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The plasma membrane of the human pathogen Leish-
mania donovani possesses a high-affinity transmem-
brane Ca%*-ATPase that has its catalytic site oriented
toward the cytoplasmic milieu (Ghosh, J., Ray, M.,
Sarkar, S., and Bhaduri, A. (1990) J. Biol. Chem. 265,
11345-11351). When the enzyme is studied in its more
authentic, physiologically relevant, membrane-associ-
ated form, it exhibits pronounced sigmoidal kinetics
with Ca?* (Ko5 ~ 700 nM) in a trans-1,2-diaminocy-
clohexane-N,N,N’,N’-tetraacetic acid buffering sys-
tem that effectively complexes all available Mg2*. Ad-
dition of exogenous Mg2* (60 um) completely abolishes
sigmoidicity and establishes strictly hyperbolic kinet-
ics, and the K,, for Ca?* reduces to 100 nm, Mg>* can
be replaced by heterologous calmodulin. The exclusive
dependence of the enzyme on only Ca?* for its activity
and its positive allosteric modulation by Mg2?* distin-
guish this enzyme from other well-characterized
plasma membrane CaZ*-ATPases.

Employing this Ca2*-ATPase as the assay system, a
soluble endogenous activating protein factor was pu-
rified that, by several criteria, corresponds to authen-
tic calmodulin. The parasite calmodulin shifts the ki-
netics to hyperbolic kinetics, increases the V..., 2-fold,
and most important lowers the K,, (=100 nM) to a
physiological level. The interaction with endogenous
calmodulin thus converts the enzyme from a totally
inactive to a fully active state.

The human pathogen Leishmania donovani is the causative
agent for visceral leishmaniasis or kala azar, a fatal disease
that is endemic in many parts of the tropical world (1). This
parasite has a digenic life cycle. The flagellated promastigote
or the vector form enters liver macrophages and quickly
undergoes morphogenetic transformation into the aflagellated
pathogenic form in the phagolysosomal complex of the mac-
rophages (2). Here it overcomes the host defense mechanism,
multiplies, and invades neighboring macrophages, thus ensu-
ing pathogenicity. This cellular differentiation that leads to
pathogenicity is most probably dependent on some as yet
unidentified signal(s) from the host macrophage milieu. The
biochemical nature of the signal and its transduction and
amplification remain to be elucidated.

Calcium ion is now recognized as a major intracellular signal
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through which external stimuli evoke a variety of crucial
cellular responses in eucaryotic cells. Movement or mobiliza-
tion of Ca®* leading to the transitory increase in its concen-
tration at the site of action, its interaction with response
elements, and the subsequent rapid removal of excess free
Ca®* constitute the general scenario for the Ca** messen-
ger system (3-5). High-affinity membrane-inserted Ca®*-
ATPases acting as properly oriented Ca** pumps are critical
components in the overall Ca>* homeostasis of the target cell
(5). We have recently isolated a plasma membrane Ca®*-
ATPase from L. donovani promastigotes that has its catalytic
site directed toward the cytoplasmic face. The highly purified
enzyme, initially solubilized by extraction with deoxycholate,
has extremely high affinity for Ca®*, acts independently of
Mg?*, and shows strictly hyperbolic kinetics when complexed
with EGTA' (6). We now report that the enzyme, when
studied in its more authentic plasma membrane-associated
form, exhibits properties that are significantly different from
the solubilized form of the enzyme. The membrane-associated
enzyme in unsealed permeabilized vesicles shows distinct
allosteric kinetics with free Ca?* when complexed with CDTA.
The kinetics shifts to strictly hyperbolic kinetics in the pres-
ence of very low concentrations of free Mg®* when Mg®* is
added exogenously to the system. The positive activating
effect of Mg®* could be replaced by a cytosolic protein factor
that was found on purification to be endogenous calmodulin.
The allosteric nature of leishmanial Ca®**-ATPase and its
positive modulation by the parasite calmodulin make it unique
among plasma membrane - Ca®*-ATPases from various
sources. More important, since the cytoplasmic concentration
of free Ca®* in L. donovani promastigotes is known to be ~100
nM (7), the increased affinity for Ca®* on interaction with
endogenous calmodulin corresponds to a shift from an inactive
to a physiologically active state of the enzyme, where it can
act as an extrusion pump for Ca®*. The detection and char-
acterization of endogenous calmodulin coupled with its phys-
iologically significant regulatory role in the activity of this
unique plasma membrane Ca’*-ATPase strongly suggest a
role for Ca®* in the life cycle of this human pathogen.

MATERIALS AND METHODS?

All biochemicals were purchased from Sigma unless otherwise
mentioned. Triethanolamine salt of ATP or Tris/ATP was used as
substrate for Ca’*"-ATPase assay. [v->P]ATP (3 mCi/mmol) was
purchased from Bhabha Atomic Research Center (India).

Organism—The organism used in this work is a clinical isolate of

! The abbreviations used are: EGTA, [ethylenebis(oxyethy-
lenenitrilo)]tetraacetic acid; PME, plasma membrane-enriched; TBS,
Tris-buffered sucrose; CDTA, trans-1,2-diaminocyclohexane-
N,N,N’,N’-tetraacetic acid.

% Portions of this paper (including part of “Materials and Methods,”
Fig. 6, and Tables 2 and 3) are included in Miniprint.
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L. donovani from a kala azar patient. The strain originally designated
as URS is presently renamed as MHOM/IN/1978/UR-6 (8). The cells
were grown and maintained on a solid-blood-agar medium that has
been described elsewhere (6).

