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Ecto-3’-nucleotidase/nuclease (3'NT/NU) is a membrane-bound enzyme that plays a key role in the nutri-
tion of Leishmania sp. protozoan parasites. This enzyme generates nucleosides via hydrolyzes of 3’'mono-
nucleotides and nucleic acids, which enter the cell by specific transporters. In this work, we identify and
characterize Leishmania amazonensis ecto-3'-nucleotidase activity (La3’-nucleotidase), report ammonium
tetrathiomolybdate (TTM) as a novel La3’-nucleotidase inhibitor and approach the possible involvement
of ecto-3'-nucleotidase in cellular adhesion. La3’-nucleotidase presented characteristics similar to those
reported for the class I single-strand nuclease family; a molecular weight of approximately 40 kDa and
optimum activity in an alkaline pH range were observed. Although it is conserved among the genus,
La3’-nucleotidase displays different kinetic properties; it can be inhibited by vanadate, molybdate and
Cu?* ions. Interestingly, ecto-3'-nucleotidase activity is 60-fold higher than that of ecto-5'-nucleotidase
in L. amazonensis. Additionally, ecto-3’-nucleotidase activity is two-fold higher in virulent L. amazonensis
cells than in avirulent ones. Notably, macrophage-parasite attachment/invasion was increased by 400%
in the presence of adenosine 3’-monophosphate (3'AMP); however, this effect was reverted by TTM treat-
ment. We believe that La3’-nucleotidase may play a significant role in the generation of adenosine, which
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may contribute to mammalian host immune response impairment and establishment of infection.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Leishmaniasis has two main clinical forms: cutaneous and vis-
ceral (Neuber, 2008). Leishmania amazonensis is prevalent in many
regions of Brazil and induces muco-cutaneous lesions and diffuse
cutaneous lesions upon infection (Grimaldi and Tesh, 1993). The
parasite exists as a non-motile, spherical amastigote, which prolif-
erates inside the phagolysosomes of macrophages found in verte-
brate hosts (e.g., humans, dogs, cats and rodents) and as a
flagellate promastigote that is transmitted during bits from sand
fly vectors (Cunningham, 2002).

Adenosine, an endogenous purine nucleoside, is a biologically
active molecule that is extracellularly formed at sites of metabolic
stress associated with ischemia (anoxia/hypoxia), trauma or
inflammation (Cséka et al., 2007). In mammals, adenosine plays
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an essential role in regulating the innate and acquired immune re-
sponses. Adenosine acts by engaging P1 (A1, Az, Azg and As) recep-
tors, expressed on neutrophils, macrophages (Haské et al., 2009),
dendritic cells (Ben Addi et al., 2008) and T lymphocytes (Gessi
et al., 2007).

It has been demonstrated that several pathogens present an
enzymatic adenosine-generating apparatus to escape the host im-
mune response (Tasca et al., 2003, 2005; Borges et al., 2007; Mar-
ques-da-Silva et al., 2008; Pettengill et al., 2009; Thammavongsa
et al, 2009; Kiffer-Moreira et al., 2010; Russo-Abrahdo et al,,
2011a,b). Trypanosomatids are incapable of synthesizing adenosine
de novo; however, this nucleoside can be generated by
ecto-nucleotidases via the sequential hydrolyzes of extracellular
adenosine triphosphate (ATP) (Fonseca et al., 2006; Leite et al.,
2007; Meyer-Fernandes et al., 2010). Our group has previously dem-
onstrated that L. amazonensis possesses all of the enzymes that par-
ticipate in sequential ATP hydrolysis (Berredo-Pinho et al., 2001;
Pinheiro et al., 2006; Peres-Sampaio et al., 2008; de Souza et al.,
2011). Parasites of the genus Leishmania, also present a fully active
enzyme termed, 3’-nucleotidase/nuclease capable of hydrolyzing
3’-mononucleotides to nucleosides, as well as the nucleic acids in
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5’-mononucleotides, located solely at the plasma membrane
(Gottlieb and Dwyer, 1983; Dwyer and Gottlieb, 1984; Hassan and
Coombs, 1987; Debrabant et al., 1995). Adenosine 3’-monophos-
phate (3’AMP) is found in several mammalian tissues, especially in
the spleen (Bushfield et al., 1990), which is a target organ in the
potentially fatal visceral form of leishmaniasis.

