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ABSTRACT

Visceral leishmaniasis or Kala-Azar is a neglected tropical disease caused by the unicellular kinetoplastid parasite Leishmania donovani.
The treatments available have various shortcomings like toxicity and high cost. The development of resistance in the strains makes the
treatment less effective. Hence, there is a need for new and better treatments. DNA topoisomerases are a group of enzymes present
ubiquitously in all organisms from unicellular protozoan parasites to humans. These enzymes control the cell's topological problems
caused by DNA double helix during nucleic acid metabolism. However, the leishmanial topoisomerase (LdTOPILS) is very different
from the human topoisomerase in structure, expression, and function. Therefore, LATOPILS acts as a potent target for newer drugs. A
diverse range of compounds has been developed to date against Leishmanial topoisomerases. This review article describes Leishmania
topoisomerase enzyme's structural and catalytic activity and Topo-targeted antileishmanial drug development. Therefore, this review
article would be beneficial for researchers to understand the structure-function relationship of topoisomerases with their targeted

inhibitors.
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INTRODUCTION

NA is a 2-meter-long' polymer of a single cell that is

accommodated in a cell nucleus with a volume of
approximately 1077 m3; high compaction is necessary for
incorporating such a long molecule in a small nucleus.
This is accomplished by supercoiling and folding DNA.
This supercoiling and the anchorage of DNA to the nuclear
matrix make the rotation and separation of the strands
very difficult. For various metabolic activities including
replication, transcription, recombination, repair, and
chromosomal decatenation, the strands of DNA duplex have
to be separated to serve as templates.2 Moreover, during
replication and transcription, the regions of DNA flanking
the complex which generate supercoiling of DNA. This
supercoiling of DNA duplex needs to be relaxed from positive
or negative supercoiling of DNA by DNA topoisomerases
solving the above topological problems.3

DNA Topoisomerases are ubiquitous enzymes that play a
crucial role in maintaining the dynamic structure of cellular
DNA. These enzymes catalyze the cleavage of DNA strands;
the breaks induced allow the strands to rotate through the
other strand, which resolves to supercoil. Topoisomerases
are divided into two broad categories, including Type-I
and Type-Il DNA topoisomerases. Type-| topoisomerases
catalyze only one strand break and rotation of this strand
through the other strand. Type-Il topoisomerases catalyze
the cleavage of two strands, and both the strands then pass
the other segment through the transient cut and are then
re-ligated.* The trans-esterification reaction cleave all known
topoisomerases and re-ligate the DNA phosphodiester
bonds. DNA first binds to the tyrosine residue of the enzyme
and is cleaved by the formation of a transient cleavage
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intermediate (complex cleavable formation), which forms a
gate that allows the other strand to pass through.

The human topoisomerase | (hTopl) enzyme produces
transient single-stranded breaks of double-stranded DNA.
The mechanism of action involves a nucleophilic attack at the
phosphodiester bond by a tyrosyl residue of topoisomerase.
The attachment of the "controlled rotation" implies that this
enzyme relaxes DNA by swiveling the 5' hydroxyl end of the
broken strand around the intact strand; this reaction does
not require ATP or divalent metal (Mgz+). This enzyme can
relax positive and negative supercoiled DNA at a significant
efficiency even at 0°C.°

Like mammalian organisms, the protozoan parasites also
possess DNA topoisomerase enzymes, and these are essential
to maintain the integrity of the genomic DNA since one of
the most important activities carried out by these protozoa
is nucleic acid metabolism. This activity necessitates the
presence of the topoisomerases. These protozoan parasites
cause various infections, which may lead to the death
of individuals. Examples of protozoan parasites include
Leishmania, Trypanosoma, Giardia, and Plasmodium. These
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parasites cause infections like leishmaniasis, trypanosomiasis,
giardiasis, malaria, etc. To protect lives from such fatal
diseases, the physiology of the infectious agents needs to
be studied so that the pathways essential for the survival
of these parasites can be targeted. Some subcategories of
topoisomerases are absent in mammalian cells. Therefore,
such enzymes can act as targets to kill the parasites. DNA
topoisomerases were previously proven to be a potent anti-
cancer and anti-parasitic drug target for drug development.

DNA ToPOISOMERASES

James J. Champoux and Renato Delbecco discovered the first
eukaryotic topoisomerase in the year 1972. This group also
found that the nuclear extract of the mouse embryo had the
enzymatic properties of resolving negative as well as positive
supercoils from circular DNA.® Topoisomerases are the DNA
binding enzymes that make strand scission, manipulation and
re-joining activities to modulate DNA topology directly. These
actions of the enzyme provide a powerful way to influence
the topological changes of DNA by altering the supercoiling
levels. DNA topoisomerases play an important role in vital
cellular processes like replication, transcription, repair,
integration, recombination, chromosomal segregation, etc

DNA Topoisomerase resolves the supercoiling of
DNA into the relaxed form during DNA metabolisms like
replication and transcription. The enzyme resolves positive
supercoils generated during the unwinding by DNA
helicases. The enzymeis required for strand breakage during
recombination. Topoisomerases play an important role in
DNA compaction along with Structural Maintenance of
Chromosome (SMC) proteins. These help in stabilizing long-
range contact between segments of chromosomes. During
mitosis, these enzymes disentangle the intertwined DNA.8
The presence or absence of topoisomerase has been linked
to the activation or repression of certain transcription factors
and nucleosome remodeling.”'° Eukaryotic topoisomerases
(ToplB) have been involved in controlling the gene expression
through kinase activity, phosphorylating splicing factor, and
therefore regulating their localization and enhancement of
their activity.""'> DNA topoisomerases are pivotal enzymes in
embryonic development in mammals.'* In humans, Top1 and
Top2 both enzymes bind to the regions of the pre-replicative
complexin cells during the various phases, including M, early
G1, and G1/S, to control the initiation of replication from the
origins.”>"” DNA topoisomerase Il plays an essential part in
chromosomal decatenation.®

Tyrpes oF DNA ToPOISOMERASES

There are two main classes of topoisomerases. Type |
topoisomerase makes transient single strand breaks of
double-stranded DNA, and type Il topoisomerase breaks
transient double strands in the presence of ATP as a cofactor.7
Type-| topoisomerases have three general mechanistic
steps: First is binding an enzyme to the substrate DNA, then
cleavage by trans-esterification reaction accompanied by the

formation of a transient phosphodiesterase bond and finally
strand religation.”®

Type-l Topoisomerases

Type-l topoisomerases are divided into two groups - type
IA and IB. This division is based on the end of the DNA
strand where the enzymes bind. Type IA enzymes form a
5"-phosphotyrosyl covalent bond, whereas type IB enzymes
form a covalent bond with the 3’ ends of the DNA. These
enzyme-linked transient intermediates are called cleavage
complexes.”” Type-IA topoisomerases resolve only negatively
supercoiled DNA, whereas type-IB can resolve positively and
negatively supercoiled DNA both with equal productivity.