Isolation of Plasma Membrane-enriched Fraction—L. donovani pro-
mastigotes, grown for 72 h on solid blood-agar medium, were collected
in Tris-buffered sucrose (TBS) (25 mM Tris-HCl, pH 7.4, and 0.25 M
sucrose) and were washed twice at 1000 X g for 5 min in TBS. The
washed fully motile cells were suspended in a hypotonic medium of 5
mM Tris-HC], pH 7.4 (50 ml/g of wet cells), for 1 h with occasional
vortexing (six to eight times) of 2-min duration each time. This
resulted in the effective release of all cytoplasmic kinetoplast-mito-
chondrial matrix and glycosomal marker enzymes (>90%) from the
cells in the hypotonic medium. These osmotically shocked perme-
abilized L. donovani promastigote ghosts fully retained 3'-nucleotid-
ase, the marker enzyme for leishmanial plasma membrane (9), and
nearly 30% of the total succinate dehydrogenase representing mito-
chondrial membrane fragments. We have shown earlier that on
removal of the mitochondrial membrane fragment by the procedure
of Scarborough (10), the Ca®*-ATPase remains exclusively in the pure
plasma membrane fragment (6). The leaky unsealed ghosts obtained
after the hypotonic shock were collected after spinning at 1000 X g
for 15 min. The pellet was suspended in 50 mM Tris-HCI, pH 7.4 (4
ml/g of cells), and homogenized in a Potter-Elvejhem homogenizer.
The homogenate was centrifuged at 7000 X g for 12 min. The resulting
membrane pellet was washed twice with the same buffer and finally
resuspended for enzymatic analysis in TBS (4 ml/g of cells) contain-
ing ~2 mg of protein/ml of suspension. The prepared plasma mem-
brane-enriched (PME) fraction in suitable aliquots was used as the
source of Ca**-ATPase activity for all subsequent assays. The PME
fraction at this stage contained 0.82 ug of Ca® and 1.3 pg of Mg**/
mg of membrane protein as determined by atomic absorption spec-
troscopy. The PME fraction was kept frozen at —70 °C for subsequent
use. All the different steps of membrane preparation were carried out
at 4 °C.

Assay of Ca®*-ATPase—Ca®*-ATPase activity was determined
either colorimetrically by measuring the Ca**-dependent release of
inorganic phosphate or by measuring the liberation of *P from [v-
32P]ATP. In all cases, the concentration of free Ca?* was controlled
by complexation with either EGTA or CDTA.

For colorimetric assay, the final assay mixture contained, in a total
volume of 1.0 ml, 100 mM Tris-HC], pH 7.4, 500 uM EGTA or CDTA,
with or without CaCl, and 0.5 mM ATP. The reaction was initiated
by addition of ~200 ug of PME fraction protein as the source of
enzyme. CaCl, concentration was varied to give the required free Ca®*
concentration as described by Pershadsingh and McDonald (11),
based on the experimental values earlier obtained by Sillen and
Martell (12). After incubation at 28 °C for 30 min, the reaction was
terminated by addition of 50 ul of 20% trichloroacetic acid. After
removal of the precipitate, the released inorganic phosphate was
measured following the method of Lowry and Lopez (13).

For radioactive assay, the method of Bais (14) was followed with
few modifications. In this case, the final volume of the assay mixture
was reduced to 0.1 ml. The composition and concentration of all the
ingredients of the assay mixture remained the same as before. In this
assay, 50 nmol of [y-3?P]ATP (10° cpm) was added. After 10 min of
incubation at 28 °C, the reaction was stopped by addition of 5 ul of
20% trichloroacetic acid. To this, 10 ul of 100 mM KH,PO, and 0.1
ml of suspension of 50% activated charcoal in water were added
consecutively. After mild agitation for 10 min, charcoal was precipi-
tated by centrifugation. The process was repeated once more, and
finally, 100 ul of the supernatant was transferred to a scintillation
vial.

When the free Ca®* concentration was controlled by complexation
with EGTA, the amounts of contaminating Ca®* from the plasma
membrane fraction (4 uM) and from other added reagents (8 uM)
were included in the calculations. Ca®*-stimulated ATPase activity
was determined by subtracting the values with chelator alone from
the values with calcium plus chelator.

When complexation was carried out with CDTA in the presence
of exogenously added Mg?*, separate calculations were made both for
free Ca®* and for Mg®. This was based on the original work of
Pershadsingh and McDonald (11) and is elaborated in the Miniprint.

Assay of Mg -ATPase—The Mg®*-ATPase activity was deter-
mined colorimetrically. The concentration of free Mg?* was controlled
by complexation with CDTA. The assay mixture contained, in a total
volume of 1 ml, 100 mM Tris-HCI, pH 7.4, 500 um CDTA, with or
without MgCl, and 0.5 mM ATP. The reaction was initiated by
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addition of 200 ug of PME fraction protein as the source of enzyme.
MgCl; concentration was varied to give the required free Mg®* con-
centration as described previously (11). Incubation was for 30 min at
28 °C. The rest of the procedure was the same as described for Ca®*-
ATPase assay.

To determine the free Mg?* concentration, the amounts of contam-
inating Mg?* from the plasma membrane fraction (10 gM) and from
other reagents (4 uM) were included in the calculations. Mg®*-stimu-
lated ATPase activity was determined by subtracting the values with
chelator alone from the values with magnesium plus chelator.