As mentioned, 3'-nucleotidase/nucleases can generate adenosine
and 5’-mononucleotides, which act as substrates for 5’-mononucle-
otidases (Gottlieb, 1985). Because adenosine has been reported to
serve a significant role in immune modulation (Marques-da-Silva
et al., 2008; de Souza et al., 2010), we believe that 3'-nucleotidase/
nuclease may also be implicated in host immune regulation. In this
present work, we identify and characterize La3’-nucleotidase
activity and discuss the possible roles of this enzyme in parasite—
host interaction and infection.

2. Materials and methods
2.1. Materials

All reagents were purchased from E. Merck (Sdo Paulo, Brazil) or
Sigma-Aldrich (Sigma Co., St. Louis, MO). Deionized, distilled water
was obtained from a MilliQ system of resins (Millipore Corp., Bed-
ford, MA) and was used in the preparation of all solutions, includ-
ing substrates and inhibitors.

2.2. Cell culture

The MHOM/BR/75/Josefa strain of L. amazonensis was used
throughout this study. It was isolated from a human case of diffuse
cutaneous leishmaniasis in Brazil by Dr. Cuba-Cuba (Universidade
de Brasilia, Brazil) and has been maintained within our laboratory
in axenic culture as well as by hamster footpad inoculation. Prom-
astigotes, cultured for long periods in axenic medium, are termed
avirulent as they are unable to establish disease in experimental
models. Freshly transformed virulent promastigotes were obtained
from culturing amastigotes isolated from hamster lesions, and they
were subcultured for up to five times. Both promastigote popula-
tions were cultured in Warren’s medium, supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum at 22 °C, and
were then harvested at the stationary phase of growth (five days
after inoculation) by centrifugation, washed twice, and kept in
116.0 mM NaCl, 54 mM KCl, 5.5mM bp-glucose and 50.0 mM
HEPES buffer (pH 7.4).

Cellular viability was assessed, before and after incubations, by
Trypan blue dye exclusion (Pinheiro et al., 2007) or by colorimetric
assay using the oxidation-reduction indicator Alamar Blue (Mikus
and Steverding, 2000).

2.3. 3'-nucleotidase activity measurements

The 3’-nucleotidase activity was measured by the rate of phos-
phate release by the 3’AMP hydrolysis. Intact promastigotes
(1 x 107 cells mL™!) were incubated for 1h at 25°C in a 0.5 mL
reaction mixture containing 116.0 mM Nacl, 5.4 mM KCl, 5.5 mM
glucose, 50.0 mM HEPES-Tris buffer (pH 7.4) and 5.0 mM 3’AMP.
The reaction was initiated by the addition of cells and stopped by
the addition of 1.0 mL of ice-cold 25% charcoal in 0.1 M HCL. This
charcoal suspension was washed at least 20 times with 0.1 M
HCl before use to avoid Pi contamination (Russo-Abrahdo et al.,
2011a). This procedure reduces the values of blanks and removes
non-hydrolyzed 3'AMP from the sample that is spontaneously
hydrolyzed in the presence of the sulfuric acid in the Fiske-Subba-
row reactive mixture (Fiske and Subbarow, 1925). Controls in
which cells were added after interruption of the reaction were

used as blanks. After the reaction, the tubes were centrifuged at
1500g for 15 min at 4 °C, and 0.5 mL of the clear supernatant was
added to 0.5 mL of Fiske-Subbarow reactive mixture (Fiske and
Subbarow, 1925). The ecto-3'-nucleotidase activity was calculated
by subtracting the nonspecific 3’AMP hydrolysis measured in the
absence of cells. The concentration of Pi released in the reaction
was determined using a standard curve of Pi for comparison.

In the experiments where divalent cations such as, Mn?*, Ca®",
Sr¥*, Cd?*, Cu?*, Fe** and Fe3* were tested, the possible formation
of precipitates was investigated as described previously (Meyer-Fer-
nandes and Vieyra, 1988). Under the conditions employed here, in a
reaction medium containing 116 mM Nacl, 5.4 mM KCl, 5.5 mM b-
glucose, 50 mM HEPES-Tris buffer, pH 7.2 and 5 mM 3'AMP, no
phosphate precipitates were observed in the presence of these
cations.

