ca 2÷- 
ATPase activity, CDTA was used for controlling 
more specifically Mg 2÷ and Ca 2 + concentrations. 
CDTA has a high affinity for both Ca 2÷ and 
Mg 2÷ [24-26,30], but it is possible to control the 
concentrations of the free ions in the media by 
suitable buffers. 

In the conditions of the experiment of Fig. 5 at 
the highest concentration of free Ca 2+ (10 ~tM), 
the concentration of free Mg 2+ was less than 1 
/~M. As in these conditions optimal hydrolytic 
activity was observed, it may be inferred that the 
activity is independent of Mg z+ or that it acts at 
concentrations below 1/~M. Fig. 5, also shows that 
Ca2+-CDTA and Ca2+-EGTA buffers gave similar 
results, a slight displacement of the curve to the 
left reflects a change of the affinity for Ca 2+ in the 

" ~  i i i 1 i [ 

I E 

ca" 0 , 7 5  

02- 0 , 5 0  

E 

F: o . z 5  
L) .< 
n- 
{/') I I I I I 

o. 5 ~.0 t,5 z , o  z .5  

FREE MAGNESIUM (raM) 

Fig. 4. Effect of exogenous Mg 2+ on Ca2+-ATPase activity. 
Soluble enzyme was incubated for 10 min in the presence of 
fixed concentration of Ca 2÷ at 53 /~M adjusted with Ca 2+- 
EGTA buffer as described in Methods. Each point represent 
the mean of triplicate assays carried out on two different 
solubilized preparations. 
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Fig. 5. Ca 2 + dependence of the ATPase activity in the presence 
of Ca2+-EGTA and Ca2+-CDTA buffer systems. The Ca 2+- 
ATPase activity was assayed as described in Methods in the 
presence of various concentrations of Ca 2+ controlled with 
EGTA (O e)  or CDTA (O O). The total con- 
centration for each ligand was 2 mM. Each point represents the 
mean of triplicate assays carried out on two different solubi- 
lized preparations. 

Ca2+-CDTA buffer system (K0. 5 of 0.25 + 0.05 
/~M), and could be due to the inaccuracy of the 
values for the absolute binding constants reported 
for the Ca2+-CDTA and MgZ+-CDTA complexes 
[24-26,30]. 

Effect of A TP on the Ca +-A TPase activity 
The Ca 2 +-ATPase dependence on the ATP con- 

centration in the presence of 150 #M Ca 2+ con- 
centration at pH 7.4 was measured (Fig. 6). From 
a Lineweaver-Burk plot the K m value for ATP 
was determined to be 31 +_ 5/~M. A Hill number 
of 0.90 yielded the best-fit linear form of the Hill 
equation (Fig. 6, inset), giving a correlation coeffi- 
cient of 0.995. The best substrate for the Ca 2+- 
ATPase was ATP, whereas GTP was hydrolyzed 
40% as compared to ATP at pH 7.40. GDP, ADP 
and p-nitrophenyl phosphate were not hydrolyzed 
by the enzyme at pH 7.40 (data not shown). 

Effect of various agents on the Ca: +-A TPase activ- 
ity 

To further characterize the enzymatic activity, 
several other substances were tested for their effect 
on the E. inoadens CaZ+-ATPase. As shown in 
Table IV several inhibitors of the mitochondrial 
H+-ATPase such DCCD, NAN3, did not have any 
effect on the CaZ+-ATPase activity. Ouabain (an 
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Fig. 6. Dependence of the Ca2+-ATPase activity on ATP 
concentration. Ca 2 +-ATPase activity was assayed for 5 min as 
described in Methods in the presence of fixed concentrations of 
Ca 2+ at 53 ~tM, adjusted by Ca2+-EGTA buffer at various 
ATP concentrations, as indicated. The inset shows the best-fit- 
ting linear form of the Hill equation using data records be- 
tween ATP concentrations of 1 and 80 ~tM. A Hill number of 
0.9_+0.07 and a K05 for ATP of 31 _+5 #M were obtained with 
a correlation coefficient of 0.995. 

