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Abstract
Trypanosoma cruzi, the etiological agent of Chagas’ disease, presents three cellular forms

(trypomastigotes, epimastigotes and amastigotes), all of which are submitted to oxidative

species in its hosts. However, T. cruzi is able to resist oxidative stress suggesting a high effi-

ciency of its DNA repair machinery.The Base Excision Repair (BER) pathway is one of the

main DNA repair mechanisms in other eukaryotes and in T. cruzi as well. DNA glycosylases

are enzymes involved in the recognition of oxidative DNA damage and in the removal of oxi-

dized bases, constituting the first step of the BER pathway. Here, we describe the presence

and activity of TcNTH1, a nuclear T. cruzi DNA glycosylase. Surprisingly, purified recombi-

nant TcNTH1 does not remove the thymine glycol base, but catalyzes the cleavage of a

probe showing an AP site. The same activity was found in epimastigote and trypomastigote

homogenates suggesting that the BER pathway is not involved in thymine glycol DNA

repair. TcNTH1 DNA-binding properties assayed in silico are in agreement with the

absence of a thymine glycol removing function of that parasite enzyme. Over expression of

TcNTH1 decrease parasite viability when transfected epimastigotes are submitted to a sus-

tained production of H2O2.Therefore, TcNTH1 is the only known NTH1 orthologous unable

to eliminate thymine glycol derivatives but that recognizes and cuts an AP site, most proba-

bly by a beta-elimination mechanism. We cannot discard that TcNTH1 presents DNA glyco-

sylase activity on other DNA base lesions. Accordingly, a different DNA repair mechanism

should be expected leading to eliminate thymine glycol from oxidized parasite DNA. Fur-

thermore, TcNTH1 may play a role in the AP site recognition and processing.
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1. Introduction
Trypanosoma cruzi (T. cruzi), a hemoflagellate protozoan parasite, is the etiological agent of
Chagas’ disease, an endemic pathology in Latin America [1]. Twenty eight million people are
at risk of exposure to infection with an estimated 6–7 million chronic cases in 21 endemic
countries and 20.000 deaths per year. It is the parasitic disease with greater economic burden
in America due to its long chronicity [2]. Recently, the appearance of T. cruzi infected vectors
in the USA [3] and the identification of more than 300.000 people carrying the parasite in that
country [4] together with the globalization of Chagas disease through immigration [5] have
converted this infection in a worldwide problem [2,6,7]. There are no effective, specific and
safe drug treatments for this chronic illness and new therapeutic targets should be urgently
developed [8].

Chagas’ disease is transmitted by T. cruzi infected triatomine insects that upon feeding on
mammal blood, deposit feces with metacyclic infective trypomastigotes. The parasite enters the
mammal body and invades tissue histiocytes; there, it must survive in the acidic parasitophor-
ous vacuoles where free radicals are generated [9–11]. Survivor parasites leave that hostile envi-
ronment entering the host-cell cytoplasm where they differentiate to amastigotes that, in the
chronic infection are also under oxidative stress by inflammatory cells or by cardiomyocyte
mitochondrial dysfunction [12–14]. After undergoing many cycles of multiplication surviving
amastigotes differentiate back into mobile trypomastigotes which escape into circulation mak-
ing their way to target tissues. Blood trypomastigotes may be ingested by triatomines and trans-
formed to replicative epimastigotes in the vector’s midgut. Epimastigotes are also submitted to
oxidative species during hemoglobin catabolism; those that survive multiply and move to the
insect hindgut where they differentiate into infective metacyclic trypomastigotes [11,15–17].
Thus, the parasite is able to resist oxidative stress at different stages of its life cycle, suggesting a
high efficiency of its DNA repair machinery.

The Base Excision Repair (BER) pathway is one of the main DNA repair mechanisms in
other eukaryotes and in T. cruzi as well [18–23]. DNA glycosylases are enzymes involved in the
recognition of oxidative DNA damage and in the removal of oxidized bases, constituting the
first step of the BER pathway [24–26]. To date 11 different human DNA glycosylases have
been characterized [19] and six of them are related to oxidative DNA damage repair (OGG1,
NTH1, NEIL1, NEIL2, NEIL3 and MYH) [25,27]. In the T. cruzi genome there are four
sequences coding for DNA glycosylases related to repair of oxidized DNA bases: the homologs
of human NTH1, OGG1, MYH, and NEIL3. NTH1 protein has been described as a bifunc-
tional enzyme that recognizes and removes pyrimidine oxidized derivatives, and then catalyzes
the rupture of the DNA strand through an AP lyase activity [28–30]. To date, no studies have
been reported describing the presence and involvement of a NTH1 enzyme in T. cruzi DNA
repair. In the T. cruzi genome, a sequence orthologous to this enzyme (TcNTH1) is present.
This sequence was cloned in an Escherichia coli expression vector and the recombinant
TcNTH1 was purified in denaturing and in native conditions. Mice were immunized with the
denatured purified protein and the obtained antibody was used to identify the TcNTH1
enzyme in the three cellular forms of T. cruzi. A TcNTH1-GFP fusion protein was localized in
the parasite nucleus. For activity assays native enzyme purified from bacteria and from recom-
binant epimastigotes were incubated with labeled oligonucleotide probes presenting an oxi-
dized base (thymine glycol) or an apurinic/apyrimidinic site (AP site), as substrates. TcNTH1
enzyme does not remove the thymine glycol base, but catalyzes the cleavage of the probe show-
ing an AP site. The same activity was found in epimastigotes and trypomastigotes homogenates
suggesting that the BER pathway is not involved in thymine glycol DNA repair. The absence of
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a thymine glycol removing function was also suggested by in silico assays of TcNTH1 DNA-
binding properties.

Over expression of TcNTH1 does not modify parasite viability when TcNTH1 transfected
epimastigotes are exposed to H2O2 for 30 minutes. However, parasite survival is decreased
when those parasites are submitted to a sustained production of H2O2.

Therefore, TcNTH1 is the only NTH1 orthologous unable to eliminate thymine glycol
derivatives but that recognizes and cuts an AP site, most probably by a beta-elimination
mechanism.

2. Material and Methods
All animal experiments were carried out in accordance with Chilean law and approved by the
Animal Experimental Committee at the Faculty of Medicine, Universidad de Chile.

Work with Trypanosoma cruzi cell lines was performed with the approval of the Biosafety
Committee, Faculty of Medicine, University of Chile and following national (Bioseguridad 1ra
edición, 1994, Comisión Nacional de Investigación Científica y Tecnológica, CONICYT, Chile)
and international (Manual de Bioseguridad en Laboratorios, OMS, Ginebra 2005) guidelines.

H9C2 (2–1) cardiomyocyte cell line was obtained from ATCC CRL-1446 (Rattus norvegicus)

2.1 Parasite culture
T. cruzi epimastigotes (Y strain) were cultivated at 28°C in LIT medium (Liver Infusion Tryp-
tose: 5 g/L liver extract, 3.97 g/L NaCl; 0.395 g/L KCl;3.12 g/L HPO4Na2, 2 g/L glucose; [31]
supplemented with 10% fetal bovine serum (FBS), 20 μg/ml hemin, 100 U/ml penicillin and
100 μg/ml streptomycin. Trypomastigotes and amastigotes parasite forms were obtained from
infected H9C2 (2–1) cardiomyocyte cell cultures (ATCC CRL-1446, Rattus norvegicus rat)
maintained in DMEM supplemented with 10% active FBS at 37°C in 5% CO2 as described for
RAW cells [23].

2.2 Preparation of a TcNTH1 polyclonal antibody
The Tcnth1DNA coding sequence was amplified from genomic T. cruzi DNA by PCR using
Platinum Taq High Fidelity polymerase (Invitrogen) and the primers forward (5’-CGGGATC
CATGAAGAAGCATGCGTTC-3’) and reverse (5’-CCCAAGCTTTCACCGGGTATCGAC
AT-3’). Those primers present restriction sites for BamHI andHindIII enzymes in the sense
and in the antisense sequences, respectively. The restriction digestion created cohesive ends for
oriented ligation into the plasmid expression vector pQE-80L (Qiagen Inc., Valencia, CA).
Recombinant plasmid was transformed into competent Escherichia coli BL21 (DE3) pLys S.
Synthesis of recombinant His-TcNTH1 protein was induced with 1 mM IPTG and its identity
was confirmed by mass spectrometry (MALDI-TOF). The resulting fusion protein, carrying an
N-terminal 6xHis-tag sequence, was purified under denaturing conditions in a Ni-NTA (Invi-
trogen) resin column, following the manufacturer’s recommendations and used to immunize
Mus musculus females [32].

2.3 TcNTH1 identification in T. cruzi cellular forms
TcNTH1 DNA glycosylase was identified by western blot assays in epimastigotes, amastigotes
and trypomastigotes protein extracts using the specific mouse anti-TcNTH1 polyclonal anti-
body (see above). Briefly, parasite protein extracts were separated by electrophoresis in 15%
acrylamide gels. Afterwards, proteins were transferred to nitrocellulose membranes and incu-
bated with 5% bovine serum albumin (BSA) in PBS 0.05% Tween-20 at 4°C overnight.
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Subsequently, membranes were incubated for 2 h with the anti-TcNTH1 antibody in a 1:2000
v/v dilution in 1%BSA in PBS 0.05% Tween-20 at room temperature and afterwards with a sec-
ondary goat anti-mouse antibody coupled to horseradish peroxidase (HRP, Jackson Immuno
Research Laboratories, Inc). Results were visualized by chemiluminescence. Identification of α-
tubulin with a specific mouse monoclonal antibody (Sigma, cat n° T-5168) in a 1:10.000 v/v
dilution in 1%BSA in PBS 0.05% Tween-20 was used as load control.

