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Kinetoplastid parasites are “living bridges” in the evolution
from prokaryotes to higher eukaryotes. The near-intronless
genome of the kinetoplastid Leishmania exhibits poly-
cistronic transcription which can facilitate R-loop formation.
Therefore, to prevent such DNA-RNA hybrids, Leishmania has
retained prokaryotic-like DNA Topoisomerase IA (LdTOPIA)
in the course of evolution. LdTOPIA is an essential enzyme
that is expressed ubiquitously and is adapted for the com-
partmentalized eukaryotic form in harboring functional
bipartite nuclear localization signals. Although exhibiting
greater homology to mycobacterial TOPIA, LdTOPIA could
functionally complement the growth lethality of Escherichia
coli TOPIA null GyrB ts strain at non-permissive temperatures.
Purified LdTOPIA exhibits Mg2+-dependent relaxation of only
negatively supercoiled DNA and preference towards single-
stranded DNA substrates. LdTOPIA prevents nuclear R-loops
as conditional LdTOPIA downregulated parasites exhibit R-
loop formation and thereby parasite killing. The clinically used
tricyclic antidepressant, norclomipramine could specifically
inhibit LdTOPIA and lead to R-loop formation and parasite
elimination. This comprehensive study therefore paves an
avenue for drug repurposing against Leishmania.

Evolutionarily kinetoplastids are a living bridge between the
prokaryotes and higher eukaryotes. It has adapted to the
compartmentalized structure of eukaryotes, yet harbors several
prokaryote homologous enzymes and processes. Owing to a
near intron-less genome kinetoplastids especially old-world
species, Leishmania initially exhibits polycistronic transcrip-
tion similar to prokaryotes but later these transcripts, exhibit
trans-splicing using the spliced leader RNA to generate gene-
specific mature RNA transcripts (1, 2). Although Leishmania
and Trypanosoma come under kinetoplastids there are certain
genome composition, functionality, and transcriptional dif-
ferences between the two organisms. Trypanosomes harbor a
lot more intergenic strand switch regions as compared to
Leishmania, and this also allows for shorter nuclear transcripts
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compared to Leishmania (1, 2). The large number of long
terminal repeats (LTR) and non-LTR retroelements present in
the Trypanosoma genome as compared to Leishmania genome
enables it to produce shorter transcripts from its tandemly
arranged intron-less genes (2). Besides, the Trypanosoma
genome harbors piwi and argonaut genes required for RNA
interference while the same is absent in the old-world Leish-
mania species (1, 3).

Topoisomerases solve all the topological problems that are
related to the physical structure of the DNA double helix by
cleaving, manipulating, and religating DNA strands in the
same catalytic event. There are two types of Topoisomerases,
type I, which cleaves single-stranded DNA, and type II, which
cleaves double-stranded DNA, and requires ATP for their
activity. Based on the sequence and catalytic mechanism, Type
I topoisomerases are divided into three subfamilies: type IA,
type IB, and type IC (4, 5). Type IA includes topoisomerase IA
and topoisomerase III where the enzymes require Mg2+ for
their activity and form 50-phosphotyrosine catalytic interme-
diate. Escherichia coli topoisomerase IA is an ideal example of
a type IA enzyme involved in DNA relaxation activities and
which comprises a core domain harboring the active site res-
idues, and a C-terminal domain harboring zinc-finger motifs
(4). On the other hand, Topoisomerase III is more efficient in
DNA decatenation, unknotting, and resolution of recombina-
tion intermediates (4). While evolutionarily TOPIII evolved
from prokaryotes to eukaryotes, TOPIA was gradually lost in
evolution, hence it is absent in higher eukaryotes but can be
found in lower eukaryotes like kinetoplastids (6).

E. coli has a global supercoiling-based regulation system
mainly based on the antagonistic actions of topoisomerase I and
DNA gyrase where the former relaxes and the latter generates
negative supercoils (7). In normal conditions, transcription
elongation generates negative and positive supercoils upstream
and downstream of the moving transcription bubble harboring
the RNA polymerase complex. But in extreme cases, as in the
absence of topoisomerase I, transcription elongation generates
hypernegatively supercoiled DNA ahead of the transcription
bubble. This is generated by DNA gyrase ahead of the tran-
scription bubble, where it removes the positive supercoils and
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Leishmania DNA topoisomerase IA prevents nuclear R-loops
thereafter starts to generate negative supercoils (8, 9). D-loops
and R-loops are bubble-like structures that form when one
strand of the double helix is displaced by annealing of the
complementary strand of eitherDNA (D-loop) or RNA (R-loop)
with the newly synthesized DNA or RNA strand (10, 11). In
prokaryotes recombination events as well as plasmid replication
go through an intermediate D-loop formation whereas poly-
cistronic transcription induces, hypernegative supercoiling and
results in the hybridization of nascent RNAwith template DNA
to generate R-loops. An R-loop is a three-stranded nucleic acid
structure that consists of a stretch of DNA: RNA hybrid formed
between the nascent transcribed RNA and the coding DNA
strand while the non-coding strand remains displaced in the
transcription bubble. R-loops are predominantly formed due to
hypernegative supercoiling induced by Type II topoisomerases
ahead of the transcription bubble in prokaryotes (7, 11) and they
are known to act as transcriptional brakes thus generating DNA
breaks, which then lead to genome instability (12, 13). The
presence of efficient relaxes like topoisomerase IA in pro-
karyotes prevents the formation of R-loops (8). Besides, RNaseH
overexpression can also suppress R-loop formation (14). But
how do eukaryotes deal with this problem? For higher eukary-
otes, recombination events are strictly monitored by topo-
isomerase IIIα and IIIβ and transcription is monocistronic thus
minimizing the problems associated with hypernegative
supercoiling (15, 16). But what happens for the intron-less
kinetoplastids where transcription is polycistronic. Trypano-
somes by virtue of having intergenic strand-switch regions, LTR
and non-LTR sequences somewhat produce shorter transcripts.
But how Leishmania deals with the problem associated with
hypernegative supercoiling owing to its long polycistronic
transcripts is unknown. The absence of introns, polycistronic
transcription, and uncoupled transcription and translation in
kinetoplastids as compared to prokaryotes are easy sources for
generating R-loops, which would be fatal for the parasites (1,
17–19).

We find that Leishmania harbors a prokaryotic type 1A
DNA Topoisomerase (LdTOPIA) homolog which is an
essential enzyme capable of preventing nuclear R-loops during
transcription and exhibiting Mg2+-dependent relaxation of
only negatively supercoiled DNA. Parasites are symbolized for
their adaptability and so Leishmania has adapted the DNA
Topoisomerase IA to localize in the nucleus so as to resolve
the topological constraints arising out of polycistronic
transcription-associated hypernegative supercoiling and
thereby prevent R-loop formation. Additionally, we have
identified FDA-approved tricyclic anti-depressant norclo-
mipramine to be a potent inhibitor of LdTOPIA and an effi-
cient anti-leishmanial drug that can specifically be used for
drug repurposing.
Results

DNA topoisomerase IA of Leishmania is a ubiquitously
expressed essential enzyme

Vital cellular processes like replication and transcription
encounter topological entanglements, which then are resolved
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by topoisomerases. Interestingly, the Leishmania donovani
genome harbors a novel “prokaryotic TOPIA” homolog
LdBPK_210180.1, which is absent in the higher eukaryotes.
Bioinformatic analysis of Leishmania donovani TOPIA
(LdTOPIA) shows that it harbors an active motif “GYI-
TYPRTDST” similar to E. coli Topoisomerase I (EcTOPIA),
but instead of having a zinc finger domain in its C-terminus,
there are bipartite nuclear localization signals (Fig. 1A). Gene
expression analysis of LdTOPIA using RNA isolated from both
promastigotes and axenic amastigotes at the indicated time
points exhibited equal levels at both stages of their life cycle
(Fig. S1A). RNA isolated during the conversion of promasti-
gotes to axenic amastigotes or vice versa did not exhibit any
significant change in the expression of LdTOPIA, thus indi-
cating that it is expressed ubiquitously at all life cycle stages of
Leishmania. Phylogenetic analysis of topoisomerases from
different species belonging to the ‘Type 1A’ class of top-
oisomerases exhibits that LdTOPIA belongs to the TOPIA
class of topoisomerases that are found in prokaryotes, lower
eukaryotes, and plants (Fig. S1B). Hence, we next generated a
homology modeled structure of LdTOPIA using the available
closely related mycobacterial TOPIA (MtTOPIA) structure
(PDB ID: 5D5H). It was observed that the LdTOPIA structure
resembled closely to the mycobacterial structure (Fig. 1B), and
active site residues, highlighted in the structure are Tyr357,
Glu135, Asp131, and Asp133. Superposition of the homology-
modeled structure over the available E. coli TOPIA structure
(PDB id: 4RUL) exhibited close overlap except for the zinc-
finger domains that were present in E. coli TOPIA (Fig. S1C).