inhibitor for the ( N a + +  K+)-ATPase, NaCl and 
KC1 did not shown any effect on the Ca 2+-ATPase 
activity. Mersalyl, a sulfhydryl blocking reagent 

TABLE IV 

EFFECT OF VARIOUS AGENTS ON Ca2+-ATPase ACTIV- 
ITY OF E. I N V A D E N S  

CaZ+-ATPase activity was assayed in the presence of 53 /xM 
Ca 2+ using octylglucoside solubilized enzyme. Data represent 
the means_+ S.D. of three assays. 

Additions specific activity 

Agent mM nmol /mg % 
per min 

None 295 + 19 100 
DCCD 0.1 242 + 34 92 
KCN 10.0 281 +24 95 
NaN 3 10.0 286 + 56 97 
KCI 100.0 287 + 23 97 
NaCI 100.0 290 + 18 98 
Ouabain 2.0 275 + 24 94 
LaCI 3 0.15 155 + 16 53 
LaCI 3 0.50 7+  9.0 2 
Mersalyl 5.0 280 + 19 96 
NaF 0.5 263 + 14 90 
NaF 2.0 219+ 17 75 
Quercetin 0.5 288 + 27 98 
Ruthenium red 1.0 269 + 28 92 
Vanadate 0.2 290 ± 30 98 
Vanadata 2.0 292 + 22 99 

[31], did not alter the enzyme activity. Ortho- 
vanadate (0.2-2 mM), a potent inhibitor for many 
ATPases [1,32-38], and ruthenium red (1 mM) 
[39], had no effect on either the crude plasma 
membrane fraction or the solubilized Ca 2+- 
ATPase. Quercetin, a flavonoid that inhibits the 
Ca 2 +-ATPase and (Na + + K +)-ATPase [40,47], did 
not inhibit the E. invadens Ca 2 +-ATPase activity. 
LaC13 produced near 100% inhibition of the 
CaZ+-ATPase activity at 500 ~M concentration, 
and NaF produced 10% inhibition at 500/~M and 
25% inhibition at 2 mM. 

Increasing concentra t ions  of ca lmodul in  
(10-100 /~M) were assayed on plasma membrane 
fraction previously treated under conditions re- 
ported to remove calmodulin from membranes 
[18], and in the octylglucoside solubilized Ca 2+- 
ATPase. The hydrolytic activity was studied at 
Ca 2+ concentrations buffered by EGTA (0.1-10 
/~M Ca 2+ concentration). No effect was found on 
the Ca 2+ affinity (K0. j not on the Vma x of the 
enzyme. Since it has been reported that EGTA 
blocks the calmodulin stimulation of Ca 2 +-ATPase 
by lowering the dissociation constant of the en- 
zyme for Ca 2 + [41,42], the effect of calmodulin on 
the aforementioned membranes was assayed in the 
absence of EGTA; in this condition the Ca 2+ 
concentration was 10 #M. It was observed that the 
addition of calmodulin (10-100 /IM) had no 
effect on the apparent enzyme activity. The effect 
of trifluoperazine, a calmodulin antagonist [43] 
was also tested. The antagonist in a concentration 
range of 10-100 /~M had no effect on any of the 
preparations employed. The above results suggest 
that this enzyme may be a calmodulin-insensitive 
Ca 2 +-ATPase. 

