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Leishmania donovani is an intracellular protozoan parasite that causes endemic tropical disease visceral leishmaniasis (VL). Present
drugs used against this fatal disease are facing resistance and toxicity issues. Survival of leishmania inside the host cells
depends on the parasite’s capacity to cope up with highly oxidative environment. Base excision repair (BER) pathway
in L. donovani remains unexplored. We studied uracil DNA glycosylase (UNG), the key enzyme involved in BER pathway, and
found that the glycosylase activity of recombinant LAUNG (Leishmania donovani UNG) expressed in E. coli is in sync with the
activity of the parasite lysate under different reaction conditions. Overexpression of UNG in the parasite enhances its tolerance
towards various agents which produce reactive oxygen species (ROS) and shows a higher infectivity in macrophages.
Surprisingly, exposure of parasite to amphotericin B and sodium antimony gluconate upregulates the expression of UNG.
Further, we found that the drug resistant parasites isolated from VL patients show higher expression of UNG. Mechanisms
of action of some currently used drugs include accumulation of ROS. Our findings strongly suggest that targeting LAUNG
would be an attractive therapeutic strategy as well as potential measure to tackle the problem of drug resistance in the

treatment of leishmaniasis.

1. Introduction

Leishmaniasis is an intricate parasitic infection instigated by
more than 20 different species of protozoa belonging to genus
Leishmania [1]. Worldwide, 350 million people are at risk
with 3 different major forms of leishmaniasis: visceral leish-
maniasis (VL), cutaneous, and mucosal. Annual incidence
of VL is estimated 50,000 to 90,000 new cases, majority of
which is reported from six countries: India, Sudan, South
Sudan, Bangladesh, Brazil, and Ethiopia [2-4].

Pentavalent antimonials, especially sodium stibogluco-
nate (SSG), had been the choice of drug against VL; however,
due to severe side effects and emergence of resistance,
standard treatment was shifted to amphotericin B (AmpB).

AmpB, a second line drug having a higher cure rate, is
accompanied by adverse effects such as high fever, nausea,
vomiting, and nephrotoxicity [5]. Nevertheless, significant
progress has been made during the past two decades; in
addition to AmpB, deoxycholate, liposomal AmpB, miltefo-
sine, and paromomycin have been developed and registered
in various countries for the treatment of VL [6]. Studies are
also underway to test combinations of various antileishma-
nial drugs to maintain high efficacy, delay the development
of drug resistance, shorten treatment duration, and reduce
toxicity and cost. Inspite of all these, inventory of antileish-
manial drugs is very small, and common relapses, long treat-
ment course (miltefosine, 28 days; paromomycin, 21 days),
and prolonged secondary prophylaxis regimens could favour
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the emergence of resistant strains. These limit therapeutic
options even further and create an epidemiological issue in
the area of anthroponotic VL transmission [6, 7]. Limitations
of currently used drugs are parenteral administration
(except miltefosine), toxicity, long course of treatment,
resistance, need for hospitalization, close monitoring, cost,
and emergence of HIV/VL coinfection [8]. All these factors
together make the search for new drug targets very vital to
cure leishmaniasis.

Transmission vector of leishmania parasite is Phleboto-
mus sand fly. The parasite completes its digenetic life cycle
with two morphological forms: the slender flagellated
promastigote and the oval intracellular amastigote [9].
Infected sand flies introduce the promastigote stage, that
is, metacyclic form of the parasite, into healthy human
through bloodstream of the vertebrate host when they bite
them to take a blood meal. After entering into an alien
environment, the flagellated parasite invades the host mac-
rophages for initial survival and then gets transformed
into a nonmotile amastigote stage, with subsequent spread
of parasite to neighbouring macrophages. The host offers
hostile oxidative environment to the parasites which in turn
have different survival strategies inside the host macro-
phages, like retreat into a safe intracellular compartment
[10, 11], modulation of macrophage apoptosis by enhancing
its survival [12], inhibition of antigen presentation, and T-
cell stimulation by reduced expression of MHC class II
and costimulatory molecules by macrophages [13-15].
The host-infected macrophages produce reactive oxygen
species (ROS) and iNOS (cytokine inducible nitric oxide
synthases) which pose enormous continuous threat to the
genomic integrity of parasite. To escape this detrimental
effect, parasite necessitates super scrutiny system and this
leads to existence of a robust frame containing various
DNA repair pathways to ensure its survival. DNA repair
is a group of numerous multienzyme, multistep processes
that is required to protect the cellular genomic integrity
from genotoxic insults. Majority of lesions produced in
this oxidative environment includes modified bases, misin-
corporated uracil, abasic sites, and single-strand breaks
and various aspects of these damages and repair have been
recently reviewed [16]. Oxidatively generated damage and
dUTP misincorporation are important sources of muta-
tion in living cells. Most of the endogenous deleterious
lesions are repaired mainly by BER system. It is most
versatile among excision repair pathways, and it is
conserved across the species. Overall, most of the features
and enzymatic reactions are similar for BER pathway, yet
there are subtle but key differences observed from organ-
ism to organism. As reported in other eukaryotes, BER
involves 4-5 steps starting with base excision by a DNA
glycosylase, followed by a common pathway usually
involving an AP-endonuclease (APE) to generate 3’ OH
terminus at the damage site, followed by repair synthesis
with a DNA polymerase and nick sealing by a DNA
ligase [17, 18].

Leishmania sp. is sensitive to oxidative stress, in part
because they lack the enzymes, catalase, and glutathione
peroxidase, in their promastigote form [19]. This sensitivity
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makes leishmania BER system a potential target for antipar-
asitic drugs. However, little is known about the contribution
of the BER pathway in life cycle of this parasite. Studies are
required to establish the role of genes involved in BER
pathway in cell viability, infectivity, survival, and pathoge-
nicity of the parasite that diverged from the main line of
eukaryotes at least 500 million years ago. The rate of BER
of uracil is controlled by glycosylase activity of UNG in
human cell lines [20].

This study aimed at deciphering the roles of UNG, a key
enzyme of BER pathway in Leishmania donovani. The repair
enzyme was characterized for its activity in different
conditions of pH, temperature, salt, and cofactors. Besides
oxidative stress being a major challenge presented by the host
macrophage, most commonly used drugs also target the
parasite by generating lethal ROS response. We studied the
effects of overexpression of UNG gene on survival of parasite
under various stress conditions including H,0,, UV, and
menadione and compared it with those of wild-type parasite.
Effect of overexpression of UNG on infectivity of the parasite
was also evaluated. Expression levels of UNG in wild-type,
drug-treated parasite and drug-resistant strain were also
investigated to understand the role of this particular gene
in development of drug resistance. Our findings suggest
that UNG could be a potential target for novel drugs
against leishmaniasis.

2. Materials and Methods

2.1. Animal Ethical Statement. For infectivity assessment,
6-8-week-old female BALB/c mice were used after the
prior approval of the Institutional Animal Ethical Com-
mittee (IAEC) (INT-10/29-12-2015), Rajendra Memorial
Research Institute of Medical Sciences (RMRIMS), Patna;
Indian Council of Medical Research, New Delhi, regulated
by CPCSEA; and the Government of India, New Delhi.
The RMRIMS, ICMR, follows “The Guide for the Care and
Use of Laboratory Animals,” 8th edition by the Institute for
Laboratory Animal Research.

2.2. Clinical Isolates and Parasite Culture. Standard AmpB-
sensitive L. donovani strain Ag83 (MHOM/IN/1983/AG83)
was used. The promastigotes were grown at 25°C in
Medium-199 media (Gibco, Carlsbad, CA, USA) supple-
mented with 10% foetal bovine serum (FBS) (Gibco). The
culture was initiated at 1x 10> parasites/ml and grown at
24+ 1°C in BOD incubator for 4-5 days before subculturing
(late log phase). Drug-resistant clinical isolates of L. donovani
were obtained from the splenic aspirates of VL patients
unresponsive to AmpB and sodium antimony gluconate
(SAG) treatments, in the indoor ward facility of RMRIMS,
Patna, Bihar, India. The sensitive strains were finally main-
tained in M-199 medium supplemented with 10% FBS,
100 units/ml penicillin, and 100 pug/ml streptomycin.