2.4 TcNTH1 pTREX plasmid constructions
Tcnth1 DNA coding sequences were amplified by PCR and inserted in pTREX and
pTREX-GFP vectors [33]. Fusion proteins with an 8 histidine Tag in the N-terminal or with
the green fluorescent protein Tag (GFP) in the C-terminal region respectively, were produced.
The primers used for His-TcNTH1 generation (pTREX vector) were: sense 5’-GCTCTAGAA
TGCACCATCACCATCACCATCACCATATGAAGAAGCATGCGTTCAAGC-3’ (which
incorporates a sequence for 8xHis-tag) and antisense 5’-GCTCTAGATCACCGGGTATCGAC
ATCTTC-3’. Both primers present restriction sites for XbaI enzyme. On the other hand, the
primers used for TcNTH1-GFP generation (pTREX-GFP vector) were: sense 5’-GCTCTAGAA
TGAAGAAGCATGCGTTCAAGC-3’ and antisense 5’-CCCAAGCTTCCGGGTATCGACAT
CTTCGAT-3’. These primers present restriction sites for XbaI in the sense and for HindIII in
the antisense sequences. The correct insertion of Tcnth1 DNA sequence in each plasmid was
confirmed by PCR, enzymatic digestion and automatic DNA sequencing (data not shown).

2.5 Transfection and overexpression of His-TcNTH1 and TcNTH1-GFP
in T. cruzi epimastigotes
Epimastigotes in the exponential phase of growth were electroporated with pTREX-his-Tcnth1
or pTREX-Tcnth1-gfp constructs and with pTREX-empty and pTREX-gfp control vectors.
Briefly, parasites were washed in sterile PBS and resuspended in electroporation buffer (120
mM KCl, 0.15 mM CaCl, 10 mM K2HPO4, 25 mMHepes, 2 mM EDTA, 5 mMMgCl2, pH
7.6). Afterwards 4x107 parasites were separately incubated with 50–100 μg of each plasmid.
The electroporation was performed at 0.3 kV and 500 μF in two pulses separated by 30 seconds
maintaining the parasites on ice. Transfected epimastigotes were immediately transferred to
20% FBS LIT medium and, after 24 h, 250 μg/ml of G418 antibiotic was added and the antibi-
otic concentration was increased to 500 μg/ml at 72 h.

2.6 TcNTH1 recombinant protein generation
Recombinant TcNTH1 proteins were generated in transformed pQE80L-his-Tcnth1 E. coli
cells and in transfected pTREX-his-Tcnth1 T. cruzi epimastigotes as described above. Both
recombinant proteins were purified from bacteria or from epimastigote protein homogenates
by affinity chromatography using a HisPur Ni-NTA resin (Thermo Scientific) in native condi-
tions, following the manufacturer’s recommendations.

2.7 DNA glycosylase activity assay
The bifunctional DNA glycosylase activity of the purified native recombinant TcNTH1 from
E. coli and from T. cruzi epimastigotes as well as from epimastigote and trypomastigote
homogenates was determined using a 32 mer synthetic DNA oligonucleotide containing a thy-
mine glycol residue at position 18 (5’-CCGGTGCATGACACTGT(Tg)ACCTATCCTCAGC
G-3’; where Tg indicates thymine glycol). This oligo was labeled at the 5’ end with [γ-32P]ATP
(3x103Ci/mmol, 20 μCi per 40 pmol of substrate) using the DNA 5’ End Labeling System kit
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(Promega) and then hybridized with unlabeled complementary oligonucleotide (5’-CGCTGA
GGATAGGT(A/G)ACAGTGTCATGCACCGG-3’). We used adenine or guanine (A/G) for
pairing with the thymine glycol residue. Afterwards, 1μg of TcNTH1 native recombinant pro-
tein was incubated with 2 pg of the oligo substrate in Endonuclease III (Endo III) buffer solu-
tion (New England Biolabs, 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 1 mMDTT) for 1 h at
37°C. To inactivate the enzyme, samples were heated at 75°C for 10 min and one volume of
formamide loading buffer (96% v/v formamide, 20 mM EDTA, 5 mM Tris pH 7.5, xylene cya-
nol 0.05% p/v, bromophenol blue 0.05% p/v) was added. After heating at 95°C for 5 min the
samples were electrophoretically separated in denaturing 6M Urea-20% acrylamide gels.
Labeled oligos were detected using a phosphorimager device (BioRad). As a negative control
the untreated oligo was used. As positive control, the oligo was incubated with 1U Endo III
(E. coli NTH1, New England Biolabs) in an Endo III buffer solution. A bifunctional DNA gly-
cosylase activity should generate a radioactive labeled 17 mer fragment.

The monofunctional DNA glycosylase activity of the purified recombinant TcNTH1 from
E. coli and from T. cruzi epimastigotes was also determined using the same oligo substrate as
above. For this purpose, recombinant TcNTH1 protein was coincubated with 100 ng of puri-
fied recombinant TcAP1 T. cruzi AP endonuclease (previously generated in our lab, [23]). A
monofunctional TcNTH1 DNA glycosylase activity should generate an AP site without DNA
cleavage. This AP site is substrate for TcAP1 DNA cleavage that generates a radioactive labeled
17 mer fragment.

2.8 AP endonuclease activity assay
To determine the TcNTH1 AP endonuclease activity a 25 mer synthetic DNA oligonucleotide
with a uracil at position 8 (5’-CCGCTAGUGGGTACCGAGCTCGAAT-3’) was labeled at the
5’ end with [γ-32P]ATP (3x103Ci/mmol, 20 μCi per 40 pmol of substrate) using the DNA 5’
End Labeling System kit (Promega). This oligo was then hybridized with an unlabeled comple-
mentary oligonucleotide and incubated with 1 U of an E. coli uracil-DNA-glycosilase (New
England Biolabs) to generate an AP site (oligo AP). 1 μg of purified TcNTH1 native recombi-
nant protein (from both recombinant E. coli and recombinant epimastigotes) was incubated
with 2 pg of the oligo AP in BER buffer solution (50 mMHepes KOH pH7.8, 0.36% p/v BSA,
70 mM KCl, 5 mMMgCl2 and 0.5 mM DTT) for 1 h at 37°C. To inactivate the enzyme, sam-
ples were heated at 75°C for 10 min and one volume of formamide loading buffer (96% v/v
formamide, 20 mM EDTA, 5 mM Tris pH 7.5, xylene cyanol 0.05% p/v, bromophenol blue
0.05% p/v) was added. After heating at 95°C for 5 min the samples were electrophoretically
separated in denaturing 6M Urea-20% acrylamide gels. Labeled oligos were detected using a
phosphorimager device (BioRad). As a negative control the untreated oligo AP was used. As
positive control, the oligo AP was incubated with 1U Endo III (E. coli NTH1, New England
Biolabs), or with 2U Exonuclease III (Exo III, E. coli AP endonuclease, New England Biolabs)
or with 1 μg of purified recombinant TcAP1 T. cruzi AP endonuclease. An AP endonuclease
activity should generate a radioactive labeled 7 mer fragment. A densitometric analysis of
bands was performed using the Quantity One (Bio Rad) version 4.6.3 program.

2.9 In silico structural assessment of TcNTH1
Comparative modeling techniques were employed to enable the structural assessment of
TcNTH1 and its DNA-binding properties. Structural models were generated by Modeller 9.12
[34] based on the previously published structure of Geobacillus stearothermophilus Endonucle-
ase III (PDB 1P59), bound to a dideoxyribose-containing DNA molecule. The pairwise
sequence alignment between TcNTH1 and 1P59 was constructed by Promals3D [35] and
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assessed to ensure the correct alignment of important residues. One hundred candidate struc-
tures were generated for TcNTH1 and further evaluated regarding a combination of their ste-
reochemical properties and energy profiles, provided by Procheck [36] and ProSA [37],
respectively. More details of this protocol are described on a previous article [38].

Molecular docking calculations were performed by the Haddock web server [39] on the
guru interface. Active residues were defined based on the report by Fromme and Verdine [40]
regarding the G. stearothermophilus protein. Passive residues were automatically defined as all
residues within a 6.5 Å radius of active residues. Both active and passive residues were set for
the dynamical assessment of the protein-DNA binding. The DNA molecule used for docking
calculations was generated by 3D-DART [41] based on the molecule crystallized with the G.
stearothermophilus Endonuclease III. All structures were visualized and assessed with Pymol
[42].

2.10 Expression and subcellular location of TcNTH1-GFP fusion protein
in transfected epimastigotes
TcNTH1-GFP fusion protein presence was detected in transfected epimastigotes homogenates
by western blot assays using an anti-GFP antibody.

Subcellular location of TcNTH1-GFP was assayed by immunodetection of GFP on trans-
fected parasites smears fixed in 70% ice methanol for 30 min. Following fixation, samples were
treated with blocking solution (BSA 1% p/v, saponine 0.1%v/v, calf serum 3% v/v in PBS) for 2
h at 37°C and incubated overnight at 4°C with a monoclonal anti-GFP antibody (Thermo Sci-
entific). Samples were then washed and incubated with a secondary antibody conjugated to
Alexa 488 fluorochrome (Molecular Probes). Nuclear and kinetoplastid DNA were labeled
with 4',6-diamidino-2-phenylindole (DAPI). Samples were evaluated by fluorescence micros-
copy observation using a 430±20 nm and a 520±20 nm filters for blue and green fluorescence,
respectively. Photographs were processed computationally to determine the overlap of DAPI
(pseudocolor red) and Alexa fluor 488 (green).

