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Previous studies in Trypanosoma cruzi, the etiologic agent of
Chagas disease, have resulted in the cloning and sequencing of a
pair of tandemly linked genes (TcHAI and TcHAZ2) that encode P
(phospho-intermediate form)-type H"-ATPases with homology to
fungal and plant proton-pumping ATPases. In the present study,
we demonstrate that these pumps are present in the plasma mem-
brane and intracellular compartments of three different stages of
T. cruzi. The main intracellular compartment containing these
ATPases in epimastigotes was identified as the reservosome.
This identification was achieved by immunofluorescence assays
and immunoelectron microscopy showing their co-localization
with cruzipain, and by subcellular fractionation and detection
of their activity. ATP-dependent proton transport by isolated
reservosomes was sensitive to vanadate and insensitive to bafilo-

mycin A,, which is in agreement with the localization of P-type
H*-ATPases in these organelles. Analysis by confocal immuno-
fluorescence microscopy revealed that epitope—tagged TcHA1-
Tyl and TcHA2-Ty1 gene products are localized in the reservo-
somes, whereas the TcHA1-Tyl gene product is additionally
present in the plasma membrane. Immunogold electron micro-
scopy showed the presence of the H-ATPases in other compart-
ments of the endocytic pathway such as the cytostome and
endosomal vesicles, suggesting that in contrast with most cells in-
vestigated until now, the endocytic pathway of T. cruzi is acidified
by a P-type H*-ATPase.

Key words: cytostome, endocytosis, P-type H"-ATPase, proton
pump, reservosomes, Trypanosoma cruzi.

INTRODUCTION

Trypanosoma cruzi, the agent of Chagas disease, or American
trypanosomiasis has been recognized as a significant cause of
morbidity and mortality in Mexico, Central and South America
[1]. Chagas’ disease remains a problem because of toxicity and
lack of effectiveness in the chronic phase by the two drugs avail-
able, nifurtimox and benznidazole [1]. Therefore it is important
to identify enzymes and metabolic processes in 7. cruzi that
might be potential targets for drug development. A case in point
is that of the P-type (phospho-intermediate-type) H*-ATPases.
Previous studies in 7. cruzi [2] have resulted in the cloning
and sequencing of a pair of tandemly linked genes (TcHAI and
TcHA?2) that encode P-type H"-ATPases with homology to fungal
and plant proton-pumping ATPases. Full-length TcHA1 and an
N-terminal truncated version of TcHAZ2 were able to complement
a Saccharomyces cerevisiae strain deficient in P-type H"-ATPase
activity, providing genetic evidence for their function [2]. The
absence of electrogenic P-type H*-ATPases in mammalian cells
[3,4] and their presence in fungi has led to the proposal that
these pumps are promising targets for antifungal therapy [5] and
a similar proposal could be made regarding T. cruzi.

The P-type H*-ATPases of fungi and plants are located
in the plasma membrane where they act as primary transporters by
pumping protons out of the cells, thereby creating pH and electri-
cal potential differences. Transport of many solutes (ions,
metabolites etc) both into and out of the cell involves secondary
transporters whose ability to function is directly dependent on
the proton-motive force created by the HT-ATPases [6]. A similar

function has been attributed to the plasma membrane H*-ATPase
of T. cruzi [7-9].

Biochemical evidence using permeabilized cells have suggested
the presence of an intracellular P-type H"-ATPase in T. cruzi
[10]. The presence of an internal P-type HT-ATPase activity is
almost unique and has been described elsewhere only in the
ER (endoplasmic reticulum) of plant mechanoreceptor organs
[11]. In yeasts, the H"-ATPase is made in the rough ER and
delivered to the plasma membrane via the secretory pathway
[12]. The H*-ATPase travels from the ER to the Golgi into coat
protein complex II vesicles and from the Golgi to the plasma
membrane via secretory vesicles. The H"-ATPase accumulates
in the secretory vesicles of secretion mutants and their isolation
has shown that it is able to hydrolyse ATP and pump protons at
rates comparable with those seen in the plasma membrane [13].
On the other hand, abnormal H*-ATPases that reach the plasma
membrane are retrieved by endocytosis and sent to the vacuole for
degradation but no evidence has been presented of their activity
in this compartment [14].

On the basis of acidity and K* content the internal P-type H*-
ATPase has been postulated to be located in the reservosomes of
T. cruzi [10]. Reservosomes have been described in epimastigote
forms as acidic pre-lysosomal compartments [15]. They are large
organelles found in the posterior end of the parasite that are
rich in the proteinase cruzipain and accumulate macromolecules
ingested by the parasite through endocytosis such as albumin,
peroxidase, transferrin and low density lipoprotein [15-18]. It
has been shown that they also contain lipids [19] and since their
number decreases during transformation of epimastigotes into

Abbreviations used: ECL, enhanced chemiluminescence; ER, endoplasmic reticulum; FG, fish gelatin; LIT, liver infusion tryptose; P-type, phospho-
intermediate-type; PP;, pyrophosphate; TcHA, Trypanosoma cruzi H*-ATPase; V-H*-ATPase, vacuolar-H*-ATPase.
* To whom correspondence should be addressed (email rdocampo@cb.uga.edu).