To observe any phenotypic and/or metabolic changes
associated with LdTOPIA, we next wanted to generate
LdTOPIA knockout parasites through homologous recombi-
nation. First, we replaced one LdTOPIA allele with hygrom-
ycin (Fig. S1D-i). Not only was the growth of these
promastigotes slowed but they appeared slightly bulged and
oval in shape as observed when stressed (Fig. S1D-ii). Next,
when these heterozygous promastigotes were transfected with
another allele replacing construct-containing GFP, the trans-
fectant promastigotes failed to survive even on repeated trials
(Fig. S1D-ii). From this, we deciphered that LdTOPIA could be
an essential gene and therefore we were unable to generate a
complete knockout. Since RNA interference is a set-back for
the old world Leishmania species like Leishmania donovani,
Leishmania major, and Leishmania tarentolae, and our
knockdown of LdTOPIA was not possible owing to it being an
essential enzyme. The only option we had was to carry out
conditional antisense. The conditional antisense strategy uses
a commercially available L. tarentolae (LtT7TR) strain (Jena
Bioscience) wherein the tetracycline repressor (TR) and the T7
RNA polymerase (T7) is integrated into the genome of this
strain under the control of hygromycin and nourseothricin
selectable markers, respectively (Fig. S1E-i) (20, 21). When an
antisense construct directed against the untranslated regions
of LtTOPIA is cloned in a T7 promoter and tet operator
containing vector such as pLew100v5 (Fig. S1E-ii) (22, 23), and
there upon when this recombinant plasmid is transfected into
this LtT7TR strain it would facilitate tetracycline induced



Figure 1. Topoisomerase IA, an essential protein of L. donovani. A, sequence comparison of E. coli TOPIA, M. tuberculosis TOPIA, T. brucei TOPIA and
L. donovani TOPIA showing start and end residue of TOPRIM domain, Active site tyrosine and DNA binding domain region. B, homology modeled structure
of LdTOPIA with the active site residues Tyr357, Glu135, Asp131, and Asp 133 exhibited in the zoomed image. C, microscopic images of (−Tet) tetracycline
uninduced (top) and (+Tet) induced (bottom) LtT7TR parasites expressing antisense LdTOPIA construct, Scale bar: 25 μm (ii) Graphical representation of
percentage viable LtT7TR parasites in (−Tet) and (+Tet) condition for indicated time points. (n = 5 mean ± SD, 3 biological replicates. p vs. respective control
(0h)). D, relative quantitation of LtTOPIA, LtTOPIL, and Ltβ-Tub mRNA expression levels in (+Tet) parasites measured by qPCR and plotted as normalized
values over 24 h (n = 3 mean ± SD, 3 biological replicates. p versus tetracycline treated for 24 h). E, flow cytometric analysis of cell-cycle arrest in antisense
LtTOPIA transfected LtT7TR parasites without (−Tet, green) or with (+Tet, red) induction at indicated timepoints (representative image of n = 3). F, graphical
representation of the cell cycle phases (G0-G1, S, G2-M, and 4N) for antisense LtTOPIA transfected LtT7TR parasites without (−Tet) or with (+Tet) induction for
indicated time points (n = 5, mean ± SD, 3 biological replicates for each time).

Leishmania DNA topoisomerase IA prevents nuclear R-loops
conditional antisense of LtTOPIA and in parallel allow for
complementation using either LdTOPIA or similar constructs
cloned and transfected in another vector. Unfortunately, since
no LdT7TR strain was available commercially and multiple
sequence analyses of LtTOPIA and LdTOPIA exhibited 87.8%
identity and 95.8% similarity at the sequence level, we decided
that the antisense of LtTOPIA unequivocally would represent
the antisense of LdTOPIA wherein complementation could be
carried out with LdTOPIA.

The tetracycline-treated antiTOPIA expressing parasites
exhibited round stressed morphology (Fig. 1C-i). A modified
MTT assay using tet untreated and treated cells exhibited a
gradual decrease in the viability of the parasites upon tetra-
cycline treatment (Fig. 1C-ii) compared to untreated parasites
due to a gradual decrease in the level of LtTOPIA transcripts
with increasing time of tetracycline treatment. Analysis of the
LtTOPIA transcripts at different timepoints after tetracycline
treatment normalized against the expression at 24 h exhibited
a gradual decrease in the level of LtTOPIA transcript as
compared to LtTOPIL and β-tubulin controls. It was observed
that LtTOPIA transcripts were reduced to �10 to 12 fold in
the tetracycline-treated antisense TOPIA LtT7TR transfectant
parasites compared to tetracycline untreated parasites after
24 h of treatment (Fig. 1D). To analyze the effect of LtTOPIA
depletion on cell cycle progression flow cytometry analysis was
carried out (Fig. 1E). Reduction of parasites, both with 2C
content (G1 phase) and 4C content (G2/M phase) decreased
with time of tetracycline treatment, but the percentage of
parasites with more than 4C increases with time which is
indicative of G2/M arrest (Fig. 1F), failed mitosis followed by
parasite death.
Leishmania topoisomerase IA localizes in the nucleus

Motif scan analysis of LdTOPIA revealed two bipartite nuclear
localization signals (NLS) 782KKESHGAACKVDKKTPRR-
FRAKPKKPKK809 at theC-terminus of LdTOPIA.To analyze the
precise localization of LdTOPIA inside the parasites, it was
J. Biol. Chem. (2024) 300(4) 107162 3



Leishmania DNA topoisomerase IA prevents nuclear R-loops
tagged at theN-terminuswithGFP. It was observed thatwhile the
empty vector-transfected parasites exhibited a cytoplasmic
fluorescence corresponding to GFP (Fig. 2A-i), GFP-LdTOPIA
exhibited nuclear fluorescence (Fig. 2A-ii). Next, when these
NLS sequences between the residues 782aa to 809aawere deleted
to generate the GFP-LdTOPIAΔNLS construct and transfected
into the parasites, it exhibited cytoplasmic localization (Fig. 2A-
iii). This indicated that the Motif scan predicted C-terminal NLS
of LdTOPIA were functional.

Next, cytoplasmic and nuclear fractions prepared from the
above-mentioned cells were immunoblotted to confirm the
nuclear localization of LdTOPIA. Immunoblotting with anti-
LdTOPIA antibodies exhibited bands corresponding to
endogenous LdTOPIA in all three transfectant parasites’ nu-
clear extracts but not in their cytoplasmic extracts (Fig. 2B).
Bands corresponding to GFP-LdTOPIA was predominantly
observed in the nuclear fraction while slight bands were
observed in cytoplasmic fractions that could be the result of
extra-chromosomal cytoplasmic overexpression of GFP-
LdTOPIA that fails to translocate to the nucleus. The bands
for slightly smaller NLS deleted GFP-LdTOPIAΔNLS construct
were observed only in the cytoplasmic extracts. Simultaneously
immunoblotting of the same fractions using anti-GFP exhibited
bands corresponding to empty vector encoded GFP in the
cytoplasmic fraction and GFP-LdTOPIA was predominantly
present in the nuclear extract than cytoplasm as was observed in
anti-LdTOPIA blots. GFP-LdTOPIAΔNLS specific band was
observed only in the cytoplasmic extract (Fig. 2B). The equal
band intensities of GAPDH only from the cytoplasmic fraction
and Histone H3 only from the nuclear fraction serve both as
loading control and control for fractionation efficiency. These
data confirmed that LdTOPIA is localized specifically in the
nucleus and deletion of the C-terminal nuclear localization
signals makes it localize in the cytoplasm.
Figure 2. Localization of LdTOPIA. A, microscopic images of L. donovani DD8
Brightfield; GFP: Green fluorescence of GFP or GFP fusion proteins. The paras
Scale bar: 5 μm. B, immunoblotting of 30 μg cytoplasmic and nuclear extrac
transfected L. donovani DD8 parasites using anti-LdTOPIA and anti-GFP antibod
specific loading controls, respectively.
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Further localization studies were carried out where GFP-
LdTOPIAΔNLS was tagged in the C-terminus with an SV40
T-antigen NLS sequence. This construct when transfected into
the parasite was relocated back to the nucleus from the cyto-
plasm (Fig. S2A-i). This clearly indicated that the C-terminal
residues KKT-PRR and PKK-PKK of LdTOPIA are functional
NLS sequences which when deleted prevent the protein from
localizing to the nucleus. Since LdTOPIA is a prokaryotic
TOPIA homolog we next cloned E. coli TOPIA into pXG-GFP
and transfected it inside Leishmania. GFP-EcTOPIA was
localized in the cytoplasm, as EcTOPIA being a prokaryotic
protein does not harbor any nuclear localization signal
(Fig. S2A-ii). Next, when the C-terminal residues KKESH-
GAACKVDKKTPRRFRAKPKKPKK harboring the functional
NLS sequence of LdTOPIA was tagged at the C-terminus of
EcTOPIA and transfected into Leishmania it exhibited nuclear
localization (Fig. S2A-iii). Additionally, heterologous expres-
sion of EGFP-LdTOPIA in mammalian cells also exhibited
nuclear localization while the deletion mutant EGFP-LdTO-
PIAΔNLS, when transfected into Leishmania, exhibited cyto-
plasmic localization (Fig. S2B). The addition of an SV40 T
antigen NLS sequence to both EGFP or EGFP-LdTOPIAΔNLS
resulted in the nuclear localization of these proteins. This
conclusively established that the C-terminal KKT-PRR and
PKK-PKK of LdTOPIA are functional nuclear localization
signals enabling the nuclear localization of LdTOPIA.
Nuclear LdTOPIA is a functional homolog of prokaryotic
TOPIA

To obtain purified recombinant LdTOPIA we first cloned it
in pET28a and transformed it into E. coli Rosetta strain, but
the overexpressed protein was in the insoluble fraction, which
when purified using urea did not yield a functionally active
transfected with pXG-GFP, pXG-GFP-LdTOPIA and pXG-GFP-LdTOPIAΔNLS.
ites were counterstained with DRAQ5 to stain the nucleus and kinetoplast.
ts prepared from pXG-GFP, pXG-GFP-LdTOPIA, and pXG-GFP-LdTOPIAΔNLS
ies. Anti-GAPDH and anti-Histone H3 were used as cytoplasmic and nucleus-



Leishmania DNA topoisomerase IA prevents nuclear R-loops
protein. The purified proteins were used to generate antibodies
against LdTOPIA. So, we decided to use the L. tarentolae
protein expression system as per the given schematic
(Fig. S3A) where LdTOPIA was cloned in pLew100v5 vector
and thereafter transfected and expressed through tetracycline
induction in the LtT7TR strain. Tetracycline-induced trans-
fected parasites were lysed and Ni-NTA affinity chromatog-
raphy was carried out followed by gel filtration in the S200
column to purify recombinant LdTOPIA to essential homo-
geneity as shown (Fig. 3A). The site-directed active site residue
mutants, LdTOPIAY357A and LdTOPIAE135A were similarly
cloned, expressed, and purified to essential homogeneity
(Fig. 3A).
Figure 3. Functional characterization of purified LdTOPIA. A, SDS-PAGE
tetracycline induced, pLew100v5 cloned LdTOPIA, LdTOPIAY357A, and LdTOPIA
massie G-250. Plasmid DNA relaxation assay using (−SC) pBluescript and (B)
LdTOPIA along with Camptothecin (CPT) or Etoposide (Etop) and in presence of
thereafter EtBr staining for visualization. D, plasmid DNA relaxation assay using
37 �C for 15 min. E, bidirectional agarose gel electrophoresis using (−SC) pBlues
with Human TOPII and purified LdTOPIA in order to differentiate the relaxation
(EMSA) using 100 nM γ-32P labeled (i) single-stranded and (ii) double-strand
LdTOPIA (5–200) nM (G) DNA binding affinity was measured by fluorescence p
increasing concentration of LdTOPIA. Fraction-bound values were plotted ag
calculated for ssDNA and dsDNA (n = 5, mean ± SD, 3 biological replicates).
Overexpressed and purified LdTOPIA when incubated with
pBlueScript plasmid DNA, could efficiently relax the plasmid
DNA (Fig. 3B) as evident from the decrease in the supercoiled
band and appearance of the increasing number of intermediate
supercoils. The site-directed mutants LdTOPIAY357A, and
LdTOPIAE135A failed to relax the plasmid DNA. This indicated
that LdTOPIA is a functional protein where Y357 is the active
site tyrosine and similar to the prokaryotic TOPIA, the E135
residue also plays a crucial role in DNA relaxation. A multiple
sequence alignment of different TOPIA sequences indicated
the consensus sequence (DXDREGE) and conserved active site
sequence (GYITYPRTDST) for all the protein sequences and
that LdTOPIA harbors the E135 and Y357 residues among
(10%) analysis of purified LdTOPIA, LdTOPIAY357A, and LdTOPIAE135A from
E135A transfected LtT7TR conditional expression system, stained with Coo-
LdTOPIA or its active site mutants LdTOPIAY357A and LdTOPIAE135A or (C)
Mg2+ at 37 �C for 25 min followed by electrophoresis in 1% agarose gel and
(−SC) pBluescript, increasing concentration of Mg2+ and purified LdTOPIA at
cript and reverse gyrase generated (+SC) pBluescript plasmid DNA incubated
of negative and positive topoisomers. F, electrophoretic mobility shift assay
ed oligonucleotide substrates incubated with increasing concentrations of
olarization using 50 FAM tagged ssDNA and dsDNA substrate incubated with
ainst LdTOPIA concentration (2–200) nM and KD values of LdTOPIA were

