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A subcellular fraction highly enriched in plasma membrane vesicles was prepared from Leishmunia promastigotes. This 
fraction showed (Ca*‘+ Mg*+)-ATPase activity. This, however, represented a small fraction (about 25%) of the overall 
ATPase activity. The Ca*+-ATPase showed general characteristics common to plasma membrane ATPases involved in 
Ca*’ transport. Thus, the Ca*+-ATPase was activated by Ca*’ with a high affinity (K, about 0.7 PM), saturating at 
about 5 PM Ca*‘. Furthermore, it was stimulated by calmodulin (about 7040% with 5 pg/ml) and almost fully 
inhibited by trifluoperazine (100 PM). The above vesicles accumulated Ca*’ 
released it after the addition of A23187, as shown independently by 45Ca2+ 

against a concentration gradient and 
and Arsenazo III studies. The transport 

mechanism showed the same kinetics parameters as described for the enzyme, indicating a single molecular entity. In 
addition, Ca*+-ATPase activity and Ca*’ uptake were completely inhibited by vanadate (20 PM), indicating that an 
El-E2 type mechanism is involved. The results clearly demonstrate the presence of a Ca*’ pump in the plasma 
membrane of Leishmuniu which is capable of maintaining a low cytoplasmic Ca*’ concentration. 

Introduction 

There is compelling evidence of the role of Ca2+ ions 
as intracellular messengers in a number of different 
cellular functions [1,2]. Evidence is accumulating in 

support of an important role of Ca2+ ions in human 
protozoan parasites, particularly in those from the family 
Ttypanosomatidae. Thus, microtubule assembly in 

Leishmania [3], flagellar movements in Chritidia onco- 

pelti [4], variant surface antigen release in African 
trypanosomes [5] and cellular differentiation in Leish- 

mania [6] appear to be regulated by Ca2+. In addition, 
the enzymes responsible for cyclic nucleotide metabo- 
lism in these parasites also seem to be regulated by 

Ca2+ [7,8]. Furthermore, the main Ca2+ binding pro- 
tein of eukaryotic cells, calmodulin, has been detected 

and isolated from American [8,9] and African [lo] 
trypanosomes and from Leishmania [ll]. It has been 
shown recently [12-141 that these parasitic protozoa are 

able to maintain a very low ionic Ca2+ concentration in 
their cytoplasm (about 50 nM). However, little is known 
about the mechanisms responsible for the maintenance 
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of such low concentrations. The mitochondrion has 
been shown to be involved in Ca2+ regulation by 

Leishmania braziliensis [ 121, Leishmania donovani [ 141 

and Ttypanosoma cruzi [15,16]. Nevertheless, the low 
affinity of mitochondrial Ca2+ transport cannot account 
for the decrease of intracellular free calcium to the 
submicromolar level [2,12]. 

Intracellular compartments are limited by their stor- 
age capacity and, thus, cannot be responsible for long- 

term homeostasis. This work describes for first time the 
presence of a Ca2+ pump in plasma membrane vesicles 
from L. braziliensis. The kinetic parameters are compat- 
ible with a long-term fine tuning of intracellular free 

Ca2+ in these parasites. 

Materials and Methods 

Organisms. Promastigotes from the Lby strain of L. 

braziliensis [16] were grown in liver infusion-tryptose 
medium (LIT) at 26 o C, with strong agitation (120 rpm) 
as described previously [12]. 

Isolation of plasma membrane vesicles. Exponential 
phase promastigotes (10” cells) were harvested and 
washed as described elsewhere [12]. Plasma membrane 
vesicles were prepared essentially as reported for the 
isolation of vesicles from L. mexicana [18] and T. cruzi 
[19]. Briefly, after a final wash in a medium comprising 
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400 mM manitol, 10 mM KCl, 1 mM magnesium acetate, 
1 mM phenylmethylsulfonyl fluoride, soy bean trypsin 
inhibitor (0.15 mg/ml) and 10 mM Hepes (pH 7.4), the 

cell pellet was mixed with acid-washed glass beads 
(75-120 PM in diameter, Sigma) at a ratio of 1 : 4 (wet 

weight/weight of beads). The cells were disrupted by 
abrasion in a chilled mortar until 90% disruption was 
achieved as determined under an optical microscope. 