2.3. Preparation of Partially Purified Native LAUNG. The
L. donovani Ag83 parasites were harvested by centrifuga-
tion at 2000g at 25°C for 10min. The pellet was washed
twice with phosphate-buffered saline (PBS) and kept at
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—80°C until used. The extraction buffer containing 50 mM
Tris-HCl pH7.6, 1mM EDTA, 2mM DTT, 1mM PMSF,
and 0.01% NP-40 was used to dissolve the parasite pellet
in approximately 3:1 ratio buffer to pellet. Suspended cells
were disrupted by Dounce homogenization and subse-
quently stirred on ice for 30 min with 0.5M KClI to extract
nucleoprotein. After centrifugation at 17,600g for 40 min
at 4°C, the supernatant was dialyzed at 4°C for 8-10 hours
against buffer A containing 25mM Tris-HCI pH9.0, 1 mM
EDTA, 2mM DTT, 1 mM PMSF, 0.01% NP-40, 5% sucrose,
and 20% glycerol [9].

2.4. Cloning, Expression, and Purification of Recombinant
LdUNG. The gene encoding UNG was amplified using geno-
mic DNA as template with initial denaturing at 95°C for
5min followed by 35 cycles of reaction with denaturing at
95°C for 1 min, annealing at 60°C for 30 seconds, extension
at 72°C for 1:30 min after each cycle, and final extension at
72°C for 3 min. The sequences of PCR primers containing
restriction sites EcoRI and HindIII are as follows: LAUNG-
forward 5° TTTTGAATTCATGCAGAAAACGCTCTTCG
3" and LdUNG-reverse 5° TTTTAAGCTTTCAGGGTAG

CGAAGCGTTC 3'. The PCR product was analysed on 1%
agarose gel. Amplified gene was cloned into pET28a into
E. coli DH5a and named as pET28a-LdUNG. It was trans-
formed into E. coli BL-21 (DE3) and selected on 30 ug/ml
kanamycin. Exponentially growing cells were induced with
0.4mM IPTG for 4 hours at 37°C with shaking. The cells
were harvested and boiled with 1X SDS-PAGE loading
buffer and analysed on 10% polyacrylamide gel. The recom-
binant enzyme tagged with 6xHis was purified using
Ni-NTA column.

2.5. Enzymatic Assay for LAUNG Activity. Two 47-mer
complementary single-stranded oligonucleotides were syn-
thesized containing a single uracil each at different positions
(Table S1). These oligonucleotides were used as either single-
or double-strand substrate for the glycosylase activity of
UNG. Double-stranded substrate was prepared by annealing
equimolar concentrations of 47-mer single-stranded Oligo-U
(23rd position) and complementary 47-mer single-stranded
Oligo-U (21st position) in 50 yl reaction volumes containing
70mM Tris-HCl pH7.6, 10mM MgCl,, and 5mM DTT.
The mixtures were heated at 95°C for 5°min and allowed
to slowly cool to room temperature. The annealed sub-
strate was purified using PCR purification kit (QIAGEN,
Hilden, Germany).

The UNG activity was assayed using standard buffer
(20mM Tris-HCl pH8.2, 1mM EDTA, 10mM NaCl,
2.27nmol Oligo-U, and 50ng of LdUNG at 37°C for
60 min). The glycosylase activity was stopped by heating the
reaction mixture at 65°C for 20 min, the resultant apurinic/
apyrimidinic (AP) sites were incised by alkaline treatment
with 0.5M NaOH at 37°C for 20 min, and the reaction was
neutralized with 0.5M HCI. The AP lyase activity of LAUNG
was also checked through the same procedure except for hot
alkaline treatment. Reaction products were run on 20%
PAGE containing 7 M urea and analysed after staining with
SYBR GOLD dye. The intensities of sliced substrate and

product bands from the gel were measured in SYNGENE
Tool software of Chemidoc (G-BOX). One unit of activity
E. coli UDG is defined as the amount of enzyme required
for releasing 1 nmol of uracil from uracil-containing DNA
template in 60 min at 37°C in standard reaction buffer. The
same definition was adopted for LAUNG.

Biochemical properties of recombinant LdUNG and
leishmania lysate were studied based on glycosylase activity
under different reaction conditions, namely, temperature,
pH, salt concentration, and cofactors. The effect of tempera-
ture ranging from 4-65°C on enzyme activity was checked.
LdUNG activity was also checked at different pH conditions
using different buffer conditions (phosphate-citrate buffer for
pH4-7, 20 mM Tris-HCl for pH 7.5-8.5, and glycine-NaOH
buffer for pH9-10.5). Effects of salt (NaCl over the range
of 5-500mM), varying concentrations of divalent cation
cofactors including MgCl,, MnCl,, and CaCl, (1, 10, 50,
and 100 mM), on LAUNG were investigated. Relative activ-
ities of LAUNG were observed following same protocol as
above by division of intensities of product band to that of
both total substrate and product. This helps to determine
steady state kinetic parameter (Km) for different substrates
of the recombinant LdUNG, and concentrations of sub-
strates were varied from 0.01 to 3.5uM. The reaction
was initiated by adding 20nM LdUNG (10ng) to the
reaction mixture and incubated at 37°C for 30 min. The
Michaelis-Menten equation with nonlinear least square
algorithm in Sigma Plot 12.0 was used to calculate kinetic
parameter (Km).

2.6. Construction of Expression Vectors and Transfection in
L. donovani. The LAUNG ORF was also cloned into
pLpneo2, which is a suitable expression vector for leish-
mania, and it was transfected into sensitive laboratory strain
(Ag83) by electroporation at 25uF, 1500V (3.75kV/cm)
with a gap of 10 seconds between pulses using Gene Pulser
X-Cell (Bio-Rad) [21]. Parasites were transfected with
pLpneo2 alone for control. Transfectants were selected and
maintained in 100 yg/ml G418. Overexpression of LAUNG
in the sensitive strain was analysed by reverse transcriptase
PCR (RT-PCR) with SYBR green probe.

2.7. Viability of Leishmania upon Exposure to Different
DNA-Damaging Agents by MTT Assay. Approximately
equal number (~1x107) of late log-phase wild-type and
transfected cells was treated with increasing concentrations
of H,0,, menadione, UV, and sodium bisulfite, and cell
viability was measured as described [22]. The UV radia-
tion used in this study has a wavelength of 302 nm which
falls under the UVB range (mainly UVA and UVB radia-
tions are responsible for ROS generation). After treatment,
the cells were pelleted at 4500g for 10min and washed
twice with 1X PBS. The pellets were resuspended in fresh
media and incubated in BOD incubator. Inhibitory effect
of oxidant treatment on parasite viability was checked by
methylthiazol tetrazolium (MTT) assay, and OD of formazan
was measured at 570nm. The OD.,, represented the cell
survival, and the percentage of cell survival at each com-
pound concentration was determined by comparing with
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the OD.,, of untreated control. All experiments using
transfected cells were carried out in the presence of
0.1 mg/ml G418 unless otherwise specified.

2.8. Quantification of AP Sites by ARP Assay. Approximately
1x 107 log-phase cells of wild-type and transfected parasites
were exposed to H,O, (200 uM), menadione (20 4 M), and
UVB (28 mJ/cm?®). After exposure to these agents for
30 min, the cells were pelleted at 4500g for 10min and
washed twice with 1X PBS. The pelleted cells were again
resuspended in fresh media and incubated in BOD incubator
for 4 hours. The genomic DNA was isolated using QIAGEN
Genomic DNA isolation kit following the manufacturer’s
protocol. The AP site was quantified in 1ug DNA using
aldehyde reactive probe-based Oxiselect™ Oxidative DNA
damage Quantitation Kit (Cell Biolabs Inc.) according to
the manufacturer’s instructions. The numbers of AP sites
per 10° nucleotides were calculated based on the linear
calibration curve produced using ARP-DNA standard solu-
tions supplied by the manufacturer.