2.11 Viability assay of transfected epimastigotes exposed to H2O2

Viability of T. cruzi epimastigotes overexpressing His-TcNTH1 and exposed to H2O2 was eval-
uated by the AlamarBlue (Invitrogen) [43,44] and by the MTT (Sigma) [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide] assays. 12x106 parasites/ml were incubated for
30 min with different concentrations of H2O2 (250, 500 or 1000 μM; Sigma) in LIT culture
medium at 28°C. The parasites were then washed once with PBS and incubated with fresh
medium for 4 h. Subsequently, parasites were resuspended in Grace’s medium and 100 μl
aliquots were incubated with 10 μl of AlamarBlue reagent or with 10 μl of a MTT solution
(5 mg/ml MTT plus 0.22 mg/ml phenazine metosulfate) in 96 well plates. For AlamarBlue,
after additional incubation for 4 hrs at 28°C fluorescence in each well was measured at 560/590
excitation/emission (VarioskanTM Flash Multimode Reader, Thermo Scientific). For the MTT
assay, after an additional incubation for 4 h, the generated water insoluble formazan dye was
dissolved in 100 μl of 10% w/v SDS/0.01M HCl. Optical density (OD) in each well was deter-
mined using a microplate reader (Multiskan FC, Thermo Scientific) at 570 nm. To generate
sustained oxidative conditions, 20x106 parasites were incubated for 24 h in the presence of
5mM glucose plus 50, 75 and 100mU glucose oxidase from Aspergillus niger (Sigma) at 28°C.
These conditions generate a 45–65mMH2O2 concentration as measured by the Amplex Red
Hydrogen/Peroxide/Peroxidase kit (Invitrogen). Parasites were then washed and their viability
was evaluated by the AlamarBlue assay as described above.
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2.12 Statistical analysis
Statistical analyses were performed using the GraphPad Prism 5.0 program. All experiments
were done in triplicate and results correspond to means ± SEM from at least three independent
experiments. Significant data differences were analyzed applying the two-way ANOVA with
Bonferroni posttest.

3. Results

3.1 Identification and characterization of the TcNTH1 deduced protein
An orthologous DNA coding sequence for a TcNTH1 DNA glycosylase protein (756 bp, Gene-
Bank accession number 71412347) was detected in the T. cruzi genome corresponding to
Homo sapiens NTH1 (GeneBank accession number U79718) and E. coli Endo III (GeneBank
accession number AIFA01000047, locus tag ECDEC2A_2057). This gene was amplified from
genomic T. cruzi DNA by PCR and inserted in a pGEM-T easy plasmid (data not shown). The
deduced amino acid sequence codes for 251 residues with a predicted protein of 28.1 kDa and
an isoelectric point of 9.51. Fig 1A shows a multiple deduced amino acid sequences alignment
of T. cruzi TcNTH1 with E. coli Endo III, the crystallized Endo III from Geobacillus stearother-
mophilus (GeneBank accession number 1P59_A; [40]), Homo sapiens NTH1, Schizosaccharo-
myces cerevisiae Ntg1p (GeneBank accession number AJO92518.1) and Leishmania infantum
Endo III (GeneBank accession number XP_001463464.1). TcNTH1 amino acid identity was
31.6% with E. coli Endo III, 28.5% with G. stearothermophilus Endo III, 47.5% withH. sapiens
NTH1, 38.8% with S. cerevisiae Ntg1p and 59.3% with L. infantum NTH1.

Key catalytic amino acids specific of all DNA glycosylases [40,45] and cysteines that bind
(4Fe-4S)2+ [40] present in E. coli, G. stearothermophilus,H. sapiens and L. infantum are fully
conserved in the amino acid sequences of the enzymes depicted in Fig 1A, including TcNTH1
(boxed and arrowheads, respectively). Additionally, specific DNA glycosylases residues known
to be located in the pocket that detects oxidative bases (in grey, [40]), residues that participate
in DNA recognition and binding (in black, [40]) and residues involved in the helix-loop-helix
motif (upper lined, [40,45,46]) are partially conserved (Fig 1). Therefore, TcNTH1 present
sequence features that are expected for a canonic DNA glycosylase. A cladogram constructed
considering the derived amino acid sequences of all NTH1 enzymes depicted in Fig 1A shows a
close evolutive relationship between TcNTH1 and L. infantum NTH1 (Fig 1B).

3.2 TcNTH1 is expressed in the three T. cruzi cellular forms
The recombinant TcNTH1 protein was expressed in bacteria and purified under denaturing
conditions. Amino acid sequencing of this protein corresponds to a correct expression of the
recombinant protein in E. coli as analyzed by MALDI-TOF (data not shown). Polyclonal anti-
bodies prepared in mice with that recombinant protein specifically identified the purified
recombinant TcNTH1 (Fig 2A, lane 1) as well as a protein of similar mass in homogenates of
TcNTH1 expressing bacteria (Fig 2A, lane 2); this protein was absent in homogenates of non-
expressing bacteria (Fig 2A, lane 3) and in expressing bacteria probed with pre-immune serum
(data not shown). These results corroborate the antibody specificity.

Using previously described anti-TcNTH1 polyclonal antibodies, a protein of similar mass to
TcNTH1 purified from transformed bacteria (Fig 2B, lane 4) or the recombinant TcNTH1
overexpressed in transfected T. cruzi epimastigote (Fig 2B, lane 5) was identified in homoge-
nates from the two replicative parasite forms (epimastigotes, Fig 2B, lane 1 and amastigotes,
Fig 2B, lane 3) as well as in the non-replicative, infective trypomastigotes (Fig 2B, lane 2). The
antiHIS antibody did not detect TcNTH1 in parasite cell homogenates (Fig 2C, lanes 1, 2 and
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3) but recognized the recombinant TcNTH1 purified from transformed bacteria (Fig 2C, lane
4) or the recombinant TcNTH1 overexpressed in transfected T. cruzi epimastigote (Fig 2C,
lane 5). In Fig 2D, lanes 1, 2 and 3, an alpha-tubulin protein from T. cruzi epimastigote, trypo-
mastigote and amastigote homogenates were immunodetected as loading control.

3.3 TcNTH1 does not present mono nor bifunctional DNA glycosylase
activities but an AP endonuclease activity
A TcNTH1 DNA glycosylase activity was assayed in the native recombinant TcNTH1 purified
from transformed bacteria or purified from transfected epimastigotes using the classic sub-
strate [47–49] for that enzyme (an oligonucleotide with a thymine glycol in its sequence). In
spite that the gene coding for this enzyme is present in the parasite genome, that its deduced
amino acid sequence presents all features expected for a canonic DNA glycosylase (Fig 1) and

Fig 1. Multiple amino acid sequences alignment (A) and deduced cladogram (B) of T. cruzi NTH1 with NTH1 from Escherichia coli,
Geobacillus stearothermophilus,Homo sapiens, Schizosaccharomyces cerevisiae and Leishmania infantum. (*) are identical residues match
and (“:” and “.”) are chemically similar residues. Black highlighted are the residues involved in DNA recognition and binding. Gray highlighted are the
residues that generates the lesion DNA base recognition pocket. Boxes are critical residues for catalysis. Arrow-heads (▼) are [4Fe-4S]2+ clusters
union residues. Overline indicates the helix-hairpin-helix (HhH) motif.

doi:10.1371/journal.pone.0157270.g001
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that it is expressed in all T. cruzi cellular forms (Fig 2B), no thymine glycol bifunctional DNA
glycosylase activity was found in the parasite recombinant purified enzymes (Fig 3A, lanes 3
and 4). Negative control oligonucleotide substrate alone (Fig 3A, lane 1) is not cleaved while
positive control oligonucleotide substrate incubated with E. coli Endo III (Fig 3, lane 2) pro-
duced the expected oligonucleotide cleavage. Same negative results were obtained when using
the following buffers: A. 40 mMHEPES-KOH pH 7.8, 70 mM KCl, 5 mMMgCl2, 0.5 mM
DTT, 2 mM ATP, 0.36 μg/μl BSA or B. 20 mMHEPES pH 8.0, 75 mM NaCl, 1 mM EDTA, 1
mMDTT, 100 μg/ml BSA, nor when using formamide or urea as denaturing gel conditions or
when extending the incubation time from 30 to 60 min.

Those results were unexpected considering that most NTH1 orthologous DNA glycosylases
are bifunctional [19,50]. To assay whether TcNTH1 is a monofunctional DNA glycosylase the
same thymine glycol labeled oligonucleotide used above was co-incubated with native purified
recombinant TcNTH1 enzyme and with a purified recombinant T. cruzi AP endonuclease
(TcAP1), previously obtained in our laboratory [23]. The absence of a 17 mer product (Fig 3B,
lane 3) confirms that TcNTH1 is not a monofunctional DNA glycosylase enzyme either. Fig
3B, lanes 1 and 2 are the negative and positive controls, respectively. Fig 3B, lane 4 shows the
oligonucleotide substrate incubated with native recombinant TcNTH1 purified from bacteria.
Fig 3B, lane 5 is the same substrate incubated with native recombinant TcAP1 purified from
transfected epimastigotes.

Finally, using the same substrate as above the DNA glycosylase activity was assayed in epi-
mastigote (Fig 3C, lane 3) and trypomastigote (Fig 3C, lane 4) homogenates. The absence of
oligonucleotide cleavage strongly suggests that T. cruzi does not process thymine glycol in

Fig 2. Expression of TcNTH1 DNA glycosylase in T. cruzi cellular forms. A: TcNTH1 polyclonal antibodies prepared in mice specifically
identifies a purified recombinant TcNTH1 (lane 1) and a TcNTH1 expressed in recombinant bacterial homogenates (lane 2). This protein was
not recognized in non-expressing bacteria (lane 3). B:Western blot detection of TcNTH1 in total protein homogenates from epimastigotes
(lane 1), trypomastigotes (lane 2) and amastigotes (lane 3). Lanes 4 and 5 correspond to TcNTH1 purified from transformed E. coli and to the
same protein from recombinant over-expressing T. cruzi epimastigote homogenate, respectively. C: Same as B but using an anti-HIS antibody.
D: Loading control for epimastigotes (lane 1), trypomastigotes (lane 2) and amastigotes (lane 3) using an alpha-tubulin antibody. All
electrophoretic separations were performed in 12%SDS-PAGE.

doi:10.1371/journal.pone.0157270.g002
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DNA by the BER pathway. Fig 3C, lanes 1 and 2 are the negative and positive controls,
respectively.