Type-ll Topoisomerases

These enzymes cleave both the strands of the duplex,
changing the linking number by a factor of 2. Unlike the top1,
top2 undergoes controlled strand rotation or strand passage.
Topoisomerase Il resolves the supercoils by binding to two
segments of DNA: the G (gate) segment, both strands are
cleaved; and a T (transport) segment, is captured by a clamp
(ATP-operated) and passed through the double-stranded
break in the G segment which is stabilized by the enzyme.?®
Topoisomerase Il cleaves both the strands of the DNA
duplex. TOP2 protein has two isoforms: TOP2A and TOP2B.
The enzymatic reaction of these topoisomerases involves -
DNA binding; in this step the enzyme binds at a preferential
binding site on DNA, then DNA is cleaved by nucleophilic
attack on phosphodiester bond of DNA duplex leading to the
formation of transient 3' or 5' phosphotyrosyl bond(s). This
enzyme requires both ATP and divalent metal (Mgz+). Top2
during mitosis is present throughout the entire length of the
chromosome as it is involved in maintaining the structure
of the chromosome and segregation. From prophase to
anaphase, Top 2a accumulates at the mitotic centromere.?’%’
This centromeric top 2 plays the role of removal of the residual
catenation, along with the direction of the separating sister
chromatids.?® The Topll enzymes have been recognized in
protozoan parasites including Trypanosoma, Leishmania,
Plasmodium, Giardia, Toxoplasma, etc. Trypanosoma and
leishmanial topoisomerase have been studied thoroughly.®
These enzymes cannot introduce supercoiling in the
DNA. The topoisomerase of these kinetoplastid parasites
decatenates the kinetoplastid DNA. These enzymes cannot
relax supercoiled DNA. The nuclear topoll and mitochondrial
topoll are the two type Il topoisomerases encoded by the
kinetoplastid DNA.?° These enzymes are essential in nucleic
acid metabolism. If they fail to work, it will lead to disruption
in the replication of the minicircles, loss of the kDNA network,
and eventually, death of the parasite.?

LeisHmANIAL DNA ToPOISOMERASES
(LbTOPILS)

Topoisomerases are the DNA-acting enzymes that make
strand scission, manipulation, and re-joining activities to
modulate DNA topology (7, 18) directly. These actions of the
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enzyme provide a powerful way to influence the topological
changes of DNA by altering the supercoiling levels. These
ubiquitous enzymes play a pivotal role in modulating the
dynamic nature of DNA topological isomers. LATOPILS,
the leishmanial topoisomerase-I, acts by breaking and
re-sealing a single strand of double-stranded DNA, thereby
modulating essential biological functions in Leishmania like
replication, transcription, repair, integration, recombination,
chromosomal segregation, etc. LATOPILS is an unusual
bi-subunit enzyme composed of hetero-dimer of a large
subunit (LATOPIL) and small subunit (LdTOPIS). LATOPIL is
made up of 635 amino acids having a molecular mass of 73
kDa, and LdTOPIS is made up of 262 amino acids having a
molecular mass of 29 kDa.'®3° LdTOPIL is encoded by the
gene located on chromosome 34 and is closely homologous
to the core domain of human topoisomerase I. LATOPIS is
obtained from the gene present on chromosome 4, which
contains the phylogenetically conserved 'SKXXY' motif at
the C-terminal domain. Inhibitors of enzyme topoisomerase
LdTOPILS are important therapeutics against leishmaniasis.

Mode of Action: There are two main classes of topoisomerases.
The type | topoisomerase makes transient single strand breaks
of double stranded DNA and type Il topoisomerase breaks
transiently the two strands of the double-stranded DNA
supercoilsin presence of ATP as cofactor.7 Type-l topoisomerases
have three general mechanistic steps: First is binding an enzyme
to the substrate DNA, then cleavage by trans-esterification
reaction accompanied by the formation of a transient
phosphodiester bond, and finally strand relegation.”'

ToPOISOMERASE INHIBITORS

Topoisomerase is an essential enzyme for the survival of
organisms. All organisms have at least one of the enzymes
Top | or Top Il. Studies have shown the topoisomerase
present in parasites is sufficiently different from human
topoisomerase. Hence acts as an attractive drug target for
treating various parasite-associated diseases. Generally,
the enzyme performs two transesterification reactions. In
the first transesterification reaction, the DNA backbone is
cleaved by a nucleophilic attack.?! The enzyme tyrosine
residue is attached either to the 3' termini or the 5' termini.
The nucleophilic attack leads to a covalent enzyme-DNA
complex called Topoisomerase cleavage complex (Top
cc). Top cc is a transient catalytic intermediate. After the
first transesterification reaction, the DNA supercoiling is
relaxed. In the second trans-esterification reaction, the
religation of the cleaved DNA occurs (the hydroxyl sugar
acts as a nucleophile attacking the phosphotyrosyl bond).*'
This mechanism of action of the enzyme is hindered by the
inhibitors. The drugs against DNA topoisomerases are divided
into two classes - Class | and class Il inhibitors.

Class I Inhibitors

Topoisomerase class | inhibitors are also called topoisomerase
poisons. These inhibitors hinder the second transesterification
reaction and do not allow religation of the broken strands,

stabilizing the Top cc.3! These Topoisomerase cleavage
complexes are stabilized; hence their half-life increases,
which might lead to cell death. The cleavage complexes
transform into lesions during replication or transcription.
When the replication fork collides with these stabilized
cleavage complexes, it generates DNA double-strand
breaks.3? In non-replicating cells, the collision of Top cc with
transcription complexes leads to cell death.>3 This conversion
of single-strand breaks to double-strand breaks is a primary
determinant of cell cytotoxicity.