2.9. RNA Extraction, Reverse Transcription, and RT-PCR.
The freshly grown parasites were treated with H,O,
(200 uM), menadione (20 uM), or UVB (28 mJ/cm?) for dif-
ferent time periods. After incubation, cells were harvested,
washed twice with PBS; and processed for RNA isolation
using TRIzol method; 1ml (5x10” cells/ml) cell culture
was pelleted down by centrifugation at 4500g for 10 min.
The pellet was washed twice with PBS, and then 1 ml of TRI-
zol solution was added to each tube. After properly mixing it
by pipetting, mixture was allowed to stand at room tempera-
ture for 5 min. After incubation, 0.2 ml of chloroform (100%)
was added followed by vigorous shaking for 15 sec and incu-
bation at room temperature for 3 min. Three distinct layers
were visible after centrifugation at 12000g for 15min at
4°C, 80% of the top layer was transferred into fresh tubes,
and 0.5 ml of isopropyl alcohol (100%) was added and mixed
well, incubated at room temperature for 10 min, and centri-
fuged at 12000g for 10min at 4°C. Supernatant was
discarded, and 1 ml of chilled ethanol (75%) was added to
the pellet. After light vortexing, centrifugation was carried
out at 7500¢ for 5 min at 4°C. Ethanol was removed carefully,
and tubes were dried at room temperature for 5min. The
RNA pellet was dissolved in RNase-free double-distilled
water and quantified by NanoDrop (NanoDrop 2000,
Thermo Scientific, USA).

The reverse transcription reaction of mRNA was per-
formed using Transcriptor High Fidelity cDNA Synthesis
Kit as per the manufacturer’s instructions. Synthesized
cDNA was quantified spectrophotometrically and analysed
on thermal cycler at 60°C annealing followed by 30sec
extension at 72°C (Applied Biosystems, USA) using gene-
specific primers of LAUNG and «-tubulin whose sequences
are as follows: LAUNG-For 5 GACTCACCGCCTAAGA
AACA 3' and LdUNG-Rev 5' AGGTCAATCGCGTCAT
CTC 3'; a-tubulin-For 5° ATGCCAAGTGACAAGACCA
TTGGG 3' and a-tubulin-Rev 5° TTATTGGCAGCATC
CTCCTTGCCT 3.
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2.10. In Vitro Methotrexate Sensitivity Assay. The effect of
methotrexate (MTX) on cell growth was tested in wild-type
and transfected L. donovani cells. All experiments with trans-
fected cells were carried out in the presence of 0.1 mg/ml
G418. Cultures containing 1x 10° cells/ml (log phase) were
exposed to increasing concentrations of MTX, and cells were
counted daily. IC,, values were obtained at the late log-phase
time point as the concentration that gives 50% growth inhibi-
tion with regard to the control grown in the absence of drug
and were calculated using at least five different concentra-
tions of drug. Each value is the average of three independent
experiments, and standard deviations are given.

2.11. DNA Fragmentation Assay. In DNA fragmentation
studies, wild-type and transfected parasites from logarithmic
late-phase were cultured in the presence or absence of
250mM MTX for different durations, and approximately
1x 10° cells were harvested by centrifugation, washed twice
in PBS, and incubated with a lysis buffer containing 20 mM
Tris-HCl, 2mM EDTA, and 0.2% Triton X-100, pH 7.5, for
5min at 4°C. Lysates from the above step were centrifuged
at 15,0009, followed by incubation of the supernatant in a
solution containing 150 mM NaCl, 40mM EDTA, 0.1%
SDS, 0.2mg/ml, 5mg/ml RNase A, and proteinase K for
3 hours at 37°C. The fragmented nucleosomal DNA was
then analysed by electrophoresis on an agarose gel [23].

2.12. In Vitro Drug Sensitivity Assay against AmpB and SAG.
WT, UNG overexpressing, and drug-resistant parasites were
treated in triplicates with varying concentrations of AmpB or
SAG and checked for viability by Trypan blue dye and
recording cell counts in haemocytometer. Statistical analysis
was done by GraphPad Prism software v 5.0 (GraphPad
Software Inc., La Jolla, CA, USA).

2.13. Ex Vivo Macrophage Infectivity Assessment. The iso-
lated peritoneal macrophages from starch-induced BALB/c
mice were harvested and seeded on cover slips at a density
of 1x10° cells/ml in a 6-well flat bottom culture plates in
RPMI 1640 medium with 10% FBS overnight at 37°C in 5%
CO, incubator [24]. To remove nonadherent cells from
wells, they were washed twice with PBS buffer (pH7.2)
or serum-free medium and then infection was performed
with L. donovani promastigotes at a ratio of 10:1 (parasite:
macrophages). After 2 hours of coincubation, noninterna-
lized parasites were washed with RPMI 1640 medium only.
Infected macrophages were further incubated for 12 and
24 hours. After 12 and 24 hours of infection, medium
was removed and cells were washed twice with sterile
PBS buffer (pH7.2). Finally, cells were fixed with metha-
nol, stained with Giemsa, and pictured with Olympus
BX41 optical microscope at 100x. The numbers of infected
and noninfected cells were determined, and >300 macro-
phages per cover slip and 100 macrophages per cover slip
were counted to identify the percentage of infectivity.
Further, Giemsa-stained amastigotes per 100 infected
macrophages were also counted at 12 and 24 hours postinfec-
tion. The experiment was performed in triplicates, and
percentage of infection is expressed as means + SD.



Oxidative Medicine and Cellular Longevity

2.14. Statistical Analysis. Statistical analysis was carried out
using GraphPad Prism 5.0 software (GraphPad Software
Inc., La Jolla, CA, USA). Student’s t-test, one-way ANOVA,
and mixed model ANOVA with Bonferroni posttest analysis
were used to estimate the statistical significance of the
differences between groups. Differences between groups were
considered statistically significant when p value was less than
0.05 (*p < 0.05, **p <0.01, and ***p < 0.001).

3. Results

3.1. Partially Purified Leishmania Cell Extract Exhibits
Glycosylase Activity. Sequence analysis of L. donovani
genome indicated the existence of various DNA repair
enzymes including UNG as described in other organisms.
To check the presence of UNG activity in partially purified
cell extract, removal of uracil from a specific position in the
synthesized oligonucleotide-U was assayed. The in vitro gly-
cosylase activity specifies the existence of UNG function in
L. donovani (Figure 1(a)). The initial result prompted us to
generate recombinant L. donovani UNG for further studies.

3.2. Cloning, Expression, and Purification of Recombinant
LAUNG. UNG coding region of 1185bp was amplified from
genomic DNA of L. donovani and cloned into pET-28a (+)
vector. The LAUNG ORF encodes for 393 amino acid long
protein with predicted molecular weight of 43.2kDa. An
isoelectric point (pI) value of LAUNG was found to be 8.6.
Through MITO-PROT II program and Signal IP 4.1 server,
localization of LAUNG was predicted to be nuclear as well
as mitochondrial.

The His-tagged LAUNG protein was expressed in E. coli
BL21 (DE3) and purified to homogeneity using Ni**-NTA
agarose resins by affinity chromatography. The LdAUNG-His
was expressed in soluble form, and a protein yield of
0.55mg/l of E. coli culture was achieved after purification.
The purified LAUNG-His eluted by 100-200 mM imidazole
and a single homogenous band of ~47 kDa (Figure S1) were
obtained on SDS-PAGE which correlates with the predicted
molecular mass of 43.24 kDa plus additional histidine tag at
the N-terminus. The purified LAUNG was further used for
biochemical characterization for its glycosylase activity.

3.3. Enzymatic Activity and Biochemical Characterization of
UNG of L. donovani. The purified recombinant LAUNG also
displayed a potent glycosylase activity by eliminating uracil
from the 47-mer single-stranded oligonucleotide with U at
the 23rd position (Figure 1(a)) as well as double-stranded
oligonucleotide (Figure S2). When the treated abasic site
containing substrate go through hot alkaline treatment, the
24-mer and 22-mer products would be generated. These
products were visualized on 7 M urea 20% PAGE, and bands
were found as expected. However, in the absence of hot
alkaline treatment, no product was seen suggesting that the
purified enzyme lacks AP lyase activity (Figure 1(a)). There-
fore, LAUNG is a monofunctional enzyme. A dose and time
kinetics of cleavage of uracil containing substrate by recom-
binant LAUNG are shown in Supplementary Figures S3 and
S4. The activity was assayed at varying temperatures from

4 to 65°C, and the optimum temperature for LdUNG
was found to be 37°C. The enzymatic activities decreased
slowly at either lower or higher temperatures than 37°C
(Figure 1(b)). The parasite cell extract displayed the glyco-
sylase activity in the same temperature range as that of the
purified recombinant enzyme. Different pH conditions also
affected the activity of both purified recombinant protein
and leishmania cell extract. Extract functioned in a narrow
range of pH (7.5-9) compared to that of the recombinant
enzyme (7.5-10.5) (Figure 1(c)). Hence, both preparations
of UNG worked well under alkaline conditions. The recom-
binant enzyme displayed activity in a wide range of salt
concentrations, that is, 0-300mM NaCl, while more than
50% enzyme inhibition was seen at 150 mM and complete
inhibition occurred at 400 mM. However, the optimal range
of salt concentrations was 5-75 mM (Figure 1(d)).