3.4 TcNTH1 shows an AP endonuclease/lyase activity
Considering the absence of a canonic TcNTH1 DNA glycosylase activity we investigated
whether this enzyme presented an AP endonuclease activity, specifically an AP lyase activity as
previously reported for NTH1 in other organisms [51]. For that purpose a 5´ end-labeled
25-mer oligonucleotide with an AP site was incubated with the recombinant TcNTH1 purified
under native conditions from both transformed bacteria and transfected epimastigotes. Fig 3D

Fig 3. TcNTH1 does not present mono nor bifunctional DNA glycosylase activities but an AP endonuclease activity. A, B and C: A [γ-32P]ATP
labeled 32 mer oligonucleotide containing a thymine glycol residue at position 18 incubated without enzyme (negative control, lane 1) or with E. coli Endo
III (bacterial NTH1, positive control, lane 2). A: Lanes 3 and 4, same oligo incubated with native TcNTH1 purified from transformed bacteria or purified from
transfected epimastigotes, respectively. B: Lane 3 same oligo co-incubated with native TcNTH1 purified from transformed bacteria and with native TcAP1
endonuclease. Lanes 4 and 5 same oligo incubated with native TcNTH1 purified from transformed bacteria or incubated with native TcAP1, respectively.
C: Lanes 3 and 4 same oligo incubated with epimastigote or trypomastigote homogenates, respectively. D: A [γ-32P]ATP labeled 25-mer oligonucleotide
with an AP site at position 8, was incubated with E. coli Endo III (AP lyase, positive control, lane 3), with native TcNTH1 purified from transformed bacteria
(lane 4) and with native TcNTH1 purified from transfected epimastigotes (lane 5). Lane 1 same oligo incubated without enzyme (negative control). Lanes 2
and 6 same oligo incubated with E. coli Exo III (canonic AP endonuclease, positive control) or with TcAP1 AP endonuclease, respectively. A densitometric
analysis of bands was performed using the Quantity One version 4.6.3 program (Bio Rad). S: substrate, P: product.

doi:10.1371/journal.pone.0157270.g003
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confirms that the activity of an E. coli Endo III (AP lyase positive control, lane 3) generates an
oligo product with a slightly lower mobility than the band generated by the E. coli Exo III (con-
trol, canonic AP endonuclease, lane 2). E. coli Endo III (bacterial NTH1 orthologous) was
reported to generate an oligo product with a 3' α,β-unsaturated aldehyde terminus [52,53].
That product presents a lower electrophoretic mobility than the canonic AP endonuclease
product (3’OH termini) which is considered to be generated by an AP lyase activity. The simi-
larity of the electrophoretic mobilities of bands generated in lanes 3 (positive AP lyase control),
4 (recombinant TcNTH1 purified from bacteria) and 5 (recombinant TcNTH1 purified from
epimastigotes) strongly suggest that the TcNTH1 enzyme presents an AP lyase activity, as
reported for orthologous enzymes in other organisms [30,53,54]. On the other hand as previ-
ously mentioned, AP endonuclease enzymes (E. coli Exo III, Fig 3D, lane 2 and recombinant T.
cruzi TcAP1, lane 6) generate the expected 7 mer product proper of a canonic AP endonuclease
activity (a 30‐hydroxyl termini). In Fig 3D, lane 1, a 25 mer oligonucleotide non treated sub-
strate (negative control) is shown; though about 50% of the AP oligo substrate is uncleaved, a 7
mer band, reported as product of AP oligo lability [55] is observed. The densitometric analysis
of bands demonstrates differences between lanes 1 and 5 in Fig 3D. Clearly, recombinant
TcNTH1 AP endonuclease obtained under native conditions from transfected epimastigotes
presents enzymatic activity (enzyme cuts ±80% of substrate). In addition, the native recombi-
nant TcNTH1 enzyme obtained from bacteria, cuts 96% of the substrate (Fig 3, lane 4), con-
firming the AP endonuclease activity of the TcNTH1 enzyme.

3.5 In silico characterization of TcNTH1 reveals an unusual DNA-binding
pattern
According to BLAST results [56], the chosen structural template, 1P59, presents the higher
query coverage among candidates, 81%, an e-value of 1e-21 and a similarity percentage of
nearly 50% when compared with TcNTH1. The best ranked candidate structure presents
94.6% of its residues on the most favored region (the best reported percentage) of the Rama-
chandran plot and a ProSA z-score of -8.38 (on the top 10 best rated structures), the combina-
tion of these results representing the best quality for a candidate. Haddock has clustered 170
structures in 12 structural clusters, being the best ranked cluster also the one in which struc-
tures more closely resemble the native-like 1P59 protein-DNA complex structure. The electro-
static energy of the chosen TcNTH1-DNA complex is of -668.7 on average. The protein-DNA
binding configuration for the TcNTH1 complex generated in silico closely resembles the crys-
tallized G. stearothermophilus Endonuclease III (Fig 4A). Analyses of both catalytic sites sug-
gest important differences in the position of amino acids, which could account for the lack of
TcNTH1 DNA glycosylase activity on thymine glycol substrates (Fig 4B). The presence of resi-
dues within TcNTH1 lesion recognition center may impair its interaction with the damaged
base, differently from G. stearothermophilus Endonuclease III.

3.6 A TcNTH1-GFP fusion protein expressed in T. cruzi epimastigotes is
located in the parasite nuclei
A TcNTH1-GFP fusion protein overexpressed in transfected epimastigotes was detected by
western blot assay in parasite homogenates using an anti-GFP antibody (Fig 5A, lane 2, arrow).
GFP was detected in control epimastigotes transfected with empty vector (Fig 5A, lane 1,
arrowhead). TcNTH1-GFP protein was found in the parasite nucleus (Fig 5B, upper row).
DAPI/TcNTH1-GFP merge demonstrate an absence of this enzyme in the T. cruzi kinetoplast
(Fig 5B, upper row). Control epimastigotes transfected with empty vector show GFP evenly
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Fig 4. The catalytic residues disposition and its effects on lesion recognition by TcNTH1. A: Protein-DNA complexes ofG. stearothermophilus
Endonuclease III (PDB 1P59, cyan) as determined by X-ray crystallography and TcNTH1 from T. cruzi (magenta) as determined by molecular docking.
Only protein backbones are shown.B: The same protein-DNA complexes in a different view and depicting the protein surface. Structurally divergent
residues are labeled to suggest regions of interest for further analyses. The DNA-interacting region is circulated and the lesion site is shown inside the
rectangle. The DNAmolecule represented is from 1P59, which is in a similar position when compared to the TcNTH1-DNA complex, as shown in A.

doi:10.1371/journal.pone.0157270.g004
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distributed in cytoplasm granules (Fig 5B, lower row). TcNTH1 remains in the parasite nucleus
even after incubation with oxidative agents (data not shown).

3.7 TcNTH1 overexpression decreases parasite survival when
submitted to sustained oxidative stress
Transfected epimastigotes overexpressing TcNTH1 maintained in the exponential phase of
growth were treated for 30 min with increasing H2O2 concentrations. Afterwards parasites
were incubated for 4h in fresh SFB supplemented medium to allow DNA repair [21] and their
viability was measured by the AlamarBlue (Fig 6A) and the MTT (data not shown) assays.
Overexpression of the TcNTH1 enzyme does not modify epimastigote viability when parasites
are submitted to acute oxidative stress. On the contrary, parasite survival is decreased when

Fig 5. TcNTH1-GFP fusion protein is located in T. cruzi epimastigote nucleus. A: TcNTH1-GFP fusion protein was detected in
homogenates from transfected epimastigotes by western blot assay using an anti-GFP antibody. Lane 1, GFP control protein,
arrowhead. Lane 2, TcNTH1-GFP fusion protein, arrow. B: TcNTH1-GFP (upper row) and control GFP (lower row) proteins were
detected in fixed transfected T. cruzi epimastigotes using an anti-GFP antibody and an anti-mouse secondary antibody conjugated to
Alexa 488. DAPI was used for DNA detection. For merge DAPI was applied in red pseudo color. Arrows: nucleus; Arrowheads:
kinetoplast. Bars 10 μm.

doi:10.1371/journal.pone.0157270.g005
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TcNTH1 transfected T. cruzi epimatigotes are submitted to a sustained production of H2O2

(Fig 6B).

4. Discussion
T. cruzi is a flagellate protozoan from the Kinetoplastida order and Trypanosomatidae family.
The Kinetoplastida order is proposed to be one of the oldest in the eukaryote phylogenetic tree,
presenting an unusual expanded mitochondrium containing 15 to 30% of the cellular DNA
and different cellular forms through their life cycle [57,58]. Trypanosomatids are further char-
acterized by presenting other unique biological features, among others absence of chromatin
condensation during mitosis, polycistronic mRNA synthesis, nuclear trans-splicing and mito-
chondrial mRNA editing [59–63]. T. cruzi is a diploid organism [64,65] and according to geno-
mic analysis and synteny maps the number of chromosomes varies across different strains
[66], but is stable during the parasite cell cycle [67].

Although all cellular forms of T. cruzi are exposed to both oxygen and nitrogen reactive spe-
cies the parasite is able to survive in its hosts [11,13,14,16,68] in spite that the hostile environ-
ment induces DNA damage [21]. From the many mechanisms of DNA repair the BER
pathway is known to be present and active in T. cruzi [18,21,23,69]. In this pathway there are
several steps that are initiated by DNA glycosylases, followed by AP endonucleases, DNA poly-
merases and DNA ligases [19,27]. Some DNA glycosylases and two AP endonucleases were
previously described in T. cruzi [22,23,70,71]. We hereby report the presence and activity of a
NTH1 DNA glycosylase in T. cruzi (TcNTH1). In other eukaryoyes NTH1 was found to be
important for the detection and excision of oxidized pyrimidines as an initiation step of the
BER pathway [49,72–74].