Camptothecin: This drug comes under the class of DNA
topoisomerase | poison. It is an uncompetitive inhibitor that
stabilizes DNA-enzyme complexes and slows the religation
step. Itimproves cleavage-complex formation in the presence
of low salt concentration.3* The 1-39 residues of the large
subunit of enzyme play a modulating role in the interaction
of DNA and sensitivity to CPT. CPT inhibits the action of the
enzymeinthe nucleus as well asin the kinetoplast (in parasites T.
brucei, T. cruzi,and L. donovani). Besides, itinduces programmed
cell death in both stages of Leishmania amastigotes and
promastigotes. Mechanism: Inhibition of the enzyme by CPT
induces oxidative stress in the cell.35 The oxidative stress leads
to the depletion in the level of GSH and an increase in lipid
peroxidation. Further, this leads to an escalation in Ca** levels
fromintracellular and extracellular sources.®* The elevated Ca**
levels were accountable for the loss of membrane potential
in the mitochondria of the Leishmanial cells. Because of the
inhibition of the topoisomerase, there is impairment in Na*/K*
pumps resulting in the decline of intracellular K* (an essential
parameter for maintenance of ionic balance).3® The decrease
in K+ leads to apoptosis. After the loss of membrane potential,
there is a release of cytochrome c and activation of caspase-
like proteases heading to apoptosis-like death of the parasite.
Metacaspases found in the Trypanosoma cruzi exhibit caspase-
like activity.>” Point mutations (Gly 185 Arg and Asp325 Glu)
in the large subunit (LdATOP1L) of topoisomerase developed in
L.donovani strain (LARCPT.160) by stepwise exposure to CPT,
which is highly resistant to CPT. Mutant enzymes show reduced
activity and lesser sensitivity to CPT.3®

Class Il Inhibitors

Class Ilinhibitors are referred to as catalytic inhibitors. These
are the drugs that interfere with the catalytic activity of the
enzyme. They do not trap the enzyme-DNA complex. These
inhibitors block the enzyme's active site, forbidding the
interaction between DNA and enzyme. Since these drugs
do not allow the binding of DNA and enzymes, it leads to
defects in major activities like replication, transcription, etc.
The class linhibitors are directly proportional to the amount
of enzyme present, whereas the class Il inhibitors are inversely
proportional to the concentration of the enzyme present.

Dihydrobetulinic Acid (DHBA)

It is a derivative of betulinic acid. DHBA is a dual inhibitor
as it can inhibit both the topoisomerases of the parasite.>’
This drug is an example of a catalytic inhibitor and prevents
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interaction between DNA and enzyme. The drug does not
induce dyskinetoplastidy in L. donovani promastigotes.3®
Treating the leishmanial cells with this drug (5 uM for 8
hours) causes chromatin margination and compaction
towards the nuclear periphery of the genome, forming cup-
shaped masses. Changes in the cell's shape, disruption of
the outer membrane, and cell membrane blebbing could
be observed (features of apoptosis). This results in the loss
of cellular morphology and the formation of compartments
like apoptotic bodies.

LeisHmANIA ToPOISOMERASE | INHIBITORS

Diamidines

Evidence suggests that the site of action of pentamidines is
mitochondria in the case of Leishmania. The pentamidines
and DB75 (a diamidine analog of pentamidines) bind to the
minor groove of AT-rich DNA.***! Especially pentamidines
linearize the minicircles in catenated kDNA.* In the case of
pentamidines, the EC50 value was 1.46 uM; for DB75 the EC50
value was 20.3 uM* (the EC50 in the case of DB75 ranged
from 2.8 to 32 uM depending on the form or strain of parasite).
Pentamidines, DB75 exhibited a dose-dependent inhibition
of LATOPI activity via DNA relaxation assays. DB75 presents
a higher inhibition capacity with the complete blockade
of relaxation at 30 uM. Compounds 1 showed complete
inhibition at 1 uM. Compound 3 at concentrations 10 and
50uM complete inhibition was observed, and compound
5 inhibition at concentrations 10 and 50 uM but not as
prominent as compound 1.44 Therefore, the diamidines
localize in the mitochondria and inhibit the replication
of kDNA. The property of this compound to bind DNA
interferes with the action of the proteins involved in kDNA
replication, like LATOPI interference hampers the growth of
the parasite.**

Bisbenzylisoquinoline alkaloid isolated from
Thalictrum Foliolosum

Four compounds isolated from the stem of Thalictrum
foliolosum include two new bisbenzylisoquinoline
alkaloids 1, 2, thalifendine 3, and berberine 4. Out of all the
compounds, compound 2 (6, 5, 6, 7, 12- pentamethoxy-2,
2'-dimethyloxycanthan) inhibited LdTOP1B activity in
a concentration-dependent manner through plasmid
relaxation assay.*> Compound 2 did not stabilize the
enzyme-DNA complex. It acted as a catalytic inhibitor of
the enzyme. Compound 2 was cytotoxic against wildtype
and SAG-resistant promastigotes. In 12 hours, 95 and 93%
of the AG83 and SAG resistant promastigotes were killed by
20 uM concentrations. These compounds exhibit toxicity
against the mammalian cells at a concentration of 100 uM
and kill only 20 to 22%. Therefore compound 2 is a potential
candidate for a drug against the parasite as it selectively
acts against LdTOP1B at low concentrations compared to
mammalian cells.*®

Copper Salisylaldoxime (CuSAL)