The optimal salt concentration for the enzyme in
lysate was 5-50mM, whereas enzyme activity was abol-
ished at 200mM and above. (Figure 1(d)). However, more
than 50% inhibition was found at salt range 75-100 mM,
and the higher salt concentrations (150-400 mM) showed
complete inhibition.

Variations in temperature, pH, and salt concentration
have significant effect on the activity of any enzyme. The
effects of such variations on the glycosylase activities of
UNG present in recombinant purified preparation as well
as in the parasite were analysed using statistical tools, that
is, mixed model ANOVA followed by Bonferonni posttests.
Different temperatures (F =686, p <0.0001), pH (F =890,
p<0.0001), and salt concentrations (F =760, p <0.0001)
affect the glycosylase activity of LAUNG enzyme, and the
effects were found to be extremely significant. However, the
effect of variations in temperature, pH, and salt concentration
was found to be independent of the source (recombinant
or cell lysate) of enzyme and did not show any significant
difference in the effect of different temperature (F=0.77,
p=047), pH (F=5.54, p=0.14), and salt concentration
(F=5.82, p=0.13).

The results also indicated that the catalytic reaction of
UNG did not require any cofactors in vitro. As indicated by
mixed model ANOVA followed by Bonferroni posttests, that
concentration of cofactors affects the glycosylase activity of
enzyme and the effect was highly significant. Both recom-
binant LAUNG and leishmania lysate UNG were inhib-
ited by increasing concentrations of cofactors such as
CaCl, (F=951, p<0.0001), MgCl, (F =814, p <0.0001),
and MnCl, (F=931, p<0.0001) (Figure 2).

Based on kinetic parameters of recombinant LAUNG
using single-stranded Uracil as substrates (Table 1), the Km
value (1.24) of LdAUNG was higher than that of human
nuclear uracil N-glycosylase (hUNG2) [25] and Plasmodium
falciparum PfUDG [26].

3.4. Overexpression of UNG Decreases Intracellular Levels of
ARP under Oxidative Stress. To elucidate the role of LAUNG
in survival and growth of L. donovani against oxidative stress,
we cloned LAUNG gene into pLPneo2 vector and transfected
the construct in L. donovani AGS83 strain (henceforth
designated, pLPneo2-UNG) and selected on G418. A control
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FIGURE 1: (a) Enzymatic activity of leishmania uracil DNA glycosylase. The substrate (single-stranded 47-mer oligonucleotide having uracil at
the 23rd position) was treated with E. coli UNG, recombinant LAUNG, and parasite lysate as indicated. Lane 1, control lacking UNG; lanes 2,
4, and 6, the reactions were performed without hot alkaline (NaOH) treatment (AP lyase activity assay); lanes 3, 5, and 7, the reactions were
performed with hot alkaline treatment (glycosylase activity assay). Effect of temperature (b), pH (c), and salt concentration (d) on glycosylase
activity of recombinant LAUNG and native cell extract. Data was analysed using mix model ANOVA, followed by Bonferroni posttests using
GraphPad Prism 5.0. Mixed model ANOVA determines how glycosylase activity of LAUNG enzyme is affected by factors (type of LAUNG
(recombinant or native lysate) and different pH/temperature/salt concentration). The p values tell us about the difference between the
groups which is likely due to the chance or due to the variable in the study. *p < 0.05 means there was 5% chance that the effect may be
due to random variation; **p < 0.01 means there was 1% chance that the effect may be due to random variation; ***p < 0.001 means that
there was 0.1% chance the effect due to random variation; ns, nonsignificant. The y-axis in all three graphs corresponds to relative
glycosylase activity (mean + SD) of recombinant LAUNG and leishmania lysate.
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TaBLE 1: Comparison of kinetic parameter of recombinant UNG of

leishmania with that of plasmodium and human.

Km (uM)
Substrate LdUNG PFUDG hUNG
47-mer-SS-U 124409 1.63° 22402

*Suksangpleng et al. [26].

cell line, bearing the empty expression vector, pLPneo2, was
also included. The presence of LAUNG gene in transfected
parasites was confirmed by PCR (Figures S5A and S5B). Its
expression was checked by real-time PCR of cDNA prepared
from transfected cells (Figure S5C).

Various agents that are known to induce oxidative stress
increase the levels of AP sites. Though H,O, and menadione
are known ROS generators, we also estimated ROS levels in
leishmania cells (~1x10”) treated with different doses of
UVB radiation (302 nm) using CM-H2DCFDA as an indica-
tor (Figure S6). Whether overexpression of UNG in L. dono-
vani would enable the parasite to withstand better against the
oxidative agents, we checked ARP levels in such cells and
compared it with control cells that are not overexpressing
(OE) UNG. The wild-type and OE cells were exposed to
200 uM H,0,, 20 uM menadione for 30 min, or 28 mJ/cm®
of UVB exposure (condition 2). Afterwards, these cells were
suspended in fresh M199 medium supplemented with 10%
FBS for 4 hours (condition 3). The amount of AP sites in
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the DNA was detected as described in Section 2.8. As
expected, a significant increase was observed in damaged
DNA after treatment with all oxidative agents (H,0,, mena-
dione, and UVB) in both wild-type and OE cells (Figure 3).
Upon the withdrawal of oxidative stress, the number of AP
sites significantly decreased by approximately 47%, 39%,
and 46% (in case of H,O,, menadione, and UVB) after 4
hours of incubation for OE cells, where in the case of wild-
type cells, this decrease in AP sites was less significant with
a reduction of only 30%, 22%, and 23% (in the case of
H,0,, menadione, and UVB), respectively (Figure 3). A
mixed model ANOVA followed by Bonferroni posttests was
applied on the observed ARP levels (mean+ SD) of leish-
mania cells (UNG-OE and WT) at different conditions with
appropriate controls. Different conditions (1, 2, and 3) had
significant interaction of L. donovani strains after treatment
with menadione (F=7.73, p=0.042) and UV (F=62, p=
0.001), where the interaction was not significant after treat-
ment with H,O, (F=5.35, p=0.074). Also, L. donovani
strains had significant effect on the results in case of treat-
ments with menadione (F =25, p=0.036) or UV (F =670,
p =0.001), whereas this effect was not significant with H,O,
(F=0.19, p=0.706) treatment. Different conditions also
affected the ARP level, and this effect was significant for all
three treatments, namely, menadione (F =219, p <0.001)
or UV (F =516, p<0.0001) or H,0, (F=306, p=0.0001).
This indicated a clear increase in the number of healthy
and apparently repaired cells in LAUNG OE parasite in com-
parison to wild-type cells under stress conditions as well as
after rejuvenation.

3.5. Overexpression of LAUNG Enhances the Tolerance to
Oxidative Stress Generated by Hydrogen Peroxide, UVB,
Menadione, and Sodium Bisulfite. Leishmania can be cul-
tured in vitro and maintained under conditions of reduced
oxygen tension like many other parasitic protozoa [19]. But
inside the host macrophage, the parasite faces a hostile envi-
ronment with high doses of reactive oxygen species [27].
Such environment with oxidative stress may lead to DNA
damage and in turn affect the cell viability. To investigate
the role of UNG in protecting the parasite against oxidatively
generated DNA damage, we challenged wild-type and trans-
genic cells with H,0O,, menadione, UVB, and sodium bisul-
fite. Figure 4(a) shows that H,O, at a concentration of
200 uM could reduce the viability of wild-type cells or cells
transfected with the empty expression vector to 75% and
73%, respectively, but had little effect on cells overexpressing
LdUNG. When used at a concentration of 400 uM, H,O,
decreased the viability of wild-type cells to 42%, whereas as
much as 74% of the cells overexpressing LAUNG were viable
under identical condition.