© 2005 Biochemical Society



468 M. Vieira and others

trypomastigotes (metacyclogenesis) they were postulated to have
arole in the storage of nutrients necessary for this differentiation
step [15]. Interestingly, the vacuolar-type H*-ATPase, which in
most eukaryotic cells is involved in acidification of the endocytic
pathway, localizes to acidocalcisomes [20] and the plasma
membrane [21] of T. cruzi epimastigotes, and is absent from the
flagellar pocket and reservosomes [21]. Acidocalcisomes, which
do not belong to the endocytic pathway [18], are characterized,
in addition to their acidic nature, by their high density (both in
weight and by electron microscopy) and high content of
PP; (pyrophosphate), polyphosphate, calcium, magnesium and
other elements [22], and also contain a vacuolar-type H*-PPase
[23].

In the present study we report experiments, using immuno-
fluorescence and immunogold electron microscopy, that provide
evidence that both TcHA1 and TcHA?2 are located in the reservo-
somes and other endocytic structures, whereas TcHA1 is the
only pump located in the plasma membrane of epimastigotes.
Purified reservosomes were shown to have a vanadate-sensitive
and bafilomycin A, -insensitive ATP-dependent proton uptake
compatible with the presence of a functional P-type H*-ATPase
in these organelles. Taken together these results suggest that in
contrast with most eukaryotic cells that acidify their endocytic
pathway through the action of a vacuolar-type H*-ATPase, in
T. cruzi this process occurs through a P-type H*-ATPase.

MATERIALS AND METHODS
Culture methods

Wild-type T. cruzi epimastigotes (Y strain) and transfectants
were grown at 28°C in LIT (liver infusion tryptose) medium
[24] supplemented with 10% heat-inactivated newborn calf
serum and harvested after 5 days in culture. Trypomastigotes and
amastigotes were obtained from the culture medium of infected
L¢Ey myoblasts as we have described previously [20].

Chemicals

Foetal and newborn calf serum, normal goat serum, BSA, cold fish
gelatin, Dulbecco’s PBS, EGTA and proteinase inhibitors were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Alexa Fluor®-labelled secondary antibodies, monoclonal anti-
body 10D7 against the 100 kDa subunit of the yeast vacuolar H* -
ATPase and Prolong Gold® antifade reagent were from Molecular
Probes, Inc (Eugene, OR, U.S.A.). The ECL® (enhanced chemi-
luminescence) detection kit was from Amersham (Arlington
Heights, IL, U.S.A.). Probe GT nylon membranes, prestained
molecular mass standards and the protein assay were from Bio-
Rad (Hercules, CA, U.S.A.). Gold-conjugated secondary anti-
bodies were obtained from Ted Pella, Inc (Reddington, CA,
U.S.A.). Affinity purified anti-TcHAf antibody was prepared
as described previously [2]. Monoclonal antibody BB2 against
the Saccharomyces cerevisiae Tyl virus-like particle [25] was a
gift from Keith Gull (University of Oxford, U.K.). Monoclonal
antibody 212-BH6 and polyclonal antibody against cruzipain [26]
were a gift from Julio Scharfstein (Federal University of Rio de
Janeiro, Brazil). Pfu DNA polymerase was from Stratagene (La
Jolla, CA, U.S.A.). All other reagents were of analytical grade.

Isolation of reservosomes

Isolation of reservosomes was carried out as described previously
[27] with minor modifications. Briefly, epimastigotes cultured
for 5 days were washed twice with ice-cold TMS buffer (20 mM
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Tris/HCl, pH 7.2, containing 2 mM MgCl,, and 250 mM sucrose)
and resuspended in the same buffer containing protease inhibitors
cocktail [2mM PMSF, 100 pg/ml leupeptin, 5mM ethylene-
diaminotetraacetic acid, 2 pg/ml aprotinin, 10 uM trans-epoxy-
succinyl-L-leucylamido-(4-guanidino)butane (E-64), 7 pg/ml
pepstatin, and 10 uM antipain] and 1 mM dithiothreitol. Parasites
were sonicated on an ice bath using a Branson 250 digital sonifier
equipped with a double-step microtip using at least 30 pulses of
2 s on/l s off, operating at 15 % total amplitude. Homogenates
were centrifuged at 2400 g for 10 min at 4°C. The supernatant
was collected and mixed 1:1 with 2.3 M sucrose in TM (20 mM
Tris/HCI, pH 7.2, containing 2 mM MgCl,) to obtain a final su-
crose concentration of 1.27 M. A 12 ml quantity of the mixture
was deposited in a Beckman SW-28 centrifuge tube overlaid with
10 ml of 1.2 M, 10 ml of 1.0 M and 5 ml of 0.8 M sucrose and
centrifuged at 97000 g for 150 min at 4°C. All sucrose solutions
were prepared in TM buffer containing protease inhibitor cocktail
and 1 mM dithiothreitol. The interfaces of 0.8 M/1.0 M (B1),
1.0M/1.2M (B2), 1.2/1.27 (B3), the 1.27 layer (B4) and the
pellet (P) were collected, diluted in TM buffer and centrifuged
at 120000 g for 30 min at 4 °C. Pellets containing the fractions
were resuspended in TMS buffer supplemented with the protease
inhibitors described above and immediately frozen at —80°C
for further analysis, or fixed for posterior electron microscopy
processing.