It has been reported that CuSAL has anti-cancer activity and
induces topo ll-mediated nicks in DNA.*® Many anti-cancer
drugs have been used as anti-leishmanial drugs because of
the similarity between the metabolism of cancer cells and
the kinetoplastid parasite.*’ In-vitro cell viability studies
showed that 30uM CuSAL inhibits 97 (8 hours treatment) and
100 percent (12 hours treatment) growth of the parasite.*®
Viability test results indicate that CuSAL is non-toxic to
hosts. Treatment of L. donovani infected hepatocytes with
CuSAL showed no inflammatory response, no morphological
alterations, and other various parameters like bilirubin and
alkaline phosphatase in a normal range. CuSAL inhibits
the enzymatic activity of the enzyme LdToplLS. It interacts
with the enzyme and hence does not allow enzyme-DNA
interaction, inhibits the catalytic reaction, and induces
apoptosis.*®

Trans-2-cis-8-Matricaria-ester from Essential Oil of
Erigeron Multiradiatus

The composition of essential oil from the aerial parts of
Erigeron multiradiatus was analyzed. One of the major
constituents was trans-2-cis-8-Matricaria-ester (77.79%); the
Leishmanicidal properties of the essential oil were related
to the presence of trans-2-cis-8-Matricaria-ester. The EO and
purified trans-2-cis-8-Matricaria-ester significantly decreased
the growth of Leishmania donovani with 1Cs, 18.29 + 2.1 pg/
mL and 55.09 + 6.4uM respectively for promastigotes.*® EO
and purified trans-2-cis-8-Matricaria-ester were safe for the
hamster peritoneal macrophages without any cytotoxicity
and cell deformity. In-silico studies suggested that trans-
2-cis-8-Matricaria-ester is the constituent of EO that binds
the four essential enzymes of the parasite L-asparaginase-
1-like protein, metacaspase-2, metacaspase-1, and DNA
topoisomerase Il. ADME profile suggested that the absorption
parameters like solubility and permeability of the ligand are
as per the control’s value (miltefosine).*

Cyclic Imides

This group of compounds can cross the cell membrane
easily as they are electrically neutral and hydrophobic.
These compounds show various pharmaceutical activities,
including antitumor, anti-inflammatory, and antimicrobial
activities, based on the size of the group present in the
imidic ring.’°>* The other compounds used to prepare the
derivatives to include essential oils. It has the methylenedioxy
group that contributes to the crucial characteristics of the
derived molecules. Combined ligand- and structure virtual
chemical screening of 33 cyclic imides was performed
to pick molecules with a higher probability of showing
anti-leishmanial effects against some selected Leishmania
targets (L. amazonensis and L. donovani). The inhibitory
activity of these compounds was evaluated against four
enzymes present in the parasite, including topoisomerase
I, N-myristoyl| transferase, cyclophilin, and O-acetylserine
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sulfhydrylase.55 The efficiency of the virtual studies was
validated by performing in-vitro studies using promastigote
forms of L. amazonensis. The plCs, values for in-vitro studies
were found to be less than 4.7, implying that these virtual
studies were efficient in predicting true negative molecules. >

Isobenzofuranone derivative JVPH3

An isobenzofuranone derivative, namely 3,5-bis(4-
chlorophenyl)-7-hydroxyisobenzofuran1(3H)-one (JVPH3),%¢
is a synthetic catalytic inhibitor of LdTopll and can reduce
the L. donovani parasite burden in an experimental model of
visceral leishmaniasis (VL). Treatment with 15 uM of JVPH3 on
promastigotes of L. donovani displays shrank morphology, loss
in cell volume, and mitochondrial swelling accompanied by a
loss of matrix content. Cells also show signs of disorganized
kinetoplast.>” With 20 uM of JVPH3, an atypical phenotype of
Leishmania was observed, and signs of autophagy emerged.
JVPH3 gave different results on cell surfaces of two species
of Leishmania. But, the cellular organelles responded
comparably. JVPH3 caused mitochondrial dysfunction.
Further analysis in T. cruzi by microscopy and flow cytometry
showed structural disintegrity in mitochondria, but no
significant loss of kDNA topology, mitochondrial membrane
depolarization.>” JVPH3 is a catalytic inhibitor of LdTopll of L.
donovani, perturbs the decatenation reaction of minicircles
and maxicircles, which causes structural alteration in the
mitochondrial structure of Leishmania.>’

Arylidenefuropyridinediones
A molecular library of arylidene furo pyridinediones was
designed in search of inhibitors against LdTop1. The library
was designed by intuitive scaffold hopping and bioisosteric
modification of the established topoisomerase one
inhibitor like camptothecin, edotecarin, diflomotecan, and
rosettacin. Scaffold hopping is remodeling the central core
of already known active molecules to create architecturally
new compounds. Bioisosteric modification is a strategy to
design new drugs by replacing the chemical functionalities
with other moieties that evoke better responses. The
design rationalization was done by molecular docking
studies of the representative molecule 13 with human and
leishmanial topoisomerase. Among the other compounds,
the 3,4-dihydroxy phenyl derivative 4 had the best potency
with an EC;, of 4 pM. This compound did not show
cytotoxicity against the mammalian cell line (COS7 cell line).
Further screening with extracellular promastigote gave
IC50 of 4.21 + 0.21 uM.>® A 4 uM of compound 4 under the
preincubation condition gave 100% inhibition and 92%
inhibition under the simultaneous condition. The ECs,
values in simultaneous and preincubation assays were 3.77
+0.27 and 1.72 +0.23 uM, respectively.>® Therefore, it can be
concluded that preincubation gave better results.

Voacamine

Voacamine has been reported that this indole alkaloid
compoundis effective against Plasmodium falciparum.>®* Itis

anantiprotozoal agent effective against many trypanosomatid
parasites like Leishmania donovani, Leishmania amazonensis,
and Trypanosoma cruzi. The relaxation assay found that it
inhibits the relaxation activity of the LdTop1B, and the ICs,
value was 14.702 + 0.101 pM. Microscopic analysis suggested
that the voacamine also caused cell body reduction and cell
membrane alterations in Leishmania.Voacamine stabilizes the
cleavage complex between the DNA template and LdTop1B
within the parasitic cells and in vitro. The formation of such
adducts leads to double-strand breaks. The compound does
not react with the free enzyme and follows uncompetitive
inhibition. It does not show any effect up to a concentration
of 200puM on human topoisomerases.