Similar increase in viability was observed in transfected
culture as compared to wild-type cells when both were
exposed to identical concentrations of other DNA-
damaging agents like menadione, UVB radiation, and
sodium bisulfite (Figures 4(b)-4(d)). L. donovani cells over-
expressing UNG displayed a 1.5- to 2-fold increase in viabil-
ity compared to wild-type cells upon treatment with sodium
bisulfite. An increase of 1.3-1.7-fold and 1.6-2.1-fold in
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survival was observed for OE parasite as compared to wild
type against menadione treatment and UVB radiation,
respectively. A mixed model ANOVA was applied followed
by Bonferroni posttests to verify the percentage cell viability
(mean + SD, n = 3) of parasite cells after treatment with dif-
ferent oxidative agents. L. donovani cells (WT, vector alone,
and OE) show significant effect on the percentage cell viabil-
ity when treated with menadione (F =25, p < 0.0001), UVB (
F =55, p<0.0001), H,0, (F = 14, p < 0.0001), and NaHSO,
(F=30, p<0.0001). Various concentrations of oxidative
agents also affect the percentage cell viability, and this effect
was significant for all the four treatments: menadione (F =
86, p < 0.0001), UVB (F =394, p < 0.0001), H,0, (F =162,
P <0.0001), and NaHSO; (F = 298, p < 0.0001). These results
suggest that under oxidative stress, UNG offers a moderate
protection in the parasite against oxidative DNA damage.

3.6. Overexpression of LAUNG Decreases Methotrexate-
(MTX-) Mediated Toxicity and DNA Fragmentation. MTX
is a well-known inhibitor of the de novo synthesis of thymi-
dylate, and the outcome of this inhibition is increased levels
of dUTP in the cell, which in turn leads to massive incorpo-
ration of dUTP in DNA and activation of BER [28]. The par-
asites overexpressing UNG show an increase in cell viability
with regard to control (wild-type parasites), and IC., value
was found to be 2.2-fold higher than control (Figure 5(b)).
Thus, at 100 uM, at late log phase, growth was inhibited by
48% in control cells while only 25% loss in cell viability was
observed in OE cells. As methotrexate is not involved directly
in generation of ROS, but it affects indirectly by increasing
dUTP level of cells and in turn increasing cell death. These
results suggest a protective role of UNG against MTX-
mediated toxicity.

In view of the fact that resistance to the deleterious effect
of MTX was observed for L. donovani/pLPneo2-UNG cells,
we investigated the possible association between the resis-
tance observed and perturbation of mechanisms induced by
the drug to prevent cell death. MTX is known to induce
DNA fragmentation in diverse cell types when cell viability
is diminished [29, 30]. To check the effect of UNG overex-
pression on MTX-mediated DNA fragmentation, the cells
were treated with MTX and DNA was isolated and analysed
by staining with ethidium bromide (Figure 5(a)). We observe
a significant decrease in MTX-induced DNA fragmentation
in OE parasites in comparison to WT at 7 and 24 hours after
treatment. These time points were taken as in previous
report, by Gallego et al. have done in Leishmania major.

3.7. Oxidative Stress Upregulates Transcription of LAUNG
Gene. Treatments with agents like H,O,, menadione, and
UVB increased the oxidative stress in parasite leading to
activation of DNA repair pathways [31, 32]. The expression
level of UNG, a crucial component of BER, was investigated.
Real-time PCR analysis showed significant increase in the
transcription of LAUNG gene in parasites. One way ANOVA
compared the fold increase in transcriptional levels of
LdUNG in the cells treated with oxidative agents for different
time periods. The analysis was found to be statistically sig-
nificant for H,0, (F =60, p <0.0001), menadione (F =32,
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FIGURE 3: Repair of oxidative DNA damage indicated by a decrease in the number of AP sites of L. donovani promastigotes treated with
200 uM H,0, (a), 20 uM menadione (b), and 28 mJ/cm” UVB radiation (c). Generation of AP sites was evaluated by the ARP assay in
wild-type and UNG overexpressing L. donovani strains. Levels of ARP determined in (1) untreated wild-type and UNG-OE cells and (2)
wild-type and UNG-OE cells treated with oxidative agents, as indicated, for 30 min; (3) after treatment for 30 min, oxidative agents were
removed by washing and the cells were allowed to recover in fresh media for 4 hours. Data were analysed using both mixed model
ANOVA followed by Bonferroni posttests and one-way ANOVA test (to see differences within the group), using GraphPad Prism 5.0.
Mixed model ANOVA which determines how the number of ARP sites (mean + SD) was affected by factors (L. donovani strains (WT or
OE) and different doses of H,O,/menadione/UVB). *p < 0.05, **p < 0.01, and ***p < 0.001. ns, nonsignificant. For the meaning of these
statistical symbols, refer to ligand of Figure 1. The y-axis in all three bar graphs corresponds to the number of ARP sites per 10°bp
(mean + SD) of WT and UNG-OE L. donovani.
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FIGURE 4: MTT-based viability assay of wild-type (L. donovani), LAUNG-OE (L. donovani/pLPneo2-UNG), and vector alone transfected
(L. donovani/pLPneo2) strains upon treatments with H,0, (a), menadione (b), UVB (c), and sodium bisulfite (d) at varying
concentrations for a period of 1 hour followed by recovery for 4 hours in fresh media. Viability of untreated controls for each strain is
taken as 100%. The results are expressed as mean+ SD of three independent experiments. Data was analysed using the mix model
ANOVA, followed by Bonferroni posttests using GraphPad Prism 5.0. Mixed model ANOVA determines how the percentage viability
of L. donovani was affected by factors (L. donovani strains (WT or pLPNEO-UNG or pLPNEO) and different concentrations of H,O,/
menadione/UVB/NaHSO,), **p <0.01 and ***p <0.001. ns, nonsignificant. For the meaning of these statistical symbols, refer to ligand
of Figure 1. The y-axis in all four bar graphs corresponds to the percentage viability of WT/pLPNEO-UNG/pLPNEO leishmania cells

(mean + SD).

p<0.0001), and UVB (F=16, p=0.0010) treatments. A
Tukey’s multiple comparison test further indicated the
significant relationship between variables (corresponding
p values are mentioned with the readings below).
Notably, after 30 min of treatment with H,O, and mena-
dione, we found 1.7-fold (p < 0.001) and 1.81-fold (p < 0.01)

increase in transcription of LAUNG, respectively. Moreover,
the transcription of LAUNG was downregulated by 0.60-
and 0.35-fold when the treatment was extended to 2hrs.
The values of upregulation of UNG gene were 1.61-fold
(p<0.001) and 1.68-fold (p <0.05) for H,O, and menadi-
one, respectively, when the oxidative stress was removed
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F1GURE 5: Effect of methotrexate on wild-type (WT) and UNG-OE L. donovani strains. (a) Total DNA isolated from WT and UNG-OE cells
that were treated with 250 uM methotrexate for 7 hours (lane 2) and 24 hours (lane 4). Lanes 1 and 3 correspond to untreated cells processed
identically. Isolated DNA samples were analysed on 1% agarose gel stained with ethidium bromide, and the inverted picture was presented.
(b) The inhibitory concentrations for MTX were determined for both WT and UNG-OE cells. Untreated parasites were used as control in this
experiment. *p < 0.05. ns, nonsignificant. For the meaning of these statistical symbols, refer to ligand of Figure 1. The analysis was performed

by Student’s t-tests using GraphPad Prism 5.0.

after 30 min treatment and the cells were incubated for 4
hours in fresh media (Figures 6(a) and 6(b)). In case of
UVB- (28 mJ/cm?) exposed cells, we found 2.0-fold (p <
0.001) and 1.65-fold (p <0.05) upregulation in LdUNG
transcription level after 30 min and 2 hours of incubation
after radiation, respectively. The value of upregulation of
UNG gene was found to be 1.25-fold in those UVB-
treated cells (Figure 6(c)), which were incubated for 4
hours in fresh media after exposure. Thus, upregulated
transcription of UNG lowers down as recovery proceeds.
These observations suggest that with time, cells are recov-
ering with the help of the DNA repair enzyme.

