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ORIGINAL ARTICLE
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BACKGROUND Oxidative stress is responsible for generating DNA lesions and the 8-oxoguanine (8-oxoG) is the most com-
monly lesion found in DNA damage. When this base is incorporated during DNA replication, it could generate double-strand 
DNA breaks and cellular death. MutT enzyme hydrolyzes the 8-oxoG from the nucleotide pool, preventing its incorporation 
during DNA replication.

OBJECTIVES To investigate the importance of 8-oxoG in Leishmania infantum and L. braziliensis, in this study we analysed the 
impact of heterologous expression of Escherichia coli MutT (EcMutT) enzyme in drug-resistance phenotype and defense against 
oxidative stress.

METHODS Comparative analysis of L. braziliensis and L. infantum H
2
O

2
 tolerance and cell cycle profile were performed. Lines 

of L. braziliensis and L. infantum expressing EcMutT were generated and evaluated using susceptibility tests to H
2
O

2
 and SbIII, 

cell cycle analysis, γH2A western blotting, and BrdU native detection assay.

FINDINGS Comparative analysis of tolerance to oxidative stress generated by H
2
O

2
 showed that L. infantum is more tolerant 

to exogenous H
2
O

2
 than L. braziliensis. In addition, cell cycle analysis showed that L. infantum, after treatment with H

2
O

2
, 

remains in G1 phase, returning to its normal growth rate after 72 h. In contrast, after treatment with H
2
O

2
, L. braziliensis 

parasites continue to move to the next stages of the cell cycle. Expression of the E. coli MutT gene in L. braziliensis and L. 
infantum does not interfere in parasite growth or in susceptibility to SbIII. Interestingly, we observed that L. braziliensis EcMutT-
expressing clones were more tolerant to H

2
O

2
 treatment, presented lower activation of γH2A, a biomarker of genotoxic stress, and 

lower replication stress than its parental non-transfected parasites. In contrast, the EcMutT is not involved in protection against 
oxidative stress generated by H

2
O

2
 in L. infantum.

MAIN CONCLUSIONS Our results showed that 8-oxoG clearance in L. braziliensis is important to avoid misincorporation during 
DNA replication after oxidative stress generated by H

2
O

2
.
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response and mainly on Leishmania species involved, the 
disease can comprise two main clinical forms: visceral 
leishmaniasis or cutaneous leishmaniasis. In the New 
World, L. (Viannia) braziliensis is the causative agent of 
cutaneous and mucocutaneous leishmaniasis, whereas L. 
(Leishmania) infantum (syn. L. (L.) chagasi) causes vis-
ceral leishmaniasis, which is lethal if not treated.(3)

In the absence of an efficient vaccine for human, the 
control of leishmaniasis relies primarily on chemother-
apy. Pentavalent antimony-containing compounds such 
as sodium stibogluconate (Pentostam®) and N-methyl-
glucamine (Glucantime®) have been used as first-line 
therapies against all forms of leishmaniasis. The mech-
anisms of action of antimony are not entirely clear. It 
is generally agreed that trivalent antimony (SbIII) is the 
active form of the drug against amastigote and promasti-
gote forms of Leishmania.(4) Some studies have suggest-
ed that antimony inhibits macromolecule biosynthesis 
in amastigotes, possibly via inhibition of glycolysis and 
fatty acid oxidation.(5) Earlier report has indicated that 
antimonials cause perturbations in the thiol redox po-

Leishmaniasis refers to a spectrum of diseases caused 
by protozoan Leishmania parasites. It is a neglected trop-
ical disease and represents one of the major public health 
problems in developing countries of the Indian subcon-
tinent, South-East Asia, Latin America and East Af-
rica according to World Health Organization.(1) Human 
leishmaniasis has a prevalence of 12 million cases and 
an incidence of 1.2 million new cases annually, with an 
estimated population of 350 million at risk.(2) Depending 
on genetic and environmental factors, the host immune 
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tential, which would drive to parasite death by oxidative 
stress.(6) Trypanosomatids are constantly exposed to dif-
ferent reactive oxygen species (ROS), such as superoxide 
anion, hydrogen peroxide and hydroxyl radicals, formed 
during the host defense reaction, either by exogenous 
(chemotherapeutic) or endogenous action (metabolism 
of the parasite itself or inflammatory cytokines). The 
action of ROS can lead to deleterious damage to DNA of 
the parasite and hence its death. Thus, an effective anti-
oxidant defense system, which can prevent and repairing 
the damage caused by oxidising agents, is essential for 
the survival of the parasite inside parasitophorous vacu-
oles in human macrophages.

Oxidation represents the main endogenous factor 
of DNA damage, which can cause genomic instability 
and cell death. Due to its low redox potential, guanine 
(G) is the most vulnerable base to ROS oxidation.(7) The 
main product of G oxidation is 7,8-dihydro-8-oxogua-
nine (8-oxoG).(8) If not repaired during DNA replication, 
8-oxoG can pair with adenine and cause a G:C to T:A 
transversion. During the DNA repair of 8-oxoG, double-
strand breaks could be generated, which can be highly 
deleterious.(9) Due to its high ability to cause lesions in 
the DNA, 8-oxoG is used as a cellular biomarker of oxi-
dative stress.(10)

The GO-system is a three-component 8-oxoG repair 
pathway compost by genes MutT, MutY and MutM in 
bacteria and MTH1, MUTYH and OGG1 in humans, 
respectively.(11) The enzyme MutT (or MTH1), focus 
of our study, hydrolyzes 8-oxo-dGTP in the nucleotide 
pool, returning it to the monophosphate form.(12) The 
enzymes MutM (or OGG1) and MutY (MUTYH) are 
responsible for repairing 8-oxoG paired with cytosine 
in the DNA or removing the adenine in the 8-oxoG:A 
mispair, respectively.(7,8)

