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1. Introduction

The Mg?2*-activated ATPase (ATP-phosphohydro-
lase, EC 3.6.1.4) plays a crucial role in cell metabo-
lism because dephosphorylation of ATP is the reversal
of synthesis of ATP during the process of oxidative
phosphorylation [1]. In this communication is dem-
onstrated the presence of a Mg2*-activated ATPase in
the culture (epimastigote) form of Trypanosoma cruzi,
the agent of Chagas disease. The point is relevant be-
cause energy-yielding reactions of parasites may be
susceptible targets for parasiticides [2].

2. Material and methods

2.1. Organism
T. cruzi (Tulahuen strain) was grown as described
in {3].

2.2. Enzyme preparation

This was based on cell disruption, after freezing in
liquid nitrogen [4] . The cells were washed in the cen-
trifuge with buffer solution containing 0.25 M sucrose,
40 mM Tris-HCl, 1 mM EDTA, pH 7.4. The pellet was
suspended in 10 vol of a hypotonic solution (6.0 mM

Abbreviations:
In addition to standard abbreviations, the following were
used: TCA, trichloracetic acid, PMB, p-chloromercuriben-
zoate; NEM, N-ethylmaleimide; GSH, reduced glutathione;
DNP, 2,4-dinitrophenol; CCP, carbonylcyanide m-chloro-
phenylhydrazone; FCCP, carbonylcyanide p-trifluormeth-
oxyphenythydrazone.
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NaCl, 1.5 mM Tris-HCI, pH 7.4), at 0°, frozen in lig-
uid nitrogen and allowed to thaw at 1—3°, The freez-
ing operation was performed in less than 1 min. Phase
contrast microscopy showed complete disruption of
epimastigotes. The homogenate was subjected to dif-
ferential centrifugation. Fractions sedimenting be-
tween 200—1000 g (F-1; 15 min centrifugation);
1000-30,000 g (F-2; 30 min centrifugation);
30,000-105,000 g (F-3; 4 hr centrifugation) and the
supernatant (F-4) were collected. The pellets were
washed once in the centrifuge with 10 vol of 75 mM
Tris-HCl buffer, pH 7.4 and finally resuspended in
0.1 M Tris-HCI buffer, pH 7.4. Most of the experi-
ments were performed with F-1.

2.3. Determination of enzymes activities

ATPase activity was measured by the release of P;
in the presence of ATP. Unless stated otherwise the
reaction mixtures contained 6.0 mM ATP, 6.0 mM
MgCl, and 0.1 M Tris-HCI buffer, pH 7.2. Duplicate
samples were equilibrated at 37°, the enzyme was added
(final vol, 1.0 ml) and incubation was continued for 20
min (standard experimental conditions). The reaction
was stopped by addition of TCA (final conc. 5.0% (w/v))
and after centrifugation, the supernatants were ana-
lyzed for P;. Zero-time samples were added TCA before
the enzyme. Inorganic pyrophosphatase [5], phospho-
monoesterase [6], glucose-6-P phosphatase [7], phenyl-
P phosphatase [8] and succinate dehydrogenase [9, fer-
ricyanide method] were measured as described in the re-
spective references.
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2.4. Analytical methods

P; [10], adenosine phosphates [11,12] and pro-
tein concentration [13] were measured as described
in the references.

2.5. Reagents

Nucleotides, creatine-P, creatine kinase, oligomycin,
PMB, NEM, iodoacetic acid, GSH and Tris were pur-
chased from Sigma Chemical Company. Kits for mea-
surement of ATP, ADP and AMP, some samples of
ATP and yeast hexokinase were purchased from
Boehringer und Soehne, Mannheim. CCP and FCCP
were gifts of Dr. P.G. Heytler, E.I. Dupont de
Nemours & Co. (Inc.).

3. Results

3.1. Distribution of A TPase in cell fractions.

It can be seen in table 1 that ATPase activity was
maximal in the particulate, low-speed sedimenting
fraction F-1 while the reverse occurred with the solu-
ble pyrophosphatase, which activity was maximal in
the supernatant (F-4). Under adequate experimental
conditions [ref. 6—8; in parenthesis pH at which acti-
vities were measured] , F-1 and F-2 did not dephos-
phorylate glycerol-2-P (pH 7.5; 8.5), glucose-6-P (pH
6.5), phenyl-P (pH 9.8) or p-nitrophenyl-P (pH 7.8).
A fairly good correlation was found between ATPase
and succinate dehydrogenase activities in fractions
(table 1).