3.8. Overexpression of LAUNG Confers AmpB and SAG
Resistance in L. donovani. Antileishmanial activities of AmpB
and SAG include ROS-mediated apoptosis [33-35]. Uracil
DNA glycosylase is an important BER enzyme and known
to play crucial roles in the survival of organisms under stress
conditions. While exploring the role of repair pathway in
survival of parasite under stress conditions, we also
investigated the role of UNG in drug resistance. For this,
the sensitivity (IC.,) of LAUNG overexpression (pLPneo2-
UNG) and wild-type (pLPneo2 alone) parasites to AmpB
and SAG was determined. It was found that pLPneo2-UNG
parasites showed better survival in the presence of drugs
(Figures 7(a) and 7(c)) with IC, values of ~50ng/ml and
~105 pg/ml for AmpB (Figure 7(b)) and SAG (Figure 7(d)),
respectively, whereas wild-type parasites showed IC, of
~26 ng/ml and ~53 pg/ml for AmpB and SAG, respectively.
Thus, UNG overexpressing parasites exhibit 2-fold (p <
0.01) increase in IC;, for AmpB and SAG as compared to
WT. As expected, treatments of AmpB and SAG had smaller

effect on the cell viabilities of AmpB- and SAG-resistant
strains, respectively, as compared to wild-type cells. A mixed
model ANOVA followed by Bonferroni posttests was applied
for the percentage of viable promastigotes (mean + SD, n = 3)
of different strains of L. donovani (WT, UNG-OE, and
drug-resistant isolate), and it was found that the effects
were significant for both AmpB (F =458, p <0.0001) and
SAG (F =996, p<0.0001) treatments. L. donovani strains
have highly significant interaction at all concentrations of
AmpB (F=41, p<0.0001) and SAG (F=48, p<0.0001)
used in this study.

3.9. Drug-Resistant Clinical Isolates of L. donovani Show
Higher Levels of UNG Transcripts Compared to Sensitive
Isolate. Higher tolerance of UNG-OE parasites towards
AmpB and SAG prompted us to compare the levels of
UNG transcripts in drug-resistant and sensitive clinical iso-
lates. Total RNA isolated from logarithmic phase cells were
subjected to cDNA synthesis followed by real-time PCR with
UNG gene-specific primers as described in Materials and
Methods. As shown in Figure 8(b), the expression of LAUNG
RNA was observed to be significantly higher in the resistant
isolates as compared to the sensitive strain indicating an
apparent association between LAUNG and drug resistance.
One-way ANOVA compared the fold increase in the tran-
scriptional levels of LAUNG in the cells resistant or sensitive
to AmpB and SAG. The analysis was found to be statistically
significant for both AmpB-resistant and SAG-resistant iso-
lates (F =25, p=0.0012). Tukey’s multiple comparison test
further indicated significant relationship between variables
(corresponding p values are given with readings below).
The RT-PCR analysis showed ~2-fold (p<0.01) and
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FiGure 6: ROS inducers (H,0O,, menadione, and UVB radiation) upregulate LAUNG transcription in L. donovani. WT cells treated with H,O,
(a), menadione (b), and UVB radiation (c). RNA level of UNG gene was checked by RTPCR in L. donovani treated with drug for 30 min (1),
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maintained in fresh media for 4 hours (3). In the case of UV exposure, L. donovani treated with 28 mJ/cm* of UVB dose and RNA level of
UNG gene was checked after 30 min (4), after 2 hours (5), and after 4 hours when maintained in fresh media after treatment (6). Relative
abundance of UNG transcript was checked by RT-PCR, and the expression levels were normalized with that of alpha tubulin. The results
are graphically represented as means+ SEM of three independent sets of experiments. Untreated parasites were used as control in the
experiment. Data was analysed using one-way ANOVA, followed by Tukey’s multiple comparison test using GraphPad Prism 5.0.
One-way ANOVA compares the relative fold change in the transcription levels (mean) of LAUNG in four unmatched groups
(control, 1/4, 2/5, and 3/6) treated with oxidative agents (H,O,/menadione/UVB). The y-axis in all three bar graphs corresponds to
relative fold change observed in the transcription level of UNG gene in L. donovani cells under different treatment conditions. *p < 0.05,
**p<0.01, and ***p < 0.001. ns, nonsignificant. For the meaning of these statistical symbols, refer to ligand of Figure 1.

~1.8-fold (p <0.01) upregulation of LAUNG expression in
resistant isolates (AmpB and SAG) as compared to sensi-
tive strains in the log-phase cells. Through Western blot-
ting using anti-LAUNG antibody, we observed similar
increase in LAUNG at the protein levels in resistant and
clinical isolates of the parasite (Figure S7). An upregula-
tion of LAUNG transcription may be correlated with

increase in UNG activity of resistant isolates. These results
are in agreement with our observations of enhanced drug
tolerance in UNG-OE parasites compared to WT.

3.10. Treatment with AmpB and SAG Enhances Transcription
of LAUNG in Sensitive Isolates of L. donovani. AmpB and
SAG treatments generate ROS-mediated oxidative stress
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in parasite which may stimulate DNA repair activities. To
check whether treatment with these drugs could induce
the expression of UNG in the parasite and abundance of
UNG transcript was analysed by RT-PCR (Figure 8(a)).
One-way ANOVA compared the fold increase in LAUNG
transcripts of the parasites treated with antileishmanial
drugs (AmpB and SAG). The analysis was found to be sta-
tistically significant for both AmpB- and SAG-resistant
isolates (F =36, p=0.0004). Tukey’s multiple comparison
test further indicated a significant relationship between
the variables (corresponding p values are given along with
the readings below). Notably, we found ~3-fold (p < 0.001)
and ~2-fold (p <0.05) increase in expression of LAUNG
at the RNA level in case of AmpB-treated and SAG-
treated parasites, respectively. More interestingly, we did
not find significant change in UNG transcripts when
resistant strains were treated with drugs. Both AmpB-
and SAG-treated resistant isolates had relatively compa-
rable levels of UNG RNA (0.97- and 0.77-fold, resp.)
which were statistically nonsignificant (F=2.8, p=0.135)
as shown in Figure 8(c).

3.11. Overexpression of LAUNG in L. donovani Increases
Infectivity. Oxidative stress present in host macrophage poses
genotoxic threat to the parasite. Overexpression of UNG
might present an advantage for the parasite in the processes
and establishment of infection. To corroborate this, we com-
pared the infectivity of wild-type and overexpressed parasites
in macrophages using an ex vivo model. This helps us to
elucidate the role of LAUNG in counteracting the oxidative
hostile conditions inside the human macrophage during
infection. Peritoneal macrophages isolated from starch-
induced BALB/c mice were infected with wild-type and
LdUNG-OE parasites. A set of uninfected macrophages
(Figure 9) was kept as control for comparison. Infected
or control cells were stained with Giemsa for microscopic
examination. The pictures of uninfected macrophages (i),
macrophages infected with L. donovani (ii), and LAUNG
overexpressed L. donovani (iii) parasites (Figure 9(a))
showed that parasites overexpressing LAUNG exhibit more
infection as well as number of amastigotes per macrophages
as compared to wild-type parasites. By counting infected
and noninfected macrophages, we compared the infectivity
and infection rate of both types of parasite. A significantly
higher (~1.5-fold, p<0.01) percentage of macrophage
infectivity (~81%) was observed in transfected parasites as
compared to wild-type parasites (~55%) (Figure 9(b)). A
mixed model analysis of variance followed by Bonferroni
posttests verified the percentage of infected macrophages
(mean + SD, n = 3) of different parasite strains. L. donovani
cells (WT and UNG-OE) affects the percentage of
infected macrophage, and the effect was considered signifi-
cant (F =245, p <0.0001). L. donovani strains did not have
significant interaction at all the values of time (F=5.02,
p=0.055). Different time periods (12hr and 24hr) did
not affect the percentage of infected macrophages, and this
effect was considered nonsignificant (F =0.26, p = 0.620).
The number of amastigotes per infected macrophage
was also increased supporting the increased infectivity
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percentage. After 12 hours of infection with wild-type
and LAUNG parasites, numbers of amastigotes per 100
infected macrophages were found to be 252 +37 and 432
+ 35, respectively. Similarly, after 24 hours of infection with
wild-type and OE parasites, numbers of amastigotes per
100 infected macrophages were found to be 367 +40 and
635 + 54, respectively (Figure 9(c)). Thus, the transfected par-
asite showed a significant ~1.8-fold (p < 0.01) higher number
of amastigotes per infected macrophage when compared to
wild type. Our results show that from 12 hours to 24
hours’ time period, the parasites did not show significant
change except 10-15% increase in number of amastigotes.
A mixed model ANOVA followed by Bonferroni posttests
was applied to analyse the number of amastigotes per 100
macrophages (mean + SD, n = 3) of different parasite strains.
L. donovani cells (WT and UNG-OE) significantly (F =61,
p =0.0014) affects the number of amastigotes per 100 mac-
rophages. L. donovani strains did not have significant
interaction at all values of time (F=2.38, p=0.197). Dif-
ferent time periods (12 and 24 hours) affect the number
of amastigotes per 100 macrophages, and this effect was
considered to be significant (F=31.12, p=0.0051). These
results demonstrate that LAUNG overexpression increases
the infectivity of L. donovani parasites suggesting its potential
role in survival under oxidative stress conditions inside
macrophages.