Limited Proteolysts of Plasma Membrane—Trypsin treatment of
the PME fraction suspended in TBS was carried out at 30 °C. Since
the plasma membrane Ca**-ATPase activity could be partially solu-
bilized by treatment with trypsin, the trypsin:plasma membrane ratio
and the time of exposure to the PME fraction had to be determined
separately before the effect of calmodulin could be studied on tryp-
sinized Ca®*-ATPase in its membrane-inserted form. In general,
digestion was started by addition of trypsin and arrested at selected
time intervals by addition of soybean trypsin inhibitor in the tryp-
sin:inhibitor weight ratio of at least 1:10. The digested sample was
then centrifuged at 10,000 X g for 12 min. The PME pellet was
resuspended in TBS in the same proportion present prior to digestion
and used for enzymatic analysis. Control enzyme activity was deter-
mined by adding inhibitor before trypsin and then incubating for the
respective time intervals before assay.

RESULTS

Kinetic Characteristics of Plasma Membrane-associated
Ca?*-ATPase—When the Ca**-ATPase activity in its plasma
membrane-associated form was assayed in the presence of
varying concentrations of free Ca®>* with EGTA as the chelat-
ing agent, strictly hyperbolic kinetics was recorded. The K,,
for free Ca®* was 30 nM, and the V., was 21.5 nmol/min/mg
of membrane protein (Fig. 1). The kinetics obtained with
ATP at a saturating free Ca?* concentration was also found
to be conventional with a K,, for ATP of 100 uM. The
extremely high affinity for Ca** and the hyperbolic nature of
the kinetics are very similar in nature to those obtained earlier
by us with the solubilized and highly purified enzyme (6).
However, a sharply contrasting picture emerged when the
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F1G. 1. Ca®* dependence of Ca?*-ATPase for ATP hydroly-
sis. The rate of Ca’**-dependent ATP hydrolysis was estimated col-
orimetrically by measuring the inorganic phosphate liberated in the
presence of Ca®*, An appropriate control was run in the absence of
Ca®. No other cation was added to the assay mixture, and the free
Ca®* concentration was maintained by the EGTA (0.5 mM)/Ca®**
buffering system. Other compositions of the assay mixture and assay
conditions are described under “Materials and Methods.” For this
experiment, 200 ug of PME fraction was used as enzyme source.
Inset, Lineweaver-Burk plot of the same data. The same experiment
was performed by measuring the liberation of *°P from [v-*’P]ATP,
and similar results were obtained.
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same membrane-associated enzyme fraction was assayed with
CDTA as the complexing agent. In this case, a dramatic shift
in the kinetic pattern was observed. With varying free Ca®*
concentrations, distinct and highly pronounced sigmoidal ki-
netics was obtained (Fig. 2). The extent of sigmoidicity in-
creased with increasing CDTA concentrations, but reached a
constant value at a 450-500 uM concentration of the com-
plexing agent. The nature of the curve remained the same at
significantly higher concentrations of CDTA (1.5 mm). Fig. 2
shows that the enzyme remains catalytically totally inactive
at 100-150 nM free Ca®* and that significant catalytic activity
could be observed only beyond 300 nM. The K5 in this case
was ~700 nM. The V., for the enzyme was, however, calcu-
lated to be 18-19 nmol/min/mg of protein, which is not
significantly different from the value obtained with the EGTA
buffering system. The degree of cooperativity with free Ca®*
is 4, as the Hill coefficient was calculated to be 3.6 (Fig. 2,
inset).

Effect of Mg® on Ca**-ATPase Activity—The differential
behavior of Ca**-ATPase in EGTA and CDTA buffering
systems led us to analyze the effect of Mg on Ca?"-ATPase
activity more critically. The difference in chelating properties
of CDTA and EGTA is that CDTA chelates both Ca’" and
Mg?** with nearly equal facility, whereas EGTA chelates ex-
clusively Ca**. The possible role of free Mg®* as an exogenous
allosteric activator therefore needed to be investigated in some
detail.

The plasma membrane of the parasite is known to have an
ATP-hydrolyzing activity that is exclusively dependent on
Mg?* (15). This enzyme has been implicated in proton trans-
location (15) and in active accumulation of metabolites, such
as glucose or proline (22). Since ATP hydrolysis due to this
Mg?*-ATPase could be interpreted as Ca**-ATPase activity
under situations where both free Ca?* and Mg** are present,
we decided to kinetically characterize this enzyme in its
plasma membrane-associated form. Fig. 3 demonstrates the
kinetics of this enzyme in the presence of varying concentra-
tions of free Mg?*. The concentration of free Mg?* was con-
trolled by complexation with CDTA. This enzyme shows
strictly hyperbolic kinetics and has a fairly high affinity for
Mg?*. It is, however, quite clear that at concentrations of free
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Fic. 2. Ca?* dependence of Ca**-ATPase for ATP hydroly-
sis in CDTA-buffered medium. Ca**-ATPase was assayed simi-
larly as described for Fig. 1, except that the free Ca?* concentration
was regulated by the CDTA (0.5 mM)/Ca?* buffering system. Inset,
Hill plot of the data. The same experiment was performed with [v-
32PJATP following the release of P, and similar results were ob-
tained.
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FiG. 3. Mg?* dependence of Mg?*-ATPase for ATP hydrol-
ysis in CDTA-buffered medium. The rate of Mg?*-dependent
hydrolysis of ATP was estimated colorimetrically by measuring the
inorganic phosphate liberated in the presence of Mg**. An appropriate
control was run in the absence of Mg?*. The free Mg>* concentration
was maintained by the CDTA (0.5 mM)/Mg** buffering system. For
this experiment, 200 ug of PME fraction was used as enzyme source.
Inset, Lineweaver-Burk plot of the same data.
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FiG. 4. Effect of MgZ* on Ca%*-ATPase activity at various
concentrations of free CaZ*. Each assay mixture contained, in a
total volume of 1 ml, 100 umol of Tris-HCI, pH 7.4, 0.5 umol of ATP,
and MgCl, as indicated, with varying concentrations of Ca”**. The
concentrations of Ca?* in the assay mixture were maintained as
indicated by the CDTA (0.5 mMm)/Ca®**/Mg** buffering system. The
reaction was started by addition of 200 ng of PME fraction. After 30
min of incubation at 25 °C, the reaction was terminated by addition
of 50 ul of 20% trichloroacetic acid, and P; liberated was estimated
colorimetrically. O, Ca®-ATPase activity without Mg**; A and 0,
Ca®*-ATPase activity in the presence of 16 and 46 uM concentrations
of exogenously added MgCl,, respectively, in the assay medium; @,
Mg®*-ATPase activity that was extrapolated from a separate experi-
ment (for comparison) (Fig. 3). Similar results were also obtained by
the radioactivity assay method as described under “Materials and
Methods.”