H* transport assays

Measurements were carried out immediately after subcellular
fractionation. Fractions were diluted in a buffer containing
130 mM KCI, 2 mM MgCl,, 10 mM Hepes and 4 uM Acridine
Orange, pH 7.2. Active H" transport was assayed, as described
previously [10], by measuring changes in the absorbance of
Acridine Orange (493-530 nm) in an SLM-Aminco DW 2000
dual-wavelength spectrophotometer at 30°C in the presence, or
absence, of ATP, bafilomycin A, and vanadate.

Enzymatic activity assays

Enzymatic markers for reservosome isolation were: vacuolar H* -
pyrophosphatase (acidocalcisomes), hexokinase (glycosomes),
succinate-cytochrome c reductase (mitochondria) and acid phos-
phatase (lysosomes). Assays were modified from previously
described methods [23,28-30] in order to fit readings in 96-well
microtitre plates. Vacuolar H"-pyrophosphatase activity in terms
of phosphate release was assayed by adding samples to 100 ul of
areaction mixture containing 130 mM KCI, 2 mM MgCl,, 10 mM
Hepes pH 7.2, 250 uM EGTA, 0.1 mM 2-amino-6-mercapto-
7-methylpurine ribonucleoside and 0.4 unit/ml purine nucleoside
phosphorylase and the reaction was monitored at 360 nm. Hexo-
kinase was assayed by adding samples to 100 ul of a reaction
mixture containing 10 mM D-glucose, 0.6 mM ATP, 0.6 mM
NADH, 10 mM magnesium chloride, 2.5 units/ml glucose-6-
phosphate dehydrogenase, S0 mM K*-Hepes at pH 7.8 and the
oxidation of NADH was monitored at 340 nm. Succinate-cyto-
chrome ¢ reductase activity was determined by mixing samples
in a reaction buffer containing 6 mM succinate-K*, 0.2 mM
cytochrome ¢, 0.6 mM KCN and 80 mM Hepes at pH 8.0 and
monitoring the reaction at 550 nm. Acid phosphatase was assayed
by measuring phosphate release from p-nitrophenylphosphate.
Samples were added to 50 ul of the reaction mixture containing
0.1 M sodium acetate at pH 5.5, and 10 mM p-nitrophenylphos-
phate and incubated for 30 min at 28 °C. Reactions were stopped
by the addition of 150 mM sodium hydroxide (100 xl) and
released p-nitrophenol was detected at 405 nm. Protein amounts
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Figure 1 Western blot analysis of T. cruzi H*-ATPase (A) and immuno-
fluorescence microscopy showing the localization of TcHAs in epimastigotes
of T. cruzi (B)

(A) Homogenates containing 10 g of protein from amastigotes, epimastigotes and trypo-
mastigotes were subjected to SDS/PAGE on 10% polyacrylamide gels and transferred to
nitrocellulose membranes. Lanes were probed with affinity purified anti-TcHAf antibody.
Migration positions of prestained molecular mass standards are shown to the left of the gel.
(B) Epimastigotes were treated with the affinity-purified antibody against TcHAs. Labelling of
the plasma membrane (arrows) and large vacuoles (arrowheads) is evident. Scale bar, 5 m.

of all samples were normalized before each assay. All reactions
were performed in a Bio-Tek Instruments PowerWave 340 plate
reader at 30°C.

SDS/PAGE and Western blot analysis

Samples were processed for SDS/PAGE as described by Laemmli
[31]. Epimastigotes (5 days old), trypomastigotes (> 95 % pure)
or amastigotes (>90% pure) were collected, washed with
PBS and stored at —80°C in PBS containing 2% of a
protease inhibitor cocktail [2 mM PMSF, 100 pg/ml leupeptin,
5 mM EDTA, 2 pg/ml aprotinin, 10 uM trans-epoxysuccinyl-L-
leucylamido-(4-guanidino)butane (E-64), 7 pg/ml pepstatin and
10 uM antipain]. Samples (10 ug) were applied on to 10%
running/4 % stacking polyacrylamide gels and electrophoresis
was carried out at 100V in a Bio-Rad Miniprotean II® system.
Gels were blotted on to nitrocellulose membranes for 75 min at
100 V and these were processed for antigen immunodetection
using the ECL® (Amersham Biosciences) according to the manu-
facturer instructions.