2.4. 3'-nucleotidase gel activity assay

The parasites were harvested by centrifugation, washed in a
buffer solution containing 116 mM NacCl, 5.4 mM KCl, 5.5 mM glu-
cose and 50.0 mM HEPES-Tris buffer (pH 7.4) and suspended in ly-
sis buffer (20 mM Tris-HCI buffer, pH 7.4, 1mM EGTA, 1 mM
EDTA). The parasites were then freeze-thawed twice and homoge-
nates were used for the assays. The protein concentration was
determined (Lowry et al., 1951) using bovine serum albumin
(BSA) as the standard. Aliquots of the parasitic extract (80 pg pro-
tein) were separated by non-denaturing polyacrylamide gel elec-
trophoresis (Laemmli, 1970). The enzyme activity was detected
in situ by gel analysis. The gels were incubated for 30 min at
25°C in reaction mixtures containing 100 mM Tris-HCl buffer
(pH 7.4) and 5 mM 3’-AMP, followed by Pi staining with a mala-
chite green-molybic acid solution (Zlotnick et al., 1987).

2.5. 5'-nucleotidase activity measurements

Ecto-5'-nucleotidase activity was assayed under the same
experimental conditions used to determine ecto-3’-nucleotidase
activity, except for the replacement of 3'AMP for 5 AMP.

2.6. 3'-nucleotidase cDNA cloning e sequence analysis

Total RNA was extracted from 1 x 107 parasites by TRIzol
reagent (Invitrogen, Carlsbad, CA), according to manufacturer
instructions. Total RNA samples were quantified with Nanodrop
ND-1000 (Thermo Scientific, Wilmington, DE) and 1 pg was treated
with DNAse | (Fermentas, Ontario, Canada). After that, RNA was
reverse transcribed to cDNA using High Capacity Reserve Trans-
criptase Kit (Applied Biosystem, Carlsbad, CA). L. amazonensis 3'-
nucleotidase cDNA was amplified by PCR reaction with cDNA sam-
ples as template and the following primers: Lm3nucF (5'-ATG GCT
CGA GCT CGT TTC CT-3') and Lm3nucR (5'-TTA CAG GGA TAC CGG
CTC GT-3’). PCR product was cloned into pGEM-T Easy vector (Pro-
mega, Madison, WI) and the insert was sequenced in laboratério
Sonda (Rio de Janeiro, Brazil). cDNA sequence is stored in GenBank
under access number (JF792393).

L. amazonensis 3'-nucleotidase protein primary sequence was
deduced from cDNA sequence and compared to other 3’-nucleotid-
ase using BlastP algorithm (Altschul et al., 1997) with default
parameters. Dendrogram tree was constructed with MEGA 4.0 soft-
ware (Tamura et al., 2007), by Neighbor-Joining using 1000 replica-
tions bootstrap.

2.7. Interaction assay

Thioglycolate-elicited peritoneal macrophages from female
BALB/c mice were collected in 0.9% saline and were allowed to



R. Paletta-Silva et al. / Experimental Parasitology 129 (2011) 277-283 279

adhere to coverslips placed in 24-well culture plates for 30 min at
37 °C under a 4% CO, atmosphere. The non-adherent parasites cells
were removed, and the monolayers were washed twice with 0.9%
saline and cultured for 24 h in RPM-I 1640 medium pH 8.0, supple-
mented with 10% fetal bovine serum. The interaction assays were
performed for 120 min, as previously described (Vannier-Santos
et al., 1995). A 10:1 parasite-to-macrophage ratio (about 10° mac-
rophages/coverslip) with 1 mM 3'AMP, 1 mM adenosine, 1 mM
5’AMP and in the absence or presence of 100 uM TTM was used.
After conducting the interaction assays, the coverslips were fixed,
and stained with Giemsa and the percentage of infected macro-
phages was determined by counting 600 cells in triplicate cover-
slips. The association indices were determined by multiplying the
percentage of infected macrophages by the mean of the parasites
per cell.

2.8. Statistical analysis

All experiments were performed in triplicate with at least three
independent experiments. The values shown in all experiments
represent the average + SE. Kinetic parameters, apparent K, and
Vmax Values were calculated using a nonlinear regression analysis
of the data to the Michaelis—Menten equation. K; value was calcu-
lated by the fit to the experimental data using the equation v;/
vo = Ki/(K; + [TTM]) where v; and vq are the velocities of 3'AMP
hydrolysis in the presence and absence of TTM, respectively. The
data were analyzed statistically by means of Student’s t-test or
by ANOVA One Way followed by the Tukey test using the Prism
computer software (Graphpad Software Inc., San Diego, CA, USA).
p values of 0.05 or less were considered significant.