The MutT enzyme gene from Escherichia coli (NCBI: 
P08337) has 390 bp and encodes a protein with 129 amino 
acids. It belongs to the superfamily of Nudix Hydrolases 
(Nucleosides Diphosphates attached to other moieties, 
X). This superfamily contains a sequence called Nu-
dix Box with a conserved 23-amino acid sequence GX-

5
EX

7
REUXEEXGU, where X can be any residue and U is 

a hydrophobic residue.(13)

The leishmanial genomic project identified several 
DNA repair pathway genes in parasite genome.(14,15) 
However, some important elements of the DNA repair 
machinery, such as a MutT homolog, have not yet been 
characterised. The complete sequence of the MutT gene 
in Leishmania spp. is available in database (TritrypDB). 
It is present in 13 different species of Leishmania as L. 
braziliensis, L. infantum, L. major, L. aethiopica, L. don-
ovani, L. mexicana, L. tarentolae, L enriettii, L. gerbii, 
L. arabica, L. panamensis, L. tropica and L. turanica 
(TritrypDB). However, the role of the MutT enzyme in 
Leishmania has not been described yet.

In this study, we analyse the tolerance of L. brazilien-
sis and L. infantum parasites to oxidative stress generated 
by H

2
O

2
 and compare their cell cycle after H

2
O

2
 treatment. 

In order to investigate the importance of 8-oxoG to oxida-
tive stress we generated L. braziliensis and L. infantum 
parasites heterologously expressing E. coli MutT, since 

the role of this enzyme was well established. We analysed 
the phenotype these parasites in relation to growth in cul-
ture medium, tolerance to oxidative stress generated by 
H

2
O

2
, susceptibility to SbIII, cell cycle progression, DNA 

damage and replication stress generation.

MATERIALS AND METHODS

Leishmania spp. samples - Promastigote forms of L. 
(Viannia) braziliensis (MHOM/BR/75/M2904) and L. 
(Leishmania) infantum (syn. L. (L.) chagasi) (MCAN/
BR/2000/BH400) were used in this study. Parasites 
were grown at 26ºC in 199 medium (M199) supple-
mented with 2 mM L-glutamine, 5 μg/mL hemin, 50 μg/
mL streptomycin, 2 μg/mL biopterin, 1 μg/mL biotin, 
40 mM HEPES pH 7.4, 500 U penicillin and 10% v/v 
heat-inactivated fetal calf serum.(16) These parasites were 
harvested in the logarithmic growth phase washed in 
phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM 
KCl, 10 mM Na

2
HPO

4
 and 2 mM KH

2
PO

4
) and the para-

sitic pellets were used for DNA and RNA preparations.

Generation of E. coli mutT expressing L. braziliensis 
and L. infantum lines - A 390 bp fragment corresponding 
to E. coli mutT encoding region (NCBI accession num-
ber: P08337) was amplified with Pfx DNA polymerase 
(Invitrogen, Life technologies, CA, USA) from AB1157 
E. coli genomic DNA using the forward primer: 5’-tAG-
ATCTccaccATGAAAAAGCTGCAAATTGC-3’ and 
the reverse primer: 5’-ttAGATCTCTACAGACGCTTA-
AGCTTCGCA-3’. The lower case letters indicate the Ko-
sak sequence and the underlined sequences correspond 
to BglII restriction site. The obtained polymerase chain 
reaction (PCR) products were cloned into the pGEM-T 
Easy® vector (Promega, Madison, WI, USA) and subse-
quently submitted to sequencing reaction for confirma-
tion of correct sequence. All constructs were sequenced 
in an ABI 3130 (Applied Biosystems, Foster City, CA, 
USA). The pGEM-EcmutT constructs were restricted 
with BglII and the fragments released were subcloned 
into the dephosphorylated pIR1BSD expression vector 
(kindly provided by Dr Stephen Beverley, Washington 
University, USA). To confirm the correct direction of 
cloning, the constructs were then digested with HindIII 
and EcoRI separated releasing fragments that confirmed 
the sense direction of the EcmutT gene. Thus, the con-
structs pIR1BSD (empty vector), and pIR1BSD-EcmutT 
were linearised by SwaI digestion and electroporated 
into wild-type L. braziliensis and L. infantum lines using 
a Gene Pulser XCell electroporation system (Bio-Rad, 
Hercules, CA, USA) according to the protocol described 
by Robinson and Beverley.(17) This stable transfection al-
lowed integration of the pIR1 vector into the rDNA 18S 
ribosomal small subunit locus of the parasite.(17) Colonies 
were obtained following plating on semisolid M199 con-
taining blasticidin (BSD) (10 µg/mL). After 1-2 weeks, 
clonal lines were selected, and the presence of constructs 
was confirmed by PCR tests using genomic DNA with 
specific primers for the BSD marker.

RNA purification and reverse transcription-PCR (RT-
PCR) - Leishmania spp. total RNA purification was per-
formed from 108 promastigotes using TRIzol (Invitrogen) 
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reagent and treated with DNAse (Invitrogen) for DNA 
contaminant removal according to the manufacturer’s in-
structions. The purified RNA was then used in a cDNA 
synthesis reaction with 500 ng oligo d(T)

12- 18
, using the 

Superscript III first-strand synthesis system for RT-PCR 
(Invitrogen). The subsequent EcmutT fragment specific 
amplification was performed using the following primers 
5 -́GAATTCCCGGACAGGCATATAA-3´ (forward) and 
5 -́CATTAAGACCGACTAGCGACATC-3´ (reverse). 
The control of RT-PCR was processed in the same con-
ditions as the samples but without reverse transcriptase 
enzyme. The DNA polymerase I alpha catalytic subunit 
constitutive gene from L. braziliensis (LbrM.16.1600) was 
used to normalise the amount of sample analysed. A frag-
ment of 69 bp of the DNA polymerase I gene was amplified 
according described by Moreira et al.(18) Both pair of prim-
ers EcmutT and DNA polymerase I amplified fragments 
of 115 and 69 bp respectively, in all Leishmania samples 
analysed. PCR was carried out in a final volume of 20 
µL of reaction mixture containing 10 pmol of forward 
and reverse primers, 1x Supermix High Fidelity reaction 
mix (Invitrogen) and 10 ng of template cDNA. The PCR 
conditions were as follows: an initial denaturation step at 
95ºC for 5 min followed by 30 cycles of denaturation at 
95ºC for 30 s, annealing at 60ºC for 30 s and extension at 
72ºC for 30 s. Following amplification, 6 µL of each PCR 
product was electrophoresed in a 6% polyacrylamide gel 
and silver stained.