J. Biol. Chem. (2024) 300(4) 107162 5



Leishmania DNA topoisomerase IA prevents nuclear R-loops
these conserved sequences, respectively (Fig. S3B). LdTOPIA
could exhibit plasmid DNA relaxation in the presence of
Camptothecin (CPT) as well as Etoposide (Fig. 3C) thus
further indicating that it is a Type IA topoisomerase and the
exhibited DNA relaxation was not due to any TOPIB or TOPII
enzymes as Etoposide and CPT could effectively inhibit
plasmid relaxation of the TOPIB and TOPII respectively
(Fig. S3C). Further LdTOPIA also exhibited Mg2+-dependent
DNA relaxation activity (Fig. 3D) which is another character-
istic of Type IA topoisomerase activity.

When plasmid relaxation was carried out in the presence of
increasing (Na+) salt concentration optimal plasmid relaxation
was observed at 100 mM of salt concentration (Fig. S3D). Type
IA topoisomerases can specifically relax only negatively
supercoiled DNA. To distinguish between intermediate nega-
tive and positive supercoiled topoisomers, the reaction mix-
tures were electrophoresed in an agarose gel and thereafter at
90� rotation in the presence of chloroquine, a DNA inter-
calator. E. coli DNA gyrase not only can relax both negative
and positive supercoils but it can also introduce negative su-
percoils. Whereas human TOPII can relax both negative and
positive supercoils but do not introduce negative supercoils.
Hence, when (+) SC DNA was incubated with DNA gyrase it
could relax it and introduced negative supercoils which when
run in one direction gel electrophoresis in presence of chlo-
roquine, migrated ahead of (−) SC DNA. The compactness of
negatively supercoiled DNA is less compared to its positively
supercoiled counterpart and thus it runs ahead of negative
supercoiled DNA in an agarose gel (Fig. 3E-a). On the other
hand, the completely relaxed band generated out of human
TOPII incubation with (−) SC DNA, in the presence of chlo-
roquine migrated fastest than the nicked DNA and other
underwound intermediate negative supercoils migrate as an
arc in second dimension (Fig. 3E-b and c). Whereas relaxed
intermediate supercoils generated by TOPII with (+) SC,
which contain positive supercoils, could not absorb DNA
intercalator and thus there is a slight change in migration
observed based on differences in superhelicity. We found
similar results with LdTOPIA and (−) SC DNA as with TOPII
suggesting that it can only relax (−) SC DNA but cannot
introduce negative supercoils. Also, LdTOPIA could not relax
(+) SC DNA (Fig. 3E-d and e) which is a property of Type IA
topoisomerases.

To analyze the DNA binding ability of LdTOPIA we carried
out EMSA analysis. Increasing concentrations of LdTOPIA
were incubated with a similar amount of γ-32P end-labeled
single-stranded and double-stranded DNA substrates similar
to that used for analyzing the DNA binding of E. coli TOPIA. It
was observed that for the same concentration of LdTOPIA
reduced amount of unbound single-stranded substrate
(Fig. 3F-i) was present in comparison to the double-stranded
substrate (Fig. 3F-ii). A graph from anisotropy data of bound
oligo for single and double-stranded substrates against
respective LdTOPIA concentration was plotted in a curve
(Fig. 3G) from which the KD value of LdTOPIA for single and
double-stranded DNA was observed to be 3.16 ± 0.12 nM and
8.1 ± 0.23 nM respectively. This indicates that LdTOPIA has a
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greater affinity for single-stranded substrates, which is another
characteristic of Type IA topoisomerases. We also performed a
fluorescence anisotropy analysis using LdTOPIA and human
catalytically inactive RNaseH I along with DNA: RNA duplex.
The RNA oligomer of the DNA: RNA duplex used in the study
was 50FAM tagged while the DNA sequence was unlabeled and
complementary to this RNA sequence. While catalytically
inactive human RNaseH I (24) could effectively bind to this
DNA: RNA duplex, no binding was observed for LdTOPIA
suggesting LdTOPIA has no binding affinity for DNA: RNA
duplex (Fig. S3E).
Nuclear LdTOPIA can functionally complement E. coli TOPIA
null mutant strain

From the above experiments, it is evident that LdTOPIA is a
prokaryotic TOPIA homolog, hence we wanted to check if it
could functionally complement E. coli TOPIA. For this we
took a TOPIA null GyrB ts strain RFM475, kindly gifted by
Prof. Marc Drolet along with the control strain RFM445.
RFM475 strain could grow slowly at 37 �C as DNA gyrase
could partly complement the functionality of TOPIA but at
non-permissive temperatures of 30 �C and 42 �C where GyrB
ts becomes non-functional, thus having no active topoisom-
erase, which then would lead to growth lethality (8). LdTOPIA
as well as the active site mutants, LdTOPIAY357A and LdTO-
PIAE135A were cloned in the arabinose inducible pBAD24
vector and transformed into RFM475 strain. LdTOPIA
expressing RFM475 transformants could only grow at the non-
permissive temperature of 30 �C as well as 42 �C (Fig. S4A)
indicating thereby that LdTOPIA could functionally comple-
ment E. coli TOPIA null mutant. Growth kinetics of LdTOPIA
expressing RFM475 along with RFM475 alone or expressing
pBAD24 or RFM445 strains, carried out at 30 �C also exhibited
a similar result (Fig. S4B). But RFM475 alone or LdTO-
PIAY357A and LdTOPIAE135A expressing transformants failed
to grow at 30 �C (Fig. 4A) and the same was also evident in the
growth kinetic study as shown in (Fig. S4C). This indicated
that wild-type LdTOPIA and not its active site mutants could
functionally complement the growth lethality of the RFM475
strain at non-permissive temperatures.

Compartmentalization in eukaryotes makes NLS signals
essential for the proper functionality of LdTOPIA. Since pro-
karyotes do not exhibit such compartmentalization, we next
wanted to check if deletion of the NLS sequences from LdTO-
PIA could still make it complement E. coli TOPIA in the
RFM475 strain. LdTOPIAΔNLS as well as LdTOPIA1-771, when
transformed into RFM475 strain, exhibited growth at the non-
permissive temperature of 30 �C (Figs. 4B and S4D), indi-
cating thereby that deletion of the NLS sequences does not
hamper its topoisomerase activity. With respect to prokaryotic
TOPIA the residues crucial forDNAbindingwere present at the
C-terminus followed by a zinc finger domain. Although lacking
a Zn-finger domain, similar residues were harbored between
amino acids 640 to 684 of LdTOPIA. Hence, we generated
the deletion constructs LdTOPIA1-684 and LdTopIA1-640,

cloned it in pBAD24, and transformed into RFM475 strain.



Figure 4. LdTOPIA can functionally complement the RFM475 (E. coli TOPIA null GyrB ts) strain. A-C, To LB media agar plates containing ampicillin, the
following strains RFM475 transformed with pBAD24, pBAD24-LdTOPIA were streaked and grown at non-permissible temperature 30 �C for 36 h. D, SDS-
PAGE (10%) analysis of purified LdTOPIA and its deletion mutants stained with Coomassie G-250. E, plasmid relaxation assay using 10 nM of each purified
protein LdTOPIA, LdTOPIAΔNLS, LdTOPIA1-684, LdTOPIA1-640 at 37 �C.
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LdTOPIA1-640 failed to complement while LdTOPIA1-684

although exhibited reduced growth could still complement
TOPIA null and GyrB ts RFM475 at 30 �C indicating thereby
that the residues between 640 to 684 although lacking Zn-finger
domain as in E. coli TOPIA harbors residues crucial for exhib-
iting topoisomerase activity (Fig. 4C). Growth kinetics of the
complementing LdTOPIAΔNLS and LdTOPIA1-640 deletion
mutants where the former exhibited growth at 30 �C and the
later failed to grow at 30 �C were also obtained (Fig. S4E). From
these data it is evident that LdTOPIA being a homolog of pro-
karyotic TOPIA could functionally complement it in RFM475
strain and the same is prevented if the active site residues are
mutated as in LdTOPIAY357A and LdTOPIA-E135A or DNA
binding regions are deleted as in LdTOPIA1-640. Besides, the
NLS sequences of LdTOPIA are not required for functional
complementation in RFM475 strain. We next purified the
NLS deleted LdTOPIAΔNLS (1-781aa), LdTOPIA1-684,
LdTOPIA1-640 along with wildtype LdTOPIA (809aa) and
electrophoresed them in an SDS PAGE (Fig. 4D). Thereafter, we
carried out a DNA relaxation assay using these purified proteins
(Fig. 4E). It was observed that deletion of the 782-809aa (NLS),
and 685-809aa (LdTOPIA1-684) had negligible effect on the
DNA relaxation as compared to LdTOPIA and therefore they
could also complement EcTOPIA in RFM475 strain while the
641-809aa deleted construct LdTOPIA1-640 failed to relax
supercoiled DNA, hence it had failed to complement EcTOPIA
in RFM475 strain. The unusual bi-subunit TOPIB of Leish-
mania (LdTOPIL/S) (25, 26) is a crucial enzyme of Leishmania
that can also relax negative supercoils. From literature we know
that when the small subunit (LdTOPS) is fused in tandem with
the large subunit (LdTOPIL) and expressed and purified as a
single protein as LdTOPIL-fus-S it exhibits properties similar to
the monomeric human TOPIB (26). To analyze whether
Leishmania TOPIB (LdTOPIL-fus-S) has an effect on the R-
loop resolving/preventing process we did complementation
assays inRFM475 strain. LdTOPIL-fus-S could not complement
E. coli TOPIA as was done by LdTOPIA (Fig. S4, F and G).
Nuclear R-loops, formed during polycistronic transcription,
are resolved by LdTOPIA

Prokaryotic TOPIA is known to prevent R-loop formation
during polycistronic prokaryotic transcription. Since lower
eukaryote Leishmania harbors a near intron-less genome,
transcription in Leishmania is also said to be polycistronic,
thus posing a problem of R-loop formation, if not prevented.
The presence of spliced-leader RNA required for trans-splicing
provides further evidence towards initial polycistronic
J. Biol. Chem. (2024) 300(4) 107162 7
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transcription and later separate mRNA production through
trans-splicing (1). The presence of a functionally com-
plementing prokaryotic TOPIA homolog in Leishmania which
could functionally complement it, made us assume that
LdTOPIA could have been retained in Leishmania to play a
similar role in preventing R-loops.