N-benzyl-2,2’a-3,375,6,7,7a,a’'octahydro-
2methoxycarbonyl-spiro[indole-3,3’ pyrrolizidine]-2-
one (compound 4c) - Spirooxindole Derivative

This drug compound 4c is a catalytic inhibitor. Catalytic
inhibitors act in two ways: they prevent the enzyme from
binding the DNA or inhibit the formation of covalent cleavage
complex.®"%? Compound 4c binds the free enzyme and does
not allow the interaction of the DNA with the topoisomerase
enzyme.63 This compound inhibits the growth of Leishmania
donovani. In silico docking studies state that the drug
binds at two sites on LdTopIB-1) small subunit and 2) the
hinge region of the large subunit. This compound 4c has
a benzyl moiety. The benzyl group in the drug penetrates
the hydrophobic groove. This groove is present between
large and small subunits of the enzyme.63 The benzyl group
forms pi-stacking interaction with the Phe243 of the small
subunit and strong H-bonding with the Asn444 in the large
subunit. This compound leads to change in the mitochondrial
membrane depolarization, formation of ROS, and eventually
cell death.®

Partial Amino Acid Sequences of the Small Subunit
of Leishmania donovani (Ld) TopIB and LRL-TP
Compounds

LdToplIB has four conserved residues in the large subunit
(R314, K352, R410, and H453) and a catalytic tyrosine (Y222)
residue in the small subunit. Protein-protein interactions
are necessary for the enzyme to relax the superhelix in DNA
because the conserved catalytic residues are present in the
small and large subunits of LdToplIB.5* These interactions
are absent in the human topoisomerase and hence act as
a target to develop inhibitors against Leishmania.®* Out of
151 compounds, LRL-TP-85 and LRL-TP-94, which share a
common scaffold of 4- (3-piperidine-1-ylmethyl) phenyl)
pyridine displayed potent activity in the LdToplIB assay. These
compounds did not inhibit Homo sapiens topoisomerase |
(HsTopIB) and were not toxic to BMDM cells. The compounds
only inhibit promastigotes but not the amastigote form.
Hence further investigations are needed.64 Peptides were
synthesized that were composed of partial amino acid
sequences of the small subunit of LdToplIB to decrease the
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catalytic activity by interfering with the interaction of the
two subunits.5*

Amprenavir (APV)

APV is an HIV-1 protease inhibitor. The therapeutic effect of
the HIV-1 protease inhibitors was analyzed against visceral
leishmaniasis and HIV-VL co-infection. The effect of APV on L.
donovani was observed. In-vitro cell viability analysis revealed
the following IC5, and 1Cy, values of APV 8.0 = 1.2 uM and
18.0+ 1.4 uMat 12 h;and 4.5 + 1.6 uM and 16.0 +£ 2.2 uM at
24 h, respectively.5® Treatment of BALB/C mice with 20mg/kg
APV decreased the splenic and hepatic parasites burden, 97
and 98%, respectively, in the infected controls.%> APV inhibits
the catalytic activity of LdTOP1LS, similar to Topl inhibitor
CPT. APV acts by stabilizing the LATOP1LS-DNA cleavable
complex. Further, APV induces the production of reactive
oxygen species (ROS), which increases lipid peroxidation.
Consequently, there is depolarization of mitochondrial
membrane potential (AWm). Then release of cytochrome
¢ and activation of the CED3/CPP32 proteases lead to the
formation of DNA lesions followed by DNA fragmentation.5”

CONCLUSION

Visceral leishmaniasis caused by the protozoan parasite L.
donovani is a major health issue due to lack of strategies
for treatment. Topoisomerase enzymes are ubiquitously
present in all organisms and therefore play an important
role in maintaining the topology of the DNA. This enzyme
also shows a unique architecture in the leishmanial parasite,
which is different from that of humans; hence these enzymes
act as a promising target to deal with the disease caused
by the leishmanial parasite. The available therapeutic
drugs in the market have many limitations regarding the
development of resistance or side effects. The evolution
of the protozoan parasites and the formation of resistant
strains make developing effective inhibitors difficult.
Therefore, new inhibitors are needed for the treatment.
The future perspective is to explore different inhibitors so
that alternatives are available in case of resistance. Many
compounds have been reported specifically targeting the
topoisomerase enzyme of the protozoan parasites without
side effects but could not reach clinical trials.

REFERENCE

1. Dennis W. Ross (1999) The Human Genome: Information
Content and Structure, Hospital Practice, 34:6, 49-65, DOI:
10.3810/hp.1999.06.149.

2. Yves. Pommier, D. Pharm, Mark R. Fesen, Akira Fujimori,
Richard Bertrand, Eric Solary, Glenda Kohlhagen, Kurt W. Kohn.
Cellular determinants of sensitivity and resistance to DNA
topoisomerase inhibitors (1994) Cancer investigation, 12(5),
530-542.

3. Yves Pommier Topoisomerase | inhibitors: camptothecins and
beyond (2006) Nature reviews, cancer volume 6.

4. Wang, J.C. (2002) Cellular roles of DNA topoisomerases: a
molecular perspective. Nat. Rev. Mol. Cell Biol. 3, 430 4. Chen,

Indian Journal of Physiology and Allied Sciences, Volume 74 Issue 2 (2022)

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

S.H. et al. (2013) New mechanistic and functional insights into
DNA topoisomerases. Annu. Rev. Biochem. 82, 139-170.
Covey, J. M.; Jaxel, C.; Kohn, K. W.; Pommier, Y. Cancer Res. 1989,
49, 5016-5022.

Mondal, N.; Zhang, Y.; Jonsson, Z.; Dhar, S.K.; Kannapiran,
M.; Parvin, J.D. (2003) Elongation by RNA polymerase Il on
chromatin templates requires topoisomerase activity. Nucl.
Acids Res., 2003, 31, 5016-5024.

Das BB, Sen N, Ganguly A, Majumder HK (2004) Reconstitution
and functional characterization of the unusual bi-subunit type
| DNA topoisomerase from Leishmania donovani. FEBS Lett
565: 81-88.