This generally took about 7 min. The glass beads, 
unbroken cells and large cell debris were removed by 

centrifuging at 1000 x g for 15 min at 4’C. The super- 

natant was sujected to differential centrifugation, first 

at16000~gfor30minat4~Candthenat105000Xg 
for 1 h at the same temperature. The resulting pellet was 
lesuspended in about 3 ml of a medium comprising (150 

mM KCl, 2 mM MgCl,, 0.01 mM CaCl,, 1 mM dithio- 
threitol and 75 mM Hepes (pH 7.4). The suspension 
was then gently passed three times through a Dounce 
homogenizer (AA Arthur Thomas) immersed in an ice- 

cold water-bath. In accordance with previous results 

[18,19], this preparation is highly enriched in plasma 
membrane vesicles, as inferred from its specific binding 

of ‘251-labeled concanavalin A which was 12 to 14-times 

enriched with respect to the entire homogenate. This 

was also enriched in 3’-nucleotidase, a marker enzyme 
for plasma membranes in these parasites [18], and it was 
devoided of succinate-cytochrome-c oxidoreductase ac- 

tivity, thus indicating the absence of mitochondrial con- 
tamination (not shown). In addition, the specific activ- 

ity of Ca2+-ATPase was 13 to 14-times higher with 
respect to the homogenate, and copurified with the 
oligomycin-insensitive Mg2+-ATPase, which is also con- 
sidered to be another marker enzyme for the plasma 

membrane of these parasites (see below). This prepara- 
tion was used in all experiments described in the pre- 

sent work. Calmodulin was purified from bovine brain 
using a phenyl-Sepharose column as described previ- 

ously [ll]. 
Determination of ATPase activity. Aliquots of vesicles 

(about 0.3 mg protein per ml) were incubated in a 
medium comprising 150 mM KCI, 2 mM MgCl,, 2 mM 
ATP, 1 mM dithiothreitol, 0.001 mM A23187, 75 mM 

Hepes (pH 7.2), 1 mM EGTA and the appropiate 
concentrations of CaCl, to obtain the desired free Ca2+ 
concentration. Total Ca2+ was calculated as described 
previously [20] taking into account the concentration of 
ATP and MgCl, in the media and using the dissocia- 
tion constant of the Ca2+-EGTA complex reported by 
Schwarzenbach et al. [21]. After 30 min incubation at 
28 o C, the reaction was arrested by the addition of 8% 
(final concentration) trichloroacetic acid. The mixture 
was centrifuged and the supernatant was kept for in- 
organic phosphate determination. The latter was carried 
out according to the method of Fiske and SubbaRow 
[22], modified by the use ferrous sulfate as reducing 
agent. 

Measurement of calcium transport. Transport assays 
were carried out essentially as previously described for 
mitochondrial vesicles from L. brazifiensis [12]. A 
medium similar to that employed for determination of 

the enzymatic activity was used to measure Ca2+ up- 
take, according to one of the following methods. (a) 
Measuring the changes in the absorbance spectrum of 
Arsenazo III, using an Aminco DW-2a dual wavelength 

spectrophotometer. The wavelength pair chosen was 
675-685 nm to avoid interference with Mg2+ present in 
the assay medium [12,23]. (b) Measuring the radioactiv- 

ity taken up after incubation in the presence of 2 nmol 
of 4sCa2+ per ml (spec. act. of 100 cpm. pmol-I). The 
assay was started by addition of the membrane fraction 
and stopped after various times by rapid filtration 
through nitrocellulose filters (0.45 pm pore diameter, 
Millipore). Non-specific absorption was corrected for 
by subtracting the radioactivity trapped in the filters at 
time zero [12]. Protein was determined according to 
Lowry et al. [24], using bovine serum albumin as stan- 

dard. 

Results 

Ca’+-ATPase activity is operationally defined as the 
activity observed over the Mg2+-ATPase when Ca2+ 

ions are added to the assay medium [25,26]. As ob- 
served in Fig. 1, plasma membrane vesicles from 
Leishmania hydrolyse an appreciable amount of ATP in 
the absence of Ca2+. This ATPase activity is probably 
associated with a proton pump which is present in the 
plasma membrane and is responsible for secondary 
transport of glucose and amino acids [27,28]. We now 

show that in the presence of saturating Mg*+ con- 

60- 
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MgCLz concentration ( mM) 