200

Mg?** below 200 nM, there is no significant ATP hydrolysis
due to this enzyme.

Addition of exogenous MgCl, at moderate concentrations
had profound effect on the activity of Ca?*-ATPase. In pres-
ence of a total Mg®>* concentration of 60 uM, the sigmoidal
kinetics was effectively abolished (Fig. 4). The total Mg**
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concentration was obtained as the sum of exogenously added
Mg?* plus all other available Mg?* from the plasma membrane
and from the reagents. The kinetic characteristics recorded
in this case broadly resembled the pattern obtained with
EGTA as the complexing agent (Fig. 1). The concentration
of free Ca** was varied over a wide range by keeping the
concentration of CDTA fixed at 500 uM and varying the
concentration of CaCl, for each of the individual points. The
total Ca®** concentration, as in the case of Mg?*, was the sum
of all available Ca®*. For each of the individual experimental
points, the concentrations of free Ca®>* and free Mg®** de-
pended on the relative concentrations of total Ca®* and total
Mg**. The calculations were carried out according to the
equations of Pershadsingh and McDonald (11), and the basis
of such calculations has been given in detail in the Miniprint.
Table 1 also shows specifically the concentrations of free Ca®*
and free Mg?* for each of these experimental points. For
comparison, the Mg?*-catalyzed ATPase activity at the rele-
vant concentration range of free Mg?*, as obtained from a
parallel experiment, is also included in Fig. 4. It is evident
from Fig. 4 and Table 1 that the strikingly enhanced ATP
hydrolytic activity at low free Ca** concentrations is due to
the activation of Ca®>*-ATPase in presence of Mg?*. We have
not studied in detail the mechanism of allosteric activation
by Mg®*. The anion apparently does not have any role to play
in this interaction as MgCl, could be replaced by MgSO.,.
Divalent cations like Mn** (50 uM) or Zn®* (50 uM) could
partially mimic the effect of Mg>* (data not shown).
Modulation of Ca®**-ATPase Activity by Heterologous Cal-
modulin—The potential physiological significance of the sig-
moidal behavior of the Ca’*-ATPase in its plasma membrane-
associated form led us to search for an endogenous modulator
that could abolish the sigmoidicity and increase the affinity
of the enzyme for Ca®* to a physiologically relevant level. We
have shown earlier that calmodulin from heterologous sources
has a moderate but distinct activating effect on the hyperbolic
kinetics of the purified Ca>*-ATPase (6). Bovine brain cal-
modulin was found to have a dramatic effect on the mem-
brane-associated enzyme (Fig. 5). The sigmoidicity was effec-
tively abolished, and the K,, for Ca®* was reduced to 100 nM.
Increasing the calmodulin concentration had no further dis-
cernible effect on the enzyme. The enzyme once stimulated

TABLE 1
Total amounts of free Ca** and Mg®* in 500 uM CDTA-buffered
medium in the experiment of Fig. 4
In each assay mixture, 500 uM CDTA and the indicated amounts
of CaCl, and MgCl, were used. The amounts of free Ca** and Mg?*
were calculated from equations a—e as described under “Materials and
Methods.”

CaCl, MgCl, Free Ca®* Free Mg**
M uM nM nM
62.5 30 16 26

126.0 30 a8 31

187.5 30 69 38

250.0 30 119 48

312.5 30 208 68

375.0 30 415 112

400.0 30 601 153

437.5 30 1417 329
62.5 60 17 56

125.0 60 41 68

187.5 60 78 84

250.0 60 138 112

312.5 60 258 168

375.0 60 607 329

400.0 60 1052 535
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FiG. 5. Stimulation of Ca%*-ATPase activity of L. donovani
plasma membrane with heterologous calmodulin. The assay
mixture contained, in a total volume of 1 ml, 100 umol of Tris-HC],
pH 7.4, 0.5 umol of ATP, 20 ug of bovine brain calmodulin, and Ca®*
as indicated. The Ca** concentration was varied by the CDTA (0.5
mM)/Ca®* buffering system. The reaction was started by addition of
ATP after 10 min of preincubation of the requisite amount of enzyme
with calmodulin. After 30 min of incubation at 25 °C, the reaction
was terminated by addition of 50 ul of 20% trichloroacetic acid, and
liberated P; was measured colorimetrically. The same experiment was
performed by measuring the release of **P from [y-**PJATP, and
similar results were obtained. Shown is activity without (O) and with
(®) 20 ug of bovine brain calmodulin.

by heterologous calmodulin could not be further activated by
addition of Mg>* (data not shown).