To check the formation of R-loops inside the parasite nu-
cleus, we used the conditional antisense-mediated LtTOPIA
knockdown strain (antiTOPIA). Parasites when treated with
tetracycline induced the downregulation of LtTOPIA and the
cells were thereafter stained with anti-LdTOPIA and anti-
DNA-RNA hybrid antibody (S9.6) for different timepoints.
The punctate stain corresponding to DNA-RNA hybrids or R-
loops increased with increasing time of tetracycline treatment
inside the parasite nucleus observed (Fig. 5A). Quantitative
analysis of the same showed an increase in R-loop formation
with a decrease in LtTOPIA with time (Fig. 5B). Further, we
also performed a DRIB assay, wherein after the indicated time
of tetracycline induction of antisense constructs in the para-
sites, genomic DNA was isolated and dot-blotted using an
anti-DNA-RNA hybrid antibody. It was observed that the
amount of DNA-RNA hybrids present in the genomic DNA,
increased with increased time of tet induction (corresponds to
rapid reduction of LtTOPIA), while no DNA-RNA hybrids
were observed in the tet (−) parasites (Fig. 5C). Densitometric
analysis shows that compared to control loss of LdTOPIA
resulted in a 2.6-fold higher amount of R-loop formation after
48 h of tet induction. The increasing intensity in the dot blots
Figure 5. LdTOPIA prevents R-loop formation during polycistronic transc
untreated or treated with tetracycline for indicated time points to observe
AlexaFluor488, anti-DNA-RNA (S9.6) Alexa Fluor568 antibodies, and counter
extent of R-loop formation estimated from the fluorescence intensity. [n = 60 (2
carried out from genomic DNA isolated from untreated or tetracycline-treated a
densitometry of the same samples. [n = 3 and 3 biological replicates, me
(+Tet +RNaseH)]. E, DRIB assay was carried out using genomic DNA isolated f
parasites and complemented with LdTOPIA, LdTOPIAΔNLS or LdTOPIAΔNLS-
samples [n = 3 and 3 biological replicates, mean ± SD, p values for (+Tet) ver
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with rapid reduction of LtTOPIA disappeared and it became
similar to control levels when the isolated genomic DNA was
treated with RNaseH prior to dot blot analysis (Fig. 5, C and
D). This indicated clearly that the increasing intensity of the
dot blots was due to increasing amounts of R-loop formation
due to loss of LtTOPIA.

Since the anti-sense construct was from the 50UTR region
of endogenous LtTOPIA we next wanted to carry out
complementation studies. For this, we transfected the anti-
sense transfectant with wildtype and different mutants of
LdTOPIA. With increasing time of tetracycline induction of
antisense of endogenous LtTOPIA, wild-type LdTOPIA could
complement the endogenous protein and thereby prevent R-
loop or DNA-RNA hybrid formation (Fig. 5, E and F). But
antiTOPIA vector control alone or the NLS deleted construct
of LdTOPIA exhibited increasing amounts of R-loop forma-
tion with time since the former transfectants had no func-
tional LdTOPIA, while the later although having a functional
LdTOPIA could not localize to the nucleus to prevent R-loop
formation during polycistronic transcription. Therefore, when
we next added an SV40 T-antigen NLS sequence to the C-
term of LdTOPIAΔNLS (LdTOPIAΔNLS-SV40NLS), no R-
loop formation was observed with increasing time of tetra-
cycline induction owing to re-localization of LdTOPIAΔNLS-
SV40NLS to the nucleus (Fig. 5E). These data clearly indi-
cated that LdTOPIA being a nuclear protein can resolve
polycistronic transcription generated R-loops inside the
parasite.
ription. A, LtT7TR strain transfected with anti-LtTOPIA construct was either
the extent of R-loop formation. Parasites were stained with anti-LdTOPIA-
stained with DRAQ5. Scale Bar, 5 μm. B, graphical representation of the
0 nuclei of 3 biological replicates), mean ± SD. p versus 0h]. C, DRIB assay was
ntisense LtTOPIA transfected LtT7TR parasites after indicated time points. D,
an ± SD, p values for (+Tet) versus (+Tet +RNaseH) and p versus 0h of
rom untreated or tetracycline-treated antisense LtTOPIA transfected LtT7TR
SV40NLS for indicated time points. F, densitometric analysis of the same
sus (+Tet +LdTOPIA) and p versus 0h of (+Tet +LdTOPIA)].
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We observed earlier that LdTOPIL-fus-S could not com-
plement E. coli TOPIA in the RFM475 strain. Moreover,
endogenous Leishmania TOPIB (LtTOPIL/S) failed to com-
plement the loss of LtTOPIA upon its tetracycline-induced
conditional antisense. Yet we carried out a complementation
study wherein we cloned LdTOPIL-fus-S (26) in pXG vector
and transfected it in the LtTOPIA conditionally antisense
LtT7TR strain (antiTOPIA). The addition of tetracycline for
increasing timepoints exhibited increased amounts of DNA:
RNA hybrids which was not evident for similar parasites
transfected with LdTOPIA (Fig. S5, A-i and A-ii). This further
indicated that LdTOPIL-fus-S cannot prevent R-loop
formation.

From the literature, it is evident that RNaseH IIA of Try-
panosoma is localized in the nucleus where it resolves R-loops
and does not have any activity in kinetoplast (27). On the other
hand, we observed that its homolog RNaseH IIA of Leish-
mania donovani (LdRNaseH IIA) lacks a functional NLS and
localizes in the kinetoplast (Fig. S5B). To analyze whether
LdRNaseH IIA can complement the function of LdTOPIA we
cloned LdRNaseH IIA in pXG vector and transfected it in the
LtTOPIA conditionally antisense LtT7TR strain (antiTOPIA).
The G418 selected transfectant parasites when treated with
tetracycline (resulting in antisense of LtTOPIA) for increasing
time points resulted in increased DNA: RNA hybrids of the
transfectants. Both empty vector (pLew100) and LdRNaseH
IIA transfectant exhibited similar extents of DNA: RNA hy-
brids (Fig. S5, C-i and C-ii). This indicated that LdRNaseH IIA
cannot complement LtTOPIA (or similarly LdTOPIA).
Tricyclic anti-depressant norclomipramine by inhibiting
LdTOPIA generates R-loops which leads to parasite
elimination

Tricyclic anti-depressants (TCA) had previously been
shown to exhibit anti-leishmanial activity and another study
also showed that imipramine can stimulate IL-10 production
and promote parasite killing. In another study, mycobacterial
topoisomerase IA specifically and not E. coli TOPIA was
shown to be efficiently inhibited by norclomipramine which is
a widely used TCA in humans (28–31). Both imipramine and
norclomipramine (NCL) could inhibit the DNA relaxation by
LdTOPIA, but NCL was found to be a more potent inhibitor of
LdTOPIA as compared to imipramine (Fig. S6A). LdTOPIA
was closer to mycobacterial TOPIA hence NCL could potently
inhibit its DNA relaxation. Next, when we carried out a DNA
relaxation assay using LdTOPIA and EcTOPIA in the presence
of an increasing concentration of NCL, it was observed that
NCL failed to inhibit the DNA relaxation by EcTOPIA
(Fig. 6A).

Since NCL could effectively inhibit LdTOPIA we wanted to
see if this inhibition was due to binding of NCL to the active
site or elsewhere. When NCL was docked to the energy-
minimized homology-modeled structure of LdTOPIA it was
observed that NCL localized to the active site of LdTOPIA
(Fig. S6B), thus indicating that it is a competitive inhibitor of
LdTOPIA. We next wanted to check the anti-leishmanial
potential of NCL in comparison to imipramine, as it was a
competitive inhibitor of LdTOPIA, an essential enzyme for
Leishmania. NCL could efficiently eliminate Leishmania pro-
mastigotes and axenic amastigotes with an IC50 value of 8 μM
and 12 μM respectively as compared to 15 μM and 28 μM
respectively for imipramine (Fig. 6B). By growth complemen-
tation study we found that LdTOPIA could complement
EcTOPIA in the RFM475 strain, but EcTOPIA was not
inhibited by NCL. Hence, further complementation experi-
ments were carried out wherein RFM475 strains were trans-
fected with LdTOPIA, LdTOPIA1-771, and EcTOPIA and
grown in arabinose and NCL-containing plates at 30 �C.
LdTOPIA and LdTOP1A1-771 which was previously observed
to complement EcTOPIA at a non-permissive temperature of
30 �C failed to do so in the presence of NCL, but EcTOPIA
could complement the TOPIA null GyrB ts RFM475 strain as
it was not inhibited by NCL (Fig. S6C). Next with increasing
time of NCL treatment of Leishmania, there were increasing
amounts of R-loops, generated inside the nucleus visualized
under the microscope (Fig. 6, C and D), and the same was also
observed by DRIB assay (Fig. 6, E and F). The NCL treatment
generated, increasing amounts of R-loops formed inside the
parasite’s nucleus was resolved upon treatment of isolated
genomic DNA with RNaseH prior to dot-blot analysis
(Fig. 6E). Since LdTOPIA complements the function in
RFM475, we wanted to check if EcTOPIA could complement
LdTOPIA and prevent parasite elimination by resolving the R-
loops generated by NCL-mediated inhibition of LdTOPIA. But
EcTOPIA being a prokaryotic protein lacked NLS. Therefore,
we tagged the NLS of LdTOPIA to the C-terminus of EcTO-
PIA and the construct was transfected into Leishmania fol-
lowed by treatment with NCL. It was observed that EcTOPIA
alone could not prevent nuclear R-loop formation due to in-
hibition of LdTOPIA by NCL as it failed to localize to the
nucleus as had been observed earlier. But, EcTOPIA-LdNLS
could prevent NCL treatment-generated R-loop formation
inside the parasite (Fig. S6, D and E). Thus, it was clearly
established that LdTOPIA is a eukaryotic homolog of pro-
karyotic TOPIA but adapted for eukaryotic compartmentali-
zation in having a functional NLS so as to localize to the
nucleus and prevent any polycistronic transcriptional after-
math generated R-loops inside the parasite.