Table 1
Distribution of enzyme activities in T. cruzi fractions.

Enzyme
activities Succinate
Pyrophos- dehydro-
Fraction ATPase phatase genase
F-1 0.482 0.082 0.33b
F-2 0.33 0.10 0.21
F-3 0.10 0.40 0.12
F-4 0.15 0.37 -

a P; formed (umole per min per mg protein).
Succinate oxidized (umole per min per mg protein).

Fractions were prepared and enzyme activities were measured

as described under Methods. Samples contained 50— 100 ug
protein.
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Table 2
Substrate specificity.

P: formation

Nucleotide (6 mM) (zmole/min/mg
Expt. and additions protein)
A ATP 0.27 (100)?
GTP 0.12( 43)
B ATP 0.14 (100)
ATP+glu+hex 0.01( 7
UTP, CTP or ITP 0.06 ( 43)
UTP (or ITP)+glu+hex 0.02( 14)
CTP+glu+hex 0.03( 21)
C ATP 0.31 (100)
ADP 0.04 ( 13)
AMP 0.01( 3)
ATP+ADP (3.0 mM) 0.13( 58)

4 percentage of maximal activity

Standard experimental conditions, except nucleotide. 40 ug
(expt. A and C) or 60 ug of ATPase preparation (expt. B).
Where indicated glu and hex, glucose (50 mM) and hexo-
kinase (16 IU) were added to the reaction mixture.
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Fig. 1. A) Effect of time of incubation on the rate of ATP hy-
drolysis. Standard experimental conditions; 70 ug of ATPase
preparation (F-1). Incubation for the time stated in the abscis-
sa. Inset (fig. 1B). Effect of ATPase concentration on the rate
of ATP hydrolysis. Standard experimental conditions. ATPase
as stated in the abscissa. Where indicated RS (ATP-regenerat-
ing system), samples contained 1.0 mM creatine-P and 6 ug of
creatine kinase. C, control samples.
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3.2. Effect of time of incubation and enzyme concen-
tration
Fig. 1A shows the linear relationship between time
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Table 4
Effect of cations on ATPase activity.

of incubation and hydrolysis of ATP, whenever the Cation Zi;oor;:ﬁnﬁ;?
creatine kinase system (an ATP-regenerating or ADP- “mg prot.
trapping system [14]) was added to the reaction mix-
ture. The same occurred with respect to-the effectof None 0
the enzyme concentration (fig. 1B). In the subsequent Mg?* 0.43 (100)2
paragraph the enzyme inhibition by ADP is demon- Mn;: 0.38 ( 88)
strated, which gives account of the effect of the crea- C°2+ 0.17 ( 38)
tine kinase system. cd, 0.13 ( 29)
Fe 0.12 ( 28)
2+
3.3. Substrate specificity ., 0.08 (' 19)
R . Ca 0.07( 17)
It can be seen in table 2 that the enzyme selective- Ba?* 0 ( 0
ly split ATP sincg thfe 'rate of P, liberatio.n from other Mg* (12 mM) 0.28 ¢ 65)
nucleotides was significantly less than with ATP. The Mg?* + Ca?* 0.16 ( 43)
addition of the hexokinase system, which competed Mg?* + Mn2* 0.17 ( 39)

for ATP [15], further reduced the rate of P; forma-
tion from UTP, CTP and ITP suggesting that the hy-
drolysis of the latter nucleotides occurred in part
through the intermediary formation of ATP. ADP
and AMP were hydrolysed with rates equivalent to 13
and 3%, respectively, Of the rate of hydrolysis of ATP
(table 2). Despite the low activity with ADP as sub-
strate, ADP effectively interacted with ATPase as
proved by the enzyme inhibition (table 2).