Fig. 1. Effect of Mg’+ on Mg2+-ATPase and (Ca2+ + Mg2+ )-ATPase 
activities of plasma membrane vesicles from Leishmania. The assay 

medium composition was 150 mM KCI, 75 mM Hepes (pH 7.0). 1 

mM dithiothreitol, 2 mM ATP, 1 mM EGTA and the indicated 

MgCl, concentration. Other conditions were as described under 

Materials and Methods. a, without Ca2+; o, with 10 PM free Ca’+. 
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Fig. 2. Effect of pH on Mg2+-ATPase and (Ca2+ + Mg2+)-ATPase 

activity of plasma membrane vesicles from Leishmania. The assay 

medium composition and other conditions were as described in Fig. 1, 

except that the MgCl, concentration was 2 mM. A, without Ca2+; 0, 

with 10 FM free Ca’+. 

centrations, ATP hydrolysis is further raised by about 
20-25s upon addition of micromolar amounts of Ca2+. 

As in the case of Mg’+-ATPase, maximal Ca’+-ATPase 
activity is attained when equimolar amounts of MgATP 
are present in the medium (Fig. 1). This suggests that 

the complex Mg-ATP is the substrate for the Ca2+- 
ATPase, as shown for the same enzyme from higher 
eukaryotic systems [25,26]. The optimal pH of this 

enzyme is in the physiological range, similar to that of 
the Mg2+-ATPase (Fig. 2). The Ca2+ affinity of the 
ATPase is very high (Fig. 3), and comparable to other 

plasma membrane Ca 2+-ATPase. Thus, the enzyme be- 
comes saturated with micromolar amounts of Ca2+, 

reaching a V,, of 12 nmol ATP/mg protein per min. 

0 2 4 6 8 10 

Free Ca” concentration (PM) 

Fig. 3. Activation by Ca2+ and inhibition by trifluoperazine. The 
assay medium composition and other conditions were as described in 

Fig. 2. Mg 2+-ATPase activity was subtracted. Free Ca2+ concentra- 

tions were as indicates. Vesicles were incubated with trifluoperazine 

for 5 min prior to start the reaction. 0, without trifluoperazine; l , 
with 10 PM trifhroperazine; A, with 100 pM trifluoperazine. 

11 pM CaCtz 

Fig. 4. Ca2+ uptake by plasma membrane vesicles from Leishmonia. 
Changes in the free Ca2+ concentration were followed using Arsenazo 

III (50 PM) and the wavelength pair 675-685 nm, as described under 

Materials and Methods. The assay medium composition was as de- 

scribed in Fig. 2, but without EGTA. Arrows indicate successive 

additions. The A23187 concentration was 5 PM. The vanadate con- 

centration was 20 PM. The vertical bar indicates the increase in 

absorbance after the addition of 1 pM CaCI, to the assay medium. 

The fLl,app is approx. 0.8 PM at optimal Mg2+ and 
ATP concentrations. 

When the calmodulin antagonist trifluoperazine (10 
PM) is added to the medium, a 30% inhibition of the 

Ca’+-ATPase activity is elicited (Fig. 3). If the con- 

centration of the drug is raised to 100 PM, the enzyme 
is almost fully inhibited. 

The plasma membrane fraction used in this work is 

composed of closed vesicles, 0.3 pm in diameter and 
possessing a high ionic selectivity [18,19]. Here we show 

that these vesicles are able to accumulate Ca2+ against 
a concentration gradient when ATP is added to the 
medium. Thus, using Arsenazo III, a rapid Ca2+ accu- 
mulation was detected which reached steady state after 
a few minutes (Fig. 4). Ca2+, in fact becomes accu- 
mulated within the vesicles as it can be released by 
A23187. The Ca2+ overshoot observed after adding 
A23187 arises from endogenous Ca2+ which was 

trapped during the fractionation procedure (see Materi- 
als and Methods). When vesicles are preincubated with 
20 PM vanadate for 5 min before the addition of ATP, 

Ca2+ transport is completely abolished (Fig. 4). The 
ATPase activity is also inhibited by an identical inhibi- 
tor concentration (not shown). However, as reported by 
others [28], Mg2+-ATPase activity is also completely 
inhibited. 

Under the conditions described in Fig. 4, if the 
vesicles are loaded with calcium by incubation with 
ATP, and then 100 mM NaCl is added to the assay 
medium, no calcium release occurs (not shown). Thus, 
the presence of a Na+/Ca2+ exchanger in the plasma 
membrane from these parasites is not supported by 
these results. 