3. Results

The time-course of ecto-3’-nucleotidase activity on the L. ama-
zonensis surface was linear for 1 h and directly proportional to the
number of parasites (data not shown). At a pH 7.4, intact promastig-
otes were able to hydrolyze extracellular 3’'AMP at a rate of
876.46 + 25.24 nmol Pi h~! 1077 cells. To confirm the ectolocaliza-
tion of L. amazonensis 3'nucleotidase activity, ruling out the possibil-
ity that the observed 3’AMP hydrolysis was due to cytosolic
enzymes, intact promastigotes and promastigote lysates were com-
paratively assayed for 3’-nucleotidase activity; no differences in the
rate of 3’AMP hydrolysis were observed (Fig. 1A). These data con-
firmed that the 3’-nucleotidase activity is exclusively located on
the L. amazonensis external surface. A non-denaturing activity gel
was performed, and only one band could be visualized (Fig. 1B).
The protein had a molecular mass of approximately 40 kDa, which
is in accordance with the Leishmania mexicana 3'-nucleotidase/

nuclease protein (Bates, 1993) and slightly lower than Leishmania
donovani 3’-nucleotidase/nuclease protein (43 kDa) (Campbell
etal, 1991).

To verify the range of the optimum pH for La3’-nucleotidase
activity, the enzyme activity was assayed at pH values ranging
from 4.0 and 9.0 using MES-HEPES-Tris buffers. The enzyme
exhibited increased activity in accordance with the alkalinization
of the reaction medium, showing optimal activity at pH 9.0
(1.415+ 124 nmol Pih~1 1077 cells) (Fig. 2). The assay was per-
formed in the presence of levamizole, a specific alkaline phospha-
tase inhibitor (Van Belle, 1976), at pH 9.0 (open circle) to exclude
the participation of an alkaline phosphatase in the hydrolysis of
the 3'AMP; no significant differences were observed, comparing
the activities with or without this inhibitor. At physiological pH
range (pH 7.0-7.4), the La3'-nucleotidase activity was 58% of that
measured at pH 9.0.

The La3’-nucleotidase activity was also assayed at pH 7.4 and in
the presence of sodium fluoride (NaF), tartarate, levamizole, vana-
date and ammonium molybdate. Interestingly, 1 mM vanadate and
1 mM ammonium molybdate were able to inhibit La3’-nucleotid-
ase activity by 30% and 40%, respectively (Fig. 3). Although vana-
date has been described as a phosphatase inhibitor (de Almeida-
Amaral et al., 2006), this enzyme was not involved in the 3'AMP
hydrolysis once that in the non-denaturing polyacrylamide gel
activity only one band was observed (Fig. 1B).

The dependence on 3’AMP concentration shows normal Michae-
lis—-Menten kinetics for the La3’-nucleotidase activity and the values
of Vinax and apparent Ky, for 3’AMP were 923.71 + 23.54 nmol Pi
h=11077 cells and 0.088 + 0.012 mM, respectively (Fig. 4). The appar-
ent K, value of La3’-nucleotidase activity for 3’'AMP is very similar
with Ky, values found for 3'nucleotidase from L. donovani (Gbenle
and Dwyer, 1992). Furthermore, we verified the modulation of the
La3'-nucleotidase activity by the addition of metals and metal-che-
lating agents (EDTA and EGTA). As shown in Fig. 5, Cd** and Cu®* ions
were able to inhibit the activity of this enzyme. Notably, Cu?* ions al-
most completely abolished La3’-nucleotidase activity, inhibiting
3'AMP hydrolysis by 95%. This data may be indicating that possible
Cu-enzyme derivates formation could be influenced enzyme cata-
lytic activity (Zheng et al., 2003).