Discussion 

The results of this work demostrate the pres- 
ence of a Ca2+-dependent ATPase activity in the 
plasma membrane of E. invadens. The activity 
could be solubilized from the crude plasma mem- 
brane fraction using the non-ionic detergent oc- 
tylglucoside. From the data of Fig. 5 this enzymic 
activity appears to be MgZ+-independent; ap- 
parently in this respect it could resemble the 
MgZ+-independent ATPases described in plasma 
membranes of alveolar macrophage [5], vascular 



smooth muscle cells [44], Trypanosoma cruzi [45], 
hepatocyte [7,8] and E. histolytica [12,13], and 
possibly the Ca 2 +-ATPase of adipocyte [6], Ehrlich 
ascites tumor cell [11], and hepatocyte [9]. In the 
last three cases, a MgZ+-dependence was described 
[6,11,9], but the concentrations of free Ca 2+ and 
Mg 2+ were calculated from an abolute binding 
constant for Ca2+-CDTA (6.92.101° M -1) [6] that 
seems to be more than two orders of magnitude 
different from those described by other authors 
(2.26.1012 to 1.35 • 1013 M- l ) ,  [24-26,30]. There- 
fore, it would appear that there is a large number 
of ATPases that are Ca2+-dependent and Mg2+-in - 
dependent, which would make them different from 
the widely studied (Ca2++Mg2+)-ATPases of 
erythrocyte [1], cardiac cells [35], corpus luteum 
[10], lymphocyte [46] and sarcoplasmic reticulum 
[311. 

From the report of Klaven et al. [11] the Ca 2÷- 
ATPase of Ehrlich ascites tumor cells, that is prob- 
ably Mg2+-independent, is involved in Ca 2÷ trans- 
port, but the function of the other described 
Mg2+-independent Ca2+-ATPases, including the 
presently described enzyme has not been ascer- 
tained; whether these membrane-bound enzymes 
are involved in a transport process remains to be 
established. 

The kinetics of the hitherto described prepara- 
tion with respect to Ca 2 ÷ appears to be biphasic. A 
similar behavior has been seen in erythrocyte [48], 
adipocyte [6], corpus luteum [10], hepatocyte [49,8], 
and Ehrlich ascites tumor cell [11] plasma mem- 
branes. In this sense we have detected an ap- 
parently single band with ATPase activity either at 
10 /~M or 1 mM Ca 2÷ concentration, and no 
Mg 2+ added in gels ran under non-denaturing 
conditions. This is suggestive that a single enzyme 
activity accounts for the biphasic response to Ca 2 +, 
although Iwasa et al. [8] have separated the Ca 2÷- 
ATPase of hepatocytes into two fractions each 
with a different affinity for Ca 2 +. 

It was found that the Ca2+-ATPase of E. in- 
vadens was insensitive to some inhibitors of the 
mitochondrial H+-ATPase as well as to ouabain 
and several inhibitors of the plasma membrane 
Ca2+-ATPases. Only La 3÷, similarly to the Ca 2÷- 
ATPase of erythrocyte, adipocyte, and synaptic 
membrane preparations [6,50,51] caused near 100% 
inhibition of the activity at 500/~M concentration. 
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It is also noteworthy that under our experimen- 
tal conditions, calmodulin did not stimulate the 
Ca2+-ATPase activity of E. invadens, whether in 
calmodulin-free plasma membrane fractions or in 
the solubilized enzyme. In addition the activity 
was insensitive to trifluoperazine. Again, this would 
seem to be a behavior similar to that of the Mg 2+- 
independent Ca2+-ATPase of hepatocytes [49,8,9]. 
It is of interest that vanadate did not inhibit the 
CaZ+-ATPase activity of E. invadens. Since vana- 
date inhibits the activity of all the ATPases in 
which a phosphorylated intermediate is formed 
[1,32-38]; the results would suggest that hydroly- 
sis in our preparation as well as that of hepato- 
cytes [8] occurs through a catalytic mechanism in 
which covalent phosphorylation of the enzyme is 
not a part of the catalytic cycle as is the case for 
the mitochondrial H +-ATPase. 