4. Discussion

DNA repair pathways play an important role in sustaining
and continuity of life by correcting the anomalies in the
genomic DNA. They provide protection against different
types of endogenous and exogenous sources of DNA damage.
In other words, they help organisms in evading the ill effects
of stressful and extreme environments. The prominence of
stress management is one of the vital survival strategies in
every organism’s life to exist in this world. The same is the
case with Leishmania donovani, a protozoan parasite which
causes lethal disease visceral leishmaniasis. After going
through different aspects of this parasite, it seems that its
development, infectivity, and pathogenesis are chiefly related
to the parasite stress response. The complex interactions
between parasite stress response, cell cycle regulation, and
differentiation into various life cycle stages [36] help the par-
asite to cause infection by acclimatizing to the oxidative and
nitrosative bursts during host-pathogen interaction and
establishment of infection [37, 38]. The cellular-derived
ROS production within the cell is majorly due to NADPH
oxidase releasing superoxide ion (O,°”). This superoxide
ion reacts with NO to form peroxynitrite (ONOO™) and also
forms more damaging hydroxyl radical ("OH) due to change
in iron radicals, Haber-Weiss and Fenton chemistry [39].
The ROS-generated oxidative stress leads to DNA damage
ultimately causing cell death and tissue damage [40]. The
lesions generated in DNA due to ROS are mainly repaired
by BER, making the pathway indispensable for leishmania
to persist inside the host macrophage. UNG is one of the
important components of this pathway solely for its upfront
capability of detecting and isolating the lesions. Therefore,
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to ligand of Figure 1.

appropriate functioning of UNG is of paramount importance
for maintenance of BER pathway to repair DNA lesions and
help the parasite in combating with the deleterious effects of
ROS. In the present study, we demonstrate the role of
LdUNG in protection against DNA-damaging agents and
oxidative stress. Apart from this, we show that UNG is indi-
rectly related to the mechanisms involving drug resistance in
leishmania. First, we demonstrated the presence of glycosy-
lase activity in leishmania lysate and then in heterologously
produced and purified recombinant LAUNG. We find that

overexpression of enzyme in the parasite confers tolerance
against oxidative stress by correcting DNA damage and
surprisingly against antileishmanial drugs which are in use.
Also, our studies revealed that stressed parasites or resistant
isolates exhibit upregulated levels LAUNG transcription.
Interestingly, overexpression of UNG enhances the infectiv-
ity of the parasite.

To date, many UDGs from different organisms have
been characterized for their biochemical properties like
the bacterial enzyme (Escherichia coli [41, 42]), viral
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Tukey’s multiple comparison test using GraphPad Prism 5.0. One-way ANOVA compares the relative fold change of LAUNG transcription
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nonsignificant. For the meaning of these statistical symbols, refer to ligand of Figure 1.

enzymes (poxvirus [43] and HSV-1 [44]), parasite enzyme
(Trypanosoma cruzi [45] and Plasmodium falciparum [26]),
and human enzyme [25, 46, 47].

We characterized the enzyme biochemically on the basis
of its glycosylase activity of nicking uracil out from a specific
position in synthetic oligonucleotide. Both native and recom-
binant forms of LAUNG are sensitive towards change in
temperature and are best active at optimum temperature
37°C, which is also a physiological temperature of the human
host (Figure 1(b)). The other reported UDGs also work at the
same optimal temperature except for T. cruzi which works
optimally at 45°C [45]. The alkaline range of pH7-9 is best
suited for the enzyme functionality (Figure 1(c)), and this is
in accordance with other reported UDGs [41, 45, 47]. The
activity of parasitic glycosylase ceases at higher salt concen-
trations, and 50-100 mM was the optimum concentration
(Figure 1(d)), which is in accordance with other reported
50 mM in hUNG [47], 65mM in T. cruzi UDG [45], and
50-75mM in P. falciparum UNG [26]. Most of the enzymes
lose activity in higher concentrations of neutral salts due to
high ionic strength produced [48]. For understanding
requirements of cofactors, recombinant purified LAUNG
and cell lysate both showed good activity in the absence of
any external divalent cation cofactors including Mg*",
Mn?**, and Ca** (Figure 2). Our results are in agreement with
those for E. coli UNG and P. falciparum UNG [26] that did
not require any cofactors for their function. However, other
UDGs like human [47], vaccinia virus [49], and HSV-2 [50]
showed activity with optimal MgCl, at 6 mM, 7.5 mM, and

5mM, respectively. Therefore, LAUNG is advocated as a
cofactor-independent enzyme which is different from the
human enzyme. The structural changes or direct interactions
with the negatively charged group of the enzyme are sug-
gested to be induced by high concentrations of divalent
cations. The recombinant LAUNG showed tolerance towards
a broader range of assay conditions as compared to parasite
lysate under identical assay conditions.

The role of UNG in survival and growth of organisms
under oxidative stress has not been studied in detail. The role
of UNG enzyme in repair of oxidative damage has been
described in human [51]. To elucidate the role of UNG in
survival under oxidative stress, we overexpressed it by trans-
fecting L. donovani cells with pLPneo2-LdUNG plasmid.
Our results revealed that overexpression of UNG conferred
significant resistance to the oxidative stress through direct
production of ROS by agents like hydrogen peroxide and
menadione or similar stress indirectly using UVB radiation
and sodium bisulphite (Figure 4). The H,O, and menadione
induce ROS-mediated killing of both wild-type and UNG-
OE cells, but overexpressed cells are better protected against
oxidative killing as compared to wild type. Our findings
supported by other reports like overexpression of UNGI
enhanced cell resistance to oxidative stress and protected
mitochondrial DNA from oxidation [52]. It was also reported
that hydrogen peroxide results in activation of diverse
cellular pathways including DNA repair [31]. In an opposite
direction, 8-oxoguanine DNA glycosylase 1 (Oggl) when
overexpressed in Trypanosoma cruzi increases its sensitivity
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nonsignificant. For the meaning of these statistical symbols, refer to ligand of Figure 1.

towards hydrogen peroxide, and the low turnover number of
Oggl compared to other DNA glycosylases might be the rea-
son for the increased sensitivity [53]. Other DNA-damaging
agents like UV radiation also generate ROS [54] and induce a
better stress response in the UNG-OE cells as compared to
wild-type cells. Sodium bisulfite is mainly responsible for
the incorporation of uracil in the genomic DNA which leads
to DNA damage [55], and uracil misincorporation was basi-
cally corrected by UNG. The UNG-OE parasite survives bet-
ter when treated with different doses of sodium bisulfite as
compared to wild-type cells.

Methotrexate is a non-ROS-generating agent, but it
increases the intracellular levels of dUTP due to inhibition
of dTTP synthesis resulting from inhibition of dihydrofolate
reductase [22]. This increased dUTP allows incorporation of
uracil into DNA during replication. When L. donovani

cells were challenged with methotrexate, increased level
of LAUNG in OE cells results in higher rate of dUTP
elimination from DNA; therefore, increased resistance to
MTX was observed (Figure 5). In earlier report, advantage
in survival for APE overexpressing L. major against metho-
trexate was described [56].

Further, through an indirect assay, we quantified the
levels of AP sites using ARP in parasites and found that
the number of oxidative lesions was increased when cells
were exposed to stress environment. The same type of
observation was reported in T. cruzi, where DNA damage
and repair were quantified against oxidative agents like
ROS and iNOS by detecting levels of AP sites [57]. The
UNG-OE parasite displayed significant decrease in the
AP sites as compared to wild-type parasite when exposed
to oxidative environment (Figure 3). After removal of stress,
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number of AP sites decreases with time in both wild-type
and overexpressed cells. It indicates the recovery done by
repair pathways against the damage generated during the
stress conditions.