Endo III NTH1 DNA glycosylase was discovered, purified and characterized in E. coli, being
considered as an endonucleolytic enzyme [75]. DNA sequences showing homology regions
with that enzyme were found in diverse organisms from Bacteria, Archea and Eukarya [76]. In
HeLa cells NTH1 was located in nucleus and cytoplasm though in other cells it was mainly
concentrated in the nucleus [51,72]. In Trypanosomatid sequences encoding for Endonuclease

Fig 6. Viability of TcNTH1 transfected epimastigotes submitted to oxidative stress. TcNTH1 overexpressing epimastigotes and its control
(parasites transfected with empty vector) were treated for 30 min with different H2O2 initial concentrations (A) or with a glucose-glucose oxidase
system producing sustained H2O2 concentrations for 24 hours (B). Viability was determined by AlamarBlue assays. *p value: 0,01

doi:10.1371/journal.pone.0157270.g006
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III orthologous were described in Leishmania infantum, Leishmania major, Trypanosoma bru-
cei and T. cruzi [77].

Using a specific polyclonal antibody a TcNTH1 was identified in the three cellular forms
of T. cruzi, showing a molecular mass of approximately 37 kDa, which is in the range of
NTH1 from other organisms [49,51,78–83]. This result suggests that the enzyme is constitu-
tively expressed, its presence non-depending upon the proliferative or non-proliferative or
differentiate stages of the parasite. Considering the permanent exposure to oxidative species
generated by the parasite itself or as a defense mechanism by its hosts the constitutive charac-
ter of this enzyme is also in accordance with its proposed role in DNA repair [11,13,16,21,
23,84].

Though E. coli NTH1 was considered an endonuclease [75], it works by a ß-elimination
mechanism generating a product that is not recognized by a DNA polymerase [53]. At present,
E. coli NTH1 is described as a bifunctional enzyme presenting both DNA glycosylase and AP
lyase activities, recognizing and eliminating a wide variety of pyrymidine oxidative derivates
and generating a 3’α,ß-non-saturated aldehide [47,53,85–88].

The enzymatic activity of TcNTH1 was assayed using a [γ-32P]ATP labeled oligo with a thy-
mine glycol (Tg) paired to either adenine or guanine. If TcNTH1 is a bifunctional enzyme it
should eliminate Tg and cut the oligo used as substrate. However, TcNTH1 purified from
transformed bacteria as well as TcNTH1 purified from transfected epimastigotes did not cut
the Tg oligo (see Fig 3A). This result is unexpected considering that NTH1 from other organ-
isms such as S. pombe, C. elegans,M.musculus, and H. sapiens present catalytic activity on oli-
gonucleotides with a Tg [29,49,51,79,83,89]. Moreover, human as well as C. elegans NTH1
present high catalytic specificity on Tg oligonucleotides, as the one used in our studies [48,49].

To assay whether TcNTH1 is a monofunctional DNA glycosylase the same Tg labeled oligo-
nucleotide used above was co-incubated with a native purified recombinant TcNTH1 enzyme
and a native purified recombinant T. cruzi AP endonuclease (TcAP1), previously obtained in
our laboratory [23]. Results confirm that, under those experimental conditions, TcNTH1 is not
a monofunctional DNA glycosylase enzyme either. In our knowledge, T. cruzi is the first organ-
ism showing a NTH1 orthologous that does not processes a thymine glycol substrate. Moreover
parasite homogenates were not able to process the Tg oligonucleotide either. These unexpected
results suggest that in T. cruzi the BER pathway is not involved in the thymine glycol elimina-
tion leading to DNA repair. However, we cannot discard that DNA base lesions other than Tg
may be processed by TcNTH1.

Along evolution the oxidation of thymine to thymine glycol upon oxidative DNA damage is
almost universal and the presence of this modified base in DNA impairs replication [90] and in
some cases transcription [91,92]. Therefore, this oxidative DNA lesion should be repaired. As
the T. cruzi DNA repair BER pathway does not present the capacity of repairing those lesions,
our results point to some other mechanism for Tg elimination in T. cruzi, such as the NER
(nucleotide excision repair) pathway, as proposed for other organisms [92]. However, we can-
not evaluate whether the NER pathway processes Tg in DNA by incubation of our substrate
with T. cruzi homogenates considering that a much longer substrate is needed for the NER
DNA repair mechanism to proceed [93,94].

The fact that TcNTH1 does not eliminate thymine glycol from DNA cannot be explained by
the absence or alteration of amino acids from sites required for its catalytic function, since
amino acid residues that participate both in the DNA binding and catalysis are reasonably well
conserved (See Fig 1). Based on the in silico-generated TcNTH1 protein-DNA complex we
have investigated the DNA-binding properties of the T. cruzi protein. As a striking feature, we
observed the position of some TcNTH1 residues to be significantly divergent from their coun-
terparts in the 1P59 structure, increasing the active site occupancy and likely precluding the
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correct positioning of thymine glycol (Fig 4). This would suggest a better recognition of the
DNA lesion by the G. stearothermophilus protein in comparison to TcNTH1, thus corroborat-
ing the observed absence of a thymine glycol removing function.

Interestingly, TcNTH1 presented an AP endonuclease activity, specifically an AP lyase
activity as previously reported in other organisms [29,49,51]. The native recombinant
TcNTH1 enzymes purified from bacteria or from the parasite were incubated with a 25 mer
substrate presenting an apurinic-apyrimidinic site. Interestingly, this substrate was cut by both
enzymes as well as by E. coli Exo III, E. coli Endo III and the T. cruzi endonuclease TcAP1, used
as controls. However, while Exo III and TcAP1 produced the expected 7 mer oligo, the product
obtained with the recombinant TcNTH1 purified from bacteria or recombinant TcNTH1 puri-
fied from T. cruzi presented a lower electrophoretic mobility that is similar to the product
obtained with E. coli Endo III (see Fig 3D). Considering that E. coli Endo III is a bifunctional
enzyme that functions by ß-elimination [85] while Exo III is an endonuclease with hydrolytic
action on the phosphodiester linkage [95], our results suggest that TcNTH1 is an AP endonu-
clease presenting an AP lyase activity.

All along evolution AP lyase activity of the BER pathway is observed in the nucleus mainly
as a result of DNA-polymerase beta activity. Contrarily, in T. cruzi two beta-polymerases were
described, both as mitochondrial enzymes [96]. Taking this into account, TcNTH1 may be
responsible of AP lyase activity in the T. cruzi nuclei. This is in agreement with the nuclear
location of the TcNTH1 in this parasite.

The fact that transfected parasites over-expressing TcNTH1 do not modify their viability
when exposed for a short time to H2O2, as compared with parasites transfected with empty vec-
tor, suggests that the endogenous enzyme is sufficient to maintain DNA integrity under those
conditions. However, a sustained exposure of TcNTH1 over-expressing parasites to H2O2

decreases their viability. A similar result was observed when TcOGG1 overexpressing parasites
were exposed to H2O2 for extended periods [22]. These results may be explained considering
that an overexpression of DNA glycosylases in different eukaryotic cells may induce AP sites
and strand breaks in DNA [97,98] in a time depending manner, such as a glucose-glucose oxi-
dase incubation for 24h, thus decreasing parasite viability.

Our results point to the expression of an active NTH1 DNA glycosylase in T. cruzi that
shows enzymatic features different from those reported for recent eukaryotes. Accordingly,
other DNA repair mechanism should be expected leading to eliminate thymine glycol from
oxidized parasite DNA. Furthermore, TcNTH1 may play a role in the AP site recognition and
processing.

Acknowledgments
We thank Dr. Ulf Hellman and Dr. Ulla Engstrom, Ludwig Institute for Cancer Research,
Box 595, SE – 751 24, Uppsala, Sweden, for the amino acid sequencing of the recombinant
TcNTH1 protein expressed in E. coli. Financed by FONDECYT (Chile) Grant N° 1130113 (to
NG); FONDECYT (Chile) Grant 1120230 (to UK); ERANET-LAC grant ELAC2014/HID-
0328 (to NG and UK); CNPq (Brazil) Grant N° 444334/2014-9 (to CRM); and FAPEMIG (Bra-
zil) Grant N° APQ-00827-15 and APQ-02308-13 (to CRM).

Author Contributions
Conceived and designed the experiments: GC NG. Performed the experiments: FO CB SR IP
LV SS MB UK. Analyzed the data: GC NG CM. Contributed reagents/materials/analysis tools:
GC NG. Wrote the paper: GC NG CM.

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 16 / 21



References
1. Chagas C (1909) Nova tripanozomiaze humana: estudos sobre a morfolojia e o ciclo evolutivo do Schi-

zotrypanum cruzi n. gen., n. sp., ajente etiolojico de nova entidade morbida do homem. Memórias do
Instituto Oswaldo Cruz 1: 159–218.

2. WHOWHO (2015) Chagas disease (American trypanosomiasis).

3. Sarkar S, Strutz SE, Frank DM, Rivaldi CL, Sissel B, et al. (2010) Chagas disease risk in Texas. PLOS
Negl Trop Dis 4.