Susceptibility assays of L. braziliensis and L. infan-
tum clonal lines to SbIII and H

2
O

2
 - Promastigotes of wild-

type L. braziliensis and L. infantum clonal lines non-
transfected or transfected with the constructs pIR1BSD 
(empty vector) or pIR1BSD-EcmutT were submitted to 
SbIII (Sigma-Aldrich, St. Louis, MO, USA) susceptibility 
tests. Parasites were incubated in M199 medium at 2 x 
106 cells/mL into 24-well plates in the absence or pres-
ence of several concentrations of SbIII (0.3 to 149.9μM) 
for 48 h that correspond to log phase of growth. The 
effective concentration required to decrease growth by 
50% (EC

50
) was determined using a model Z1 Coulter 

Counter (Beckman Coulter, Fullerton, CA, USA). EC
50

 
values were determined from at least three independent 
measurements performed in triplicate, using the linear 
interpolation method.(19)

To test the survival to H
2
O

2
 (Sigma-Aldrich), parasites 

were incubated in PBS at 2 x 106 cells/mL into 15 mL 
tubes in the absence or presence of different concentra-
tions of H

2
O

2
 (100 to 700 μM) for 20 min at 26oC. Subse-

quently the parasites were washed in PBS and incubated 
in M199 medium. The survival rate of the cultures was 
determined by counting the number of live parasites dur-
ing 4, 24, 48, 72, 96, 120, 144 and 168 h of growth after 
exposure to H

2
O

2
. The parasite number was determined 

in a cytometry chamber using the erythrosine vital stain 
to differentiate living and dead cells. In addition, the 
parasite number was also determined using a model Z1 
Coulter Counter (Beckman Coulter) and at least three in-
dependent measurements were performed in triplicate.

Cell cycle analysis - In order to investigate the ef-
fect of H

2
O

2
 treatment on the cell cycle of nontransfected 

and transfected parasites with the EcmutT gene, these 
parasites incubated in PBS containing 350 μM H

2
O

2
 for 

20 min at 26ºC, washed in PBS and incubated in M199 
medium during 24 and 72 h. It is important to remove 
the H

2
O

2
 from medium, since that it may to generate 

others components which may oxide in the medium. 
Subsequently, the parasites were washed once with PBS, 
fixed overnight in 70% ethanol (v/v) and incubated at 
37ºC for 30 min in a PBS solution containing 10 μg/mL 
of propidium iodide (PI) and RNAse A (Invitrogen). The 
DNA content of PI-incorporated cells was analysed in 
a FACScan flow cytometer (Becton Dickinson Biosys-
tems) using FloJo-V10TM software. Each experiment was 
performed at least three times in triplicate.

Activation percentage of gammaH2A by Western blot-
ting - For Western blotting assays, exponentially grown 
L. braziliensis and L. infantum promastigotes were in-
cubated in PBS containing 350 μM H

2
O

2
 for 20 min, 

washed in PBS and incubated in M199 medium during 
30 min and 4 h and then submitted to protein extraction. 
Cells were washed and resuspended in sodium dodecyl 
sulphate (SDS) gel-loading buffer [100 mM Tris-HCl (pH 
6.8), 200 mM dithiothreitol, 4% SDS, 0.2% bromophe-
nol blue, 20% glycerol], and boiled for 10 min, generat-
ing total extract. Proteins were separated on a 15% SDS 
polyacrylamide gel, blotted (1 h, 300 mA) onto nitrocel-
lulose membranes, and incubated with rabbit polyclonal 
anti-γH2A (1:3,000) (kindly provided by Dr Richard Mc-
Culloch’s lab) or mouse monoclonal anti-alpha-tubulin 
(1:5,000) (Abcam, Cambridge, UK) antibodies, during 12 
h at 4ºC in the blocking solution. The blots were washed 
twice and incubated with horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse IgG antibodies (1:5,000) 
(GE Healthcare) for 1 h at room temperature. After in-
cubation, the membranes were washed, incubated with 
ECL Plus chemiluminescent substrate (GE Healthcare) 
and revealed by ImageQuant LAS 4000 (GE Healthcare). 
The intensity of the bands was analysed using the soft-
ware GelAnalyzer 2010 (gelanalyzer.com).

Analysis of replication stress through the BrdU na-
tive detection assay - For detection of long fragments of 
single strand DNA (ssDNA), characteristics of replica-
tion stress, exponentially growing promastigote parasites 
were incubated in PBS containing 350 μM H