Immunofluorescence microscopy

For localization of TcHAs using epifluorescence microscopy,
parasites were collected, washed 4 times with Dulbecco’s PBS and
fixed with 4 % formaldehyde in PBS for 15 min. The fixed cells
were adhered to poly-L-lysine-coated coverslips, permeabilized
using 0.3 % Triton X-100 for 5 min and blocked using 3 %
BSA and 50 mM NH,CI in PBS for 30 min. A 1:100 dilution
of affinity purified antibody against the 35 kDa expressed protein
in PBS was applied at room temperature for 30 min (Figure 1B)
or 3 h (Figure 2) and a fluorescein isothiocyanate-coupled goat
anti-rabbit immunoglobulin G (IgG) secondary antibody (1:150)
was then applied at room temperature for 30 min. Control pre-
parations were incubated with pre-immune serum. Slides were
observed using an Olympus BX-60 microscope, and digital
images obtained using the system previously described [28]. For

Figure 2
TcHAs in trypomastigote (D) and amastigote (E, F) forms of T. cruzi

Immunofluorescence microscopy showing the localization of

Upper panels show the same cells as in lower panels by bright field microscopy. N, host cell
nucleus. Scale bar, 4 m (A-F). Labelling of the plasma membrane (arrows) and intracellular
structures (arrowheads) is evident in both trypomastigotes and amastigotes.

co-localization studies using confocal microscopy, epimastigotes
were washed with PHEM (60 mM Pipes, 25 mM HEPES, 10 mM
EGTA and 2 mM MgCl,), pH 7.2, and fixed with 4 % freshly
prepared formaldehyde and 0.05% grade I glutaraldehyde in
PHEM for 10 min at room temperature and 50 min at 4°C.
The fixed cells were adhered to poly-L-lysine-coated coverslips,
allowed to attach for 60 min and permeabilized with 0.1 % Triton
X-100 in PBS for 2—-5 min at room temperature. Samples were
blocked in 1% BSA, 0.5% fish gelatin and 2% normal goat
serum for 30 min at room temperature. Primary antibodies, diluted
in PBS-1% fish gelatin, were applied at room temperature for
60 min. After washing with PBS-1 % fish gelatin, samples were
incubated with Alexa 488-conjugated goat-anti mouse or Alexa
568-conjugated goat anti-rabbit antibodies diluted 1:500—-1:1000
in PBS-1% fish gelatin at room temperature for 60 min. Cover-
slips were washed in PBS and mounted on slides using Prolong
Gold® antifade reagent. Primary antibody titres were: polyclonal
anti-TcHAf, 1:5-1:50; polyclonal anti-cruzipain, 1:200; mono-
clonal 212-BH6 anti-cruzipain, 1:500; monoclonal BB2 anti-
Ty1, 1:20 and monoclonal 10D7 anti-V (vacuolar)-H"-ATPase,
1:500. Images were obtained using an Olympus Fluoview FV
300 confocal laser scanning microscope.

Electron microscopy

Subcellular fractions were immediately fixed with 2.5 % grade II
glutaraldehyde, washed with 0.1 M cacodylate buffer at pH 7.2
and post fixed in 1% osmium tetroxide and 1.5 % potassium
ferrocyanide at room temperature in the same buffer. In addition,
epimastigotes cultured for 5 days were washed in PBS and fixed
as above. After washes in 10 % ethanol samples were dehydrated
by incubation in increasing concentrations of ethanol (25, 50, 75
and 100 %) at room temperature. Infiltration and embedding were
performed in eponate resin and blocks were polymerized at 60 °C.
Ultrathin sections were collected on copper grids and stained with
uranyl acetate and lead citrate.

For immunocytochemistry epimastigotes, amastigotes or trypo-
mastigotes were harvested, washed with PBS and fixed for 60 min
at room temperature in a solution containing 4 % freshly prepared
formaldehyde, 0.1 % grade I glutaraldehyde and 0.8 % picric acid
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in 0.1 M cacodylate buffer at pH 7.2. Fixed cells were washed in
PBS, dehydrated in increasing concentrations (25, 50, 75, 95,
100 and 100 %) of methanol, embedded in Unicryl at —20°C
and polymerized at the same temperature under UV irradiation.
Ultrathin sections were collected on formvar-coated nickel grids.
Grids were blocked in PBS containing 1% FG (fish gelatin),
0.1 % (v/v) Tween 20 (PBS-FG-Tw) and 50 mM ammonium chlo-
ride for 30 min, washed in PBS-FG-Tw and incubated with a
1:50 dilution of affinity-purified anti-TcHAf in PBS-FG-Tw for
120 min at room temperature. After washing in PBS-FG-Tw,
grids were incubated with goat anti-(rabbit IgG) labelled with
15 nm gold (1:50) in PBS-FG-Tw for 60 min at room temperature.
For double-labelling experiments in epimastigotes, grids were
blocked with PBS-FG-Tw at 37 °C for 60 min and incubated with
affinity-purified anti-TcHAf (1:10) and monoclonal 212-BH6
anti-cruzipain (1:500) for 30 min at 37 °C. After washing in PBS-
FG-Tw, samples were incubated with a 20 nm gold-conjugated
goat anti-rabbit antibody (1:20) and a 10 nm gold-conjugated goat
anti-mouse antibody (1:75) in PBS-FG-Tw for 30 min at 37°C.
After antibody incubations grids were washed first in PBS-FG-
Tw and then with distilled water, stained with uranyl acetate and
lead citrate. All micrographs were obtained using a Hitachi H600
transmission electron microscope at 80 or 100 kV. Controls were
carried out using an unrelated antibody or incubation in the
presence of the secondary antibody only.