Purification and Characterization of Endogenous Ca**-
ATPase-activating Factor—The striking effect of heterolo-
gous calmodulin on the kinetics of plasma membrane Ca®*-
ATPase and its potential physiological significance led us to
search for a similar protein in the parasite itself. Assuming
this to be a soluble protein of the cytoplasm, we could imme-
diately detect an activating protein factor that was released
in the medium after hypotonic shock of the promastigote
cells. The factor turned out to be a heat-stable protein and
was purified to homogeneity by conventional techniques
(Table 2). The highly purified protein was obtained in the
final step of purification by collecting three to four tubes of
the eluents from the Sephadex G-100 column. The pooled
fractions that showed maximum stimulating activity were
found to be essentially homogeneous in nature and had a
mobility on polyacrylamide gel very similar to that of bovine
brain calmodulin (Fig. 6). Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis studies revealed the protein to be a
monomer with a molecular weight of ~16,000 (Fig. 6). Slight
broadening of the protein band is probably due to heteroge-
nous binding of Ca** to cell calmodulin (23). The monomeric
nature of the protein, its apparent molecular weight, and its
thermostability strongly suggested that the purified activating
protein is the endogenous calmodulin of the parasite. This
was confirmed when the effect of the purified protein factor
on bovine brain cAMP phosphodiesterase was studied. The
enzyme activity was stimulated by >2-fold in the presence of
this protein (12 ug), which was abolished by trifluoperazine,
a prototype of the phenothiazine group of drugs that are
known to act as antagonists for calmodulin (Table 3). We
thus conclude that the purified activating protein is the en-
dogenous calmodulin of L. donovani promastigotes.

Effect of L. donovani Calmodulin on Ca**-ATPase Activity—
The endogenous calmodulin of the parasite showed a remark-
able activating effect on the membrane-associated form of the
enzyme (Fig. 7). The sigmoidicity was progressively abolished
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Fic. 7. Stimulation of Ca?*-ATPase of L. donovani plasma
membrane by purified endogenous calmodulin. Calmodulin
stimulation was assayed colorimetrically by estimating liberated P;
from ATP and also by following the release of *P from [v-*?P]ATP.
In each assay, 200 ug of enzyme (PME fraction) was preincubated
with the concentrations of endogenous purified calmodulin indicated
below for 10 min at 25 °C, and the reaction was started by addition
of ATP (see legend of Fig. 5). Free Ca** concentrations as indicated
were maintained by the CDTA (0.5 mM)/Ca?* buffering system. @,
activity without calmodulin; O and O, activity with 6 and 8 ug of
calmodulin, respectively.

200

with increasing concentrations of calmodulin. In the presence
of 8 ug or 0.5 uM calmodulin, completely hyperbolic kinetics
was observed, and the K,, for Ca?* was reduced to 100 nM.
Equally remarkable, the V., was increased by >2-fold. Ob-
viously, the parasite calmodulin had a more pronounced mod-
ulatory effect than calmodulin from heterologous sources.
Effect of Calmodulin Antagonists on Activation by Calmod-
ulin—The activating effect of calmodulin on several target
systems is known to be inhibited by a wide range of chemically
unrelated substances such as phenothiazines, naphthalene
sulfonamides, Vinca alkaloids, etc. (24). Calmidazolium, a
derivative of antimycotic miconazole, is also a powerful inhib-
itor of the activating effect of calmodulin (25). The effects of
some of these potential inhibitors were tested on calmodulin-
stimulated Ca®*-ATPase over a wide range of free Ca®* con-
centrations. Both trifluoperazine and calmidazolium could
completely abolish the activating effect of leishmanial cal-
modulin and could restore the sigmoidicity originally observed
in the CDTA buffering system. Fig. 8 shows that trifluopera-
zine at 50 uM considerably suppressed the activating effect of
calmodulin and at 100 uM completely abolished its effect. In
the case of calmidazolium, the complete abolition of the
stimulatory effect of calmodulin was obtained at 200 uM (data
not shown). No other antagonists was tested for this purpose.
Limited Proteolysis of Membrane-associated Ca?*-ATPase—
The plasma membrane Ca®**-ATPase appears to have a pu-
tative binding domain for calmodulin that is exposed to the
hydrophilic milieu. This became evident when the enzyme
was subjected to controlled proteolysis. When the L. donovani
PME fraction was exposed to digestion with very low concen-
trations of trypsin for a short time, the sigmoidal kinetic
pattern for Ca®>* dependence was essentially abolished, with
significant lowering of the K,, for Ca®* (Fig. 9). No further
activation could be demonstrated either with parasite calmod-
ulin or with exogenously added Mg**. Apparently, mild pro-
teolysis alone can convert the enzyme to a high-affinity state
for Ca®* that cannot further be activated either by calmodulin
or by Mg®*. We also noted that on increasing the time of
trypsinization to 15-20 min, nearly 50% of the enzyme activity
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Fig. 8. Inhibition of endogenous ealmodulin-activated
Ca’*-ATPase by trifluoperazine. Each assay mixture contained,
in a total volume of 1 ml, 100 umol of Tris-HC], pH 7.4, 200 ug of
PME fraction protein as enzyme source, 8 ug of pure L. donovani
calmodulin (where indicated below), and trifluoperazine (at the con-
centrations indicated below), with varying concentrations of Ca®*
maintained by the CDTA (0.5 mM)/Ca?* buffering system. After 10
min of preincubation, the reaction was initiated by addition of 0.5
pmol of ATP. After 30 min of incubation at 25 °C, the reaction was
terminated by addition of 50 ul of 20% trichloroacetic acid. P; liber-
ated was estimated colorimetrically. O, native Ca®>*-ATPase activity;
[, in the presence of 8 ug of calmodulin; A, in the presence of 8 ug of
calmodulin and 50 uM trifluoperazine; M, in the presence of 8 ug of
calmodulin and 100 uM trifluoperazine.
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FiG. 9. Activation of L. donovani plasma membrane Ca2*-
ATPase by limited proteolysis and effect of calmodulin on it.
3.0 mg of the membrane preparation in TBS was treated with 2 ug of
trypsin for 3 min at 28 °C (1-ml final volume). The digestion was
stopped by addition of 50 ug of soybean trypsin inhibitor and centri-
fuged at 10,000 X g for 12 min. The pellet obtained was suspended in
1 ml of TBS, and Ca’*-ATPase activity was assayed immediately at
different Ca®* concentrations in the CDTA/Ca®" buffering system.
(For assay conditions, see the legend of Fig. 5.) A tube was run for
control, where 2 ug of trypsin was added along with soybean trypsin
inhibitor. O, activity of native enzyme; @, activity of trypsin-treated
enzyme; A, activity of trypsin-treated enzyme in the presence of 8 ug
of L. donovani calmodulin.
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could be solubilized. This truncated soluble Ca?*-ATPase did
not show any sigmoidal kinetics with varying Ca®* concentra-
tions. The enzyme was also rendered completely insensitive
to stimulation by Mg®* or by calmodulin (data not shown).
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DISCUSSION