2
O

2
 and 100 

µM of 5-bromo-2’-deoxyuridine (BrdU) for 1 h to allow 
its incorporation into DNA. Thus, all the samples were 
harvested by centrifugation (3000 g, 5 min), washed us-
ing PBS, and fixed using 4% paraformaldehyde diluted 
in PBS for 10 min at room temperature. Parasite cells 
were then deposited and spread out onto slides pre-treat-
ed with 0.1% poly-L-lysine. Next, parasites cells were 
washed with PBS, and permeabilised with 0.2% Triton 
X-100 for 10 min at room temperature. To ensure all 
cells incorporated BrdU, aliquots of each sample anal-
ysed were subjected to DNA denaturation using 2.5 M 
HCl for 20 min. Then, all samples were washed and 
BrdU was detected (when accessible) using α-BrdU-rat 
antibody (Abcam) diluted 1:250 in blocking solution 
[3% bovine serum albumin (BSA) (w/v) in PBS] for 3 
h at room temperature, followed by incubation for more 
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1 h with Alexa Fluor 555-conjugated anti-rat antibody 
(Thermo Scientific) diluted 1:1,000 in blocking solu-
tion. After that, the slides-containing-cells were washed 
repeatedly (three times) with PBS. ProLong® Diamond 
Antifade Mountant with DAPI (Life Technologies) was 
used to be anti-fade mounting solution and to stain or-
ganelles containing DNA (i.e., nucleus and kinetoplast). 
For these experiments, images were captured using Axio 
Imager fluorescence microscope coupled with a digital 
camera (Axiocam 503 mono), and were analysed using 
Zen software 2.6 (blue edition). The measurement of the 
parasites showing presence of ssDNA foci was made us-
ing ImageJ software (NIH, version 1.47t).

Statistical analysis - The statistical analysis were 
performed using the GraphPad Prism 5.0 program 
(GraphPad Software Inc., CA, USA). All experiments 
were performed at least three times and data have been 
represented as mean ± standard deviation (SD). Results 
were analysed for significant differences using analysis 
of variance (ANOVA) or Student’s t test. A p value of 
less than 0.05 was considered statistically significant.

RESULTS

Comparative analysis of L. braziliensis and L. infan-
tum H

2
O

2
 tolerance - Comparative analysis of tolerance to 

oxidative stress generated by increased concentration of 
hydrogen peroxide was evaluated between L. braziliensis 
and L. infantum wild-type species (Fig. 1). Firstly, we eval-
uated the susceptibility these parasites after 48 h exposure 
to different concentrations of H

2
O

2
 (100 to 700 µM) (Fig. 

1A). Interestingly, L. infantum (EC
50

: 505 +/-12.0 μM) 
is more tolerant to exogenous H

2
O

2
 than L. braziliensis 

(EC
50

: 395 +/- 11.5 μM). In order to better compare the 
action of H

2
O

2
 in the parasite growth, we treated both 

Leishmania species with the same concentrations of H
2
O

2
 

(200, 350 and 400 μM) and verified the parasite growth 
during 4 to 168 h (Fig. 1B-C). Higher concentrations of 
H

2
O

2
 (350 µM and 400 µM) are very toxic to L. brazilien-

sis and significantly interfere in the parasite growth (Fig. 
1B). In contrast, L. infantum survive/proliferate to differ-
ent H

2
O

2
 concentrations and parasites treated with 200, 

350 and 400 µM H
2
O

2
 return the growth after 48, 72 and 

96 h, respectively after treatment (Fig. 1C).
The parasites growth curves determined during 4 to 

168 h after exposure to H
2
O

2
 (Fig. 1B-C), show that at 

350 μM H
2
O

2
, L. infantum is able to grow again after 48 

h exposure to H
2
O

2 
and L. braziliensis remains stopped 

after 48 h, revealing differences between the two species 
of Leishmania. Then the concentration of 350 μM H

2
O

2
 

was chosen to analyse cell cycle progression, DNA dam-
age and replication stress generation.

Comparative cell cycle analysis of L. braziliensis 
and L. infantum - We investigated cell cycle progression 
of wild-type L. braziliensis and L. infantum species par-
asites after 20 min treatment with 350 µM H

2
O

2
 and in-

cubation in M199 medium during 24 and 72 h. After this 
period, DNA content of propidium iodide-stained cells 
was analysed in a FACScan flow cytometer. Compara-
tive analysis between L. braziliensis and L. infantum 

Fig. 1: Leishmania infantum are more tolerant to oxidative stress gener-

ated by H
2
O

2
 than L. braziliensis. (A) L. braziliensis and L. infantum 

parasites were incubated in the absence or presence of H
2
O

2
 (0 to 700 

µM) in phosphate-buffered saline (PBS) for 20 min, washed in PBS 

and incubated in M199 medium. The parasite number was determined 

using a model Z1 Coulter Counter after 48 h exposure to H
2
O

2
. (B) L. 

braziliensis and (C) L. infantum parasites were incubated in the ab-

sence or presence of H
2
O

2
 (0, 200, 350 and 400 µM) for 20 min, washed 

in PBS and incubated in M199 medium. The parasite number was de-

termined during 4, 24, 48, 72, 96, 120, 144 and 168 h after exposure 

to H
2
O

2
. Mean values ± standard deviations of three independent ex-

periments in triplicate are indicated. The asterisk symbol (*) indicates 

the significant difference between non-treated parasites and parasites 

treated with different H
2
O

2
 concentrations and in each time point. Sta-

tistical analysis was performed based on analysis of variance (ANO-

VA) followed by Bonferroni test (*** p < 0.001, ** p < 0.01, * p < 0.05).
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Fig. 2: cell cycle comparative analysis by flow cytometry of the Leishmania braziliensis and L. infantum after exposure to H
2
O

2
. The parasites 

were treated with 350 μM H
2
O

2
 in phosphate-buffered saline (PBS) for 20 min, washed in PBS and incubated in M199 medium by 24 and 72 h. 

The data represent at least three independent experiments performed in triplicate. (A) Representative histograms showing the DNA content of L. 

braziliensis and L. infantum. Peaks in light blue represent non-treated parasites and peaks in red treated with H
2
O

2
. (B) Quantitative analysis of 

parasites in each phase after 24 h or 72 h of incubation with or without H
2
O

2
. The asterisk symbol (*) indicates the significant difference between 

L. braziliensis and L. infantum, treated with H
2
O

2 
or not. The hash symbol (#) indicates the significant difference between treated and non-treated 

parasites of the same sample. Statistical analysis was performed based on analysis of variance (ANOVA) followed by Bonferroni test (*** p < 

0.001, ** p < 0.01, * p < 0.05; or ### p < 0.001).
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species (Fig. 2), showed that in the presence of H
2
O

2
 L. 

infantum presented a cell cycle arrest in G1 phase after 
24 h, and, after 72 h they restored the normal growth 
ratio. At 24 h, only 18% of treated L. infantum parasites 
progress in the cell cycle, passing through S and G2 
phases, whereas at 72 h 50% of these parasites are in the 
S and G2 phases showing similar profile compared to 
untreated parasites (Fig. 2B). L. infantum parasites can 
survive and restore growth after 72 h (Fig. 2B).