Cellular localization of TcHA1 and TcHA2

The Tyl epitope-tag [25] was inserted into the central portion
of the TcHAI and TcHA2 genes and between codons in such a
way that there was no disruption of the open reading frames.
For TcHAI the tag was inserted between the E480 and M481
and for TcHA?2 the insertion was between the E530 and M531.
Tag addition was performed by PCR amplification of 1440 bp
and 1590 bp fragments, corresponding to the N-terminal ends of
TcHAI and TcHA?2 respectively, using the AGEM 5-1 clone as
template [2]. For TcHAI the primers 5-GAATTCATGCTACC-
GCCGTCCAAGGG-3' and 5'-ACTAGTGTCAAGTGGATCCT-
GGTTAGTATGGACCTCCTCCTTCGCAATCAGCAC-3" were
used. For TcHA?2 the primers used were 5'-GAATTCATGAAC-
CAGAAGAACGATAA-3 and 5-ACTAGTGTCAAGTGGAT-
CCTGGTTAGTATGGACCTCCTCCTTCGCAATCAGCAC-3'.
The PCR products having EcoRI and Spel linkers (underlined)
and the Ty1 epitope-tag were subcloned into the EcoRI and Spel
sites of the pTEX vector [32] in order to generate the plasmids
pTEX/TcHA1 and pTEX/TcHA2. Subsequently, fragments of
1185 bp and 1161 belonging to the C-terminal end of TcHAI and
TcHA? respectively, were amplified from the A\GEM 5-1 clone
DNA [2] using the primers 5'-ACTAGTATGTGCCGCATG-
CTTAACCT-3' and 5-CTCGAGTTACACCGTGGGTTCCTT-
TG-3' for TcHAI, and 5'-ACTAGTATGTGCCGCATGCTTAA-
CCT-3' and 5-CTCGAGTTAATTGGCAGGCTCAGTGATC-3'
for TcHA2. The PCR products with Spel and Xhol linkers (under-
lined) were subcloned into the Spel and Xhol sites of plas-
mids pTEX/TcHA1 and pTEX/TcHA2 generating the plasmids
pTEX/TcHA1-Tyl and pTEX/TcHA2-Tyl respectively. Alter-
natively TcHAI or TcHA2 were amplified and subcloned without
the epitope-tag into the pTEX vector generating the plasmids
pTEX/TcHA1® and pTEX/TcHA2®. For TcHAI the primers 5'-
GAATTCATGCTACCGCCGTCCAAGGG-3' and 5-CTCGAG
TTACACCGTGGGTTCCTTTG-3' were used. For TcHA2 the
primers used were 5-GAATTCATGAACCAGAAGAACGA-

TAA-3" and 5'-CTCGAGTTAATTGGCAG GCTCAGTGATC-3'.

The PCR products with EcoRI and Xhol linkers (double under-
lined) were inserted in the EcoRI and Xhol sites of the pTEX
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vector. All PCR amplifications were carried out using the
Pfu DNA polymerase to assure a high accuracy for the amplified
DNAs. The PCRs were performed for 25 cycles of 96 °C for 1 min,
55-60°C for 1 min, and 72 °C for 1.5 min using a thermal cycler.
All constructs were sequenced to confirm their identity. Epimasti-
gotes were transfected by electroporation with a single discharge
of 1.5 kV, 50 uF, with pTEX vector alone, or with the plasmids
pTEX/TcHA1®, pTEX/TcHA2®, pTEX/TcHA1-Tyl or pTEX/
TcHA2-Tyl. Cells were suspended in LIT medium with 10 %
newborn calf serum and incubated at 28 °C for 24 h, followed
by a 1:5 dilution in the same medium containing 500 pg/ml of
G418. After 48 h, another 1:5 dilution was carried out under the
same conditions. Selection was applied by growing the parasites
in the presence of 500 pg/ml G418 for 3 or 4 weeks to allow the
establishment of stable lines.