The change in gene expression levels due to exposure to
oxidative stress form an important part of cellular defence
mechanism and is proposed to be achieved at posttranscrip-
tional level in leishmania [58]. An upregulation of LAUNG
and other components of repair pathway is induced in
response to oxidative stress and is maintained during recov-
ery even after removal of stress. Previously, upregulation of
DNA repair genes was reported in response to hydrogen per-
oxide in human [59], expression of Ntgl, and a DNA repair
gene in Saccharomyces cerevisiae is induced upon oxidative
stress and it is localized to both the nucleus and mitochon-
dria [60]. Better survival of human macrophage in high
ROS condition due to increased expression DNA repair
protein was hypothesized earlier [61]. Our findings also fall
in the same line, and an upregulation of LAUNG is seen when
parasite is treated with ROS-generating oxidants like H,O,
and menadione as well UVB radiation (Figure 6). The level
of expression was significantly downregulated when cells
were kept under stress condition for a longer period
(Figure 6). It was evident that prolonged exposure to stress
condition might arrest cell cycle resulting in observed
decrease in expression of repair genes [62]. Elevated expres-
sion of LAUNG was more or less maintained even after the
stress (H,O, and menadione) was withdrawn and cells were
grown in fresh media for four hours. In this context, the
observed upregulation of UNG transcription in parasites on
treatment with ROS inducers supports the established role

of the UNG repair protein in stress tolerance. UVB-induced
upregulation decreased at four hours of postexposure
recovery, though levels of UNG were more in comparison
to unexposed control.

Most antileishmanials are reported to induce apoptosis-
associated features in leishmania, which include increase in
intracellular calcium levels, accumulation of ROS, drop of
the mitochondrial membrane potential (Dcm), genomic
DNA degradation, exposure of phosphatidylserine, and
induction of caspase-like activity [63-67]. Hence, the killing
mechanisms of drugs AmpB and SAG include cell apoptosis
by accumulation of ROS. According to previous report, pro-
mastigotes of sensitive strain of L. infantum showed high
levels of ROS in response to antimonial (SbIII), miltefosine,
and AmpB treatments [63]. Therefore, it was interesting to
investigate whether overexpression of UNG could have an
effect on survival of L. donovani upon treatment with AmpB
and SAG and we find that the overexpression helps para-
site to survive better. Further, IC,, doses of AmpB and
SAG drugs induce ~3- and ~2-fold increase in UNG tran-
scription in L. donovani, respectively (Figure 7). After getting
increased transcription of repair gene in drug-treated para-
site, we were curious to compare the expression levels of
UNG in drug-resistant and sensitive isolates of parasite.
The AmpB- and SAG-resistant strains of parasite displayed
significant increase in the transcripts of the UNG gene
(Figure 8). These findings were supported by the report of
upregulated expression of RAD51, a DNA repair enzyme,
being involved in drug resistance in trypanosomatids [68].
Resistance is accompanied by tolerance to drug-induced apo-
ptosis not only against the selective drug but also against
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drugs sharing a similar mode of killing [69]. We further
treated drug-resistant strains of the parasite with respective
drugs, that is, AmpB and SAG. No significant change was
observed in the expression level of UNG in the drug-treated
resistant parasite (Figure 8(c)). The finding was supported
by a report which demonstrate the success of resistant strain
in avoiding oxidative stress in L. infantum [70], and parasite
field isolates resistant to SbIII were less prone to undergo
apoptosis following exposure to either SbIII, miltefosine, or
AmpB [63]. Resistance mechanisms involving DNA repair
proteins may encompass point mutations and modulation
of parasitic gene expression by the amplification or dele-
tion of key genes involved in resistance. This phenomenon
of gene rearrangement is particularly prevalent in the
genus Leishmania and is often observed in drug-resistant
mutants [71].

An increase in stress would be an imperative imposition
on stationary stage parasites because being the preparative
phase before infection, the parasites need to armour
themselves with efficient redox detoxification machinery to
promptly counteract the oxidative/nitrosative burst and
hostile conditions inside the macrophage during infection.
In this perspective, our ex vivo infectivity studies of wild-
type and UNG-OE parasites (Figure 9) demonstrated that
percentage of infectivity and number of amastigotes per
infected macrophage were considerably higher with UNG-
OE parasite as compared to wild type.

5. Conclusion

Considering the persistence of parasite in macrophage cells
of host is responsible for the chronic phase of visceral leish-
maniasis, our results suggest that LAUNG plays a key role
in BER in L. donovani and its overexpression confers moder-
ate resistance to oxidants. The UNG protein was upregulated
in stress conditions. The effect of stress from both exogenous
and endogenous sources on the induction of DNA repair
genes, especially UNG, is represented in graphical illustration
in Figure 10. Our results emphasize the role of BER pathway
in establishment of infection in human macrophage. Added
to this, association of UNG expression with resistance against
commonly used antileishmanial drugs opens a new window
of opportunity to target LAUNG for development of com-
bination therapy against leishmaniasis. Thus, drug combi-
nations for the treatment of leishmaniasis represent a
promising area of research, and as such, targeting DNA
repair in combination with other drugs in practice should
be considered. The combination of therapeutic arsenals to
increase treatment efficiency as well as decrease cure dura-
tion and drug resistance is the most promising strategy,
since no vaccine against trypanosomatids has been discov-
ered so far [72].
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Supplementary Materials

Figure S1: analysis of recombinant LAUNG expression by
12% SDS and Western blot. (A) SDS-PAGE: M, unstained
protein marker; lane 1, uninduced supernatant; lane 2,
induced pellet fraction (IPTG 0.2mM); lane 3, induced
supernatant fraction (IPTG 0.2 mM); lane 4, induced pellet
fraction (IPTG 0.4 mM); lane 5, induced supernatant fraction
(IPTG 0.4mM); lane 6, induced pellet fraction (IPTG
0.6mM); and lane 7, uninduced supernatant fraction. (B)
Western blot: lane 3, purified LAUNG; primary Ab, anti-
His (dilution 1:12000); secondary Ab, anti-mouse conju-
gated with HRP (1:15000). Figure S2: enzymatic activity of
recombinant LdAUNG on single- and double-stranded
substrates. Figure S3: dose-dependent enzymatic activity of
leishmania uracil DNA glycosylase. The substrate (single-
stranded 47-mer oligonucleotide having uracil at 23 position)
was treated with recombinant LAUNG (A) and leishmania
lysate (B) as indicated. Figure S4: time-dependent enzymatic
activity of leishmania uracil DNA glycosylase. The substrate
(single-stranded 47-mer oligonucleotide having uracil at the
23rd position) was treated with recombinant LAUNG for dif-
ferent incubation time as indicated. Figure S5: (A) schematic
diagram showing primers used for confirmation of clone in
transfected L. donovani. For_v indicates vector-specific
forward primer. For_g and Rev_g indicate gene-specific for-
ward and reverse primers, respectively. (B) Confirmation of
LdUNG-transfected L. donovani by PCR. Lane 1 indicates
100 bp DNA ladder. Lanes 2 and 3 represent PCR amplifica-
tion using plasmid isolated from LAUNG transfectants.
Lanes 4 and 5 contain PCR products amplified using vector
pLPneo2 DNA. Lanes 6 and 7 contain PCR amplification
using L. donovani-genomic DNA as template. Lanes 3, 5,
and 7 are amplification products with vector-specific forward
and gene-specific reverse primers. Lanes 2, 4, and 6 represent
PCR products using gene-specific forward and reverse
primers. (C) Relative abundance of UNG transcripts in WT
and LdUNG transfectants determined by RT-PCR taking
a-tubulin as internal control. Figure S6: estimation of
ROS in UV-exposed L. donovani promastigotes. ROS was
estimated in parasite cells after 30 min post UV (302 nm)
treatment using CM-H2DCFDA as indicator. Figure S7:
Western blot. Total cell lysates prepared from sensitive,
AmpB-resistant, and SAG-resistant L. donovani strains were
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resolved on 10% SDS-PAGE and subjected to Western blot
analysis using LAUNG and a-LdActin antibodies, respec-
tively. Primary Ab: anti-LAUNG (dilution 1:5000); sec-
ondary Ab: anti-rabbit conjugated with HRP (1:15000).
Table S1: sequences of oligonucleotides used as substrates
in UNG activity assay. (Supplementary Materials)
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