On the other hand, L. braziliensis has a different cell 
cycle profile, with little distinction between S and G2 
phases. Treated parasites present less cells at S and G2 
phases when compared with the non-treated parasites at 
24 h and at 72 h, however, L. braziliensis is not arrested 
in G1 phase as L. infantum was at 24 h. On the other 
hand, 72 h after H

2
O

2
 treatment, only 22% of the L. bra-

ziliensis parasites continue to progress in the cell cycle, 
passing through S and G2 phases (Fig. 2B). Those results 
show that L. braziliensis was not able to restore growth 
72 h after H

2
O

2
 treatment.

Leishmania spp. cell line expressing EcmutT gene 
- Multiple sequence alignment of the mutT amino acid 
sequences from E. coli and from Trypanosoma cruzi, L. 
braziliensis and L. infantum showed that elements for an 
enzyme from the nudix superfamily were identified in 
these Leishmania ssp. sequences [Supplementary data 
(Fig. 1)]. This is a family of enzymes that displays great 
catalytic versatility,(13) which could indicate as candi-
date, but they are not necessarily a MutT pyrophospho-
hydrolase. Further studies need to be performed to con-
firm these data. The identity between the MutT amino 
acid sequences of L. braziliensis (LbrM.35.0380) and L. 
infantum (LinJ.36.0320) compared to T. cruzi TcMTH 
(AGM37761.1) was 43 and 46%, respectively (data not 
shown). It is important to highlight that Aguiar et al.(20) 
characterised the MutT gene in T. cruzi (TcMTH) and 
generated T. cruzi parasites heterologously expressing E. 
coli MutT or overexpressing the TcMTH enzyme. The 
authors observed the overexpression of the TcMTH gene 
in T. cruzi caused the same phenotypes observed when 
they expressed the E. coli MutT heterologous gene.

Wild-type L. braziliensis and L. infantum lines were 
transfected with the constructs containing the mutT 
gene from E. coli (pIR1BSD-EcmutT) to generate para-
sites expressing the EcMutT enzyme, and also with an 
empty vector (pIR1BSD) as a control. Linearisation of 
this vector allowed integration of the constructs into the 
ribosomal small subunit locus.(21) To confirm the trans-
fection, genomic DNA from the transfected clones was 
subjected to PCR assays using specific primers for the 
BSD gene, which confers resistance to blasticidin. It 
was observed that all blasticidin-resistant clones (eight 
clones from each sample) showed a fragment of 399 bp, 
which corresponds to BSD marker (data not shown). The 
heterologous expression of E. coli mutT gene in the L. 
braziliensis and L. infantum cell lines was confirmed 
through RT-PCR (Fig. 3). The expected 115 bp fragment 
of the EcmutT gene was amplified from the cDNA of 
parasites transfected with pIR1BSD-EcmutT construct 
showing the presence of transcript of EcmutT gene in 
the clones of both Leishmania species analysed. A frag-
ment of 69 bp of the DNA polymerase I alpha constitu-
tive gene, used as control of the assay, was amplified in 
all samples analysed, except those without reverse tran-
scriptase (RT-PCR negative control).

As the EcMut protein expression was not evaluated, 
it can not exclude the possibility that the heterologous 
expression of E. coli MutT enzyme could be being dif-
ferentially expressed in L. braziliensis and L. infantum.

The ectopic expression of E. coli MutT does not in-
terfere in parasite growth or in susceptibility to trivalent 
antimony (SbIII) - To verify whether the expression of E. 
coli mutT gene alter the growth of parasites, promasti-
gotes from L. braziliensis and L. infantum transfected 
with the constructs pIR1BSD (empty vector), pIR1BSD-
EcMutT and untransfected parasites were incubated in 
M199 medium during 4 to 168 h [Supplementary data 
(Fig. 2)]. The growth curves of the EcmutT-expressing 
lines from L. braziliensis and L. infantum were very 
similar to their respective wild-type non-transfected 
parasites. The EcMutT heterologous expression did not 
alter L. braziliensis and L. infantum growth.

Fig. 3: reverse transcription polymerase chain reaction (RT-PCR) of Leishmania braziliensis (A) and L. infantum (B). RT-PCR was performed 

to confirm expression of the EcmutT gene in the cDNA of parasites transfected with pIR1BSD-EcmutT construct: clones 16 and 24 from L. 

braziliensis (lanes 1 and 2 - A) and clones 1 and 13 from L. infantum (lanes 1 and 2 - B). Electrophoresis was performed on a 6% polyacrylamide 

gel stained with silver nitrate. The expected 115 bp fragment of EcmutT gene was amplified in both clone lines of Leishmania transfected with 

pIR1BSD-EcMutT (lanes 1 and 2). DNA polymerase was used as quantitative control of RT-PCR reaction, showing fragment of 69 bp (lanes 3 

and 4). As control of RT-PCR was used samples of mRNA without the reverse transcriptase enzyme (lanes 5 and 6), showing absence of ampli-

fication for both EcMutT and DNA polymerase genes. As control also was used genomic DNA of wild-type non-transfected parasites presenting 

only amplification of the DNA polymerase gene (lane 8) and not EcmutT gene (lane 7). Negative control of reaction without template (lane 9). 