The capability of the vesicles to transport Ca2+ 
against a concentration gradient was tested by a differ- 
ent method. Fig. 5 shows that when 45Ca2+ is used 
instead of Arsenazo III, the same time kinetics of Ca2+ 
accumulation is attained. Similarly, the addition of 
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TABLE I 

Effect of calmodulin on the Ca’ + -ATPase activity and Ca’ + transport 
by plasma membrane vesicles from Leishmania 

Ca*+-ATPase activity and Ca2+ transport were determined as de- 

scribed in the legend to Fig. 3 and 6, respectively. Free Ca2+ 

concentration was 10 pM. Calmodulin, when present, was added to a 

final concentration of 5 pg per ml. Numbers in parentheses corre- 

spond to the stimulation factor for calmodulin (b/a). Each value 

represents the mean + S.D. deviation of five experiments. 

Control 

(a) 

With 

calmodulin 

(b) 

b/a 

16 

r 

0 
-‘x___ , -;--__ I 

0 4 8 12 16 

Time (min) 

Fig. 5. 45Ca2+ uptake by plasma membrane vesicles from Leishmania. 
The assay medium composition and other conditions were as de- 

scribed in Fig. 4. Other conditions were as described under Materials 

and Methods. Each sample contains 2 nmol 45Ca2+ (100 cpm per 

pmol). The free Ca*+ concentration was adjusted to 10 yM using 

EGTA [20,21]. The reaction was started by adding 0.5 mM ATP. The 

arrow indicates the addition of A23187 (5 PM) in a parallel experi- 

Ca*+-ATPase 11.57*0.58 19.02 + 1.64 1.65f1.17 

activity 

(nmol ATP/mg 

prot. per min) 

Ca*+ uptake 

(nmol Ca* +/mg 

prot. per rnin) 

9.19*0.43 16.76 + 2.93 1.85 i 0.41 

Ca*+/ATP 

stoichiometry 

0.80 + 0.02 0.88+0.15 

A23187 releases Ca2+ from the vesicles. The affinity for 

Ca*+ and maximal capacity of the transport system 

were determined using the above method and were 
compared to that obtained for the Ca*+-ATPase activ- 
ity. Fig. 6 shows that the kinetics parameters for Ca2+ 

transport are very similar to those for ATPase. Thus, 

the %arp is around 0.7 PM and to V,,,,, is 9 nmol 
Ca*+. mm’ . (mg prot))‘. When vesicles are incubated 

in the presence of bovine brain calmodulin both activi- 
ties are stimulated, the maximal velocity being increased 
by about 70-80s (Table I). Although the degree of 
stimulation varied among different preparations, it was 
self-consistent within each preparation. On the other 
hand, the calmodulin sensitivity was independent of 

n 

0 

I 

4 6 8 10 

Free Ca*’ concentration (PM) 

Fig. 6. Effect of Ca*+ concentration on the Ca*+ transport by 

plasma membrane vesicles from Leishmania. The assay medium com- 

position and other conditions were as described in Fig. 5. The reaction 

was started by adding 2 mM ATP and arrested after 1 min, as 

described under Materials and Methods. 

whether or not the membrane fraction was previously 
treated with EDTA during the preparation procedure in 

order to remove endogenous calmodulin. 

Discussion 

A number of attempts have been made in the past to 
show that Ca*+-ATPase is present in the plasma mem- 

brane of human protozoan from the family Trypano- 
somatidae. The difficulties in solving the problem prob- 

ably arise from the relatively low activity of the Ca2+- 
ATPase, which is masked by extensive Mg2+-ATPase 
activity present in the plasma membrane of these para- 

sites [28,29]. The first report on the subject [30], de- 
scribes an ATPase in Ttypanosoma cruzi which is 
stimulated by a rather high Ca2+ concentration (K, app 
80 PM). In contrast, another report demonstrates a high 
affinity Ca’+-ATPase in T. rhodesiense [31]. However, 
Mg2+ was ommitted from the assay medium described 
in these reports. Since Mg *+ is a requirement for any 
plasma membrane transport Ca2+-ATPase [25,26,32], 
the above enzyme activities cannot be compared with 

the (Ca*++ Mg*+)-ATPase studied in the present work. 
On the other hand, conflicting evidence has been pre- 
sented on the presence or absence of a Ca2+-ATPase in 
the type of parasites described above [33,34]. In ad- 
dition, none of these controversial reports relate the 
entity responsible for the Ca2+-ATPase activity to its 
putative function as a Ca2+ transport system. The re- 
sults presented in this work are the first report of a 
plasma membrane Ca*+ transport system and associ- 
ated ATPase activity in vesicles from human protozoan 
parasites. The similarities found between the kinetics 