Wang, J.C. Cellular roles of DNA topoisomerases: a molecular
perspective. Nat. Rev. Mol. Cell. Biol., 2002, 3 (6), 430-440.
Merino, A.; Madden, K.R.;Lane, W.S.; Champouyx, J.J.; Reinberg,
D. DNA topoisomerase | is involved in both repression and
activation of transcription. Nature, 1993, 365, 227-232.
Mondal, N.; Zhang, Y.; Jonsson, Z.; Dhar, S.K.; Kannapiran, M.;
Parvin, J.D. Elongation by RNA polymerase Il on chromatin
templates requires topoisomerase activity. Nucl. Acids Res.,
2003, 31, 5016-5024.

Vos, S.M.; Tretter, E.M.; Schmidt, B.H.; Berger, J.M. All tangled up:
how cells direct, manage and exploit topoisomerase function.
Nat. Rev. Mol. Cell. Biol., 2011, 12(12), 827-841.

Rossi, F.; Labourier, E.; Forné, T.; Divita, G.; Derancourt, J.;
Riou, JF; Antoine, E.; Cathala, G.; Brunel, C.; Tazi, J. Specific
phosphorylation of SR proteins by mammalian DNA
topoisomerase I. Nature, 1996, 381, 80-82.

Juge, F.; Fernando, C; Fic, W.; Tazi, J. The SR protein B52/SRp55
is required for DNA topoisomerase | recruitment to chromatin,
MRNA release and transcription shutdown. PLoS Genet., 2010,
6,e1001124.

Mialon, A.; Sankinen, M.; Séderstrom, H.; Junttila, T.T.;
Holmstrom, T.; Koivusalo, R.; Papageorgiou, A.C.; Johnson,R.S.;
Hietanen, S.; Elenius, K.; Westermarck, J. DNA topoisomerase |
is a cofactor for c-Jun in the regulation of epidermal growth
factor receptor expression and cancer cell proliferation. Mol.
Cell. Biol., 2005, 25(12), 5040-5051.

Schoeffler, A. J.; Berger, J. M. DNA topoisomerases: harnessing
and constraining energy to govern chromosome topology.
Quart. Rev. Biophys., 2008, 41, 41-101

Mcnamara, S.; Wang, H.; Hanna, N.; Miller, W. Topoisomerase
113 negatively modulates retinoic acid receptor a function: a
novel mechanism of retinoic acid resistance. Mol. Cell. Biol.,
2008, 28, 2066-2077.

Liani-Leibson, K.; Har-Vardi, |.; Priel, E. Inhibition of topoisomerase
| by anti-cancer drug altered the endometrial cyclicity and
receptivity. Curr. Mol. Med., 2014, 14 (1), 141-150

Roy A, Das BB, Ganguly A, Bose Dasgupta S, Khalkho NV, et al.
(2008) An insight into the mechanism of inhibition of unusual
bi-subunit topoisomerase | from Leishmania donovani by
3,3"-di-indolylmethane, a novel DNA topoisomerase | poison
with a strong binding affinity to the enzyme. Biochem J 409:
611-622.

Wang, J.C. (2002) Cellular roles of DNA topoisomerases: a
molecular perspective. Nat. Rev. Mol. Cell Biol. 3, 430 4.
Berger, J.M. (1998) Structure of DNA topoisomerases. Biochim.
Biophys. Acta 1400, 3— 18 7 Bakshi, R.P. et al. (2001) Functional
and regulatory characteristics of eukaryotic type Il DNA
topoisomerases. Crit. Rev. Biochem. Mol. Biol. 36, 1-37
Rattner, J.B.; Hendzel, M.J,; Furbee, C.S.; Muller, M.T.; Bazett-
Jones, D.P. (1996) Topoisomerase Il alpha is associated with the

33



DNA Topoisomerase as Drug Target in unicellular protozoan parasite Leishmania donovani

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

34

mammalian centromere in a cell cycle- and species-specific
manner and is required for proper centromere/kinetochore
structure. J. Cell Biol. 1996, 134, 1097-1107. [CrossRef] [PubMed]
Tavormina, P.A.; Come, MG; Hudson, J.R.; Mo, YY; Beck,
W.T.; Gorbsky, G.J. (2002) Rapid exchange of mammalian
topoisomerase Il alpha at kinetochores and chromosome arms
in mitosis. J. Cell Biol. 2002, 158, 23-29.

Christensen, M.O.; Larsen, M.K.; Barthelmes, H.U.; Hock, R.;
Andersen, C.L.; Kjeldsen, E.; Knudsen, B.R.; Westergaard,
O.; Boege, F.; Mielke, C. (2002) Dynamics of human DNA
topoisomerases llalpha and llbeta in living cells. J. Cell Biol.
2002, 157, 31-44.

Andersen, C.L.; Wandall, A; Kjeldsen, E.; Mielke, C.; Koch, J.
(2002) Active, but not inactive, human centromeres display
topoisomerase Il activity in vivo. Chromosome Res. 2002, 10,
305-312.

Porter, A.C.; Farr, C.J. (2004) Topoisomerase lI: Untangling its
contribution at the centromere. Chromosome Res. 2004, 12,
569-583.

Spence, J.M.; Fournier, R.E.; Oshimura, M.; Regnier, V,; Farr, C.J.
(2005) Topoisomerase Il cleavage activity within the human
D11Z1 and DXZ1 alpha-satellite arrays. Chromosome Res. 2005,
13, 637-648.

Linka, RM; Porter, A.C.; Volkov, A.; Mielke, C.; Boege, F.;
Christensen, M.O. (2017) C-terminal regions of topoisomerase
Il alpha and Il beta determine isoform-specific functioning of
the enzymes in vivo. Nucleic Acids Res. 2007, 35, 3810-3822.
Baxter, J. (2015) “Breaking up is hard to do”: The formation and
resolution of sister chromatid intertwines. J. Mol. Biol. 2015,
427,590-607.

Saha, S. et al. (2018) DNA topoisomerases of kinetoplastid
parasites: brief overview and recent perspectives. In Molecular
Biology of Kinetoplastid Parasites, pp. 151-168, Caister
Academic Press

Das BB, Sengupta T, Ganguly A, Majumder HK (2006)
Topoisomerases of kinetoplastid parasites: Why so fascinating.
Molecular Microbiology 1365-2958.