The molecular weight markers were derived from Φ 174 DNA digested with HaeIII (Promega).
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We also investigated whether the expression of Ec-
mutT gene contributes to antimony resistance phenotype 
in Leishmania. For this, E. coli MutT-expressing L. bra-
ziliensis and L. infantum clonal lines and non-transfected 
parasites were incubated with different SbIII concentra-
tions during 48 h [Supplementary data (Fig. 3)]. The EC

50
 

was determined by counting the number of parasites that 
grew in the absence or presence of this drug. EcMutT-
expressing L. braziliensis and L. infantum lines did not 
show an increase in resistance towards SbIII, since that 
the SbIII EC

50
 of these lines were very similar to respec-

tive wild-type non-transfected parasites. The results re-
vealed that the SbIII EC

50
 of wild-type L. braziliensis line 

was 2.66 (± 0.22) μM, and the EcmutT expressing clones 
16 and 24 were 3.04 (± 0.26) μM and 2.98(± 0.21) μM, 
respectively [Supplementary data (Fig. 3A)]. Regarding 
L. infantum, we observed that SbIII EC

50
 of wild-type line 

was 53 (± 0.61) μM and EcmutT-expressing clones 1 and 
13 were 53 (± 2.34) μM and 55 (± 2.7) μM, respectively 
[Supplementary data (Fig. 3B)]. It is important to men-
tion that the pIR1-BSD vector did not interfere in the 
SbIII susceptibility since no difference in SbIII EC

50
 was 

observed between parasites non-transfected and trans-
fected with empty vector (data not shown).

Tolerance of EcMutT expressing Leishmania spp. 
lines to hydrogen peroxide (H

2
O

2
) - We also investigated 

whether the expression of EcmutT gene alter Leishmania 

response to oxidative stress generated by H
2
O

2
. Com-

parative analysis showed that both EcMutT expressing 
clones 16 and 24 from L. braziliensis were more resis-
tant to oxidative stress generated by H

2
O

2
 compared to 

untransfected wild-type parasites (Fig. 4A) or parasites 
transfected with empty vector (data not shown). At 200 
µM H

2
O

2
, L. braziliensis expressing EcMutT restore 

their growth after 48 h of incubation. Higher concen-
trations of H

2
O

2
 (350 µM and 400 µM) are toxic to L. 

braziliensis, but the EcmutT-expressing parasites present 
better growth than wild-type line (Fig. 4A).

We also determined the H
2
O

2
 EC

50
 for different 

clones incubated in the presence of several concentra-
tions of H

2
O

2 
for 48 h and the results revealed that the 

H
2
O

2
 EC

50
 of wild-type L. braziliensis line was 395 μM, 

and the EcMutT expressing L. braziliensis lines clones 
16 and 24 were 456 and 443 μM, respectively. These data 
suggest that MutT is involved in the protection against 
oxidative stress generated by H

2
O

2
 in L. braziliensis.

On the other hand, EcmutT-expressing L. infantum 
lines did not alter the H

2
O

2
 susceptibility, since that the 

parasites present similar growth curve compared to un-
transfected wild-type parasites (Fig. 4B). However, L. 
infantum clone 1 has its resistance decreased at 400 µM 
H

2
O

2
 during period of 72 to 168 h after exposure to H

2
O

2
. 

The same was not observed for L. infantum clone 13 that 
presented similar growth curve compared to wild-type 
parasites in all H

2
O

2
 concentrations evaluated.

Fig. 4: EcMutT heterologous expression increases the resistance to H
2
O

2
 in Leishmania braziliensis (A) but not in L. infantum (B). Wild-type 

(WT) and transfected with pIR1-BSD-EcMutT (MutT) L. braziliensis (Lb) and L. infantum (Li) parasites were incubated with H
2
O

2
 (200, 350 

and 400 µM) in phosphate-buffered saline (PBS) for 20 min, washed in PBS and incubated in M199 medium. The parasite number was deter-

mined using a model Z1 Coulter Counter during 4, 24, 48, 72, 96, 120, 144 and 168 h after exposure to H
2
O

2
. Mean values ± standard deviations 

of three independent experiments in triplicate are indicated. The asterisk symbol (*) indicates the significant difference between wild-type para-

sites and those transfected with EcMutT, treated with each H
2
O

2 
concentration and in each time of growth. Statistical analysis was performed 

based on analysis of variance (ANOVA) followed by Bonferroni test (*** p < 0.001, ** p < 0.01, * p < 0.05).
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Testing different H
2
O

2
 concentrations for 48 h we ob-

served that the H
2
O

2
 EC

50
 of wild-type L. infantum line 

was 505 μM, and the EcMutT-expressing L. infantum 
lines clones 1 and 13 were 499 and 490 μM, respectively. 
Thus, the results indicated that MutT is not important in 
the protection against the oxidative stress generated by 
H

2
O

2
 in L. infantum.

Cell cycle analysis of EcmutT expressing L. brazil-
iensis - Comparative analysis of cell cycle between wild-
type and EcmutT-expressing L. braziliensis after H

2
O

2
 

treatment showed that at 24 h the cell cycle profile was 
similar between these parasites (Fig. 5). On the other 
hand, at 72 h after H

2
O

2
 treatment, while 22.6% of wild-

type L. braziliensis are in the S and G2 phases, 38.6% 
of the EcmutT-expressor clone 16, continue to progress 
in the cell cycle, passing through S and G2 phases (Fig. 
5B), restoring the normal growth ratio. At 72 h after H

2
O

2 

exposure, different of wild-type L. braziliensis, the cell 
cycle profile of EcMutT-expressor clone 16 is very simi-
lar to untreated parasites. These results show that the ex-
pression of the EcmutT gene protects L. braziliensis para-
sites against H

2
O

2
 effect. No difference in the cell cycle 

profile was observed between parasites non-transfected 
and transfected with empty vector (data not shown).