4. Bern C, Montgomery SP (2009) An estimate of the burden of Chagas disease in the United States. Clin
Infect Dis 49: e52–54. doi: 10.1086/605091 PMID: 19640226

5. Schmunis GA, Yadon ZE (2010) Chagas disease: a Latin American health problem becoming a world
health problem. Acta Trop 115: 14–21. doi: 10.1016/j.actatropica.2009.11.003 PMID: 19932071

6. Nunes MC, DonesW, Morillo CA, Encina JJ, Ribeiro AL, et al. (2013) Chagas disease: an overview of
clinical and epidemiological aspects. J Am Coll Cardiol 62: 767–776. doi: 10.1016/j.jacc.2013.05.046
PMID: 23770163

7. WHOWHO (2012) SecondWHO report on neglected tropical diseases.

8. Martin-Plaza J, Chatelain E (2015) Novel therapeutic approaches for neglected infectious diseases. J
Biomol Screen 20: 3–5. doi: 10.1177/1087057114559907 PMID: 25542923

9. Carvalho TM, De SouzaW, Coimbra ES (1999) Internalization of components of the host cell plasma
membrane during infection by Trypanosoma cruzi. Mem Inst Oswaldo Cruz 94 Suppl 1: 143–147.
PMID: 10677702

10. de SouzaW (2005) Microscopy and cytochemistry of the biogenesis of the parasitophorous vacuole.
Histochem Cell Biol 123: 1–18. PMID: 15685438

11. Piacenza L, Alvarez MN, Peluffo G, Radi R (2009) Fighting the oxidative assault: the Trypanosoma
cruzi journey to infection. Curr Opin Microbiol 12: 415–421. doi: 10.1016/j.mib.2009.06.011 PMID:
19616990

12. Munoz-Fernandez MA, Fernandez MA, Fresno M (1992) Activation of humanmacrophages for the kill-
ing of intracellular Trypanosoma cruzi by TNF-alpha and IFN-gamma through a nitric oxide-dependent
mechanism. Immunol Lett 33: 35–40. PMID: 1330900

13. Gupta S, Bhatia V, Wen JJ, Wu Y, Huang MH, et al. (2009) Trypanosoma cruzi infection disturbs mito-
chondrial membrane potential and ROS production rate in cardiomyocytes. Free Radic Biol Med 47:
1414–1421. doi: 10.1016/j.freeradbiomed.2009.08.008 PMID: 19686837

14. Gupta S, Wen J-J, Garg NJ (2009) Oxidative stress in Chagas disease. Interdisciplinary perspectives
on infectious diseases 2009.

15. Tyler KM, Engman DM (2001) The life cycle of Trypanosoma cruzi revisited. Int J Parasitol 31: 472–
481. PMID: 11334932

16. Graca-Souza AV, Maya-Monteiro C, Paiva-Silva GO, Braz GR, Paes MC, et al. (2006) Adaptations
against heme toxicity in blood-feeding arthropods. Insect BiochemMol Biol 36: 322–335. PMID:
16551546

17. Amino R, Martins RM, Procopio J, Hirata IY, Juliano MA, et al. (2002) Trialysin, a novel pore-forming
protein from saliva of hematophagous insects activated by limited proteolysis. J Biol Chem 277: 6207–
6213. PMID: 11751887

18. Passos-Silva DG, Rajao MA, Nascimento de Aguiar PH, Vieira-da-Rocha JP, Machado CR, et al.
(2010) Overview of DNA Repair in Trypanosoma cruzi, Trypanosoma brucei, and Leishmania major. J
Nucleic Acids 2010: 840768. doi: 10.4061/2010/840768 PMID: 20976268

19. Robertson AB, Klungland A, Rognes T, Leiros I (2009) DNA repair in mammalian cells: Base excision
repair: the long and short of it. Cell Mol Life Sci 66: 981–993. doi: 10.1007/s00018-009-8736-z PMID:
19153658

20. Krokan HE, Bjoras M (2013) Base excision repair. Cold Spring Harb Perspect Biol 5: a012583. doi: 10.
1101/cshperspect.a012583 PMID: 23545420

21. Cabrera G, Barria C, Fernandez C, Sepulveda S, Valenzuela L, et al. (2011) DNA repair BER pathway
inhibition increases cell death caused by oxidative DNA damage in Trypanosoma cruzi. J Cell Biochem
112: 2189–2199. doi: 10.1002/jcb.23138 PMID: 21480362

22. Furtado C, Kunrath-Lima M, Rajao MA, Mendes IC, de Moura MB, et al. (2012) Functional characteriza-
tion of 8-oxoguanine DNA glycosylase of Trypanosoma cruzi. PLOS One 7: e42484. doi: 10.1371/
journal.pone.0042484 PMID: 22876325

23. Sepúlveda S, Valenzuela L, Ponce I, Sierra S, Bahamondes P, et al. (2014) Expression, functionality,
and localization of apurinic/apyrimidinic endonucleases in replicative and non-replicative forms of Try-
panosoma cruzi. J Cell Biochem 115: 397–409. doi: 10.1002/jcb.24675 PMID: 24114998

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 17 / 21

http://dx.doi.org/10.1086/605091
http://www.ncbi.nlm.nih.gov/pubmed/19640226
http://dx.doi.org/10.1016/j.actatropica.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19932071
http://dx.doi.org/10.1016/j.jacc.2013.05.046
http://www.ncbi.nlm.nih.gov/pubmed/23770163
http://dx.doi.org/10.1177/1087057114559907
http://www.ncbi.nlm.nih.gov/pubmed/25542923
http://www.ncbi.nlm.nih.gov/pubmed/10677702
http://www.ncbi.nlm.nih.gov/pubmed/15685438
http://dx.doi.org/10.1016/j.mib.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19616990
http://www.ncbi.nlm.nih.gov/pubmed/1330900
http://dx.doi.org/10.1016/j.freeradbiomed.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19686837
http://www.ncbi.nlm.nih.gov/pubmed/11334932
http://www.ncbi.nlm.nih.gov/pubmed/16551546
http://www.ncbi.nlm.nih.gov/pubmed/11751887
http://dx.doi.org/10.4061/2010/840768
http://www.ncbi.nlm.nih.gov/pubmed/20976268
http://dx.doi.org/10.1007/s00018-009-8736-z
http://www.ncbi.nlm.nih.gov/pubmed/19153658
http://dx.doi.org/10.1101/cshperspect.a012583
http://dx.doi.org/10.1101/cshperspect.a012583
http://www.ncbi.nlm.nih.gov/pubmed/23545420
http://dx.doi.org/10.1002/jcb.23138
http://www.ncbi.nlm.nih.gov/pubmed/21480362
http://dx.doi.org/10.1371/journal.pone.0042484
http://dx.doi.org/10.1371/journal.pone.0042484
http://www.ncbi.nlm.nih.gov/pubmed/22876325
http://dx.doi.org/10.1002/jcb.24675
http://www.ncbi.nlm.nih.gov/pubmed/24114998


24. Lee AJ, Warshaw DM,Wallace SS (2014) Insights into the glycosylase search for damage from single-
molecule fluorescence microscopy. DNA Repair (Amst) 20: 23–31.

25. Wallace SS (2014) Base excision repair: a critical player in many games. DNA Repair (Amst) 19: 14–
26.

26. Wallace SS (2013) DNA glycosylases search for and remove oxidized DNA bases. Environ Mol Muta-
gen 54: 691–704. doi: 10.1002/em.21820 PMID: 24123395

27. Zharkov DO (2008) Base excision DNA repair. Cell Mol Life Sci 65: 1544–1565. doi: 10.1007/s00018-
008-7543-2 PMID: 18259689

28. Sugimoto T, Igawa E, Tanihigashi H, Matsubara M, Ide H, et al. (2005) Roles of base excision repair
enzymes Nth1p and Apn2p from Schizosaccharomyces pombe in processing alkylation and oxidative
DNA damage. DNA Repair (Amst) 4: 1270–1280.

29. Sarker AH, Ikeda S, Nakano H, Terato H, Ide H, et al. (1998) Cloning and characterization of a mouse
homologue (mNthl1) of Escherichia coli endonuclease III. J Mol Biol 282: 761–774. PMID: 9743625

30. Alseth I, Korvald H, Osman F, Seeberg E, Bjoras M (2004) A general role of the DNA glycosylase Nth1
in the abasic sites cleavage step of base excision repair in Schizosaccharomyces pombe. Nucleic
Acids Res 32: 5119–5125. PMID: 15452279

31. Camargo EP (1964) Growth and Differentiation in Trypanosoma Cruzi. I. Origin of Metacyclic Trypano-
somes in Liquid Media. Rev Inst Med Trop Sao Paulo 6: 93–100. PMID: 14177814

32. Harlow E, Lane D, Antibodies A (1988) A laboratory manual. New York: Cold Spring Harbor Labora-
tory: 579.

33. Vazquez MP, Levin MJ (1999) Functional analysis of the intergenic regions of TcP2beta gene loci
allowed the construction of an improved Trypanosoma cruzi expression vector. Gene 239: 217–225.
PMID: 10548722

34. Eswar N, Webb B, Marti-RenomMA, Madhusudhan MS, Eramian D, et al. (2006) Comparative protein
structure modeling using Modeller. Curr Protoc Bioinformatics Chapter 5: Unit 5 6.

35. Pei J, Kim BH, Grishin NV (2008) PROMALS3D: a tool for multiple protein sequence and structure
alignments. Nucleic Acids Res 36: 2295–2300. doi: 10.1093/nar/gkn072 PMID: 18287115

36. Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK: a program to check the
stereochemical quality of protein structures. Journal of applied crystallography 26: 283–291.

37. Wiederstein M, Sippl MJ (2007) ProSA-web: interactive web service for the recognition of errors in
three-dimensional structures of proteins. Nucleic acids research 35: W407–W410. PMID: 17517781

38. Bitar M, Franco GR (2014) A basic protein comparative three-dimensional modeling methodological
workflow theory and practice. IEEE/ACM Transactions on Computational Biology and Bioinformatics
(TCBB) 11: 1052–1065.

39. Dominguez C, Boelens R, Bonvin AMJJ (2003) HADDOCK: a protein-protein docking approach based
on biochemical or biophysical information. Journal of the American Chemical Society 125: 1731–1737.
PMID: 12580598

40. Fromme JC, Verdine GL (2003) Structure of a trapped endonuclease III-DNA covalent intermediate.
EMBO J 22: 3461–3471. PMID: 12840008

41. van Dijk M, Bonvin AMJJ (2009) 3D-DART: a DNA structure modelling server. Nucleic acids research:
gkp287.