After partial biochemical characterization of La3’-nucleotidase
activity and confirmation that the enzyme presents high capacity
for hydrolyzing 3'AMP, releasing phosphate and adenosine, we at-
tempted to verify the La3’-nucleotidase activity in infective prom-
astigotes. Notably, virulent L. amazonensis promastigotes display a
two-fold higher activity than avirulent promastigotes (maintained
in axenic culture for over 100 passages) (Fig. 6A). This result led us
to hypothesize that adenosine-supply accomplished by this
enzyme could take part in a parasite-mammalian host cell interac-
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Fig. 1. 3'-Nucleotidase activity detection in intact and homogenated L. amazonensis promastigotes. Intact or homogenated L. amazonensis cells were incubated for 1 h at 25 °C
in a reaction medium described in the Section 2 (A). For the 3'nucleotidase activity gel assay, lysed promastigotes (80 ng protein) were incubated for 30 min in 100 mM Tris
buffer. The assay was performed in an 8% non-denaturing polyacrylamide gel. Lane 1: SD PageRuler™ Prestained Protein Ladder; lane 2: 3’-nucleotidase activity (B). The
values represent the means * standard errors of at least three independent experiments performed in triplicate.
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Fig. 2. Effect of pH on La3’-nucleotidase activity. Intact parasites were assayed as
described in Section 2 at pH values raging from 4.0 to 9.0 (closed circle), using
50 mM MES-HEPES-Tris buffer (50 mM for each buffer). The reaction was started
by addition of living intact promastigotes cells. As a control, cells were assayed at
pH 9.0 in the presence of 1.0 mM levamizole (open circles). The values represent the
means + standard errors of at least three independent experiments performed in
triplicate.
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Fig. 3. Effect of phosphatase inhibitors on La3’-nucleotidase activity. Intact
parasites were assayed as described in Section 2 in the presence of 1 mM tartrate;
1 mM levamizole; 1 mM NaF; 1 mM vanadate and 1 mM molybdate. The reaction
was started by the addition of living intact promastigote cells. 876.46 +
25.24 nmol Pi h=' 1077 cells for 3’-nucleotidase activity was taken to be100% and
the standard errors were calculated from the absolute activity values of three
experiments using cell suspensions and converted to the percentage of the control
value. *Denotes a statistically significant difference (p <0.05) in comparison with
the control (no addition).
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Fig. 4. Dependence on 3'AMP concentration on the La3’-nucleotidase activity.
Promastigotes were incubated in the reaction medium as described in Section 2,
supplemented with varying concentrations of 3’AMP. The ecto-3'nucleotidase
activity was measured at different periods of time, and 3’AMP hydrolysis did not
exceed 10%. The curve represents the fit of the experimental data by nonlinear
regression using the Michaelis—-Menten equation. The data are expressed as the
mean * SE of at least three experiments with different cell suspensions.
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Fig. 5. Effect of divalent and trivalent metals on La3’-nucleotidase activity. Intact
parasites were assayed as described in Section 2, in the presence of 1 mM (EDTA,
EGTA, FeCl,, FeCl; and CuCl,) and 5 mM (SrCl,, MgCl,, CaCl,, MnCl, and CdCly). It
was not possible to study the influence of concentrations of FeCl,, FeCl; and CuCl,
above 1 mM, once that phosphate precipitates were observed. The reaction was
started by the addition of living intact promastigotes cells. 876.46
25.24 nmol Pi h=1 1077 cells for 3'-nucleotidase activity was taken to be 100% and
the standard errors were calculated from the absolute activity values of three
experiments with cells suspensions and converted to percentage of the control
value. *Denotes a statistically significant difference (p < 0.05) in comparison with
the control (no addition).

tion. When the 3’-nucleotidase activity was compared to the 5'-
nucleotidase activity, a 60-fold difference was observed (Fig. 6B).
In an interaction assay, 100 uM 3’'AMP contributed significantly
to L. amazonensis-macrophage interaction, while 1 mM 5’ AMP sig-
nificantly increased the parasite attachment. Interestingly, the in-
creased promastigote adhesion in the presence of 500 uM and
1 mM 3’AMP was comparable to the interaction observed in the
presence of the same concentration of adenosine (Fig. 6C). More-
over, the other product of 3’AMP hydrolysis, inorganic phosphate
(Pi) did not increase macrophage infection. These data suggest that
the high capability of 3’-nucleotidase to hydrolyze 3’AMP, and con-
sequently generate adenosine, could contribute to parasite-host
interactions.