Further to check the potential of the clinically used FDA-
approved tricyclic antidepressant norclomipramine in drug
repurposing we next studied whether it could eliminate the
clinically isolated antimony-resistant Leishmania isolates
BHU575 and BHU814. It was observed that NCL could effi-
ciently eliminate both the clinical isolate BHU575 and
BHU814 with IC50 values of (11.7 μM ± 0.6) and (10.37 μM ±
0.42), respectively, which was close to that of DD8 parasites
(8 μM ± 0.86) (Fig. S6F). Moreover, cytotoxicity of NCL upon
macrophages (Raw264.7 and THP1) exhibited IC50 values
(38.24 μM ± 1.8) and (40 μM ± 2.4) respectively which are �5
fold higher than IC50 values for the Leishmania (DD8) pro-
mastigotes (Fig. S6G). Next L. donovani DD8-GFP infected
macrophages were sorted (using GFP marker) and thereafter
treated with 10 μM NCL for increasing time points. The
J. Biol. Chem. (2024) 300(4) 107162 9



Figure 6. Inhibition of LdTOPIA by norclomipramine leads to parasite elimination. A, DNA relaxation assay was carried out using (−) SC pBluescript
DNA, purified (left panel) LdTOPIA (10 nM) and (right panel) EcTOPIA (10 nM) and in absence or presence of increasing concentration of norclomipramine. B,
modified MTT assay using increasing concentration of norclomipramine or imipramine treated L. donovani DD8 parasites promastigotes and axenic
amastigotes to monitor percentage of parasite killing. IC50 values were calculated from the graph plotted, percentage of parasites killed versus NCL/Imi
concentration. (n = 3 and 3 biological replicates, mean ± SD). C, immunofluorescence analysis of 10 μM NCL-treated L. donovani DD8 to analyze R-loop
formation. Parasites upon treatment for indicated timepoints were fixed and incubated with anti-LdTOPIA-AlexaFluor488, anti-DNA-RNA hybrid (S9.6)-
AlexaFluor568 antibodies, and counterstained with DRAQ5. Scale Bar, 5 μm. D, graphical representation of the extent of R-loop formation estimated from
the fluorescence intensity. [n = 60 (20 nuclei of 3 biological replicates), mean ± SD. p versus 0h]. E, DRIB assay was carried out from untreated and NCL
treated, genomic DNA isolated and RNaseH treated samples and (F) densitometry of the same samples (n = 3 and 3 biological replicates, mean ± SD). G, flow
cytometry of Raw264.7 infected with DD8-GFP treated with 10 μM norclomipramine. Graph showing the percentage of infected macrophages at each time
point. H, microscopic images of the same. Scale Bar, 20 μm. I, intracellular parasite burden, 48 h treatment post-infection with DD8, BHU575 and BHU814.
(n = 100 cell nuclei, values averaged and plotted for 3 biological replicates, mean ± SD).
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decreased number of GFP-positive macrophages with
increasing time of NCL treatment as measured through flow
cytometry (Fig. 6G) or microscopic analysis (Fig. 6H) indicated
the effective elimination of intracellular amastigotes by NCL.
Additionally, macrophages were infected with wild-type DD8
or clinical isolates BHU575 and BHU814 followed by 10 μM
NCL treatment for 48 h and thereafter Giemsa stained.
Microscopic analysis followed by quantitation of the intracel-
lular amastigotes exhibited a considerably reduced number of
intracellular amastigotes in the NCL-treated and different
Leishmania-infected macrophages as compared to the un-
treated and infected controls (Fig. 6I). These data clearly
exhibit the potential of norclomipramine as an effective anti-
leishmanial.
Discussion

Evolutionarily topoisomerases have evolved from primitive
organisms to resolve DNA topological tangles formed during
essential eukaryotic functions. The intron-less prokaryotes by
virtue of exhibiting polycistronic transcription, have the pro-
pensity to generate R-loops if not prevented by the presence of
Topoisomerase IA (8, 12). The near intron-less trypanoso-
matids also exhibit polycistronic transcription thus generating
a propensity of nuclear R-loop formation prior to its trans-
splicing mediated processing and therefore harbors the pro-
karyotic TOPIA homolog in its genome. Introns are known to
play a critical role in preventing R-loop mediated deleterious
DNA damage hence we were skeptical about the presence of
R-loop in near intron-less lower eukaryotes like Leishmania.
Higher eukaryotes by virtue of having introns exhibit consid-
erably reduced propensity for R-loop formation (17, 18). While
Topoisomerase IA is known to prevent R-loop formation,
RNaseH can resolve R-loops or DNA-RNA hybrids (32–34).
Interestingly RNaseH IIA has been shown to resolve nuclear
R-loops in Trypanosoma since the TOPIA homolog which
lacked a functional NLS made it localize to the kinetoplast to
resolve theta structures during minicircle replication (6, 27).
Contrary to this we observed that LdTOPIA by virtue of
having functional NLS localizes to the nucleus of Leishmania
where it helps prevent R-loop formation. Moreover, RNaseH
IIA of Leishmania which lacks an NLS sequence localizes to
the kinetoplast of these parasites. This indicates that with
respect to DNA Topoisomerase IA and RNaseH IIA, Trypa-
nosoma and Leishmania exhibit role reversal. Leishmania
donovani being an old-world kinetoplastid (35) and closer to
prokaryotes, harbor a nuclear DNA Topoisomerase IA
involved in preventing R-loop formation during polycistronic
transcription while Trypanosoma brucei is a new world
kinetoplastid (36) and harboring mobile Type II intron in its
genome have localized DNA Topoisomerase IA to the kinet-
oplast and can resolve R-loops if generated through RNaseH
IIA similar to higher eukaryotes. The evolutionary functional
diversity between two close organisms exhibits gradual loss
and gain of function during divergence.

A conditional knockdown of Leishmania TOPIA resulted in
serious growth defects and cell cycle arrest at G2/M phase
thereby suggesting that LdTOPIA is an essential enzyme for
Leishmania. LdTOPIA is not only a close homolog of pro-
karyotic TOPIA but it also retains the activity of resolving
hypernegative supercoils. Similar to prokaryotic TOPIA, we
found LdTOPIA could only relax negatively supercoiled DNA
strictly in the presence of Mg2+ and has a higher affinity to-
ward single-strand DNA substrate. On the other hand, active
site mutants could not retain the activity. Similar results were
obtained where wild-type and NLS-deleted LdTOPIA could
complement the function of TOPIA null mutant, RFM475
strain whereas the active site mutants were unable to do the
same. These further confirmed that Leishmania donovani
topoisomerase LdBPK_210180.1 is Type IA topoisomerase.
Since Leishmania RNaseH II do not harbor NLS and was
observed to localize to the kinetoplast and LdTOPIA could
complement E. coli TOPIA null mutant strain by preventing
R-loop formation, we hypothesized that LdTOPIA could be
preventing nuclear R-loops that may arise due to polycistronic
transcription of intron-less Leishmania. Interestingly, LdTO-
PIA could prevent DNA-RNA hybrid or R-loop formation
inside RFM475 strain, and downregulation of the enzyme
resulted in the formation of DNA-RNA hybrids inside the
parasite. This clearly indicates that LdTOPIA is required to
prevent nuclear R-loop formation inside the parasite (Fig. 7).
Tricyclic anti-depressants have previously been shown to be
effective anti-leishmanials of which imipramine has previously
been reported to inhibit trypanothione reductase of Leish-
mania and TOPIA of mycobacteria (37, 38). Norclomipramine
was also shown to inhibit mycobacterial TOPIA. In this study,
it was observed that norclomipramine was a more potent in-
hibitor of LdTOPIA than imipramine. Additionally, norclo-
mipramine could not inhibit the DNA relaxation by E. coli
TOPIA. Thus, it was evident that norclomipramine is a more
effective anti-leishmanial through its efficient inhibition of
LdTOPIA activity and therein generating R-loops leading to
genomic instability and consequent death of the parasites.
Moreover, it was observed that expression of NLS-tagged
E. coli TOPIA inside the parasites could prevent the norclo-
mipramine treatment-induced R-loop formation. The most
effective drug Ambisome is not without side effects and it
surfaces up as PKDL at a later time point (39, 40). Also
developing drug resistance poses a critical situation in the
treatment of visceral leishmaniasis (41). In this scenario
finding new drug targets and treatment strategies are crucial.
Here we revealed the essential function of LdTOPIA which is
inhibited by norclomipramine, a clinically established tricyclic
antidepressant that at a much lower dose can be repurposed to
treat visceral leishmaniasis.
Experimental procedures

Microbial strains and cell lines maintenance

E. coli DH5α strain used for clone selection. E. coli RFM445
and RFM475 were used for growth complementation studies.
RFM475 is TOPIA null, GyrB ts. Bacterial strains were
cultured in autoclaved 2% Luria-Bertani broth at 37 �C,
130 rpm in an incubator shaker (Scigenics). Mycobacterium
J. Biol. Chem. (2024) 300(4) 107162 11