Olivier Sordet, Qasim A. Khan, Kurt W. Kohn, Yves Pommier
(2003) Apoptosis Induced by Topoisomerase Inhibitors; Curr.
Med. Chem. - Anti-Cancer Agents, 2003, 3, 271-290.
Strumberg, D.; Pilon, A.A.; Smith, M.; Hickey, R.; Malkas, L.;
Pommier, Y. (2000) Conversion of Topoisomerase | Cleavage
Complexes on the Leading Strand of Ribosomal DNA into
5'-Phosphorylated DNA Double-Strand Breaks by Replication
Runoff. Mol. Cell Biol., 2000, 20, 3977.

Morris, E.J.; Geller, H.M. J. (1996) Induction of neuronal apoptosis
by camptothecin, an inhibitor of DNA topoisomerase-I:
evidence for cell cycle-independent toxicity. Cell Biol., 1996,
134, 757.

Das,B.B., Sen,N., Ganguly,A. and Majumder, HK (2004)
Reconstitution and functional characterization of the unusual
bi-subunit type | DNA topoisomerase from Leishmania
donovani. FEBS Lett., 565, 81-88.

Sen, N., Das, B.B., Ganguly, A., Mukherjee, T., Tripathi, G.,
and Bandopadhyay, S., et al. (2004) Camptothecin induced
mitochondrial dysfunction and programmed cell death in
unicellular hemoflagellate Leishmania donovani. Cell Death
Diff 11: 924-936.

Sen, N., Das, B.B., Ganguly, A., Mukherjee, T., Bandopadhyay, S.,
and Majumder, HK (2004) Camptothecin induced imbalance
in intracellular cation homeostasis regulates programmed cell

37.

38.

30.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Indian Journal of Physiology and Allied Sciences, Volume 74 Issue 2 (2022)

death in unicellular hemoflagellate Leishmania donovani. J Biol
Chem 279: 52366-52375.

Kosec, G., Alvarez, V.E., Aguero, F., Sanchez, D., Dolinar, M.,
and Turk, B. et al. (2006) Metacaspases of Trypanosoma cruzi:
possible candidates for programmed cell death mediators. Mol
Biochem Parasitol 1: 18-28.

Marquis, J.F., Hardy, 1., and Olivier, M. (2005) Topoisomerase
I amino acid substitutions, Gly185Arg and Asp325Glu, confer
camptothecin resistance in Leishmania donovani. Antimicrob
Agents Chemother 49: 1441-1446.

Chowdhury, A.R. et al. (2003) Dihydrobetulinic acid induces
apoptosis in Leishmania donovani by primarily targeting DNA
topoisomerase | and ll:implications in antileishmanial therapy.
Mol. Med. 9, 26-36.

Edwards KJ, Jenkins TC, Neidle S. 1992. Crystal structure of a
pentamidine-oligonucleotide complex: implications for DNA-
binding properties. Biochemistry 31:7104 -71009. http://dx.doi.
0rg/10.1021/bi00146a011.

Laughton CA, Tanious F, Nunn CM, Boykin DW, Wilson WD,
Neidle S. 1996. A crystallographic and spectroscopic study
of the complex between d(CGCGAATTCGCG)2 and 2,5-bis(4-
guanylphenyl)furan, an analogue of berenil. Structural origins
of enhanced DNA-binding affinity. Biochemistry 35:5655-5661.
Shapiro TA, Englund PT. 1990. Selective cleavage of kinetoplast
DNA minicircles promoted by antitrypanosomal drugs. Proc
Natl Acad Sci USA 87:950 -954.

De Souza EM, Lansiaux A, Bailly C, Wilson WD, Hu Q, Boykin
DW, Batista MM, Araujo-Jorge TC, Soeiro MN. 2004. Phenyl
substitution of furamidine markedly potentiates its anti-
parasitic activity against Trypanosoma cruzi and Leishmania
amazonensis. Biochem Pharmacol 68:593-600.

Yang G, Choi G, No JH. 2016. Antileishmanial mechanism of
diamidines involves targeting kinetoplasts. Antimicrob Agents
Chemother 60:6828 -6836. doi:10.1128/AAC.01129-16.

Ashish Kumar, Somenath Roy Chowdhury, Tapas Sarkar, Tulika
Chakrabarti, Hemanta K. Majumder, Tarun Jha, Sibabrata
Mukhopadhyay, A new bisbenzylisoquinoline alkaloid isolated
from thalictrum foliolosum, as a potent inhibitor of DNA
topoisomerase IB of Leishmania donovani, Fitoterapia (2015),
DOI: 10.1016/j.fitote.2015.11.021.

Jayaraju, D. and Kondapi, A. K., 2001. Anti-cancer copper
salicylaldoxime complex inhibits topoisomerase Il catalytic
activity. Current science. 81, 787-792.

Ouaissi, A., Ouaissi,M., 2005. Molecular basis of Trypanosomacruzi
and Leishmania interaction with their host(s): exploitation of
immune and defense mechanisms by the parasite leading to
persistence and chronicity features reminiscent of immune
system evasion strategies in cancer diseases. Arch. Immunol.
Ther. Exp. (Warsz.) 53, 102-114.

Singh, M.K., Bhaumik, S.K., Karmakar, S., Paul, J., Saw, S.,
Majumder, H.K., Roy, A., Copper salisylaldoxime (CuSAL)
imparts protective efficacy against visceral leishmaniasis by
targeting Leishmania donovani topoisomerase IB, Experimental
Parasitology (2017), DOI: 10.1016/ j.exppara.2017.02.
010.

Satish Chandra Pandey, Devendra Singh Dhami, AnubhutiJha,
Girish Chandra Shah, Awanish Kumar, and Mukesh Samant.
Identification of trans-2-cis-8-Matricaria-ester from the
Essential Oil of Erigeron multiradiatus and Evaluation of Its
Antileishmanial Potential by in Vitro and in Silico Approaches
ACS Omega 2019, 4, 14640-14649



DNA Topoisomerase as Drug Target in unicellular protozoan parasite Leishmania donovani

50.

51.

52.

53.

54.

55.

56.

57.