Leishmania spp. expressing EcmutT decreased rep-
lication stress caused by H

2
O

2
 - Leishmania spp. has 

shown sensibility to H
2
O

2
 treatment which results in cell 

cycle arrest. To investigate this phenotype, we tested the 
capacity of wild-type (WT) and EcmutT-expressing cell 
lines to generate the replication stress after H

2
O

2
 treat-

ment. The heterochromatin modification of histone H2A 
to γH2A is a biomarker of genotoxic stress.(22) After 30 
min of exposition, no difference of γH2A activation was 
observed between WT and EcMutT parasites of both 
Leishmania species analysed (Lb) and (Li) (Fig. 6A1). 
Interestingly, 4 h after H

2
O

2
 treatment, L. braziliensis 

EcMutT-expressing clone 24 demonstrated lower activa-
tion of γH2A than its parental non-transfected parasites 
(Fig. 6A2). Analysis of replication stress was performed 
using the BrdU native detection assay. The presence of 
BrdU in single strand DNA strongly suggests replication 
stress.(23) After 1 h H

2
O

2
 treatment L. infantum parasites 

presented lower replication stress than L. braziliensis 
(Fig. 6B-C). These results are in accordance with the fact 
that L. infantum is more arrested in G1 phase after H

2
O

2
 

treatment. The importance of incorporation of 8-oxoG to 
generate replication stress is evidenced by the fact that 
EcMutT-expressing clones decreased 68.35% (± 0.5) of 
replication stress foci in L. braziliensis and 30.25% (± 
0.15) in L. infantum (Fig. 6B-C).

DISCUSSION

Leishmania needs an effective antioxidant defense 
system since that the parasite is constantly exposed to re-
active oxygen species, produced by anti-leishmania drugs 
or intrinsic host processes. After infection into vertebrate 
host, Leishmania spp. are phagocytised by macrophages, 
triggering various reactions of the host defense system. A 
series of factors act during the activating oxidative pro-
cess, the main one being the lesions in the DNA, which 

can be caused, most of the times, by the incorporation 
of 8-oxoG since it is one of the most abundant oxidative 
lesions.(10) Therefore, the presence of an enzyme respon-
sible for repairing or even preventing such lesions is es-
sential, as is the case of the MutT enzyme, which can 
hydrolyze 8-oxo-dGTP to 8-oxo-dGMP present in the 
pool of nucleotides, preventing the incorporation of oxi-
dised guanine during the DNA replication.(24) Foti et al.(25) 
demonstrated that the oxidation of guanine to 8-oxoG in 
the nucleotide pool is one of the forms that antibiotics use 
to generate cell death, so it is very important to have an 
enzyme sanitising the cell environment.

In this work we compared the tolerance to oxidative 
stress and the cell cycle of two different Leishmania spe-
cies, L. infantum and L. braziliensis, that causes differ-
ent clinical forms of disease: visceral leishmaniasis or 
cutaneous leishmaniasis, respectively. We observed that 
L. braziliensis species is more susceptible to hydrogen 
peroxide when compared to L. infantum. Interestingly, 
L. braziliensis also are more susceptible to SbIII than 
L. infantum.(16) Surface glycoconjugate polymorphisms 
between L. infantum and L. braziliensis may possibly 
cause differences in susceptibility to oxidative stress 
generated by H

2
O

2
. Lipophosphoglycan (LPG) from the 

procyclic promastigote form of L. braziliensis (M2903) 
is devoid of side chains, whereas L. infantum (PP75) pos-
sesses β-glucose residues in approximately one-third of 
the repeat unit.(26) This interspecies LPG variation is able 
to differentially modulate the host cell response.(27)

In order to better understand this difference in oxida-
tive stress susceptibility, we evaluated the cell cycle of 
these parasites. Cell cycle analysis showed that L. infan-
tum, after treatment with H

2
O

2
, remains for a longer time 

in the G1 phase. By not allowing to progress past the 
G1 checkpoint, L. infantum avoid lesions in DNA caused 
by 8-oxoG incorporation and generate less replication 
stress. Thus, the L. infantum parasites can survive and 
restore growth after 72 h. In the other hand, L. brazil-
iensis continue to progress in the cell cycle even in the 
presence of oxidative stress. Despite of this progression 
through cell cycle, we observe that, L. braziliensis is 
more sensitive to oxidative stress generated by H

2
O

2
. We 

believe that this occurs because, by allowing progression 
of the cell cycle, even under unfavorable conditions, the 
incorporation of 8-oxoG generate replication stress that 
could generate DNA double-strand break.

To evaluate if EcMutT enzyme is involved in response 
to oxidative stress, we generated L. braziliensis and L. in-
fantum parasites heterologously expressing E. coli MutT. 
Interestingly, L. braziliensis expressing EcMutT exhib-
ited higher resistance to H

2
O

2
 and presented lower activa-

tion of γH2A, a biomarker of genotoxic stress, than non-
transfected wild-type parasites. These results show that 
EcMutT in L. braziliensis is involved in the protection 
against the oxidative stress generated by H

2
O

2
. Analy-

sis of replication stress using the BrdU native detection 
assay revealed that L. braziliensis EcMutT-expressing 
clone decreased 68.35% of replication stress. As this cell 
continue to progress to S phase even in the presence of 
H

2
O

2
, we showed that an excess of MutT enzyme could 

reduce the quantity of 8-oxoG and, as consequence, re-
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Fig. 5: cell cycle comparative analysis by flow cytometry of the wild-type (WT) and clonal lines transfected with pIR1-BSD-EcMutT (EcMutT 

clone 16) Leishmania braziliensis (Lb) parasites after exposure to H
2
O

2
. The parasites were treated with 350 μM H

2
O

2
 in phosphate-buffered saline 

(PBS) for 20 min, washed in PBS and incubated in M199 medium by 24 and 72 h. The data represent at least three independent experiments per-

formed in triplicate. (A) Representative histograms showing the DNA content of L. braziliensis WT and clonal lines. Peaks in light blue represent 

non-treated parasites and peaks in red treated with H
2
O

2
. (B) Quantitative analysis of parasites in each phase after 24 h or 72 h of incubation with or 

without H
2
O

2
. The asterisk symbol (*) indicates the significant difference between L. braziliensis WT and clonal lines, treated with H