The overall results this work on the catalytic 
characteristics of the Ca2+-dependent ATPase ac- 
tivity of E. invadens show that the enzyme is 
Mg2+-independent and that it is insensitive to 
vanadate and calmodulin. This would indicate that 
its mechanism of action is different from those 
enzymes in which phosphorylated intermediates 
are part of the catalytic cycle, and also that it is 
not regulated by calmodulin as is the case for 
other Ca2+-dependent membrane bound ATPases. 

Moreover it is interesting that the ATPase of E. 
invadens exhibits striking similarities to the Ca 2+- 
ATPase of hepatocytes. Therefore future results on 
its mechanism of action and function of the pre- 
sently described enzyme would appear to be of 
interest. 

Acknowledgements 

We are much indebted to Dr. Armando 
G6mez-Puyou for helpful comments on this 
manuscript. The work was supported in part by 
grant 1876 from the Consejo Nacional de Ciencia 
y Tecnologia, Mrxico. 

References 

1 Rasmussen, H. and Goodman, D.B.P. (1977) Physiol. Rev. 
57, 421-509 

2 Niggli, V., Adunyah, E.S., Penniston, J.T. and Carafoli, E. 
(1981) J. Biol. Chem. 256, 395-401 



266 

3 Graf, E., Verma, A.K., Gorski, J.P., Lopaschuk, G., Niggli, 
V., Zurini, M., Carafoli, E. and Penniston, J.T. (1982) 
Biochemistry 21, 4511-4516 

4 Graf, E. and Penniston, J.T. (1981) J. Biol. Chem. 256, 
1587 1592 

5 Gennaro, R., Mottola, C., Schneider, C. and Romero, D. 
(1979) Biochim. Biophys. Acta 567, 238-246 

6 Pershadsingh, H.A. and McDonald, J.M. (1980) J. Biol. 
Chem. 255, 4087-4093 

7 Lotersztajn, S., Mavier, P., Clergue, J., Dhumeaux, D. and 
Pecker, F. (1982) Hepatology 2, 843-848 

8 Iwasa, T., lwasa, Y. and Krishnaraj, R. (1983) Arch. Int. 
Pharmacodyn. Th6r. 264, 40-58 

9 Lin, S.H. and Fain, J.N. (1984) J. Biol. Chem. 259, 
3016-3020 

10 Verma, A.K. and Penniston, J.T. (1981) J. Biol. Chem. 256, 
1269-1275 

11 Klaven, N.B., Pershadsingh, H.A., Henius, G.V., Laris, 
P.C., Long, J.W. and McDonald, J.M. (1983) Arch. Bio- 
chem. Biophys. 226, 618-628 

12 McLaughlin, J. and Mialler, M. (1979) J. Protozool. 26, 10A 
13 McLaughlin, J. and Mi~ller, M. (1981) Mol. Biochem. 

Parasitol. 3, 369-379 
14 McLaughlin, J. and Meerovitch, E. (1976) Biochem. Phys- 

iol. 52B, 477-486 
15 Van Vliet, M.M.D.M., Spies, F., Linnemans, W.A.M., 

Klepke, A., Op den Kamp, J.A.F. and Van Deenen, L.L.M. 
(1976) J. Cell. Biol. 71, 357-369 

16 Arroyo-Begovich, A. and Cgrabez-Trejo, A. (1982) J. 
Parasitol. 68, 253-258 

17 Diamond, L.S., Harlon, D.R. and Cunnick, C.C. (1978) 
Trans. R. Soc. Trop. Med. Hyg. 72, 431-432 

18 Niggli, V., Penniston, J.T. and Carafoli, E. (1979) J. Biol. 
Chem. 254, 9955-9958 

19 Fabiato, A. and Fabiato, F. (1979) J. Physiol. Paris 75, 
463-505 

20 Ames, B.N. (1966) Methods Enzymol. 8, 115-118 
21 Laemmli, U.K. (1970) Nature 227, 680-685 
22 Abrams, A. and Baron, C. (1967) Biochemistry 6, 225-229 
23 Schwarzenbach, G., Senn, H. and Anderegg (1957) Helv. 