It was demonstrated that L. donovani and Crithidia luciliae 3'-
nucleotidase activities are inhibited by reducing agents that con-
tain thiol groups (Neubert and Gottlieb, 1990; Gbenle and Dwyer,
1992). The sensitivity of La3’-nucleotidase activity to ammonium
molybdate reported in the present work (Fig. 3) led us to study an-
other molybdate analog, ammonium tetrathiomolybdate (TTM).
This compound inhibits La3’-nucleotidase activity in a dose-depen-
dent manner (Fig. 7), with an K; of 5 uM. Parasites viability was not
altered when pre-incubated with 100 puM TTM for 2 h as deter-
mined by Trypan blue dye exclusion or by the oxidation-reduction
indicator Alamar Blue (data not shown).

In order to further understand the possible role of 3’-nucleotid-
ase activity in parasite-macrophage interactions, an assay was per-
formed in the presence of 100 uM TTM (Fig. 8). TTM was able to
completely prevent the increased parasite-macrophage interac-
tions promoted by 3’ AMP, corroborating the 3’-nucleotidase activ-
ity inhibition data conducted in the presence of these compounds
(Fig. 7). These results suggest that TTM can completely prevent the
generation of adenosine by 3’-nucleotidase as well as the action of
adenosine in promoting parasite-macrophage interactions.

A cDNA sequence with high homology to 3'-nucleotidase/nucle-
ase from other trypanosomatids was cloned and sequenced. La3'-
nucleotidase/nuclease amino acid sequence deduced from cDNA
sequence predicted a protein with molecular weight of 41.7 kDa,
in accordance to band size observed on activity gel (Fig. 1B). BlastP
algorithm analysis indicated that 3’-nucleotidase/nuclease is high
conserved through trypanosomatids evolution, showing identity
values raging from 65% to 99% (Table 1). L. amazonensis protein dif-
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concentrations of TTM. The reaction was started by the addition of living intact
promastigotes cells. 876.46 + 25.24 nmol Pi h~! 107 cells for 3’-nucleotidase activ-
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fer from L. mexicana homologue by only four amino acids (data not
shown). Dendrogram tree constructed using different nucleases
from Leishmania already described showed that La3’-nucleotid-
ase/nuclease get grouped with all other 3’-nucleotidase/nuclease
from Leishmania genus in one separated branch (Fig. 9).

4. Discussion

In this work, we characterized La3’-nucleotidase activity in L.
amazonensis and for the first time, we propose its involvement in

Table 1

Comparison between amino acid sequences of 3’-nucleotidase from Leishmania
amazonensis and other trypanosomatids.

Access number?  Organism Identity (%)®  Similarity (%)°
CAC17409 Leishmania mexicana 929 99
XP_001467555 Leishmania infantum 88 93
AAC41574 Leishmania donovani 88 93
XP_001685218 Leishmania major 87 94
XP_001567250 Leishmania braziliensis 72 85
AAF66482 Crithidia luciliae 65 79

2 Access number from GenBank database.
b Identity and similarity were calculated with BlastP algorithm.

macrophage-parasite attachment, the earliest event in host cell
infection (Vannier-Santos et al., 1995; Cunningham, 2002). We
used intact parasites in our model study to be certain that the ob-
served 3’-nucleotidase activity responsible for the hydrolysis of
3'AMP would be generated from a genuine, ecto-3'-nucleotidase.
This was confirmed by the activity gel assay, which demonstrated
only one band with a molecular mass of approximately 40 kDa and
that phosphatase inhibitors such as NaF, levamizole, or tartrate
(Dutra et al., 2001; Dick et al., 2010) failed to inhibit 3’AMP hydro-
lysis. Several works have demonstrated that a number of Leish-
mania sp. present an amino acid sequence in the 3’-nucleotidase
catalytic site identical to that of the catalytic site of the P1 nuclease
(Debrabant et al., 1995; Sopwith et al., 2002; Farajnia et al., 2004;
Lakhal-Naouar et al., 2008). Accordingly, the inhibition observed in
the presence of Cu?* ions, could be indicating the formation of Cu-
enzyme derivates that influenced enzyme catalytic activity
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Fig. 8. Influence of ammonium tetrathiomolybdate on L. amazonensis-macrophage interaction. Giemsa staining of L. amazonensis interaction with macrophages for 120 min.
Control (A), 1 mM adenosine (B), 1 mM 3’-AMP (C), 100 uM TTM (D), 1 mM adenosine and 100 uM TTM (E), 1 mM 3’AMP and 100 uM TTM (F). Resident peritoneal
macrophages from female BALB/c mice were collected as described in the Section 2. Magnification: 400x. (G) Percentage of infected macrophages. Data are means + SE of
three determinations with different cell suspensions. Cell viability was not affected during the interaction assay, as determined by a cell viability assay with Alamar Blue.
*Denotes a statistically significant difference (p < 0.05) in relation to the control system; ** denotes statistically significant difference in comparison with the Ado and 3’ AMP