42. DeLanoWL (2002) The PyMOLmolecular graphics system.

43. Muelas-Serrano S, Nogal-Ruiz JJ, Gomez-Barrio A (2000) Setting of a colorimetric method to deter-
mine the viability of Trypanosoma cruzi epimastigotes. Parasitol Res 86: 999–1002. PMID: 11133116

44. Raz B, Iten M, Grether-Buhler Y, Kaminsky R, Brun R (1997) The Alamar Blue assay to determine drug
sensitivity of African trypanosomes (T.b. rhodesiense and T.b. gambiense) in vitro. Acta Trop 68: 139–
147. PMID: 9386789

45. Krokan HE, Standal R, Slupphaug G (1997) DNA glycosylases in the base excision repair of DNA. Bio-
chem J 325 (Pt 1): 1–16. PMID: 9224623

46. Hazra TK, Das A, Das S, Choudhury S, Kow YW, et al. (2007) Oxidative DNA damage repair in mam-
malian cells: a new perspective. DNA Repair (Amst) 6: 470–480.

47. Kow YW,Wallace SS (1987) Mechanism of action of Escherichia coli endonuclease III. Biochemistry
26: 8200–8206. PMID: 3327518

48. Marenstein DR, Chan MK, Altamirano A, Basu AK, Boorstein RJ, et al. (2003) Substrate specificity of
human endonuclease III (hNTH1). Effect of human APE1 on hNTH1 activity. J Biol Chem 278: 9005–
9012. PMID: 12519758

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 18 / 21

http://dx.doi.org/10.1002/em.21820
http://www.ncbi.nlm.nih.gov/pubmed/24123395
http://dx.doi.org/10.1007/s00018-008-7543-2
http://dx.doi.org/10.1007/s00018-008-7543-2
http://www.ncbi.nlm.nih.gov/pubmed/18259689
http://www.ncbi.nlm.nih.gov/pubmed/9743625
http://www.ncbi.nlm.nih.gov/pubmed/15452279
http://www.ncbi.nlm.nih.gov/pubmed/14177814
http://www.ncbi.nlm.nih.gov/pubmed/10548722
http://dx.doi.org/10.1093/nar/gkn072
http://www.ncbi.nlm.nih.gov/pubmed/18287115
http://www.ncbi.nlm.nih.gov/pubmed/17517781
http://www.ncbi.nlm.nih.gov/pubmed/12580598
http://www.ncbi.nlm.nih.gov/pubmed/12840008
http://www.ncbi.nlm.nih.gov/pubmed/11133116
http://www.ncbi.nlm.nih.gov/pubmed/9386789
http://www.ncbi.nlm.nih.gov/pubmed/9224623
http://www.ncbi.nlm.nih.gov/pubmed/3327518
http://www.ncbi.nlm.nih.gov/pubmed/12519758


49. Morinaga H, Yonekura S, Nakamura N, Sugiyama H, Yonei S, et al. (2009) Purification and characteri-
zation of Caenorhabditis elegans NTH, a homolog of human endonuclease III: essential role of N-termi-
nal region. DNA Repair (Amst) 8: 844–851.

50. Prasad A, Wallace SS, Pederson DS (2007) Initiation of base excision repair of oxidative lesions in
nucleosomes by the human, bifunctional DNA glycosylase NTH1. Mol Cell Biol 27: 8442–8453. PMID:
17923696

51. Ikeda S, Biswas T, Roy R, Izumi T, Boldogh I, et al. (1998) Purification and characterization of human
NTH1, a homolog of Escherichia coli endonuclease III. Direct identification of Lys-212 as the active
nucleophilic residue. J Biol Chem 273: 21585–21593. PMID: 9705289

52. Alanazi M, Leadon SA, Mellon I (2002) Global genome removal of thymine glycol in Escherichia coli
requires endonuclease III but the persistence of processed repair intermediates rather than thymine
glycol correlates with cellular sensitivity to high doses of hydrogen peroxide. Nucleic Acids Res 30:
4583–4591. PMID: 12409447

53. Bailly V, Verly WG (1987) Escherichia coli endonuclease III is not an endonuclease but a beta-elimina-
tion catalyst. Biochem J 242: 565–572. PMID: 2439070

54. OyamaM, Wakasugi M, Hama T, Hashidume H, Iwakami Y, et al. (2004) Human NTH1 physically inter-
acts with p53 and proliferating cell nuclear antigen. Biochem Biophys Res Commun 321: 183–191.
PMID: 15358233

55. Postel EH, Abramczyk BM (2003) Escherichia coli nucleoside diphosphate kinase is a uracil-process-
ing DNA repair nuclease. Proc Natl Acad Sci U S A 100: 13247–13252. PMID: 14585934

56. Altschul SF, GishW, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol
Biol 215: 403–410. PMID: 2231712

57. De SouzaW (2002) Basic cell biology of Trypanosoma cruzi. Current pharmaceutical design 8: 269–
285. PMID: 11860366

58. Sibley LD (2011) Invasion and intracellular survival by protozoan parasites. Immunol Rev 240: 72–91.
doi: 10.1111/j.1600-065X.2010.00990.x PMID: 21349087

59. Solari AJ (1980) The 3-dimensional fine structure of the mitotic spindle in Trypanosoma cruzi. Chromo-
soma 78: 239–255. PMID: 6993129

60. McCarthy-Burke C, Taylor ZA, Buck GA (1989) Characterization of the spliced leader genes and tran-
scripts in Trypanosoma cruzi. Gene 82: 177–189. PMID: 2684773

61. Elias MC, Marques-Porto R, Freymuller E, Schenkman S (2001) Transcription rate modulation through
the Trypanosoma cruzi life cycle occurs in parallel with changes in nuclear organisation. Mol Biochem
Parasitol 112: 79–90. PMID: 11166389

62. Spadiliero B, Nicolini C, Mascetti G, Henriquez D, Vergani L (2002) Chromatin of Trypanosoma cruzi: in
situ analysis revealed its unusual structure and nuclear organization. J Cell Biochem 85: 798–808.
PMID: 11968019

63. Lukes J, Hashimi H, Zikova A (2005) Unexplained complexity of the mitochondrial genome and tran-
scriptome in kinetoplastid flagellates. Curr Genet 48: 277–299. PMID: 16215758

64. GibsonWC, Miles MA (1986) The karyotype and ploidy of Trypanosoma cruzi. EMBO J 5: 1299–1305.
PMID: 3525150

65. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, et al. (2005) The genome sequence
of Trypanosoma cruzi, etiologic agent of Chagas disease. Science 309: 409–415. PMID: 16020725

66. Henriksson J, Dujardin JC, Barnabe C, Brisse S, Timperman G, et al. (2002) Chromosomal size varia-
tion in Trypanosoma cruzi is mainly progressive and is evolutionarily informative. Parasitology 124:
277–286. PMID: 11922429

67. Galindo M, Sabaj V, Espinoza I, Toro GC, Bua J, et al. (2007) Chromosomal size conservation through
the cell cycle supports karyotype stability in Trypanosoma cruzi. FEBS Lett 581: 2022–2026. PMID:
17467699

68. de Carvalho TU, de SouzaW (1987) Cytochemical localization of NADH and NADPH oxidases during
interaction of Trypanosoma cruzi with activated macrophages. Parasitol Res 73: 213–217. PMID:
3295860

69. Aguiar PH, Furtado C, Repoles BM, Ribeiro GA, Mendes IC, et al. (2013) Oxidative stress and DNA
lesions: the role of 8-oxoguanine lesions in Trypanosoma cruzi cell viability. PLOS Negl Trop Dis 7:
e2279. doi: 10.1371/journal.pntd.0002279 PMID: 23785540

70. Farez-Vidal ME, Gallego C, Ruiz-Perez LM, Gonzalez-Pacanowska D (2001) Characterization of ura-
cil-DNA glycosylase activity from Trypanosoma cruzi and its stimulation by AP endonuclease. Nucleic
Acids Res 29: 1549–1555. PMID: 11266557

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/17923696
http://www.ncbi.nlm.nih.gov/pubmed/9705289
http://www.ncbi.nlm.nih.gov/pubmed/12409447
http://www.ncbi.nlm.nih.gov/pubmed/2439070
http://www.ncbi.nlm.nih.gov/pubmed/15358233
http://www.ncbi.nlm.nih.gov/pubmed/14585934
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://www.ncbi.nlm.nih.gov/pubmed/11860366
http://dx.doi.org/10.1111/j.1600-065X.2010.00990.x
http://www.ncbi.nlm.nih.gov/pubmed/21349087
http://www.ncbi.nlm.nih.gov/pubmed/6993129
http://www.ncbi.nlm.nih.gov/pubmed/2684773
http://www.ncbi.nlm.nih.gov/pubmed/11166389
http://www.ncbi.nlm.nih.gov/pubmed/11968019
http://www.ncbi.nlm.nih.gov/pubmed/16215758
http://www.ncbi.nlm.nih.gov/pubmed/3525150
http://www.ncbi.nlm.nih.gov/pubmed/16020725
http://www.ncbi.nlm.nih.gov/pubmed/11922429
http://www.ncbi.nlm.nih.gov/pubmed/17467699
http://www.ncbi.nlm.nih.gov/pubmed/3295860
http://dx.doi.org/10.1371/journal.pntd.0002279
http://www.ncbi.nlm.nih.gov/pubmed/23785540
http://www.ncbi.nlm.nih.gov/pubmed/11266557


71. Perez J, Gallego C, Bernier-Villamor V, Camacho A, Gonzalez-Pacanowska D, et al. (1999) Apurinic/
apyrimidinic endonuclease genes from the trypanosomatidae leishmania major and Trypanosoma
cruzi confer resistance to oxidizing agents in DNA repair-deficient Escherichia coli. Nucleic Acids Res
27: 771–777. PMID: 9889272

72. Karahalil B, de Souza-Pinto NC, Parsons JL, Elder RH, Bohr VA (2003) Compromised incision of oxi-
dized pyrimidines in liver mitochondria of mice deficient in NTH1 and OGG1 glycosylases. J Biol Chem
278: 33701–33707. PMID: 12819227

73. Yang N, Chaudhry MA, Wallace SS (2006) Base excision repair by hNTH1 and hOGG1: a two edged
sword in the processing of DNA damage in gamma-irradiated human cells. DNA Repair (Amst) 5: 43–
51.