Chim. Acta 40, 1886-1900 
24 Chabere, K.S. and Martell, A.E. (1959) in Organic Sequest- 

ing Agents; a Discussion of the Chemical Behavior and 
Applications of Metal Chelate Compounds in Aqueous 
Systems, pp. 575-576, J. Wiley, New York 

25 Silldn, L.G. and Martell, A.E. (1971) Stability Constants of 
Metal-Ion Complexes, Supplement No. 1. Special Pub- 
lication. No. 25, The Chemical Society, Burlington House, 
London 

26 Allen, D.G., Blinks, J.R. and Prendergast, F.G. (1977) 
Science (Wash. D.C.) 195, 996-998 

27 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265 275 

28 Crabbe, M.J.C. (1982) Comput. Biol. Med. 12, 263 283 
29 Serrano, R., Deas, J.E. and Warren, L.G. (1977) Exp. 

Parasitol. 41,370-384 
30 O'Sullivan, N.V. (1969) in Data for Biochemical Research 

(Dawson, R.M., Elliott, D.C., Elliott, W.H. and Jones, 
K.M., eds.), p. 423, Oxford University Press, Oxford 

31 MacLennan, D.H. (1970) J. Biol. Chem. 245, 4508-4518 
32 Cantley, L.C., Cantley, L.G. and Josephson, L. (1978) J. 

Biol. Chem. 253, 7361-17367 
33 Goffeau, A. and Slayman, C.W. (1981) Biochim. Biophys. 

Acta 639, 197-223 
34 Bond, G.H. and Hudgins, P.M. (1978) Fed. Proc. 37, 313 
35 Caroni, P. and Carafoli, E. (1981) J. Biol. Chem. 256, 

3263-3270 
36 Gmaj, P., Zurini, M., Muter, H. and Carafoli, E. (1983) 

Eur. J. Biochem. 136, 71-76 
37 Barrabin, H. and De Meis, L. (1982) An. Acad. Brasil. 

Cienc. 54, 744-751 
38 Simons, T.J.B. (1979) Nature 281, 337-338 
39 Watson, E., Vincenzi, F.F. and Davis, P.W. (1971) Biochim. 

Biophys. Acta 249, 606-610 
40 Wi~ttu'ich, A. and Schatzmann, H.J. (1980) Cell Calcium 1, 

21-35 
41 A1-Jobore, A. and Roufogalis, B.D. (1981) Biochim. Bio- 

phys. Acta 645, 1-9 
42 Kotagal, N., Colca, J.R. and McDaniel, J.L. (1983) J. Biol. 

Chem 258, 4808-4813 
43 Ho, M.M. and Scales, D.J. and Inesi, G. (1983) Biochim. 

Biophys. Acta 730, 64-70 
44 Thorens, S. (1979) FEBS Lett. 98, 177-180 
45 Frasch, A.C.C., Segura, E.L., Cazzulo, J.J. and Stoppani, 

A.O.M. (1978) Comp. Biochem. Physiol. 60B, 271-275 
46 Lichtman, A.H., Segel, G.B. and Lichtman, M.A. (1981) J. 

Biol. Chem. 256, 6148-6154 
47 Shoshan, V. and MacLennan, D.H. (1981) J. Biol. Chem. 

256, 887 892 
48 Quist, E.E. and Roufogalis, B.D. (1975) Arch. Biochem. 

Biophys. 168, 240-251 
49 Lotersztajn, S., Hanoune, J. and Pecker, F. (1981) J. Biol. 

Chem. 256, 11209-11215 
50 Sorensen, R.G. and Mahler, H.R. (1981) J. Neurochem. 37, 

1407-1418 
51 Michaelis, E.K., Michaelis, J.L., Chang, H.H. and Kitos, 

T.E. (1983) J. Biol. Chem. 258, 6101-6108 