2
O

2 
or not. The 

hash symbol (#) indicates the significant difference between treated and non-treated parasites of the same sample. Statistical analysis was performed 

based on analysis of variance (ANOVA) followed by Bonferroni test (** p < 0.01; * p < 0.05; ### p < 0.001, ## p < 0.01, # p < 0.05).
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Fig. 6: EcMutT expression reduces replication stress in Leishmania braziliensis and L. infantum. (A) Cells were treated with 350 μM H
2
O

2
 in phos-

phate-buffered saline (PBS) for 20 min, washed in PBS and incubated with M199 during 30 min and 4 h and then submitted to protein extraction 

and immunoblotting assays for γH2A. Proteins were separated by electrophoresis on 15% sodium dodecyl sulfate (SDS)-polyacrylamide gel and 
transferred onto nitrocellulose membranes. The blots were probed with rabbit anti-γH2A (1:3,000) (A1, A2) antibody and developed using ECL 

Plus kit. The membranes were incubated with the anti-α-tubulin monoclonal (1:5,000) antibody for normalisation of the results. Quantification of 
the bands was done by densitometric analysis using the software GelAnalyzer 2010 (gelanalyzer.com) and the ratios found for each sample anal-

ysed are shown in the Fig. (A1, A2). (B) The cells were treated with 350 μM H
2
O

2
 and 100 µM of 5-bromo-2’-deoxyuridine (BrdU) for 1 h to allow 

its incorporation into DNA. Parasite were washed, fixed and then deposited onto slides pre-treated with 0.1 % poly-L-lysine. To ensure all cells 

incorporated BrdU, aliquots of each sample analysed were subjected to DNA denaturation using 2.5 M HCl for 20 min. Then, the samples were 

divided into two groups; native and denatured. BrdU was detected using rat anti- α-BrdU (1:250) antibody followed by incubation with secondary 
antibody Alexa Fluor 555-conjugated anti-rat (1:1,000). ProLong® Diamond Antifade Mountant with DAPI was used to be anti-fade mounting 

solution and to stain organelles containing DNA (i.e., nucleus and kinetoplast). Images were captured using Axio Imager fluorescence microscope 

coupled with a digital camera, and analyzed using Zen software (C) Replication stress foci appearance was higher in WT L. braziliensis than L. 

infantum, and EcmutT expressing clones of both species decreased significantly the replication stress. The measurement of the parasites showing 

presence of ssDNA foci (% labeled cells) was made using ImageJ software. Statistical analysis was performed using Student’s t test (* p < 0.001).
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duce the level of replication stress in S phase. These data 
corroborate with previous results showing that T. cruzi 
expressing E. coli MutT gene are more resistant to H

2
O

2
 

treatment than wild-type parasites.(20)

In contrast to L. braziliensis, expression of E. coli 
mutT gene in L. infantum did not alter the susceptibility 
of parasites to H

2
O

2
. Probably it is due to the fact that 

L. infantum are already more resistant to H
2
O

2
, and, in 

this way, the excess of MutT is not directly involved in 
the protection against the oxidative stress generated by 
H

2
O

2
 in this species. The cell cycle profile of this species 

confirms these data, since after exposure to H
2
O

2
 this 

species arrests the growth in G1 phase and the 8oxoG 
generated could be degraded in this phase before the S 
phase, so the normal quantity of MutT enzyme in L. in-
fantum is sufficient. As the 8-oxoG is less incorporated, 
L. infantum recover the growth faster than L. brazilien-
sis, being more resistant to the action of oxidants and can 
escape faster from the effects of these agents.

In relation to SbIII susceptibility test, the results dem-
onstrated that the expression of EcMutT did not affect 
the antimony resistance phenotype in both L. brazil-
iensis and L. infantum species. These data suggest that 
excess of MutT in Leishmania is not directly involved 
in the protection of parasites from the effect of SbIII. 
In T. cruzi, MutT exerts an important defense function 
against the effects caused by benznidazole,(28) what was 
demonstrated when T. cruzi overexpressing the E. coli 
mutT gene had a benznidazole resistance index 3-fold 
higher than the parental parasites.

In other studies, carried out by our group, it was 
demonstrated that the overexpression of enzymes from 
antioxidant defense pathway, triparedoxin peroxidase(29) 
and iron superoxide dismutase,(30) increased the resis-
tance of Leishmania spp. to trivalent antimony. These 
data demonstrate the involvement of these antioxidant 
defense enzymes in the resistance phenotype of Leish-
mania spp. to antimony. Probably, the E. coli MutT 
8-oxo-dGTPase activity is not directly involved in the 
SbIII resistance phenotype.

Comparative analysis of cell cycle showed that at 72 
h after H

2
O

2
 exposure, the wild-type L. braziliensis para-

sites presented an increase in G1 phase and retention in 
the S/G2 phases. In contrast, EcMutT-expressor L. brazil-
iensis clone 16 recovered their proliferation capacity, re-
storing the normal growth ratio. These results suggest that 
the expression of exogenous MutT allows an improved 
control of oxidised nucleotide incorporation to DNA, 
preventing lesions that can arise from it, emphasising the 
importance of 8-oxo-dGTPase hydrolysis. These results 
agree with previous data showing the importance of oxi-
dised nucleotide clearance in bacteria(25) and T. cruzi.(20)

The results obtained in this work reveal that L. in-
fantum species is more resistant to stress generated by 
H

2
O

2
 than L. braziliensis and that L. braziliensis and L. 

infantum present important differences in the cell cycle. 
We hypothesised that there is probably a lower incorpo-
ration of 8-oxoG by L. infantum, which results in lower 
number of double-strand breaks in DNA compared to L. 
braziliensis. The excess of MutT enzyme is involved in 
the protection against oxidative stress in L. braziliensis, 
but not in L. infantum.
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