Table 3
Stoichiometry of the ATPase reaction.
ATPase Consump-
(ug of tion of Formation of
protein) ATP P ADP AMP
35 0.052 0.062 0.052 0.01
60 - 0.11 0.10 0.01
100 0.19 0.18 0.14 0.01

2 The figures represent umole of substrate (or reaction prod-
uct) consumed (or released) after 20 min incubation and in-
clude zero-time values.

Standard experimental conditions. After incubation samples
of reaction mixture were analyzed for P; and adenosine phos-
phates, as described under Methods.

3.4. Stoichiometry of ATP hydrolysis

The enzyme selectively cleaved the terminal phos-
phate group of ATP (table 3) and accordingly, for 1
mole of ATP that disappeared, 1 mole of P; and 1
mole of ADP were formed.

2 percentage of maximal activity.

Standard experimental conditions except the cation, which

is indicated; 50 ug of ATPase preparation. Cations were added
as chloride. Unless stated otherwise, the cation concentration
was 6 mM.

3.5. Requirement of metal ions

In the absence of metal ions the enzyme was prac-
tically inactive (table 4). Addition of divalent cations
stimulated the hydrolysis of ATP, with Mg2* and .
Mn2* being the more active. Co2*, Cd2*, Fe2* and
Zn2* could substitute for Mg2* (or Mn2*), in de-
creasing order of effectiveness. The enzyme was
scarcely activated by Ca2* and conversely, in the pres-
ence of Mg2* ions, Ca2* inhibited ATPase activity.
A similar inhibition was caused by Mn2* (table 4).
Fig. 2 shows the relationship between Ca2* concen-
tration and ATPase inhibition. The inhibitory effect
of Ca2* clearly differentiated the T, cruzi enzyme
from myosin ATPase that is activated by Ca2* [16].
On the other hand, the enzyme activity was not af-
fected by addition of 12 mM NaCl, 6 mM KCI or 100
mM NaCl plus 20 mM KCI which contrasts with the
activating effect of those cations on the (Na* + K*)-
dependent ATPases [17].
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Fig. 2. Inhibition of ATPase activity by Ca®* ions. Standard
experimental conditions. 49 ug of ATPase preparation; CaCl,
concentration as stated in the abscissa.

3.6.F ffect of substrate concentration

When the concentrations of ATP and }v‘lg-+ WEIC
simultaneously varied, the rate of hydrolysis of ATP
followed Michaelian kinetics. This is shown by the
double reciprocal plot in fig. 3. The apparent K,,, was
2.0 mM, in good agreement with the value reported

for the liver mitochondria ATPase [18].
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Fig. 3. Effect of substrate concentration on ATPase activity.
Double-reciprocal plot. ATP—Mg concentration as stated in
the abscissa. 40 ug of ATPase preparation. Other experimen-
tal conditions were as stated under Methods. The ATP—Mg
substrate was prepared by mixing ATP—Tris and MgCl, in the
stoichiometric proportion. v is expressed as umole of Py
formed per min per ml of reaction mixture.

3.7. Optimal pH

In standard experimental conditions (except pH,
that was varied from 5.5 to 8.8), maximal activity was
at pH 7.2. A similar value was reported for liver

ae Az D+ e

ATPase in the presence of 10 mM Mg=* {19].
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Fig. 4. A) ATPase inhibition by PMB and NEM. Standard ex-
perimental conditions; 40 ug of ATPase preparation; inhibi-
tor concentration as stated in the abscissa, The enzyme was
preincubated for 4 min with the SH-reagent before the addi-
tion of ATP, which was used to initiate the enzyme reaction.
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lflbel \llg 4b). l\eVCI&d.l Ol FMID il’lIlll)l[lOﬂ Dy UdH. ALrase
(40 pg protein) in 6.0 mM MgCl,, 0.1 M Tris-HCI buffer, pH
7.2 was preincubated at 0° with 0.5 mM PMB for 4 min.
GSH was added (concentration as stated in the abscissa) and
after further 5 min the reaction mixture was completed with
ATP.