Cechinel-Filho, V. Principais avangos e perspectivas na area de
produtos naturais ativos: estudos desenvolvidos no NIQFAR/
UNIVALI. Quim. Nova, 2000, 23(5), 680-685. [http://dx.doi.
0rg/10.1590/50100-40422000000500017]

Cechinel Filho, V.; Pinheiro, T.; Nunes, R.J.; Yunes, RA; Cruz,
A.B.; Moretto, E. Antibacterial activity of N-phenylmaleimides,
Nphenylsuccinimides and related compounds. Structure-
activity relationships. Farmaco, 1994, 49(10), 675-677. [PMID:
78264771].

Yunes, JA; Cardoso, A.A.; Yunes, RA; Correa, R.; de CamposBuzzi,
F.; Cechinel-Filho, V.Z. Antiproliferative effects of a series of
cyclic imides on primary endothelial cells and a leukemia cell
line. Naturforsch. C, 2008, 63(9-10), 675-680. [http://dx.doi.
0rg/10.1515/znc-2008-9-1011] [PMID: 19040106]

Zawadowski, T.; Kossakowski, J.; Rump, S.; Jakowicz, I.; Ptaznik,
A. Synthesis and anxiolytic activity of N-substituted cyclic
imides N-[4-[(4-aryl)-1-piperazinyl]alkyl]-5,7-dioxabicyclo[2.2.2]
octane2, 3-dicarboximide. Acta Pol. Pharm., 1995, 52(1), 43-46.
[PMID: 8960237]

Alaa, A-M. Novel and versatile methodology for synthesis of
cyclic imides and evaluation of their cytotoxic, DNA binding,
apoptotic inducing activities and molecular modeling
study. Eur. J. Med. Chem., 2007, 42(5), 614-626. [http://dx.doi.
0rg/10.1016/j.ejmech.2006.12.003] [PMID: 17234303].

José A.de Sousa Luis, Normando A. da Silva Costa, Cristiane C.S.
Luis, BrunoF. Lira, Petrénio F. Athayde-Filho, Tatjana K. de Souza
Lima, Juliana da Camara Rocha, Luciana Scotti and Marcus T.
Scotti, Synthesis of New Cyclic Imides Derived from Safrole,
Structure- and Ligand-based Approaches to Evaluate Potential
New Multi-target Agents Against Species of Leishmania
Medicinal Chemistry, 2020, 16, 39-51.

Mishra, A. et al. Isobenzofuranone derivatives exhibit
antileishmanial effect by inhibiting type Il DNA topoisomerase
and inducing host response. Pharmacol. Res. Perspect. 2,
€00070 (2014).

Somenath Roy Chowdhury, Josiane Lima PradoGodinho,
JayaramanVinayagam, AlineAraujoZuma, SaraTeixeira De
Macedo Silva, Parasuraman Jaisankar, JulianyCola Fernandes
Rodrigues, Wanderley De Souza & Hemanta K. Majumder
Isobenzofuranone derivative JVPH3, an inhibitor of L. donovani
topoisomerase Il, disrupts mitochondrial architecture in
trypanosomatid parasites (2018) Scientific Reports | (2018)
8:11940.

Indian Journal of Physiology and Allied Sciences, Volume 74 Issue 2 (2022)

58.

59.

60.

61.

62.

63.

64.

65.

Rajinikanth Mamidala, Papiya Majumdar, Kunal Kumar Jha,
Chandramohan Bathula, Rahul Agarwal, M.ThirumalaChary,
H. K. Mazumdar, Parthapratim Munshi & Subhabrata Sen
Identification of Leishmania donovani Topoisomerase 1
inhibitors via intuitive scaffold hopping and bioisosteric
modification of known Top 1 inhibitors Scientific Reports
6:26603 DOI: 10.1038/srep26603

S.R. Chowdhury, A. Kumar, J.L.P. Godinho, ST De Macedo Silva,
A.A.Zuma, S. Saha, N. Kumari, J.C.F. Rodrigues, S. Sundar, J-C.
Dujardin, S. Roy, W.De Souza, S. Mukhopadhyay, H.K. Majumder,
Voacamine alters Leishmania ultrastructure and kills parasite by
poisoning unusual bi-subunit topoisomerase IB, Biochemical
Pharmacology (2017).

Ramanitrahasimbola D, Rasoanaivo P, Ratsimamanga-Urverg
S, Federici E, Palazzino G, Galeffi C, et al. Biological Activities
of the Plant-derived Bisindole Voacamine with Reference to
Malaria. Phytother Res 2001;15:30-33

Akerman KJ, Fagenson AM, Cyril V, Taylor M, Muller MT, Akerman
MP, Munro OQ. 2014. Gold(lll) macrocycles: nucleotide-specific
unconventional catalytic inhibitors of human topoisomerase
I. J Am Chem Soc 136:5670 -5682. http://dx.doi.org/10.1021/
ja412350f.

Wu N, Wu XW, Agama K, Pommier Y, Du J, Li D, Gu LQ, Huang
ZS, An LK. 2010. A novel DNA topoisomerase | inhibitor with
different mechanism from camptothecin induces G2/M phase
cell cycle arrest to K562 cells. Biochemistry 49:10131-10136.
Saha S, Acharya C, Pal U, Chowdhury SR, Sarkar K, Maiti
NC, Jaisankar P, Majumder HK. 2016. A novel spirooxindole
derivative inhibits the growth of Leishmania donovani parasites
both in vitro and in vivo by targeting type IB topoisomerase.
Antimicrob Agents Chemother 60:6281-6293

Hyperion Lee, Kyung-Hwa Baek, Trong-Nhat Phan, | Seul
Park, Sangchul Lee, Jiho Kim, Joo Hwan No Discovery of
Leishmania donovani topoisomerase IB selective inhibitors
by targeting protein-protein interactions between the large
and small subunits Biochemical and Biophysical Research
Communications 569 (2021) 193e198.

Amit Roy, Sachidananda Behera, Priyanka H. Mazire, Bhavini
Kumari, Abhishek Mandal, Bidyut Purkait, Payel Ghosh, Prolay
Das, Pradeep Das. The HIV-1 protease inhibitor Amprenavir
targets Leishmania donovani topoisomerase | and induces
oxidative stress-mediated programmed cell death Parasitology
International 82 (2021) 102287.

35