RESULTS
Localization of TcHAs in T. cruzi

Total homogenates prepared from different stages of T. cruzi
were subjected to Western blot analysis with affinity-purified
antibodies obtained against the protein product of TcHAf [2]. This
polypeptide encodes a fragment of about 35 kDa, from amino acid
345-604 of the TcHA?2 sequence, that is almost identical to the
corresponding sequence of TcHA1 (amino acid 295-554), except
for three conservative substitutions (Gln to Pro, Val to Leu, and
Leu to Met). These antibodies detected a band of approximately
100 kDa, close to the predicted molecular mass of the gene pro-
ducts, in amastigote, epimastigote and trypomastigote homo-
genates (Figure 1A), in agreement with a previous report [2].
An additional band of 85kDa was occasionally detected in
trypomastigotes (Figure 1A, lane trypomastigotes). This band
could be a proteolysis product of TcHAs since its presence
was not reproducible [2]. No detectable bands were observed
using pre-immune serum (results not shown). The localization
of the TcHAs in different forms of T. cruzi was determined
by indirect immunofluorescence assays using the anti-TcHAf
antibody. Different forms of T. cruzi were fixed and permeabilized
before antibody binding (Figures 1B and 2). As Figure 1(B)
shows, TcHAs were detected in epimastigotes. In agreement with
the Western blots (Figure 1A), weaker signals were detected in
amastigotes and trypomastigotes when the same incubation time
was used for all stages (Figure 1B and results not shown). No
detectable signal was observed when the pre-immune serum was
used (results not shown). In all stages fluorescence was detected
in association with the plasma membrane (Figure 1B and 2,
arrows). Reaction was also detected in large intracellular vacuoles
of epimastigotes (Figure 1B, arrowheads). When the antibody
was used in longer incubation periods, a punctuate intracellular
staining was observed in amastigotes (Figure 2E, arrowhead)
and trypomastigotes (Figure 2D, arrowhead). In amastigotes,
there was always an intracellular labelling at the anterior end
of the cells (arrowhead). The expression of TcHAs was also
observed in intracellular amastigotes in infected myoblasts with
no staining of the host cells (Figure 2F). Here, as occurred in
isolated amastigotes, TcHAs were mainly localized to the plasma
membrane (Figure 2 F, arrow) and to intracellular structures in
the anterior region (Figure 2F, arrowhead).

Immunoelectron microscopy

In order to analyse in more detail the structures labelled with
the antibodies, immunoelectron microscopy was performed on
thin-sections of parasites embedded in the hydrophilic resin
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Figure 3 Immunocytochemical localization of H*-ATPase in epimastigotes
(A-C), trypomastigote (E) and amastigote (F) stages of T. cruzi

Particles (15 nm) were used to localize the H+-ATPase. Ac, acidocalcisome; C, cytostome; EV,
endocytic vacuole; FP, flagellar pocket; PM, plasma membrane; R, reservosome. Arrowheads
show the plasma membrane localization. Scale bars, 0.5 um. (G) The density of gold
particles was determined in the FP, mitochondria (Mito), nucleus, acidocalcisomes (ac), cytosol
(cytoplasm) and reservosomes (reserv). Higher densities were found in the plasma membrane
and reservosomes. Results are expressed as mean + S.E.M.

Unicryl. The results obtained confirmed that in epimastigotes,
gold particles were seen on the cell surface (arrows in Figures 3A,
3B and 3D), the flagellar pocket (Figure 3C), endocytic vacuoles
(Figure 3C), the membrane lining the cytostome, (Figure 3D)
and in large cytoplasmic vacuoles resembling reservosomes
(Figure 3B). Labelling was weaker in the plasma membrane
of amastigotes (Figure 3F) and trypomastigotes (Figure 3E),
which is in agreement with the results from immunofluorescence
(Figures 1B and 2). No labelling of acidocalcisomes, vacuoles
that appear empty using conventional electron microscopy [22],
was detected in the different stages of T. cruzi (Figure 3B, 3E and
3F). A TcHAf immunogold density histogram was constructed for
the following subcellular compartments: flagellar pocket, plasma
membrane, mitochondria, nucleus, acidocalcisomes, cytosol

10D7

Figure4 Localization of TcHAs in epimastigotes by confocal laser scanning
microscopy (B-D, H-J) and immunoelectron microscopy (E-F)

(B-D) Fluorescence images of epimastigote forms probed with antibody against TcHATf in red
(Band D), and antibody against cruzipain in green (G and D). (D) Overlay of (B) and (C) showing
co-localization in yellow. (A) Differential interference contrast image of the same cell. Scale bar,
5 um (A-D). (E, F) Epimastigote forms probed with antibody against TcHAf (20 nm particles)
and antibody against cruzipain (10 nm particles) labelling the reservosomes (R). Labelling of the
plasma membrane with antibodies against TcHAf was also evident (arrow). Scale bars, 125 nm.
(H-J) Fluorescence images of epimastigote forms probed with antibody against TcHAf (at a
1:50 dilution to detect only the reservosomes) in green (H and J) and antibody against the
V-H*+-ATPase in red (I and J). (J) Overlay of (H) and (1) showing lack of co-localization. Scale
bar, 5 pm.

(cytoplasm) and reservosomes (Figure 3G). The density of TcHAf
gold particles in the plasma membrane and reservosomes was
significantly higher than in other compartments. The flagellar
pocket was not significantly labelled.

Co-localization of the H*-ATPases with cruzipain and lack
of co-localization with the V-H+-ATPase

To investigate whether the intracellular labelling obtained using
antibodies against TcHAf corresponded to reservosomes, we per-
formed co-localization studies using cruzipain, a known marker
of these organelles [33-35]. Immunofluorescence microscopy of
epimastigotes showed co-localization in reservosomes of TcHAs
(Figure 4B) and cruzipain (Figure 4C), as detected with the
polyclonal antibody against TcHAf and monoclonal antibody 212-
BHG6 against cruzipain respectively. TcHAs were also localized to
the plasma membrane (Figure 4B). Figure 4(D) shows the merged
image indicating co-localization in yellow. Similar results were
obtained by immunoelectron microscopy. Antibodies against
cruzipain gave a strong reaction in reservosomes whereas a weaker
reaction was observed using antibodies against TcHAf (Fig-
ures 4E and 4F), which also labelled the plasma membrane
(Figure 4E, arrow). By contrast, monoclonal antibodies against the
V-H*-ATPase produced a strongly punctate reaction (Figure 4I;
probably corresponding to acidocalcisomes [20]), which did not
co-localize with the TcHAs as detected using antibodies against
TcHAS (Figures 4H and 4J).