3.8. Effect of inhibitors
In standard experimental conditions, the effect of
inhibitors was as follows (in parenthesis, substance
concentration and ATPase inhibition (%)). Oligomycin
(2.5 pg/ml, 31); iodoacetic acid (0.5 mM, 50), sodi-
um fluoride (1.0 mM, 35) and sodium azide (1.0 mM,
58). lodoacetic acid was preincubated with the en-

vme for 4 min befare measurine activity, Fie. 4A
Zyme 101 4 mii 0€10IC measuring acivity. rig. sa

shows the effect of increasing concentrations of PMB
and NEM and fig. 4B shows the almost complete re-
versibility of PMB inhibition by GSH. Mg2* (6 mM)
and the 6 mM ATP—Mg mixture prevented by 50%
the inhibition by PMB. Quabain (2.5 mM) did not af-
fect the enzyme activity (ouabain was assayed in the
nracansa af 100 =M Na(l 5 NmMEC] and & mM

PLIUOCLILT Ul 1 UV IV 1VaLd, J.U LUV vl adil O Tivs

3.9. Effect of uncouplers
In the absence of Mg2*, DNP and CCP significant-
ly stimulated the ATPase activity while in the
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Table §
Effect of uncouplers on ATPase activity.

Expt. Uncoupler P; formation
(mM) (umole/min/mg protein)
MgCl, MgCl,
omitted added
A None 0.01 0.32
DNP (0.10) 0.06 0.30
CCP (0.01) 0.03 0.31
B None — 0.33
CCP (0.05) - 0.22 (33)3
FCCP (0.05) - 0.24 (27)

2 Percentage inhibition

Standard experimental conditions. 95 (expt. A) or 40 (B) ug
of ATPase preparation. Where indicated, 6 mM MgCl,.

presence of Mg2*, the same agents and FCCP did not
stimulate and eventually inhibited the hydrolysis of
ATP (table 5). Despite the addition of uncouplers, the
enzyme activity was very small in the absence of metal
ion activator.

4. Discussion

Like mammalian and yeast mitochondrial ATPases
[18—22], the T. cruzi ATPase, (a) was associated with
low-speed sedimenting particles (table 1); (b) split se-
lectively the terminal phosphate group of ATP (tables
2 and 3); (c) was more active with ATP than with oth-
er nucleoside phosphates, and (d) was inhibited by
ADP (table 2 and fig. 1). Moreover, (¢) Mg2* and
Mn2* were essential activators; (f) Ca2* and Mn2* in-
hibited the Mg2*-activated enzyme (table 4 and fig. 2);
(g) fluoride, azide and oligomycin were enzyme inhib-
itors; and (h) free thiol groups were essential for activi-
ty (fig. 4). The presence of succinate dehydrogenase
in the more active ATPase fractions (table 1) was con-
sistent with the association of ATPase with mitochon-
drial membranes. On the other hand, the T, cruzi
ATPase could be distinguished from myosin ATPase
[16] and (Na* + K*)-dependent ATPases [17] on the
basis of the selective requirements for metal activators
and substrate specificity. Similarly, the T. cruzi en-
zyme could be distinguished from flagellar ATPases,
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since dynein, the enzyme isolated from sea urchin
sperm [23}, (a) does not sediment at 35,000 g; (b) is
effectively activated by Ca2*, and (c) is inhibited by
excess of substrate. These properties were not shared
by the T. cruzi enzyme (tables 1 and 4; figs. 2 and 3).
Nevertheless, our observations do not rule out the
presence of other ATPases in 7. cruzi.

A special comment deserves the inhibitory effects
of CCP and FCCP in table 5. Since inhibition of mito-
chondrial ATPase by uncouplers can occur after phys-
ical alteration of mitochondrial membranes {24], the
effects of CCP and FCCP are consistent with the view
that the measured enzyme was a mitochondrial
ATPase. This assumption agrees with the drastic na-
ture of the procedure employed to disrupt the cells,
that in all probability strongly affected the parasite
mitochondrion. With intact mitochondria uncouplers
elicit latent ATPase activity, even in the presence of
Mg2* [24,25].

On account of well known difficulties [26] we
have not been able to isolate mitochondria (or phos-
phorylating particles) from T. cruzi. With trypanoso-
matidae, only mitochondria from Crithidia fasciculata
have shown in vitro phosphorylation capacity and
respiratory control ([27] ; J.P. Kusel, personal commu-
nication).
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