When studied in its more authentic, physiologically rele-
vant, membrane-associated form, the plasma membrane Ca®*-
ATPase from L. donovani shows some interesting kinetic and
molecular features that set this enzyme apart from other well-
studied Ca**-translocating ATPases. The enzyme, as an in-
tegral membrane protein, does not show any dependence on
Mg?** for its catalytic activity. Thus, even when all available
Mg** is complexed with CDTA, the enzyme hydrolyzes ATP
at a very significant rate at saturating concentrations of Ca®*
alone (Fig. 2). This distinguishes this enzyme from other well-
characterized Ca?*-ATPases such as red blood cell plasma
membrane Ca?*-ATPase and endoplasmic reticulum Ca®*-
ATPase, both of which have an obligatory requirement for
Mg** for catalytic activity and both of which have been
unambiguously shown to act as extrusion pumps for Ca®* (5,
26). Preliminary reports, on the other hand, are available for
several other Ca®-ATPases (27-30), including one on the
plasma membrane of Trypanosoma rhodesiense (31), that do
not have any apparent requirement for Mg®* for their activity.
These enzymes, however, need to be further characterized,
and their physiological roles remain to be elucidated.

The unique and most striking feature of the L. donovani
enzyme is the strong sigmoidal kinetics that it exhibits with
varying Ca®" concentrations. Positive modulation with Mg?*
(Fig. 4) or with calmodulin (Figs. 5 and 7) and desensitization
with trypsin (Fig. 9) clearly demonstrate the allosteric nature
of this enzyme. The molecular basis of this enzymatic feature
remains to be elucidated. None of the extensively studied
Ca**/Mg**-ATPases from mammalian sources exhibit such
cooperative phenomenon with Ca®* (26). In contrast to these
monomeric Ca’*-ATPases, the parasite enzyme appears to be
a tetramer of two unequal subunits (6). It is not yet clear as
to how this quarternary structure may be related to the
cooperative phenomenon observed with this enzyme.

Because of its sigmoidicity, the membrane-integral Ca®*-
ATPase remains virtually inactive below 150 nM free Ca®*
Employing fura 2 acetoxymethyl ester as the fluorometric
probe, Philosoph and Zilberstein (7) have shown earlier that
the cytoplasmic concentration of free Ca®* in the promastigote
form of the pathogen is 85 + 10 nM. We have already shown
that the transmembrane enzyme has its catalytic site in the
cytoplasmic milieu (6). Obviously, the enzyme can start func-
tioning effectively either when the free Ca®* concentration
rises momentarily in response to a physiological signal to a
high level (>500 nM) or when it is activated by an endogenous
positive modulator that can decrease the K, of the enzyme
for Ca® to an acceptable physiological level (<150 nM). We
suggest that the leishmanial calmodulin acts as a major phys-
iological regulator in modulating the activity of this parasite
enzyme. The activating protein that was purified on the basis
of its strong positive modulatory effect on allosteric Ca®*-
ATPase has all the characteristic properties of calmodulin
(see text and Miniprint). Interaction of soluble endogenous
calmodulin with plasma membrane-bound Ca®*-ATPase abol-
ishes sigmoidicity, increases the Vi, significantly, and most
important lowers the K, for free Ca** to 100 nM (Fig. 7). At
the presumed cytoplasmic concentration of 80 nM for free
Ca®", the enzyme shows an activity of ~18 nmol/min/mg of
membrane protein. Leishmanial calmodulin therefore has the
potential to specifically convert the inactive enzyme to a high-
affinity state as it interacts with this target protein. The
physiological significance of the nearly identical effect of Mg?*
and its interrelationship with endogenous calmodulin remains
an unresolved question of this study. The calmodulin gene
has been cloned from Trypanosoma brucei (32), and calmod-
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ulin has been isolated from Trypanosoma cruzi on the basis
of its activating effect on heterologous cAMP phosphodies-
terase (33). Unlike in this report, no possible role of these
parasite calmodulins could be assigned in these cases.