© 2005 Biochemical Society
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Figure 5 Distribution of H*-ATPase activity from epimastigotes on sucrose
density gradients

ATP-dependent bafilomycin A; (0.5 e M)-insensitive proton transport activity (C) is concentrated
in fractions B1 and B2. Its distribution was compared with that of established organelle markers:
acid phosphatase (lysosomes); hexokinase (glycosomes); succinate cytochrome ¢ reductase
(mitochondria), and vacuolar proton pyrophosphatase (V-H*-PPase, acidocalcisomes). Scale
bars show mean + S.E.M. as percentage of total recovered activity (or total activity for H*-trans-
port (C) in absorbance/min per mg protein from 4 experiments. (B) Western blot analysis
showing that cruzipain (CRZPN), which concentrates in reservosomes and lipopeptidephospho-
glycan (LPPG, a plasma membrane marker) are in the different fractions of the gradient.
Anti-cruzipain reactivity is present in fractions B1 and B2 whereas LPPG reactivity is absent in
these fractions.

Isolation of reservosomes

Reservosomes were isolated by the method of Cunha-e-Silva
et al. [27] with the modifications indicated under the Materials
and methods section. The utility of the method was assessed
by assaying marker enzymes (Figure 5). The reservosome frac-
tion (B1) was well resolved from organelle markers for mito-
chondria (succinate cytochrome ¢ reductase) [29], glycosomes
(hexokinase) [36], lysosomes (acid phosphatase) [30], and acido-
calcisomes (V-H"-PPase) [23] (Figure 5A), as well as plasma
membrane (LPPG, Figure 5B) [37], but was highly enriched
in cruzipain (Figure 5B). Examination of the different fractions
by electron microscopy (Figure 6) showed great enrichment of
reservosomes in fractions B1 (Figure 6A) and B2 (Figure 6B), as
previously reported [27]. Fractions B3 (Figure 6C) and B4 (Fig-
ure 6D) contained organelles resembling mitochondria, glyco-
somes and acidocalcisomes, whereas the pellet fraction (Fig-
ure 6E) also contained flagella and plasma membrane vesicles.
When fraction B1 was examined at higher magnification (Fig-
ure 6F) reservosomes were shown to contain internal membranes
(arrowheads).

© 2005 Biochemical Society

Figure 6 Representative electron micrographs of the subcellular fractions
of epimastigotes

Note that reservosomes are enriched in B1 (A) and B2 (B) fractions. B3 (C) and B4 (D) contain
other vacuoles that resemble mitochondrial fragments and microsomes, whereas the pellet
(E) fraction also contains flagella and acidocalcisomes. (F) Shows reservosomes of fraction B1 at
higher magnification showing the presence of internal membrane-bound vesicles (arrowheads).
Scale bars, 0.5 m (A—E) and 0.1 em (F).

H+*-ATPase activity of reservosomes

H*-ATPase activity was detectable in the purified reservosome
fraction using Acridine Orange (Figures 5C and 7). In this assay,
vesicle acidification induced by ATP may be measured as the
decrease in absorbance at 493-530 nm [38]. Activity was 49 + 14
absorbance units/min per pg of protein in the standard assay (3
independent preparations) (Figure 5C). ATP-induced acidification
was inhibited by concentrations of sodium o-vanadate (10 uM)
previously used to inhibit the recombinant enzyme [2], as shown
by the release of Acridine Orange indicating deacidification of
the vesicles. This effect demonstrates the alteration of the pH
gradient maintained by the P-type H"-ATPase. By contrast H-
uptake was not affected by bafilomycin A, a specific inhibitor of
vacuolar-type H*-ATPases when used at low concentrations [39].
In previous work we demonstrated that bafilomycin A, [21], as
well as concanamycin [10] are effective inhibitors of the V-H*-
ATPase of T. cruzi. Addition of nigericin collapsed the pH gradient
(Figure 7). No change in absorbance was observed when PP; was
used instead of ATP (results not shown). Taken together, these
results are compatible with the presence of a P-type H*-ATPase
activity in reservosomes.

Different localization of TcHA1 and TcHA2

To investigate whether TcHA1 and TcHA?2 have different sub-
cellular localizations we inserted a 10 amino acid epitope-tag to
the central region of TcHA 1 and TcHA?2 and expressed these mod-
ified proteins in epimastigotes. This 10 amino acid sequence (Glu-
Val-His-Thr-Asn-Gln-Asp-Pro-Leu-Asp) is derived from the
immunologically well characterized major structural protein of
S. cerevisiae Tyl virus-like protein and has been used previously
to study protein targeting and organelle biogenesis [25], as well
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Figure 7 ATP-induced acidification of reservosomes measured by Acridine
Orange uptake

In the experiment shown, 0.13 mg of reservosome protein (fraction B1) was added per ml of
assay medium. ATP (1 mM), bafilomycin A; (BAF Ay, 1 M), sodium o-vanadate (VAN, 10 M)
and nigericin (NIG, 2.5 «M) were added where indicated.