parameters for the ATPase and for the transport activi- 
ties strongly suggest a common molecular entity. The 
stoichiometry calculated from this parameters aproaches 

the 1 : 1 stoichiometry for Ca2+ to ATP, as reported for 
the Ca2+ pump from higher eukaryotic cells [35]. The 
presence of a small fraction of leaky vesicles is likely to 

account for the small difference found between the V,,, 
for transport and that for the Ca’+-ATPase. The gen- 

eral characteristics of the enzyme reported in this study, 
including both Mg2+ and Ca2+ requirements, optimal 
pH and vanadate sensitivity, are essentially identical to 

those described for Ca2+ transport ATPases of higher 

eukaryotic systems, thus suggesting an El-E2 type 
ATPase, which is not different from the plasma mem- 

brane Ca2+-ATPase from the host cells [25,26,36]. Al- 
though the Ca2+-ATPase from the endoplasmic reticu- 
lum shares some general characteristics common to all 

plasma membrane Ca 2+-ATPases, the former is not 
stimulated by calmodulin [2]. This fact, together with 
the copurification of the calcium pump with the 
oligomycin-insensitive Mg2+-ATPase, and the data from 

other marker enzymes (see above), supports the notion 
that this Ca2+-ATPase activity arises from plasma mem- 

brane and not from endoplasmic reticulum. However, 
some slight contamination from the latter fraction can- 
not be ruled out. 

The presence of a Na+/Ca2+ exchanger, which seems 
relevant in some mammalian systems [2,37], is not sup- 

ported by the experiments reported in this work. How- 
ever, this mechanism seems to be less ubiquitous than 

the plasma membrane Ca*+ pump [2,37]. Since other 

mechanisms responsible for Ca2+ regulation present in 
these parasites [11,12,14,15] also appear to be similar to 
those described for higher eukaryotes [2], it can be 
suggested that intracellular Ca2+ homeostasis is well 
conserved throughout evolution. 

An important property of the plasma membrane 

Ca2+ pump from higher eukaryotic cells relates to its 
activation by calmodulin [38,39]. In the present work, 

the degree of stimulation obtained by this modulator, 
albeit been statistically significant, was relatively low 

and variable depending on the batch of vesicles em- 
ployed. On the other hand, it is well established that 
various treatments can substitute for calmodulin in 
stimulating plasma membrane Ca2+-ATPases. Thus, 
partial proteolytic degradation [40,41,42], acidic phos- 
pholipids [43], enzyme self-association [44] and modifi- 
cation of the water structure surrounding the enzyme 

[45] can mimic calmodulin. Thus, any of these effects 
might be partially masking the action of calmodulin on 
Leishmania vesicles. Alternatively, the plasma mem- 
brane fraction may not have been totally depleted of 
endogenous calmodulin, even after pretreatment with 
EDTA. As shown for other systems, total removal of 
this protein is not easily achieved [46]. The inhibitory 
effect of trifluoperazine obtained in this work in the 
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absence of added calmodulin, cannot be taken as evi- 

dence for the presence of native calmodulin. Pheno- 

thiazine drugs also affect the basal (not calmodulin- 
stimulated) Ca2+ATPase activity by direct interaction 

with the enzyme [47,48]. 

As previously discussed, the cytosolic free Ca2+ con- 
centration of intact Leishmania cells is about 50 nM 

[12-141. Although the mitochondrion might be involved 

in the transitory removal of large amounts of Ca2+ 

from the cytoplasm [12,14,15], because of its low Ca2+ 
affinity, this transport system is unlikely to regulate this 
cation to the nanomolar level. Very recently, the endo- 
plasmic reticulum was indicated as a putative Ca2+ 

transport system in these parasites [14,15]. However, the 
low storage capacity of this system, limited by its size as 

an intracellular compartment, makes it difficult to asign 
to this organelle the long-term homeostasis of intra- 
cellular Ca2 +. 

The high affinity of the pump for Ca2+ found in this 
work lends strong support to the view of the plasma 
membrane Ca 2+-ATPase of Leishmania as the long-term 
fine-tuner of the cytoplasmic ionic Ca2+ in these cells, 

as described for higher eukaryotic cells. 
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