Figure 7. Schematic representation on the functional role of LdTOPIA in preventing nuclear R-loops inside the parasite nucleus and the effect of
conditional antisense-mediated downregulation of LdTOPIA or norclomipramine mediated inhibition of LdTOPIA to induce R-loop mediated
genome instability and parasite elimination.
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tuberculosis H37Ra was cultured in 7H9 media (sigma) with
10% OADC supplement [Oleic acid (Sigma), Albumin (SRL),
Dextrose (sigma), Catalase (sigma)]. An Indian isolate of
Leishmania donovani (MHOM/IN/DD8/1968) was main-
tained in M199 media (sigma), supplemented with 10% Fetal
Bovine Serum (Gibco) at 23 �C. For knockdown studies, the
Leishmania tarentolae (LtT7TR) strain was used. To maintain
the genome-integrated T7 RNA polymerase and Tet repressor
genes, the parasites were cultured in the presence of nour-
seothricin and hygromycin (100 μg/ml each, GoldBio). Axenic
amastigotes were developed by a continuous culture of DD8
promastigotes in RPMI1640, pH-5.5. Macrophage
(RAW264.7) was maintained in DMEM (Sigma) with 10% FBS
in a 37 �C CO2 incubator.
Bioinformatic analysis

L. donovani and T. brucei TOPIA protein sequence obtained
from Gene DB (http://www.genedb.org). MtTOPIA sequence
obtained from Mycobrowser (epfl.ch). E. coli, Mus musculus,
Homo sapiens, S. cerevisiae, Arabidopsis thaliana, Oryza sat-
iva, C. merolae, vaccinia virus TOPI sequences are obtained
from NCBI, Bacteria Ensemble and Plant Ensemble as
required. Multiple sequence alignment was carried out by
Clustal omega software to obtain prokaryotic TOPIA
12 J. Biol. Chem. (2024) 300(4) 107162
characteristic conserved consensus and active motif sequences.
Nuclear localization signal sequence was identified using
Expasy Motif Scan (Motif Scan (sib.swiss). Phylogenetic anal-
ysis of proteins TOPIA, TOPIII, and TOPIB from different
sources was performed by MEGA11 software.

The input sequences are enlisted as follows: [(Leishmania
donovani TOPIA/Gene Id- LdBPK_210180.1/Amino acid-
809/Genomic location 35228 - 37657 (+strand), Chromosome
21), (Leishmania braziliensis TOPIA/Gene Id- LbrM.21.0170/
Amino acids-799), (T. brucei brucei TOPIA/Gene Id-
Tb927.10.1900/Amino acids- 806), (M. tuberculosis TOPIA/
Gene Id- Rv3646c/Amino acids- 934), (E. coli TOPIA/Gene Id
945862/Amino acids- 865), (Entamoeba histolytica TOPIII
putative/Gene Id- EHI_038920/Amino acids- 607),
(C. merolae TOPI (Cyanidioschyzon merolae)/Gene Id-
CYME_CMI252C/Amino acids- 1090), (Acanthamoeba poly-
phaga (mimivirus) bacterial type/AY653733.1), (L. donovani
TopIII/Gene Id- LdBPK_281900.1/Amino acids- 867),
(S. cerevisiae TOPIB/Gene ID: 854156/Amino acids-769),
(A. thaliana TOPIα/Gene Id- 835623/UniProtKB identifiers:
P30181/Amino acids- 916), H. sapiens TOPIB/GeneID:7150/
Amino acids- 765), (M. musculus TOPIB/Gene ID: 21969/
Amino acid-767), (M. musculus TOPImt/Gene ID: 72960/
Amino acids-593), (H. sapiens TOPIII/GenBank: BAA20009.1/
Amino acids- 753), (O. sativa japonica TOPI (prokaryotic

http://www.genedb.org/
https://mycobrowser.epfl.ch/genes/Rv3646c
https://myhits.sib.swiss/cgi-bin/motif_scan
https://www.ncbi.nlm.nih.gov/nuccore/AY653733.1
http://www.uniprot.org/uniprot/P30181
https://www.ncbi.nlm.nih.gov/gene/7150
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type), putative/Gene Id- P0456E06.44/Amino acids- 896),
(A. thaliana TOP Type IA/Gene ID: 829248/Amino
acids- 1284), (M. musculus TOPIIIα/GeneID:21975/Amino
acids- 1003), (Vaccinia virus (strain Copenhagen) TOPIB/
Accession- P68697/Amino acids- 314) ]

Quantitative PCR analysis

Total RNA was isolated from Leishmania cells using TRIzol
reagent (Life Technologies) and dissolved in nuclease-free
molecular grade water in the presence of RNase A Inhibitor
(NEB) and stored at −80 �C. Purity of RNA was checked by
260/280 ratio in a spectrophotometer. Followed by DNase I
(Roche) treatment, 1 μg of total RNA was denatured and
mixed with 1 mM dNTPs, 1× RT buffer and reverse tran-
scriptase, gene-specific primers as recommended in AMV RT
kit (NEB), and incubated at 42 �C for 30 min for cDNA syn-
thesis. cDNA preparation confirmed by PCR. Next for quan-
titative PCR analysis, 100 ng of cDNA and gene-specific
primers were mixed with 1× premixed solution Luna qPCR
master mix (NEB) of Taq polymerase, dNTPs, and buffer in a
20 μl reaction volume. The RT-PCR analysis was done in a
BioRad RT-PCR machine. SYBR green dye binds to double-
stranded DNA. The Ct values were calculated as fold change
in expression.

Cloning and subcloning of topoisomerase IA (TOPIA) from
L. donovani, E. coli and M. tuberculosis for complementation
studies

A 2.43 Kb Topoisomerase IA gene (Gene Id LdBPK_210180.1)
from chromosome 21, LdTOPIA was PCR amplified from
Leishmaniadonovani (DD8) genomicDNAusing forward primer
50 GGAATTCCATATGTTGCGCCGCAGCGTGCGTG30 and
reverse primer 50 CCGCTCGAGCTACTTCTTCGGCTTCTT
CGGCTT30 and cloned in pET28a bacterial expression vector at
NdeI/XhoI sites. pBAD24 vector does not have 6X-His sequence.
So, for the purpose of both growth complementation and puri-
fication of LdTOPIA, it was PCR amplified using a 6X-His tag
sequence corresponding to pET28a sequence with EcoRI over-
hang 50CGGAATTCATGCATCATCATCATCATCAC30 as
forward primer and XbaI containing LdTOPIA reverse primer
from pET28a-LdTOPIA construct as template and cloned in
pBAD24 at EcoRI/XbaI site. Thereafter, subcloning of deletion
constructs, LdTOPIAΔNLS (NLS deleted), LdTOPIA-771,
LdTOPIA-684, LdTOPIA-640, was done at NdeI/XbaI sites of
the pBAD24-LdTOPIAvector.Wildtype EcTOPIA, andwildtype
MtTOPIA were cloned at NdeI/XbaI and EcoRI/KpnI sites
respectively with stop codon. For EcTOPIA+ LdNLS (NLS of
LdTOPIA), and MtTOPIA+ LdNLS, at first EcTOPIA and
MtTOPIA was cloned at NdeI/XbaI and EcoRI/KpnI sites
respectively without stop codon in pBAD24 and thereafter
LdNLS was cloned at its C-terminus at XbaI/HindIII and KpnI/
XbaI sites respectively. SDM constructs LdTOPIAY357A and
LdTOPIAE135A were generated by pfu-ultra DNA polymerase
(Agilent technologies) using pBAD24-LdTOPIA as template. For
functional complementation in antiTOPIA (transfectant para-
site), the LdTOPIA, LdTOPIAΔNLS, LdTOPIL-fus-S (26) and
LdRNaseH IIA (LdBPK_360700.1) were cloned in pXG vector at
SmaI/BamHI sites. EcTOPIA and EcTOPIA + LdNLS cloned at
SmaI site. All PCRs were done using Q5DNA polymerase (NEB)
and Restriction enzymes (NEB) for digestion. pXGwas a kind gift
from Prof. S. M. Beverley.

Constructs for localization studies

All Constructs for transfection in L. donovani (DD8 strain)
were cloned in pXG-GFP+20 vector containing N-terminal GFP
sequence and G418 resistance for selection in parasites. LdTO-
PIA and LdTOPIAΔNLS were cloned at BglII/NotI sites. For
LdTOPIAΔNLS + SV40-NLS, LdTOPIAΔNLS was cloned
without stop codon at BglII/NotI sites and SV40NLS was added
at its C terminus by oligo annealing and ligation at NotI/BamHI
sites. EcTOPIA was cloned at (BglII/NotI) and for EcTOPIA +
LdNLS, pBAD24-EcTOPIA-LdNLSwas used as template to PCR
amplify the insert and cloned at BglII/NotI sites. The constructs
express N-terminal GFP fusion proteins. LdTOPIA, LdTO-
PIAΔNLS, LdTOPIAΔNLS+SV40NLS, SV40NLSwere cloned at
XhoI/BamHI sites in EGFP mammalian expression vector con-
tainingN-terminal EGFP for localization studies inmacrophages.
For LdTOPIAΔNLS+SV40NLS, the insert was PCR amplified
from pXG-GFP+20-LdTOPIAΔNLS+SV40-NLS using XhoI
forward primer and SV40NLS BamHI reverse primer and cloned
in EGFP vector. SV40NLS was cloned at C-terminal to EGFP by
oligo annealing. LdRNaseH IIA (LdBPK_360700.1) was cloned in
pXG- ‘GFP+ at SmaI/BamHI sites. pXG-GFP +2’and pXG-
‘GFP+ was a kind gift from Prof. S. M. Beverley.

Knockout by homologous recombination

For double knockout by homologous recombination, 400 bp
flanking sequences 50 and 30 of L. donovani Topoisomerase IA
gene from chromosome 21 were cloned in upstream and
downstream of the HYG cassette and GFP cassette of pXG
HYG and pXG GFP respectively. Four sets of primers were
designed for cloning of the 400 bp flanks, both upstream (50)
and downstream (30) of the two pXG plasmids mentioned
above. The two flanks were to be cloned upstream and
downstream of the HYG cassette (up-XhoI, down-SmaI) and
GFP cassette (up-BamHI, down-EcoRI) in pXG HYG and pXG
GFP respectively. pXG-GFP has two EcoRI sites, one at 2153
position downstream of GFP and another 6418 prior to the
neomycin gene. To clone at the EcoRI site of pXG-GFP, the
site prior to the neomycin gene was disrupted by site-directed
mutagenesis. One base change was done, from GAATTC to
GAGTTC. 30 μg of both the constructs prepared were
digested with SalI restriction enzyme at 37 �C to linearize for
electroporation. The plasmids were column purified using a
plasmid purification kit. Plasmids were eluted using an elec-
troporation buffer in 30 μl volume for each and electroporated
in DD8 cells. The transfectants were selected by 100 μg/ml
hygromycin and 100 μg/ml G418.