Cruzipain Tyl Merge

Figure 8 Epimastigote forms expressing TcHA1-Ty1 and TcHA2-Ty1 fusion
proteins

TcHA1-
Tyl

TcHA2-
Tyl

i .
. !

Epimastigotes were transfected with expression constructs pTEX-TcHA1-Ty1 (A-D) and
pTEX-TcHA2-Ty1 (E-H) respectively. Stable transformants were labelled with monoclonal
antibody BB2 anti-Ty1 in green (G and G) and polyclonal antibody against cruzipain in red
(B and F). TcHA1-Ty1 localized to the reservosomes and the plasma membrane whereas
TcHA2-Ty1 localized only to the reservosomes. (D) and (H) are overlays of (B) and (C), and
(F)and (G) respectively, showing co-localization in yellow. (A) and (E) are differential interference
contrast images of the same cells. Scale bars, 5 um.

as the localization of different Ca**-ATPase isoforms in T. brucei
[40]. Polyclonal antibodies against cruzipain (Figures 8B and 8F)
were used as controls. We observed strong labelling of intra-
cellular vacuoles with monoclonal antibody BB2 against the
Tyl epitope in epimastigotes transfected with both TcHA1-Tyl
(Figure 8C) and TcHA2-Tyl (Figure 8G), whereas labelling
was also present in the plasma membrane when the antibodies
were used against epimastigotes transfected with TcHAI1-
Tyl (Figure 8C). Co-localization was evident in reservosomes
(Figures 8D and 8H). No immunofluorescence was observed in
control wild-type parasites incubated with polyclonal antibody
against Ty1 (results not shown).

DISCUSSION

In the present study, we have demonstrated that P-type ATPases
are present in the plasma membrane and intracellular compart-
ments of the three different stages of T. cruzi (Figures 1-3).
The main intracellular compartment containing these ATPases

in epimastigotes was identified as the reservosome. This was
accomplished by immunofluorescence assays (Figures 1, 2 and 4)
and by immunoelectron microscopy (Figure 4) showing their co-
localization with cruzipain, and by subcellular fractionation (Fig-
ures 5—7). ATP-dependent proton transport by isolated reservo-
somes was sensitive to vanadate and insensitive to bafilomycin
A,, in agreement with the localization of P-type H-ATPases in
these organelles (Figures 5C and 7). Our results also indicate that
both P-type H"-ATPases TcHA1 and TcHA2 [2] are located in
the reservosomes whereas one of them (TcHA1) is additionally
present in the plasma membrane (Figure 8). Immunogold electron
microscopy allowed the detection of the H"-ATPases in other
components of the endocytic pathway of T. cruzi such as the cyto-
stome and endosomal vesicles (Figure 3) suggesting that these H* -
ATPases are involved in acidification of the endocytic pathway
of T. cruzi. This is the first report of the presence of P-type H'-
ATPases in the endocytic pathway of any eukaryotic cell. An
internal staining was also observed in Dictyostelium discoideum
using antibodies against a P-type H*-ATPase although this was
attributed to cross-reaction of the antiserum with other proteins
[11].

Acidification of the endocytic pathway in all eukaryotic cells
investigated until now, occurs through the activity of a vacuolar-
type H*-ATPase [41] but this does not appear to be the case
with T. cruzi. The V-H"-ATPase was not found in the flagellar
pocket of T. cruzi [21], which is a region of endocytosis and exo-
cytosis in trypanosomatids, and was found instead localized
to the plasma membrane and acidocalcisomes [20]. In addition,
the V-H"-ATPase did not co-localize with the TcHAs (Fig-
ures 4G-4J).

The endocytic pathway of T. cruzi is highly polarized. The
cytostome and the flagellar pocket are the only sites of uptake [16].
The cytostome opens near the flagellar pocket and invaginates
deeply forming the cytopharynx [42]. Endocytic smooth vesicles
bud off from either the flagellar pocket [17] or the cytopharynx
[16] and endocytic cargo is then transferred to an endosomal
network, composed of many tubules and vesicles extending along
the cell body, until reaching the posterior end of the parasite
[43]. Finally, the nutrients are delivered to reservosomes. The
distinction between reservosomes and lysosomes is not clear since
identification of the latter organelles has been difficult, due in part
to the absence of typical lysosomal markers such as Lamp 1 in
trypanosomatids.

Interestingly, the cytostome and cytopharynx are already known
to be acidic [43], which is in agreement with the presence of
proton pumps in these structures (Figure 3D). Since acidification
of the endocytic pathway in T. cruzi is carried out through a P-
type H"-ATPase that is absent in mammalian cells, our results
suggest that this enzyme could represent an attractive target for
novel anti-trypanosomatid chemotherapy.
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