The status of Ca®* as a biomodulator in the life cycle of the
kinetoplastida group of protozoal pathogens is not clear at
the moment. Evidence is slowly accumulating that suggests
active Ca** metabolism in these organisms. Increased cyto-
plasmic Ca®" concentration has been implicated in the shed-
ding of surface coat protein antigen of T. cruzi (34). Calmod-
ulin and Ca**-activated protein kinase C have been partially
characterized from other Trypanosoma species (33, 35). See-
beck and Gehr (36) have shown earlier that exposure of resting
cells of T. brucei to the chlorpromazine group of drugs resuits
in dissociation of pellicular microtubules from the plasma
membrane of the organism. In the case of L. donovani, using
membrane vesicles, Benaim and Romero have demonstrated
ATP-dependent Ca®>* movement across the plasma membrane
(37). ATP-dependent accumulation of Ca®* can also take place
in internal organelles of the parasite (7). We already reported
the presence of this high-affinity Ca**-ATPase in L. donovani,
which can act as a potential extrusion pump for cytoplasmic
free Ca®* (6). We now demonstrate that the plasma membrane
Ca®*-ATPase is possibly an allosteric enzyme that is under
regulatory control of parasite calmodulin and can be activated
by it to a physiologically relevant level. We also have evidence
suggesting the presence of an active Ca®* entry system that is
sensitive to channel blockers for Ca®*.? Taken together, these
observations clearly show that basic biochemical machinery
for Ca** homeostasis exists in L. donovani. The specific phys-
iological role of Ca®* in the life cycle of this or any other
parasite, however, remains to be elucidated. We have recently
observed that complexation of external Ca?* with EGTA fails
to arrest L. donovani cell division in culture. It is likely that
the biomodulatory role of Ca®* is primarily confined to the
morphogenetic transformation of the parasite in the host
macrophage environment. We are at present exploring such
a possibility employing an in vitro macrophage transformation
system for the parasite.
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SUPPLEMENTAL MATERIAL TO
ALLOSTERIC MO l.ATlON OF LEISHMANIA DONOVANI PLASMA MEMBRANE
*-ATPASE BY ENDOGENOUS CALMODULIN

SARMILA MAZUMDER, TANMOY MUKHERJEE, JAGADANANDA GHOSH,
MANJU RAY AND AMAR BHADURI

DETERMINATION OF FREE Clz. AND Ngz' IONS IN ASSAY 54PDIUM : The
plasma membrane of L. donovani promastigote contains a Mg" -ATPase (15) and
also a high affinity Ca *-ATPase (6). As liberation of inorganic phosphate
could be due to either of these two enzymatic activities, the concentration
of each of these fons in their free form had to be determined, particularly
when CDTA was used as the complexing agent.

Each colorimetric assay medium contained in a total volume of one
ml, approximately 200 pg protein from PME fraction. The contaminating Ca2* and
Mg2¢ fons from this fraction was calculated to be 4 pM and 10 pM respectively.
Other sources of contaminating Ca2* and Mg2*¢ were water, different chemicals
in the assay mixture and the aclévallng fa lor for Ca“*-ATPase. In these sources
the maximum total amount of Ca“* and Mg“' were 8 pM and 4 pM respectively.
In determining free Ca<“*and \mz‘ these values were included in the calculation.

Free Ca2*and Mg2+ concentrations in presence of CDTA or EGTA buffering
system were calculated by using the following equations as described by Pershad-
singh and McDonald (11)

[Ca2*] « [Cal2=] = [Cagl (a)
M%)+ (MgL2™) = (Mgy) (b)
L)« 1cat?™) o (MgL2T) = 1Lyl (c)
K'aL = (d)
K'ygt = (e)

In the eayation, (Ca?*] and \!gz‘l are free Ca2* and Mg2* concentrations. [CaL?")
and (MgL“ ] are Ca2*and Mg2® concentrations bound to chelator (CDTA or EGTA).
Itn|| (MgT] and [Lt) are total calcium, magnesium and chelator concentrations.
L] “represents the total free chelator concentration. K'CalLgK'wmgy are apparent
assnclnuon constants at pH 7.4 as given by Pershadsingh and McDonald (11)

Equations (a), (c) and (d) were used to calculate free (Ca®* ] in Ca2*/
chelator buffer where [Mgl.2” | was negplected from the eayation (€, Equations
(b), (c) and (e) were similarly used to calculate free Mg in Mg“* /chelator
buffer where [Cal2”] was neﬂlpcu-d from the equation (c). All equations (a) to
(e) were required when free {ca?* ] and [Mg?* | had to be calculated in CDTA
buffering system.

In presence of CDTA buffering system (500 pM) with contaminating Ca’*
(12 pM) and Mp?' (14 M), the free contaminating Ca2* and Mg2* concentrations
from these sources were calculated by equations (a) to (e) to be approximately
2.6 nM and 10 nM respectively.

ASSAY OF PLASMA-MEMBRANE ASSOCIATED Caz'-ATPSE ACTIVATING FACTOR
Stimulation of Ca“* -ATPase activity in the PME fraction was used to assay
the endogenous Ca2* -ATPase activating factor of L. donovani promastigotes.
A 100% stimulation of the Ca®* -ATPase activity of PME fraction (150-200 pg
of PME protein) in CDTA complexed assay system, at a free Ca’*fon concentra-
tion of 639 nM, was defined as one unit. The reaction mixture in a total volume
of 1.0 ml, contained 100 mM Tris-HCl buffer, pH 7.4, 0.5 mM ATP, 200 wg
enzyme of the PME fraction, requisite amount of the factor and 500 pM CDTA
with or without 430 pM CaClz. The enzyme was preincubated with the factor
for 10 mins and the reaction was initiated by the addition of ATP. The inorganic
phosphate liberated was measured according to the method of Lowry and Lopez
(13).