74. You HJ, Swanson RL, Harrington C, Corbett AH, Jinks-Robertson S, et al. (1999) Saccharomyces cere-
visiae Ntg1p and Ntg2p: broad specificity N-glycosylases for the repair of oxidative DNA damage in the
nucleus and mitochondria. Biochemistry 38: 11298–11306. PMID: 10471279

75. Radman M (1976) An endonuclease from Escherichia coli that introduces single polynucleotide chain
scissions in ultraviolet-irradiated DNA. J Biol Chem 251: 1438–1445. PMID: 3498

76. Eisen JA, Hanawalt PC (1999) A phylogenomic study of DNA repair genes, proteins, and processes.
Mutat Res 435: 171–213. PMID: 10606811

77. Genois MM, Paquet ER, Laffitte MC, Maity R, Rodrigue A, et al. (2014) DNA repair pathways in trypano-
somatids: from DNA repair to drug resistance. Microbiol Mol Biol Rev 78: 40–73. doi: 10.1128/MMBR.
00045-13 PMID: 24600040

78. Asahara H, Wistort PM, Bank JF, Bakerian RH, Cunningham RP (1989) Purification and characteriza-
tion of Escherichia coli endonuclease III from the cloned nth gene. Biochemistry 28: 4444–4449.
PMID: 2669955

79. Hilbert TP, Boorstein RJ, Kung HC, Bolton PH, Xing D, et al. (1996) Purification of a mammalian homo-
logue of Escherichia coli endonuclease III: identification of a bovine pyrimidine hydrate-thymine glycol
DNAse/AP lyase by irreversible cross linking to a thymine glycol-containing oligoxynucleotide. Bio-
chemistry 35: 2505–2511. PMID: 8611553

80. Roldan-Arjona T, Garcia-Ortiz MV, Ruiz-Rubio M, Ariza RR (2000) cDNA cloning, expression and func-
tional characterization of an Arabidopsis thaliana homologue of the Escherichia coli DNA repair enzyme
endonuclease III. Plant Mol Biol 44: 43–52. PMID: 11094978

81. Roldan-Arjona T, Anselmino C, Lindahl T (1996) Molecular cloning and functional analysis of a Schizo-
saccharomyces pombe homologue of Escherichia coli endonuclease III. Nucleic Acids Res 24: 3307–
3312. PMID: 8811082

82. Aspinwall R, Rothwell DG, Roldan-Arjona T, Anselmino C, Ward CJ, et al. (1997) Cloning and charac-
terization of a functional human homolog of Escherichia coli endonuclease III. Proc Natl Acad Sci U S A
94: 109–114. PMID: 8990169

83. Stierum RH, Croteau DL, Bohr VA (1999) Purification and characterization of a mitochondrial thymine
glycol endonuclease from rat liver. J Biol Chem 274: 7128–7136. PMID: 10066771

84. Piacenza L, Peluffo G, Alvarez MN, Martinez A, Radi R (2013) Trypanosoma cruzi antioxidant enzymes
as virulence factors in Chagas disease. Antioxid Redox Signal 19: 723–734. doi: 10.1089/ars.2012.
4618 PMID: 22458250

85. Mazumder A, Gerlt JA, Absalon MJ, Stubbe J, Cunningham RP, et al. (1991) Stereochemical studies of
the beta-elimination reactions at aldehydic abasic sites in DNA: endonuclease III from Escherichia coli,
sodium hydroxide, and Lys-Trp-Lys. Biochemistry 30: 1119–1126. PMID: 1846560

86. Dodson ML, Michaels ML, Lloyd RS (1994) Unified catalytic mechanism for DNA glycosylases. J Biol
Chem 269: 32709–32712. PMID: 7806489

87. McCullough AK, Sanchez A, Dodson ML, Marapaka P, Taylor JS, et al. (2001) The reaction mechanism
of DNA glycosylase/AP lyases at abasic sites. Biochemistry 40: 561–568. PMID: 11148051

88. Fromme JC, Banerjee A, Verdine GL (2004) DNA glycosylase recognition and catalysis. Curr Opin
Struct Biol 14: 43–49. PMID: 15102448

89. Yonekura S, Nakamura N, Doi T, Sugiyama H, Yamamoto K, et al. (2007) Recombinant Schizosac-
charomyces pombe Nth1 protein exhibits DNA glycosylase activities for 8-oxo-7,8-dihydroguanine and
thymine residues oxidized in the methyl group. J Radiat Res 48: 417–424. PMID: 17641464

90. Dolinnaya NG, Kubareva EA, Romanova EA, Trikin RM, Oretskaya TS (2013) Thymidine glycol: the
effect on DNAmolecular structure and enzymatic processing. Biochimie 95: 134–147. doi: 10.1016/j.
biochi.2012.09.008 PMID: 23000318

91. Kuraoka I, Suzuki K, Ito S, Hayashida M, Kwei JS, et al. (2007) RNA polymerase II bypasses 8-oxogua-
nine in the presence of transcription elongation factor TFIIS. DNA Repair (Amst) 6: 841–851.

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/9889272
http://www.ncbi.nlm.nih.gov/pubmed/12819227
http://www.ncbi.nlm.nih.gov/pubmed/10471279
http://www.ncbi.nlm.nih.gov/pubmed/3498
http://www.ncbi.nlm.nih.gov/pubmed/10606811
http://dx.doi.org/10.1128/MMBR.00045-13
http://dx.doi.org/10.1128/MMBR.00045-13
http://www.ncbi.nlm.nih.gov/pubmed/24600040
http://www.ncbi.nlm.nih.gov/pubmed/2669955
http://www.ncbi.nlm.nih.gov/pubmed/8611553
http://www.ncbi.nlm.nih.gov/pubmed/11094978
http://www.ncbi.nlm.nih.gov/pubmed/8811082
http://www.ncbi.nlm.nih.gov/pubmed/8990169
http://www.ncbi.nlm.nih.gov/pubmed/10066771
http://dx.doi.org/10.1089/ars.2012.4618
http://dx.doi.org/10.1089/ars.2012.4618
http://www.ncbi.nlm.nih.gov/pubmed/22458250
http://www.ncbi.nlm.nih.gov/pubmed/1846560
http://www.ncbi.nlm.nih.gov/pubmed/7806489
http://www.ncbi.nlm.nih.gov/pubmed/11148051
http://www.ncbi.nlm.nih.gov/pubmed/15102448
http://www.ncbi.nlm.nih.gov/pubmed/17641464
http://dx.doi.org/10.1016/j.biochi.2012.09.008
http://dx.doi.org/10.1016/j.biochi.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23000318


92. Tornaletti S, Maeda LS, Lloyd DR, Reines D, Hanawalt PC (2001) Effect of thymine glycol on transcrip-
tion elongation by T7 RNA polymerase and mammalian RNA polymerase II. J Biol Chem 276: 45367–
45371. PMID: 11571287

93. Krzeminski J, Kropachev K, Reeves D, Kolbanovskiy A, Kolbanovskiy M, et al. (2013) Adenine-DNA
adduct derived from the nitroreduction of 6-nitrochrysene is more resistant to nucleotide excision repair
than guanine-DNA adducts. Chem Res Toxicol 26: 1746–1754. doi: 10.1021/tx400296x PMID:
24112095

94. Mocquet V, Kropachev K, Kolbanovskiy M, Kolbanovskiy A, Tapias A, et al. (2007) The human DNA
repair factor XPC-HR23B distinguishes stereoisomeric benzo[a]pyrenyl-DNA lesions. EMBO J 26:
2923–2932. PMID: 17525733

95. Pope MA, Porello SL, David SS (2002) Escherichia coli apurinic-apyrimidinic endonucleases enhance
the turnover of the adenine glycosylase MutY with G:A substrates. J Biol Chem 277: 22605–22615.
PMID: 11960995

96. Lopes Dde O, Schamber-Reis BL, Regis-da-Silva CG, Rajao MA, DarochaWD, et al. (2008) Biochemi-
cal studies with DNA polymerase beta and DNA polymerase beta-PAK of Trypanosoma cruzi suggest
the involvement of these proteins in mitochondrial DNAmaintenance. DNA Repair (Amst) 7: 1882–
1892.

97. Rinne ML, He Y, Pachkowski BF, Nakamura J, Kelley MR (2005) N-methylpurine DNA glycosylase
overexpression increases alkylation sensitivity by rapidly removing non-toxic 7-methylguanine adducts.
Nucleic Acids Res 33: 2859–2867. PMID: 15905475

98. Yoshikawa Y, Yamasaki A, Takatori K, Suzuki M, Kobayashi J, et al. (2015) Excess processing of oxi-
dative damaged bases causes hypersensitivity to oxidative stress and low dose rate irradiation. Free
Radic Res 49: 1239–1248. doi: 10.3109/10715762.2015.1061186 PMID: 26059740

T. cruziNTH1 DNAGlycosylase

PLOS ONE | DOI:10.1371/journal.pone.0157270 June 10, 2016 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11571287
http://dx.doi.org/10.1021/tx400296x
http://www.ncbi.nlm.nih.gov/pubmed/24112095
http://www.ncbi.nlm.nih.gov/pubmed/17525733
http://www.ncbi.nlm.nih.gov/pubmed/11960995
http://www.ncbi.nlm.nih.gov/pubmed/15905475
http://dx.doi.org/10.3109/10715762.2015.1061186
http://www.ncbi.nlm.nih.gov/pubmed/26059740