group without TTM.
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Fig. 9. Dendrogram tree of nucleotidase/nuclease from Leishmania genus. Amino
acid sequence from Leishmania nucleotidase/nuclease were aligned by Clustal
algorithm and dendrogram tree was constructed using MEGA 4.0, by Neighbor-
Joining method and 1000 replications of bootstrap. The numbers indicate bootstrap

values for each branch. Ldo: L. donovani; Lin: L. infantum; Lma: L. major; Lam: L.
amazonensis; Lme: L. mexicana, Lpi: L. pifanoi; Lbr: L. braziliensis.

(Zheng et al., 2003). La3'-nucleotidase activity also presented ki-
netic and biochemical properties similar to those described for
the 3’-nucleotidases of others trypanosomatides, such as L. dono-
vani (Gbenle and Dwyer, 1992), Leishmania chagasi (Vieira et al.,
2011) and C. luciliae (Neubert and Gottlieb, 1990).

The 3’-nucleotidase activity in virulent L. amazonensis prom-
astigotes was two-fold higher than in avirulent promastigotes. This
result is consistent with some reports that have demonstrated
higher ecto-nucleotidase activities in infectious promastigotes
compared to those maintained in culture medium (Berredo-Pinho
et al,, 2001; de Souza et al., 2010). It was proposed that such en-
zymes that participate in the sequential hydrolysis of ATP to aden-
osine contribute to the host immune balance response and favor
infection establishment (de Souza et al., 2010; Meyer-Fernandes
et al., 2010). However, the high activity of La3’-nucleotidase is
compared to those of Laecto-5'-nucleotidase and ecto-ATPase in
these works (Berredo-Pinho et al., 2001), and may suggest the par-
ticipation of La3’-nucleotidase in the generation of adenosine, not
only for parasite metabolic demand, but also to regulate the im-
mune response in the initial step of infection. The ecto-3'nucleotid-
ase present on the surface of L. amazonensis, active within a range
of physiological pH (pH 7.0-7.4), may have physiological role in
the generation of adenosine. Our parasite-macrophage interaction
data clearly demonstrated the significance of 3’-nucleotidase-med-
iated adenosine generation in the establishment of intracellular
parasitism. An increased interaction was observed in the presence
of 1 mM 3'AMP, comparable to studies conducted in the presence
of 1 mM adenosine, indicating that 3’-nucleotidase may generate
adenosine nucleosides. In this context, we believe that 3’-nucleo-
tidase activity may generate adenosine at the site of infection, as
well as contribute to the survival of the parasite by suppressing
the innate host immune response.

In the present work, we also discovered TTM as a novel inhibitor
of 3’-nucleotidase activity. TTM is a potent copper-chelating agent,
and several reports have demonstrated its effect as an anti-tumor
proliferation agent (Khan and Merajver, 2009). The inhibitory ef-
fect of 3’-nucleotidase activity is not due to copper chelation as
the enzyme is not copper-dependent, not presenting this metal
as prosthetic group. The data presented here, could help us study
the possible role of this enzyme in parasite-macrophage interac-
tions. TTM was able to completely prevent the increased interac-
tion in the presence of 3’'AMP, corroborating our enzyme activity
assay and TTM inhibition. Additionally, TTM could possibly inhibit

the interaction by another mechanism that is not involved with en-
zyme activity, as seen in our interaction assays in the absence of
3'AMP.

Structural characteristics of the deduced protein suggest that the
L. amazonensis sequence described here is the functional equivalent
of the L. donovani and L. mexicana genes (Debrabant et al., 1995; Sop-
with et al.,, 2002). Further, our results demonstrated that the de-
duced protein from the La3’-nucleotidase gene reported possesses
conserved signature sequences characteristic of the class I nuclease
gene family (Debrabant et al., 1995; Lakhal-Naouar et al., 2008;
Sopwith et al., 2002). In this context, the 3’-nucleotidase would be
a significant source of adenosine and would contribute to the estab-
lishment of infection by its potent immunosuppressive activity
during the initial stages of Leishmania infection.
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