OTHER ASSAYS AND METHODS : cAMP phosphodiesterase activity was measured
by coupling the reaction with excess of 5'-nucleotidase. The method, described
by Wang and Desai (16) was modified as follows . The 1.0 ml reaction mixture
consisted of 100 mM Tris-HCl buffer, pH 7.4, 5 mM MgClz, 0.5 mM cAMP and
0.1 mM CaCl2, 0.05 unit of 5'-nucleotidase and requisite amount of phosphodies-
terase. Control was run without 5'-nucleotidase. After 30 mins of incubation,
the reaction was terminated by addition of 50 pl of 20% Trichloroacetic acid.
The pH was raised to 4.0 followed by the addition of 0.2 ml of 1.0% ascorbic
acid and 0.2 ml of 1.0% ammonium molybdate in each tube. Colour was read
at 700 nm after 20 mins.

Protein was estimated either by the method of Lowry et. al (17) or
where necessary by the method of Bradford (18). In both cases bovine serum
albumin was taken as standard.

Polyacrylamide gel electrophoresis and SDS-gel electrophoresis were
carried out following the method of Davis (19) and Laemmli (20) respectively.
The gels were stained with Coomassie Brilliant Blue or silver stained according
to the method of Merril et. al. (21).

PURIFICATION OF Clz‘-ATPASﬂ ACTIVATING FACTOR : All the operations were
done at room temperature, 25°C. Eight grams of washed packed cells were
suspended in 400 ml of 5 mM Tris-HCl buffer, pH 7.4 and subjected to hypotonic
shock for 1 hr as described earlier (6). After centrifugation at 4000xg for
20 mins the supernatant obtained from the hypotonic shock was collected. Solid
ammonium sulphate (144.0 mg/ml) was now slowly added to the supernatant
with constant stirring. After standing for 10 mins, the precipitate was rejected
and the supernatant was further treated with ammonium sulphate (436.0 mg/ml)
and pH was adjusted to 4.1. After 10 mins, it was centrifuged at 27,000xg
for 15 mins. The pellet was then taken in 40 ml of 10 mM Imidazole-HC1 buffer,
pH 6.1 and dialysed against 2.0 litres of the same buffer. The dialysed sample
was placed in a boiling water bath for 2 mins and then centrifuged to remove
the precipitated protein. The supernatant was lyophilised to 4.0 ml and dialysed
again against 1.0 litre of 10 mM Imidazole-HCl buffer, pH 6.1 to remove excess
salt. The dialysed sample was charged on DEAE-cellulose column (20 cm x
0.5 cm), previously equilibrated with 10 mM Imidazole-HCl buffer, pH 6.1.
Elution was performed with a linear gradient of NaCl (0-0.5 M). Fractions
containing 80-85% of Ca2* -ATPase activating factor that eluted out as unabsorbed
fraction were pooled and lyophilised to 1.0 ml. A small activity elutes out
at 0.2 M NaCl, but it was not characterised any further. The pooled, lyophilised
fraction was then charged on a Sephadex G-100 column (75 cm x 2 cm), equili-
brated with 10 mM Imidazole-HCl buffer, pH_6.1 and eluted at a flow rate
of 0.15 ml/min. Active fractions containing Ca?’ -ATPase activating factor were
pooled and stored at -70°C for subsequent use. The factor remains stable at
=70°C for over six months.
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Table 2 : Purification of calmodulin from L. donovani

Total Total Specific Purification

Protein activity  activity (fold) Yield
Step(s) (mg) (Unit) (Unit/mg) [£Y]
Ammonium sulfate  78.3 293 3.74 1 100
25-85% cut
Heat treatment 9.7 275 28.35 7.58 93.8
DEAE-cellulose 2.5 233.7 93.2 24.9 79.7
Sephadex G-100 0.629 168 267.9 7.39 §7.3

One unit of calmodulin represents 100% stimulation of (;az'-ATPase activity of
200 pg of membrane protein of the PME-fraction at (:az' concentration 639 nM.

Table 3 : Activation of bovine brain cyclic nucleotide phosphodiesterase
by L. donovani calmodulin

For this experiment 5 milliunit of pure bovine brain cycic nucleotide
phosphodiesterase in each tube was preincubated with pure calmodulin
from Leishmania donovani or from bovine brain at room temperature
(25°C) for 10 mins. For inhibition study with trifluoperazine, calmodulin
activated enzyme was preincubated further for another 10 min with the
drug. Details of assay procedure has been described in Materials and

Methods.
Enzyme Additions Activity
(n mol Pi released)

Phosphodiesterase - 56
Phosphodiesterase L. donovani calmodulin 130

12 pg)
Phosphodiesterase bovine brain calmodulin 145

2 pg)
Phosphodiesterase L. donovani calmodulin (12 pg) 78

rifluoperazine (50 pM)

Fig.6 : Polyacrylamide gel electrophoresis and sodium dodecyl sulfate
polyacrylamide gel electrophoresis of L. donovani calmodulin.

In A, Polyacrylamide gel electrophoresis in 10.0% gel, tube
1: bovine brain calmodulin (20 pg), tube 2 : calmodulin from
Leishmania donovani (15 pg).

In B, Sodium dodecyl sulfate polyacrylamide gel electrophoresis
in 10% gel. Tube 1 : lowermost band represents «-lactalbumin,
M.W. 14,200, middleone represents trypsin inhibition M.W. 20,100
and uppermost band represents carbonic anhydrase, M.W. 29,000
(2.5 pg each).

Tube 2 : Bovine brain calmodulin (10 pg). Tube 3: calmodulin
from L. donovani (25 pg). The gels were stained with Coomassie
brilliant “blue (0.2%). The migration was from top (cathode)
to bottom (anode).