Conditional mRNA antisense-mediated knockdown

For mRNA antisense in LtT7TR tetracycline dependent
conditional expression strain, the 250 nt 50UTR of LtTOPIA
J. Biol. Chem. (2024) 300(4) 107162 13
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was cloned as the antisense construct in the HindIII/BamHI
site of pLew100v5-bleo to express the antisense strand using
primers 50CGGGATCCCATACACATAACGAGCATAAAAA
CAG 30 and 50CCCAAGCTTCGCTGCTGTGCAGAAGA
AATGACG 30. It was electroporated (Experimental Proced-
ures) into LtT7TR strain (21, 42) and transfectant was selected
using bleomycin (100 μg/ml) and termed antiTOPIA. Empty
vector transfectant were also prepared and termed pL100.
Transcription was induced using tetracycline (1 μg/ml).
pLew100v5 was a gift from George Cross (Addgene plasmid #
24011; http://n2t.net/addgene: 24011; RRID: Addgene_24011),
(LtTOPIA-811 aa, locus LtaPh_2101400 chromosome 21,
genomic location 31333 to 33768, Genbank GET88247.1).

Electroporation in Leishmania

All electroporation was carried out by the following proto-
col. Exponential phase cells (1 × 108) were washed twice with
ice-cold 1× HBS (HEPES buffered saline). Cells were then
washed once with electroporation buffer (21 mM HEPES pH
7.2, 137 mM NaCl, 5 mM KCl, 0.7 mM NaH2PO4, and 6 mM
glucose) (25). Next, cells were counted and 4 × 107 cells along
with 10 to 30 μg of DNA were resuspended in an electropo-
ration buffer and added in a 0.2 mm cuvette (Sigma). Next
electroporation was carried out in a Bio-Rad gene pulser at
550 μF and 500V, one pulse- 5msec. Upon electroporation
cells were transferred to M199 media with 20% FBS and G418
was added after 18 h, serial dilution-mediated clonal trans-
fectant population was generated.

Homology modeling and docking

The protein sequence of LdTOPIA Gene ID
LdBPK_210180.1 was used to search potential templates in the
Expasy Swiss model. The LdTOPIA homology modeled
structure was generated based on template MtTOPIA PDB ID:
5D5H. Molecular dynamic simulation was done by GRO-
MACS. Validation of stereochemical property and residue
geometry was done by the PROCHECK tool. The norclo-
mipramine structure was prepared by ChemDraw Ultra soft-
ware and energy minimized by Chem3D Bio. The energy-
minimized structures of LdTOPIA and norclomipramine
were used for molecular docking using Autodock 4.2.
Knowledge-based grid generation method was used to set the
grids (43). The homology model structure of LdTOPIA was
aligned to E. coli TOPIA (PDB ID: 4RUL) in RCSB PDB.

Purification and antibody production

LdTOPIA and its SDM mutants were purified by expression
in (LtT7TR) Leishmania tarentolae conditional expression
system (20, 21). There is a HindIII restriction site at position
1915 bps of LdTOPIA. Hence an MCS was inserted in cloning
sites, HindIII and BamHI of plew100v5-Bleo plasmid (Addg-
ene). MCS designed HindIII/XhoI/NdeI/BamHI. Full length
his tagged, 7x-HisLdTOPIA-6xHis were cloned in the MCS
containing pLew100v5-bleo plasmid at XhoI/BamHI sites us-
ing forward primer 50CCGCTCGAGATGCATCATCATCAT
CATCATCACATGTTGCGCCGCAGCGTGCGTGCG 30 and
14 J. Biol. Chem. (2024) 300(4) 107162
reverse primer 50 CGGGATCCCTAATGATGATGATGAT
GGTGCTTCTTCGGCTTCTTCGG 30. The SDM and
deletion mutants, LdTOPIA-Y357A, LdTOPIA-E135A,
LdTOPIAΔNLS, LdTOPIA1-684 and LdTOPIA1-640 were
generated using the pLew100v5-7xHis-LdTOPIA-6xHis
construct as template. The constructs were transfected in
LtT7TR and selected by bleomycin. Each time expression of 5 ×
109 cells was induced by 1 μg/ml tetracycline (Sigma). The
induced cells were lysed in lysis buffer (50 mM Tris-Cl pH 7.5,
1 mM PMSF, 150 mM NaCl, 1 mM DTT, leupeptin, pepstatin)
by sonication in ice using probe sonicator and centrifuged at
high speed in cold. The supernatant containing overexpressed
protein were passed through the equilibrated Ni-NTA (QIA-
GEN) column for binding. The column was subsequently
washed with increasing concentration of imidazole. The pro-
teins were eluted using 150 mM imidazole containing Tris-Cl
buffer pH 7.5, 1 mM PMSF. The proteins were passed
through S-200 column (Cytiva, size exclusion chromatography
column) and peak fractions were pooled using Amicon Ultra
Centrifugal Filters 10 kDa (Merck) in (50 mM Tris-Cl pH 7.5,
1 mM PMSF, 10% glycerol) and stored at −80 in aliquotes. The
concentrations of proteins were measured using BSA standard
curve. EcTOPIA gene was PCR amplified from E. coli genomic
DNA and cloned in pET28a at NdeI/HindIII site of pET28a
bacterial expression plasmid using Forward primer 50-
GGAATTCCATATGGGTAAAGCT
CTTGTCATCG-30 and reverse primer 50-CCCAAGCTTT
TATTTTTTTCCTTCAACCC-30. It was overexpressed by
0.5 mM IPTG in BL21 DE3 strain at 22 �C for 12 h and purified
by Ni-NTA chromatography as explained above. Catalytically
inactive human RNaseH I (D210N) (24) cloned in pET15b at
NdeI/BamHI sites were used to express with 0.5mM IPTG at 16
�C for 12 h and purify from Rossetta DE3 pLysS strain by Ni-
NTA and S-75 size exclusion chromatography as described
above. Amicon Ultra Centrifugal Filters 3 kDa (Merck) used for
buffer exchange. For antibody production LdTOPIA and GFP
were purified frompET28a-LdTOPIA transformedRosetta DE3
pLysS strain by 2M urea denaturation and pET28a-GFP Rosetta
DE3 pLysS respectively. Rabbit anti-LdTOPIA and Rabbit anti-
GFP antibodies were custom generated using the protein by
Biobharati Pvt Ltd, India. Antibody dilutions for Western blot
and immunofluorescence were standardized based on the
guidelines in the datasheet.
Cellular fractionation of Leishmania parasites

Cells were suspended in hypotonic buffer (10 mM Tris-HCl
pH 7.5, 1 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, Protease
Inhibitor Cocktail, 5 mM DTT) and homogenized by a ho-
mogenizer, followed by centrifugation at 10,000 rpm for
20 min. The supernatant is a cytoplasmic fraction. The pellet
was washed with the same buffer as before and centrifuged as
above. The pellet was resuspended in high salt-containing
buffer (400 mM NaCl, 1 mM EDTA, 20 mM Tris pH-7.5)
and treated with DNase I and 6 mM MgCl2 for 30 min. The
reaction was stopped by 6 mM EDTA and ultracentrifuged at
1, 65,000g at 4 �C for 1 h. The supernatant was used as a

http://n2t.net/addgene
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source of nuclear extract. Total cell lysates were prepared by
incubating the cells in lysis buffer (NP-40 lysis buffer (CSH
protocol), 1 mM PMSF, 1 mM DTT, 1× protease inhibitor
cocktail, 1 mM EGTA and 1 mM EDTA) for 30 min in ice and
centrifuged at 12,000 rpm, 20 min to separate the soluble and
insoluble fraction. The Supernatant collected was total cell
lysate.
Immunoblotting

Cellular fractions from parasites were prepared as described
earlier and equal amount of quantitated protein lysate was
electrophoresed in 10% SDS-PAGE and, transferred to PVDF
membrane (Merck) by semi-dry transfer blot system (Bio-
Rad). Blocking was done using 5% skimmed milk and
incubated with respective primary antibodies Rabbit anti-
LdTOPIA antibody (custom-made, Biobharati Pvt Ltd),
Rabbit anti-GFP antibody (custom made, Biobharati private
limited), rabbit anti-Histone H3(CST) and Mouse anti-
GAPDH (CST). Rabbit or Mouse secondary antibodies
conjugated with HRP (Southern Biotech) were used for
chemiluminescence detection using west pico luminol substrate
(Thermo Scientific).
DNA relaxation assay

DNA relaxation assay was carried out using negatively
supercoiled pBluescript plasmid and purified LdTOPIA,
LdTOPIA-Y357A, LdTOPIA-E135A, LdTOPIAΔNLS, LdTOPIA-

1-684, LdTOPIA-1-640 in relaxation assay buffer (50 mM Tris-
HCl, pH 7.5, 0.5 mM DTT, 100 mM NaCl, 10 mM MgCl2
and 50 μg/ml BSA, 0.5 mM EDTA, 5% glycerol) (25). Mag-
nesium and salt dependency assays were carried out with assay
buffers not containing MgCl2 and NaCl respectively. DNA and
protein were incubated at various time points at 37 �C in a
thermostat and electrophoresed in 1% TAE agarose gel
without EtBr in 1× TAE running buffer and later visualized
using 1 μg/ml EtBr staining. Inhibition assays were performed
using drugs, 10, 20 and 40 μM of Imipramine (TCI) and
Norclomipramine (Cayman Chemicals), 20 μM and 50 μM of
Camptothecin (TCI) and Etoposide (Sigma) with LdTOPIA,
and 10 μM of camptothecin and etoposide with Human
TOPIB (Sigma) and Human TOPII (Sigma).
Bi-directional gel electrophoresis

To distinguish between negative and positive topoisomers
the DNA relaxation products were run in Bi-directions. The
DNA relaxation assay was performed using E. coli DNA gyrase
(NEB), Human TOPII (Sigma), and LdTOPIA using DNA
relaxation assay buffer with negative and positive supercoil
DNA (pBluescript) at 37 �C. The assay mixtures were run in
1% TBE agarose gel at constant 25V, 6h in 1× TBE buffer
followed by 90� rotation and run in the second direction at
constant 80V, 2 h in 1× TBE buffer containing 4 μg/ml chlo-
roquine (44). Positive supercoiled DNA was generated by
incubating fully relaxed DNA with recombinant reverse gyrase.
Electrophoretic mobility shift assay

Purified LdTopIA (5–200 nM) were incubated with γ-32P
(BRIT India) labeled 100 nM single and double-stranded oligos
in buffer (50 mM Tris pH-7.5, 0.5 mM DTT, 100 mM
NaCl,0.5 mM EDTA and 5% glycerol) for 15 min at 25 �C.
[Oligo 50 TATTGGGCGCTCTTCCGCTTCCTCGCTCACTG
30] (25, 45). Double strandDNA was prepared by annealing the
oligos at equimolar concentrations (1:1). The reaction mix-
tures were electrophoresed in 6% non-denaturing 0.5× TBE-
polyacrylamide gel at 100 V, 4 �C and detected by autoradi-
ography in phosphoimager. Labeling of Oligo with γ-32P at 50

terminus was done by T4 polynucleotide kinase (NEB) and free
nucleotides were removed by purifying the oligos using Qiagen
purification columns.

Measurement of DNA binding affinity by fluorescence
polarization

A (fluorescein derivative) 50FAM tagged DNA oligo
50 TATTGGGCGCTCTTCCGCTTCCTCGCTCACTG30, 50

FAM tagged RNA oligo 50 UAUUGGGCGCUCUUCC
GCUUCCUCGCUCACUG 30 and the complementary DNA
oligo were custom synthesized (IDT technologies). The
dsDNA fluorescent oligo was generated by oligo annealing
using sense and antisense oligos at equimolar ratio. The 30 nM
of both ssDNA and dsDNA were incubated with increasing
concentrations of LdTOPIA (2–200 nM) in buffer 50 mM Tris
pH-7.5, 0.5 mM DTT, 100 mM NaCl, 0.5 mM EDTA and 5%
glycerol for 15 min at 25 �C. The 30 nM DNA: RNA duplex
was incubated with catalytically inactive human RNaseH I
(2–200 nM) for 15 min at 25 �C (24). The measurements were
done using excitation wavelength 495 nm and emission
wavelength 520 nm in Cytation 5 multimode reader.

Anisotropy;A¼ðIk−I?Þ = ðIk−2I?Þ (1)

The anisotropy values were fitted to the quadratic equation
(2)

ΔA¼ΔAT

.
2DT

n
ðETþDTþKDÞ−

�ðETþDTþKDÞ2−4ETDT
�1=2o

(2)

where ΔA (A-A0) is the change in anisotropy, ΔAT (Amax-A0)
is the total anisotropy change, ET is the total enzyme con-
centration, DT is the total DNA concentration, and KD is the
dissociation constant (25, 46). KD value calculated using the
formula (2). A0 and Amax are anisotropy for free and
boundmax DNA. Fraction of bound DNA fb was calculated by
ΔA/ΔAT. The graph is the mean of three experiments. The
KD values calculated by Origin 8.5 software.

Immunofluorescence analysis and imaging

The following protocol was carried out for immunofluo-
rescence. Leishmania cells were washed twice with 1× PBS
(phosphate buffer saline) and seeded in poly-lysine coated 10
well chamber slides or coverslips for 1 h to properly adhere
J. Biol. Chem. (2024) 300(4) 107162 15
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cells at room temperature. The unadhered cells were washed
with 1× PBS 4 to 5 times and fixed with 4% paraformaldehyde
(Sigma) for 30 s and again washed with 1× PBS 4 to 5 times.
The fixed cells were treated with 0.5% Triton X 100 (Sigma) for
15 min and subsequently washed, and incubated with 5% BSA
(Sigma)in 1× PBS (blocking solution) for 1 h at room tem-
perature. The blocking solution was removed and cells were
incubated with the desired primary antibody for the incubation
period as standardized for each antibody. This was followed by
several washes and, incubation with required Alexa fluor 488
or Alexa 568 conjugated secondary antibodies (Invitrogen) for
1 h at room temperature. The cells were washed and stained
with nuclear dye 1× DRAQ5 (CST) for 10 min. The cells were
washed 6 to 7 times to remove excess stain followed by drying
and mounting with anti-fade gold mounting medium (Invi-
trogen). For curing the slides were kept 24 h at room tem-
perature and high-resolution imaging was done in a confocal
laser scanning microscope (Olympus FV3000). DNA–RNA
hybrid and dsDNA were detected by S9.6 antibody (Merck)
and dsDNA antibody (Abcam), respectively.
Complementation studies in E. coli RFM475 strain

E. coli RFM475 [TOPIA null mutant and GyrB ts (temper-
ature sensitive)] strain was a kind gift from Prof. Marc Drolet
(12). LdTOPIA, LdTOPIA deletion mutants, LdTOPIA active
site SDM mutants, EcTOPIA, MtTOPIA, and LdTOPIL-fus-S
were cloned in arabinose inducible pBAD24 plasmid as
described earlier and transformed in RFM475 strain.
Complementation studies were performed by growing cells in
LB broth at non-permissive temperatures 30 �C and 42 �C in
the presence of 0.2% arabinose. LB plates contained 100 μg/ml
ampicillin and 0.2% arabinose. The transformed strains were at
first grown at a permissive temperature of 37 �C in LB and
these cultures were streaked in arabinose-containing LB plates
for complementation studies.
DNA: RNA hybrid immunoblotting (DRIB)

The following DRIB protocol was followed to detect R-loops
(47, 48). The nucleus was isolated by hypotonic homogeniza-
tion. Next, the nucleus was lysed by lysis buffer (1% SDS,
10 mM Tris-HCl pH 7.5, 1 mM EDTA, 100 mM NaCl, 50 μg/
ml Proteinase K) at 55 �C for 2 h. This was followed by phenol:
chloroform extraction and 20 μg/ml RNaseA (sigma) treat-
ment for 30 min at 37 �C. The genomic DNA prepared was
sonicated in Tris-HCl pH 7.5 with 100 mM NaCl buffer in a
probe sonicator thrice for 30 s each in 20% amplitude to yield a
maximum fragment size of around �1000 bps. For further
nucleic acid fragmentation a cocktail of restriction enzymes
and purified by phenol: chloroform extraction. This frag-
mented nucleic acid was transferred to Hybond N membrane
(Merck) using a slot blot system and DNA: RNA hybrid was
detected by S9.6 antibody (Merck). dsDNA was detected using
anti-dsDNA antibody (abcam). Digestion of DNA: RNA hybrid
was carried out using RNaseH (NEB).
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Modified MTT assay

Antisense TOPIA LtT7TR parasites were cultured and
treated with 1 μg/ml tetracycline in RPMI1640 without phenol
red media (Gibco) for 6 h, 12 h, 18 h, 24 h. Untreated and
treated cells were then seeded to 96 well plate at density 5 ×
105 in 100 μl of same RPMI1640 to perform MTT assay. Since
phenol red interfere in the absorbance, we chose this modified
protocol of without phenol red media (49). The untreated and
treated cells in 96 well plate were incubated with at a final
concentration of 0.5 mg/ml MTT (TCI) and incubated for 3 h
at 23 �C to form purple formazan. DMSO was used as solu-
bilization solution to lyse cells, incubated for 10 min. Absor-
bance was measured at 590 nm in multimode reader (Cytation
5, BioTek). Graph plotted for percentage viability of cells over
24 h. To observe anti-leishmania property of TCAs, the
L. donovani DD8 promastigotes and axenic amastigotes were
treated with imipramine and norclomipramine at concentra-
tions 2 to 100 μM for 72 h in RPMI 1640 and, similarly,
BHU575 and BHU814 were treated with 2 to 100 μM nor-
clomipramine. Modified MTT assay carried out as described
earlier. The cytotoxic effect of norclomipramine on macro-
phages was observed by treating cells with 2 to 100 μM of the
drug for 72 h in DMEM with phenol red media in 96-well
plates. Thereafter, MTT at a final concentration of 0.5 mg/
ml was added and incubated for 3 h at 37 �C. The media was
removed from the wells and DMSO was used to solubilize
cells. Absorbance is measured as described earlier. Subse-
quently, the graphs were plotted and IC50 values were
calculated.

Macrophage infection

RAW264.7 macrophage cells were infected with stationary
phase L. donovani DD8-GFP promastigotes at 1: 10 ratio in
DMEMmedia with 2% FBS. After 2 h incubation the cells were
washed with 1× PBS to remove non-internalized parasites and
infected cells were sorted based on green fluorescence of GFP
in CytoFLEX SRT (Beckman Coulter). The sorted cells were
seeded in 6-well plates for an additional 24 h with fresh
complete media to convert promastigotes to amastigotes and
thereafter treated with 10 μM NCL for 6 h, 24 h, and 48 h, and
microscopic images were taken. The percentage of infected
macrophages was obtained by flow cytometry analysis.

Intracellular amastigote burden

The RAW264.7 macrophage cells were infected with DD8,
BHU575, and BHU814 at 1: 10 ratio for 2 h, and upon removal
of non-internalized parasites, the infected cells were kept in
fresh complete media for the next 24 h as described earlier.
Thereafter the infected cells were treated with 10 μM NCL for
48 h, and stained with Giemsa stain for 15 min upon methanol
fixation. The number of amastigotes was calculated from
macrophages by visualizing in a white field microscope and
intracellular parasite burden was calculated as the number of
Leishmania Units (LU) for both infected control and treated
macrophages.
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Cell cycle analysis

Antisense TOPIA LtT7TR transfectant parasites at �5 × 105

per ml cell density were treated with 1 μg/ml tetracycline for 6
h, 12 h, 18 h and 24 h in M199 media, 10% FBS. Next, the
tetracycline untreated and treated parasites were centrifuged
and washed twice with 1× phosphate buffer saline, pH-7.2 and
finally resuspended at 106 per ml cell density. The cells were
stained with cell-permeable DNA binding dye DRAQ5 (CST)
at 5 μM final concentration for 10 min at room temperature in
FACS tube. Thereafter flow cytometry was carried out in FACS
machine (Beckmen coulter) to obtain the percentage of cells in
G0-G1, S, and G2-M phases of cell cycle.
Statistical analysis

Resultswere analyzedwith one-wayANOVAandTukey’s post
hoc test. p ≤ 0.05 was statistically significant. Error bars were
represented as mean ± SD. Each experiment was independently
performed at least three times. Graph plotted using Origin8.5.
Technical replicates are mentioned as “n” where three indepen-
dent biological replicate experiments have been carried out.
Data availability

All data are included within manuscript. For additional in-
formation if any please contact somdeb@iitkgp.ac.in.
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